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Phase transition, equation of state, and limiting shear viscosities of hard sphere dispersions
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Despite an interparticle potential consisting of only an infinite repulsion at contact, the thermodynamics and
dynamics of concentrated dispersions of hard spheres are not yet fully understood. Colloid@hetbiy+
methacrylatg spheres with a grafted layer of pol§2-hydroxy stearic acjd(PMMA-PHSA) comprise a
common model for investigating structural, dynamic, and rheological properties. These highly monodisperse
spheres can be index matched in nonagueous solvents, reducing van der Waals forces and allowing character-
ization via light scattering. In this work, we test the behavior of these dispersions against expectations for hard
spheres through observations of the phase behavior, x-ray densitometry of equilibrium sediments, and Zimm
viscometry. We set the effective hard sphere volume fraction by the disorder-order transition, thereby account-
ing for the polymer layer, any swelling due to the solvent, and polydispersity. The melting transition then
occurs close to the expected value and the equation of state for the fluid phase, extracted from the equilibrium
sediment with x-ray densitometry, conforms to the Carnahan-Starling equation. However, the osmaotic pressure
of the crystalline phase lies slightly above that calculated for a single fcc crystal even after accounting for
polydispersity. Likewise the high shear viscosity of the fluid compares well with other hard sphere dispersions,
but the low shear viscosity for PMMA-PHSA hard spheres exceeds those for polystyrene and silica hard
spheres, e.g., a relative viscosity of43 at $=0.50 rather than 24. Our low shear viscosities are consistent
with other PMMA-PHSA data after rescaling for both the polymer layer thickness and polydispersity, and may
represent the true hard sphere curve. We anticipate that the equation of state for the crystal deviates due to
polycrystallinity or a direct effect of polydispersit}S1063-651X%96)11612-3

PACS numbdss): 82.70.Dd, 83.10-y

I. INTRODUCTION compared to the thermal energy. Thermodynamic and dy-
namic properties then depend on an effective volume frac-
Concentrated colloidal dispersions, which form the back+ion ¢ that accounts for the PHSA layer and, consequently,
bone of many everyday materials such as paints, cosmeticexceeds the volume fractiost. based on the PMMA core.
soil, plastics, and ceramics, exhibit a first order phase transiMost recent studies with PMMA-PHSA dispersions convert
tion from a disordered fluid to an ordered crystal as well as drom core to effective volume fraction by identifying the
glass transition, and many other features analogous to atomabserved disorder-order transition with that predicted, i.e.,
and molecular fluids. Consequently, understanding and masetting »=0.494 at freezing3,5]. This represents a thermo-
nipulating their properties is of practical and academic interdynamic definition of the effective volume fraction deter-
est[1-4]. mined at the high concentrations of primary interest. Others
Hard spheres, one of the most fundamental systems, feg6] follow the earlier practice established with polystyrene
no interparticle force except an infinite repulsion at contactand silica hard spheres of taking the inverse of the intrinsic
and provide a convenient model for understanding the strucriscosity [ 7] as a measure of specific volume and setting
ture and dynamics of many concentrated colloidal disper¢=[ 7] ¢./2.5, providing a hydrodynamic definition of the
sions. One realization of this model system consists of dnard sphere in the dilute limit. The procedure of Pusey and
poly-(methyl methacrylate(PMMA) sphere with a grafted van Megen has obvious advantages due to the difficulty of
layer of poly{12-hydroxy stearic acjd(PHSA) chains dis- measuring[ 7| accurately and the sensitivity of thermody-
persed in a good solvent for PHSA such as decalin and teaamic and transport properties to small shiftsgimat high
tralin. The solvent is chosen so as to index match the paroncentrations.
ticles and reduce the long-range van der Waals attraction. To characterize the force between the PMMA-PHSA
The branched PHSA chains provide a sufficiently thick layerspheres, Cairnet al. [7] measured the excess osmotic pres-
to render the remaining van der Waals potential insignificansurell with spheres of diametera2= 155 nm in dodecane at
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8000 . . . . . . the phase diagram by observing the sedimentation of 990-
evsners Caimns e al's data [7] nm-diameter spheres in decalin and tetralin at concentrations
Woodcock's simulation [8] ¢ H in the coexistence region. Crystallites nucleated and grew

{ while settling along with particles in the fluid phase, causing
the boundary between pure fluid and the region containing
crystallites to first fall rapidly and then rise slowly and lin-
early with time. Extrapolation of this linear asymptote back
to zero time then determined the apparent fraction of the
crystalline phase, presumably before individual particles
settled but after the crystalline phase equilibrated with the
fluid. Paulin and Ackerson also set the hard sphere volume
fraction from the freezing transition and fourng},=0.552
andL~6 nm. Though extraction of the crystal fraction may
be somewhat ambiguous in both cases, the results conform
reasonably well with expectations.

In detailed rheological measurements with the PMMA-
PHSA dispersions, Mewist al. [6] investigated the effects
¥ “softness” with spheres of diameters ranging from 180 to
1220 nm. Measurements of the intrinsic viscosity yielded
L~9=+1 nm, consistent with previously published dgiq].

For the smallest particles wita/L~5, the high and low

various ¢. with a custom built compression cell. For . . : .
- ear viscosities diverge at a highgthan for hard spheres;
<0. ) : !
¢:<0.53, the osmotic pressure was barely detectable, anv%\J/ﬂlhereas for the particles with/L ~30 and 61, the high and

could not be quantified because of experimental difficultie . L . .
at these very low pressures. The pressure then rises shara shear viscosities diverge at lowgr The dewa‘uqns from
e hard sphere response for the smaller particles clearly

>0. =0. - ) - .
ng (cﬁzlcosg iij(r:: ge\?vsit?]nga!%/r:r:\éeg%%snﬁgang esffél:?s((?%cr;t arises from the def_orma_blllty or compre35|b|!|ty of the poly-

1). The second curve on Fig. 1 corresponds to the osmotider layer. Increasing either the concentration or the shear
pressure rgte deforms the layer anq redgces the effective volume frac-

tion to a degree that varies wid/L. Thus, as the ratio of
I 2.89 particle radius to layer thickness increases, the particles con-
KT W (1)  form more closely to true hard spheres both thermodynami-

max cally and hydrodynamically. More recent measuremghts
demonstrate that fixing from the freezing transition brings

.. =0.637, which Woodcock8] extracted from his simu- the low shear viscosities closer to, but still somewhat above,
max . !

lations of metastable disordered hard spheres. Here we sg}e data on other hard sphere sy_ster_ns. de Schepper, Cohen,
=0.637/0.566,=1.1255, to match the divergence in and Verberd 12] suggested considering the effect of poly-

Cairnset al's data. This scaling implies an effective layer dispersity,
thickness ofL~3.3 nm, much less than the 6—-20 nm de-
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FIG. 1. Excess osmotic pressure measured with a compressi
cell vs ¢ for 155-nm-diameter PMMA-PHSA particles in dodecane
[7] compared with Woodcock’s simulatidi].

where kT is the thermal energyn number density, and

duced from other measures of the effective hard sphere vol- a2-aZ
ume fraction. Indeed, comparison of the data and theoretical 0= ———, 2
curve clearly suggests a longer-range softness in the poten- a

tial, presumably due to compression or interpenetration of
the grafted layers. Of course, increasing the radius of thsince molecular dynamics simulations and density functional
particle core reduces the effect of the compressibility andheory indicate that the coexistence region narrows and the
allows the particles to behave more like hard spheres. freezing transition shifts to higher volume fractions
As the volume fraction of hard spheres increases, thé¢$;>0.494) with increasing polydispersity. The critical
equilibrium phase changes from a disordered fluid, to coexpolydispersitys, at which the suspension no longer crystal-
istence with a crystalline phase, then to fully crystalline, andizes varies, with Moriguchi, Kawasaki, and Kawakaf43]
finally to a glass. The transition from fluid to crystal requiresand Dickinson and Parkdi4] finding §,~0.06—0.07 and
both the thermodynamic driving force and Brownian motion,0.113, respectively, from molecular dynamics simulations,
which controls the rate. Under normal gravity, sedimentationvhile McRae and Haymdtl5] and Barrat and Hansgri 6]
competes with the crystallization process and prevents thpredicteds.~0.05 and 0.06—0.07, respectively, with density
realization of a homogeneous equilibrium state. The first obfunctional theory. Bolhuis and Kofkl7] performed Monte
servations by Pusey and van Meg¢B] with 614-nm-  Carlo simulations on near-Gaussian size distribution of hard
diameter spheres in decalin and carbon disulfide measuregpheres, allowing for fractionation, and fouAg=0.057 for
the fraction of crystalline phase at various concentrations afthe solid and 0.118 for the fluid. Pus¢$8] developed a
ter two days, asserting that the crystals were fully nucleatedimple theory based on Lindemann’s melting criterion, and
and grown but unaffected by gravity. Defining from the  found thaté,~0.10. On the experimental side, Underwood,
freezing transition yielded a melting transitiondyt,=0.535, Taylor, and van Megern19] reported that PMMA-PHSA
compared with the expected value of 0.5, andL~20  spheres with5~0.10 showed a disorder-order transition
nm. Paulin and Ackersofb], on the other hand, constructed similar to that predicted for monodisperse hard spheres.



54 PHASE TRANSITION, EQUATION OF STATE, AID.. .. 6635

Bartlett and Pusg;[ZO] report_ed that Pl\/_IMA-PHSA.with Memma /Pevma+ mt/pt+VfEr)é2A
8.~0.075 crystallized slowly in the coexistence region, but ¢C=m ] T oMot 2O 4
samples with concentrations above the melting transition did PMMAPPMMAT T /Pt s /P57 Viree

not crystallize, while for5.>0.12 crystallization did not ap- whereMeyma @nd peyma» M; andp;, andm, and p, are the
) ’ S S
pear for several_ months. . _ mass and bulk density of PMMA, tetralin in the particle, and
Our suspensions have a polydispersity of 0.05 and clearlye golvent, respectively, ang, is the free volume within
crystallize. To account for polydispersity, we rescale oufe particles. The free volume may be different for PMMA in
core volume fractions according to Bolhuis and Kofke’s pre-iha two solvents: therefore. a superscEpor M denotes the
dictions thate=0.505 at6=0.05, i.e., so that the freezing freq yolume of PMMA in decalin or in the index matching
transition occurs at 0.505. Bolhuis a_nd Kofke zilso predictyixture, respectively. The effective volume fraction then fol-
that the melting transition moves #y,=0.555 até=0.05. |55 from multiplication by the volume of the core plus
Our goal is to characterize fully the behavior of monodis- 41 mer layer divided by that of the core alone. The conver-
perse PMMA-PHSA dispersions withiL >25 by measuring  sjop, js straightforward for the decalin samples, but must ac-
the phase transition, equation of state, and viscosity, andynt for the swelling of particles in the index-matching
comparing the results with the hard sphere model. In addizixture.

tion to conventional observatipns of_ coexisting phases, We With a Mettler-Paar DMA 45 digital density meter, we
use x-ray densitometry and Zimm viscometry to determingyetermined the solvent densities fos/transdecalin, 0.8779
the osmotic pressure and the high and low shear I'm't'n%/cn? at 20°C and 0.8749 g/chmat 25 °C, for tetralin,
viscosities, respectively. 0.9709 g/cri at 20 °C and 0.9678 g/chat 25 °C, and for the
index matching mixture, 0.9282 g/énat 20 °C and 0.9252
g/cn? at 25 °C. A density gradient column, prepared with
NaBr and water so that the density varies linearly with
Professor R. H. Ottewill and his group at Bristol Univer- height, detects the bulk polymer density. The polymers are
sity synthesized the PMMA-PHSA particles and determinedieated overnight in a vacuum oven above the glass transition
average core diameters cf2 518 and 640 nm via transmis- temperature of PMMA(115 °Q to eliminate dissolved sol-
sion electron microscopyTEM). We disperse the PMMA- vent or air bubbles trapped inside the polymer. Two samples
PHSA particlesbulk n=1.503 in two different media. The ©0f PMMA, from decalin and the mixture, yielded densities at
first consists of only 1,2,3,dis/transdecahydronapthalene 23 °C of 1.1912 and 1.1925 g/énrespectively, indicating
(decalin,n=1.4750, which produces an opaque whitish dis- that no tetralin remains trapped in the polymer.
persion. For the second, we nearly match the refractive index Since the density of the bulk PMMA differs from that of
of the swollen PMMA with that of the medium by mixing the PMMA particles in the solvent, we also measured the
cisftransdecalin and 1,2,3,4-tetrahydronapthaleetralin,  total density of the suspension at several volume fractions.
n=1.5410, which bracket the particle refractive index. Te- From this we could extract the density of the PMMA par-
tralin is a good solvent for PMMA and swells the partic|es,tiC|eS in the solvent. With free volume and/or swelling of the
significantly increasing the siZ€1]. Matching then becomes Pparticles by tetralin, the density of the dispersjors
a dynamic process, so we hasten the equilibration by heating
the particles for two hours at 80 °C and adjusting the com- &=1+w
position until the cooled suspension does not multiple scat- p
ter, which occurs at 55-wt % tetralin with=1.511 at the ) )
sodiumd line at 20 °C. Since the particles experience similarWith the degree of swelling
temperatures during synthesj¥,22], their structure and

Il. SAMPLE DESCRIPTION

Mppmma

+f(ps— PIM
pitf(ps—p1) (1+ PPMMA Viree “11. (5
PPMMA

D/M
f_}“PMMA/PPMMA*‘”H/Pt+Iﬁme

physical properties should be unaffected aside from the - —— (6)
swelling. Index matching prevents multiple scattering, sup- Mpmma /PPMMA T Prree
presses van der Waals forces, and results in a purplish trans- i .
parent suspension. After some rearranging, the core volume fraction takes the
We determine the weight concentrations of our disper{0rm
sions and then convert to effective volume fractions by con- f
structing the phase diagram and measuring the densities angcz 7
refractive indices of the PMMA and solvent. The mass of PPMMA (E—l) _ Pt (f-1)
PMMA is determined by drying the suspension in a vacuum ps(1+ ppumaroe [Mpyma) | W Ps
oven at 60 °C over two weeks, with the assumption that dry- (7)
ing removes the bulk solvent and the tetralin that swells the
particles. The weight fraction of PMMA follows as and the particle density
PPMMA (f=1)
= + .
_ MpmMA 3) i F(1+ ppwmavhee / Mpnma) o ®

- +m+mg’
PMMA T TS For the dispersions in decalifi=1 andp,=1.166+0.005

glen®, indicating ppwva Phed Mpvva = 0.0224+ 0.002. The
and, assuming that the PHSA layer contributes little to thedensity measurements in the index matching mixture do not
particle mass, the core volume fraction is completely specify the particle density or core volume frac-
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i i i . . . . . T the position of the crystalline-fluid interface to zero time. We
. : choose the scale factor between the swollen core and hard
0ol 27 G40nm PMMA In decalin 3 . sphere volume fractions such that0.505 at the core vol-
--m-. 640nm PMMA in mixture 3 .

; - ume fraction where crystals begin to form. For the decalin
samples this translates into=15.1+1.5 nm andf =1 with
¢»,=0.552+0.005. For the index matching mixture we as-
sumelL=15.1£1.5 nm as well, and determine from the
] phase diagram and density measurements that tetralin swells
. the core radius by 26:03.0 nm orf=1.263. The melting
] transition in the mixture occurs ah,,,=0.544+0.008.

Both values for the melting transition closely correspond
to the theoretical value for polydisperse hard spheres of
1 ¢nm=0.555. Table | summarizes the diameters determined
0i§?435 0.4;4(; 0./;45 0.4;50 0.4;55 0.4;60 0.4;65 0.‘170 0.1175. O.Alt80 0.485 from the various methoqs' The _apparent dlamet.ers from the

9, phase diagram are consistent with our dynamic light scatter-
ing results, which give hydrodynamic diameters of 6%
: . nm in decalin and 71620 nm in the index matching mix-
FIG. 2. Phase diagram for 640-nm-diameter PMMA-PHSA o "rpq hydrodynamic size for the swollen spher?as in the

spheres in decalin and the index matching mixture gives a Iayelrndex matching mixture corresponds te- 1.28+0.11 with

thickness of 15.1 nm. The solid line represents a linear regression ofy, e
the decalin data, and the dotted line a linear regression of the indelifree/mPMMANO as compared W't,H =1.20+ 0'_05 deduced
matching mixture data. from the measurements of physical properties above. Thus

we conclude that the volume change upon mixing of tetralin

tion, because the free volume is unknown. If the free volumdn PMMA is slightly negative, and that accounting for that
remains as in decalim,=1.087 g/lcm with f=1.67, while, ~ effect provides reasonable consistency among the measure-
if the free volume is zerop,=1.155 g/cni with f=1.20. ~Ments of density, refractive index, and hydrodynamic and
The actual swollen particle density in the index matchingthermodynamic radii. In addition, the volume fractions at
mixture probably lies in between the two limits. freezing and melting are within experimental error of those

Information on the refractive indices at the sodidntine ~ €xpected for hard spheres, as asserted by previous investiga-
at 20 °C (Abbe refractometer model 2WAXomplements tors[3,5].
the density measurements to provide unambiguous estimates
of f and v, for the swollen particles in the index matching
mixture. Assuming mixing at constant density leads to the ll. X-RAY DENSITOMETRY
refractive index of the swollen particle at the match point as  The deviation of the osmotic pressure

08}

071}

06

05

041

0.3

02}

0.1

_Npwva | N(f—1)

=% f T1()=nkTZ ) (10)
(1—Npyma) | PemvAPhes ! Mprimia 9
f PPMMAVf?éQA/mPMMA"' 1/’ ©  from the ideal, dilute limit is expressed i, the compress-

ibility factor. For the fluid state, Carnahan and Starlj2§]

where the subscripts are as before. With the measured valuémulated the approximation
of the refractive indices of the individual components and the
index matching mixture cited above, we find that 1.63 if 2 3
the free volume remains as in decalin, drd1.26 if the free Zaua( )= 1+ p+¢°— ¢ (11)
volume is zero. Requiring Eq$5) and (9) to conform with fluid (1—¢)3
experimental values yields f=1.29+0.05 and
PrvMAVied Mpuma=0.002. Thus, in the index matching _ N N _
mixture samples, the tetralin appears to occupy most of thto capture the first seven V|r|_al coefficients and available re-
free volume. sults from computer simulations. For a fape-centered-cub|c

To estimate the layer thickness and confirm the degree difystal, Hall[24] constructed a modified Padgproximant
swelling, we constructed the phase diagram by observing thom results from computer simulations in the form
sedimentation of PMMA dispersions at various core volume
fractions[5] in glass vials sealed with a teflon lined cap and 12-33
teflon tape at room temperatuf@l+1 °C). Within a few Zeoid( b) = +2.557 696 0.125 307 B
weeks the samples separate into three distinct layers with the B
crystalline solid at the bottom, a clear supernatant on top, 2 3 4
and a fluid dispersion in between. As the fluid phase settled +0.176 239 $7—1.053 30" +2.818 625
and the crystalline layer grew, the height of each layer was —2.921938%+1.118 4135, (12
carefully measured with a cathetometer. The phase diagrams
for dispersions in both pure decalin and the index matching
mixture shown in Fig. 2 were constructed by extrapolatingwith 8=4(1— ¢/}, and ¢y,,=0.74.
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TABLE I. Summary of the PMMA particle sizes in both pure decalin and the index matching mixture,
wherea is the radius and. the polymeric layer thickness, obtained by several methods. The first column
represents the unswollen TEM diameter. The particle sizes for PMMA in the index matching mixture deter-
mined from the total suspension density-refractive index, the total suspension density-phase diagram, dy-
namic light scatterindDLS), and equation of statdeO9 all refer to the swollen diameters.

2a (nm) 2(a+L) (nm)
Particle size density plus
technique TEM densitytnp phase diagram DLS EOS
PMMA in decalin 64030 NA 670+3 668+16 681+8
PMMA in mixture 640+30 6979 722+9 716+20 7236

To test how well the PMMA-PHSA system conforms to possibly due to an electrostatic effect in their screened
these predictions, we scan an equilibrium sediment with acharged colloids. Rutgers al. [26] demonstrated that x-ray
x-ray microdensitometer, thereby achieving a more sensitivelensitometry with a two-dimensional area detector can accu-
measure of the osmotic pressure than with the compressiaately measure the equation of state. This technigue is non-
cell of Cairnset al. [7]. The volume fraction profile in an destructive, averages over most of the cross section, and
equilibrium sediment reflects the balance between gravitascans all heights with one exposure to eliminate any noise
tional forces and the osmotic pressure gradient. Integratiodue to instrument drift. Beer’s law, which relates the attenu-
of this balance from the upper surface to any ddptieter-  ation of the x-ray intensity/l, to the thicknesx and ab-
mines the osmotic pressure as the total weight of the overlysorption coefficient I of the sample as

ing particles,
=1y exp(—x/§&), (16)

II(h)= J gApo(z)dz (13 permits an intensity profile to be converted to a volume frac-
h tion profile. For all images, we first subtract the dark counts

whereAp is the density difference between the particle andD and then normal!ze with an image of a cell filled only with
solvent. We can integrate the volume fraction profile numeri-the solvent according to
cally to obtain the osmotic pressure as a function of volume I—D
fraction for comparison with the Carnahan-Starling and Hall IN=I D" exg —x¢pAE 1, (17
equations. However, the densitometry must resolve the rapid s
change in volume fraction at the top of the sediment.

; ) . g S ®Should remove nonuniformities due to the incident beam,
sure Is constant. Or.' either side of this d|scont|nu_|ty th_e OleTmperfections in the scintillator crystal, and the slight vertical
rivative of Eq.(13) with respect to the volume fraction gives tapering in the PMMA cuvettes.
de(2) Figure 3 shows the essential components of the x-ray
——=—¢(2) (14) setup, which are placed on an optical table enclosed by a
dz leaded plexiglass hutch. A 35-keV electron beam at 40 mA
excites a molybdenum target to produce a characteristic
emission at 17.444 keV with a Bremsstrahlung tail. A zirco-
nium foil filters out most of the tail. The beam then passes

the particle volume. For an ideal gas, the solution to &¢) hrough a lead mask that defines the area of interest within

produces the law of atmospheres with the gravitationa i . )
height appearing in the exponent and reflecting a balanc[ehe sample. A scintillator crystal right behind the sample

between Brownian motion, which tends to disperse an&onverts th_e transmitted x-rays to visible Iig_ht. A Ie_ns fo-_
. : ' : ' cuses the light onto a cooled charge coupling device chip
gravity, which draws the particles downward. For our

smaller particles, the gravitational height is on the order O{TK10243' which captures it as a 1024.024-pixel image.

20 um at infinite dilution and increases with volume fraction
as

KT
lo

where the compressibility is<T=kTvp(dH/d¢)‘1, the
gravitational height id,=kT/(Apgv,), and vp=47ra3/3 is

scintillator

crystal cooled CCD

| 47ra® dIl
_( ¢) = —— (15) X-rays
lo 3kT d¢ —
Thus at the phase transitio(¢) ~30,. For the larger par- -
ticles,lo=15 um at infinite dilution.
Piazza, Bellini, and Degiorgif®25] measured the equation sample

of state of an equilibrium sediment of hard spheres by depo-

larized light scattering, but, at high volume fractions, found FIG. 3. Essential components of the x-ray microdensitometry
the osmotic pressure to deviate from ideal crystal behaviorsetup.
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o6 long tail at the top of the bed, as found by Rutgetsl. To
o decatin ' ' ' . determine if the long tail is redR7], we imaged a 0.4-mm
014| = mixture A piece of aluminum across a cell filled with index matching
mixture. The aluminum has a similar contrakg€ 0.924) to
our samples (0.921,>0.86). Perfect imaging would gen-
erate a sharp discontinuity, but instead the edge is smeared
across approximately four pixels. The line spread function is
] the derivative of the edge. If the edge is horizontal, the row
sum of the line spread function gives the point spread func-
tion (PSH, the Fourier transform of which is the modulation
. transfer functionfMTF). We divide the Fourier transform of
the data by the MTF and then invert the Fourier transform to
filter the data. A perfect imaging system would give the same
. image contrast at all spatial frequencies. Our somewhat
05 Gaussian PSF causes decreasing contrast at higher spatial
frequencies, so filtering our images with the MFT would
amplify the suppressed high spatial frequencies as well as the
noise. Since our intensity profiles are gradual, the higher
3patial frequencies contain little information, so we reduce
the noise introduced by filtering by cutting off our MTF at
high spatial frequencies, thereby removing much of the long
éail while leaving the rest of the profile unchanged except for
§ome noise.

FIG. 4. Calibration of normalized x-ray intensity with unswollen
¢, calculated from suspension density and phase diagram me
surements, results ¢ 1=0.326+0.01 and 0.2540.02 cm * for
decalin and the index matching mixture, respectively.

To reduce the effect of smearing, the upper interface of th
sediment is aligned to the medial plane; thus the image onl
captures 3 mm of the sediment. Smearing results because the

source is not a point but rather a &6.8-mnf rectangle at a Equation of state

finite distance, approximatell m from the samples. This We prepared four samples at,~0.20 to achieve a
results in an 6.Qsm pixel spatial resolution in the sample, 1.0-cm sediment height: 518-nm PMMA in decalin and in
which suffices to resolve the density profile from the dilutethe index matching mixture and 640 nm in decalin and in the
gas phase, a millimeter above the phase transition, to volum@dex matching mixture. To estimate the time required for
fractions approaching close packing, a few millimeters bethe dispersions to settle completely, we refer to the sedimen-
low the phase transition. This will be evident in the equationtation velocities reported by Paulin and Ackersgﬁj for

of state, which we show later. PMMA spheres as a function of volume fraction, as reduced

Samples are stored in standard pehethyl methacrylate  with the Stokes settling velocity of a single particle,
spectrophotometry cells sealed with Duco cement, tapered

teflon caps, and telfon tape, and left to settle completely 2a%gAp
within a styrofoam box that damps any rapid temperature UO:T
fluctuations in the room. An estimate based on the densities
of all constituent elements with linear interpolation of the where u is the medium viscosity. Dispersions initially at
x-ray mass absorption coefficients given in Internationalconcentrations below the freezing transition settle with three
Tables of Crystallography for 17.4 keV puts the absorptiondistinct regions: freely settling, transition and sedim&d].
coefficient for PMMA [-CH,C(CH3)(CO,CHy)-], at 0.8826  For our particular system, where the suspension is relatively
cm™?, for the decalin(C;gH;g) at 0.623 cm?, and for the monodisperse and sedimentation is slow, an ordered sedi-
index matching mixture(C,oH;,+CigHg) at 0.630 cm®.  ment accumulates at a rate,” U(¢™)/(¢dma— @) propor-
These values indicate that the signal should be detectabt@nal to the sedimentation velocity(¢ ™), of the fluid just
with sufficient contrast to obtain good intensity profiles. Weabove the sediment. Thus the time for sediment formation is
calibrate the absorption coefficients by imaging four sampleshe final heightH ¢4/ ).« divided by the rate of accumula-
in each dispersion medium with unswollen core volume fraction, i.e.,
tions. Their images were normalized and averaged to obtain
the results shown in Fig. 4. The corresponding differences in _ H ¢ "
absorption coefficients between the particle and media are tset_u(¢+) ? B dm
A£1=0.3260.00 cm?! for the decalin and
A& 1=0.254+0.02 cm! for the index matching mixture, [28], where ¢"~0.505, ¢n~0.6-0.7, and U(¢")
compared with the values from the International Tables of=0.018J, [5]. Therefore, the 640-nm particles should re-
0.260 cm'* for the decalin samples and 0.253 chwithout  quire about one month to settle, and the 518-nm particles
swelling for the index matching mixture. The measured andabout two months, but the sediment may take considerably
calculated values do not agree exactly, because the x rays dmnger to equilibrate fully.
not perfectly monochromatic and the sample composition is After six months, all samples settled completely into an
not known exactly. opalescent, crystalline sediment with clear fluid above. Only
At low concentrations, we expect the volume fraction tothe 518-nm PMMA samples had a disordered layer visible to
decrease exponentially with height according to @), but  the eye. Samples were carefully positioned with the medial
deficiencies in the imaging system produce instead a verplane at the interface between fluid and crystal to reduce

: (18

(19
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TABLE Il. Summary of the effective x-ray-absorption coeffi- to 20 nm[3], but a bit thicker than that obtained from our
cient differences between PMMA and the solvent, and their correphase diagram. The discrepancy may result from errors in
sponding melting transitions determined from x-ray densitometry a¥Yetermining the core volume fraction for the calibration
well as from constructing the phase diagram. In both measurementgammes and nonuniformities in the PMMA cuvettes. The
we set the freezing transition for polydisperse hard spheres aéorresponding melting transition for the 518- and 640-nm

¢r=0.505. PMMA in both solvents occurs within 0.007 of the theoreti-
1% 31 cal value for polydisperse hard spheresfgf=0.555. Table
A @D (em ) #m Il summarizes the calibration constants obtained by matching
phase diagram the polydisperse hard sphere freezing transition and the cor-
640 nm in decalin NA 0.552 0.005 responding melting transitions for all four samples as well as
in mixture NA 0.544-0.008 the phase diagram results.
x-ray densitometry To obtain the osmotic pressure in accord with ELR),
518 nm in decalin 0.274 0.002 0.55% 0.004 we integrated the unfiltered data frogh~0.05, where the
in mixture 0.223-0.003 0.552-0.005 smearing does not affect the profile, and added a constant to
x-ray densitometry account for the smearing by matching the pressure to the
640 nm in decalin 0.28% 0.003 0.562 0.007 Carnahan-Starling equation. Figure 5 shows the results with
in mixture 0.232-0.003 0.5570.007 the data for the smaller particles offset to illustrate the trends

clearly. For each particle size, the data superimpose for the
decalin and the index matching mixture. For all samples, the
) ) pressure in the fluid phase matches the Carnahan-Starling
smearing and exposed for 180 s. The images were normagquation, but the pressure in the crystal exceeds the Hall
ized and averaged in the direction perpendicular to gravity @quation, diverging athy,,,~0.725 instead of 0.74, perhaps
obtain an intensity profile. The phase transition is apparengye to a direct effect of polydispersity.
with both the 518- and 640-nm PMMA particles. The pressure in the solid phase extracted from similar
We integrate the profiles to calculate the osmotic pressurgyeasurements for essentially hard sphere polystyrene in wa-
and choose the effective calibration constant oOrer hy Rutgerset al. [26] matches the Hall equation almost
A¢ Y[a/(a+L)]® to match the freezing transition at exactly. Their sediments exhibit columnar iridescence, with a
¢=0.505. Comparing the effective calibration constant withlength scale of roughly 1 mm, indicating much larger crys-
the A¢ ! extracted from the core calibration for the 640-nm tallites than ours. Thus a plausible explanation for the higher
particles suggests=20.9+4.0 nm for decalin and 15233.0  pressure in the crystalline phase is polycrystallinity or de-
nm for index matching mixture without swelling. The layer fects and/or grain boundaries. Suppose, for example, that
thickness for the decalin sample is consistent with other puberystallites of volumeV with radii R and internal volume
lished data on PMMA particles, which range from 6 i}  fraction ¢ have an interfacial region of thicknessa and

140 T T T T T v T T T T d T
Carnahan-Starling & Hall (¢max=0.74)
o 518nm PMMA in decalin (offset ¢-0.1 II/nkT+30)
120 | ¢ 518nm PMMA in mixture {offset ¢-0.1 I/nkT+30) i
o 640nm PMMA in decalin
= 640nm PMMA in mixture
50,
100 - °  518nm PMMA in mixture 3 -1
ol Camzhan-Starling & Hall (¢max=0.3¢)
emm— Hall (¢max=0.725) 4
80 |- R
I/nkT
60 |- _
[4]
4L 040 045 050 %55 060 065 070 B
20}~ i
0
-0.1 0.0 0.1 0.2 0.3 04 0.5 0.6 0.7

FIG. 5. Equation of state for 518effset by ¢—0.1, [1/nkT+30) and 640-nm-diameter PMMA-PHSA patrticles in both decalin and the
index matching mixture. We set the freezing transition to that expected for slightly polydisperse hard spheges; 0.6051. The solid line
refers to the Carnahan-Starling and Hall expressions wjth=0.74. Inset: Magnification of the equation of state for 518-nm-diameter
PMMA-PHSA in the index matching mixture. The thicker solid line refers to the Hall expressiongyitk=0.725.
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interfacial areaA. Forces must balance across the disordered atic wure bath
interfacial region, causing the overall volume fraction to be _j— r)Csa ic temperature ba
lower than theg associated with the pressure, e.g.,

3a
VootraAp, P57 R P
- V+aA 3a ’

1+ =

(20

where ¢4, the volume fraction of the disordered region, is
set by mechanical equilibriunt] () =11(¢4). Figure 5 in-
dicates(0.74— ¢pa0 ~0.015-0.02, which means that-12a
for the 640-nm-diameter PMMA spheres aRd 17a for the
518-nm-diameter PMMA spheres would be required to ratio- U rotating magnet
nalize the data withpy=0.64. Though possible, this would

imply rather small crystallites. On the other hand, crystallites e

might contact adjacent crystallites directly without particles

in between, i.e.4=0. In this caseR~108a for the 640- FIG. 6. Diagram of the Zimm viscometer.
nm-diameter PMMA spheres aiR~ 145 for the 518-nm-

diameter PMMA spheres would rationalize the data. These Nol w=1+2.5¢p+(4=2) p*+ (42=10) ¢°,
crystallite sizes are reasonable since our samples have visible (22)
but small graind<1 mm). We conclude that polycrystallity Dol u=1+2.5¢p+(4+2)p?+(25+7) ¢3

may distinguish our pressures from those of Rutgtral. or
a perfect fcc solid. The crystallite size most likely lies be-in the dilute limit, and
tween the two cases analyzed above.
70l 1= (1= ¢l pma) (23

at higher volume fractions, with,,,,=0.63+0.02 for low

Typical viscosity vs shear rate curves for hard sphere ﬂu_shear andby,=0.70:£0.02 for high shear. The critical stress

ids show Newtonian plateaus at high and low shear rategs1SSOCIateOI with shear thinning is of order

IV. ZIMM VISCOMETRY

separated by a shear thinning region. The high shear viscos- KT
ity 7., derives from hydrodynamic forces with a structure o~ =3, (24)
displaced far from equilibrium, and the low shear viscosity a

70> 11 includes contributions from hydrodynamic forces as- . .
sociated with the equilibrium structure as well as from inter-Put shifts to lower values a#>0.5. Thus the Newtonian low
particle and Brownian forces for a structure slightly per_shear regime lies at stresses more than an order of magnitude

turbed from equilibriun{28,29. In general, if one plots the b_elow the critical stress and the Newtonian high shear re-
inverse of the square root of the limiting steady shear vis9iMme ato>oc. .

cosities versus volume fraction, extrapolation identifies the 652|mm viscometer covers a wide range of shear stresses
b @ Which the curves apparently diverge. For polymeri-(10 "—1 Pa, and can detect shear rates as low as’k0’ to

cally stabilized spheres, these values then characterize tPtain these limiting viscositig82,33. The viscometer pic-

softness of the stabilizing layer and/or the nature of the mifuréd in Fig. 6 consists of a temperature-controlled static

crostructure at high and low shefs]. Normally, the low outer cylinder of radiusy, filled with the fluid of interest,
shear limit apparently diverges at a lower volume fractionad @ freely floating rotor of radiug, supported by its own
than the high shear limit, with the former generally corre-Puoyancy and held in place by fluid surface tension. A con-

sponding to random close packing and the latter suggestin@ta”t torque is applied by the interactions of an aluminum

that spheres in hexagonal layers slide over each other in JOcK sitting at the bottom of the rotor with an applied rotat-
zigzag pattern. ing magnetic field. A HP3325 synthesizer—function gen-

In the dilute limit where pairwise interactions dominate, €"ator and pulse motor drive the magnet at a constant but

Batchelor{30] calculated the low shear viscosity from a nu- adjustable angular velocity. Thus a constant shear stress is

merical solution of the equation governing the perturbatiorlapp”ed to the fluid between the cylinders. The inner rotation

of the microstructure, obtaining far-fiel®.54?) and near- rate is determined by reflecting a laser beam from a circle of

field (2.7¢?) hydrodynamic contributions plus that from alternating black and reflective radial stripes on top of the
Brownian motion(1.0¢%), such that aluminum block. As the rotor turns the reflection of the beam

from a point off the center of the circle blinks on and off.
N0l w="1+2.5¢+6.2¢>+ O(>). (22) The beam impinges on a photodiode, an analog to digital
card converts the signal, and this oscillating digitized signal
The interparticle forces do not contribute because hardetermines the frequency. Equating the magnetically induced
spheres repel each other only at contact where the hydrodyerque to the viscous torque on the rotor determines the
namic mobility goes to zero. Experiments on hard spheresteady shear viscosityy in terms of the rotor and motor
follow [31] rotation ratesw, and o,,, respectively, as
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FIG. 7. Typical stress vs shear rate curve for our dispersion. Inset: Magnification of the low shear regime.

Wm— O, Because of the different rotor radii, the optimum volume is
(25 6.4 mL for the high shear rates and 10.5 mL for the low,
leaving a 7-mm gap between the bottom of the temperature
The Ca"bration constant depends on the Strength of the bath and the bOttom Of the rotor in both cases. The minimum
magnetic field and the conductivity and size of the aluminumi$ rather broad, accommodating0.5 mL in the fluid vol-

block. The average shear rate within the annular gap is ume. As the density of the diSperSiOI’] increases with volume
fraction, the mass is adjusted by adding circular plastic

AR3R? In(Ry/R;) pieces that fit snugly into the rotor.

Y)= RE_R2 wr (26) The instrument is calibrated with several Newtonian flu-

o ids (water, trans-decalin, cis-decalin, glycerol, and sucrose

solutions with known viscosities ranging from 1 to 70 m Pa
s. Temperature affects the calibration constant slightly but,
. 4RZR? In(Ry/R;) for the relative viscosities of interest, the calibration constant

(o)y=n(y)=C R R (wm— ;). (27 and, therefore, the temperature dependence cancel. For each

o volume fraction of our sample, we measure the viscosity at
ngo and 25 °C to check that the relative viscosities are invari-
ant. To prevent evaporation for the higher viscosity samples,
we seal the temperature bath with some clay and a watch

n=C o

and the average stress follows as

At high shear rates, instability becomes a potential proble
beyond a Taylor number ¢884]

2R2'y ol 7 2 glass. We clean the temperature bath and rotor carefully with
To=|— 2 71 ~3416 (28)  ethanol before loading a new sample, and then remove any
1-(Ro/Ry) bubbles that may stick to the wall.

for a static outer and rotating inner cylinder, causing the Measurements with either the single phase fluid or at high

. . g y ' SING M€ hear rates proved relatively straightforward, taking roughly
stress to increase nonlinearly with ?hear rate. This sets 314 h to obtain sufficiently reproducible data. In the coex-
upper bound on the shear rates available. istence region, however, the high viscosities required a

Two separate rotors, aluminum blocks, and magnets are ; .
ouple of weeks at low shear rates, allowing crystallites to

required for the high and low shear rate measurements. eettle and phase separate macroscopically. Consequently. the
used a ceramic magnet with a strength of 2300-2400 G a b P picafly. q Y,

A . gap between the bottom of the temperature bath and the bot-
low shear rates, and a neodymium iron boron magnet with " o o
: .fom of the rotor decreases and the additional friction signifi-
strength of 11 000-12 000 G for the high shear. Before CaII'c:antl reduces the shear rate. This time dependence plus the
brating, we determined the optimum vertical position of the. y o . pen ep
. . o . inherent ambiguities in seeking a low shear viscosity for a
rotor associated with the minimum ratio of the magnet fre- . . 4
X two-phase mixture rendered the measurement infeasible.
guency to the rotor frequency as a function of volume of
fluid. With too little fluid, friction from the bottom of the
temperature bath becomes important, while the aluminum
block floats out of the magnetic field with too much fluid.  Figure 7 shows a typical stress vs shear rate curve for our

Limiting steady shear viscosities
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FIG. 8. (a) High shear viscosities an) low shear viscosities for 640-nm-diameter PMMA-PHSA spheres, witdsecalculated from
suspension density and phase diagram measurements with the freezing transition set to that expected for slightly polydisperse hard spheres
i.e., ¢;=0.505, compared with other published hard sphere systems. We rescaled fl@is[6] volume fractions so thag,/u=11.5 at
$=0.50.

dispersions. The low shear regime generally occurs foduces an additional uncertainty of up #d.007 for decalin
(y)=10"3-10"2 s%, and the high shear regime fdry) ~ and=0.010, for the index matching mixture.
=1-50 s L. The high and low shear viscosities as a function ~ Since the refractive index of the decalin differs from that
of ¢, determined from our phase diagram and swelling meaof the particle, van der Waals attractions might increase the
surements and shifted to include polydispersity effects, aréelative low shear viscosities. Estimation of the non retarded
compared in Figs. @ and 8b), respectively, with several limit of the Hamaker constant from
other sets of published data for hard spheres.#00.5, the — 5 — 202
measurements are highly reproducible, with an uncertainty _3 8_(0)_8(0)) 3ho  (ng—np)

. Ae(0) = zKT + v 7]
of 2.0% for the low shear and 3.0% for the high shear. The £(0)+&(0) 322 (Ng+ng)
error in weight fraction is+0.003, which translates into (29
+0.003 in core volume fraction. The effective volume frac-
tion, determined by matching the freezing transition, intro-requires Planck’s constaht £(0), the dielectric constant at
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FIG. 9. Low shear viscosities for 640-nm-diameter PMMA-PHSA spheres, wiésecalculated from suspension density and phase
diagram measurements with the freezing transition set to that expected for slightly polydisperse hard sphetesQi®05, compared with
other published PMMA-PHSA data. We rescaled Meaiisl’s [6] volume fraction so thai./u=11.5 at¢$=0.50, and Segret al’s [11]
volume fraction to account for 5% polydispersity.

zero frequencymw,,, , the frequency for the dominant relax- 9%, stabilized sterically with octadecyl! chains in cyclohex-
ation in the ultraviolet wavelengths; ang, the refractive  ane. They dried the particles to determine the mass concen-
index at the sodiund line at 20 °C[28]. Quantities with a tration, measured the intrinsic viscosity with a Ubbelohde
bar overhead refer to the particle, and those without to theapillary viscometer, and thereby calculated the volume frac-
solvent. Relaxations in the ultraviolet dominate the portiontion. Given the larger polydispersity and the uncertainty in
of the dielectric spectra most important for dispersion intermeasuring intrinsic viscosity, these are the most questionable
actions. Assuming the(0) andw,,,, of PMMA to be close to  y,gjume fractions.

those for polystyrene yield#;(0)~0.06&T, i.e., a very Mewis et al. [6] followed a similar procedure with 475-

weak attraction, which our measurements support since the,4 1220-nm-diameter PMMA-PHSA in Exsol D200/240
low shear viscosities in the mixture and decalin coincide. .4 qecalin but foundy./u=17+1.0 at$=0.50. The corre-

Ogr relat|ve_.\ _h|gh _shear viscosities are consistent up to th‘?;pondence of our high shear viscosities with the prior mea-
freezing transition with those for silica spheres sterically sta-

e . S surements for hard sphere dispersions and the deviation of
bilized with octadecyl chains in cyclohexane and pOIyStyren%\/Iewis et al. suggest that matching the freezing transition to

lattices in water and other polar solvents, despite all the dif-h hard soh | be th ina. H
ferent means for converting weight concentrations to har N ‘fir sP ere”va ue may be the proper scafing. hence, we
ave “corrected” their volume fractions to bring the data for

sphere volume fractiongFig. 8@)]. Papir and Krieger's i X X > ; !
polystyrene in nonaqueous solverigs] have standard de- 7= into I|.ne. Bgyonq the frgezmg tran5|t'|on, our relative hlgh
viations in diameter less than 5% and@6¢) coefficient of shear viscosities in the index m_atchlng mixture de_wates
2.67, i.e., close to the Einstein value of 2.5. Their values of0mewhat, e.94./u=17-2.0, relative to Woods and Krieg-
7./u=11.5 for crosslinked polystyrene in benzyl alcohol or €r'S value of 14.6 a$=0.52, but more data points at higher
m-cresol at=0.50 compare well with our measurements onconcentrations are needed to be definitive.

PMMA in both decalin and index matching mixture, N the low shear limit the situation is rather differgfig.
7./u=11.5. However, both nonaqueous samples crystalliz&8(b)], since our viscosities and those reported recently by
for $>0.30, suggesting that the particles may be slightlySegreet al.[ll]_ significantly exceed the values for_ octa_ldecyl
charged. Woods and KriegE86] obtained similar results for ~Silica spheres in cyclohexane and polystyrene latices in water
aqueous dispersions by accounting for a surfactant layegnd other polar solvents. For example¢at0.50 Papir and

thickness ofL=2.25 nm in defining the volume fraction as Krieger [35] and Woods and Kreige{36] measured
1o/ w=24 for polystyrene in benzyl alcohol on-cresol and

b= (1+3L/a). (30) 1o/ =22 for polymer latices in aqueous dispersions, respec-
tively, while van der Werff and de Kru[f37] found values of
This collapses relative high shear viscosities for differentl3, 21, and 30 for octadecyl silica of three different particle
particle sizes onto a single curve wit/u=11 at$=0.50.  sizes in cyclohexane. Shikata and Pear4@8] found
de Kruif et al. [31] and van der Werff and de Kruif37] 1/ u=25.4 atp=0.50 for bare silica particles. Our measure-
obtained equivalent high shear viscosities for silica spheresnents, as well as those of Segreal, on PMMA-PHSA in
of several different diameters and polydispersity greater thaboth decalin and the index matching mixture give higher
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values, aboutyy/ u=45+3 for our particles andy/u=>50 for V. CONCLUSIONS

Segreet al's. The data of Mewigt al. with the “corrected” We convert our core volume fractions to hard sphere vol-
volume fractions produces;/u=55+10 at ¢=0.50 and yme fractions by matching the freezing transition to that ex-
7 u=30=5 at$p=0.477, close to Segmet al's data and our pected for slightly polydisperse hard spheres=0.505,
own. Finally, applying the 5% polydispersity correction to thereby obtainindi) a polymer layer thickness in reasonable
Segreet al’s volume fractions shifts their low shear viscosi- accord with other published data on the PMMA-PHSA par-
ties into reasonably close accord with those from Mewisticles; (i) a melting transition within experimental uncer-
et al.and this papefFig. 9). Thus we are left with two bands tainty of that expected for polydisperse hard sphe(iés;an
of data, the higher one for the PMMA-PHSA dispersions,0smotic pressure in the fluid state that matches the Carnahan-
and the lower for the polystyrene and silica systems. FittingStarling equation and provides the most direct evidence to
all the PMMA-PHSA low shear viscosities for 0.8@  date that PMMA dispersions witth<0.60 can be approxi-
<0.50 to the Krieger-Dougherty equation mated as hard sphere$;) high shear viscosities consistent
with those from polystyrene and octadecyl silica; @ndlow
shear viscosities consistent with other data on the PMMA-
PHSA system but significantly higher than for the polysty-

7 b |2 rene, octadecyl silica, and bare silica. Several means of ex-
—Oz(l—— (31 tracting the hard sphere volume fraction are reasonably
M ¢m consistent, despite significant swelling of the PMMA by te-

tralin. The only substantial anomaly is the large positive de-
viation of the osmotic pressure in the crystalline solid rela-
tive to that from simulations for the fcc hard sphere crystal.
giVeS Pmax=0.577+0.005. Because of our equation of state measurements, we believe
The different low shear viscosities for the PMMA-PHSA that the PMMA-PHSA data, rather than the earlier data, may
dispersions relative to the polystyrene and octadecy! silicagepresent the hard sphere curve for low shear viscosities.
could reflect fundamental differences. However, complica-
tions due to the slight permeability or softness of the PHSA ACKNOWLEDGMENTS
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