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Rotational dynamics of charged colloidal spheres:
Role of particle interactions
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Time-resolved phosphorescence anisotr@piPA) is used to measure the short-time rotational
diffusion coefficientD{(¢) of charged tracer spheres as a function of the volume fractiaf
like-charged colloidal host spheres in nonagqueous solvents. Sphere interactions are varied from
long-range repulsive to short-range attractive by changing the ionic strength and the solvent
composition. It is shown thaD{(¢) is very sensitive to details of the interaction near contact, in
agreement with theory. In contrast, the low-shear viscogitfgp) of the host dispersions is mostly
controlled by the tail of the interaction potential. We discuss the applicability of Stokes—Einstein—
Debye scalingdy(¢) =1/, (¢), andDy(p)x1/7n.(¢), where .. is the high-frequency-limiting
viscosity. Scaling withy, (¢) fails at high particle and low salt concentrations, while scaling with

7., is fairly good, in particular when an apparent nonstick boundary condition is imposed on the
friction factor. We conclude that TPA is well suited for use as a microrheological technique.

© 2002 American Institute of Physic§DOI: 10.1063/1.1509054

I. INTRODUCTION suspensions of like-charged silica host spheres. The range of
the electrostatic double-layer repulsions is varied by chang-
Translational self-diffusion in concentrated colloidal jng the jonic strength. Attractions are induced by adding salt
sphere suspensions has been investigated extensively By changing the solvent composition. The effects of particle
simulations, experiment, and thedryn contrast, studies on interactions on rotational diffusion are interpreted using
rotational diffusion in dense sphere suspensions are most{y]eory for hard and charged sphetef Sec. Il A.
limited to short-time rotational diffusion in monodisperse We compare our rotational diffusion data with the low-
hard-sphere suspensions. Well-known techniques to measu§ear viscosityy, of the host dispersions. It will be shown
rotational diffusion are depolarized dynamic light scatteringihat rotational diffusion is more sensitive to details of the
(DDLS)*® and nuclear magnetic resonarfcé. Unfortu-  interactions near contact than the viscosity, which is com-
nately, both techniques require special tracer colloids that argonly used for characterization of particle interactiohs.
difficult to synthesize. A few experiments have been dong-yrther, we test whether the tracer rotational diffusion coef-
with forced Rayleigh scatteriffyfluorescence photobleach- ficient D', scales with 1#, . For a single free tracer sphere
ing recovery’ and time resolved phosphorescence anisotropyith radiusar in a solvent with shear viscosity, there is an
(TPA).**"*2These luminescence-based methods rely on dyesyact relation between rotational diffusion and viscosity,

labeled silica or latex tracer particles, which are relativelynamely the Stokes—Einstein—Deb{@ED) relationt*~1°
easy to synthesize.

In this work we study experimentally the dependence of
short-time rotational sphere diffusion on the interactions be- r_ ke T
tween the rotating tracer and the surrounding host colloids, 0 8mmoar’
using TPA(cf. Sec. II B for an explanation of the technique

This extends our previous combined experimental and theqgip, kgT the thermal energy. A similar, so-called Stokes—

retical sltzudy of rotational diffusion in binary sphere gingtein (SE relation holds for the translational diffusion
mixtures.“ The colloidal model system used consists of . officient of a tracer particle in solvéAt®

eosin-labeled silica tracer spheres dispersed in nonaqueous
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Whether these relations can be generalized to tracer diffusion 1 (=
in dense colloidal host fluids is a much debated issue. If such Hs(#)= FJ
an extension is possible, tracer dynamics can be used to do 0
microrheologyt’ Compared to conventional rheology, tracer In the following we assume that the tracer radassequals
diffusion measurements, such as TPA, employ relativelythe host radiug,, . Equation(5) integrates pair HI over the
small sample volumes, are noninvasive, and can measueguilibrium tracer—host pair correlation functigiﬁj(r,@.
local viscosities in inhomogeneous samples. Translationalhe two-body mobility functionAT,(r), which can be ex-
diffusion of hard spheres indeed has a simildmough not pressed as a series expansion in even powers of the inverse
identica) concentration dependence as the inversaracer—host distance !, relates the angular velocity of a
viscosity!8=%2 but for charged spheres deviations from SEtracer to the torque that it exerts on the fluid. It is very short-
scaling were found?2*Recently, we showed experimentally ranged: the leading term in the series expansion is propor-
and theoretically that rotational diffusion of hard spheres alsdional tor ~.2°°Thus, the main contribution to the integral
has a similar, but again not identical, concentration depenin Eg. (5) comes from particle configurations near contact.
dence as the inverse viscosifin this work we discuss how The second coefficienH w(,\) in Eq. (4) relates to three-
particle interactions affect the applicability of generalizedbody HI between one tracer and two host particles, weighted
SED relations. by the triplet distribution functiorg$3),.1%32
To evaluateH, andH{, one needs to specify the pair
potential between tracer and host particles, which determines
Il. BACKGROUND the radial distribution functiong{?), g2}, andg$3),. For
) i L ) unchargedtracer and host spheres it is reasonable to use
A. Short-time rotational diffusion in colloidal sphere virial expansions of the distribution functions to first order
dispersions for 0@ and th order foa®) . H . @
074 and zeroth order fogiyj,. However, sinceyiy has
For a free Brownian tracer sphere in solvent the rotaits maximum at contact, it is necessary to include many
tional diffusion coefficienDy, is time independent and given terms in the expansion of the mobility tensors in powers of
by Eg. (1). However, when the tracer is dispersed in a col-r ~. Including lubrication interactions and expanding the
loidal host fluid a separation of time scales occurs. The intwo-body mobility to order ~1°°and the three-body mobil-

drr2g§i(r, @) AT(r). (5)

ay+ar

teraction time scale ity to r 2! leads td°
1 Hi~1—-0.6310p—0.726°. 6
TB:F (3) s Qb 6p (6)
0

This equation describes experimeftaind simulatioft® re-

separates the rotational dynamics into a short-tibg (and  sults well up to¢~0.35. We note that the near-contact re-

long-time (O[) diffusion proces$® Equation(3) gives the gion 2ar<r<2.la; contributes 25% to the first virial

time roughly needed for a significant change of direct interoefficient® indicating the sensitivity oH to the region of

actions(DI) due to configurational relaxation. At short times close approach.

the tracer particle rotates in an unchanging equilibrium con-  For a dispersion of spheres with surface chafgthe

figuration of neighbor particles, so its short-time diffusion radial distribution functions depend on the amount of elec-

coefficient D, is a hydrodynamic quantif/At long times  trolyte, which sets the Debye screening length',

the tracer experiences many independent realizations of the

host—particle configuration so diffusion is not only af- o l=/ £oeksT 7)

fected by hydrodynamic interactionéHl) but also by e’[n|Z[+2ns]’

DI, i.e., memory effects. As a resumrL<D;-_26_28 Below  with n the number concentration of colloids andz| the

we summarize, only theory for short-time rotational nymper concentration ofmonovalent counterions,n, the

diffusion,”** which is the relevant regime in our ,,mper concentration of added-1) electrolyte, e the el-

experiments? ThoughDy is not affected directly by DI, they  ementary charge; the solvent dielectric constant, ang the

are still important in this regime as they determine the hos{acyum permittivity® In the case of incomplete electrolyte

particle configuration. The theory, summarized below, pregjssociatior? the salt concentration, equals the total con-

dicts that in particular the details of the interaction potentialcantration of dissolved salt times the dissociation constant

near contact have a strong effect bg. which can be estimated from conductivity measurements
The quantity of interest is the hydrodynamic function (see the Appendix The screening lengtk ™! determines the

H5(#) =Dy(#)/Dy that depends on the host particle volumeange of the repulsive pair potentidl(r) between two

fraction ¢. Due to the many-body nature of Hil((#) can-  charged spheres with radias The functional form ofv(r)

not be evaluated exactly and is therefore approximated by gepends on the boundary conditions; two well-known limit-

series expansion i, ing cases are a double-layer interaction at constant surface
HL(b)~1+HL (p)p+Ho () p2+ ..., (4)  potential and at constant surface chafy€alculations of

o ] o H(¢) have so far been performed only for the case of con-
which is truncated after the third teriiThe coefficientHy;  stant charg, using?%

represents the configuration-averaged effect on rotational dif- )
fusion of two-body HI between one tracer and one host par- V(r)= (Ze)
ticle, g0€

exp(ka)
1+ ka

2 exp(— kr)
- .

®
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TABLE |. Densitiesp,, shear viscositiesyy, refractive indicesny, and

32 permittivitiese of pure solvents and their mixtures. The superscripts denote
temperature in °C.
S 3 .
T, Solvent 7o (MPag®  py (g/mL)° No €
DMF 0.795054°  0.9445%5  1.43@¢°¢  37.63¢
DMSO 1.940898  1.00539°  1.478%°c  47.18¢
DMF-DMSO 1.36802#  1.0373%°  1.4588°¢ 43.33¢
So 1.313318°  1.03534
Ethanol 1106818  0.78728  1.361F%¢ 25.172%¢
FIG. 1. Jablonski diagram, schematically showing the energy levels in- 1.087007°
volved in fluorescence;— S;) and phosphorescence (— Sp). Toluene 0.562 0.8639%°  1.496F0¢  2.3&3°¢

Ethanol—toluene 0.637%2 0.84156°  1.457&>¢  9.1g3d
0.618956°  0.83964°

Since charged colloids are strongly correlated, the radial diSyeasured with an Ubbelohde capillary viscometer.

tribution functions are no longer given by simple viral ex- "Measured with an Anton—Paar densitometer.

pansions, but should be obtained instead from integral equg-iterature valuesRe. 7. S

tion scheme&® On the other hand, the calculation of HI g}zli‘gf\‘fggtfégmgjslmsnf?; t%‘ﬁ;fssgiv\fg]fmaesifam%s linear dependence on
simplifies, because the radial distribution functions remain '

essentially zero for particle separations « . Since the

hydrodynamic mobility functions decay rapidly with hy-

drodynamic coupling between two charged spheres is weaker | ,(t)=1Iy\(t)+2lyy(t) (10

than for two uncharged ones, for whight) has a maximum

at contact (=ay +ar). Thus,Hg increases with decreasing decays to zero because the excited triplet Stateelaxes to
ionic strength or increasing surface chafgéor fully de-  the singlet ground sta,.* In the case of eosin this process
ionized suspensions of highly charged sphefisassumes a  jmposes an upper limit 0f-10 ms to the experimentally
quadratic dependence @f) accessible rotational correlation times.

H =1-a,¢?, (9) The rotational diffusion coefficient can be obtained from

the anisotropy ,(t), defined as
with an essentially charge-independent parametgr

~1.15122531
yv(t) = Tyn(t)

(0 (12)

rp(t) =

B. Principle of time resolved phosphorescence

anisotropy (TPA) Sincer,(t) is normalized byl ,(t), its time dependence is

In a TPA experiment, a sample containing dye-labeledcompletely determined by rotational diffusion of the particle
particles is exposed to a brief pulse of vertically polarizedcarrying immobilized dye molecules. The anisotropy gives
light, which excites the phosphorescent dye molecules fronthe ensembléor time) averaged correlation between the ab-
the singlet ground stat$, to the first excited singlet stay  sorption dipole momenj,(0) at timet=0, and the emission
(see the schematic Jablonski diagram in Figi'Mia inter-  dipole momeniu(t) at timet:%
system crossing, a certain portion of the excited molecules
reverts to the triplet e_xcited stafle,. Phosphorescence oc- rp(t)=§<Pz[Ma(0)Me(t)]>, (12
curs when molecules in the, state relax to the ground state
Sy by emitting a photon. In contrast to ti&— S, transition
(fluorescence the T;—S, transition is spin forbidden.
Therefore, the phosphorescence lifetittypically 102 s) is
much longer than the fluorescence lifetime 10 ° s). The
lifetime of eosin, used in this paper, is about 3 ths.

The probability for absorption of a photon by a dye mol- ;
ecule with absorption dipole momept, is proportional to rp(t)zrp(O)e*‘SD g (13
the square of the inner product betweenand the polariza-
tion direction of the excitation pulsg. This implies that a with D' the rotational diffusion coefficient. The value of the
polarized light pulse produces an orientationally anisotropizero-time anisotropy ,(0) has a theoretical maximum of
subset of excited-state dye molecules. If the molecule’s emi.4. However, in the case of eosin the maximum zero-time
sion dipole momenju, is parallel tou,, then immediately anisotropy is reduced to 0.19, because the phosphorescence
after excitation the intensity of verticallyl () polarized emission dipole moment, makes an angle of 36° with the
phosphorescence is higher than the horizontally polarizeéxcitation dipole momeng,.%° In practicer ,(0) is usually
component (yy). In time the sphere orientations randomize, further lowered due to energy transfer between dye mol-
leading to orientational randomization of the original subsetecules and rotation of the dye moleculgg., the emission
of excited state molecules. Thus, the differerigg—Iyy  dipole moment within the free volume accessible to them
vanishes. Simultaneously, the total phosphorescent intensitynside the colloidal particles.

with P, the second Legendre polynomial. The functional
form of (P,) depends on the nature of the reorientation
process.’ %8 For the simplest case of isotropic Brownian mo-
tion of noninteracting monodisperse tracer sphres
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TABLE Il. Debye screening lengtik ~!, mass density,, and shear viscosityy, for the solvent mixtures
DMSO-DMF and toluene—ethanol, for various LiCl and LifNNE@ncentrations, respectively.

Solvent Property 0.1 mM 1mM 10 mM 100 mM 500 mM
DMSO-DMF w1 (nm)? 223 7.1 23 0.74 0.33
po (g/mL)P 1.035 34 1.035 35 1.03546 1.038 72 1.05191
7o (MPa g° 1.31332 1.31526 1.33295 143177 1.950 57
Tol-EtOH x~ 1 (nm)? 12.1 6.0 2.8 0.88 —
po (g/mL)P 0.839 64 0.83970 0.840 28 0.84503 —
7o (MPag° 0.618 96 0.619 50 0.624 31 0.680 58 —

#Calculated using Eq(7), accounting for incomplete electrolyte dissociation as explained in the Appendix.
PMeasured with an Anton—Paar densitometer.
‘Measured with an Ubbelohde capillary viscometer.

IIl. EXPERIMENTAL METHODS DMF). Using Z=220, which earlier gave good agreement
between experimental and theoretical valuesdHgffor our
silica particles? Eq. (14) yields c<0.1 mM. This corre-
1. Solvents sponds to a screening lengi =22 nm in DMSO—-DMF
Two refractive-index matching solvent mixtures were with ¢ jc;=0. Measurements of the host dispersion low-
used, namely 3:2 v/v dimethylsulfoxide-N,N-dimethyl- shear viscosityn (¢) demonstrated that the residual ionic
formamide (DMSO-DMP for uncoated silica spheres, and strength was certainly less than 1 mM LiCl, since adding 1
7:3 viv toluene—ethanol for silica spheres coated with thenM LiCl to an initially “salt-free” suspension led to a sig-
silane coupling agent 3-methacryloxy propyltrimethoxysi-nificant decrease ofp (¢)/ 7 (0) from 68 to 11 at¢
lane (TPM). In both cases the silica particles acquire a nega=30% (result not shown For TPM-silica in toluene—
tive surface charge due to dissociation of the acid silanokthanol we estimate a similar charge number as for bare
groups on the silica surfacéand those of the TPM silica spheres in DMSO-DMF, giving« =12 nm for
oligomers.“° Table | shows some physical properties of theCiino,=0. Table Il also lists the mass densjty and viscos-
solvents and their mixtures. ity 7o of the solvent mixtures for the LiCl concentrations
The Debye screening lengihi * was controlled by add- used.
ing variable amounts of electrolyté.iCl in DMSO-DMF
and LiNO; in toluene—ethandl Values of x~ (Table Il) 2. Tracer and host spheres in DMSO —-DMF
were calculated using Eq7) with the salt concentrationg Tracer silica spheres coded “eR75” were prepared using
corrected for incomplete electrolyte dissociation using rethe familiar Stder recipe’! and labeled with eosin-5-
sults from conductivity measurementsee Appendix An isothiocyanatgEolTC) applying a procedure originally de-
upper limit to the counterion concentratiGmssuming univa-  veloped for fluorescein-IT¢ The particles, with a final ra-

A. Colloid synthesis and characterization

lent iong in the solvent can be estimated as follows: dius of 96 nm(see Table I}, consisted of a phosphorescent
1 1 silica core of 40 nm covered with a nonphosphorescent silica
c(moI/L)s( ~) Nmat Z| shell. Tracer silica spheres code@10” and “u30” were
1= bmax 100Ny prepared by coating nonphosphorescent cores obtained by a
1 3bmax  |ZI microemulsion pe}thwéfi_(.radius 22 n@with al9nm thick
=<1_¢ma~) 47a3 100N, (14  phosphorescent Ster silica shell(giving particles coded

10), followed by one(in the case ofu10) or two (in the case
where N, is Avogadro’s number and,,, represents the of x30) nonphosphorescent silica shells. Note that tracers
highest volume fraction studied¢(,,,=0.35 in DMSO-  ©10 andu30 have a significantly smaller polydispersity than

TABLE IIl. Particle radiiap, s andarp,, relative size polydispersity gy , number of dye molecules per tracer
particle ngy., label efficiencye%, initial phosphorescence anisotrogy(0), and rotational decay timeg,; .

a, b aroa’ 7 C
DLS TPA rot
Particle oEm® (nm) (nm) Naye % rp(0)° (ms
10 — 41 — 225 27 — —
w10 1.5% 72 67.2 1345 70 0.108 0.39
w30 2.7% 100 102.5 1439 77 0.110 1.44
eR75 9% 99 96.3 315 31 0.138 1.19
eR75-TPM 8% 85 90.9 315 31 0.138 0.47
R75 8% 95.0 — 0 — — —
R75-TPM 8% 90.3 — 0 — — —

@Determined from electron micrographs.
PMeasured with dynamic light scatterifLS).
“Measured with TPA.
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tracer eR75Table Ill). Host silica spheres labeled R75 with cuvette P1:0°
equal size and polydispersitgf. Table Ill) as the eR75 trac- sample
ers were prepared according to the samd&tproceduré!

All tracer and host particles were transferred to 3:2 viv
DMSO-DMF by centrifugation.

M1

Nd:YAG: 532 nm

3. Tracer and host patrticles in toluene —ethanol

Silica spheres flocculate in the presence of toluene, but
when coated with a laydR—4 nm) of TPM they are stable in

PMT | umm | gating

toluene—ethanol mixturé§ Aggregation of TPM—silica only J.m—,p
occurs if a large excess of toluene is present. This system is oscilloscope
therefore suitable for tuning particle attractions by changing oMo

the solvent composition. A portion of the eR75 tracer and
R75 host particles was coated with a covalently linked TPMFIG. 2. Schematic depiction of TPA setupot drawn to scale The
layer following Ref. 40. The particles were transferred to 7:3Nd:YAG laser provides 5 ns light pulses. Via two mirrghé1 and M2 and

. . a Glan-Tayler polarize(P1, orientation 0°the light is directed onto the
viv toluene—ethanol by repeated Cenmquanon- CharaCters'ample, contained in a glass capillary placed in a cuvette filled with toluene.

ization results are shown in Table IIl. Phosphorescent light is detected under an angle of 90° with respect to the
incoming beam. The vertical and horizontal components are measured alter-
nately by switching a sheet polarizé?2) placed in front of the PMT be-

4. Particle characterization tween 0° and 90°. Scattered light is discarded by an interference filter.

The concentration of eosin inside the tracer particles was
determined by optical absorption measurements after dissd. Rheology and TPA
lution of the particlesn 1 M NaOH in water. Absorption

Low-shear viscosity measurements were performed us-
spectra were measured between 350 and 650 nm and €Qfy 4 Contraves Low Shear 40 rheometer thermostatted at

rectfad for baseline and §catterilng by subtracting a Spectrully goc. Viscositiesy, were determined from the slope of
of dissolved undyed particlésadius 39 nm The area under shear stress versus shear rdtetween 0 and 50°3) plots.

the peak(centered around 520 nmvas taken as a measure TPA samples were typically prepared by addition of 5

of eosin concentration. Absolute concentrations were oth concentrated tracer stock dispersion to 100—1&00f

tained by comparing with a calibration series of EOITCy,qt gispersion. The final tracer volume fraction was 0.4%—
(1-10uM) in 1:1.5:15 DMF/DMSO/NaOKL M). The num- 1o the TPA measurements were performed at 23 °C, using

ber of dye moleculesy per particle is shown in Table Ill. - 5 1, jified version of the setup described by Lettiegal
The labeling efficiency e% of both particled and eR75 is (see Fig. 2 The eosin dye was excited by shéBtns pulses

about 30%, in agreement with previous observations og., o Nd:yttrium—aluminum—gametYAG) laser (Con-
EoITC labeled Stber silica:* The labeling efficiency 0f:10 i ,um MiniLite Il) with a wavelength of 532 nm. The ver-
andu30 is higher than for0, indicating that the second and o4 (vy polarization of the incident beam was improved
third “nonphosphorescent” silica shells actually also contain, i, 4 Glan—Tayler prism. The samples were contained in
gosm.Appa_rethy, unreacted EO_ITC that remains afterformaﬁarrow glass capillaries immersed in toluene to optically
tion of u0 is incorporated during the subsequent growthyaich the glass, and kept at an angle of 45° to the incident
steps. . ) ) . light beam. Phosphorescent light was detected at an angle of
Particle volume fractions were determined by the weighlgpe re|ative to the incident beam, using an electronically
loss on drying using particle densities of 1.73 gldor bare gated photomultiplie(PMT), amplifier (Melles—Griod, and
silica and 1.46 g/crhfor TPM-silica. Number-averaged par- oscilloscope(LeCroy). Measurements consisted of several

tiple size pondi;persitie& were determined frpm trqnsmis- sequences of alternately measuring horizorital) and ver-
sion electron micrograph¥ EM). Hydrodynamic radifipis  icq| (lyy) polarized emission. The polarization direction

andarps were derived rfronDE, measured with dynamic light a5 selected with a sheet polarizer placed in front of the
scattering(DLS) and D measured with TPA, using Eqggl) PMT. The intensities were corrected for the polarization sen-
and(2). There was good agreement betwegjls andarea  sitivity of the detection lineG=1,y, /I ;,=0.86. Anisotropy

(Table 1l). For bare R75 particlesjp s depended on the yocqy curves ,(t) were well described by Eq13), except
solvent compositioniap s=95nm in DMF, DMSO, and |, here explicitly mentioned in the text.

DMSO-DMF, while ap; s=90 nm in ethanol. This differ-
ence, previously observed also by Imhefal,?® is very
likely due to strong solvation of silica by DMF and DMSO
(cf. Sec. IVA. In DMSO-DMF, ap s Was independent of A silica sphere suspensions in DMSO-DMF
CLic) over the whole range studig®@—500 mM), indicating ) - S

that electrolyte friction effects are negligible. For TPMm 1 Colloidal stability of silica in DMSO — ~DMF

IV. RESULTS AND DISCUSSION

coated R75 particles the DLS radius in etha@0.5 nm) The silica sols in 3:2 v/iv DMSO-DMF showed remark-
was equal to that in toluene—ethan®0.3 nm. (The par- able stability toward flocculation by electrolyte up to LiCl
ticles were unstable in pure toluepe. concentrations ot ;=400 mM. No signs of flocculation
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were observed over a period of at least 2 years van der Waals
attractions between silica spheres in DMSO-DMF are small

due to close refractive index matching and in addition
screened by strong solvent adsorption, as suggested by the 5

nm larger hydrodynamic radius of the particles in DMSO— .
DMF as compared to ethandtf. Sec. IIIA4). A similar H,
difference in hydrodynamic radii3 nm) was reported by

Imhof et al?® between silica in DMF and in ethan®l.Re- X 0mMLicI 1 EI

L . . 06F e 10mMmLCI T 1
cently, significant adsorption enthalpies have been measured o 100 mMLiCI
for silica in DMF and in DMSO(~0.2 J/nf in both cases, 4 S00mMLiCl r ’
compared to 0.07 J/for undecang® using an immersion 0.0 0.1 0.2 0.3 0.4
experiment® The adsorption enthalpies of DMF and DMSO o
are similar to that of water, which is known to strongly hy-
drate colloidal silica. Direct force measurements between 1.0 ]

silica surfaces in wat&f have shown that hydration leads to

a strong monotonic repulsion for surface separations between

1 and 5 nm. The exceptional stability of silica sols in 0.8
watef®4°at high ionic strength, even close to the isoelectric ~ H'
point, is probably related to this repulsion. The repulsion has :
been variously attributed to the presence of a structured layer 0.6
of water at the silica surfatéor to formation of a gel layer

® TPA

at the silica surface in the presence of water. This gel layer © DOLS

. . . A simulations
could be a water-swollen diffuse silica layer with a Hamaker 04 . . . . .
constant almost equal to that of wafeor a layer with pro- 00 01 02 03 04 05 06
truding silanol and silicic acid groups that afford steric o

stabilization?®°! It is plausible that DMF and DMSO give
rise to a similar solvation force. Since intermolecular hydrO-FIG' 3. (A) Reduced short-time rotational tracer diffusion coefficieftof

. - L . eR75 tracers dispersed in R75 host suspensions in 3:2 v/iv DMSO-DMF for
gen ,bc?”d'”g is negligible In_DMF and DMSO, we SLJggestadded LiCl concentrations as indicated. The dotted lines are second-order
that it is unlikely that a modified solvent structure near thepolynomial fits; the dashed and solid lines are theoretical expressiot8)Eq.
surface can account for a 3—5 nm increase in hydrodynamifor fully de-ionized dispersions of charged spheres and (Bpfor hard-
radius(~10—15 solvent Iaye)slnstead it seems Iikely that sphere suspension@) TPA data in the hard-sphere limit00 mM LiCl),

. . - compared with Eq(6) (solid line, DDLS data(Ref. 2, and simulation

DMF and DMSO dissolve, or diffuse into and swell, the results(Ref. 33,
silica surface and form a gel layer. Colloidal stability in
DMSO-DMF was lost only when 500 mM LiCl was added.
However, even then particle aggregation was sl(see be-

low) tional diffusion became slower, in agreement with the theory
W).

summarized in Sec. Il B. With increased electrostatic screen-
, . ing, hydrodynamic coupling becomes stronger b de-
2.' TPA measurements of short-time rotational tracer creases. However, the data 0 M (ka;=38) and 10 mM
diffusion LiCl (kat=4) coincide within experimental error, even
Figure 3A) shows the reduced rotational diffusion coef- though addition of 10 mM LiCl did reduce the low-shear
ficientH of eR75 tracer spheres in suspensions of R75 hostiscosity dramatically(see below. This observation is at
spheres in DMSO-DMF, as a function of host particle vol-variance with theoretical calculations using input parameters
ume fraction¢ for various concentrations of added LiCl, corresponding to our experimental model systérmhich
CLcl - At all ionic strengths investigated rotational diffusion predict a significant difference betweét} at 0 and 10 mM
monotonically slows down withp. The ¢ dependences are LiCl. Apparently, the theory does not incorporate a complete
fairly well described by second-order virial expressigtst-  description of the dispersion. One feature not present in the
ted lines. The drawn and dashed lines represent @By for  theory is the strong solvation of silica in DMSO-DMF,
Hg of hard-sphere suspensions and E®).for Hf of fully  which causes a short-range repulsion. Another feature not yet
de-ionized suspensions of charged spheres. Diffusion dhcorporated in the theory is the nature of the charge regu-
charged spheres is faster than that of hard spheres due lating mechanism, which becomes important when the par-
weaker hydrodynamic coupling. In the rangejq ticles are close. In the calculations the chaZgeas fixed(to
=0-100 mM the data lie between the two theoretical pre2220), while in reality spheres near contact may discharge
dictions, while atc ;=500 mM the data fall below the each other to some extenfThe boundary condition of a
hard-sphere prediction. constant surface potential would necessitate such a dis-
At the lowest ionic strengtkzero added LiQlrotational  charge). Interestingly, TPA results for eR75 diffusion in dis-
diffusion is slower than predicted by E¢) and follows a  persions of larger host spheres ($@7/ay=0.33) did
linear rather than a quadratit dependence at smafl. This ~ show an immediate reduction f; on addition of 10 mM
is most likely due to the presence of residual electrolyteliCl, in accordance with theoryFig. 4B) in Ref. 12,7
(~0.1 mM). When more than 10 mM LiCl was added, rota- =220 andZy=1200].
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FIG. 4. TPA experiments on suspensions of R75 host spheres in 3:2 viv DMSO-DMF with 500 mMAJi@nisotropyr ,(t) for eR75 tracers in a R75
suspension witlp=0.33, measured 0.04, 14, and 15 days after sample prepai@jdfraction of immobilized eR7510, andu30 tracersfinmopile, 14 days
after sample preparatiofC) Rotational diffusion coefficient®¢(¢) of the mobile fraction of eR75,10, andu30 tracers(D) Reduced rotational diffusion
coefficientsHyg of tracers eR75410, andu30 in freshly prepared samples. The dotted lines are to guide the eye; the solid ling@ Bg.HL(#) of hard
spheres.

At ¢ ;=100 mM, the TPA data almost coincide with which slowly increased over a period of several days. Also,
the hard-sphere prediction E@). This is more clearly visu- the viscosity measured withil h after salt addition was
alized in Fig. 3B), where the data are replotted together withhigher than predicted for hard spherege below. More-
DDLS measurements for teflon spheres in water witly =~ over, TPA experiments on samples several days after their
=1 (100 mM NaCl, x *=0.96 nmy{’ and hard sphere preparation showed that the tracer particles became increas-
simulation result$® There is fair agreement between theseingly immobilized.
data sets and with E6).%° In the region¢=0.13-0.26 the Figure 4A) shows anisotropy decay curveg(t) for a
TPA diffusion coefficients are somewhat faster than pressample containinge30 tracers in a R75 host dispersion with
dicted for hard spheres. This suggests that apart from thé=0.33. Shortly after sample preparatiGcurve 1 the an-
hard-core repulsion there is an additional short-ranged repulsotropy on the TPA time scale still decayed from 0.125 to
sive interaction which prevents the particles from coming0.07, indicating that the sample contained mobile species.
into close contact. This could be residual electrostatic repulHowever, after two week&urve 2 the anisotropy remained
sion. The DDLS resultsfor Hy also lie slightly above the constant up to 5 ms, suggesting that the tracer particles were
hard-sphere prediction at sma#l which was tentatively at- frozen on the TPA time scale. After ultrasonicati@urve 3
tributed in Ref. 2 to residual electrostatic repulsions. Alter-there was again a mobile fraction of tracer particles, indicat-
natively, the short-range repulsion is caused by solvationing that particle aggregation is to some extent reversible.
Note thats ~* atc ;=100 mM is smaller than the solvation However, one day after this ultrasonic treatmérrve 4
layer thickness. Either wayig, would be reduced because the tracer particles were again immobilized.
the integral in Eq(5) weighs mainly configurations of near- From the anisotropy decay curves one can estimate the
touching particles due to the very short range of the hydrorelative amounts of mobile and immobi{en the TPA time
dynamic mobility functions. For hard spheres the regionscalg particles. Mobile particles give an exponential decay
2ar=<r=2.1a; contributes 25% to the prefactor of the order of the anisotropyr,(t) as in Eq.(13), while immobile par-
¢ term in Eq.(6).%° Thus, any significant repulsion in this ticles give a constant anisotropgy Taken together this gives
range will greatly reducéd,, making rotational diffusion _ '
very sensitive to even ingsrllt deviations from a hard-sphere Fp(D=A+Tp(0)exp(=6D0). (15)
interaction. D¢ represents the average rotational diffusion rate of species

The data obtained at, ;c;=500 mM clearly fall below that are mobile on the TPA time scale. In FigB#we show
the theoretical prediction for hard spherdgd. Fig. 3A)],  the fraction of immobilized particledmmopie=A/(rp(0)
suggesting that attractive particle interactions play a role+ A) for three different tracers in R75 host dispersions mea-
This was confirmed by the viscosity of the host dispersionssured 2 weeks after sample preparation. The larger tracers
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15 to the hard sphere prediction. This confirms that particle in-
teractions in DMSO-DMF are dominated by long-range
O MLiCI electrical double layer repulsions: On addition of salt the

10 mM LiCl repulsion is screened[Egq. (7)] so the viscosity
100 mM LiCl

500 mM LiCl &

boex P

decrease®>°If attractive interactions would dominate, salt
addition would enhance the viscosity>* Figure 5A) sug-
gests that 100 mM LiCl £~ 1=0.74 nm) is sufficient to
completely screen double layer repulsions. Apparently, the
low-shear viscosity is not sensitive to the residual electro-
static repulsions and/or solvation effects that cause the TPA
data at 100 mM LiCl to deviate from hard-sphere behavior
[Fig. 3(B)]. In contrast taHY, », is dominated by long-range
HI®® and therefore relatively insensitive to details of the
o nearest-neighbor distribution. Nevertheless, the ionic
strength dependence af_ is stronger than foHy, because
8 n. depends directly on DI whilig depends on DI only
| B X ° through the effect of DI on the microstructure as exemplified
by Eg. (5).
61 When 0.5 M LiCl was added, the dispersions exhibited
very slow gelation on a time scale of several days. This
gelation process was evidenced by a slowly increasing vis-
cosity and by immobilizatiorion the TPA time scaleof the
tracer particles(see Fig. 4. The viscosity of the samples
) measured withi 1 h after addition of 500 mM LiCl is shown
?zm tmga in Fig. 5(A). The viscosity was higher than for samples with
10 mM LINO 100 mM LiCl, indicating that attractive interactions
: dominate>®5

n./m,

oce

O T T T A T T T
0.00 0.05 0.10 0.15 020 025 030 035

¢ B. TPM-coated silica spheres in toluene—ethanol

FIG. 5. Reduced low-shear-limiting viscosity (¢)/ 7, of host suspensions 1. Colloidal stability of TPM —silica in toluene —ethanol
of (A) R75 spheres in DMSO-DMB:2 v/v) with various amounts of LiCl

and (B) R75-TPM spheres in toluene-ethan@:3 v/i) with various The same particles R75 and eR75 studied in DMF-
amounts of LINQ. Drawn lines indicate a mode-coupling theory prediction DMSQO were also coated with TPM and dispersed in 7:3 v/v
for hard spheregRef. 22. toluene—ethanol. The stability of a TPM-silica dispersion
depends on a combination of steric stabilization afforded by
the TPM layer(requiring a good, i.e., apolar, solvent for

(eR75 andu30) were completely immobilized at the highest TPM) and electrical double layer repulsiofrequiring a po-

host particle volume fractions, while the smallest trga&t lar mediun. In the apolar solvent toluenes{-2), the
remained partially mobile. The eR75 tracers were completel)i_PM_SiIica .particles sedimented within 1 min indi’cating a

[ ili =359 i i . . . .
immobilized for $=35%, while theu.30 tracers, which have net attraction between the particles in this solvent. In the

a similar number-average radius, were immobile already at o
¢$=20%. This difference is perhaps due to the larger poly—more polar solvent ethanok ¢ 25), TPM-silica was com-

dispersity of the eR75 tracers comparedu0 (Table I1l). pletely stable, as evidenced by .normal sedlmentatlon behav-
. ) . . ior and absence of any flocculation. In the optically matching

The mobility of the mobile species remained more or IeSS‘7-3 v/v toluene—ethanol mixture the particles also appeared

constant over the wholé range[Fig. 4C)], in contrast to P PP

the marked¢ dependence of rotational diffusion observed stable by V|s_ua| |nspect|on. . .
immediately after sample preparatiéRig. 4D)]. The re- These visual observations were confirmed by measuring

q e O . r . . rotational diffusion coefficient®(, of eR75-TPM tracers in
uced diffusion coefficientsl corresponding to the data in . — o .
Fig. 4(C) are of order 0.4 for both10, 430, and eR75. toluene—ethanol mixtures with different compositions, using
TPA. Rotational diffusion should be very sensitive to any

kind of aggregation sincBy is inversely proportional to the
particle volume’’ Any changes iD}, 77,=kT/8ma3 with sol-

For comparison with the rotational tracer mobility in vent composition point to changes in the radass of the
host suspensions we also measured the low-shear viscositigifusing species. Figure 6 shows thafn, remains con-
7. of the host fluids. Figure (8) shows the reduced low- stant (~0.22, i.e.,ar=90nm) up to ¢uene0.84. For
shear-limiting viscosityn ($)/ 7, of R75 suspensions in ¢uene>0.84 there is a sharp decreaseDifj», correspond-
DMSO-DMF. At low c ¢, the measuredy (¢)/ 7o was ing to a sharp increase iar. For ¢yuens0.9 the eR75—
larger than predicted by mode-coupling theory calculationsTPM spheres rapidly sedimented, leaving a supernatant with
for hard spheré$ (cf. drawn ling. With increasings,ic;, the  some remaining clusters of particles. Rotational diffusion of
viscosity decreased until & ;=100 mM it corresponded these clusters was completely frozen on the experimental

3. Low-shear viscosity of host suspensions
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0.25 LiINO; accelerated particle sedimentation relative to hard
»-5"'---5-""“"‘“&"'"““*"‘Iin """" spheres, while at concentration§N03>4 mM redispersion
of the sediments was impossible. Both phenomena are clear
0154 signs that attractive particle interactions dominate. Attrac-
D'y tions between our R75—-TPM and eR75—TPM spheres with
oo 10 mM LiNO5 were, however, weak judging from the visual

0.20 1

0.10 .
appearance of the samples. No flocs were observed, and sedi-
0.05+ } ments were easily redispersed.
0.00 , , . — 3. Rheology of host suspensions
0.0 0.2 0.4 0.6 0.8 1.0

o Like the bare silica particles in DMSO—-DMF, the TPM—

Toluene silica particles in toluene—ethanol displayed rheological be-
FIG. 6. Rotational self-diffusion coefficierdy of eR75—-TPM tracers in hawor typ',cal_ of charged part|cl_e[$f. Flg. SB)]. with in-
toluene—ethanol as a function of toluene volume fracigen,, muli- ~ Cr€asINg 10NIC strquth the _Vviscosity decrefised due to
plied by the solvent viscosityy,. Diffusion abruptly slows down around increased electrostatic screening. At all three LiNtOncen-
85% toluene, indicating that the TPM-silica dispersion becomes unstabletrations studied, the viscosity was higher than the viscosity
calculated for hard spherégdrawn line.

At c,_iN03=O and 1 mM the deviation of the viscosity

from the hard-sphere prediction is clearly due to electrostatic

:.0'7’ Wh:fh V\égigtshed_r'g,\i” extpelrlmer(mdﬁ{il_so ttl)y ptreb-_ repulsions, since adding more salt causes a further reduction
vious workers, € particles are sutficiently stabl- - ¢, viscosity. This confirms the TPA resu(tsg. 7). How-

Ilzed. by_ steric and (_jout_)le—lqyer_repulsmns. In faujd{tlon, re'ever, from the viscosity data it remains ambiguous whether
fractive index matching in this mixture should minimize van

. at the highest concentration of LIN®10 mM) the deviation
der Waals attractions. from hard-sphere behavior is due to repulsive or to attractive
interactions. In contrast, the TPA measuremehtg. 7) un-

2.' TPA measurements of short-time rotational tracer ambiguously demonstrated that at 10 mM Lij@veak at-

diffusion tractive interactions dominate, since diffusion is markedly
Figure 7 shows reduced short-time rotational diffusionslower than the hard-sphere prediction.

coefficientsH of eR75—TPM particles dispersed in suspen-

sions of R75—TPM host spheres in toluene—ethanol. It cac. Generalized SED relation between rotational tracer

be seen that, just like for the uncoated particles in DMSO-diffusion and host suspension viscosity

DMF, salt additiqn leads to slower rotational_ diffusion. The ; Comparison between rotational tracer diffusion

data corresponding to o, =0 and 1 mM lie somewhat anqg host suspension viscosity

above the theoretical prediction E() for hard spheres Rotational tracer diffusion obeys a generalization of the
(drawn ling. For ¢ jno,= 10 mM diffusion was significantly  gep rejation Eq(1) when

slower than the hard-sphere prediction, suggesting an attrac- ) |

tive interaction potential. This LiNQconcentration is simi- D7 /Dgmo=1(t<7¢),

lar to the onset of attractions found in sedimentation meag,

surements for larger TPM—silica sphefeadius 360 nmin , . |

pure ethanof! There, it was reported that adding 2 mM  Di7./Domo=1(t>7¢). (16)

For short times t< 7-'0) this criterion contains the high-
frequency-limiting viscosityy., , which reflects the bulk dis-
sipation due to a high-frequency low amplitude shear oscil-
lation of the dispersion in the linear viscoelastic regime. Like
% Ds, 7. depends directly only on HI, while thermodynamic

time scale(10 mg. We can safely conclude that f@¥ene

1.0+

0.8+

forces (DI and Brownian motiojh enter only indirectly as

Hr they determine the equilibium microstructure. For long times
s 3 (t> 7-!)) Eq. (16) relates the long-time rotational diffusion
061w 0MLINO { coefficientD| to the zero shear viscosity, , determined by

® 1mMLINO % a steady-shear experiment. Both quantities refer to particle
o 10mM LiN(3) mobility in a dispersion slightly disturbed from equilibrium
0.4 v - , . either by the diffusing tracer{{) or by an external flow
0.0 01 0.2 0.3 0.4 (n.), and are therefore affected directly by HI and thermo-
) dynamic forces.

This work concentrates on the short-time regime, so it

FIG. 7. Reduced short-time rotational diffusion coefficiehis of eR75— . .
TPM tracer spheres in R75—-TPM host suspensions in 7:3 v/iv tquenelNOUId be most appropriate to compdﬁé with 7. . How-

ethanol with various added LiNOconcentrations as indicated. The solid €Ver, measurement of.. typically requires large volumes
line represents Eq6) for H', of hard spheres. (= 20 mL), which were unfortunately not available to us due
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FIG. 9. SED product oH (TPA data for TPM-coated silica in toluene—
FIG. 8. SED product oH; (TPA data for silica in DMSO—-DMFwith (A) ethano) with (A) the experimental reduced low-shear-limiting viscosity
the experimental reduced low-shear-limiting viscosity/ oy, and(B) the !y, and (B) the high-frequency-limiting viscosityy../5, of hard
high-frequency-limiting viscosityy.. / 7o of hard spheres according to EQ. spheres according to E6L7). Open triangles and drawn line {B) same as
(17). Open triangles represent DDL®ef. 2 results forHg multiplied by in Fig. 8B).
7. | 7o Of hard spheres according to EG7). The drawn line represents the
theoretical prediction foHg.. / 7 of hard spheres calculated from E¢B)
and (17).

Figure 8A) shows the product of experimental data for
Hy(¢) of eR75 tracers and fon (¢)/ 7, of R75 host dis-
persions in DMSO-DMF. Large deviations from the SED
productH¢zn, (¢)/ no=1 are seen, especially at largeand
low ionic strengths. The large difference between the three
data sets almost vanishes when the experimedfalalues

to the small scale of our model—colloid synthesis. Therefore
we compareH; with experimental low-shear viscositieg
and with a semiempirical expression fgr, of hard spheres
derived by Lionberger and Rus&&l

7 1+3p(1+ ¢—0.1892) are multiplied by, /7o of hard spheres according to Eg.
= 1= (17 6—0.18%7) (17 (17 [see Fig. 8B)]. For comparison the drawn line shows
o $(1+$—0.18%%) the theoretical short-time SED predictitt ../ 7, of hard

For hard spheres;.,~ 7, up to ¢=20%. At higher volume spheres, obtained by combining E§) for Hg and Eq.(17)
fractions 5,/ 5., increases almost exponentially to 2.2¢at  for 7... The data forc ;=0 and 10 mM consistently lie
=40% because of the contribution of thermodynamic forcesomewhat above this theoretical prediction, while the data
to 5, .%2?2For charged spheres it is known from theBrgnd ~ for ¢,ic;=100 mM are in close agreement with theory. For
an abundance of experiments thatincreases strongly with comparison, Fig. @) also includes DDLS results fdi by
decreasing ionic strength. This was confirmed by our meabegiorgio et al? (open trianglesfor teflon spheres in water
surements on silica in DMSO-DMF and toluene—ethanokontaining 100 mM NacCl, multiplied by Eq17) for ../ 7
(Fig. 8. Measurements ofy., especially for charged of hard spheres. These data are in very good agreement with
spheres, are relatively scarce. In recent experiments on suheory.

fonated polystyrene spheres in aqueous dispersions with radii Figures 9A) and 9B) are the equivalents of Figs(A)
R=60-155 nm and~*=1-30 nm, .. for charged spheres and §B), showing data for TPM-coated silica spheres in
was indistinguishable from that of hard sphet&he reason  toluene—ethanol. In Fig.(8), large positive deviations from
for the weak dependence @f, on ionic strength is first that Hin ($)/n,=1 are again seen, which decrease as the ionic
7., depends only indirectly on DI, and second that is  strength increases ap decreases. Figure(B) shows that
dominated by long-range HI and therefore not very sensitivenultiplying the experimentaH{ values by Eq.(17) for

to the microstructure. Therefore, it seems in our case a goog../ ny of hard spheres brings the data sets for 0 and 1 mM
strategy to compare the short-time diffusion results at alLiNO5 close to the hard-sphere prediction Hf7../7,.
ionic strengths tayp., of hard spheres. Since the actugl of  However, the data for 10 mM LiNQfall below the theory,
charged spheres is larger than or equal to that of hardonsistent with Fig. 7, where rotational diffusion is clearly
spheres, the product of] with the hard-spherey,. will un- significantly slower than expected for hard spheres. This is a
derestimate the real product. signature of(weak attractive interactions.
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2. Interpretation of deviations 1.0 A
from Stokes —Einstein —Debye scaling

Figures 8B) and 9B) show that short-time SED scaling 0.84
betweenH; and the high-frequency-limiting frequency vis- vi=os3
cosity 7., is qualitatively good to within a factor of 2 for 0.6 :
hard spheres. For charged spheres, deviations from the short-
time SED relationH.7../7, are likely to be close to the 0.4+
deviations observed for hard spheres. This assertion is based Vv'=0.22
on the fact that bothy../7,°® and HL [Fig. 3A)] depend 0.2 :
fairly weakly on double-layer interactions. 1

Deviations observed from generalized ®Eanslation 0.0+~ T T T T

(cf. Refs. 18—2pand SED(rotation relations for dense col-
loidal systems are remarkably small given the severe as-
sumptions used in deriving the Stokes friction factéks
=6mngar in Eq. (2) and fy=8m a3 in Eq. (1). The hy-
drodynamic Stokes theory should strictly apply only to dif-
fusing tracers that are much larger than the molecules com- 0.8
prising the liquid, as is the case for a massive colloidal
particle in a molecular liquid. Obviously, this continuum as- r
sumption is questionable when the tracer diffuses through a H

1.0

0.6

_ U s X TPA (0 mM LiCl)
solvent of comparable molecular mass and size. Surprisingly O TPA (10 mM LICI)
however, the SED) relations reproduce even experimental 04l o [PAL100mMLICH
data on molecular diffusion remarkably well, in particular A DLS
. i e 16465 A DDLS

when the friction factors are slightly modified®t¢ 0 DOLS sio

fo=6v5mnoar 00 041 02 03 0.4 0.5
and ¢

fB: 8,,57”705@ , (18 FIG. 10. (A) Apparent slip coefficients’, and v. deduced from Eqs(19)

and (20) for rotational and translational short-time tracer diffusion in host

introducing apparent slip parameteug andvg. In the case  sphere suspensions. Data points are derived from experimental data obtained
of perfect stick boundary conditions for the fluid velocity on With TPA (H, this worki, DDLS (Ref. 2 (Hg), DDLS (Ref. 2 (HJ), and
the surface of the suspended tracely, and v}, both equal ~ D-S (Ref. 67 (H), and Eq.(17) for »./zo of hard spheres. The drawn

f ick hat the fi ’ | 0 f sol . lines are the theoretical predictions for hard spheres based or(@&gmd
one. Per ec_t stick assumes t_ att_ € 'rSt_ ayer ot solvent Stmk@?) and on a semiempirical expressi@iRef. 68 for Hts. The dotted lines
to the moving tracer, retarding its motion through the bulkrepresent overall average valués=0.22 andv=2/3.(B) H} andH} in the
viscosity. In the case of perfect slip boundary conditions, thehard-sphere limit. Data points correspond to experimental TPA, DEReS.
tracer carries none of the surrounding liquid with it, so that? 3_”‘:, D'-S(Rff- 67)_{:5%56223 d:ja‘{"f(')'%ef re%resle”t the_mgd'f'fd SED
friction is due only to the solvent which must be displaced toP"e%iction(see textwith ».=0.22 andv;=0.67, andy../ 7, as in £4.(17).
allow tracer motion. This reduces, to 2/3 andvy to zero.
Experimental data on molecular diffusion are usually consis-
tent with v=2/3 (perfect slip for translation and & v  and

<1 (partial slip for rotation®°°

Recently, a similar intr_oduc_tion of apparent slip param- DY/D! -1
eters was suggested to rationalize deviations from SE scaling Vf_=ﬁ. (19
for tracer translational diffusion in a colloidal host flifidl. 70

The apparent Stokes friction factth( ¢) experienced by the .

fracer was written as a sum of the Stokes frictindue to ~ Figure 1GA) shows a plot ofv; for hard spheres using for
solvent plus friction due to neighboring host particles. There?-/ 770 Ed- (17) and forHg experimental DDL$and DLS’

is no reason to expect a no-slip boundary condition for thdesults and a semiempirical expression of Lionberger and
host particles. Therefore, the total friction can be written adRusset® which describest well up to random close pack-
fts(¢) =6mnoar 1+ VtsA 7-($)] at short times and‘L(qS) ing. As seen,pts only weakly depends o, so that'the over-
=67 noar[ 1+ vl Ay (¢)] at long times, with apparent slip all average yalue/ts~ 2/3 gives a reasonable estimate in .the
parameters/te[2/3,1], v} €[0,1]. Similarly, the reduced fgll fluid regime ¢<0.5. Figure 1(B) shows that the m_odl-
viscosity can be written as a sum of the solvent viscosity pludied SE relatiorDy(¢) =kgT/6m noar] 1+ vA 7..(¢)] with

an excess party../n,=1+An, and 5, /n,=1+An,. 7. according to Eq(17) is in good agreement yvith experi-
Values forv! and»! can be deduced from experimental datamental DDLS and DLS” results. For the long-time regime,

by plotting Imhof et al?* found » ~0.5 for $=0.1-0.45, using charged
L silica spheres in DMF, while Seget al! reported a mono-
A= Do/Ds—1 tonic decrease of} from 1 at small¢ to ¢#=0.5 for hard
S Mulno—1' spheres.
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Motivated by the succes of this heuristic approach forfrequency-limiting viscosity 1., is quite accurate, though
translational diffusion, we attempt a similar analysis for ournot exact, when apparent slip of the host particles on the
rotational diffusion data. Figure 1) shows a plot ofvy  tracer sphere surface is introduced. The physical interpreta-
calculated according to tion of the dependence of the apparent slip parameter on

DY/D! -1 colloid concentration and on particle interactions remains yet
-2 = (200 unclear. If the(modified SED relation between rotational
7170~ 1 diffusion and inverse suspension viscosity is universal, dif-
with 7.,/7, as in EqQ.(17) and H. from TPA (this work), fusion measurements can be used to probe dispersion rheol-
DDLS? and the second-order virial expression in Eg.  ©9Y. Such “microrheological” experiments are nowadays ex-
The overall average value of. in the range¢=0-0.5 is tensively_ used to measure viscosities of colloidal
0.22. The modified SED relatiob(¢)=kgT/8mnoar[1  SUSpensions, gels, anq even living géTIm contrast to con-
+ VLA 7..(4)] with 7.,/ 7 as in Eq.(17) andv,=0.22 is in ~ ventional rheology, microrheology is noninvasive, requires
fair agreement with the experimental data obtained with TPA#Nly small sample volumed.00 wl in the case of TPA and
and DDLS? at least in the hard-sphere limit. can measure viscosities locally in inhomogeneous samples.

We emphasize that the concept of apparent slip paranil view of the huge potential of microrheology for charac-
eters primarily provides a qualitative picture to rationalizet€rizing complex(biologica) fluids a deeper theoretical un-
deviations from ideal S@®) scaling. Actually SED) scaling ~ derstanding of the rglatlon between diffusion and rheology
cannot be exact for arbitrary, since the leading order low S€ems to us of vital importance.
density forms ¥ A¢+Bg? are different for diffusion and
inverse viscosityA= —0.63 forH} and—1.83 forH}, while =~ ACKNOWLEDGMENTS
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already in the first virial coefficien, whereas Dl enter into  jon Heuvel for preparing tracer particles: W. van der Sark
2 ’ '
1170 only on theO () level. and D. van den Heuvel for measuring eosin-labeling efficien-
cies; A. Plomp and R. Smit for conductivity experiments; J.
V. CONCLUSIONS Stolk and Y. Chong for measuring solvent densities and vis-

~cosities; and J. K. G. Dhont, C. Pathmamanoharan, G. N.
~ TPAwas used to study the effect of tracer—host particlenagele, and A. Vrij for helpful discussions. This work was
interactions on rotational diffusion of tracer spheres in hostinancially supported by The Netherlands Organization for

sphere dispersions. Colloidal systems included bare silicgcjentific Research(NWO/Stichting Chemische Weten-
spheres in a polars(~43) solvent mixtur§fDMSO—-DMP),  schappen
and silane-coated spheres in a less patar 9) solvent mix-
ture (tpluene—ethanml In both. cases the particles acquire a p\ppeNDIX: ELECTROLYTE DISSOCIATION
negative charge. Our experimental results clearly demonn NONAQUEOUS SOLVENTS
strate that rotational diffusion in colloidal sphere dispersions _ o o
is very sensitive to the nature of the interaction potential. ~ The degree of dissociatioa of LiCl in DMSO-DMF
Electrostatic repulsions were shown to enhance rotationgi"d LING; in toluene—ethanol, needed to calculate Debye
diffusion (in agreement with theojywhile even fairly weak ~Screening lengths ~* by Eq.(7), was estimated by measur-
attractions slow down rotation. Further, we conclude that roing the molar conductivit\ as a function of salt concentra-
tational diffusion is more suited for characterizing particleion Cuici @dciino,. Conductivities were measured using a
interactions, especially at short ranges, than the dispersicfetracon LF 539 electrod®/TW, cell constant 0.612 ci).
viscosity. Namely, rotational diffusion is more sensitive to Solutions were kept at 25 °C using a thermostatic bath.
interactions near contact and can therefore detect even small Figure 11A) shows that\ decreases monotonically with
deviations from a hard-sphere potential, such as residudlici iIn DMSO-DMF. TheA values are between those re-
electrostatic repulsions, solvation effects, and weak attracPorted for LiCl in DMF® and DMSO’* The A values ex-
tions. This is relevant for instance in the context of colloidaltrapolated toc,i;=0 are A,=80.1, 35.3, and 46.6 in units
crystallization rate& For bare silica in DMSO-DMF at of 10* Q cm ?mol~* in DMF, DMSO, and DMSO-DMF,
high salt(500 mM LiCl) and for TPM-silica in toluene— respectively. The producd 7, is approximately constant
ethanol at high toluene fractions TPA indicated particle clus{~6.4x10"° NO m~*s), in agreement with the empirical
tering. Since rotational diffusion is very sensitive to anyWalden rule’*’® suggesting that the conductivity difference
changes in the size of the diffusing species, TPA is in prinbetween the different solvents is mainly due to different vis-
ciple very suitable to monitor aggregation kinetics. cosities. At smaltyc;, A is linear inyc ¢, which is typical
Increasing the ionic strength slows down rotational dif-of strong electrolytes. Figure (B) shows thatA for LINOg
fusion of a tracer particle, both for bare and TPM-coatedn ethanol also decreases monotonically with salt concentra-
silica, while it reduces the low-shear viscosiy of the  tion, in agreement with previous resuffs."® Further, A, is
background host fluid. As a result, at low ionic strenBthis ~ 42.7x10' Q cm™?mol~* and A is linear in yc o, For
1 or 2 orders of magnitude faster than predicted by the SERiINO; in toluene—ethanol, however, the conductivity first
relation Hi»n /no=1. However, with increasing ionic decreases and then increases again, probably due to ion as-
strength the relative deviation from SED scaling is less tharsociation into(charged triple ions. The conductivity is much
a factor of 2. Scaling betweeBy and the inverse high- smaller than for LINQ in ethanol, and the concentration
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3 FIG. 12. Degree of dissociatiamof (A) LiCl in DMF, DMSO, and 3:2 v/v

DMSO-DMF, calculated using=A/A gy and Eq.(20), and of(B) LINO4
in 7:3 v/v toluene—ethanol, calculated using A/A,. The dotted lines are
to guide the eye.

FIG. 11. Molar conductivityA (in units of 1¢ m? Q~* mol™%) of (A) LiCl

in DMF, taken from Prueet al. (Ref. 70, in DMSO, taken from Dunnett
et al. (Ref. 71, and in 3:2 v/v DMSO-DMF, measured in this wor(B)
Same for LINQ in ethanol, measured in this work and taken from Campbell
et al. (Ref. 75 and Parfittet al. (Ref. 76, and in 7:3 v/v toluene—ethanol,
measured in this work. =Aexp/ Aro, WhereA g is the molar conductivity calculated
from the Fuoss—Onsager equation for completely dissociated

electrolytes g¢=1):

Apo~Ag—SVCsairt ECsqil0g( Csar/ Mol L_l) + ‘]Csal(t- )
Al

dependence at |OW|_iN03 is stronger thanscLiNos. Further,

Walden’s rule is not applicable; Aq7o=4.6x10 ©

NQ m~*s in ethanol and~9x 10’ N m~“s in toluene—

ethanol. All this indicates that there is significant ion asso-This equation accounts for ion interactions. We neglected

ciation in toluene—ethanol, which can be expected in view ohigher-order terms ircg,; and the effect otg,; on the vis-

the small dielectric constant (-9). cosity. Values forS, E, andJ obtained using: and 7, from
The degree of dissociatianfor fairly strong electrolytes Table | are collected in Table IV. Figure (&) shows the

up to concentrations of 10 mM can be estimated fram degree of dissociationy= A ¢,,/Ago Of LiCl in DMSO-

TABLE IV. Fuoss—Onsager calculations according to E4l) for LINO3 in ethanol and 7:3 v/v toluene—
ethanol(Tol-EtOH) and for LiCl in DMF, DMSO, and 3:2 v/iv DMSO-DMF.

Ao/ 52 E/ Je
Solvent (ecmQ tmol™) (cm?Q tmol¥2dm*?) (e Q *mol2dm®) (cn? Q! mol 2 dn)
Ethanol 42.7 141.1 164.2 147.4
Tol-EtOH 10.7 308.1 —260.3 95.24
DMF 80.1 151.6 85.20 208.3
DMSO 35.3 51.21 16.83 135.3
DMSO-DMF 46.6 79.57 26.51 153.7

33=5, Ao+ S, With S;=8.2043x 10°/(sT)¥? and S,= 8.2484/(p /= T).

PE=E;Ao— E, with E;=2.942 27X 10'¥%(£T)3, E,=8.664 08< 10°/(5(sT)?).

€J=J;A¢+J, with J;=0.458Zh(b)+In[a]—0.0941 andJ,=15.48+18.1%— 17.66 Ifa], with h(b)=(2b?
+2b—1)/b® andb=7.135h, wherea represents the distance of closest approach between twdiionsits
of 107° m) which we set equal to 5.
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DMF, DMSO, and DMF thus calculated. In all three solvents®!H. zhang, and G. Rgele (unpublished

a is close to one. In DMSO-DMH lies between that in
DMF and DMSO. Dissociation is highest in DMSO, which
happens to have the largest dielectric constant. For LiO
ethanol dissociation is near complétesult not shown For
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