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Rotational tracer diffusion in binary colloidal sphere mixtures
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We demonstrate that tracer/host size asymmetry and electrostatic interactions strongly affect rotational
self-diffusion in binary mixtures of charged colloidal tracer and host spheres. Tracer diffusion coefficients,
measured with time-resolved phosphorescence anisotropy, are compared with calculations of rotational diffu-
sion including two- and three-particle hydrodynamic interactions. We also show that the inverse dependence of
the rotational diffusion coefficient on the suspension viscosity is approached only at large size ratios.
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Rotational diffusion of colloidal tracer spheres in densetional diffusion coefficienDg of the tracer was determined
colloidal host fluids is much less understood than other transsy TPA, from the decay of the polarization anisotropy in-
port properties such as translational diffusion. Translationatluced by excitation of the dye inside the tracer with a verti-
diffusion is known to depend strongly on size asymmetry forcally polarized light puls¢5]. The anisotropy relaxation is
binary mixtures of tracer and host sphefds$ as well as due to reorientation of the tracer sphere during the lifetime
long-range electrostatic repulsions in case of charged pafseveral msof the excited state. The experimental time win-
ticles[2]. Whether size asymmetry and charge effects, whichdow is ca. 0.01-10 ms. TPA experiments were performed at
are abundant in synthetic and naturally occurring complext =23 °C using the experimental setup describefbih An-
fluids, also affect rotational tracer diffusion significantly is isotropy decay curves were always single exponential as ex-
yet unclear. Therefore we report experiments and theory opected for noninteracting, monodisperse tracer sphiéres
rotational diffusion in binary mixtures of charged spheres a®diffusion data were normalized by the Stokes-Einstein dif-
a function of size ratio, host volume fraction, and ionic fusion coefficientD{JszT/SWnoa?- of an isolated tracer
strength. We further investigate whether rotational tracer difsphere in a solvent with shear viscosiy.
fusion is related via a Stokes-Einstein relation to the inverse For comparison with experimental results we first calcu-
viscosity of the host suspension. late the normalized short-time rotational diffusion coefficient

Experiments on rotational diffusion of spheres, until re-H.=DY/D{, of a single tracer in a host sphere dispersion as a
cently, relied on two techniques that can distinguish differenfunction of host volume fractiony and size ratio
sphere orientations, namely, depolarized dynamic light scat= . /a,, . To this end we extend a method for calculatiy
tering (DDLS) [3] and nuclear magnetic resonanfél.  for monodisperse sphere suspensifiig] to binary mix-
These techniques, however, require specific tracer particlegres. For moderate volume fractiot], can be written as a

that are difficult to synthesize, obstructing a systematic variag,,, over hydrodynamic interactions between clusters of
tion of tracer/host size ratio and particle interactions. Rey.o three. and more particles

cently a novel method called time-resolved phosphorescence

anisotropy(TPA) was reported, which requires only a dye- HY (A N)=1+H" N b+ H N b2+ - 1
labeled tracer. Such labeling is straightforwfsiland can be s(é:M) s(@ M) @ +He(d M) ¢ - @
applied to a variety of tracer colloids, which can be surface

nctoralzed o Contol e Paricl IEracf 1y 14 57,50 we evaliate orly e cocficedl, (6. epre.
y PP 'senting hydrodynamic interactions between the tracer and

porous medigd5], or biologically relevant matrices. In this ; .
paper we will first outline the TPA technique, then calculate_One host sphere, arldg,(¢4,)), corresponding to a tracer

short-time rotational diffusion coefficients and finally com- Nteracting with two host spheres. The coefficiétit (¢, 1)

pare our experimental and theoretical results. is expressible by the integral
For the TPA measurements we employ silica tracer

‘We truncate this rooted cluster approximation after the third

. . . . 1 o)
spheregof hydrodynamic radiuar=96 nm with polydisper- H N)= _J' drr2a0@r: b\
sity o of 9%) labeled with an eosin dy|&] and charged silica su($:M) apy Jayvar gr(ri M)
host sphereqof hydrodynamic radiiay=92 nm ando _— _—
=89%, or 298 nm andr=2%). The solvent is an optically X[agy(r;N)+2B814(r;N)], 2

matching 60-40 v/v mixture of dimethylsulfoxide amdiN- ) _ o )
dimethy'formamide] with a dielectric constant of 4_37 and|nV0|V|ng the tracer'hOS(TH) radial distribution function
LiCl added to adjust the ionic strength. The short-time rota-g%(r;,\) and the two-body rotational hydrodynamic mo-
bility functions aT,(r;\) and BT(r;\), which depend on
the tracer-host distanaeand on\. For A =1, multipole ex-
*Corresponding author. pansions of these mobility functions in powers rof! are
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known, in principle, to arbitrary ord€ff7,8]. For A#1, an
explicit r =1 expansion up to order 2 has been provided in
[9,10]. ForHL,(¢,\) with A # 1 we have used the method of
reflections and connectors to derive a new result for the
asymptotic far-field term in the inverse distance expansion of
the three-body rotational mobility tens(etails will be de-
scribed in[11]). Using this asymptotic formHL,(#,\) is
given, similar to Eq(2), by

225/ N \% (1 1 1
1+7\) fo dtlzfo dt13fild§1

HL(p )= 16
(tyot1a)? 0 20 40 60 80
X gin(tiz, tis, €1) hIZ f(ty2,t13,€1),

A
(33 FIG. 1. Calculated first and second virial coefficiehfs and
SR L P e el
(o tig )= =+~ 1- ot tefy) (PRGNS O P yh(h) (
X (ty3~ ta€s) be compared to previous theoretical work on short-time ro-
X[(th 159 & —tist1a(5—-3&1) ] (3p tational diffusion in monodisperse sphere suspensions. The

most accurate prediction for hard spheres, including hydro-
with the statictriplet distribution functiong$}), invoked. ~ dynamic lubrication interactions, due to Cichocki, Ekiel-
This function describes static correlations between a tracelezewska, and Wajnryig], reads
and two host spheres that depend on the reduced dis- ey 5
tances t;;=(ar+ay)/r;; and the angular cosine¢; D/Do=1-0.631p—0.726,". ®
=Ty, F13/(r12r13), Wheref;;=r,—r; is the vector pointing . . _
from host particlei to the tracer 1. Equatiof3) contains V\r/e obtain so.mewhat different values ‘32“0-525_’ and
hydrodynamic interactions between three rather than twd2= —0-451 since we account cir;Iy far(r ) terms in the
spheres. Note th&t:t§2+t§3_2§1t12t13- Fora=1, Eq.(3) two-body and for the leadin@(r ) term in the three-body

. . ility functions.
reduces to an asymptotic result fer,,(4,1) derived re- mobi . :
cently in[8] ymp s(¢:1) From our theoretical results fér; andh’, (cf. Fig. 1) we

To evaluate Eq(1) we now need to specify the pair po- expect that rotational diffusion slows down with increasing

tential between the particles, which determines the function$: Thr:S pr%ditcted trenr(]j is in((jj.eed obje_rvecri] in ogrhTP,tA de;;ca
g3 andg®), in Egs.(2) and(3). For unchargedracer and o' °1a19€ ra(;?]r spﬂ_e_res |s|perse in charge los spnere
host spheres, a virial expansion df(s,\) up to quadratic suspensions, with sufficient salt add_ed to screen electrostatic
order in ¢ viz’ ' repulsions(cf. Fig. 2. Figure 2 also includeblg data for\

=10 that we have obtained earlier using DDLS on aqueous

H(p,\)=1+hi(\)p+h5(\)@? (4) binary hard-sphere-like suspensidrig]. Clearly, rotational
is obtained by substituting fog(ﬁ%H in Eq. (3) its zero- 1.0+
density  form  g{},=0(r,—[art+ay])O(riz—[ar
+ay])0(r,3—2ay), with ® denoting the unit step function. 0.8
For g3) in Eq. (4) we use the first-order density form as H'

given in[11]. Notice that the second virial coefficiett;(\)
is the sum of a two-body part due to tkE ¢) contribution

of g$) [cf. Eq. (2)], and a three-body part originating from o M B
the zero-density form of$3), [cf. Eq. (3)]. 02]a Degiogioetat o L

Figure 1 shows our approximate theoretical results for the X Meseneralltd " m
first and second virial coefficients;(\) and h5(\) in Eq. 0.0 0.1 02 0.3 0.4
(4) for unchargedtracer/host dispersions. The first virial co- o

i~ ; ; T\ —
efficient decreases monotonically witky from h;(A=0) FIG. 2. Normalized rotational tracer diffusion coefficieHt,

=0 towardshrl()_\ﬁoc) - _25 As shown in the Ins_et O]_c Fig. versus host volume fractiog for neutral tracer/host mixtures of
1, the second virial coefficietit,(\) is nonmonotonic with a size ratiosh =0.33 (TPA), A=1 (TPA), and\ =10 (DDLS from
minimum atA~1.2. Regardinghy(\), it should be noted [12]). Solid lines represent our short-time theoretical predictions to
that hydrodynamic four-body and higher-order contributionsorder¢?. ForA=1 we includeA, DDLS data on near hard spheres
are important at large values af though they are not ac- [3]; X, hard sphere simulation result3], and Eq.(5) [8] (dashed
counted for in our theory. Fax=1 our calculations should line).
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FIG. 3. Product of experimental values f8f with a semiempir- 1.04 02mM 111 sat B
ical result for ., /7y [16] at A =0.33 and 1 for neutral tracer/host TomM Lic)
mixtures. ForA =10 we use a rescaled mode-coupling result for
nlny [17]. Solid lines represent the theoretical predictions for 0.9 o)
He7../ 0. The dotted line represents the GSE,7../ o= 1. H E - I
tracer diffusion is significantly slowed down with increasing 0.84 i
tracer size. For givew, anday there is a larger probability e .
for the tracer to be close to a host particle of its next- o fomuLC
neighbor shell when the tracer/host size ratio is increased, 0.7 : . . .
leading to a stronger hydrodynamic hindrance of its rota- 0.0 01 0.2 0.3 0.4
tional motion. The data fox=1 are in fair agreement with 0

previous experimental results for agueous near-hard-sphere FIG. 4. TPA(circles and TRC-RY(lines) results forH” versus
suspension$3] and recent simulationgl3]. Moreover, our host vé)lulme fractiong for (@ A=1 using ZT:ZH:520 ar
experimental data fok =1 agree well with the theoretical _g nm, and 0.1 mM residual 1-1 electrolyte, afid )\2633’
expression in Eq(5) up to ¢=<0.35. The small discrepancy sing z,=220, z,,=1200, and 0.2 mM residual electrolyte. The

is probably due to residual electrostatic repulsions. For thgrc-Ry parameters are chosen compatible with the observed freez-

strongly asymmetric cases=0.33 and\ =10 the experi- ing volume fractions. It should be noted that no colloidal crystalli-
mental data at largep are significantly below our theoretical zation was observed during the experiments.

predictions. This is partially due to a narrowing of tke

range where our approximate theoretical treatment appliesquationz/7o=1+2.5¢. To check whether corresponding
with increasing size asymmetry: first, for laryea tracer is largeX GSE relations are valid also at larger valuesiofve
very likely to interact with two or more host particles at a multiply the experimentaHy data in Fig. 2 by the relative
time, unlesse is very small. This means that the truncatedviscosity of the host suspension and replot them in Fig. 3.
rooted-cluster expansion in E@l) becomes less accurate For A\ =0.33 and 1, the short-timel($,\) data are multi-
with increasing?\. Second, the truncated inverse distance EX'p”ed by the Corresponding normalized high-frequency Vis-

panS?On of the two- and three'bOdy hydrOdynamiC mObllltyCOS|ty 7700(4))/7701 as given by an accurate Semiempirica| ex-
functions becomes less accuratehadeviates more from 1. pression in[16]. The long-time experimental data for

For the largest size ratido= 10 one should also note that the H'(4,\) at A\=10 are multiplied instead by the relative

experimentally accessible time scale depends.oft large  zerg-shear“long-time” ) viscosity 7($)/ 5, calculated us-
\ the tracer diffuses much slower than the host parti@ss  ng a rescaled mode-coupling scheme that agrees well with
roughly estimated fromDg<a™®). Consequently, for\  experimental data for hard sphefag]. As \ increases, both
=10, DDLS actually measures the long-time rather than thehe theoretical and the experimental rotational diffusion data
short-time rotational tracer diffusion coefficient. Due 1o are clearly seen to approach the GSE.
memory effects, the long-time coefficieD{ is smaller than From suspensions of uncharged particles we now move to
the short-time coefficier{tL4]. No theory is yet available for charge-stabilized tracer/host mixtures at various ionic
long-time rotational diffusion in mixtures, so that we can strengths. In case of long-range electrostatic repulsions, only
only compare our long-time DDLS data to short-time calcu-the leading far-field terms of the mobility functions are
lations. It has been shown far=1 and neutral spheres, that needed in the expressions féty(¢,\) and HL,(¢4,\),
the difference betweeD| andDy is small to first order inp  since g'?)(r) is practically zero at smalt [18]. However,
[15]. However, Fig. 2 suggests that for largeand larger¢  contrary to hard spheres, it is now necessary to determine
the difference may become significant. even at smalkp radial distribution functions from the accu-
The N dependence of} in Fig. 1, with hi(A—=)=  rate Rogers-YoundRY) integral equation scheme for the
— 2.5, suggests that asbecomes very large, a generalized binary macrofluid modelcf. [14]). In this model the pair
Stokes-Einstein(GSE relation H,=7,/7 is approached. potential between two charged colloidal spheres consists of a
Thus, to leading order i and very large\, the tracer ex- hard sphere supplemented by a screened Dilérjaguin-
periences an effective fluid viscosity given by the EinsteinLandau-Verwey-Overbegkpotential [14,18. For the static
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triplet function in H,(#,\)we use Kirkwood's superposi- also for hard spheregf. Fig. 2. The TRC-RY results for
tion approximatiorg}, = g@)(r 15)9%(r199%(r,9). Inour  H{(A=0.33) at largers are consistently larger than the ex-

RY calculations ofg{?) andg?), we assume that the effec- perimental data. This observation can be partially attributed

tive chargesZ,, and Z; of the host and tracer particles are to the fact that thep range where our approximate theoretical
independent of host volume fraction and ionic strength. Oufreatment ofHg applies substantially narrows asdeviates
approximate calculation dfi’ for charge-stabilized systems more from 1. Moreover, we made simplifying assumptions
will be denoted as the TRC-R¥.e. truncated rooted cluster- concerning the density and ionic strength dependence of the
RY) method. effective charge€; andZy, . Notice also that the experimen-

In Fig. 4a we compare experimental and TRC-RY re- tal A contains polydispersity effects. For example, a slightly
sults forHg of charge-stabilized particles at=1 for various  larger valuex=0.4 used in the TRC-RY method signifi-
LiCl concentrations. Experiments and theory are in qualitacantly improves agreement with the experimental data.
tive agreement, showing that for fixetl H decreases with To conclude, we have quantitatively investigated the ef-
increasing ionic strength. This ionic strength dependencéects of size asymmetry, host concentration, and ionic
manifests that increasing electrostatic screening strengthesgrength on rotational tracer diffusion. Both the experimen-
hydrodynamic particle coupling since the particle separationally observed strong dependence i} on size ratio and
is reduced. Interestingly, the experimental ionic strength defnic strength, and the approach towards a GSE behavior
pendence is somewhat different from that predicted by oujyith increasing size ratio, agreat least qualitativelywith
calculations. The TPA datg sh(.)w. that roFatlonaI_ diffusion for ,, approximate theory for rotational diffusion. Future work
0 and 10 mM added salt is similar, \:vh|le adding 100 MM il focus on the yet unresolved distinction between short-
LiCl leads to a significant reduction &f;. Theory, however, 5nq ong-time rotational self-diffusion, as well as the possi-

indicates thaHg at 10 and 100 mM added LiCl is compa- p)y |arge influence of interaction potential details on rota-
rable, since both systems are hard-sphere-like due to th& 4 giffusion.

small Debye screening lengths af 1=0.026a, and « !

=0.00&y, respectively. The discrepancy may stem from We thank S. Sacanna, M. Pazzini, and C. van Kats for
details in the experimental interaction potenfialg., solva- particle preparation, B. D’Aguanno and J. Bergenholtz for
tion effectg, which are not addressed in our calculations.providing thery code, and J. Bergenholtz, M. Watzlawek,
Figure 4b) illustrates the effect of lowering from 1 to 0.33.  and H. Ma for helpful discussions. This work was supported
While the ionic strength dependencetéf follows the same by CW/NWO (The Netherlands the Deutsche Forschungs-
trends as foih =1, the hindrance of rotational diffusion at a gemeinschaftSFB 513, and the National Natural Science
given ionic strength is now considerably smaller, as observe&foundation of China.
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