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Translational tracer diffusion of spherical macromolecules in crowded suspensions of rodlike
colloids is investigated. Experiments are done using several kinds of spherical tracers in fd-virus
suspensions. A wide range of size ratig2a of the lengthL of the rods and the diameteaf the

tracer sphere is covered by combining several experimental methods: fluorescence correlation
spectroscopy for small tracer spheres, dynamic light scattering for intermediate sized spheres, and
video microscopy for large spheres. Fluorescence correlation spectroscopy is shown to measure
long-time diffusion only for relatively small tracer spheres. Scaling of diffusion coefficients with

al ¢, predicted for static networks, is not found for our dynamical network of (aith £ the mesh

size of the network Self-diffusion of tracer spheres in the dynamical network of freely suspended
rods is thus fundamentally different as compared to cross-linked networks. A theory is developed for
the rod-concentration dependence of the translational diffusion coefficient at low rod concentrations
for freely suspended rods. The proposed theory is based on a variational solution of the appropriate
Smoluchowski equation without hydrodynamic interactions. The theory can, in principle, be further
developed to describe diffusion through dynamical networks at higher rod concentrations with the
inclusion of hydrodynamic interactions. Quantitative agreement with the experiments is found for
large tracer spheres, and qualitative agreement for smaller spheres. This is probably due to the
increasing importance of hydrodynamic interactions as compared to direct interactions as the size of
the tracer sphere decreases. 2005 American Institute of Physic§DOI: 10.1063/1.1834895

I. INTRODUCTION ing proteins, see Ref. 11The dynamics oF-actin networks
is so slow, that it does not couple to the diffusion of tracer

There is a large body of literature on diffusion of spheresspheres. This leads to scaling of the diffusive properties with
and, to a lesser extent, of rods. Much less is known aboui/¢ (wherea is the tracer sphere radius atidhe mesh size
diffusion of spheres in host dispersions of rodlike particlesof the F-actin network. As will be seen, such a scaling is not
which is both of biological and technological importance. found for highly dynamical networks of rods, such as the

Due to the relevance of long-time self-diffusion for massfd-virus suspensions investigated in the present paper.
transport in cells, the majority of diffusion experiments of Anomalous diffusion inF-actin networks and the cell
this kind reported so far are on self-diffusion of proteins ininterior has been found in Refs. 4, 7, 8, and 10, where a
suspensions dF actin, bothin vitro andin vivo."*°Contrary  tracer sphere resides for some time within a “cage” formed
to F-actin networksin vivo, where many actin-binding pro- by the network, and occasionally “jumps” from one cage to
teins regulate actin polymerizatioR;actin networksn vitro  the other. Due to the very slow dynamics of the cross linked
are(sometimes cross linkgaetworks of relatively long fila-  or strongly entangle&-actin networks, a spherical Brownian
ments with a highly dispersed length. Uncontrolled bundlingparticle is captured in a quasistatic cage from which it es-
of filaments is sometimes found and continuous polymerizaeapes on a time scale that is much larger than the time the
tion and depolymerization of the filaments occufsr an  tracer needs to diffuse over distances comparable to the size
overview of properties of actin and the role played by bind-of each cagdtypical length and time scales for various dy-
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namical processes in actin solution can be found in Ref. 12 coupling theor$® and simulation¥ on diffusion close to the
F-actin networks are thus quite complicated by themselvedsotropic-nematic phase transition, where slowing down of
To gain in fundamental understanding of transport of spheriorientational diffusion is a necessary condition for the valid-
cal Brownian particles through highly dynamical networks, ity of the mode-coupling approach.
where the dynamics of the network couples to the diffusive  In the present paper we report on experiments on tracer
properties of a tracer sphere, other types of host systems adiffusion in dynamical networks of rigid, chemically inert
therefore more appropriate. fd-virus rods, and propose a theory for low concentrations of
In four very recent papers, diffusion of spheres in hostrods, where Brownian motion of the rods is accounted for.
suspensions of slender particles, other thamctin, have The theory is discussed in Sec. Il. Its validity is limited to
been reported: nucleosome core particles in dispersions @bncentrations below the overlap concentration, but might be
DNA,*® colloidal spheres in solutions of “living extendedin future work to describe diffusion in highly en-
polymers”* colloidal spheres in dispersions of xanttan, tangled dynamical networks as well. The colloidal systems
and polymer spheres in dilute suspensions of tobacco mosa#ge introduced in Sec. lll. Fd-virus particles are used as host
virus ' Diffusion of the nucleosome core particles in DNAis particles(contour length 880 nm, thickness 6 nm, and per-
in part controlled by “histone tails” that fold out of the pro- sistence length 2.2um), while the radii of the colloidal
tein core on increasing ionic strength. These histone tail§pheres vary between 3 and 500 nm. Due to this large range
interact specifically with DNA, and lead to adsorption of the Of tracer sizes we needed various techniques to probe tracer
nucleosome core particle on DNA. Adsorption leads todiffusion. These experimental techniques are discussed in
anomalous, “stretched exponential,” diffusive behavior andsome detail in Sec. IV. Experimental results are presented in
an almost discontinuous jump of the diffusion coefficient atSec. V, and are compared to the theoretical predictions for
the ionic strength where unfolding occdfsThese experi- low rod concentrations.
ments were done using fluorescence correlation spectros-
copy, which for the small protein probably probes long-time

diffusion. Short- and long-time translational diffusion of || THEORY: A VARIATIONAL APPROACH FOR LOW
tracer sphereéwith radii 125 and 250 ninin a host disper- ROD CONCENTRATIONS AND BIG SPHERES
sion living polymers have been discussed in Ref. 14. The

living polymers consist of self-associating monomers bis-  In the theory discussed here, the assumption will be that
(ethylhexylureidgtoluene(EHUT). Both the polymerization/ the tracer sphere interacts with uncorrelated rods at each in-
depolymerization kinetics of EHUT and the length distribu- stant of time, that is, with rods which do not mutually inter-
tion of the living polymers probably have a strong influenceact with each other. This limits the validity of the theory to
on the diffusive properties of the tracer spheres. Short-timé&od concentrations below the overlap concentration. Hydro-
translational and rotational diffusion of a tracer sphere with &dynamic interactions between the tracer sphere and the rods
radius of 93 nm in high molecular weight xanthan disper-are neglected in the present treatment. In a future extension
sions has been studied in Ref. 15. The xanthan used in thRf the theory, hydrodynamic interactions and correlations be-
study is a relatively flexible molecul@ontour length 2um  tween rods might be included.

and persistence length 120 hnbiffusion in these xanthan A The variational approach

solutions is probably comparable to diffusion in polymer net- _ _ o

works. In Ref. 16, diffusion of polymer spheres and tobacco ~ Little is known about long-time self-diffusion of spheres
mosaic virus(TMV) particles in their mixtures with low in host dispersions of rigid, Brownian rqu. A varlat_lona}l
TMV concentration have been studied. Here, the emphasis @PProach that has been successfully applied to self-diffusion
on the salt concentration dependence of diffusion coefficientSf rods’ will be formulated here for self-diffusion of spheres
of both species. The dependence of diffusion coefficients off! Suspensions of rods, to leading order in concentration of

the concentration of both species has not been probed the rods. This approach leads to predictions for the coeffi-

these experiments. cient « in an expansion of the long-time self-diffusion coef-
In the present study we use fd virus as a rodlike colIoidaIﬁCient D, of the spheres with respect to the volume fraction

host particle. These are relative stiff rods, which are chemi¥ °f the rods,

cally inert witr_]out any spe_cific interactions with the tracer D.=Dg[1— ap+O0(¢?)], 1)

spheres. Fd-virus suspensions have been recognized before

as very good model system for rod dispersions in connectiowhereD =k T/67 na is the Einstein diffusion coefficient of

to (micro) rheology’~?°and phase transitionisometimes of ~ a single, noninteracting sphere with radaig solvent with

binary mixtures with spherical colloids or polymgfd=2 shear viscosity. The variational approach presented here
There are a number of theories on translational diffusiorrenders numerical values faras a function of the rod aspect

of tracer spheres through netwoRs28In all these theories ratio (L is the length and the thickness of the rogls

it is assumed that the network can be described as being

fixed in space. This results in the above mentioaéflscal- p=L/D, 2

ing, which is shown to be invalid for dynamical networks of 54 the ratio of the length of the rod and the diameteio?

rods (see Ref. 14 and the present pap&o far, there is no o sphere,

theory that incorporates the dynamics of the network itself

on diffusion of tracer spheres. An exception are a mode- (g=L/2a. 3)
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the host rods, anB the probability density functiofpdf) of

the phase space coordinates of the tracer sphere and a rod.
FurthermoreV; is the gradient operator with respect to the
position coordinate; of the tracer sphere. The second term
between the rectangular brackets in Eg). is the force that

rods exert on the sphere while the third term is the Brownian
force on the sphere. The ensemble averaged velocity can be
calculated once the pdis known. In order to calculate in

Eq. (1), it is sufficient to consider the tracer sphere to interact
with a single rod, in which case the pHfis a function of the
position coordinate; of the sphere, the position coordinate
FIG. 1. An end-capped rod: a cylinder capped on both ends by a semispheF&2 _Of the rod, and, the orlen_tatlam of th? rod, WhICh IS_ the
with a diameter equal to the thickness of the cylindisis the total length of ~ UNit vector along its long axis. Introducing the dimensionless
the rod andD its thickness. position coordinateR;=r; /D and the corresponding dimen-
sionless gradient operatorB,is the solution of the Smolu-

o . chowski equation(the external force is taken along tlze
Here we shall neglect hydrodynamic interactions betweerairectior)

the tracer sphere and the rods. This can be done when the

sphere and rod are not “massive” bodies compared to each Oz{ﬁ(°)+,8DF9X‘ﬁ(1)}P(rl—rz,ﬁ), 7
other. That is, the sphere should not be larger than the rod N

length (that is 2a<L), while the rod diameter should not be where the operato£(® is the Smoluchowski operator with-
larger than the sphere diametghat is D<2a). Hydrody- out the external force acting on the tracer spherds(an
namic interactions are thus probably not so important in therbitrary phase function

range, -0
LOY=€V,- [Viv+BoVV]+ V- [V +BuLV] (8
1<q=p. 4
Results present.ed here are limited to this range of size ratigs. +eV,-| G- E[ [Vov + BuV,V]
However, as will be seen later when comparing to experi- 3
ments, hydrodynamic interactions probably become more +er7A€-[7A%v+/3v7A%V], )

important when the size of the tracer sphere is decreased. For
a quantitative prediction of the initial rod-concentration de-nile £() accounts for the external force acting on the tracer
pendence of the tracer diffusion coefficient for relativelysphere,
small tracer spheres, hydrodynamic interactions should be
taken into account. The present theory will turn out to agree -« 1
quantitatively with experiments for relatively large tracer £ vETEZ U (10
spheres, but only qualitatively for small tracer spheres. R
End-capped rods will be considered, wheris the total ~ whereZ is thez coordinate ofR. The operatoR=UXV is
length of the rodL/D =1 thus corresponds to a sphere with the rotation operator, witV ; the gradient operator with re-
diameterD (see Fig. 1 spect toU. The dimensionless numbegs ¢, and ¢, are
The basic idea of the variational approach is as followsrelated to the average Einstein translational diffusion coeffi-
As noted by BatcheloF: the long-time self-diffusion coeffi- cientsD, of the sphere an®= (2D, + D,)/3 of a rod, with
cient can be written aBs=kgT/y, where the friction coef- D, andD, the diffusion coefficients for motion perpendicu-
ficient y includes both interactions of the sphere with solventlar and parallel to the rod’s long axis, respectively, the dif-
moleculesandthe rods. Hence, a weak constant foF¢'is  ferenceAD=D,—D, , and the Einstein rotational diffusion
exerted on the sphere, until the sphere attains a stationatefficientD, , as,
ensemble averaged velocity), from which the friction co-

efficient follows as, — 1
€= Do/D =q >
FeX= (V). (5) In{p}+0.316+0.582p+0.102p
The calculation of the long-time self_—d|ffu5|on co_eff|C|ents — 31In{p}—1.253+1.775p— 0.552p2
thus amounts to calculate the stationary velocity of the ¢=AD/D=- 5 (11
sphere due to a constant, weak external force. On the Brown- 4 In{p}+0.316+0.582p+0.102p
ian time scale, and with the neglect of hydrodynamic inter- )
actions, this velocity is equal to, c—D?D. /D 9 In{p}—0.662+0.917p+0.078p
r= r Y

<V>=BD0[FeXt—N(<V1V>+kBT<V1|n{P}>)], (6) p2 In{p}+0.316+ O.582p+0.102p2.

to leading order in the concentration of host rods. Hgte, These expressions have been shown in Ref. 32 to accurately
=1/kgT (with kg Boltzmann’s constant an@l the tempera- describe diffusion of single rods for a large range of size
ture), N is the number of rods in the system under considersatios.

ation, V the pair-interaction energy of the tracer sphere and  For small forces, one can write,
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P(R;—R,,0)=P%{(|R;—R,/,0) F[\If]=—f dR ff dﬁx[
X{1+BDF"W (R —R,,0)}, (12

1 2
1+e—§et V|

where the factorBD rendersW¥ dimensionless, andP®d +Et|a.va|2+€r|fgqf|2]
~exp[—pBV} is the equilibrium solution of the Smolu-

chowski equation without the external force. Substitution of 9
this form into the Smoluchowski equati@i)—(10) yields to +2¢ é da f dRy =W
leading order ik, R<(L+2ay20 " 0Z

L+2a
2D

LO[Peay]=— L(Lipeq (13) - : (18)

2 . Z
3§ dR="
R=(L+2a)2D R

This Smoluchowski equation for the perturbatighof the
equilibrium pdf due to the external force acting on the tracemherey is P9 normalized such tha¢=1 when the cores do
sphere is too complicated to solve analytically. Instead weéot overlap, whiley=0 when the cores overlap.
shall discuss a method to obtain a variational solution. The
following theoreni® will be employed to arrive at a varia-
tional solution of the Smoluchowski equation. Consider theg The trial function

functional, _ .
As a last step, a reasonable trial functi#hhas to be

F[U]E<v|ﬁv>_2<v|f>, (14 chosen with respect to which the functior{aB) should be
- maximized. For spherical host particles, instead of rods, the

with A a linear, Hermitian, and negative definite operatorexact solution of the Smoluchowski equation at low concen-
with respect to the inner produgt |- --), and withf a known  trations reads¥ = (9/9Z) /R (see Refs. 34 and 35This
function. The unique functioW that maximizes this func-  function reflects a decrease of local concentration in the
tional is easily shown to be the solution of the equationwake of the tracer sphere, and an increase ahead of the
AW =f. The Smoluchowski equatiofl3) can be recast in sphere. The corresponding value fein this case is Zin-
this form as follows. First define the backward Smolu-cluding hydrodynamic interactions changes this number to
chowski operatorﬁfgo) as the Hermitian conjugate af(® 2.10. Note that normalization of the pdf in EGL2) requires
with respect to the unweighted inner produ¢t|lv)  that,
=[dR,[ dR,$ dluv, where§ is the integral over the unit

spherical surface, that is, over all orientatianef a rod. By N
partial integration it can be shown that, dR ¢ du¥=0. (19
BB% =e(Vi—B[VLV])-Viv +(Vo— B[WLV]) - Vou This condition is satisfied by the above mentioned exact so-
lution for a sphere, since it is antisymmetric on reflection in
+e(Vo— B[VLV]) - GG—EIA Voo the xy plane. Regardi_ng the Irod as a _string of spherica}l
3 beads, a reasonable trial function for rodlike host particles is
- - A a sum of the above mentioned solution for a sphere over the
+ e (R—B[RV])-Ro. (15) P

beads, that is,

The square brac.kelts arouﬁg/ qndfzv are u;eq to indjcate P 1 VALID) 1] 1

that the differentiations are limited to the pair-interaction po-  y(R,()= — { a— + azf —,
tential V. By substitution it is found that,L(®[P®% ] JZ| "R ~wpy-1y [R=1|
=Peqf;,(3°)v. The Smoluchowski equatiofl3) can thus be (20

rewritten as, where the sum over beads is replaced by a contour integral.

O — [ peq—1 (1) peq For L/D=1, that is for spherical host particles, the integral
Lg™¥ [P LR (16) vanishes and the exact result for spheres is recovered from
By partial integration it is found tha&g’) is Hermitian with  the fl_rs_t term in the curly brackets. For f_|n|te sized rods, k_)oth
respect to the weighted inner product(ulv) coefﬂmen_tsa1 anda, are parameters Wlth respect to Wr_uch
— [ dR,[ dR,§ diPp, that is, <u|£§°)v)=<£g°)u|v). the functional (18) should be maximized. A similar trial

Furthermore, the backward Smoluchowski operator is nngynCt'on Jlor tracer %flfusg)nf o;lrmtjs h?? F$en ts.how?] to be
tive definite with respect to the weighted inner product. Ac-easonably accurate.in Rel. 52, o trial functions have

cording to the above mentioned theorem, it follows that theP€en l(stte_d:l ? fu?ctmn rsllm"e:L to E(QO),tagd a m(f':)rt(:] ag- d
unique function¥ that maximizes the functional, vanced frial function, where the connectedness of tné beads

within the rods is taken into account. The coefficientis
F[\p]5<\p|z<80>\p>+2<qf|[peq]—12;<1>pec5, (17)  thereby replaced by an angular and contour-length dependent
function, which is taken equal to the first terms in a Taylor
is the solution of the Smoluchowski equati@B). Substitu- expansion with respect to these angular variables and the
tion of the explicit forms of the operators into EQ.7) leads  contour length. For the present purpose, this advanced trial
to (for mathematical details see Appendix, A function readgwith U, the zcomponent ofl),
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ady, N J 1 2 n2
v (R,u)=0,)—Z a1§+[a2+a3z +ayu;

., [VAWD)-1] 1
+a:(u-R =7
SR —uzwoy-11  |R=14]

J. Chem. Phys. 122, 044905 (2005)

C. Numerical results

Once the coefficients; are found from Eq(22) (with
i=1, 2 for the simple trial function anéd=1,--,6 for the
advanced trial function « can be calculated from,

ARy -
Xoz

UA(L/D)—1] 12
+ag f dl . 21)

“1zwo)-1;  |R—1U|

1
S
mp[1—(1/3p)] R<(L+2a)/2D
(L+2a

2 ~Z
dR=V|.
2D éR(Hza)/zD R }

Mathematical details of the derivation of this expression
from Egs.(5) and(6) can be found in Appendix B.
The relative differences=(a*™— 2™/ for nu-

The relative difference between numerical values doas (23
obtained from the simple trial functigi20) and the advanced
trial function (21) is a measure for the accuracy @f

The trial function in Eq.(20) is a linear combination of
the two functions®,=d(1/R)/9Z and ®, equal to the de- ) ! g :
rivative of the integral in Eq(20). Substitution of such a mencal results forr as obtamgd from _the simple trial fu_nc-
linear combination into Eq(17) leads to the following ex- tion (20) and the advanced trial functigi21) are plotted in

pressions for the values of the coefficients that maximize th&19- 2 as a function ofj for various aspect ratiop. The
functional: relative difference is of the order of 10% fgres p<<50, and

not larger than about 60% far<p<200. The accuracy of
a=— ; M,

numerical values fow as obtained from the advanced trial
function is therefore of the order of 30%. In view of the
R orders of magnitude variation af as a function op andq,
whereM ;! is the inverse of the matrif; j=(®;|£{®;)  such an accuracy is acceptable.

and fj=(¢>j|[Peq]‘1£(1)Pe°b. Explicit forms for these ma- Numerical values fow as a function ofp=L/D andq

trix and vector elements can be obtained directly from Eq~=L/2a, obtained from the advanced trial function, were
(18): these correspond to the bilinear and linear contributiongound to be equal to within an accuracy of about 5%—10%,

(22)

in W, respectively.

15

to the Padeapproximant,

1 J 1 1 ! 1)? 29 1 1)? T 1)3
p2 100 P~ D+ 100~ D+ 35(a= D 55500P~ D@~ D"~ 5550000~ D)

a=

In Fig. 3, « is plotted as a function df for various values of

1 ! —1—1 -1 14 —-1)(g—1 > —1)2 ! —1)(gq—1)?
+§(p )Z(q )+2—5(p )(q )+%(q )+m(p )(q—1)

(24)

dispersion was then coated with Rhodamine B

p (with 1<qg=<p). This figure shows the strong variation of 5-isothiocyanatéRBITC), a layer of about 1.5 nm thickness,

a with p and g. Note the very large value ok for large

and then covered with two more silica layers of about the

values ofp and g~1. This implies a strong concentration same thicknes¥. For the two largest silica particles with
dependence of the long-time self-diffusion coefficient of aradii of 210 and 500 nm, first a Rhodamine-B labeled core
tracer sphere with a diameter that is approximately equal tvas synthesized, which is then coated with a 100-200 nm
the length of long and thin host rods. Such a strong concerlayer of nonfluorescent silica according to Ref. 38, which is
tration dependence isot due to network formation of the a modification of the Stoer synthesis® Typical dye contents
rods, since the present theory is only valid below the overlap

concentration.

0.6

Il. THE COLLOIDAL SYSTEMS G
04}
As tracer spheres we used silica partidiegh radii 35,

210, and 500 nmlabeled with Rhodamine B and the protein
Bovine serum albumiBSA) (radius is 3.5 nm The solvent
was a 20 mM TRIS/HCI buffer witlpH=8.15. Most experi-
ments are done with 100 mM added NaCl. The ionic strength 020 .
with added salt is 110 mM, and without added salt 10 mM. ! 0 g
The smallest silica particles with a radius of 35 nm were ) i atnr sy _
prepared in several steps, leading to a polydispersity that ig82;'fothpe:rggeg";ﬁqiio&’gincicite?j/iﬁr’] thgc;irgjr:SHae;‘S?mcgﬂggﬂv
much less as for a direct 3ter synthesis. First the core of 4 the values oi as obtained from the simple trial functid0) and the
pure silica is synthesized in a microemulsiSn This advanced trial functiori21).

0.2}

0.0+

100
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are 1 dye pet8—13 nm?® for RBITC labeled spheres, corre- O e300

sponding to volume percentages of 0.01%-0.1%, and a fluo- j000L 10 ]
rophore concentration of around 0.3—3 mM. For the 35 nm %
spheres the dye content was about 1 dye/particle. RBITC has 100¢ fi\ ]
its excitation maximum around 560 nm and its emission 1ol 5\ ]
maximum around 580 nm. Typical extinction coefficients are 2 x
2.2x10*M~tcm™! at 560 nm(and 1.0<10*M~tcm ™t at Tt somzionm 35 3
532 nm for the RBITC labeled particles. 04 1, l ,1 )
BSA (Serva Feinbiochimica, Germany, product number 1 0 g ™

11925, Lot 0518b has molecular weight of 66 kDa and a
radius of 3 nm. BSA was fluorescently labeled witt6)s FIG. 3. a as obtained from the advanced trial function as a function of
TAMRA-SE [5(6) carboxytetramethylrhodamine, succinim- fL/Za for various values of the rod aspect ragie- L/_D, as indica_lted in the
. . . figure, for 1=q<p [see Eq(4)]. The fd rods used in the experiments have
'dyl eSteﬂ_S'gma'Aldr'Ch’ Product number C4759, Lot an aspect ratio of 138ee Sec. I). The size ratios for the tracer spheres
10k1600. The dye was connected to the N terminus of theised in our experiments are indicated.
protein chain using a standard procedure. After the labeling
the BSA-TAMRA was purified from the free dye and the
BSA aggregates using a Sephadex G-75 column. IV. EXPERIMENTAL METHODS

The bacteriophage fd is a rodlike molecule with a con-
tour length ofL=880nm, a bare diameter &f=6.6 nm, a
persistence length oP=2200nm, a molecular weight of
M =1.64x 10" g/mol, and an effective density of #nm in
water atpH=28.15% The fd virus was grown and purified
following standard biochemical protocbtsusing the XL 1
blue strain oft. coli as the host bacteria. The standard yield
is ca. 15 mg of fd per liter of infected bacteria, and virus is

Depending on the size of the tracer spheres, different
methods must be applied to measure the long-time self-
diffusion coefficient. As will turn out, fluorescence correla-
tion spectroscopyFCS can only be used for sufficiently
small tracer spheres. For larger spheres, the diffusion coeffi-
cient as measured with FCS is somewhere in between the
long-time and short-time diffusion coefficient. Dynamic light
. . . . scattering(DLS) can be used when the tracer spheres scatter
typically grown n 6 | batches. The virus particles were pu- ) T
rified by repeated centrifugation (3 for 5 H and finally as least 10-20 tlmes_ as much as the host rods. This limits the

use of DLS to sufficiently large spheres. For very large

redispersed in a 20 mM TRIS-HCI buffer aH 8.15 with .
100 mM NacCl to screen the electrostatic interactions. Thespheres, however, the scattering angles that should be probed

. o are outside the experimental window where accurate mea-
buffer contributes about 10 mM to the total ionic strength. P - : .
: , surements can be done. In addition, the scattered intensity of
In order to compare experiments with theory, we have t

define the thickness of the rods and the radii of the sphereoéhe host rods dramatically increases at such small scattering

The Debye length for the TRIS/HCI buffer with added salt is 2n2/eS: FOr such very large spheres, video microscopy is the

about 0.9 nm. For the larger spheres, where no salt is addeggrr]fs appropriate method to measure self-diffusion coeffi-

the Debye screening length is 3.0 nm. These SCreeNING 1 this section we shall discuss FCS, DLS, and video
lengths are so small that DLVO theory is probably not appli- . . .
microscopy in some detail.

cable anymore. The effective thickness of charged rods as
proposed in Refs. 42 and 43 is therefore questionable. W. Fluorescence correlation spectroscopy
turns out that a correction of the thickness of the rods does In fluorescence correlation spectroscopy a single laser

not S|gn|f|cantly affect the comparison be_tvveen experimentoam is strongly focussed, and the fluorescent intensity from
and theory: an increase of the effective thickness of the rod region around the focal poifthe so-called “confocal vol-

decreases (see Fig. 3and increases the volume fraction. It ume”) is probed. The detected intensity distribution within

turns out that the_ producty is relatively insensitive to €O " the confocal volume is well described by a Gaussian profile,
rections of the thickness of the rods. We shall therefore sim-

ply use the bare thickness of the rods in comparing experi-  lo(r)~exp{— (x>+y?)/205}exp{— 22/205}, (27)

ment to theor_y. In additior_1, the effective_ radii of the Sphereswhereal and o, measure the width of the confocal volume
éexceptdp.).o?_sr:bly for BSAis n?tr?m]%h dgferen:]fror]:n the|rk in the plane perpendicular to the propagation of the beam

are Ira Il. The aspect ratio of the fd rods Is therefore taken 4 s height along the propagation direction, respectively.
equal to, Typically, o4~200nm, ando,~800nm. The fluorescent
intensity is equal to,

p=133. (25
Furthermore, from the molar mass 1640’ g/mol, it fol- |f(t)~J drig(rycy(r,t), (28)
lows that the volume fraction of rods can be obtained from ) ]
the weight concentration in units mg/ml as, wherecy is the local concentration of fluorescent dye mol-
ecules, which ardat least in pajtattached to the colloidal
©=(1.10x 10 3) X[ mg/ml]. (26)  spheres. The time dependence of the fluorescent intensity is

entirely due to Brownian motion of spheres in and out of the
These two relations allow the comparison between the theconfocal volume. What is neglected in E&8) is the depen-
retical predictions of Sec. Ill and experiments in Sec. V.  dence of excitation probabilities and fluorescent intensities
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on the orientation of dye molecules. This is probably a goodrhe fluorescent intensity autocorrelation function thus de-
approximation when there are many dye molecules with raneays algebraically with time, with two characteristic time
dom orientations attached to the colloidal particles. In a FC&onstantScriles. The geometrical constants,; , can be
experiment, the fluorescent intensity correlation functiondetermined from a measurement of a dilute system wbegre
Ci(t)=(1¢(t)1¢(t=0)) is measured, where the brackéts) is equal to the Einstein diffusion constant, that can be ob-
refer to ensemble averaging. From EB9) it is found that, tained independently from dynamic light scattering.
When the particles are not small, the fluorescent inten-
Cf(t)=f drf dr'lo(n)lo(r){cy(r,t)cg(r’,t=0)) sity is nonzero already when the outer part of a particle en-
ters the confocal volume. At that moment the center of the
colloid is still outside the confocal volume. In such cases the
NJ dkf dk’Io(K)o(k"){cq(k,t)cy(k',t=0)). k dependence of the fluorescence amplitudes in B6)
comes into play. For homogeneously labeled spheBik)|
(29 can be represented quite accurately by a Gaussian
Here, k- and k’-dependent functions are understood to be~exp{—0.1k?a?}, up to wave vectors whe@(k) is small
spatial Fourier transforms with respectitaandr’, respec- enough that it does not contribute anymore to the integral
tively. Now suppose that there is at most a single fluorescerver k. Here, a is the radius of the spherical colloidal par-
colloidal particle inside the confocal volume. The Fourierticle. We thus obtain the “effective size” of the confocal
transform of the dye concentrati@g can then be written as, volume as

ca(k,t)=B(k)exglik-r(t)}, oSt= /o2 ,+0.2282.

dryq(r)explik-r}. (30) Th_is effective incr(_aase qf the confocal volume quantifies the
1) finite fluorescent intensity before the center of the sphere
actually entered the confocal volume.

Experimental correlation functions show some features
“fluorescence amplitude,” withV, the volume occupied by that we havg not discussed abqve. First of all, in the variou_s
the colloidal sphere with its center of mass at the origis steps taken in the at_)ove a_naly3|s, prefactors are always omit-
indicated by the subscript “0; and x4(r) is the character- t_Gd' It_ trns out, b_y mcludm_g all prefactors, that the propor-
istic function for the dye on the surface and within the coretlonallty constant in Eq§33) IS equal t.o Iithe average num-
of the colloidal particld y4(r) =1 when there is a dye mol- ber of fluorescent col!0|dal particles in the confocal vc_)Itng

This reflects the relative decrease of number fluctuations in a

ecule atr, and =0 otherwisg. Note that the fluorescence . | i £ Vol 3 d th b
amplitude in Eq(30) is time independent when the distribu- given volume with Increase of volume. second, there may be
free dye molecules, not attached to colloidal particles, in the

tion of fluorescent dye is spherically symmetric. For transla ivent. When this is th th . d. additi
tionally invariant systemsgwith & the delta distributionand solvent. When this IS the case, there IS a second, additive
contribution of the form33), except that the time constants

in the long-time limit, has, ) )
‘N the long-Hime limfl, one has are much smaller than those for the colloidal particles. Free
(ca(k,t)cy(k’,t=0)) dye is therefore seen only at very small times. Third, dye
_ , 2 - o molecules that are excited in long lived triplet states, do not
S(k+k")[B(k)]«(explik-[rc(t)—rc(t=0)]}) contribute to the fluorescent intensity and therefore tempo-
= 8(k+k')[B(k)]%exp{— Dk?t}, (31  rarily reduce the number of fluorescent dye molecules. Trip-

hereD. is the | i if-diffusi fficient. Thi let state excitation can thus be regarded as “reversible
wherebs IS the Tong-time Sefi-diltusion coetlicient. ThIS eX~ 0o hing.” The relative amplitude of such contributions

pression is valid whgq the tracer part|cle resides in the. Cor]depends on the sort of dye that is used, as well as the con-
focal volume for sufficiently long times, such that long-time

e . . centration of dye on the surface and/or inside the core of a
?AZ&{JS'Ve behavior is attained. It thus follows from E@9) colloidal particle. For our samples, triplet state contributions

were found to be very small. In addition, these very small
’ ) ) triplet contributions decay on a time scale that is orders of
Cf(t)~f dkig(k)[By(k)|* exp{—Dsk“t}. (82 magnitude faster than the diffusion times of the colloidal

. spheres.
Note that the ensemble average in E8@) for the fluores- The above analysis is a simplified version of a more

cence autocorrelation function iskawveighted average of the elaborate analysis in Ref. 44. Overviews of FCS and its ap-

electric field autocorrelation function that is measured in 3lication to biological systems can be found in Refs. 45—49

dynamic light scattering experiment. 5 An extensive literature list can be found on the FCS website
Assuming small spheres, such tH&(k)[*~1 for the ¢ -oico

wave vectors of interest in the integral in E§2), and from
the Fourier transform of the confocal intensity in Eg7), it
follows by integration that,

-1

where Bf(k)=f

0
Here,r. is the position coordinatéhe position of the center-
of-masg of the colloidal particle,B; is referred to as the

1 B. Dynamic light scattering

Dt
- (33 In order to verify whether the true long-time limit of the

) tracer diffusion coefficient is measured in the FCS experi-
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ments, we performed dynamic light scattering experimentsTABLE |. Overview of tracer sphere sizes, applied methods, and experi-

For tracer systems, dynamic light scattering can be used tl@ental versus theoretical values ferAn “X” in this table indicates that a
. methods has been applied for the particular tracer sphere. VM stands for

measure the entire time dependence of the mean-squared dg;., microscopy

placement, allowing for an unambiguous determination of

the long-time limit of the self-diffusion coefficient. The nec- Radius(hm) g=L/2a FCS DLS VM > aheer
essary condition to probe self-diffusion of the spheres is that ™ ¢, 0.88 X 26008500 2900
the scattered intensity of the rods is very much smaller than 519 210 X X 2300500 830
that of the spheres, and that the concentration of the spheres 35 12.6 X X 160+40 67
is so low that a sphere does not interact with other spheres. 3 147 X 38+10 1

This limits the applicability of dynamic light scattering to
intermediate sized spheres, for radiiin the range 50 nm

<a<500nm. For smaller spheres the scattered intensity 0500 um. The focus is in the middle of the cuvette to avoid

the rods can no longer be neglected. For larger spheres ﬂfﬁe effects of interactions with the walls. An IDL particle-

sc:?\ttered |nter.15|ty for typical experimentally accessible sca racking program is used to calculate mean squared displace-
tering angles is also too small as compared to the scattererﬁa

intensity by the rods, while extrapolations must be done fromageenstS as functions of time from two-dimensioraD) im-
relatively small scattering angles. |

The procedure to obtain the time-dependent mean-
squared displacement from dynamic light scattering data i¥. EXPERIMENTAL RESULTS
as follows (see, for example, Refs. 50 and)5When the
intensity of the tracer spheres dominates and the spheres %0
not mutually interact, the measured normalized electric fiel
autocorrelation functiog,(k,t) is equal to,

Four different tracer particles have been used, with radii
, 210, 35, and 3 nm. Depending on the size of these
pheres, suitable techniques to measure long-time self-
diffusion coefficients are video microscopy, DLS, and FCS.
g1(k,t)=(explik-[r(t)—r(0)]}), (349  For the 500 nm spheres we used video microscopy to mea-
. . . sure the long-time self-diffusion coefficient, for the 210 and
wherek is the scattered wavevector and) is position of a .
. . . 35 nm spheres both DLS and FCS were employed, while the
tracer sphere at timé For translationally and rotationally o
) . . ) 3 nm spheres we used FCS. The suitability of DLS depends
invariant systems, an expansion with respect to small wave : .
on the ratio of the scattered light by the tracer spheres and
vectors leads to, . L
host rods, and the accessible wave vector range. This limits

1 - o the suitability of DLS to the 210 and 35 nm particles: the 3
9u(k,t)=exp — gW(t)k +1OKY)" 1, (39 nm particles do not scatter enough as compared to the fd rods
h to prepare a tracer system, while the form factor of the 500
where,

nm spheres goes to zero within a too small wave vector
W(t)=(|r(t)— r(0)|2>56D5(t)t, (36) range to be able to do the extrapolation to zero wave vector,

_ . : s discussed before. For the 210 nm spheres extrapolations
is the mean-squared displacement. The second equation c%r P P

i the time-d dent self-diffus: ticient. The | ‘e done from the scattering angle range 15°-60°, and for
Ines the ime-dependent seli-difiusion coeticient. The 10Ng5, o 35 \m particles from 25°—120° in steps of 5°, where two
time self-diffusion coefficient is the long-time limit & 4(t),

S ) : independent measurements are averaged. FCS is difficult to
Wh'(.:h. is obtained _from the slope W(t.) as a function Sf at perform for the 500 nm, since the number density at a given
suff_|C|ent_Iy large times. _Hence, plotting 6 In{gl(_k,t)}/k for low volume fraction is low and diffusion through the confo-

a given time as a fungnon MZ and extrapolgtmg F‘kzo’ . cal volume takes a relatively long time.
yieldsW(t) for the particular time under consideration. Typi-

. . . . As will become clear in the following, the combination
cally this procedure is applied for about 50 linearly spacedof the three techniques is a fertile combination in order to
times. The long-time self-diffusion coefficielts then fol-

. . study long-time diffusive behavior over a large range of
lows from dW(t)/dt=6D for times much larger than typi- tracer particle radii. An overview of the tracer sphere sizes
cal microstructural relaxation times of the host rods. and the applied techniques is given in the table.

Diffusion coefficients as measured by means of FCS
cannot always be identified as long-time diffusion coeffi-

For video microscopy we used the method described ircients. This is illustrated in Fig. 4, where both the long- and
Refs. 52 and 53. Video Microscopy is used for the 500 nmshort-time diffusion coefficients as obtained from DLS and
spheres, with a Carl Zeiss AxioCam camera and AxioVisordiffusion coefficients obtained from FCS are plotted as func-
3.0 software to measure particle coordinates. The was Catilons of the fd concentration. Clearly, for small fd concentra-
Zeiss plan-apochromat XQ N.A.0.75, and 25&324 pixels tions FCS measures short-time diffusion, whereas for high fd
black and white enhanced gain contrast TIFF image formatsoncentrations the FCS diffusion coefficient seems to be-
are stored in real time for 100 consecutive shots. The size afome equal to the long-time diffusion coefficient. The reason
a pixel is 0.260um while frames were recorded at a speed ofthat FCS does not measure long-time diffusion can be seen
0.23 s per frame with the exposure time of the camera in th&rom Fig. 5a), where the mean squared displacement of the
range 4—7 ms. The samples are contained in a microslid210 nm spheres as obtained from DLS experiments is plotted
(VITRO Dynamics Inc. Cat. No. 3520with a thickness of for various fd concentrations. As can be seen, the mean

C. Video microscopy
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1.0 . T 2 1.0 T T
a=210 nm|
D/D (®)
s 0
W(t) ;
D/D |
05} [um? /D, .
(short time) "
1t 05F -\
DLS (long time) :
0.0 L " z .
0 1 3 4 5
[fd] mg/mi 4
FIG. 4. Diffusion coefficients of the 210 nm particles as measured by DLS 0 0 , .
and FCS, as indicated in the figure. Filled symbols refer to high salt con- 1, 2 0.0 0.5 1.0
centration(20 mM TRIS+100 mM NaCl, ionic strength is 110 mMopen time [sec] [fd] mg/mi

symbols to low salt concentratiof20 mM TRIS without added salt, ionic ]
strength is 10 mM Diffusion coefficients are normalized to the Einstein FIG. 6. (8) The mean squared displacement for the 500 nm tracer spheres as

diffusion coefficientD,. The dotted line corresponds to the slope predicted Measured by video microscopy, at low salt concentrat@® mM TRIS
by Egs.(1) and(24). buffer without added saltThe numbers refer to fd concentrations in mg/ml.

For clarity, the time range is plotted for a limited time range. Long-time

self-diffusion coefficients are obtained from a time range up to(5)sThe

long-time self-diffusion coefficient as a function of fd concentration as ob-
squared displacement is0.05 um? before the long-time tained from the slopes of the solid lines that fit the long-time part of the

limit is reached for the smaller concentrations. The linearmean squared displacements in Fig. a. The dotted line corresponds to the
dimensions of the confocal volunfs defined by the param- predicted slope from Eqg$l) and(24) while the solid line is a guide to the
. eye.
etersoy, in Eq. (27)] are oy~0.2um and o,~0.8um.
Hence, the minimum mean-squared displacement to reach
the long-time diffusive limit is of the order of the squared (a5ched for a mean-squared displacement-6f01 um?

linear dimension of the confocal volume. A 210 nm tracery hich is small compared to the squared linear dimension of
sphere therefore diffuses through the confocal volume withy, o <onfocal volume. so that ECS now probes long-time dif-
out reaching its long-time limit. FCS then measures they qive motion. As can be seen from Fig(ch where the
short-time diffusion coefficien{similar considerations con- mean-squared displacement is plotted for the 35 nm spheres
cerning FCS measurements can be found in Ref. B6r  yho |ong-time limit is reached for much smaller displace-
higher fd concentration, long-time diffusive behavior is nents for all concentrations, so that FCS probes long-time
diffusion for these smaller spherésCS and DLS long-time
data are indeed shown in Fig. 7 to coingid&his will also

0.15 0.0010

W @) foas 7 be the case then for the 3 nm spheres. Figu(b}sai_wd ?g_c)
[umd] W) K7 (b) show mean squared displacements for a shorter time interval,
0.10 1 [um?] I v which allows for the determination of short-time diffusion
s coefficients.
0.0005 & Note that in Fig. 4 short-time self diffusion is found to
4 489 . I
0.05 _ rs be much less hindered by the rods as compared to long-time
diffusion, in accordance to what has been found in Refs. 14
&89 and 15.Short-time rotationadiffusion, however, is affected
0.00 . 210mm]| o ool o by the rods in a way that is comparablelémg-time trans-
R A lational diffusion®
s Mean-squared displacements and diffusion coefficients
165 318 as a function of fd concentration of the 500 nm spheres as
0.02 0.004 obtained from video microscopy are given in Figé&)éand
W) W) 6(b), respectively. Mean-squared displacements are averages
fum’] [um? over 15 tracer spheres. Note the relatively large value of the
0.01 0.002 mean-squared displacement before long-time diffusive be-
havior is found. Here, FCS would probably probe short-time
diffusion for all fd concentrations. The dotted line in Fig.
6(a) is the predicted slope from Egdl) and(24). As can be
00 o5 1o 15 0009F o o2 seen, the theoretical prediction is in accordance with the ex-
t [msec] t[msec] periments. For the smaller spheres, the predicted slope is

FIG. 5. The mean squared displacem¥(t) obtained from DLS of the about a factor O.f 2 3 S”.‘a”er than the experimental ;Iope.
210 and 35 nm tracer spheres for various fd concentrations, as indicated mee the dotted lines in Figs. 4 and 7. The table contains an
the figure[in units of mg/ml: (a) long times, 210 nm(b) short times, 210  overview of the experimentally obtained value®® for the

nm, (c) long times, 35 nm(d) short times, 35 nm. The solid lines corre- slopea and the valuex"e°r as predicted by theory. The dis-

spond to slopes diV(t) at long(a,0 and shortb,d) time diffusion regimes. ; _
The dashed curves in Figéh,d are drawn to guide the eye. Long-time crepancy between experiment and theory for the smaller par

diffusion coefficients are determined from slopes up to times of about twotiCl_eS is PrObably due to the neglect f)f hydrOdY_namiC inter-
times the time interval displayed in Fig&,o. actions in our theory. Hydrodynamic interactions of the
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1.0
D./D, i
*
3 nm
05} *
35 nm
210 nm
0 5 10 0'% 0 05 10 15 2.0
[fd] mg/ml ' ' ' Talg”

FIG. 7. The long-time self-diffusion coefficients, normalized to the Einstein F|G. 8. The long-time self-diffusion coefficients, normalized to the Einstein
diffusion coefficientD,, as measured by FC@, ¥, ®, andO), DLS diffusion coefficientD,, as functions o&/é for various tracer sphere sizes,
(# %), and video microscopyA) for various tracer sphere sizes, as indi- as indicated in the figure.

cated in the figure. Solid symbols refer to high salt concentrati@@snM

TRIS buffe+-100 mM NaC]J, open symbols refer to low salt concentrations

(20 mM TRIS buffer without added salt® refers to a tracer volume frac-

tion of 8.5 10 * andO to 1.3x 10 3. All other volume fractions of tracer

spheres are less than XQ0 3. The solid lines are guides to the eye. The theorie€®~?2treat diffusion of spheres in rod networks with

dotted lines correspond to the predicted slope from Efjsand (24). The  the neglect of the dynamics of the network itself. In that case
icnorFr%ssp.o‘ln(iwg él.'neoretlcal dotted lines for the two larger spheres are showtrP1iS scaling is als.o predicted py theory. Scaling waifE is .
not found for fd-virus suspensions, as can be seen from Fig.
8.4 Even for the two tracer spheres for whialD is large,
there is no scaling. This implies that the dynamics of the
tracer sphere with the rods become relatively more importanietwork is responsible for the absence of scaling. Failure of
as compared to direct interactions when the tracer sphere i§,ch a scaling is also found for diffusion in suspensions of
smaller. “living polymers”.* In this reference, the modified scaling
Long-time diffusion coefficients as functions of fd con- (g|ation D./Do=(70/7)[1+600@¢/a)¢] is postulated
centration for the various tracer spheres are collected in FiQWhere 7o is the shear viscosity of pure solvent, ands the
7. All filled symbols relate to high salt concentrati?0 MM stationary zero-shear viscosity of the suspension of living
TRIS+100 mM NaC), while the open symbols for the 35 olymep. This relation fits experimental results for two dif-
nm spheres are measured at low salt concentrdlOrmM  forent tracer sphere sizes in Ref. @60 and 500 nin For
TRIS without adding salt As can be seen, there is no dif- very large spheres)./Dy=17,/7, as it should. However,
ference between high and low salt for the 35 nm spheres, sg, very small tracer spheres one should h&vg/Dy~1.
that the hard core limit at these salt concentrations is reacheghe long-time self-diffusion coefficient in Fig. 7 for the
for these spheres, and also for th_e Iarger_ spheres. In view Q)| particles is indeed seen to be very weakly depending
the fact that the Debye length at high salt is about 0.9 nm, thg, the fd concentration. The empirical modified scaling rela-
3 nm spheres are also expected to behave as hard sphefgsn does not comply with the latter limiting behavior. A
The large spheres were found to be unstable at high sajfeory for diffusion of spheres through dynamical networks

concentration. The Debye length at low salt is so small ing stjl| |acking. The variational approach discussed above
comparison to 500 nm, that these spheres most probably al$gay he a way to develop such a theory.

behave as hard spheres. The two types of open symbols for

the 35 nm spheres relate to two concentrations of tracer

spheres, complying with volume fractions of 850 * (®)

and 1.3<10 2 (O). As can be seen, the volume fraction of \j SUMMARY AND CONCLUSION

the spheres is small enough to neglect mutual interactions, so

that true self diffusion is measured. The volume fraction of = The systematic study of long-time self-diffusion of tracer

tracer spheres was less thanx2 102 for all other samples. spheres in fd-rod dispersions has been possible by combining
On various occasions we referred to diffusion of smallvarious experimental techniques, FG®r small tracers

tracer spheres as diffusion through the meshes of a netwolBLS (for intermediate sized tracersand video microscopy

spanned by the fd rods. There are three parameters of impo(for large tracers For larger spheres, it is shown that FCS

tance for diffusion of spheres through network$:the size  does not measure long-time self-diffusion. DLS experiments

ratio a/ ¢, whereé is the mesh size of the networki) the  show that this is due to the fact that the tracer sphere diffuses

size ratioa/D, and(iii) the dynamical properties of the net- through the confocal volume in a time interval that is too

work itself which couples to the motion of the sphere. Whenshort to attain long-time limiting diffusive behavior.

a/D is large and the dynamics of the network is insignificant ~ Long-time self-diffusion of spherical tracers in rod dis-

for diffusion of the tracer spher® /D, should be a func- persions is found to strongly depend on the size of the

tion of the single parameter/¢. For cross-linked networks, spheres relative to the length of the rods. This strong size

it has been shown experimentally for various kinds of sys-dependence is not the result of stronger hinderance of motion

tems, thaD¢/D, indeed scales with/¢. Except for a mode  of the tracer by a network formed by the rods, but is already

coupling approach that is valid only in the vicinity of the evident below the overlap concentration, where the tracer

isotropic-nematic  phase transitiéh®® the existing sphere predominantly interacts with mutually uncorrelated
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rods. The experimentally found initial slope Df versus the . ~

rod concentration increases by orders of magnitude on vary- <‘P|£EO)‘F>:VD3J dR fﬁ dup®iy

ing the tracer sphere radius from 3 to 500 nm, corresponding

to q=L/2a=147-0.88. X{
Quantitative agreement between the theoretically pre-

dicted slope oD versus concentration is found for the 500

nm tracer spheres. For the smaller spheres, the theoretical

slope is a factor of 2—3 smaller than the experimentally - - -

found slope. This is probably due to the neglect of hydrody- + fr(R_:B[RV])'Rq’]- (A1)

namic interactions between the tracer sphere and the rods, ) )

which become relatively more important as compared to diUSing Gauss's integral theorem and using thaf

1+e— %)(V—ﬁ[VV])-Wf

+e(V—B[VV])-0l- V¥

rect interactions for such smaller spheres. ~exp{—pV}, itis easily verified that,
For concentrations of rods much higher than the overlap
concentration, diffusion can be discussed in terms of diffu- dRPeq‘I’V'V‘I’Z—f dRP{|VW|?
sion through a network which is characterized by a certain
mesh size:. The few theories that exist, however, neglect the +BY[VVY]-[VV]}, (A2)

dynamics of the network and assume the existence of permag that the integral corresponding to the first term within the

nent cross links between the rods or describe the network agrly brackets in the integrand in E¢A1) is found to be
a porous medium. In that cagk is predicted to be a func- equal to,

tion of the size ratioa/¢ (with a the radius of the tracer

sphere andt the mesh size This kind of scaling is indeed j dRPO (V — B[VV])- VW = _J' dRPEV V|2,
found in experiments on cross-linked networks. These theo-

ries, however, do not incorporate spatial inhomogeneities of (A3)

the cross-linked network, which gives rise to the experimenThe integral corresponding to the second term is reduced
tally found anomalous diffusive behavior. The network similarly as,

spanned by the fd rods is dynamicalnetwork, where the

rods are not cross linked to each other. A strong deviation| dRP®W(V—p[VV])-G0- V¥

from scaling witha/¢ is found in the present experiments. It

follows that the dynamics of the fd-rod network itself is very N

important. So far, there is no theory that takes such network — _f dRP1d- VP2 (A4)
dynamics into account. The variational approach developed ) . )

here might be extended to diffusion through a dynamicaIThe last integral can be treated similarly, using that,

network of rods. L
3§ diR(--+)=0, (AS5)

which is a direct consequence of Stokes’s theorem. It follows
from this theorem, similar to EqA2), that,
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and hence, similar to EGA3),

35 dOGPe (R— B[RV])- R = — 5£ dGPSIRY |2,

(AT)
The bilinear contributior{A1) to the functional can thus be
written as,
APPENDIX A: DERIVATION OF THE EXPLICIT FORM
OF THE FUNCTIONAL (\If|2',f30)\lf>= —VDgf dr % diipe
Some of the mathematical steps involved to arrive at Eq. 1
(18) for the functional in Eq.(17) will be outlined in this x{ 14 e— _Et>|V\I}|2+Et|a.V1{l|2
appendix. First introduce the separat®r R;— R, between 3
the centers of the sphere and a rod in units of the thickDess R
of the rod. Substitution of the definitions of the operators +e,|R\P|2]. (A8)
yields (V is the volume of the system arW is the gradient
operator with respect tR), Next, consider the linear contribution to the functiof&r),
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2(W [P~ b ped) NksT(V, In{P})
= —2eVD3% .de fﬁ daw Vv Pe, A9 .
VD% . (A9 =%F6X‘j dR 35 AWV, -+ VoW,
25l 1- —
whereé;=(0,0,1). SinceP®lis a constant, independent Rf ™ p( 1 3p)
for R=(L +2a)/2D, the integral with respect tB does not (B4)
extend beyondRr=(L+2a)/2D. Hence, applying Gauss’s
integral theorem, The first term in the curly brackets cancels against the aver-

age potential energy in E¢B3). Hence, the magnitude of

f 4RV P _f dRPEV the ensemble averaged velocity is equal to,
R<(L+2a)/2D

2 A ;f dR % di i«y
fﬁ dRRW Ped ) 1 UX5z
R=(L+2a)/2D 72p 1_$

(A10) (B5)

(v)=BDoF*| 1~

L+2a
2D

where$ dR(---) denotes integration over the angular coor-yhere it is used that the ensemble averaged velocity is along
dinates ofR over a spherical surface with radil®=(L  the 7 direction. The effective friction coefficienty

+2a)/2D, and R=R/R. Substitution into Eq(A9), thus  =F®Y(y) follows immediately from this expression, from
leads to, which the long-time self-diffusio =kgT/y follows as,
2(W [P~ LLOPeY)

D.=D,| 1 ¢ deﬁ[vdA i~
s=Do ——1> ux -

J 2
=2¢VD? }g dipe f dR—>W W p(l‘—
{ R<(L+2a)2D 9L 3p
. (A11) Using Gauss’s integral theorem in order to transform the vol-

L+2a\? ~Z
- §§ dRZW

R=(L+2a)/2D ume integral to integrals with a bounded integration range
Apart from the irrelevant prefactow D3Py y=D3/4rV, [like in Eq. (A10) in Appendix A, which is handy for numeri-

this reproduces the expression in Etg) [note thaty=1 for cal integration finally leads to Eq(23).
R=(L+2a)/2D].
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