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ABSTRACT
We synthesize monodisperse selenium (Se) colloidal rods, and the suspensions exhibit the smectic phase at a particle volume fraction ( ) of
0.28. Side-by-side rod clustering occurs at ¢ > 0.04. Cluster-size distributions and persistence times are determined for various ¢. In dense

suspensions ( ¢ > 0.1), individual rods reveal characteristic fundamental motions, e.g., reptation and synchronized rotation. Mean-square
displacements of the rods suggest a cage trapping and escape. Estimated translational and rotational diffusion coefficients show a large
difference from predictions by computer simulations.

Rodlike colloids can form a variety of positional and simulations of repulsive roé%and of hard core rods in fixed
orientational ordered structures depending¢onOnsager discg* have been carried out.

theoretically showed that hard thin rods can form nematic Experimenta”y’ using various bulk techniques, e.g., dy-
structures purely by an excluded volume effeBy using  namic light scattering® electric birefringencé® and fluo-
computer simulations, phase diagrams for hard spherocyl-rescence recovery after photobleaching (FR&PJ trans-
inders (HSC) have been determined as a function of the |ational (D) and/or rotational@y) diffusion coefficients of
aspect ratio an@ of the HSCs, demonstrating that more colloidal rods in isotropic suspensions have been measured.
different types of ordered phases can be formed by the |n addition, the anisotropy dr of rods in the nematic phase

excluded volume effeé® Moreover, phase diagrams for has been studied using FRERT fluorescence microscopic
attractivé and repulsive HSCs have been calculated. techniques®

Experimentally, various types of rods, such as inorganic
colloids?™1° latex;* and (TMV? and fd*%) viruses, have o spown by traditional bulk methods involving a large
been found to form various liquid crystalline structures and o semble of rods. With monodisperse colloidal rod suspen-
besides phase diagrams have been determined for somgjgns e previously found side-by-side clustering of the rods
colloidal rod system$:.1=14 and subsequent stacking of the clusters for the formation of
Accordingly, it is of great interest and significance to study smectic domain° In this work, by direct observation of
the dynamical behavior of rods in solutions (suspensions). the dynamics of individual Se rods in suspensions, we find
For long thin rods, the entanglement effect between neighborssome fundamental motion modes of the rods and determine
restricting their rotations and lateral translations becomesthe persistence times of the clusters together with the cluster
remarkable in semidilute solutions. This is the so-called sjze distributions. We also measure mean-square translational
“reptation motion”, and to theoretically explain such rod and rotational displacements of the rods and discuss the
dynamics, the “tube model” was introduced by Doi and gassociation of their characteristics with the observed micro-
Edwards'>'® Using computer simulations, Frenkel and scopic dynamics of the rods.
Maguire first investigated density-dependent dynamics for Two-Dimensional Brownian Motions. Monodisperse Se
long thin rods in the isotropic phaséand subsequently, 4. ike colloidal particles of. = 820+ 69 nm (length)W
aspect-ratio- and density-dependent translational and rota— 535 4 25 4m (width) (but these were misprinted in ref

tional diffusivities of hard rods in the isotropic and/or nematic 9), andL/W = 3.5 were synthesized by adding hydrazine
phases have been studié? Moreover, Brownian dynamics sollutions of metallic selenium to water.

. For imaging, an inverted metallurgical optical microscope
* Corresponding author.

T National Institute of Advanced Industrial Science and Technology. equpe_d with a 10@ oil immersion Obje_Ctlve_ lens were
*The University of Tsukuba. used (Figure 1). We left Se rod suspensions in a glass cell

However, microscopic dynamics of individual rods cannot
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Figure 1. Schematic diagram of our observation system using an
inverted metallurgical optical microscope. The entire system is tilted
by 5—7° to produce the density gradient in the sediment of Se rods
along the cell bottom plane with which the density-dependent
Brownian dynamics of the rods can be observed by sliding the
sample stage of the microscope.

tilting at an angle of 57° until they reached equilibrium

and obtained concentration-gradient sediments of the rods

on the cell bottom. The tilting cell enabled us to observe

concentration-dependent dynamical behavior of the rods all
together from the side of the cell bottom. In dense regions

of the sediments, the rods exhibit two-dimensional (2D) or
quasi-2D Brownian motions in a thin layer on the cell

bottom. With decreasing sediment density, the number of

rods coming in and out of the thin layer gradually increases,
and the rods finally exhibit 3D-Brownian motion over the
cell bottom. To find the time-dependent positional and

angular displacements of the Se rods near the cell bottom
surface, the central point (center-of-mass) and central line
of the target rods in each of the sequential assembly images

to the cell bottom plane, which is easily formulated geo-
metrically. The thickness of the thin layet,, is expected

to be slightly larger than the focal depth of the optical
microscope used because slightly out-of-focus rods that are
still interacting with neighbors in the thin layer are also
included. By using several experimental facts that (i) no rods
stacked right on the bottom rods are visible and (ii) the rod
width (W) and the face-to-face separation between rods are
230 nm and typically 200 nm, respectively, we estinmdge

to be about 430 nm. For comparison of our experiments with
2D Brownian dynamics simulations, the surface density
(coverage) of the rodsg, is used instead op, which is
approximated byHo/W) ¢. (This equation is almost correct
for the smectic phase where most of the rods orient parallel
to the cell bottom.)

Images of Rod Arrangement and Cluster Length
Distribution. Figure 2 shows optical microscopic images
of Se rod suspensions ¢f = 0.26, 0.18, 0.042. Fop =
0.26 (Figure 2a), stringlike clusters with various lengths are
compactly packed; the clusters are formed from rods aligning
side-by-side, and the term “cluster size (length)” indicates
the number of rods forming each cluster. The longest cluster
in Figure 2a consists of 17 particles (abbreviated 17PC or
17particles-cluster). In small dark regions of this image, only
the end of the rods is seen, oriented perpendicular to the
image plane. Fop = 0.18 (Figure 2b), the cluster length
becomes shorter and the dark regions become largekp For
= 0.042 (Figure 2c), 24PCs are observed, but their contact
times are very short (see the section Persistence Time of
Clusters). The interparticle distance becomes larger, and the
positions and orientational angles of the rods with respect
to the cell bottom vary.

Figure 3 shows the relationship between the cluster length

taken by video microscopy are determined by using image
analysis software. Currently, single particle tracking tech- and its occurrence in an image area of 560 for ¢ =
niques are being widely used to determine the movement0.11-0.28. As¢ increases, the number of shorter clusters
of, e.g., individual membrane proteins or lipids (labeled with decreases, while that of longer ones increases. In the log
fluorescent particles) at the cell surface with nm spatial 109 representation, the curves decrease almost linearly with
resolutions? increasing cluster length, whose slopes af247 for¢ =
Volume Fractions of Rods.Although it is not easy to ~ 0-11,—2.74 for¢ = 0.18,—2.13 for¢ = 0.21,—-1.54 for¢
directly measure the rod densities in a thin layer just above = 0.26, and—1.32 for ¢ = 0.28 (the smectic phase)
the cell bottom, they can be determined by utilizing the (indicating that the distribution functions of cluster length,
following experimental information: (1) the number of rods N, can be approximated by the form of, where k
in the thin layer, (2) 2D images of the rods projected on the corresponds to the slopes), followed by a more drastic
cell bottom plane, and (3) the brightness of the individual reduction at a cluster length of 4 fgr= 0.11, 9 for¢ =
rods, depending on the vertical distance from the cell bottom. 0.18, 11 for¢ = 0.21, 14 for¢ = 0.26, and 20 forp =
In this Work, however, we use a more convenient method as 0.28. Such drastic reductions may be characteristic of
follows. The rods in the thin |ayer are divided into two repulsive rods. In faCt, we have found that the smectic phase
types: ones orienting almost para||e| to the cell bottom p|ar]e7 for attractiveﬂ-FEOOH rods exhibits a monochrome interfer-
which undergo 2D Brownian motions, and ones coming in €nce color over a wide region in dense suspensions, while
and out of the thin layer. The mean numbers of the former that for repulsive ones consists of many mosaic-like smectic
and latter rods are denoted by and Ny, respectively. The ~ domains exhibiting different interference col8i8.Thus, a
rod volume fractiong, in the thin layer with a volume o cutoff cluster length (depending @) may exist for repulsive

is (N + [@¢Ng)/V, whereu, is the full volume of one rod,

s the volume of the entering part of one coming-in and -out
rod in the thin layer, anés[is an averaged value of. The
numberN; is very small at low densities, aridt is almost O

in the Sm phase. The partial voluragis a function of the

rod systems. The inset of Figure 3 shogwslependence of
the mean cluster length (MCL); it begins to markedly
increase at around = 0.2 and reaches 6.8 at= 0.28 (the
smectic phase).

Fundamental Microscopic Motions of Se Rods.By

orientational angle and end position of the rod with respect microscopic observation, we find the following fundamental
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Figure 2. Optical microscopic images of Se rod suspensions of
(&) ¢ = 0.26, (b) 0.18, and (c) 0.042.

moving modes for repulsive Se rods as shown in Figure 4a
f, which are illustrations copied from real motion images
taken for¢ = 0.11 and 0.18 suspensions (e.g., like Figure
2b), where the rod width is modified to be thinner than the
real one.

a. Synchronized Rotational MotiorRotational Brownian
motions of cluster rods are synchronized. Bor 0.18, the
rods of 3-4PCs can have rotational amplitudes (displace-
ments) of 6-40° depending on the structures and dynamics
of their neighbors. The mean angular velocity, e.g., for an
angular amplitude of 35 is approximately 0.ms. Figure
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Figure 3. Relationship between Se rod cluster length and occur-
rence per 55@m? and¢ dependence of mean cluster length, MCL
(inset).

to those for¢ = 0.18, but the angular velocities are, e.g.,
0.1-0.4°/ms for an angular amplitude of 35

b. Translational MotionsWe find that, when two rods
meet, they tend to align side-by-side to undergo translational
and rotational Brownian motions even though they interact
repulsively. Figure 4b is a series of snapshots of a rod motion
of a2PC ing = 0.11 at elapsed times of 0 (blue), 2.7 (green),
and 4.0 (black) s, where the rods together undergo a
translational motion while rotating and the translational
displacement depends on the structures and dynamics of their
neighbors. On the other hand, f¢or= 0.11 and 0.18, 2PCs
exhibiting rotations with very large amplitudes but no
translational displacements are often observed. Like discs,
this is because the aspect ratios of the 2PCs are close to 1.
The translational displacement of the whole cluster drastically
decreases with increasing cluster length; for clusters with
length >4, the rods predominantly show translational fluc-
tuations within the clusters, although still undergoing syn-
chronized rotation.

¢. Combination of Cluster€lusters increase their length
by combining with neighboring rods or clusters. The forma-
tion of 2PCs is the simplest case. The formation and
sustention of 2PCs are essential for cluster growth, and thus
2PCs may be nuclei for clustering of repulsive rods. Even
at¢ = 0.015, 2PCs are formed, but their contact time is less
than 0.04 s. Figure 4c is a series of snapshots of a 6PC
formation process fop = 0.18 at elapsed times of 0 (blue),
0.17 (green), and 0.38 (black) s, where the right-side 3PC
rotates by 36 (the curved blue arrow) to join with the left-
side neighboring 3PC after 0.38 s.

d. Splitting of ClustersBy repeated creation, combination,
and splitting, clusters continuously change their length,
orientation, and position. Splitting of clusters is caused by
collisions with neighboring rods or clusters and by the escape

4a is a series of snapshots of a synchronized rotation of 4PCof rods from the clusters. Figure 4d is a series of snapshots

rods for¢ = 0.18 at elapsed times of 0 (blue), 0.38 (green),

of the cluster splitting process at elapsed times of 0 (blue),

and 0.67 s (black), where the four rods all rotate together to 0.50 (green), and 0.83 (black) s for= 0.18, where (from

have a rotational displacement of about a%er 0.67 s. For

the upper side) a rod with an arrowhead (green) partially

¢ = 0.11, cluster rods can have similar rotational amplitudes comes into the 8PC (upper cluster) after 0.50 s and from
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Figure 5. Persistence times against cluster length eB2f Se
rods for¢ = 0.042, 0.11, and 0.18.

//// f. Reptation-like Motions of Escaping Rod&hen open
(d) spaces are formed in the vicinity of clusters, rods can escape
there from the clusters. Figure 4f is a series of snapshots of
‘ the reptation process of an escape rod (with an arrowhead

orienting its moving direction) fop = 0.18 at elapsed times
of 0 (blue), 0.39 (green), and 0.54 (black) s, where as the
escape rod moves, the neighbors change their position and

\, orientation. In suspensions ¢f= 0.18, lateral translational

motions are drastically restricted but sometimes observed

I”*-—" only in low-density regions (temporarily formed). For=
0.11, the reptation distance (tube length) becomes longer than
ll that for ¢ = 0.18, and reptation rods additionally exhibit
I‘\ fast-rotational and lateral-translational fluctuations with small

amplitudes resulting from an increase of inter-rod separations.

(e

—

For¢ = 0.042, the reptation-like motions are observed only
/% in high-density regions (temporally appearing), while such
S motions are not observed fgr= 0.015.
(f) Persistence Time of ClustersA tracking observation of
= Sm— individual rods reveals that, after each rod joins (forms)
clusters with various lengths during a certain time, depending
on ¢, it becomes single. On the other hand, the length of
clusters is constantly changed by collision and combination,
Figure 4. Series of snapshots of fundamental motions of Se rods and thus we mea.sud,jedfependence OT a time during Wh'Ch
in suspensions, where the time lapses in the order blue, green, andach cluster persists in its length, defined here as persistence
black: (a) synchronized rotational motion, (b) synchronized time (PT). For¢ = 0.015, clusters are mostly 2PCs, whose
translational motion, (c) joining of two clusters, (d) splitting of  PTs are less than 0.04 s, and the PTs fedBCs are still
g:z;grf(')d(e(zlvﬁ;]aggh;?rgovc\’l‘;]gla‘ljds‘)ters' (f) reptation-like motion of & g rter. Figure 5 shows the PTs of@PCs forg = 0.042,
' 0.11, and 0.18. In each, the PT decreases as the cluster

) _ length increases; this is because longer clusters have a higher
beside (from below) a rod with an arrowhead (lower black) frequency of collision with neighbors than shorter ones.

escaping from the 7PC (lower cluster) partially enters into powever, for each cluster length, the PT increases with
the 8PC after 0.83 s to split it. increasingg; this is because the increase gpfeduces the

e. Branching of Clusterszigure 4e is a series of snapshots free space near the clusters to suppress their deformation or
of the cluster branching process fr= 0.18 at elapsed times  splitting due to the collision. As shown in Figure 5, whgn
of 0 (blue) and 0.46 (black) s, where, from a 9PC (lower, increases by 4 times, the PTs increase by approximately 10
blue) and 5PC (upper, blue), each pointed out by the thin times. This can also cause a nonlinear increase of the mean
blue arrow, one 2PC (upper, black) and one cluster with two cluster length withp as in the inset of Figure 3.
branches (each pointed out by the thin black arrow) are Mean-Square Translational DisplacementsFigure 6a
created. As clearly seen, from the 9PC, a black rod with an shows mean-square translational displacements of the center-
arrowhead partially enters by half into the next 5PC after of-mass,[R(t)°[) of Se rods in suspensions ¢f= 0.015-
0.46 s to form a branching structure. However, rods in 0.18 and of the rods in free-4LOPCs (F-PC) and constrained
clusters can also enter perfectly into neighboring parallel- 4—-8PCs (C-PC) formed in suspensions¢of= 0.18. “Free
aligned clusters, and such motion of the rods is the clusters” means clusters that can naturally change their length
elementary step for the longitudinal translational diffusion with time, and “constrained clusters” means clusters that are
of rods in the Sm phase. constrained between two separated rods tightly adsorbed on
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lines of unit slope (i.e.[R(t)?00 t) for ¢ = 0.11, 0.18, and
the free 4-10PCs, showing thaiR(t)’Chas three regimes of
short- and long-time diffusive motions and a plateau between
them. For the free 410PCs, the shoulder (plateau) appears
at 0.6-3.5 s, which must also be due to the confinement of
rods to the clusters because the motions of the rods start at
a cluster state as well as for the confineeBCs. (An upturn

of unit slope after the plateau is also observedr(t)’Cfor
dense colloidal sphere systethand explained as due to
normal linear diffusion of spheres which escape from a
cage®) As in Figure 6a, the long-time diffusion regime
begins at around 1.5 s fgr=0.11, 2.5 s fowp = 0.18, and

3.5 s for the free 4 10PCs; this time delay can be explained
as follows: (i) the increase @f makes the PTs longer (Figure
5), and (ii) the increase @f induces the formation of longer
clusters (Figure 3) and the rods in the clusters can reside in
more different clusters until they become single.

In brief, it is suggested that: (i) the plateau is caused by
the confinement of rods to clusters, and (ii) the short- and
long-time translational diffusions are due to in-cluster rods
and escape rods (from clusters), respectively.

Mean-Square Rotational Displacements.Figure 7a

A shows mean-square rotational displacemé$)2] of the
a4 Se rods for¢p = 0.015-0.18 suspensions and the free

-V 4—10CPs (F-PC) ip = 0.18; [#(t)[slightly deviates from

0.1 an initial straight line around 0.6 s f@gr = 0.042, while it

significantly deflects near 1-:52 s for¢ > 0.11. Figure 7b
shows[®(t)?Cof Se rods forp = 0.11 and 0.18 in the log

log representation, where a shoulder or plateau appears
between two straight lines of unit slope (4.5 s), implying

a caging behavior and two different rotational diffusive
motions. As described abovidR(t)’Csuggests that the short-

Ly and long-time translational diffusive motions are associated
1 1 1 with cluster rods and escape rods, respectively; consequently,
0. 0 for [B(t)?[] the short-time rotational diffusion may be due to

Figure 6. (a) Mean-square translational displacements of the Synchronized rotations of the cluster rods, while the long-
center-of-masgR(t)2[] of Se rods fog = 0.015-0.18, and for the time one may be ascribed to reptation-rotation of the escape
free 4-10 PCs (F-PC) and constrainee-& PCs (C-PC) inp = rods. Such deflections have also been observeé®inand

0.18, where two straight lines of each curve show its initial and ®2Ocurves calculated by computer simulations for a rod
final slopes, respectively. (b) Legog representation diR(t)?[for systenm?

¢ = 0.11, 0.18, and for the free4L0 PCs (F-PC). The respective . . . - .
straight lines have unit slope, and the number of each curve denotes Translatlongl D|ffu3|on. CogﬁICIentg. .The two—dlmen—
¢ sional translational (2D) diffusion coefficierd;, is obtained

) using the equatiorDr = [R(t)?(4t. In fact, Table 1 shows
the cell bottom surface and thus do not change their lengthha short- and long-time diffusion coefficien;* andD+'
although exhibiting synchronized rotational and in-cluster respectively, estimated for Se rodsdin= 0.015-0.18, and
translational fluctuations. (The average is taken againstfg the free 4-10PCs (F-PC) iy = 0.18. On the other hand
approximately 100 rods.) Fa¥ = 0.015 and 0.042ZR()’L]  the 2D translational diffusion coefficient of noninteracting

slightly deviates from the initial slope at-2 s but exhibits rods,Dr, is obtained by using the formulations of Tirado et
a significant deflection at around 0.5 s for= 0.11. With al.34

increasingp, the deflection is intensified. For the constrained

4—8PCs,[R(t)*[s almost flat above 0.67 s, and such a shape _ 5

of the curve generally suggests that the particles are confinedPr — keT (3InP+0.425+2.145P — 0.033F")/8myL (1)

in a cage to undergo Brownian motiofisThe rod motions

for the constrained 48PCs start from a cluster state, and wherekg is the Boltzmann constant, the absolute temper-

thus the cage effect must be induced by the rod confinementature,P the rod aspect ratio, angthe solvent viscosity. By

to the clusters. substituting the dimensions of the Se rad=€ 0.82um, W
The feature offR(t)?Cifor the dense suspensions can be = 0.23um), P = L/W = 3.5, T = 300 K, andksT/y =

more clearly presented by the letpg representation as in  4.14um?s into eq 1 D% is obtained as 0.987m?/s. Using

Figure 6b, where a shoulder or plateau is seen between twathis value, normalized translational diffusion coefficients,

Nano Lett, Vol. 7, No. 11, 2007 3333



0.015 (a) 0.11 tions. The Se rod suspensions we prepared have an extremely
low ionic concentration of 1x 10°% M, where the rods

interact with long-range electrostatic repulsions. However,
hard-core rods (used in computer simulations) can be
approximated by colloidal rods with very short-ranged
repulsions, which can be realized in suspensions with high
ionic concentrations when the bare width of the rods is much
larger than the Debye screening length. In fact, the width of
the Se rods is about 230 nm and the Debye length is 3.08
nm for a high ionic concentration of £ 1072 M. Thus, the
long-ranged repulsions can be considered to be one reason
for the large reduction iD+'/D+°.

By Brownian dynamics computer simulations, Kirchhoff
et al. have shown a reduction Bf due to repulsions for
rods interacting with a Yukawa-type segmesegment

<@*> rad’

0 2 4 6 8 10 interaction?® Moreover, with FRAP, Bruggen et &l.have
Sec found thatD+'/D+° for boehmite rods in semidilute suspen-
10 sions is much smaller than that predicted by the 3D computer

simulations of Leven!®® On the other hand, with latex
spheres, Blaaderen et al. have shown Byaimore dramati-
cally decreases with increasing as the Debye length
increases$®
Hydrodynamic interactions may also redude/D+° of
rods in dense suspensions. Li ef&@have observed thay!
and Dy of single F-actin filaments (24.5 um in length)
confined in a thin cell (0.#1.6um in thickness) are smaller
by a factor of 2 than those in the bulk dilute solution and
accounted for such phenomena by introducing hydrodynamic
0.1 L interactions. They also have showed tiat and D, are
decreased greatly as the filaments approach the cell wall and
0.1 1 10 their length decreases. On the other hand, the length of Se
Figure 7. (a) Mean-square rotational displacemeffit)2[] of Se rods (0.82um) is fairly short and their width (0.24m) is
rods for¢ = 0.015-0.18, and for the free-410 PCs (F-PC) irp much larger than that of the F-actin filaments, respectively,
= 0.18, where two straight lines of each curve show its initial and and besides, the face-to-face distances between Se rods for
final slopes, respectively. (b) Legog representa}tion of the curves ¢ = 0.11 and 0.18 are approximately Quth. Thus, when
Lonr d‘f’;eohlulm"’;)nedr %.flgé'crr?ilrﬁsgedcetlr\]/sggalght lines have unit slope, yhoqe values are consider@}' andD for the Se rods in
dense suspensions must be reduced more by hydrodynamic

. . e . interactions.
Table 1. Translational and Rotational Diffusion Coefficients, . . . .. . .
Dy andDy, of Se rods forp = 0.015-0.18, and for the Free Rotational Diffusion Coefficients. The rotational diffu-

4—10PCs (F-PC) inp = 0.18, Where the Superscripts, s and 1, 10N coefficient,Dy, is obtained by using the equationy
for Dy and Dy, Indicate the Short- and Long-Time Regimes, = [B(t)*12t (for one dimension). Table 1 also shows the
Respectively short- and long-time rotational diffusion coefficien® and
D¢, respectively, estimated for Se rodsgin= 0.015-0.18

Dr (um?s) Do (rad?s) and for the F-PC. On the other hand, the rotational diffusion
¢ Dr® Dr! Dy Dy coefficient of noninteracting rod€),°, is formulated by
0.015 241 x 101 1.54 Tirado et af* as,
0.042  1.20 x 107! 1.06 5.04 x 101

0.11 3.23 x 1072 1.67 x 1072 0.448 1.64 x 1071
0.18 1.85 x 1072 8.30 x 1073 0.219 8.34 x 1072
F-PC 1.06 x 1072 1.99 x 1073 1.31 x 1072

D,’ = 3kgT(In P — 0.662+ 0.917P — 0.05P%)/mnL> 2

By substituting the dimensions of the Se rod into eq 2,
D+'/D+°, for ¢ = 0.11 and 0.18 are determined to be 1:69  D¢° is calculated to be 6.559 (r&f. Using this value,
1072, and 8.40x 1073, respectively. However, 2D Brownian normalized diffusion coefficientd),' /D,°, of the Se rods
dynamics computer simulations of Lahtinen et al. have shown for ¢ = 0.042, 0.11, and 0.18 are calculated to be 768
that D1/D+° for hard rods withP = 6 at surface densities 1072 2.49x 1072 and 1.27x 1072, respectively. However,
corresponding t¢ = 0.11 and 0.18( = (Hy/W)¢) is about with 2D Brownian dynamics computer simulations, Lahtinen
0.6 and 0.4, respectivefy.Such a large difference between et al?* have predicted's/Dy° for hard rods ofP = 6 at
our values and the simulations may be mainly for two surface densities correspondingste= 0.042, 0.11, and 0.18
reasons: electrostatic repulsions and hydrodynamic interac-to be 0.85, 0.6, and 0.3, respectively. LiR& /D1, such a
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Table 2. Translational and Rotational Plateau ValuB33/2

and [#2[¥2 at Appearance Time of Plateau, DenotedRdyand

0*, Respectively, of Se Rods faf = 0.11 and 0.18, and for the
Free 4-10 PCs (F-PC) and Constrainee-@ PCs (C-PC)

P R* (um) 0* (deg)
0.11 0.285 48.9
0.18 0.188 40.4
F-PC 0.168 33.8
C-PC 0.126 275

large discrepancy between our values and the computer
simulations may be due to interparticle electrostatic repul-

sions.

By using an electric birefringence method, Krammer et
al. have measureD, of fd virus in concentrated solutions
and found a drastic reduction Dy with decreasing ionic
strength of the solution®. By computer simulations,
Kirchhoff et al?® have calculate®, for rods interacting with
a Yukawa-type segmensegment interaction, qualitatively
explaining the experiments of Krammer et al. In addition,
with optical birefringence, Kluijtmans et al. have measured

Dy of silica-boehmite rods in suspensions and found a drastic

decrease oDy with decreasing ionic concentration of the
suspension¥

Estimation of Plateau Values.A caging effect (due to
clustering) in(R(t)’Cof Se rods becomes remarkablepat
0.11. Table 2 show&R(}? and [#2(}2 at the time that the
plateau appears (although this is not strict), R&.and 6*,
respectively, of Se rods faf = 0.11, 0.18, and for the free
4—10PCs (F-PC) and constrainee-8PCs (C-PC) inp =
0.18 suspensions, whelRs and 6* decrease with increasing
¢. The values oR* can be a measure of the cage sizes. The
values of 6* are not small in spite of high particle

concentrations, and this may be characteristic of synchronized

rotations of the cluster rods.
Summary. We synthesize monodisperse Se colloidal rods

and investigate their dynamics and arrangement in suspen-

dynamics of the rods with their macroscopic transport
coefficients, which is not accessible with ensemble-averaged
experiments.
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