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We successfully prepared monodisperse, hard rodlike colloidal particles with a wide range of length-
to-width ratios /W). In their suspensions liquid crystals, or nemat) @nd smectic (Sm) phases,
spontaneously appeared. The size of the particles made it possible to directly observe their arrangement
and dynamics with an optical microscope. The phase behavior observed exhibitgsamopic)-Sm
transition forL /W = 3.5-8.0 and/-N-Sm transitions fod./W = 10-35. In pre-Sm transition regions,
lateral clustering of the particles and subsequent layering of the clusters were observed exactly.
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Orientationally and/or positionally ordered phases fre-diameter [9,14,17]. However, at high ionic concentra-
quently appear in a variety of suspensions of rodliketions, the interparticle potential curve has a secondary
colloidal particles. In fact, beautiful iridescent phasesminimum [23], and this can also generate reversible or-
have been observed in suspensions, e.g., of inorganiered aggregations of the particles resulting from a
particles, B-ferric oxyhydroxide (FeOOH) [1-5], and condensation-type phase separation (e.g., liguigolid)
rodlike viruses (tobacco mosaic viruses, TMV) [6]. By at lower densities [24].
preparing monodispersg-FeOOH particles [3-5] and Compared with such theoretical advances, experimen-
isolating the monodisperse TMV particles [6—11], thetal works have been pretty much outdistanced. So far, the
iridescent colors were shown to be due to layered (smemnly real systems forming the smectic phase (which is the
tic) or crystalline structures of the particles. Orderedmost highly ordered mesophase) which have been re-
structures were also found in systems of colloidal rodgported are systems of3-FeOOH [3-5] and TMV
of V,05 [12] andy-AIOOH [13], and semiflexible rodlike [10,11] particles. However, theit/W values are limited
molecules, e.g., DNA and bacteriophage fd (see Ref. [14])to a single value, approximately 5 and 17, respectively.
and collagen [15,16]. Thus, to experimentally evaluate the phase diagrams

Onsager’s theory [17] showed that systems of long hargredicted by computer simulations of HSC systems
rods interacting with purely repulsive forces exhibit an[21,22], hard rod systems with a wide rangelofW are
orientational (or nematic) order at critical densities farneeded. In the present study, we have successfully pre-
from the closest packing. Computer simulations havepared a series of monodisperse colloidal rqglis-eOOH,
further shown that systems of hard spherocylinderselenium (Se), and nickel dimethylglyoxime (NDG)]
(HSC), interacting with hard-core steric repulsions, ex-with a range ofL/W between 3.5 and 35 and directly
hibit not only the N phase but also cholesteric, Sm, observed ordering behavior of the rods exhibiting active
columnar, and crystallined) phases [18—22]. More- Brownian motions. Our observation system consists of an
over, phase diagrams for these HSC systems have be&mverted-type optical microscope and &tnted [3], by
calculated as a function of density and shape-anisotropwhich all the density-dependent phase structures can be
(L/W), where the existence of two triple points has beertogether observed as shown in Figs. 1-4.
predicted [21,22]. Smectic ordering for particles with L/W = 3.5—

The interaction between real colloids, however, con-Monodisperse, rodlike colloidal particles of Se with=
sists of both electrostatic repulsive forces due to thé.82 = 0.14 um, W = 0.23 = 0.02 um, and L/W = 3.5
overlap of electrical double layers and of attractivewere prepared by adding hydrazine solutions of metallic
van der Waals forces. According to the Derjaguin-selenium to water. The Sm ordering process in Se suspen-
Landau-Verwey-Overveek theory [23], the stability of sions with low ionic concentrations afl0~4-10"°)M
colloid suspensions depends on the balance between thegsehere the particles repulsively interacted with one an-
two forces. At low ionic concentrations the electrostaticother) was viewed with an optical microscope. The indi-
repulsion is dominant, and thus the colloid-colloid inter-vidual particles were clearly observed to exhibit quick
actions can be approximated by the sum of hard-core anlanslational and rotational Brownian motions irre-
electrostatic (soft) repulsions. Onsager’s theory is appligions. At densities high enough to drastically restrict the
cable to such repulsive particle systems, if the bare paBrownian motions of the particles, particularly rotational
ticle diameter is replaced by an effective (increasedpnes, small clusters of the particles aligning side by side

018303-1 0031-900/03/90(1)/018303(4)$20.00 [0 2003 The American Physical Society 018303-1



week ending
VOLUME 90, NUMBER 1 PHYSICAL REVIEW LETTERS 10 JANUARY 2003

FIG. 2 (color). (&) The single particles (small light dét=
: : _ . 0.644 um and W = 0.137 um) and a separated dense phase
FIG. 1. (a) Transient clusters of typically 5-10 particles (light wormlike ones, the arrow) for a FeOOH suspension kept

aligning side by side (e.g., shown by the arrow) for a Se: - .
sugpengsion (they scale (bagi:,um). (b) 'I¥he number)s of the Inaspace less thahum thick [the scale bar for (b)L0 wm, is

- . - . : he same as for (a) and (c)]. (b),(c) Particle ordering for a
clusters increased with particle density, and then layering ol; T S . .
2-5 clusters occurred locally. The scale bar for (a) is the samgf":eo,[l(?':| szuspen3|on6|(b) mfatnﬁ/ strlnglllke er;tltles or t_hde side
as for (b) and (c). (c) An Sm region covered with the growno matiike assemblies of the particlez£5 um in side

. ength) in a high density region. (c) Four neighboring Sm
clusters. In the dark regions (e.g., shown by the arrow), only th(!.- . ! . .
ends of the particles were actually observed. (d) An arrangegomaIns (with a layer thickness di.76 um) at a higher

. i ; Ly .~ “density. (d) ThepH dependence of the critical (minimal)
cr;e;tsor;trz/gfzﬂesecg?g Sg_];i?)t“ke entities) ina dark reglonvolume fractionn of the B-FeOOH particles for the Sm phase

formation. Two glass test tubes, respectively, containing
B-FeOOH suspensions withH 1.34 (attractive: left) and 4.1
appeared here and there but soon collapsed thermally @&puisive: right), exhibit/(upped/Sm(lower, iridescent phase
by collision with the surrounding particles. The clustersseparation.

of 5—-6 particles had lifetimes of approximately 1 sec or

less. As the particle density increased, moreover, théonal fluctuation of the particles. We have found an
clusters grew laterally and the lifetimes lengthenedorientational depression effect with NDG particle sus-
Then, as the number of clusters increased, doublepensions having various ionic concentrations.

treble-, and multiple layering of the clusters occurred, The lateral arrangement of the Se particles in Sm
finally resulting in widely extended Sm layers (without layers was also observed with an optical microscope.
going through theV phase). In fact, Fig. 1 shows snap- Figure 1(d) shows a Sm layer, viewed from the particle
shots of pre-Sm transition regions appearing in a Salignment direction, that appeared in a Se suspension
suspension with an ionic concentrationlof X 107°M,  with an ionic concentration ofl.4 X 107°M, where
where clusters of typically 5-10 particles [e.g., shown bymany light spots (e.g., shown by the arrow) are visible,
the arrow in Fig. 1(a)], the layers of more developedcorresponding to the ends of the individual particles. The
clusters [Fig. 1(b)], and a resultant Sm region [Fig. 1(c)]array of the ends locally revealed hexagonal latticelike
are visible. Computer simulations for HSC systemspacking with a period 00.32-0.46 um, suggesting the
[21,22] predicted that the Sm phase is stableLagW  onset of a phase transition from Sm-A to Sm-B at a
values above 4.1-4.2 where tlieSm-C triple point is  higher particle density. For a HSC system, Frenkel pre-
located. An increase in the effective width of the Sedicted the possibility of a Sm-A to Sm-B transition in his
particles due to repulsions further decreases A&  simulation [20]. For TMV particles, a liquidlike arrange-
ratio of 3.5. However, such a decrease is explainable ifnentinthe Sm [10] and hexagonal packing in the crystals
stronger repulsions can more largely depress the orient48,10] were observed with x-ray scattering.
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(a

FIG. 4 (color). Sm and pre-Sm regions in tNephase for a
NDG35 suspension. The boundary line near the center of this
image is anN-N interface already appearing in theé phase
(the scale bari0 um).

which are clusters of the particles aligning side by side
and which also exhibited active Brownian motions) for a
B-FeOOH suspension withH 1.7. The particles at each
cluster edge were observed to repeatedly go in and out.
The particle density in the isotropic phase was signifi-
cantly low, suggesting that the wormlike clusters can be
stabilized (not by excluded volume effects) probably by
the balance between attractive van der Waals forces and
electrostatic repulsive forces. With increasing density of
FIG. 3. (a) Arrangement of the particles (light needlelike the attractive particles, more clusters appeared, grew,
entities) in anN phase for a NDG31 suspension (the scaleyecombined, and finally layered to form Sm structures
bar:5 um). (b)—(d) Pre-Sm regions for a NDG10 suspension;,, ithout going through thev phase. In fact, Fig. 2(b)

(b) a widely extendedv region, where local end matching of P L Lo
the particles (the arrow) is seen here and there. The scale basrhowS many stringlike entities appearing i&eOOH

10 um, is the same as for (c) and (d). (c) Double and treblepa"tiCIe suspe_nsion WiﬂpH = 1.9. These s_trings are
layering of the laterally grown, clear-cut clusters (the arrows)@ctually the sides of matlike 2D assemblies (clusters)
in an N region. (d) A Sm structure at a further higher density €xtending perpendicular to this image, where the par-

region. ticles oriented almost perpendicular to the assembly
plane. The assemblies unceasingly exhibited thermal fluc-
Smectic ordering for particleswith L/W = 4.4-8.0—  tuations in various modes. Around the assemblies the

Highly monodisperse rodlike colloidal particles of single 3-FeOOH particles and their small clusters were
B-FeOOH with standard deviations @f<4.5% and a  present, exhibiting quick Brownian motions. As density
L/W range from 4.4 to 8 were prepared from ferric increased the assemblies were packed more closely and
chloride aqueous solutions. Some examples of the medinally formed widely extending Sm layers [Fig. 2(c)].
dimensions of the particles usdd X W um? (L/W), are The volume (or packing) fractiom of the 8-FeOOH
0.27 X 0.06(4.5), 0.644 X 0.137(4.7), 0.358 X 0.062(5.8),  particles inthe Sm phase was found to strongly depend on
and0.581 X< 0.072(8.0). For the 3-FeOOH particles, the suspensiorpH. Moreover, the fraction gradually or no-
ion determining the surface potential is the proton. Theiceably increased in the Sm phase with lowering height
Sm ordering mechanism at lowH was found to be level from the phase boundary. Figure 2(d) also illustrates
different from the one at higlpH where electrostatic the pH dependence of the critical (minimum) packing
repulsion is dominant. Considering the results of com-{raction required for the onset of the Sm phase (approxi-
puter simulations for the HSC systems [18—22] togethemated by they value averaged over the Sm region 2 mm
with Onsager’s theory [17], smectics for repulsive rodsthick just below the phase boundary). Thealue shows a
may be induced by excluded volume effects of the rods [agonlinear decrease from 0.45 to 0.14 with increagiily

in Figs. 1(a)—1(d)]. However, for high ionic (protonic) which may be mainly due to an increase in the excluded
concentrations, the interparticle potential curve has aolumes of the particles with increasipl. Extension of
secondary minimum, which can induce a condensationthis curve to lowpH seems to approach the packing
type phase separation at lower densities [24] where thé&raction for HSC systems predicted by computer simula-
excluded volume effect is ineffective. Figure 2(a) showstions [21,22].

an isotropic phase of many singjg-FeOOH particles Ordering for particles with L/W = 10-35—By mix-
exhibiting active Brownian motions (small light dots) ing aqueous solutions of dimethylglioxime and nickel
and a separated dense phase (light wormlike entitiesicetate, we synthesized monodisperse rodlike colloidal
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nickel dimethylglioxime (NDG) particles with four dis- ticles are well oriented and show thephase with fuzzy
tinct dimensions, I = 2.40 £ 0.31 um, W = 0.23= pre-Sm layers (the arrow). For TMV suspensions, Sm-like
0.02 um, L/W = 10.2), (5.00 = 0.30, 0.29 = 0.07, 17.4), density fluctuations were observed in tNephase with
(4.74 = 1.00,0.15 £ 0.04, 31.4), and{.80 = 1.00,0.13 + static light scattering [10], and the dynamics of the fluc-
0.05, 35.4). They are called here NDG10, NDG17,tuations were further investigated with dynamic light
NDG31, and NDG35, respectively. Below an ionic con-scattering [11].
centration ofl X 1072M, nematic regions eventually in-  In summary, by preparing a series of hard, monodis-
creased in thé phase with increasing density, and finally perse colloidal rods with a wide range bf W, we have
awidely extended Sm phase was observed. An example diirectly observed the self-ordering process of rods and
the particle arrangement in th¥ phase is shown in resultant liquid crystalline structures in suspensions. The
Fig. 3(a). TheN phase was induced by dilution from the strongly shape-anisotropy dependent phase behavior that
Sm phase formed in a NDG31 suspension with an ioniave found basically agrees with the predictions by com-
concentration ofl.08 X 10~*M. Individual particles are puter simulations. We expect that our colloidal systems
clearly seen to orient approximately in the direction alongcan serve not only as a reference for such theoretical
the arrow, but not to form any layers. approaches but also as a visualized model of real systems
The Sm ordering process in th€ phase was also with small rodlike molecules to study their phase

visualized with an optical microscope. For example, thebehavior.

snapshots of the process for a NDG10 suspension with
an ionic concentration oft.2 X 1073M are shown in
Figs. 3(b)—3(d). Figure 3(b) shows a widely extendéd
region, where the particles oriented almost parallel to the [1]
direction indicated by the arrow. Small clusters of the [2]
particles matching their ends also appeared here and
there in theV phase (e.g., shown by the arrow), although [3]
the contour of the clusters was still fuzzy. Such clusters [4]
likely correspond to the Sm precursor suggested by [5]
Frenkel in his computer simulation [20]. As the particle
density increased, the clusters grew laterally, the contour8]
became clearer, and the double, treble, and more Iayering[[ }
of the clusters appeared eventually. Figure 3(c) shows
double and treble layers of the grown cluster (the arrows) 9]
and local fuzzy pre-Sm layering (around the top and[1g]
bottom) in the N phase. Figure 3(d) shows a widely
extended Sm region appearing in a further denser regionj11]
The computer simulations [21,22] predicted a critical
(minimal) L/W ratio of 4.7-5.0 for the stabl&/ phase
(where the-N-Sm triple point is located). However, thé
phase was not observed for th@&FeOOH particles,
whoseL /W ratios are 4.4—8.0. Neither was it observed
in suspensions of-AlOOH particles with a meai./W
ratio of 8 [13]. SuchL/W ratios for these colloids, being
somewhat larger than those for the HSC, will become lesg ]
by considering their effective widths due to repulsions. [17]
Also, a polydispersity of the particle lengths, still exist- [18]
ing, could be one of the causes of the difference. The Snj19]
layer period (thickness) and in-layer particle separation
were measured to be 2.9 add4 um, respectively, for a
NDGI10 suspension with2 X 1073M. From these values
the particle packing fractiom; of the Sm phase was
estimated to be 0.4. This value will be closer to the
value of 0.45 predicted by computer simulations [21,22],
if the effect of electrostatic interactions is considered.
Figure 4 shows a Sm region appearing in h@hase
for a NDG35 suspension with an ionic concentration of
1.0 X 1072M. In the right side region, Sm layers were [24]
clearly recognized, while in the left side region the par-
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