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The competition between gelation and isotropic-nematic (I-N) phase separation in dispersions of
moderately attractive sterically stabilized boehmite (AlOOH) rods is studied. Two different scenarios are
observed. In one system I-N phase separation proceeds by slow sedimentation (syneresis) of a gel resulting
in a weakly birefringent, highly viscous nematic phase. In another system, closely related to the first,
eventually two distinctly different nematic phases appear. One of them is again weakly birefringent and
highly viscous such as in the first system. The other one is strongly birefringent and has a lower viscosity.
We present a possible explanation for the observed three-phase isotropic-nematic-nematic coexistence
in terms of a combination of short-range attraction and polydispersity.

1. Introduction

Transitions from the liquid (isotropic) state to a liquid
crystalline (nematic) state in suspensions of rodlike and
platelike particles were already observed in the first part
of the 20th century. Zocher1 was the first to observe such
a transition in suspensions of vanadium pentoxide ribbons.
Later Bawden et al.2 and Langmuir3 observed the I-N
transition in suspensions of rodlike tobacco mosaic virus
(TMV) particles and platelike montmorillonite clay par-
ticles, respectively. Onsager,4,5 inspired by these observa-
tions, demonstrated that the stability of the nematic phase
can be explained on a purely entropic basis by considering
the competition between orientational entropy (favoring
the isotropic state) and excluded volume entropy (which
favors the nematic state). As the latter becomes more
important at higher concentrations, a first-order phase
transition to a nematic phase may appear if the concen-
tration of rods or plates is sufficiently high. Since the
discovery of a nematic phase in suspensions of V2O5,
TMV, and montmorillonite, several other suspensions of
rods such as suspensions of cellulose microcrystals,6
boehmite (AlOOH) rods,7 and poly(tertafluoroethylene)
rods8 have been found to exhibit the I-N transition. The
I-N transition in these aqueous suspensions is strongly
salt dependent. Increase of the salt concentration leads
to an increase of the concentration of rods required for the
appearance of the nematic phase. This phenomenon was
already accounted for by Onsager5 on the basis of electric
double layer repulsion, leading to a salt-dependent ef-

fective diameter of the particles. Above salt concentrations
of about 0.05 M, generally gelation rather than macro-
scopic I-N phase separation takes place.9-14 Long ago
Bernal and Fankuchen11 introduced the notion of a
network of clusters of parallel rods to account for the
ubiquity of gelation in suspensions of rods. It has been
argued15 that van der Waals attraction can induce such
a parallel aggregation of the rods. Gelation above a critical
salt concentration can then naturally be explained by the
screening of the electrical double layer repulsion.16 Liquid
crystallinity versus gelation however is a subtle effect
and depends not only on salt concentration but also on
salt composition and rod length.17

About 10 years ago Buining et al.18 synthesized for the
first time sterically stabilized rodlike particles. These
particles, which have a boehmite core and a steric
stabilization layer of polyisobutylene, can have approxi-
mately hard core interactions19,20 but may also display
moderate attractive interactions.21 By tuning the inter-
actions between these two limits, the richness in phase
behavior resulting from the competition between liquid
crystallinity and gelation can be explored.

† This article is part of the special issue of Langmuir devoted to
the emerging field of self-assembled fibrillar networks.
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In this study the coexistence of two nematic phases
together with an isotropic phase is reported. Although
the origin of the attractions has not yet been unraveled
in these suspensions, its effect is unquestionable since
one of the coexisting nematics consists of aggregated
birefringent clusters. We indicate how a combination of
attractive interactions together with polydispersity of the
colloidal particles may lead to the observed phenomena.

The outline of this article is as follows. In the next section
experimental details are given about the preparation of
the colloidal systems and the experimental equipment
used. In section 3 the observations are presented which
are discussed in section 4. The conclusions are summarized
in section 5.

2. Experimental Section
2.1. Polyisobutylene Grafted Boehmite Rods. Aqueous

dispersions of charge-stabilized boehmite rods were transferred
to 1-propanol and grafted with modified polyisobutylene (PIB).
The synthesis of boehmite rods and the grafting procedure are
described in ref 18. The PIB (provided by Shell) consists of a
polyalkylamine anchor group which is chemically connected to
two polyisobutylene tails with a molecular weight of 1000 g/mol
each. The PIB grafted rods were dispersed in cyclohexane (Merck,
p.a). The system BPIB(b) was obtained by distilling BPIB(a) after
1 year of standing to pure cyclohexane. Dispersions were
concentrated by low-speed (2500 rpm) centrifugation and re-
dispersion of the sediment. The dimensions of the rods were
determined with transmission electron microscopy. The average
length of the rods is 190 nm, and the average diameter is 17 nm
(including the PIB chains). The polydispersity of the sterically
stabilized rods was determined from a large number of trans-
mission electron microscopy photographs. The polydispersity was
found to be 25% in both length and diameter. The volume fraction
of rods is corrected for the fact that the PIB chains enclose solvent.
When the rods are much longer than the length, h, of the PIB
chains, the corrected volume fraction φ is given by

where c is the mass concentration of the PIB grafted boehmite
rods in the dispersion, D is the diameter of the rods, Fb is the
density of the bare boehmite rods (3.0 g/mL), and x is the mass
ratio of PIB to boehmite (typically 0.25).

2.2. Polarization Light Microscopy. The phase separation
processes in both samples were studied under a polarization
light microscope (Zeiss, axioplan). Test tubes containing phase-
separating samples were vortexed and transferred into glass
cuvettes (Vitrodynamics) with an optical path of 100 µm.

2.3. Fluorescence Confocal Scanning Laser Microscopy.
Boehmite rods grafted with modified PIB have fluorescent
properties which probably arise from the anchor group although
its origin has not been clarified yet. Because of this feature, the
morphology of the birefringent phases could also investigated
with fluorescence confocal scanning laser microscopy (CSLM).
Details about the experimental setup can be found elsewhere.22

With this technique structures can be analyzed in a focal plane
with a resolution in depth of 500 nm. This is in contrast to
polarization microscopy where in-focus and out-of-focus informa-
tion is superimposed. The detected local fluorescent intensity is
a measure for the local particle density, instead of the local order
as with polarization microscopy.

3. Results
3.1. BPIB(a). System BPIB(a) was used in an earlier

study.21 This system starts phase separating, albeit
extremely slowly (months), into two phases when the
concentration was higher than 5.2%. The bottom phase
is birefringent whereas the upper phase is isotropic. At
12.2% the nematic phase spans the entire tube. Macro-

scopic phase separation of dispersions with a volume
fraction smaller than 12.2% is attained after 1 to 2 months,(22) Van Blaaderen, A.; Wilzius, P. Science 1995, 270, 1177.

φ ) c
Fb(1 + x) (D + 2h

D )2
(1)

Figure 1. Polarization micrographs of a BPIB(b) sample with
an overall concentration of 8.3% (a) 40 min after homogeniza-
tion, (b) 20 h after homogenization, and (c) the bottom phase
after macroscopic phase separation. The bars represent 200
µm.
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but for the highest concentrations this lasts even longer.
Phase separation is also accompanied by a small-angle
light scattering ring, whose radius becomes smaller with
time. After 24 h the ring has filled up and has become a
light-scattering cone in the forward direction. This light-
scattering cone remains spherical during the whole
separation process. In samples with a rod concentration
somewhere in the middle of the two-phase region, polar-
ization microscopy revealed that phase separation pro-
ceeded by roughening of initially smooth areas, resembling
spinodal decomposition. However this process stops when
the typical domain size is only a few micrometers large,
leavinga frozen in spinodal-likestructurewhich sediments
under gravity from the meniscus. The nematic phase is
weakly birefringent, very turbid, and does not flow upon
tilting the tube.

3.2. BPIB(b). A rather different phase behavior is
displayed by the BPIB(b) dispersion which was obtained
by purification of BPIB(a) as described in section 2. Above
a volume fraction φI ) 7%, the system becomes turbid in
time and starts phase separating. The value of φI is higher
than that found for the BPIB(a) system. The duration of
macroscopic phase separation is typically a few weeks,
i.e., significantly faster than that for BPIB(a). At a volume
fraction of 8.3% the phase separation process of BPIB(b)
was followed under the polarization microscope and
revealed that small birefringent droplets became visible
to the eye only after 1 h (Figure 1a). After 20 h Figure 1b
shows that the droplets have assembled into large
irregularly shaped domains of tens of micrometers. Fig-
ure 1c represents a polarization micrograph of the finally
obtained bottom phase. The birefringence in this phase
is vague, and typical nematic textures are absent. A new
and surprising feature in the phase behavior shows up for
volume fractions above 8.3%. In a sample with a rod
concentration of 11.7%, no separate droplets are visible
anymore but initially smooth birefringent areas start
roughening in time. However after a few days, in this
system droplets have been developed as well. Two bire-
fringent bottom phases are eventually formed in this
sample. The bottom nematic phase is a transparent,
birefringent phase exhibiting higher order birefringence
colors such as in a phase-separated sample containing
hard rods.20 The middle phase is a more turbid and less
birefringent phase, resembling the phase formed at 8.3%.

The upper phase is isotropic, exhibiting only streaming
birefringence. In Figure 2 photographs of samples with
increasing concentrations placed between crossed polar-
izers are presented. For comparison a phase-separated
sample containing hard rods20 is presented as well. As the
overall concentration is further increased the volumes of
the bottom phases increase, whereas the volume of the
isotropic phase decreases. The dependence of the phase
volumes on the overall rod volume fraction is presented
in Figure 3. The isotropic phase completely vanishes above
a volume fraction of 19%, and only two birefringent phases
are left.

In Figure 4 a 100 × 100 µm CSLM cross section of the
middle nematic phase is given of the sample with a rod
concentration of 11.7%. The alternating white and dark
areas look remarkably similar to the polarization micro-
graph of this phase shown in Figure 2. The CSLM
micrograph indicates that the density of rods in the middle
nematic phase is inhomogeneous. This conclusion is also
drawn for clay gels from direct visualization by synchro-
tron-based X-ray fluorescence microscopy.23 In the bottom
phase, as well as in the top phase the fluorescent intensity
does not vary; the density is constant in these phases. The
concentration of rods in the dark areas in Figure 4 roughly
corresponds to that of the coexisting isotropic phase,

(23) Bihannic, I. Michot, L. J.; Lartiges, B. S.; Vantelon, D. V.; Labille,
J. Thomas, F. Susini, J.; Salome, M.; Fayard, B. Langmuir 2001, 17,
4144.

Figure 2. Cuvettes containing macroscopically phase separated BPIB(b) with an overall concentration of (a) 8.3%, (b) 11.7%, and
(c) 15.4% between crossed polarizers and (d) macroscopically phase separated hard rod dispersion with a volume fraction of 22%
between crossed polarizers.

Figure 3. Phase diagram of the BPIB(b) system.
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whereas the light areas correspond to densities close to
that of the bottom phase. This implies that when ex-
trapolating the (N1 + N2) curve in Figure 3, the isotropic
phase will be completely trapped inside the voids of the
nematic network of the middle phase at a volume fraction
of about 19%.

4. Discussion
The most remarkable phenomenon is the occurrence of

a three-phase equilibrium with two nematic phases, which
is encountered after purification of the solvent in BPIB-
(a). A three-phase coexistence region in a one-component
system is in contradiction to Gibbs’ phase rule. In this
dispersion, coded as BPIB(b), the low-density nematic
appears not to be in equilibrium, in view of its inhomo-
geneous morphology as is revealed by CLSM. This nematic
phase seems to consist of aggregates that have been
clustered together. At higher concentrations a second
higher density nematic phase is being formed which
coexists with both a nonequilibrium nematic phase and
an isotropic phase. On the basis of its morphology this
nematic phase is not aggregated or gelled. In the BPIB(a)
dispersion apparently one single nematic phase is being
formed, but the appearance of this nematic phase re-
sembles the nonequilibrium nematic in BPIB(b). Since
short-range attractions as well as polydispersity enhance
nematic-nematic coexistence,24,27 we suggest that a three-
phase nematic-nematic-isotropic coexistence region in
the BPIB(b) system is engendered by a combination of
both. Contrary to a monodisperse system, polydispersity
can in principle give rise to multiphase coexistence regions
such as the three-phase region observed in this study.
Although the origin of the attractive interactions in this
study is not clear, small solvent impurities such as water

might affect the colloidal interactions. Additions of traces
of water to the suspensions did however not lead to
significant changes in the behavior of the suspensions. A
sketch of a possible phase diagram of a bidisperse
dispersion of attractive rods with length L1 and number
density F1 and rods with length L2 and number density F2
is given in Figure 5. The slope of the thin arrow in this
figure corresponds to the F1/F2 ratio present in the system.
With increase of the volume fraction of an initially
homogeneous and stable isotropic phase, first the nematic
phase indicated by N2 will be formed, which coexists with
the isotropic phase, indicated by I. After further increasing
the concentration, the gray shaded area in Figure 5 is
entered and a second nematic phase, N1, is being formed.
Finally the isotropic phase disappears and two coexisting
nematics, N1 and N2, remain. As the two nematic phases
consist of two different particle populations, phase sepa-
ration would be in principle an adequate way to purify
polydisperse dispersions. All experiments were performed
at constant temperature therefore specific changes of the
dispersion medium determine the “temperature” of the
systems under consideration. So at very high temperature
(i.e., very small attractions) the particles behave as hard
rods and polydispersity (here modeled as bidispersity)
alone is insufficient to induce three-phase coexistence.
This corresponds to the behavior as observed in hard rod
dispersions as has been published elsewhere.20 For
intermediate low temperatures (i.e., weak attractions) the
scenario as described above can occur and BPIB(b) seems
to confirm this, albeit that one of the two nematic phases
has been kinetically arrested. The effect of a kinetic arrest
will be enhanced at still lower temperatures (e.g., strong
attractions), and the three-phase region can become
completely hidden, resulting in the coexistence of an
isotropic phase and an apparent single birefringent,
“nematic” phase, as observed in the BPIB(a) dispersion.

The kinetically arrested nematic phase in the BPIB(b)
dispersion proceeds along the same way as has been
observed in a dispersion of hard rods to which nonad-
sorbing polymer had been added.28 In this study it was
found that in dispersions with a composition just within
the two-phase region, the formed nematic phase ag-
gregated above a certain polymer concentration. This was
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Figure 4. 100×100 µm confocal fluorescence laser micrograph
of the middle nematic phase shown in Figure 2b. The areas
which are light correspond to high fluorescence and thus a high
density of rods. The few bright spots are dense aggregates of
rods of a few micrometers in size.

Figure 5. Proposed phase diagram of a bidisperse system of
attractive rods as a function of the compostion F1 and F2 and
the temperature T.
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explained by the fact that the concentration of the
coexisting nematic phase exceeded the glass line. The
visual observations closely resemble the nucleation and
subsequent aggregation of the tactoidal droplets in the
BPIB(b) dispersion as shown in Figure 1. Following the
same line of reasoning, the N2 nematic in the BPIB(b)
system has a concentration that exceeds the glass line,
whereas for the N1 nematic this is not yet the case.

5. Summary and Conclusion
The occurrence of a three-phase nematic-nematic-

isotropic equilibrium in a dispersion of sterically stabilized
rods is explained on the basis of a bidisperse phase diagram
of attractive rods. At intermediate attractions it is
proposed that a three-phase region arises which disap-
pears as the attractions become smaller (i.e., higher
temperatures or better solvent quality). When the at-
tractions are stronger (i.e., lower temperatures or worse

solvent quality), the three-phase region remains but the
concentration of the coexisting nematic phases approach
the glass line. At a certain point one of the coexisting
concentrations exceeds the glass line leading to ag-
gregate-nematic-isotropic coexistence. This is observed
in the dispersion coded as BPIB(b). If the attraction
becomes even stronger, both coexisting concentrations will
exceed the glass line and the two aggregated phases
collapse onto one apparent birefringent phase. This type
of behavior is displayed by the dispersion coded as BPIB-
(a).
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