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Abstract. The lyotropic liquid crystalline quaternary mixture made of potassium laurate (KL), potassium
sulphate, 1-undecanol and water was investigated by experimental optical methods (optical microscopy
and laser conoscopy). In a particular temperature and relative concentrations range, the three nematic
phases (two uniaxial and one biaxial) were identified. The biaxial domain in the temperature/KL con-
centration surface is larger when compared to other lyotropic mixtures. Moreover, this new mixture gives
nematic phases with higher birefringence than similar systems. The behavior of the symmetric tensor or-
der parameter invariants o3 and o2 calculated from the measured optical birefringences supports that the
uniaxial-to-biaxial transitions are of second order, described by a mean-field theory.

1 Introduction

From the experimental point of view, the biaxial nematic
phase (Np) domain in lyotropic liquid crystals is located
mainly between the two uniaxial discotic nematic (Np)
and calamitic nematic (N¢) phase domains. After the the-
oretical prediction [1] and experimental realization [2] of
this phase in the mixture of potassium laurate (KL)/1-
decanol (DeOH)/water, some research groups prepared
new mixtures presenting the biaxial nematic phase. How-
ever, up to date, only eight lyotropic mixtures were experi-
mentally found to exhibit the biaxial nematic phase [2-10].

Yu and Saupe reported the first experimental evi-
dence of the Np phase in 1980 [2]. They investigated the
uniaxial-to-biaxial phase transitions in mixtures of KL/
DeOH /water via optical conoscopy and nuclear magnetic
resonance spectroscopy (NMR). Their study showed ex-
perimentally, for the first time, that the biaxial nematic is
located between the domains of the two uniaxial nematic
phases, as theoretically predicted by statistical models [1,
11-16]. In 1982, Bartolino et al. investigated the lyotropic
mixture of sodium decyl sulphate (SdS)/DeOH/H>O,
which also exhibits the biaxial nematic phase [4]. Other
research groups produced new lyotropic mixtures also pre-
senting the Np phase, namely, the mixture of rubidium

laurate (RbL)/DeOH/H20 [5], KL/decylammonium
chloride (DACI)/H,O [6], SdS/sodium sulphate
(NagS04)/DeOH/H20 [7], sodium dodecyl sulphate
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(SDS)/DeOH/H50 [8], sodium lauryl sulphate (SLS)/1-
hexadecanol (HDeOH)/H20 [9] and tetradecyltrimethy-
lammonium bromide (TTAB)/DeOH/H,O [10]. Tt is
interesting to point out that in all these mixtures
presenting the Np phase there are a surfactant and a
co-surfactant [17]. In addition, these mixtures exhibit
similar textures under polarizing light microscope and
topology of phase diagrams.

From the optical point of view, an important parame-
ter for liquid crystals is the optical birefringence [18,19]. In
the case of uniaxial nematics, only one birefringence exists.
The Ny phase, however, has an orthorhombic symmetry,
and two birefringences have to be considered (in the fol-
lowing we will define more precisely these birefringences).
This phase has three different indices of refraction, along
the three orthogonal symmetry axes, each one of these
axes of order two [20]. The nematic phases are character-
ized by an order parameter that is a second-rank, symmet-
ric and traceless tensor. For practical reasons the optical
dielectric tensor may be chosen as the order parameter. It
can be determined by measuring the differences between
the refractive indices (i.e., the birefringences [21]) in the
nematic phases. Moreover, the temperature dependence
of the birefringences is very useful for the determination
of the transition temperatures between the uniaxial and
biaxial nematics to build up the phase diagram and inves-
tigate the characteristics of the phase transitions. The ex-
perimental studies on the temperature dependence of the
birefringences showed that the uniaxial-to-biaxial transi-
tions are of second order [21].
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Although there are different techniques to establish the
phase diagram topology, the most employed are the polar-
ized optical microscopy (POM), laser conoscopy, nuclear
magnetic resonance (NMR), X-ray and neutron scattering
and diffraction. The phase diagrams of lyotropic mixtures
published in the literature up to date, in general, were
similar in terms of the temperature range of the biaxial
phase and maximum value of the nematic birefringence
(~2x1073) [21]. We expect that the higher the birefrin-
gence value, the more anisometric the micelles should be,
and/or the different molecules that build up the micelles
are more spatially segregated, and some of the biaxial fea-
tures could be enhanced. The search for high birefringent
biaxial samples and mixtures which present larger biaxial
domains has attracted the attention of many experimen-
talists in the physical-chemistry of liquid crystals for sev-
eral decades after Saupe’s lyotropic mixture was discov-
ered. Moreover, mixtures with those characteristics, easy
to be prepared and highly reproducible are necessary to
be used in complementary experiments to investigate fun-
damental behaviors of this remarkable nematic phase.

In this study we present a particular surface of the
phase diagram of a new lyotropic mixture of potassium
laurate (KL), potassium sulphate (K3SOy,), 1-undecanol
(UndeOH) and water. This mixture showed higher bire-
fringence and larger biaxial temperature range than the
mixtures exhibited in the literature. Optical microscopy
and laser conoscopy experimental techniques were used to
characterize the phases.

2 Experimental

Lauric acid [Merck], KoSO4 [Fischer], 1-undecanol (Un-
deOH) [Merck] were from commercial origin, used without
further purification, and water-based ferrofluid [Ferrotec].
The potassium laurate (KL) was synthesized by the neu-
tralization of lauric acid with potassium hydroxide and
it was recrystallized for further purification with ethanol
several times. The lyotropic nematic mixtures were pre-
pared by weighting KL, K2SO4, UndeOH and water in test
tubes, whose compositions are given in table 1. The mix-
tures were homogenized by mixing with vortex and then,
from time to time, centrifuging. The tubes were put in a
water bath at 40-50°C to obtain well-homogenized mix-
tures. This homogenization and sample preparation was
completed in 810 hours and then the samples were kept
overnight at room temperature. Next day, a small amount
of water-based ferrofluid, which was freshly prepared from
the stock solution by diluting with water four times, was
added to the mixture as ~ 1 uL ferrofluid per 1g of mix-
ture, and the test tube was turned continuously until all
ferrofluid was homogeneously dispersed in the mixture.
The complete homogenization of the mixture is a key point
to get reproducible results. Experimentalists must be ex-
tremely careful in the preparation of a stable lyotropic
mixture. After the homogeneous mixture with ferrofluid
was obtained, some amount of the sample was transferred
into a 0.2 mm thick glass-flat microslide to investigate the
textures under polarizing light microscope.
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Table 1. Molar fractions (X)) of each compound in the different
lyotropic mixtures. Any is defined as Any = An — én in the
biaxial nematic phase, at T = 15°C.

Mixture | Xxr, | Xx,50 | XUndeon | Xm0 | Anp x 1073
1 0.0356 | 0.0060 | 0.0114 | 0.9470 —0.22
2 0.0365 | 0.0061 | 0.0114 | 0.9460 1.18
3 0.0369 | 0.0060 | 0.0114 |0.9457 1.87
4 0.0383 | 0.0060 | 0.0114 |0.9443 -

The laser conoscopy technique [21,22] was employed
for the measurement of the optical birefringences of the ne-
matic phases. For this purpose, the mixtures doped with
ferrofluid were put in the sample cell made of two cir-
cular optical glasses, and a glass o-ring, leaving a liquid
crystalline film 1.0 mm thick. Sample’s birefringences were
measured as a function of temperature (7). The experi-
mental setup has a HeNe laser (A = 632.8nm), a Neo-
cera LTC-21 temperature controller (which controls the
temperature with an accuracy of 0.001°C) and a Walker
Sci. electromagnet that provides the static magnetic field

(|ﬁ| = 2.04kG) used to orient the sample. The laboratory
frame axes were defined as follows: the horizontal plane
was defined by the two orthogonal axes 1 and 2; the mag-
netic field was aligned along the axis 1; axis 3 was vertical
and parallel to the laser beam propagation direction.

Since the orientation of the nematic phases is a key
point to obtain successful results in the birefringences
measurements, we applied an external magnetic field in
the sample. It is known that the orientation of each ne-
matic phase with respect to the external magnetic field is
different from each other. This situation was discussed,
for example, by Nicoletta and co-workers [23], analyz-
ing the typical deuterium NMR spectra of DoO present
in the mixture. In this study they investigate the three-
nematic phases from a similar lyotropic mixture composed
of KL/DACI/D50. In our case the birefringence measure-
ments were performed starting from the Np phase, in the
presence of the magnetic field. To obtain a well-aligned
Np phase, the samples were kept at a fixed temperature
for a period of time of about 30-60 min. Then, the temper-
ature was varied step by step, depending on the proximity
of the phase transition temperature: the nearer the tran-
sition temperature, the narrower the step. At each new
temperature the sample was left at rest for least 10 min,
in order to achieve the thermal equilibrium. From time
to time, in the Np (Np) phase, the sample was turned
by an angle of about £7/2 (£7/6) around axis 3 to im-
prove the sample orientation. Let us discuss this proce-
dure in more details. As the anisotropy of diamagnetic
susceptibility of our Np phase is negative, the director 7

orients perpendicularly to H. However, there is a degener-
acy in the orientation of the director, because 7 can be in

any direction in the plane perpendicular to H. To break
this degeneracy we spin the sample around the axis 3 by
a = +m/2 in the presence of the field, staying at each ori-
entational configuration for about one minute. With this
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procedure, after some spins, the degeneracy is broken and
T orients parallel to the spinning axis. Before any mea-
surement of the birefringences (at « = 0) we check the
quality of the interference fringes that, in this nematic
phase, are composed of circular rings centered in the axis
3, and two straight lines perpendicularly oriented. We ob-
served that the sample keeps its orientation for minutes,
a sufficient time to perform the measurement. This proce-
dure is repeated at each temperature. In the case of the Ny
phase the magnetic field orients one of its symmetry axis
parallel to the field, however, the other symmetry axes,
perpendicular to this one, remain in the plane perpendic-
ular to the field, without a preferred orientation direction.
We observed that the N phase encapsulated in flat glass
microslides in the presence of an external magnetic field
applied in the largest surface of the microslide, presents
under crossed polarizers, a planar-like texture. This re-
sult indicates that one of the symmetry axis of the Ny
phase orients perpendicular to the glass flat surface, and
the other symmetry axis orients parallel to the field. In the
case of our sample-holder cell, to break the initial orien-
tational degeneracy, improve the orientation of the phase
axis perpendicular to the flat glass surface, and obtain a
sample oriented with the three orthogonal symmetry axes
parallel to the laboratory frame axes, we spin the sam-
ple around axis 3 by an angle of about w = £7/6, in the
presence of the field. This procedure defines a new direc-
tion, perpendicular to the magnetic field, along which an-
other of the phase’s symmetry axis will orient. Not to lose
the orientation of the axis parallel to the field, the spin-
ning is done as follows: 60 seconds at o = 0, 30 seconds
at a = 7/6, 30 seconds at « = —m/6 and 60 seconds at
a = 0. The procedure is repeated until the conoscopic pat-
tern reaches a stationary state at o = 0, with the fringes
symmetric and well contrasted. This empirical procedure,
which combines the magnetic field and a spinning axis per-
pendicular to it, was shown to orient the Np phase [22].
The laser conoscopy furnishes the two main optical
birefringences, An = ny—ny and dn = ng—ns, which were
measured as a function of temperature. The birefringences
were obtained by measuring the refraction angles of the
interference figures (isogyres or isochromates) in the plane
perpendicular to the laser propagation direction [24].

3 Results and discussion
3.1 Polarizing light microscopy

The typical textures observed (from mixture 4) between
crossed polarizers in the phases Np, Ng and N¢ are shown
in fig. 1a, b, ¢, respectively. The schlieren textures clearly
identify the nematic topology, however, only from these
textures it is very difficult to identify undoubtedly the
particular nematic phase. This is particularly true in the
case of the textures from the N and N¢ phases. At
lower (higher) temperatures we observed that the Ng (Np)
phase transit to a two-phase (multi-phase) region, which is
not the main interest of the present study. The texture of
the two-phase region can be seen in fig. 1d, where isotropic
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black droplets start to appear, besides birefringent colored
regions with sharp edges. These birefringent domains may
correspond to crystalline phases, but the texture alone is
not enough to characterize it. The texture of the multi-
phase region is shown in fig. le. Np, isotropic and high
birefringent domains (probably a lamellar phase) are vis-
ible. The typical textures of the Ng and Np phases, and
the two-phase region shown in fig. 1 were also observed in
mixtures 1, 2 and 3 from table 1. To establish the phase
diagram of our mixture, as a function of the temperature,
it is necessary to use additional experimental techniques.
The laser conoscopy will be discussed in the following.

3.2 Laser conoscopy

As pointed out before, laser conoscopy is a very power-
ful technique to determine the optical birefringences of
all nematic phases [21,22], but the sample orientation is
a key point to perform a precise measurement. For this
purpose and to improve the effect of the magnetic field
on the different samples, a small amount of water-based
ferrofluid was added to the mixtures. We verified that the
transition temperatures did not change (within our accu-
racy) as a consequence of this ferrofluid doping. This result
is already known from the literature for other lyotropic
mixtures [17]. To be sure that the values of the birefrin-
gences measured in the ferrofluid-doped mixtures are the
same as the undoped mixtures, we performed control ex-
periments. The first one was to prepare a sample that
presents an isotropic phase, dope it with the same amount
of ferrofluid, and measure the birefringences. We verified
that within the experimental errors (see the error bars
in fig. 2) the birefringences are zero. This indicates that
there is no residual birefringence due to the magnetic par-
ticles present in the sample. Another experiment consisted
in measuring the sample birefringences in the N¢ phase
without the ferrofluid, oriented by a strong magnetic field
(of the order of 10kG), and compare them with those mea-
sured at 2.04kG with the ferrofluid-doped sample. Again,
the values of the birefringences measured were the same,
taking into account the experimental errors. As the at-
tainment of well-oriented samples to measure the birefrin-
gences is a key point in this work, let us give more details
about it. It is known that micelles composed of soaps with
hydrocarbon chains tend to orient these chains perpen-
dicular to the magnetic field [25]. Using a combination of
different elements (magnetic field with the ferrofluid dop-
ing and surface effect) and procedures (periodic rotations
along the z-axis) the good orientation of the different ne-
matic phases is achieved. In the particular case of the Ny
and Np phases, the surface effect helps to orient the entire
sample, since the micellar symmetry axis perpendicular to
the largest surface of the micelles tends to orient perpen-
dicular to the glass surfaces. In the Ny phase, besides the
effect described above, the magnetic field orients a sec-
ond micellar symmetry axis parallel to it. To check if the
laser beam is reaching a well-oriented monodomain in the
laser conoscopy experiment, we have just to inspect the
shape of the interference pattern: well-oriented samples
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Fig. 1. Typical optical microscopy textures, under crossed polarizers, of mixture 4: a) Np phase, T' = 45°C; b) N phase,
T = 27.5°C; ¢) N¢ phase, T = 15°C; d) two-phase region, T' = 10.2 °C, e) multi-phase region, T' = 60 °C.

give symmetric and highly contrasted light and dark re-
gions (isogyres or isochromates). The measurements were
performed only when these conditions were verified.

Since the mixtures of KL /K2S0,4/UndeOH/H50 show
the Np phase at higher temperatures, the optical birefrin-
gences of each nematic phase as a function of temperature
were measured starting from the Np phase, upon cooling.
The experimental results of An and dn as a function of
T, from the mixtures 1-4 (see table 1), are shown in fig. 2.
The plot of the birefringences clearly identifies the differ-
ent uniaxial (when one of the birefringences is zero) and
the biaxial (when both birefringences are different from
zero) phases. In fig. 3 we sketched the particular surface of
the phase diagram of the mixture KL /K2SO4/UndeOH/
water, keeping the molar fractions of UndeOH and K3SO4
constant. Increasing the molar fraction of KL we observe
a decrease of the Ny domain and the appearance of the
N¢ phase domain. Surprisingly, the Np phase domain is
located at higher temperatures, differently from the usual
KL/DeOH/water mixture. In parallel we verified that the
ternary system KL/UndeOH/water shows a very simi-

lar phase diagram to the usual KL/DeOH/water system
(these new samples were prepared with about the same
molar fraction as UndeOH with respect to that of the
DeOH). The nematic-to-nematic transition temperatures
in the ternary system with UndeOH shifted to higher tem-
peratures when compared to those with DeOH. This situ-
ation may be related to the different location of the polar
head, -OH, of both alcohols near the head group of the
KL on the micelle surface, but it has to be investigated
in more details with complementary techniques. In both
systems (with UndeOH or DeOH) we verified that the ad-
dition of salt favors the stabilization of the Np phase at
higher temperatures, i.e., the phase sequence as a function
of temperature inverts. In particular, the quaternary sys-
tem with UndeOH gave smaller Ng phase domain when
compared with the quaternary mixture with DeOH.

A particular surface Xki, versus T (at Xk,s0, =
0.0060 and Xypgeon = 0.0114) of the phase diagram of
our new mixture is sketched in fig. 3. While the mixtures
1, 2 and 3 gave the nematic Np and N phase, mixture
4 presented N¢ phase domain in addition to the those
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Fig. 2. Birefringences of the different mixtures of KL/K2S04/UndeOH/H20 as a function of the temperature. An = ny — nq
(o) and on = ng — n2 (o). a) Mixture 1; b) mixture 2; ¢) mixture 3; d) mixture 4.
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Fig. 3. Surface Xk versus T (at Xk,so, = 0.0060 and
Xundeon = 0.0114) of the phase diagram of the mixture
KL/K2S04/UndeOH/H20. Solid lines are guide for the eyes,
and the dashed line represents qualitatively the beginning of
the N¢ domain at higher molar fractions of KL. The label 2P
and MP represent a two-phase and a multi-phase regions, re-
spectively.

domains. In the case of higher temperatures, above the
Np, for all mixtures, a multi-phase, MP, domain was ob-
served.

At this point, before discussing the experimental re-
sults in more details, we will briefly review some phe-
nomenological models concerning the biaxial nematic
phase. By this way we may discuss qualitatively some mi-
croscopic aspects of the micelle in our new lyotropic mix-
ture with respect to other known mixtures. After Yu and
Saupe reported the first biaxial nematic phase a question
arises: is there a mixture of disk-like and cylindrical-like
micelles in the Ng? In 1984, Stroobants and Lekkerkerker
proposed a model where cylindrical and discotic objects
coexist, giving rise to the biaxial nematic phase [26]. This
type of model, however, had many problems. From the
theoretical point of view it has been shown that such a
mixture of cylindrical and discotic objects was indeed un-
stable and should necessarily demix [27,28]. Kooij and co-
workers experimentally showed that systems composed of
a mixture of disk-like and cylindrical-like objects demix,
without giving rise to a Np phase [29]. These papers
quoted before [26-29] deal with rigid objects, and should
be more appropriate to support the fact that, up to date,
there is not in the literature an example of mixtures of
disk-like and cylindrical nano-objects, or even molecules,
giving rise to the Np phase. The case of lyotropics is more
complicated because micelles are not rigid objects. Am-
phiphilic molecules exchange between micelles and even
between them and the bulk. The lifetime of an amphiphilic
molecule in a micelle is of the order of 1075-1073s [30].
At the time scale of the optical or X-ray diffraction ex-
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periments (at least, minutes) we expect that the micelles
present a fixed shape. Recently a theoretical attempt to
stabilize a Ng phase with a mixture of disks and cylinders
was done [31]. To prevent the occurrence of demixing, it
was suggested that, if such a mixture is cooled down at a
lower temperature than the orientational degrees of free-
dom, some translational ones freeze by about 30 K. Such
hypothesis with two different temperatures in the same
system is purely theoretical, and cannot be realized exper-
imentally. Consequently, the existence of mixtures of disk-
like and cylindrical-like micelles in the biaxial nematic
phase has no theoretical or experimental support, and
we will disfavor this approach. A different approach was
proposed by Neto et al. [32] and Galerne et al. [33]. They
proposed the intrinsically biaxial micelles (IBM) model,
which is based on the different orientational fluctuations
of the same type of micelles in the three nematic phases. In
the IBM model, the micelles have an orthorhombic sym-
metry in the three-nematic phases, and the two uniaxial
and biaxial phases arise from orientational fluctuations of
the intrinsic locally biaxial micelles. Orientational fluctu-
ations that are full rotations around the long micellar axis
or along the axis perpendicular to the largest surface of
the micelle give rise to the N¢ and Np phases, respec-
tively. Small amplitude orientational fluctuations around
the three-micellar axes give rise to the Ny phase. The dis-
cussion made hereafter will be based on the IBM model.

Let us come back to the phase diagram of fig. 3. The
system KL/K3S0,4/UndeOH/water shows a Np phase do-
main at higher temperature and, on cooling, we observed
a transition to the N phase. At lower concentrations of
KL (mixtures 1-3) the Np phase remains at lower temper-
atures, without transiting to the N¢ phase, fig. 2a-c. In the
framework of the IBM model, continuous modifications in
the shape anisotropy of the micelles as a function of the
temperature trigger the different orientational fluctuations
that give rise to the nematic phases and phase transitions.
The inexistence of a transition to the N¢ phase on cool-
ing, at lower KL mole fractions, indicates that locally the
micelles did not reach the characteristic shape anisotropy
which favors the orientational fluctuation which degener-
ates the axis parallel to the biggest micellar dimension. In
other words, the shape anisotropy is “frozen” in the bi-
axial domain. On the other hand, increasing the KL mole
fraction, the micellar shape anisotropy reaches the value
necessary to form the N¢ phase. This result is consistent to
the picture that increasing the KL concentration increases
the largest micellar dimension, i.e., the micelle became
more elongated. This assumption is consistent with the
X-ray diffraction results obtained in the KL./DeOH/water
mixture [33]. This more anisometric micelle in the plane of
the biggest micellar surface favors the orientational fluctu-
ation that originates the N¢ phase. As shown by neutron
scattering experiments [34], the KL molecules accumulate
mainly on the most curved parts of the micelles, leading
to an increase of the largest size of the micelle. To go
further on this microscopic analysis, X-ray diffraction ex-
periments must be performed, however, the analysis of the
birefringence values can give us some hints about it.
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Fig. 4. Difference between two optical birefringence values
Any = An — dn, at T = 15°C as a function of the KL mole

fraction Xkr,.

The birefringence observed in lyotropic nematics
comes from different origins. The main sources of it are
the anisotropic distribution of the different molecules in
the micelle, the shape anisotropy of the micelles and the
micellar spatial organization. It is interesting to compare
the absolute value of the optical birefringences achieved
in this new lyotropic mixture with those from other mix-
tures. In particular, in the Np phase our quaternary
mixture reaches birefringence values of about 5 x 1073,
almost two times the maximum value encountered in
the KL/DeOH/water system. In the framework of the
IBM model, this result should indicate that the shape
anisotropy of the micelles in our new system may be larger
than that found in the usual KL/DeOH/water system.
However, we cannot discard the possibility that the mi-
celles maintain approximately the same shape anisotropy
as those encountered in the KL ternary mixture, but
present a steeper segregation of identical molecules in the
micelle. This aspect needs further experiments of X-ray
diffraction and even contrast neutron investigations, which
are beyond the subject of the present work.

It can be seen from fig. 2a-c that, as the KL con-
centration increases, the difference between two optical
birefringence values in the limit of low temperatures,
Any, = An — dn, get bigger. Since the biaxial phase re-
mained until ~ 13.0 °C, the An, values at the temperature
of 15.0 °C were plotted versus the mole fraction, Xkr,, of
KL in fig. 4. We observed a linear dependence of Any on
Xk, Increasing Xy, the birefringence én — 0, and there
is a tendency of the system to stabilize the N¢ phase.

As pointed out before, the nematic phases of the ly-
otropic liquid crystals are characterized by a second-rank,
traceless, symmetric tensor order parameter [1,11]. The
optical dielectric tensor €, which has the same symmetry
as the phases, can be chosen as the order parameter [18].
The diagonal elements of the anisotropic part of the di-
electric tensor may be written as functions of the optical
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birefringences [21,22],

o= A (Y,

3 2
a2 = @(An - 6”’)7
€43 = @ (Azn + §n> , (1)

where (n) is the average index of refraction of the ne-
matic phase and it can be determined from Abbe’s
refractometer. The symmetric invariants of the tensor or-
der parameter, o1, o9 and o3 [1] are

01 = €q1 + €a2 + a3,
2
2 2 2
02 = g (Eal + €a2 + 8a3) )
03 = 4€41€42€43, (2)

where the first invariant oq is zero. In the uniaxial phases
the invariant og is related to o9 by o3 = j:a;’/2 [21]. The
signs + (—) refer to the Np (N¢) phase. In the biaxial

phase, o3 takes values between —03/2 and 03/27 —03/2 <

o3 < ag/ 2, and this is evidence of the location of the Ny
phase between the two uniaxial nematic phases.

Figure 5 shows the dependences of o5 and o3 on tem-
perature of mixture 4 (other mixtures exhibited simi-
lar temperature dependence of the invariants). From the
mean-field theory, we expect that, near the phase transi-
tions (uniaxial-to-biaxial), oo and o3 depend linearly on
T. The Landau-de Gennes expansion of the free energy
may be written as a function of these invariants, with
the coefficients being functions of temperature (and con-
centrations) [22]. o9 and o3 are linear functions of the
Landau coefficients, and therefore, of temperature. This
behavior is observed in fig. 5. The mean-field characteris-
tic of the uniaxial-to-biaxial transitions may also be seen
from the behavior of the birefrigences as a function of the
temperature in the vicinity of the transition temperatures
(fig. 2). In fig. 6, the o3 values of the all mixtures were
plotted against os. In fig. 6, solid lines represent the o3

versus o loci of the uniaxial nematic phases: o3 = :i:ag’/Q,
the signs + (—) refer to the Np (N¢) phase. The exper-
imental points plotted in fig. 6 were calculated from the
measured An and on. As a consequence of the high bire-
fringences values our quaternary mixture achieves, the in-
variants of the order parameter also reach high values. In
the case of the KL/DeOH /water system, oy < 2 x 1075
and |o3| < 1077 In our case the maximum values of these
invariants are oy ~ 6 x 1075 and |o3| ~ 4 x 1077,
Another way to show the uniaxial and biaxial char-
acteristics of the lyotropic phases is to make suit-
able matches between the symmetry axis of the phases
(X,Y,Z) and the principal axes of the laboratory refer-
ence frame, through the principal components of the &
tensor (exx,€yy,€zz), such that the relative phase biax-
iality (exx —eyy)/ezz ranges in the interval —1 to 0 [23].
In the uniaxial phases the relative phase biaxiality is zero,
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Fig. 5. Temperature dependence of the invariants of the order
parameter: (a) o2 and (b) os. Dashed lines mark the uniaxial-
to-biaxial transition temperatures. Values from mixture 4.

since e xx = eyy and, in the biaxial phase, it is different
from zero. Its relative value gives a measure of the biaxi-
ality. Following this definition, in the Np phase we chose
EXX = €al, €Yy = €42 and €zz = €43, and in the N¢
phase EXX —E€a3y €YY — €a2 and EZ7 = €ql- In the biax-
ial phase the axes are labeled such that, when dn > An
the definitions are the same as the Np phase, and when
on < An the definitions are the same as the N¢ phase. The
results for the relative phase biaxiality for each one of the
mixtures are in fig. 7. From the plot the uniaxial and biax-
ial phases are immediately identified. Figure 7d, where the
three-nematic phases are present, shows a similar plot as
that observed in the KL/DACI/D30 mixture [23]. How-
ever, the behavior of the relative phase biaxiality in mix-
tures 1, 2 and 3 is remarkable. As discussed before, these
results seem to indicate a “freeze” of the micellar shape
anisotropy (or even in the local molecular nanosegrega-
tion) as the temperature decreases. In the case of mixture
1 dn is greater than An throughout the whole Ny do-
main, while in mixtures 2 and 3 there are temperature
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Fig. 6. The dependence of o3 on o2 for the mixtures (a) 1, (b) 2, (c) 3 and (d) 4, at the working temperature range. Solid lines
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arrows indicate the cooling process employed to measure the birefringences, starting from the Np phase.
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ranges where one is greater or smaller with respect to the
other. In the framework of the IBM model, decreasing the
temperature in the Ng phase domain, the micelles do not
reach the shape anisotropy that favors the orientational
fluctuation typical of the N phase.

4 Conclusions

A new lyotropic mixture of KL/K3SO4/UndeOH/H;0
showing the three nematic phases was prepared. At lower
KL concentrations this mixture gives only the uniaxial
discotic and biaxial nematic phases, whereas, at higher
KL concentrations, it exhibits two uniaxial discotic and
calamitic nematic phases and a biaxial nematic phase do-
main located between them. The biaxial region is sta-
ble in a larger temperature versus amphiphile concen-
tration range when compared to other mixtures reported
in the literature. Moreover, this new mixture gives ne-
matic phases with high values of the birefringences com-
paring to other systems. This result is expected to be re-
lated to the micellar shape anisotropy and/or to a higher
nano-segregation of the different molecules in the micelles.
In addition, the behavior of the symmetric tensor order-
parameter invariants o3 and oy calculated from the mea-
sured optical birefringences supports that the uniaxial-
to-biaxial transitions are of second-order, described by a
mean-field theory.
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