Romanian Reports in Physics, Vol. 58, No. 4, P. 491–518, 2006

LYOTROPIC LIQUID CRYSTALS AT PHASE TRANSITIONS*
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Abstract. In this paper some theoretical and experimental contributions to the study of
lyotropic liquid crystals at the phase transition are presented. A modality is proposed to include the
concentration dependence in the Landau-de Gennes theory for the nematic-isotropic phase transition
by introducing a critical concentration for the lyotropic solution.
The temperature dependence of density at normal pressure, for two compositions of sodium
lauryl sulphate/water/decanol solutions, exhibiting either calamitic or discotic lyonematic phase is
presented. Within the experimental precision limits, the systems show no density jump at the
nematic-isotropic phase transition.
The temperature dependence of ultrasound velocity and ultrasonic absorption for the two
systems studied at 12 MHz frequency is reported. Both velocity and absorption present monotonous
temperature dependence with no jump at the transition temperatures.
Key words: lyotropic liquid crystals, Landau-de Gennes theory for lyonematics, dilatometry,
ultrasound.

1. INTRODUCTION
Using the name given by Friedel (1926), the lyotropic mesomorphism refers
to liquid crystals obtained through modification of solution concentration. The aim
of this paper is to enrich the knowledge in the field of phase transitions of nematic
lyotropic liquid crystals.
The paper has eight chapters. Chapters 2 and 3 deal with the thermodynamics
of phase transitions and the nematic to isotropic transition. The next four
(Chapters 4–7) present the original theoretical and experimental contributions
concerning the Landau-de Gennes transition theory for the nematic lyotropic
liquid crystals (Chapter 4), the thermal dilatometry of calamitic and discotic
∗
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nematic lyotropics containing sodium lauryl sulphate/decanol/water (Chapters 5
and 6), and the acoustical properties, namely ultrasonic velocity and absorption, for
two nematic lyotropics (Chapter 7). Chapter 8 resumes the conclusions of the
presented results.
2. THERMODYNAMICS OF PHASE TRANSITIONS
The fundamental characteristic of liquid crystals is the presence of long range
orientational order [1].
The transition between different phases can be described through the concept
of order parameter. For the nematic liquid crystals where the molecules can be
approximated by rigid rods, one can find a relation between the microscopic order
parameter y and the macroscopic one Qαβ [2].
According to Ehrenfest, the phase transformation order is determined by the
order of the Gibbs potential derivatives which undergo finite variations at the
transformation point.
In the case of liquid crystals, besides the jump of the thermodynamic
potential derivatives, the changes of the order parameter must be also considered.
The transition is of the first order or the second order if the order parameter is
continuous or discontinuous, respectively.
3. THE NEMATIC-ISOTROPIC TRANSITION
The theory of the nematic phase at the transition and in its vicinity developed
itself in several directions. One of the most applied is that which uses the
phenomenological theories of Landau [3] and de Gennes [4], where the Helmholz
free energy is expressed as a power series of the order parameter and its gradient.
3.1. THE LANDAU THEORY OF PHASE TRANSITIONS
The mathematical description of the Landau theory is based on the idea that
the thermodynamic parameters of the less symmetric phase can be obtained by
expanding the thermodynamic potential as a power series of the order parameter
and its spatial variations in the vicinity of the order-disorder transition point. This
procedure referred initially to the second-order phase transition [5]. For a
macroscopically uniform system, at a second-order transition, the order parameter y
varies continuously and can be arbitrarily small in the vicinity of transition
temperature, so that Landau has assumed the general form for the free energy
(Helmholtz thermodynamic potential) F (T , V , y ) as:
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F (T , V , y ) = F (T , V , 0) + hy + 1 Ay 2 + 1 By 3 + 1 Cy 4 + ...
2
3
4

(1)

where F (T , V , 0) is the thermodynamic potential at temperature T and volume V
given for the state with y = 0. The phenomenological constants h, A, B, C, ... are
function of V and T, and the numerical ones are introduced by convention.
Following the conditions for equilibrium and stability for the free energy (1), and
introducing the temperature dependence of A, the final form for a macroscopically
uniform system performing a second-order transition is:
F (T , V , y ) = F (T , V , 0) + 1 A ( T ) y 2 + 1 Cy 4 + ...
2
4

with

C>0

(2)

where A ( T ) = a ( T − Tc ) , a > 0 and Tc is the transition temperature.

3.2. LANDAU-DE GENNES THEORY FOR A NEMATIC UNIAXIAL
TO ISOTROPIC PHASE TRANSITION
The Landau-de Gennes theory is based on the general Landau description of
phase transitions, and it was firstly adapted to the weak first-order phase transition
of liquid crystals by de Gennes [6] in 1971. Choosing the ordering uniaxis of the
nematic crystal in the Oz axis (director direction), and redefining with the same
symbols A, B, C, D … the coefficients corresponding to the volume unit, the
expansion of the free energy density becomes:
f (T , V , y ) = f0 (T , V , 0) + 1 A ( T ) y 2 + 1 By 3 + 1 Cy 4 + 1 Dy 5 + 1 Ey 6
2
3
4
5
6

(3)

where we have introduced:
A ( T ) = a ( T − Tc∗ )

with

a>0

(4)

and Tc∗ is a temperature slightly smaller than the actual nematic-to-isotropic
transition temperature Tc.
There are presented two mathematical procedures used to illustrate the firstorder phase transition:
•
by neglecting the terms above the fourth order (D = E = 0), with C > 0 (in
order to impose the stability of the nematic phase) and B < 0 (in order to have
positive values for the order parameter in the nematic phase). In this case we
obtain:
2
Tc = Tc∗ + 2 B .
9 aC

(5)
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•
by maintaining only the even order terms up to the sixth one (with C < 0 and
E < 0), in the case that the odd terms are negligible or forced to vanish due to the
symmetry in the y → − y transformation.
In the next the first procedure will be adopted.
4. CONTRIBUTIONS TO THE LANDAU-DE GENNES TRANSITIONS
THEORY FOR NEMATIC LYOTROPIC LIQUID CRYSTALS

An attempt to include the concentration dependence in this theory is
presented, by introducing a critical concentration of the micellar solution, that will
permit us to describe the phase transition at variable concentration [7]. The cases of
nematic to isotropic phase transition of first- and second-order are presented. In
Section 4.1.3, a comparison between the order parameter inferred from this model
and experimental results from literature will be presented.
4.1. INTRODUCTION OF CONCENTRATION DEPENDENCE
IN THE LANDAU-DE GENNES THEORY
FOR NEMATIC LYOTROPIC LIQUID CRYSTALS
4.1.1. The case of the second-order transition

We suppose that the free energy density for a micellar solution in the
Landau-de Gennes theory for a second-order transition, according to equation (2)
is:
f ( T , V , x , y ) = f0 ( T , V , x , 0 ) + 1 A ( x, T ) y 2 + 1 Cy 4
2
4

(6)

where x is the surfactant concentration, A ( x, T ) and C are the phenomenological
constants. We emphasize that, compared with eq. (2), we introduced a dependence
on temperature and concentration of the phenomenological coefficient A. This
allows us to describe the nematic-to isotropic phase transitions as controlled by the
micellar solution concentration.
Let us suppose that at least one pair of critical parameter exists, namely a
critical temperature Tc∗ and a critical concentration, xc∗ , so that the lyotropic
nematic phase is stable for T < Tc∗ and x > xc∗ . For the opposite inequalities, the
isotropic phase is stable. In both cases, the restrictions for T and x assure
sufficiency conditions for the existence of the respective phases, but they do not
necessarily cover the entire domains corresponding to the two phases in the ( T , x )
plane, as we see in Fig. 1.
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Fig. 1 – The nematic and isotropic phase domains.

The concentration dependence will be contained in the phenomenological
coefficient A ( x, T ) :

A ( x, T ) = α ( xc∗ − x ) + a ( T − Tc∗ ) , a > 0 and α > 0

(7)

The transition temperature Tc, corresponding to a concentration x, is given by:

Tc = Tc∗ − α ( xc∗ − x )
a

(8)

Eq. (8) shows that Tc is dependent of the solution concentration and increase
with increasing concentration. Tc∗ is a temperature a little smaller than the actual
transition temperature, and it is the absolute limit for nematic phase stability (in the
case of nematic to isotropic phase transition). The previous results show that it is
possible to include the concentration in the Landau-de Gennes expansion for a
lyotropic liquid crystal by means of the coefficient A, so that, at fixed temperature,
it plays the role of a control parameter.
4.1.2. The case of a first-order nematic-to-isotropic transition

We reconsider the first-order nematic-to-isotropic transition from Section 3.2,
supposing that the transition is controlled by both temperature and concentration
[7]. We choose for the free energy density the expression:

f ( T , V , x , y ) = f0 ( T , V , x , 0 ) + 1 A ( x, T ) y 2 + 1 By 3 + 1 Cy 4
2
3
4

(9)

with positive phenomenological constants B and C. The concentration dependence
is contained, as in the previous Section 4.1.1 for the second order transition, by
means of phenomenological coefficient A ( x, T ) , given by eq. (7).
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Parameters B and C, which are independent of temperature, can be concentration
dependent.
The equilibrium value for y is given by the conditions ∂f /∂y = 0 and
∂ 2 f /∂y 2 > 0 of minimizing the thermodynamic potential. One obtains therefore:

Ay + By 2 + Cy 3 = 0 ;

(10)

Ay + 2 By + 3Cy 2 > 0 .

(11)

Equation (10) has the solutions:
2
2
y1 = 0; y2 = − B − B − 4 AC ; y3 = − B + B − 4 AC .
2C
2C

(12)

By verifying the stability condition (11) at the solutions (12), as well as by
comparing the free energy values f ( y1 ), f ( y2 ) and f ( y3 ) in order to assess the
absolute minimum of the thermodynamic potential, on can discern between the
following different domains stemming from the parameter values A, B and C:

1.

2
A > B : the minimum corresponds to the isotropic phase, y = 0 .
4C

2 B 2 < A < B 2 : the minimum correspond to the y = 0 , that means the
9C
4C
isotropic phase is thermodynamic stable. There is a relatively minimum at y = y3
and a relative maximum for y = y2 . As a result there is an energetic barrier
between the two minimums y = 0, and y = y3 . It follows that one can obtain a
metastable nematic phase in this domain of temperature, through overheating; at
2
A = B the barrier height vanishes.
4C
2.

2

0 < A < 2 B : the minimum corresponds to the nematic phase; there exists
9C
though a local minimum that corresponds to a isotropic metastable phase in
undercooled regime.
3.

4.
A < 0 : the minimum corresponds to a nematic phase. The solution y = y3
corresponds to the smallest value of the thermodynamic potential, while the
solution y = y2 corresponds to a relative minimum and the y = 0 to a relative
maximum, respectively.
One can obtain thus the nematic to isotropic transition temperature:
2
Tc = Tc∗ + 2 B − α ( xc∗ − x ) .
9 aC a

(13)
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The order parameter value in the ordered phase is determined by:
yc = − 2 B ≠ 0 ,
3C

(14)

and represents the characteristic jump of the first order transition. We take
therefore B < 0 in order to obtain in the nematic phase a positive value for y (the
nematic calamitic phase), and B > 0 in order to obtain a negative value for y (the
discotic nematic phase). The coefficient of the fourth terms, C, is considered
positive, to fulfil the stability criterion.
The jump of the enthalpy density at the transition is:
2

Δh = hI − hN = Tc ( sI − sN ) = 2 aB2 Tc
9C

(15)

where the entropy density s was used:
∂f ⎞
a 2
s = −⎛⎜
⎟ =−2y .
∂
T
⎝
⎠V

(16)

The coefficients a, B, C can be determined from the experimental values of
Tc, yc and enthalpy Δh.
4.1.3. Comparison of the theoretical model with the experimental data
from the literature

Using the proposed theoretical model (Eqs. (7) and (9)) we have evaluated
the phenomenological coefficients a,α, B, C for the lyotropic liquid crystals
caesium per-fluoro-octanoate (Cs PFO)/water that presents the lyonematic phase in
a wide concentration domain [7] and was rather well studied [8–12].
The phase diagram of CsPFO/water system [7], as well as the experimental
determination of the concentration dependence of the transition latent heat variation
[10], make evident the existence of some concentration xL (named Landau point), for
which the two phase transitions change from first-order to second-order.
The ratio α/a was evaluated from eq. (8) written at x = x L knowing that the
value of the Landau point is x L ≅ 0.28 [10], and that of the critical concentration is
xc∗ ≅ 0.20 [7]. Using the experimental results for ( Tc − Tc∗ ) from [10], we evaluated
from the trend of the concentrations dependence curve extrapolated to low
concentrations, a value of the order of mK for this difference. Thus we chose
α / a ≅ 0.05 K.
The coefficient a was chosen of the same order as that for thermotropic
liquid crystals (e.g., a = 4.2 ⋅ 10 4 Jm–3K–1 for MBBA [13]). We gave it different
values between 1 ⋅ 10 4 Jm–3K–1 and 4 ⋅ 10 4 Jm–3K–1 and used it as parameter. For
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each chosen value of a we calculated the ratio B/C using eq. (15) knowing
ΔH ( x ) and Tc ( x ) from Ref. [10] and [11], respectively. To calculate the ratio

B /a we used eq. (13) where ( Tc − Tc∗ ) is experimentally known from Ref. [10].

The ratio C /a was then obtained knowing B/C and B/a, previously determined.

Fig. 2 – Variation of the order parameter

y as a function of surfactant concentration x (wt%) for the

lyotropic

four

:T

system

CsPFO/water

at

temperatures:

• : T − Tc = 0;

{ :T

− Tc = −0.5 K;

− Tc = −2.5 K; ∇ : T − Tc = −4.5 K. The continuous curves are drawn as a guide to the eye. In
insert are the experimental values from Ref. [14].

The final value of a (a = 2.2⋅104 Jm–3K–1) was chosen in order to obtain the
best agreement with all the experimental curves for the order parameter dependence
of concentration and temperature from Johannensson et al. [14].
The order parameter dependence on temperature and concentration is given
by y3 expression from eq. (12) with A(T ) and Tc∗ from eq. (7) and (13),
respectively. So we obtained:
y=− B +
2C

( CB ) 361 − T −CT/ a(x)
2

c

(17)

In Fig. 2 is presented the calculated order parameter vs. surfactant
concentration for nematic to isotropic transition point and at other three
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temperatures below the transition point: T − Tc = −0.5 , −2.5, −4.5 K, using the
previously obtained phenomenological coefficients. For comparison, the
experimental data from Ref. [14] are given in insert.
We remark the good agreement of curve trends, even if the numerical values
are not in such good accordance. For temperatures below Tc , the absolute value for
the slope of the curve y = y( x ) decreases as T − Tc decreases, in agreement with
the experimental results. For T = Tc , we obtained a sign reverse of this
dependence, but no experimental data are available for comparison.
In Fig. 3 is presented the order parameter vs. temperature for surfactant
concentration x = 0.400 computed with eq. (17), in comparison with the
experimental results at the same concentration from Ref. [14]. We observe a
satisfactory accordance of calculated and experimental results.

Fig. 3 – Variation of the order parameter y vs temperature T – Tc for the lyotropic system
CsPFO/water at the same surfactant concentration x = 0.400. •: computed values, І:
experimental values from Ref. [14] (errors bares of 4.5%). The continuous curves are
drawn as a guide to the eye.

4.2. APPLICATION OF THE GINZBURG-LANDAU THEORY
TO LYOTROPIC SYSTEMS
Using the Ginzburg-Landau theory that takes into account a possible spatial
variation of the order parameter, one studies the effect of the nematic phase
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stabilisation due to a surface presence. Supposing the existence of a surface energy
depending on the order parameter value, it has been shown that the transition
appears at a higher temperature and at a lower critical concentration than in the
surface absence, respectively.
4.3. THE RE-ENTRANCE PHENOMENON
The re-entrance phenomenon is the reappearance of a nematic phase between
two isotropic phases. Developing the previously proposed model [7] we take into
account the quadratic terms in ( T − Tc ) in the phenomenological coefficient A ( T )
series:
A ( T ) = a ( T − Tc∗ ) + b( T − Tc∗ ) , with a > 0 and b > 0
2

(18)

One observes that A ( T ) vanishes for both T = Tc∗ and T = Tc∗ − a , that
b
makes possible to describe the re-entrance phenomenon.
From the condition of nematic phase stability discussed in 4.1.2 one obtains:
a ( T − Tc∗ ) + b( T − Tc∗ ) < 2 B
9C
For the nematic phase stability one obtains the temperature interval:
2

2

2
2
2
2
Tc(1) = Tc∗ − a − a 2 + 2 B < T < Tc(2) = Tc∗ − a + a 2 + 2 B
2b
9 bC
2b
9 bC
4b
4b

(19)

(20)

Eq. (20) proves the possibility of appearance of a nematic phase between two
isotropic phases.
This model was applied for the KL/decanol/water lyotropic system that
shows the re-entrance phenomenon [15, 16]. Knowing experimentally
Tc(2) − Tc∗ = 0.7 K, choosing for a = 1 ⋅ 10 4 Jm–3K–1 close to the value evaluated by
us [7] for other lyotropic system, knowing from experimental measurements [16]
2
Tc(2) − Tc(1) = 35 K, one can determine 2 B = 0.714 ⋅ 10 4 J⋅m–3K–1.
9C
2
(1)
(2)
As at T = Tc and T = Tc we have A = 2 B , it results that the jump of the
9C
B
order parameter is yc = 2 . Choosing a plausible value for this jump (yc = 0.25),
3C
one obtains:

y=3
4

⎡
⎢
⎢
yc ⎢1 +
⎢
⎢
⎢⎣

a T − T∗ + T − T∗ 2
c ) (
c )
b(

1− 8
2
9 a ⎛ (2)
⎞ ⎛ 2
⎞
− Tc∗ ⎟ + ⎜ Tc( ) − Tc∗ ⎟
⎜ Tc
b⎝
⎠ ⎝
⎠

⎤
⎥
⎥
⎥
⎥
⎥
⎥⎦

(21)

11

Lyotropic liquid crystals

501

a)

b)
Fig. 4 – a) The temperature dependence of the order parameter y;
b) The temperature dependence of the optically anisotropy for the
system KL/decanol/water with composition (24.79/6.24/68.97 wt%)
(From Ref. [17]).

From eq. (21) one can observe that the order parameter depends on the value
a/b, that means on the temperature interval for the existence of a nematic phase
between the two isotropic ones. The jump of the order parameter at transition yc,
produces a parallel shift of the curve y = y(T ). The curve y = y(T ) is significantly
changed only by the change of the values of a/b.
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By comparing the two curves of the dependences of the order parameter vs.
temperature, theoretically determined (see Fig. 4a) and that of the birefringence,
known from the literature [17] (see Fig. 4b), we concluded that the formulated
hypothesis allows us to explain the variation of birefringence vs. temperature,
knowing that this is proportional to the order parameter [18].
5. EXPERIMENTAL STUDIES OF PHASE TRANSITIONS
FOR THE LYOTROPIC MIXTURE

5.1. THE LYOTROPIC NEMATIC SYSTEMS
The first lyonematic phase was discovered in 1967, by Lawson and Flaut
[19]. Observations in a polarizing microscope have shown that they form a
Schlieren texture, and they have an orientation in magnetic field typical for the
nematic thermotropic liquid crystals [17]. Three kinds of lyotropic nematic phases
have been observed, two uniaxial (calamitic nematic Nc and discotic nematic Nd)
and one biaxial nematic (Nbx). According to symmetry arguments, this represents
the complete set of nematic phases.
5.2. MATERIALS
The studied lyotropic system is a mixture of: sodium lauryl sulphate (SLS) –
an anionic surphactant with the chemical formula: H3C − (CH 2 )11 − OSO3 Na
(Merk 99% purity), 1-decanol-a polar solvent, with the chemical formula:
CH3 − (CH 2 )9 − OH (Merk, for synthesis) and triply distilled water. The materials
are used without additional purification.
5.3. CHARACTERIZATION OF THE MIXTURE IN THE LITERATURE
Addition of decanol to the SLS/water mixture led for first time in 1987 to a
nematic lyomesophase of type Nc [20].
The first partial phase diagram at room temperature (25°C) was reported in
1991 [21] and completed in 1993 by Furro [22]. Later diagrams at constant water
content as a function of temperature and decanol concentrations and isothermal
phase diagram at 20°C and 30°C were reported [23].
The compositions (wt%) of the two samples studied in this work, chosen in
accordance with the phase diagram from Refs. [20, 23] in order to obtain at the room
temperature a lyotropic liquid crystal with calamitic and discotic behaviour, were:
25.05% (SLS)/ 70.46% (water)/ 4.48% (decanol), giving a Nc phase;
22.39% (SLS)/ 72.71% (water)/ 4.9% (decanol), giving a Nd phase.
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5.4. SAMPLE PREPARATION
Some methods and precautions for obtaining the lyotropic nematic Nc and Nd
SLS/decanol/water system are described by different known research groups as
Amaral et al. [20, 24, 25], Quist, Furo and Halle in [21, 22, 26] and Berger and
Hiltrop [23]. The precautions and the method used by us are described in [31]. SLS
and water were weighed into a glass vessel, which was tightly closed with a screw
cap. The solutions were mixed by slowly rotating the vessel about its short axis at
room temperature until the mixture appeared homogeneous. The appropriate quantity
of decanol was added to the clear fluid. Finally, this mixture was again mixed for
one week. Between experimental measurements the samples were kept in a
thermostatted chamber at 23 ± 1° C in order to avoid the precipitation and phase
separation.
5.5. CHARACTERIZATION OF THE MIXTURE
5.5.1. Characterization by optical microscopy

To characterize the lyotropic phases by polarizing microscopy we used
Vitrocom microslides with a rectangular interior profile of 0.4 × 2 mm2 or
0.2 × 2 mm2. To fill these microslides we worked out a tightly closed space, with
possibility of visual observation and manipulation. The atmosphere in this space
was saturated with water and decanol vapours in order to avoid the concentration
modification of the sample. The filling was done by capillarity by putting one end
of the tube into the lyotropic solution. The sealing was made with paraffin.
The lyotropic liquid crystal cells were placed inside a microscope hot stage
system (Instec, Inc., U.S.A), and observed with a Amplival-PolU (Zeiss) microscope
between crossed polarizers making 45° with the liquid crystal easy direction. The
stability of the temperature was ±0.1° C. The images of the sample were captured
by a video camera Kodak Mega Plus Model ES 1.0 (Edmund Scientific) connected
to a PC.
Nematic to isotropic temperature transitions were observed for both Nc and Nd
samples at 28.6°C and 27.6°C (see Fig. 7), respectively. For the Nd sample, when
rising the temperature, the isotropic phase underwent a transition to another anisotropic
phase exhibiting birefringent texture at 31°C, possibly a lamellar phase Lα [22].
5.5.2. Lyotropic phase orientation under the action of a magnetic field

Lyotropic liquid crystal phases can be characterized after the orientation
under magnetic field action as: of type I (having positive magnetic anisotropy of
susceptibility Δχ > 0) or of type II (having Δχ < 0), respectively.
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By applying a magnetic field of 0.5 T for 30 min parallel or perpendicular to
the samples, it was evidenced that the micelles of the Nc type lyotropic mixture
tend to orient themselves parallel to the magnetic field, confirming thus the N c+
character of the SLS mixture, in agreement with the results in the literature [20].
The orientation in a magnetic field of the discotics with Δχ < 0, like the Nd
mixture of the SLS-system [24], is more difficult to obtain than for the calamitics.
5.5.3. Pre-transitional phenomenon for a nematic calamitic lyotropic mixture

In uniform planar aligned Nc samples, at the transition, oblong isotropic
domains appear in the nematic matrix. The isotropic domains are approximately
ordered with their major axes parallel to the alignment direction. They grow in
number and dimensions with the increasing temperature, in a nematic-isotropic
coexistence temperature range of 0.1–0.2°C before the whole sample become
isotropic.
Fig. 5 shows two textures of the Nc lyotropic mixture. The two images
correspond to a difference of 0.06°C. The aspect changes of the sample were
observed on heating, using an integrated system with a video camera (Kodak)
connected to a PC. The temperature rate was 0.03 °C/min.
From Fig. 5 one can see that the isotropic domains are ordered with their
major axes approximately parallel to the nematic director and their dimensions are
between (30 ÷ 150) μm [27, 28]. In their evolution, observed by taking photos, the
dimensions of the domain axis grow 3–4 times with temperature. The eccentricity

Fig. 5 – Microphotographs of isotropic domains in a calamitic nematic matrix of the
SLS/decanol/water system at two different temperatures, before the whole sample becomes isotropic.
The arrow points the liquid crystal orientation direction.
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Fig. 6 – Dimensions of the major and minor axes of an isotropic domain as
function of temperature. Continous curves represent the fit with a second
order equation. Error bars of 10 μm.

()

2

of the domain dimensions ε = 1 − b
(where a and b are the major and minor
a
axis, respectively) vs temperature decreases with the increasing temperature,
showing that they tend to become more circular, as expected by taking into account
the liquid crystal anisotropy decrease.
Systematic size measurements for isotropic domains as a function of the
difference between the actual temperature and the first appearance temperature of
the domains are presented in Fig. 6. The values of the correlations coefficient for
the second order fitting curves (R = 0.99725, R = 0.99831) show that the curves
describe well the temperature dependence of the axes dimensions.
6. THERMAL DILATOMETRY OF A NEMATIC LYOTROPIC SYSTEM

In this chapter we present the temperature dependent measurements of the
specific volume for the two lyotropic systems studied in this paper. For both
studied lyotropic systems the results have shown, in the limits of experimental
precision, a monotonous temperature dependence of the specific volume in a
temperature range that includes the nematic to isotropic phase transition [29–31].
6.1. EXPERIMENTAL TECHNIQUES
We investigated the expansion of the liquid crystal as a function of temperature
using a homemade glass dilatometer having a capillary tube. The volume of the
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liquid in the dilatometer, as a function of its level x in the capillary tube measured
from the top, was calibrated using mercury. The length of the liquid column in the
calibrated capillary of the dilatometer was measured using an Abbe comparing
microscope (Zeiss) with an accuracy of ±0.2 μm. We found that the dilatometer
reservoir volume vs x (x < 0) is given by the equation:

V = (1.45 + 4.1 ⋅ 10 −4 x + 2.78 ⋅ 10 −5 x 2 + 1.95 ⋅ 10 −6 x 3 +
+6.61 ⋅ 10 −8 x 4 + 1.07 ⋅ 10 −9 x 5 + 6.55 ⋅ 10 −12 x 6 ) cm 3

(22)

Eq. (22) was obtained by fitting with a 6th order polynomial function the
temperature dependence of the length of the mercury column in the dilatometer
capillary.
In order to avoid a possible variation of the solution composition during the
measurements, we built a tightly sealed micro-chamber provided with a temperature
control device and observation facilities. The temperature control was achieved
using a TB-150-type device (VEB MLW Prufgerade-Werk, Medingen) circulating
water within the micro-chamber walls. The temperature inside the micro-chamber
was measured with a thermocouple Chromel-Alumel linked to a multimeter
(Keythley 2000). The cold point of the thermocouple was maintained in a Dewar
bottle containing a mixture of water and ice. For a better stability of the cold point,
the Dewar bottle was continuously swung. In order to diminish the temperature
gradient inside the micro-chamber, its glass windows were maintained warm by the
Joule effect produced by a transparent conductive film of Indium Tin Oxide. The
temperature variation of a constant rate of 1.5° C/h is controlled by a dedicated
computer program. The measurement of the liquid crystal length was performed
every 6 minutes. The precision of the temperature determination was of 0.02° C. In
the reservoir region of the dilatometer the temperature nonuniformity was
evaluated to be 0.05° C.
6.2. EXPERIMENTAL RESULTS AND DISCUSSION
Fig. 7 shows results for the temperature dependence of the liquid crystal
column length in the dilatometer capillary for the Nc and Nd mixture, respectively.
The results were fitted with a “step” function which takes value 1 or 0 for positive
or negative values of its argument, respectively.

Δl = Δl0 + a ( T − T0 ) ⋅ step ( T0 − T ) + b ( T − T0 ) ⋅ step ( T − T0 )

(23)

One can observe that the parameter T0 of the “step” function which plays the
role of the nematic to isotropic transition temperature, is equal to 28.6° C and to
27.6° C for the Nc and Nd solutions, respectively.
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a)

b)
Fig. 7 – Temperature dependence of the liquid crystal column
length measured from the top of the capillary tube a) solution
Nc; the parameters of the “step” function (eq. (23)) are:
Δl0 = 34.5394 mm, T0 = 28.6°C, a = 2.952mm/K, b = 3.268 mm/K,
b) solution Nd; the parameters of the “step” function (eq. (23)) are:
Δl0 = 34.117 mm, T0 = 27.6°C, a = 2.81 mm/K, b = 3.121 mm/K.

From Fig. 7 a) and b) we can observe that the temperature dependence of the
liquid crystal column length in the capillary tube and therefore of the density,
present no jumps at the temperature transition. This leads to the conclusion that
such a jump, imposed by thermodynamical considerations, has to be smaller than
the precision of the method.
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Our results are similar to those of Boden and Jolley [32] for the CsPFO/water
lyotropic system and do not confirm those of Photinos and Saupe [33].
Fig. 8a) and b) shows the difference between the liquid crystal column length
and the straight lines corresponding to a linear regression analysis for the data in
Fig. 7a) and b), respectively. This type of plot shows better the deviations of the
liquid crystal column length compared with a linear behaviour, and makes possible
the easier observation of any volume jump at the nematic to isotropic transition. The
examination of these plots shows that such a jump cannot be seen, but puts clearly
into evidence two regions having different slopes for the dependence of volume as a
function of temperature, namely in the nematic and isotropic phases.

a)

b)
Fig. 8 – Difference between the liquid crystal column length
and the fit with the corresponding linear regression of data in
Fig 7a) Nc lyotropic mixture; b) Nd lyotropic mixture.
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Using the experimental results from 0 and the formula for the picnometer
volume depending of position x from Eq. (22), we obtained the curves of the
volume variation of the liquid crystals as a function of temperature.
Fitting with a “step” function:

ΔV = ΔV0 + a ( T − T0 ) ⋅ step ( T0 − T ) + b ( T − T0 ) ⋅ step ( T − T0 )

(24)

the volume variation as function of temperature, led to the determination of the
dilatation coefficient at constant pressure, α p , for the nematic and isotropic phases
(Table 1).
Table 1
Experimental dilatation coefficients αP, for the two nematic lyotropic liquid crystals
of the SLS/water/decanol system
αP [K–1]

Solution
Nematic

Isotropic

Nc

4.8⋅10–4

5.3⋅10–4

Nd

4.4⋅10–4

5.0⋅10–4

In order to determine the expansion coefficient at constant pressure for the
nematic and discotic solution, we used the relation:
0
Vmixture = Vmixture
(1 + α mixture ⋅ ΔT )

(25)

where: Vmixture is the volume of the nematic lyotropic mixture, α mixture is the
coefficient of isobar dilatation of the nematic lyotropic mixture, ΔT is the
temperature range for which we calculate the coefficient of isobar dilatation.
Using the property of volume addition, we obtain:

Vmixture = Vwater + Vmicells

(26)

where we have supposed that the micelles are composed of surfactant (SLS) and
decanol.
Finally we obtain that these dilatation coefficients of the micellar solutions
depend on the dilatation coefficient of the system components, according to the
relation:

α mixture = ϕwater ⋅ α water + ϕmicelle ⋅ α micelle

(27)

where: ϕwater and ϕmicelle is the volume fraction of water and micelles,
respectively.
Taking into account that:
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ϕwater =

20

Vwater
xwater /ρwater
=
Vmixture xwater 1 − xwater
+
ρwater
ρmicelle

where: xwater is the mass fraction of water, xwater =

(28)

mwater
and:
mmixture

ϕmicelle = 1 − ϕwater ,
the expansion coefficient of the micelle writes:
α micelle = ϕ′SLS ⋅ αSLS + ϕ′decanol ⋅ αdecanol

(29)

The theoretical approach of the thermal expansion coefficient at constant
pressure, for the two studied systems, using the thermal expansion coefficient for
water, decanol and dodecan, gives:
−4 grad −1 at T = 24°C
⎧α
⎪ Nc, mixture = 4.8 ⋅ 10
⎨
−4 grad −1 at T = 25°C
⎪⎩α Nd, mixture = 4.6 ⋅ 10

(30)

In evaluating the results in (30) we took into account that the alchilic tails of
SLS within the micelles are similar to that of the dodecan chain and we assumed
that the volumic expansion coefficient of SLS can be well approximated by that of
dodecan. By comparing these values with that from Table 1 one can see a good
agreement.
For a given temperature, we determined by a hydrostatic method the absolute
density values for the two lyotropic mixtures:
⎧ρNc = 1.022 ± 0.001 g/cm 3 at T = 24°C
⎨
3
⎩ρNd = 1.017 ± 0.001 g/cm at T = 25°C

(31)

These values allow the calculation of micelle (of calamitic or discotic type)
density. Using the partial volume additivity relation (26), the density of the
micellar solutions can be related to the density components by the equation:
1

ρmixture

=

xwater xSLS + xdecanol
+
ρwater
ρmicelle

(32)

where: ρwater and ρmicelle are the density of water and micelles, respectively,
xwater ,
xi =

xSLS , xdecanol are the mass fractions of water, SLS and decanol,

mi
, respectively.
mmixture

21

Lyotropic liquid crystals

511

Using the values ρmixture (Nc and Nd) from relations (31), and also
ρwater (T = 24°C) = 0.9973266 g/cm 3
respectively, we obtained:

and ρwater (T = 25°C) = 0.9970751 g/cm 3

3
⎧ρ
⎪ micelle ( Nc ) = 1.086 g/cm
⎨
3
⎪⎩ρmicelle ( Nd ) = 1.074 g/cm

at T = 24°C
at T = 25°C

(33)

These values (eq. (33)) are in good agreement with those obtained using data
from the literature for the same system at two concentrations corresponding to a Nc
and Nd phase, respectively:
⎧⎪ ρ micelle ( Nc ) = 1.117 g/cm3
⎨
3
⎪⎩ ρ micelle ( Nd ) = 1.076 g/cm

at T = 24°C
at T = 25°C

[ Ref. 26]
[ Ref. 22]

(34)

The density measurements allowed us also to compute the surfactant (SLS)
density in the Nc and Nd nematic systems using the values in (31):
3
⎧ρ
⎪ SLS ( N c ) = 1.151 g/cm
⎨
3
⎪⎩ρSLS ( N d ) = 1.150 g/cm

at T = 24°C
at T = 25°C

(35)

These values are in good agreement with those given by Luzzati et al. [34]
for the binary system SLS/water ρSLS = 1.167 g/cm3. For the ternary system
SLS/decanol/water, by using data from the literature we obtained:
3
⎧ρ
⎪ SLS ( N c ) = 1.182 g/cm
⎨
3
⎪⎩ρSLS ( N d ) = 1.154 g/cm

at T = 24°C [ Ref. 26 ]
at T = 25°C [ Ref. 22 ]

(36)

7. TEMPERATURE DEPENDENCE OF THE ACOUSTICAL
PROPERTIES OF TWO NEMATIC LYOTROPIC LIQUID CRYSTALS

By using a Fabry-Pérot ultraacustic spectroscopy we studied the dependence
of ultrasound velocity (vf) and ultrasonic absorption coefficient on temperature for
the sodium lauryl sulphate/water/decanol lyotropic system [35, 36] for the two
studied systems.
The ultrasonic velocity and absorption in the lyotropic liquid crystal samples
were obtained using a Gain and Phase Analyser, type HP4194A (Hewlett Packard)
with ultrasonic transducers. The liquid crystal sample was introduced into a
Plexiglas, homemade tight acoustical cell, at ( 23 ÷ 25 ) ° C, in order to avoid
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precipitation and phase separation. The cell ensured the acoustical coupling
between the transducers and the liquid crystal sample. Its dimension relative
variation with temperature was neglected being estimated at ≈ 0.04%, taking into
account the Plexiglas expansion coefficient.
To ensure the thermostation and the temperature control of the sample, the
cell was introduced into a vessel, dipped in its turn into a TB 150 (Veb MLW) ultra
thermostatting device. Non-oriented liquid crystal samples were used. The
temperature control precision in the measuring range was 0.1° C. The experimental
measurements were done in the temperature range of ( 24 ÷ 40 ) ° C. The absolute
values of ultrasound velocity and of the absorption were determined with accuracy
of ±0.2% and ±1% , respectively.
7.1. RESULTS AND DISCUSSIONS
In Fig. 9, the temperature dependence of the sound velocity (vf) for the two
SLS/ decanol/water systems, is presented.
As can be seen from this figure, the sound velocity for lyotropics
monotonously increases with temperature. At the nematic to isotropic transition, no
jumps in the velocity dependence of temperature were observed.

Fig. 9 – Ultrasound velocity in function of temperature:  – Nc, ο – Nd and S
– pure water from Ref. [37]. Ultrasound frequency f  12 MHz. Continuous
lines are best fit linear regression curves given by equations:
v f = 1448.7 + 0.2T (m/s) for Nd, v f = 1420 + 1.1T (m/s) for Nc and
v f = 1440 + 2.3T (m/s) for water.
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The slopes of the velocity curves, determined by fitting the experimental
results with a linear regression, are weakly positive for the Nc and Nd mixture. So,
taking into account that water has also a positive slope, while usual liquids have
negative slopes for such a dependence, the influence of water that exists between
the liquid crystal micelles on the acoustical properties, is emphasised. We also
observe that the sound velocities in water and in SLS/decanol/water liquid crystal
have close values.

Fig. 10 – Ultrasound velocity in function of temperature:

solution of water/Na2SO4

(6.27%wt). Ultrasound frequency f  12 MHz;  – SdS/water/decanol/Na 2 SO 4 from
Ref. [38]. Continuous lines are best fit linear regression curves given by equations:
v f = 1512 − 0.7T (m/s) for lyotropic nematic and v f = 1614 − 0.9T (m/s) for the solution.

We proved the importance of the behaviour with temperature of the solvent
between the micelles using data from the literature for the discotic lyotropic
nematic sodium decyl sulphate (SdS) 33.52%/decanol 5.49%/water 57.17%
Na2SO4 3.82% wt studied by Kashitsin [38]. For this lyotropic discotic the solvent
between micelles is water/Na2SO4. In Fig. 10, the data from the literature for the
temperature dependence of the sound velocity for the discotic system together with
our measurements for water/Na2SO4 (6.3% wt), are presented. We chose the
concentration of the water/Na2SO4 solution to correspond to the Na2SO4
concentration in the lyotropic mixture. As can be seen, by adding Na2SO4 to water,

514

Madalina-Roxana Puica

24

the curve slope obtained by fitting with a linear regression, becomes negative. This
can explain the negative slope for the velocity vs. temperature dependence for the
SdS/decanol/water/ Na2SO4 lyotropic mixture, reported in Ref. [38].
The determination of the sound velocity allowed us to estimate the adiabatic
compressibility coefficient κ S of the two systems using the formula κ S = ρ−1v −2 ,
where ρ and v are the values of the density and ultrasound velocity in the samples
averaged on the measured domains. We obtained mean values of 4.668⋅10–10 Pa–1
for Nc and 4.687⋅10–10 Pa–1 for Nd. As the values are close to that of water
(4.23⋅10–10 Pa–1), the results show that the compressibility of the studied solutions
is firstly determined by the hydratation water of micelles.

Fig. 11 – Temperature dependence of the absolute absorption for lyotropic liquid
crystals: – Nc,  – Nd. Ultrasound frequency f  12 MHz. The continuous lines are
best

fit

linear

regression

curves:

α/f 2 = (1.9 − 0.008T ) ⋅ 10 −12 s2/m

α/f = ( 2.0 − 0.015T ) ⋅ 10
2

−12

s2/m

for

Nc,

for Nd.

In Fig. 11 the absolute absorption is presented (the absorption coefficient
divided by the square of the sound frequency, α/f 2 ) as a function of temperature,
for the discotic and calamitic lyotropic liquid crystals. For the both liquid crystals
the absolute absorption decreases as the temperature rises. The best fit linear
regression curves of the α/f 2 vs. temperature dependencies for Nd and Nc are given
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in the figure caption. At the nematic to isotropic transition of the discotic liquid
crystal no abnormality could be detected in the limit of experimental errors.
The obtained absorption values for the two studied systems do not allow the
determination of the volume viscosity, such anomalous behaviour being also
obtained for another type of lyotropic liquid crystal [39]. These results can be
explained only by supposing that the shear viscosity involved in the acoustical
process is smaller than the steady-state one, as indicated in the literature [40].

8. CONCLUSIONS

From the present study on phase transitions in lyotropic liquid crystals, the
following important original contributions can be inferred:
– An original extension of the Landau-de Gennes theory for phase transitions,
which includes also the concentration dependence of the phenomenological
coefficient A ( T ) , corresponding to the quadratic term in the free energy expansion
as a power series of the order parameter. It is shown that for the lyotropic liquid
crystals, the concentration can play the role of a control parameter. By applying
this model to some experimental data in the literature, a good agreement between
theoretical simulations and measurement results was obtained.
– The possible theoretical appearance of a nematic zone between two
isotropic ones was evidenced (re-entrance phenomenon), by taking into account the
quadratic term in ( T − Tc ) in the form of the phenomenological coefficient A ( T ) .
Comparison of the theoretically estimated temperature dependences of the order
parameter with birefringence data from the literature showed a satisfactory
agreement.
– The stabilization effect of the nematic phase in the presence of a surface
was studied in the Ginzburg-Landau approach, yielding to the conclusion that the
transition takes place at a higher temperature or, respectively, at a lower critical
concentration, if one supposes the existence of a surface energy depending on the
local order parameter.
– For the first time, it was evidenced the behaviour of the planar aligned
Nc liquid crystal, close to the nematic to isotropic transition, by noticing,
through observations between cross polarisors, the appearance of oblong isotropic
domains in the nematic matrix. By successively taking of photographs, in steps of
(0.02–0.03)°C; the evolution of the axes dimensions of the elliptical domains in
increasing temperature was recorded. The tendency to the sphericization was
noticed, in accordance with the anisotropy diminution, before the transition of the
whole sample in the isotropic phase.
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– The temperature-dependent variation of the specific volume for two
nematic lyotropic systems, including the nematic to isotropic phase transition, was
determined, and the existence of two different values of the isobar dilatation
coefficient was put into evidence. Within the limits of experimental precision
( ±1 ⋅ 10−5 ) g/cm3 the system shows no jump in density at the nematic to isotropic
transition. The calculated values for the calamitic and discotic micellar density in the
two nematic lyotropic mixtures were found in good agreement with literature data.
– By using the ultraacustic Fabry-Pérot spectroscopy, it was shown that the
propagation speed and the absorption coefficient presents monotonical dependences
on temperature at a sound frequency of about 12 MHz, although the systems
undergo a phase transition. Also evidenced was the importance of the micellar
solvent for the temperature-dependence behaviour of the ultrasonic propagation
speed. κ S was calculated for the two studied lyotropic systems. It turned out that
the compressibility is mainly determined by the micelle hydratation water.
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