
PHYSICAL REVIEW E NOVEMBER 1997VOLUME 56, NUMBER 5
Flow-induced birefringence in a lyotropic liquid crystal in the isotropic phase:
An order diffusion approach
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The flow-induced birefringence produced by the movement of a plate in an isotropic lyotropic liquid crystal
phase was theoretically treated as a diffusion problem. A characteristic lengthl;1024 cm, which informs
about the intermicellar correlation, was experimentally obtained. The diffusion coefficient measured in the
middle of the isotropic phase isD;1026 cm2/s. The analysis of the results indicates thatl andD increase near
the isotropic-to-lamellar phase transition temperatures.@S1063-651X~97!03911-1#

PACS number~s!: 61.30.2v, 64.70.Md, 47.20.Ft
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I. INTRODUCTION

Lyotropic liquid crystals are mixtures of amphiphilic mo
ecules and water under proper temperature and relative
centrations conditions. The flow regime of this system
complex since the translational micellar motions are coup
to the orientational motions of the micelles. The isotrop
~ISO! phase of lyotropic liquid crystals does not have lon
range orientational ordering but it is possible to induce b
fringence by flow. This flow-induced birefringence, how
ever, is not an exclusive property of the isotropic pha
being observed in optically isotropic lyotropic sponge pha
@1#. From the theoretical point of view, de Gennes predic
@2,3# the divergence of the flow-induced birefringencedn in
the isotropic phase as the temperature approaches the tr
tion temperature to the nematic phase, and the dependen
dn with the molecular~or micellar! velocity field gradient.

A large number of papers devoted to the study of
flow-induced orientational ordering in liquid crystals ha
been done with thermotropic nematics@4,5#. Usually optical
techniques@6# were used. More recently@7,8#, the dynamical
properties of lyotropic micellar complex fluids have be
investigated under shear flow.

In a recent paper@9# we presented experimental results
the flow-induced birefringence in the isotropic phase of
lyotropic mixture of potassium laurate~KL !, decanol
~DeOH!, and water. This mixture has an ISO phase betw
two lamellar phases, as a function of the temperature.
shear flow produced by a perturbation in the isotropic ph
induced a birefringent phase that relaxes back to ISO wi
typical relaxation timet;1022 s. These relaxation times in
crease as the temperature approaches the ISO-to-lam
transition temperatures, and presented a maximum in
middle of the ISO domain. Assuming thatt is qualitatively a
measurement of the intermicellar correlation, the existenc
a maximum in the curvet versusthe temperature was inter
preted as an indication of a virtual nematic phase. Chang
a little the amphiphilic concentration of the mixture~less
than 1% in weight!, a calamitic nematic phase is observed
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the same temperature where the maximum value oft was
found.

In this Brief Report we present a theoretical study of t
flow-induced birefringence in the ISO phase of a lyotrop
mixture. In this framework, the problem is treated as a d
fusion of the tensorial order parameter inside the sam
originally produced by the velocity field gradient. The theo
allows the determination of a characteristic length, as a fu
tion of temperature, which informs about the intermicel
correlation in the isotropic phase.

II. THEORY

The Landau–de Gennes theory@10# characterizes the
equilibrium state of the macroscopic nematic system usin
tensorial order parameterQJ .

According to the Landau hypothesis@11#, the free energy
of the system (F) can be represented as a function of
thermodynamic variable. In this framework,F can be ex-
panded in terms of the invariants ofQJ , and its gradients@2#:

F~T,Q!5F01
1

2
A~T!QabQba1

1

3
BQabQbdQda

1
c

4
~QabQab!21O~Q5!1

1

2
dS ]Q

]z D 2

, ~1!

whereT is the temperature,Fo is the free energy~for a given
temperature and pressure! of the state with Q50,
A(T)5a(T2T* ), a, B, c, and d are the Landau coeffi-
cients essentially temperature independent. Expression~1!
represents the one-dimensional approximation, where
gradient is considered only along thez axis.

In the thermodynamics of irreversible processes@13# two
types of parameters are defined to described these proce
One of them describes the force that produce the process
the other describes the response of the system to this fo
called flux. The fluxes are consequences of the app
forces. One of these fluxes (Rab) is expressed by the time
variation of the order parameter:

Rab5
]Qab

]t
, a,b51,2,3,. . . . ~2!
6185 © 1997 The American Physical Society



th

d

n

el
es

ery
es-

der

n
to

6186 56BRIEF REPORTS
The hydrodynamic flux tensor, which takes into account
velocity ~v! gradients, is written as

eab5
1

2 S ]vb

]xa
1

]va

]xb
D , ~3!

In incompressible fluidseab50. The force associate
with Qab is obtained from the free energy expression~1!:

fab52
]F

]Qab
52A~T!Qab . ~4!

Let us suppose a situation where the velocity gradie
present in a sample vanish at the timet50. The Onsager’s
relations in this particular situation give

dF

dQab
52m

dQab

dt
, ~5!

wheredF/dQab is a functional derivative, andm is a mean
viscosity.

Let us consider now an ISO phase where a velocity fi
gradient induces an orientational ordering of the micell

FIG. 1. Mean viscositym as a function of the temperatureT.
The dashed line is only a guide for the eyes.
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We expect that the induced scalar order parameter is v
small compared to its gradients. In this framework, expr
sion ~1! can be written as

F5Fo1
1

2
dS ]Q

]z D 2

. ~6!

Introducing expression~6! in expression~5!, and using
the fact that in the isotropic phase]F/]Q50 one obtains

]Q~z,t !

]t
5D

]2Q~z,t !

]z2 , ~7!

which represents a diffusion equation for the scalar or
parameterQ. D5d/m is a diffusion coefficient@14#.

ExpandingQ(z,t) into Fourier’s integrals one gets

Q~z,t !5E Qz~ t !exp~ ikz!dk, ~8!

where the expansion coefficients are

Qz~ t !5
1

2p E Q~z8,t !exp~2 ikz8!dz8. ~9!

Introducing expression~8! into ~7! one obtains

]Qz~ t !

]t
1Dk2Qz~ t !50, ~10!

which has the solution

Qz~ t !5Q0zexp~2Dk2t !. ~11!

Introducing expression~11! into ~8!, the solution of the
diffusion equation~7! is obtained:

Q~z,t !5A 1

4pDt E Q0~z8!expF2~z2z8!2

4Dt Gdz8. ~12!

In Eq. ~12! Q0(z8) is the order parameter distributio
function att50. At this point we assume a Gaussian shape
Q0(z8):
FIG. 2. Diffusion coefficientD as a function
of the temperatureT. The inset is a detail of the
temperature range from 14 °C to 37 °C.
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Q0~z8!5Q0expF2S z8

l D 2G , ~13!

whereQ05Q(0,0) andl are constants,l being a character
istic length of the problem. The Gaussian shape was assu
because we are considering a one-dimensional velocity
gradient along thez axis. This function has the physica
boundary conditions of the problem, i.e., it presents a ma
mum atz50 and vanishes atz→`, and allows an analytic
integration of Eq.~12!.

Using expression~13! in ~12! one can write

Q~z,t !5
Q0l

A4Dt1 l 2
expF2

z2

~4Dt1 l 2!G , ~14!

which is solution of the diffusion equation~7! for a given
temperature. The optical transmittanceI (t) at a given tem-
perature can be written@15# as a function of@Q(z,t)#2, as
will be discussed in the next section.

This situation can be experimentally produced@9# by the
movement of a plate~in the x-y plane! along thex axis,
placed inside a sample holder with a liquid crystal at the I
phase.

III. DISCUSSION

In Ref. @9# the experimental data ofI (t,T) were pre-
sented. The samples used in that work were mixtures of
tassium laurate~KL: 26.89 wt %!, decanol ~DeOH: 6.39
wt %! and water~66.72 wt %!. The phase sequence as
function of the temperature is LAM~8.6 °C! ISO ~48.5 °C!
LAM, where LAM stands for the lamellar phase. The velo
ity field gradient was produced by a stainless steel squ
plate ~placed in thex-y plane!, which moved along thex
axis.

The transmittanceI (t) at a given temperature is propo
tional to @Q(z,t)#2, and can be written as

I ~ t !5CAp

8
Q0

2 l 2

~4Dt1 l 2!1/2, ~15!

whereC is a constant.

FIG. 3. Typical behavior of the transmittance in arbitrary un
as a function of the time. Flow-induced birefringence produced
the movement of a plate inside the sample. The solid line is a fi
expression~15!. T528.0 °C.
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Expression~15! can be used to fit the experimental resu
of I (t) at a given temperature.

The diffusion coefficientD is temperature dependen
since m and the elastic constants depend onT. The mean
viscosity of the sample~the same of Ref.@9#! was measured
as a function ofT using a cone-plate rheometer~Brookfield
LV-DVIII CP !. Figure 1 showsm versusT. m increases as
the temperature approaches the ISO-to-LAM phase trans
at TC548.5 °C. A similar behavior was found@12# in a
different lyotropic mixture, in a nematic phase near t
nematic-to-lamellar phase transition. The errors presente
Fig. 1 are evaluated taking into account the reproducibility
the experiment. Our results do not clearly show an incre
of m at the ISO-to-LAM transition at the lower temperatur
Only the first measured value indicates this tendency. T
constantd is essentially an elastic constant@16# that, in the
case of lyotropic nematics, is about 1026 dyn @17#. The tem-
perature dependence ofd was evaluated taking the data of
similar lyotropic mixture@12#, which presents a nematic-to
lamellar phase transition. Following this procedure,D can be
obtained and its temperature dependence is shown in Fi
The diffusion coefficient increase near the ISO-to-LAM tra
sitions ~TC548.5 °C andTC58.6 °C!. The values ofD in
the middle~25 °C! of the ISO domain are about 1026 cm2/s,
and increase, as a function of the temperature, near the
to-LAM phase transitions. The value ofD at 25 °C is about
the same measured@18# for the diffusion of the glycose~or
saccharose! in water.

Figure 3 shows a typical fit of Eq.~15! to the sample
transmittance at 28.0 °C. The unique fitting parameter isl .
This is a typical length characteristic of the flow-induc
birefringence in the lyotropic mixture.l is expected to be a
qualitative measurement of the intermicellar correlation. F
ure 4 shows the behavior ofl as a function ofT. The error is
evaluated taking into account the standard deviation of th
and the reproducibility of the experiments. Different expe
ments were performed at the same temperature and the
ues of l obtained lie within the error bars evaluated. T
order of magnitude ofl is 1024 cm. Taking into account tha
the typical dimension available per micelle@19# is about
102 Å ~i.e., the micelle and the surrounding water!, in l we

y
f

FIG. 4. Characteristic lengthl the flow-induced birefringence
process as a function of the temperatureT. The dashed line is only
a guide for the eyes.
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have about 102 micelles. The increase ofl near the upper and
lower temperature transitions to the lamellar phases is cle
observed in Fig. 4. In the middle of the ISO range the val
of l present a dispersion around 731025 cm. The relaxation
time of the flow-induced birefringence@9# (t;1022 s) ver-
sus Talso increased near the ISO-to-LAM phase transit
temperatures, and presented a maximum at about 25 °C
pointed out before, observing the usual topology of the l
tropic nematic phase diagram@20,21# we notice that on in-
creasing the water concentration, the nematic domain
comes smaller, always surrounded by an isotropic reg
For a given critical water concentration, the nematic dom
vanishes and only the isotropic domain remains. The mixt
used in the present work is very near this critical concen
tion and the analysis of the parametert indicated @9# the
tendency of the mixture to present a nematic phase. T
behavior, with a local maximum at the middle of the IS
domain, was not observed in the measurements ofl versus T
~Fig. 4!.

With the orders of magnitude ofl , obtained in the presen
work (;1024 cm), andt measured in Ref.@9# (;1022 s),
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we can calculate the order of magnitude of the diffusi
coefficientD, to check the consistency of our approach. W
find D;1026 cm2/s, which agrees with the order of magn
tude obtained before (d/m).

IV. CONCLUSIONS

The flow-induced birefringence produced by a perturb
tion in an isotropic lyotropic phase was theoretically trea
as a diffusion problem. An adjustable parameterl that in-
forms about the typical length of this effect was experime
tally obtained. This parameter also informs about the ext
of the correlation properties among the micelles. The ana
sis of the results indicates thatl increases near the isotropic
to-lamellar phase transition temperatures.
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