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We demonstrate the Soret effect in a lyotropic liquid crystal at different temperatures across the isotropic phase
detected by the time-resolved thermal lens technique. We investigate thermo-optical and mass diffusion prop-
erties of the sample and present quantitative characterization of Soret, mass and thermal diffusion coefficients.
The results reveal that the temperature gradient induced in the experiments causes the migration of micelles
from hotter to colder regions in the sample. The increase of the mass diffusion coefficient with temperature is re-
lated to the decrease of the radius of the micelles in the solution.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Lyotropic liquid crystals are formed by dissolving amphiphilic mole-
cules in a solvent (usually water). The self-assembly of amphiphilic
molecules in excess water are influenced by the structural characteris-
tics of the amphiphilic molecule and the conditions of the solution. As
the surfactant concentration in the solution (c) exceeds the critical mi-
cellar concentration (CMC), different polymorphic structures can be ob-
served. At low concentrations of amphiphilic (c =~ CMC) spherical
micelles are formed with typical diameter of about twice the length of
the surfactant carbon chain, which results in a clear and isotropic solu-
tion. At amphiphilic concentrations greater than 100 CMC, although
randomly oriented in space in an isotropic phase, micelles with non-
spherical shape can be observed [1]. Micellar isotropic phase is optically
isotropic, with a single index of refraction. The characteristic X-ray dif-
fraction pattern of this phase presents a small-angle scattering due to
the individual micelles, with a modulus of the scattering vector
s~2x1072nm~'[2].

The order of stability of different lyotropic phases varies as a function
of concentration (and of temperature) of amphiphilic molecules in
water. At high concentrations, micelles aggregate forming ordered
structures leading to hexagonal, cubic or lamellar phases, for instance
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[3]. Furthermore, at high concentrations, nematic and cholesteric
phases are also obtained [4-7]. The lyotropic isotropic phase is useful
for numerous potential applications, especially for encapsulation of a
wide range of target molecules or controlled release drugs [8-13]. The
particular properties of each structural phase lead to different diffusion
coefficients in the solution, which depend on temperature and on the
micellar concentration.

Mass diffusion may be induced within a fluid mixture by a tempera-
ture gradient. The spatial temperature distribution is the driving force
that causes migration of components in the mixture from regions with
different temperatures. This effect is known as thermodiffusion or the
Soret effect. The Soret coefficient (St) determines the magnitude of
thermodiffusion in the steady state. Thermodiffusion is observed in a
variety of molecular systems, including gases, simple and multicompo-
nent liquid mixtures [14]. The Soret effect is relevant in many fields in-
cluding applications in the manipulation of macromolecules in biology
[14-16], separation processes in polymer solutions [17,18], and colloi-
dal dispersions [19-21]. The drift of dispersed particles due to a thermal
gradient allows contact-free molecular segregation [22,23] and has
been used to manipulate molecules for DNA trapping [24-26]. Detection
of thermal diffusion in liquid mixtures is feasible with many different
experimental approaches [27,28]. Thermodiffusion can be detected by
pump-probe methods, such as the thermal lens method [20,29,30],
grating methods [31-33], thermal diffusion cells [34-36],
thermogravitational columns [37], field-flow fractionation [38], and mi-
croscopic methods [39,40].
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The time-resolved thermal lens method has been very successful in
accessing thermal, optical and mass diffusion properties of a variety of
solutions [41-46]. In the usual configuration of the thermal lens
method, a continuous Gaussian laser beam is used to induce a thermal
gradient in the sample, which initially follows the same profile of the ra-
dial intensity distribution of the excitation beam. This localized thermal
perturbation changes the refractive index accordingly causing an optical
path variation in the excited volume of the sample probed by a second
continuous laser beam, which has its wavefront distorted. The transient
signal is monitored at the far-field detector by measuring the probe
beam on-axis intensity variation. Additionally, a concentration gradient
produced by the drift of disperse particles due to the thermal gradient in
the fluid mixture may also take place [29]. This effect causes a thermally
induced concentration gradient and thus an additional phase shift to the
probe beam. The thermal lens measures a convoluted signal arising
from the wavefront distortions caused by both the thermal and concen-
tration gradients in the sample, simultaneously.

In this work, we present a quantitative analysis of thermo-optical and
mass diffusion properties of a lyotropic liquid crystal in the isotropic
phase at different temperatures using the thermal lens method. The sam-
ple is a mixture of potassium laurate, decanol and water. Mass diffusion
coefficient and the thermal diffusivity of the sample were obtained di-
rectly from the thermal lens transients. Additional measurements of the
temperature and concentration coefficients of the refractive index were
performed. The results were used to determine the Soret coefficient and
to estimate the radius of the micelles in the solution.

2. Theory

In a typical thermal lens experimental setup, the sample is excited by
a continuous TEMgg laser beam for a duration of 0 < t < § (laser-on). The
excitation is turned off for t > § (laser-off). Detecting laser-off transients
is important to distinguish Soret effect from other photoinduced effects,
such as photoinduced chemical reaction [44,47]. Considering an isotro-
pic and weakly absorbing material, the temperature rise distribution in
a sample is described by the heat conduction differential equation [44]

0T(r,z,t)

5~ DnVPT(r.z.t) = Qe [1-H(t—§)) (1)

where Dy, = k/pc is the thermal diffusivity, k is thermal conductivity, p
is mass density and c is the specific heat of the sample. Qy = 2PA/pcrw?,
w and P are the radius and power of the excitation laser, respectively,
and A is the optical absorption coefficient at the excitation wavelength
Ae. The Heaviside Theta function, H(x), accounts for the laser-on/off ex-
citation. The heat produced by the absorption of the excitation beam is
treated as a line heat source, and the sample as an infinite medium with
respect to the excitation beam radius. The heat conduction equation is
solved using integral transform methods (Laplace, Fourier cosine, and
Hankel transform methods), yielding

exp(— 2r2 jw? )
B 't 1+ 27/t
T =Qo [ e dr @)

with to = 0fort<§and to =t — § for t> €. Eq. (2) describes the temper-
ature profile in the sample during laser-on and laser-off periods. The
characteristic heat diffusion time constant is t, = w?/4Dy,.

The thermal gradient may also induce a concentration gradient - the
Soret effect, which is given by the mass flow diffusion equation for a bi-
nary mixture in the absence of convection [44].

oc(r,t)

o —DmV2c(r, t) = S1¢(1—C) D V2T(r, t), (3)

where Dy, is the mass diffusion coefficient, € is the initial average con-
centration and St = Dt/Dy, is the Soret coefficient. Dr denotes the

coefficient of thermal diffusion and the characteristic mass diffusion
time is defined as t,, = w?/4Dy,. Usually t,,, > t, and then for t > t,
V2T(r,t) in Eq. (3) can be replaced by the stationary solution of the
heat conduction equation; right hand side of Eq. (1) [20,44]. Using this
approximation, the mass diffusion equation presents essentially the
same form as that of the heat conduction equation. The sample is suffi-
ciently thick so that the axial null thermal flux approximation can be ap-
plied and the viscous surface effects can be neglected. Assuming that the
volume excited by the laser beam is much smaller than the sample di-
mensions, the solution of the mass flow diffusion equation is

exp< 2r2 /w? )

_. _D 't 127/t

c(r,t) = _STC(l_C)D%::QO/[ T/t/md (4)
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When a TEMgo Gaussian probe laser beam propagates through the
excited volume of the liquid sample, its wavefront is slightly distorted,
and the distortion can be expressed as an additional phase shift. This
phase shift can be calculated by considering the problem from the
point of view of optical path length variation along the propagation
axis as ¢(r,t) = (2m/\,)f5[n(r,z,t) — n(0,z,t)]dz. n(r,zt) is the time de-
pendent spatial distribution of the refractive index, L is the sample
thickness, and A, is the probe beam wavelength. The total additional
phase shift when both the thermal and the Soret effects occur is the su-
perposition of the phase shifts, ¢y, and ¢sgrer, caused by the temperature
mass gradient (Soret effect) [44], respectively. Both effects give rise to
two z-independent refractive index gradients that act as an optical ele-
ment in the sample. The phase shifts are given by

2m d
funr,0) = L Tr.0=T(0.0)) (5)
and
a1 ) = 3L (7. 0)=c(0. ). 6)

The temperature and concentration coefficients of the refractive
index at the probe beam wavelength are dn/dT and dn/dc, respectively.
In other words, the phase shift describes the distortions of the probe
beam caused by the temperature and concentration changes in the me-
dium. From Eq. (5) using Eq. (2), ¢, can be calculated as

1— ex _2&
dunl t)—%/t PUiore) o,
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From Eq. (6), using Eq. (4), the phase shift produced by the Soret ef-
fect is

™)

2mg
(! exl’( 1+27’/tm) i
1+27/tm '

Psoner(@.£) = 1 / (8)

tm Jt,

In Egs. (7) and (8), the variables g = (r/w,,)? and m = (w,,/w)? have
been introduced, where wy, is the radius of the probe laser beam in the
sample. In addition, 6, and 6, are defined respectively as

PALdn
O = _mﬁ> 9)

and

_ PALdn

Osoret = S1C(1 _C)W%' (10
p
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The total phase shift is

b11(8,) = (8, 1) + Dsoret (8, 1)- (11)

The propagation of the emergent probe beam from the sample to the
detector plane can be treated as a diffraction phenomenon, and calcu-
lated using Fresnel diffraction theory [48]. The intensity at the center
of the probe beam spot at the detector plane is given by

/ exp
0

where z. is the confocal distance of the probe beam and z; is the distance
from the probe beam waist to the sample. Eq. (12) can be evaluated nu-
merically using the calculated ¢, and dsgret.

2

I(t) = (12)

—(1+ Zg—idn(z.0)]de

3. Material and methods

The thermal lens method was used to evaluate the thermo-optical
and mass transport properties of a lyotropic liquid crystal in the isotro-
pic phase. The sample is a mixture of potassium laurate (KL), decanol
(DeOH, Sigma-Aldrich, p.a. >99%) and deionized/distilled water with
the concentration of 26.89 wt% of KL, 6.39 wt% of DeOH and 66.72 wt%
of H,0. For this mixture the relative molar concentration, C = [KL]/
[DeOH], is 2.79. Potassium laurate was synthesized from lauric acid via
neutralization with potassium hydroxide and was further purified by
being recrystallized with ethanol several times. The sample was pre-
pared following the same procedure used in Ref. [49]. This lyotropic
phase was characterized as a function of the temperature by means of
optical microscopy and presented the isotropic phase in the range of
10Cto 45°C.

Fig. 1 shows the time-resolved thermal lens experimental apparatus
used in this work. A continuous DPSS Nd:YAG laser (TEMg, wavelength
Ae = 532 nm) was used as the excitation beam. A shutter controlled the
exposure of the sample to the excitation beam, and the signal from the
photodiode (PD Trigger) triggered the digital oscilloscope that recorded
the thermal lens signal. The sample was horizontally placed in a 5-mm
optical path quartz cuvette and the excitation beam was perpendicular
to its surface. This arrangement minimizes the effects of gravity on the
mass transport within the sample [20]. A continuous He—Ne laser
(TEMgo, wavelength A, = 632.8 nm), of significantly weaker intensity,
was used as a probe beam. Both beams were focused by biconvex lenses
L; with focal distances f;. The angle between the excitation and probe
beams is <1". After passing through the sample, the probe beam was
propagated to the far field (~5 m) where its on-axis intensity variation
was detected by a photodiode (PD TL) connected to an oscilloscope. A

I\\f = 0.30%7311 V/h

L1,2 (f=0.075m)

DPSS laser

@ 532nm L
Shutter

He-Ne laser M2
@ 632.8nm

Oscilloscope

I

Heating
unit

Pinhole + filter (@632.8nm)

PD
-

Temperature
controller

Fig. 1. Schematic diagram of the time-resolved thermal lens experimental apparatus. M;,
L;, and PD stand for mirrors, lenses, and photodiodes, respectively.

pinhole-filter (at 632.8 nm) assembly was placed in front of the photo-
diode to detect only the central part of the probe beam intensity varia-
tion. A heating unit and a temperature controller were used to control
the sample temperature with a precision better than 0.01°C in the
range between 20°C and 35°C. The laser beam radius at the sample
was w = 75 um for the excitation and w, = 375 m for the probe,
zy = 24 cm, and z. = 9.5 cm. These experimental parameters were de-
termined as described in Ref. [48].

Density analysis was performed using a digital density meter (Anton
Paar, DMA 5000), from 20°C to 35°C. Refractive index measurements
were performed as a function of temperature and concentration of
[KL + DeOH] in water. Specific heat measurements were performed in
a home-made thermal relaxation calorimeter [50]. The temperature co-
efficient of the refractive index (dn/dT) was measured using an optical
interferometer experimental system, as described in details in Ref.
[51]. In this method, the sample is heated uniformly, and the interfer-
ence between the reflections of a He—Ne laser beam at 632.8 nm
from both cuvette surfaces creates a temperature dependent interfero-
gram, which can be used to calculate dn/dT.

4. Results and discussion

We have performed thermal lens temperature dependent experi-
ments in the isotropic phase of KL-DeOH-water using four different ex-
citation powers. The results for the normalized thermal lens signals, I(t)/
1(0), for the excitation powers of P= 76 mW and P = 120 mW are pre-
sented in Fig. 2. The transients (average of over 100 measurements)
show the probe beam intensity variation sensed at the photodetector
for the laser-on excitation regime (t = § <5 s), and the laser-off (t > 5
s) relaxation curve.

At very short time, t < 300 ms, the curves resemble that of a pure
thermal effect, in which a thermally induced refractive index gradient
dominates the signal [41]. Subsequently, the signal follows a slow de-
crease of the probe beam intensity at the detector. Such a behavior is a
characteristic signature of the Soret effect. This effect has been previ-
ously reported [44] and can have different contributions to the transient
depending on the magnitude and signal of the Soret coefficient. For in-
stance, a slow decrease of the probe beam intensity is due to a positive
Soret coefficient. On the other hand, a negative Soret coefficient would
increase the signal slowly.

The laser-off transient is also very important to distinguish the prev-
alent effect taking place after the laser is turned off [52]. For example,

1.00

0.95

0.90 [}

L 76 mW

I(t)/1(0)

0.85

0.80

1.00

0.95

0.90

1(8)/1(0)
1()1(0)

0.85
0.80

Time (s)

Fig. 2. Experimental thermal lens signals I(t)/I(0) (open circles) at different temperatures
(a)-(d) for two excitation powers. Continuous lines denote the least-square curve fits
using Eq. (12).
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after the laser is turned off at t = §, a pure thermal effect would appear
as a rapid change in probe beam intensity approaching I(t)/I(0) = 1.
This is not the case observed for the sample under investigation, as we
can see a very slow relaxation process. The temperature gradient causes
the species migration within the excited volume of the sample and es-
tablish a concentration gradient leading to the Soret effect observed.

Continuous lines in Fig. 2 display the numerical curve fits of the ex-
perimental on/off transients to I(t), Eq. (12). The parameters 6y, Osoret, tc
and t;, are retrieved from the fits. Thermal diffusivity Dy, and mass dif-
fusion coefficient Dy, are calculated using the relations Dy, = w?/4t. and
D, = W?/4t,, respectively. The result shows an excellent agreement be-
tween the experimental and the theoretical predictions, and demon-
strates that the effect of mass diffusion in the thermal lens signal are
extremely well described by the proposed model, with a numerical con-
fidence in the values are higher than 99%.

The amplitude of thermal (6y,) and Soret (8sqet) effects are linearly
dependent on the excitation power. The temperature dependence of
the excitation power normalized amplitudes, 6.,/P and 6sqe/P, are
shown in Fig. 3 (a). Fig. 3 (b) presents the temperature dependence of
thermal diffusivity and mass diffusion coefficient. The thermal diffusiv-
ities of the sample, approximately 1.1 x 107 m?s™!, are slightly below
the value of 1.45 x 10~7 m?s~! for pure water and close to previously
reported data for lyotropic mixtures in the nematic calamitic phase
[41]. The mass diffusion coefficient, on the other hand, increases with
the temperature reaching a value of D, = (4.8 + 0.2) x 107" m?s~!
at 35°C, in agreement with previously reported data [53].

The parameters 60,/P and 6s,.c/P are correlated by Egs. (9) and (10),
and can provide additional information on the Soret coefficient by using
the relation

1 Osoret/Pdn/dT

St= " C(1—0) 6g/P dnjdc

(13)

The temperature coefficient of refractive index was measured using
an optical interferometer. A typical interference pattern is presented in
Fig. 4 (a) from which dn/dT can be obtained by identifying the maxima
and minima of the intensity variation as a function of the temperature,
as described in details in Ref. [51]. The measured value of dn/dT =
— (1.76 £ 0.02) x 10~* K~ ! was approximately constant over the tem-
perature range from 20°C to 35°C. To measure the concentration coeffi-
cient of the refractive index, samples with different concentrations of
[KL + DeOH] relative to water were prepared. Fig. 4 (b) shows the con-
centration dependence of the refractive index for different

T T T T T T —
1.8 |- (a) O \D § 0.25
I 4 0.20
—_~ 1'6 - D é i ‘_/\
2 ARGt o — O ¥ 4015 =
o 12 Jot0 &
£ L O ] g
s oop Joos &
T 1 , | . | ) | i
1 T T T T } }
F (®) 4 6.00
— 1.2 —\ / ] —
R . ] I
E e {400 €
g A ’ T o
=08 4200 =
o "l a ] DE
1 . | ) | ) |

Temperature (°C)

Fig. 3. Temperature dependence of (a) the excitation power normalized amplitudes of
thermal and Soret effects, 6y,/P and Osoet/P, respectively, and of (b) the thermal
diffusivity and the mass diffusion coefficient of the sample. Dashed lines are guides to
the eye.

T T "+ T T T[T T T T T

2.4 —(a E
Interferogram —41.39 <
T —4138 2
> —
3 2.0 - 1 [0)
>
I 4137 §
£ 3 ; - o
©
dn/dT= dn/dc= -4 136 v

1.6 | ~(1.76£0.02)x10°K" (72.5£0.8)x10°mL g" |

[ S R I I . 1 . 1

20 25 30
Temperature (°C)

35 0.3 0.4 0.5
c (g/mL)

Fig. 4. (a) Temperature dependence of the interference pattern. (b) Refractive index
dependence on the concentration of [KL + DeOH] in water. Continuous lines represent
linear regressions.

temperatures. Continuous lines represent linear regressions and the
value of dn/dc = (72.5 + 0.8) x 107> mLg ™! was found to be constant
in this temperature range.

The thermal conductivity was calculated using the relation k =
pcDy,. The mass density was measured as a function of the temperature
and varied linearly from 1007 kgm—> at 20°C to 999 kgm > at 35°'C. The
specific heat was approximately constant with the temperature, c =
(4.32 4+ 0.06) Jg~ 'K~ . The temperature dependence of the thermal
conductivity of the sample was found to follow the same behavior as
that of the thermal diffusivity. At 20°'C, k = (0.48 & 0.02) Wm™ 'K~ !,
which is in agreement with previously reported data [54].

Using the measured values of 6,/P, Osoret/P, dn/dT and dn/dc, the
Soret coefficient was calculated and the results are presented in Fig. 5.
St increases with the temperature and present positive values. A posi-
tive coefficient indicates that the flow of micelles happens from the hot-
ter to the colder regions within the excited volume of the sample
following the laser-induced temperature gradient. The temperature de-
pendence of S(T) has been shown to be very well described by the em-
pirical equation [55].

Sr(T) =St {1— exp(T*T—;TH- (14)

ST can be thought as the high temperature thermophobic limit, T* is
the temperature at which Sy switches sign, and Ty is the rate of exponen-
tial growth accounting for the strength of the temperatures effects. The
continuous line in Fig. 5 shows the fit to Eq. (14), yielding St = (1.8 +
03)x 103K, T* = (291 &+ 1) Kand Ty = (5 & 1) K. These values
are within the range of previous reported data for similar materials
[55]. The coefficient of thermal diffusion can also be calculated using

D, (10" m*s"K")

20 25 30 35
Temperature (°C)

Fig. 5. Temperature dependence of the thermal diffusion coefficient and the Soret
coefficient of the sample. Continuous line shows the fit of St(T) to Eq. (14). Dashed line
is a guide to the eye.
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Dy = S1Dp, and the results are presented in Fig. 5. The values found for
this coefficient are within the expected for this solution [27].

The migration of micelles from hotter to colder regions can also be
observed by looking to the relaxation processes; laser-off transient.
This can be better visualized if the contributions from each effect are
showed separately. Fig. 6 shows the same transient as that of Fig. 2
(d) for 35°C and excitation power of 120 mW. Continuous line (black)
is the fit using both thermal (¢, Eq. (7)) and Soret (¢soret, EQ. (8)) con-
tributions to the intensity signal, as previously presented. Dashed line
(red) shows the thermal contribution only (Eq. (7)), i.e., Osoret = O.
Note that the thermal contribution reaches the steady state faster than
the experimental data for the laser-on/off transients. Dotted line
(blue) shows the Soret contribution only (Eq. (8)), i.e., 6, = 0. The char-
acteristic time for the Soret effect is ~2.85 s, which is much longer than
the thermal diffusion time, ~12.8 ms, clearly explaining the laser-on/off
decreasing signal observed in the transient. Although the thermal effect
is the main contribution to the total thermal lens signal, the Soret effect
is large enough to be characterized.

The analysis of the micellar solution using the thermal lens method
provides information that correlates thermal, optical and transport
properties. Assuming the spherical micelle model, as a first approxima-
tion, we can further use the results presented here to estimate the ra-
dius R of the species involved in the mass diffusion by using the
Stokes-Einstein equation Dy, = kgT/(6mmR) [56]. kg is the Boltzmann's
constant and 7 is the solvent viscosity. Using the literature values of n
for water [57], the radius of the micelles are estimated to decrease
from (19 & 2) A at 20°C to approximately (6.5 + 0.9) A from 25°C to
35'C. These values are slightly smaller than those reported for this sam-
ple in the nematic phase [58].

It is important to mention that in the literature there are reports of
flow-induced birefringence in the isotropic phase of similar lyotropic
mixtures with 2.6 < C 2.9 [59]. Considering that the local temperature
variation caused in the sample by the thermal lens is very small, e.g. the
highest temperature variation at r = 0 induced by the excitation laser is
less than 70 mK, the mass gradient is indeed small. Therefore, flow-
induced birefringence can be safely neglected in the thermal lens
experiments.

5. Conclusions

In this work, we have studied the temperature dependence of the
thermal and mass diffusion properties of a lyotropic liquid crystal in
the isotropic phase. A theoretical model that incorporates laser-
induced thermal and Soret effects was presented and the thermal and
mass diffusion equations were solved for the laser-on/off excitation re-
gimes. The physical parameters retrieved from the thermal lens

1.00 FG—r
[
0.95 -
I Experimental signal
S 0.90 B =
% | P: 120 mW |
= 085 ! Thermal _
- (esmelz()) |
080 i acrns, 5 _
I &g Thermal + Soret :
1 ' I | | |
0 : 10
Time (s)

Fig. 6. Experimental thermal lens signals I(t)/I(0) (open circles) at 35°C showing the
contributions from: thermal and mass diffusion effects (continuous line, black); thermal
effect only, Osorec = 0 (dashed, red); Soret effect only, 6, = 0 (dotted, blue).

transients were used to determine the thermal and mass diffusivities
of the sample, and to calculate the thermal diffusion coefficient and
the Soret coefficient. Assuming a simplified spherical shape for the mi-
celles in the solution and using the Stokes-Einstein equation, the radius
of the micelles were estimated to vary from approximately 19 A to 6.5 A.
Our results indicate that the method used for Soret measurements is a
powerful tool for monitoring thermal and mass diffusion in lyotropic
liquid crystal, and may be extended to explore different phases in vari-
ous liquid crystals.
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