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The anisotropic behaviour of the matter diffusion in columnar discotic liquid crystals is studied 
by the ‘mirage effect’ technique. The Dh and Do mesophases of C&ET and C1 IHET, respectively, 
are considered. The impurity (a dye, the l-[4-(xylylazo)xylylazo]-2-naphthol) diffusing in these 
mesophases is detected by the photothermal deflection technique. Measurements of the diffusion 
coefficients are performed in two perpendicular directions, along and perpendicularly to the 
molecular columns. Effects of impurity size, length and type of the branched chains on the discs 
of triphenylene, and molecule stackings in columns, are presented. 

1. Introduction 
In previous papers [ 1,2] we have demonstrated that an 

optical method, based on the detection of the transmitted 
light through the material. is well-suited to measure 
diffusion coefficients in columnar discotic liquid crystals. 
In the present work, we involve a photothermal probe- 
beam deflection technique (or ‘mirage effect’ technique), 
which is only sensitive to the light energy absorbed by the 
material under study. This method was first introduced by 
Boccara er ul. [3] and has since then proved to be a useful 
tool in the study of optical [4] and thermal properties [5 ]  
of materials. The photothermal technique is now of 
interest in the field of thermal imaging [6]. Concerning 
liquid crystals, we have shown the accuracy of this 
technique to detect phase transitions [7] and to character- 
ize anisotropic behaviour of thermal diffusivity in a 
discotic hexagonal ordered phase [ 81. 

The aim of this work is to demonstrate that the 
photothermal deflection method can be a useful technique 
to measure, in different directions, dye diffusion 
coefficients in ordered mesophases of liquid crystals. 

In such a technique, a modulated light beam (pump 
beam) illuminates the sample under study. As a result of 

* Author for correspondence. 

radiationless processes, light is converted into heat, which 
induces thermoelastic waves in the sample. For low 
frequency modulation range (< lOHz), one can assume 
that there is no contribution of the acoustical mode to the 
thermal field. The heat flow within the sample produces a 
refractive index gradient in the adjacent medium close to 
the sample surface. A second laser beam (probe beam), 
directed through the gradient in the adjacent medium and 
parallel to the sample surface, is then deflected by the 
‘mirage effect’. The analysis of the deflection angle leads 
to the optical and thermal properties of the sample. The 
evolution of optical absorption coefficient is analysed and 
related to the concentration of dye molecules diffusing in 
hexagonal columnar discotic liquid crystals. 

We have measured the diffusion coefficients Dll and D L  
in two configurations, along and perpendicular to the 
columns. We have shown that the ratio r = Dll/Dl is 
superior to 1 and is a function of the temperature, of the 
impurity size, of the length and type of branched chains on 
the discs of triphenylene, and of the kind of the molecules 
stacking in the columns. 

2. Theory 
A three-dimensional thermal conduction model is used 

for the photothermal deflection theory. The geometry for 
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M. Daoud et al. 834 

the theoretical analysis, is described in figure 1. In the 
reference frame, the thermal field T(x, y ,  z, t) is determined 
according to energy conservation law by the 3D thermal 
conduction equation in an anisotropic medium [9 ] :  

where p and C, are the density and the specific heat of the 
sample, respectively. The quantity g(x, y, z ,  t )  denotes the 
thermal energy deposited by the pump beam per unit time 
and unit volume. 

The expressions of the thermal conductivity tensor K, 
for the normally oriented areas and planar configurations, 
are reported in table 1. 

Expressions of stationary solutions of this differential 
equation for a frequency modulation f = ol2n of incident 
light beam are 

( 2 )  

Assuming a Gaussian profile of the pump-beam light 

T(x, y,  z ,  t )  = z(x, y,  z )  exp (iwt). 

energy, equation (1) becomes 

where I" is the power of the pump beam, rg its radius, and 
B the optical-absorption-rate constant of the sample. 

In the surrounding media, front and rear, equation (1) 
can also be written with g(x, y, z, t )  = 0 as they do not 
absorb the incident light energy, and K = JC, because of 
their isotropic thermal behaviour 

where i = f for the front medium, and i = b for the backing 
one. 

In order to obtain the temperature distribution zi in the 
three media, we used a 2D Fourier transform [ 10,111 in the 
(x, y )  plane, taking account of the boundary conditions at 
the interfaces (continuity of temperature and heat flow) 
between the sample and the two adjacent media. 

The magnitude and direction of the probe beam 
deflection $I are determined by the periodic gradient of the 
temperature in the front medium and are given by the line 
integral 

where n is the refractive index of the front medium, L the 
probe-beam path and dl an incremental distance along L. 
When the probe and the pump beams are exactly crossing 
above the surface of the sample, this deflection leads to the 
unique normal component $,,: 

ii - __ Pumpbedm -- --n 

/ 1- 
t-- pyrex windows L pyrex windows 

(a)  (b )  

Figure I .  Schematic diagram of the oriented molecular 
columns between pyrex plates in the ( X ,  Y, Z) reference 
frame: (a )  homeotropic orientation and (b) planar orien- 
tation. 

Table 1. In these expressions, K~ and K I  denote the thermal 
conductivity coefficients in a direction perpendicular and 
parallel to the molecular columns, respectively. 

Thermal conductivity 
Configuration tensor 

configuration Normally oriented (see figure areas 1 (a) )  K h =  I:: :l 1 
(hi 0 0 )  

Planar configuration 
(see figure 1 (b)) 

The resolution of the differential thermal conduction 
equation in the wavevector space leads us, by the 
inverse Fourier transform, to the expression of zf.  In 
our modulation frequency range ( i lOHz), the sample 
is much larger than the thermal diffusion length 
If = ( 2 ~ f / p f C ~ o ) ' ' ~ .  So the sample in the (x, y) plane can be 
considered as infinite. The integral (equation (6)) will be 
calculated on a few thermal wavelengths interval. We have 
verified by a numerical simulation, for different values of 
liquid crystals thermal conductivity and modulation 
frequency, the proportionality between d,, and p, as it was 
predicted [ 121 as long as the sample remains optically thin. 
As the liquid crystal sample does not absorb the incident 
light, the evolution of $,, and consequently /3, is directly 
related to the dye concentration located along the pump 
beam path. Diffusion of the dye in the sample is 
determined by the analysis of d,, versus time for a given 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
3
8
 
2
6
 
J
a
n
u
a
r
y
 
2
0
1
1



835 Dye diffusion in DLS by mirage efSect techniques 

position x of the pump beam, or versus various n positions 
of the pump beam for a given time. 

A ID treatment of the molecular diffusion processes is 
available as shown in photography of the dye diffusion in 
the C8HET columnar hexagonal phase (see figure 4 of [ 11). 

For the ID case, the dye concentration C(x,t)  is then 
related to the diffusion coefficient D according to the 
second Fick's law 

a q x ,  t )  a2c(x, t )  
- D- 

at ax2 ' 

-- 

This equation agrees with the following solution 

(7) 

C(x, t )  = C(0, t )  exp - - ( 4 - 3  

The concentration at the origin C(0,t) 
relationship 

(8) 

is given by a 

(2 C(0, t )  = ~ 

(7tDt)'" 

where Q is the amount of dye molecules deposited per unit 
area. 

3. Experimental 
The columnar disc-like mesogens were synthetized by 

Destrade et al. [13]. The molecules (see figure 2) present 
a central core of triphenylene to which six lateral chains 
are bound by ether or ester groups. 

The samples, the hexa-n-ethyloxytriphenylene 
(C8HET) and the hexa-n-dodecanoate of triphenylene 
(CIIHAT), respectively, exhibit the following stable 
phases: 

66PC 85@C 
C8HET Cr ---+ Dh + I 

8 0 T  93T 1 I IT  122.3OC 
C1 lHAT Cr ---+ DO --+ D1 + D2 + I 

Experiments are performed in the Do phase of the 
Cl lHAT and the Dh phase of the C8HET, where the lattice 
of the columns is hexagonal. Furthermore, the molecules 
are regularly stacked in columns with an intermolecular 
spacing equal to 0.36 nm. The distance between two 
adjacent columns increases with the length chains. It is 

Figure 2. Chemical formulas of columnar discotic molecules: 
(a) the hexa-n-ethyloxytriphenylene (CsHET) and (b) the 
hexa-n-dodecanoate of triphenylene (C, IHAT). 
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sigual 

focusing lens \ thermostated cell 

n 
L-1-J 

probe beam 
We-") 

W 

focusing lens 

mirror 
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Figure 3. Experimental set-up. 

estimated to 2.22 nm for the C8HET and to 2.66 nm for the 

The impurity diffusing in these phases is a Red Oil 0, 
biological stain, certified [ 1320-06-51, the 1-[4-xylyl- 
azo)xylylazo]-2-naphthol (dye content - 85 per cent), 
which presents a melting point Tf= 120°C and a maxi- 
mum absorption wavelength situated at 2 = 5 18 nm 
(Aldrich). 

The block diagram of the experimental set-up is shown 
in figure 3. A 8 mW power Argon laser, tuned on a 488 nm 
wavelength, provides a Gaussian pump beam focused on 
the sample surface. The low frequency modulation in the 
1-10 Hz range, is ensured by an electromechanical shutter 
(NM Laser Products LSZOO). The probe beam is a 2 mW 
power He-Ne laser beam focused in the interaction region 
by the mean of a 10 cm focusing lens. The deflection angle 
(a few milliradians) is detected by a photoelectric position 
sensor (Centronic QDSO) and measured by a lock-in 
amplifier (PAR 5206). Data were collected and analysed 
by a personal computer. The sample holder is placed 
in a thermostated cell (see figure 4). The temperature 
regulation is monitored by a microprocessor (Coreci 

CiiHAT [14]. 

Figure 4. Schematic diagram of the thermostated cell. Letters 
refer as follows: B for the brass thermo-electric heater, T 
for the teflon insulator, S for the sample and P for the Pyrex 
holders. 
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836 M. Daoud el a1. 

MCFRNZ), which ensure that the average temperature is 
adjusted by 20 to 150°C with an accuracy of 0.2OC. The 
temperature is measured by means of a platinum resistor 
in contact with the thermostated cell. 

We have used the same experimental technique as the 
one described in [l] for the sample thickness and glass 
plates preparation, for the annealing between two transi- 
tions, and for the orientation of molecular columns in the 
two configurations, columns parallel to the plates (planar) 
or perpendicular to them (homeotropic). 

4. Results and discussion 
We present the measurements of Dll and D l  diffusion 

coefficients of the red dye, in the D h  (CgHET) and the DO 
(Cl lHAT) hexagonal columnar discotic phases, for two 
perpendicular directions, along and perpendicularly to the 
molecular columns. 

The study of the dye concentration C(x, r )  versus x leads 
to the half of the bell curve (see figure 5 )  according to 
equation (8) which shows that the matter diffusion in 
hexagonal columnar discotic liquid crystals is well-de- 
scribed by the second Fick’s law. 

In order to determine the diffusion coefficient values, a 
logarithmic representation of the data is suitable. From the 
slope of In [C(O, t)lC(x, t)]  versus llt at a given position x 
(see figure 6), or versus 2 at a given time t (see figure 7), 
we can deduce the diffusion coefficients D I  and Dli 
reported in table 2. Because the dye position x is 
determined with an accuracy of 0.05 mm due to the pump 
beam diameter, our measurements are given with a 
precision about 10 per cent. 

Values of the diffusion coefficients, obtained by an 

l Z i 3  1 

i - 7 T - 7  i15 : ‘ r  7 4  3 b  3 5  - 1  
0 3  - _  

x / Y r i r y I  

Figure 5. Relative evoluoon of the red dye concentration 
versus x position: (a)  in planar orientation of CgHET 
( T  = 75°C) at t = 18 h 3 0 m n  and (b) in homeotropic 
onentation of CsHET (T  = 75OC) at t = 40 h. 

,/’ 

7’’ 
/ 

,/ 

Figure 6. Plot of In [C(O, t ) /C(x,  t)]  as a function of llt for the 
red dye diffusion. (a)  in planar orientation of CllHAT 
(T = 90°C) at x = 1 mm and (b) in homeotropic orientation 
of CllHAT ( T =  90°C) at x = 1.45mm. 

,- -, 

I i - 
i 

/ 
/ /’ //’ 

i ,/‘ 

,/’ ,.; - c 2 -  0’4 1 ? ,’ 

Figure 7. Plot of In [C(O, t)lC(x, t ) ]  as a function of J? for the 
red dye diffusion. ( a )  in planar orientation of CgHET 
(T=75”C) at i =  18h 30min and (b )  in homeotropic 
orientation of CgHET (T = 75°C) at t = 40 h. 

optical method [ 11, but for another dye (a yellow one), the 
4-phenylazophenol, are brought together in table 3. Their 
comparison with the present results leads to the following 
remarks: 

(i) The diffusion anisotropy ratio r is always superior 
to 1, whatever the dyes or the mesophases 
considered. This value is in good agreement with 
previous results which have allowed to determine 
the structure of studied columnar discotic liquid 
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Dye diffusion in DLS by mirage effect techniques 837 

Table 2. Measurements of red dye diffusion coefficients DI 
and 91 for the Dh (CsHET) and Do (CIIHAT) phases by the 
'mirage effect' method. 

in the D2 one), and by the stacking order of discs 
in columns. In fact, the molecules of the D2 phase 
are not regularly spaced in each columns whereas 
the strong correlation length of molecules (a few 
tenths molecules) in adjacent columns gives an 

Sample T/"C Dl/m2s-' Dlllm2s - ' 4P1 
C8HET 75 1.24X 1.61 X 1.3 ordered DO phase [14,15]. 
CllHAT 90 4.61 X l op9  10.96 X 2.4 

5. Conclusion 
We have shown that the photothermal deflection 

technique ('mirage effect') is sensitive to the concen- 
eation variation of the dye diffusion in hexagonal 
columnar discotic phases for the two orientations of 
molecular columns. The anisotropic diffusion behaviour 
of matter can be measured for these kinds of samples. 

C&ET 7.5 1-7SX 1.93X l o p 9  1.1 In particular, this method allows us to determine the 
CIIHAT 115 9-96X 21.90X 2.2 effects of the dye molecule size, of the length and shape 

of chains bound to the triphenylene discs, and of the 

Table 3. Measurements of yellow dye diffusion coefficients 
DI and DII for the Dh (CSHET) and DZ (CIIHAT) Phases by 
optical method, presented in [l]. 

Sample T/"C D11m2s-' D I ~  /m2 s - Dll ID I 

(ii) 

(iii) 

(iv) 

crystals, liquid-like order along the column direc- 
tion and solid-like order perpendicularly to it. 
The diffusion anisotropy ratio is larger for the 
CllHAT ( r  = 2.4) than the CsHET one (I = 1-3). 
This is probably due to the difference in the length 
and type of the aliphatic chains bound to the 
triphenylene discs (-0CO-Cl1H23 and-O-CsH17). 
In fact, the inter-columnar distances for the two 
mesophases, increase from 2.22 nm for the CsHET 
to 2-66nm for the CIIHAT. More, unlike ethers, 
the ester chains of the CllHAT are not in the plane 
of the disc, the oxygen atoms of carboxylic group 
lying on both sides of the disc plane. 
The diffusion coefficient values for the red dye are 
inferior to those obtained for the yellow one. Their 
ratio varies approximately in the same proportions. 
For the CsHET, for instance, at the same tempera- 
ture, we obtain 

This value is nearly the same as the dye molecular 
diameter ratio, about 0.6. This result shows that the 
matter diffusion in columnar discotic mesophases 
decreases with the dye molecular size. 
The Do and the Dz phases of CllHAT have not 
the same diffusion coefficients although they 
present an hexagonal lattice. We note that these 
coefficients increase, for the two configurations, 
approximately in the same proportion: 

Dl(phase Dz) - Dll(phase D2) - 2. 
DL(phase Do) - Dll(phase Do) - 

This effect can be explained by the increasing of 
the temperature (90°C in the DO phase and 115OC 

stacking order or disorder of discs in columns. We can 
conclude that the photothermal deflection technique can 
be useful to characterize the matter diffusion in columnar 
discotic mesogens. 
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