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Four different guest-host systems containing stilbene molecules solved in the liquid crystalline compound 
CBS were investigated to study the orientational behavior of these dyes in the nematic phase. The 
estimation of the optical order parameter S, was done using UViVis dichroism measurements. The 
dye's structure and concentration influence the nematic phase order and the phase range. This will be 
demonstrated in concentration dependent measurements of the optical order parameter and the change 
of the clearing point with the amount of solved dye molecules. Besides the common decrease of the 
optical order parameter with increasing dye concentration the opposite behavior, i.e., a slight increase 
of So, was observed also. 

Key words: guest-host systems, stilbene dyes, optical order parameter, 
phase transition temperature 

INTRODUCTION 

General Considerations 

With regard to display applications a large number of guest-host (gh) systems were 
investigated to optimize, e.g., the contrast ratio between the on- and off-state, the 
extinction of the solved dye molecules and the longtime stability against air and 
UV/Vis radiation. Different kinds of dye molecules containing chromophor moie- 
ties like azo, azomethine, anthraquinone and related groups were examined to 
achieve the above mentioned Therefore we felt the need to examine 
the change of the optical order parameter Sop and the nematic-isotropic phase 
transition temperature with an increasing dye concentration solved in a low mass 
liquid crystal (4-cyano-4'-pentyl-biphenyl, CBS). We decided to use the important 
class of stilbene dyes, which are very promising in nonlinear optics because of their 
large hyperpolarizability values.6 

Orientational Order 

The orientational order of an oriented nematic liquid crystal with cylindrical sym- 
metry is in general specified by the Saupe order matrix S ,  (i, j ,  = x, y ,  z) where 
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120 T. HANEMANN AND W. HAASE 

x ,  y ,  z represent the internal Cartesian molecular axes (Figure 1). Diagonalization 
leads to two elements S and D (Equations 1 and 2). 

S = SZz = (1 - 1.5 x sin%) (1) 

D =S,, - S, = (1.5 x sin% x cos 24) (2) 

S represents the average deviation of the orientational axis from the director n and 
D reflects the deviation of the ordering matrix from cylindrical symmetry. Based 
on the mean field theory7 which describes a dependency of D with S,  methods for 
the determination of S and D from the temperature dependence of the anisotropic 
absorption of light measured in two different regions of the spectra were pre- 
sented78-'0 but this approach is restricted to molecules with a symmetry different 
from C,, Cz, Ci, C, and C,. For applications only the knowledge about the mac- 
roscopic or optical order parameter S,*l is of main interest. Sop, measured by 
linear dichroism experiments, can be described by Equation (3), where cx and p 
specify the direction of the dipole transition moment vector in the molecular frame 
(Figure 1). 

So,, = (1 - 1.5 x sin2a) x S + 0.5 x sin% x cos 2p x D (3) 

If D # 0 the molecules show molecular biaxiality. A direct estimation of S and D 
from the dichroic ratios of two bands with different orientations of the related 
linear transition moments relative to the molecular axes is possible if the angles a 
and p are known. Different approaches try to describe S, D and the biaxiality 
respectively considering the molecular geometry, the deviation from cylindrical 
symmetry can be estimated using a biaxiality parameter L7,l2-l4 In general X can 
be calculated in terms of any molecular property aij (Equation 4) like polarizability, 
moments of inertia or the molecular extensions715 the value of A changes with the 
molecular property ui, used to define it. We aecided to consider the molecular size. 

X = 0.25 x V'Z x (u, - uXX)/(UZZ - 0.5 x (a, + uXX)) (4) 
. 

- ? M  
W i '  

U 
FIGURE 1 
M relative to the laboratory axes u ,  v ,  w ,  given by the cell geometry. 

Definition of the molecular axes x ,  y ,  z ,  the director n and the dipole transition moment 
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STILBENE DYES IN NEMATIC LIQUID CRYSTALS 121 

According to Equation (4) A is zero for cylindrical molecules if the two short axes 
are equivalent or d( 1.5) if the z-axis is perpendicular to the principal molecular 
axis. The validity of these descriptions and the use of the molecular extensions for 
the calculation of A is restricted on the following items: 

a rigid molecular shape with fixed axes 
a stable geometry with rigid molecular subunits. 

Flexible aliphatic chains attached to an aromatic frame allow for different confor- 
mations and make a geometric description of the biaxiality rather complicated and 
inaccurate. 

EXPERIMENTAL 

The investigated molecules (Table I) were synthesized either in our group 4-[2-[4- 
(6-hydroxyhexyloxy)-phenyl]-ethenyl]-nitrobenzene 1 or obtained from E. Merck, 
Darmstadt: 4-[2-[4-N,N-dihexylaminophenyl]-ethenyl]-nitrobenzene 2, 4-[4-[4-N,N- 
dimethylaminophenyll-butadienyll-nitrobenzene 3, 4-[2-[4-[2-[4-N,N-dihexylami- 

TABLE I 

Stilbene dyes and host Ic investigated 

Compound Structure 

1 

4 

CB5 
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I22 T. HANEMANN AND W. HAASE 

nophenyll-diazo]-phenyll-ethenyll-nitrobenzene 4, and CB5 as lc host. The sub- 
stances were taken without further purification. The concentration of the guest 
compound was increased in steps of 0.1 weight% up to the solubility limit in CB5 
and was measured in the cells using Lambert-Beer’s law with an uncertainty of 
5%. The mixtures were tempered for several days at 60”C, cooled down to room 
temperature and strained through a micron filter. The dicroism measurements were 
made in oriented “sandwich” cells of 12 pm thickness. The cell glass plates were 
coated firstly with ITO, secondly with a commercial polyimide (PI-KIT ZLI 2650, 
Merck). The plates were rubbed with Joseph’s paper to obtain homogeneous align- 
ment of the lc host. The temperature of the mounted cells was changed from 24°C 
to 40°C with an accuracy of ? 0.1 K. All investigations were done using a modified 
Cary 17 UViVisiNIR spectrophotometer (Varian) equipped with adjustable po- 
larizers (Kaesemann) to obtain linear polarized light. All spectra were taken in the 
region of 350-600 nm. In order to calculate the optical order parameter Sop from 
the experiment the well known relationships (Equations 5-6) were used. 

Sop = (R  - 1)/(R + 2) (6) 

R represents the dichroic ratio, Eli and E l  are the extinction parallel and perpen- 
dicular to the director’s orientation. The influence of the local field according to 
the polarization field anisotropy in the liquid crystal host which results in a cor- 
rection factor for R was not considered because of the existence of various ap- 
proaches described in l i t e r a t ~ r e . ~ ~ ~ ~ ~ ’ ~  The maximum experimental error in Sop with 
the equipment used was k0.02 and has its origins in the uncertainty of the spacer’s 
thickness and in the spectrometer’s accuracy. All experimental data for the esti- 
mation of the optical order parameter were taken at a reduced temperature Tred 
of 0.965 to have comparable results, the definition of Tred is shown in Equation 
(7). Tx is the actual temperature in the cell, TN, is the temperature of the clearing 
point, all values taken in Kelvin. 

The estimation of the clearing points were done using a polarizing microscope 
(Leitz Orthoplan Pol) provided with a Mettler Hotstation FP-52 and a S-VHS video 
recording equipment (Sony/Panasonic). The phase transition temperatures could 
be determined with an accuracy of kO.1 K. 1 ,3 ,  and 4 show less solubility in CB5, 
only 2 allows for higher concentrations close to 2.5 weight/%. Because of the large 
absorption coefficients the higher concentrations were not investigated in their 
orientational behavior. 

In the present work a Configuration Interaction (CI) method in combination 
with a semiempirical model Hamiltonian based on the Intermediate Neglect of 
Differential Overlap approximation (INDO) with a 15 x 15 matrix was used to 
evaluate the electronic spectral8 and the molecular size. The molecular extensions 
were calculated from the known values of bond lengths, angles, dihedral angles 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

4:
06

 1
8 

Fe
br

ua
ry

 2
01

3 



STILBENE DYES IN NEMATIC LIQUID CRYSTALS 123 

and van der Waals radii.19-20. The long axis was defined as the straight line between 
the atoms with the largest distance including the van der Waals radii. 

RESULTS AND DISCUSSION 

influence of Dye Concentration on the Clearing Point 

As a result of the different dye's structure anisotropy the nematic phase is either 
stabilized or destabilized. But independent of the individual tendency of each solute 
a small biphasic range less than 0.1 K at the temperature of the nematic-isotropic 
transition was observed using polarizing microscopy. Table I1 shows the clearing 
temperatures of all investigated guest-host systems. The effect of the solute on the 
transition temperature can be better demonstrated using the change of TNI with 
the amount of the mole fraction xi (Figure 2). The influence of the dye and its 
amount is more complex than expected. 1, 2, and 4 lower the value of the clearing 
point. In the case of 2 larger dye amounts up to a mole fraction of 6.1 x l op3  
(i.e., 1.0 weight%) lead to a decrease of 1.4 K. The same tendentious behavior 
shows 4 with a lowering of 0.6 K for a mole fraction of 5.0 x (i.e., 1.0 
weight%). Rather interesting is the result for 3. With increasing dye concentration 
a smooth increase of the clearing point around 0.2 K for a mole fraction of 4.0 x 

(i.e., 0.5 weight%) was observed. This solute influence on the value of the 
nematic-isotropic phase transition temperature was observed b e f ~ r e ~ , ~ ? ~  also and 
can be explained probably by the increase of released orientational energy of a 
pair of particles which exceeds the increase of the deviation from cylindrical symmetry7 
or with a low biaxiality parameter under consideration of the mentioned restrictions. 
Another possible explanation for the different solute influence might be the dif- 
ferent ability of the dye molecules to destroy the CB5-dimers. 

TABLE I1 

Clearing points of all investigated guest-host mixtures and biaxiality 
parameter A of the pure compounds 

Compound conc. [weight%] mole fraction TNI ["Cl X __ -. 

CB5 100 1.0 35.3 0.01 

1 0.1 

0 .5  

2 0.1 

0.5 

1.0 

3 0.1 

0.5 

4 0.1 

0.5 

7.6 * 10-4 
3.8 10-3 

6.1 10-4 

3.1 * 10-3 
6.1 10-3 

8.0 * 10-4 
4.0 10-3 

4.9 * 10-4 
2.4 10-3 

35.3 0.07 

35.1 

35.0 0.34 

34.6 

33.9 

35.4 0.13 

35.5 

35.1 0.21 

34.8 

1.0 5.0 * 10-3 34.7 
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124 T. HANEMANN AND W. HAASE 

1 - 0.6 

- 1.6 

- ' . O I  

-2.6 I 1 1 - J -2.0L 0 I 

10 20 30 40 60 60 70 

x * 1 0 - 4  
FIGURE 2 Deviation of the mixtures clearing point with the dye's mole fraction x ,  (dots: 1, crosses: 
2, stars: 3, rectangles: 4). 

Table I1 shows the calculated biaxiality parameter A for all investigated molecules 
using the approach according to Jede et a1.*5 But as mentioned only the calculation 
of rigid molecules leads to an accurate value for A. From an energetic point of 
view an all-trans-conformation of an aliphatic chain is the most stable one because 
of the hindered rotation around the carbon-carbon bond. In the examined tem- 
perature range molecular statistics allow for a large number of different gauche 
conformations. Therefore reasonable values of A are difficult to obtain because of 
the flexibility of the aliphatic chains. In our case 1,2, and 4 contain one respectively 
two hexyl groups and therefore the estimated biaxility parameter should be inter- 
preted very carefully, only the value for 3 is more accurate because of the small 
methyl groups at the extended aromatic system. The obtained values are always 
higher than for pure CB5 (0.01) and vary from 0.07 for 1 up to 0.34 for 2. Except 
for the value 1 the molecules with extended aliphatic chains show larger values 
than the more rigid dye 3 (0.13). 

Optical Order Parameter So,, 

The optical order parameter Sop of the dyes 1, 2 ,  3, and 4 were determined as a 
function of their concentrations in the nematic host CB5 using dichroism mea- 
surements of the most intensive absorption band in the visible region. In agreement 
with earlier i n v e ~ t i g a t i o n s ~ . ~ . ~ * ~ ~  on guest-host systems a strong dye concentration 
dependence of the optical order parameter is observed (Table 111). The order 
parameter S,, of pure CB5 is between 0.58 and 0.67,2,17,22 depending on the 
experimental method used. The addition of small amounts (e.g., up to a mole 
fraction of 7.6 X for 1) of 1 , 2 ,  and 4 leads to a small decrease of the measured 
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STILBENE DYES IN NEMATIC LIQUID CRYSTALS 125 

TABLE 111 

Optical order parameter of all investigated guest-host mixtures 

SOP 
1 2 3 4 
___. 

Conc. [weight%] 

0.1 0.65 0 . 5 7  0.66 0.64 

0 . 3  0 .57  0.53 0.69 0.59 

0 . 5  

0 . 7  

0.54 0 . 5 0  0.68 0.57 

0.45 

order parameter. The opposite behavior was observed for the dye 3, i.e., a small 
increase of the estimated value for Sop appears. The latter result is in agreement 
with earlier investigations where for similar molecules with short aliphatic chains 
an increase in Sop was observed also.2 We suppose that in all guest-host systems 
containing a dye with a larger value of A (under assumption of a rigid moiecular 
skeleton) a consideration of a pronounced contribution of D to the measured value 
of Sop according to Equation (3) is realistic. As mentioned before the values of the 
biaxiality parameter are rather sensitive to molecules with flexible aliphatic chains. 
Therefore a correlation of our measured optical order parameter with A should be 
done very carefully. A more qualitative description considers the predominant 
effect of extended and, more important, flexible aliphatic moieties which destabilize 
the nematic orientation and the phase range.23 Short aliphatic groups at the same 
aromatic core stabilize the nematic phase range, e.g., a similar molecule to 2 with 
methyl groups instead hexyl units increases the clearing point and show a large 
value around 0.60 for Sop at a reduced temperature of 0.967.2 Therefore in 3 the 
rigid aromatic frame predominates the small methyl groups and a pronounced 
cylindrical shape is given. This leads to an increase in the nematic-isotropic phase 
transition temperature like an added nematogeneZ4 and to a large value for Sop.  
All measured values of Sop for the mixtures with low dye concentrations are in the 
same region like the pure host. Even larger guest concentrations up to 0.5 weight% 
do not cause dramatically changes in the Sop.  From theory in very diluted systems 
the order parameter should be independent from the concentration under the 
assumption that cylindrical symmetry for both components is given.25 Only in the 
case of 3 this assumption is fulfilled. The values for Sop are rather constant and 
differ only in the range of the experimental error. In the case of the other dyes 
the ratio of the long molecular axis relative to the two short axes is smaller and 
the resulting cylinder more distorted and compressed. This might cause the ob- 
served small dependency of Sop with the dye’s concentration and the different rank 
of Sop (3 = 1 = 4 > 2), respectively, the slope dT,,/dx (3 > 1 > 4 = 2). 

The results concerning the gross order of the different guest-host systems mea- 
sured via UV/Vis dichroism agree with the conclusions made from the change of 
the clearing point. Unfortunately D couldn’t be estimated with the given experi- 
mental setup and therefore we were restricted to the visible spectral region with 
only one observable absorption band. It is planned to choose a commercial CCH 
mixture (Licristal ZLI 1695, Merck) which is transparent in the UV-region and 
allows for the estimation of the dichroism of additional bands. 
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126 T. HANEMANN AND W. HAASE 

TABLE IV 

Comparison of the main absorption wavelength of all investigated dyes 
either experimentally obtained or calculated using a SCF-CI approach 

Absorption wavelength [nml 

exp . calc. 
~ ~ .- 

Compound ___- 
1 390 414 

2 455 431 

3 455 440 

4 486 470 

Besides the experimentally obtained data calculated values for the absorption 
maxima are presented here and show a resonable agreement with the spectroscopic 
ones. Table IV shows experimentally obtained (in CB5) and calculated main ab- 
sorption wavelength of the investigated dyes. The calculated value for HHNS were 
taken from literature26 and shows the lowest value (390 nm) for the absorption 
maxima in comparison to the other dye molecules because of the ether group instead 
of a amino function. Double substitution of the amino nitrogen with aliphatic chains 
leads to a red-shift (2 and 3: 455 nm). 4 possesses a larger conjugated vsystems 
which results in a stronger shift to higher wavelengths (486 nm). The used model 
calculates the polarization of the related absorptions to be parallel to the principal 
molecular axis. The knowledge about the band polarization is essential for further 
investigations on the estimation of D via UV/Vis dichroism. 
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