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Molecular Orientation of Perylene-like Dyes in Liquid Crystal 80CB 

DANUTA BAUMAN, EWA MYKOWSKA, and ERYK WOLARZ 
Institute of Physics, Ponan  University of Technology, Piotrowo 3, 60-965 
Poznan, Poland 

The polarized absorption and fluorescence spectra of some dichroic 
fluorescent dyes (derivatives of 3,4,9-perylenetricarboxylic acid and 3,4,9,10- 
perylenetetracarboxylic acid) oriented in liquid crystal 80CB have been 
recorded as a function of temperature. On the basis of these spectra the order 
parameters <P2> and <Pa> and orientational distribution hnction have been 
determined. The conclusions about the influence of the molecular structure of 
the dyes on their orienting properties in uniaxial liquid crystalline phases have 
been drawn. 

Keywords: liquid crystal; dichroic dye; absorption; fluorescence; order 
parameter 

INTRODUCTION 

Since discovery of the ,,guest-host” effect in liquid crystals by Heilmeier and 

Zanoni [I1 there has been much interest on phenomena associated with the 

addition of the dichroic dyes (guests) to liquid crystalline matrices (hosts). 

Dye-liquid crystal systems can be used in the optical spectroscopy for 

obtaining information concerning the electronic spectra of the dyes [2-a1 as well 

as to study the orientational order of liquid crystal matrices and molecular 

interactions between dye molecules and their anisotropic environment 18-121. 

Furthermore, they are utilized in the construction of the guest-host liquid 

[777]/333 
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334/[778] D. BAUMAN et ul. 

crystal displays (GH LCDs) used in high performance applications requiring 

unrestricted viewing angle and harsh environmental conditions. A number of 

dyes of different chemical classes containing various extended chromophore 

systems had been examined as guests in liquid crystalline hosts[13] in order to 

improve the color contrast, brightness and viewing angle of LCDs. Recently. 

it had been found that perylene-like dyes can be used successfully both in 

passive and active GH LCD  device^"^"". These dyes have yellow to orange- 

red color and emit light with high fluorescence quantum yield in the spectral 

region advantageous for human eye. Moreover, they have good dichroic 

properties, are stable to the sunlight and do not significantly destabilize the 

mesomorphic phase of the liquid crystal hosts. 

In this paper we have studied some derivatives of 3,4,9-perylene- 

tricarboxylic acid and 3,4,9,1O-perylenetetracarboxylic acid dissolved in 

liquid crystal 80CB by means of optical spectroscopy. The aim of these 

studies is obtaining information about the ability of the dyes to orientation in 

liquid crystal in smectic A and nematic phases. 

For a uniaxial system containing molecules with an effective cylindrically 

symmetric form the orientational order can be described by a probability 

distribution, AP), where p is the angle between the long molecular axis and 

the major symmetry axis of the system. This distribution can be 

expressed[16’ as a series expansion of even bgendre polynomials, PZL(COS~), 

each of which is weighted by an order parameter <P~L>, which is the 

ensemble average of the corresponding term: 

f ( P > =  t=< P2L(cosp) >P2L(cosp), 
2 L=O 

This expansion defines the order parameters <p2> and <P4> as follows: 
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MOLECULAR ORIENTATION OF PERYLENE-LIKE DYES [779]/335 

(2b) 
I 
8 

< P4 >=-< 35cos4p-30cos~p+3 >. 

The problem of determining the orientational order in uniaxial liquid 

crystal phases has been approached via wide variety of spectroscopic 

techniques ["I. Doping the liquid crystal with a fluorescent dye and utilizing 

the guest-host effect, information about the molecular orientation can be 

obtained using classical methods of optical spectroscopy: polarized absorption 

and fluorescence measurements. In principle, these methods determine only 

the degree of order for the guest molecules because the guest-host interaction 

causes often the perturbation of the orientation. However, in some particular 

cases, if the dye with the molecular structure similar to that of the liquid 

crystal molecules is chosen, one can assume that no significant differences 

between the orientational order of host and guest molecules occur and that the 

orientation of guest reflects well the orientation of the matrix 

EXPERIMENTAL 

The molecular structure of the perylene-like dyes investigated in the paper is 

presented in Fig. 1. The dyes were synthesized and chromatographically 

purified in the Institute of Dyes at Lodi University of Technology, Poland. 

The structure of the dyes was confirmed by NMR and MS spectra and their 

purity was estimated by TLC method. 

As host matrix we have used 4-n-octyloxy-4'-cyanobiphenyl (SOCB), 

which was synthesized in the Laboratory of Professor R. Dqbrowski at the 

Military Academy of Technology, Warsaw and was used without fbrther 

purification. The temperatures of the phase transitions were in the agreement 

with the literature [199201 and were as follows: 

C - 327.7 K - S A -  340.2 K - N- 353.2 K -  I 
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336/[780] D. BAUMAN el al. 

Dye code 

1) DERIVATIVES OF 3,4,9-PERYLENETRICARBOXYLIC ACID: 

R 

2) DERIVATIVES OF 3,4,9,10-PERYLENETETRACARBOXYLIC ACID: 

co>N-(CH2)2-CH,cH3 

FIGURE 1 Molecular structure of the dyes investigated. 

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
H

ai
fa

 L
ib

ra
ry

] 
at

 2
0:

18
 2

0 
A

ug
us

t 2
01

2 



MOLECULAR ORIENTATION OF PERYLENE-LIKE DYES [781]/337 

The dyes were initially screened for their solubility in the liquid crystal 

and were dissolved in 80CB at a concentration of 1.5 . 10” MA. 

The polarized absorption spectra were obtained by means of a double 

beam spectrophotometer SPECORD M40 (Carl Zeiss, Jena). The polarized 

fluorescence spectra were recorded using a home-made photon-counting 

fluorimeter in the A geometry, i.e. the exciting light beam was perpendicular 

to the cell surface and the fluorescence light was monitored perpendicularly 

from the same side of the Both the spectrophotometer and fluorimeter 

were equipped with neutral UV polarizers. Corrections for the 

photomultiplier spectral sensitivity and for the different response of the 

device set with various directions of polarization were made. The 

measurements were carried out as a function of temperature using ,,sandwich” 

cells of 20 ym thickness. The planar orientation of the liquid crystal and dye 

molecules was achieved by treating the glass surfaces of the cells with 

polyimide and by an additional rubbing process. This procedure gives a good 

homogenous orientation of the molecules in the thin layer, which was 

controlled with a polarizing microscope. The temperature of the cells was 

regulated and controlled with an accuracy of M. 1 K. 

RESULTS AND DISCUSSION 

Absorption 

The absorption of light by the dye in relation to a certain electronic transition 

is determined by the transition moment y. If we assume for simplicity that 

there is a single transition from the ground to the excited state and that the 

direction of this transition deviates from the direction of the molecular axis at 

an angle $, the order parameter <p2> can be obtained from the measured 

absorbance for the incident polarized light using the following formula: 
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338/[782] D. BAUMAN eta/.  

where 41 and AI are the absorbances of the light polarized, respectively, 

parallel and perpendicular to the orientation axis of the liquid crystal, and 

D=41/AI is the dichroic ratio. 

For the perylene molecule, which makes the main part of the molecular 

structure of the dyes investigated, a point symmetry group D z ~  is attributed. 

The presence of the terminal groups causes ,,the breaking” of the molecular 

symmetry. In the first approximation the structure of the substituents attached 

to the planar x system would suggest CS symmetry. Then the electronic 

transition as well as the orientation axis, which is approximately correlated 

with the long molecular axis, lie in the plane of the aromatic skeleton and 

rotate about an axis perpendicular to the plane. On the basis of the results of 

the polarized absorption measurements for perylene-like dyes in liquid 

crystalline mixture ZLI 1695 in the W and visible spectral region, the 

computer simulation had been made in order to obtain the angles between the 

long molecular axis and the moment transitions directions [221, using procedure 

described in details in ref [4*51 However, no consistent results for dyes 7, 8 and 

9 had been obtained. It seems, that the alkyl chains because of steric 

interactions cause that the molecular symmetry of these dyes is lower than CS. 
In this case the point symmetry group CZ can be considered [221, what means 

that there exists one transition polarized parallel to C2 rotation axis, whereas 

others lie in a plane perpendicular to it. 

All the dyes investigated in 80CB have exhibited a broad absorption band 

with two peaks in the visible spectral region. The position of the maxima are 

listed in Table I. The values of the absorbance for these maxima have been 

used to calculation of the dichroic ratio and the order parameter <P2> From 

Eq. (3). It has been found that the values of the dichroic ratio for both 
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MOLECULAR ORIENTATION OF PERYLENE-LIKE DYES [783]/339 

maxima are the same within the experimental uncertainty (AD=N.Ol), what 

suggests that the two peaks observed in the visible region of the absorption 

spectra origin from the transition between the same electronic states. The 

angle $ between the direction of this transition moment and the long axis of 

the molecule for the perylene-like are presented in Table I. These results are 

obtained by assuming the appropriate symmetry of the dyes molecules and by 

using data given in 1221. 

TABLE I Positions of absorption maxima, L, angle between transition 
moment and long molecular axis, I$ and order parameter <P2> for dyes in 
80CB. 

dye hlmu/nm hZ"/nm <P2> 
T*=0.930 T*=0.973 

1 487 514 0.56 0.47 

2 485 

3 485 

4 487 

5 480 

6 482 

7 449 

8 449 

9 449 

512 

512 

5 14 

510 

512 

478 

478 

478 

0.62 0.5 1 

0.66 0.56 

0.65 0.54 

0.67 0.53 

0.67 0.49 

0.43 0.33 

0.5 1 0.38 

0.60 0.47 

Knowing the values of D and $, the order parameter <Pz> could be 

determined from Eq. (3). The results obtained for all the dyes investigated in 

80CB at two reduced temperatures (T*=0.930, the smectic A phase and 

T'4.973, the nematic phase) are shown in Table I. T*=T/TNI, where TM is the 

clearing temperature for dyedOCB mixture and T is the temperature of the 
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340/[784] D. BAUMAN el al. 

- 

- 

- 

- 

- 

- 

measurement in K. At least three, and usually five, samples were used to 

determine each order parameter. Table I contains the average values. 

Figure 2 presents the dependence of the order parameter <Pz> on the 

reduced temperature for dyes 1 and 6 in 8OCB, as examples. Additionally, in 

this figure the values of <Pz> for pure 80CB estimated on the basis of the 

optical birefringence measurements [ I l l  are shown. It is seen, that the 

character of the changes of the guest order parameter is similar to that of the 

host. As the thermal molecular motions counteract parallel orientation, the 

<Pz> value 

- . ' m a  
' O O U  

-.-vvv %a 0 8 0  
v v & l l  

I I I I I I I 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

0.0 

T* 
FIGURE 2 Order parameter <P+ estimated from the absorption 
measurements for dye 1 (triangles) and dye 6 (circles) in 80CB. The 
squares represent the values of <Pz> for pure 80CB"''. 
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hlOLECULAR ORIENTATION OF PERYLENE-LIKE DYES [785]/341 

of 80CB as well as that of the dissolved substance decreases with increasing 

temperature. Initially, in the smectic A phase the order parameter weakly 

depends on the temperature, then at T*=0.960 for the dye-liquid crystal 

mixture and at T*=0.963 for pure liquid crystal a small discontinuity, 

corresponding to the smectic A-nematic phase transition, is observed. The 

shift of the transition point in the presence of the dye indicates, that the guest 

added to the liquid crystal can change the transition temperatures, what had 

been observed also previously [%12]. In the nematic phase <P2> decreases with 

the temperature to a certain value and at the clearing point drops 

discontinuously to zero. 

From results presented in Table I and in Fig.2 it is seen, that the order 

parameter of the dyes investigated depends on the molecular structure of the 

terminal groups attached to the perylene skeleton. In some cases (dyes 3-6) its 

value is larger than <P+ of the pure host. It happens often when the length of 

the guest exceeds that of the host ‘9-13s239243 and can be explained in term of the 

tendency of the guest molecules to balance out the more extreme deviations of 

the smaller host molecules From the direction of orientation. It is worth noting, 

that for the derivatives of 3,4,9-perylenetricarboxylic acid the molecular 

structure of the substituent R2 has a strong influence on the order parameter. 

If the hydrogen in the methylene group is replaced by -OH group, <P2> rises 

significantly. However, the substituent RI does not affect the order parameter 

(compare <P2> for dye 3 and 4), changes solely the angle between the long 

molecular axis and the absorption transition moment. The results for dyes 7, 8 

and 9 indicate, that the length of the alkyl chains strongly affects the molecular 

orientation: the order parameter rises distinctly together with the rise of the 

alkyl chain length, instead of the steric interactions and the flexibility of the 

terminal chains. 
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342/[786] D. BAUMAN et a/. 

FluorescenB 

The intensity of the fluorescence excited with the light beam polarized in the i- 

direction and observed after passing the analyzer with its polarization direction 

along the j-axis is given by: 

(4) 
2 2  Jij =< M,i M,j >, 

where Mai and Mcj are the absorption and emission oscillator components 

projected onto the axes i and j, respectively. The average extends over all 

molecules in the illuminated volume and includes all possible angular positions 

of the absorption and emission oscillators weighted by the appropriate 

statistical distribution. 

From the fluorescence intensity measurements the emission anisotropies RI 

and R2 for excitation with the light polarized parallel and perpendicularly to 

the orientation axis, respectively, can be calculated from the formula: 

where J I I  and JI are the intensities of emission polarized parallel and 

perpendicular to the orientation axis, respectively, measured in the parallel 

geometry p1,2'1. 

For the special case of +=O" and assuming that the rotational relaxation 

time TR is much larger than the lifetime 7F of the excited state of the 

fluorescent molecule and that the effect of the rotational motions on the 

fluorescence depolarization can be neglected, RI and R2 are related to the 

order parameters <P2> and <P,> as follows I*'! 

35 R1= 
1+2 < P2 > Y 
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MOLECULAR ORIENTATION OF PERYLENE-LIKE DYES [787]/343 

<P2 >----<Pp, > P,(COS6) [ 5 35 2 2 1  1 
1 r R2 = I (7) 

1 1; ; 35 
3 

I-<P2 > + 2  ---<P2>+-<P4 > P2(coSs) 

where 6 is the angle between the absorption and emission oscillators. 

If the angle &Oo and/or ‘CP’CR, then the relation between the emission 

anisotropies and <P2> and <P4> parameters is much more complica- 
ted 11626,271 

In the case of the dyes investigated, instead of the high fluorescence 

quantum yield in the isotropic solvents “’I, the fluorescence intensity with the 

significant efficiency only for dyes 7-9 dissolved in 80CB have been observed. 

(for other dyes the intensity of the fluorescence has been hardly measurable 

and has not allowed to obtain the reliable results). Therefore, the Eqs. (6) and 

(7) could be used to determine the order parameters <Pz> and <P.? as for 

these dyes the angle I$ is equal to 0”. Moreover, for the dyes dissolved in 

80CB it has been assumed that T<<TR in the liquid crystalline phases. 

The dyes oriented in 80CB has been excited at L,,,=436 nm (the Hg-line) 

and for calculation of the emission anisotropies RI and Rz the values of the 

fluorescence intensities have been taken at the wavelength corresponding to 

the maximum of the emission band, i.e. at h=500 nm. The angle 6, which is 

needed to determine the order parameters from Eqs. (6) and (7) has been 

estimated on the basis of the absorption and fluorescence measurements of the 

dyes in 80CB at the temperature just after crystal-smectic A transition. We 

have supposed that at the lowest temperature in the smectic state, because of 

high viscosity, the thermal molecular motions are strongly hindered and have 

a negligible effect on the emission anisotropy. Therefore, in this case <Pz> 

obtained from the fluorescence measurement must be equal to that determined 
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344/[788] D. BAUMAN et al. 

on the basis of the polarized absorption spectra. By knowing <P+ from 

absorption measurement, <P4> and c o d  has been determined by solving Eqs. 

(6) and (7). We have obtained 6=18"f4" for dye 7 and 6=20"*4" for dyes 8 

and 9. Then the angle 6 has been assumed to be constant in our experimental 

temperature range, and the order parameters <P2> and <P4> as a function of 

temperature have been determined from measured fluorescence and Eqs. (6) 

and (7). 

0.6 

0.4 

0.2 

0.0 

-0.2 

-0.4 

-0.6 

0.93 0.94 0.95 0.96 0.97 0.98 0.99 1.00 

T* 

FIGURE 3 Order parameters for dyes 7 and 9 in 80CB obtained from 
the absorption (open symbols) and fluorescence (filled symbols) 
measurements. The triangles and squares represent, respectively,<Pd 
and <P4> values for dye 7; the circles and hexagons represent, 
respectively, <P2> and <P4> values for dye 9.  
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Fig. 3 shows the order parameter <P2> obtained from the absorption and 

fluorescence measurements as well as <P4> versus reduced temperature for 

dyes 7 and 9 in 80CB. It is seen, that in the smectic A phase <P2> values 

obtained by using both methods are similar within the experimental 

uncertainty, whereas in the nematic phase the tendency of <P2> determined 

from the fluorescence to be lower than that obtained from the absorption is 

observed. This can be due to the fact, that in the nematic phase the 

assumption TF<<TR is not sufficiently fulfilled. 

<P4> parameter is positive only for 8OCB-dye 9 mixture in the smectic A 

phase, while it becomes negative after transition to the nematic phase. For 

80CB doped with dyes 7 and 8 <PI> has been observed to be always 

negative, even in the smectic A phase. The order parameter <P4> depends on 

higher power of the angle p, is therefore more sensitive to the molecular 

fluctuations and decreases rapidly if the molecular orientation is perturbed, i.e. 

because of the guest-host interactions. It is worth noting, that the change of 

<P4> at the smectic A-nematic transition is more distinct than the change of 

<P+, what helps in the determination of this transition temperature. 

The negative value of <P4> influences the breadth of the molecular 

distribution function, AD), as is illustrated in Fig.4. The solid and dashed 

curves represent the distribution of the host and guest molecules as a function 

of the angle p for dye 9-80CB mixture in the smectic A and nematic phases, 

respectively. We can see, that As) in the nematic phase is significantly 

broadened with respect to that in the smectic A phase.The maximum occurs 

not at p=O", but at an angle between 0 and xI2, what indicates the existence of 

collective molecular tilt. This means, that the dye added to the liquid crystal 

can be the reason of the strong tendency of the molecules in the guest-host 

mixture to tip away from the preferred direction of orientation. 
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0 10 20 30 40 50 60 70 80 90 

P [degl 

FIGURE 4 
(T=329K) and nematic (T=343.5K) phases for dye 9 in 80CB. 

Molecular distribution hnction, I(p) in the srnectic A 
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