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The polarized absorption spectra of derivatives of 3,4,9-perylenetricarboxylic acid and of
3,4,9,10-perylenetetracarboxylic acid dissolved in the nematic liquid crystal mixture ZLI 1695
have been recorded as a function of temperature. On the basis of these spectra, the directions
of the absorption transition moments with respect to the principle axes of the order tensor,
and the order parameters S* and D* for perylene derivatives have been determined assuming
a C

s
or C2 point symmetry group for the dyes molecules. From a generalized equation

describing properties of anisotropic phases, the conditions necessary to determine a complete
set of the order parameters and the pieces of possible information that can be obtained from
the polarized optical spectroscopy are discussed.

1. Introduction good dichroic properties, are stable to the sunlight and
Dichroic dyes dissolved in nematic liquid crystals do not signi� cantly destabilize the mesophase of the

(‘guest–host’ systems) have been the subject of many nematic host.
investigations because of their applications both in science In this paper we have studied in detail the absorption
and technology. These systems can be used in optical spectra of these dyes dissolved in the nematic liquid
spectroscopy for estimation of some molecular parameters crystal mixture ZLI 1695 in the ultraviolet and visible
of the dyes [1–5], as well as to obtain information about spectral regions using polarized light in order to assign the
the long range orientationa l order of liquid crystals [6, 7] electronic absorption bands, which have a very important
and about the molecular interactions between guest meaning in optical spectroscopy. The derivatives of
molecules and their liquid crystal environment [8, 9]. perylene have to be considered as dyes with molecular
Guest–host liquid crystal display devices are also widely biaxiality. Therefore, they are characterized not only by
applicable because they display information in colour, the order parameter S, but also by the biaxial order para-
with a wide viewing angle and high image brightness meter D. The aim of this paper is also the determination
[10]. of these two order parameters as an evaluation of the

It was recently found [11] that some of derivatives of polarization of the electronic absorption bands. S and
3,4,9-perylenetricarboxyli c acid and of 3,4,9,10-perylene- D will be determined by a procedure developed earlier
tetracarboxylic acid can be used as dichroic dyes in [2, 12] using standard equations. However, for molecules
guest–host liquid crystal displays. These dyes have a without symmetry, the method for determination of the
yellow to orange colour and emit � uorescent light in order parameter has to be critically analysed because
a spectral region advantageous for the human eye with the orientation of the principal axis of the order tensor
a signi� cantly high quantum yield. Moreover, they have is not now determined by symmetry. The question as to

the number of pieces of information obtained from the
polarized spectroscopy for the determination of the order*Author for correspondence;

e-mail: bauman@phys.put.poznan.pl tensor has also to be answered in general.
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1358 D. Bauman et al.

2. Materials and methods The dyes were synthesized and chromatographically
puri� ed at the Institute of Dyes, � ódź University ofThe dyes investigated are described in the following
Technology, Poland. They were added to the liquidsections.
crystal host in a concentration of 2 Ö 10 Õ 3 mol l Õ 1.

In order to measure the absorption spectra of the
dyes in the UV spectral region we chose for our investi-

2.1. Derivatives of 3,4,9-perylenetricarboxyli c acid gations the commercial liquid crystal ZLI 1695 (Merck,
Darmstadt) , which is a mixture of four 4-n-alkyl-4 ¾ -
cyanobicyclohexanes and could be used down to about
210 nm. ZLI 1695 exhibits a nematic phase from about
13 to 72 ß C. The small concentration used for the dyes
does not change the clearing point of the nematic host.

The polarized absorption spectra in the UV-Vis region
Dye R1 R2 were recorded using a Cary 17 spectrometer equipped
code

with Glan polarizers. The measurements were carried
out in ‘sandwich’ cells of 0.1 mm thickness. The temper-

1 ¾ CH2 ¾ CH ¾ (CH2 )3CH3 ¾ CH2CH3 ature of the sample was regulated and controlled with
|

an accuracy of Ô 0.2 ß . A planar homogeneous orientation
CH2 of the liquid crystal and the dye molecules was achieved
|

by applying an a.c. electric � eld E 5 2 Ö 106 V m Õ 1
CH3 parallel to the plate surfaces of the cells. Further details

concerning the experiment have been described elsewhere
2 ¾ CH2 ¾ CH ¾ (CH2 )3CH3 ¾ CH2CH2OH [4].

|
From the polarized absorption spectra the degree of

CH
2 anisotropy

|
CH3 R 5

e1
Õ e2
3e

(1)

3 ¾ (CH2 )7CH3 ¾ (CH2 )2CH(CH3 )2 as a function of wavenumber has been obtained for all
the dyes investigated in ZLI 1695. e1 and e2 are the

4 ¾ (CH2 )2CH(CH3 )2 molar decadic absorption coe� cients for light polarized
parallel and perpendicular to the optical axis of the
liquid crystal sample, respectively. e is the absorption
coe� cient determined by

2.2. Derivatives of 3,4,9,10-perylenetetracarboxyli c acid e 5
1

3
(e1 1 2e2). (2)

(a) Dye 5

e represents the molar decadic absorption coe� cient
which corresponds to the same temperature as that used
for e1 and e2 .

3. Theoretical background
(b)

3.1. T he method and its restriction
The anisotropy of liquid crystalline phases arises

because of the tendency of the mesogenic molecules to
align along a certain preferred direction. The orientation
of any molecule can be described using three Euler
angles a, b, c. The simplest complete description of the
orientational order of an ensemble of molecules isDye code R
the orientational distribution function f (a, b, c), which
gives the probability of � nding a molecule at a particular6 ¾ (CH

2
)
3
CH

3 orientation with respect to a space-� xed coordinate7 ¾ (CH2 )6CH3 system. From this function one can de� ne a set of
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1359L inear dichroism of perylene derivatives

orientationa l distribution coe� cients g
ijkl

, which represent is dependent only on the angle b, whereas D* is a
measure of the deviation from a rotationally symmetricthe generalized form of the Saupe order tensor [13],

where distribution of the molecules about their x*3
axis and

depends on the angles b and c. The relation between the
order parameters S* and D* and the degree of anisotropyg

ijkl
5

1
4p P f (a, b, c)a

ik
a
jl

sin b da db dc. (3 )
R is [14]

a
ij

(a, b, c) are the elements of an orthogonal trans-
R 5

1

2
(3q*33

Õ 1)S* 1
Ó 3

2
(q*22

Õ q*11)D* (10)formation matrix from the space-� xed (x ¾
i
) to the

molecule-� xed (x
i
) Cartesian coordinate system. The

molecular decadic absorption coe� cients of a uniaxial where
sample, e

1
and e

2
are given by [14]

q*
ii

5
e*
ii

3e
; 0 < q*

ii
< 1; �

i

q*
ii

5 1.e1 5 �
ij

g
ij33

e
ij

5 �
ij

a2
ij

g*
jj33

e+
ii

(4 )

If in the absorption spectrum there exist two puree2 5 �
ij

g
ij11

e
ij

5 �
ij

a2
ij

g*
jj11

e+
ii

(5 )
polarized bands at nÅ 1 and nÅ 2 for which the direction
of the related transition moments with respect to thewith
molecular axes are diŒerent, and the principal axes are

g*
ii11

5 g*
ii22 determined by symmetry, then the order parameters S*

and D* can be directly determined from the experimentaland
data for R(nÅ 1 ) and R(nÅ 2 ). In this case

e 5
1

3 �
i

e+
ii

. (6 ) S* 5 R(nÅ 1 ) (11)

and
e+
ii

are the elements of the absorption tensor for light
beams polarized linearly parallel to the x+

i
axes in a

D* 5
1

Ó 3
[2R(nÅ 2 ) 1 R(nÅ 1 )]. (12)completely oriented system. The x+

i
axes are the principal

axes of the absorption tensor e
ij

[2, 3, 14, 15]. a
ij

are
For molecules with only one purely polarized absorptionnow the elements of the orthogonal matrix which trans-
band and other bands of mixed polarization, i.e. over-form the x*

i
coordinates into the x+

i
coordinates. The

lapping bands, the following procedure must be used inx*
i

coordinates refer to the principal axes of the order
order to determine the q*

ii
(nÅ ) and S* and D* values. Fortensor g

ijkk
(k 5 1, 2, 3 ). The following convention for

the temperature dependent degree of anisotropy of twonumbering the axes is used: g*3333 > g*2233 > g*1133
[3]

diŒerent polarized transitions at the wavenumbers nÅ 1with x*3 as the ‘orientation axis’. For molecules with a
and nÅ 2 one can obtainpoint symmetry group diŒerent from C

1
, C

i
, C

2
, C

s
and

C
2h

there is no temperature dependence of the orientation
R (nÅ 1 , T ) 5

1
2

[3q*33(nÅ 1 ) Õ 1]S*(T )of the x*
i

axes relative to the molecular frame. Then the
linear dichroism e1

Õ e2 can be described by [14]

1
Ó 3
2

[q*22(nÅ 1 ) Õ q*11 (nÅ 1 )]D*(T ) (13)
e1

Õ e2 5
3
2

(e*33
Õ e)S* 1

Ó 3
2

(e*22
Õ e*11 )D* (7)

because in this case the e*
ii

are temperature independent. R (nÅ 2 , T ) 5
1
2

[3q*33(nÅ 2 ) Õ 1]S*(T )
S* and D* are Saupe’s order parameters [13], which
are su� cient to characterize the long range orientational
order of a uniaxial phase with respect to the absorption 1

Ó 3
2

[q*22(nÅ 2 ) Õ q*11 (nÅ 2 )]D*(T ). (14)
processes if the phase is characterized by a molecular
biaxial orientational distribution. They are de� ned by Because R(nÅ 1 , T ) as well as R(nÅ 2 , T ) are dependent on

S* and D*, the following relation is valid [2, 3]

S* 5
1
2

(3g*3333
Õ 1) (8 ) R(nÅ 2 , T ) 5 W[R(nÅ 1 , T )] (15)

taking D* 5 f (S*, d) as given in [16] and assuming
D* 5

Ó 3
2

(2g*2233 1 g*3333
Õ 1) 5

Ó 3
2

(g*2233
Õ g*1133). (9) the parameter d to be independent of temperature. If the

band at given nÅ b is purely polarized, then q*
ii

(nÅ b ) is equal
to zero or one for i 5 1, 2, or 3, depending on theS* characterizes the orientational order of the x*3 axis

with respect to the optical axis of the uniaxial phase and polarization direction. Then using a � tting procedure
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1360 D. Bauman et al.

with the variation of all parameters q*
ii

(nÅ 2 ), as well as X(s)
ij

of the sth absorption band is given by [18]

the d value within their limits, the relation given by

equation (15) can be calculated. The sum of the squares X(s)
ij

5 eNnKk
ij

(nÅ ) 5
BnÅ
4 �

n
�
Kk

DNnKk
ij

FNnKk (nÅ ) (17)
of the distances of the experimental points from the

calculated curves vertical to the tangent is evaluated and where DNnKk
ij

5 7 m
i 8 NnKk 7 m

j 8 NnKk
is the electric dipole

taken as a measure of the quality of approximation by transition moment tensor and FNnKk (nÅ ) is the band shape
the chosen parameter set. for the transition s ( |Nn 8 � |Kk 8 ). The e

ij
are the elements

For perylene, which is the main skeleton of the of the symmetric absorption tensor. In this case Y
kl

is
molecular structure of the dyes investigated, a point also symmetric, because of the relation
symmetry group D

2h
is assumed. Thulstrup et al. [1] had

g
ijkl

5 g
jilk

. (18)assigned the absorption spectrum of perylene assuming

the existence of two purely polarized bands due to p-p* The symmetry of the liquid crystalline phase reduces
transitions. The substituents in the perylene ring systems the number of measurable independent quantities Y

kl
in derivatives 1 to 7 cause a lowering of the symmetry as shown in table 1. This table presents the number
and simultaneously a shift of the absorption bands, of independent pieces of information (Y

kl
) for various

phase symmetries and the number of coordinates of theleading to an increased overlapping of the diŒerent
orientational distribution coe� cients (g

ijkl
) which arebands. Therefore, in the substituted perylenes only one

necessary for a complete description of order if the phasepurely polarized band seems to be preserved. The degree
consists of molecules with the point symmetry group C

1of anisotropy of the long wavelength band of 1 to 7 is
and D2 , respectively. It is seen that for biaxial moleculesindependent of the wavelength. This is a strong hint that
without any symmetry (C1 ), � ve independent g

ijkl
havethis band is purely polarized. However, for this band

still to be determined from the only available quantitynone of the q*
ii

(nÅ ), i 5 1, 2, 3, have to be equal to 1,
Y33 5 e1 and the Tr{Y

kk
} 5 3e, i.e. from the absorptionbecause the direction of the electric dipole transition

measurements using linearly polarized light only onemoments may not coincide with the principal axis of the
independent measureable quantity e1 can be obtainedorder tensor in the case of the substituted perylene
for an anisotropic sample. The absorption coe� cient ofderivatives . Because of the low symmetry of the molecules
an isotropic phase e has to be measured additionally.of 1 to 7, the above-described method cannot be applied
Because e1 and e cannot be measured at the sameto the determination of the order parameters and the
temperature for liquid crystalline phases, e1 and e2 areelements of the order tensor without additional approxi-
measured instead, and then e can be calculated bymation or information. Previously, we had used this
equation (2). The additional pieces of information needed

procedure in order to assign the absorption spectrum of
are the absorption tensor e

ij
(nÅ

q
) for diŒerent positions nÅ

qb,b ¾ -dimethylmesobilirubin XIIIa [12] (C2 point sym-
in the spectrum. For these diŒerent wavenumbers nÅ

q
, the

metry group), because we had been able to use additional
e1 (nÅ

q
) have to be measured; here the wavenumbers nÅ

qrelations derived from exciton theory. Now, for the
have to selected with respect to characteristic points

perylene derivatives we attempt to answer the question
of the absorption spectrum. For a molecule of point

about how many pieces of information can be obtained
symmetry group C1 and C

i
, there are � ve, for C2 , C

sfrom various absorption bands with mixed polarization and C
2h

, there are three, and for all other symmetries,
when only one axis of the principal axes of the order there are two measurements at diŒerent wavenumbers
tensor is � xed by symmetry. necessary [19], so requiring � ve, three or two purely

polarized transitions available in the UV, Vis or IR
spectra.

3.2. T he available information—generalization of the Let us now generalize the method allowing the com-
method plete description of the orientational order necessary to

The orientational distribution coe� cients g
ijkl

con- describe eŒects of second rank tensors like the absorption
nect molecular properties X

ij
with the corresponding process. On the basis of equations (4) and (5) and taking

measurable properties of an anisotropic sample which into account that g
ij11

1 g
ij22

5 2g
ij11

5 d
ij

Õ g
ij33

, we
are described by a second-rank tensor Y

kl
[17] obtain the following relation for the linear dichroism:

e1
Õ e2 5 1/2 �

ij
(3g

ij33
Õ d

ij
)e

ij
. (19)Y

kl
5 �

i
�
j

g
ijkl

X
ij

(16)

Then, from equation (1) follows:
as is given in a special form in equation (4). For an

1/3(2R 1 1) 5 �
ij

g
ij33

q
ij

(20)
absorption process (IR, Vis, UV) the molecular property
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1361L inear dichroism of perylene derivatives

Table 1. Independently measurable quantities Y
kl

and number of independent orientational distribution coe� cients g
ijkl

for phases
and molecules of diŒerent point symmetry groups.

Point symmetry group of the phase Number of g
ijkl

for two point
( local symmetry) symmetry groups of the molecule

Symmetry of Example of
Chiral Achiral the phase the phase Independent sY (b) a

kl C1 D2

C1 (biaxial ) sY (b)22 , sY (b)33 25 10
sY (b)12 5 sY (b)21 ,
sY (b)13 5 sY (b)31 ,
sY (b)23 5 sY (b)32

(C2 ) biaxial smectic C* sY (b)22 , sY (b)33 15 6
sY (b)13

C
2h

biaxial smectic C sY (b)22 , sY (b)33 , 15 6
sY (b)13

(D2 ) biaxial chiral nematic N* sY (b)22 , sY (b)33 10 4
smectic C*

D
2

uniaxial chiral nematic N* sY (b)33 5 2
smectic C*

D
2h uniaxial nematic sY (b)33 5 2

smectic A

a Superscript s means the symmetric tensor; superscript (b) means the transition |Nn 8 � |Kk 8 .

and tensor can be written

R 5 �
ij

S
ij

q
ij

(21) Q(s)(nÅ
q
, T ) 5

1
3

[2R(s) (nÅ
q
, T ) 1 1] Õ b(s)

2

3
where 5 (b(s)

2

1
Õ b(s)

2

3 )g1133 1 (b(s)
2

2
Õ b(s)

2

3 )g2233
1 2b(s)1

b(s)2
g
1233 1 2b(s)1

b(s)3
g
1333 1 2b(s)2

b(s)3
g
2333q

ij
5

e
ij

e11 1 e22 1 e33 (25)

and S
ij

are the coordinates of the Saupe order tensor with which all independent coordinates g
ij33

can be
[13] of the guest molecule. Introducing the unit vector obtained [15] from the degree of anisotropy R(s)(nÅ

q
, T )

parallel to the given transition moment direction b
i of the absorption spectrum measured within the sth band

at the wavenumbers nÅ
q

(q 5 1, … , 5) of the pure bands
b
i
5

7 m
i 8 NnKk

( 7 m1 8 2
NnKk

1 7 m2 8 2
NnKk

1 7 m3 8 2
NnKk

)1/2
(22) s 5 1, … , 5. With the column vector Q_ 5 {Q(1), … , Q(5)}

of the � ve Q(s) (nÅ
q
, T ) with s 5 q 5 1, 2, … , 5 and the

� ve coordinates of the order tensor written as ait follows that
column vector g_ 5 {g

1133
, g

2233
, g

1233
, g

1333
, g

2333
} and

the matrix of the coe� cients given by the b
i
b
j

terms B__1
3

[2R(s)(nÅ
q
, T ) 1 1] 5 bÄ_(s)g__(T )b_(s). (23)

in equation (5), the linear set of the equation can be
given by

Instead of equation (23), the following equation can also
B__g_ 5 Q_. (26)be used:

With the help of the Kramer rules, the coordinatesR(s) (nÅ
q
, T ) 5 bÄ_(s)S__(T )b_(s) (24)

of the order tensor g
ij33

for the given temperature T
can be calculated if the set of inhomogeneous linearwhere nÅ

q
is the qth wavenumber in the sth absorption

band with polarization direction b_(s). If in the spectrum equation (25) has a solution. It should be noted, how-
ever, that even in the case of purely polarized bands,there exist � ve purely polarized bands b_(s) (s 5 1, … , 5),

with equations (23) or (24) � ve linear equations with certain situations must be excluded that follow from
equation (25). No more than three absorption transitionrespect to the coordinates of the elements of the order
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1362 D. Bauman et al.

moments may lie in the same plane or, more generally, always possible with su� cient accuracy. A direct analysis
of the absorption coe� cient e1 (nÅ

i
, T

j
) or e2 (nÅ

i
, T

j
) withpossess a common normal, i.e. only then are all � ve

transition moment directions independent. Moreover, respect to Q(s) (nÅ
q
, T

j
) or R(s)(nÅ

q
, T

j
) for diŒerent wave-

numbers and for diŒerent temperatures may oŒer a newonly then is the rank of the matrix of the coe� cients
of the system of linear equations given as 5 by the B__ of possibility. To examine this, the absorption values at n

diŒerent wavenumbers and m diŒerent temperaturesthe b
i
. This is analogous to 2H NMR spectroscopy

where the same condition holds for three independent have to be measured. From equation (26) with n 5 m
diŒerent temperatures and wavenumbers the followingC–D bond directions [14 a, 15].

In the UV-Vis spectrum, � ve independent transition matrix equation can be obtained
moments are usually not observed, but they can often
be found in IR spectra. In the absorption spectrum
measured in the UV-Vis region, mostly overlapping B__Ag1133(T1 ) ¼ g1133(T

n
)

e

g
2233

(T
1
) ¼ g

2333
(T

n
)Bbands occur and the question arises whether from the

overlap ratio, if known, any additional information can
be derived. Let us de� ne the overlap ratio as follows

5 B__G__ 5 AQ(1)(T1 ) ¼ Q(1)(T
n
)

e

Q(5)(T1
) ¼ Q(5)(T

n
)B5 Q__. (30)

r(s)(nÅ
q
) 5

e(s)(nÅ
q
)

e(nÅ
q
)

(27)

The rank of B__G__ determines the rank of Q__. Because fromwhere e(s)(nÅ
q
) is the absorption coe� cient at the wave-

number nÅ
q

for a given transition s. S e(s)(nÅ
q
) 5 e(nÅ

q
) at a the symmetry of the molecules the number of independent

given wavenumber nÅ
q

and S
s
r(s)(nÅ

q
) 5 1 is the sum over tensor coordinates of the order tensors for diŒerent

all the transition s contributing to the band at the temperatures G__ is known, the rank of the experimentally
wavenumber nÅ

q
. By analogy with equations (23) and determined matrix Q__ then leads to the number of

(24), the following relation can be obtained independent pieces of information which can be used to
determine the g

ij33
(T ). Thus the determination of the

rank of Q__ allows us to answer the question concerning
1
3

[2R(s)(nÅ
q
, T ) 1 1] 5 �

s
r(s)(nÅ

q
)b_(s)g__(T )b_(s) (28)

how many pieces of information are in a set of such
measurements and thus to answer the question whetheror
the complete order tensor can or cannot be determined
from the accessible absorption spectra. The rank of Q__ isR(s)(nÅ

q
, T ) 5 �

s

r(s)(nÅ
q
)b_(s)S__(T )b_(s) . (29)

given by the rank of B__ if G__ is a regular matrix, which
may not often be the case because of the kind ofUsing equation (29) instead of (24) for the matrix of the
temperature function of the tensor coordinates g

ij33
(T ).coe� cients B__ of (25), then a sum of coe� cient matrices

Moreover, the experimental errors in the degree ofwith the weighting factor r(s)(nÅ
q
) is obtained. If there are

anisotropy can restrict this type of analysis by a badless than � ve independent transition moments, the rank
‘conditioning of the matrix Q__’.of the matrices is smaller than � ve. Thus, the coordinates

Is there, we may ask, a possibility of using theof the order tensor cannot be determined completely. This
temperature dependence of g

ij33
as an additional sourcemeans that overlapping of bands—even with a known

of information to substitute for information from ther(s)(nÅ
q
)—does not increase the number of independent

bond direction? To answer the question, equation (30)pieces of information.
can be written asThe question has to be raised as to how it is possible

to ascertain how many pieces of independent information
B__G__
~

5 GÄ__BÄ__ 5 QÄ__ (31)are available from a measured UV spectrum. This can-
not be determined by an analysis of the frequency and
dependence of the degree of anisotropy of the absorption GÄ__BÄ_ 5 QÄ_ (32)
spectra, because this dependence can also be a con-

where equation (32) can be used to determine thesequence of band overlapping—which does not lead to
bond direction from a known G__ and Q__. To answer thenew information which can be utilized for the calcu-

lation. To answer the question whether a spectrum question about the number of pieces of information from
which the rank of the G__ matrix has to be determined,can yield su� cient information, a quantum theoretical

calculation of the transitions in the accessible spectral this may be � ve, in general. Then � ve independent
directions could be measured. This is not however true,region with independent transition moment directions is

another possible approach. But at present this is not as we have seen before in the R(nÅ 1), R(nÅ 2 ) procedure
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1363L inear dichroism of perylene derivatives

[2, 3] from which it can be seen that from experience T 5 38 ß C for dyes 4 and 7 in ZLI-1695. The structure of
the dyes 1 to 7 (see § 2) suggests that they have at bestthe rank is usually only three. A further systematic

analysis seems necessary to extend these analyses. C
s

symmetry, but C
2

symmetry cannot be excluded. For
the case of C

s
or C2 symmetry of the compounds, three

directions of the transition moments should be known4. Results
Figures 1 and 2 show as examples the polarized to obtain the whole order tensor. From the discussion in

the previous section it follows that only two independentabsorption spectra, e1 and e2 and the degree of aniso-
tropy, R as a function of wavenumber at a temperature pieces of information are available from the measure-

ment of the spectra at diŒerent wavenumbers nÅ
q

(� gures
1 and 2). In order to use the temperature dependence
as a source of additional information for the evaluation
of the order parameters, the Luckhurst relation D* 5
f (S*, d) [16] has to be used. This means that for the
determination of the order parameters S* and D*, as
well as the diagonal elements of the absorption tensor
with respect to the principal axes of the order tensor, the
degree of anisotropy of at least two variously polarized
transitions at diŒerent wavenumbers nÅ 1 and nÅ 2 should
be chosen. As nÅ 1 for all the dyes investigated, the
maximum position for the long wavelength absorption
band was taken, because R has here a maximal value
and is almost frequency independent over the band.
Therefore, one can assume to a good approximation

Figure 1. Polarized absorption spectra e1 and e2 , and degree that this band is purely polarized. There are no further
of anisotropy R, for dye 4 in ZLI 1695 at T 5 38 ß C.

purely polarized bands in the accessible spectral region
and thus nÅ 2 was chosen as the wavenumber at which R
is minimal. Table 2 gathers together the values of R(nÅ 1 )
and R(nÅ 2 ) at three temperatures. Now, the transition
moment directions should be assigned with respect to the

x*
i

axes; this means the relative absorption coe� cients
q*
ii

(nÅ ) for the bands at nÅ 1 and nÅ 2 . In general, there are 6
unknown q*

ii
parameters (i 5 1, 2, 3 for nÅ 1 and nÅ 2 ). The

number of these parameters can, however, be reduced
in the case of molecular symmetry, as was shown earlier
[2–4, 12]. Moreover, three criteria should be taken into
account: (1) the positions of the experimental values
of the degree of anisotropy in the R(nÅ 1 ), R(nÅ 2 ) plane;
(2) the slope of the curve R(nÅ 1 , T ) 5 W[R(nÅ 2 , T )]; and
(3) its curvature [3]. In order to do this, one has to
assume that the molecules are of a symmetry diŒerentFigure 2. Polarized absorption spectra e1 and e2 , and degree

of anisotropy R, for dye 7 in ZLI 1695 at T 5 38 ß C. from C1 , C
i
, C2 , C

s
, and C

2h
, because the decomposition

Table 2. Highest R(nÅ 1 ) and lowest R(nÅ 2 ) values of the degree of anisotropy for dyes 1 to 7 in ZLI 1695.

T 5 28 ß C T 5 48 ß C T 5 68 ß C

Dye code nÅ 1/103 cm Õ 1 nÅ 2/103 cm Õ 1 R(nÅ 1 ) R(nÅ 2 ) R(nÅ 1 ) R(nÅ 2 ) R(nÅ 1 ) R(nÅ 2 )

1 19.80 38.31 0.455 Õ 0.076 0.438 Õ 0.059 0.349 Õ 0.053
2 19.80 38.31 0.488 Õ 0.080 0.460 Õ 0.065 0.331 Õ 0.041
3 19.80 38.24 0.517 Õ 0.111 0.504 Õ 0.110 0.317 Õ 0.067
4 19.76 38.24 0.548 Õ 0.123 0.545 Õ 0.128 0.362 Õ 0.088
5 19.92 38.17 0.607 Õ 0.174 0.568 Õ 0.131 0.415 Õ 0.111
6 21.32 38.31 0.318 0.023 0.303 0.039 0.209 0.032
7 21.32 38.31 0.361 0.014 0.342 0.031 0.214 0.040
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1364 D. Bauman et al.

of the order triangle given in [3] has been developed plane perpendicular to it. Therefore, it has been assumed
that q*11 5 q*22 5 0 and q*33 5 1 for the band at nÅ 1 and thatonly for molecules with symmetry-� xed principal axes

of the order tensor. all other bands have q*
ii

parameters diŒerent from zero.
The values of q*

ii
for all bands distinguished in theTo a � rst approximation, to evaluate the data obtained

for the dyes investigated, C
s
symmetry has been assumed. absorption spectra of dyes 1 to 5 are gathered in table 3,

and those of dyes 6 and 7 are shown in table 4. The q*
ii

In such a case, symmetry dictates that the observed
electronic transitions lie in the plane of the aromatic parameters presented in tables 3 and 4 have been chosen

from among many possible solutions in such a way that,skeleton. In the same plane lies the orientation axis x*3
which is approximately correlated with the molecular by taking various wavenumbers as nÅ 2 , the same values

of q*
ii

for the band at nÅ 1 have always been obtained.long axis. Using additional criteria (1) to (3), we have
concluded that the transition moments related to the Knowing the relative absorption coe� cients q*

ii
, the

order parameters S* and D* can be calculated fromabsorption bands at nÅ 1 and nÅ 2 lie in the x*2 , x*3 plane,
and thus q*11 5 0. Now, using computer simulation, the equation (10). The values of S* and D* for all the dyes

investigated using ZLI 1695 at various temperatures areparameters q*22
and q*33

for the bands at nÅ 1 and nÅ 2 could
be determined. However, by means of a simulation gathered together in table 5. It is necessary to mention

here that both order parameters have been determinedprogram, many possible solutions have been obtained
within the experimental error, probably connected with taking various bands as the nÅ 2 region. It has been

ascertained that the S* values obtained for various nÅ 2the fact that the procedure used had been developed for
molecules with higher symmetry. Therefore, additional diŒer only slightly; they are in fact almost identical

within experimental uncertainty. However, the D* valuesinformation was necessary in order to choose the proper
solution. For this purpose the values of the degree of depend on the chosen nÅ 2 region. Therefore, in table 5,

two D* values for every dye are listed: the � rst D* valuesanisotropy for other wavenumber regions such as R(nÅ 2)
have been considered and q*22 and q*33 parameters have been calculated for nÅ 2 corresponding to Rmin (given

in table 1), whereas the second D± * is the average value.obtained for the band at nÅ 1 have been compared. It has
always been assumed that the transition moments corres- Knowledge of the q*

ii
parameters also gives the

possibility of obtaining reduced absorption spectra, i.e.ponding to the band at each nÅ 2 lie in the x*2
, x*3

plane.
Nevertheless, by utilizing such a procedure, no consistent the spectra decomposed into the tensor coordinates with

respect to the x*
i

(i 5 1, 2, 3) axes [1–4]. Figures 3 andresults for dyes 6 and 7 have been obtained. It seems
that the alkyl chains cause the molecular symmetry of 4 show the reduced spectra for dyes 3 and 4 and for

dyes 5 and 7 as examples. Solid curves in these � guresthese dyes to be lower than C
s
. Taking into account the

steric interactions between the two alkyl chains attached represent the total sum of light absorption due to all the
transition moment coordinates directed along orientationat one side of the perylene skeleton, it is possible to

suppose that one chain comes out in front of and the axis x*3 (e*33), while for the dashed curves, we are concerned
with all the transition moment components directedsecond comes out behind the x*2 , x*3 plane. In this

case, the point symmetry group C2 can be considered, along the x*2 axis (e*22 ). Additionally, in � gure 4 (b) a
dotted curve is presented; this is related to the absorptionmeaning that there exists one transition polarized

parallel to the C
2

rotation axis, whereas others lie in a due to all the transition moment components directed

Table 3. Values of q*22 (nÅ 1 ) for diŒerent absorption bands of dyes 1 to 5 in ZLI 1695. q*11 (nÅ 1 ) 5 0; q*11 (nÅ 2 ) 5 0.

Dye code nÅ 1/103 cm Õ 1 q*22 nÅ 2/103 cm Õ 1 q*22 nÅ 2/103 cm Õ 1 q*22 nÅ 2/103 cm Õ 1 q*22

1 19.80 0.02 38.31 0.81 42.37 0.26 46.73 0.66
2 19.80 0.02 38.31 0.86 42.37 0.40 46.95 0.65
3 19.80 0.12 38.24 0.80 42.37 0.39 46.51 0.64
4 19.76 0.01 38.24 0.88 42.37 0.34 46.73 0.62
5 19.92 0.02 38.17 0.88 42.55 0.31 47.17 0.50

Table 4. Values of q*
ii

(nÅ 2 ) for diŒerent absorption bands of dyes 6 and 7 in ZLI 1695. q*33 (nÅ 1 ) 5 1.

Dye code nÅ 2/103 cm Õ 1 q*22 q*33 nÅ 2/103 cm Õ 1 q*22 q*33 nÅ 2/103 cm Õ 1 q*22 q*33

6 38.31 0.52 0.26 42.55 0.34 060 47.62 0.60 0.29
7 38.31 0.67 0.15 42.55 0.39 0.57 47.62 0.54 0.36
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1365L inear dichroism of perylene derivatives

Table 5. Order parameters S* and D* versus temperature for dyes 1 to 7 in ZLI 1695 (DS* 5 Ô 0.01, DD* 5 Ô 0.02 ).

T / ß C Dye code S* D*a D
±
* Dye code S* D*a D

±
*

28 1 0.47 0.04 0.08 5 0.63 0.03 0.07
38 0.47 0.04 0.07 0.61 0.01 0.05
48 0.45 0.05 0.10 0.58 0.07 0.15
58 0.40 0.03 0.09 0.51 0.03 0.12
65 0.37 0.03 0.08 0.46 0.02 0.06
68 0.36 0.03 0.06 0.43 0.03 0.13
70 0.33 0.05 0.13 0.38 0.03 0.11

28 2 0.50 0.09 0.12 6 0.32 0.22 0.23
38 0.50 0.07 0.15 0.31 0.23 0.26
48 0.47 0.10 0.20 0.30 0.28 0.29
58 0.43 0.08 0.21 0.26 0.23 0.26
65 0.36 0.06 0.17 0.23 0.21 0.23
68 0.34 0.08 0.17 0.21 0.21 0.22
70 0.31 0.10 0.20 0.17 0.17 0.19

28 3 0.64 0.02 0.04 7 0.36 0.27 0.27
38 0.63 0.01 0.07 0.35 0.24 0.24
48 0.61 0.01 0.10 0.34 0.29 0.30
58 0.53 0.02 0.12 0.30 0.27 0.28
65 0.46 0.02 0.10 0.27 0.26 0.27
68 0.38 0.01 0.08 0.21 0.23 0.23
70 0.29 0.01 0.08 0.20 0.21 0.21

28 4 0.56 0.04 0.07
38 0.56 0.07 0.05
48 0.55 0.06 0.11
58 0.50 0.05 0.12
65 0.44 0.05 0.11
68 0.37 0.04 0.10
70 0.28 0.07 0.04

a Corresponds to nÅ 2 for minimal R(nÅ 2 ).

along the x*1 axis (e*11). The reduced spectra for dyes 1 From � gures 3 (a) and 3 (b) it is seen that dyes 1 to 5
have only one purely polarized band connected with theand 2, and dye 6, are very similar to those of dyes 4 and

7, respectively. absorption in the visible spectral region. All other bands
are characterized by mixed polarization, and the greatest
contribution from the polarization along the x*2

axis5. Discussion
5.1. Spectroscopic properties—reduced spectra always occurs from the band at nÅ 2# 38 000 cm Õ 1.

For dyes 6 and 7, the point symmetry group C2 hasFrom the results presented in table 2 for unsym-
metrically substituted dyes 1 to 4, it is seen that the q*22 been assumed. This means that the transition moments

related to the bands at various nÅ 2 should lie in theparameter for the band at nÅ 1 is only slightly diŒerent
from zero. This band is purely polarized in the x+3 x*1 , x*2 plane. Meanwhile, in all the bands, the con-

tribution from the polarization along the x*3
axis isdirection, and q*22 Þ 0 means the existence of a small

angle between the x+3 and x*3 axes. The largest q*22 and observed. This can only be explained by the overlapping
of various bands at the given nÅ 2 . From � gure 4 (b) it istherefore the largest angle has been found for dye 3,

which has a very long alkyl chain attached to the main seen that, similarly to the dyes 1 to 5, only the long
wavelength absorption band is purely polarized for dyespart of the molecule causing rotation of the molecular

long axis. 6 and 7, whereas in all other bands the contributions
from polarization along all three x*

i
axes occur.Looking at the molecular structure of symmetrically

substituted dye 5, it seems that in this case a higher
point symmetry group than C

s
can be considered, i.e. 5.2. Order parameters

The results presented in table 4 indicate that the valuesC
2V

symmetry. The small value of q*22 for the band at nÅ 1
would con� rm that in this case C

2V
symmetry can be of the order parameters S* for the dyes investigated in

solution in ZLI 1695 diŒer signi� cantly from each other,assumed to a good approximation.
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1366 D. Bauman et al.

Figure 4. Reduced absorption spectra for dyes in ZLI 1695:
(a) dye 5, (b) dye 7. Solid curves e*33 ; dashed curves e*22 ;
dotted curve in (b) e*11 .Figure 3. Reduced absorption spectra for dyes in ZLI 1695:

(a) dye 3, (b) dye 4. Solid curves e*33 ; dashed curves e*22 .

is interesting that the structure of the equations from
which the order tensor is evaluated is in many casesillustrating the strong in� uence of the terminal groups,

both R
1

and R
2
, on S*. Dye 3, which has the largest the same. Depending on the symmetry of the phase, the

number of measurable quantities and the number ofalkyl chain and dye 5, which has relatively rigid sub-
stituents, are the best oriented in the liquid crystal elements of the order tensor can change from 25 to 5 if

one is handling symmetric tensorial properties. Thus itmatrix. The symmetrically substituted dyes 6 and 7 are
characterized by the smallest S* values, probably due to is important to analyse the information inherent in the

experiment. This has been done here especially for UV,steric interactions and the � exibility of the alkyl chains.
However, the order parameter rises with increasing chain Vis and IR methods. Moreover, the order parameters of

dyes with symmetry C
2

and C
s
have been determined andlength. The order parameter S* for all the dyes under

investigation shows a strong dependence on temperature, analysed in terms of general analytical considerations.
which is diŒerent for the various dyes and demonstrates
that the sensitivity of the guest–host mixtures to thermal Partial support through a Poznan University of

Technology Research Project No PB64-002/BW and� uctuations can be very diŒerent. The biaxiality para-
meter D* for dyes 1 to 5 is rather small and does not the ‘Fonds der Chemischen Industrie’ are gratefully

acknowledged. D.B. wishes to thank the Alexander vondiŒer signi� cantly for the various dyes. For dyes 6 and
7, the parameter D* is signi� cantly greater than for the Humboldt Foundation for � nancial support during her

stay in Kaiserslautern.other dyes and at higher temperatures it is comparable
with the order parameter S*. In all cases the D* values
depend very weakly on temperature. References
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