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Abstract

Studies of azo dye/liquid crystal mixtures in monolayers formed at an air—water interface (Langmuir films) and on a solid surface (Lang-
muir—Blodgett films) were performed. Six azo dyes with various molecular structures and two liquid crystal materials: 4-octyl-4'-cyanobiphenyl
(8CB) and trans-4-octyl(4’-cyanophenyl)-cyclohexane (8PCH) were used. The dyes were added to the liquid crystal matrices at various concen-
trations and the surface pressure—mean molecular area isotherms for the resultant Langmuir films were recorded. On the basis of the isotherm
runs, conclusions concerning the molecular organization and the miscibility of the components in the ultrathin films were drawn. Absorption
spectra for the Langmuir—Blodgett films, using both natural and linearly polarized light were recorded. Information regarding intermolecular
interactions in the mixtures of the nonamphiphilic dye and the liquid crystal, with the polar terminal group was obtained. The ability of dye
molecules to form self-aggregates at the air—solid substrate interface was observed. The influence of the molecular structure and the concen-
tration of a dye on aggregates’ geometry is discussed. It was found that at low dye concentrations in the liquid crystal J-type aggregates are
formed. High dye contents are conducive to the creation of H-type aggregation, which improve the molecular packing in the Langmuir—Blodgett

film.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

In recent years, much interest has been directed to molecu-
lar organic materials in which aggregation phenomena occur.
Such systems display intriguing optical properties and can
find application as novel functional materials for molecular
electronics and photonics. In particular, it is known that the
formation of molecular aggregates has a strong effect on the
design and molecular properties of systems that contain spe-
cies having sizes on the nanoscale. One of the methods used
in the fabrication of nanosystems is the Langmuir—Blodgett
(LB) technique [1—3]. In films formed using this technique,
molecules are in a highly ordered environment, similar to
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those in solid matrices, where aggregation of aromatic mole-
cules is frequently observed [4].

In this paper we report the study of the aggregation proper-
ties of some azo dyes in LB films. Azo dyes are known as
compounds whose molecules have a tendency towards aggre-
gation, in the ground electronic state [4—6] itself. Because of
large change of the dipole moment at 7t — 7v* transition, these
molecules are characterized by a high value of hyperpolariz-
ability and therefore, when they are incorporated into highly
oriented matrices, can find application in nonlinear optics sys-
tems [7].

The molecular aggregation and orientation in LB films are
inherently dependent upon the molecular organization in
spread monolayers on the water surface (Langmuir films). In-
vestigations carried out previously in our laboratory had indi-
cated that azo dye molecules are not able to form stable and
compressible Langmuir films [8,9]. In such a case it is
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necessary to use the admixture of a compound that is able to
make stable monolayers at the interfaces and can act as
a supporting matrix. Two liquid crystals: 4-octyl-4'-cyanobi-
phenyl (8CB) and trans-4-octyl(4’-cyanophenyl)-cyclohexane
(8PCH) were used. These two liquid crystals are known to
form homogeneous Langmuir and LB films under appropriate
circumstances [10—13].

2. Materials and methods

The molecular structure of the dyes used are presented in
Table 1. Fig. 1 shows the normalized absorption spectra of
the chosen dyes, dissolved in ethanol, in the visible spectral re-
gion. All of the dyes were synthesized and chromatographi-
cally purified in the Institute of Dyes at £.0dZ University of
Technology, Poland.

The liquid crystals 4-octyl-4’-cyanobiphenyl (8CB) and
trans-4-octyl(4’-cyanophenyl)-cyclohexane (8PCH) were pur-
chased from the Dabrowski Laboratory at the Military Univer-
sity of Technology, Warsaw (Poland) and were used without
further purification.

Spectroscopic grade chloroform was used to prepare the
spreading solutions. The dye—liquid crystal mixture solutions
were made at a constant concentration of 8CB or 8PCH (0.3 g/

Table 1
Molecular structure of azo dyes investigated
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Fig. 1. Normalized absorption spectra of dyes 1 (1), 3 (2) and 6 (3) dissolved in
ethanol (MF = 1.5 x 1077).

dm?) with appropriate amounts of the dye, in order to obtain
the molar fraction (MF) of the dye in the whole range of pos-
sible concentrations (depending on the dye solubility). The so-
lution was then spread onto the deionized water subphase to
form a monolayer that was equilibrated for about 15 min to al-
low the chloroform to evaporate. The surface pressure was
measured as a function of the area using a Wilhelmy plate bal-
ance (Minitrough 2 Langmuir—Blodgett system, KSV Instru-
ments Ltd., Finland). The experiments were performed at
a subphase temperature of (20.5 £ 0.5) °C. Further experimen-
tal information concerning Langmuir film preparation is given
elsewhere [14].

Polished quartz plates (35 x 10 x 1 mm®) were used as
solid substrates that possessed a hydrophilic surface suitable
for LB film fabrication. The substrates were dipped and raised
through the floating layer vertically at a speed of 5 mm/min at
a constant surface pressure. The dipping stroke was 25 mm.
The deposition of the film onto the quartz was successful
only on raising the substrate. Repeated attempts to transfer
a floating layer onto quartz slides failed. Therefore, only one
dipping and one raising were made. The transfer ratio TR, de-
fined as the ratio of the actual decrease in the subphase area to
the actual area on the substrate that was coated by the floating
layer, was estimated to be between 1.0 and 1.2.

The absorption spectra of LB films were recorded in the
UV—vis region using natural and linearly polarized light by
means of a spectrophotometer CARY 400, equipped with an
angular sample holder. Glan-Thompson polarizers were used
to obtain polarized incident light.

In order to analyze the absorption spectra over a wide
range of dye concentrations, some additional measurements
for dyes that were dissolved in 8CB were performed in sand-
wich cells made of two glass plates separated by the spacer of
10 um in thickness. Such cells allowed the recording of the
absorptzion spectra of dye/8CB mixtures at MF from 107>
to 107~
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3. Results and discussion
3.1. Surface pressure—mean molecular area isotherm

After spreading solutions of the azo dyes at the water sur-
face in the trough, large patches of the dye on the water
were observed. Also the surface pressure did not rise during
the compression process. Thus, none of the azo dyes under in-
vestigation can produce stable and compressible monolayer.
However, when the dyes were mixed with 8CB or with
8PCH at appropriate concentrations, compression was possible
and stable monolayers at the air—water interface were
obtained.

Figs. 2 and 3 present surface pressure—mean molecular
area (m—X) isotherms of Langmuir films of pure liquid crys-
tals and of 5/8CB and 3/8PCH mixtures, as examples. The iso-
therms were recorded up to the molar fraction of the dye at
which, just after spreading, microcrystallites in the chloroform
solution were not visible to the naked eye. For the compounds
investigated, the isotherms were recorded both during com-
pression and during expansion processes. Only small differ-
ences in the isotherm runs were found. This means that the
equilibrium conditions were obtained.

The m—2X runs for the pure liquid crystals, 8CB and 8PCH,
are in agreement with those given in literature [10—13]. The
increase in 7t begins at the area equal to X, being the first
edge of the phase transition. This indicates the formation of
the condensed monolayer, which collapses at the area X
and the surface pressure mc. The collapse point is recognized
as the point in the isotherm where the ratio d7/0X begins to
decrease due to the next phase transition. The characteristic
values of m—2X isotherms for Langmuir films of pure liquid
crystals and dye/liquid crystal mixtures with various MF are
presented in Tables 2 and 3. The following data are presented:
Yext — the value of the area obtained by extrapolating the
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Fig. 2. Surface pressure—mean molecular area isotherms of Langmuir films of

pure 8CB (1) and of binary mixtures of dye 5 in 8CB with MF of 0.1 (2), 0.2
(3), 0.3 (4), 0.4 (5) and 0.5 (6).
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Fig. 3. Surface pressure—mean molecular area isotherms of Langmuir films of
pure 8PCH (1) and of binary mixtures of dye 3 in 8PCH with MF of 0.1 (2),
0.2 (3), 0.3 (4), 0.4 (5), 0.5 (6) and 0.6 (7).

tangent of the tilt angle of the m—X plot (the part representing
the condensed monolayer creation) to m =0 (see insert in
Fig. 2), X — the value of the collapse area and 7¢ — the value
of the collapse pressure.

Table 2

Values of the area per molecule, the collapse pressure and the average angle
between the normal to the water surface and rigid molecular cores for azo
dyes mixed with 8CB

Compound MF of dye Y. (m? Zc m?) 7w (@mNm) @ )
38CB — 0.46 0.41 4.8 61
1/8CB 0.1 0.36 0.29 6.1 37
0.2 0.27 0.24 8.5 29
0.3 0.22 0.20 19.0 23
0.4 0.20 0.18 24.0 20
0.5 0.16 0.14 15.7 15
2/8CB 0.1 0.34 0.30 7.2 38
0.2 0.30 0.26 8.8 31
0.3 0.29 0.27 13.0 31
0.4 0.27 0.25 16.4 28
0.5 0.29 0.28 12.4 30
3/8CB 0.1 0.36 0.31 6.0 39
0.2 0.28 0.24 7.0 28
0.3 0.23 0.17 21.0 18
0.4 0.22 0.20 22.0 21
0.5 0.22 0.20 19.0 20
4/8CB 0.1 0.39 0.35 6.5 39
0.2 0.31 0.26 6.8 28
0.3 0.32 0.27 6.5 29
0.4 0.24 0.21 6.5 21
0.5 0.22 0.20 59 18
5/8CB 0.1 0.39 0.34 6.5 43
0.2 0.32 0.28 7.8 32
0.3 0.27 0.22 154 23
0.4 0.25 0.20 20.9 20
0.5 0.21 0.17 154 16
6/8CB 0.1 0.39 0.34 6.0 47
0.2 0.32 0.28 8.0 39
0.3 0.26 0.21 24.0 28
0.4 0.25 0.20 23.5 28
0.5 0.20 0.16 23.9 23
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Table 3

Values of the area per molecule, the collapse pressure and the average angle
between the normal to the water surface and rigid molecular cores for azo
dyes mixed with 8PCH

Compound MF of dye Yext Yc e Pay
(nm?) (nm?) (mNm™") ©)
8PCH — 0.56 0.48 5.3 54
1/8PCH 0.1 0.52 0.45 6.3 51
0.2 0.37 0.31 6.1 32
0.3 0.33 0.23 16.0 23
0.4 0.23 0.16 16.9 16
0.5 0.21 0.17 15.7 17
2/8PCH 0.1 0.56 0.49 6.4 42
0.2 0.47 0.39 6.7 41
0.3 0.39 0.32 7.9 32
0.4 0.35 0.30 10.5 30
0.5 0.30 0.25 11.5 24
0.6 0.27 0.25 6.6 24
3/8PCH 0.1 0.52 0.45 6.6 49
0.2 0.49 0.37 6.7 38
0.3 0.44 0.34 6.0 33
0.4 0.38 0.30 5.6 28
0.5 0.34 0.27 52 27
0.6 0.27 0.24 5.1 21
4/8PCH 0.1 0.49 0.43 5.8 46
0.2 0.56 0.49 5.8 52
0.3 0.45 0.40 5.9 39
0.4 0.33 0.28 6.1 25
0.5 0.30 0.26 5.9 24
0.6 0.25 0.22 5.5 20
5/8PCH 0.1 0.50 0.41 6.2 43
0.2 0.40 0.34 6.6 33
0.3 0.32 0.26 7.7 24
0.4 0.29 0.23 16.0 20
0.5 0.29 0.23 6.5 20
6/8PCH 0.1 0.47 0.39 5.7 44
0.2 0.40 0.33 6.3 38
0.3 0.26 0.20 18.0 23
0.4 0.24 0.21 25.9 25
0.5 0.22 0.18 21.8 22

The values of the areas found from the isotherms suggest
that, in the monolayer formed of all compounds, the rigid
cores of the molecules must be tilted with respect to the water
surface. Assuming that the mean molecular area in the Lang-
muir film is determined by the rigid core of the molecule and
taking the experimental ¥ value into account, it is possible to
calculate the tilt angle. The tilt angle ¢ for 8CB and 8PCH,
given in Tables 2 and 3, was estimated as the angle between
the long axis of the rigid core of liquid crystal molecules
and the normal to the water surface in the vicinity of the col-
lapse point. The findings are in agreement with the data given
in literature [10,13,15]. Knowing additionally the area of each
dye molecule and taking into account the mixture composi-
tion, estimation of the average angles ¢,, for mixed Langmuir
films became possible. The appropriate values are presented in
Tables 2 and 3 too.

From the analysis of the isotherm shapes and the data given
in Tables 2 and 3, it follows that azo dyes at the appropriate
concentration influence strongly the alignment and the pack-
ing of the liquid crystal molecules at the air—water interface.
The molecules of both 8CB and 8PCH are tilted at a very large

angle with respect to the normal to the water surface and,
therefore, monolayers formed from them are unstable. The ad-
dition of the dye increases the packing density of liquid crystal
molecules and, as a result, the angle ¢,, decreases. Simulta-
neously the rigidity and the stability of the Langmuir films in-
crease, as is confirmed by the rise of the isotherm steepness
and the value of mc. For the most dyes, characteristic dye con-
centration is at MF = 0.4. At such a content of the dye, both
the tilt angle of the 7—X plot and 7 have their highest values.
These observations indicate that dye molecules were able to
‘stiffen’ the molecules of liquid crystals under investigation.
As the MF of the dye increases further, the 7 value decreases,
indicating that the monolayer stability becomes smaller. When
the content of a dye is higher than that of 8CB or 8PCH, the
liquid crystal cannot play further the role of a host. Although
compression is still possible, in the most cases the average
area per molecule is too small for even the most dense packing
of molecules in a monolayer, which suggests the creation of
three-dimensional (3D) groups. Comparing the results gath-
ered in Table 2 with those in Table 3 it is seen that all of
the effects mentioned above depend to some extent on the
kind of the liquid crystal. The influence of the molecular struc-
ture of the dyes on the behaviour of azo dye/liquid crystal
monolayers at the water surface is also clearly seen.

The miscibility or the phase separation of the two compo-
nents of the Langmuir film can be determined on the basis
of the shape of m—2X isotherms for various MFs, using the ex-
cess criterion and the surface phase rule [16]. Let us define the
excess of the average area per molecule, Y, at given surface
pressure, as follows:

Se=3p— (02 +1X,) (1)

Here, ¥, is the average molecular area in the two compo-
nent film. x; and x, are the mole fractions of the components,
and ¥, and ¥, are the single component areas at the same
7 value.

If X is equal to zero, the average area per molecule follows
the additivity rule, X1, = x;¥; + x,¥,, which means that, in
the mixture, ideal mixing or complete immiscibility occurs.
Deviation from zero, either positive or negative, indicates mis-
cibility and non-ideal behaviour. The excess area per molecule
for dye/liquid crystal mixtures in Langmuir films, at the sur-
face pressure m = 3 mN/m is plotted in Figs. 4 and 5, as a func-
tion of MF of the dye. The noticeable deviation from the
additivity rule is observed. For dyes 1, 5 and 6 mixed with
both liquid crystals this deviation is predominantly negative
meaning a contraction of the two component films due to at-
tractive interactions among dye and liquid crystal molecules
[16,17]. In the case of other dyes the deviation is mostly neg-
ative for their mixtures with 8CB, and positive when they are
mixed with 8PCH. This indicates that the cyclohexane ring
present in the 8PCH molecule can cause the occurrence of
repulsive interactions.

The values of X # 0 for all binary mixtures investigated
would suggest that two components in Langmuir films are al-
ways well miscible. However, the information from the sur-
face phase rule [16] should be additionally taken into
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Fig. 4. Plot of the excess of the mean molecular area per molecule, g, of 1—6
mixed with 8CB versus MF of a dye at =3 mN/m: 1 (1),2(2),3(3),4(4) 5
(5) and 6 (6).

account. This rule states that if components are miscible, the
mc value should change with the mixture composition. Thus,
the dependence of the 7 value on the composition of Lang-
muir films that are formed from dye/liquid crystal mixtures,
seen in Tables 2 and 3, indicates that in the case of 4/8CB,
3/8PCH and 4/8PCH mixtures the immiscibility or at least
only partial miscibility of dye and liquid crystal molecules
can be postulated. This results from the fact that although
the additivity rule is not fulfilled, 7¢ remains constant.

3.2. Electronic absorption spectra

The Langmuir—Blodgett films of the dye/liquid crystal
mixtures were obtained after deposition of the floating mono-
layer on quartz slides at a surface pressure below the collapse
point, i.e., during formation of the homogeneous condensed
monolayer on the water surface.

Fig. 6 presents normalized long wavelength absorption
spectra of all of the azo dyes under investigation mixed with
8CB and with 8PCH (MF = 0.5) in LB films. The MF of
dye 3 in 8CB was exceptionally 0.2, because at higher MFs
of this dye it was not possible to obtain LB films with a reliable
transfer ratio. For comparison, the dyes were also dissolved in
8CB at MF = 102 and measured in a sandwich cell. Fig. 7
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Fig. 5. Plot of the excess of the mean molecular area per molecule, Xg, of 1—6
mixed with 8PCH versus MF of a dye at 7 =3 mN/m: 1 (1),2 (2),3(3),4 (4)
5 (5) and 6 (6).

shows absorption spectra of dye 2 mixed with 8CB (Fig. 7a)
and with 8PCH (Fig. 7b) at various MFs. The characteristic
parameters of the absorption spectra of LB films of all the
dye/liquid crystal mixtures under investigation are presented
in Table 4. The data for dye/8CB mixtures measured in sand-
wich cell at MF = 10> and in ethanol at MF = 1.5 x 10~
also given in this table. The absorption spectra of dyes 1—6 in
8CB in the sandwich cell are very similar in shape to those for
the dyes in ethanol. The differences in the maximum position
and the half-bandwidth value may be attributed to the differing
values of the refractive index and dielectric constant of both
solvents. However, a significant difference in the shape of
the absorption band of all the dyes in the LB films, with re-
spect to those in the sandwich cell (at 50-fold lower concentra-
tion), is observed. The spectra are strongly broadened and
mostly red-shifted (for dye 1 at each concentration two max-
ima or a maximum with distinct shoulder in 8PCH at higher
MF can be distinguished). Moreover, the absorption intensity
does not vary proportionally to the MF of a dye in the liquid
crystal (see Fig. 7). All these effects suggest the creation of
some types of self-aggregates among the dye molecules in
LB films, in the ground state.

It is well established that if sufficiently strong electronic
transitions in molecules exist, the exciton splitting of excited
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Fig. 6. Longwavelength absorption spectra of dyes 1—6 mixed with 8CB (1) and 8PCH (2) in LB film (MF = 0.2 for 3 and 0.5 for other dyes) and with 8CB in
sandwich cell (MF = 1072): (a) dye 1, (b) dye 2, (c) dye 3, (d) dye 4, (e) dye 5, and (f) dye 6.

states may be observed in molecular aggregates [18,19]. The
molar extinction coefficient of dyes 1—6 is quite large at
over 20,000. Thus the exciton coupling is most likely to occur
in LB films.

Molecular exciton coupling theory [18] predicts that in the
simplest case of a two molecule system, the dipole—dipole in-
teractions result in splitting the energy level of the excited
state into two levels with higher and lower energies relative
to the undisturbed excited state. The change in energies of
these two levels is Davydov splitting and can be calculated
from the equation:

Mi-M;  (M;-R:)(M;-R;)

AE=E"—FE =27 -3 ;
R} R

Here, M; and M; are the electric dipole transition moments in
molecules i and j, respectively, and R;; is the centre to centre
distance between these molecules.

In the case of the co-planar alignment of the dipole transi-
tion moments of two molecules, the transition to one of the ex-
cited states, corresponding to the antiparallel arrangement of
dipole moments is forbidden. The energy difference between
the excited monomer level and the exciton level, Ae, is given
by [18]:

2

1 M
ASZEAE:R_Z-(I — 3cos’0) (3)

Here, 6 is the angle between the transition moment direction
and the line connecting the molecules’ centres. When



K. Inglot et al. | Dyes and Pigments 77 (2008) 303—314 309

(a) 0.025

0.020 -

0.015 -

Absorbance

0.005 -

0.000

(b)

0.020 -

0.015 -

Absorbance

0.010 1

0.005 -

0.000 T T T T T T . T y
300 400 500 600 700 800
A Inm
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Table 4

0° < 0 < 54.7°, the exciton level is energetically located below
the monomer level causing a red shift in the electronic absorp-
tion spectrum, creating aggregates termed J-aggregates [20].
For 54.7° < 6 <90°, the exciton level is located energetically
above the monomer level, causing a blue shift. Corresponding
aggregates are called H-aggregates [20]. When 6 = 54.7°, no
shift in the absorption spectrum is observed. The aggregates
are then termed I-aggregates [21].

Following the results presented in Table 4, at low concen-
trations of the dye in LB films, the absorption maximum posi-
tion shifts towards longer wavelengths (up to .50 nm) with
respect to the wavelength of the dye in the sandwich cell.
Upon increasing MF, the wavelength of the maximum band
shortens. Indeed, significant differences in the change of the
absorption band shape (A and 6), at the same dye content in
a liquid crystal, for various dyes occur. This indicates the in-
fluence of the molecular structure of the substituents on the
spectral properties of the dyes under investigation. The above
mentioned behaviour is noticed for the maximum position for
all the mixtures. Thus, it can be suggested that with the change
of the dye concentration in the LB films, various kinds of ag-
gregates are formed. One of the possibilities is assumption
that, at low MFs, some fraction of J-aggregates is created,
whereas at higher MFs the H-aggregates appear too. For this
reason an attempt was made to separate the longwavelength
absorption spectra for the dye/liquid crystal mixtures under in-
vestigation into two or three bands, corresponding to the ab-
sorption of monomers, J- and/or H-dimers. It was supposed
that at MF = 102, the dye molecules would occur only in
their monomeric form. Thus, the values of A and 6 for the
monomer (M) absorption band were taken from the measure-
ments in the sandwich cell. Next, one or two additional

The position of absorption maximum, A.,., and the half-bandwidth of the longwavelength absorption band, ¢, of azo dye dissolved in ethanol and azo dye/liquid

crystal mixtures investigated in sandwich cells and in LB films

Mixture Dye

1 2 3 4 5 6

Amax 0 Amax 0 Amax 0 Amax 0 Amax 0 Amax 0

(nm) (em™ (nm) (ecm™) (nm) (em™) (nm) (em™") (nm) (ecm™) (nm) (em™
Dye/ethanol
MF=1.5x 107 580 3210 508 4530 486 4720 512 4470 511 4025 515 3627
Sandwich cell dye/8CB
MF =102 590 3190 524 4170 503 4860 537 4140 508 4300 517 4010
LB dye/8CB
ME = 0.1 593,638 3060 570 5280 537 5420 579 5560 524 4170 537 3730
MF =0.2 601,643 3700 570 5340 518 5830 589 4720 524 4150 517 3990
ME = 0.3 598,637 3890 560 5560 —a —a 598 5690 509 4420 511 4530
MEF = 0.4 590,640 3730 550 5710 —a —a 591 6810 509 4790 511 4720
ME=0.5 593,641 3980 543 5830 —a —a 575 6940 509 5050 512 6110
LB dye/SPCH
ME = 0.1 587,633 3330 551 4220 522 4750 b —b 526 4230 535 3510
MF =0.2 590,635 3550 550 4380 523 4800 550 6090 512 4460 528 3900
ME = 0.3 590,635 4170 544 5100 524 4970 555 7260 506 4590 523 4350
MF = 0.4 580,635 4250 540 5370 523 5090 578 7400 499 4800 524 4640
ME =0.5 583,635 4540 533 5880 524 5140 567 8240 501 4920 528 4810

* Transfer impossible.
® Absorbance not measurable.
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maxima were assumed, which should appear at the longer (J-
dimer) and shorter (H-dimer) wavelengths with respect to the
peak position of the monomer. A sum of normalized Gaussians
was used as a model function for the experimentally obtained
absorption band of dye/liquid crystal mixtures in LB films.

In Figs. 8 and 9, the exemplary decomposition of the
absorption band into Gaussian-type components for 4/8CB
and 2/8PCH mixtures, respectively, at MF=0.1 (a) and 0.5
(b) are shown. In Tables 5 and 6, some values that are charac-
teristic for component bands are presented. Following are the
data resulting from the best fits : the wavenumbers of peak po-
sitions, ¥\, vy and vy, as well as the ratios of the appropriate
bands integral absorptions, Ax/Aym, Ay/Am and Ag/A;. The
data are given for MF = 0.1, 0.3 and 0.5 (for 6/8CB mixtures
MF = 0.2 and 0.4 were considered too). Additionally, for all
the dye/liquid crystal mixtures at MF = (.5 and for some mix-
tures at MF = 0.3, the attempt of the decomposition the ab-
sorption spectra into two components attributed to the
absorption of J- and H-dimers were made.

It should be noticed that the data listed in Tables 5 and 6
can be treated only qualitatively and not quantitatively. This

(a)

Absorbance /a.u.

(b)

Absorbance /a.u.

16 18 20 22 24

v 10%em™

Fig. 8. Decomposition of the absorption spectrum of 4/8CB mixture at
MF =0.1 (a) and 0.5 (b) into two (a) and three (b) Gaussian-type absorption
bands.

(a)

Absorbance /a.u.

(b)

Absorbance /a.u.

v-10%cm™

Fig. 9. Decomposition of the absorption spectrum of 2/8PCH mixture at
MF =0.1 (a) and 0.5 (b) into two (a) and three (b) Gaussian-type absorption
bands.

is because the simplest models were taken into account here.
Namely, it was assumed that only one kind of J- or H-dimer
is created, in which the angle 6 between the transition moment
direction and the line connecting the molecules’ centres in the
dimer is the same. Meanwhile, it is highly probable that
a broad distribution of structurally different dimers is formed,
leading to a simultaneous presence of a slightly red- and blue-
shifted absorptions. Thus, different positions of J-bands and H-
bands maxima at various MFs (Tables 5 and 6), are observed.
Moreover, it was assumed that the co-planar alignment of the
dipole moment transitions occured in the dimer. As an alterna-
tive, a dimer with an oblique arrangement of the transition
moments, although not favoured energetically, cannot be ex-
cluded completely. The formation of higher aggregates was
also omitted here. Finally, one should keep in mind the fact
that surface interactions can influence the spectral characteris-
tics of dyes in LB films.

Nevertheless, from the analysis of the data presented in
Tables 5 and 6 useful information concerning aggregate for-
mation by the azo dyes under investigation can be obtained.
In the LB films of dyes 1, 2 and 4 mixed with both liquid
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Table 5

Maximum wavenumbers of monomer and dimers bands, 7y, 7y and 7y, and
ratios of band integral absorption, Ag/Am, Ai/Am and Ag/Aj, for azo dye/8CB
mixtures resulting from the decomposition into Gaussian-type components

Table 6

Maximum wavenumbers of monomer and dimers bands, 7y, 7y and 7y, and
ratios of band integral absorption, Ag/Anm, Ay/Am and Ag/Aj, for azo dye/SPCH
mixtures resulting from the decomposition into Gaussian-type components

Dye MF 7y (em™) 7y (em™) 7 (em™") AwAv  AlAm  Awl/A; Dye MF 7y (em™) 7y (em™) 7 (em™') Aw/Av  AfAm  Aw/A;
1 1
0.1 16,950 - 15,507 - 015 — 0.1 16,950 - 15,425 - 015 —
0.3 16,950 18,260 15,320 0.12 0.15 085 0.3 16,950 18,260 15,471 0.35 0.15 2.30
0.5 16,950 18,194 15,315 0.17 0.12 140 0.5 16,950 18,302 15,367 0.45 0.14 3.10
05MH, ) — 16,977 15,406 - - 495 05MH, ) — 17,326 15,451 - - 9.33
2 2
0.1 19,080 - 17,561 - 052 — 0.1 19,080 - 17,748 - 028 —
0.3 19,080 19,947 17,218 0.26 042  0.63 0.3 19,080 20,987 17,463 0.09 0.23 0.41
0.5 19,80 19,993 17,093 0.53 024 220 0.5 19,080 20,341 17,570 0.73 0.28 2.07
05MH, ) — 19,384 17,254 - — 3.30 05MH, ) — 19,934 17,659 - — 2.26
3 3
0.1 19,880 - 18,947 - 2.58 0.1 19,880 - 19,309 - 098 —
4 0.3 19,880 20,748 18,796 0.07 0.12 0.57
0.1 18,615 - 16,579 - 0.4 - 0.5 19,880 24,839 18,981 0.68 0.37 1.85
0.2 18,615 22,146 16,344 0.19 0.69 027 03(H, ) — 20,462 18,792 - - 0.42
0.3 18,615 22,186 16,425 0.20 050 042 05H,T) — 20,729 18,571 - - 1.29
0.4 18,615 21,769 16,323 0.37 058  0.64 4
0.5 18,615 21,391 16,563 0.43 043  1.00 0.3 18,615 21,657 16,388 0.30 0.43 0.70
05MH, ) - 19,685 16,721 - - 2.35 0.5 18,615 21,442 16,287 0.59 0.79 0.75
5 05H,T) — 21,077 17,272 - - 0.48
0.1 19,685 - 18,551 - 085 — 5
0.3 19,685 20,493 18,344 0.89 0.88 101 0.1 19,685 - 18,685 - 081 —
0.5 19,685 19,887 17,780 0.82 0.65 126 0.3 19,685 20,660 18,055 0.27 0.26 1.02
03 (M) -— 20,356 18,251 - — 1.50 0.5 19,685 21,313 17,363 0.74 0.16 4.50
05MH, ) - 19,459 17,370 - - 6.70 03(H, ) — 20,297 18,207 - - 1.74
6 05H,T) — 20,036 17,438 - - 9.29
0.1 19,342 - 18,396 - .10 - 6
0.3 19,500 20,227 17,526 0.15 013 116 0.1 19,342 — 18,492 - 076  —
0.5 19,493 21,663 17,602 0.43 1.07 043 0.3 19,342 20,016 17,761 0.33 0.15 223
03(H,J)) -— 19,958 17,738 - - 2.50 0.5 19,342 20,011 18,080 1.31 0.29 458
05MH, ) — 19,790 16,999 - - 3.30 03(H, ) — 19,733 18,297 - - 4.49
05MH, ) — 19,131 17,602 - — 11.20

crystals, at low concentrations, apart from monomers, J-dimers
are also created. When the dye content rises, the H-dimers ap-
pear too. For these three dyes it is reasonable to assume that, at
the maximal MF, e.g. 0.5, the monomers, J-dimers and H-di-
mers in various fractions exist in the LB film. The fraction of
J-dimers decreases with increase in the dye content, and that
of the H-dimers increases. This is seen distinctly for 4/8CB
mixtures at five various MFs. Dye 3 behaves differently. In-
deed the relevant results for the mixtures with 8PCH only
were obtained. However, from analyzing the M, H and J
peaks’ positions at various MFs, it seems that, at MF > 0.3,
the formation of J-dimers and H-dimers, without presence of
monomers, should be assumed. The best fitting for the decom-
position the absorption band of 3/PCH8 mixtures, at higher
concentrations, into two components was obtained and that
at MF = 0.5 is shown in Fig. 10.

The occurrence of different fractions of J-dimers and H-di-
mers for various dyes, at the same concentration in LB films,
is most certainly connected with their molecular structures.
Strictly speaking it is associated with the various directions
and values of the permanent dipole moment. Dyes 1, 2 and 4
have similar values of the dipole moment, but with different di-
rections. The value of dipole moment of dye 3 is smaller be-
cause here the —NO, group (u = 4 D) is replaced by —Cl
group (u = 1.5 D). Dyes 5 and 6 have no strongly polar group.

Therefore, the value of the dipole moment is very small in com-
parison with that of dyes 1—4. Here, interaction between mole-
cules is mostly due to dispersion forces. Searching the data
listed in Tables 5 and 6 and analysis of the positions of peaks’

Absorbance /a.u.

v10%/em™

Fig. 10. Decomposition of the absorption spectrum of 3/8PCH mixture at
MF = 0.5 into two Gaussian-type absorption bands.
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maxima as well as ratios of the integral absorptions, show that it
is very difficult to decide if at MF > 0.3 the monomers still oc-
cur or if all of the molecules form aggregates. Note that the mo-
lecular structures of dyes S and 6 are similar. However, the
results obtained are in some cases very different. This fact con-
firms once more the strong effect of the dye substituent structure
on the intermolecular interactions in the LB film. The influence
of the type of the liquid crystal system is also seen here.

In order to evaluate quantitatively the orientation of mole-
cules in the LB films of the azo dye/liquid crystal mixtures,
polarized absorption spectra were recorded and a calculation
method that is described in Refs. [5,22] was used. The average
angle v between the transition moment direction of the dye
molecule in the LB film and the normal to the quartz surface
was calculated from the following equation:

Ap  nmicosa + nzcosf
As  njcosf + nzcosw

(4)

3, 2
<cosa-cosﬂ + 42%4”38]; a)
nytan-v

Here, Ap and Ag are the absorbance values at the band max-
imum for the light that was polarized parallely and perpendic-
ularly to the plane of incidence, respectively. Variable n; are
the refractive indices of the jth phases. « is the angle of inci-
dence at the air—LB film interface, and @ is the angle of
refraction at the LB film—substrate interface. Here, the
approximate values of ny =1 (air), n,=1.5 (LB film) and
n3 = 1.49 (quartz substrate) were used. All of the spectra for
polarized light were recorded at the angle of incidence
a=0°,30° and 60°.

Eq. (4) is valid if the molecules in the monolayer are dis-
tributed uniformly around cone, with their transition moments
tilted at an angle v to the normal. In this case Ap/Ag for o = 0°
should be equal to 1. On the basis of the v angles, information
concerning the orientation of molecules with respect to the
slide surface can be obtained. A knowledge of the angle be-
tween the absorption oscillator and the long molecular axis
of the dye is, however, necessary. In a first approximation,
one can assume that the angle between the transition moment
direction and the long molecular axis of dyes 1—6, for the
longwavelength absorption band, resulting from 7@ — 7v* tran-
sition, is equal to zero. Thus, the angles v reflect directly the
arrangement of dye molecules in LB films.

Figs. 11 and 12 present examples of polarized components
of absorption spectra for LB films of 5/8CB and 4/8PCH mix-
tures, respectively. At & = (0°, both components are equal. This
means that the movement of the quartz slide during deposition
did not disturb the homogeneity of the molecular alignment.
The band occurring at .280 nm, for dye/8CB mixtures, is re-
lated to the absorption of the liquid crystal and it’s shape is
the same for both components, independent of MF and «.
However, the Ap and Ag for the band attributed to the dye
have different shapes at MF > 0.3 and o = 60°. The same ob-
servations for mixtures of other dyes with 8CB or 8PCH were
made. As the orientation of monomers and dimers can be, gen-
erally, different, the results obtained confirm the supposition
that in LB films of azo dye/liquid crystal mixtures various
kinds of aggregates are created.

(a) 0.030

0.025 A
0.020 A

0.015

Absorbance

0.010

0.005 A

(b) 0.000

0.025

0.020 - '

Absorbance

T T T T T T i
400 500 600 700 800
A Inm

Fig. 11. Absorption spectra for light polarized parallely (Ap) and perpendicu-
larly (As) to the plane of incidence for 5/8CB mixture as LB film at MF = 0.1
(a) and 0.3 (b). The angle of incidence was 60°.

Table 7 contains the values of the angle v obtained for all
the dye/liquid crystal mixtures investigated in LB films at
MF =0.1, 0.3 and 0.5. The values of Ap and Ag were taken
at the wavelengths corresponding to the monomer, J-dimer
and H-dimer peaks, given in Tables 5 and 6. These are the
mean values of the results obtained at the angles of incidence,
a=30° and 60°, for at least three independently prepared
samples. The values of v for these two angles of incidence
differ not more than 1.5°.

It follows from the results obtained that, generally, the an-
gle v of all the absorbed species decreases with increase in the
dye content as does the angle ¢ in Langmuir films (see data in
Tables 2 and 3). However, the value of v for a given dye/liquid
crystal mixture is greater than that of ¢. This difference can be
due to two reasons: (i) the molecular packing may have been
deteriorated by the stress generated by the monolayer transfer
from the water surface to the slide substrate and (ii) the
methods used to calculate the angles v and ¢ are different.
The various angles between the long axis of the molecules
and normal to the interface in Langmuir and LB films had
been found previously for other dyes [5,23—25]. It is apparent
from Table 7 that, when the dye molecules form H-dimers,
their long axes show a more highly perpendicular orientation
with respect to the film surface. Such an observation was
made also for other compounds forming self-aggregates [5].
The greatest v angle was obtained for J-dimers. This seems
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Fig. 12. Absorption spectra for light polarized parallel (Ap) and perpendicu-
larly (As) to the plane of incidence for 4/8PCH mixture as LB film at
MF = 0.5. The angle of incidence was 0° (a) and 60° (b).

to be reasonable as these dimers can be long and therefore not
very rigid. One should take also into account that the transition
moment direction does not need to be directed along the J-di-
mer long axis. It is also worth noticing that for dye § in 8PCH
and dye 6 in both liquid crystals the v angles for monomers
and both kinds of dimers are different. Thus, it is reasonable
to assume that at MF > (0.3 aggregates and monomers exist
in these mixtures.

The molecular orientation in LB films depends strongly on
the structures of both of the dye and the liquid crystal mole-
cules. For dyes 1, 4 and 5, having a lateral —NO, group (1
and 4) or —OCHj; (5) group, the greatest v values for all ab-
sorbed species were obtained, indicating that such groups
can significantly loosen molecular packing during the mono-
layer transfer. Moreover, it is seen that, in general, in the mix-
tures with 8PCH, the molecules are more tilted with respect to
the film surface than in corresponding mixtures with 8CB. It is
possible that repulsive interactions, observed also in the Lang-
muir films, play some role here.

4. Conclusions
Two component Langmuir films at the air—water interface

as well as Langmuir—Blodgett (LB) films on the quartz slides
formed from the nonamphiphilic azo dye/liquid crystal

Table 7
Values of the angle between the molecular long axis and the normal to the
quartz slide, in LB films of 1—6 mixed with liquid crystal

DyC MF Vay (D)

8CB 8PCH
M H J M H J

1

0.1 61 - 62 62 - 65
03 62 45 70 60 66 66
05 43 36 52 62 59 69
2

0.1 43 - 47 54 - 55
03 43 37 53 49 34 61
05 41 38 49 50 37 56
3

0.1 60 - 62 56 - 60
03 - - - 39 25 52
05 - - - 29 26 43
4

0.1 43 - 48 - - -
03 38 45 50 69 60 70
05 40 37 51 62 55 78
5

0.1 63 - 69 70 - 74
03 40 39 46 61 56 68
05 45 46 50 58 46 67
6

0.1 43 - 43 60 - 63
03 33 27 39 43 25 54
05 36 25 40 40 23 43

mixtures were investigated. None of the azo dyes used that
spread at the air—water interface are able to produce a stable
and compressible monolayer. However, when the dyes are
mixed with 8CB or with 8PCH, it is possible to obtain com-
pressible Langmuir films on the water surface, mostly up to
the MF =0.5. The analysis of #—X isotherms of Langmuir
films reveals that the properties of the monolayer at the air—
water interface (packing density, stability and rigidity) depend
strongly on the structures of both the dye and the liquid crystal
molecules as well as on the mixtures’ composition. A charac-
teristic is the dye concentration equivalent to the MF = 0.4. At
such a content the dye is able to “stiffen” the liquid crystal
molecules, that are tilted at a very large angle with respect
to the normal to the water surface. The Langmuir films are
therefore not very stable. Variation of the surface pressure at
the collapse point (m¢), with the mixture composition and de-
viation of the average molecular area from the additivity rule
indicates that the dye/liquid crystal systems that were investi-
gated are at least partially miscible. In the most cases the neg-
ative value of the excess area (X) is observed. This suggests
the predominance of the attractive interactions among the
molecules. For some dyes in 8PCH, however, repulsive
interactions dominate, indicating greater role of the
molecular structures of both components on intermolecular in-
teractions. Except for the 3/8CB mixture, all other mixtures up
to MF=0.5 were transferred onto quartz slide making LB
films.

The absorption spectra of azo dye/liquid crystal mixtures at
MF values of dye from 107 to 0.5 were recorded. At
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concentrations up to MF = 0.01 (measurements in a sandwich
cell) no signs of aggregation were observed. Meanwhile, the
absorption spectra of LB films, already at MF = 0.1, undergo
very modest changes in appearance primarily in the form of
a broadening of the spectrum towards the red region. The
amount of the wavelength shift depends on the degree of ag-
gregation, which is determined by the mutual orientation and
the aggregation number of molecules. In analyzing the
position of absorption band peak position, as well as its
half-bandwidth, one can suppose that, at low concentrations,
mostly J-type aggregates are formed, whereas at higher con-
centrations H-type aggregates dominate.

The angle between the long molecular axis of the azo dyes
under investigation and the normal to the solid surface, v, is
different from the angle ¢ formed with the normal to the
air—water interface. Although both angles are calculated
from various methods, it seems that, in general, for given
dye/liquid crystal mixture v > ¢. This implies that the molec-
ular packing is loosened during the monolayer transfer. How-
ever, some tendency of v angle decrease in H-type aggregates
and increase in J-type aggregates with respect to v of the
monomers can be seen. This would suggest that only aggre-
gates in which the transition moments are aligned at high an-
gles (>54.7°—90°) to their line of centre are able to improve
the molecular packing in the LB film.
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