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INTRODUCTION

Langmuir–Blodgett (LB) technology finds wide
application in preparing mono� and polylayers of
organic molecules, molecular complexes, metal nano�
structures, and photonic crystals [1]. Of fundamental
importance to LB technology is the possibility of con�
trolling structure at the molecular level. Classical LB
technology employs amphiphilic molecules that allow
us to form monolayers with regular arrangements of
particles on a water/air interface. A monolayer can be
repeatedly transferred onto the surface of a solid sup�
port, thereby obtaining multilayered films. Thin solid
films with mixed monolayers of aliphatic acids and
nonamphiphilic organic molecules can be prepared by
using the LB technique [2–5]. There are many exam�
ples of preparing LB films around surface active poly�
meric materials, which have better parameters of ther�
mal and mechanical strength than films based on ali�
phatic acids [6–8].

Cumarin derivatives exhibit intense fluorescence in
the blue–green area of the spectrum and thus find use
in tunable lasers, in dyes [9], in nonlinear optics [10,
11], and as luminescent probes [12]. Coumarins of
flexible structure are sensitive to medium polarity,
owing to intramolecular charge transfer [13].

This work presents our results from investigating
the photophysical properties of new coumarin synthe�
sized dyes (chromens I and II) incorporated into LB
layers of the amphiphilic polyampholite polymer
poly(N,N�diallyl�N�octadecylamine�alt�maleic acid
(PDAOM). The phase state of mixed monolayers on a
water surface were studied and the conditions for
transferring them onto solid supports were deter�
mined. The spectral and luminescent properties of LB
films were also studied.

EXPERIMENTAL

All of our dyes were prepared according to the pro�
cedure described in [14].

3�Diethylamino�7�imino�7H�chromen[3',2'�3,4]
pyrido[1,2�a]benzimidazole�6�carbonitrile (dye I) was
prepared via the interaction between iminocoumarin�7
and maleic nitrile in isobutanol; 3�diethylamino�7�
oxo�7�oxo�7H�chromeno[3',2'�3,4]�pyrido [1,2a]ben�
zimidazole�6�carbonitrile (dye II) was prepared via the
interaction between dye I and concentrated hydrochlo�
ric acid at 100°С over 3 h. Synthesis details and a
description of PDAOM can be found in [15–16].
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Monolayers were formed on a water surface in a
Langmuir bath. The surface pressure was measured
using Wilhelmi scales that allowed us to register sur�
face tension in the range of 0 to 100 mN/m with an
accuracy of up to 0.1%. The rate of monolayer com�
pression in measuring the curves of the dependence of
surface pressure on the molecular area and upon
transferring monolayers onto a solid support prepared
from nonluminescent quartz was 0.02 mm/s.

Deionized water purified using an AquaMax water
purification system was used as our subphase. The spe�
cific water resistance was 18.2 MΩ/cm, demonstrating
its high purity. The surface pressure was 72.8 mN/m at
pH 5.6 and a temperature of 22°С.

The investigated monolayers were formed on the
surface of subphase by spreading from solution. The
polymer was dissolved in an ethanol/chloroform mix�
ture in a volume ratio of 1 : 4. The dyes were dissolved
in chloroform and mixed with polyampholite in the
required ratios. The relative concentration of lumino�
phors was 10, 33, and 50 mol %. The monolayers were
transferred onto solid supports by Y�type vertical lift at
surface pressure π = 21 mN/m.

We studied the stability of mixed monolyers by
tracking changes of surface tension over time in a con�
stant monolayer area to determine if it was possible to
maintain the required monolayer density when trans�
ferring it onto a solid support [17]. Substantial changes
in surface pressure were observed for all monolayers
during their first 10 min. The surface pressure did not
change appreciably in the following 60 min.

Absorption spectra were registered on a Hewlett�
Packard 8453 spectrophotometer, while fluorescence
spectra were measured on a Cary Eclipse Varian spec�
trofluorimeter equipped with a xenon lamp as the
excitation source. The fluorescence quantum
yields (ϕfl) of the dyes were measured using rhodamine
6G (ϕfl = 0.94) and rhodamine C (ϕfl = 0.70) ethanol
solutions as standards at equal excitation intensities
λex, thereby obtaining spectra that were normalized to
standard fluorescence intensity.

The spectral and kinetic parameters of the samples
were measured on a spectrofluorimeter with registra�
tion in the photon counting regime. The registration
part of the instrument was a H7421 photomultiplier
and a Hamamatsu M8784 counting board. The sam�
ples were placed in an evacuating optical cryostat to
conduct investigations over a wide range of tempera�

tures. Photoexcitation was performed using ATC�350
laser radiation (λgen = 532 nm, Р = 8 W). In measuring
the kinetics of delayed fluorescence, we used a system
consisting of a mechanical rotating optical shutter that
closed the registration monochromator’s slit at the
moment of the laser pulse to eliminate the signal of
ordinary fluorescence. Measurements began 10 μs
from the moment of laser pulse arrival. No fewer than
2000 acquisitions were needed to obtain a signal of
reasonable level. A computer controlled the instru�
ment, the acquisition of signals, and their further pro�
cessing.

RESULTS AND DISCUSSION

Phase States of Monolayers on a Water–Air Interface

Figure 1 shows the isotherms from the monolayer
compression of dyes I and II, along with those for
PDAOM on a water–air interface that describe the
dependence of surface pressure (π) on specific area (А)
for one molecule of a mixed monolayer. The phase
states of individual polyampholyte monolayers were
studied earlier and described in [16].

Figure 1 shows that the individual monolayers of
dyes on a water surface are basically in the liquid state
(Fig. 2, curves 5 and 5 '). Instability and irregularity of
spreading on subphase surface are characteristic for all
unmixed monolayers of the investigated dyes. Extrap�
olating the curve to zero allowed us to determine the
molecular area within monolayer limits of 0.32 nm2 for
dye I and 0.33 nm2 for dye II, respectively. Simulation
in the force field MM2 showed [18] that this area cor�
responds to when the long axis of a dye molecule is in
contact with a subphase surface.

A mixed solution of amphiphilic polyampholyte
and dye allowed us to obtain more stable and con�
densed films on the water surface. The surface pressure
began to rise with smaller specific areas per single mol�
ecule. Isotherms also assumed a steeper form, repeat�
ing that of the compression curve of the PDAOM
monolayer. Our compression diagram shows that not
only is a gas phase in the surface pressure range of 0 to
2 mN/m characteristic of all our mixed monolayers of
dyes and amphophilic polymer, but a transition to the
liquid condensed state as well. The mixed monolayers
collapse at π values close to 30 mN/m. As the concen�
tration of luminophore molecules in the monolayers
increases, the molecular area shrinks, indicating
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denser dye and polyampholyte molecular packing dye
to incorporating dye molecules between the ineffective
packed octadecyl radicals of the polymer [16].

We calculated the Gibbs free energy to assess the
nature of intermolecular interaction between chro�
mens and PDAOM in the forming monolayers along
with their thermodynamic stability. Information on
the miscibility of mixture components and their aggre�
gation can be obtained by calculating the Gibbs energy
( ). The increase in Gibbs free energy was estimated
from the π–A isotherms using the equations [19, 20]

(1)

(2)

and

(3)

where  is the increase in the Gibbs energy of mix�
ing,  is the Gibbs energy of mixing for an ideal sys�
tem, and  is the actual Gibbs energy of mixing; А1,
А2, А12 are the average areas per one molecule in
monolayers of pure dye, pure polyampholyte, and in a
mixed film, respectively, at a given π value; and N1 and
N2 are the mole fractions of dye and polyampholyte,
respectively.

The insert in Fig. 1 shows the dependences of the
Gibbs energy on the dye’s concentration within a
monolayer. Our data show that the free energy of mix�
ing is distinct from zero for all of the dye–polyam�
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pholyte ratios, demonstrating the immiscibility of
components in a monolayer. The negative value of the
increase in Gibbs energy also indicates the repulsive
nature of dye and PDAOM molecular interaction [20],
which could stimulate the formation of aggregates or
microcrystals even within a mixed monolayer [19].

Absorption and Fluorescence Spectra

The absorption and fluorescence spectra of ethanol
solutions and mixed LB films of polyampholyte poly�
mer and dye I are presented in Fig. 2a. The longwave
absorption spectrum of the ethanol–dye solution
(curve 1) is a broad band in the range of 450 to 600 nm
that contains two distinct maxima at 517 and 551 nm.
The fluorescence spectrum of dye I in ethanol
(curve 1') has a maximum at a wavelength of 573 nm
and an ill�defined shoulder in the range of 615 to
630 nm. The position of the fluorescence spectrum
and its form do not depend on the excitation wave�
length. The fluorescence quantum yield of dye I in
ethanol is 0.99, relative to the ethanol solution of
rhodamine 6G (ϕfl = 0.94) used as our standard.

The shortwave maximum in the absorption spec�

trum at  = 517 nm is a mirror image of the fluores�
cence spectrum shoulder in the wavelength range of
515 to 530 nm, confirming the vibrational nature of
these side maxima [21]. Our data show that the spectra
of absorption and fluorescence in ethanol are pro�
duced by monomeric molecules.
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Fig. 1. Compression isotherms for monolayers of dyes I (curves 2–5) and II (curves 2'–5'), and PDAOM at following dye con�
centrations: (1) is 0; (2, 2 ') is 10; (3, 3 ') is 33; (4, 4 ') is 50; and (5, 5') is 100 mol %. The insert gives the calculated values of the
Gibbs mixing energy (π = 0–20 mN/m): (1) is curve ; (2) is curve  of dye I; (3) is curve  of dye II.IG MG MG
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The absorption spectra of LB films of dye I
(curves 2–4) are broad bands with two maxima at 520
and 556 nm. The maxima of the spectra are shifted in
the longwave region relative to the maximum of
absorption spectrum in ethanol. The half�breadth of
the film absorption spectrum for dye concentration

Сd = 10 mol % is  = 74 nm, which is close to that

of the absorption spectrum for dye in ethanol,  =
70 nm. The half�breadth of the absorption spectrum
increases as the concentration of dye in the film rises.
The half�breadth of the absorption spectra is 80 and
82 nm for dye concentrations in films of 33 and
50 mol %, respectively. With an increase in the con�
centration of luminophore molecules in the LB film,
we observe stronger optical density in the dye absorp�
tion band.

The fluorescence spectra of the LB films
(curves 2 '–4 ') were measured upon sample excitation
at λex = 520 nm. A band with a maximum at 577 nm

and a half�breadth of  = 46 nm was found for the

Δλ
abs
1/2

Δλ
abs
1/2

Δλ
fl
1/2

film with Cd = 10 mol %. As with ethanol solutions, the
fluorescence spectra of the LB films have an ill�
defined shoulder in the range of 620 to 640 nm. The
fluorescence spectra are bathochromic shifted as dye
concentration rises in the monolayer. The maximum
of the fluorescence spectrum lies at 580 nm for the LB
film with a concentration of 33 mol % and at 583 nm
for the film with dye concentration of 50 mol %. Flu�
orescence quenching and an increase in band half�

breadth (  = 84 nm) is observed at Cd = 50 mol %.
The shortwave part of the spectrum (monomer fluo�
rescence) is quenched most strongly.

In LB films, the proximity of particles results in the
evolution of molecular aggregation [22]. In LB films
with dye I, aggregation is also observed with a rise in
molecule concentration. The broadening of the
absorption and fluorescence spectra, the bathochro�
mic shift of the fluorescence maximum, and the rela�
tive increase in the fluorescence of aggregates in the
longwave part of the radiation spectrum support this
conclusion.
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Fig. 2. Absorption (1–4) and fluorescence (1'–4') spectra of dye (a) I and (b) II in ethanol (1, 1') and mixed LB films of dye and
polyampholite at various concentrations of dye: 10 (2, 2 '), 33 (3, 3 '), 50 mol % (4, 4 ').
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The absorption and fluorescence spectra of dye II
in ethanol (Fig. 2b, curves 1 and 1 ') with maxima at

 = 550 nm and  = 573 nm exhibit a vibronic
structure. The quantum yield of fluorescence mea�
sured relative to our standard of rhodamine C (ϕfl =
0.70) was 0.75.

The absorption spectra of dye II in LB films
(Fig. 2b, curves 2–4) are also broad bands with two
maxima at 522 and 560 nm, shifted toward the long�
wave side relative to the absorption spectrum of dye in
ethanol solution. The half�breadth and optical density
of the absorption bands increase as the concentration
of dye in the film rises.

Substantial changes were observed in fluorescence
spectra (Fig. 2b, curves 2 '–4') if the dependence of the
absorption spectra of LB films on concentration was
similar for dyes I and II. The most intense fluores�
cence is displayed by films with dye concentrations of
Cd = 10 mol % (Fig. 2b, curve 2'). The spectrum with

a maximum at wavelength  = 583 nm is close in
shape to that of the ethanol–dye solution. The band

half�breadth is  = 94 nm, while it is  =
51 nm for the ethanol solution. Fluorescence quench�
ing and a longwave shift of the band occurs as the con�
centration of dye rises (curves 3' and 4'). The mirror
symmetry of the absorption and fluorescence spectra
is broken at dye concentrations of 33 and 50 mol %.

The reason for such behavior of the fluorescence
spectra could be dye molecule aggregation. Molecular
aggregation is, however, first manifested in electronic
absorption spectra as a rule [23]. As is evident from
Fig. 2b, the apparent correlation between the absorp�
tion and fluorescence spectra disappears at high dye
concentrations. Analysis of the absorption spectra
allow us to argue for the presence of dye II aggregates
in LB films to the same extent as for dye I.

Under conditions of dense molecular packing in
LB layers, excimers can emerge out of dimeric states
and be detected from their characteristic longwave flu�
orescence [22, 23]. We may assume that the red shift
observed in the fluorescence spectra of LB films of dye
II is associated with the formation of dye excimers.
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