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Abstract—A procedure for preparing an organosoluble stoichiometric complex based on a cationic polyelec-
trolyte and an anionic surfactant is described. A method is proposed for forming monolayess atthe water—air
interface, along with conditions for preparing fluorescent nanosized solid films based @n polyelectrolyte com-
plex and organic dyes using the Langmuir—Blodgett (LB) method. The spectral and Tumineseeént properties
of the obtained films are investigated. It is established from the absorption and\fluoreseéenée spectra of LB
films that electrostatic interaction between the molecules of polyelectrolyte complexsand oxazine dyes results

in dimer formation.
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INTRODUCTION

Polyelectrolyte—surfactant complexes are a new
type of materials that allow us to produce targeted
effects on the processes of supramolecular structtire
formation and control the macroscopic properties of
materials on the molecular level. The preparation,
conformational and physicochemical pzoperties of
these complexes were reviewed in [1, 2]. Thetkang-
muir—Blodgett (LB) technique is ong ‘tacthod for
forming functional nanomaterials. “Fhis\method has
certain specific features. In pafticulay amphiphilic
molecules or a mixture of nonamphiphilic compounds
with surface-active fatty acidsiand polymers are typical
objects of the LB techniqtie [3—=5].

Assembly due to nencovalent bonds (e.g., electro-
static interaction)ghasqundoubted advantages over
chemical synthesis;iwhichimvolves labor intensive and
cost-consuming®y, preparation  procedures. The
obtained systems‘can be subjected to reversible struc-
ture .€hangesiln response to environmental changes
(esg., solvent, component concentration, tempera-
turejand so on) [6—8]. Structured materials obtained
using “different methods of self-organization and
moleculaprecognition form the basis for constructing
responsive nanomaterials [9, 10]. Despite the reports
in the literature from different authors on investigating
the physicochemical properties of such materials in
the form of adsorbed films or Langmuir monolayers
[11, 12], there are virtually no studies on preparing flu-
orescent thin solid films from polyelectrolyte—surfac-
tant complexes and dyes.

Almethod for forming monolayers at a water—air
mtecfacelis proposed in this work, along with the con-
ditions for preparing fluorescent nanosized films based
on _polyelectrolyte complexes and dyes of the oxazine
group via the Langmuir—Blodgett method. It is
assumed that the electrostatic interaction between a
polyelectrolyte complex and dye molecules will facili-
tate the formation of LB films. Depending on the dis-
tribution of the electron density of the dye molecules,
changes in the electrostatic interaction of a polyelec-
trolyte complex and a dye are expected that will affect
the coefficient of a dye molecule’s transition to the
substrate. The dyes of oxazine group is widely used as
an active material in photodiodes and lasers [13, 14],
in solar energy concentrators [15], and in sensors of
the medium polarity [16, 17].

EXPERIMENTAL

A stoichiometric polyelectrolyte—surfactant com-
plex was prepared from a cationic polyelectrolyte,
poly-N-vinylbenzyl-N,N,N-trimethylammonium
chloride (PVBTMAC) with molecular weight M =
2.47 x 10%, and an anionic surfactant, sodium dode-
cylbenzenesulfonate (SDBS). PVBTMAC and SDBS
were purchased from Polysciences Inc. (United
States) and used without further purification. The
oxazine dyes 9-diethylaminobenzo[a]phenoxazi-
none-5 (dye I) and 9-diethylaminobenzo[a]thiazi-
none-5 (dye II) were obtained from the Institute of
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Organic Intermediates and Dyes (Russia). The struc-
tural formulas of the compounds are

+CH2—CH+ C 12H”OSO3NZ‘

(SDBS)
c® cH, N ‘
B S
HLEmNTCH, /©[ ‘
(C,Hs),N X 0
N 2 5;( O (Oxazine 17
(PVBTMAC) = O (Oxazine 17)

X = S (Thiazinone)

To prepare the PVBTMAC—-SDBS complex, 10 mL
of an aqueous solution with concentration ¢ =
1073 mol/L was first titrated using an aqueous solution
of SDBS with concentration ¢ = 102 mol/L. The
bend point of the conductometric titration curve cor-
responding to 1.24 mL of SDBS was taken as the
optimum amount of surfactant required for complete
precipitation. In accordance with the molar ratio
[PVBTMAC] : [SDBS] = 1 : 1.24 established via con-
ductometric titration, 31 mL of SDBS solution with a
concentration of 103 mol/L was required for the
quantitative precipitation of 25 mL of 10~ mol/L
solution. To prepare a polyelectrolyte complex in the
form of a precipitate, an aqueous solution of SDBS
was added drop-wise to our aqueous solution with
continuous mixing for 1 h. The precipitate was then
decanted five times with deionized water, followedsby:
centrifugation at 5.5 x 10° rpm. The obtained précipi-
tate was dried to a constant mass at room temperature
and in a vacuum drying cabinet at 40°C. The,yield"6f
glass-like complex was 38%. The prepared complex
was soluble in ethanol and chloroform.

The unique nature of the complex was confirmed
from the absorption spectra offPVBTMAC, SDBS,
and PVBTMAC-SDBS complexs Técorded using a
Specol 1300 spectrophotometer (Analytic Jena). The
properties of monolayers/were ivestigated in a Lang-
muir—Blodgett trough. The behavior of individual
complex monolayes§ oma water surface was investi-
gated by monitoring the dependences of surface ten-
sion 1t on a speeifiec aréa (4) corresponding to one mol-
ecule (a n—Aisothexm). A Wilhelm balance was used
to measure Sufface/ tension. The rate of monolayer
campression dufing t—A isotherm recording and the
transferg0f a monolayer onto a quartz glass substrate
was 0:02 mm/s.

Deionized water purified with AquaMax was used
as our subphase. The specific resistance of the purified
water was 18.2 MQ/cm. Surface tension was
72.8 mN/m at pH 5.6 and 22°C. The investigated lay-
ers were formed on the surface of the subphase via
solution spreading. Monolayers of the polyelectro-
lyte—surfactant complex were investigated along with
mixed monolayers based on complex and dyes. Poly-
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electrolyte complex and dye were dissolved separately
in chloroform, followed by mixing at the ratio required
for preparing a mixed monolayer. The relative concen-
tration of dye in the investigated films was equal to 0.2,
10, 33, and 50 mol %.

The monolayers were transferred onto the glass
substrate with a Y-type vertical lift at surface tension
n = 25 mN/m. The number of layers in our LB\films
was equal to 50 at 0.2 mol % and 10 at 10, 33, and
50 mol %. The absorption spectra of LByfilms Were
recorded using a Spekol 1500 spectrophotometer
(Analytik Jena); the fluorescence @pectra, using) a
spectrofluorimeter in the photon counting mode [5].

RESULTS AND DISCUSSION
Charge Distribution in thelGround State

The distribution of\electrongdensity in the ground
state was investigateéd forithe studied compounds via
the quantum-chemicalhmethod using a Pariser—Parr—
Pople approximation taking into account the configu-
ration interaction [18, 19]. Our calculations show that
the maximum\positive charge in the ground state of the
PVBTMACmolecule was concentrated on the nitro-
gempatom.Lhe highest negative charge of the surfac-
tant molecule was located on the oxygen atom of the
sulfonici’group. These particular charges play an
impaortant role in the formation of polyelectrolyte-sur-
factant complex [20].

The maximum positive charge of the dye I mole-
cule in the ground state is concentrated on the oxygen
of the carbonyl group C=0. A high positive charge is
correspondingly on the carbon of this group. The
nitrogen of the pyridine ring has a considerably lower
negative charge. On the other hand, this charge is suf-
ficiently large for the six-membered cycle being not
aromatic in nature. The nitrogen of the amino group
carries a slight positive charge and its effect on the
condensed six-membered cycles is thus minimal.
Electrostatic interaction between the oxygen of carbo-
nyl group of the dye molecule and the nitrogen atom of
polyelectrolyte keeps the dye I molecules at the
water—air interface.

The exchange of an oxygen atom in the benzene
ring of dye II with sulfur increases the positive charge
of this atom in the ground state and the pyridine ring
thus becomes more polar. The charges on the rest of
the atoms of a dye II molecule are virtually equal to the
respective charges of a dye I molecule. The availability
of the positive charge on the sulfur atom in a dye II
molecule lowers the degree of interaction between this
dye molecule and the complex. This should in turn
affect the number of dye molecules within the mixed
monolayer.
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Fig. 1. Compression isotherms of monolayers of polyelectrolyte—surfactant complex (/) and dyes 1 (255) and 11 (2'—5') at differ-
ent dye concentrations: (/) 0, (2, 2') 100, (3, 3') 10, (4, 4) 33, and (5, 5') 50 mol %.

Phase States of the Monolayers
of Polyelectrolyte—Surfactant
and Polyelectrolyte—Surfactant- Dye
at a Water—Air Interface

Compression isotherms of monolayers of the
PVBTMAC-SDBS complex and complex-dye on the
water-air interface are presented in Fig. 1. The com-+
pression isotherm of the PVBTMAC—-SDBS complex
is characteristic for the liquid state [21] (curve I).
Monolayer collapse was observed at the surface ten-
sion of 31 mN/m with the specific molecular area‘of
0.95 nm?. It was found with computer modelingof the
spatial conformation of the monomeric unit that when
the planes of the benzene ring of polymer and surfac-
tant are located parallel to the water surface, the spe-
cific area 4 equals to 0.92 £ 0.05 nm%and the hydro-
phobic fragment of the melecules is'located at the
angle of #85° to the water surface. The spatial confor-
mation of the monomericyunit of polyelectrolyte was
calculated with an MM, method on the basis of geo-
metric sizes of mole€eules.

Dye molécules” dodnot form stable monolayers
(Fig. dgfeurves 2, 2'). Curve extrapolation to the zero ©
valde shows thatith€ average area per one dye molecule
at the terSion of 20 mN/m equals 4 = 0.54 £ 0.05 nm?
and A= 0.40 + 0.05 nm? for dye I and dye 11, respec-
tively. Both values are in good agreement with the cal-
culated cross section area of the dye molecules
(0.58 and 0.43 nm?) [22]. It can be concluded on the
basis of the obtained data that for the majority of the
dye I molecules the plane of the central nucleolus is
oriented parallel to the water surface. The dye IT mol-
ecules are oriented with the short axis along the water
surface.
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Two-component momolayers of the polyelectrolyte
complex and'the dye form films with different density
dependingonitheldye content. The collapse tension is
close t@ypthedeollapse tension of the complex mono-
layer. Theyisotherm shape does not change with the
increase\of the dye concentration. Noticeable shift of
isétherms towards the lower molecular areas occurs in
the process, which indicates a more compact packing
of dye molecules and complex within the monolayer.

Spectral and Fluorescent Properties
of Langmuir— Blodgett Films

Absorption spectra of our polyelectrolyte—surfac-
tant complex and its individual components are pre-
sented in Fig. 2. The asorption spectrum of the PVBT-
MAC-SDBS complex is a combination of optical
density curves of individual components (Fig. 2). The
formation of LB films from the pure complex was con-
firmed by recording absorption spectrum of the films
in the UV range. The absorption bands with maxima at
200, 225, and 260 nm are observed in the spectrum
(Fig. 3). These bands are due to the benzene rings in
the complex composition. The optical density
increases as the number of layers grows.

Absorption and fluorescence spectra of ethanol
solutions and LB films of polyelectrolyte complex—
dye II are presented in Fig. 4. The absorption spectra
of LB films (curves 2—4) consist of wide, poorly
defined bands with maxima at 570 nm, close to the
absorption maximum of an ethanol solution of dye 11

(A = 575 nm, g, = 2.8 x 10 M~! cm™'). An
increase in the optical density of the dye absorption

band is observed with increasing of concentration of
dye molecules.
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Fig. 2. Absorption spectra of solutions of polyelectrolyte complex PVBTMAC—SDBS (/)\and n chloroform and
PVBTMAC in ethanol (3) at ¢ = 10~* mol/L.
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Fig. 3. Absorption spectra

monolayers. n

spectra of LB films (curves 2'—4)
ded upon sample excitation at A =560 nm.
with a maximum at 656 nm is observed for the
aye = 10 mol %, which is the closest to the
observed fluorescence spectrum of the alcohol solu-

tion with k?nax = 650 nm (curve I'). The fluorescence
spectra shift hypsochromically upon an increase in the
concentration of dye molecules in the monolayer. The
maximum of the fluorescence spectrum of the LB film

with a concentration of 33 mol % lies at 650 nm, and

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A Vol. 87

B films of PVBTMAC—SDBS at different number of layers in the film: (/) 30, (2) 20, and (3) 10
ith its maximum at 260 nm is presented in the inset.

at 634 nm for the film with a dye concentration of
50 mol %.

The spectral-luminescent properties of dye I were
investigated in [23]. The maxima of the absorption and
fluorescence spectra of dye I in ethanol solution lay at

AP =555 nm (g, =4.2x 104 M~ em™ ) and A"
640 nm. The absorption and fluorescence spectra of
the mixed LB films of dye I and polyelectrolyte com-
plex with luminophore concentrations of 0.2, 10, 33,

and 50 mol % are presented in Fig. 5. The maximum
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Fig. 4. Absorption (/—4) and fluorescence (I'—4') spectra of ethanol solutions (7, 1') aj B sofp ctrolyte complex and
dye II at different dye concentrations: (2, 2') 10; (3, 3') 33; (4, 4) 50 mol %.
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Fig. 5. Absorption{7—4)
dye I at different d ncen

on the absorption curve, lay at 590 nm for all dye con-
centrations. The maximum of the more intense band
lay at 512 nm for a dye concentration of 10 mol %. A
hypsochromic shift of the absorption maxima of the
short wavelength band is commonly observed upon an
increase in the dye molecule concentration, while no
shift is observed for the maximum at 590 nm. The ratio

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A Vol. 87

fluorescence (/'—35') spectra of ethanol solutions (/, /') and LB films of polyelectrolyte complex and
tions: (1, 1) 0.2; (2, 2") 10; (3, 3') 33, (4, 4', 5") 50 mol %. The 5 spectrum was excited at 490 nm.

of the optical density of the long wavelength band to
the short diminishes slightly upon an increase in the
concentration of dye in an LB film.

The fluorescence excitation of the polyelectrolyte
complex and dye I LB films was performed at 570 nm.
The highest emission intensity was observed for all
films upon excitation in the long wavelength part of
the spectrum. The maximum of the fluorescence spec-
trum of the film with a dye concentration of 0.2 mol %
lay at 655 nm. The fluorescence spectra of the films
containing 10, 33, and 50 mol % dye are shifted to the
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short wavelength region. The maximum intensity was
observed at 648, 645, and 640 nm, respectively.

It is known that oxazine dye molecules are
extremely sensitive to environment polarity due to
nonrigid attachment of the electron—donor diethy-
lamino group to the rigid aromatic fragment, which
manifests as the solvatochromic effect of the absorp-
tion and fluorescence spectra of the dye. The position
of the observed absorption and fluorescence spectra of
the LB films indicates that the oxazine dye molecules
are in a different polar environment than an alcohol
solution. The short wavelength shifts of the fluores-
cence maxima of LB films upon an increase in dye
concentration indicate a drop in the polarity of the
emission center environment. This agrees with the
conclusions in [24], where the increased Stokes shift
of the absorption and fluorescence spectra of Nile Red
was related to an increase in the environment’s polar-
ity. We may suggest that the increased density of the
dye molecules results in the partial neutralization of
polarity created by polyelectrolyte molecules sur-
rounding the fluorescence centers.

The fluorescence spectra of the films with 10 and
33 mol % of dye I have fluorescence maxima at 655 nm
upon excitation at 490 nm, and the fluorescence band
of the film with a dye concentration of 50 mol % is
widened and shifted to the red region of the spectrum
with kﬂmax = 688 nm. The increased dye concentration
in the film results in fluorescence quenching. The
highest fluorescence quantum yield of the LB films is
observed at a dye concentration of 33 mol %.

The observed features are in good agreementéwith
exciton model of molecular aggregates. According to
the theory of molecular aggregates [25], th€ exciten

. . . h
zone of a dimer consists of two discrete levels .S,

(upper) and SlI (lower). The absorption ofidimers is
not observed at a 0.2 mol % dyeseoncentration in the
film, and the formation of the absorption spectrum is
due to the S, — S| transition. The fraction of dimers
grows with an increase infdye concentration, resulting
in the emergence of a short wavelength absorption

band (the S, —> Sf fransition).
Predominantly menomeric centers emit at an exci-
tation at 590 Am (S, -, transition) with a maximum

at 600gm. An emission band is observed upon excita-
tionfat 490\ nm eerresponding to the long wavelength

transition (.S 11 —Sp). This indicates fast non-radiative

relaxation,from the upper Sf to the lower .S ,1 sublevel
of the split excited state of the dimer [23].

It can be seen from Figs. 4 and 5 that the optical
densities of LB films of the dye II are one order of mag-
nitude lower than those of dye I when the number of
layers and the concentration of dye molecules in the
monolayers are equal. The amount of polyelectrolyte
complex was identical in both cases, as was shown by
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the equal optical density of polyelectrolytes on the UV
absorption band. This confirms the suggestion that the
availability of a positive charge on the sulfur atom in the
thiazone molecule lowers the degree of electrostatic
interaction between the dye molecules and complex.
As a consequence, fewer luminophore molecules are
transferred into the LB layer than in the case of dye 1.

CONCLUSIONS

Our investigation showed that the electrostatic
interaction of dyes with polyelectrolyte-surfaétant
complex could be used for preparing luminescent
Langmuir—Blodgett films based omy the nonam-
phiphilic molecules of organic dyes. Analysis of the
spectral data and the charge distribution in‘the ground
electronic state of the dyes revéals that the degree of
electrostatic interaction between the,dye 11 molecules
and polyelectrolyte compléx isfless than in the case of
dye I. The position ofthe obsérved absorption and flu-
orescence spectralef [LB filmssuggests that the oxazine
dye molecules are ima polamenvironment in the poly-
electrolyte, complex. The lowered dye molecule con-
centration/ reduces the ‘Stokes shift of the absorption
and fluorescence spectra. We may suggest that an
increase ofithe number of dye molecules reduces the
effect of, theypolar environment on the fluorescent
moaleculesy, The stronger electrostatic interaction
between\the"dye I molecules and the polyelectrolyte
complexresults in the formation of dimers of dye mol-
ecules in the monolayer.

ACKNOWLEDGMENTS

The authors are grateful to V.1. Alekseeva, L.E. Mari-
nina, and L.P. Savvina for providing our dyes. This
work was supported by the Committee of Science,
Ministry of Education and Science of Kazakhstan
(grant number 1197/GF).

REFERENCES
1. V. G. Sergeyev, O. A. Pyshkina, A. V. Lezov, et al.,
Langmuir 15, 4434 (1999).

2. E. A. Ponomarenko, D. A. Tirrell, and W. J. MacK-
night, Macromol. 29, 8751 (1996).

3. S. Acharya, T. Kamilya, J. Sarkar, et al., Mat. Chem.
Phys. 104, 88 (2007).

4. S. A. Yeroshina, N. Kh. Ibrayev, S. E. Kudaibergenov,
et al., Thin Solid Films 516, 2109 (2008).

5. N. Kh. Ibrayev, A. K. Aimukhanov, and E. V. Seliver-
stova, High Energy Chem. 43, 577 (2009).

6. S. Guillot and H. Ritacco, et al., Eur. Phys. J. E 23, 305
(2007).

7. D. Vankin, S. Dahkle, and A. Travesset, Phys. Rev. Lett.
93, 218302 (2004).

8. S. Kundu, J. Colloid Interface Sci. 344, 547 (2010).

9. A. V. Shpak, A. V. Pirogov, and O. A. Shpigun, Anal.
Bioanal. Chem. 382, 504 (2005).

Vol. 87 No.5 2013



10

11.

12.

13.

14.

15.

16.
17.

PREPARATION AND PROPERTIES OF NANOSIZED FLUORESCENT SOLID FILMS

M. L. Cortez, G. A. Gonzalez, and E Battaglini, Elec-
troanal. 23, 156 (2011).

D. J. Taylor, E. Thomas, and R. K. Penfold, J. Adv. Col-
loid Interface Sci. 132, 69 (2007).

X. L. Zhang, D.J. E Taylor, R. K. Thomas, et al., Lang-
muir 27, 2601 (2011).

M. E. Lipptisch, S. Draxker, and E. Kohker, Organic
Materials for Non-Linear Optics (Society of Chemistry,
London, 1991), Vol. 2.

L. El-Nadi, L. Al-Houty, M. M. Omar, et al., Chem.
Phys. Lett. 286, 9 (1998).

A. F. Mansour, A. L. Salem, and N. M. El-Sayed, Proc.
Ind. Acad. Sci. Chem. 110, 351 (1998).

M. M. G. Krishna, J. Phys. Chem. A 103, 3589 (1999).

A.-Y. Jee, S. Park, H. Kwon, et al., Chem. Phys. Lett.
477, 112 (2009).

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A Vol. 87

18
19

20.

21.

22.

23.

24.

25.

871

V. V. Arslanov, Russ. Chem. Rev. 69, 883 (2000).

V. 1. Minkin, B. Ya. Simkin, and R. M. Minyaeyv, Theory
of Molecular Structure (Vysshaya Shkola, Moscow,
1979) [in Russian].

E. D. Goddard and K. P. Ananthapadmanabhan, Inter-
actions of Surfactants with Polymers and Proteins (CRC
Press, Boca Raton, FL, 1993).

A. Adamson, The Physical Chemistry of Surfaces (Wiley,
New York, 1976).
V. 1. Alekseeva, L. E. Marinina, L. P. Savvina,
Mol. Cryst. Liq. Cryst. 427, 159 (2005).
N. Kh. Ibraev, V. I. Alekseeva, L. E.
Russ. J. Phys. Chem. A 82, 860 (20
A.-Y. Jee, S. Park, H. Kwon, and
Lett. 477, 112 (2009).

E. G. McRae and M. Kasha,
(1958).

J

No. 5 2013





