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The present work deals with processes of structure-formation and aggregation behavior of hemicyanine chromoiono-
phores in Langmuir monolayers and Langmuir-Blodgett films. It is revealed that the appearance of excimers upon
compression of monolayers of these compounds is associated with cation-ionophore group interaction. The key role of
the organic solvent in the preorganization of such monolayers on subphases containing indifferent cations is demon-
strated. The extreme character of the dependence of the excimer formation efficiency on concentration of the above
ions is shown, and optimum concentrations are identified.
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Hannas paboma noceéauena npoyeccam cmpykmypooopasz08anus u azpecayuonHoMy NO8eOeHUI0 2eMUYUAHUHOBLIX
XPOMOUOHOPOPO6 6 MoHOCN0:X Jlenemiopa u naenxax Jlenemiopa-bnodacemm. Ioxaszano, umo obpasosanue dIKcume-
PO8 NPU CAHCAMUU MOHOCTI0EE IMUX COCOUHEHUL CBA3AHO C 63AUMOOEUCMBUEM KAMUOH-UOHOGOopHbIX epynn. [Ipode-
MOHCMPUPOBAHA KIIOHEBAsL POIb OP2AHUYECKO20 PACMEOPUMEN 6 NPEOOPSAHUZAYUL MAKUX MOHOCL0€e8 Ha cyOghasax,
codepaicawyux uHOuppepenmuvle KAMUOHBL. YCmManHo8IeH SKCMPeMalbHblil XapaKxmep 3a8UcUMocmu dQpexmusHo-
cmu 00pazo8aHust IKCUMEPOE8 O KOHYEHMPAYUU YIOMSHYMBIX Gblule UOHOS, U ONpedesieHbl UX ONMUMAIbHbIE KOH-
yenmpayuu.

KaroueBrnlie ciioBa: MoHociion .HeHl"MIOpa, TEMUIIMAHUHBI, 9KCUMEPHI, (bﬂyOpeCHeHHI/IH, arperanys, npeaoprann3anus.

Introduction

The search for methods of control of physico-chemical
properties, and therefore, functional characteristics of
molecular ensembles, is one of the most important problems
of supramolecular chemistry and nanotechnology.

Langmuir monolayers and Langmuir-Blodgett films
(LBF) based on hemicyanine dye derivatives are the subject
of intensive research in the last decades!"'"! due to the
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unique optic and fluorescent properties of these compounds
and structural features of two-dimensional systems based
on them. The ability of hemicyanines to form aggregates
of various types, which, in their turn, significantly affect
optical, thermal, and mechanical properties of organized
monolayers, is of special interest. For example, ultrathin
films of such compounds are used in molecular switchers and
sensitive elements of sensors.!'>'57-11 One of the necessary
conditions for application of such systems is the possibility
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Structural Organization of Hemicyanine Chromoionophores in Langmuir Monolayers

to form organized and densely packed films on solid
substrates.” For amphiphilic compounds, this can be done
by Langmuir-Blodgett technique, which allows control of the
organization of precursor-monolayer on molecular level. In
this regard, hemicyanines possess one important advantage:
easiness of chemical modification by alkyl substituents,
which provide these compounds with amphiphility that is
required for formation of stable Langmuir monolayers at air/
water interface.

The study of aggregation behaviour of hemicyanine
chromophores have shown a correlation of chemical
structure of molecules and their supramolecular organization
with optical properties of ultrathin films produced from
them 111621281 Control of the structure and structure-
dependent properties of ultrathin films of hemicyanine
derivatives should allow the realization of the advantages
of planar supramolecular systems as the basic elements of
nano-sized information devices.!'#?62%311 Therefore, LBF of
hemicyanine dyes are of interest both from the standpoint
of creating artificial functionalized membranes for
accumulation and conversion of light energy into different
information signals,?” and as convenient model systems
for the development of approaches for the production of
materials with desired properties.!®

Experimental

All chemicals used were of analytical-reagent grade.
Chloroform (Merck, extra-pure grade) was used as solvent.
Barium, calcium, sodium, potassium, and magnesium perchlorates
(Ba(ClO,),, Ca(ClO,), NaClO,, KCIO,, and Mg(CIO,),,
respectively) were purchased from Sigma-Aldrich. Ultrapure water
(18 MQ-cm, pH 5.6) deionized with a Vodolei apparatus (NPP
Khimelektronika) was used as subphase for Langmuir monolayers
and LB transfers.

4-[4-(Dimethylamino)styryl]-1-docosylpyrimidium bromide
(ChIP3, Figure 1b) was purchased from Sigma-Aldrich (France).
The derivative hemicyanine dyes (ChIP1 and ChIP2, Figure la)
have been synthesized by Dr. E.V. Lukovskaya at Moscow State
University according to the previously described synthesis. %!

Monolayer compression isotherms were recorded using the
KSV mini-trough (Finland) made of Teflon and equipped with
polyacetal barriers. Monolayer surface pressure was measured
using a platinum Wilhelmy plate at a constant temperature of
20+1 °C. Ultrathin films on solid substrates were obtained using
the standard LB procedure: the monolayer was compressed to
the required surface pressure, which was then kept constant. The
substrate, previously immerged into the subphase perpendicularly
to the air—water interface, was withdrawn from the subphase at
a constant rate of 5 mm-min .

During the compression, UV—Vis differential reflection—
absorption and fluorescence spectra of hemicyanine monolayers
were obtained using an AvaSpec-2048 fiber-optic spectrophotometer.
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UV-Vis measurements were carried out at normal incidence.?* For
fluorescence measurements, the UV-Vis reflectometric probe with a
fiber diameter of 600 mm was also placed perpendicularly at 2-3 mm
to the monolayer surface. Additional light-emitting diodes were used
with an emission band as close as possible to the principal absorp-
tion band of the dye molecules in the monolayer. The light-emitting
diodes were placed directly above the monolayer to ensure a 45°
angle of incidence of the exciting light on the subphase surface.

For LB film deposition, the silica plate was immersed into
the Langmuir trough, perpendicular to the interface, before
spreading the hemicyanine chloroform solution. The monolayer
was compressed to the desired surface pressure, which was kept
constant by means of a control system permanently adapting the
monolayer surface. In the case of hemicyanine monolayers, the
surface pressure decreased slightly during the period of 10—15 min,
which is attributed to a reorganization of molecules at the air—
water interface. After this stabilization period, the silica plate was
removed from the water at a constant speed of 20 mm-min’!, which
resulted in a hemicyanine monolayer being transferred on both
sides of the plate.

All of these experiments were performed under red light,
in order to limit undesired photoreactions. Absorption and
fluorescence emission spectra of LB films were acquired with the
Shimadzu 2450 PC spectrophotometer and the Shimadzu 5301-RF
spectrofluorimeter, respectively.

In this work, Brewster microscope manufactured by KSV
NIMA (Finland) was used for study of monolayer structure. The
light source was a helium-neon laser class IIIb (632.8 nm) with
a power of 10 mW. The beam from the source passes through a
polarizer and p-polarized beam falls on the water surface at the
Brewster angle of the subphase. The reflected beam goes through
the lens with a tenfold magnification to the USB-camera, which
transmits the data via the interface module to the computer.
Microscope is fixed on the frame above Langmuir trough in such
a way that the laser beam would fall in the center of the trough.

Fluorescence microscopy photomicrographs were obtained
as follows. The quartz plate coated with a studied monolayer
was installed on the platform of vertical microscope (BXS51WI,
Olympus), equipped with a mercury lamp (U LHI00HG) with
power of 100 W, BX RFA lamp and cube filter U MWBV2
(excitation in the range of 400—440 nm, emission above 475 nm) or
U_MNB?2 (excitation in the range of 470-490 nm, emission above
520 nm). Lenses LMPF1 x10, x20, and x50 were used for imaging.
Photomicrographs were obtained using Color View II CCD (SIS
Germany) camera. Signal accumulation time usually was from 1
to 5 seconds. At least three images have been recorded at seven
different points for each monolayer. Resolution capacity of the
device was in the range 0.4-0.6 microns due to the high numerical
aperture of the lenses.

Results and Discussion

In the present work, we studied the structure and
optical properties of Langmuir monolayers of amphiphilic
crown substituted hemicyanine chromoionophores during
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Figure 1. Chemical structure of molecules (a) ChIP1 (X = O), ChIP2 (X = S) and (b) ChIP3.
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their formation and compression on aqueous subphases
containing different quantity (0—-10 mM) of alkali and
alkaline earth metal cations. The studied compounds
consisted of hemicyanine chromophore functionalized by
hydrophobic alkyl substituent with a length of 22 carbon
atoms, and also by ionophore group of different structure:
aza-15-crown-5 for ChIPl, di-thia-aza-15-crown-5 for
ChIP2, and dimethylamine for ChIP 3 (Figure 1).

Previously we have shown™? that a reversible
formation of excimers is possible in the monolayers of
studied compounds in the presence of “inert” cations in the
subphase, which inhibit stacking aggregation. However,
the question on the influence of the type of cations and
their concentration in the subphase on the efficiency of
the formation of such fluorescent dimers in the monolayer
remained unstudied so far.

As it has been shown previously,? compression of
ChIP1 monolayer, formed on the deionized water surface
only leads to a gradual quenching of fluorescence. While in

400+
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Figure 2. Dependence of fluorescence intensity on surface
pressure for the monolayer of ChIP1 on the surface of (1)
deionized water (monomers, 600 nm) and (2) barium perchlorate
solution (excimers, 700 nm).
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the case of the same monolayer on the surface of the barium
perchlorate solution, the intensity of the initial monomer
fluorescence bands also decreases, but the growth of
intense emission band around 700 nm, corresponding to the
emission of investigated hemicyanine dye excimers is being
observed (Figure 2).

A characteristic spectral change corresponding to
the formation of “head-to-tail”-type dimers was observed
upon compression of the monolayer on the surface of
deionized water.?>3" While the presence of barium cations
in concentration of 1 mM inhibits this intermolecular
interaction and promotes co-directional orientation of the
molecules in the aggregates at the interface.*”

In this study, a more detailed investigation of the
differences in organization of ChIP1 monolayers, formed
on the deionized water and barium perchlorate solution,
was conducted by Brewster angle microscopy method.
The obtained photomicrographs show that spreading of a
dilute solution of the studied compounds in chloroform onto
the surface of pure water produces expanded monolayer
containing some large individual associates (Figure 3a).
Once surface pressure starts to increase upon compression,
monolayer appears homogenized in photomicrographs. As
the surface pressure in the monolayer on the surface of
deionized water increases, formation of some aggregated
associates takes place, which form a new homogeneous
structure at high pressures (Figure 3a).

The results obtained under the same conditions for
ChIP1 monolayer formed on the subphase containing
1 mM of Ba*" cations confirm the changes in the monolayer
structure, which occur as a result changing of the subphase
composition. Noticeable enlargement of aggregates
compared to a monolayer on deionized water is observed
upon compression of the chromoionophore monolayer. Such
large aggregates also form their own homogeneous structure
at high surface pressures (Figure 3b).

Figure 3. Photomicrographs obtained by Brewster angle microscopy technique for monolayer of ChIP1 at surface pressure of 1, 10,
and 25 mN/m (from left to right) on (a) deionized water and (b) on surface of I mM solution of Ba(ClO,), (image size 200200 um).

Maxkpozemepoyurnvt / Macroheterocycles 2016 9(4) 395-401

397



Structural Organization of Hemicyanine Chromoionophores in Langmuir Monolayers

Thus, Brewster angle microscopy, which allows one to
track changes in the monolayer directly in the process of its
formation, also confirms the changes of monolayer structure
in the presence of barium cations in the subphase.

Moreover, upon the expansion of the ChIP1 monolayer,
formed on barium perchlorate solution, after its compression
to a surface pressure of 35 mN/m, only a small hysteresis
is observed in the isotherm (Figure 4). At the same time,
the monomer emission appears again on the fluorescence
spectra of such expanded monolayer, which indicates the
reversibility of the observed transformations.
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Figure 4. Hysteresis of compression isotherms of ChIP1
monolayer on 1 mM Ba(ClO,), solution.

Earlier® we have made a hypothesis that
preorganization of ChIPl monolayer due to interaction
with barium cations occurs at the first stage of monolayer
formation — upon application of the solution onto the surface
of the subphase and its spreading — even before the solvent
completely evaporates. To confirm this hypothesis and
elucidate the role of the solvent in the observed changes,
a monolayer of the studied compound was formed on the
surface of deionized water, and barium perchlorate solution
was introduced under this monolayer only after evaporation
of the solvent (Figure 5a). The fluorescence spectra obtained
in this experiment indicate no formation of excimers:
compression of the monolayer and increase of the surface
pressure leads only to a decrease in fluorescence intensity

1 introduction of Ba*

70, mN/m

50 100 150 200 250
Area per molecule, A?

of only the monomeric form of the compound, as in the
case of the monolayer on the surface of deionized water.
Observed significant reduction in the monomer fluorescence
intensity with increase of surface pressure is, apparently,
a consequence of stacking-aggregation of molecules upon
compression of the monolayer (Figure 5b). Therefore, as
we have suggested, the possibility of excimer formation at
the air/barium perchlorate solution interface is determined
by the presence of chloroform, which ensures possibility of
interaction of non-hydrated crown ether groups of the dye
with metal cations during application of chromoionophore
solution on the surface of the cation-containing subphase at
the initial stage of the monolayer formation.

As we have shown previously,?!"! excimers may appear
upon compression in ChIP1 monolayers formed on sub-
phases containing cations of alkali and alkaline earth met-
als (Ba?*, Ca*, Mg?, and K"). Detailed studies of fluores-
cence spectra of monolayers during its compression on the
subphases of different composition carried out in this work
revealed that efficient excimer formation occurs in a cer-
tain concentration range for every cation. The dependences
of the relative fluorescence intensity of the excimers (the
ratio of the emission intensity of the excimer band (about
700 nm) in the compressed monolayer (x about 30 mN/m)
to the intensity of emission of the monomers (about 600 nm)
in the expanded monolayer on cation concentration for
different cations are show in Figure 6. It can be seen that
in all cases these dependences in the concentration range
from 0 to 5 mM are of extreme character and each of the
investigated cations can be characterized by value of its
own optimal concentration corresponding to the maximum
relative fluorescence intensity of excimers in the monolayer.
For example, in the case of ChIP1 this value for calcium
amounted to 0.1 mM, for barium — 1 mM, for magnesium —
about 2 mM, and for potassium — about 5 mM (Figure 6).
Moreover, the increase of the cations concentration in the
subphase ultimately leads to the disappearance of the long-
wavelength emission (about 700 nm) band in all considered
systems (Figure 6). Characteristically, the relative fluores-
cence intensity of excimers increases with increasing sur-
face pressure in the monolayer (Figure 7). In addition, the
comparison of results obtained for Ba*", Ca?!, Mg?*, and K*
cations have shown that the optimal concentration of a cat-

600 nm
1500 4

1250 4

1000 A

fluorescence intensity T

N g N
c 8. 88

550 600 650 700 750 800
wavelength, nm

Figure 5. (a) Compression isotherm of ChIP1 monolayer upon introduction of barium cations after solvent evaporation (1) and upon
formation of the monolayer on the subphase already containing barium perchlorate (2). (b) ChIP1 monolayer fluorescence spectra during

compression in the case of cation introduction after solvent evaporation.
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ion corresponding to the maximum efficiency of excimer
formation in the monolayer decreases with increasing of cat-
ion binding constant (in the row K—Mg*—Ba**—Ca?").l*]
The similarity of obtained dependences and coincidence of
fluorescence parameters for monolayers formed in the pres-
ence of various cations indicate the identical nature of the
cation-ligand interaction processes.

1.6
1.4
1.2
1.0
0.81
0.6
0.4
0.2
0.0

relative fluorescence intensity

Figure 6. Dependence of relative intensity of excimers
fluorescence on cation concentration in the subphase: (1) Ca?*,
(2) Ba*, 3) K", (4) Mg*".
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Figure 7. Dependence of relative intensity of excimer fluorescence
(Lyy/19,) On the surface pressure.
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To reveal the role of the ionophore group in the studied
process, we have chosen 3 hemicyanine dyes (ChIPI,
ChIP2, ChIP3), differing only in the composition of the
ionophore group, and arranged them in a series, in which
the affinity between the ionophore substituent and cations
of alkaline earth metals in the subphase increases in the
following sequence: ChIP3 — ChIP1 — ChIP2. In situ spectral
studies of Langmuir monolayers using fiber-optic UV-Vis
spectroscopy showed that in all three cases the compression
of the monolayer on the deionized water is accompanied by
intensive formation of stacking-aggregates, and the presence
of indifferent cations, which do not form stable complexes
with the ionophore group of the dye, in the subphase inhibits
the head-to-tail-type aggregation.

Registration of fluorescence spectra of monolayers
of the considered series of compounds during their
compression on the subphases of different composition has
allowed us to establish that there is a range of concentrations
of perchlorates of alkaline earth metals for each of the three
dyes, in which formation of excimers in the monolayer is
observed. Moreover, for every compound the dependence of
excimer fluorescence intensity on Ba* cation concentration
has a maximum at different cation concentration.

50 4

fluoresence intensity, rel. u.

o
|

600 700 800
wavelength, nm

Figure 8. Fluorescence spectra of ChIP1 LBFs transferred from
surface of (a) deionized water, and aqua solutions of barium
perchlorate with the concentrations of (b) 1 mM, (c) 3 mM,

and (d) 10 mM.

a b c

Figure 9. Fluorescent photomicrographs of ChIP1 LBF formed at barium perchlorate content in the subphase of (a) 1 mM, (b) 3 mM, (c)

10 mM (image size 250x250 pm).
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Replacement of the oxygen azacrown ecther by dithiaaza
crown ether leads to reduction of the optimal concentration
of barium perchlorate subphase by an order of magnitude
(from 1 mM to 0.1 mM), and for ChIP3, which does not
have crown ether moiety whatsoever, this value is more
than 3 mM. Thus, the optimal concentration of the cations
in the subphase that provides the most efficient formation of
excimers is decreasing in the same sequence, in which the
affinity between the ionophore substituent and metal cations
in the subphase increases: ChIP3 — ChIP1 — ChIP2.

The concept that the formation of excimers is associated
with cation—ionophore interactions is in good agreement with
the above described results of studies on the role of chloroform
in aggregation processes in the studied system, since the
efficiency of these interactions is known to be significantly
higher in organic environments than in aqueous ones. The
presence of the maximum in the curves of dependence of
the relative excimer fluorescence intensity on concentration
of metal cations in the aqueous subphase appears to be
due to the formation of short-lived sandwich complexes of
1:2 composition (1 cation per 2 ligand molecules). Such
complexes formed at a certain cation concentration can
“define” the structural organization of the monolayer, at
the initial stage of monolayer formation. Increase of the
cation content above this optimal concentration leads to
the formation of complexes of 1:1 composition, the mutual
repulsion of which inhibits the formation of excimers.

Thus, the appearance of excimers upon compression
of monolayers of studied hemicyanine chromoionophores is
associated with cation-ionophore group interaction occurring
in the presence of an organic solvent at the initial stage of
monolayer formation.

With the example of barium cations, we investigated
fluorescent characteristics of ChIP1 LBF transferred from
the subphases with different concentrations of cations. At
concentration corresponding to the maximum of the de-
pendence of the relative excimer fluorescence intensity on
cation concentration in the subphase, LBF fluorescence
spectra contain one distinct long-wavelength band (about
700 nm). The position of the emission band of the film,
transferred from the subphase with a high concentration of
barium cations (10 mM) coincides with those observed for
the film obtained from a monolayer on the surface of deion-
ized water. Furthermore, the spectrum of the film produced
from monolayer formed on the surface of the barium per-
chlorate solution with concentration of 3 mM contains both
monomer and excimer emission bands (Figure 8). These
results confirm the preservation of the structural features
of monolayers of amphiphilic hemicyanine chromo-fluoro-
ionophores upon their transfer onto the solid substrate by
Langmuir-Blodgett technic.

Such behavior of LBFs transferred from subphases
with different content of barium cations is also recorded
by fluorescence microscopy. A spatial separation of arecas
emitting light of different wavelengths (600 nm for monomer
and 700 nm for excimer) upon photoexcitation can be seen in
the photomicrographs (Figure 9).

Considering the high sensitivity of the studied
compounds to the conditions of monolayer spreading,?
the observed structural separation may serve as indirect
confirmation of the assumption of the role of the phantom

400

sandwich complexes as associate nuclei upon structure
formation in the monolayer.

Conclusions

The key role of chloroform in the process of
preorganization of ChIP1 monolayer due to the inhibition
of the stacking aggregation process in the monolayer is
revealed. The solvation of crown ether fragment by organic
solvent allows the ionophore group to effectively interact
with metal cations from the subphase. Such interaction
cannot occur in the absence of chloroform, when a crown
ether is solvated by water molecules.

It is shown that the optimal concentration of the
cations of alkali and alkaline earth metals in the subphase
corresponding to the maximum efficiency of excimers
formation in the monolayer decreases with increasing
cation binding constant. Moreover, replacement of oxygen
azacrown ether moiety by azadithiacrown ether reduces the
optimal concentration of barium perchlorate in the subphase
by an order of magnitude.
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