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Optical spectroscopy methods have been used to study the features of cyanine dye
3,3'-dimethyl-9-thienyl-thiacarbocyanine iodide (L-21) aggregation in the presence of cat-
ionic surfactant CPB at concentrations above the critical micelle concentration. It has been
revealed that the addition of CPB promotes the formation of luminescent molecular
aggregates. The aggregates have a complex structure that is manifested in the absorption
spectrum as two new bands (hypsochromically and bathochromically shifted). The aggre-
gates formed reveal a highly ordered structure and a significant luminescence.

ITpu momoIy MEeTOL0B OITHUYECKON CIeKTPOCKOIMH HCCJIeL0BAHBI OCOOEHHOCTH arperamuun
IUAHUHOBOTO Kpacurensd 3,3 -pumerut-9-ruenHui-tuaxkapoonuanunnitfonumna (L-21) B npucyr-
CTBUM KATHOHHOTO IIOBEPXHOCTHO-aKTHUBHOTrO BelmecTBa CPB, KOHIleHTpalus KOTOPOTO BLIIIE
KPUTUYECKOM KOHIIEHTpaIluu Muilejoodpasopanuda. O6Hapy:KeHo, uTo nobaBienue CPB coo-
cobcTByeT 06pa3oBAHUIO JIIOMUHECIUPYIOIIUX MOJEKYJIAPHBIX arperaToB. IlojydyeHHbIe arpe-
raTel 00/IaJJal0T CIOKHOM CTPYKTYPOIl, KOTOpas MPOSBISAETCSI B CIEKTPE IOIJIOIIeHUs B BUIE
MMOSABJIEHUSA JBYX HOBBIX II0JIOC (CMEIeHHBIX THUIICOXPOMHO U 6aToxpomHo). IlojydeHHBIE
arperaTsl 06JIaal0OT BEICOKO YIIOPAJLOUYEHHON CTPYKTYPON M 3HAUNTEJbLHON JIIOMUHECI[eHI[eH.

J-Aggregates are luminescent assemblies
of non-covalently coupled molecules result-
ing in a narrow absorption band batho-
chromically shifted with respect to that of
monomer. Since their discovery by dJelley
and Scheibe [1-3], J-aggregates have been
of fundamental interest due to their inter-
mediate position between dissolved mole-
cules and structurally ordered crystals. The
J-aggregate size can be characterized by
two different quantities: (a) the physical
size n, i.e., the number of monomer units
which determines the geometrical length of
the aggregate and (b) the coherence (delo-
calization) length or number of coherently
coupled molecules (N ;). Whereas the
physical size may be in the range of several
thousand molecules, the coherence domain
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consists of less than 20 molecules at room
temperature [1-3]. Since the photophysical
properties of J-aggregates are size-depend-
ent [1-8], it is of great interest to control
those by varying the size of J-aggregates,
aiming for enhanced aggregation and in-
creased coupling strength.

There are some ways to affect the aggre-
gation of polymethine dyes in solutions: ad-
dition of salts, variation of the solution
acidity, temperature, solvent ratio (for bi-
nary solutions), ete. [1-3]. Surfactants can
provoke the aggregation, too [4—14]. It has
been shown that the addition of surfactants
at a concentration below the critical micelle
concentration (CMC) enhances the aggrega-
tion [4-14] and sometime changes the J-ag-
gregate morphology [4—6]. As a rule, at sur-
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Fig. 1. The chemical structure of L-21 dye.

factant concentrations above the CMC, the
dye molecules are solubilized by surfactant
micelles that prevent their aggregation [4—
6, 9-14]. Nevertheless, it was also shown
that the addition of surfactants at concen-
trations above the CMC can promote po-
lymethine dye aggregation [7-9]. For in-
stance, in [7], the influence of a number of
anionic surfactants (sulfonates, sulfates and
their derivatives) on the aggregation of
well-known cationic dye PIC was studied.
The addition of some surfactants at concen-
trations below the CMC was found to cause
both J- and H-aggregate formation. At the
same time, one of surfactants has been re-
vealed to cause J-aggregate formation at
concentrations much above the CMC.

In contrast to anionic surfactants, the
aggregation of PIC was not observed in the
presence of nonionic ones [7]. In [8], the
effect of a zwitterionic surfactant on TDBC
J-aggregate formation was investigated. It
was shown that the surfactant addition at
concentrations above the CMC changes the
J-aggregate spectral characteristics: the ab-
sorption J-band becomes narrower and more
intense, the luminescence band of J-aggre-
gates also becomes narrower and the fluo-
rescence quantum yield increases. The most
pronounced changes in the spectral charac-
teristics were observed at the dye-to-surfac-
tant ratio 1:2. In the case of cationic sur-
factants, the destruction of J-aggregates
was observed [8]. The interaction of cationic
dye amphi-PIC with anionic and cationic
surfactants has been investigated in [9].
The addition of an anionic surfactant at
concentrations above the CMC was found to
destroy the amphi-PIC J-aggregates, while a
cationic surfactant causes an increased J-
band intensity and its narrowing at concen-
trations below and above the CMC. In this
work, we have examined the features of
J-aggregate formation for 3,3'-dimethyl-9-
thienyl-thiacarbocyanine iodide (L-21)
(Fig. 1) in aqueous solutions containing cat-
ionic surfactant, cetylpyridinium bromide
(CPB).

The cyanine dye L-21 was obtained from
the dye collection at the Department of
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Fig. 2. Absorption (I, 3) and luminescence
(Apre = 530 nm) (2, 4) spectra of L-21 in DMF
(1,2) and in a binary solution DMF:TRIS-HCI
buffer (3, 4).

Combinatorial Chemistry (Institute for Mo-
lecular Biology and Genetics NAS of
Ukraine). Its purity was checked by thin
layer chromatography. The surfactant CPB
was purchased from Sigma Aldrich and used
as received. The samples for investigations
were prepared by addition of appropriate
amount of the surfactant to a stock dye
solution in dimethylformamide (DMF)
(2 mM). Then the solution was diluted with
water buffer TRIS-HCI (C = 0.05 mol/L,
pH = 8) in the ratio 1:19. Thus, the dye
concentration in the samples was equal to
107% mol/L and surfactant concentration
was equal to 1073 mol/L. The luminescence
and luminescence excitation spectra were
recorded using a spectrofluorimeter on the
base of two grating monochromators MDR-
23 and a xenon lamp. One of the monochro-
mators was used to select the required
wavelength (FWHM ~ 0.5 nm), the other
one was used for luminescence collection.
For absorption spectra registration, the
spectrofluorimeter was supplied with an in-
candescent lamp. For temperature measure-
ments, the cell with the sample was placed
in a thermostat where temperature can be
smoothly changed within the 20-95°C at a
1°C step.

Due to a poor solubility of L-21 in water,
its J-aggregates were prepared in a binary
(polar solvent-water) solution from a stock
dye solution in DMF [16, 17]. Absorption
and luminescence spectra of L-21 dye in
DMF are typical of cyanine dyes (Fig. 2)
with absorption maximum at 576 nm
(monomer band) and luminescence maxi-
mum at 605 nm, respectively. A weakly
basic medium is found to be required for
dye aggregation. So, to prepare the samples,
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an aqueous TRIS-HCI buffer (pH = 8) was
used. In a DMF:TRIS-HCI| buffer (1:19) bi-
nary solution, the dye absorption spectrum
changes (Fig. 2): the monomer band shifts
towards short wavelengths (,,,, = 568 nm)
that is associated with an increased solvent
polarity and a new low-intensity long-wave-
length band with maximum at 679 nm is
revealed. The new band is broad enough
(Avpwgy = 750 em™!).  An  increase of
short-wavelength shoulder intensity at
532 nm in the monomer absorption band
with respect to the absorption spectrum in
DMF (Fig. 2) should be also noted. The lumi-
nescence spectrum of L-21 in the DMF:TRIS-
HCI buffer binary solution also exhibits a new
very intense band peaked at 681 nm. In the
luminescence spectrum, the intensity ratio
between the new band and monomer one is
much larger than that in the absorption spec-
trum (Fig. 2). The appearance of the long-
wavelength absorption band and the intense
resonance luminescence one in the binary so-
lution can be ascribed to the formation of
J-aggregates of L-21 dye [1-8]. The rather
broad absorption and luminescence bands of
L-21 J-aggregates observed in the DMF:TRIS-
HCI buffer binary solution seem to be associ-
ated with a broad dispersion of J-aggregate
chain lengths [1-3].

To stimulate the aggregation of L-21 in
the DMF:TRIS-HCI| buffer binary solution,
we have used cationic surfactant CPB,
which was used to improve the amphi-PIC
J-aggregation in [9]. The addition of cat-
ionic surfactant CPB at a concentration
above the CMC (6.2-107% mol/L [18]) pro-
vokes significant changes in the absorption
spectrum (Fig. 3, curve ). The intensity of
J-aggregate band (J-band) increases and its
width becomes very narrow (Avpwgy =
150 em™1). The luminescence band of J-ag-
gregates (Fig. 3, curve 2) also becomes
much narrower (Avpy gy = 200 em™1) and
very intense, while the intensity of the
monomer luminescence band decreases. Ap-
parently, similar to the case of amphi-PIC
[9], the addition of CPB reduces the disor-
der degree in L-21 J-aggregates. As a re-
sult, the exciton delocalization length of
L-21 J-aggregates increases that is proved
by considerable J-band narrowing [1-3, 19].

The exciton delocalization length can be
estimated using the equation [19]:

972 Avy, ’
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Fig. 3. Absorption (I) and luminescence
(Aoye = 530 nm) (2) spectra of L-21 in a bi-

nary solution DMF:TRIS-HCI buffer contain-
ing CPB.

where Av,, . is the full width at half maxi-
mum (FWHM) of the monomer absorption
band; Av;, the J-band FWHM. Taking Av,, . =
700 em™1 (from L-21 absorption spectrum
in DMF after subtraction of the vibronic
band), we obtain for J-aggregates L-21 in
the presence of CPB N, ,~32 monomer
units, that is large enough value at room
temperature and indicates the high ordering
degree of the J-aggregates [1-3].

The next feature of L-21 J-aggregates
with CPB absorption spectrum is a signifi-
cant increased intensity of the short-wave-
length shoulder in the monomer absorption
band (Fig. 8, curve I) that points to the
formation of so-called H-aggregates [1-3].
At the excitation in this band, only J-aggre-
gate luminescence is observed, confirming
that the blue-shifted band belongs to H-like
structure [1-3]. To estimate the association
degree for H-aggregates, the set of absorp-
tion spectra at different temperatures was
obtained (Fig. 4). The temperature increase
is seen to result in redistribution of mono-
mer, J- and H-band intensities: H- and J-
band decrease synchronously, while the
monomer band increases. At ¢ = 55°C, the
aggregate states are completely destroyed
and only the monomer band is observed.
Such a low thermal stability is a charac-
teristic feature of luminescent molecular
aggregates [22]. The set of the spectra re-
veals a single isosbestic point at 546 nm
that indicates a dynamical equilibrium in
the solution between monomers and H-aggre-
gates and as the H-aggregates are destroyed,
new ones with lower association degree do not
form. Moreover, the H-aggregate maximum
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Fig. 4. Absorption spectra of L-21 in pres-
ence of CPB at different temperature: I —

25°C, 2 — 30°C, 3 — 35°C, 4 — 55°C.

location is not changed at temperature in-
crease (Fig.4). At the same time, the J-
bands reveal no isosbestic point and their
maxima slightly shift towards short wave-
lengths, that points to the breaking of J-ag-
gregates into smaller associates. Thus, we
can conclude that the H-band belongs to the
dimeric state of the dye, which is well-known
for symmetrical cyanine dyes [1, 20, 21].

To find out the origin of the aggregation
bands in the absorption spectrum (whether
the bands belong to aggregates of different
types or to one aggregate type with a com-
plex structure), the luminescence excitation
spectrum of L-21 J-aggregates in a
DMF:TRIS-HCI buffer binary solution con-
taining CPB was studied (Fig. 5). The com-
parison of the absorption and luminescence
excitation spectra of J-aggregates has re-
vealed that J-aggregate luminescence can be
effectively excited within the H-band, so
both bands can be ascribed to J-aggregates
and they seem to be a result of the Davydov
splitting of energy levels [1, 23—-25]. The
appearance of such a splitting is often as-
cribed to the formation of so-called "two-
strap” or "herringbone” aggregate structure
from the dye dimers [1, 24, 25].

Thus, we can propose the following
model of the L-21 J-aggregate structure in
the presence of CPB. In the solution, a "dye
aggregate-surfactant” complex is formed;
the dye aggregates possess a complex struc-
ture and are formed from the dye dimers
with so-called "face-to-face” packing (H-di-
mers), such dimers are arranged in the ex-
tended J-aggregates of "head-to-tail” struec-
ture. Due to strong interaction with CPB,
the J-aggregates have well-ordered struc-
ture and reveal strong luminescence. The
detailed structure of the "dye aggregate-
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Fig. 5. Absorption (1) and luminescence exci-
tation (2) spectra (A _,= 683 nm) of L-21

with CPB.

reg

surfactant” complex obtained is still not un-
derstood and requires a further study.

To conclude, it has been shown that the
dye L-21 forms extended J-aggregates in a
binary solution DMF:TRIS-HCI buffer (1:19)
containing surfactant CPB in concentrations
above the CMC. That is an uncommon fea-
ture, because addition of surfactants at con-
centrations above the CMC causes as a rule
the distortion of the dye aggregate state.
The formation of a "dye aggregate-surfac-
tant” complex results in the high ordering
of the L-21 aggregate structure and, conse-
quently, to the significant increase in the
luminescence intensity. The main “building
blocks™ of the J-aggregates are "face-to-
face” dimers (H-dimers). Such a structure
of L-21 aggregate results in the Davydov
splitting of its energy levels and the appear-
ance of two aggregate bands in the absorp-
tion spectrum. The application of surfac-
tants could be very useful to controlled for-
mation of luminescent molecular aggregates
and nanoclusters with specified spectral
properties. So, further investigations of
specific "dye aggregate-surfactant” com-
plexes are extremely required.
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3HauyHe NMOCUJEHHHA arperanil 1iaHiHOBOro 0apBHHUKA
3a JOMOMOTIOI0 KAaTiOHHOI IOBEPXHEBO-AaKTMBHOI PEUYOBHMHU

r.A.rypaasuwyx, I.K.Kampynoe, P.C.I'punvose, O.B.Copoxin,
C.J.€pimosa, I0.B.Manwxin, C.M.Apmoniok

3a [IOMOMOIO METOJiB OIITUYHOI CIIEKTPOCKOIii [JocaimkeHo ocobGimBoCTi arperairii

nianinoBoro OapBHUKa 3,3'-guMermia-9-rienin-riakapOoninnianinitioqugy (L-21) y npucyrt-
HOCTi KaTioHHOI moBepxHeBo-aKTUBHOI peuoBuHu CPB, KoHIeHTpalia AKOI BUIle KPUTHUYHOI
KoHIleHTpallii minesoyrBopenusa. Bussieno, mo gogaBauusa CPB chnpuse yTBOpeHHIO JIOMi-
HYIOUUX MOJIEKYJAAPHUX arperatriB. OTpuMaHi arperatu MaiTh CKJIAJHY CTPYKTYpPY, IO
IPOABJAETHCA Y CIEKTPi MOTJIWHAHHA Y BUMNIAAL HOABU IBOX HOBUX CMYT (3Mill[eHUX T'HUIICOX-
poMHO Ta 6GatoxpomHO). OTpuMaHi arperaTu MaiOTh BHCOKO BIIOPAAKOBAHY CTPYKTYpPy I

3HAUHY JIIOMiHECIIEHIIilO.
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