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SPECTRAL AND LUMINESCENT PROPERTIES AND MORPHOLOGY
OF SELF-ASSEMBLED NANOSTRUCTURES OF AN INDOTRICARBOCYANINE DYE

N. V. Belko,” M. P. Samtsov, G. A. Gusakov, UDC 535.37;620.3;547.97
D. S. Tarasau, A. A. Lugovski, and E. S. Voropay

Spectral and luminescent properties of an indotricarbocyanine dye are studied in solutions and after deposition
on quartz or silicon substrates. It is found that the dye molecules self-assemble in aqueous EtOH solutions to form
H-aggregates. The absorption band of the H -aggregates shows a hypsochromic shift of 192 nm (5291 em™! ) relative
to the absorption maximum of dye monomers (706 nm) and has a full width at half maximum of 21 nm (797 cmil).
The morphology of the H -aggregates of the indotricarbocyanine dye is studied for the first time. It is found that
the aggregates are rod-like species ~10 nm high, 100 nm wide, and several micrometers long. H-aggregates with a
fluorescence maximum at 560 nm and Stokes shift of 325 em ! in addition to non-fluorescent H'-aggregates form in
aqueous EtOH solutions and are nanoparticles with a height of 1-3 nm and lateral dimensions of ~100 nm.

Keywords: polymethine dyes, molecular aggregates, H -aggregates, spectral and luminescent properties, self-
assembled nanostructures, morphology, atomic force microscopy.

Introduction. Polymethine (cyanine) dyes (PDs) are a class of organic compounds with unique properties. The optical
properties of PDs are mainly due to polymethine chains in them consisting of an uneven number of conjugated methines.
PDs are widely used as spectral sensitizers [1, 2], nonlinear media components [3—5], and fluorescent biological labels [6-8].
Photosensitizers based on them are being developed for photodynamic therapy [9—11] and other applications [12—14].

Many PDs form molecular aggregates in solutions [15]. PD aggregates are of interest for basic research because
of their special optical [16-37] and electronic properties [38—43]. They find practical applications in nanophotonics [44—
49], nanoplasmonics [50-52], optoelectronics [53], solar energy [54-57], and other areas [58—63]. Therefore, the spectral,
electrochemical, and optoelectronic properties of PD aggregates have been enthusiastically studied since their discovery in
1936 [64-66].

Two types of molecular aggregates, J and H, are distinguished [1, 67]. J-aggregates characteristically have narrow
absorption bands (ABs) that are shifted bathochromically relative to absorption maxima of the monomers [64, 65] and have
strong fluorescence with a small Stokes shift [64]. Conversely, H-aggregates have ABs shifted to shorter wavelengths relative
to the monomer ABs [ 1, 67] and widths in most instances that are comparable with those of the monomer ABs [1, 28, 56, 68, 69].
H-aggregates do not typically fluoresce [1, 67] although exceptions are known [70-72]. Special H-aggregates with ABs of
significantly smaller full width at half maximum (FWHM) than that of the monomer are formed in rare instances [1, 68, 72, 73]
and are called H"-aggregates.

ABs with positions and shapes attributable to H -aggregates were observed from an aqueous EtOH solution of one of
the indotricarbocyanine dyes created at A. N. Sevchenko Research Institute of Applied Physical Problems, Belarusian State
University [74]. Information on the spectral and luminescent properties and morphology of H*-aggregates is currently limited
[1, 68, 72, 73]. The present work reports spectral and luminescent properties and the morphology of H*-aggregates of an
indotricarbocyanine dye in solution and on substrates because such aggregates are interesting from a fundamental viewpoint
and for practical applications.

Experimental. The indotricarbocyanine dye was a symmetric cationic PD of molecular mass 742 g/mol that was
soluble in EtOH and other organic solvents but insoluble in H,O:
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Samples were prepared by treating vigorously stirred concentrated solutions of dye in EtOH with deionized H,O.
Solutions with high dye concentrations (>5 uM) were sonicated at 35 kHz for 5-10 min before taking measurements.

Absorption spectra were recorded using a SOLAR PV1251 or EssentOptics Photon RT spectrophotometer;
fluorescence and excitation fluorescence spectra of solutions, a SPEX Fluorolog fluorescence spectrometer. Fluorescence
spectra excited by laser radiation with A = 514.5 nm (Ar laser) were measured on a SPEX Ramalog spectrometer using
50-0.13-mm quartz cuvettes. Dye solutions were placed onto quartz substrates using a micropipettor and evaporated under
ambient conditions for absorption and luminescence spectroscopy on solid substrates. The morphology of molecular dye
aggregates on silica substrates was studied using an HT-MDT Solver P47-PRO atomic-force microscope.

Results and Discussion. A long-wavelength band with a shoulder on the short-wavelength edge that was
characteristic for this class of compounds was observed in absorption spectrum of the dye in aqueous EtOH (5 vol.% EtOH)
at concentrations <2 uM (Fig. 1, curve 1) [15]. The shape of the dye absorption spectrum did not change upon dilution
to 0.1 uM. The AB maximum was situated at 706 nm and had a FWHM of 94 nm (1978 cm_l). The shape of the dye
fluorescence spectrum in such solutions was independent of exciting wavelength. The band maximum was located at 738 nm.
The fluorescence quantum yield was 3%. The position of the maximum in the dye fluorescence excitation spectrum coincided
with the absorption maximum of 706 nm. The results indicated that the solution contained one type of fluorescing center that
could be attributed to dye monomers.

Increasing the dye concentration in aqueous EtOH (>2 uM) (maintain EtOH at 5 vol.%) changed the shape of its
absorption spectrum (Fig. 1, curve 2). The long-wavelength region had a maximum at 706 nm and a distinct shoulder at
658 nm, the relative contribution of which increased with increasing dye concentration. The FWHM of this AB increased to
175 nm (3936 cmﬁl). Furthermore, a new narrow AB with a maximum at 517 nm and FWHM of 30 nm (1123 cmﬁl) appeared
in the short-wavelength region.

A maximum at 738 nm was observed in the dye fluorescence spectrum at any concentration (Fig. 1, curve 3) with
excitation within the long-wavelength AB. Fluorescence excitation spectra of the dye in the range 790-850 nm showed
a single maximum (Fig. 1, curve 4) that practically coincided with the AB maximum at 706 nm that was observed at low dye
concentrations. This correspondence between the fluorescence excitation spectrum and the absorption spectrum of a dilute
solution indicated that only centers with an AB maximum at 706 nm, i.e., dye monomers, fluoresced.

The absorption spectrum of dye at concentrations >2 uM changed over time after preparation. The optical density of
the short-wavelength AB at 517 nm increased whereas that of the long-wavelength AB decreased (Fig. 2a). The FWHM of the
short-wavelength AB decreased to 21 nm (797 cmfl) as the maximum shifted from 517 to 514 nm. The optical density of the
shoulder at 658 nm decayed faster over time than that of the AB at 706 nm (Fig. 2b). The FWHM of the long-wavelength AB
decreased from 175 nm (3936 cmﬁl) to 128 nm (2696 cm’l). Absorption spectra gradually stopped changing and stabilized
60—120 min after adding H,O to the dye solution in EtOH (Fig. 2b). An isosbestic point at 545 nm appeared in the absorption
spectra and indicated that the solution contained two types of centers absorbing at this spectral point with molar absorption
coefficients that were equal at this wavelength. It is noteworthy that the shapes of stabilized dye solution absorption spectra
did not change over several months.

Temperature effects on the spectral and luminescent properties of the dye were studied to establish the nature of the
observed ABs (Fig. 3). These measurements were made using samples for which the absorption spectra had stopped changing
over time, i.e., at least 120 min after preparation.

The AB at 514 nm weakened if the temperature was increased. It dropped relative to the contribution of the short-
wavelength shoulder at 650 nm on the long-wavelength AB with a simultaneous increase of optical density at 706 nm
(Fig. 3). The AB at 514 nm was practically unobserved at 60°C. The optical density of the AB maximum at 706 nm increased
by almost five times as compared with the value at 10°C. The shape of the long-wavelength AB became close to that
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Fig. 1. Normalized absorption spectra at dye concentrations 0.5 (1) and 3.75 pM (2);
normalized fluorescence spectra for Ao, = 700 nm (3) and fluorescence excitation spectra for
Arec = 790 nm (4) at dye concentration 3.75 uM; EtOH concentration 5 vol.%.
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Fig. 2. Absorption spectra at dye concentration 3.75 uM in aqueous EtOH (5 vol.% EtOH)
for 90 min after preparation of the solution (a); kinetics of optical density change at the
indicated maxima (b).

in the spectrum of the dilute solution (Fig. 1, curve 1). The FWHM decreased to 81 nm (1637 cmﬁl). The spectral changes
were reversible. Subsequent cooling to the initial temperature restored the initial absorption spectrum so that the short-
wavelength AB at 514 nm appeared again. The dye fluorescence spectrum with Ao, = 700 nm exhibited a broad band with a
maximum at 738 nm at temperatures up to 50°C. The fluorescence maximum shifted bathochromically upon further heating
to 60°C to 747 nm. The fluorescence intensity at Ao, = 700 nm increased with increasing temperature, reached a maximum at
50°C, and then decreased at higher temperatures. The change of absorption spectrum shape upon heating and the increased
fluorescence intensity indicated that the concentration of dye monomers increased. This was characteristic of organic dyes
because the molecular aggregates decomposed into monomers as a result of increased intermolecular vibrational energy [1,
28, 75].

The variable temperature and concentration measurements indicated that the fluorescence band maximum at
738 nm and its corresponding fluorescence excitation band maximum at 706 nm were due to dye monomers. The shoulder
on the long-wavelength AB at 658 nm corresponded to non-fluorescent H-dimers because of the small hypsochromic shift
of 1033 cm™ relative to the monomer spectrum [1].

The decreased intensity and bathochromic shift of the fluorescence maximum upon heating to >50°C were due to
increased optical density in the overlap region of the AB and dye fluorescence band. An internal filter effect surely appeared
because fluorescence spectra were recorded in a 1-cm cuvette in 90° geometry although the optical density in the overlap
region of the AB and fluorescence at this temperature was ~0.4 [76]. Furthermore, the decreased fluorescence intensity
at >50°C was due to the reduced solution viscosity that led to fluorescence quenching [77].

999



D jym- rel. units
125

| 2:5 4

04F . _

20 20k

i |
0. ; 5
3 _ l 15
02F || -

| 10 Lok
1k f | s
0.1r pi ? 05 |
0L Pl ! L J. LN 0 :_/l_ Yo - ; |
500 600 700 800 %,nm % 500 600 700 800 %.nm

Fig. 3. Absorption (1) and fluorescence spectra (1') at 10°C; absorption spectrum at
40°C (2); absorption (3) and fluorescence spectra (3") at 60°C; dye, 3.75 uM; 5 vol.% EtOH;
Aex = 700 nm.

Fig. 4. Change of dye absorption spectrum in aqueous EtOH with increasing EtOH
concentration: 5 (1), 20 (2), 30 (3), and 100 vol.% (4); dye concentration, 5 M.

The small FWHM of the short-wavelength AB at 514 nm (only 21 nm or 797 cm_l) allowed it to be attributed to
H"-aggregates [1]. The spectral shift of 5291 cm”! for the AB of H*-aggregates relative to the maximum of the monomers
was significantly greater than for most known molecular aggregates.

The effect of EtOH concentration on the shape of the dye absorption spectrum was studied (Fig. 4). It was found
that the optical density of the AB at 514 nm decreased smoothly as the EtOH concentration increased whereas that of the AB
at 706 nm increased simultaneously. The AB at 514 nm disappeared at EtOH concentration ~30 vol.%. The spectral changes
were consistent with dissolution of dye aggregate molecules in EtOH.

The spectral properties of indotricarbocyanine dye aggregates deposited from aqueous EtOH onto quartz substrates
were investigated. Solutions with a high dye concentration (25 uM) were placed onto substrates to prepare solid samples.
The absorption spectrum of dye on quartz substrate contained a short-wavelength band maximum at 522 nm and a broad
long-wavelength band with maxima at 684 and 746 nm (Fig. 5). The AB intensity ratios differed for solutions and samples on
substrates. The AB at 522 nm had a distinct long-wavelength shoulder at ~550 nm that was not observed in the spectrum of
dye in aqueous EtOH solution. On one hand, close and stronger bands could mask absorption at 550 nm. Deposition of dye on
substrate changed the optical density ratio in the different ABs, as a result of which the shoulder at 550 nm became noticeable.
On the other, centers absorbing at 550 nm could arise directly on the substrate during solvent evaporation.

Fluorescence excitation and emission spectra were studied to determine the reasons for the different shapes of the
absorption spectra in solution and on a substrate. Excitation by laser radiation with A = 514.5 nm, i.e., at the AB maximum of
H"-aggregates, in aqueous EtOH produced a fluorescence spectrum with maxima at 560, 624, and 738 nm (Fig. 6, curve 1).
Analogous fluorescence bands at 574 and 755 nm also appeared for dye deposited on quartz substrate from aqueous EtOH
(curve 2). The long-wavelength band with maxima at 738 nm in solution and 757 nm on substrate was attributed to fluorescence
of dye monomers [according to the fluorescence excitation spectrum and temperature changes (Figs. 1 and 3)]. The maximum
at 624 nm in aqueous EtOH was shifted by 3400 cm ! relative to the exciting laser line. The relative contribution of this band
to the total spectrum increased if the solution was diluted. A band shifted by 3400 cm! relative to the excitation frequency
appeared on going to Aoy = 496 nm. Therefore, this maximum was due to Raman scattering of H,O molecules, the vibrations
of which are active in the range 2900-3800 cm™! [78].

The dye fluorescence excitation spectrum in aqueous EtOH was recorded at A = 590 nm (Fig. 7, curve 2). It
contained a single band maximum at 550 nm. Therefore, centers responsible for the AB at 514 nm in solution (curve 3) were
nonfluorescent. Furthermore, the position of the excitation spectrum maximum corresponded to the shoulder of the short-
wavelength AB in the spectrum of dye on substrate (curve 4). It could be concluded based on these results that the fluorescence
band maximum at 560 nm corresponded to absorption centers appearing at ~550 nm. Thus, the main maximum at 514 nm and
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Fig. 5. Absorption spectra of dye (25 uM) deposited on quartz substrate from aqueous
EtOH (5 vol.%) (1) and before deposition (2).
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Fig. 6. Normalized fluorescence spectra (Asx = 514.5 nm) of an aqueous EtOH solution of
dye (1) and dye deposited on quartz substrate from aqueous EtOH (2); Raman spectrum
of H,O (3); absorption spectrum of dye on quartz substrate (4).

Fig. 7. Normalized spectra of fluorescence with Ao, = 514.5 nm (1), fluorescence
excitation with A, = 590 nm (2), and absorption (3) of dye in aqueous EtOH; normalized
dye absorption spectrum on quartz substrate (4).

shoulder of the short-wavelength AB corresponded to different absorbing centers. Furthermore, centers absorbing at ~550
nm and weakly fluorescing at the 560-nm maximum formed in solution and not on substrate. Fluorescence excitation spectra
of dye deposited on quartz substrate could not be recorded because the fluorescence spectrometer was not sensitive enough.

The AB at 522 nm for sample on substrate could be attributed to H™-aggregates; the maximum at 684 nm, to
H-dimers, because absorption spectra of dye in aqueous EtOH and on substrates were analogous. Assignment of the absorption
maximum at 746 nm to dye monomers was dubious because in this instance, the Stokes shift of dye monomers on substrate
would be on 160 cm ! (Fig. 6, curves 2 and 4) whereas in solution, 614 em L. Hence, the nature of the AB maximum at
746 nm could be interpreted as follows. According to exciton theory, H-dimers possess two excited exciton states [67, 79].
The transition from the excitonic ground state into a lower one is forbidden when the dipole moments of molecules in dimers
are parallel and directed to the same side; into an upper state, allowed. However, the transition into the lower state becomes
allowed if the dipole moments become misaligned. Also, the intensity ratio of the corresponding ABs depends on the angle
between the dimer molecule dipoles. Thus, dimers possess two ABs, one of which is shifted hypsochromically relative
to the monomer spectrum; the other, bathochromically. The ratio of optical densities of the two ABs of dimers depends
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Fig. 8. Photomicrographs of indotricarbocyanine dye nanostructures obtained on an
atomic-force microscope (a); three-dimensional image of rod-like nanostructure (b);
three-dimensional image of irregularly shaped nanoparticles (c).

on the relative orientation of the molecules in them. It could be hypothesized that the mutual positioning of dye molecules
in dimers changes as a result of interacting with the substrate. Therefore, their long-wavelength AB becomes stronger. Thus,
the absorption maximum at 746 nm was due to superposition of AB of dimers corresponding to their transition into the lower
excitonic state and AB of monomers. This hypothesis resolves the aforementioned discrepancies in the positions of dye ABs
and fluorescence bands in solution and on substrate.

Thus, molecular aggregates absorbing at ~550 nm with a fluorescence maximum at 560 nm formed in solution
besides H-dimers and H"-aggregates. The quantum yield of this emission was estimated by comparing its intensity with the
spectral contribution of the water Raman band because absorption of centers responsible for the fluorescence could not be
isolated. The fluorescence quantum yield could be considered low because the intensities of these bands were comparable.
The hypsochromic shift of aggregate ABs relative to those of monomers and the low fluorescence quantum yield confirmed
that this type of absorbing centers were H-aggregates [1]. In most instances, fluorescing H-aggregates have large Stokes shifts
(5000-13,000 cmﬁl) [70-72]. In our instance, the Stokes shift of the H-aggregate fluorescence band of indotricarbocyanine
dye was only 325 em L.

Spectral properties [1, 68, 72, 73] and a theoretical justification for the shape and position of their ABs [80-82] were
the focus of studies with H"-aggregates. Also, the microscopic structure of PD H*-aggregates has not been previously studied.
Therefore, the morphologies of the molecular aggregates of indotricarbocyanine dye were investigated using an atomic-force
microscope. It was found that two types of nanostructures appeared on silicon substrate (Fig. 8a), i.e., rod-like structures
5-15 nm high, ~100 nm wide, and several micrometers long (Fig. 8b) and particles 1-3 nm high with lateral dimensions of
~100 nm (Fig. 8c). The transverse dimensions of both types of nanostructures were significantly greater than their height.
This may have been related to distortions caused by the microscope cantilever and deformation of nanostructures because of
interaction with substrate.

Deposition of an aqueous EtOH dye solution on a slanted substrate so that the excess of liquid ran off followed
by drying in a horizontal position produced anisotropically oriented rod-like nanostructures along the slant direction. The
anisotropic orientation confirmed that the nanostructures formed in solution and not on the substrate during drying. Also,
samples prepared by deposition on substrate of dye in organic solvents did not exhibit ABs at ~520 nm. Nanostructures were
not observed.

The existence of two types of nanostructures of indotricarbocyanine dye agrees with results obtained using absorption
and fluorescence spectroscopy. It should be considered that ABs of molecular aggregates are inhomogeneously broadened
because of their disordered structures. The spectral width decreased with increasing number of dye molecules in them [83].
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Furthermore, the fluorescence of H-aggregates increased if they became more disordered [27]. The rod-like nanostructures
observed using an atomic-force microscope consisted of a large number of dye molecules and were highly disordered.
Therefore, these nanostructures could be attributed to H*-aggregates with a characteristic narrow AB at 514 nm with FWHM
of 21 nm in solution. The smaller nanoparticles were H-aggregates with ABs at ~550 nm and weak fluorescence.

Conclusions. Studies of the spectral and luminescent properties of indotricarbocyanine dye in aqueous EtOH
showed that dye dimers and H"-aggregates were present in solution. Long-wavelength fluorescence of the solution was
due to monomers because dimers and H*-aggregates were non-fluorescent. Self-assembled dye H"-aggregates that formed
in aqueous EtOH were deposited on quartz substrates and appeared on the surface as rod-like structures 5—15 nm high,
~100 nm wide, and several micrometers long. Particles 1-3 nm high with lateral dimensions of ~100 nm that were responsible
for the asymmetry of the dye short-wavelength AB on substrate at ~550 nm were H-aggregates with weak fluorescence and
a Stokes shift of 325 cm .
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