Semiconductor Physics, Quantum Electronics & Optoelectronics, 2026. V. 29, No 2. P. 180-190.

Hetero- and low-dimensional structures
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Abstract. Indotetracarbocyanines belong to a family of long cyanine dyes that easily
change molecular shape from symmetric cyanine-like to asymmetric polyene state. Multiple
factors affect the conformations of such molecules and therefore influence their
photoluminescent emission. In this paper, we investigated the photophysical behavior of
indotetracarbocyanine dyes in various solvent environments and in mixtures with single-
walled carbon nanotubes. The results revealed concentration-, aging-, and solvent-polarity
dependent spectral features of such dyes, allowing us to establish key mechanisms for
emission tuning. The spectral changes have been associated with symmetry-dependent
molecular conformations of indotetracarbocyanines and their ability to interact with carbon
nanotube surfaces. New emission bands emerge in the photoluminescence spectra due to
dye-nanotube interactions, mediated by n—= stacking and electrostatic effects. This behavior
is consistent with adsorption-induced aggregation of the dye on the nanotube surface and
with the formation of new photoinduced emitting states.
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1. Introduction

Cyanine dyes are of widespread scientific interest owing
to their delocalized m-electron systems, strong tunable
absorption from visible to the near-IR region, and high
photoluminescence (PL) efficiency [1-8]. These dyes
exhibit pronounced sensitivity to local polarity, molecular
packing, and aggregation state, making them highly
effective probes for investigating interfacial interactions
and exciton dynamics in hybrid nanostructures. They are
well-suited for functionalization of carbon nanotubes
(CNT) [9-12]. CNTs are one-dimensional nanostructures
that exhibit exceptional electrical, optical, and
mechanical properties, enabling their application across a
broad range of fields, from high-performance composite
materials to biosensing and near-IR photonics [11-14].

A critical requirement for these applications is the
functionalization of nanotubes with organic molecules,
modulating the photophysical properties of nanotubes
through non-covalent interactions, such as m—mn stacking
and charge transfer. Previous studies have shown that
cyanine dyes can sensitize CNT emission or activate
higher-energy emissive states upon complex formation
[9-12]. The interaction of the dye molecules with the
nanotubes, as well as the aggregation behavior of the
dyes on the nanotube surface, is strongly governed by the
conformational state of the dye [12].

The electronic structure of a cationic polymethine
dye can be described in terms of three limiting configura-
tions [6]: (A) a symmetric cyanine state, in which the
positive charge is fully delocalized along the conjugated
chain; (B) an asymmetric dipolar state, characterized by
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Fig. 1. The chemical formulas of indotetracarbocyanine dyes PD-0844 (a) and PD-0824 (b).

charge localization on one of the terminal groups; and
(C) a bis-dipolar state, in which the charge is concentrated
at the central atom of the conjugated chain/bridge. The
electronic configuration adopted by the dye is governed
by both intrinsic molecular parameters (the length of the
m-conjugated chain, the donor strength of the terminal
substituents, and the degree of bond-length equalization)
and external environmental factors, including solvent
polarity, counterion identity, and temperature. For
example, a polar environment or specific counterion
coordination can induce symmetry breaking and shift the
equilibrium toward the asymmetric (B) configuration
already in the electronic ground state [7, 8]. In the
limiting cases, symmetric (A) and asymmetric (B) charge
localizations along the m-conjugated backbone render the
electronic structure of the dyes analogous to cyanine-like
and polyene-like systems, respectively. For dyes with
extended polymethine chains absorbing in the red and
near-IR spectral regions, the symmetric, bond-equalized
configuration becomes energetically unstable. This
instability gives rise to Peiperl’s distortion and the
formation of localized dipolar charge distributions [7].
As a result, strong parallels can be drawn between
polymethine dyes and polyenes or polysubstituted
polyacetylenes, where analogous bond alternation effects
lead to distinct optical transitions. Most cationic
polymethine dyes are close to the ideal cyanine state,
where the positive charge is evenly delocalized between
terminal donor groups through the conjugated bridge.
This state is characterized by bond-length equalization
and manifests as narrowband (“solitonic™) absorption [6]
accompanied by intense PL. Such spectral features reflect
the formation of topological excitations, analogous to
soliton states in conducting polyenes, highlighting
potential connections to topological phenomena in
organic photonics. Thus, the three-configuration model
rationalizes the optical properties of the dyes and relates
their behavior to extended conjugated systems exhibiting
Peiperl’s distortion, soliton excitations, and polaron
dynamics. This perspective positions polymethine dyes
as unique molecular systems for probing charge
delocalization and as promising candidates for dye lasers,
nonlinear optics, and biofluorescent probes.

However, indotetracarbocyanine dyes featuring a
long carbon chain tend to easily break symmetry, which
strongly impacts their spectral features. Furthermore,
strong coupling of m-electrons to vibrational modes and

solvation fields leads to large-radius polaronic states,
which significantly influence relaxation dynamics and
spectral shifts in such systems. In this work, we investi-
gated absorption and PL behavior of indotetracarbo-
cyanine dyes in both neat solutions and dye-CNT mixtures,
emphasizing the impact of solvent polarity and solution
aging, to elucidate how long-chain indotetracarbocyanine
dyes change their optical properties in a variable solvate
environment and n—x interactions with CNTs.

2. Experimental details
2.1. Sample preparation

Studied indotetracarbocyanine dyes: PD-0844 with BF,
counterion and PD-0824 with ClO, counterion (Fig. 1)
were dissolved in non-polar (toluene) and polar
(acetonitrile, dimethylformamide (DMF), N-methyl-2-
pyrrolidone (NMP)) solvents. The dyes were supplied by
the Institute of Organic Chemistry (NASU, Ukraine).
The dye purity was determined using NMR as well as
liquid chromatography and mass spectrometry (LC-MS)
and found to be approx. 95%. The following dye concen-
trations were studied: 0.004, 0.02, 0.1, and 0.2 mg/mL.

Purified single-wall CNTs (CoMoCAT) were
purchased from SWeNT, Inc. (SWeNT CG100, Lot
# 000-0012) and used as a source material to prepare
dispersions of nanotubes. CNT powder (1.6 mg) was
dispersed in NMP (10 mL) by bath ultrasonication
(NanoRuptor, Diagenode) for 1 h at 21 kHz and 250 W.
After ultrasonication, the dispersions were ultra-
centrifuged at 47 000 rpm for 2 h 30 min at 17 °C
(Beckman Coulter Optima Max-XP, MLS 50 rotor) to
remove the CNT aggregates and obtain supernatant with
debundled CNTs. Such supernatant dispersions of CNT
were used to prepare mixtures with NMP solutions of the
studied dyes in a proportion of 1:1.

2.2. Experimental setup

The absorption spectra within the visible and NIR ranges
were measured using a Lambda 1050 UV/VIS/NIR
(Perkin Elmer) spectrometer. The PL emission spectra at
various excitation wavelengths were recorded using a
Horiba NanoLog excitation—emission spectrofluorometer
equipped with a nitrogen-cooled InGaAs array detector
to generate PL excitation-emission maps (PLE maps),
with the X-axis representing the wavelength of the PL
emission, A, and the Y-axis representing the excitation
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Fig. 2. (a) Absorbance spectra of PD-0824 dye at the concentration 0.01 mg/mL in acetonitrile (/), DMF (2, 3), and toluene (4)
solutions; the solutions are freshly prepared (/, 2, 4) and aged for 24 hours (3). (b) Absorbance spectra of a fresh solution of
PD-0844 dye in NMP of various concentrations: 0.02 (7), 0.1 (2), and 0.2 (3) mg/mL. (c) PL spectrum of PD-0824 dye at the
concentration 0.01 mg/mL in toluene; A,,= 385 nm (2). (d) PL spectra of PD-0824 dye in DMF at the concentration 0.01 (7, 2) and
0.2 mg/mL (3); the solutions are freshly prepared (7, 2) and aged for 24 hours (3); A., =385 nm (/) and 620 nm (2, 3).

wavelength, A... Entrance/exit slits (bandpass) of 14 nm
in width were used for both the excitation and emission
monochromators in the NIR PL measurements. The PL
experiments within the visible range were performed
using a silicon detector and 2 nm entrance/exit slits
(bandpass) for the monochromators. All measurements
were done at room temperature (7 = 296 K).

2.3. Quantum-chemical modelling

Gaussian 16 was used for the quantum-chemical
calculations, which were performed at the DFT/CAM-
B3LYP/6-311++G(d,p) level of theory [15]. The CAM-
B3LYP functional is widely used for extended m-
conjugated systems, as it provides molecular geometries
close to experimentally observed structures and improves
the accuracy of excitation energies for the Rydberg and
charge-transfer states [16, 17]. Geometry optimization
and frequency calculations in the gas phase were carried
out for the molecular structure. As a result, the dihedral
angle (C—C—C—N) between one of the indole terminal
groups and the conjugated chain was found to be
approximately +179°, and this part of the molecule can
therefore be considered nearly planar. Dihedral angle

between second terminal group (C-C-C-N) is
approximately 179°; therefore, the side profile of the
molecules, formed by the conjugated chain and the
terminal groups, is slightly bent.

3. Results and discussion

3.1. Absorption spectra and quantum chemical
modeling of neat solutions of the dyes

In polar solvents, the absorption spectra of the dyes
exhibit a strong dependence on both dye concentration
and the time elapsed after solution preparation. Freshly
prepared molecular solutions of the dyes in acetonitrile
(Fig. 2a, curve /) and DMF (Fig. 2a, curve 2) display
spectral features characteristic of symmetric cyanine
dyes, with long-wavelength absorption maxima at 853
and 856 nm, respectively. Higher-energy Sy — S,
transitions at wavelengths below 530 nm are only weakly
expressed. Notably, the time-dependent evolution (aging)
of the absorption spectra of the studied dyes in polar
solvents also depends on the atomic structure of the
solvent’s polar functional groups. Thus, despite the
comparable polarity of acetonitrile, DMF, and NMP,
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Fig. 3. (a) Calculated bond lengths in conjugated carbon chain
of the studied dyes after optimization in vacuum (/), aceto-
nitrile (2), toluene (3) in the ground state versus the number of
bonds in the conjugated carbon chain as shown in (b).

acetonitrile solutions of the dyes show almost no spectral
changes over time. In contrast, solutions of the dyes in
DMF and NMP undergo pronounced spectral transforma-
tions with the absorption spectra becoming increasingly
dominated by higher-energy So — S, bands appearing at
wavelengths below 570 nm. For example, in DMA solu-
tions, a pronounced absorption band emerges at ~ 400 nm,
accompanied by a shoulder near 500 nm (Fig. 2a, curve 3),
which can be assigned to the Sy — S, transition.

In addition to the aging effect above, dye concen-
tration affects the absorption spectra in DMF and NMP,
e.g., the absorption spectra of the studied dyes in polar
NMP exhibit a strong dependence on both the time elapsed
after solution preparation and the dye concentration. In
freshly prepared low-concentration solutions of PD-0844
in NMP (Fig. 2b, curves /, 2), absorption is observed
predominantly in the higher-energy So — S,, with
minimal contribution from the Sy — S, transition. With
increasing concentration, a new band appears at 876 nm
(Fig. 2b, curve 3) in the S, — S; region, reflecting
planarization and restricted conformational flexibility of
the molecules at close intermolecular distances.

The absorption of the studied dyes in nonpolar
toluene does not change significantly over time.
Absorption spectrum of indotetracarbocyanine molecules
exhibits a decrease in the intensity of the electronic 0—0
transition, accompanied by enhanced first vibronic 0-1
band associated with the symmetric dye conformation,
with bands at 826 and 764 nm (Fig. 2a, curve 4). In the
higher-energy S, — S, region, a substantial increase in
the intensity of the absorption bands at 455 and 400 nm
is detected, indicating enhanced population of these
excited states.

Bond lengths (in the ground state) for the conju-
gated carbon chain of the studied indotetracarbocyanines

have been calculated in polar and non-polar solvent
environments, as shown in Fig. 3. Changes in the bond
lengths of the carbon chain demonstrate that polar
solvents (e.g., acetonitrile, efc.) stabilize bond lengths,
where molecular conformations are symmetrical to the
center of the chain (Fig. 3, curve 2). For the dye molecules
in non-polar toluene, drastic changes in bond lengths can
be observed (Fig. 3, curve 3). This result correlates with
the absorption spectra observed in polar and non-polar
environments for freshly prepared solutions of the dye.

These observations highlight the critical role of
the solvent in modulating the electronic structure and
optical response of indotetracarbocyanines, revealing a
strong interplay between molecular symmetry, charge
localization, and solvent polarity [18, 19]. In both
nonpolar (toluene) and polar solvents (DMF, NMP), the
dyes behave as asymmetric dipoles with preferential
localization of the positive charge at one terminal group.
Polar solvents, as well as specific counterion
coordination, can induce symmetry-breaking already in
the electronic ground state. The relaxation pathways of
electronic excitation in such polymethine systems can be
analyzed using the Frenkel exciton model [20], which
provides a robust theoretical basis for describing the
dynamics of the initially excited states.

During the initial stages of solvation (fresh solution),
the studied dyes remain predominantly in the symmetric
cyanine state, thereby allowing efficient S, — S; absorp-
tion. As solvation proceeds (aging solution), the asym-
metric conformation becomes progressively stabilized,
resulting in enhanced Sy — S, absorption within the near-
UV range. One- and two-photon spectroscopic studies of
related dyes [19] assign the absorption band at 862 nm to
the Sy — S; transition of the symmetric form, whereas
the intense band at 520 nm and the weaker band near
740 nm are attributed to the asymmetric conformations
possessing a spontaneous dipole moment. Accordingly,
the absorption bands observed within 480...500 nm and
760...780 nm ranges can be assigned to the S, — S, and
S¢ — S; transitions of the asymmetric conformation,
respectively. The redistribution of absorption bands in
the Sp — S; and Sy — S, spectral ranges is driven by
both the polarity and the atomic structure of the solvent’s
polar functional groups. This behavior is fully consistent
with the ground-state model [21, 22], which is widely
applied to polymethine dyes to explain symmetry
breaking and two-photon absorption characteristics [19].
In weakly polar media [23], dye molecules retain a
symmetric distribution of charge along the polymethine
chain, corresponding to the cyanine state. In contrast, the
strong electric field of highly polar solvents disrupts this
symmetry, inducing asymmetric charge localization
toward one terminal group and promoting a transition to
a polyene-like asymmetric conformation.

NMP and DMF are highly polar aprotic solvents
that strongly solvate cationic salts of the studied dyes
through charge—dipole interactions between positively
charged dye terminals and negatively polarized oxygen
atoms of the solvent molecules. This coordination results

Verbitsky A.B., Piryatinski Yu.P., IKachkovskyy O.D.| et al. Tunable emission of indotetracarbocyanine dyes ...

183



SPQOEQO, 2026. V. 29, No 2. P. 180-190.

—
Y
-

220000
. 200000
180000
160000
140000
120000
100000
80000
60000
40000
20000
0

Excitation wavelength, nm

300 400 500 600 700 800

Emission wavelength, nm

(c) PL intensity, a.u.
400000
. 360000
E 320000
£ 280000
2
8 240000
¢
3 200000
z
s 160000
3 120000
2
iy 80000
40000

0

400 500 600 700
Emission wavelength, nm

PL intensity, a.u

(b) PL intensity, a.u.

34000
33000

30000
27000
24000
21000
18000
15000
12000
9000

6000

3000

Excitation wavelength, nm

800 900 1000 1100 1200 1300 1400
Emission wavelength, nm

(d) PL intensity, a.
800

<

42000
38000
34000
30000
26000
22000
18000
14000
10000
6000

~
o
S

@
=3
S

Excitation wavelength, nm

300 2000

800 900 1000 1100 1200 1300 1400
Emission wavelength, nm

Fig. 4. PLE maps of fresh solutions of PD-0844 in NMP solvent for low (a, b — 0.02 mg/mL) and high (c, d — 0.2 mg/mL) dye

concentrations.

in the formation of stable solvation shells around the
terminal groups of the dyes, effectively isolating them
from the n-conjugated carbon chain and thereby altering
intramolecular charge redistribution upon optical excita-
tion. Comparative experiments show that while solutions
of the studied dyes in acetonitrile retain their optical
properties for weeks with only minor perturbations of
molecular symmetry, the same dyes in NMP and DMF
exhibit rapid spectral changes within hours, consistent
with strong disruption of symmetry. Such behavior is
attributed to the more pronounced solvation of terminal
groups in NMP and DMF compared to acetonitrile.

Naturally, one alternative explanation is also the
decomposition of the molecule. But since in some
solvents the spectra remain unchanged (see above), we
consider that most probably the formation of an
asymmetric form and aggregation occurs.

3.2. PL spectra and PLE maps for dye solutions

Fig. 2c presents the PL spectra of PD-0824 molecular
solutions in toluene. The PL spectra are dominated by
intense emission from the S, excited state, with a
pronounced emission band centered at 525 nm,
accompanied by a weak PL in the S; — S; region,
observed as emission bands at 775 and 838 nm. Observed

PL features of indotetracarbocyanines in non-polar
toluene are consistent with the explanation of the
absorption spectra above (Fig. 2a).

For a freshly prepared molecular solution of studied
dyes in the polar DMF, both the spectral distribution and
the relative intensities of the PL bands exhibit a strong
dependence on the excitation wavelength (A.,). Excitation
at higher photon energies, above the S, — S, transition
(Aex = 385 nm), leads to an intense emission from the S,
state, manifested as a prominent band at 516 nm (Fig. 2d,
curve /). This emission is accompanied by weaker S;
bands at 864 and 896 nm, as well as by an additional
spectral feature at 706 nm, located between the S| and S,
emission regions. When 2, is tuned below the Sy — S,
transition (A., = 620 nm), the PL spectrum is dominated
by S; emission peaking at 896 nm; nevertheless, the
706 nm band remains (Fig. 2d, curve 2). The persistence
of this feature at different excitation conditions suggests
the involvement of intermediate electronic states,
commonly referred to as “dark states,” due to breaking
and charge-transfer interactions in polar environments.

With increasing time after solution preparation
(solution aging), the PL spectra in DMF undergo
significant changes (Fig. 2d, curve 3). In particular, the
864 nm band becomes more pronounced and can be
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assigned to the radiative S; — S transition, indicating
relaxation toward a stabilized lowest excited-state
configuration. The evolution of the spectral profile,
together with the consistent presence of the 706 nm band,
supports the involvement of photoinduced intramolecular
charge-transfer (ICT) states. These states are favored in
highly polar environments and can mediate efficient
nonradiative relaxation channels, while simultaneously
reshaping the balance between S; and S, emission [23].

In addition to the aging effect, dye concentration
impacts the PL spectra of the dyes. Fig. 4 shows PLE
maps of freshly prepared solutions of PD-0844 in NMP
at low (Figs. 4a, 4b — 0.02 mg/mL) and high (Figs. 4c, 4d
— 0.2 mg/mL) concentrations of the dye. The PLE maps
demonstrate that, at both concentrations, the spectral
distribution and overall PL intensity strongly depend on
Aex. PL from higher excited states, with a maximum of
640 nm observed at low and high concentrations of the
dye (Figs. 4a, 4c). For the 0.02 mg/mL solution, PL is
observed within 470...650 upon excitation between 400
and 550 nm. In contrast, the 0.2 mg/mL solution exhibits
PL within 600...700 at excitation from 450 to 550 nm,
suggesting concentration-dependent spectral behavior
likely related to aggregation effects. PL from the states
above S; is generally suppressed by ultrafast internal
conversion, yet indotetracarbocyanines exhibit pronounced
anti-Kasha emission upon excitation of higher Sy—S,
(n > 1) states. This behavior can be rationalized by the
combination of large S, — S; energy gaps (0.6...1.0 eV)
and strong Sy — S, oscillator strengths, which reduce
internal conversion rates and enable radiative transitions
from upper states [24].

In diluted solutions (0.02 mg/mL), emission from the
S, state is observed only when molecules are excited via
higher electronic states (spectral window 470...530 nm);
direct excitation of the S, transition does not produce a
detectable S; emission (Fig. 4b). In the S; — Sy spectral
range of these diluted solutions two bands of comparable
intensity are resolved at 850 and 907 nm. We can
associate the shorter-wavelength component (850 nm)
with emission from species with broken molecular sym-
metry, and the longer-wavelength component (907 nm)
with emission from more symmetric molecular configu-
rations. At high concentration of the dye (0.2 mg/mL),
the spectral pattern changes significantly: emission from
the S; becomes observable even upon excitation below
the S, band (Fig. 4d). The PL excitation spectrum shows
distinct features within 680...790 nm, and the S; — S,
PL maximum is dominated by emission from the
symmetric molecular population — shifts further to the
red up to 918 nm (Fig. 4d).

These  concentration-dependent  observations
indicate that the increase in the symmetric-molecule
contribution with concentration is not solely a
consequence of solvent solvation but depends critically
on intermolecular interactions. At higher concentrations,
the dye molecules are likely to experience stronger m—mn
and dipole—dipole contacts that (i) promote a more planar
geometry, (ii) enhance electronic delocalization along the

polymethine chain, and (iii) allow partial exciton deloca-
lization or coupling between nearby chromophores.
Together, these effects stabilize symmetric (delocalized)
electronic configurations and increase their radiative
yield, producing both the enhanced intensity of the
longer-wavelength band and the observed red shift of the
S| — Sy maximum. In summary, the PLE maps demon-
strate a pronounced, concentration-dependent shift of the
studied dyes toward symmetry-preserving, delocalized
electronic states in polar NMP; this shift is driven by a
combination of efficient solvation of the cationic
chromophore and concentration-induced intermolecular
interactions that tend to planarize and electronically
couple neighboring molecules.

Observed spectral behavior is consistent with a
symmetry-breaking scenario, where the initially symmet-
ric cyanine-like charge distribution of the polymethine
chain is destabilized by the strong electric field of the
polar solvent. This process induces a transition from the
symmetric “cyanine” state to the asymmetric “polyene”
state, accompanied by a redistribution of oscillator
strength from the Sy — S, transition into higher-energy
bands. As time progresses and solvent—solute interactions
become fully established, the stabilization of the
asymmetric charge-transfer conformation leads to the
emergence of intense absorption bands within the near-
UV and visible ranges, particularly associated with the
S¢ — S, transition.

These observations agree with the essential-state
model [21, 22], which successfully explains solvent- and
symmetry-induced spectral transformations in poly-
methine dyes. Furthermore, the time-dependent evolution
of the spectra in NMP highlights the role of intermediate
“dark states” and ICT configurations [23]. Thus, our
studies clearly demonstrate the sensitivity of polymethine
dyes to solvent-induced symmetry breaking, confirming
the general framework developed for describing their one-
and two-photon absorption properties [19, 21, 22, 24].

3.3. Mixtures of CNT and dye

Single-wall CNTs exhibit strong absorption within the
ultraviolet, visible, and near-infrared spectral ranges.
Two main groups of transitions are observed: E; (or Sy;),
corresponding to the lowest allowed transition of semi-
conducting CNTs; E,, (or Sy), corresponding to the
second allowed transition of semiconducting CNTs. The
position and width of these peaks provide information on
the diameter distribution of CNTs; therefore, they allow
identification of CNT chirality. Fig. 5a presents a typical
PLE map of individually isolated semiconducting CNTs.
The PLE map reveals chirality present in the solution,
such as (6,5), (7,5), (8,4), (7,3), (8,3), and (7,6), with the
main contributions from (6,5), (7,5), (8,4) isolated tubes
[11,12].

Fig. 5b demonstrates absorption spectra for
mixtures of the PD-0844 dye with CNTs together with
the spectra of neat dispersions of CNT and the neat
solution of the dye (all in NMP). Notably, the spectra of
neat CNTs (Fig. 5b, curve 2) and the mixture of fresh dye
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solutions with CNTs (Fig. 5b, curve 3) are very similar in
shape, showing no significant differences. This indicates
that CNTs do not interact with the PD-0844 molecules in
freshly prepared solutions. Furthermore, the absorption
spectrum of the mixture for a 9-day-aged solution of the
dye and CNTs evidences substantial spectral change with
pronounced absorption bands at 1008 and 1160 nm,
corresponding to (6,5) and (8,4) chiralities, respectively
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Fig. 5. (a) PLE map of CNT dispersions in NMP. (b, c)
Absorbance spectra of 9-day-aged solution of PD-0844 dye (1),
CNT dispersion (2), mixture of fresh solution of PD-0844 dye
and CNT (measured immediately after mixing) (3), mixture of
fresh solution of PD-0844 dye and CNT (measured after 3 days
since mixing) (4), and mixture of 9-day-aged solution of
PD-0844 dye and CNT (5); all in NMP solvent. The dye
concentration is 0.02 mg/mL.

(Fig. 5b, curve 5). The absorption band at 1050 nm,
corresponding to chirality (7,5), disappears in the spectrum
of such aged-dye mixture. Such spectral changes can be
associated with selective interaction for CNTs of various
chiralities. The nanotubes of (6,5) and (8,4) chiralities
interact with the dye by slightly increased absorption of
their E;, transitions, whereas CNTs with (7,5) chirality
interact with the dye and most likely get removed from
the dispersion (by aggregation and precipitate formation).

In strongly polar solvents such as NMP, self-
assembly of PD-0844 is kinetically restricted, but long-
term aging (more than a week) induces weak, red-shifted
absorption bands in the range of 1400...1600 nm
(Fig. Sc, curve 1), being indicative of initial aggregation.
The presence of CNTs dramatically enhances these bands
(Fig. 5c, curve J5), implying that the CNT surface
facilitates the growth of the aggregates into larger
supramolecular structures. Further aging of the dye—-CNT
mixture leads to a substantial increase in aggregate-
associated absorption, consistent with progressive
assembly on the nanotube surface.

Fig. 6 shows the PLE maps within the visible
spectral range for fresh PD-0844 dye solution (Fig. 6a)
and a mixture of fresh dye with CNTs (Fig. 6b) in NMP.
The PLE maps demonstrate that excitation close to
450...500 nm (from the S, state) induces a very intense
PL band at 630...640 nm (being previously associated
with “dark state” PL). The addition of CNTs does not
significantly alter the spectral profile of this emission for
a fresh solution of the dye. Aging solutions of the dye
quench the PL band at 630 nm in both neat dye and the
dye—CNTs mixtures (Figs. 6¢c, 6d). At the same time,
mixtures of the aged solution with CNTs exhibit new
“dark” PL bands at 570 and 680 nm, which are absent in
fresh solutions. These bands are strongly associated with
the presence of CNTs and the interaction of dye
molecules in aged solution with the nanotube surfaces.
These observations can be rationalized by non-covalent
dye-CNT interactions [11, 12]. Non-covalent interactions,
such as n—x stacking between the conjugated dye and the
graphene-like sidewalls of CNTs, van der Waals forces,
and possible hydrogen bonding, promote planar
adsorption of dye molecules onto the CNT surface. This
interaction might stabilize the symmetric conformation of
PD-0844 and modify its excited-state relaxation
pathways. This way, the interactions influence the
distribution between asymmetrical and symmetrical dye
conformations, as reflected in the relative intensities of
the 850 and 905 nm PL bands (Figs. 6e, 6f).

The influence of aging of the solution occurs in the
following way. Immediately after dissolution, the dye
molecules are generally symmetric. Polar solvents shift
the equilibrium toward an asymmetric state, and, in the
absence of CNTs, aggregation of the dye proceeds very
slowly (~10 days). The introduction of CNTs significantly
accelerates dye aggregation, which most likely occurs on
the CNT surface. Upon adsorption onto the CNT side-
walls, the dye molecules can adopt relatively planar con-
formations close to the symmetric form, whereas molecules

Verbitsky A.B., Piryatinski Yu.P., IKachkovskyy O.D.| et al. Tunable emission of indotetracarbocyanine dyes ...

186



SPQOEQO, 2026. V. 29, No 2. P. 180-190.

T

PL intensity, a.

~
o
o

220000
200000
180000
160000
140000
120000
100000
80000
60000
40000
20000
0

600

400

Excitation wavelength, nm

300

300 400 500 600 700 800

Emission wavelength, nm

PL intensity, a.u.

—
O
-

150000
140000
130000
120000
110000
100000
90000
80000
70000
60000
50000
40000
30000
20000
10000
0

Excitation wavelength, nm

400 500 600 700 800

Emission wavelength, nm

PL intensity, a.u.
23000
21000
19000
17000
15000
13000
11000
9000
7000
5000
3000

Excitation wavelength, nm

900

1000 1100 1200
Emission wavelength, nm

1300 1400

u

PL intensity, a.u.
100000
90000
80000
70000
60000
50000
40000

(b)

30000
20000
10000
0

Excitation wavelength, nm

PL intensity, a.u.

. 70000

400 500 600 700

Emission wavelength, nm

800

c

65000
60000
55000
50000
45000
40000
35000
30000
25000
20000
15000
10000
5000
0

Excitation wavelength, nm

300

400 500 600 700 800

Emission wavelength, nm

—
—
R

PL intensity, a.u.

800
: 5200

700 5000

600 '
! 4600

500

4200

I 3800

Excitation wavelength, nm

IN

o

o
!

v

900

300

800 1000 1100 1200

Emission wavelength, nm

1300 1400

Fig. 6. PLE maps within the visible range for fresh solution of PD-0844 dye (a), mixture of fresh solution of PD-0844 dye with CNT
(b), 9-day-aged solution of PD-0844 dye (c), and mixture of 9-day-aged solution of PD-0844 dye with CNTs in NMP (d);
PLE maps within the near-IR range for mixtures of fresh (e) and 9-day-aged (f) solution of PD-0844 dye with CNTs; all in NMP.

The dye concentration is 0.02 mg/mL.

located away from the CNTs remain predominantly
asymmetric. As a result, both conformations coexist in
polar solvents. Notably, the dyes show preferential binding
to CNTs with (6,5) and (8,4) chiralities, suggesting
selective interactions with specific sidewall geometries.
Excitation of the dye—CNT system occurs primarily via
higher electronic states (Sy — S,, n > 1), demonstrating
anti-Kasha behavior in the visible spectral range.

In addition, formation of new interaction-induced
states between the dye and CNTs can provide a
rationalization for the emergence of new “dark” PL states
at 570 and 680 nm in mixtures with an aged dye solution.
Specifically, the weak 680 nm emission in neat dye
solution becomes enhanced upon CNTs addition, while
the 570 nm band appears only in mixtures of the aged
solutions, indicating that CNTs presence is critical for
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Fig. 7. Energy state diagram and electronic transitions of CNT
(a), neat dye (b), aged dye (c), and aged dye — CNTs mixture
(d) in NMP solvent. Solid arrows correspond to absorbance,
dashed arrows represent emission, dotted arrows show non-
radiative transitions, and crossed arrow transitions (at 875 and
680 nm) represent forbidden transitions. CNT of (6,5) chirality
is shown as a modelling example, and the diagram for other
relevant charities interacting with indotetracarbocyanine dyes
can be applied.

formation of these interaction-induced states. Thus, fresh
solutions (neat or with CNTs) exhibit “dark” PL at
630 nm, consistent with radiative relaxation following
Sy — S, excitation [24]. Aged solutions in the presence
of CNTs have this state quenched and replaced by
new interaction-mediated “dark” PL bands at 570 and
680 nm, reflecting the combined effects of the dye
conformational stabilization.

Fig. 7 summarizes the spectroscopic states and
electronic transitions observed in CNTs, dye, and dye—
CNTs mixtures. Fig. 7a represents the transitions for
CNTs of (6,5) chirality. Figs. 7b, 7c illustrates the
transitions of neat and aged indotetracarbocyanine dyes,
including the absorption at 875 nm, which appears only
at high dye concentrations and immediately after solution
preparation (fresh solution). Fig. 7d shows the spectra of
aged dye—CNT mixtures, dominated by strong absorption
of aggregated dye molecules and absorption band near
875 nm indicating the presence of symmetric confor-
mations of indotetracarbocyanine molecules adsorbed on
the CNT sidewalls. These findings are also in agreement
with recent results emphasizing the key roles of
symmetry breaking, charge-transfer interactions, and
dark-state dynamics in dye photophysics [23].

Observed anti-Kasha PL not only confirms the
unusual photophysics of indotetracarbocyanines but also
provides a sensitive probe for molecular interactions.
Mixtures of such dyes with CNTs constitute a versatile
system to study both intrinsic dye properties and solid-
state interactions within the dye—CNTs complex, where
aggregation is shown to play a decisive role in complex
formation. These findings highlight the interplay between
molecular organization, aggregation, and excited-state
dynamics, offering new avenues for the design of
functional dye—nanomaterial systems.

4. Conclusions

A comparative analysis of the optical properties of
indotetracarbocyanine dyes in solvents of varying
polarity demonstrates that the photophysical behavior of
these molecules is governed by a subtle interplay
between molecular symmetry, solute—solvent interactions,
and dye aggregation effects. The dyes adopt symmetric
or asymmetric conformations depending on solvent
polarity, aging time, and interaction with CNTs. The
observed solvent- and time-dependent spectral evolution
is consistent with the ground-state model, which
describes the transition from symmetric to asymmetric
conformations in polymethine systems. Immediately after
dissolving, neat dye molecules reside in the symmetric
state; polar solvents gradually shift the conformation
toward asymmetry. Even in polar media, aggregation of
dye molecules is slow, typically requiring ~10 days. Dye
aggregation occurring in the aged solution helps to
initiate further coupling of these aggregates with CNTs.
The presence of CNTs facilitates rapid aggregation,
occurring at the CNT surface. Dye molecules adsorbed
on CNT sidewalls may retain a planar symmetric
conformation, while molecules in the surrounding
solvent adopt asymmetric structures. Consequently, both
conformations can coexist in polar solvents.

Overall, these results highlight the subtle sensitivity
of indotetracarbocyanine photophysics to solvent
environment, molecular conformation, aggregation state,
and CNT interactions. The results provide a framework
for controlling dye optical behavior through solvent
choice, aging, and nanostructure-assisted assembly, with
potential implications for optoelectronic applications and
energy-transfer systems.
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PeryiboBaHe BUNpoOMiHIOBaHHS iHAOTeTpakapOouiaHiHOBHX 0apBHUKIB BHAC/IA0K Bapialii conbBaTiB Ta B3aemoii 3
BYIJIelleBUMH HAHOTPYOKaMu

A.B. Bepounskmnii, FO.I1. [TupsituHcbKHi, |O.ﬂ. KaqKOBCLKHﬁ‘, O.B. fIuyn, K.O. Maiiko, A.I'. Poxun, I1.M. JIynuk

AHoTanis. [HaoTeTpakapOOLiaHiHM HaleKaTh 1O POAMHU JOBIUX I[iaHIHOBMX OAapBHUKIB, SIKI JIETKO 3MIHIOIOTH (opMy
MOJIEKYJIH BiJl CAMETPUYHOI'O L1aHIHOMOAIOHOTO 0 ACHMETPUYHOrO MOJIieHOBOro crany. Ha koHdopmaliiro Takux Moieky,
a oTXe, 1 Ha 1X (DOTONOMIHECIIEHTHE BHIIPOMIHIOBAHHS MOXKE BIUIMBATH Oe3iid (akTopiB. Y IiH CTaTTi MU JOCTIIKYBaIN
¢boTohi3uHy HOBEIIHKY IHZOTETpakapOOIiaHIHOBMX OapBHUKIB y PI3HUX PO3YMHHUKAX Ta B CyMIIIaX 3 OJXHOCTIHHHMH
BYIJICIIEBUMI HAHOTPYOKaMH. Pe3ynpTaTH BUSBIIIM 3aJIeXHI BiJ KOHICHTpAMil, CTapiHHSA Ta IMOJAPHOCTI PO3YMHHUKA
CIIEKTpaIbHI OCOOIMBOCTI TakWX OapBHUKIB, IO JO3BOJIMIO BCTAHOBHTH KITIOYOBI MEXaHI3MH 3MIHH BUIIPOMIHIOBAHHS.
CrexrpalbHi 3MiHH OynH TIOB’SI3aHi 13 3aJISKHAMH BiJ CHMETpii MOJEKyIAIpHUMHU KOH(OpMAIisIMH iHIOTeTpakapOOLiaHiHIB,
a TaKoXK 13 IXHBOI 3JIATHICTIO B3a€EMOJISITH 3 TIOBEPXHEIO BYIJICHEBUX HAHOTPYOOK. HOBI cMyru BHIIPOMIHIOBaHHS
BHHUKAIOTh y CIIEKTPax (hOTOIOMIHECIEHIIT BHACIIIOK B3aeMOJIiT OapBHUK—HAHOTPYOKa, 1[0 BU3HAYAETHCS T—T CTEKIHI'OM
Ta EeNEKTPOCTATUYHUMH e(dekTamu. Taka IMOBEJIHKA Y3TO/UKYETHCS 3 BUKIMKAHOK acopOliero arperaiiero OapBHUKa Ha
MMOBEPXHI HAHOTPYOKHU Ta 3 YTBOPEHHSIM HOBHUX (DOTOIH/IyKOBAaHHMX CTaHIB BUIIPOMIHIOBAHHSI.

KoarouoBi cioBa: miaHiHOBI OapBHHKH, BYIJICIEBI HaHOTPYOKH, (DOTOIMFOMIHECHEHINS, (IyopecreHmis, IiaHiHOBI Ta
TIOJTICHOB1 CTaHU, CTAPIHHS PO3UMHY.
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