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In this study, we report the synthesis of four unsymmetrical squaraines and their dicyanomethylene
derivatives, incorporating hydroxyalkyl chains. Their electronic properties were systematically investi-
gated in CHCls, EtOH and DMSO solutions using UV-Vis absorption and steady-state fluorescence
spectroscopy. The dyes exhibit narrow absorption bands (631-689 nm), nonlinear solvent-dependent
behavior, and a pronounced tendency to aggregate, as evidenced by blue-shifted absorption bands even
at dilute concentrations. Introduction of a chalcogen atom induces a modest bathochromic shift of up
to 14 nm, whereas substitution with dicyanomethylene groups produces a more pronounced shift of
approximately 40 nm. In the excited state, these squaraines exhibit small Stokes shifts and solvent-
dependent fluorescence quantum yields (0.02 to 0.2), consistent with their ground-state electronic
behavior across different structural modifications. By combining experimental measurements with
computational analyses, we provided a comprehensive understanding of the structural and electronic
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factors governing their photophysical properties. Importantly, we demonstrate that this series of
unsymmetrical squaraines bearing hydroxyalkyl substituents can be further functionalized without
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Introduction

Among near-infrared dyes, several classes of compounds are
well established, including cyanines, phthalocyanines, porphyr-
ins, fluorenes, BODIPY, and squaraines. Squaraine dyes, in
particular, stand out not only for their distinctive photophysical
and electrochemical properties but also for their remarkable
stability and low cost and the broad variety of analogs that can
be synthesized and further functionalized."™* They are derived
from an electron-deficient, unsaturated, four-membered
“square” ring that bridges electron-rich subunits.>” This core
framework gives rise to a rigid donor-acceptor-donor (D-A-D)
system with resonance-stabilized zwitterionic character, which
imparts both high stability and desirable electronic features,
including narrow absorption/emission bands across a wide
spectral range, large molar extinction coefficients, and efficient
emission.™®

From a synthetic perspective, squaraines are commonly
accessed through condensation of squaric acid derivatives with
nitrogen-containing quaternary heterocycles as electron-rich
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compromising their intrinsic electronic and optical characteristics.

subunits. This approach is highly versatile, enabling the incor-
poration of diverse substituents into both the alkyl chains and
the aromatic core.” Moreover, core-substituted squaraines, in
which an oxygen atom of the central square ring is replaced by a
group such as dicyanomethylene, provide additional opportu-
nities to modulate molecular geometry, crystallinity, and elec-
tronic properties.'® Further functionalization, for example,
through conjugation with biomolecules or other functional
units, broadens their scope even more."'™® Owing to this
exceptional tunability, squaraines have found applications
across a wide range of fields, with particular emphasis on
biomedicine (Fig. 1).***°

In this context, the synthesis of new squaraine derivatives and
the detailed study of their electronic properties remain highly
relevant. Herein, we report the design and preparation of a series
of unsymmetrical squaraine dyes and their dicyanomethylene deri-
vatives, conceived as versatile synthetic building blocks. We con-
ducted a comparative photophysical and electronic study between
the parent squaraines and their derivatized counterparts, revealing
how structural modifications can be introduced without compro-
mising their intrinsic optical and electronic characteristics. These
results provide valuable insights into the relationship between
molecular design and the electronic structure in squaraine systems.
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Fig. 1 Chemical structure of different functionalized squaraine dyes and
their applications.

Results and discussion
Synthesis

The unsymmetrical squaraine dyes and their dicyanomethylene-
substituted derivatives were synthesized in a linear sequence,
beginning with the preparation of semisquaric acid derivatives,
followed by condensation with quaternary heterocyclic methylene
bases, as shown in Schemes 1 and 2. One of these quaternary
methylene bases was specifically designed to incorporate hydro-
xyalkyl chains, thereby introducing a hydroxyl group into the
asymmetric squaraine at a position that does not interfere with
the intrinsic electronic properties of the fluorophore.

The quaternary methylene bases were synthesized by quater-
nization of the corresponding heterocyclic methylene precursors,
2,3,3-trimethylindolenine or 2-methylbenzothiazole, with suita-
ble alkylating agents such as 1-iodobutane or 6-bromo-1-hexanol.
Compounds N-butyl-2,3,3-trimethyl-indoleninium iodide (1)
and N-butyl-2-methyl-benzothiazolium iodide (2) were obtained
by heating the respective heterocycles with an excess of 1-iodo-
butane (5.0 equiv.) at 145 °C under solvent-free conditions.
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Y BuO @ OBu Y
/>_ — — OBu  (5)Y = C(CHj3),
N+ - Et;N, EtOH N ®)Y=8
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Y, Y, -+
= OH = O HNEty
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Scheme 1 Linear synthesis of semisquaric acid derivatives.
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Scheme 2 Linear synthesis of unsymmetrical squaraine dyes and their
derivatization.

While most literature procedures describe this transformation
under reflux in organic solvents, commonly acetonitrile, over
several hours,”>*' our solvent-free method significantly
reduced the reaction time to just a few hours. In contrast, the
preparation of N-(6-hydroxyhexyl)-2,3,3-trimethyl-indoleninium
bromide (3) required the use of a solvent to proceed efficiently.

The semisquaric acid derivatives were prepared using a two-
step process. First, quaternary methylene bases 1 or 2 reacted
with squaric acid dibutyl ester 4 in ethanol in the presence of a
stoichiometric amount of triethylamine to yield intermediates 5
and 6. Hydrolysis of these intermediates with NaOH, followed by
protonation with hydrochloric acid, yielded semisquaric acids 7
and 8. In parallel, intermediates 5 and 6 were condensed with
malononitrile in the presence of triethylamine to obtain the
dicyanomethylene-functionalized semisquaric acids 9 and 10.

Finally, semisquaric acid derivatives 7-10 were condensed with
quaternary methylene base 3 under azeotropic conditions in a
mixture of n-butanol and benzene, affording the unsymmetrical
squaraines 11-14, each bearing a hydroxyalkyl chain (Scheme 2).

The unsymmetrical nature of these squaraines was con-
firmed by the splitting of the vinylic proton signals in their
'"H NMR spectra. While symmetric squaraines typically show
both vinylic protons as a single signal, unsymmetrical analo-
gues display two distinct signals (5.96 and 5.94 ppm for 11, 6.01
and 5.83 ppm for 12, 6.53 and 6.47 ppm for 13, and 6.45 and
6.19 ppm for 14). To evaluate whether hydroxy functionaliza-
tion affects the photophysical and electronic features of the
squaraine core, compounds 11-14 were further derivatized with
an ATRP initiator group (a-bromo ester). This transformation
was carried out by stirring the squaraines in dry dichloro-
methane with a slight excess of 2-bromoisobutyryl bromide in
the presence of triethylamine, affording derivatives 15-18.

Photophysical characterization

The ground- and excited-state photophysical properties in
solution of unsymmetrical squaraines 11-18 were investigated

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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Fig. 2 Normalized UV-Vis absorption spectra for the solution of squar-
aines (a) 11-14 and (d) 15—-18 in chloroform and squaraines (b) 11, (c) 13,
(e) 15, and (f) 17 in different organic solvents (~10~° mol L.

in chloroform, ethanol, and dimethyl sulfoxide. Representative
results for the selected compounds are shown in Fig. 2. The
relevant photophysical data from UV-Vis absorption and steady-
state fluorescence spectroscopy for all squaraines are summar-
ized in Table 1. These squaraines produced blue solutions with
a narrow absorption band in the 631-689 nm range, which was
influenced by both solvent effects and structural modifications
to the square core. Introduction of the dicyanomethylene moiety
induces a redshift of approximately 40 nm in the absorption
maximum (Fig. 2a and d), consistent with its strong electron-
withdrawing character and the preferential cis configuration of
the squaraine backbone.>” With respect to solvent effects, the
absorption maxima varied depending on the medium, demon-
strating sensitivity to the local environment (Fig. 2b-f). However,
the trend with the solvent polarity was non-linear, suggesting
more complex interactions, potentially involving specific solvent-
solute interactions. A pronounced tendency toward aggregation
was also observed, as indicated by weak, blueshifted absorption
bands near 600 nm for dyes 11-12 and 15-16 and around 630 nm
for dyes 13-14 and 17-18, even at concentrations as low as 10~ °-
107 M. In this context, solvent polarity not only stabilizes the
ground state but also favors the monomeric form in solution.
Additionally, the presence of sulfur atoms in certain heterocyclic
methylene bases induced a modest bathochromic shift in the
absorption band, but only for derivatives with an unmodified
squarate core. This effect, attributed to enhanced electronic
delocalization by the chalcogen,”® was absent in the dicyano-
methylene-substituted analogues.

To gain deeper insight into the nature of the electronic
transitions, the experimentally determined extinction coeffi-
cient (¢) was used in combination with the Strickler-Berg
formalism. In this relation, the radiative rate constant (k2), as
well as the oscillator strength (f.), can be estimated from
absorption spectra using eqn (1) and (2),”*

for 43 x 1077 |edp (1)
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Table1 Ground state photophysical data of squaraine dyes 11-18 where
Jabs IS the absorption maximum (nm), ¢ is the molar absorptivity &
(x 10° M7t ecm™), f. is the calculated oscillator strength, kK is the
calculated radiative rate constant (108 s7%) and ° is the calculated pure
radiative lifetime (ns)

Dye Solvent Aabs ¢ £ 2 7°
11 CHCly 636 2.65 0.676 1.67 5.99
EtOH 631 2.99 0.840 2.11 4.74
DMSO 643 3.21 0.903 2.18 4.58
12 CHCl, 649 1.98 0.543 1.29 7.76
EtOH 640 2.49 0.760 1.86 5.39
DMSO 654 2.37 0.778 1.82 5.50
13 CHCl; 683 1.85 0.587 1.26 7.94
EtOH 674 2.10 0.650 1.43 6.99
DMSO 680 2.30 0.697 1.51 6.63
14 CHCl; 686 1.84 0.506 1.07 9.30
EtOH 675 1.35 0.466 1.02 9.79
DMSO 680 1.44 0.585 1.27 7.90
15 CHCl; 636 2.16 1.253 3.10 3.23
EtOH 632 2.70 0.699 1.75 5.71
DMSO 644 3.22 0.577 1.39 7.19
16 CHCl; 650 1.56 1.183 2.80 3.57
EtOH 640 2.47 0.573 1.40 7.15
DMSO 656 1.81 0.844 1.96 5.10
17 CHC13 686 1.53 0.547 1.16 8.60
EtOH 676 3.67 0.744 1.63 6.14
DMSO 682 2.24 0.472 1.01 9.86
18 CHCl; 689 1.89 0.755 1.59 6.29
EtOH 675 0.88 0.669 1.47 6.81
DMSO 680 1.23 0.523 1.13 8.85

1 0 . 92| -

= ke ~2.88 x 107 0" |edv (2)

where 1, is the absorption maxima (in cm ™) and the integral
represents the area under the absorption band, plotted as
molar absorptivity ¢ (M~ cm™ ") versus wavenumber v (cm ™)
for a single-electron transition.

The unsymmetrical squaraines displayed molar absorptivity
coefficients on the order of 10° cm M " and a radiative rate
constant of approximately 10® s, irrespective of whether
structural modifications were introduced at the squaric acid
core or at the heterocyclic methylene substituents. The values
of f. and k? are consistent with spin- and symmetry-allowed
electronic transitions, likely associated with 't — n* transi-
tions. Moreover, the nearly constant radiative lifetime (c°)
suggests that, following light absorption, these compounds
populate the same excited state.

The photophysical properties of the unsymmetrical squar-
aines in their excited state were investigated by exciting the
compounds at their respective absorption maxima (Table 2).
When excited at the two distinct absorption bands observed in
their UV-Vis spectra, corresponding to the monomer and
aggregate forms, the resulting emission profiles were similar.

As illustrated in Fig. 3, all squaraine derivatives display fluor-
escence emission bands in the red region. Overall, the squaraines
exhibited a small Stokes shift, which is expected in rigid mole-
cular frameworks. Their excited-state behavior, influenced by the
solvent environment and structural modifications, closely
mirrors their ground-state behavior. A non-linear dependence

New J. Chem., 2025, 49, 17515-17524 | 17517
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Table 2 Excited state photophysical data of squaraines dyes 11-18,
where lem is the emission maximum (nm), Alst is the Stokes shift
(nm/cm™?) and @y is the fluorescence quantum yield

Dye Solvent Jem Aldgr g
11 CHCl, 648 12/291 0.11
EtOH 645 14/344 0.06
DMSO 654 11/262 0.06
12 CHCl, 663 14/325 0.20
EtOH 656 16/381 0.06
DMSO 672 18/410 0.07
13 CHCl, 700 17/356 0.06
EtOH 693 19/407 0.05
DMSO 700 20/420 0.02
14 CHCl, 707 21/433 0.05
EtOH 694 19/406 0.04
DMSO 703 23/481 0.03
15 CHCl; 645 9/219 0.15
EtOH 644 12/295 0.06
DMSO 659 15/353 0.07
16 CHCl; 661 11/256 0.19
EtOH 655 15/358 0.06
DMSO 671 15/341 0.07
17 CHCl; 697 11/230 0.10
EtOH 696 20/542 0.05
DMSO 698 16/336 0.03
18 CHCl; 707 18/370 0.07
EtOH 694 19/406 0.04
DMSO 702 22/461 0.03
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Fig. 3 Steady-state fluorescence emission spectra in solution of squar-
aines (a) 11-14 and (d) 15-18 in chloroform and squaraines (b) 11, (c) 13,
(e) 15, and (f) 17 in different organic solvents (~107° mol L™%).

on solvent polarity was observed, along with a slight batho-
chromic shift for the benzothiazole-containing derivatives.
Similarly, incorporation of the dicyanomethylene moiety
into the squarate core induced a pronounced bathochromic
shift and an increase in the Stokes shift. Furthermore, the
squaraines showed fluorescence quantum yields that were 2- to
3-fold higher in chloroform. Notably, despite the enhanced
Stokes shift in the dicyanomethylene derivatives, no corres-
ponding increase in quantum yield was observed, most likely
due to re-absorption effects, a well-documented limitation of
squaraine systems."'>*’ It is also noteworthy that both classes of
derivatives, those bearing hydroxyalkyl chains (11-14) and

17518 | New J. Chem., 2025, 49, 17515-17524

View Article Online

NJC

those functionalized with o-bromo ester moieties (15-18),
exhibited very similar ground- and excited-state properties.
This finding highlights that further derivatization of com-
pounds 11-14 can be carried out without compromising their
intrinsic photophysical characteristics.

Theoretical calculations

The optimized geometries of compounds 15-18 (Fig. 4a)
revealed planar structures that were preserved across all sol-
vents. This planarity was expected, as it facilitates extensive -
electron delocalization, thereby stabilizing the conjugated sys-
tem. In the excited state, no significant geometric changes were
observed, consistent with the intrinsic rigidity of these squar-
aines. Symmetry analysis indicated that compounds 15 and 17
adopt C,, and C,, symmetry, respectively, while 16 and 18
exhibit C; symmetry. The molecular electrostatic potential
(MEP) surfaces (Fig. 4b) further highlighted the role of func-
tional groups in tuning electronic properties: regions of attrac-
tive potential (red) were mainly localized around polar substi-
tuents, such as oxygen atoms and cyano groups. As expected,
the electrostatic potential distribution in the symmetric sys-
tems (15 and 17) was itself symmetric. In contrast, compounds
16 and 18 showed a slightly more pronounced repulsive
potential in the benzothiazole moiety, pointing to reduced
electron density in this region.

The photophysical properties of compounds 15-18 were
found to be analogous, with the S, — S; transition being the
most probable and exhibiting high oscillator strength values.
The theoretical absorption wavelengths (Table 3) were consis-
tently blue-shifted relative to the experimental values, showing

18

Fig. 4 (a) Optimized molecular structures of compounds 15-18 at the
CAM-B3LYP(GD3BJ)/DEF2-SVP level of theory in chloroform. (b) Electro-
static potential maps of the same compounds at the CAM-B3LYP(GD3BJ)/
DEF2-SVPD level of theory in chloroform, where red and blue denote
regions of attractive and repulsive potential, respectively.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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Table 3 Calculated photophysical properties of compounds 15-18
obtained at the CAM-B3LYP(GD3BJ)/DEF2-SVPD level of theory, where
the absorption (/aps) and emission (lem) Wavelengths are presented in nm,
fe is the oscillator strength of the So — S; transition and Alst is the
calculated Stokes shift (nm)

Dye Solvent Aabs fe Jem Aldsr
15 CHCl, 558 (78) 1.789 584 (61) 26
EtOH 543 (89) 1.853 566 (78) 23
DMSO 556 (88) 1.800 582 (77) 26
16 CHCl, 577 (73) 1.710 604 (57) 27
EtOH 558 (82) 1.774 583 (72) 25
DMSO 573 (83) 1.716 601 (70) 28
17 CHCl, 588 (98) 1.377 617 (80) 29
EtOH 569 (107) 1.430 596 (100) 27
DMSO 573 (109) 1.444 602 (96) 29
18 CHCl, 601 (88) 1.289 630 (77) 29
EtOH 580 (95) 1.337 609 (85) 29
DMSO 584 (96) 1.346 615 (87) 31

deviations ranging from 109 to 73 nm, substantially larger than
the typical error margin expected for TDDFT calculations.
To exclude the possibility that this discrepancy arose from
the use of the CAM-B3LYP functional, additional functionals,
including ®B97XD, B3LYP, M06-2X, and PBE1PBE, were eval-
uated. Quartarolo et al. demonstrated in a comprehensive study
on squaraines that large deviations are common and largely
independent of both the functional and the basis set.>

Subsequent investigations have confirmed this limitation
of TDDFT and highlighted the inherent difficulties in accu-
rately modelling squaraines, even with more computatio-
nally demanding methodologies such as multireference
calculations.>”"?®

HOMO

LUMO

15

-0.2173 Hartree -0.0597 Hartree

-0.2138 Hartree -0.0586 Hartree

-0.2212 Hartree -0.0689 Hartree

-0.2183 Hartree -0.0675 Hartree

Fig. 5 HOMO and LUMO of 15-18 at the CAM-B3LYP(GD3BJ)/DEF2-
SVPD level of theory in chloroform. Both orbitals were involved in the So —
S; transition and had = character, making this transition a nr* transition.
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We speculate that these challenges arise not only from the
intrinsic complexity of the ground and excited states, as high-
lighted in previous studies on one- and two-photon absorption
of symmetric squaraines,®® but also from possible self-
aggregation effects, which could play a significant role in their
electronic response. Fortunately, despite the quantitative dis-
crepancies, TDDFT calculations qualitatively reproduced the
experimental trends.*®*° Overall, the absorption wavelengths
in chloroform and dimethyl sulfoxide were comparable, with
only a slight hypsochromic shift observed in ethanol, suggest-
ing that the S, — S; transition is relatively insensitive to the
dielectric constant of solvent.

All observed transitions involved only the HOMO and the
LUMO (Fig. 5), both of which are highly delocalized over the
molecular framework and exhibit pronounced n-character.
As charge transfer was not expected, DCT analyses were per-
formed to evaluate the spatial separation of electron-donating
and electron-accepting regions upon excitation, confirming
that the S, — S; transition corresponds to a local excitation
(see the SI). In addition, the low Stokes shift values, consistent
with the intrinsic rigidity of these conjugate systems, highlight
their limited capacity to dissipate energy via structural reor-
ganization.

Conclusions

This study presents a robust synthetic approach for generating
unsymmetrical squaraines and their dicyanomethylene deriva-
tives, presenting a hydroxyalkyl chain that has been functiona-
lized with the ester group without compromising the optical
properties. These dyes exhibit narrow absorption bands (631-
689 nm), nonlinear solvent-sensitive behavior, and a marked
tendency to aggregate, evidenced by blue-shifted absorption
peaks even in dilute solutions. Furthermore, the presence of a
chalcogen atom induces a modest redshift in the absorption
spectrum, whereas dicyanomethylene groups trigger a more
pronounced redshift. In the excited state, the squaraines dis-
play small Stokes shifts and solvent-dependent quantum yields,
reflecting behavior closely mirroring their ground-state char-
acteristics across various structural modifications. Finally, the
a-bromo ester-functionalized compounds (15-18) show photo-
physical properties nearly identical to their hydroxyalkyl chain
counterparts (11-14), which is an indicative that additional
derivatization could be performed without adversely affecting
their optical properties.

Experimental
Materials and methods

The reagents were purchased from commercial suppliers and
used as received. Column chromatography was carried out on a
silica gel 60 (70-230 mesh), and analytical thin-layer chromato-
graphy (TLC) employed aluminum plates coated with 0.2 mm
silica gel 60F-254. "H and ">C NMR data were acquired in CDCl,
using a spectrometer operating at 299.98 MHz for 'H and at

New J. Chem., 2025, 49,17515-17524 | 17519
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75.42 MHz for *C. Chemical shifts (J) were reported in parts
per million (ppm) relative to tetramethylsilane as an internal
standard. The following abbreviations denote splitting patterns:
s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet), and
br t (broad triplet). All observed signals were consistent with the
proposed structures. IR spectra were obtained on an FTIR-ATR
instrument. High-resolution mass spectrometry (HRMS) with
electrospray ionization (ESI) in positive mode was performed
on a Micromass Q-Tof instrument. Samples were infused at a
flow rate of 5 to 10 uL min ' using a 100 pL syringe. Typical
operating conditions were as follows: a capillary voltage of 3.0 kV,
a sample cone voltage of 33 V, an extraction cone voltage of 2.5V,
and a desolvation gas temperature of 100 °C. Nitrogen was used
as the desolvation gas, and methanol served as the solvent for all
samples. The UV-Vis absorption spectra were recorded on a UV
spectrophotometer model Shimadzu UVPC 2450. Steady-state
fluorescence emission spectra were acquired on a spectrofluor-
ophotometer model Shimadzu RF 5300, followed by correction
for the instrument’s spectral sensitivity. Spectroscopic-grade
solvents were used in all UV-Vis and fluorescence measurements.
Fluorescence quantum yields (®q) were determined at 25 °C
using the optical dilution method (absorbance < 0.05). Zinc
phthalocyanine (ZnPc) was synthesized and purified according to
the literature procedures and employed as a quantum yield
standard (@5 = 0.20 in DMS0).>**"

Synthesis

Quaternary heterocyclic ammonium salt precursors. Method 1:
A mixture of 1-iodobutane (12.0 g, 65.2 mmol) and 2,3,3-
trimethylindolenine (2.1 g, 13.2 mmol) was heated at 145 °C
for 3 h. After cooling, the reaction mixture was purified by
column chromatography on the silica gel using CH,Cl, : MeOH
(90:10) as the eluent, yielding 2.3 g (10.6 mmol, 80% yield) of
compound 1 as a red powder. For precursor 2, a mixture of
1-iodobutane (2.7 g, 14.7 mmol) and 2-methylbenzothiazole
(11.0 g, 73.5 mmol) was heated at 145 °C for 24 h. The mixture
was then cooled to 25 °C and filtered, and the solid residue was
washed successively with hexane (3 x 5 mL) and diethyl ether
(3 x 5 mL). The solid was dried under vacuum, affording 6.38 g
(30.9 mmol, 42% yield) of compound 2 as a grey powder.

N-Butyl-2,3,3-trimethyl-indoleninium iodide (1). 'H NMR
(300 MHz, CDCl;): 6 (ppm) 7.80-7.69 (m, 1H), 7.68-7.52
(m, 3H), 4.67 (t, 2H, J = 7.2 Hz), 3.13 (s, 3H), 2.04-1.88 (m,
2H), 1.67 (s, 6H), 1.60-1.44 (m, 2H), 1.01 (t, 3H, J = 7.2 Hz).
C NMR (75 MHz, CDCI3): § (ppm) 195.6, 141.5, 140.8, 130.1,
129.4, 123.4, 115.3, 54.6, 49.7, 29.9, 23.1, 20.1, 17.0, 13.6.

N-Butyl-2-methylbenzothiazolium iodide (2). 'H NMR
(300 MHz, CDCl3): § (ppm) 8.46 (d, 1H, J = 8.1 Hz), 8.12
(d, 1H, J = 8.4 Hz), 7.84 (t, 1H, J = 8.1 Hz), 7.72 (t, 1H, J =
7.8 Hz), 4.88 (t, 2H, J = 7.5 Hz), 3.45 (s, 3H), 2.04-1.86 (m, 2H),
1.64-1.44 (m, 2H), 1.00 (t, 3H, J = 6.9 Hz). *C NMR (75 MHz,
CDCLy): 6 (ppm) 174.7, 140.8, 130.0, 129.0, 128.6, 125.0, 16.7,
51.2, 30.7, 20.1, 19.9, 13.7.

Method 2: a solution of 6-bromo-1-hexanol (3.41 g,
18.8 mmol) and 2,3,3-trimethylindolenine (2.5 g, 15.7 mmol)
in acetonitrile (21 mL) was heated under reflux for 24 h. The
solvent was then evaporated, and the resulting mixture was
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purified by column chromatography on the silica gel using
CH,Cl,:MeOH (80:20) as the eluent, yielding 2.94 ¢
(11.3 mmol, 72% yield) of compound 3 as a red powder.

1-(6-Hydroxyhexyl)-2,3,3-trimethyl-indoleninium  bromide
(3). '"H NMR (300 MHz, CDCL;): 0 (ppm) 7.73-7.65 (m, 1H),
7.55-7.43 (m, 3H), 4.57 (t, 2H, J = 7.8 Hz), 3.43 (t, 2H, ] = 6.0 Hz),
2.99 (s, 3H), 1.94-1.78 (m, 2H), 1.52 (s, 6H), 1.48-1.27 (m, 6H).
13C NMR (75 MHz, CDCl,): 6 (ppm) 195.4, 141.5, 140.8, 130.0,
129.5, 123.3, 115.5, 61.3, 54.5, 49.1, 31.9, 27.9, 26.1, 25.1,
23.0, 16.0.

Mono-squarate intermediate. A mixture of squaric acid (1.0 g,
8.77 mmol) and n-butanol (30 mL) was heated at 155 °C for 24 h
using a Dean-Stark apparatus. After the solvent was removed
under reduced pressure, the residue was purified by column
chromatography on the silica gel, employing hexane:ethyl
acetate (80:20) as the eluent. This procedure afforded
1.84 g (8.07 mmol, 92% yield) of 3,4-dibutoxycyclobut-3-ene-
1,2-dione (4).

3,4-Dibutoxycyclobut-3-ene-1,2-dione (4). "H NMR (300 MHz,
CDCl): 6 (ppm) 4.69 (t, 4H, J = 6.6 Hz), 1.95-1.70 (m, 4H), 1.58-
1.32 (m, 4H), 0.98 (t, 6H, J = 7.2 Hz). **C NMR (75 MHz, CDCl,):
5 (ppm) 189.5, 184.4, 74.4, 31.9, 18.6, 13.7.

General procedure for the synthesis of mono-squarates 5 and 6.
A mixture of the corresponding quaternary heterocyclic ammo-
nium salt (1.1 equiv.), dibutyl squarate 4 (1.0 equiv.), and
triethylamine (1.1 equiv.) was dissolved in ethanol and then
refluxed for 30 min. The solvent was subsequently removed,
and the crude product was purified by column chromatography
using the n-hexane and ethyl acetate (50:50) mixture as the
eluent.

3-Butoxy-4-[(1-butyl-3,3-dimethylindolin-2-ylidene)methyl]-3-
cyclobutene-1,2-dione (5). Yield: 68%. FTIR (KBr, cm ): 3476,
3415, 2958, 2931, 2887, 1770, 1704, 1536, 1459, 1421, 1311,
1199. 'H NMR (300 MHz, CDCL;): § (ppm) 7.32-7.23 (m, 2H),
7.07 (dt, 1H, J = 7.8 Hz and J = 0.9 Hz), 6.89 (dd, 1H, J = 7.8 Hz
and J = 0.9 Hz), 5.42 (s, 1H), 4.86 (t, 2H, J = 6.6 Hz), 3.83 (t, 2H,
J = 7.5 Hz), 1.92-1.81 (m, 2H), 1.80-1.69 (m, 2H), 1.62 (s, 6H),
1.59-1.38 (m, 4H), 1.01 (t, 3H,J = 7.5 Hz), 1.00 (t, 3H, J = 7.5 Hz).
3C NMR (75 MHz, CDCl;): § (ppm) 192.9, 187.7, 187.6, 173.7,
168.5, 142.8, 141.0, 127.9, 122.8, 122.1, 108.6, 81.4, 73.9, 48.1,
42.9, 32.3, 28.6, 27.1, 20.5, 18.9, 14.0, 13.9.

3-Butoxy-4-[(3-butylbenzothiazol-2(3H)-ylidene)methyl]-3-
cyclobutene-1,2-dione (6). Yield: 77%. FTIR (KBr, cm '):
3475, 3417, 2956, 2929, 2867, 1764, 1702, 1544, 1504, 1471,
1419, 1347. 'H NMR (300 MHz, CDCl,): § (ppm) 7.47 (dd, 1H,
J=7.8 Hz and J = 0.9 Hz), 7.35 (dt, 1H, J = 7.8 Hz and J =
0.9 Hz), 7.16 (t, 1H, /= 7.8 Hz), 7.09 (d, 1H, J = 7.8 Hz), 5.44 (s,
1H), 4.78 (t, 2H, J = 6.6 Hz), 3.99 (t, 2H, J = 7.5 Hz), 1.92-1.69
(m, 4H), 1.58-1.40 (m, 4H), 1.01 (t, 3H,J = 7.5 Hz), 1.00 (t, 3H,
J =7.5 Hz). "*C NMR (75 MHz, CDCl3): § (ppm) 193.0, 185.7,
185.3, 172.7, 159.6, 141.1, 127.0, 126.7, 123.5, 121.9, 111.1,
79.0, 73.5, 45.6, 32.1, 28.8, 20.2, 18.7, 13.8, 13.7.

General procedure for the synthesis of mono-squarates 7 and 8.
A solution of mono-squarates 5 or 6 in ethanol was heated to
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reflux, followed by the addition of a 40% NaOH solution
(1.2 equiv.). The mixture was refluxed for 15 min and then
cooled to 25 °C. After addition of 2 M HCI (2.4 equiv.), the
mixture was concentrated, and the residue was taken up in
methylene chloride. The organic layer was concentrated to
afford a crude product, consisting primarily of mono-
squarates 7 and 8, which was used without further purification
in the subsequent step.

General procedure for the synthesis of mono-squarates 9 and 10.
To a mixture of mono-squarates 5 or 6 (1.0 equiv.), malono-
nitrile (1.1 equiv.), and ethanol, triethylamine (1.16 equiv.) was
added dropwise. The mixture was stirred at 25 °C for 2 h, after
which the solvent was removed under reduced pressure. The
resulting crude product, consisting predominantly of mono-
squarates 9 and 10, was used without further purification in the
subsequent step.

General procedure for the synthesis of unsymmetrical squar-
aines 11-14. A mixture of the corresponding mono-squarate
(1.0 equiv.) and 1-(6-hydroxyhexyl)-2,3,3-trimethyl-indoleninium
bromide (3) (1.0 equiv.) was dissolved in a mixture (90:10) of
n-butanol/benzene (12 mL mmol ). The mixture was then
refluxed with a Dean-Stark apparatus for 24 h. After cooling to
25 °C, the solvent was removed under reduced pressure.

Squaraine dye 11. The resulting solid was purified by col-
umn chromatography on the silica gel using ethyl acetate as the
eluent. Yield: 63%. FTIR (KBr, cm '): 3479, 3412, 2956, 2926,
2858, 1726, 1600, 1494, 1452, 1278, 1190, 1074. 'H NMR
(300 MHz, CDCl;): ¢ (ppm) 7.37-7.24 (m, 4H), 7.11 (t, 2H, J =
7.5 Hz), 6.97 (d, 2H, J = 7.8 Hz), 5.96 (s, 1H), 5.94 (s, 1H), 3.97 (br
t, 4H), 3.68 (t, 2H, J = 6.0 Hz), 1.90-1.68 (m, 4H), 1.76 (s, 6H),
1.75 (s, 6H), 1.66-1.36 (m, 8H), 0.96 (t, 3H, J = 7.2 Hz). ">°C NMR
(75 MHz, CDCl,): § (ppm) 182.5, 178.9, 178.7, 170.3, 170.1,
142.5,142.4,142.3,127.9, 127.8, 123.8, 122.4, 109.5, 109.4, 86.6,
62.6,49.4, 49.3, 43.6, 43.2, 32.5, 29.2, 27.1, 26.3, 26.2, 25.0, 26.2,
25.0, 20.5, 14.0. HRMS (ESI-qTOF) m/z: [M + H]" caled for
C36H44N,0; 552.3352; found 552.3359.

Squaraine dye 12. The resulting solid was purified by col-
umn chromatography on the silica gel using ethyl acetate as the
eluent. Yield: 67%. FTIR (KBr, cm™'): 3469, 3414, 2954, 2926,
2856, 1577, 1494, 1450, 1425, 1259, 1078. 'H NMR (300 MHz,
CDCly): 0 (ppm) 7.59 (dd, 1H, /= 7.8 Hz and J = 0.9 Hz), 7.41 (dt,
1H, ] = 7.8 Hz and J = 1.2 Hz), 7.36-7.18 (m, 4H), 7.09 (t, 1H, J =
7.5 Hz), 6.93 (d, 1H, J = 7.8 Hz), 6.01 (s, 1H), 5.83 (s, 1H), 4.14
(t, 2H, J = 7.5 Hz), 3.93 (br t, 2H), 3.71 (t, 2H, J = 6.0 Hz), 1.85-
1.72 (m, 4H), 1.76 (s, 6H), 1.75 (s, 6H), 1.68-1.40 (m, 10H), 1.00
(t, 3H, J = 7.5 Hz). '*C NMR (75 MHz, CDCl;): § (ppm) 183.5,
181.5, 178.4, 174.0, 168.2, 161.4, 142.7, 142.0, 141.0, 128.0,
127.8, 127.4, 124.6, 123.0, 122.4, 122.2, 112.0, 108.9, 86.2,
86.1, 62.5, 48.8, 46.4, 42.8, 32.5, 29.6, 27.4, 26.2, 25.9. 24.8,
20.3, 13.9. HRMS (ESI-qTOF) m/z: [M + H]" caled for
C33H35N,0,S 542.2603; found 542.2626.

Squaraine dye 13. The resulting solid was purified by col-
umn chromatography on the silica gel using hexane: ethyl
acetate (40:60) as the eluent. Yield: 70%. FTIR (KBr, cm ')
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3473, 3414, 2956, 2927, 2858, 2193, 2173, 1722, 1622, 1506,
1452, 1284, 1193, 1107. *H NMR (300 MHz, CDCl;): § (ppm)
7.42-7.31 (m, 4H), 7.21 (t, 2H, J = 7.5 Hz), 7.07 (d, 2H, J =
8.1 Hz), 6.53 (s, 1H), 6.47 (s, 1H), 4.12-3.95 (m, 4H), 3.65 (t, 2H,
J = 6.3 Hz), 1.93-1.70 (m, 4H), 1.78 (s, 12H), 1.68-1.40 (m, 8H),
0.99 (t, 3H, J = 7.5 Hz). *C NMR (75 MHz, CDCl;): § (ppm)
173.2, 172.1, 171.8, 167.8, 166.7, 166.5, 142.6, 142.5, 142.1,
142.0, 128.1, 124.7, 124.6, 122.4, 119.3, 119.2, 110.3, 89.2,
89.0, 62.4, 49.6, 49.5, 44.5, 44.4, 32.3, 29.5, 27.3, 26.7, 26.4,
25.5, 20.2, 14.1. HRMS (ESI-qTOF) m/z: [M + H]" caled for
C3oH,4,N,0, 600.3464; found 600.3478.

Squaraine dye 14. The resulting solid was purified by col-
umn chromatography on the silica gel using hexane: ethyl
acetate (50:50) as the eluent. Yield: 61%. FTIR (KBr, cm ):
3481, 3415, 2193, 2956, 2927, 2858, 2193, 2173, 1720, 1618,
1456, 1433, 1274, 1136. "H NMR (300 MHz, CDCl,): § (ppm)
7.60 (d, 1H, J = 7.8 Hz), 7.47 (t, 1H, J = 7.8 Hz), 7.37-7.23 (m,
4H), 7.12 (t, 1H, J = 7.5 Hz), 6.97 (d, 1H, J = 7.8 Hz), 6.45 (s, 1H),
6.19 (s, 1H), 4.20 (t, 2H, J = 7.2 Hz), 3.90 (t, 2H, J = 7.2 Hz), 3.63
(t, 2H, J = 6.3 Hz), 1.90-1.63 (m, 4H), 1.72 (s, 6H), 1.55-1.38 (m,
10H), 0.98 (t, 3H, J = 7.2 Hz). "*C NMR (75 MHz, CDCL;): 6 (ppm)
173.9, 169.6, 166.3, 165.2, 163.3, 162.4, 142.3, 142.0, 140.7,
128.7, 128.1, 128.0, 125.5, 123.8, 122.6, 122.3, 119.1, 119.0,
112.7, 109.5, 88.1, 88.0, 62.3, 48.9, 47.2, 44.1, 32.3, 29.8, 27.1,
27.0,26.4, 25.5, 20.2, 13.9. HRMS (ESI-qTOF) m/z: [M + H]" calcd
for C36H;5N,0,S 590.2715; found 590.2710.

General procedure for the synthesis of unsymmetrical squaraine
derivatives 15-18. Under a nitrogen atmosphere, 2-bromo-2-
methylpropionyl bromide (1.2 equiv.) was added dropwise to
a stirred solution of the corresponding squaraines 11-14
(1.0 equiv.) and triethylamine (1.2 equiv.) in dichloromethane.
The mixture was kept at 0 °C for 1 h under a nitrogen atmo-
sphere and then gradually warmed to 25 °C, where it was stirred
overnight. The reaction mixture was subsequently washed four
times with saturated aqueous NH,Cl (4 x 150 mL) and four
times with water (4 x 150 mL). The organic phase was dried
over Na,SO, and filtered and the solvent was removed under
reduced pressure.

Squaraine dye 15. The resulting solid was purified by col-
umn chromatography on the silica gel using hexane: ethyl
acetate (80:20) as the eluent. Yield: 88%. FTIR (KBr, cm '):
3430, 2956, 2927, 2859, 1731, 1598, 1496, 1454, 1278, 1191,
1170, 1076. "H NMR (300 MHz, CDCl,): 6 (ppm) 7.40-7.20 (m,
4H), 7.11 (t, 2H, J = 7.2 Hz), 6.97 (d, 1H, J = 7.8 Hz), 6.95 (d, 1H,
J=7.8 Hz), 5.95 (s, 1H), 5.93 (s, 1H), 4.14 (t, 2H, ] = 6.3 Hz), 3.98
(br s, 4H), 1.90 (s, 6H), 1.82-1.60 (m, 6H), 1.76 (s, 12H), 1.55-
1.37 (m, 6H), 0.96 (t, 3H, J = 7.2 Hz). "*C NMR (75 MHz, CDCl;):
5 (ppm) 182.5, 179.6, 179.2, 171.8, 170.3, 169.9, 142.5, 142.3,
127.9, 123.8, 122.4, 109.5, 109.5, 86.7, 86.6, 65.9, 56.1, 49.3,
49.2, 43.6, 30.9, 29.8, 29.2, 28.4, 27.2, 27.1, 26.8, 25.8, 20.5, 14.0.
HRMS (ESI-qTOF) m/z: [M + HJ|" caled for C,oHsoBIrN,O,4
700.2864; found 700.2879.

Squaraine dye 16. The resulting solid was purified by col-
umn chromatography on the silica gel using hexane: ethyl
acetate (80:20) as the eluent. Yield: 92%. FTIR (KBr, cm ):
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3438, 2956, 2927, 2859, 1731, 1594, 1496, 1452, 1421, 1259,
1106, 1079. 'H NMR (300 MHz, CDCl,): 6 (ppm) 7.55 (d, 1H, J =
7.8 Hz), 7.38 (t, 1H, J = 7.8 Hz), 7.33-7.14 (m, 4H), 7.05 (t, 1H, J =
7.8 Hz), 6.88 (d, 1H, J = 7.8 Hz), 5.99 (s, 1H), 5.77 (s, 1H), 4.24~
4.02 (m, 4H), 3.98 (brt, 2H), 1.89 (s, 6H), 1.86-1.60 (m, 6H), 1.74
(s, 6H), 1.53-1.36 (m, 6H), 0.97 (t, 3H, J = 7.5 Hz). *C NMR
(75 MHz, CDCl,): 6 (ppm) 181.2, 179.2, 179.1, 174.6, 171.8,
168.0, 161.5, 142.8, 142.0, 141.0, 128.9, 127.8, 127.4, 124.7,
123.0, 122.4, 122.3, 112.0, 108.8, 86.2, 66.0, 56.1, 48.8, 46.4,
43.3, 30.9, 29.6, 28.4, 27.4, 26.9, 26.8, 25.8, 20.3, 13.9. HRMS
(ESI-qTOF) m/z: [M + H]" caled for C;,H,43BrN,0,S 690.2127;
found 690.2137.

Squaraine dye 17. The resulting solid was purified by column
chromatography on the silica gel using dichloromethane:ethyl
acetate (95:5) as the eluent. Yield: 86%. FTIR (KBr, cm ™ '): 3469,
2958, 2927, 2861, 2192, 2175, 1727, 1494, 1286, 1195, 1108.
'H NMR (300 MHz, CDCL;): § (ppm) 7.42-7.28 (m, 4H), 7.25-
7.14 (m, 2H), 7.11-7.00 (m, 2H), 6.52 (s, 1H), 6.50 (s, 1H), 4.16 (t,
2H, ] = 6.6 Hz), 4.08-3.95 (m, 4H), 1.92 (s, 6H), 1.90-1.65 (m, 6H),
1.77 (s, 12H), 1.60-1.40 (m, 6H), 0.98 (t, 3H, J = 7.5 Hz). >°C NMR
(75 MHz, CDCl,): 6 (ppm) 173.2, 172.2, 171.8, 167.9, 167.0, 166.6,
142.6, 142.5, 142.1, 142.0, 128.2, 124.7, 122.5, 122.4, 119.3, 119.2,
110.3,110.1, 89.4, 89.2, 66.0, 56.3, 49.6, 49.5, 44.4, 30.9, 29.6, 28.3,
27.3, 26.8, 26.7, 26.4, 25.8, 20.3, 14.1. HRMS (ESI-qTOF) m/z:
[M + HJ" caled for C43H,4oBrN,O; 748.2988; found 748.3019.

Squaraine dye 18. The resulting solid was purified by col-
umn chromatography on the silica gel using dichlorometha-
ne:ethyl acetate (95:5) as the eluent. Yield: 83%. FTIR (KBr,
em™Y): 3479, 3412, 2958, 2929, 2660, 2191, 2171, 1730, 1620
1516, 1471, 1456, 1274, 1114. "H NMR (300 MHz, CDCl;): §
(ppm) 7.64 (d, 1H, J = 7.8 Hz), 7.50 (t, 1H, J = 7.8 Hz), 7.40-7.25
(m, 4H), 7.15 (t, 1H, J = 7.8 Hz), 6.99 (d, 1H, J = 7.8 Hz), 6.54 (s,
1H), 6.29 (s, 1H), 4.23 (t, 2H, J = 7.5 Hz), 4.17 (t, 2H, ] = 6.6 Hz),
3.94 (t, 2H, J = 7.5 Hz), 1.93 (s, 6H), 1.92-1.75 (m, 4H), 1.80-1.65
(m, 2H), 1.75 (s, 6H), 1.62-1.41 (m, 6H), 1.01 (t, 3H, J = 7.5 Hz).
3C NMR (75 MHz, CDCl,): § (ppm) 173.8, 171.7, 169.4, 166.4,
165.2, 163.2, 162.3, 142.3, 141.9, 140.7, 128.7, 127.9, 127.8,
125.4, 123.7, 122.5, 122.2, 119.1, 118.8, 112.6, 109.4, 88.1,
88.0, 65.9, 56.1, 48.7, 47.1, 43.9, 30.8, 29.8, 28.2, 27.1, 27.0,
26.3, 25.7, 20.2, 13.8. HRMS (ESI-qTOF) m/z: [M + H]" caled for
CaoH43BrN,O5S 738.2239; found 738.2225.

Theoretical calculations. The photophysical properties of
compounds 15-18 were investigated using density functional
theory (DFT) and time-dependent DFT (TD-DFT), as implemen-
ted in Gaussian 16 revision A03.%> The range-separated hybrid
functional CAM-B3LYP?® was selected due to its proven relia-
bility in predicting excited-state properties, as demonstrated in
various benchmark studies.’* The basis set was chosen to
balance computational efficiency and accuracy. Geometry opti-
mizations were performed using the double-{ basis set DEF2-
SVP, which offers reliable molecular structures at a reasonable
computational cost, particularly for medium to large molecules
when paired with hybrid functionals.*® To improve the accuracy
of absorption and emission wavelength predictions, diffuse
functions were added to the basis set (DEF2-SVPD), enhancing
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the description of excited states. Furthermore, Grimme’s
empirical dispersion correction with Becke-Johnson damping
(GD3BJ) was applied to all calculations, as it is widely recom-
mended for standard DFT procedures.>**® In summary, both
ground and excited-state geometries were optimized at the
CAM-B3LYP(GD3B]J)/DEF2-SVP level of theory. All Cartesian
coordinates are provided in the SI. To reduce computational
costs, certain simplifications were applied to the molecular
structures: specifically, the long alkyl chains in all systems were
replaced with methyl groups, as they do not significantly
contribute to the delocalized n-orbitals involved in electronic
transitions. At the same level of theory, the absence of imagin-
ary frequencies confirmed that the optimized geometries
correspond to the true minimum on the potential energy sur-
face. Absorption and emission wavelengths were calculated at
the CAM-B3LYP(GD3BJ)/DEF2-SVPD level of theory, consider-
ing the first eight excited states. Solvent effects for chloroform,
ethanol, and dimethyl sulfoxide were modeled implicitly using
the SMD-PCM approach.*® Additionally, charge transfer char-
acteristics were analyzed using the DCT protocol implemented
in Multiwfn 3.8.%07*>
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