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ortho-Halogen functionalized N-squaraines:
structure—property relationship and dual-mode
colorimetric and fluorometric sulfide ion
detection

Premie P. Fernandes, ('@ Ankitha M. Shenoy,® Vratta Grover,”
Naveena S. Veeranagaiah® and Vellanki Lakshmi (2 @

Symmetric ortho-halogen derivatives of anilinium N-squaraines were synthesized and characterized
using H-NMR, mass, FT-IR, and single-crystal X-ray diffraction techniques. The effect of halogen
substituents (—F, —Cl, —Br, —I) on the optoelectronic and electrochemical properties of N-squaraines has
been thoroughly investigated. Additionally, the theoretical calculations demonstrated that the ortho
functionalization slightly lowers the HOMO-LUMO energy band gap, which aligns with the optical band
gap. Moreover, the solid-state photophysical characterization revealed that the photo-excited state
remains a singlet, even in the presence of heavy atoms like bromine and iodine. The solid-state
fluorescence emission was also significantly higher than in the solution state, with the quantum yields
soaring up to 24%. Further, the two acidic binding sites in the synthesized compounds 2—-5 were evalu-
ated for anion sensing. The o-halo-derivatives act as selective dual-mode colorimetric and “Turn-On”
fluorometric chemosensors for sulfide anions, with the solution changing from colorless to yellow and a
four-fold enhanced emission intensity. Furthermore, adding acid makes the solution turn colorless again,
as investigated in detail using the o-chloro-derivative. The chemosensor displayed good reversibility for
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Introduction

Squaraines (SQs) constitute 1,3-disubstituted squaric acid deri-
vatives containing two electron-donating substituents adjoining
an electron-deficient squaryl (C,0,”) centre." SQ dyes are a
distinctive class of polymethine dyes with a resonance-stabilized
zwitterionic structure wherein electrons are highly delocalized
over the conjugated bridge.> Ever since the late 1990s, SQs have
been employed in optoelectronic applications, prominently photo-
voltaics, solar cells, and semiconductors.>™ But, in the last
decade, biomedical and material science applications of SQs have
been an emerging trend.>® Currently, SQs are widely a part of
active fluorescent ion-transporters and bioimaging.”® The SQ dyes
are formed by the condensation of squaric acid and electron-rich
arenes, whereas a condensation between squaric acid and aniline
derivatives yields Schiff bases called 1,3-bis-(phenylamino)-
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up to seven cycles and demonstrated applications in molecular logic gates.

squaraines, due to the nucleophilic attack via the lone pair of
nitrogen on the carbonyl carbon of squaric acid, also termed as
N-Squaraines.” N-Squaraines are donor-acceptor-donor conju-
gated (D-n-A-n-D) compounds which, upon deprotonation,
transform into an A-n-A-m-A type system.' N-squaraines are a
fascinating class of dyes with relatively broad absorption and
moderate molar extinction coefficients (3 x 10* M~ * ecm ).’
While N-squaraines have been less explored, they have been
developed as sensors for selective analyte detection. Due to their
strong optical properties, these highly responsive probes have
been employed to detect metal ions, anions, and CO, gas.”*°
Sulfide presents a fascinating dichotomy in biological
systems and environmental contexts. Within living tissues, it
is endogenously produced by cystathionine enzymes and plays
an important role in regulating normal physiological processes,
including cell growth, vasodilation, neuromodulation of the
brain, anti-oxidation, anti-inflammation, etc.'*'*> Moreover,
sulfide has demonstrated significant therapeutic potential in
the treatment of skin-related disorders.'® However, sulfide also
represents a serious environmental hazard, often found in
sewage and wastewater effluents. It is generated in large
quantities through various industrial processes, including coal
tar production, sewage treatment, petroleum products, natural

This journal is © The Royal Society of Chemistry 2025
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gas processing, and biogas production.™* Chronic exposure to
sulfide may disrupt metabolic pathways in living organisms
and can lead to adverse biological complications such as liver
cirrhosis, suffocation, hypertension, hyperglycemia, athero-
sclerosis, Down syndrome, Alzheimer’s disease, and Hunting-
ton’s disease.">® At exposure to less than 100 ppm levels,
discomfort including eye and throat irritation, headache, nau-
sea, chest tightness, etc., has been reported, whereas exposure
above 1000 ppm levels may result in respiratory depression
followed by unconsciousness, and can be fatal.'>*° Conse-
quently, monitoring sulfide ion concentrations becomes extre-
mely crucial for the safety of industrial workers.

In the past few decades, numerous analytical methods, such
as electrochemical sensors, gas chromatography, colorimetry,
inductively coupled plasma-atomic emission spectroscopy,
voltammetry, and semiconductor metal oxide-based sensors,
have been utilized for the detection of sulfide.?'>® However,
colorimetric and fluorescence-based probes have gained
immense popularity owing to their ease of operation, quick
response time, low cost, high sensitivity, and non-destructive
nature.’*>® Fluorescence probes have been employed for
in vitro and in vivo bioimaging, thereby increasing their
applicability.”®*° Presently, various small molecules, such as
benzoxadiazoles, coumarin, BODIPY, 1,8-naphthalimides,
Schiff bases, azo dyes, rosamine, fluorescein, organo-copper
complexes, and organo-lanthanide complexes, have shown sen-
sing potential towards sulfide.’*™*° Conversely, N-squaraine
dyes haven’t been exploited for their potential in detecting
sulfide ions, especially in biological systems, and though a
number of fluorometric sulfide sensors have been developed,
their selectivity over biothiols and other anions, along with
response time, is a serious limitation. Therefore, the develop-
ment of superior probes is still necessary for use in biological,
industrial, and environmental setups.**

In view of developing fluorescent probes for sulfide sensing
applications and taking into account the existing literature on
N-squaraines, we synthesized and characterized N-squaraines
comprising a central squaryl core and two aniline aryl rings
with ortho-substituted electron-withdrawing halogens (F, Cl, Br,
I) (Chart 1). Notably, the synthesized compounds showcased
significant solid-state emissive behavior. Further, these com-
pounds have been investigated thoroughly for their potential
sensing properties towards anions, wherein highly sensitive
dual-mode colorimetric and fluorometric detection of sulfide
anions was observed. It is interesting to note that this work is
the first example of N-squaraine derivatives to be exploited as a
dual-mode colorimetric and fluorometric sensor for sulfide
anions. Finally, their applications in molecular logic gates have
been elucidated in this work.

Experimental section
Materials and methods

The materials and methods for the experiments are given
in the SL
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Chart 1 Anilinium N-squaraine and its o-halogen substituted derivatives.

Synthesis and characterization

General procedure. Squaric acid (1 equiv., 0.44 mmol) and
the corresponding o-haloaniline (4 equiv., 1.75 mmol) were
taken in a mixture of n-butanol and toluene (1:1, 8 mL) in a
25 mL round-bottom flask and refluxed under a nitrogen
atmosphere for 12 h. The reaction mixture was cooled, and
the solid obtained was filtered using a Buchner funnel followed
by sequential washings with hot ethyl acetate (10 mL), chloro-
form (15 mL), petroleum ether (10 mL), and n-pentane (2 mL).
The obtained precipitate was dried in a vacuum oven at 90 °C to
obtain the final pure product.

Compound 1. (E)-3-Oxo-2-(phenylamino)-4-(phenylimino)
cyclobut-1-en-1-olate was synthesized as per the reported
literature.*? The title compound was obtained as a pale-yellow
solid with 86% yield. "H NMR (400 MHz, DMSO-d;) § (ppm):
11.43 (br s, 2H), 7.86-7.65 (m, 4H), 7.38 (t, ] = 7.8 Hz, 4H), 7.13
(t, J = 7.3 Hz, 2H). HRMS (ESI) m/z: [M + H]" calculated for
C16H15N,0, 265.0980, found 265.0979. FT-IR (ATR, cm™%): 3241
(N-H); 3176, 3127, 3087, 3057, 2993, 2964, 2929 (—C-H); 1617
(C=N); 1586 (C=0); 1545 (N-H, bending); 1498, 1449, 1421,
1408 (C-C); 1337, 1245 (C-N); 822, 794, 763, 747, 684 (C-H,
bending). A,ps (DMSO) = 388 nm. A;,, (DMSO) = 416, 436 nm.

Compound 2. (E)-2-((2-Fluorophenyl)amino)-4-((2-fluoro phe-
nyl)iminio)-3-oxocyclobut-1-en-1-olate was obtained as a shiny
light orange crystalline solid in 80% yield. "H NMR (400 MHz,
DMSO-d¢) 6 (ppm): 11.41 (br s, 2H), 7.66 (t, J = 8.0 Hz, 2H),
7.35-7.15 (m, 6H). HRMS (ESI) m/z: [M + H]' calculated for
C16H,0N,0,F, 301.0780, found 301.0779. FT-IR (ATR, cm™):
3240 (N-H); 3197, 3142, 3073, 2990, 2969 (—C-H); 1615 (C=N);
1596 (C=0); 1537 (N-H, bending); 1493, 1457, 1371 (C-C);
1299, 1256 (C-N); 1088 (C-F); 829, 782, 730 (C-H, bending).
Aabs(DMSO) = 373 nm. Aep,(DMSO) = 417 nm, 434 nm.

Compound 3. (E)-2-((2-Chlorophenyl)amino)-4-((2-chloro phe-
nyl)iminio)-3-oxocyclobut-1-en-1-olate was obtained as a shiny
orange crystalline solid with 71% yield. '"H NMR (400 MHz,
DMSO-dg) & (ppm): 11.22 (br s, 2H), 7.54 (ddd, J = 11.9, 8.0,
1.5 Hz, 4H), 7.37 (td, = 7.7, 1.5 Hz, 2H), 7.28 (td, / = 7.7, 1.6 Hz, 2H).
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HRMS (ESI) m/z: [M + H]" calculated for Cj6H;oN,0,Cl,
333.0189, found 333.0189. FT-IR (ATR, cm™!): 3218 (N-H);
3176, 3111, 3064, 2963 (—C-H); 1596 (C—N); 1580 (C—0);
1522 (N-H, bending); 1475, 1417 (C-C); 1293, 1234 (C-N); 815
(c-Cl); 766, 753, 683 (C-H, bending). A,ns(DMSO) = 369 nm.
Aem(DMSO) = 414 nm, 433 nm.

Compound 4. (E)-2-((2-Bromophenyl)amino)-4-((2-bromo phenyl)-
iminio)-3-oxocyclobut-1-en-1-olate was obtained as a shiny dark
orange crystalline solid with 76% yield. "H NMR (500 MHz,
DMSO-dg) § (ppm): 11.11 (br s, 2H), 7.68 (dd, J = 8.0, 1.4 Hz, 2H),
7.52 (dd, J = 8.0, 1.6 Hz, 2H), 7.41 (td, J = 7.7, 1.4 Hz, 2H), 7.21
(td, J = 7.7, 1.6 Hz, 2H). HRMS (ESI) m/z: [M + H]" calculated for
C16H10N,0,Br, 422.9155, found 422.9154. FT-IR (ATR, cm™%):
3214 (N-H); 3176, 3108, 3058, 2959 (—C-H); 1595 (C—=N); 1577
(C=0); 1511 (N-H, bending); 1470, 1413 (C-C); 1285, 1234
(C-N); 813, 798, 752 (C-H, bending); 652 (C-Br). Zups(DMSO) =
369 nm. Ae,(DMSO) = 414, 431 nm.

Compound 5. (E)-2-((2-Iodophenyl)amino)-4-((2-iodophenyl)
iminio)-3-oxocyclobut-1-en-1-olate was obtained as a yellowish-
green solid with a 65% yield. "H NMR (400 MHz, DMSO-d;) ¢
(ppm): 10.98 (br s, 2H), 7.88 (d,J = 7.8 Hz, 2H), 7.46-7.37 (m, 4H),
7.03 (ddd, J = 8.5, 6.7, 2.3 Hz, 2H). MALDI-TOF MS m/z: [M + Na]"
calculated 539.07, found 539.077. FT-IR (ATR, cm ™ '): 3205 (N-H);
3174, 3113, 2965 (—C-H); 1595 (C—=N); 1574 (C=0); 1514 (N-H,
bending); 1464, 1417 (C-C); 1284, 1232 (C-N); 814, 766, 755 (C-H,
bending); 520 (C-I). Aups(DMSO) = 375 nm. Aep,y(DMSO) = 422,
435 nm.

Sensing studies. Sodium salts of different anions like acet-
ate, arsenite, arsenate, fluoride, chloride, bromide, iodide,
hypochlorite, carbonate, dihydrogen phosphate, bicarbonate,
bisulfate, azide, nitrite, nitrate, phosphate, sulfide, thiosulfate,
and sulfate were prepared in deionized water. For probe 3,
a stock solution of 10~> M in DMSO was prepared and used for
sensing studies.

Results and discussion

Symmetrical N-squaraines (1-5) synthesized by the condensa-
tion of the squaric acid with corresponding o-halo substituted
aniline at 120 °C for 12 h in a 1:1 mixture of n-butanol and
toluene solvents yielded 65-86% (Scheme 1). These compounds
exhibited solubility in polar aprotic solvents like N,N-di-
methylformamide (DMF) and dimethyl sulfoxide (DMSO) only
upon heating, indicating their high polarity. Further, com-
pounds 1-5 were characterized by 'H-NMR, mass, and FT-IR
spectroscopic techniques (Fig. $1-510). The "H-NMR spectrum
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Scheme 1 Synthesis of N-squaraine derivatives, 1-5.

22790 | J Mater. Chem. C, 2025, 13, 22788-22798

View Article Online

Paper

of compound 1 showed three sets of signals for ten phenyl
protons and one signal for the two -NH protons.

The overlay of "H-NMR spectra of compounds 1-5 showed
that incorporating halo-substitution at the ortho position led to
significant changes in their spectral splitting pattern (Fig. 1).
Compounds 2-5 exhibited three to five sets of signals in the
range of 7.0-12.0 ppm corresponding to eight phenyl protons
and one set for the two -NH protons due to the symmetrical
nature of the compounds 2-5. An upfield shift in the -NH peak
was observed from 2 to 5 with decreasing electronegativity of
the halo-derivatives. The -NH protons of compounds 2 and 3
showed a slight upfield shift of 0.02 ppm and 0.21 ppm,
respectively, compared to compound 1. Compounds 4 and 5
bearing bromo and iodo substituents exhibited broader -NH
peaks with a more upfield shift of 0.32 ppm and 0.45 ppm,
respectively. FT-IR spectroscopy provided supplementary struc-
tural characteristic insights for the synthesized compounds
(Fig. S11). The halo-substituted derivatives exhibited their
characteristic peaks of C-F at 1088 cm " in compound 2, C-
Cl at 815 cm ™' in compound 3, C-Br at 652 cm ™" in compound
4, and C-I at 520 cm ™" in compound 5, significantly impacted
the vibrational frequencies of C—=N in the region of 1595-
1617 cm~ " and C=O0 in the region of 1574-1596 cm ™ '. Notably,
a shift in the stretching vibrational frequencies from 3241 cm™*
to 3205 cm ' and bending vibrational frequencies from
1545 cm™ " to 1514 cm ™! for the N-H linkages in compounds
1-5 was observed.

Single-crystal X-ray structure

The solid-state structure of compound 2 was determined using
single-crystal X-ray diffraction analysis. Yellow-colored rectan-
gular crystals suitable for diffraction studies were obtained
through slow crystallization from a dimethyl sulfoxide and
methanol (1:2) solution over fifteen days. The single-crystal
X-ray diffraction data revealed that compound 2 crystallizes in
the monoclinic space group, P2,/n (Fig. S12 and Tables S1-54).
Fig. 2A presents both top and side views of the ORTEP diagram
at a 50% probability level of the crystal structure, along with
the unit cell packing diagram (Fig. 2B), which exhibits a
herringbone-like arrangement with face-to-face m-n stacking
interactions (Fig. 2C). The molecules adopt a dimeric arrange-
ment, where the arene rings are slightly twisted out of plane
relative to the squaryl moiety, with a torsional angle of —14.12°
(C7-N1-C1-C2) (Table S4). The n-n interactions within these
dimers have an interplanar distance of 3.514 A (Table S5),
indicating a slightly offset stacking rather than perfect face-
to-face overlap. In addition to m-stacking, the structure is
further stabilized by two C=O- - -H-N intermolecular hydrogen
bonds (2.093 A) (Table S6) and two weak edge-to-face interac-
tions that contribute to the observed herringbone-like packing
motif, which is known to aid in preventing fluorescence
quenching by minimizing aggregation-induced non-radiative
decay. The fluorine atoms at the ortho positions also interact
with the phenyl hydrogen (2.661 A) and NH group hydrogen
(2.421 A), further enhancing the crystal stability.

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Overlay of normalized *H-NMR spectra of compounds 1-5 in DMSO-d.

Hirshfeld surface (HS) analysis provided a better under-
standing of the intermolecular interactions within the crystal
(Fig. S13). HS of compound 2 was mapped over d;orm, curved-
ness, and shape index, which features a transparent surface to
aid in the visualization of key moieties involved in hydrogen
bonding interactions.”® Intermolecular hydrogen bonding
interactions such as C-O- - -H, N-H- - -O were evident by intense
red spots observed on the d,,rm HS, and the percentage of each
interaction is mapped as sharp spikes in the 2D fingerprint
plots (Fig. S13 and S14). The shape index mapping showed
distinct complementary red and blue triangular regions eluci-
dating face-to-face n-m stacking interactions. The curvedness
property confirmed the presence of n-m stacking interactions,
as indicated by the flat green regions observed over the aro-
matic ring contacts in the crystal structure. The 2D fingerprint
plots revealed that the O- - -H interaction contributed 13.3% to
the HS, whereas C---H, F---H, N---H, and C---O contributed
17.4%, 13.8%, 2.4% and 1.7% respectively, to the HS (Fig. S14).

Photophysical and electrochemical properties

UV-visible absorption properties of compounds 1-5 were stu-
died in DMSO solvent and presented in Fig. 3 and Table 1. The
unsubstituted compound 1 exhibited absorbance maxima
(Amax) at 388 nm. Compounds 2-5 exhibited a major absorption
band between 369-375 nm attributed to n-n* transition and a
minor peak at higher energy, 268-278 nm. The introduction of
halo substitution at the ortho position of aniline showed a
hypsochromic shift of about 13-19 nm in its absorption spectra
compared to that of the parent compound 1. A pronounced
hypsochromic shift of 19 nm was observed for compounds 3
and 4 with Cl and Br, respectively. Steady-state fluorescence
data were obtained in DMSO solvent for compounds 1-5 upon

This journal is © The Royal Society of Chemistry 2025

excitation (Zexe) at Amax- Compounds 2-5 exhibited emission
peaks (Aexc = Amax) in the range of 414-422 nm, which showed a
blue shift of ~14-22 nm compared to parent compound 1
(436 nm) in DMSO solvent. The maximum blue shift of 22 nm
was observed for compounds 3 and 4 compared to compound
1. All the compounds 2-5 in the solution state exhibited
fluorescence with splitting emission bands (Fig. 3), which can
be attributed to intramolecular charge transfer (ICT) transitions
from the donor phenyl moieties to the acceptor squaryl unit.
Compound 1-5 exhibited poor fluorescence quantum yield,
& less than 1% (Table 1).

The electrochemical properties of compounds 1-5 were
evaluated by cyclic voltammetry in anhydrous DMF solution
using tetrabutylammonium perchlorate (TBAP) as a supporting
electrolyte at room temperature with a scan rate of 200 mV s~
(Fig. 4). Herein, we examined the effect of o-halogen substitu-
tion in compounds 2-5 through the change in the redox
properties compared to the parent compound 1. The electron-
withdrawing nature of halogen substituents significantly influ-
ences the electron density around the imine (C—=N) linkage
with respect to compound 1. Compound 1 exhibited one
irreversible oxidation onset at 0.51 V and one reversible reduc-
tion potential at —1.02 V. Relatively, the halogen-functionalized
compounds 2-5 demonstrated negligible differences in their
reduction and oxidation potentials. Compounds 2-5 displayed
one quasi-reversible oxidation potential in the range of 0.45-
0.49 V, indicating easier oxidation compared to 1 (Fig. 4
and Table 1). Similarly, compounds 2-5 showed reversible
reduction potentials at —1.03 V, —1.05V, —1.02 V, and —1.04 V,
respectively. This implies that halogenated compounds 2-5
were slightly more difficult to reduce compared to compound
1. Thus, the electrochemical studies indicated that the redox

J. Mater. Chem. C, 2025,13, 22788-22798 | 22791
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Fig. 2 (A) Top (up) and side (down) view of ORTEP diagram of compound
2 with 50% probability level, (B) packing diagram in a unit cell, and (C)
herringbone-type arrangement viewed along a-axis.

potentials of compound 1 were altered considerably due to
different halogens at the ortho position.

Theoretical calculations

To gain a deeper insight into the photophysical properties and
the band gap energy between the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO), density functional theory (DFT) calculations were
performed using the Gaussian 09 package with B3LYP func-
tional and DGDZVP basis set. The geometries of compounds 1-
5 were optimized using B3LYP-DGDZVP, and then the absorp-
tion properties were computed using TDA energy calculations
with DMSO solvent. Table S7 presents the principal orbital
transitions, calculated absorption maxima values, and oscilla-
tor strength ( f) values. The calculated and observed /., values
on comparison were found to be relatable. The molecular
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Fig. 3 Normalized absorption (dashed line) and emission (solid line)
spectra of compounds 1-5 (10> M) in DMSO solution.

orbital energy diagram of optimized geometries for compounds
1-5 showed a slight change in the HOMO-LUMO band gap
energy of 3.42 eV for compound 1 to 3.39-3.36 €V in com-
pounds 2-5 (Fig. 5). The TD-DFT studies confirm the presence
of strong intramolecular charge transfer (ICT) transitions pre-
sent in the N-squaraines, which was validated by spatially
distinct HOMOs and LUMOs indicating charge distribution,
strong S, — S; transition, and high oscillator strengths. The
charge separation in the electron density mapped with electro-
static potential (ESP) surface plot indicates that the ortho
halogen insertion in anilinium N-squaraines further enhances
intramolecular charge transfer (ICT) present in the squaryl
moiety (Fig. S15).** Compounds 1-5 distinctly display an
electron-dense region over the oxygen atoms on the squaryl
moiety. In compound 1, the dark blue portion, which is the
electron-donating region, is spread over the -NH group and the
neighboring -CH of the phenyl ring. Compounds 2-5 displayed
gradually fading positive electrostatic potentials over the -NH
regions, becoming nearly neutral in compound 5, indicating
that o-halogenation aids in suppressing the electrophilic prop-
erties of the parent compound 1. This also implies that the
basicity of the -NH proton decreases gradually from com-
pounds 1-5, which is an added advantage for selective anion
sensing.

Solid-state photophysical studies

The solid-state photophysical studies of compounds 1-5 were
examined to identify their emissive behavior. Compound 1
exhibited two broad absorption peaks at 309 nm and 368 nm,
while compounds 2-5 showed peaks in the range of 419-
439 nm (Fig. S16). Interestingly, when exposed to UV radiation
of 365 nm, compounds 1-5 showed intense solid-state fluores-
cence, with 1 emitting green, 2 as bright yellow, 3 as yellow, 4 as
yellow, and 5 as green (Fig. 6). The steady-state fluorescence
emission spectra were obtained for the compounds by exciting
at Amax Of absorbance to get further insights into their electro-
nic properties. Compounds 1-5 exhibited broad emission peaks
in the range of 469-488 nm (Fig. 7). Compound 1 showed an

This journal is © The Royal Society of Chemistry 2025
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Table 1 Photophysical and electrochemical properties of compounds 1-5
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Jmax” (NM)/e Jem™ Avg’ o AES  Eo!  Ered Jmmax (NM)/e Jem"  Avg© of  AEJ

No. R (x10°M 'em™) (nm) (em™) (%) (eV) V) W) (x10°M'em™)  (nm) (em™! (%)  (eV)
1 H 388 (2.76) 416, 436 1735 0.2 3.20 0.51 —1.02 461 (2 21) 513 2200 3 2.69
2 F 373 (2.31) 417, 434 2855 0.6 3.32 0.45 —1.03 466 (4 41) 520 2228 6 2.66
3 Cl 369 (2.92) 414, 433 2945 0.5 3.36 0.47 —1.05 464 (4 12) 529 2646 4 2.67
4 Br 369 (2.47) 414,431 2945 0.4 336 049 —1.02 469 (4.45) 509 1672 3 2.64
5 I 375 (2.95) 422, 435 2969 0.2 3.31 0.47 —1.04 472 (1 37) 496 1025 2 2.63
¢ Measured in DMSO solution (10’ M). b Jexe = Jmax < Stokes shift. ¢ Absolute fluorescence quantum yield i m DMSO solvent. ¢ HOMO-LUMO

bandgap energy calculated by the absorption maxima peak in DMSO according to Ey = A¢/Amax = 1240/ max. ©

reversible half-wave oxidation potentials (V vs. Ag/A%;
0.06 M TBAP in anhydrous DMF, scan rate 200 mV s

E,y = the irreversible onset and

8 Erea = the reversible half -wave reduction potentials (V vs. Ag/Ag) performed in
Measured in 99:1 v/v 10> M DMSO-H,0 (0.1 M NaOH) solution. * Absolute fluorescence

quantum yield in 99: 1 v/v 107> M DMSO-H,0 (0.1 M NaOH) solution.” HOMO-LUMO bandgap energy calculated by the absorption maxima peak

in 99:1 DMSO-H,O (0.1 M NaOH) according to Eg = A¢/Amax =

(A (B8)

0.8 0.6 0.4 0.2 0.0 .0 -0.4 -0.8 -1.2 -1.6
Potential (V vs. Ag/AgCl) Potential (V vs. Ag/AgCl)

Fig. 4 Overlay of (A) oxidation and (B) reduction cyclic voltammograms of
compounds 1-5 in anhydrous DMF using 0.06 M tetrabutylammonium
perchlorate as a supporting electrolyte at 200 mV s scan rate.
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Fig. 5 Molecular orbital (MO) energy diagram with HOMOs and LUMOs of
optimized geometries of compounds 1-5.

emission band at 488 nm with a quantum yield (@) of 3%,
whereas compounds 2-5 exhibited emission bands in the range
of 468-610 nm. Incorporating an electronegative substituent at
the ortho position significantly improved solid-state emission.
Compound 2 exhibits a ten-fold increase in quantum yield in
comparison to compound 1, with @;value of 24%. Compound 2

This journal is © The Royal Society of Chemistry 2025

1240/ Amax-

Short UV

Visible

Fig. 6 Images of compounds 1-5 from left to right under long UV lamp
(365 nm), short UV lamp (254 nm), and naked eye.

e | (488nM, 500nM)

e 2 (485nM, 610NM)
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e 4 (469nM, 584nM)
5 (473nm)
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Fig. 7 Normalized intensity spectra of compounds 1-5 in solid state

()vexc = ;bmax)-

exhibited the highest fluorescence intensity due to the halogen
effect driven by the highly electronegative fluorine atom.
Compounds 3 and 4 both exhibited ®¢ of 7% and compound
5 exhibited the least fluorescence intensity with @¢ of 2% due to
the heavy atom effect of the iodine substituent.*

The lifetimes of compounds 1-5 were studied in the solid
state by exciting at Ana.x of absorbance using the Time-
correlated single photon counting (TCSPC) technique to get
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further insights into electronic properties. The fitted decay
curves are represented in Fig. S17, which reveals that the
photo-excited state in 1-5 remains singlet in the solid state,
even with the presence of heavy atoms like bromine and iodine,
which aligns with the quantum yields. All the compounds
showed bi-exponential decay, and the average lifetimes of the
fitted data are represented in Table S9. All the halogen-derived
compounds 2-5 exhibited increased fluorescence lifetime, 7, in
the range of 0.34-1.00 ns in comparison to compound 1, which
showed 0.43 ns. Compound 2 showed the highest 7, of 1.00 ns,
with the highest quantum yield of 24%.

UV-vis and fluorescence upon the action of NaOH

Upon the addition of a strong base, 0.1 M NaOH in 10> M
DMSO solution of compounds 1-5 in the ratio 99:1 v/v of
DMSO: NaOH, showed a prominent color change from color-
less to yellow visible to the naked eye. The UV-visible spectro-
scopic studies revealed a single absorbance band at 461-
472 nm with a significant bathochromic shift of ~90 nm
compared to solutions without NaOH (Fig. S18). The complete
disappearance of peaks in the 366-383 nm region for all
compounds 1-5 upon the addition of base indicates that there
is complete deprotonation of the iminium ion (=NH") and
imine linkage (-NH-), leading to dianion formation, as shown
in Scheme $1.*® The bathochromic shift in the absorption
band in compounds 1-5 upon the addition of NaOH is due
to the extended m-conjugation in the system caused by the
deprotonation.*® Fluorescence emission studies for these
NaOH-added solutions showed that the fluorescence intensity
is enhanced significantly (Fig. S19), which can be attributed to
strong intramolecular charge transfer (ICT) as a result of
deprotonation within the system. Compounds 2 and 3 emit
intense green and bright yellow fluorescence, respectively, at
longer wavelengths than the other compounds, 1, 4, and 5
(Fig. S19). From the fluorescence spectra, a 10°> M DMSO
solution of compound 2 containing 1% 0.1 M NaOH showed
the highest fluorescence intensity with an emission peak at
520 nm with respect to other compounds 1, 3-5 (Fig. S18B and
S19). In comparison to compound 1, compound 2 showed
nearly 2.5-fold increased emission intensity, whereas com-
pound 3, with 1% 0.1 M NaOH, showed almost two-fold
enhanced emission intensity at 529 nm. Moreover, the intensity
of the wavelength maxima of compounds 4 and 5 decreased
drastically upon adding NaOH. Further, a spectroscopic study
carried out by varying the percentages of NaOH from 1% to
99% v/v in a 10~°> M DMSO solution of compound 3 revealed
that the fluorescence intensity was maximum at 1% NaOH
concentration (Fig. S20). Fluorescence quantum yields, ®; for
compounds 1-5 in 99:1 v/v DMSO:NaOH solutions were
determined by the absolute method. Compound 1 showed &
of 3%, and in the presence of halogens at the ortho position,
compounds 2 and 3 showed the highest @; of 6% and 4%,
respectively (Table 1). Compared to compounds 1-3, 4 and 5
showed a decrease in the ¢, which may be attributed to the
heavy-atom effect of bromine and iodine. Additionally, DFT
calculations on compounds 1-5 in their deprotonated form
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were studied with respect to their neutral form in DMSO solvent
(Fig. S21). The HOMO-LUMO band gaps narrowed down
significantly in the deprotonated form to ~2.9 eV from
~3.4 eV in the neutral form. Narrowing of band gaps was
accompanied by increased m-conjugation as demonstrated by
more delocalized molecular orbitals across the conjugated
backbone, giving rise to the red-shifted absorption and emis-
sion properties.

Anion-sensing studies

The colorimetric and fluorometric detection ability of chemo-
sensor compounds 2-5 was examined in 10> M DMSO solution
towards various anions such as acetate, arsenite, arsenate,
fluoride, chloride, bromide, iodide, hypochlorite, carbonate,
dihydrogen phosphate, bicarbonate, bisulfate, azide, nitrite,
nitrate, phosphate, sulfide, thiosulfate, and sulfate. 100 equiva-
lents of various anion solutions were added to a 3 mL solution
of compounds 2-5 (10~> M, DMSO) (Fig. S22-524). Compounds
2-5 exhibited selective detection towards sulfide anions and the
sensing mechanism was studied in detail for compound 3
based on the quantum yield, ¢¢ enhancement for compounds
2 and 3 as described for the interaction with hydroxide ion
(Fig. S19 and Table 1). The free compound 3 in 10~> M DMSO is
colorless, and upon the addition of sulfide, the color changed
to yellow with yellow fluorescence (Fig. 8). The addition of other
anions did not exhibit any color change, except methoxide and
hydroxide, thus confirming the inactivity of the chemosensor 3
to detect other anions (Fig. S25). Further, UV-visible absorption
and fluorescence spectroscopy were used to validate the pre-
liminary conclusions made by visualizing the color changes
(Fig. S22 and S24). The sulfide anions caused changes in the
spectral pattern of compound 3 solutions, and the observed
bathochromic shift further confirmed the sensitivity of chemo-
sensor compound 3 towards detecting this anion. Furthermore,
the minimum response time for the colorimetric detection of
sulfide anions was less than 5 seconds, confirming the rapid
sensing of sulfide anions by changing the color of the chemo-
sensor solution. The selectivity of probe 3 for sulfide ion (S*7)
detection can be attributed to the high basicity of S>~. The
basicity hierarchy of common anions is as follows: $*~ > PO,*” >
AsO,*” > CO>~ > ClO” > HCO;~ > CH;COO > N;~ >
NO,” > F~ > H,PO,” > HSO,” > SO,>~ > $,0,>~ > NO;~ >
ClI” > Br > I'. The pronounced difference in the basicity of
anions enables the compound 3 to distinguish selectively sulfide
ion among the other potentially interfering anions.

To analyze the binding properties of chemosensor com-
pound 3 towards selective sensing of sulfide anions, the sensor
was titrated systematically with sulfide, and the changes were
monitored using UV-visible spectra (Fig. 8A). A two-step change
of the absorption bands is seen upon careful analysis of the UV-
visible absorption spectra. Firstly, the absorbance at 369 nm
decreased gradually up to the addition of 64 equiv. of sulfide
and a new peak at 464 nm started to appear with clear isobestic
points at 333 nm and 423 nm, as seen in the inset of Fig. 8A.
Secondly, upon further addition of sulfide anions step-wise,
the absorption intensity at 369 nm continued to decrease, and a

This journal is © The Royal Society of Chemistry 2025
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Fig. 8 (A) Absorption spectra (inset: 1st step change, images captured under white light) and (B) fluorescence spectra of compound 3 in 107> M DMSO

upon the addition of sulfide ions at Jexc = 369 nm (inset images are under

new red-shifted absorption peak appeared at 460 nm with a
distinct isobestic point at 407 nm. According to Bhattacharya’s
proposal, this prominent bathochromic shift of the absorption
band suggests the shifting of the intramolecular charge trans-
fer (ICT) band due to the deprotonation of the compound 3 by
the sulfide anions.’” From the colorimetric titration data,
stoichiometry ratios and binding constants were determined
using the Benesi-Hildebrand (B-H) method (Fig. S26). The B-H
plots revealed a binding constant of 1.454 x 10> M~ > The
linear fitting of the B-H plot on the second power of anion
concentration (R* = 0.99) indicated a 1:2 stoichiometric ratio
between probe 3 and sulfide.

The fluorometric selective sensing of chemosensor com-
pound 3 in 107> M DMSO solution upon the addition of
100 equiv. of different anions were investigated using fluores-
cence spectrophotometry. Interestingly, hydroxide, methoxide,
and sulfide showed red-shifted emission peaks. However, due
to the immense availability of hydroxide and methoxide sen-
sors, we have focused on sulfide ions, which showed a major
spectral change with a bathochromic shift from 414 nm to
530 nm (Fig. S25), along with a significant four-fold enhance-
ment in the fluorescence emission intensity (Fig. S27). The
binding properties of the chemosensor were further evaluated
by systematic fluorometric titration experiments (Fig. 8B). The
limit of detection (LOD) and the limit of quantitation (LOQ)
were found to be 26.24 ppm and 87.48 ppm, calculated using
3a/slope and 10¢/slope, respectively (Fig. S28). Further, the
Job’s plot indicated a 1:2 stoichiometric ratio between the
chemosensor, 3, and sulfide, which was in good agreement
with the B-H plot obtained from colorimetric titration
(Fig. S29). It is worth mentioning that this is the first example
of an N-squaraine derivative to be exploited as a dual-mode
colorimetric and fluorometric chemosensor for sulfide anion.

Investigation of the binding mechanism of chemosensor 3 with
sulfide ions

UV-visible spectroscopic and fluorometric titration experiments
demonstrated the presence of acidic -NH protons, which can

This journal is © The Royal Society of Chemistry 2025

365 nm UV lamp).

form hydrogen bonding interactions in chemosensor 3.
In order to further analyze the binding mechanism of probe 3
with sulfide, '"H-NMR titrations of 3 in DMSO-d, solvent with
sulfide in D,O were carried out to identify and study the
interaction of sulfide with the acidic -NH binding sites
(Fig. 9). The "H-NMR of 3 in DMSO-d,s shows an -NH peak at
11.23 ppm. The addition of sulfide ions resulted in gradual
peak broadening and upfield shift of the -NH signal from
11.23 to 10.44 ppm. Further, the successive addition of sulfide
led to the complete disappearance of the -NH signal, suggest-
ing a strong hydrogen bonding interaction between the sulfide
anion and the acidic -NH protons of compound 3. Since sulfide
has strong basicity and less hydrogen bonding character with
water, it tends to deprotonate the more acidic -NH protons,
and the resulting negative charge is delocalized in the central
squaryl acceptor core, affecting the chemical shifts of the
neighbouring aromatic protons.*>*®*° The signal at 7.54 ppm
corresponding to phenyl protons split into two distinct doub-
lets at 7.58 ppm and 7.45 ppm in the presence of sulfide ions

A M
A M 1.5 equiv.

E N\ f\/\)\ AA_ 1.25 equiv.
. ”/\ /\ 1 equiv.

0.75 equiv.
/\ H)\ /\ 0.5 equiv.

sy U ozseaus
VAN A

11.5 11.0 10.5 10.0 9.5 8.4 8.2 8.0 7.8 7.6 7.4 7.2 7.0 6.8 6.6 6.4 6.2
Chemical Shift (ppm)

Fig. 9 'H-NMR titration of 3 in a DMSO-dg solvent with (0-2 equiv.)
increments of sulfide in D,O.

0 equiv.
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(0.25 equiv.), implying enhanced intramolecular charge trans-
fer (ICT) in the system. Further addition of sulfide ions up to
1 equiv., the o-phenyl protons experience a downfield shift to
8.09 ppm, and an upfield shift is observed for the remaining
three signals of phenyl protons till 6.86 ppm. Beyond the
addition of 1 equiv. of sulfide ions, the electron distribution
became unsymmetrical, resulting in major protons appearing
as individual signals. However, the peak positions remained
constant. This suggests that the formation of an anionic inter-
mediate with an improved ICT after the addition of 1 equiv. of
sulfide ions. Upon successive addition of sulfide ions, the
electron density within the system is gradually stabilized, and
finally, with the addition of 2 equiv. of sulfide ions, the
symmetry within the system is regained, and ICT is strongly
enhanced. Thus, the "H-NMR titrations validate the colori-
metric and fluorometric sensing of sulfide ions by chemosen-
sor 3 through the deprotonation mechanism. The plausible
sensing mechanism for the interaction between chemosensor 3
and sulfide ions is illustrated in Fig. 10. Initially, one of the
-NH protons is deprotonated by strongly basic sulfide, and the
resultant negative charge is delocalized over the central squaryl
core, forming a mono-anionic species, 3-H™. Further abstract-
ing the other acidic -NH proton of 3-H ™ by sulfide ion, forming
di-anionic species, 3>”. Thus, the sulfide ions favor the abstrac-
tion of acidic -NH" protons via hydrogen bonding over the
neutral protons from water molecules, thereby facilitating the
detection of sulfide ions by 3

Reversibility of the sensor and its application in logic gate
studies

The recyclability and reversibility studies of compound 3 acting
as a chemosensor for sulfide ions were investigated using UV-
visible absorption spectroscopy. 0.1 M acetic acid solution was
used as the source of H' ions to understand the chemically
reversible nature of the 3-5*>— complex. Upon adding H" ions,

=Xl

3-H
: Monoprotonated form
. (Mono anion)

3-H,
Diprotonated form
(Existing form)

Na,S

. cl
N
’d
+HS"
.
cl ©

Deprotonated form
(Yellow)

Fig. 10 Plausible sensing mechanism between 3 and sulfide.
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the yellow color of 3 disappeared, and the solution turned
colorless, which was the initial color of free chemosensor 3.
This discoloration implies that the binding of 3 with sulfide is
chemically reversible. The subsequent addition of sulfide to
this mixture resulted in the formation of the 3-S*>— complex
again, which was detected from the reappearance of yellow
color. The UV-visible absorbance studies supported the above
findings, and the absorption intensity at 460 nm plunged upon
the addition of H' ions, and the addition of sulfide ions revived
back the intensity at 460 nm. The chemosensor 3 was sustain-
able for seven cycles of alternate additions of sulfide and H"
ions with trivial spectral deviations, as shown in Fig. 11, thereby
exhibiting significant reversibility without losing substantial
sensitivity up to seven cycles. The reversibility mechanism of
sensing sulfide ions and retrieving free compound 3 with H"
ions involves rapid deprotonation and then protonation steps,
respectively. Firstly, the chemosensor 3 forms a hydrogen
bonding interaction with sulfide ions through the two NH
binding sites, causing deprotonation. The ICT mechanism
facilitates this interaction, causing a color change from color-
less to yellow with a bathochromic shift in its absorption
spectra. Then, adding H' ions breaks the initial hydrogen-
bonded interaction formed between sulfide and the -NH
binding sites of chemosensor 3, by forming a stronger ionic
interaction between sulfide and H' ions and protonating che-
mosensor 3 back to its original form.

A two-input molecular logic gate was developed by taking
into account the reversibility and reproducible nature of che-
mosensor 3 upon alternate additions of sulfide and H" ions
(Fig. 12). A combination of additions of sulfide and H" was
analyzed, and the corresponding variations in the spectra were
denoted as the output. Two outputs were fixed based on the
absorption intensity from two inputs for chemosensor 3. For
the output, high absorption or intensity peaks were designated
as “1”, and low-intensity or absent peaks were designated as

SZ- 2 52 SZ SZ 52- sZ- SZ-
r* s § i— t‘ [ = j
) 1 }
AF T \ 9
— R ¥ = R P el e il e g e e e =
> | | [ y [
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Fig. 11 Reversibility of chemosensor 3 with alternate additions of S~ and
H* (CHsCOOH) ions, monitoring the changes in absorption at 460 nm for
eight cycles.
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S? H* Abs at 369 nm Abs at 460 nm
0 0 1 0
1 0 0 1
0 1 1 0
1 1 1 0
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>° ) > Abs at
@ 369 nm
IMPLIES

Fig. 12 The complementary “INHIBIT” and “IMPLIES” logic gate with the
truth table for chemosensor 3 shows a yellow color change in the
presence of $2~ and the absence of H* ions.

“0”. The absorption intensity at 460 nm is high only in the
presence of sulfide ions and in the absence or at a lower
concentration of H' ions. Other combinations failed to enhance
the absorption intensity at 460 nm, and therefore, this is an
example of an “INHIBIT” logic gate (Fig. 12). Likewise, the
absorption intensity at 369 nm corresponds to free chemosen-
sor 3, which is retained in all the combinations, except for the
presence of sulfide with low or no H', which is an example of
the “IMPLIES” logic gate (Fig. 12).

Conclusions

In conclusion, symmetric N-squaraines having fluoro, chloro,
bromo, and iodo functional groups at the ortho positions of
phenyl rings were synthesized. The spectroscopic characteriza-
tion and single-crystal X-ray diffraction studies validated the
structure of the molecules. The incorporation of halogens at
ortho positions significantly tailored the photophysical and
electrochemical properties, giving rise to a hypsochromic shift
in absorption compared to compound 1. The compounds 1-5
in DMSO exhibited negligible fluorescence with their quantum
yields below unity. However, the addition of NaOH resulted in a
bathochromic shift of ~90 nm in absorption spectra due
to extended m-conjugation and enhanced emission intensity
with improved quantum yields as a result of ICT. Moreover,
the compounds exhibit solid-state emissive behavior, with
compound 2 showing the highest quantum yield of 24%.
Furthermore, the colorimetric and fluorometric anion-binding
studies revealed that compound 3 effectively binds sulfide with
a 1:2 stoichiometry. The chemosensor 3 revealed remarkable
recyclability for up to seven cycles without losing sensitivity.
The chemosensor 3 was utilized in molecular logic gates.
We believe this study indeed opens new avenues for the

This journal is © The Royal Society of Chemistry 2025
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development of N-squaraines with a wide range of applications
in the field of material science.
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