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Abstract
In this study, 3-amino-4-hydroxybenzenesulfonic acid-based imine compounds; 3-(2,5-dihydrox-
ybenzylideneamino)-4-hydroxybenzenesulfonic acid (1), 3-(2,4-dihydroxybenzylideneamino)-4-
hydroxybenzenesulfonic acid (2) and 4-hydroxy-3-(2-hydroxy-3-methoxybenzylideneamino)-4-
hydroxybenzenesulfonic acid (3)was synthesized. The compoundswere analyzed using various
spectroscopymethods, and the experimental UV–vis datamatched the theoretical predictions. The
compound 1 displayed lower stability, higher reactivity, and easier photoexcitation due to a smaller
HOMO-LUMOenergy gap. The investigated compounds 1-3 showed promise as chemosensors for
anions, providing visible detection in daylight conditions. The compound 3 exhibited selective
fluorescence at specificwavelengths. The compounds 1-3 interactedwithDNA through electrostatic
interactions. Also, compounds 1-3 showed higher antioxidant activity thanBHT.However,
fluorescencemeasurements indicated that the emission signals were strongly influenced by the
position and strength of the electron-donating group. Adding a hydroxy ormethoxymoiety near the
-OHgroup on the phenyl ring decreased the fluorescence signal due to intersystem crossing and
intramolecular charge transfermechanisms, respectively. Thesefindings were supported by
femtosecond transient absorption spectroscopymeasurements. The results emphasize the significance
of substituents in imines derived from3-amino-4-hydroxybenzenesulfonic acid in determining their
biological activities, as well as their optical and sensor properties.

1. Introduction

Schiff bases are important organic synthetic reagents and liquid crystalmaterials in chemistry, and their
significance has increased recently [1]. These compounds are generated through the condensation reaction
between primary amines and carbonyl compounds [2]. The synthesis of new amines and carbonyl compounds
has led to the discovery ofmany new types of Schiff bases, expanding their properties and application areas
[1–3]. Schiff bases, particularly thosewith chelating properties, have found applications as auxiliary
pharmacophores in the production of bioactive lead compounds, as well as in various biological applications [4].
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They exhibit antifungal and antibacterial activities, and theirmetal complexes have been studied for potential
anticancer and herbicide applications,making them valuablemodels for biologically significant species.
Ongoing research explores their antibacterial, antifungal, antiviral, antitumor, anti-inflammatory, anti-HIV,
and anticancer properties [5–16]. The complexes formed by these compounds often exhibit higher
antimicrobial efficacy compared to their individual ligands [5, 9, 16, 17].

In thefield of optical properties, studies have been conducted on quinoline-derived imines and the use of
ZnOnanoparticles for laser applications [18]. Schiff base ZnO complexes have been investigated as potential
semiconductors, andfluorescent probes based on oxo-spirocyclic bridging Schiff bases have shown sensitive and
selective responses to zinc(II) ions [19, 20]. Some Schiff basemetal complexes with accessible band gaps have
been explored as conductive/semiconductormaterials [21]. Additionally, thefluorescence properties and thin-
layer applications of optically active Schiff bases and their Ag(I) complexes have been investigated, revealing
interesting photoluminescent properties [22].

In recent years, there has been a focus on synthesizing and developing newmolecules for detecting harmful
chemical species in the environment. Schiff-based fluorescence sensors have gained popularity due to their high
sensitivity, particularly at low analyte concentrations. These chemosensors exhibit great selectivity and
sensitivity for sensing ions and can induce noticeable changes in color and absorption spectra,making them
preferred options for ion-selective sensing. Schiff bases display phenol-imine↔keto-amine tautomerism, which
is attributed to intramolecular proton transfer and donor-acceptor behavior.Many of their properties can be
explained through their tautomeric forms. These compounds find applications in various scientificfields and
industrial sectors, and further research is needed to explore their biological activity and technological
applications. Schiff bases hold promise for the design and development ofmore effective biological, optical,
industrial, and chromogenic agents, necessitating a deeper understanding of theirmechanisms and structure-
activity relationships [23–30].

In the presentedwork, a new class of imine compoundswas synthesized by reacting 3-amino-4-
hydroxybenzenesulfonic acidwith 2-hydroxybenzaldehyde containing an electron-donating group (Scheme 1).
The aimwas to investigate themechanism of their sensor behaviors. The synthesized compoundswere evaluated
for their ability to sense anions using spectroscopic and calorimetricmethods. Additionally, their antimicrobial
effects, interactions withDNA (including binding and cleavage abilities), and antioxidant properties were
examined. The emission spectra of the compoundswere tracked, and ultrafast pump-probe spectroscopy
measurements were used to study charge transfer dynamics and decay kinetics. The electronic and optical
characteristics of the compounds were analyzed using density functional theory (DFT). This work opens up new
possibilities for designing acid-based Schiff bases for biological activity and anion sensing, utilizing various
common Schiff bases with organosulfur components.

2.Materials andmethods

2.1. Reagents and techniques
NMRspectra of the compoundswere acquired using a Bruker AVANCE-500 spectrometer operating at 400 and
101.6 MHz inDMSO. FT-IR spectrawere obtained using a Perkin Elmer BX II spectrometer, withKBr discs

Scheme 1. Synthesis of compounds 1–3.
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serving as the samplemedium.UV–vis spectra weremeasured using a SHIMADZU1800 series
spectrophotometer.MS analysis was recordedwith a SHIMADZULCMS-8040 triple quadrupolemass
spectrometer.Melting points were determined using an Electro-Thermal IA 9100 instrument, employing a
capillary tube. Elemental analysis was conducted using aVario EL III CHNS elemental analyzer. 3-Amino-4-
hydroxybenzenesulfonic acid, 2,5-dihydroxybenzaldehyde, 2,4-dihydroxybenzaldehyde, 2-hydroxy-3-
methoxybenzaldehyde, ethidiumbromide (EB, powder), calf thymusDNA (CT-DNA), pBR322DNA, 2,2-
diphenyl-1-picrylhydrazyl (DPPH), butylated hydroxytoluene (BHT), (Bu)4NF, (Bu)4NBr, (Bu)4NI, (Bu)4NCN,
(Bu)4NSCN, (Bu)4NClO4, (Bu)4NHSO4, (Bu)4NCH3COO, (Bu)4NH2PO4, (Bu)4NN3, (Bu)4NOH, EtOH,
CHCl3, n-Hexane and dimethyl sulfoxide (DMSO)were purchased fromAldrich. All chemicals were used as
received.

2.2. Synthesis
2.2.1. Synthesis of 3-(2,5-dihydroxybenzylideneamino)-4-hydroxybenzenesulfonic acid (Compound 1)
3-Amino-4-hydroxybenzenesulfonic acid (0.95 g, 5.0× 10−3mol)was added to EtOH (100 ml) solution of 2,5-
dihydroxybenzaldehyde (0.69 g, 5.0× 10−3mol). Themixture was stirred and refluxed for 2 h. Compound 1
was obtained from the evaporation of EtOH. The crude product was purified fromCHCl3:n-hexane (3:2) as a
pale green solid,m.p> 300 °C, 1.13 g (73%) yield. Found: C, 50.45;H, 3.59;N, 4.53. Calc. ForC13H11NO6S; C,
50.48;H, 3.55;N, 4.53%. FT-IR (KBr, cm−1,figure S1; Supplementary); νO-H; 3841-3736-3613-3538-3449
s-br, νAr-H; 3243–3103 s-br, νC–H; 2927–2865 s, νC=N; 1739 s, νC=C; 1645–1561–1513 s, νC–N; 1452 s, νC-
O; 1397 s. 1H-NMR (DMSO,figure S2); δ ppm, 10.88 (s, 1H, Ar–OH); 10.18 (s, 1H, Ar-OH); 9.80 (br, 1H, Ar-
OH); 9.34 (s, 1H, Ar-CH=N-); 7.94–6.83 (m, 6H, Ar-H), 4.10 (s-br, 1H, SO2-OH). 13C–NMR (DMSO,figure
S3); δ ppm, 191.71 (s, C7), 162.05(s, C9), 154.40(s, C6), 151.31(s, C3), 150.45(s, C12), 140.50(s, C8), 127.35(s,
C11), 124.99(s, C13), 122.74(s, C1), 122.36(s, C4), 118.93(s, C10), 115.60(s, C5), 113.12(s, C2).

2.2.2. Synthesis of 3-(2,4-dihydroxybenzylideneamino)-4-hydroxybenzenesulfonic acid (Compound 2)
3-Amino-4-hydroxybenzenesulfonic acid (0.95 g, 5.0× 10−3mol)was added to EtOH (100 ml) solution of 2,4-
dihydroxybenzaldehyde (0.69 g, 5.0× 10−3mol). Themixture was stirred and refluxed for 2 h. Compound 2
was obtained from the evaporation of EtOH. The crude product was purified fromCHCl3:n-hexane (3:2) as a
yellow solid,m.p> 300 °C, 1.15 g (74%) yield. Found: C, 50.46; H, 3.60;N, 4.53. Calc. For C13H11NO6S; C,
50.48;H, 3.55;N, 4.53%. FT-IR (KBr, cm−1,figure S1; Supplementary); νO–H; 3863-3740-3516-3401 s-br,
νAr-H; 3261 s-br, νC–H; 2962 s, νC=N; 1739 s, νC=C; 1644-1599-1539 s, νC-N; 1449 s, νC-O; 1397 s.
1H-NMR (DMSO,figure S4); δ ppm, 11.24 (s, 1H, Ar-OH); 10.89 (s, 1H, Ar-OH); 9.92 (s, 1H, Ar-OH); 9.39 (s,
1H, Ar-CH=N-); 8.04–6.32 (m, 6H, Ar–H), 3.90 (s-br, 1H, SO2-OH). 13C–NMR (DMSO, figure S5); δ ppm,
191.34 (s, C7), 168.88(s, C6), 165.16(s, C4), 159.47(s, C9), 149.42(s, C12), 141.34(s, C8), 133.20(s, C2), 127.59(s,
C11), 124.86(s, C13), 118.16(s, C10), 111.35(s, C1), 109.08(s, C3), 102.93(s, C5).

2.2.3. Synthesis of 4-hydroxy-3-(2-hydroxy-3-methoxybenzylideneamino)-4-hydroxy benzenesulfonic acid
(Compound 3)
3-Amino-4-hydroxybenzenesulfonic acid (0.95 g, 5.0× 10−3mol)was added to EtOH (100 ml) solution of
2-hydroxy-3-methoxybenzaldehyde (0.76 g, 5.0× 10−3mol). Themixturewas stirred and refluxed for 2 h.
Compound 3was obtained from the evaporation of EtOH.The crude product was purified fromCHCl3:n-
hexane (3:2) as a yellowish-brown solid,m.p> 300 °C, 1.13 g (70%) yield. Found: C, 52.03;H, 4.03;N, 4.33.
Calc. For C14H13NO6S; C, 52.01;H, 4.02;N, 4.33%. FT-IR (KBr, cm−1,figure S1; Supplementary); νO-H; 3850-
3745-3402-3353 s-br, νAr-H; 3287 s-br, νC–H; 2918–2861 s, νC=N; 1736 s, νC=C; 1643–1502 s, νC–N;
1458 s, νC–O; 1353 s, Ar–O–CH3; 1289-1254-1182-1094 s-br.

1H-NMR (DMSO,figure S6); δ ppm, 10.99 (s,
1H, Ar-OH); 10.27 (s, 1H, Ar–OH); 9.29 (s, 1H, Ar–OH); 8.96 (s, 1H, Ar–CH=N–); 7.83–6.89 (m, 6H, Ar-H),
4.05 (s-br, 1H, SO2-OH); 3.85 (s, 3H, Ar-OCH3).

13C-NMR (DMSO,figure S7); δ ppm, 192.43 (s, C7), 162.27(s,
C9), 151.17(s, C5), 148.82(s, C6), 140.51(s, C12), 127.36(s, C8), 125.48(s, C11), 122.98(s, C13), 122.37(s, C2),
120.54(s, C3), 119.67(s, C1), 118.05(s, C10), 115.60(s, C4), 56.56(s, C14).

2.3. Anion sensorsmeasurements
Themethods described in the references [28–31]were followed to prepare solutions of compounds 1–3, along
with tetrabutylammonium salts, inDMSO at a concentration of 50μM.These solutionswere used for
colorimetric and spectroscopic investigations.

2.4. Screening for antimicrobial activities
In this study, differentmicroorganismswere utilized, including Pseudomonas aeruginosaATCC27853,
Escherichia coliATCC25922, Proteus vulgaris ATCC13315, Bacillus subtilis ATCC6633, Saphylococcus aureus
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ATCC25923, Enterococcus faecalis ATCC29212,Candida albicansATCC60193, andCandida tropicalisATCC
13803. Tomake comparisons, control antibiotics such as gentamicin, ampicillin, and fluconasol were employed.
The experimental setup followed themethodology described in reference [31]. The data presented in table 1
represent the average values obtained from three separate experiments.

2.5.DNA-Binding experiments
Themethodology described in the references [31, 32]was followed to investigate the binding affinity of the
compounds forDNAusingUV–vis spectroscopy. This examinationwas conducted in the presence and absence
of CT-DNA.

2.6.DNA-Cleavage experiments
The investigation evaluated the ability of the compound to induceDNA cleavage by employing gel
electrophoresis. The procedure described in reference [31]was followed for this assessment. Supercoiled (SC)
pBR322DNAwas used as theDNA substrate in this study.

2.7. Antioxidant activity (DPPH:UV–visible based assay)
Antioxidant activity studies were performed using the 1,1-Diphenyl-2-picrylhydrazyl radical (DPPH)method
[33], and a comparisonwasmade using the antioxidant butylated hydroxytoluene (BHT) standard [34]. The
studywas performed according to reference [31]with aUV–visible spectrophotometer tomonitor the change in
absorbance at 517 nmand then calculate the antioxidant activity of the compounds.

2.8. Theoreticalmethod
Themolecular geometries of these compoundswere initially constructed using theGaussview 5.0 visualization
program [35]. Subsequently, we optimized themolecular structures of the compounds in their ground state
using theDFT/B3LYPmethod and a 6–311++G(d,p) basis set [36, 37], employing theGaussian 09W software
package [38]. Furthermore, we usedTD-DFT/CAM-B3LYPwith a 6–311++G(d,p) basis set to theoretically
derive themaximumUV–vis absorption spectra. It should be noted that B3LYP is a valuable computational
technique formodeling electronic properties of systems in their ground state, while CAM-B3LYP is better suited
formatching optical properties with experimental data [39–41].

To evaluate the energies of the frontiermolecular orbitals (HOMOand LUMO), themolecular electrostatic
potential (MEP), and the energy gap betweenHOMOand LUMO,we employed theDFT approachwith a
B3LYPbasis set, considering aDMSO solvent environment. Additionally, using theMultiwfn software [42], we
analyzed the distribution of holes and electrons between the ground state (S0) and thefirst excited state (S1)
excitation. These calculations can be comparedwith our previouswork on the development and design of a
sulfonamide-based Schiff base series [28–30].

2.9.Opticalmeasurements
The steady-state absorption spectra of compounds 1–3 inDMSOwere recorded using a ShimadzuUV-1800
scanning spectrophotometer. For fluorescence spectralmeasurements, a Perkin Elmer LS55 spectrophotometer
was employed. To conduct femtosecond transient absorption spectroscopymeasurements, amode-locked Ti:
Sapphire laser amplifier and an optical parametric amplifier system (Spectra-Physics, Spitfire ProXP, TOPAS)
were utilized. The laser systemoperatedwith a pulse duration of 52 fs and a repetition rate of 1 kHz. To study the

Table 1.MIC andMBCvalues (μg/ml) of the title compounda,b.

Microorganisms
Compound

Antibiotic gentamicin ampi-

cillin fluconazole
MBC (1) MBC (2) MBC (3)

(1) (2) (3)

P. aeruginosaATCC27853 256 256 128 0.08 2 >1024 >1024 >1024

E. coliATCC25922 256 256 256 0.125 32 512 >1024 >1024

P. vulgarisATCC13315 256 256 128 0.125 0.06 512 512 512

B. SubtilisATCC6633 128 256 128 0.008 0.06 — >1024 >1024 >1024

S. aureusATCC25923 128 128 64 1 0.016 — >1024 >1024 >1024

E. faecalisATCC29212 32 128 64 1 0.016 >1024 >1024 >1024

C. albicans 60193 256 256 64 — — 0.063 256 256 64

C. tropicalisATCC13803 16 16 — — — 0.5 16 16 >1024

a Theminimum inhibitory concentration (MIC).
b Theminimumbactericidal concentration (MBC).
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charge transfer dynamics and decay traces of compounds 1–3 inDMSO, a commercial pump-probe
experimental setup (Spectra-Physics, Helios)was used. The probe light usedwas awhite light continuum,while
the pumpwavelengthwas determined based on linear absorption spectra. The excited state dynamics were
measured over a timescale ranging from0.1 ps to 3.2 ns. Transient absorption datawas collected using afiber-
coupled spectrometer connected to a computer. The femtosecond transient experimental data were analyzed
using the Surface Xplorer software, supported byUltrafast Systems.

3. Results and discussion

3.1. FTIR,MS, 1HNMR, 13CNMRandUV–vis spectra
FT-IR spectra of the compounds are given infigure S1 and all vibrations belonging to characteristic functional
groupswere observed. Characteristic C=Nstretching vibrations for compounds 1, 2 and 3were observed at
1739, 1739 and 1736 cm−1. Since themethoxy group donates fewer electrons to the ring than the otherOH
groups, the vibration of theC=Nbond in compound 3 occurred at a lower frequency. In addition, the fact that
phenol-imin↔keto-amine tautomerwas not observed in all (1–3) compounds according toUV–vis results
strengthens this situation. The stretching vibrations owing to the Ar–O–CH3 groupwere observed at
1289-1254-1182-1094 cm−1 for compound 3. For compounds 1–3, SO2 vibrations were found in the ranges of
1208–1173, 1273-1173-1112 and 1284–1038 cm−1, respectively [43]. Also, in compounds 1–3, C–S vibrations
were observed at 825–790, 823–783 and 825–780 cm−1, respectively.

Mass spectral data andmajor fragments of compounds 1, 2 and 3, alongwith theirmolecular complex ion
peaks, are given infigures S8–S10.Mass spectral studies showed that the compounds were consistent with their
formulation.Molecular ion [M]+ peakwas observed for all compounds. Both [M]+ and [M+H]+were observed
for compound 1. Themolecular ionmass for the compoundswas 309,050 and 310.100 (calculated 309.03) for
compound 1, 309,850 (calculated 309.03) for compound 2, and 323.205 (calculated 323.05) for compound 3.

1H-NMR spectra of compounds 1, 2 and 3 are given infigures S2, S4 and S6. Two differentOHproton
signals were observed for compound 3, while three differentOHproton signals were observed for compounds 1
and 2. In compounds 1 and 2, the third hydroxyl protons were found in the formof a single-broad signal. The
H-C=N-protons give a singlet for compounds 1–3. The 1H-NMRdata for compounds 1–3 show that the
tautomeric equilibrium favors the enol-imine form inDMSO.Aromatic protonswere observed between
7.04–6.32 ppm for 1–3. Ar-OCH3 protonswere observed at 3.85 ppm for 3. Ar-SO2-OHprotonswere observed
as a single-broad signal between 3.90–4.10 ppm for compounds 1–3.

In the 13C-NMR spectra of compounds 1–3; there are 13 signals for compounds 1 and 2, and 14 signals for
compound 3 (figures S3, S5 and S7). Of all compounds, the imine carbon (–C=N–) has the highest chemical
shift. Themethoxy (OCH3) carbon in compound 3 has the lowest chemical shift.

UV–vis spectra of the compounds are given infigure 1. If absorption above 400 nm is observed in 2-hydroxy
Schiff bases, it is attributed to the Schiff base exhibiting phenyl-amine-keto-amine tautomerism [44]. No signal
was observed above 400 nm inDMSO for compounds. This indicates that the compounds are in the phenol-
imine form inDMSO. In theUV-Vis spectra of compounds 1 and 2, three bandswere observed at 260, 302,
367 nmand 255, 279, 312 nm,while two bandswere observed for compound 3 at 267 and 342 nm. These bands

Figure 1.Absorption spectra of compounds 1–3with 5× 10–5M inDMSO solution.
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are assigned toπ –π* transitions of higher energyC=C, and n–π* transitions of lower energyC=Nand S=O,
respectively.

3.2. Colorimetric anion-sensing
The colorimetric detection capability is based on the rapid color change in the solution as soon as ions drop into
the receptor Schiff base solution. The colorimetric detection ability of compounds 1–3were studied inDMSO
(figures 2–4). Examiningfigures 2, 3 and 4, compounds 2 and 3 showed a color change for the F-, CN-, AcO-,
H2PO4

- andOH- anions under daylight. However, compound 1 showed a color change for the F-, CN-, AcO- and
OH-, but not for theH2PO4

- anion. Compounds 1 and 3 changed from colorless to orange and yellowwith the
addition of anions under daylight. Compound 2 changes from yellow to orange and pale orange. In daylight, a
rapid color changewas observedwith the addition of anions to the receptor Schiff bases, indicating that these
compoundsmay serve as ‘naked-eye’ indicators inDMSO for fluoride, cyanide, acetate, dihydrogenphosphate,
and hydroxyl ions. Compound 3 showed different color change for anions in both shortwave-UV and longwave-
UV. In shortwave-UV therewas a discernible fluorescence change to greenish-orange for F-, and green for CN-,
AcO-,H2PO4

- andOH- (figure 4). As a result, compound 3 showsfluorescent selectivity for F-, CN-, AcO-,H2PO4
-

andOH- inDMSO at both 254 and 366 nm. It can be said that the reason for this is that theOCH3 group cannot
provide enough electrons to the ring and the electron density of the C=Nbond decreases.

The anion selectivity of Schiff base receptors was examined byUV–vis spectroscopy (figures S11–S13).
Compounds (1–3) and tetrabutylammonium salt solutionswere prepared inDMSO.No absorption above
400 nmwas observed in theUV–vis spectra inDMSOat room temperature for each compound (figure 1). Then,
each anion solutionwas added to the solution of each compound (3:1) in theUV tube and theirUV absorption
spectrawere recorded.However, with the addition of some anions, both color change and absorption above
400 nmwere observed.

Figure 2.The color changes of compound 1 (1equiv) upon the addition of various anions (3 equiv) of the compound under daylight,
andUV lamp (λ= 254 nmand 366 nm).
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Onlyfluoride, cyanide, acetate, dihydrogenphosphate and hydroxyl anions with the addition of each anion
to compounds 2 and 3 gave an absorption band above 400 nm (figures S11–S13). For compound 1, except for
H2PO4

-, absorptionwas observed for F-, CN-, AcO- andOH- anions (figure S11). However, neither color change
nor absorptionwas observed forH2PO4

- in compound 1 (figures 2 and S11). The colorimetric results for
compound 1 are in agreement with the spectroscopic results. No change in absorptionwas observedwith the
addition of other iodide, bromide, thiocyanate, perchlorate, hydrogen sulfate, and azide anions to compounds 1,
2 and 3.

3.3.Minimum inhibitory (MIC) andminimumbactericidal concentration (MBC)
The in vitro antimicrobial activity spectrums of compounds vary greatly and are presented in table 1. Compound
3 ismore active againstC. albicans 60193 than compounds 1 and 2.However, compounds 1 and 2 show the
highest activity againstC. tropicalisATCC13803, while compound 3 is inactive. Again, considering theMIC
results, the electron donating of the functional group comes to the fore. Since theOCH3 group ismore
electronegative than theOHgroups in compounds 1 and 2, the electron density of C=Ndecreases and
C. tropicalisATCC13803 does not show any counter-effect. However, the compounds (1–3) showed low activity
against the tested organisms compared to the reference drugs. Probably because the Schiff bases did not
sufficiently penetrate the cells of themicroorganisms tested. Compounds 1 and 2 showed theminimum
bactericidal concentration (MBC) againstC. tropicalisATCC13803, while compound 3 showed theminimum
bactericidal concentration (MBC) againstC. albicansATCC60193.

3.4.DNA-binding
The examination of compound interactionswith CT-DNAwas performed usingUV–vis spectroscopy (figures
S14–S16). In theUV–vis spectrum, the presence of hypochromic, hyperchromic, or both effects indicates an
interactionwithDNA. If the interaction is electrostatic or partially intercalative, hyperchromicity is observed.
On the other hand, if the interaction is intercalative, hypochromicity is observed. Additionally, a red or blue shift
at themaximumabsorption indicates that the compound interacts withDNA [15, 45–48].

Figure 3.The color changes of compound 2 (1equiv) upon the addition of various anions (3 equiv) of the compound under daylight,
andUV lamp (λ= 254 nmand 366 nm).
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Wepresented the absorption spectra for compounds 1–3 in the absence and presence of CT-DNA infigures
S14–S16. The presence of CT-DNA caused an increase in peak intensities in the Schiff base absorption spectra.
Aside from a rise in the intensity of the Schiff base bands, the absorption bands of compounds 1, 2, and 3 exhibit
a blue shift of 1–4 nm, 1–7 nm, and 1–7 nm, respectively. Blue and red shifts, as well as hyperchromism, are
frequently observed to correspondwith electrostatic binding strength. As a result, the hyperchromicity effect
seen in the absorption spectra suggests that the Schiff bases (1–3) developed an electrostaticmodewithDNA.

Probably, the proton of the aromaticsulphonic acid is taken up by the phosphate groups of themore basic
DNA, forming an anionic Schiff base, and the anionicmolecule formed and the protonatedDNA interact
electrostatically. In addition, the change in the charge distribution ofDNA causes its deformationmore easily
and quickly.

3.5.DNA-cleavage
Themost commonoccurrence inDNA cleavage is the hydrolysis of phosphodiester bonds called hydrolytic
cleavage. Secondly, it is oxidative cleavage. Oxidative cleavage occurs whenDNA is exposed to oxidative stress or
events that lead to the formation ofDNA inserts and lesions. Types of oxidative cleavage; glycosidic bond
breakage, separation of a nucleobase, and nucleotide excision inwhichDNA strands are broken.

TheDNA cleaving activity of the compoundswas examined by gel electrophoresis in the presence of pBR322
DNA. In gel electrophoresis, if aDNA strand break occurs, Form I converts to slower-acting Form II. If both
strands are cleaved, a linear Form III occurs between Forms I and II. Cleavage activity results are given infigure
S17. All of the compounds cleavedDNAboth hydrolytically and oxidatively. The compoundswere able to
convert the Form IDNA into open circular Form IIDNA.

Figure S17 demonstrates that the hydrolytic cleavage activity increases as the concentration of compounds
increases. A higher level of cleavage is observed at a concentration of 200μm.The hydrolytic cleavage
mechanism is depicted in Scheme 2. In the hydrolytic cleavage ofDNA, the strand break occurs due to the
cleavage of the 5’-PO through a nucleophilic attack on theDNAphosphate group 3’-PO. Following this
nucleophilic attack, the phosphodiester-sugar 2-deoxyribose bond is severed, resulting in the separation of

Figure 4.The color changes of compound 3 (1equiv) upon the addition of various anions (3 equiv) of the compound under daylight,
andUV lamp (λ= 254 nmand 366 nm).
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deoxyribose-alcohol. As depicted in figure 2, thefirst step of the hydrolytic reaction involves the uptake of a
proton from the Schiff base sulfonic acid by theDNAphosphate group, leading to the formation of a Schiff base-
sulfonate anion. In the second step, the sulfonate anion acts on the phosphorus in theDNAphosphate group,
causing the opening of the P=Obond and the formation of a newP-O-SO2- bond. Finally, the P-Obond quickly
closes, and the deoxyribose group, towhich the B1 base is attached, accepts the proton from the phosphate,
resulting in the formation of the deoxyribose-alcohol. On the other hand, the oxidative cleavage activity remains
unaffected by the concentration of the compounds. The compounds exhibit the same activity at the lowest and
highest concentrations.

3.6. Antioxidant activity
The antioxidant activity of the compoundswas studiedwith theDPPHmethod at concentrations of 10–100μg
ml−1. Antioxidant activities of the compounds (1–3)were 91.27%, 92.77%and 93.66%, respectively, at
concentrations of 100μgml−1 (average of three experiments) (figure 5). Compounds 1, 2 and 3 showed higher
activity than standard BHT. Also, when a comparisonwasmade between all three compounds, compound 3
showed higher activities than all of them. This shows that the -OCH3 group in compound 3molecule ismore
electron acceptor. Probably because theOCH3 group in compound 3 ismore electron acceptor, theOH in the

Scheme 2.Hydrolytic cleavagemechanismof compounds 1–3.

Figure 5.The antioxidant activity of compounds 1–3.
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molecule can participate in radical reactionsmore easily. It is possible that Compound 3 can be used as an
antioxidant.

3.7. Fluorescencemeasurements and femtosecond transient absorption spectroscopy studies
Thefluorescence spectra of the studied compounds inDMSO solutionwith 5× 10−5M concentration are
indicated infigure 6. Compound 1 demonstrated a strong fluorescence signal at amaximumof 450 nmwith
367 nmexcitationwavelength. Besides, compounds 2 and 3 showedweak fluorescence intensity at amaximum
of 353 nmand 395 nmwith 295 nmand 340 nmexcitationwavelengths, respectively. The reasonwhy the
fluorescence is decreased for compound 3 is the less electron donating ability of themethoxy unit. As indicated
infigure 6, the position and the strength of the electron-donatingmoiety dramatically affect the emission
properties of the studied compounds.

To obtain a comprehensive understanding of the fluorescence quenchingmechanism, charge transfer
dynamics, and decay kinetics, femtosecond transient absorption spectroscopymeasurements were conducted
by dissolving the compounds in aDMSO solution. Based on the linear absorption spectra, the pumpwavelength
was selected as themaximumabsorptionwavelength, while the probewavelength utilized awhite light
continuum. The transient absorption spectra of the investigated compounds revealed broad positive signals
spanning from420 nm to 840 nm, corresponding to a decrease in singlet excited state absorption (ESA)with
increasing time delay, as illustrated infigures 7(a)–c. These ESA signals for the entire set of compounds did not
fully decaywithin the time range of our instrument (3 ns), and the decay traces of these signals are presented in
figure 7(d). Notably, compound 2 exhibited a triplet trend, as evidenced by the increasing amplitude of the ESA
signal around 440 nmwith longer time delays. Consequently, the rates of intersystem crossing (ISC) can be
determined by probing thewavelength of 440 nm.

The decay kinetics of the femtosecond transient absorption spectrawere fitted using amultiexponential
fitting functionwith the following equation;

( ) ⁎ ( )
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⎠ å= =

⋅
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S t e A e t
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t t
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2

0

where t0 is time zero, Ai and ti are amplitudes and decay times respectively, IRF is thewidth of the instrument
response function and * is the convolution. The experimental results showed that the Schiff Base incorporated
hydroxy group at 2,4 positions demonstrates triplet transition and therefore showed longer excited state lifetime.
According to the equation (1), the ISC ratewas found at 18 ps for compound 2.On the other hand, compound 3
shows fast charge recombination due to less electron-donating strength ofmethoxy unit and intramolecular
charge transfer as compared to compounds 1 and 2. The less-electron donating property of compound 3 is
obviously seen in computational studies.

3.8. Comprehensive analysis of compounds 1–3: optimizedmolecular structures, solvation, UV–vis, FMOs,
MEP, andHole-ElectronAnalyses
The crystallographic structure of the investigated compounds could not be determined throughX-ray
diffraction analysis due to the small crystal sizes. However, it is important to note that experimental validation is
crucial for the accuracy and reliability of any computational predictions.While these predicted structuresmay

Figure 6. Fluorescence spectra of compounds 1–3with 5× 10−5M inDMSO solution.
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not be as accurate as experimental results, they can still give valuable insights into the overallmolecular
properties and behavior. Consequently, we solely relied on theoretical studies to investigate their structural
properties. Infigure 8, we present a comparison of the optimized structures of the compounds under
investigation, while the corresponding geometrical parameters, including bond lengths and angles, are provided
in supplementary table S1. The ground state energies refer to the lowest possible energy level that the
compound’s electrons can occupy for compounds 1 to 3 in their energetically favourable structures. These
energies are−1406.5324, 1406.5195, and−1445.8349Hartree, respectively. From the data presented in table S1,
it can be concluded that the calculated geometric parameters are consistent with both the results obtained from
theoretical studies and the experimental findings published in the literature [49–51].

In solvation analysis, solvation free energy (DGsolvent) refers to the energy change associatedwith the process
of dissolving a solute in a solvent.When a solute is introduced into a solvent, interactions occur between the
solute particles and the solventmolecules. These interactions can involve various forces such as electrostatic
interactions, hydrogen bonding, and van derWaals forces. The solvation free energy takes into account the
energetic contributions from the solute-solute interactions, solvent-solvent interactions, and solute-solvent
interactions. It represents the overall energy changewhen a solutemolecule transitions from the gas phase (or a
less polarmedium) to a solution [52, 53].

Figure 7.Transient absorption spectra of the compounds (a) 1, (b) 2, (c) 3with different time delays and (d) decay traces of the
compounds 1, 2 and 3 around 430 nmprobewavelength inDMSO solution.

Figure 8.The optimizedmolecular structures of compounds 1–3.
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Mathematically, solvation free energy (DGsolvent) can be calculated as the difference between the energy of
the solute-solvent system (Esolvent) and the energy of the solute in the gas phase (Egas)
[54]:D = -G E E .solvent solvent gas

Anegative solvation free energy indicates that the solvation process is favorable,meaning the solute tends to
dissolve in the solvent. On the other hand, a positive solvation free energy implies an unfavorable process, where
the solute is less likely to dissolve. For the investigated compounds, the solvation-free energies were determined
in three different common solvents with varying dielectric constants, 4.80 (Chloroform), 24.30 (Ethanol) and
46.68 (DMSO) [53, 55]. TheDGsolvent values exhibited−44.90 (Chloroform) ,−62.75 (Ethanol) and
64.85 kJ mol−1 (DMSO) for compound 1,−55.92 (Chloroform) ,−77.45 (Ethanol) and−80.08 kJ mol−1

(DMSO) for compound 2 and−43.38 (Chloroform) ,−60.12 (Ethanol) and 62.22 kJ mol−1 (DMSO) for
compound 3, as shown in table 2. Consequently, DMSO solvent can be said to bemore suitable for solubilizing
compound 1–3 due to its highDGsolvent value. On the other hand, it can be seen from table 2 that while
increasing the dielectric constant, the total energy is decreasing. Increasing the dielectric constant of amedium
reduces the strength of electrostatic interactions and enhances solvation effects. Both of these factors contribute
to a decrease in the total energy of the system. The dipolemoments of compounds 1, 2, and 3 in the gaseous
phase are also 4.75, 8.52, and 9.71, respectively. However, when these compounds are in a solution, their dipole
moments increase as a result of the long-range interactions between the solvent and themolecules.

A theoretical study of theUV–vis spectra of the investigated compoundswas conducted inDMSO solvents,
and table 3 summarizes the spectroscopic properties of electronic transitions, including absorptionwavelengths,
excitation energies, and significant contributions, taking into account the highest oscillator strength [56]. At
359 nm (HOMO→ LUMOwith 93% contribution), 307 nm (H-1→ LUMOwith 85% contribution) and
268 nm (H-4→ LUMOandH-3→ LUMOwith 40%and 45%contribution, respectively), wemeasured the
maximumabsorbance of compound 1whose excitation energies are 3.46, 4.03 and 4.63 eV, respectively. The
maximumabsorbance of compound 2 occurs at 316 nm (HOMO→LUMOwith 81% contribution), 275 nm
(HOMO→ LUMOandH-1→ LUMOwith 11%and 65%contribution, respectively), and 255 nm (H-2→
LUMOandHOMO→ L+4with 52%and 14%contribution, respectively) corresponding to excitation energies
of 3.92, 4.51 and 4.86 eV respectively. In compound 3, labs are detected at 325 nm (HOMO→ LUMOandH-1
→ LUMOwith 65%and 23%contribution, respectively) and 271 nm (H-1→ LUMO,H-2→LUMO,H-3→
LUMO,H-4→ LUMOwith 13%, 44%, 21%, 13%contribution, respectively), with excitation energies of 3.81
and 4.59 eV, respectively. The computational results ofUV–Vis absorption spectra are well with the
experimental data.

An important factor in assessing chemical reactivity and amolecule’s ability to absorb light is the FMOs
analysis, also known asHOMOs and LUMOs. The ability of amolecule to be electrophilic (electron-accepting) is
determined by LUMO,while its nucleophilic ability (electron-donating) is determined byHOMO.As shown in
figure 9, the locations of the red (positive charge) and green lobes (negative charge) on theHOMO-LUMO
isosurfaces reveal that the charge density is delocalized on the compound, whereas other locations are localized.
We have, however, estimated EHOMO,ELUMO, and the energy difference betweenHOMOand LUMO (ΔE)
which helps determine the optical properties. The values ofDE are found to be equal to 3.65, 4.32 and 4.13 eV
for compounds 1–3, respectively. According tofigure 9, compound 1 exhibits a smaller energy gap, indicating
that it possesses lower excitation energies for a significant number of its excited states. This implies that
compound 1 can be easily activated through photochemical processes. However, the lowΔE also indicates the

Table 2.Total energy, solvation energy and dipolemoment of compound 1–3 in different solvents.

Solvent

Dielectric con-

stant (ε) Compound

Total energy (E,
hartree)

Solvation energy

⎛
⎝

⎞
⎠

DG
kJ

mol
solvent

Dipolemoment

(Debye)

Gas — 1 −1406.5324 — 4.75

2 −1406.5195 — 8.52

3 −1445.8349 — 9.71

Chloroform 4.80 1 −1406.5495 −44.90 6.30

2 −1406.5408 −55.92 10.74

3 −1445.8515 −43.38 12.17

Ethanol 24.30 1 −1406.5563 −62.75 9.31

2 −1406.5490 −77.45 11.55

3 −1445.8578 −60.12 13.12

DMSO 46.68 1 −1406.5571 −64.85 9.38

2 −1406.5501 −80.08 11.55

3 −1445.8586 −62.22 13.25
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Table 3.Themaximumabsorbance values of electronic transitions for compounds 1–3.

SOLVENT:DMSOCOMPOUND Experimentalλabs (nm) Theoreticalλabs (nm) Oscillator strength f Major contribution Excitation energy (eV)

367 359 0.76 HOMO→ LUMO (93%) 3.46

1 302 307 0.17 H-1→ LUMO (85%) 4.03

260 268 0.14 H-4→ LUMO (40%) 4.63

H-3→ LUMO (45%)
312 316 0.75 HOMO→ LUMO (81%) 3.92

2 279 275 0.32 HOMO→ LUMO (11%) 4.51

H-1→ LUMO (65%)
255 255 0.19 H-2→ LUMO (52%) 4.86

HOMO→ L+4 (14%)
3 342 325 0.70 HOMO→ LUMO (65%) 3.81

H-1→ LUMO (23%)
267 271 0.40 H-1→ LUMO (13%) 4.59

H-2→ LUMO (44%)
H-3→ LUMO (21%)
H-4→ LUMO (13%)
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softness of themolecule, while the high gap between them indicates its hardness [57]. A softmolecule ismore
reactive andmore likely to donate electrons than a hardmolecule. TheMEP analysis provides an alternative
approach for identifying reactive sites susceptible to electrophilic and nucleophilic attacks. Electrophilic
reactivity, characterized by negative electrostatic potential, is represented by the red and yellow regions, while
nucleophilic reactivity is indicated by the blue region. The green region signifies a zero potential. Examining the
MEP surfaces of all compounds infigure 9 reveals distinct patterns: the red regions display high electron density,
indicating the presence of electron-withdrawing reactive sites favoring electrophiles, whereas the blue regions
exhibit higher positivity, indicating electron-donating reactive sites favoring nucleophiles. It is also useful to
investigate and estimate the antioxidant activities of compounds using theirMEP isosurfaces. A free radical
attack could be privileged in themost positive regions (electron-poor) [58]. Especially in compound 3 as shown
infigure 9, themajority of electron-rich surfaces (negative) are located over the SO3, whereas the electron-poor
surfaces (positive) are clustered around the –OCH3 groupwhich is shown in light blue as it donates fewer
electrons. Itmay be possible to use these insights to predict where compound 3will be attacked by free radicals.

At this stage, it would be valuable to gain further insights into charge transfer (CT) to conduct various
analyses within the hole-electron framework for the S0 (ground state) to S1 (first excited state) excitation of
compounds 1–3. The calculations involve determining several indices, including theD parameter (distance
between hole and electron centroids), Sr (degree of overlap between hole and electron),H (breadth of the average
distribution of hole and electron), and t (degree of separation between hole and electron). Additionally, the hole
delocalization index (HDI) and electron delocalization index (EDI) [42, 59] are presented in table 4. For S0→ S1
excitation in this study, it can be seen that for all compounds, theD indices have very small values (0.69, 0.58 and
0.52 Å, respectively). Next, we examined the Sr index.We found that the Sr indices of all compounds are
relatively large (0.71,0 .71 and 0.72 respectively) (the theoreticalmaximumvalue is 1.0).We can therefore
conclude from the Sr andD indices that this excitation is a typical local excitation (LE) for all compounds. Next,
we examined the average hole-electron distribution, which is indicated by theH index. It can be seen from
table 4 that theH indices are evidently large (3.09, 2.94 and 2.97, respectively). Thismeans that the distribution
of holes and electrons corresponding to the excitations fromS0→ S1 are quite wide. One can see that the t indices
of the S0→ S1 state for all compounds are negative, indicating that their hole and electron are separated to a very
low. Therefore, itmakesmore sense to regard S0→ S1 as an LE. According to theHDI andEDI indices, hole and
electron delocalisation (i.e. uniformity of spatial distribution) is indeed nicely quantified. It can be said that both
hole and electron of S0→ S1 excitation are highly delocalized, in agreementwith their relatively smallHDI and
EDI values.

Figure 9. FMOs Energy andMEP surfaces of compounds 1–3.
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Avisual representation of aChole/Celemap is often an effectivemethod, enabling a clearer understanding of
charge transfer (CT) or local excitation (LE). These two phenomena have significant implications in diverse
processes like photochemical reactions, light absorption, and energy transfer. The occurrence of CTor LE is
contingent upon themolecular structure, electronic configuration, and environmental factors specific to the
systembeing investigated. It is clear from figure 10 that the centers of the electron (blue) and hole (green)
isosurfaces (namely centroids ofChole andCele) are close to each other, so they should be viewed as LE functions.

4. Conclusion

In this study, we successfully synthesized imines derived from3-amino-4-hydroxybenzenesulfonic acid and
determined their structures using spectroscopicmethods. To further investigate their properties, we employed
various spectroscopic techniques, including steady-state absorption, emission, and ultrafast pump-probe

Figure 10.Chole/Celemaps of compounds 1 (a), 2 (b) and 3 (c) for S0→ S1 excitation.

Table 4.The analysis of hole-electron distribution for compounds 1–3 in
DMSO solvent.

S S0 1 excitation state |
Compound 1 2 3

( )D Å 0.69 0.58 0.52

Sr 0.71 0.71 0.72

( )H Å 3.09 2.94 2.97

( )t Å −1.81 −1.79 −1.83

HDI 7.73 9.80 8.79

EDI 7.43 8.19 7.83
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spectroscopy. TheUV–vis results obtained fromour analysis showed excellent agreement with experimental
data, validating the accuracy of our theoreticalmodels. Notably, compound 1 exhibited lower stability but
higher chemical reactivity, characterized by a smallerHOMO-LUMOenergy gap,making itmore susceptible to
photochemical excitation.Moreover, compounds 1–3 demonstrated promising potential as chemosensors for
anions inDMSO, providing a visible indication to the naked eye under daylight conditions. Among them,
compound 3 exhibited selective fluorescence at both 254 and 366 nm.Additionally, ourfindings revealed that
the 3-amino-4-hydroxybenzenesulfonic acid-imines interactedwithDNAprimarily through an electrostatic
mode. Furthermore, compounds 1–3 displayed enhanced antioxidant activity compared to BHT, a commonly
used antioxidant compound, and this activity remained stable with increasing concentration. Notably,
compound 3 exhibited the highest antioxidant activity among the tested compounds, suggesting its potential
application as an effective antioxidant agent. However, fluorescencemeasurements indicated that the emission
signals were significantly influenced by the position and strength of the electron-donating component.
Specifically, the addition of a hydroxy ormethoxymoiety in proximity to the -OHon the phenyl ring led to a
decrease in thefluorescence signal. This decrement influorescence signal can be attributed to different
mechanisms such as intersystem crossing (ISC) and intramolecular charge transfer, depending on the location of
the hydroxy group and the presence ofmethoxymoieties, respectively. These conclusions were drawn from
measurements performed using femtosecond transient absorption spectroscopy. Furthermore, the isosurfaces
ofChole andCelemaps indicated that the centroids of all compoundswere in close proximity, suggesting that they
should be considered as LE (local excitation) functions.

In summary, our study highlights the importance of substituents present in imines derived from3-amino-4-
hydroxybenzenesulfonic acid in determining their biological activities, as well as their impact on optical and
sensor characteristics. These findings contribute to a better understanding of the structure-property
relationships of these compounds, paving theway for their potential applications in various fields.
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