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Abstract 

Although the field of inorganic photophysics and photochemistry has traditionally been 

dominated by complexes of precious and rare metals, increasing concerns regarding their 

scarcity and cost have led to a growing interest in earth-abundant metal-based compounds as 

more sustainable and economically viable alternatives. In this study, we investigated the 

photophysical properties of two water-soluble compounds: the di-Schiff base N,N′-bis(3-

methoxy-5-sulfonatosalicylidene)-1,2-ethylenediamine disodium salt (MSS) and its 

corresponding Al(III) complex. To better understand the enol-imine (O-H...N)  vs. keto-enamine 

(O...H-N) tautomeric behavior of MSS, we also considered its non-methoxy analogue (SS) as a 

reference compound. Using UV-vis absorption and diffuse reflectance spectroscopy, we 

examined the tautomeric preferences of MSS and SS in both the solid state and various 

solvents. The spectral features of MSS exhibited a noticeable bathochromic shift relative to SS 

in all media. In protic solvents (H2O, MeOH) and in the solid state, MSS is found 

predominantly in the keto-enamine form, while in aprotic polar solvents (DMSO, DMF), a 

mixture of keto and enol forms coexist. In contrast, SS shows a dynamic coexistence of both 

tautomeric forms in protic solvents, while the SS enol form becomes dominant in DMSO and 

DMF; in the solid-state SS predominantly adopts the keto-enamine form. These differences 

were rationalized in terms of electronic effects. The direct band gap energies were determined 

to be 2.75 eV for SS, 2.61 eV for MSS and 3.03 eV for the Al(III)/MSS complex, revealing 

their wide-band-gap-semiconductor character. These values were supported by DFT 

calculations, which were found to be able to reproduce the experimental trends and were also 

used to provide insight into the electronic structure of the studied compounds. 

Photoluminescence analysis revealed that MSS emits in the green region, while the 

Al(III)/MSS complex exhibits a blue-white emission, making both compounds promising 

candidates for application in single-layer white OLEDs. Additionally, the Al(III)/MSS 

complex displayed photocatalytic activity toward the degradation of methylene blue (MB), 

with a rate constant (K) of 0.032 min⁻¹, indicating its potential as a multifunctional material for 

both optoelectronic and environmental applications. 
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Introduction 

Schiff bases, first synthesized in the mid-19th century [1], have been extensively studied 

due to their straightforward synthesis and relevance in various fields, such as optical chemical 

sensors [2], LEDs [3], and catalysis [4]. Among them, salen-type Schiff bases have attracted 

considerable interest due to their versatility and tunability. These compounds usually undergo 

easy intramolecular proton transfer between the azomethine nitrogen atom and the ortho-

phenolic oxygen, resulting in two tautomeric structures: enol-imine and keto-enamine. The 

equilibrium between these tautomers is strongly influenced by the dielectric constant of the 

solvent, as well as electronic and steric factors [5–10]. The enol-imine and keto-enamine forms 

absorb light at different wavelengths [11], allowing their spectroscopic differentiation. In 

general, the keto-enamine tautomeric form is prevalent in polar solvents [12], resulting in the 

appearance of a broad absorption band above 400 nm [11,13], while the enol-imine form is 

predominantly observed in nonpolar solvents and is distinguished by its characteristic 

absorption at lower wavelengths [12]. Hydrogen bonding with protic solvents further stabilizes 

the keto-enamine form [7,14], as has been highlighted by Palusiak et al., who have also 

suggested that substituent effects and hydrogen-bond resonance assistance act cooperatively 

[15]. Despite extensive studies, the influence of solvent polarity and substituent characteristics 

on the enol-imine and keto-enamine tautomeric equilibrium in salen-type Schiff bases remains 

insufficiently understood and continues to be a topic of ongoing research and interest. 

Recently, we synthesized and characterized a water-soluble di-Schiff base, N,N′-bis(3-

methoxy-5-sulfonatosalicylidene)-1,2-ethylenediamine disodium salt (MSS) (Scheme 1) [16]. 

A detailed investigation of the enol-imine vs. keto-enamine tautomerism was conducted, along 

with an analysis of the role of intra- and intermolecular interactions in determining tautomeric 

preferences in different media. Based on theoretical calculations and condensed phase 

experimental studies, the enol-imine tautomeric form was found to be preferred in the gas 

phase, while the keto-enamine form was determined to be the predominant tautomer in water 

and DMSO, as well as in the solid state. To assess the stability of MSS against hydrolysis over 

time, we conducted a series of experiments and compared it with that of its non-methoxy 

substituted analogue, N,N′-bis(5-sulfonatosalicylidene)-1,2-ethylenediamine disodium salt 

(SS) (Scheme 1). The differences found were rationalized based on the different tautomeric 

equilibria of the two Schiff bases and the specific structural susceptibilities towards 

nucleophilic attack by water of their dominant tautomers. Subsequently, MSS was used in 
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complexation studies in aqueous solution and to synthesize a novel Al(III) complex in non-

aqueous media (Scheme 1). This complex was found to have an octahedral geometry, according 

to NMR and DFT studies, and to be thermally stable up to 281 °C, as revealed by DSC studies. 

These results led us to consider the possibility of modifying the enol-imine vs. keto-enamine 

tautomeric equilibrium in these compounds by employing different substituents and exploring 

the influence of solvent dielectric effects on this equilibrium. Hence, in the present work, we 

have explored these topics for the two ligands, SS and MSS. 

 

 

Scheme 1. Enol-imine and keto-enamine forms of water-soluble di-Schiff base ligands SS and MSS, and 

Al(III)/MSS complex [16]. 

 

In addition, the photophysical properties of MSS and its Al(III) complex were 

investigated in the present study. The band gap energy of the synthesized Al(III)/MSS complex 

was determined, revealing its wide band gap semiconductor character. These studies were 

motivated by the accumulated evidence that aluminum-based complexes, including those with 

Schiff bases, are suitable materials for application in optoelectronics [17–22]. Indeed, in the 

light of recent advances in this field, the photophysical behavior of our previously reported 

water-soluble Al(III)/MSS complex [16] represents a compelling avenue for further 

exploration. 

Furthermore, we have explored the application of the Al(III)/MSS complex as an 

innovative photocatalyst for the degradation of the methylene blue (MB) dye. The objective of 

this study was to evaluate the effectiveness of the synthesized complex in breaking down MB 

under UV light exposure. MB is a popular cationic dye that is environmentally persistent, 

poisonous, carcinogenic, and mutagenic [23], and appropriate treatment of MB containing 

industrial effluents is garnering considerable attention. Various methods have been used to 

remove MB from aqueous solutions, including bioremediation [24], adsorption [25,26], and 

photodegradation [27]. Among these, photocatalytic degradation is considered the most 

promising approach, allowing for effective removal of the compound and producing safe end 

products, while being cost-effective and time-efficient [25,27–29]. 
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Experimental and computational methods 

Materials. Methylene blue (C16H18ClN3S), ethylenediaminetetraacetic acid disodium 

salt 2-hydrate (EDTA), p-benzoquinone (BQ), ethanol (EtOH), millipore Milli-Q water, 

methanol (MeOH), dimethyl sulfoxide (DMSO), and dimethylformamide (DMF), were 

purchased from commercial suppliers and used as supplied or distilled. 

Schiff bases SS, MSS and Al(III)/MSS complex were synthesized and characterized in our 

previous studies [16]. 

Physical Measurements. A Shimadzu 2600 UV-vis spectrophotometer and a Jobin-

Yvon-Spex-Fluorolog 3–2.2 spectrofluorometer were used to record the UV-vis absorption and 

fluorescence spectra, respectively. The concentration of the samples used in the UV-vis studies 

was in the range of 1.0 × 10−5 mol dm−3 to 1.0 × 10−4 mol dm−3. Fluorescence quantum yields 

have been measured utilizing quinine sulfate in 0.5 mol dm−3 sulfuric acid (ϕF
ref

 = 0.55) [30] as 

standard and calculated using the following equation: 

 

 ∅𝐹 =
∫ 𝐼ₛ(𝜆)𝑑(𝜆)

⨜𝐼𝑟𝑒𝑓(𝜆)𝑑(𝜆)
·

𝑂𝐷ₛ2

𝑂𝐷𝑟𝑒𝑓
2 ·

𝑛ₛ2

𝑛𝑟𝑒𝑓
2 · ∅𝐹

𝑟𝑒𝑓
 
    (1) 

 

where ∫ 𝐼ₛ(𝜆)𝑑(𝜆) and ⨜𝐼𝑟𝑒𝑓(𝜆)𝑑(𝜆) are the integrated area under the corrected emission 

spectra of the sample (s) and reference (ref) solutions. The solutions were optically matched at 

the excitation wavelength (
𝑂𝐷ₛ2

𝑂𝐷𝑟𝑒𝑓
2 = 1), using water as solvent (

𝑛ₛ2

𝑛𝑟𝑒𝑓
2 = 1) and DMSO as 

solvent (
𝑛ₛ2

𝑛𝑟𝑒𝑓
2

= 1.23). 

The 1H NMR (400 MHz) spectra were acquired using a Bruker Avance III-400 NMR 

spectrometer, and the solutions were prepared in deuterium oxide D2O (99.9% D).  

A UV–vis–NIR light source (Mikropack DH-2000-BAL) with a fiber optic probe (FCR-

UVIR 200/600–2-IND, probe diameter of 1.3 cm) was used to measure reflectance with an 

Avantes Sensline spectrograph (AvaSpec-ULLS-TEC, range 300–1100 nm). The samples were 

analyzed with a 25 s integration time with an average number of 10 individual spectra 

collections. We placed the probe perpendicular to the samples. The Kubelka-Munk function 

(eq.2) [31], was used to convert the diffuse reflectance spectrum of each solid sample into the 

absorption spectrum F(R), where R is the sample reflectance, and K and S are the absorption 

and scattering coefficients, respectively. 
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 𝐹(𝑅) =  
(1−𝑅)2 

2𝑅
=  

𝐾

𝑆
   (2) 

 

Computational details. Previously [16], to gain insight into the structure of MSS in 

solution and in the solid state, we have optimized the structures of its possible conformers and 

tautomers at the density functional theory (DFT) B3LYP/6–311++G(d,p) level of theory, both 

in the gas phase (isolated molecule in vacuum) and considering the bulk solvent effects of water 

and DMSO. The keto-enamine form I-b-NH was found to be the most stable structure (Scheme 

2), followed by a second keto-enamine tautomer, while the enol-imine III-c-OH appears as the 

third most stable form in water (Scheme 2), as well as in DMSO [16]. Additional calculations 

for the Al(III)/MSS complex revealed that the most stable form for this species is the one 

represented in Scheme 2 (named conformer I) [16]. Based on these structures, time-dependent 

DFT (TD-DFT) calculations were now carried out using Gaussian 16 [32], and the long-range 

corrected CAM-B3LYP [33] Coulomb-attenuated functional (which has been shown to give 

accurate vertical excitation energies for a wide range of organic molecules) [34], and B3LYP 

[35–37], along with the 6–311++G(d,p) basis set. We conducted this study to identify the lowest 

singlet excited states of MSS and Al(III)/MSS, as well as their vertical excitation energies, 

oscillator strengths, and main contributions to the excited states. These calculations were 

undertaken in water solvent, simulated using the IEF-PCM model [38,39]. 

 

 

Scheme 2. DFT(B3LYP)/6–311++G(d,p) optimized geometries of the most stable conformers, keto-enamine form 

(I-b-NH) and enol imine form (III-c-OH) of MSS, and Al(III)/MSS complex (conformer I), considering the bulk 

effects of water solvent [16]. 

 

 

Photocatalytic activity. A degradation study was conducted to evaluate the 

photocatalytic efficiency of the synthesized Al(III)/MSS complex for the degradation of 

methylene blue (MB) under UV light. For the experiment, 20 mg of the Al(III)/MSS catalyst 

MSS {I-b-NH, ΔG = 0.00 kJ/mol} MSS {III-c-OH, ΔG = 9.56 kJ/mol}

1.031Å1.795 Å

1.004 Å

1.682 Å

Al(III)/MSS {conformer I, ΔG = 0.00 kJ/mol}
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was added to 40 mL of an aqueous MB solution with an initial concentration of Co = 1.75 × 

10⁻⁵ mol dm⁻³, and the mixture was transferred to a beaker. Prior to UV irradiation, the 

suspension was magnetically stirred in the dark for 40 minutes to establish adsorption–

desorption equilibrium between the dye molecules and the catalyst surface. The reaction 

mixture was then exposed to UV irradiation using an Accled Photoreactor M2 equipped with a 

365 nm LED UV light source (power 1.5 W total radiant flux at 100 % intensity), while the 

LED intensity was set to 50 %, maintaining continuous magnetic stirring at 200 rpm. The 

degradation process was monitored over various irradiation times to assess the photocatalytic 

performance of the complex. A photolysis test was conducted under identical conditions in the 

absence of the photocatalyst. 

Photocatalytic experiments were also carried out in the presence of three radical 

scavengers to identify the predominant reactive species involved in the photocatalytic 

degradation of MB. Ethylenediaminetetraacetic acid disodium salt 2-hydrate (EDTA), p-

benzoquinone (BQ), and ethanol (EtOH) were used as scavengers for photogenerated holes 

(h⁺), superoxide radicals (O2
• -

), and hydroxyl radicals (OH•), respectively. Each scavenger was 

added at a concentration of 0.5 mM, and the reaction mixtures were subsequently analyzed by 

UV–vis spectroscopy. 

The photocatalytic efficiency (%) was calculated using the formula,  

 % Degradation =  
𝐴0−𝐴𝑡

𝐴0
∗ 100   (3) 

where A0 and At are, respectively, the absorbance of the MB solution before and after t minutes 

of the photocatalytic reaction. 

 

 Results and discussion 

1. Absorption properties of SS, MSS and Al(III)/MSS 

In our previous study [16], a thorough speciation and structural characterization of the 

Al(III)/MSS complex was carried out in solution, using multinuclear NMR, and in the solid 

state, using Raman and infrared spectroscopies, supplemented with DFT calculations. In the 

present work, we extended our research using UV-vis absorption spectroscopy to analyze the 

interactions between MSS and Al(III). The electronic spectra of 5 × 10−5 mol dm−3 aqueous 
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solutions of MSS and Al(III)/MSS were registered in water, and the wavelengths 

corresponding to the absorption maxima are listed in Table 1. TD-DFT calculations were 

carried out for both MSS and Al(III)/MSS in water to assist in the assignment of electronic 

bands and tautomers, as well as in the interpretation of their spectra. The B3LYP functional 

was utilized to perform this analysis since it was found to reproduce very well the electronic 

spectrum of the MSS Schiff base. In particular, it demonstrated a significant improvement over 

CAM-B3LYP (Figure S1 and Table S1), in spite of the fact that CAM-B3LYP produces 

quantitatively accurate results in the simulation of the electronic spectrum of Al(III)/MSS. The 

calculated transition energies, converted to wavelengths, and oscillator strengths for the enol 

form (III-c-OH conformer) and the keto form (I-b-NH conformer) of the ligand, as well as for 

conformer I of the Al(III)/MSS complex are listed in Table 1 and shown in Figure 1, where 

they are also compared with the experimental spectra.  

As shown in Table 1 and Figure 1, the calculations predict an absorption band at 410 

nm for the ligand MSS (keto I-b-NH form), which corresponds to the experimental band 

observed at 406 nm. This band is due to HOMO–LUMO excitation of the ligand and has π → 

π* character (Figure S2). It clearly identifies the presence of the keto-enamine form, as this 

band is absent from the theoretical spectrum of the enol-imine tautomer (Figure 1). The 

absorption band located at 292 nm (predicted at 295 nm) is assigned to transitions from 

HOMO–2 and HOMO–4 to LUMO, and it is also ascribable to the keto-enamine form (Figure 

S2). Finally, the experimental band at 248 nm can be assigned to both the band predicted at 

247 nm for the I-b-NH form and the band predicted at 234 nm for the III-c-OH conformer 

(Figures S2 and S3). These results indicate that the Schiff base MSS exists predominantly in 

the keto form in aqueous solution, with a minor contribution from the enol form. The good 

agreement between the calculated and experimental absorption spectra validates the 

computational approach and allows a high degree of confidence in the predictions of the 

tautomeric distribution in solution. 
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Figure 1. Experimental and calculated (TD-DFT B3LYP/6-311++G(d,p)) absorption spectra of MSS and  

Al(III)/MSS complex (H2O). 

 

For the Al(III)/MSS complex, a strong absorption band has been calculated at 356 nm 

(S3 excited state), which corresponds to the experimental band found at 349 nm. This band 

involves electronic excitation from the HOMO to the LUMO+1 orbitals with π → π* character. 

The performed calculations predict a blue shift of around 54 nm in the absorption maximum 

due to complexation, which is consistent with the experimental blue shift of 57 nm found when 

comparing the experimental absorption maxima for the ligand and complex [40]. In perfect 

agreement between theoretical and experimental data, the Al(III)/MSS complex also exhibits 

a transition at 277 nm (predicted at 276 nm) from the HOMO–4 to the LUMO+1, and a 

transition at 243 nm (predicted at 236 nm) from the HOMO–1 and HOMO to the LUMO+5 

and LUMO+4 orbitals, respectively, with π → π* character (Figure S4). 

The stability of the Al(III)/MSS complex was initially analyzed through UV-vis 

spectroscopy. The solution was stored in the dark, and the absorption spectra remained 

unchanged after 24 hours, indicating that the compound is stable in solution. For additional 

information on the stability of Al(III)/MSS in more concentrated solutions (∼5 mmol dm−3), 

a series of NMR measurements in D2O were carried out over the same period (Figure S5), 

200 250 300 350 400 450 500 550 600

0.0

0.2

0.4

0.6

0.8

1.0

A
b
s
o
rb

a
n
c
e
 (

a
.u

)

Wavelength (nm)

 MSS_exp

 Al(III) / MSS_exp

         TD-DFT(b3lyp/6-311++g(d,p))_Al(III) / MSS

         TD-DFT(b3lyp/6-311++g(d,p))_MSS-III-c-OH

         TD-DFT(b3lyp/6-311++g(d,p))_MSS-I-b-NH

0

35

70

e 
(M

-1
. 
c
m

-1
)

x 1000



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

revealing no observable changes, thereby providing additional evidence of the complex's 

stability. 

 

Table 1. Vertical excitation energies (in eV), oscillator strengths (f), wavelengths (λ), and major 

contributions calculated for MSS and Al(III)/MSS complex (TD-DFT B3LYP/6-311++G(d,p), IEFPCM 

(H2O)) [38,39]. 

Excited 

state 

Energy 

(eV) 

λcalc. 

(nm) 

λexp. 

(nm) 

fa Major Contributions (%) 

     MSS (I-b-NH) 

S1 

 

3.02 

 

410 

 

406 

 

0.22 

 

HOMO→LUMO (91%) 

 

S2 

 

3.09 

 

402 

 

406 

 

0.06 

 
HOMO–1→LUMO (89%) 

S9 

 

4.20 

 

295 

 

292 

 

0.58 

 
HOMO–4→LUMO (50%) + 

HOMO–2→LUMO (44%) 

S19 5.01 247 248 0.88 HOMO–8 →LUMO (19%) + 

HOMO–1→LUMO+2 (22%) + 

HOMO→LUMO+3 (46%) 

     MSS (III-c-OH) 

S1 3.31 375 330 0.12 HOMO–1→LUMO+1 (25%) + 

HOMO→LUMO (75%) 

S5 4.51 275 - 0.62 HOMO–2→LUMO (87%) 

S15 5.30 234 248 0.81 HOMO–1→LUMO+3 (32%) + 

HOMO–1→LUMO+4 (25%) + 

HOMO→LUMO+3 (27%) + 

HOMO→LUMO+5 (16%) 

     Al(III)/MSS 

S1 3.13 396 - 0.01 HOMO→LUMO (97%) 

S2 3.21 386 - 0.04 HOMO–1→LUMO (100%) 

S3 3.47 356 349 0.03 HOMO →LUMO+1 (100%) 

S5 4.05 306 - 0.03 HOMO–3→LUMO+1 (29%) + 

HOMO–2→LUMO (71%) 

S7 4.08 303 - 0.25 HOMO–4→LUMO (100%) 

S11 4.47 276 277 0.10 HOMO–4→LUMO+1 (86%) 

S25 5.25 236 243 0.15 HOMO–1→LUMO+5 (28%) + HOMO→LUMO+4 (72%) 
a Results are shown for the region of energy up to 5.30 eV and calculated oscillator strength > 0.01. 

 

UV-vis absorption spectroscopy was also used to study the effects of the methoxy 

substituent and the solvent dielectric constant on the tautomeric preferences of MSS in 

solution. This provides insight into how electronic and solvation effects modulate the relative 

stability and population of tautomeric forms, relevant in the design of molecules with tailored 

optical or chemical properties. MSS is soluble in water, DMSO, DMF and MeOH, and slightly 

soluble in less polar organic solvents [16]. The absorption spectra of MSS, and also of its non-

methoxy substituted analogue, SS, were obtained in different solvents (H2O, DMF, DMSO, and 
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methanol) at room temperature, and the wavelengths corresponding to the observed absorption 

maxima are listed in Table 2. In polar aprotic solvents, SS displays a broad weak absorption 

band at 415 and a strong band at 323 nm (in DMF), assigned to the keto and enol forms, 

respectively. These bands are observed at 420 and 336 nm in DMSO. The presence of intense 

bands at shorter wavelengths (below 400 nm) in the investigated solvents indicates that SS is 

mostly found in the enol-imine form. On the other hand, MSS exhibits relatively intense bands 

at 425 and 336 nm in DMF and at 430 and 337 nm in DMSO. Those bands mainly correspond 

to the π → π* transitions of the intraligand charge transfer (ILCT) and the n → π* transitions 

of the azomethine (–CH=N–) group (Figures S2 and S3). The observed bathochromic shift and 

the higher intensity of the absorption bands above 400 nm in MSS relative to SS can be 

attributed to the combined effects of the electron-donating methoxy (-OCH3) substituent and 

dipole-dipole interactions as the substitution with the methoxy group increases the electronic 

density on the imine bond [41], further stabilizing the keto-enamine tautomer in these solvents. 

In polar protic solvents, the corresponding absorption bands of SS have maxima at 401 and 318 

nm, in methanol, and at 388 and 316 nm, in water. Likewise, MSS has bands at 415 and 336 

nm, in methanol, and at 406 and 292 nm, in water. In fact, when MSS dissolves in a protic 

solvent, such as methanol, the establishment of H-bonds between the carbonyl oxygen of MSS 

and the solvent disrupt the intramolecular N–H…O bonds, preventing the H transfer between 

the NH and the carbonyl that would contribute to stabilize the enol form. The result is a 

stabilization of the keto-enamine form [14,42].  

According to the above results, we can infer that MSS is predominantly found in the 

keto form in the investigated protic solvents, while both the keto and enol forms coexist in 

significant amounts in the aprotic polar solvents. These findings are in accordance with DFT 

calculations, where the keto form I-b-NH was predicted as the most stable conformer in water, 

as well as in DMSO [16].  
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Figure 2.  

Figure 2. Normalized electronic absorption spectra of SS (a) and MSS (b) in various solvents (5 × 10−5 mol dm-3). 

 

 

Table 2. Optical properties of SS, MSS and Al(III)/MSS complex measured in DMSO, DMF, 

MeOH, water and in the solid state. 

Solvent  SS MSS Al (III)/MSS 

λabs (nm) λabs (nm) λabs (nm) 

Dimethylsulfoxide (DMSO) 420, 336 430, 337, 300 364, 286 

Water (H2O) 388, 316, 274,236, 224 406, 292, 248 349,277,243 

Dimethylformamide (DMF) 415, 323 425, 336 - 

Methanol (MeOH) 401, 318, 277, 255, 226 415, 336, 295, 250, 230 - 

Solid state 432, 403, 330, 310 452, 419, 390, 360, 320, 294 392, 355, 289 

The photophysical properties of SS, MSS, and Al(III)/MSS complex were further 

studied using solid-state diffuse reflectance spectroscopy (DRS). The reflectance spectrum has 

been converted into the absorption spectrum F(R) using the Kubelka-Munk (K−M) function 

[31] (Figure 3, eq. 2). The F(R) spectra display distinct absorption edges and multiple peaks, 

which were deconvoluted and identified as electronic transitions using multi-peak Gaussian 

fitting.  

Particularly noticeable redshifts were observed upon going from solution to the solid 

state, where SS exhibits absorption bands at 432, 403, 330, and 310 nm, while MSS reveals an 

even more redshifted pattern with maxima at 452, 419, 390, 360, 320, and 294 nm. Those bands 

may be attributed to π → π* transitions of the phenyl rings and the n → π* transitions of the 

azomethine (–CH=N–) group. The significant bathochromic changes observed in both 

compounds imply that intramolecular interactions are responsible for maintaining the keto-

enamine tautomer when solvent-solute interactions are absent. Notably, the electron-donating 

methoxy (-OCH₃) group further improves conjugation, confirming the intramolecular charge 
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transfer and shifting absorption bands to even higher wavelengths, as evidenced by the larger 

redshifts seen for MSS as compared with its non-methoxy substituted analogue SS. In addition 

to intramolecular effects, intermolecular interactions such as hydrogen bonding or electrostatic 

interactions in the solid may also contribute to the observed spectral changes. 

Upon complexation of MSS with Al(III), significant changes in the electronic structure 

are shown by the blue shifting (~60 nm) of the lowest energy absorption band in the 

Al(III)/MSS complex to 392 nm (Figure 3), corresponding to a π → π* transition, in complete 

agreement with the DFT findings. Comparable results have been reported previously for 

analogous Schiff base complexes and their photophysical properties [40].  

 

Figure 3. Multipeak Gaussian Fitting of the KM absorption F(R) of (a) SS, (b) MSS and (c) Al(III)/MSS (Inset- 

corresponding Tauc plots of direct gap energies, where the linear region is extrapolated to the x-axis to extract the 

estimated band gap energies (red lines)) 

 

The Tauc relation (eq. 4) was used to estimate the direct band gap energies of SS, MSS, 

and the Al(III)/MSS complex. 
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 [𝐹(𝑅). ℎ𝜈]1/𝑛 = 𝐵(ℎ𝜈 − 𝐸𝑔)   (4) 

In Eq. 4, B is a constant, ν is the photon frequency and h is the Planck’s constant; n is 

equal to ½ for a direct allowed transition type. As illustrated in the inset of Figure 3, the direct  

band gap energies determined through the linear extrapolation of (F(R)·hν)2 values to zero 

absorption are 2.75 eV for SS, 2.61 eV for MSS and 3.03 eV for Al(III)/MSS, revealing their 

wide band gap semiconductor character, and making the compounds prospective candidates 

for use in optoelectronics. 

To further evaluate the accuracy of the used theoretical methods, we have calculated 

the band gap energies of MSS and its Al(III) complex by using DFT. According to Koopman’s 

theorem, the electronic band gap (Eg) can be estimated by the difference between the energy of 

the (Hartree-Fock or Kohn-Sham) highest occupied molecular orbital (HOMO) and that of the 

lowest unoccupied molecular orbital (LUMO). However, the exchange-correlation functional 

strongly affects these values, since they solely depend on the ground-state one-electron Kohn-

Sham eigenvalues. A more precise method for determining Eg has been described by Cho et al. 

and involves utilizing the calculated energy difference between the vertical (or adiabatic) 

ionization potential (IP) and electron affinity (EA) (Scheme 3) [43]. The DFT electronic and 

optical band gap energies (Eg and Og, respectively) are compared with the experimentally 

determined Og value in Table 3, showing that the adiabatic results allow a rather good 

reproduction of the experimental data, suggesting that the structural relaxation process may be 

relevant. Previous reports have shown that improved photocatalytic efficiency is correlated 

with a narrower band gap.    

 

Table 3. Experimental and (vertical, v, or adiabatic, ad) calculated optical band gap Og (eV), electronic band 

gap Eg  (eV) and exciton binding energy, ∆𝐸𝑒𝑥 (eV), obtained at the B3LYP/6-311++G(d,p) level in water. 

 Eg (Calc.) Og (Calc.) ΔEex (Calc.) Og (Exp.) 

 Eg,v (Calc.) Eg,ad (Calc.) Og,v (Calc.) Og,ad (Calc.) ΔEex,v (Calc.) ΔEex,ad (Calc.) - 

MSS (I-b-NH) 3.15 2.84 3.02 2.72 0.13 0.12 2.61 

Al(III)/MSS 3.38 3.07 3.13 2.86 0.25 0.21 3.03 
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Scheme 3. Scheme illustrating the definition of the vertical (or adiabatic) ionization potential (IP = E(M+)M – 

E(M)), electron affinity (EA = E(M) – E(M–)M), electronic (or fundamental) band gap (Eg = IP – EA), optical band 

gap (Og = E(M*)M – E(M)) and exciton binding energy (ΔEex = Eg – Og). In these definitions, E(M) denotes the 

energy of the ground state S0 at the optimized geometry, and E(M*)M, E(M+)M and E(M–)M, denote the energy of 

the S1 excited state and those of the cation and anion, respectively, at the S0 optimized geometry (vertical 

calculation) or using the relaxed geometry of each species at each electronic state (adiabatic calculation) [43].  

 

2. Photoluminescence properties of MSS and Al(III)/MSS 

In this section, we report on the solid-state photoluminescence properties of MSS and 

Al(III)/MSS at room temperature. Figure 4 illustrates the emission spectra taken at different 

excitation energies, namely at 2.70 eV (460 nm), 2.77 eV (447 nm) and 3.07 eV (404 nm) for 

MSS, and at 2.70 eV (460 nm), 3.06 eV (405 nm), 3.17 eV (392 nm) and 3.49 eV (355 nm) for 

the Al(III)/MSS complex. Table 4 displays the obtained chromaticity coordinates (x, y), color 

purity (CP) and associated color temperature (CCT) for both compounds emission under the 

different excitations, which were calculated using well-stablished methods [44]. For the Schiff 

base MSS, excitation at longer wavelengths (404→460 nm), leads to a notable increase in color 

purity (CP) from 42% to 68%. Meanwhile, chromaticity coordinates shift from (0.30, 0.47) to 

(0.34, 0.56), while CCT decreases from 6367 K to 5372 K, indicating cool white-light emission. 

Indeed, MSS exhibits broad luminescence bands centered at 516-521 nm, ascribable to the π-

π* transitions of the aromatic rings. Even though MSS emission is not as pure (CP = 42-68%) 

as the one of commercial tris(2-phenylpyridine)iridium(III) (Ir(ppy)3), the luminescent 

organometallic complex of iridium(III) most widely used in optoelectronics, particularly as a 

green phosphorescent organic light-emitting diode (OLED), which has CP = 85%, the metal-

free design of MSS and excitation tunability makes it cost-effective as a supplementary green 

emitter.  

In comparison to the free ligand MSS, the Al(III) complex exhibits the opposite 

behaviour: when excitation wavelength increases from 355 to 460 nm, the CP as well as CCT 

decreases significantly from 29% to 12% and from 21392 K to 9175 K, respectively, while the 
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chromaticity shifts from (0.21, 0.28) to (0.27, 0.33), indicating a cooler, bluish-white light 

emission. Upon excitation at 460 nm, the Al(III)/MSS complex displays a broad emission 

spectrum that covers the entire visible region, with (0.27, 0.33) coordinates that are closer to 

the pure-white light emission (0.33, 0.33). Upon excitation at 3.06-3.49 eV (405-355 nm), 

Al(III)/MSS emits an effective blue luminescence. Kumar et al. demonstrated that white light 

emission can be achieved through the conjugated use of an orange dye and blue light-emitting 

materials, which serve as dopants [45]. The tunable blue-white emission of the synthesized 

Al(III) complex thus confers to this material potential for application in single layer white 

OLEDs. However, its relatively low CP (12-29%) suggests limited efficiency, highlighting the 

need to optimize energy transfer mechanisms for improved performance.  

In addition to their optical properties, the Schiff base MSS exhibits a decomposition 

temperature of 239 °C, while its Al(III) complex shows enhanced thermal stability with a 

decomposition temperature of 281 °C, as determined by DSC [16]. These results suggest that 

both compounds possess sufficient thermal stability for potential use in single-layer OLED 

devices. 

 

Figure 4.  (a) Emission spectra of MSS (under different excitations at 404, 447, and 460 nm), and Al(III)/MSS 

(under different excitations at 355, 392, 405 and 460 nm), (b) CIE chromaticity coordinates of MSS and 

Al(III)/MSS. 

 

Table 4. Chromaticity coordinates (x,y), correlated color temperature (CCT) and color purity 

(CP) of MSS and Al(III)/MSS 

MSS Al(III)/MSS 

λex (nm) (x, y) CCT CP (%) λex (nm) (x, y) CCT CP (%) 

404 (0.30, 0.47) 6367 42 355 (0.21, 0.28) 21392 29 

447 (0.33, 0.54) 5556 62 391 (0.22, 0.31) 14953 25 

460 (0.34, 0.56) 5372  68 405 (0.23, 0.33) 12327 22 
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- - - - 460 (0.27, 0.33) 9175 12 

Fluorescence quantum yields for MSS and its Al(III) complex were determined in 

solution using quinine sulfate in 0.5 mol dm−3 sulfuric acid (ΦF = 0.55) as the standard [30]. 

The ΦF value obtained in water for Al(III)/MSS is 0.008, and this value increases to 0.050 

upon changing the solvent to DMSO. For MSS, the ΦF value measured in DMSO is 0.049. 

 

3. Photocatalytic activity of Al(III)/MSS 

As discussed above, the Al(III)/MSS complex has a narrow band gap, which is a 

critical factor determining the photon energy required for photocatalytic dye degradation. This 

characteristic indicates that the complex could serve as a promising material for photocatalytic 

applications. This motivated us to investigate the photocatalytic activity of the synthesized 

Al(III)/MSS complex against the methylene blue (MB) dye in aqueous solution under UV light 

irradiation. The changes in MB concentration were monitored spectroscopically over a period 

of 70 min, in the absence (Figure 5(A)) and presence of Al(III)/MSS catalyst (Figure 5(B)). 

As the irradiation time increases, in the absence of a photocatalyst, MB is observed to 

experience 35% photodegradation, which could be a result of photolysis. Noteworthy, in the 

presence of the catalyst, this value increases to 96 % (Figure 5(C)). To the best of our 

knowledge, this is the first water-soluble Schiff base Al(III) complex shown to be an efficient 

photocatalyst for the studied reaction. Previously, Ni(II), Co(II) and Cu(II) Schiff base 

complexes have been found to be able to catalyze the photodegradation of MB, but, with a 

single exception, with a considerably lower efficiency than the presently described Al(III) 

complex (Table 5) [46–48].  

Based on the Langmuir–Hinshelwood model, the pseudo-first-order kinetics equation was 

tested (eq. 5), where C0 and Ct are, respectively, the concentration of the MB solution before 

and after t minutes of the photocatalytic reaction and k is the rate constant of the pseudo-first 

order reaction. Figure 5(D) illustrates the kinetics of the photodegradation of MB in the 

presence of Al(III)/MSS. A linear plot of ln(C₀/Cₜ) vs. time with high correlation coefficient 

values (R2 = 0.986) and rate constant (k) of 0.032 min−1 confirms that the degradation process 

follows first-order kinetics. The calculated rate constant (k) shows that the synthesized complex 

has considerable photoreactive potential when exposed to UV light, indicating that it is an 

effective catalytic agent. 

   𝑙𝑛 (
𝐶0

𝐶𝑡
) = 𝑘𝑡   (5)  
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Figure 5. Photocatalytic degradation of a 5.6 mg L⁻¹ MB aqueous solution: (A) in the absence and (B) in the 

presence of the Al(III)/MSS catalyst under UV irradiation; (C) percentage of MB degradation with and without 

the catalyst; (D) reaction order of the photocatalytic degradation process of MB by Al(III)/MSS. Experimental 

conditions: Temp. = 298.15 K, pH 4, catalyst mass = 20 mg, and pollutant solution volume = 40 mL. 

Table 5. Summary of the photocatlytic degradation of methylene blue (MB) in the presence of different transition 

metal-Schiff base complexes in comparison with our Al(III)/MSS complex. 

Catalyst 

Mass of 

Catalyst 

(mg) 

Polluant 

concentration 

(mol dm-3) 

Irradiation 

time 

Light 

source 

Degradation 

efficiency 

(%) 

Rate 

constant k 

(min-1) 

Ref. 

Cu(L2) 35 4.70×10−5 150 min 

UV 

lamp 

(25 W) 

50 % 0.0026 [46] 

Cu2(HL)2(N3)2 35 4.70×10−5 150 min 

UV 

lamp 

(25 W) 

52 % 0.0038 [46] 

Cu(HL)2(SO4) 35 4.70×10−5 150 min 

UV 

lamp 

(25 W) 

51 % 0.0036 [46] 

Ni(L2) 20 3.13×10−5 60 min 

UV 

light 

(320 

nm) 

76.50 % - [47] 

Co(L2) 10 3.13×10−5 90 min 

UV 

light 

(320 

nm) 

64.40 % - [47] 
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Cu(CPAMN) 30 5.00×10−4 30 min 
Visible 

light 
56 % 0.0272 [48] 

Cu(FPAMN) 30 5.00×10−4 30 min 
Visible 

light 
97 % 0.1207 [48] 

Al(III)/MSS 20 1.75×10−5 70 min 

UV 

light 

(365 

nm) 

96 % 0.0324 
This 

work 

 

Reactive species trapping and mechanistic insights into the photocatalytic degradation of 

MB. The overall photocatalytic performance of the Al(III)/MSS complex depends on the 

efficient generation, separation, and migration of photogenerated charge carriers, as well as the 

subsequent redox reactions occurring at the catalyst surface. Therefore, a detailed scavenger 

study was conducted to gain deeper insight into the photocatalytic mechanism of the 

Al(III)/MSS system. This analysis was performed to clarify whether the photocatalytic 

degradation of methylene blue (MB) proceeds mainly through reactive oxygen species, such 

as hydroxyl radicals (OH•) and superoxide radicals (O2
• -

), or through direct oxidation-reduction 

involving photogenerated holes (h⁺) and electrons (e⁻). Scavengers including ethanol (EtOH), 

p-benzoquinone (BQ), and ethylenediaminetetraacetic acid disodium salt 2-hydrate (EDTA) 

were employed as quenching agents for OH•, O2
• -

, and h⁺, respectively. In the absence of any 

scavenger, nearly complete degradation (~ 96 %) of MB was achieved after 70 min of UV 

light irradiation using the Al(III)/MSS photocatalyst (Figure 5(C)). However, the degradation 

efficiency significantly decreased upon the addition of these scavengers, dropping to 44% in 

the presence of EtOH, 56% with EDTA, and 81% with BQ (Figure 6). These observations 

indicate that hydroxyl radicals (OH•) play the predominant role in MB degradation in the 

presence of Al(III)/MSS, followed by photogenerated holes (h⁺) and superoxide radicals (O2
• -

).  

A general mechanism for the photocatalytic process can be discussed based on our reactive 

species trapping study and current literature [49–51]. Upon UV light irradiation, the 

photocatalyst Al(III)/MSS absorbs photons, promoting electrons from the valence band (VB) 

to the conduction band (CB), leaving holes (h⁺) in the VB (Eq. 6). Although the exact CB and 

VB edge positions of the photocatalyst were not determined, the major role of hydroxyl radicals 

in the photocatalytic process suggests that the photogenerated holes possess sufficient 

oxidative potential to oxidize adsorbed H2O or OH⁻ and generate OH• radicals (Eq. 7). 

Additionally, the contribution of O2
• -

 in the photocatalysis confirms that CB electrons can 

effectively reduce adsorbed O2 to form O2
• -

 radicals (Eq. 8). These species undergo subsequent 
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reactions yielding HO2
• 

, H2O2, and additional OH• radicals (Eqs. 9–11). The generated reactive 

oxygen species oxidize MB molecules, leading to their degradation and, possibly, 

mineralization into CO2, inorganic ions and H2O (Eqs. 12–13). Therefore, the results of the 

scavenger test show that OH• radicals are the main reactive species responsible for the 

degradation of MB, and provide evidence that both oxidation and reduction processes are 

involved in its degradation in the presence of Al(III)/MSS. Scheme 4 illustrates the 

photocatalytic process of the synthesized complex Al(III)/MSS against methylene blue. 

 

Figure 6. Photocatalytic degradation of a 5.6 mg L⁻¹ MB aqueous solution by the Al(III)/MSS complex in the 

absence of scavengers and in the presence of hydroxyl radical scavenger (EtOH), hole scavenger (EDTA), and 

superoxide radical scavenger (BQ). Experimental conditions: temperature = 298.15 K; catalyst mass = 20 mg; 

pollutant solution volume = 40 mL. 
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Scheme 4.  Schematic of the expected mechanism for the photodegradation of methylene blue (MB) by 

Al(III)/MSS catalyst under UV light. 

 

Conclusions 

 

In this work, we investigated the photophysical properties of the water-soluble di-Schiff base 

N,N′-bis(3-methoxy-5-sulfonatosalicylidene)-1,2-ethylene-diamine disodium salt (MSS) and 

its Al(III) complex, both of which were synthesized and structurally characterized in our 

previous study. Using UV–vis absorption and diffuse reflectance spectroscopy, we conducted 

a comprehensive analysis of the tautomeric preferences (enol-imine vs. keto-enamine) of MSS, 

using its non-methoxy-substituted analogue SS as a reference compound for comparison across 

various solvents and in the solid state. MSS displays a notable bathochromic shift relative to 

SS in all media studied. Spectroscopic data indicate that the keto-enamine form is the 

predominant tautomer in protic solvents (H2O, MeOH) and in the solid state, whereas a mixture 

of keto and enol forms coexist in aprotic polar solvents (DMSO, DMF). In contrast, SS exhibits 

a dynamic equilibrium between both forms in protic solvents, while the enol-imine form is 

favored in DMSO and DMF. The solid-state characterization (DRS) revealed that, in this phase, 

the Schiff base SS predominantly exists in the keto-enamine tautomeric form. These results 

provide insight into how electronic and solvation effects modulate the relative stability and 

population of tautomeric forms, relevant in the design of molecules with tailored optical or 

chemical properties. 
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Upon complexation with Al³⁺ ions, both the solution and solid-state absorption spectra 

of MSS undergo a hypsochromic shift, which aligns with theoretical predictions showing a 

calculated blue shift of 54 nm. The optical band gap energies were determined to be 2.75 eV 

for SS, 2.61 eV for MSS, and 3.03 eV for the Al(III)/MSS complex, confirming their 

classification as wide-bandgap semiconductors and suggesting their potential suitability for 

optoelectronic applications. These experimental values are well supported by DFT-calculated 

electronic and optical band gaps, which show good agreement with the observed data. 

Photoluminescence analysis revealed that MSS emits in the green region, while its 

Al(III) complex shows blue-white emission, indicating their promise as single-layer white 

OLED materials. Beyond optoelectronic applications, we also explored the photocatalytic 

activity of the Al(III)/MSS complex. Under UV irradiation, the complex demonstrated 96% 

degradation efficiency toward methylene blue (MB), with a rate constant (k) of 0.032 min⁻¹. 

This water-soluble complex, based on an earth-abundant and affordable metal, presents a 

sustainable and economically viable alternative to photocatalysts derived from scarce and 

expensive metals, offering potential for large-scale environmental and optoelectronic 

applications. 
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