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ABSTRACT 

The photophysical and antioxidant properties of 3-hydroxyflavone (3HF) and its complexes with Mn(II), Co(II), 

and Zn(II) ions were investigated. Fluorescence spectra of 3HF in methanol revealed a pronounced 

excitation-wavelength dependence characteristic of the excited-state intramolecular proton transfer (ESIPT) 

process. Complexation with d-electron metal ions significantly altered the emission properties. The Zn(II) complex 

exhibited higher fluorescence intensity than the free ligand, consistent with the chelation-enhanced fluorescence 

effect and partial suppression of the ESIPT process. In contrast, Mn(II) and Co(II) complexes showed strongly 

reduced intensities, indicating fluorescence quenching associated with the paramagnetic character of these ions 

and the promotion of intersystem crossing. Antioxidant activity assessed by the 2,2-diphenyl-1-picrylhydrazyl 

(DPPH) method showed moderate inhibition for 3-hydroxyflavone (24.0%). Among the complexes, Mn-3HF 

exhibited the highest activity (33.4%), while Co-3HF and Zn-3HF showed only minimal effects (7.1% and 5.9%). 

These results indicate that metal coordination modulates the antioxidant properties of 3HF, enhancing them in the 

case of Mn(II) and suppressing with Co(II) and Zn(II). The results demonstrate that coordination with d-electron 

metal ions exerts a strong influence on both the fluorescence properties and the antioxidant activity of 3HF. 
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1. Introduction 

Flavonoids are naturally occurring chemical compounds with a diverse structure, classified as phytochemicals 

and secondary metabolites. They cannot be synthesized by animal cells but are widely present in plants, where 

they perform many essential functions. They are responsible for the color and taste of flowers and fruits, act as 

antioxidants, and protect plants from bacterial, viral, and fungal infections, as well as from herbivores [1,2]. 

The basic skeleton of flavonoids consists of three rings (A-C-B) arranged in a C6-C3-C6 structure, based on the 

molecule of 2-phenyl-1-benzopyran-4-one. Depending on the substituents such as hydroxyl, methyl, or sugar 

groups, flavonoids are classified into different classes, including flavones, flavonols, isoflavones, flavanones, 

flavanols, and anthocyanins. Each of these classes exhibits distinct chemical and biological properties [1,2]. 

Flavonols are the largest and most common subgroup of flavonoids. They are characterized by the presence of 

a hydroxyl group at position 3 and a carbonyl group at position 4. Their structure is nearly completely planar due 

to the presence of aromatic rings [3,4]. 

3-Hydroxyflavone (C₁₅H₁₀O₃, IUPAC: 3-hydroxy-2-phenylchromen-4-one, Fig. 1) is the simplest 

representative of flavonols, from which the name of this group is derived. 3HF is a synthetic compound that does 

not occur naturally. It can be obtained through both chemical and biotechnological methods. In chemical synthesis, 

3HF is typically produced via a multi-step process involving the condensation of suitable aromatic substrates, such 

as 2-hydroxyacetophenone and benzaldehyde, followed by the cyclization of the resulting chalcone. This reaction 
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can be carried out under acidic or basic conditions, and often involves the Claisen-Schmidt condensation followed 

by oxidative cyclization to form the flavone structure [5,6]. In contrast, microbial and enzymatic methods provide 

a greener alternative, enabling regio- and stereoselective modifications under mild conditions. Early studies 

demonstrated that filamentous fungi such as Aspergillus niger were capable of converting flavanone into several 

products, including 3HF, through sequential dehydrogenation at C-2/C-3 and hydroxylation at C-3 [7]. Inspired 

by these findings, attention has shifted towards bacterial systems as potential biocatalysts.  

Bacteria from the genus Streptomyces possess oxygenases that can introduce hydroxyl groups into flavonoids. 

For example, S. coeruleorubidus hydroxylates 2′-hydroxyflavanone at the C-3 position, while the CYP105P2 

enzyme from S. peucetius, expressed in E. coli with redox partners from Pseudomonas putida, catalyzed flavone 

hydroxylation mainly at the 3′ position [8,9]. These studies highlight the potential of bacterial oxygenases, 

although direct 3HF biosynthesis remains challenging. To improve efficiency, metabolic engineering has been 

applied. Recombinant E. coli strains carrying plant genes encoding flavanone 3-hydroxylase and flavonol synthase 

converted flavanones (e.g., naringenin) into flavonols such as kaempferol and quercetin [10]. Similarly, 

Streptomyces albus equipped with a complete flavonoid pathway produced flavonols de novo, confirming the 

usefulness of actinobacteria as microbial hosts for flavone hydroxylation pathways [11]. 

Although the current titers in bacterial systems remain modest (on the order of micrograms to milligrams per 

liter), these findings provide a solid foundation for the development of scalable, sustainable biosynthetic routes to 

3HF. 

 

Fig.1. Structure of 3-hydroxyflavone. 

3-Hydroxyflavone is one of the best-studied compounds exhibiting excited-state intramolecular proton transfer 

(ESIPT). Upon UV excitation, a proton from the hydroxyl group at position 3 (donor) is transferred extremely 

rapidly (<100 fs) to the carbonyl oxygen at position 4 (acceptor). This process is facilitated by a strong 

intramolecular hydrogen bond present in the ground state (Fig.2) [12]. Theoretical studies indicate that the ESIPT 

process may proceed via the second excited singlet state (S₂) and involve a multi-mode transfer pathway [13]. 

Energy calculations further show that the barrier for ESIPT in the excited state is very low (~2–4 kcal/mol), 

accounting for its ultrafast nature [14]. Importantly, the ESIPT process is highly sensitive to the surrounding 

environment. McMorrow and McHale [15] demonstrated that even small fluctuations of solvent molecules can 

modulate the balance between the normal (N*) and tautomeric (T*) emission, underlining this environmental 

dependence. In general, although the absorption maxima of 3HF remain relatively stable across different solvents, 

the character and intensity of the emission vary significantly depending on the medium. Aprotic solvents such as 

acetonitrile and dimethylformamide favor efficient proton transfer and strong emission from the tautomer (T*) 

[16]. In contrast, protic solvents such as water, methanol, and ethanol disrupt the essential intramolecular hydrogen 

bond by forming additional intermolecular hydrogen bonds with 3HF. This effect suppresses ESIPT and leads to 

the dominance of emission from the normal form (N*) [16]. Theoretical calculations confirm that protic solvents 

stabilize the solvated enol form through hydrogen-bonding interactions, thereby reducing the efficiency of ESIPT 

[17]. Computational studies further indicate that the main factor limiting ESIPT in such environments is the 

interruption of the intramolecular hydrogen bond [18]. 
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Fig. 2. Excited-state proton transfer (ESIPT) in 3HF: N – normal form, T – tautomeric form, * – excited state. 

Fluorescence spectra of 3-hydroxyflavone typically display two distinct emission bands: the normal excited 

enol (N*), emitting in the blue region (~420 nm), and the tautomeric excited keto form (T*), emitting in the green 

region (~530 nm). The ratio between N* and T* bands reflects the efficiency of ESIPT. The presence of large 

Stokes shifts, reaching up to 200 nm, is characteristic of ESIPT and indicates substantial structural reorganization 

in the excited state [19,20]. These shifts also prevent reabsorption of the emitted radiation, which is advantageous 

in optoelectronic applications [21]. The timescale of the proton transfer in 3HF is in the femtosecond range 

(10-15 s), posing challenges for experimental observation [22]. However, by carefully selecting the solvent polarity, 

excitation wavelength, and temperature, the process can be slowed down to several nanoseconds, enabling detailed 

study [23]. 

The ESIPT mechanism in 3HF has numerous practical applications, including in the design of fluorescent 

probes and moisture sensors, as well as in laser dyes and photostabilizers [20,21]. Based on this, four types 

of fluorescent sensors based on flavonols can be distinguished: (1) sensors responsive to environmental changes 

affecting ESIPT, (2) inhibition of ESIPT through complexation with metal ions, (3) chemical attachment of 

a signal group to the hydroxyl group, and (4) structural modifications unrelated directly to the fluorescence 

mechanism [20]. Understanding the ESIPT mechanism and the factors influencing it is therefore essential for 

further development of flavonol-based applications in industry, particularly in the creation of chemical sensors. 

In addition to their photophysical properties, flavonols such as 3HF are also recognized for their significant 

antioxidant activity. The hydroxyl group at the C-3 position facilitates electron donation and transfer, thereby 

enhancing the ability of 3HF to scavenge free radicals [24]. This process is further stabilized by resonance, which 

increases the overall antioxidant potential of the molecule compared to other flavones [25]. Importantly, 3HF can 

form complexes with transition metal ions such as Fe(II), Cu(II), or Zn(II). Such interactions not only modify the 

electronic properties of the molecule but may also suppress the pro-oxidant role of metal ions in Fenton-type 

reactions, which are responsible for the generation of highly reactive hydroxyl radicals [26,27]. Consequently, 

both free 3HF and its metal complexes are considered promising agents with potential biological and 

pharmacological relevance, particularly in the prevention of oxidative damage to biomolecules [28]. 

The aim of this study was to investigate the antioxidant and photophysical properties of methanolic solutions 

of Mn(II), Co(II), and Zn(II) complexes with 3-hydroxyflavone. Particular attention was focused on the influence 

of metal complexation on the fluorescence spectra of 3HF, as well as on its excited-state intramolecular proton 

transfer (ESIPT) process. Moreover, the ability of these complexes to scavenge free radicals was examined in 

order to assess their potential antioxidant activity.  

2. Experimental 

2.1. Materials 

All reagents used in this study were of analytical grade and were employed without further purification. 3HF 

was sourced from Alfa Aesar (Waltham, MA, USA) while ZnCl₂, MnCl₂·4H₂O, CoCl₂·6H₂O, 

Na₂H₂EDTA·2H₂O, NaOH, chloric(VII) acid, and HPLC-grade methanol were obtained from POCh (Gliwice, 

Poland). The synthesis of the complexes was carried out according to a previously reported procedure [29]. 

The molecular formulas and molar masses of the complexes are as follows: Zn-3HF: C30H20ZnO7, 557.85 [g mol-1]; 

Mn-3HF: C30H22MnO8,  565.43 [g mol-1]; Co-3HF: C30H22CoO8, 569.06 [g mol-1]. 

2.2. Methods 

UV-Vis absorption spectra in the range of 200–600 nm were recorded on a Jasco UV-Vis-NIR V-670 

double-beam spectrophotometer (Hachioji, Tokyo, Japan). Fluorescence measurements were performed in the 

range of 220–800 nm using a Hitachi F-2710 spectrofluorometer (Tokyo, Japan) equipped with a 1 cm quartz 
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cuvette. For fluorescence experiments, solutions of 3HF and its metal complexes were prepared in methanol at 

a concentration of 40 μmol·dm-3 by dissolving accurately weighed samples of each compound. 

2.2.1 Antioxidant activity assay 

The antioxidant properties of 3HF and its complexes were evaluated using the DPPH radical scavenging assay. 

A stock solution of 2,2-diphenyl-1-picrylhydrazyl (DPPH) was prepared by dissolving 3.5 mg of the radical in 

50 cm³ of methanol and subsequently diluted fivefold. For each measurement, 2.5 cm³ of the DPPH solution was 

mixed with 0.5 cm³ of previously filtered saturated solutions of the tested complexes or with a 1 mM solution 

of 3HF. The absorbance of the reaction mixtures was measured at 515 nm immediately after mixing (t = 0) and 

again after 60 minutes. Measurements were performed using a Jasco UV-Vis-NIR V-670 spectrophotometer. 

The antioxidant capacity of 3-hydroxyflavone and its complexes was calculated according to the following 

equation (1): 

% inhibition =  
A0− AK

A0
 ∙ 100% (1) 

where: A0 – initial absorbance of the DPPH solution, AK – absorbance of the tested solution after 60 minutes. 

3. Results and discussion 

3.1. Fluorescence properties of 3-hydroxyflavone and its metal complexes 

The fluorescence of 3-hydroxyflavone is closely associated with the excited-state intramolecular proton 

transfer (ESIPT) mechanism, which gives rise to its characteristic dual emission. Complexation with transition 

metal ions can significantly affect this process, altering both the intensity and the nature of the emission spectra. 

In this section, the fluorescence properties of 3HF and its complexes with Mn(II), Co(II), and Zn(II) ions are 

presented and discussed. 

3.1.1. Excitation wavelength dependence of 3HF emission 

Experiments on 3-hydroxyflavone in methanol confirm a pronounced excitation-wavelength dependence of its 

dual fluorescence, which arises from the ESIPT mechanism. According to Kasha’s rule, fluorescence generally 

occurs only from the lowest excited singlet state (S1), regardless of the excitation energy. The strong variation in 

the relative intensities of the ‘normal’ enol emission (N, blue ~420 nm) and the tautomer emission (T, green 

~530 nm) with excitation wavelength therefore provides clear evidence of anti-Kasha behavior [30–32]. Under 

short-wavelength UV excitation (240–300 nm), which populates higher electronic states, the tautomeric T band 

dominates and its intensity exceeds that of the N band by several fold. In contrast, excitation near the onset of the 

first absorption band (400–420 nm, close to S1) leads to a markedly higher N*/T* ratio. Thus, at high excitation 

energy tautomer emission is highly efficient, whereas near-resonant long-wavelength excitation (e.g., 418 nm) 

partially suppresses ESIPT and results in relatively stronger N* emission (Fig. 3) [30,33,34]. Literature reports 

further support this anti-Kasha behavior, showing that excitation into higher electronic states (S₂, S₃) accelerates 

proton transfer and enhances tautomer emission, whereas direct excitation into S₁ slows down or even suppresses 

ESIPT, leading to stronger normal-form fluorescence [32,34,36]. The strong reduction of the T* band observed 

at 418 nm in our study is therefore consistent with the idea that lower-energy excitation decreases the efficiency 

of ESIPT.  

A. B. 

  

Fig. 3. Fluorescence spectra of 3HF in methanol upon excitation at (A) 240 nm and (B) 418 nm. 
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3.1.2. Effects of metal ion complexation 

Complexation of 3HF with transition metal ions significantly alters both the relative intensities of the N* and 

T* bands and the total fluorescence yield. The Zn(II) complex exhibits much higher emission intensity than the 

free ligand, both under short-wavelength (240 nm) and near-resonant (418 nm) excitation (Fig.4). 

This enhancement is a characteristic example of chelation-enhanced fluorescence: coordination with Zn2+ 

rigidifies the flavonol skeleton, reduces nonradiative vibrational relaxation, and increases photostability [33, 34]. 

Moreover, Zn(II) has a closed-shell d10 configuration with no low-lying d–d states or paramagnetic effects, and 

therefore does not quench emission. Instead, it stabilizes the excited states and facilitates radiative decay [34]. 

Literature consistently reports that Zn(II)–flavonol complexes display stronger emission than the free ligands, 

often with a relative increase of N* emission due to partial suppression of ESIPT under rigid coordination [33]. 

In contrast, complexes with Mn(II) and Co(II) exhibit significantly lower fluorescence intensity than both the 

free 3HF and the Zn-3HF complex. Although the dual emission pattern remains discernible, the overall emission 

is strongly quenched and the relative balance shifts toward tautomeric fluorescence. This behavior can be attributed 

to the paramagnetic nature of Mn2+ (high-spin d5) and Co2+ (high-spin d7), which facilitates spin–orbit coupling 

and promotes intersystem crossing from singlet to triplet states [35–37]. These nonradiative processes compete 

effectively with fluorescence, thereby reducing the quantum yield. Additionally, low-lying metal-centered d–d 

or charge-transfer states can act as energy sinks, channeling excitation energy away from the ligand [35–37].  

A. B. 

  

Fig.4. Emission spectra of 3HF and its Mn-, Co-, and Zn-complexes in methanol, recorded at excitation 

 wavelengths of (A) 240 nm and (B) 418 nm. 

The sharp contrast between the fluorescence enhancement by Zn(II) and quenching by Mn(II) and Co(II) 

underscores the decisive role of the metal ion in modulating the excited-state deactivation pathways. Diamagnetic 

d10 ions such as Zn2+ or Cd2+ are generally “fluorescence-friendly,” while paramagnetic ions with unpaired 

electrons are strong quenchers. This principle has been widely demonstrated for flavonols and related 

chromophores, and it highlights the utility of 3HF as an environment-sensitive probe whose emission character 

and intensity can be tuned by the choice of coordinating metal ion. 

Taken together, the results demonstrate that 3HF in methanol exhibits a classical ESIPT mechanism, with 

tautomeric emission dominating under short-wavelength excitation and a higher contribution of the N* band 

at 418 nm excitation. Complexation with Zn(II) enhances fluorescence and shifts the equilibrium toward N* 

emission, whereas the presence of Mn(II) and Co(II) ions results in pronounced fluorescence quenching. 

These findings confirm that the nature of the metal ion strongly determines the excited-state deactivation pathways 

and can be exploited to modulate the photophysical properties of flavonoids. The results highlight the potential 

of 3HF as a ligand acting as an environmental probe, whose emission character and intensity can be controlled 

by appropriate choice of the metal center. 

3.2. DPPH radical scavenging activity of 3-hydroxyflavone and its complexes with Mn(II), 

Co(II), and Zn(II) 

3-Hydroxyflavone, in addition to its interesting photophysical properties, also exhibits biological activity. 

Despite the absence of a classical catechol moiety in the B-ring, this compound can display antioxidant activity 

due to the ESIPT mechanism [38]. In the present study, the antioxidant capacity of the free ligand and its complexes 

with Mn(II), Co(II), and Zn(II) ions was evaluated using the 2,2-diphenyl-1-picrylhydrazyl radical (DPPH•) assay, 

which monitors the decrease in absorbance at λ = 515 nm. The results, expressed as percentage of inhibition relative 
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to the control, were obtained for a 1 mmol·dm-3 solution of 3HF and for saturated solutions of the metal complexes. 

The inhibition values are summarized in Table 1. 

Table 1. Percentage inhibition of DPPH radicals by 3-hydroxyflavone and its metal complexes. 

Compound % Inhibition 

3HF (1 mmol dm-3) 24.0 

Mn-3HF (saturated sol.) 33.4 

Co-3HF (saturated sol.) 7.1 

Zn-3HF (saturated sol.) 5.9 

 

The results show that free 3HF exhibits moderate antioxidant activity (24.0%). Notably, complexation with 

Mn(II) enhanced radical scavenging capacity, with the Mn-3HF complex reaching 33.4% inhibition and thus 

surpassing the free ligand. This suggests that, in addition to the intrinsic activity of 3HF, the Mn(II) ion itself may 

contribute to redox processes, effectively reinforcing the radical neutralization mechanism. In contrast, 

complexation with Co(II) and Zn(II) resulted in only minimal activities (7.1% and 5.9%, respectively). 

This indicates that coordination with these metals blocks the reactive hydroxyl group of 3HF, essential 

for hydrogen atom or electron donation, without providing additional redox pathways as in the case of Mn(II). 

Comparison with literature data reveals that the highest activity in the DPPH assay is reported for flavonols 

containing the 3′,4′-dihydroxy catechol system in the B-ring, such as myricetin, quercetin, and fisetin [39–41]. 

Flavonols lacking these groups, such as kaempferol and morin, exhibit much lower antioxidant capacity [42,43]. 

The results obtained for 3HF are consistent with this trend, as its activity is moderate but still significant, most 

likely supported by stabilization of the radical form through the ESIPT process. The increase observed upon Mn(II) 

coordination highlights that metal complexation can, depending on the redox properties of the ion, either enhance 

or suppress the antioxidant capacity of flavonols. 

In summary, 3-hydroxyflavone demonstrates moderate antioxidant activity despite the absence of a classical 

catechol system. Its coordination with Mn(II) improves radical scavenging efficiency, while Co(II) and Zn(II) 

markedly reduce it. These findings underline the importance of hydroxyl groups in the antioxidant mechanism 

of flavonols and demonstrate that metal coordination represents a powerful tool to modulate their biological 

properties. 

3.3. Conclusions 

In this study, the photophysical and antioxidant properties of 3-hydroxyflavone and its complexes with Mn(II), 

Co(II), and Zn(II) were examined. Fluorescence spectroscopy showed that 3HF has excitation-dependent dual 

emission governed by the ESIPT mechanism. Zn(II) complexation enhanced fluorescence and promoted enol 

emission, while Mn(II) and Co(II) led to strong quenching due to paramagnetism. Antioxidant activity evaluated 

by the DPPH assay showed very high radical scavenging efficiency for 3HF, whereas metal complexes displayed 

significantly reduced activity, with only Mn-3HF retaining partial capacity. These findings demonstrate that both 

the optical and biological properties of 3HF can be modulated by metal coordination, highlighting its potential 

as an environment-sensitive probe and as a scaffold for tunable antioxidant activity. 
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