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ABSTRACT  

The stoichiometry and thermodynamic stability of copper(II), vanadium(IV/V), 

iron(II)/(III) and gallium(III) complexes of salicylaldehyde semicarbazone (SSC, HL) and its 

5-bromo derivative (Br-SSC, HL) have been determined by pH-potentiometry, UV/Vis 

spectrophotometry, EPR, 1H and 51V NMR spectroscopy in 30% (w/w) dimethyl 

sulfoxide/water solvent mixture. Proton dissociation processes and lipophilicity of the ligands 

were also studied in detail. Formation of mono-ligand complexes such as [ML], [MLH−1], 

[MLH−2] was found with copper(II), vanadium(IV/V), while bis-ligand species of 

iron(II)/(III) and gallium(III) such as [ML2], [ML2H−1] and [ML2H–2] were also detected, in 

which the ligands coordinate via monoanionic (O−,N1, O) or dianionic (O−,N1, O−) modes. 

The bromine substituent on the phenol ring has no significant impact on the stability and 

binding modes but provides a remarkably enhanced lipophilic character, which is 

advantageous for the bioactivity. The Ga(III) − salicylaldehyde semicarbazone species show 

unambiguously higher stability; whereas Cu(II) species have somewhat lower stability 

relative to the corresponding thiosemicarbazone analogues, however no decomposition of the 

Cu(II) complex was observed even at micromolar concentrations at physiological pH.  

 

* Corresponding author. Tel.: +36 62 544334; fax: +36 62 420505. 

E-mail address: enyedy@chem.u-szeged.hu (É. A. Enyedy). 
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1. Introduction 

 

Semicarbazones as Schiff bases are usually obtained by the condensation reaction of a 

semicarbazide and a suitable aldehyde or ketone. These compounds exist in two tautomeric 

forms such as keto (R2C=N-NH-C(=O)NH2) and enol (R2C=N-N=C(OH)NH2) forms. 

Additionally, cis-trans isomerisation with regard to the R2C=N double bond is also possible 

[1−5]. Semicarbazones can act as neutral ligand in their keto forms coordinated to metal ions 

via the azomethine N and carbamoyl O, while the deprotonated enolic form appears to serve 

monoanionic (N,O−) binding pattern. When a coordinating functional group (X) is 

additionally present in the semicarbazone compounds, more diversified binding modes can 

occur; typically tridentate (X,N,O) or (X,N,O−) coordination can be found in their metal 

complexes, which provides a stronger metal binding ability to the ligands. Thus, 

semicarbazones are versatile ligands showing a wide spectrum of beneficial biological 

applications due to their antiviral, antiseptic, anticonvulsant and antitumor activity [1−5]. 

However, their anticancer efficacy usually does not surpass that of the sulphur analogues, 

thiosemicarbazones [1−5]. Only low-to-moderate in vitro activities of salicylaldehyde 

semicarbazone (SSC, HL, Scheme 1) and its various derivatives on cancer cell lines were 

reported [6−8], however their efficacy is unambiguously increased by complexation with 

proper metal ions such as Cu(II), Ga(III), Ni(II) or V(V) [8−15]. Cu(II) complexes of 

terminally N-substituted SSC showed considerably higher antiproliferative activity than their 

respective ligands triggering apoptotic cell death [9]. Binding of these Cu(II) complexes to 

DNA via partial intercalation with a subsequent cleavage of DNA via generation of hydroxyl 

radicals was also proved, which is most probably in a strong relation to their anticancer 

property [10]. V(V) complexes formed with N4-(2-naphthyl)semicarbazone were also 

reported for their selective potency on human kidney tumour cells [13−15]. A series of 

Ga(III) bis-ligand complexes of SSC and its derivatives was tested on different human tumour 

cell lines (ovarian, breast, prostate) and exhibited higher activity than the corresponding 

ligands (IC50 values of the complexes fell in the micromolar concentration range) [8]. The 

Ga(III) complex of 5-bromo salicylaldehyde semicarbazone (Br-SSC, HL, Scheme 1) showed 

significant activity against cisplatin sensitive ovarian cells [8]. On the other hand, Fe(III) and 

Pt(II) complexes of SSC were found to be inactive on glicoma cells [16]. 

Scheme 1 



3 

 

The chemical-physical properties of the Cu(II), Ga(III) or V(V) complexes of SSC and 

Br-SSC with already proved antitumor activity are characterized in solid phase (or in solution 

of organic solvents) [8−15], which cannot provide sufficient information on their 

transformations in aqueous solutions. The knowledge of the exact speciation and the most 

plausible chemical forms of these complexes in solution, especially at physiological pH, are 

of utmost importance for the understanding their mechanism of action and the design of novel 

compounds with even better biological activity. Besides the possibility of decomposition in 

solution, the V(V) complexes can undergo reduction under physiological conditions, hence 

the stability of the V(IV)O complexes of SSC and Br-SSC may have some importance in their 

mechanism of action. Complexation with Fe(III/II) is also involved into this study. Although 

the final cellular target for the semicarbazone compounds has not been revealed [1−5], the 

thiosemicarbazones are considered as inhibitors of the iron containing ribonucleotide 

reductase enzyme, the rate-determining enzyme in the supply of deoxyribonucleotides for 

DNA synthesis, and the formation of an iron complex is supposed to be an important step in 

the mechanism of action [17]. Therefore, in the present work detailed pH-potentiometric, 

UV/Vis spectrophotometric, EPR, 1H 51V NMR spectroscopic and spectrofluorimetric 

measurements have been performed to investigate the stoichiometry and stability of the 

Cu(II), V(V/IV), Ga(III) and Fe(III/II) complexes of SSC and its 5-bromo derivative, Br-SSC 

in solution. Additionally the proton dissociation processes of the ligands with their 

lipophilicity were also characterized. SSC, besides its own interest as the representative of the 

tridentate (O,N,O) type semicarbazones was chosen to clarify the stability order of the various 

metal complexes in comparison with the behaviour of the analogue salicylaldehyde 

thiosemicarbazone (STSC) [18] or -N-pyridyl thiosemicarbazones such as the anticancer 

drug Triapine® [17,19]. Measurements were performed in a water/dimethyl sulfoxide 

(DMSO) mixture due to the limited water solubilities of the ligands. The use of the organic 

solvent/water mixture is advantageous for the quantitative description of the solution 

equilibria of metal complexes with limited water solubility, but the conclusions cannot be 

directly transferred to the solution behaviour in water. Nevertheless, it was found in our 

previous works that the speciation is not identical but comparable in the presence of 30% 

DMSO and in neat water [20,21]. 
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2. Experimental 

 

2.1. Chemicals 

SSC and Br-SSC were prepared as described previously [8]. NaVO3, VOSO4, KOH, KSCN, 

GaCl3 and HEPES were Sigma-Aldrich and HCl, KCl, CuCl2, Fe, FeCl3 were Reanal 

products. The purity and stability of the ligands were checked and the exact concentrations of 

the stock solutions prepared were determined by the Gran method [22]. The Fe(II) stock 

solution was obtained from fine Fe powder dissolved in a known amount of HCl solution 

under a purified, strictly oxygen-free argon atmosphere, then filtered, stored and used under 

anaerobic conditions. KSCN solution was used to check the absence of Fe(III) traces in the 

Fe(II) solution. The concentration of the Fe(II) stock solution was determined by 

permanganometric titrations. Ga(III), Fe(III) and Cu(II) stock solutions were prepared by 

dissolving the appropriate amount of the metal chlorides (Reanal) in known amount of HCl. 

Their concentrations were determined by complexometry via the EDTA complexes. Accurate 

strong acid content of the metal stock solutions were determined by pH-potentiometric 

titrations. The V(IV)O stock solutions were prepared as described [23], and standardized for 

the metal ion concentration by permanganate titration. Vanadate stock solutions were 

prepared by dissolving sodium metavanadate in hot water. The solutions were then cooled to 

room temperature, filtered through a porous glass G4 filter, and standardized by evaporation 

to the solid (NaVO3) [24]. 

 

2.2. pH-potentiometric studies 

The pH-metric measurements for determination of the protonation constants of the ligand 

SSC and the overall stability constants of the metal complexes were carried out at 25.0±0.1 oC 

in DMSO/water 30:70 (w/w) solution and at an ionic strength of 0.10 M (KCl) in order to 

keep the activity coefficients constant. The titrations were performed with carbonate-free 

KOH solution of known concentration (0.10 M). The concentrations of the base and the HCl 

were determined by pH-potentiometric titrations. An Orion 710A pH-meter equipped with a 

Metrohm combined electrode (type 6.0234.100) and a Metrohm 665 Dosimat burette were 

used for the pH-metric measurements. The electrode system was calibrated to the pH = 

−log[H+] scale in the DMSO/water solvent mixture by means of blank titrations (strong acid 

vs. strong base; HCl vs. KOH), similarly to the method suggested by Irving et al .[25] in pure 

aqueous solutions. The average water ionisation constant, pKw, is 14.53 ± 0.05 in 
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DMSO/water 30:70 (w/w) at 25 oC, which corresponds well to the literature [18,26], and 

resulting in a pH 7.265 as neutral pH. The reproducibility of the titration points included in the 

calculations was within 0.005 pH. The pH-metric titrations were performed in the pH range 

2.0–12.6. The initial volume of the samples was 10.0 or 20.0 mL. The ligand concentration 

was 1 mM and metal ion to ligand ratios of 1:1–1:4 were used. The accepted fitting of the 

titration curves was always less than 0.01 mL. Samples were deoxygenated by bubbling 

purified argon through them for ca. 10 min prior to the measurements. In the case of Fe(II) 

and V(IV)O samples, argon overpressure was used when metal ion solution was added to the 

samples in tightly closed vessels, which were prior completely deoxygenated by bubbling a 

stream of purified argon through them for ca. 20 min. Argon was also passed over the 

solutions during the titrations. 

The protonation constants of the ligands were determined with the computer program 

SUPERQUAD [27], and PSEQUAD [28] was utilized to establish the stoichiometry of the 

complexes and to calculate the stability constants (log MpLqHr) using the literature data for 

Fe(III), Ga(III) and V(IV)O hydroxido complexes [29−31]. MpLqHr) is defined for the 

general equilibrium pM + qL + rH MpLqHr as  (MpLqHr) = [MpLqHr]/[M]p[L]q[H]r 

where M denotes the metal ion (in the case of vanadium(IV/V): V(IV)O2+ and H2V(V)O4
−) 

and L the completely deprotonated ligands. In all calculations exclusively titration data were 

used from experiments in which no precipitate was visible in the reaction mixture. 

 

2.3. Spectrophotometric and spectrofluorimetric measurements 

A Hewlett Packard 8452A diode array spectrophotometer was used to record the UV/Vis 

spectra in the range 260–800 nm. The path length was 1 cm. Protonation constants and the 

individual spectra of the species were calculated by the computer program PSEQUAD [29]. 

The spectrophotometric titrations were performed on samples of the SSC alone or with Cu(II), 

Fe(III), Fe(II) and Ga(III) and Br-SSC with Cu(II) or V(IV)O. The concentration of ligands 

was set constant at 0.05 mM and the metal-to-ligand ratios were 0:1, 1:1 and 1:2 over the pH 

range between 2 and 12.6 at an ionic strength of 0.10 M (KCl) in 30% (w/w) DMSO/H2O at 

25.0 ± 0.1 oC. For Fe(II) and V(IV)O samples, spectra were recorded under anaerobic 

conditions. UV/Vis measurements for Fe(III) − SSC system were carried out at 1:1 metal-to-

ligand ratio in order to determine the log of species [Fe(III)L]2+ by preparing individual 

samples in which KCl was partially or completely replaced by HCl and pH values, varying in 

the range 1.0–2.0, were calculated from the HCl content. 
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The pH-dependent fluorescence measurements were carried out on a Hitachi-4500 

spectrofluorimeter with the excitation at 322 nm for SSC and 331 nm for Br-SSC. The 

emission spectra were recorded using 5 nm/5 nm slit widths in 1 cm quartz cell in the pH 

range between 2 and 12.5 in 30% (w/w) DMSO/H2O at 25.0 ± 0.1 oC. Samples contained 10 

M SSC or Br-SSC at 0.10 M (KCl) ionic strength. Three-dimensional spectra were recorded 

at 240–420 nm excitations and at 250–600 nm emission wavelengths at pH 3.0 and 7.40 and 

10 nm/10 nm slit widths were used. 

  

2.4. Determination of the distribution coefficient (D) 

D values of SSC and Br-SSC were determined by the traditional shake flask method [32] in n-

octanol/buffered aqueous solution at 7.40 (HEPES, 0.01 M) at 25.0±0.2 oC. Two parallel 

experiments were performed for each sample. The ligands were dissolved at 90 M in the n-

octanol pre-saturated aqueous solution of the buffer at constant ionic strength (0.10 M KCl). 

The aqueous solutions and n-octanol with 1:1 phase ratio were gently mixed with 360° 

vertical rotation for 3 h to avoid emulsion formation, and the mixtures were centrifuged at 

5000 rpm for 3 min by a temperature controlled centrifuge (Sanyo) at 25 oC. After separation 

UV of the ligands in the aqueous phase were compared with those of the original aqueous 

solutions and D values were calculated as the mean of [Absorbance (original solution) / 

Absorbance (aqueous phase after separation) – 1] obtained at the region of lmax (SSC: 314 

nm, Br-SSC: 330 nm) ±10 nm. On the other hand, D values were also calculated on the basis 

of the fluorescence emission spectra at lEX(max) (SSC: 320 nm, Br-SSC: 331 nm) of the 

ligands in the aqueous phase compared with those of the original aqueous solutions. The 

partition coefficient (P) of the neutral form of SSC was calculated as P = D7.4 / xHL, where xHL 

is the molar fraction of HL species at pH 7.40. 

 

2.5. 1H and 51V NMR measurements 

NMR studies were carried out on a Bruker Ultrashield 500 Plus instrument (500 MHz). In the 

case of 1H NMR, SSC was dissolved in a 30% (w/w) [D6]-DMSO/D2O mixture in a 

concentration of 1.0 mM and was measured in the absence or presence of Ga(III) at 1:2 metal-

ligand ratios between pH 2 and 12.5. DSS (sodium 2,2-dimethyl-2-silapentane-5-sulfonate) 

was used as an internal reference. In the case of 51V NMR the samples contained 30% (w/w) 

DMSO 60% H2O and 10% D2O. The concentrations of SSC and V(V) were 0.85 mM and 
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0.65 mM, respectively. The direct pH-meter readings (pH*) obtained by the pH-meter 

calibrated in the 30% (w/w) DMSO/H2O according to Irving et al [25]. 

 

2.6. EPR measurements and deconvolution of the spectra 

All CW-EPR spectra were recorded with a BRUKER EleXsys E500 spectrometer (microwave 

frequency 9.85 GHz, microwave power 10 mW, modulation amplitude 5 G, modulation 

frequency 100 kHz). For Cu(II) – SSC system the isotropic EPR spectra were recorded during 

a titration, at 25 oC, in a circulating system. A Heidolph Pumpdrive 5101 peristaltic pump was 

used for circulate the solution from the titration pot through a capillary tube into the cavity of 

the instrument. The titrations were carried out under nitrogen atmosphere. At each pH values 

0.10 mL sample was taken out into quartz EPR tubes, for 77 K measurements. Seven EPR 

spectra were recorded at 1 mM ligand concentrations at 1:1, and other seven spectra at 1:2 

metal-to-ligand ratio at pH 2 ~ 7. At higher pH values precipitation occurred. In the case of 

the Br-SSC EPR spectra were recorded only at 77 K at 50 M ligand concentration at 1:1 

Cu(II)-to-ligand ratio due to its worse solubility.   

For V(IV)O – SSC system the EPR spectra were recorded in separate measurements. 

Nitrogen gas bubbling ensured the exclusion of air during the titrations, and for each pH 

values ~50 L sample was taken into glass capillary tubes and closed immediately and 100 

L sample in quartz EPR tubes and plunged in liquid nitrogen. 12 EPR spectra were recorded 

at 0.5 mM of V(IV)O and 1 mM ligand concentrations and ten spectra at 1 mM of V(IV)O 

and 1 mM ligand concentrations between pH 2 and 10. 

Due to the low solubility of the ligands and complexes in water, all measurements 

were done in 30% (w/w) DMSO/H2O mixture at an ionic strength of 0.10 M (KCl). KOH 

solution was added to the stock solution to change the pH which was measured with an Orion 

710A pH-meter equipped with a Metrohm combined electrode (type 6.0234.100).  

Series of Cu(II) and V(IV)O CW-EPR spectra recorded at 25 oC were simulated by the 

„two-dimensional” method using the 2D_EPR program [33]. For Cu(II) systems the 

parameters go, Ao
Cu copper hyperfine (ICu= 3/2) and ao

N
 nitrogen (IN = 1) hyperfine coupling, 

and for V(IV)O systems the go, and Ao
V (IV = 7/2) vanadyl hyperfine coupling were taken into 

account to describe each component curve. The relaxation parameters, , , and  defined the 

linewidths through the equation MI=+MI+MI
2, where MI denotes the magnetic quantum 

number of the paramagnetic metal ions. Since a natural CuCl2 was used for the Cu(II) − 

ligand measurements, the spectra were calculated as the sum of the spectra of 63Cu and 65Cu 
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weighted by their natural abundances. The concentrations of the complexes were varied by 

fitting their formation constants. 

The anisotropic EPR spectra recorded at 77 K were analysed individually with the 

EPR program [34]. In case of the Cu(II) complexes, the anisotropic EPR parameters: gx, gy, gz, 

rhombic g-tensor, Ax
Cu, Ay

Cu, Az
Cu rhombic copper hyperfine tensor and ax

N, ay
N, az

N rhombic 

nitrogen hyperfine tensor and the orientation dependent linewidth parameters were used to set 

up each component spectra. For the V(IV)O complexes gǁ, g┴ axial g-tensor and Aǁ
V, A┴

V axial 

hyperfine tensor were taken into consideration. The following expressions are valid for the g 

values in the case of a dxy ground state and an axial symmetry:  

gǀǀ
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Here, α, β, and γ are the vanadium dx
2

-y
2, dxy, and dxz,yz orbital populations, ξ is the spin–orbit 

constant, ΔE(x2−y2) and ΔE(xz,yz) are the energy differences between the dx
2

-y
2, dxz,yz excited 

states, respectively, and the dxy ground state. 

For each spectrum, the noise-corrected regression parameter (Rj for the jth spectrum) is 

derived from the average square deviation (SQD) between the experimental and the calculated 

intensities. For the series of spectra, the fit is characterized by the overall regression 

coefficient R, calculated from the overall average SQD. The details of the statistical analysis 

were published previously [34]. The hyperfine and superhyperfine coupling constants and the 

relaxation parameters were obtained in field units (Gauss = 10-4 T). 

 

3. Results and Discussion 

 

3.1. Proton dissociation processes of SSC and Br-SSC and their lipophilicity 

Solution equilibria of the proton-dissociation processes of ligands SSC and Br-SSC (shown in 

Scheme 1) were studied in a 30% (w/w) DMSO/H2O solvent mixture due to the low solubility 

of these compounds in neat water. Various methods such as pH-potentiometry, 1H NMR, 

UV/Vis spectrophotometry and spectrofluorimetry were applied in the case of SSC. The much 

worse solubility of Br-SSC in this milieu resulted in experimental limitations and its pKa 

values were determined only by photometric and fluorimetric titrations. pKa values of SSC 

and Br-SSC are collected in Table 1. 

Table 1 
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The hydrolytic stability of SSC was monitored by a second pH-metric titration with 

KOH following back-acidification of the initially titrated sample and the recorded titration 

curves were almost exactly superimposed indicating that no decomposition occurred. 

Although, ligand SSC consists of three dissociable moieties (phenolic-OH, hydrazinic 

N2H and carbamoyl group), only one proton dissociation constant could be determined 

accurately by pH-potentiometry in the pH range studied (~2.5 − 12.6). This proton 

dissociation process was accompanied by characteristic spectral changes in the pH-dependent 

UV/Vis spectra (Fig. 1), namely the development of a strong band at λmax = 360 nm is seen 

most probably due to the deprotonation of the phenolic-OH moiety (Scheme 2). pKa and 

spectra of the individual ligand species (HL; L–) were calculated on the basis of 

deconvolution of these spectra (Table 1, Fig. 1). On the other hand SSC possesses intrinsic 

fluorescence properties (3D spectrum in Fig. S1 in the Supplementary data) and its pH-

dependent emission spectra show a significant increase in the intensities at pH > ~7.5. A 

similar pKa value could be determined based on these spectral changes compared with the 

data obtained by the other two methods mentioned (Table 1). The deprotonation of the N2H 

group of the semicarbazone moiety could not be detected, its pKa seems to be higher than 

12.5.   

Fig. 1 

 Scheme 2 

Noticeably additional spectral changes were observed at pH < 2.8 accompanied by a 

small decrease of the emission intensities (Fig. S1.b) and a little rise in the UV/Vis 

absorbance values at 316 nm with elevated pH indicating a possible proton dissociation 

process in the acidic pH range, but data were not appropriate for the calculation.      

Additionally, 1H NMR spectra were recorded at various pH values for SSC (Fig. 2). 

The chemical shifts (δ) of the ring and C7H protons are reasonably sensitive to the 

deprotonation processes. A pKa value could be determined based on the upfield shift of the 

peak of C7H due to the deprotonation taking place between pH ~8.3 and 10.3 (Table 1), which 

is in good agreement with the calculated data based on the other methods. 

Fig. 2 

However, a new set of peaks belonging to the aromatic ring protons is seen in the 

whole pH range studied, which is most probably the consequence of the presence of Z/E 

isomers in the medium applied (Scheme 3) due to the geometric isomerisation of the C7=N 

double bond. It is noteworthy that formation of isomers was not observed in pure [D6]DMSO 
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(Fig. S2). The deprotonation of the phenolic-OH group is accompanied by significant 

electronic shielding effects in the case of the aromatic ring protons of both isomers (Fig. S3). 

On the basis of these changes (pH > 7) proton dissociation constants could be calculated for 

the major and minor isomers (Table 1).  

Scheme 3 

Due to the possible formation of a hydrogen bond between the phenolic-OH and imine 

N1 in the isomer E can increase the pKa of the OH. At the same time a hydrogen bond located 

between the deprotonated phenolate and N2H in the isomer Z can decrease the pKa via the 

stabilization of the conjugate base. Taking into consideration these suppositions the major 

isomer is the E, while the minor one refers the Z form in all likelihood. According to the 

literature the X-ray structure of the neutral SSC (HL) obtained from an ethanolic solution 

reveals that the molecule is almost planar, however the semicarbazone moiety forms a 

dihedral angle of ~15° with the phenyl ring [35]. The arrangement of the substituents at the 

C7H=N double bond shows the E conformation in which the N1 atom is oriented in a way to 

form an intermolecular hydrogen bond between N1 and the phenolic-OH in the solid phase 

[35]. Additionally, the direction of the changes in the chemical shifts of the corresponding 

aromatic ring protons of the E and Z isomers is the same by increasing the pH (Fig. S3) except 

for the C6H proton. In the latter case deprotonation of the phenolic-OH results in a downfield 

shift of the E isomer’s peak, and an upfield shift is seen for the other one. Due to the probable 

hydrogen bonds in the HL form of the E isomer and in the L− of the Z (vide supra) the C6H is 

situated far from the C7H=N double bond in these species, which results in a decrease in the 

magnetic anisotropic effect on this proton. Therefore, the chemical shift of C6H in the 

protonated form is higher for the Z than the E isomer oppositely the case of the deprotonated 

forms. The ratio of the Z and E isomers, which is 1:9 and is not affected by the deprotonation 

of the phenolic-OH, thus remains nearly constant at pH > 3. This is fairly unusual; the 

isomerisation is most probably under kinetic control, thus there is no real equilibrium between 

the isomers in the HL form. 

 However, the ratio of the isomers is undoubtedly changing at pH < 3 (Fig. 2) most 

probably as a result of the (de)protonation of the semicarbazone moiety (Scheme 2), which is 

realized possibly at the carbamoyl moiety [36]. The molar fraction of the Z isomer is 

increasing by decreasing the pH, although the positions of the peaks are unchanged. Based on 

the integrated areas of the peaks belonging to the Z and E isomers and mass balance equations 

the pK1 and the isomeric ratio for the species H2L
+ were estimated (Fig. S4). The best fit was 
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found at pK1 ~ 1.9 and the ratio of E:Z is 36:64 (Fig. S5). This means that the Z isomer 

becomes predominant in the case of the protonated H2L
+ ligand form. Then pK1 of the 

isomers could be obtained based on their molar fractions at the various pH values (Table 1). 

Such low pKa values of the semicarbazone fragment were also obtained in the case of the 

benzaldehyde semicarbazone (pKa = 0.96) or acetone semicarbazone (pKa = 1.33) [37]. Then 

concentration distribution curves could be calculated with the use of the macroscopic 

constants (pK1 ~ 1.9; and pK2 = 9.32) and with the pKa values of the isomers as well (Fig. 3).   

Fig. 3 

It should be noted that pKa values of all the dissociative functionalities of ligand SSC 

are higher than those of the corresponding thiosemicarbazone, STSC [18]. 

The pKa value of the phenolic-OH of the ligand Br-SSC was determined by the 

deconvolution of the pH-dependent UV/Vis (not shown) and fluorescence emission spectra 

(Fig. S1). In comparison, the proton dissociation constant of this hydroxyl moiety (Table 1) is 

by ~ 2 orders of magnitude lower than that of SSC most probably due to the electron 

withdrawing effect of the bromine substituent. No further deprotonation processes were 

detected in the studied pH range.   

   According to the pKa values of the ligands studied, SSC is mainly neutral at 

physiological pH (~100% in HL form), although Br-SSC is partly deprotonated (~40% HL 

and 60% L−). Distribution coefficients (D) of the ligands representing the actual partitioning 

between n-octanol and water were measured at pH 7.40. LogD7.4 = 1.04(2) and 0.94(1) were 

determined for SSC using UV/Vis and fluorescence spectrometry for the analysis, 

respectively. This result represents a somewhat more hydrophilic character of the SSC ligand 

compared with STSC, which has a logD7.4 = 1.74 value [18]. Ligand Br-SSC was found to be 

much more lipophilic and practically no ligand could be detected in the aqueous phase after 

partitioning (logD7.4 > 1.8).               

 

3.2. Copper(II) and vanadium(IV/V) complexes of SSC and Br-SSC 

The complex formation processes of the semicarbazone ligands with Cu(II) and V(IV)O ions 

were followed by various methods such as pH-potentiometry, UV/Vis and EPR spectroscopy 

in 30% (w/w) DMSO/H2O. The stoichiometries of the metal complexes and the cumulative 

stability constants furnishing the best fits to the experimental data are listed in Table 2. It 

should be noted, however, that the Cu(II) complexes precipitate at a metal/ligand ratio of 1:1 

at pH > 7 at 1 mM concentration of the metal ion and only at ~ 0.250 mM were found to be 
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soluble at the physiological pH range. In the case of the Br-SSC the low solubility hindered 

the application of pH-potentiometry in the milieu used. 

 Table 2  

Formation of complexes of SSC only with a 1:1 metal-to-ligand stoichiometry such as 

[CuL]+ and [CuLH–1] was found on the basis of the pH-potentiometric titration data. The 

structurally analogue thiosemicarbazone, STSC forms similar mono-ligand complexes with 

Cu(II) [18]. Data reveal that complex [CuLH–1] of SSC predominates at neutral pH and its 

decomposition even at the micromolar concentration range is negligible. UV/Vis spectra for 

the Cu(II) – SSC system were recorded at various pH values, which showed characteristic 

changes due to the complex formation. Deconvolution of these spectra provides the individual 

spectra of the complexes [CuL]+ and [CuLH–1]  (Fig. 4). 

Fig. 4    

The significant deviation between the molar absorbance (e) and lmax values belonging 

to these complexes strongly support the difference in their coordination modes. To elucidate 

the actual coordination modes and confirm the speciation model obtained by pH-

potentiometry, EPR spectra were recorded at various pH values at 77 K and at room 

temperature. Based on the deconvolution of the room temperature EPR spectra formation of 

the complexes [CuL]+ and [CuLH–1] could be detected between pH 2 and ~7. The 

simultaneous two-dimensional simulation of the solution EPR spectra resulted in the 

individual isotropic EPR spectra (Fig. 5.a), the EPR parameters (Table 3) of Cu(II), 

complexes [CuL]+ and [CuLH–1] and their overall stability constants (Table 2), which are in 

roughly good agreement with those obtained by the pH-potentiometry. The lower go value of 

[CuLH–1] is accompanied with a higher Ao value compared with those of [CuL]+ suggesting 

an increased ligand field in the former complex. Based on the isotropic EPR values it is likely 

that in both complexes the ligand coordinates tridentately with a distorted square-planar 

geometry. In the species [CuL]+, the ligand can coordinate through the deprotonated phenol 

O–, N1 and the carbamoyl O donor atoms while the hydrazine N2H moiety is still protonated. 

This coordination pattern was also found in an X-ray crystal structure of Cu(II) and SSC [38] 

and its N3,N3-dibenzyl derivative [39]. Deprotonation of the hydrazine N2H and the keto/enol 

tautomeric rearrangement results in the formation of the species [CuLH–1] in which the (O–

,N1,O–) binding mode is the most feasible. EPR parameters of the SSC complexes compared 

with the corresponding STSC complexes [18] suggest the significantly higher ligand field of 

the thiosemicarbazone. It is noteworthy that precipitate was formed at pH > 7, due to the 
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formation of the neutral species [CuLH–1] and parallel a decrease in the intensity of the EPR 

signal was detected.      

Fig. 5 

Table 3 

The anisotropic spectra of [CuL]+ (Fig. 5.b) could be characterised with rhombic g-, A- 

and aN- tensors, the data are listed in Table 4. To describe the nitrogen splitting measured in 

the perpendicular region of the spectrum, one nitrogen coupling was taking into account (aNy) 

pointing toward the N1 – Cu(II) bound which lies in the y direction of the g-tensor. The two 

smaller (aNx and a z) coupling values were not resolved in the spectrum. The anisotropic 

spectra of complex [CuLH−1] could not be calculated; however the formation of this complex 

as an EPR silent species can be assumed at this low temperature. The amount of the EPR 

silent species could be estimated from the decrease of the second integral of the EPR spectra 

and the molar fractions of this silent species perfectly correspond to those calculated using the 

stability constants obtained by pH-potentiometry. Although, X-ray crystal structure of 

[CuLH–1] is not known in the literature, formation of planar dimers of [CuL]Cl through 

intermolecular N–H…O hydrogen bonds with unusual -stacking was described by Wang et 

al. [40].       

Table 4 

In the case of the ligand Br-SSC UV/Vis titrations (Fig. S6) and EPR measurements at 

77 K were performed at only 0.05 mM concentration of the ligand. Stability constants and the 

individual spectra for the species [CuL]+ and [CuLH–1] (Table 2, Fig. 4) were calculated on 

the basis of deconvolution of UV/Vis spectra recorded at various pH values. The spectra of 

the complexes represent quite similar features to those of the SSC with somewhat lower molar 

absorptivities suggesting similar coordination modes in the corresponding complexes. EPR 

spectra could be recorded also in a wide pH range for the Cu(II) – Br-SSC system due to the 

low concentrations and the spectra simulation was successful by taking into account the 

components spectra of Cu(II)(aqua), [CuL]+, [CuLH–1] and [CuLH–2]
– complexes, and a 

singlet spectra referring to oligomerisation or precipitation occurring between pH 6 and 10 

(Fig. 6). Their anisotropic EPR parameters are collected in Table 4. The g and A parameters of 

complex [CuL]+ are similar to those obtained for the corresponding complex of SSC, 

suggesting that the bromine substituent has no significant impact on the coordination modes 

as it is expected. Spectrum of complex [CuLH–1] predominating between pH 6 and 10 could 

be decomposed into the spectrum of an ordinary anisotropic Cu(II) complex and a singlet 
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spectrum. The singlet spectrum possibly originates from the aggregation of the neutral species 

[CuLH–1] that precipitates from the solution. Similar precipitate was identified for ligand SSC 

at pH > 7 which was even visible due to the higher concentrations (vide supra). Considering 

the minor decrease in go value and increase in Ao of [CuLH–1] compared with those of [CuL]+ 

the deprotonation of the N2-hydrazine moiety is assumed. The formation of [CuLH–2]
– could 

be detected at pH > 11 via the deprotonation of an equatorially coordinated water molecule 

reflected by the increasing ligand field and lower nitrogen coupling, which shows a lower 

degree of covalency of the N − CuII σ-bond owing to the opposite position of the OH− group. 

Similar behaviour could be seen for other mixed hydroxido complexes as well [18,41,42]. 

Fig. 6 

For comparison of the stability of the complexes [CuL]+ of SSC and Br-SSC the 

different basicities of the ligands were taken into consideration when the log values were 

corrected according to the competition reaction (Table 2, logK). LogK values calculated for 

SSC and Br-SSC demonstrating that the bromine substituent results in a small increase in the 

stability of the complex [CuL]+.   

To compare the Cu(II) binding ability of SSC to STSC at various pH values 

predominance curves for the hypothetical Cu(II) – SSC – STSC system at equimolar 

concentrations were calculated (Fig. 7). The complexation with STSC is much more 

favourable over the whole pH range relative to that of SSC, which indicates the significantly 

increased stability on account of the (O–,N1,S) coordination of STSC [18] to Cu(II) instead of 

the (O–, N1,O) binding pattern of the semicarbazone. 

Fig. 7 

The V(IV)O – SSC system was studied by the combined approach of pH-

potentiometry and EPR methods to elucidate the speciation in solution. The pH-

potentiometric data reveal the formation of merely mono-ligand complexes such as 

[V(IV)OL]+, [V(IV)OLH–1] and [V(IV)OLH–2]
– (Table 2). In these species similar 

coordination is feasible as it was found for the Cu(II) complexes, namely [V(IV)OL]+ consists 

of the binding of the ligand via (O–,N1,O) donor set, [V(IV)OLH–1] is possibly formed by the 

deprotonation of N2H moiety resulting in (O–,N1,O–) binding pattern, while species 

[V(IV)OLH–2]
– is considered as a mixed hydroxido species. In order to confirm the supposed 

coordination modes and the speciation model obtained by the potentiometric titrations EPR 

spectra were recorded at room temperature (Fig. 8.a) and at 77 K at pH 2 − 10. The isotropic 

spectra (Fig. 8.b) and the formation constants (Tables 2) of the components [V(IV)OL]+, 
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[V(IV)OLH–1] and [V(IV)OLH–2]
– were determined. For V(IV)O complexes with C2v 

symmetry the ground state of the unpaired electron is the dxy orbital. Therefore, the 

coordination of the ligand donor groups has only indirect effect on the g- and A-values, by 

perturbing slightly the energy levels of V(IV)O(aqua) complex. Even though the differences 

in the vanadyl hyperfine couplings are small (~ 5 G), the high number of lines (eight) enhance 

this small differences and the position of the outer lines become well distinguished This 

feature allows the differentiation between the component spectra with high accuracy. On the 

other hand, oxidation of V(IV)O could not be excluded at pH > 7 as a remarkable decrease of 

the EPR signal intensity occurred. The formation of the EPR inactive V(V) species could be 

moderated by ligand excess efficiently.    

Fig. 8 

According to the expressions which describe the g-values of V(IV)O complexes (see 

the Experimental Section) the increasing ligand field causes an increase in the g-values. The 

deprotonation of the V(IV)O complexes by increasing pH results in higher go values and 

lower Ao values indicating the increased ligand field in the [V(IV)OL]+, [V(IV)OLH–1] and 

[V(IV)OLH–2]
– complexes in this order (Table 4). The isotropic EPR parameters calculated 

by averaging the anisotropic values agrees very well with the measured data showing that 

structural changes did not occur during freezing, however the component ratios obtained from 

the simulation of anisotropic EPR spectra (Fig. S7) represented that the distribution of the 

species shifted somewhat towards to the higher pH values upon freezing.  

The overall stability constants of the species [V(IV)OL]+, [V(IV)OLH–1] of Br-SSC 

were obtained by the analysis of the pH-dependent UV/Vis spectra (Fig. S8, Table 2), which 

reveal the formation of slightly higher stability complexes compared with SSC. Furthermore, 

data represents that the V(IV)O complexes have ca. one order of magnitude lower log values 

than the corresponding Cu(II) species.    

The speciation in the V(V)−SSC system was determined by 51V NMR spectroscopy. 

First of all oligomeric vanadate species were identified in the solution at neutral and basic pH 

values (V1: −535, −560 ppm; V2: −560, −575 ppm; V4: −580.5 ppm; V5: −586.9 ppm). The 

chemical shifts are somewhat different than in water [30]. As only the V1 peaks appeared in 

the measured 51V NMR spectra, the pKa of H2VO4
− (= 9.42(9)) was satisfactory to interpret 

the SSC−vanadate−H+ ternary system quantitatively. 

In the applied concentration conditions (cSSC = 0.75 mM; V(V):L = 2:3) the complex 

[VO2LH−1]
− forms between pH ~9−10 (Fig. 9, for the speciation see Fig. S9). The formation 
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of the complexes is not completed and the peak of V1, which is the H2VO4
−, can be observed 

at pH < ~8 in all spectra. Parallel to the appearance of the main peak of the complex (I1, 

−539.5 ppm) a minor isomer (I2), can be detected at −575.5 ppm. The difference between the 

two chemical shifts is 26 ppm, which means that besides the usual tridentate coordination 

mode (phenolic-O−,N1,O−) a rather different complex also exists. Minor species at the same 

chemical shift of I2 were found in the case of terminally non-substituted salicylaldehyde 

thiosemicarbazones [43] and most probably in these complexes the chalcogen donor atom (O− 

or S−) of the semicarbazone moiety is non-coordinated, thus a (phenolic-O−,N1,N3H2) binding 

mode is hypothesized for I2. The species [VO2L] with (phenolic-O−,N1,O, d(51V) = −552 

ppm) coordination mode is neutral and not completely soluble in the experimental conditions: 

the 51V NMR measurements had to be stopped because of precipitation at pH < 4.5. 

Fig. 9 

The solid phase structure of the neutral [V(V)O2L] complex of SSC was already reported by 

us and exhibits the distorted square-pyramidal environment of the metal ion with the cis 

position of both oxo groups and the (O–,N1,O) coordinated ligand is nearly planar [44]. 

[V(V)O2L] complex of ligand Br-SSC has  quite similar geometry according to the X-ray 

crystallographic structure to that of SSC [13].      

 

3.3. Gallium(III) and iron(II/III) complexes of SSC 

The composition and cumulative stability constants of the Fe(III), Fe(II) and Ga(III) 

complexes of SSC furnishing the best fits to the experimental pH-potentiometric data are 

listed in Table 5. It was observed that the coordination of SSC to Fe(III) is significant already 

at the starting pH (~2), thus the overall stability constant of the mono-ligand [Fe(III)L]2+ 

complex was determined by UV/Vis spectrophotometry on individual samples in which the 

KCl was partially or completely replaced by HCl to maintain the ionic strength constant in the 

pH range 1.0 – 2.0 (Fig. S10). In the case of Fe(II) precipitate occurred at pH > 8 during the 

pH-potentiometric titrations as the ligand coordination could not protect the metal ion against 

the hydrolysis in this pH range (Fig. S11).  

 Table 5 

Due to the ability of Fe(III), Fe(II) and Ga(III) ions to form octahedral complexes the 

formation of bis-ligand complexes with the tridentate SSC such as [ML2], [ML2H−1] and 

[ML2H–2] was found in addition to the mono-ligand species. In the [ML2] complexes most 

probably the ligands coordinate through (O–,N1,S) donor set and the non-coordinating 
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hydrazine N2 atom is protonated. This coordination mode was confirmed by X-ray diffraction 

structure of the [GaL2]NO3 complex of an 3-ethoxy derivative of SSC [8]. The [ML2H−1] and 

[ML2H–2] complexes are formed by the deprotonation of the hydrazine N2 moiety resulting in 

(O–,N1,S) (O–,N1,S–) and 2×(O–,N1,S–) binding patterns, respectively. 

Direct comparison of the log values of the corresponding Fe(III) and Fe(II) 

complexes (Table 5) unambiguously reveals the lower stability of the Fe(II) species. pM* 

values were calculated for the Fe(II/III) complexes of SSC to provide a comparable basis of 

the relative chelating ability of the ligand at physiological pH. pM* values 7.62 and 6.33 were 

obtained for Fe(III) and Fe(II), respectively and the higher value of Fe(III) represents the 

stronger binding.  (pM* is the negative logarithm of the summed equilibrium concentrations 

of the free metal ion and its hydroxido species (pM* = −log([M]+S[Mp(OH)r]), thus the 

unbound metal fraction, under the conditions employed: pH = 7.4 cFe = 1 μM; Fe:SSC = 

1:10.) On the other hand these values are significantly lower than those of the corresponding 

STSC complexes (Fe(III): 8.4; Fe(II): 8.2) [18], although the difference is higher for Fe(II).    

The speciation model obtained for the Ga(III) – SSC complexes was supported by 1H 

NMR titrations (Fig. 10). In the first instance, a slow ligand-exchange process was observed 

with respect to the NMR time scale since the signals of the protons of the non-bound and 

bound ligands can be seen separately. Furthermore, the chemical shifts belonging to the 

mono-ligand and bis-ligand species are also separated, which are upfield shifted by increasing 

the pH due to the deprotonation processes of the hydrazine N2 nitrogen. It is noteworthy that 

formation of a complex [GaLH−1]
+ was also detected and a pK value for the deprotonation of 

[GaL]2+ could be estimated based on the changes of the chemical shifts of the C7H proton 

measured between pH 3 and 6 (Table 5); however formation of this minor species was not 

found according to the pH-potentiometric data. Molar fractions of the ligand when it is 

coordinated in the mono and in the bis complexes and when it is unbound were calculated at a 

1:2 metal-to-ligand ratio at various pH values on the basis of the integrated areas of the 

signals of the C7H protons, and the result is in good agreement with the concentration 

distribution curves calculated based on the stability constants (Fig. 11). It is noteworthy that 

the pH-dependent 1H NMR spectra (Fig. 10) show a significant fraction of the free ligand, 

thus that of the free metal ion, in the whole pH range studied at the two fold excess of the 

ligand. The Ga(III) – SSC complexes represent relatively high stability in the acidic pH range 

and their log values are only 1-2 orders of magnitude lower than that of Fe(III) complexes 

(Table 5), although Ga(III) has a quite strong tendency to hydrolyze accompanied by the 
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appearance of the water-soluble hydroxido species. This hydrolysis can suppress the 

formation of the Ga(III) – SSC complexes at neutral or higher pH values, which considerably 

decreases the conditional stability constants. It can be seen that merely 45% of the Ga(III) is 

bound at physiological pH at 0.5 mM concentration of the metal ion and at 1:2 Ga(III)-to-SSC 

ratio. Quite similar behaviour of Ga(III) − Br-SSC complexes is supposed based on the 

similarity to SSC that was found for the Cu(II) or V(IV)O complexes (vide supra). On the 

other hand the hydrolysis is more pronounced in the case of ligand STSC [18] or the -N-

pyridyl thiosemicarbazones [20] such as Triapine where 33% or 0% of Ga(III) is bound under 

the same conditions, respectively. These findings strongly suggest the higher efficacy of 

ligand SSC to bind Ga(III) compared to the thiosemicarbazones with (O,N,S) or (Npyridine,N,S) 

donor sets. 

Fig. 10 

Fig. 11 

 

4. Conclusions  

 

Stoichiometry and stability of Cu(II), V(IV)O, V(V)O2, Fe(II), Fe(III) and Ga(III) 

complexes of salicylaldehyde semicarbazone and its 5-bromo derivative with already proved 

or potential antitumor activity were determined in partially aqueous solutions mainly by pH-

potentiometry focusing on the most plausible species emerging at physiological pH, which 

can be considered as the active forms of the complexes. The speciation was confirmed and the 

most feasible coordination modes were proposed based on various spectroscopic methods 

(EPR, NMR, and UV/Vis). Besides the deprotonation of the phenolic-OH of the ligands a 

fairly acidic pKa was determined for the carbamoyl moiety of SSC. SSC has ~0.4 log unit 

lower pKa of the phenolic-OH functionality and a more hydrophilic character than the 

corresponding thiosemicarbazone, STSC. The bromine substituent linked at para position to 

the OH group decreases its pKa value and results in a significant increase in the lipophilicity 

and much worse water solubility. 

Formation of mono-ligand SSC complexes such as [ML] and [MLH‒1] for Cu(II), 

V(IV)O and V(V)O2 was found in which the tridentate coordination mode with (O−,N1,O) or 

(O−,N1,O−) donor sets of the ligands is the most probable. Formation of the mixed hydroxido 

complex [MLH−2] was also detected at highly basic pH values. The V(IV)O complexes have 

~1 log unit lower stability constants than the corresponding Cu(II) species. Similar complexes 
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are formed with the bromo derivative but are slightly more stable compared with SSC. 

Although, the Cu(II) – semicarbazone species have such high stability that no complex 

decomposition is probable even in the micromolar concentration range at neutral pH, thus the 

predominant [CuLH‒1] is suggested to act as the active species being responsible for the 

bioactivity. 

Besides the formation of mono-ligand SSC complexes of Fe(II), Fe(III) and Ga(III), 

bis-ligand species were also detected with [ML2], [ML2H−1] and [ML2H–2] compositions. 

Among these metal ions Fe(II) forms the lowest stability complexes and the ligand 

coordination was not able to prevent the hydrolysis, thus the decomposition of the complexes 

at pH > 8. However, the log values of the Ga(III) complexes are considerably higher; the 

strong susceptibility to hydrolysis decreases the conditional stability constants at neutral pH. 

Therefore, the partial decomposition of the Ga(III) – SSC complexes takes place at 

physiological pH already at millimolar concentrations. Therefore, in the case of the Ga(III) 

and Fe(II) complexes the biological activity measured is mainly connected to ligand intrinsic 

effect. On the other hand ribonucleotide reductase as the final target for the semicarbazones is 

not so likely due to the quite low stability of the Fe(II) complexes based on our findings. SSC 

exhibits the strongest chelating ability towards Fe(III) among the studied metal ions with 

octahedral geometry, but it is still far below the binding of Cu(II). Thus, the effectiveness of 

SSC to bind the studied metal ions at physiological pH is in the order Ga(III) < Fe(II) ~ 

V(IV)O < V(V) < Fe(III) << Cu(II). Comparing the Fe(II), Fe(III) and Ga(III) binding 

strength of SSC with the thiosemicarbazone STSC we could conclude that Fe(II), Fe(III) ions 

prefer STSC over SSC, while SSC is more favourable for Ga(III) compared to STSC or -N-

pyridyl thiosemicarbazones. Besides the actual speciation of the metal complexes in aqueous 

solution at pH 7.40 other important factors such as their ability to interact with exogenous 

bioligands e.g. human serum albumin can also affect the bioactivity. Thus, characterization of 

the complexes in terms of these biotransformation processes is underway in our laboratories.   
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Appendix A. Supplementary data 

UV/Vis absorbance spectra of the V(IV)O−SSC and Fe(III)–Br-SSC systems, pH-potentiometric 

titration curves of the Fe(II)−SSC system, fluorescence spectra of the ligands, EPR spectra of the 

V(IV)O−SSC system, 1H NMR spectra and pH-dependent chemical shifts of SSC, concentration 

distribution curves of the Cu(II)−Br-SSC and V(V)O2−SSC systems. 
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Table 1 
Proton dissociation constants (pKa) of the ligands SSC and Br-SSC determined by various 
methodsa [T = 25.0 °C; I = 0.10 M (KCl) in 30% (w/w) DMSO/H2O]. 

method equilibrium SSC Br-SSC 

pH-metry HL  L− + H+ 9.32(2) − 
UV/Vis HL  L− + H+ 9.32(1) 7.64(5) 
Fluorimetry HL  L− + H+ 9.36(2) 7.7(1) 
1H NMR HL  L− + H+ 9.30(4)b − 
1H NMR H2L

+
 HL + H+ ~1.9 − 

1H NMR HL(E)  L−(E) + H+ 9.43(3)c − 
1H NMR HL(Z)  L−(Z) + H+ 8.29(2)c − 
1H NMR H2L

+(E)  HL(E) + H+ ~1.5d − 
1H NMR H2L

+(Z)  HL(Z) + H+ ~2.7d − 
a The numbers in parentheses are standard uncertainties of the 
quoted pKa values. 
b Calculated from the shift of the peak of C7H when signals of the 
isomers are not separated. 
c Calculated from the shifts of the peak of C6H and C4H when 
signals of the isomers are separated. 
d Estimated from the molar fractions of isomers H2L

+(E), HL(E), 
H2L

+(Z), HL(Z) in Fig. 3. 
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Table 2 
Overall (log) and derived (logK) stability constants  of the Cu(II), V(IV)O and V(V) 
complexes formed with ligands SSC and Br-SSC determined by various methodsa [T = 25.0 
°C; I = 0.10 M (KCl) in 30% (w/w) DMSO/H2O]. 

method equilibrium SSC Br-SSC 

pH-metry Cu(II) + L−  [CuL]+  10.58(2) − 
pH-metry Cu(II) + L− − H+  [CuLH−1]  4.30(3) − 
pH-metry Cu(II) + HL  [CuL]+ + H+  1.26b − 
EPR Cu(II) + L−  [CuL]+  10.88(2) − 
EPR Cu(II) + L− − H+

 [CuLH−1]  4.14(2) − 
UV/Vis Cu(II) + L−  [CuL]+  − 9.33(2) 
UV/Vis Cu(II) + L− − H+  [CuLH−1]  − 3.41(3) 
UV/Vis Cu(II) + HL  [CuL]+ + H+  − 1.69b 

pH-metry V(IV)O + L−  [VOL]+  9.58(1) − 
pH-metry V(IV)O + L− − H+

 [VOLH−1]  3.92(2) − 
pH-metry V(IV)O + L− − 2 H+

 [VOLH−2]
−  −3.19(2) − 

EPR V(IV)O + L−  [VOL]+  9.94(8) − 
EPR V(IV)O + L− − H+

 [VOLH−1]  4.1(1) − 
EPR V(IV)O + L− −2 H+

 [VOLH−2]
−  −3.5(3) − 

UV/Vis V(IV)O + L−  [VOL]+  − 8.50(6) 
UV/Vis V(IV)O + L− − H+

 [VOLH−1]  − 2.89(6) 
51V NMR H2VO4

- + L−+ 2 H+  [VO2L] + 2 H2O 19.3(1) − 
51V NMR H2VO4

- + L− + H+
 [VO2LH-1]

− + 2 H2O 13.82(9) − 
51V NMR H2VO4

- + HL + H+  [VO2L] + 2 H2O 9.9(1) − 
51V NMR H2VO4

- + HL  [VO2LH-1]
− + 2 H2O 4.50(9) − 

51V NMR V(V)O2
+ + L−  [VO2L] 12.5c  

51V NMR V(V)O2
+ + L− − H+  [VO2LH-1]

− 8.1c  
a The numbers in parentheses are standard uncertainties of the quoted log values. 
b logK = log([CuL]+) − log([HL]) 
c Estimation. The necessary constant of the process VO2

+ + 2 H2O  H2VO4
−+ 2 

H+ is unknown under the applied conditions. For the estimation a value of 15.17 was 
used, it was measured in water (T = 25.0 °C and I = 0.15 M NaCl) [24]. 
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Table 3 
Isotropic EPR parameters of the components obtained for Cu(II) –SSC and V(IV)O – SSC 
complexesa [T = 25.0 °C; I = 0.10 M (KCl) in 30% (w/w) DMSO/H2O]. 

 go Ao /G aN
o / G  / G  / G  / G 

Cu(II) b  2.1873 34.0 − 50.0 −1.0 0.7 
[CuL]+ 2.1363(1) 64.7(1) 14.6(2) 32.1(1) −16.1(1) 2.2(1) 
[CuLH−1] 2.1199(5) 70.2(6) 15.6(5) 32.3(8) −16.6(6) 2.2(2) 

V(IV)O b  1.9604(2) 114.1(2) − 18.5(1) 3.7(1) 1.8(1) 
[V(IV)OL]+ 1.9633(2) 107.7(3) − 23.3(1) 5.1(1) 2.7(1) 
[V(IV)OLH−1] 1.9674(4) 101.4(5) − 22.4(1) 3.7(3) 2.4(1) 
[V(IV)OLH−2]

− 1.9695(2) 96.5(3) − 18.5(1) 2.4(1) 1.5(1) 
a The numbers in parentheses are standard uncertainties of the quoted values. 
b Fixed values obtained from separate measurements of the metal ions without 
the ligand. 

 
 
 
Table 4 
Anisotropic EPR parameters of the components obtained for Cu(II) – SSC,a Cu(II) – Br-SSC a 
and V(IV)O – SSC b complexes [T = 77 K; I = 0.10 M (KCl) in 30% (w/w) DMSO/H2O]. 

 
gǁ, 

gx, gy 
g┴ 

Aǁ / G 

Ax, Ay / G 
A┴ / G aNy go,calc Ao,calc / G 

Cu(II) c 2.078 2.412 7.2 111.0 − 2.189 45.3 

[CuL]+ of SSC 
2.053 
2.065 

2.290 15.1, 9.87 161.6 19.9 2.136 65.8 

[CuL]+ of Br-SSC 
2.051 
2.071 

2.289 14.2, 13.5 161.9 19.7 2.137 63.2 

[CuLH−1] of Br-SSC 
2.045 
2.065 

2.270 20, 13 170 19.7 2.127 67.7 

[CuLH−2]
− of Br-SSC 

2.050 
2.050 

2.257 10.8, 17.4 164.5 15.8 2.119 64.2 

V(IV)O c  1.9315 1.9739 199.5 73.1 − 1.9598 114.6 

[V(IV)OL]+ of SSC 1.9290 1.9758 195.0 70.9 − 1.9602 111.6 
[V(IV)OLH−1] of SSC 1.9452 1.9758 182.5 62.3 − 1.9656 101.9 
[V(IV)OLH−2]

− of SSC 1.9485 1.9755 178.2 59.1 − 1.9665 98.4 
a The experimental error were ±0.001 for gx and gy and ±0.0005 for gz, ± 2 G for Ax and Ay and 
±1 G for Az. 
b The experimental error were ±0.0005 for gǁ, ±0.0001 for g┴, ±0.5 G for Aǁ, and ±0.2 G for 
A┴. 
c Fixed values obtained from separate measurements of the metal ions without the ligand. 
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Table 5 
Overall (log) stability constants of the Ga(III), Fe(III) and Fe(II) complexes formed with 
ligand SSC determined by pH-potentiometry a [T = 25.0 °C; I = 0.10 M (KCl) in 30% (w/w) 
DMSO/H2O]. 

complex equilibrium Ga(III) Fe(III) Fe(II) 

[ML] M + L  [ML]  11.24(9) 12.42(6) b 6.70(7) 
[MLH−1] M + L − H+  [MLH−1]  − c 8.04(9) −1.90(2) 
[ML2] M + 2 L  [ML2]  19.88(8) 21.63(5) 11.77(3) 
[ML2H−1] M + 2 L − H+  [ML2H−1] 14.50(9) 15.96(5) − 
[ML2H−2] M + 2 L – 2 H+

 [ML2H−2] 8.28(12) 8.83(6) − 
a The numbers in parentheses are standard uncertainties of the quoted log values. 
Charges are omitted for simplicity. 
b Determined by UV/Vis spectrophotometric measurements at the pH range 1 − 2. 
c pK of [GaL]2+ = 4.8(1) estimated from the changes of the C7H peaks in the 1H 
NMR spectra by the changes of pH, thus log ([GaLH−1]

+) = 6.45. 
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Scheme 1. Formulae of the ligands salicylaldehyde semicarbazone (SSC, HL) and 5-

bromosalicylaldehyde semicarbazone (Br-SSC, HL) in their neutral forms 
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Scheme 2. Deprotonation steps of SSC.a Protonated ligand consists of the extra H+ at the 

carbamoyl moiety, most probably at the terminal amino group. 
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Scheme 3. Proposed structures of the E/Z isomers of SSC  
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Fig. 1. UV/Vis absorption spectra of the ligand SSC recorded at different pH values. Inset: 
calculated individual absorption spectra of ligand species HL and L− [cligand = 50 μM; T = 
25.0 °C; I = 0.10 M (KCl) in 30% (w/w) DMSO/H2O]. 
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Fig. 2. 1H NMR spectra of SSC recorded at various pH values: C7H (s, ◊); C6H (d, ●); C4H 
(dd, Δ); C3H (d, ○); C5H (dd, ■); N2H (s, □). Framed peaks belong to the minor isomer. Inset: 
enlargement of spectrum recorded at pH 1.97 between 6.8 and 7.7 ppm. [cligand = 1.0 mM; T = 
25.0 °C; I = 0.10 M (KCl) in 30% (v/v) [D6]DMSO/H2O] 
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Fig. 3. Concentration distribution curves for ligand SSC (black lines) and for its isomers (grey 
lines) [cligand = 1.0 mM; T = 25.0 °C; I = 0.10 M (KCl) in 30% (w/w) DMSO/H2O]. 
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Fig. 4. Calculated individual UV/Vis absorption spectra of complexes [CuL]+ (dashed lines) 
and [CuLH−1] (solid lines) of SSC (black lines) and Br-SSC (grey lines) [T = 25.0 °C; I = 0.10 
M (KCl) in 30% (w/w) DMSO/H2O]. 
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Fig. 5. Calculated component EPR spectra obtained for the complexes [CuL]+ and [CuLH–1] 
of SSC at room temperature (a) and at 77 K (b) [I = 0.10 M (KCl) in 30% (w/w) 
DMSO/H2O].  
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Fig. 6. Experimental (black) and simulated (grey) EPR spectra of the Cu(II) – Br-SSC system 
(a) and calculated component spectra obtained for the complexes [CuL]+, [CuLH–1] and 
[CuLH–2]

– (b) [cBr-SSC = 0.05 mM; M:L = 1:1; T = 77 K; I = 0.10 M (KCl) in 30% (w/w) 
DMSO/H2O]. The sign * shows a lorentzian singlet component which was taken into account 
with parameters go = 2.096, linewidth = 120 G, amount of 70 %. 
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Fig. 7. Predominance diagram for the hypothetical Cu(II) – SSC –STSC system. Summed 
molar fractions of the SSC, STSC complexes are shown together with that of the unbound 
metal ion. [cSSC = cSTSC = cCu = 1.0 mM; T = 25.0 °C; I = 0.10 M (KCl) in 30% (w/w) 
DMSO/H2O]. Stability data for the STSC complexes are taken from Ref.11.  
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Fig. 8. Experimental (black) and simulated (grey) isotropic EPR spectra of the V(IV)O – SSC 
system (a) and calculated component spectra obtained for the complexes [V(IV)OL]+, 
[V(IV)OLH–1] and [V(IV)OH–2]

– (b) [cSSC = 1.0 mM; M:L = 1:1; room temperature; I = 0.10 
M (KCl) in 30% (w/w) DMSO/H2O].  
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Fig. 9. 51V NMR spectra recorded for the V(V)–SSC system at various pH values 
representing the signals of the vanadate ( HVO4

2−/H2VO4
−), and the two isomeric structures 

of the mono-ligand complexes (/) [cSSC = 0.75 mM; V(V):L = 2:3; T = 25.0 °C; I = 0.10 M 
(KCl) in 30% (w/w) DMSO/H2O]. 
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Fig. 10. 1H NMR spectra recorded for the Ga(III) –SSC system at various pH values 
representing the signals of the C7H=N (s) protons of metal-free ligand (×), mono-ligand (◊) 
and bis-ligand (●) complexes [cSSC = 1.0 mM; Ga(III):L = 1:2; T = 25.0 °C; I = 0.10 M (KCl) 
in 30% (w/w) [D6]DMSO/H2O]. 
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Fig. 11. Concentration distribution curves for the Ga(III) –SSC system (solid black lines: 
Ga(III) complexes; dashed grey lines: metal-free ligand species) calculated on the basis of the 
stability constants together with the molar fraction of the metal-free ligand (×), the mono-
ligand (◊) and bis-ligand (●) complexes estimated from the integrated area of the signals of 
the C7H (s) protons [cSSC = 1.0 mM; Ga(III):L = 1:2; T = 25.0 °C; I = 0.10 M (KCl) in 30% 
(w/w) [D6]DMSO/H2O]. 
 
 
 


