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Abstract
The complexing properties of 2-picolinehydroxamic acid towards iron(III) as well as oxidovanadium(IV) were character-
ized in aqueous solutions by the UV-Vis spectrophotometric method. The speciation models have been confirmed and 
even extended by electrospray-ionization mass spectrometry (ESI-MS) studies. For both systems, mononuclear com-
plexes were formed below a pH of 1 and coordination by {O,O–} chelation mode leading to the formation of five-mem-
bered rings was confirmed. The overall stability constant values were determined and compared with other similar sys-
tems, indicating more effective binding of the ligand by Fe(III) than VO(IV). The acidic medium of the reaction in the 
VO(IV) – 2-picolinehydroxamic acid system prevented the oxidation of VO(IV) to V(V). 2-Picolinehydroxamic acid was 
chosen because of its previously evidenced biological properties. As a result of acidification, reversible dissociation of the 
complexes in both systems was observed, indicating the action of 2-picolinehydroxamic acid as a potential siderophore.

Keywords: Iron(III) complexes; oxidovanadium(IV) complexes; 2-picolinehydroxamic acid; UV/Vis spectroscopy; ESI-
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1. Introduction
Metal ions and their complexes have a significant 

impact on biological systems. Therefore, it is extremely im-
portant to analyze the detailed structure and composition 
of these compounds, especially since their application as 
therapeutic agents is constantly increasing.1 The iron is 
important ion for catalyzing oxidoreductase reactions2,3 

and playing a key role in cellular respiration.4 This metal is 
found in many essential metalloproteins 5 and is a nutrient 
of microorganisms, provided in the form of iron(III)-sid-
erophore complex.6,7 

Not any less interesting transition metal is vanadi-
um, present mainly in the body as the oxidovanadium(IV) 
ion, potentially an inhibitor of phosphatases, phospho-
transferases, nucleases and kinases,8–10 acting as an essen-
tial cofactor in two classes of enzymes, haloperoxidases 

and nitrogenases, probably also in a third class, vanabins.4,5 
Based on vanadium as an insulin mimetic agent, the drugs 
have been proposed for treatment of diabetes.11–13 

The potentially toxic effects of iron and vanadium 
led to a permanent search for ligands binding excess metal 
ions.5,11 A characteristic feature of most of the hydroxamic 
acids is their ability to form very stable complexes with 
iron(III)15,16 and oxidovanadium(IV).17 As a result, the de-
termination of formation constants is often impossible by 
pH-potentiometry, particularly when complexation oc-
curs in a strongly acidic medium. However, the metal-hy-
droxamic acid interaction might be quite well character-
ized by UV-Vis electronic absorption bands and is sup-
ported by ESI-MS spectroscopy. Some natural hydroxamic 
acids exist as siderophores and are responsible for iron 
transport to microbial cells.18–20 In addition, hydroxamic 
acids showing a strong interaction with metal ions have 
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been used to treat anemia, remove excess iron ions and 
serve as inhibitors.15,21–24 They also arouse clinical interest 
related to the possible treatment of lung silicosis, and can 
be used as antimalarials and antibacterial agents.25 
Deferoxamine B, a siderophore produced by microorgan-
isms, has been recognized as a strong vanadium chelator.26

The present study examines the complexation equi-
libria for the iron(III) and oxidovanadium(IV) ions with 
2-picolinehydroxamic acid (PicHA) (Fig. 1) in aqueous 
solution, which have not been described until now. Recent 
studies indicate that 2-picolininohydroxamic acid alone, 
as well coordinated by the cobalt(II) ion, exhibits antimi-
crobial properties, especially against Candida, Pseudomo-
nas aeruginosa and Bacillus subtilis, and activates non-spe-
cific immune cells that indirectly promote the eradication 
of infection.27

aqueous solution at a constant temperature of 25.0 ± 0.1 ºC 
and ionic strength I = 1.0 mol L–1 adjusted by NaCl. A 
stream of pure argon was passed over the surface of a 10 
mL sample to obtain solutions free of oxygen and carbon 
dioxide. The pH values, changing after the addition of each 
base aliquot, were controlled by the Titrando 905 titrator 
and a time delay was given to equilibrate the system. The 
spectrum was recorded with a slow scan (300 nm min–1) at 
selected pH values.

The studies of Fe(III) complexation with PicHA were 
performed at ligand-to-metal molar ratios 4:1, 6:1 and 10:1 
(total metal concentration of 5.0 × 10–4 mol L–1). A large 
excess of ligand in relation to the metal ion was used to 
avoid precipitation from Fe(III) aqua-hydroxido complex-
es which could occur at a pH above 1.30 Formation con-
stants of the Fe(III) aqua-hydroxido complexes were de-
termined under the same conditions as the complexation 
equilibria with the ligand. In turn, the titrations in the 
presence of VO(IV) were carried out at ligand-to-metal 
molar ratios 1:1 and 2:1 (at constant concentration of met-
al ions 5.0 × 10–3 mol L–1). For VO(IV), under the present 
experimental conditions (pH about 3), the hydroxylated 
forms could be neglected in comparison with the vanadyl 
aqua-ion.31,32 The initial pH appeared below 1.0 in all the 
experiments due to acidification by 1.0 mol L–1 HCl. The 
pH values in the range of 0.90–1.30 were calculated direct-
ly from acid contents. The carbonate-free 1.0 mol L–1 
NaOH was used as a titrant. Such a high concentration of 
the titrant was associated with necessity of neutralize a 
large excess of acid and avoid excessive dilution of the 
sample. The titrations were continued until precipitation.

The HypSpec program, part of the Hyperquad 2008 
suite (Protonic Software) 33 was used to calculate the molar 
absorption coefficients of the individual species and to de-
termine the equilibrium constants resulting from spectro-
photometric data. Overall concentration formation con-
stants were calculated by a fitting procedure according to 
the formula: βmlh = [MmLlHh]/[M]m[L]l[H]h. Based on 
these constants, the graphical simulation of the complex 
species distribution was carried out by HySS 2009.34

2. 3. �Electrospray-Ionization Mass 
Spectrometry (ESI-MS) Measurements
The ESI-MS and MS/MS spectra were recorded us-

ing a Varian 500-MS LC hexapole ion-trap mass spec-
trometer (Palo Alto, CA, USA). The study was performed 
for the ligand, as well as both iron(III) and oxidovanadi-
um(IV) systems with PicHA in 50/50% (v/v) methanol/
water mixture without the addition of a background elec-
trolyte. The ESI response is higher when methanol/water 
mixture is used because methanol provides a more stable 
spray and produces smaller initial droplets than water 
alone or highly aqueous solvent.35

The ligand spectra were determined at the concentra-
tion of 1.0 × 10–2 mol L–1. For iron(III) – ligand system, the 

Fig. 1. The ligand 2-picolinehydroxamic acid structure (PicHA, 
LH).

2. Experimental 
2. 1. Materials

2-Picolinehydroxamic acid (PicHA) was synthesized 
by a team at the Department of Chemistry, National Taras 
Shevchenko University of Kiev, according to the procedure 
described in.28 Iron(III) chloride from Fluka and oxidova-
nadium(IV) sulfate oxide hydrate from Alfa Aeasar were 
used as standard solutions. The carbonate-free 1.0 mol L–1 
NaOH solution, HPLC-grade water and methanol were 
purchased from J.T. Baker. Hydrochloric acid solution 
from Avantor Performance Materials was standardized al-
kalimetrically and determined by the Gran method.29 The 
standard solution of sodium chloride (Chempur) was used 
to adjust the ionic medium without further purification. 
Argon of high purity (Linde) was used.

2. 2. Spectrophotometric Measurements
UV-Vis absorption spectra were recorded on a Cary 

50 Bio spectrophotometer with the slit width of 1.5 nm. 
The spectrophotometer was equipped with a fiber-optic 
device allowing simultaneous recording of spectrophoto-
metric scans with pH values. Measurements were con-
trolled by a Titrando 905 automatic titrator system 
(Metrohm) with a combined polymer microelectrode In-
Lab Semi-Micro (METTLER TOLEDO). The fiber-optic 
probe, 5 mm long, corresponding to a path length of 1 cm, 
was dipped directly into the thermostatted titration vessel. 
The electrode was calibrated with buffers at pH 4.00 and 
7.00 before use. All the experiments were accomplished in 
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molar ligand-metal ratio was equal to 4:1 at the concentra-
tion of Fe(III) ion 2.5 × 10–4 mol L–1. The spectra recorded 
in the presence of oxidovanadium(IV) and PicHA were 
carried out at a ligand-to-metal molar ratio 2:1 (concentra-
tion of VO(IV) ion 2.5 × 10–3 mol L–1). The samples con-
taining metal-ligand systems were adjusted to various pH 
values, selected for maximization formation of individual 
complexes (according to the species distribution graphs). 
The test samples were introduced into the ESI-MS source 
by continuous infusion using an instrument syringe pump 
at a rate of 10 μL min–1. The ESI-source was operated at 
5.00 kV and the capillary heater was set to 350 °C. The cone 
voltage was within the range of 40–120 V. The experiments 
were carried out in the positive and negative ion-mode.

3. Results and Discussion
3. 1. UV-Vis Spectra
3. 1. 1. Fe(III) Complexes

The electronic absorption spectra of PicHA in the 
presence of the iron(III) ion were recorded within the 
range of 300–800 nm (Fig. 2a). The tested pH range al-
lowed for the maximum molar absorption coefficients and 
for the overall stability constants (Fig. 2b, Table 1) to be 
calculated by the HypSpec deconvolution procedure for 
the accepted [FeL]2+ and [FeL2]+ species (Fig. 3). The 
mixed hydroxido complexes with ligand, complexes with 
protonated ligand [LH], as well as the polynuclear com-
plexes, observed for transition metal ion – PicHA sys-
tems,27,36,37 have not been confirmed in the equilibrium 
model during the refinement procedure. Dissociation con-
stants of PicHA (Fig. 1) used in the model were taken from 
own data.27 The first step of ligand dissociation for [LH2]+ 
form concerns the protonated pyridyl group (pKa1 1.80) 

and the second one is assigned to the dissociation of the 
hydroxamic group proton (pKa1 8.22) of the [LH] form. 
Molar absorption coefficients of iron(III) ion, calculated 
on the basis of the electronic absorption spectra (Fig. 
S1a,b), were used in HypSpec procedure. The hydrolysis of 
the iron(III) ion was already observed above pH 1 (Fig. 
S1c). The separately determined formation constants of 
the aqua-hydroxido complexes: [Fe(OH)]2+ and 
[Fe(OH)2]+ were equal to log10 β10-1 = –2.68(2) and log10 
β10-2 = –6.48(10), respectively, and corresponded to the lit-
erature data.30,38–40 During the calculations, the potential 
polynuclear hydrolysis species ([Fe2(OH)2]4+ or 
[Fe3(OH)4]5+)38 were not accepted by the HypSpec fitting 
procedure under the present experimental conditions. As 
indicated by the reference data,30,38 a low concentration of 
iron ions, adapted to the experiment, results in the trace 
amount or absence of polynuclear complexes in the solu-
tion. In addition, the presence of chloride ions and the way 
they form relatively strong complex with iron(III) affects 
the lower hydrolysis effect, especially in the formation of 
polynuclear complexes.38,41

The high stability constants values obtained in the 
Fe(III) – PicHA system (Table 1), correspond to the refer-
ence data for other hydroxamic acids22 and confirm the 
possibility of the formation of very stable iron(III) chelates 
with the ligand. Chelation in the [FeL]2+ species is possible 
by the oxygen atoms of the ligand, forming a stable 
five-membered ring (Fig. 3a), just as reported for X-ray 
crystal forms.21 Natural trihydroxamic acids also chelate 
the iron(III) ion using oxygen atoms,25 thus it could be as-
sumed that the same coordination mode occurs for the 
[FeL2]+ complex (Fig. 3b) with a high value of the stepwise 
stability constant log10 KF

F
e
e
L
L2 = 9.93 (base on Table 1 and 

theoretically supported in the literature42,43). The distribu-
tion curves of the complex species as a function of pH are 
shown in Fig. 4. 

Fig. 2. (a) UV-Vis absorption spectra of the Fe(III) – PicHA system at ligand-to-metal molar ratio 4:1, within the pH range 0.90–3.92; cFe(III) = 5.0 × 
10–4 mol L–1. (b) Molar absorption coefficients for the complexes in the Fe(III) – PicHA system.

a) b)
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As it follows from Fig. 2a, the Fe(III) complexes are 
formed already in a very acidic medium (below pH 1.0) 
just at the beginning of titrations. This is demonstrated by 
the presence of the absorption band at ca. 510 nm, charac-
teristic of octahedral coordination of Fe(III) with one hy-
droxamic acid molecule,16,21,22 and confirmed by the spe-
cies distribution graph (Fig. 4). The presence of li-
gand-to-metal charge transfer absorption bands, often 
obscuring the low intensity d-d absorption, is characteris-
tic of the iron(III) interaction.44 During the titration, the 
intensity of this absorption band increased, reaching the 
maximum absorbance at pH 1.5. However, as the pH in-

creased further, the band decreased with a blue shift to 470 
nm at pH about 2.9. This was connected with the simulta-
neous existence of the two forms: a decrease of the [FeL]2+ 
concentration and formation of [FeL2]+ species (Fig. 4). A 
blue shift of the molar absorption coefficients of [FeL2]+ in 
relation to [FeL]2+ was also observed for other hydroxamic 
acid complexes with metal ions.9,15,26 A slight decrease of 
the complex stability (Table 1) most likely occurred due to 
an increase of the ligand field.

As shown in Fig. 4, a small share (about 2% of the 
total iron) of the [Fe(OH)]2+ complex is observed in solu-
tion at the initial pH range. Moreover, 509 nm corresponds 
to the maximum molar absorption coefficient of the 
[FeL]2+ species (Table 1, Fig. 2). At this wavelength, the 
aqua-hydroxido complex shows a molar absorption coeffi-
cient value of almost ten times lower (Fig. S1) than the 
iron(III) complex with one PicHA molecule.

Further alkalization caused the formation of a shoul-
der at 370–450 nm at the pH above 3.19 (Fig. 2a), and the 
change of color from pale pink to orange, reasonably cor-
related with increasing share of the [FeL2]+ complex. Ac-
cording to the species distribution curves, this pH range 
corresponded to reaching almost 100% share of [FeL2]+ in 
the solution (Fig. 4). An increase of pH above 4 caused a 
disturbance in the UV-Vis absorption spectra by light scat-
tering arising from poorly soluble hydrolytic products.

After the precipitation (at pH approximately 4.0), the 
mixture was again acidified to pH below 1.50. Then the 
absorption band at ca. 510 nm, characteristic of [FeL]2+ 
was observed again. This indicated the possible partial re-
versibility of the complexes in Fe(III) – PicHA system and 
allowed the authors to assume that some of the iron(III) 
aqua-ions were released into the solution (Fig. 4), by that 
indicating the siderophoric character of PicHA.

3. 1. 2. VO(IV) Complexes
UV-Vis absorption spectra obtained for the VO(IV) 

– PicHA system indicate the complex formation starting 
from pH below 1.0 (Fig. 5a). Beside the d-d bands relative to 
the VO(IV) aqua-ion, 763 nm (e = 13.4) and the shoulder 
625 nm (e = 6.0), an additional rising d-d transition at about 
500 nm was observed (Fig. 5b,c). Three intra d shell elec-
tronic transitions are typical of C4v square pyramidal struc-
ture at the vanadyl ion.44 Further alkalization led to in-

Fig. 3. Suggested coordination modes in the Fe(III) – PicHA system: (a) [FeL]2+, (b) [FeL2]+.

Table 1. Decimal logarithms of overall formation constants βmlh = 
[MmLlHh]/[M]m[L]l[H]h at 25.0 ± 0.1 °C, I = 1.0 (NaCl) and UV-Vis 
spectral data; standard deviations in parentheses after overall stabil-
ity constants refer to random errors only 

Species	 log10 βmlh	 λmax (εmax)

[FeL]2+	 10.25(1)	 509 (897)
[FeL2]+	 20.18(1)	 420sh (107)
σ a 	 0.003	

[VOL]+	 7.64(1)	 500sh (704)
σ a	 0.076	

aσ  – the value of the normalized sum of squared residuals

Fig. 4. Species distribution curves as a function of pH for the com-
plexes formed in the Fe(III) – PicHA system at 4:1 ligand-to-metal 
molar ratio, cFe(III) = 5.0 × 10–4 mol L–1.

a) b)
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creased intensity of the transition bands, up to precipitation 
(at pH 2.2). Due to the low pH values, precipitation is most 
likely not connected with the aqua-hydroxido complexes of 
VO(IV), 31,32 but rather with low water solubility of subse-
quent species formed in the VO(IV) – PicHA system. 

During the first titration step within the pH range of 
0.95–1.90 (Fig. 5a), the increase of absorbance was con-
comitant with a small wavelength change (the differences 
were within the slit width value). This most likely indicates 
the formation of only one VO(IV) complex with the Pi-
cHA molecule in the equilibrium solution.

The stability constant and the maximum molar ab-
sorption coefficient of the [VOL]+ complex has been de-
termined based on the spectrophotometric titrations of 
the VO(IV) – PicHA system (Table 1, Fig. 5c). The calcula-
tions also indicated the possible formation of [VOL2]. Un-
fortunately, the values of the molar absorption coefficients 
were affected by high errors due to low participation of 
this complex in the equilibrium solution. This induced the 
rejection of [VOL2] from the equilibrium model. As previ-
ously observed for the Fe(III) – PicHA system,22 the stabil-

Presumably, this complex forms pentacoordinated species, 
as suggested by DFT calculations carried out for acetohy-
droxamic acid.9 Moreover, as shown in,44 a very strong 
V=O axial bond is exceptionally short as compared to the 
equatorial bonds. 

The [VOL]+ complex confirmed is represented in the 
species distribution curves (Fig. 7). The VO(IV) aqua-ion 
was the dominant form in the system whereas [VOL]+ was 
formed at a pH above 1, reaching only 18% of the total 
vanadium at a pH of 2.2.

Similarly to the Fe(III) – Picha system, in order to 
check the reversibility of the interaction between oxidova-
nadium(IV) and the ligand, the samples were acidified 
from pH 2.5 to pH below 1. The absorbance decreased at 
about 500 nm and the color changed from brown to trans-
parent, which confirmed the reversible dissociation of the 
complexes, such as previously observed in the VO(IV) – 
deferoxamine B system.26

a) b) c)

Fig. 5. UV-Vis absorption spectra of the VO(IV) – PicHA system at ligand-to-metal molar ratio 2:1, cVO(IV)= 5.0×10–3 mol L–1 within the pH range 
(a) 0.95–2.22, (b) 0.95–1.50 – narrowed part of spectra. (c) Molar absorption coefficients for the complexes in the VO(IV) – PicHA system.

Fig. 6. Suggested coordination mode of [VOL]+ in the VO(IV) – 
PicHA system.

ity constant value of the [VOL]+ is of the same order of 
magnitude as the reference data for other hydroxamic acid 
species.17 The literature EPR study17 as well as high value 
of the present stability constant indicate the chelated na-
ture of the [VOL]+ complex in {O,O–} mode (see Fig. 6). 

Fig. 7. Species distribution curves as a function of pH for the com-
plexes formed in VO(IV) – PicHA system at 2:1 ligand-to-metal 
molar ratio, cVO(IV)  = 5.0 × 10–3 mol L–1.
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3. 2. ESI-MS Results
ESI-MS spectra were taken of PicHA as well as of its 

systems with Fe(III) and VO(IV). Structural investigation 
by the tandem mass spectrum (Fig. S2) of the protonated 
ligand molecule [LH2]+ (m/z = 139.0) (Fig. 1) indicated 
the possibility of its degradation. The first step (m/z = 
138.0) was related to the loss of hydrogen atom, most 
likely from pyridine group –NH+, as indicated by poten-
tiometric studies.27 Detachment of –NHhydroxamic from 
[LH2]+, probably due to rearrangement of the molecule, 
gave the ion with m/z = 124.0. Then the ion with m/z = 
122.0 was formed by the loss of hydrogen atoms. The 
competitive fragmentation of [LH2]+ involved the loss of 
H2O (m/z = 121.0), probably by the intramolecular mi-
gration of a pyridine hydrogen to –OH group. As a result 
of further fragmentation, peaks m/z = 106.0 and m/z = 
78.0 were obtained. The first was formed after the detach-
ment of NHhydroxamic, the second C=O, respectively.

The structural analysis of both PicHA systems used 
negative- and positive-ion mass spectra. The ESI-MS spec-
tra of Fe(III) – PicHA complexes were taken at three pH 
values (1.6, 3.2, 6.5). The use of the 50/50% (v/v) metha-
nol/water mixture resulted in precipitation at pH about 
7.0, higher than in spectrophotometric measurements, 
probably due to the stabilizing properties of methanol.45 
At pH 1.6, the negative-ion spectrum of the [Fe(III)L + 2Cl 
+ OH]– (m/z = 280.0) and the adduct of Fe(III) (m/z = 
256.0) containing the fragment ion m/z = 78.0 were regis-
tered (Fig. S3). The m/z values for all ions in the paper 
were related to the stable isotopes 56Fe and 35Cl. Moreover, 
[Fe(III) + 4Cl]– (m/z = 196.0) was also detected, which 
confirms a share of iron(III) aqua-ions in very acidic me-
dium (cf. Fig. 4). Alkalization to pH 3.2 led to an appear-
ance of further complexes with one PicHA molecule. This 
concerned both the negative adduct of Fe(II) (m/z = 269.0) 
with the fragment ion m/z = 122.0 (Fig. S4a) and the posi-
tive adducts/associate of Fe(II) (m/z = 197.0; 255.0) with 
the fragment ion m/z = 106.0 (Fig. S4b). The reduction 
process of Fe(III) to the Fe(II) state is most probable in 
ESI-MS measurements.46,47 The formation of the [Fe(III)
L2]+ complex (m/z = 330.0), confirmed by the species dis-
tribution curves (Fig. 4), was also shown in Fig. S4b. A fur-
ther pH increase (to 6.5) affected a number of signals of 
bi-ligand complexes (Fig. S5); [Fe(II)L]+ (m/z = 271.0) 
with the fragment ion m/z = 78.0, the Cl– adduct of Fe(II) 
(m/z = 303.0) with two fragment ions m/z = 106.0 and its 
associate (m/z = 606.0) were detected. Interestingly, the 
ESI-MS studies showed the presence of iron complexes 
with three PicHA molecules: [Fe(III)L3 + Na + 2Cl]– (m/z 
= 560.0) in Fig. S5a, [Fe(III)L3 + H]+ (m/z = 468.0) and 
[Fe(III)L3 + 2Na + Cl]+ (m/z = 548.0) in Fig. S5b. This was 
possible due to the achievement of a higher pH values than 
in spectrophotometric studies (Fig. 2a). 

The ESI-MS spectra for the VO(IV) – PicHA system 
were performed in the positive and negative ion mode at 
pH 1.4 and 2.6. Nevertheless, no significant signal was ob-

served in the negative ion mode. According to the spectro-
photometric data (Fig. 7), mainly VO2+ aqua-ions were 
observed at pH 1.4. This has been confirmed by a high rel-
ative intensity signal for [VO + SO4 + H]+ (m/z = 164.0) 
(Fig. S6) as well as the high abundance of the ligand alone 
and its fragment ions, which were observed in the tandem 
mass spectrum of the [LH2]+ (Fig. S2). However, a number 
of signals for the VO(IV) – PicHA complexes with one li-
gand molecule has been identified, as adducts: [VOL + 
H2O + CH3OH]+ (m/z = 254.0), [VOL + NaOH + NaCl + 
CH3OH]+ (m/z = 334.0), [VO + Cl]+ (m/z = 224.0) with 
the fragment ion m/z = 122.0 and associates: [(VO)2L + 
SO4]+ (m/z = 445.0) with the fragment ion m/z = 78.0 and 
[(VO)2L2 + SO4 + NaOH + Na]+ (m/z = 567.0). In addi-
tion, there were PicHA complexes formed in a ratio of 2:1 
with oxidovanadium(IV), confirmed by signals of low rel-
ative intensity: [VOL2 + Na]+ (m/z = 364.0) and others 
(m/z = 282.0; 326.0) with fragment ions m/z = 78.0 and 
122.0 (see Fig. S6). Further alkalization was carried out to 
pH 2.6, without precipitation in the methanol/water mix-
ture, in contrast to the aqueous solution, where precipita-
tion appeared at pH above 2.22. This enabled the identifi-
cation of new VO(IV) complexes with one or two ligand 
molecules in the system: [VOL]+ (m/z = 204.0), [VOL + 
H2O]+ (m/z = 222.0), [VOL + 2H2O]+ (m/z = 240.0) in Fig. 
S7a, [VOL + H2SO4]+ (m/z = 302.0), [VOL2 + H]+ (m/z = 
342.0), [VOL2 + Na + H2O]+ (m/z = 382.0) Fig. S7b. In 
addition, various forms of the ligand, such as [LH + Na + 
HCl]+ ion (m/z = 197.0) and others observed in the tan-
dem mass spectrum (Fig. S2), have been demonstrated.

4. Conclusions
The UV-Vis electronic spectroscopy method was 

used to determine the stability and molecular formula of 
the 2-picolinehydroxamic acid complexes with Fe(III) as 
well as VO(IV). The ligand showed more effective binding 
to iron(III) than oxidovanadium(IV), indicating forma-
tion of ML and ML2 metal-ligand species and higher val-
ues of formation constants for the first metal ion. The 2-pi-
colinehydroxamic acid was found to have a tendency to 
form complexes coordinated in the {O,O–} mode. The for-
mation of mononuclear iron(III) and oxidovanadium(IV) 
complexes with 2-picolinehydroxamic acid was also con-
firmed at various pH levels by means of  ESI-MS studies, 
despite the necessity of using another solvent (methanol/
water) than in spectrophotometric measurements. During 
the latter measurements, the presence of methanol in the 
mixture probably stabilized the complex structures, caus-
ing the formation of precipitation at a higher pH than in 
an aqueous solution. This allowed the ESI-MS spectra to 
suggest subsequent types of complexes in both metal sys-
tems.

The tested complexes with Fe(III) and VO(IV) offer 
the advantage of reversibility to the aqua-ion and ligand 
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alone. This may indicate the siderophoric character of Pi-
cHA and confirm a lack of oxidation of the VO(IV) ion to 
V(V) under the conditions of the experiment. Our re-
search provides information for the interaction of PicHA 
with two biologically important metal ions in aqueous 
solution. The knowledge of complexation equilibria may 
enhance the understanding of the mechanism of sidero-
phore action and increase protection against excess of tox-
ic metal ions.
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Povzetek
Z UV-Vis spektrofotometričnimi metodami smo določili kompleksacijske lastnosti 2-pikolinhidroksamske kisline za 
vezavo na železove(III) in oksidovanadijeve(IV) ione v vodnih raztopinah. Speciacijske modele smo potrdili in razširili 
z masno spektrometrijo z ionizacijo z elektrorazprševanjem (ESI-MS). Pri obeh sistemih nastanejo enojedrni kompleksi 
pri vrednostih pH pod 1 s kelatno koordinacijo {O,O–}, ki vodi do nastanka petčlenskega obroča. Določili smo vrednosti 
stabilizacijskih konstant in jih primerjali s sorodnimi sistemi, ki kažejo na bolj učinkovito vezavo liganda s Fe(III) v 
primerjavi z VO(IV). Kisel medij v sistemu VO(IV) – 2-pikolinhidroksamska kislina preprečuje oksidacijo VO(IV) v 
V(V). 2-Pikolinhidroksamska kislina je bila izbrana zaradi predhodno potrjenih bioloških lastnosti. Kot posledica na-
kisanja smo opazili reverzibilno disociacijo kompleksa v obeh sistemih, kar kaže, da bi lahko bila 2-pikolinhidroksamska 
kislina potencialni siderofor.
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