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Model Compounds of Humic Acid and Oxovanadium Cations.
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As constantes de estabilidade e parametros isotropicos de EPR (Ao € go) foram obtidos por
titulagdes potenciométricas e espectroscopia de EPR, empregando-se solugfes aquosas, 15% v/iv
etanol, decompostosmodel o de acido himico - acido sdlicilico (SALA) - edo artefato delaboratorio,
acido nitrohtiimico - &cidos 3-nitrossalicilico (3-NSA), 5-nitrossalicilico (5-NSA) e 3,5-dinitros-
salicilico - e cétions oxovanédio.

Espectros de EPR foram obtidos de solugdes dos compaostos modelo e o ion vo?* V(IV),eas
constantes de estabilidade foram obtidas com solugéo devo®* (V(V), sendo que os val ores obtidos
s8012.77 £ 0.04 até 7.06 £ 0.05 paraas espéciesML, €9.90 + 0.04 até 4.06 + 0.05 paraas espécies
ML2 , de acordo com a diminuicdo na acidez dos grupos carboxilico e fendlico com a introdugéo
dos substituintes nitro- no anel aromatico dos compostos modelo estudados.

Os parémetros de EPR demonstraram que os valores de go aumentam e os valores de Ao
diminuem concomitante ao aumento dos|ogaritmos das constantes de formag&o globaisencontrados
para os complexos.

The stability constants and the isotropic EPR parameters Ao (hyperfine splitting constant) and
Jo (g value) were obtained by potentiometric titrations and EPR spectroscopy, respectively, of
85%v/v agueous solutions of model compounds of humic acids - salicylic acid (SALA) - and both
nitrohumic acids, a laboratory artifact - nitrosalicylic acids, 3-nitrosalicylic acid (3-NSA), 5-ni-
trosalicylic acid (5-NSA) and 3,5-dinitrosalicylic acid (3,5-DNSA) and oxovanadium cations.

It was possible to record EPR spectraof those model compounds and theion vo? (V(IVv)),and
the stability constants were obtained from a solution of vo** (V(V)), the valuesfor the logarithms
of the stability constants ranging from 12.77 + 0.04 to 7.06 + 0.05 for the species ML, and from
9.90 + 0.04 to 4.06 = 0.05 for the species ML2 according to the decrease in the acidity of the
carboxylic and the hydroxyl groups in the aromatic ring of the model compounds studied as the
-NO2 substituents were added. Species distribution diagrams were also obtained for the equilibria
studied.

The EPR parameters showed that as the logarithm of the overall stability constantsincrease, go
values also increase, while A values show atendency to decrease.
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I ntroduction

The importance of vanadium in biological systems' is
imparted mainly by the rich oxygen chemistry, being VO?*
and VO2" examples of oxocations being associated asim-
portant catalysts exerting defense and protection functions
and being also a cofactor of nitrogenase in the fixation of
dinitrogen. As a micronutrient in living organisms, vana
diumisimportant to prevent growth retardation and skel etal
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deformationsin animals, and possibly participatesin regu-
lation of enzymatic processes. Further some complexes of
V(1V) and V(V) have shown insulin-mimetic actions®™.
Humic acids present heterogeneous compositions that
depend on the chemistry of how they were generated. Thus
to unambiguoudly identify their structuresisadifficult task.
However it is known® that within these geopolymers the
main chelating groupsare catechol, salicylate and phthalate
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derivatives which are distributed throught the humic acid
structure.

The cation exchange capacity - CEC - which regulates
the availability of metal ionsin the soil, is dependent upon
variations of pH values. These cation exchange reactions
involve the labile protons on soil humus and are directly
related to the functional groups present, such as carboxyl,
carbonyl, amino, imidazole, phenolic and alcoholic hy-
droxyl and sulfhydryl groups® as represented generaly in
Eqg. L:

SHzg + M* (g === SM(9 +2H" (@)

Studies involving VO(IV) and coal nitrohumic acid’
showed how this cation is important as a probe in EPR
studies as well as unravelled the sites of complexation,
which turned out to be through o-hydroxycarboxylic aro-
matic (salicylic) basic sites as equatoria ligands of VO?*
oxocation. A study® of the EPR parameters in natural and
synthetic complexes of vanadyl ion - humic acids aso
revealed participation of the salycilate basic sites in the
complex. Further reported studies employing potentiomet-
ric, spectrophotometric titrations>'° and EPR Spectros-
copy®! have investigated the complex formation of
deferoxamine B and VO?* and VO," oxocations’, the com-
plex formation of VO?* and citric and tartaric acids'® and
the biosorption of VO?* by the roots of some plants'*.

The present study involved potentiometric titration and
EPR techniquesin order to measuretheinteraction between
salicylic basic sites present in humic acid and nitrosalicylic
basic sites present in nitrohumic acids, the latter, alabora-
tory artifact’, and oxovanadium cations by determining
their stability constants. Theobtained EPR parameterswere
compared with the stability constantsin order to determine
if there was a correlation.

The mode compounds chosen are salicylic acid for
humic acids and nitrosalicylic acids for nitrohumic acids
(for the structures refer to Ref. 12).

Materialsand M ethods

All chemicals were used without further purification.
KCI (J.T.Baker - USA) was the supporting electrolyte.
Aqueous 85%v/v:15%v/v ethanolic (Merck - Brasil) solu-
tions (0.1 mol L) of the ligands salicylic acid (SALA -
Reagen - Brasil), 3-nitrosalicylicacid (3-NSA), 5-nitrosali-
cylic acid (5-NSA) and 3,5-dinitrosalicylic acid (3,5-
DNSA), TCI - Japan, and 0.1 mol L1 KOH (Merck - Brasil)
were prepared in double distilled and deionized carbonate
- freewater. The KOH solutions were standardized against
potassium acid phthalate. The vanadyl solutions were pre-
pared in two different ways as follows. In the first one, a
proper mass of the VOSO4.nH20 (0.1 mol L™ - Aldrich -
USA) was dissolved in an agueous 0.36 mol L™ H,SO4
(Reagen - Brasil) solution (VO?"). Inthe second oneamass
of VOS04.nH20 (0.1 mol L™ - Aldrich - USA) was dis-

J. Braz. Chem. Soc.

solved in an agueous 0.4 mol L™ HNO3 (Merck - Brasil)
solution (VO®"). The H* content was measured by Gran’s
Plot™® and the vanady! ion by titration with KMnO4.

Potentiometric equilibrium measurements

Following the procedures described in the litera
turet21315 3| the possible errors arising in calculating
unknown equilibrium constants by |east-square techniques
were minimized. Three titrations were performed with the
metal ion and each ligand. All the potentiometric studies
were carried out in a Micronal (Brasil) model B-375 re-
search pHmeter fitted with blue glassand calomel reference
electrodes caibrated with standard HCl 102 mol L (u =
0.100 mol L™ (KCl)) and KOH aqueous 85%v/v: 15%v/v
ethanolic solutions to read -log [H*](p[H]) directly, under
astream of purified N2 (White-Martins - Brasil). Thetem-
perature was maintained at 25.0 £ 0.1 °C and the ionic
strenght adjusted to 0.100 mol L™* by the proper addition of
KCI.

All solutions were titrated with 0.1 mol L™ standard
COx-free KOH solutionsin duplicate. The p[H] range was
from 2.0t0 11.0. In the callibration step of the pHmeter the
p[H] reproducibility is< 0.005 units of p[H] at acidi region
and < 0.015 at basic p[H] region.

Computations

The protonation constants of theligandsemployed were
reported earlier'? according to Egs. 2 and 3. The hydrolysis
constants of vanadyl ion were taken from the literature®®.
The speciesconsidered inthe calculationswereM:L (being
M = VO? or VO* and L = sacilicylate derivatives) 1:1,
1:2; 2:1; 2:2 and their protonated ones.

[HL]

L+H HL logK1 = [L]. (] 2
__ [Hal]
HL +H HoL  logKaz —m 3

Thecal culationsemployedthemicrocomputerpr ogram
Best7'® and the species distribution diagrams were cal cu-
lated with the microcomputer program SPE'. The Best7
program calculation begins with the set of known and
unknown (estimated) overall stability constants (Eq. 4) and
computes[H] at the equilibrium for each quantity of added
base. For each equilibrium point, thefitting process consists
in the minimization of the differencesbetween the observed
and the calculated p[H] values by using a weighted |east
sguare method. The iterative process is repeated until no
further minimization is obtained. All other mathematical
aspects are described elsewhere'? 1315,

M +nL == ML, Ioanzi[,\El';A_L[ﬂ]n (4)
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EPR spectra

A Bruker ESP 300E spectrometer was used to acquire
the spectra of the oxovanadium complexes in agueous
solutionsin theratio metal to ligand 1:1 to thenitrosalicylic
acids and in theratio 1:1 and 1:2 (M:L) for salicylic acid
and VO?* at room temperature (300 K) in thin quartz tubes
operating at a frequency of [B.5GHz (X-band) with a
100KHz modulation frequency. The p[H] of the solutions
was controlled with agueous solution of KOH (0.001 mol
L% trying to sample the maximum possible concentration
of each formed species according to the distribution dia-
grams for each studied solution (refer to Figs. 5 to 8).

Results and Discussion

The first attempt to measure overall stability constants
using potentiometric titrations was made with VOSO;4 in
H>S04 solution. The results have shown that due to the
competition of the SO4% ion in the equilibrium, only the
first complexed species (ML) could be detected, before the
whole system precipitated. These solutions however were
investigated by EPR spectrometer in order to measure the
Ao and go parameters. The results are presented in Table 1.

In order to delay the precipitation of this system, a
solution of VOSO4in HNOs wasinvestigated. However, in
the presence of this acid, V(I1V) would invariably be oxi-
disedto V(V), an EPR silent valence. For the potentiomet-
ric titrations it turned out to be very useful, rendering not
only values for the stability constants of ML, which were
in perfect agreement with those obtained with the H2SO4
solution, but also values for MHL for some ligands, and
ML for al four ligands studied (Table 2).

Table 1. EPR isotropic parameters for oxovanadium (IV) sdlicylate
derivative complexes in agueous sol utions.

Ligand M:L Jo Ao (Gauss) log 3
3,5-DNSA 11 1.9636 108 7.06
5-NSA 11 1.9654 108 9.00
3-NSA 11 1.9666 108 9.68
SALA 11 1.9685 107 12.77
SALA 12 1.9696 100 22.67
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The potentiometric equilibrium curves are depicted in
Figures1for 4 of 0.1 mmoleof SALA, 3-NSA, 5-NSA and
3,5-DNSA with 0.1 and 0.05 mmole of VO, respectively.

InFig. 1, both ratios present buffersuntil approximately
p[H] 6.0, after which the formation of insoluble products
prevented further acquisition of data. In Fig. 2 the buffer
for the ratio 1:1 approached p[H] 4.9 and for theratio M:L
of 1:2, approached p[H] 3.1 with an inflection until p[H]
5.5, after which formation of insoluble products occurred.
In Fig. 3 the buffering action was observed for theratio 1:1
until precipitation began to occur at approximately
p[H] 5.0. The ratio 1:2, besides acting as a buffer until
approximately p[H] 4.0, presents an infection until near
p[H] 8.2 after which further titration was prevented due to
precipitation of products. Fig, 4 reveals the presence of a
buffer for theratio 1:1 until near p[H] 4.3 and the 1:2 ratio
acts as a buffer until approximately p[H] 3.8 thereafter an
inflection being observed until p[H] 6.2 after which precipi-
tation occurred.

The calculated stability constants provided the dia-
gramsfor the species distribution (Figs. 5to 8 for 2.5x 103
mol L™ of SALA and 1.25x 10 mol L™ for VO**, 3-NSA
- VO*, 5-NSA - VO*, and 3,5-DNSA - VO, respec-
tively). The formation of ML starts at p[H] 3.0 reaching
its maximum formation near p[H] 5.3, disappearing at
p[H] O 9.0; and ML, starts at p[H] O 6.0 reaching its
maximum at p[H] £ 10.0. For 3-NSA - VO** (Fig. 6) ML
starts at p[H] O 2.8, reaching its maximum at p[H] 4.8,
disappearing at p[H] 0 9.0; ML> starts a p[H] 0 5.0,
reachingitsmaximum at 9.9. In Fig. 7 the formation of ML
starts and ends around p[H] values of 3.0 and 9.0 respec-
tively, reaching a maximum at p[H] 05.5; and ML starts
at 6.5 and reaching its maximum at 10.4. Fig. 8 showsthe
formation of ML starting and ending at p[H] [03.0 and 9.0
respectively, reaching its maximum at 4.8. MHL is at its
maximum at p[H] 2.0, disappearing around p[H] 4.0. ML>
starts at p[H] [05.0, reachesits maximum at 8.2, disappear-
ing after p[H] 10.0.

A closer look at the region of p[H] near 7.0, which
besides being the phisiological p[H] is dso the required
value for a hedlthy soil and natural waters, the complexes
species observed in thiswork (ML and ML>) arepresent in

Table 2. Logarithms of the equilibrium constants of salicylate derivatives and vo¥ complexes (T = 25 °C; p = 0.100 mol Lt (Kran).

log K SALA-VO®*  3NsA-vO¥  5NsA-vO* 3 5DNsA-vO*
[ML]/[M][L] 12.77% 9.68° 9.00% 7.06°
[MHL]/[ML][H] n.d. 337" nd. 337°
[ML2]/[ML][L] 9.90° 5.02° 5.64° 4.06°

8tandard deviation = 0.04.
Ptandard deviation = 0.06.
Cstandard deviation = 0.05.
n.d = not detected.
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Figure 1. Potentiometric p[H] profiles of 40 mL of SALA (0.01 mol L'l;
= 0.100 mol L1 (KCl)) and the oxocation VO®* (titrant KOH, 0.1 mol
L'l). (The ligand alone, and the ratios metal to ligand 1:1 and 1:2 have
respectively 31, 35 and 27 points).
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Figure 2. Potentiometric p[H] profiles of 40mL of 3-NSA (0.01 mol L'l;
1 =0.100 mol L™ (KC1)) and the oxocation VO (titrant KOH, 0.1 mol
L'l). (The ligand alone, and the ratios metal to ligand 1:1 and 1:2 have
respectively 43, 24 and 28 points).
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Figur e 3. Potentiometric p[H] profiles of 40mL of 5-NSA (0.01 mol L'l;
1 = 0.100 mol L™t (KC1)) and the oxocation VO©®* (titrant KOH, 0.1 mol
L'l). (The ligand aone, and the ratios metal to ligand 1:1 and 1:2 have
respectively 45, 32 and 29 points).
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Figure 4. Potentiometric p[H] profiles of 3,5-DNSA (0.01 mol L'l; U=
0.100 mol L% (KCl)) and the oxocation VO (titrant KOH, 0.1 mol LY.

(The ligand aone, and the ratios metal to ligand 1:1 and 1:2 have
respectively 46, 30 and 29 points).
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Figure 5. Species distribution diagram from p[H] 2.0 to 10.0 of a2.5 x
10" mol LY solution of SALA - 1.25x 103 mol L™t vO**, with metal ion
set at 100%. H-x represents (OH)x.
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Figure 6. Species distribution diagram from p[H] 2.0 to 10.0 of a2.5 x
10 mol L™  solution of 3-NSA - 1.25 x 10" mol L™t VO, with metal ion
set at 100%. H-x represents (OH)x.
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Figure 7. Species distribution diagram from p[H] 2.0 to 12.0 of a2.5 x

10"3mol L% solution of 5-NSA - 1.25x 103 mol L2 vO®*, with metal ion
set at 100%. H-x represents (OH)x.

100
90

80
70
60
50
40

%

-Log [H*]

Figure 8. Species distribution diagram from p[H] 2.0 to 12.0 of a2.5 x
10 mol L% solution of 3,5-DNSA - 1.25x 10 mol L1 vVO®*, with metal
ion set at 100%. H-x represents (OH)x.

significant quantities. Thenitro- group in theligandsresults
in a shift of the ML, species has brought the species to
silightly more acid values in comparison to the SALA
ligand, the exception being 5-NSA.

Recent works'?>'’ have shown that due to the more
acidic behaviour of nitrosalicylic acids, amore pronounced
difference in the distribution of species along with the
variation of the p[H] values compared to sdlicylic acid
would be expected, especially the formation of at least one
complexed species at lower p[H] values for the nitrosali-
cylic acids than the salicylic acid. However, in the case of
VO* this effect did not seem to be playing amajor role, as
this expected difference was not that remarkable.

The EPR parameters for the VO?* complexes in aque-
ous solutions (Table 1) indicate the presence of oxygen
donors in the equatorial plane of Ca, symmetry”®. The
complex of M:L ratio of 1:1 still bearstwo (or threein the
case of MHL) molecules of water in the four equatorial
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coordination sites. The complex M:L ratio of 1:2 for its
turn, is through 4 oxygen atoms of the two basic sites of
two salicylic type molecules, the -COO™ and phenolic -O'.
Looking at the EPR isotropic parameters, go and A, and
comparing to thelogarithm of the overall stability constants
(B) taken as a measure of the ligand field force, it is seen
that they follow a regular pattern according to a relation
among those three parameters stated in the literature'®. As
log B valuesincrease, thego, va uesincreasewhile Aq values
show atendency to decrease. This pattern may beaccounted
for the lower spin polarization of inner s eectrons of
vanadium atom as the ligand field becomes stronger.

Looking at the values of the stahility constantsin Table
2, themore basic ligand, SALA, presents the higher values
for the stability constants of both ML and ML species,
followed by 3-NSA, 5-NSA and 3,5-DNSA. The latter is
the less basic of the four, due to having two nitro- substi-
tuents.

The detection of protonated species in the ratio 1:1
(MHL) (Table2) for only 3-NSA and 3,5-DNSA and VO,
the phenolic -OH group being protonated in the salicylic
ring, leaving only the carboxyl group to complex, is prob-
ably because of steric effects imparted by the nitro substi-
tuent group in the C-3 position, present in both 3-NSA and
3,5-DNSA ligands. Also this protonated -OH may be hy-
drogen bridging the -NO2 group in the vicinal position,
forming a six membered ring with some stability. As the
p[H] vdue increases, this stabilization effect disappears,
|eaving room for complexation through both-COO™ and the
phenolic -O of one or two salicylic derivative molecules.

Conclusion

Although the molecules chosen as models are not so-
phisticated ones and do not to reproduce the inherently
complex propertiesageopolymer might have, asany model
would®®, they have provided information concerning the
aqueous equilibriafor humic acid modelsfor nitrosalicylic
acids - oxovanadium complexes, aswell ashave shown the
possibility of studying them by EPR spectroscopy in ague-
ous solutions, opening new perspectives in using them as
slow-release fertilizers.
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