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A necessidade de se estudar compostos model o € ade secompreender como osssitiosde quel agdio
de substancias organi cas complexas como os &cidos hiimi cos e nitro-hiimicos atuam frenteaum ion
metalico, pois as substancias hiimicas sdo potenciais fertilizantes organicos.

As propriedades quimicas principais dos complexos encontrados entre os écidos 3-nitroftalico
e4-nitroftélico eosions metdlicos Fe(l11) e Zn(11) foram estudadas por titul acBes potenciométricas,
espectroscopiaultravioleta-visivel evoltametriaciclica, eumatitul agao potenciométricaexperimen-
tal foi feitacom umamisturade model os de &cidosnitro-himicose Cu(ll). Cal cul ou-se asconstantes
de equilibrio para os sistemas, cujas espécies foram detectadas pelas outras técnicas empregadas.
Estudos comparativos entre sitios de quel agdo derivados de nitrossalicilatos e nitrocatecol atos com
Fe(I11), Zn(11) e Cu(l1) sdo apresentados. Nestetrabal ho, osécidos nitro-hiimicos, além de possuirem
maior teor de nitrogénio que os &cidos huimicos, também exibiram avantagem de que a guns centros
de quelacéo, preferencialmente, seligam aions metdlicos nos valores de p[H] préximos aos valores
normais do solo, 7,0 a7,5.

The study of model compounds is necessary in order to obtain information about complex
organic substances as in the case of humic substances (HS). These substances are potential organic
fertilizers and have other important functions in soils, natural waters and organic sediments.

Themain chemical properties of the complexesformed from 3-nitrophthalic and 4-nitrophthalic
acids and the metal ions Fe(l11) and Zn(11) were studied using potentiometric titrations, ultraviolet-
visible spectroscopy (UV-Vis) and cyclic voltammetry (CV). A trial potentiometric titration was
done with a mixture of the models for nitrohumic acids and Cu(ll). Equilibrium constants for the
systemswerecal culated and UV-Visand CV wereemployed to monitor the formation of the species.
Comparative studies involving chelating centres of nitrosalicylic acids and nitrocatechols with
Fe(111), Zn(11) and Cu(ll) are presented. The initid studies involving the nitrohumic substances
(NHS), alaboratory artifact of HS have been made and good evidence was found for the further use
of NHS as a potentia organic fertilizer as well as HS. In this present work one of the observed
advantages of NHS over HSwas that some aromati ¢ nitro- centres can bind some metal ionsat p[H]
values of normal soils, near 7.0to 7.5.

Keywords: metal complex, humic substances, potentiometric titration, cyclic voltammo-
gram, speciation, organic fertilizer
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Introduction

Humic substances (HS), organic material existing in
soil and watersarising from the decay of plantsand animals
play many rolesin soils. Among them, they have long been
considered as a natural source of C, N, P, and S and also,
due to their ability to form stable complexes with many
metal ions, can be considered as a natural fertilizer'2.

Many workers have made contributions concerning the
determination of dissociation constants of the acidic func-
tional groupsof HSin order to obtain abetter understanding
of metal complexation by these organic macromolecules
since the late 70's. The determination involved the use of
thermochemistry?, Fourier Transform Infrared Spectrome-
try®, and Potentiometric studies®.

Since the contribution of Schulten and Schnitzer® for
the unraveling of the structure of HS, there have been few
important contributions to the HS literature. The structure
of these geopolymersis complex. However, it isknown for
certain that aromatic structures are present as part of the
structure of HS and NHS. These macromolecules contain
within their structure organic functional groups such as
catechols, salicylates and phthal ates, capable of complex-
ing metal ions™1°,

Figure 1, showing the Egs. 1 to 3, represents some of
the structures capable of complexing the metal ions.

Many studies have been published'’ of the complex-
ing ability of HStowards metal ionslike copper, nickel and
aluminum as well asthe pH dependence of these systems.
Model compounds are used to overcome the difficulties of
studying HS due to their physical complexity. No matter
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Figure 1. Someexamplesof how organic groupspresent in HS can clunch
metal ions.
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the size of the molecules chosen, they allow for a better
understanding of the complexation behaviour of HS.

Another advantage in using model compounds for the
study of the behaviour of HS towards metal ion complexa
tion liesinthefact that it isvery difficult to makeinterpre-
tations of the acid-base properties of HS, due to the
perturbations encountered in acid-base potentiometric ti-
trations. Various models have been proposed in the litera-
ture to take into account the mixture of chemically non
identical acid sites. One of them has sought to fit experi-
mental data empirically and is called the Discrete Ligand
Approach®®. The empirical model presumes that the ob-
served potentiometric properties are a consequence of the
different acid strenghts of a limited number of functional
sites that congtitute the humic acid (HA) molecule . The
present work is based on this model.

The nitrohumic acids (NHA), a laboratory artifact of
HA obtained by the action of nitric acid upon HA, havethe
advantage of a higher percentage of N than in HA.° The
complexing ability of a model compound for the phthalic
derived sites of HA is compared with the models chosen
for the nitrophthalic derived sites of NHA using two im-
portant plant micronutrients, one a hard (Fe(111)) and the
other asofter Lewisacid (Zn(l1)). Themodels, phthalicacid
(APA), 3-nitrophthalic acid (3-NPA) and 4-nitrophthalic
acid (4-NPA), are represented in Fig. 2.

Althought the models are not complex molecules, the
interest for studying them, apart from what has been said
above, isthat there is a need to complement the datain the
literature, due to the lack of certain stability constant data.
Also, this study isimportant for evaluating the interactions
of HS and NHS acid sites in the presence of metal ions, in
order to understand how during their dow mineralization
in soil, not only how the greater amount of N of NHS
compared to HS, is released to plants but also how al the
metal ions bound to these acidic sites, will be made avail-
able.

A comparative study is extended by collecting data
from model compounds of HA and NHA, sdlicylic and

catecholic derivatives, previoudy reported in the litera
ture!®24,
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Figure 2. Model compounds APA, 3-NPA and 4-NPA, studied in this
work.
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The study of metal ions and HA complexes has led to
few conclusive results, as there are many drawbacks to
attributing the binding constants found with a specific site
or reactive site that is actually linked to the meta ion. In
order to gather some previously reported data concerning
nitrosalicylic acids'®?° and nitrocatechol s>, atridl titra-
tion was made in a mixture of NHA models and Cu(ll).

Cyclic voltammetry (CV) can give information con-
cerning the stability of electrogenerated productsin aredox
system tested over arange of p[H] values. This technique
is aso important in helping to identify those species in-
volved (aquaions, complexed species, etc)?.

Ultraviolet-visible spectroscopy (UV-Vis) shows are-
lation between the differencesin the wavelength values of
the spectra obtained in solutions of differing p[H], the
differencescorresponding to the different speciesproposed
in the equilibria®®.

Experimental

Chemical reagents

All chemicalsused were of analytical-reagent gradeand
were used asreceived. All solutionswere made with bi-dis-
tilled, deionized and CO, - free water.

All nitrosalicylic and salicylic acid solutions were de-
scribed elsewhere®®. The nitrophthalic (Sigma- USA) and
phthalic acid (Reagen - Brazil) solutions were made in 5%
v/v ethanol (Merck)/water.

Metal solutions were made from their nitrate salts
(Carlo Erba - Brazil) and their concentrations were deter-
mined by literature procedures”’. The Fe(I11) 0.01mol Lt
solution was madein 0.03 mol L™ HCI (Merck) and the H*
ion content was determined by Gran’s Plot.?®

The agqueous KOH (Merck - Brazil) 0.1 mol L, car-
bonate-free solution was standardized against potassium
hydrogen phthalate (Carlo Erba - Spain). KNOs (Baker &
Adamson - USA) was the supporting el ectrolyte.

Potentiometric measurements

All potentiometric titrations were carried out under an
inert atmosphere of water-K OH saturated nitrogen (White-
Martins - Brazil) in a water-jacketed vessel maintained at
30.0 + 0.1 °C and 0.100 mol Lt ionic strength (KNO3).
Four experiments were performed for each ligand studied.
Thefirst with the ligand alone to determine its protonation
constants.

The others, with the ligand in the presence of the metal
ion in the proportions ligand to metal, 1:1, 2:1 and 3:1.

The pKw was determined to be 13.63. A 20 mL
M etrohm manual piston microburet tip was used to deliver
thetitrant - CO2- free KOH standard, and the p[H]?® values
weredirectly measured withaMicronal (SP- Brazil) model
B-375 pH meter, fitted with an Anayser (SP - Brazil)
blue-glass and a saturated calomel reference electrode,
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calibrated with a standard strong acid (HC!) to read -log[H*]
directly, accuracy, 0.001 p[H] units.

The data obtained in the titrations were treated in a PC
computer equipped with a Fortran program Best and the
results displayed as a curve of species distribution with the
aid of the program SPEZ,

Two special potentiometric titrations were carried out
inasol ution obtai ned by mixing model compoundsof NHA
in the absence and in the presence of Cu?*. A quantity of
0.0717 millimole of 3-NPA and 4-NPA, 0.0540 millimole
of 3-nitrosalicylic acid (3-NSA), 5-nitrosalicylic acid (5
NSA) and 3,5-dinitrosalicylic acid (3,5-DNSA), and
0.0344 millimole of 4-nitrocatechol (4-NC) were titrated
against KOH. The second titration involved the same
model compounds, in the above quantities, but with the
inclusion of 0.0786 millimole of Cu?*.

UV-visible measurements

The aiquots analyzed by UV-VIS spectroscopy were
taken at specific p[H] values from a second potentiometric
titration, specifically done for this purpose.

The UV-VIS spectra were taken with a Hewlett -
Packard model 8450A (USA) - Diode array spectro-
photometer, from 260 to 600 nm, using aliquots of a solu-
tion of ratio ligand to metal 3:1 of 3-NPA (7.5 x 10" mol
LY and Fe™ (2.5 x 10 mol L1, ionic strength 0.100 M
(KNO3), using 1.000 cm quartz cells, at a controlled room
temperature of 25.0 °C, and air in the reference beam. The
p[H] vaues of the experimental solutionswere adjusted by
adding small volumes of 0.1 mol L™t KOH with a 20 mL
Metrohm piston microburet attached to the vessel.

Cyclic voltammetric studies

The electrochemical cell employed supported a 15 mL
total volume of solution. It was maintained at 0.100 M
(KNOs - Merck - Brazil) ionic strength, sufficiently great
to minimize solution resistance to charge flow through the
cell, and to minimize migration as a means of mass trans-
port to the electrode. The working electrode used was a
glassy carbon of 2 mm diameter. The reference electrode
was Ag/AQCI, and the auxiliary electrode was a platinum
wire. The system, totally deoxygenated by a stream of pure
nitrogen (White-Martins - Brazil), was connected to a
cyclic voltammograph of Bioanalytical System Incorpora
tion, model BAS-27 (USA), and the results were recorded
in a BAS X-Y recorder. The potential values reported in
thiswork wereincreased by 0.204 V, and referred to normal
hydrogen electrode (NHE)?. The temperature was 25 °C,
room-controlled.

The final concentration in the cell for both the ligand
(4-NPA) and the metal ion, Fe™, was 10 mol L™t where
the ligand to metal ratio was 1:1; 0.5 x 10 mol L in the
2:1 solution, and 0.33 x 10 mol L™ in the 3:1 solution.
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Thecyclic voltammograms were obtained asafunction
of each p[H] value measured, using a glass electrode,
Ag/AQCl (Analyser - SP - Brazil), 5 mm diameter, placed
into the electrochemical cell and a Corning pHmeter (UK),
accuracy, 0.01 p[H] units. A Gilmont (USA) microburet
delivered the required amount of KOH (0.1 mol L) to
reach to the desired p[H] values.

The experimental conditions of the cyclic voltam-
mograph were the following: a) range of swept potential
was from 1.0 V t0 -0.20 V; b) scan rate = 10 mV/s; and c)
initial potential applied =+1.0V.

Results and Discussion

The calculation of the equilibrium constants employed
the microcomputer program BEST?8, The resultswere also
displayed inthe form of speciesdistribution diagramswith
the aid of the program SPE?®, with the metal concentration
set at 100%. The BEST program was designed to solve for
the set of equilibrium constants corresponding to the model
selected and also makes it possible to explore al aspects
and variations of the model. The model used in this work
involved the choice of the chemical species shown to be
present from potentiometry, UV-Vis spectrophotometry
and cyclic voltammetry data.

Each species concentration consists of a product of the
overall stahility constant (bn) and individua component
concentration raised to the power of its stoichiometric
coefficient. The calculation of b values continues until no
further minimization of the standard deviation (s.d.), in
p[H]? units, is obtained. The overall stability constantsare
defined by Eq. 4:

M+x + nLZ— - MLn(+x»2n)
[M Lr(1+x - 2n)]

bn [MX+] [LZ—]n (4)

All mathematical aspects of the programs employed
have been reported elsewhere?®®, and the desired ionic
strength was set in all experiments by following the litera-
ture®.,

The equilibrium constants for the hydrolysis species of
the metal ions employed in the calculations of the overall
formation constants (b), were taken from the literature®.
The following hydrolysis species were considered in the
calculations: Fe(OH)?*, Fe(OH)2", Fe(OH)s, Fe(OH)4,
Fex(OH)2*, Fex(OH)4>*; Zn(OH)*, Zn(OH)2, Zn(OH)s,
Zn(OH)4* and CuOH*, Cu(OH)2, Cu(OH)s", Cu(OH)4%,
CUz(OH)z.

Figure 1 shows a potentiometric p[H] profile of 3-NPA
done and in the presence of Fe™ in the proportions of
ligandtometal: 1:1, 2:1 and 3:1. Precipitation of hydrolysis
productsabove p[H] = 4.5 prevented further measurements
of the metal systems. The protonation constants of the
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ligands 3-NPA and 4-NPA were determined under the
sameexperimental conditionsasfor thecomplex formation
congtants in this work, 30.0 = 0.1 °C and ionic strength
0.100 M (KNQOg) in order to use them for further calcula
tions.

These constants are presented in Table 1 aswell asthe
resultsreported in theliterature'®2%222% gnd also the val ues
for the ligands derived from catechol and salicylic acid.

The valuesin Table 1 show that the most acidic com-
pounds are the nitro- derivatives of phthalic acid, and the
least acidic, catechol, as expected.

Many different methods of cal culation and experimen-
tal approaches for determining apparent stability constants
of Cu(ll) and HA have been reported in the literature. One
of them® gives values for the binding constants of these
kinds of complexes using a continuous distribution model
based on the Scatchard plot, aternatively to the Bjerrum
potentiometric titration method. The former method pro-
vided an average overall stability constant of 8.0, at 25 °C,
m= 0.005 mol L™, concentration of HA = 0.25 mg mL™.
The latter method employed gave the average values for
the same kind of stability constant under the same condi-
tions as 7.6. The main important feature was that Cu(I1)
reacts with more than one binding site, as the authors say,
due to evidence for formation of CuL™ and CuL, where L
is the resctive site of the macromolecule studied. The
Bjerrum approach is suitable for this study but it does not
account for the heterogeneous nature of HA. The Scatchard
Plot givesrisetoindividual K valuesthat are considered to
reflect variationsin binding energies without any regard to
the nature in which Cu(l1) is bound.

Another reported work3 dealt with the study of the
formation constant for HA and Cu(ll) by cross-polariza-
tion/magic angle spinning 3C-NMR. The results of the
average conditional constant was 11.6. All spectra con-

3-NPA - Fe*3
12.000
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8.000 |
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Figure 3. Potentiometric p[H] profile of 3-nitrophthalic (3-NPA) acid
and Fe**. a = number of moles of ligand/number of moles of base. 1)
3-NPA 2.5x 10 mol L™%; 2) 3-NPA 5.0x 10 mol L and Fe®* 2.5x 10"
mol L™ 3) 3-NPA 7.5x 10 mol L™  and Fe** 2.5 x 10* mol L™,
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tained one major pesk in the carboxyl carbon region asso-
ciated with the carboxylic acid carbon. There was a sharp
difference among the HA employed athough the values
found for the binding constants were close.

In the trial titration that was carried out in this work
using amixture of nitrocompounds, modelsfor nitrohumic
substances, three protonation constants were observed due
to the respective acidic groups. These groups were named
01, g2, and gz and their average valuesarerecordedin Table
1. The g; acidic group was assigned to the nitrophthalic
acids??, g, to the nitrosalicylic acids'®?, and gs, to nitro-
catechol??, Table 2 presents the average formation con-
stants cal culated when the mixture of the nitro- modelswas
titrated in the presence of a metal ion. Cu(ll) was chosen
because thereis comprehensive data availablein thelitera-
ture. The data in the literature were required for the at-
tempted assignment of value found in this titration with a
proper basic site.

Ascan beseenfrom Table 1, thevauefor theformation
constants for CuL, L being the reactive site of the model,
of around 3.6 was assigned to two ortho carboxyl groups
in an aromatic ring, having a nitro substituent in the 3- and
4-C position (nitrophthalic acids); the value around 9.8 was
assigned to one carboxyl and one hydroxyl group in ortho

Table 1. Protonation constantsfor theligands phthalic acid (APA), 3- and
4-nitrophthalic acids (3-NPA and 4-NPA); catechol (CATEC), 3- and 4-
nitrocatechol (3-NC and 4-NC) respectively, and for the mixture of NPA
(91), NSA (g2) and 4-NC (g3).

log K HL/H.L HoL /H.HL
APA 4.962 3.012
4.92° 2.76°
3-NPA 3.982 210
3.93° 2.11°
4-NPA 4,082 212
4.12° 2.02¢
CATEC 13.30° 9.30f
3-NC 11.83¢ 6.48"
4-NC 10.75 6.69
gl 4109 -
92 8.1 -
g3 12.00% -

8this work; 30 °C; m= 0.100 mol L'l(KNos); s.d.=0.01; b reference 22;
25°C; m=0.1mol L% sd.= 0.05;  reference 22; 35 °C; m= 0.0mol L%,
s.d.= not reported; 9 reference 22; 25 °C; m= 0.0 mol L'l; s.d.= not
reported; € reference 22; 25 °C; m= 0.1 mol L'l; s.d.=0.3; f reference 22;
25°C; m=0.1mol L%, sd.= 0.10; 9 reference 22; 25 °C; m=0.1mol L%,
s.d.= 0.40; P reference 22; 25 °C; m= 0.1 mol L'l; s.d.=0.01; " reference
22; 30 °C; m=0.1 mol L'l; s.d.= not reported; I reference 22;25°C; m=
0.1mol L' sd.=0.03.
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positions in an aromatic ring (nitrosalicylic acids); the
value near 11.5 was assigned to two ortho phenolic hy-
droxyl groups (nitrocatechol). The basic group assigned to
the nitrophthalic acids has exhibited a greater basicity
towards Cu?*, as it has a larger formation constant when
present in the mixture of the model compounds, than when
aonewith the Cu?*. The samewastrue of the nitrosaicylic
basi c sites. Thebasic group dueto nitrocatechol ate behaves
thesame, no matter only with themetal ion or inthe mixture
of the model compounds employed.

Looking at these results one can infer that there are
someinteractions among the basic sites of the nitro-models
employed when they aremixed in solution. Thisfeature can
be explained by the fact that when in a mixture , the less
basic ligandswill change the way they interact with metals
by the presence of other more basic sitesin their vicinities.
Thismaybethecasein arelated publication®** whereavalue
of around 11.0 was assigned to a carboxylic basic site,
without taking into account the vicinity. A further related
work® has reveadled consistent data with those in this
present work.

Tables 3, 4 and 5 list the formation constants for the
complexing systemsin the presence of Fe(l11) and Zn(11),
and the ligands derived from phthalic (Table 3), salicylic

Table 2. Equilibrium constants for the titration of the mixture of model
compounds NPA, g1, NSA, g2, and 4-NC, g3, and the metal ion Cu2+, in
the proportion 1:1, metal to total ligand concentration ratio.

log K cu?
gl ML/M.L 367
MHL/ML.H 3.372
g2 ML/M.L 9.80%
MHL/ML.H 3718
93 ML/M.L 11.50%
3-NPA ML/M.L 2.42°
4-NPA ML/M.L 2.42°
3-NC ML/M.L 12.74°
4-NC ML/M.L 11.68°
MHL/ML.H 0.81°
3-NSA ML/M.L 8.1°
MHL/ML.H 3.7°
5-NSA ML/M.L 8.3°
MHL/ML.H 2.9°
3,5-DNSA ML/M.L 7.2¢
MHL/ML.H 4.2¢

8this work; 30 °C; m= 0.100 mol L'l(KNos); s.d.=0.03; b reference 22;
25°C; m=0.1 mol L'l; s.d.= not reported; © reference 20; 30 °C; m= 0.100
mol L™ (KNO3) s.d.=0.1; reference 20; 30 °C; m=0.100 mol L {(KNO3)
sd.=0.3.
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acids (Table 4) and from catechol (Table 5). Values com-
piled from the literature have been indicated!®2022-2,

From the Tables it can be seen that the complexes of
both metal ions and the nitro- compounds are weaker than
the respective complexes with non nitro- compounds, an
exception being Zn?* with APA and with NPA. The effect
of stabilization of the complexes by the delocalization of
charges in the aromatic ring by nitro- substituents can be
seen by analyzing the constants in Table 3 for the ligands
studied and the metal ions Fe** and Zn?".

When looking at the constants for 3-nitrophthalic (3-
NPA) and 4-nitrophthalic (4-NPA) acids with Fe**, it is
seen that the values for the formation constants ML, ML
and ML3 are amost the same for both ligands. The non
nitro- ligand phthalate, being more basic than the nitro-
compounds, has larger formation constant values with re-
spect to the same metal ion.

It is also possible to make an evaluation of the differ-
ences in the values of the formation constants between a
non-nitro model compound and each one of their nitro-
derivatives. Analysis of the results in Table 3 by sub-
tracting the stability constants for APA - Fe** from
3-NPA - Fe*":

DiogK1=6.1-43=18

Table 3. Equilibrium constants for the systems of the ligands phthalic
acid (APA) and 3-nitrophthalic and 4-nitrophthalic acids (3-NPA and
4-NPA) with the metal ions Fe(l11) and Zn(l1).

Metal ion log K APA 3NPA  4-NPA

Fe's ML/M.L 6.072 43° 4.4°
ML/MLL 449 3.6° 40P
MLyMLoL 2702 2.2° 2.2°

Zn*? ML/M.L 2.4 3.33° 2.5°
ML2/ML.L 20° - 2.3°

8this work, 30 °C; m= 0.100 mol L'l(KNos); s.d. =0.04; bthiswork, 30
°C; m=0.100 mol L'l(KNos); s.d. = 0.2; ® reference 22, 35 °C; m= 0.0
mol L'l; s.d.= not reported; 9 reference 22, 25°C; m=0.1 mol L'l; sd.=
not reported; € reference 22, 25 °C; m= 0.0 mol L'l; s.d.= not reported.
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DiogK2=45-3.6=0.9

DiogK3=27-22=05
and for APA - Fe** and 4-NPA - Fe** then theresults are:

DiogK1=6.1-44=17
DiogK2=45-4.0=05

DiogKs=27-22=05

K1, K2 and Kz being formation constants of the speciesML,
ML, and MLz respectively.

Using the same methodology to subtract the formation
constant valuesfor the systems APA and 3-NPA, thistime
for the metal ion Zn(11):

DiogK;=22-33=-1.1
Dlog K2 = not available

and for APA - Zr?* and 4-NPA - Zn**:
DiogK;=22-25=-0.3

Diog K2=2.0-23=-0.3.

Normally, the decrease in the protonation constant is
accompanied by a decrease in the metal - ligand binding
constant. As the Fe(l11) ion, a hard Lewis acid, forms the

Table 5. Equilibrium constants for the systems of the ligands catechol
(CATEC), 3-nitrocatechol and 4-nitrocatechol ( 3-NC and 4-NC).

metal ion logK CATEC 3-NC 4-NC

Fe's ML/M.L 20.42 na 15.53°
ML2/ML.L 15.02 na 13.11°
MLyML2L 942 na -

zZn*? ML/M.L 9.9° 8.64° 8.20°
ML2/ML.L 7.5° 7.16° 6.80°

8reference 23, 25 °C; m= 0.1 mol L'l; s.d. = not reported; b reference 22,
25°C; m=0.1 mol L'l; s.d. = not reported; ® reference 22, 25 °C; m= 0.1
mol L'l; s.d. = 0.2; n.a= non available data.

Table 4. Equilibrium constants for the systems of the ligands salicylic acid (SALA), 3-nitrosalicylic acid (3-NSA), 5-nitrosalicylic acid (5-NSA) and

3,5-dinitrosalicylic acid (3,5-DNSA) with the metal ions Fe(l11) and Zn(11).

Metal ion log K SALA 3-NSA 5-NSA 3,5-DNSA

Fe's ML/M.L 16.3 13.4° 13.9° 0.8°
ML2/ML.L 11.92 9.5° 10.2° 7.4°
MLy/MLo.L 7.8 7.3° 8.3° 3.1°

zZn*? ML/M.L 6.85° 5.19 5.3¢ 3.8¢
ML2/ML.L 4.0¢ 3.9¢ 2.7

2 reference 22, 25 °C; m= 0.1 mol L% s.d. = 0.02; ° reference 19, 30 °C; m= 0.100 mol L"{KNO3); s.d. = 0.1; © reference 22, 20 °C; m= 0.1 mol L,

s.d.= not reported; 9 reference 20, 30 °C; m=0.100 mol L'l(KNos); sd. =0.1.
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complexes MLz and ML3>, which bear negative charges,
with the nitrocompounds, thelog K> 3 valuesdiminish. This
can be attributed to the inductively withdrawing electron
effect of the nitro- groupsin the NPA compounds resulting
in better stabilization of the net negatively charged species,
compared to the log K values obtained for ML™. Electro-
dtatic effects have been attributed to some metal/ligand
interactionsin the literature'®.

The same effect is enhanced when the metal ion being
complexed to the phthalic derivativeis Zn?*, asofter Lewis
acid. Thenitrophthalic acidseffectively withdraw the nega-
tive charges that the ML>? complexes bear, and the Diog
K2 becomes negative. Here, this effect is observed evenin
the neutral complex formed, ML, where metal to ligand
ratiois 1:1.

The use of nitro- substituted aromatic compounds al-
lows testing of the influence not only the inductive effect,
which plays a minor role in the stabilization of the com-
plexed and uncomplexed species, but also of the resonance
effect. Resonance effects play no role in the catechol and
in some salicylate derivatives. When in amixture, theless
basic ligandswill change the way they interact with metals
by the presence of other more basic sitesin their vicinities.
The observed effect in this work was an enhancement in
the ability of complexation by the less basic nitro- model
compounds employed towards Cu?".

Figures 2, 3 and 4, the species distribution diagramsfor
the ion Fe' and APA, 3-NPA and 4-NPA, are shown
respectively. Thethree encountered species, ML, ML and
ML 3 areformed and destroyed at p[H] valuesbelow 6.0 for
3-NPA and 4-NPA, and above p[H] 5.0 for 4-NPA and 4.5
for 3-NPA the hydrolytic species predominates. However
for APA and the same metal ion, ML 3 species predominate
at p[H] vauesfrom 2.6 to 8.7.

The speciesdistribution diagrams of Zn*? and catechol,
Zn*2 and 3-NC and Zn*2 and 4-NC are shownin Figs. 5, 6
and 7, respectively. The formation of the complexed spe-
cies ML begins above p[H] = 5.0 for 3-NC and 4-NC. For
catechol, thisspeciesonly startsto beformed at p[H] values
above 6.0. The same happens for ML, which in the case
of the nitrocatechols appear around p[H] = 6.0, and for
catechol and the same metal ion, only after p[H] near 8.0.
Under soil solution conditions (p[H] near 7.0) almost all
the Zn*? metal ion is complexed by the nitrocatechols,
while for catechol, this complexation reaches only 15% of
the total metal ion asthe ML complex (Fig. 5).

Higher p[H] values for the species formation was no-
ticed in the systems involving nitrosalicylic acids when
compared to salicylic acid towards complexation of Fe**
and Zn2+ 19,20_

A cyclic voltammetric p[H] dependence study was car-
ried out with 4-NPA and Fe**. Figure 8 shows the cyclic
voltammogram for 4-NPA ( not electrochemically active)
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Figure 4. Species distributions for Fe>* (M) 2.5 x 10°° mol L™ and the
ligand phthalic acid (APA) (L), 7.5 x 10°mol L™ from p[H] 2.0 to 12.0.
% is percentage of a species present, with the metal concentration set at
100%. H-x represents (OH)x .
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Figure 5. Species distributions for Fe* (M) 2.5 x 10" mol L™ and the
ligand 3-nitrophthalic acid (3-NPA) (L), 7.5 x 10"3mol L™ from p[H] 2.0
10 12.0. % is percentage of a species present, with the metal concentration
set at 100%. H-x represents (OH)x .
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Figure 6. Species distributions for Fe>* (M) 2.5 x 10° mol L™ and the
ligand 4-NPA (L),7.5x 10-3mol L™ from p[H] 2.0t0 12.0. % ispercentage

of a species present, with the metal concentration set at 100%. H-x
represents (OH)x .
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and Fe*". Themetal ion Zn?* and itscomplexeswith 4-NPA
were not electrochemically active.

The Nernst equation provides useful information for
redox reactions involving simultaneous proton and elec-
tron-transfer processes. The number of protons (m) and
electrons (n) involved in the electrode surfacereactionsare
described asfollows:

K
Ox +ne + mH" =— Red (5

where, K is equilibrium constant and Ox and Red are the
oxidised and reduced species, respectively.

Taking into account that the concentration of protons at
theelectrode surfaceisthe sameasthat of the bulk solution,
it isfeasible to write Eq. 6:

_ e 0.059 Dox lp m
Ep=E° - = =logg2)®- 0059 p[H] (6)

10031
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tor MH_MH, |

O | | 1 it 4 |

2 3 4 5 6 7 8 9 10 11 12
- Log [H']

Figure 7. Species distributions for Zn?* (M) 2.5 x 10" mol L™ and the
ligand catechol (CATEC)(L), 7.5 x 10~ mol L% from p[H] 2.0 t0 12.0. %
is percentage of a species present, with the metal concentration set at
100%. H-x represents (OH)x .
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Figure 8. Species distributions for Zn?* (M) 2.5 x 10 mol L™ and the
ligand 3-nitrocatechol (3-NC)(L), 7.5x 10-3mol L™ from p[H] 2.0t0 12.0.
% is percentage of a species present, with the metal concentration set at
100%. H-x represents (OH)x .
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where E® is the formal electrode potential, Dox and Drep
are the diffusion coefficients for oxidised and reduced
species respectively. Equation 7 also appliesto the system
studied:

Ep = 0.5 (Epe + Epa) ()
where, Epc and Epa i the cathodic and anodic peak poten-

tial, respectively. Assuming that Dox = Drep, Equation 6
can be simplified into Eqgs. 8 or 9

100
90 M
801
70

ML,
HJL L

ML

X 50
40
301
20
10

O 1 1 1 1 | 1

2 3 4 5 6 7 8 9 10 11 12
-Log[H]

Figure 9. Species distributions for Zn?* (M) 2.5 x 10 mol L™ and the

ligand 4-nitrocatechol (4-NC)(L), 7.5x 10-3mol L from p[H] 2.0t0 12.0.

% is percentage of a species present, with the metal concentration set at

100%. H-x represents (OH)x .

1.0 0.5 0 -02
E(V vs. Ag/AgCl)

Figure 10. Cydclic voltammogram (-0.01 V//s) of a) Fe(H20)e>* 1.0x 10°*
mol LY and b) 4-NPA, 1.0 x 10 mol L%, From E/V 1.000 to -0.200V, in
KNO30.10 mol L2, 25 °C.
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Ep=E° - 0059 % pIH] (8)

Ep=(E® - 00295) - 0.059 % pH] (9)

Since both [F€'"'(4-NPA%)(H20)4]*, ML, and [Fé'!'(4-
NPA?)(H20)2], ML2, were only stable in acidic agueous
solution, the formal reduction potential was determined by
cyclic voltammetry, over ap[H] range of 2.0 to 5.0.

The two cathodic peaks that can be seen in Figs. 9, 10
and 11, the cyclic voltammograms obtained from 4-NPA
andFe(l11) at 1:1, 1:2 and 1:3 metal toligand ratios, attested
the existence of two e ectroactive species at the electrode
surface. Themore cathodic peaks, quasi-reversiblevoltam-
mograms, were assigned as being the aquo species and the
irreversible peaks were assigned as being due to ML spe-
cies(Fig. 9) and ML species (Figs. 10 and 11).

Considering Egs. 8 and 9 and a pseudo-reversible proc-
essfor the system studied, it was possible to determine the
formal electrode potential. The potentias Epc and E, data
(Table 6) were then plotted against every measured p[H]
value (Figs. 12, 13 and 14) for the three voltammetric
titrations, where 1:1, 1:2 and 1:3 ratios of metal to ligand
were employed.

Theformal electrode potentia E° = +0,635 (+0,050) V
vs. NHE for the reduction of ML and ML specieswerethe
same and were obtained by the linear coefficient of Eq. 9
considering also the standard deviations calculated in the
plotsin Figs. 12, 13 and 14.

The values of the angular coefficient of Eq. 9, 0.115,
indicated that al processes involved two protons and one
electron, being transferred in the heterogeneous reaction at
the surface electrode.

The EC mechanism observed for theirreversiblereduc-
tion (more anodic peak) was probably due to decomposi-
tion of the complexed species formed according to the
proposed Egs. 10 to 13 below:
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E:[F€"(4-NPA%)(H20)4] *+2H +& —>
[Fe'(4-NPAH2)(H20)4)% (10)

C:[Fe(4-NPAH)(H20)4* —
[Fe'(H:0)*" (12)

E:[F€"(4-NPAH)2(H0)z]*+2H +e —
[Fe''(4NPAH2)2(H20)2]%  (12)

C: [F€''(4-NPAH?)2(H20)2]* —>
[Fe'(H20)e)*" (13)

It was not possible to determine the species [Felll(4-
NPA2)3]¥, ML3, by voltammetry due to the formation of
insoluble hydrolysis productsat p[H] near 5.0. Theseinsol-

} 1 pA
pH=2.20

— —pH=251
——« pH=2.71
------ pH =2.90
------- pH=3.12
———— pH=371
—.) & R WL

1.0 0.5 0 -0.2
E(V vs. Ag/AgCl)
Figure 11. Cyclic voltammogram (-0.01 V/s) of 4-NPA in the presence
of Fe>* both at 1.0 x 107 mol L™ at p[H] values, 2.20, 2.51, 2.71, 2.90,
3.12 and 4.48. From E/V 1.000 to -0.200V, in KNO3 0.10 mol L%, 25 °C.

Table 6. Electrochemical data®® € dependence of p[H] for the 1:1, 2:1 and 3:1 ratios of ligand 4-NPA to metal® at 25 °C and m= 0,10 M KNO3.

p[H] Species 4-NPA 1:1 Fe® p[H] Species 4-NPA 2:1 Fe** p[H] Species4-NPA 3:1 Fe®
Eocl(V) B (V) Eocl(V) B (V) Eol(V) B (V)
2.20 - 0.694 2.22 0.659 2.00 - 0.624
251 0.434 0.649 251 0.410 0.614 250 0.389 0.614
271 0.374 0.617 2.92 0.414 0.627 3.15 0.354 0,594
2.90 0.324 0.612 3.19 0.384 0.612 3.72 0.279 0.584
3.12 0.314 0.607 351 0.349 0.609 423 0.259 0541
371 0.259 - 3.85 0.289 0.592 465 0.184 -
448 0.144 - 433 0.159 - 5.21 0.134 -

(a)Potentialsarevs. NHE; (b)Scanrate 0,01 V s'l; (c)Solute concentration ~10°8 M; (d) Epc;, (€) Ex2isthe average of cathodic and anodic peak potentials,

(f)The peak-to-peak separation (DEp) values are bigger the higher p[H] values.
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0.4pA

0 -0.2
Fi(iqure 12. Cyclic voltammogram (-0.01 V/s) of 4-NPA 2.0 x 10" mol
L™~ in the presence of Fe3+, 1.0x10% mol L at p[H] values, 2.00, 2.51,

2.92, 3.19, 351, 3.85 and 4.33. From E/V 1.000 to -0.200V, in KNO3
0.10mal L%, 25°C.

uble products happened to be present in the same region of
p[H] that the ML 3 begins to be formed (Fig. 4).

Useful information from the UV-Vis spectra of the
NPA ligands and Fe" and Zn?* could not be obtained due
to amixture of all species over the observed p[H] range.

Conclusions

As interest in the study of complexation between li-
gandsfrom soil and water towards metal ionsisincreasing,
many questions arise about such a complex system. The
speciation study ismaking progress as new techniquesgive
support®. But one cannot give up studying the basic chemi-
cal aspectson how the metal ion interactswith HS, asthese
materials vary in structure from place to place where they
areformed.

Model compounds can give an insight into how some
basic sitesof HS complex metal ionsand can also overcome

J. Braz. Chem. Soc.

0.4 pA

- — — - pH=521

1
1.0 0.5 0 0.2
E(V vs. Ag/AgCl)
Figure 13. Cyclic voltammogram (-0.01 V/s) of 4-NPA 3.0 x 10" mol
L Lin the presence of Fe®*, 1.0 x 107 mol L™ at p[H] values, 2.00, 2.50,
3.15, 3.72, 4.23, 4.65 and 5.21. From E/V 1.000 to -0.200V, in KNO3
0.10mol L2, 25°C.

the main difficulties encountered in obtaining equilibrium
constants for complex ligands.

Model compounds can aso be studied by other com-
monly available techniques such as UV-V1S Spectroscopy
and Cyclic Voltammetry, giving more specific informa
tion, where studying the whole complex organic material
itself, would not be possible. Although the UV-Vis Spec-
troscopy techniquewas not very useful in the present study
of nitrophthalic acids mainly due to all species being pre-
sent over the p[H] rangeinvestigated, asthe nitrophthal ates
arenot very strong Lewisbases, it isauseful techniquefor
detecting different specieswhich exist in equilibrium. Cy-
clic voltammetry has shown the formation and destruction
of the proposed species in each equilibrium studied as a
function of increasing p[H]. All species proposed by poten-
tiometric titrations and their assigned formation and de-
struction p[H] values were in perfect agreement with the
cyclic voltammograms obtained.
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Figure 14. Plot of Ep and Epc (V) vs. p[H] for the set of cyclic voltam-
mograms obtained for 4-NPA 3.0 x 10" mol L'l, and Fe** 1.0 x 10 mol
L'l, intheratio 1:1 metal to ligand.
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Figure 15. Plot of Ep and Epc (V) vs. p[H] for the set of cyclic voltam-
mograms obtained for 4-NPA 3.0 x 10" mol L'l, and Fe** 1.0 x 10 mol
L'l, intheratio 1:2 metal to ligand.
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Figure 16. Plot of Ep and Epc (V) vs. p[H] for the set of cyclic voltam-
mograms obtained for 4-NPA 3.0 x 10" mol L'l, and Fe** 1.0 x 10 mol
L'l, intheratio 1:3 metal to ligand.
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The nitrophthalic acids, models of metal ion binding
sitesof NHA employed in thiswork, are more effectivefor
complexing the plant micronutrient Zinc (11), asofter Lewis
acid than the harder Iron (111) acid. Aswas shown with the
nitrophthalic, nitrosalicylic and nitrocatechol compounds
there is a good possibility that the NHS is more effective
than HS in complexing micronutrientsin general, as these
various NHS binding sites are more versatile for the com-
plexation of soft and hard metal ions. This sheds new light
on the possibility of using NHS asaslow-releasefertilizer.

When mixed, the model compounds showed that their
complexing ability towards a metal ion can be altered by
the presence of adiversity of basic sitesin their neighbor-
hood. The formation constants for amodel compound and
themetal ion Cu(ll) differed when it was determined alone
with the metal ion, and when this same model compound
was mixed with other model compounds.

Much more work remains to be done in this field, but
the present work is certainly an initial proof that other
approachesto studying theinteraction of HA and metal ions
ought to be developed.
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