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Abstract

Studies on the complexation of copper(ll) by phenolic acids, as ligand models of humic substances were done by potentiometry. The acid
under study were: 3,4-dihydroxyhydrocinnamic acid or hydrocaffeic acid (1), 3,4-dihydroxyphenylacetic acid (2) and 3,4-dihydroxybenzoic
acid or protocatechuic acid (3). Acidity constants of the ligands and the formation constants of metal-ligand complexes were evaluated by
computer programs. The carboxylic group of the phenolic acids has differgnaliies, being the dissociation constants intrinsically related
with the distance between the function and the aromatic nucleus. The results obtained allow concluding that acidity constants of the catech
moiety of the compounds are similar with gkand pK;; values between 9.47-9.41 and 11.55-11.70. The complexation properties of the
three ligands towards copper(ll) ion are quite similar, being the species found not different either in nature or stability. Although the model
ligands have some structural differences no significant differences were found in their complexation properties towards copper(ll). So, it car
be postulated that complexation process is intrinsically related with the presence of a catechol group.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction complexation of metal ions, namely of free copper, HSs can
also decrease the toxicity of metal ions and/or increase its
Most of the organic matter present in the soil and water biological availability[6—10].
systems is made up of humic substances (HB&). These Several authors have described the detoxification of cop-
substances are characterised as a mixture of macromoleculeper by HSs and other liganfis 11]. The behaviour of metals
composed of fulvic acids, humic acids and humin, which towards these ill-defined natural compounds is complicated
differ in size, structure and solubilit}2—5]. The chemical because of the large number of possible interactions. The
structure of HSs is very complex and it is strongly related to complexation phenomena of HSs have recently been the sub-
its biological origin. Despite of the continuous investigations ject of several studield 2—17]. However, a consensus about
on the humic material, the exact structure of the different the species formed and the formation constant values have
HSs fractions has not been well defined. HSs exhibit similar not been reached yet. The interpretation of the data is com-
functional groups, mainly of carboxylic and phenolic types, plex because of two fundamental problems: (1) the great
and are characterised by their exceptional complexation ca-chemical diversity and heterogeneity of HSs and the poor
pabilities towards metal ion@-5]. Besides the capacity of knowledge of their structure; and (2) the lack of analytical
methods of speciation, sensitive enough to enable determina-
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Fig. 1. Chemical structures of phenolic acids studied: 3,4-dihydroxyhydrocinnamic acid (1); 3,4-dihydroxyphenylacetic acid (2); 3,4-Oeryroaxy
acid (3).

functional heterogeneity and their polyelectrolyte nature have 2.2. Potentiometric measurements
been, reportefll8—20]. Because the heterogeneous structure
and high molecular of HSs, the stability of the HSs—metal  Potentiometric measurements were carried out with a Cri-
complexes is very difficult to evaluate. son 2002 pH meter and 2031 burette controlled by a personal
In an effort to understand and quantify humic—metal inter- computer, which was also used for data store and manip-
actions, some discrete ligand models (such as citric, salicylic, ulation. The electrode assembly was made up of an Orion
tricarballylic, malic, phthalic and glycylaspartic acids) have 900029/4 AgCI/Ag reference electrode and a Russell SWL
been used in the study of complexation properties of humic glass electrode. System calibration was performed accord-
substanceflL4]. ing to the Gran methofR7] in terms of hydrogen ion con-
Phenolic acids are a well-known family of natural com- centration using strong acid/strong base titrations [HNO
pounds, which have as general chemical structure an aromatig1.00 mM)/NaOH (~0.02 M)] with solutions having adjusted
nucleus and phenolic and carboxylic functions. Phenolic ionic strengths (0.1 M with KNg@). Titrations were always
acids are present in fruits and plants, and represent a largecarried out under a nitrogen atmosphere at 25001°C in a
fraction of the chemical structure of humic substances. Stud- double-walled glass cell.
ies reveal that the amount of phenolic acids in HSs is evalu-
ated to be up to 35%, depending of the humus ofiyid1,22].
This class of compounds may play an important role in the

mital complﬁxanon b)f/.HSSd' %etagifd mves;l_gagons ofhumu; Acidity constants were obtained by titrating 20 mL of
substances have confirmed that different dinydroxyaromatic , ;ifieq” solutions (I mM HNg) of the phenolic acids

e}cid moieties (catecho'l—type groups) have an essentigl func—(0_8_l mM) with NaOH (~2.00 mM). Stability constants of
tion as strugtural_bwldlng block22-26]. Th_e information copper(ll)-ligand complexes were determined by titrating
obtained using th'.s type of compounds_, as ligand models cany ) o aqueous solutions of the phenolic ligands, nitric
be helpful in the difficult task of evaluation of the nature and acid (1 mM) and copper(ll) nitrate (1 mM) with sodium hy-

strength O.f donor sites in HSs. . . . droxide (~0.02 M)]. For all solutions the ionic strength was
The acids under study were 3,4-dihydroxyhydrocinnamic adjusted to 0.1 M with KN@ [28]. System calibration was

acid o(rjhydrg_chaf(fjeic acbid (1),_3,4-_(2hydroxyphenyrlla(_:etic_zcid performed before each determination. The evaluation of acid-
(2) and 3,4-dihydroxybenzoic acid or protocatechuic acid (3) ity constants of the ligands and of formation constants of

(Fig. 1). Apidity and form.ation.constants with the copper(ll) metal-ligand complexes were performed with data obtained
of three ligands (phenolic acids) were evaluated by POLeN- £5m at least six independent titrations, each with more than

tiometr){. A detailed examina}tion 9““6 comp!exation species 30 points. The experimental titration data were analysed us-
formed in copper(ll)/phenolic acid systems is presented, to- ing the computer program Superqua8]. The reported er-

gether with their respective formation constant values. rors were calculated by the method of Albert and Serjeant
[30], as the maximum difference between the logarithm of
the average of the antilogarithms of the calculated -

2.3. Determination of acidity and stability constants

2. Experimental section ues and their individual values.
In this work different concentration ratios of metal-ligand
2.1. Reagents were used in the complexation studies (1:2; 1:1; 2:1).

All the chemicals employed were of analytical grade pu-
rity and purchased from Aldrich (copper(ll) nitrate and the 3. Results and discussion
phenolic acids) and Riedel (nitric acid, sodium hydroxide
and potassium nitrate). The water used was double deonized In order to contribute for a better knowledge of the
water (conductivity less than OIS cn1). organic—metal interactions of humic substances the study of
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Table 1
Acidity constants of the phenolic acids: 3,4-dihydroxyhydrocinnamic acid
(1), 3,4-dihydroxyphenylacetic acid (2) and 3,4-dihydroxybenzoic acid (3)
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Table 2
Equilibrium constants (lo@) calculated for copper(ll)/phenolic acids in
aqueous solution

Phenolic acids pka pKa2 pKas p q r Species Q) ) 3) pH range
1) 4.454+0.02 9.414+0.05 11.7G+0.10 1 1 -1 [CuLH]*™ 2.06 2.12 272 3570
) 4.18+0.03 9.42+0.05 11.65+0.10 1 1 -3 [Cul? 13.1 130 117 4.6-8.0
(3) 3.86+0.03 9.47+0.02 11.55+0.09 2 1 -5 [CulH® 211 211 193 5.0-8.0
2 1 -6 [Culp]™ 295 298 279 7.0-8.0
2 2 -5 |[CulLH]™' 169 171 147 53-75
. . . . 2 2 -6 [CwlLy? 228 216 203 5.4-8.0
the complexation properties of copper(ll)—phenolic acids, as 2 3 -6 [Culy] 196 210 179  53-78

ligand models, was performed. The three phenolic acids un-

der study (Fig. 1) have in common oxygen functional groups
(COOH and OH), i.e. a catecholic moiety and a carboxylic
acid function which is in para position to a phenolic group.

All constants were calculated with the programs Superquad (23) from data
obtained potentiometrically, at 2& andl =01 M KNOs. The symbol9,
g andr are used in the programs to indicate the stoichiometric coefficients
associated with the possible equilibria in solutiprcoefficient for ligandg,

The compounds are homologous and differ from each other for copper(ll); and, for protons (note that HO binding in this convention

by the distance between th&COOH function and the aro-
matic nucleus.

3.1. Acidity constants

Table 1summarises the values of the p&valuated for
each ligand. Results are presented as mgg\P. of at least
6 independent experiments.

As expected, the carboxylic groups exhibit different
acidic strengths. Is could be related to the different chem-
ical structure of the ligands, i.e. in which concerns the

distance between the function and the aromatic nucleus.

From the values obtained for gK corresponding to acid-
ity constants of carboxylic group, one can conclude that
they are controlled by the electronic effects of substituent
groups. The pl value of 3,4-dihydroxybenzoic acid (3)
is lower because theCOOH group is connected to the
aromatic moiety, which inductively pulls the electron den-
sity.

Results have shown that acidity constantsyui{ the cat-
echol moiety of the ligands are similar withKg, and pkys
values between 9.47-9.41 and 11.55-11.70. Acidity exhib-
ited by the phenolic groups of the ligands under the study, is

a consequence of the sum of the electronic influences of the

substituents, such as: dipolar field/inductive properties,
electron delocalisation, and polarizability effects. According
with the pattern of substitution of aromatic nucleus acidity
of para-OH is higher thameta-OH which is in agreement
with the pattern of substitution of the aromatic nucleus, type
and position of the substituenf81]. The introduction of
methylene unit (CH) as spacer in the side chain that con-
tains the carboxylic acid does not led to a significant vari-
ation on the values of acidity constants of phenolic groups,
which have pK, and pky values between 9.47-9.41 and
11.55-11.70.

Allowing for the variation in ionic strength and back-

ground medium, the differences between the values of acid-

ity constants found for 3,4-dihydroxyhydrocinnamic acid (1)

and those referred in the literature can be considered ac-dihydroxyhydrocinnamic

ceptable (plK1=4.56; pky2=9.36; pki3=11.6, determined
at 25°C,1=0.1 M NaClQ,) [26].

contributes-1 to the globalvalue).

3.2. Formation constants

The formation constants [(Iq®) +S.D.] obtained for
the binary systems copper(11)/3,4-dihydroxyhydrocinnamic
acid (1), copper(l)/3,4-dihydroxyphenylacetic acid (2) and
copper(11)/3,4-dihydroxybenzoic acid (3) are presented in
Table 2. The pH range used in data acquisition is also in-
cluded in this table.

Different concentration ratios of metal-ligand were used
in the complexation studies of the ligands. From the results
obtained it must be pointed out that for all ligands the for-
mation constant values determined were independent of the
concentration ratio of metal-ligand used.

For all the binary systems Cu(ll)/ligand under study, the
best overall fitting of the data assumes the occurrence of equi-
libria in solution that correspond to formation of the follow-
ing species: [CuLk|*t, [CuL]~1, [CuLoH] 3, [CuLy] 4,
[CuoLoH] ™1, [Cuols] 2, [CusLsz]. In these formulas $-
represents the fully deprotonated form of the phenolic acids;
in all subsequent discussions complex charges were omitted
for simplicity.

It was found that complexation properties of the three lig-
ands towards copper(ll) ion are quite similar, since the species
are not so different either in nature or stability. The formation
constants obtained Weﬂégh‘l_ = 1246 anngl‘jLz =21.62
for 3,4-dihydroxyhydrocinnamic acid (1%,&!Y = 12.25 and
th‘l_z = 21.20 for 3,4-dihydroxyphenylacetic acid (2) and
K&l = 13.12andk gl = 21.84for 3,4-dihydroxybenzoic
acid (3), respectively.

The value of the formation constant related to CuL com-
plex in protocatechuic acid is slightly higher, which could be
related with the absence in this compound of the alkyl side
chain as a spacer between the carboxylic function and the
aromatic moiety.

Formation constants values
acid

calculated for 3,4-

(1) in these work
(K& = 1246 and K&l | =21.62) are in good agree-

ment with those reported in literature g& =127 and
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KS&Y =224 determined at 30C, 1=0.1M NaClQ) mimetic models, for HSs. Owning to their natural ori-

[32]. ‘The differences between the values can be relateddin, phenolic acids could be also proposed, as the stabil-
with different concentrations ratio of metal and ligand and ity constants were found to be rather high, as remedia-
different ionic strength adjusters used. For the other two tion agents for decontamination of polluted soils and waste
ligands no formation constants values were found in the waters.
literature.
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