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Cupric Complexes with 3,4-Dihydroxybenzoic Acid 
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Abstract 

Potentiometric and spectroscopic results indicated 
that 3,4-dihydroxybenzoic acid is a very effective 
ligand for cupric ions and the coordination equilibria 
formed are relatively complicated. In dilute aqueous 
solutions the bidentate catechol part of the ligand 
studied predominates as the binding site for metal 
ion although the carboxyl group may also participate 
in the metal ion binding leading to creation of the 
dinuclear species. More concentrated solutions yield 
a trimeric complex molecule (CusA2) with one metal 
ion bound to four phenolate oxygens and two others 
bound to the respective carboxylates. 

Introduction 

The bioavailability to plants of metal ions, either 
essential or toxic, is strongly influenced by chelating 
agents which may be present in the soil. Of special 
interest are the phenolic ligands which are known 
to be present in the root exudates and may partic- 
ipate in the transport process of e.g. iron from the 
surrounding soil or nutrient solution to the roots 

ill. 
Phenolic ligands are also important as the consti- 

tuents of more complicated humic and fulvic acids, 
which are the main ligands taking part in the trans- 
port and accumulation of the nutrient ions [2]. 

Solid state studies have shown that a low pH 
carboxylate was main donor in the formed complexes 
with several 2,x-dihydroxybenzoic acids (x = 4,5,6) 
while the phenolate oxygens remained protonated 
[3-51. 
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Different behaviour was found for 3,4-dihydroxy- 
benzoic acid for which, in the case of Cu(II) ion, the 
polynuclear species with CusAs unit was isolated. 
The preliminary results suggested completely de- 
protonated ligand to be present in the complex 
formed, which may indicate involvement of all its 
donors in the metal ion binding. Since the complex 
was not suitable for X-ray analysis, to clarify this 
system we have undertaken a detailed solution study 
and the results are presented in this work. 

The earlier solution study on the Cu(I1) caffeic 
acid solution have shown the complexity of this 
kind of system [6] and that is why we have per- 
formed both potentiometric and spectroscopic ex- 
periments. 

Experimental 

Potentiometric Studies 
Stability constants for complexes with H+ and 

copper(I1) were determined by pH-metric titration 
of 25 cm3 samples. The concentration of the ligand 
in the samples was 0.004 or 0.002 mol dmp3. Metal- 
to-ligand molar ratios of 1 S: 1, l:l, 1:2 and 1:4 
were used in the titrations, and the ionic strength 
was adjusted to 0.2 mol dmW3 with KC1 in each 
sample. The titrations were performed over the pH 
range 3-9 (or until precipitation) with KOH solu- 
tion of known concentration (cu. 0.2 mol dme3). 
The dissociation constant of the second phenolic 
hydroxy group of the ligand was determined at a 
concentration of 0.08 mol dm-3. The pH was mea- 
sured with a Radiometer pHM 64 instrument with 
G2040B glass and K4040 Calomel electrodes. Since 
the ligand tends to undergo oxidation, all measure- 
ments were performed in a TTA 80 titration unit 
in an argon atmosphere. The electrode system was 
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calibrated by the method of Irving et al. [7], so the 
pH-meter readings could be converted into hydrogen 
ion concentrations. In all cases the temperature was 
25 “C. The calculations of the stability constants 
were made with the PSEQUAD computer program 

PI. 
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Spectroscopic Studies 
Absorption spectra were recorded on a Beckman 

UV240 spectrophotometer and EPR spectra were 
measured on a Jeol JESME3X spectrometer at 
120 K and 9.15 GHz. All spectroscopic measurements 
were carried out under argon and the concentrations 
were the same as used in the potentiometric titra- 
tions. 

40 

20 

The solid state complex was obtained by adding 
an aqueous solution of copper(R) acetate to a warm 
solution of ligand. For all metal-to-ligand molar 
ratios (0.5-1.5) a dark red precipitate was formed 
almost immediately. Anal. Calc. for Cu1.sC7H90,: 
C, 27.98; H, 3.00; HzO, 17.98. Found: C, 27.45; 
H, 2.84; HzO, 19.0%. The techniques and the instru- 
mentation used in the study of the solid state 
complex have been described elsewhere [3-51. 
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Fig. 1. Species distribution in the Cu(II)-3,4-dihydroxy- 
benzoic acid system as a function of pH in equimolar solu- 

tion. 

Results and Discussion 

The Complex Formation in Diluted Solution 
Calculated protonation and Cu(I1) complex for- 

mation constants are given in Table I. The literature 
data for the respective catechol complexes are also 
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TABLE I. Formation Constants of the Cu(II)-3,4-Dihydro- 
xybenzoic Acid and Cu(II)-Catechol Complexes at 25 “C 
and I = 0.2 mol dme3 

lC~l~lAl~lHl r 
(KCl), in log units. B = [$,AoH,.]/ 

Fig. 2. Species distribution in the Cu(II)-3,4dihydroxy- 
benzoic acid system as a function of pH in a 1:2 metal-to- 
ligand molar ratio solution. 

Species @qr) DHB CatechoP 

HA (011) 13.1 13.0 

H2A (012) 21.11 22.28 

HsA (013) 26.02 
CuAH (111) 19.22 + 0.03 
CuA (110) 13.95 * 0.05 13.82 
CuAHr (11-l) 6.32 + 0.04 
CuA2 (120) 25.02 * 0.04 24.69 
Cu2A (210) 16.50 ? 0.2 

Cu2A2 (220) 30.00 t 0.17 

Cu2A3 (320) 41.30 + 0.2 

presented. The species distributions of the copper(B) 
complexes formed with 3,4-dihydroxybenzoic acid 
(DHB) at metal-to-ligand molar ratios of 1: 1 and 1:2 
as a function of pH are presented in Figs. 1 and 2. 

DHB has three protonation constants log K(1) = 
13.1 (HA), 8.77 (H2A), and 4.25 (HaA). They 
correspond to the two deprotonations of phenolate 
and carboxyl groups, respectively. These values are 
in good agreement with the data obtained for 
catechol and other 3,4-dihydroxyphenyl derivatives 
[9-l 11. 

log K(CuA)/K(CuA2) 
CuAH=+ CuA + H 
CuA = CuAHt + H 
CuA + A t CuA2 
CuA + Cu + Cu2A 

Cu2A + A + Cu2A2 
CuaA7, + A + CusA3 

?jee ref. 9. 

2.88 2.95 
-5.27 
-7.63 
11.07 10.87 

2.55 
13.50 
11.30 

The titration data for the Cu(II)-DHB solutions 
were evaluated at first assuming the coordination 
of the phenolic hydroxy groups only. The coordina- 
tion of these groups is easily seen by their character- 
istic charge-transfer bands observed around 440 nm, 
which could be assigned to the phenolate oxygen to 
Cu(I1) transitions [9, 121 (Table I). The fit, however, 
between the experimental and calculated data was 
bad, especially for 1.5:1 and 1:l metal ion-to-ligand 
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TABLE II. Spectroscopic Data for Cu(II)-3,4-Dihydroxy- 
benzoic Acid Complexes 

Species EPR Absorption 
h (nm) (E) 

A II (kwss) 811 

CuA 165 2.292 737a (5O)C 
43Ob (120)~ 

CuAHl 167 2.286 680a (53)d 
430sh (190)d 

CuAz 190 2.254 64Sa (60)e 
36Sb (400)e 

dinuclear 
{Cu2A2 + CuzA)f 155 2.325 

165 2.286 

ad-d transitions. bPhenolate oxygen to Cu(II) charge- 
transfer transitions. CCalculated for equimolar solution 
at pH 6.2 for total Cu. ‘calculated for equimolar solution 
at pH 9. eCalculated for 1:2 (M:A) solution at pH 10. 
fFrom 1.5:1 (M:A) and equimolar solutions at pH = 6, the 
overlapped spectra are observed when Cu2A2 and CuzA are 
the major species according to the potentiometric species 
distribution. 

molar ratios (fitting parameter 0.0204 cm3 for 369 
experimental points [S]). In the next step we have 
assumed carboxylate involvement as well as the 
formation of polymeric species. The best fitting of 
the experimental data with those calculated (0.0113 
cm3) was obtained for the set of species presented 
in Table I. This set of complex species corresponds 
basically to that proposed earlier for the Cu(II)- 
caffeic acid system [6]. The presence of two different 
cupric binding sites in the complexes formed at pH 
above 5, i.e. at the region where dimeric forms are 
suggested by potentiometric data, is also seen in the 
EPR spectra. They consist of two or three overlapped 
sets of lines and their intensity depends on pH 
and metal-to-ligand molar ratio (Table II). There are 
two EPR spectra observed at pH > 10 for the 1: 1 
molar ratio solutions with AI\ = 167 gaus [G] and 
gll = 2.286, and All = 188 G and gll = 2.252. The 
spectrum with the latter parameters is also observed 
for the other molar ratio solutions at high pH range 
and it corresponds well to the CuA2 species. The 
formation of this complex in equimolar solution is 
possible as some precipitation was observed at pH 
around 7-8, most likely of Cu(OH)?. The former 
spectrum observed for the equimolar solution corre- 
sponds to the CuAH1 species in which metal ion 
binds ligand via two deprotonated phenolate oxygens. 
The assignments of the other EPR spectra are given 
in Table II. The formation of the CuA and CuA2 
species as the major complexes in 1: 1 and 1:2 molar 
ratio solutions is also supported by the intensity of 
the phenolate oxygen to metal charge-transfer transi- 
tion which is almost doubled in the latter case when 
compared to the previous one (in both cases E is 

calculated with respect to the metal ion concentra- 
tion). 

The EPR parameters of the CuAH-1 species are 
almost the same as those found in equimolar solution 
for CuA complex (Table II). This indicates clearly 
that the coordination sets in both species are very 
similar, i.e. the former complex is formed by depro- 
tonation of a water molecule in the CuA species. 
The coordination modes in the complexes formed 
can be also concluded from the stability constants 
and the species distributions given in Table I and 
Figs. 1 and 2: 

(1) Because of the significant difference in the 
ability to form a complex between the bidentate 
catechol part of the molecule and the monodentate 
carboxylate, mainly (0, 0) (two phenolate oxygens), 
coordinated monomeric complexes, i.e. CuAH, 
CuA and CuA2, are formed in the system studied. 
In the CuAH species the carboxylate group is pro- 
tonated. The deprotonation constant of this complex 
(pK = 5.27) is about one order higher than that of 
the free ligand due to the strong electron-releasing 
effect of the phenolate groups. The stepwise stability 
constants of the CuA and CuA2 complexes and their 
log(K1/K2) values are in good agreement with those 
obtained for the Cu(II)-catechol system. This 
proves again the {O,O} coordination mode in the 
complexes studied. CuAI-LI seems to be really the 
mixed hydroxo complex, as suggested above. 

(2) Without ligand excess the carboxylate may 
also be involved in the metal ion binding and poly- 
nuclear species of various stoichiometries are formed, 
e.g. Cu2A, Cu2A2 or Cu2As. The spectroscopic 
results and the stability constants given in Table I 
suggest the binding modes for these species as pre- 
sented in Scheme 1. 

Scheme 1. 

The equilibrium constant for the reaction CuA t 
Cu + Cu2A (log K = 2.55) is about one order of mag- 
nitude higher than log KCuB = I .5 for benzoic acid 
(HB) [ 131. This stability increase can be explained 
by the increase in the basicity of the carboxylate in 
the coordinated DHB molecule (see above log K for 
CuAH). The stepwise stability constants for the 
coordination of a second and a third ligand molecule, 
forming Cu2A2 (log K = 13.5) or Cu2A3 (log K = 
11.3) species, respectively, agree well with those 
obtained for the monomeric complexes assuming 
(0, 0) coordination modes. 
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The solid state complex obtained from more con- 
centrated solutions seems to be also a polynuclear 
species having a CusAs unit. The reflectance absorp- 
tion spectra show a very broad d-d transition band 
centered around 770 nm and the charge-transfer 
band at 450 nm. Although the latter transition 
indicates involvement of the phenolate oxygens in 
the metal ion binding (see e.g. Table II), the relative- 
ly low d-d transition energy when compared to, e.g., 
CuAa may indicate that in the trimeric unit cupric 
ions may exist bound mostly with carboxylic or 
water oxygens (the energy of the d-d transition 
for cupric aquo ion is around 840 nm, and for the 
CuA species in which two sites are occupied by 
phenolate oxygens it is equal to 737 nm, see above). 

Thermogravimetric measurements are consistent 
with a water release occurring in two different steps. 
In the first step (25-75 “C) two water molecules 
are lost, while in the second step (75-120 “C) the 
remaining four water molecules are removed from 
a trimeric unit. The pH of the solution from which 
the precipitate was obtained was around 4. Accord- 
ing to the potentiometric results, in this pH range 
there are two complex species in equilibrium, CuAH 
and dinuclear CusA, with coordination modes as 
given in Scheme 1. The simple reaction of these two 
complexes leads to formation of a trinuclear com- 
plex, i.e. CuAH t CuaA + CusAs t H+, with coordi- 
nation mode as given in Scheme 2. The water mole- 

Scheme 2. 

cules removing mode (2 t 4) and the spectroscopic 
features of the trimeric species are easily understood 
when such a structure is assumed for the trinuclear 
species. The EPR spectra of this complex consists 
of a very broad featureless band at g-2, supporting 
its polymeric structure. 

The study presented above, as well as those per- 
formed earlier, clearly indicate that two adjacent 
phenolate functions of the dihydroxybenzoic moiety 
are a very potent donor set, able to form complex 
species even at acidic pH (>4). The high metal con- 
centrations may lead to formation of the polynuclear 
species but additional donor species (even weakly 
binding, e.g. carboxylate (for Cu(I1) ions)) must 
be present. Thus, the metal ion may cause the aggrega- 
tion of organic matter which may yield humic sub- 
stances. 
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