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Spectrophotometric investigation of the formation of
Cu(II)-maleic acid complexes
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Spectrophotometric investigations of Cu(II) and maleic acid solutions containing 0.3 M
K,SO, as a supporting electrolyte were carried out over the pH range from 2 to 6. Addition
of maleic acid (LH,) into Cu(II) solutions results in a significant rise of the absorption
maximum and its shift from 806 to 722 nm. Similar effects were also observed when the
pH of the solutions was increased at a constant ligand concentration.

Experimental absorption spectra can be described quantitatively on the assumption
that two species, viz. Cu?* and CulL, are responsible for absorption in the region of visible
light. Then, a modified Lorentz distribution, which follows from the description of a driven
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harmonic oscillator, is applicable to each partial spectrum.
The stability constant (B,) of CuL species, expressed in terms of concentration, was de-

termined. Using the recently obtained cumulative stability constants of protonated ligands
LH™ and LH, (10°”° and 107%, respectively), we found that log 3, = 2.2 + 0.07.
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INTRODUCTION

Systems containing ligands capable of forming complexes with
both Cu** and Cu* ions are interesting objects for investigation.
Cis-butenedioic or maleic acid, HOOC—CH = CH—COOH,
symbolized further as LH,, exhibits such properties. Three
species of ligand (LH, LH™and L*"), which can by produced in
solutions, show quite a different chemical affinity to Cu* and
Cu** ions. Generally, an interaction between Cu** and common
organic acids is possible when H is removed from the carboxy-
lic group [1]. Then, the coordination bond may be formed be-
tween Cu?* and the oxygen atom in —COO~ group. Since Cu(II)
chelates are usually formed, the anion L* should be considered
in this case as the most active form of ligand. Its concentra-
tion and, as a consequence, the complexation degree of Cu(II)
should strongly depend on solution pH. In contrast, t-orbitals
in the double bond —HC = CH— are responsible for coordina-
tion between Cu* and maleic acid [2]. It is unlikely that the
dissociation of carboxylic group could noticeably change the
electronic characteristics of this bond. Thus, no substantial ef-
fect of pH on Cu(I) complexation degree should be expected.
Quantitative data concerning the distribution of system
components in the solution can be simulated using mate-
rial balance equations (see, e. g., [3]) that involve cumulative
stability constants of complex species (). Unfortunately,
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the literature concerning formation and stability of copper
maleates is very slender [1, 4, 5]. Polarography has been used
[4] for the investigation of slightly acidic (pH 4-7) Cu(II) so-
lutions containing perchlorate as a supporting electrolyte at
the ionic strength I = 0.2 M. Reversible two-electron waves
have been observed and 3 values have been reported for
three complex species, viz. CuL, CuL;~ and CuL;". However,
Peacoc and James [5] who have analysed pH changes result-
ing from the addition of CuCl, into sodium maleate solutions,
found only one monoligand complex, CuL.

Considering such discrepancies, we carried out some
preliminary polarographic experiments with Cu(II)-maleic
acid solutions containing K,SO, as a supporting electrolyte.
Unfortunately, the obtained polarograms did not show any
evidence of reversibility, and the shift of half-wave potential
was rather weak. In this connection, we turned to spectropho-
tometry which is often used for the determination of stability
constants. In this study, we made an attempt to perform an
analysis of absorption maxima in combination with a quanti-
tative description of the entire experimental spectra. The data
reported here are necessary for the further investigation of
the electrochemical characteristics of the system.

EXPERIMENTAL

The preparation of solutions and spectrophotometric inves-
tigations were the same as in our previous investigation [6].
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KOH, K_SO, (high purity) and CuSO, -5 H,0 (analytical grade,
Reakhim (Russia)) were used. The latter substance was recrys-
tallized from thrice-distilled water which was also used for the
preparation of solutions. Cu(II) concentration in the stock so-
lution was controlled by complexometric titration. Maleic acid
(>99%, Fluka) was used as received. Besides, the study solu-
tions contained 0.3 M K SO, as a background electrolyte.

UV-visible spectra were recorded in 1.0 cm path length
quartz cells using a Perkin—Elmer Lambda 35 UV / VIS spec-
trophotometer. The reference cell contained pure water. All
experiments were carried out at 20 °C.

RESULTS AND DISCUSSION

According to our previous communication [6], absorption
spectra obtained for CuSO, and Cu(ClO,), solutions are very
similar. In both cases, the absorption maxima are observed at
A, = 806-808 nm, and their height (A ) linearly depends
on the concentration of Cu?* aqua-ions. The extinction co-
efficient € = 11.4 M~ cm™ was determined in this case. Al-
though maleic acid does not absorb in the visible region of
the spectrum, addition of this substance into Cu(II) solutions
considerably changes their spectrum characteristics. Some
typical examples of spectrophotometric data obtained for
ligand-containing solutions are shown in Fig. 1. An increase
in ligand concentration results in a gradual rise of the charac-
teristic maximum and its shift towards shorter wavelengths
(the upper part of Fig. 1). Similar tendencies were also ob-
served when the solution pH increased (bottom of Fig. 1),
i. e. when more favourable conditions appeared for complex
formation.

More regularity can be revealed from the data presented
in Fig.2.It should be noted thatarise of A with maleic acid
concentration (c_, ) slackens and tends to some limiting
value. A similar feature is also characteristic of the sigmoidal
dependence of A on pH obtained at a constant ligand con-
centration. It is particularly remarkable that A_ and A__ are
interrelated by a single-valued function that does not depend
on solution composition (Fig. 3). These features give grounds
to suppose that monoligand complexes predominate at
pH < 6. Therefore, only two species, viz. Cu** aqua-complexes
and CuL, should be responsible for the absorbance in the vis-
ible part of the spectrum. Unfortunately, individual spectra of
the above complexes overlap, and this circumstance hinders
the analysis of experimental data. In this case, quantitative
methods allowing to separate the components of spectra are
needed.

Individual absorption characteristics of Cu** aqua-com-
plexes can be obtained in the simplest way since such solu-
tions can be easily prepared and investigated. The problem
under discussion becomes simpler due to the fact that the
shape of the spectra does not actually depend on Cu(II) con-
centration. This can be seen from Fig. 4 (part A) where nor-
malized absorbances are plotted against the quantum energy.
The transformed data lie very close and can be approximated

06 B Cmal.ac.

0.01 M Cu(ll)
0.5+ 0.3MKSO,
pH 6.0
04
0.3
0.2
o 011
[&]
c
(4]
£ 0.0
3 pH 6.3
g 0.01 M Cu(ll)
0.4 0.03 M maleic ac.
0.3 MK,SO,

0.3

0.2

0.1

0.0

Fig. 1. Absorption spectra of 0.01 M Cu(ll) solutions containing indicated amounts
of maleic acid at pH 6 (top), or 0.03 M of maleic acid at indicated pH (bottom)
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Fig. 2. Absorption maxima of 0.01 M Cu(1l) solutions vs maleic acid concentration
at pH 6 (white circles) and vs pH of the solutions containing 0.03 M of maleic acid
(black circles). Solid lines represent results of simulation (see text)
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Fig. 3. Coordinates of absorption peaks obtained for 0.01 M Cu(ll) solutions at
pH 6 and different concentrations of maleicacid (7) and at constant concentration
(0.03 M) of maleic acid and different pH (2)

by a single curve. Since the spectrum maxima are asymmet-
ric, we used for this purpose the modified Lorentz distribu-
tion that follows from the description of a driven harmonic
oscillator. It was established that the relationship
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y

fits experimental data quite well; here x is a frequency or
other adequacy term, x,, a, g and g, are fitting parameters.
The maximum value of this function,

ymax: +g0’ (2)

a
4g%(xg—g?)

corresponds to

X =+ X —287. 3)

The regression line presented in Fig. 1 for ligand-free solu-
tions was obtained with x = hv, a = 1.37, x, = 1.60, g = 0.338
and g = -0.225.

Similar properties are shown also by the spectra obtained
for 0.01 M Cu(II) solutions with a high excess of ligand at
pH 6 (Fig. 4, part B). When the ratio ¢,/ ¢, exceeds 15,
the spectra approach some limit and cease to depend on
ligand concentration. It might be assumed that the maxi-
mum complexation degree is reached, and the Cu(II) com-
plex (presumably CuL) predominates in these conditions. In
this case, the fitting parameters acquire somewhat different
values: a = 2.316, x, = 1.763, g = 0.379 and g, = —0.332. At
A > 450 nm, the absorbance of Cu(II)-free maleic acid solu-
tions is less than 0.01. Then, the extinction coefficient, fol-
lowing from the A value (at A= 722 nm), can be de-
termined. We have found by extrapolation procedures that

Fig. 4. Normalized absorption spectra obtained for ligand-free Cu(ll) solutions (A)
and for 0.01 M Cu(ll) solutions with high excess of ligand (B)

€ =159 M'cm™ is ca fivefold higher than that obtained for
Cu?* aqua-ions in ligand-free solutions (vide supra).

Using the above assumptions and established para-
meters, absorption spectra were simulated, provided that
they might be obtained by a simple addition of two spec-
tra related to Cu** and Cul. In this case, the condition
[Cu*] + [CuL] = 0.01 M was also fulfilled. Simulated and
experimental spectra were found to show the same regu-
larities. At the same time, functions representing a cor-
relation between A (or A ) and [Cu’*] were obtained
(Fig. 5). The dependence of A__on [Cu®*] is very close to
linear, but this is not valid for »___plots. The first correlation
was used to assign a certain concentration of free Cu** ions
and CuL complexes to any solution under study. Further,
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Fig. 5. Plots correlating A__ (7, ordinate to the left) and hv__ (2, ordinate to the
right) with Cu?* concentration
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the concentration of the free ligand, [L*], was obtained
using the material balance equation written for the total lig-
and concentration:

Cmatae= [CUL]+ [LX] (1 + B [H T+ B HTP).  (4)

The stability constants of the protonated ligands LH™ and
LH, (log B}' = 5.75,log B} = 7.30) and the activity coefficient
of hydronium anions y, = 0.7 were taken from [6]. Finally,
using the definition

B,= [CuL]/[Cu*] [L*], (5)

it was found that log B, = 2.2 + 0.07.

To check the reliability of this value, absorption spectra
were simulated and compared with experimental data. For
this purpose, the distribution of Cu(II)-containing species
was calculated firstly using material balance equations. Then,
partial spectra were obtained on the basis of Eq. (1) and, fi-
nally, total absorption spectra were synthesized. The results
are shown in Fig. 2 by solid lines. Quite a good agreement
between simulated and experimental values of A__ is ob-
served.

Peacoc and James [5] reported the value 10°? for B, ex-
pressed in activity terms; according to polarographic data
(4], log B, = 3.4. The concentration constant obtained in
the present investigation is significantly lower. However, the
activity-corrected quantity B could be estimated for 0.3 M
sulphate solutions, provided that the activity coefficients ()
of CuL and L* are similar and y for Cu** is rather low (~0.07)
[7, 8]. Then, the substitution of activities for concentrations
in Eq. (5) yields log BT ~ 3.35.

CONCLUSIONS

1. Addition of maleic acid (LH,) into Cu(II) solutions results
in a significant rise of the absorption maximum and its shift
towards shorter wavelengths from 806 to 722 nm. Similar ef-
fects are also observed when the pH of the solutions is in-
creased at a constant ligand concentration.

2. Experimental absorption spectra can be described
quantitatively on the assumption that two species, viz. Cu**
and Cul, are responsible for absorption in the region of vis-
ible light. Then, the modified Lorentz distribution, which fol-
lows from the description of a driven harmonic oscillator, is
applicable to each partial spectrum.

3. The stability constant (B,) of CuL species, expressed in
concentration terms, was determined for Cu(II)-maleic acid
solutions containing K SO, as a supporting electrolyte. It has
been found that log 3, = 2.2 + 0.07 when the cumulative sta-
bility constants of protonated ligands LH™ and LH, are 10°7
and 1077, respectively.
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Cu(IT) IR MALEINO RUGSTIES KOMPLEKSU SUSI-
DARYMO SPEKTROFOTOMETRINIS TYRIMAS

Santrauka

Cu(II) ir maleino ragsties tirpaly su foniniu 0,3 M K,SO, elektroli-
tu spektrofotometriniai tyrimai buvo atlikti pH intervale nuo 2 iki
6. Maleino ragsties priedai Cu(II) tirpaluose gerokai padidina ab-
sorbcijos maksimuma ir pastumia jj nuo 806 iki 722 nm. Analogiski
rei$kiniai vyksta ir tada, kai, palaikant pastovig ligando koncentra-
cijg, yra didinamas tirpaly pH.

Eksperimentinius absorbcijos spektrus galima aprasyti kieky-
biskai, priimant, kad dviejy rasiy dalelés, Cu?* ir CuL, absorbuoja
$viesa matomoje spektro srityje. Tada kiekvienam daliniam spek-
trui galima pritaikyti Lorenco susiskirstymo désnj, kuris seka i§
valdomo harmoninio osciliatoriaus teorijos.

Atlikus spektry analize, buvo nustatyta koncentraciné Cul sta-
bilumo konstanta [3,. Pasinaudojus anksciau gautomis protonizuoty
ligandy LH" ir LH, kumuliatyviniy stabilumo konstanty reik§mé-
mis (atitinkamai 10°” ir 107*), buvo gauta, kad log 3, = 2,2 + 0,07.



