The Complexation Between Cu?* and the Salicylate lon

Mats Dahlund* and Ake Olin

Institute of Chemistry, Uppsala University, Box 531, S-751 21 Uppsala, Sweden

Dahlund, M. and Olin, A., 1988. The Complexation Between Cu?* and the
Salicylate Ion. — Acta Chem. Scand., Ser. A 42: 273-278.

The complexation of Cu?* with the hydrogen salicylate ion, HL™, has been
studied by potentiometric measurements with glass and copper amalgam elec-
trodes in 0.25 M NaNO;. The complexes found were CuL, CulL, and CuHL.

Stability constants are reported.

The predominant salicylate species over most of
the accessible pH interval in aqueous solution is
the hydrogen salicylate ion, HL~. This ion is of-
ten referred to as the salicylate ion, but in order
to avoid confusion this name will be used here
only for the fully deprotonated ion, L?~. The
hydrogen salicylate ion can be envisaged to be-
have as a monodentate or a bidentate ligand ac-
cording to the reaction schemes:

Cw* + nHL" = Cu(HL)" 2~  ; k, M
Cu®* + nHL™ = CuL{ Y~ + nH"*; k. 1)

The first scheme involves complexation by the
carboxylate group only and the corresponding
complexes will be referred to here as carboxylate
complexes. In the second scheme, chelation by
the carboxylate and phenolate groups takes
place. The chelates will be referred to here as
salicylate complexes.

We have recently studied the complexation in
the system Cu?*-3,3'-azobis-(6-hydroxybenzoic
acid). The disodium salt of this acid is the active
component in a newly introduced drug, Dipen-
tum®, for the treatment of ulcerative colitis. Ow-
ing to experimental difficulties, it became neces-
sary in the interpretation of the data to estimate
the relative importance of the two above-men-
tioned complexation schemes on the basis of a
simpler system. The Cu?*-salicylate system was
then a reasonable choice.
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The Cu®*—H,L system has been studied fre-
quently. The formation of CuL and CuL, is well
established. The published values of the forma-
tion constants refer to the reaction scheme:
Cu’* + nL? = CuL{* V- 5 By (I1)
We shall prefer here to use scheme II, since the
first protonation constant for the salicylate ion
need not then be incorporated in the calculations.
Its large value (log K> 13) makes an accurate
determination somewhat difficult.

The formation of carboxylate complexes has
been reported by Brun and Schrgder! on the
basis of potentiometric measurements with glass
and copper ion selective electrodes. The values of
the constants obtained from the glass electrode
data only and those obtained from calculations in
which the data from both electrodes were com-
bined differed considerably. The authors pre-
ferred the results from the glass electrode meas-
urements, and k, is reported as 87 M™!. A ‘bis’
complex was also found with a stepwise forma-
tion constant equal to 494 M~!. The second con-
stant is appreciably larger than the first, which is
an unusual result. The validity of the values of
the formation constants may therefore be ques-
tioned.

From polarographic measurements at pH 4.2,
Habashy® found evidence for the formation of
four consecutive carboxylate complexes. The
value of the first stability constant was 44 M,
However, from the reported value of log
ki =—2.52 we find that under the conditions
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used for the determination of k,, the concentra-
tions of CuL and CuHL are about equal. There-
fore, the value of k; is probably overestimated
since no correction was made for the presence of
CuL.

The results of extensive measurements®® with
the glass electrode could be explained by the
formation of CuL and CuL,. No evidence was
found for the formation of carboxylate com-
plexes. Although glass electrode measurements
are not well suited for the detection of the car-
boxylate species, these results indicate that the
value of k, would be smaller than those quoted
above.

We have therefore reinvestigated the copper
(II)-salicylic acid system. The first dissociation
constant for salicylic acid and the formation of
the salicylate complexes have been studied by
glass electrode measurements, and the carboxy-
late complexes by measurements with glass and
copper amalgam electrodes.

Experimental

All reagents were of analytical grade and so-
lutions were prepared with distilled water puri-
fied in a Milli-Q® filtration system. The ionic
strength of start solutions and titrants was ad-
justed to 0.25 M with NaNO,. The stock so-
lutions of Cu(NO;), and HNO; were standar-
dized against standard EDTA and TRIS, respec-
tively. Solutions of NaOH and NaHCO, were
standardized against standard HNO;.

An Ingold glass electrode and a Metrohm Ag/
AgCl double junction reference electrode were
used. The salt bridge was filled with 3 M NaCl to
reduce liquid junction potentials. The copper
amalgam electrode was prepared and used as pre-
viously described.® Calibration of the electrodes
was carried out in dilute, i.e. about 2 mM, stan-
dard solutions of H* and Cu®*.

The titrations were carried out in a Metrohm
titration vessel at 25+0.05 °C in an atmosphere of
argon passed through wash bottles containing
acid, base and ionic medium, respectively. In the
amalgam measurements, the gas was also passed
through a column of activated copper to remove
traces of oxygen. The measurements were per-
formed using an automatic titrator under com-
puter control and the emf was registered to
+0.01 mV.
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Titration procedures. Three sets of titrations were
performed: set A for the determination of the
first acidity constant of salicylic acid, set B for the
determination of the stability constants of the
salicylate complexes, and set C for the determi-
nation of the stability constants of the carboxy-
late complexes.

Set A. Start solutions of hydrogen salicylate, 5 or
10 mM, were titrated with HNO,. The total sal-
icylate concentration was kept constant in each
experiment.

Set B. The total concentrations in the start so-
lutions were ([Cu]/mM, [L]/mM): (2,10);
(2,20); (5,20). The composition of the salicylate
buffer was chosen to yield ph 3 (ph = —log[H*])
in these solutions. Titrations were performed
with HCO;3 or OH™ and they were ended by the
formation of a precipitate at about p# 7. No at-
tempt was made to keep the total concentrations
constant during the experiments. To reach i>1,
the titrations must be carried out with strong
base. In regions of ph overlap, experiments with
OH™ and HCOj as titrants gave identical results.

Set C. Start solutions containing 10 mM salicylic
acid and [Cu], = 1 or 2 mM were prepared in the
titration vessel by adding the appropriate
amounts of the reagents from the carefully deaer-
ated stock solutions to the solution used for the
standardization of the electrodes. The start so-
lution was titrated with a 0.140 M hydrogen sal-
icylate solution. The final total salicylate concen-
tration was about 0.03 M. The total copper ion
concentration was kept constant only in the titra-
tions with [Cu], =1 mM.

Equilibrium models and calculations

The following notations will be used; [Cu], = B,
[Ll,=L, [H=H, [Cu**]=b, [HL}=/, and
[H*] = h. The species considered are presented in
the expressions for the total concentrations.
These expressions are:

B = b + [CuL] + [CuL,] + [CuHL] (1)
L =+ [H,L] + [CuL] + 2[CuL,] + [CuHL](2)

H = h + [H,L] — [CuL] — 2[CuL,]. 3)



The equilibrium constants for the copper com-
plexes are defined by reaction schemes (I) and
(I1). The second protonation constants for the
salicylate ion will be denoted by K2' and is de-
fined by

g - [l
hl

@)

With no Cu?* present in the titration, the expres-
sion for K} is found to be

Ky —h 5
2 h(L—H+h) ®)

from eqns. (2)-(4).

The subsequent treatment of the data shows
that the complexes CuL and CuL, predominate,
whereas CuHL is a minor species. Good esti-
mates of the values of the stability constants of
CuL and CuL, can therefore be found from the
usual formation curve by neglecting the species
CuHL. The ligand number, #, is then

[CuL] + 2[CuL,] kix + 2kix?
B T+ kx + kEx?

n=

(©6)

where x = lh~'- /i was calculated from

h—H  KSh(L+H—h)
i = + %)
B B(1+2K"%h)

and x from
L+H—-h .
* T h(1+2K5h) ®

These relationships are obtained by combining
eqns. (2)—(4) and (6). The values of the equilib-
rium constants were determined by fitting eqn.
(6) to the experimental data (7,x) by use of the
Simplex method.” The error square sum U=3X
(Fexp=Ficare)® Was minimized.

Calculations with the constants so obtained
showed, however, that even if k, is as small as 5
to 10 M1, i.e. considerably smaller than the val-
ues previously reported, the described procedure
yields values of k{ that are too low by a few per
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cent. Hence, a more elaborate calculation proce-
dure was devised which allowed the inclusion of
the species CuHL in the treatment of the glass
electrode data. We chose a procedure where a
theoretical value of H(=H_, ) was calculated for
each experimental point from the known values
of B, L and k and the set of equilibrium constants
at the current vertex of the Simplex. Combining
the expressions for the stability constants with
eqns. (1), (2) and (4) gives the expression

L = I[(1+K!h)

kd + k' + 2k PR
B — . )]
1+ kil + ki~ + kP2

If the term k3/”h~? in the denominator is replaced
by lkilh™?, where I, is an estimate of I, eqn. (9)
can be solved for I. The value of / thus obtained
can be used as a new /, and the procedure is
repeated until a constant value of / is obtained. b
can then be calculated from eqn. (1), rewritten
as:

B
T+ Kl + kMR + KPR

b (10)

Then, finally, H,, is found from eqn. (3). The
values of the equilibrium constants were deter-
mined by Simplex optimization of the error-
square sum U = Z(H,—H,.)".

The measurements with the copper amalgam
electrode were designed primarily for the deter-
mination of k,, and were carried out in concen-
tration intervals where only CuHL and CuL need
to be considered. Eqn. (1) can then be written

B—-b

o YT k, + kthl.

(11

With b and & known from the emf measurements,
the concentration of hydrogen salicylate is calcu-
lated from

b—B+L
l“‘1+K?h

(12)

The formation constant for CuHL is found from a
plot of y vs. A7,
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Results and discussion

The value of K¥ found from 5 titrations was
574£3 M}, or log K!!' = 2.759+0.002. The re-
ported uncertainty is the standard deviation. No

Table 1. Determination of ki and k; for restricted
ranges in x. All titrations in set B were included in the
calculations.

Range log ki log k3 S(ficaic— Mexp)
x>10 -3.04 -8.44 0.007
x> 100 -3.04 -8.44 0.006
x>1000 —3.03 -843 0.005

Table 2. Determination of ki and k3 when the species
CuHL is included in the calculations. All data from set
B were used (218 data points).

KM~ log ki 109K S(Heae—Hag)/ 1075 M
0° -303 -843 2.9
425 -301 -8.41 2.1
8*  -299 -839 2.6

122 -297 -837 3.8

aThe value of k, was kept constant in the
optimization.
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Fig. 1. Formation curve for the salicylate complexes (B/mM,L/mM): + (2,10), O (2,20) and O (5.20).

previous value of K¥ determined in 0.25 M ionic
medium is available, but two recent determina-
tions of log K%' in 0.1 M ionic medium both give a
value of 2.83.43

Fig.1 shows the formation curve calculated
from the data obtained in set B and eqns. (7)—(8).
The ligand number is a function of x only and
does not depend on total metal ion and ligand
concentrations. Since x is proportional to the free
salicylate concentration, it can be concluded that
A is a function of this concentration only. The
predominant species must then be the salicylate
complexes CuL and CuL,, in agreement with pre-
vious investigations.*> In order to test this hy-
pothesis further, the calculation of the equilib-
rium constants was carried out for restricted in-
tervals in x (Table 1). The results of these
calculations substantiate the predominance of
complexes of the salicylate type and yield the
following values of the formation constants: log
ki = —3.04 and log k5 = —8.44.

Calculations were also made in which the pres-
ence of CuHL was allowed for. The parameters
k,, ki and k3 of eqns. (9) and (10) were fitted to
experimental data k, B, L and H as described
earlier. The best fit [i.e. a minimum for
2(Hy—H.,,)"] was found for the following val-
ues of the formation constants: k; =4.25 M~!, log
kf=-3.01 and log k} = —8.41. Although the
value of k; obtained from these data is quite
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Fig. 2. Plot of y vs. h™" used in the determination of k, (Titration number, B/mM); O (1,2), O (2,2), & (3,1),
+ (4,1). *(Points from titration 4 calculated with a value of Eg,ug 0.1 mV lower than that obtained in the

calibration).

uncertain, at least it can be stated with some
certainty that it is small. As regards the salicylate
complexes, our results are in accord with the
extensive measurements made by Cassasas and
Tauler’ in 0.1 and 1 M KNO;, and suggest that
the value of B, reported by Lajunen et al.* is too

large (see Table 2 for a more extensive summary
of the results).

In order to confirm the low value of k,, experi-
ments using a Cu®*-selective electrode were car-
ried out. Calculations indicated that a favourable
quotient between the concentrations of the car-

Cu2¢
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Fig. 3. The distribution of Cu?* at trace concentration as a function of ph at L = 10 mM.
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boxylate and salicylate complexes existed around
ph 3. The measurements were therefore carried
out in salicylic acid—hydrogen salicylate buffers
around this ph value, and the total salicylate con-
centration reached 0.030 M at most.

A plot of the data according to eqn. (11) is
shown in Fig. 2. A straight line drawn through the
majority of the points extrapolates to
k,=11.5 M~'. This estimate of k, is quite un-
certain due to the sensitivity of y to errors in the
emf measurements, as demonstrated in Fig. 2.
Furthermore, it is possible that this value is some-
what too high, because of the simple model used
for the correction for the liquid junction poten-
tial. Only the influence of changes in [H*] was
corrected for. We used the expression
E;=j-[H*], where j was determined separately
to be 10 mV M™'. We also estimated E; using the
Henderson equation® and corrected the mea-
sured potentials accordingly. We found that the
value of k| then decreased to 8 M~'. The slope of
the line, although somewhat too large, is consis-
tent with the value of &} found from the measure-
ments with the glass electrode. The hydrogen
salicylate complex would then be weaker than the
corresponding benzoate complex.® This might be
due to the engagement of the carboxylate group
in internal hydrogen bonding.

Considering the results found from the differ-
ent types of measurements, we find it likely that
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k, lies in the range 5 to 10 M~' and propose the
following values of the equilibrium constants for
the salicylate complexes: log k3 = —3.00+0.02
and log k3 = —8.40+0.02, where the estimate of
the uncertainty is based on the range given for k,.

The distribution of Cu** at trace concentration
as a function of ph at L =0.01 M is shown in
Fig. 3.

References

1. Brun, P.F. and Schreder, K.H. J. Electroanal.
Chem. 66 (1975) 9.

2. Habashy, G.M. J. Electroanal. Chem. 21 (1969)
357.

3. Arena, G., Kavu, G. and Williams, D.R. J. Inorg.
Nucl. Chem. 40 (1978) 1221.

4. Lajunen, L.H.J., Lippo, H. and Kokkonen, P.
Finn. Chem. Lett. (1983) 107.

5. Cassasas, E. and Tauler, R. J. Chim. Phys. 81 (1984)
234,

6. Olin, A. and Wallén, B. Anal. Chim. Acta 151
(1983) 65.

7. Caceri, M. S. and Caheris, W.P. Byte, May 1984,
340.

8. Bard, A.J. and Faulkner, L.R. Electrochemical
Methods, Wiley, New York 1980, p.71.

9. Perrin, D. D. Stability Constants of Metal—Ion Com-
plexes: Part B — Organic Ligands, IUPAC Chemical
Data Series, No. 22, Pergamon Press, Oxford 1979.

Received December 29, 1987.




