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Formation constants of mixed ligand complexes of copper(II)-1-(2-pyridylazo)-2-naphthol chelate (Cu(pan))
with bidentate ligands, which accelerate the rate of color change of 1-(2-pyridylazo)-2-naphthol (PAN) indicator
in copper(II)-EDTA titrations, were determined by the spectrophotometric method in 5 or 109, v/v dioxane-H,O
at u=0.1 (KNO;) and at 25 °C. The overall formation constants (log K2%%,; =log ([Cu(pan)L]/[Cu][L][pan])
are 21.26 (59, dioxane) for 2,2’-bipyridine, 21.64 (10% dioxane) for ethylenediamine, 22.80 (5%, dioxane) for
8-hydroxy-5-quinolinesulfonic acid, 19.39 (109, dioxane) for glycine, and 20.68 (109, dioxane) for iminodiacetic
acid. These ligands coordinate with Cu(pan) chelate as bidentate ligands, and the mixed ligand complexes may

have a distorted octahedron structure.

In the EDTA-titration of copper(II), 1,10-phenan-
throline, 2,2’-bipyridine, ethylenediamine, 8-quinolinol,
glycine, and iminodiacetic acid accelerate the rate of
the color change of 1-(2-pyridylazo)-2-naphthol (PAN)
indicator.? In a previous work? the mechanism of the
acceleration by 1,10-phenanthroline was elucidated: i.e.
the mixed ligand complex of Cu(pan) chelate with 1,10-
phenanthroline is formed and undergoes a faster
substitution with EDTA than does Cu(pan) chelate.
In the present paper the composition and the formation
constants of the mixed ligand complexes of Cu(pan)
chelate with 2,2’-bipyridine(bpy), ethylenediamine-
(en), 8-hydroxy-5-quinolinesulfonic acid(Hoxs), glycine
(Hgly), and iminodiacetic acid (H,ida) are reported.

Experimental

Reagents. The copper(II) solution and the Hpan solu-
tion were the same as those used in previous work.?) Reagent
grade chemicals were purified by recrystallization. A 2,2’-
bipyridine dioxane solution, and ethylenediamine aqueous
solution, a glycine aqueous solution, a 8-hydroxy-5-quinoline-
sulfonic acid alkaline aqueous solution, and an iminodiacetic
acid aqueous solution were used. The ionic strength was
maintained constant with potassium nitrate. Dioxane was
purified as described in the previous paper.?) Buffer solutions:
0.02 M 2-morpholino-1-ethanesulfonic acid (MES)-NaOH
buffer for pH 4—7, and 0.01 M disodium tetraborate-HNOQO,
or NaOH buffer for pH 7.5—11 were used.

Apparatus. A Hitachi 124 Spectrophotometer, a Hitachi
356 Two-wavelength Spectrophotometer, a Radiometer PHM
26 pH meter equipped with a Radiometer G202B glass elec-
trode and a K401 calomel electrode (saturated KCl), and a
Hitachi-Horiba F-5 pH meter equipped with an Orion 94-29A

TaBLE 1.

Thus the Cu—pan bond in the mixed ligand complex is weakened.

copper(II) ion-selective electrode or a Hitachi-Horiba 1026-
05T glass electrode and a Hitachi-Horiba 2080-05T calomel
electrode (3.3 M KCI) were used. These glass electrodes were
calibrated with the two standard buffers: 0.025 M KH,PO,
+0.025 M Na,HPO, and 0.05 M KH;(C,0,),-2H,0, 0.05 M
KHCH,(COO),, 0.05 M Na,B,0,-10H,O or saturated (25
°C) Ca(OH),.

Procedure. All measurements were carried out in 5 or
109, v/v dioxane-water media, depending upon the solubility
of mixed ligand complexes, at an ionic strength of 0.1 M
(KNO,) and at 2541 °C. The acid dissociation constants
and the formation constants of copper(II) complexes of the
ligands (bpy, en, Hoxs, Hgly, Hyida) were determined under
the same conditions as those employed for the determination
of the formation constants of mixed ligand complexes. All
constants determined are written in the form of mixed constants
involving hydrogen ion activity.

Determination of the Acid Dissociation Constants of the Ligands
and the Formation Constants of the Cu(II) Complexes. The
acid dissociation constant of protonated 2,2’-bipyridine (Hbpy)
was determined by a spectrophotometric method. The acid
dissociation constants of protonated ethylenediamine (Hyen),
8-hydroxy-5-quinolinesulfonic acid (H,oxs), glycine (Hgly),
and iminodiacetic acid (H,ida), and the formation constants
of Cu-ida complexes were determined by the pH-tritration
with a NaOH standard solution. The formation constants of
Cu-bpy, Cu-en, Cu-oxs, and Cu-gly complexes were deter-
mined by the potentiometric method with a copper(II) ion-
selective electrode.” The acid dissociation constants of the
ligands and the formation constants of the copper(II) com-
plexes are summarized in Table 1.

Determination of the Formation Constants of the Mixed Ligand

Complexes. The formation constant of a mixed ligand
complex is defined by Eq. 1. Charges are omitted for
simplicity.

EQUILIBRIUM CONSTANTS OF LIGANDS (L)

25°C, y=0.1 (KNO,)

Ligand (L) pky Pk, Method?  logfow,  10gfow. 108 fow, Method® Dne

o

bpy 4.37 3 8.59 14.09 17.84 2 5
en 7.14 9.98 1 10.56 19.55 2 10
Hoxs 3.90 8.82 1,3 11.86 21.87 2 5
Hgly 2.52 9.40 1 8.12 14.71 2 10
H,ida 2.86 9.51 1 10.93 16.67 1 10
a) Method 1: pH titration, Method 2: potentiometry with Cu(II) ion-selective electrode, Method 3:

spectrophotometry.



October, 1978]

ﬂ(}u (pan)Ln — [Cu(Pan)L,.] (l)

[Cu(pan)][L]*’

where L represents the free ligand. The conditional formation
constant of Cu—pan complexes, taking into account the forma-
tion of mixed ligand complexes, is given by

_ [(Cupan)] _
[Cu'][pan'] G ou(L)*panCH)

K o
_ Cupan“Cupan(L)
-K(Cupam’ H (2)

where
[(Cupan)'] = [Cu(pan)] + [Cu(pan)L]
+ [Cu(pan)L,] + -+ + [Cu(pan)L,], (3)

_ [Cu(pan)]
Kowsn = Gu] pan” ®
aCupan(L) = l + gﬂCu(pan)Ln[L]“a (5)
Gouy = 1+ ﬁlﬂCuLm[L]m’ (6)
H H]?
Opanany = 1 + ‘% + Ec—lk]; (M

BouLy, is the overall formation constant of CuL,, and k; and
k, are the acid dissociation constants of H,pan.

The total concentration of Cu-pan complexes [(Cupan)’]
can be obtained from the absorbance at the wavelength where
the absorbance of the mixed ligand complex is equal to that
of Cu(pan) chelate. [Cu’] and [pan’] are calculated by means
of the following equations:

[Cu] = Cgy — [(Cupan)’], 8)

[pan/] = CHpan - [(Cupan)l]: (9)
where Cg, and Cyp,, represent the analytical concentrations
of Cu and Hpan, respectively. Thus the values of K (cypan)’
are obtained at the various concentrations of the ligand and
the various pHs of the solutions.

On the other hand the concentration of free ligand L is
calculated by

[L] = E‘l, (10)

574:9)

_ (H] , [HP? [H]?
peH) = 1 + kp +kpkp—1+”.+ kp"'kzkl 3

where

and [L’] represents the total concentration of the ligand not
combined with copper, and £, k;, ---kp are the acid dissocia-
tion constants of the ligand. In this work a large excess of the
ligand compared with copper and Hpan was used; thus [L’]
is approximately equal to the initial concentration of the
ligand Cy. ocu(wy and otpencm are calculated from the concen-
tration of L and the pH of the solution by means of Egs.
6 and 7, respectively.

Thus Kgupan®oupanty €an be written as Eq. 11 and evalu-
ated from Kgypan)’ by the use of Eq. 2.

n
KCupan“CUpnn(L) = KCupan(l +1§1160u(pan)Ln[L]n) (l l)

From the plots of logKcupan®cupantwy 5+ log [L] the for-
mation constants of Cu(pan) and Cu(pan)L, complexes
were obtained by the curve fitting method.

Results

2,2'-Bipyridine. Under the conditions: Cou=
0.223—11.1 x10-5 M, Crpan=1.01—20.2 X 10-¢ M,
CL=3.00—500x 104 M, pH 8.18—9.07, dioxane 5%,
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Fig. 1. Absorption spectra of Cu(pan)(bpy).
Cou=1.11x10"*M, Cyp,=1.01x10*M, pH 9.05,
Copy=: (1) 0 (pH 5.78), (2) 1.50x10-2 M, (3) 2.00
x 10-2 M, (4) 2.50x 10-2 M, (5) 3.00 x 10-2 M, (6) 3.50
% 10-2 M, (7) 4.00x 10-2 M, (8) only Hpan.

v/v, the absorption spectra were measured. Some of
them are shown in Fig. 1. By the addition of 2,2'-
bipyridine the absorption maximum of Cu(pan) chelate
shifted from 550 to 540 nm, and the absorbance at A,
decreased with increasing the concentration of 2,2'-
bipyridine, because the replacement of Cu(pan) chelate
by 2,2’-bipyridine proceeds together with the formation
of the mixed ligand complex. The isosbestic point of the
curves 2—38 at 502 nm indicates the existence of the
mixed ligand complex and Hpan in the presence of 2,2'-
bipyridine. From the absorbances at 545 nm the total
concentration of Cu—pan complexes and then the values
of K(cupany’ were calculated. A plot of log Kcupan®cupan(w
vs. the logarithm of free 2,2'-bipyridine concentration
log [bpy] yielded a straight line with a slope of 1.0
(Fig. 2). Thus, over the concentration range of 2,2'-
bipyridine from 104 to 10! M a mixed ligand complex

-6 —4 —2 0

T T T T

log KCupan XLcupan (L)

log [L]
Fig. 2. Plots of log Kcupan®cupanty 05 log [L].
Solid lines are the theoretical curves calculated with the
values obtained by curve fitting.
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TABLE 2. FORMATION CONSTANTS OF THE MIXED
LIGAND cOMPLEXES OF Cu(pan)
25 °C, u=0.1 (KNO,)

Ligand 4,,, log log log lo Kdioxane
L) (om) KL, KB Khgeor © 00 (%)
phen 540 21.18 12.20 5.60 —3.38 5
bpy 540 21.26 12.67 5.68 —2.91 5
en 548  21.64 11.08 5.65 —4.91 10
Hoxs 550 22.80 10.94 7.22 —4.64 5
Hgly 545 19.39 11.27 3.40 —4.72 10
H,ida 550 20.68 9.75 4.69 —6.24 10
H,O 550  15.60% 5

16.00® 10
15.58% 5
15.999 10

Hpan: pk,=2.87, pk,=11.55 (dioxane 5%) pk,=
2.90, pk,=11.68 (dioxane 10%,). a) In the presence
of Hoxs. b) In the presence of en, H,ida, or Hgly.
c) In the absence of auxiliary complexing agents.

Cu(pan) (bpy) is formed, as in the case of 1,10-phenan-
throline. The value of log K&erlpy Was obtained from
the value of log Koupan®toupanwat log [bpy]=0 (Table 2).

Ethylenediamine. By the addition of ethylenedi-
amine the absorption maximum of Cu(pan) chelate
shifted to 548 nm. Increasing the concentration of free
ethylenediamine caused the formation of the mixed
complex and the substitution with ethylenediamine to
proceed. Under the conditions: Ccu=2.14—12.9 x 104
M, Cupan=9.97—10.2x10-¢ M, CL=1.57—12.1 x10-2
M, pH 6.08—10.22, dioxane 109, v/v, the absorbances
at 549 nm were measured. Asshown in Fig. 3, the values
of log Koupan®cupan(y became higher than that of log
Koupan when the concentration of free ethylenediamine
exceeded 10~ M, and a straight line with a slope of
1.0 was obtained at concentrations higher than 104 M.
Thus a mixed ligand complex Cu(pan)(en) is formed.

8-Hydroxy-5-quinolinesulfonic  Acid. In this case
Cu-oxs chelate is extremely stable, so the substitution of
Cu(pan) chelate with oxs proceeded even at a low
concentration of oxs. Hence the following experimental
conditions were employed: Cc,=1.6—488x10-% M,
Crpsn=2.94—32.2x 10— M, CL=0.378—113 x 10-*
M, pH 3.58—11.00, dioxane 5% v/v. A plot of log
Kcupan®cupantwy vs. log [0xs] is shown in Fig. 2. The forma-
tion of a mixed ligand complex Cu(pan)(oxs) was
observed.

Glycine. In this case the absorption maximum
of Cu(pan) chelate shifted to the shorter wavelength
(545 nm) with increase in the concentration of free
glycine. The absorbances at 547.5 nm were measured
under the conditions: Co,=429 x 10-6—1.07x10-3 M,
Cupan=3.00—9.01 x 108 M, C(C.=1.62—19.8x 102 M,
pH 5.84—9.28, dioxane 109, v/v. The results are shown
in Fig. 3 and Table 2.

Iminodiacetic Acid. The absorption spectrum was
slightly shifted to the shorter wavelengths compared
with that of Cu(pan) chelate. The experiments were
carried out under the conditions: Ccu=8.00—80.0 X%
105 M, Cupan=0.923—1.18 X103 M, C,=3.62—45.3
x 1073 M, pH 5.14—9.66, dioxane 10%, v/v. The results
are shown in Fig. 3 and Table 2.

Hiroko Wapa, Kazuyoshi Ikuta, and Genkichi Nakacawa

[Vol. 51, No. 10

log KCupa.n“Cupan (L)

log [L]
Fig. 3. Plots of log Kcypan®cupan(wy ¥s. log [L].
Solid lines are the theoretical curves calculated with the
values obtained by curve fitting.

Discussion

In all cases, the replacement of Cu(pan) chelate by
auxiliary complexing agents takes place before the
complete formation of the mixed ligand complex. Thus,
it was assumed that the molar absorptivity of the mixed
ligand complex is the same as that of Cu(pan) chelate
at the middle wavelength of these two absorption
maxima, as observed in the case of 1,10-phenanthroline.?
Since the plots of log Koupanttoupentwy 5. log [L] fitted
well with a normalized curve plotting y vs. logx for
y=log (14x), and since in the case of 8-hydroxy-5-
quinolinesulfonic acid, ethylenediamine, iminodiacetic
acid, and glycine the formation constants of Cu(pan)
chelate obtained from the horizontal parts of the curves
were in good agreement with the values obtained in the
absence of auxiliary complexing agents¥ (Table 2),
the above assumption should be correct. In each case
at higher concentrations of free ligand a straight line
with a slope of 1.0 was obtained; hence one molecule
of ligand coordinates with one molecule of Cu(pan)
chelate.

To compare the formation constants of Cu(pan) and
Cu(pan)L, K&%..n was calculated from Kg&i, as

Kpen [Cu(pan)L]
Cu(pan)L = m’

and values of Alog K defined by Sigel® were calculated:
Alog K = log K&i&pant. — 108 Koupan-

In all cases Alog K are negative (Table 2). Therefore,
by the formation of the mixed ligand complex the
bonds between copper and pan may be weakened.
Tabata and Tanaka determined the formation
constants of mixed ligand complexes of copper(II)—4-
(2-pyridylazo)resorcinol (Cu(par)) chelate with uniden-
tate ligands(L) such as SCN-, Cl-, Br—, I-, NH;, pyridine,
CH,COO- and N,~.% Comparing the values of K&upany
obtained in this work with those of K&uper by Tabata
and Tanaka, Kfugenn for 1,10-phenanthroline, 2,2’-
bipyridine, and 8-hydroxy-5-quinolinesulfonic acid are
much larger than Ky for pyridine. K&ugenn for
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ethylenediamine, and iminodiacitic acid are also
greater than K&uprm for NHj, while in the case of
glycine K&upany(=103-10) is of the same order as Ktupant
(=103%51) for NH;. On the other hand, in the EDTA
titration of copper(II) with PAN indicator the rate
of the color change is accelerated with glycine,) but
glycine methyl ester slows down the rate of color change,
as does pyridine.** Thus glycine may coordinate with
Cu(pan) chelate as a bidentate ligand. The calculated
Alog K value for iminodiacetic acid was small, if imino-
diacetic acid were to act as a terdentate ligand; thus
iminodiacetic acid may coordinate as a bidentate
ligand with the amine nitrogen and one of the carboxyl
oxygen atoms.

All ligands examined in this study coordinate with

** The formation constant of the mixed ligand complex of
Cu(pan) with glycine methyl ester could not be determined,
because of the small solubility in H,O-dioxane.
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Cu(pan) chelate as bidentate ligands and the mixed
ligand complexes may have a distorted octahedron
structure. This is the reason why 1,10-phenanthroline,
2,2'-bipyridine, ethylenediamine, 8-hydroxy-5-quin-
olinesulfonic acid, glycine, or iminodiacetic acid
accelerates the rate of color change of PAN indicator
in copper(II)-EDTA titrations.
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