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The complex formation of the Cu(II) ion with ethylenediaminetetraacetic acid (EDTA) and N-(2-hydroxy-
ethyl)ethylenediamine-N, N, N’-triacetic acid (HEDTA) has been studied potentiometrically and polarographically
over the wide pH range from 1 to 11 in aqueous solutions containing 1.0 mol dm-1 NaClO, at 25.0 °C. Both the emf
data obtained by potentiometric titrations and the pH-dependence of reversible half~wave potentials were ex-
plained in terms of the formation of the following complex species: for the Cu—EDTA complexes, CuL?~ (log f,0;=
17.2840.04), CuHL- (log 813, =20.15+40.04), CulLL (log f;5,=22.73+0.04), CuH,;L* (log B;5,=24.12--0.04), and
CuH_,L3%- (log f;-;;=6.834+0.05); for the Cu-HEDTA complexes, CuL.~ (log f10,=16.30+0.05), CuHL (log
Pr111=18.764£0.04), CuH,L* (log f£,5,=19.854-0.04) and CuH_,L*~ (log f;_,;=6.3540.05), where B,, =
[Cu,H L,]/[Cu®*]?[H*][L]", and where L denotes the unprotonated molecule of EDTA or HEDTA.

The complex-formation reaction of the Cu(II) ion
with ethylenediaminetetraacetic acid (EDTA) and N-
(2-hydroxyethyl)ethylenediamine- N, N’, N'-triacetic acid
(HEDTA) has been studied by a number of workers,
and the formation constants of unprotonated and mono-
protonated species have been reported.’»? The forma-
tion constants of the diprotonated Cu(II)-EDTA
complex have been reported only by Gorelova et al.
Interest has also been shown in the problem of deter-
mining the protonation schemes of the coordinated
ligands and structures of metal complexes by using
infrared spectrometry,?~® NMR spectrometry%7-10) and
other methods.?-14  Nuttall and Stalker!® have
recently proposed, from measurements of the Raman
spectra, that protons in protonated Cu(II)-EDTA
complexes are located at the oxygen atoms of the ligand
carboxyl groups.

In our previous papersi®!? we have found that a
number of protonated complex species of the MH,L
type (¢=1,2,3 for the EDTA complex and ¢=1,2 for the
HEDTA complex) are formed in an acidic solution
containing Cd(II) and Pb(II) ions. Therefore, it seemed
it would be interesting to see if Cu(II)-complexes with
EDTA and HEDTA form a series of protonated species
in an acidic solution. The examination of complex-
formation equilibria was performed by potentiometric
titration measurements, polarographic method, and
visible-spectrum measurements over the wide pH range
from 1.0 to 11.0.

Symbols
h Concentration of hydrogen ions at equilibrium.
m Concentration of metal ions at equilibrium.
H Analytical excess of hydrogen ions in a test
solution. ‘
Cou Total concentration of Cu(II) ions.
L Ethylenediaminetetraacetate anion (edta%-) or

N-(2-Hydroxyethyl)ethylenediamine-N, N’, N'-

t  Present address: Department of Applied Chemistry for
Resources, Tokyo University of Agriculture and Technology,
Koganei, Tokyo 184.

ft Present address: Technical Education Center of Tokyo
Metropolis, 2-1-45, Horinouchi, Suginami-ku, Tokyo 166.

triacetate anion (hedta®-).
Total concentration of L.
Concentration of free L.
Degree of neutralization of H,L. for EDTA or
H,L for HEDTA: (—H+[H]—[OH])/e.
Number of metal atoms bound to the complex.
Number of protons bound to the complex;
. g<0 corresponds to the formation of a
deprotonated complex.
r Number of ligands bound to the complex.

S e

Boar Equilibrium constant for the reaction:
pM-+gH4-rL=M,HL,.
[ ] Concentration. :
De, Diffusion coefficient of the aqua Cu(II) ion.
D Average diffusion coefficient of all complex
species present.1®
(Eis)en  Reversible half-wave potential of the aqua

Cu(II) ion.
(Ef/2)rev Reversible half-wave potential of the Cu(II)-
EDTA or -HEDTA system.

R Gas constant.
T Thermodynamic temperature.
F Faraday constant. -

All ionic charges are omitted for the sake of convenience.

Experimental

Reagents. Disodium ethylenediaminetetraacetate (reagent
grade, Dojindo Lab.) was recrystallized twice, dried, and then
stored in a desiccator over silica gel. N-(2-Hydroxyethyl)ethyl-
enediamine-N,N’,N’-triacetic acid (Dojindo Lab.) was recrystal-
lized from distilled water and dried under a reduced pressure.
Copper(II') perchlorate was prepared by dissolving CuCOQ, in
an HCIO, solution and purified by recrystallizing it three
times from distilled water. The CuCOj used was precipitated
from a Cu(NQj;), solution with Na,CO; and then thoroughly
decanted. The stock solution contained a small amount of
HCIO, to prevent the hydrolysis of the Cu(II) ion. The
concentration of excess HClO, in the solution was determined
from the location of the end point of neutralization by means of
a Gran-plot. The concentration of Cu(II) ions in the stock
solution was determined by electrogravimetry. Sodium perchlo-
rate, sodium hydroxide, and perchloric acid stock solutions were
prepared by the methods described previously.’® A copper-
amalgam was prepared by the electrolysis of a copper sulfate
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solution with a Mectrohm model E 211 A coulometer. The
metal content of the amalgam was about 1wt%. The

oxidation of the amalgam was prevented by preparing and
storing it in a nitrogen atmosphere. All the other chemicals
were prepared and purified by the methods described pre-
viously.1®)

Potentiometric Measurements. The measurements were
carried out in a paraffin oil thermostat at (25.004:0.02) °C
by using glass and copper-amalgam electrodes. Emf measure-
ments of electrodes were carried out with essentially the same
method as has been described previously.'® The potential
of the amalgam electrode became constant after 5—15 min
within an accuracy of 40.02 mV in the pH range of 1.0—2.5
and within an accuracy of +0.05mV in that of 2.5—4.0.
At pH values above 4.0 the potential was slightly unstable, and
it required 1 h to attain a constant value within an accuracy
of 4+0.1 mV at pH values up to 10.0. The emf of the glass
electrode cell became constant after about 5 min and was
determined within an accuracy of 0.1 mV over the pH range of
1.0—11.0. The perchlorate concentration was kept constant
at 1.0 mol dm-2 in all runs. The apparatus and the experi-
mental procedures used for potentiometric titrations have been
described previously.'®)

Polarographic Measurements. The polarographic apparatus
used was described previously.!® No buffer was added to the
test solution, because the ligands present in a large excess
relative to Cu(II) ions have a large buffer capacity in the
pH ranges below 3.5 and from 5.5 to 10.5 for both HEDTA
and EDTA, and because the polarographic wave-form may
be affected by the presence of an acetate buffer in the pH
range from 3.5 to 5.5. The hydrogen-ion concentration of
the test solution was varied and measured before and after
the recording of each polarogram.’® The difference between
the pH values (—log &) obtained before and after recording
was less than 0.01 pH unit. No maximum suppressor was
added, since no polarographic maximum appeared at pH
values above 1. The test solution was deaerated for at
least 30 min with argon gas before each measurement.

Spectrophotometric Measurements.  The ultraviolet and visible
absorption spectra were measured by using a Hitachi Model
200-10 Spectrophotometer at room temperature (2541 °C).

Results

Determination of the Composition and the Formation
Constants of Cu(II)-EDTA and —HEDTA Complexes by
Potentiometric Titrations. The titration curves shown
in Figs. 1 and 2 result when the experiments were carried
out under the conditions where the ce./cL ratio was 1/2,
1/4, 1/6, or 1/8 and where ¢c, was changed from 1 to 10
mmol dm=3. Both ¢¢, and ¢, were kept practically
constant for each run. The difference in neutralization
degree between EDTA or HEDTA solutions with and
without Cu(II) ions reveals that protons were released
from the ligand by the complex formation, even at
pH 1.3.

As has been described previously,'61?” since any
possibility of the formation of polynuclear or polyligand
complexes may be disregarded when the solution
contains an excess of EDTA and HEDTA ligands
relative to the Cu(II) ion, we can use the same procedure
for data analysis as that employed for Cd(II)- and
Pb(II)-complexes with EDTA and HEDTA.2%1? We
assume that the complex formation proceeds:
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Fig. 1. Degrees of neutralization, X, of EDTA solutions

for the Cu(II)-EDTA system.

®: cc.=0.0mol dm=3, ¢,=0.02500 mol dm=3, (O:
€0y =0.006221 mol dm=3, ¢,==0.011985 mol dm~=3, [7]:
€0y=0.001107 mol dm~3, ¢,=0.003987 mol dm=3, A:
€6y=0.001075 mol dm~3, ¢,=0.005998 mol dm~3. Solid
lines are the values of X calculated by the use of the
formation constants given in Table 1.
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Fig. 2. Degrees of neutralization, X, of HEDTA solutions
for the Cu(II)-HEDTA system.
®: ¢c,=0.0mol dm=3, ¢,=0.02500 mol dm=3, (O:
¢cq=0.01010 mol dm=3, ¢;,=0.02020 mol dm=3, []:
€0y =0.004970 mol dm—3, ¢;,=0.02000 mol dm—3, A:
€0y =0.002500 mol dm™3, ¢;,=0.02000 mol dm~%. Solid
lines are the values of X calculated by the use of the
formation constants given in Table 1.

Cu?* + gH* 4 L+~ — CuH, Lo+ (1)
from which the following relationships are obtained:
Q
Cou =m + El[CquL] (2)
<
Q
o =1+ ﬁ‘,l [H,L] + 31 [CuH,L]. 3)
n= q=-

The combination of Eqgs. 2 and 3 leads to:
N
l= (CL — Ccu + m)/(l +1§1ﬂ0n1hn)9 (4')

where [ can be calculated by using the protonation
constants of the ligands obtained previously.161” A
function, Fy(k), is defined as:

Fo(h) = (ccu—m)/ml = ;_VQJ [CaH Ll = it (5)
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Fig. 3. Plots of log F,(h) and log Fy’(h) against —log k
for Cu(II)-EDTA system. Solid line is the best fit
curve calculated by Egs. 5 and 9.

[J: log Fy(h), @:log Fy'(h).

The plots of log Fy(k) against —log £ for the EDTA
system fall into a single curve regardless of the variations
in ¢y and ¢, (Fig. 3), and the assumption that no
polynuclear and polyligand complexes are formed in an
acidic solution is confirmed to be reasonable. The
formation constant, f,,,, was calculated from the Fy()
vs. h curve by means of a generalized least-squares
method.1® The method was applied to make the error-
squares sum, >1{log Fy—log Fy c.icqt? a minimum for
the set of the formation constants over the pH range
of 1.0—7.0, where Fj,cq denotes the value of F,
calculated for a particular set of formation constants.
The values of the formation constants of all the complex
species present are given in Table 1. In addition to
the normal complex, Cul?-, a series of protonated
complexes, such as CuHL—-, CuH,L%, and Cul;L*, were
detected. No information has yet been published on the
formation of the triprotonated species.

TasLe 1. FormaTioN constaNTs OF Cu(II)-EDTA
AND-HEDTA comprexes 1N 1.0 mol dm—3
NaClQ, soLuTION AT 25 °C
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Fig. 4. Plots of log F,(k) and log Fy'(h) against —log &
for Cu(II)-HEDTA system. Solid line is the best fit
curve calculated by Egs. 5 and 9.

DO): log Fo(k), @ log Fy'(h).

as well as two protonated complexes, CuHL and
CuH,L*, are formed. The formation constant of the
diprotonated species was obtained for the first time in
the Cu-HEDTA system. The solid curve in Fig. 4
represents the curve calculated from the final values
of the formation constants which are summarized in
Table 1.

Above pH 4.0, the emf’s of the amalgam electrodes
became unstable for both systems, and the values of
log Fy(h) in Figs. 3 and 4 were somewhat scattered
around the best-fit curve. This may be due to the
contamination of amalgam surfaces by a small amount
of oxygen dissolved in solution. Thus, we may expect to
obtain correct information on complex-formation reac-
tions above pH 4 by means of polarographic measure-
ments.

Determination of the Formation Constants by Polarography.
Single well-defined waves with diffusion-controlled
limiting currents were observed for the Cu(II)-EDTA
and —HEDTA systems in the pH range from 1.0 to

-100

Potentio- Spectro-
x(;l:tryo Polarography ph(I))tometry

Cu(II)-EDTA system
log By — 6.834+0.05 5.540.1
log Bios 17.2240.10 17.284-0.04 —
log By 20.154-0.04 20.1340.06 —
log Byay 22.734+0.04 22.88+40.04 —
log Bis 24.1240.04 24.154-0.04 —
Cu(II)-HEDTA system
log Bi_1, — 6.354-0.05 5.2-4+0.1
log Bio1 16.124+0.10 16.30+0.05 —
log fi11 18.854-0.05 18.7610.04 —
log f101 19.864-0.04 19.854-0.04 —

The same analytical method as was used for the
EDTA system was used to determine the formation
constants for the HEDTA system. Figure 4 demon-
strates that the plots of log Fy(%) against —log 4 in the
HEDTA system give a single curve. From the analysis
of the curve, we found that the normal complex, CuL-,
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Fig. 5. Typical examples of the plots of E4-2.3 (RT/2F).
log[i/(iy—3i)] vs. E for determination of reversible half-
wave potentials. ¢g,=0.00040 mol dm~3.

@: Cu(II)-EDTA system. ¢1,=0.0080 mol dm—2,
Values of —log(h/mol dm=3): (1) 2.12, (3) 3.73, (5)
6.11.

B: Cu(I)-HEDTA system. ¢;,=0.0200 mol dm3.
Values of —log(k/mol dm—3): (2) 2.70, (4) 6.05, (6)
10.19.
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11.0. The log-plot analysis of the current-potential

curves demonstrates that the waves correspond to the

quasi-reversible, two-electron reduction. For the quasi-
reversible wave we can determine the reversible half-
wave potential by using the extrapolation methods.!92?
Figure 5 shows typical examples of the [E+2.3 (RT/2F)x
log {¢/(¢q—7)}] vs. E plots, where E denotes the potential
of the dropping mercury electrode, ¢ the current
corresponding to E, and 74 the limiting diffusion current.
The reversible half-wave potentials were determined
as the limiting constant values of [E+2.3(RT/2F)log
{i/(i4—1)}] at sufficiently positive potentials.1?

Consider the electrode reaction, symbolically desig-
nated by:

CuHL e+

it
GﬁHqL(ZW-ZH
: + 2¢(Hg) —

it

CuLe-o+

1

CuH_,La-2+
HNL(N—Z)+
i

Cu(Hg) + I_'InL(n—z)+ . (6)

i

The reversible half-wave potential can then be expressed
by :18

RT D
(Byr2)rov = (Efp)ow — oF 7 In ,\/ 'D;
RT Q
- %—ln[l + £§151q1hq)l]- (7)
Equation 7 can be rewritten as:

{J Dow exp {(RT>[(EI,2)CJ (E1,2)m]}_1}/1

=q§1ﬂlqlhq' (8)
The left-hand side of Eq. 8 is the experimentally acces-

sible quantity and is here written as F,' (k). Thus,
Q
F(;(h) zqglﬁlql hq’ (9)

which is identical to the Fy(A) function defined by Eq. 5.

The plots of log F,y(h) against —log & are shown in
Figs. 3 and 4 for the systems of EDTA and HEDTA
respectively. In each system, a single curve was obtained
for both functions, Fy(h) and F,'(h), and only small
differences between the formation constants determined
from these two functions were observed.

In the EDTA system, the triprotonated complex,
CuH,L*, was also detected by polarography. In the
pH range of 4.0—9.5, the values of the log Fy' (k) func-
tion were constant, and we can consider that the Cu(1I)
ion is present predominantly as the normal complex,
CuL?-, in a solution containing an excess EDTA. The
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values of the log Fy/ (k) function begin to increase above
pH 10.0 (Fig. 3), indicating the formation of hydroxo
complexes. The F,'(k) function is proportional to A1
in the range above pH 10.0, and the product [Fy' (k) —
Bioi] Xk yields a constant value. This behavior of
Fy' (k) can be understood in terms of the formation of
only one deprotonated complex, CuH_,L3-, which is
probably the same as the hydroxo complex Cu(OH)L3-,
reported previously.® The formation constant of the
hydroxo complex was determined by the curve-fitting
method; it is given in Table 1.

In the HEDTA system, all of the complex species,
CuL-, GuHL®, and CuH,L+, being found potentio-
metrically, were also detected by the polarographic
method. Above pH 9.0, the values of the log F,' (k)
function began to increase, indicating the formation
of deprotonated species, CuH_;L2-. The formation
constants of these four species were determined by the
analysis of the Fy'(h) vs. h curve; they are given in
Table 1.
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Fig. 6. Variations of the molar absorbances with —log &

at the absorption maxima of Cu(II)-EDTA (@) and
Cu(II)-HEDTA (M) solutions.

Spectrophotometric Measurements. In order to obtain
further information on the formation of deprotonated
species, measurements of the absorption spectra were
carried out in the alkaline region. For the EDTA
system, the hydroxo complex formation was also
observed by spectrophotometry. Figure 6 demonstrates
the intensity change in the absorption maximum
(at 740 nm) with —log 4, from which the formation
of the Cu(OH)L3- specics was confirmed to be as
previously reported by Bhat and Krishnamurthy.!® On
the other hand, the intensity change in the absorption
maximum (at 710 nm) with —log # for the HEDTA
system in the pH range of 9.5—12 is not so large (Fig. 6),
though two isosbestic points were observed at 600 and
835 nm. This fact proves that two species, the normal
complex, CulL~ and only one deprotonated complex,
CuH_ L2, are formed in the pH range from 9.5 to 12.

As can be seen from Table 1, the values of the forma-
tion constants obtained by spectrophotometry are
different from those obtained by polarography. The
reason for this discrepancy is not clear at present.
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Discussion

The step-by-step protonation constants for protonated
complexes of the CuH,_,L. type may be defined as
K§*"" = [CuH,L] [ [CuH, ;L] [H] = B151/B1q-101-  The
values of log K§*¥" for the EDTA complexes are 2.87,
2.58, and 1.39 for ¢=1,2, and 3 respectively, while
those of the HEDTA complexes are 2.46 and 1.09
for g=1 and 2 respectively. These values are close to
the values of log Ki*“=log {[H,L]/[H,-,L][H]} with
n=3,4, and 5 of the corresponding ligands,'” which are
the step-by-step protonation constants for the carboxyl
groups of the EDTA and HEDTA ligands. Thus, as
has been reported previously'®1? for the systems of the
Cd(II)- and Pd(II)-HEDTA and ~-EDTA complexes,
we may conclude that the protonation of the complexes
occurs on the carboxyl groups with the cleavage of
Cu(II)-oxygen bonds within the complexes, while the
strong Cu(1I)-nitrogen bonds remain unaltered.

/
CHy N OH _
CHp CcH
R L
( Cu. ( oty j
Nt,/o- N\_ 0"
L N
1 2 3
Fig. 7. DPossible structures for the deprotonated species

of Cu(II)-HEDTA complex.

We define the deprotonation constant of the CuH-,L.
species as K§*#t={[CuH_,L][H]/[CuL]}. Then, we
obtain log K§¥'=-—-10.45 and —9.95 for the EDTA
and HEDTA systems respectively. Thus, the values
of the deprotonation constant are shown to be almost
the same for the EDTA and HEDTA systems. However,
Fig. 6 indicates that the intensity changes in the absorp-
tion maxima with —log % in the pH range from 10 to
11.5 are large for the EDTA system, but not for the
HEDTA system. The observed result may be attributa-
ble to the difference between the deprotonation reaction
schemes of the EDTA and HEDTA complexes. The
large intensity change in the absorption maximum for
the EDTA complex is possibly caused by the deprotona-
tion of the water molecule coordinated to the Cu(II)
ion, and the resulting species is a hydroxo complex.
On the other hand, three possible reaction schemes for
the HEDTA complex may be considered on the basis
of the pentadentate coordination of the HEDTA ligand
to the Cu(II) ion at the state of the normal complex,
as is shown in Fig. 7: (1) the hydroxyethyl group in the
ligand releases a proton, and the resulting ethyl
alcoholate coordinates to the Cu(II) ion directly; (2)
the hydroxyethyl group releases a proton to form a
hydrogen bond with the water molecule coordinated
to the Cu(II) ion, or (3) the deprotonation occurs from
the water molecule coordinated to Cu(II), and the
hydroxyethyl group gives no interaction for the hydro-
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lysis reaction. The observed absorption spectra seem
to support the reaction scheme (2), since the Cu(II) ion
was not subjected to any strong interaction with the
deprotonation of the complex.

The degree of neutralization, X, of Hjhedta exceeds
3.0 at pH values above 11.0, but that of Hyedta remains
constant (4.0), although the emf of the glass electrode
cell becomes uncertain in such a high pH region.
Therefore, it may be considered that the reaction of the
hydroxyethyl group of HEDTA to ethylalcolate starts
at this pH in the HEDTA solution containing no Cu(II)
ion. The adoption of the reaction scheme (2) depicted
in Fig. 7 means that the coordination of HEDTA to the
Cu(I1) ion accelerates the deprotonation of the hydroxy-
ethyl group, since the deprotonation reaction of the
Cu(II)-HEDTA complex starts at pH 9.5. The
acceleration of the deprotonation process of 2-amino-
ethanol by its coordination to the metal ion has been
reported for the [Co(NH,CH,CH,NH,), (NH,CH,-
CH,OH) 3+ complex.2?
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Ogino and K. Ogino, Tohoku University, for their
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the Ministry of Education, Science and Culture.
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