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ABSTRACT: The binding ability of cadmium(II), lead(II), and zinc(II) with N,N0-(S,S)bis[1-carboxy-2-(imidazol-4yl)-
ethyl]ethylenediamine (BCIEE) and the structure of the formed complexes have been investigated, in aqueous solution, by
potentiometry and 1H NMR and 13C NMR spectroscopy for the first time. Stability constants for the cadmium, lead, and zinc
complexes with BCIEE were studied by glass electrode potentiometry (GEP) at a fixed total ligand to total metal concentration
ratios, varied pH values at (25.0 ( 0.1) �C, and an ionic strength of 0.1 M KCl. For the Cd-BCIEE and Pb-BCIEE systems, three
species, MH2L, MHL, and ML, were identified. For the Cd-BCIEE system, the overall stability constants values are 20.63 ( 0.02,
14.78 ( 0.01, and 8.22 ( 0.02, respectively. For the Pb-BCIEE system, the overall stability constants values are 19.71 ( 0.02,
13.78( 0.02, and 6.63( 0.02, respectively. For the Zn-BCIEE system, two species, ZnH2L and ZnL, were identified, and the overall
stability constants values are 21.84( 0.03 and 10.77( 0.04, respectively. In addition, the combined analysis of 1H NMR and 13C
NMR spectroscopic data enabled the establishment of the coordination modes of the metal complexes between BCIEE and the
Cd(II) or Zn(II) metal ions.

1. INTRODUCTION

Transition metal chelators are broadly used in a variety of
consumer products and processes, for example, in the pulp and
paper, textile, cosmetic, pharmaceutical, food, and detergent
industries, as well as in the remediation of metal-contaminated
soils, sediments, and sludges. Themolecular design requirements
for an effective chelator (i.e., hexadentate ligand derived from a
diamine with carboxylate or phosponate moieties) are well-
known and exemplified in current commercially available mate-
rials, such as the aminopolycarboxylate (APCA) [ethylenedi-
aminetetracetic acid (EDTA), diethylenetriaminepentacetic acid
(DTPA), etc.) or aminopolyphosponate [ethylenediamine tetra-
(methylene phosphonic acid (EDTMP), diethylenetriamine-
penta(methylene-phosphonic acid) (DETPMP), etc.] acids. These
chelators are, however, nonbiodegradable, and their accumulation in
the environment has been the cause of a great deal of concern.
Therefore, there is a pressing requirement to replace EDTA and
similar ligands with readily biodegradable alternatives.

The search for new complexes able to replace the older
generation of chelating agents has received a great deal of
attention in recent years. Synthesis,1,2 complexation,3-7 and
biodegradation8 studies of potential biodegradable chelating
agents have been reported in the literature. One of these
candidates is the [S,S]-stereoisomer of ethylenediaminedisucci-
nic acid, S,S-EDDS, and its biodegradability in domestic sludge
has been demonstrated.9

In recent years, our group has been involved in the develop-
ment of environmentally friendly complexing agents. During our
ongoing work, several potential biodegradable compounds were

synthesized, and the metal complexation properties were
studied.10-12 These compounds are ethylenediamine disubsti-
tuted derivatives with two secondary nitrogen atoms in the
molecule, which are potentially biodegradable.13 These ligands
were synthetized using units of the enantiopure L-amino acid, the
isomeric form more abundant in living organisms.14 These facts
altogether point out that these compounds have the required
structural characteristics as potential green chelating agents.

Recently, N,N0-(S,S)bis[1-carboxy-2-(imidazol-4yl)ethyl]ethyl-
enediamine (BCIEE) (Figure 1) was synthesized.15 Complexa-
tion studies revealed that BCIEE acts as a strong complexing
agent for Cu(II), Co(II), and Ni(II) ions.12 Under this context,
BCIEE was synthesized based on the method described by
Miyake et al.,15 and the formation constants of the complexes,
in aqueous solution, with BCIEE and Cd(II), Pb(II), and Zn(II)
metal ions were determined by potentiometry. Then, spectro-
scopic properties of the Cd(II) and Zn(II) complexes were
characterized by means of nuclear magnetic ressonance techni-
ques (1H NMR and 13C NMR). Further work related to the
biodegradability of BCIEE should be carried out.

2. MATERIAL AND METHODS

2.1. Potentiometric Measurements. The potentiometic ti-
trations were performed with a personal computer (PC)-con-
trolled system as previously described.10 The ionic strength of
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the solutions was adjusted to 0.1 M with KCl. The glass
electrode calibration, as well as all experimental details related
with the potentiometric titrations, were carried out as previously
described.10,11

Themetal stability constants of BCIEEwithmetal ions Cd(II),
Pb(II), and Zn(II) were all determined by direct potentiometric
titrations. For all M-(BCIEE)x-(OH)y systems studied, pH-
potentiometric titrations were performed using fixed total ligand-
to-total-metal-ion concentration ([L]:[MT]) ratios over a wide
pH range. The [LT]:[MT] ratios used to characterize the M-
(BCIEE)x-(OH)y systems, as well as the pH range used in the
potentiometric titrations, are compiled in Table 1.
The simulation and optimization procedures of the potentio-

metric data were performed using the ESTA program.16,17 The
refinement operations used in potentiometry involve solving
mass-balance equations, including an equation for the total
proton concentration, in such a way that the computed free
proton concentration, when used by the equation describing the
response of the calibrated glass electrode, reproduces the experi-
mentally recorded potential of the glass electrode as accurately as
possible. This is done by minimization of an objective function,
U, defined as:

U ¼ ðN- npÞ-1
XN
n¼ 1

ðEobsn - Ecalcn Þ2

where U is the objective function to be minimized, N is the total
number of experimental titration points; np represents the
number of parameters simultaneously optimized, En

obs is the
observed electrode potential at the nth data point, and En

calc =
E�0 þ k log[Hþ], where E�0 is the electrode intercept and k the
electrode calibration slope. A Gauss-Newton method is the
adopted approach by ESTA to minimize U. The Hamilton R-
factor, RH, is the statistical parameter used by ESTA to reflect the

improved agreement between the calculated and the observed
data. It is given by:

RH ¼ U
PN
n¼ 1

ðEobsn Þ

2
6664

3
7775

1=2

The Hamilton R-factor does not have dimensions. The ESTA
software includes a proton, ZH, function, defined by:

ZH ¼ HT - ½Hþ�þ ½OH-�
LT

where [LT] and [HT] represent the total concentration of ligand
and proton, respectively. This ZH formation function is calcu-
lated for each datum point and plotted against pH to aid the
modeling procedures. It is important to stress that the ZH
function can only be generated for the assumed M-(L)x-
(OH)ymodel. This implies that one has to investigate numerous
possible models and generate ZH functions for all of them
to select the most probable one, usually based on the observed
fit of the theoretical function into the objective (experimental)
one.
During the refinement operations of the different metal-

BCIEE systems studied, the water and BCIEE protonation
constants, as well as all known formation constants for metal
hydroxide species, Mx(OH)y, were kept fixed (Table 2). Stability
constant data for metal hydroxide species were used as they
appear in Table 2. In a first attempt and for all M-L-OH
systems, data coming from each titration were refined with ESTA
to test several models, as is shown in Table 3. Finally, when the

Table 1. Experimental Conditions Used in the Determina-
tion of the Global Stability Constants in the M-Lx-(OH)y
Systems, by Glass Electrode Potentiometry (GEP) and NMR
Measurements, at 25 �C and μ = 0.1 mol 3 L

-1 (KCl)

[MT]

ligand metal [LT]:[MT] mol 3 L
-1 pH range

GEP Cd 1 1.0 3 10
-3 2.0-11.5

2 1.0 3 10
-3

Pb 1 1.0 3 10
-3

2 1.0 3 10
-3

Zn 1 1.0 3 10
-3

1H NMR and
13C NMR

Cd 2 1.0 3 10
-2 4.0 and 10.0

Zn 2 1.0 3 10
-2

Table 2. Protonation Constants for Water, BCIEE, and
Overall Stability Constants for M(II) Complexes with OH-,
at 25.0 �C

μ

equilibrium log β mol 3 L
-1 refs

water Hþ þ OH- S H2O 13.78 0.1 19

BCIEE L2- þ Hþ S HL- 9.24 0.1 18

L2- þ 2Hþ S H2L 16.48 0.1 18

L2- þ 3Hþ S H3L
þ 22.52 0.1 18

L2- þ 4Hþ S H4L
2þ 27.33 0.1 18

L2- þ 5Hþ S H5L
3þ 30.07 0.1 18

cadmium Cd2þ þ OH- T Cd(OH)þ 3.9 0.0 19

Cd2þ þ 2OH- T Cd(OH)2 7.7 0.0 19

Cd2þ þ 3OH- T Cd(OH)3
- 10.3 3.0 19

Cd2þ þ 4OH- T Cd(OH)4
2- 12.0 3.0 19

Cd(OH)2 (s) T Cd2þ þ 2OH- -14.35 0.0 19

zinc Zn2þ þ OH- T Zn(OH)þ 4.6 0.1 19

Zn2þ þ 2OH- T Zn(OH)2 11.1 0.0 19

Zn2þ þ 3OH- T Zn(OH)3
- 13.6 0.0 19

Zn2þ þ 4OH- T Zn(OH)4
2- 14.8 0.0 19

Zn(OH)2 (s) T Zn2þ þ 2OH- -15.5 0.0 19

lead Pb2þ þ OH- T Pb(OH)þ 5.9 0.1 19

Pb2þ þ 2OH- T Pb(OH)2 10.9 0.0 19

Pb2þ þ 3OH- T Pb(OH)3
- 13.9 0.0 19

Pb(OH)2 (s) T Pb2þ þ 2OH- -16.1 0.0 23

Figure 1. Structure ofN,N0-(S,S)bis[1-carboxy-2-(imidazol-4yl)ethyl]-
ethylenediamine (BCIEE).
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correct model was obtained, data coming from all titrations were
introduced into ESTA, and the final overall stability constants
were refined (Table 4).
2.2. NMR Measurements. The 1H NMR and 13C NMR

measurements for the Cd-L-OH and Pb-L-OH systems
were performed on a Bruker Avance III-400 MHz spectrometer.
Measurements were made in H2O where some drops of D2O
were added. A stock solution of each system was prepared.
The pH of the batch solutions was changed by adding very
small additions of a very concentrated nitric acid solution
and/or saturated KOH solution with negligible variation of
the total volume and measured with a combined Crison glass
electrode (reference electrode Ag/AgCl). The electrode cali-
bration was performed in a similar way as described for
potentiometry.

Table 4. Overall Stability Constants (as log10 β Values),
Refined Simultaneously for All Titrations in ESTA, for BCIEE
with Cd(II), Pb(II), and Zn(II) Systems Determined by GEP
in 0.1 mol 3 L

-1 KCl at 25 �C

complexes log β

Cd2þ þ L2- T CdL 8.22( 0.02

Cd2þ þ L2- þ Hþ T CdLHþ 14.78( 0.01

Cd2þ þ L2- þ 2Hþ T CdLH2
2þ 20.63( 0.02

number of points 254

number of titrations/number of

independent solutions

6/3

Pb2þ þ L2- T PbL 6.63( 0.02

Pb2þ þ L2- þ Hþ T PbLHþ 13.78( 0.02

Pb2þ þ L2- þ 2Hþ T PbLH2
2þ 19.71( 0.02

number of points 259

number of titrations/number of

independent solutions

6/3

Zn2þ þ L2- T ZnL 10.77( 0.04

Zn2þ þ L2- þ 2Hþ T ZnLH2
2þ 21.84( 0.03

number of points 177

number of titrations/number of independent solutions 6/3

Figure 2. pH titrations of BCIEE with Zn(II), Cd(II), and Pb(II),
[LT]:[MT] = 1 and [MT] = 1.0 3 10

-3 mol 3 L
-1; μ = 0.10 mol 3 L

-1

(KCl) and T = 25 �C. For BCIEE alone, [BCIEE] = 1.0 3 10
-3 mol 3 L

-1.
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3. RESULTS AND DISCUSSION

The complex formation of the metal [Cd(II), Pb(II), and
Zn(II)]-BCIEE-OH (M-L-OH) systems has been followed
by pH-potentiometry. A comparative analysis between the
experimental pH values recorded for the different me-
tal-ligand titrations when compared with the pH titration
of the ligand alone evidenced that complexation between
BCIEE and the various metals begins in acidic conditions
for all M-L-OH systems (Figure 2). For the Zn-L-OH
system, the pH versus a (the parameter a represents the moles
of base, potassium hydroxide, added per mole of ligand) curve
suggests that BCIEE forms at least two species with Zn(II)
(Figure 2). Less sloping pH versus a curves were recorded for
the Cd-L-OH and Pb-L-OH systems (Figure 2); these
results indicate the formation of weaker complexes between

BCIEE and Cd(II) or Pb(II) and probably the presence of
more than one species.

Because BCIEE starts to complex Zn(II) at a very low pH, a
variety of acidic monocomplexes, ZnHxL, could be formed. For
the refinement operations of the Zn-L-OH system, first we
started with two models; the first model included the ZnHL,
ZnL, and ZnLx(OH)y species, and the second model included
the ZnH2L, ZnHL, ZnL, and ZnLx(OH)y species. An attempt to
refine all species included in the models in the whole pH range
was unsuccessful. Then, models without including ZnLx(OH)y
species were refined in a narrow pH range (models I and II,
Table 3). During refinement operations, ZnHL was rejected in
model II (Table 3). Then, the refinement operations for both
simplified models (in the case of model II without ZnHL)

Figure 3. ZH function for (A) Zn(II)-BCIEE-OH, (B) Cd(II)-
BCIEE-OH, and (C) Pb-BCIEE-OH systems. The computed ZH
functions were calculated from the refinement operations performed for
themodels presented inTable 3. [LT]:[MT] = 1, [MT] = 1 3 10

-3mol 3 L
-1.

Figure 4. Species distribution diagrams computed for the various M-
BCIEE-OH systems. (A) Zn-BCIEE-OH, (B) Cd-BCIEE-OH,
and (C) Pb-BCIEE-OH; [LT]:[MT] = 1, [MT] = 1.0 3 10

-3 mol 3 L
-1.

For all M-BCIEE-OH systems, the overall stability constants of
MHxL (where x = 0, 1, or 2) species of model II presented in Table 3,
BCIEE protonation constants, and metal hydroxide species (Table 2)
were used. The vertical lines indicate M(OH)2 precipitation (full line)
and redissolution (dashed line).
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resulted in models with low values of the Hamilton R-factor
(Table 3). From this, it was obvious that additional information
was required to suggest the most likely model. For this purpose,
values of the complex formation function, ZH, were calculated for
each datum point to aid in the modeling procedures (Figure 3A).
The analysis of the figure showed that the experimental ZH
function (circles in Figure 3A) was reproduced fairly well with
the model containing ZnL and ZnH2L, for example, model II in
Table 3.

To test the proposed model, a species distribution diagram
(SDD) was generated for the experimental [LT]:[ZnT] conditions
used ([LT]:[ZnT] = 1, [Zn] 1.0 3 10

-3 mol 3 L
-1) (Figure 4A).

For this purpose, the overall stability constants of ZnL and
ZnH2L refined previously (model II, Table 3), BCIEE protonation

constants, and zinc hydroxide species (Table 2) were used to
build the SDD. The SDD predicts that BCIEE starts to complex
with Zn(II) at pH 3.0 and precipitates, as Zn(OH)2, at pH 11.5.
This last result is in agreement with the observed experimental
pH value and also corroborates that ZnL(OH)x species were not
formed. Thus, the proposed final model should include the
ZnH2L and ZnL species. The final overall stability constants
resulting from the simultaneous refinement of all titrations in
ESTA are presented in Table 4.

BCIEE can act as a hexadentate ligand in aqueous solution
(Figure 1). Two carboxylic groups (pKa2 = 2.74), two amine
nitrogen (pKa3 = 4.81 and pKa6 = 9.24) and two imidazolyl
nitrogen (pKa4 = 6.04 and pKa5 = 7.21) groups become available
for complexation as the pH increases.18

If the logarithm of the H2L protonation constant (Table 2) is
subtracted from log βZnH2L (Table 4), the value obtained for
ZnH2L is 5.36. This stability constant value is similar to the
stability constant value of the ZnL complex formed between zinc
and glycine (4.96)19 or histamine (5.22)19 but much lower than
between zinc and histidine (6.51).19 On the other hand, the
comparison between the log β value (10.77) of ZnL species
(Table 4) with the log βZnL2 in the Zn-histidine (log βZnL2 =
12),19 Zn-histamine (log βZnL2 = 10.7),20 and Zn-glycine (log
βZnL2 = 9.19)

19 systems suggests the involvement of the twoNH2

and the two N(Im) groups in the Zn2þ coordination sphere. To
find further information about the possible structure of the
complexes formed, 1HNMR and 13CNMR spectra of the Zn-L
system ([ZnT] 1.0 3 10

-2 mol 3 L
-1, [LT]:[ZnT] ratio 2) were

recorded at pH 4.0 and 10.0 and comparedwith the 1HNMR and
13C NMR spectra recorded for the ligand at the same concentra-
tion and pH values. Under these conditions, speciation distribu-
tion diagrams predicted a formation of 77.7 % of ZnH2L at pH 4
and 100 % of ZnL at pH 10 (data not shown). At pH 10.0, 1H
NMR spectra evidence two sets of peaks of C(2)H and C(5)H
(in Figure 5 corresponds to the 1H NMR chemical shifts marked
as a and b, respectively), when compared with the free ligand at
the same pH (Figure 5). This behavior is probably due to
relatively slow mutual exchange between the protonated ligand
and the formed metal ion complexes.21 In addition, the chemical
shifts corresponding to C(R)H and of the ethylene bridge
protons (in Figure 5 corresponds to the 1HNMR chemical shifts
marked as d and e, respectively) of the complex were split and
downfield shifted when compared with the free ligand (Figure 5).
These results are in agreement with the histamine-like structure
previously postulated. Additionally, the 13C NMR spectral data
for the free ligand and ZnL complex were also recorded at pH

Figure 5. Parts of the 1HNMR spectra measured for BCIEE (A and C),
[BCIEE] = 1.0 3 10

-2 mol 3 L
-1, and for Zn(II)-BCIEE-OH system

(B and D), [LT]:[ZnT] = 2, [ZnT] = 1.0 3 10
-2 mol 3 L

-1; pH = 4 (A and
B) and pH = 10 (C and D).

Table 5. 13C NMR Chemical Shifts for Free Ligand and
ZnHxL (x = 0 or 2) Complexes at pH 4.0 and 10.0a

pH species

δ (ppm)

COO-

(g) C4 (f) C2 (a) C5 (b) CR (d)
Cethylene

(e) Cβ (c)

4 L 172.34 127.10 127.10 117.69 61.45 43.78 25.65
ZnH2L, L 172.34 127.19 127.19 117.72 61.50 43.85 25.71

179.88 60.30 46.81 28.31
10 L 181.13 136.69 136.69 115.39 64.38 46.83 30.65

ZnL, L 180.11 134.60 135.83 115.39 63.48 46.44 29.74
135.14 60.06 46.33 28.65

59.97 45.92 28.60
a Letters a, b, c, d, e, f, and g correspond to those marked in the structure
of BCIEE in Figure 5.
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10.0, and the ressonance signals are given in Table 5. Table 5
shows that the chemical shifts for the carboxylic signal in the free
and ZnL complex remained almost unffacted, which is evidence
of no involvement of the carboxylate group in the coordination
sphere of the Zn2þ. On the other hand, the C(2), C(R), and
C(ethylene) chemical shifts were split (Table 5). The chemical
shifts for C(R) signals in the complex have shown downfield
shifts up to 4 ppm compared to that of the free ligand, suggesting
a change upon complexation. All of these results corroborate the
histamine-like coordination type of the ZnL complex. Thus,
BCIEE behaves as a tetradentate ligand via the two NH2 and the
two N(Im) groups. Returning to the ZnH2L complex, the
carboxylate and ethylene carbon chemical shifts in the complex
split into (179.88 and 46.81) ppm and show downfield shifts of

(7.54 and 2.96) ppm, respectively (Table 5). These results
evidence the involvement of the carboxylate and NH2 groups
in the coordination sphere of the Zn2þ and suggest that BCIEE
behaves as a bidentate ligand via COO- and NH2 groups. On the
other hand, the 1H NMR spectrum in the complex is evidence
that the signals of C(2)H and C(5)H of the imidazole ring are
split and upfield shifted suggesting a ligand change upon com-
plexation. These results point out the involvement of the N(Im)
group in the coordination sphere of the Zn2þ and suggest that
BCIEE behaves as a bidentate ligand via N(Im) and NH2 groups.
All of these data support the coexistence of two isomeric ZnH2L
complexes (one structure constituted by one carboxylic and one
amine group forming a five-membered ring and another structure
constituted by one N(Im) and one amine group forming a six-
membered ring); these facts are consistent with the ambidentate
nature of the histidine ligand, that is, the ability to coordinate
histamine-like and glycine-like modes.20

For complexation studies of the Cd-L-OH and Pb-L-OH
systems, two [LT]:[MT] ratios, 1.0 and 2.0, were used (Table 1).
First, we started the refinement operations using two models for
each [LT]:[MT] ratio: models I and II for [LT]:[MT] ratio 1.0
and models I and III for [LT]:[MT] ratio 2.0 (Table 3). For the
[LT]:[MT] ratio 2.0 and for both M-L-OH systems, ML2 was
always rejected (model III, Table 3). In addition, the refinement
operations with just theML andMHL species (model I, Table 3)
did not fit well the experimental results (Figure 4B,C) for both
M-L-OH systems; Figure 4B,C shows that the calculated ZH
functions for lower pH values (pH values < 5.8 and 6.0 for
Cd-L-OH and Pb-L-OH systems, respectively) were above
the experimental ZH functions; the gap between the calculated
complexation curves and the experimental points strongly sup-
ports that more species, probably MH2L, must be included in the
model for both M-L-OH systems. As one can see in Table 3
and Figure 3, the inclusion of the MH2L species in the model
(model II) fitted well the experimental data and an improvement
in the Hamilton R-factor was observed for both M-L-OH
systems. Precipitation of M(OH)2 was experimentally observed
at pH 8.2 and 9.5 for the Pb-L-OH and Cd-L-OH systems,
respectively, for a [LT]:[MT] ratio of 1.0. In the absence of
complexing agents, the hydrolysis of each metal ion may occur at
pH 5.5 for Pb(II) and at pH 8.0 to 8.5 for Cd(II) (data not
shown).19 For the Pb-L-OH system, the analysis of Figure 3C
shows that, up to pH 7.8, the values of the ZH function did not
reach negative values, which means that no PbL(OH)x species
were formed. For the Cd-L-OH system, tentative refinement
of CdL(OH)x species were attempted in the pH range 7.7 to 9.0
and 7.0 to 9.6 for [LT]:[CdT] ratios of 1.0 and 2.0, respectively.
The strategy used consisted of refining the species CdL(OH)
assuming anothermodel, where the values of CdH2L, CdHL, and
CdL previously refined in a lower pH range (model II, Table 3),
were used as fixed values. For both [LT]:[CdT] ratios, ESTA
always rejected the CdL(OH) species (data not shown).

After this modeling exercise, we concluded that the proposed
final model for the Cd-L-OH and Pb-L-OH systems is:
MH2L, MHL, and ML. To confirm the proposed models, a SDD
corresponding to the experimental conditions used ([LT]:[MT]
1, [M2þ] = 1 3 10

-3 M) were drawn for the Cd-L-OH
(Figure 4B) and Pb-L-OH (Figure 4C) systems assuming
the model proposed above (model II, Table 3). For this purpose,
the overall stability constants of MH2L, MHL, and ML pre-
viously refined (model II, Table 3), BCIEE protonation con-
stants, and metal hydroxide species (Table 2) were used to build

Figure 6. Parts of the 1HNMR spectra measured for BCIEE (A and C),
[BCIEE] = 1.0 3 10

-2mol 3 L
-1, and for Cd(II)-BCIEE-OH system (B

and D), [LT]:[CdT] = 2, [CdT] = 1.0 3 10
-2 mol 3 L

-1; pH = 4 (A and B)
and pH = 10 (C and D).
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the SDDs. The SDDs for both M-L-OH systems show that
complexation starts around pH = 4, which is in agreement with
the pH versus a curves (Figure 2). Additionally, the SDDs predict
the occurrence of precipitation at pH = 9.3 for the Cd-L-OH
system and pH = 7.9 for the Pb-L-OH system, which is also in
line with what was observed experimentally. Thus, the values of
the overall stability constants were refined simultaneously using
all of the [LT]:[MT] ratios; the final overall stability constant
values are shown in Table 4.

If the logarithm of the H2L protonation constant is subtracted
from log βCdH2L, the obtained value for CdH2L is 4.15. This
stability constant value is similar to the stability constant value of
the CdL complex formed between cadmium and glycine (4.25)19

but much lower than the value determined with histidine
(5.66).19 These results suggest that BCIEE behaves as a bidentate
ligand via COO- and NH2 groups. However, it must be men-
tioned that, when we compare the stability constant value of
CdH2L (4.15) with the stability constant value of the CdL
complex formed between cadmium and histamine (4.75),19 the
formation of a histamine-like structure cannot be excluded.
Additionally, a comparison between the magnitude of the log β
value (8.22) of the CdL species (Table 4) with the log βCdL2

in
Cd-histidine (log βCdL2

= 9.94),19 Cd-histamine (log βCdL2
=

7.91),19 andCd-glycine (log βCdL2
= 7.77)19 raises the hypothesis

of a glycine or a histamine-like complex but clearly excludes the
hypothesis of a histidine-like complex. To obtain structural
information on the CdH2L and CdL complexes, 1H NMR
(Figure 6) and 13C NMR spectra were recorded for [LT]:[MT]
1, [M2þ] = 1 3 10

-2M at pH = 4.0 and pH = 10.0, respectively. At
these pH values, SDD predicts the formation of (23.6 and 99.6)
% of CdH2L and CdL, respectively. No appreciable amounts
of other complexes are formed at these pH values. Because the
SDD (Figure 4B) predicted that the CdHL complex coexists
with other species whatever the pH value considered, no
attempt to obtain structural information on this species was
attempted.

The analysis of the 1H NMR spectra of the CdH2L complex
(Figure 6) reflects marked broadening of the C(2)H and C(5)H
of the imidazole rings, as well as the C(R)H and ethylene bridge
protons. This phenomenon refers to the presence of com-
plexes, which are relatively slow (intermediate) mutual exchange
between the protonated ligand and the formed metal ion
complexes.21,22 These results corroborate the involvement of
theN(Im) andNH2 groups in the CdH2L complex. Thus, we can
conclude that 1H NMR results of the CdH2L complex corrobo-
rates the histamine-like structure. At pH 10.0, the formation of
the CdL complex changes distinctly the 1HNMR spectrumwhen
compared with the spectrum for the free ligand; the signals of
C(2)H and C(5)H of the imidazole rings, C(R)H, and ethylene
bridge protons are broad (Figure 6) probably due to relatively
slow mutual exchange between the protonated ligand and the
formed metal ion complexes.21,22 These facts, together with the
potentiometric data (Table 4), indicate that the deprotonation of
the four amines occur in parallel with their binding to the metal
ions forming macrochelates and suggests that the ligand is
coordinated to the metal ions tetradentately via the two N(Im)
and the two NH2 groups.

Because of the low sensitivity observed in the case of the 13C
NMR spectra recorded for CdH2L and CdL complexes, no
conclusions could be obtained from these results.

In the case of the Pb-L-OH system,more than one species is
formed simultaneously whatever the pH value considered

(Figure 4C), which precludes a correct structural characterization
of each complex. Because of this, no attempt to obtain structural
characterization of lead species for this system was performed.

The analysis of SDDs for all three metal-BCIEE systems
(Figure 4) evidences that metal hydroxide species are not formed
in a significant extent in the pH range where the models were
refined (Table 3). Thus, even though the data of the stability
constant for metal hydroxide species were not corrected to be at
an ionic strength of 0.1, no appreciable error was introduced in
the refinement operations.

4. CONCLUSIONS

In this work, the overall stability constants of all complexes,
which are formed in aqueous solution between BCIEE and
cadmium(II), lead(II), and zinc(II), were studied potentiome-
trically at (25.0( 0.1) �C and an ionic strength of 0.1MKCl. For
all three systems, the complete picture of the final models was
established. The following stability sequence has been obtained:
zinc(II) > cadmium(II) > lead(II).

In the case of the cadmium(II) and lead(II) systems, the
overall stabilities of these complexes are not high enough to
prevent the hydrolysis of the metal ion, and precipitation occurs
in a slightly alkaline solution.

The structure of cadmium(II)-BCIEE and zinc(II)-BCIEE
complexes have also been studied by 1H NMR and 13C NMR
spectroscopic techniques. The results provide evidence that
BCIEE acts as a tetradentate ligand involving two amino and
two imidazole nitrogens in metal coordination of the CdL and
ZnL complexes. Results also suggest that BCIEE behaves as a
bidentate ligand [via COO- and N(Im) or via NH2 and N(Im)
groups], forming an equilibrium mixture of two ZnH2L struc-
tures for the Zn(II)-BCIEE system. For the CdH2L species,
BCIEE behaves as a bidentate via one NH2 and one N(Im)
group.
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