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ABSTRACT: Protonation constants of 1,3-bis(tris(hydroxymethyl)methylamino)propane (BTP) and the complexes formed
between BTP and Co(II), Ni(II), or Zn(II) metal ions have been studied by glass electrode potentiometry (GEP) in aqueous
0.1 mol 3 L

�1 KNO3 supporting electrolyte at 25( 0.1 �C. The complexation model for each M(II)�BTP system was established.
The proposed final model for Ni(II)�BTP system is: NiL, NiLH�1, and NiLH�2, with stability constant values, as log β, of 7.13(
0.02, �1.32 ( 0.04, and �10.81 ( 0.05, respectively. For Co(II)�BTP and Zn(II)�BTP systems, the proposed final model is
constituted byML,ML2, ML2H�1, andML2H�2 complexes. For the Co(II)�BTP system, the overall refined stability constants (as
log β) are 4.57( 0.02, 8.76( 0.02, 0.17( 0.03, and�8.73( 0.03, respectively, and for Zn(II)�BTP system they are 4.99( 0.02,
9.18 ( 0.03, 1.01 ( 0.03, and �7.91 ( 0.04, respectively. In a general way, the complex stability was found to follow the trend:
Ni(II) > Zn(II) > Co(II).

1. INTRODUCTION

Hydrogen buffers are used to maintain a constant concentra-
tion of hydrogen ions in solution. The hydrogen donor/acceptor
can be oxygen, as is the case of phosphate; however, for many
biological buffers nitrogen acts as a donor/acceptor since a
variety of substituents can tailor the amine pKa to neutral pH.
Due to this, the choice of alternative buffers had greatly increased
with the commercial availability of the zwitterionicN-substituted
aminosulfonic acids synthesized by Good and co-workers.1�3

Good's buffers have, in fact, been widely adopted, and at least one
major chemical supplier devotes a special section of its catalog to
them (e.g., Sigma-Aldrich).

The compound 1,3-bis(tris(hydroxymethyl)methylamino)pro-
pane (BTP) is commercially available from Sigma-Aldrich. Its pH
buffering ranges between 6.3 and 9.5, which comprises a large pH
range and makes it suitable for a wide broader of applications. To
exemplify this statement, the literature describes many works
where BTP has been used as a buffer for multipurposes.4�8

Studies involving metal ions (such as is the case of heavy
metals speciation, biological, and biochemical studies), which
require pH control, are inevitably subject to the possibility of
buffer interference as a result of metal complexation. So, when
these buffers are used in studies involving metal ions in solution,
it is very important to consider the possible interference of them,
due to metal ion complexation. If complexes are formed, then
stability constants must be known.

From the analysis of the structure of the BTP (Figure 1), we
see that BTP contains two secondary amines plus six hydroxyl
groups on the β carbons. From this, we can clearly anticipate that
BTP should be a strong complexing agent. Previous works, where
the interactions between BTP and Cu(II)9 or Ni(II)10 were

studied, evidenced that BTP forms strong complexes with these
two metal ions in the pH buffer range and thus can decrease
strongly the free metal ion concentration when this ligand is used
as a buffer. However, the reported values of the protonation con-
stants and the complex-forming features of BTP with Ni(II)9,10

were determined without the reference of a set of a minimum
criteria.11,12 In this context, the protonation constants of BTP
and the equilibrium solution studies of the interaction between this
ligand and Ni(II) were revisited and reevaluated in the present
work. Additionally, the formation constants of the complexes in
aqueous solution with BTP and the Co(II) and Zn(II) metal ions
were also determined in this work for the first time.

2. EXPERIMENTAL SECTION

2.1. Materials and Methods. The ligand BTP (99 %) was
purchased from Sigma-Aldrich (St. Louis, Missouri, USA) and
used as received. Solutions of Co(II) and Ni(II) were prepared

Figure 1. Structure of 1,3-bis(tris(hydroxymethyl)methylamino)pro-
pane (BTP).
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from Merck analytical grade of Ni(NO3)2 and Co(NO3)2 and
standardized by ethylenediaminetetraacetate (EDTA) complex-
ometric titrations.13 An acidic standard solution of Zn(II)
(1.5 3 10

�2 mol 3L
�1) purchased from Merck was used. Additional

information about the remaining reagents is described elsewhere.14

2.2. Potentiometric Measurements. The potentiometric
titrations of BTP and of M(II)�BTP systems [M = Co(II),
Ni(II), or Zn(II)] were performed using an automatic acquisi-
tion data with a personal computer (PC) controlled system, as
previously described.14 All measurements were performed on
solutions adjusted to an ionic strength of 0.1 M with KNO3 in a
Methrom (Herisau, Switzerland) jacketed glass vessel, equipped
with a magnetic stirrer, and thermostatted at 25.0( 0.1 �C using
a water bath. A stream of purified nitrogen was used as the inert
atmosphere in the titration cells to degas all solutions before the
titrations. Oxygen and carbon dioxide were excluded from the
reaction mixture by maintaining a slight positive pressure of
purified nitrogen in the titration cell.
The glass electrode calibration, in terms of hydrogen ion

concentration, was accomplished by the addition of a standar-
dized solution of potassium hydroxide to a standardized solution
of nitric acid (both solutions adjusted to the ionic strength of
0.1 mol 3 L

�1). From this potentiometric titration, the values of
E� and response slope were obtained by fitting a straight line to
the experimental points collected around pH 2 and 11.
The protonation constants of BTP, as well as the metal

stability constants of BTP with Co(II), Ni(II), and Zn(II) metal
ions, were all determined by direct potentiometric titrations
using glass electrode potentiometry (GEP). For all systems,
monotonic titrant volume additions of standardized KOH were
made, and the potential was recorded as a function of the added
volume. For the determination of protonation constants of BTP,
three solutions with a BTP concentration of 2.5 3 10

�3 mol 3 L
�1

and other three solutions with a concentration of 1.0 3 10
�3

mol 3 L
�1 were used; for each solution, two titrations were

performed. Further experimental details are described in Table 1.
For all M(II)�BTP systems studied, pH-potentiometric titra-

tions were performed using the fixed total ligand-to-total-metal-
ion concentration ([LT]:[MT]) ratios over a wide pH range. For
the Co(II)�BTP system, a total of nine titrations were carried
out; for the refining operations of the stability constants, five
titrations from four independent solutions with the [LT]:[MT]
ratio set to 4, [Co2+] = 1.0 3 10

�3 mol 3 L
�1, and two titrations

from a different solution with the [LT]:[MT] ratio at 3, [Co
2+] =

4.0 3 10
�3 mol 3 L

�1 were used. Additionally, two more titrations
from another solution with [LT]:[MT] ratio set to 2, [Co2+] =
1.0 3 10

�3 mol 3 L
�1, were also performed. For the Ni(II)�BTP

system, five independent solutions were prepared, and a total of
eight titrations was performed using [LT]:[MT] ratios of 2 and 4,
[Ni2+] = 1.0 3 10

�3 mol 3 L
�1. In the case of the Zn(II)�BTP

system, five independent solutions were prepared to perform
seven titrations. A total of five titrations were carried out with the
[LT]:[MT] ratio set to 4, and the other two were at a [LT]:[MT]
ratio of 6; in all titrations, the concentration of Zn(II) was
1.0 3 10

�3 mol 3 L
�1.

The [LT]:[MT] ratios used to characterize M(II)�BTP sys-
tems, as well as other experimental details, are compiled inTable 1.
2.3. Data Treatment. For the refinement of the protonation

constants of BTP, the water constant15 (Table 2) was kept
constant. During the refinement of the overall metal stability
constants for all systems, the water and BTP protonation con-
stants, as well as all known stability constants for Mx(OH)y
species15 (Table 2), were kept fixed.
The simulation and optimization procedures of potentio-

metric data was done using the ESTA (equilibrium simulation
for titration analysis) program.16,17 The refinement operation
involves solving mass-balance equations, including the 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, repro-
duces the experimentally recorded potential of the glass elec-
trode as accurately as possible. This is done byminimization of an
objective function, U, defined as:

U ¼ ðN � npÞ�1 ∑
N

n¼ 1
ðEobsn � Ecalcn Þ2 ð1Þ

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 ob-
served electrode potential at the nth data point and En

calc = E0 + k
log[H+], E0 is the electrode intercept, and k is the electrode
calibration slope. The 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 calculated and
observed data. It is given by:

RH ¼ U

∑
N

n¼ 1
ðEobsn Þ2

2
664

3
775

1=2

ð2Þ

ESTA software includes a metal formation function, ZM, defined
by:18

ZM ¼
LT � Lð1 þ ∑

N

n¼ 1
βn01½Hþ�nÞ

MT
ð3Þ

where

L ¼ HT � ½Hþ� þ ½OH��

∑
N

n¼ 1
βn01½Hþ�n

ð4Þ

Table 1. Experimental Conditions Used in the Determina-
tion of Global Protonation Constants of BTP and of Global
Stability Constants in M(II)�BTP Systems, by GEP, at 25� C
and μ = 0.1 mol 3 L

�1 (KNO3)

[LT] [MT]

ligand or metal [LT]:[MT] mol 3 L
�1 mol 3 L

�1 pH range

BTP 1.0 3 10
�3 3.4�11.9

2.5 3 10
�3 3.4�11.9

Co(II) 2 1.0 3 10
�3 3.2�10.1

3 4.0 3 10
�3 3.8�11.0

4 1.0 3 10
�3 2.8�11.7

Ni(II) 2 1.0 3 10
�3 3.3�11.6

4 1.0 3 10
�3 3.0�11.7

Zn(II) 4 1.0 3 10
�3 2.7�12.0

6 1.0 3 10
�3 3.9�11.3
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LT, MT, and HT represent the total concentration of ligand,
metal, and proton, respectively; βn01 stands for the formation
constants of the MnL0Hl species. This function is calculated for
each datum point and is plotted against �log[L] to aid in the
modeling procedures. Model selection was mainly based on the
following criteria:19 (i) a search for the minimum value of the
objective function being minimized; (ii) good internal consis-
tency of the data; (iii) best fit between experimental and
calculated formation curves for the different models tested; and
(iv) calculations of the degree of formation of each species using
species distribution diagrams (SDD).

3. RESULTS AND DISCUSSION

3.1. Protonation Constants of BTP. The protonation con-
stants obtained after the refinement of the results using all
titrations performed with BTP concentrations of (1.0 3 10

�3

and 2.5 3 10
�3) mol 3 L

�1 (Table 1) were, for log β1 and β2,
9.07 ( 0.01 and 15.95 ( 0.01, respectively (Table 2).
A comparison of the values of the protonation constants

observed with BTP and propylenediamine (PPDM) (log K1 =
10.54 and logK2 = 6.31)

15 and 1,3-diamino-2-propanol (logK1 =
9.56 and log K2 = 8.02)15 evidence that, for K1, the acidic
character of these compounds follow the trend: BTP > 1,3-
diamino-2-propanol > PPDM. This behavior is explicable as the
presence of hydroxyl groups in the neighborhood of the amine
groups of 1,3-diamino-2-propanol and BTP decreases the elec-
tron density of the amines and thus increases their acidity.
3.2. Models and Complexation Stability Constants of the

Co(II)�BTP System. For the Co(II)�BTP system, complexation
studies were performed with a 1 3 10

�3 mol 3L
�1 metal concentra-

tion for [LT]:[CoT] ratios of 2 and 4 and a 4.0 3 10
�3 mol 3 L

�1

metal concentration for a [LT]:[CoT] ratio of 3. Two models,
model I [CoL, CoLH�1, and CoLH�2] andmodel II [CoL, CoL2,
CoL2H�1, and CoL2H�2], were used to refine the Co(II)�BTP
system. For [LT]:[CoT] ratios 3 and 4, both models were tested,
and equivalent results were obtained for both [LT]:[CoT] ratios;
for [LT]:[CoT] ratio 4, refinement operations are presented in

Table 3. The analysis of the results shows that the stability constant
values obtained for the CoL species, by the two models, are
equivalent. Besides CoL, we also included CoLH�1 and CoLH�2

in model I and CoL2, CoL2H�1, and CoL2H�2 in model II. For
the two individual [LT]:[CoT] ratios studied, the ESTA program
was able to refine bothmodels well. However, the fitting for model
I [CoL + CoLH�1 + CoLH�2] did not improve the results, and a
worse Hamilton R-factor was obtained than for model II. On the
other hand, if one considers that CoLH�1 and CoLH�2 are
formed from the hydrolysis of the CoL complex, the refined
stability constants for both species have unrealistic values. A
comparison between log β for CoLH�1 (�3.03) and CoLH�2

(�12.00) with the theoretical ones [log10 β CoLH�1 = log10 β
CoL + log10 β Co(OH) = 4.65 + (�9.5) = �4.85 and log10 β
CoLH�2 = log10 β CoL + log10 β Co(OH)2 = 4.65 + (�18.4) =
�13.75] shows that the first ones are significantly larger than the
computed values of �4.85 and �13.75. Such a huge increase
(about 1.8 log units above the theoretical values) would mean that
the formation of CoLH�1 andCoLH�2 involved amajor structural
change of the complexes, which is most unlikely. When we analyze
the ZM of model II for a [LT]:[CoT] ratio of 4 (Figure 2A), it is
clear that theZM function increases above 1 and goes straight up to
2. So, CoL2 could be the species necessary to complete the
model.18 After 2, the ZM graphic starts curving. This means that
there is formation of the CoLx(H�1)y species.

18 Besides this, the
ZM graphical analysis (Figure 2A) shows that model II, the model
constituted by CoL, CoL2, CoL2H�1, and CoL2H�2 species,
reproduced perfectly the experimental results in the pH range
considered (model II, Table 3). In addition, the log β values for
CoL2H�1 (�0.17) and CoL2H�2 (�9.29) are closer to the
theoretical ones [CoL2H�1 = CoL2 + Co(OH) = 8.67 + (�9.5) =
�0.83; CoL2H�2 = CoL2 + Co(OH)2 = 8.67 + (�18.4) =
�9.73], which is additional evidence of model II.
To test the proposed model, a species distribution diagram

(SDD) was generated for [LT]:[CoT] ratios of 2 and 4 (Figure 3).
Figure 3A does not predict precipitation at the [LT]:[CoT] ratio
of 4, which is in agreement with the experimental work. This
figure also suggests that CoL, CoL2, and CoL2H�2 are the major

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

μ

equilibrium log β mol 3 L
�1 reference

water H + + OH� T H2O 13.78 0.1 15

BTP L2� + H+ T HL� 9.07 ( 0.01 0.1 this worka

L2� + 2H+ T H2L 15.95 ( 0.01 0.1

Co(II) Co2+ + H2O T [Co(OH)]+ + H+ �9.5 0.0 15

Co2+ + 2H2O T [Co(OH)2] + 2H+ �18.4 0.0 15

Co2+ + 3H2O T [Co(OH)3]
� + 3H+ �30.8 0.0 15

Co(OH)2(s) T Co2+ + 2OH� �14.9 0.0 15

Ni(II) Ni2+ + H2O T [Ni(OH)]+ + H+ �10.2 0.1 15

Ni2+ + 2H2O T [Ni(OH)2] + 2H+ �18.6 0.0 15

Ni2+ + 3H2O T [Ni(OH)3]
� + 3H+ �29.3 0.0 15

Ni(OH)2 (s) T Ni2+ + 2OH� �15.1 0.0 15

Zn(II) Zn2+ + H2O T [Zn(OH)]+ + H+ �9.2 0.1 15

Zn2+ + 2H2O T [Zn(OH)2] + 2H+ �16.5 0.0 15

Zn2+ + 3H2O T [Zn(OH)3]
� + 3H+ �27.7 0.0 15

Zn(OH)2 (s) T Zn2+ + 2OH� �15.52 0.1 15
a For this refinement, a total of 831 points were used in a pH range between 3.4 and 11.9.
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species, and for this model the best statistical result was obtained
(Table 3). Figure 3B predicts, at the [LT]:[CoT] ratio of 2,
mainly the formation of CoL and CoL2 prior the precipitation
to occur at about pH 8. At this [LT]:[CoT] ratio, the GEP
experiment confirmed that it was impossible to collect data in
the whole pH range due to occurrence of precipitation. Thus,
the proposed final model should include CoL, CoL2, CoL2H�1,
and CoL2H�2 species. The final overall stability constants
resulting from the simultaneous refinement in ESTA of all
titrations performed for [LT]:[CoT] ratios of 3 and 4 are
presented in Table 4.
3.3. Models and Complexation Stability Constants of the

Ni(II)�BTP System. For refining operations of the Ni(II)�BTP
system, two models were assumed, model I [NiL, NiLH�1, and
NiLH�2] and model II [NiL, NiL2, NiL2H�1, and NiL2H�2],
and two different [LT]:[NiT] ratios ([LT]:[NiT] ratios 2 and 4,
[Ni2+] = 1.0 3 10

�3 mol 3 L
�1) were used to establish the correct

model. Final results obtained, after refining both models of one
titration for the [LT]:[MT] ratio of 4, are summarized in Table 3.
Table 3 shows that the fitting of the two models (I and II)

generated almost equivalent statistical parameters of the overall
fitting, indicating that both models can probably represent the
system at this ratio. From the analysis of the ZM function
(Figure 2B), it is noticed that ZM increases straight up to 1. This
means that NiL is formed. Figure 2B also shows that the for-
mation of NiL occurs in a wide range of pH, as the ZM remains
constant at 1, in a pA range between 6.2 to 4, which corresponds
to a pH range between 6.1 to 7.
On the other hand, the presence of NiL2 inmodel II, as a major

metal containing species is not supported by the graphical
analysis of ZM function since after ZM attains a value of 1, the
graphic does not go straight up to 2 but it immediately starts to
curve; these facts clearly suggest the formation of NiL(H�1)y
and/or Ni(OH)z species.18 In addition, the refined value for

Table 3. Overall Stability Constants (as log10 β Values) for One Titration for the M(II)�BTP Systems Determined by GEP in
0.1 mol 3L

�1 KNO3 at 25 �C; for All M(II)�BTP Systems, [M(II)] = 1 3 10
�3 mol 3 L

�1

metal Co(II) Ni(II) Zn(II)

[L]:[M]T 4 4 6

equilibrium model I model II model I model II model I model II

M2+ + L2� T ML 4.648 ( 0.009 4.610 ( 0.006 7.25 ( 0.01 7.24 ( 0.01 4.73 ( 0.02 4.74 ( 0.01

M2+ + 2L2� T ML2 NIa 8.667 ( 0.006 NI 10.12 ( 0.01 NI 8.88 ( 0.01

M2+ + L2� + H2O T MLH�1 + H+ �3.03 ( 0.01 NI �1.41 ( 0.01 NI �2.85 ( 0.01 NI

M2+ + L2� + 2H2O T MLH�2 + 2H+ �12.00 ( 0.02 NI �11.89 ( 0.02 NI �10.55 ( 0.02 NI

M2+ + 2L2� + H2O T ML2H�1 + H+ NI �0.17 ( 0.01 NI 1.28 ( 0.01 NI 0.90 ( 0.01

M2+ + 2L2� +2H2O T ML2H�2 + 2H+ NI �9.29 ( 0.01 NI �9.41 ( 0.02 NI �7.75 ( 0.01

Hamilton R-factor 0.01 0.006 0.005 0.003 0.016 0.008

number of points 96 96 103 103 132 132

pH range 6.0�9.0 6.0�9.0 5.5�10.0 5.5�10.0 5.9�8.5 5.9�8.5
aNI: not included.

Figure 2. ZM function for (A) Co(II)�BTP and (B) Ni(II)�BTP
systems. Models and experimental conditions are described in Table 3.

Figure 3. Species distribution diagrams computed for the Co(II)�BTP
system using model II of Table 3. (A) [LT]:[CoT] = 4, [CoT] =
1.0 3 10

�3 mol 3 L
�1. (B) [LT]:[CoT] = 2, [CoT] = 1.0 3 10

�3 mol 3 L
�1.

The vertical line indicates Co(OH)2 precipitation (full line).
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NiL2 (10.12) does not present a realistic value as it is much lower
than two times the value of the refined value for NiL.
After this modeling exercise, we concluded that the proposed

final model for the Ni(II)�BTP system is: NiL, NiLH�1, and
NiLH�2. To confirm the proposed model, SDD was drawn for
the experimental conditions studied (Figure 4). SDD indicates
that NiL, NiLH�1, and NiLH�2 are predominant species in the
pH range where they are formed; this behavior was observed no
matter what [LT]:[NiT] ratio was used. In the case of NiL species,
SDD evidenced that this species is formed at a large extent (more
than 90 %) in a wide pH range (about two pH units), which is
consistent with the presence of a plot of NiL, as it is shown by the
graphical analysis of ZM function (Figure 2B).
The final overall stability constants resulting from the simul-

taneous refinement operations of all [LT]:[NiT] ratios are
presented in Table 4.
The comparison of the value of the NiL stability constant ob-

served with BTP (7.13) (Table 4) and propylenediamine (PPDM)
(6.31)15 shows that Ni(II) binds more strongly with BTP. A simple
evaluation based on the basicity of the two ligands points out to
enlargement in the stability constant values with the increase of the
pKa,

11 whichwas not observed.The fact thatNiL stability constant is

0.8 log units higher than for Ni�PPDM system, though the basicity
of BTP is smaller than for PPDM, suggests that BTP's hydroxyl(s)
groups are involved in the coordination.
3.4. Models and Complexation Stability Constants of the

Zn(II)�BTP System. To characterize the Zn(II)�BTP system
and to establish the correct model, two different [LT]:[ZnT]
ratios were studied by GEP (Table 1). In the case of the Zn(II)�
BTP system, a similar refinement was also accomplished, as it was
done for the other two M(II)�BTP systems. Model I [ZnL +
ZnLH�1 + ZnLH�2] and model II [ZnL + ZnL2 + ZnL2H�1 +
ZnL2H�2] were fitted without a problem. The final results are
summarized in Table 3.
The fitting of the two models (I and II) generated almost

equivalent statistical parameters of the overall fitting (Table 3),
which indicates that both models can probably represent the
system. In the case of the [LT]:[ZnT] ratio equal to 6, the
experimental ZM function (Figure 5) shows that the ZM function
grows almost linearly until 2 without back fanning;18 this
behavior suggests the formation of ZnL and ZnL2.
For both models, the same value of ZnL was refined (Table 3).

This indicates that ZnL should be a major species. From ESTA
refinement, the log βZnL2 value was 8.88. If the value of the
stability constant for ZnL is about 4.74, then the expected log
βZnL2 value should be about 9.5 (twice the log KZnL) or a little bit
lower; the refined value, 8.88, from model II (Table 3) is in
agreement with this statement.
For model I, the values obtained for the stability constants for

the hydroxide species, ZnL(H�1)y, are a bit larger than the
expected ones. For ZnLH�1, the theoretical value would be�4.47
[log βZnLH�1

= log βZnL + log βZn(OH)T log βZnLH�1
= 4.73 +

(�9.2)] and for ZnLH�2 �11.8 [log β ZnLH�2
= log βZnL + log

βZn(OH)2 T log βZnLH�2
= 4.73 + (�16.5)], while the ones ob-

tained experimentally are larger (model I, Table 3). Using the
same procedure, the theoretical values for ZnL2(H�1)y complexes
are: logβZnL2H�1

= logβZnL2 + logβZn(OH))T logβZnL2H�1
= 8.88 +

(�9.2) = �0.32, log βZnL2H�2
= log βZnL2 + log βZn(OH)2 T log

βZnL2H�2
= 8.88 + (�16.5) =�7.62; in the case of the ZnL2H�2

complex, the refined stability constant value, log βZnL2H�2
=

�7.75 ( 0.01 (Table 3), is of similar magnitude to the one
predicted theoretically.
Using these theoretical values, three ZM were generated

(Figure 5, curves 1 to 3). Analysis of ZM for models described by
curves 1 [with ZnL(H�1)y species fixed at theoretical values] and 2
[with ZnL2(H�1)y species fixed at theoretical values] in Figure 5
suggests that ZnL2(H�1)y species are major species at higher pH
values (pA lower than 4); curve 2 is much closer to experimental

Table 4. Overall Stability Constants (as log10 β Values),
Refined Simultaneously for All Titrations in ESTA, for BTP
with Co(II), Ni(II), and Zn(II) in 0.1mol 3 L

�1 KNO3 at 25 �C

equilibrium log β

Co2+ + L2� T CoL 4.57 ( 0.02

Co2+ + 2L2� T CoL2
2� 8.76 ( 0.02

Co2+ + 2L2� + H2O T CoL2H�1 + H+ 0.17 ( 0.03

Co2+ + 2L2� + 2H2O T CoL2H�2 + 2H+ �8.73 ( 0.03

no. points 907

no. titrations/no. independent solutions 7/5

Ni2+ + L2� T NiL 7.13 ( 0.02

Ni2+ + L2� + H2O T NiLH�1 + H+ �1.32 ( 0.04

Ni2+ + L2� + 2H2O T NiLH�2 + 2H+ �10.81 ( 0.05

no. points 720

no. titrations/no. independent solutions 8/5

Zn2+ + L2� T ZnL 4.99 ( 0.02

Zn2+ + 2L2� T ZnL2
2� 9.18 ( 0.03

Zn2+ + 2L2� + H2O T ZnL2H�1 + H+ 1.01 ( 0.03

Zn2+ + 2L2� + 2H2O T ZnL2H�2 + 2H+ �7.91 ( 0.04

no. points 646

no. titrations/no. independent solutions 7/5

Figure 4. Species distribution diagram computed for the Ni(II)�
BTP system using model I of Table 3. [LT]:[NiT] = 4, [NiT] =
1.0 3 10

�3 mol 3 L
�1.

Figure 5. ZM function for the Zn(II)�BTP system. Theoretical models
(curves 1 to 3) are calculated from ZnLx constants in Table 3 and Zn�
(OH)y constants in Table 2 (for further details see text). The refined
model (model II) and experimental conditions are described in Table 3.
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ZM than curve 1, which means that ZnL(H�1)y species exist in a
small amount. This is also confirmed when curves 2 and 3 are com-
pared; including all of the ZnLx(H�1)y species, fixed at theoretical
values (curve 3, Figure 5), the difference between curves 2 and 3 is
minimal, evidencing that the contribution of ZnL(H�1)y species is
small. Taking into account all of these facts, the solid line (model II)
represents themajor species present in solution, with refined stability
constant values indicated in Table 3. From a statistical point of view,
nomore species are required to reproduce the objective function. To
obtain additional evidence of the model, tentative attempts to
determine the stability constants for zinc and BTP by differential
pulse polarography at a [LT]:[ZnT] = 101, [Zn2+] = 1 3 10

�5

mol 3L
�1 in the pH range 4 and 11 were performed; however, after

the addition of the ligand, BTP, to the zinc ion in solution, the system
became irreversible, which disabled the determination.
To test the proposed model, a SDD was generated for the ex-

perimental [LT]:[ZnT] conditions used ([LT]:[ZnT] = 6, [Zn
2+] =

1 3 10
�3mol 3L

�1) assumingmodel II as the correct one (Figure 6).
The SDD evidence that ZnL and ZnL2 are major species but are
formed in a narrow pH range. On the other hand, SDD shows that
ZnL2H�1 starts to be formed immediately after the ZnL2 is being
formed, and this is probably the explanation why an equivocally
linear increase of ZM up to 2 was not attained (Figure 5).
All of the facts described above strongly suggest that model II

is the correct one. Considering all of the [LT]: [ZnT] ratios for
which the final model [ZnL, ZnL2, ZnL2H�1, and ZnL2H�2] was
refined, the final overall stability constant values were obtained
and are presented in Table 4.
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