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Summary. The formation equilibria for the binary complexes of co, Ni'", cu™, zn", cd™, Mn™, Pb",
Th"Y, UO,", and Ce™ with tricine and for the ternary complexes involving some a-amino acids
(glycine, «-alanine, proline, serine, asparagine, and aspartic acid) were investigated using pH-metric
technique. The formation of binary and ternary complexes was inferred from the pH-metric titration
curves. It was deduced that tricine acts as a primary ligand in the ternary complexes involving the
monocarboxylic amino acids (glycine, a-alanine, proline, serine, and asparagine), whereas it behaves
as a secondary ligand in the ternary systems containing the dicarboxylic aspartic acid. The ternary
complex formation was found to take place in a stepwise manner. The stability constants of the
complexes formed in aqueous solutions were determined potentiometrically under the experimental
conditions (r=25°C, I=0.1 moldm~ NaNO;). The order of stability of the ternary complexes in
terms of the nature of the amino acids is investigated and discussed. The values of 4log K for the
ternary complexes have been evaluated and discussed. Evaluation of the effects of ionic strength and
temperature of the medium on the stability of the ternary system M"-tricine-a-alanine (M" = Co"!, Ni",
and Cu™) has been studied. The thermodynamic parameters were calculated and discussed.

Keywords. Amino acids; Binary and ternary complexes; Stability constants; Tricine.

Introduction

The importance of metal ions in biological systems and the phenomenon of com-
plexation are well recognised. However, an accurate elucidation of the complexa-
tion process is apparently complicated in metabolic reactions where a variety of
equilibria involving a number of metal ions and ligands coexist. Yet, studies on
complexation reactions between biologically important metal ions and donor mole-
cules in vitro are desirable. Complexation equilibria in such systems would be
much closer to those existing in metabolic reactions.
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N-[Tris(hydroxymethyl)methyl]glycine, (HOCH,);CNHCH,COOH (trivial
name, tricine), which was first prepared by Good [1], has proved quite useful as
a buffer of pH range 7.2—8.5 in biological research studies [2]. It has also been used
as a buffer in animal tissue culture by Gardner [3], in fluorescent dye reagent to
analyze cells in urine and on measurement of small masses of protein with bicinch-
aninic acid [4, 5]. Bates et al. [6] prepared tricine buffer of pH =7.407 which
matches closely that of human blood. The same authors have also determined
the two pK values for the ampholyte tricine in 50% methanol and have derived
some standard thermodynamic parameters by e.m.f. measurements over the tem-
perature range 5—50°C. Recently, Jumean and Qaderi [7] reported the volumetric
behavior of tricine in mixed aqueous solvents.

Scanning the literature survey reveals that solution studies on the binary [8—11]
and ternary [12] metal complexes of tricine, using polarographic [8, 9], vol-
tammetric [10], and potentiometric [11, 12] techniques, are scarce.

In connection with our continuing research oriented toward the study of com-
plexation equilibria and the determination of stability constants of binary and
ternary complexes of biological importance [13—15], the present work concerns
a study of the solution equilibria involved in the formation of binary and ternary
metal complexes involving tricine and some selected c-amino acids, as these sys-
tems mimic many biological reactions (enzyme — metal ion — buffer interactions).

Results and Discussion

Representative pH-metric equilibrium titration curves for the free and metal com-
plexed ligands are depicted in Figs. 1 and 2.

The dissociation constant of cationic tricine, H,A ™, could not be calculated
potentiometrically under the present experimental conditions because of the highly
acidic nature of the associated proton. The second proton dissociation constant of
tricine, corresponding to the cationic (=N " H) group, was determined potentiomet-
rically from curves (a) and (b) using a computer program based on Irving and
Rossotti pH titration technique [16]. The details regarding the potentiometric
method were reported in the experimental section. The value obtained (8.06), at
25°C and I=0.10 mol dm—3 NaNOs, is compared with that of glycine (9.76), the
lower value of the former may be due to the inductive electron attraction by the
hydroxyl oxygens, and it agreed quite well with that previously reported [2], after
allowing for changes in experimental conditions as well as methods of calculation.

The acid—base equilibrium of the Zwitter ion form of tricine can be represented
as follows in Scheme 1.

The proton dissociation constants of a-amino acids studied have also been
determined potentiometrically from curves (a) and (d). The values of pKa, for
monocarboxylic amino acids, and pKa; and pKaj for the dicarboxylic aspartic acid,
although already reported in Ref. [17], have been redetermined at 25°C and
I=0.10mol dm~3 NaNOj to obtain values using the same experimental procedures
as used in the study of binary and ternary systems, and are in agreement with data
found in the literature. It is worth mentioning that the pKa; values of the amino
acids investigated are too low (<2.30) [18], and exist only in strongly acidic
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Fig. 1. Potentiometric titration curves for the Ni'-tricine-a-alanine system at 25°C and
I=0.1 mol dm~3 NaNO;
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Fig. 2. Potentiometric titration curves for the Ce''-tricine-aspartic acid system at 25°C and
I=0.1moldm 3 NaNO;
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solutions. Therefore, these values are not used in calculations, since the pH-metric
data are measured in the range 3 < pH < 10.5.

Analysis of the complexed ligands curves (c) and (e), as shown in Figs. 1 and
2, indicates that the addition of metal ion to the free ligand solutions shifts the
buffer region of the ligand to lower pH values. This shows that complexation
reaction proceeds by releasing of protons from such ligands. Generally, it is
observed that the binary metal complexes of tricine and monocarboxylic amino
acids begin to form in the pH range of 3.2-5.5 and 3.6-6.8, respectively. With
respect to the titration curves of the binary metal complexes involving aspartic
acid, one may deduce that these complexes begin to form in the pH range
2.8-3.0.

The complexes are quite stable up to high pH values. In all cases, no calcula-
tions have been performed beyond the precipitation point; hence, the hydroxyl
species likely to be formed after this point could not be studied.

The stability constants of 1:1 and 1:2 binary complexes of tricine with the metal
ions selected have been determined at 25°C and /=0.1 moldm—> NaNOj.
The values obtained are more or less in good agreement with the literature
data [11, 12]. However, our stability constant for the Ce™tricine 1:2 complex is
lower than that determined recently [11] by 1.24 units. The disagreement found
may be ascribed to the different methods, temperature, and ionic strength used for
determination.

In our study, tricine (A) is considered as a primary ligand and monocar-
boxylic amino acids (L) as secondary ligands, since MA species are formed at
lower pH values than for ML species. The observed lowering of the 1:1:1 ternary
complex titration curve (f) in comparison to binary MA and ML titration curves
(c) and (e), indicates the formation of ternary complexes in solution as shown in
Fig. 1.

The existence of a ternary complex is also ascertained by comparison of the
ternary complex titration curve with the composite curve, obtained by graphical
addition of the monocarboxylic amino acid titration data to that of the 1:1 metal—
tricine titration curve. The ternary system was found to deviate considerably from
the resultant composite curve indicating the formation of a ternary complex. There-
fore, it is assumed that in the presence of both ligands tricine is ligated to the metal
ion, then followed by ligation of the monocarboxylic amino acid; that is, the
ternary complex formation could be considered in stepwise complexation equilib-
ria (Egs. (1) and (2):

M + tricine = M ((tricine) (1)

M ((tricine) + L = M (tricine)(L) (2)
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M(tr.ic.ine) _ [M(tricine) (L)] (3)
M ((tricine)(L) [M(tricine)] [L]

where L =monocarboxylic amino acid.

It is observed, from the titration curves representing metal — tricine — aspartic

acid system, that the complexation equilibria are as follows:

M + aspartic acid = M (aspartic acid) (4)
M (aspartic acid) + tricine = M (aspartic acid)(tricine) (5)
M(aspartic acid) _ [M(aspartic acid)(tricine)]

(6)

M (aspartic acid)(tricine) [M(aspartic acid)](tricine)]

In Fig. 2 a representative set of potentiometric titration curves for the ternary
complex of Ce'™ with aspartic acid and tricine is displayed. The behavior reveals
that in the presence of the two ligands, «,(-dicarboxylic aspartate interacts first
with the metal ion forming a highly stable binary complex, and then interacts with
tricine, forming a ternary complex.

Examination of the stability constant values of the same metal ion ternary

complexes (Table 1) reveals the following remarks:

(a)

(b)

(c)

A comparison of the stability constants of the metal — tricine — amino acid
ternary systems indicates higher stabilities of the ternary complexes containing
the «,0-dicarboxylic amino acid (aspartic acid). This behavior can be
mainly attributed to the fact that the dicarboxylic amino acid is much more
prone to complex formation than the monocarboxylic amino acids (glycine,
a-alanine, proline, serine, or asparagine). This is due to the effective high
basicity of the dicarboxylic amino acid as well as its tendency to act as
ONO tridentate.

Stability of ternary complexes involving glycine are higher than those contain-
ing a-alanine. This behavior does not follow the basicities as expected, prob-
ably because the pKa values of the amino acids are so similar. It is suggested
that the steric hindrance, caused by the presence of a methyl group on the
carbon bearing the amino group («-alanine), is responsible for the lower sta-
bility of its ternary complexes.

The complex stability of the same metal ion ternary complexes containing
proline and serine follows the order: proline>serine. This behavior can be
explained in terms of the effective basicity of the free conjugate base of these
monocarboxylic amino acids, i.e. their affinity to act as o-donor. Accordingly,
the observed high stability of proline ternary complex on comparison to that of
the corresponding one containing serine, can be ascribed to the high basicity of
its free conjugate base (pKa, = 10.41 and 9.05 for proline and serine, respec-
tively). This reflects itself to the fact that proline behaves as a better o-donor
than serine. It is worth mentioning that ternary complexes of proline or serine
with Mn" metal ion could not be detected potentiometrically under our experi-
mental conditions; hence, the stability constants of their ternary complexes
could not be determined.
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Table 1. Stability constants of 1:1:1 ternary complexes of tricine with a-amino acids and 4log K
values at 25°C, I=0.10mol dm—3 NaNO;

Cation log K4,

a-Amino acids

Glycine a-Alanine Proline Serine Asparagine  Aspartic acid

Co™ 5.66+0.03 4.58+005 474+0.03 457+0.02 448+0.08  6.31+0.03
Ni't 7.58+0.05 6.60+0.03 721+005 637+0.02 6.05+005 7.59=+0.04
Cu" 9.14+0.04 796+0.04 8624002 7.68+0.07 7.53+0.05 9.24+0.03
Zn" 691 £0.07 6724005 672+004 593+0.03 528+0.02 7.02+0.06
Ccd" 476 +0.04 4.69+003 471+0.06 4.63+0.03 448+0.09  5.49+0.07
Mn" 452+008 441+006 - - 3794+0.03  5.2340.03
Po" 795+0.06 6.85+005 7424003 653+0.08 6.81+0.02  7.82+0.02
Th'Y 9.55+0.06 9.194+0.04 941+0.06 886+0.03 8.63+0.03 10.38+0.04
UO,"  847+0.02 8.09+0.03 831+0.05 7.77+0.02 7.194+0.05  9.02+0.08
Ce!! 6.02+0.04 5.88+0.06 597+002 569+0.05 462+004  7.14+0.03

Cation Alog K

a-Amino acids

Glycine a-Alanine Proline Serine Asparagine Aspartic acid
Co" 0.44 0.35 0.43 0.31 0.45 1.71
Nilt 1.39 1.12 0.39 0.99 0.69 1.45
Cu® 1.25 0.32 0.36 0.66 0.62 1.57
Zn" 1.40 1.35 0.40 1.12 0.81 1.66
cd” -0.17 0.25 —0.05 0.22 0.24 0.91
Mn" 0.56 0.57 - - 0.27 1.72
P! 1.74 0.97 1.29 0.50 1.19 1.66
Th'Y 0.33 0.18 0.26 0.18 0.12 2.68
Uo," 0.20 0.07 0.13 0.09 0.15 2.28
Ce™ 1.25 1.20 1.27 1.19 1.01 1.66

(d) The observed low stability of the ternary complexes containing asparagine can
be mainly attributed to the low basicity of asparagine free conjugate base
(pKa, =8.82).

The relative stability of the ternary and binary complexes can be quantitatively
expressed in a number of different ways. It has been argued that a comparison can
best be made in terms of 4log K values [19]. Table 1 demonstrates the difference
in stabilities of the binary and ternary complexes in terms of 4 log K, as defined by
Eq. (7)

M (tricine
4 IOgK = log KM((ttricine))(L) - IOg K]]l‘/[/I(L) (7>
o M (aspartic acid) M
- log KM(aspa.rtic acid)(tricine) 10g KM(tricine)

where L =monocarboxylic amino acid.
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The second form of Eq. (7) is used in the case of metal — aspartic acid — tricine
ternary systems, where aspartic acid acts as a primary ligand and tricine as a
secondary ligand, as mentioned previously in this work.

In general, positive 4 log K values for the systems indicated favoured formation
of the M(A)(L) ternary complexes over the corresponding binary ones. This can be
ascribed to interligand interactions or some cooperativity between the primary and
secondary ligands such as H-bond formation.

The ionic strength of solutions is a measure of total electrolyte concentration
and is defined according to Ref. [20] by: I=1/2 X C; Zi2 where Z; is the charge on
each individual ion, and C; is the concentration of the ion i. The ionic strength of
the medium is related to the activity coefficients of the ions in solution by the
following relation: —log f; =0.51 ZiZ\/i/(l +0.33 oy V/I) where f; is the activity
coefficient for ion i, the numbers 0.51 and 0.33 are constants for water at 25°C, and
the former includes the —3/2 power of both the dielectric constant of the solvent
and the absolute temperature; «; is the ion size parameter, which is the effective
diameter of the hydrated ion. Therefore, an increase in ionic strength will decreases
the activity coefficient and, consequently, the activity of the ions. The tendency for
dissociation of the ligands and, consequently, the complexation process decreases
as reflected by the decreasing of the dissociation constants of the ligands and the
stability constants of metal complexes. This is in full agreement with the Debye—
Hiickel equation [21].

The ternary system M"tricine-«-alanine (where M= COH, NiH, and CuH) was
chosen for studying the effect of ionic strength on dissociation of the ligands as

o
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Fig. 3. Plot of log K}, and log K}4, vs. /I at 25°C
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Table 2. Dissociation constants of tricine and a-alanine and stability constants of their 1:1 binary and
1:1:1 ternary complexes at 25°C and different ionic strengths

Tonic
strength pKa, log KAA,’I’A
I (NaNOsy)
Tricine a-Alanine Co" Ni" Cu"

0.25 7.80 +0.03 9.42 +0.02 4.40 +0.02 5.71 +0.03 7.25+0.04
0.20 7.88 +£0.02 9.48 +0.03 4.46 +0.04 5.81 +0.05 7.34 +0.03
0.15 7.94 £0.05 9.54 +0.03 4.51 +0.03 5.92 £0.02 7.46 £0.07
0.10 8.06 +0.05 9.68 +0.05 4.60 +0.04 6.14 +£0.07 7.67 +£0.06
0.06 8.14 +0.06 9.74 +0.02 4.68 +0.06 6.28 +0.03 7.82 +0.02
0.02 8.26 +0.06 9.88 +0.04 4.78 +0.05 6.48 +0.04 8.024+0.03
0.00 8.44 +0.02 10.06 £+ 0.03 4.93 +0.02 6.76 = 0.07 8.32+0.05
Tonic
strength log K31, log K4,
I (NaNO3)

ol Nil! cu! ol Nil! cu!
0.25 434+0.02 498+0.05 7.18£0.03 4224+006 632+0.03 7.48+0.04
0.20 441+0.03 5.12+0.03 7.28+£0.04 431+002 638+0.05 7.60=+0.03
0.15 4494005 526+£0.06 740+£0.04 440+0.04 6461003 7.73+£0.05
0.10 463+0.02 548+0.04 7.64+£0.03 4584005 6.60+0.03 7.96+0.04
0.06 474 +£0.04 572+002 7.784+0.07 470+£0.03 6.70+0.03 8.124+0.02
0.02 491 +£0.02 598+003 798+0.02 488+0.06 6.83+0.06 8.36+0.03
0.00 5.084+0.03 636+0.04 830+£0.05 5.06£0.02 7.054+0.04 8.724+0.02

well as the stability of 1:1 binary and 1:1:1 ternary complexes. The plot of log K},
and log KM4, vs. /1 is linear as shown in Fig. 3. The thermodynamic equilibrium
constants (at /=0.0) were determined by applying linear regression analysis. The
results obtained are reported in Table 2.

The thermodynamic quantities associated with (a) the dissociation of the
ligands chosen (tricine and «-alanine), (b) the formation of 1:1 binary complexes,
and (c) the formation of 1:1:1 ternary complexes in the ternary system M"-tricine-
a-alanine (where M= Co'", Ni'' and Cu') were also studied at the constant
ionic strength 7=0.10moldm > NaNOs. The equilibrium constants have been
evaluated at 25, 35, 45, and 55°C along with the different thermodynamic para-
meters. The values obtained are given in Table 3.

The enthalpy changes for the dissociation of the ligands are positive (endother-
mic). The positive values of AG® for the dissociation processes of the ligands
denote that such processes are not spontaneous. In addition, the negative values
of entropy changes pointing to increased ordering due to association.

The values of logK},, logK),, and logK}4 . at different temperatures
(Table 3), show that the stability constants of the complexes decrease with increas-
ing temperature. This behavior can be mainly ascribed to the thermal hydrolysis of
the metal complexes [21]. A plot of logKi1,, and log K¥4, vs. —I/T gives a
straight line (Fig. 4).
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Table 3. Thermodynamic quantities associated with the dissociation of the ligands studied, the interaction of metal ion
with the ligands at 1:1 molar ratio, and the interaction of metal ion with the ligands at a 1:1:1 molar ratio,

I=0.10mol dm~3 NaNO;

Ligand or complex Cation pKa, or logK
t/°C=25 35 45 55
tricine H 8.06 & 0.02 7.94 +0.04 7.84 +0.02 7.72 +0.03
a-alanine H 9.68 + 0.04 9.52 +0.03 9.38 +0.02 9.22 +0.02
(1:1) binary complex of tricine Co" 4.60 +=0.02 4.50 +0.06 4.41 +0.03 4.32+0.05
Nilt 6.14 +0.03 6.01 +0.03 5.89 +0.04 5.76 + 0.06
Cu' 7.67 £0.05 7.47 +0.04 7.29 +0.03 7.11 £ 0.06
(1:1) binary complex of «-alanine Co" 4.63 +0.05 4.51+0.02 4.40 +0.06 4.30+0.03
Nilt 5.48 +0.02 5.31 +0.02 5.17 £ 0.03 5.04 +0.02
Cu®! 7.64 +0.04 7.46 +0.04 7.30 +0.02 7.13 £0.04
(1:1:1) ternary complex Co" 4.58 +£0.06 4.46 +0.05 4.36 +0.04 4.25+0.04
Nilt 6.60 + 0.06 6.45 +0.02 6.21 +0.04 6.07 £0.02
Cu”! 7.96 + 0.03 7.68 +0.04 7.44 +0.06 7.18 +£0.03
Ligand or complex Cation AH® AG° AS°
kJ - mol! kJ - mol~! J-mol~!.K!
tricine H 21.07 46.00 —144.79
«-alanine H 28.73 55.25 —172.37
(1:1) binary complex of tricine Co" —17.24 —26.25 80.05
Nilt —24.90 —35.04 106.87
Cu! —34.47 —43.77 130.81
(1:1) binary complex of a-alanine Co" —19.15 —26.42 79.29
Ni't —25.85 —31.28 92.31
Cu —30.64 —43.60 132.15
(1:1:1) ternary complex Co" —21.07 —26.14 78.33
Nilt —26.81 —37.67 112.33
Cu! —47.88 —45.43 128.51

It is of interest to note that the AH® values for the ternary systems studied are

more negative as compared to those of the corresponding binary ones, and ensure
that despite the steric hindrance due to the primary ligand, tricine, the bond is
stronger in the ternary complex formation [22]. Also, the relatively high negative
values of AH° for ternary complexes may be due to less competition faced by a
secondary ligand at this step from a water molecule [22]. However, the complexa-
tion process is spontaneous in nature, as characterized by the negative AG° values.
The AS° values obtained substantiate the suggestion that the different binary and
ternary complexes are formed due to the coordination of the ligand anion to the
metal cation. Moreover, the positive values of 4S° suggests also a desolvation of
the ligands, resulting in weak solvent—ligand interactions, to the advantage of the
metal ion-ligand interaction [23]. It was found that magnitude of the AH°, AG®,
and 4S° values for all the complexes investigated, in terms of the nature of the
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Fig. 4. Plot of log K}, and log K¥4, vs. —1/T at I=0.10mol dm > NaNOj

metal ion, increases in the order Cu" > Ni'' > COH, which follows the Irving—
Williams order [24]. This behavior is consistent with results obtained for the values

of the stability constants of the complexes studied, as confirmed recently by Khan
et al. [25].

Experimental

Materials and Solutions

N-[Tris(hydroxymethyl)methyl]glycine (tricine) of analytical reagent grade (Sigma) was used without
further purification. Chromatographically pure amino acids were A.R. grade, BDH products. The metal
salts were provided also by BDH as nitrates or chlorides. All solutions were prepared in bidistilled
water. A stock solution of tricine was prepared by dissolving an accurate amount by mass in the
appropriate volume of bidistilled water. The metal ion solutions were standardized by EDTA using
suitable indicators [26]. Carbonate-free sodium hydroxide solution was prepared by dissolving the
Analar pellets in bidistilled water, and the solution was standardized potentiometrically with potassium
hydrogen phthalate (Merck AG). Nitric acid, sodium hydroxide, and sodium nitrate were from Merck

p.a.

Apparatus and Procedure

The pH titrations were performed using a Metrohm 702 titroprocessor equipped with a 665 dosimat
(Switzerland). The titroprocessor and electrode were calibrated with standard buffer solutions; based
on the scale of the U.S. National Bureau of Standards [27]. The pH-metric titrations were carried out at
the desired temperature in a purified nitrogen atmosphere.



Equilibrium Studies of Binary and Ternary Complexes 395

The following solutions were prepared (total volume 50cm’) and titrated potentiometrically
against standard carbonate-free NaOH (0.10 mol dm™>) solution:

(a) HNOj; (0.003 mol dm™>) + NaNO; (0.10 mol dm™>)

(b) solution a+ 0.001 mol dm™? tricine

(c) solution b+ 0.0004 mol dm > metal ion

(d) solution a+ 0.001 mol dm™> amino acid

(e) solution d + 0.0004 mol dm™~> metal ion

(f) solution a+ 0.001 moldm > metal ion + 0.001 moldm ™ tricine + 0.001 mol dm~> amino acid

Each of the above solutions was thermostated at the required temperature with an accuracy of
+0.1°C, where the solutions were left to stand for about 15 min before titration. Magnetic stirrer was
used during all titrations. Multiple titrations were carried out for each system. All calculations were
performed using a computer program based on unweighted linear least-squares fits.
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