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Abstract Protonation constants of methyl/nitro substituted 1,10-phenanthrolines {(m/n-

sphen): 4-methyl-phenanthroline (4-mphen), 5-methyl-1,10-phenanthroline (5-mphen),

4,7-dimethyl-1,10-phenanthroline (dmphen), 3,4,7,8-tetramethyl-1,10-phenanthroline

(tmphen) and 5-nitro-1,10-phenanthroline (5-nphen)] and the amino acids (aa) L-tyrosine

(tyr) and glycine (gly), and their corresponding binary and ternary stability constants with

Cu(II), were determined in aqueous 0.1 mol�L-1 KCl ionic media at 298.15 K. The pro-

tonation constants of the ligands and the stability constants of the binary and ternary

complexes of Cu(II) with the ligands were calculated from the potentiometric data using

the ‘‘BEST’’ software package. The species distribution diagrams were obtained using the

‘‘SPE’’ software package under the experimental conditions described. The order of sta-

bility of the ternary complexes in terms of the primary ligands is [Cu(tm-

phen)(aa)]?[ [Cu(dmphen)(aa)]?[ [Cu(4-mphen)(aa)]?[ [Cu(5-mphen)(aa)]?[ [Cu

(5-nphen)(aa)]?. The stability constants of the ternary complexes decrease in the fol-

lowing order: [Cu(m/n-sphen)(gly)]?[ [Cu(m/n-sphen)(tyr)]?, which is identical to the

sequence found for the binary complexes of Cu(II) with gly and tyr.

Keywords Copper(II) � 4-Methyl-1,10-phenanthroline � 5-Methyl-1,10-phenanthroline �
4,7-Dimethyl-1,10-phenanthroline � 3,4,7,8-Tetramethyl-1,10-phenanthroline � 5-Nitro-

1,10-phenanthroline � L-tyrosine � Glycine stability constants � Potentiometric methods

1 Introduction

There is a growing interest in studying the properties of amino acids and 1,10-phenan-

throline derivatives. Copper is a bio-essential transition metal ion that is known to

form very stable binary as well as ternary complexes with various compounds [1].
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1,10-Phenanthroline derivatives are nitrogen-donor bidentate ligands with relatively high

affinities for copper [2–4]. Their extended aromatic ring system allows these ligands to

bind to DNA by intercalative and non-intercalative interactions, either as free ligands or in

metal complexes [5, 6]. The amino acids are the chemical units of proteins that constitute

the structure for all living organisms and are essential for various biochemical processes

that support the maintenance of life in individual organisms [7]. They are good chelating

agents and can coordinate with transition metals, either through their amino or carboxyl

groups.

Quite recently, we reported that water soluble binary and ternary copper(II) complexes

of L-tyrosine and substituted 1,10-phenanthrolines (1,10-phenanthroline, 4,7-dimethyl-

1,10-phenanthroline, 5-nitro-1,10-phenanthroline) bind to and cleave DNA and also

exhibit cytotoxic activity that is greater than that of cisplatin [5, 6]. We have also

reported that a ternary copper(II) complex of L-leucine and substituted 1,10-phenan-

throline (4,7-diphenyl-1,10-phenanthroline) binds DNA/BSA and also displays antioxi-

dant/radical scavenging activities [8]. It is essential to investigate the formation of ternary

complexes of copper(II) with substituted 1,10-phenanthrolines with amino acids as a

contribution to the knowledge of the speciation of copper(II) complexes in biological

systems. For this reason, accurate determination of the protonation and stability constant

values is fundamental to understanding the behavior of ligands and their interaction with

metal ions in aqueous solution. Potentiometric titration is accepted as a powerful and

simple electroanalytical technique for the determination of stability constants. Our pre-

vious potentiometric titration studies in aqueous solution include the study of biologically

important ligands such as ATP [9], amino acids [9, 10], catechols [11], catecholamines

[12, 13].

Considering the facts mentioned above, in this paper we investigate the stability

constants of binary and ternary copper(II) complexes with methyl/nitro-substituted 1,10-

phenanthroline {[m/n-sphen]: 4-methyl-phenanthroline (4-mphen), 5-methyl-1,10-

phenanthroline (5-mphen), 4,7-dimethyl-1,10-phenanthroline (dmphen), 3,4,7,8-tetram-

ethyl-1,10-phenanthroline (tmphen) and 5-nitro-1,10-phenanthroline (5-nphen)] and

selected amino acids {[aa]: L-tyrosine (tyr) and glycine (gly)} in aqueous solution

(Fig. 1). A thorough literature review showed that no similar work has been published on

systems involving copper(II) with 4-mphen, 5-mphen, dmphen, tmphen and 5-nphen as

primary ligands and tyr and gly as a secondary ligand. Additionally, no work seems to

have been reported on the protonation constant of 4-mphen or study of complexation

4-mphen, b = -CH3, a, c, d, e = H 
5-mphen; c = -CH3, a, b, d, e = H 
dmphen; b, d= -CH3, a, c, e = H  
tmphen, a, b, d, e = -CH3, c = H 
5-nphen; c = -NO2, a, b, d, e = H 

     glycine, gly, R= H 

tyrosine, tyr, R=

N N
a

b
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e
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Fig. 1 Structures of the ligands used in this study
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between copper(II) and 4-mphen in aqueous solutions. In this study, the protonation

constants of ligands. and the stability constants of the binary and the mixed ligand

complexes formed with copper(II), have been determined by potentiometric methods in

0.1 mol�L-1 KCl media at 298.15 K. The protonation constants of the ligands and the

stability constants of the complexes have been calculated with the BEST software

package [14]. In addition, the distribution of complex species in these systems is

graphically presented using the SPE software package [14]. The tendency of these metals

and ligands to form binary or ternary complexes was also evaluated and was analyzed by

calculating their Dlog10 K values.

2 Experimental

2.1 Materials and Reagents

All ligands were purchased from Sigma–Aldrich (99% purity) except dmphen (Alfa

Aesar). All ligands were treated with excess HCl in aqueous solution to yield the proto-

nated species (H2L2?). Copper(II) chloride was purchased from Merck ([98% purity). A

copper(II) chloride solution was prepared in concentrated HCl (Merck, 37% assay). The

stock solution of copper(II) chloride was standardized complexometrically with the dis-

odium salt of ethylenediaminetetraacetic acid (Na2EDTA, 99%) using a suitable indicator

[15]. Excess acid in the Cu(II) stock solution was determined by potentiometric titration as

described previously [9–12]. A carbonate-free KOH (Fluka, 86% purity) solution was

prepared and standardized potentiometrically against the primary standard potassium

hydrogen phthalate (Merck, 99.9%) [16, 17]. A hydrochloric acid solution (0.1 mol�L-1)

was prepared and standardized by titration against the standard potassium hydroxide.

Potassium chloride (Merck) was of p.a. reagent grade and was used as a background

electrolyte. The ionic strength of each solution was adjusted to 0.1 mol�L-1 by the addition

of KCl as supporting electrolyte. All solutions were prepared with analytical grade water

(R = 18 MX cm) using grade A glassware.

2.2 Procedure, Measurements and Data Processing

Potentiometric titrations were carried out using a Schott TitroLine Alpha Plus automatic

titrator equipped with a Schott combined pH electrode. A double-walled titration cell with

inlet and outlet connections providing water circulation was used to carry out the pH

titrations. The titration cell was thermostatted at 298.2 ± 0.1 K using a VWR 11405

circulating thermostat. The volumes were made up to 50 mL with deionized water, prior to

the titrations being performed. The overall experimental procedure involved potentiometric

titrations of the following solutions:

(a) 5 mL of 0.1 mol�L-1 HCl ? 5 mL of 1 mol�L-1 KCl (for cell calibration).

(b) Solution from (a) ? 0.1 mmol dmphen/nphen ? 0.1 mmol HCl (for the determi-

nation of the protonation constants of the dmphen/nphen),

(c) Solution from (a) ? 0.1 mmol gly ? 0.1 mmol HCl (for the determination of the

protonation constants of gly).

(d) Solution from (b) ? 0.1 mmol copper(II) (for the determination of the stability

constants of the MA binary complexes).
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(e) Solution from (c) ? 0.1 mmol copper(II) (for the determination of the stability

constants of the MB binary complexes).

(f) Solution from (b) ? (0.1 mmol gly ? 0.1 mmol HCl) ? 0.1 mmol copper(II) (for

the determination of stability constants of MAB? ternary complexes).

The solutions were stirred magnetically under a continuous flow of N2 gas. The ionic

strength was adjusted with 0.1 mol�L-1 KCl. The ligand/metal ? ligand solutions were

titrated against 0.1 mol�L-1 KOH in an atmosphere of pure N2 gas, and the potential

difference values were recorded in mV. The potentiometric cell was calibrated before each

experiment to allow measurement of the hydrogen ion concentration rather than its

activity. For this purpose, the standardized HCl solution was titrated with KOH solution.

From the titration data in the acidic region, an equation was obtained

ðEðmVÞ ¼ Eo
cell þ S log½Hþ� þ EjÞ. In this equation, Eo

cell is the standard potential in this

cell, S is the electrode slope and Ej is the liquid junction potential value, which depends

only on the ionic strength. When the potential values were measured for the ligand or metal

? ligand solutions, pH values were calculated from the potential value using the above

equation. From the titration data in the basic region, Kw values were calculated from

several separate [H?] and [OH-] measurements in 0.1 mol L-1 KCl [14, 15]. The daily-

calculated pKw values varied between 13.60 and 13.70. Potentiometric titrations were

carried out using three different metal (or ligand) concentrations (between 1.0 9 10-3 and

4.0 9 10-3 mol�L-1).

The stability constant, bpqrs, is defined by Eqs. 1 and 2 (charges are omitted for sim-

plicity), where p, q, r, and s are the moles of Cu, A (m/n-sphen), B (amino acids), and

proton (H), respectively, in the complex Cup(A)q(B)rHs. The log10 bpqrs values were cal-

culated by using the BEST [14] software package. The species-distribution diagrams were

obtained with the SPE software package [14] using the experimental conditions employed.

pCu þ qðAÞ þ rðBÞ þ sH �

bpqrs
CupðAÞqðBÞrHs ð1Þ

bpqrs ¼
½CupðAÞqðBÞrHs�
½Cu�p½A�q½B�r½H�s ð2Þ

The overall experimental procedure involving potentiometric titrations was carried out

as previously reported [9–13]. The protonation constants of dmphen and nphen, and sta-

bility constants of binary [Cu(dmphen)]2? and [Cu(5-nphen)]2? systems were taken from

our previous study [10].

3 Results and Discussion

3.1 Protonation Constants of the Ligands

Potentiometric titrations of solutions containing amino acid in excess HCl were performed

with 0.1 mol�L-1 KOH solution in 0.1 mol�L-1 KCl ionic media at 298.15 K. The

observed pH values were plotted against m (mmol base/mmol ligand). The potentiometric

titration curves are labeled as ‘‘I’’ in Figs. 2 and 3. The protonated gly (H2B?) has acidic

protons on both the amine and carboxyl termini of the molecules. Tyr can be written as
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H2BH? due to the –OH group in the aromatic ring, where the ‘‘H’’ on the right side of B is

the phenolic hydroxyl proton. In the titrations of the amino acid ligands, an inflection point

was observed at m = 1.0. The proton of the a–COOH moiety is neutralized in the acidic

region of the titrations, while the second proton, bound to the amine nitrogen (�NHþ
3 ), is

neutralized in the basic region (pH = 8.0–10.0). Only for tyr, with the third proton dis-

sociating above pH = 10, is the proton of the –OH group connected with the aromatic ring.

Potentiometric titrations of solutions containing protonated m/n-sphen and excess HCl

(5 equivalents with respect to the ligand) were performed with 0.1 mol�L-1 KOH solution

in 0.1 mol�L-1 KCl ionic media at 298.15 K. The resulting titration curves are labeled as

‘‘II’’ in Figs. 2 and 3. In this study, protonated 4-mphen, 5-mphen, dmphen, tmphen and

5-nphen are shown as H2A2?, and the two protons were neutralized during the titrations.

The first nitrogen-bound acidic proton is neutralized in the buffer zone (m = 0.0–1.0) in

the pH range of 2.0–3.0. The second acidic proton is neutralized at higher pH. The

4-mphen, 5-mphen, dmphen, tmphen and 5-nphen ligands have two nitrogens but we could

only measure one protonation constant. It was impossible to measure the second proto-

nation constant because it occurs in a very acidic region that cannot be measured with a
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(b)

Fig. 2 Potentiometric titration
curves of the systems studied in
0.1 mol�L-1 KCl ionic media at
298.2 K, TCu = 1.5 9 10-4

mol�L-1: a I, tyr alone; II,
4-mphen alone; III, Cu(II)–tyr
(1:1); IV, Cu(II)–4-mphen (1:1);
V, Cu(II)–4-mphen–tyr (1:1:1).
b I, tyr alone, II, 5-mphen alone;
III, Cu(II)–tyr (1:1); IV, Cu(II)–
5-mphen (1:1); V, Cu(II)–5-
mphen–tyr (1:1:1)
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glass electrode due to the high contribution of the liquid junction potential [18]. Proto-

nation constants of the ligands in this study were calculated with the BEST software

applied to the potentiometric titration data. From the experimental data shown in Tables 1

m
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(a)
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III IVIII V

(b)

Fig. 3 Potentiometric titration curves of the systems studied in 0.1 mol�L-1 KCl ionic media at 298.2 K,
TCu = 1.5 9 10-4 mol�L-1: a I, gly alone; II, tmphen alone; III, Cu(II)–gly (1:1); IV, Cu(II)–tmphen (1:1);
V, Cu(II)–tmphen–gly (1:1:1). b I, gly alone; II, dmphen alone; III, Cu(II)–gly (1:1); IV, Cu(II)–dmphen
(1:1); V, Cu(II)–dmphen–gly (1:1:1)

Table 1 Protonation constants
(log

10
K) of gly and tyr in

0.1 mol�L-1 KCl ionic media at
298.15 K

a This work

Ligand log10 K

–OH �NHþ
3

–COOH

gly 9.45 ± 0.02a 2.33 ± 0.02a

9.38 [22] 2.37 [22]

tyr 10.22 [10] 9.05 [10] 2.20 [10]

10.04 [22] 8.99 [22] 2.17 [22]

J Solution Chem (2017) 46:124–138 129

123



and 2, it is noted that the protonation constants of ligands obtained in this work are

consistent with those reported in the literature within a very reasonable difference range

[10, 19–22].

3.2 Binary Complexes of Amino Acids

The potentiometric titrations of the Cu(II)–aa systems (aa: amino acid, B: tyr and gly) were

performed at 1:1 molar ratios (Figs. 2 and 3, curves III). In each of the 1:1 Cu(II):aa

systems, two inflection points were observed at m = 2.0 and 3.0. In the m = 0.0–2.0 buffer

zone, CuB? (for gly) and Cu(BH)? (for tyr) complexes are observed along with initial

formation of the hydroxo complex at m = 2.0. In Figs. 2 and 3, curve III, the hydrolysis of

CuB? and Cu(BH)? complexes are shown by the dashed line. In all of the amino acid

systems, the difference between the titration curves of the ligand alone and metal ? ligand

solutions (DpH) is approximately 5.0. The observed decrease in the binary CuB? and

Cu(BH)? curves in comparison to the free ligand solution curve indicates formation of the

binary complexes in solution. The equilibria involved in the Cu(II):gly system can be

described by the following equations, where, b is the overall stability constant of the

complex, K is the stepwise stability constant, and H2B? refers to the protonated gly. (In the

equations below, the ligand and the complexes for the Cu–tyr system can be represented as

H2BH?, Cu(BH)? and CuB(OH), respectively):

Cu2þ þ H2Bþ
� CuBþ þ 2Hþ ð3Þ

CuBþ þ H2O �

KMB
MBH�1

CuB(OH) þ Hþ KMB
MBH�1

¼ ½CuBðOHÞ�½Hþ�
½CuBþ� ð4Þ

Cu2þ þ B�
�

bM
MB

CuBþ bM
MB ¼ ½CuBþ�

½B��½Cu2þ�
ð5Þ

Taking into account all the possible species, the stability constants of the binary

complexes were calculated from the potentiometric titration data using the BEST software

package. The experimental data is reported in Table 3. The stability constants found in our

Table 2 Protonation constants
(log

10
K) of 4-mphen, 5-mphen,

dmphen, tmphen and 5-nphen in
0.1 mol�L-1 KCl ionic media at
298.15 K

a This work

Ligand log10 K

N(1) N(2)

4-mphen 5.52 ± 0.02a \1a

–

5-mphen 5.18 ± 0.01a \1a

5.23 [19]

dmphen 5.89 [10] \1 [10]

5.95 [20]

tmphen 6.33 ± 0.01a 1.71 ± 0.19a

6.31 [21]

5-nphen 3.59 [10] \1 [10]
–3.57 [19]
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study are in good agreement with the data reported in the literature [10, 22]. The results

show that the stability order for the binary complexes, in terms of the amino acids, is

[Cu(gly)]?[ [Cu(tyr)]?. It is suggested that the absence of an aromatic ring in tyr is

responsible for the lower stability of its complex.

3.3 Binary Complexes of Methyl/Nitro Substituted 1,10-Phenanthrolines

The potentiometric titrations of the Cu(II):m/n-sphen systems (m/n-sphen (A): 4-mphen,

5-mphen, dmphen, tmphen and 5-nphen) were performed in 0.1 mol�L-1 KCl media at

298.15 K. Initially, the solid ligand and excess HCl solution were added to the potentio-

metric cell. The titration curves drawn for Cu(II):m/n-sphen systems at a 1:1 molar ratio

are shown as curve IV in Figs. 2 and 3. Two inflection points are observed at m = 2.0 and

3.0. The observed decrease in the binary CuA2? curve in comparison to the free ligand

solution curve indicates formation of binary complexes in solution. The observation of an

inflection point at m = 2.0 indicates the existence of a CuA2? complex. A CuA(OH)?

hydroxo complex begins to form after m = 2.0. Hydrolysis of the CuA2? complex is

shown by the dashed line in Figs. 2 and 3, curve IV. The equilibria involved in the

Cu(II):m/n-sphen systems are described by the following equations, where b is the overall

stability constant of the complex, and K is the stepwise stability constant:

Cu2þ þ H2A2þ
� CuA2þ þ 2Hþ ð6Þ

CuA2þ þ H2O *
)

CuA(OH)þ þ Hþ KMAH�1 ¼ ½CuAðOHÞþ�½Hþ�
½CuA2þ�

ð7Þ

Cu2þ þ A �

bM
MA

CuA2þ bM
MA ¼ ½CuA2þ�

½A�½Cu2þ�
ð8Þ

Table 3 Stepwise and overall
stability constants ((log

10
K and

log
10

b) of binary complexes of
Cu(II) in 0.1 mol�L1 KCl ionic
media at 298.15 K; (L = 4-
mphen, 5-mphen, dmphen,
tmphen, 5-nphen, gly and tyr)

a This work

Ligand log10 bML log10 KMLH�1

4-mphen 6.96 ± 0.04a 0.49 ± 0.05a

– –

5-mphen 6.66 ± 0.02a –0.74 ± 0.03a

8.35 [23] –

dmphen 7.57 [10] 1.32 [10]

8.76 [20] –

tmphen 8.49 ± 0.03a 2.01 ± 0.04a

– –

5-nphen 5.27 [10] –1.24 [10]

7.6 [24] –

gly 8.20 ± 0.01a 1.42 ± 0.03a

8.12 [22] –

tyr 7.80 [10] 0.96 [10]

7.80 [22] –
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In the 1:1 molar ratio potentiometric titrations, the stability constants of the binary

complexes (CuA2? and CuA(OH)?) were calculated using the BEST software package.

The stepwise and overall stability constants of the binary complexes are listed in Table 3.

The calculated log10 bML values are 8.89, 7.57, 6.96, 6.66 and 5.27, respectively, for

[Cu(tmphen)]2?, [Cu(dmphen)]2?, [Cu(4-mphen)]2?, [Cu(5-mphen)]2? and [Cu(5-

nphen)]2?. Last of all, the log10 bML values found here are in considerable disagreement

with those in the literature [20, 23, 24]. The disagreement appears to be due to the fact that

the literature data were obtained with different physical techniques (spectrophotometric,

polarography, calorimetry, partition method, etc.) and at different temperatures, making

comparison difficult. In addition, the data have often been obtained in different solvent

media and at different concentrations.

3.4 Ternary Complexes

The potentiometric titrations of the 1:1:1 Cu(II):(m/n-sphen):(aa) systems were performed

in 0.1 mol�L-1 KCl ionic media at 298.15 K. In all systems, only one inflection point was

observed at m = 4.0 (Figs. 2 and 3, curve V). The protonated m/n-sphen and amino acid

ligands each have two acidic protons. Thus, there are four total protons in a mixed-ligand

environment involving both species.

The potentiometric titration curves of the Cu(II):(m/n-sphen):(aa) systems show a buffer

zone at a lower pH than the curves of the ligands alone and indicate the titration of a total

of four protons; thus, two ligands bind to the each metal ion. The formation reaction

(Eq. 9) and the overall stability constant equation of the MAB? ternary complexes,

reaction (Eq. 10) are given by:

Cu2þ þ H2A2þ þ H2Bþ
� CuABþ þ 4Hþ ð9Þ

Cu2þ þ A þ B�
�

bM
MAB

CuABþ bM
MAB ¼ ½CuABþ�

½Cu2þ�½A�½B��
ð10Þ

The stability constants of the ternary MAB-type complexes formed by Cu(II) with m/n-

sphen and the amino acids have been calculated (log10 bMAB). In all systems, analysis of

the mixed ligands results in the formation of only the MAB? complex as shown in Table 4.

The log10 bMAB values indicate that the stability of the MAB? ternary complexes do not

show which ligand (m/n-sphen or aa) binds more strongly with the Cu(II) ion. To identify

which of the ligands are primary or secondary, the log10 K
MA
MAB and log10 K

MB
MAB constants

were calculated with the following two equations:

log10 K
MA
MAB ¼ log10 b

M
MAB � log10 K

M
MA and log10 K

MA
MAB ¼ log10 b

M
MBA � log10 K

M
MB

ð11Þ

The log10 K
MA
MAB and log10 K

MB
MAB values are listed in Table 4. The fact that the

log10 K
MA
MAB constants are higher in all studied systems indicates that the m/n-sphen ligand

is the primary one in these complexes. The stabilities of the binary and ternary complexes

can also be compared in another way. For example, the Dlog10 K parameter expresses the

effect of the bound primary ligand on an incoming secondary ligand. The Dlog10 K pa-

rameters were calculated with the equation below and are listed in Table 4:

132 J Solution Chem (2017) 46:124–138
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D log10 K ¼ log10 K
MA
MAB � log10 K

M
MB ¼ log10 K

MB
MAB � log10 K

M
MA ð12Þ

This reaction represents the following overall equilibrium, MA þ MB ! MAB þ M;

thus,

D log10 K ¼ log10 bMAB � ðlog10 bMA þ log10 bMBÞ ð13Þ

According to Sigel, when the Dlog10 K values are positive the ternary complexes are

more stable than the corresponding binary complexes, while if the values for Dlog10 K are

negative, then the reverse is true [25]. In all studied systems the Dlog10 K values are found

to be positive, indicating that the ternary complexes are more stable than the binary

complexes (Table 4). This was foreseen, as this stability order has been observed before

when the primary ligand is m/n-sphen and the secondary ligand has an oxygen or nitrogen

donor atom [26]. The reason for the extra stability of these complexes may be due to

interactions outside the coordination sphere, such as the formation of hydrogen bonds

between the coordinated ligands, charge neutralization, chelate effect and stacking inter-

actions [27–29].

The protonation constants of the m/n-sphen and amino acids, along with their complex

stability constants with Cu(II) in the binary systems, were introduced into the BEST

software package program for determination of the stability constants of complexes in the

ternary systems. The results are presented as the overall formation constants (log10 bMAB)

in Table 4. The order of stability of the ternary complexes in terms of primary ligands is

tmphen[ dmphen[ 4-mphen[ 5-mphen[ 5-nphen, and also the order of stability of

the ternary complexes in terms of secondary ligands has been found to be gly[ tyr. This

behavior may reflect the nature of the electronic interaction of both the m/n-phen (tmphen,

dmphen, 4-mphen, 5-mphen, 5-nphen) and amino acids (gly and tyr) with the Cu(II) ion.

Depending upon the nature of the ligands, and based on basic chemical knowledge, the

structures of the ternary complexes are proposed as shown in Fig. 4. Substituted 1,10-

phenanthrolines are strong bidentate ligands that form stable chelates with many transition

metals. The amino acids act as bidentate ligands with coordination involving the carboxylic

oxygen and nitrogen atom of the amino group. In this study, the Cu(II) ion can display square-

Table 4 Stepwise and overall stability constants {(log10 K and log10 b) ± rx}y of ternary complexes of
Cu(II) in 0.1 mol�L-1 KCl ionic media at 298.15 K

Ligand A Ligand B log10 bMAB log10 K
MA
MAB log10 K

MB
MAB

D log10 K

4-mphen gly 16.83 ± 0.02a 9.87a 8.63a ?1.67a

tyr 16.31 ± 0.03a 9.35a 8.51a ?1.55a

5-mphen gly 16.36 ± 0.04a 9.70a 8.16a ?1.50a

tyr 15.68 ± 0.02a 9.02a 7.88a ?1.22a

dmphen gly 17.81 ± 0.03a 10.24a 9.61a ?2.04a

tyr 16.99 [10] 9.42 [10] 9.19 [10] ?1.62 [10]

tmphen gly 19.14 ± 0.03a 10.65a 10.94a ?2.45a

tyr 18.54 ± 0.01a 10.05a 10.74a ?2.25a

5-nphen gly 15.42 ± 0.02a 10.15a 7.22a ?1.95a

tyr 13.82 [10] 8.55 [10] 6.02 [10] ?0.75 [10]

a This work
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pyramidal coordination where the water molecule is in the axial position and the base is

defined by the N and one of the O atoms from the gly/tyr ligand, and both substituted 1,10-

phenanthrolines N atoms, such as [Cu(gly)(dmphen)(H2O)]?. Additionally, Cu(II) can show

octahedral geometry by two N-donor atoms of one, chelating substituted 1,10-phenanthro-

lines ligand, the carboxylate oxygen and the amino nitrogen atoms of gly/tyr, and two O

donors from the coordinated water, such as [Cu(gly)(dmphen)(H2O)2]?.

3.5 Distribution Diagrams

Assessment of the concentration distribution of various complex species as a function of

pH provides a useful description of metal ion binding in biological system. The concen-

tration distribution of species occurring in all the binary and mixed-ligand systems was
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Fig. 6 a Distribution of species as a function of pH in the Cu(II)–5-mphen–tyr system; b a bar chart of the
percentage distribution of the species in aqueous solutions (Color figure online)
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calculated using the SPE software. The distribution diagrams of the all mixed-ligand

systems with Cu(II) are shown in Figs. 4, 5 and 6.

The species distribution curves for the [Cu(m/n-sphen)(tyr)]? system are shown in

Figs. 5a and 6a. The mixed ligand species [Cu(m/n-sphen)(tyr)]? starts to form at

pH = 2.0 and, with increasing pH, its concentration increases reaching a maximum of

99.0% at pH = 5.5. In other words, the [Cu(m/n-sphen)(tyr)]? complex species is the main

species in the physiological pH range. The predominant species are CuA2?, H2(BH)?,

H(BH), Cu2?, HA?, CuA(BH)? at pH = 2.0; CuA(BH)?, CuA2?, H(BH), HA? at

pH = 3.0; CuA(BH)?, CuA2?, H(BH) at pH = 4.0; and CuA(BH)? at pH = 5.0 (Figs. 5b

and 6b).

The concentration distribution curves for the [Cu(dmphen)(gly)]? system are shown in

Fig. 7a. At pH = 2.0, in the [Cu(dmphen)(gly)]? system, the percentage concentration of
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CuA2? are ca. 66% and, above pH = 2.0, the CuAB? complex begins to form with its

concentration reaching *98% of the total Cu species between pH = 4.0 and 5.0. The

predominant species are CuA2?, H2B?, HB, Cu2?, HA? and CuAB? at pH = 2.0;

CuAB?, CuA2?, HB and HA? at pH = 3.0; CuAB?, CuA2? and HB at pH = 4.0; and

CuAB? at pH = 5.0 (Fig. 7b).

In the ternary systems, the [Cu(m/n-sphen)(tyr)]? and [Cu(dmphen)(gly)]? species

occur at higher concentrations than their binary analogues, indicating preference for for-

mation of ternary species, which agrees with predictions made from the Dlog10 K values.

4 Conclusions

In this study, protonation and complex formation equilibria of Cu(II) with m/n-sphen and

amino acids were investigated using potentiometric methods in aqueous 0.1 mol�L-1 KCl

ionic media at 298.15 K. The protonation constants of the ligands and the stability con-

stants of the binary and ternary complexes of Cu(II) with the ligands were calculated from

the potentiometric data using the ‘‘BEST’’ software package. The concentration distribu-

tion curves of each complex species in solution were also evaluated with the ‘‘SPE’’

software package. The species distribution curves show the formation of ternary com-

plexes. The stabilities of the binary and ternary Cu(II) complexes formed by tmphen are

higher than those of m/n-sphen; tmphen is strong Lewis base and has electron-donating

methyl groups at positions 3, 4, 7 and 8. The order of stability of the ternary complexes in

terms of amino acids is gly[ tyr. It is proposed that the absence of an aromatic ring and

steric effect in try is responsible for the lower stability of its complex. The experimental

Dlog10 K parameters were calculated, showing the effect of the bound primary ligand

toward an incoming secondary ligand. Dlog10 K values are positive; this indicates that the

ternary complexes are more stable than the corresponding binary ones. The reported data in

this study will make an important contribution to the literature. Thus, it is hoped that these

data will be a significant contribution to workers carrying out mechanistic studies in

biological media.
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water soluble copper(II) complexes of L-tyrosine and substituted 1,10-phenanthrolines: effect of sub-
stitution on DNA interactions and cytotoxicities. Spectrochim. Acta A 145, 313–324 (2015)

7. Garret, R.H., Grisham, C.M.: Biochemistry. Sanders, New York (1995)
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