
Introduction

Copper, among other transition metal ions, is an active cen-

ter of many enzymes. It is an essential component of the

plant metalloenzymes i.e. diamine oxidase (DAO), ascorbate

oxidase (AO), o-diphenol oxidase (DPO), Cyt c oxidase and

superoxide dismutase. Removal of copper by the chelating

agent from these enzymes inactivates them. Copper deficiency

in subterranean clover depressed DAO, AO, and DPO activities

in all leaf blades as reported earlier (Loneragan et. al, 1982).

Copper deficiency in human usually leads to several diseases

(Danks 1988). On the other hand, it becomes toxic to cells at

its concentration surpasses certain natural level and this is

called copper overload (Theophanides and Anastassopoulou

2002). The excessive copper can promote damage to cellular

molecules and structures through free radicals formation

such as super oxide anion (O2
-) and ·OH (Galaris and

Evangelou 2002). Cu2+ cannot easily cross cell membrane-

due to its positive charge and hydrophilicity. But the mem 

brane permeable 1,10-phenanthroline has the structure of

aromatic macro ring and the lipophilicity of 1,10-phenan-

throline ligand can help to transport copper through biologi-

cal membranes causes the excessive copper accumulation in

cells. 

Copper complexes containing 1,10-phenanthroline have

received considerable interest in nuclic acid chemistry due to

their various applications following the  discovery of the

chemical nuclease activity of Cu(phen)2 complex in presence

of molecular oxygen and reducing agents. It can bind tightly

to the minor groove of DNA and induce the cleavage via ·OH

formed by the catalysis of copper (Sigman et al.1979). DNA

fragmentation has been detected in isolated cell nuclei treat-

ed with Cu(phen)2 (Burkitt et al. 1996). Cu(phen)2 is known

to promote ·OH formation from reducing agents and molec-

ular oxygen by redox cycling and is therefore considered to

be a suitable agent for the stimulation of ROS formation.
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1,10-phenanthroline have been widely used in biology, bio-

chemistry, medicine, hydrochemistry, and sea hydrology in

studying chelation and redox processes involving trace cop-

per (Kosaka et. al.1998, Mahadevan & Palaniandavar, 1998,

Lovstad, 1988). The knowledge of chemical species and sta-

bility constants of copper (II) with 1,10-phenanthroline

determined at such low concentrations is needed in order to

understand the toxicity of copper(II). It is, therefore, intend-

ed to study the complexation and speciation of copper(II) in

ppb level with 1,10-phenanthroline in aqueous media. The

method, differential pulse anodic stripping voltammetry

using thin mercury film electrode (TMFE) is applied for the

determination and speciation of metal ions in environment at

lower concentration (ppb or less). 

Materials and Methods

Equipment and Reagents

The electrochemical measurements were performed by HQ-

2040 electrochemical analyzer, Advanced Analytics, USA.

The analyzer is coupled with computer controlled magnetic

stirrer and electrochemical cell consisting of three elec-

trodes: 3mm glassy carbon electrode, Ag/AgCl .KCl refer-

ence electrode and Pt counter electrode as described by

Nahar et al, 1999.  The stock solution of mercury(II) chlo-

ride (HgCl2) was prepared by dissolving required amounts of

HgCl2 into 0.1mole dm-3 HCl solution. This solution was

used to prepare the mercury film on glassy carbon electrode.

A 1000 ppm (μ g/mL) stock solution of Cu(II) was prepared

by dissolving required amounts of CuSO4 in 0.1 mol dm-3

HNO3 solution. Other stock solution of 0.01 mole dm-3 1,10-

phenanthroline was prepared by distilled and deionized

water which was filtered with 0.40μm membrane filter

before the solution was prepared. Metal contamination was

removed from 1,10-phenanthroline solution by shaking the

solution with small quantities of MnO2 and filtering it with

0.40μm membrane filter. The ionic strength of the solution

was maintained constant using 0.1 mol dm-3 NaNO3

(99.99%) solution. The required standard solutions were pre-

pared once a week by dilution of the stock solutions. All

stock solutions were stored in the refrigerator at 4 oC. 

Preparation of working electrode

The mercury film coated glassy carbon electrode was used as

working electrode in this electrochemical study. The film

was prepared on properly polished and washed glassy carbon

electrode in 10 mL of 1.0 × 10-3 mol dm-3 mercury(II) solu-

tion. The solution was purged with nitrogen for 10 minutes

to remove dissolved oxygen. Then the electrodes were con-

nected to the analyzer. Any bubbles adhering to the elec-

trodes were removed by tapping them off. The mercury film

deposition was done at -400 mV for 6 min by applying dif-

ferential pulse voltammetry program.

Measurement of complexation of Cu(II) with 1,10-

phenanthroline

To measure the complexation of copper(II) with 1,10-

phenanthroline, first the electrochemical cell was assembled

with 5 mL of 0.02 mol dm-3 borate buffer having pH 9.12 ±

0.10, 1 mL of 0.1 mol dm-3 NaNO3 and 4 mL of distilled and

deionized water. The solution was then purged with pure

nitrogen for 10 minutes. The background voltammogram

was obtained using the following run conditions for differen-

tial pulse anodic stripping voltammetry: 

Mode, stripping; initial potential, -650 mV; final potential,

100 mV; gain (1-20), 10; deposition time, 120 s; quite time

delay, 30 s. 

The voltammograms of Cu(II) were obtained after succes-

sive addition of 20 ppb (μg/L) of Cu(II) in the cell under the

above experimental conditions. A linear calibration was

obtained. To study the complexation capability of Cu(II)

with organic ligands, an aliquot of 10 mL solution of 200 ppb

(3.15 10-6 mole dm-3 ) Cu(II) was prepared in borate buffer

having pH 9.12 ± 0.10 and ionic strength 0.01 mol dm-3

(NaNO3). The solution was purged with nitrogen gas for 10

minutes to remove dissolved oxygen. The voltammogram of

free Cu(II) was recorded using the same run conditions for

DPASV as described above. The process was repeated for 3

times to check the reproducibility. An aliquot of 20 μL of

1.04 x 0-4 mole dm-3 1,10-phenanthroline was added to the

cell and the solution was stirred for 60 seconds. The DPASV

run was performed again under the same experimental con-

ditions. The peak potential shifted to less negative value and

peak height reduced due to the addition of 1,10-phenanthro-

line. The process was continued after successive addition of

1,10-phenanthroline in it, until constant peak potential and

peak height were obtained.  
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Theory for data treatment

In presence of any organic ligand L, the free metal ion forms

complexes as follows:

(1)

Measurement of peak current and change in peak potential

induced by increasing ligand concentration allows the deter-

mination of total conditional stability constant of complexes

in solution. According to the concept of DeFord and Hume

(DeFord and Hume, 1951) the change in peak potential with

ligand concentration is related to the successive stability

constant as follows:

F0 = exp (2)

Where, ΔE = (E)s - (E)c, (E)s = peak potential of simple metal

ion and (E)c = peak potential of complex metal ion; n = num-

ber of electron involve in half reaction, F = Faraday constant,

R= gas constant, Ifree = diffusion current of free metal ion,

Icomplexed = diffusion current of complex metal ion, The suc-

cessive formation constants (βi ) are evaluated by polynomi-

al fitting of the zero-order Leden function F0. The values of

F0 can be calculated from the experimental change in peak

potential and peak currents for each values of [L] in the

voltammetric titration using equation 2. From the observed

change in potential ΔE, the various F0 can be calculated for

each values of free ligand concentration, [L]. Free ligand

concentrations, [L] were computed from the experimental

pH values by taking literature values of protonation con-

stants (Martell and Smith, 1982), and neglecting the bound

ligand with proton.

Thus, [L]=CL(1+[H+]K1+[H+]2K1K2)
-1 (3)

Where, CL represents the total concentration of ligand and

K1 and K2 are the protonation constants of the ligand. The

overall conditional stability constant of each species is deter-

mined using polynomial fitting program on Equation 2. The

actual value of the overall stability constant is obtained by

considering the inorganic side reaction coefficient of copper

(αCu) at pH 9.12 ± 0.10. 

Result and Discussions 

The complexation of copper(II) with 1,10-phenanthroline

were studied by differential pulse anodic stripping voltam-

metry at constant ionic strength (I = 0.01) at pH 9.1+ 0.1.

From the effect of deposition time, potential range and pH,

the optimum parameters were selected for copper(II) com-

plexation. Using the optimum parameters, the calibration

curves i.e. the plots of diffusion current against copper con-

centration was found to be linear for copper(II) shown in

Figure 1, indicating the reduction of metal to metal mercury

is diffusion controlled.

Fig. 1: Calibration plot for the quantification of copper

(II) by DPASV using mercury thin film glassy

carbon electrode in aqueous solution at pH

9.12 ± 0.1and I = 0.01 mol dm-3.

A typical change of voltammograms with ligand (1,10-

phenanthroline) concentration is shown in Figure 2. The

peak of the unchelated copper(II) appeared at -0.16 V, under

the present experimental conditions in absence of 1,10-

phenanthroline. The diffusion current (Id) of Cu(II) ion grad-

ually decreased by the addition of 1,10-phenanthroline due

to the formation of kinetically inert metal-ligand complexes

shown in Figure 2. The term, 'inert complex' indicates the

metal-ligand complex in which kinetics of dissociation is

very slow compared to the time of the DPASV measure-

ments. The plot of peak potential (E) vs log i/(id-i) was found

to be linear shown in the Figure 3, indicating the reduction

of copper to Cu(Hg) on the mercury film electrode is a

reversible process. The plot of peak potential (E) vs. log

[1,10-phenanthroline]total for copper(II)  found to be a

smooth curve  (Figure 4) indicating the formation of two or

more complexes which are in equilibrium with each other. 
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Fig. 2: Voltammograms of copper after successive addi-

tion of varying concentration of 1,10-phenan-

throline (Phen); [Cu (II)] = 3.56 µM, [Phen] =

0.00 to 2.04 µM, pH = 9.12 ± 0.1 and I = 0.01 mol

dm-3 (NaNO3).

Fig. 3: A plot of peak potential vs. log i/(id-i) for copper-

phenanthroline complexes when [Cu(II)] = 3.56

µM, [Phen] = 0.00 to 2.04 µM, pH = 9.12 ± 0.1

and I = 0.01 mol dm-3 (NaNO3).

The zero order Leden function F0 was calculated according

to the DeFord and Hume method as already described. The

plot of F0 vs. [1,10-phenanthroline]free shown in Figure 5,

gives the values of conditional stability constants of individ-

ual complexes.

Fig.4: Plot of peak potential vs. log[1,10-phenanthro-

line (Phen)]free; [Cu(II)] = 3.56 µM, pH = 9.12 ±

0.1 and I = 0.01 mol dm-3 (NaNO3).

Fig. 5:    The variation of F0 as a function of concentra-

tion of free 1,10-phenanthroline (Phen);

[Cu(II)] = 3.56  µM,   pH = 9.12  ±  0.1 and  I =

0.01 mol dm-3 (NaNO3)
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The formation of three metal-ligand complexes, ML1, ML2

and ML3 (where M represents copper and L represents 1,10-

phenanthroline) are found under the experimental condi-

tions. In the present experiment, DPASV technique detect

the labile species which consist of free hydrated form (i. e.
aqua metal ion, M2+) and hydroxo complexes (M+OH,

M(OH)2 and M(OH)3
-). This means that the technique gives

a conditional constant that takes into account the side reac-

tion of metal.  Thus, it is necessary to consider the side reac-

tion of Cu2+ with OH- at experimental pH. The actual value

of the overall stability constant is obtained by considering

the inorganic side reaction coefficient of copper ( αCu) at pH

9.10 and neglecting the hydrolyzed form. The values of  αCu

can be computed from the following expression.

αCu=1+ β1
OH [OH-]+β2

OH [OH-]2 +β3
OH[OH-]3 (4)

where, β1
OH , . ,  β3

OH are the overall hydrolysis constants

of copper.

Using the hydrolysis constants of copper, the value of the

side reaction coefficient,  αCu was found to be 1150.7 at pH

9.10.  

Considering the inorganic side reaction coefficient of cop-

per, the overall stability constants were calculated and listed

in Table I. The large values of overall formation constants

indicate that the complexes of copper (II) with 1,10-phenan-

throline in alkaline pH are highly stable. 

According to the hydrolysis constants of copper, mono-, di-

and tri- hydroxy species are possible to be formed. But in the

present experimental conditions, 4.56 % CuOH+, 95.29%

Cu(OH)2 and 0.06% Cu(OH)3 exist at pH 9.1. The remain-

ing part exists as aqua copper ion (Cu2+) in absence of lig-

and. 1,10-phenanthroline (L) contains the electron donor

atom, N. It can be monoprotonated (HL) or diprotonated

(H2L) depending on pH and the protonation constant. The

distribution of different species of 1,10-phenanthroline in

aqueous media with the variation of pH is shown in

Fig. 6. Since the first and second protonation constant

of 1,10-phenanthroline K1 = [HL][H+]-1[L]-1 = 104.93 and

K2 = [H2L][HL]-1 [H+]-1 = 101.5, about 99.99% neutral (free

form) is possible to exist at pH 9.10. It is known that copper

forms 1:1, 1:2 and 1:3 (metal: ligand) complexes with free

form of phenanthroline (L) whose stability constants have

been reported (Martell and Smith, 1982).

In the present investigation, the logarithmic values of over-

all stability constant of copper complexes with 1,10-phenan-

throline are found to be 9.33, 15.10 and 20.48 for CuL, CuL2

and CuL3, respectively. These values are very similar to the

values reported before as shown in the Table I.

In laboratory conditions, trace amount (200 ppb or 3.15μM)

of copper was investigated in which free and hydrolysed 

pH

Fig. 6. Species distribution of 1,10-phenanthroline as

a function of pH.

forms are possible to exist in absence of ligand and hydrol-

ysed as well as metal-ligand complexes are possible to exist

in presence of ligand at pH 9.1. The percentage of all chem-

ical species are calculated and shown in Figure 7 for copper

phenanthroline complexes.  The species distribution diagram

shown in Figure 7 is of great help in the interpretation of

voltammetric results and is used to confirm  or reject a pro-

posed metal-ligand model. All the above indicates that

DPASV may be a powerful tool in trace metal speciation

studies. 

Table I:  Stability constants of copper complexes with 1,10-phenanthroline

Copper Complexes Ionic strength, mol dm-3 Temp. oC logβ1 log β2 log β3 References

0.01 30 9.33 15.1 20.5 This work

Copper complexes 0.10 25 9.08 15.8 21.0 (Martell and 

Smith, 1982)

0.50 25 9.16 16.1 - (Martell and 

Smith, 1982)
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Fig. 7: Species distribution of copper as a function of con-

centration of 1,10-phenanthroline at pH 9.1 ± 0.1

Conclusion

The complexation and speciation of copper(II) was investi-

gated by DPASV in presence of 1,10-phenanthroline. It was

found that trace amount of copper(II) is able to form 1:1, 1:2

and 1:3 (metal: ligand) complexes with 1,10-phenanthroline

depending on  pH as well as concentration of ligand. The for-

mation constants obtained in this work are in good agree-

ment with those reported before (Martell and Smith, 1982).

In absence of ligand, about 95.3% copper exists as Cu(OH)2,

whereas, in presence of any complexing ligand, it forms dif-

ferent complexes depending on ligand concentration. The

large values of overall stability constant indicate that the

complexes are highly stable. All species of copper co-exist

within ligand concentration up to 1×10-5 mol dm-3 under the

present experimental condition.  
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