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Abstract:    Spectrophotometric and pH-metric studies of the 

aqueous binary and mixed ligand complexes of Pb(II), Cd(II), 

Al(III) and Cu(II) were carried out with ascorbic acid and 

paracetamol. The study was conducted at an ionic strength of 

0.15 mol dm-3 and a temperature of 37.0 ± 0.2 oC. The protonation 

constants of the free ligands and the stability constants of the 

binary and mixed ligand complexes were determined using 

pH titration data. Proton dissociation of free ligands and 

complex formation were also qualitatively confirmed with 

UV data. The stabilities of mixed ligand complexes were 

quantitatively compared with those of the corresponding single 

ligand complexes in terms of ∆log K. Aluminium formed 

the most stable binary complex; Al (paracetamol)
2
, with 

a high overall stability constant (log β
2
 = 16.74). The stable 

mixed ligand complexes; Pb (ascorbic acid) (paracetamol), 

Cd (ascorbic acid)(paracetamol) and Cu (ascorbic acid)

(paracetamol) were observed with positive ∆log K values 

showing the ability of using them in less harmful chelation 

therapy of these metals. Further, the results revealed that 

the bioavailability of both ligands will be lower for a metal 

intoxicated person.

Keywords: Ascorbic acid, chelation therapy, mixed ligand 

complexes, paracetamol, stability constants, toxic metals.

INTRODUCTION

Vitamin C (ascorbic acid), being a good electron 

donor and an essential molecule in biological systems, 

acts as an effective antioxidant, protects living cells from 

damaging effects of reactive species such as reactive 

oxygen radicals and plays a major physiological role 

in the body (Correa, 1992; Byers & Guerrero, 1995; 

Carr & Frei, 1999; Wintergerst et al., 2006). 

 However, the body is incapable of synthesizing 

ascorbic acid. Therefore, there is a need to take 

vitamin C daily from external sources such as vegetables, 

fruits and vitamin supplements to maintain good health 

(Haytowits, 1995). Paracetamol is the most popular 

analgesic all over the world today and it is widely used 

as a non-prescriptive drug, to relieve common health 

problems such as fever, and various aches and pains in 

the body (Prescott, 1996).

 On the other hand, metal toxicity in humans is a 

serious issue worldwide, as it can cause many illnesses. 

In the recent years, attention has been paid to the 

interactions of biologically active molecules with various 

metal ions in order to determine the possibility of using 

these molecules in chelating therapy (Maslowska & 

Owczarek, 1983, 1988; Kleszczewska, 1999). However, 

there are only a few reports available on the interactions 

of paracetamol and vitamin C with toxic metals, although 

both these molecules have functional groups which can 

form bonds with metal ions.

 As ascorbic acid enters the body almost daily and 

paracetamol is taken frequently, if there is a metal 

intoxicated person, there can be several favourable 

and unfavourable interactions inside the body. In this 

study the ability of vitamin C and paracetamol to form 

complexes with Pb(II), Cd(II), Al(III) and Cu(II) under 

physiological conditions when each ligand is present 

alone and when the two ligands are present together with 

each metal was investigated by considering the formation 

of binary and ternary complexes, respectively.

METHODS AND MATERIALS 

Materials

The following chemicals were used as received for the 

potentiometric and spectrophotometric experiments: 
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HNO
3
, NaOH, NaNO

3
, Pb(NO

3
)

2
, Cd(NO

3
)

2
, Al(NO

3
)

3
, 

Cu(NO
3
)

2
, ascorbic acid, paracetamol. All chemicals 

used were of analytical grade. 1×10-2 mol dm-3 standard 

solutions of the metals and ligands were freshly prepared 

using double distilled deionized water. The NaOH 

(0.03 mol dm-3) and HNO
3
 (0.03 mol dm-3) solutions 

were standardized with primary standards, potassium 

hydrogen pthalate and sodium carbonate, respectively.

Potentiometric studies

pH measurements in the potentiometric titrations were 

carried out with a MARTINI MI 151 pH meter equipped 

with a MA 917 combination electrode and a temperature 

probe.

 The following mixtures were prepared in a total 

volume of 40.00 cm3 by adding required amounts of  

double distilled deionized water at a constant ionic 

strength of 0.15 mol dm-3    using  NaNO
3  
for  potentiometric 

titrations (L, X and M denote ligand 1, ligand 2 and metal 

ion, respectively).

 (a)  HNO
3
 (10.00 cm3)

 (b)  a + L (10.00 cm3)

 (c)  a + X (10.00 cm3)

 (d)  b/c + M (10.00 cm3)

 (e)  a + L (10.00 cm3) + X (10.00 cm3) + M (10.00 cm3)

Each solution was titrated against a standardized NaOH 

solution at 37.0 ± 0.2 oC (YCW – 05 model thermostatic 

water bath was used to maintain the temperature) and the 

pH was recorded after the addition of 0.20 cm3 aliquots 

of NaOH. Nitrogen was purged through the reaction 

mixtures to ensure the absence of oxygen and carbon 

dioxide. Each titration was carried out in triplicate until 

a permanent turbidity was observed in the reaction 

mixture. The protonation constants and the formation 

constants of binary complexes were determined using 

Irving - Rossotti equations (Irving & Rossotti,1953, 

1954) by calculating  the values for average number 

of ligand molecules attached per metal ion (ñ) and free 

ligand exponent (pL). 

 With the modifications given by Chidambaram and 

Bhattacharya (1970a, b), constants for the mixed ligand 

systems were computed. The comparison of stabilities of 

mixed ligand complexes over single ligand complexes 

were carried out according to the literature (Sigel, 1975; 

Luth et al., 1999; Moustafa, 2005).  

Spectrophotometric studies 

Spectral measurements were recorded on a SHIMADZU, 

UV–1800 UV-Visible spectrophotometer. Metal–ligand 

binary and ternary mixtures identical to the samples 

used for titrations were prepared for the spectroscopic 

experiments as well. For each mixture, UV spectra were 

recorded with increasing pH values until a permanent 

turbidity was obtained. Resulted spectra at different pH 

values were analyzed.

RESULTS AND DISCUSSION

Protonation constants for ligands

Protonation constants calculated from the pH titration 

data are given in Table 1.  

Binary and mixed ligand complexes

The two sets of titration curves plotted for the copper 

system, which formed a mixed ligand complex with 

paracetamol and ascorbic acid, and for the aluminium 

system that did not form a ternary complex with the two 

ligands are shown in Figures 1 and 2, respectively.

 The binary system titration curves deviate from 

their respective free ligand titration curves showing the 

formation of binary metal complexes (Figure 1). On the 

other hand, the mixed system titration curve shows a 

different behaviour from either of the two corresponding 

binary systems indicating the formation of a mixed 

ligand complex. The other two systems that formed 

mixed ligand complexes also show a similar behaviour.

  In the Al-Asc-Para system  given in Figure 2, the 

mixed ligand titration curve superimposes with the 

titration curve of Al-Para binary system above pH 4. 

Table 1: Protonation constants (HK
j
) of free ligands

 Calculateda  Reportedb,c

Ligand

 Log  HK
1
 Log  HK

2
 Log  HK

1 
 Log  HK

2

Ascorbic acid (Asc) 10.00 5.28 11.57  4.17

Paracetamol (Para) 9.24 - 9.50 -

a -The values determined at 37 oC
b -The values determined at 25 oC
c - O’Neil et al., 2006; Edict Consulting Ltd., 2008
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Figure 1: Potentiometric titration curves of binary (1:1) and 

ternary (1:1:1) complexes of Cu2+ with ascorbic acid and 

paracetamol; 1) HNO
3
;  2) HNO

3
 + ascorbic acid; 3) HNO

3
 

+ ascorbic acid + Cu(NO
3
)

2
; 4) HNO

3
 + paracetamol; 

5) HNO
3
 + paracetamol + Cu(NO

3
)

2
;  6) HNO

3
 + ascorbic 

acid + paracetamol + Cu(NO
3
)

2
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Figure 2: Potentiometric titration curves of binary (1:1) and 

ternary (1:1:1) complexes of  Al3+ with ascorbic acid and 

paracetamol; 1) HNO
3
; 2) HNO

3
 + paracetamol; 3) HNO

3
 

+ paracetamol + Al(NO
3
)

3
;  4) HNO

3
  + ascorbic acid;  5) 

HNO
3
  + ascorbic acid  + Al(NO

3
)

3
;   6) HNO

3
 + paracetamol 

+ ascorbic acid + Al(NO
3
)

3

However, below pH 4, the mixed ligand titration curve is 

closer to the Al-Asc titration curve implying the absence 

of mixed ligand complex formation.

 

 According to Table 2, it is clear that all four metal 

ions form binary complexes with the ligands used under 

the experimental conditions. However, most of the 

complexes are of ML type with low stability constant 

values. Exceptionally, aluminium and copper form 

considerably more stable ML
2
 complexes.  Al(Para)

2
  

has  a comparably high overall formation constant of 

ca. 1017 and Cu(AsC)
2
 has an overall stability constant 

of 1013. 

 It is possible for Pb2+ to coordinate with more than 

one ascorbic or paracetamol molecule, since it can 

have a coordination number of six. However, only ML 

type complexes were observed here for binary systems 

at acidic pH values with smaller formation constants,  

and when the pH reaches the basic region, a precipitate 

of Pb(OH)
2
 appeared. In both systems, complexes 

dissociate during the formation of the lead hydroxide 

precipitate. Thus, only ML(H
2
O)

n
 type binary complexes 

of lead are possible with either ligand. Although similar 

type of results were observed with Cd2+, its formation 

constants and precipitation pH values with two ligands 

were higher than those of Pb2+. This is possible as 

the solubility product of Cd(OH)
2
 is higher than that 

of Pb(OH)
2
 (Ebbing & Gammon, 2007). However, 

it is obvious that both metal complexes have higher 

stabilities with ascorbic acid, as ascorbic acid is capable 

of forming chelate complexes through its dienol group 

(Kleszczewska, 1999). 

 Cu2+ starts to form a ML
2
 type complex with ascorbic 

acid at pH 6.50. Due to the higher stability constant of 

ML
2
 (log β

2
 is 13.89), copper hydroxide precipitate was 

not observed for this system. Although Al3+ formed a 

ML
2
 complex (log β

2
 is 7.99) with ascorbic acid, it is not 

stable, as Al(OH)
3 
having a very low solubility product 

precipitates around pH 5.25. As Al3+ prefers to form 

complexes with organic-oxygen and nitrogen containing 

compounds, a very high stability was observed for 

Al(Para)
2
 complex (log β

2
 is 16.74) (Robinson, 1993).

 In the calculation, mixed ligand complexes were 

assumed to form in two steps. Initially, the primary 

ligand (L), with a higher formation constant in the binary 

complex, reacts with the metal ion to form a binary 

complex with formula ML, which then coordinates to the 

second ligand (X) to form a mixed ligand complex of 

the form MLX. The primary ligand can also be decided 

by comparing the titration curves of binary systems. The 

complex that reached the highest pH before precipitation 

of the metal hydroxide was considered to be the first 

complex formed in mixed ligand systems and the 

corresponding ligand was the primary ligand in a mixed 

ligand complex.   
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 M(aq) + L(aq) ↔ ML(aq)                                   ...(1)

 ML(aq) + X(aq) ↔ MLX(aq)                              ...(2)

Equilibrium constant for reaction (1) is the K
1

f  value of 

the primary ligand, and that of reaction (2) was calculated 

according to the modified method (Chidambaram & 

Bhattacharya, 1970a, b) taking the values of n
mix

 in the 

range of 0 and 1. The calculation of n
mix

 was commenced 

at the pH at which the calculation of K
1

f of complex 

ML was completed. The overall stability constant of 

the mixed complex is the product of stability values of 

reactions (1) and (2). 

 According to the results given in Table 3, ligand 

combination Asc-Para forms mixed ligand complexes 

with all metal ions except aluminium. The overall 

stability constant of Cu(Asc)(Para) ternary complex 

is much higher than that of the other two mixed ligand 

complexes formed. Hence, ascorbic acid alone or 

ascorbic acid-paracetamol mixture appears to exhibit 

a strong attraction towards copper under physiological 

conditions.

Spectroscopic evidences for complex formation

In Figures 3a-3c, mixed ligand system λ
max

 value lies in 

between the λ
max 

values of the two binary systems, M(Para) 

and M(Asc).This indicates that the mixed ligand system 

contains a species different from either of the binary 

complexes. This new species must be M(Asc)(Para) 

mixed ligand complex of the two ligands (Dewitt & 

Watters, 1954). However, in Figure 3d, UV spectrum of 

the ligand mixture with Al3+ does not contain any new 

peak.  Thus, Al(Asc)(Para) mixed ligand complex cannot 

be expected and instead, a larger percentage of Al(Para)
2 

binary complex can be expected even in the presence of 

a mixture of ligands.

 Further, evidence for the formation of mixed ligand 

complexes was obtained by comparing the mixed ligand 

system titration curve with the corresponding composite 

curve. The composite curve can be drawn by adding the 

horizontal distance (volume of alkali consumed) of the 

secondary ligand (X) curve to the horizontal distance 

of the ML curve at the same pH (Maktell & Carey, 

1967; Shelke & Jahagirdar, 1976). Alkali volumes 

consumed by the ternary system were compared with the 

corresponding alkali volumes of composite curve at the 

same pH by plotting them in a graph.

 In Figures 4a, 4c and 4d, the mixed ligand titration 

curves deviate from the corresponding composite curves 

significantly by showing the ability of forming mixed 

ligand complexes of Cu2+, Pb2+ and Cd2+ with the ascorbic 

acid paracetamol combination. On the other hand, 

in Figure 4b, two curves are nearly superimposable, 

indicating the absence of a mixed ligand complex of Al3+ 

with this ligand combination.

Table 2: Stability constants of binary complexes
   
 Binary system  pH of permanent Log K

1

f (pH range)      Log K
2

f (pH range)
   turbidity

 Pb-Asc 6.60 3.53 (2.80 − 5.50)  -

 Pb-Para 5.52 2.25 (2.10 − 5.00)  -

 Cd-Asc 8.27 3.74 (6.50 − 8.00)  -

 Cd-Para 8.05 2.84 (6.75 − 8.00)  -

 Al-Asc 5.82 3.86 (3.00 − 3.75) 4.13 (4.25 - 5.25)

 Al-Para No turbidity 9.12 (2.75 − 4.00) 7.62 (4.00 - 6.00)

 Cu-Asc No turbidity 7.56 (4.80 − 6.50) 6.33 (6.50 - 7.20)

 Cu-Para 5.56 1.54 (4.75 − 5.50)  -

Table 3: Stability constants for mixed ligand complexes 

Mixed  ligand pH of permanent log K
1
(pH range) log K

2
(pH range)

complex system turbidity

 (Pb-Asc-Para) 7.48 3.53 (2.80 − 5.50) 3.70 (5.50 − 7.00)

 (Cd-Asc-Para) No turbidity 3.74 (6.50 − 8.00) 5.45 (8.00 − 9.22)

 (Cu-Asc-Para) No turbidity 7.56 (4.80 − 6.50) 4.91 (6.60 − 9.60)
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The stability of mixed ligand complexes formed over 

their corresponding binary complexes was evaluated 

by calculating the parameter ∆log K according to the 

equation 3 (Sigel, 1975; Luth et al., 1999; Moustafa, 

2005).

 
 (3) M

ML

ML

MLX
KKK logloglog ...(3)

        
ML

MLX
Klog  = formation constant for the complex MLX  

  formed  by  the  reaction  of complex ML  

  with free ligand X    

         
M

ML
Klog  = formation constant for the complex ML

In general, if mixed complexes are more stable than their 

corresponding binary complexes, the value of ∆log K 

is positive (Sigel, 1980; Moustafa, 2005; Thanavelan 

et al., 2011).

 Values given in Table 4 clearly reveal that all mixed 

ligand complexes formed are more stable than their 

corresponding binary complexes. Therefore, these mixed 

ligand complexes can have a wider range of applications 

over binary complexes. 

 To form a more stable mixed ligand complex, there 

should be favourable acid-base electrostatic interactions 

(Suzuki et al., 1975; Schwarz & Gilligan, 1977; Lohman 

et al., 1980) or/and hydrogen bonding (Marzilli & 

Kistenmacher, 1977; Chiang et al., 1978)  in solution due 

to the presence of several ligating sites in each molecule. 

According to the literature, electron density of the 

metal-ligand bonds in ternary systems are redistributed to 

increase the polarity and hence, mixed ligand complexes 

are not easily hydrolyzed by metal hydroxides even at 

high pH values (El-Haty et al., 1995). 

Table 4: Calculated ∆log K values for mixed ligand 

complexes

 Mixed ligand complex  ∆ log K

 Pb(AsC)(Para) 1.45

 Cd(AsC)(Para) 2.61

 Cu(AsC)(Para) 3.37

Figure 3: Comparison of UV absorption spectra of binary and mixed ligand systems: 

(a) Pb(Para), Pb(Asc)(Para), Pb(Asc)  (b) Cd(Para), Cd(Asc) (Para), Cd(Asc); 

(c) Cu(Para), Cu(Asc)(Para), Cu(Asc)
2
; (d) Al(Para)

2
, Al-Asc-Para, Al(Asc) at 

pHs of 4.50, 5.00 and 5.50.

 a) 

(296 nm)

ra) (260 nm)

b) 

(296 nm)

ra) (260 nm)

Cu(Para) (248 

Cu(AsC)2

(296 nm)

Cu(AsC)(Pa

ra) (260 nm)

c) 

(296 nm)

ra) (260 nm)

a)

d)

b)

c)

nm)
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However, it was found that Al3+ did not form a mixed 

ligand complex under the conditions used according 

to the titrimetric, spectrophotometric and theoretical 

data, and only Al(Para)
2
 was formed owing to its high 

stability.

 Further, considering the hard-soft nature of metal 

ions (Das, 1990) and ligating sites of the two ligands 

(Kleszczewska,1999; Lawal & Obaleye, 2007), the 

following structures can be proposed for the complexes 

obtained (Figure 5).

Generally, metal complexes with overall formation 

constants greater than 106 are stable over a long 

range of pHs including high pH values (Furia, 1972).  

Therefore, the complexes identified in this study 

having stability constants over 106 are suitable for 

the use in chelation therapy. Such complexes do not 

dissociate in the gastrointestinal tract or inside any 

organ, and ultimately they can be excreted from the 

body as metal complexes. Thus, both binary and ternary 

complexes having overall stability values of 106 or 

more are suitable for chelation therapy of the respective 

metals. Accordingly, Pb(AsC) (Para), Cd(AsC)(Para), 

Al(Para)
2
 and Cu(AsC)

2 
/Cu(AsC) (Para) complexes 

are good chelators for Pb(II), Cd(II), Al(III) and Cu(II), 

respectively. Further, due to the less harmful effects of 

these biologically important molecules, such ligand 

combinations will be more useful compared to other 

ligands or ligand combinations that are already used 

clinically.  

 Besides, these findings give important information 

on the bioavailability of paracetamol and ascorbic acid 

inside the body of a metal intoxicated person. Taking 

paracetamol with beverages containing ascorbic acid will 

reduce the bioavailability of free paracetamol of a metal 

intoxicated person and will affect the complete medicinal 

Figure 5: Structure of M(Asc)(Para) mixed ligand complex 

(M = Pb2+, Cd2+, Cu2+) and Al(Para)
2
 binary complex

Figure 4: Composite curves and ternary system titration curves of four metal ions :

 a) Cu2+; b) Al3+; c) Pb2+; d) Cd2+;
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activity of paracetamol. Therefore, metal intoxicated 

people may need to have higher dosages of paracetamol 

in order to have a desirable activity. On the other hand, 

such a person should consume more ascorbic acid 

amounts than a normal person. However, to get more 

accurate information regarding these interactions, further 

experiments should be carried out under in-vivo conditions 

using animal studies.

CONCLUSION

Potentiometric, spectrophotometric  and theoretical data 

obtained on metal complexes show that a mixture of 

ascorbic acid and paracetamol form mixed complexes 

with Pb2+, Cd2+ and Cu2+  in aqueous media, and these will 

have applications in chelation therapy.It was also found 

that paracetamol itself is a good chelator of Al3+, having 

a high stability in both acidic and basic pHs. 

 Further, for a person intoxicated with metal ions like 

Pb2+, Cd2+, Al3+ and Cu2+, actual dosages of paracetamol 

should be more than that for a normal person. Moreover, 

it is important for such people to take more ascorbic acid 

from diets when compared to a normal person.
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