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The kinetics and mechanism of complex formation between chromium (III) and 

diethylenetriaminepentaacetic acid (DTPA) were studied spectrophotometrically 

in an aqueous acid medium over the temperature range of 35-50C using large 

excess of the ligand. The reaction was found to be first – order in chromium (III) 

concentration and zero-order in DTPA concentration. The rate of reaction showed 

inverse dependence on hydrogen ion concentration. Values of 104 kJ mol
-1 

and 14 

JK
-1

 mol
-1 

were obtained for enthalpy and entropy of activations, respectively. Id 

mechanism has been proposed based upon the release of water molecule from the 

active species [Cr(H2O)5OH]
2+

in a rate-determining step. The rate law has been 

established to be: rate =  
K][H

   (III)][CrkK   T



 

Keywords: 
Kinetics; 

Substitution; 

Complexation; 

Chromium(III); 

DTPA. 

 

Introduction 

The essentiality of trace amounts of chromium(III) is 

well known [1,2]. In an active form, chromium 

functions to improve insulin biological activity. 
Diethylenetriaminepentaacetic acid is commonly used as 

a strong chelating agent. It's used for decontamination of 

the heavy metal poising [3, 4] and exposition to 

radioactive metals [5]. In addition to their chelating 

properties they influence inflammatory diseases [6], 

reduce the side effects of some chemotherapeutics 

therapy in cancer [7]. The kinetics of complex formation 

between chromium (III) ion and L-histidine [8], 

aminopyridine [9], L-isoleucine [10] have been studied. 

In all cases the reaction proceeds by a path which is first 

– order in chromium (III) and the rate of reaction 

increases with increasing pH and temperature. The 

mechanism has been modeled involving outer–sphere 

complexation of a hexaaquachromium(III) and  

conjugate base with the amino acid. The tridentate 

amino acids such as cysteine, glutamic acid were 

predominantly found cross – linked to DNA [11]. The 

mechanism by which chromium (III) can cross – link 

these amino acids to DNA has been modeled by creating 

DNA and chromium (III) with cysteine. The formation 

of chromium (III) – amino acid binary complex was 

required before the reaction of chromium (III) with 

DNA to yield a ternary complex. The kinetics of the re- 

 

action between chromium (III) and 

aminopolycarboxylate ligands [12,13] which contain N, 

O donor centers have been studied and an associative 

mechanism has been proposed. In the present study, we 

discuss the kinetics and mechanism of Cr(III)-DTPA 

complex formation in aqueous acidic solution. 

Experimental  

The reagents used were all of analytical grade. DTPA is 

used as received, stock solution of DTPA (0.1mol L
-1

) 

was prepared by dissolving the solid in dilute solution of 

NaOH and standardized against zinc solution using 

xylenol orange as indicator. The stock solution of 

chromium (III) was prepared and determined 

spectrophotometrically as chromate. The dinuclear 

complex was prepared by adding iron (III) ion to the 

Cr(III)-DTPA complex with ratio of 1:1. 

Spectrophotometric measurements were made to ensure 

complete formation of the complexes. 

Kinetic measurements 

All kinetic measurements were followed 

spectrophotometrically using Unicam Helios  

spectrophotometer equipped with a water-jacketed cell 

holder. The reactants were thermostated for ca-15 min 

then mixed thoroughly and quickly transformed to an 

absorption cell. The formation of the Cr(III)-DTPA 

complex was followed by monitoring the growth of 

absorbance at  max = 550nm as a function of time. 
* Corresponding author. 
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Pseudo-first-order conditions were maintained in all 

runs by using a large excess of DTPA compared to 

chromium(III) solution. The pH of the reaction was 

measured using a Radiometer M 62 pH-meter fitted with 

a combined glass-calomel electrode. The ionic strength 

was adjusted at 0.2 mol L
-1

 using NaNO3 solution.  

Results and discussion  
The value of pKa for Cr(H2O)6

3+
/ Cr(H2O)5OH

2+
 is 3.89 

[14]. At pH below 4, chromium (III) exists mainly in its 

hexaaquamonomeric form. As the pH increases, the 

concentration of the hydroxopentaaquachromium(III) 

species increases and is considered to be the main 

reactive species which, in turn, increases the reaction 

rate. At pH 5, the condensation of the two 

Cr(H2O)5OH
2+ 

gives the dimeric hydroxobridge species 

[15]. The pK values for the DTPA associated with the 

step-wise equilibria were determined to be 2.18, 2.9, 

4.2, 8.64 and 9.87 for n = 5, 4, 3, 2 and 1 

respectively[16]. 

HnL Hn-1L
K

 
Under the present experimental conditions, the ligand 

exists mainly as H2L
3-

. DTPA acts as a pentadentate 

ligand in its coordination leaving three sites promoting 

the formation of dinuclear complexes [17]. 

Solutions of chromium (III) give upon addition of 

DTPA in acidic aqueous solution an increase of 

absorption and the violet Cr (III)-DTPA complex 

exhibits maxima at 390 and 550 nm (Figure 1). 

 

Fig. 1: Absorption spectra of: (a) Cr(III) DTPA, (b) Cr(III)DTPA  

with Fe(III), pH = 2. 

The 1:1 Cr (III)-DTPA complex is a stable species, the 

chelation involves coordination of the two amine groups 

and three carboxylate groups leaving the iminodiacetate 

uncoordinated [17] (Figure 2). 

Therefore Cr(III)-DTPA complex can form dinuclear 

mixed complexes with metal ions [18]. Addition of 

Fe(III) to the Cr(III)-DTPA complex results in a new red 

coloured complex which absorbs at 379 and 542 nm 

(Figure1) in which the iminodiacetate group behaves as 

a tridentate, chelating chromium (III) via two 

carboxylate and the amine groups. 
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Fig. 2: Structure of the Cr(III) DTPA complex. 

The kinetics of the complex formation were studied over 

the pH range 2.9-5.18 and temperatures 35, 40, 45 and 

50C over a range of ligand concentrations 0.040-

0.072mol L
-1

. Pseudo-first order kinetics was maintained 

in all runs by using a large excess of ligand over the 

chromium (III) ion. Figure 3 presents examples of the 

first – order plots obtained for the formation of Cr(III)-

DTPA complex. Also included, for the sake of 

comparison, are the second - order plots for the same 

experiments. 

Obviously, the first-order plots hold better at pH 3.8, 

while at pH 4.98, the second order plots were better 

which indicates that at higher pH values (pH > 4.7), the 

dimeric chromium (III) exists. The observed rate 

constants obtained from the slopes of these plots are 

listed in Tables 1 and 2. Changing the initial chromium 

(III) concentration from 2.8  10
-3

 to 5.2 x 10
-3

 mol L
-1

 

did not affect the observed first-order rate constants. 

The constancy of ko at various concentrations of 

chromium (III) confirms first-order dependence on the 

chromium (III) concentration. It follows, 

 
 

Where [Cr(III)]T represents the total chromium (III) 

concentration. 

When all experimental conditions were kept constant 

except the DTPA concentration, the rate of reaction is 

independent on its concentration. This indicates that the 

DTPA is not involved in the rate-determining step. The 

simplest interpretation of the data is that the formation 

of the chromium (III) complex occurs via a fast reaction 

between the reactive species of chromium (III) and the 

ligand. The data in Tables 1 and 2 indicate that the 

observed rate constants increase as the pH increases 

over the range studied. 

 

 



  S. S. Anis et al. /Egy. J. Pure & Appl. Sci. (2011) 017-022  

 81 

 

 

Table 1: 1
st
 order rate constants for reaction of [Cr(NO3)3].9H2O with DTPA at various pH and temperatures, 

[Cr(NO3)3].9H2O = 4 X 10
-3

mol L
-1

. 

 k x 10
3
  (s

-1
) pH DTPA(mol L

-1
) Temp. (

0
C) 

0.207 3.65 0.040 35 

0.380 4.05 0.040  

0.520 4.46 0.040  

0.260 3.40 0.040 40 

0.360 3.62 0.040  

1.018 4.50 0.040  

1.478 4.87 0.040  

0.332 3.65
a

 0.040  

0.693 4.25
a

 0.040  

0.945 4.50
a

 0.040  

0.375 3.75
b

 0.040  

0.773 4.30
b

 0.040  

0.840 4.42
b

 0.040  

0.293 3.10 0.040 45 

0.565 3.38 0.040  

0.693 3.74 0.040  

1.008 4.08 0.040  

1.232 4.30 0.040  

1.673 4.53 0.040  

0.237 2.93 0.050  

0.336 3.20 0.050  

0.406 3.27 0.050  

0.470 3.45 0.050  

0.638 3.75 0.050  

1.053 4.17 0.050  

1.611 4.33 0.050  

1.705 4.43 0.050  

0.280 3.00 0.060  

0.352 3.29 0.060  

0.443 3.40 0.060  

1.042 4.02 0.060  

1.660 4.30 0.060  

0.275 3.1 0.072  

0.313 3.25 0.072  

0.567 3.63 0.072  

0.600 3.70 0.072  

0.793 3.82 0.072  

1.192 4.17 0.072  

1.932 4.48 0.072  

0.628 2.90 0.040 50 

0.850 3.20 0.040  

1.148 3.40 0.040  

1.365 3.70 0.040  

2.070 4.00 0.040  
a [Cr(NO3)3].9H2O  = 2.8 X 10-3 M       
b [Cr(NO3)3].9H2O  = 5.2 X 10-3 M 
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Fig. 3: Pseudo-first order plots and the corresponding second-order plots at 45oC, [Cr(III)] = 4 x 10-3 mol L-1, [DTPA] = 0.04 mol L-1 
 

 

 

 

Table 2: 2
nd

 order rate constants for reaction of [Cr(NO3)3].9H2O with DTPA at various pH and temperatures , 

[Cr(NO3)3].9H2O = 4 X 10
-3

 mol L
-1

. 

 

 
 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

kx10
 3
 (L mol

-1
 s

-1
)  pH DTPA(mol L

-1
) Temp. (

o
C) 

5.308 4.80 0.040 35 

10.10 4.87 0.040 40 
11.82 4.75 0.040  

19.94 4.98 0.040 45 
15.11 5.08 0.040  

18.76 5.18 0.040  

20.33 5.23 0.040  

14.62 4.70 0.050  

20.42 4.80 0.050  

25.16 5.06 0.050  
36.75 5.14 0.050  

25.35 5.30 0.050.  

17.66 4.93 0.060  

29.43 5.15 0.060  

16.99 4.86 0.070  
21.35 5.18 0.070  
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Plots of ko
-1

 vs [H
+
], at different temperatures, gave 

straight lines with non-zero intercepts as shown in 

Figure 4. In general, such a situation arises when one of 

the reactants is in equilibrium with its conjugate base 

and the latter is the only reactive species [19]. 
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Fig. 4: The inverse dependency of the rate constants on the 

concentration of the hydrogen ion at various temperatures 

In Cr(H2O)5OH
2+

, the hydroxide ion facilitates the loss 

of water ligand by increasing the electron density at the 

metal center. Thus, easy rupture Cr-OH2 bond favors the 

simultaneous rapid formation of the complex. Therefore 

the retardation of the observed rate constant by 

increasing hydrogen ion concentration was due to the 

protonation which occurs on the nitrogen atom of the 

ligand [20]. The formations of N-H bond leads to 

strength the Cr-OH2 bond and reduce the advantage of 

bond formation between chromium (III) and the ligand. 

Also protonation on nitrogen atom promotes hydrogen 

bonding between the carboxylate oxygen donors and 

protonated nitrogen atoms. 

The overall mechanism of the reaction process can be 

represented by the release of water molecule in a rate-

determining step from the coordination sphere of the 

chromium (III) followed by insertion of the amino 

nitrogen of the ligand into the inner coordination sphere 

of the chromium (III) which results in increasing the 

electron density on the chromium (III) center through 

the inductive effect. As a result, the remaining water 

ligands are labialized very easily and subsequent 

substitution is rapid. 

 

 Based on these results, the following rate law is 

formulated, 

Rate = k [Cr (H2O)4 OH
2+

] 

[Cr(III)]T = [Cr(H2O)6 
3+

] + [Cr (H2O)5 OH
2+

] 

              
where K is the ionization constant for the reaction  

Cr (H2O)6
3+

      Cr(H2O)5 OH
2+ 

+ H
+
 

and k is the rate constant for the release of water 

molecule from Cr(H2O)5 OH
2+ 

 

 

 

 
This mechanism differs from that proposed for the 

complex formation of chromium (III) and 

polyaminocarboxylic acids [12,13]. In the latter cases, 

the reaction proceeds through fast formation of the ion-

pair intermediate followed by inner-sphere 

complexation in a rate-determining step. The above 

equation can be rearranged to give. 

 
Figure 4 illustrates the plot of ko

-1
 vs. [H

+
] where straight 

lines with non-zero intercepts were obtained. The values 

of k and K at various temperatures were calculated from 

the intercepts and slopes of the linear relationships and 

are listed in Table 3. The values of K obtained are in 

good agreement with the reported value in the literature 

(pKa= 3.89) [14]. 

Table 3 also included the entropy and enthalpy of 

activations. The positive value obtained for S
*
 

confirmed that the rate- determining step is the release of 

water molecule from the coordination shell of the 

chromium (III). For the water exchange reaction of 

Cr(H2O)5OH
2+, 

a value for H
*
 = 110 k Jmol

-1
 and k = 

5.0  10
-3

 s
-1

 at 50C[21]. These values for H
* 
and k are 

in good agreement with the values obtained in the present 

study where values of 104 kJmol
-1 

and 2.41  10
-3

 s
-1 

at 

50C were obtained. Nearly comparable values of ∆H* 

and k with that obtained for water exchange reaction 

show an Id path for the reaction involving 

[Cr(H2O)5OH]
2+

 . 
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Table 3 Rate constants and activation parameters for the reaction of Cr(III) ion with DTPA. 

Temperature (
o
C) 10

3
k (s

-1
) 10

4
K

 
(mol L

-1
) 

35 0.75 0.85 

40 1.28 1.00 

45 1.53 1.95 

50 2.41 3.43 

 H
* 
= 104 kJ mol

-1  
  

 S
*  

=  14 JK
-1

 mol
-1  
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