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The kinetics of oxidation of [Cr III (nic)(H2O)2]
 +

 (nic = nicotinate) by IO4
−
 to 

Cr(VI) have been studied spectrophotometrically. The reactions exhibited 

biphasic kinetic behavior. This has been interpreted in terms of consecutive two-

step reactions. The first faster step involved the oxidation of the Cr (III) complex 

to a Cr (IV) species. The second slower reaction involved the oxidation of Cr (IV) 

species to Cr (V). Both steps exhibited first order dependence on the initial [Cr 

(III)] as well as first order dependence on [IO4
−
]. The rates of both processes 

increased with increasing pH due to the deprotonation equilibria of the complex. 

The experimental rate law was consistent with a mechanism in which the 

deprotonated form [Cr III (nic)(H2O)(OH)] was more reactive than the 

conjugated acid. It was proposed that electron transfer proceeds through an inner-

sphere mechanism via coordination of IO4
−
 to chromium (III). Thermodynamic 

activation parameters were calculated using the transition state theory equation. 
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Introduction 

Oxidation of complexes by periodate have received 

some attention in recent years 
[1-3]

. They have been 

reported to play an important role in biological 

determinants 
[4,5]

. They are used to degrade carbohydrate 

determinants in proteins without altering protein or lipid 

epitopes 
[6]

. Alpha amino acids in protein can be 

determined by measuring the liberated ammonia through 

the oxidation with periodate in carbonate medium 
[5]

. 

Oxidations of inorganic substrates by periodate are 

reported to proceed via an inner sphere mechanism 
[7,8]

. 

The oxidation of a number of chromium (III) complexes 

has been reported in order to support this mechanism. 

The kinetics, in each case, is interpreted in terms of 

formation of a precursor complex followed by a slower 

intramolecular electron transfer step. It is often 

suggested that substitution occurs on the chromium(III) 

reactive species. This seems to be unlikely, even in the 

presence of the labializing OH
-
 ligand, since 

chromium(III) complexes, generally, are known to be 

inert, the oxidation of these inert complexes occurred 

through bridging of IO4
-
 with the hydroxo group acting 

as a bridging ligand 
[9-12]

. The oxidation of the labile 

complexes occurred through substitution of the 

coordinated H2O by IO4
-
 as a ligand 

[12-14]
. Sometimes 

the oxidation occurred through coordination of periodate 

by the two ways together 
[3,15-19]

, thus periodate has the  

 ability of oxidizing both labile and inert complexes that 

possess one bridging ligand 
[7,20,21]

. The present work 

aimed to study the kinetics of oxidation of 

chromium(III)-nicotinate complex by periodate and the 

change of its chemical formula in an aqueous medium. 

Materials and methods 

All reagents were of pure grade and were used without 

further purification. A stock solution of nicotinic acid 

was prepared by dissolving accurate weight of nicotinic 

acid in dilute solution of NaOH. Chromium (III)-

nicotinate complex was prepared by leaving the mixture 

of Cr(NO3)3 with excess nicotinic acid solution for 48 

hour at pH range 4-4.5. The purity of Cr III complex was 

confirmed by its UV– Vis absorption spectrum, this 

complex showing two peaks at 575 and 420 nm. NaClO4 

of known concentration was used to adjust the ionic 

strength. NaOH and HCl solutions were used to adjust 

the pH of the reaction mixture. 

Kinetic Measurements 

The UV-Visible absorption spectra of the products of 

oxidation of Cr(III)-nicotinate complex by periodate 

were followed spectrophotometrically using a PG-T92
+
 

UV-Vis spectrophotometer equipped with a water-

jacketed cell holder. Solutions of periodate and the 

complex at the required pH were thermostated at the 

required temperature for 20 min, then mixed and quickly 

transferred to an absorption cell. The oxidation rates 

were measured by monitoring the absorption of Cr
VI

 at 

346 nm.  The  pH of  the  reaction mixture was measured  
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using a Griffin pH meter fitted with a combined glass 

calomel electrode. The ionic strength of the reaction was 

adjusted using NaClO4 solution. Pseudo first order 

conditions were maintained in all runs by using a large 

excess of IO4
-
 (more than 10- fold). 

Results and discussion 

During the oxidation of the Cr(III) -nicotinate complex 

in aqueous solutions, the violet color complex changed 

gradually to yellow, Fig. 1. The original two absorption 

peaks, of the complex at 575 and 420nm were replaced 

by a single peak at 346 nm; the peak position being 

dependent on the pH of the reaction 
[22-24]

. Presence of 

an isosbestic point at 510 nm in the absorption spectra  

 was taken as the criterion for the presence of two 

absorbing species in equilibrium. 

The kinetics of oxidation of [CrIII(nic)(H2O)2]
+
 by 

periodate were studied at different reaction conditions, 

namely, 2.4–5.8 pH range, 0.01-0.11mol dm
−3

 ionic 

strength,     (0.2  –  2.0)  ×  10
−3

    mol    dm
−3

   periodate 

concentration range, (1–15)×10
−4

 mol.dm
−3

 complex 

concentration range, and at 35.0– 50.0
◦
C. 

The kinetics of the reaction were studied under pseudo-

first order condition with the concentration of periodate 

greatly exceeding that of the chromium (III) complex. 

The plots of ln (A∞-At) versus time for more than 85% of 

the reaction progress (Fig. 2) reveal two linear stages, 

i.e. a faster reaction is followed by a slower one. 

 

 

 

 

Fig. 1: Change in absorbance as a function of time: [Cr(III)-nic]=1.0x10
-3

mol dm
-3

, [IO
4-

] = 2 x 10
-2

 mol.dm
-3

, µ = 

0.02 mol.dm
-3

, pH = 3.2, Temp = 35°C. 
 

 

Fig. 2: First order plots for the reaction of Cr(III)-nicotinate complex with sodium periodate at different complex 

concentrations. [KIO4] = 10
-2

 mol dm
-3

, µ = 0.11 mol dm
-3

, Temp=35°C, pH=3.5. 
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The observed rate constants k1obs and k2obs were obtained 

by fitting the kinetic data ln(A∞-At) versus t using the 

logarithmic form of a biexponential equation (Eq. (1)). 

The rate constants k1obs and k2obs are represents by 1/t1 

and 1/t2 respectively in Eq. (1) 
[25]

. 

       
                       (1) 

The rate constants k1obs and k2obs obtained from the curve  

 fitting simulation are similar to those obtained from 

semi-log plots. From linear parts of the plot of ln(A∞-At) 

versus time, k1obs and k2obs were calculated from the 

slopes as listed in Table 1. 

The linear parallel variation of log k1obs and log k2obs with 

the pH of the reaction medium (Fig. 3) suggests a single 

reaction proceeding with two rate constants characteristic 

of slow and fast stages of the reaction. 

 

 
 

Table (1): Kinetic data of oxidation of Cr(III)-nicotinate complex by periodate . 

 
 

  

[complex] x 10
4
 

 
[NaIO4] x 10

2
 

 
Temp 

    pH 
µ 

 
k1obs x 10

3
 

 
k2obsx 10

3
 

mol.dm
-3

 
 

mol.dm
-3

 
 

°C mol.dm
-3

 
 

s
-1

 
 

s
-1

 

1 
 

1 
 

35 
 

3.5 0.11 
 

2.309  0.236 

3.5 
     

 
  

2.196  0.206 

5 
     

 
  

2.077  0.312 

10 
     

 
  

2.022  0.223 

20         2.031  0.296 

25         2.064  0.288 

5 
 

0.25 
 

35 
 

3.5 0.11 
 

1.007  0.152 

7.5 
     

  
 

1.169  0.165 

8.75 
     

  
 

1.181  0.126 

10 
     

  
 

1.311  0.158 

15         1.431  0.165 

10 
 

0.4 
 

35 
 

3.5 0.11 
 

0.603  0.046 

 
 

0.5 
   

 
  

1.379  0.223 

 
 

0.8 
   

 
  

1.697  0.358 

 
 

1 
   

 
  

2.055  0.379 

  
1.5 

   
 

  
2.257  0.806 

  
2 

   
 

  
2.748  1.206 

10  1  35  3.5 0.01  2.701  0.415 

       0.02  2.608  0.382 

       0.05  2.759  0.445 

       0.11  2.572  0.367 

10  1  35  2.4 0.11  0.223  0.091 

      2.7   0.336  0.160 

      3.5   1.896  0.435 

      4.5   2.279  0.636 

     
 

5 
  

2.850  0.962 

     
 

5.8 
  

3.429  1.061 

10  1  40  2.6 0.11  0.316  0.126 

      2.8   0.711  0.333 

      3.5   1.744  0.438 

      4.5   2.062  0.546 

      5   2.349  0.750 

      5.8   2.952  1.130 

10  1  45  2.5 0.11  0.266  0.119 

      2.8   0.848  0.480 

      3.5   1.835  0.590 

      4.5   2.072  0.868 

      5   2.480  1.486 

      5.8   3.266  1.642 

10  1  50  2.7 0.11  0.516  0.266 

      3.1   1.518  0.365 

      3.5   1.736  0.660 

      4.5   1.990  0.813 

      5   2.572  0.941 

      5.8   3.257  1.399 
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Fig. 3: Variation of log k1obs and log k2obs with pH, [Cr(III)-nic] =10
-3

 mol dm
-3

, [KIO4] = 10
-2

 mol dm
-3

 and Temp 

= 35
o
C. 

 

 

The linear change of k1obs versus k2obs, (Fig. 4), also 

indicates a single reaction with different rate constants. 

The constancy of the observed rate constants (k1obs and 

k2obs) over the whole Cr(III)complex concentrations 

agrees well with a first order kinetics with respect to the 

complex concentration (Table 1) which can be 

represented by Eq.(2). 

d[Cr
VI

] / dt = kobs[Cr
III

]T           (2) 

Where   [Cr
III

]t    represents    the    total    chromium(III)  

 concentration. 

The variation of k1obs and k2obs with periodate 

concentration is shown in Table 1. It is obvious from 

these results that k1obs and k2obs do not vary linearly in 

this study. Indeed, the variation with periodate is small, 

indicating high association between the two reactants. It 

is also clear from the results in Table 1 that under 

constant reaction conditions, plots of 1/kobs versus 1/IO
-
4 

are linear with intercepts and slopes as shown in Fig. 5. 
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Fig. 4: Variation of k1obs with k2obs, [Cr(III)-nic] =10
-3

 mol dm
-3

, [KIO4] =10
-2

 mol dm
3
, at different pH, a-temp = 

45
o
C and b- temp= 50

o
C. 

 

 
 

 

 

Fig. 5: The variation of 1/k1obs and 1/k2obs with 1/[KIO4]. pH= 5.5, Temp = 35
o
C, [Cr(III)-nic] = 10

-3
   mol dm

-3
. 
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The dependence of kobs values on IO
-
4 concentration can 

be represented by Eq. (3), at constant reaction 

conditions.  

]}[IOc +/{][
-

44 bIOakobs




             
(3) 

Periodate ion is known to be involved in complex 

equilibria in aqueous solution 
[14]

. Under the reaction 

conditions, the most likely periodate species are IO4
-
. 

The effect of hydrogen ion concentration [H
+
] on the 

reaction rate was investigated over the pH range (2.4-

5.8) at different temperatures. The values of k1obs and 

k2obs, (Table 1) indicate that the reaction rate decreases 

with increasing [H
+
] value (Fig. 6). 

The [CrIII(nic)2(H2O)2]
+
 complex undergoes 

deprotonation–protonation equilibrium as shown in Eq. 

(4). The finding that the reaction rate increases with 

increasing the pH indicates that the deprotonated form 

of the Cr(III)complex is the most reactive form of the 

complex. In almost the all oxidation reactions of Cr(III) 

 species with IO
-
4, the deprotonated forms are more 

readily oxidized 
[3,9]

, this support the involvement of the 

deprotonated form of chromium(III) complex in the rate 

determining step in the present study. 

   
(4) 

The mechanism of oxidation of [CrIII(nic)2(H2O)2]
 +

 by 

IO
-
4 may be represented by the reaction sequence in Eq. 

(4, 5, 6, 7). The reaction may proceed via one or two 

electron transfer, giving chromium (IV) or chromium 

(V), respectively, in the rate determining step leading to 

chromium(VI) 
[25]

. Two electron transfer is the most 

likely pathway. 

OIO 232

IIIK

4

+

2

III H +]OIO-O)(OH)(H Cr[(nic) O)(OH)](H Cr[(nic)
2

2

2




 
(5)

 

   OHOHIOOCrnic
etk V

232

-

32

III ])[(]OIO-O)(OH)(HCr[(nic)
2

(6) 

nicIOCrIOOCrnic VIV 22])[( 342  

    
(7)

 

 

 

 

 

 

 

 

Fig. 6: The inverse dependence of k1obs and k2obs on the hydrogen ion concentration of at various temperature, 

[KIO4] = 10
-2

 mol dm
-3

, [Cr(III)-nic] = 10
-3

 mol dm
-3

. 
 

++

2

IIIK

2

III H +O)(OH)](H Cr[(nic)]O)(H(nic)[Cr
2

1
2

22



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From the above mechanism, the rate is represented as: 

 ]IO-OH- CrO)(H [(nic)2/][ -

4

III

22

etVI kdtCrd        (8) 

 ][IO OH] O)(HCr[(nic)K2 -

42

III

22

etkrate         (9) 
If it is assumed that [Cr(III)]t represents all the chromium(III) species, then, 

 
]OIO-O)(OH)(H Cr[(nic)O)(OH)](H Cr[(nic)]O)(H(nic)[Cr][ 32

III+

2

III

2

III

22

2

22




T

IIICr
 

(10)
 

Substituting for [CrIII(nic)2(H2O)2]
2+

 from Eq. (4) in Eq. (10) we obtain Eq. (11). 

 [ }/][]{[OH]O)(H(nic)[Cr][ 142112

III 2

2
KIOKKKHCr T

III


 


    
(11)

                                 

 
}/][]/{[][OH]O)(H(nic)[Cr 142112

III 2

22
KIOKKKHCr T

III


 


    
(12)

 
Since the reaction is first order in [Cr(III)]t Eq (2), the pseudo-first order rate constant, kobs is given by Eq (13). 

 
]}[IOKK +]/{[][2

-

4211421 KHIOKKkk et

obs  

     
(13)

 

 

][2/]}[{
2

11
4211

 IOKKkHK
kk

et

et

obs       
(14)

 
 

From Eq. (14) the intercept I1 and the slope S1 are given 

by Eq. (15) and (16), respectively. 

211 2/]}[{ KKkHKS et                   
(15)

 

etk
I

2

1


                                                  
(16) 

The values k
et
 (rate constant for electron transfer steps) 

are obtained from Eq. (16) as 3.77 x10
-3

 s
-1

 and 2.67 

x10
-3

 s
-1

 at 35
o
C.The effect of ionic strength on the 

oxidation rate was investigated as shown in Table 1. It is 

clear from these results that the values of k1obs and k2obs 

were unaffected when the ionic strength was varied at 

constant reaction conditions. This is consistent with the 

proposition that the reactive chromium(III) species is 

deprotonated form, attributed to the deprotonation of the 

complex. The effect of temperature on the oxidation 

rates was also studied and the results are shown in Table 1. 

The isokinetic relation supports a common mechanism 

for the oxidation of chromium(III) complexes, reported 

here, by periodate. This consists of a periodate ion 

coordination to the chromium(III) complexes in a step 

preceding the rate-determining intramolecular electron 

transfer within the precursor complex. 

It is obvious from these results that k1obs and k2obs 

increase   with   increasing   temperature.   The enthalpy, 

 ∆H*, and entropy, ∆S*, of activation for the electron 

transfer process in the oxidation of [CrIII(nic)2(H2O)2]
+
 

by IO
-
4 was calculated using Eyring equation. The values 

of ∆H* and ∆S* associated with this process were 

obtained as 33.2, 44.6 kJ mol
-1

 and -158, -112, J mol
-1

 K
-

1
, for the faster and the slower steps (k1obs and k2obs), 

respectively. 

Enthalpies and entropies of activation for the oxidation 

of some chromium (III) complexes by periodate were 

calculated related to intramolecular electron transfer 

steps (Table 2). 

A plot of ∆H* versus ∆S* for these complexes is shown 

in Fig. 7, an excellent linear relationship was obtained. 

The isokinetic relation supports a common mechanism 

for the oxidation of chromium(III) complexes, reported 

here, by periodate. This consists of a periodate ion 

coordination to the chromium(III) complexes in a step 

preceding the rate-determining intramolecular electron 

transfer within the precursor complex. 

Conclusion  
The kinetics of oxidation of [Cr(nic)2(H2O)2]

+
 by 

periodate  were investigate. The reaction was first-order 

in chromium-nicotinate complex, accelerated with 

increasing periodate concentration, pH, temperature and 

ionic strength of the reaction medium. The oxidation of  

 

 

 

Table (2): Enthalpies and Entropies of activation of the oxidation of some chromium(III) complexes by periodate. 

Complex  ∆H* (KJ mol
-1

)  -∆S* (JK
-1

mol
-1

)  Ref Figure 7 key 

[Cr
III

(HIDA)2(H2O)]  12.3 ± 1  240.7 ± 7  [26] 1 

[Cr
III

(HIDA)(Arg)(H2O)2]
+ 

 15.9 ± 1.2  227 ± 5  [27] 2 

[Cr
III

(DPA)(OX)(H2O)]
- 

 31 ± 2.6  212 ± 8.5  [28] 3 

[Cr
III

(HIDA)(VAL) (H2O)]  41.7 ± 1.5  162.5 ± 3.3  [27] 4 

[Cr
III

(UD) (H2O)3]
3+ 

 37.8 ± 3.1  158.3 ± 39.3  [29] 5 

[Cr
III

(UD)(Asp) (H2O)3]
2+

  59.5 ± 9.2  107 ± 35.2  [29] 6 

[Cr
III

(NTA)(Asp)(H2O)]
-
  64.6 ± 8.5  76 ± 7.7  [30] 7 

[Cr
III

(TOH) (H2O)]  76 ± 2.1  38.7 ± 7.1  [9] 8 

[CrIII(nic)2(H2O)2]   44.3  158  This work 9 

[CrIII(nic)2(H2O)2]  33.2  112  This work 10 
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Fig. 7: Isokinetic plot for oxidation of chromium(III)-complexes by periodate, (1) [Cr
III

(HIDA)2(H2O)], (2) 

[Cr
III

(HIDA)(Arg)(H2O)2]
+
, (3) [Cr

III
(DPA)(OX)(H2O)]

-
, (4) [Cr

III
(HIDA)(VAL)(H2O)], (5) [Cr

III
(UD) (H2O)3]

3+
, 

(6) [Cr
III

(UD)(Asp) (H2O)3]
2+

, (7) [Cr
III

(NTA)(Asp)(H2O)]
-
, (8) [Cr

III
(TOH) (H2O)] and (9,10) [CrIII(nic)2(H2O)2] 

this work. 
 

 

[Cr(nic)2(H2O)2]
+
 by periodate is assigned an inner-

sphere mechanism. A common mechanism for the 

oxidation of ternary chromium(III) complexes by 

periodate is proposed and is supported by the excellent 

isokinetic relationship between ∆H* and ∆S* values for 

these reaction. 
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