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Abstract. The kinetics of oxidation of H2 O2 by [NiIII (cyclam)]3+ , [NiIII L1 ], was studied in aqueous acidic
media at 25◦ C and I = 0.5 M (NaClO4 ). The [NiIII L1 ] to [NiII L1 ] reduction was found to be fast in the presence of Cu(II) ion than the oxidation of the cyclam ligand by · OH. The rate constant showed an inverse acid
dependence on H+ ion at the pH range 1–1.5. The presence of sulphate retards the reaction. Macrocylic ligand
oxidation was followed spectrophotometrically by examining the oxidation of nickel(II) complexes of macrocyclic ligands such as 1,8-bis(2-hydroxyethyl)-1,3,6,8,10,13-hexaazacyclotetradecane (L2 ), ms-5,7,7,12,14,14hexamethyl-1,4,8,11-tetraazacyclotetradecane (L3 ), rac-Me6 [14]-4,11-dieneN4 (L4 ) by reaction with hydrogen
peroxide. The rate constant for the cross reaction is discussed in terms of Marcus relationship.
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1. Introduction
Extensive reports are available in literature on the
metal ion-catalysed decomposition of hydrogen peroxide. It has been suggested that the equilibria for the
complex formation between hydrogen peroxide and
the aqua–cations FeIII (aq), 1–3 CeIV (aq), 4,5 MnIII (aq), 4,6
CoIII (aq), 4,7,8 and AgII (aq) 4,9 are established more
rapidly than the rate of decomposition of hydrogen
peroxide. The kinetic study of the complex formation
between iron(III)-EDTA with hydrogen peroxide in
aqueous solution was carried out in alkaline medium. 10
At higher acidity ([H+ ] > 0.5 mol dm−3 ), the kinetics
of oxidation of hydrogen peroxide by [Ni(bipy)3 ]3+
was found to be independent of [H+ ] and no replacement of the ligand on the nickel(III) centre by H2 O2
was observed. 11 Oxidation of hydrogen peroxide
by tris(2,2 -bipyridine) and tris(4,4 -dimethyl-2,2 bipyridine) complexes of osmium(III), iron(III),
ruthenium(III), and nickel(III) studied in acidic and
neutral aqueous media, show an inverse acid dependence over the pH the range 6.0–8.5. 12 Kinetic measurements with an excess of H2 O2 revealed that HO−2
is the only redox–active species for the reaction with
[Ni(tacn)2 ]3+ under conditions 2 < pH < 5.5, while the

∗ For

correspondence

participation of both H2 O2 and HO−2 was observed for
the reactions with [Fe(ttcn)2 ]3+ and [Ru(bipy)3 ]3+ . The
reaction pathway for the oxidation of hydrogen peroxide in acidic solution by [Ni(tacn)2 ]3+ involves interaction of HO−2 with the amino hydrogen atom on the tacn
ligand. 13
An attempt for reduction of [NiIII L1 ] centre by H2 O2
revealed that it was slow and complicated by the ligand oxidation. Reaction of [NiL1 ]2+ with hydrogen
peroxide in acidic media results in the formation of
a dimeric complex in which there is an evidence for
electron delocalization across the M–M distance. 14
Laurence et al., studied that the nickel(III) complexes
of the ligands (L3 and L4 ) which contain NH groups
are converted into nickel(II) complexes of radical
forms of the ligands at pH > 3. 15 The pulse radiolysis study suggested that the hydroxyl radicals oxidize
the nickel(II) complexes by initial H-atom abstraction from the ligand, and the nickel(III) complexes are
then formed by proton-assisted intramolecular electron
transfer. Homolytic O–O cleavage for the reaction of
[NiII cyclam(CH3 CN)2 ](ClO4 )2 with TBHP (tert-Butyl
hydroperoxide) in CH3 CN and proton assisted heterolysis for O–O activation in H2 O was studied. 16 In this
paper, we report kinetics of Cu(II) catalysed oxidation of hydrogen peroxide by [NiIII L1 ]. Nickel(II)
complexes of macrocyclic ligands in scheme 1 were
examined towards ligand oxidation by carrying out
oxidation of metal centre by hydrogen peroxide and
t-Butyl hydroperoxide.
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Scheme 1. Structure of macrocyclic ligands.

2. Experimental
2.1 Materials and reagents
[NiL1](ClO4 )2, and the corresponding [NiL1(NO3 )2]ClO4
complexes were prepared as described previously. 17,18 [NiL2 ](ClO4 )2 (ε444 = 54 M−1 cm−1 , ε205 =
15,300 M−1 cm−1 ), [NiL3 ](ClO4 )2 (ε437 = 100 M−1
cm−1 , ε282 = 7,140 M−1 cm−1 , ε215 = 22,000 M−1
cm−1 ), and [NiL4 ](ClO4 )2 (ε463 = 68 M−1 cm−1 ,
ε236 = 12,900 M−1 cm−1 , ε207 = 8,660 M−1 cm−1 )
complexes have also been prepared and characterized by UV-Visible spectroscopy (where L3 = ms-5,7,7,
12,14,14-hexamethyl-1,4,8,11-tetraazacyclotetradecane
and L4 = rac-Me6 [14]-4,11-dieneN4 ). 19–22 The UV
spectrum of [NiL1 (NO3 )2 ]ClO4 (ε296 = 11,400 M−1
cm−1 , ε370 = 5,000 M−1 cm−1 ) in acidic aqueous solution in the presence of sulphate has been taken. ESR
spectrum of the [NiL1 ]3+ complex has been taken in
acidic aqueous solution in the presence of sulphate.
The Ni(III) solution was prepared freshly by dissolving the sample in aqueous acidic solution containing
sulphate for stabilizing the Ni(III). A stock solution
of perchloric acid was prepared and was standardized
by titration with potassium hydrogen phthalate. A
stock solution of copper perchlorate was prepared by
neutralizing copper carbonate (0.0091 mol, 2 g) with
70% perchloric acid (1.56 ml, 0.018 mol). The resultant
solution was standardized iodometrically.
Caution: Compounds containing perchlorate anions
must be regarded as potentially explosive and should be
handled with caution.
2.2 Kinetic studies
Studies were carried out on the kinetics of oxidation of
hydrogen peroxide by [NiIII L1 ] under second and first

order conditions. The ionic strength was maintained at
0.5 mol dm−3 using sodium perchlorate. The pH dependence on the reaction rate was studied by varying the
pH of the medium from 1–1.5 using perchloric acid.
The pH was measured with an Eutech (India) instrument. The concentration of [H2 O2 ] was varied from
2.5 × 10−4 to 1.5 × 10−3 mol dm−3 and the Ni(III) complex concentration was fixed at 5 × 10−5 mol dm−3 .
The variation of [Cu(II)] was extended over the range
5 × 10−6 to 1 × 10−4 mol dm−3 . The effect of sulphate on reaction rate was studied by taking its concentration as 0.002 mol dm−3 in the pH range 1–2.5.
Absorbance changes with time were measured using
a ‘Shimadzu’ UV-Visible recording spectrophotometer
(UV-1601). Decrease in absorbance of LMCT band of
Ni(III) was followed at 350 nm. The observed rate constant kobs was calculated from the slopes of the linear
regression plots of ln{1+(Yo –Y∞ )o /(Yt –Y∞ )[A]o }
(where o = a[Bo ]–b[Ao ], Ao and Bo are initial concentrations of oxidant and reductant, respectively) against
time for second order and ln(Yt –Y∞ ) against time for
first order conditions. 23

3. Results and discussion
Hydrogen peroxide oxidation by [NiIII L1 ] at pH 1–1.5
was studied in the absence of Cu(II) ion. At this pH
range, hydrogen peroxide oxidation by [NiIII L1 ] was
found to be very slow. It was suggested that at very
high acidic conditions the reduction of Ni(III) by the
peroxy anion is slow because of its weak reducing
power. 24 Uncatalysed redox reaction was observed with
[M(bipy)3 ]3+ , [M(tacn)3 ]3+ (where M = Ni, Fe and
Ru) with evolution of oxygen. 12,13 The same trend is
expected with [NiIII L1 ]. The kinetic data for the reactions of [NiIII L1 ] complex with hydrogen peroxide are
consistent with a mechanism involving the reduction
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of [NiIII L1 ] by both the undissociated H2 O2 and the
peroxide anion HO−2 (pKa = 11.62)
k1
[NiIII L1 ] + H2 O2 GGGGGGA
[NiIII L1 ] + HO−2

k2
GGGGGGA

[NiII L1 ] + H2 O·+
2

(1)

[NiII L1 ] + HO2

(2)

Table 1. Dependence of rate on pH in the absence of
[Cu(II)]. [NiIII L1 ] = 5 × 10−5 mol dm−3 ; [H2 O2 ] = 1.50 ×
10−3 mol dm−3 ; T = 25◦ C; I = 0.50 mol dm−3 (NaClO4 ).
pH

k / dm3 mol−1 s−1

k2 Ka / [H+ ]

1.0
1.2
1.4
1.5

2.96 ± 0.04 (4.29)
7.51 ± 0.03 (7.16)
10.2 ± 0.02 (10.7)
12.4 ± 0.03 (13.4)

4.29
7.16
10.7
13.4

Numbers in parentheses are values calculated with use of (6).

The rate equation is given by
−d[NiIII L1 ]
= k1 [NiIII L1 ][H2 O2 ] + k2 [NiIII L1 ][HO−2 ]
2dt
(3)
Ka
−
+
H2 O2 FGGGB
GGG H + HO2
−d[NiIII L1 ]
2dt

1125

(4)

= k1 [NiIII L1 ] [H2 O2 ]

III
−
[NiIII L1 ] + HO−2 FGGGGGGB
GGGGGG [Ni L1 HO2 ]

+

+ k2 Ka [Ni L1 ] [H2 O2 ] /[H ]
III

(5)
k = k1 + k2 Ka /[H+ ]

(6)

The negligible intercept k1 was consistent with the
small rate constant observed in acidic solution. The
rate constants k2 Ka at various acid concentration were
derived from the slope of k against [H+ ]−1 plot and
were presented in figure 1 and table 1. With 30-fold

Figure 1. Plot of k and k against 1/[H+ ]; T = 25◦ C;
[H2 O2 ] = 2.50 × 10−4 mol dm−3 ; [NiIII L1 ] = 5 × 10−5 mol
dm−3 , I = 0.50 mol dm−3 (NaClO4 ); [Cu(II)]/ mol dm−3 : ♦
– 0*;  −5 × 10−6 ;  −1 × 10−5 ;  −5 × 10−5 ; , −1 ×
10−4 ; ;*[H2 O2 ] = 1.50 × 10−3 mol dm−3 .

•

increase in concentration of hydrogen peroxide, the rate
constants displayed an inverse dependence on the acid
concentration. Oxygen evolution occurs but the reduction of metal centre was not observed completely. This
complication may be due to the formation of stable
[NiIII L1 HO−2 ] (eq. 7), which acts as strong oxidant than
[NiIII L1 ], and the oxidation of cyclam ligand.
(7)

The decomposition pathway for the superoxide ions
formed by reactions (1) an (2) are given by (8) and (9)
respectively. 13
·
+
H2 O·+
FGGGGGB
GGGGG H + HO2
2

(8)

2HO·2 GGGGGA H2 O2 + O2

(9)

In the presence of Cu(II), the metal centre reduction
takes place more rapidly when compared with cyclam
ligand oxidation. Most of the reactions involving hydrogen peroxide are carried out at higher pH (pH > 5) and
HO−2 is responsible for the decomposition of H2 O2 . It
is obvious that the oxidation of H2 O2 by Cu(II) is more
favourable in alkaline medium and the rate of decomposition of H2 O2 by Cu(II) alone at low pH is considered negligible compared with the decomposition of
H2 O2 by [NiIII L1 ] complex. Interaction of Cu(II) with
[NiIII L1 ] complexes in aqueous acidic condition was
ruled out. 25
The Cu(II) ion catalysed oxidation of H2 O2 by
[NiIII L1 ] complex, in the pH range 1 < pH < 1.5 studied, was found to be fast. The second order rate constants at various [Cu(II)] ranging from 5 × 10−6 to 1 ×
10−4 mol dm−3 showed an inverse dependence on the
acid concentration (table 2).
It was also pointed out that the promoting action
of Cu(II) ions has been considered due to their ready
reducibility to transient Cu(I) ions. In this redox reaction, oxygen evolution takes place which suggests the
formation of copper–peroxo complexs. 26–30 In aqueous
medium, formation of highly labile species (eq. 10) and
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Table 2. Dependence of rate on [Cu(II)] at various pH.
[NiIII L1 ] = 5 × 10−5 mol dm−3 ; [H2 O2 ] = 2.50 × 10−5 mol
dm−3 ; T = 25◦ C; I = 0.50 mol dm−3 (NaClO4 ).
pH

[Cu(II)] / mol dm−3

k / dm3 mol−1 s−1

kb Ka / [H+ ]

1.0

5 × 10−6
1 × 10−5
5 × 10−5
1 × 10−4
5 × 10−6
1 × 10−5
5 × 10−5
1 × 10−4
5 × 10−6
1 × 10−5
5 × 10−5
1 × 10−4
5 × 10−6
1 × 10−5
5 × 10−5
1 × 10−4

13.9 ± 0.03 (14.4)
22.6 ± 0.04 (24.0)
36.3 ± 0.05 (37.9)
55.4 ± 0.02 (57.9)
20.3 ± 0.04 (19.5)
34.7 ± 0.02 (32.8)
51.3 ± 0.02 (49.2)
72.9 ± 0.03 (69.4)
25.7 ± 0.03 (25.8)
44.1 ± 0.05 (43.7)
63.9 ± 0.03 (63.4)
84.1 ± 0.04 (83.8)
30.4 ± 0.03 (30.6)
51.0 ± 0.05 (51.9)
73.2 ± 0.02 (74.1)
93.2 ± 0.02 (94.6)

7.61
13.1
17.1
17.3
12.7
21.9
28.4
28.8
19.0
32.8
42.6
43.1
23.7
41.0
53.3
53.9

1.2

1.4

1.5

Numbers in parentheses are values calculated with use of (17).

successive electron transfer reaction with [NiIII L1 ] may
be given in the following scheme 2.
CuII + H2O2

CuIIH2O2

CuIH2O2

CuIH2O2

CuI (aq) + H2O2

CuI (aq) + NiIIIL1

k4
[NiIII L1 ] + CuI HO·2 GGGGGGA

(13)
The rate expression involving uncatalysed and catalysed hydrogen peroxide oxidation by [NiIII L1 ] is shown
by the following rate equations:vspace*3pt
−d[NiIII L1 ]
2dt

CuII (aq) + NiIIL1

Scheme 2. Equilibrium pathways for the interaction of
copper(II) ion with hydrogen peroxide.

The rate expression for Cu(II) catalysed hydrogen peroxide oxidation may be written as shown in equation 11.
K1
1
·+
Cu + H2 O2 FGGGGGGB
GGGGGG Cu H2 O2
II

(10)

k3
G
GGGGG
A [NiII L1 ] + CuII + H2 O·+
[NiIII L1 ] + CuI H2 O·+
2
2
(11)
The peroxy anion might react with both Cu(II) and
[NiIII L1 ]. The [NiIII L1 HO−2 ] formed is a stable oxidant
and the preferable reaction pathway involves interaction of [CuII HO−2 ] with [NiIII L1 ]. The possible equilibrium may be represented by the following sequence,
scheme 3.
The rate equation for the Cu(II) ion promoted peroxy
anion may be given by the equation 13.
K2
I
·
CuII + HO−2 FGGGGGGB
GGGGGG Cu HO2

(12)

[NiII L1 ] + CuII + HO·2

−d[NiIII L1 ]
2dt

= k1 [NiIII L1 ][H2 O2 ]
+ k2 [NiIII L1 ][HO−2 ]
+ k3 [NiIII L1 ][CuI H2 O·+
2 ]
III
I
·
(14)
+ k4 [Ni L1 ][Cu HO2 ]

= k1 [NiIII L1 ][H2 O2 ]
+ k2 Ka [NiIII L1 ][H2 O2 ]/[H+ ]
+ k3 K1 [NiIII L1 ][H2 O2 ][CuII ]
+ k4 K2 Ka [NiIII L1 ][H2 O2 ][CuII ]/[H+]
(15)

k = (k1 + k3 K1 [CuII ])
+ Ka (k2 + k4 K2 [CuII ])/[H+ ]

(16)

k = ka + kb Ka /[H+ ]

(17)

where ka (= k1 + k3 K1 [CuII ]) was obtained from intercept and kb Ka (kb = k2 + k4 K2 [CuII ] was obtained from
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CuII + HO2
[NiIIIL1HO2] + CuII
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CuIHO2

CuIIHO2
[NiIIIL1] + CuIIHO2

[NiIIIL1HO2 CuII]

Scheme 3. Equilibrium pathways for the interaction of copper(II) ion with peroxy anion.

slope of k against [H+ ]−1 plot (figure 1). Activation
of H2 O2 increases by increasing the [Cu(II)] and was
observed by the increase in the rate constant (table 2).
The influence of copper(II) ions on reaction kinetics
was observed from the plot of log k against log[CuII ]
with a slope of 0.44 at pH 1 (figure 2).
3.1 Sulphate dependence
Between the pH 1 and 2.5, the oxidation kinetics was
studied at sulphate ion concentration of 0.002 mol dm−3
and copper(II) ion concentration of 1 × 10−4 mol dm−3 .
Variation of sulphate ion concentration at constant pH
2 has also been studied. In the presence of sulphate, the
rate constant is found to decrease.
In sulphate medium, [NiIII L1 ] exist as sulphato–
complex according to the equation 18. The factors such
as stabilization of the complex by hydrogen bonding
and the lower reduction potential21 of [NiL1 (SO4 )]+ are
considered to retard the hydrogen peroxide oxidation
in the presence of sulphate. Also formation of copper sulphate which is a weak catalyst might reduce the
availability of free Cu(II) towards the promoting action.
Kf
III
+
[NiIII L1 ]3+ + SO2−
FGGGGGGB
GGGGGG [Ni L1 SO4 ]
4
GGGGGB CuSO4(aq)
Cu(aq) + SO2−
4(aq) F GGGGG
II

(18)
(19)

In the presence of sulphate and Cu(II) ion, the kinetic
pathways (20) and (21) are presented.
[NiIII L1(SO4 )]+ + CuI H2 O·+
2
k5
II
·+
GGGGGGA [NiII L1 ]+SO2−
(20)
4 +Cu +H2 O2
[NiIII L1(SO4 )]+ + CuI HO·2
k6
II
·
GGGGGGA [NiII L1 ]+SO2−
4 +Cu +HO2

(21)

The overall rate expression including uncatalysed
(eq. 1, 2) catalysed (11, 13) and the presence of sulphate
(eq. 20, 21) for the oxidation of H2 O2 by [NiIII L1 ] may
involve the following steps:
−d[NiIII L1 ]
2dt
= k1 [NiIII L1 ][H2 O2 ]
+ k3 K1 [NiIII L1 ][H2 O2 ][CuII ]
+ k5 Kf K1 [NiIII L1 ][SO4 ][H2 O2 ][CuII ]
+ k2 Ka [NiIII L1 ][H2 O2 ]/[H+ ]
+ k4 K2 Ka [NiIII L1 ][H2 O2 ][CuII ]/[H+ ]
+ k6 K2 Kf Ka [NiIII L1 ][SO4 ][H2 O2 ][CuII ]/[H+ ]
(22)
k  = (k1 + k3 K1 [CuII ] + k5 K1 Kf [CuII ][SO4 ])
+ Ka (k2 + k4 K2 [CuII ]
(23)
+ k6 Kf K2 [CuII ][SO4 ])/[H+ ]
k = kc + kd Ka /[H+ ]

(24)

In the rate law equation 24, kc (= k1 + k3 K1 [CuII ] +
k5 K1 Kf [CuII ][SO4 ]) and kd Ka (kd = k2 + k4 K2 [CuII ] +
k6 Kf K2 [CuII ][SO4 ]) were obtained from intercept and
slope of the plot of k against [H+ ]−1 , respectively
(figure 3 and table 3).

3.2 Interpretation of ligand oxidation
Figure 2. Plot of logk against 1/[H+ ]; T = 25◦ C;
[H2 O2 ] = 2.5 × 10−4 mol dm−3 ; [complex] = 5 × 10−5 mol
dm−3 ; I = 0.50 mol dm−3 (NaClO4 ), pH = 1.

In order to confirm the involvement of HO−2 with Ni(III)
centre and oxidation of ligand by · OH radical, the
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Figure 3. Plot of k against 1/[H+ ]; T = 25◦ C; [H2 O2 ] =
2.5 × 10−4 mol dm−3 ; [complex] = 5 × 10−5 mol dm−3 ;
I = 0.50 mol dm−3 (NaClO4 ), [Cu(II)] = 1 × 10−4 mol
dm−3 ; [Na2 SO4 ] = • − 0.002 mol dm−3 .

reaction was interpreted on the basis of the observations
from the following reactions:
3.2a Study of the reaction of · OH radical: Spectral
scans of metal centred reduction of [NiIII L1 ] was studied under first order conditions (20-fold of H2 O2 ) both
in the presence and absence of Cu(II) and in the presence of sulphate at pH1. After the complete disappearance of LMCT band of [NiIII L1 ] at 300 nm, the
increases in the intense peak at 284 nm and at 522 nm
with development of pink colour was observed (figure 4a). Similar observations were made with [NiL1 ]2+
in the present study. McAuley suggested that it was due
to the transient Ni(III)(hydroxo)ion and the hydroxyl
radical 17 which leads to diimine followed by the formation of pink dimeric species. The crystal structure of
[NiL1 (NO3 )2 ](NO3 ) showed the cyclam to be in a transIII conformation with the two secondary amines of the
six-member ring cis to each other. This configuration
would permit dehydrogenation in the ring.

In the spectral scans of the oxidation of
[NiL2 ](ClO4 )2 (L2 = 1,8-bis(2-hydroxyethyl)-1,3,6,
8,10,13-hexaazacyclotetradecane) by hydrogen peroxide both in the absence and presence of Cu(II)
and in the presence of sulphate at pH1 no such pink
species with an intense peak at 520 nm was observed
(figure 4b). Instead, a peak at 270 nm and a shoulder
near 325 nm were formed rapidly. The intensity of the
shoulder at 325 nm gradually decreases and reaches a
limit at 270 nm.
Hydrogen peroxide has no effect on both
[NiL3 ](ClO4 )2 and [NiL4 ](ClO4 )2 . The CTTS band
of these complexes was affected only slightly. From
the UV spectrum of [NiL4 ](ClO4 )2 , it was found that
the peak formed at 280 nm of [NiL2 ]2+ and 270 nm of
[NiL1 ](ClO4 )2 by reaction with hydrogen peroxide may
be due to π → π* transition of C=N. Therefore, it
may be concluded that the reaction of Ni(III) complex
with hydrogen peroxide is accompanied by abstraction
of ‘H’ atom from the macrocyclic ligand. But in the
presence of Cu(II), reduction of Ni(III) to Ni(II) is
faster than the abstraction of H atom.
3.2b Effect of isopropyl alcohol: The involvement of
·
OH radical can be understood by carrying out the kinetics of oxidation of hydrogen peroxide by Ni(III) complex in the presence of 2-propanol. The · OH radical
tend to abstract hydrogen both from macrocylic ligand
and isopropyl alcohol.
HC(CH3 )2 OH + · OH → · C(CH3 )2 OH + H2 O (25)
NiL3+ + · C (CH3 )2 OH → (CH3 )2 CO + NiL2+ + H+
(26)
The plot of k against [isopropyl alcohol] (table 4, figure 5) was linear with a positive slope and there is no
effect up to an isopropyl alcohol concentration of 1 mol
dm−3 . Since the reaction of HO−2 is faster than · OH, 31
the promoting action of Cu(II) ion is not affected in the

Table 3. Dependence of rate on sulphate. [Complex] =
5 × 10−5 mol dm−3 ; [H2 O2 ] = 2.50 × 10−5 mol dm−3 ; T = 25◦ C;
[Cu(II)] = 1 × 10−4 mol dm−3 ; I = 0.50 mol dm−3 (NaClO4 ).
0.002 mol dm−3

[Na2 SO4 ]

pH 2



pH

k /
dm mol−1 s−1
3

1.0 17.0 ± 0.02 (17.2)
1.5 26.5 ± 0.03 (22.8)
2.0 36.0 ± 0.03 (40.9)
2.5 104 ± 0.01 (102)

+

[SO2−
4 ]
−3

k /
dm mol−1 s−1

0.001
0.002
0.005

52.0 ± 0.04
36.0 ± 0.03
26.3 ± 0.06

kd Ka / [H ] mol dm
2.63
8.23
26.3
87.7

3

Numbers in parentheses are values calculated with use of (24).
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1.00A

0.80A

(0.200
/div)

(0.100
/div)

0.00A
190.0 nm

(100/div)

750.0 nm

]2+

(a) [NiL1

0.00A
190.0 nm
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(50/div)

500.0 nm

]2+

(b) [NiL2

Figure 4. Spectral scans observed for the oxidation of macrocyclic ligands (L =
L1 and L2 ) of Ni(II) complexes by hydrogen peroxide: [NiL]2+ complexes = 2 ×
10−4 mol dm−3 ; [Na2 SO4 ] = 0.001 mol dm−3 ; [H2 O2 ] = 4 × 10−3 mol dm−3 ; pH =
1(HClO4 ); I = 0.50 mol dm−3 (NaClO4 ). Scans (a) and (b) measured at 900 s intervals
in the absence of Cu(II).

oxidation of H2 O2 than the interaction of · OH radical
with macrocyclic complex in acidic medium. The interaction of · OH is observed after the reduction of Ni(III)
centre. It was suggested that H2 O2 reacts with NiL2+
by a Fenton-type mechanism. Therefore, the effect of
isopropyl alcohol at lower concentration has not been
observed.
It was hence concluded that the HO−2 would be the
reacting species rather than · OH radical. The rate of
decomposition of Ni(III) complex is enhanced especially in the presence of isopropyl alcohol concentration
above 1 mol dm−3 . This is because, in addition to catalysis by Cu(II), α-hydroxy alkyl radical which is formed
from alcohol by reacting with · OH, may also react with
Ni(III) and thus responsible for enhanced decomposition of Ni(III). 32 After the reduction of Ni(III) to Ni(II),
the suppression of the peak at 520 nm was observed
without affecting the peak at 270 nm. This suggests that
the peak produced at 270 nm is not due to true Ni(III),
but may be a transient species.

3.2c Reaction of t-Butyl hydroperoxide with Ni(II)
macrocyclic complexes: Oxidation of [NiL1 ](ClO4 )2
at pH1 using excess t-BuOOH in the presence of sulphate concentration of 0.10 mol dm−3 displayed ligand
to metal charge transfer (LMCT) band at 300 nm and
charge transfer to solvent (CTTS) band at 220 nm with
an isosbestic point at 242 nm. The pseudo-first order
rate constant, kobs , was found to be 2.42 × 10−4 s−1 .
In the presence of sulphate, the nickel(III) produced
in the reaction of [NiL1 ]2+ with t-BuO· was stable.
With [NiL2 ](ClO4 )2 , the appearance of an intense band
(LMCT) at 290 nm in the presence of sulphate ion
suggests the formation of Ni(III) at the same reaction

Table 4. Effect of isopropyl alcohol on rate constant at
pH = 1: [NiIII L1 ] = 5 × 10−5 mol dm−3 ; [H2 O2 ] = 5 ×
10−4 mol dm−3 ; T = 25◦ C; [Cu(II)] = 1 × 10−4 mol dm−3 ;
[Na2 SO4 ] = 0.002 mol dm−3 ; I = 0.50 mol dm−3 (NaClO4 ).
[Isopropyl alcohol] /
mol dm−3
1.0
1.5
2.0
2.5
3.0

k / dm3 mol−1 s−1
17.0 ± 0.07
21.5 ± 0.10
25.7 ± 0.05
28.9 ± 0.10
32.5 ± 0.10

Figure 5. Effect of isopropyl alcohol on rate constant:
[NiIII L1 ] = 5 × 10−5 mol dm−3 ; pH = 1 (HClO4 );
[Na2 SO4 ] = 0.002 mol dm−3 ; Temp = 25◦ C; I = 0.50 mol
dm−3 (NaClO4 ); [Cu(II)] = 1 × 10−4 mol dm−3 ; [H2 O2 ] =
5 × 10−4 mol dm−3 .
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Table 5. Rate constants for the oxidation of [NiL]2+ (L =
L1, L2 , L3 and L4 ] by t-Butyl hydroperoxide at 25◦ C:
[NiL]2+ = 5 × 10−5 mol dm−3 , [Na2 SO4 ] = 0.10 mol dm−3 ,
pH = 1(HClO4 ), [t-BuOOH] = 5 × 10−3 mol dm−3 , I =
0.50 mol dm−3 (NaClO4 ).
Complex

kobs /10−4 , s−1

[NiL1 ]2+
[NiL2 ]2+
[NiL3 ]2+
[NiL4 ]2+

2.42 ± 0.04
2.18 ± 0.02
Very slow
No reaction

conditions. During the reaction, the other charge transfer band at 210 nm (CTTS) decreased in intensity with
time, showing an isobestic point at 240 nm.
A metal centre oxidation of the [NiL3 ](ClO4 )2 complex was very slow with t-BuOOH with an increase
in LMCT band at 409 nm and 310 nm and decreases
in the CTTS band at 236 nm. t-BuOOH has no action
on [NiL4 ](ClO4 )2 . Therefore, it was concluded that the
t-BuO· would not attack the macrocyclic ligand.
On the basis of the reaction of the above complexes with t-BuOOH, it was concluded that for the
Ni(II) complexes of macrocyclic ligands I–III, the metal
centred oxidation takes place, the rates being in the
order NiL1 > NiL2 > NiL3 (scheme 1, table 5). With
H2 O2 , ligand oxidation of macrocyclic ring takes place
with complexes I and II in which hydrogen atom of
secondary nitrogen can be easily abstracted by · OH.
From these studies, in the oxidation of [NiL1 ](ClO4 )2
by H2 O2 , in addition to increase in peak at 280 nm, the

progress of the peak at 520 nm suggest the formation of
tetraene form of dimer by removal of an α-hydrogen.
In the case of [NiL2 ](ClO4 )2 , the α-position is strained
due to the uncoordinated bridge head nitrogen (N1 and
N8) with hydroxyethyl substituent so that it forms only
dienes.

3.3 Correlation with Marcus theory
According to the modified form of Marcus theory, 33 the
rate constant for a cross-reaction k12 is related to the rate
constants for the component exchange reactions k11 and
k22 and the equilibrium constant for the cross-reaction
K12 by
k12 = (k11 k22 k12 f 12 )1/2 W12 ,
where
[lnK12 + (W12 − W21 )/RT]2
4[ln(k11 k22 /A11 A22 ) + ((W11 + W22 )/RT)]
= exp[−(W12 + W21 –W11 –W22 )/2RT]
= e2 zi zj /Ds σij (1 + βσij I1/2 )


4πNσ 2 νbγ r
=
1000
ii.

lnf12 =
W12
Wij
Aii

In these expressions Wij is the work required to bring
ions i and j (charges zi and z j ) to the separation distance σi j (taken equal to the sum of ai and a j , the radii
of ions i and j), β = (8 πNe2 /1000Ds kT)1/2 , and Ds is
the dielectric constant of the medium, νb is the nuclear

Table 6. Cross-reaction and self-exchange rate constants for reactions involving the HO−
2 /HO2
couple; ionic strength in parentheses. 13,26
S. No.
I
II
III
IV
V
VI
VI
VIII
IX
X
XI

(27)

Oxidanta

E◦ (V)

k22 (M−1 s−1 )b

Os(dmbpy)3+
3
Os(bpy)3+
3
Fe(dmbpy)3+
3
Fe(bpy)3+
3
Ru(dmbpy)3+
3
Ru(bpy)3+
3
Ni(dmbpy)3+
3
Ni(bpy)3+
3
Fe(ttcn)3+
2
Ni(tacn)3+
2
NiIII L1

0.66
0.81
0.81
1.05
1.06
1.26
1.59
1.72
1.44
0.95
0.97

4.2 × 108 (0.1)c
4.2 × 108 (0.1)c
3.0 × 108 (5.5)
3.0 × 108 (5.5)
4.2 × 108 (0.1)
4.2 × 108 (0.1)
1.5 × 103 (1.0)
1.5 × 103 (1.0)
6.7 × 106 (0.5)
6.0 × 103 (1.0)
2.0 × 103 (1.0)

k2 (M−1 s−1 )
1.00 × 103 (0.5)
6.00 × 103 (0.5)
2.70 × 104 (0.5)
7.10 × 105 (0.5)
1.30 × 106 (0.5)
2.40 × 107 (0.5)
3.30 × 107 (0.5)
2.40 × 108 (0.5)
2.63 × 109 (0.1)
6.15 × 106 (0.1)
1.79 × 1011 (0.5)**

a
dmbpy = 4,4 -(CH3 )2 bpy; py = pyridine; tacn = (1,4,7-triazacyclononane); ttcn = (1,4,7trithiacyclononane)
b
Self-exchange rate constants: k22 is for partner of HO−
2 or HO2 in cross-reaction
2+/3+
2+/3+
c
k22 for OsL3
is assumed to be the same as for Ru(bpy)3
k2 = rate constant for cross reaction; ∗∗ - present work in the absence of [Cu(II)] and [SO2−
4 ]

Oxidation of H2 O2 by [Ni(cyclam)]3+ in acid media
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3.4 Estimation of hydrogen peroxide

Figure 6. Plot of log k12 /(k11 k22 )1/2 W12 ) vs. ln[(K12 f 12 )1/2 ];
The Roman numbers denote that each circle represents
3+
3+
the reaction of HO−
2 with: Os(dmbpy)3 , I; Os(bpy)3 ,
3+
3+
3+
II; Fe(dmbpy)3 , III; Fe(bpy)3 , IV: Ru(dmbpy)3 , V;
3+
3+
Ru(bpy)3+
3 , VI; Ni(dmbpy)3 , VII; Ni(bpy)3 , VIII;
3+
3+
III
Fe(ttcn)2 ] , IX; Ni(tacn)2 , X; Ni L1 , XI. The points are
−2
M−1 s−1 .
calculated using k11 for HO−
2 /HO2 = 5 × 10

frequency that destroys the activated complex configuration (∼9 × 1012 s−1 ), and γ r is the thickness of the
reaction layer (typically ∼0.8 Å). Value of A/σ 2 for the
Ni(III) complex has been taken as 4.8 × 1010 M−1 Å−2
−
s−1 and the value of A11 A22 for the ML3+
3 /HO2 reac24
−2 −2
tions is taken as 2 × 10 M s . The radii of the
[NiL1 ]3+ and the peroxide anion are 5.0 Å and 1.6 Å,
respectively. 12,34
The redox potential of HO2 is taken as 0.75 V. 28
With k11 = 5 × 10−2 M−1 s−1 , the plot of log
(k12 /(k11 k22 )1/2 W12 ) against log(K12 f12 )1/2 indicates
that the rate constants k2 for the oxidation of HO−2
increase as the reduction potentials of the oxidants
in the series is increased except of [Ni(tacn)2 ]3+ and
[NiL1 ]3+ complexes (table 6 and figure 6). Similar
to [Ni(tacn)2 ]3+ , interaction of [NiIII L1 ] with HO−2 is
represented by the following scheme 4. 13
The rate constant for the oxidation of HO−2 by
[NiIII L1 ] is greater than that predicted by outer sphere
reactions.

An attempt has been made to estimate the amount of
hydrogen peroxide remaining in the solution after oxidation of hydrogen peroxide by [NiIII L1 ] complex. 35,36
A reagent solution containing xylenol orange (XO)
(5 × 10−4 mol dm−3 ) and Fe(II) ammonium sulphate
(2 × 10−4 mol dm−3 ) was prepared in perchloric acid
medium. The resultant pH of the solution was adjusted
to pH 1.8. The H2 O2 (5 × 10−5 mol dm−3 ) was added
to the solution and the volume of the solution was
made up to 5 ml. The absorbance was measured at
550 nm against blank. The concentration of the H2 O2
was calculated using the extinction coefficient 2.68 ×
104 M−1 cm−1 .
Oxidation of H2 O2 by [NiIII L1 ] at pH 1.5 was studied
in the absence of sulphate with [Cu(II)] of 1 × 10−4 mol
dm−3 . The ratio of Ni(III): H2 O2 was 1:5. As soon as
the absorbance λmax due to Ni(III) disappear 1 ml of the
reaction mixture was pipetted out immediately and was
added to the reagent mixture containing xylenol orange
of the resulting pH 1.8 (HClO4 ). Then the absorbance
was measured against blank. The concentration of the
resultant H2 O2 was found to be 4.3 × 10−5 mol dm−3 .
This result suggests a stoichiometry of 2:1 for the reaction. The slight decrease in resultant concentration may
be an error or may due to the reaction of · OH radical by
the Ni(II) formed as product of reduction of Ni(III).
Thus, the copper catalysed oxidation of hydrogen
peroxide by [NiIII L1 ] reaction is mainly due to the HO−2
ion rather than the reaction of · OH radical.
4. Conclusions
In summery, the kinetics of oxidation of hydrogen peroxide by [Ni(cyclam)]3+ shows that the reaction is
catalysed by the presence of Cu(II) ion in acidic aqueous solution and is faster in the presence of Cu(II) ion
than in its absence. The reduction of the metal centre is
faster than the cyclam ligand oxidation to form tetraene
by peroxide ion.
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