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Abstract—The kinetics of homogeneous decomposition of hydrogen peroxide in the presence of manganese 
complexes with anionic ligands and various aromatic macrocycles were studied by the volumetric method. Ion–
molecular mechanism was proposed on the basis of spectrophotometric data for catalytic decomposition of 
hydrogen peroxide with participation of manganese(III) porphyrins. The catalytic activity of the porphyrin 
complexes was higher by a factor of 1.5–3 than the activity of the corresponding solvate complexes with 
anionic ligands. The catalytic activity of porphyrin manganese complexes can be controlled by variation of the 
electronic structure of the macroring and the nature of anionic ligand coordinated at the apical position. 

Interest in studying catalytic activity of manganese 
coordination compounds is related to their important 
role in biological processes as components of man-
ganese-containing catalases [1–3] and in photo-
synthesis (photosystem II) [1–5], as well as to the 
unique ability of manganese ion to readily change its 
oxidation state from +2 to +7. The catalytic activity of 
manganese complexes in the decomposition of hydro-
gen peroxide was the subject of numerous studies [1, 
6–8]; in particular, manganese complexes with por-
phyrins and phthalocyanines were examined. It was 
found that monomeric and covalently bonded dimeric 

manganese porphyrins exhibit catalase activity in the 
presence of imidazole under conditions of phase-
transfer catalysis [9]. However, the composition and 
stability of the catalytically active complex, as well as 
the mechanism of decomposition of hydrogen per-
oxide, remain poorly studied. 

In the present work we compared the catalytic 
activities of manganese(II) and manganese(III) com-
plexes I–V with anionic ligands and various aromatic 
macrocycles, as well as of free tetraphenylporphyrin 
(VI), in the decomposition of hydrogen peroxide.  
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Fig. 1. Plots of the volume of liberated oxygen versus time 
in the decomposition of hydrogen peroxide in the presence 
of complexes III–V; c(H2O2) = 3.98, c(KOH) = 9 × 10–2 M, 
343 K; (1) cV = 2.11 × 10–5, (2) cIII = 0.80 × 10–5, (3) cIV = 
0.80 × 10–5 M. 
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Table 1. Rates of hydrogen peroxide decomposition (W) and 
catalytic activities (Aa) at different catalyst concetrations;      
c(H2O2) =  3.98, c(KOH) = 1.9 × 10–2 M, 343 K 

Catalyst ccat × 105, M W, ml O2/min A, s–1 

– – 0.8±0.2 – 
V 0.13 1.2±0.1    55±3 
  0.38 1.5±0.2    23±2 
  1.05 2.1±0.4    12±2 
  2.11 3.5±0.3      9±1 

III 0.81 1.5±0.1    11±1 
  2.25 1.7±0.2   4.5±0.5 
  8.05 2.3±0.3   1.8±0.3 
  11.60 2.6±0.1   1.3±0.1 

IV 0.40 1.0±0.1 14.0±1.5 
  0.80 1.2±0.1   9.1±0.5 
  3.98 1.4±0.2   2.0±0.4 
  7.96 1.7±0.2   1.3±0.2 

MnCl2 0.60 1.26±0.04 12.4±0.4 
  1.43 1.3±0.1   5.5±0.5 
  5.95 1.4±0.3   1.5±0.3 
  11.90 1.7±0.2   0.8±0.1 

Mn(OAc)2 0.62 1.0±0.1   9.6±1.0 
  1.27 1.2±0.1   5.5±0.5 
  6.20 1.4±0.1   1.3±0.1 
  12.70 1.52±0.07 0.70±0.04 

VI 0.85 1.1±0.1  
  1.69 1.1±0.1  
  8.45 1.1±0.1  
  16.90 1.00±0.02  

Table 2. Rates of hydrogen peroxide decomposition (W) and 
catalytic activities (A) of complexes III and IV at different 
concetrations of hydrogen peroxide;. cIV = 0.8 × 10–4,                   
c(KOH) = 1.9 × 10–2 M; cIII = 0.47 × 10–4, c(KOH) = 
1.5 ×  10–2 M; 343 K 

Comp. 
no. c(H2O2), M W, ml O2/min A, s–1 

IV 1.99 0.76±0.04   5.6±0.3 

 2.98 1.01±0.05   7.5±0.3 

 3.98 1.23±0.07   9.1±0.5 

 4.98 1.5±0.1 11.3±1.0 

III 1.99 

2.98 

3.98 

4.98 

0.59±0.02 

0.94±0.04 

1.58±0.05 

1.9±0.1 

  7.4±0.2 

11.8±0.5 

19.8±0.6  

23.8±1.6 

The reaction under study is an example of homo-
geneous process. The substrate, hydrogen peroxide, 
resides in aqueous–organic phase, where manganese 
complex and potassium hydroxide are also dissolved. 
No decomposition of hydrogen peroxide occurred in 
analogous system in the absence of KOH. The rate 
constant for the decomposition of hydrogen peroxide is 
formally zero-order with respect to oxygen (Fig. 1; 
Tables 1–3), and it increases as the concentration of 
manganese complex, KOH, and H2O2 rises provided 
that the two latter are present in considerable excess 
with respect to the manganese complex. The fact that 
the reaction rate remains constant upon variation of the 
concentration of compound VI and its insignificant 
difference from the reaction rate observed in the 
absence of VI indicated the lack of catalytic activity of 
free meso-tetraphenylporphyrin VI. 

Porphyrin manganese(III) complexes showed an 
appreciable catalase activity (Tables 1–3); they ac-
celerated the process and reduced its energy of 
activation (Table 4). For example, complex IV reduced 
the effective energy of activation by a factor of more 
than 5 (from 73 to 14 kJ mol–1), and complex III, by a 
factor of 1.5 (to 37 kJ mol–1). Solvate complexes 
MnX2 (I, II) also exhibited catalytic activity. 

Treatment of the log W—log c dependences for 
hydrogen peroxide (R2 = 0.98) and hydroxide ion (R2 = 
0.99) indicated that the order of the reaction in these 
components is close to unity. The first order in the 
catalyst followed from the linear dependence W—ccat 
for all experimental points except one corresponding to 
the lowest concentration of complex IV (Fig. 2).  

The rate constants k343 (at 343 K) in the presence of 
complex III [(1.2 ± 0.1) × 105, (2.6 ± 0.1) × 105, and 

a A = W/ccat. 



KINETICS AND MECHANISM OF DECOMPOSITION OF HYDROGEN PEROXIDE  

RUSSIAN  JOURNAL  OF  GENERAL  CHEMISTRY   Vol.  80   No.  5   2010 

1013 

Table 3. Rates of hydrogen peroxide decomposition (W) and 
catalytic activity (A) of complex III at different potassium 
hydroxide concentrations; cIII = 0.47 × 10–4, c(H2O2) = 3.98 M, 
343 K 

Table 4. Rates of hydrogen peroxide decomposition (W) and 
catalytic activities (A) of complexes III and IV at different 
temperatures; initial concentrations: c(H2O2) = 3.98, c(KOH) = 
1.9 × 10–2, cIV = 0.8 × 10–5, cIII = 0.47 × 10–5 M 

cKOH, M W, ml O2/min A, s–1 

0.044 

0.044 

0.055 

0.066 

0.077 

0.088 

1.75±0.05 

1.59±0.05 

1.9±0.1 

2.4±0.2 

1.89±0.06 

3.6±0.2 

21.9±0.6 

19.8±0.6 

24.0±1.2 

30.0±2.1 

23.7±0.7 

45.3±2.5 

Catalyst T, K 
W, 

ml O2/min 
A, s–1 

E,  
kJ mol–1 

ΔS≠, 
J mol–1 K–1 

None 343 

353 

363 

0.60±0.02 

  1.7±0.2 

  3.2±0.3 

– 

– 

– 

73±7   –42±20 

IV 343 

353 

363 

1.23±0.07 

  1.4±0.1 

  1.6±0.2 

  9.1±0.5 

11±1 

12.5±1.5 

14±1 –210±3 

III 343 

353 

363 

1.44±0.04 

2.33±0.07 

  3.2±0.2 

18.1±0.5 

28.5±0.8 

38±2 

37±2 –141±6 

Fig. 2. Plots of the rate constant of hydrogen peroxide 
decomposition versus concentration of complexes (1) V,                
(2) III, and (3) IV; c(H2O2) = 3.98, c(KOH) = 1.9 × 10–2 M, 
343 K. R2 = 0.96–0.98. 
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was described previously by Haruta et al. [13] who 
studied catalysis of hydrogen peroxide decomposition 
by dimeric porphyrins [13]. Thus the results of study-
ing the reaction of H2O2 with complex III in the 
absence of alkali demonstrate the possibility for transi-
tions between MnIII and MnIV complexes, as well as fairly 
high stability of manganese porphyrins toward H2O2. 

Taking into account the above stated, the process of 
catalytic decomposition of hydrogen peroxide in the 
presence of manganese porphyrin complexes may be 
represented by reactions (2)–(5).  

1.34 × 105 ml O2 l
3 mol–3 min–1; R2 = 0.996] were cal-

culated from the data obtained in three independent 
experiments with variation of the KOH, H2O2, and 
catalyst concentration, respectively. Analogous values, 
(2.95 ± 0.04) × 105 and 1.10 × 105 ml O2 l

3 mol–3 min–1 
(R2 = 0.95), were obtained for the reaction in the 
presence of complex IV from the data of two ex-
periments with variation of the H2O2 and catalyst 
concentration. Using the above values, we calculated 
the simple average rate constants k343 for hydrogen 
peroxide decomposition in the presence of complexes 
III and IV: (1.72 ± 0.6) × 105 ml O2 l

3 mol–3 min–1 
[(0.12 ± 0.04) l3 mol–2 s–1] and (2.0 ± 0.9) ×                                                          

105 ml O2 l
3 mol–3 min–1 [(0.14 ± 0.06) l3 mol–2 s–1], 

respectively. 

Taking into account zero order of the reaction with 
respect to oxygen, the experimental reaction rate is 
given by Eq. (1). 

∂cO2/∂τ = k·ccat·cH2O2·cOH¯·c
0

O2 = k·ccat·cH2O2·cOH¯.    (1) 

Spectrophotometric study on the reaction of 
complex III with hydrogen peroxide H2O2 in aqueous 
dimethylformamide revealed the following. At low 
concentration of hydrogen peroxide (0.017–0.5 M) in a 
solution of complex III in DMF, the intensity of the 
characteristic charge-transfer band of complex III at λ 
467 nm decreases with time, and a new absorption 
band appears with its maximum at λ 679 nm. This 
band belongs to the π-radical cation form of complex 
III (oxidized at the macroring) [10]. In the range of 
H2O2 concentration from 0.5 to 2 M, the intensity of 
absorption bands at λ 467 and 679 nm decreases, while 
absorbance in the region λ 486–599 nm, typical of 
manganese(IV) porphyrins [11, 12] increases. In the 
hydrogen peroxide concentration range 2–3.98 M the 
transformation of MnIIITPP into MnIVTPP is observed 
directly (Fig. 3). Analogous MnIII→MnIV transformation 

(Cl)(НО–
2)MnIIITPP, fast 

k2 
(Cl)MnIIITPP + НO2

– (3) 

K1 
H2O2 + OH– HO2

– + H2O, (2) 

O=MnIVTPP + Cl– + OH–, (Cl)(HO2
–)MnIIITPP 

fast 

k3 (4) 

O=MnIVTPP + HO2
– (OH)MnIIITPP + O2. slow 

k4 (5) 
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Fig. 3. (1) Initial and (2) final electronic absorption spectra 
of complex III after treatment with hydrogen peroxide in 
DMF–H2O at 298 K, c(H2O2), M: (a) 0.017, (b) 1.0, (c) 2.52. 

Substituting the expression for c(HO 2̄) [c(HO 2̄) = 
K1·c(H2O2)·c(OH¯)] and taking into consideration that 
the concentration of MnIV complex is equal to the 
concentration of the initial MnIII complex [c(H2O2) > 
1.99 M] gives Eq. (7) for the rate constant k. Using    
Eq. (7) we can determine the rate constant for the rate-
determining step [reaction (5)] provided that the 
equilibrium constant K1 [equilibrium (2)] is known. 

k = k4 K1.                                  (7) 

The proposed ion–molecular mechanism is 
confirmed by the experimental and published data. 
First, fast trans-formation of (Cl)MnIIITPP into 
O=MnIVTPP in the course of H2O2 decomposition [c
(H2O2) = 2–5 M] is observed experimentally (Fig. 3). 
Second, Cheremen-skaya et al. [9] also reported on 
increase in the rate of decomposition of hydrogen 
peroxide with rise in the concentrations of the catalyst 
[manganese(III) complexes with tetraphenylmethoxy-
porphyrin and hematoporphyrin] and base (imidazole). 
Finally, the electronic absorption spectrum of the 
reaction mixture, recorded after the evolution of 
gaseous products was complete, was typical of (tetra-
phenylporphyrinato)manganese(III): it characteristical-
ly contained an absorption band at about 470 nm. 
Simultaneously, some reduction in the concentration of 
metal porphyrin and appreciable increase of the inten-
sity of “benzene” absorption in the UV region were 
observed due to partial decomposition of the macro-
cyclic ligand.  

It should be noted that decomposition of hydrogen 
peroxide was studied at low substrate conversion, and 
the reaction mixture contained a considerable amount 
of unchanged hydrogen peroxide (90%), which was 
confirmed by iodometric titration. The conversion 
attained in [9] was higher, presumably due to larger 
amount of the catalyst: the substrate-to-catalyst ratio 
was 2 × 102 [9] against (1–5) × 106 in our study. 
Therefore, the fact that the reaction was complete 
despite the presence of unchanged H2O2 may be 
rationalized in terms of decomposition of the catalyst. 
Furthermore, assuming that one-electron oxidation of 
complex III at the central metal ion [reaction (4)] 
involves coordination of hydrogen peroxide as HO2

– 
ion at the apical position 6 (Scheme 1), replacement of 
electron-donor DMF or H2O molecule in the initial 
complex III (dissolved in DMFA–H2O) is necessary. 
Thus the second step [reaction (3)] slows down as 
hydrogen peroxide is consumed. 

The proposed stepwise mechanism is consistent 
with the ratio of the activation parameters of the 

The rate-determining step [reaction (5)] may be 
described by kinetic equation (6). 

–∂c(HO 2̄)/∂τ = ∂c(O2)/∂τ = k4 c(O=MnIVTPP)c(HO 2̄).   (6) 
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bond between anionic ligand (chloride ion) in the 
apical position and the metal ion should weaken, thus 
facilitating coordination of hydrogen peroxide at the 
other apical position (trans). Chugreev et al. [15] 
showed that the presence of electron-donating p-
methoxyphenyl substituents in the meso positions of 
the macroring increases the catalytic activity of 
porphyrin manganese complexes in the oxidation of 
cholesterol, as compared to analogous derivatives 
having the same substituents in the pyrrole rings. 
Presumably, this is the result of change in the geo-
metric parameters of the coordination entity (shorten-
ing of the distance from the metal ion to the centroid of 
the plane formed by the four coordinating nitrogen 
atoms), which should also favor coordination at the 
apical position. 

The data in Table 1 suggest a complicated relation 
between the catalytic activities of complexes III and 
IV, specifically the catalytic activity weakly depends 
on the nature of anionic ligand provided that the 
concentrations of hydrogen peroxide and potassium 
hydroxide are constant, but it is appreciably higher for 
complex III [provided that ccat and c(KOH) are constant).  

Spectrophotometric study on the reaction of 
complex IV with hydrogen peroxide (cf. the data 
shown in Fig. 3 for complex III) showed that the 
transformation of complex IV into the corresponding 
oxidized state is more facile. Thus the lack of distinct 
relation between the catalytic activity of (X)MnIIITPP 
and the nature of anionic ligand X confirms the 
scheme represented by reactions (2)–(5), where ligand 
X is not present in the coordination sphere at the rate-
determining step (5). 

To conclude, we can state that the catalytic 
decomposition of hydrogen peroxide in the presence of 
porphyrin manganese(III) complexes follows a ionic–
molecular mechanism and that that the catalytic 
activity of manganese complexes can be controlled by 
varying the electronic structure of the macrocyclic 
ligand.  

EXPERIMENTAL 

The electronic absorption spectra of metal por-
phyrins and products of their oxidation with hydrogen 
peroxide were recorded on Specord M-40 and Hitachi 
U 2000 spectrophotometers. 

Complexes III and IV were synthesized from the 
corresponding porphyrin and manganese salt 

catalytic process (Table 4). Sharp reduction in the 
effective energy of activation of hydrogen peroxide 
decomposition in the presence of porphyrin manganese 
complexes is likely to result from decrease in energy 
consumption due to formation of polar transition state 
[O=MnIVTPP·HO2

–]≠ [Scheme (2)] in the rate-
determining step [reaction (5)]. The assistance by 
solvation of transition state in the noncatalytic reaction 
[ΔS≠ = (–42 ± 20) J mol–1 K–1] is different from that in 
the reaction catalyzed by manganese tetraphenyl-
porphyrins, where ΔS≠ = (–141 ± 6) J mol–1 K–1 for 
complex III and ΔS≠ = (–210 ± 3) J mol–1 K–1 for 
complex IV. 

Scheme 1. 

III
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As follows from the data in Table 1, the catalytic 
activity of complex V is twice as high as that of III 
and is higher by a factor of 2–3 than that of MnCl2. 
High catalytic activity of complex V suggests that the 
porphyrin ligand considerably affects the catalytic 
process. Using compound VI as an example we 
showed (Table 1) that free meso-tetraphenylporphyrin 
exhibits no catalytic activity. Thus the role of coor-
dinated macrocyclic ligand is to change the electron 
density on the central metal ion, which is consistent 
with the assumed initial coordination of H2O2 to 
porphyrin manganese(III) complex. The electron 
density on the manganese atom in complex V is higher 
than in complex III due to electron-donating effect of 
eight methyl groups and elimination of electron-
withdrawing effect of three phenyl group. Taking into 
account ligand trans influence [14], the coordination 
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