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Kinetics of oxidation of phenol, m-cresol, p-cresol, p-bromophenol, p-cblorophe
nol have been investigated spectrophotometricaUy at 35°. The reaction obeys first 
order kinetics in iron(DI) ; plots of 1/k1 versus l/[1,10-Phenantbroline}11 and 1/k1 
versus 1/(Substrate} and 1Jk1 versus [HS0;}11 are straight lines with positive intercepts 
on the l/k1 axis in each case. The kinetic evidence is in favour of tbe formation of a 
mixed ligand complex of iron(III) with 1,10-Phenantbroline and phenol. The reaction 
gave a good Hammett plot with a p+ value of -1.6. 

THE greater oxidising capacity of iron(lll) salts in 
the presence of 1,10-phenanthroline has been 
reported earlier by Subba Rao et a/1. While 

extending this kinetic study to oxidation of other 
classes of organic compounds, the present authors 
have found that 1,10-phenanthroline catalyses the 
oxidation of phenol and substituted phenols by 
iron(lll) ; iron(ll) formed is immediately complexed 
with excess of 1,10-phenanthroline present forming 
ferroin. In the absence of this ligand the reaction 
is extremely slow. Some novel kinetic features of 
this catalysed reaction are reported in this paper. 
The kinetic pattern of this catalysed reaction is 
different from that observed in the oxidation of 
phenols by ferricyanide 2 and mercury(ll) 8 , detailed 
kinetic studies of which were already reported. 

Experimental 

All the materials employed in this kinetic investi· 
gation were of analytical reagent grade. The phenols 
have been redistilled or recrystallisea before use. 
The phenols studied were phenol, m-cresol, p-cresol, 
p-bromophenol and p-chlorophenol. The phenols 
were standardised bromometricaJJy. 
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AU the kinetic experiments have been carried 
out keeping the concentration of 1,10-phenanthro
line very high in comparison with that of iron(III), 
so that 1,10-phenanthroline removed through the 
form1tion of ferroin (one of the products of the 
reaction) is negligible, thereby preventing compli
cations due to possible auto-inhibition. To avoid 
any effects of light, the reaction vessel was coated 
with the black paint. The course of the reaction 
has been followed by measuring the optical density 
of the product ferroin at 510 nm. At this wave 
length, all the other materials concerned have 
negligible absorption. The Beer's Law is obeyed 
under the experimental conditions employed. Control 
experiments have shown that ferroin is quite stable 

Fig. 1 Plots of 1/k1 versus 1/[phen]ll 
[f'e(III)]=S.Oxt0- 6 M, [H+]=1.3x 10-2M. 
Temp.=35° 

Substrate= 1. Phenol, 2. m-cresol ; 3. p-cresol 
Concentration: 4.97 x 10-11 x M, 7.41 x IQ-BM, S.Ox io-sM 
Subsrtate: 4. p-Chloropbenol, S. p·Bromopbenol 
Concentration; 1.91 x 10-11 M 2.0 x to-z. 
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under these conditions. Dienone was found to be 
the product of oxidation as evidenced by the spot 
test4 and I.R. studies. 

Results and Discussion 

All the kinetic runs were carried out under the 
.conditions [phen]* > > [Fe(III)) and [Substrate)>> 
[Fe(III)]. Under these conditions a plot of log 
(Dec -Dt )(where Dec and D, are the optical density 
values at infinite time and at time t, respectively) 
versus time is a straight line upto at least 50% of the 
reaction showing that the reaction is first order with 
respect to iron(III). The pseudo-first order rate cons
tant, k1, was calculated from the slope of the straight 
line. 

The values of k1 were determined at different 
concentrations of 1, 10-phenanthroline, keeping the 
concentrations of substrate, iron(III) and H+ cons
otant. The plots of 1/k1 versus l/[Phen)2 were 
~gh~ lines with positive intercepts on the l/k1 
ax1s (F1g. 1). The values of k 1 were also determined 
at different concentrations of substrate keeping the 
concentrations of other materials constant. The 
plots of 1/k1 versus !/(Substrate] were also straight 
lines with positive ntercepts on the l/k1 axis 
(Fig. 2). 
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mixed ligand type, which slowly decomposes to 
give the products. Earlier studies were made on the 
iron(III)-phenol complexes by various authors5• 

The effect of sulphate ions on the reaction was 
studied by varying [HSO~], while keeping the 
concentrations of other materials constant. The 
ionic strength was maintained constant with sodium 
nitrate, although it was found that the effect of the 
ionic strength on the rate is very small. The rate 
was found to decrease with increase in the sulphate 
ion concentration and the quantitative relationship 
between the rate and the sulphate ion concentrat!_on 
is shown by the linear ~ot of 1/k1 versus [HSO.}i 
(since [SO;] cc [HS04.} at constant [H+] with 
positive slope and intercept 1Fig. 3). The reaction 
was found to be inhibited by the increasing concen• 
trations of hydrogen ion. 

The studies of Whiteker and Davidson • on the 
sulphate complexes of iron (III) show that, when 
so;> 0.01 M, the complex mainly exists as I : 2 
form. In the presence of excess of 1,10-phenantbr~e, 
the formation of a 1 : 2 complex of iron(III) wtth 
the ligand has been reported by Gaines (Jr.), 
Hammett and Walden7. In the presence of sulphate 
ions, the equilibrium may be represented by 
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Fig. 2. Plots of 1/k1 versus 1/[Substrate) 
[Fe(III)J=8.0x to-s M; [H+]=l.3 x to-s M; 

(Phen]=4.5 x to-sM. 
Temp.=35° 

1. Phenol ; 2. m-cresol, 3. p-cresol ; 
4. p-chlorophenol ; 5 p-Bromophenol 

Such plots are generally indicative of intermedi
ate complex formation and obtainment of both these 
plots in the same reaction can be explained by assu
ming the formation of an intermediate complex of 

•Pheo is the abbrevation used for 1,10-phenanthroine. 

208 

Fe(so .. };+2Phen ~ [Fe(Phen).J3++2SO; 

This complex of iron (III) and phenathrotine 
was shown to be different from ferriin by Harris and 
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Fig. 3 Plots of l/k1 versus [HSO-.,]II 
[Fe(Ill)] = 8.0 x 10-11 M ; (Pben] "'4.5 x to-s M ; 
[H+]s•l.3 x to- 2 M ; Temp. 35° 

Substrate : 1 Phenol, 2.m-cresol, 3.p-cresol ; 
4. p-Chlorophenol 

Concentation 4.97 x 10-11 M, 7.35 x to-s M, 
5 x to-s M, 1.91 x 10-2 M. 

Lockyer8 from the magnetic studies. Ferriin can
not be obtained by direct mixing of iron (III} and 
1,10-phenanthroline, but only by the oxidation of 
ferroin. The authors propose the following mecha
nism to account for their kinetic results. 

K1 
Fe(S0.,);+2Phen ~ [Fe(Phen)s]a+ +2SO; 

Ks 
(Fe(Phenh]8 ~+Substrate ~ [Fe(Phen)9 (Sub)]l+ 

(X) 
k 

X - Products. 

In the mechanism the authors, on the basis of 
their kinetic observations, assume the formation of 
a mixed ligand complex involving iron(III), 1,10-
phenathroline and the substrate, in which the elec
tron transter occurs ; the electron transfer is facili
tated by the presence of 1,10-phenanthroline. 

The catalysis by 1,10-phenanthroline may be due 
to a more favourable electron transfer due to its 
'll'-electron system. Further this ligand is also known 
to stabilise the lower valence state more than the 
higher one. Thus the reaction between [Co(en)9 

(Phen)]B+ and Crll+ has been reported to be much 
faster 9 than that between [Co(en)8 ] 8 + and Cr~~+. 

It is interesting to note that the kinetic pattern 

observed in the present reaction is different from 
that in the case of ferricyanide or mercury (II) oxida
tion of phenols (Joe. cit). In the latter cases, the 
mechanisms involve no intermediate complex forma
tion between the oxidant and the substrate, whereas 
this has been actually observed in the iron(III) 
oxidation of phenols in the presence of 1,10-phenan
throline, as supported by the kinetic results. 

Rate Law: 

The above mechanism proposed by the authors. 
leads to the rate-law, 

d[Fe(III)] 
---~ 

kK1K 11 [Fe(III)][Phen] 11 fSubstrate]' 

The pseudo-first order rate constant k1 is given by 
k _ kK1K11[Phen)2 [Substratel 

1 - K 1 K 13[Phen]2[Substrate] + K 1[Phen]2+[S0;1e 
Taking the reciprocals, we get 
1 1 1 [S0~]2 

k1 =-k+kKs[SubstrateJ +kK1Ka[Phen]2~[=su---ob-s-tr-at-e}' 

It is evident from the rate-law that plots of 1/k1 
versus lfLSubstrate], 1/§.1 versus 1/[Phenl and 1/k1 

versus [SO:J2 or [HS0,]2 at constant [H+], should 
be straight lines, which were, however, actually obser
ved. This supports the given mechanism. 

The values of k, K1 and K 11 can be calculated 
from the values of slopes and intercepts of the plots 
of 1/k1 versus 1/ [Substrate] and I /k1 versus 
l/[Phen]2. A value of 0.075 was used for the second 
ionization constant of sulphuric acid as reported by 
Doyle and Davidson1o. The values of the above
constants at 35° were presented in Table 1. It is 
evident that the values of K1 calculated from the 
data of oxidation of various phenols are in the same
order and reasonably good agreement. 

TABLE -1VALUES OF K, K~ K 9, AT, 35° FoR THE OxiDATION 
OF VARIOUS PHENOLS 

Substrate k K1• K, 
min·1 litre. mole-1 

Phenol 0.18 12.30 10.06-
p-Cresol 0.63 12.10 46.77 
m-Cresol 0.25 17.20 38.57 
p·Chlorophenol o.n 6.20 52.25· 
p-Bromophenol 0.12 7.30 50.00 

*The value reported is the mean of the two values that 
can be calculated from the slope and intercepts of the plots. 
in Figures 1 and 2. 

The authors found that a Hammett plot of log ·k 
versus -~was a straight line (Fig.4), which yielded 
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Fig. 4 Plot of (2 +log k) versus o-

.a p• value of -1.6. The negative value of p+ shows 
that the reaction proceeds through a cationic centre. 
The values of 1r' + used were those of Okamoto and 
Brown11• 

"210 

Acknowledgement 

Three of the authors (B.A.N.M., K.S.M and 
R.V.S.M.) thank the University Grants Commissioll 
and the Council of Scientific and Industrial Research, 
India for the award of Junior Research Fellowship&. 

Refereuces 

1. P. V. SUBBA RAo, B. A. N. MuRTY and R. V. S. Mua'l'f. 
Z. Phys. Chem. (Leipzig) 1976, 257, 813. 

2. P. s. RADHAKRISHNA MURTY and R. K. PANDA, IntJitml. 
Chem., 1973, 11, 1003. 

3. V. SURENDER RAo, B. SETHURAM and T. NAvANJ!El11A 
RAo,lndian J. Chem., 1915, 13, 1291. . , 

4. F. FEIGL, ''SPOT TEsTS IN ORGANIC ANALYSIS", BlseVIet 
Publishing Company, Amsterdam,1966 p 334. 

5. a) R. M. MILBURN, J. Amer. Chem. Soc., 1955, 71, ,2064. 
b) Weinland and Binder, Ber, 1912, 45, 2498. 

6. R. A. WmnnaR and N. DAVIDSON, 1. Amer. Chem. Sot·• 
1953, 75, 3081. 

7. A. GAINES (J&.), L. P. HAMMETT and G.H. WALDEN (Ia.). 
J. Amer. Chem. Soc., 1936, 58, 1668. · 

8. C. M. HARRIS and T. N. LocKYER, Chem & Ind., 19SB, 
12, 31 • 

9. H. TAUBE, J. Amer. Chem. Soc., 1955, 17,4481. 
10. G. 1. DOYLE and N. DAVIDSON, J. Amer. Chem. SIIC., 

1949, 71, 3491. 
11. Y. OKAMOTO and H. C. BROWN, J. Org. Chem.,l9S1,21 

485. 


