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Kinetics of Oxidation of Hypophosphorous & Phosphorous Acids
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The kinetics of oxidation of hypophosphorous and phosphorous acids by Mn(III) sulphate
in sulphuric acid have been studied spectrophotometrically. The oxidation shows first order
dependence in [substrate] and [Mn3+] and an inverse first order dependence in ~H+]. The energy
and entropy of activation have been calculated to be 14·9 ± 1·2 (kcal mole-') and -11,4 ± 4·0
(e.u.), respectively for hypophosphorous acid, and 23·8 ± 1·5 (kcai mole-') and +1·1±4·5 (e.u.),
respectively for phosphorous acid..

where a and b are the initial molar concentrations
of hypophosphorous acid and Mn(I1I) , respectively,
and x = amount of Mn(III) which has disappeared
at time t in minutes. The values of k2 were cal­
culated from the slope values of 1f(b-x) versus
time plots (Fig. 1).

The pseudo first order rate constant (k1) for the
oxidation of phosphorous acid was calculated from
the slope of log [Mn(III)J versus time plot. The
error in the analysis of rate constants was within
± 5%. In most of the experiments, satisfactory
results were obtained which were reproducible to
± 3%. It was observed that decomposition of

Mn(III) was not more thaN. 5% per hour even at
higher temperatures, and blank experiments were

INETICS of the oxidation of some organic
compounds by Mn(III) are reported in the
literature1. The oxidation of rhosrhites by

diffe ent oxidizing agents such as halogens ;:end the
hala es has been the subject of a number of detailed
kine ic studies2• The main reaction in these studies
was he conversion of hYfophosphite to phosphite.
The subsequent reaction whereby rhOSIhite is
oxid zed to phosphate was considerably sloweI3-s.
How ver, the oxidation of hYfofhosfhorous and
phos Jhorous acids by Mn(III) has not received
atte tion. The present paper describes the kinetics
of 0 idahon of both hYforhosrhorolis and rhos­
phor us acids by Mn(III).

Mat rials and Methods

Al the chemicals used were of analar BDH or
equi alent crades. Mn(III) sulphate was prepared
by t .e oxidation of Mn(II) sulphate with [otassium
per anganate9• Its solution was stored in blue
bott sand rlaced in a refrigerator when not in
use. The solution was standardi'~ed occasionally
befo e use by titrating it against standard ferrous
am nium sulnhate. All solutions were prepared
in d ubly distilled water.

K etic measurements - The kinetics of reactions
were followed spectrophotometrically on a Beckman
DU odel spectrophotometer using a cell of 1 cm
path length at 500 nm (€max= 107±3·0 M-l cm-1)
whe Mn(III) shows maximum absorbance. The
deta' s have been described earlier10,1l. The experi­
men s were carried out in large excess of [Mn(II)J so
as to minimize the disproporhonation of Mn(III).

R e law - Equation (1) was used to evaluate
the "cond order rate constant (k2) for the oxidation
of h pophosphorous acid by Mn(III).

1 k2 1
b---;;=zt+b ...(1)

whic on differentiation gives Eq. (2).

When b = 2a, Eq. (2) becomes

dx = ~2 (b-X)2dt 2

20 30

... (3)

40

~: =1 k2 (a- ~)(b-x)

*Td whom all correspondence should be made.

510

... (2)
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Fig. 1 - Typical second order plots of oxidation of hypo­
phosphorous acid by Mn(III) sulphate in sulphuric add at

different temperatures
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performed where decomposition was appreciable.
The rate of decrease in [Mn(IH)] was followed up
to at least 80% reaction.

Stoichiometry - The reducing substrates when
mixed with a large excess of Mn(HI) acidified with
sulphuric acid and kept for 24 hr, consumed about
two equivalents of oxidants per mole of the subs­
trate. Phosphorous acid ""'(IO-aM) which is the
product of oxidation of hypophosphorous acid
was not further oxidized under the conditions
used for the oxidation of hypophosphorous acid,
since the addition of ammonium molybdate to
the reaction mixture failed to give any precipitate
of ammonium phosphomolybdate. Phosphorous
acid was oxidiz~d only when its concentration
was 10-IM or more.

Results and Discussion

Effects of varying reactants - The oxidation of
hypophosphorous acid by Mn(HI) was studied at
different. initial [HaP02]. The values of kl/[HaP02]
are given in Table 1. The order in each reactant
was found to be one since the total order is two.
The oxidation of phosphorous acid was carried out
under the condition [H3POa]~[oxidant]. To deter­
mine order with respect to Mn(Hl), the reactions
were carried out at different concentrations of the
oxidant. The order with respect to Mn(HI) is
one since first order rate constant was found to be
independent of the initial [Mn(III)]. Experiments
performed with varying [HaPOa] gave the values
of klf[HaP03] to be constant (Table 1) indicating
that the order with respect to [HaPOa] is unity.

Effect of varying [H-f] - The acidity of reaction
mixture was varied by the addition of H2S04,
Each reaction was carried out at constant [Mn(lII)]

and [substrate] but ionic strength could not be
maintained constant. The products. k2[H2SOJ are
recorded in Table 2 which indicate that the rates
are directly proportional to [H+].

Effects of added salts - Addition of sodium sul­
phate increased the reaction r(!.te (k2) whereas
addition of Mn(H) did not show any effect on k2

in the concentration range (0'25-2'0) X 1O-2M. This
is in agreement with the observation made earlier12
in the oxidation of cyclohexanone by Mn(III)
sulphate. The absence of any effect of the added
Mn(H) on the rate of oxidation indicates the
non-involvement of equilibrium (4).

2Mn(III)~Mn(IV)+Mn(II) ... (4)
Effect of varying temperature on the second order

rate constants - The values of k2 were found to be
2'26x10-,4 3'69xlO-4, 4,86 X10-4 and 7·0x10-4
litre mole-l sec-l at 25°, 30°, 35° and 40°, respec­
tively for the oxidation of hypophosphorous acid
whereas k2 values for the other reaction were 1·66
X10-4, 2'82x10-4 4·72x10-4 and 8·88xlO-4 litre
mole-l sec-1 at 35°, 40°, 45° and 50°, respectively.
It is to be mentioned that the value 3'69-X1()-1
litre mole-l sec-l of k2 at 30° for the oxidation
of hypophosphite ion is the average value of five
determinations recorded in Table 1. The reac­
tions were studied at [Mn(nI)] = 4'OxlO-3M
and [H2S04] = 6·OM. The concentrations of
hypophosphorous and ph osphorous- acids • were
2·0 X10-3M and 2·07 X10-1 M, respectively. The
energies of activation were calculatedll from the
slope of the conventional plot of log k2 versus .1IT.
The values of k2 and activation parameters for the
oxidations of hypophosphorous, phosphorous. and
phenylphosphorous14 acids at [H2S04] = 6·0Mare
summarized in Table 3. The rate constants follow

TABLE 1- EFFECT OF VARYING [SUBSTRATES]ON THE PSEUDO FIRST ORDER RATE CONSTANTS

{For hypophosphorous acid oxidation: [Mn(III) = 4·0 X 10-3M; [H.SO,] = 6·0M, temperature, 30°; for phosphorous acid
oxidation: [Mn(III)] = 4·0 X 10-3M; [H.SO,] = 2·4M, temperature, 35°}

Oxidation of H3PO. Oxidation of H3P03

[H3PO.] X 103

kI X 10'kI/[H3PO.] X 10[H3P03] X 10kI X 10'kI/[H3PO,] X 10'
M

seellitre mole-I sec-I Msec--llitre mole-l sec-l

2·0

7'833·9 2·070,7753'74
3·0

11-103,7 2-480·9673-9
4·0

14'783,7 2·901-033,55
8,0

28·83,6 3·311·203·62
10'0

35'53,55 3·731·383-7

TABLE 2 - VARIATIONOF SECONDORDER RATE CONSTANTWITH THE CHANGEIN ACIDITY

{For hypophosphorous acid oxidation: [H3PO.1 = 5'Oxl0-aM; [Mn(III)J = 10xl0-aM; temperature, 20°; for phosphorous
acid oxidation: [H3P03] = 2·07 X 10-IM; [Mn(III)] = 4·0 X 10-3M}

[H.SO,]
M

2·0
4-0
6,0
8'0

Oxidation of H3PO.

k. X 10
litre mole-l seel

4,85
2·63
1-87
1'27

9·7
10·5
11·2
10'4

[H.SO,]
M

2·4
3·2
5·0
6'0

Oxidation of H3P03

k. X 10'
litre molel- sec-l

3·74
3'56
2·22
1-66

9,98
11-4
11-1
9'96

Sl1
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the 0 er H3POZ> PhPOzHz> H3P03• The plot of
Ast v rsUS AEt was linear indicating that all the
three reactions might be occurring by the same
mech ism.

Th second order rate constants for the oxidation
of hy ophosphorous and phosphorous acids were
caleul ted to be 4'86x10-1 and 1·66x10-4 litre
mole- sec-1 respectively at [H2S04] = 6·0M and
35° his shows that hypophosphorous acid is
oxidi d to phosphorous acid and further oxidation
of ph sphorous acid is too slow under the condition
at w ich hypophosphorous acid is oxidized. The
first issociation constantsI3 for the respective acids
are 8, X 10-2 and 5·1 X 10-2 and hence in the presence
of su cient mineral acid, they will remain undisso­
ciate (RP02H2 form where R = H for hypo­
phos horous and R = OH for phosphorous acids).
It is, therefore, suggested that the un dissociated
subst ate molecule will react with Mn(III). The
obser ed first order dependence in substrate and
Mn(l l) as well as t'he inverse dependence on [H+]
can e explained according to the alternative
Sche es 1 and 2. Cooper et al.I6 have studied the
redu tion of V(V) by H3P02, which also involves
com ex formation prior to the electron transfer
proc ss and the electron transfer was slow enough
as c pared to the present reaction to enable the
dete ination of the stability constant for V(V)­
H3P 2 complex. The stability constant for
Mn( II)-RP02H2 complex is very small since the
kine ic evidence for intermediate compound for­
mati n is insignificant. The 1:1 complex which
is f med by the reaction between Mn(III) and,
RP H2 may decompose to give Mn(II) and a free
radi al according to step (6) in Scheme 1. The
free radical further picks up another Mn(IIl) and
the atter is subsequently reduced to Mn(II). The
stab e products are formed according to step (8)
(Sch me 1). Alternatively, it may be proposed

Scheme 2

TABLE 3 - MEASURED SECOND ORDER
l~AtE CONSTANTS AND ACTIVATION PARAMETERS OF

DIFFERENT REDOX REACTIONS

... (9)

... (10)

... (11)

is a better electron donor than its
/R

structure R-P-OH(II), the oxidation of the Com-
, "'-0

pound through P-H bond cleavage cannot be totally
ruled out. Again, hypophosphorous acid has two
hydrogen atoms attached to phosphorus atom. The
replacement of one H of hypophosphorous acid by
OR makes phosphorous acid more stable thereby
requiring more energy to rupture P-R bond of
phosphorous acid. The measured rate consbwts pre­
sented in Table 3 also support the above contention.

that MnHSO~+behaves as a two-equivalent oxidant
and oxidizes the substrate according to step (10)

(Scheme 2).
Addition of acrylamide to the reaction mixture

failed to give any cloudy suspension in either
reaction, indicating that free radicals are not in­
volved in the reactions. The hydrogen atom in
-OH groups are ionizable whereas P-H bonds
formed in phosphorous acids are not ionizable and
have reducing properties. NMR studies have also
proved the existence of P-H bonds in phosphites.OR
Although it was pointed out earlier15 that R-P(

OR
reorganized
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2[Mn3++H2SO. ~ MnHS02++H]+

MnHSO~t + RP02H2 2H20--RP03H2 + MnHSO. + 2H +

MnHSO~++MnHS04 __ 2MnHSO!

... (5)

... (6)

... (7)

... (8)

~St
(e.u.)

-IH±4'0
1·1±4·5

-4048±2'0

14-9±1'2
23'8±1'5
19'8±1'0

H6x 10-1
1·66 X 10-'

6'5 X 10-3

Mn'l+RPo.H. ~ [MnO.H~RJ'++H+

[Mn .HPRJ2+ __ Mn'++RP02H
• +

Mn' +RPO.H __ Mn'++RPO.H

RI' .H+H3+0 __ RPO, H.+H+

Scheme 1

H3P02
H3P03

PhP021.~2(ref. 11)

Substrate M ~Et
(litre mole-I see-I) (keal mole-I)
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