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The Reactivities of .OH, .07, and HO,. Radicals and Oxygen Atoms in
Aqueous Solutions of Aromatic Compounds

N.A.Vysotskaya

This review considers the results of studies on the reactivities of hydroxy- and perhydroxy-radicals and oxygen atoms with
respect to aromatic derivatives of benzene, pyridine, and furan. The rate constants for the reactions investigated have been
compared and a relation between them and the structure of compounds oxidised has been demonstrated.
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I. INTRODUCTION

The -OH, O- and HO, radicals and atomic oxygen are
formed in many oxidation-reduction processes used in the
manufacture of important organic products, biochemical
oxidation, and purification of sewage. Owing to their
high reactivity, these radicals react rapidly with sub-
stances in solution and with one another and therefore
their concentration in solutions is very low, which makes
it difficult to investigate reactions involving them. Com-
petitive methods, which make it possible to determine by
comparatively simple procedures the relative rate con-
stants for these reactions, and also pulse radiolytic
methods, whereby the absolute rates may be determined,
have been extensively applied to the study of processes of
this kind.

The review presents the data obtained in recent years
on the kinetics of reactions of -OH and ‘O~ radicals with
aromatic compounds, this makes it possible to revise
many generally accepted hypotheses concerning the
mechanisms of these reactions and the properties of the
radicals themselves. The results of kinetic studies on
the reactions of HO,; radicals and atomic oxygen in the
O(*P) state, which are as yet very few, have been
examined.

II. REACTIONS OF ‘OH RADICALS

Catalytic and photochemical decomposition of hydrogen
peroxide or the radiolysis of water are used to generate
-OH radicals in aqueous solutions.

It was established in recent years that the active
oxidising species formed in the decomposition of H,0, by
the above procedures and in the radiolysis of water are
identical. This conclusion is based on a comparison of
the relative rates of oxidation of the same substrates
(benzene and many of its derivatives, methyl and ethyl
alcohols, and certain other compounds) in the radiolysis
of water and in the catalytic or photochemical decomposi-
tion of hydrogen peroxide in the presence of the same ‘OH
radical traps. NN -Dimethyl-p-nitrosoaniline (DMNA), !»?
thymine?®, or H,0, (Armstrong*) were used as the -OH
radical traps. The absolute rate constants listed in
Table 1 were calculated from the ratios found.
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Table 1 shows that the rate constants for the oxidation
of substrates by products of the photochemical and
catalytic decomposition of hydrogen peroxide are very
close to the values obtained for the radiation-induced
oxidation. This is consistent with the formation of free
hydroxy-radicals in the photochemical and catalytic
decomposition of hydrogen peroxide, since the generation
of -:OH radicals in the radiolysis of water is not in doubtS.
In H,0, + M*? systems in the absence of organic additives,
the hydroxy-radicals formed are captured by metal ions
or their complexes with H,0,, which leads to the appear-
ance of new paramagnetic complexes as shown by ESR
spectroscopic data’"!°, The results presented extend the
scope of studies on the reactions of -OH radicals.

Table 1. Comparison of the rate constants for the oxida-
tion of various substrates by products of the photochemical
or catalytic decomposition of H,0, and the radiolysis of
water.

1()'9k, litre mole™] 51
Substrate ¥%oCo
B;0; + Av H,O4 + Felt H;0, + Ti*+ HO —ms
Benzene 4.26 4.15 — 4,38, 3.8t
Benzyl alcohol 2.8 — — 4.1t
Benzoate ion 3.8 — — 4.11
Anisole 5.0% —_ — 4.9
Phenol 8.38 7.5!
Methanol - 0.85; 0.89¢ 0.774 0.758% 0.69%
Ethanol — 1.15;1.,7¢ 1.5¢ 1.6%
Formic acid — 0.12¢ 0.124 0.144
Oxalic acid — 0.016¢ 0.015¢ 0.021

A number of studies were made recently on the inter-
action of these radicals with various organic accep-
tors!-3,11-14,  The kinetics of these reactions with ben-
zene and pyridine derivatives were investigated in detail
by Shevchuk et al.! and with benzene also by Neta and
coworkers!4'®, Shevchuk et al.! and Neta and cowork-
ers'* employed the method of competitive kinetics using
DMNA as the hydroxy-radical acceptor?. The systems
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were irradiated with cobalt-60 y-rays. The concentra-
tions of DMNA before and after irradiation were deter-
mined spectrophotometrically.
For the competing reactions,
Ac +OH ilpmduct,
k

RH +'OH -zproduct,
it was shown that
t 1 kg [RH]
Gca  Oon [ Ry [Ac]

where Ac = DMNA, RH = hydrocarbon and G(A.) and
G(OH are the radiation-chemical yields for the disappear-
ance of the acceptor and the formation of the -OH radicals
respectively.

This equation makes it possible to find the ratio k,/k;.
Table 2 lists the relative rate constants for substituted
benzenes and pyridines obtained by Shevchuk et al.! using
this method. The logarithms of the kRH/kbenzene ratios
are correlated with Hammett's o constants. Shevchuk
et al.! found a satisfactory correlation for substituted
benzenes with p = —=0.31, A similar value p = —-0.41 was
found by Neta and coworkers!* using the same acceptor.
Dorfman and Neta!® determined the absolute rate constants
for the hydroxylation of substituted benzenes by pulse
radiolysis, from the formation curves for hydroxycyclo-
hexadienyl radicals. The correlation between the log-
arithms of kRH/Rpenzene 2nd Hammett's o constants
yielded p = -0.5, which is fairly close to the values of p
obtained by the method of competitive kinetics.

Table 2. Relative rate constants for the reactions of
substituted benzenes, furans, and pyridines with hydroxy-
radicals.

k /

Substrate ksubstrate

acceptor

Substituted benzenes
NHCH, 1.04£0.04
OH (O") 0.68:£0.02
OCHy 0.45+0.04
1 0.40.0.02
CH,OH 0.37+0.02
€00~ 0.37+0.01
Cl 0.36+0.05
H 0.35+0.01
CHO 0.35+0.03
NO, 0.25 +0.01
Substitute pyridines
COO~ 0.13£0,01
cl 0.14+0.01
H 0.16+0,01
Br a 0.194:0.01
CH, 0.20+0.01
o- 0.38+0.01
NH, 0.67+0.12
CN 0.05+0.01
CONH, 0.08:0.01
Br B 0.09%0.01
€00~ 0.18+0.02
CH, 0.19+0.,01
. SR
. +VU.
gggﬁ“ 0.2130.01
o- v 0.2330.01
cl 0.25 £0.01
NH, 0.4010.01
2,6-CH, 0.24+0.01
2,4.CH, 0.25.£0.01
a-Substituted furans

CHyOH 1.19£0.10
H 1.16+0.05
o0~ 0.92+0.16
CHO 0.62+0.04%

Mention must be made of the discrepancies between the
absolute rate constants obtained by pulse radiolysis and
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the values calculated from the relative constants obtained
by the method of competitive kinetics. The former are

as a rule higher by a factor of 2—3. The reason for the
discrepancy is so far obscure. It may be related to the
use of defective techniques in the first or second case!®
and possibly in both. However, comparison of the coef-
ficients for the linear correlations of the rate constants
obtained by different methods for series of identical deriv-
atives shows a fairly satisfactory agreement between them.

The negative sign of p shows that the hydroxylation
reactions are electrophilic; this is in turn consistent with
data on the relative amounts of isomers formed!” and
demonstrates the electrophilic properties of the -OH
radicals. The low value of p, lower than in the usual
electrophilic substitution reaction, suggests a high
reactivity of the hydroxy-radicals as a result of which they
are less sensitive to the polar influences of the substitu-
ents., Table 2 shows that the rate constants for the reac-
tions of substituted pyridines are several times smaller
than for benzene, in agreement with the lower reactivity
of the pyridine ring in relation to attack by the electro-
philic hydroxy-radicals. Accordingly, the absolute value
of p is higher than for the series of benzenes and reaches
0.73. However, these reactions are also accelerated by
electron-donating substituents and are retarded by elec-
tron-accepting substituents. A satisfactory correlation
has been found only for B-substituted pyridines (p = —0.73).

The results obtained for the effect of substituents in
the a-position are probably distorted by the adjacent
electronegative nitrogen atom. The rate constants for
the reactions of pyridine derivatives with electron-dona-
ting substituents in the a-position are higher than for the
y-substituted pyridines (Table 2). For compounds with
electron-accepting substituents, the opposite relation
between the rate constants for the oxidation of a- and
y-derivatives is observed. This may be because, as
shown by Cercek and Ebert'®, hydroxy-radicals add not
only to the ring but also partly to the pyridine nitrogen
atom. In this process, the inductive effect of a-sub-
stituents at the nitrogen atom leads to the observed
behaviour of the overall reaction rate constants and is of
primary importance.

In contrast to the pyridine ring, furan derivatives
readily undergo electrophilic substitution reactions and do
not exhibit a tendency towards reactions with nucleophilic
species. The relative rate constants for the reactions of
furan and some of its derivatives!® have been obtained by
a method of competitive kinetics analogous to that
employed by Shevchuk et al.! using the DMNA acceptor
and were found to be higher by a factor of 2—3 than the
corresponding constants for benzene derivatives and be a
factor of 7 than for substituted pyridines (Table 2). This
demonstrates an enhanced sensitivity of furan derivatives
to attack by ‘OH radicals. A satisfactory correlation
has been found between kRH/kfuran and Hammett's ¢ con-

stants with p = -0.81. The absolute value of p is rela-
tively small and does not exceed those encountered in
homolytic reactions (1.5 >p > 0). However, it is higher
than the values found for reactions of substituted benzenes
and pyridines, which may indicate a greater ease of
transmission of the electronic effects of substituents in
the furan series?°,

The high reactivity of hydroxy-radicals is consistent
with the low activation energies for their reactions, The
relative rate constants for reactions of ‘OH radicals with
various organic substrates have been determined®! in the
temperature range 20—70°C. Thymine was employed as
the hydroxy-radical acceptor®, The observed activation
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energies for reactions involving the abstraction of a
hydrogen atom by hydroxy-radicals did not exceed 5 kcal
mole~! and those for addition reactions did not exceed

2 kcal mole~!. The variations in activation energy in

the benzene series relative to DMNA have been deter-
mined!®. They are of the order of 0.08—0.56 kcal mole-!
and do not exceed the experimental error. The activation
energies for B-substituted pyridines were found to be
about ten times larger: 1.7 + 0.2 kcal mole-! for pyridine,
1.6 + 0.3 kcal mole-! for B-nicotinic acid, 2.1 + 0.3 kcal
mole-! for B-nicotinamide, and 1.2 + 0.1 kcal mole-! for
B-hydroxypyridine. It is evident from the above results
that the activation energies for pyridine derivatives
increase with the electron-accepting properties of the
substituents and decrease as their electron-donating
properties become more pronounced.

The data for the reactions of -OH radicals with ortho-,
meta-, and para-substituted phenols?? are presented in
Table 3. In order to determine the relative rate con-
stants the DMNA acceptor was employed at pH 9 and
isopropyl alcohol at higher pH values?®, The logarithms
of the relative rate constants for para-substituted phenols
at pH 9 are satisfactorily correlated with Hammett's ¢
constants (p = -0.32). This value of p hardly differs from
that obtained for the oxidation of benzene derivatives,
which indicates a similarity of the mechanisms of these
reactions. The correlation between the rate constants
for meta-substituted phenols yielded p = -0.18, For
ortho -substituted derivatives, there was virtually no
correlation at pH 9 but it was observed at pH 13 with
p = -0.61. This finding may be attributed to the influence
of the dissociation of phenols at pH 13 on the ortho-effect.

Comparison of the relative rate constants for the reac-
tions of substituted phenols with the analogous constants
for the corresponding benzene derivatives shows that the
former are higher by a factor of 2—-3 (see the data in
Tables 2 and 3). This is consistent with the powerful
activating effect of the hydroxy-group in reactions with
*OH radicals.

Table 3. Relative rate constants for the reactions of
substituted phenols with ‘OH radicals at pH 9.

Substituent ksubstmte/kacceptox
C (CHg)s 1.49+0.26
OCH, 1.15£0.23
CH, 1.04+0.09
para | CHO 0.82+0.2
COO~ 0.70+0.06
H 0.68+0.02
NO, 0.61-£0.08
OH 0.44+0.12
OH 0.97+0.12
meta | C] 0.58+0.05
NO, 0.57+0.05
CHg 0.90 £0.15
OH 0.89+0.14
ortho| NO, 0.74+0.06
CHO 0.69+0.16
CO0~ 0.69+0.09
Cl 0.66+0.12

The introduction of a second hydroxy-group into the
benzene ring activates the latter still further for reaction
with .OH radicals, but the introduction of a third -OH
group deactivates it, as can be seen from a comparison of
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the following absolute rate constants (10~%, litre mole-!
s-1): 3.8 for benzene!, 7.5 for phenol!, 10.7 for

1, 3-dihydroxybenzene, and 5.7 for 1,3, 5-trihydroxy-
benzene??2,

This effect may be attributed to a change in the
hydroxylation mechanism, for example, the site of attack
by . OH radicals changing from the benzene ring to the
hydrogen atom of the phenolic hydroxyl.

The relative rate constants (with DMNA as the acceptor)
for the reactions of ‘OH radicals with carbohydrates,
polysaccharides, and certain aromatic compounds have
been determined®%?5, The authors believe that the pro-
tective properties of radioprotectors (inositol, propyl
gallate, trihydroxypyridine derivatives) can be accounted
for by the high rate of their interaction with -OH radicals.

III. REACTIONS OF ‘O™ RADICAL-IONS

The -OH radicals are known to dissociate at high pH
according to the mechanism

0H+0H~'f~'_'0+ﬂ,o ;

the pK for the dlssoc1at10n is 11.8 + 0.2 (Rabani and
Matheson)“ and the rate of the forward reaction is a
thousand times higher than that of the reverse reaction®

b= (1.2 0.3) - 100 Y1 5L,
By =(9.2 +02) 107 5,

The study of the kinetics of the hydroxylation of organic
substances in alkaline media at increasing pH values
yielded information about the relative reactivity of the
‘OH radical and its conjugate base -O-, It was found for
reactions with phenols?? that the relative rates of hydrox-
ylation decrease with increase of pH (Tables 4 and 5).
The following changes in the relative rate constants for
the reactions of ‘OH radicals with phenols have been
found: 0.68 + 0.02 at pH 9, 0.46 + 0.10 at pH 12, and
0.28 + 0.04 at pH 13. The constants at pH 13 are more
than a factor of 2 lower than those at pH 9 (Table 4).

Table 4. Comparison of the relative rate constants for
ortho-substituted phenols at pH 9 and 13.

Substi- pheng/ k henoll

tuent Kacceptor acceptor(pH 13)

—CO0~|  0.69+0.09 0.32+0.05

—CHO 0.69+0.16 0.27+0.06

—CH, 0.90%0.15 0.33+0.03

—OCH; | 1.18%0.15 0.46-0.09

This is not related to the dissociation of the o7tho-sub-
stituted phenols themselves, since, firstly, the formation
of phenoxide ions would accelerate the addition of -OH
radicals because phenoxide anions are more powerful
electron donors than the undissociated phenols and,
secondly, at pH 12 and 13 phenols are completely ionised,
while the ‘OH radical is hardly dissociated at pH 9, at

pH 12 the degree of dissociation is 50%, and at pH 13 the
dissociation is almost complete. Consequently the
decrease of the rate constants can be accounted for only
by a lower reactivity of the radical-ions -O- radicals
compared with -OH radicals. The data obtained for
phenols agree with the conclusion?® (Table 5) that .0~ is
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much less reactive in both addition and electron transfer
reactions, while reactions involving the abstraction of a
hydrogen atom take place with equal efficiency when
either of the two species is involved.

Table 5. Comparison of the relative rate constants for
the reaction of OH radicals in acid, neutral, and
alkaline media??,

K
)

0.05 M 01 M

005 M 0.1 LoM ), 1,
Substrate | 4,50, |PH 6.98| NaoH NaOH Substrate H,S0, pH 6,98 NaOH | NaOH

(CHJ,CHOH | 1.00 | 1.00 | .00 | 4.00 (CiHoO 1.45)|1.20{0.79 | —
H,&H 0.29 [0.36 |03 0.47 (I 6.9 |80 {1.82] 1.70
CHyCH;OH |0.63 |0.61 |0.64| 0.70 [Br- 1.971.95[ 003 —
HCOO~ — 113 |oi60o| o CeHe 2.2 |23 {005 —
HCOOH 006 | = | = " |cCeHson 44 |52 joms| -

IV. THE MECHANISM OF HYDROXYLATION BY -OH
RADICALS

One may regard it as established that in the first stage
hydroxy-radicals add to aromatic rings with the inter-
mediate formation of hydroxycyclohexadienyl radicals?”-33
according to the mechanism

el

and do not abstract hydrogen from then with formation of
phenyl radicals as suggested previously*-38, This is
supported by the results of studies on the radiolysis of
solutions of benzene in heavy water (D,0) 29,2 and also by
the direct observation of the spectra of hydroxycyc lo-
hexadienyl radicals in studies by pulse radiolysis® or by
ESR in flow systems®, Hydroxy-radicals can also add
initially to the substituent with a subsequent rearrange-
ment involving a shift to the ring. It has been shown by
pulse radiolysis®® that -OH radicals react with p-nitro-
phenol, adding to the nitro-group via the mechanism

OH + OHC,H,NO, — OHCHNO, + H+

/ \OH

with £ = (3.8 1+ 0.6) x 10? litre mole-! s-! and subsequent
isomerisation of the resulting radical-ion into a hydroxy-
cyclohexadienyl radical via the reaction

OH—C,H,NO, + H+ - OH (OH) C,HNO,

the pKy of which is 14 + 2 s-1.

Hydroxy-radicals can also displace a ring substituent.
For example, in the reaction between -OH radicals and
anisole, the methoxy-group is substituted with retention
in the resulting phenol of the oxygen from anisole*, in
agreement with the following mechanism*!:

’

CsHyOCH; + OH — CH,OCH; +H,0

CoH,OCH, 2 CH,0CH,0H-> CH,OH + HCHO
However, such substitution also can occur with incorpor-
ation in the resulting phenolic hydroxyl of oxygen from
water, for example via the acid fragmentation of the
hydroxycyclohexadienyl radical formed? at low pH:
4

HQO\'F Hi o)
@ + OH —> @?:1 == | — @ + HF

with subsequent conversion of the resulting phenoxy-
radical into phenol containing oxygen from water,
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A similar reaction can probably occur with benzene
and many of its derivatives. For some of these, the
incorporation of oxygen from water into the product of
their oxidation by Fenton's reagent has been estab-
lished®s#, The transfer of oxygen from water is not
associated with a rapid exchange of hydroxy-radicals with
water, as frequently suggested in the literature3-4.
Indeed, calculation of the upper limit of the rate of
exchange of hydroxy-radicals with water showed that it is
slower by 3~4 powers of ten than the rate of reaction of
these radicals with organic substances®: 0 <k <7 x 108
litre mole-! s-1,

V. REACTIONS OF HO; RADICALS

The participation of HO,; radicals in the hydroxylation
of an aromatic ring has been postulated in a number of
studies?,*8, It has also been suggested that they do not
possess electrophilic properties*” and therefore yield
different proportions of the isomeric products in the
hydroxylation of the aromatic ring as compared with -OH
radicals and are less reactive than -OH radicals towards
aromatic compounds*®., The reactivity of HO, radicals
in aqueous solutions of aromatic compounds has been
little investigated quantitatively. This is due to the
difficulty of determining the rate constants for their reac-
tions in the presence of the more reactive hydroxy-
radicals, the mode of reaction of which is similar. There
are only data for the oxidation of the sulphonates of indigo
and certain other dyes, which have been obtained by the
method of competing acceptorss®,®!, The relative rate
constants for reactions of the dyes with HO; radicals
generated by the y-radiolysis of water were determined
in such studies.

These reactions were carried out in the presence of
oxygen in order to convert all the reducing species into
HO; radicals; the pH was kept at 0.4 to avoid the dis-
sociation of the HO,; radicals (pK = 4):

HO, = H+ + 05

and the reaction was carried out in the presence of added
2, 5-dichlorohydroquinone which trapped quantitatively the
*OH radicals.

The rate constant for the reaction of HO, with the dye
was calculated by considering the competition between the
reactions

D+ HO, i‘- ‘colourless product

HO, + HO, 21 H,0, + O, ’
where D is the dye, using the equation
0.693 1/ 2ol
by = . L
D?,. a Gho,
where k, = 2.2 X 108 litre mole~! s-!,52 | the dose rate,
GHO = 3.6 the radiation yield in the formatlon of HO,

radlcals 53 o = 1.66 X 10-22 mole ml mol."! litre™! a con-
version factor and D°2 the dose at which the concentra-

tion of the dye diminished by 50%.

Table 6 lists the rate constants obtained in this way.
They are approximately a million times smaller than the
rate constants for the reactions of -OH radicals with
aromatic compounds, which indicates a much lower reac-
tivity of HO; radicals compared with hydroxy-radicals.
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VI. REACTIONS OF ATOMIC OXYGEN

The hypothesis of the intermediate formation and
involvement of atomic oxygen in the ground O(*°P) state in
chemical and radiation-chemical processes in aqueous
solutions has already been put forward in the literature*’,%,
Certain studies have also been made on the reactivity of

O('D) atoms in solutions. These atoms were generated
by the photolysis of ozone at 2537 A.55:% However, since
the reaction of O(*D) with water is very rapid, high con-
centrations of the corresponding traps are required.

Table 6. Rate constants for the reactions of HO, radicals
with indigo sulphonates.

Dye k litre mole” -1 s -1

Indigo tetrasulphonate
Indigo trisulphonate
Indigo disulphonate

o=
(LT BN
-
CAA

10
10
10

The reactions of O(®P) oxygen in the ground state with
aqueous solutions of aromatic compounds have been
studied by the method of competing acceptors’’ developed
by Amichai and Treinin®®, O(°P) atoms were generated
by the flash photolysis of BrO; ions in the presence of
molecular oxygen playing the role of the trap for O(*P).
The partial rate factors for the formation of phenols in
the reactions of O(®*P) with substituted benzene were
determined in the same study. The results are presented

in Table 7.
Table 7. Partial rate factors for the formation of phenols
in reactions of substituted benzenes with O(3P) at 30°C.
S N, TN
e 2\_7 IR R CHs 3. 92\_ /\CZH,,
AN S N /S
3.1 C(CHy). 9 —C CH N—c
\ / 3/3 / 3 3 3
20750 2 \}T"CC\‘O \—1//3\3-3
- <CH3 CH,> . - <CH,,
N A8 NP N /Rae
3T & ey 165 4'11{'\CH3
S TN\ TN
1.1 0.5 CF, 1 —OCH,
/\ N/ 3 N\ 3
0.57 7 787°0-08 30\5-()./2;&03 4)0 %

These data show that O(®P) atomic oxygen is electro-
philic. The o7tho-position is more reactive than the
para-position, which is characteristic of radical reactions,
for example those of -OH radicals. A satisfactory
correlation has been obtained (» = 0.95) with the logarithms
of the partial rate factors for the mefa- and para-posi-
tions and Hammett’s ¢ constant for p = -1.15, The
negative sign of p indicates the electrophilic nature of
O(*P), while the fairly high absolute value of p compared
with the corresponding value for *‘OH radicals is evidence
of a greater selectivity of atomic oxygen compared with
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hydroxy-radicals. The following mechanism, analogous
to that for hydroxylation by ‘OH radicals, has been
proposed for hydroxylation by atomic oxygen:

B
0 OH
|/\|+0(’P) - *" l\ = ﬁ(m/
A4 \7 A4
AV Ve
Ll -l
NAe Mo

The low isotope effect found in the oxidation of an
equimolar mixture of benzene and deuteriobenzene
(kgkp = 1.14 £+ 0. 04) shows that the C—H bond is not
dissociated in the rate-determining step of the reaction,
in agreement with the proposed mechanism.

The absolute rate constant for the oxidation of benzene
by atomic oxygen, determined by Grovenstein et al.®?,
is kygo = 1.2 X 107 litre mole~! s-1,

Comparison of the reactivities of the radicals -OH, 07,
and HO, and the O(*P) oxygen atoms has shown that the
hydroxy-radicals are the most reactive among them
(Table 8). The reactivity of their dissociated form -0~
is somewhat lower (by a factor of 3—4). The oxygen
atoms are less reactive than -OH radicals approximately
by a factor of 300 and the reactivity of the HO,; radicals
is lower still—by 5—6 powers of ten.

In conclusion, we may mention that the rate constants
for the reactions of hydroxy-radicals with organic com-
pounds in aqueous solutions have been compiled by
Metelitsa%®, Denisov®®, and Anbar and Neta®.

Table 8. Comparison of the rate constants for the reac-
tions of -OH, -O~ and HO; radicals and O(®°P) oxygen
atoms.

k, litre mole] 571

Compound oxidised

Species

benzene phenol indigo disulphate
-OH 3.8-1001 7.5.1071 —
O~ — 2.1.10% 22 —
O (*P) 1.2.40757 —_ —
HO;z - — 8.5.1035!
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