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Abstract

Radiation chemical reactions of •OH, O•−, N3
• and SO4

•− with hydroxy derivatives of benzaldehyde and acetophenone were studied. The
second-order rate constants for the reaction of •OH with o-, m- and p-hydroxybenzaldehydes are in the range (5.2–12)×109 dm3 mol−1 s−1,
the order being para > meta > ortho. In O•− reaction, a reverse trend (kpara<kmeta) with much lower rates was noticed. The transient
absorption spectra measured in the •OH reaction with o- and m-hydroxybenzaldehydes exhibited absorption maxima at 370 and 400 nm,
respectively, whereas two peaks centred around 325 and 410 nm were seen in the case of para isomer. The absorption at 370 and 325 nm
rapidly decayed in ortho and para isomers, with k = 5.5×105 s−1 in the latter. The spectra measured in the •OH reaction at 10 �s after the
pulse are attributed to the phenoxyl radical formed by dehydration reaction, the rates being dependent on the position of the substituent.
The major pathways in the O•− reaction are electron transfer in the case of the meta isomer and addition reaction with the para isomer.
© 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Radiation chemical studies of benzene and its derivatives
in aqueous solution (see Refs. [1–4,39,40] for reviews)
have provided valuable information on the reactions of both
oxidising (e.g. •OH, SO4

•−, N3
•) and reducing radicals

(e.g. eaq
−, H and CO2

•−) derived from water radiolysis.
The importance of these studies stems from the fact that
radiation chemical methods are a clean source for the gener-
ation of specific radicals whose yields are precisely known
and low solute concentrations of ≤10−3 mol dm−3 — the
normal solubility limit of organic compounds in water —
can be easily employed. Furthermore, the pulse radiolysis
technique — providing information on the kinetics and
spectral nature of the intermediates from optical absorp-
tion and conductance detection measurements — combined
with product analysis [5,41–44] by the HPLC and GC–MS
techniques under steady-state conditions have made these
methods particularly unique.
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The work of von Sonntag and co-workers [6] on keto–enol
tautomerisation of the OH adducts of benzoquinone, oxida-
tion of hydroquinones [7] by N3

• and OH radical induced
oxidation [8,45–47] of phenol and cresols are recent exam-
ples of continued interest in radiation chemical oxidation
of organic compounds in aqueous solution. Oxidative
degradation of benzenes in aqueous solution is another
aspect that has been well addressed by the Muelheim group
[9,10,48–50] as well as by others [11–13]. Various advanced
oxidation processes (e.g. O3–H2O2, H2O2–UV, electron
beam) have made use of the high reactivity of the hydroxyl
radical in the degradation of water pollutants.

The weakly electrophilic OH radical (ρ+ = 0.5) [14,15]
is reactive [1] towards arenes with the k values lying
between 109 and 1010 dm3 mol−1 s−1 depending on the sub-
stituent and it generally reacts by addition [16–19,51–55]
to the aromatic ring forming the corresponding hydroxycy-
clohexadienyl radical. When there is no conjugation with
the substituent, the adduct radical exhibits a characteristic
absorption in the range 310–320 nm and in conjugated com-
pounds, a red shift in λmax was seen. For instance, λmax val-
ues of the OH adducts of benzonitrile and nitrobenzene were
reported [1,4,39,40] to be 350 and 410 nm, respectively.
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Our recent work [20–23,56–62] on radiation induced
chemical oxidation of substituted benzenes of the type
C6H5−nXnY (where X = H, halogen or OH and Y = H,
halogen, –OCH3, –NH2, –CHO, –COCH3, –COC6H5,
–CH3, –CH2Cl, –CHCl2 or –CF3) has been undertaken with
a view to gain further insight into the reaction mechanism
of radiation induced aromatic hydroxylation. Though •OH
addition to the benzene ring is the main pathway, our stud-
ies [59] on product distribution in chlorotoluenes revealed
that H abstraction from the CH3 group is an additional
reaction channel. Similarly, γ radiolysis of benzaldehyde
[22,62] has shown the formation of benzoic acid as a major
product. Our proposed mechanism involved addition of OH
radical to the –CHO group of benzaldehyde followed by
disproportionation of the exocyclic OH adduct as its addi-
tion to the benzene ring is considerably reduced due to its
deactivation by the –CHO group.

In a recent theoretical study of the OH radical reaction
with a series of halogenated acetaldehydes, Rayez et al.
[24] have shown that the H abstraction from the functional
–CHO group is more probable than the addition/elimination
reaction. In either case, the formation of an intermediate
ketyl radical (R–•C==O) is an important step as proposed
in autooxidation [25] of aldehydes.

ortho, meta, and para isomers of hydroxybenzalde-
hyde and hydroxyacetophenone form an interesting class
of compounds to investigate further the •OH reaction
mechanism. The deactivation of the ring by the –CHO
group is compensated by the activation effect of the –OH
group. Since the activation–deactivation effects of the ring
by these two groups are different among the three isomers,
it is interesting to examine the •OH reaction pattern with
these compounds. Recently Solar and Getoff [55] have
published their study on reactions of eaq

− with haloben-
zaldehydes; but to our knowledge, no work on reactions of
oxidising radicals with benzaldehyde derivatives has been
reported.

We have, therefore, undertaken a detailed investigation
of radiation chemical reactions of •OH, O•−, and SO4

•−
with o-, m- and p-(hydroxybenzaldehydes and hydroxy-
acetophenones). The semiempirical quantum chemical cal-
culations using the AM1 method were done to determine
the charge distribution at different carbon atoms of these
compounds.

1.1. Preparation of solutions

o-, m-, and p-isomers of hydroxybenzaldehydes and
hydroxyacetophenones were obtained from SISCO, CDH
and Spectrochem, India. Both m- and p-(hydroxybenzalde-
hydes and hydroxyacetophenones) were used as received
while their ortho isomers were distilled prior to use. The
purity of these compounds checked by HPLC was ≥98%.
Fresh solutions, prepared in water purified by the Milli-
pore Milli-Q system, were used. For the spectral measure-
ments, the concentration of the solute was maintained at

1 × 10−3 mol dm−3 and in kinetics experiments, it was
varied from 0.2 to 1 × 10−3 mol dm−3 to evaluate the
second-order rate constant.

In radiolysis of water, almost equal amounts of reducing
and oxidising radicals are formed (reaction 1) with their
G-values per 100 eV being given in parentheses.

H2O�e−
aq(2.8), H•(0.55), •OH(2.8), H+(3.3), H2O2(0.7)

(1)

The reaction of the •OH radical was studied in N2O saturated
solutions containing 1 × 10−3mol dm−3 solute at pH 6.2
(natural solutions) where eaq

− is quantitatively converted
into •OH (reaction 2; k = 9.1 × 109 dm3 mol−1 s−1).

eaq
− + N2O

H2O→ N2 + OH− + •OH (2)

Since the pKa values of o-, m-, and p-hydroxybenzaldehydes
are 8.3, 9.0 and 7.6, respectively, they react with the OH
radical in their undissociated form.

The reaction of O•− was studied in N2O-saturated ba-
sic solutions (pH∼13). At this pH, almost all OH radicals
are converted into O•− as pKa (•OH) = 11.9 (reaction 3,
k = 1.3 × 1010 dm3 mol−1 s−1).

•OH + OH− � O•− + H2O (3)

N2O saturated solutions of the substrate containing NaN3
were radiolysed to produce N3

• radical (reactions 2 and 4,
k = 1.2 × 1010 dm3 mol−1 s−1).

N3
− + •OH → N3

• + OH− (4)

SO4
•− radicals were produced by the reaction of eaq

−
and H• with persulphate in N2 saturated solutions of
the solute containing 1.5 × 10−2 mol dm−3 K2S2O8
and 2 × 10−4 mol dm−3 tert-butyl alcohol (reaction
5, k(eaq)

− = 1.2 × 1010 dm3 mol−1 s−1, k(H•)− =
2.5 × 107 dm3 mol−1 s−1).

S2O8
2− + eaq

−(H•) → SO4
•− + SO4

2−(HSO4
−) (5)

1.2. Irradiation

High-energy electron pulses (7 MeV, 50 ns) from a lin-
ear accelerator were used for pulse radiolysis experiments,
and the details of the facility are described elsewhere [26].
Dosimetry was carried out with aerated aqueous solutions
of 10−2 mol dm−3 KSCN by optical measurements taking
Gε500 = 21522 M−1 cm−1 per 100 eV [44] of the tran-
sient (SCN)2

•−. The dose received per pulse was about
1.2–1.5 krad. The transient absorption spectra were recorded
on a digital oscilloscope interfaced to a computer for anal-
ysis of kinetics.
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2. Results and discussion

2.1. Evaluation of kinetic parameters

2.1.1. Hydroxybenzaldehydes
The rate constants for the reaction of •OH with iso-

mers of hydroxybenzaldehydes were determined from the
growth of the transient band in the solute concentration
range 0.2–1 × 10−3 mol dm−3. The rates of formation of
the transients in the case of ortho and meta isomers were
measured at their λmax = 370 and 400 nm, respectively. The
rate constants were evaluated from the slope of the plot of
kobs versus [solute]. The second-order rate constants for the
•OH reaction with o- and m-hydroxybenzaldehydes were
determined to be 5.2 × 109 and 7.7 × 109 dm3 mol−1 s−1,
respectively. The traces depicting the rates of build-up at
370 and 400 nm obtained in the reaction of •OH with ortho
and meta-hydroxybenzaldehydes, respectively, on 2.5 �s
scale are shown in insets of Figs. 1 and 2.

In contrast, two absorption maxima at 325 and 410 nm
were seen with p-hydroxybenzaldehyde. The rate of forma-

Fig. 1. Time-resolved spectra obtained in the reaction of •OH with
o-hydroxybenzaldehyde (1 × 10−3 mol dm−3), 2 (�) and 15 �s (�)
after the pulse. Inset: absorption buildup at 370 nm, [o-hydroxy-
benzaldehyde] = 1 × 10−3 mol dm−3; dose/pulse = 1.5 krad.

Fig. 2. Time-resolved spectra obtained in the reaction of •OH with
m-hydroxybenzaldehyde (1 × 10−3 mol dm−3), 1.5 (�) and 15 �s (�)
after the pulse. Inset: absorption (A) buildup, (B) buildup at 500 nm and
(C) decay at 400 nm, [m-hydroxybenzaldehyde] = 1 × 10−3 mol dm−3;
dose/pulse = 1.5 krad.

Fig. 3. Absorption traces for the reaction of •OH with p-hydroxy-
benzaldehyde (8 × 10−4 mol dm−3) at (A) 325 and (B) 410 nm, N3

• with
p-hydroxybenzaldehyde (1 × 10−3 mol dm−3) at (C) 340 and (D) 440 nm
and •OH with p-hydroxyacetophenone (1 × 10−3 mol dm−3) at (E) 325
and (F) 400 nm.

tion of the transients absorbing at 325 nm was found to
be different from that found at 410 nm, the former being
much faster than the latter. Furthermore, the growth at
325 nm was followed by a rapid decay. The difference in
the rates of formation and decay at 325 and 410 nm indicate
that the transients responsible for their absorption are not
the same. The appropriate traces at both the wavelengths
for [p-hydroxybenzaldehyde] = 8 × 10−4 mol dm−3 are
shown in Fig. 3A and B. Due to the rapid decay of absorp-
tion at 325 nm the second-order rate constant was evaluated
by competition kinetics measurements using 1 × 10−4 mol
dm−3 KSCN as competitor. The formation of (SCN)2

•− was
monitored at 500 nm in the range [p-hydroxybenzaldehyde]
= (0.4–2.5) × 10−4 mol dm−3 and the second-order
rate constant evaluated from this procedure is 1.2 ×
1010 dm3 mol−1 s−1 (inset Fig. 4).

The measured rate constants for all the three hydro-
xybenzaldehydes (k = 5.2–12 × 109 dm3 mol−1 s−1) are

Fig. 4. Time-resolved spectra obtained in the reaction of •OH with
p-hydroxybenzaldehyde (1 × 10−3 mol dm−3), 1.5 (�) and 10 �s (�)
after the pulse; dose/pulse = 1.5 krad. Inset: plot for second-order rate
constant from competition kinetics.
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Fig. 5. Transient absorption spectra recorded in the reactions of O•−
with (A) m-hydroxybenzaldehyde (1 × 10−3 mol dm−3), 10 (�) and
80 �s (�) after the pulse. Inset: absorption buildup at 420 nm, (B)
p-hydroxybenzaldehyde (1×10−3 mol dm−3) 90 �s after the pulse. Inset:
absorption buildup at 370 nm, dose/pulse = 1.5 krad.

higher than that reported [1,22,23,62] earlier for benzalde-
hyde (2.6 × 109 dm3 mol−1 s−1), but they are comparable
to benzophenone (7.7 × 109 dm3 mol−1 s−1) and cresols
(∼ 1×1010 dm3 mol−1 s−1). This increase in rate constants
in hydroxy derivatives is attributed to the activation of the
ring by the electron donating OH group. The observed
higher value for the para (1.2 × 1010 dm3 mol−1 s−1) iso-
mer is due to the significant activation of C3/C5 positions by
the –OH and –CHO groups (vide infra) while in the ortho
and meta isomers a position activated by one substituent is
deactivated by the other.

When the reaction was carried out in N2O-saturated ba-
sic solution (pH∼13), the reacting species are essentially
O•− and the monoanions of hydroxybenzaldehydes. In
basic solution, o-hydroxybenzaldehyde gave an intense yel-
low colour and hence the reaction of O• with this isomer
was not studied. The traces depicting the build-up at the
respective absorption maxima in the case of meta (420 nm)
and para (370 nm) isomers are given in the insets of Fig. 5A

Table 1
Second-order rate constants (×109 dm3 mol−1 s−1) and λmax (nm) values obtained in this work

Compound •OH O•− SO4
•− N3

•

λmax k λmax k λmax k λmax k

Benzaldehyde 370 2.6 310 5.5 370 0.7 – –
o-Hydroxybenzaldehyde 370 5.2 –a – 370 (6.2) – –
m-Hydroxybenzaldehyde 400 7.7 420 0.5 410 (4.2) 370 (6.0)
p-Hydroxybenzaldehyde 325, 410 12.1 370 0.056 400 (5.9) 345 (1.9)
Acetophenone 370 3.7 370 0.9 370 1.8 – –
o-Hydroxyacetophenone 370 2.7 – – 370 – – –
m-Hydroxyacetophenone 400 2.6 – – – – – –
p-Hydroxyacetophenone 325, 410 5.1 – – – – – –

a Not measured.

and B. As can be seen from these traces, the second-order
rate constant for the latter (k = 5.6×107 dm3 mol−1 s−1) is
lower by an order of magnitude than that found for the meta
isomer indicating that the reaction pathways are different.
The lower rates for the O•− reaction than that found for the
corresponding •OH reaction are due to the charge repul-
sion between the reacting species, O•− and the monoanion.
Such lowering of rates in basic solution was observed
[27–29,63] by us earlier in the reactions of •OH, and eaq

−
with purine derivatives. The reverse trend in the rates of
the O•− reaction between meta and para (kmeta � kpara)

isomers is in accord with the nucleophilic nature of O•−
species.

A few experiments were also carried out to study
the rates of reaction of N3

• and SO4
•− with m- and

p-hydroxybenzaldehydes. The observed rate for the N3
•

reaction with p-hydroxybenzaldehyde (λmax = 340 and
440 nm) is similar to that observed at 325 and 410 nm,
respectively, in the •OH reaction as can be seen from
the traces depicted in Fig. 3C and D. The transient
absorption spectra in the SO4

•− reaction with both
m- and p-hydroxybenzaldehydes were fully developed
within 2 �s indicating that the rates of the reaction are
diffusion-controlled (k ≥ 109 dm3 mol−1 s−1).

The accuracy of the rate constants is within ±10% except
in the measurements done at only one concentration (values
in parentheses) where it is ±20%. The rate constant values
for benzaldehyde and acetophenone are taken from Refs.
[22,62].

2.2. Hydroxyacetophenones

The measured rates for the •OH reaction with o-, m-
and p-hydroxyacetophenones are similar to those found for
hydroxybenzaldehydes, e.g. the second-order rate constants
evaluated from the absorption traces obtained at their λmax,
when N2O saturated solution containing 1×10−3 mol dm−3

o-, m- or p-hydroxyacetophenone were pulse radiolysed, are
in the order (2.5–3.5) × 109 dm3 mol−1 s−1. The rate con-
stants observed in this work for the various reacting species
along with the absorption maxima of the transients measured
in the •OH reaction are compiled in Table 1.
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2.3. Transient absorption spectra

2.3.1. Hydroxybenzaldehydes
•OH reaction. The absorption spectra in N2O-saturated

solutions of hydroxybenzaldehydes (1 × 103 mol dm3)

were monitored in the wavelength region 300–700 nm. The
time-resolved spectra obtained in the reaction of •OH with
o-hydroxybenzaldehyde is shown in Fig. 1. This spectrum
exhibited a broad peak centred around 370 nm, the intensity
of which almost completely decayed within 10 �s resulting
in a featureless spectrum. The spectrum obtained in the
•OH reaction with m-hydroxybenzaldehyde has a single
peak at 400 nm and the absorption intensity at this wave-
length is three times higher than that observed in the case
of ortho isomer. Fig. 2 depicts the time-resolved absorption
spectra measured at 1.5 and 15 �s after the pulse. As can be
seen from this figure, a decrease in the intensity at 400 nm
accompanied by an increase in absorption at 500 nm was
noticed at 15 �s after the pulse. The traces for the decay at
400 nm and growth of absorption at 500 nm are shown in the
insets of Fig. 2. The rate for the delayed build-up at 500 nm
was estimated to be 4.6×105 s−1, measured on 20 �s scale.
However, the rate of first-order decay at 400 nm is lower
with the residual intensity persisting well beyond 100 �s.

The spectral nature for the transients formed in the •OH
reaction with p-hydroxybenzaldehyde (Fig. 4) is different
from that recorded with its meta isomer. In addition to the
peak around 410 nm, a very intense peak at 325 nm was seen,
the ratio of the respective intensities is being 1:4. Further-
more, the peak at 325 nm decayed by more than 75% within
10 �s as can be seen from the spectrum shown in Fig. 4. The
average rate for this decay was estimated to be 5.5×105 s−1

in the concentration range 4–8 × 10−4 mol dm−3. When
the spectral measurements were made at pH 4, the decay
at 325 nm was complete within 2 �s, (k = 1.4 × 106 s−1)

indicating that the transformation is acid catalysed.
O•− reaction. The spectra measured in basic (pH∼13)

N2O-saturated solution of m- and p-hydroxybenzaldehydes
are shown in Fig. 5. It can be seen that the spectrum in the
former case has two peaks at 420 and 500 nm which resem-
bles that recorded in neutral solution after the transforma-
tion reaction responsible for the growth at 500 nm (Fig. 5A)
is complete. On the other hand, the spectrum obtained in
the O•− reaction with p-hydroxybenzaldehyde (Fig. 5B)
exhibited a single peak at 370 nm, which is different from
that measured for the •OH reaction in neutral solution. The
time-resolved spectra obtained with both isomers did not
reveal any further spectral changes.

N3
• and SO4

•− reactions. The spectrum measured in
the N3

• reaction with m-hydroxybenzaldehyde, shown in
Fig. 6B, has a peak at 370 nm which decayed within 15 �s.
This spectrum is different from that found for the •OH
reaction. With the para isomer, an intense and sharp peak at
345 nm was seen in the spectrum recorded at 1 �s after the
pulse. The absorption of the sharp peak was reduced to 20%
within 7 �s (Fig. 6C). The spectrum recorded at 2 �s after

Fig. 6. Transient absorption spectra recorded in the reactions of (A) SO4
•−

with m-hydroxybenzaldehyde (1×10−3 mol dm−3), 2 (�) and 40 �s (�),
(B) N3

• with m-hydroxybenzaldehyde (1 × 10−3 mol dm−3), 1 (�) and
15 �s (�) and (C) N3

• with p-hydroxybenzaldehyde (1×10−3 mol dm−3),
1 (�) and 7 �s (�) after the pulse; dose/pulse = 1.5 krad.

the pulse for transients formed in the SO4
•− reaction with

the meta isomer has shown two maxima at 330 and 400 nm
(Fig. 6A). The spectrum recorded at 40 �s after the pulse
has shown the usual bimolecular decay.

2.3.2. Hydroxyacetophenones
The transient absorption spectra in the case of hydroxy-

acetophenones (0.5–1 × 10−3 mol dm−3) were measured
in the wavelength range 300–600 nm. The absorption
maxima of transients formed with o-, m- and p-hydroxyaceto-
phenones were found to be similar to those obtained
with the corresponding isomers of hydroxybenzaldehydes
(Fig. 7). However, the absorption of transients formed in
o-hydroxyacetophenone (Fig. 7A) persisted even at 40 �s
after the pulse unlike in the case of o-hydroxybenzaldehyde.
The time-resolved spectrum recorded at 500 �s has indicated
the usual bimolecular decay. The peak at 400 nm observed
in the case of meta isomer (Fig. 7B) also decayed with a
subsequent build-up at 500 nm similar to that observed with
m-hydroxybenzaldehyde, the rates of decay and build-up
being nearly equal. The rate of decay (k = 1.9 × 105 s−1)

at 325 nm in the case of p-hydroxyacetophenone is lower
than that obtained in the case of p-hydroxybenzaldehyde
(k = 5.5 × 105 s−1).

2.4. Semiempirical quantum chemical calculations

The charge distribution at different carbon atoms of the
ring and the aldehyde group for isomers of hydroxyben-
zaldehyde and hydroxyacetophenone was determined using
semiempirical quantum chemical calculations. The standard
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Fig. 7. Time-resolved spectra obtained in the reaction of •OH with (A)
o-hydroxyacetophenone (1 × 10−1 mol dm−3), 3 (�) and 40 �s (�), (B)
m-hydroxyacetophenone (1 × 10−1 mol dm−3), 2 (�) and 40 �s (�) and
(C) p-hydroxyacetophenone (1 × 10−1 mol dm−3), 1 (�) and 10 �s (�)
after the pulse; dose/pulse = 1.5 krad.

AM1 method developed by Dewar et al. [30] was used for
optimising the geometry of the molecules with Hartree–Fock
approximation. We have also evaluated the charge distribu-
tion in benzaldehyde.

The charge densities calculated at different positions are
given in Table 2. All the four major rotational confomers
of the isomers were considered separately for energy opti-
misation and the energies were found to be comparable for
meta and para isomers. Therefore, the charge densities of
different confomers were averaged for each position. In the
ortho isomer, however, the confomer with oxygen of –C=O

Table 2
Charge distribution at different carbon atoms in benzaldehyde and hydroxy derivatives of benzaldehyde and acetophenone

R = H R = CH3 R = H R = CH3 R = H R = CH3

1 −0.1773 −0.2716 −0.2490 −0.1410 −0.1201 −0.2147 −0.1938
2 −0.078 +0.1649 +0.1637 −0.1359 −0.1396 −0.0408 −0.0449
3 −0.1452 −0.1822 −0.1825 +0.0657 +0.0654 −0.2026 −0.2020
4 −0.0985 −0.0606 −0.0634 −0.1550 −0.1574 +0.1115 +0.1086
5 −0.1453 −0.1848 −0.1863 −0.1091 −0.1093 −0.2026 −0.2020
6 −0.0780 −0.0509 −0.0556 −0.1143 −0.1181 −0.0408 −0.0449
7 +0.2232 +0.2381 +0.2842 +0.2222 +0.2660 +0.2227 +0.2713
8 – – −0.2635 – −0.2661 – −0.2659

and hydrogen of –OH group adjacent to each other (i.e. hy-
drogen bonded structure) was found to be much more stable
than others. The charge density listed for this isomer corre-
sponds to this structure only.

The analysis revealed that the electron density distribution
is in accord with the activation and deactivation effects of the
–OH and –CHO groups. The probable positions for the •OH
attack are, thus, different for the three isomers. Furthermore,
there is no single unique site for the exclusive attack of OH
implying the formation of different isomeric OH adducts. A
general feature of this analysis is that the electron density at
the carbon attached to –CHO group is significant whereas
it is minimum at the exocyclic carbon. The order of the
charge distribution at the carbon attached to –CHO, among
the three isomers, is ortho > para > meta. Furthermore, the
difference in the charge distribution between this and other
carbon positions of the ring is the highest in the case of
ortho isomer, the values being –0.2716 at the former position
followed by –0.1822 each at C3 (meta to –CHO and ortho to
–OH) and C5 positions (meta to –CHO and para to –OH). In
contrast, the charge distribution is almost equally distributed
among all ring carbon atoms (–0.1091 to –0.1551) in the
case of m-hydroxybenzaldehyde, though the carbon bonded
to –OH position (+0.0657) is more deactivated than others.
In the para isomer, C3/C5 positions (meta to –CHO and
ortho to –OH) each has nearly the same value (–0.2026) as
that found at the carbon attached to –CHO (–0.2147).

2.5. Reaction mechanism

2.5.1. Hydroxybenzaldehydes
The mechanism for the •OH reaction of o-, m- and

p-hydroxybenzaldehydes can be explained on the basis
of the •OH attack at � and ipso positions. In the case
of o-hydroxybenzaldehyde, based on charge distribution
(Table 2), the three favourable positions for addition are C1,
C3, and C5 leading to the formation of the three isomeric
OH adducts (reactions 6–8). It is proposed that the two
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OH adducts formed from its addition at unsubstituted ring
positions lose OH− followed by deprotonation leading to the
formation of –CHO substituted phenoxyl radical 2 via the
intermediate radical cation 1. The complete decay at 370 nm
seen in the absorption spectra (Fig. 1) within 10 �s is at-
tributed to this process. The rate of this reaction is estimated
to be 3 × 105 s−1.

In p-hydroxybenzaldehyde, the carbon attached to the
–CHO group and the carbon meta to –CHO and ortho to
–OH (C3 and C5) are the most favoured sites of attack
(Table 2). The scheme depicting the •OH reaction with
p-hydroxybenzaldehyde is shown in reactions 9–14, which
is similar to the mechanism proposed for the ortho isomer.
However, the rate of phenoxyl radical formation from the
OH adducts of p-hydroxybenzaldehyde (k = 5.5 × 105 s−1)

is higher at neutral pH.

This is evident from the time-resolved spectra recorded in
para and ortho isomers where the rate of decay of absorp-
tion at 325 nm in the former is higher than that observed
in the latter (Figs. 1 and 4). As expected, the OH− elimi-
nation was found to be acid catalysed where the rate was
enhanced fivefold at pH 4. Such OH− elimination was

reported from OH adducts of purines [29] as well as in OH
adducts of cresols [8,45–47] and methoxybenzenes [31,64].
The yield of radical cation to that of phenoxyl radical was
reported [31,64] to be dependent on the number and po-
sition of the methoxyl group. However the radical cation
formed from OH− elimination (reaction 12) from the OH
adduct of o- or p-hydroxybenzaldehydes immediately un-
dergoes deprotonation (reaction 14) as it is unstable due to
the electron withdrawing nature of the –CHO group. This
mechanism involving the formation of radical cation is fur-
ther strengthened from the observed similarity in the nature
of absorption spectra measured in •OH and N3

• reactions
of p-hydroxybenzaldehyde (Figs. 4 and 6C).

Among the six isomeric OH adducts that are possible in
the reaction of •OH with m-hydroxybenzaldehyde (reaction
15), the formation of the adduct from the •OH attack at the
carbon attached to –OH is more likely due to its activation
by both –CHO and –OH groups. The other carbon positions
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are not activated to the same extent because the position acti-
vated by one of the substituents is deactivated by the other.
However, this prediction is not supported by the electronic
charge distribution value determined for the meta position
which is positive. Such disagreement was also noticed in our
recent study on •OH reaction with chloroanilines [32]. It,
thus, appears that, solvation and other environmental factors
[33–35] need to be considered in deciding the reactivity of
the intermediates.

The decay of absorption at 400 nm in the transient spec-
trum with corresponding growth of absorption at 500 nm is
attributed to the formation of phenoxyl radical 5 by dehy-
dration of the OH adduct (reaction 17). The rate of water
elimination reaction (k = 4.6 × 105 s−1) from the OH
adducts of m-hydroxybenzaldehyde is higher by an order
of magnitude than that found [31,64] for the OH adducts of
methoxybenzene (k = 4 × 104 s−1) at pH 7. Phenoxyl rad-
icals are known to absorb above 400 nm and no other trans-
formation except the generation of the corresponding phe-
noxyl radical is likely. The other possibility of the phenoxyl
radical formation by elimination of HCHO from the OH
adduct 6 is ruled out due to lack of activation at the carbon
position attached to the –CHO group (reaction 18). The as-
signment of spectrum with absorption maximum at 500 nm
to phenoxyl radical thus seems to be reasonable though
there is a large red shift as compared to the corresponding
radical formed in p-hydroxybenzaldehyde and the reasons
for this observed difference are not yet clear. It is however,
interesting, to note that the absorption maximum of the
phenoxyl radicals formed from meta-hydroxybenzaldehyde
(λmax = 500 nm) is identical to that reported [36,37] for
4-iodophenoxyl radical, but it shows a red shift compared
to other halophenoxyl radicals.

In the O•− reaction, electron transfer from the pheno-
late ion to give phenoxyl radical (reaction 20) seems to be
favoured in the case of meta isomer which is apparent from
the

peak observed at 500 nm. However, such an electron transfer
with the para isomer is not likely due to the stabilisation of
the negative charge at the para position by –CHO group and
addition to the ring, therefore, seems to predominate. This
is supported by the observed low rate of the O•− reaction
with the para isomer, since the rate of electron transfer is
expected to be higher than the addition reaction [38].

3. Conclusion

•OH and N3
• radicals react with hydroxy derivatives

of benzaldehyde and acetophenone at diffusion-controlled
rates. The electron density distribution in these molecules
is in accord with the activation–deactivation effects of the
–OH and –CHO groups. The subsequent reaction pathways
of the adducts radicals following •OH addition are, thus, dif-
ferent in ortho, meta, and para isomers. The time-resolved
spectral changes are interpreted in terms of formation of
phenoxyl radical via intermediate radical cation in the case
of ortho and para isomers whereas phenoxyl radical forma-
tion by dehydration seems to be the predominant reaction
pathway with the meta isomer. The OH adducts of hydroxy-
benzaldehydes are stable against oxidation by (Fe(CN)6)3−.
The major pathways in the O•− reaction are electron trans-
fer in the case of the meta isomer and addition reaction
with the para isomer. Radiation chemical methods form
an excellent tool in the elucidation of oxidation reaction
mechanism of disubstituted benzenes especially containing
electron donating and electron withdrawing groups.
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