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ABSTRACT The one-electron oxidation of phenanthrenequinone (PhQ) in aqueous solutions was investigated by pulse

radiolysis using hydroxyl radical and sulphate radical as oxidants. Spectral and kinetic properties of the transients formed

due to the reaction of PhQ with the oxidants were obtained. The reaction of hydroxyl radical with PhQ results in an initial

species with an absorption spectrum centered at 370nm and a weak broad band in the long wavelength regions at neutral pH.

The bimolecular rate constant for the formation of initial species was determined to be (l.5i0.2)><10'°dmJ emol! »s!. The

absorption in the short wavelength region decays with a concomitant increase in the longer wavelength region resulting in a

subsequent species with absorption maximum at 400nm and a broad band centered at 500nm. The absorption in visible re-

gion increases with increasing pH. Similar transient absorption was obtained at pH 9.9. At pH 4.0, the initial spectrum also

shows absorption maximum at 370nm. However, the subsequent absorption spectrum shows a maximum at a shorter wave-

length than those found at pHs 7.1 and 9.9. The absorption increase in visible region was not seen at low pH. The transient

spectrum obtained at neutral pH by the reaction of sulphate radical with PhQ are similar to the subsequent spectra for the

reaction of hydroxyl radical with PhQ showing two bands centered at 400 nm and 500 nm. The bimolecular rate constant

was estimated at (4.02£0.6)x10°dm’ smol™" *s”'. On the basis of spectral similarity and kinetic analysis, a possible mechanism

for the oxidation of PhQ by both hydroxyl radical and sulphate radical is given.
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1 Introduction

For quinonoid compounds in general, contrary to
the reduction studies, which have been well documented,
little is known about one-electron oxidation of such
molecules. This may be because quinones are strong elec-

) However, from

tron acceptors rather than electron donors
a few studies on reactions of quinones with hydroxyl
radicals™?!, it was reported that hydroxyl radicals react
with such molecules by adding to the aromatic ring to
form eOH adducts. Such addition reactions have also

167) and with

been observed with 1,10-phenanthroline
some five or six-membered heterocyclic compounds
which contain carbon-carbon double bonds and carbonyl
groups such as oxazole and 4-methyloxazole™, thymine
and uracil®.

In the previous work, it has been shown that the re-
action of PhQ with e, and CO 5 and (CH3),C COH

produce semiquinone anions and semiquinone neutral

Pulse radiolysis, One-electron oxidation, 9,10-Phenanthrenquinone

radicals'”!

which contains phenolic hydroxyl groups, the semi-

. For some quinones such as naphthazarin,

quinone can also be formed by ¢OH reaction via an addi-

Pl In order to investigate

tion/elimination mechanism
whether similar reactions are also possible with PhQ, the
reactivity of this compound towards to hydroxyl radicals
has been studied. Furthermore, as one of the model
compounds for PQQ, knowledge of oxidation should
also be important before investigation of the respective
complexes could be initiated. Therefore, the one-electron
oxidants: the sulphate radical (SO} ), the thallium ion
(T12+) and its monocomplex [(TIOH)*] were employed to

oxidize PhQ.

2 Materials and methods

2.1 Materials

9,10-phenanthrenequinone  was purchased from _
Sigma Chem. Co. Thallous sulphate was purchased from
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B.D.H. Chem Ltd., England. All reagents used at least of
analytical purity.

For studies of pulse radiolysis, water was triply dis-
tilled by double redistillation using a Bibby Aquatron
W4D double distillation water still and then by carrying
out a further redistillation from an alkaline permanga-
nate solution. Buffers used were Na,HPO,- NaH,PO, (pH
5.0—38.2), NaH,PO,-H3PO, (pH 3—>5) and NaOH-Na,HPO,
(pH 8.2—9.0). Perchloric acid and sodium hydroxide were
used for extremely low and high pHs, respectively.

White spot nitrogen (>99.99%), nitrous oxide
(atomic absorption grade, >99.9%) and oxygen (299.5%)
were supplied by B.O.C. Ltd.

2.2 Methods

The pulse radiolysis experiments were carried out
with an 8—14MeV Vickers electron linear accelerator as
previously described”® "', The path lengths of quartz
cells used are 1.5 and 2.5cm. Radiation doses were es-
tablished using air-saturated 1107 moledm™ aqueous of
KSCN and taking G[(SCN) 5 1e=2.23x10"m’ I''em™ 2.

The solutions for pulse radiolysis experiments were
always freshly prepared and were purged for at least 30
minutes (for 100mL solutions) or 1h (for 250 and 500mL
solutions) prior to pulsing, using nitrogen or nitrous ox-
ide.

3  Results and discussion

3.1 Reaction with hydroxyl radicals

The reaction of PhQ with hydroxyl radicals at neu-
tral and alkaline pHs was examined by pulsing nitrous
oxide saturated aqueous solutions of PhQ. Under such

conditions, all hydrated electrons are converted into ®OH,

thus doubling its yield (reaction 1). Since small amounts
of H® are also generated and the rate of the H atom reac-
tion with PhQ is only half of that for the ¢OH reaction,
the H atom reaction is unimportant at the same time scale
of the #OH reaction and the spectra thus obtained are at-
tributed largely to the reaction of ¢OH with PhQ
e;q+N20—> eOH+OH + N, (1)
Fig.1 shows changes in the uncorrected absorption

spectrum with time at pH 7.1. The initial spectrum ob-
tained was recorded 17us after the pulse when the decay

of ®OH was complete. It shows an absorption band cen-
tered at 370nm and one weak broad band in the long
wavelength regions. The absorption in the short wave-
length region decays with a concomitant increase in the
longer wavelength region resulting in a subsequent spe-
cies with an absorption maximum at 400nm and a broad
band centered at 500nm (spectrum at 83us). Similar ab-
sorption spectra were obtained at pH 9.9 (Fig.2).
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Fig.1 Uncorrected transient absorption spectra obtained 17 u s.
e and 83 us, o after giving a 6.7Gy electron pulse to a
N,O-saturated aqueous solution of PhQ (1 4X 10 Smoledm’) in the
presence of phosphate buffer (1X10° ’moledm™ ), pH7.1, 2.5cm
cell.
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Fig.2 Uncorrected transient absorption spectra obtained 13 b s.
e and 83 u s, o after giving a 6.7Gy electron pulse to a
N,O-saturated aqueous solution of PhQ (1.3X 10 Smoledm™) in
the presence of phosphate buffer (1 X 10° ’moledm™), pH9.9, 2.5cm
cell.

The pseudo-first-order rates of build-up of absorp-
tion at 370 nm and 340 nm yield a bimolecular rate con-
stant of ( 1.510.2))(10'0 dm? emol'es™! for the reaction of
#OH with PhQ (Fig. 3). The intercept observed from the
plot in Fig. 3 reflects partial decay of eOH by ¢OH re-
combination (reaction 2). The low concentration (due to
the poor solubility of PhQ in aqueous solution) of PhQ
could not scavenge all the «OH generated initially (about
85% of hydroxyl radicals react with PhQ at PhQ concen-
tration of 1.4x10 mol 'dm'3)
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Fig.3 Dependence of the 1"-order formation rate con-
tant,observed at 370nm, on concentration of PhQ in N,O-saturated
aqueous solutions of PhQ irradiated with a 6.0Gy electron pulse,
pH7.0.

On decreasing the pH to 4.0, the initial spectrum
obtained at the end of the pulse also shows absorption
maximum at 370 nm (Fig.4). However, the subsequent
absorption spectrum at 99us shows a Ay at a shorter
wavelength (—380 nm) than those found at pHs 7.1 and
9.9. The absorption increase in the visible region, ob-
served at pHs 7.1 and 9.9 was not seen here. The subse-
quent absorption decays with the same rate over all the
wavelengths indicating a singled species.

0.025

0.020

0015+

0.010

A Absorbance

0.005

n L i L ] Y
300 350 400 450 500 550
Wave length / nm

0 250

Fig.4 Uncorrected transient absorption spectra obtained 22 it s.
e and 99 u s, o after giving a 4.86Gy electron pulse a N,O- satu-
rated aqueous solution of PhQ (7.6 X 10 moledm™) in the presence
of phosphate buffer (1 X 10 moledm™), pH4.0, 2.5cm cell.

Similar transient spectral changes were observed
on further decreasing the pH. Fig.5 shows the uncor-

rected spectra obtained at different times on pulsing a
nitrous oxide saturated solution of PhQ (1.5%10°° mol
«dm™) at pH 2. Under such conditions, 56% of hy-
drated electrons are converted into H atoms according
to the reaction
e;q+H3O+—> He + H,0 3)
Hence, about two-thirds of the primary radicals
generated at the end of the pulse are #OH and one-third
is H'. However, at least 83% of the H atoms thus pro-
duced (calculated according to Equation 4) would react
with PhQ at 17us when the initial spectrum was taken

A[He] )
[H ']0

Where, k;=k;[PQ]p (k2 is the bimolecular rate con-

stant for the reaction of He with PhQ taken to be 7%x10°

dm’ mol™ s); [He], is the initial molar concentration of
H atom; A[He], is the molar concentration of H atoms

kt=-n ( 1- )

reduced at the time t.
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Fig.5 Uncorrected transient absorption spectra obtained 17 u's.
e and 72 us, o after giving a 6.7Gy electron pulse to a
N,O-saturated aqueous solution of PhQ (1.5 X 10 molsdm™) in the
presence of HCIO, (1 X 10~ moledm™), pH2.0, 2.5cm cell.

The absorption due to the H atom reaction product

was separated from that due to OH addition according to:

AA(eOH) = AA,s - AA(He) (5)

Where AA(eOH) is the absorbance due to the ad-

duct, AAys is the observed absorbance, and AA(He) is

the absorbance due to the H atom adduct given by the
approximation.

k,[PhQ]

AA(He) = (g - &) X | X [Hely (6)

Where €y ande, are the molar extinction coefficients
of the H adduct and parent PhQ, [PhQ] is the molar
concentration of PhQ, [He], is the molar concentration of

k,[PhQ] +k,[He],

H atoms generated initially which was calculated by taking
the G value of H atoms to be 2.0, k; and ks are the bimol-
ecular rate constants for the corresponding reactions.
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He+PhQ —» PhQH’ 0
2He —» H, ®)
The extinction coefficients of the species formed

[¢OH] = [¢OH]p x

Where [#OH]j is the ®OH concentration generated
initially (calculated taking total G value of «OH to be 5.6
at pHs 4.0, 7.1 and 9.9, and to be 4.1 at pH 2.0); k; and
kyo are the bimolecular rate constants for the corre-
sponding reactions. The concentration of ¢OH thus ob-
tained represents the minimum concentration because k;
[#OH]p will vary as the reaction proceeds. The initial
absorption spectra thus obtained are shown in Fig.6. It is
clear that the four spectra are identical and have a A, at
320 nm with a molar extinction coefficient of 6600+800

A 1
dm’® emol™! e«cm™.
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Fig.6 Corrected transient absorption spectra of OH-adduct
formed on the pulse radiolysis of N,O-saturated solutions of PhQ.
a pH2.0, 174s, 0 pH4.0, 22Hs, e pHT7. 1, 17Hs, o pHI. 9, 13Ms.
Conditions as those Figs.4.1,4.2,4.4 and 4. 5.
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initially at the end of the ¢OH reaction at the four pHs
above were calculated. The molar concentration of «OH
was given by

k,,[PhQ]
k,,[PhQ] +k,[*OH],

On the basis of general reactive properties of «OH
towards quinones and other unsaturated compounds as
mentioned in the Introduction, the first species observed
can be considered to be an «OH adduct (PhQOH’, reac-
tion 10)

C))

*¢OH+ PhQ —» PhQOH’ (10)

It was further found that the growth of the absorp-
tion due to the second species mainly followed
first-order kinetics. The first-order rate constant was in-
dependent of does between 3.9 and 9.6 Gy. This indi-
cates the absence of a second-order process and implies
that the «OH adduct does not decay by disproportiona-
tion or other second-order processes.

Assuming that all PhQ eOH adducts formed ini-
tially are converted to the second species, the subsequent
spectra at different pHs (Figs 1, 2, 4 and 5) were nor-
malized to same amount of hydroxyl radicals (assuming
100% conversion) and same path length, and are super-
imposed in Fig.7. It is seen from Fig.7 that the absorp-
tion in the visible region increases with increasing pH
and the A, in the 350—400 nm region shifts to shorter
wavelength as the pH is decreased. The insert shows the
plot of absorbance at 500 nm vs pH.
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Fig.7 Uncorrected transient subsequent absorption spectra at different pHs. e pH 2.0, a pH 4.0, © pH 7.1 w pH 9.9, normalized to
G(*OH)=4.74 and dose=6.7Gy, 2.5cm cell. (see Figs 4.1, 4.2,4.4 and 4.5 for other corresponding conditions). Insert: dependence of ab-

sorbance at 500nm on pH.

(i.e. cation radical) formed by elimination of water from the
OH adduct, oxidation of PhQQ using other oxidizing radicals

In order to ascertain whether the second species
formed in OH reactions is an one-electron oxidized form
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such as azide radicals (N _;) and sulphate radicals (SO ;')
was attempted and the results are presented below.

3.2 Reaction with sulphate radicals

On delivery of a pulse to a nitrous oxide saturated
solution of PhQ in the presence of NaN 7, the N gen-
erated according to the reaction 1 and 11 would be ex-
pected to oxidize PhQ. However, no absorption changes
were observed. Furthermore the decay of N3 radicals in
the presence and absence of PhQ was found to be same.
It was therefore concluded that N3 does not react with
PnQ.

eOH+N; — N + OH~ (1)

However, absorption changes were observed using
SO} as an oxidant. On pulsing a nitrogen saturated
aqueous solution containing PhQ (2.5x10° mol -dm‘g),
potassium persulphate (K»S,0s, 5%1072 mol «dm™) and
t-butanol (1 mol *dm™) at neutral pH, absorption changes
in the visible region were observed. Under such condi-
tions, SO ;_, a stronger oxidant than N; (one-electron
reduction potentials for the couples SO} /SO and N/
Njare 2.5-3.1 V and 1.3 V vs NHE, respectively ''*),
was generated according to the reaction 12 which would
thus be expected to oxidize PhQ to form the cation radi-
cal of PhQ, PhQ*, (reaction 13).

e, (Ho)}+S:0{ —+S0; +S02 (HSO]) (12)

SOy +PhQ— PhQ™ +SOX (13)

Spectra thus obtained at different times are shown
in Fig.8 and are similar to the subsequent spectra in Fig.1
and 2, showing two bands centered at 400 and 500nm. It
is reasonable to expect SO; to react with PhQ to form
the cation radical (PhQ"") which may be also formed by
the decay of the eOH-adduct. However, the molar ex-
tinction coefficients at 400 and 500 nm (e**=3600+500
and €%=2400+400dm’ mol”’ 'cm'l) obtained from
SO, reaction were found to be higher than those
(€"=3100+£500 and €*™=1800+300dm’ *mol” ecm™)
calculated from the subsequent absorption in ®OH reac-
tion by assuming 100% of conversion of the PhQ-eOH
adduct to the subsequent species. This may indicate that
the conversion from the PhQ-eOH adduct to the cation
radical is not one hundred percent.

Estimation for the bimolecular rate constant for the
reaction of with PhQ was found to be (440.6) x10°dm’

mol™ 5" by monitoring the decay of SO} radical at 450
nm in the absence and presence of PhQ.
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Fig.8 Uncorrected transient absorption spectra obtained 11 u s.
e and 201us, o after given a 11.2Gy electron pulse to a Ny-
saturated aqueous solution containing PhQ (2.5 X 10 moledm™),
potassium persulphate (5X 10 moledm™) and t-butanol (Ix10°
moledm™), pH 6.4, 2.5cm cell.

3.3  Discussion of the mechanism

In conclusion, because of the poor solubility of PhQ
in both systems (#OH and SO oxidation studies), the
concentrations of PhQ used were too low to be scav-
enged by all ®OH and SO} radicals. Hence, it is not
easy to study the oxidation of PhQ in aqueous solutions
quantitatively. Nevertheless, the absorption spectra at the
end of ®OH reaction at various pHs have been obtained
( Figs. 1, 2, 4 and 5), and it was found that the initial ab-
sorption spectrum is pH independent over the pH range
2.0 t0 9.9. This initial absorption was assigned due to a
PhQ-eOH adduct as in the case for benzoquinone™ and
substituted anthraquinones > *!. It was also observed that
the #OH adducts decayed mainly via first-order process
to produce a species whose absorption was pH dependent.
This subsequent absorption spectrum at neutral pH was
similar to that formed by the reaction of SO . atneutral
pH.

On the basis of spectral similarity and kinetic
analysis, a possible mechanism for the oxidation of PhQ
by both ¢OH and SO} is given below:

PhQOH-
0]

-OH J +H*(-H,0)

‘OH + PhQ ——

SO; + PhQ —— PhQ™ PhQ(-H*) + H*
(U] )

+H*

PhQH?*
(v)

Possible mechanism for the oxidationof PhQ.
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