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Reactions of phosphate radicals with substituted benzenes
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Abstract

Phosphate radicals in the three acid-base forms (H,PO,’, HPO, ~ and PO,?~) were produced by photolysis of P,0* "~ at different pH.
Absolute rate constants for the reactions of the phosphate radicals with substituted benzenes have been determined by flash-photolysis. The

results are discussed in terms of Hammett correlations.
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1. Introduction

Phosphate radicals exist in three acid-base forms ( H,PO,,
HPO, ", PO,” ") related by fast equilibria (Eq. (1)). These
radicals were reported to react with organic and inorganic
substrates either by hydrogen abstraction or by electron
transfer with increasing efficiency following the order
H,PO, >HPO,” >P0O,?  [1].

-H* ~H"*

H,PO, 2 HPO, =« PO7~ (1)

pK,=5.7 pK,=89

Huber and Hayon [2] studied the decay kinetics of phos-
phate radicals generated by VUV photolysis of HPO,*~ and
H,PO, ", as shown in reaction (2) for HPO,>~.

hv

HPO}~—HPOy +eg, (2)

A second order decay law for H,PO," and HPO, ™ radicals
in Ar-saturated solutions and a first order decay kinetics in
the presence of molecular oxygen was reported [2]. The latter
results were interpreted in terms of the formation of H,PO,’
and HPO, ~ oxygen adducts [2]. No further information on
the existence of such adducts is given in the literature, and,
in all other reports involving the phosphate radicals, these
were generated in the absence of molecular oxygen [3].

A detailed study of the reactions of the phosphate radicals
with organic and inorganic substrates is of importance since
aqueous phase oxidative procedures based on reactions of
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HO’ or SO, ~ [4] may form phosphate radicals from the
reaction of HO" or SO,'~ with phosphate ions contained in
high concentrations in the water matrix [ 1,5]. However, the
information reported in the literature on the reactivity of the
phosphate radicals towards organic and inorganic substrates
is scarce [1,6].

We studied here the decay kinetics of H,PO,’, HPO, ~,
PO, 2~ generated by photolysis of peroxodiphosphate ions
(reaction (3)) in N,, air and O,-saturated solutions, both in
the presence and absence of added substrates.

P,04" +hv—2PO2" (3)

2. Experimental

Potassium peroxodiphosphate was obtained from the elec-
trolysis of alkaline solutions of KHPO, in the presence of KF
and K,CrO,, as described in the literature [7] and purified
by recrystallization. Distilled water was passed through a
Millipore system.

Flash-photolysis experiments were carried out in a con-
ventional apparatus (Xenon model 720C) with modified
optics and electronics [8]. The emission of the flash lamps
was filtered with saturated aqueous solutions of the substrates
in order to avoid photolysis of the aromatic compounds. The
analysis source was a high pressure mercury lamp (Osram
HBO-100 W). In continuous photolysis experiments, a
Philips HPK 125 W lamp was used as irradiation source. In
these experiments, oxygen generation was measured in situ
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with a specific oxygen electrode ( Orion 97-0899). All exper-
iments were carried out at 25 + 1°C.

In order to study the reactions of each of the phosphate
radicals, photolysis of potassium peroxodiphosphate was per-
formed under controlled pH conditions, i.e., pH=4.0+0.2;
7.1+0.10r 10.1 +0.2, where H,PO,", HPO, ™ or PO, 2~ are
the main radicals formed. The pH was adjusted with mixtures
of H,PO,/KH,PO,, KH,PO,/K,HPO, or K,HPO,/KOH.
The ionic strength of the solutions are within the range 0.1-
02M.

Solutions of the aromatics were prepared by dilution of
saturated aqueous solutions at 25°C. As the solubility of p-
xylene in aqueous solution had not been reported in the lit-
erature, it was determined according to the following
procedure: p-xylene was extracted from a fixed volume of its
saturated aqueous solution with a known amount of benzene
or n-hexane, until no characteristic UV absorption of the
fluoroaromatic was observed in the aqueous phase. The con-
centration of p-xylene in the organic solutions was deter-
mined from Lambert-Beer plots at A, =274 nm. A water
solubility of (8.0+0.3) X 10™* M was retrieved at 25°C.

3. Results and discussion

Flash-photolysis of P,Og* ™ solutions at pH=4, 7 and 10
showed the formation of transients absorbing in the range
300-500 nm, which were identified as H,PO,’, HPO, ™ and
PO,? ", since an excellent agreement between the spectrum
obtained immediately after the pulse of light and those
reported in the literature [1,9] for these radical species is
obtained. Fig. 1 shows the absorption spectrum of PO,?~
obtained in this work from 300 to 600 nm, together with the
reported one for A > 400 nm, our data representing new spec-
tral information.

The decay kinetics of the three acid-base forms of the
phosphate radicals was observed to be independent on the
presence of dissolved molecular oxygen. HPO, ™ and PO, %~
radical ions showed second order decay kinetics, both in N-
and air-saturated solutions, as shown in Fig. 2 for PO,?~
under air-saturation. The bimolecular decay rate constants (2
kgg/ &) obtained at 500 nm for HPO,~ and PO,?~ were
1.3X 10° and 2.8X10° cm s™', respectively. Taking the
molar absorption coefficients reported in Ref. [1], the fol-
lowing second order rate constants are obtained: (2 kgg
=20+0.1)x10* M ~' s7' for HPO,~ and 2 kgz=
(6+2)x10° M~! s™! for PO, in agreement with the
reported values in the absence of molecular oxygen [2,3,10].

H,PO,’ shows a more complex decay kinetics which could
be well fitted by a mixed second (2 kgr/&®°=1X10° cm
s~ ') and first order decay law (k,=5X10*s~"). A second
order decay was reported for these radicals generated by pulse
radiolysis and VUV photolysis of H,PO, ™ in the absence of
O, with a rate constant (2 kgg/&*®°=2X10°cms~! [2,10])
of the same order of that observed in our experiments. Our
flash-photolysis experiments at pH = 4.0 required concentra-
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Fig. 1. Normalized PO,?~ absorption spectrum (£**=2150 M™' cm ™'
[1]) obtained from an air-saturated 2.74 X 10~* M K,P,0; solution at
pH=10.3. The solid line shows the spectrum reported in Ref. [1].

tions of P,Os* ™ of the order of 3 X 107> M, while no P,Og*~
is present in the reported VUV photolysis and radiolysis
experiments [2,10]. Consequently, the first order decay com-
ponent observed under our experimental conditions could
arise from a reaction of H,PO,’ with P,Og4*~, similar to that
reported for SO, ~ with $,04°~ [11,12]. From experiments
performed at pH=4.0 with different P,O3*~ concentrations
in the range (1-6) X 10~* M, an upper limit of 10° M~ 's ™"
is derived for the rate constant of this reaction. However, the
participation of a reaction between H,0O and H,PO,’, similar
to that reported for sulphate radicals [3], should not be dis-
carded [13].

Our results do not support the proposed formation of
molecular oxygen adducts of these radicals [2], since molec-
ular oxygen has no detectable effect on the decay kinetics of
the phosphate radicals. Moreover, in order to further check
our observations, we have studied the decay of HPO, ™~ in
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Fig. 2. Experimental PO, decay (dotted lines) obtained at A =530 nm
from an air-saturated 2.74 X 10~ M K,P,O4 solution at pH = 10.3. The solid
line shows the second order fitting. The lower plot shows the residuals.
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the presence of increasing concentrations of methanol in air-
saturated solutions. The absolute second order rate constant
determined from these experiments (1X 10’ M~ ' s ") isin
complete agreement with that reported in the absence of oxy-
gen [14], further indicating that the oxygen adducts of
HPO, ™ are not formed under our experimental conditions.
The main difference between the experiments of Huber and
Hayon {2] in air-saturated solutions and ours, is that in the
former case, high concentrations of HO,'/O,"~ were formed,
whereas no detectable amounts of these radicals were
observed in our flash-photolysis experiments. As HO,/0,"~
are reported to efficiently reduce P,O4* ~, propagating a chain
reaction [ 1], these radicals can then be expected to affect the
overall formation and decay of phosphate radicals in the VUV
photolysis experiments of Huber and Hayon.

Photodecomposition of peroxodiphosphate to phosphate
has been reported to oxidise water to molecular oxygen [ 13]
(reaction (4)). In the present work, we followed the simul-
taneous evolution of the concentration of molecular oxygen
and depletion of peroxodiphosphate during continuous irra-
diation of initially air-saturated K,P,Oq solutions of pH = 4.0,
7.1 and 10.1, contained in closed vessels without dead vol-
ume. In all cases, an increase in the dissolved O, concentra-
tion with the irradiation time was observed. The rates of
oxygen formation and the photodecomposition of peroxodi-
phosphate were observed to be pH-independent in the range
4-10, in agreement with the literature reports [13].

The concentration of photodecomposed K,P,0g (deter-
mined from the change of absorption at A =240 nm taking
£%=39M~ ' cm ™) at different irradiation times, was about
5 times higher than the concentration of evolved oxygen.?
The reported overall reaction for peroxodiphosphate decom-
position (reaction (4)) indicates a2:1 molar ratio for P,0.*~
to O, [13]. Molecular oxygen was reported to be formed
through a complex mechanism involving hydrogen peroxide
(reactions (5)—(7)). Due to the very low steady-state con-
centrations of transients achieved in the continuous photol-
ysis experiments, the second order decay processes of the
phosphate radicals observed in the flash-photolysis experi-
ments do not appreciably contribute, and thus, first order
reactions in phosphate radicals, such as reaction (5), leading
ultimately to oxygen formation are favoured.

However, since hydrogen peroxide efficiently reacts with
the phosphate radicals [3] (reactions (8) and (9)) and
HO,’/0, ™ are able to reduce P,Og*~ [1], deviations from
the 2:1 stoichiometry should be expected. Moreover, a reac-
tion between phosphate radicals and P,Og*~ with formation
of P,Og™ ™ (vide supra) [11,12] may also contribute to an
increased P,Og* ~ depletion.

hv

2P,04~+2H,0-0,+4HPO; (4)
PO~ +H,0/HO™ —»HPO2~/PO3~ +HO" (5)

2 The molar absorption coefficients of HP,05"% (n=0, 1, 2, 3) are
reported to be identical {13].

2HO"—H,0, (6)
2H,0,-0,+2H,0 7
H,PO,+H,0,—-H,PO; +HO3+H" (8)
HPO; +H,0,—HPO2 +035 +2H"* 9)

Flash-photolysis experiments with air-saturated peroxo-
diphosphate solutions (pH=4.0,7.1 or 10.1) containing var-
iable amounts of added substrates showed absorption traces
at A>400 nm, whose spectra immediately after the flash of
light agreed with those of the corresponding phosphate rad-
icals. The experimental traces could be well fitted according
to Eq. (10). The calculated wavelength independent constant
blinearly increases with the substrate concentration, as shown
in Fig. 3 for several substrates. The very small constant term
¢ can be associated to the absorption of a longer lived species,
mainly organic radicals, formed following phosphate radicals
depletion [15].

AA=a exp(—bxt)+c (10)

The slopes of the plots similar to those shown in Fig. 3
yield the bimolecular rate constants for the reaction of
H,PO,’, HPO, ~ or PO,” " radicals with the substituted ben-
zenes, shown in Table 1. For comparison, the corresponding
bimolecular rate constants for the reactions of SO, ™ radical
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Fig. 3. Dependence of b on substrate concentration: (a) for H,PO," with
added: p-xylene (O); benzene (A); toluene ([1) and benzyl alcohol (¢ );
(b) for HPQ, ~ with added: p-xylene (Q); toluene ( A) and benzyl alcohol
(03) and for PO, with added: benzyl alcohol ( ¢ ) and toluene (A).
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Table 1

Bimolecular rate constants (M ™' s~ ') for the reaction of several radicals with aromatic substrates®

J.A. Rosso et al. / Journal of Photochemistry and Photobiology A: Chemistry 116 (1998) 21-25

S0, H,PO,* HPO, ™" PO,?""
Benzene 3.0x10% (8.910.5) X107 (1.740.2) X 10’ (43+£03)x10°
TFT* 2.0x 107 3.4x107 27x10° 9% 10°
Toluene L3 x10% (52+£0.5)x10° (1.4£0.1) X 107 (1.4£0.1) X 107
Benzyl alcohol - (1.040.1) x 10° (1.3+£0.1) x10° (8.3+0.6) x 10
p-xylene 2.7 10%* (8.8+£0.7) X 10* (3.8+0.5) x 10 (4.6+0.5) x 10’

*The error bars designate standard deviations.
This work.

‘Ref. [3].

da,a, a-trifluorotoluene.

“Ref. [15].

ions are also included in Table 1. For all the substrates, the
observed tendency in the rate constants is: SO, >
H,PO, >HPO,~ >P0,?", in agreement with previously
reported data [1].

For each one of the phosphate radicals, the absolute second
order rate constants for the reactions with aromatic substrates
decrease with the electron withdrawing ability of the substit-
uent, as expected from the electrophilicity of these radicals.
The effect of the substituents can be quantitatively repre-
sented in a Hammett type plot of the logarithm of the rate
constant vs. the substituent constant, ¢, for each radical [ 16—
18] as shown in Fig. 4 for HPO, ~ and PO,”~. All data
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Fig. 4. Logarithmic plots of the rate constants for the reactions of HPO, ™
(O); and PO,?~ (A) vs. the Hammett parameter o [17] for: phenoxide
ion (a); toluene (b); p-xylene (c); benzene (d); benzoate ion (e) and
a,a,a-trifluorotoluene (f).

shown in Table 1 along with the available data for benzoate
anion, benzoic acid [ 14] and phenoxide ion [3] are shown
in Fig. 4. Benzyl alcohol was not included in the Hammett
correlation since no literature o value is available for the
CH,OH substituent. In all cases, the most probable site of
attack, taken as the minimum o value, was considered. For
the monosubstituted benzenes, the minimum of o,,,,, [ 18],
Oerg A0d 0., [ 17] was used. For p-xylene the attack at the
ipso position [ 19] with respect to one of the methyl groups
yields the minimum of the algebraic sum of ¢ for each sub-
stituent, but this substrate was not considered in the regres-
sions for being a disubstituted benzene. The slopes (p) of the
correlations were —1.34-0.3and —2.34+ 0.2 for HPO, ™ and
PO,?" radicals, respectively. For H,PO,’, a linear depend-
ence of log k vs. o was found with p= —1.2 + 1.0. However,
since the correlation was poor, these data are not shown in
Fig. 4.

Negative values of p imply a reaction favoured by high
electron density at the reaction site, i.e., an electrophilic attack
[16-18,20]. The value of p= —2.3 for PO,?~ compares
well with that found for the reactions between sulphate rad-
icals and substituted benzenes (p= —2.4 [20]). Such values
of p indicate that these radicals react with high selectivity
with the substrates, most likely by an electron transfer mech-
anism, initially yielding an organic radical cation. The p value
found for HPO, ™ radicals are between those found for reac-
tions involving SO, radicals with similar substrates and
those observed for additions of HO" radicals to aromatic com-
pounds (p from —0.5to —0.4 [20-22] ). Consequently, the
participation of both types of mechanisms should be
expected, as also proposed for the reaction of sulphate radi-
cals with substituted toluenes showing p values of the order
of ~1.2 [23]. Moreover, these observations are in agreement
with the reported fact that direct electron transfer is not the
predominant process in the reaction of HPO, ™ with aromatic
and aliphatic carboxylic acids [6].

4. Conclusions

The evidences found in this work against the formation of
molecular oxygen adducts of HPO, ™ or H,PO," validates the
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determination of bimolecular rate constants for the interaction
of these radicals with organic substrates by monitoring the
increase of the apparent decay rate constant as a function of
the substrate concentration in solutions containing dissolved
molecular oxygen. Following this methodology, the reactions
of several aromatic substrates with H,PO,, HPO,~ or
PO, radicals were determined. The obtained bimolecular
rate constants for these reactions correlate with the electron
withdrawing ability of the substituent, as expected from the
electrophilicity of the phosphate radicals.
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