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Reaction of sulfate and phosphate radicals with Æ,Æ,Æ-
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The aqueous phase reactions of α,α,α-trifluorotoluene (TFT) with sulfate and phosphate radicals have been
investigated by conventional flash-photolysis. The bimolecular rate constants obtained for the reactions of SO4~2,
H2PO4

?, HPO4~2 and PO4
?22 with TFT are (2 ± 1) × 107, (3.5 ± 0.5) × 107, (2.7 ± 0.5) × 106 and (9 ± 1) × 105 21 s21,

respectively. The organic radicals produced from these reactions exhibit a common absorption peak at 290–300 nm.
Additionally, the transients generated from sulfate radicals show a shoulder at 360–370 nm and those generated from
phosphate radicals a less intense maximum at 400 nm. Based on the experimental results, the nature of the organic
radicals is discussed. Additional information on the hydroxycyclohexadienyl radicals of TFT is obtained from
independent experiments with hydrogen peroxide solutions containing TFT.

Introduction
A wide variety of reactions involving inorganic radical ions
participate in the removal of relatively stable pollutants in the
aqueous phase of our environment.

SO4~2 is a chain carrier in the atmospheric oxidation of SO2,
and consequently is able to initiate the degradation of many of
the compounds present in clouds and aerosols.1 SO4~2 radical
ions react with several aromatic compounds, either by addition
to the benzene ring or by direct electron transfer from the
ring to SO4~2,2 yielding organic radicals, which upon further
reaction lead to oxidation of the aromatics.

Phosphate ions are often present in high concentrations in
agricultural and industrial waste water and they are of
environmental concern.3 Anthropogenic and natural generation
of SO4~2 or HO? radicals in phosphate containing waste-water
may give rise to the formation of three phosphate radicals
(H2PO4

?, HPO4~2 and PO4
?22) related by the acid–base

equilibria shown in eqn. (1).4 Phosphate radicals are known
to react with several organic substrates,4–8 their relative oxid-
ation capabilities decreasing in the order: SO4~2 > H2PO4

? >
HPO4~2 > PO4

?22.5,7,8

H2PO4
? 2H1

HPO4~2
2H1

PO4
?22 (1)

pKa = 5.7 pKa = 8.9

A knowledge of the reaction mechanisms involved in SO4~2

and phosphate radical-initiated oxidation of organic pollu-
tants is of importance for understanding the chemistry of our
environment and for the optimisation of advanced technologies
for waste-water treatment. Here, we report a mechanistic study
of the aqueous phase reactions of sulfate and phosphate
radicals with α,α,α-trifluorotoluene (TFT). In particular, TFT
is a flammable, corrosive reactant used in the manufacture of
high polymer chemistry, in dielectric fluids and in dye chem-
istry, and consequently is of environmental concern.

 Photolysis of S2O8
22 (λexc < 300 nm), reaction (2), is a clean

S2O8
22 1 hν → 2 SO4~2 (2)

source of sulfate radical ions with pH-independent high quan-
tum yields.9 On the other hand, photolysis of P2O8

42 (λexc < 300
nm), reaction (3), has been reported to yield phosphate radical

P2O8
42 1 hν → 2 PO4

?22 (3)

ions.4,10,11 Thus, the reactions of TFT with SO4~2, H2PO4
?,

HPO4~2 and PO4
?22 were studied by flash-photolysis of S2O8

22

or P2O8
42 solutions in the presence of TFT.

Results
S2O8

22 experiments

Experiments with [TFT] < 2.5 × 1024 M. Photolysis of aque-
ous peroxodisulfate solutions in the pH range 1–7 showed the
formation of a transient species in the wavelength range from
300 to 550 nm, whose spectrum recorded immediately after the
flash of light is in agreement with that reported in the literature
for SO4~2.9,12 The kinetic analysis of the transient traces over
more than three half-lives showed that the decay is fitted to
simultaneous first and second order processes. The reaction rate
constant for the second order process [2k = (1.6 ± 0.5) × 109

21 s21) † is of the order reported for the bimolecular recombin-
ation of SO4~2.9 The weight factor of each process strongly
depends on the irradiation light intensity and peroxodisulfate
concentration. In experiments with low flash intensity and
[S2O8

22] = 5 × 1023 , the sulfate radical ion was observed to
decay mainly by a first order process in fractions of milli-
seconds, as expected from the reaction between sulfate radical
ions and S2O8

22 ions yielding S2O8~2 radicals.9

Experiments with [S2O8
22] = 5.04 × 1023  and [TFT] < 2.5 ×

1024  show absorption traces at λ > 350 nm, whose spectrum
immediately after the flash of light agrees with that of SO4~2.

† The error bars are in all cases considered for a 99% confidence level.
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The experimental absorption traces at a given observation
wavelength, A(λ), could be well fitted according to eqn. (4), as

A(λ) = a(λ) exp(2bt) 1 c(λ) (4)

shown in Fig. 1 (inset). The calculated constant b is independ-
ent on the detection wavelength and linearly depends on [TFT]
(Fig. 1), as expected for the reaction of SO4~2 with TFT [reac-
tion (5)]. The constant term c(λ), associated with the absorption

SO4~2 1 TFT → SO4
22 1 organic radical (5)

of a longer lived species formed following SO4~2 depletion, is
less than 6% the initial absorption of SO4~2 [pre-exponential
factor a(λ)] and could not be accurately determined from these
fittings.

From the slope of the straight line shown in Fig. 1, the bi-
molecular rate constant for reaction (5), k5 = (2 ± 1) × 107 21

s21, is obtained. The observed rate constant is lower than that
reported for the reaction between the electrophilic SO4~2 rad-
ical and other substituted benzenes (except for nitrobenzene),
as expected from the stronger electron withdrawing ability of
CF3.

13,14

Experiments with [TFT] ≥ 5 × 1024 M. For irradiation experi-
ments with [S2O8

22] = 5.0 × 1023  and [TFT] ≥ 5 × 1024 ,
reaction (5) is very efficient and SO4~2 radicals are readily
scavenged, and thus not observed within our time resolution.
Under these conditions, formation of transient species absorb-
ing in the wavelength region from 250 to 450 nm was observed
for air and nitrogen-saturated solutions of pH 1, 2.5 and 7.
Blank experiments performed with TFT solutions in the
absence of S2O8

22, but otherwise identical experimental
conditions, showed no signal, thus indicating that the observed
transients are mainly formed after reaction (5) rather than by
photolysis of TFT.

The observed traces exhibit a fast absorbance depletion and
a final constant absorption, as shown in Fig. 2 for a typical
experiment, thus indicating the formation of short-lived inter-
mediates and stable reaction products. The absorption spec-
trum of the short-lived transients and that of the stable
products are shown in Fig. 3. Absorption spectra taken several
minutes after flash irradiation were similar to those shown in
Fig. 3 inset.

The time dependence of the experimental traces obtained at
each analysis wavelength, λ, in the range from 250 to 330 nm,
could be well fitted to eqn. (6), as shown by the solid lines in
Fig. 2.

Fig. 1 Linear dependence of b on [TFT] obtained for λ = 450 nm.
Inset: signals obtained at λ = 450 nm from 5.04 × 1023  S2O8

22 solu-
tions in the absence (upper trace) and presence (lower trace) of
4.28 × 1025  TFT. The solid lines indicate the fitting functions.

A(λ) =
1

d (λ) 1 f (λ)t
1 g(λ) (6)

The values of d (λ), f (λ) and g(λ) are constant at each λ and
are, within experimental error, independent of pH and on the
presence of molecular oxygen. Moreover, the values for f (λ) are
almost insensitive to the incident light intensity and to the
concentrations of S2O8

22 and TFT for [TFT] ≥ 5 × 1024 . As
the optical pathlength l is 20 cm, the value 2kBR/εT(300 nm) =
(4.0 ± 1.5) × 105 cm s21 is obtained for the bimolecular decay
rate constant of the transient absorbing below 330 nm.

On the other hand, the experimental traces obtained for
λ > 330 nm are oxygen sensitive, as faster absorbance depletion
rates are observed for air than for nitrogen saturated solutions.
Thus, the traces at λ > 330 nm should correspond to a different
transient than that exhibiting an absorption maximum at 280–
300 nm.

P2O8
42 experiments

Experiments with [TFT] < 5 × 1024 M. Photolysis of air-
saturated aqueous solutions of peroxodiphosphate at pH 4.0,
7.1 and 10.1 showed the formation of transient species in the
wavelength range from 300 to 600 nm, whose spectra are in
agreement with those reported in the literature for H2PO4

?,
HPO4~2 and PO4

?22, respectively.7,12 Similar experiments but

Fig. 2 Signal obtained at λ = 300 nm from nitrogen-saturated 5 × 1023

 S2O8
22 solutions in the presence of 5.2 × 1024  TFT at pH 2.6. The

solid line indicates the fitting function.

Fig. 3 Absorption spectrum of the transients observed 300 µs after
the flash irradiation of 5 × 1023  S2O8

22 in the presence of 5.2 × 1024 
TFT. Air-saturated solutions of pH 1 (m), 2.6 (d) and 7 (.). Nitrogen-
saturated solutions of pH 2.6 (s). Inset: absorption spectrum observed
20 ms after flash irradiation of air- (d) and nitrogen- (s) saturated
solutions of pH = 2.6.
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with added [TFT] < 5 × 1024  at each pH showed absorption
traces at λ > 400 nm, whose spectra also agreed with those of
the corresponding phosphate radicals. The experimental traces
could be well fitted according to eqn. (4). The calculated con-
stant b is independent of λ and linearly depends on [TFT]
(Fig. 4), as expected for the reaction of phosphate radicals with
TFT, reactions (7a), (7b) and (7c). The very small remaining

H2PO4
? 1 TFT → H2PO4

2 1 organic radicals (7a)

HPO4~2 1 TFT → HPO4
22 1 organic radicals (7b)

PO4
?22 1 TFT → PO4

32 1 organic radicals (7c)

absorption [constant term c(λ)] can be associated with a longer
lived species formed following phosphate radical depletion.

The slopes of the plots shown in Fig. 4 yield the bimolecular
rate constants k7a = (3.4 ± 0.5) × 107 21 s21, k7b = (2.7 ± 0.5) ×
106 21 s21 and k7c = (9 ± 1) × 105 21 s21 for the reaction of
H2PO4

?, HPO4~2 or PO4
?22 radicals with TFT, respectively. The

measured values are in agreement with those expected from the
reported correlation of rate constants vs. Hammett substituent
constant, σ, for reactions involving each of the three acid–base
forms of phosphate radicals and substituted benzenes.7,8

Experiments with [TFT] > 5 × 1024 M. For irradiation
experiments with air- and nitrogen-saturated peroxodiphos-
phate solutions of pH 4.0 and 7.1 in the presence of [TFT] > 5 ×
1024 , H2PO4

? and HPO4~2 radicals are readily depleted and
formation of transient species absorbing in the wavelength
region from 250 to 450 nm is observed. The traces show fast
absorbance depletion and a final constant absorption, as
observed for the experiments with S2O8

22, indicating the form-
ation of short lived intermediates and stable products. The
absorption spectrum observed at both pH values are, within
experimental error, identical and independent of the presence
of molecular oxygen, as shown in Fig. 5.

The traces can be well fitted according to eqn. (6). The value
2kBR/εT(300 nm) = (3.0 ± 1.5) × 105 cm s21 is obtained for the
bimolecular decay rate constant for the observed transient.

As reaction (7c) is not efficient, the traces obtained from
solutions of pH 10 show important absorbance contributions
due to PO4

?22 radicals, even for saturated aqueous solutions of
TFT. Consequently, these traces were not further analysed.

Characterisation of hydroxycyclohexadienyl (HCHD) radicals of
TFT

HO? radicals react with aromatic substrates by electrophilic

Fig. 4 Linear dependence of b on [TFT] obtained for λ = 500 nm for
H2PO4

? (s, left Y-axis and lower X-axis), HPO4~2 (∆, right Y-axis and
lower X-axis) and PO4

?22 radicals (d, right Y-axis and upper X-axis).

addition to the aromatic ring yielding HCHD radicals, reaction
(8).15b,16,17 In particular, TFT was reported to react with HO?

radicals yielding reaction products derived from the initial
formation of HCHD radicals of TFT.18 For the purpose of
generating HCHD radicals of TFT, nitrogen- and air-saturated
5 × 1024  hydrogen peroxide solutions containing 1.3 × 1023 
TFT were irradiated. Reaction between HO? radicals and
hydrogen peroxide, reaction (9), yielding HO2

? and O2~2 can be

HO? 1 H2O2 → HO2
?/O2~2 1 H2O (9)

neglected under our experimental conditions since v8 @ v9,
19,20

where v stands for the reaction rate.
Formation of transient species absorbing in the wavelength

region from 250 to 350 nm was observed, both in the presence
and absence of molecular oxygen. The traces show a fast
absorbance depletion and a final constant absorption, indicat-
ing the formation of short lived intermediates and stable prod-
ucts after reaction (8). Both absorption spectra are shown in
Fig. 6. The traces obtained at different observation wavelengths
could be well fitted to eqn. (6). The values of d (λ), f (λ) and g(λ)
are, within experimental error, independent of the presence
of molecular oxygen. A recombination rate constant 2kBR/
εT(290 nm) = (6 ± 4) × 105 cm s21 is estimated for these transients.

HCHD radicals are known to present a single absorption
maximum at around 300–310 nm 15,21 with absorption coef-
ficients ≥ 2000 21 cm21. In the absence of molecular oxygen
they disproportionate and/or dimerise yielding phenols and
biphenyls, respectively.18,22 The bimolecular decay rates, 2kBR/
εmax, lie in the range from 1 × 105 to 5 × 105 s21 cm for a wide
range of substituted HCHD radicals.17,21,23–25 HCHD radicals
have been shown to react reversibly with molecular oxygen
yielding peroxyl radicals, which exhibit only broad absorption
at λ < 300 nm.8,26 Considerable electron-density at the carbon
atom is required for the formation of C–OO? bonds of peroxyl
radicals. Consequently, HCHD radicals containing strong
electron-attracting groups, such as CN, do not show formation
of peroxyl radicals.16 As the CF3 group is a stronger electron
withdrawing substituent than CN,14 behaviour similar to that
reported for the HCHD radical of benzonitrile is expected for
the HCHD radical of TFT.

Fig. 5 Absorption spectrum of the transients obtained 300 µs after the
flash irradiation of 3 × 1023 or 3 × 1024  P2O8

42 (for solutions of pH
4 and 7, respectively) in the presence of TFT (>5.2 × 1024 ). Air-
saturated solutions of pH 4 (m) and 7 (d). Nitrogen-saturated solutions
of pH 7 (s). Inset: corresponding absorption spectrum observed 20 ms
after flash irradiation.

H

OH

H

F3C
k8

+    HO

CF3

(8)
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Table 1 Products identified under different experimental conditions

Tentative structure

(1)

HO C(OH)F

(OH)4

CF(OH)2

GC retention time (RT/min) and important mass peaks [m/z
(%)]

(RT 16.3) 347(4.3); 346(M~1, 12.0); 329([M 2 OH]1, 15.0);
328([M 2 H2O]~1, 9.5); 327([M 2 F]1, 8.5); 315([M 2 CF]1,
8.5); 281([M 2 CF(OH)2]~1, 9.2); 254([M 2 PhO]~1, 32.2);
253([M 2 PhOH]1, 100); 195(15.0); 177(10.2); 93([PhOH]1,
27.9); 67(15.4); 41(20.7)

Experimental conditions

[H2O2] = 1  and [TFT] =
8 × 1024 ;
[S2O8

22] = 4.5 × 1023  and
[TFT] = 1.3 × 1023 ;
[P2O8

42] = 2.3 × 1024  and
[TFT] = 1.3 × 1023 

(2) CF2OH

HO

OH

(RT 2.6) 176([M]~1, 56.9); 159([M 2 OH]1, 8.5); 158([M 2
H2O]~1, 19.5); 141([M 2 H2O-HO]1, 9.7); 127([M 2 CH-
FOH]1, 62.3); 109([M 2 CF2OH]1, 8.3); 49([C(OH)HF]1, 100)

[TFT] = 2.0 × 1023 

(3) O
CF3F3C

(RT 13.8) 308([M]~1, 15.4); 307([M 2 H]1, 35.2); 289([M 2
F]1, 65.4); 277([M 2 CF]1, 13.2); 258([M 2 CF2]1, 42.7);
239([M 2 CF3]1, 28.4); 163([M 2 C6H5CF3]~1, 100); 77([Ph]1,
57.3); 69([CF3]1, 15.4)

[TFT] = 2.0 × 1023 

(4) HCOC(CH3)OH(CHOH)3-CHO (RT 2.4) 103([HOCC(CH3)OHCH]]OH]1, 6.5); 101 ([CH]]
C(OH)CHOHCOH]1, 15.0); 89([HOCCHOHCH]]OH]1,
10.0); 85([103 2 H2O]1, 8.5); 73([HOCC(CH3)]]OH]1, 36.6);
60([CH(OH)CH]]OH]~1, 9.5); 75([CH3C]]CH(OH) 2 OH2]1,
5.4); 57([75 2 H2O]1, 8.6); 55([73 2 H2O]1, 16.2); 45([73 2
CO]1, 100); 42([60 2 H2O]~1, 19.3)

[H2O2] = 1  and [TFT] =
8 × 1024 ;
[S2O8

22] = 0.044  and
[TFT] = 8 × 1024 

(5) (CH3)CO-(CHOH)2-CHO (RT 2.8) 89([HCOC(OH)]]C]]OH]1, 12.0); 88(8.9); 74(5.4);
73([CH3C(OH)]]COH]1, 16.1); 71([89 2 H2O]1, 5.9); 61(9.2);
59([74 2 CH3]1, 10.4); 43([CH3CO]1, 100); 41([59 2 H2O]1,
78.4)

[H2O2] = 1  and [TFT] =
8 × 1024 ;
[S2O8

22] = 0.044  and
[TFT] = 8 × 1024 ;
[P2O8

42] = 2.3 × 1023  and
[TFT] = 8 × 1024 

(6) HCOCHOHC(CH3)OH(CHOH)2CHO (RT 3.4) 133([M 2 HOCCH(OH)]1, 15.0); 115([133 2 H2O]1,
8.4); 89([CHO]]CHCH(OH)CH(OH)COH]1, 27.2); 71([89 2
H2O]1, 62.3); 61([H2OCH]]CHOH]1, 57.2); 59([HOCCH]]
OH]1, 16.5); 45([HOCHCH3]1, 70.3); 43([61 2 H2O]1, 100)

[S2O8
22] = 0.044  and [TFT] =

8 × 1024 ;
[P2O8

42] = 2.3 × 1023  and
[TFT] = 8 × 1024 

A blue shift in λmax with respect to other HCHD radicals 15b

and negligible contribution of the reaction of HCHD with
molecular oxygen are expected for the electron withdrawing
substituent CF3, as observed experimentally. Moreover, the
bimolecular decay rate constant 2kBR/εT(290 nm) is of the same
order as those reported for other substituted HCHD radicals.
Consequently, the observed transient species is assigned to an
isomeric mixture of HCHD radicals of TFT.

Product analysis

Identification of the products formed after the reactions of

Fig. 6 Absorption spectrum of the transients obtained at 300 µs after
the flash irradiation of air (d) and nitrogen (s) saturated 5 × 1024 
hydrogen peroxide solutions containing 1.3 × 1023  TFT. Inset: corre-
sponding absorption spectrum observed 20 ms after flash irradiation.

TFT with SO4~2, HO? and phosphate radicals in air-saturated
solutions was attempted. Since TFT photolysis has been
reported to yield oxidised photoproducts,18 blank experi-
ments with TFT solutions in the absence of oxidants with-
out filtering the flash light were performed. Otherwise, all
experiments for product analysis were done under identical
experimental conditions to those used in the time-resolved
experiments.

The tentative structures of the observed products are shown
in Table 1. Almost the same products were observed to be
formed in experiments with S2O8

22 or P2O8
42 for similar [TFT]

to [S2O8
22] or [P2O8

42] ratios. Formation of a polymeric struc-
ture [product (1)] was observed in flash experiments with [TFT]
to [oxidant] ratios > 0.3. Experiments with H2O2 also showed
formation of product (1), but for much lower [TFT] to [H2O2]
ratios. TFT photolysis yields product (2) and a dibenzofuran
derivative of TFT [product (3)]. Experiments with [TFT] to
[oxidant] ratios ! 0.3 showed formation of hydroxylated open
chain products of 5 or 7 C atoms, not containing fluorine in
their structures [products (4), (5) and (6)]. Complete consump-
tion of the reactant after three flashes of light was observed for
the latter experiments.

Hydroxylation reactions occur both on the aromatic ring and
on the side-chain. The observed defluorination is in agreement
with the measured F2 concentration (~3 × 1025 ) observed
after irradiating TFT solutions containing S2O8

22 or P2O8
42

with three flashes.
The high degree of oxidation observed in the products iden-

tified suggests that important thermal reactions following the
primary reactions (5), (7) and (8), are taking place. In fact,
photo-products (2) and (3) present in photolysed solutions of
TFT were almost quantitatively converted to higher oxidised
derivatives when mixed with ca. 1 × 1023  S2O8

22 or P2O8
42 for
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half an hour (time required for the workout of the samples
before chromatographic analysis).

An unusual susceptibility to hydrolysis has been reported for
the CF3 group in o- and p-hydroxybenzene, which was ascribed
to the weakening of the C–F bond by “no-bond” resonance
and intramolecular H-bonding, yielding a quinoid structure
with loss of HF.27 When treated with dilute alkali, p-CF3 phenol
was reported to furnish higher polymers, presumably of the
type -[-O-C6H4-CF2-]-n, ortho- isomers yield salicylic acid and
meta- isomers are stable even under stringent conditions.27 On
the other hand, peroxodisulfate has been reported to efficiently
introduce a second HO function to hydroxybenzotrifluorides in
dilute alkali.28 Consequently, CF3 hydrolysis, polyhydroxylation
of the aromatic ring and polymerisation, as observed in product
(1), can be due to subsequent thermal reactions if the primary
products of oxidation present HO groups para- and/or ortho to
CF3 in the aromatic ring.

Discussion
Substituted benzenes have been suggested to react with SO4~2

radicals either by electron transfer from the aromatic ring to
SO4~2 or by addition/elimination, as shown in Scheme 1. The

value of k5 is well correlated with the Hammett type plot for
reactions between SO4~2 and substituted benzenes yielding
ρ = 22.4.13 Such values of ρ were suggested to indicate that
SO4~2 radicals react with high selectivity with substituted ben-
zenes, most likely by an electron transfer mechanism initially
producing the radical cation [reaction (5a) in Scheme 1].13 The
radical cation undergoes a fast reversible hydration to yield
HCHD radicals [reaction (5b)], if no other reaction pathway is
available.2,13,25 However, an addition pathway yielding a SO4~2

adduct of TFT [reaction (5c)] followed by elimination of SO4
22

[reaction (5d )] or SO3
22 [reaction (5e)] yielding HCHD or

phenoxyl radicals, respectively, cannot be neglected.
At least two different transient species are formed after reac-

tion of TFT with SO4~2. The transient with maximum at
around 290–300 nm shows absorption and kinetic properties
very similar to those found for HCHD radicals of TFT, thus
suggesting the contribution of these radicals, as expected from
the proposed reaction scheme. Phenoxyl radicals exhibit
absorption with a maximum around 400 nm. However, they
are unreactive towards O2; thus, the oxygen sensitive transient
absorbing at around 370 nm cannot be assigned to these
radicals.

Any contribution of the SO4~2 adducts of TFT to the
observed spectrum can be neglected since these adducts have
lifetimes shorter than 100 ns due to their fast hydrolysis
reactions.2,15

Radical cations exhibit absorption in the wavelength range
325–390 nm. However, their contribution to the observed spec-
trum can also be neglected, since they present lifetimes of the
order of the milliseconds only in acidic solutions,7,24,25,29 in
disagreement with the observed pH independence of the
absorption traces. Alternative reaction paths, such as proton 2

or fluorine atom detachment from the radical cation of TFT,
may give rise to the transients absorbing at λ > 330 nm. The

Scheme 1

X
H

OH
X

H

OSO3
–

X

+ H2O – SO4
2–,– H+

– HSO3
–

+ H2O, – H+

+
– SO4

2–

+ SO4

5e

5d

5c

5b5a
X

O

–

X

latter suggestion is also supported by the defluorination
observed in the identified reaction products.

Further reactions of the organic radicals with peroxo-
disulfate,30 do not contribute to transient formation, since the
transient spectra and decay kinetics are independent of
[S2O8

22].
The observed experimental facts suggest that an electron

transfer pathway as that shown in reaction (5a) is an important
channel for the reaction between TFT and SO4~2.

The ρ values determined from the Hammett correlation of
rate constants for reactions involving substituted benzenes and
H2PO4

? or HPO4~2 radicals (ρ = 21.2 and 21.3, respectively) 7

are within those reported for corresponding reactions with
SO4~2 radicals (ρ = 22.4 13) and with HO? radicals (ρ = 20.5 20).
The latter values of ρ were suggested to support the occurrence
of addition reactions rather than electron transfer.15b,29

The spectrum of the organic transients formed from the reac-
tion of TFT with H2PO4

? or HPO4~2 radicals (Fig. 5) show
absorption maxima at around 290–300 nm and a less intense
one at 400 nm. Phenoxyl radicals show characteristic absorp-
tion peaks at around 300 nm and lower maxima at around 400
nm. The absorption band observed at 400 nm showing a decay
lifetime of the order of milliseconds, insensitive to oxygen con-
centration, could be due to the formation of an isomeric mix-
ture of phenoxyl radicals of TFT.21,31 However, the band at
290–300 nm could arise from the contribution of both HCHD
and phenoxyl radicals, since this band also shows absorption
and kinetic properties very similar to those found for HCHD
radicals of TFT.

According to the preceding discussion, H2PO4
? or HPO4~2

radical addition to the aromatic ring of TFT seems to be an
important pathway for reactions (7). These reactions might
form a phosphate radical adduct which, upon fast hydrolysis,
eliminates either HPO4

32 or HPO3
22, yielding hydroxycyclo-

hexadienyl or phenoxyl radicals, respectively. Such a reaction
scheme parallels that proposed for SO4~2 radical ions [reactions
(5c) to (5e) in Scheme 1] and is in agreement with other studies
involving HPO4~2 radical reactions with chlorobenzene and
phenol.8

Hydrogen-atom abstraction from the aromatic ring yielding
reactive phenyl radicals is a further possibility. Phenyl radicals
readily react with molecular oxygen to yield aryl peroxyl rad-
icals absorbing at around 400–500 nm.32 In neutral solution,
peroxyl radicals decay by bimolecular recombination with rate
constants <107 21 s21,8,32b and consequently, they are suitable
for detection with our experimental set-up. However, the
independence on oxygen concentration of the observed spectra
does not seem to support the occurrence of such reactions.

Due to efficient thermal reactions following the primary oxid-
ation steps, only ambiguous information on the reaction mech-
anisms can be obtained from the chromatographic analysis of
the reaction products. However, as previously discussed, the
primary products of oxidation might contain HO groups para-
and/or ortho- to CF3 in the aromatic ring. As phenol type
products are formed from the bimolecular disproportionation
of HCHD radicals,33 these observations are in agreement with
HCHD being formed after reactions (5), (7) and (8).

Though HO?, SO4~2, H2PO4
? and HPO4~2 radical reactions

with TFT are not very efficient, the subsequent thermal reac-
tions of the products formed during the primary oxidation
steps lead to the formation of less harmful, highly oxidised
derivatives, as complete defluorination and rupture of the
aromaticity was observed. These results are of importance for
the evaluation of the environmental impact of TFT and related
substances.

Experimental
Hydrogen peroxide (Riedel de Haën), TFT (Fluka) and potas-
sium peroxodisulfate (Riedel de Haën) were used as received.
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Potassium peroxodiphosphate was prepared following the
literature procedures.34 Distilled water was passed through a
Millipore system.

Flash-photolysis experiments were carried out in a con-
ventional apparatus (Xenon Co. model 720C) with modified
optics and electronics.35 The emission of the flash lamps was
filtered with an aqueous saturated solution of TFT in order to
minimise TFT photolysis in the reaction system.18

The pH of the peroxodisulfate solutions is around 2.5 due to
the acid content incorporated with the K2S2O8 solid batches,
containing water and acid (<0.3%) as impurities.36 Solutions
of pH 1 and 7 were prepared by addition of HClO4 or KOH,
respectively. Addition of buffers was avoided, since their com-
ponents may react with SO4~2 radical ions.5b

In order to independently study the reactions of each of the
phosphate radicals, photolysis of potassium peroxodiphos-
phate was performed under controlled pH conditions by phos-
phate buffers,7 i.e., pH = (4.0 ± 0.2); (7.1 ± 0.1) or (10.1 ± 0.2),
where H2PO4

?, HPO4~2 and PO4
?22 are, respectively, the main

radicals formed. The ionic strength of the solutions was within
the range 0.1–0.2 .

All experiments were carried out at (25 ± 1) 8C.
Solutions of TFT were prepared by dilution of saturated

aqueous solutions at 25 8C. A water solubility for TFT of
2.14 × 1023  was obtained here at 25 8C.

Product analysis was performed by gas chromatography with
an HP 5890 Series II Plus chromatograph equipped with a
fused silica HP5-MS GC capillary column and coupled to an
HP 5972 A mass selective detector. The temperature program
was 80 8C isothermal programmed to 200 8C at 10 8C min21

and held at 200 8C for 5 min. Previous to their injection in the
chromatograph, the organic products were separated from the
aqueous phase and concentrated in Sep-Pak C18 type cart-
ridges and extracted with diethyl ether. Extracts were injected
without derivatization. In order to achieve measurable concen-
tration of products from the flash photolysis experiments (esti-
mated to be of the order of 1026–1025  per flash), several
identical batches of solutions were photolysed with three
flashes each and then collected before extraction of the organic
products in a cartridge.

Fluoride ions were determined with a fluoride selective elec-
trode (Radiometer, KA-I F1052F). Absorbance was measured
with a computer-controlled Cary 3 spectrophotometer.
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