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Introduction

Pyridine and its derivatives are ubiquitous among naturally oc-
curring products (i.e. nicotinamides and plant alkaloids) and
xenobiotic chemicals such as insecticides, pesticides (i.e. nico-
tine, anabasin, cavadin, paraquat, imidachloprid, thiachloprid,
diquat and pichloram), and industrial solvents. Pyridine is re-
leased to the environment mainly by industrial sources that
manufacture and use it.
Abiotic oxidation of pyridine takes place in natural water re-

sources, but with very low rates. A half-life of about 1.2 years
is predicted from its hydroxyl radical-initiated decay with a bi-
molecular rate constant of 1.82109m

�1 s�1 at 21 8C and pH 7[1]

for a mean hydroxyl radical concentration of ~10�17m.[2] Pyri-
dine reaction with other oxidizing species, such as the alkylper-
oxy radicals (RO2C), present in natural water is of no significance
due to the low efficiency of these reactions, of ~0.67m

�1 s�1 at
50 8C.[2] On the other hand, there is a wide occurrence of pyri-
dine degrading organisms;[3] complete pyridine biodegradation
in unfiltered river water was reported to require between two
to six months under aerobic conditions whereas between one
to two months were required under anaerobic conditions.[4]

Investigations on pyridine electronic transitions and frag-
mentation usually involve pulse radiolysis studies.[5, 6] The reac-
tion pathways of abiotic pyridine degradation have not been
thoroughly elucidated and scarce information is found in the
literature concerning its depletion during the environmental
remediation of waste sites by chemical procedures such as
those employed by the advanced oxidation process (AOP)
technologies[7] and in situ chemical oxidation (ISCO).[8, 9] In par-
ticular, destruction of organic compounds included in water
environments and soils by peroxodisulphate oxidation is gain-
ing interest as an ISCO technology[8,9] because peroxodisul-
phate may be easily activated to yield the highly reactive sul-
phate radical ions (SO4C

�).[10]

The study of the reactivity of pyridine substrates with SO4C
�

radicals, and the characterization and reactivity of the organic
radicals thus generated are of environmental and biological in-
terest, since oxidation of pyridine derivatives is linked to many
metabolic processes.[11,12] A correlation of the kinetic behavior
of the different substituted pyridines with their chemical struc-
ture should bring some light to the role played by the pyridin-
ic moieties in the radical-sensitized oxidation of biological mol-
ecules and insecticides.[13]

Photolysis of S2O8
2� with excitation wavelengths lexc<

300 nm, Reaction (1), is a clean source of sulphate radical ions
with high quantum yields, independent of pH in the range of
3–14.[14]

S2O8
2� þ hn! 2 SO4

C� ð1Þ

We report here a kinetic and mechanistic study on the reac-
tions of SO4C

� with pyridine, 3-chloropyridine, 3-cyanopyridine,
3-methoxypyridine and 3-methylpyridine. In situ generation of
SO4C

� is performed by flash photolysis of S2O8
2� aqueous solu-

tions of pH�2.

The kinetics of the oxidation of pyridine, 3-chloropyridine, 3-cya-
nopyridine, 3-methoxypyridine and 3-methylpyridine mediated by
SO4

<M-> radicals are studied by flash photolysis of peroxodisul-
phate, S2O8

2�, at pH 2.5 and 9. The absolute rate constants for
the reactions of both, the basic and acid forms of the pyridines,
are determined and discussed in terms of the Hammett correla-
tion. The monosubstituted pyridines react about 10 times faster

with sulphate radicals than their protonated forms, the pyridine
ions. The organic intermediates are identified as the correspond-
ing hydroxypyridine radical adducts and their absorption spectra
compared with those estimated employing the time-dependent
density functional theory with explicit account for bulk solvent ef-
fects. A reaction mechanism which accounts for the observed in-
termediates and the pyridinols formed as products is proposed.
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Results

Reaction Rate Constants for SO4C
� Radicals with

3-Substituted Pyridines and Their Conjugated Acids

Laser or conventional flash photolysis of air-saturated S2O8
2�

solutions of pH either 2.5 or 9, showed the formation of a tran-
sient species absorbing in the wavelength range from 300 to
600 nm, whose spectrum taken immediately after the flash of
light, is in agreement with that reported in the literature for
SO4C

�.[15] Photolysis of S2O8
2� in the presence of low concentra-

tions (<5210�5m) of the substituted pyridines (XPy) showed
absorption traces at detection wavelengths l>350 nm, whose
spectrum immediately after the flash of light also agrees with
that for SO4C

� but with faster decay rates (see inset a of
Figure 1). The decay of the SO4C

� absorbance, A, at a detection

wavelength l could be well fitted to Equation (2). The appar-
ent rate constant, kapp, is independent of the wavelength l and
increases linearly with the analytical concentration of the sub-
strate, [XPy]0, as expected from Reaction (3) and shown in Fig-
ures 1a and 1b for experiments with solutions of pH 2.5 and 9,
respectively. The small remnant absorbance [c(l) in Eq. (2)] is
associated with long-living species, mainly the organic radicals
formed by Reaction (3).

AðlÞ ¼ aðlÞ � expð�kapp 	 tÞ þ cðlÞ ð2Þ

SO4
C� þ XPy!! SO4

2� þ organic radical products ð3Þ

The pKa values of the substituted pyridines, shown in
Table 1, strongly depend on the substituent.[16,17] Experiments
with solutions of pH 9 yield information on the reaction of sul-
phate radicals with the substituted pyridines. However, experi-

ments with solutions of pH 2.5 yield information on the reac-
tion of sulphate radicals with the pyridinium ions with X=

�OCH3, �CH3, �H and only partially for �Cl (pKa=2.84) and �
CN (pKa=3.71). Lower pH solutions were avoided, since below
pH 1 the conjugated acid (HSO4) of the sulphate radicals are
formed. The absolute rate constants for the reactions of SO4C

�

radicals with the substituted pyridines and pyridinium ions de-
noted as k3,XPy and k3,XPyH+ , respectively, are coincident with the
slopes of the straight lines shown in Figures 1a and 1b, re-
spectively, except for the values of 3-chloro and 3-cyano pyridi-
nium ions. The absolute rate constants for these pyridinium
ions were obtained from Equation (4) assuming fast acid–base
equilibrium and taking the slopes s of the lines in Figure 1a.
Table 1 depicts all the calculated absolute rate constants.

k3;XPyHþ ¼ s� k3;XPy
� �

	 Ka
½Hþ� þ s ð4Þ

The influence of the ionic strength on the rate constant of
Reaction (3) for pyridine, k3;XPy, and pyridinium ions, k3;XPyHþ ,
was investigated. The rate constant k3,Py does not depend,
within the experimental error, on the ionic strength for I<
0.4m. On the other hand, k3;PyHþ , increases with decreasing
ionic strength as shown in Equation (5), and expected for the
aqueous phase reaction between two opposite charged ions
with 8.3= logko3;PyHþ the logarithm of the reaction rate constant
at zero ionic strength is:

log k3;PyHþ ¼ 8:3� 0:91	 I1=2 ð5Þ

Both, k3;XPy and k3;XPyHþ , decrease with the electron-withdraw-
ing ability of the substituent as expected from the electrophi-
licity of the sulphate radicals. Table 1 also shows the sigma
Hammett parameters, sP

+ .[18a] The substituent effect on these
reactions can be quantitatively represented in a Hammett-type
plot of the logarithm of the absolute rate constant versus
sP

+ ,[19] as shown in Figure 2. The plots using either sm
+ or

so
[18b] parameters (not shown) did not yield as good correla-

Figure 1. Apparent rate constant, kapp, versus [XPy]0 for 3-methoxypyridine
(*), 3-methylpyridine (*), pyridine (! ), 3-chloropyridine(!), and 3-cyanopyri-
dine (&). Solutions of a) pH 2.5 and b) pH 9.0. Inset a: Absorbance change
obtained at 450 nm for experiments with 5.0210�3m S2O8

2� aqueous solu-
tions of pH 2.5 in the absence and presence of 5210�6m 3-methoxypyridine
(upper and lower trace, respectively).

Table 1. pKa values,[16] Hammett parameters sþP and k3,XPy
and k3,XPyH+ for

the different substituted pyridines at 293 K.

X in

pKa sþP k3,Xpy [m
�1 s�1] k3,XPyH+ [m

�1 s�1]

I =0.0016m I =0.005m

CH3O� 4.88 �0.780 ACHTUNGTRENNUNG(2.5�1)2109 ACHTUNGTRENNUNG(8.6�0.8)2108
CH3� 5.68 �0.310 ACHTUNGTRENNUNG(4.0�1)2108 ACHTUNGTRENNUNG(3.6�0.5)2108
H� 5.17 0.000 ACHTUNGTRENNUNG(1.8�0.2)2108 ACHTUNGTRENNUNG(1.4�0.8)2108
Cl� 2.84 0.110 ACHTUNGTRENNUNG(1.0�0.2)2108 ACHTUNGTRENNUNG(3.3�0.3)2107
CN� 3.71 0.700 ACHTUNGTRENNUNG(5.0�0.1)2107 ACHTUNGTRENNUNG(1.4�0.2)2107
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tions as those observed for sP
+ values. The use of s+ is a

good option for the Hammett correlation in reactions where
an electron-
donating substituent interacts with a developing positive
charge in the transition state, as seems to be the case for the
reactions under study.[19]

The slopes 1+ of the straight lines in Figure 2 are, within the
experimental error, coincident (1+ =�1.1�0.3) despite that
SO4C

� radical reactivity decreases with the different family of
compounds as benzenes>pyridines>pyridinium ions.

Organic Radicals Formed after the Reactions of SO4C
�

Radicals with 3-Substituted Pyridines and Pyridinium Ions

In order to characterize the organic radicals formed after Reac-
tion (3), argon- or air-saturated 5210�3m S2O8

2� solutions of
pH>7 with concentrations of substituted pyridines �52

10�5m were irradiated either with a conventional flash lamp or
a laser (lexc=266 nm). Under these conditions, the SO4C

� life-
time is <2 ms. The observed transients show absorption with
maxima in the 300–400 nm range, depending on the nature of
the substituent. The transient spectra are shown in Figures 3,
4, 5 (main panel and inset), and 6, for 3-methoxypyridine, 3-
methylpyridine, pyridine, 3-chloropyridine , and 3-cyanopyri-
dine, respectively.

For each substituted pyridine, several transient decay pro-
files were taken at different detection wavelengths within the
range 290–560 nm. A bilinear regression analysis was applied
to the absorbance matrix (see Experimental Section) to obtain
information on the minimum number of species. For experi-
ments with conventional flash photolysis, the bilinear analysis
shows that the data obtained for the different pyridines may

Figure 2. Logarithmic plots of k3 for XPy (*) and XPyH
+ (&) versus sP

+ . The
abbreviations H, Me, OMe, Cl and CN stand for the hydrogen, methyl, me-
thoxy, chloro and cyano substituents, respectively. For comparison, the re-
ported rate constants[20] for the reaction between the corresponding substi-
tuted benzenes and sulphate radicals are also shown (~). The solid lines rep-
resent the linear correlation between logk and s+

p (j r j=0.93 and 0.917 for
the pyridines and the pyridinium ions respectively). Standard error bars are
of the order of the symbol size, otherwise they are shown by brackets.

Figure 3. Absorption spectrum of the radicals observed in conventional
flash-photolysis experiments with 5210�3m S2O8

2� and 5210�5m 3-methox-
ypyridine solutions of: pH 7 with air (*) and argon (*) saturation. The
dashed lines stand for the TD-DFT calculated spectrum for the 3-hydroxy-5-
methoxypyridine (line a) and 2-hydroxy-5-methoxypyridine (line b) radical
adducts. The solid line c stands for the a+2.62b combination. Inset : Transi-
ent and stable product (upper and lower trace, respectively) contribution to
the absorption traces at 350 nm for experiments with the Ar-saturated solu-
tions shown in the main figure. The fitting to a second order rate law is
overlapped to the experimental curve.

Figure 4. Absorption spectra of the radical observed in experiments with
solutions at pH 9, (*): 1210�3m S2O8

2�, 1210�3m 3-methylpyridine, saturat-
ed with argon (laser experiments), and (*): 5210�3m S2O8

2�, 1210�4m 3-
methylpyridine, saturated with air (conventional flash-photolysis experi-
ments). (~): reported spectrum for the hydroxymethylpyridine radical ad-
ducts.[5] The solid line stands for that calculated for the 2-hydroxy, 5-methyl-
pyridine radical adduct by TD-DFT. Inset: Absorption trace obtained at
310 nm in the laser experiments of the main figure. The solid trace corre-
sponds to the fitting to a second-order decay law.

Figure 5. Absorption spectra of the radical observed in irradiation experi-
ments with argon-saturated 5210�3m S2O8

2� solutions of pH>7 containing
6210�4m of Py (*). Normalized reported spectrum of the hydroxypyridine
radical adduct[5] (~). The solid line stands for the normalized spectrum of the
2-hydroxypyridine radical adduct calculated by TD-DFT. Inset : Absorption
spectra of the transient observed in experiments with 5210�3m S2O8

2� solu-
tions of pH 7 containing 5210�4m of 3-chloropyridine in air (*) and argon
(*)-saturated solutions. The solid line stands for the normalized TD-DFT cal-
culated spectrum of the 2-hydroxy-5-chloropyridine radical adduct.
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be described by two absorbing species: an organic transient
already present 100 ms after the flash of light, which decays to
yield a stable product of lower absorbance, as depicted for
3-methoxypyridine in the inset of Figure 3.

The lower limit absorption coefficients for the organic transi-
ents, estimated from their maximum absorbance taking their
concentration equal to the sulphate radical concentration re-
acting with the pyridine substrate, are shown in Table 2. The
concentration of sulphate radicals is calculated from SO4C

� ab-
sorption traces obtained in experiments in the absence of pyri-
dines, but otherwise identical conditions, taking e450nm=

1600m
�1 cm�1.[14]

For all the substituted pyridines, the decay of the organic
radicals follow a second-order law, as shown in Figures 3
(inset), 4 (inset), and 6 (inset) for 3-methoxypyridine, 3-methyl-
pyridine and 3-cyanopyridine, respectively. From the calculated
absorption coefficients at the absorbance maxima, the recom-
bination rate constants 22k8 for each organic transient is ob-
tained and also shown in Table 2.
For 3-methylpyridine and pyridine, both, the transient spec-

tra and decay rates are in agreement with those reported for
the corresponding hydroxyl radical adducts[5] (see Figures 4
and 5) and may thus be assigned to these species. The lower
limit absorption coefficients obtained herein are half the
values reported by Solar et al.[5]

Table 2. Hydroxypyridine radical adduct decay rate constant (k8), wavelength of maximum absorption, lmax, lower limit absorption coefficient at lmax, and
observed products detected after irradiation of air-saturated aqueous solutions. The values of the mass to charge ratio of the molecular ions of the differ-
ent analytes, detected by LC/MS, are also given.

X in

22k8 [m
�1 s�1] lmax and in parentheses e [m�1 cm�1] Stable products [retention time (Rt), and principal mass peaks]

CH3O� ACHTUNGTRENNUNG(2.7�0.3)2108[a] 350 nm (3790)[a]
Rt=1.4 min, m/z =148 (125+Na+), 126 (125+H+), 96 (95+H+).
Rt=1.3 min, m/z =148 (125+Na+), 126 (125+H+).

CH3� ACHTUNGTRENNUNG(3.2�1.5)2108 320 nm (990, 2700[5])
Rt=1.5 min, m/z =110 (109+H+)
Rt=1.5 min, m/z =126 (125+H+)

H� ACHTUNGTRENNUNG(7.5�1)2108 320 nm (1060, 2400[21] , 4900[5]) Rt=1.4 min, m/z =118 (95+Na+), and 96 (95+H+)

Cl� ACHTUNGTRENNUNG(1.0�0.2)2109 320 nm (3400)
Rt=1.4 min, m/z =118 (95+Na+), and 96 (95+H+)
Rt=1.1 min, m/z =130 (129+H+)

CN� ACHTUNGTRENNUNG(3.3�0.5)2109 350 nm (1350)
Rt=1.3 min, m/z =143 (120+Na+)
Rt=1.3 min, m/z =159 (136+Na+)

[a] Experimental value assuming one transient species. The calculated TD-DFT spectrum indicates it is the weight average due to the contribution of 2-hy-
droxy-5-methoxypyridine and 3-hydroxy-5-methoxy pyridine adducts.

Figure 6. Absorption spectrum of the radical observed in irradiation experi-
ments with air-saturated solutions of pH 7 containing 5210�3m S2O8

2� and
5210�4m 3-cyanopyridine (*). The solid line stands for the normalized TD-
DFT calculated spectrum for the 2-hydroxy-5-cyanopyridine.radical adduct.
Inset : Time-resolved absorption at 350 nm for the experiments of the main
figure, fitted to a second order rate law.
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Formation of transients of coincident absorption spectra and
decay rates are observed in experiments with either argon- or
air-saturated solutions, as shown in Figure 3 to Figure 5. To
evaluate their reactivity towards molecular oxygen, the transi-
ent profiles were additionally fitted to a mixed first- and
second-order law yielding acceptable residuals for first order
rate constants up to 1000 s�1. Substituted pyridinols are the
main reaction products formed in experiments with air-saturat-
ed solutions, as shown in Table 2.

Discussion

The previous results show that the reactions of 3-methylpyri-
dine and pyridine with sulphate radicals lead to the formation
of the respective hydroxypyridine radical adducts. From the
good correlation between logk3;XPy and logk3;XPyHþ with the sub-
stituent constant, sp

+ , shown in Figure 2, it may be expected
that a similar reaction mechanism leading to the formation of
substituted hydroxypyridine radical adducts applies for all the
pyridines studied here. Because the Hammet-type plots yield
the best correlation with the sp

+ parameter, the sulphate radi-
cal addition to the pyridine ring in a position para to the sub-
stituent and ortho to the N group should be the preferred site
of attack.
Hydroxyl adducts of pyridine and methylpyridines show

acid–base dissociation constants which are approximately 0.5–
0.6 pH units lower than the pKa values of the parent pyri-
dines.[5] The organic transient spectra reported here were ob-
tained in solutions of pH>7 and therefore, the observed hy-
droxyl adducts are expected to be in their conjugated base
form.
To prove the previous hypotheses the time-dependent den-

sity functional theory (TD-DFT) spectra of all the 2-hydroxy-5-
substituted pyridine radical adducts were calculated and are
shown for comparison in Figures 3 to 6. The excellent coinci-
dence obtained between calculated and experimental transient
spectra, except for the 3-methoxypyridine, indicates that the
observed transients may be assigned to the corresponding 2-
hydroxypiridine radical adducts. The transient spectrum ob-
served for 3-methoxypyridine may be interpreted as due to
the contribution of both, the 2-hydroxy-5-methoxypyridine
and the 3-hydroxy-5-methoxypyridine radical adducts in a
2.6:1 ratio, in agreement with the formation of both, 2 or
4-hydroxy and 3-hydroxy-5-methoxypyridines as reaction prod-
uct.
Hammett-type plots with slopes 1+ =�1.5�0.3 (coincident

with those in Figure 2) were suggested to indicate that SO4C
�

radicals react by both, electron transfer and addition chan-
nels.[19] Formation of hydroxypyridine radical adducts after
SO4C

� radical reaction with substituted pyridines may be ex-
plained by these reaction routes.
An electron transfer reaction from pyridine to SO4C

� radical
anions is predicted to be thermodynamically unfeasible, since
pyridine shows an oxidation peak potential in acetonitrile–
Bu4NPF6 (0.1m) of 2.46 V versus Fc/Fc .+ [Fc: ferrocene, Eo (Fc/
Fc .+ in water)=+0.4 V versus the normal hydrogen electrode
(NHE)[22, 23]) and the sulphate radical reduction potential in

aqueous solutions is 2.43 V versus NHE.[24] However, SO4C
� radi-

cals are known to react with high selectivity with substituted
benzenes by an addition–elimination pathway yielding hydrox-
ycyclohexadienyl radicals (HCHD).[25] Therefore, SO4C

� radical ad-
dition to the pyridine cycle and further elimination to yield hy-
droxypyridine radical adducts may be a probable reaction
pathway, as shown in Scheme 1. A similar reaction scheme
should apply for the protonated pyridine molecules.

The addition of sulphate radicals to substituted pyridines
should involve the formation of sulphate adducts (1 in
Scheme 1, not observed) followed by sulphate elimination and
water addition yielding hydroxyl adducts. Pyridinol formation
may take place after bimolecular hydroxypyridine adduct dis-
proportionation, Reaction (8) in Scheme 1.
The good leaving group ability of sulphate ions may severe-

ly shorten the sulphate radical–pyridine adduct lifetime as also
reported for the sulphate–benzene adducts[26] and therefore
may not be observed with our experimental set-up. A kinetic
analysis of the mechanism in Scheme 1 assuming steady-state
conditions for the sulphate radical adducts 1, yields k3 ¼ k6	k7

k�6þk7
.

If the condition k7@ k�6 applies, then k3= k6 as expected from
the strong dependence observed for k3 with the nature of the
substituent.
As already discussed, SO4C

� radical addition to the pyridine
ring in a position para to the substituent and ortho to the
N group might be the preferred site of attack. Moreover, sul-
phate radical reaction at the nitrogen position of 3-substituted
pyridine molecules is not supported by our experimental re-
sults showing no pyridine N-oxide formation as a reaction
product. The observed results are in agreement with reported
data giving no definite indication on the occurrence of HOC

attack at the nitrogen site[27,28] and with reported SCF MO cal-
culations indicating that delocalization of the odd electron in
the hydroxylpyridine adducts favors their generation rather
than hydroxyl addition to the N atom.[29]

Contrary to our observations, Dey et al.[28] suggested that an
electron transfer was the preferred channel for the reaction of
3-aminopyridine with sulphate radicals. The one-electron oxi-
dation potential of pyridine derivatives diminishes considerably
with increasing electron donor ability of the substituents.[23]

Since NH2 shows higher electron donor ability than those sub-
stituents studied here, the observed difference may be ex-

Scheme 1. Mechanism of the reaction of sulphate radicals with 3-substituted
pyridines.
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plained if the one electron reduction potential for the radical
cation of 3-aminopyridine is <2.4 V versus NHE, and therefore
the reaction is predicted to be thermodynamically feasible for
that particular case.
H-abstraction from the methyl group of 3-methylpyridine

may be a possible reaction channel competing with sulphate
radical addition to the pyridine ring. However, our results do
not give evidence for the formation of organic transients other
than the hydroxymethylpyridine adduct, neither for the forma-
tion of pyridine products with an oxidized methyl group nor
for products involving pyridine moieties bridged by methylene.
Therefore, the H-abstraction reaction channel should be of no
significance and the sulphate radical H-abstraction rate con-
stant from methylpyridine is expected to be kH�abs<42
108m

�1 s�1. The H-abstraction from the methyl group was also
observed to be of no significance for the reaction of HOC radi-
cals with 3-methylpyridine.[5]

Formation of 3-hydroxypyridine as a reaction product of 3-
chloropyridine may be explained by sulphate radical attack
ipso to Cl, generation of the ipso-isomer of hydroxypyridine
adduct, and further loss of HCl. A similar reaction path is re-
ported for the sulphate radical reaction with chlorobenzene.[25]

Our experimental results show that formation and decay of
3-substituted hydroxypyridine radical adducts are not sensitive,
within the experimental error, to the presence of molecular
oxygen in air-saturated solutions. Therefore, oxidation of the
pyridine moiety mainly rely on the disproportionation of the
hydroxypyridine radical adducts to yield the corresponding
pyridinols (see Scheme 1), in agreement with the nature of the
products observed in experiments with air-saturated solutions.
On the other hand, HCHD radicals, reversibly react with molec-
ular oxygen to yield peroxyl radicals, which after rearrange-
ment to endoperoxides lead to the formation of open-chain
oxidized products.[25] Therefore, substituted benzenes are ex-
pected to be more easily mineralized than pyridines substitut-
ed at a meta site of the N atom.
A value kOX<5210

6
m
�1 s�1 is estimated for the rate constant

of the reaction of the organic transients with O2. A rate con-
stant kOX=72106m

�1 s�1 is reported for the reaction of O2 with
the hydroxyl adduct of 3-aminopyridine.[28] The reaction rates
of O2 with HCHD radicals increase with increasing electron
donor ability of the substituents.[30] Assuming a similar behav-
ior for the hydroxypyridine radical adducts, the reaction rate
constant for the adducts studied here should be <72
106m

�1 s�1, in agreement with the experimental observations.
On the other hand, kOX=12108m

�1 s�1 is reported for the reac-
tion of O2 with the hydroxyl adduct of 2-aminopyridine,

[28] thus
indicating that the substitution site strongly influences the
easiness of mineralization of the pyridine moiety.

Experimental Section

3-Chloropyridine (99%), 3-methoxypyridine (97%), and 3-methyl-
pyridine (99.5%) from Aldrich, 3-cyanopyridine (>97%) from Fluka,
pyridine (99.5%), potassium peroxodisulphate, NaOH, and HClO4

from Merck, were used without further purification. Distilled water
was passed through a Millipore system (>18 Wcm�1, <20 ppb of

organic carbon). The pH value of the solutions was controlled by
addition of either HClO4 or NaOH as required and measured with a
Consort pH meter model C832. Unless otherwise indicated the
ionic strength, I, of the solutions was 1.6210�2m. When required,
the ionic strength was adjusted by addition of NaClO4.

Flash-photolysis experiments were carried out using either conven-
tional flash lamps or a laser as irradiation source. The conventional
apparatus was a Xenon Co. model 720C with modified optics and
electronics.[31] Two collinear quartz Xenon high-intensity pulsed
flash tubes, Xenon Corp. P/N 890–1128 [full width at half maximum
(FWHM)�20 ms], with a continuous spectral distribution ranging
from 200 to 600 nm and maximum around 450 nm were used. The
analysis source was a high-pressure mercury lamp (Osram HBO-100
W). The optical path length of the 1 cm internal diameter quartz
sample cell was 10 cm. The monochromator collecting the analysis
beam (Bausch & Lomb, high intensity) was directly coupled to a
photomultiplier (RCA 1P28), whose output was fed into a digital
oscilloscope (HP 54600B). Digital data were stored in a personal
computer. The emission of the flash lamps was filtered with an
aqueous solution highly concentrated in the corresponding aro-
matic compound in order to avoid photolysis of the substrate.

Laser flash-photolysis experiments were performed by excitation
with the fourth harmonic of a Nd:YAG Litron laser (2 ns FWHM and
6 mJ per pulse at 266 nm). The analysis light from a 150 W Xe arc
lamp, was passed through a monochromator (PTI 1695) and de-
tected by a 1P28 PTM photomultiplier. Decays typically represent-
ed the average of 64 pulses and were taken by and stored in a
500 MHz Agilent Infiniium oscilloscope. The solutions had an ab-
sorbance of 0.3 at 266 nm. The photolysis of the substrates is neg-
ligible under the experimental conditions used. The temperature
(20�3 8C) was measured inside the reactor cell with a calibrated
Digital Celsius Pt-100 W thermometer. Freshly prepared solutions
were used in order to avoid possible thermal reactions of peroxo-
disulphate with the substrates.

Reaction products were detected and identified by high-perfor-
mance liquid chromatography–mass spectrometry (HPLC-MS) using
a Agilent 1100 with diode array and electrospray ionisation (ESI) /
single quadrupole detection equipped with a C18 Restek Pinacle II
column (250 mm22.1 mm internal diameter, particle size 5 micro-
meters) and using a mixture of acetonitrile/water 1/1 (v/v) as
eluent at a 0.5 mL-per-minute constant flux. Detection limits were
normally 1 ppm. The MS detector used a fragmentation potential
of 70 eV in the positive mode with mass detection in the range
from 50 to 200 amu. Samples for product detection were obtained
from air-saturated solutions containing 5210�3m S2O8

2� and 22
10�3m substituted pyridines irradiated with ten flashes of light.
The organic substrates remaining in solution were extracted with a
1:1 CH2Cl2 :MeOH mixture, the organic phase separated and evapo-
rated until 1/3 of its volume and further diluted with a 1:1 acetoni-
trile:H2O mixture.

Bilinear Regression Analysis: For each experimental condition, sev-
eral absorbance decay profiles at different detection wavelengths
were taken. Absorbance is thus a function of wavelength and time.
A bilinear regression analysis taking advantage of the linearity of
the absorbance with both concentrations and absorption coeffi-
cients, was applied to the experimental absorption matrix in order
to retrieve information on the minimum number of species and on
their relative concentration profiles and absorption spectra.[32]

Time-Dependent Density Functional Theory Calculations: It has
been shown that the time-dependent generalization of the density
functional theory, TD-DFT, provides remarkable results in the calcu-
lation of the observed transition energies of the electronically ex-
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cited states of a large number of molecules.[33] In particular, the
theory gives a well-balanced description for conjugated molecules
and open-shell systems such as excited states of radicals.[34] Herein,
the recent O3LYP approach which combines the local exchange
functional OPTX[35] with the correlation functional LYP[36] was em-
ployed. The OPTX was developed taking into account that ex-
change and left–right correlation are non-separable. To a more reli-
able comparison with the experiments, bulk solvent effects were
evaluated employing the conductor-like polarizable continuum
model, CPCM,[37] using for the water a dielectric constant of 78.39.
It should be noted, that this is a suitable approach as long as no
important specific interactions between the solute and solvent
molecules are present. All calculations have been performed with
the Gaussian 03 package.[38] The absorption spectra were comput-
ed following a two-step procedure. Firstly, the optimization of all
structural parameters of each ground-state molecule (without sym-
metry constraints) was performed with the O3LYP/6–31G(d) func-
tional via analytic gradient methods. In all the cases, real vibration-
al frequencies were obtained assuring that molecular structures
correspond to energy minima. In the second step, the vertical elec-
tronic energies, the associated wavelengths of the band maxima,
lmax, and oscillator strengths were computed at the CPCM-O3LYP/
6–311++G ACHTUNGTRENNUNG(d,p) level of theory. As a measure of the spin contami-
nation, the expectation value of the <S2> operator was not
greater than 0.78, close to the exact value of 0.75 for doublet
states.
The DF-DFT calculations do not account for vibrational broadening.
Therefore, to compare with experimental results simulated spectra
were obtained by representing each electronic transition with
Gaussian shape functions centered at the calculated band maxima.
The whole spectra are then obtained simply by summing over all
derived transitions.
To explore the predictions for the absorption spectra of the inter-
mediates species formed during the reactions of SO4C

� with the 3-
substituted pyridines, the spectra of all reagents were first comput-
ed. To match the experimental maxima small shifts of the calculat-
ed lmax were required. In addition, in the absence of a theoretical
basis, to reproduce the shape of the spectra, different full width
values, s, at the 1/e height of the Gaussian bands were chosen. In
this way, for the pyridine, 3-chloropyridine, 3-cyanopyridine, 3-me-
thoxypyridine and 3-methylpyridine molecules values for Dlmax of
27, �3, 7, 15 and 6 nm and for s of 1600, 3200, 2400 and
1600 cm�1 were required. The resulting absorption coefficients at
the band peaks are between 5% (3-methoxypyridine) and 37% (3-
methylpyridine) larger than the experimental ones. Taking into ac-
count the good agreement obtained, the spectra of the transient
hydroxypyridines adducts were studied at the same DFT level of
theory. For simplicity, a s value of 1600 cm�1 was employed for all
intermediates.
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