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Photochemical transformations ofN-hydroxypyridine-2(1H)-thione and its deuterated isotopologue were studied
using the matrix-isolation technique. Low-temperature Ar and N2 matrixes containing monomers of this
compound were irradiated with continuous-wave near-UV light. Photogeneration of two products was observed
in these experiments. The relative population of these photogenerated species was found to be dependent on
the wavelength of the UV light used for irradiation. By comparison of the IR spectra of the photoproducts
with the spectra simulated theoretically at the DFT(B3LYP)/6-311++G(d, p) level, the final and the
intermediate products were identified as rotameric forms of 2-hydroxysulfanyl-pyridine. This is the first report
on generation of this thioperoxy derivative of pyridine. The mechanism of photogeneration of 2-hydroxysul-
fanyl-pyridine involves a photoinduced cleavage of the N-O bond in N-hydroxypyridine-2(1H)-thione,
generation of the‚OH radical weakly bound with the remaining pyridylthiyl radical, and recombination of
these two radicals by formation of the new-S-O- bond. A theoretical model supporting this interpretation
was constructed on the basis of approximate coupled cluster (CC2) calculations of the potential energy surfaces
of the ground and first excited singlet electronic states of the system. After electronic excitation of the
monomericN-hydroxypyridine-2(1H)-thione, the molecule evolves to the conical intersection with the potential
energy surface of the ground state and then to the global minimum corresponding to 2-hydroxysulfanyl-
pyridine.

Introduction

N-Hydroxypyridine-2(1H)-thione is a commercial substance
(called also omadine or pyrithione) known for its antibacterial,
anticancer, antifungal, and antidandruff activities.1-4 This
compound received also a significant attention as a candidate
for a good photochemical precursor of hydroxyl radicals (‚OH).

DNA damage induced by hydroxyl radicals is an occurrence
recognized on the basis of numerous experimental investiga-
tions.5-7 Interaction with hydroxyl radicals was demonstrated
to generate single-strand breaks in polynucleotide chains as well
as modifications of nucleic acid bases. Recently, it was
suggested that‚OH radicals can play a key role in oxidation of
guanine to 8-oxo-7,8-dihydroguanine.8 Hence, hydroxyl radicals
give rise to oxidative modifications and mutations which can
initiate carcinogenesis or/and a series of age-correlated degen-
erative diseases.

For the sake of experimental investigation of interactions of
hydroxyl radicals with nucleic acids constituents, the method
of in situ generation of‚OH radicals is of crucial importance.
In comparison with chemical formation of such radicals (through
the Fenton reaction9), many advantages are offered by photo-
chemical methods based on light-induced decomposition of
precursors (photo-Fenton reagents). It is important to use
precursors that would allow photogeneration of‚OH radicals
in a specific way (without inducing other photoreactions
accompanying production of hydroxyl radicals). The ideal
precursor should also release‚OH radical under mild irradiation
conditions (using long-wavelength light that would not directly
excite nucleic acids constituents).

N-Hydroxypyridine-2(1H)-thione has been used as a photo-
chemical source of‚OH radicals in a number of studies on
oxidative damage of DNA.10-13 This species absorbs at wave-
lengths as long as 400 nm.14 It was observed that hydroxyl
radicals were photogenerated fromN-hydroxypyridine-2(1H)-
thione upon UV (λ > 350 nm) irradiation. These mild
photochemical conditions constitute an obvious advantage of
N-hydroxypyridine-2(1H)-thione as a precursor. On the other
hand, Aveline and co-workers14-16 claimed thatN-hydroxypy-
ridine-2(1H)-thione was a nonspecific hydroxyl radical genera-
tor. This conclusion, however, was based on investigations
carried out with pulsed sources of light (pulse duration 8 ns).
Hence, successive absorption of two photons, quite probable
to occur for a thione compound, might be responsible for
photogeneration of multiple species upon (λ ) 355 nm) pulsed
irradiation ofN-hydroxypyridine-2(1H)-thione.

The experiments carried out within the present work concern
monomers ofN-hydroxypyridine-2(1H)-thione isolated in low-
temperature Ar and N2 matrixes. The objective of the current
study focuses on phototransformations of this compound induced
by irradiation with continuous-wave UV light. This approach
led to analyzable results. The interpretation of the observed
photochemical phenomena was aided by theoretical calculations
using the methods of quantum chemistry.

Experimental Section

The sample ofN-hydroxypyridine-2(1H)-thione used in the
present study was supplied by Aldrich (2-mercaptopyridine-1-
oxide, CAS: 1121-31-9). The isotopologue with the labile
hydrogen atom replaced by deuterium was prepared by two
cycles of dissolving in deuterated methanol (99% D, Aldrich)

* To whom correspondence should be addressed. E-mail: mjnow@
ifpan.edu.pl.

238 J. Phys. Chem. A2008,112,238-248

10.1021/jp077365r CCC: $40.75 © 2008 American Chemical Society
Published on Web 12/18/2007



or deuterated ethanol (99.5% D, Aldrich) and drying in a stream
of clean, gaseous nitrogen coming from above liquid N2. The
solid compound was placed in a glass tube connected to the
vacuum chamber of a continuous-flow helium cryostat through
a regulating valve. Even at room temperature the saturated vapor
pressure over the solid compound is sufficient for deposition
of the matrixes. The vapors of theN-hydroxypyridine-2(1H)-
thione (typically at 24°C) were deposited, together with a large
excess of inert gas (argon or nitrogen), on a CsI window cooled
to 10 K. The argon and nitrogen matrix gases were of spectral
purity, as supplied by Linde AG and Technische Gase, Leipzig.
The IR spectra were recorded with 0.5 cm-1 resolution using
the Thermo Nicolet Nexus 670 FTIR spectrometer equipped
with a KBr or a “solid substrate” beam splitter and DTGS
detectors. Intensities of the IR absorption bands were measured
by numerical integration. Matrixes were irradiated with light
from an HBO200 high-pressure mercury lamp fitted with a water
filter and an appropriate cutoff filter. In order to study
dependence of investigated photoprocesses on the wavelength
of the UV light used for irradiation, the following cutoff filters
were applied: WG295, WG345, or GG13/2 transmitting light
with λ > 295 nm,λ > 345 nm, orλ > 385 nm, respectively.

Computational Section

The geometries ofN-hydroxypyridine-2(1H)-thione isomers
(presented in Chart 1 and Table 1) were fully optimized using
the MP2 method17 as well as using the hybrid Hartree-Fock
and density functional theory method DFT(B3LYP) with the
Becke’s three-parameter exchange functional18 and gradient-
corrected functional of Lee, Yang, and Parr.19 At the MP2
calculated equilibrium geometries the relative energies of these
forms were computed at the same level of theory. At DFT-
(B3LYP) optimized geometries the electronic energies were
computed also at the QCISD level.20 The resulting relative
energies of isomeric formsN-hydroxypyridine-2(1H)-thione are
collected in Table 1 and in Table S1 (Supporting Information).
It is commonly known that although the MP2 method provides
more reliable values of relative electronic energies, it reproduces
the infrared spectra somewhat less accurately than the DFT
calculations. That is why the harmonic vibrational frequencies
and IR intensities were calculated using the DFT(B3LYP)
method at the geometries optimized at the same level of theory.
In calculations concerning pyridylthiyl radicalIV (formed by
cleavage of hydroxyl radical fromN-hydroxypyridine-2(1H)-

thione) the multiplicity 2 (doublet) was used. All quantum-
mechanical calculations, concerning the ground electronic state,
were performed with the Gaussian 03 program21 using the
6-311++G(d, p) or 6-31++G(d, p) basis sets. To correct for
the systematic shortcomings of the applied methodology (mainly
for anharmonicity), the predicted vibrational wavenumbers were
scaled down by a single factor of 0.98. The theoretical normal
modes were analyzed by carrying out the potential energy
distribution (PED) calculations. Transformations of the force
constants with respect to the Cartesian coordinates to the force
constants with respect to the molecule fixed internal coordinates
allowed the normal-coordinate analysis to be performed as
described by Schachtschneider.22 The internal coordinates used
in this analysis were defined following the recommendations
of Pulay et al.23 These coordinates are listed in Table S2
(Supporting Information). Potential energy distribution matri-
ces24 have been calculated, and the elements of these matrices
greater than 10% are given in Tables S3-S8 (Supporting
Information).

Energy differences between S0 and the lowest excited
electronic states were calculated, for structuresI and IIIa , at
geometries optimized for the electronic ground state using the
approximate coupled cluster (CC2) method25,26 and the Dun-
ning’s correlation-consistent aug-cc-pVDZ basis set.27 For I and
IIIa , equilibrium geometries in S1 were determined with the
CC2 method, making use of the recently implemented CC2
analytic gradients.28,29The cc-pVDZ basis set was used in these
geometry optimizations.

The minimum-energy reaction path for detachment of the
hydroxyl group fromN-hydroxypyridine-2(1H)-thione (I ) in its
lowest excited singlet state S1 was studied with the aid of the
CC2 method. The distance between the N and the O atoms was
chosen as the driving coordinate for the reaction. All other
nuclear degrees of freedom have been optimized for a given
value of the driving coordinate. To allow cost-effective explora-
tions of the excited-state potential energy functions, the standard
split-valence double-ú basis set with polarization functions on
heavy atoms (def-SV(P))30 has been employed in the optimiza-
tions of geometries of the points along the reaction path. At
the optimized geometries along the determined reaction path,
single-point energy calculations were executed with the CC2/
cc-pVDZ method. An analogous method was employed for the
study of the hydroxyl group detachment (by cleavage of the
SO bond) or attachment (by formation of the SO bond) inIIIa .

All the CC2 calculations were performed with the aid of the
Turbomole program package26 making use of the resolution-
of-the-identity (RI) approximation for the evaluation of the
electron-repulsion integrals.

Experimental Results

N-Hydroxypyridine-2(1H)-thione is also referred to as 2-mer-
captopyridineN-oxide. These two names correspond to struc-
turesI andII , respectively (see Chart 1). The possibility of the
molecule to adopt structuresI and II , differing only by the
position of the labile hydrogen atom, makes the case an example
of prototropic tautomerism. Hence, for the compound in the
gas phase, an equilibrium reflecting (in terms of Boltzmann’s
distribution) relative stabilities of formsI and II should be
expected. In the current work, relative energies of formsI and
II were calculated at the MP2/6-311++G(d, p) and QCISD/
6-31++G(d, p) levels. The results of these calculations are
presented in Table 1. TheN-hydroxy form I was predicted to
be substantially more stable (by ca. 30 kJ mol-1) than the
N-oxide formIIa . Crystallographic investigation by Bond and

CHART 1: Structures of
N-Hydroxypyridine-2(1H)-thione Isomers, Isotopologues,
and Pyridylthiyl Radical
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Jones demonstrated that in the solid state the compound adopts
the N-hydroxy-thione formI .31

For isomerII , the energy of its rotameric formIIb , with the
SH group rotated by 180°, was also calculated. As could be
expected, the energy of this rotamer was predicted to be higher
(by ca. 10 kJ mol-1, see Table 1) than the energy of the rotamer
IIa . The difference in energy reflects stabilization of the latter
form by an interaction of the-SH hydrogen atom with the lone
electron pair of the Nf O oxygen atom. Due to analogous
reasons, formI (as it is presented in Chart 1) should be lower
in energy with respect to its rotamer with the OH group rotated
by 180°. This latter form turned out not to correspond to a
minimum on the potential energy surface. Energy minimization
by optimization of geometry of this rotamer led to a barrierless
convergence to structureI presented in Chart 1.

The results presented in Table 1 suggest also that formIII
should be substantially more stable (by ca. 64-82 kJ mol-1)
than formI . However,N-hydroxypyridine-2(1H)-thione cannot
easily change the configuration of its atoms and adopt form
III . In fact, though formIII is built of the same set of atoms as
N-hydroxypyridine-2(1H)-thione, it should be treated as another
compound (2-hydroxysulfanyl-pyridine). Transformation ofI
into III would involve breaking of the N-O bond, which is
quite strong in the ground electronic state ofN-hydroxypyridine-
2(1H)-thione. Nevertheless, comparison of calculated energies
of forms I and III is interesting and it seems to be important

for the sake of interpretation of experimental occurrences
observed in this work (see the discussion further below).

Taking into account the results of the theoretical predictions
of relative energies of formsI and II , one can expect that in
the gas phase at moderate temperatures theN-hydroxy isomer
I should strongly dominate. As a consequence, isomerI should
be the almost exclusively populated form in the low-temperature
matrixes prepared by trapping (on the substrate cooled to 10
K) gaseousN-hydroxypyridine-2(1H)-thione together with large
excess of inert Ar or N2. The infrared spectrum of monomers
of N-hydroxypyridine-2(1H)-thione isolated in a low-tempera-
ture Ar matrix is presented in Figure 1C. The spectrum of the
deuterated isotopologue ofN-hydroxypyridine-2(1H)-thione is
shown in Figure 1D. These spectra are compared with the
spectra theoretically predicted [at the DFT(B3LYP)/6-311++G-
(d, p) level] for isomerI (Figure 1A) and deuterated formDI
(Figure 1B). Infrared spectra ofN-hydroxypyridine-2(1H)-thione
and its deuterated isotopologue isolated in N2 matrixes are
presented in Figure S1 (in the Supporting Information). The
assignment of the IR bands observed in the experimental spectra
of N-hydroxypyridine-2(1H)-thione isolated in low-temperature
matrixes to the theoretically calculated normal modes is given
in Table S3 (Supporting Information), whereas the analogous
assignment concerning the deuterated isotopologue is presented
in Table S4 (Supporting Information).

TABLE 1: Relative Electronic (∆Eel), Zero-Point Vibrational ( ∆ZPE), and Total (∆Eel + ∆ZPE) Energies (kJ mol-1) of
N-Hydroxypyridine-2(1H)-thione Isomersa

a The energy of the formI was taken as reference. The DFT(B3LYP) and MP2 calculations were carried out using the 6-311++G(d, p) basis
set.
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The calculated spectrum of 2-mercaptopyridineN-oxide (form
II ) reproduces the experimentally recorded spectra ofN-hy-
droxypyridine-2(1H)-thione slightly less accurately than the
spectrum calculated forI (Figure S2, Supporting Information).
However, the identification of the species isolated in low-
temperature matrixes, when based on comparison of experi-
mental spectra with the spectra calculated forI and II , would
not be unambiguous. In this respect, conclusions based on
calculations of relative energies of isomersI andII seem to be
much more reliable.

The characteristic feature of the IR spectra of monomeric
N-hydroxypyridine-2(1H)-thione (I ) is the apparent lack of a
well-defined band (see Figure 2) due to the stretching vibration
of the OH group (ν OH). For compounds without intramolecular
hydrogen bonds,32 such bands are expected in the spectral range
of 3650-3550 cm-1. If an intramolecular hydrogen bond
(involving an OH group) exists in a molecule, then theν OH
band is significantly shifted toward lower wavenumbers. This
effect is accompanied by a substantial broadening of suchν
OH band.32 In cases where the hydrogen-bonding interaction is
sufficiently strong, the effects described above lead to an
apparent disappearance of theν OH band.33 The observed IR
spectra of monomericN-hydroxypyridine-2(1H)-thione dem-
onstrate that the intramolecular-OH‚‚‚SdC hydrogen bonding
in I is quite a strong interaction leading to a very pronounced
broadening and low-wavenumber shift of theν OH band.

The low-temperature Ar or N2 matrixes containing monomers
of I were irradiated with UV light of a high-pressure mercury
lamp fitted with a cutoff filter. Upon such irradiation, photo-
generation of two products was observed (Figures 2 and 3).
The relative yield of these two photoproducts was found to be

dependent on the wavelengths of the light used for irradiation.
When the longer-wavelength light was applied (λ > 385 nm
for Ar matrixes), only one of the products was generated (Figure
3B). In the IR spectrum of this species, no sharp band due to
ν OH vibration was found (Figure 2B). Instead, a very broad
and long-wavelength shifted absorption was observed at ca. 3050
cm-1 (N2 matrix), see Figure S3 in the Supporting Information.
This shows that (similarly to the case of the precursorI ) also

Figure 1. Experimental IR spectra ofN-hydroxypyridine-2(1H)-thione (C) and its deuterated isotopologue (D) isolated in Ar matrixes (10 K),
compared with the spectra calculated at the DFT(B3LYP)/6-311++G(d, p) level for formI (A) and for deuterated formDI (B). The theoretical
wavenumbers were scaled by the single factor of 0.98.

Figure 2. High-frequency region of the infrared spectra ofN-hydroxy-
pyridine-2(1H)-thione isolated in an Ar matrix recorded (A) after
deposition of the matrix, (B) after 100 min of UV (λ > 385 nm)
irradiation, and (C) after subsequent 50 min of UV (λ > 345 nm)
irradiation.
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in the structure of the photoproduct in question, the OH group
interacts with a lone electron pair of a heteroatom.

When the matrixes were irradiated with shorter-wavelength
UV light (λ > 345 nm orλ > 295 nm) photogeneration of a
second product was observed (Figure 3, parts C and F). This
was indicated by the appearance of a new spectrum with a
characteristic band at 3577 (Ar) or 3566 cm-1 (N2), see Figure
2C and Figure S3F. Such bands are typical of OH stretching
vibrations of OH groups not involved in a hydrogen bond. If a

deuterated isotopologueDI was used as a precursor, analogous
UV (λ > 345 nm orλ > 295 nm) irradiation led to generation
of a photoproduct characterized by an IR spectrum (Figure 4)
with the band at 2643 (Ar) or 2636 cm-1 (N2). Such bands are
typical of stretching vibrations of a free OD group, not involved
in a hydrogen bond.

The experimental observations described above might suggest
that upon shorter-wavelength UV (λ > 345 nm orλ > 295 nm)
irradiation the bond between the OH group and the rest of the

Figure 3. Fragments of the IR spectrum ofN-hydroxypyridine-2(1H)-thione isolated in an Ar matrix: (A) spectrum recorded after deposition of
the matrix; (B) spectrum recorded after 100 min of UV (λ > 385 nm) irradiation; (C) spectrum recorded after subsequent 50 min of UV (λ > 345
nm) irradiation; corresponding fragments of the IR spectrum ofN-hydroxypyridine-2(1H)-thione isolated in a N2 matrix; (D) spectrum recorded
after deposition of the matrix; (E) spectrum recorded after 15 min of UV (λ > 345 nm) irradiation; (F) spectrum recorded after subsequent 15 min
of UV (λ > 295 nm) irradiation. Vertical lines indicate bands due to the unreacted initial substrate (Ar matrix) or the final photoproduct (N2

matrix). Corresponding fragments of the spectra calculated at the DFT(B3LYP)/6-311++G(d, p) level forI (G), IIIa (H), andIIIb (I). The theoretical
wavenumbers were scaled by the single factor of 0.98.
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molecule breaks and free‚OH (or ‚OD) radical is photogener-
ated. This interpretation would follow the known pattern of
photochemical behavior ofN-hydroxypyridine-2(1H)-thione in
solutions. Hence, the candidates for the final products of
photochemical transformations of matrix-isolatedN-hydroxy-
pyridine-2(1H)-thione would be (1) the hydroxyl radical‚OH
or ‚OD and (2) the pyridylthiyl radicalIV (see Chart 1).

A UV-induced process having hydroxyl radical as well as
pyridylthiyl radical as final products must involve movement
of the smaller fragment outside the matrix cage so that the two
radicals are separated in space. This did not seem to be an
improbable occurrence. Hydroxyl radicals were previously
generated by in situ photolysis of matrix-isolated precursors such
as H2O2 and HONO.34-37 The IR bands due to the stretching
vibration of the O-H bond in the‚OH radical were observed
at 3554 (Ar),34 3548 (Ar),38 and 3547 cm-1 (N2). If ‚OH radicals
were involved in a hydrogen bond, then the position of theν
OH band was shifted toward lower wavenumbers (significantly
lower than 3500 cm-1).35

In comparison to the experimental data collected within the
previous works on‚OH radicals generated by in situ photolysis
of matrix-isolated precursors,34-36 the spectral positions of the
ν OH bands observed (within the current work) in the spectra
of the final products of UV-induced transformations ofN-hy-
droxypyridine-2(1H)-thione were considerably higher [3577 (Ar)
and 3566 cm-1 (N2)]. This does not support (and seems to
contradict) the interpretation of the final steps of UV-induced

changes ofN-hydroxypyridine-2(1H)-thione in terms of genera-
tion of free hydroxyl radicals separated in the matrix lattice from
pyridylthiyl radicalsIV .

Moreover, if the final products of the photochemical trans-
formations of matrix-isolatedN-hydroxypyridine-2(1H)-thione
were hydroxyl radicals and pyridylthiyl radicalsIV , then the
spectra recorded after prolonged exposure ofI or DI to UV
(λ > 345 nm or λ > 295 nm) light should consist of the
spectrum of pyridylthiyl radicalIV (see Figure S4, in the
Supporting Information) and a single band due to the stretching
vibration of OH or OD bond. Hence, except for theν OH and
ν OD bands, the spectra of the final photoproducts generated
from I and fromDI should beidentical, regardless whether the
compound was deuterated or not. Therefore, the identity (or
lack of it) of the spectra (below 2500 cm-1) recorded after
prolongedλ > 345 nm (orλ > 295 nm) irradiation ofI and the
spectra recorded after analogous irradiation ofDI should be a
very important observation, crucial for the analysis of the
photochemical changes ofI .

The IR spectra of the final products of the UV-induced
transformations ofI and of DI , isolated in Ar matrixes, are
presented in Figure 4, traces C and D, respectively. It is apparent
that most of the bands in these spectra are placed at the same
(or very similar) position, regardless of the initial substrateI or
DI . One of the differences, concerning theν OH andν OD
bands, found, respectively, at 3577 and 2643 cm-1, could be
explained in terms of the pair of hydroxyl and pyridylthiyl

Figure 4. Infrared spectra of the final photoproduct generated upon UV irradiation ofN-hydroxypyridine-2(1H)-thione isolated in an Ar matrix
(C) or in a N2 matrix (E); infrared spectra of the final photoproduct generated upon UV irradiation of the deuterated isotopologue ofN-hydroxypyridine-
2(1H)-thione isolated in an Ar matrix (D) or in a N2 matrix (F); infrared spectra calculated at the DFT(B3LYP)/6-311++G(d, p) level forIIIb (A)
andDIIIb (B). The theoretical wavenumbers were scaled by the single factor of 0.98.
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radicals isolated separately in a matrix. But the spectra shown
in traces C and D of Figure 4 differ also by the positions of
other absorptions. One of the pairs of such absorptions appears
at the standard position of bands due to in-plane bending
vibrations of the OH or OD groups (â OH or â OD). The band
in spectrum C was observed at 1169 cm-1, whereas the band
in spectrum D was found at 863 cm-1. A second pair of such
bands, which can be interpreted as originating from out-of-plane
torsions of the OH or OD groups (τ OH or τ OD), appear at
372 cm-1 (spectrum C) and 282 cm-1 (spectrum D). Comparison
of the spectra recorded after prolonged UV (λ > 345 nm orλ
> 295 nm) irradiation ofI (Figure 4E) andDI (Figure 4F)
isolated in N2 matrixes yields the same picture. Correctness of
the assignment of theâ OH andτ OH bands (indicated in Figure
4) is supported by their broadening and shift toward higher
wavenumbers, when Ar matrix environment was replaced by
solid N2.

Appearance of theâ OH/â OD as well asτ OH/τ OD bands
(by which the spectra of product(s) generated fromI differ from
the spectra of product(s) generated fromDI ) strongly contradicts
the hypothesis that the final products of the photochemical
changes ofN-hydroxypyridine-2(1H)-thione could be the‚OH
radical and the pyridylthiyl radicalIV .

In search of an alternative interpretation of the UV-induced
transformations of matrix-isolatedN-hydroxypyridine-2(1H)-
thione (observed by FTIR spectroscopy), theoretical simulations
of infrared spectra have been carried out [at the DFT(B3LYP)/
6-311++G(d, p) level], for a number of trial structures of the
photoproducts. By this method the final product photogenerated
from I has been identified as the formIIIb . The spectra
calculated for this species (as well as for its deuterated
isotopologueDIIIb ) are compared (in Figure 4) with the
experimental spectra recorded after prolonged UV (λ > 345
nm orλ > 295 nm) irradiation of matrix-isolatedI or DI . The
general agreement between the experimental and theoretical
spectra is very good. This is true for nondeuterated speciesIIIb
as well as for deuteratedDIIIb . Identity of the experimental
spectra of the final products photogenerated from nondeuterated
and deuterated precursors (except for the bands due toν OH/ν
OD, â OH/â OD, and τ OH/τ OD) is well reproduced in
theoretical simulations. Also the isotope shifts of theν OH/ν
OD, â OH/â OD, andτ OH/τ OD bands are well theoretically
predicted. In the structure ofIIIb , the OH group is not involved
in an intramolecular hydrogen bond with the lone electron pair
of the nitrogen atom. Hence, in agreement with experimental
observation, the IR band due toν OH vibration is predicted at
high wavenumber. The frequencies and integrated intensities
of the bands observed in the IR spectra of the final product of
the photoinduced transformations ofI (andDI ) are collected in
Tables S5 and S6 (in the Supporting Information). In these tables
the experimental spectra are interpreted by comparison with
frequencies, intensities, and normal-mode forms theoretically
predicted forIIIb andDIIIb .

Identification of the final product of photochemical changes
of matrix-isolatedN-hydroxypyridine-2(1H)-thione provided
also a hint for identification of the intermediate product
appearing in the course of UV irradiation ofI . Following the
progress of the UV-induced reaction it was easy to observe that
many IR bands in the spectrum of the intermediate photoproduct
overlap (or partly overlap) with the bands due to final photo-
product (see Figure S5, in the Supporting Information). These
coinciding IR absorptions suggest that the two photogenerated
species might have similar structures. This requirement is best
fulfilled by form IIIa as a candidate for the structure of the

intermediate photoproduct. FormsIIIa andIIIb differ only by
a rotation of the OH group with respect to the 2-pyridinethione
frame. However, the rotation of the OH has one important
consequence: there is an intramolecular hydrogen bond inIIIa ,
but in IIIb there are no intramolecular hydrogen bonds. That is
why the sharp bands due to stretching vibrations of free OH
(or OD) groups were observed in the IR spectra of the final
product, whereas in the spectrum of the intermediate product
the broadν OH andν OD bands were observed at much lower
wavenumbers (Figure 5), indicating involvement of the OH and
OD groups in a hydrogen bond. Because of the same reason,
the presence of the intramolecular hydrogen bonding inIIIa
and its absence inIIIb , also the positions of the bands due to
â OH and τ OH are different in the spectra of these two
photoproducts (see regions 1350-1250 and 450-350 cm-1 in
Figure S5 in the Supporting Information). The extracted
experimental spectra of the intermediate products photogenerated
from I or DI are well reproduced by the spectra theoretically
predicted for structuresIIIa andDIIIa , respectively (see Figure
6). The correctness of the identification of the intermediate
product as formIIIa as well as the assignment of structureIIIb
to the final photoproduct is further supported by the fact that
the details, by which the experimental spectra of these two
photoproducts differ, are very well reproduced by the spectra
calculated forIIIa andIIIb (see Figure 3). The assignment of
IR bands observed in the spectra of the intermediate product,
appearing during UV irradiation of matrix-isolatedI or DI , to
the frequencies and forms of the normal modes calculated for
IIIa andDIIIa is given in Tables S7 and S8, in the Supporting
Information.

Figure 5. Extracted infrared spectrum of the intermediate photoproduct
generated upon UV irradiation ofN-hydroxypyridine-2(1H)-thione
isolated in a N2 matrix (C); extracted infrared spectrum of the
intermediate photoproduct generated upon UV irradiation of the
deuterated isotopologue ofN-hydroxypyridine-2(1H)-thione isolated in
a N2 matrix (D); infrared spectra calculated at the DFT(B3LYP)/6-
311++G(d, p) level for IIIa (A) and DIIIa (B). The theoretical
wavenumbers were scaled by the single factor of 0.98.
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Theoretical Model

The energies of vertical excitations to the lowest singlet states
of I were calculated, in the present work, with the CC2/aug-
cc-pVDZ method at the equilibrium geometry of the ground S0

state optimized at the MP2/cc-pVDZ level. The obtained values
are collected in Table 2, together with the oscillator strengths
of the corresponding transitions and the dipole moments of the
system in S1, S2, and S3 states. The results of analogous
calculations carried out forIIIa are presented in Table 3. The
lowest-energy electronic excitations inI arise fromπ and n
orbitals (which are mostly localized on sulfur) to theπ* orbital
of the pyridine ring. According to the calculations, the moder-
ately strong (f ) 0.068) absorption to S1 (of the1ππ* character)
should appear in the near-UV (∆E ) 3.67 eV), absorption to

the1nπ* state S2 (∆E ) 4.00 eV,f ) 5 × 10-4) should be very
weak, whereas the absorption to the second1ππ* state S3 should
be strongly allowed (∆E ) 4.43 eV, f ) 0.325). Vertical
excitation of I to the S1, S2, and S3 excited states reduces
significantly the dipole moment of the system. This effect is

Figure 6. Extracted infrared spectra of the intermediate photoproduct generated upon UV irradiation ofN-hydroxypyridine-2(1H)-thione isolated
in an Ar matrix (C) or in a N2 matrix (E); extracted infrared spectra of the intermediate photoproduct generated upon UV irradiation of the deuterated
isotopologue ofN-hydroxypyridine-2(1H)-thione isolated in an Ar matrix (D) or in a N2 matrix (F); infrared spectra calculated at the DFT(B3LYP)/
6-311++G(d, p) level forIIIa (A) and DIIIa (B). The theoretical wavenumbers were scaled by the single factor of 0.98.

TABLE 2: Vertical Excitation Energies ( ∆E), Oscillator
Strengths (f), and Dipole Moments (µ) Calculated with the
CC2/aug-cc-pVDZ Method at the MP2/cc-pVDZ Equilibrium
Geometry of Form I

state ∆E/eV f µ/Debye

S0 4.47
1ππ* 3.69 0.068 0.32
1nπ* 4.00 5× 10-4 2.35
1ππ* 4.43 0.325 1.25
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more pronounced for theππ* excitations to the S1 and S3 states
than for the nπ* excitation to the S2 state (see Table 2).

As can be seen in Table 3, the lowest exited electronic singlet
state of IIIa has aπσ* character. Such a state should have
repulsive character, as far as dissociation of the SO single bond
is concerned. However, direct population of this S1 state ofIIIa
by excitation from S0 with a near-UV photon should be very
improbable due to very small oscillator strengthf ) 3 × 10-4

(see Table 3). The S1(1πσ*) state of IIIa can be populated by
a dipole-allowed absorption to S2(1ππ*) followed by internal
conversion to S1.

The optimized geometries ofI andIIIa in S0 and S1 electronic
states are presented in Chart 2. The most important geometry
parameters, changing significantly upon S0 f S1 excitation, are
indicated in this chart. The molecule ofI is predicted (at the
CC2/cc-pVDZ level) to be planar in S0, whereas in S1 the
hydroxyl group gets perpendicular to the ring and a considerable
pyramidization appears at the nitrogen atom (with the sum of
the bond angles equal to 345°). Electronic excitation disturbs
also the lengths of the bonds in the structureI , with the most

pronounced changes concerning the C-S (∆RCS ) 0.097 Å)
and N-O (∆RNO ) 0.059 Å) bond lengths.

The potential energy (PE) profile calculated along the
minimum-energy path (MEP) for detachment of the hydroxyl
group in the lowest excited S1 singlet state ofI is presented in
Figure 7 (solid line). In addition, the PE profile of the S0 state,
calculated along the MEP optimized for the S1 state, is also
shown in this figure (dashed line). Inspection of the results
shows that the PE function of the S1 state is virtually dissociative
with respect to detachment of the hydroxyl group (see also refs
39 and 40). On the PE surface of S1, the estimated barrier for
the OH radical dissociation (ca. 4 kJ mol-1, see Figure 7) is
lower than the zero-vibrational-energy level of the system. Near
to the top of the barrier, theπ* orbital (terminal for electronic
excitation) transforms into the orbital with a significantσ*
antibonding character with respect to N-O. After passing the
barrier, the gap between the PE functions of the S0 and S1 states
diminishes with increasing N-O distance. Finally, atRNO )
1.8 Å the surfaces of the S0 and S1 states are very close to each
other. Beyond this point, crossing of S0 and S1 cannot be well
characterized with the aid of the single-reference CC2 method.
Nevertheless, crossing of PE surfaces of S0 and S1 (a conical
intersection of these two states) can be anticipated by extrapola-
tion of the calculated PE profiles, for distances longer than the
last converged point atRNO ) 1.8 Å (see Figure 7).

Dependence of the potential energy ofIIIa in S0 and S1 states
on the S-O distance is presented in the right-hand part of Figure
7. This plot shows that atRSO distances larger than 3.2 Å the
system adopts a structure with only loose bonding between the
hydroxyl group and the rest of the molecule. At such a distance
the energy of the system in S0 is very similar to that of the
system in S1. The plot presented in Figure 7 suggests that there
is a conical intersection (CI) between the S0 and S1 states and
that this CI corresponds to dissociation/association reaction of
the hydroxyl group and the pyridylthiyl radicalIV . The region
of this CI is easily accessible by the system excited to S1.
Moreover, from the strongly nonadiabatic CI region, the system
can barrierlessly relax on the S0 potential energy surface to the
ground-state minima of formsI and III .

Concluding Discussion

Experimental identification of the intermediate and final
products (IIIa and IIIb , respectively) of the UV-induced
transformations of matrix-isolatedI , combined with the results
of theoretical calculations of PE surfaces of S0 and S1 states of
these species, allow proposition of a self-consistent scheme of
the observed photoreaction (Scheme 1). In this scheme, the
initial step concerns homolytic cleavage of the N-O bond of
theN-hydroxypyridine-2(1H)-thione molecule excited by a near-
UV photon. The released hydroxyl radical‚OH can be easily
trapped, especially in a cage of a low-temperature matrix, by
the sulfur atom of the pyridylthiyl radicalIV . This recombina-
tion of the radicals yields a new compound 2-hydroxysulfanyl-
pyridineIII , which can adopt two rotameric structuresIIIa and
IIIb . As follows from experimental observations, breaking of
the intramolecular hydrogen bond inIIIa and generation ofIIIb
requires some excess of the excitation energy. That is why for
photogeneration of this latter form irradiation of the matrixes
with shorter-wavelength UV light was necessary.

Supporting Information Available: Chart S1 showing the
atom numbering forN-hydroxypyridine-2(1H)-thione (I ) and
2-hydroxysulfanyl-pyridine (III ); Table S1 with the relative
energies ofN-hydroxypyridine-2(1H)-thione isomers; Table S2

TABLE 3: Vertical Excitation Energies ( ∆E), Oscillator
Strengths (f), and Dipole Moments (µ) Calculated with the
CC2/aug-cc-pVDZ Method at the MP2/cc-pVDZ Equilibrium
Geometry of Form IIIa

state ∆E/eV f µ/Debye

S0 3.97
1πσ* 3.82 3× 10-4 5.59
1ππ* 4.12 0.082 2.54
1ππ* 4.63 0.225 2.90

CHART 2: Geometry of Forms I and IIIa in the
Ground (S0) State (Optimized at the MP2/cc-pVDZ
Level) and in the Lowest Excited Electronic (S1) State
(Optimized at the CC2/cc-pVDZ Level)
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providing definitions of the internal coordinates used in the
normal-mode analysis carried out for the isomers ofN-hydroxy-
pyridine-2(1H)-thione; Tables S3-S8 providing the experimen-
tal and theoretical [DFT(B3LYP)/6-311++G(d, p)] wavenum-
bers and intensities of the bands in the IR spectra of
N-hydroxypyridine-2(1H)-thione (I ), its deuterated isotopologue
(DI ), and the (IIIa ) and (IIIb ) rotamers of 2-hydroxysulfanyl-
pyridine and their deuterated isotopologues (DIIIa ), (DIIIb );
Figures S1 and S2 showing the comparison of experimental
spectra ofN-hydroxypyridine-2(1H)-thione (I) and its deuterated
isotopologue (DI ), isolated in Ar and N2 matrixes, with the
results of theoretical calculations carried out forI , DI as well
as for 2-mercaptopyridineN-oxide (II ); Figure S3 showing the
comparison of the high-frequency range of the IR spectra
recorded during the progress of UV-induced transformations
of I with the spectra calculated forI , IIIa , and IIIb ; Figures
S4 and S5 showing the comparison of the experimental IR
spectra of the final and the intermediate products generated upon
UV irradiation of I with the spectra theoretically predicted for
IIIa , IIIb , andIV . This material is available free of charge via
the Internet at http://pubs.acs.org.
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