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Formation of the excited NH(A3�) free radicals in the photodissociation of isoxazole (C3H3NO)
molecules has been studied over the 14-22 eV energy range using photon-induced fluorescence spec-
troscopy. The NH(A3�) is produced through excitation of the isoxazole molecules into higher-lying
superexcited states. Observation of the NH radical, which is not a structural unit of the isoxazole
molecule, corroborates the hydrogen atom (or proton) migration within the molecule prior to dissoci-
ation. The vertical excitation energies of the superexcited states were determined and the dissociation
mechanisms of isoxazole are discussed. The density functional and ab initio quantum chemical cal-
culations have been performed to study the mechanism of the NH formation. © 2014 AIP Publishing
LLC. [http://dx.doi.org/10.1063/1.4891808]

I. INTRODUCTION

Electronic excitation of hydrocarbon molecules can ini-
tiate their isomerization, which is a process leading to sub-
stantial rearrangement deformation of the molecular bond
structure. Subsequently, isomerization may lead to opening
of new reaction channels, which frequently include dissocia-
tion. In cyclic hydrocarbons, absorption of radiation can trig-
ger opening of the ring molecular structure, which will be
followed by fragmentation of its open chain isomer. In this re-
arrangement, the ultrafast intramolecular migration of hydro-
gen atoms (protons) from one site of the molecule to another
plays an important role.1–3 It occurs on a femtosecond time
scale in the ground and excited states and is faster than the
molecular bond breaking in dissociation. The characteristics
of the hydrogen migration have been revealed in the studies
of acetylene, a simple hydrocarbon molecule, which serves as
a model for 1,2 hydrogen migration from one carbon atom
to the other. This isomerization transition between the lin-
ear acetylene (HCCH) and planar vinylidene (H2CC) struc-
tures has been studied experimentally and theoretically in
neutral acetylene,4–7 its cations,8–10 and dications.11–14 While
the studies of a neutral acetylene most commonly focused
on the energy states of the isomerizing species and energet-
ics of the reaction (transition states, barriers),5, 7 the studies
of cations and dications allowed to investigate the hydrogen
migration dynamics. Observation of the two-body Coulomb
explosion in the intense laser fields (1013–1015 W/cm2) by
applying the coincidence momentum imaging method15 de-
livered information on the molecular structure of the dications
just before the Coulomb explosion.13, 14 The hydrogen migra-
tion (isomerization) time in mono- and dications of acetylene

a)Electronic mail: mazub@mif.pg.gda.pl

was found at 50–60 fs9, 11 and migration appeared as a recur-
rent process of oscillations between the acetylene and vinyli-
dene structures.10, 13 The hydrogen migration has also been
investigated in more complex hydrocarbon molecules.3, 16–23

In the open chain hydrocarbons, studied most often in in-
tense laser fields, mechanism and the time scale of the 1,2
hydrogen migration processes between two adjacent carbon
atoms3, 16–20 is, in general, similar to that of acetylene. How-
ever, the range of migration may extend beyond the two ad-
jacent carbon atoms as, for example, in allene CH2=C=CH2,
where the hydrogen transfer covers the entire length of the
molecule (1,3 hydrogen migration).18 In the cyclic hydro-
carbons, the hydrogen migration has been observed in the
closed ring structures within pericyclic reactions in the neu-
tral molecules excited to lower-lying states.21–23 However,
the ring opening mechanism and the following hydrogen mi-
gration in the open chain parent hydrocarbon molecule may
also occur as it was assumed, for example, in cyclohexane
cations.3

In the present work, we have investigated photodisso-
ciation of the isoxazole (C3H3NO) molecules, which re-
sults in formation of the excited NH(A3�) molecular frag-
ments. Isoxazole is a five-membered planar heterocyclic com-
pound incorporating adjacent to each other one nitrogen and
one oxygen heteroatom (Fig. 1). The outermost occupied
molecular orbitals of the X1A′ ground state of isoxazole
are (11a′)2(1a′′)2(12a′)2(13a′)2(14a′)2(15a′)2(2a′′)2(3a′′)2. The
15a′ orbital is the σ nitrogen lone pair (LPN) and the 1a′′,
2a′′, and 3a′′ orbitals are labeled π1, π2, and π3, respec-
tively. Isoxazole has found various pharmacological (antibac-
terial, antiallergic) and agrochemical (herbicidal, insecticidal)
applications.24 In recent years isoxazole molecule has be-
come a subject of an increased laboratory research, because
it may serve as a simple analogue of the components of the
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FIG. 1. Schematic diagram of the isoxazole molecule, C3H3NO, showing
labelling of the atoms. Color code: the carbon atom is grey, oxygen atom is
red, nitrogen atom is blue, hydrogen atom is dark blue.

nucleic acids bases in DNA in the investigations of interaction
of the ionizing radiation on the biological tissue. For exam-
ple, adenine and guanine, in their five-membered molecular
subrings contain nitrogen atoms. The impact of the energetic
primary radiation and the secondary species, chemically ac-
tive cations, free radicals, and ballistic secondary electrons
induces structural alterations in the molecular units of the
DNA helix by bond cleavages.25, 26 These alterations promote
mutagenic and carcinogenic ramifications, which ultimately
may lead to cellular death. Studies of the fragmentation pro-
cesses in the prototypes of the DNA units induced by photon
and charge particle impact provide insight on the molecular
level into the bond cleavage mechanisms. These studies have
also more general purpose of research of the dissociation re-
actions, for example, in the molecules adsorbed on the surface
in the focused electron beam induced deposition technique.

Previously, fragmentation of isoxazole molecules was
explored predominantly by pyrolysis techniques. In these
studies, a single-pulse shock tube reactor over the 850–
1100 K temperature range27 and flash vacuum pyrolysis (620–
1170 K)28 were used. Very recently, a high-pressure pulsed
pyrolysis was applied, where the fragmentation products were
isolated in the argon matrix at 10–20 K and analyzed by IR
vibrational spectroscopy.29 It was found that the major prod-
ucts of the thermal decomposition were acetonitrile CH3C≡N
and carbon monoxide CO accompanied by several minor
products, which included hydrogen cyanide HCN, ketene
CH2CO, and acetylene C2H2 molecules.27 The high-pressure
pulse pyrolysis29 produced ketenimine H2C=C=NH and CO.
These experimental studies were followed by quantum chem-
ical calculations of the fragmentation processes.29–31 The den-
sity functional calculations31 indicated that before decompo-
sition the isoxazole molecule may be a subject of intense
isomerization processes involving ring opening and hydro-
gen migrations. It was further supported by calculations in
Refs. 29 and 32 that the nitrile isomer N≡CCH2CHO formed
by cleavage of the weak N–O bond and 1,2 hydrogen mi-
gration from C(3) to C(4) is a stable intermediate undergo-
ing further rearrangement in decomposition into acetonitrile
CH3C≡N + CO or ketenimine H2C=C=NH + CO. This in-
termediate state is separated from the initial ring conforma-
tion and the final decomposition products by potential energy
barrier of about 3.5 and 3.1 eV, respectively.29, 31, 32 Recently,
the photo33 and electron impact34 fragmentation of isoxa-

zole molecules producing excited atomic and diatomic frag-
ments was investigated using the fluorescence spectroscopy in
the 16–50 eV and 10–90 eV energy range, respectively. The
following species were detected, H(n), n = 3–7, CH(A2�,
B2�−), CN(B2�+), and C2(d3�g), which occur following
excitation of the isoxazole molecules into the superexcited
states.

In this study, we report results on photodissociation of
the isoxazole molecules into the excited NH(A3�) radicals
in the 14–22 eV photon energy range. The NH radicals were
observed by detecting emission of the A3�→X3�− system,
applying photon-induced fluorescence spectroscopy (PIFS).
It is found, as observed in our work earlier,33 that the isox-
azole molecules are excited into the higher-lying superex-
cited states, which are subject to internal rearrangement prior
to dissociation. The NH radical is not a structural unit of
the isoxazole molecule and its identification within the dis-
sociation products gives an evidence of the hydrogen mi-
gration during rearrangement reaction. To further study the
mechanism of the NH formation we have performed the den-
sity functional and ab initio quantum chemical calculations,
which demonstrated that the hydrogen migration mechanism
may be determined by the ion core binding the excited Ryd-
berg electron in the superexcited state of the molecule.

II. EXPERIMENTAL

The experiment was carried out at the Gas-Phase Photoe-
mission beamline of the Elettra synchrotron radiation facility
at Trieste. Radiation delivered by a 36-period undulator was
dispersed by a spherical grating monochromator. The grating
G6 covering the energy range 14–28 eV was used in the ex-
periment. The photon energy scale was calibrated against the
selected valence excitation lines in noble gases and nitrogen
to better than ±20 meV. The contribution of the second order
light in the 14–22 eV energy range is considered to be ≤5%.

The PIFS setup that was used in the present studies is
shown schematically in Fig. 2. The effusive beam of the
isoxazole vapour from a hypodermic needle intersected the
monoenergetic photon beam delivered by the beamline. Flu-
orescence emitted by the dissociation fragments from the in-
teraction region was reflected and collimated by a spherical
mirror in the direction parallel to polarization vector of the
synchrotron radiation. The position of the mirror was care-
fully adjusted to maximize the detected fluorescence intensity.
The interaction region had an estimated cylindrical shape of
0.4 mm diameter and 1–2 mm length, depending on the width
of the entrance slit of the optical spectrograph used in the de-
tection channel. From the size of the spherical mirror, it is
evaluated that about 10% of the total fluorescence from the
interaction region emitted in a narrower viewcone is projected
onto the entrance slit of the spectrograph. This collection ge-
ometry would not introduce any angular emission effects, as
the fluorescence from the dissociated NH(A3�) fragments is
expected to have isotropic angular distribution due to rota-
tional motion of the fragments. The collimated fluorescence
beam was focused on the entrance slit of the 0.5 m Minute-
man 305 MV spectrograph equipped with a 1200 lines/mm
grating blazed at 500 nm. The dispersed fluorescence
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FIG. 2. Schematic view of the experimental arrangement.

spectra were recorded in a wavelength window of 40 nm by a
CCD detector (Princeton 10:100B) cooled by liquid-nitrogen
to about −170 K. These spectra were corrected for the wave-
length variation of sensitivity of the detection channel apply-
ing sensitivity curve determined previously.35 The incident
photon flux, estimated at ∼1013 photons/s, was monitored
during acquisition of the spectra by a calibrated photodiode,
mounted on a manipulator at the end of the vacuum cham-
ber. The photodiode current was utilized for normalization of
the spectra to constant photon flux. The experimental system
was also equipped with a microsphere plate, in order to addi-
tionally record cationic current from ionization of the target
molecules. The pressure in the target molecular beam is esti-
mated to be ∼30 times higher than that in the vacuum vessel,
which was 7 × 10−4 mbar. The linear dependence between
detected signal and the isoxazole vapour pressure was main-
tained throughout the measurements.

The fluorescence spectra of the NH A3� → X3�− sys-
tem were recorded in the 325–346 nm window in the 14–
22 eV photon energy range with a 0.25 eV step. The spec-
tra were calibrated against the position of the Hγ Balmer line
at 434.0 nm to within ±0.1 nm. The background level in the
spectra was verified by cutting off the incident photon beam
and was subtracted from the recorded spectra. More details on
the present experimental procedure may be found in Ref. 35
and on PIFS method to investigate the superexcited states in
Ref. 36.

The liquid isoxazole sample was purchased from Sigma-
Aldrich Chemie with a declared purity of 99%. It was purified
in a sample container by applying freezing-pumping-thawing
cycles to remove any contaminating gases. The isoxazole
vapour was introduced into the hypodermic needle through
a stainless steel gas inlet system. The vapour pressure of isox-
azole at room temperature is high enough and the studies were
carried out without heating the sample.

III. THEORETICAL METHODS

To provide more insight into the energy barriers for open-
ing of the isoxazole ring and, in particular, into migration of
hydrogen (proton) the density functional and ab initio quan-
tum chemical calculations have been carried out for both, the
neutral molecule and the lowest energy cation (3a′′)−1 A′′ of
isoxazole. The initial structures of the cationic and neutral
tautomers of isoxazole were calculated with the B3LYP/6-
311++G(d,p) method.37, 38 Then the geometries were
re-optimized at the level of the second-order Møllet-Plesset
perturbation theory (MP2)39 with the same basis set. No ge-
ometry constrains were imposed at this stage of the calcula-
tions and the analysis of the harmonic vibrational frequencies
confirmed their geometrical stability. The calculated neutral
geometry equilibrium bond length and angles are in very good
agreements with previous computations40 and the vibrational
frequencies, when scaled down using scaling factor of 0.95
are in agreement with the experimental and theoretical data.41

In order to provide a more complete description of the tar-
get molecule, the ionization potentials were computed for the
neutral ring geometry using the outer-valence Green’s func-
tions propagator (OVGF).42 The obtained ionization poten-
tials for orbitals of interest, 3a′′ (9.962 eV), 13a′ (14.562 eV),
and 12a′ (15.679 eV) are in excellent agreement with the mea-
sured values.43, 44

Investigations of the hydrogen migration have been car-
ried out by a number of optimization calculations performed
for the (3a′′)−1 A′′ cationic structures, where the selected
N–O distances were frozen, while the other coordinates were
unconstrained. These geometries of isoxazole with increas-
ing N–O distances served as a model of ring opening mech-
anism to investigate the dynamics of hydrogen migration. As
a starting point, the fully optimized cationic ring structure,
with the equilibrium N–O bond length of 1.4965 Å was used.
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All these calculations were done at the MP2/6-311++G(d,p)
level of theory. They were complemented by determination
of the transition state (TS) in two approaches: (1) using the
guessed geometry of a TS, (2) direct optimization to a maxi-
mum on the potential energy surface by Berny’s algorithm,45

and by implementing “Synchronous Transit-Guided Quasi-
Newton” method.46 Both methodologies led to the same struc-
ture of the TS, which was further confirmed by analysis of the
vibrational frequencies.

The dissociation energy for the C≡N bond cleavage in
the open ring isoxazole molecule was calculated on electronic
energy scale, as a difference between the energy of the open-
ring neutral tautomer and the sum of energies of isolated
molecular fragments (OCHCHC and NH), both fully opti-
mized into their triplet configurations.

All computations were performed using the GAUS-
SIAN G03 package.47

IV. RESULTS AND DISCUSSION

The emission spectrum of the NH A3�→X3�− system
measured in the 325–346 nm range, at the photon energy of
17.5 eV, with a resolution of the optical spectrograph �λ of
0.5 nm (FWHM) is shown in Fig. 3. The lines of the P, Q,
R rotational branches of the detected (0,0) and (1,1) vibra-
tional bands, observed in Ref. 48, are also indicated. The Q
branches in the (0,0) and (1,1) bands give intensity maxima at
336.2 and 337.4 nm, respectively, while the other branches
appear as wings below and above the maxima. The inten-
sity ratio of the (1,1) to (0,0) band, determined from fitting
the measured spectrum, is 0.67. The best fit (not shown in
Fig. 3) was obtained for the temperature of 8000 K of the
Boltzmann distribution assumed for the rotational level popu-
lation. Moreover, it was found that the intensity ratio and the
rotational temperature stayed unchanged in the studied 14–
22 eV photon energy range. The clear observation of the NH
fragment demonstrates the hydrogen (proton) atom migration
within the isoxazole molecule prior to dissociation.

FIG. 3. Fluorescence spectrum of the isoxazole molecules measured in the
wavelength range 325–346 nm, at a photon energy of 17.5 eV. Positions of
the rotational lines of the Q, P, R branches of the (0,0) and (1,1) bands of the
NH A3� → X3�− system are indicated by vertical bars.

FIG. 4. The NH (A3�) photodissociation yield obtained in isoxazole in the
14–22 eV photon energy range. The dashed line shows the fitted (19.5–22 eV)
and extrapolated (14–19.5 eV) parts of the curve corresponding to the over-
lapping unresolved features in the dissociation yield.

The photodissociation yield curve for formation of the
NH(A3�) radicals in the 14–22 eV range is shown in
Fig. 4. The curve was obtained by integrating the A3�

→ X3�− spectra in the 328–346 nm wavelength range at
each photon energy. The statistical uncertainty in the emis-
sion yield in Fig. 4 is not larger than ±5%. The yield curve
increases from a threshold at about 14 eV and in the energy
range up to about 19.5 eV displays maxima superimposed
on a steady rising background. Above 19.5 eV it continues
to rise showing weaker structures on the background. The
maxima have the form of the overlapping bands correspond-
ing to excitation of the higher-lying states of isoxazole, the
superexcited states, which dissociate producing the excited
NH(A3�) radicals. The rising background is ascribed to over-
lapping features not discerned in the emission yield. The su-
perexcited states are inner-valence Rydberg or multiply ex-
cited electronic states, whose energies considerably exceed
the first ionization potentials.49, 50 They decay preferentially
through nonradiative routes: dissociation or, competing with
it, autoionization.51 To determine the contribution of the su-
perexcited states, the yield curve was fitted with a function of
quadratic energy dependence in the 19.5–22 eV range and ex-
trapolated down to lower energies. The quadratic energy de-
pendence obtained in the 19.5–22 eV when extrapolated down
to lower energies converge on the threshold at about 14 eV.
Next, the extrapolated function was subtracted from the dis-
sociation yield curve to obtain intensity due to excitation of
the superexcited states, which is shown in Fig. 5.

The vertical excitation energies of the observed superex-
cited states were attained by deconvoluting the yield curve
of Fig. 5 into the individual excitation bands. Here, a least-
squares fitting procedure was applied, where the shapes of
the excitation bands were described by the Gaussian profiles.
The fitting procedure allowed the energies and widths of the
bands to be optimized simultaneously. The Lorentzian pro-
files, when used in the fitting, did not give the same exact
reproduction of the measured dissociation yield curve. The
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FIG. 5. The NH (A3�) photodissociation yield corresponding to the over-
lapping bands of the superexcited states. The bands fitted to the experimental
curve are shown by the dashed lines and the final fit is shown by the solid
line. The ionization vertical energies of the ion core molecular orbitals are
indicated by vertical bars.

excitation bands are shown by the dashed lines in Fig. 5 to-
gether with the final fit to the yield curve. The vertical exci-
tation energies (centers of the bands) and widths of the bands
are listed in Table I. The present energies are compared in
Table I with those found in a previous study33 from our
group of photodissociation of isoxazole into the CH(A2�)
fragments. In Fig. 5 and Table I, the ionization energies
from the respective ion core molecular orbitals and widths
of the measured photoelectron bands43, 44 are also included to
correlate tentatively the superexcited states with their likely

TABLE I. The vertical excitation energies of the superexcited states of the
isoxazole molecules, widths of the excitation bands, ionization energies of
the indicated ion core molecular orbitals, and widths of the measured photo-
electron bands.

Photoelectron
Superexcited state band

Energy Width Energy Energy Width
(eV)a (eV)a (eV)b (eV) (eV) Ion corec

19.81d 1.3d

19.0 ± 0.1 0.7 19.2 ± 0.4 19.01d 0.6d

18.4 ± 0.5
17.88d 0.5d (11a′−1)e

17.6 ± 0.1 1.2 17.6 ± 0.3
17.51d 1.5d (1a′′−1) e

16.80 ± 0.15 0.6 16.8 ± 0.5
16.2 ± 0.3 0.5

15.64f 0.6f 12a′−1

15.45 ± 0.05 0.5
14.8 ± 0.1 0.5

14.49d 0.75d 13a′−1

aPresent.
bReference 33.
cReference 52.
dReference 44.
eLeading open shell orbital from Ref. 52.
fReference 43.

ionic cores.52 For example, the superexcited states at 14.8
and 15.45 eV are placed below the (12a′)−1 ion core energy
(15.64 eV). Furthermore, the widths of the bands of these su-
perexcited states coincide with that of the (12a′)−1 photoelec-
tron band. Therefore, the two superexcited states may be con-
sidered as the Rydberg states built on the (12a′)−1 ion core,
with binding energies of 0.8 and 0.2 eV, respectively. In a
similar way, the 16.2 and 16.8 eV states may be attributed to
the 11a′−1 (leading open shell orbital) ionic core (17.88 eV)
with slightly higher binding energies of 1.7 and 1.1 eV,
respectively.

The observed superexcited states are the door-states in
dissociation of the isoxazole molecules into NH(A3�). The
cyclic structure of isoxazole implies a fragmentation reac-
tion, which proceeds through ring opening by cleavage of
the weak N–O bond. This is an accepted initial step for
isoxazole dissociation.29 The nonadiabatic photoinduced ring
opening in the lowest excited singlet states was predicted in
furan, which is isoelectronic to isoxazole, in ab initio quan-
tum dynamical calculations and expected to be of relevance
in other five-membered heterocycle molecules.53 This will be
followed by hydrogen migration from C(3) to N(2) in isoxa-
zole that builds the NH diatomic fragment as terminating the
molecular open chain (Fig. 6). Finally, the excited NH frag-
ment detaches from the chain by scission of the C≡N bond.
Alternatively, the superexcited states may undergo transition
on the femtosecond time scale through internal conversion to
lower lying states.54 Those lower lying states, again of Ry-
dberg character, will dissociate yielding the NH fragments.
Because the Rydberg electrons are weakly bound and have
larger orbital radius, the rearrangement and dissociation dy-
namics will be mainly governed by that of the ionic cores of
the superexcited states.

The initial state in the photoabsorption process is the neu-
tral state of isoxazole molecule, while the superexcited state
is the Rydberg state with the (3a′′)−1 ion core. The analyses
of the fully optimized geometries of the neutral and cationic
states show that removal of the 3a′′ electron significantly
increases the N–O distance (from 1.394 to 1.496 Å) and
C(4)-C(5) distance (from 1.366 to 1.442 Å) while decreas-
ing the C(5)–O(1) bond length (from 1.356 to 1.282 Å) and
N(2)-C(3) (from 1.330 to 1.282 Å). These changes can be ex-
plained by rendering the molecular orbitals. The 3a′′ orbital
charge distribution localizes mainly on the C(4)-C(5) bond
and N atom. Studies of the hydrogen migration have been
performed for the (3a′′)−1 A′′ cationic structures, where the
selected N–O distances were frozen, while the other coor-
dinates were unconstrained. The schematic geometries and
the energies of the planar cationic structures obtained in the
calculations, related to that of the closed ring of isoxazole
cation (absolute electronic energy of −244.9670514 hartree),

FIG. 6. Schematic view of the dynamics of isoxazole molecules dissociation
drawn using ChemSketch program.
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FIG. 7. The calculated energies of the (3a′′)−1 A′′ cation geometries of the isoxazole molecule shown for given selected values of the N–O distance and their
schematic geometries.

are shown in Fig. 7 for selected values of the N–O distance.
The energy of the open ring structure increases with the N–O
distance up to 2.318 Å, where the cation takes geometry of
the TS with the maximum energy of 1.690 eV. After passing
the saddle point, the cation energy starts to decrease, while the
hydrogen atom shifts to approach the N atom. At 2.496 Å it
takes an intermediate position between the C and N atoms
at distances of 1.333 and 1.165 Å from them, respectively
(Fig. 7). Above 2.5 Å we observe a barrierless proton transfer
to form the N–H bond and further decrease of the cation en-
ergy. At 2.796 Å the cation energy is lower by 2.651 eV than
that of the TS (Fig. 7). Further increase of the frozen N–O
distance lowers gradually the optimized cation energy. When
the N–O distance is unfrozen at 3.3 Å, the H-transferred con-
formation optimizes into planar open geometry with the N–H
and C≡N bond lengths of 1.011 and 1.143 Å, respectively,
and approximately linear C–C≡N–H chain structure. It is ex-
pected that analogous dynamics for hydrogen (proton) trans-
fer will occur in the Rydberg superexcited states enabling
to create NH fragments by subsequent cleavage of the C≡N
bond.

Analogous, fully optimized calculations performed for
geometry of the (12a′)−1 cation of the A′ symmetry
(15.697 eV) showed electronic relaxation of the cation into
the lowest energy A′ symmetry stable state, whose computed
energy is 0.914 eV higher than that of the A′′ symmetry. The
equilibrium N–O bond length in the A′ cation (1.332 Å) is
significantly shorter than in the A′′ cation (1.4965 Å), hence,
when the frozen N–O length is increased the energy grows
faster than in the A′′ symmetry. However, the orbital symme-
try of the cation is not conserved and above 1.695 Å it relaxes
into A′′ electronic structure. Further opening of the ring fol-
lows the A′′ symmetry pathway.

The appearance energy for the NH(A3�) radicals de-
duced from Fig. 4 is 14.1 eV. The lowest dissociation energy
limit for formation of NH(A3�) is estimated at 12.4 eV. In this
evaluation the dissociation energy calculated in the present
study for the C≡N bond cleavage in the open ring isoxazole
molecule is 8.84 eV. This value is comparable to the exper-
imental CN triple bond dissociation energy.55 The energy of
the isoxazole open ring, where the NH terminates the open

molecular chain, is −0.11 eV and the A3� excitation energy
(υ ′ = 0) 3.692 eV. The higher appearance energy than that of
the dissociation limit suggests existence of a reaction barrier
and possible excitation of the remaining fragments of disso-
ciation, which may also encounter translational energies. In-
deed, the quantum chemical calculations29 showed barrier of
2.5 eV.

An alternative, likely dissociation route of the su-
perexcited states leads through autoionization into acces-
sible cationic states, which would next dissociate yielding
NH(A3�) and the ionic particles. The estimated lowest dis-
sociation limit for this process with autoionization into the
lowest energy cationic state is 20.6 eV. This value has been
obtained by combining the first ionization potential of isoxa-
zole of 9.976 eV,44 the calculated energy of the cation open
ring structure of −1.148 eV, calculated dissociation energy
of the C≡N bond in the isoxazole cation (8.107 eV), and the
NH excitation energy. The energies of the observed superex-
cited states (Table I) are too low, for these states to follow the
autoionization route. Evaluation of the dissociation limits for
the dissociative direct ionization into the feasible ionic frag-
ments, which were observed in the electron impact ionization
of isoxazole,56 gives energies above 24 eV.

V. CONCLUSIONS

Photodissociation of isoxazole molecules that produces
excited NH(A3�) free radicals has been investigated using
synchrotron radiation over the 14–22 eV energy range and
the photon-induced fluorescence spectroscopy. The NH(A3�)
radicals are produced through excitation of the isoxazole
molecules into the higher-lying superexcited states. Obser-
vation of the NH fragment, which is not a structural unit of
isoxazole molecule, demonstrates the hydrogen (proton) mi-
gration in the superexcited states prior to dissociation. The
vertical excitation energies of the superexcited states were de-
termined and the dissociation mechanisms of isoxazole were
discussed. The superexcited states were correlated with the
cationic ion cores, which are likely to bind the excited Ryd-
berg electrons. The ab initio and density functional quantum
chemical calculations suggests that the hydrogen migration
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process in the molecule may be determined by the dynamical
behavior of the ion core binding the Rydberg electrons in the
superexcited states of the molecules.

Most of the previous investigations concentrated on stud-
ies of the hydrogen (proton) migration in molecular cations
and dications under intense laser fields or in neutral species
excited to lower-lying states. In the present work migration is
observed for the first time in dissociation of the superexcited
states of the neutral molecules excited by absorption of the
VUV photon.
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