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The electronic excitation and associated ionic dissociation of the carvone molecule have been studied
around the oxygen 1s edge, using synchrotron radiation and time-of-flight techniques. Photoabsorption
spectrum (total ion yield) and mass spectra have been obtained in the range between 520 and 545eV.
For the sake of comparison, carvone mass spectra have also been obtained following valence (21.21eV)
and core (carbon 1s) ionization. Fragmentation of the molecule is seen to be greatly enhanced following
core excitation. Around the oxygen 1s edge, we observe an extensive fragmentation of the molecular
skeleton, as exemplified by the appearance of several previously unreported ions: H*, Hy*, CH*, CH,*
and CHs*, which are not formed at low energies. A maximum is observed at 536 eV photon energy in
the relative intensity of the oxygen-containing ions 0*, 0%* and OH*, as an evidence for the existence of
site-selective fragmentation of the carvone molecule excited around the O 1s edge. Absolute values for
the photoionization and photodissociation cross sections were estimated using the molecular additive
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1. Introduction

The interaction of a molecule with soft X-ray photons (arbi-
trarily defined here as photons with energy greater than 100eV)
basically results in the ejection of one or more electrons. In fact,
while in most molecules the first ionization potential (IP) occurs
at less than 15eV, the direct double ionization potential is usu-
ally of the order of 30-40eV and the triple ionization potential is
of the order of 50-80eV [1,2]. Although strictly forbidden in an
independent particle model, double and triple ionization become
possible through electron correlation and shake-off type processes.
Around the edges of core-shell electrons, additional photoabsorp-
tion processes come into play, namely the excitation and ionization
of inner-shell electrons. For molecules built with light atoms, the
main relaxation mechanism, following photon absorption, is Auger
decay. Below the ionization edge, transitions to unoccupied elec-
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tronic states will be followed by autoionization-type processes and
one or more electrons will be emitted by the molecule. In these so-
called resonant Auger processes, the excited electron may remain
either as spectator or participant in the relaxation decay mecha-
nism. In the first case (spectator resonant Auger), and assuming
the ejection of a single valence electron, the final state will be
that of an excited ion. When the excited electron participates in
the electronic decay (participating resonant Auger), the final state
will be a singly charged ion, indistinguishable in principle from the
final state associated with a simple valence shell ionization of the
molecule. Above the core ionization edge, Auger decay involves the
ejection of one (or more) valence-shell electrons and the final state
will be a doubly, triply, etc., cation. The stability of the remaining
ion, in all cases, will very much dependent on the nature (bonding,
antibonding, Rydberg) of the depleted valence orbital and elec-
tronic state. Doubly or multiply charged ions will in general have a
more unstable nature, due to coulomb repulsion and to the possible
loss of bonding electrons, resulting in ionic states highly dissocia-
tive. The large energy gap between the ionization edges of different
atoms and the availability of tunable synchrotron radiation allows
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Fig. 1. Chemical structures of the carvone isomers.

for the excitation of different sites in a given molecule. As a conse-
quence, site-selective fragmentation may be sometimes observed
[3,4]. With ionic dissociation processes prevailing after the inter-
action of molecules with high energy photons, mass spectrometric
techniques have become very useful toward the understanding of
the relaxation mechanisms associated with high energy photon
absorption.

In this respect, time-of-flight techniques (mass spectrometry,
electron-ion and electron-ion-ion techniques) are known as pow-
erful tools for the elucidation of the dissociation mechanisms of
highly excited molecules. Excellent reviews about the photoion-
ization of molecules and the use of time-of-flight techniques may
be found in the literature [5-7].

We have recently started a systematic study of the core excita-
tion and ionic dissociation of molecules of biological interest, in
the gas phase, focusing mainly in aminoacids [8,9], nucleic acid
bases [10,11] and volatile natural products [12,13]. In this paper,
we present and discuss new experimental results related to a
volatile natural product, carvone (C19H140), excited at valence and
around the C 1s and O 1s edges. Carvone is an enantiomeric sub-
stance found in plants like caraway, dill and spearmint (Fig. 1).
The antimicrobial activity of the carvone isomers has been demon-
strated against a wide spectrum of human pathogenic fungi and
bacteria [14]. The amount of mentha essential oil, which contains
appreciable quantities of carvone, is suppose to be associated with
the incidence of UV-B radiation, reflecting, probably, a defense
mechanism [15]. The carvone molecule is chemically classified as
a monoterpene (C10), consisting of an unsaturated cyclic ketone
with methyl and isopropenyl substitution in opposite (equato-
rial) positions. The carvone present in essentials oils is a mixture
of three conformers, differing in respect to the bond connecting
the ring and the isopropenyl moiety [16]. The first systemat-
ical study of monoterpenes ketones and aldehydes, employing
gas chromatography and mass spectrometry [using 20eV elec-
trons], was published in 1964 [17]. Recently, the mass spectrum
and threshold photoelectron spectrum of carvone has been stud-
ied in the 8-11eV photon energy range. It was pointed out that
the HOMO orbital in carvone is associated with the oxygen atom
lone pair, essentially localized around the carbonyl group, with an
ionization potential of 8.7eV [18]. The circular dichroism of the
carvone enantiomers, randomly oriented in gas-phase, has also
been investigated both theoretically and using circularly polar-
ized synchrotron radiation at the C 1s edge [19,20]. In our present
study, we have recorded electron-ion coincidence (PEPICO) and
total ion yield (TIY) spectra for the carvone molecule. The PEPICO
spectra were obtained below (520eV), around (530-540eV) and
above (545eV) the O 1s edge, which is arbitrarily taken to occur
at 540eV. For the sake of comparison, PEPICO spectra were
also obtained following valence ionization (21.21eV) and before
(275eV) and above (310eV) the C 1s edge, which is arbitrar-
ily taken to occur at 290eV. Compared to valence excitation,
it is well known that core excitation usually induces a much
larger degree of fragmentation of the molecule. In particular, frag-
ments such as O* and 02* are observed only around the O 1s

edge, pointing out to possible site-selective fragmentation mecha-
nisms.

2. Experiment

The experiment was performed at the Laboratério Nacional
de Luz Sincrotron (LNLS), Campinas, Brazil. The experimental set
up has been previously described in details [21,22]. Briefly, light
from a toroidal grating monochromator (TGM) (12-310eV) and
spheroidal grating monochromator (SGM) (300-1000eV) bend-
ing magnet beamlines intersects the effusive vapor sample inside
a high vacuum chamber, with base pressure in the 108 Torr
range. During the experiment, the pressure was maintained below
10~> Torr. The emergent beam was recorded by a light sensitive
diode. The ionized fragments produced by the interaction of the
gaseous sample with the light beam are accelerated by a two-stage
electric field and detected by a pair of micro-channel plate detectors
mounted in a chevron configuration. The ions produce stop signals
to a time-to-digital converter (TDC). Electrons, accelerated in an
opposite direction with respect to the positive ions, are recorded
without energy analysis by two micro-channel plate detectors and
provide the start signal to the TDC. A 708 V/cm DC electric field is
applied to the first ion acceleration stage. The time-of-flight spec-
trometer was designed in order to achieve 100% efficiency for ions
with kinetic energies up to 30eV. The electrons produced in the
ionization region are focused by an electrostatic lens designed to
focus them at the center of the micro-channel plate detector. The
bias voltages are applied in order to not vary the relative intensity
between different masses. The detector efficiency determined near
the C 1s threshold for the CO molecules is of 0.29 for the detection
of a single ion [23]. All electrons with kinetic energy up to 150 eV
are detected without angular discrimination. Negative ions may
also be produced and detected, but the corresponding cross sec-
tions are considered to be negligible. The sample of R-(—)-carvone
was purchased from Sigma-Aldrich with a purity of 98% and was
used without further purification. The carvone sample is a liquid
at ambient pressure and temperature. In order to avoid sample
condensation, the inlet system was kept at 45 °C.

3. Results and discussion
3.1. Valence-shell and C 1s ionization
The photoionization mass spectrum of the carvone molecule

measured at 21.21 eV with a He [ discharge lamp is shown in Fig. 2,
and the corresponding branching ratios for the ionic fragments is
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Fig. 2. Mass spectrum of the carvone molecule obtained at 21.21eV with a He |
discharge lamp.
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Fig. 3. Proposed mechanisms for the fragmentation of the carvone parent ion.

presented in Table 1. The associated error is estimated to be 10%.
The base peak corresponds to the parention, C;gH140* (m/z=150).
Other prominent peaks correspond to the following m/z values: 108
(C7H30+), 93 (C6H50+), 84 (C5H30+), 82 (C5H60+) and 54 (C4H6+).
This is at variance with respect to the known electron impact mass
spectrum, not shown here, usually obtained at 70eV [24]. In the
electron impact spectrum, we observe a larger degree of fragmen-
tation as compared to the spectrum obtained with a He I lamp.
Indeed, in the electron impact mass spectrum the base peak cor-
responds to the CsHgO* ion (m/z=82), and not to the parent ion
(m/z=150). Other ions are also observed, albeit with low intensity:
41 (C3Hs5™) and 39 (C3H3*). In Fig. 3, we present some proposed

coherent mechanisms for the fragmentation of the carvone par-
ent ion. The first diagram involves the breakage of the isopropenyl
moiety, producing the C;HgO* (m/z=108) ion, followed by the loss
of methyl radical to produce the CgHs0* (in/z=93) ion. The sec-
ond mechanism involves aretro Diels Alder reaction to produce the
CsHgO* (m/z=82)ion - the corresponding base peak in the electron
impact mass spectrum - followed by the loss of carbon monoxide
to produce the C4Hg* (m/z=54) ion.

The carbon 1s binding energies are 292.8 eV (carbonyl), 290.5 eV
(mean carbon-hydrogen bond) and 289.8 eV (carbon-carbon dou-
ble bond) according to Harding et al. [20]. The photoionization mass
spectra obtained before (275 eV) and above (310eV) the C 1s edge
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Table 1

Branching ratios (%) for the most intense ions as function of photon energy. The
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related uncertainties are around 10%.

m/z Assignment He-I Synchrotron radiation
21.21eV 275eV 310eV
1 H* - 0.282 0.87
2 H,* - - 0.13
12 c* - - 0.17
15 CH5* - 1.27 2.58
27 CoHs™* - 4.74 7.23
39 C3H3* - 13.4 11.2
54 C4Hg" 1.83 4.29 3.6
82 CsHgO* 3.77 13.7 10.5
84 CsHgO* 3.17 - -
93 CgHs0* 3.77 3.53 7.01
108 C;HgO* 8.4 2.26 1.75
152 CioH140* 474 6.22 3.86

spectra are presented in Fig. 4. In both spectra, we observe an exten-
sive fragmentation of the molecule, giving rise to lighterions: C4Hg*
(m/z=54),C3H3* (m[z=39),CoH3* (m/z=27), CH3* (m/z=15), H*
(m/z=1). In Fig. 3, we have presented mechanisms to produce
some of these lighter ions. The relative intensity of the parent
ion C1oH160"* (m/z=150) is smaller when compared to the valence
spectrum previously discussed. The base peak (Fig. 4) corresponds
to the CsHgO* (m/z=82) ion, as equally observed in the electron
impact mass spectrum. At 310 eV photon energy, Auger processes
will give rise to highly dissociative doubly (or triply)ionic states and
fragmentation of the molecule increases, resulting in high abun-
dances of lighter ionic fragments. We observe the production of the
C* (m/z=12) ion, pointing out to the atomization of the molecular
skeleton. A small peak at m/z=2 (H,*), resulting from a molecu-
lar rearrangement, can also be observed. The branching ratios (BR)
for the most intense ions formed at 21.21, 275 and 310eV photon
energies are presented in Fig. 5. The relative intensities of heavier
ionic fragments decrease with increasing photon energy, while the
opposite behavior is observed for the lighter ones. Interestingly, the
CsHgO* (m/z=82) ion corresponds to the base peak at 310eV and
to the second most intense peak at the 21.21 eV mass spectrum,
suggesting a considerable structural and energetic stability.

A similar study, conducted within the same experimental con-
ditions, has shown that another monoterpene, limonene, also
presents a very intense ionic fragmentation at high photon energies
[12].
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Fig. 4. Mass photoionization spectra of the carvone molecule obtained at 275 and
310eV.
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Fig. 5. Branching ratios of the PEPICO mass spectra at 21.21, 275 and 310eV.

3.2. 0 1sionization

The total ion yield (TIY) spectrum of the carvone molecule,
obtained around the O 1s edge (525-555 eV), is shown in Fig. 6. The
spectrum was energy-calibrated with respect to the TIY spectrum
of the O, molecule, obtained at the same experimental condi-
tions, using a peak centered at about 531eV and related to the
O 1s— 1mg* transition [25]. Three intense bands, A (531eV), B
(534eV) and C (536eV) are observed below the ionization edge,
which, in the absence of previous measurements or calculations
and by analogy with the 2-propenal molecule [26], is considered
to occur at approximately 538 eV. Considering the O 1s electronic
spectra of other ketones, carboxylic acids and esters well described
in literature, three resonances are expected to show up below the
ionization potential [26,27]. For example, the first (530.59 eV) and
second (533.57 eV) bands in the 2-propenal electron energy loss
spectrum (obtained under dipole-allowed conditions) involve elec-
tronic transitions to the pi-antibonding orbitals while the third
one (535.25eV) involves a mixture of 3p-sigma and 3p-pi states.
Close to the O 1s edge (538 eV) a convolution of Rydberg states
are normally observed. Above the ionization edge, an intense and

D (541)

Absorption Intensity (arb. units)

T T T
540 550 560 570

Photon Energy (eV)

T
520 530

Fig. 6. Total ion yield (TIY) spectrum of the carvone molecule measured around the
O 1s edge, highlighting the main resonances.
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Fig. 7. Mass spectra of the carvone molecule around the O 1s edge.

broad structure, D (541eV), is observed and could be in princi-
ple assigned to an antibonding sigma shape resonance. The mass
spectra obtained at 520eV, 531 eV, 534eV, 536eV and 545eV are
presented in Fig. 7. The very low intensity peaks correspond to
heavier fragments. In our spectra, only the peaks corresponding
to ions with m/z lower than 82 are presented. The five spectra are
similarly dominated by light ionic fragments pointing out to an
extensive molecular fragmentation. A complete and representa-
tive mass spectrum for the carvone molecule, obtained at 536eV
is shown in Fig. 8. The inset on the right hand side of the figure
helps visualization of the CH,* O*, OH* and H,0" ions, while in
the inset on the left hand side, we confirm the production of H3™,
CH,2* and 02%* ions. The parent ion is not observed in the mass
spectra measured around the O 1s edge.

As the photon energy gets closer to the O 1s edge, a signifi-
cant relative intensity increase is observed for peaks with low m/z
values such as H* (m/z=1), Hy* (m/z=2), H3* (m/z=3) and CH,2*
(m/z=7).The H3* ion is very important from an astrophysical point
of view and has already been observed in a similar experiment
[21]. Both Hy* and H3* are produced with very low relative inten-
sities.

The appearance of peaks at m/z=8 (0%*) and m/z=16 (0*), not
observed at lower photon energies, can be seen as a signature of a
site-selective fragmentation around the O 1s edge. Site selectivity in

2000 e

' 536 eV

o

Intensity (a.u.)

m/z

Fig. 8. Mass spectrum of the carvone molecule at 536 eV.

the fragmentation of core-excited molecules was first described by
Eberhardtetal. [3]. The branching ratios for oxygen-containingions
such as 02* [m/z=8],0" [m/z=16] and HO* [m/z=17] are presented
as a function of the photon energy in Fig. 9. A maximum is observed
at 536eV for all ions, corroborating the suggestion of site-selective
mechanisms.

The ionic fragments OH* (m/z=17)H,0* (m/z=18) had not been
reported before for this molecule. A group of ionic fragments can
also be observed at the following m/z values: 24 [Cy*], 25 [CoH*],
26 [CH2*], 27 [CaH3*], 28 [CoH4* or CO*], 29 [CoHs* ). The branch-
ing ratios for the most abundant ions are presented in Table 2.
The relative intensity of the H* [m/z=1] ion increases considerably
from 520eV to 531 eV, remaining almost constant between 536 and
545 eV. The relative intensity of the H,* [m/z=2] ion remains basi-
cally constant around the O 1s edge. The relative intensity increase
of H* and Hy* at high energies probably reflects the decay of multi-
ply charged species. There is an increment in the relative intensity
of the C* on moving from 310eV to 520eV photon energy. Pro-
duction of the C* ion may be seen as a signature of the complete
breakdown of the carbon skeleton, suggesting a poor stability of
the carvone molecule when subjected to soft X-ray radiation. The
relative abundances of the CH; ions [m/z=13-29] remain practi-
cally constant from 520 eV to 545 eV, with a minimum at 536 eV in
some cases.

2_
— A

OHp §/§\§ o
01 — . —

T
520 530 540 550
Photon Energy (eV)

Fig. 9. Branching ratios for oxygen-containing ions around the O 1s edge.
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Table 2
Branching ratios (%) for the most intense ions following the photoionization of the
carvone molecule around the O 1s edge. The related uncertainties are around 10%.

mfz Attribution 520eV 531eV 534eV 536eV 545eV
1 H* 23.7 31.6 38.1 36.4 36.5
2 Hy* 2.7 2 2.3 2.2 2
3 Hs;* 0.05 0.11 0.09 0.01 0.08
7 CHy?* 0.26 0.1 0.13 0.3 0.3
8 0% 0.05 0.04 0.35 0.7 0.5
12 c* 1.6 2.3 2 14 1.6
13 CH* 21 2.8 2.5 1.7 2.1
14 CH,* 5.1 52 5.1 3.8 4.5
15 CH5* 6.2 6.7 6.2 4.8 6.3
16 o* 14 1.8 3.1 4.9 3
17 HO* 04 0.27 1.6 2 1.6
18 H,0* 0.2 0.27 0.26 0.43 0.26
24 Gt 0.6 0.7 0.57 0.35 0.43
25 CyH* 1.4 1.1 1.2 0.92 091
26 CoHy* 5.6 34 4.1 3.8 35
27 CHs* 9.3 5.5 6.4 6.8 6.2
28 CO*; CoHg* 2.2 1.1 1.5 1.6 1.4
29 CoHs* 2.1 14 1.8 1.5 1.7

3.3. Cross sections

In order to put our data on an absolute scale, the sum of the
contributions from all cationic fragments was normalized, after
a linear background subtraction, to an estimated absolute value
for the carvone photoabsorption cross section. Taking into con-
sideration that an experimental absolute cross section for the
carvone photoabsorption around the O 1s edge is not available
in the literature, we have adopted a methodology whose valid-
ity has been discussed by Ishii and Hitchcock [27]. According
to this methodology, the absorption cross section for the car-
vone molecule may be considered, as a first approximation, to
be equal to the sum of the absorption cross sections for selected
molecules (methane, propene, 2-cyclohexenone). The absorption
cross sections for methane, propene and 2-cyclohexenone were
obtained from the COREX Database (http://unicorn.mcmaster.ca/
corex/cedb-title.html) [28]. Due to their molecular structural sim-
ilarity, the absorption cross section around the O 1s edge for the
carvone molecule was considered to be similar to the absorption
cross section for the 2-cyclohexenone molecule. The photoabsorp-
tion cross section for methane and propene around the O 1s edge
was considered to be 1.5 x 10721 and 3.0 x 102! cm?, respectively
(roughly their absorption cross section around 280 eV). The absorp-
tion cross sections obtained with the above described methodology
can be seen in Fig. 10 (around the C 1s edge) and Fig. 11 (around
the O 1s edge).

Assuming now a negligible fluorescence yield [29] and a very
low anionic yield, we considered that all absorbed photons lead to
cationicionizing. As a first hypothesis we considered the absorption
cross section (0 pp-apbs ) to be equal to the sum of the single (o), dou-
ble (o**) and triple (¢***) ionization cross sections [30,31]. Higher
multiple ionization processes are considered to be negligible. Ana-
lytically, this can be written as:

O'ph_ab5=0'++0'+++0'+++ (1)

Correcting the single ionization events spectra (PEPICO) around
the O 1s edge for aborted coincidences, we have estimated an
approximate 20% contribution from double ionization events with
charge separation to the PEPICO spectra. Therefore, it seems
reasonable to consider that the double ionization cross section cor-
responds roughly to 20% of the single ionization cross section. We
also assume the triple ionization cross section to correspond to 2%
of the single ionization cross section [21,32-34]:

Oph-abs ~ 01 +0.20" +0.020% =1.2207 (2)
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Fig. 10. Absorption cross section (lines) of selected molecules (methane, propene,
2-cyclohexenone) from COREX Database around C 1s edge. The sum of these cross
section is an approximation for the carvone absorption cross section around C 1s
edge Non-dissociative single ionization (photoionization) cross section (op.) and
dissociative ionization (photodissociation) cross section (o4 ) of carvone as a func-
tion of photon energy are indicated by the circles and the squares, both with error
bars, respectively.

As discussed by Pilling et al. [21,35] the non-dissociative single
ionization (photoionization) cross section (opp.;) and the dissocia-
tive single ionization (photodissociation) cross section (opp.q) of
carvone can be determined by:

BR Oph-abs [ BR
- + carvone ~ ph-ai carvone
Iph-i = ( 100 ) 1.22 ( 100 ) 3
and
BR Oph-abs BR
_ + _ carvone ~ ph-a _ carvone
Tph-d =9 (1 100 ) 1.22 (1 100 ) )

where BRcarvone is the branching ratio for the carvone parent ion
(C1oH140%).

From Egs. (3) and (4), we observe that opn_j+0ph.-d # Oph-abs-
This may be explained assuming that a fraction of incoming photons
produces multiple ionizations.

The absorption cross section (lines) for the selected molecules
(methane, propene, 2-cyclohexenone), obtained from the COREX
Database around the C 1s edge is presented in Fig. 10. The sum of
the molecular cross sections is an approximation to the carvone
absorption cross section around the C 1s edge, according to the
spectral sum rule [36]. The single ionization photoionization cross
section and photodissociation cross section of carvone as a func-
tion of photon energy are represented by circles and the squares,
respectively. The estimated total error is 50%. These values as well
as the estimated values for the carvone absorption cross section
(0ph-abs)» Obtained at 275 and 310eV photon energy are listed in
Table 3. A similar cross section determination methodology has
been previously applied to derive the photodissociation and single
photodissociation cross sections for the interaction of soft X-rays
with benzene and methylformate [31,37].

Table 3

Non-dissociative single ionization (photoionization) cross section (o ph.i) and disso-
ciative ionization (photodissociation) cross section (oph.q) of carvone as a function
of photon energy around the C 1s edge. Estimated values for absorption cross section
(0ph-abs ) Of carvone are also listed. The estimated total error is 50%.

Photon energy ~ oph_q (10719cm?)  opyi (10721 cm?)  opp-aps (1071° cm?)

(eV)
275 0.073 0.51 0.091
310 74.6 300 86.4
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Fig. 11. Absorption cross section (lines) of selected molecules (e.g. methane, propene, 2-cyclohexenone) from COREX Database around O 1s edge. For methane and propane,
it was employed the same absorption cross section value before the C 1s ionizing potential (~280eV). The sum of these cross section is an approximation for the carvone
absorption cross section around O 1s edge. Non-dissociative single ionization (photoionization) cross section (o) and dissociative ionization (photodissociation) cross
section (opp-¢) of carvone as a function of photon energy are indicated by the circles and the squares, both with error bars, respectively.

Table 4

Non-dissociative single ionization (photoionization) cross section (opp-;) and disso-
ciative ionization (photodissociation) cross section (o ph.q) of carvone as a function of
photon energy around the O 1s edge. Estimated values for absorption cross section
(0ph-abs ) Of carvone are also listed. The estimated total error is 50%.

Photon energy Opn-a (10719em?)  oppi (10721 em?)  opp-abs (10710 cm?)

(eV)

520 0.082 0.0036 0.091
531 17.3 091 19.1
534 3.1 0.18 35
536 35 0.18 3.82
545 72 027 3.0

The absorption cross section (lines) for methane, propene and
2-cyclohexenone, obtained from the COREX Database around the O
1s edge is presented in Fig. 11. For methane and propene, the same
absorption cross section value obtained before the C 1s ionizing
potential (~280eV) was used. The sum of these cross sections is an
approximation to the carvone absorption cross section around the
O 1s edge. The single photoionization cross section and photodis-
sociation cross section (oph_q) of carvone as a function of photon
energy are indicated by the circles and the squares, respectively.
The estimated total error is 50%. These values as well the esti-
mated values for the absorption cross section (o pp_aps) Of carvone
at 520eV, 532eV, 534eV, 536eV and 545eV photon energy are
listed in Table 3. The absorption cross section is approximately
0.1.1071% cm? at 275 eV and 95 10-1° cm?2 at 310 eV and reaches a
maximum value of 21.10~1° cm?2 at 531 eV (close to the O 1s edge)
(Table 4).

4. Conclusions

The mass spectra for the carvone molecule, obtained around the
C1sand O 1s edges, along with the total ion yield spectrum for this
molecule, measured around the O 1s edge, have been reported for
the first time. For the sake of comparison, the valence mass spec-
trum, obtained with a He I discharge lamp, has also been reported.
At 21.21eV, the carvone mass spectrum shows a high value for
the parent ion [47.4%] branching ratio. At higher photon energies,
around the C 1s and O 1s edges, fragmentation of the molecule

increases and the parent ion relative intensity decreases. At 275 eV
and 310eV, the base peak corresponds to the highly stable CsHgO*
ion [m/z=82]. At higher photon energies [520-545eV], the base
peak corresponds to the C3H3* [m/z=27] ion and the parent ion is
not observed. Atomization of the carvone molecule was observed
at high photon energies as indicated by the production of C*, whose
relative intensity increases from 310eV to 520eV.

Three well defined resonances are observed in the O 1s TIY
spectrum, at: 531eV, 534eV and 536 eV photon energies. A broad
structure is also observed at 545eV. The first two resonance are
probably associated, by analogy with the photoabsorption spec-
tra of similar ketones, to pi-antibonding excitations, while the
third involves a vacant atomic orbitals (3s and 3p) followed by
Rydberg states. The broad structure may be related to a shape
sigma-resonance, despite a strong controversy in the literature
concerning this assignment. The main relaxation route following
core-excitation around the O 1s edge involves the production of
the H* ion with high yields. Previously unreported fragments have
been observed: H3*, CH,2*, 0%*, 0*, HO* and H,O". The observation
of atomic oxygen singly [0*] and doubly charged [02*] points out
to a site-selective fragmentation following the O 1s excitation. The
relative intensities of O* and O,* are greatly increased near the O
1s edge, reaching a maximum at 536 eV. Absolute values for the
photoabsorption cross sections have been estimated on both the C
1s and O 1s ionization edges, using the additive molecular rule.

Carvone may be considered as a prototype molecule for the
study of the interaction of VUV photons with monoterpenes, chem-
ical compounds commonly found in many plants. The carvone
molecule may play a role in the eventual interaction of high energy
photons with plants. We hope the present paper will contribute to
the increase of experimental and theoretical work regarding the
interaction of VUV photons with chemical compounds found in
plants.
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