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a b s t r a c t

The mass spectrum of R-carvone measured at 70 eV electron impact energy, in the mass region of 1e151
amu, is reported in this work. We observed in this spectrum 103 peaks associated with ionic fragmen-
tation, 55 of them with abundances greater than 1%. The relative abundances, from this study, compare
reasonably well with the corresponding values reported in the literature where such a comparison can be
made. The R-carvone Ionization Energy (IE), as well as the ionic energy formation thresholds (Appear-
ance Energy - AE) were experimentally determined for the 35 most intense cations registered in the mass
spectrum, which provided values for 38 AEs and Wannier exponents (p) and the IE of this molecule. The
values of the AEs and Wannier exponents produced in this work, to the best of our knowledge, are being
presented for the first time to the scientific community, except for the masses of 135 amu and 150 amu.
We also suggest some ionic fragmentation mechanisms and molecular structural ionic fragmentation
mechanisms for R-carvone, based on the AE and p values found in this work.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

The importance of the use of medicinal plants for the treatment
of diseases is relevant and one of the characteristics of plants with
multiple therapeutic properties is their essential oils, which have
several biological actions, such as antibacterial, antifungal, antiox-
idant, cytotoxic and analgesic, among others. We can find in the
literature several studies focusing on the active compounds present
in essential oils, aiming to better understand their properties and
applications [1e5].

To contribute to this research field, we report in this work our
recent investigation on the organic molecule R-carvone (C10H14O),
which is the main active component present in essential mint oil
(Mentha spicata L.). R-carvone has well-documented biological
properties, including antimicrobial, fungicidal, anaesthetic, anti-
nociceptive, anticonvulsant and antitumorigenic, sedative and anti-
inflammatory [6e11]. Due to its fungicidal property, it has been
opes).
widely investigated for its ability to combat various types of fungi,
such as Candida albicans, which is very common in the human body.
This fungus may cause death due to the infections generated by it,
especially in patients with weakened immune systems, such as
those with AIDS, and also for patients undergoing some types of
cancer treatment, such as chemotherapy [12].

When ionizing radiation interacts with a biological medium,
such as the human body, low energy quasi-free electrons are pro-
duced on a large scale, which in turn can further collide with the
medium generating even more secondary electrons. These sec-
ondary electrons can cause biological effects, depositing their en-
ergies through successive inelastic collisions with the biological
molecules and/or by causing strand breaks in DNA and RNA and by
bond dissociation in general [13]. The dynamics of these processes
can only be understood and configured through a detailed quali-
tative and quantitative understanding of the fundamental in-
teractions that occur. In this sense, fundamental studies on electron
collisions with R-carvone may elucidate, in conjunction with
charged-particle track simulations [14,15], the nanoscale behaviour
of the pathway of secondary electrons in the human body, where
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this moiety is present, under the effects of radiation [14]. The
qualitative aspects of these studies are related to which reaction
channels may be activated, for example, which ionic fragmentsmay
be produced, while regarding the quantitative aspects, the deter-
mination of cross section (CS) values associated with each product
formed, reflecting the reactivity of R-carvone to low energy elec-
tron impact, are crucial. These experimental CS values, when
compared to any available theoretical results, may validate the re-
action paradigm proposed in those studies, and then be subse-
quently employed to determine macroscopic quantities, such as
particle range and energy deposition of electrons in the medium, in
corresponding simulation modelling [14,15]. To understand quan-
titatively the interaction of incident radiation on R-carvone and its
consequences, reliable databases of all of its cross sections are
needed [16,17]. Furthermore, given that the current practice is to
use only water to represent the biological media in the human
body, as it makes up about 78% of the human body, is an approxi-
mation that is possibly not very accurate [15], extensive and reliable
CS data for all our body constituent moieties is now recognized as
being crucial [16,17].

Although there is a wide spectrum of applications for R-carvone
reported in the literature, there is still little published fundamental
data on its properties. This is particularly true for its electron, posi-
tron or photon collision behaviour. Specifically, there are no absolute
total cross section (TCS), total ionization cross section (TICS) or
partial ionization cross section (PICS) data for electron, positron and
photon scattering currently available. Castilho et al. (2014) [18] re-
ported an electronic excitation and ionic dissociation study of R-
carvone, using synchrotron radiation associatedwith a time-of-flight
technique. In their study, electron-ion coincidence (PEPICO) results
below (520 eV), at around (530e540 eV) and above (545 eV) the O 1s
edge were recorded. They also recorded the PEPICO spectrum before
(275 eV) and above the C 1s edge, and a valence ionization mass
spectrum using a He I discharge lamp (21.21 eV) for the sake of
comparison. Garcia et al. (2003) [19] investigated the photoioniza-
tion of R-carvone using low energy synchrotron radiation in the
region from the ionization threshold (registered at 8.70± 0.05 eV) up
to 11 eV. They also reported and examined its threshold photoelec-
tron spectra (TPES), to investigate the stability of the low-lying ionic
states. The peak assignments in their threshold photoelectron
spectra were made using Outer Valence Green’s Function (OVGF)
calculations, to identify the character of the outermost orbitals and
to determine their ionization potentials. More recently, Jones et al.
[20] reported an experimental and theoretical investigation into the
dynamics of the electron-impact ionization of R-carvone. In that
study, the experimental triple differential cross sections (TDCS) were
obtained in asymmetric co-planar kinematic conditions, for the
ionization of the unresolved combination of the three outermost
molecular orbitals (41a-39a), while corresponding theoretical data
were calculated within a molecular 3-body distorted wave (M3DW)
framework.

In this paper we report original results for the relative mass
spectrum (MS) of R-carvone, identifying the cationic fragments
formed in the electron collision processes, and also determine,
again for the first time, the appearance energies (AEs) andWannier
exponent (p) values for the main cations observed.

2. Apparatus and experimental method

The MS of R-carvone was recorded in the mass region of 1e151
amu, with a resolution of 1 amu, using a HIDEN-EPIC 300 quad-
rupole mass spectrometer (QMS). Since this spectrometer and the
precautions we took in making the measurements have been
described in detail in our previous articles on ionization in the
primary alcohols [21e24], here wewill only summarize the aspects
associated with handling and introducing the sample into the high
vacuum chamber. Note that a couple of interesting papers [25,26]
looking at factors responsible for mass discrimination in quadru-
pole mass spectrometers, might also be consulted.

A 99.9% pure R-carvone sample, commercially sold by Sigma
Aldrich, was used. Prior to admitting the sample into the gas lines,
and therefore into the vacuum chamber, that sample was put
through a freeze pump procedure six times for further purification.
The R-carvone sample was inserted into the high vacuum chamber
by effusion through a 1 mm diameter molybdenum cannula,
positioned perpendicularly to the EPIC 300 axis, and 10 cm below
the electron source. R-carvone is a light champagne-coloured
liquid, which is very difficult to work with. It has a low vapour
pressure (0.4 mmHg at 20 �C), is hygroscopic, easily undergoes
photolysis, and moreover adheres strongly to the inner walls of the
apparatus. Due to its low vapour pressure, the high vacuum
chamber was kept at 65 �C, using heating tapes, thereby avoiding
condensation on the internal surfaces of the apparatus. The
external sample was kept at a constant temperature of 40 �C during
data acquisition, producing a working pressure of around
1 � 10�6 Torr. The gas lines were also kept warm, at a temperature
of around 50 �C, to prevent R-carvone from being condensed on
their surfaces. When R-carvone reacts with molecules from air, due
to any leakage into the gas line, it becomes caramel coloured due to
oxidation, making it necessary to discard that sample [27]. It is
important to note that on some occasions, when trying to raise the
sample pressure by heating it to a higher temperature, there was
great instability in the working pressure, as well as severe
contamination of the sealing rings present in our gas lines such as
in the on/off valves. Indeed, under those circumstances the O-rings
were damaged, resulting in gas line leaks and sample decomposi-
tion. Due to the lowworking pressure obtained, in this studywe did
not use a needle valve to control the sample admission to the
vacuum chamber, keeping the valves of the gas lines fully open
during the experiment. Nonetheless, in spite of all these challenges
associated with using R-carvone, all the data reported in the next
section were acquired under stable operating conditions. We are
therefore confident that with our proven measurement techniques
[24], the results we present are physical.

3. Results and discussion

3.1. The mass spectrum

The R-carvone MS shown in Fig. 1, provides data that helps us to
understand how this molecule decomposes by giving the relative
abundance of the cationic fragments generated as a result of
dissociative ionization. This spectrum, measured at 70 eV electron
impact energy, was obtained by averaging a series of R-carvone MS
recorded over several days and by subtracting the average of the
residual gas signal recorded previously when no R-carvone was
present in the chamber. The uncertainties in these data were
calculated, in the usual manner, initially from the standard de-
viations associated with the averaged signal þ background (SD1)
and background (SD2) spectra, and subsequently by combining
these standard deviations after the subtraction process (overall
error ¼ (SD12 þ SD22)0.5). These overall uncertainties can be found
in Table 1, where their value is seen to change for the different
cations found. The intensity scale in this spectrum, including un-
certainties, was subsequently normalized by attribution to the base
peak (the most intense peak registered at 82 amu) the relative
abundance of 100. In addition, the mass scale was calibrated to an
absolute value, by recording a detailed mass spectrumwith a mass
step size variation of 0.01 amu, against the peak related to that for
ionized water (H2Oþ) at 18 amu. This calibration typically required



Fig. 1. Background-corrected mass spectrum of R-carvone that was recorded for an electron impact energy of 70 eV. The residual gas spectrum was subtracted from the spectrum
recorded when the sample was introduced into the high vacuum chamber. The value of the ratio m/z, detected by the mass spectrometer, is equal to the value of mass, as is
discussed in the text.
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a correction in the mass scale of þ0.2 amu. The highly hygroscopic
profile of R-carvone was evident in our spectra, since the water
peak recorded at 18 amu was always present and quite prominent
in the region of masses lower than 20 amu.

The quantity of peaks observed in our spectrum (see Fig. 1) is
much larger in number than those found using low-energy photon
excitation, i.e. the He I PES reported by Castilho et al. [18] and using
a synchrotron radiation source at 95 eV photon energy as reported
by Garcia et al. [19]. This seems to be a common characteristic, also
apparent when R-carvone mass spectra obtained using these two
(photon) excitation sources were compared amongst themselves
[18]. Our spectrum also presents a much richer number of features
than were observed in the previously reported studies using elec-
tron impact [28,29], very probably due to the higher mass-
resolution of our spectrometer. Another characteristic observed in
Fig. 1 is that the base peak in the mass spectrum for electron impact
was observed at 82 amu, due to the formation of the C5H6Oþ ion,
while in the photo-fragmentation spectra (21.21 eV [18] and 95 eV [
19]), it corresponded to the parent cation (Mþ) observed at 150
amu. However, in the photo-fragmentation studies conducted by
Castilho et al. [18], their base peak was also clearly observed at 82
amu and was attributed by them to the formation of the C5H6Oþ

ion. It should be noted that in the investigation carried out by
Castilho et al. [18] the mass spectra were obtained using a time-of-
flight mass spectrometer and photon impact at significantly higher
energies (275 and 310 eV) than used in this work, producing
interaction mechanisms inaccessible to our studies, that is, core
excitation processes, which may induce a much larger degree of
fragmentation of the molecule. The result of this is a decrease in the
relative intensity of the parent ion and other cations observed in
low energy impact, as well as a higher degree of the molecule
atomization.

The assignment for the peak identities observed in our R-car-
vone MS, their relative abundancy, associated uncertainties and
residual gas background contributions are all presented in Table 1.
Although the direct double ionization potential (IP) for organic
molecules occurs in the range of 30e40 eV [31,32], and we have
used 70 eV electron impact to record ourMS, in our assignments we
considered that all the observed peaks were due to the formation of
single-charged cations. This assumption was based on the fact that
usually the cross sections for the formation of doubly-charged ions
are, at least, an order of magnitude smaller than those for the for-
mation of single-charged ions [23]. Furthermore, since the parent
ion of R-carvone (Mþ) was observed at 150 amu, the peak, due to
the formation of the doubly ionized R-carvone, would need to be
observed at 75 amu. The Mþ species was observed with a relative
abundance of 5.39, meaning that the double ionized cation Mþþ

would typically have an abundance of about 0.54. However, the
peak observed at 75 amu presents an abundance of 0.21. This is
consistent with the abundances found for the series of C4HnOþ

cations, i.e. C4H10Oþ (at 74 amu, with abundance of ~ 0.33) and for
C4H12Oþ (at 76 amu, with abundance of 0.31). This observation
suggests that there was no contribution of the doubly charged ions
(C10H14O þþ) to this 75 amu peak, but it arose due only to the for-
mation of the C4H11Oþ cation.

In our spectrum (Fig. 1) we observed 103 peaks associated with
the ionic fragmentation process, 55 of which had normalized in-
tensities (abundances) greater than 1%. Among them there are 4
peaks (withmasses of 18 amu, 39 amu, 54 amu and the base peak at
82 amu) with abundances greater than 50%. Disregarding the peak
at mass 18 amu, formed due to the contribution of R-carvone ionic
fragmentation and from singly ionized water from some sample
contamination, the contribution of the 3 most prominent peaks,
observed at 39 amu, 54 amu and at 82 amu, represent 40% of the
total intensity observed in the mass spectrum. The present spec-
trum is essentially divided into 12 peak groups, with masses in the
1e2 amu,12e20 amu, 24e32 amu, 36e48 amu, 49e61 amu, 62e70
amu, 73e84 amu, 89e96 amu, 102e110 amu, 115e123 amu,
130e137 amu and 148e151 amu ranges, respectively. In the mass
group of 24e32 amu, the most prominent peak, of mass 27 amu, is
associated with the formation of the C2H3

þ cation, while in the mass
group 36e48 amu the main peak is at 39 amu (C3H3

þ). Similarly, for



Table 1
Assignments and relative abundances for the cations observed in the R-carvone spectrum, registered for the electron impact of 70 eV, compared where possible with data from
NIST [28] and from the SDBS [30] databases. Tentative peak assignments are in italics. Those mass fragments where AE values are determined are in bold. The number of AE
values identified for eachmass fragment is specified in brackets. The relative abundances were obtainedwith respect to the base peak at 82 amu, and background contributions
to the measurements are shown as a percentage. In these assignments, we consider that all recorded peaks are due to the formation of single charged cations as discussed in
the text.

Cation Identity m (a.m.u.) Present Data Error Background % NIST [28] SDBS [30]

Abundance

Hþ 1 8.91 1.22 12.17
H2
þ 2 6.08 0.77 3.44

Cþ 12 0.21 0.12 4.18
CHþ 13 0.14 0.10 7.56
CH2

þ 14 (1AE) 1.16 0.19 6.27 0.80
CH3

þ 15 5.05 0.89 3.57
Oþ 16 (1AE) 1.96 0.36 7.00
HOþ 17 21.57 1.91 10.00
H2Oþ 18 89.06 6.68 10.19
H3Oþ 19 0.51 0.15 5.29
H2DOþ 20 0.24 0.08 7.57
C2
þ 24 0.04 0.04 4.85

C2Hþ 25 0.20 0.11 5.04
C2H2

þ 26 (1AE) 3.08 0.53 2.28 0.90 1.0
C2H3

þ 27 33.89 5.14 1.50 8.15 11.3
C2H4

þ, COþ 28 (2AE) 24.12 2.61 4.53 0.59 2.0
C2H5

þ, CHOþ 29 (2AE) 10.82 1.65 10.21 2.03 3.3
CH2Oþ 30 0.34 0.13 13.00
CH3Oþ 31 (1AE) 0.40 0.08 8.48
CH4Oþ 32 1.62 0.21 10.97
C3
þ 36 0.08 0.05 5.97

C3Hþ 37 0.58 0.23 2.99
C3H2

þ 38 2.62 0.57 1.19 1.7
C3H3

þ (2 isomers) 39 (2AE) 55.82 8.63 0.67 31.87 24.9
C3H4

þ 40 (1AE) 8.04 1.62 1.07 5.53 4.2
C3H5

þ, C2HOþ 41 (2AE) 35.23 4.62 5.80 17.50 18.5
C2H2Oþ 42 (1AE) 4.34 0.57 10.15 2.83 1.4
C2H3Oþ 43 (1AE) 5.65 0.61 36.91 1.84 1.4
C2H4Oþ 44 1.31 0.20 12.78
C2H5Oþ 45 (1AE) 0.57 0.13 17.13
C2H6Oþ 46 0.21 0.06 14.83
C2H7Oþ 47 0.04 0.03 18.36
C4
þ 48 0.03 0.02 8.85

C4Hþ 49 0.11 0.12 3.86
C4H2

þ 50 2.77 0.60 2.11 4.10 2.2
C4H3

þ 51 7.32 1.59 0.81 8.94 4.7
C4H4

þ 52 (1AE) 4.06 1.14 0.65 5.06 2.8
C4H5

þ 53 (1AE) 18.38 3.40 0.69 20.31 13.4
C4H6

þ 54 (1AE) 70.77 7.96 0.38 45.70 47.6
C4H7

þ 55 (1AE) 7.47 0.95 16.98 5.75 4.4
C4H8

þ, C3H4O
þ 56 0.83 0.09 44.50

C3H6Oþ 58 (1AE) 22.22 2.27 0.92 7.67 7.6
C3H7Oþ 59 1.10 0.24 2.39
C3H8Oþ 60 (1AE) 0.63 0.22 3.73
C3H9Oþ 61 0.25 0.10 4.27
C5H2

þ 62 0.52 0.35 1.32 1.16
C5H3

þ 63 1.56 0.54 1.07 2.98 1.4
C5H4

þ 64 0.44 0.16 1.90 0.89
C5H5

þ 65 (1AE) 5.26 1.06 1.78 7.35 3.8
C5H6

þ 66 2.12 0.59 1.16 2.91 1.9
C5H7

þ 67 (1AE) 9.16 1.51 2.20 9.41 7.9
C5H8

þ 68 2.48 0.44 5.06 2.48 2.3
C5H9

þ 69 (1AE) 5.95 0.84 14.90 3.48 3.5
C4H6Oþ 70 0.81 0.08 53.31
C4H9Oþ 73 0.09 0.03 36.36
C4H10Oþ 74 0.33 0.11 5.78
C4H11Oþ 75 0.21 0.08 8.61
C6H4

þ 76 0.31 0.06 28.55
C6H5

þ 77 (1AE) 7.96 1.66 1.27 12.73 6.7
C6H6

þ 78 1.76 0.53 1.51 3.62 1.9
C6H7

þ 79 (1AE) 12.21 2.20 0.62 16.61 10.8
C5H4Oþ 80 (1AE) 5.48 1.18 0.56 6.02 5.5
C5H5Oþ 81 3.49 0.56 4.30 0.89 3.1
C5H6Oþ 82 (1AE) 100.00 8.98 0.40 100.00 100.0
C5H7Oþ 83 (1AE) 5.45 0.63 9.14 5.08 5.6
C5H8Oþ 84 0.43 0.07 45.54
C7H5

þ 89 0.23 0.08 10.24
C7H6

þ 90 0.27 0.13 3.23
C7H7

þ or C6H3O
þ 91 (1AE) 9.08 1.14 1.11 14.86 8.8
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Table 1 (continued )

Cation Identity m (a.m.u.) Present Data Error Background % NIST [28] SDBS [30]

Abundance

C7H8
þ or C6H4O

þ 92 (1AE) 5.60 1.09 0.56 6.55 4.9
C6H5Oþ 93 (1AE) 27.33 2.98 0.59 31.27 26.5
C6H6Oþ 94 (1AE) 5.47 0.99 1.50 6.64 6.0
C6H7Oþ 95 3.76 0.53 3.12 3.45 3.3
C7H12

þ 96 0.68 0.16 13.38
C8H6

þ 102 0.06 0.03 11.80
C8H7

þ 103 0.44 0.17 4.16 1.02
C8H8

þ 104 0.29 0.05 31.16
C8H9

þ, C7H5O
þ 105 2.02 0.30 6.02 4.30 2.4

C7H6Oþ 106 (1AE) 13.02 1.55 0.48 12.70 11.4
C7H7Oþ 107 (1AE) 13.68 1.64 0.69 19.08 16.8
C7H8Oþ 108 (1AE) 26.29 2.47 0.56 25.86 31.9
C7H9Oþ 109 3.60 0.44 2.06 3.45 4.2
C7H10Oþ, 110 0.27 0.05 15.93
C9H7

þ, C8H3O
þ 115 0.29 0.10 9.95 1.35

C9H8
þ, C8H4O

þ 116 0.14 0.04 8.47
C9H9

þ, C8H5O
þ 117 0.56 0.18 3.19 1.14

C9H10
þ , C8H6O

þ 118 0.12 0.04 9.31
C9H11

þ , C8H7O
þ 119 0.88 0.24 6.03 1.06 1.0

C9H12
þ , C8H8O

þ 120 0.40 0.09 6.73
C9H13

þ , C8H9O
þ 121 1.27 0.23 6.80 1.62 1.6

C9H14
þ , C8H10O

þ 122 1.67 0.34 3.60 1.96 1.9
C8H11Oþ 123 0.20 0.05 28.62
C10H10

þ 130 0.03 0.02 27.79
C10H11

þ 131 0.09 0.05 17.88
C10H12

þ 132 0.72 0.22 5.41 0.87
C10H13

þ , C9H9O
þ 133 0.20 0.06 16.06 0.92

C10H14
þ , C9H10O

þ 134 0.06 0.02 23.08
C9H11Oþ 135 (1AE) 2.81 0.39 4.28 8.21 3.3
C9H12Oþ 136 0.29 0.07 8.14 0.76
C9H13Oþ 137 0.04 0.02 43.78
C10H12Oþ 148 0.05 0.02 48.89 1.12
C10H14Oþ 150 (1AE) 5.39 0.52 6.13 7.91 6.5
12C913CH14Oþ 151 0.55 0.12 10.43 0.92
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the mass group 49e61 amu the largest peak is at 54 amu (C4H6
þ)

and in the mass group 73e84 amu we find the base peak at 82 amu
(C5H6Oþ). The abundances registered in our spectrum typically
compare quite well with the data reported in the literature from
NIST [28,29], with just a few exceptions [30]. The most pronounced
discrepancies are observed for only 11 of the 55 masses reported by
NIST [28] (that is, for 27 amu, 28 amu, 29 amu, 39 amu, 41 amu, 54
amu, 58 amu, 91 amu, 107 amu, 135 amu and 150 amu), with the
maximum discrepancy being at m ¼ 27 amu. At m ¼ 27 amu we
find that NIST’s value is 24% lower than that registered in our
spectrum. However, for all the other 44 masses that we can
compare against the NIST results [28], considering the error bars,
good agreement was found. Table 1 also presents the data reported
by the SDBS database [30]. However, there is a considerable dif-
ference in the abundances observed in our mass spectrum
compared to the SDBS data [30], for example for the masses of 41
amu and 58 amu. These differences may be due to the high tem-
perature (180 �C) of the sample of R-carvone used in the acquisition
of the SDBS mass spectrum, which apparently favoured the for-
mation of different cations.

The large number of peaks observed in the R-carvone MS makes
its interpretation very difficult, considering that the formation of
each cation may occur either by direct or indirect mechanisms,
involving successive fragmentations and possibly rearrangements.
Furthermore, in many regions of the spectrum, the assignment of
the peaks to the formed cations cannot be determined uniquely
from them/z ratios, since their masses can be attributed to different
fragments, as can be seen in Table 1. The following possibilities
must be considered in their assignment: i) The same mass can be
due to different cations, which occurs for example for the peak at 41
amu, resulting from the contribution of the formation of the two
cations C3H5

þ and C2HOþ, as suggested from our AE determinations
that will be discussed in the next section; ii) The same cation can be
produced through different dissociative mechanisms, resulting in
two AE values; iii) It was also possible to observe two AE values due
to the formation of isomeric species of the same cation, which was
observed, for example, for the C3H3

þ cation at m ¼ 39 amu; iv) For
peaks with low abundance intensity, such as in the mass range of
115e122 amu of our mass spectrum, it was difficult to reach a
reliable determination of their AEs, which could have helped the
interpretation of the MS in that mass region. A solid assignment of
these latter peaks to the formed cations, would be possible only
through new information such as produced by other experimental
techniques or high-level theoretical calculations.

We present below an analysis for the assignment of the peaks
observed in the R-carvone MS listed in Table 1, starting with the
formation of cations with higher masses. This is followed sequen-
tially for those of smaller masses. In this Table the masses in bold
are those inwhich we determined the AEs, and so it was possible to
make a more conclusive peak assignment for them in the MS. On
the other hand, some tentative assignments are in italicswhich only
suggest the possible cations that may be formed for a specific mass.
Note that the formation of cations which may have minimally
contributed to the peaks observed in our MS (Fig. 1) were not
included in Table 1. The parent cation (Mþ) of R-carvone (C10H14Oþ),
observed at 150 amuwith a relatively low intensity, is generated by
removing a bound electron from the oxygen atom [19]. A peak at
151 amuwas also observed, with an intensity of 0.98% of the parent
cation (150 amu), due to the formation of the 12C913CH14Oþ cation, is
consistent with the natural abundance of the 13C isotope.



Table 2
Appearance energies (AE) and Wannier exponents (p), as obtained for the main R-
carvone cations formed in the electron impact fragmentation process. Corre-
sponding NIST results [28], in eV, are also listed in bold where possible.

M (amu) Cation AE (eV) p NIST [28]

14 CH2
þ 15.34 ± 0.54 1.68 ± 0.40

16 Oþ 14.16 ± 0.36 1.16 ± 0.23
26 C2H2

þ 11.67 ± 0.14 1.44 ± 0.09
28 C2H4

þ and COþ 12.30 ± 0.55
14.58 ± 0.21

1.79 ± 0.32
1.01 ± 0.17

29 C2H5
þ

CHOþ
12.04 ± 1.50
14.93 ± 1.09

2.79 ± 0.75
1.26 ± 0.88

31 CH3Oþ 11.97 ± 0.69 1.88 ± 0.35
39 C3H3

þ (2 isomers) 10.83 ± 0.09
15.61 ± 0.28

3.07 ± 0.51
2.34 ± 0.15

40 C3H4
þ 10.63 ± 0.26 1.57 ± 0.07

41 C2HOþ and C3H5
þ 12.56 ± 0.50

14.82 ± 0.35
1.35 ± 0.62
1.20 ± 0.25

42 C2H2Oþ 10.32 ± 0.35 2.31 ± 0.24
43 C2H3Oþ 11.99 ± 0.39 2.08 ± 0.29
45 C2H5Oþ 11.99 ± 0.31 2.03 ± 0.20
52 C4H4

þ 10.68 ± 0.40 1.15 ± 0.11
53 C4H5

þ 12.52 ± 0.41 2.39 ± 0.39
54 C4H6

þ 13.81 ± 0.19 1.91 ± 0.17
55 C4H7

þ 12.67 ± 0.23 2.44 ± 0.17
58 C3H6Oþ 10.01 ± 0.17 1.11 ± 0.13
60 C3H8Oþ 10.62 ± 0.24 1.47 ± 0.17
65 C5H5

þ 15.31 ± 0.21 2.21 ± 0.07
67 C5H7

þ 12.16 ± 0.20 2.49 ± 0.13
69 C5H9

þ 10.94 ± 0.19 2.54 ± 0.16
77 C6H5

þ 13.12 ± 0.34 2.95 ± 0.26
79 C6H7

þ 11.13 ± 0.27 3.09 ± 0.27
80 C5H4Oþ 9.63 ± 0.11 1.89 ± 0.11
82 C5H6Oþ 10.85 ± 0.15 1.97 ± 0.13
83 C5H7Oþ 10.90 ± 0.18 2.63 ± 0.16
91 C7H7

þ or C6H3Oþ 10.83 ± 0.37 3.22 ± 0.29
92 C7H8

þ or C6H4Oþ 9.87 ± 0.07 1.55 ± 0.06
93 C6H5Oþ 10.83 ± 0.23 2.09 ± 0.22
94 C6H6Oþ 9.72 ± 0.14 2.01 ± 0.15
106 C7H6Oþ 9.56 ± 0.05 1.59 ± 0.05
107 C7H7Oþ 9.35 ± 0.07 1.95 ± 0.06
108 C7H8Oþ 10.20 ± 0.08 1.46 ± 0.07
135 C9H11Oþ 10.27 ± 0.34 1.41 ± 0.24 10.1
150 C10H14Oþ 9.49 ± 0.07 1.36 ± 0.07 9.77
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We observe in this spectrum that the sequential loss of H-atoms
from a given initial cation, may generate a sequence of new cations,
as we have listed immediately below. The group of peaks which
conform to this behaviour have masses:

133 - 136 amu (C9HnO
þ, n¼ 9 to 12) arise from the sequential loss

of a H atom from C9H13Oþ (observed at m ¼ 137 amu), which
formed due to the loss of a methylidyne radical (CH) from M;

130 e 133 amu (C10Hn
þ, n ¼ 8, 10 to 13) arise from the

C10H14
þ cation, which was formed by the removal of an O-atom from

M;
115 - 123 amu (C8HnO

þ, n ¼ 3 to 10) arise from the C8H11Oþ

cation, formed due to the loss of a C2H3 moiety from M;
115 e 122 amu (C9Hn

þ, n ¼ 7 to 13) which come from the C9H14
þ

cation.
105 e 110 amu (C7HnO

þ, n ¼ 5 to 9) which may come from the
C7H10Oþ cation. Castilho et al. [18] proposed another mechanism to
form the C7H8Oþ ion (at 108 amu), due the breakage of the iso-
propenyl moiety (C3H5) from M, followed by the loss of the methyl
CH3 radical (m ¼ 15 amu) together with a C6H5Oþ cation (m ¼ 93
amu);

102 e 105 amu (C8Hn
þ, n ¼ 6 to 8) which come from the C8H9

þ

cation;
91 - 95 amu (C6HnO

þ, n ¼ 3 to 6) which come from the C6H7Oþ

cation, and which may arise due to the breakage of the isopropenyl
(C3H5) and methyl (CH3) moieties from M.

89 - 92 amu (C7Hn
þ, n¼ 5 to 7)which come from the C7H8

þ cation;
80 - 84 amu (C5HnO

þ, n ¼ 4 to 7) which come from the C5H8Oþ

cation. Note that the base peak observed at 82 amu, in addition to
its formation due to the sequential loss of H-atoms from C5H8Oþ as
described here, may also have a formation route from a retro Diels-
Alder reaction fromM [18]. This pathway was proposed by Castilho
et al. [18] and will be discussed further in the following section;

76 e 79 amu (C6Hn
þ, n ¼ 6 to 4) which come from the C6H7

þ

cation;
70 - 75 amu (C4HnO

þ, n ¼ 6, 9, 10)which come from the C4H11Oþ

cation;
62 - 69 amu (C5Hn

þ, n¼ 2 to 8)which come from the C5H9
þ cation;

56 - 61 amu (C3HnO
þ, n ¼ 4, 6 to 8)which come from the C3H9Oþ

cation;
48e 56 amu (C4Hn

þ, n¼ 1 to 7 and C4
þ)which come from the C4H8

þ

cation. In addition to the formation of these cations by the sequence
loss of the H-atom, Castilho et al. [18] proposed a pathway for C4H6

þ

fragmentation, involving the production of amethyl radical (m¼ 15
amu) and a C3H3 moiety, which in turn, loses a C atom producing a
C2H3 radical (m ¼ 27 amu);

41 - 47 amu (C2HnO
þ, n ¼ 1 to 6) which come from the ethyl-

oxonium cation (C2H7Oþ);
36 - 41 amu (C3

þ and C3Hn
þ, n¼ 1 to 4)which come from the C3H5

þ

cation. Between these different cations, additional isomeric species
may be produced as we have observed for the C3H3

þ cation;
28e36 amu (COþ and CHnOþ, n ¼ 1 to 3) which come from the

CH4Oþ cation;
24e29 amu (C2þ and C2Hn

þ, n¼ 1 to 5) which come from the C2H6
þ

cation.
The peaks observed formasses 20 amu and 19 amuoriginate from

the formationof thehydronium ions,H2DOþ, H3Oþ, andare causedby
protonation, i.e., the interactionofH2O (orH2DO)with oneprotonHþ.
In addition, themasses 18 amu and 17 amu came from the formation
of the H2Oþ and HOþ cations. Note that the abundancies of the H2Oþ

and the HOþ cations are rather high, very probably due to minor
contamination of the R-carvone samplewithwater in the gas lines or
the supplied sample, suggesting that the intensity of these peaks is
due, not only to R-carvone ionic fragmentation [18], but also to H2O
ionization and fragmentation.We also observed the formation of Oþ,
in reasonable accord with the abundances registered for the C10Hn

þ

cations, observed at higher masses (130e134 amu). Surprisingly, this
cation was not observed by Castilho et al. [18], at lower photon en-
ergies using the PES - He I lamp technique or by synchrotron tunable
light at 275 eV and 310 eV. However, they registered this cation (Oþ)
around theO 1s edge (536 eV), suggesting that its originwould be the
resultof a site-selective process in the fragmentationof a core-excited
molecule, a fact also supported by Eberhardt et al. [33]. The formation
of Oþ could, in principle, also come from the fragmentation of the
water contaminant, but it is certainly produced together with the
C10Hn

þ cations.
We also registered in our MS the presence of the Cþ, CHþ, CH2

þ

and CH3
þ cations, for masses in the range of 12e15 amu, and Hþ and

H2
þ for masses of 1 amu and 2 amu respectively, arising from the

fragmentation of R-carvone, with the complementary cations listed
in Table 1, and also due to successive fragmentation processes. The
formation of the cations Cþ (m¼ 12 amu), Oþ (m¼ 16 amu) and Hþ

(m ¼ 1 amu) is evidence for the atomization of the molecular
skeleton. Moreover, the observation of the cations H2

þ and H2Oþ,
among others in our spectrum, clearly illustrates the presence of
molecular rearrangement processes in the fragmentation of R-
carvone.

3.2. Appearance and ionization energies

In this work the R-carvone first Ionization Energy (IE), as well as



Fig. 2. Ionic fragmentation threshold curves registered for masses 28 amu, 29 amu, 39 amu and 41 amu, where the modifiedWannier fit was performed for the determination of the
Appearance Energies (AEs) and Wannier exponents (p). It is observed in these figures the high quality of the fit obtained in the determination of the AEs from the exponential
function in equation (3).
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the ionic energy formation thresholds (Appearance Energies - AEs)
were experimentally determined. While the IE is defined as the
lowest energy required to remove an electron from amolecule in its
ground state, the AE is the minimum energy required to induce a
specific ionic fragmentation product, which involves fragmentation
and ionization of the molecule. Accurate determination and
experimental interpretation of the IE and AE fragmentation
thresholds is a major challenge, given the occasional low intensities
of the ionic signal involved [34,35]. A theoretical model that seeks
to predict these values and is widely accepted in the scientific
community, although its construction is semi-classical in nature, is
Wannier’s Law [36]. This formulation was originally proposed for
the impact of electrons on atomic hydrogen, but in more recent
years has been employed by many researchers to analyse many
species. Fiegele et al. (2000) [37] extended this model to collisions
of more complexmulti-body systems, such as collisions of electrons
with molecules. In their model the extended Wannier’s Law is
applied to a small region of energy, close to the expected value of
the AE, which can be observed in the ionic fragmentation (or
ionization) threshold curves for a given product ion. A Wannier
type function, f(E), is used to fit the experimental ionization results
in the cation production threshold range, to determine both Wan-
nier’s AE and p-exponent. That function can be written as follows
[37,38]:
f ðEÞ¼
�

0 ; E<AE
cðE � AEÞp ; E � AE (1)

where E is the electron impact energy and c a scaling factor.
In this extended model, it is necessary to take into account the

finite energy resolution of the electrons incident on the target [39].
Considering that the energy distribution of those electrons is a
zero-centered Gaussian function, g(E), it may be described by
equation (2):

gðEÞ¼ 1ffiffiffiffiffiffi
2p

p
s
e
�

 
E2

2s2

!
(2)

where s is the standard deviation and E is the impact energy
[38,40]. Thus, the electron energy distribution (equation (2)) con-
voluted with the Wannier function (equation (1)) gives us formula
(3) to be used to determine the IE or AEs from our measured ion
yield curves:

ðg * f ÞðEÞ¼
ðþ∞

AE

e
�

 
ðE�E0Þ2

2s2

!
�
AðE0 � AEÞp� dE0 (3)

where A is a scale factor, p theWannier exponent and s is associated



Fig. 3. Ionic fragmentation threshold curves registered for masses 82 amu, 108 amu, 135 amu and 150 amu, where the modified Wannier fit was performed for the determination of
the Appearance Energies (AEs) and Wannier exponents (p).
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with the energy dispersion of the electrons, DE (full-width-half-
maximum - FWHM), of the incident electron beam:

DE ¼ 2s
ffiffiffiffiffiffiffiffiffiffiffiffiffi
2 ln 2

p
z2:355 s (4)

The convolution of equations (1) and (2) was undertaken in this
work by nonlinear adjustment using the Marquardt-Levenberg al-
gorithm. After fitting formula (3) to the experimental data, i.e. to
the ionic fragmentation (or ionization) curves for near threshold
impact energies, the values of the AEs (or IE) and Wannier’s
exponent p were obtained.

The experimental acquisition of the ionic fragmentation
threshold curves, as well as the respective residual gas or back-
ground curves, were performed by fixing the mass of the ionic
fragment to be studied and by varying the electron impact energy
in steps of 0.1 eV around the region of their thresholds. The frag-
mentation curves used to obtain the AE and p values, for a specific
cation, were generated by averaging at least ten individual signal
curves and then subtracting from that the average of the back-
ground (residual) signal. The nominal energy scale of these curves
was calibrated against the Argon ionization threshold curve. Argon,
besides having a well-known IP (15.759 eV) [41], also has a well-
established p value of 1.35 [37]. By setting p ¼ 1.35 in the modi-
fied Wannier fit to our experimental Argon ionization threshold
curve, we obtained an IPAr ¼ 16.06 eV and s ¼ 0.28 eV. Hence the
correction needed to calibrate our nominal energy scale is manifest
from that result. In addition, by applying the generated value of s in
equation (4), we estimated the energy resolution DE of the incident
electrons of our apparatus to be equal to ~ 660 meV. That value of s
(0.28 eV) was used throughout all the subsequent determinations
of the AEs and p’s for the R-carvone cations we studied in this work.
Thirty-five fragmentation threshold curves, related to the most

intense cations registered in our R-carvone mass spectrum, were
recorded. Analyses of these results subsequently provided 38 AE
and p values and one ionization energy (IE) for M, as shown in
Table 2.

In our Figs. 2 and 3 we show the ionic fragmentation threshold
curves for some of the cations listed in Table 2, together with the
Wannier’s Law fit and the derived AE and p results. The values of
the AE’s and p’s produced in this work, to the best of our knowl-
edge, are being presented for the first time to the scientific com-
munity. The only exceptions to this general claim are formasses 135
amu and 150 amu, which have been reported previously in the NIST
Standard Reference Database [28].

The 28 amu peak in the R-carvone mass spectrum may have
been formed due to the contribution of two different molecular
fragments with the same mass value, namely the ethylene (C2H4

þ)
and carbonmonoxide (COþ) cations. This statement is supported by
our fit of the modified Wannier’s Law to the experimental ionic
fragmentation threshold curve (Fig. 2), where threshold energies
from the formation of two cations were found at AE1¼12.30 eV and
AE2 ¼ 14.58 eV. Note, however, that it is not possible to assign
which cation is associated with each energy. Similarly, for the mass
at 29 amu, two AE values were found, AE1 ¼ 12.04 eV and
AE2¼ 14.93 eV, corresponding to the production of the ethyl (C2H5

þ)
and CHOþ cations. Two different AEs (AE1 ¼ 10.83 eV and
AE2 ¼ 15.61 eV) were also determined at mass 39 amu (Fig. 2),
however in this case they are due to the formation of two isomers of
the C3H3

þ cation. Higher values of p may point to a superposition of
several ionic fragmentation channels for a given ionic mass, and
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both values for p found at 39 amu (p1 ¼ 3.07 and p2 ¼ 2.34, cor-
responding to AE1 and AE2) may indicate the contribution of more
than one fragmentation pathway [37] in the C3H3

þ formation. For
example, the fragmentation diagrams (a) and (b) of Fig. 4, present
the formation of the C3H3

þ cation through different mechanisms. In
(Fig. 4a) the C3H3

þ cation, for which we determined an
AE ¼ 15.61 eV, is produced through the loss of the C7H9O (m ¼ 109
amu) moiety from M, forming the C3H5

þ (41 amu) cation, which in
turn subsequently loses two H atoms. An alternative path shown in
Fig. 4b involves firstly a retro Diels-Alder reaction, producing the
C5H8 moiety and the C5H6Oþ (m ¼ 82 amu) cation. The C5H6Oþ

cation next loses sequentially the CO species, forming a C4H6
þ

cation, which further fragments by losing a methyl radical to form
the C3H3

þ (m/z ¼ 39 amu) cation, whose AE we postulate to be
AE1 ¼ 10.83 eV. The two AE values found for the production of the
C3H3

þ cations, through mechanisms (Fig. 4a) and (Fig. 4b), are very
distinct, thus suggesting the formation of two different isomers.
Note that, in the second fragmentation path (Fig. 4b), the AE found
for the C4H6

þ (54 amu) ion-formation is 13.81 ± 0.19 eV, which is
substantially higher compared to the AEs found for the parent
cation (C5H8

þ), as well as the C3H3
þ isomer. This suggests that these

cations (C5H8
þ and the C3H3

þ isomers) might also be formed through
different mechanisms, to those shown in Fig. 4b, which is consis-
tent with the higher values of p found.

For the mass at 41 amu, we tentatively assigned the
AE1 ¼ 12.56 eV and AE2 ¼ 14.82 eV, shown in Fig. 2, with the
Fig. 4. Suggested mechanisms of the R-carvone ionic fragmentation pathways, where the A
relevant ionic fragmentation threshold curves of the studied ions being highlighted.
formation of the C2HOþ and C3H5
þ cations, respectively. Considering

the fragmentation mechanism shown in Fig. 4a, we assign the
AE2 ¼ 14.82 eV to the threshold energy for C3H5

þ cation formation,
given the time involved in the successive fragmentation of R-car-
vone and the acquisition mode used to record the ionic fragmen-
tation threshold curves of the formed cations. It then follows that
AE1 ¼ 12.30 eV, would correspond to the C2HOþ cation formation.
Each fragmentation mechanism shown in Fig. 4cee, has AEs which
are very similar (or equal, considering their respective errors) in all
the steps. This similarity of the AEs here is expected, as mentioned
before, considering the time of the successive fragmentations.

For the most abundant peak in our mass spectrum, corre-
sponding to the mass at 82 amu and assigned to the formation of
the C5H6Oþ cation [18], we found an AE ¼ 10.85 ± 0.15 eV and a
p ¼ 1.97 ± 0.13 (see Fig. 3). This AE is in excellent agreement with
the value of 10.85 ± 0.1 eV found by Wang et al. [42], in their
investigation of the ionic fragmentation of the methyl methacrylate
(C5H8O2) molecule. Based on the Wang et al. [39] results, we can
infer that our value of the AE ¼ 10.85 ± 0.15 eV is related to the
sequential loss of two H atoms from the C5H8Oþ cation, as pointed
out before. An alternative route for the formation of the C5H6Oþ

(m ¼ 82 amu) cation is through the retro Diels-Alder reaction. This
is described in the mechanism of Fig. 4b, where we subsequently
find an AE at around 13.81 eV associated with the formation of the
C4H6

þ cation. The high value of p found (1.97 ± 0.13) for the for-
mation of the C5H6Oþ species corroborates the possibility of more
ppearance Energies (AEs) are found through the fit of a modified Wannier’s Law to the
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than one fragmentation pathway leading to C5H6Oþ (m ¼ 82 amu)
cation formation. Clearly, however, further studies of these mech-
anisms are necessary for a more quantitative assignment to be
made.

For the production of the C9H11Oþ (m ¼ 135 amu) cation, with
AE¼ 10.27 ± 0.34 eV as shown in Fig. 3, we found our result to be in
excellent agreement with the value of 10.1 eV reported by Bunau
et al. [28,29]. We also found for the parent cation (Mþ) of R-carvone
(C10H14Oþ) an IP ¼ 9.49 ± 0.30 eV, as is shown in Fig. 3, which is in
quite good agreement with the accepted ionization energy of
Fig. 5. Suggested molecular structural mechanism of the R-carvone fragmentation process an
ionic fragmentation threshold curves of the studied ions.
9.77 eV [28,29] obtained using the electron impact ionization
method. We note, however, that these IP’s are higher in value
compared to that of 8.7 ± 0.05 eV, as obtained through the
Threshold Photoelectron Spectroscopy (TPES) technique reported
by Ref. [19].

Some molecular structural mechanisms for R-carvone ionic
fragmentation are proposed in Fig. 5. In these mechanisms, the
cations are produced from a breakage of the bonds between satu-
rated and unsaturated carbons, with the resultant AEs being very
similar in value. Fig. 5a shows a mechanism proposed by Castilho
d the Appearance Energies (AEs) we found through the modified Wannier’s Law, to the
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et al. [18], and corroborated by our AE results (10.20 ± 0.08 eV for
C7H8Oþ and 10.83 ± 0.23 eV for C6H5Oþ), which are very similar. In
this pathway the R-carvone fragments are produced by the
breakage of the isopropenyl moiety, forming the C7H8Oþ (m ¼ 108
amu) ion, followed by the loss of a methyl radical, producing the
C6H5Oþ (m ¼ 93) cation.

Fig. 5b shows an alternative pathway for the ionic fragmentation
of R-carvone, in this case where loss of a C7H8O (m ¼ 108 amu)
moiety is observed in the first step. The loss of this moiety from M
results in the formation of the isopropenyl cation (C3H6Oþ, m ¼ 42
amu) with its AE found at 10.32 eV, which is very close to the
observed value from the mechanism shown in Fig. 5a. This suggests
that both the fragmentation mechanisms of Fig. 5 (a) and (b) are
plausible. The resultant C3H6

þ cation subsequently loses two H
atoms, producing the C3H4

þ (m ¼ 40 amu) ion with an
AE ¼ 10.63 eV, which in turn loses another H-atom to form the
C3H3

þ (m ¼ 39 amu) cation. The two AEs found for the formation of
the C3H3

þ (m ¼ 39 amu) cation are associated with two isomers, as
pointed out before, the propargyl and the cyclopropenium cations.
These isomers have different stabilities, according to the theoretical
study reported by Hrouda et al. [43], who concluded that the
cyclopropenium cation is more stable than the open-chain isomer
propargyl.

4. Conclusions

The mass spectrum of R-carvone (C10H14O), recorded using
70 eV electron impact energy, was reported and analysed in this
work. This spectrum covered the region of masses from 1 to 151
amu with a resolution of 1 amu, registering some 103 peaks asso-
ciated with single or multiple ionic fragmentation. This number of
observed peaks is much higher than has been registered previously,
using both low energy electron and photon excitation. The present
R-carvone mass spectrum typically showed good agreement with
that reported in the NIST Standard Reference Database [28], where
the base peak was assigned to the formation of the C5H6Oþ cation
with amass of 82 amu. The assignment of the other observed peaks,
as well as their respective abundances relative to the base peak,
were also reported in this work, some of them for the first time.We
also measured the threshold ionic fragmentation curves for 38 of
the most abundant ions observed in our mass spectrum, of which
many of the derived AEs and p-exponents are being reported here
for the first time. Exceptions to this claim are for masses at 135 amu
and 150 amu, which have been reported previously by NIST [28].
Based on the AE values obtained, we suggested several ionic frag-
mentation mechanisms for R-carvone under electron collision
conditions. Some molecular structural ionic fragmentation mech-
anisms of R-carvone were also suggested, which are corroborated
by the AE and p values found in this work. The present results may
be very useful in various areas of research, which investigate and
apply medicinal plants to the treatment of diseases using herbal
therapies.
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