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Abstract

The reactions of H3O+, NO+ and O2
+ have been studied with the 11 terpenes, myrcene, ocimene,�- and�-pinene,�- and

�-terpinene, 2- and 3-carene,R- andS-limonene and camphene, at thermal energies using a selected ion flow tube (SIFT).
This study was intended to explore the potential of SIFT mass spectrometry (SIFT-MS), for analysing terpenes in air. All
33 reactions are seen to proceed at the collisional rate and multiple product ions result. The H3O+ reactions result in two
major ion products, the stable protonated terpenes C10H17

+ together with C6H9
+ ions, with some minor products (a few

percent) in some reactions. The NO+ reactions result in the parent cations, C10H16
+, as the major product ion together with

several fragment ions, notable C7H9
+. The appearance of the minority adducts H3O+M and NO+M provide clues to the

mechanisms of these reactions. The more energetic O2
+ ions result in greater fragmentation and the parent terpene cations are

only minority products. We conclude that SIFT-MS can only be used to estimate the concentration oftotal terpenes present
in an air sample using H3O+ and NO+ ions, with only limited capability to distinguish between paired terpene isomers.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Terpenes and their oxygenated derivatives ter-
penoids are present in and emitted from many com-
monly available products such as fruits and fruit
juices, spices and natural aromas[1,2]. Considerable
effort has been given to their analysis in natural prod-
ucts, notably using gas chromatography mass spectro-
metry (GCMS), and to their isolation and synthesis for
use as food flavours and as components of synthetic
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perfumes[2–4]. They are also important in atmo-
spheric chemistry and known to be emitted from trees
and especially from pine forests[5,6]. Our interest in
these compounds follows our development of selected
ion flow tube mass spectrometry (SIFT-MS)[7,8],
which is a useful addition to the analytical methods
available and which is valuable for real time quantita-
tive analysis of volatile emissions from foods and food
flavours [9]. In order to use SIFT-MS for trace gas
analyses, the kinetics must be understood of the reac-
tions of the trace species to be analysed with the com-
monly used precursor ions that are used for chemical
ionisation in SIFT-MS[10]. The present study is
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Scheme 1.

intended to supplement the understanding of the gas
phase ion chemistry of monoterpenes and thus to ex-
tend our SIFT-MS database into this area of analysis.

Monoterpenes, C10H16, can be seen as a combina-
tion of two isoprene-like moieties, C5H8. Isoprene,
2-methyl butadiene, has a conjugated diene structure,
CH2=C(CH3)CH=CH2. It is emitted, together with
some terpenes, by certain trees and plants[11] and
interestingly is a component of the exhaled breath of
humans[12]. Monoterpenes may be cyclic, acyclic,
saturated or unsaturated as can be seen inScheme 1.
Their distinguishable isomers can differ only by as
much as the positioning of a double bond within a ring
(e.g.,�- and�-terpinene) and there exist optical iso-
mers of some (e.g., limonene). In general, they are high
boiling point oils, but they do have significant vapour
pressures at room temperature, which allows the study
of their gas phase chemistry. The terpenes included in

this study are given inScheme 1, where their structures
are indicated. Only one of these, camphene, is solid at
room temperature and to some extent this property is
apparently reflected in its different ion chemistry (its
propensity to form adducts), as we will see.

Much previous work has shown that these vari-
ous monoterpenes can be isolated and identified us-
ing GCMS [13]. A major objective of the present
study is to investigate if the rather subtle differences in
the structures of these compounds can be recognised
by ion chemistry and, if so, whether or not they are
amenable to individual identification and quantifica-
tion using SIFT-MS. As this study shows, this desir-
able objective can only be partially achieved and even
then very careful SIFT-MS analyses are necessary.
However, total terpenes in a sample may be analysed
in real time using SIFT-MS with some confidence,
which has its place in the analysis of natural products.
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We have previously briefly investigated the reac-
tions of H3O+, NO+ and O2

+ with limonene, and the
terpenoids menthone[9] and menthol[14] as our en-
try to food flavour research. Other studies of the ion
chemistry of these classes of compounds are limited
to a very recent report of the ion chemistry of H3O+

with four terpenes, viz.�- and �-pinene, limonene,
3-carene, and the related compounds:p-cymene and
camphor[15].

2. Experimental

The standard SIFT technique has been described in
numerous publications[14,16,17] and so it is suffi-
cient here to summarise it as follows. Precursor ions
H3O+, NO+ and O2

+ are generated in a discharge ion
source, mass selected by a quadrupole mass filter and
then injected as selected ionic species into fast-flowing
helium carrier gas in a flow tube. The reactant gases
of interest (in these experiments, monoterpenes) are
then introduced at controlled flow rates into the ion
swarm/carrier gas where they react with the chosen
precursor ion species. The loss rates of the precursor
ions and the product ions of the reactions are deter-
mined by a downstream quadrupole mass spectrome-
ter. This can be operated either in the full scan mode
(FSM) over a predeterminedm/z range to obtain a
spectrum of the reactant and product ions or in the
multi-ion mode (MIM) in which the spectrometer is
switched and dwells on selected reactant/product ions
as their count rates are determined[8]. The FSM is pri-
marily used to identify the product ions and the MIM
is used to accurately determine product ion distribu-
tions [8,10].

In these studies, the monoterpene vapours were
introduced into the carrier gas as follows. A drop of
the terpene liquid is introduced into a sealable plastic
bag, which is then inflated using dry cylinder air (to a
volume of about 500 mL). The liquid vapour/air mix-
ture is then introduced into the helium carrier gas via
a variable leak (needle valve) by puncturing the bag
with a hypodermic needle connected to the inlet port
of the instrument. Determination of the count rates of

the precursor and product ions allows the rate coeffi-
cients and the product ion distributions to be deduced.
Normally, the concentration of the liquid vapour in
the air is unknown. So to determine the relative rate
coefficients of the three precursor ion species with
each terpene molecule, we compare the decay rates
of the H3O+, NO+ and O2

+ ions, simultaneously in-
jected into the carrier gas, as the flow rate of the dry
air/sample mixture is varied. Details of this technique
have been given in several papers (see, for example
[16]). This particular method has been used exclu-
sively in these studies. Additionally in the present
studies, in order to support real SIFT-MS studies,
the ion product distributions were determined under
three circumstances: (i) using dry helium carrier gas,
i.e., with only the dry air/terpene mixture entering the
carrier gas, (ii) with laboratory air (relative humidity
about 1.5%) also introduced into the carrier gas at a
flow rate typical of that used for SIFT-MS analyses
of ambient air and exhaled breath (2 Torr L s−1 [7,8]),
(iii) with humid air (relative humidity about 6%) in-
troduced at this same flow rate obtained above liquid
water held near 310 K to simulate exhaled breath[18].
Clearly, these extra experiments were carried out to
study the influence of air (N2 and O2) and water
vapour on the observed product ion distributions.

To prevent condensation of water vapour and the
terpenes onto the inlet lines, they are heated to about
100◦C. All the present studies were carried out at a
helium carrier gas pressure of 0.7 Torr at room tem-
perature (296–300 K).

3. Results

3.1. General comments

The limited amount of kinetic data available on
the reactions of H3O+ ions with monoterpenes
[9,15] show that they proceed at the gas kinetic
rate. This indicates that the proton affinities (PA)
of the monoterpenes exceed that of H2O molecules
(PA(H2O) = 691 kJ mol−1). The only molecule with
the molecular formula C10H16 with a known PA
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Table 1
The measured rate coefficients,k, for the reactions of NO+ and
O2

+ with the monoterpenes, with the common molecular formulae
C10H16 and molecular weight of 136 Da

Molecule k (NO+)a

(10−9 cm3 s−1)
k (O2

+)a

(10−9 cm3 s−1)

Myrcene 2.2 2.2
Ocimene 2.1 1.9
�-Terpinene 2.0 2.0
�-Terpinene 2.1 1.9
R-Limonene 2.2 2.2
S-Limonene 2.0 1.9
2-Carene 2.3 2.0
3-Carene 2.2 1.9
�-Pinene 2.3 2.1
�-Pinene 2.1 2.0
Camphene 2.3 2.2

a On the assumption that all the H3O+ reactions proceed at the
collisional rate (kc = 2.6× 10−9 cm3 s−1), the k for the NO+ and
O2

+ reactions have been experimentally derived by the procedure
described inSection 2. The estimated absolute and relative un-
certainties in these calculated rate coefficients are±25 and 15%,
respectively.

is 3-methylene-1,5,5-trimethylcyclohexene; PA=
904.9 kJ mol−1 [19]. So it is safe to assume that the
reactions with H3O+ of the monoterpenes included
in this study proceed at the collisional rate (rate coef-
ficient, kc). This assumption is strongly supported by
the fact that the relative decay rates of H3O+, NO+

and O2
+ ions in reaction with all the 11 terpenes are

in accordance with the reduced mass of the reactant
systems, as indicated by the rate coefficient values,k,
given in Table 1. The value ofkc can be calculated
if the polarisability and the dipole moment of the re-
actant terpene molecule is known, but unfortunately
there are little such data available. So we have had
to estimate these parameters by taking values that
are available for similar molecules (see those given
in [20]). Hence, we have adopted common values of
the polarisabilities as(17± 2.0) × 10−24 cm3 and the
permanent dipole moments as (0.7± 0.15) Debye for
all the C10H16 terpenes and used the theory of Su and
Chesnavich[21] to calculate the commonkc values
for the reactions of all 11 terpenes with the H3O+,
NO+ and O2

+ precursor ions. Thus,kc (H3O+) =
2.6×10−9 cm3 s−1, kc (NO+) = 2.1×10−9 cm3 s−1,

kc (O2
+) = 2.1× 10−9 cm3 s−1. Sincek = kc for the

H3O+ exothermic proton transfer reactions, the rela-
tive decay rates of the three precursor ions providesk
values for the NO+ and O2

+ reactions (which a pri-
ori cannot be assumed to proceed at their collisional
rates). Thus, as can be seen inTable 1, all 33 reac-
tions proceed at or close to their respective collisional
rates. We now discuss the product ion distributions
for these reactions.

3.2. H3O+ reactions

Only two of the 11 terpenes, M, included in this
study are acyclic, these being myrcene and ocimene
(seeScheme 1). The reactions of all these terpenes
with H3O+ apparently proceed via exothermic proton
transfer (but see the reaction mechanism later). Partial
dissociation of the nascent (MH+)∗ product ions oc-
curs, but in all 11 reactions MH+ ions, i.e., C10H17

+,
are the major product ions with C6H9

+ ions being
the major fragment ion, as can be seen inTable 2.
This agrees with the four observations reported in[15]
and the data for limonene that we reported earlier
[9]. No significant differences in the product distri-
butions are observed when atmospheric air (relatively
low humidity) is introduced into the helium carrier
gas, which simplifies the analysis of terpenes in ambi-
ent air. However, on the addition of humid air, a prod-
uct ion appears at am/z value of 155, variously at the
1–3% level, which is the hydrated ion C10H17

+H2O.
What at first sight was surprising is that with the
appearance of these hydrates the percentages of the
C10H17

+ ions tend to decrease while the fragment ions
increase somewhat (seeTable 2). These observations
give a clue as to the mechanism of these reactions.
Thus, the presence of the water molecules results in
a decrease in the fragmentation channels and in ad-
ditional hydration. Therefore, we tentatively propose
that these reactions proceed first by the formation of
(H3O+M)∗ excited ions, which are more effectively
quenched in collisions with H2O molecules. This re-
sults in a decrease in the internal energy of the transient
ion (fractionally more stabilisation), which results in
less fragmentation and also some stable H3O+M, i.e.,
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Table 2
The percentage product ion distributions for the reactions of H3O+ with terpenes

Terpene C6H9
+ (m/z = 81) C10H17

+ (m/z = 137)a Minority ions (typical percentages, %)

NA LA MA NA LA MA

Myrcene 30 30 26 57 58 64 C5H9
+ (3), C7H11

+ (9)
Ocimene 27 24 21 62 65 70 C4H9

+ (3), C5H9
+ (3), C7H11

+ (4)
�-Terpinene 11 10 9 86 87 88 C10H15

+ (3)
�-Terpinene 18 17 13 80 81 84 C10H15

+ (3)
R-Limonene 30 29 25 67 68 72 C7H11

+ (3)
S-Limonene 31 30 25 66 67 73 C7H11

+ (3)
2-Carene 19 18 14 81 82 86 –
3-Carene 25 24 19 75 76 81 –
�-Pinene 38 39 38 62 61 62 –
�-Pinene 43 40 34 57 60 66 –
Camphene 15 14 12 85 86 88 –

NA: no air, LA: lab air, MA: moist air, (–) this means there are no significant minority product ions at the particularm/z values.
a C10H17

+H2O ions atm/z = 155 are at the 1–3% level in all reactions. These have been rolled into the C10H17
+ at m/z = 137

percentages.

MH+H2O, ions:

H3O+ + C10H16 + He

→ (H3O+C10H16)
∗∗ + He (1a)

(H3O+C10H16)
∗∗ + H2O

→ (H3O+C10H16)
∗ + H2O (1b)

(H3O+C10H16)
∗∗ + H2O

→ H3O+H2O + C10H16 (1c)

(H3O+C10H16)
∗ → (C10H17

+ + H2O)

+ (C6H9
+ + C4H7) + C10H17

+H2O (1d)

The most controversial step in this scenario is the
proposal that formation of the (H3O+C10H16)∗∗ ion
occurs rather than the reaction proceeding via direct
spontaneous proton transfer. But there is precedence
for association reactions like (1a). We have previously
observed that adduct ions do indeed form in the reac-
tions of long chain alkanes with H3O+ [22]. For ex-
ample, the reaction of H3O+ with dodecane proceeds
at the collisional rate to form H3O+C12H26 adducts.
However, in the presence of water molecules the fol-
lowing rapid switching reaction occurs:

H3O+C12H26 + H2O → H3O+H2O + C12H26 (2)

In effect, the presence of the dodecane catalyses the
production of the H3O+H2O ions. It is significant in
the present terpene experiments that some formation
of H3O+H2O ions is seen in the relatively dry he-
lium carrier gas with the introduction of the terpene
molecules. Hence, the reason for the inclusion of reac-
tion (1c) in the reaction scheme given above, although
this is only a very minor channel (<1%).

A further interesting observation is that H3O+H2O
ions react rapidly with these terpene molecules. This
we were able to show by directly injecting these ionic
species as precursors into the helium carrier gas. Un-
fortunately, upon injection, the large fraction of these
weakly bound ions (>90%) dissociated in collisions
with the helium atoms to give H3O+, so the prod-
uct ion distributions of the H3O+H2O/terpenes re-
actions could not be completely distinguished from
the products of the H3O+ reactions. However, careful
analysis of the data indicates that the non-dissociated
protonated molecules C10H17

+ are the major prod-
ucts, i.e., no fragmented hydrocarbon ions are pro-
duced. This is consistent with the smaller amount
of energy available as compared to the H3O+ reac-
tion when the reaction proceeds via proton transfer
thus:

H3O+H2O + C10H16 → (C10H17
+)∗ + 2H2O (3)
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All these reactions proceed rapidly, which implies that
the PA of these terpenes exceed the sum of PA(H2O)
691 kJ mol−1 [19] and the binding energy of H2O to
H3O+, which is 133 kJ mol−1, i.e., PA(terpenes) are
greater than 824 kJ mol−1. It is worthy of note that
H3O+H2O ions proton transfer to isoprene molecules
(C5H8) [23], which have a PA of 826 kJ mol−1 [19].
Strictly speaking, the two water molecules produced
in reaction (3) could be formed initially as a neu-
tral water dimer, thus contributing its binding en-
ergy of 21 kJ mol−1 [24] to the reaction energetics,
but there is no precedence for such a process as
far as we know.

There are measurable differences between the prod-
uct distributions for the differing structural isomers
but not, as expected, for the two optical isomers of
limonene, which are essentially identical, as a glance
at Table 2shows. These limonene data also show the
remarkable accuracy of these SIFT measurements for
data taken at quite different times. Note that C7H11

+

(+C3H5 radicals) are minor products of the limonene
reactions. Of the other cyclic terpenes, an additional
minor product ion (at the 3% level) is observed in the
terpinene reactions only. Presumably, this is due to the
process of dissociative proton transfer (H2 loss) shown
as reaction (4c):

H3O+ + �- and�-terpinene

→ C10H17
+ + H2O (4a)

→ C6H9
+ + C4H7 + H2O (4b)

→ C10H15
+ + H2 + H2O (4c)

Loss of H2 from the protonated molecule is relatively
uncommon for H3O+ reactions, but not unknown[25].
Its product ion is identical to that which would result
from hydride ion transfer, a process that is common
in NO+ reactions[26]. Indeed, this obviously occurs
in some of the NO+/terpene reactions included in the
present study (seeTable 2).

A glance atTable 2 shows that there appear ad-
ditional minor product channels for the two acyclic
molecules myrcene and ocimene. The smaller prod-

uct ions C4H9
+ and C5H9

+ appear, showing that the
protonated molecule splits along the carbon skeletons.

3.3. NO+ reactions

The recombination energy of ground state NO+ ions
is 9.26 eV[27]. The ionisation energies of polyatomic
hydrocarbon molecules, including the terpenes, are
generally less than this value (e.g., that of�-pinene is
8.07 eV[27]). So it is no surprise to find that charge
transfer occurs in all of these NO+/terpene reactions:

NO+ + C10H16 → C10H16
+ + NO (5)

Indeed, the parent cations, C10H16
+, are the major

product ions in all 11 reactions, as can be seen in
Table 3. However, the exothermicity of these charge
transfer reactions is insufficient to allow dissocia-
tive charge transfer to occur and so the fragment
ions that appear as products in these NO+ reactions
must be produced by processes other than charge
transfer. The most obvious processes are H− and R−

abstraction (R= CH3, C2H3, C3H6, C3H7, C3H8,
etc.), clearly exemplified in the�-terpinene reaction
(seeTable 3):

NO+ + C10H16 → C10H16
+ + NO (6a)

→ C10H15
+ + HNO (6b)

→ C7H9
+ + (NOC3H7) (6c)

→ C7H8
+ + (NOC3H8) (6d)

The dominant charge transfer reaction (6a) occurs in
parallel with the other abstraction reactions in which
the neutral products are HNO and NOR molecules,
as indicated. This process is quite common in the
reactions of NO+ ions with other hydrocarbons[22]
and other types of organic molecules, including ethers
[28], carboxylic acids and esters[29]. The most ob-
vious difference in these product ion distributions
between paired isomers is the clear occurrence of H−

abstraction in the�-terpinene reaction (6b), which is
hardly apparent in the analogous�-terpinene reaction
(seeTable 3). Less fragmentation also occurs in the
�-terpinene reaction and this is presumably due to the
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Table 3
The percentage product ion distributions for the reactions of NO+ with terpenes

Terpene C7H8
+ (m/z = 92) C7H9

+ (m/z = 93) C10H16
+ (m/z = 136)a Minority ions (typical percentages, %)

NA LA MA NA LA MA NA LA MA

Myrcene 11 11 11 44 34 33 45 55 56 –
Ocimene 29 29 32 22 16 13 49 55 55 –
�-Terpinene – – – – – – 99 99 98 C10H15

+ (1)
�-Terpinene 3 3 1 9 3 2 75 75 76 C10H15

+ (18)
R-Limonene 5 3 3 4 1 1 82 89 90 C7H10

+ (2), C9H13
+ (2), C10H15

+ (4)
S-Limonene 7 3 2 4 2 1 80 90 91 C7H10

+ (3), C9H13
+ (2), C10H15

+ (3)
2-Carene – – – 2 – – 98 100 100 –
3-Carene 12 7 7 14 8 4 71 81 84 C10H15

+ (4)
�-Pinene 26 16 14 18 7 6 56 77 80 –
�-Pinene 6 4 2 19 7 5 75 89 93 –
Campheneb 2 2 0 3 1 2 69 79 79 C7H10

+ (2), C9H13
+ (9), NO+C10H16 (11)b

NA: no air, LA: lab air, MA: moist air, (–) this means there are no significant minority product ions at the particularm/z values.
a NO+C10H16 ions atm/z = 166 are at the 1–3% level in all reactions except for camphene (see table footnote b). These product ions

have been rolled into the C10H16
+ at m/z = 136 percentages.

b For camphene, C9H13
+ and NO+C10H16 are both significant products and their percentages differ for the no air situation and when

air is present. C9H13
+ (16), NO+C10H16 (9) for no air; C9H13

+ (5), NO+C10H16 (10) for lab air; and C9H13
+ (5), NO+C10H16 (13) for

moist air.

greater stability of�-terpinene imparted by the conju-
gated double bonds (see the structures inScheme 1).

It is noticeable that the fraction of the parent cations
at m/z = 136 in the product distributions for all of
these terpene reactions increases as the air/water is
introduced into the helium, perhaps implying some
“quenching” of the nascent (M+)∗ excited ions by N2
and O2 molecules. This would presumably result in

Table 4
The percentage product ion distributions for the reactions of O2

+ with terpenes

Terpene C7H8
+

(m/z = 92)
C7H9

+
(m/z = 93)

C9H13
+

(m/z = 121)
C10H16

+
(m/z = 136)

Minority ions
(typical percentages, %)

NA LA MA NA LA MA NA LA MA NA LA MA

Myrcene 69 70 71 5 5 4 6 7 6 3 3 3 C5H9
+ (10), C6H8

+ (3), C7H10
+ (5)

Ocimene 10 9 9 47 45 45 19 18 18 3 7 5 C5H8
+ (4), C6H8

+ (6), C7H10
+ (5), C8H11

+ (7)
�-Terpinene 4 4 4 16 16 14 41 42 40 33 33 36 C8H11

+ (3)
�-Terpinene 12 12 11 49 46 45 21 21 22 11 14 14 C6H8

+ (3), C8H11
+ (4)

R-Limonene 8 10 8 31 30 29 12 13 14 11 11 11 C5H8
+ (10), C6H8

+ (5), C7H10
+ (12), C8H11

+ (11)
S-Limonene 9 8 9 29 32 29 15 13 13 10 9 11 C5H8

+ (9), C6H8
+ (4), C7H10

+ (12), C8H11
+ (11)

2-Carene 2 3 4 21 19 17 50 48 50 19 22 21 C8H11
+ (4)

3-Carene 11 11 11 45 45 45 19 20 20 9 9 10 C6H8
+ (8), C7H10

+ (2), C8H11
+ (4)

�-Pinene 21 22 21 56 56 57 13 12 12 4 5 4 C6H8
+ (3), C8H11

+ (3)
�-Pinene 6 6 6 64 64 65 9 10 9 9 9 10 C5H9

+ (3), C6H8
+ (4), C8H11

+ (3)
Camphene 5 4 5 18 19 16 47 49 51 9 9 8 C6H8

+ (2), C8H11
+ (10), C8H12

+ (6)

NA: no air, LA: lab air, MA: moist air, (–) means there are no significant minority product ions at the particularm/z values.

less fragmentation. However, an alternative explana-
tion is that the minor fragment product ions are reac-
tive with H2O molecules.

A product ion at am/zvalue of 166 appears in most
of these reactions, but this adduct is only minor at the
1–3% level except for the camphene reaction where it
is at the 10% level (seeTable 3). It is clear that the
percentages of these ions increase when laboratory air
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and moist air are added to the helium. This gives a clue
as to the origin of this minority product ion, because
on the addition of the water vapour ions at am/zvalue
of 48 appear, these being NO+H2O ions[30]. These
ions are formed via three-body association of the NO+

precursor ions with H2O molecules:

NO+ + H2O + He → NO+H2O + He (7)

The relative count rates of the NO+H2O to NO+ ions
increases as the number density of the H2O molecules
in the helium carrier gas increases, being about 1/20
when the moist is introduced. This is typical of the

Fig. 1. Comparison of the electron impact (EI) spectra obtained using 70 eV electron[33] for six selected terpenes,�- and�-terpinene, 2-
and 3-carene, and�- and�-pinene, with the product ion distributions of the corresponding O2

+ reactions, which have been normalised to
the most abundant ion as in the respective EI spectra. In these EI spectra the parent cations are minor species, but more product ions are
apparent in these spectra with more low mass ions than are produced in the O2

+ reactions.

situation that arises when exhaled breath is introduced
and so when breath analysis is being performed, the
presence of these NO+H2O ions must be accounted for
[10]. Hence, we are currently carrying out a thorough
study of the reactions of these NO+ hydrated ions.
They are reactive with a range of organic compounds,
common reaction processes being ligand switching
and charge transfer, i.e.,

NO+H2O + terpene→ NO+(terpene) + H2O (8)

NO+H2O + terpene→ terpene+ + (NO + H2O)

(9)
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The switching process is partly responsible for the
production of the ions atm/z values at 166 in these
terpene reactions, the other process being three-body
association of NO+ with the terpene molecules, analo-
gous to reaction (7). That these switching reactions (8)
occur rapidly indicates that the NO+–terpene binding
energies exceed that of NO+–H2O which is known
to be about 0.7 eV[31,32]. The charge transfer re-
actions (9) are energetically allowed when the ion-
isation energy (IE) of the terpene molecule is less
than that of NO molecules minus the NO+–H2O bind-
ing energy. Thus, the IE(terpene) must be less than
(9.26−0.7) = 8.56 eV, which is certainly the case for
limonene (IE= 8.3 eV),�-pinene (8.07 eV), 2-carene
(8.2 eV), 3-carene (8.4 eV) but, perhaps significantly,
not for camphene (≤8.86 eV) in which reaction the
greatest fraction of the adduct ion appears (these IE
values are taken from[27]). Thus, these two pro-
cesses (8) and (9) are effectively competing in these
NO+H2O/terpene reactions.

3.4. O2
+ reactions

As expected from much previous work on the re-
actions of O2

+ ions, there appear more fragment ions
than in the H3O+ and NO+ reactions, as can be seen
in Table 4. This is due to the relatively large recom-
bination energy of O2+ ions, which is 12.2 eV[27].
Thus, in contrast with the NO+ reactions, the parent
cations C10H16

+ are not the major product ions in any
of these terpene reactions. It is instructive to compare
these product ion distributions with the “fragmenta-
tion patterns” obtained using 70 eV electrons, i.e., the
electron impact (EI) spectra that are published for 9
of the 11 terpenes included in this study[33]. In these
EI spectra the parent cations are also minor species,
but considerably more product ions are apparent
than in the O2+ reactions with a greater fraction of
low mass ions. Comparisons of the EI spectra with
the product ions of the O2+ reactions are shown in
Fig. 1. It is clear that there appear two major prod-
uct ions in both the SIFT and the EI spectra, these
being C7H9

+ and C9H13
+ ions atm/z values at 93

and 121, respectively, showing that the ejection of

C3H7 and CH3 radicals from the nascent (C10H16
+)∗

is facile.
It is interesting and potentially useful for analyses

that there are clear differences in both the SIFT and
EI product ion spectra for the paired isomers, as can
be seen inFig. 1. Note the prominence ofm/z = 93
in all the EI spectra and most of the O2

+ data and
the prominence ofm/z = 121 for �-terpinene and
2-carene O2+ data.

4. Concluding remarks

All the 33 reactions studied here proceed at the col-
lisional rate, which facilitates the analyses of these
terpenes using SIFT-MS, but less satisfactorily is that
the reactions mostly result in multiple ion products,
which complicates SIFT-MS analyses. The use of O2

+

precursor ions for SIFT-MS analyses of terpenes is
impractical because of the multiple product ions. The
best that can be achieved is to analysetotal terpenes,
using the sums of the product ions atm/zof 81 and 137
using H3O+ precursors and 136 and 93 using NO+

precursors, but then only to an accuracy of about a
factor of 2. Distinguishing between paired isomers is
also difficult. However, when specific monoterpenes
are known to be present in a sample, the use of NO+

precursor ions may be used to distinguish between the
terpinene, carene and pinene paired isomers, as can
be seen by scrutinising the ion distributions shown in
Table 3. Notwithstanding these conclusions, this study
has provided a good deal of fundamental data on the
reactions of monoterpenes with the three very differ-
ent ions, indicating that a range of processes occur
and providing some information on the mechanisms
of these complex reactions.
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