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bstract

Product ion distributions (PIDs) for the reactions of seven sesquiterpenes (aromadendrene, �-caryophyllene, �-cedrene, �-humulene, isolongi-
olene, longifolene and �-neoclovene) with H3O+, NO+ and O2

•+ reagent ions have been determined in a selected ion flow tube (SIFT) instrument
perated at 1.4 mbar and 297 K.

The H3O+/sesquiterpene reactions mainly proceed by non-dissociative proton transfer (C15H25
+, m/z 205), except for the reactions of H3O+

ith �-caryophyllene and �-humulene which are characterized by more pronounced fragmentation. Two groups of fragment ions of which the
omponents are separated by CH2 units, are generally observed.

The NO+/sesquiterpene reactions mainly result in the charge transfer product (C15H24
+, m/z 204). The NO+/sesquiterpene charge transfer yield

s generally larger than the protonated sesquiterpene yield for the corresponding H3O+/sesquiterpene reactions. A small amount of association
roduct (C15H24·NO+, m/z 234) is found for the sesquiterpenes aromadendrene, �-caryophyllene, longifolene and �-neoclovene.
O2

•+/sesquiterpene reactions are found to proceed mainly by dissociative charge transfer, resulting in severe fragmentation.
The collisional rate constants for these reactions were calculated using the parameterized theory of Su and Chesnavich, taking into account

olarizabilities and electrical dipole moments of the sesquiterpenes as derived from B3LYP/aug-cc-pVDZ quantum chemical calculations.
Experimental rate constants for the reactions of NO+ and O2

•+ with the sesquiterpenes were obtained relatively to the calculated
3O+/sesquiterpene rate constants. Absolute H3O+/sesquiterpene rate constants were obtained for �-caryophyllene, �-cedrene, �-humulene and

ongifolene. Large but systematic discrepancies between experimentally determined rate constants and calculated collision rate constants suggest

he need for a re-evaluation of sesquiterpene saturation vapor pressure values.

In view of possible detection of sesquiterpenes in moist samples, the influence of water vapor on the ion chemistry was investigated and the
eaction rate constants of H3O+·H2O and NO+·H2O with sesquiterpenes were obtained relative to those of bare H3O+ and NO+, respectively.

2008 Elsevier B.V. All rights reserved.
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. Introduction

Large amounts of non-methane volatile organic compounds
NMVOCs) are emitted from terrestrial vegetation every year
about 1150 Tg/year worldwide) [1] and it is widely accepted

hat they have a significant impact on atmospheric chemistry.
erpenes are an important class of these biogenic volatile organic
ompounds (BVOCs). They are biosynthetically derived from

∗ Corresponding author. Tel.: +32 27 90 39 17; fax: +32 2 374 84 23.
E-mail address: frederik.dhooghe@aeronomie.be (F. Dhooghe).
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nits of isoprene (C5H8, 2-methyl-1,3-butadiene) and have the
hemical structure (C5H8)n, where n is the number of iso-
rene units. The BVOCs studied here (sesquiterpenes) belong
o a group of terpenes that consist of three isoprene units and
hus have the molecular formula C15H24. Sesquiterpenes can
e acyclic, endocyclic or exocyclic and their emissions from
egetation vary greatly according to time of year, type of veg-
tation, etc. Although minor attention has been devoted to

esquiterpene emissions from vegetation in comparison to iso-
rene and monoterpenes, recent studies have shown that for
ome types of vegetation sesquiterpene emissions can be con-
iderable [2,3].

mailto:frederik.dhooghe@aeronomie.be
dx.doi.org/10.1016/j.ijms.2008.02.002
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Sesquiterpenes have a very short atmospheric lifetime (min-
tes to days) because of their high reactivity with atmospheric
xidants like O3, OH and NO3 [4], resulting in very low ambient
oncentrations. Atmospheric oxidation of sesquiterpenes mainly
eads to the formation of low-volatile substances, which may
ondense on pre-existing particles and contribute to secondary
rganic aerosols (SOA) [5,6]. The contribution of sesquiter-
ene oxidation products to SOA is presently considered as a
ot research topic.

Mass spectrometry techniques have often been used for
esquiterpene detection. Most frequently, Gas Chromato-
raphy–Mass Spectrometry (GC–MS) [7–10] has been used. In
his technique, compounds are chromatographically separated
efore being detected by mass spectrometry. In GC/MS, ana-
yte molecules are ionized by electron impact (EI) at a typical
ollision energy of 70 eV. This is a highly energetic ioniza-
ion method, which results in extensive fragmentation of the
olecules being studied. Detection and quantification of gas
olecules that are present in low concentrations requires long

re-concentration steps, during which analyte molecules are col-
ected on an adsorbant medium. In a second phase the adsorbed
pecies are released by thermodesorption, separated by GC, ion-
zed and mass analyzed. Because of this pre-concentration step,
C–MS does not have a good time resolution and this may
e inconvenient when monitoring rapidly varying emissions of
eactive trace compounds, such as sesquiterpenes.

A possible solution to this problem is the application of
hemical Ionization Mass Spectrometry (CIMS) techniques, in
hich ionization of the analyte molecules is achieved through

ast exothermic ion/molecule reactions. As less excess energy is
vailable for fragmentation, chemical ionization (CI) is gener-
lly considered as a soft ionization method. Because of its high
ensitivity, the CIMS technique can be used for the instanta-
eous on-line detection and quantification of trace compounds,
.e., without any time-consuming pre-concentration step. Proton

ransfer Reaction Mass Spectrometry [11] (PTR-MS), a well-
stablished, highly sensitive and fast analytical drift-tube CIMS
echnique, which uses H3O+ reagent ions and allows the detec-
ion of many volatile organic compounds (VOCs), has recently

2

i

Fig. 1. Chemical structures of sesquite
ass Spectrometry 272 (2008) 137–148

lso been applied to measure sesquiterpene concentrations [12].
eaction of H3O+ ions with many VOCs mainly results in the
rotonated VOC, but the H3O+/sesquiterpene interaction in a
TR-MS reactor at typical drift-tube conditions is known to
roceed through both dissociative and non-dissociative proton
ransfer, resulting in multiple fragment ion species. This frag-

entation results in a decrease of the detection efficiency with
espect to other VOCs which are not or hardly subjected to
ragmentation following protonation.

The aim of this study is to find out whether other reagent
on species than H3O+ may lead to higher detection efficiencies
f sesquiterpenes. Moreover, other CIMS techniques such as
elected Ion Flow Tube Mass Spectrometry [13] (SIFT-MS), are
ometimes successful in distinguishing isomers by alternately
sing different source ions (H3O+, NO+ and O2

•+), which may
esult in important differences in the ion chemistry of different
somers and therefore lead to their selective detection. For this
eason, the ion chemistry of H3O+, NO+ and O2

•+ with seven
esquiterpenes has been studied in a well-validated selected ion
ow tube instrument. The product ion distribution (PID) and the

nfluence of water vapor on the product ion spectrum were deter-
ined for each of the sesquiterpenes investigated. The chemical

tructures of the sesquiterpenes studied can be found in Fig. 1.
e are well aware that the product ion distributions of the stud-

ed ion/molecule reactions obtained at thermal conditions in the
IFT flow tube reactor cannot be simply used in PTR-MS appli-
ations, but they give at least an indication of the degree of
ragmentation and the fragment ion masses that can be expected
n a drift-tube reactor. The study of the reactions of NO+ and

2
•+ with sesquiterpenes is also interesting in view of a possi-

le future role of these reagent ion species in drift-tube CIMS
nstrumentation [14].

. Experimental
.1. Instrumental

In this study, a SIFT has been used to investigate the ion chem-
stry of H3O+, NO+ and O2

•+ ions with a series of sesquiterpenes

rpenes investigated in this study.
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Fig. 2. SIFT instrument schematics: (1) microwave discharge, (2) ion inlet lens, (3) selection quadrupole pre-filter, (4) selection quadrupole, (5) to 500 L s−1

turbomolecular pump, (6) selection quadrupole post-filter, (7) to 1600 L s−1 turbomolecular pump, (8) exit ion lens, (9) inlet main carrier gas, (10) SIFT venturi inlet,
( let, (1
s alyze
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11) N2 inlet, (12) inlet for mass discrimination, (13) water inlet, (14) kinetics in
esquiterpene reservoir, (20) biased ion inlet flange, (21) ion inlet lens, (22) an
ynode, (25) to turbomolecular pump 300 L s−1, and (26) Channeltron detector

t room temperature (297 K) and a pressure of 1.4 mbar. The
nstrument used in these experiments is an upgraded version
f the SIFT which has been described in earlier publications
15–17]. A schematic representation of the instrument is given
n Fig. 2.

The source ions are created in a microwave discharge in
mixture of air and water vapor by means of an Evenson

ype cavity. They are subsequently extracted from the discharge
egion and guided towards the differentially pumped selection
uadrupole mass filter by means of a set of electrostatic lens ele-
ents. The mass-selected ions leaving the selection quadrupole

re guided towards the SIFT injector and injected into a helium
arrier gas flow (100 STP cm3 s−1), which is maintained by a
arge Roots blower backed by a rotary vane pump. The ions are
onvectively transported in the flow tube reactor by this helium
as flow. A small nitrogen flow is added a few cm downstream
he SIFT injector to quench vibrationally excited reagent ions.
he stainless steel flow tube has a diameter of 4.0 cm, a total

ength of 50.7 cm and is provided with four reactant gas inlets.
first inlet, at 40.0 cm from the sampling orifice, is used for

ass discrimination measurements. The second and third inlet
re positioned opposite each other at 27.0 cm from the sampling
rifice and are, respectively, used for kinetic measurements and
or adding water vapor to evaluate the influence of water on the
on chemistry in the flow tube. A last inlet, located at 0.8 cm
rom the sampling orifice, is used to obtain product ion distri-
utions. At the downstream end of the flow tube, the source

nd product ions are sampled through an orifice in a conically
haped biased inlet flange and they are subsequently guided
owards the detection quadrupole mass filter by means of an
lectrostatic lens system. Ions that are transmitted by the mass

t
m
t
v

5) needle valves, (16) flow tube, (17) to Roots blower, (18) inlet for PIDs, (19)
r quadrupole, (23) to three 300 L s−1 turbomolecular pumps, (24) conversion

lter are accelerated towards a conversion dynode at high neg-
tive potential (−5 kV). Electrons leaving the dynode surface
fter ion impact are then accelerated towards the trumpet of the
hanneltron electron multiplier, which is operated in the pulse
ounting mode. With respect to the previous configuration, the
ass spectrometer vacuum chamber has been changed in such
way that the ion detection region is now pumped separately

rom the analyzer region. This results in a much better vacuum
n the detection region. With the new type of ion detector, mass
iscrimination is less dependent on the high voltage across the
hanneltron and because of the better vacuum, the lifetime of

he detector is expected to increase considerably.

.2. Measuring methods

Because of the low vapor pressures and the sticky nature
f sesquiterpenes, absolute rate constant measurements of
on/sesquiterpene reactions are rather difficult to perform. We
evertheless measured the reaction rate constants of H3O+ ions
ith four sesquiterpenes by taking into account a value for

heir vapor pressure (Pvap,sesq) at 25 ◦C as derived from chro-
atographic retention indices [18]. A low amount of liquid

esquiterpene was stored in a glass reservoir and kept completely
mmersed in a thermostatically controlled water bath at 25 ◦C.

small helium flow (QHe,res), sent through water-immersed
opper tubing at 25 ◦C, was blown over the liquid sesquiter-
ene surface. The resulting diluted sesquiterpene flow was sent

hrough a needle valve and some (1⁄4) in. stainless steel tubing of

inimal length, all heated to 90 ◦C, before being introduced into
he flow tube reactor. By changing the conductance of the needle
alve, the helium pressure above the sesquiterpene (Pres), and
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herefore also the sesquiterpene mixing ratio in the reactant gas
ow, could be varied in a reproducible way. The sesquiterpene
ow Qsesq, which enters the flow tube reactor, is given by the
ormula:

sesq = QHe, res
Pvap, sesq

Pres
(Qsesq << QHe, res) (1)

For fixed settings of the helium flow rate, the helium pressures
bove the reservoir and upstream of the copper gas line were
easured simultaneously at different needle valve positions by

sing capacitance manometers. In order to reduce the surface
rea which was in contact with the sesquiterpene vapor, the
anometer above the reservoir was removed when the reservoir

ontained liquid sesquiterpene. In this case, the pressure above
he reservoir Pres was deduced from the relationship between
he pressure above the reservoir and the pressure upstream of
he copper gas line at a fixed helium flow setting and with an
mpty reservoir.

Rate constants of H3O+ ions with sesquiterpenes were
btained from the logarithmic decay of the reagent ion signal as
function of the sesquiterpene concentration in the flow tube,

ccording to the formula:

n

(
[H3O+]

[H3O+]0

)
= −kτ[C15H24] (2)

n this formula square brackets denote concentrations and
H3O+]0 refers to the H3O+ concentration in the absence of the
eactant gas. The reaction time τ is measured experimentally and
as a value of 2.65 ms at typical conditions of flow and pressure
n the SIFT reactor. [C15H24] is derived from the ratio of Qsesq
o the helium buffer gas flow and the total pressure in the SIFT
ow tube.

Rate constants for the reactions of NO+ and O2
•+ with

esquiterpenes are obtained relative to the rate constant for
3O+. To accomplish this, H3O+, NO+ and O2

•+ ions are
njected simultaneously into the SIFT reactor by putting the ion
election quadrupole in the total ion mode (RF-only mode). The
nalyzing quadrupole switches between the 3 ions at different
ettings of the sesquiterpene flow.

Product ion distributions were obtained by introducing the
esquiterpene at the inlet close to the sampling orifice. This
educes diffusion enhancement effects and possible secondary
eactions. The PIDs are acquired by operating the instrument
n the multi-ion mode (MIM). Mass discrimination effects
re taken into account by using a mass discrimination curve,
btained according to the method described by Španĕl and Smith
19]. By introducing sufficient amounts of some very specific
olatile organic compounds in the SIFT reactor, the ion com-
osition at the mass spectrometer inlet solely consists of one
erminal ion species, for instance MH+ in the case of the aromatic
pecies benzene, toluene and m-xylene and M2H+ for the ketones
cetone, 2-butanone and 3-pentanone. The mass discrimination
actor (MDF) for these ions is then obtained by measuring the

atio of the count rate for the terminal ion species to the termi-
al ion current on the mass spectrometer inlet plate relative to
his ratio obtained for H3O+ ions. A mass discrimination curve
MDF as a function of m/z) is fitted through these points.

i
w
μ

c

ass Spectrometry 272 (2008) 137–148

In this study, 3-hexanone and 4-heptanone have been included
n this series. These gases are also found to form one terminal ion
pecies (M2H+) and are therefore suitable to extend the MDF
ange towards higher m/z values. Branching ratios have been
orrected for isotopic abundance.

In order to study the effect of the presence of water vapor
n the ion chemistry, the rate constants of the reactions of
3O+·H2O and NO+·H2O ions with the sesquiterpenes were
easured relative to those of H3O+ and NO+ respectively, using

he method described by Michel et al. [20]. The monohydrated
recursor ions H3O+·H2O and NO+·H2O ions were created
y adding water vapor at the inlet just opposite the kinetic
easurements reactant inlet. Hydration of the fragment ions
as evaluated by comparing the mass spectra obtained for the

esquiterpenes when no water vapor was present to the spectra
btained when fixed amounts of water vapor were introduced.

.3. Chemicals

Aromadendrene (97%), isolongifolene (98%), �-humulene
98%), �-neoclovene (98%), �-caryophyllene (98.5%), longifo-
ene (99%) and �-cedrene (99%) were all purchased from Fluka.
elium used as main carrier gas was obtained from Air Products

nd is of BIP grade (99.9997%).

. Results and discussion

.1. Reaction rate constants

.1.1. Collision rate constant calculations
The collision rate constants kC of the ion/sesquiterpene reac-

ions have been calculated with the parameterized equation of
u and Chesnavich [21,22] and are listed in Table 1. In this
arameterized theory kC is given by:

C = kLC(α, μD, T ) (3)

nd kL is given by the Langevin formula:

L = 2π|q|
√

α

μ
(4)

here q is the charge of the ion, α the polarizability, μD the
lectrical dipole moment of the reactant molecule and μ the
educed mass of the ion/molecule system. Since no literature
ata are available for μD and α, these parameters were obtained
rom quantum chemical calculations. The calculations were per-
ormed in a distributed computer environment using Gaussian03
23]. To take into account all possible molecular conformations,
detailed conformational analysis was carried out by combin-

ng a MMFF [24,25] random search with a MM3/MM4 [26,27]
tochastic search [28,29]. The minima that were found were
ptimized at the B3LYP/6-31G(d,p) level and the Hessian was
alculated to ensure that all located stationary points were min-

ma. All the minima within an energy window of 4 kcal mole−1

ere then re-optimized with the aug-cc-pVDZ basis set, and
D and α were calculated for each minimum. Collision rate
onstants were calculated for all individual conformations of a
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Table 1
Polarizability, dipole moment and reaction rate constants of the sesquiterpenes

Molecule μD (D)a α (Å3)a kexp,rel [kC] (kexp,abs) (10−9 molecule−1 cm3 s−1)

H3O+ H3O+·H2Ob NO+b NO+·H2Ob O2
•+b

Aromadendrene 0.60 26.0 {26.0} [3.0] 2.6 [2.3] 2.6 [2.4] 2.5 [2.0] 2.5 [2.4]
�-Caryophyllene 0.65 26.6 {26.5} [3.1] (6.1) 2.5 [2.3] 2.7 [2.5] 2.5 [2.0] 2.6 [2.4]
�-Cedrene 0.21 25.3 {26.0} [2.9] (6.5) 2.4 [2.1] 2.5 [2.3] 2.3 [1.9] 2.4 [2.3]
�-Humulene 0.24 27.4 {27.0} [3.0] (7.2) 2.5 [2.2] 2.6 [2.4] 2.4 [2.0] 2.5 [2.4]
Isolongifolene 0.22 25.2 {26.0} [2.9] 2.4 [2.1] 2.4 [2.3] 2.3 [1.9] 2.4 [2.3]
Longifolene 0.94 25.9 {26.0} [3.2] (6.4) 2.5 [2.4] 2.8 [2.5] 2.6 [2.1] 2.7 [2.5]
�-Neoclovene 0.28 25.1 {26.0} [2.9] 2.4 [2.1] 2.5 [2.3] 2.3 [2.1] 2.4 [2.3]

( ): Measured absolute reaction rate constants. { }: Calculated polarizabilities with the method of Miller and Savchik [32]. [ ]: Calculated collisional reaction rates
(
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Su and Chesnavich [21,22]).
a Values obtained from B3LYP/aug-cc-pVDZ calculations.
b Reaction rate constants have been experimentally derived by obtaining the r

ompound using Eq. (3) and subsequently Boltzmann-averaged
sing the enthalpy to obtain conformational populations. The
nthalpy was calculated at 295.15 K and 1.5 mbar via DFT
sing the standard expressions [30]. Vibrational frequencies
ere scaled by a factor 0.970 [31].
The polarizability α has also been calculated using an empir-

cal method developed by Miller and Savchik [32]. It has the
unctional form

(ahc) = 4

N

[∑
A

τA

]2

, (5)

here N is the number of electrons in the molecule and τA is the
tomic hybrid component for an atom in a particular hybrid con-
guration. The summation of these components over all atoms
in the molecule results in the polarizability.
The values of μD, α, kC for the sesquiterpenes listed in

able 1 are all Boltzmann-averaged values over all relevant con-
ormations. Values of α obtained with the method of Miller and
avchik can also be found in this table. The agreement between

he polarizability values obtained with both methods is excellent.

.1.2. Experimentally determined rate constants
Absolute rate constant measurements were carried out for

he reactions of H3O+ ions with �-caryophyllene, �-humulene,
-cedrene and longifolene.

The values for the rate constants, which are derived from our
easurements, are also shown in Table 1 and they vary between

.1 × 10−9 and 7.2 × 10−9 cm3 molecule−1 s−1, which is about
factor of two too high with respect to the calculated collision

ate constant values.
Several reasons can be put forward to try to explain possible

rrors in rate constant determinations with the present experi-
ental set-up for introducing low vapor pressure compounds.
One reason could be that the evaporation of the sesquiter-

ene is not fast enough, so that the sesquiterpene pressure above
he liquid sample is smaller than the sesquiterpene saturation

apor pressure at the temperature of the reservoir. Therefore,
ifferent settings of QHe,res, the He flow that is sent over the
eservoir, were used (0.17, 0.33 and 0.50 STP cm3 s−1) and for
ach setting of QHe,res different sesquiterpene concentrations

i

r
i

e decay rates as described in Section 2.2.

n the flow tube reactor were realized by varying Pres between
and 80 mbar (by changing the position of the needle valve).
xponential decay curves over two decades were obtained

or the H3O+ signal versus sesquiterpene concentration in the
ow tube. The rate constants for the ion/sesquiterpene reac-

ions which were derived by using formula (2) are reproducible
nd independent of QHe,res. This indicates that the sesquiter-
ene vapor pressure above the liquid reservoir is independent
f the He flow, which is blown over the reservoir. Moreover,
f the evaporation of the liquid sesquiterpene would not be
ast enough, the experimentally determined rate constants are
xpected to be lower than the collision rate constants instead of
igher.

Another source of error could be the presence of impurities in
he liquid sesquiterpenes with a higher vapor pressure than that
f the sesquiterpenes. However, when using H3O+ precursor ions
nd introducing for instance �-cedrene, the resulting product ion
pectrum almost solely consists of the protonated sesquiterpene
94%), and therefore, the possible presence of impurities cannot
xplain at all the high rate constant values that were measured.

Erroneous rate constant determinations can also be explained
y condensation problems in the inlet lines. These were avoided
y heating the lines and the needle valve between the reservoir
nd the flow tube.

An important parameter, which to a great extent determines
he absolute value of the experimentally obtained rate constants,
s the saturation vapor pressure of the sesquiterpenes. We used
he data reported by Helmig et al. [18] which, to the best of
ur knowledge, are the only data available in the literature. In
he article of Helmig et al., the saturated vapor pressures were
stimated by correlating the linear programmed gas chromatog-
aphy retention index to the calculated vapor pressures of an
-alkane series. Possible errors may be introduced due to the
ifferences between sesquiterpenes and n-alkanes.

Exothermic proton transfer reactions are known to proceed
t the collision rate. However, because of the lack of ther-
ochemical data for sesquiterpenes, the exothermicity of the
on/sesquiterpene reactions cannot be calculated.
Measurements of the NO+ and O2

•+/sesquiterpene reaction
ates relative to the H3O+ reaction rate are found to scale with the
nverse square root of the reduced mass of the collision partner,
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ndicating that all reactions, which are reported here, proceed at
he collision limit.

Previous measurements performed in our lab for exothermic
roton transfer reaction rate constants, for which the determina-
ion of the absolute reactant concentration was straightforward,
enerally were found to agree very well with the calculated col-
ision rates. Therefore, the reaction rate constants of NO+ and

2
•+ for the sesquiterpenes investigated are reported relative to
he calculated H3O+/sesquiterpene reaction rate in Table 1. This
able also shows the reaction rate constants for H3O+·H2O and
O+·H2O, measured relatively with respect to H3O+ and NO+,

espectively.

o
g
t

able 2
roduct ion distributions for the sesquiterpenes studied, corrected for mass discrimin

ompound H3O+ NO+

m/z Ion % m/z

romadendrene 95 C7H11
+ 3 204

109 C8H13
+ 3

123 C9H15
+ 2

135 C10H15
+ 2

149 C11H17
+ 8

205 C15H25
+ 80

Others 2

-Caryophyllene 81 C6H9
+ 4 80

95 C7H11
+ 9 134

109 C8H13
+ 10 148

121 C9H13
+ 3 161

123 C9H15
+ 7 176

135 C10H15
+ 8 189

137 C10H17
+ 7 204

149 C11H17
+ 16

205 C15H25
+ 30

Others 6

-Cedrene 109 C8H13
+ 2 204

205 C15H25
+ 94

Others 4
ass Spectrometry 272 (2008) 137–148

The precision and accuracy for the absolute rate constant
alues are 9 and 25% respectively, but they do not take into
ccount the error on the vapor pressure values, for which no
alues have been reported. The precision of the relative rate
onstants is better than 10%.

.2. Product ion distributions
In Table 2 an overview of the product ions of the reactions
f H3O+, NO+ and O2

•+ with the sesquiterpenes studied is
iven. Only ions with a yield of 2% or more are included in this
able.

ation and isotopic abundance

O2
•+

Ion % m/z Ion %

C15H24
•+ 94 94 C7H10

•+ 2
Others 6 108 C8H12

•+ 2
121 C9H13

+ 4
122 C9H14

•+ 3
133 C10H13

+ 3
135 C10H15

+ 4
147 C11H15

+ 4
148 C11H16

•+ 5
149 C11H17

+ 2
161 C12H17

+ 21
189 C14H21

+ 10
204 C15H24

•+ 21
Others 19

C6H8
•+ 2 93 C7H9

+ 3
C10H14

•+ 2 94 C7H10
•+ 2

C11H16
•+ 6 106 C8H10

•+ 2
C12H17

+ 7 107 C8H11
+ 2

C13H20
•+ 3 109 C8H13

+ 3
C14H21

+ 5 119 C9H11
+ 2

C15H24
•+ 59 120 C9H12

•+ 6
Others 16 121 C9H13

+ 2
122 C9H14

•+ 2
133 C10H13

+ 9
134 C10H14

•+ 3
135 C10H15

+ 3
136 C10H16

•+ 2
146 C11H14

•+ 5
147 C11H15

+ 10
160 C12H16

•+ 9
163 C12H19

+ 2
175 C13H19

+ 2
189 C14H21

+ 7
204 C15H24

•+ 9
Others 15

C15H24
•+ 98 108 C8H12

•+ 2
Others 2 119 C9H11

+ 26
120 C9H12

•+ 2
136 C10H16

•+ 4
147 C11H15

+ 5
148 C11H16

•+ 2
161 C12H15

+ 12
189 C14H21

+ 3
204 C15H24

•+ 35
Others 9
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Table 2 (Continued )

Compound H3O+ NO+ O2
•+

m/z Ion % m/z Ion % m/z Ion %

�-Humulene 81 C6H9
+ 2 147 C11H15

+ 11 80 C6H8
•+ 7

95 C7H11
+ 7 204 C15H24

•+ 77 82 C6H10
•+ 3

109 C8H13
+ 7 Others 12 92 C7H8

•+ 6
121 C9H13

+ 2 93 C7H9
+ 11

123 C9H15
+ 7 94 C7H10

•+ 2
135 C10H15

+ 4 95 C7H11
+ 2

137 C10H17
+ 2 107 C8H11

+ 2
149 C11H17

+ 9 108 C8H12
•+ 2

205 C15H25
+ 54 109 C8H13

+ 5
Others 6 119 C9H11

+ 3
121 C9H13

+ 4
122 C9H14

•+ 7
134 C10H14

•+ 2
135 C10H15

+ 3
147 C11H15

+ 4
148 C11H16

•+ 4
161 C12H17

+ 3
189 C14H21

+ 3
204 C15H24

•+ 6
Others 8

Isolongifolene 149 C11H17
+ 2 204 C15H24

•+ 99 148 C11H16
•+ 13

205 C15H25
+ 97 Others 1 161 C12H17

+ 36
Others 1 175 C13H19

+ 14
189 C14H21

+ 8
204 C15H24

•+ 28
Others 1

Longifolene 95 C7H11
+ 3 204 C15H24

•+ 93 94 C7H10
•+ 6

109 C8H13
+ 3 234 (NO·C15H24)+ 3 95 C7H11

+ 2
149 C11H17

+ 5 Others 4 108 C8H12
•+ 3

205 C15H25
+ 83 109 C8H13

+ 3
Others 6 120 C9H12

+ 2
122 C9H14

•+ 2
134 C10H14

•+ 2
135 C10H15

+ 3
147 C11H15

+ 2
148 C11H16

•+ 2
161 C12H17

+ 14
175 C13H19

+ 3
176 C13H20

•+ 2
189 C14H21

+ 12
204 C15H24

•+ 26
Others 16

�-Neoclovene 95 C7H11
+ 3 161 C12H17

+ 3 106 C8H10
•+ 5

109 C8H13
+ 3 204 C15H24

•+ 94 119 C9H11
+ 3

123 C9H15
+ 2 Others 3 120 C9H12

•+ 13
135 C10H15

+ 2 121 C9H13
+ 4

149 C11H17
+ 8 122 C9H14

•+ 4
205 C15H25

+ 79 134 C10H14
•+ 12

Others 3 148 C11H16
•+ 3

161 C12H17
+ 4

162 C12H18
•+ 16

189 C14H21
+ 5

204 C15H24
•+ 19

Others 12
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.2.1. H3O+ reactions
The reactions of all seven sesquiterpenes with H3O+ proceed

ia exothermic proton transfer. This results in the formation of
ascent (C15H25

+)* product ions:

3O+ + C15H24 → (C15H25
+)∗ + H2O (6)

he excited C15H25
+* ions either stabilize through collisions

ith the helium buffer gas,

C15H25
+)∗ + He → C15H25

+ + He, (7)

r decompose into fragment ions.
The reactions of H3O+ with isolongifolene and �-cedrene

lmost exclusively proceed by non-dissociative proton transfer
>94%). Some more fragmentation is observed for the reactions
f H3O+ with aromadendrene, longifolene and �-neoclovene,
ut the protonated sesquiterpene yield is still 79% or more. Non-
issociative proton transfer, however, is less efficient for the
eaction of H3O+ with �-caryophyllene and �-humulene, which
espectively have a protonated sesquiterpene yield of 30 and
4%.

For isolongifolene and �-cedrene only one non-negligible
ragment ion was observed. This fragment ion is situated at m/z
49 (C11H17

+) for isolongifolene and at m/z 109 (C8H13
+) for

-cedrene.
All other H3O+/sesquiterpene reactions studied result in mul-

iple fragments that can be divided in 2 groups of which all
omponents are separated by a CH2 unit (14 u). A first group con-

ains ions with m/z 149, 135 and 121 and a second one contains
ons with m/z 137, 123, 109, 95 and 81.

When introducing a real air sample with a certain humid-
ty hydration of the fragment ions can occur which results in

3

t
m

able 3
omparison between fragment ions and intensities obtained in this research (SIFT-M

romadendrene �-Caryophyllene

IFT-MS PTR-MS SIFT-MS PTR-MS

67
68

81 81
82

95 95 95 95
96

103
09 109 109 109

110
121 121 121

23 123 123
124

35 135 135
136

137 137
49 149 149 149

150
163

05 205 205 205
206 206
207

old: Ions >20% of the unfragmented protonated sesquiterpene ion intensity.
ass Spectrometry 272 (2008) 137–148

ormation of H2O cluster ions:

+ + H2O + He → (M+·H2O) + He (8)

However, no occurrence of H2O cluster ions was found
or the sesquiterpenes studied, indicating that the product ion
istribution is independent of the relative humidity for these
3O+/sesquiterpene reactions. This confirms previous observa-

ions that hydrocarbon fragments do not associate with water
apor to form hydrates [33,34].

A comparison between the fragment ions obtained with SIFT-
S in this study and the fragment ions obtained with PTR-
S by Lee et al. [12] for the sesquiterpenes aromadendrene,

-caryophyllene, �-humulene and longifolene can be found in
able 3. A rough indication of the ion intensities relative to the

ntensity of the molecular ion at m/z 205 (C15H25
+) can also be

ound in this table. The fragment ions reported by Lee et al. have
ot been corrected for isotopic abundance.

For aromadendrene, �-humulene and longifolene, more frag-
ent ions are encountered with PTR-MS than with SIFT-MS.
ome of these are due to the lack of isotopic correction. Others
re a result of the more severe fragmentation taking place in a
rift field type instrument like PTR-MS. For �-caryophyllene,
wo fragment ions at m/z 123 (C9H15

+) and m/z 135 (C10H15
+)

re found with SIFT-MS that have not been encountered by
TR-MS.
.2.2. NO+ reactions
NO+ mainly reacts with the sesquiterpenes studied by charge

ransfer. Charge transfer with ground state NO+ is possible for
olecules having an ionization energy (IE) smaller than the NO

S) and those reported by Lee et al. [12] (PTR-MS)

�-Humulene Longifolene

SIFT-MS PTR-MS SIFT-MS PTR-MS

67

81 81 81
82 82

95 95 95 95
96 96
97

103 103
109 109 109 109

110 110
121 121 121
123 123 123 123

124
135 135 135 135

136
137 137
149 149 149 149

150 150

205 205 205 205
206 206

207
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E of 9.26 eV:

O+ + C15H24 → C15H24
•+ NO (9)

i
9
F

Fig. 3. Product ion spectra for longifolen
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The charge transfer product for aromadendrene, �-cedrene,
solongifolene, longifolene and �-neoclovene has a yield of
3% or more and thus little fragmentation is observed.
or �-caryophyllene and �-humulene, a yield of 59 and

e: EI [38], O2
•+, NO+ and H3O+.
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7%, respectively, has been observed for the molecular
on.

The presence of the charge transfer channel indicates that for
ll sesquiterpenes studied here, the IE is expected to be below
.26 eV. However, the IE reported for �-humulene by Martin et
l. through photoelectron spectroscopy is 9.54 eV [35]. The pres-
nce of the molecular ion cannot be due to reaction with excited
O+* precursor ions, as precautions have been made to eliminate

xcited states of NO+ by adding a small amount of N2 to the main
arrier gas. However, when taking into account the uncertainty
n the IE, the thermal spread of the ion/molecule interaction
nergies under SIFT conditions and the possible entropy change
or bimolecular reactions, charge transfer with ground state NO+

annot be excluded.
NO+ is also found to react by three-body association, result-

ng in the formation of the association product at m/z 234:

O+ + C15H24 → (NO·C15H24)+∗ (10)

NO·C15H24)+∗ + He → (NO·C15H24)+ + He (11)

Aromadendrene (1%), �-caryophyllene (1%), longifolene
3%) and �-neoclovene (1%) all show a small amount of the
ssociation product.

Apart from the charge transfer product ion and the associa-
ion product ions, some fragment ions are also observed. These
ragment ions can be categorized in 3 groups of which all ele-
ents are separated by a CH2 unit (14 u). A first group contains

ons with m/z 148, 134 and 120. The m/z values for the ions of
he second group are 136, 122, 108, 94 and 80 and the last group
ontains ions with m/z 189, 175 and 161.

Except for �-caryophyllene and �-humulene, all these frag-
ents ions have very small yields (<1%).
For �-caryophyllene, a fragment at mass 148 (C11H16

+) can
e found with a non-negligible yield (6%) and for �-humulene,
fragment ion at m/z 147 (C11H15

+) with a considerable yield
11%) can be found. Because the yield of these two fragment
ons is considerable, they may possibly be used to distinguish
-caryophyllene from �-humulene.

Also, �-caryophyllene is the only sesquiterpene of the seven
tudied that has a small fragment ion at m/z 220 (1%). This
ragment ion most probably results from elimination of a CH2
nit from the nascent excited (NO·C15H24)+* adduct:

NO·C15H24)+∗ → (NO·C14H22)+ + CH2 (12)

Fragment ion hydration was evaluated for the
O+/sesquiterpene reactions. No fragment ion H2O clus-

ers were observed for the sesquiterpenes studied. However, the
ield of the association product at m/z 234 is seen to increase
s a function of the water vapor concentration. Introducing
ater vapor results in the formation of the hydrated reagent ion
O+·H2O. Dependent on exothermicity, processes like ligand

witching (13) and charge transfer (14) can occur [36]:
O+·H2O + C15H24 → (NO·C15H24)+ + H2O (13)

O+·H2O + C15H24 → C15H24
+ + NO + H2O (14)

m

i
o

ass Spectrometry 272 (2008) 137–148

As the IE reported for �-humulene is slightly higher than the
ne of NO and the NO+–H2O binding energy equals 0.72 eV
37], reaction (14) is not expected to occur for this compound.

.2.3. O2
•+ reactions

Since the IE of O2 (12.07 eV) is higher than the IE of NO
9.26 eV), more energy is available for fragmentation. As a
esult, the non-dissociative charge transfer product of the reac-
ion of O2

•+ with sesquiterpenes has a yield of less than 35%.

2
•+ + C15H24 → C15H24

•+ + O2 (15)

The relative intensities of the fragment ions clearly vary
rom sesquiterpene to sesquiterpene, but due to the absence
f compound-specific fragment ions, identification of individ-
al sesquiterpenes in a mixture of sesquiterpenes cannot be
ccomplished with O2

+. The sensitivity for sesquiterpene quan-
ification is hampered by the fact that the molecular ion at m/z
04 is not always the product ion with the greatest intensity, as
an be seen for aromadendrene, �-caryophyllene, �-humulene
nd isolongifolene (Fig. 2).

Very few electron impact ionization spectra are available for
esquiterpenes. Of the ones studied here, only the spectra for
-humulene and longifolene could be found [38]. In Fig. 3,

he spectrum of longifolene resulting from electron impact ion-
zation (EI) is compared to the spectra obtained for chemical
onization with O2

•+, NO+ and H3O+. By comparing the occur-
ence and intensities of the fragment ions for EI and CI, less
ragmentation can be observed for the CI spectra. This is to be
xpected as less energy is available for fragmentation. All frag-
ents observed in the O2

•+ spectrum can be found in the EI
pectrum.

Of the chemical ionization techniques used, O2
•+ results in

he most severe fragmentation and H3O+ and NO+ are found to
esult in only minor fragmentation for longifolene.

. Conclusions

The absolute rate measurements of H3O+ with the sesquiter-
enes �-caryophyllene, �-cedrene, �-humulene and longifolene
ere found to be a factor of two higher than the calculated

ollision rate constant values. After careful evaluation of pos-
ible error causes, it was concluded that the saturated vapor
ressure has the largest impact on the values of the experimen-
ally determined rate constants. A good agreement between the
alculated collision rate constants and the experimentally deter-
ined reaction rate constants would imply that the sesquiterpene

aturation vapor pressures at 25 ◦C reported by Helmig et al.
18] would on average be too low by a factor of two. Given
he importance of these data for quantifying sesquiterpene
uxes emitted by vegetation, we believe there is an urgent
eed for additional sesquiterpene saturation vapor pressure

easurements.
The product ion distributions for the reactions of three reagent

ons (H3O+, NO+ and O2
•+) with seven sesquiterpenes were

btained in this research.
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.1. Feasibility for sesquiterpene quantification

For the H3O+/sesquiterpene reactions the protonated
esquiterpene yield (C15H25

+, m/z 205) is found to differ greatly
or the investigated sesquiterpenes. Especially �-caryophyllene
nd �-humulene are found to undergo severe fragmentation.
rom the comparison between our SIFT-MS results to the previ-
usly reported PTR-MS results for four sesquiterpenes by Lee et
l. [12], we expect the fragmentation of sesquiterpenes in a PTR-
S to be at least equivalent to the fragmentation encountered
ith SIFT-MS and to be dependent on the drift field conditions.
herefore, care should be taken when using the signal at m/z 205

or sesquiterpene quantification.
The charge transfer product (C15H24

+, m/z 204) yields of the
O+/sesquiterpene reactions are generally found to be larger

han the protonated molecule yield (C15H25
+, m/z 205) observed

or the H3O+/sesquiterpene reactions. Thus, the C15H24
+ signal

ill provide a better estimate for the sesquiterpene emissions, as
t will be influenced to a lesser extent by the differences in yield
or the individual sesquiterpenes. NO+ clearly appears to be the
est precursor ion to measure sesquiterpenes with SIFT-MS.

Detection of sesquiterpenes by H3O+ and NO+ does not seem
o be hampered by the presence of water vapor.

The O2
•+/sesquiterpene reactions result in severe fragmenta-

ion and provide large differences in the yields of charge transfer
roducts for all sesquiterpenes studied. This reagent ion can
herefore not be used for sesquiterpene quantification.

.2. Suitability for sesquiterpene differentiation

No characteristic fragment ions were encountered for the
3O+/sesquiterpene reactions, so H3O+ ions cannot be used to
istinguish sesquiterpene isomers.

For the NO+/sesquiterpene reactions of �-caryophyllene and
-humulene a C11H16

+ fragment (m/z 148) and a C11H15
+ frag-

ent (m/z 147) was found, respectively. These fragment ions
ave considerable yields and can be used as a means of �-
aryophyllene and �-humulene distinction, provided that no
ther NO+/BVOC reactions result in one of these two specific
ragment ions. However, as only seven sesquiterpenes have been
nvestigated in this study, more research is needed to evaluate the
easibility of NO+ for sesquiterpene isomer distinction. Also, the
ssociation product (C15H24NO+, m/z 234) has been observed
t small yields for aromadendrene, �-caryophyllene, longifolene
nd �-neoclovene.

Because of the severe fragmentation encountered for the
2
•+/sesquiterpene reactions, the O2

•+ reaction spectrum of a
ealistic air sample is expected to be very complex and suffer-
ng from major interference problems. Therefore, no qualitative
nformation can be obtained with O2

•+.

.3. Interference on monoterpene measurements
For the H3O+/sesquiterpene reactions fragment ions C10H17
+

m/z 137) and C6H9
+ (m/z 81) were found for �-caryophyllene

nd �-humulene. These ions were previously reported when
easuring monoterpenes (C10H16) with H3O+ [15,39,40].

[
[

[
[

ass Spectrometry 272 (2008) 137–148 147

esquiterpene emissions may therefore interfere with monoter-
ene quantification measurements when using H3O+ as reagent
on.

On the other hand, no C10H16
+ fragment ions for the

O+/sesquiterpene reactions were found for the seven sesquiter-
enes investigated. This ion has previously been reported to
e the major product ion for NO+/monoterpene reactions. This
mplies that no interference will occur when measuring air sam-
les containing both monoterpenes and sesquiterpenes when
sing NO+ as reagent ion.
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81.
35] H.-D. Martin, C. Heller, B. Mayer, H.-D. Beckhaus, in Gas phase Ion

Energetics Data, compiled by S.G. Lias, J.F. Liebman, in: P.J. Limstrom,
W.G. Mallard (Eds.), NIST Chemistry WebBook, NIST Standard Reference
Database 69, National Institute of Standards and Technology, Gaithersburg,
MD, 2005, http://webbook.nist.gov.
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