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Abstract

We have studied the reactions of H3O+, NO+ and O2
+ with five oxidation products of monoterpenes: pinonaldehyde (oxidation product of

�-pinene), nopinone (�-pinene),�-pinene oxide (�-pinene), 4-acetyl-1-methylcyclohexene (d-limonene) and caronaldehyde (�3-carene).
It was found that all reactions studied proceed with a rate constant close to the collision rate constant, calculated with the parameterized
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quation of Su and Chesnavich. The dipole moment and polarizability of the neutral reactants, needed for the calculation of the
ate constants, were determined by quantum chemical calculations.

Analysis of the ion product spectra shows that H3O+ reacts with 4-acetyl-1-methylcyclohexene and nopinone by non-dissociative
ransfer. The major channel of the reaction of H3O+ with �-pinene oxide, pinonaldehyde and caronaldehyde is elimination of a water mo
ollowing protonation.

The reaction of NO+ with 4-acetyl-1-methylcyclohexene and nopinone is mainly determined by charge transfer. Charge transf
bserved in the reaction of NO+ with �-pinene oxide, pinonaldehyde and caronaldehyde, as well as a series of fragment ions. A non-n
ydride ion transfer channel also occurs in the product spectra of NO+ with pinonaldehyde. For the NO+–nopinone and NO+–caronaldehyd
eaction also three-body association is observed.

The product spectra of O2+ with the neutral reactants show multiple products, mainly characterized by charge transfer and fragm
nd are less suited to be used for CIMS detection of the monoterpene oxidation products.
2004 Elsevier B.V. All rights reserved.
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. Introduction

It is well established that vegetation is emitting an amount
f non-methane volatile organic compounds (BVOC’s) into

he atmosphere, which exceeds largely emissions of an-
hropogenic origin[1,2]. A considerable fraction of those
VOC’s are C10H16 monoterpenes[3–5], the global emis-
ion of which has been estimated to be 127 MT per year[6].

The oxidation of monoterpenes in the atmosphere, initi-
ted by reaction with ozone, OH and NO3 radicals, leads to

∗ Corresponding author. Tel.: +32 2373 0391; fax: +32 2374 8423.
E-mail address:Niels.Schoon@bira-iasb.oma.be (N. Schoon).

a variety of products, some of which play an important
in atmospheric chemistry[7]. A number of those oxidatio
products are very condensable and contribute by gas to
ticle conversion to the formation of the so-called secon
organic aerosols[8], which can have an impact on the c
mate and the local radiation budget. An understanding o
monoterpene oxidation mechanism is, therefore, cruci
tropospheric chemistry.

The oxidation products of monoterpenes have b
quantified in the laboratory by different techniques s
as, gas chromatography with flame ionization detec
(GC–FID) [9], collection of gas samples on solid absorb
(Tenax-GC) followed by analysis through GC–FID[10–15],

387-3806/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijms.2004.09.003
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gas chromatography–mass spectrometry (GC–MS)[12,14]or
gas chromatography with Fourier transform infrared spec-
troscopy (GC–FTIR)[12]. Vinckier et al. use a method based
on sample collection on a liquid nitrogen trap followed by
either the direct analysis by GC–MS[16] or a derivatiza-
tion of the mono- and di-carbonyl compounds with 2-4-
dinitrophenylhydrazine (DNPH). In the latter case, the chem-
ical analysis was performed by high-performance liquid chro-
matography with mass spectrometric detection (HPLC–MS)
[17]. Separation of gas and aerosol samples by use of suitable
denuder/filter pack systems followed by GC–MS was applied
by Yu et al.[18] and Jaoui and Kamens[19]. Also direct FTIR
spectroscopy[9,20–22]has been used. Recently atmospheric
pressure ionization (API) mass spectrometry[15,23,24]and
proton transfer reaction mass spectrometry (PTR-MS)[25]
have also been used to detect monoterpene oxidation products
in laboratory studies.

Although in the last decade, considerable progress has
been made in our understanding of the atmospheric oxidation
processes of monoterpenes[26], a number of uncertainties
still exist concerning the nature and yield of the different
oxidation products. Therefore, continuous studies in this field
are needed.

In a recent effort to apply chemical ionization mass spec-
trometry (CIMS) methods to the study of the monoterpene
o ment,
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Fig. 1. Schematic representation of the monoterpene oxidation products
studied.

of monoterpene oxidation products through the selected ion
flow tube–mass spectrometry (SIFT–MS) method, applied by
Smith and co-workers for the measurement of a number of
organic compounds[31–35].

2. Experimental

2.1. Instrumental

All measurements described here were performed at
1.5 mbar and 300 K with our SIFT, which is based upon the
original design by Smith and Adams[36] and which has been
described in detail previously[29]. Therefore, only a brief re-
view of the instrument is given here.

The precursor ions are produced in a microwave discharge
in a mixture of air and water vapor at a total pressure of
0.2 mbar. The ions are extracted from the discharge into a dif-
ferentially pumped quadrupole mass spectrometer, where the
appropriate ion (H3O+, NO+ or O2

+) is selected. The mass se-
lected ions are then injected into the flow tube, where they are
convectively transported by a main carrier helium gas flow.
At the downstream end of the flow tube, the ions are sampled
through a 0.4 mm hole, drilled into a conically shaped biased
inlet flange into the analyzer quadrupole, where they are fil-
t ected
b d by
p

e for
r asure-
m

xidation mechanisms, we have developed a new instru
hich consists of the coupling of a neutral fast flow re

or to a flowing afterglow instrument[27]. It is the inten
ion to detect and quantify with this instrument the mono
enes, as well as their oxidation products, as produc

on–molecule reactions with carefully chosen primary io
uch as H3O+, NO+ or the open shell cation O2•+ (further on
imply noted as O2+). To do so, however, kinetic data (re
ion rate constants) and information concerning the pro
istribution of the ion–molecule reactions involved are
uired.

For two of the major monoterpene oxidation produ
cetone and formaldehyde, the reactions with H3O+, NO+

nd O2
+ ions have been studied before[28], whereas only re

ently, studies of the reactions of these ions with the mon
enes themselves have been reported[29,30].

For most monoterpene oxidation products, howeve
uch data are available. In the present work, we have
ed the ion–molecule reactions of H3O+, NO+ and O2

+ with
inonaldehyde (C10H16O2, a major oxidation product of�-
inene); nopinone (C9H14O, a major oxidation product of�-
inene), caronaldehyde (C10H16O2, a major oxidation prod
ct of �3-carene); 4-acetyl-1-methylcyclohexene (C9H14O,
major oxidation product of limonene) and�-pinene ox

de (C10H16O, a minor oxidation product of�-pinene). A
chematic representation of the structure of the produc
luded in this study is given inFig. 1.

Apart from giving the information required for our la
ratory studies of monoterpene oxidation mechanisms
resent data also give information on the feasibility of

ng H3O+, NO+ or O2
+ as primary ions for in situ detectio
ered according to their mass to charge ratio and det
y an electron multiplier, the signals of which are treate
ulse counting techniques.

Appropriate connections are foreseen at the flow tub
eactant gas and calibration gas inlet and pressure me
ent.
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2.2. Measurement methods

The ion–molecule reaction rate constantk is derived from
the logarithmic decay ln(I/Io) =−kτ[X] of the source ion sig-
nal I versus the concentration of the reactant neutral [X] in
the flow tube. The residence timeτ of the ions in the flow
tube can be measured separately.

For the introduction of controlled amounts of the reactant
gases into the flow tube, by means of a ring shaped inlet,
located at 27 cm from the ion inlet plate of the analyzing
quadrupole, different methods were used.

For 4-acetyl-1-methylcyclohexene, nopinone and�-
pinene oxide the concentration of the reactant neutral was
varied by flowing volumetric mixtures of the compound in
helium, prepared in volume calibrated glass containers, into
the flow tube through a needle valve heated at 315 K. From
the pressure decay versus time in the glass container the gas
flow could be determined and from the simultaneous mea-
surements of the main carrier flow and pressure in the flow
tube, the concentration [X] of the reactant could be inferred.
In this way, the reaction rate constantsk of H3O+ with these
three compounds could be determined absolutely. For each
k measurement at least four different mixing ratios of the
volumetric mixtures were used. The rate coefficients for the
reactions with NO+ and O2

+ were then determined in a rel-
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T= 360 K is lower than the vapor pressure of pinonaldehyde
at 360 K (9.7 mbar according to formula III of Hallquist et al.
[37]), we can assume that all pinonaldehyde in the cylinder is
in the gas phase. From the pressure decay in the glass cylin-
der with helium + pinonaldehyde we can then again derive the
flow of reactant in the flow tube and thus the concentration
[X].

After the experiment, however, a brownish residue was
remaining in the weighing boat, which represented in some
cases up to 50% of the original quantity of pinonaldehyde.
This could be due to polymerization of pinonaldehyde at el-
evated temperatures. Correcting for this weight residue we
can only determine an upper limit for [X], since we cannot
exclude some deposition (and thus weight loss) of the pinon-
aldehyde or its polymer on other surfaces (glass reservoir, gas
leads). As a result, the rate constant measured in this way is
underestimated.

The same procedure was applied for caronaldehyde and
the same problems were encountered. Our results for the rate
coefficient of the reaction of H3O+ with pinonaldehyde and
caronaldehyde are, therefore, lower limits.

Spectra of the reaction products recorded when pinon-
aldehyde and caronaldehyde were introduced with the cylin-
der/furnace method or with the method where helium is
blown over the liquid at 320 K, result in the same reaction
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tive way, as described in a previous paper[29] and as use
n previous studies by̌Span̆el et al.[28].

For pinonaldehyde and caronaldehyde, however,
ethod of volumetric mixtures in helium could not be us
ecause of the low vapor pressure of these liquids[37]. In
first set of experiments with pinonaldehyde, a method
een used, which we originally developed for the introduc
f methane sulfonic acid in the flow tube[38]. Pinonaldehyd
as stored in a small glass reservoir, which was compl
ubmerged in a water bath heated at 320 K. A flow of
irculating through a spiral shaped copper tube, also
erged in the water bath, passed through the glass rese
here it was supposed to be saturated with pinonalde
apor. Since the vapor pressure as a function of temper
s known [37] the concentration of the reactant [X] can in
his case be calculated from the He flow through the g
eservoir, the pressure in the glass reservoir, the main c
ow and the pressure in the flow tube.

Unfortunately, this method led to irreproducible resu
ue to the very slow evaporation rate and the sticky na
f pinonaldehyde. In a second set of experiments a
etermined amount of liquid pinonaldehyde in a small st

ess steel weighing boat was put into a cylindrical glass
ainer of 5 l filled with helium. This container was then hel
60 K in a furnace, which also contained the pressure ga
he glass cylinder was connected to the reactant gas in

he flow tube through a short heated stainless steel tube
eated stainless steel needle valve. By choosing the am
f pinonaldehyde (n=m/Mwithm= weight of pinonaldehyd

n the weighing boat andM its molecular mass) in such a w
hat the pressure calculated from the ideal gas law (p=nkT) at
,

t

roducts.
The reaction rate coefficients for the reaction of NO+ and

2
+ with both keto-aldehydes were again determined in

sual relative way using the same reactant gas inlet me
s for the absolute measurements with H3O+.

For the determination of the reaction product distributi
emovable reactant gas inlet is used, which is located at
rom the ion inlet plate to avoid diffusion enhancement eff
39]. 4-Acetyl-1-methylcyclohexene and nopinone were
roduced using volumetrically prepared mixtures in hel
nd for �-pinene oxide, pinonaldehyde and caronaldeh

he method where helium is blown over the liquid was u
Reaction product distributions were obtained using e

he so-called scan mode or in the multi ion mode. In
can mode a mass spectrum is obtained over a predeter
ass range by sweeping the ion mass spectrometer ov

elected mass range. In the multi ion mode the mass
rometer is switched sequentially at a number of fixed ma
maximum 20 in our case) and the count rate at those m
s measured.

To eliminate mass discrimination effects regular meas
ents with calibration gases were performed, as desc
arlier[29].

.3. Chemicals

Nopinone and�-pinene oxide, obtained commercia
rom Aldrich, were 98 and 97% pure, respectively. The c
ound 4-acetyl-1-methylcyclohexene was a “library pr
ct” of Sigma Aldrich and was sold “as is” (no purity sp

fied). Pinonaldehyde and caronaldehyde were synthe
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by ozonolysis of the corresponding monoterpene (�-pinene
and�3-carene)[16,40]. Their purity, as deduced from the
GC–MS analysis, is estimated to be 98% for batch 1 of
pinonaldehyde, 95% for batch 2 of pinonaldehyde and 95%
for caronaldehyde. The He carrier gas (Air Products) was
BIP quality (99.9995%). To quench possible excited precur-
sor ions a small amount of N2 (Air Products, 6.0 quality,
99.9999%) was added to the carrier gas.

3. Results

3.1. Ion–molecule reaction rate coefficient and quantum
mechanical calculations

The experimentally derived values for the reaction rate
constantkexp for the H3O+, NO+ and O2

+ reactions with the
five monoterpene oxidation products are shown inTable 1.

As explained in Section2, thekexpvalues for the H3O+ re-
actions with 4-acetyl-1-methylcyclohexene, nopinone and�-
pinene oxide were derived in an absolute way from the decay
of the source ion signal versus the reactant concentration, in-
ferred from absolute flow rates, which were obtained by mon-
itoring the pressure decrease of the reactant/helium mixture,
prepared volumetrically at room temperature. The reaction
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trajectory calculations:

kC = kLC(α, µD, T ), (1)

whereC is a parameterized equation, depending uponα, µD
and temperatureT; α andµD are the polarizability and the
dipole moment of the ion.

The Langevin rate constantkL is given by the formula:

kL = 2πq

√
α

µ
, (2)

whereq is the absolute value of the charge of the ion, andµ

the reduced mass of the ion–molecule system (all variables
in atomic units).

As far as we know, no information is available for the
dipole moment and polarizability of the monoterpene oxida-
tion products studied here. The values forα andµD, which
allow us to evaluatekC, were, therefore, obtained by quantum
chemical calculations using the Gaussian software suite[43].
As the off-diagonal elements of the polarization matrix are
small in all cases, the overall polarizabilityα was derived by
averaging theαXX, αYYandαZZ polarizabilities.

An additional complexity with three of the five com-
pounds studied here (4-acetyl-1-methylcyclohexene, pinon-
aldehyde and caronaldehyde) is the existence of multiple ro-
tameric forms, i.e. different orientations of the polar sub-
s d for
o tric
(

or
a ct-
i
µ ug-
c

xist,
e -
h . For
a -
D op-
u tions
w vel
o ost
a hile
f over
ate constants for the NOand O2 reactions were measur
elatively with respect to the one of H3O+ by recording the de
ay of the three source ions simultaneously (or subsequ
ith increasing concentration of the reactant, introduced

he flow tube via a flowmeter/controller.
For pinonaldehyde and caronaldehyde the same proc

as used, but the reactant gas mixture was obtained by
ng a well-defined weight of liquid in a glass bottle fill
ith helium. For reasons, explained before, this method

esulted in a lower limit of the reaction rate constants.
The accuracy of the experimental rate constants sho

able 1is estimated to be 25% with a precision better t
% for the relative measurements, about 5% precision fo
bsolute measurements with 4-acetyl-1-methylcyclohe
nd�-pinene oxide and 15% precision for the absolute m
urements with nopinone, pinonaldehyde and caronalde

It is customary to compare the experimental results
he collision rate constantskC, calculated with the param
erized equation of Su and Chesnavich[41,42], based upo

able 1
olarizability, dipole moment and reaction rate constants of the mono

olecule α (Å3) µD (Debye)

-Acetyl-1-methyl-cyclohexene 16.3 2.90
opinone 15.7 3.50
-Pinene oxidea 17.3 1.99
inonaldehyde 17.9 2.26
aronaldehyde 18.1 3.58

olarizability α and dipole momentµD of the monoterpene oxidation
etermined rate constantskexp for the reactions of H3O+, NO+ and O2

+ with
ollisional rate constantskC, calculated with the parameterized equation

a Since the values ofα, µD andkC for �-pinene oxide in its syn or anti
e oxidation products

kexp[kC] (H3O+) kexp [kC] (NO+) kexp [kC] (O2
+)

4.2 [4.2] 3.7 [3.4] 3.6 [3.4]
4.2 [4.7] 3.8 [3.9] 3.7 [3.8]

3.3 [3.4] 2.9 [2.8] 2.8 [2.7]
≥2.7 [3.8] ≥2.3 [3.1] ≥2.3 [3.0]
≥4.0 [4.9] ≥3.3 [4.0] ≥3.8 [3.9]

ts at 300 K, obtained from quantum chemical calculations. Experi
monoterpene oxidation products and in square brackets their corresp
and Chesnavich. Rate constants are expressed in 10−9 molecule−1 cm3 s−1.
uration only differ slightly, the averaged values of these parameters a

tituents due to internal rotations along single bonds, an
ne compound,�-pinene oxide, the occurrence of geome
syn/anti) isomerism.

For nopinone, and for�-pinene oxide in either its syn
nti form, i.e. all structures without internal rotations affe

ng the dipole moment or polarizability, we calculatedα and
D at the B3LYP-DFT level of theory using the large a
c-pVDZ basis set.

For 4-acetyl-1-methylcyclohexene six rotamers e
ach with a different value ofα andµD, while for caronalde
yde we located 44 rotamers and for pinonaldehyde 27
ll these rotamersα andµD were calculated using B3LYP
FT/6-31G(d,p). In addition, for the thermally most p
lated rotamers of these three compounds, the calcula
ere refined at the higher B3LYP-DFT/aug-cc-pVDZ le
f theory. For 4-acetyl-1-methylcyclohexene, the two m
bundant rotamers constitute 90% of the population, w

or caronaldehyde the eight most populated rotamers c
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74% and for pinonaldehyde the four most abundant rotamers
span 75% of the population. The values ofα andµD shown in
Table 1were then obtained by calculating for each compound
the thermally weighted average of theα andµD values over
the different rotamers, using the B3LYP/aug-cc-pVDZ value
where available, and B3LYP/6-31G(d,p) values elsewhere.
Similarly, the value ofkC in Table 1is the thermally weighted
average of the reaction rate constants, calculated for each ro-
tamer separately. To assess the impact on the predictedkC of
incorporating the less accurate B3LYP/6-31G(d,p) data in-
stead of B3LYP/aug-cc-pVDZ results for the least populated
rotamers, we compared the systematic change between the
two levels of theory. We found that, in general, moving from
B3LYP/6-31G(d,p) to B3LYP/aug-cc-pVDZ results in an in-
crease of the polarizabilityα of the rotamer of 20%, whereas
the dipole momentµD increases or decreases by at most 15%.
By replacing the B3LYP-DFT/6-31G(d,p) polarizabilitiesαL
and the dipole momentsµDL for the less populated rotamers
by 1.2× αL and 0.8× µDL or 1.2× µDL in the calculation
of kC, a change of at most 7% was found for the predicted
value ofkC. We, therefore, believe that the uncertainty onkC,
induced by using B3LYP/6-31G(d,p) instead of B3LYP/aug-
cc-pVDZ values for the least populated rotamers, is at most
10%.

As is noticed fromTable 1, the reactions of 4-acetyl-1-
m +
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reaction.
Three-body association channels have been observed for

the reactions of NO+ with nopinone and caronaldehyde (see
Table 2

hereafter). However, their fraction is too small to conclude
whether the effective bimolecular rate constant of these as-
sociation channels equals their high-pressure limit under our
experimental conditions.

3.2. Product distributions

The branching ratios of the different product ions of the
reactions of H3O+, NO+ and O2

+ with the five oxidation
products of monoterpenes are listed inTable 2.

A glance at this table already reveals the complexity of
the chemistry involved in the major part of these reactions.
Therefore, and since no thermodynamical data about these
products are available, only the major reaction channels will
be discussed.

3.2.1. H3O+ reactions
All H 3O+ reactions with the reactants M proceed through

proton transfer, indicating that the proton affinity of these
reactants is larger than the one of H2O (691 kJ/mol[44]). In
t this
t ajor
p

M

I ene
a
w -
t ceed
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n MS.
F ns,
n ater
m ts at
m and
t y the
e plied
e nt,
w ated
m

atmo-
s e and
i
c ne
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e the
p con-
d t ex-
ethylcylohexene, nopinone and�-pinene oxide with H3O ,
O+ and O2

+ proceed within the experimental error at
ollision rate.

For the reactions of pinonaldehyde and caronalde
o unambiguous conclusion can be drawn, since only l

imits were obtained for the reaction rate constants. H
ver, several studies have shown that for exothermic p
ransfer reactions, as we are dealing with here (see fu
n), k always equalskC. It is, therefore, plausible to a
ume that this is also the case for the reaction of H3O+ with
inonaldehyde and caronaldehyde. Moreover, the fac

he ratiokexp(NO+)/kexp(H3O+) equalskC(NO+)/kC(H3O+)
ithin the experimental error for both compounds, s
ests that the reactions of pinonaldehyde and caron
yde with H3O+ and NO+ proceed at the collision rat
he same goes for the reaction of O2

+ with pinonalde
yde.

The reaction of caronaldehyde with O2
+, however, pro

eeds as fast as the reaction with H3O+ (seeTable 1), wherea
heory predictskC(O2

+) = 0.8 kC(H3O+). Therefore, in th
ery plausible assumption that H3O+ reacts with caronalde
yde at the collision rate and based upon the relative mea
ent of the reaction rate constant of O2

+ versus the one o
3O+, the reaction rate constant for O2

+ should then equal 4
10−9 molecule−1 cm3 s−1, which exceeds the correspon

ng collisional rate constant by 20%. Although for cha
ransfer processes this cannot be excluded, due to po
ong range resonant electron transfer, that happens at

olecular distance larger than the critical distance for
ormation of a Langevin reaction complex and which is
onsidered in the Su and Chesnavich theory, it is not
he case of 4-acetyl-1-methylcyclohexene and nopinone
ransfer is mainly non-dissociative, resulting in one m
roduct, the protonated reactant MH+:

+ H3O+ → MH+ + H2O. (3)

n this respect, our results for 4-acetyl-1-methylcyclohex
nd nopinone confirm the observations ofŠpan̆el et al.[28],
ho found that the reactions of H3O+ with a number of ke

ones, including the cyclic non-aromatic menthone, pro
ia proton transfer and produce only the protonated ke
nder SIFT conditions.

Wisthaler et al.[25] have used the reaction of H3O+ with
opinone for the detection of this compound by PTR-
rom this work it turns out that under PTR-MS conditio
ext to the protonated nopinone cation, elimination of a w
olecule is distinctly observed, as well as minor produc
/z= 83 and 93. The difference between these results

he data reported here can most likely be explained b
nhanced energy of the precursor ions, due to the ap
lectric field in the drift tube of the PTR-MS experime
hich can lead to an enhanced break-up of the proton
olecule.
Such enhanced break-up has also been observed in

pheric pressure chemical ionization spectra of nopinon
on trap MS spectra of protonated nopinone[46], which also
learly show the H2O abstraction from protonated nopino
nd the minor product atm/z= 83.

For�-pinene oxide, pinonaldehyde and caronaldehyd
roton transfer reaction is dissociative, even under SIFT
itions, resulting in a series of fragments of the nascen
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Table 2
Product ion distributiona of the reactions of H3O+, NO+ and O2

+ with 4-acetyl-1-methylcyclohexene, nopinone,�-pinene oxide, pinonaldehyde and caronalde-
hyde at 1.5 mbar and 300 K

Molecule H3O+ NO+ O2
+

m/z Product ion % m/z Product ion % m/z Product ion %

4-Acetyl-1-methyl- 139 C9H15O+ 89 137 C9H13O+ 2 80 2
Cyclohexene 140 C9H15O+,b 9 138 C9H14O+ 85 94 4
C9H14O Others 2 139 C9H14O+,b 9 95 16
m= 138 u Others 4 96 2

120 C9H12
+ 2

123 C8H11O+ 12
124 C8H11O+,b 1
138 C9H14O+ 48
139 C9H14O+,b 6

Others 7

Nopinone 139 C9H15O+ 88 127 4 82 3
C9H14O 140 C9H15O+,b 9 138 C9H14O+ 60 83 15
m= 138 u Others 3 139 C9H14O+,b 7 84 1

168 (NO·C9H14O)+ 17 95 5
169 (NO·C9H14O)+,b 2 96 9

Others 10 97 3
109 9
110 5
120 C9H12

+ 2
123 C8H11O+ 5
138 C9H14O+ 30
139 C9H14O+,b 5

Others 8

�-Pinene oxide 43 2 94 4 82 9
C10H16O 93 9 108 10 83 7
m= 152 u 95 2 109 7 84 2

107 2 110 16 94 4
109 C7H9O+,c 14 111 2 95 4
110 C7H9O+,b,c 1 123 3 96 2
135 C10H15

+ 47 134 C10H14
+ 8 108 3

136 C10H15
+,b 5 135 C10H14

+,b+ 3 109 19
153 C10H17O+ 10 Other product 110 3
154 C10H17O+,b 1 137 C9H13O+ 6 134 C10H14

+ 2
Others 7 151 C10H15O+ 3 137 C9H13O+ 19

152 C10H16O+ 24 138 C9H13O+,b 2
153 C10H16O+,b 3 152 C10H16O+ 10

Others 11 153 C10H16O+,b 1
Others 13

Pinonaldehyde 61 2 97 12 71 3
C10H16O2 71 C4H7O+,e 4 98 3 82 8
m= 168 u 93 2 99 13 83 4

99 5 100 2 97 14
107 C8H11

+,d 9 124 2 98 21
123 2 140 18 99 3
151 C10H15O+ 54 141 3 107 2
152 C10H15O+,b 6 150 C10H14O+ 3 108 2
169 C10H17O2

+ 7 167 C10H15O2
+ 18 109 3

Others 9 168 C10H16O2
+ 12 111 3

C10H15O2
+,b 124 6

169 C10H16O2
+,b 3 125 4

Others 11 140 8
168 C10H16O2

+ 3
Others 16

Caronaldehyde 61 3 43 3 43 2
C10H16O2 93 3 69 2 82 3
m= 168 u 107 C8H11

+,f 10 97 4 83 2
108 C8H11

+,b,f 1 110 2 84 8
109 C8H13

+,f 4 111 6 86 4
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Table 2 (Continued)

Molecule H3O+ NO+ O2
+

m/z Product ion % m/z Product ion % m/z Product ion %

123 18 112 2 97 2
124 2 124 3 107 2
125 2 125 4 108 3
133 2 126 2 110 3
139 2 138 4 111 14
141 2 139 3 112 2
151 C10H15O+ 20 140 10 122 2
152 C10H15O+,b 2 141 1 124 4
167 C10H15O2

+ 2 152 2 125 7
169 C10H17O2

+ 12 167 C10H15O2
+ 3 139 11

170 C10H17O2
+,b 1 168 C10H16O2

+ 11 140 4
Others 14 169 C10H16O2

+,b 2 168 C10H16O2
+ 3

180 (NO.C10H14O)+ 8 169 C10H16O2
+,b 1

181 (NO.C10H14O)+,b 1 Others 23
198 (NO.C10H16O2)+ 4

Others 23
a Only products with branching ratio≥2% are listed. Products with smaller branching ratio’s are grouped together in “others”, with exception of products

atm/zwith branching ratio between 1 and 2%, which are clearly the13C-isotope of the products at (m− 1)/z.
b 13C-isotope.
c Tentative product identification.
d Product identification according to Ref.[46].
e Product identification according to Ref.[25].
f In analogy with pinonaldehyde, product identification for pinonaldehyde according to Ref.[46].

cited protonated reactant (MH+)* . The protonated reactant
MH+ is still one of the major products, but the dominating
channel is elimination of a water molecule after protonation,
resulting in the (M− OH)+ cation:

M + H3O+ → (M − OH)+ + 2H2O. (4)

For pinonaldehyde and caronaldehyde, which are both
keto-aldehydes, this fits well within the results of the SIFT
study of the reaction of H3O+ with a series of aldehydes by
Špan̆el et al.[28,45], who observed, next to the protonated
aldehyde, H2O elimination after protonation for saturated
aldehydes with at least four carbon atoms (except 2-methyl-
propanal).

Water abstraction from protonated pinonaldehyde was
also confirmed by ion trap MS spectra, reported by Warscheid
[46].

Apart from the minor ions atm/z= 93 andm/z= 61, all
the products of the H3O+–pinonaldehyde reaction shown in
Table 2, were also observed in a PTR-MS study by Wisthaler
et al. [25]. In addition these authors also detect mass 81,
which we do not see. Furthermore, the smaller fragments all
occur with a larger abundance in the PTR-MS experiment,
indicating again a higher break-up in PTR-MS than under
SIFT–MS conditions.

The product observed atm/z= 107 for pinonaldehyde has
a ed
b
M ss of
H

uent
w rved

at m/z= 109 for the H3O+–�-pinene oxide reaction, and at
m/z= 107 and 123 for caronaldehyde.

In the cases where many fragment ions were observed,
the reactant was introduced in the flow tube by flowing He
(typically 1.7 STP cm3 s−1) over the liquid reactant, stored
in a reservoir (heated at 320–330 K in the case of pinonalde-
hyde and caronaldehyde). During the measurements of the
product distribution of the H3O+–caronaldehyde reaction the
relative intensity of the fragments atm/z= 61, 139 and 167
(all fragments with branching ratio≤3%) increased, which
could indicate that these ions (or a fraction of them) orig-
inate from impurities, which have a larger evaporation rate
than caronaldehyde. Therefore, the branching ratio of these
fragments should be taken with some reservation.

3.2.2. NO+ reactions
In all the reactions of NO+ with the five monoterpene

oxidation products charge transfer occurs, indicating that the
ionization energy of these reactants is smaller than the one
of NO (9.26 eV[44]):

M + NO+ → M+ + NO. (5)

For 4-acetyl-1-methylcyclohexene, nopinone and�-
pinene oxide the parent cation is clearly the most abundant ion
(94, 67 and 27%, respectively). The charge transfer process
i ,
p frag-
m f
H d
p
a n of
lso been detected by Warscheid[46] and has been explain
y simultaneous or subsequent ejection of H2O and C2H3OH.
ass 109 observed by this author was assigned to the lo
2O and H2C2O from protonated pinonaldehyde.
Next to the products due to protonation and subseq

ater abstraction, other non-negligible products are obse
s highly dissociative in the reactions with�-pinene oxide
inonaldehyde and caronaldehyde, resulting in several
ents of the nascent excited (M+)* cation. Elimination o
2O, for instance, occurs for the NO+–�-pinene oxide an
inonaldehyde reactions, resulting in a product atm/z= 134
nd 150, respectively. Another example is the ejectio
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C2H4 (or CO), as observed in many charge transfer reac-
tions of O2

+ with aldehydes[28,45], giving the product at
m/z= 140 in the NO+–pinonaldehyde and caronaldehyde re-
actions.

For pinonaldehyde one of the dominant pathways is hy-
dride ion transfer:

M + NO+ → (M − H)+ + HNO, (6)

a process, which has also been observed byŠpan̆el et al.
in their study of the NO+ reaction with a series of aldehy-
des[28,45](even the only reaction pathway for the saturated
aldehydes they have studied) and with a series of alcohols
[47]. H−-transfer is also a reaction channel, although minor,
in the reaction of NO+ with 4-acetyl-1-methylcyclohexene,
�-pinene oxide and caronaldehyde.

A third reaction pathway, three-body association, is ob-
served in the reaction of NO+ with nopinone and caronalde-
hyde:

M + NO+ + He → (M · NO)+ + He, (7)

(for caronaldehyde the mass discrimination factor for the
product atm/z= 198 was obtained through extrapolation of
the curve fitted through measured mass discrimination factors
at lowerm/z values[29], which implies a larger error on the
branching ratio of this association product).

N ch is
t nly
r om-
p r
p ly
o

N ue to
t d at
t

3
r re-

a ion,
s y
a

m tion
r and
c the
c sult
i tions
(
m lde-
h
t e,
n

the
g s are

Fig. 2. Comparison between the O2
+ spectrum of nopinone with its corre-

sponding EI spectrum[44].

observed, a feature often mirrored in the corresponding elec-
tron impact (EI) spectra.

It is clear that the O2+ reactions with�-pinene oxide,
pinonaldehyde and caronaldehyde are not very well suited
for the identification and the quantification of these monoter-
pene oxidation products, due to the extensive fragmentation.

Figs. 2 and 3show the comparison between the O2
+ spec-

trum for nopinone and�-pinene oxide with their correspond-
ing EI spectrum (70 eV)[44].

Although all the products observed in the SIFT–MS spec-
tra can also be identified in the EI spectra, the latter show
much more fragmentation and a more pronounced relative
intensity of the smaller fragments, since O2

+ reaction is a
“softer” ionization technique than EI.

F s
c

Remarkable is the product atm/z= 180 in the
O+–caronaldehyde reaction, the branching ratio of whi

oo high to be attributed to impurities. This product can o
esult from fragmentation of the excited association c
lex (M·NO)+* through H2O ejection. Similarly, the mino
roduct atm/z= 127 in the NO+–nopinone reaction can on
riginate from fragmentation of the association product.

The branching ratio for the product atm/z= 125 in the
O+–caronaldehyde reaction is somewhat uncertain d

he role of possible evaporating impurities, as explaine
he end of Section3.2.1.

.2.3. O2+ reactions
All O2

+ reactions can be classified as charge transfe
ctions. This is quite evident in view of the previous sect
ince the ionization energy of O2 exceeds the one of NO b
bout 3 eV.

For the reaction of O2+ with 4-acetyl-1-
ethylcyclohexene and nopinone the parent ca

emains the major product, while for pinonaldehyde
aronaldehyde it is only a minor product. In all cases,
harge transfer process is sufficiently exothermic to re
n significant cracking of the nascent excited parent ca
M+)* . For example, we observe the elimination of a H2O
olecule for all reactions (for pinonaldehyde and carona
yde < 2%), and the ejection of the alkyl radical CH3 for

he reactions of O2+ with 4-acetyl-1-methylcyclohexen
opinone and�-pinene oxide.

Many O2
+–SIFT studies have shown that generally

reater the atomicity of the reactant, the more fragment

ig. 3. Comparison between the O2

+ spectrum of�-pinene oxide with it
orresponding EI spectrum[44].
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Comparison of the EI spectrum of pinonaldehyde,
recorded by Jaoui and Kamens[19], with the correspond-
ing O2

+ spectrum confirm the previous remarks. In the first
the major product ions are atm/z= 43, 69 and 83.

4. Concluding remarks

It has been shown that the reactions of H3O+, NO+ and
O2

+ with the five monoterpene oxidation products are fast
and that their reaction rates are close to the collision rate
constant, derived from the Su–Chesnavich formula and ex-
tensive quantum chemical calculations of the dipole moment
and polarizability of these reactants.

Based upon the results described in Section3.2, we can
conclude that for experiments, where only one monoterpene
oxidation product is present, H3O+ is the most suited pre-
cursor ion to quantify the product, based upon the proto-
nated reactant atm/z= 139 for 4-acetyl-1-methylcyclohexene
and nopinone, and upon the (protonated reactant—H2O) at
m/z= 135, 151 and151 for�-pinene oxide, pinonaldehyde
and caronaldehyde, respectively.

However, if mixtures of the structural isomers nopinone
and 4-acetyl-1-methylcyclohexene, or of the isomers pinon-
aldehyde and caronaldehyde are present, H3O+ is not suit-
a hese
i r-
a n are
u can
b

ur-
s none
a tion
w l-1-
m o not
(

he
n ased
u c
p

hyde
a with
b the
l n
u some
v cts
i inor
p rod-
u ome
r ers”
( en-
t t, for
p

d eac-
t s to

be determined under the same CIMS conditions (carrier gas,
pressure in the flow tube, voltage on the inlet plate of the
detector quadrupole,. . ..).
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[31] P. Špan̆el, D. Smith, Med. Biol. Eng. Comput. 34 (1996) 409.
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39] P. Špan̆el, D. Smith, J. Am. Soc. Mass Spectrom. 12 (2001) 86
40] V. Rautenstrauch, B. Willhalm, W. Tommen, G. Ohloff, Helv. Ch

Acta 67 (1984) 325.
41] T. Su, W.J. Chesnavich, J. Chem. Phys. 76 (1982) 5183.
42] T. Su, J. Chem. Phys. 89 (1988) 5355.
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