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Abstract

We have studied the reactions of®f, NO* and Q" with five oxidation products of monoterpenes: pinonaldehyde (oxidation product of
a-pinene), nopinone3-pinene) a-pinene oxide ¢-pinene), 4-acetyl-1-methylcyclohexene (d-limonene) and caronaldehydeafene).

It was found that all reactions studied proceed with a rate constant close to the collision rate constant, calculated with the parameterized
equation of Su and Chesnavich. The dipole moment and polarizability of the neutral reactants, needed for the calculation of these collision
rate constants, were determined by quantum chemical calculations.

Analysis of the ion product spectra shows thgOH reacts with 4-acetyl-1-methylcyclohexene and nopinone by non-dissociative proton
transfer. The major channel of the reaction gfH with a-pinene oxide, pinonaldehyde and caronaldehyde is elimination of a water molecule
following protonation.

The reaction of NO with 4-acetyl-1-methylcyclohexene and nopinone is mainly determined by charge transfer. Charge transfer is also
observed in the reaction of NQvith a-pinene oxide, pinonaldehyde and caronaldehyde, as well as a series of fragmentions. A non-negligible
hydride ion transfer channel also occurs in the product spectra 6iit® pinonaldehyde. For the N®nopinone and NG-caronaldehyde
reaction also three-body association is observed.

The product spectra of O with the neutral reactants show multiple products, mainly characterized by charge transfer and fragmentation,
and 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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1. Introduction a variety of products, some of which play an important role
in atmospheric chemistry?]. A number of those oxidation
Itis well established that vegetation is emitting an amount products are very condensable and contribute by gas to par-
of non-methane volatile organic compounds (BVOC's) into ticle conversion to the formation of the so-called secondary
the atmosphere, which exceeds largely emissions of an-organic aerosol§8], which can have an impact on the cli-
thropogenic origin[1,2]. A considerable fraction of those mate and the local radiation budget. An understanding of the
BVOC'’s are GgH1s monoterpenef3-5], the global emis- monoterpene oxidation mechanism is, therefore, crucial in
sion of which has been estimated to be 127 MT per Y&ar tropospheric chemistry.
The oxidation of monoterpenes in the atmosphere, initi-  The oxidation products of monoterpenes have been
ated by reaction with ozone, OH and M@adicals, leadsto  quantified in the laboratory by different techniques such
as, gas chromatography with flame ionization detection
* Corresponding author. Tel.: +32 2373 0391; fax: +32 2374 8423. (GC-FID)[9], collection of gas samples on solid absorbent
E-mail addressNiels.Schoon@bira-iasb.oma.be (N. Schoon). (Tenax-GC) followed by analysis through GC—HID-15]
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gas chromatography—mass spectrometry (GCHhS)4]or o

gas chromatography with Fourier transform infrared spec-

troscopy (GC—FTIR)12]. Vinckier et al. use a method based o) o

on sample collection on a liquid nitrogen trap followed by CHO CHO

either the direct analysis by GC-M%6] 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 hlgh-performgnce liquid chro- pinonaldehyde nopinone caronaldehyde
matography with mass spectrometric detection (HPLC-MS) C1oHy0, CoH,0 CoHy 0,
[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 Kamelfis9]. Also direct FTIR
spectroscopif,20—22]has been used. Recently atmospheric
pressure ionization (API) mass spectroméiry,23,24]and
proton transfer reaction mass spectrometry (PTR-[2S)

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 monoterpen@§], a number of uncertainties 4-acetyl-1-methyl- o-pinene oxide
still exist concerning the nature and yield of the different cyclohexene, CH,0 CioHiO
oxidation products. Therefore, continuous studies in this field _ _ , o

Fig. 1. Schematic representation of the monoterpene oxidation products
are needed. studied.

In a recent effort to apply chemical ionization mass spec-
trometry (CIMS) methods to the study of the monoterpene
oxidation mechanisms, we have developed a new instrument0f monoterpene oxidation products through the selected ion
which consists of the coupling of a neutral fast flow reac- flowtube-mass spectrometry (SIFT-MS) method, applied by
tor to a flowing afterglow instrumeri27]. It is the inten- Smith and co-workers for the measurement of a number of
tion to detect and quantify with this instrument the monoter- organic compoundg31-35}
penes, as well as their oxidation products, as products of
ion—molecule reactions with carefully chosen primary ions,
such as HO*, NO* or the open shell cation£" (further on 2. Experimental
simply noted as ). To do so, however, kinetic data (reac-
tion rate constants) and information concerning the product 2.1. Instrumental
distribution of the ion—molecule reactions involved are re-
quired. All measurements described here were performed at

For two of the major monoterpene oxidation products, 1.5mbar and 300 K with our SIFT, which is based upon the
acetone and formaldehyde, the reactions wigOH NO* original design by Smith and Adar{36] and which has been
and Q" ions have been studied befd@8], whereas only re-  described in detail previous|29]. Therefore, only a brief re-
cently, studies of the reactions of these ions with the monoter- view of the instrument is given here.
penes themselves have been repof2&q30] The precursor ions are produced in a microwave discharge

For most monoterpene oxidation products, however, no in a mixture of air and water vapor at a total pressure of
such data are available. In the present work, we have stud-0.2 mbar. The ions are extracted from the discharge into a dif-

o

o

ied the ion—-molecule reactions og8*, NO* and Q* with ferentially pumped quadrupole mass spectrometer, where the
pinonaldehyde (§H1602, a major oxidation product ad- appropriate ion (HO*, NO" or O,") is selected. The mass se-
pinene); nopinone (§H140, a major oxidation product ¢- lected ions are then injected into the flow tube, where they are
pinene), caronaldehyde {gH1602, a major oxidation prod-  convectively transported by a main carrier helium gas flow.
uct of A3-carene); 4-acetyl-1-methylcyclohexeng¥G 40, At the downstream end of the flow tube, the ions are sampled
a major oxidation product of limonene) amdpinene ox- through a 0.4 mm hole, drilled into a conically shaped biased
ide (CroH160, a minor oxidation product ok-pinene). A inlet flange into the analyzer quadrupole, where they are fil-
schematic representation of the structure of the products in-tered according to their mass to charge ratio and detected
cluded in this study is given iRig. 1 by an electron multiplier, the signals of which are treated by

Apart from giving the information required for our lab- pulse counting techniques.
oratory studies of monoterpene oxidation mechanisms, our  Appropriate connections are foreseen at the flow tube for
present data also give information on the feasibility of us- reactant gas and calibration gas inlet and pressure measure-
ing H3O", NO* or O,* as primary ions for in situ detection ment.
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2.2. Measurement methods T=360K is lower than the vapor pressure of pinonaldehyde
at 360 K (9.7 mbar according to formula Il of Hallquist et al.
The ion—molecule reaction rate consthig derived from [37]), we can assume that all pinonaldehyde in the cylinder is

the logarithmic decay Ii(l ) = —kz[X] of the source ion sig-  in the gas phase. From the pressure decay in the glass cylin-
nal | versus the concentration of the reactant neutXirn der with helium + pinonaldehyde we can then again derive the
the flow tube. The residence timeof the ions in the flow flow of reactant in the flow tube and thus the concentration
tube can be measured separately. [X].

For the introduction of controlled amounts of the reactant  After the experiment, however, a brownish residue was
gases into the flow tube, by means of a ring shaped inlet, remaining in the weighing boat, which represented in some
located at 27 cm from the ion inlet plate of the analyzing cases up to 50% of the original quantity of pinonaldehyde.
guadrupole, different methods were used. This could be due to polymerization of pinonaldehyde at el-

For 4-acetyl-1-methylcyclohexene, nopinone and evated temperatures. Correcting for this weight residue we
pinene oxide the concentration of the reactant neutral wascan only determine an upper limit foK], since we cannot
varied by flowing volumetric mixtures of the compound in exclude some deposition (and thus weight loss) of the pinon-
helium, prepared in volume calibrated glass containers, into aldehyde or its polymer on other surfaces (glass reservoir, gas
the flow tube through a needle valve heated at 315 K. From leads). As a result, the rate constant measured in this way is
the pressure decay versus time in the glass container the gasnderestimated.
flow could be determined and from the simultaneous mea- The same procedure was applied for caronaldehyde and
surements of the main carrier flow and pressure in the flow the same problems were encountered. Our results for the rate
tube, the concentratiorX] of the reactant could be inferred.  coefficient of the reaction of 0" with pinonaldehyde and
In this way, the reaction rate constaktsf H3O" with these caronaldehyde are, therefore, lower limits.
three compounds could be determined absolutely. For each Spectra of the reaction products recorded when pinon-
k measurement at least four different mixing ratios of the aldehyde and caronaldehyde were introduced with the cylin-
volumetric mixtures were used. The rate coefficients for the der/furnace method or with the method where helium is
reactions with NO and Q" were then determined in a rel-  blown over the liquid at 320K, result in the same reaction
ative way, as described in a previous paj29j and as used  products.
in previous studies bgparél et al.[28]. The reaction rate coefficients for the reaction of Neid

For pinonaldehyde and caronaldehyde, however, the O, with both keto-aldehydes were again determined in the
method of volumetric mixtures in helium could not be used, usual relative way using the same reactant gas inlet method
because of the low vapor pressure of these liqed3. In as for the absolute measurements witfOH.

a first set of experiments with pinonaldehyde, a method has  Forthe determination of the reaction product distribution a
been used, which we originally developed for the introduction removable reactant gas inletis used, which is located at 8 mm
of methane sulfonic acid in the flow tuf#8]. Pinonaldehyde  fromthe ioninlet plate to avoid diffusion enhancement effects
was stored in a small glass reservoir, which was completely [39]. 4-Acetyl-1-methylcyclohexene and nopinone were in-
submerged in a water bath heated at 320K. A flow of He, troduced using volumetrically prepared mixtures in helium
circulating through a spiral shaped copper tube, also sub-and fora-pinene oxide, pinonaldehyde and caronaldehyde
merged in the water bath, passed through the glass reservoithe method where helium is blown over the liquid was used.
where it was supposed to be saturated with pinonaldehyde Reaction product distributions were obtained using either
vapor. Since the vapor pressure as a function of temperaturghe so-called scan mode or in the multi ion mode. In the
is known[37] the concentration of the reactan][can in scan mode a mass spectrum is obtained over a predetermined
this case be calculated from the He flow through the glass mass range by sweeping the ion mass spectrometer over the
reservoir, the pressure in the glass reservoir, the main carrierselected mass range. In the multi ion mode the mass spec-
flow and the pressure in the flow tube. trometer is switched sequentially at a number of fixed masses

Unfortunately, this method led to irreproducible results, (maximum 20 in our case) and the count rate at those masses
due to the very slow evaporation rate and the sticky nature is measured.
of pinonaldehyde. In a second set of experiments a well-  To eliminate mass discrimination effects regular measure-
determined amount of liquid pinonaldehyde in a small stain- ments with calibration gases were performed, as described
less steel weighing boat was put into a cylindrical glass con- earlier[29].
tainer of 5 I filled with helium. This container was then held at
360K in a furnace, which also contained the pressure gauge2.3. Chemicals
The glass cylinder was connected to the reactant gas inlet of
the flow tube through a short heated stainless steel tube and a Nopinone anda-pinene oxide, obtained commercially
heated stainless steel needle valve. By choosing the amounfrom Aldrich, were 98 and 97% pure, respectively. The com-
of pinonaldehyder{=nm/M with m=weight of pinonaldehyde  pound 4-acetyl-1-methylcyclohexene was a “library prod-
in the weighing boat anill its molecular mass) in suchaway uct” of Sigma Aldrich and was sold “as is” (no purity spec-
that the pressure calculated from the ideal gas pen(kT) at ified). Pinonaldehyde and caronaldehyde were synthesized
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by ozonolysis of the corresponding monoterpesrginene
and A3-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 N(Air Products, 6.0 quality,
99.9999%) was added to the carrier gas.

3. Results

3.1. lon—molecule reaction rate coefficient and quantum
mechanical calculations

The experimentally derived values for the reaction rate
constankexp for the H5O*, NO™ and Q™ reactions with the
five monoterpene oxidation products are showmable 1

As explained in SectioB, thekeyp values for the HO™ re-
actions with 4-acetyl-1-methylcyclohexene, nopinone@nd
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trajectory calculations:

kc = k.C(e, up, T), 1)

whereC is a parameterized equation, depending uponp
and temperatur&; o and up are the polarizability and the
dipole moment of the ion.

The Langevin rate constakt is given by the formula:

k|_=27'[q g,
\/ "

whereq is the absolute value of the charge of the ion, and
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 doand p, which
allow us to evaluatkc, were, therefore, obtained by quantum
chemical calculations using the Gaussian software piBfe
As the off-diagonal elements of the polarization matrix are

)

pinene oxide were derived in an absolute way from the decay Small in all cases, the overall polarizabiltywas derived by
of the source ion signal versus the reactant concentration, in-averaging thexxx, ayy andazz polarizabilities.

ferred from absolute flow rates, which were obtained by mon-

An additional complexity with three of the five com-

itoring the pressure decrease of the reactant/helium mixture,pounds studied here (4-acetyl-1-methylcyclohexene, pinon-
prepared volumetrically at room temperature. The reaction aldehyde and caronaldehyde) is the existence of multiple ro-

rate constants for the NCGand G reactions were measured
relatively with respectto the one ogB®* by recording the de-

tameric forms, i.e. different orientations of the polar sub-
stituents due to internal rotations along single bonds, and for

cay of the three source ions simultaneously (or subsequently)one compoundy-pinene oxide, the occurrence of geometric
with increasing concentration of the reactant, introduced into (Syn/anti) isomerism.

the flow tube via a flowmeter/controller.

For nopinone, and fox-pinene oxide in either its syn or

For pinona|dehyde and Carona|dehyde the same procedur@.nti form, i.e. all structures without internal rotations affect-
was used, but the reactant gas mixture was obtained by heatind the dipole moment or polarizability, we calculatednd

ing a well-defined weight of liquid in a glass bottle filled

up at the B3LYP-DFT level of theory using the large aug-

with helium. For reasons, explained before, this method only cc-pVDZ basis set.

resulted in a lower limit of the reaction rate constants.

For 4-acetyl-1-methylcyclohexene six rotamers exist,

The accuracy of the experimental rate constants shown in€ach with a different value ef andy.p, while for caronalde-

Table lis estimated to be 25% with a precision better than

hyde we located 44 rotamers and for pinonaldehyde 27. For

5% for the relative measurements, about 5% precision for the@ll these rotamera and.p were calculated using B3LYP-
absolute measurements with 4-acetyl-1-methylcyclohexeneDFT/6-31G(d,p). In addition, for the thermally most pop-
anda-pinene oxide and 15% precision for the absolute mea- ulated rotamers of these three compounds, the calculations
surements with nopinone, pinonaldehyde and caronaldehydeWere refined at the higher B3LYP-DFT/aug-cc-pVDZ level

It is customary to compare the experimental results with
the collision rate constantg, calculated with the parame-
terized equation of Su and Chesnavjd,42], based upon

of theory. For 4-acetyl-1-methylcyclohexene, the two most
abundant rotamers constitute 90% of the population, while
for caronaldehyde the eight most populated rotamers cover

Table 1

Polarizability, dipole moment and reaction rate constants of the monoterpene oxidation products

Molecule o (R%) wo (Debye) kexplke] (H30") kexp [kc] (NO™) kexp [c] (O2")
4-Acetyl-1-methyl-cyclohexene 16.3 2.90 .244.2] 37[3.4] 36 [3.4]
Nopinone 15.7 3.50 21[4.7] 38[3.9] 37[3.8]
a-Pinene oxid@ 17.3 1.99 B [3.4] 29[2.8] 28[2.7]
Pinonaldehyde 17.9 2.26 >2.7[3.8] >2.3[3.1] >2.3[3.0]
Caronaldehyde 18.1 3.58 >4.0 [4.9] >3.3[4.0] >3.8[3.9]

Polarizability « and dipole momentp of the monoterpene oxidation products at 300K, obtained from quantum chemical calculations. Experimentally
determined rate constarks for the reactions of O*, NO* and Q* with the five monoterpene oxidation products and in square brackets their corresponding
collisional rate constante:, calculated with the parameterized equation of Su and Chesnavich. Rate constants are expreséembieddle * cm®s 1.

a Since the values af, up andkc for a-pinene oxide in its syn or anti-configuration only differ slightly, the averaged values of these parameters are listed.
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74% and for pinonaldehyde the four most abundant rotamerswhy this happens only in the case of thg*tGcaronaldehyde
span 75% of the population. The valuesr@ndup shown in reaction.

Table 1were then obtained by calculating for each compound  Three-body association channels have been observed for
the thermally weighted average of theandup values over the reactions of NOwith nopinone and caronaldehyde (see
the different rotamers, using the B3LYP/aug-cc-pVDZ value Table 2

where available, and B3LYP/6-31G(d,p) values elsewhere. hereafter). However, their fraction is too small to conclude
Similarly, the value okc in Table lis the thermally weighted  whether the effective bimolecular rate constant of these as-
average of the reaction rate constants, calculated for each rosociation channels equals their high-pressure limit under our
tamer separately. To assess the impact on the predigtetd experimental conditions.

incorporating the less accurate B3LYP/6-31G(d,p) data in-

stead of B3LYP/aug-cc-pVDZ results for the least populated 3 > product distributions

rotamers, we compared the systematic change between the

two levels of theory. We found that, in general, moving from  The pranching ratios of the different product ions of the
B3LYP/6-31G(d,p) to B3LYP/aug-cc-pVDZ resultsinanin-  raactions of HO*, NO* and G* with the five oxidation
crease of the polarizability of the rotamer of 20%, whereas  -oquycts of monoterpenes are listedrable 2

the dipole momengip increases or decreases by atmost15%. - A glance at this table already reveals the complexity of
By replacing the B3LYP-DFT/6-31G(d,p) polarizabilities the chemistry involved in the major part of these reactions.
and the dipole momensp,_ for the less populated rotamers  Therefore, and since no thermodynamical data about these

by 1.2x e and 0.8x upt or 1.2x upe in the caleulation  hroqycts are available, only the major reaction channels will
of k¢, a change of at most 7% was found for the predicted g giscussed.

value ofkc. We, therefore, believe that the uncertaintykgn
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 ] the reactions of 4-acetyl-1-
methylcylohexene, nopinone aaepinene oxide with HO*,

NO* and Q* proceed within the experimental error at the
collision rate.

For the reactions of pinonaldehyde and caronaldehyde
no unambiguous conclusion can be drawn, since only lower \y | H;0% — MH* + H.0. A3)
limits were obtained for the reaction rate constants. How-
ever, several studies have shown that for exothermic protonin this respect, our results for 4-acetyl-1-methylcyclohexene
transfer reactions, as we are dealing with here (see furtherand nopinone confirm the observationsé(pfariel et al.[28],
on), k always equalkc. It is, therefore, plausible to as- who found that the reactions of:@* with a number of ke-
sume that this is also the case for the reaction g®Hwith tones, including the cyclic non-aromatic menthone, proceed
pinonaldehyde and caronaldehyde. Moreover, the fact thatvia proton transfer and produce only the protonated ketone
the ratiokexp(NO™)/kexp(H30™) equalskc(NO*)/kc(H30™) under SIFT conditions.
within the experimental error for both compounds, sug-  Wisthaler et al[25] have used the reaction ogB* with
gests that the reactions of pinonaldehyde and caronaldenopinone for the detection of this compound by PTR-MS.
hyde with HO* and NO proceed at the collision rate. From this work it turns out that under PTR-MS conditions,

3.2.1. KO* reactions

All H 30" reactions with the reactants M proceed through
proton transfer, indicating that the proton affinity of these
reactants is larger than the one of®(691 kJ/mol44]). In
the case of 4-acetyl-1-methylcyclohexene and nopinone this
transfer is mainly non-dissociative, resulting in one major
product, the protonated reactant MH

The same goes for the reaction of*Owith pinonalde- next to the protonated nopinone cation, elimination of a water
hyde. molecule is distinctly observed, as well as minor products at
The reaction of caronaldehyde with,Q however, pro- m/z=83 and 93. The difference between these results and

ceeds as fast as the reaction wits( (seeTable 1), whereas the data reported here can most likely be explained by the
theory predictskc(O2*) =0.8 kc(H30%). Therefore, in the enhanced energy of the precursor ions, due to the applied
very plausible assumption thagB" reacts with caronalde-  electric field in the drift tube of the PTR-MS experiment,
hyde at the collision rate and based upon the relative measurewhich can lead to an enhanced break-up of the protonated
ment of the reaction rate constant of'Oversus the one of  molecule.

H30*, the reaction rate constant fopOshould then equal 4.7 Such enhanced break-up has also been observed in atmo-
x 109 molecule’ cm®s~1, which exceeds the correspond-  spheric pressure chemical ionization spectra of nopinone and
ing collisional rate constant by 20%. Although for charge ion trap MS spectra of protonated nopingaé], which also
transfer processes this cannot be excluded, due to possiblelearly show the HO abstraction from protonated nopinone
long range resonant electron transfer, that happens at interand the minor product at/z=383.

molecular distance larger than the critical distance for the  Fora-pinene oxide, pinonaldehyde and caronaldehyde the
formation of a Langevin reaction complex and which is not proton transfer reaction is dissociative, even under SIFT con-
considered in the Su and Chesnavich theory, it is not clearditions, resulting in a series of fragments of the nascent ex-
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Table 2
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Product ion distributiofof the reactions of BO*, NO* and Q* with 4-acetyl-1-methylcyclohexene, nopinonepinene oxide, pinonaldehyde and caronalde-

hyde at 1.5 mbar and 300 K
Molecule HO* NO* ot
m'z Product ion % m'z Product ion % m'z Product ion %
4-Acetyl-1-methyl- 139 GH150" 89 137 GH130" 2 80 2
Cyclohexene 140 §H150"P 9 138 GH140* 85 94 4
CoH140 Others 2 139 6H140™P 9 95 16
m=138u Others 4 96 2
120 GH1ot 2
123 GH110* 12
124 GgH1,0™P 1
138 GH140" 48
139 GH140"P 6
Others 7
Nopinone 139 GH150" 88 127 4 82 3
CgH140 140 CéH150+'b 9 138 GH140" 60 83 15
m=138u Others 3 139 &40 7 84 1
168 (NOCgH140)* 17 95 5
169 (NOCgH140)*P 2 96 9
Others 10 97 3
109 9
110 5
120 GH1o* 2
123 GH110* 5
138 GH140* 30
139 GH140™P 5
Others 8
a-Pinene oxide 43 2 94 4 82 9
C10H160 93 9 108 10 83 7
m=152u 95 2 109 7 84 2
107 2 110 16 94 4
109 GHoO*© 14 111 2 95 4
110 GHgO*P:C 1 123 3 96 2
135 GioH1s" 47 134 GoHa" 8 108 3
136 GioH15*P 5 135 GoHisa* P+ 3 109 19
153 GoH170" 10 Other product 110 3
154 GioH170%P 1 137 GH120* 6 134 GoH1a* 2
Others 7 151 QH150" 3 137 GH130* 19
152 GioH160* 24 138 GH130™P 2
153 GigH160%P 3 152 GoH160* 10
Others 11 153 G@H160%P 1
Others 13
Pinonaldehyde 61 2 97 12 71 3
C1oH1602 71 C4H,0™e 4 98 3 82 8
m=168u 93 2 99 13 83 4
99 5 100 2 97 14
107 GgHygHd 9 124 2 98 21
123 2 140 18 99 3
151 GioH150* 54 141 3 107 2
152 GioH150%P 6 150 GoH140* 3 108 2
169 GioH170,* 7 167 GoH150," 18 109 3
Others 9 168 GoH1602" 12 111 3
Ci1oH150,™P 124 6
169 GioH1602+P 3 125 4
Others 11 140 8
168 GCioH1602* 3
Others 16
Caronaldehyde 61 3 43 3 43 2
C10H1602 93 3 69 2 82 3
m=168u 107 GH11™f 10 97 4 83 2
108 GgHpa ™0 1 110 2 84 8
109 GgHys*f 4 111 6 86 4
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Table 2 Continued

Molecule HO* NO* 0t
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 GCoH150" 20 140 10 122 2
152 GioH150%P 2 141 1 124 4
167 CoH1502* 2 152 2 125 7
169 CioH1705* 12 167 GoH1505" 3 139 11
170 GioH1700*P 1 168 GioH1602" 11 140 4
Others 14 169 Q)H1502+’b 2 168 Q_()H]_GOZ+ 3
180 (NO.GgH140)" 8 169 GoH1602"P 1
181 (NO.GoH140)"P 1 Others 23
198 (NO.GgH1602)* 4
Others 23

@ Only products with branching ratie2% are listed. Products with smaller branching ratio’s are grouped together in “others”, with exception of products
atm/z with branching ratio between 1 and 2%, which are clearly*fi@isotope of the products an(— 1)/z

b 13C_isotope.

¢ Tentative product identification.

d Product identification according to RE46].

€ Product identification according to R¢25].

f In analogy with pinonaldehyde, product identification for pinonaldehyde according t¢48gf.

cited protonated reactant (M§i. The protonated reactant at n/z=109 for the HBO"—a-pinene oxide reaction, and at
MH* is still one of the major products, but the dominating nm/z=107 and 123 for caronaldehyde.
channel is elimination of a water molecule after protonation,  In the cases where many fragment ions were observed,
resulting in the (M- OH)* cation: the reactant was introduced in the flow tube by flowing He
(typically 1.7 STP cris™1) over the liquid reactant, stored
M + H30" — (M —OH)" + 2H,0. 4) in a reservoir (heated at 320-330 K in the case of pinonalde-
hyde and caronaldehyde). During the measurements of the
For pinonaldehyde and caronaldehyde, which are both prodyct distribution of the BO*—caronaldehyde reaction the
keto-aldehydes, this fits well within the results of the SIFT e|ative intensity of the fragments atz=61, 139 and 167
study of the reaction of 50" with a series of aldehydes by (|l fragments with branching ratie 3%) increased, which
Sparel et al.[28,45] who observed, next to the protonated ¢oyld indicate that these ions (or a fraction of them) orig-
aldehyde, HO elimination after protonation for saturated inate from impurities, which have a larger evaporation rate
aldehydes with at least four carbon atoms (except 2-methyl-than caronaldehyde. Therefore, the branching ratio of these
propanal). fragments should be taken with some reservation.
Water abstraction from protonated pinonaldehyde was
also confirmed by iontrap MS spectra, reported by Warscheid 322 NOJ reactions
[46]. In all the reactions of NO with the five monoterpene
Apart from the minor ions at/z=93 andm/z=61, all R L
Lo . . oxidation products charge transfer occurs, indicating that the
the products of the gD*—pinonaldehyde reaction shownin . ", )
) . ionization energy of these reactants is smaller than the one
Table 2 were also observed in a PTR-MS study by Wisthaler of NO (9.26 eV[44)):
et al. [25]. In addition these authors also detect mass 81, ' '
which we do not see. Furthermore, the smaller fragments allpy 4 NO* - M* + NO. (5)
occur with a larger abundance in the PTR-MS experiment,
indicating again a higher break-up in PTR-MS than under  For 4-acetyl-1-methylcyclohexene, nopinone and
SIFT-MS conditions. pinene oxide the parent cationis clearly the most abundantion
The product observed av¥z= 107 for pinonaldehyde has (94, 67 and 27%, respectively). The charge transfer process
also been detected by Warschpi@] and has been explained is highly dissociative in the reactions witltpinene oxide,

by simultaneous or subsequent ejection gttand GH3OH. pinonaldehyde and caronaldehyde, resulting in several frag-
Mass 109 observed by this author was assigned to the loss ofnents of the nascent excited {M cation. Elimination of
H>0 and BC,0 from protonated pinonaldehyde. H»0, for instance, occurs for the NGx-pinene oxide and

Next to the products due to protonation and subsequentpinonaldehyde reactions, resulting in a produanét=134
water abstraction, other non-negligible products are observedand 150, respectively. Another example is the ejection of
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CoHg4 (or CO), as observed in many charge transfer reac- 100
tions of Q* with aldehydeq28,45], giving the product at ]
m/z= 140 in the NG—pinonaldehyde and caronaldehyde re-
actions.

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

so] O spectrum

60 nopinone

40

20 JL ‘
04—, , _ i | ||.,

100

M + NO* — (M —H)" + HNO, (6)

a process, which has also been observecfsparél 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 60 -
aldehydes they have studied) and with a series of alcohols 40 -
[47]. H™ -transfer is also a reaction channel, although minor, i
in the reaction of NO with 4-acetyl-1-methylcyclohexene, l
a-pinene oxide and caronaldehyde. 0 L

relative abundance

80 _ El spectrum

A third reaction pathway, three-body association, is ob- 0o 20 40 60 ’:}z 100 120 140 160
served in the reaction of N'Owith nopinone and caronalde-
hyde: Fig. 2. Comparison between theOspectrum of nopinone with its corre-
sponding El spectrurfé4].
M + NO* +He — (M -NO)* + He, @) ponding El spectrurfi]

(for caronaldehyde the mass discrimination factor for the opserved, a feature often mirrored in the corresponding elec-
product atm/z=198 was obtained through extrapolation of tron impact (El) spectra.

the curve fitted through measured mass discrimination factors |t is clear that the @ reactions witha-pinene oxide,

at lowern/z values[29], which implies a larger error on the  pinonaldehyde and caronaldehyde are not very well suited

branching ratio of this association product). for the identification and the quantification of these monoter-
Remarkable is the product am/z=180 in the  pene oxidation products, due to the extensive fragmentation.

NO*—caronaldehyde reaction, the branching ratio of which is Figs. 2 and 3how the comparison between thg'Gpec-

too high to be attributed to impurities. This product can only trym for nopinone and-pinene oxide with their correspond-
result from fragmentation of the excited association com- jng E| spectrum (70 eV44].

plex (M-NO)*" through HO ejection. Similarly, the minor Although all the products observed in the SIFT-MS spec-

product atm'z= 127 in the NO-nopinone reaction canonly  tra can also be identified in the EI spectra, the latter show

originate from fragmentation of the association product. ~ much more fragmentation and a more pronounced relative
The branching ratio for the product a¥z=125 in the  intensity of the smaller fragments, since Qreaction is a

NO*—caronaldehyde reaction is somewhat uncertain due to“softer” ionization technique than El.
the role of possible evaporating impurities, as explained at

the end of SectioB.2.1
100

3.2.3. Q* reactions go{ Op spectrum

All O,* reactions can be classified as charge transfer re- 60| o-pinene oxide
actions. This is quite evident in view of the previous section,
since the ionization energy of£@xceeds the one of NO by
about 3eV.

For the reaction of @ with 4-acetyl-1-
methylcyclohexene and nopinone the parent cation
remains the major product, while for pinonaldehyde and
caronaldehyde it is only a minor product. In all cases, the ]
charge transfer process is sufficiently exothermic to result 60 -
in significant cracking of the nascent excited parent cations 404
(M*)". For example, we observe the elimination of gCH
molecule for all reactions (for pinonaldehyde and caronalde-
hyde <2%), and the ejection of the alkyl radical £Ffbr 0+
the reactions of @ with 4-acetyl-1-methylcyclohexene, ° 20 4 60 :;z 100 120 140 160
nopinone and-pinene oxide.

Many O,"-SIFT studies have shown that generally the Fig. 3. Comparison between the Ospectrum ofx-pinene oxide with its
greater the atomicity of the reactant, the more fragments arecorresponding EI spectrufda4].

40 -

20

100

80 ; El spectrum

relative abundance
o

20
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Comparison of the EI spectrum of pinonaldehyde, be determined under the same CIMS conditions (carrier gas,
recorded by Jaoui and Kamefik9], with the correspond-  pressure in the flow tube, voltage on the inlet plate of the
ing O spectrum confirm the previous remarks. In the first detector quadrupole, ..).
the major product ions are atz=43, 69 and 83.
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It has been shown that the reactions a4, NO* and
O,* 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 Sec8dh we can
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