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Abstract

The rate constant and product ion distribution of the reactions of H3O+, NO+ and O2
•+ with methyl vinyl ketone (MVK), methacrolein

(MaCR), pivaldehyde, 2-methyl-butanal, glyoxal,o-, m- andp-tolualdehyde have been investigated at 150 Pa and 297 K using a selected ion
flow tube (SIFT). All reactions, except the NO+/glyoxal reaction, proceed at a rate close to the collisional rate, calculated with the Su and
C tions.
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hesnavich model, using the polarizability and electric dipole moment of the compounds derived from quantum chemical calcula
All H 3O+ reactions proceed by proton transfer, non-dissociative for all compounds, except for 2-methyl-butanal, where two mino

esulting from fragmentation after protonation are observed.
Association is the only pathway in the NO+/MVK and NO+/glyoxal reaction. Hydride ion transfer is the major process occurring in a

ther NO+ reactions. Elimination of CHO for pivaldehyde and association for MaCR are also non-negligible channels in their reac
O+.
All O2

•+ reactions result in the parent cation by charge transfer and in at least one fragment ion.
Hydration of the product ions has been investigated by adding water vapor in the reaction zone. A method is proposed to deriv

ody association rate constants of the product ions with water and to estimate the rate constants of the reactions of the hydrat
ons H3O+·H2O and NO+·H2O with the reactants.
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. Introduction

Aldehydes and other carbonyl compounds are widespread
hemicals, which play an important role in the chemistry of
he polluted troposphere. They can contribute to the formation
f tropospheric ozone through their photo-chemistry in the
as phase[1] and take part in the generation of secondary
erosols through heterogeneous processes[2]. On local scale,
ldehydes are toxic pollutants for human health[3,4].

Carbonyl compounds and aldehydes are introduced in
he atmosphere by several antropogenic and natural sources.

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

They are emitted from combustion processes of fossi
els, industrial processes, waste disposal and biomass b
[5–7]. In addition, they arise as secondary pollutants from
photo-oxidation of volatile organic hydrocarbons, emitte
the atmosphere by industrial and biologic processes[8–10].
They can also be produced directly by various vegeta
forms[11,12].

Aldehydes have been detected in the environment
variety of techniques, based upon Fourier transform infr
spectroscopy, differential absorption in the near UV
GC–MS[8].

A very successful technique, which has recently been
for their measurement, is proton transfer reaction-mass
trometry (PTR-MS)[13], which is based upon the mass sp
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trometric detection of the product ions generated from the
reaction of the trace gas to be detected with H3O+ ions. A
similar technique, which may be somewhat less sensitive, but
which may allow a better identification of the chemicals to
be measured, is the selected ion flow tube-mass spectrome-
try (SIFT-MS) method, developed and applied by Smith and
co-workers for the measurement of a number of organic com-
pounds[14–18]. In the latter method, not only the products
of the reaction of the H3O+ ion with the compound to be de-
tected are measured, but also the products of the reactions of
NO+ and O2

•+ ions.
The application of PTR-MS and SIFT-MS techniques,

however, requires the knowledge of the kinetic and mechanis-
tic data (reaction rate constants and product ion distribution)
of the ion/molecule reactions involved.

Such data have been measured for several chemicals in
the laboratory[19] and have recently been extended system-
atically byŠpan̆el and co-workers to set-up a database of ki-
netic and mechanistic data for the detection of several organic
compounds, including some aldehydes and ketones[20–22].
Although the existing database is quite extensive, some data
are still missing, especially for some important atmospheric
volatile compounds.

In this work, we have performed a study to extend the
database to glyoxal, methacrolein (MaCR), methyl vinyl ke-
tone (MVK),o-, m- andp-tolualdehyde.

at-
m with
O ted
i lso a
p nds
[
a ig-
n

od-
u ajor
b als
a rene
w

e
e ehi-
c the
o he
a lants,
a

, we
h
N wo
o

e-
t sent
d

ce
g reath
a , it is
e

and O2
•+ reactions associate with water and if the hydrates

of the precursor ions also react with the trace gases under
consideration. The formation of hydrates of the ionic products
has thus also been studied here by introducing water vapor
into the flow tube. Three-body association rate constants for
the protonated products (see Section3.2.1) and reaction rate
constants for H3O+·H2O and NO+·H2O with the reactants
(see Section3.1) have been derived, using a method described
in Appendix A.

2. Experimental

Measurements are performed with a selected ion flow tube
similar to the original design by Smith and Adams[32]. Since
a detailed description of the equipment has been given in a
previous publication[33], only a brief review of the instru-
ment is given here.

The precursor ions H3O+, NO+ and O2
•+ are generated

in a microwave discharge in a mixture of air and water va-
por at a total pressure of 20 Pa. By a set of electrostatic
lenses ions are extracted from the discharge into a differ-
entially pumped quadrupole mass spectrometer, which se-
lects the appropriate ion. The mass selected ions are then
injected into a 51 cm long flow tube with inner diameter of
4 cm, where they are convectively transported by a helium
b ring-
s ction
p ube
i into
t ng to
t ctron
m ting
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The dicarbonyl compound glyoxal is formed in the
osphere as a result of the photo-oxidation (reaction
H) of toluene[23], which is an aromatic compound emit

n the atmosphere by automobile exhaust. Glyoxal is a
roduct of the photo-oxidation of other aromatic compou

24–26]and of some biogenic species such as isoprene[27]
nd�-pinene[28]. Glyoxal is also believed to contribute s
ificantly to the yield of secondary aerosols[2].

Methyl vinyl ketone and methacrolein are two major pr
cts, formed by the oxidation of isoprene (one of the m
iogenic volatile organic compounds) by hydroxyl radic
nd ozone, and minor products of the reaction of isop
ith NO3 radicals[9].
The aromatic aldehydeso-, m- and p-tolualdehyde ar

mitted into the atmosphere as pollutants from motor v
les[29,30]and are also produced in the atmosphere from
xidation of xylenes[24,26,31]. Xylenes are released to t
tmosphere from industrial sources, such as chemical p
nd from automobile exhaust.

In addition to these six compounds, reviewed above
ave added to our study the ion/molecule reactions of H3O+,
O+ and O2

•+ with pivaldehyde and 2-methyl-butanal, t
ther atmospherically important aldehydes.

Apart from giving the information required for in situ d
ection of these compounds through SIFT-MS, our pre
ata also give information for PTR-MS applications.

When SIFT-MS is used to identify and to quantify tra
ases in various applications (such as environmental or b
nalysis) the samples are generally “humid”. Therefore
ssential to know if the ionic products of the H3O+, NO+
uffer gas flow. The reactant gas is introduced through a
haped inlet, located 23.7 cm downstream from the inje
oint of the ions. At the downstream end of the flow t

ons are sampled through a 0.4 mm hole and introduced
he quadrupole analyzer, where they are filtered accordi
heir mass to charge ratio. Ions are detected by an ele
ultiplier and the resulting signal is treated by pulse coun

echniques.
All measurements were performed at 150 Pa and 29
Ion/molecule reaction rate constantsk were derived from

he logarithmic decay ln(I/Io) =−kt[X] of the source ion cu
ent I versus the concentration of the reactant neutral [X] in
he flow tube and from the residence timet of the ions in the
ow tube, which can be measured separately.

The reactant neutral is diluted in helium in a volume
brated glass container. The concentration of this rea
n the flow tube was varied by regulation of the flow r
rom this glass container into the flow tube by mean

heated (315 K) needle valve. The reactant gas flow
nferred from the pressure decay versus time in the g
ontainer. The concentration [X] of the reactant was derive
rom the simultaneous measurement of the main carrie
ow and of the pressure in the flow tube. In this way,
bsolute reaction rate constantsk of H3O+ could be deter
ined. For eachk measurement, at least four different m

ng ratios of the volumetric mixtures were used. The
onstants for the reactions with NO+ and O2

•+ were then
etermined in a relative way, as described in a previou
er [33] and as used in previous studies byŠpan̆el et al.

20].
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To determine the product ion distribution of the ion/mole-
cule reactions studied, a removable reactant gas inlet is used,
which is located at 8 mm from the ion inlet plate to reduce
diffusion enhancement effects to a minimum[34]. MVK,
MaCR, pivaldehyde, 2-methyl-butanal and glyoxal were in-
troduced using volumetrically prepared mixtures in helium,
whereas the tolualdehydes were injected in gaseous form
by blowing helium over the liquid. Product ion distribu-
tions were obtained using the multi ion mode, where the ion
mass spectrometer is tuned sequentially at a number of fixed
masses and the corresponding count rate at those masses is
measured.

Regular measurements with calibration gases were per-
formed to eliminate mass discrimination effects[33].

Except for glyoxal, all chemicals were commercially
available. MVK and MaCR were obtained from Aldrich
(purity 99 and 95%, respectively). Pivaldehyde,m-, p-
tolualdehyde, 2-methyl-butanal (Acros) ando-tolualdehyde
(Fluka) had purities 98, 98, 99, 95 and >98%, respectively.

Glyoxal C2H2O2 in monomeric form has been prepared
from the hydrated trimer C6H6O6·2H2O using the method
described by Horowitz et al.[35]. Its purity (≥98%) rela-
tively to formaldehyde has been checked by absorption mea-
surements in the UV. The pure monomer under the form of
yellow crystals was stored at 195 K. For the preparation of
the gaseous glyoxal/helium mixtures, the trap was heated up
t g on
t ium
m

3. Results and discussion

3.1. Reaction rate constants

An overview of the experimental derived rate constants
kexpof the reactions of H3O+, NO+ and O2

•+ with the various
compounds is given inTable 1.

Absolute reaction rate constants of H3O+ have been mea-
sured by monitoring the signal of the precursor ion as a func-
tion of the concentration of the reactant gas in the flow tube.
The reaction rate constants of NO+ and O2

•+ were measured
relatively with respect to the one of H3O+ by injecting the
three precursor ions simultaneously and by recording their
signal as a function of the concentration of the reactant gas.
Exceptionally, the NO+ and O2

•+ reactions with glyoxal were
measured in an absolute way.

The accuracy of the experimental rate constantskexp is
estimated to be 20% with a precision better than 5% for
the absolute measurements (except for glyoxal) and bet-
ter than 2% for the relative measurements. The precision
of the absolute measurements with glyoxal is better than
13%.

The corresponding collisional reaction rate constantskC,
obtained with the parameterized equation of Su and Ches-
navich[39,40], are also listed inTable 1. The evaluation ofkC
requires knowledge of the dipole momentµ and of the po-
l arse,
t ftware
s ed

T
E ·H2O, N s at
1

C

H3O

M 3. ]

o 4 ]
m 4 ]
p 4 ]

P 3 ]

2 3. ]

M
3.8

t
–d

c

I Su and
t xt for d
o temperatures ranging from 240 to 250 K, dependin
he partial glyoxal pressure required in the glyoxal/hel
ixture.

able 1
xperimental rate constantskexp obtained for the reactions of H3O+, H3O+

50 Pa and 297 K

ompound µD (Debye) α (Å3) kexp [kC]

H3O+

ethyl vinyl ketone 3.40 8.23 3.5 [4.7]
3.16a

-Tolualdehyde 3.11 15.0 3.8 [4.4]
-Tolualdehyde 3.63 15.1 4.1 [4.9]
-Tolualdehyde 4.11 15.3 4.4 [5.5]

ivaldehyde 2.87 9.98 3.5 [4.0]
2.66b

-Methyl-butanal 3.11 10.1 3.7 [4.3]

ethacrolein 3.07 8.32
3.5

[4.3]
2.68b 8.3b [3.8]

rans-Glyoxal 0 4.75
1.9

[1.3]
is-Glyoxal 3.55 4.76 [4.9]

4.8c

n square brackets, collisional reaction rate constantskC according to the
he compounds obtained from quantum chemical calculations (see te

a Reference[36].
b Reference[37].
c Reference[38].
d See text at the end of Section3.2.1.
D
arizabilityα of the reactants. Since literature data are sp
hese variables have been derived with the Gaussian so
uite[41] at the B3LYP level of theory, using the extend

O+, NO+·H2O and O2
•+ with methyl vinyl ketone and some aldehyde

+·H2O NO+ NO+·H2O O2
•+

7 [3.7] 2.4 [4.0] 3.5 [3.4] 3.0 [3.9

.1 [3.3] 3.3 [3.6] 3.8 [3.0] 3.2 [3.5

.7 [3.8] 3.6 [4.1] 4.6 [3.4] 3.6 [4.0

.9 [4.2] 3.9 [4.6] 4.4 [3.8] 3.8 [4.4

.8 [3.1] 3.0 [3.4] 3.3 [2.9] 3.0 [3.3

9 [3.3] 3.2 [3.6] 3.3 [3.1] 3.1 [3.5

[3.4]
2.6

[3.6]
3.4

[3.1]
3.1

[3.6]
[3.0] [3.2] [2.8] [3.2]

[1.1]
0.08

[1.1] – [1.0]
1.5

[1.1]
[3.9] [4.1] [3.6] [4.1]

Chesnavich approach[39,40]. Polarizabilitiesα and dipole momentsµD of
etails) and from literature.kexp andkC are expressed in 10−9 cm3 s−1.
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Table 2
Product ion distribution of the H3O+, NO+ and O2

•+ reactions with MVK and some aldehydes at 150 Pa He pressure and 297 K

Compound m PA IE H3O+ NO+ O2
•+

Ion m/z % k2 Ion m/z % Ion m/z %

Methyl vinyl ketone, CH2 CHCOCH3 70 834.7b 9.65c C4H7O+ 71 99 2.3 (NO·C4H6O)+ 100 99 C4H6O•+ 70 49
Others 1 Others 1 C3H3O+ 55 48

C2H3O+ 43 2
Others 1

o-Tolualdehyde, C8H8O 120 C8H9O+ 121 97 6.4 C8H8O•+ 120 5 C8H8O•+ 120 88
Others 3 C8H7O+ 119 94 C8H7O+ 119 10

Others 1 Others 2

m-Tolualdehyde, C8H8O 120 840.0b C8H9O+ 121 98 6.4 (NO·C8H8O)+ 150 5 C8H8O•+ 120 88
Others 2 C8H8O•+ 120 6 C8H7O+ 119 11

C8H7O+ 119 89 Others 1

p-Tolualdehyde, C8H8O 120 851.8b 9.33d C8H9O+ 121 97 4.5 (NO·C8H8O)+ 150 3 C8H8O•+ 120 88
9.34e Others 3 C8H8O•+ 120 4 C8H7O+ 119 11

C8H7O+ 119 93 Others 1

Pivaldehyde, C(CH3)3CHO 86 9.51c C5H11O+ 87 99 7.5 (NO·C5H10O)+ 116 2 C5H10O•+ 86 43
Others 1 C5H9O+ 85 61 C4H9

+ 57 56
C4H9

+ 57 37 Others 1

2-Methyl-butanal, CH3CH2CH(CH3)CHO 86 9.59f C5H11O+ 87 93 19 C5H9O+ 85 97 C5H10O•+ 86 11
C5H9

+ 69 4 –h C4H9
+ or C3H5O+ 57 2 C3H6O•+ 58 70

C2H5O+ 45 2 –h Others 1 C4H9
+ or C3H5O+ 57 15

Others 1 Others 4

3-Methyl-butanala, CH3CH(CH3)CH2CHO 86 9.72g C5H11O+ 87 70 12 C5H9O+ 85 100 C5H10O•+ 86 10
C5H9

+ 69 30 C4H7O+ 71 10
C3H6O•+ 58 45
C2H4O•+ 44 35

Methacrolein, CH2 C(CH3)CHO 70 808.7b 9.92g C4H7O+ 71 99 4.3 (NO·C4H6O)+ 100 38 C4H6O•+ 70 73
Others 1 C4H5O+ 69 61 C4H5O+ 69 11

Others 1 C3H6
•+ 42 14

Others 2

8 100 C2H2O2
•+ 58 49

CH2O•+ 30 48
CHO+ 29 3

tio≥2% are listed. Product ions with smaller branching ratio
he product ion, including all isotopes of the product,m/zvalue
Glyoxal, CHOCHO 58 10.2c C2H3O2
+ 59 98 –i (NO·C2H2O2)+ 8

Others 2

Three-body rate constantsk2 for the association of the protonated compounds with water in 10−27 cm6 s−1. Only product ions with a branching ra
are grouped together in “others”.m: mass of the compounds (u); PA: proton affinity (kJ mol−1); IE: ionization energy (eV); %: branching ratio of t
refers to the first isotope op the product ion.

a Reference[21].
b Reference[43].
c Reference[44].
d Reference[45].
e Reference[46].
f Reference[47].
g Reference[48].
h k2 has only be determined for product ions with branching ratio≥90% for reasons explained inAppendix A.
i See text at the end of Section3.2.1.
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aug-cc-pvdz basis set. Dipole momentµD and polarizability
α are also listed inTable 1.

This table shows that the H3O+, NO+ and O2
•+ reactions

are fast, except the NO+/glyoxal reaction. Thekexp values
equal the corresponding collisional reaction rate constantkC
within the accuracy, with exception of the MVK reactions and
the NO+/MaCR reaction. A slight increase of the dipole mo-
mentµD is observed in the serieso-, m- andp-tolualdehyde,
which is reflected in a small increase of the corresponding
kexp.

kC values for thecis- and trans-geometrical isomer
of the dialdehyde glyoxal are quite different. The ex-
perimental value is closest to the calculatedkC value
of the trans-geometry, which is the most stable isomer
[42].

The values of the experimental reaction rate constants of
H3O+·H2O and NO+·H2O with the various reactants are also
given in Table 1. They are derived in a relative way with
respect to the reaction rate constant of H3O+ and NO+, re-
spectively, as explained inAppendix A. Comparison with
the corresponding collisional reaction rate constantskC, in-
dicates that these reactions proceed at the collision rate
and that the method outlined inAppendix A has the ten-
dency to overestimatekexp (H3O+·H2O) and kexp (NO+·
H2O).

3
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Špan̆el et al. [20,21] observed elimination of a water
molecule after protonation for saturated aldehydes containing
at least four carbon atoms (except for 2-methyl-propanal). By
analogy with electron ionization fragmentation EI[49,50],
they suggested that a possible mechanism for the H2O elim-
ination involves the formation of a six-membered ring in-
termediate containing at least four carbon atoms. Our study
seems to support this hypothesis: pivaldehyde cannot form a
six-membered cyclic intermediate and the water elimination
channel should not take place, which is indeed observed. On
the other hand, the formation of such an intermediate is possi-
ble for 2-methyl-butanal and water elimination (see reaction
(2.2)) is observed.

In their study of the reaction of H3O+ with an extended se-
ries of ketones Smith and co-workers[20,22]concluded that
these reactions are characterized by non-dissociative proton
transfer as single reaction pathway, which is confirmed by
the H3O+/MVK reaction in this study:

H3O+ + CH2 = CHC(O)CH3 → C4H7O+ + H2O. (3)

Several SIFT studies[51–53] have revealed that associ-
ation of water molecules to hydrocarbon ions is generally
exceptional and that hydrocarbons do not react significantly
with hydrated hydronium ions by switching reactions. These
p n de-
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t n
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.2. Product ion distributions

Table 2gives an overview of the product ions obser
n the reactions of H3O+, NO+ and O2

•+ with the various
ompounds. These reactions are discussed in the follo
eparate subparagraphs.

.2.1. H3O+ reactions
All H 3O+ reactions studied here proceed by proton tr

er. This is expected for MVK, MaCR,m- andp-tolualdehyde
rom the large value of their proton affinity (seeTable 2). It in-
icates that the proton affinity of the other products inTable 2

s also larger than the one of H2O (691 kJ mol−1 [43]). In all
ases, except for 2-methyl-butanal, this proton transfer
ess is non-dissociative, resulting in the protonated mole
s single reaction product:

3O+ + M → MH+ + H2O. (1)

or 2-methyl-butanal, in addition to the protonated molec
wo other products are formed either by the loss of a2O
olecule or by elimination of C3H6 after protonation:

3O+ + CH3CH2CH(CH3)CHO → C5H11O
+ + H2O

(2.1)

3O+ + CH3CH2CH(CH3)CHO → C5H9
+ + 2H2O

(2.2)

3O+ + CH3CH2CH(CH3)CHO

→ C2H5O+ + C3H6 + H2O. (2.3)
roperties can be used as a valuable diagnostic tool i
ermining the nature of the reaction products. For exam
he product ion atm/z= 45 in reaction(2.3) hydrates whe
ater is added to the main carrier gas, so it is most li

dentified as the oxygen bearing ion C2H5O+, rather than th
ydrocarbon ion C3H9

+. We have used this tool in all furth
ases where identification of the product ions was doub

For all H3O+ reaction products listed inTable 2, excep
or protonated glyoxal, association with water takes pl
igher order hydrates are formed, except for protonateo-,
- andp-tolualdehyde for which only the monohydrate w
bserved. The three-body association rate constants,
ived by the method described inAppendix A, are also in
luded inTable 2.

The reaction of protonated glyoxal with water is pe
iar: when water is added to the main carrier gas, the s
f protonated glyoxal decreases significantly, but an eq
lent increase of the signals of the hydrates of proton
lyoxal is not recorded. On the other hand, a distinct incr
f the signal atm/z= 31 (most likely protonated formaldehy
2COH+ and not its much higher energy isomer CH3O+) and
f its hydrate atm/z= 49 (H2COH+·H2O), which are only
inor products with branching ratio≤1% in the absence
ater, is observed. When the concentration of glyoxal in

eaction zone is increased for a fixed water vapor conce
ion, an unexpected increase of the signal atm/z= 37 is also
bserved, which can possibly be explained by the follow
eaction:

2H3O2
+ · H2O + H2O → H3O+ · H2O + C2H2O2. (4)
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It is clear that further experiments are needed to unravel the
complex H3O+/glyoxal chemistry in the presence of water
vapor.

3.2.2. NO+ reactions
For most products inTable 2the ionization energy IE is

known and is larger than the one of NO (IE(NO) = 9.26 eV
[44]), so charge transfer with ground state NO+ is excluded
(except forp-tolualdehyde, see later on).

MVK reacts with NO+ through association at an effective
bimolecular reaction rate, which is under our SIFT condi-
tions about 40% lower than the corresponding collision rate
constantkC (seeTable 1):

NO+ + CH2 = CHC(O)CH3
He−→ (NO · C4H6O)+. (5)

Based upon their study of an extensive series of ketones,
Smith and co-workers[20,22]concluded that for most of the
ketones they have studied, association is the only or dominant
pathway in their reaction with NO+, in accordance with the
observed reaction(5) for MVK.

Association is also the only process observed in the
NO+/glyoxal reaction, however at a very small effective bi-
molecular reaction rate (seeTable 1):

NO+ + CHOCHO
He−→ (NO · C2H2O2)+. (6)

F seful
t

m -
d
a
s he re-
a

i
(

N

N

N

T
r an-
n
r e
T sfer
p ,
b xperi
m r
g y on
t cule
i sible
e
r

excluded. Charge transfer has indeed been observed for the
reaction of NO+ with ethylene glycol dimethyl ether[55],
1-heptene, 1-octene, 1-nonene, 1-decene[53] and acetophe-
none[22], all molecules with IE slightly larger than NO.

For the NO+/pivaldehyde reaction three products have
been identified:

NO+ + C(CH3)3CHO
He−→ (NO · C5H10O)+ (8.1)

NO+ + C(CH3)3CHO → C5H9O+ + HNO (8.2)

NO+ + C(CH3)3CHO → C4H9
+ + (CHO + NO). (8.3)

The major channel(8.2) corresponds to hydride ion trans-
fer and pathway(8.3) leads to the hydrocarbon ion C4H9

+

by elimination of CHO. In the latter reaction, several neutral
products may be possible. However, since thermodynamic
data are missing to trace the energetics of the reactions, these
neutral products cannot be specified exactly. Therefore, we
have put in(8.3), between brackets, the neutral products of
the reaction as consisting of the molecule emanating from
the source ion and of the fragment coming from the neutral
reaction partner. From now on, we will use the same nota-
tion (brackets for uncertain neutral reaction products) in the
discussion below.

The major channel in the NO+/2-methyl-butanal reac-
tion is again hydride ion transfer(9.1), with one minor
c
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urther studies as a function of the pressure would be u
o probe the variation of the rate constant.

The major process for the reaction of NO+ with the
onoaldehydes listed inTable 2is hydride ion transfer. Hy
ride ion transfer has been identified byŠpan̆el et al.[20,21]
s the only process occurring in the reaction of NO+ with
aturated aldehydes and as the dominant pathway for t
ction of NO+ with unsaturated aldehydes.

In addition to hydride ion transfer (reaction(7.3)), two less
mportant processes are observed in the NO+/tolualdehyde
o-, m- andp-) reaction:

O+ + C8H8O
He−→ (NO · C8H8O)+ (7.1)

O+ + C8H8O → C8H8O•+ + NO (7.2)

O+ + C8H8O → C8H7O+ + HNO. (7.3)

he branching ratio for theo-tolualdehyde/NO+ association
eaction(7.1)is smaller than 1.5%. The charge transfer ch
el (7.2)is somewhat surprising for the NO+/p-tolualdehyde
eaction, since the ionization energy ofp-tolualdehyde (se
able 2) is larger than the one of NO. These charge tran
roducts cannot originate from excited NO+,* precursor ions
ecause these ions have been quenched during the e
ents by adding a small amount of N2 to the He main carrie
as. However, if one takes into account the uncertaint

he ionization energy, the thermal spread of the ion/mole
nteraction energies under SIFT conditions and the pos
ntropy change (T�Stypical≤6.3 kJ mol−1 for bimolecular
eactions[54]), charge transfer with ground state NO+ is not
-

hannel:

O+ + CH3CH2CH(CH3)CHO → C5H9O+ + HNO

(9.1)

O+ + CH3CH2CH(CH3)CHO

→ C4H9
+ + (CHO + NO) or (9.2.1)

O+ + CH3CH2CH(CH3)CHO

→ C3H5O+ + (C2H5 + NO). (9.2.2)

he minor product atm/z= 57 could be C4H9
+ (protonated

-butene, 2-butene or isobutene, reaction(9.2.1)) or C3H5O+

reaction(9.2.2)). Diskin et al. [53] observed that proto
ated 1-pentene, protonatedtrans-2-pentene and higher o
er protonated alkenes (double bound in the 1 or 2 p

ion) do not associate significantly with water. Since
eries does not include protonated butene, associati
he latter with water cannot be ruled out a priori. F
hermore, when water is introduced into the flow tu
he signal atm/z= 57 (C4H9

+ or C3H5O+) decreases sig
ificantly, but this decrease is not mirrored in an eq
lent increase of the signals of the hydrates atm/z= 75
C4H9

+·H2O or C3H5O+·H2O), m/z= 93 (C4H9
+·(H2O)2

r C3H5O+·(H2O)2) and m/z= 111 (C4H9
+·(H2O)3 or

3H5O+·(H2O)3). It is clear that the nature of the min
roduct atm/z= 57 remains uncertain and that the chemis
hen water is added to the main carrier gas, needs fu

nvestigation.
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Finally, the two products of the NO+/MaCR reaction can
be explained by association(10.1)and hydride ion transfer
(10.2):

NO+ + CH2 = C(CH3)CHO
He−→ (NO · C4H6O)+ (10.1)

NO+ + CH2 = C(CH3)CHO → C4H5O+ + HNO. (10.2)

The same reaction pathways have been observed in the reac-
tion of NO+ with the related compound acrolein[20].

For all the ion products of the NO+ reactions listed, includ-
ing the (M− H)+ ions resulting from hydride ion transfer,
no or only minor hydrates have been observed, when water
is added to the main carrier gas (except the charge transfer
product atm/z= 120 for the NO+/o-tolualdehyde reaction, see
also Section3.2.3).

3.2.3. O2•+ reactions
All O2

•+ reactions can be characterized as charge transfer,
resulting in the parent cation and in at least one fragment (in
some cases hydride or methide ion transfer or other transfer
reactions cannot be excluded).

The O2
•+/MVK reaction results in the parent cation and

two fragments, due to the elimination of the methyl and vinyl
radical:

O2
•+ + CH2 = CHC(O)CH3 → C4H6O•+ + O2 (11.1)
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O2
•+ + CH3CH2CH(CH3)CHO

→ C3H6O•+ + (C2H4 + O2) (14.2)

O2
•+ + CH3CH2CH(CH3)CHO

→ C4H9
+ + (CHO + O2) or (14.3.1)

O2
•+ + CH3CH2CH(CH3)CHO

→ C3H5O+ + (C2H5 + O2). (14.3.2)

By analogy with well understood EI fragmentation spec-
tra, products atm/z= 58 (reaction(14.2)) are characteris-
tic for �-methyl substituted aldehydes, resulting from H-
rearrangement through a six-membered intermediate ring fol-
lowed by �-cleavage[49]. Moreover, elimination of ethy-
lene (reaction(14.2)) has been observed in many SIFT O2

•+

[20,21] and EI spectra of aldehydes[49]. The nature of the
product ion in reactions(14.3.1)and(14.3.2)is uncertain for
the same reasons as mentioned in the discussion of the NO+/2-
methyl-butanal reaction. A secondary butyl cation is most
likely formed in reaction(14.3.1). Note that the product ion
distribution for 3-methyl-butanal, measured byŠpan̆el et al.
[21], is also listed inTable 2. This distribution is quite differ-
ent from the one of its structural isomer (products atm/z= 44
( •+ + t
m

f an
H the
O
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2
•+ + CH2 = CHC(O)CH3 → C3H3O+ + (CH3 + O2)

(11.2)

2
•+ + CH2 = CHC(O)CH3 → C2H3O+ + (C2H3 + O2).

(11.3)

In the reactions of O2•+ with o-, m- andp-tolualdehyde
e observe non-dissociative charge transfer as major pro
ext to elimination of an H atom:

2
•+ + C8H8O → C8H8O•+ + O2 (12.1)

2
•+ + C8H8O → C8H7O+ + (H + O2). (12.2)

he branching ratio of these processes is the same fo
hree isomers.

The O2
•+/pivaldehyde reaction gives rise to the pa

ation and to a hydrocarbon product ion atm/z= 57 (C4H9
+),

ost likely a tertiary butyl cation:

2
•+ + C(CH3)3CHO → C5H10O•+ + O2 (13.1)

2
•+ + C(CH3)3CHO → C4H9

+ + (CHO + O2). (13.2)

The O2
•+/2-methyl-butanal reaction proceeds thro

hree channels:

2
•+ + CH3CH2CH(CH3)CHO → C5H10O•+ + O2

(14.1)
,

C2H4O ) andm/z= 71 (C4H7O ) for 3-methyl-butanal, a
/z= 57 (C4H9

+ or C3H5O+) for 2-methyl-butanal).
Non-dissociative charge transfer and elimination o
atom and a CO molecule have been observed in

2
•+/MaCR reaction:

2
•+ + CH2 = C(CH3)CHO → C4H6O•+ + O2 (15.1)

2
•+ + CH2 = C(CH3)CHO

→ C4H5O+ + (H + O2) (15.2)

2
•+ + CH2 = C(CH3)CHO

→ C3H6
•+ + (CO + O2). (15.3)

he same reaction pathways have been identified in
2
•+/acrolein reaction[20].
The parent cation and the CH2O•+ fragment ion, due t

he ejection of a CO molecule, are the major product
or the reaction of O2•+ with glyoxal. A minor product ion
HO+ results from the cleavage of the CC bond:

2
•+ + CHOCHO → C2H2O2

•+ + O2 (16.1)

2
•+ + CHOCHO → CH2O•+ + (CO + O2) (16.2)

2
•+ + CHOCHO → CHO+ + (CHO + O2). (16.3)

When water is introduced in the main carrier gas,
or hydrates of only a few O2•+ reaction product ions a
bserved: i.e., the product atm/z= 58 for 2-methyl-butana
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and the charge transfer products of MVK, of tolualdehyde in
its o-configuration (only monohydrate) and of MaCR. The
signal of the charge transfer products of pivaldehyde and 2-
methyl-butanal and of all products of the O2

•+/glyoxal reac-
tion decrease significantly when water vapor is present, but
the signal of the corresponding hydrates does not rise equiv-
alently.

4. Conclusion

All H 3O+, H3O+·H2O, NO+, NO+·H2O and O2
•+ reac-

tions studied are fast and proceed close to the collision rate,
except the NO+/glyoxal reaction. General trends in the chem-
istry of the reactions of H3O+, NO+ and O2

•+ with ketones
and aldehydes under SIFT conditions, observed byŠpan̆el
and co-workers[20–22]have been confirmed in this study.

We conclude that none of the three precursor ions is suit-
able to distinguish the three isomeric forms of tolualdehyde,
since in all cases the branching ratios of the product ions
are similar. For the H3O+/tolualdehyde reactions, the major
product is C8H9O+, for the NO+/tolualdehyde reactions hy-
dride ion transfer is dominant giving C8H7O+ product ions
and for the O2•+/tolualdehyde reactions the major pathway
is charge transfer resulting in C8H8O•+ ions.

NO+ is suitable to discriminate the two structural iso-
m
r lting
i R.
O
r d at
m re
u

5 to
d and
3

ied
h role,
w rod-
u
a on-
s d
o r is
p

In a few cases, for example, for glyoxal, the chemistry
involved when water vapor is introduced in the reaction zone,
remains unclear and needs further investigation.
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Appendix A

Given the reaction of the precursor ion H3O+ with the
reactant gas M:

H3O+ + M → MH+ + H2O (A.1.1)

H3O+ + M → other products. (A.1.2)

When water vapor is added to the He carrier gas the product
ions MH+ may partially associate with water to form the
m

M

T

H

S igher
o d
i

h ctant
g

H

H

tra-
t o

heme
ers MVK/MaCR, based upon the product atm/z= 69, cor-
esponding with a hydride ion transfer mechanism resu
n C4H5O+ product ions, which is only observed for MaC
n the other hand, product ions atm/z= 55 (C3H3O+), cor-

esponding with the elimination of a methyl radical, an
/z= 69 (C4H5O+), due to the elimination of an H atom, a
seful for this purpose, when O2•+ is the primary ion.

In a similar way, the intensity of the products atm/z= 44,
7, 58 and 71 with O2•+ as precursor ion can be used
istinguish the three structural isomers pivaldehyde, 2-
-methyl-butanal.

To examine the application of the ion chemistry stud
ere, under conditions where water plays an important
e have investigated further hydration of the reaction p
cts as well as the reaction of the neutrals with H3O+·H2O
nd NO+·H2O. A method to estimate the reaction rate c
tants of H3O+·H2O and NO+·H2O with neutral reactants an
f the three-body association of product ions with wate
roposed.

Sc
onohydrate MH+·H2O:

H+ + H2O
He−→ MH+ · H2O. (A.2)

he precursor ions H3O+ also partially cluster with water:

3O+ + H2O
He−→ H3O+ · H2O. (A.3)

uccessive three-body association reactions result in h
rder hydrates H3O+·(H2O)n and MH+·(H2O)n, as depicte

n Scheme 1.
The hydrated hydronium ions H3O+·(H2O)1,2,3 may be-

ave as additional precursor ions, reacting with the rea
as M by ligand switching. For example:

3O+ · H2O + M → MH+ + 2H2O (A.4.1)

3O+ · H2O + M → MH+ · H2O + H2O. (A.4.2)

In the limiting case of very low water vapor concen
ions, the extended set of ions inScheme 1can be restricted t

1.
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H3O+·(H2O)0,1and MH+·(H2O)0,1. By solving the set of cou-
pled differential equations (describing the kinetics of these
ions), one can show that in the limiting case of very low con-
centration of the reactant gas M, the ratio of the rate constant
k4 of the reaction of H3O+·H2O with M and the known rate
constantk1 of the reaction of H3O+ with M, is given by:

k4

k1
=

2 ln
(

[H3O+·H2O]0
[H3O+·H2O]

)

ln
(

[H3O+]0
[H3O+]

) − 1, (A.5)

where subscript ‘0’ refers to count rates in the absence of
the reactant gas M. It is assumed that the water vapor and
the reactant gas are introduced at the same distance from the
detector quadrupole. In our set-up, the reactant gas/helium
mixture and the water vapor are injected in the buffer gas
flow by the same ring-shaped inlet, located at 27 cm from
the quadrupole inlet plate. Experimentally the ion signal of
H3O+ (=x) and of H3O+·H2O (=y) is monitored for several
small concentrations of the reactant gas M and for a fixed
small concentration of water vapor. Linear regression of the
data points 2× ln(y0/y) versus ln(x0/x) allows us to derive
k4/k1 according to Eq.(A.5).

The ratio of the three-body rate constantsk2 andk3 for the
association of MH+ and H3O+ with water is given by:

(
[MH+]

)

k as
p
p SIFT
a ive bi-
m sure.
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n

ccu-
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H n
q s
d he
H ion
c w
f tion
o of
H

(
m
t ,
i e
e
i ct
i of
t v-

eral small water vapor concentrations and for a fixed small
concentration of the reactant gas M. A polynomial fit of the
2× ln(y1/y) versus ln(x1/x) data points gives usk2/k3 accord-
ing to Eq.(A.6).

A similar argumentation holds for NO+ and its hydrate
NO+·H2O: the ratio of the rate constant of the reaction of
NO+·H2O with the reactant M and the one of NO+ is given
by an equation similar to Eq.(A.5).

It should be noted that in Eqs.(A.5) and (A.6) effects
of mass discrimination cancel out, but in the derivation of
these equations ion diffusion and subsequent loss on the flow
tube wall was not taken into account. In order to estimate
the effect of differential diffusion (low molecular mass ions
diffuse faster than high molecular mass ions) onk4/k1 and
k2/k3 obtained with Eqs.(A.5) and(A.6), respectively, the
rate equations of reactions(A.1.1)–(A.4.2)with additional
ion diffusion loss terms were solved numerically, using a fi-
nite difference method. Recently reported theoretical reduced
ion mobility data[57] were used to calculate the diffusion
coefficients in our experimental SIFT conditions. The model
calculations have shown that, due to diffusion enhancement
[34], the values fork4/k1 obtained with Eq.(A.5) are under-
estimated by some 3%, whereas the values fork2/k3 obtained
with Eq. (A.6) may be overestimated by 10% for neutral re-
actants with a molecular mass of about 50 u, and even by 15%
for reactants of molecular mass 140 u.
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k2

k3
=

2 ln 1
[MH+]

ln
(

[H3O+]1
[H3O+]

) + f41k4

f11k1
− 1, (A.6)

3 was measured by[56] at 298 K and at a helium buffer g
ressure of 93 Pa and equals 5.8× 10−28 cm6 s−1. It is sup-
osed that the 150 Pa pressure in the flow tube of our
pparatus is inside the pressure range where the effect
olecular reaction rate constant varies linearly with pres

11 andf41 are the branching ratios of MH+ for the reaction
f M with H3O+ and H3O+·H2O, respectively. Subscript ‘1
ow refers to count rates in the absence of water.

However, our SIFT apparatus does not allow an a
ate measurement of the product ion distribution of
3O+·H2O/M reaction (f41 and f42). When the injectio
uadrupole is tuned for H3O+·H2O, almost all precursor ion
etected are H3O+ ions, probably due to break-up of t
3O+·H2O ions at the injection point. Consequently, the
oncentration of H3O+·H2O in the reaction zone is too lo
or an accurate determination of the product ion distribu
f H3O+·H2O and to distinguish the latter from the one
3O+.
If MH + is the major product ion of reactions(A.1.1) and

A.1.2) (f11∼ 1), the term (f41k4)/(f11k1) in Eq. (A.6) is at
ost∼1. In this case, neglecting this term in Eq.(A.6)will in-

roduce an error of maximum∼1 on the ratiok2/k3. Therefore
f the product ion distribution of H3O+·H2O is not known, th
rror onk2/k3 due to the omission of the term (f41k4)/(f11k1)

n Eq. (A.6), will certainly be minimal for major produ
ons (branching ratio≥90%). Experimentally the signals
he H3O+ (=x) and MH+ (=y) ions are determined for se
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