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bstract

The rate constants and product ion distributions of the reactions of H3O+, NO+ and O2
•+ with 1-penten-3-ol, cis- and trans-2-penten-1-ol,

-methyl-2-buten-1-ol, 3-methyl-3-buten-1-ol, 2-methyl-3-buten-2-ol, cis- and trans-2-hexen-1-ol, cis- and trans-3-hexen-1-ol, 1-octen-3-ol and
-methyl-5-hepten-2-ol have been determined at 150 Pa and 295 K using a selected ion flow tube (SIFT).

All reactions were found to proceed at a rate close to the collision rate, calculated with the Su and Chesnavich model, using the polarizability
nd electric dipole moment of the compounds derived from B3LYP/aug-cc-pVDZ quantum chemical calculations.

All H3O+ ion/molecule reactions proceed mainly by elimination of a water molecule after protonation. Therefore, the H3O+ precursor ion
s not suited to distinguish isomers by the chemical ionization technique in samples, containing several of the C5 (C6 or C8) unsaturated
lcohols.

The NO+ reactions are generally characterized by several reaction pathways, such as hydride and/or hydroxide ion transfer and/or non-dissociative
harge transfer and/or three-body association. The SIFT-MS spectra of the ion/molecule reactions of O2

•+ with the unsaturated alcohols also show
ultiple ionic products.
Based upon the measured product ion distributions, it can be concluded that in some particular cases the NO+ or O2

•+ precursor ions are

ppropriate to identify and quantify isomers in mixtures of the unsaturated alcohols studied. Especially in leaf wounding experiments, during
hich cis-3-hexen-1-ol and trans-2-hexen-1-ol are emitted, the chemical ionization technique, based upon the NO+ or O2

•+ precursor ion, may be
valuable diagnostic tool to distinguish and quantify these isomeric forms.
2007 Elsevier B.V. All rights reserved.
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. Introduction

During the last decade chemical ionization mass spectrom-
try (CIMS) and proton transfer reaction mass spectrometry
PTR-MS) in particular, has become a widely applied technique
or the fast and sensitive detection of many volatile organic
ompounds (VOCs) [1]. Within the field of trace gas emission

tudies, PTR-MS is considered as a very useful instrument to
easure fluxes and emission kinetics of biogenic volatile organic

ompounds (BVOCs), even for some oxygenated BVOCs, for

∗ Corresponding author. Tel.: +32 2373 0391; fax: +32 2374 8423.
E-mail address: Niels.Schoon@bira-iasb.oma.be (N. Schoon).
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hich detection by traditional sampling methods is not straight-
orward (e.g. [2]).

Amongst the biogenically emitted oxygenated VOCs are
nsaturated C5, C6 and C8 alcohols. Large quantities of 2-
ethyl-3-buten-2-ol (MBO), an unsaturated C5 alcohol, were

ound to be emitted from certain pine trees in western North
merica [3]. Both C5 (1-penten-3-ol) and C6 (cis-3-hexen-1-
l, trans-2-hexen-1-ol) unsaturated alcohols are also released
rom leaves after wounding and have been detected with PTR-

S both in laboratory set-ups [4–6] and in the open atmosphere
6,7]. Some C8 unsaturated alcohols were found to be emitted by

ichens (1-octen-3-ol, also known as mushroom alcohol [8–10])
r have been identified as potential pheromones released by for-
st insects (6-methyl-5-hepten-2-ol [11]). cis-3-Hexen-1-ol and
-octen-3-ol are also known as volatile flavor compounds [12].

mailto:Niels.Schoon@bira-iasb.oma.be
dx.doi.org/10.1016/j.ijms.2007.01.007
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In contrast to the combination of high sensitivity and small
esponse time, which even makes PTR-MS a suitable analyzer
or eddy covariance flux measurements of BVOCs (e.g. [13,14]),
he technique suffers from selectivity. PTR-MS is based upon
oft ionization in a drift tube reactor of species having a pro-
on affinity larger than that of water vapor (691 kJ/mol [15]) by
roton transfer from hydronium ions (H3O+). Isomeric species
f molecular mass m are frequently detected as protonated
olecules at mass (m + 1) and therefore cannot be properly dis-

inguished. Even if the protonated molecules partly decompose
n the drift tube reactor, the fragment ions for species with the
ame chemical functionality are often identical. In the case of
lcohols for instance, protonation is often followed by ejection
f a water molecule [16]. As an example PTR-MS does not
nable distinction between the two C6 wound compounds cis-3-
exen-1-ol and trans-2-hexen-1-ol, which are both detected at
/z = 83, which is attributed to the dehydrated protonated parent
olecule.
One possibility to overcome this problem is to use other

hemical ionization reagent ions such as NO+, O2
•+ and OH−

17], all of which are highly reactive with many trace gases, but
o not react with the major air constituents. The simultaneous
se of H3O+, NO+ and O2

•+ ions, which may result in different
on chemistries for isomeric VOCs, is frequently applied in the
IFT-MS technique [18].

In the present study we have investigated the ion/molecule
eactions of these three precursor ions with a series
f biogenic isomeric C5 (1-penten-3-ol, cis- and trans-2-
enten-1-ol, 3-methyl-2-buten-1-ol, 3-methyl-3-buten-1-ol and
-methyl-3-buten-2-ol), C6 (cis- and trans-2-hexen-1-ol, cis-
nd trans-3-hexen-1-ol) and C8 (1-octen-3-ol and 6-methyl-
-hepten-2-ol) alcohols. Experimental and theoretical rate
onstants, as well as product ion distributions, will be reported
nd similarities and/or differences in ion chemistry of the iso-
eric compounds will be discussed.

. Experimental

.1. Instrumental

The SIFT apparatus used in this study is based upon the orig-
nal design by Smith and Adams [19], and has been described
n detail in a previous publication [20]. Therefore, only a short
verview will be given here.

A variety of ions are generated by a microwave discharge in
20 Pa mixture of air and water vapor. The ions, created in the
ischarge, are extracted into a differentially pumped quadrupole
ass filter, where the precursor ions of interest (H3O+, NO+ or
2
•+) are selected according to their m/z ratio. By means of a

enturi inlet, these precursor ions are injected into a 51 cm long
ow tube with an internal diameter of 4 cm and convectively

ransported by a 100 STP cm3 s−1 He buffer gas flow towards
he detection part of the instrument. The neutral reactant is intro-

uced into the flow tube by means of a ring shaped inlet, located
3.7 cm downstream from the venturi inlet. After being sampled
hrough a 0.4 mm diameter hole, the precursor and product ions
re analyzed according to their m/z ratio by a second quadrupole

a
t
t
P
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ass filter and subsequently detected by a secondary electron
ultiplier, which is operated in the pulse counting mode.

.2. Measuring methods

The reaction rate constants of H3O+ with the unsaturated
lcohols, kexp(H3O+), are measured in an absolute way by mon-
toring the logarithmic decay of the precursor ion signal at
ifferent concentrations of the neutral reactant in the flow tube.

volumetric mixture of the neutral reactant in He is prepared
n a volume calibrated glass bottle and by adjusting the needle
alve (heated to 320 K), which separates the glass bottle from
he ring shaped inlet, the flow of the neutral reactant into the
ow tube can be varied. This flow is derived from the measured
ressure drop of the mixture in the glass bottle as a function of
ime. From this flow, the carrier gas flow, the pressure in the flow
ube and the mixing ratio of the reactant gas, the concentration
f the neutral reactant in the flow tube can be derived.

The reaction rate constants of NO+ and O2
•+ with the unsatu-

ated alcohols are determined relatively with respect to the H3O+

eaction rate constant by recording the decay of these three pre-
ursor ions simultaneously (SIFT quadrupole in RF-only mode)
or different concentrations of the neutral reactant in the flow
ube [20,21].

Adding small amounts of water vapor through a finger inlet,
ocated at the same position as the ring shaped neutral reac-
ant inlet, allows us to determine the reaction rate constant of

3O+·H2O and NO+·H2O relatively with respect to kexp(H3O+)
nd kexp(NO+), respectively, by the method described in Michel
t al. [22].

The accuracy of the reaction rate constant measurements is
stimated to be 25% with a precision better than 5% for the kexp
easurements with H3O+, NO+ and O2

•+ precursor ions and
precision better than 15% for the H3O+·H2O and NO+·H2O

on/molecule reactions.
For the determination of the product ion distribution of each

3O+, NO+ and O2
•+ reaction, the neutral reactant is intro-

uced by means of a finger inlet, located 8 mm in front of the
ampling hole of the analyzing mass spectrometer, to eliminate
ass dependent diffusion enhancement effects. The conversion

f the precursor ions is limited to a few percent to suppress
ossible secondary ion chemistry. The analyzing quadrupole
s used in the multi-ion mode, where the mass spectrometer
s sequentially switched at a number of fixed m/z values and
he corresponding count rate is measured. Product ion distri-
utions are corrected for mass discrimination of the analyzing
ass spectrometer, including possible contamination and aging

f the detector. This mass discrimination is on regular basis
erived from measurements with calibration gases, as described
n [20].

All measurements were carried out at 150 Pa and 295 K.
When SIFT-MS is used for detecting and quantifying

race gases, often humid samples are involved (human breath,

mbient air sample, bodily fluid headspace, etc.). As a result
he precursor ions will partially associate with water and can on
heir turn react with the neutral reactants by ligand switching.
roduct ions formed in the reaction of the neutral reactant with
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he primary precursor ions or its hydrates may also partially
ssociate with water. By adding water vapor in the reaction zone
f the SIFT apparatus, the outcome for this study is threefold.
irstly, it allows to determine the reaction rate constants of
3O+·H2O and NO+·H2O with the neutral reactant (see above).
econdly, spectra clearly show if water clusters of the product

ons may be expected when humid samples are used. And
hirdly, it is a valuable tool in identifying the product ions of
he H3O+, NO+ and O2

•+ reactions. Smith and Španěl observed
hat carboxy ions have a propensity to associate with water
16], whereas pure hydrocarbon ions show little tendency to
ydrate [23]. This diagnostic tool has been used in all further
ases, where identification of the product ions was doubtful.

.3. Chemicals

trans-2-Penten-1-ol, 3-methyl-3-buten-1-ol, trans-2-hexen-
-ol, trans-3-hexen-1-ol and 1-octen-3-ol are purchased from
igma Aldrich and have a purity of 95, 97, 96, 98 and
8%, respectively. 1-Penten-3-ol, cis-2-penten-1-ol, 3-methyl-
-buten-1-ol, cis-2-hexen-1-ol and dl-6-methyl-5-hepten-2-ol
re Acros Organics products with a purity of 99, 98, 99, 95
nd 99%, respectively. He carrier gas from air products has BIP
uality (99.9997%).

. Results and discussion

.1. Reaction rate constants

The experimental values, kexp, of the reaction rate constants

f H3O+ (absolute measurement, see Section 2.2. above) and
f NO+, O2

•+, H3O+·H2O and NO+·H2O (all relative measure-
ents, see Section 2.2.) with the unsaturated alcohols are listed

n Table 1.

a
h
1
C

able 1
xperimental rate constants kexp obtained for the reactions of H3O+, H3O+·H2O, NO

ompound μD (Debye) α (Å3) kexp [kC]

H3O+

-Penten-3-ol 1.43 10.6 2.6 [2.7]
is-2-Penten-1-ol 1.97 10.7 3.0 [3.2]
rans-2-Penten-1-ol 1.44 10.8 3.0 [2.7]
-Methyl-2-buten-1-ol 2.16 10.8 3.4 [3.4] {2.
-Methyl-3-buten-1-ol 1.41 10.5 3.2 [2.7]
-Methyl-3-buten-2-ol b 1.51 10.5 2.6 [2.7] {2.
is-2-Hexen-1-ol 1.97 12.6 2.8 [3.2]
rans-2-Hexen-1-ol 1.45 12.6 3.3 [2.8] {∼
is-3-Hexen-1-ol b 1.65 12.6 3.2 [2.9] {2.
rans-3-Hexen-1-ol 1.50 12.6 3.2 [2.8] {2.
-Octen-3-ol 1.38 16.2 2.5 [2.9]
L-6-Methyl-5-hepten-2-ol 1.59 16.4 2.9 [3.1]

ollisional reaction rate constants kC, according to the Su and Chesnavich approach [2
olecular conformations (see Section 3.1 for details). Polarizabilities α and dipole mom

hemical calculations (see Section 3.1 for details) and are also averaged over the diff
ate constants are expressed in 10−9 cm3 molecule−1 s−1.
a From Ref. [17].
b From Ref. [24].
ass Spectrometry 263 (2007) 127–136 129

Also shown in this table are the collision reaction rate con-
tants kC for these reactions according to the parameterized equa-
ion of Su and coworkers [25,26]. kC calculations require, how-
ver, knowledge of the dipole moment μD and of the polarizabil-
ty α of the compounds studied. Since no literature data are avail-
ble, these parameters were obtained from quantum chemical
alculations at the B3LYP-DFT/aug-cc-pVDZ level of theory.
he calculations were performed in a distributed computer envi-

onment using the Gaussian ’03 suite of programs [27]. In order
o take into account all possible conformations, the molecules
ere subjected to a detailed conformational analysis by com-
ining a MMFF [28,29] random search with a MM3/MM4
30,31] stochastic search [32,33]. The minima found were then
ptimized at B3LYP/6-31G(d,p) level and the Hessian was cal-
ulated to make sure that all located stationary points were real
inima. All the B3LYP/6-31G(d,p) minima within an energy
indow of 4 kcal/mol were then re-optimized with the aug-cc-
VDZ basis set, and the dipole moment and polarizability were
alculated for each minimum. Collision rate constant values
ere then calculated for all individual conformations of a com-
ound using the Su and Chesnavich equation and subsequently
oltzmann averaged using the enthalpy to obtain conformational
opulations. The enthalpy was calculated at 295.15 K and 150 Pa
ia DFT using the standard expressions [34]. Vibrational fre-
uencies were scaled by a factor 0.970 [35]. μD and α numbers
isted in Table 1 are also Boltzmann averaged values.

The agreement between the experimental kexp and theoretical
C values is generally good. The polarizabilities derived from
uantum chemical calculations are in excellent agreement with
he polarizabilities obtained by the method proposed by Miller
nd Savchik [36], based upon the square of a sum of atomic

ybrid components. With the latter method a polarizability of
0.4 Å3 is found for the C5 unsaturated alcohols, 12.2 Å3 for the
6 and 15.9 Å3 for the C8 alcohols studied.

+, NO+·H2O and O2
•+ with some unsaturated alcohols at 150 Pa and 295 K

H3O+·H2O NO+ NO+·H2O O2
•+

2.0 [2.1] 2.4 [2.2] 2.2 [1.9] 2.4 [2.2]
2.2 [2.4] 2.7 [2.6] 2.5 [2.2] 2.7 [2.6]
2.4 [2.1] 2.7 [2.2] 2.5 [1.9] 2.6 [2.2]

7}a 2.8 [2.6] 3.1 [2.8] 2.9 [2.4] 3.1 [2.7]
2.7 [2.1] 2.9 [2.2] [1.9] 2.9 [2.2]

2}a 2.3 [2.1] 2.3 [2.3] 2.1 [1.9] 2.3 [2.2]
1.9 [2.5] 2.6 [2.7] 2.4 [2.3] 2.6 [2.6]

3}a 2.6 [2.1] 2.9 [2.3] 2.7 [1.9] 2.9 [2.3]
8}a 2.7 [2.3] 2.9 [2.4] 2.7 [2.1] 2.9 [2.4]
5}a 2.6 [2.2] 2.8 [2.3] 2.7 [2.0] 2.8 [2.3]

1.8 [2.2] 2.3 [2.4] 2.1 [2.0] 2.3 [2.3]
2.3 [2.3] 2.7 [2.5] 2.4 [2.1] 2.6 [2.5]

5,26], are shown in square brackets. These values are averages over the different
ents μD of the compounds were obtained from B3LYP/aug-cc-pVDZ quantum

erent molecular conformations. Literature values are put between curly braces.



1 l of M

3

o
i
r
t
h
H
t

o
a
p
w
t
[
p
N
a
i

3

a
a
c

C

w
o
t
p
o
t
t
2
o
r

s

C

O
m
f
(
o
a
a

n
p

c
i
p
a

v
p
b
i
t
c
r
o
s

t
s
p
i
o
P
t
[
i
r
P
b
i
o
P

H
1
t
i
a
s
w
b
n
T
b
i
T
M
(

30 N. Schoon et al. / International Journa

.2. Product ion distribution

An overview of the product ion distribution of the reactions
f H3O+, NO+ and O2

•+ with the unsaturated alcohols stud-
ed is given in Table 2. Only product ions with a branching
atio ≥2% are listed and discussed below. For completeness
he product ion distribution of 2-methyl-3-buten-2-ol and cis-3-
exen-1-ol, obtained in a previous study, are added to Table 2.
owever, for the discussion of the latter distributions we refer

o [24].
In the spectra of the reaction of H3O+ with trans-2-penten-1-

l and trans-2-hexen-1-ol unexpected minor product ion peaks
t m/z = 71 and 85, respectively, were observed. Similarly, unex-
ected minor peaks, located at m/z = 87 and 101, respectively,
ere observed in the corresponding NO+ product ion spec-

ra. By comparison with the product ion distributions listed in
16], these peaks could be attributed in a consistent way to 1-
entanol and 1-hexanol impurities. Consequently, the H3O+,
O+ and O2

•+ product ion distributions for trans-2-penten-1-ol
nd trans-2-hexen-1-ol, listed in Table 2, are corrected for these
mpurities.

.2.1. H3O+ reactions
The reaction of H3O+ with all C5, C6 and C8 unsaturated

lcohols M proceeds mainly by elimination of a water molecule
fter protonation, resulting in (M − OH)+ product ions. In the
ase of cis-2-penten-1-ol, for example:

5H10O + H3O+ → C5H9
+ + 2H2O (1)

In their SIFT study of the ion/molecule reactions of H3O+

ith a series of saturated alcohols Španěl and Smith [16] also
bserved elimination of a water molecule after protonation as
he major reaction pathway, except for methanol, ethanol and
henol, where, as a result of non-dissociative proton transfer,
nly the protonated parent molecules MH+ are formed. The lat-
er process also occurs in our study for the reaction of H3O+ with
he unsaturated alcohols 1-penten-3-ol, 3-methyl-3-buten-1-ol,
-methyl-3-buten-2-ol, cis- and trans-3-hexen-1-ol, 1-octen-3-
l and 6-methyl-5-hepten-2-ol, however, as a less important
eaction channel (<18%).

The reaction of H3O+ with the two C8 unsaturated alcohols
hows a third pathway (Eq. (2c) below):

8H16O + H3O+ → C8H17O+ + H2O (2a)

→ C8H15
+ + 2H2O (2b)

→ C5H9
+ + C3H8O + H2O (2c)
n protonation a fraction of the nascent excited protonated
olecules (MH)+* stabilizes (Eq. (2a)), while the remaining

raction dissociates to hydrocarbon ions by ejection of H2O
Eq. (2b)) or by elimination of C3H8O (Eq. (2c)). Elimination
f C3H8O after protonation also occurs, according to Španěl
nd Smith [16], in the reaction of H3O+ with the saturated C8
lcohols 1-octanol and 2-octanol.

s
m
M
c
fi
o
i
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For the C5 and C6 unsaturated alcohols it is also interesting to
ote that, when the double bound is located in the “2” position,
rotonated parent molecules are not observed.

Finally, some minor reaction channels are detected: a 3%
hannel of the reaction of H3O+ with cis-2-hexen-1-ol results
n the formation of (M − H)+ product ions at m/z = 99 and a 4%
athway of the H3O+/1-penten-3-ol reaction gives rise to ions
t m/z = 45.

In their experiments with the SIFT apparatus of the Uni-
ersity of Colorado at Boulder, Custer et al. [17] report major
roduct ions at m/z = 81 for 3-methyl-2-buten-1-ol, 2-methyl-3-
uten-2-ol and trans-2-hexen-1-ol. In our study these product
ons are not observed. The minor product ions reported by
hese authors for 3-methyl-2-buten-1-ol, trans-2-hexen-1-ol,
is- and trans-3-hexen-1-ol have in our experiments a branching
atio <1%, except for protonated cis- and trans-3-hexen-1-
l (m/z = 101), which have both a 6% branching ratio in our
tudy.

In the following paragraph some of the H3O+ product ion dis-
ributions are compared with PTR-MS experiments. The reader
hould however keep in mind that SIFT-MS experiments are
erformed under thermal conditions, while the energy of the
ons in PTR-MS instruments is higher, due to the application
f an electric field in the drift tube section of such instruments.
TR-MS product ion distributions of 1-penten-3-ol, cis- and

rans-2-penten-1-ol and the three methyl substituted butenols
6] show the same general characteristics as the correspond-
ng SIFT-MS distributions (maximum difference in branching
atio <11%), except for m/z = 41 product ions observed in the
TR-MS spectra of the three methyl substituted butenols (∼10%
ranching ratio for each of these compounds), which are absent
n the SIFT-MS spectra. The minor product ion at m/z = 45,
bserved in this study for 1-penten-3-ol, is not detected under
TR-MS conditions.

Buhr et al. [12] observe in their PTR-MS spectrum of the
3O+/1-octen-3-ol reaction major product ions at m/z = 69 and
11 with almost equal branching ratio. In our SIFT-MS study
he (M − OH)+ ion at m/z = 111 clearly dominates the product
on distribution, while product ions at m/z = 69 only represent

minor fraction. The protonated 1-octen-3-ol molecule has a
omewhat lower branching ratio in the PTR-MS experiment,
hile the other minor product ions at m/z = 41 and 57, reported
y Buhr et al. with a 4 and 3% branching ratio, respectively, are
ot observed or are very weak (<1%) in the SIFT-MS spectrum.
he PTR-MS spectra of cis-3-hexen-1-ol [12] are dominated
y (M − OH)+ ions at m/z = 83 (64% branching ratio), result-
ng from elimination of a water molecule after protonation.
his reaction channel is even more pronounced in the SIFT-
S spectra (94% branching ratio). Protonated cis-3-hexen-1-ol

m/z = 101), observed with a 6% branching ratio in our SIFT
tudy, is not reported by Buhr et al. On the other hand, ions at
/z = 55 with a non-negligible 36% branching ratio in the PTR-
S experiment are not detected by SIFT-MS. The difference in
arrier gas (air in the case of PTR-MS) and the applied electric
eld in the PTR-MS instrument clearly favorites fragmentation
f the nascent excited (MH)+* complex towards smaller product
ons in the case of cis-3-hexen-1-ol and 1-octen-3-ol.
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Table 2
Product ion distribution of the H3O+, NO+ and O2

•+ reactions with some unsaturated C5, C6 and C8 alcohols at 150 Pa and 295 K

Compound m H3O+ NO+ O2
•+

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

1-Penten-3-ol 86 45 C2H5O+ 4 57 C3H5O+,a 5 57 C3H5O+ 75
IE = 9.4–9.6 eVb 69 C5H9

+ 85 69 C5H9
+ 37 71 C4H7O+ 2

87 C5H11O+ 11 85 C5H9O+ 56 86 C5H10O•+ 13
Others 2 Others 10

cis-2-Penten-1-ol 86 69 C5H9
+ 99 68 C5H8

•+,a 4 44 C2H4O•+ 7
Others 1 69 C5H9

+ 24 56 C3H4O•+,a 3
85 C5H9O+ 68 57 C3H5O+ 56
86 C5H10O•+ 4 68 C5H8

•+ 15
71 C4H7O+ 4
86 C5H10O•+ 9

Others 6

trans-2-Penten-1-ol 86 69 C5H9
+ 99 69 C5H9

+ 31 44 C2H4O•+ 7
Others 1 85 C5H9O+ 58 56 C3H4O•+,a 5

86 C5H10O•+ 8 57 C3H5O+ 62
Others 3 68 C5H8

•+ 5
71 C4H7O+ 3
86 C5H10O•+ 13

Others 5

3-Methyl-2-buten-1-ol 86 69 C5H9
+ 98 69 C5H9

+ 40 68 C5H8
•+ 7

Others 2 71 C4H7O+,a 2 71 C4H7O+ 80
85 C5H9O+ 22 86 C5H10O•+ 9
86 C5H10O•+ 35 Others 4

Others 1

3-Methyl-3-buten-1-ol 86 69 C5H9
+ 89 60 C3H8O•+,a 13 56 C4H8

•+,a 31
87 C5H11O+ 9 68 C5H8

•+,a 3 67 C5H7
+ 8

Others 2 85 C5H9O+ 7 68 C5H8
•+ 44

86 C5H10O•+ 66 71 C4H7O+ 6
98 (NO·C5H8)+ 7 86 C5H10O•+ 7

Others 4 Others 4

2-Methyl-3-buten-2-olc 86 69 C5H9
+ 80 69 C5H9

+ 96 43 4
IE = 9.90 eVd 87 C5H11O+ 18 Others 4 58 4

Others 2 59 C3H7O+,a 10
69 C5H9

+ 2
71 C4H7O+ 71
86 C5H10O•+ 8

Others 1

cis-2-Hexen-1-ol 100 83 C6H11
+ 96 82 C6H10

•+,a 7 44 C2H4O•+ 5
99 C6H11O+ 3 83 C6H11

+ 23 56 C3H4O•+,a 5
Others 1 99 C6H11O+ 61 57 C3H5O+ 36

100 C6H12O•+ 4 67 C5H7
+ 8

Others 5 71 C4H7O+ 5
72 C4H8O•+ 3
82 C6H10

•+ 23
100 C6H12O•+ 3

Others 12

trans-2-Hexen-1-ol 100 83 C6H11
+ 99 83 C6H11

+ 31 44 C2H4O•+ 6
Others 1 99 C6H11O+ 55 56 C3H4O•+,a 5

100 C6H12O•+ 10 57 C3H5O+ 44
Others 4 67 C5H7

+ 5
71 C4H7O+ 7
72 C4H8O•+ 4
82 C6H10

•+ 15
100 C6H12O•+ 5

Others 9

cis-3-Hexen-1-olc 100 83 C6H11
+ 94 72 C4H8O•+,a 9 57 3

101 C6H13O+ 6 82 C6H10
•+ 25 67 C5H7

+,a 25
99 C6H11O+ 22 69 C5H9

+,a 6
100 C6H12O•+ 34 70 C5H10

•+,a 9
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Table 2 (Continued )

Compound m H3O+ NO+ O2
•+

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

112 (NO·C6H10)+ 4 81 2
130 (NO·C6H12O)+ 3 82 C6H10

•+ 43
Others 3 Others 12

trans-3-Hexen-1-ol 100 83 C6H11
+ 93 72 C4H8O•+,a 4 57 C3H5O+ 3

101 C6H13O+ 6 82 C6H10
•+,a 25 67 C5H7

+ 19
Others 1 99 C6H11O+ 31 69 C5H9

+ 12
100 C6H12O•+ 34 70 C5H10

•+ 12
Others 6 82 C6H10

•+ 38
Others 16

1-Octen-3-ol 128 69 C5H9
+ 8 69 C4H5O+,a 2 57 C3H5O+ 28

111 C8H15
+ 82 99 C6H11O+,a 7 68 C5H8

•+ 4
129 C8H17O+ 9 111 C8H15

+ 29 71 C4H7O+ 3
Others 1 127 C8H15O+ 57 72 C4H8O•+ 24

Others 5 81 C6H9
+ 3

82 C6H10
•+ 4

85 C5H9O+ 7
99 C6H11O+ 6

110 C8H14
•+ 4

Others 17

dl-6-Methyl-5-hepten-2-ol 128 69 C5H9
+ 16 85 C6H13

+,a 2 58 C3H6O•+ 3
111 C8H15

+ 68 110 C8H14
•+,a 12 68 C5H8

•+ 4
129 C8H17O+ 14 127 C8H15O+ 2 69 C5H9

+ 2
Others 2 128 C8H16O•+ 77 71 C4H7O+ 7

Others 7 85 C5H9O+ 2
95 C7H11

+ 34
110 C8H14

•+ 35
Others 13

Only product ions with a branching ratio ≥2% are listed. Product ions with smaller branching ratio are gathered in “others”. m: mass of the compounds in u; IE:
ionization energy; %: branching ratio of the product ion, taking into account all its isotopes, m/z value refers to the first isotope of the product ion.

a Tentative product identification.
b Ref. [37].
c Ref. [24].
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.2.2. NO+ reactions

.2.2.1. C5 alcohols. The following reaction mechanisms have
een observed in the reactions of NO+ with the unsaturated
5 alcohols. Firstly, hydride ion transfer takes place in all

eactions and is the dominant process for 1-penten-3-ol, cis-
nd trans-2-penten-1-ol. Secondly, hydroxide ion transfer is
major reaction pathway, except for 3-methyl-3-buten-1-ol,
here it is not observed. The OH− ion transfer process is

he dominant channel for 3-methyl-2-buten-1-ol and the only
eaction channel observed in the NO+/2-methyl-3-buten-2-ol
eaction. Hydride and/or hydroxide ion transfer are, accord-
ng to Španěl and Smith [16], also major mechanisms in the
eaction of NO+ with most saturated alcohols. Thirdly, ion-
zed parent molecules M•+ have been detected in all reactions,
xcept for 1-penten-3-ol and 2-methyl-3-buten-2-ol (ionization
nergy IE of these compounds (see Table 2) >IE(NO•) = 9.26 eV
39]). C5H10O•+ parent cations are the main product

on species for the NO+/3-methyl-3-buten-1-ol ion/molecule
eaction.

Above mentioned reaction pathways are illustrated below by
he NO+/trans-2-penten-1-ol reaction:

p
s
l
c

5H10O + NO+ → C5H10O•+ + NO• (3a)

→ C5H9O+ + HNO (3b)

→ C5H9
+ + HNO2 (3c)

q. (3a) corresponds to non-dissociative charge transfer,
qs. (3b) and (3c) to hydride and hydroxide ion transfer,

espectively.
A few minor product ions have also been detected, such as

ons at m/z = 68, tentatively identified as (M − H2O)•+, for cis-
-penten-1-ol and 3-methyl-3-buten-1-ol. The minor product
on (NO·C5H8)+ at m/z = 98 for 3-methyl-3-buten-1-ol can be
ttributed to fragmentation of the nascent excited association
omplex (NO·C5H10O)+*, in which NO• remains incorporated.
ince this minor product results from an association reaction,

ts branching ratio (and therefore also the branching ratio of
he other NO+/3-methyl-3-buten-1-ol reaction channels) will be

ressure- and temperature dependent. The same reaction also
hows a 13% branching ratio for product ions at m/z = 60, most
ikely formed by fragmentation of the nascent excited parent
ation (C5H10O)•+*.
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.2.2.2. C6 alcohols. Hydride ion transfer and non-dissociative
harge transfer occur for all four C6 unsaturated alcohols listed
n Table 2: H− ion transfer is the dominant reaction pathway
or cis- and trans-2-hexen-1-ol, but competes closely with non-
issociative charge transfer for cis- and trans-3-hexen-1-ol. The
atter process is only a minor reaction channel for cis- and trans-
-hexen-1-ol.

Hydroxide ion transfer is not observed for cis- and trans-
-hexen-1-ol, but is a major reaction process for the other two
lcohols. Ions at m/z = 82, tentatively identified as (M − H2O)•+,
re major product ions for the NO+/cis- and trans-3-hexen-1-ol
eactions. These ions are also formed in the case of cis-2-hexen-
-ol, although with a smaller branching ratio.

Minor product ions at m/z = 72 are detected for cis- and
rans-3-hexen-1-ol, probably due to fragmentation of the nascent
xcited parent ions (C6H12O)•+*. Finally, as reported in [24],
NO·C6H12O)+ ions at m/z = 130, resulting from three-body
ssociation, and (NO·C6H10)+ fragments of the association com-
lex at m/z = 112 are also observed in the NO+/cis-3-hexen-1-ol
eaction as minor ionic products.

.2.2.3. C8 alcohols. The major reaction mechanisms for 1-
cten-3-ol and 6-methyl-5-hepten-2-ol are clearly different. The
eaction of NO+ with 1-octen-3-ol proceeds mainly by hydride
nd hydroxide ion transfer, while the reaction with 6-methyl-5-
epten-2-ol is mainly characterized by non-dissociative charge
ransfer. For the latter reaction, ions at m/z = 110, probably
M − H2O)•+ ions, are also observed. Again the spectra show a
ew minor product ions as listed in Table 2.

.2.3. O2
•+ reactions

All O2
•+ reactions can be described as exothermic charge

ransfer processes followed by fragmentation, although in some
ases other mechanisms cannot be excluded a priori (for exam-
le, methide ion transfer, see reaction (6) below; ethide ion
ransfer in reactions (4a) and (5a), etc.). This fragmentation
esults in most cases in multiple product ions, so only the major
nes (branching ratio > 10%) will be discussed below.

The reader, who is interested in a detailed description of
he competitive character of collisional stabilization versus uni-

olecular dissociation in similar charge transfer reactions and
n modeling of the underlying processes, is referred to the work
f Viggiano, Troe and co-workers [40–42].

.2.3.1. C5 alcohols. The O2
•+ reaction with 1-penten-3-ol and

rans-2-penten-1-ol is mainly determined by the C3H5O+ prod-
ct ion at m/z = 57 and the unfragmented charge transfer parent
on C H O•+ at m/z = 86:
5 10

5H10O + O2
•+ → C3H5O+ + (C2H5

• + O2) (4a)

→ C5H10O•+ + O2 (4b)

he neutral products in reaction (4a) are placed between brack-
ts, since other combinations of neutral products may be

a
r
m
1

C

ass Spectrometry 263 (2007) 127–136 133

ossible. As thermodynamic data are missing to trace the ener-
etics of these reactions, some neutral products or combinations
annot be ruled out a priori. This notation will be used further
n, whenever the neutral reaction products are uncertain.

C3H5O+ ions (m/z = 57) are also the major product ions for
he O2

•+/cis-2-penten-1-ol reaction, next to (M − H2O)•+ ions
t m/z = 68:

5H10O + O2
•+ → C3H5O+ + (C2H5

• + O2) (5a)

→ C5H8
•+ + H2O + O2 (5b)

Ejection of CH3
• (or methide ion transfer) dominates the

eaction of O2
•+ with the branched alcohols 3-methyl-2-buten-

-ol and 2-methyl-3-buten-2-ol:

5H10O + O2
•+ → C4H7O+ + CH3

• + O2 (or CH3O2
•)

(6)

The O2
•+/3-methyl-3-buten-1-ol reaction results mainly in

he formation of the hydrocarbon ions C4H8
•+ (m/z = 56) and

5H8
•+ (m/z = 68):

5H10O + O2
•+ → C4H8

•+ + (CH2O + O2) (7a)

→ C5H8
•+ + H2O + O2 (7b)

.2.3.2. C6 alcohols. Ions at m/z = 57 and (M − H2O)•+ ions at
/z = 82 are mainly observed in the reaction of O2

•+ with the
is and trans isomer of 2-hexen-1-ol:

6H12O + O2
•+ → C3H5O+ + (C3H7

• + O2) (8a)

→ C6H10
•+ + H2O + O2 (8b)

The reaction with the C6 alcohol trans-3-hexen-1-ol shows
our major reaction pathways, which give rise to hydrocarbon
ons at m/z = 67, 69, 70 and 82:

6H12O + O2
•+ → C5H7

+ + (CH3
• + H2O + O2) (9a)

→ C5H9
+ + (CH3O• + O2) (9b)

→ C5H10
•+ + (CH2O + O2) (9c)

→ C6H10
•+ + H2O + O2 (9d)

hese hydrocarbon ions are also detected in the O2
•+/cis-3-

exen-1-ol reaction, but only reactions (9a) and (9d) are major
athways (>10%).

.2.3.3. C8 alcohols. The reaction of O2
•+ with the two C8

lcohols results in multiple ionic products. However, their major
eaction channels are quite different. Carboxy ions, located at
/z = 57 and 72, are preferentially formed in the reaction with

-octen-3-ol:

8H16O + O2
•+ → C3H5O+ + (C5H11

• + O2) (10a)

→ C4H8O•+ + (C4H8 + O2) (10b)
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hereas hydrocarbon ions at m/z = 95 and 110 dominate the
roduct ion spectra of the O2

•+/6-methyl-5-hepten-2-ol reac-
ion:

8H16O + O2
•+ → C7H11

+ + (CH3
• + H2O + O2)

(11a)

→ C8H14
•+ + H2O + O2 (11b)

. Conclusion

A glance at Table 2 already reveals that, in the case of a mix-
ure of some of the C5 (C6 or C8) unsaturated alcohols we have
tudied, the H3O+ precursor ion is neither suited to identify these
somers, nor to quantify them by the chemical ionization tech-
ique, since all H3O+ ion/molecule reactions mainly proceed by
he same mechanism, i.e. elimination of a water molecule after
rotonation.

NO+ precursor ions are generally not appropriate to distin-
uish between the C5 isomers, since all C5 compounds have one
r more major processes in common with each other in their
eaction with NO+, as is visualized in Fig. 1.

However, in some particular cases the NO+ SIFT-MS spec-
ra are useful to identify some of the C5 isomers in mixtures
f these alcohols: if no product ions are observed at m/z = 86
non-dissociative charge transfer), the mixture consists only
f 1-penten-3-ol and/or 2-methyl-3-buten-2-ol. In this case the
roduct ion signals at m/z = 69 (hydroxide ion transfer) and 85
hydride ion transfer) can be used to quantify 1-penten-3-ol and
-methyl-3-buten-2-ol separately. On the other hand, if the prod-
ct ion signal at m/z = 69 is missing, the sample contains only
-methyl-3-buten-1-ol, which can be quantified on the basis of
he strength of the ion signal at m/z = 86.

As is shown in Fig. 2, the O2
•+ reactions with the C5 unsat-

rated alcohols have several reaction channels in common.

However, the product ions at m/z = 57 are only due to the

hree non-branched C5 alcohols 1-penten-3-ol, cis- and trans-2-
enten-1-ol. Therefore, the absence of this ion signal in the O2

•+

pectrum of a mixture already indicates that these alcohols are

ig. 1. Histogram of the product ion distributions of the reactions of NO+

recursor ions with six unsaturated C5 alcohols.

p
c
i
o

F
p

ig. 2. Histogram of the product ion distributions of the reactions of O2
•+

recursor ions with six unsaturated C5 alcohols.

ot present in the mixture. Similarly, the absence of the ion signal
t m/z = 68 excludes cis- and trans-2-penten-1-ol, 3-methyl-2-
uten-1-ol and 3-methyl-3-buten-1-ol. In this case 1-penten-3-ol
nd 2-methyl-3-buten-2-ol can be quantified based upon the ion
ignal strengths at m/z = 57 and 71.

Figs. 3 and 4 clearly show that the product ion distributions of
he reactions of NO+ (O2

•+ respectively) with cis- and trans-2-
exen-1-ol are nearly identical. Therefore, NO+ and O2

•+ cannot
e used to make distinction between these cis and trans com-
ounds. The same conclusion can be drawn for the cis and trans
onfigurations of 2-penten-1-ol (Figs. 1 and 2) and of 3-hexen-
-ol and (Figs. 3 and 4).

During leaf wounding many BVOCs are released, among
hich trans-2-hexen-1-ol and cis-3-hexen-1-ol [4–7]. In PTR-
S experiments both compounds give mainly (M − OH)+

roduct ions at m/z = 83 and can therefore not be separated
y this detection technique. In this particular case the use of
O+ precursor ions is appropriate. Indeed, as is shown in Fig. 3,

roduct ions at m/z = 83, resulting from hydroxide ion transfer,
an only be attributed to trans-2-hexen-1-ol, while (M − H2O)•+

ons at m/z = 82 (and minor product ions at m/z = 72, 112 and 130)
nly originate from cis-3-hexen-1-ol. As the sample from leaf

ig. 3. Histogram of the product ion distributions of the reactions of NO+

recursor ions with four unsaturated C6 alcohols.
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ig. 4. Histogram of the product ion distributions of the reactions of O2
•+

recursor ions with four unsaturated C6 alcohols.

ounding experiments is humid, product ions may hydrate. This
ydration will be minor for the (M − H2O)•+ and (M − OH)+

roduct ions at m/z = 82 and 83, respectively, since hydrocarbon
ons show little tendency to hydrate [23]. Some interference may
e expected from the hydration of the NO+ precursor ions, since
he resulting hydrated NO+ ions may act on their turn as pre-
ursor ions for which the product ion distribution is unknown.
owever this interference is expected to be minor, since the

ssociation rate of NO+ with water is relatively small (associa-
ion rate of NO+ with water in He [43] is more than one order
maller than the association rate of H3O+ with water in He at
98 K [44]). Although promising, comparison with other ana-
ytical techniques, such as GC–MS, is appropriate to validate
O+ as CIMS precursor ion for the selective detection of the

someric leaf wounding compounds trans-2-hexen-1-ol and cis-
-hexen-1ol. The use of O2

•+ precursor ions is for these leaf
ounding compounds also a valuable diagnostic tool (Fig. 4):

onic products at m/z = 44, 56, 71, 72 and 100 are only due to
rans-2-hexen-1-ol, while m/z = 69, 70 and 81 ions are represen-
ative for cis-3-hexen-1-ol only.

Finally, although we have only studied two specific C8 unsat-
rated alcohols, it is already clear that quite different NO+ (O2

•+)
roduct ion distributions can be obtained for this class of com-
ounds. The use of NO+ and/or O2

•+ precursor ions may be
seful for the detection of C8 unsaturated alcohols.
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44] P. Španěl, D. Smith, Rapid Commun. Mass Spectrom. 15 (2001) 563.

http://srdata.nist.gov/cccbdb
http://webbook.nist.gov/
http://webbook.nist.gov/
http://webbook.nist.gov/

	A selected ion flow tube study of the reactions of H3O+, NO+ and O2+ with a series of C5, C6 and C8 unsaturated biogenic alcohols
	Introduction
	Experimental
	Instrumental
	Measuring methods
	Chemicals

	Results and discussion
	Reaction rate constants
	Product ion distribution
	H3O+ reactions
	NO+ reactions
	C5 alcohols
	C6 alcohols
	C8 alcohols

	O2+ reactions
	C5 alcohols
	C6 alcohols
	C8 alcohols



	Conclusion
	Acknowledgements
	References


