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c Institut fűr Ionenphysik, University of Innsbruck, Technikerstr. 25, 6020 Innsbruck, Austria

Received 26 August 2003; accepted 20 July 2004
Available online 27 September 2004

Abstract

The effects of water vapour pressure (WVP) on the fragmentation of seven monoterpene and related C10 volatile organic compounds (VOCs)
in the drift tube of a proton transfer reaction-mass spectrometer (PTR-MS) were investigated. In addition, the combined effects of varying
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VP and the ratios of electric field strength to number density of the buffer gas (E/N) were investigated in detail for three of these compou
he monoterpenes�-pinene and sabinene plus the related C10 VOC p-cymene.

Under normal operating conditions (E/N = 124 Td), WVP affected the fragment patterns of all compounds with the exception of�-pinene
nd the three oxygenated C10 VOCs. WVP had a significant effect on the fragment patterns of�-pinene and sabinene at the lowerE/N
atios (around 80 Td) but had little effect on fragmentation towards the higherE/N ratios used here (∼142 Td). On the other hand,p-cymene
ragmentation was most affected by WVP under normal operating conditions.

PTR-MS sensitivity towards the three compounds was also considered under three conditions where reaction was assumed w3O+

nly; (2) H3O+ and H3O+H2O; and (3) H3O+, H3O+H2O and H3O+(H2O)2. Our results indicate that�-pinene and sabinene react not only w
3O+ and H3O+H2O via direct proton transfer but also with H3O+(H2O)2 via ligand switching.p-Cymene seems to react only with H3O+ via
irect proton transfer and with H3O+H2O via ligand switching. It is speculated that the WVP effect on fragmentation results from the di
bundances of hydrated reagent ions which causes different frequencies of individual reactions to occur, thus, determining ho
verall reaction is. These results also indicate that under normal conditions, a correction should be made for WVP if the conce
-cymene in air samples is to be determined from the single ion signal of either protonated molecular ions or the most dominan
ons.

2004 Elsevier B.V. All rights reserved.
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. Introduction

Many compounds in the monoterpene family (C10H16) are
roduced by tree species and emitted into the atmosphere as
result of their high volatilities. They represent a significant

raction of the total volatile organic compound (VOC) flux
rom the biosphere to the atmosphere. Their mechanisms of
ormation and rates of emission, plus their roles in atmo-

∗ Corresponding author. Tel.: +81 559 68 1111; fax: +81 559 68 1156.
E-mail address:atani@wing.ncc.u-tokai.ac.jp (A. Tani).

spheric chemistry, are reviewed extensively by Fall[1] and
Fehsenfeld et al.[2] respectively, and elsewhere.

Measurement of the atmospheric concentrations and
genic emission rates of the monoterpenes and related V
are necessary if their roles in plant biochemistry, plant p
iology and atmospheric chemistry are to be understood
quantified. However, the low emission rates and atmosp
concentrations of these compounds render their ana
difficult. Until recently, their determination has relied up
pre-concentration with subsequent off-line analysis by
chromatography with, typically, flame ionisation or m
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spectrometric detection. Recently, proton transfer reac-
tion mass spectrometry (PTR-MS), using protonated water
(H3O+) as the primary ionising reactant, has been devel-
oped, allowing the on-line monitoring of VOCs, including
the monoterpenes and related compounds[3]. The transfer of
protons from H3O+ to neutral entities can be regarded as ‘soft’
ionisation and, under ‘normal’ PTR-MS operating conditions
(detailed below), many VOCs are detected as their molecular
mass plus one. However, the monoterpenes have been ob-
served to undergo some degree of fragmentation within the
instrument[4–6].

In a previous paper[6], we investigated their fragment
patterns in detail and showed that the monoterpenes�- and
�-pinene, 3-carene and limonene produced fragment ions
of masses 67, 81 and 95, while the related VOCp-cymene
(C10H14) produced ions of masses 41, 91, 93 and 119. The
fragment patterns were observed to vary as a function ofE/N
(whereE is the electric field strength andN the buffer gas
number density in the drift tube). We also showed that water
vapour pressure (WVP) in the inlet air affected the fragment
pattern forp-cymene, limonene and 3-carene atE/Nof 120 Td
(Td: Townsend; 1 Townsend = 10−17 V cm2). In particular,
we showed that forp-cymene, the relative abundance of the
protonated non-isotopic molecular ion (mass 135) increased
from 23 to 31% following a relative WVP (RH) change from
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the major components of air undergo non-reactive collisions
with H3O+ ions because of their lower proton affinities. The
resultant product ions (RH+) are separated by a quadrupole
mass spectrometer (Balzers QMG421) and detected as ion
counts per second (cps) by a secondary electron multiplier.
The signals are corrected for instrumental mass discrimina-
tion coefficients.

H3O+ ions may also become hydrated to produce
H3O+(H2O)n cluster ions, although under the ‘normal’ oper-
ating conditions described herein (RH of 20–30%, an am-
bient temperature of 21± 1◦C, and a drift tubeE/N of
122–124 Td), the ratio of the densities of H3O+H2O to H3O+

in the drift tube is usually less than 3%. TheE/N range be-
tween 120 and 140 Td has been regarded as a compromise
between minimising water cluster ion formation, which could
obscure the mass spectra, and suppression of product ion frag-
mentation which would complicate the identification of the
target analytes[3]. Since the density of H3O+ ions, [H3O+],
is high in the drift tube, and only a small fraction of the H3O+

ions reacts with the neutrals, [H3O+] remains constant and
pseudo-first order reaction kinetics are maintained. Under
these conditions, the density of product ions [RH+] is given
by:

[RH+] ≈ [H3O+][R]kt (1)
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6 to 100% at 21C. This result indicates that in order
easure monoterpene concentrations as precisely as
le, the effect of WVP on the monoterpene fragment pat
t differentE/N values should be investigated and the ca
f this fragment pattern change addressed.

In the present study, we use a diffusion system to m
ain constant vapour concentrations of monoterpenes a
ated compounds across various WVP ranges. The frag
atterns of two compounds in the monoterpene family�-
inene and sabinene (C10H16)), plus one compound relat

o the monoterpenes (p-cymene (C10H14)) are investigated a
ifferent WVPs andE/N ratios. For other monoterpene co
ounds, the effect of WVP on the fragment patterns are
ured at normal measurement conditions and the impor
f WVP correction is emphasised for specific measurem
onditions.

. Experimental methods

.1. PTR-MS instrumentation

The PTR-MS (Ionicon GmbH, Innsbruck) has been
cribed in detail elsewhere[3,7], as has its operational ch
cteristics[8]; therefore, only the points relevant to this pa
re given here. The PTR-MS consists of three parts: a
ource, a drift tube (reaction chamber) and an ion se
ion/detection system. H3O+ ions formed in the hollow cath
de ion source react with neutrals (R) in the drift tube, un
oing proton transfer reactions, if the proton affinity (PA

he neutral R is higher than that of water. On the other h
-
here [H3O+] is the density of H3O+, [R] the molecular ion
ensity of trace component R,k the reaction rate coefficie

or the proton transfer reaction between R and H3O+ and t
s the time taken for H3O+ ions to traverse the drift tub
hek values the reactions between monoterpenes and3O+

ons were experimentally determined to be (2.2− 2.5) ×
0−9 cm3 s−1 and that ofp-cymene was 2.5× 10−9 cm3 s−1.
he application of PTR-MS to measurements of relevan
nvironmental science has recently been reviewed by H
t al.[9].

.2. Standard preparation and water vapour pressure
WVP) control

In order to investigate the effects of WVP of the inlet
nd of the values ofE/N on these fragment patterns, a d

usion system was constructed. A range of nominal gas
oncentrations can be produced with this system (Fig. 1).
n air stream, dried by CaSO4 and purified by charcoal fi

ig. 1. Schematic diagram of a diffusion system for preparing standa
ospheres, CF: charcoal filter.
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tration, was passed through a dew point generator (LI-610,
LI-COR, USA) and a temperature controlled (293–358 K,
with an accuracy of±0.1 K) monoterpene diffusion sys-
tem. The air flow through the system was maintained by a
pump built into the dew point generator, and regulated with
the mass flow controller at a flow rate of 0.9 L min−1, be-
fore being diverted through the diffusion chamber and in-
troduced to the PTR-MS inlet. Water vapour pressure of
the air was varied from 0.59 to 2.4 kPa, which is equiva-
lent to a relative humidity of 28–98%. The diffusion system
consisted of a glass chamber (∼100 mL) housing a sealed
vial (1.5 mL) containing 10–20�L of a pure monoterpene
standard. The septum of the vial was pierced by a syringe,
enabling monoterpene vapour to diffuse out at a constant
nominal rate into the air stream. The resultant air stream
was sampled by PTR-MS. Monoterpene concentrations of
102–103 ppbv were achieved by manipulation of the water
bath temperature.

The purities of the�-pinene (Aldrich, UK), sabinene (R.C.
Treatt, UK) andp-cymene (Fluka, UK) liquid standards were
98, >70 and 95%, respectively. Their respective purities in the
vapour phase were quantified by GC-FID and found to be 99,
90 and 98%, respectively, which is higher than their purities
in the liquid phase due to vapour pressure differences. Ions
derived from both standards and impurities were carefully
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2.4. Sensitivity calculation

The PTR-MS sensitivity is expressed as:

Sensitivity= SCPS

{Rc} (2)

where {Rc} is the concentration of the target compound
and determined with GC-FID method[6] in this experiment.
SCPS is the total ion signal of the relevant ions standardised
to 106 cps of reagent ions and for 2 kPa drift tube pressure,
and defined as follows

SCPS=
∑

i(RI) × 106

∑3
n=1i(H3O+(H2O)n−1)

× 2

pdrift
(3)

wherepdrift is the drift tube pressure. The sensitivities for the
three compounds were obtained from Eqs.(2) and (3).

3. Results

3.1. Changes in ion signals during measurement

Fig. 2 shows the ion count rates of masses 81 and 137
derived from�-pinene at different drift tubeE/N ratios un-
der various water vapour pressures in the inlet air. Integration
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dentified by three methods described previously[6]. Their
oncentrations in the vapour phase used for this experi
ere in the range 350–550 ppbv.

.3. PTR-MS operation

Sample air containing constant concentrations of mon
enes was introduced to the PTR-MS drift tube vi
1 m length of 1/8 in. o.d. PFA tubing at a flow rate
.6 or 11.8 mL min−1. To assess fragment patterns,
/N of the drift tube was increased to 142 Td and
reased to 82 Td from the normal value of 124 Td
ltering the drift tube voltage (400–600 V) and press
0.18–0.21 kPa), respectively. The water vapour flow
he ion source was controlled at 7 mL min−1. The mean
elative center-of-mass kinetic energies,KEion, calculated
rom ion mobility data[10] were found to be 0.09, 0.2
nd 0.31 eV forE/N values of 82, 124 and 142 Td, resp

ively.
Water vapour pressure was found to be linearly corre

ith the ion signal of mass 37 (H3O+ H2O) at anE/N of
24 Td and with the ion signal of mass 55 (H3O+(H2O)2)
t anE/N of 82 Td. These masses were therefore monit
ontinuously. Even at zero RH in the inlet air, a small amo
f water exists in the drift tube from the ion source[7]. By
xtrapolating the linear relationships to the points where
3O+H2O signal was zero, the water vapour density en

ng from the ion source was calculated to be equivale
0% relative WVP when the sample air temperature
94 K.
ime for the measurements of ions originating from the ta
ompounds and from the reagent ions was 2–5 s eac
herefore the total measurement interval was 20–30 s.
idual data sets at each given water vapour pressure anE/N
atio showed that the ion signals of masses 81 and 137
lmost constant and had small standard deviations. Alth

he measurements were carried out at almost constan
entrations of the standard monoterpene vapours, the co
rations were observed to slightly increase or decrease
ime. All the data sets were corrected for these slight cha
n the ion signals.

.2. Fragment patterns affected by WVP at different
alues of E/N

Since we have shown in our previous paper[6] that the
ominant fragment ions for�-pinene and sabinene we
asses 67, 81 and 95 and forp-cymene were masses 4
1, 93 and 119, signals for these ions and their13C mono-
ubstituted ions were monitored, as well as the non-iso
nd13C mono-substituted protonated molecular ions, at

ering WVP and collisional energy conditions. The ma
on-isotopic ion signals are presented inFig. 3 as percent
ges of the total ion signal of all ions that originated from

arget compounds.
The relative abundance of the protonated molecula

mass 137) for�-pinene, measured atE/N of 103 Td, in-
reased from 61 to 67% when the water vapour pressur
ncreased from 0.59 to 2.40 kPa. On the other hand, the
ion of mass 81 decreased from 29 to 23% across this W
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Fig. 2. Change in ion signals of mass 81 and 137 derived from�-pinene
resulting from different drift tubeE/N ratios and water vapour pressures.E/N
ratio was changed by varying the electric field strengthE(41.7–62.5 V cm−1)
and drift tube pressure (0.18–0.21 kPa). AnE/N ratio less than 124 Td was,
in many cases, achieved at 0.21 kPa, but, in some cases, achieved at 0.18 kPa,
by changingE, accordingly. For example, anE/N ratio of∼124 Td could be
achieved at two parameter sets: 62.5 V cm−1 and 0.21 kPa, and 52.1 V cm−1

and 0.18 kPa. In this paper, however, only the data obtained at 62.5 V cm−1

E were used for fragment pattern analysis atE/N ratios less than 125 Td.
Arrows show the signals atE/N ratio of 124 Td which were used for signal
correction, assuming the change was linear.

range. The effect of WVP on the�-pinene fragment patterns
was more pronounced at a lowerE/N range (82–103 Td), but
the sum of the relative abundances of the two dominant ions
(81 + 137) was not affected by WVP.

Although the relative abundances of masses 81 and 137
for sabinene were different from those of�-pinene, the ef-
fect of WVP on the sabinene fragment patterns was sim-
ilar to that on �-pinene. The vapour resulting from the
sabinene standard was found to include 10% impurities,
most of which were other monoterpenes (determined by
GC-FID and GC-MS analyses). Since the other monoter-
penes produce fragment ions which are similar to those
for either sabinene or�-pinene[6], and show similar frag-
ment patterns (35–50% for mass 81 atE/N of 124 Td), the
10% of impurity in the vapour phase of the sabinene stan-

Fig. 3. Fragment patterns of major ions derived from�-pinene, sabinene
andp-cymene and the reagent ion distribution as affected byE/N and water
vapour pressure of the inlet air. Solid, broken and dotted lines indicate the
data measured at water vapour pressure of 0.59, 1.36 and 2.40 kPa, respec-
tively. Ions originating from�-pinene and sabinene are masses 67, 81, 95
and 137. Ions originating fromp-cymene are masses 41, 91, 93, 119 and 135.
The relative abundance of the major ions is expressed as their percentage
relative to the total signal of all the ion products. The reagent ion distribution
was the same in the three experiments.
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dard did not significantly alter the fragment ion distribu-
tion.

As shown in our previous paper[6], p-cymene had an
abundant fragment ion at mass 93, the ion signal of which was
much higher than that of mass 135 at highE/N (124–142 Td).
The effect of WVP was most pronounced atE/N of 124 Td
and least evident at the highest (142 Td) and lowest (82 Td)
E/N ratios. The relative abundance of the sum of masses 93
+ 135 was not, however, affected by WVP across the WVP
range.

3.3. Ratio of protonated molecular ion signals to
dominant fragment ion signals

Table 1shows the ratio of the protonated molecular ion sig-
nal to the dominant fragment ion signal (mass 81 for�-pinene
and sabinene and mass 93 forp-cymene) for the three com-
pounds. Switching theE/N ratio during measurement gives
some information on the identity of the individual compounds
[6]. Sincep-cymene is often the dominant or sole C10benzene
compound emitted by vegetation, the ion signal ratio of mass
135–93 at more than two differentE/N ratios can be used to
confirm the molecular origin of the observed signals at masses
93 and 135. The ratio of masses 135–93 showed considerable
variation betweenE/Nratios and showed the highest humidity
d ss
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it is possible to obtain information on the viability of reaction
between monoterpenes and the different reagent ions (un-
hydrated, mono-hydrated and di-hydrated).Fig. 4shows the
sensitivity of the PTR-MS with varying water vapour pressure
towards measurements obtained with three monoterpenes (A)
�-pinene, (B) sabinene and (C)p-cymene. In each case, three
hypothetical reaction scenarios are considered. The left, cen-
tre and right panels show the sensitivity of the monoterpene
reactions with the ion cluster H3O+(H2O)n−1, wheren = 1,
1 or 2 and 1, 2 or 3, respectively. The sensitivity for the three
monoterpenes in the H3O+ reaction (left panels) was unreal-
istically sensitive to WVP, indicating that they react not only
with H3O+ ion but also with the hydrates. The centre and
right panels show that sensitivities for the three compounds
did not seem to be affected by WVP within theE/N range
103–142 Td, whether they react with the H3O+(H2O)2 ion or
not. At anE/N ratio of 82 Td, however, the measured sensitiv-
ity for p-cymene decreased with an increase in WVP for both
reagent ion cluster groups (centre and right panels). In the�-
pinene and sabinene measurements at theE/N ratio of 82 Td,
the sensitivity was almost constant when all three reagent
ion cluster groups acted as reagent ions (Fig. 4B and C, right
hand panels), but slightly increased as WVP was increased in
the case where only H3O+ and H3O+H2O ion cluster groups
reacted (Fig. 4B and C, centre panels).

4

4

m to
b is
c

( r by
d

H

o

H

f
c
t ner-
ependency at anE/Nof 103 Td. If the ion count ratio of ma
35–93 at a givenE/N ratio is outside of the ranges sho

n Table 1, it may suggest that some fraction of masse
nd/or 135 originate from other volatile compounds pre

n the sample. This method might be useful for distingu
ng p-cymene in the presence of other compounds suc
he oxygenated monoterpene thujone, which produces
3 and 135 as fragment ions, but gives a different ratio
asses 135:93 [Tani et al., unpublished work]. For the
onoterpene species considered here, the ratio of proto
olecular ion to major fragment ion increased asE/N was
ecreased, and showed most WVP dependence at loweE/N
alues. Since many monoterpene emitting plants typical
ease 10 or more monoterpene species, additional mea

ents for the other monoterpene species are required.

.4. The effect of humidity on PTR-MS sensitivity

By assessing instrumental sensitivitiy to monoterp
apours at different vapour pressures and drift tubeE/Nratios,

able 1
on signal ratio of non-isotopic protonated molecular ion to major fra
ass 93 forp-cymene) as affected byE/N and water vapour pressure of

/N (Td) �-Pinene Sabinen

0.59 kPa 1.36 kPa 2.40 kPa 0.59 k

82 6.7 9.9 12.5 8.4
03 2.1 2.5 2.9 2.5
24 1.1 1.1 1.2 1.4
42 1.0 1.0 1.0 1.1
-

ion derived from the three compounds (mass 81 for�-pinene and sabinene a
t air

p-Cymene

1.36 kPa 2.40 kPa 0.59 kPa 1.36 kPa 2

– 15.9 112 131 126
3.0 3.5 7.5 9.6 10.8
1.4 1.4 0.4 0.4 0.5
l.2 1.2 0.1 0.1 0.1

. Discussion

.1. Reactions of H3O+(H2O)n ions with monoterpenes

The sensitivities for the three compounds did not see
e affected by WVP within theE/N range 103–142 Td. Th
an be explained in the following way:

Reactions of hydrated hydronium ions, H3O+(H2O)n−1,
n = 2 and 3), with hydrocarbons could proceed eithe
irect proton transfer, e.g.:

3O+H2O + VOC → VOCH+ + (H2O)2 (4)

r via ligand switching reactions, e.g.:

3O+H2O + VOC → VOCH+H2O + H2O (5)

ollowed by dissociation of the weakly bound VOCH+–H2O
luster in the drift tube to produce VOCH+. Direct proton
ransfer from the monohydrate hydronium ion is only e



166 A. Tani et al. / International Journal of Mass Spectrometry 239 (2004) 161–169

Fig. 4. Change in sensitivities for�-pinene (A), sabinene (B) andp-cymene (C). The left, centre and right hand panels show the sensitivities for reaction with
the ion cluster H3O+(H2O)n−1, wheren = 1, 1 or 2 and 1, 2 or 3, respectively.

getically possible if the proton affinity of the respective VOC
is greater than the PA (H2O) plus the H3O+–(H2O) bond
energy. Thus, for direct proton transfer to become exother-
mic a hydrocarbon needs to have a PA which is greater than
810 kJ/mol for H3O+(H2O) reaction. This value was calcu-
lated using the following binding energies of the most weakly
bound H2O molecule BE (H3O+–H2O) = 134 kJ/mol[11], BE
(H2O–H2O) = 15 kJ/mol[12] and PA (H2O) = 691 kJ/mol
[13].

The only reagent ions which could contribute to product
ion formation atE/N ratios above 100 Td are H3O+ and the
monohydrate H3O+H2O (Fig. 3). The second and higher hy-
drates of the hydronium ion are not present in substantial
amounts in the drift tube due to the elevated collision energy
condition which favours dissociation rather than stabiliza-
tion of higher hydrates in collisions with the air buffer gas
(Fig. 3). Proton affinities are known only for�-pinene (PA (�-
pinene)) <854 kJ/mol[14] and for limonene (PA (limonene))
=875 kJ/mol[15]. These proton affinity values are well above
810 kJ/mol, which is the energetic limit for direct proton
transfer to become exothermic from the monohydrate. Thus,
we might expect that even direct proton transfer is exother-
mic and hence fast for�-pinene and the other monoterpenes

in collisions with H3O+H2O. This is directly supported by
the experimental observation that changing the water vapour
pressure in the inlet air from 0.59 to 2.4 kPa, which causes a
doubling of the relative abundance of H3O+H2O reagent ions
from 25 to 50% at 103 Td, does not alter the sensitivities for
�-pinene, sabinene andp-cymene, respectively.

At anE/N ratio of 82 Td, however, the measured sensitiv-
ity for p-cymene decreased with increasing WVP in contrast
to the sensitivities of�-pinene and sabinene which stayed
almost constant, independent of WVP. As can be seen from
Fig. 3 the dominant reagent ion at 82 Td is the monohydrate
H3O+H2O with a relative abundance of 80% independent
of WVP. The abundance of the second hydrate H3O+(H2O)2
changes from 5 to 15% and H3O+ changes counter-wise from
15 to 5% as the water vapour pressure is increased from 0.59
to 2.4 kPa. This dramatic change in H3O+(H2O)2 reagent
ion concentration should affect the sensitivity of those com-
pounds, which do not react rapidly with the second hydrate
but do react rapidly with H3O+ and H3O+H2O. As mentioned
before onlyp-cymene reveal a reduction in sensitivity as the
relative amount of H3O+(H2O)2 ions is increased.

Monohydrate ions of protonated�-pinene and sabinene
(C10H16·H+·H2O) were produced at the lowestE/N (Fig. 5).



A. Tani et al. / International Journal of Mass Spectrometry 239 (2004) 161–169 167

Fig. 5. Relationship between mass 55 and C10H17
+H2O signals, atE/N of

82 Td. Mass 55 signal is expressed as signal abundance relative to total signal
of reagent ions (19 + 37 + 55). C10H17

+H2O signal is expressed as signal
abundance relative to total signal of all ions originated from the respective
monoterpene compounds.

The data for limonene and camphor shown in the previous
paper[6] are also plotted inFig. 5. The relative abundances
of the monohydrate molecular ions of the four monoterpene
compounds were closely correlated with the relative abun-
dance of H3O+(H2O)2, suggesting that they are produced
via ligand switching reactions between monoterpenes and
H3O+(H2O)2. The fact that the monohydrate ion was ob-
served in greater abundance for camphor and limonene than
for �-pinene inFig. 5 might be attributed to the difference
in their dipole moment values[16]. The dipole moments for
limonene and camphor are 1.57 and 3.1 D, while the value
for �-pinene is 0.6 D. Therefore, we conclude that�-pinene
and sabinene react rapidly with the second hydrate andp-
cymene does not. Further support for this conclusion comes
from energetic considerations:

The proton affinity ofp-cymene is not known, but that of
1-methylethylbenzene, which has a structural formula simi-
lar to that ofp-cymene, is low (792 kJ/mol)[13], indicating
that direct proton transfer fromp-cymene to H3O+H2O and
H3O+(H2O)2 is energetically impossible. However, a ligand
switching reaction might occur. For ligand switching to be-
come exothermic the former calculated proton affinities of a
hypothetical hydrocarbon can be further reduced, namely by
the VOCH+–H2O bond energy. Few bond energies of pro-
tonated hydrocarbons with water molecules are reported in
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Table 2
Effect of water vapour pressure on relative compounds in monoterpene family, atE/Nabundance of protonated non-isotopic molecular ion of ratio of 122–124 Td

Molecule Protonated molecular ion Relative abundance,f(x)

Equation (x = water vapour prjessure (kPa)) At 0%RH At 100%RH

�-Pinene C10H16 137 f(x) = 0.005x + 0.472 0.47 0.48
�-Pinenea C10H16 137 f(x) = 0.486 0.49 0.49
�-Limonenea C10H16 137 f(x) = 0.017x + 0.419 0.42 0.46
3-Carenea C10H16 137 f(x) = 0.01 1x + 0.565 0.56 0.59
Sabinene C10H16 137 f(x) = 0.003x + 0.516 0.52 0.52
�-Phellandrene C10H16 137 f(x) = 0.005x + 0.484 0.48 0.50
�-Terpinene C10H16 137 f(x) = 0.009x + 0.530 0.53 0.55
p-Cymene C10H14 135 f(x) = 0.038x + 0.214 0.21 0.31
Cineole C10H18O 137b f(x) = 0.522 0.52 0.52
Linalool C10H18O 137b f(x) = 0.414 0.41 0.41
Camphora C10H16 153 f(x) = 0.899 0.90 0.90

a Previous data (6).
b Most dominant fragment ion, Ambient temperature: 21◦C not protonated ion.

tend by keepingE/Nconstant and increasing the water vapour
pressure in the inlet air.

4.3. Atmospheric relevance

One of the major applications of PTR-MS has been in the
study of volatile organic compound emissions from plants.
From Figs. 3 and 4, it is clear that the sum of the relative
abundances of the most dominant fragment ions and pro-
tonated molecular ions can give reasonable estimates of the
concentrations of the standard monoterpene atmospheres, in-
dependent of the varying water vapour pressure conditions.
However, in some circumstances this procedure may not be
appropriate. For example, when plants are physically dam-
aged they emit (z)- and(E)-hexenal, which have dominant
fragment ions of mass 81[18]. In such cases where ‘wound’
compound interference might be expected, mass 137 alone
may give a better estimate of the total monoterpene concen-
tration than the sum of mass 137 and mass 81. In addition,
since mass 93 is also the protonated molecular ion of toluene,
it may be unwise to use this mass to quantifyp-cymene con-
centrations. In cases where toluene contamination might be
expected, quantification using the ion signal of mass 135
alone might be a more appropriate means of providing an
estimate for thep-cymene concentration.

T
T ene co
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∑
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S No

But l ty

N um of ies
a and sa

To determine total monoterpene concentrations from the
protonated molecular ion signal only, a highE/N ratio should
be used (∼140 Td) in order to inhibit the effect of WVP on
fragmentation. It has been shown earlier that the ion signal
of mass 137 is consistent (±0.5%) across the WVP range.
On the other hand, the relative abundance of the protonated
molecular ion ofp-cymene at anE/N ratio of 142 Td is too
low (<8%) to give a reliable estimate of concentration. At an
E/N ratio of 124 Td a relatively high signal of mass 135 is
produced but a correction for WVP is then needed.

Table 2shows the relative abundance of the protonated
molecular ions of monoterpenes,p-cymene and oxygenated
monoterpenes atE/N of 124 Td. No WVP effect was ob-
served for the oxygenated monoterpenes. A slight effect was
observed for some individual monoterpene species such as
limonene and 3-carene and differences in the relative abun-
dance of mass 137 for monoterpenes at 0 and 100%RH are
less than 10%.

5. Conclusion

Sensitivity analysis indicates that�-pinene and sabinene
react not only with H3O+ and H3O+H2O via direct proton
transfer but also with H3O+(H2O)2 via ligand switching.p-
able 3
he effects of humidity on the error in calculated monoterpenes andp-cym

�-Pinene/sabinene

E/N = 82 Td E/N = 103–124 T

i (RI) calculateda

From mass 137 + 81 or mass 135 + 93 No effect No effect
From mass 137 or 135 Slight effect Slight effect

ensitivityb No effect No effect

o effect 0–5%, Slight effect 5–15%, Large effect 15–30%,�i (RI) is the s
re assumed to be H3O+, H3O+(H2O) and H3O+(H2O)2 ions for�-pinene

a The effects are evaluated from the data inFig. 3.
b The effects are evaluated from the data inFig. 4.
ncentrations

p-Cymene

142 Td E/N = 82 Td E/N = 103–124 Td E/N = 142 Td

No effect No effect No effect No effect
o effect No effect Large effect Slight effect
effect Large effect No effect No effect
owest sensitivity But lowest sensitivi

the relevant ions (see Eq.(2)). For sensitivity analysis, proton donor spec
binene and H3O+ and H3O+(H2O) ions forp-cymene.



A. Tani et al. / International Journal of Mass Spectrometry 239 (2004) 161–169 169

Cymene seems to react with H3O+ via direct proton transfer
and H3O+H2O via ligand switching. Here it is found that all
compounds which produce fragment ions, regardless of their
reagent ion species (n = 1 and 2 or 1–3), are susceptible to
the effects of WVP. This is due to different abundances of
reagent hydrated ions which result in different frequencies
of individual reactions and characterize how soft the overall
reaction is.

The effects of WVP on monoterpenes andp-cymene mea-
surements at differentE/N ratios are summarized inTable 3
and it can be seen that, at some conditions ofE/N, ignoring
the WVP effect can result in error of up to 30% in calculated
concentrations.
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