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a b s t r a c t

A flowing afterglow-tandem mass spectrometer (FA-TMS) was used to study a series of C5 unsaturated
alcohols and isoprene. The analytical procedure was validated through collision induced dissociation
(CID) experiments on proton hydrates. In the FA, reagent H3O+ ions were used to chemically ionize the
alcohols under study and isoprene. Chemical ionization (CI) by H3O+ is widely used, especially in PTR-MS
instruments, and produces a main peak at m/z 69 for all studied compounds, implying the impossibility
to distinguish them by a simple quadrupole mass filter. The CID of these ions at m/z 69 resulted in
eywords:
andem mass spectrometry
nsaturated alcohol

soprene
ollision induced dissociation
hemical ionization

daughter ions with the same masses but with different intensities depending on the organic compound,
the collision energy and the Ar target gas pressure in the collision cell. From these observations, pentenols
were easily distinguished from methylbutenols and 3-methyl-3-buten-1-ol from the other compounds.
CID experiments were also performed on the protonated alcohol, which is only a stable ion for 1-penten-
3-ol, 2-methyl-3-buten-2-ol and 3-methyl-3-buten-1-ol, showing different CID patterns as a function of
the collision energy. The coupling between a FA reactor and a TMS has proven to be a valuable approach
to identify C5 unsaturated alcohols and isoprene.
. Introduction

Isoprene (M = 68 g mol−1), a biogenic volatile organic compound
BVOC), is emitted by a large variety of plants and constitutes
3% of all BVOCs emissions [1]. Due to extensive studies [2], it is
ow well known for its high reactivity and resulting impact on
zone chemistry and secondary organic aerosol (SOA) formation
3,4]. Among C5 unsaturated alcohols (M = 86 g mol−1), 2-methyl-
-buten-2-ol (232MBO) was found to be directly emitted by some
ine species [5–8]. Even though the geographic area of 232MBO
iogenic emitters is restricted (for example, based on 1992–1993
ata, needle forests are estimated to represent only 4.1% of the
lobal land cover [9]), 232MBO can have implications on regional
tmospheric chemistry [10], since it is highly reactive with the
ain atmospheric oxidants [11,12]. Next to being emitted by veg-

tation, 232MBO is also a pheromone produced by the spruce
ark beetle [2]. Formation of SOA from degradation products of

32MBO is a more controversial issue [13]. Isomers of 232MBO
ere also investigated. König et al. [14] detected low emission rates

f 1-penten-3-ol (1P3OL) and 2-penten-1-ol (2P1OL) by rye and
f 1P3OL, 2P1OL, 3-methyl-3-buten-1-ol (331MBO) and 3-methyl-

∗ Corresponding author. Tel.: +32 2 373 03 77; fax: +32 2 373 84 23.
E-mail address: Juliette.Rimetz@aeronomie.be (J. Rimetz-Planchon).

387-3806/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijms.2009.09.008
© 2009 Elsevier B.V. All rights reserved.

2-buten-1-ol (321MBO) by rape. In addition, plants exposed to
physical damage can produce 1P3OL and 2P1OL [14–16].

Isoprene can be detected by photoionization (at 10.7 eV) but
this technique suffers from interferences from other hydrocarbons
[2,17]. The Fast Isoprene Sensor, based on chemiluminescence, has
also been employed to specifically quantify isoprene in real-time
without preconcentration step prior to analysis [18,19]. At present,
however, two main techniques are widely used for the detection
and/or the quantification of isoprene and C5 unsaturated alcohols:
(i) gas chromatography combined with various detection methods
(GC-FID, GC–MS) [6,8,20–23], which allows a sensitive and selec-
tive analysis of BVOCs in complex mixtures, but suffers from poor
time resolution. (ii) Chemical ionization mass spectrometry (CIMS),
which is a fast and sensitive technique to monitor BVOCs on-line,
but which often lacks selectivity.

Nowadays proton transfer reaction-MS (PTR-MS) is certainly
the most frequently used CIMS instrument [15,24–26]. Other CIMS
instruments are also used to investigate C5 unsaturated alcohols,
like proton transfer reaction-ion trap mass spectrometry [27],
chemical ionization reaction-time-of-flight mass spectrometry

[28] and flowing afterglow-selected ion flow tube-mass spectrome-
try (FA-SIFT-MS) in positive [29,30] and negative ion modes [31,32].

The main disadvantage of CIMS techniques is the possibility
of overlapping CI product ion masses originating from different
compounds and several methods were developed to overcome the

http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:Juliette.Rimetz@aeronomie.be
dx.doi.org/10.1016/j.ijms.2009.09.008
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esulting lack of selectivity. GC has for instance been used in paral-
el and in series with PTR-MS [15,26,33]. Williams et al. [26] used
water trap to remove methanol and C5 alcohols and therefore to
iscriminate isoprene from C5 unsaturated alcohols. The authors
lso took into account correlations between isoprene and its oxi-
ation products to exclude the presence of C5 unsaturated alcohols

n samples. Karl et al. [25] quantified the individual contribution
f isoprene and 232MBO by the ratio of ion signals at m/z 69 and
/z 87. CI is generally performed with H3O+ but the use of other
I reagents can be a possible way to differentiate isobaric species
29–32]. Finally, the collision induced dissociation (CID) patterns of
I product ions can be different for isobaric and isomeric organic
ompounds [34].

In atmospheric chemistry, CID is generally performed in an ion
rap included in different configurations such as a PIT-MS [35–38],
PTR-linear ion trap [39] or a membrane inlet mass spectrometer

40], and more rarely in the collision cell of a tandem MS instrument
TMS) [41–43]. FA-TMS is often employed in fundamental chem-
stry to characterize ion structures and to obtain thermodynamic
nformation [44–47]. The present study explores the capabilities
f a newly built FA-TMS instrument for selective detection of iso-
eric compounds, more particularly of six isomeric C5 unsaturated

lcohols and isoprene. The discrimination is expected to be possi-
le based on the combination of CI by H3O+ and compound-specific
ID patterns occurring in the collision cell.

. Materials and method

.1. FA-TMS

The FA-TMS instrument consists of a home-made flowing after-
low reactor, which is coupled to a TMS custom-designed by Extrel
MS (Pittsburgh, USA), and is shown in Fig. 1.

The stainless steel flow tube reactor has a radius of 2 cm and a
ength of about 1 m. Argon is pumped through the reactor with a
ow rate of 2.5 × 10−5 STP m3 s−1 (at standard conditions of pres-
ure (1013.25 hPa) and temperature (273.15 K)) by means of a Roots
ump, resulting in a reactor pressure of 0.6 hPa. Formation of reac-
ant ions is initiated by ionization of Ar atoms by impact of electrons
mitted by an emission current-regulated thoriated iridium fila-
ent.
H3O+ reactant ions are produced through a sequence of

on/molecule reactions, starting with the reactions of Ar+ and Ar2
+

ons with water vapour, which is introduced in controlled amounts
t 17 cm downstream the filament. The water flow is optimized
o obtain the highest intensity of H3O+, a full conversion of Ar+

nd Ar2
+ to H3O+ at the location where the reactant BVOC is intro-

uced, and a minimal contribution of higher order proton hydrates
[H3O+·H2O]/[H3O+] ≈ 11% at the downstream end of the flow tube).
mall leaks in the flow tube and/or the presence of trace amounts
f oxygen in the buffer gas result in a small contribution of O2

•+

mpurity ions ([O2
•+]/[H3O+] ≈ 4%).

In order to decrease ion loss in the flow tube through
lectron/positive ion recombination, 2.3 × 10−8 STP m3 s−1 of a
000 ppm SF6/Ar mixture is added through an inlet situated at
bout 9 cm downstream the filament to scavenge thermal electrons
48]. Finally, small flows of dilute mixtures of BVOCs in He (about
/1000 BVOC/He), stored in a 5 × 10−3 m3 glass reservoir, are intro-
uced in the FT at 38 cm upstream of the mass spectrometer inlet
nd CI product ions are formed by reaction of these BVOCs with the

eactant ions. Reactant and CI product ions are at their ground state
hrough collisions with the buffer gas.

Reactant and CI product ions are then sampled into a first vac-
um chamber through an orifice (1 mm diameter) in an electrically

nsulated interface flange between the medium-pressure reactor
of Mass Spectrometry 289 (2010) 30–38 31

and the vacuum chamber. This cube-shaped vacuum chamber is
pumped by a 1.6 m3 s−1 turbomolecular pump and the pressure
obtained in operating conditions is 1.4 × 10−4 hPa. An extraction
potential (−5 V dc) is applied to the interface flange to improve
the ion signal intensity and stability [45]. By means of an Einzel
lens system, ions entering the vacuum system are guided towards
a quadrupole deflector, which is located in a second, T-shaped,
vacuum chamber which is pumped differentially by a 0.5 m3 s−1

turbomolecular pump, resulting in a pressure of 2 × 10−7 hPa. The
quadrupole deflector bends the ion beam by 90◦ resulting in a
clean separation of ions from photons, metastables, particulate
and non-ionized molecular beam gases, and thus provides a better
signal-to-noise ratio.

The ions are subsequently introduced in the TMS probe which
is located in the main vacuum chamber. The TMS is used in two
modes. In Q1MS mode, the first quadrupole Q1 operates in full scan
whereas Q2 acts as an ion guide. This mode allows for example the
observation of all ions generated in the FA and entering the TMS. In
MS/MS mode, the ions entering Q1 are selected according to their
m/z ratio. The preselected ions (called parent ions) are subsequently
injected in O, which is filled with a collision gas (Ar) at low pres-
sure (a few 10−4 hPa). At sufficiently high collision energies of the
reactant partners, CID of the parent ions entering the collision cell
results in one or more daughter ions. The fragmentation spectrum
is finally obtained by scanning Q2 over the useful mass range and
the ions are detected with a secondary electron multiplier.

The rods have a diameter of 19 mm for Q1 and Q2 and of 3 mm
for O, and a length of 210.8 mm for Q1 and Q2 and 200 mm for O.
The diameter of the entrance and exit orifice of O is 13 mm. The
multipole assemblies are driven by independent power supplies
with frequencies of 880 kHz, 2.1 MHz and 880 kHz for Q1, O and Q2
respectively. O operates in radio-frequency (RF)-only mode, so as
an ion guide. The nominal mass ranges are 1–1000 amu, 1–500 amu,
and 1–1000 amu for Q1, O and Q2 respectively. The main vacuum
chamber, containing Q1, O, Q2 and the detector is pumped by a set
of turbomolecular pumps with a total pumping speed of 2 m3 s−1.
The pressure in this chamber varies from 4 × 10−8 hPa (no target
gas) to 9 × 10−6 hPa, which corresponds to the maximum pressure
condition used in the collision cell, i.e., 6.7 × 10−4 hPa.

The housing of Q1 is set at a fixed value of −2 V, whereas the
housing of O and Q2 are at the same potential which can be varied
during experiments. Q1 and Q2 are provided with pre- and post-
filters to reduce fringing fields and optimize ion transmission. A Q1
entrance lens (15.2 mm diameter aperture) focuses ions on the axis
of Q1 and reduces rf fringing field effects. Interquad lenses (12.7 mm
diameter aperture) located between Q1 and O and between O and
Q2 guide the ion beam in the gap between the multipoles. Finally, a
Q2 exit lens (15.2 mm diameter aperture) focuses the ions towards
the detector. The entire TMS instrument is controlled by means of
commercial software (Merlin) provided by the TMS manufacturer
(Extrel).

2.2. Methodology and its validation based on proton hydrates
experiments

During real-time data acquisition, a window that includes the
total peak area is determined for each peak. Considering peak area
instead of peak height allows to take into account asymmetric
peaks, as is the case for parent ions at high collision energy. Aver-
ages over at least 7 scans were considered. Corrections applied to
the raw data take into account the temporal shift of signal inten-

sities, the background and the mass discrimination linked to the
use of different multiplier voltages of the detector. Mass discrim-
ination occurring in Q2 cannot be evaluated but does not affect
the final conclusions, since all experiments were performed at the
same conditions. The temporal shift is caused by the shift in reac-
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ig. 1. Schematic representation of the FA-TMS instrument. [1] Electron emitting fi
nternal ion source (not used), [7] ion deflector (i, inner poles; o, outer poles), [8] d
ost-filter, [12] Q1/O interquad lens, [13] collision cell, [O] octopole, [14] main vacu
ollision gas inlet, [18] Q2 post-filter, [19] exit lens, [20] discrete dynode, [21] elect

ant gas flow due to the decrease of the total pressure of the BVOC
ixture in the glass bottle in the course of the experiments, and

y the long-term fluctuations of the reactant ion production in the
ow tube. Background was recorded for each experiment and was
alculated as the average of the baseline. These background values
re independent of m/z over the m/z range studied and have been
ubtracted from the raw data. Analytical detection limit was calcu-
ated as three times the standard deviation on the baseline and only
ata above the analytical detection limit were considered. Back-
round values and analytical detection limits depend on the width
f the peak and on the collision energy. Worst values are met for
he largest peak at the highest collision energy. The nature of the
eactant gas does not seem to have any influence.

Experiments were carried out at different collision energies in
he center-of-mass frame of reference (ECM), calculated by Eq. (1).
he laboratory collision energy (ELAB) is the difference between the
topping potential (VSTOP) and the dc level (also called pole bias or
od offset) of the octopole (OPB) [49]. VSTOP is defined as the poten-
ial that the ions experience at the location of their last collision
ith the Ar buffer gas atoms of the FA, which is very close to the ori-
ce of the interface flange. VSTOP was determined by retarding the

arent ions entering O by changing OPB and measuring the corre-
ponding strength of the remaining parent ion signal. The retarding
urve was fitted and differentiated, giving a bell-shaped curve with
maximum corresponding to VSTOP, and a full width at half max-

mum (FWHM) showing the energy spread of the ions entering O

ig. 2. Evolution, as a function of ECM, of fragment ions intensity at m/z 19 (�), m/z 37 (�
b] H3O+(H2O)2 (m/z 55) and [c] H3O+(H2O)3 (m/z 73). Vertical lines represent the minim

olecules [49]. Collision cell pressure = 1.5 × 10−4 hPa.
t, [2] flow tube (FT), [3] to pumping system, [4] interface plate, [5] lens system, [6]
or exit lens, [9] Q1 entrance lens, [10] Q1 pre-filter, [Q1] first quadrupole, [11] Q1
hamber, [15] O/Q2 interquad lens, [16] Q2 pre-filter, [Q2] second quadrupole, [17]
ultiplier.

[50,51]. Identical results for the stopping potential were obtained
by retarding the ions in Q2, i.e., by changing Q2PB.

ECM = ELAB × MAr

MAr + Mparent
(1)

The voltages of the electrostatic lenses upstream O and on the
Q1 housing, as well as the rod offsets of Q1 pre-, post-, and main
filters were optimized to obtain an intense and symmetric parent
signal. Q1PB was fixed at −4.5 V. The same optimization was used
for all ions studied. OPB controls the collision energy and was varied
between −4 V and −35 V during the experiments. No experiments
were performed at lower collision energies, since parent ion peaks
then become too wide due to an excess velocity in the transition
region between Q1 and O [52]. Special care was taken to optimize
Q2PB and the potentials of all lenses and filters downstream the
octopole. These potentials were chosen to be slightly more negative
than OPB to ensure that both unreacted parent ions and fragments
reach the detector [51] and have symmetric peak shapes.

To validate the instrumental parameter settings, the break-up
patterns of proton hydrates were studied. The collision induces
simple dissociation through the loss of one or more water

molecules. Experiments were performed at 1.5 × 10−4 hPa and
6.7 × 10−4 hPa of Ar in the collision cell. The curves in Fig. 2 present
the fragment ions intensities, relative to the initial intensity of the
parent ion introduced in the collision cell, as a function of ECM. Frag-
ment ions are easily observed and appear at ECM values close to the

) and m/z 55 (�), relative to the initial parent ion intensity [a] H3O+·H2O (m/z 37),
um of energy required to detach one (black), two (grey) or three (dotted) water



J. Rimetz-Planchon et al. / International Journal of Mass Spectrometry 289 (2010) 30–38 33

Cs stu

m
t
m
t
D
m
D
l
y
s
1

2

p

F
c

Fig. 3. Schematic representation of the BVO

inimal energy required to detach water molecules from vibra-
ionally cold clusters [49]. The energy required to detach one water

olecule from H3O+(H2O)n (n = 2 and 3) is very low, which explains
he difference between the experimental and the theoretical values.
awson [49] explained this difference by the difficulty to correctly
easure low ECM values. In agreement with the observations by
awson [49], ion signals at m/z 37 and m/z 19 in Fig. 2c display a

inear rise for ECM above the threshold energy to reach a saturated
ield at about 4 eV and 8 eV for m/z 37 and m/z 19 respectively. The
aturated yield of ion signals at m/z 55 was obtained at roughly
eV, in agreement with Dawson [49].
.3. Chemicals used

Six unsaturated monohydroxylic isomeric C5 alcohols and iso-
rene were studied (Fig. 3). (E)-2-penten-1-ol (95%) ((E)2P1OL),

ig. 4. Intensity of fragments m/z 41, m/z 29, m/z 27 and m/z 39 from the CID of m/z 69, re
ompounds studied, at 1.5 × 10−4 hPa. Arrows indicate an estimation of the appearance p
died and their abbreviation used in the text.

3-methyl-3-buten-1-ol (97%) (331MBO), 2-methyl-3-buten-2-ol
(98%) (232MBO) and isoprene (>99.5%) (ISO) were obtained from
the Sigma–Aldrich Company. (Z)-2-penten-1-ol (98%) ((Z)2P1OL),
1-penten-3-ol (99%) (1P3OL) and 3-methyl-2-buten-1-ol (99%)
(321MBO) were purchased from Acros Organics. The argon buffer
gas (99.9997%) and the 1000 ppm SF6/Ar mixture were obtained
from Air Products.

3. Results and discussion

3.1. Ions produced in the FA
For all compounds, the major product ion from CI by H3O+ was
observed at m/z 69 (C5H9

+), which is consistent with previous stud-
ies [26,29,30,53,54]. It results from protonation of the hydroxyl
group followed by a loss of one water molecule [M+H−H2O]+

lative to their maximum of intensity measured, as a function of ECM, for each of the
otentials.
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Fig. 5. Intensity of fragments at m/z 41 (circles) and at m/z 29 (triangles) from the
CID of m/z 69 ions, relative to their maximum intensity measured, as a function of
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Table 1
Dataset and terms used for the calculation of RX/Y and its associated uncertainty
utotal.

Replicate i (i = 1 to n)

Intensity I at m/z = X IX,i

Standard deviation associated to IX �X,i

Intensity at m/z = Y IY,i

Standard deviation associated to I �

F
(

CM, for 232MBO at two Ar pressures in the collision cell: 1.5 × 10−4 hPa (hollow
ymbols) and 6.7 × 10−4 hPa (full symbols). Arrows indicate an estimation of the
ppearance potentials.

or C5 alcohols [55,56] and corresponds to the protonated com-
ound [M+H]+ for isoprene [57]. The protonated alcohol at m/z
7 (C5H10O·H+) was observed for 1P3OL, 331MBO and 232MBO.
choon et al. [30] noted that [M+H]+ was not observed when the
ouble bond was located in the “2” position, which is the case
or 321MBO and 2P1OL. The protonation can occur on a sterically
ccessible C C double bond, as it is the case for 1P3OL, 232MBO
nd 331MBO (double bond located in terminal position). Ions at
/z 87 were also observed for isoprene, and were attributed to

M+H+H2O]+ as a result of excess H2O in the FA.

.2. Break-up pattern of ions at m/z 69 produced by
3O+/molecule reactions as a function of the collision energy and

he Ar pressure in the collision cell

The stopping potentials (VSTOP) and the FWHM of the collision
nergy were found to be −3.8 ± 0.2 (1�, n = 8) V and 1.9 ± 0.3 (1�,
= 8) V respectively. In these experiments, the range of applied ECM
alues was 0.1–11.5 eV. The CID fragmentation patterns of m/z 69
ons from the seven BVOCs as a function of ECM are presented in
ig. 4. Depending on ECM, break-up produces major fragment ions
t m/z 41 and m/z 29 and minor ones at m/z 27, m/z 39 and m/z
3. Ions at m/z 53 were not investigated because of both their very
ow intensity and their small ECM window of observation: this ion
ppears at ECM > 4.5 eV and, at high ECM values (about 9.6 eV), there
s an interference with the tail of the parent ion peak, which is
riented toward lower m/z values.

ig. 6. Fragments intensities at m/z 41, m/z 29 and m/z 27 relative to the initial m/z 69 in
dark grey), 8.2 eV (light grey) and 10.7 eV (white).
Y Y,i

Ratio RX/Y of intensities IX/IY RX/Y,i

Uncertainty associated to RX/Y ui

Appearance potentials are the minimum ECM needed to observe
fragments. The determination of the accurate values, however,
requires theoretical models [58,44] and has not been performed
in our study. At 1.5 × 10−4 hPa or 6.7 × 10−4 hPa of Ar in the col-
lision cell, the experimental appearance potentials are the same
for all compounds studied: 1.0–1.6 eV (for m/z 41), 3.5–3.8 eV (for
m/z 29) and 6.3–6.8 eV (for m/z 27 and m/z 39) (Fig. 4). So, these
values cannot be used to discriminate the different gases. The Ar
pressure in the collision cell can have an influence on the appear-
ance potentials, such as a shift to lower potentials with increasing
collision cell pressure. This phenomenon is caused by multiple colli-
sions providing additional energy. Small (0.2–0.3 eV for both m/z 41
and m/z 29 ions) but significant shifts of the appearance curves are
observed between experiments performed at 1.5 × 10−4 hPa and
6.7 × 10−4 hPa (Fig. 5).

At the Ar collision cell pressures used in the present experi-
ments, an ECM value of about 1.0 eV is sufficiently high for m/z 69
ions to fragment to m/z 41 ions (C3H5

+) with a neutral loss of C2H4
(Fig. 4). The associated mechanism could be heterolytic cleavage
with or without proton migration. Within experimental uncertain-
ties, intensities of m/z 41 peaks are comparable for all seven BVOCs
(Fig. 6). From about 3.5 eV, m/z 29 fragment ions appear (C2H5

+).
These ions originate from direct break-up of m/z 69 ions, with a neu-
tral loss of C3H4. From about 6.3 eV, peaks at m/z 27 (C2H3

+) and
at m/z 39 (C3H3

+) appear in the mass spectra. The fragment ions at
m/z 27 can be formed by both direct fragmentation of parent ions
with a loss of C3H6 and sequential CID via a loss of H2 from m/z 29
fragment ions. Fragment ions at m/z 39 can result from fragmen-
tation of both m/z 69 and m/z 41 ions, with a loss of C2H6 and H2,
respectively. In the case of ISO, Maleknia et al. [59] also observed
an abundant ion at m/z 39 by PTR-MS analysis, attributed to the
fragmentation of the protonated isoprene with a loss of C2H6. Dis-
crimination between direct and sequential CID mechanisms cannot
be confirmed with our analytical tools and needs complementary
techniques [60].
When considering intensities of fragments ions, three groups
of compounds can be observed (Fig. 6): (1) pentenols, with
the highest m/z 29 and intermediate m/z 27 peak intensities,
(2) 232MBO, 321MBO and ISO, with intermediate m/z 29 and

tensity for the compounds studied at 1.5 × 10−4 hPa and at three ECM values: 4.8 eV
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ig. 7. Percentages of fragment ions (dark grey) and unfragmented parent m/z
9 ions (grey) relative to the initial parent ion intensity, at 1.5 × 10−4 hPa and
.7 × 10−4 hPa collision gas pressures and at three ECM values.

he highest m/z 27 peak intensities, and (3) 331MBO, with
learly the lowest m/z 29 and m/z 27 peak intensities. With

he exception of stereochemical differences around the double
ond, resonant forms of m/z 69 ions from pentenols are iden-
ical (CH3 CH2 CH CH CH2

+ ↔ CH3 CH2 CH+ CH CH2).
32MBO and 321MBO also have similar resonant forms
(CH3)2 C CH CH2

+ ↔ (CH3)2 C+ CH CH2). In the case of

ig. 8. Ratios 29/41, 27/41 and 41/69 for each compound at 1.5 × 10−4 hPa (grey triangle
nd [c] 10.7 eV. Intensities at m/z 69 correspond to the unfragmented parent ions.
of Mass Spectrometry 289 (2010) 30–38 35

331MBO, only one form is possible (CH2 C(CH3) CH2 CH2
+).

Consequently, similar resonant forms of m/z 69 ions could explain
similar fragmentation patterns for alcohols included in each group.

In addition to bond cleavages, many rearrangements can occur
due to the presence of the double bonds, explaining the differ-
ence observed in fragmentation patterns between groups. Buhr
[61] for instance propose a mechanism for the acyclic unsaturated
alcohols 3-hexen-1-ol and 1-octen-3-ol, for which intramolecular
rearrangements can occur prior to fragmentation. Because of the
possible occurrence of such rearrangements, unambiguous identifi-
cation of fragmentation mechanisms of the m/z 69 ion, based solely
on our experimental results, remains a difficult task to perform.

3.3. Ratio between ion signals at different m/z value as a
parameter to discriminate isobaric ions

A systematic study was carried out on the most abundant ion at
m/z 69 from CI by H3O+ in order to distinguish BVOCs based on ions
intensity ratios and their associated uncertainties. For the seven
BVOCs studied, three ECM values (4.8 eV, 8.2 eV and 10.7 eV) at two
Ar collision cell pressures (1.5 × 10−4 hPa and 6.7 × 10−4 hPa) were
applied, i.e., 42 conditions in total. For each condition, at least n = 6
replicates i were performed, with i the individual replicate. Let’s
consider a given condition and two ions at m/z X and m/z Y. Data

treatment consisted in calculating the ratio RX/Y of intensities at
m/z X and m/z Y and its associated total extended uncertainty utotal
(Table 1). The ratio RX/Y corresponds to the arithmetic mean of RX/Y,i
of the n experimental replicates i. To calculate utotal, both the uncer-
tainty associated to RX/Y, called u (arithmetic mean of ui, Table 1),

s) and 6.7 × 10−4 hPa (black squares), and at three ECM values: [a] 4.8 eV, [b] 8.2 eV
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collision energies. The mean collection efficiency was 67% and 37%
for experiments at 1.5 × 10−4 hPa and 6.7 × 10−4 hPa, respectively.
Main CID fragment ions were observed at m/z 69 (C5H9

+, due to
the loss of one water molecule) and at m/z 45 (C2H5O+, due to the
neutral loss of C3H6). Minor fragments were detected at m/z 29,

Table 2
Range of appearance potential (in eV) of fragment ions from CID of protonated
331MBO, 1P3OL and 232MBO at 1.5 × 10−4 hPa.

m/z 331MBO 1P3OL 232MBO Discrimination

29 4–4.3 4.7–5.0 6.4–6.8 232MBO/other
31 1.8–2.1 3.7–4.0 9.3–9.6 All
41 2.1–2.4 4.7–5.0 3.3–3.6 All
43 1.4–1.8 2.7–3.1 4.9–5.2 All
ig. 9. Intensity of fragments relative to the intensity of initial parent ion m/z 87 (in

nd repeatability, called r, were taken into account. The terms ui,
and utotal were calculated following Eq. (2)–(4) respectively. The

actor 2 in Eq. (4) corresponds to the coverage factor at the 95% level
f confidence.

The ratios R27/41, R29/41, R27/69, R29/69 and R41/69 and their uncer-
ainties were calculated. Repeatability (r) varies from 0.1 to 9%,
ith a mean of 3%. Lowest and highest total extended uncertain-

ies (utotal) are found for R41/69 (major peaks) and R27/41 (m/z 27 is
minor peak) respectively.

i = IX,i

IY,i

(
�X,i

IX,i
+ �Y,i

IY,i

)
(2)

=

√√√√ 1
(n − 1)n

n∑
i=1

(RX/Y,i − RX/Y )2 (3)

total = 2 ×
√

u2 + r2 (4)

Collection efficiencies were calculated following Eq. (5). They
o not depend on the studied compound or ECM but they decrease
hen Ar pressure in the collision cell increases, with 74 ± 2

1�, n = 139)% and 31 ± 2 (1�, n = 107)% at 1.5 × 10−4 hPa and
.7 × 10−4 hPa, respectively. The “loss” may be attributed to dis-
rimination effects linked to mass, energy or scattering angles [62],
ut is not really a problem since all experiments were carried out
ith the same conditions.

collection efficiency (%) = 100

× (fragments + parent)Ar introduced in the collision cell

parentNo Ar in the collision cell
(5)

However, the sum of all fragment ion signals represents only 3%
nd 6% of the initial intensity of the ion signal at m/z 69 (i.e., when
o Ar was introduced in the collision cell) at 1.5 × 10−4 hPa and
.7 × 10−4 hPa respectively (Fig. 7). Consequently, some sensitivity

roblems could be imagined in the case of real atmospheric samples
ontaining traces of BVOCs.

All ratios for all experimental conditions are presented in Fig. 8.
he Ar pressure does not have a large influence on the ratios
27/41 and R29/41 (fragments), in agreement with observations from
entage) as a function of ECM for 331MBO, 1P3OL and 232MBO at 1.5 × 10−4 hPa.

Steeghs et al. [35] concerning the acetone fragment ion ratio R41/31.
Ratios of fragment ion signals to the unfragmented parent ion signal
at m/z 69 are lower at 1.5 × 10−4 hPa than at 6.7 × 10−4 hPa. These
last ratios provide additional information but these experiments
must be carried out at exactly the same pressure. The 331MBO iso-
mer can be easily distinguished from the other compounds studied,
since it has the lowest ratios, except for R41/69. It is clearly possible
to identify pentenols from MBOs and isoprene, especially from the
ratios R29/41 (at the two pressures) and R29/69 (at 6.7 × 10−4 hPa,
not shown) at ECM equals to 4.8 eV. The ratio R29/69 at 4.8 eV and at
6.7 × 10−4 hPa (not shown) may be used to identify isoprene and
232MBO, even if the difference is small. In the same way, (Z)2P1OL
may be distinguished from the two other pentenols by the ratio
R41/69 at 6.7 × 10−4 hPa, and at 4.8 eV and 8.2 eV.

3.4. Break-up of the protonated alcohol as an alternative to
discriminate isomers

CI by H3O+ produces ions at m/z 87 for only 1P3OL, 331MBO and
232MBO. The ion signal at m/z 87 was used in some PTR-MS studies
to identify 232MBO [24,25]. CID of ions at m/z 87 provides different
fragment ions, with different intensities and occurring at different
45 0.5–0.9 0.8–1.2 2.7–3.0 232MBO/other
57 0.5–0.9 8.8–9.1 7.4–7.7 All
69 ≈0 2.4–2.7 2.0–2.4 331MBO/other
72 # # 5.2–5.5 232MBO/other

#: Signal below the analytical detection limit.
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/z 31, m/z 41, m/z 43, m/z 57 and m/z 72. Results of break-up of
he protonated alcohols as a function of the collision energy at a
ollision cell pressure of 1.5 × 10−4 hPa and experimental values of
he appearance potentials are shown in Fig. 9 and Table 2, respec-
ively. The last column of Table 2 shows the compounds, which can
e distinguished by taking into account the estimated appearance
otential of the fragment ions. One possibility to distinguish com-
ounds could be to follow the ion at m/z 43 ion at two ECM values,
or example, at 2 eV (at which only ions at m/z 43 from 331MBO are
bserved) and at 4 eV (at which no ions at m/z 43 are observed for
32MBO).

. Conclusion

A FA-TMS is a flexible tool to investigate isobaric and isomeric
ompounds in real-time. It has been shown that the protonated C5
lcohol was only observed for 1P3OL, 232MBO and 331MBO, when
sing H3O+ reactant ions. H3O+ is the most widespread CI reac-
ant ion, but produces essentially ions at m/z 69. The CID of this
on clearly showed that MBOs could be distinguished from pen-
enols by the calculation of ratios of ion signals at different m/z
alues (both fragments and parent). 331MBO was easily differenti-
ted from the other methylbutenols and isoprene. Slight differences
ere observed between 232MBO and ISO and between (Z)2P1OL

nd the other two pentenols, but precision on ratios has to be
mproved to exploit these data. CID of ions at m/z 87 provided suffi-
iently different break-up patterns to discriminate 1P3OL, 232MBO
nd 331MBO. Even if the use of ions at m/z 87 suffers from a lack
f sensitivity in the present instrumental configuration, the possi-
le coupling of a drift tube instead of a flow tube to the TMS may
vercome this problem.

However, even if different ways can be investigated to identify
ure compounds, the study of mixtures remains difficult. Based on
ell-chosen ratios of ion signals at different m/z values, “binary
ixture” curves can be obtained if these ion signals ratios are suffi-

iently different for the two compounds in the mixture. Tests were
erformed on the ratio R29/41 from CID of the parent ion at m/z
9 of 1P3OL and 232MBO, with promising preliminary results. But
he atmospheric interest stays limited since these two alcohols are
arely found together in air samples. The study of the parent ion at
/z 87 and its CID fragment ions should be of more interest for the

nalysis of these gases in mixtures.
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