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Abstract

The ionization pathways and drift behavior were determined for sets of constitutional isomeric and stereoisomeric non-polar hydrocarbons
(unsaturated monocyclic terpenes, unsaturated and saturated bicyclic terpenes) using ion mobility spectrometry (IMS) with different techniques
of atmospheric pressure chemical ionization (APCI) to assess how structural and stereochemical differences influence ion formation. Depending
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on the structural features, different ions were observed for constitutional isomers using ion mobility spectrometry with photoioniz
and corona discharge (CD) ionization. Photoionization provides ion mobility spectra containing one major peak for saturated c
while at two peaks were observed for unsaturated compounds, which can be assigned to product ions related to monomer and
However, differences in relative abundance of product ions were found depending on the position of the double bond. Although
corona discharge ionization permits the most sensitive detection of non-polar hydrocarbons, the spectra are complex and differ
obtained using photoionization. Additional cluster ions and fragment ions were detected. Only small differences in ion mobility spe
observed for the diastereomers while the enantiomers provide identical spectra. The structure of the product ions formed was
investigations using the coupling of ion mobility spectrometry with mass spectrometry (IMS–MS).
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Ion mobility spectrometry (IMS) permits the rapid and
simple on-site determination of gaseous compounds by field-
able and hand-held devices[1,2]. The principle of IMS is
based on determining the drift velocities (vd) attained by ion-
ized sample molecules in the weak electric field of a drift tube
at atmospheric pressure. Therefore, ions have to be formed
from sample molecules to measure ion mobilities.

63Ni ionization sources are commonly used in IMS for the
ionization of neutral sample molecules[3,4]. 63Ni emits beta
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particles (electrons). The emitted electrons collide with
molecules of the carrier- or drift gas. The most of spectr
eters work with nitrogen or air as drift- and/or carrier g
Using these gases, series of reactions are initiated by
collisions. Reactant ions with the structure H+(H2O)n are
mainly formed as a result of these processes. Positive io
substances investigated are formed mainly via proton-tra
reactions[5]. Photoionization (PI) and corona discharge (C
ionization were developed as alternative non-radioactive
ization sources. IMS using PI enables compounds (M)
determined whose ionization energies are below the e
(10–12 eV) emitted by the radiation source, the most prob
ionization pathway producing M+ ions[6]. Using CD ioniza
tion, positive ions may be formed via different processes
to the varying strength of the electric field around the co
needle. Electron impact, photoionization and proton-tran
reactions lead to the product ions of substances investi
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[7]. For all the aforementioned techniques, many or all the
different ions present in the mobility spectra may result from
ion–molecule reactions subsequent to the initial ionization
[8].

The ions are separated within the drift tube and the drift
velocities are determined. The drift velocity (vd) is propor-
tional to the strength of the electric field (E) with the constant
of proportionality being the mobility (K) of the ions.K is
derived using Eq.(1).

K = vd

E
(1)

Ion mobility is influenced by the operational parameters used
(e.g., drift gas and temperature) as well as by the masses of
the ions and their collisional cross-sections. The influence of
these parameters on ion mobility can be expressed[9,10] as

K =
(

3q

16N

)
×

(
2π

µkT

)1/2

×
(

1 + α

ΩD

)
(2)

whereq is the charge of the ion,N the density of drift gas
molecules,µ = (m × M)/(m + M) the reduced mass of the ion
(m) and drift gas molecule (M), k the Boltzmann constant,
T the temperature (K),α the correction factor (α < 0.02 for
m > M) andΩD is the average ionic collision cross-section.
ΩD includes structural parameters (physical size and shape)
and the electronic factors describing the ion–neutral interac-
t
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pose, we selected a set of monoterpenes, which included
monocyclic (isomers of limonene and terpinene) as well as
saturated (isomers of pinane) and unsaturated (isomers of
pinene) bicyclic monoterpenes. These compounds, produced
by trees and plants, are emitted into the atmosphere due
their significant vapor pressure at room temperature[17].
Therefore, terpenes are important in atmospheric chemistry
[18].

The isomeric terpenes investigated can be classified as
constitutional (structural) isomers and stereoisomers.

Alpha- and gamma-terpinene as well as alpha- and beta-
pinene are constitutional isomers due to their differences in
the connectivity of atoms within the molecule. Furthermore,
limonene and terpinene are hydrocarbons with different con-
stitutions. Constitutional isomers vary in their physical and
chemical properties and can be differentiated using spectro-
scopic methods.

Stereoisomers can be subdivided into enantiomers and
diastereomers.

Stereoisomers are signified as enantiomers, if the isomers
are superimposable on their mirror image. In most cases, the
premise for the existence of enantiomers is the presence of
one asymmetric carbon atom. Enantiomers normally exhibit
the same chemical and physical properties and cannot be
distinguished using spectroscopic methods.R(+)- andS(−)-
limonene, (+)-alpha- and (−)-alpha-pinene, (+)-beta- and
(
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The application of identical operational parameters (

as, gas flows and temperature) limits the number of vari
nfluencing the ion mobilities of various compounds to io

ass (m) and structure (ΩD). The influence of ionic mass o
on mobility can be described by mass-to-mobility correla
ines, which are known for a large number of substance

These mass-to-mobility correlation lines demonstrate
ufficient approximation, that mass effects are the domin
arameters. Structural differences are of minor importa
ut cannot be ruled out. As known from literature for63Ni

onization, structural differences can entail errors in the
elation between ionic mass and ion mobility of between
nd 20%[13].

In former papers, we described the influence of struc
eatures on ion mobility spectra[14–16]. For these studies, w
nvestigated sets of isomeric hydrocarbons. Investigating

ers with identical molecular weights enables mass effe
e ruled out. Additionally, polar effects can be minimized

nvestigating hydrocarbons, rather than substances co
ng polar functional groups. Our recent studies of alkyla
enzenes, cycloalkanes and cycloalkenes with different
titution (constitutional isomers) have revealed that diffe
onization techniques provide distinct differences, depen
n structure, in the ion mobility spectra and in the observ
oncentration ranges of isomeric compounds.

In this paper, we have extended these studies by i
igating stereoisomeric hydrocarbons using CD ioniza
nd PI to assess the influence of molecular structur

he ion mobility and ionization pathways. For our p
−)-beta-pinene, (1R)-cis- and (1S)-cis-pinane, (1R)-trans-
nd (1S)-trans-pinane can be assigned as enantiomers.

Stereoisomers, which are not the mirror image of e
ther, are signified diastereomers. Compounds with tw
ore asymmetric carbon atoms belong to this group. S

roscopic methods are normally able to differentiate betw
iastereomers due to their different chemical and phy
roperties. (1R)-trans- and (1S)-cis-pinane are diasteriome
s well as are (1R)-cis- and (1S)-trans-pinane.

. Experimental

.1. Ion mobility measurements

The substances used in this study (unsaturated mono
erpenes, unsaturated and saturated bicyclic terpenes)
urity of about 99% and were obtained from Fluka. T
urity was verified by gas-chromatography. The detail

he IMS sample introduction system and its operation
een described previously[19].

A series of measurements with increasing sample
entration were carried out for each compound in orde
ssess any correlation between ion mobility spectra and
entration. The measurements were started with the v
ormation of product ions up to a decrease in reactan
ntensity of about 80% (CD ionization).

The measurements were performed with RAID 1
obility spectrometers (BRUKER, Leipzig, Germany). W

he exception of the method of ionization, identical op
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tional parameters (gas flow, temperatures in ionization region
and drift tube) were used for all the measurements. The PI
source was equipped with a krypton lamp providing 10 eV
and 10.6 eV photons. The basic features of the CD ionization
source used in this study have been described in detail[7].

The spectrometers are equipped with a membrane inlet and
operated with a bi-directional flow system[13]. The opera-
tional parameters used to obtain the spectra were: temperature
of inlet system, 80◦C; carrier gas flow rate, 25 l/h; drift gas
flow rate, 25 l/h; electric field, 245 V/cm; temperature of drift
tube, 80◦C; pressure, atmospheric pressure. Air was used as
the carrier gas and drift gas.

The reduced mobility values (K0 values) were calculated
according to the conventional equation[20]:

K0 =
(

d

t × E

)
×

( p

760

)
×

(
273

T

)
(cm2/(V s)) (3)

whered is the drift length (cm),t the drift time (s),E the field
strength (V/cm),p the pressure (Torr) andT is the temperature
(K).

A series of positive ion mobility spectra was obtained for
each sample. After equilibrium, 30 spectra (16 accumulations
for each spectrum every 15 s) were obtained for each sample.
The intensities of the product ion peaks were determined
using the WIN-IMS (V4.1) program (BRUKER).
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a higher concentration range of compounds than used for
IMS alone.

A krypton lamp providing 10 eV and 10.6 eV photons
was used as the radiation source for PI source in the IMS.
The gaseous samples were introduced via permeation tubes
as described previously[16]. The ionization source works
at ambient temperature and ambient moisture. Nitrogen was
used as drift gas (110 mL/min) and carrier gas (110 mL/min).
The ions formed were transferred to the drift tube via the open
shutter grid. The drift tube consists of five drift rings 0.95 cm
apart. The potential measured at the first ring was +2180 V.
The end of the drift tube was fitted into a ceramic socket
placed into the high voltage flange of the API-III. The last
ring was floated at +280 V and the interface plate for the mass
spectrometer was at +90 V enabling the facile transfer of ions
to the mass spectrometer. The mass spectrometer used works
with a curtain gas flow of 0.6 L/min (nitrogen) for protection
of the vacuum system.

Due to the low ion intensity, each mass spectrum was
obtained by the accumulation of 50 scans over the mass range
of 10–500 amu.

3. Results and discussion

3.1. Ion mobility measurements
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.2. Identification of product ions using APPI–IMS–MS

To analyze product ions formed by PI, the ion mob
pectrometer–mass spectrometer coupling (IMS–MS)
sed. A simplified drift tube with stainless steel drift rin
nd Teflon insulating rings was attached to an API-III
em quadrupole mass spectrometer (PE-SCIEX, Tor
anada). Coupling these techniques usually entails adju

he operational parameters of the ion mobility spectr
ter due to the small ion flux that can be transferre

he mass spectrometer and the necessary compatibil
he electric fields between the two devices. For these
ons, the measurements were taken with an open shutt

able 1
ass spectra and ionization energies of compounds investigated

ubstance m/z Mass spectrum (EI:

(+)-limonene C10H16 136 68 (100), 93 (60), 10
(−)-limonene C10H16 136 68 (100), 79 (20), 93
lpha-terpinene C10H16 136 77 (35), 93 (85),121
amma-terpinene C10H16 136 77 (30),93 (100), 12

1R)-(+)-cis-Pinane C10H18 138 * 55 (100), 67 (85), 6
1S)-(−)-cis-Pinane C10H18 138 * 55 (100), 67 (83), 6
1R)-(+)-trans-Pinane C10H18 138 * 55 (100), 67 (77), 6
1S)-(−)-trans-Pinane C10H18 138 * 55 (100), 67 (74), 6
+)-Alpha-pinene C10H16 136 77 (20),93 (100), 10
−)-Alpha-pinene C10H16 136 77 (20),93 (100), 10
+)-Beta-pinene C10H16 136 * 77 (36), 79 (36) 91
−)-Beta-pinene C10H16 136 41 (40), 69 (35), 79

he mass spectra were obtained fromhttp://www.webbook.nist.gov/or (*)
EI) ionization (70 eV). n.a.: data not available.
The positive ion mobility spectra were obtained us
I and CD ionization.63Ni ionization was not employe
ince it provided only weak intensities of peaks due
he low proton affinities of the hydrocarbons investiga

detailed list of the compounds investigated is show
able 1. Ionization energies are only available for mixtu
f isomers. The ionization energies of all the compou
re below 10 eV, which permits direct ionization with
rypton lamp. The relative intensities of the peaks in
obility spectra were not significantly affected by ana

oncentration.
The ion mobility spectra of the constitutional monocy

erpenes (isomers of limonene and terpinene with a mole

,/z (relative abundance [%]) Ionization energy (e

, 121 (20), 136 (20) 8.30
107 (15), 121 (15), 136 (15)
136 (45) n.a.
136 (35)
81 (70), 82 (65), 95 (90), 123 (25), 138 (5) n.a.
81 (65), 82 (65), 95 (78), 123 (20), 138 (4)
81 (66), 83 (64), 95 (76), 123 (23), 138 (5)
81 (61), 83 (60), 95 (68), 123 (18), 138 (4)
121 (15), 136 (6) 8.07
21 (10), 136 (5)
(100), 121 (30), 136 (23) 8.00
(100), 121 (10), 136 (10)

red using an EM640/S mass spectrometer (BRUKER) with electron i

http://www.webbook.nist.gov/
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Fig. 1. Ion mobility spectra of monocyclic terpenes.

weight ofm/z = 136) are shown inFig. 1. Both double bonds
of terpinene are positioned inside the ring while one double
bond of limonene is outside. The structures are shown in
Fig. 1. As can be seen in this figure, there are some differences
in the ion mobility spectra of these substances.

PI provides two major peaks for both limonene enan-
tiomers withK0 values of 1.70 cm2/(V s) and 1.17 cm2/(V s).
The relative intensities of these peaks were independent of
limonene concentration. Therefore, the ions were not par-
ticipating in an equilibrium reaction. From past experience,
the relative mobilities would suggest that ions of the second

peak have approximately twice of the mass of those of the
first peak[16]. Therefore, we supposed the formation of ions
approximately equal in mass to monomer and dimer ions, i.e.,
with masses of approximatelyM andM2. The comparison of
reduced mobility values with those obtained for other hydro-
carbons[14,16]indicates that the monomer ions obtained for
limonene appear in the drift time range of ion mobility spec-
tra where ions with the molecular weight of limonene can
be expected. We will therefore in the following discussion of
the IMS spectra refer to the ions as monomer and dimer but
with no implication of exact mass or structure. A third peak is
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present for limonene with a very low intensity. From our past
experience, the reduced mobility value associated with this
peak is in the range expected for trimeric ions of approximate
massM3.

CD ionization also provides comparable ion mobility
spectra for the enantiomers of limonene. The spectra con-
tain two major peaks withK0 values of 2.01 cm2/(V s) and
1.59 cm2/(V s). Comparison of reduced mobility values with
those obtained by PI show that different ions are formed by
the two ionization modes. The higher reduced mobility value
of the peak at 2.01 cm2/(V s) indicates a lower ionic mass in
comparison with the PI monomer at 1.70 cm2/(V s). There-
fore, we suppose the formation of fragment ions. The peak
at 1.59 cm2/(V s), a value between those of the PI monomer
and dimer ions, is assigned to a cluster ion most probably of
lower mass than the dimer. This could be the fragment ion
associated with the neutral molecule. No ions with the mobil-
ity of the monomer 1.70 cm2/(V s), were observable with CD
ionization.

Although the isomers of terpinene and limonene have
identical molecular weights and only the positions of the
double bonds are different, the ion mobility spectra obtained
by CD ionization differ considerably. The spectra of the ter-
pinenes contain three peaks. The peak at 1.70 cm2/(V s) can
be attributed to the monomer ions, which are not detectable
for limonene using CD ionization. The reduced mobility
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terpinene using both ionization techniques. A preferred for-
mation of dimer ions can be observed for gamma-terpinene
using PI.

Fig. 2 shows the ion mobility spectra of saturated iso-
mers of pinane. The spectra obtained by PI consist of one
main peak, which appears at 1.68/7 cm2/(V s). Although the
molar mass difference from the above-mentioned isomers of
limonene and terpinene is only +2 amu, a consistent shift in
the reduced mobilities of 0.02/3 cm2/(V s) is observed.

CD ionization provides at least three peaks in the mobility
spectra. The peak at 1.68/9 cm2/(V s) is comparable with the
reduced mobility of the major peak obtained using PI while
the peak at 1.85 cm2/(V s) is comparable to the fragment ion
peak detected for the isomers of terpinene. This is in accord
with mass spectrometric investigations using electron impact
ionization, where the base peak also results from the forma-
tion of C7H11

+ ions. Additional cluster ions were found for
all isomers of pinane. However, different intensities can be
observed for cluster ions in ion mobility spectra obtained by
CD ionization. A preferred formation of cluster ions can be
established for the enantiomers oftrans-pinane in compari-
son with those ofcis-pinane. Thus, differences were found
in the spectra for the diastereomeric compounds (cis- and
trans-pinane).

The results for the isomers of pinene are summarized
in Fig. 3. In contrast to the saturated pinanes, PI provides
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alue of the cluster ion peak (1.58/7 cm2/(V s)) is comparabl
ith the cluster ion peak obtained for isomers of limon

1.59 cm2/(V s)). However, there are significant differen
n the relative abundances of the ions for the constituti
somers of terpinene. The reduced mobility values for
ragment ions (1.85 cm2/(V s) for terpinene) differ betwee
he two compounds (limonene: 2.01 cm2/(V s)). This differ-
nt fragmentation is known from mass spectrometry u
lectron impact ionization (Table 1). The base peaks f

somers of terpinene appear atm/z = 121 (loss of CH3) or
/z = 93 (loss of C3H7). The base peak of the mass spect

or limonene is atm/z = 68 (C5H8
+ as a result of a retro

iels–Alder reaction[21]).
PI provides spectra for the isomers of terpinene conta

onomer and dimer peaks withK0 values of 1.68/9 cm2/(V s)
nd 1.19/8 cm2/(V s), respectively, almost identical to tho
f limonene. However, unlike limonene, the relative int
ities of monomer and dimer are very different for the
somers. Also, in contrast to the isomers of limonene
rimeric product ions were detected for terpinene. The
ation of these ions is evidently affected by the diffe
osition of the double bond. Ionic polymerization is poss
hen the double bond is outside the ring but is less likely

o steric considerations when inside.
CD provides a much more sensitive ionization techn

han does PI with an average required concentration ran
.1–2�g/L. This is approximately 300 times lower than
0–250�g/L required for PI. Neither technique distinguis
etween the enantiomers of limonene. Differences in rel
bundance of product ions were found for the isomer
onomer and dimer ions for the unsaturated isomers of a
inene. The peaks at 1.70 cm2/(V s) and 1.20 cm2/(V s) can
e clearly attributed to such ions. The relative intensitie

he monomer and dimer peaks were dependent of conc
ion, the dimer peak height decreasing relative to that o
onomer as the concentration decreases (Fig. 4).
Trimer ions can be detected for beta-pinene that h

ouble bond outside the ring. A mass-to-mobility correla
urve was derived from the reduced mobility values obta
y PI. As shown inFig. 5, an excellent correlation was est

ished between the reduced mobility values and the logar
f supposed ionic masses. Such a correlation was previ
hown for the ions obtained from a set of isomeric hydro
on[15].

In accordance with the results shown inFig. 1 for the
onocyclic terpenes, prominent trimeric ions are obse
nly for compounds with a double bond positioned out

he ring. Furthermore, a higher intensity of dimer ions c
ared to the monomers can be observed for these compo
omparable results were described by Vautz et al.[22] in an

nvestigation of alpha- and beta-pinene andd,l-limonene
hree peaks were found ford,l-limonene and beta-pine
hile only two peaks were detected for alpha-pinene u

MS with photoionization.
CD ionization provides similar spectra for isomers

inene and terpinene. The peak at 1.69 cm2/(V s) is ascribed
o monomer ions. This peak was not observed for limon

ith the exception of limonene, the assumed fragment
ppear at the same reduced mobility (1.85 cm2/(V s)) for
ll the unsaturated compounds. This is consistent with
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Fig. 2. Ion mobility spectra of bicyclic saturated terpenes.

fragmentation pattern of their electron impact mass spectra
(Table 1). Additional cluster ions can be observed for all
isomers using CD ionization. However, higher abundances
and sharper, more symmetric peak profiles were obtained

for alpha-pinene and limonene. The reduced mobility values
of these additional peaks are comparable for all substances
investigated. Therefore, the formation of similar, but uniden-
tified ions can be assumed.
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Fig. 3. Ion mobility spectra of isomeric unsaturated bicyclic terpenes.

Obviously, the ionization pathway obtained by CD ion-
ization is partly comparable with that of electron impact
mass spectrometry. Besides monomer ions, the typical frag-
ment ions are also observed using mass spectrometry with
both electron impact ionization and atmospheric pressure
chemical ionization (APCI) using the proton-transfer reac-
tion (PTR)-mass spectrometry[23] and selected ion flow
tube (SIFT)-mass spectrometry[17,24] with different reac-
tant gases (using H3O+ as reactant gas: C10H17

+ and C6H9
+

product ions and C10H16
+ and C7H9

+ ions using NO+ for
C10H16 isomers). CD ionization permits a hundred times
more sensitive detection of these compounds in comparison
with PI.

The spectra obtained by PI are considerably influenced
by the constitution of the compounds (position of double
bonds). However, the abundant formation of dimer ions is
astonishing for such non-polar compounds using PI. Accord-
ing to the literature[6], M+ product ions should be expected.
Although the IMS investigations indicate the formation of
ions as described above, IMS does not permit any defini-
tive mass or structural assignment. The assignment of the
ions constituting the IMS peaks as fragment, monomer, dimer
and trimer are indicative only of relative masses. PI, that pro-
duces ions with little fragmentation, gives confidence that the
monomer peak must be due to ions with masses of or close
to the molecular mass. Studies of ionization pathways of ter-
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Fig. 4. Correlation between ion mobility spectra and concentration.

penes using PI are not known from the literature. Therefore,
mass spectrometric measurements were performed to deter-
mine the structure of product ions.

3.2. Peak identification of product ions formed using
IMS–MS

Mass spectrometric measurements were performed to
determine them/z values of ions present in the PI–IMS
spectra. In order to obtain a sufficient ion flux in the mass
spectrometer it was necessary to both increase the concentra-
tion of analyte above that used in obtaining the IMS spectra
and also to run with the shutter open. The mass spectra there-
fore show all ions exiting the mobility spectrometer with no
temporal separation. Furthermore, there is always a problem
in transferring ions from the high pressure of the mobility
spectrometer to the vacuum of the mass spectrometer. Ions,
especially weakly bound cluster ions, may be collisionally
decomposed in the interface region and adiabatic cooling may
encourage ion–neutral association. The ions in the mass spec-
tra may be slightly different to those that would be obtained
under IMS ideal conditions.

The used mass spectrometer is cryostatically pumped and
has a curtain gas of nitrogen to protect the high vacuum
against non-condensable helium present in ambient air. The
flow of curtain gas and the potentials of the electrodes in
t nal
d with

Fig. 6. APCI (PI)–IMS–MS spectra of gamma-terpinene obtained using dif-
ferent experimental conditions: (a) interface plate voltage: 100 V and orifice
plate voltage: 60 V; (b) interface plate voltage: 90 V and orifice plate voltage:
40 V.

any ion was observed. By way of example,Fig. 6shows the
mass spectra obtained for gamma-terpinene under different
interface conditions. InFig. 6(a), ions are passed through the
interface with sufficient energy that few ions abovem/z 175
are present. The base peak is that of the molecular ion,m/z
136, and the lowerm/z ions are the fragment ions in the elec-
tron impact mass spectrum shown inTable 1. With the much
gentler conditions ofFig. 6(b), the base peak atm/z 273 and
other high mass ions are present and there are essentially no
fragment peaks below the molecular ion.

Alpha- and gamma-terpinene were investigated as exam-
ples of constitutional isomers with the double bond inside
the ring, (1R)-cis- and (1S)-trans-pinane as examples for
diastereomers (saturated compounds). Also,R-(+)-limonene
with double bond outside the ring and (+)-alpha-pinene were
studied. The results of mass spectrometric investigations are
summarized inTable 2. The mass spectra obtained confirm
our conclusions regarding ion mobility measurements using
PI.

The base peak of the mass spectrum obtained forR-(+)-
limonene appears atm/z 271. This mass can be assigned to
[M(M − 1)]+. No molecular ions are present atm/z 136. The
peak atm/z 135 is the [M − 1]+ ion. Peaks of low intensity
are present just above [M − 1]+ with m/z values 151, 169 and
185. There is a similar pattern of peaks abovem/z 271 with
somewhat higher intensities. The mass differences between
he interface region were optimized to minimize collisio
issociation. No association of the nitrogen curtain gas

Fig. 5. Mass-to-mobility correlation line for isomers of pinene.
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Table 2
Results of IMS–MS investigations

Substance m/z PI–IMS–MS,m/z (relative abundance [%]) of major peaks

R(+)-limonene 136 135 (34), 151 (8), 169 (4), 179 (3), 185 (8),271 (100), 279 (6), 288 (19), 304 (46), 320 (17), 336 (6),
338 (6), 352 (3), 354 (3)

Alpha-terpinene 136 136 (100), 153 (57), 171 (11), 195 (10), 223 (7), 227 (9), 253 (3), 273 (5), 287 (19), 304 (17), 319 (9)
Gamma-terpinene 136 136 (27), 153 (12), 169 (5),273 (100), 279 (8), 288 (17), 305 (31), 321 (42), 337 (10), 347 (10), 352

(4)
(1R)-(+)-cis-Pinane 138 137 (37),153 (100), 169 (19), 183 (15), 198 (9), 220 (6), 245 (5), 248 (8), 264 (8), 266 (11), 276 (23),

290 (19), 308 (21), 322 (7), 324 (7), 338 (13)
(1S)-(−)-trans-Pinane 138 137 (100), 153 (38), 167 (10), 169 (13), 183 (11), 197 (6), 211 (6), 226 (9), 240 (4), 249 (5), 255 (7),

266 (10), 276 (8), 282 (9), 290 (15), 306 (26), 323 (5), 341 (3)
(+)-Alpha-pinene 136 135 (30), 151 (6), 153 (6), 169 (3), 251 (3),272 (100), 278 (4), 288 (31), 304 (26), 320 (5)

pairs of peaks in the two sets are similar viz. 288− 151 = 137;
304− 169 = 135; 320− 185 = 135. The higher mass ions are
condensation products of lower mass ions that are most cer-
tainly accentuated in the IMS–MS spectra because of the nec-
essary use of a higher concentration of analyte. The monomer
and dimer peaks in the IMS spectrum shown inFig. 1are due
to [M − 1]+ and [M(M − 1)]+. There are no ions aroundm/z
410 in the mass spectrum ofFig. 7 showing that the trimer
observed in the IMS spectrum did not survive passage through
the IMS–MS interface.

The breakdown diagram for photoionizedR-(+)-limonene
has been determined from 8.5 eV to 10.6 eV using syn-
chrotron irradiation[26]. At 10.0 eV, appropriate to krypton
radiation, the molecular ion comprises approximately 50%
of total ionization with fragment ions decreasing in intensity
in the order:m/z 94, m/z 121,m/z 107 andm/z 79. None of
these ions is seen in the mass spectrum ofFig. 7, all must
have disappeared by ion molecule reaction. The fragment
ions probably reacted by hydride abstraction from the parent
molecule to give the [M − 1]+ ion but the fate of the molecular
ion is not obvious[25].

The mass spectra obtained withR-(+)-limonene and five
of the other compounds are summarized inTable 2. The pat-
tern shown by all the unsaturated compounds is similar to
that shown byR-(+)-limonene, i.e., a monomer and dimer
peak with a series of ions at higher mass following each

peak. Taking into account the higher concentrations used in
the IMS–MS study, the results confirm the IMS results. For
example, gamma-terpinene has a base peak atm/z 273 consis-
tent with the large dimer peak in the mobility spectrum while
for alpha-terpinene the base peak is atm/z 136, consistent
with the dominant monomer peak in the mobility spectrum.
m/z 136 is the molecular ion for terpinene whilem/z 273 cor-
responds to M2H+. In confirmation of the mobility results that
found no evidence that the dimer and monomer ions were in
an equilibrium situation, these M+ and M2H+ ions cannot be
linked by an equilibrium reaction. Photoionization of the two
terpinenes does not therefore lead to a common ion structure,
and the conjugated isomer shows fewer tendencies for further
ion–molecule reactions. It is also notable that, apart fromm/z
153, the ions in the series above the monomer and dimer are
not the same for the two isomers, differences of one or two
mass units being evident.

The mass spectra of (1R)-(+)-cis- and (1S)-(−)-trans-
pinane, like the mobility spectra, have the largest peak in
the low mass region and show no major peak in the dimer
region. Both have an [M − 1]+ peak which is the base peak
for the trans isomer but is only 37% of the base peak (m/z
153) of thecis isomer for which [M + 15]+ is the major ion.
This ion is 38% of the base peak for thetrans isomer. This
disparity between the isomers is inconsistent with the IMS
results that show almost identical mobility coefficients for
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(+)-Alpha-pinene, that shows two prominent and w
esolved monomer and dimer peaks in the mobility spect
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As can be seen from these results, there is a corre-
spondence between ions surmised to be present in the
mobility spectra and those found in the IMS–MS investiga-
tions. A compound with a large dimer peak in its mobility
spectrum also showed a prominent ion at approximately
twice the molar mass in its mass spectrum. As was also
found in the IMS study, none of the monomer and dimer
ions, with the exception of those ofR-(+)-limonene, differ
exactly in mass by the molar mass of the compound, i.e.,
the dimers are not simply monomers solvated by the par-
ent molecule. The differences are very close to the molar
mass but there is no equilibrium between any one of the
pairs.

4. Conclusion

The constitutional isomers investigated in this study dif-
fer in the position of the double bonds. Differences in this
structural feature provide differences in ion mobility spec-
tra as described above and permit the distinction between
these constitutional isomers. Using PI, the abundant forma-
tion of dimer and trimeric product ions can be established
for substances with a double bond outside the carbon ring
in comparison to compounds with the double bond inside
the ring. Different fragmentation patterns were found in ion
m or
t
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