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tum chemical calculations (G3MP2) yielding values of 8.29 and 8.41 eV. Additionally, vertical ionisation
energies of 8.62 and 8.96 eV were calculated using an OVGF method. UV photoabsorption cross sections
were measured using a high-resolution synchrotron radiation source and electronic states interpreted on
the basis of the TD quantum chemical methods.
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1. Introduction

Chemical processes occurring in the troposphere have a direct
impact on both global and local climatic changes. Such processes
are strongly influenced by the presence of volatile organic com-
pounds (VOCs) [1,2]. Recent research shows that the amount of
naturally produced VOCs exceeds anthropogenic sources by sev-
eral orders of magnitude [3,4]. The most abundant naturally formed
VOCs are isoprenes and isoprene chains called monoterpenes,
the latter making up more than half (54%) of total natural VOCs
production [5].

Monoterpenes are also the precursor for creation of many ter-
restrial secondary organic aerosols (SOAs) formed by a series of
gas-to-particle chemical reactions from natural VOCs [6], however
many of these reactions remain unquantified. SOAs affect radiation
balance both directly by scattering and/or absorbing sunlight [7-9]
and indirectly as cloud condensation nuclei. a-Pinene (35%) and 3-
pinene (23%) are the most abundant monoterpenes in the Earth’s
atmosphere [3]. Nevertheless many of their basic properties such
as ionisation cross sections, the appearance energies (AEs) of frag-
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ment ions and UV transmission spectra of both a- and [3-pinene
are still missing or are somewhat old and need to be reviewed
[10,11].

In this paper, we report the results of a new set of experi-
ments to explore the electronic state spectroscopy and ionisation
of a- and 3-pinene. High-resolution UV absorption spectra of both
compounds have been measured using synchrotron radiation. The
present data have both a higher resolution and increased sensitivity
compared to the only set of earlier data[12]. In order to interpret the
UV spectra and assign electronic excited states of the molecules to
observed spectral bands we have also performed quantum chem-
ical calculations to classify valence and Rydberg states that may
contribute to the absorption bands.

In order to explore Rydberg states of these molecules it is nec-
essary to determine the ionisation energies (EIs) of the molecules.
We have studied two electron impact ionisation (EII) processes:
e+M — Mt 4+2e (directionisation) (1)
and
e+M — X"+ M-X+2e (dissociative ionisation) (2)

of gas phase a- and (-pinene. We have measured the IEs and
the AEs of ionic fragments. The values of the vertical ionisa-
tion energies derived from these experiments are compared with
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values we have calculated using standard quantum chemical
methods.

To our knowledge, this is the first EIl study of a- and [3-pinene,
however, there is an earlier Hel photoelectron spectroscopy (PES)
study by Novak and Kovac [12] of three natural monoterpenes —
pinene, pulegone and cembrene - with which we can compare
our derived ionisation energies. Novak and Kovac also performed
Hartree-Fock and density functional theory calculations for the
orbital energy of the outgoing electron, their derived value of
8.27 eV being in good agreement with the experimentally derived
vertical ionisation energy (E; =8.38 eV) for a-pinene. In their PES
spectrum of a-pinene, the band at 8.38 eV was assigned to the
single, endocyclic m-orbital. Ionisation potentials (IPs) lower than
21.21 eV were derived from the photoelectron spectra of 48 organic
compounds by Al-Joboury and Turner [11] in 1964, for a-pinene
an ionisation energy of E; =8.07 eV was estimated. A mass spectro-
metric study of a-pinene produced by electron impact dissociative
ionisation of a-pinene was published by Mormann et al. [16] using
a Fourier transform-ion cyclotron resonance (FT-ICR) spectrome-
ter. Only ions with the mass to charge ratio m/z=93 (C;Hg*) were
detected. According to this study about 85% of the most abundant
ion C;Hgo* consists of protonated toluene molecule—toluenium.
Unfortunately no similar study was performed for the isomer -
pinene.

2. Experimental apparatus and computational methods

Two sets of experiments were performed on a- and 3-pinene:
(i) VUV spectroscopy and (ii) electron impact studies. The liquid
samples were purchased from Sigma-Aldrich with a stated purity
of 98%. The sample was degassed by a repeated freeze-pump-thaw
cycle.

2.1. UV spectroscopy

High-resolution vacuum ultraviolet photoabsorption spectra of
a- and B-pinene were recorded using synchrotron radiation on
the ultraviolet vacuum line (UV1) of the ASTRID facility at Univer-
sity Aarhus, Denmark. The apparatus has been described in detail
elsewhere [30], so only a brief description is given here.

The apparatus consists of a static gas cell with an absorption path
length of 25 cm. A photomultiplier tube recorded the transmitted
light intensity, I, exiting the gas filled cell, at 0.05 nm intervals. The
sample pressure was measured at each wavelength using an MKS
390HA Baratron Capacitance Manometer, accuracy +0.1%. These
results were compared with a transmission spectrum recorded
with the cell evacuated, Iy. The absolute photoabsorption cross
section was then determined using the Beer-Lambert law:

Iy = Iy exp(—nox) (3)

where n is the target gas number density, o is the absorption cross
section and x is the path length of the gas cell. The synchrotron ring
beam current was monitored continuously as a monitor of the any
changes in the incident UV flux.

Spectra were recorded between 10.8 and 3.9eV (115 and
320nm) with a typical resolution of 0.075nm, at FWHM. The
minimum and maximum wavelengths are determined by the
cell window transmission cut-off and the grating range, respec-
tively. Cross sections were measured over a range of pressures
(0.01-0.8 mbar) to ensure that any data collected was free of
any saturation effects (typical attenuation <10%). For wavelengths
below 6.20 eV (200 nm), helium was flushed through the small gap
between the photomultiplier and the exit window of the gas cell
to prevent any absorption by air contributing to the spectrum. At

longer wavelengths, absorption by the air in the gap removes the
higher-order radiation.

2.2. Electron impact ionisation

Electron impact ionisation data were collected using the crossed
electron/molecular beam apparatus at Bratislava laboratory. The
apparatus has been described in detail previously [13], thus only a
brief description is given here.

The electron beam was formed in a trochoidal electron
monochromator (TEM) with an electron energy resolution of about
140 meV. The electron energy scale was calibrated by measuring
the Ar* ion efficiency curve for the reaction:

e +Ar —» Art42e” (4)

that has an established ionisation energy of 15.759 4 0.001 eV [14].
The molecular beam was produced in a temperature controlled
effusive molecular beam source (EMBS). The beam was formed via
effusion through a capillary (0.5 mm diameter and 4 mm long).

The ions formed in the interaction between the electron and
the molecular beams were extracted by a weak electric field into
a quadrupole mass spectrometer (QMS). Ion yields thus were
recorded as a function of the electron energy. It was necessary to
accumulate data over very long time periods in order to achieve
high sensitivity and accuracy and to detect reactions with very low
cross sections. The stability of the experimental conditions during
these long data collection periods (e.g., drift of the power supplies)
was checked by the measurement of reaction (4) at the beginning
and the end of the experiment. The stability was typically about
10 meV/day.

The measured ionisation efficiency curves were analyzed using
a well-established data analysis methodology [15]. This method
takes into account the finite width of the kinetic energy distribution
function of the electrons in the electron beam and enables appear-
ance energies of ions produced by dissociative electron ionisation
to be determined with very high accuracy (+20 meV).

2.3. Computational methods

The standard G3MP2 methodology [16] was used for the cal-
culation of reaction enthalpies of the fragmentation reactions (at
298.15K and 101.325 kPa) and for calculation of the adiabatic ion-
isation energies of a- and B-pinene. A similar methodology was
also used for calculating vertical IPs (at geometries of neutral
species optimized using B3LYP/6-311+G(2d,2p) level of theory).
All calculations were made using the MULTILEVEL4.0 [17] and
GAUSSIANO3 [18] programmes. Excitation energies and oscillator
strengths for VUV spectra of a- and (3-pinene were calculated
using Configuration Interaction with Single replacement from
reference configurations (CIS) [19], and CIS with correction for
double replacement from reference configuration—CIS(D) [20] and
time-dependent DFT (TDDFT) theory [21] as implemented in the
GAUSSIANO3 and PC-GAMESS [22] computer codes. In all these cal-
culations the frozen core option was used, i.e., excitations from the
1s orbitals of constituent carbon atoms were excluded. Spectral cal-
culations were performed using a geometry of neutral molecule,
optimized at B3LYP/6-311+G(2d,2p). As excited states have, in gen-
eral, a more diffuse character than ground state, for excited state
calculations some diffuse functions should be included. Calcula-
tions at CIS(D) level were therefore performed using 6-31(2+)+G**
basis set (standard 6-31++G** set [22] augmented with an extra p
shell on the carbon atoms with an exponent of 0.0131928) [23],
TDDFT calculations were made with 6-311(2+)+G** basis, defined
as above.
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3. Results and discussion
3.1. Electron impact ionisation

Electron impact generally results in intense fragmentation of
the target molecule, especially in the case of large molecules such
as a- and 3-pinene. The product mass spectra were recorded at an
incident electron energy of 70 eV (Fig. 1). The recorded spectra are
broadly consistent with the data recorded in the US National Insti-
tute of Standards and Technology (NIST) database [14]. The main
difference in the present mass spectra of these two molecules is the
presence of an ion with m/z=69 in the mass spectra of 3-pinene
which is totally absent in the mass spectra of a-pinene. Thus, this
ion may be used as a marker for 3-pinene molecules. This difference
is most probably due to the position of the carbon-carbon double
bond in the naturally less abundant isomer 3-pinene. Stoichiomet-
ric identification of the ions with given m/z in pinenes is relatively
easy due to the fact, that they are formed only from carbon and
hydrogen atoms.

We have measured the ionisation efficiency curves for the 13
most abundant fragment ions and derived their appearance ener-
gies (see Table 1). For the majority of the fragments we observe a
difference in the appearance energies of the ions emerging from
a- and (3-pinene (an isomeric effect) of about 0.3 eV. This differ-
ence is significantly larger than the evaluated error bars arising
from the experimental method and fitting technique (typically
20-100 meV).

Such mass spectrometric measurements provide little informa-
tion on the structure of the fragment cations. Therefore, using
G3MP2 methodology we calculated the structures and energies
of the neutral molecules and radicals of several positive ions. The
ionic conformations with the lowest energy are considered to be
the most stable and are the most likely structures of individual ions
formed by electron impact close to threshold. Present calculations
indicate that the a-pinene cation maintains its parent’s ring struc-
ture, whereas the (3-pinene cation is formed through opening the
ring.
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Fig. 1. Mass spectrum of a- and B-pinene recorded at an incident electron energy
of 70 eV.

Table 1
Appearance energies (AEs) for fragment cations produced by electron impact ioni-
sation of a- and 3-pinene

Mass (amu) AE (eV) Formula
a-Pinene {3-Pinene
27 15.04+0.27 17.39 + 0.30 CyHs*
39 16.85+0.24 15.50 £+ 0.30 C3H3™*
41 13.62+0.10 13.34 £ 0.05 C3Hs™*
53 14.59+0.10 14.59 + 0.10 C4Hs5*
67 12.01 £0.09 11.16 + 0.20 CsH;*
69 Missing ion 1117 + 0.04 CsHo*
77 12.45+0.05 12.49 + 0.05 CgHs*
79 10.90+0.05 10.48 + 0.05 CgH7" (protonated benzene)
91 12.38 £ 0.05 12.17 £ 0.05 C7H7* (benzyl cation)
93 8.97+0.04 9.13 £+ 0.04 (M-C3H7)*
105 12.64+0.05 13.03 + 0.08 (M-C,Hg)* + CoHg +H (methyl
benzyl cation)
107 10.19+0.11 10.22 + 0.06 (M-CyHs )" +CyHs
121 9.81+0.05 9.99 + 0.04 (M-CHs)* +CHj3 (protonated
mesitylene)
136 8.30+0.02 8.60 + 0.03 M*

The ionisation efficiency curves of the parent molecular ions
are presented in Fig. 2. Our derived experimental value for the
ionisation energy of a-pinene (8.30 + 0.02 eV) is in excellent agree-
ment with the PES results of Novak and Kovac [12], 8.38 eV. We are
not aware of any earlier measurements of the ionisation energy
of B-pinene which we evaluate to be 8.60+0.03 eV. The ionisa-
tion efficiency curves of both a- and 3-pinene provide evidence for
an additional threshold at 8.54 and 8.98 eV, respectively. These we
associate with an additional ionic state of the pinene cations.

Present calculations at G3MP2 level give adiabatic ionisation
energies of 8.29 eV for a-pinene and 8.42 eV for 3-pinene. The val-
ues calculated at B3LYP/6-311+G(2df,2p) level give values of 7.81
and 7.83 eV, respectively. According to Ref. [24], average absolute
deviation of IE is for G3MP2 0.08 eV and for B3LYP 0.18 eV. The
G3MP2 method generally shows fewer outlying results than B3LYP
so we believe that the real value is close to the G3MP2 value,
which is in good agreement with the measured appearance ener-
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Fig. 2. Threshold ionisation yields for - and (3-pinene parent cations.
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Fig. 3. Threshold ionisation yields for cationic fragments of m/z=93 produced by
electron impact of a- and B-pinene.

gies 8.30 and 8.60 eV. We have estimated vertical I[E at G3MP2 level
(i.e., difference of total energies as defined in G3MP2 methodology,
excluding vibrational contribution, calculated both for the neutral
molecule and the cation in the B3LYP/6-311+G(2d,2p) optimized
geometry of the neutral molecule) of 8.62 and 8.96 eV for a- and
[3-pinene, respectively. Vertical IEs can also be calculated using an
OVGF methodology [25]. These calculations, using 6-311+G(2df,2p)
basis and the above-mentioned geometry of neutral molecule pro-
vide IEs of 8.57 and 8.90 eV for a- and B-pinene, respectively.

Dissociation following electron impact ionisation of a- and 3-
pinene results in the formation of large number of ions. The list
of the appearance energies for all measured ions is presented in
Table 1 for both isomers. For the majority of the ions there exist
only small differences (0-0.5 eV) in the appearance energies of the
ions from a- and B-pinene. However, pronounced differences in
the two isomers are observed for small fragment ions with m/z=27,
39 (more than 1eV) and 67 (about 1eV). Furthermore ions with a
m/z=69 were produced from 3-pinene but were not observed in
the mass spectrum of a-pinene. The absence of this ion in the a-
pinene spectrum is most probably due to the stabilising effect of
the m-bond on the cyclic structure in the a-pinene molecule, as
the cation m/z=69 can only be formed via dissociation of the cyclic
structure. According to Cecchi et al. [26], it is the largest ion formed
from pinenes with open conformation.

Ion yield curves for formation of the most abundant fragment
ions with m/z=93 (C;Hg") are presented in Fig. 3. This ion is very
stable and most probably has a form of protonated toluene [14].
However, to confirm this by calculations we would need some infor-
mation about the neutral fragments formed in this reaction.

3.2. UV spectra

The UV absorption spectra of a- and [3-pinene are shown in
Fig. 4. The spectra were measured over the photon energy range
of 5.5-10.7 eV. Below the ionisation energy the UV spectra show
broad structures. Above 7 eV we see a monotonic increase in the
absorption cross section which is most probably associated with
dissociation from valence electronic states. The spectra from the
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Fig.4. VUV spectrum of a- and 3-pinene compared with electronic state thresholds
derived using CIS(D) and TDDFT calculations (see text for details).

two isomers are therefore similar but the fine structure is clearly
much sharper in the a-pinene spectrum with three distinct peaks
being observed above 6.5eV in a-pinene whilst these peaks are
very diffuse in 3-pinene. The onset (excitation energy) in a-pinene
is noticeably lower than that in 3-pinene as is the cross section.

In order to assign observed band features with the valence and
Rydberg states we have performed CI calculations of the excited
states of both the a- and B-pinene. The first peak in the UV absorp-
tion spectra we associate with - transitions since the electronic
state with strongest oscillator strength has a * character. However,
several additional weaker transitions to other virtual orbitals were
calculated in the 5-7 eV range and may account for the fine struc-
ture observed around the maximum in the a-pinene spectrum.

Although rigorous theoretical interpretation of UV spectra of
molecules as large as pinene are still quite expensive tasks, we
can try to reproduce the few lowest-energy transitions using both
CIS(D) and TDDFT methods. Both these methods are known to
give semi-quantitative agreement for transition energies for excited
states that are primarily one-electron transitions. Fig. 4 shows
the first 12 transitions as calculated at CIS(D)/6-31(2+)+G** and
TDDFT/6-311(2+)+G** level using PBE1PBE hybrid density func-
tional [27]. Calculated transitions are convoluted with Gaussian
functions of 0.2 eV half-widths to simulate vibrational broadening.
To simulate the effect of higher excitations, which are responsible
for the steady increase in the cross section beyond the first peak,
one extra Gaussian centred at 11 eV and very high intensity (~ f=18)
was added to these pictures. In Fig. 4, we can see that both CIS(D)
and TDDFT calculations replicate the relative shift in the first peak of
a-pinene towards lower energies and lower intensities, relative to
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[-pinene. CIS(D) transition energies are systematically higher (by
about 0.2 eV) compared to experiment. TDDFT on the other hand
gives a relatively good description of first peak for a-pinene, but
the agreement is not so good in the case of B-pinene. This may
be generally ascribed to the poor asymptotic behaviour of most
of the currently used approximate density functionals. Casida et
al. [28] and Tozer and Handy [29] have shown that the excitation
energy of valence states are relatively well described by TDDFT, but
excitations with significant Rydberg character are systematically
underestimated. A rough but useful criterion for discriminating
between the two types of excitation is the energy of the highest
occupied Kohn-Shamm orbital. Excitations below the ionisation
threshold (~ —egomo) are valence; above the ionisation thresh-
old they have Rydberg character. Unfortunately in both a- and
3-pinene only the first peak lies below the ionisation threshold and
Rydberg excitations will be integral to the recorded UV spectrum.

4. Conclusions

We report the first coordinated experimental study of the elec-
tron impact ionisation and the UV absorption cross sections of two
of the most abundant monoterpenes: a- and [3-pinene.

We have measured the electron impact ionisation mass spectra
of both isomers at the standard electron impact energy of 70 eV
and measured the ion yield curves of the 13 most intense ions from
the mass spectrum of a-pinene and 14 peaks from the spectrum of
[3-pinene. From these ionisation curves we have derived the appear-
ance energies of each fragment ion. Some significant differences
were observed between the two isomers which could be used to
separately detect these compounds in the terrestrial atmosphere,
in particular ions with a m/z =69 were produced from 3-pinene but
were not observed in the mass spectrum from a-pinene molecule.
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