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Electronic state spectroscopy of limonene has been investigated using vacuum ultraviolet
photoabsorption spectroscopy in the energy range 5.0-10.8 eV. The availability of a high resolution
photon beam (~0.075 nm) enabled detailed analysis of the vibrational progressions and allowed us
to propose, for the first time, new assignments for several Rydberg series. Excited states located in
the 7.5-8.4 eV region have been studied for the first time. A He(1) photoelectron spectrum has

also been recorded from 8.2 to 9.5 eV and compared to previous low resolution works. A new value
of 8.521 £ 0.002 eV for the ground ionic state adiabatic ionisation energy is proposed. Absolute
photoabsorption cross sections were derived in the 10-26 eV range from electron scattering data. All
spectra presented in this paper represent the highest resolution data yet reported for limonene. These
experiments are complemented by new ab initio calculations performed for the three most abundant

conformational isomers of limonene, which we then used in the assignment of the spectral bands.

1 Introduction

Monoterpenes have been used for centuries as main components
of fragrant oils in perfumes and cosmetics. They can be extracted
from leaves, flowers and fruits and exhibit various interesting
properties like antimicrobial activity or inhibition of seed
germination.! Monocyclic terpenes are derived from cyclohexane
and usually possess an isopropyl group. Often they exist in
various enantiomeric forms that differ in organoleptic properties.
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One of the most common cyclic monoterpenes is limonene,
an abundant component of essential oils extracted from lemon
and orange rinds in R-(+) form. The S-(—) enantiomer also
occurs naturally in the form of volatiles emitted by oaks and
pines.? Due to its orange odour, limonene is widely used in
food and cosmetic industry. It was also shown that limonene
together with other terpenoids can be a very effective anti-
cancer agent.’ In addition, limonene is a major precursor to
another flavouring compound, carvone.

The first study of excited states of limonene was performed
using photoabsorption, photoionisation and CD spectroscopy
techniques in the VUV range of the light spectrum.* The value
for the first valence transition, localised on a diene chromo-
phore, was found to be 6.525 eV, whereas the first Rydberg
transition for the lowest ionisation energy, 8.54 ¢V, n — 3 s, was
identified at 5.701 eV. Ionisation energies of higher accuracy
than the ones derived previously* were obtained together with
the most probable ionisation pathways in the threshold region
of photoionisation. Photoionisation and parent ion frag-
mentation of limonene was later investigated in more detail
using synchrotron light up to 11 eV* and supported by OVGF
calculations.

Ab initio calcutations have shown that limonene possesses
six conformational isomers, out of which three are abundant
in gaseous samples.® These have been detected using IR,
Raman and VCD techniques and all 72 vibrational modes
have been calculated and experimentally assigned.’
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In the present work we provide a more detailed electronic
states analysis for R-(+)-limonene through high resolution
VUY photoabsorption and photoelectron spectroscopies com-
bined with ab initio calculations.

2 Structure and properties of limonene

In the ground state limonene belongs to a C; symmetry point
group and can be found in R-(+) and S-(—) isomeric forms
as well as a racemic mixture containing both isomers. The
R-(+)-limonene molecule, which is an object of this work, has
72 vibrational normal modes in its ground state and belongs to
an (A) representation, which is irreducible.

According to previous work there are six possible stable
conformers, of which three will have significant abundances at
room temperature® in the gas phase, designated as down-I,
down-II and down-III. Their geometries have been optimised
at the MP2/cc-pVDZ level showing main differences in the
value of the torsion angle of the isopropenyl group with
respect to the ring (Fig. 1). The energies were then calculated
at the CCSD level using the MP2 geometries and their relative
values are shown in Table 1. The inclusion of zero-point
vibrational energy, when compared to values shown previously,®
does not seem to have great impact. The values are almost
identical because the three isomers have very similar zero-point
energies.

This molecule has 76 electrons, therefore the electronic con-
figuration of the '4 ground state contains 38 doubly occupied
MOs, all of symmetry a. The 10 lowest lying MOs correspond
to the 1 s carbon orbitals. The highest occupied MO (HOMO,
38a, 2m) corresponds to the m bond in the carbon ring, while the
second highest occupied MO (SHOMO, 37a, 1n) is the © bond
of the isopropenyl group C—CH,CHj; (Fig. 2). The LUMO
(1m*) is the anti-bonding counterpart of the SHOMO. Thus, the
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Fig. 1 Three most abundant isomers of limonene.

Table 1 Relative energies of three most abundant isomers of limonene
calculated without (MP2) and with (CCSD) inclusion of zero-point
vibrational energies and their Boltzmann factors

AEMP2/ AE + ZPE/ AE CCSD/
Name kcal mol™!  kcal mol™! % (Boltzmann) kcal mol™!
Down-I  0.00 0.00 54.65 0.00
Down-IT  0.34 0.37 29.43 0.27
Down-III  0.75 0.71 1591 0.67

Fig. 2 Localisation of HOMO bonding and LUMO antibonding
orbitals of the limonene molecule.

2n* is the anti-bonding MO located on the ring (Fig. 2).
A graphical representation of HOMO and LUMO, shown
in Fig. 2, was created using the MOLDEN software.® The
Cartesian coordinates of atoms for calculated geometries (both
the neutral molecule and the ion) of down-isomers are available
as ESIL.1

3 Experimental
3.1 Limonene sample

The liquid sample used both in the VUV measurements and
the PES experiment was purchased from Fluka, with a purity
0f 99%. The sample was degassed by a repeated freeze—pump—
thaw cycle in both sets of experiments.

3.2 VUV photoabsorption

High-resolution VUV photoabsorption spectra of limonene
were measured at the UV1 beam line using the ASTRID
synchrotron facility in Aarhus University, Denmark (Fig. 3).
The experimental apparatus has been described in detail
previously.” Synchrotron radiation passes through a static
gas sample and a photomultiplier is used to measure the
transmitted light intensity. The incident wavelength is selected
using a toroidal dispersion grating with 2000 lines mm '
providing a resolution of ~0.075 nm. In order to prevent
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Fig. 3 High resolution VUV photoabsorption spectrum of limonene.
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any absorption by air contributing to the spectrum and for
wavelengths below 200 nm, a He gas flow is maintained
through the small gap between the photomultiplier and the
exit window of the gas cell. The minimum and maximum
wavelengths between which scans are performed, 115-320 nm
(10.8-3.9 eV), are determined by the windows of the gas cell
(LiF entrance and MgF, exit) and the grating respectively. The
sample pressure is measured using a capacitance manometer
(Baratron). To ensure that the data were free of any saturation
effects,'®!! the cross-section was measured over the pressure
range 0.008-0.038 Torr with typical attenuations of less than
10%. The synchrotron beam ring current is monitored
throughout the collection of each spectrum and a background
scan recorded with the cell evacuated. Absolute photoabsorp-
tion cross sections are then obtained using the Beer—Lambert
attenuation law

I, = Iy x exp(—nox),

where I, is the radiation intensity transmitted through the gas
sample, I is that through the evacuated cell, # is the molecular
number density of the sample gas, ¢ is the absolute photo-
absorption cross section, and x is the absorption path length
(25 cm). The accuracy of the cross section is estimated to be
better than £5%.

3.3 Electron scattering

While in photoabsorption experiments quantitative cross section
measurements are governed by the Beer—Lambert law, in electron
impact methods the essential parameter is the generalized oscillator
strength f,(K), which is related to the differential inelastic
electron impact cross section [0°¢/0E0Q] by the equation

Tl K) = (E[2)(ko/k,)K*[0°6 [0 EOQ],

where E is the electron energy loss, k¢ and k,, are the incident
and scattered electron momenta, K is the momentum transfer
and Q is the solid scattering angle. In practice, measured
oscillator strengths are differential (i.e. df/dE) in the discrete
as well as in the continuum regions. In the first case this is
due to the finite linewidth and spectrometer bandwidth. In
the continuum region this is due to the continuous nature of
the final states. Under experimental conditions in which the
momentum transfer is negligible (high incident electron
energy, near zero degree scattering angle), dipole selection
rules apply and the generalized oscillator strength becomes
identical to the optical oscillator strength, f9(E). By the same
reasoning the differential generalized oscillator strength becomes
identical to the differential optical oscillator strength.'” In the
present work the determination of absolute photoabsorption
cross sections for the limonene molecule was extended to a much
larger energy range using the electron impact technique.

First, the relative intensity of the generalized oscillator
strength was measured using an intermediate energy, variable-
angle, low resolution spectrometer which has been described
before.'*!* Briefly, the spectrometer consists of an electron gun,
a gas inlet system at 90° with respect to the electron beam,
a Mollenstedt electron analyser and a conventional detection
system. The electron gun, set at 1 keV, can be rotated from
—60°to +60°. A 2.0° energy-loss spectrum was obtained for the

limonene molecule in the 4 to 50 eV energy-loss range. The
energy resolution was 0.8 eV. The limonene spectrum was
converted into relative differential generalized strength and then
extrapolated to the optical limit using the universal formula of
Msezane and Sakmar.'® The extrapolation procedure has been
discussed in detail elsewhere.'¢

From the relative optical oscillator strength (or more appro-
priately the differential optical oscillator strength, df%(E)/dE),
the corresponding photoabsorption cross section may be
obtained through the equation'’

o[Mbarn] = 109.76 x dfY(E)/dE[eV"].

The cross section values were afterwards made absolute by
normalization at 9.0 eV to the absolute photoabsorption cross
section previously obtained with synchrotron radiation, in the
5.0 to 10.5 eV photon energy range.

3.4 Photoelectron spectroscopy

He(1) (21.22 eV) photoelectron spectra of limonene were recorded
at the Université de Liege, Belgium (Fig. 4). The experimental
apparatus has been described in detail elsewhere.'® The spectro-
meter consists of a 180° cylindrical electrostatic analyser with a
mean radius of 5 cm. The analyser is used in constant pass energy
mode and is fitted with a continuous dynode electron multiplier.
Incident photons are produced by a dc discharge in a two stage
differentially pumped lamp. The energy scale is calibrated in a
standard manner'® using the 2P% and ZP% peaks of Ar" and
the spectra are corrected for the transmission function of the
apparatus. The resolution of the present spectrum is measured
from the FWHM of the Ar" peaks to be 24 meV, in the
presence of limonene. The accuracy of the energy scale is
estimated to be +£2 meV. The photoelectron spectrum pre-
sented in this paper is the sum of 323 individual spectra. This
procedure allows us to obtain a good signal-to-noise ratio
while keeping the pressure in the spectrometer at a very low
level (<2 x 10~ mbar).
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Fig. 4 He(1) photoelectron spectrum of limonene, C;oHs with
vibronic excitation assignment; asterisk marks a feature that can
correspond to a dimer presence.
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4 Computational methods

Ab initio calculations were performed using the MOLPRO
programme.?° First, the ground state geometry of the three
isomers was optimised at the MP2 level using the Dunnings
cc-pVDZ basis set.>! Harmonic vibrational frequencies were
also computed at MP2 level to confirm the nature (minima or
saddle points) of the optimised structures. The electronic
excitation spectra were calculated at these geometries using
the EOM-CCSD (equation-of-motion coupled cluster method
restricted to single and double excitations) level.>* Two sets of
calculations were performed. The first one used the cc-pVDZ
basis, providing pure valence transitions. For the second one,
a set of diffuse functions (4s, 4p, 2d), taken from Kaufmann
et al”® and localized at the centre of the ring, was added to
the original basis set in order to obtain Rydberg transitions
(cc-pVDZ + R basis set). The corresponding oscillator
strengths were calculated in the length gauge. The lowest
ionisation energies of limonene were also obtained at the
RCCSD(T)/cc-pVDZ level. 2 In order to obtain higher ionisation
energies, additional partial third order (P3) propagation®°
calculations were performed using the Gaussian09 package.”’
Concerning the geometry of ionised limonene, it is logical to
employ the same level of computation as that for the neutral
molecule, i.e., MP2. However, it is well known?® that in the case
of open shell systems, there are several possible MP2 methods.
The method we have chosen in the present work is the ZAPT
technique,” implemented within the GAMESS-US program.>*3!
Consequently, harmonic frequencies for the ions were obtained
numerically rather than analytically. Finally, in order to interpret
the vibrational structure we used the ezSpectrum program.®>3
These calculations take into account the Duschinsky rotations
between the ground and the ion vibrations> for the 72 vibrational
modes of the molecule, and include hot and combination bands.

5 Results and discussion

The total cross-section for VUV photoabsorption of limonene
is shown in Fig. 3, ranging from 5.0 to 10.8 eV. The present
spectra are of much higher resolution than those in previously

published data* and therefore the fine structure in the 6.5 eV
region is better resolved. In addition, for the first time the
spectrum was measured above 8.25 eV, extending over the
ionisation region. The observed bands were assigned to both
Rydberg series and molecular valence transitions. In the low-
energy range, from 6.0 to 7.5 eV, we suggest pure Rydberg
character, whereas in the 7.5 to 8.5 eV region pure valence
transitions are suggested.

The photoelecton spectrum shown in this paper was measured
with a resolution comparable to the one used previously” and was
deconvoluted revealing for the first time additional fine structure.
A new value for the adiabatic ionisation energy is suggested to be
8.521 £ 0.002 eV. The values proposed here for vertical ionisation
energies are in very good agreement with the theoretical calcula-
tions presented both in this work and previously.’

The results of theoretical calculations obtained for all three
conformers are presented in Tables 3 and 4 and are compared
with experimental results. The data obtained from experiments
are in a good agreement with theoretical predictions.

5.1 He(1) photoelectron

Photoelectron spectroscopy can give both adiabatic and
vertical ionisation energies.'® The photoelectron spectrum of
limonene has already been reported by Garcia et al.> and Brint
et al* with values for both the adiabatic and the vertical
ionisation energy being derived. In the first electronic band the
point of maximum intensity was found at 8.695 eV and thus
corresponds to the vertical ionisation energy, whereas the
intense feature at 8.521 eV is attributed to the adiabatic
ionisation energy. The obtained values are in a good agree-
ment with those obtained previously.* In the present experi-
ment, we suggest values of 8.521 + 0.002 eV and 8.695 +
0.002 eV for the adiabatic and vertical ionisation energies
respectively. The calculated values, shown in the last columns
of Table 2, prove that the three isomers have very similar
ionisation energies. It should be noticed that it is not sure
which conformer was used in Garcias calculations. All the
theoretical results predict a slightly lower vertical ionisation
energy, close to 8.5 eV.

Table 2 Energy positions (in eV) and vibrational analysis of features observed in the first and second photoelectron bands of limonene in this

work together with previous results for limonene

Peak energy/ Garcia Brint Garcia This work® This work?
eV Analysis (2003)¢ (1984 (2003)* down-I/down-IT/down-III down-I/down-II/down-III
8.435 Dimer
8.521 Voo, Adiabatic IE 8.55 8.54 8.51 8.558/8.279/8.578
8.603 VB
8.695 vy, Vertical IE 8.69 8.71 8.591/8.610/8.586 8.472/8.508/8.471
8.783 va T g
8.867 2up 8.87
8.953 2ua + vp 8.92 8.90 8.897/8.899/8.912
8.980 3ua
9.051 9.05 9.08
9.121 9.13 9.23
9.288
10.49 10.471/10.509/10.461
10.91 10.959/10.727/10.880
11.15

“ Vertical transitions. © ROVGF /cc-pVDZ//B3LYP/6-31G**. ¢ RCCSD(T)/cc-pVDZ//MP2/cc-pVDZ (down-I/down-II/down-III). ¢ P3/cc-pVDZ//

MP2/cc-pVDZ (down-I/down-11/down-III).
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The first band of the spectrum, corresponding to the ionic
electronic ground state of limonene, is seen below 9 eV in
Fig. 4. The fine structure in this energy band is resolved here
for the first time and shows two vibrational progressions with
mean energies of 0.172 and 0.086 eV (Table 2), respectively.
Another feature is also reported in the low energy part of the
spectrum and is tentatively assigned to the presence of a dimer
with an energy spacing of 0.086 eV. This is marked with an
asterisk in Fig. 4.

In order to assign these observations, Franck—Condon
factors were calculated at 300 K for all three isomers of
limonene and are shown in Fig. 5. It can be seen that the
values of Franck—Condon factors are different for all three
isomers, with much larger values for the down-II isomer.
Thus, if we make the reasonable assumption that the electronic
transition moments from the neutral molecule to the ion
are close for the three isomers, we can rely on the down-II
spectrum only for interpretation purposes. A close examination
of the most intense vibrational bands reveals that the observed
0.172 eV strong progression corresponds to the vss mode,
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Fig. 5 The Franck—Condon factors calculated for down-I, down-II
and down-III isomers together with their superposition weighted by
Boltzmann factors (the black solid line is the actual photoelectron
spectrum); the geometries shown as insets were calculated at the
ZAPT/cc-pVDZ level.

calculated at 0.197 mV. This mode is essentially the stretching
of the ring C—C double bond. The 0.086 eV observed
progression may be assigned to two similar modes (v; and
vyg), calculated at 0.086 and 0.089 eV. The first one corres-
ponds to the out-of-plane movement of the hydrogen atom
connected to the ring C—C bond, while the second one is
more delocalised and involves several H atoms around the
whole molecule. These results are consistent with the location
of the 2r HOMO (Fig. 1), which is emptied upon ionization:
this MO is located on the ring C—C double bond and it is
logical that vibrational excitation should involve the atoms
present in this part of the molecule. As can be seen in the ESIt,
the geometries of the ions are almost identical to their neutral
counterparts, the largest difference being for down-I, which
presents a torsion of the isopropenyl group. The weighted
root-mean-square distances between the neutral molecule and
the ion are typically twice as large for down-I and down-III
(0.30 A and 0.36 A, respectively), than for down-II (0.15 A).
This explains the low FC factors and the more important
vibrational excitation, as can been seen in Fig. 5, for down-I
and down-III isomers. Finally, the low energy band assigned
to the hot band does not appear in the simulated spectra, even
if the temperature is raised to 900 K. They are present in the
calculations, but are too weak to be visible. Moreover, they
involve the lowest lying frequencies (typically a few meV,
methyl groups rotation modes), and cannot explain the feature
observed at 0.086 eV below the 0-0 peak. As displayed in the
last part of Fig. 5, except for this hot band and the contribu-
tion of the second state, the calculated spectrum (FWHM =
0.05 eV) is very similar to the observed one.

Concerning the second electronic band, all calculations
agree to predict only one excited electronic state below 10 eV
(Table 2). The vertical excitation for the second electronic state
was calculated to be 8.90 eV by Garcia er al.> Our own P3
results (last column of Table 2) confirm this result and prove
that the vertical ionisation energy is around 8.9 eV for the three
conformers.

5.2 The Rydberg series

The photoabsorption spectrum shows a large structure centred
around 6.5 eV. Computation revealed that it originates mainly
from transitions from 2r and 1= orbitals to the lowest Rydberg
states. Ab initio calculations show that all three conformers
will contribute to these transitions and the calculated energies
for such transitions to the n = 3 term together with oscillator

Table 3 Energy values, oscillator strengths and quantum defects of possible Rydberg transitions in limonene derived by ab initio calculations and

Rydberg formula

Down-I Down-II Down-III

Assignment EleV f 0 E/eV f 14 E/eV f 1

2n — 3s 6.006 0.0027 0.67 6.013 0.0020 0.67 6.002 0.0026 0.68
In — 3s 6.391 0.0253 0.47 6.447 0.0118 0.44 6.435 0.0133 0.45
2n — 3p 6.454 0.0142 0.43 6.470 0.0206 0.42 6.439 0.0247 0.44
2n — 3p 6.540 0.0107 0.38 6.555 0.0044 0.37 6.538 0.0036 0.38
2n — 3p 6.674 0.0026 0.22 6.761 0.0033 0.22 6.755 0.0002 0.22
In - 3p 6.897 0.0228 0.11 6.880 0.0591 0.12 6.888 0.0364 0.11
It - 3p 6.942 0.0350 0.06 7.015 0.0129 —0.01 6.995 0.0236 0.01
In - 3p 7.121 0.0054 —0.12 7.198 0.0017 —0.18 7.176 0.0002 —0.14
2n — 3d 7.144 0.0129 —0.14 7.175 0.0260 —0.21 7.145 0.0159 —0.18
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Fig. 6 Rydberg series assignment for 2n and 1n progressions computed
for three conformers.

strengths are shown in Table 3. Because all three isomers are
present in the sample and oscillator strength values are similar
for these conformers, it was difficult to clearly match calculated
transitions to the features present in the spectrum.

Calculated values are additionally plotted in Fig. 6, where
the thick lines in the Rydberg series mark the transitions of
oscillator strengths greater than 0.01. On that basis, using the
Ryberg formula E, = ErR/(nfé)z, where E; is the ionisation
energy (adiabatic value, E; = 8.521 eV), n is the principal
quantum number of the Rydberg orbital of energy E,, R is one
Rydberg and ¢ is the quantum defect, it was possible to obtain
the values for quantum defects in limonene. The values
obtained were 0.7, 0.45-0.25 and ~O0 for ns, np and nd
transitions from the 2m orbital and 0.45 and 0.12-0 for ns
and np transitions from the 1n orbital. The values of Rydberg
series were then calculated for n = 3 to 11 and plotted for
transitions from the 2rn state, Fig. 7, and from the 1= state,
Fig. 8, for the most abundant topoisomer of limonene, down-I.

It was also possible to assign some vibrational excitation
modes in the spectrum (Fig. 9). Four modes were assigned,
labeled as vp = 172 meV, vg = 86 meV, vc = 206 meV and
vp = 351 meV. According to analysis shown previously,’ it
was possible to assign ¥4 to mode v,4, Which corresponds to
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Fig. 7 Assignment of ns, np and nd Rydberg series from 2n HOMO.
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Fig. 8 Assignment of ns and np Rydberg series from 1t SHOMO.
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Fig. 9 Vibrational excitation assignment in the low energy region.

C-H bending coupled with in-plane bending of the terminal
methylene group on the vinyl site and vp to vs¢ that is C-H
group deformation (rocking). The v mode could be assigned
to vy 1g, being either the C=C stretching of the vinyl group
mixed with the symmetric deformation of the H-C-H angle at
the same group vy; or the C=C stretching on the ring vs.
Mode vp was matched with the v mode, corresponding to
combination of C-H vibrations of the methylene group and
symmetric stretching on the vinyl group.

5.3 Valence states and transitions of limonene

Computations predict that the region from 7.5 to 8.5 eV in the
VUV photoabsorption spectrum will contain pure valence
transitions. This region is shown in Fig. 10. The calculated
values for the energies and oscillator strengths in this region
for the three conformers are shown in Table 4.

Due to the large increase in cross section, it was difficult to
identify all the possible valence transitions as well as possible
underlying dissociative states predicted by the calculations.
We propose to assign the structure centred at 7.658 eV to the
2n — 2m* transition, whereas the one peaking at 8.042 eV may
be assigned to lnm — Ix* transition.

Vibrational excitations were also found in this part of the
spectrum and are shown in Fig. 10. All four modes, described
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Fig. 10 Valence transitions and vibrational progressions in 7.5-8.5 eV
region.

Table 4 Energy values and oscillator strengths calculations of possible
pure valence transitions in limonene

Down-I Down-II Down-I11

Assignment EleV f EleV f EleV f

2n — 2m* 7.635 0.3929 7.667 0.3486 7.636 0.2399
2n - ¢*(CH) 8.000 0.1914 7.983 0.0980 7.983 0.1057
In - In* 8.029 0.2846 8.091 0.3816 8.018 0.3658
In - o*(CH) 8.228 0.0189 8.341 0.0130 8.259 0.0140
In/a(CC) — 2n*/c*(CH) 8.438 0.0177 8.416 0.0095 8.379 0.1336
2n/c(CC) — In* 8.464 0.0239 8.470 0.0025 8.482 0.0075
2n/e(CH) — 1n* 8.641 0.0015 8.613 0.0066 8.698 0.0085
2n/o(CH) — 1n* 8.769 0.0108 8.683 0.0060 8.771 0.0186
a(CC) —» 2m* 8.878 0.0040 8.919 0.0011 8.880 0.0168

in Section 5.2 were found to be excited in the higher energy
region, which is consistent with the vibrational modes observed
in the lowest ionic band of limonene.

5.4 Extended energy-range (4.0-50.0 eV) absolute
photoabsorption cross sections and static dipole polarizability
for the limonene molecule

The oscillator strength distribution for the limonene molecule,
determined through electron energy-loss spectroscopy in the
4-50 eV energy range, was converted to photoabsorption cross
section using the procedure described in Section 3.3. The
results were normalized to the absolute photoabsorption
cross section (Fig. 3) at 9.0 eV. The complete absolute photo-
absorption cross section, encompassing the 4.0 to 50.0 eV
energy range, is presented in Fig. 11. The error bars are approxi-
mately 5% in the optical case and 10% in the electron impact
method.

From the absolute values for the differential oscillator
strength (df/dE) distribution the static dipole polarizability,
o, for the limonene molecule may be obtained, by applying the
S(—2) sum rule'***

S(=2) = [(E/Ey) (df/dE)E = o,

where Ey is the Hartree energy constant (27.21 eV). In the sum
rule normalization procedure the contribution of the target
molecule to the photoabsorption above the upper limit of the
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Fig. 11 Extended (4.0-50.0 eV) absolute photoabsorption cross
sections for the limonene molecule as derived from photoabsorption
(solid line) and electron scattering (dash-dot line) data.

measured spectrum (50 e¢V) has been estimated by fitting a
polynomial of the form

dffdE = AE™> + BE > + CE™*

to the smooth continuum of the relative photoabsorption data
and extrapolating to infinite energy. This sum rule procedure
has been successfully applied to a large number of atoms and
molecules by the Vancouver group, led by C. E. Brion. Both
the S(0) or Thomas—Reiche—Kuhn sum rule and the S(—2) sum
rule were ingeniously employed by this group in the deter-
mination of experimental absolute dipole oscillator strengths
for valence-shell and core excitation of atoms and molecules.*®
Due to the £ term, the S(—2) sum rule is heavily weighted in
the low energy region and consequently its application does
not necessarily require differential oscillator strength measure-
ment up to infinite energy, since data above approximately
50 eV would not make a significant contribution to the S(—2)
sum rule. We obtain a static polarizability value of o = 19.5 x
107>* cm?®, in reasonable agreement (within 8.3%) with the
available polarizability value (17.98 x 10~2* cm?®) for the limonene
molecule (Chem Guide ezc.). This adds further credibility to
the present absolute, large photon energy range photoabsorption
cross sections for the limonene molecule.

5.5 Absolute photoabsorption cross-sections and atmospheric
photolysis

Previous absolute VUV photoabsorption cross-sections of
limonene are only available in the wavelength ranges
150-225 nm (5.511-8.267 V). Brint et al.* reported a cross
section at 187.5 nm (6.0 eV) and at 202.5 nm (6.1 eV) of 20.7
and 9.2 Mb, respectively, in contrast to the present values of
46.1 and 19.1 Mb, respectively. We believe that these differ-
ences may be attributed to the resolution of each apparatus;
however other factors such as the role of saturation in other
data sets may also lead to the observation of lower cross
sections by previous authors.

These absolute cross-sections can be used in combination
with solar actinic flux®” measurements from the literature to
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estimate the photolysis rate of limonene in the atmosphere
from an altitude close to the ground to the stratopause at
50 km. Details of the programme are presented in a previous
publication.®® The quantum yield for dissociation following
absorption is assumed to be unity. The reciprocal of the
photolysis rate at a given altitude corresponds to the local
photolysis lifetime. Photolysis lifetimes of less than 72 sunlit
hours were calculated at altitudes above 22 km. This indicates
that limonene molecules can be broken up quite efficiently
by VUV absorption at these altitudes. At the ground level
photolysis lifetimes increase to several sunlit days.

Rate constants for gas-phase reactions of OH radicals
with limonene have been studied and a value of 4.22 x
107" cm® molecule™ s™' was measured in a temperature
range of 298-364 K, such that these molecules may survive
further from their emission sources.*® Calculated tropospheric
lifetimes of limonene reactions with OH, O3 and NO; have
yielded values of less than 2 h,*’ meaning that radical reactions
must all be considered as the main loss processes for limonene.
This may provide a main reactive sink mechanism in the Earth’s
atmosphere. Therefore, compared with radical reactions,
UV photolysis is not expected to play a significant role in
the tropospheric removal of these molecules.

6 Conclusions

The present work presents the first high resolution VUV
photoabsorption spectrum of limonene together with a high
resolution photoelectron spectrum and theoretical analysis.
The photolysis lifetimes of limonene have also been carefully
derived for the Earth’s troposphere and stratosphere.

The results shown in this paper are in a good agreement with
the previously published data* but theoretical calculations
reveal that the m — =* transition has a higher energy than
stated previously. The broad feature in the photoabsorption
spectrum observed at 6.5 eV was found to be mainly due to
Rydberg transitions. This hypothesis is supported by the
ab initio calculations, presented in Table 4. Vibrational series
have been resolved in the lowest ionic band, involving mainly
56, Which corresponds to C—H bending coupled with in-plane
bending of the terminal methylene group on the vinyl site and
vsg that is C—H group rocking.

The adiabatic ionisation energy was found to be 8.521 eV,
which is in a very good agreement with the value given previously’
and calculated values of 8.558, 8.279 and 8.578 eV for down-I,
down-II and down-III conformers, respectively.
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