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ABSTRACT

We investigate for the first time the gas-phase lowest-lying valence, Rydberg and ionic
electronic states of 2,4,6-trichloroanisole (TCA) wusing synchrotron radiation for
photoabsorption and photoelectron spectroscopy. The high-resolution vacuum ultraviolet
photoabsorption spectrum, in the 4.0-10.8 eV energy-range, has been measured with absolute
photoabsorption cross-sections and, thanks to novel ab initio calculations of the vertical
energies and oscillator strengths, an assignment of the electronic transitions is
comprehensively reported. The assignment of weak vibrational features in the absorption
bands of TCA reveal that the ring and C-Cl stretching modes are mainly active. In the
photoelectron spectrum the lowest 18 ionic bands, between 8 and 30 eV, have been observed
and assigned using the first set of calculated valence and outer valence vertical ionisation
energies. Finally, the measured absolute photoabsorption cross sections have also been used

to estimate the photolysis lifetime of TCA in the upper stratosphere (20-50 km).
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1. Introduction

2,4,6-trichloroanisole, C7HsCl30, from now on designated by the acronym TCA, was
previously identified as a chemical compound responsible for strong cork taint in wine [1-5],
as well as being frequently detected in both surface and drinking water [3], producing a
peculiar musty or earthy odour. With considerable economic costs to the cork and wine
industries, TCA levels are traceable close to its odour threshold values of 0.1-2.0 ng/L [6],
and yet Buser et al. [4] found in different commercial wines (both white and red varieties)
concentrations from 20-370 ng/L (ppt). In wines of good quality values less than 2-8 ppt
were considered acceptable. The process by which wine gets contaminated with TCA, and
other related chlorinated compounds, may originate from microbial degradation of
chlorophenols used in insecticides and herbicides [2], or from chlorination of lignin-related
substances during the chlorine bleaching used in the processing of cork, which are later
extracted into the wine, yielding the musty off-flavour [4]. In the water associated with the
aforementioned chlorine bleaching, 2,4,6-trichloroanisole can be readily oxidized using
ultraviolet (UV)/H20; and UV/persulfate (UV/PS) systems, with a removal percentage higher
than 93% [7].

TCA belongs to a category of species known as volatile organic compounds (VOC),
and a comprehensive investigation of its molecular and electronic structures, from the
fundamental point of view, is needed to understand its chemical reactivity. This can be
achieved by using spectroscopic techniques in close combination with theoretical computation.
The present work is therefore part of a wider research programme, which we initiated more
than two decades ago, as a joint experimental-theoretical partnership aimed at understanding
the spectroscopy of volatile organic compounds and the role their trace gases play in
atmospheric chemistry and physics. The spectroscopic information on the electronic states of
TCA is currently scarce, in a wide wavelength region, with no experimental information on
the VUV absorption bands and their cross-section values. In addition, there is also a lack of
information on its excited ionic states over a wide energy range. Gas chromatography-mass
spectrometry has been used to study halogenated anisole compounds in cork stoppers
[1,3,5,8-10], whilst Garcia et al. [11] reported on the diffuse reflectance infrared Fourier
transform spectrum of TCA and Karpas and co-workers [12] have performed ion mobility
spectrometry for TCA detection. Corona discharge-ion mobility spectrometry, for detection of
2,4,6-trichloroanisole, was also exploited [13,14] previously.

In this paper we report, for the first time, results from an extensive study of the

spectroscopy of the electronic states of TCA, by high resolution VUV photoabsorption
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spectroscopy and ab initio theoretical calculations of its vertical excitation energies and
oscillator strengths for the neutral and electronic transitions. In addition, absolute
photoabsorption cross sections in the range 4.0-10.8 eV are reported. The ionisation energies,
for the lowest ionic states in the 8-30 eV energy range, are obtained by photoelectron
spectroscopy and are also interrogated using different levels of theory. In the next section we
provide a brief summary of the structure and properties of TCA, while in Section 3 we present
details of our computational methods. In Section 4 a brief discussion of the pertinent
experimental details is provided, while in Section 5 our results and their discussion are given
and compared to previous literature outcomes. The absolute photoabsorption cross sections
are subsequently used to calculate photolysis rates at 20-50 km altitude in the Earth’s
atmosphere in this section. Finally, some conclusions that can be drawn from this study are

given in Section 6.

2. Structure and properties of TCA

In this section we give a brief summary of the electronic structure of TCA, which is
relevant to interpret and assess the role of the main electronic states contributing to the
features observed in our photoabsorption spectrum. The TCA molecule belongs to the Cs
point group symmetry in the electronic ground state (with available symmetries A" and A"),
with its geometry calculated at two different theoretical levels (see Section 3 and they are also
shown in Figs. S1 and S2 of the Supplementary Information (SI)). The calculated electronic
configuration of the X 'A’ ground state is: (a) core orbitals - (1a")? (1a')? (2a')* (3a')* (4a')?
(2a")* (5a')% (6a')* (7a')* (3a")* (8a')%; (b) inner valence orbitals - (4a")* (9a')* (10a')* (5a")>
(11a")? (12a')? (13a")? (6a")? (7a")* (14a")%; (c) outer valence orbitals - (8a")? (15a")? (16a')?
(17a')* (92")* (18a')? (19a")* (20a')? (10a")* (21a")* (11a")? (22a")* (23a')* (12a")* (24a')* (25a')
(26a")* (13a")* (14a")* (27a')* (28a')* (15a")* (29a)* (16a")* (30a")* (17a")* (31a')* (18a")>
(19a")? (32a)? (20a")* (33a')%. The highest occupied molecular orbital (HOMO), 33a’, the
second highest occupied molecular orbital (HOMO-1), 20a"”, and the third highest occupied
molecular orbital (HOMO-2), 32a’, have m character and may be labelled 37T, 271 and 1Tt
respectively, whereas the HOMO-3 orbital (19a”) and HOMO-4 orbital (18a") have o
character, although with some contributions from the nci and no orbitals, respectively. The
lowest unoccupied molecular orbitals (LUMO, 21a"), (LUMO+1, 34a’), and (LUMO+2, 41a’),
are mainly of n* antibonding character (170%, 210* and 371r%, respectively). These are also

shown in the SI Fig. S3.



The TCA electronic excitation bands in the photoabsorption spectrum are
accompanied by a fine structure assigned to the main fundamental vibrational modes. Their
energies (and wavenumbers) in the ground electronic state were adopted from Garcia et al.
[11], and are 0.055 eV (446 cm™) for dcoc, 0.071 eV (576 cm™) for Sring(out-of-plane), 0.101
eV (815 cm™) for veay, 0.134 eV (1080 cm™) for vring(breathing), 0.157 eV (1265 cm™) for
dcu, and 0.351 eV (2831 cm™!) for vym(CH3). Note that throughout this paper, for the
assignments of the vibronic structure (X), we will adopt the notation X;,, with m and n
denoting the initial and final vibrational states. The four lowest lying ionisation energies,
which are later needed to calculate the quantum defects associated with transitions to Rydberg
orbitals, have been obtained experimentally to be at 9.08 eV, 9.38 eV, 10.63 eV and 11.09 eV

(see Section 4.3).

3. Computational details

Ab initio calculations were performed to determine the excitation energies of the
neutral TCA molecule (see Table 1) and the valence and outer valence vertical ionisation
energies (see Table 2), using the MOLPRO package [15]. First, the ground state geometry
was optimised at the MP2 and CCSD levels using Dunning’s cc-pVTZ atomic basis set
[16,17]. It is well known that the calculation of electronic spectra, even for small organic
molecules, is a difficult task (for a recent review see ref. [18]). While the very fast TD-DFT
method is known to have difficulties in describing Rydberg states [19], multi-reference
methods such as the CASPT2 or CASSCF/MRCI techniques become prohibitive when a large
number of Rydberg orbitals have to be included in the active space. Yet, coupled cluster
methods have been shown to produce reliable excitation spectra of benzene complexes [20],
and more recently in the case of toluene by Serralheiro et al. [21]. Thus, the present TCA
absorption spectrum was calculated at the EOM-CCSD (equation-of-motion coupled cluster
method restricted to single and double excitations) level [22]. For a description of the
Rydberg excited states, the basis set was augmented at the mass centre of the molecule by the
Cl diffuse functions corresponding to the aug-cc-pVTZ (1s,1p,1d,1f) [17], with an additional
set of diffuse (5s5p2d) orbitals taken from Kaufmann et al. [23] (aug-cc-pVTZ+R basis set).
The nature of the transition was assessed by visual inspection of the natural orbitals for each
transition and the average value <r>> of the electronic radial spatial extent of the cloud, and
the oscillator strengths were obtained using the length gauge.

The vertical ionisation energies were also obtained using Partial Third Order (P3)

propagation and Outer Valence Green Function (OVGF) calculations [24], employing the cc-
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pVTZ basis sets and geometry with the Gaussianl6 rev. B.01 package [25]. Additional
calculations have been performed at the EOMIP-CCSD level [26-28], using the Q-Chem
4.3.0 package [29].
4. Experimental details
4.1 TCA samples

The initially solid samples used in the VUV and photoelectron measurements were
purchased from Sigma-Aldrich, with a stated purity of 99%. The samples were used as

delivered.

4.2 VUV photoabsorption

Synchrotron radiation from the ASTRID?2 facility at Aarhus University, Denmark, has
been used to investigate the high-resolution vacuum ultraviolet (VUV) photoabsorption
spectra of TCA (see Fig. 1), which was recorded at room temperature at the AU-UV beam
line. The experimental apparatus has been described in detail elsewhere [30,31], so that only a
brief description will be given here. Briefly, synchrotron radiation with a resolution of ~0.08
nm (corresponding to 3 meV at the midpoint of the energy range studied) passes through a gas
cell, that is filled with TCA vapour, and a photomultiplier tube is used to measure the
transmitted light intensity. The low vapour pressure of TCA necessitated measurements with
the gas in a static cell, closed to both the sample inlet and pumping during sample
measurement. The sample pressure is measured using a capacitance manometer (Chell
CDGI100D) and recorded at each data point of the spectrum, which allows for correction for
any small decrease in pressure due to sample condensation during the course of measurement.
For wavelengths below 210 nm (energies above 5.9 eV), a small gap between the
photomultiplier and the exit window of the gas cell is evacuated to prevent any absorption by
molecular oxygen in the air contributing to the spectrum. For higher wavelengths, air is
allowed into this gap in order to absorb higher orders of light. The sample pressure is
measured using a capacitance manometer (Chell CDG100D). To guarantee the absence of any
saturation effects in the data recorded, the absorption cross-sections were conservatively
measured over the pressure range 0.006-0.020 mbar, with typical attenuations of less than
40%. The synchrotron beam current was monitored throughout the collection of each
spectrum and background scans were recorded with the cell evacuated. Absolute
photoabsorption cross sections (o in units of Mb = 107! cm?) were obtained using the Beer-
Lambert attenuation law: I; = Ip exp (-nox), where I; is the radiation intensity transmitted

through the gas sample, Iy is that through the evacuated cell, n the molecular number density
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of the sample gas, o the absolute photoabsorption cross section, and x the absorption path
length (15.5 cm). To accurately determine the cross-sections, the VUV spectrum was
recorded in small (5 or 10 nm) sections, with at least a 10-point overlap of the adjoining
sections. The light intensity at each wavelength is kept quasi-constant through ASTRID2
operating in a “top-up” mode that compensates for the constant beam decay. To compensate
for the slight intensity variations (~3%), the incident flux is normalized to the accurately
determined beam current in the storage ring. The overall accuracy of the photoabsorption

cross section is estimated to be better than + 5%.

4.3 Photoelectron spectroscopy

The photoelectron spectrum of TCA was recorded at the CiPo beamline [32] of the
Elettra synchrotron facility in Trieste, Italy. The VUV radiation was monochromatized at 60
eV by a spherical grating monochromator with a resolving power of about 1000. The
experimental set up in this facility has also been described previously [33]. Briefly, the
spectrometer consists of a VG-2201 hemispherical electron energy analyser mounted in the
plane perpendicular to the direction of propagation of the photon beam linearly polarized.
That spectrometer is mounted at the magic angle with respect to the electric vector, in order to
cancel out any angular effect due to the asymmetry parameter of the different states. The
hemispherical analyser is equipped with a 2D position sensitive detector, covering a kinetic
energy range of about 10% of the analyser pass energy, and possesses an energy resolution of
about 2% of the pass energy. For the present measurements, a pass energy of 5 eV was used.
The sample was contained in a test tube outside the vacuum chamber, and admitted at room
temperature to the interaction region via a regular gas line, producing a residual gas pressure
in the chamber of about 8x107 mbar. The spectrum was acquired with an energy step of 20

meV and an acquisition time of 12 sec/point.

5. Electronic state spectroscopy: Results and Discussion

The present absolute high-resolution VUV photoabsorption cross-section of TCA from
4.0 to 10.8 eV is shown in Fig. 1, while enlarged views of the 4.0-5.1 eV and 5.1-10.8 eV
regions are shown in Figs. 2 and 3, respectively. To our best knowledge, no other absorption
data for TCA are present in the literature. The lowest-lying absorption band in the 4.0-5.1 eV
photon energy range (see Fig. 2) is due to a valence transition coupled with ring and CH
deformations, which result in excitation of the CCI and ring stretching vibrational modes (see

Table 3). The electronic excitation spectrum above 7.6 eV, mainly assigned to Rydberg
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transitions, displays a rich fine-structure due to the ving(breathing) and vsym(CH3) modes, with
the latter dominant in the energy range 8.2—10.6 eV. In addition, the structure above 8.8 eV is
largely due to the overlap of different Rydberg electronic states. To avoid congestion from the
different members of the Rydberg series, and the fine structure encountered, in Fig. 3 only a
few assignments have been explicitly depicted. Nonetheless, detailed information on all the
relevant transitions is presented in Table 4.

The major absorption bands can be classified as molecular valence transitions of (7*
« m) character, Rydberg and a mixture of Rydberg series. In Table 1 the experimental results
and the theoretical calculations are compared and a reasonably good level of agreement
between them is observed.

Table 2 lists the calculated valence and outer valence vertical ionisation energies (/Es)
for 2,4,6-trichloroanisole, at different levels of theory, together with the results of the present
photoelectron spectrum compared with previous experimental values from the literature
[34,35]. The experimental ionisation energies have been obtained from the PES spectrum at
the band maximum value. A close inspection of those tabulated values reveals that all the
theoretical methods agree reasonably well with each other, while those provided by the
Koopmans’ theorem [36] are larger, due to its neglecting electron correlations and relaxation.
Above the second ionic state, the P3 and OVGF vertical ionisation energy results are very
close in value to each other while the EOMIP-CCSD method reproduces quite well both the
present and Lichvanova et al. [34] experimental data.

From results for the vibrational modes of TCA in the literature, we have followed the

notation adopted in the studies of Garcia et al. [11] in the following sections.

5.1. Valence state spectroscopy of TCA
From the calculations in Table 1, the absorption bands centred at 4.319 eV, 5.55(0) eV,
6.262 eV and 7.64(4) eV have been assigned to (n* «— m) transitions. The calculated wave
functions show a mixing between excitations from the HOMO (31) and HOMO-1 (2m) to the
I1t* and 21 MOs, and the HOMO-2 (11) to the 21t MO. The calculated transition energies
are overestimated by up to ~0.5 eV, when compared to the experiment. The first absorption
band is reported with a maximum absolute cross section of 2.90 Mb, whereas the second has a
maximum of 28.11 Mb (Table 1) and the third of magnitude 166.87 Mb. In comparison with
the second and third bands, the one at 7.64(4) eV shows a weaker cross-section value of 18.04
Mb and a calculated oscillator strength fi. = 0.035. Finally, the VUV spectrum reveals another
broad band at 8.837 eV which is tentatively assigned to the 3do(a") «— o/nci(19a") + 4sc(a')
7



« o/nci(31a") transitions (see Table 1). Pure Rydberg transitions (see Table 7) in this energy

range are discussed later in section 5.5.

5.2 Valence and vibronic excitation in the range 4.0-5.1 eV

The lowest-lying excited state of TCA, peaking at 4.319 eV (see Fig. 2), is assigned to
the 2n*(34a') « 2m(20a") + 1m*(21a") « 3n(33a’) (1'A” « X'A’) transition (see Table 1).
The 09 origin band is assigned at 4.319 eV (see Table 3) and shows a weak fine structure.
Note that the calculated geometry of the first excited state, at the LT-DF-LCC2 level with the
cc-pVTZ basis set (see SI Fig. S4), mainly reveals the elongation of C—Cl and C—C-C bond
lengths by ~41% and ~36%, respectively, from those of the ground state geometry (see Figs.
S1 and S2). The geometry of this excited state is consistent with that of the anion, reported by
Asfandiarov et al. [37], at the B3LYP/6-31G* level of theory. Such a structural resemblance
confirms that the captured electron in the anion is located at the LUMO, i.e. (21a"). Thus, we
have calculated the different harmonic frequencies of the TCA anion and reported them in
Table S1. This information proved to be very helpful in assigning the weak fine structure
found in this absorption band, which is due to several modes (see Table 3 for the proposed
detailed assignments), with the main contributions being from the Jring(out-of-plane), vcei,
vring(breathing) and Scp vibrational modes. Finally, the feature observed below the 09

transition is tentatively assigned to a hot-band of the C—Cl stretching mode, vcci.

5.3 Valence and vibronic excitation in the range 5.0-10.8 eV

The measured photoabsorption spectrum is presented in Fig. 3, with our proposed
assignments summarized in Tables 1 and 4. The present calculations show that this energy
region is mainly characterized by valence transitions, yet also with a contribution from
Rydberg transitions (see Section 5.5). The lowest-lying vertical excited state of TCA in this
energy region is at 5.55(0) eV and has been assigned to the 1n*(21a") < 2m(20a") + 2n*(34a’")
«— 3m(33a") (2'A’ < X'A") transition, with a calculated oscillator strength of 0.0084 (see
Table 1). The next most intense absorption feature, with the 03 origin at 6.262 eV (see Table
1), is assigned to the 1m*(21a") « 2m(20a") + 2m*(34a") « 3n(33a’) (5'A’ «— X'A") and
2m*(34a") « 2m(20a") + 1m*(21a") « 3m(33a’) (3'A” « X'A’) transitions. Here we find
calculated oscillator strengths of 0.7545 and 0.5148 (Table 1), respectively. Two other
2n*(34a") « 1m(32a) (16'A’ « X'A") and 4do(a") « o/nci(19a") + 4sc(a) < o/nci(31a)
(21'A’ < X'A") transitions at 7.64(4) and 8.837 eV are additionally observed. Their measured



peak cross-section values are 18.04 Mb and 104.36 Mb, respectively. The predominance of
the latter is due to the first member of the Rydberg series (4s), with an estimated quantum
defect of 1.70, converging to the ionisation limit (31a’"!). It also shows a fine structure
superimposed on a diffuse background, due to the predissociative character of that absorption
band. This band additionally shows a contribution from the vring(breathing) mode, with an
average spacing of 0.110 eV (890 cm™), together with contributions from the CHj stretching
modes, with an average spacing of 0.249 eV (2012 cm™) (see Table 4). Note that Table 4 also
proposes an alternative assignment being due to the vring(breathing) and vcc modes with
ground state values of 0.123 eV (988 cm™) and 0.101 eV (815 cm™), respectively [11]. Such
a difference is not significant given the broad nature of the nearby 9.308 eV feature (see Fig.
3), as well as the expected proximity of the upper electronic excited states. Additionally, a
close inspection of the electron spin densities in Fig. S3 reveals the associated o/nci nature of
the HOMO-3 (19a") and the HOMO-5 (31a’).

Another interesting aspect of the absorption band in the 5.0-10.8 eV range pertains to
the possible role of the progressions involving the CH3 stretching mode, which contribute to
the underlying signal. The average excited state frequency of this stretching mode, as derived
from the progressions reported in Table 4, is 0.251 eV (see Fig. 3). This is consistent with the
MOs delocalized on the CH3 group shown in Fig. S1.

Finally, this energy region exhibits evidence for transitions to Rydberg states (see
Section 5.5 and Table 7), converging to the ionic electronic ground (33a’!), first (20a""),
second (32a'!) and third (19a"") excited states of TCA, and also shows some excited quanta

of mainly the ving(breathing) and vcus modes (see Tables 4 and 7).

5.4 Photoelectron results

The present photoelectron spectrum was measured in steps of 20 meV in the binding
energy region 8.0 to 30.0 eV (see Fig. 4), with the experimental and calculated vertical
ionisation energies being listed in Table 2. A previous He(I) photoelectron spectrum of 2,4,6-
trichloroanisole was reported by Lichvanova et al. [34], in the energy region from 8 to 17 eV
and accompanied by OVGF quantum chemical calculations. Apart from the higher energy
resolution in the present experiment, which is noticeable by the fine structure assigned for the
first time in Tables 5 and 6, we note a considerable discrepancy between the relative
intensities of the two measurements between the 8-10 eV and the 10-12 eV ionic bands, as
well as a continuous background enhancement above 12 eV in the earlier spectrum which is

not visible in Fig. 4. Note that the relative intensities of the different features in the
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photoelectron spectra change depending on the photon energy, and in this case the two
available spectra have been measured at quite different photon energies, 60 eV and 21.22 eV,
for the present study and Ref. [34], respectively.

The first and second bands, corresponding to the ionic electronic ground and first
excited states of TCA, are shown in Fig. 5. These bands are assigned to ionisation from the
least bound C=C 31 (HOMO) and 2n (HOMO-1) orbitals, 33a' and 20a", although the former
also have contributions from the C—O—C m orbitals. The first 0J origin band is considered to
begin at 8.63(9) eV and peaking at 9.08 eV, while the second 0 band is tentatively placed at
9.38 eV, which is also the vertical ionisation energy value (see Table 2). Energy positions and
proposed vibrational assignments of the observed features are given in Table 5. These are
mainly due to contributions of the dcoc and dring(out-of-plane) vibrational modes, with mean
spacings of 0.040 and 0.060 eV, compared to 0.055 and 0.071 eV for the neutral ground state,
respectively [11].

The intense third band (see Fig. 6) is considered to be due to the ionisation from the
19a" orbital (HOMO-3), with o, nci character, while the fourth band results from electron
removal from the 32a’ orbital (HOMO-2) with n-ring character (see Fig. S3). These bands
have vertical ionisation energies of 10.63 eV and 11.09 eV, and their order appears reversed
in Table 2. The weak fine structure in these bands is tentatively assigned to the viing(breathing)
and dcoc vibrational modes, and the dring(out-of-plane) vibrational modes with mean energies
of 0.100 eV and 0.040 eV, and 0.060 eV, respectively (see Table 6). Despite the apparently
similar observed vibrational excitation energy, we also assign the relevant band structure to be
due to ring stretching (breathing) from vcc) motion under the same rationale as in Sec. 5.3.
This is consistent with the Rydberg character of the 8.837 eV feature in the VUV
photoabsorption spectrum (see Table 7), where identical vibrational modes are expected to be
activated in the lowest-lying ionic states.

The next two ionic bands have their 09 origins (and vertical ionisation values) at 11.41
eV and 11.74 eV (see Table 6), and are related to the ionisation of the 31a’ orbital (HOMO-5)
and 17a" orbital (HOMO-6) with o, nci character (see Table 2 and Fig. S3). The fine structure
in these bands is tentatively assigned in Table 6 to the wving(breathing)/vcci and deoc
vibrational modes, the former coupled with a dring(out-of-plane) mode.

Water, present as a minor contaminant, was used to calibrate the photoelectron energy
spectrum at 12.62 eV, and so no attempts were made to assign any fine structure for photon

energies above that value as they may also contain contributions from relevant H>O ionic
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states [38]. In order to assign the lowest lying Rydberg members of TCA, converging to the
ionic electronic ground (33a’™!), first (20a""), second (32a’!) and third (19a"") excited states,
we have used the experimental vertical ionisation energy (IE) values of 9.08 eV, 9.38 eV,

11.09 eV and 10.63 eV, respectively (see Table 2).

5.5 Rydberg transitions

The VUV photoabsorption spectrum above 5.5 eV consists of a few structures,
superimposed on a diffuse absorption feature extending to the lowest ionisation energies,
which are here reported for the first time. The experimental ionisation energy values from the
photoelectron spectrum in Table 2 are used to describe those Rydberg series, with the
proposed Rydberg structures being listed in Table 7. Note that the observed peak positions
have been tested using the Rydberg formula: E, = E; — R / (n - )%, where E; is the ionisation
energy, n is the principal quantum number of the Rydberg orbital of energy E,, R is the
Rydberg constant (13.61 eV), and ¢ the quantum defect resulting from the penetration of the
Rydberg orbital into the core.

The lowest transition energy is tentatively assigned to a 4s state at 5.55(0) eV for the
Rydberg series converging to the ionic electronic ground state (33a"""), with a quantum defect
0 = 2.04 (see Table 7). Note that higher members of this Rydberg series are proposed to
extend to n = 6. The first members of the np and nd series are associated with the peaks at
6.262 eV (0 = 1.80) and 7.64(4) eV (0 = -0.08), respectively (see again Table 7).

The first members of the ns, np, and nd series converging to the ionic electronic first
excited state of TCA (20a""), are associated with the peaks at 6.262 eV (5 = 1.91) and
7.64(4) eV (6 = 1.19 and 0 = 0.19), respectively (see Table 7). Note that these Rydberg
transitions (see Figure 3) are accompanied by a vibronic structure, which is proposed to be
mainly due to vchz progressions with an average spacing of 0.254 eV (see Table 4). The
higher members of the np Rydberg series are proposed to extend ton = 7.

As far as the members of the Rydberg series converging to the ionic electronic second
excited state (32a’"") are concerned, the n = 4 states for ns, np and the n = 3 state for nd are
considered to be at 7.64(4) eV, 8.46(9) eV and 9.42(9) eV, respectively (see Table 7) with
quantum defects of 2.01, 1.72 and 0.13, respectively. Some of the fine structure here has been
assigned to vibrational excitation involving vcus progressions, vring(breathing)/vccr and
combinations of these modes (see Tables 4 and 7).

Regarding the Rydberg series converging to the ionic electronic third excited state

(19a""), the lowest-lying members have been assigned to the 4s, 4p and 3d states at 7.64(4)
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eV, 8.837 eV and 8.93(3) eV, with quantum defects d = 1.86, 1.24 and 0.17, respectively, and
accompanied by vibronic structure which is tentatively attributed to vcus progressions (see
Table 4). Note that the 4p feature is, according to the theoretical calculations in Table 1, also
assigned to the 3do(a") « o/nci(19a") + 4sc(a’) < o/nci(31a') transitions, although the
obtained quantum defect does not resemble any of the 4sc and/or 3doc Rydberg members.

The higher-order members of these Rydberg series, for which the relative intensity
decreases, are difficult to assign due to overlap with other transitions and possible vibronic
structure. We have thus not made any attempt to identify those higher members of the
Rydberg series, due to the broad and structureless nature of the absorption bands. Note that
the clear increase in the absorption intensity in the range above ~ 7.5 eV, may be related to

low-lying pre-dissociative or dissociative excited neutral states.

5.6 Absolute photoabsorption cross sections and atmospheric photolysis

The present optical measurements were carried out in the pressure range 0.006-0.020
mbar, and they revealed no evidence for changes in the absolute cross sections or peak
energies as a function of pressure. Thus the present spectra are free of any saturation effects.
A literature survey reveals no other previous photoabsorption cross sections of TCA in the 4.0
— 10.8 eV photon energy range to compare with. However, the agreement of previous cross
sections measured at the AU-UV beam line of the ASTRID2 synchrotron facility at Aarhus
University, see e.g. [39-41], with the most precise corresponding data available in the
literature (see Eden er al. [30] and references therein), indicates that our adopted procedures
do not suffer from systematic errors. Hence the present TCA cross sections can be relied upon
across the energy range studied (4.0-10.8 eV).

The present absolute cross sections below 6.89 eV (i.e. above 180 nm) can be used in
combination with solar actinic flux [42] measurements, from the literature, to estimate the
photolysis rate of TCA in the atmosphere from an altitude close to the ground to the
stratopause at 50 km. Details of the calculation procedure are presented in ref. [43], in which
the quantum yield for dissociation following absorption is assumed to be unity. Note that the
reciprocal of the photolysis rate at a given altitude corresponds to the local photolysis lifetime.
Photolysis lifetimes of less than 3 hours sunlit day were calculated at altitudes above 20 km.
This shows that TCA molecules can be broken up quite efficiently by UV absorption at those
altitudes. From the ground level up to the tropopause the calculated lifetimes are also
considered to be negligible. We are not aware of any gas-phase reactions between TCA and

available atmospheric radicals that may present relevant sink mechanisms. There have, to the
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best of our knowledge, not been any quantitative studies as to the atmospheric abundance of
TCA as a function of altitude. It is, however, only likely to be a trace species, although we
highlight that trace species can play very important roles in atmospheric chemistry and in the
role of electron- and photon-driven atmospheric behaviour (see e.g. [44,45] on NO). However,
in reactions with ozone and ‘OH radicals formed upon ozone decomposition from drinking

water treatment, for disinfection and oxidation of micropollutants, Peter and von Gunten [44]

1 1

found rate constants of 9.47x107* ¢cm?® molecules™ s™! and 8.47x107!? cm® molecules™ s/,
respectively, the former being negligible relative to the latter [46]. Given that TCA can easily
undergo photolysis at very low altitudes, reactions with ozone may be expected in the
troposphere. However, they will be governed under local climate conditions, in particular in
urban areas with high levels of vehicle emissions and very warm weather. Reactions with ‘OH
radicals are perhaps more plausible, and these may provide a main reactive sink mechanism in
the troposphere in strong competition with solar photolysis. However, these are but
conjectures at this time with a comprehensive investigation of the gas-phase reactions

between TCA and key selected environmental radicals being needed to clarify the role of

those mechanisms and to obtain the related rate constants.

6. Conclusion

The present work provides the first complete study to date of the VUV electronic
spectroscopy of TCA, and gives the most reliable set of absolute photoabsorption cross
sections between 4.0 to 10.8 eV. The observed low energy structure has been assigned to
valence, Rydberg and mixed valence/Rydberg transitions, on the basis of comparisons with ab
initio calculations of the vertical excitation energies and oscillator strengths for this molecule.
The theoretical results were found to be in reasonably good agreement with the experiments,
predicting significant valence, Rydberg and mixing valence/Rydberg with ©* states. The main
absorption bands have been assigned to the 2n*(34a') «— 2n(20a") + 1n*(21a") <« 3n(33a’)
(1'A" «— X'A"), In*(21a") « 2m(20a") + 2m*(34a") « 3n(33a’) (2'A’ «— X'A"), 1n*(21a") «
2m(20a") + 2m*(34a") « 3m(33a") (5'A’ «— X'A") / 2n*(34a") « 2m(20a") + 1n*(21a") «
3n(33a') (3'A” « X'A"), 2n%(34a") < 1n(32a") (16'A’ « X'A’) and 3do(a") < o/nci(192") +
4s6(a) < o/nci(31a’) (21'A’ < X'A’) transitions. An analysis of the observed vibronic
structure in the photoabsorption spectra was performed for the first time, and those structures
were mainly assigned to the dcoc, dring(Out-of-plane), vcci, vring(breathing), and veym(CHs)

modes. Moreover, the present photoelectron spectrum was obtained in a wide binding energy
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range from 8 eV up to 30 eV, where fine structure in the lowest-lying ionic bands (up to 12
eV) were assigned to the active modes. The photolysis lifetimes of TCA have also been
carefully derived for the Earth’s troposphere and stratosphere, and indicated that solar

photolysis may represent an important sink mechanism for TCA in the terrestrial atmosphere.
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Figure captions

Fig. 1. The high-resolution VUV photoabsorption spectrum of TCA, C7HsCI30, in the 4.0-
10.8 eV photon energy range. See text for further details.

Fig. 2. The VUV photoabsorption spectrum of TCA, C7HsCl30, in the 4.0-5.1 eV photon
energy range. See text for details on the assignments.

Fig. 3. The VUV photoabsorption spectrum of TCA, C7HsCl30, in the 5.0-10.8 eV photon
energy range. See text for details on the assignments.

Fig. 4. The TCA, C7H5Cl30, photoelectron spectrum in the 8.0-30.0 eV binding energy range.
The 12.62 eV feature is assigned to the ionisation of HO which is present as a contaminant.
See text for further details.

Fig. 5. The first and second photoelectron bands of TCA, C7HsCl30, which are assigned to
ionisation from the least bound C=C 3r and 2x orbitals, namely the 33a' and 20a” orbitals.

Fig. 6. Photoelectron bands of TCA, C7HsCI30, in the 10.2-12.2 eV photon energy range. See
text for further details.

Table captions

Table 1. Calculated vertical excitation energies (EOM-CCSD/aug-cc-pVTZ+R basis set) and
oscillator strengths (singlet states) of TCA (C7HsCI30), compared with results from the
present experimental data (all energies in eV). See details in text.

Table 2. Calculated valence and outer valence vertical ionisation energies and intensities (cc-
pVTZ basis set at OVGF, P3/P3+ and EOMIP-CCSD/cc-pVTZ levels, CCSD/cc-pVTZ
geometry) and experimental binding energies of TCA, C7HsCl130. For the sake of comparison,
previous literature experimental values are also reported. All the energy values are ineV.

Table 3. Proposed vibrational assignments in the 4.0-5.0 eV absorption band of TCA,
C7HsCI30. See text for further details.

Table 4. Proposed vibrational assignments and progressions in the 8.0—10.8 eV absorption
band of TCA, C7HsCl130. See text for further details.

Table 5. Proposed vibrational assignments in the 8.0—10.0 eV photoelectron band of TCA,
C7H;sCl130. See text for further details.

Table 6. Proposed vibrational assignments in the 10.2-12.2 eV photoelectron band of TCA,
C7H;5CI30. See text for further details.

Table 7. Energy value (eV), quantum defect (0) and assignment of the Rydberg series

converging to the ionic electronic ground (33a™!), first (20a"!), second (32a’!) and third
(19a"") excited states of TCA, C7HsCL0.
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Fig. 1. The high-resolution VUV photoabsorption spectrum of TCA, C7HsCI30, in the 4.0-
10.8 eV photon energy range. See text for further details.
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Fig. 2. The VUV photoabsorption spectrum of TCA, C7HsCl30, in the 4.0-5.1 eV photon

energy range. See text for details on the assignments.
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Fig. 3. The VUV photoabsorption spectrum of TCA, C7HsCI30, in the 5.0-10.8 eV photon

energy range. See text for details on the assignments.
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Fig. 4. The TCA, C7HsCl30, photoelectron spectrum in the 8.0-30.0 eV binding energy range.

The 12.62 eV feature is assigned to the ionisation of H>O which is present as a contaminant.

See text for further details.
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Fig. 5. The first and second photoelectron bands of TCA, C7HsCl30, which are assigned to

ionisation from the least bound C=C 3n and 2= orbitals, namely the 33a' and 20a" orbitals.
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Fig. 6. Photoelectron bands of TCA, C7HsCI30, in the 10.2-12.2 eV photon energy range. See

text for further details.
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Table 1. Calculated vertical excitation energies (EOM-CCSD/aug-cc-pVTZ+R basis set) and oscillator strengths (singlet states) of TCA
(C7Hs5CI130), compared with results from the present experimental data (all energies in eV). See details in text.

Cross-section

State  E (eV) fL <> 8 HOMO HOMO-1 Other Mixed Character Exp. (eV)® (Mb)
31 (33a) 2 (20a")
XA - — 187
1'A" 4880 000782 187 3n(332) — 11*(21a") + 2m(20a") — 2m*(34a') 4319 2.90
2IA" 6043 000844 188 3n(332) — 2m*(34a’) + 2m(20a") — 11*(21a") 5.55(0) 28.11
31A7 6294 000106 200 31— o*(CCl)a)*
21A" 6491  0.00002 201 2 — 6*(CCl)(a') ©
41A" 6493 000932 220 31— 4so(a) 5.55(0) 28.11
SIAY 6713 075455 190 3n(332) — 2m*(34a’) + 2m(20a") — 11*(21a") 6.262 166.87
31A" 6771 051486 196 3n(332) — 1r*(21a") + 2m(20a") — 2m(34a') 6.262 166.87
41A" 6.810 0.10373 216 21 — 4so(a’)
6 A’ 7.080 0.00337 260 3m— 4po(a’)
SIA" 7099 000750 187 o(18a") — 2m*(34a))
AN 7.125 0.00520 249 3m — 4pn(a’)
6'A" 7.222 0.00401 276 3m— 4po(a")
81A’ 7297 000510 190 o(18a") — 1m*(21a")
91A" 7361 000406 230 3n(332) — 3do(a’) + 2m(20a") — 3dn(a")
10'A"  7.410 0.00022 265 21 — 4po(a”)
7IA" 7.439 0.00954 255 21 — 4pmn(a’)
11'A"  7.545 0.00367 317 3mn— 3do(a)
8 IA" 7.560 0.00287 274 3w — 3do(a")
9IA" 7.681 0.00497 290 21 — 4po(a’)
121A" 7722 000155 291 3n(332) — 3do(a’) + 21(20a") — 3do(a")
10'A" 7758 0.01081 190 1n(322) — 17%(21a")
131A" 7787 000035 225 o/nai(19a") — 1%(21a") + 3n(33a’) — 3dn(a))
141A" 7796 0.00692 272 3n(33a’) — 3dn(@) + o/na(19a") — 1n*(21a")
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11'A"
121A"
13 1A"
14 A"
15 1A
16 A’
17 1A
151A"
16 A"
17 A"
18 A
19 A
18 A"
20 1A’
19 A"
21 1A’
22 1A’
20 'A"
23 1A’
24 1A’
25 1A’

7.826 0.00009 293 21 — 3do(a’)
7.889 0.01665 275

7.899 0.00000 282

7.933 0.00320 182

7.946 0.00801 400 3m — 3do(a)

7.962 0.03470 209

8.023 0.00532 334

8.008 0.00320 333 2n — 3do(a’)
8.053 0.00085 177

8.064 0.00272 194

8.080 0.00049 551 3mn— Spn(a)

8.127 0.00119 529 3w — 5po(a’)

8.131 0.00024 573  3m — Spo(a")

8.173 0.00082 333 21 — 3dm(a")
8.175 0.00176 335 21 — 3dn(a’)
8.216 0.03912 211

8.266 0.00034 695 3m — 6so(a’)

8.290 0.00333 358

8.365 0.00098 176

8.401 0.00051 573 2n — 5po(a”)
8.441 0.00071 380

1m(322) — 21%(342))

o/np(18a") — 4sc(a’) + 3n(33a") — 3dn(a")
3n(33a") — 3dn(a") + o/np(18a") — 4so(a’)
o/np(18a") — 1m*(21a") + o/nci(31a") — 2n*(34a")

7.64(4)
3n(33a') — S5so(a’) + 2m(20a") — 3do(a")
o/nci(19a") — 2n*(34a') + o/nci(31a") — 1a*(21a")
o/nci(19a") — 4so(a’) + o/nci(31a") — 4po(a”)
o/nci(31a") — 4so(a') + o/nc(19a") — 3do(a") 8.837

3n(33a") — 3do(a') + 2m(20a") — Sdo(a")
o/ng(17a") — 1n*(21a") + o/nci(31a") — 2n*(34a’)

2m(20a") — 3do(a") + 3n(33a’) — 6po(a’)

18.04

104.36

@ Mean value of r? (electronic radial spatial extents)

® the last decimal on the energy value is given in brackets for these less-resolved features

k

¢ this valence MO (c*c_c1) has the following shape:

28



Table 2. Calculated valence and outer valence vertical ionisation energies and intensities (cc-pVTZ basis set at OVGF, P3/P3+ and EOMIP-
CCSD/cc-pVTZ levels, CCSD/cc-pVTZ geometry) and experimental binding energies of TCA, C7HsCI30. For the sake of comparison, previous
literature experimental values are also reported. All the energy values are in eV.

33a""  20a" ' 32a"! 19a" ! 182" ! 31a"! 17a" ! 30a"! 16a”" ! 29a"!
Koopmans’ theorem  9.338  9.671 12.220 12.538 12.779  12.861 12933 14.058 14.211 14.561
OVGF 8791 9.127 11.204 11.477 11.156 11.817 11.899 12937 13.057 13.340
Pole Strength 0.891 0.890 0.875 0.892 0.899 0.890 0.889 0.882 0.881 0.898
P3 9.315 9.601 11.165 11.368 11.079 11.686 11.729 12.843 13.007 13.237
Pole Strength 0.880 0.879 0.867 0.886 0.889 0.884 0.884 0.875 0.873 0.890
P3+ 9.198 9503 11.111 11.310 10.855 11.634 11.687 12.787 12.944 13.111
Pole Strength 0.876 0.876  0.867 0.884 0.882 0.883 0.883 0.874 0.872 0.887
EOMIP-CCSD 9.108 9450 11314 10.714 10.714  11.795 11.514 12835 11916 13.206
Exp. (this work) 9.08 9.38 11.09 10.63 - 11.41 11.74 12.74 - 13.00
Exp. Ref. [34] 8.90 - - 10.65 11.11 11.40 11.78 - - -
Ref. [35] 8.69 - - - - - - - - -
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152" 282" 27a"'  14a"" 13a"" 262" 252" 242" 122" 232" 222" 1l1a"' 2la”!
Koopmans’ theorem ~ 15.044  15.335 15740 16676 17211 17297 17.824 17.991 19.720 19917 - - -
OVGF 13.646 13978 14.085 15007 15414 15681 16097 16209 17210 17.861 - - -
Pole Strength 0892  0.885 0824 0879 0891 0873 0852 0863 0863 0864 - - -
P3 13.856 14200 14.159 15240 15512 15836 16213 16311 17.511 17.948 - - -
Pole Strength 0.882  0.874 0814 0868 0882 0862 0.846  0.855 0853 0854 - - -
P3+ 13706 14057 14.024 15072 15332 15697 16024 16138 17.145 17715 - - -
Pole Strength 0877 0870 0814 0862 0876 0858  0.843 0851 0839 0847 - - -
EOMIP-CCSD 13.096  14.027 14315 13.664 15.128 15706 16.161 16383 15577 17918 - - -
Exp. (this work) 1342 1391 - 1489 1535 - - 1610 1690 1740  19.15 2205 23.19
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Table 3. Proposed vibrational assignments in the 4.0-5.0 eV absorption band of TCA,
C7HsCl130. See text for further details.

Energy (eV) Assignment* AErne) (V) AE(vce) (eV) AE(ing) (eV) AE(Sch) (eV)
(out-of-plane) (breathing)
4226 vear? - 0.093 - -
4319 09 - - - -
LBOOW 51 0.070 - - -
4.41(7)(s,b) Vel - 0.097 - -
4.44(2)(b) Vring) - - 0.122 -
4.45(2)(b) Bring 0.063 - _ _
4.47(3)(s.W) Scu - - - 0.153
4.51(2)(s) Vel - 0.095 - -
4.55(8)(b) Vring? - - 0.116 -
4.61(9)(s.w) Sen’ - - - 0.146

(b) broad structure; (w) weak feature; (s) shoulder feature (the last decimal on the energy

value is given in brackets for these less-resolved features).

* Vibrational modes notation adopted from ref. [11]
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Table 4. Proposed vibrational assignments and progressions in the 8.0—10.8 eV absorption

band of TCA, C7HsCl130. See text for further details.

Energy (eV) Assignment* AE(Vring) (breathing) / AE(vcer) (eV) AE(Vers) (V)
821H0) vy, " _ -
8.46(9)(b,w) Ve, n+1 - 0.258
8.68(4)(S)  vep," - -
8.93(3)(s) VCH3"+1 - 0.249
9.18(4)() vy, MH2 - 0.251
9.42(9)(s,w) VCH3"+3 - 0.245
9.69(4)(s) Ve, n+4 - 0.265
8.837 08 - -
8.93(3)(s) Vring(l)/VCCl(l) 0.096 -
9.07(N(sW) vey, ! - 0.240
9.18(4)(s) Vring(l)/VCClé + VCH3(1) - 0.251
9.308 Vring(z)/VCCl(z) + VCH33 0.124 -
9.34(3)(s,w) VCH33 - 0.266
9.420)(s,w) Vring(l)/ Vecig + VCH3(2) - 0.245
9.523 Vring(z)/VCClg + VCH3(2) - 0.215
9.60(4)(s) VCH3§ - 0.261
9.69(4)(s) Vring(l)/VCCl(l) + VCH33 - 0.265
10.01(5)(s) - _ _
10.129 Vring /Vect) 0.114 -
10264)) vy, ! - 0.249
10.332 Vring(l)/VCCl(l) + VCH3$ - -
10.43(6)(s) Vring(z)/VCCl(z) + VCH33 0.104 -
10.507 VCH33 - 0.243
10.59(7)(s) Vring(l)/VCCl(l) + VCH33 /Vring 0.091 -

(b) broad structure; (w) weak feature; (s) shoulder feature (the last decimal on the energy value is

given in brackets for these less-resolved features).

* Vibrational modes notation adopted from ref. [11]
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Table 5. Proposed vibrational assignments in the 8.0—10.0 eV photoelectron band of TCA,

C7HsCl130. See text for further details.

Energy (eV) Assignment* AE(dcoc) (eV) AE(ding) (eV)
(out-of-plane)

8.65)b) 09 - -
8.6(8)(s) 5606(1) 0.030 -
8.7(2)(s,w) 5606(2) 0.040 -
8.7(6) (s,w) 5606(3) 0.040 -
8.8(0) (s,w) 6COC3 0.040 -
8.8(4)(s,w) 56063 0.040 -
8.8(8)(s,w) 6C0C2 0.040 -
8.9(2)(s) 5606(7) 0.040 -
8.9(6)(s) 56063 0.040 -
9.0(0)(s) 56062 0.040 -
9.0(4)(b) 5606(1)0 0.040 -
9.08 5606(1,1 0.040 -
9.1(2)(s) 5606(1)2 0.040 -
9.1(6)(w) 5606(1)3 0.040 -
9.22 5606(1)3 + 5ﬂ.ng(1) - 0.060
9.2(8)(s) 5600(1)3 + 5n.ng(2) - 0.060
9.3(4)(s) 5606(1)3 + 6ring(3) - 0.060
9.38 08 - -
9.44 5n.ng1 - 0.060
9.5(0)(s,w) 5n.ng2 - 0.060
9.5(6)(s) 5n.ng3 - 0.060
9.6(2)(s) 5n.ng4 - 0.060
9.6(7)(s) 5n.ng5 - 0.059
9.7(4)(s) 5n.ng6 - 0.070
9.7(9)(s) 5”.ng7 - 0.050

(b) broad structure; (s) shoulder feature; (w) weak feature (the

last decimal on the energy value is given in brackets for these

less-resolved features).

* Vibrational modes notation adopted from ref. [11]
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Table 6. Proposed vibrational assignments in the 10.2-12.2 eV photoelectron band of TCA,

C7H5CI130. See text for further details.

AE(diing) (eV) AE(dcoc) (eV)

Energy (eV) Assignment* AE(Vring) (breathing) / AE(vcer) (eV)
(out-of-plane)
10.5(3)(s) 09 - — _
10.63 Vringé/vccl(l) 0.100 - -
10.6(7)(s) Vring(l)/VCCl(l) + 5606(1) - - 0.040
10.7(3)(s) Vringg/VCCl(Z) 0.100 - -
10.7(7)(s) Vringg/VCCl(Z) + 5606(1) - - 0.040
10.8(3)(s) Vringﬁ/vcag 0.100 - -
10.8(7)(s) Vringi/VCClg + 5606(1) - - 0.040
11.0(3)(s) 08 - - -
11.09 5n.ng(1) - 0.060 -
11.1(5)(s) 6ring§ - 0.060 -
11.19 6ring§+ 5606(1) - - 0.040
11.2(5)(s) 5n.ng3+ 5606(1) - 0.060 -
11.41 09 - - -
11.4(5)(s) 5606(1) - - 0.040
11.5(1)(s) vringé/VCCl(l) 0.100 - -
11.5(7)(s,b) Vringé/VCCl(l) + 5n.ng(1) - 0.060 -
11.61 Vringg/VCCl(Z) 0.100 - -
11.74 09 - - -
LL8&E)  Vyingg MVecrg 0.100 - -
11.9(4)(s) Vring(z)/VCCl(Z) 0.100 - -
12.0(0)(s) Vring(z)/VCCl(Z) + 5n.ng(1) - 0.060 -
12.0(4)(s,w) Vringg/VCClg 0.100 - -
12.1(0)(s,w) - 0.060 -

3 3 1
VringO/VCClo + 6ringo

(b) broad structure; (s) shoulder feature; (w) weak feature (the last decimal on the energy value is given in

brackets for these less-resolved features).

* Vibrational modes notation adopted from ref. [11]
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Table 7. Energy value (eV), quantum defect () and assignment of the Rydberg series

converging to the ionic electronic ground (33a™!), first (20a"!), second (32a’!) and third

(19a"") excited states of TCA, C7HsCl50.

En 0 assignment | En o assignment
IE1 =9.08 eV (33a’)! IE3 = 11.09 eV (32a') !
(nsa’« 33a’) (nsa’«— 32a’)
5.55(0)(b) 2.04 4sc 7.64(4)(b) 2.01 4sc
7.64(4)(b) 1.92 Sso 9.523 2.05 Sso
8.21(1)(b) 2.04 6sc 10.26(4)(s) 1.93 6sc
(np < 33a’) (np < 32a)
6.262 1.80 4p 8.46(9)(b,w) 1.72 4p
(nd «— 33a) 9.69(4)(s) 1.87 5p
7.64(4)(b) -0.08 3d 10.332 1.75 6p
8.21(1)(b) 0.04 4d 10.59(7)(s) 1.73 Tp
IE2=9.38 eV (20a") ! (nd — 32a’
(nsa’«— 20a") 9.42(9)(s,w) 0.13 3d
6.262 1.91 4sc 10.129 0.23 4d
- - 5sc 10.507 0.16 5d
8.46(9)(b,w) 2.13 6sc IE4 =10.63 eV (19a") !
(np < 20a") (nsa’<— 19a")
7.64(4)(b) 1.19 4p 7.64(4)(b) 1.86 4sc
8.46(9)(b,w) 1.13 5p 9.18(4)(s) 1.93 5so
8.68(4)(s) 1.56 6p (np < 19a")
8.93(3)(s) 1.45 Tp 8.837 1.24 4p
(nd < 20a") 9.69(4)(s) 1.18 5p
7.64(4)(b) 0.19 3d 10.01(5)(s) 1.29 6p
8.46(9)(b,w) 0.12 4d (nd — 19a")
8.93(3)(s) 0.17 3d
9.69(4)(s) 0.18 4d

2 (b) broad feature; (w) weak structure; (s)

energy value is given in brackets for these less-resolved features).

shoulder structure (the last decimal on the
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