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Absolute cross-section values of 2-chlorotoluene are reported from vacuum ultraviolet photoabsorption mea-
surements in the photon energy range 4.0-10.8 eV (310-115 nm), together with quantum chemical calculations.
The nature of the electronic states is associated with transitions from the neutral ground state to valence, mixed
valence-Rydberg and Rydberg orbitals. The fine structure in the photoabsorption bands has been mainly assigned
to C-H stretching (CH3), vg(a'), C-H in-plane bending, v;¢(a’)/V},(a’), C-Cl stretching, v,; (a) and C-C in-plane
bending v,5(a’) modes. The measured absolute photoabsorption cross sections have also been used to estimate
the photolysis lifetime of 2-chlorotoluene in the upper stratosphere, showing that solar photolysis can only be a
relevant sink at altitudes above 23 km. We have also performed calculations at the TD-DFT level to obtain
optimised geometries, excitation energies, oscillator strengths and potential energy curves for the lowest-lying
electronic excited states. Special attention is given to state-selective vibrational excitation to obtain informa-
tion on the internal conversion mechanisms governing the nuclear dynamics in the photoabsorption regions
where C=C stretching, C-H in-plane bending and C-Cl/C-CHjs stretching modes have been assigned. The results
show a relevant internal conversion from Rydberg to valence character and vice-versa, dictating the nuclear

dynamics of 2-chlorotoluene upon photon absorption.

1. Introduction

Chlorotoluenes have attracted the attention of the international
scientific community for their role as precursors to other chemical
compounds relevant in the chemical and pharmaceutical industries
[1-3] (and references therein). 2-chlorotoluene (ortho-chlorotoluene)
has been used in the production of synthetic rubber and dyes, also as an
insecticide and bactericide, and due to its wide use is expected to be
mainly released into the environment through different sewage streams
[2]. It has been noted to be toxic to aquatic organisms due to its inert
nature to chemical hydrolysis [2], while recent studies recommend
tracking health risks of 2-chlorotolune exposure as a volatile organic
compound [3]. In recent years we have been interested in investigating
the electronic state spectroscopy of toluene [4] and fluorinated toluenes
[5-8] and also to provide as accurate as possible information on absolute
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photoabsorption cross-section values relevant for atmospheric model-
ling [9]. In spite of the general effort to determine the impact of chlor-
otoluenes in the terrestrial atmosphere (physical and chemical
processes), we note a deficiency in the assessment of their electronic
states in the ultraviolet photon energy region. Currently, our motivation
is based upon the urgent need to contribute worldwide with a compre-
hensive description of the molecular structure while assigning the na-
ture of the lowest-lying electronic states of 2-chlorotoluene.

A literature survey reveals theoretical and experimental methods
that have been used to investigate some of the molecular properties of 2-
chlorotoluene. These include Penning ionisation electron spectroscopy
[10,11], studies of its photodissociation into Cl and C;H; fragments
[12], infrared and Raman spectroscopy [13,14] and rate constants for its
reactions with hydroxyl radicals [15,16]. Also relevant to the present
work, experimental methods on resonant two-photon ionisation and
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pulsed field ionisation [17] and calculations on the molecular geometry
and the potential function of the methyl torsion [18]. Regarding ultra-
violet photoabsorption spectra relevant to the present work, we are only
aware of a previous investigation in the wavelength region from 172.2
nm up to 279.1 nm (4.4-7.2 eV) [19] although with no spectral as-
signments [20]. Thus, the present work is the most complete charac-
terisation of 2-chlorotoluene to date, combining experimental and
theoretical methods on the electronic state spectroscopy. Vacuum ul-
traviolet radiation has been provided from a synchrotron facility to
perform photoabsorption measurements, whilst time dependent density
functional theory (TD-DFT) calculations provide energies and oscillator
strengths for the lowest-lying neutral states. Moreover, we have ob-
tained with the TD-DFT method potential energy curves for the
lowest-lying excited states as a function of the vibrational modes v;(a'),
v17(d) and wvpi(d). Finally, 2-chlorotoluene experimental absolute
cross-section values have been used to estimate the molecule’s lifetime
in the Earth’s atmosphere (from 0 up to 50 km altitude), while the
detailed information about its electronically excited states can be used
for modelling such chemical compounds in terrestrial environments.

2. Experimental method

The AU-UV beam line of the ASTRID2 synchrotron facility at Aarhus
University, Denmark was used to obtain vacuum ultraviolet (VUV)
photoabsorption spectrum of 2-chlorotoluene in the photon energy
range from 4.0 eV to 10.8 eV (Figs. 1-5). The different absorption fea-
tures related to the electronic excitations have been assigned in
Tables 1-6. The absorption gas cell end station where photoabsorption
experiments were performed, has been described on previous occasions
[21,22]. In short, synchrotron radiation passes through a static gas
sample of 2-chlorotoluene vapour at room temperature with the trans-
mitted light detected by a photomultiplier tube (PMT). The lower
wavelength limit of detection (115 nm) is set by the MgF; transmission
windows enclosing the cell. The absolute pressure of the sample in the
absorption cell was measured by a capacitance manometer (Chell
CDG100D), with the absorption cross-sections measured in the pressure
range 0.02-1.29 mbar, to achieve attenuations of 50 % or less and hence
avoid saturation effects.

The absolute photoabsorption cross-sections values, o, in units of
megabarn (1Mb = 10718 cmz) were obtained from the Beer-Lambert
attenuation law: I, = Ipe™, where I, is the light intensity trans-
mitted through the gas sample, I, is that through the evacuated cell, N
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the molecular number density of 2-chlorotoluene, and I the absorption
path length (15.5 cm). Throughout the collection of each spectrum, the
synchrotron beam current was monitored, and background scans were
recorded with the cell evacuated. Within the wavelength region scanned
(115-310 nm), accurate cross-section values are obtained by recording
the VUV spectrum in small (5 or 10 nm) sections, allowing an overlap of
at least 10 points between the adjoining sections. ASTRID2 operates in a
“top-up” mode allowing the light intensity to be kept quasi-constant,
thus compensating for the constant beam decay in the storage ring.
The variations (2-3 %) of the incident flux are therefore normalized to
the beam current in the storage ring. This methodology allows us to
determine photoabsorption cross-sections to an accuracy of + 5 %. The
resolution in the present spectrum is better than 0.08 nm [21], which
corresponds to 1, 3, and 7 meV at the low extreme, the midpoint, and the
high extreme of the photon energy range scanned, respectively.

The liquid sample used in the VUV photoabsorption measurements
was purchased from Sigma-Aldrich, with a stated purity of 99 %. The
sample was degassed through repeated freeze-pump-thaw cycles before
use.

3. Theoretical methods

The calculations performed on the electronic structure and proper-
ties of the electronically excited states of 2-chlorotoluene have allowed
the assignment of the different features in the photoabsorption spec-
trum. The optimised ground state geometry of 2-chlorotoluene is shown
in Fig. S1 with bond lengths in A and bond angles in (°). The vertical
excitation energies and oscillator strengths of the most representative
electronically excited states in Table 1 (see also Table S1), were calcu-
lated employing TD-DFT [23,24] with a B3LYP functional [25,26], and
the aug-cc-pVDZ basis set as implemented in the GAMESS-US compu-
tational package [27]. Additional calculations have also been performed
at the equation of motion coupled-cluster with single and double exci-
tations (EOM-CCSD) level of theory [28-31], with the aug-cc-pVDZ basis
set (Table S2) as implemented in Psi4 [32]. Furthermore, we have ob-
tained harmonic frequencies (B3LYP/aug-cc-pVDZ) for the neutral
electronic ground state (Table S3) and compared with experimental data
available in the literature, ensuring the coordinates obtained from the
geometry optimisation calculation are indeed the true potential
minimum.
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Fig. 1. The photoabsorption spectrum of 2-chlorotoluene in the 4.0-10.8 eV photon energy range. See text for details.
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Fig. 2. Detail of the photoabsorption spectrum of 2-chlorotoluene in the 4.4-5.2 eV photon energy range. See text for details.
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Fig. 3. Detail of the photoabsorption spectrum of 2-chlorotoluene in the 5.4-6.8 eV photon energy range with Rydberg series converging to (6a”)"! X 2A” (IE;) and

(5a"y'A 2A” (IE,). See text for details.

4. Structure and properties of 2-chlorotoluene

The neutral ground state and neutral first excited state geometries of
2-chlorotoluene obtained at the DFT and TD-DFT levels with the B3LYP/
aug-cc-pVDZ basis set, together with their bond lengths (A) and bond
angles (°) are listed in the Supporting Material (Figs. S1 and S2). The
calculated outermost electronic configuration of the X A’ ground state is
... (232)% (24a)? (3a")? (25a)? (262)? (42")? (272" (52")% (62")2. A vi-
sual inspection of the ground state molecular orbitals (MOs) character
(Fig. S3) shows the highest occupied molecular orbital (HOMO), 6a’,
and the (HOMO-2), 27a’, are Cl 3p lone pair orbitals (ng) out-of-plane
with ring n(C=C) characters. The second highest occupied molecular
orbital (HOMO-1), 5a”’, is 1(C=C) with (n;) out-of-plane, the (HOMO-
2), 274, is (fig) in the molecular plane with 6¢c character, whereas
(HOMO-3), 4a”’, is (ng;) out-of-plane with 1(C=C) character. Other MOs
from which electrons can be excited are (HOMO-4), 26a’, and (HOMO-
5), 25a’, both with 6¢¢/q character, while (HOMO-6), 3a’, and (HOMO-
8), 234, are 1(C=C) and o¢¢ /cu bonding. The major electronic excitation

features in the VUV photoabsorption spectrum depicted in Figs. 1-5
have been assigned from these highest occupied molecular orbitals to
valence, mixed valence-Rydberg and Rydberg character orbitals. The
orbital character is determined from their spatial distribution (Fig. S3),
and the electronically excited states are assigned based on the transi-
tions that contribute most to their description. The calculated dominant
excitation energies and oscillator strengths are listed in Table 1, while
the complete set of calculated electronic transitions is in Table S1.

The fine structure visible in the photoabsorption spectrum is indic-
ative of vibronic transitions in the valence, mixed valence-Rydberg and
Rydberg transitions, with main vibrational modes assigned according to
the experimental information from Raman and infrared spectroscopies
[13,14], as well as from the harmonic frequencies calculations and
labelling in Table S3. The main modes have been assigned based on the
energies (and wavenumbers) in the neutral electronic ground state
0.355 eV (2860 cm™) for C-H stretching (CHs), vg(a'), 0.144/0.140 eV
(1158/1129 cm™) for C-H in-plane bending, v}4(a)/V},(a), 0.100 eV
(804/805 cm"l) for C-Cl stretching (C-CHjs stretching and C-C in-plane
bending), vs; (') and 0.068/0.069 eV (552/554 cm™) for C-C in-plane
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Fig. 5. Detail of the photoabsorption spectrum of 2-chlorotoluene in the 8.7-10.8 eV photon energy range with Rydberg series converging to (6a")* X 24" (IE;),
(52")'A A" (IEy), (272Y ! B %A’ (IEs), (42! C 2A" (IE,), (262) ! D 2A’ (IEs), (25a) ! E %A’ (IEg), (3a") ! F 2A” (IE,), (24a)™ G %A’ (IEg) and (232! H %A’ (IEy). See text

for details.

bending Vvj,(a’). Other vibrational modes have been assigned to C-Cl
stretching/C-C in-plane bending, vi4(d), V{4(a) and vj5(a’) with 0.132,
0.131 and 0.046 eV (1064, 1058 and 374 em™) and C-CH3/C-Cl
in-plane bending, vy (a’) with 0.031 eV (248 em™)) (see Section 5.1).

The assignment of the different Rydberg orbitals based on their
quantum defects and the associated features in the absorption spectrum,
is obtained for the lowest experimental vertical ionisation energies (IEs)
taken from the Penning ionisation data of Kishimoto and co-workers
[11] to be 8.96 (62"}, 9.33 (5a")7}, 11.11 (27a)7}, 11.52 (4a")7},
12.04 (26a) 1, 12.23 eV (252) 7, 12.70 €V (32") !, 13.54 eV (24a) ! and
13.81 eV (23a) 7.

5. Results and discussion

The absolute photoabsorption spectrum of 2-chlorotoluene is shown
in Fig. 1 in the energy range 4.0 to 10.8 eV, while expanded views of the

spectrum are depicted in Figs. 2-5. The main absorption bands have
been assigned to electronic excitations from the ground state to valence,
mixed valence-Rydberg and Rydberg character molecular orbitals
converging to the different ionic electronic states, 6aht X A",
(5a 'A%, (27a) ! B%A, (4! CA", (262) DA, (25a) EA,
(3ay 1 F2A, (24a)" G2A’ and (232) H?A' (see Section 5.4). In the
photon energy range 4.4-5.2 eV (Fig. 2) the spectrum shows extensive
fine structure assigned to the C-C in plane bending, v,5(a’) mode, while
from 5.4 up to 10.8 eV (Fig. 3-5) the dominant modes are the C-H
stretching (CHs), v, (d'), C-H in-plane bending, v;¢(a’)/v},(d'), and C-Cl
stretching (C-CHj stretching and C-C in-plane bending), v, (d). The
photoabsorption features are dominated by the overlap of different
Rydberg transitions, with the exception of the lowest-lying band
(4.4-5.2 eV) which is valence in character. The TD-DFT calculation in
Table 1 is compared with the experimental data, and a reasonably good
level of agreement (to within + 8 %) is noted. We have also checked the
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Table 1
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The most representative calculated vertical excitation energies (TD-DFT/B3LYP/aug-cc-pVDZ) and oscillator strengths of 2-chlorotoluene compared with the present

experimental data. Energies in eV. See text for details.

2-chlorotoluene E (eV) Cross-section
State E (eV) fu Dominant excitations expt.® (Mb)
XA
21A 5.083 0.004884  1z%(7a") « n/n(6a") (38 %) + 277(8a") « n/n¢(6a") (25 %) + 27*(8a") « n/ng(5a") (20 %) + 1z*(7a") « 4.688 1.1
n/ng(5a") (17 %)
31A 5.660 0.047915  27%(8a") « n/n(6a") (36 %) + 1x*(7a") « n/ng(6a") (35 %) + 1x*(7a") « x/ng(5a") (20 %) 5.93(2) 25.34
4TA 6.384 0.378069 17*(7a") « n/ng(5a") (53 %) + 27*(8a") « x/nc(6a") (35 %) 6.64(4) 195.83
51A 6.479 0.569023  27%(8a") « n/ng(5a") (65 %) + 1x*(7a") « n/ng(6a") (23 %) 6.64(4) 195.83
11'A"  7.755 0.092630  1z%(7a") « n/ng(4a") (54 %) + 277(8a") « n/n¢g(4a") (16 %) + 37*(10a") « x/ng(6a") (14 %) 7.398 25.38
15'A°  8.072 0.021186  4p'(30a) «ng/occ (27a) (56 %) + 37°(10a") < 7/ng(5a") (19 %) + 4p(29a)) « fAg/occ(27a) (12 %) 7.986 24.05
19'A’ 8718 0.029679  7d/n*(12a") < n/ng(6a") (63 %) + 1x*(7a") « n(3a") (24 %) 8.372 32.78
27A"  9.079 0.046813  4p(29a) « occ/ci(252) (68 %) + 4p/3d(34a) « fig/occ(272)) (16 %) 8.920 50.39
30'A"  9.253 0.067569  3p'(30a)) « occ/ci(26a) (82 %) + 3d"/z*(13a") « n/ng(5a") (12 %) 9.51(5) 55.17
354" 9.511 0.095353  64,(31a) < aec/a(26a) (70 %) 9.90(0) 70.89
4414 9.984 0.053121  3d(32a) « occ/ai(252) (89 %)
61 1A 10.504 0.054361 45(28a’) « o‘cc/cH(23a/) (57 %) + 3d(32a") < #(3a") (30 %) 10.064 85.40
66'A" 10703  0.109594  4p(29a) < occ/cu(23a) (87 %) 10.498 85.46

2 the last decimal of the energy value is given in brackets for these less-resolved features;

level of accuracy by performing additional EOM-CCSD/aug-cc-pVDZ
calculations (Table S2), with a selection of 2-chlorotoluene molecular
orbitals in Fig. S4. No relevant differences are noted in the close com-
parison with TD-DFT/B3LYP/aug-cc-pVDZ level of theory results. The
complete assignment of the fine structure associated with the electronic
transitions are listed in Tables 2-5 and compared with previous work
wherever possible.

The 2-chlorotolune photoabsorption bands in Fig. 1 are assigned to
the 1x*(7a")/27n*(8a")<x/ng(6a")+ 22*(8a")/1x*(7a")«<n/ng(5a"),
(2A<X'A), 17°(8d)n/ng(6d)+ 1x*(7d)<n/ng(6d") +
17 (7d")«n/ng(5a"), (3 A «X 'A"), 27°(8a") «n/ng(5a") + 1a* (7d )<=
/na(6a’), (5'A'X'A), 17*(7d") /27" (8a")—x/n¢i(4d’) + 37*(10a") <=
/na(6d’), (11 'A'«X'A'), 4p/(30a)/4p(29d ) «Tic(27d) + 37*(10a") <7
/na(5d’), (15 'A'«X'A), 7d/7z*(12a")~r/ng(6a’) + 1a*(7d")<=(3d"),
(194X 'A"), 4p(29d)«occ/c(250) + 4p/3d (34d ) Tci/occ(27d),
(27 A <X A,
3p'(30d ) —occ/ci(26) + 3d” /7 (13a") < /nq(5a’), (30 A'«X 'A'),
0aq(31d)0cc/a(26d),  (35'AX'A)),  4s(28a)«occ/cu(23d) +
3d(32d)<x(3d"), (61 'A'<X 'A) and, 4p(29a)—occ/cu(23d), (66 'A'—
X 1A’) transitions (Table 1). The next sections include a detailed
description of the different photoabsorption features, aided by our
theoretical calculations.

5.1. The 4.5-7.0 eV photon energy range

The lowest-lying singlet-singlet valence transition, is assigned
mainly to promotion of the chlorine lone pair orbital out-of-plane (n¢;)
with ring n(C=C) to the 1n*/2r* molecular orbitals, 1z*(7a")
/27%(8a’)—n/na(6a’) + 27*(8a’)/1n*(7d")n/na(5d"), (2'A«X'A),
with a local cross-section of 1.1 Mb. The vertical excitation energy value
of 4.688 eV is in reasonable agreement with the calculated value 5.083
eV as shown in Table 1. The oscillator strength value obtained at the
EOM-CCSD level of theory (see Table S2) is lower than the TD-DFT
calculation result, however with a rather close calculated energy to
the experimental value.

Fig. 2 shows the fine structure due to vibronic excitation in the
4.4-5.2 eV energy region in greater detail than any previous measure-
ments. The 03 origin of the band at 4.572 eV has been reported by
Richard et al. [17] from resonant two-photon ionisation experiments, in
excellent agreement with the present work. This band shows a large

number of progressions (noted as p,, n = 1-11) that are listed in Table 2
and have been assigned to the contribution of several 23j (n = 1-7)
progressions from the C-C in plane bending, v,;(a’) mode, with an
average spacing of 0.060 eV (484 cm™). Additional assignments from
the torsion-vibrational coupling spectroscopic work of Richard et al.
[17] are due to C-Cl stretching/C-C in-plane bending, vig(d), vi4(d),
V,5(a’) and C-CH3/C-Cl in-plane bending, v,¢(a’) modes. It is relevant to
note that similar assignments from the unresolved internal rotational
envelope of the methyl group have been reported for the three isomers of
fluorotoluene [5-7], and so the differences reported in Table 1 may
account for such contribution.

The geometry of 2-chlorotoluene in the first excited state together
with bond lengths in A and bond angles in (°), is depicted in Fig. S2. A
close comparison with the molecular geometry of the ground state
molecule (Fig. S1) shows no relevant methyl group rotation relative to
the ring, which do not lead to hyperconjugation between the ring 7* MO
and the methyl CH o* orbital in the LUMO. Such is supported by the
calculated potential energy curves of both ground and first excited state
(Fig. S8), showing similar minima position for every 120° rotation of the
CHj3 group. However, the first excited state exhibits a lowering of ~ 420
cm™! relative to the ground state internal barrier to rotation, in relatively
good agreement with 337 ecm™ from Richard and co-workers [17].

Another interesting aspect relates to the close comparison between
the neutral ground state and the first excited state lengthening of C2-C3,
C3-C4, C4-C5 and C5-C6 bonds, from ~1.40 A to ~1.43 A (Figs. S1 and
S2), and consequently a change in C2-C3-C4 and C4-C5-C6 angles,
whereas C2 - ClI15 does not change appreciably (< 1 %). This is
consistent with v, (a’) mode in the ground state, whereas no change is
noted for the C1-C2-Cl15 angle (< 1 %) in the (A 1A' X 'A") transition.
This renders mainly C-C in-plane bending, v,;(a’), while C-Cl stretching,
Vig(d)/Vig(d)/Vas(d'), and C-Cl bending modes, V,¢(d), are not relevant
upon electronic excitation from the ground state to the lowest-lying
excited state of 2-chlorotoluene.

The second absorption band centred at 5.93(2) eV with a maximum
cross-section of 25.34 Mb, is assigned to the valence excitation
17*(8a")«n/ng(6a") + 17" (7a")«n/ng(6a") + 17" (7a")<xn/ng(5a"),
(3% <X 'A") with an oscillator strength of ~ 0.0479 (Table 1), which is
in good agreement with the EOM-CCSD/aug-cc-pVDZ calculation in
Table S2, assigned to the 1z*(8a’)/2x"(9a")«x/ng(6a") + 17 (8a”)«
7/na(5a"), (3 'A'«<X 'A') transition with fi, ~ 0.0445. The 0 origin band
is assigned at 5.69(3) eV (Table 3 and Fig. 3) and shows broad features
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Table 2
Proposed vibrational assignments of 2-chlorotoluene absorption band in the
photon energy range 4.4—5.2 eV°. Energies in eV. See text for details.

This work Previous work [17]

(assignment)

assignment energy AE (23)

17*(7d") /27" (8d")—n/ngi(6a’) + 27°(8a") /17" (7a")«<n/na(5a"), (2'A'«X'A)

P123) 4.52(9)(s) 0.0 (-0.043) -
P223] 4.53(2)(s) 0.0 (-0.040) -

P323) 4.53(4)(s) 0.0 (-0.038) -

D423 4.54(2)(w) 0.0 (-0.030) -

P523] 4.545 0.0 (-0.027) -

6239 4.549 0.0 (-0.023) -

p723) 4.552 0.0 (-0.020) -

Ps23) 4.556 0.0 (-0.016) -

9239 4.562 0.0 (-0.010) -

P1023) 4.563 0.0 (-0.009) -

p1123) 4.57(0)(s) 0.0 (-0.002) -

08 4.572 0.0 4.572 (08)
p123) 4.581 0.052 -

p223} 4.588 0.056 _

P323) 4.595 0.061 4.595 (382)
p423) /263 4.60(1)(w) 0.059 4.603 (26))
Ps23) 4.60(7)(w) 0.062 4.606 (372)
D623 4.60(9)(b,w) 0.060 -

p723} 4.61(2)(s) 0.060 -

Ps23 /255 4.614 0.058 4.614 (25%)
D923} 4.62(0)(s) 0.058 -

P10234 4.624 0.061 -

P23} 4.63(0)(s) 0.060 -

23} 4.632 0.060 4.632 (23})
D123 4.64(0)(s) 0.059 -

P223} 4.64(9)(s) 0.061 -

P3232 4.65(6)(s) 0.061 -

P4232 4.659 0.058 -

ps232 4.66(4)(s) 0.057 -

P6233 4.667 0.058 -

p7232 4.67(3)(s) 0.061 -

Ps23} 4.67(5)(s) 0.061 -

P9233 4.680 0.060 -

P10233 4.68(3)(s) 0.059 -

P11233 4.688 0.058 4.689 (19))

/19

232 /18) 4.690 0.058 4.691 (18})
123} 4.701 0.061 -

p2233 4.70(9)(w) 0.060 -

P3233 4.718 0.062 -

pa233 4.72(4)(s,w) 0.065 -

Ps233 4.72(5)(s,w) 0.061 -

P6233 4.72(7)(w) 0.060 -

p7233 4.73(2)(s,w) 0.059 -

Ps233 4.73(3)(w) 0.058 -

D9233 4.74(0)(b) 0.060 -

P10233 4.74(2)(b) 0.059 -

11235 4.74(9)(w) 0.061 -

233 4.75(0)(w) 0.060 -

P123] 4.760 0.059 -

2234 4.766 0.057 -

P323¢ 4.778 0.060 -

pa238 4.77(9)(w) 0.055 -

Ps23§ 4.78(4)(w) 0.059 -

P623¢ 4.78(6)(b,w) 0.059 -

p723§ 4.79(2)(s) 0.060 -

Ps234 4.79(7)(s) 0.064 -

Po23§ 4.79(8)(b) 0.058 -

P1023% 4.80(3)(s) 0.061 -

p11234 4.80(5)(w) 0.056 -

233 4.80(8)(W) 0.058 -

P1233 4.820 0.060 -
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Table 2 (continued)

This work Previous work [17]
assignment energy AE (v23) (assignment)
P223 4.82(5)(w) 0.059 -
P3235 4.84(3)(w) 0.065 -
P4233 4.84(4)(w) 0.065 -
Ps233 4.84(8)(s,w) 0.064 -
D623} 4.85(3)(s,b) 0.067 -
7233 4.85(5)(s,b) 0.063 -
Ps23; 4.85(6)(s,b) 0.059 -
D923 4.86(2)(s,w) 0.064 -
P1023 4.86(8)(w) 0.065 -
123§ 4.87(7)(s) 0.057 -
P2238 4.88(8)(b,w) 0.063 -
P323§ 4.90(1)(s,w) 0.058 -
Pa23§ 4.90(7)(s,w) 0.063 -
Ps235 4.91(2)(b,w) 0.064 -
P6235 4.91(4)(b,w) 0.061 -
p7235 4.91(5)(s) 0.060 -
ps238 4.92(2)(w) 0.066 -
P9235 4.92(8)(w) 0.066 -
p123] 4.93(6)(s,w) 0.059 -
p223} 4.94(2)(s,w) 0.054 -
p323) 4.96(5)(s,w) 0.064 -
P423] 4.97(0)(s,w) 0.063 -
p523) 4.97(3)(s,w) 0.061 -
P623) 4.97(7)(s,w) 0.063 -
p723} 4.98(0)(s,w) 0.065 -
AE 0.060

2 (s) shoulder structure; (w) weak feature; (b) broad feature (the last decimal
of the energy value is given in brackets for these less-resolved features);

assigned to the main vibrational modes C-H stretching (CH3), vy(d),
C-H in-plane bending, vi4(d)/v;;(d), and C-Cl stretching (C-CHs
stretching and C-C in-plane bending), v, (a’) (Table 3). The band also
contains features assigned to the lowest-lying Rydberg members (4s)
and their associated fine structure converging to (6a)! X24” and
(5a")7 A 24" states (see Section 5.4). Additional assignments within the
second absorption band include some quanta of the C=C, v, (a'), and
C-C, v; (d), stretching modes.

The relatively broad nature of the features may be indicative of a
more valence character, however, the one order of magnitude lower
oscillator strength (Table 1) relative to the next valence contribution,
(5 A X 'A’), may also render a Rydberg character (Section 5.4), the

latter predicted by the calculations as (6 'A"<X 'A’) at ~6.403 eV with
an oscillator strength f;, ~ 0.0011 (see Table S1).

The most intense absorption band with a maximum at 6.64(4) eV and
a cross-section of 195.83 Mb (Fig. 1) is assigned to a valence 27*(8a")«
a/na(5a’) + 1a*(7a")<r/nq(6a’), (5 '"A'<X 'A)  transition with an
oscillator strength fi, ~ 0.5690; the calculations also predict a valence
transition with the same character, 17*(7a")«<z/ng(5a") + 27*(8a")«
a/na(6a’), (5'A'«<X'A"), with an oscillator strength value of fi ~
0.3781, although at a slightly lower energy (6.384 eV) than the former
(6.479 eV). These transitions are indicated in Table 1.

We also note from the EOM-CCSD/aug-cc-pVDZ calculation in
Table S2 that a Rydberg character is not expected to contribute to the
spectrum. However, the quantum defects obtained for the features in
this absorption band suggest the presence of Rydberg series converging
to the different ionisation energies (see Section 5.4). This is in agreement
with the TD-DFT result in Table S1 for the (7 'A"<X 'A") transition at
~6.587 eV and fi, ~ 0.0124. The 03 origin band is assigned at 6.50(5) eV
and shows two quanta of C-H in-plane bending, v|¢(a)/v;,(d’) modes
(Fig. 3 and Table 3).
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5.2. The 7.0-9.4 eV photon energy range

This energy range comprises four electronic transitions centred at
7.398, 7.986, 8.372 and 8.920 eV (Figs. 1, 4 and 5), which are assigned
to valence and mixed valence-Rydberg transitions with cross-section
values of 25.38, 24.05, 32.78 and 50.39 Mb, respectively (Table 1).
The calculations show that the lowest electronic state is manly valence,
although it may contain 14 % of Rydberg-like character. However, some
of the features have been assigned to Rydberg series converging to the
ionic electronic ground and ionic electronic first excited states (Table 4).
The 08 origins of these bands are at 7.395, 7.86(2), 8.13(3) and 8.920
eV, and are accompanied by excitation of C-H stretching (CHs), v (a')
and C-H in-plane bending, v|¢(a’)/V),(d’) modes, with mean energy
values of 0.360 and 0.136 eV (Tables 4 and 5).

5.3. The 8.7-10.8 eV photon energy range

The absorption features in this photon energy region are classified as
valence and Rydberg (Section 5.4) with extensive vibrational fine
structure. An expanded plot of the current measured photoabsorption
spectrum is presented in Fig. 5, with our proposed assignments sum-
marised in Tables 4 and 5. In this energy region, the features appear too
broad for the major Rydberg character, which are expected to be nar-
rower. This is due to their energy positions being superimposed either on
the vibrational progressions of other Rydberg series contributing to the
spectrum or on valence states. The only assigned valence excited state,
60 (31a) —0cc/c(26d), (35 'A'X 'A’), has a 0 transition at 9.9(0) eV,
with a cross-section of 70.89 Mb. From the calculations in Table 1, the
other transitions have been assigned to Rydberg 3p'(30d’) «occ/ci(26d)
+3d" /7*(13d")~7/na(5d"), (30 '"A' <X 'A'),  45(28a)«0cc/cu(23d) +
3d(32d)«n(3d"), (61 "A'«<X'A") and 4p(29d)«occ/cu(23d), (66 A’
<X 147), with oscillator strengths of ~ 0.0676, ~ 0.05436 and ~ 0.1096,
respectively, and they show relevant fine structure superimposed on a
diffuse background. The absorption bands appear to be superimposed on
an underlying absorption continuum that may be attributed to the
dissociative character of the 6f;(31a’)«0¢c/c(26d) transition, as well
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as the photoionisation contribution of the (6a)! X2A” and
(Sa”)'lg 2A’ionic states. The transitions are accompanied by fine struc-
ture, which will be discussed below in Section 5.4 for the main modes
being active in those electronic states.

5.4. Rydberg transitions

The Rydberg transitions converging to the different ionic states of 2-
chlorotoluene have been tentatively assigned in Table 6 according to the
position of the features and the quantum defects obtained from the

R

Rydberg formula, i.e., E, =IE — o where IE is the ionisation energy

of a given MO, n is the principal quantum number of the Rydberg orbital
of energy Ey, R is the Rydberg constant (13.61 eV), and § is the quantum
defect resulting from the penetration of the Rydberg orbital into the
core.

The Rydberg character of the absorption features in the spectrum is
prominently observed above 5.6 eV, with their intensities decreasing as
n increases. The fine structure noted in the photon energy region of the
Rydberg series (Fig. 3-5), shows upon a close inspection that most of the
vibronic transitions appear particularly enhanced. No previous works
have provided Rydberg assignments for 2-chlorotoluene, and so the fine
structure discernible on the different Rydberg transitions up to 10.8 eV,
which are listed in Tables 3-5, are the most complete analysis to date. In
Tables 4 and 5, we note that the assignment of some of the electronic
transitions provided by the calculations are not in agreement with the
suggested Rydberg states obtained from the quantum defects estimate.
As an example, we note in Table 4 that the calculated (15 'A'<X 'A’)
transition yielding 4p'(30d’)/4p(294d'), does not match the experimental
feature at 7.86(2) eV which rather has been assigned to 5p’(6a”)’1
(Fig. 4).

The lowest-lying Rydberg transition (n = 3) converging to the ionic
electronic ground state IEj, (6a")’1, is assigned to the (4s<6a") excita-
tion, with the first member at 5.703 eV and having a quantum defect § =
1.96. Other higher-order Rydberg members of the ns series, up ton = 8,
are also reported in Table 6.

The first members of the two np (np«—6a”) and (np'—6a") series have

Table 3
Proposed vibrational assignments of 2-chlorotoluene absorption band in the photon energy range 5.4—6.8 eV®. Energies in eV. See text for details.
assignment energy AE (v7) AE (vg) AE (v7) AE (v16/17) AE (v21)
1n*(7a’) <7 /ne(5a") + 27° (8a") —n/n(6d’), (4 A <X 'A')
09 5.69(3)(s) - - - - -
4s(6a")! 5.703 - - - - —
16 /17 5.83(5)(s) - - - 0.142 -
4s(6a’)"'16 /17§ 5.85(4)(s,b) - - - 0.151 -
16 /173215 5.93(2)(b) - - - - 0.097
6 6.072 - 0.379 - - -
16 /1732137, 6.13(3)(b) - - 0.201 - -
16 /17313 6.21(6)(s) 0.381 - - . -
16 /17421473 6.33(1)(s,w) - - 0.198 - -
4s(5a") ! 5.93(2)(b) - - - - -
16 /17 6.072 - - - 0.140 -
16 /172 6.21(6)(s) - - - 0.144 -
27*(8a")«x(5a") + 17" (7d" ) n/ngi(6d"), (5 'A' <X 'A)
03 /4p(6a’) " 6.50(5)(s) _ _ B B -
16 /17, 6.64(4)(b) - - - 0.139 -
16 /172 6.77(9)(b) - - - 0.135 -
/4p'(6a)™!
AE 0.381 0.379 0.200 0.142 0.097

2 (s) shoulder structure; (b) broad structure; (w) weak feature (the last decimal of the energy value is given in brackets for these less-resolved features);
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Table 4

Journal of Molecular Structure 1326 (2025) 141045

Proposed vibrational assignments of 2-chlorotoluene valence and mixed valence-Rydberg series converging to the different ionic states in the photon energy range

6.1—8.9 eV“. Energies in eV. See text for details.

assignment energy AE (vg) AE (v16/17) AE (v21)
4p(5a’)! 6.90(7)(s,w) - - -
16/17; 7.05(3)(s,w) - 0.146 -
16/172 7.18(3)(s) - 0.130 -
16/173 7.32(3)(s) - 0.140 -
16/17; 7.45(3)(s) - 0.130 -
16/175 7.59(5)(s) - 0.142 -
17*(7a’) /27" (8a") «-n/ngi(4a’) + 37" (10a") =x/ng(6a’), (11 'A' <X 'A)
03/3d (6a")* 7.395 - - _
16/17 /5s(6a") 7.53(0)(b) - 0.135 -
16/172 7.66(5)(b) - 0.135 B
65/5p(6a’) ! /3d (5a") ! 7.74(4)(b) 0.349 - -
16/173 7.80(5)(s) - 0.140 -
16/173 7.940 - 0.135 -
16/175/4d (6a") 8.08(5)(w) - 0.145 -
62/6s(6a") " 8.11(4H)(w) 0.370 - -
16/175/6p(6a’) " 8.22(2)(s,w) - 0.137 -
5p(6a’) " /3d (5a")! 7.74(4)(b) - - -
16/173 7.89(2)(w) - 0.148 -
16/172 /4d(6a") " 8.030 - 0.138 -
16/173/4d(6a") 116/17} 8.178 - 0.148 -
4p/(30d)/4p(29d ) <Tigi /occ(27d ) + 377 (10a") <7 /nci(5a"), (15 'A' X 'A)
03/5p'(6a") 7.86(2)(s,w) - - -
16/17; 7.986 - 0.124 -
16/172/6s(6a") " 8.11(4H)(w) - 0.128 -
16/173/5p/(5a") ' /6s(6a") 116/17% 8.23(5)(s,w) - 0.121 -
4d(6a’)! 8.030 - - _
213 8.11(4H)(w) - - 0.084
16/17; 8.178 - 0.148 -
7d/n* (12 )<z /ng(6a") + 17* (7d")<n(3d"), (19 'A' X A
03/5p(5a’) ! 8.13(3)(s,w) - _ _
16/17; 8.268 - 0.135 -
5d(6a’)"! /4d(5a") " /16/172 8.39(7)(s) - 0.129 -
7p'(6a") " /16/173 /5d (6a") " /4d(5a") *16/17} 8.527 - 0.130 -
4s(4a’)! 8.178 - - _
16/175 8.31(6)(s) - 0.138 -
4d (5d')"' /16/173 8.460 - 0.144 -
5d(6a")"! 8.372 - - _
21} /4d(5a") ' /16/172 8.460 - - 0.088
16/17 8.507 - 0.135 -
212/4d (5a") "' /16/17221} 8.548 - - 0.088
213/16/172/4d (5a") ' /16/17%212 8.63(7)(s,w) - 0.130 0.089
213/16/172/4d (5a") ' /16/17%212 8.73(4)(s) - - 0.097
215/16/172/4d (5a") ' /16/17%212 8.82(1)(s) - - 0.087
7s(6a")" 8.443 - _ _
213/7p'(6a") " 8.527 - - 0.084
212 /6p(5a") ! /7p (6a") 121} 8.60(7)(s) - - 0.080
8s(6a")" 8.58(9)(w) - - -
213 /7d(6a") " /6p'(5a") ' /4p(27d) ! 8.670 - - 0.081
212/7d(6a") 21} /6p'(5a") 1218 /4p(27d) 121} 8.750 - - 0.080
213 /7d(6a") 212 /6p (5a") 1212 /4p(27d) 1 213 8.82(5)(s) - - 0.075
8p(6a’) " 8.622 - - _
21%/9p(6a") " /4s(26a) " 8.707 - - 0.085
16/175/5d(5a") ! 8.750 - 0.128 -
212/7s(5a") " /9p(6a’) 121} /4s(26d) 121} 8.79(6)(s) - - 0.089
AE 0.360 0.136 0.085

@ (s) shoulder structure; (w) weak feature; (b) broad structure (the last decimal of the energy value is given in brackets for these less-resolved features);

absorption features at 6.50(5) eV and 6.77(9) eV (6 = 1.65 and 1.50).
Table 6 also includes two nd (nd<6d") and (nd <6a") series (n = 3-7),
where the n = 3 features have been assigned at 7.20(0) and 7.395 eV (§
= 0.22 and 0.05). Other transitions to the nd and nd Rydberg members,
up to n = 7 and 6, are also discernible. The features at 7.74(4), 8.707,
8.771, 8.670 and 8.39(7) eV can also be assigned to 3d’(5a")7}, 4s

(26a)7}, 5d’(5a") 7Y, 6p’(5a”) /4p(27a) ! and 4d(5a") .

The Rydberg series converging to the ionic electronic first excited
state IE, (5a")), are listed in Table 6, and have been assigned to the (ns,
np,np’,nd,nd «5a") transitions. The first members of these series (either
n =4 or n = 3) are associated with features at 5.93(2) eV (5 = 2.00), 6.90
(7) eV (6 =1.63),7.19(2) eV (6 = 1.48), 7.59(5) eV (6 = 0.20) and 7.74
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Table 5
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Proposed vibrational assignments of 2-chlorotoluene valence and Rydberg series converging to the different ionic states in the photon energy range 8.8—10.8 eV".

Energies in eV. See text for details.

assignment energy AE (vg) AE (v16/17) AE (v21)
4p(29d ) —0cc/ci(25@) + 4p/3d (34d) Mg [occ(27d), (27 'A' <X 'A')
4s(25a) 7! /6d(5a") 8.920 - - -
16/17; 9.04(7)(b) - 0.127 -
65 9.26(3)(b,w) 0.343 - -
62/5s(27a) ! /3d (27d) ! /4p(26d) 9.61(5)(b) 0.352 - -
8s(5a") ! /6d (5a") ' /4p' (27d) ! 8.95(5)(s) - - -
213 /7d(5a") " /4p(4d’) ! 9.04(7)(b) - - 0.092
212/7d(5a") 21} /10p'(5a") ! 9.14(7)(b,w) - 0.130 0.100
4p(4a’)! 9.04(7)(b) - - -
60/4p'(4a')”! 9.39(6)(s,w) 0.349 - _
62/4p (4a’) 16} 9.74(3)(s,w) 0.347 - -
63/4p'(4a’) 162 10.08(8)(s) 0.345 - -
6316/175 /4p (4d") ' 6316/17} 10.21(3)(w) - 0.125 -
6316/173213 /4p (4a") ' 6316/175 /213 10.30(2)(s) - - 0.089
3p/(30d ) occ/ci(26d) + 3d" /n* (13a" ) n/nei(5a"), (30 'A' <X 1A4")
4s5(3a")7" 9.51(5)(s) - _ _
213 /55(27d) 1 /3d (27d) ! /4p(26a) " 9.61(5)(b) - - 0.100
65 9.86(0)(b,w) 0.345 - -
0501(31d) —occ/a(26d), (35 wex A')
45(28a)—occycn(23d) + 3d(32d ) «n(3d"), (61 'A' X A4')
03/5p(27a) " /4p'(26a) ! 9.90(0)(s) - - -
213 9.98(3)(s) - - 0.083
212 10.064 - - 0.081
6p'(27d) 7" /3d (26d) " 10.45(4)(s,w) - _ _
2124s5(23d) ' /16/17} 10.58(3)(b,w) - 0.129 -
16/175/6d(27d) ! 10.707 - 0.124 -
5d(27d)7! 10.52(5)(s) - _ _
16/175/7p/ (27d) ! /6s(4a’) " /4d (4d") "' /3d (254) " 10.66(5)(w) - 0.140 -
75(27a) 7! /4d(4a’) " /4p (3a’) 10.60(6)(s) - - _
16/175/8s(27d) " 10.73(9)(s) - 0.133 -
4p(29d ) —0ccycu(23d), (66 'A' <X 'A')
4s5(23d)7! 10.41(5)(s) - _ _
21} 10.498 - - 0.083
212 10.58(3)(b,w) - - 0.085
213 /70 (27d) ! /6s(4a’) "t /4d (4a") ! /3d (25d) ! 10.66(5)(w) - - 0.082
21¢/8s(27d) 7! 10.73(9)(s) - - 0.074
65 10.75(8)(s) 0.343 - -
AE 0.346 0.130 0.087

@ (b) broad structure; (w) weak feature; (s) shoulder structure (the last decimal of the energy value is given in brackets for these less-resolved features);

(4) eV (6 = 0.04) (Table 6). We note that features at 8.95(5) and 8.920
eV can also be assigned to 6d’(5a”)’1/4p’(27a’)’1 and 4s(25a") 7.

The Rydberg series converging to the ionic electronic second excited
state IEs, (25a)7}, have been assigned to the (ns,np,np’,nd, nd —27d)
transitions. The first members of these series (either n = 4 or n = 3) have
features at 7.71(3) eV (6 = 2.00), 8.670 eV (6 = 1.64), 8.95(5) eV (6 =
1.49), 9.39(6) eV (5 = 0.18) and 9.61(5) eV (5 = -0.02) (Table 6). The
features at 9.39(6), 9.61(5), 9.90(0), 10.00(7), 10.23(4), 10.41(5),
10.45(4), 10.60(6) and 10.66(5) eV can also assigned to the Rydberg
4p’(4a”)t, 3d’(27a) L /4p(26a)7!, 4p’(26a°) L, 5s(4a") L, 4d’(27a) " /4p
(3a") 1/4s(24a)!, 5p’(4a’yl/3d(26a) 1 /4s(23a) !, 3d’(26a)7Y, 4d
(4a"y! and 6s(4a")!/4d’ (4a")"L/3d (25a) L.

The Rydberg series converging to IE4, (4a”)™, IEs, (26a)}, and IEs,
(26a)%, have been assigned to the (ns,np,np’,nd, nd —4d’"), (ns,np,np/,
nd,nd «<26d) and (ns,nd <25d) transitions. These Rydberg series show
only a few members up to n = 6 (Table 6).

Finally, Table 6 lists the Rydberg series converging to IE;, (3a")7},
IEg, (24a’)‘1, and IEo, (23a’)'1, and have been assigned to the (ns, np,
np'<3a"), (ns<24a’) and (ns<23a’) transitions.

The absorption spectrum containing the Rydberg excitations is rich
in fine structure from the different vibronic transitions, with detailed

assignments in Tables 3-5. The most representative contributions are
from the C-H stretching (CHs), v,(d), C-H in-plane bending,
V16(d)/Vy7(d), and C-Cl stretching (C-CHg stretching and C-C in-plane
bending), v, (¢') modes. The assignments of vibrational features asso-
ciated with most of the transitions that involve progressions in v,y and
v, have been labelled 16/17}, due to similar values (almost degenerate)
of their activation energies in the neutral electronic ground state [13,14]
(see also Table S3). In Tables 3/4/5, the vibronic assignments of the
Rydberg series converging to the different ionic states show progressions
and combination bands involving vy, V¢/1, and vy, with average fre-
quencies of 3057,/2904/2791 cm™? (0.379/0.360/0.346  eV),
1145/1097,/1049 cm™ (0.142/0.136,/0.130 eV) and 782/686,/702 cm™*
(0.097/0.085/0.087 eV), respectively, relative to their values in the
neutral ground state, 3032.8 cm™ (0.376 eV), 1173.5/1147.4 cm™
(0.146/0.142 eV) and 810.5 cm™ (0.101 eV).

5.5. Potential energy curves along the C=C, C-H and C-Cl coordinates

The potential energy curves (PECs) for the nine lowest-lying singlet
excited states of 2-chlorotoluene, plotted following the vibrational
modes C=C stretching, V,(d’), C-H in-plane bending, v|,(d), and C-Cl
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Table 6
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Energy values (eV), quantum defects (5) and assignments of the Rydberg series converging to (6a")* X 24", (5a") 1A 24’, (27a) ' B, (4a"y ! C2A’, (26a) ' DA/,
(25a) T E 24, (3a) ' F2A’, (242)' G4’ and (23a)' H 24’ of 2-chlorotoluene. See text for details.

E, 5 assignment E, S assignment E, S assignment
IE; = 8.96 eV (6a")" IE; = 9.33 eV (5a") " IE; = 11.11 eV (27d) "

(ns < 6d") (ns < 5d") (ns < 27d)

5.703 1.96 4s 5.93(2)(b) 2.00 4s 7.71(3)(w) 2.00 4s
7.53(0)(b) 1.92 5s 7.82(0)(s) 2.00 5 9.61(5)(b) 1.98 5s
8.11(4H)(w) 1.99 6s 8.483 1.99 6s 10.23(4)(s,b) 2.06 6s
8.443 1.87 7s 8.79(6)(s) 1.95 7s 10.60(6)(s) 1.81 7s
8.58(9)(w) 1.94 8s 8.95(5)(s) 1.98 8s 10.73(9)(s) 1.94 8s
(np < 6d") (np < 5d") (np < 274)

6.50(5)(s) 1.65 4p 6.90(7)(s,w) 1.63 4p 8.670 1.64 4p
7.74(4)(b) 1.65 5p 8.13(3)(s,w) 1.63 5p 9.90(0)(s) 1.65 S5p
8.22(2)(s,w) 1.71 6p 8.60(7)(s) 1.66 6p 10.41(5)(s) 1.58 6p
8.483 1.66 7p 8.85(6)(s,w) 1.64 7p - - -
8.622 1.65 8p - - - - - -
8.707 1.67 9p - - - - - -
(np’ < 6a") (np’ < 5d") (np’ < 27a)

6.77(9)(s) 1.50 4p’ 7.19(2)(s) 1.48 4p’ 8.95(5)(s) 1.49 4p’
7.86(2)(s,w) 1.48 5p’ 8.23(5)(s,w) 1.47 5p’ 10.00(7)(s,w) 1.49 5p’
8.296 1.47 6p’ 8.670 1.46 6p’ 10.45(4)(s,w) 1.45 6p’
8.527 1.39 7p’ 8.87(8)(s) 1.51 7p’ 10.66(5)(w) 1.48 7p’
8.63(7)(s,w) 1.51 8p’ 9.01(7)(s,w) 1.41 8p’ - - -
_ _ 9p’ _ _ _ _ _ _
8.771 1.51 10p’ 9.14(7)(b,w) 1.38 10p’ - - -
(nd < 6d") (nd < 5d") (nd < 274)

7.20(0)(s,w) 0.22 3d 7.59(5)(w) 0.20 3d 9.39(6)(s,w) 0.18 3d
8.030 0.17 4d 8.39(7)(s) 0.18 4d - - -
8.372 0.19 5d 8.750 0.16 5d 10.52(5)(s) 0.18 5d
8.56(0)(s) 0.17 6d 8.920 0.24 6d 10.707 0.20 6d
8.670 0.15 7d - - - - - -
(nd’ « 6a") (nd’ < 5a") (nd’ « 27d)

7.395 0.05 3d’ 7.74(4)(b) 0.04 3d’ 9.61(5)(b) -0.02 3d’
8.08(5)(w) 0.06 4d° 8.460 0.05 ad 10.23(4)(s,b) 0.06 4d°
8.39(7)(s) 0.08 5d 8.771 0.07 5d° - - -
8.58(0)(s,w) 0.02 6d’ 8.95(5)(s) -0.02 6d’ - - -
- - - 9.04(7)(b) 0.07 7d’ - - -
IE, = 11.52 eV (4a’)" IEs = 12.04 eV (26a) " IEg = 12.23 eV (25d) "

(ns < 4d") (ns < 26d) (ns < 25d)

8.178 1.98 4s 8.707 1.98 4s 8.920 1.97 4s
10.00(7)(s,w) 2.00 5s - - - - - -
10.66(5)(w) 2.01 6s - - - - - -
(np « 4d") (np « 26d) (np < 25d)

9.04(7)(b) 1.65 4p 9.61(5)(b) 1.63 4p - - -
10.30(2)(s) 1.66 5p - - - - - -
(np’ « 4d") (np’ « 26d) (np’ < 25d)

9.39(6)(s,w) 1.47 4p’ 9.90(0)(s) 1.48 4p’ - - -
10.41(5)(s) 1.49 5p’ - - - - - -
(nd < 4a") (nd < 26ad’) (nd < 25d)

- - 3d 10.41(5)(s) 0.11 3d - - -
10.60(6)(s,w) 0.14 4d - - - - - -
(nd’ « 4a") (nd’ < 26a’) (nd’ « 25d)

9.95(9)(s,w) 0.05 3d’ 10.45(4)(s,w) 0.07 3d’ 10.66(5)(w) 0.05 3d
10.66(5)(w) 0.01 4d’ - - - - - -
IE; = 12.70 eV (3a’)! IEg = 13.54 eV (24d) ! IE; = 13.81 eV (23d) !

(ns < 3d) (ns < 24d) (ns < 23d)

9.51(5)(s) 1.93 4s 10.23(4)(s,b) 1.97 4s 10.41(5)(s) 2.00 4s
(np < 3d")

10.23(4)(s,b) 1.65 4p - - - - - -
(np’ < 3d")

10.60(6)(s,w) 1.45 4p’ - - - - - -

4(b) broad structure; (w) weak feature; (s) shoulder structure (the last decimal of the energy value is given in brackets for these less-resolved features);

stretching, v, (@) (in a units), are shown in Fig. 6. These were calcu-
lated at the TD-DFT/B3LYP/aug-cc-pVDZ level of theory in the C;
symmetry group while allowing all atoms to relax following the
respective mode. Although unambiguous assignments of the absorption
features were not possible for the almost degenerate C-H in-plane
bending modes, v;4(a’) and v, (a'), with ground state energies of 0.144
and 0.140 eV (1158 and1129 cm‘l), for the present discussion on the
nuclear dynamics governing the nature of those electronic states, we
show v}, (d’) only.

Fig. 6 shows that all states have bound characters within the three
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reaction coordinates. The second singlet-singlet electronic transition in
the photoabsorption spectrum assigned to 2z*(7d’)«x/ng(6a’) +
17°(7d")n/nq(6d’) + 17*(7d ) <x/na(5a"), (3 'A' <X 'A’) shows some
quanta mainly due to C=C stretching, v, (a’), C-H in-plane bending,
Vie(d)/Vi,(d), and C-Cl stretching, v, (a') modes (Table 3). This is in
agreement with the structure mostly noted in the 5.4-6.8 eV energy
region of the VUV photoabsorption spectrum (Fig. 3). Moreover, the
PECs exhibit some avoided crossings for the majority of the computed
states. This may imply that in the adiabatic description, as the
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Fig. 6. PECs for the nine lowest-lying singlet excited states of 2-chlorotoluene following the C=C stretching, v,(a’), C-H in-plane bending, v;,(a’), and C-Cl
stretching, v,, (a') modes (in ap units). The calculations were performed at the TD-DFT/B3LYP/aug-cc-pVDZ level of theory in the C; symmetry group. See text

for details.

displacement along each vibrational mode is changed, a change from in
the initial character to the final character is achieved. In order to check
this assumption, we have also plotted in Figures S5-S7 the character of
some of the electronic transitions from the ground state to each state,
together with their major contributions, at different interatomic dis-
placements. As far as C=C stretching, v, (a’) is concerned, we also show
three different snapshots in Fig. S5 (a)-(c).

The second excited electronic state is shown in Fig. 6 by a red colour
as “State 2". The avoided crossings are at ~ 0.5 ag for C=C stretching,
v, (d’) and C-H in-plane bending, v, (a’), modes while at ~ -0.25 ag for
C-Cl stretching, v,;(d’) mode. In Figs. S5 (a)-(c) the state is kept n*
across the entire displacement range, although from different LUMOs,
thus rendering valence character for the vibronic transition along the
C=C stretching, v, (a’) mode. However, for the C-H in-plane bending,
V;,(d’) mode in Fig. S6, as the avoided crossing is reached, the initial 7*
antibonding character changes to Rydberg, which is clearly visible at a
geometry of +0.6 ag (Fig. S6). It is also interesting to note that internal
conversion from initial Rydberg to valence character is noted for the PEC
along the C-Cl bond (Fig. S7) at no change of the normal coordinate.
While compressing the bond at a geometry of -0.7 ag the Rydberg nature
of the MO prevails, in the interatomic equilibrium distance, the valence
character is attained. This is certainly expected given the relevance of
the o* antibonding character yielding C-Cl bond excision, in good
agreement with the calculated transition energy of 6.403 eV with an
oscillator strength of ~0.0011 and assigned to ¢} (31d)<x/ng(6a"),
(6 'A"<X 'A’) in Table S1.

The higher energy states (labelled in Fig. 6 as 6, 7, 8 and 9) are
almost degenerate at the equilibrium distances, which is not surprising
given that they originate from the same MOs, i.e., either the HOMO (ng
/x, 6a") or the HOMO-1 (zc—c/ng, 5a"). However, states 5 and 6, at
energies > 6.5 eV, cross slightly above the equilibrium internuclear
distance. Such behaviour may result in a relevant adiabatic character,
which is responsible for the internal conversion either from valence to
Rydberg or vice-versa in the asymptotic limit, as relative displacements
ARc_c and AR¢ ¢ are stretched away from their equilibrium distance.
We also note that the higher-lying energy states labelled 7, 8 and 9 cross
close to the AR¢c_¢ equilibrium distance where avoided crossings in the
Franck-Condon region can take the system through states which lead to
a valence character along the C=C stretching bond. The different avoi-
ded crossings may indicate conical intersections in the full multi-
dimensional landscape, that will be worth investigating but are not
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within the scope of the present work.

5.6. Absolute photoabsorption cross sections and atmospheric photolysis

We report the absolute ultra-violet photoabsorption cross-sections of
2-chlorotoluene in the photon energy region 4.0-10.8 eV, with Table 1
listing the major electronic transitions and their values in units of Mb.
Previous study of the vacuum ultraviolet photoabsorption has covered
the wavelength region 172.2 to 279.1 nm (4.4 to 7.2 eV) [20], and is
found to be in reasonable agreement with the present cross-sections in
magnitude at 4.679 eV (265 nm) and 6.078 eV (204 nm). However,
Shama [20] reports the highest cross-section value of ~ 230 Mb at ~6.5
eV (190 nm) which is 17 % higher than our value of 195.83 Mb.

From the absolute photoabsorption cross-section values in combi-
nation with the NASA solar actinic flux data [33], we can estimate the
atmospheric photolysis of 2-chlorotoluene from 0 km altitude up to the
limit of the stratopause (50 km altitude). We have reported this meth-
odology before and details of it can be found from the work of
Limao-Vieira and co-workers [34]. The quantum yield for dissociation is
assumed to be 1.0 for C-Cl bond excision, although the single available
photodissociation work of Gu et al. [12] gives no indication about such
value. Photolysis lifetimes of less than 1 sunlit day were calculated at
altitudes above 23 km. However, at lower altitudes (< 20 km) the
photolysis lifetimes of 2-chlorotoluene can reach several tens of sunlit
days. Mohan et al. [16] and Merga et al. [15] reported gas-phase kinetics
studies for 2-chlorotoluene reactions with the -OH radical, with a rate
value of koy = 1.54 x 107'% cm® molecule ! s™1. According to Mohan
et al. [16], the OH radical is expected to react mainly by addition to the
benzene ring. However, it has to be proven if this type of reaction may
provide the main sink mechanism in the Earth’s atmosphere. Notwith-
standing, our results show that UV photolysis can be a relevant removal
mechanism of any 2-chlorotoluene in the stratosphere.

6. Conclusions

We have obtained a photoabsorption spectrum of 2-chlorotoluene in
the energy range 4.0-10.8 eV (310-115 nm). The absorption features
have been assigned to valence, mixed valence-Rydberg and Rydberg
transitions with the aid of quantum chemical calculations, on the ver-
tical excitation energies and oscillator strengths. The major fine struc-
ture in the spectrum has been assigned to excitation of C-H stretching
(CHs), v¢(d), C-H in-plane bending, vi¢(a)/V};(d’), C-Cl stretching



P.A.S. Randi et al.

(C-CHj stretching and C-C in-plane bending), vy, (a') and C-C in-plane
bending V,;(a’) modes.

The absolute photoabsorption cross-sections have also been used to
estimate photolysis rates in the Earth’s atmosphere from sea-level up to
the limit of the stratosphere (50 km altitude), indicating that solar
photolysis is expected to be a key sink mechanism at altitudes higher
than 23 km. Time dependent density functional theory with aug-cc-
pVDZ basis set has been used to calculate potential energy curves for
the nine lowest-lying singlet excited states of 2-chlorotoluene following
the C=C stretching, V,(a’), C-H in-plane bending, v|,(da’), and C-Cl
stretching, v}, (a) modes. The results show relevant excited state dy-
namics along the potential energy curves of each vibrational mode, with
important avoided crossings responsible for internal conversion from
initial Rydberg states to final valence character and vice-versa.
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