Journal of Photochemistry & Photobiology, A: Chemistry 461 (2025) 116153

Contents lists available at ScienceDirect

Journal of Photochemistry & Photobiology, A: Chemistry

FI. SEVIER

journal homepage: www.elsevier.com/locate/jphotochem

Check for

On the valence shell spectroscopy of 1,2-dichlorobenzene | el

L.V.S. Dalagnol ', S. Kumar "%, A.Souza Barbosa 3 U.8. Akther ® N.C. Jones %%,
S.V. Hoffmann “-°, M.H.F. Bettega **®", P. Limao-Vieira """

@ Departamento de Fisica, Universidade Federal do Parand, Caixa Postal 19044, 81531-980 Curitiba, Parand, Brazil

b Atomic and Molecular Collisions Laboratory, CEFITEC, Department of Physics, NOVA School of Science and Technology, Universidade NOVA de Lisboa, 2829-516
Caparica, Portugal

¢ Chemical Sciences Division, Lawrence Berkeley National Laboratory, One Cyclotron Road, Berkeley 94720, CA, USA

4 ISA, Department of Physics and Astronomy, Aarhus University, Ny Munkegade 120, DK-8000 Aarhus C, Denmark

ARTICLE INFO ABSTRACT

Keywords:
1,2-dichlorobenzene
Cross-sections
Theoretical calculations
Spectroscopy

We report high-resolution vacuum ultraviolet (VUV) photoabsorption spectrum of 1,2-dichlorobenzene in the
photon energy range 4.0-10.8 eV (310-115 nm). The electronic state spectroscopy of ortho-C¢H4Cly has been
investigated together with quantum chemical calculations at different levels of theory, also providing vertical
excitation energies and oscillator strengths. The valence, mixed valence-Rydberg and Rydberg character of the
electronic transitions is accompanied by fine structure which has been mainly assigned to in-plane breathing
with C-Cl stretching, v, (a;), ring breathing and C-C stretching, vg(a1), in-plane ring breathing, v, (a;), C-Cl
symmetric stretching, v|y(a1), and in-plane C-Cl bending v;;(a;) modes. The experimental absolute photo-
absorption cross sections have been used to calculate the photolysis lifetime of 1,2-dichlorobenzene in the Earth’s
atmosphere (0-50 km), showing that solar photolysis is expected to be a weak sink at altitudes lower than 20 km
relative to *OH radical reactions. Potential energy curves for the lowest-lying excited electronic states, as a
function of the C-Cl stretching and in-plane C-Cl bending coordinates, were also obtained employing the time
dependent density functional theory (TD-DFT) method. The results show the importance of the complex quasi-
degenerate nature of the lowest-lying electronic states which in the intricate nuclear dynamics of the reaction
coordinates, yield relevant internal conversion from Rydberg to valence character and in the asymptotic limit
bond excision.

1. Introduction photoabsorption measurements with state-of-the-art quantum chemical

calculations at different levels of theory, have allowed the assignment of

Over the last decade, we have been conducting a thorough investi-
gation into the electronic state spectroscopy of different polyatomic
molecules due to their relevance in different industrial, technological,
atmospheric, interstellar medium and even biological applications [1]
(and references therein), just to mention a few. The knowledge gained
from the combined experimental and theoretical methodologies
employed, viz. high-resolution vacuum ultraviolet (VUV)

* Corresponding authors.

neutral lowest-lying electronic excitations that may lead to bond exci-
sion with neutral radical formation, see e.g. [2-7]. Moreover, such
studies shed light on the underlying molecular mechanisms responsible
for relevant internal conversion, e.g. from Rydberg to valence, that
govern the rather complex nuclear dynamics within the multidimen-
sional molecular landscape. The most recent cases are formic acid [8]
and 2-chlorotoluene [9] molecules.
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Chlorobenzene and its derivatives are of interest to the international
scientific community for their wide application as precursors to other
compounds used in chemical and pharmaceutical industries [10-12].
Such halogenated chemical compounds are also known to be potentially
toxic when disposed of in the environment, contributing to soil,
groundwater and surface water contaminations [13,14], despite being
toxic to human beings. 1,2-dichlorobenzene or ortho-dichlorobenzene
(0-CgH4Cly) is a special case of a molecular compound used as a solvent
in organic photovoltaic devices for large-scale commercial use [14,15],
also posing a relevant concern as to its environmental impact [14-16]. A
literature survey shows no detailed description of the electronic states of
1,2-dichlorobenzene in the ultraviolet photon energy region, as in the
present study. Therefore, this information is needed for a description of
the molecular structure, but more relevant to assign the nature of the
lowest-lying electronic states. The 1,2-dichlorobenzene molecule has
been investigated by gas-phase VUV absorption in the energy range from
43 000 to 60 000 cm ™! (5.331 to 7.439 eV) [17], infrared and Raman
spectroscopy [18] and rate constants for its reactions with *OH radicals
[13]. The lowest-lying ionisation energies have been reported by He(I)
photoelectron spectroscopy [19-21], photoionisation [22], Penning
ionisation electron spectroscopy [23] and charge-transfer equilibrium
constant measurements [24]. Also relevant to the present work, is mass-
analysed threshold ionisation spectroscopy reporting vibrationally
resolved spectra of the first electronically excited state and the cation
ground-state [16]. We note the recent experimental and theoretical
work on the geometrical effect of ortho positions in C¢Clg and 1,2-
CgH4Cly yielding Cl; without any energy constraints from electron
transfer experiments, while Cl, formation was reported to proceed in the
neutral system through a < 2.0 eV energy barrier [25].

The present work combines novel experimental and theoretical
methods on the nature of the electronic states of 1,2-dichlorobenzene.
High-resolution VUV radiation in the photon energy range from 4.0 to
10.8 eV has been provided from a synchrotron light source to obtain
absolute photoabsorption cross-sections, while time-dependent density
functional theory (TD-DFT/CAMB3LYP/aug-cc-pVDZ) calculations
provide energies and oscillator strengths for the lowest-lying neutral
states. The 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). Finally, potential energy curves were obtained for the
ten lowest-lying excited singlet states, plotted following the C-Cl
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stretching and in-plane C-Cl bending modes, while allowing all other
bond lengths and angles to relax according to the respective mode.

2. Experimental method

The high-resolution VUV photoabsorption spectrum of 1,2-dichloro-
benzene in the energy range from 4.0 eV to 10.8 eV (Figs. 1-5) was
measured at the AU-UV beam line of the ASTRID2 synchrotron facility at
Aarhus University, Denmark. The experiments were performed in an
absorption gas cell end station, which has been described before
[26,27]. Briefly, synchrotron radiation passes through a static gas
sample filled with 1,2-dichlorobenzene vapour at room temperature
with the transmitted light detected by a photomultiplier tube (PMT). At
both ends of the absorption cell, MgF, transmission windows define the
low wavelength detection limit to 115 nm. The gas sample number
density in the absorption cell is obtained by recording the absolute
pressure of 1,2-dichlorobenzene measured by a capacitance manometer
(Chell CDG100D), while the absorption cross-sections were measured in
the pressure range 0.02-1.32 mbar, to achieve attenuations of 50 % or
less and hence avoiding saturation effects.

The Beer-Lambert attenuation law, I, = Ipe("N°), was used to obtain
the absolute photoabsorption cross-sections values, o, in units of meg-
abarn (1 Mb = 10718 cmz), where I is the light intensity transmitted
through the gas sample, Iy is that through the evacuated cell, N the
molecular number density of 1,2-dichlorobenzene, and [ the absorption
path length (15.5 cm). Throughout the collection of each spectrum, the
synchrotron beam current was monitored, and background scans, Iy,
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 normal-
ized 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 [26],
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
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Fig. 1. The high-resolution photoabsorption spectrum of 1,2-dichlorobenzene 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 1,2-dichlorobenzene in the 4.2-5.3 eV photon energy. See text for details.
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Fig. 3. Detail of the photoabsorption spectrum of 1,2-dichlorobenzene in the 5.2-7.4 eV photon energy range with Rydberg series converging to (4b;) ™! X2B;. See

text for details.

was purchased from Sigma-Aldrich, with a stated purity of > 98 %. The
sample was degassed through repeated freeze-pump-thaw cycles before
use.

3. Theoretical methods

The identification of the major electronically excited states of 1,2-
dichlorobenzene has been performed with the help of quantum chemi-
cal calculations at different levels of theory. The molecular and elec-
tronic structures obtained have been crucial to assign the different
features in the photoabsorption spectrum. The vertical excitation en-
ergies and oscillator strengths of the most important electronically

excited states in Table 1 (see also Supporting Material Table S1), were
calculated employing TD-DFT [28,29] with a CAMB3LYP functional
[30], and the aug-cc-pVDZ basis set [31] as implemented in GAMESS-US
computational package [32]. The nature of each excitation was assessed
by visual inspection of the natural orbitals for each transition. The
calculated vertical excitation energy of the lowest-lying excited state at
5.180 eV, is 11 % higher than the experimental value, thus we have
performed additional calculations to check if a better agreement could
be attained. The results from the equation of motion coupled-cluster
with singles and doubles excitations (EOM-CCSD) [33-36], with the
aug-cc-pVDZ basis set as implemented in GAMESS-US [32] are shown in
Table S2. Harmonic frequencies (CAMB3LYP/aug-cc-pVDZ) for the
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Fig. 4. Detail of the photoabsorption spectrum of 1,2-dichlorobenzene in the 7.4-9.3 eV photon energy range with Rydberg series converging to (4by)™! X2B,,

(14by) ! B2B,, (16a;)~* C?A; and (3b;)~* D2B;. See text for details.
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Fig. 5. Detail of the photoabsorption spectrum of 1,2-dichlorobenzene in the 9.0-10.8 eV photon energy range with Rydberg series converging to (14by) ™! BBy,

(16a;) " C2A; and (3b;) " D2B;. See text for details.

neutral electronic ground-state (Table S3), the neutral electronic first
excited-state (Table S4) and the cationic electronic ground-state
(Table S5) have also been obtained.

4. Structure and properties of 1,2-dichlorobenzene

The neutral ground-state, neutral first excited-state and cationic
ground-state geometries of 1,2-dichlorobenzene obtained at the DFT/
CAMB3LYP/aug-cc-pVDZ level, together with their bond lengths (A)
and bond angles (°) are listed in the Supporting Material (Figs. S1-S3).
The calculated outermost electronic configuration of the X!A; ground-
state (Fig. S1) is ... (2b1)? (13bp)? (15a1)° (2a3)® (3b1)? (16a;1)?
(14by)? (3a)? (4bp)?. The ground-state MOs character displayed in

Fig. S4 show the highest occupied molecular orbital (HOMO), 4by, is the
Cl 3p lone pair orbital (n¢) out-of-plane with ring ©(C = C) character.
The second highest occupied molecular orbital (HOMO-1), 3ay, is (ng)
and n(C = C), the (HOMO-2), 14b,, and (HOMO-3), 16a;, are (fi;) in the
molecular plane with o¢¢ character. Other MOs from which electrons
can be excited (HOMO-4), 3b;, and (HOMO-5), 2a,, are (n¢) and (fig),
also both with n(C = C) character, while (HOMO-6), 15a;, and (HOMO-
8), 2bs, are o¢g/occ and Tig/m bonding in character. The major ab-
sorption features in Figs. 1-5 are due to electronic excitations from these
MOs to valence, mixed valence-Rydberg and Rydberg orbitals, with the
calculated dominant excitation energies and oscillator strengths listed in
Table 1 (for the complete set of calculated electronic transitions see
Table S1).
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The most representative calculated vertical excitation energies (TD-DFT/CAMB3LYP/aug-cc-pVDZ) and oscillator strengths of 1,2-dichlorobenzene compared with the

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

1,2-dichlorobenzene E (eV) Cross-section
expt.” (Mb)
State E (eV) f Dominant excitations
XA
217 5180  0.0050  7*(5by)<nq/a(4b1) (63 %) + 7’ (4az) < nei/7(3az) (35 %) 4.626 1.7
1'By 5.784  0.0405  z(4ay)< ng/n(4b1) (65 %) + " (5b1) « nc/m(3az) (33 %) 5.740 25.59
3'A 6.521  0.6503  z"(4ay)« ng/n(3az) (61 %) + 7" (5b1) « ne/x(4b1) (35 %) 6.536 192.01
2B, 6.525  0.0238  4s/o,(17a1)< ng/n(4b1) (57 %) + 4s/0pe(18a1) < ne/x(4b1) (30 %)
41a 7.892  0.0204  4p/n’(6b1)— ng/n(4b1) (54 %) + 0 /0eu(19a1) < Ag/occ(16a1) (13 %) 7.185 25.25
6'A; 8371  0.0815  z(5by)« ng/a(3b1) (63 %) 7.656 21.44
6 'By 8.627  0.0951  5d/z"(5az)<nc/n(4b1) (58 %) + n'(5b1) < Ag/7(2az2) (28 %) 8.475 45.64
10 'B, 9.453  0.0829  4p(15by)< fig1/occ(16ar) (33 %) + 3d/opy(20a1) « figy/occ(14bs) (15 %) + 64 /0py(19a1) < Ag/occ(14by)  9.167 40.52
11 %)
+ 3d(16b,) « fAc/occ(16a1) (11 %) + 6d/x" (6az) « nc/x(4b1) (11 %)
21'B 9.994  0.0557  6s/0y(18ar)< ng/m(4b1) (20 %) + 64 /0cy(19a1) < ng/n(4b1) (18 %) + 6d/0e (19b2) « ney/n(3az) A1 %)  9.343 74.32
16 'B, 10357  0.0742  4d/n" (9b1)« ng/n(3az) (41 %) + 4d/x" (10by) < ngi/x(3az) (12 %) 9.94(1) 69.49
21'A; 10463  0.0553  3d(21a)< fig/occ(16a) (25 %) + 55/64q(18a1) < oca/occ(15a1) (23 %) + 64/ 0cy(19a1) < oca/occ(15a1)
(16 %)
22'A;  10.505  0.0554 7" (Sby)e fig/7(2b1) (81 %)

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

The expanded views of the measured cross-sections in Figs. 2-5 show
fine structure which has been assigned to vibronic transitions, with main
vibrational modes assigned according to the experimental photoelectron
spectrum of Holland et al. [19] and Raman and infrared spectroscopies
of Green [18]. Additional information has been obtained from the
calculation of the harmonic frequencies and labelling in Tables S3-S5.
The main modes have been assigned based on the energies (and wave-
numbers) in the neutral electronic ground-state to 0.140 eV (1130 crn’l)
for in-plane breathing with C-Cl stretching, v;(a;), 0.129 eV (1040
em™Y) for ring breathing and C-C stretching, vg(ar), 0.082 eV (660
cm 1) in-plane ring breathing, vg(ar), 0.060 eV (480 em ™) C-Cl sym-
metric stretching, v{,(a;), 0.025 eV (203 em™Y) for in-plane C-Cl
bending v}, (a;) and 0.105 eV (850 cm ) for C-H wagging ;5 (az). Note
that neutral electronic first excited-state harmonic frequencies from
Table S4 have been also considered in the assignment of the fine
structure. Moreover, for the Rydberg character of the electronic transi-
tions, the main vibrational modes have been assigned from the experi-
mental photoelectron spectroscopy data [19] to 0.136 eV (1097 cm™1)
for in-plane breathing with C-Cl stretching, v;(a;), 0.126 eV (1016
em™) for ring breathing and C-C stretching, vi(a;), 0.079 eV (637
em™}) in-plane ring breathing, Vo(ar), 0.059 eV (476 em ™) C-Cl sym-
metric stretching, ,,(a;) and 0.026 eV (210 cm ™) for in-plane G-Cl
bending v}, (a;) (see Sec. 5.2).

For the assignment of fine structure, we adopt the notation X, with
m and n denoting the initial and final vibrational states for the vibronic
structure (X). Of relevance is that more than one mode may contribute to
the absorption features, implying that the normal mode description of
vibrations is very powerful for the lowest lying excitations, with the
possibility of Fermi resonances. The tentative assignment of the different
Rydberg orbitals has been performed based on the quantum defects and
the ionisation energies (IEs) from the photoelectron data of Holland and
co-workers [19] to be IE; = 9.075 (4by) ™!, IE5 = 11.239 (14by) ", IE, =
11.769 (1 6a1)’1 and IE5 = 11.897 eV (3b1)’1. The MO numbering from
which an electron is removed, is different from Holland’s Hartree-Fock
electronic configuration, however with the same character as in the
present calculations. Also note that no attempt was made to assign
Rydberg series converging to (3:112)’1 (IE; = 9.643 eV) and (2a2)’1 (IEg
= 12.372 eV) because the electronic transitions are dipole forbidden
within the molecule’s Cyy, group symmetry.

5. Results and discussion

The complete photoabsorption spectrum of 1,2-dichlorobenzene in
the energy range 4.0 to 10.8 eV is shown in Fig. 1, with enlarged sections
in Figs. 2-5. The assignments of the different absorption features listed
in Tables 1-6 contain the major electronic excitations (and also vibra-
tional excitations) from the ground-state to valence, mixed valence-
Rydberg and Rydberg character molecular orbitals converging to the
(4b1)~! X2B;, (14by)~! B2B,, (16a;) ' C2A; and (3b;)~! D?B; ionic
electronic states (see Sec. 5.4). All absorption bands exhibit extensive
fine structure in particular for the lowest-lying electronic state in the
photon energy range 4.2-5.3 eV (Fig. 2). In this region, the progressions
have been assigned to the C-Cl symmetric stretching, v;,(a;) mode,
while from 5.2 up to 10.8 eV (Figs. 3-5) the dominant modes are in-
plane breathing with C-Cl stretching, v, (a1), ring breathing and C-C
stretching, vg(a;), in-plane ring breathing, vy(a;), C-Cl symmetric
stretching, v;,(a1) and in-plane C-Cl bending v}, (a;). Throughout the
spectrum, except for the lowest-lying band (4.2-5.3 eV) of valence
character, the photoabsorption features result from the contribution of
several overlapping mixed valence-Rydberg and Rydberg transitions
accompanied by vibrational excitation. The overall effect is reflected in
some sections displaying broader absorption features. The TD-DFT
calculated vertical excitation energies are shown in Table 1 and are
compared with the experimental data. A reasonably good level of

agreement (to within + 9 %) is noted apart from the (21A1 <—)~(1A1)

transition. Additional calculations at a different level of theory were
performed with EOM-CCSD/aug-cc-pVDZ (Table S2), with the molecu-
lar orbitals’ electron densities in Fig. S5. The relevant difference pertains
only to the lowest-lying absorption band at 4.854 eV which shows a
better agreement (< 5 %) with the experimental value at 4.626 eV. The
assignments of the vibrational modes contributing to the spectrum for
each electronic transition are detailed in Tables 2-5.

5.1. The 4.2-5.3 eV photon energy range

The lowest-lying valence transition is assigned to the promotion of
the chlorine lone pair out-of-plane (n¢;) with ring n(C = C) MO to the n*
(4az) and n*(5b;) antibonding orbitals, 7" (5b1 ) «ng/x(4by) + 7" (4az)«
na/7(3az), (21A1 <—)~(1A1>. The vertical excitation energy value of 4.626

eV, with a cross-section of 1.7 Mb, is in good agreement with the EOM-
CCSD calculated value of 4.854 eV (Table S2). The oscillator strength
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Table 2 Table 2 (continued)

Proposed vibrational assignments of 1,2-dichlorobenzene valence and Rydberg This work

series converging to the different ionic states in the photon energy range 4.2 —

5.3 eV". Energies in eV. See text for details. p410§ 4.793)(b,w) 0.056

- ps108 4.79(9)(b) 0.055
This work pslog 4.810 0.058
assignment energy AE (ty) P10 4.815 0.058
7' (5b1)na/x(4b1) + 7' (4az)—na/x(3az), (2141 <X A1 ) 710§ 4.82(0)(5w) 0.059
p1109 4.34(7)(b,w) 0.0 (~0.144) 105 4.82(6)(s,w) 0.055
p2108 4.35(4)(b,w) 0.0 (—0.137) P 108 4.83(4)(w) 0.052
310§ 4.362 0.0 (~0.129) 4103 4.85(0)(b,w) 0.057
4105 4.37(3)(b,w) 0.0 (-0.118) 2107 4.85(5)(w) 0.066
10l 4.396 0.049 ps10] 4.85(8)(s,w) 0.058
2105 4.402 0.048 310§ 4.86(2)(b) 0.063
ps10} 4.410 0.048 P61703 4.873 0.058
Ps10¢/p410} 4.417 ~/0.044 109 4.879 0.053
Ps10° 4.425 _ p110g° 4.89(1)(s) 0.057
100 4.43(0)(s) B p4101° 4.90(4)(b,w) 0.054
o0 4.438 B p2101° 4.91(5)(b,w) 0.060
1103 4.445 0.049 p310y° 4.91(8)(b,w) 0.056
2102 4.451 0.049 ps108 4.92(3)(s,w) 0.055
5102 4.46(0)(s) 0.050 Pe108 4.92(9)(b,w) 0.056
P4103 4.464 0.047 105 4.93(4)(s,) 0.055
5108 4.470 0.0 (~0.021) P110g! 4.94(5)(w) 0.054
6100 4.477 0.0 (~0.014) Pa105" 4.95(9)(w) 0.055
p710§ 4.484 0.0 (~0.007) ps10 4.98(0)(s,w) 0.057
03 4.491 0.0 109 4.99(0)(b,w) 0.056
p1103 4.496 0.051 P4105? 5.01(4)(s) 0.055
2103 4.503 0.052 105° 5.046)(w) i
pslog 451(1)(w) 0.051 p410é3 5.06(9)(w) 0.055
4103 4.516 0.052 pa105° 512(8)(b,w) 0.059
510} 4523 0.053 AE 0.055
Pe10§ 4.530 0.053 2 (b) broad feature; (w) weak feature; (s) shoulder structure (the last decimal
p710; 4.539 0.055 of the energy value is given in brackets for these less-resolved features).

10} 4.546 0.055

p 110§ 4.554 0.058 obtained at the TD-DFT level of theory (see Table 1) is 25 % lower than
P 2103 :'222 g‘gzz the EOM-CCSD result, however with a poor agreement of the calculated
P 3132 4571 0.055 energy relative to the experimental data.

Zl 02 4:581 0:058 Fig. 2 shows in detail the fine structure due to vibronic excitation in
Ps102 4.589 0.059 the 4.2-5.3 eV energy region. The 08 origin of the band at 4.490 eV has
pr102 4.595 0.056 been reported by Gaber et al. [16] from (1 + 1') resonance-enhanced
102 4.603 0.057 multiphoton ionisation experiments, in excellent agreement with the
m10g 4.609 0.055 present work at 4.491 eV. This band shows many progressions that are
p2103 4.619 0.059 listed in Table 2 and have been assigned to the contribution of several
Ps10§ 4.63(0)(s) 0.063 10§ (n = 1-14) progressions from the C-Cl symmetric stretching, v;,(a1)
pa10g 4626 0.035 mode, with an average spacing of 0.055 eV (~ 444 cm™'). Such
ps103 4.63(8)(w) 0.057 . L. . . .

108 4.64(7)(s) 0.058 assignment is in agreement with the first excited state mass analysed
be 1 02 4.65(4)(s.) 0.059 threshold ionisation spectroscopy of 1,2-dichlorobenzene, while other
1;703 0 4:657 ’ 0:054 vibrational modes can also be active [16,37]. Thus, we do not discard
110 4.66(5)(s) 0.056 the possibility of additional assignments, in particular the in-plane
2108 4.679 0.057 breathing with C-Cl stretching, v, (a;) mode.
ps108 4.69(2)(w) 0.062 The geometries of 1,2-dichlorobenzene in the ground-state and first
p4108 4.681 0.055 excited-state, together with their bond lengths in A and bond angles in
ps10¢ 4.69(6)(s,w) 0.058 (°), are shown in Fig. S1 and S2. Upon electronic excitation, a small
ps10§ 4.702 0.055 increase in the C-C bond lengths (~ 2 %) and in the Cl/Cl interatomic
p710§ 4.706 0.052 distance are noted, the latter from the modest reduction in the
105 4716 0.059 C17-C1-C6 and C2-C3-CI8 angles (< 1 %) between the neutral ground-
110 4.72(3)(w) 0.058 state and the first excited-state. Another interesting aspect is related to
P 210§ :'7§(9)(s) g'gsz the change in the C1-Cl7 and C2-CI8 bond lengths from 1.732 A in the
p 4122 4'; 4Z 0‘022 ground-state to 1.705 A in the first excited-state (Figs. S1 and S2). Such
i:l 0% 4:752 0:056 cha.nges a.re in. agreement with C-Cl symmetric str.etching Vio(a1) mode
o103 4.757 0.055 assigned in Fig. 2, whereas C-C bond lengthening may also render
P10 4.761 0.055 contributions from in-plane breathing with C-Cl stretching, v, (a;)
103 4.77(1)(s,w) 0.055 mode.
p110§ 4.78(2)(w) 0.059
p2108 4.78(9)(s,w) 0.060
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Table 3

Proposed vibrational assignments of 1,2-dichlorobenzene valence and Rydberg
series converging to the different ionic states in the photon energy range 5.2 —
7.4 eV*. Energies in eV. See text for details.

Table 4

Proposed vibrational assignments of 1,2-dichlorobenzene valence and Rydberg
series converging to the different ionic states in the photon energy range 7.4 —
9.3 eV". Energies in eV. See text for details.

assignment energy AE AE AE (1,’9) AE AE assignment energy AE AE AE AE
(#) () (#ho) (ths) () (¥) (v6) (1)
7' (4az)—na/n(4b1) + 7' (5b1)—ng/x(3az), (11 By X' A1) 7 (5b1)na/x(3b1) , (6'41 X141
09 5.53(5) - - - - - 09 7.61(6) - - - -
(s,w) (b)
95 5.613 - - 0.078 - - 93 7.68(2) - - 0.066 -
13} 5.628 - - - - 0.093 (s,w)
8} 566(7) - 0132 - - - 13 7.718 - - - 0102
() 9 7.74(2) - - 0.060  —
1319} 5711) - 0.083 - - (s,w)
© 7} 7.76(4) 0148 0128 - -
938l /4s(4by)  5.73(5) - 0.122  0.068 - - (s,w)
®) 8} 7.74(4) - - - -
82/13192 579(6) - 0129 0061/ - - (s,w)
b) 0.069 93 7.800 - - 0.058 -
9182/13193 5.86(5) - 0130  0.069/ - - 82/94 7.86(5) - 0121 0065 -
(b) 0.085 (s,w)
gg 5.92(8) - 0.132 0.063 - — 7% 7.90(7) 0.143 - - —
(b,w) (s,w)
9183 6.00(0) - 0.135  0.072 - - 73 8.05(4) 0.147 - - -
(s,w) (b,w)
88 6.05(5) - 0.127 0.055 - - 73 8.192 0.138 — - -
(s,w) ) 7481 /6p(4by )" 8.31(8) - 0126 - -
7 (4az)—na/n(3az) + 7 (5by )—ny/x(4bs ), (31A1<—X1A1) ()
S 8.33(2 0.140 — — —
4p(4by) ! 6.394 - - - - - 75 5 @
1 6.532 0.138 - - - -
Zg 6.67(8)  0.146 7384/846p(4b1) " 8451 N o1st - B
’ W) ' 78/sd(abi) ! 8475 0143 - - -
73 6.82(4) 0146 - - - - 75/7p(4b1) 8.62(8) 0153 - - -
(s,w) . (s)
71 6.96(5) 0141 - - - - 75 876(2) 0134 - - -
7413} 7.07) - - - - 0.106 5s(4b1) ! 7.656 - - - -
) 9 7.718 - - 0.062 -
73 7.107 0.142 — — — — 8(1) 7.78(1) - 0.125 — —
78132 7.17(7) - - - - 0.106 (s,w)
o) 7} 7.800 0144 - - -
? 7.21(1) - - - — — 8% 7.91(0) — 0.129 — —
w) (s,w)
78 7.25(1) 0.144 - - — - 73 7.94(3) 0.143 — — -
(s,w) (s,w)
73132 7.32(1) 0144  — - - - 83 8.03(3) - 0123 - -
(w) (b)
L. _ = 4 _ _ _
4p/x° (6b1)—na/x(4b1) + oy 7y (19a1)~Tict/occ(16a1), (41 A1 <X As ) & 3-);6(2) 0129
0 — — — — —
% 7.045 45(141,2)’1 7.84(5) - - - -
]0(1) 7.107 - - - 0.062 - ®)
102 7.17(5) - - - 0.068 - 8L /5p/(4by) " 7.98(4) - 0139  — -
O] (s,w)
7} 7.188 0.143 - - - - 82/4d(4b;)"! 8.12(2) - 0138 - -
1()3 7.24(0) - - - 0.065 — (s,w)
(w) 83 /6s(4by) 8.25(7) - 0.135 - -
73 7.33(2) 0.144 - — — - (s,w)
(s,w) 83/45(16‘11)71 8.375 — 0.118 - -
7" 6.98(5) - - - - - _
1 © 45(16a;)7" 8.375 - _ _ _
7" (7.)13(0) 0.145 - - - - 81 /4s(3b;) " 8.501 - 0126 - -
S 2 -1 8.62(8 - 0127 - -
2 7.27(4) 0144  — - - - 85/7p(4b1) © ®) :
w) 3 1
i 8.75(0 - 0122  — -
AE 0143 0129 0069/  0.065  0.102 85/8p'(4b1) “ w)( )
0.072 ’ ~
5d/"(5az)<na/x(4b1) + 7' (5b1) M/ m(2az) , (6B <X As )
2 (s) shoulder structure; (w) weak feature; (b) broad structure (the last decimal o0 8.09(6) _ _ _ _
of the energy value is given in brackets for these less-resolved features); (?) 0 (s,w)
means unassigned feature. 9 8.16(2) - - 0.066 -
(b)
8&/9%/4(1’(41)1 )*1 8.222 - 0.126 0.060 -
93/819} 8.288 - - 0.066 -
82/94 8.349 - 0127 0061 -
987})/359})78 8.426 0.138 - - -

(continued on next page)
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Table 4 (continued)

assignment energy AE AE AE AE
() () (t) (ths)

83/5d(4b;) 8.475 - 0126  — _

9373/8;9;73 8.56(8) 0.142 - - -
(s)

8" 8.27(4) - - - -
(s,w)

gl 8.52(7) - 0126  — -
®

gn2 8.65(8) - 0131 - -
(w)

g3 8.78(4) - 0126  — -
(s)

g4 8.91(3) - 0.129 - -
®

4p(16a;)”" 8.54(8) - - - -
(s,w)

7} 8.69(5) 0.147 - - -
(b)

73 8.84(0) 0.145 - - -
(b,w)

7p(4b1)~! 8.58(9) - - - -
(s)

85/8s(4by)™! 871(6) - 0127 - _
(s,w)

83/4p/(4by) " /838s(4b1) ™! 8.84(0) - 0124 - -
(b,w)

6d/(4by)" 8.69(5) - - _ _
Q)

73 8.83(7) 0.142 - - -
(s,w)

73 8.97(1) 0.134 - - -
(s,w)

73 9.11(3) 0.142  — - -
(w)

9s(4by) 8.799 - - _ _

95/10s(4by) ! 8.862 - - 0.069  —

9585 /10s(4b1) " 8.98(8) - 0126  — _
(s,w)

92/11p/(4by) "' /9410s(4by)t  8.92(6) - - 0.058  —
(s,w)

9382 /10s(4by) " 9.11(3) - 0125 - -
(w)

9p(4b;)~! 8.81(8) - _ _ _
®

8 8.942 - 0.124 - -

82 9.07(0) - 0128  — -
(s,w)
AE 0.143 0127  0.063  0.102

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

5.2. The 5.2-9.3 eV photon energy range

The second absorption band centred at 5.740 eV with a maximum

cross-section of 25.59 Mb, is assigned to the valence excitation 7" (4a,) <

ne/n(4by) + 7 (5by )<ng/n(3az), (1132<_§<1A1) with an oscillator
strength fi = 0.0405 (Table 1), which is in good agreement with the
EOM-CCSD/aug-cc-pVDZ calculation in Table S2, assigned to the same
transition with a value of f;, = 0.0408. The 0] origin band is assigned at
5.53(5) eV (Table 3 and Fig. 3) and shows broad features due to the main
vibrational modes ring breathing and C-C stretching, vg(a;) and in-
plane ring breathing, vy(a;) (Table 3) and combination bands of these.
Excitation of the asymmetric C-H wagging, v; (a2 ), mode would involve
two quanta (or even numbers) [38], however single quanta noted may
result from coupling with some of the symmetric modes. The lowest-
lying n = 4 member of the ns Rydberg series converging to (4b;)~?
X2B, appears at 5.73(5) eV and contains fine structure assigned to the

C-C stretching, Vg(a;) mode superimposed on the (lle<—)~(1A1>
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Table 5

Proposed vibrational assignments of 1,2-dichlorobenzene valence and Rydberg
series converging to the different ionic states in the photon energy range 9.0 —
10.8 eV*. Energies in eV. See text for details.

assignment energy AE (V)  AE (t4y)  AE (vy;)

{65/02Cl(18a1) +0'2CI/U::H(19(11) }<—ncl/7r(4b1) + 6d/nécl(19b2)<—ncl/n(302),

(21131&}?1141)
03/4p(3by) " 9.20(8)(s) - - -
8 9.336 0.128 - -
83108 9.39(6)(b) - 0.060 -
82 9.46(8)(s,w) 0.132 - -
8210 9.53(7)(s) 0.141 - -
82103 9.58(5)(s) - 0.048 -
83/4p(16a;) ! 9.60(4)(b) 0136 - _
8310} 9.66(7)(s) - 0.063 -
8510 9.80(9)(s) 0.142 - -
8510 /5p(14by) ! 9.94(1)(b) 0.132 - -

{4d/x" (9b1) +4d/x" (10by) }—nq/n(3az), (161324—5{%1)

83/55(14by) ! 9.75(5)(s,w) - -
105 9.80(9)(s) - 0.054 -

8} 9.90(0)(s,w) 0.145 - -
82 10.03(3)(w) 0.133 - -
83 10.16(6)(b,w)  0.133 - -
3d(21ay) g /occ(16ar) + {58/04¢ (18a1) +050 /04y (19a1) }—oca/occ(15a1),
(211Al «-5(1A1)

09 10.282)Gs,w) -~ - -
11} 10.30(6)(s,w)  — - 0.024
112 10.337 - - 0.031
113 10.361 - - 0.024
113 10.389 - - 0.028
8} 10.417 0.135 - -
11385 10.442 0.136 - -
1138} 10.468 0.131 - -
118} 10.495 0.134 - -
138! 10.521 0.132 - -
7 (5b1)—7igt/n(2b1), (221A1<—5(1A1)
03/6p/(14by) " 10.55(2)(s) - -
113 10.58(1)(s) - - 0.029
112 /5p(3b;) 10.604 - - 0.023
113 10.626 - - 0.022
113/5d(14b,) "' /5p/(16a;)"  10.65(2)(b) - - 0.026
8%/5d/(14b;) " 10.67(5)(b) 0.123 - -
11385 /7s(14bs) ™" 10.70(3)(b) 0.122 - -
11385 /7p(14by) ™" 10.72(5)(b) 0.118 - -
1138} 10.751 0.125 - -
11383 /7p/(14by) ™" 10.77(0)(b) 0.118 - -

AE 0.131 0.051 0.026

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).

transition (see Sec. 5.4). Although the absorption features appear rather
broad, which may indicate a more valence character transition of the
band, a close inspection of Table S1 shows a transition at ~ 5.985 eV
with an oscillator strength f;, ~ 0.0003 and assigned to 65 /6¢;(19a1) +

45/05(18ar) + 45/05c(17a1)—ngy/n(4by), (11B2<—)~(1A1). This char-

acter is in assertion with EOM-CCSD/aug-cc-pVDZ calculation in
Table S2, with an electronic excitation at 6.099 eV of mixed valence-
Rydberg character with a higher oscillator strength, fi, = 0.0021, than
in the TD-DFT calculation.

The main absorption band in the VUV spectrum of 1,2-dichloroben-
zene peaks at 6.536 eV, with a magnitude of 192.01 Mb (Fig. 1), and is

assigned to a valence z'(4ap)<ng/n(3az)+x" (5by)<ng/m(4b1),

(31A1 <—)~(1A1> transition in Table 1 with an oscillator strength fi =
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Table 6

Journal of Photochemistry & Photobiology, A: Chemistry 461 (2025) 116153

Energy values (eV), quantum defects (5) and assignments of the Rydberg series converging to (4b;) ™' X2By, (14b,) ! B2B,, (16a;)~' C2A, and (3b;) ! D2B; of 1,2-

dichlorobenzene. See text for details.

E, 3 assignment E, 3 assignment E, S assignment E, S assignment
IE; = 9.075 eV (4b;) ™" IE; = 11.236 eV (14b,) " IE, = 11.769 eV (16a;) " IEs = 11.897 eV (3b;)~!

(ns < 4b;) (ns < 14by) (ns < 16a;) (ns < 3b;)

5.73(5)(b) 1.98 4s 7.84(5)(b) 2.00 45 8.375 2.00 45 8.501 2.00 45
7.656 1.90 55 9.75(5)(s,w) 1.97 5s 10.25(7)(s,w) 2.00 5s 10.382 2.00 5s
8.25(7)(s,w) 1.92 6s 10.38(6)(b) 2.00 6s - - - - _ _
8.54(8)(s,w) 1.92 7s 10.70(3)(b) 1.95 7s - - - - _ _
8.71(6)(s,w) 1.84 8s - - - - - _ _ _ _
8.799 1.98 9s - - - - - - . _ _
8.862 2.00 10's - - - - 7 _ _ _ _
(np < 4b1) (np < 14by) (np « 16a;) (np < 3b1)

6.394 1.75 4p 8.54(8)(s,w) 1.75 4p 9.087 1.75 4p 9.20(8)(s) 1.75 4p
7.78(1)(s,w) 1.76 5p 9.94(1)(b) 1.76 5p 10.491 1.74 5p 10.604 1.76 5p
8.31(8)(s) 1.76 6p 10.46(8)(b) 1.79 6p - - _ _ _ _
8.58(9)(s) 1.71 7p 10.72(5)(b) 1.84 7p - - - . _ _
8.72(2)(s) 1.79 8p - - - - - - _ _ _
8.81(8)(s) 1.72 9 - - - - _ _ _ _ _
8.87(8)(w) 1.69 10p - - - - - _ _ _ _
8.92(0)(s,w) 1.63 11p - - - - - - _ _ _
(np’ « 4b1) (np’ < 14by) (np’ < 16a;) (np’ < 3b;)

- - ap’ 9.05(3)(s,w) 1.50 4p’ 9.60(4)(b) 1.49 4p - - -
7.98(4)(s,w) 1.47 5p’ 10.11(3)(s,w) 1.51 5p’ 10.65(2)(b) 1.51 5p’ - - -
8.426 1.42 6p’ 10.55(2)(s) 1.54 6p’ - - - _ _ _
8.62(8)(s) 1.48 7p’ 10.77(0)(b) 1.54 7P’ - - - - _ _
8.75(0)(s,w) 1.53 8p’ - - - . - _ _ _ _
8.84(0)(b,w) 1.39 op’ - - - - - - _ _ _
8.89(7)(s,w) 1.26 10p’ - - - . . _ _ _ _
8.92(6)(s,w) 1.44 11p’ - - - . - _ _ _ _
(nd < 4b;) (nd « 14b,) (nd < 16a;) (nd < 3b;)

7.31(5)(b,w) 0.22 3d 9.51(5)(s,w) 0.19 3d 10.00(5)(s) 0.22 3d 10.13(8)(b,w) 0.22 3d
8.12(2)(s,w) 0.22 4d 10.31(1)(s,w) 0.16 4d - - - - _ _
8.475 0.24 5d 10.65(2)(b) 0.17 5d - - - - _ _
8.67(3)(b,w) 0.18 6d - - - - - - - _ _
8.78(4)(s) 0.16 7d - - - - . _ _ _ _
(nd’” < 4b;) (nd’ « 14by) (nd’ < 16a;) (nd’ < 3b;)

- - 3d’ 9.68(6)(b,w) 0.04 3d’ 10.21(8)(s,w) 0.04 3d 10.36(7)(b,w) 0.02 3d
8.222 0.01 ad 10.36(7)(b,w) 0.04 ad - . - - _ _
8.52(7)(s) 0.02 5d’ 10.67(5)(b) 0.07 5d’ - - - - _ _
8.69(5)(b) 0.02 6d’ - - - - - - _ _ _
8.799 0.02 7d - - - - 7 _ _ _ _
8.862 0.01 8d’ - - - - - _ _ _ _

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

0.6503. The valence character of the electronic transition is in agree-
ment with the EOM-CCSD/aug-cc-pVDZ calculation in Table S2 with a
slightly higher oscillator strength (0.7547). A mixed valence-Rydberg
character is also expected to contribute to the spectrum. The calcu-
lated vertical excitation energy of 6.525 eV (Table 1) is assigned to the

43/52‘@(17‘11) +4S/0’2~C1(18a1)<—Tl(;1/ﬂ'(4b1), (2131 4—)’21A]>

However, the quantum defect obtained for the feature in this absorption
band suggests the presence of a 4p Rydberg series converging to the ionic

transition.

electronic ground-state, (4b1)’1 X’ZBI (see Sec. 5.4). The next electronic
transition peaking at 7.185 eV is assigned in Table 1 to

4p/a” (6br)«ng/a(4b1) + o04q/00y(19a1) T /occ(16ar), (41A1<—321
A1>. Its 08 origin band is at 7.045 eV and shows a few quanta of the in-

plane breathing with C-Cl stretching, v, (a;) and the C-Cl symmetric
stretching, v, (a;) modes (Fig. 3 and Table 3). An additional assignment
also includes three quanta of v;,(a;) mode, while its origin was not
identifiable, and so the progression has been labelled 7".

Above 7.4 eV, the photoabsorption energy range comprises three
electronic transitions centred at 7.656, 8.475 and 9.167 eV (Figs. 1, 3
and 4), which are assigned to valence and mixed valence-Rydberg and

Rydberg transitions, z*(5b1)<nc/7(3b1), (61A1<—)~(1A1), 5d/x"(5az)

<—Tlcl/7l(4b1)+ ﬂ*(5b1)<—ﬁcl/7l(2£12), <6le<—§ZlA1), 6d/ﬂ*(6a2)<—na

/n(4b1) + {3d(16b3) +4p(15b2) }<nc/occ(16ar) + {3d/02a(20a1)
+0¢0/0cu(19a1) } T /occ(14by), (10132 <—)~(1A1), with cross-section
values of 21.44, 45.64 and 40.52 Mb, respectively (Table 1). Some of
the features have been assigned to Rydberg series converging to (4b;) ™!
X2B;, (14by)~! B2B,, (16a;)” ' C2A; and (3b;)~' D2B; ionic states
(Table 6). The 08 origins of these bands are at 7.61(6), 8.09(6) and 9.20
(8) eV, and are mainly accompanied by excitation of in-plane breathing
with C-Cl stretching, v, (a;), ring breathing and C-C stretching, vg(az),
in-plane ring breathing, vy (a1), C-Cl symmetric stretching, v;,(a1) and
in-plane C-Cl bending v}, (a;) modes, with mean energy values of 0.143,
0.127, 0.063 and 0.057 eV (Tables 4 and 5). Of relevance are the
different combination bands involving these modes, and the vg(a;)
progression appearing at 8.27(4) eV, assigned to 8" and extending up to
8.91(3) eV, but with no clear evidence of its 0 origin.

5.3. The 9.3-10.8 eV photon energy range

In this photon energy region (Fig. 5), the absorption features are
assigned to valence and mixed valence-Rydberg character accompanied
by fine structure (Sec. 5.4). The major electronic transitions
{6s/0¢c(18a1) +0¢c1 /00y
(19a1) }<nc/n(4by) +6d /04 (19b2) —ng /m(3az), (211B1 <—)~(1A1> and
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4d/x"(9by) +4d/x" (10by) }—ng/n(3az), (16'By—X'A; ) have their 03
0

origins at 9.20(8) and 9.75(5) eV, and are mainly accompanied by the
ring breathing and C-C stretching, vg(a;) mode in combination with
C-Cl symmetric stretching, v;,(a:), with mean energy values of 0.136
and 0.056 eV (Table 5). Throughout the energy range, the features
appear broad, which can be explained in terms of their energy positions
being superimposed either on the vibrational progressions or on other
Rydberg series contributing to the absorption spectrum. In contrast,
above 10.3 eV the spectrum shows fine structure that is somehow better
resolved upon a background contribution, suggesting therefore a pre-
dissociative character of the electronic transitions. This is in assertion
with the character of the higher energy features assigned to valence,
mixed-valence Rydberg and Rydberg 3d(21a;)«n

Cl/o'cc(16a1) +{5§/62C1(18a1) +UZCZ/GZ‘H (19(11 ) }‘—(chl/dcc(lsa]),
(21 14, <—5(1A1) and 7 (5by)<Tg/7(2by), (221A1 <_5(1A1) transitions,

with oscillator strengths of 0.0553 and 0.0554. Note that in the calcu-
lations of Table 1, the dissociative character of the

55010 (1841) +6 ey /0 (191 ) 0 /occ(15a ), (211Al <—5<1A1) tran-
sition amounts to ~ 40 %, while across the 9.3-10.8 eV energy range the
photoionisation contribution of the (4b1)’1 )?231 ionic state may also
render a continuum background to the spectrum. The 0 origins are
tentatively suggested at 10.28(2) and 10.55(2) eV (Table 5 and Fig. 5)
however we are not able to provide their vertical excitation energies and
local maximum cross-section values (Table 1).

5.4. Rydberg transitions

The photoabsorption features that are tentatively assigned to Ryd-
berg transitions converging to the different ionic states of 1,2-dichloro-
benzene are listed in Table 6 together with their quantum defects. The
features’ positions have been tested using the Rydberg formula, E, =
IE where IE is the ionisation energy of a given MO, n is the

(niﬁ)Z’
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 is prominently
observed above 5.2 eV, with fine structure superimposed on it. In
polyatomic molecules as 1,2-dichlorobenzene is, the photoabsorption
spectrum shows most of the vibronic transitions rather enhanced, typi-
cally above the lowest-lying members of the Rydberg series. A thorough
literature survey shows no previous Rydberg assignments, and so the
fine structure discernible on the different Rydberg transitions up to 10.8
eV, are listed in Tables 3-5. Note that in Tables 4 and 5, some of the
proposed assignments obtained from the quantum defects estimate, are
not supported by the calculations on the Rydberg states.

The lowest-lying Rydberg transition (n = 4) converging to the ionic
electronic ground-state IE;, (4b1)’l, is assigned to the (4s<4b;) exci-
tation, with the first member at 5.73(5) eV and having a quantum defect
& = 1.98. Other higher-order Rydberg members of the ns series, up to the
n =10, are also reported in Table 6. The first member of the np (np<4b;)
series has an absorption feature at 6.394 eV (5§ = 1.75) whereas for the
(np<4b;) series we were not able to obtain any discernible feature in
the absorption spectrum. Table 6 also includes two nd (nd<6a") and (nd’
«6a") series, where only n = 3d is visible at 7.31(5) eV (§ = 0.22). Other
transitions to the nd and nd’ Rydberg members, up to n = 7 and 8, are
also visible. The features at 8.54(8), 8.799 and 8.862 eV can also be
assigned to 4p(14b2)’1, 7d’(4b1)’1 and 8d’(4b1)’1, respectively.

The Rydberg series converging to the ionic electronic second excited
state IE3, (1 4b2)’1, are listed in Table 6, and have been assigned to the
(ns,np,np’,nd, nd’—14b,) transitions. The first members of these series
(either n = 4 or n = 3) are associated with features at 7.84(5) eV (6 =
2.00), 8.54(8) eV (6§ =1.75), 9.05(3) €V (6 = 1.50), 9.51(5) eV (6 = 0.19)
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and 9.68(6) eV (6 = 0.04) (Table 6). The features at 10.65(2) and 10.36
(7) eV can also be assigned to 5p’(16a1)_1 and 3d’(3b1)_1.

The Rydberg series converging to the ionic electronic third excited
state IE4, (16a1) "}, have been assigned to the (ns,np,np’,nd, nd'—16a, )
transitions. The first members of these series (either n = 4 or n = 3) have
features at 8.375 eV (6§ = 2.00), 9.087 eV (6 = 1.75), 9.60(4) eV (6 =
1.49), 10.00(5) eV (5 = 0.22) and 10.36(7) eV (6 = 0.02) (Table 6).

The Rydberg series converging to IEs, (3b1) !, has been assigned to
the (ns,np,nd, nd’<3b, ) transitions. These show only a few members up
to n = 5 for the ns and np series with only n = 3 for nd (Table 6). As-
signments for higher members have not been performed because they lie
outside the photon energy range investigated.

As noted before, the absorption spectrum contains different members
of Rydberg transitions accompanied by fine structure resulting from the
different vibronic transitions, which have been assigned in Tables 3-5.
The information on the modes contributing to the spectrum has been
obtained from the main vibrational modes in the experimental photo-
electron spectrum of Holland et al. [19]. These are from the in-plane
breathing with C-Cl stretching, Vv, (a; ), ring breathing and C-C stretch-
ing, vg(a1), in-plane ring breathing, v4(a;), C-Cl symmetric stretching,
Vio(a1) and in-plane C-Cl bending v}, (a;) modes, together with com-
bination. Also, only two quanta of the asymmetric C-H wagging, v;5(az),
mode have been assigned for the lowest-lying Rydberg member

4p(4by)7".

5.5. Potential energy curves along the C—Cl bending and C—Cl stretching
coordinates

We have performed calculations at the TD-DFT/CAMB3LYP/aug-cc-
pVDZ level of theory in the C; symmetry group of the potential energy
curves (PECs) along the C-Cl stretching and C-Cl in-plane bending co-
ordinates, V;4(a;) and v}, (a1), while allowing all the other geometric
parameters to relax following the respective mode. The results for the
ten lowest-lying singlet excited states of 1,2-dichlorobenzene are shown
in Fig. 6.

Fig. 6 a) shows that all states have bound characters along the C-Cl
symmetric stretching coordinate. The first excited singlet-singlet elec-
tronic transition in the photoabsorption spectrum of Fig. 2 assigned to

7' (5by)<ng/n(4by) + 7' (4az)—ng/n(3az), (21A1<—)~(1A1), shows

several quanta of C-Cl symmetric stretching, v;,(a; ) mode in the photon
energy range 4.2 — 5.3 eV (see also Table 2). A close inspection of the
PECs shows some avoided crossings which are more noticeable for the
four lowest-lying excited states between 0.3 ap and 1.0 ap. Within the
nuclear dynamics description of an adiabatic behaviour at these avoided
crossings, the electronic nature of the initially accessible MO may
change its character as the vibrational modes within the molecular
frame are allowed to relax. We have comprehensively checked the
character of some of the electronic transitions from the ground-state to
each excited-state at different interatomic displacements to infer inter-
nal conversion mechanisms. These results are plotted in Fig. S6 (see e.g.
for second and third excited states) and show the change from valence
(n*) to Rydberg character as one moves from shortening to stretching the
bond. At higher energies, the potential-wells tend to be shallower which
may result in a more dissociative character. Additionally, these states
appear almost degenerate at R¢_cj equilibrium distance (e.g. 4th to 7th),
because they originate from the same MOs, i.e., either the HOMO (n¢ /7,
4b,) or the HOMO-1 (n¢/x, 3a). Together with the remaining states at
energies > 7.0 eV, they all cross slightly above the equilibrium inter-
nuclear distance. This may render an important adiabatic character,
which can be responsible for Rydberg to valence internal conversion in
the asymptotic limit where C-Cl bond excision may be a prevalent
mechanism.

Turning to the PECs in Fig. 6 b), along the in-plane C-Cl bending
V11 (a1) mode. A close comparison with Fig. 6 a) shows similarities for
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Fig. 6. PECs for the ten lowest-lying excited singlet states of the 1,2-dichlorobenzene plotted following the C—Cl stretching and C-Cl in-plane bending modes, v} (az)
and v}, (a1) (in ao units), while allowing all vibrational modes to relax. The calculations were performed at the TD-DFT/CAMB3LYP/aug-cc-pVDZ level of theory in

the C; symmetry group. See text for details.

the normal coordinates’ positive values, whilst significant differences
are noted as the two chlorine atoms are brought together (negative
normal coordinated). In the lowest-lying excited state as one bends the
C—Cl bonds below the internuclear distance, and as the ~ 2 eV barrier
height (at —1.20 ag) is surpassed, the two chlorine atoms can yield Cls.
This is in good agreement with the time-of-flight mass spectrometry data
of Kumar et al. [25] on the geometrical effect of chlorine atom positions
in CgClg and 1,2-dichlorobenzene molecules yielding Cl5. In this study
such anion formation is obtained after capturing a low-energy electron,
with the two closest C-Cl bonds being cleaved while the chlorine atoms
are brought together. Moreover, Kumar et al. [25] have also shown with
quantum thermochemical extrapolation methods G4MP2 [39,40] and
CBS-QB3 [41,42], that in the neutral molecules, Cl; can also be formed
through transition states with a barrier height estimated in < 2.0 eV. For
further details see ref. [25].

The lowest-lying excited PEC is quasi-degenerate with the second
excited state and as the normal coordinate mode moves apart, i.e. to-
wards positive values, this state can reach with almost no energy
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expense states that are dissociative in their asymptotic limits close to +
1.2 ag where internal conversion from valence to Rydberg and vice-versa
(Fig. S7) may occur.

5.6. Absolute photoabsorption cross sections and atmospheric photolysis

The present absolute ultraviolet photoabsorption cross-sections of
1,2-dichlorobenzene are reported 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 43 000 to 60 000 cm™! (5.331 to
7.439 eV) [17], and are found to be in reasonable agreement with the
present cross-sections in shape and magnitude. Scharping and Zetzsch
[17] report at 6.5 eV a cross-section value of ~ 210 Mb which is ~ 9 %
higher than our value of 192.01 Mb. The other experimental value at ~
5.75 eV with magnitude ~ 28 Mb also compares quite well with our
corresponding result of 25.59 Mb.

Photolysis rates of 1,2-dichlorobenzene in the Earth’s atmosphere,
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from 0 km (sea-level) up to an altitude of 50 km (the limit of the stra-
topause), have been calculated from the combination of the present
high-resolution VUV absolute photoabsorption cross-sections and the
NASA solar actinic flux measurements [43]. This procedure has been
used on several occasions before, with details being found from the work
of Limao-Vieira et al. [44]. The quantum yield for dissociation is
assumed to be 1.0, since a literature survey has revealed no reference to
such value from photodissociation studies. Photolysis lifetimes of less
than 1 sunlit days were calculated at altitudes above 21 km suggesting
that UV photolysis can be a relevant removal mechanism of any 1,2-
dichlorobenzene in the stratosphere. However, at lower altitudes (<
20 km) the photolysis lifetimes can reach several sunlit days, meaning
that this molecule cannot be efficiently broken up by UV radiation.
Moreover, from the photodissociation of 1,2-dichlorobenzene at 266 nm
(4.661 eV) yielding CgH4Cl* and Cl°, the photofragment translational
energy distribution together with the angular distribution of photo-
fragments, estimate that 23 % of the available energy is assigned to
translational energy, thus suggesting that 0-C¢H4Cl, photodissociation is
a slow process [45].

Masten and co-workers [13] have investigated the gas-phase reac-
tion of 1,2-dichlorobenzene with the *OH radical, having obtained a rate
value of koy = 6.64 x 1078 dm® molecule ™! s71. The authors reported
this reaction to be mainly responsible for the degradation process of this
molecule. However, we are neither aware of another work in the liter-
ature assessing this reaction as the main sink mechanism in the Earth’s
atmosphere nor the role of other reactional processes that may prevail.

6. Conclusions

The present joint experimental and theoretical investigation of 1,2-
dichlorobenzeze electronic state spectroscopy provides the most
comprehensive study to date of this molecule in the energy range
4.0-10.8 eV (310-115 nm). The high-resolution absolute photo-
absorption spectrum shows features have been assigned to valence,
mixed valence-Rydberg and Rydberg transitions with the aid of quantum
chemical calculations, on the vertical excitation energies and oscillator
strengths at two different levels of theory. The detailed analysis of the
absorption structures in the photoabsorption spectrum has also allowed
us to propose assignments for the in-plane breathing with C-Cl
stretching, V,(a;), ring breathing and C-C stretching, vg(a;), in-plane
ring breathing, vy(a1), C-Cl symmetric stretching, v, (a1) and in-plane
C-Cl bending v}, (a;) modes.

The photolysis lifetimes of 1,2-dichlorobenzene were also obtained
for the Earth’s atmosphere, from 0 km up to 50 km altitude, which
indicate that solar photolysis is not expected to be a sink mechanism at
altitudes lower than 20 km. Finally, potential energy curves as a func-
tion of the C-ClI stretching and C-Cl in-plane bending coordinates, for
the lowest-lying excited states, were calculated at the TD-DFT/
CAMB3LYP/aug-cc-pVDZ level of theory. The normal mode descrip-
tion within the framework of the complex nuclear dynamics shows the
importance of the close lying excited states as the reaction coordinates
are changed from their equilibrium distances, with relevant avoided
crossings responsible for internal conversion processes from initial
Rydberg states to final valence character and/or vice-versa.
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