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ABSTRACT 

We present a comprehensive experimental high-resolution vacuum ultraviolet (VUV) 

photoabsorption spectrum of dichloromethane, CH2Cl2, with absolute cross sections determined 

for the full 5.8–10.8 eV energy-range. The calculations on the vertical excitation energies and 

oscillator strengths were performed using the equation-of-motion coupled cluster method, 

restricted to the single and double excitations level (EOM-CCSD), and were used to help 

analyse the valence and Rydberg structures in the photoabsorption spectrum. The present 

spectrum additionally reveals several new features not previously reported in the literature, with 

particular reference to the valence 𝜎𝜎𝐶𝐶𝐶𝐶𝐶𝐶∗ (10𝑎𝑎1) ← 𝑛𝑛𝐶𝐶𝐶𝐶(7𝑏𝑏2) �1 𝐵𝐵21 ← 𝑋𝑋� 𝐴𝐴11 �  and 

�𝜎𝜎𝐶𝐶𝐶𝐶𝐶𝐶∗ (10𝑎𝑎1) ← 𝑛𝑛𝐶𝐶𝐶𝐶(9𝑎𝑎1) + 𝜎𝜎𝐶𝐶𝐶𝐶∗ (11𝑎𝑎1) ← 𝑛𝑛𝐶𝐶𝐶𝐶(7𝑏𝑏2)� �1 𝐴𝐴11 ← 𝑋𝑋� 𝐴𝐴11 �  transitions at 7.519 

and 7.793 eV. A vibrational progression of the CCl2 symmetric stretching, 𝜈𝜈3′ , and CCl2 
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scissoring, 𝑣𝑣4′(𝑎𝑎1), modes have also been assigned for the first time in the 7.4–8.6 eV energy 

range. The measured absolute photoabsorption cross sections have been used to calculate the 

photolysis lifetime of dichloromethane in the Earth’s atmosphere (0–50 km). Potential energy 

curves as a function of the C–Cl coordinate, for the four lowest-lying excited A′ and A″ 

electronic states, have additionally been calculated at the EOM-CCSD level of theory. 
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1. INTRODUCTION 

Dichloromethane, CH2Cl2, is a volatile organic compound (VOC) that was not included 

under the 1987 Montreal protocol (and its amendments), on chlorine and bromine containing 

substances that deplete the ozone layer and therefore needs to be phased out. Yet CH2Cl2, 

considered now as an ozone depleting chemical compound, has been widely used as an 

industrial solvent and as a feedstock for HFC-32 (difluoromethane) production [1,2], with 

current estimated global emissions of ~1 Tg y–1 [1,2]. Other sources of dichloromethane have 

been identified from fossil-fuel combustion and incineration [3], with the anthropogenic 

contributions amounting to ≈ 70% of the total emissions [1]. Dichloromethane can also be 

released into the atmosphere from oceans, biogenic emissions and biomass burning [3]. The 

atmospheric primary sink mechanism occurs at the troposphere, through reactions with •OH 

radicals that limit the CH2Cl2 lifetime to half a year [1], and ca. 2% reaching the stratosphere 

according to Graedel and Keene [4]. As a consequence of the environmental impact of VOCs, 

the photochemistry of such halogenated chemical compounds has attracted increasing attention 

within the international scientific community, in particular for the role of chlorine radicals 

released at such altitudes upon solar photolysis [5,6]. 

Recent surface and aircraft measurements, together with atmospheric model simulations for 

future CH2Cl2 growth scenarios, indicate that although it currently contributes modest 

anthropogenic emissions, the impact of dichloromethane on ozone has increased strikingly in 

recent years [2]. Thus, as a result of such a tendency, its impact may considerably affect the 

stratospheric ozone local chemistry, with Hossaini et al. [2] predicting more than a decade delay 

in the recovery of stratospheric ozone over Antarctica.  

CH2Cl2 has been investigated by various experimental methods that seek to elucidate its 

physico-chemical properties. These include bond lengths and geometry [7], ultraviolet 

photoabsorption [8–14] and photodissociation [15,16], photon and multiphoton ionisation [17–

19], photoelectron spectroscopy [20], photo-oxidation [21,22] and electron impact 

spectroscopies [23,24,33,25–32], with the most recent electron scattering measurement 

reported by Hlousek et al. [34] and the Madrid group [35] (and references therein), with a 

particular focus on elastic differential cross sections and its grand total cross section, 

respectively. We also note that dichloromethane has been explored by several theoretical 

methods with studies investigating its molecular orbitals and geometry [10,36,37], calculations 

on the vertical excitation energies of its neutral molecule [10] and photodissociation [38]. 

The present work is part of a larger research programme aimed at understanding the 

spectroscopy of volatile organic compounds (e.g. refs. [39–42]), and the role of these trace 
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gases in atmospheric chemistry and physics, that we initiated more than a decade ago [43]. In 

this contribution we present a novel and comprehensive experimental investigation of CH2Cl2 

electronic state spectroscopy, in a wide energy range from 5.8 eV up to 10.8 eV, combined with 

state-of-the art calculations at different levels of theory of the lowest-lying neutral and ionic 

states. This data represents the most accurate assessment of the electronic structure of 

dichloromethane to date, where our absolute photoabsorption cross-section values can be relied 

upon over the entire photon energy range investigated.  

In the next section we present a brief summary of the structure and properties of CH2Cl2, 

whilst Section 3 is devoted to the computational details of our calculations that we used to help 

in our interpretation of the experimental data. In Section 4, a description of the present 

experimental methodology is given, while Section 5 provides a comprehensive description of 

the electronic-state spectroscopy of dichloromethane in the 5.8–10.8 eV photon energy region 

and compares the present data with any other available in the literature. Additionally, in Section 

5, the absolute photoabsorption cross section data has been used to calculate the photolysis rates 

of CH2Cl2 in the troposphere and stratosphere. Finally, Section 6 includes a brief summary of 

our major findings and details some conclusions drawn from the present joint experimental and 

theoretical investigation. 

 

2. STRUCTURE AND PROPERTIES OF DICHLOROMETHANE 

In this section we are particularly interested in giving a summary of the CH2Cl2 electronic 

structure, this is relevant to help us interpret and assess the role of its main molecular states 

involved in the excitation features revealed in our photoabsorption spectrum. Dichloromethane 

is a C2v symmetry molecule in the electronic ground state, and its structure is represented in 

Figure 1 with the corresponding bond lengths (Å) and angles (°) listed in Table 1. The calculated 

electron configuration of the 𝑋𝑋� 𝐴𝐴11  ground state is: (a) core and inner valence orbitals (1a1)2 

(1b2)2 (2a1)2 (2b2)2 (3a1)2 (3b2)2 (4a1)2 (4b2)2 (5a1)2 (1a2)2 (1b1
2); (b) valence orbitals (6a1)2 (5b2)2 

(7a1)2 (2b1)2 (8a1)2 (6b2)2 (2a2)2 (9a1)2 (7b2)2 (3b1)2 (Supplementary Information (SI) Table S1). 

A close inspection of the ground-state MOs (see SI Figure S1) shows that the highest occupied 

molecular orbital (HOMO) is denoted as 3b1, the second highest (HOMO-1) is denoted by 7b2, 

the third highest (HOMO-2) is denoted as 9a1, and the fourth highest (HOMO-3) is denoted by 

2a2. All have a Cl lone pair character. Note that Mandal et al. [10] have considered only the ten 

highest molecular orbitals (MOs) and that their HOMO-2 and HOMO-3 are in a reverse order 

relative to the present calculation (albeit lying close in energy), whereas our 24 outermost 

electron occupation numbers are in good agreement with the calculated MOs of Alcantara et al. 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


5 
 

[36]. Electronic excitations discussed within the context of this work are due to promotion of 

an electron from the (HOMO), (HOMO-1) and (HOMO-2) orbitals to the valence, Rydberg and 

mixed character orbitals (see Table 2). Additional calculated transition energies, oscillator 

strengths, and the main character of the wave functions are shown in Table 3 for the singlet and 

triplet states (CASPT2 and MRCI results). 

Relevant to the present study, the main fundamental vibrational energy (and wavenumber) 

of CH2Cl2 in the ground state is 0.089 eV (717 cm–1) for the CCl2 symmetric stretching mode, 

𝑣𝑣3′ (𝑎𝑎1). Note that throughout this paper, for the assignments of the vibronic structure we will 

adopt the notation 𝑋𝑋𝑚𝑚𝑛𝑛 , with m and n the initial and final vibrational states and X denotes the 

particular geometric change the molecule undergoes in the photoabsorption process. Further 

note that other modes active in the photoabsorption spectrum have been assigned to CCl2 

scissoring, 𝑣𝑣4′(𝑎𝑎1), CCl2 rocking, 𝑣𝑣7′ (𝑏𝑏1), and CH2 scissoring, 𝑣𝑣2′ (𝑎𝑎1), modes, where we have 

followed the same spectroscopic notation as in 𝑣𝑣3′ . The experimental work on the 

photodissociation dynamics of vibrationally excited CH2Cl2 molecules [44], reports a strong 

mixing along the C–H coordinate stretches and bends via Fermi resonances. Thus the normal 

mode description may lead to Fermi resonances, making assignments in the absorption 

spectrum particularly challenging.  

The four lowest experimental adiabatic ionisation energies, needed to calculate the quantum 

defects associated with transitions to Rydberg orbitals, are here taken from Pradeep and Shirley 

[20] to be 11.320 eV (3𝑏𝑏1)−1, 11.357 eV (7𝑏𝑏2)−1, 12.152 eV (2𝑎𝑎2)−1 and 12.271 eV (9𝑏𝑏1)−1. 

 

3. THEORETICAL METHODS 

In order to help interpret and lend support to our classifications of the majority of 

dichloromethane’s absorption features, ab initio calculations were performed with the 

MOLPRO package [45]. This enabled us to obtain the geometry (Table 1 and Fig. 1) and 

excitation energies (Tables 2 and 3), together with the vertical ionisation energies (Table 4). 

The ground state geometry was optimized at the frozen core CCSD(T) [46] level using 

Dunning’s aug-cc-pV5Z atomic basis sets [47]. However, in order to be able to visualize the 

orbitals using the Molden program [48], the h and i orbitals were removed from the Dunning 

basis set (aug-cc-pV5Z basis set). The electronic spectra were subsequently computed at the 

EOM-CCSD level [49] at the obtained CCSD(T) geometry. For a better description of Rydberg 

excited states, a set of diffuse functions (6s, 6p, 4d), taken from Kaufmann et al. [50], was added 

to the original basis set of the Cl atom (denoted by the aug-cc-pV5Z(g)+R basis set). The 

oscillator strengths of the electric dipole transitions were calculated using the length gauge. In 
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order to test the accuracy of the EOM-CCSD calculations, we have also performed 

computations with multiconfigurational methods (CASPT2 and MRCI with the aug-cc-

pV5Z(g)+R basis set) on the lowest lying valence and triplet states using MOLPRO.  

Finally, the lowest vertical ionisation energies of CH2Cl2 were also obtained at the restricted 

and unrestricted CCSD(T) and UCCSD(T) aug-cc-pV5Z levels [51], by using Koopman’s 

theorem, and with the Partial Third Order (P3), at the CCSD(T)/aug-cc-pV5Z geometry, and 

the Outer Valence Green Functions (OVGF) propagator methods (Table 4). 

 

4. EXPERIMENTAL METHOD 

The high-resolution vacuum ultraviolet (VUV) photoabsorption spectrum of 

dichloromethane (Figs. 2–5 and Tables 5–8 for assignments) was recorded at the UV1 beam 

line of the ASTRID synchrotron facility at Aarhus University, Denmark. The experimental 

configuration has been described before [52] so that only a précis need be given here. Briefly, 

monochromatised synchrotron radiation with a resolution of ~0.08 nm, corresponding to 3 meV 

at the midpoint of the energy range studied, passes through a static gas sample that is filled with 

dichloromethane vapour. Light transmitted through the absorption cell passes through a 

transmission window (MgF2), that sets the lower limit of detection (115 nm), and is detected 

by a photomultiplier tube (PMT). The dichloromethane sample absolute pressure in the 

absorption cell is monitored by a 1 Torr capacitance manometer (Setra model 774). In order to 

guarantee the absence of any saturation effects in the data recorded, the absorption cross-

sections were carefully measured over the pressure range 0.04–1.30 mbar, with typical 

attenuations of less than 50%. Absolute photoabsorption cross-sections (σ in units of Mb ≡ 10-

18 cm2) were obtained using the Beer-Lambert attenuation law: 𝐼𝐼𝑡𝑡 = 𝐼𝐼0𝑒𝑒−𝑁𝑁𝑁𝑁𝑁𝑁, where It is the 

light intensity transmitted through the gas sample, Io is that through the evacuated cell, N the 

molecular number density of dichloromethane, and l the absorption path length (15.5 cm). 

Background scans were recorded with the cell evacuated. In order to accurately determine the 

cross-sections, the VUV spectrum was recorded in small (5 or 10 nm) sections, with at least 10 

points overlap in each of the adjoining sections. This procedure allows us to determine the 

accuracy of the photoabsorption cross-section to within ± 5%. 

The liquid sample used in the VUV photoabsorption measurements was purchased from 

Sigma Aldrich (cat. No. 270997), with a stated purity of ≥ 99.8%. This sample, before any 

photoabsorption experiments took place, was degassed after repeated freeze-pump-thaw cycles. 
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5. RESULTS AND DISCUSSION 

The absolute high-resolution VUV photoabsorption cross-section of dichloromethane is 

shown in Figure 2, in the 5.8–10.8 eV photon energy range, with detailed sections of the 

measured cross-section depicted in Figures 3–5. The electronic excitation above 7.6 eV is 

extremely rich in fine structure, with the CCl2 symmetric stretching mode, 𝑣𝑣3′ , dominant for the 

entire energy range, and above 9.6 eV the observed structure is due to the overlap of different 

Rydberg electronic states contributing to the spectrum. The absorption bands are classified as 

excitations from the ground to valence, Rydberg (Section 5.5) and mixed character states of the 

type (10𝑎𝑎1 ← 3𝑏𝑏1) , (10𝑎𝑎1 ← 7𝑏𝑏2) , (𝑛𝑛𝑛𝑛𝑎𝑎1,𝑛𝑛𝑛𝑛𝑎𝑎1,𝑛𝑛𝑛𝑛𝑏𝑏1,𝑛𝑛𝑛𝑛𝑏𝑏1 ← 3𝑏𝑏1) , 

(𝑛𝑛𝑛𝑛𝑎𝑎1,𝑛𝑛𝑛𝑛𝑎𝑎1,𝑛𝑛𝑛𝑛𝑏𝑏2,𝑛𝑛𝑛𝑛𝑎𝑎1 ← 7𝑏𝑏2) , (𝑛𝑛𝑛𝑛𝑎𝑎1,𝑛𝑛𝑛𝑛𝑎𝑎1,𝑛𝑛𝑛𝑛𝑎𝑎1 ← 9𝑎𝑎1) , (10𝑎𝑎1 ← 9𝑎𝑎1 + 11𝑎𝑎1 ← 7𝑏𝑏2) 

and (10𝑎𝑎1 ← 2𝑎𝑎2 + 11𝑎𝑎1 ← 3𝑏𝑏1) . Tables 5–7 show the energy values for the vibrational 

assignments in the different absorption bands of dichloromethane, and these are compared 

whenever possible with previous data in the literature. In particular we note the work of Mandal 

et al. [10], across the 6.0–11.5 eV energy range, although that study reports no absolute values. 

Based on the present experimental data and calculations, we now describe in detail each photon 

energy range. 

 

5.1. The 5.8–7.4 eV photon energy range 

This energy range (included within Figure 2) is characterised by two broad weak features, a 

band and a shoulder structure, peaking at 7.069 eV and 7.519 eV. Those features are assigned 

to valence 𝜎𝜎𝐶𝐶𝐶𝐶𝐶𝐶∗ (10𝑎𝑎1) ← 𝑛𝑛𝐶𝐶𝐶𝐶(3𝑏𝑏1) �1 𝐵𝐵11 ← 𝑋𝑋� 𝐴𝐴11 �  and 𝜎𝜎𝐶𝐶𝐶𝐶𝐶𝐶∗ (10𝑎𝑎1) ← 𝑛𝑛𝐶𝐶𝐶𝐶(7𝑏𝑏2) �1 𝐵𝐵21 ←

𝑋𝑋� 𝐴𝐴11 � transitions, with local cross-section values of 1.9 and 2.4 Mb, respectively (see Table 

2). The lowest intensity absorption band has previously been reported by Lee and Suto [15] and 

Mandal et al. [10] at ~ 7.085 eV and ~7.0 eV, respectively, yet with assignments differing from 

the present work, whereas Russell et al. [11] report this feature at 7.042 eV but with an oscillator 

strength of 0.05 which is clearly too high for the nature of the 𝜎𝜎𝐶𝐶𝐶𝐶𝐶𝐶∗ ← 𝑛𝑛𝐶𝐶𝐶𝐶 transition. Moreover, 

this band has been also the subject of 193.3 nm (6.415 eV) photodissociation dynamics studies 

by Brownsword et al. [53] and Taketani et al. [16]. In the former case the authors report a low 

efficiency in C–H bond cleavage with a quantum yield of φH(CH2Cl2) = (0.2 ± 0.1)×10−2, and 

in the latter work a quantum yield of Cl-atom formation of unity was found. Other absorption 

studies include the UV work of Gordus and Bernstein [8] and Hubrich and Stuhl [9], but with 

information only on the cross-section value at 5.815 eV and in the 4.862–7.746 eV energy range 

being given, respectively (see Section 5.6). 
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In order to test the level of accuracy for the results of our calculations in Table 2, we have 

employed other levels of theory using multiconfigurational methods, CASPT2 [54,55] and 

internally contracted MRCI [56] with the aug-cc-pV5Z(g)+R basis set, in order to obtain the 

low-lying valence singlet and triplet states of dichloromethane. This is in spite of the VUV 

photoabsorption data in Figure 2 being related to only optically allowed transitions. The results 

of those latter calculations are presented in Table 3, and compared with the other available data 

in the literature. For the singlet excitations, the present results are in much better agreement 

with the experimental data. Furthermore they are higher in energy than the results from the 

calculations performed by Mandal et al. [10], by 0.5 eV at the TD-PBE0 level, and with those 

of Xiao et al. [38], at the CASPT2 level, possibly due to their [37] smaller basis set and/or active 

space used. The calculated lowest singlet transitions at the MS-CASPT2(20,14)/aug-cc-

pV5Z(g) and the MS-CAS(20,14)+icMRCI+Q/aug-cc-pV5Z(g) levels, give best agreement 

with the experimental values. This table also shows that the EOM-CCSD/aug-cc-pV5Z(g)+R 

method is accurate while allowing to obtain a much larger number of excited states compared 

to multiconfigurational techniques. 

The VUV absorption data are typically related to optically allowed transitions, although the 

low-intensity feature at 7.069 eV (with a calculated f = 0.00024, see Table 2) may be related to 

optically forbidden transitions. We note that in a previous comprehensive investigation of the 

A-band low-lying electronic states in the methyl halides CH3X (X = F, Cl, Br and I), by electron 

impact excitation [57], the (n → σ*) transitions involved the excitation of both singlet and triplet 

states. The lowest valence triplet transition energy, calculated at the MS-CASPT2(20,14)/aug-

cc-pV5Z(g) level and MS-CAS(20,14)+icMRCI+Q/aug-cc-pV5Z(g) level, assign that feature 

at 6.644 and 6.750 eV, respectively, while the MS-CAS(20,14)/aug-cc-pV5Z(g) calculation 

predicts a value at a higher energy, 7.201 eV. Those discrepancies between the results of our 

most accurate calculations, as far as dichloromethane is concerned, suggest that further electron 

scattering experiments are certainly needed to clarify the role of such underlying states. This 

follows as the corresponding spectral features can be probed under conditions more favourable 

for optically forbidden transitions, namely at lower energy electron impact and for higher 

electron scattering angles [58]. 

 

5.2. The 7.4–8.6 eV photon energy range 

The structureless features in this band have been reported before, in the experimental works 

of Russell et al. [11] and Mandal et al. [10], as arising from (4s ← n) Rydberg transitions 

converging to the ionisation energies. The current photoabsorption spectrum is presented in 
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Figure 3, with our proposed assignments summarised in Tables 2 and 8. Note that the present 

calculations indicate that this energy region is characterised by a contribution of valence and 

Rydberg transitions (see Section 5.5). The lowest-lying excited state of dichloromethane in this 

energy region is tentatively placed at 7.793 eV, with a local cross-section value of 5.0 Mb. We 

have assigned this to the �𝜎𝜎𝐶𝐶𝐶𝐶𝐶𝐶∗ (10𝑎𝑎1) ← 𝑛𝑛𝐶𝐶𝐶𝐶(9𝑎𝑎1) + 𝜎𝜎𝐶𝐶𝐶𝐶∗ (11𝑎𝑎1) ← 𝑛𝑛𝐶𝐶𝐶𝐶(7𝑏𝑏2)� �1 𝐴𝐴11 ←

𝑋𝑋� 𝐴𝐴11 � transition, with an oscillator strength of ~0.0047 (Table 2), and it shows for the first 

time some weak fine structure reminiscent of the pre-dissociative character of the absorption 

band. The 000 origin band is tentatively assigned at 7.72(0) eV, with a 30𝑛𝑛 (n = 0–2) progression 

of the CCl2 symmetric stretching mode, 𝜈𝜈3′ , and an average spacing of 0.078 eV (629 cm-1). 

However, a contribution from the CCl2 scissoring mode, 𝑣𝑣4′(𝑎𝑎1), is also discernible (see Table 

5). Other progressions at higher energy have also been assigned and are discussed in detail in 

Section 5.5 for the Rydberg transitions.   

 

5.3. The 8.5–9.7 eV photon energy range 

This energy range accommodates the third absorption band of dichloromethane (Figure 4) 

and is comprised of both valence and Rydberg transitions (Section 5.5). Russell et al. [11] 

reported an absorption band at 9.076 eV, assigned to (4p,3d ← n) transitions, while Mandal et 

al. [10] reported members of Rydberg series converging to the three lowest ionic states. 

According to the results of our calculations presented in Table 2, the valence transitions in 

this energy range have been respectively assigned to �𝜎𝜎𝐶𝐶𝐶𝐶𝐶𝐶∗ (10𝑎𝑎1) ← 𝑛𝑛𝐶𝐶𝐶𝐶(2𝑎𝑎2) + 𝜎𝜎𝐶𝐶𝐶𝐶∗ (11𝑎𝑎1) ←

𝑛𝑛𝐶𝐶𝐶𝐶(3𝑏𝑏1)� �4 𝐵𝐵11 ← 𝑋𝑋� 𝐴𝐴11 �  and 𝜎𝜎𝐶𝐶𝐶𝐶𝐶𝐶∗ (8𝑏𝑏2) ← 𝑛𝑛𝐶𝐶𝐶𝐶(9𝑎𝑎1) �4 𝐵𝐵21 ← 𝑋𝑋� 𝐴𝐴11 � , peaking at 9.123 

eV and 9.585 eV, with maximum cross-section values of 49.5 and 49.7 Mb. The 000 origin bands 

are at 8.67(6) eV and 9.508 eV, with the spectral assignments being contained in Table 6  and 

with the observed progressions assigned to the CCl2 symmetric stretching, 𝑣𝑣3′ (𝑎𝑎1), and CCl2 

scissoring, 𝑣𝑣4′(𝑎𝑎1), modes. This indicates that the structure description is complex, due to the 

strong Fermi resonances between these two vibrations. The average excited state frequencies 

of the 𝜈𝜈3′ - and 𝜈𝜈4′ -modes in the valence transition are 0.076 eV and 0.027 eV, with ground-states 

values of 0.089 eV (717 cm−1) and 0.035 eV (282 cm−1). Lee and Suto [15] also reported 

progressions for the CCl2 symmetric stretching, 𝜈𝜈3′ , and for the CH2 twisting, 𝜈𝜈5′ , modes. 

Regarding the latter, we have not attempted any spectral assignment given its a2 symmetry. 
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5.4. Ionisation energies of dichloromethane 

Table 4 lists the calculated vertical ionisation energies (IEs) for dichloromethane, at different 

levels of theory, and are compared with the experimental values available in the literature. A 

close inspection of the tabulated values reveals that all the theoretical methods agree reasonably 

well with each other while those provided by the Koopmans’ theorem [59] are larger in value. 

Such a difference is not surprising in view of the improper electron correlation (and relaxation) 

treatment in Koopmans’ theorem. In order to assign the lowest lying Rydberg members 

converging to the ionic electronic ground (3b1
–1), first (7b2

–1), second (2a2
–1) and third (9a1

–1) 

excited states, we have used the experimental adiabatic IE values of 11.320 eV, 11.357 eV, 

12.152eV and 12.271 eV (Table 4). 

 

5.5. Rydberg transitions and the 9.6–10.8 eV photon energy range 

The VUV photoabsorption spectrum above 7.6 eV displays a prominent Rydberg character 

(Figures 3–5), where a summary of the experimental energies, proposed assignments and 

quantum defects can be found in Table 8. The peak positions have been tested using the 

Rydberg formula: 𝐸𝐸𝑛𝑛 = 𝐼𝐼𝐼𝐼 − 𝑅𝑅/(𝑛𝑛 − 𝛿𝛿)2, where IE is the ionisation energy, n is the principal 

quantum number of the Rydberg orbital of energy En, R is the Rydberg constant (13.61 eV), 

and δ is the quantum defect resulting from the penetration of the Rydberg orbital into the core. 

The Rydberg structures of dichloromethane have been analysed previously [10,11,14,15,60], 

yet there remain discrepancies in some of the former assignments which deserve a 

comprehensive investigation such as we report here. A summary of the calculated Rydberg 

transitions is tabulated in the Supplementary Information (Table S2) and compared with 

Mandal et al. [10]. We observe large differences  in their calculated values (from 0.5 eV up to 

1 eV), which are very likely due to the lack of very diffuse functions in the basis set used for 

the description of high-n Rydberg states. 

The lowest-lying Rydberg transition is assigned to (𝑛𝑛𝑛𝑛𝑎𝑎1 ← 3𝑏𝑏1) � 𝐵𝐵12 ← 𝑋𝑋� 𝐴𝐴11 �, with the 

first member n = 4 at 7.72(0) eV and having a quantum defect δ = 2.06 (Table 8). That energy 

is in good agreement with the 7.7 eV value from the experimental data of Mandal and co-

workers [10]. Transitions to the n = 5–7 members of the 𝑛𝑛𝑛𝑛𝑎𝑎1 series are also in reasonably good 

accord with previous experimental data [10]. The first members of the two np (npb1 ← 3b1) / 

(npa1 ← 3b1) and one nd (ndb1 ← 3b1) series are associated with peaks at 8.837 eV and 9.294 

eV (δ = 1.66 and 1.41) and 9.61(1) eV (δ =0.18), and are accompanied by several quanta of the 

𝜈𝜈3′ - and 𝜈𝜈4′ -modes (Tables 5 and 7). For the higher order members of the Rydberg series (n > 6), 
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we have not made any attempt to identify their features due to their low intensity in the 

absorption spectrum. 

The Rydberg series converging to the ionic first excited electronic state are listed in Table 8, 

and have been assigned to the (𝑛𝑛𝑛𝑛𝑎𝑎1,𝑛𝑛𝑛𝑛𝑎𝑎1/𝑛𝑛𝑛𝑛𝑏𝑏2, 𝑛𝑛𝑛𝑛𝑎𝑎1 ← 7𝑏𝑏2) � 𝐵𝐵22 ← 𝑋𝑋� 𝐴𝐴11 � transitions. 

The first members of the ns, np and nd series are associated with features at 7.96(3) eV (δ 

=1.99), 8.952/9.75(9) eV (δ =1.62/1.08) and 7.75(9) eV (δ =0.08). Note that the early 

measurements of Russell et al. [11] reported an absorption band at 8.217 eV and a shoulder at 

7.978 eV assigned to two degenerate (4s ← n) transitions, although our calculations in Table 2 

do not lend support to their classification for those latter two states. The present Rydberg 

(tentative) assignments have been made up to n = 6, where some of the features contribute to 

more than one series. Such a contribution may be discernible from a close inspection of the 

VUV spectrum, where such peaks tend to appear broader due to contributions from vibrational 

modes (Tables 6 and 7). The extensive vibrational excitation of mode 𝜈𝜈4′  in the lowest-lying 

Rydberg state n = 4s, is in good accord with the fine structure found in the He(I) photoelectron 

spectrum of Pradeep et al. [20]. 

Regarding the Rydberg series (𝑛𝑛𝑛𝑛𝑎𝑎1,𝑛𝑛𝑛𝑛𝑎𝑎1,𝑛𝑛𝑛𝑛𝑎𝑎1 ← 2𝑎𝑎2) � 𝐴𝐴22 ← 𝑋𝑋� 𝐴𝐴11 �  of dipole 

forbidden transitions, converging to the ionic second excited electronic state, the values in Table 

8 are part of vibronic transitions and/or superposition with other Rydberg series. 

As far as the members of the Rydberg series converging to the third ionic excited electronic 

state are concerned, n = 4 for ns, np and nd, we propose that they are located in our 

photoabsorption spectrum at 8.67(6)/8.756 eV, 9.899 eV and 10.670 eV (Table 8) with quantum 

defects 2.05/2.03, 1.60 and 0.08, respectively. Some of the observed fine structure in those lines 

has been assigned to vibrational excitation involving the CCl2 symmetric stretching mode, 

𝑣𝑣3′ (𝑎𝑎1), the CCl2 scissoring mode, 𝑣𝑣4′(𝑎𝑎1), and the CCl2 rocking, 𝑣𝑣7′ (𝑏𝑏1), mode (see Tables 6 

and 7). 

 

5.6. Absolute photoabsorption cross sections and atmospheric photolysis 

Previous absolute VUV photoabsorption cross sections of dichloromethane are available in 

the wavelength range 111–200 nm (6.199–11.169 eV) [11], 110–210 nm (5.904–11.271 eV) 

[15], 160–255 nm (4.862–7.749 eV) [9] and 176–220 nm (5.636–7.044 eV) [12]. Those 

measurements were conducted at specific temperatures in the 210–295 K range. 

From the data of Russell et al. [11] the vertical excitation of the lowest-lying excited state at 

7.069 eV yields a photoabsorption cross-section of 0.003 Mb, compared to our cross-section 
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value of 1.9 Mb. On the other hand Hubrich et al. [9] and Lee and Suto [15] reported at 175 nm 

(7.085 eV) cross-section values of 1.87 and ~1.75 Mb, in good agreement with our value of 

1.90 Mb. Furthermore, at 295 K, Simon et al. [12] reported at 186 nm (6.666 eV) a cross-section 

value of 1.04 Mb, in good accord with the present value of 1.04 Mb. Finally, two other 

experimental values from optical absorption experiments reported cross-section values at 193.3 

nm (6.414 eV) and 213.2 nm (5.815 eV) of 0.37 Mb [53] and 0.009 Mb [8], respectively,  while 

we correspondingly found the values to be ~0.32 Mb and 0.004 Mb from the present 

experiments (see Figure 2). 

High-resolution VUV absolute photoabsorption cross sections, in combination with solar 

actinic flux measurements from the literature [61], can be used to calculate the photolysis rates 

of dichloromethane in the Earth’s atmosphere (0–50 km altitude) through a simple methodology 

as described in Ref. [62]. The quantum yield for dissociation, mainly in Cl-atom release, is 

assumed to be unity from the work of Taketani et al. [16]. Photolysis lifetimes of less than a 

week in sunlit days were calculated at altitudes above 40 km. This indicates that 

dichloromethane molecules are efficiently broken up by VUV absorption at these altitudes, 

contributing therefore to stratospheric halogen loading. At lower altitudes the photolysis 

lifetimes are, however, very high, meaning that these molecules cannot be broken up by UV 

radiation. Alapi and Dombi [21] reported a comprehensive study of gas-phase CH2Cl2 reactions 

with Cl● and ●OH radicals, with rate constant values of kCl = 3.67×10−13 cm3 molecule−1 s−1 and 

kOH = 1.26×10−13 cm3 molecule−1 s−1, while Yu et al. [22] have shown the efficiency of CH2Cl2 

photodegradation, by a combination of VUV light, ozone and hydroxyl radicals oxidation 

through the main intermediates detected. Thus, compared with these reactions, UV photolysis 

is not expected to play a significant role in the tropospheric removal of CH2Cl2 molecules. 

 

5.7. Potential energy curves along the CH2Cl2 → CH2Cl + Cl coordinate 

We have performed calculations of the potential energy curves (PECs) along one of the C–

Cl bonds, at the EOM-CCSD/aug-cc-pV5Z(g)+R level of theory in the Cs symmetry group, 

while keeping the other geometric parameters fixed at their values obtained from the 

CCSD(T)/aug-cc-pV5Z level computations. The four lowest-lying excited A′ and A″ states and 

their character are presented in Figure 6, with their energy values being given in Table 9. 

Mandal et al. [10] have calculated similar PECs using density functional theory, with the 

PBE0/6-311G+(2d, 2p) basis set. Differences between the present results and those of Mandel 

et al. are noted at some of the asymptotic limits, as well as in the representation of the curve 

crossings. Such differences may arise from the level of theory used in the present calculations. 
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A close inspection of the PECs in Figure 6 show a large number of avoided crossings, implying 

multiple conical intersections in the full multi-dimensional space. The first two excited states, 

nCl (3b1) → σCCl* (10a1) and nCl (7b2) → σCCl* (10a1), are almost degenerate because the HOMO 

(nCl) and HOMO-1 (nCl) are also degenerate even at short distances. These states show a clear 

dissociative character, which can explain the absence of any clear fine structure in the 7.0–7.6 

eV energy region of the VUV photoabsorption spectrum. Regarding the higher energy valence 

states, the bond breaking through C–Cl and/or C–H coordinates stands to be proven which 

implies that another complex underlying molecular mechanism, e.g. conical intersections, may 

be responsible for the dissociative dynamical character. The role of Rydberg states, related to 

Cl-atom release relevant to stratospheric ozone local chemistry, are not evident from the PECs. 

These may therefore require in the future a full optimization for each of these states, at a more 

computationally expensive level of theory, which is beyond the focus of this contribution. 

 

6. CONCLUSIONS 

We have presented a comprehensive investigation of the VUV electronic-state spectroscopy 

of dichloromethane in the 5.8–10.8 eV energy range, with the most reliable and complete set of 

absolute photoabsorption cross-sections for this region being given. The main absorption 

features are due to electronic excitations from the ground state to valence, Rydberg and mixed-

character states. Novel assignments have been made, which have not been previously reported 

in the literature. Theoretical calculations on the vertical excitation energies and oscillator 

strengths were performed using the equation-of-motion coupled cluster method, but were 

restricted to the single and double excitation level in order to help in our assigning of the valence 

and Rydberg transitions. 

The present photoabsorption spectrum revealed several new features not previously reported, 

with valence 𝜎𝜎𝐶𝐶𝐶𝐶𝐶𝐶∗ (10𝑎𝑎1) ← 𝑛𝑛𝐶𝐶𝐶𝐶(7𝑏𝑏2) �1 𝐵𝐵21 ← 𝑋𝑋� 𝐴𝐴11 �  and �𝜎𝜎𝐶𝐶𝐶𝐶𝐶𝐶∗ (10𝑎𝑎1) ← 𝑛𝑛𝐶𝐶𝐶𝐶(9𝑎𝑎1) +

𝜎𝜎𝐶𝐶𝐶𝐶∗ (11𝑎𝑎1) ← 𝑛𝑛𝐶𝐶𝐶𝐶(7𝑏𝑏2)� �1 𝐴𝐴11 ← 𝑋𝑋� 𝐴𝐴11 �  transitions at 7.519 and 7.793 eV being a good 

example of this. The analysis of the observed vibronic structure in the photoabsorption spectra 

also allowed us to propose, for the first time, assignments for the CCl2 symmetric stretching, 

𝜈𝜈3′ , and CCl2 scissoring, 𝑣𝑣4′(𝑎𝑎1), modes. The photolysis lifetimes of dichloromethane were also 

derived for the Earth’s troposphere and stratosphere, as a part of this investigation, and showed 

that solar photolysis is expected to be a weak sink in the terrestrial atmosphere. Finally potential 

energy curves as a function of the C–Cl coordinate, for the four lowest-lying excited A′ and A″ 

states, were calculated at the EOM-CCSD level of theory with aug-cc-pV5Z(g)+R basis set. 
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Figure captions 

Fig. 1. Ground state geometry at the CCSD(T)level with the aug-cc-pV5Z basis set for 

dichloromethane. Bond lengths are in Å and angles in (°). 

Fig. 2. High-resolution VUV photoabsorption spectrum of dichloromethane in the 5.8–10.8 eV 

photon energy range. See text for details. 

Fig. 3. VUV photoabsorption spectrum of dichloromethane in the 7.4–8.6 eV photon energy 

range. See text for details. 

Fig. 4. VUV photoabsorption spectrum of dichloromethane in the 8.5–9.7 eV photon energy 

range. See text for details. 

Fig. 5. VUV photoabsorption spectrum of dichloromethane in the 9.6–10.8 eV photon energy 

range. See text for details. 

Fig. 6. PECs for the ground and low-lying excited singlet states of CH2Cl2 plotted as a function 

of RC–Cl, calculated at the EOM-CCSD/ aug-cc-pV5Z(g)+R level of theory in the Cs symmetry 

group. Labelling on the right vertical axis relates to the four lowest-lying A′ and A″ states. See 

text for details. 

 

Table captions 

Table 1. Calculated geometry of CH2Cl2 compared with previous works. Bond lengths are in Å 

and angles in (°). 

Table 2. Calculated vertical excitation energies (EOM-CCSD/aug-cc-pV5Z(g)+R) and 

oscillator strengths (singlet and triplet states) of CH2Cl2 compared with experimental data 

(energies in eV). See text for details. 

Table 3. Calculated vertical excitation energies using multiconfigurational methods (CASPT2 

and MRCI) on the lowest lying singlet and triplet valence states of CH2Cl2 (energies in eV). 

See text for details. 

Table 4. Calculated vertical ionisation energies (CCSD(T) geometry with aug-cc-pV5Z basis 

set) and intensities (pole strengths, PS) compared with experimental values for CH2Cl2 (in eV). 

Table 5. Proposed vibrational assignments of the CH2Cl2 absorption bands in the photon energy 

range 7.4−8.6 eVa. Energies in eV. 

Table 6. Proposed vibrational assignments of the CH2Cl2 absorption bands in the photon energy 

range 8.5−9.7 eVa. Energies in eV. 

Table 7. Proposed vibrational assignments of the CH2Cl2 absorption bands in the photon energy 

range 9.6−10.8 eVa. Energies in eV. 
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Table 8. Energy value (eV), quantum defect (δ) and assignment of the Rydberg series 

converging to the ionic electronic ground (3b1
–1), first (7b2

–1), second (2a2
–1) and third (9a1

–1) 

excited states of dichloromethane, CH2Cl2
a. 

Table 9. Calculations of the potential energy curves, along one of the C–Cl bonds, of the four 

lowest-lying A′ and A″ states performed with MOLPRO at the EOM-CCSD/aug-cc-

pV5Z(g)+R level of theory in the Cs symmetry group. The other geometry parameters were 

kept fixed at their values obtained at the CCSD(T)/aug-cc-pV5Z level. 
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Fig. 1. Ground state geometry at the CCSD(T) level with the aug-cc-pV5Z basis set for 

dichloromethane. Bond lengths are in Å and angles in (°). 
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Fig. 2. High-resolution VUV photoabsorption spectrum of CH2Cl2 in the 5.8–10.8 eV photon 

energy range. See text for details. 
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Fig. 3. VUV photoabsorption spectrum of CH2Cl2 in the 7.4–8.6 eV photon energy range. See 

text for details. 
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Fig. 4. VUV photoabsorption spectrum of CH2Cl2 in the 8.5–9.7 eV photon energy range. See 

text for details. 
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Fig. 5. VUV photoabsorption spectrum of CH2Cl2 in the 9.6–10.8 eV photon energy range. See 

text for details. 
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Fig. 6. PECs for the ground and low-lying excited singlet states of CH2Cl2 plotted as a function 

of RC–Cl, calculated at the EOM-CCSD/ aug-cc-pV5Z(g)+R level of theory in the Cs symmetry 

group. Labelling on the right vertical axis related to the four lowest-lying A′ and A″ states. See 

text for details. 
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Table 1. Calculated geometry of CH2Cl2 compared with previous works. Bond lengths are in Å 

and angles in (°). 

 

 This work [10] [37] Exp. [7] 
 CCSD(T) PBE0 CASPT2  
 aug-cc-pV5Z aug-cc-pV5Z ANO-L  
R(CH) 1.0721 1.084 1.080 1.0874 
R(CCl) 1.7686 1.761 1.7631 1.7648 
     
∡ HCH 111.7 111.4 111.1 111.51 
∡ ClCCl 112.5 112.9 112.8 112.03 
∡ HCCl 108.2 108.1 – – 
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Table 2. Calculated vertical excitation energies (EOM-CCSD/aug-cc-pV5Z(g)+R) and oscillator strengths (singlet and triplet states) of CH2Cl2 

compared with experimental data (energies in eV). See text for details. 

 

State E (eV) fL <r2>a 
HOMO 

(3b1), nCl 

HOMO-1 

(7b2), nCl 

HOMO-2 

(9a1), nCl 

HOMO-3 

(2a2), nCl 
Mixed character 

E (eV) 

expt. 

Cross 

section (Mb) 

X� 1A1           

 7.188 0.00024 77 σCCl*(10a1)       7.069 1.9 

 7.316 0.01178 76  σCCl*(10a1)      7.519 2.4 

 7.607  76     (3b1) → σCCl*(8b2) + (2a2)→ σCCl*(10a1)    

 7.815 0.00467 77     (9a1) → σCCl*(10a1) + (7b2) → σCH*(11a1)   7.793 5.0 

 8.232 0.04125 102 4s(a1)     7.72(0) 3.5 

 8.389 0.04708 103  4s(a1)    7.96(3) / 8.233 9.6 / 22.2 

 8.535  96     (3b1) → σCCl*(8b2) + (2a2) → 4s(a1)     

 8.592 0.01394 95   4p(a1)   9.899 40.8 

 9.112 0.03443 120 4p(b1)     8.837 33.6 

 9.141  92     (2a2) → 4s(a1) + (3b1) → σCCl*(8b2)     

 9.203 0.00701 96   4s(a1)   8.67(6) / 8.756 11.6 / 25.7 

 9.254  123  4p(b1)      

 9.299 0.02407 118 4p(a1)     9.294 37.9 

 9.342 0.03129 99     (3b1) → σCH*(11a1) + (2a2) → σCCl*(10a1)  9.123 49.5 

 9.384 0.00805 130  4p(a1)    8.952 40.6 

 9.524 0.21028 96   σCCl*(8b2)   9.585 49.7 

 9.682  145 4p(b2)       

 9.749 0.00503 127     (2a2) → 4p(b1) + (3b1) → 3d(a2)    

 9.756 0.01438 149  4p(b2)    9.75(9) 30.6 
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 9.762 0.00011 136     (9a1) → 4p(b1) + (3b1) → 5s(a1)      

 9.776 0.00158 142     (3b1) → 5s(a1) + (9a1) → 4p(b1)    9.793 38.8 

 9.851  143     (2a2) → 4p(a1) + (3b1) → 3d(b2)    

 9.884 0.04741 154  3d(a1)    9.75(9) 30.6 

 9.914 0.01322 142     (9a1) → 3d(a1) + (7b2) → 3d(b2)     

 10.024 0.02223 169     (3b1) → 3d(a1) + (2a2) → 4p(b2)     

 10.059 0.00242 172 3d(b1)     9.61(1) 43.4 

 10.087 0.05586 167     (7b2)→ 3d(a1) + (9a1) → 4p(b2)   

 10.108  163  3d(b1)      

 10.210  178     (3b1) → 3d(b2) + (2a2) → 4p(a1)   

 10.220 0.00008 269 3d(a1)       

 10.254 0.04096 182     (7b2) → 3d(b2) + (9a1) → 3d(a1)     

 10.259 0.00077 203     (3b1) → 3d(a2) + (2a2) → 4p(b1)   

 10.285 0.00983 198  3d(a2)      

 10.322 0.03844 276  5s(a1)    9.828 38.8 

 10.433 0.00993 356 5p(b1)     10.101 59.3 

 10.462 0.02305 345 5p(a1)     10.264 50.8 

 10.492  174    3d(a1)    

 10.495 0.02537 211     (9a1) → 4p(b2) + (7b2) → 3d(a2)    

 10.500 0.01345 163   3d(a1)   10.670 36.5 

 10.506 0.00137 261     (2a2) → 4p(b2) + (3b1) → 3d(a1)    

 10.513  358  5p(b1)      

 10.536  393 5p(b2)       

 10.542 0.00020 377  5p(a1)    10.134 47.9 

 10.613 0.00704 396  5p(b2)    10.454 35.6 
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 10.629 0.00006 440 4d(a1)       

 10.684 0.00014 234     (2a2) → 3d(b1) + (7b2) → 6s(a1)     

 10.706 0.01066 184   3d(b1)     

 10.716 0.00658 380     (7b2) → 6s(a1) + (2a2) → 3d(b1)     

 10.730 0.00048 491 4d(b1)     10.388 37.8 

 10.759 0.00003 218    3d(b2)    

 10.762  519 4d(b2)       

 10.768 0.00993 227   3d(b2)     

 10.785  478  4d(b1)      

 10.801 0.00722 574    3d(b1)    

 10.825 0.00002 714 6s(a1)       

 10.826 0.00185 438  4d(b2)      

 10.832 0.00385 296    3d(a2)    

 10.839 0.00061 594 5d(a1)       

 10.845  203   3d(a2)     

 10.860 0.00329 570  4d(a2)      

 10.890 0.01102 667  4d(a1)    10.450 35.6 

 10.891  497     (2a2) → 5s(a1) + (3b1) → 6p(b2)    

 10.911  256    3d(a1)    

 10.912 0.00000 666  4d(a1)      

 10.917 0.00273 924 6p(b1)     10.588 35.8 

 10.929 0.00058 256   5s(a1)   10.693 33.2 

 10.932 0.00778 968 6p(a1)     10.670 36.5 

 10.937 0.00655 401   6s(a1)     

 10.989  939  6p(b1)      

 10.993  845     (3b1) → 6p(b2) + (2a2) → 5s(a1)   
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 10.997 0.00117 967  6p(a1)    10.620 33.5 

 11.020 0.00003 1072 5d(a1)       

 11.042 0.00227 928  6p(b2)     10.767 39.1 

 11.075 0.00079 960 5d(b1)     10.744 35.5 

 11.089 0.01391 654     (2a2) → 5p(b1) + (3b1) → 4d(a2)    

 11.092 0.01574 956  6s(a1)    10.503 35.3 

 11.099  866     (3b1) → 5d(b2) + (2a2) → 5p(a1)   

 11.119 0.00007 717   5p(b1)     

 11.124 0.00161 1324 6s(a1)     10.454 35.6 

 11.127  887  5d(b1)      

 11.150 0.00486 689     (9a1) → 5p(a1) + (7b2) → 5d(b2)     

 11.152 0.01140 912 5d(a1)       

 11.157  925     (2a2) → 5p(a1) + (3b1) → 5d(b2)     

 11.173 0.00098 1653 7p(a1)       

 11.175 0.04823 440     (9a1) → 5p(b2) + (7b2) → 7s(a1)    

 11.179 0.00203 1574 7p(b1)       

 11.190 0.00473 1505  5d(a1)    10.767 39.1 

 11.201 0.02308 1043      (7b2) → 5d(b2) + (9a1) → 5p(a1)    

 11.216 0.00006 695     (3b1) → 4d(a2) + (2a2) → 5p(b1)   

 11.225 0.00169 1510  5d(a1)      

 11.237  1316 7p(b2)       

 11.243  1642  7p(b1)      

 11.256 0.00005 2440 7s(a1)     10.767 39.1 

 11.260 0.00488 866  5d(a2)      

 11.268 0.00928 1070  7p(a1)      
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 11.291 0.00148 1387  7p(b2)      

 11.301 0.00828 551     (2a2) → 5p(b2) + (3b1) → 6d(a1)    

 11.322  487    6s(a1)    

 11.325 0.00150 1889    6p(b1)    

 11.331 0.00415 492   4d(a1)     

 11.335 0.02658 1030     (2a2) → 4d(b1) + (9a1) → 4d(b2)    

 11.372 0.00014 796 6d(b1)       

 11.389 0.00619 590     (2a2) → 4d(b2) + (3b1) → 6d(a1) + (9a1) → 4d(b1)     

 11.397 0.00048 643     (9a1) → 5d(b1) + (3b1) → 6d(a1)      

 11.412  689  6d(b1)      

 11.420 0.00001 1580 8s(a1)       

 11.422 0.03931 498     (2a2) → 5d(b1) + (9a1) → 4d(b2)     

 11.431  990 8p(b2)       

 11.431 0.00722 657     (7b2) → 8s(a1) + (9a1) → 5p(b2)     

 11.437 0.00476 1063 8p(b1)       

 11.449 0.00774 1155 8p(a1)       

 11.473  691    4d(a1)    

 11.479 0.00692 867     (9a1) → 4d(a1) + (7b2) → 6d(b2)   

 11.493 0.00036 1531  6d(a1)      

 11.499  950     (2a2) → 4d(a1) + (9a1) → 4d(a2)       

 11.515 0.00132 755     (7b2) → 6d(b2) + (9a1) → 4d(a1)    

 11.519  798    7s(a1)     

 11.520 0.00165 1230  6d(a1)      

 11.521 0.00087 709   6p(a1)     

 11.545  904     (9a1) → 4d(a2) + (2a2) → 4d(a1)   
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 11.581 0.00142 917 9s(a1)       

 11.595 0.00598 904    7p(b1)    

 11.599  894    7p(a1)    

 11.611 0.00025 905   6p(b1)     

 11.669  770     (2a2) → 8s(a1) + (3b1) → 9p(b2)     

 

a Mean value of r2 (electronic radial spatial extents) 
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Table 3. Calculated vertical excitation energies using multiconfigurational methods (CASPT2 and MRCI) on the lowest lying singlet and triplet 

valence states of CH2Cl2 (energies in eV). See text for details. 

 

Lowest lying singlet valence states (values in brackets are calculated oscillator strengths) 
 

Energy (eV) 1B1 1B2
 1A2

 1A1
 

     
TD-PBE0/aug-cc-pV5Z [10] 6.694 (<0.001) 6.998 (0.014)  7.472 (0.003) 
MS-CASPT2(12,10)/ANORCC [38] 6.71 (0.007) 6.80 (0.022)   
SO-MS-CASPT2(12,10)/ANORCC [38] 7.01 7.06   
EOM-CCSD/aug-cc-pV5Z(g)+R a 7.188 (0.00024) 7.316 (0.01178) 7.607 7.815 (0.00467) 
MS-CAS(20,14)/aug-cc-pV5Z(g) a 8.017 (0.014) 8.016 (0.011) 8.337 8.623 (0.006) 
MS-CASPT2(20,14)/aug-cc-pV5Z(g) a 7.168 7.325 7.656 7.869 
MS-CAS(20,14)+icMRCI+Q/aug-cc-pV5Z(g) a 7.304 7.421 7.742 7.897 
Present experiment 7.069 7.519  7.96(3) / 8.233 
     

 
 
Lowest lying triplet valence states 
 

Energy (eV) 3B1 3B2
 3A2

 3A1
 

     
MS-CASPT2(12,10)/ANORCC [38] 6.180 6.230  6.490 
SO-MS-CASPT2(12,10)/ANORCC [38] 6.350 6.540 6.770  
EOM-CCSD/aug-cc-pV5Z(g)+R b 6.605 6.614 6.920 7.056 
MS-CAS(20,14)/aug-cc-pV5Z(g) a 7.201 7.057 7.449 7.555 
MS-CASPT2(20,14)/aug-cc-pV5Z(g) a 6.644 6.611 6.982 7.114 
MS-CAS(20,14)+icMRCI+Q/aug-cc-pV5Z(g) a 6.750 6.706 7.066 7.186 

     
a This work, Molpro 2015.1; b This work, Gaussian 09 Rev. E.01  
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Table 4. Calculated vertical ionisation energies (CCSD(T) geometry with aug-cc-pV5Z basis set) and intensities (pole strengths, PS) compared 

with experimental values for CH2Cl2 (in eV). 

 

 2B1 (3b1
-1)  2B2 (7b2

-1)  2A2 (2a2
-1)  2A1 (9a1

-1)  2B2 (6b2
-1)  2A1 (8a1

-1)  2B1 (2b1
-1)  

ROHF 11.536  11.323  12.147  12.104  −  −  −  

RMP2 11.515  11.610  12.235  12.233  −  −  −  

RCCSD 11.739  11.740  12.405  12.396  −  −  −  

RCCSD(T) 11.597  11.666  12.269  12.285  −  −  −  

UCCSD 11.724  11.714  12.389  12.372  −  −  −  

UCCSD(T) 11.585  11.650  12.257  12.269  −  −  −  

  PS  PS  PS  PS  PS  PS  PS 

Koopmans 12.147  12.181  12.897  12.827  15.942  16.800  18.437  

OVGF 11.628 0.908 11.705 0.904 12.335 0.902 12.312 0.905 15.313 0.899 15.913 0.895 17.077 0.895 

P3 11.521 0.904 11.585 0.901 12.174 0.898 12.233 0.902 15.424 0.892 15.994 0.887 17.150 0.887 

P3+ 11.493 0.904 11.561 0.901 12.204 0.901 12.151 0.898 15.370 0.891 15.933 0.886 17.056 0.884 

               

Exp. [20] 11.560  11.596  12.187  12.271  ~15.10  ~15.80  ~16.75  

 11.320 a  11.357 a  12.152 a  12.271 a  14.856 a  −  −  
 

a adiabatic value
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Table 5. Proposed vibrational assignments of the CH2Cl2 absorption bands in the photon energy 

range 7.4−8.6 eVa. Energies in eV. 

 

This work 

assignment energy ΔE (υ3
ΔE (υ4 (׳

 (׳

(4sa1 ← 3b1) 

000 7.72(0)(s) … … 

401 7.759 … 0.039 

301 7.808 0.088 … 

301 + 401 7.842 … 0.034 

302 7.87(7)(s) 0.069 … 

302 + 401 7.91(7)(s) … 0.040 

(4sa1 ← 7b2) 

000 7.96(3)(s) … … 

401 7.98(9)(b) … 0.026 

402/301 8.02(5)(s) 0.062 0.036 

403 8.06(1)(s) … 0.036 

404/302 8.08(8)(s) 0.063 0.027 

405 8.12(5)(s) … 0.037 

406/303 8.15(1)(s) 0.063 0.026 

407 8.18(4)(s) … 0.033 

408/304 8.21(1)(s) 0.060 0.027 

409 8.23(3)(b) … 0.022 

4010 8.26(0)(s) … 0.027 
a (s) shoulder structure. (b) broad structure (the last 

decimal of the energy value is given in brackets for these 

less-resolved features); 
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Table 6. Proposed vibrational assignments of the CH2Cl2 absorption bands in the photon energy 

range 8.5−9.7 eVa. Energies in eV. 

This work Previous work 

assignment energy ΔE (υ3
ΔE (υ4 (׳

 Ref. [15] Ref. [10] (׳

𝜎𝜎𝐶𝐶𝐶𝐶𝐶𝐶∗ (10𝑎𝑎1) ← 𝑛𝑛𝐶𝐶𝐶𝐶(2𝑎𝑎2) + 𝜎𝜎𝐶𝐶𝐶𝐶∗ (11𝑎𝑎1) ← 𝑛𝑛𝐶𝐶𝐶𝐶(3𝑏𝑏1) / (nsa1 ← 9a1) 

000 8.67(6)(s) … … 8.670 8.670 

301 8.762 0.086 … 8.756 8.759 

302 8.837 0.075 … 8.837 8.836 

302 + 401 8.87(5)(s) … 0.038 … … 

303 8.907 0.070 … 8.913 8.911 

303 + 401 8.952 … 0.045 … … 

304 9.00(4)(b) 0.097 … 9.003 9.005 

305 9.083 0.079 … 9.086 9.084 

306 9.170 0.087 … 9.168 9.168 

307 9.253 0.083 … 9.255 9.247 

308 9.336 0.083 … 9.339 9.327 

309 9.40(7)(s) 0.071 … 9.423 9.416 

(npa1 ← 7b2) 

000 8.952 … … 8.957 8.953 

301 9.043 0.091 … 9.044 9.043 

302 9.123 0.080 … 9.129 9.127 

303 9.211 0.088 … 9.216 9.216 

304 9.287 0.076 … 9.302 9.290 

305 9.37(1)(s) 0.084 … 9.386 9.387 

306 9.45(0)(s) 0.079 … − − 

(8b2(σCCl*) ← 9a1) 

000 9.508 … … − − 

401 9.53(0)(s) … 0.022 − − 

402 9.55(2)(s) … 0.022 − − 

301 9.585 0.077 … − 9.592

301 + 401 9.60(7)(s) … 0.022 − −

301 + 402 9.63(7)(s) … 0.030 − −

302 9.66(0)(s) 0.075 … − 9.676

302 + 401 9.69(4)(s) … 0.034 − −
a (s) shoulder structure. (b) broad structure (the last decimal of the energy value is given in 

brackets for these less-resolved features); 
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Table 7. Proposed vibrational assignments of the CH2Cl2 absorption bands in the photon energy range 9.6−10.8 eVa. Energies in eV. 

 

This work Previous work 

assignment energy ΔE (υ2
ΔE (υ3 (׳

ΔE (υ7 (׳
 Ref. [15] Ref. [10] (׳

4p (2𝑎𝑎2)−1 / 3d (3𝑏𝑏1)−1 9.61(1) … … … … … 

4p + 301 9.68(6) … 0.075 … … 9.676 

4p + 302 / 3d (7𝑏𝑏2)−1 9.75(9)(s) … 0.073 … … … 

4p + 303 9.82(4)(s) … 0.065 … 9.779 9.798 

3d (7𝑏𝑏2)−1 + 201 9.91(1)(s) 0.152 … … 9.911 9.952 

3d + 202 10.07(2)(s) 0.161 … … 10.020 10.106 

3d + 203 10.23(4)(s) 0.162 … … 10.151 10.265 

3d + 204 / 4d (3𝑏𝑏1)−1 10.388 0.154 … … … … 

       

… … … … … 9.813 … 

5s (3𝑏𝑏1)−1 + 201 9.955 0.162 … … 9.967 … 

5s + 202 10.101 0.146 … … 10.081 … 

5s + 203 10.264 0.163 … … 10.202 … 

5s + 204 10.42(3)(s) 0.159 … … 10.310 … 

       

5s (7𝑏𝑏2)−1 9.828 … … … 9.854 … 

5s + 201 9.99(9)(s) 0.171 … … 9.990 … 

5s + 202 10.15(0)(s,w) 0.151 … … 10.116 … 
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5s + 203 10.30(6)(s,w) 0.156 … … 10.238 … 

       

4p (9𝑎𝑎1)−1 + 301 9.975 … 0.076 … … … 

4p + 301 + 701 10.08(0)(s,w) … … 0.105 … … 

4p + 301 + 702 10.184 … … 0.104 … … 

4p + 301 + 703 10.289 … … 0.105 10.281 … 

       

4d (3𝑏𝑏1)−1 + 701 10.485 … … 0.097 … … 

       

3d (2𝑎𝑎2)−1 + 301 / 6p (7𝑏𝑏2)−1 10.620 … 0.077 … 10.614 … 

3d + 302 / 6p + 301 / 5s (2𝑎𝑎2)−1 / 5s (9𝑎𝑎1)−1 10.693 … 0.073 … 10.699 … 

3d + 303 / 6p + 302 10.77(7)(s,w) … 0.084 … 10.788 … 

       

6p (3𝑏𝑏1)−1 + 301 10.670 … 0.082 … … … 

6p + 302 / 5d (3𝑏𝑏1)−1 10.744 … 0.074 … … … 

       
a (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 8. Energy value (eV), quantum defect (δ) and assignment of the Rydberg series 

converging to the ionic electronic ground (3b1
–1), first (7b2

–1), second (2a2
–1) and third (9a1

–1) 

excited states of dichloromethane, CH2Cl2
a. 

 

This work Ref. [10] 

En δ assignment  

IE1 = 11.320 eV (𝟑𝟑𝒃𝒃𝟏𝟏)−𝟏𝟏 

(nsa1 ← 3b1) 

7.72(0)(s) 2.06 4s(a1) 7.7 

9.793 2.01 5s(a1) 9.798 

10.454 2.04 6s(a1) 10.457 

10.767 2.04 7s(a1) 10.766 

(npb1 ← 3b1) / (npa1 ← 3b1) 

8.837 / 9.294 1.66 / 1.41 4p(b1) / 4p(a1) 8.670 / … 

10.101 / 10.264 1.66 / 1.41 5p(b1) / 5p(a1) 10.106 / … 

10.588 / 10.670 1.69 / 1.42 6p(b1) / 6p(a1) 10.592 / … 

(ndb1 ← 3b1) 

9.61(1)(s) 0.18 3d(b1) 9.617 

10.388 0.18 4d(b1) 10.397 

10.744 0.14 5d(b1) 10.742 

IE2 = 11.357 eV (𝟕𝟕𝒃𝒃𝟐𝟐)−𝟏𝟏 

(nsa1 ← 7b2) 

7.96(3)(s) 1.99 4s(a1) 7.985 

9.828 2.01 5s(a1) 9.835 

10.503 2.00 6s(a1) 10.491 

(npa1 ← 7b2) / (npb2 ← 7b2) 

8.952 / 9.75(9)(s) 1.62 / 1.08 4p(a1) / 4p(b2) 8.953 / … 

10.134 / 10.454 1.66 / 1.12 5p(a1) / 5p(b2) 10.138 / … 

10.620 / 10.767 1.70 / 1.19 6p(a1) / 6p(b2) 10.624 / … 

(nda1 ← 7b2) 

9.75(9)(s) 0.08 3d(a1) 9.765 

10.450 0.13 4d(a1) 10.457 

10.767 0.19 5d(a1) 10.787 
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IE3 = 12.152 eV (𝟐𝟐𝒂𝒂𝟐𝟐)−𝟏𝟏 

(nsa1 ← 2a2)* 

8.67(6) 2.02 4s(a1) 8.225 

10.620 2.02 5s(a1) 10.491 

(npa1 ← 2a2)* 

9.61(1)(s) 1.68 4p(a1) 9.592 

(nda1 ← 2a2)* 

10.543 0.09 3d(a1) 10.546 

IE4 = 12.271 eV (𝟗𝟗𝒂𝒂𝟏𝟏)−𝟏𝟏 

(nsa1 ← 9a1) 

8.67(6) / 8.756 2.05 / 2.03 4s(a1) 8.225 

10.693 2.06 5s(a1) 10.508 

(npa1 ← 9a1) 

9.899 1.60 4p(a1) 9.902 

(nda1 ← 9a1) 

10.670 0.08 3d(a1) 10.677 
a (s) shoulder structure (the last decimal of the energy value is given in brackets 

for these less-resolved features); * dipole forbidden transition which is part of 

the vibronic transitions and/or superposition with other Rydberg series. 
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Table 9. Calculations of the potential energy curves, along one of the C–Cl bonds of the four 

lowest-lying A′ and A″ states, as performed with MOLPRO at the EOM-CCSD/aug-cc-

pV5Z(g)+R level of theory in the Cs symmetry group. The other geometric parameters were 

kept fixed at their values obtained from the CCSD(T)/aug-cc-pV5Z level. 

State character 
Type of transition 

E (eV) C2v Cs 

(𝑋𝑋�)1A1 (𝑋𝑋�)1A′ 
7.188 (1)1B1 (1)1A′ nCl (3b1) → σCCl* (10a1) 
7.316 (1)1B2 (1)1A″ nCl (7b2) → σCCl* (10a1)   
7.607 (1)1A2 (2)1A″ nCl (3b1) → σCCl* (8b2) + nCl (2a2) → σCCl* (10a1)  
7.815 (1)1A1 (2)1A′ nCl (9a1) → σCCl* (10a1) + nCl (7b2) → σCH* (11a1)   
8.232 (2)1B1 (3)1A′ nCl (3b1) → 4s(a1) 
8.389 (2)1B2 (3)1A″ nCl (7b2) → 4s(a1) 
8.535 (1)1A2 (4)1A″ nCl (3b1) → σCCl* (8b2) + nCl (2a2) → 4s(a1)  
8.592 (2)1A1 (4)1A′ nCl (9a1) → 4p(a1)# 

# such assignment is only valid for vertical transitions, whereas when the bond is cleavage, the Rydberg 
character vanishes and all states become valence antibonding. 
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