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a b s t r a c t 

The electronic state spectroscopy of 2-fluorotoluene in the gas phase has been investigated for the first 

time using high-resolution vacuum ultraviolet photoabsorption experiments in the 4.4–10.8 eV energy- 

range, with absolute cross-section measurements obtained. Additionally, we also present a novel set of ab 

initio calculations (vertical excitation energies and oscillator strengths) at two different levels of theory, 

equation-of-motion coupled-cluster singles and doubles (EOM-CCSD) and time-dependent density func- 

tional theory (TD-DFT). These are used in the assignment of valence, mix valence-Rydberg and Rydberg 

transitions, with the associated vibronic series analysed. The measured absolute photoabsorption cross- 

sections have been used to calculate the photolysis lifetime of 2-fluorotoluene in the Earth’s atmosphere. 

© 2023 The Author(s). Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Isomeric fluorotoluenes, ortho - (2-C 7 H 7 F), meta - (3-C 7 H 7 F) and 

ara -fluorotoluene (4-C 7 H 7 F), have been extensively investigated 

ither by experimental [ 1–15 , 15–20 ] or theoretical methods [ 4 , 11–

5 , 17 , 19 ] (and references therein) due to relevant intramolecular 

ynamics governing internal rotation of the methyl group. The 

resent work is the first of a set devoted to the electronic state 

pectroscopy of isomeric halotoluenes and the role of these trace 

ases in atmospheric chemistry and physics. 

This is a continuation of a study in line with previous inves- 

igations of the electronic excitation of toluene [21] and difluoro- 

oluenes [22] by high-resolution photoabsorption experiments and 

uantum chemical calculations. To our knowledge there are nei- 

her previous experimental measurements on electron energy loss 
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EEL) nor photoabsorption spectroscopies for 2-C 7 H 7 F in the en- 

rgy range covered in the present work (4.4–10.8 eV). However, 

 literature survey reveals that Hammond et al. [23] and Cave 

nd Thompson [24] have reported absorption spectra of ortho - 

uorotoluene in the energy range 5.6–9.5 eV (220–130 nm) and 

.5–4.9 eV (275–250 nm), respectively, the latter suggesting the 

0–0) transition of the lowest-lying band at 4.659 eV (37576 cm 

–1 ). 

hese studies included no assignments of the electronic transitions. 

The ionisation energy to the ionic electronic ground-state has 

een determined through equilibrium constant measurements of 

ias and Ausloss [25] , while Palmer et al. [26] and Watanabe et al. 

27] reported He(I) photoelectron spectra of the valence shell or- 

itals. Infrared spectra have been obtained to provide a consistent 

et of vibrational assignments [ 24 , 28–30 ], whilst fluorescence and 

mission spectra have been reported in the wavelength range 270–

10 nm [31] (4.0 0 0–4.592 eV) and 250–310 nm [32] (4.0 0 0–4.959

V). Yang et al . [1] reported photodissociation of 2-C 7 H 7 F at 193

m (6.424 eV) with rotationally resolved emission of HF. 

In this paper we report a comprehensive investigation of 2- 

 7 H 7 F electronic state spectroscopy by combining experimental 

igh-resolution vacuum ultraviolet (VUV) photoabsorption with 

alculations performed using theoretical ab initio methods of the 
under the CC BY-NC-ND license 
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Fig. 1. Calculated structure of the two lowest-energy conformers of 2-fluorotoluene, 2-C 7 H 7 F optimised at DFT/CAMB3LYP/aug-cc-pVDZ level. 
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ertical excitation energies and oscillator strengths for the neutral 

lectronic transitions. The fine structure observed across the entire 

hoton energy range (10.8–4.4 eV, 114 < λ < 281 nm) is assigned 

ere for the first time. In the next section we present the com- 

utational methods employed in the calculations. In Section 3 we 

rovide a brief summary of the structure and properties of 2- 

uorotoluene and in Section 4 we present a brief discussion of the 

xperimental details. Section 5 is devoted to the results and dis- 

ussion, and the absolute photoabsorption cross sections are used 

o calculate photolysis rates from 0–50 km altitude in the Earth’s 

tmosphere. Finally, some conclusions that can be drawn from this 

tudy are given in Section 6 . 

. Computational details 

Assignment of 2-fluorotoluene absorption features has been 

erformed with the aid of theoretical calculations on the elec- 

ronic structure and properties of the electronically excited states. 

e have used two different levels of accuracy, equation-of-motion 

oupled-cluster singles and doubles (EOM-CCSD) [33–36] and 

ime-dependent density functional theory (TD-DFT) [ 37 , 38 ], to ob- 

ain vertical excitation energies and oscillator strengths. The calcu- 

ated spectrum at the EOM-CCSD/aug-cc-pVDZ level gives a bet- 

er agreement with the experiment for the lowest-lying excited 

tates up to ∼7 eV (Table S1), while TD-DFT/CAMB3LYP/aug-cc- 

VDZ level of theory [39] is more attuned for higher excitation en- 

rgies (Tables 1 and S2). 

Geometry optimisation revealed two equilibrium conformations 

f C s symmetry differing by a 60-degree rotation of the methyl 

roup, as depicted in Fig. 1 (see also Fig. S1 for bond lengths 

nd bond angles). From the DFT/CAMB3LYP/aug-cc-pVDZ calcula- 

ion, performed with the GAMESS computational package [40] , the 

econd conformer (“b” in Fig. 1 ) is 0.027 eV above the first (“a” in 

ig. 1 ). However, harmonic frequencies calculated with the same 

unctional and basis set, show that an imaginary frequency for the 

econd conformer is obtained, indicating therefore that this is ac- 

ually a saddle point associated with an unstable configuration of 

he molecule. To support this finding, additional harmonic frequen- 

ies were calculated with B3LYP and PBE0 functionals (not shown 

ere) and confirm the results. To further investigate the stability 

f these conformers a potential energy curve (PEC) along the rota- 
2 
ion of the methyl group was calculated and is shown in Fig. S2. 

e observe three minima associated with the three possible sta- 

le equilibrium geometries of the first conformer (due to the three 

ethyl H atoms), and three maxima associated with the unstable 

ositions associated with the three possible configurations of the 

econd conformer. It is worth noting that an identical behaviour 

as reported by Serralheiro et al. [21] for the toluene molecule. 

The vertical excitation energies and properties of the elec- 

ronically excited states were calculated in the optimized ge- 

metry of the ground-state of the stable conformer. The TD- 

FT/CAMB3LYP/aug-cc-pVDZ and the EOM-CCSD/aug-cc-pVDZ cal- 

ulations were performed with GAMESS [40] and Psi4 [41] compu- 

ational packages, respectively. 

. Structure and properties of 2- fluorotoluene 

The 2-fluorotoluene molecule has C S symmetry (A 

′ and A 

′′ ) 
n its electronic ground state and the calculated outermost va- 

ence electronic configuration of the ˜ X 1 A 

′ ground state, at the 

D-DFT/aug-cc-pVDZ and EOM-CCSD/aug-cc-pVDZ levels are: …

16a ′ ) 2 (17a ′ ) 2 (18a ′ ) 2 (1a ′′ ) 2 (19a ′ ) 2 (20a ′ ) 2 (2a ′′ ) 2 (21a ′ ) 2 (22a ′ ) 2 
23a ′ ) 2 (3a ′′ ) 2 (24a ′ ) 2 (4a ′′ ) 2 (5a ′′ ) 2 and … (16a ′ ) 2 (17a ′ ) 2 (1a ′′ ) 2 
18a ′ ) 2 (19a ′ ) 2 (20a ′ ) 2 (21a ′ ) 2 (2a ′′ ) 2 (22a ′ ) 2 (23a ′ ) 2 (24a ′ ) 2 (3a ′′ ) 2 
4a ′′ ) 2 (5a ′′ ) 2 , respectively. For a complete electronic configura- 

ion see the Supplementary Information (SI). The highest occu- 

ied molecular orbital (HOMO) 5a ′′ and the second highest occu- 

ied molecular orbital (HOMO-1) 4a ′′ have π character (Table S1), 

hereas at the TD-DFT/CAMB3LYP/aug-cc-pVDZ level the HOMO- 

 (24a ′ ), HOMO-4 (23a ′ ) and HOMO-5 (22a ′ ) have σ CC / ̄n F , σ CCC ,

nd σ CC / ̄n F character, respectively ( Table 1 ). The VUV photoabsorp- 

ion features ( Figs. 2 to 7 ) have been assigned to electronic excita- 

ions, due to the promotion of an electron from the highest occu- 

ied molecular orbitals to valence and Rydberg character orbitals 

see Tables 1 and S1 for the calculated dominant excitation ener- 

ies and oscillator strengths). 

The fine structure discernible in the photoabsorption spectrum 

as been assigned to fundamental vibrational modes ( Tables 2 to 

 ) based on the energies (and wavenumbers) calculated at the 

FT/CAMB3LYP/aug-cc-pVDZ level of theory compared with the 

vailable experimental data [ 29 , 30 ] (see Tables S3 and S4). The Ry-

berg states have been assigned through knowledge of the ioni- 
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Table 1 

Calculated vertical excitation energies (TD-DFT/CAMB3LYP/aug-cc-pVDZ level) (eV) and oscillator strengths (singlet states) of the main electronic states of 2-fluorotoluene, 

2-C 7 H 7 F compared with experimental data and other work (energies in eV) (details in text). 

State E (eV) f L HOMO HOMO-1 Other Exp. (eV) Cross section (Mb) Ref. [24] 

π (5a ′′ ) π (4a ′′ ) 

˜ X 1 A ′ – –

2 1 A ′ 5.274 0.010894 π ∗(6a ′′ ) (60%) π ∗(7a ′′ ) (32%) 4.647 4.22 4.659 

3 1 A ′ 5.975 0.008171 π ∗(7a ′′ ) (50%) π ∗(6a ′′ ) (43%) 6.129 24.68 –

1 1 A" 6.265 0.007254 3p/ π ∗(25a ′ ) (89%) 

4 1 A ′ 6.780 0.492196 π ∗(7a ′′ ) (41%) π ∗(6a ′′ ) (49%) 6.858 212.39 –

5 1 A ′ 6.861 0.685860 π ∗(6a ′′ ) (31%) π ∗(7a ′′ ) (59%) 

7 1 A ′ 8.144 0.022748 5p(8a ′′ ) (11%) + 4p’(9a ′′ ) (83%) 8.064 20.18 –

28 1 A" 9.475 0.023819 9d(36a ′ ) (12%) 6p/7s(35a ′ ) (38%) π ∗(6a ′′ ) ← σ CC / ̄n F (22a ′ ) (15%) 9.083 24.17 –

18 1 A ′ 9.685 0.035695 π ∗(12a ′′ ) (14%) π ∗(11a ′′ ) (47%) 3p(27a ′ ) ← σ CC / ̄n F (24a ′ ) (25%) 9.454 39.18 –

21 1 A ′ 9.850 0.035532 π ∗(13a ′′ ) (26%) 3p(26a ′ ) ← σ CCC (23a ′ ) (35%) 

25 1 A ′ 10.300 0.042230 3d(29a ′ ) ← σ CC / ̄n F (24a ′ ) (58%) 10.039 51.12 –

Fig. 2. The high resolution VUV photoabsorption spectrum of 2-fluorotoluene, 2-C 7 H 7 F in the 4.4–10.8 eV photon energy range. 
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ation states energies and the application of quantum defect the- 

ry ( Table 5 ). The five lowest ionisation energies (IEs), which are 

eeded to calculate the quantum defects associated with transi- 

ions to Rydberg orbitals (see Section 5.2 ), have been obtained ex- 

erimentally at (IE 1 ) ad = 8.915 eV ( 5 a ′′ ) −1 
[27] , (IE 2 ) v = 9.53 eV

 4 a ′′ ) −1 
[26] , (IE 3 ) v = 12.08 eV (24 a ′ ) −1 [26] , (IE 4 ) v = 12.65 eV

23 a ′ ) −1 [26] , and (IE 5 ) v = 14.00 eV ( 3 a ′′ ) −1 
[26] . 

. Experimental details 

.1. 2-fluorotoluene sample 

The liquid sample used in the VUV measurements was pur- 

hased from Sigma-Aldrich, with a stated purity of ≥ 99%. The 

ample was degassed by repeated freeze–pump–thaw cycles. 

.2. VUV photoabsorption 

The high-resolution vacuum ultraviolet (VUV) photoabsorption 

pectrum of 2-fluorotoluene was recorded using the AU-UV beam 

ine of the ASTRID2 synchrotron facility at Aarhus University, Den- 

ark ( Fig. 2 ). The experimental apparatus has been described in 

etail elsewhere [ 42 , 43 ] so only a short review will be given here.

riefly, synchrotron radiation passes through a static gas sample 

nd a photomultiplier is used to measure the transmitted light in- 

ensity. The incident wavelength is selected using a toroidal disper- 

ion grating with 20 0 0 lines/mm providing a resolution better than 

.075 nm, corresponding to 3 meV at the midpoint of the energy 
3 
ange studied. The sample pressure is measured using a capaci- 

ance manometer (Chell CDG100D). To ensure that the data is free 

f any saturation effects the absorption cross-sections were mea- 

ured over the pressure range 0.02–1.31 mbar, with typical attenu- 

tions of less than 50%. The synchrotron beam current was moni- 

ored throughout the collection of each spectrum and background 

cans were recorded with the cell evacuated. Absolute photoab- 

orption cross sections are then obtained using the Beer-Lambert 

ttenuation law: I t = I 0 exp (- N σ l ), where I t is the radiation in-

ensity transmitted through the gas sample, I 0 is that through the 

vacuated cell, N the molecular number density of the sample gas, 

the absolute photoabsorption cross section, and l the absorption 

ath length (15.5 cm). Accurate cross-section values are obtained 

y recording the different absorption spectra in 5 or 10 nm sec- 

ions, allowing an overlap of at least 10 points between the ad- 

oining sections. In order to compensate for the constant beam de- 

ay in the storage ring, ASTRID2 operates in a “top-up” mode al- 

owing the light intensity to be kept quasi-constant. The variations 

 ∼2–3%) of the incident flux are therefore normalized to the beam 

urrent in the storage ring. The accuracy of the cross section is es- 

imated to be better than ± 5%. Only when absorption by the sam- 

le is very weak ( I 0 ≈ I t ), does the error increase as a percentage

f the measured cross section. 

. Results and discussion 

The absolute high-resolution VUV photoabsorption cross- 

ection of 2-fluorotoluene is shown in Fig. 2 , extending from 4.4 to 
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Table 2 

Proposed vibrational assignments in the 4.4 −5.0 eV absorption band of 2-fluorotoluene, 2-C 7 H 7 F. �E values in meV. 

Assignment Energy (eV) �E ( ν ′ 
19 ) �E ( ν ′ 

20 ) �E ( ν ′ 
21 ) �E ( ν ′ 

22 ) �E ( ν ′ 
24 ) �E ( ν ′ 

25 ) Ref. [16] (eV) 

p 1 21 0 1 4.49(9)(s,w) – – – – – – –

p 2 21 0 1 4.50(7)(s,w) – – – – – – –

p 5 21 1 0 / 19 0 1 4.52(2)(s,w) – – – – – – –

p 6 21 0 1 4.53(2)(s,w) – – – – – – –

p 7 21 0 1 / 22 0 1 4.54(0)(s,w) – – – – – – –

p 8 21 0 1 4.54(7)(s) – – – – – – –

21 0 1 4.557 – – – – – – –

? 4.56(7)(s,w) – – – – – – –

p 1 21 0 0 / 25 0 1 4.59(3)(s,w) – – 0.0 (–54) – – – –

p 2 21 0 0 / 24 0 1 4.60(0)(s,w) – – 0.0 (–47) – – – –

p 3 21 0 0 4.60(5)(s) – – 0.0 (–42) – – – –

p 4 21 0 0 4.613 – – 0.0 (–34) – – – –

p 5 21 0 0 4.61(9)(s) – – 0.0 (–28) – – – –

p 6 21 0 0 4.62(5)(b) – – 0.0 (–22) – – – –

p 7 21 0 0 4.632 – – 0.0 (–15) – – – –

p 8 21 0 0 4.638 – – 0.0 (–9) – – – –

0 0 0 4.647 – – 0.0 – – – –

p 9 21 0 0 4.658 – – 0.0 ( + 11) – – – –

p 1 21 1 0 4.68(4)(w) – – 91 – – – –

p 2 21 1 0 4.68(9)(w) – – 89 – – – –

p 3 21 1 0 / 24 1 0 4.69(4)(s,w) – – 89 – 47 – 4.696 

p 4 21 1 0 / 25 1 0 4.703 – – 90 – – 56 4.706 

p 5 21 1 0 / 25 1 0 4.70(9)(s) – – 90 – – 62 4.706 

p 6 21 1 0 4.715 – – 90 – – – –

p 7 21 1 0 4.720 – – 88 – – – –

21 1 0 4.735 – – 88 – – – –

p 9 21 1 0 / 22 1 0 4.745 – – 87 98 – – 4.745 

p 1 21 2 0 / 19 1 0 4.772 125 – 88 – – – 4.772 

p 2 21 2 0 / 20 1 0 4.775 – 128 86 – – – 4.775 

p 3 21 2 0 4.783 – – 89 – – – –

p 5 21 2 0 4.791 – – 82 – – – –

p 6 21 2 0 4.799 – – 84 – – – –

p 7 21 2 0 4.80(4)(w) – – 84 – – – –

21 2 0 4.822 – – 87 – – – –

p 9 21 2 0 4.833 – – 88 – – – –

22 2 0 4.840 – – – 95 – – –

p 1 21 3 0 4.860 – – 88 – – – –

p 2 21 3 0 4.863 – – 88 – – – –

p 3 21 3 0 4.871 – – 88 – – – –

p 5 21 3 0 4.878 – – 87 – – – –

p 6 21 3 0 4.885 – – 86 – – – –

p 7 21 3 0 4.88(8)(s) – – 84 – – – –

21 3 0 4.912 – – 90 – – – –

p 9 21 3 0 4.91(7)(s) – – 84 – – – –

p 5 21 4 0 4.96(3)(b) – – 85 – – – –

21 4 0 4.999 – – 87 – – – –

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

brackets for these less-resolved features). 
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0.8 eV and Figs. 3–7 show expanded views in the photon energy 

egion. The major absorption bands can be classified as valence 

ransitions of ( π ∗ ← π ) character and Rydberg series converging 

o the different ionisation energies. Tables 1 and S1 show the cal- 

ulated vertical excitation energies and oscillator strengths at the 

D-DFT/CAMB3LYP/aug-cc-pVDZ and EOM-CCSD/aug-cc-pVDZ lev- 

ls, respectively, and compare with the experimental results. How- 

ver, a close comparison between both sets of calculations shows 

hat EOM-CCSD gives a better agreement with experiment up to 

7eV, while TD-DFT/CAMB3LYP agrees reasonably well with the 

hotoabsorption data above 7 eV. Therefore, the calculated data in 

able S1 is shown up to 7.4 eV while Table 1 contains information 

n the vertical excitation energies up to 10.3 eV. 

.1. Valence state spectroscopy of 2-fluorotoluene 

Many of the calculated electronically excited states show 

 mixed character where more than one transition has a sig- 

ificant character. Thus, the description hereafter relates to 

article 1 ← hole 1 + particle 2 ← hole 2 (excited state ← 

round state), where each hole-particle pair is associated with 

 distinct transition. On the basis of the EOM-CCSD calcula- 
4 
ions summarised in Table S1, the absorption bands centred 

t 4.647, 6.129 and 6.858 eV have been assigned to valence 
∗( 7 a ′′ ) ← π( 5 a ′′ ) + π ∗( 8 a ′′ ) ← π( 4 a ′′ )( 2 1 A 

′ ← 

˜ X 1 A 

′ ) , π ∗( 8 a ′′ )
 π( 5 a ′′ ) + π ∗( 7 a ′′ ) ← π( 4 a ′′ )( 3 1 A 

′ ← 

˜ X 1 A 

′ ) and π ∗( 7 a ′′ ) ← π
 4 a ′′ ) + π ∗( 8 a ′′ ) ← π( 5 a ′′ )( 4 1 A 

′ ← 

˜ X 1 A 

′ ) transitions, respectively, 

owever features at 6.129 and 6.858 eV may also have a Ryd- 

erg character (see Section 5.2 ) and are assigned to 3 s ( 25 a ′ ) ←
( 5 a ′′ )( 1 1 A 

′′ ← 

˜ X 1 A 

′ ) and 4 p( 6 a ′′ ) ← π( 4 a ′′ )( 4 1 A 

′′ ← 

˜ X 1 A 

′ ) . 
ith calculations using TD-DFT/CAMB3LYP ( Table 2 ), these fea- 

ures have been assigned to π ∗( 6 a ′′ ) ← π( 5 a ′′ ) + π ∗( 7 a ′′ ) ←
( 4 a ′′ )( 2 1 A 

′ ← 

˜ X 1 A 

′ ) , π ∗( 7 a ′′ ) ← π( 5 a ′′ ) + π ∗( 6 a ′′ ) ← π( 4 a ′′ )
 3 1 A 

′ ← 

˜ X 1 A 

′ ) and π ∗( 6 a ′′ ) ← π( 4 a ′′ ) + π ∗( 7 a ′′ ) ← π( 5 a ′′ )( 4 1 A 

′ 
 

˜ X 1 A 

′ ) transitions, although a mixed valence-Rydberg 

 p/π ∗( 25 a ′ ) ← π( 5 a ′′ )( 1 1 A 

′′ ← 

˜ X 1 A 

′ ) character at 6.129 eV is 

lso noted (see Section 5.2 ). Note that the feature at 6.858 eV can 

dditionally be assigned to the π ∗( 7 a ′′ ) ← π( 4 a ′′ ) + π ∗( 6 a ′′ ) ←
( 5 a ′′ )( 5 1 A 

′ ← 

˜ X 1 A 

′ ) transition given its oscillator strength 

 Table 2 ). 

The calculated transition energy for the lowest-lying ex- 

ited state at EOM-CCSD level is overestimated by ∼0.4 eV 

hen compared to the experimental value, whereas at the TD- 

FT/CAMB3LYP level it is by 0.6 eV. The first band was also 
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Fig. 3. The VUV photoabsorption spectrum of 2-fluorotoluene, 2-C 7 H 7 F in the 4.4–5.5 eV photon energy range. See text for details on the assignments. 

Fig. 4. VUV photoabsorption spectrum of 2-fluorotoluene, 2-C 7 H 7 F in the 5.5–6.5 eV photon energy range. 

Fig. 5. VUV photoabsorption spectrum of 2-fluorotoluene, 2-C 7 H 7 F in the 6.4–7.6 eV photon energy range. 
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Fig. 6. VUV photoabsorption spectrum of 2-fluorotoluene, 2-C 7 H 7 F in the 6.4–8.9 eV photon energy range. 

Fig. 7. VUV photoabsorption spectrum of 2-fluorotoluene, 2-C 7 H 7 F in the 8.6–10.8 eV photon energy range. 
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eported by Hammond et al. [23] at 4.659 eV and here with a 

aximum absolute cross-section of 4.22 Mb, whereas the second 

and peaks at 24.68 Mb and the third at 212.39 Mb (Tables 1 and

1). Finally, the VUV spectrum reveals other bands at 8.064, 9.083, 

.454 and 10.039 eV which are also assigned to valence, Rydberg 

nd mixed valence-Rydberg transitions ( Table 1 ). These have 

een assigned to 5 p( 8 a ′′ ) + 4 p ′ ( 9 a ′′ ) ← π( 5 a ′′ )( 7 1 A 

′ ← 

˜ X 1 A 

′ ) ,
 d( 36 a ′ ) ← π( 5 a ′′ ) + 6 p/ 7 s ( 35 a ′ ) ← π( 4 a ′′ ) + π ∗( 6 a ′′ ) ← 

CC / ̄n F ( 22 a ′ )( 28 1 A 

′′ ← 

˜ X 1 A 

′ ) , π ∗( 11 a ′′ ) ← π( 4 a ′′ ) + π ∗( 12 a ′′ ) ←
( 5 a ′′ ) + 3 p( 27 a ′ ) ← σCC / ̄n F ( 24 a ′ )( 18 1 A 

′ ← 

˜ X 1 A 

′ ) /π ∗( 13 a ′′ ) ← 

( 5 a ′′ ) + 3 p( 26 a ′ ) ← σC C C ( 23 a ′ )( 21 1 A 

′ ← 

˜ X 1 A 

′ ) and 3 d( 29 a ′ ) ←
CC / ̄n F ( 24 a ′ )( 25 1 A 

′ ← 

˜ X 1 A 

′ ) , with maximum cross-sections of 

0.18, 24.17, 39.18 and 51.12 Mb, respectively. Note that most of 

he various spectral features overlap with many different Rydberg 

lectronic states and the superposition of several vibrational 

odes. These contribute therefore to the broadening of the ab- 

orption features as well as to enhance others which by their 

ature would not manifest as intensely as they appear. 

.1.1. Valence and vibronic excitation in the range 4.4 −5.4 eV 

The 0 0 
0 

origin band of the lowest-lying excited state which 

lso coincides with its vertical value is at 4.647 eV, with a cross- 
6 
ection of 4.22 Mb, and is in good agreement with the value 

f 4.652 eV (266.5 nm) [32] and 4.657 eV (37562 cm 

–1 ) [ 16 , 31 ]

rom fluorescence spectroscopy measurements. It has been as- 

igned in Table 1 to the promotion of an electron from the 

OMO to LUMO + 7 and from the HOMO-1 to the LUMO + 9 to
∗( 7 a ′′ ) ← π( 5 a ′′ ) + π ∗( 8 a ′′ ) ← π( 4 a ′′ )( 2 1 A 

′ ← 

˜ X 1 A 

′ ) , and shows

 large number of progressions that are detailed in Table 2 . Analy- 

is of this absorption region indicates that 9 progressions of the 
′ 
21 ( a 

′ ) vibrational mode (C–F/C–H stretching, see Table S3) are 

ominant in this band, with the average vibrational spacing be- 

ng 0.087 eV (0.101 eV in the ground-state). Additional assignments 

ave been proposed from the fluorescence spectroscopy work of 

kuyama et al. [16] and are due to C–C stretching, ν′ 
19 ( a 

′ ) , C–

 in-plane bending, ν′ 
20 

( a ′ ) and C–F bending, ν′ 
24 

( a ′ ) and ν′ 
25 

( a ′ ) 
odes. A close inspection of Fig. 3 also shows shoulder structures 

n the low energy onset to the band, some of them tentatively as- 

igned to hot-bands ( Table 2 ) and also being part of the unresolved

nternal rotational contribution of the methyl group. The feature at 

.56(7) eV remains unassigned, but may be either a hot-band of 

he C–CH 3 stretching mode ν′ 
23 

( a ′ ) or a branch member of the ro- 

ational envelope. 

The geometry of 2-fluorotoluene in the first excited state to- 

ether with its bond lengths in Å and bond angles in ( °), obtained
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Table 3 

Proposed vibrational assignments in the 5.9 −6.9 eV absorption band of 2- 

fluorotoluene, 2-C 7 H 7 F. 

Energy (eV) Assignment �E (eV) 

5.92(4)(s) 0 0 0 –

6.01(9)(b) 21 1 0 0.095 

6.129 3 p ( 5 a ′′ ) −1 
/ 3 s ( 4 a ′′ ) −1 

–

6.21(5)(b,w) 21 1 0 0.086 

6.30(6)(b,w) 21 2 0 0.091 

6.77(9)(s,w) 0 0 0 –

6.81(8)(s) 25 1 0 0.039 

6.858 25 2 0 / 3 p 
′ ( 5 a ′′ ) −1 

/ 3 p ( 4 a ′′ ) −1 
0.040 

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

the energy value is given in brackets for these less-resolved features) 
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t the TD-DFT/CAMB3LYP/aug-cc-pVDZ level of theory are shown 

n Fig. S3. The role of the first excited state, denoted in the lit- 

rature as S 1 , in the electronic state spectroscopy of 2-C 7 H 7 F has

een investigated due to the methyl group internal rotation and 

he mechanism related to the interaction between the ring π ∗ MO 

nd the methyl CH σ ∗ orbital in the LUMO. This interaction has 

een termed as π ∗–σ ∗ hyperconjugation [16] , i.e., if it occurs in 

he S 1 state, the methyl CH bonds strengths are reduced by the 

artial electron transfer process that can occur from the π ∗ MO 

o the σ ∗ antibonding orbital [4] . We observe from the calcu- 

ated bond lengths that while C11–H14 is slightly elongated from 

he neutral ground-state (S 0 ), the other C–H bonds (C11–H12 and 

11–H13) do not change appreciably. However, H14 in the S 1 state 

oints out-of-plane which can symmetry favour an intramolecular 

lectron transfer from the ring to its σ ∗ antibonding orbital, while 

he other methyl C–H bonds remain almost within the ring plane 

hus lending strong support to spatially prohibited hyperconjuga- 

ion [4] . This in turn means a considerable coupling between the 

ethyl group internal rotation and C–H stretching vibration, where 

he most active mode in the lowest-lying absorption band, C–F/C–

 stretching ν′ 
21 

( a ′ ) , is reduced by ∼ 15% from its value in the elec-

ronic ground-state (Tables S3 and S4). 

.1.2. Valence and vibronic excitation in the range 5.5 −10.8 eV 

Centred at 6.129 eV with a maximum cross-section of 24.68 

b, the second absorption band is assigned mainly due to the 

ydberg 3 s ( 25 a ′ ) ← π( 5 a ′′ )( 1 1 A 

′′ ← 

˜ X 1 A 

′ ) transition with an f L 
0.00 6 6, although with a similar order of magnitude oscillator 

trength ( f L ≈ 0.0051) it can also be ascribed to the π ∗( 8 a ′′ ) ←
( 5 a ′′ ) + π ∗( 7 a ′′ ) ← π( 4 a ′′ )( 3 1 A 

′ ← 

˜ X 1 A 

′ ) transition (Table S1). 

owever, at the TD-DFT/CAMB3LYP/aug-cc-pvDZ level of calcu- 

ation (see Table 1 ), the feature is mainly assigned to a va- 

ence π ∗( 7 a ′′ ) ← π( 5 a ′′ ) + π ∗( 6 a ′′ ) ← π( 4 a ′′ )( 3 1 A 

′ ← 

˜ X 1 A 

′ ) tran-

ition ( f L ≈ 0.0082), yet a mixed valence-Rydberg contribution 

 p/π ∗( 25 a ′ ) ← π( 5 a ′′ )( 1 1 A 

′′ ← 

˜ X 1 A 

′ ) with f L ≈ 0.0073 is also pos- 

ible. Looking at the absorption band in Fig. 4 , the rather broad 

ature of the features may be indicative of a more valence char- 

cter. Notwithstanding, the less pronounced features compared to 

he lowest-lying band are listed and assigned in Table 3 . For the 

alence excitation the main vibrational modes are due to a few 

uanta of C–F/C–H stretching, ν′ 
21 ( a 

′ ) and C–F bending, ν′ 
25 ( a 

′ ) 
odes. 

The most intense absorption band in the VUV spectrum of 

-fluorotoluene with a maximum at 6.858 eV and a cross- 

ection of 212.39 Mb ( Figs. 2 and 5 ) is assigned to a π ∗( 7 a ′′ ) ←
( 4 a ′′ ) + π ∗( 6 a ′′ ) ← π( 5 a ′′ )( 5 1 A 

′ ← 

˜ X 1 A 

′ ) transition from the TD- 

FT/CAMB3LYP/aug-cc-pvDZ calculation in Table 1 with f L ≈
.6859. We note that at the EOM-CCSD/aug-cc-pVDZ level of the- 
7 
ry (see Table S1), such an electronic transition may also contain 

ydberg character (see Section 5.2 ). The 0 0 
0 

origin band is assigned 

t 6.77(9) eV ( Table 3 ) and shows two quanta of the C–F bend-

ng, ν′ 
25 

( a ′ ) mode. The next valence transition peaking at 9.454 

V has its 0 0 
0 

origin band at 9.253 eV and is accompanied by six 

uanta of C–CH 3 stretching mode ν′ 
23 

( a ′ ) , with mean energy value 

f 0.069 eV ( Table 4 and Fig. 7 ). The next band peaking at 10.039

V, and according to the calculations in Table 1 , has been assigned 

o the 3 d( 29 a ′ ) ← σCC / ̄n F ( 24 a ′ )( 25 1 A 

′ ← 

˜ X 1 A 

′ ) Rydberg transition 

see Section 5.2 and Table 5 ). It has a reasonably high oscilla- 

or strength ( ≈ 0.0422) and contributes to the feature observed 

n this energy range. The 0 0 
0 

transition at 9.770 eV ( Table 4 ) can

lso be related to the mixed valence-Rydberg transition calculated 

t 10.113 eV (see Table S2) with f L ≈ 0.0409, and assigned to the 

ontribution of HOMO-3 to LUMO + 2 (30%) 3 s (26 a ′ ) ← π / n F (3 a 
′ ′ ),

OMO-1 to LUMO + 19 (15%) σ ∗
CH 

/π ∗( 38 a ′ ) ← π( 4 a ′′ ) and HOMO- 

 to LUMO + 22 (21%) π ∗(40 a ′ ) ← π (4 a ′ ′ ). Several quanta of C–CH 3 

tretching mode ν′ 
23 ( a 

′ ) , with mean energy value of 0.0 6 6 eV, are

xcited. 

.2. Rydberg transitions 

The photoabsorption spectrum displays several features above 

.1 eV relating to the different Rydberg states converging to the 

owest-lying ionisation energies (IEs). The experimental adiabatic 

onisation energy value (IE 1 ) of Watanabe et al . [27] is used to esti-

ate the Rydberg series converging to the (5a ′′ ) –1 ˜ X 2 A 

′′ ionic elec- 

ronic ground-state, whereas the experimental vertical ionisation 

nergies of IE 2 , IE 3 , IE 4 and IE 5 , (4a ′′ ) –1 ˜ A 

2 A 

′′ , (24a ′ ) –1 ˜ B 2 A 

′ , (23a ′ ) –1 

˜ 
 

2 A 

′′ and (3a ′′ ) –1 ˜ D 

2 A 

′′ ionic electronic excited states, respectively, 

re obtained from Palmer and co-workers [26] . The proposed Ryd- 

erg structures are labelled in Figs. 4–7 and listed in Table 5 . 

The peak positions have been tested using the Rydberg formula: 

 n = E i – R / ( n - δ) 2 , where E i is the ionisation energy, n is

he principal quantum number of the Rydberg orbital of energy 

 n , R is the Rydberg constant (13.61 eV), and δ the quantum de- 

ect resulting from the penetration of the Rydberg orbital into the 

ore. As far as the authors are aware, although some of the Ry- 

berg features of 2-fluorotoluene have been reported before [23] , 

he present assignments correspond to the most complete analysis 

f such states. Some of these Rydberg progressions overlap with 

ach other and most display vibrational structure in addition to 

he main spectral features ( Tables 3 and 4 ). These contributions 

end to broaden the absorption peaks. 

The lowest-lying member of the ( n s ← 5a ′′ ) Rydberg transition 

s not discernible from the absorption spectrum. The 7.47(6) eV 

eature is tentatively assigned to 4s Rydberg series converging to 

he ionic electronic ground state, with a quantum defect δ = 0.93 

 Table 5 ), although it can also be assigned to a 3p’(4a ′′ ) –1 Rydberg

ransition. It is accompanied by one quantum of the C–CH 3 stretch- 

ng mode ν′ 
23 

( a ′ ) , with a value of 0.060 eV ( Figs. 4 and Table 4 ).

ssignments for higher members are proposed in Table 5 up to 

 = 9, while features at 8.628 eV ( n = 8s) and 8.696 eV ( n = 9s),

ave also been assigned to 7d’(5a ′′ ) –1 /7d(4a ′′ ) –1 and 8d’(5a ′′ ) –1 Ry- 

berg members, respectively. The first members of the np, np’ and 

d series are associated with the peaks at 6.129 eV ( δ = 0.79), 

.856 eV ( δ = 0.43) and 7.27(8) eV ( δ = 0.12), respectively, with 

he 6.129 eV feature also assigned to 3s(4a ′′ ) –1 ( Table 5 ). The nd’

eries does not exhibit the n = 3 feature, so its first member as- 

igned to 4d’ is visible at 8.033 eV (it can also be assigned to 

s(4a ′′ ) –1 ) with a quantum defect δ = 0.07 ( Table 5 ) and extends

p to n = 8. Features at 6.856, 8.463, 8.60(4), 8.66(1) and 8.716 

V are also due to Rydberg transitions to 3p(4a ′′ ) –1 , 4p’(4a ′′ ) –1 ,

d(4a ′′ ) –1 , 4d’(4a ′′ ) –1 and 5s(4a ′′ ) –1 , respectively ( Table 5 ). Vibra-

ional excitation involving some of the members of these Rydberg 

eries has been assigned to the C–CH 3 stretching mode ν′ ( a ′ ) , in 
23 
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Table 4 

Proposed vibrational assignments in the 7.4 −10.3 eV absorption band of 2-fluorotoluene, 2-C 7 H 7 F. 

Energy (eV) Assignment �E (eV) Energy (eV) Assignment �E (eV) Energy (eV) Assignment �E (eV) 

7.47(6)(s) 4 s (5 a ′ ′ ) −1 /3 p ′ (4 a ′ ′ ) −1 − 8.16(0)(w) 5 p (5 a ′ ′ ) −1 − 9.253 0 0 0 / 8 s ( 4 a 
′′ ) −1 −

7.53(9)(s,b) 4 p ( 5 a ′′ ) −1 
/ 23 1 0 0.060 8.230 23 1 0 0.070 9.32(2)(b) 23 1 0 / 3 s ( 23 a ′ ) −1 

0.069 

8.302 23 2 0 0.072 9.39(6)(s) 23 2 0 0.074 

7.64(4)(s,b) 23 n − 9.454 23 3 0 0.058 

7.71(1)(b,w) 23 n + 1 0.067 8.302 4 p ( 4 a ′′ ) −1 − 9.52(3)(b) 23 4 0 0.069 

7.773 23 n + 2 0.062 8.363 23 1 0 0.061 9.58(9)(b,w) 23 5 0 0.066 

7.842 23 n + 3 0.069 8.43(1)(b) 23 2 0 0.068 9.66(4)(b,w) 23 6 0 0.075 

8.49(8)(s) 23 2 0 / 6 d ( 5 a 
′′ ) −1 

0.067 

7.79(8)(s) 3 d ( 4 a ′′ ) −1 − 9.770 0 0 0 −
7.86(0)(s) 23 1 0 0.062 8.39(2)(w) 6 s ( 5 a ′′ ) −1 − 9.840 23 1 0 0.070 

7.933 23 2 0 / 3 d 
′ ( 4 a ′′ ) −1 

0.073 8.463 23 1 0 / 6 p 
′ ( 5 a ′′ ) −1 

/ 4 p ′ ( 4 a ′′ ) −1 
0.071 9.90(7)(s) 23 2 0 0.067 

9.975 23 3 0 / 3 p ( 23 a ′ ) −1 
0.068 

7.89(2)(b) 4 p ′ ( 5 a ′′ ) −1 − 8.463 6 p ′ ( 5 a ′′ ) −1 
/ 4 p ′ ( 4 a ′′ ) −1 − 10.039 23 4 0 / 3 p 

′ ( 24 a ′ ) −1 
0.064 

7.968 23 1 0 0.076 8.530 23 1 0 / 6 d 
′ ( 5 a ′′ ) −1 

0.067 10.10(5)(b,w) 23 5 0 0.066 

8.033 23 2 0 / 4 s ( 4 a 
′′ ) −1 

0.065 8.60(4)(b) 23 2 0 / 7 p 
′ ( 5 a ′′ ) −1 

/ 4 d ( 4 a ′′ ) −1 
0.074 10.175 23 6 0 0.070 

8.101 23 3 0 / 4 s ( 5 a 
′′ ) −1 

0.068 8.67(9)(s) 23 3 0 / 8 p 
′ ( 5 a ′′ ) −1 

0.075 10.234 23 7 0 0.059 

8.741 23 4 0 / 9 d ( 5 a 
′′ ) −1 

0.062 

7.933 3 d ′ ( 4 a ′′ ) −1 −
8.00(2)(s) 23 1 0 / 4 d ( 5 a 

′′ ) −1 
/ 4 d ′ ( 5 a ′′ ) −1 

0.069 8.49(8)(s) 6 d ( 5 a ′′ ) −1 −
8.064 23 2 0 0.062 8.56(0)(s) 23 1 0 / 7 p ( 5 a 

′′ ) −1 
0.062 

8.133 23 3 0 0.069 8.628 23 2 0 / 7 d 
′ ( 5 a ′′ ) −1 

0.068 

8.698 23 3 0 / 9 s ( 5 a 
′′ ) −1 

/ 8 d ′ ( 5 a ′′ ) −1 
0.070 

8.775 23 4 0 / 5 p ( 4 a 
′′ ) −1 

0.077 

8.84(3)(s) 23 5 0 0.068 

8.913 23 6 0 0.070 

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

Table 5 

Energy values (eV), quantum defects ( δ) and assignments of the Rydberg series converging to (5a ′′ ) –1 ˜ X 2 A ′′ , (4a ′′ ) –1 ˜ A 2 A ′′ , (24a ′ ) –1 ˜ B 2 A ′ , (23a ′ ) –1 ˜ C 2 A ′′ and (3a ′′ ) –1 ˜ D 2 A ′′ ionic 

states of 2-fluorotoluene, 2-C 7 H 7 F. 

E n δ Assignment E n δ Assignment E n δ Assignment 

(IE 1 ) ad = 8.915 eV ( 5 a ′′ ) −1 
(IE 1 ) ad = 8.915 eV ( 5 a ′′ ) −1 

(IE 2 ) v = 9.53 eV ( 4 a ′′ ) −1 

(ns ← 5a ′′ ) (nd’ ← 5a ′′ ) (nd’ ← 4a ′′ ) 
− − 3s − − 3d’ 7.933 0.08 3d’ 

7.47(6)(b,w) 0.93 4s 8.033 0.07 4d’ 8.66(1)(s,w) 0.04 4d’ 

8.101 0.91 5s 8.35(8)(s) 0.06 5d’ 8.98(4)(b,w) 0.01 5d’ 

8.39(2)(w) 0.90 6s 8.530 0.05 6d’ (IE 3 ) v = 12.08 eV (24 a ′ ) −1 

8.54(5)(s,w) 0.94 7s 8.628 0.11 7d’ (ns ← 24a ′ ) 
8.628 1.11 8s 8.698 0.08 8d’ 8.695 0.99 3s 

8.698 1.08 9s (IE 2 ) v = 9.53 eV ( 4 a ′′ ) −1 
10.57(9)(s,w) 0.99 4s 

(np ← 5a ′′ ) (ns ← 4a ′′ ) (np ← 24a ′ ) 
6.129 0.79 3p 6.129 1.00 3s 9.32(2)(b) 0.78 3p 

7.53(9)(s,b) 0.86 4p 8.033 0.99 4s 10.76(7)(s) 0.78 4p 

8.16(0)(w) 0.75 5p 8.716 0.91 5s (np’ ← 24a ′ ) 
8.42(0)(w) 0.76 6p 8.99(1)(b,w) 0.98 6s 10.039 0.42 3p’ 

8.56(0)(s) 0.81 7p 9.15(4)(b,w) 0.98 7s (nd ← 24a ′ ) 
8.66(1)(s,w) 0.68 8p 9.253 0.99 8s 10.32(3)(w) 0.22 3d 

8.716 0.73 9p 9.32(2)(b) 0.91 9s (nd’ ← 24a ′ ) 
(np’ ← 5a ′′ ) (np ← 4a ′′ ) 10.49(8)(w) 0.07 3d’ 

6.856 0.43 3p’ 6.856 0.74 3p (IE 4 ) v = 12.65 eV (23 a ′ ) −1 

7.89(2)(b) 0.35 4p’ 8.302 0.67 4p (ns ← 23a ′ ) 
8.26(3)(s) 0.43 5p’ 8.775 0.75 5p 9.32(2)(b) 0.98 3s 

8.463 0.51 6p’ 9.03(4)(s,b) 0.76 6p (np ← 23a ′ ) 
8.60(4)(b) 0.39 7p’ 9.18(1)(s,w) 0.75 7p 9.983 0.74 3p 

8.67(9)(s) 0.41 8p’ (np’ ← 4a ′′ ) (np’ ← 23a ′ ) 
(nd ← 5a ′′ ) 7.47(6)(b,w) 0.43 3p’ 10.61(1)(s,w) 0.42 3p’ 

7.27(8)(s,w) 0.12 3d 8.463 0.43 4p’ (IE 5 ) v = 14.00 eV ( 3 a ′′ ) −1 

8.00(2)(s) 0.14 4d 8.875 0.44 5p’ (ns ← 3a ′′ ) 
8.33(8)(s) 0.14 5d 9.09(0)(b) 0.44 6p’ 10.61(1)(s) 1.00 3s 

8.49(8)(s) 0.29 6d (nd ← 4a ′′ ) 
8.628 0.11 7d 7.79(8)(s) 0.20 3d 

− − 8d 8.60(4)(b) 0.17 4d 

8.741 0.16 9d 8.93(6)(b,w) 0.21 5d 

9.12(3)(b,w) 0.22 6d 

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

8
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able 4 . The higher members of the series, for which the relative 

ntensity decreases, are difficult to assign due to overlap with other 

ransitions and possible vibronic structure ( Table 4 ). 

Following a similar methodology as for the valence transitions, 

he geometry of 2-C 7 H 7 F in the cationic ground state together with 

ts bond lengths in Å and bond angles in ( °), has also been ob-

ained at the DFT/CAMB3LYP/aug-cc-pVDZ level of theory and is 

epicted in Fig. S4. A close comparison of the normal mode de- 

cription shows that C–F bending ν′ 
25 

( a ′ ) , is reduced by 12% from 

ts value in the electronic ground-state (Tables S3 and S4), which 

s in favour of the increased C2 – F15 bond length. Note also 

hat in the cation the bond angle � C1–C2–F15 is 116.44 ° against 

17.88 ° in the ground-state, which may provide a weakening of the 

 – F bond strength. This agrees with the proposed assignment in 

able 3 for the lowest-lying members of the Rydberg series. An- 

ther aspect pertains to C – C in plane bending ν′ 
23 

( a ′ ) mode, 

hich is not significantly affected from its value in the ground 

tate (less than 1%), thus lending support to the assignment in 

able 4 . 

The first members of the n s, n p, n p’, n d and n d’ series con-

erging to the ionic electronic first excited state of 2-fluorotoluene 

4a ′′ ) –1 are associated with the peaks at 6.129 eV ( δ = 1.00), 6.856

V ( δ = 0.74), 7.47(6) eV ( δ = 0.43), 7.79(8) eV ( δ = 0.20) and 7.993

V ( δ = 0.08), respectively ( Table 5 ). The feature at 9.32(2) eV can

lso be assigned to 3p(24a ′ ) –1 and 3s(23a ′ ) –1 . Rydberg transitions 

 Figs. 4–7 ) are accompanied by vibronic structure which is due to 

xcitation of C–CH 3 stretching mode ν′ 
23 ( a 

′ ) , ( Table 4 ). 

The Rydberg series converging to the ionic electronic second 

xcited state, n = 3 for n s, n p, n p’, n d and n d’ are proposed

t 8.695, 9.32(2), 10.039, 10.32(3) and 10.49(8) eV, respectively, 

 Table 5 ) with quantum defects 0.99, 0.78, 0.42, 0.22 and 0.07, re-

pectively. Note that the quantum defect obtained for the 10.039 

V feature is indicative of a n p member, whereas the calculations 

n Table 2 predict a 3d Rydberg character. Some of the fine struc- 

ure has been assigned to vibrational excitation involving C–CH 3 

tretching mode ν′ 
23 

( a ′ ) (see Table 4 ). 

Finally, the features at 9.32(2), 9.983 and 10.61(1) eV are 

ssigned to 3s(23a ′ ) –1 ( δ = 0.98), 3p(23a ′ ) –1 ( δ = 0.74) and 

p’(23a ′ ) –1 ( δ = 0.42) members of Rydberg series converging to 

he ionic electronic third excited state, while at 10.61(1) eV to 

s(3a ′′ ) –1 with a quantum defect δ = 1.00. We have not made any 

ttempt to identify higher members of the Rydberg series, either 

ue to the broad and structureless nature of the absorption bands 

r just simply because they lay outside the energy range of the 

resent photoabsorption spectrum. 

.3. Absolute photoabsorption cross sections and atmospheric 

hotolysis 

The absolute photoabsorption cross-section values for the major 

lectronic transitions are listed in Tables 1 and S1 (in units of Mb). 

 thorough literature survey reveals a lack of any former absolute 

bsorption studies to compare with the present data in the photon 

nergy region 4.4–10.8 eV. The present absolute cross-sections be- 

ow 6.89 eV (above 180 nm) can be used in combination with solar 

ctinic flux measurements from the literature [44] to estimate the 

hotolysis rate of 2-fluorotoluene in the atmosphere from an alti- 

ude close to the ground to the stratopause at 50 km. Details of the 

alculation programme can be found elsewhere [45] in which the 

uantum yield for dissociation following absorption is assumed to 

e unity. The reciprocal of the photolysis rate at a given altitude 

orresponds to the local photolysis lifetime. 

Photolysis lifetimes of less than 5 sunlit days were calculated 

t altitudes above 20 km with less than a day above 24 km. We 

re not aware of any detailed investigation, neither on the rate 

oefficients obtained for reactions between the OH radical and 2- 
9

uorotoluene, that may provide a main reactive sink mechanism 

n the troposphere, nor from secondary organic aerosol formation 

rom the oxidation of 2-C 7 H 7 F by chlorine atoms. The latter is 

nown to be as important as hydroxyl-radical-initiated oxidation 

n the early morning in certain coastal or industrialized areas, as 

eported for toluene [21] . Thus, until further relevant information 

ithin the international community, it stands to be proven which 

echanism may prevail as the relevant sink of 2-fluorotoluene. 

. Conclusions 

The present experimental and theoretical joint work provides 

he first complete study to date of the VUV electronic state spec- 

roscopy of 2-fluorotoluene and provides the most reliable set of 

bsolute photoabsorption cross sections between 4.4 to 10.8 eV. 

he main absorption features are due to electronic excitations from 

he ground state to valence, mixed valence-Rydberg and Rydberg 

tates, with novel assignments in the photon energy covered in 

his work, which have not been previously reported in the liter- 

ture. Theoretical calculations on the vertical excitation energies 

nd oscillator strengths were performed using the equation-of- 

otion coupled cluster method restricted to the single and dou- 

le excitations (EOM-CCSD) and time-dependent density functional 

heory (TD-DFT), the former more attuned to the lowest-lying elec- 

ronic states, the latter giving a better agreement with the ex- 

erimental findings above 7 eV. The analysis of the observed vi- 

ronic structure in the photoabsorption spectrum has been as- 

igned to C–C stretching, ν′ 
19 ( a 

′ ) , C–H in-plane bending, ν′ 
20 ( a 

′ ) , 
–F/C–H stretching, ν′ 

21 
( a ′ ) , C–CH 3 stretching, ν′ 

23 
( a ′ ) and C–F 

ending, ν′ 
24 

( a ′ ) and ν′ 
25 

( a ′ ) modes. The photolysis lifetimes of 2- 

uorotoluene have also been obtained for the Earth’s troposphere 

nd stratosphere. 
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