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Synchrotron radiation has been used to record for the first time absolute vacuum ultraviolet photoabsorption
cross-sections of trifluoroacetic acid (TFA) and chlorodifluoroacetic acid (CDFA) in the 4.5-10.8 eV energy
range. In order to further our knowledge of the major electronic transitions and thus help interpret the photo-
absorption data, theoretical calculations using time-dependent density functional theory (TD-DFT) level have
been performed. These calculations have provided important information on the nature of the excited electronic

states which have been assigned to valence, mixed valence-Rydberg and Rydberg transitions. Due to the lack of
any information about CDFA ionic states, we also provide Equation-of-Motion Coupled-Cluster Single and
Doubles (EOM-CCSD) vertical ionisation energies. Photolysis lifetimes in the Earth’s atmosphere for both
chemical compounds have also been estimated from the absolute photoabsorption cross-section data.

1. Introduction

Trifluoroacetic acid (TFA), CF3C(O)OH, and chlorodifluoroacetic
acid (CDFA), CF,CIC(O)OH, are two halogenated-derivatives of acetic
acid, CH3C(O)OH. We have previously investigated acetic acid, given its
role in the metabolic processes of several forms of life and for occurring
naturally from the action of certain bacteria in foods or liquids con-
taining sugars or ethanol [1].

TFA is a product of the atmospheric oxidation of several hydro-
fluorocarbons, e.g. HCFC-123 (CF3CHCl,), HCFC-124 (CF3CHFCI), and
HFC-134a (CF3CHyF), used as coolants in air conditioning and refrig-
eration processes as replacements for ozone-depleting substances [2-7].
Additionally, the inhalation process of anaesthetic halothane [8,9] has
been reported as a major precursor of TFA formation [4]. In the
terrestrial atmosphere, due to its high solubility, TFA may be removed
through rainout or by surface/ocean deposition [3,5,10]. However,
neither photolysis nor reactions with *OH radicals have been assessed as
a relevant sink mechanism in the troposphere, while recent studies have
noted that atmospheric TFA may also contribute to the formation of
aerosols which may be relevant in climate change [11].

* Corresponding authors.

CDFA is a degradation product of chlorofluorocarbons such as CFC-
113 (CyClgF3) and to a lesser extent of hydrofluorocarbon HCFC-142b
(CoH3CIFy) [6,7]. It has been detected in rain and snow fall in
different regions across Canada, where low concentrations of CDFA (as
well as TFA) are reported, however both chemical compounds present a
low ecotoxicological risk [6]. Despite recent efforts within the interna-
tional scientific community to determine the impact of these molecules
in the Earth’s atmosphere, the lack of a comprehensive and accurate
assessment of their electronic state spectroscopy has hindered these
studies and therefore provides a motivation for this work.

A thorough literature survey of the lowest-lying neutral and ionic
states, shows that TFA has only been investigated by a few spectroscopic
experimental methods. These include experimental data on the valence
shell He(I) and He(II) [12-14], and threshold [15] photoelectron spec-
troscopies, studies on the absorption [16-19], photodissociation dy-
namics [20-24] and infrared and Raman spectroscopies [25-28].
Additionally, TFA has also been investigated by theoretical methods for
absorption [18] and photodissociation [29]. Regarding CDFA we are
only aware of a single work on the structure and geometrical parameters
[301.
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In this joint experimental and theoretical study, we present a novel
and comprehensive study of TFA and CDFA electronic state spectros-
copy, over a wide photon energy range from 4.5 eV up to 10.8 eV High-
resolution vacuum ultraviolet photoabsorption spectra were obtained
with a synchrotron radiation light source, and time-dependent density
functional theory (TD-DFT) calculations for the lowest-lying neutral and
ionic states have been used to help assign the major electronic
transitions.

Section 2 of this paper gives a summary of the structure and prop-
erties of trifluoroacetic acid and chlorodifluoroacetic acid, while Section
3 provides a short description of the experimental setup, and the
computational details used in the calculations. Section 4 is devoted to
the results and discussion of the valence, mixed valence-Rydberg and
Rydberg excitations of both compounds, and the absolute photo-
absorption cross-sections used to estimate photolysis rates from 0 to 50
km altitude in the Earth’s atmosphere. The main conclusions that can be
drawn from this study are given in Section 5, and additional details can
be found in the Supplementary Material (SM).

2. Structure and properties of trifluoroacetic acid and
chlorodifluoroacetic acid

The calculated outermost valence electronic configuration of tri-
fluoroacetic acid (TFA) in the X'A’ state is: ... (5a")% (17a)% (18a)>
(6a")% (7a")? (19a')* (8a")? (20a)? (see Fig. S1). The most active mo-
lecular orbitals relevant for the photoabsorption transitions from which
promotion of electrons have been assigned, are the (HOMO), 20a’, and
the (HOMO-1), 8a", with O 2p lone pair orbital (7o) and no/x characters.
Other molecular orbitals have also been assigned to (HOMO-2), 194/,
and (HOMO-4), 6a’, with fir/6cc/co and ng/m character. The photo-
absorption features in Figs. 1a, 2a and 3a, are assigned in Table 1a to
valence, mixed valence-Rydberg and Rydberg electronic excitations,
while Tables S1-S3 list the complete set of calculated transition energies
and oscillator strengths at the TD-DFT level of theory with different
functionals. The TFA photoabsorption spectrum displays features
assigned to vibronic transitions, with the main fundamental vibrational
modes available from the infrared absorption data [27,28] and the
calculated frequencies (B3LYP/aug-cc-pVQZ) of the neutral and cation
ground states (Table S4).

Chlorodifluoroacetic acid (CFoCICOOH) has two conformers at room
temperature with conformer #1 (doubly degenerated) showing the Cl
atom pointing out of the C = O plane, while in conformer #2 the Cl atom
is rotated to the C-C=0 plane (Fig. S2). According to our B3LYP/aug-cc-
pVQZ calculations, the dihedral angle between the Cl atom and the
C-C=0 plane is 99.8° The population analysis yields 94.7 % for
conformer #1 and 5.3 % for conformer #2, the former being more stable
than the latter by 0.0563 eV The ground-state electronic configurations
of conformer #1 and conformer #2 have C; (A) and Cg (A" and A")
symmetries, with calculated outermost valence electronic configura-
tions of : ... (24a)* (25a)% (262)* (27a)* (28a)* (292)* (302)* (31a)?
(32a)% and (19a)? (62)? (7a")? (20a)* (21a)* (8a")* (9a")* (22a)?
(232)% A close inspection of the ground-state MOs’ character (see
Fig. S4) shows that, for conformer #1 the highest occupied molecular
orbital (HOMO), 32a, and the (HOMO-1), 31a, are mainly np /7 and
ng. The third highest occupied molecular orbital (HOMO-2), 30a, is the
Cl1 3p lone pair orbital (7i;) and the (HOMO-3), 294, is of n¢/n character.
For conformer #2, the (HOMO), 23a’, and the (HOMO-1), 224/, are
mainly 71p /fig and fig;. The (HOMO-2), 92”, is ng/ny and the (HOMO-3),
8a’, is of np character. The photoabsorption spectrum (Figs. 1b, 2b and
3b) shows bands that have been assigned to electronic excitations, due to
promotion of an electron from those MOs to valence, mixed valence-
Rydberg and Rydberg character orbitals (see Table 1b for the calcu-
lated dominant excitation energies and oscillator strengths). Note that in
Tables S5-S10 we list the complete set of calculated transition energies
and oscillator strengths at TD-DFT level of theory with different
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Fig. 1. The VUV photoabsorption cross-section in the 4.5-10.8 eV range for: (a)
trifluoroacetic acid; (b) chlorodifluoroacetic acid. Inset shows the structure of
the molecules.

functionals.

The fine structure that is noticeable in the photoabsorption spectrum
of trifluoroacetic acid (Figs. 2a and 3a) has been assigned from the
available energies (and wavenumbers) in the ground electronic state to
0.048 eV (390 cm'l) for CF3 rocking, v} (a’) mode [28], and denoted X7,
with m and n indicating the initial and final vibrational states for the
assignments of the vibronic structure (X). The photoabsorption spectrum
of chlorodifluoroacetic acid (Figs. 2b and 3b) does not show any
discernible features reminiscent of vibronic excitations, so no attempt
has been made to propose any.

The lowest experimental adiabatic/vertical ionisation energies,
needed to calculate the quantum defects associated with transitions to
Rydberg orbitals, are for TFA taken from the work of Sweigart and
Turner [14] and Carnovale et al. [13] to be 11.46 eV (20a’)’1 and 13.16
eV (Sa")’l, whereas for CDFA conformer #1/conformer #2 they are
taken from the present calculations in Table S11 to be 11.60 eV
(32a)"'/11.72 eV (23d)7! and 12.58 eV (31a)"'/12.55 eV (22a)7,
respectively.

3. Experimental and theoretical methods
High-resolution VUV photoabsorption spectra of trifluoroacetic acid

and chlorodifluoroacetic acid (Figs. 1a and 1b) were recorded at the UV1
beam line using synchrotron radiation produced by the ASTRID storage
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Fig. 2. The VUV photoabsorption cross-section for: (a) trifluoroacetic acid in
the 6.5-9.5 eV range; (b) chlorodifluoroacetic acid in the 6.5-9.5 eV range.

ring, Aarhus University, Denmark. The experimental set up has been
systematically described on other occasions before [31], and so only a
short description is given here. Briefly, monochromatized light with a
resolution of better than 0.08 nm passes through an absorption static gas
cell that is filled with vapour of the molecular compound under inves-
tigation. The transmission windows (MgF3) used to enclose the ab-
sorption cell set the lower wavelength limit of detection (115 nm), and
the transmitted UV light is detected by a photomultiplier tube (PMT). A
capacitance manometer (Baratron) was used to monitor the sample’s
absolute pressure in the absorption gas cell. To avoid any saturation
effects in the data recorded, absorption cross-sections were carefully
measured using a pressure within the range 0.12-1.32 mbar which has
attenuations of 60 % or less. Absolute photoabsorption cross-section
values, o, in units of megabarn (1IMb = 107'8 ¢m?), were obtained
using the Beer-Lambert attenuation law: I, = Ioe( - N"D, where I; is the
radiation intensity transmitted through the gas sample, I, is that through
the evacuated cell, N the molecular number density, and [ the absorption
path length (15.5 cm).

The synchrotron beam ring current was monitored throughout the
collection of each spectrum, and background scans were recorded with
the cell evacuated. Accurate cross-section values are obtained by
recording the VUV spectrum in small (5 or 10 nm) sections, allowing an
overlap of at least 10 points between the adjoining sections. The accu-
racy of the photoabsorption cross-section is estimated to within + 5 %,
although for low values of the absorption (I, ~ I;) the uncertainty in-
creases as a percentage of the measured cross-section. The proposed
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Fig. 3. The VUV photoabsorption cross-section in the 9.0-10.8 eV range for: (a)
trifluoroacetic acid; (b) chlorodifluoroacetic acid. See text for details.

assignments of the recorded absorption features are listed in Tables 2a
and 2b and Tables 3a and 3b.

The liquid samples of trifluoroacetic acid (TFA, CAS number:
76-05-1) and chlorodifluoroacetic acid (CDFA, CAS number: 76-04-0)
used in the VUV photoabsorption measurements were purchased from
Sigma-Aldrich, with a stated purity of > 99 % and 98 %. The samples
were degassed through repeated freeze-pump-thaw cycles prior to input
into the gas cell.

The theoretical methodology employed has been discussed in detail
in previous publications (see e.g. [32,33]) and so, once again, only a
brief description is given here. The optimised geometries of TFA and
CDFA (Figs. S1 and S2) were obtained with DFT calculations, with the
B3LYP functional and Dunning’s augmented correlation consistent
valence quadruple-{ (aug-cc-pVQZ) basis set, as implemented in the
package GAMESS-US [34]. The ground state geometry and harmonic
vibrational frequencies of the neutral singlet state (Sp) and ionic doublet
state (D§) of TFA (Table S4) were obtained with use of GAMESS-US [35]
at the same level of theory.

The vertical excitation energies and oscillator strengths of TFA and
CDFA were obtained for the ground-state optimised molecular geome-
tries of both molecules, employing TD-DFT [36,37] with the same
functional and basis set employed in the geometries optimisation. In
Tables 1a and 1b, we show only the dominant vertical excitation en-
ergies, whereas a complete description of all computed singlet excited
states for TFA and CDFA are shown in Tables S1 and S5-S6, respectively.
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Table 1a

Journal of Quantitative Spectroscopy and Radiative Transfer 330 (2025) 109257

Calculated dominant vertical excitation energies (TD-DFT/B3LYP/aug-cc-pVQZ) and oscillator strengths of trifluoroacetic acid compared where possible with cor-
responding experimental data and other work in the literature (energies in eV). See text for details.

Trifluoroacetic acid Eexp. (V)" Cross-section (Mb) E (eV) [16]
State E (eV) fi Dominant excitations

XA

114" 5.600 0.00057 7*(9d") <1 (20d) (99 %) 5.904 0.10 0.07

21A 7.351 0.03236 3s (21d)«71p(20d) (91 %) 7.69(6) 8.49 8.22

31A 8.289 0.13864 7°(9a")«x/no(8a") (73 %) + 3p(22d)«7ip(20d’) (10 %) 8.44(6) 20.95 17.59
51A 8.914 0.02972 3p'(23d)«T1p(20d) (91 %) 9.280 5.17 -

91A 9.754 0.02287 7*(9d")~n/np(6d”) (59 %) + 3d(26d )—Tip(20d) (37 %) 9.611 9.94 10.13
1114 9.992 0.05119 3s (21d)<—0cc/co/Mir(19d) (90 %) 9.999 8.67 -

13 1A 10.407 0.03068 3d (27d) <o (20d’) (95 %) 10.772 25.48 -

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

Table 1b

Calculated dominant vertical excitation energies (TD-DFT/B3LYP/aug-cc-pVQZ) and oscillator strengths of chlorodifluoroacetic acid conformers (energies in eV). See

text for details.

Chlorodifluoroacetic acid conformer #1

Eexp. (€V)? Cross-

section (Mb)

State E (eV) fi Dominant excitations

XA

21A 5.439 0.00947 ¢ (33a) T /fio(32a) (92 %) 5.826 0.67

51A 7.819 0.06351 6¢q(33a)<n/nci(29a) (71 %) + 4s(34a)«<nc/Mo(32a) (11 %) 7.597 10.47

9'A 8.336 0.05303 4p(36a)«—ig/fio(32a) (49 %) + 4s(34a)<Tic(30a) (34 %) 8.299 17.19

15'A 8.987 0.04031 4p(364a) < nci(31a) (85 %) 8.94(6) 16.76

16 'A 9.155 0.05235 4p'(35a) < n/nci(29a) (42 %) + 4p(36a) i (30a) (33 %) + 55(39a) <M /Mo (32a)(14 %) 9.436 38.47

39 1A 10.224 0.10065 55(39a)«nci(31a) (32 %) + 3d(40a)«<nc(30a) (14 %) + 3d(40a) < ngi(31a) (15 %) 10.29(8) 36.07
Chlorodifluoroacetic acid conformer #2 Eexp. (V)" Cross-section (Mb)

State E (eV) fi Dominant excitations

XA

11A” 5.548 0.00024 Ogq/m*(10d") iy /o (23d) (98 %) 5.826 0.67
217 7.146 0.04757 4s(24d) <7 /Mo(23d) (91 %) 7.597 10.47
61A 8.267 0.10299 /7 (10a") 1o (8a") (38 %) + 45(24d ) —Tict(22d) (32 %) + 64, (25@ ) T (22d) (22 %) 8.299 17.19
9 1A 8.938 0.06589 4p(26d)«ng(22a’) (85 %) 8.94(6) 16.76
121A 9.536 0.03388 0¢q/m*(10a")<7p(7a") (30 %) + 4s(24a) < occ/co(21a) (15 %) + 4p'(11a")—ng/nq(9a”) (39 %) 9.436 38.47
19 1A' 10.044 0.05205 660(25a')—0¢c/co(21d) (46 %) + 04/ (10a") T (6a”") (38 %) 10.29(8) 36.07

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

The calculated vertical ionisation energies (eV) of CDFA at the
EOMCCSD/aug-cc-pVTZ level are shown in Table S11.

4. Results and discussion

Absolute cross-section high-resolution VUV photoabsorption spectra
of TFA and CDFA, recorded at room temperature in the photon energy
range 4.5-10.8 eV, are shown in Fig. 1a and 1b, respectively, while
expanded views of the measured cross-sections are shown in Figs. 2 and
3. The major absorption bands can be classified as electronic excitations
from valence, mixed valence-Rydberg and from Rydberg series (Section
4.4) converging to the lowest-lying ionic states. Tables 1a and 1b lists
the calculated vertical excitation energies and oscillator strengths from
TD-DFT B3LYP/aug-cc-pVQZ calculations for TFA and CDFA, compared
with the experimental results. We note a very good level of agreement
(to within + 6 %) between the calculated and experimental data. In
order to check the level of accuracy between both sets of data, we have
tested other functionals and levels of theory with the results given in
Tables S2-S3 and Tables S7-S10 for TCA and CDFA molecules. Gener-
ally speaking, we do not observe any relevant discrepancies between TD-
DFT/CAMB3LYP/aug-cc-pVQZ and TD-DFT/PBEO/aug-cc-pVQZ levels
of theory. The TFA spectrum exhibits fine structures above 9.0 eV
reminiscent of vibronic transitions, with the most relevant vibrational
mode assigned to CF3 rocking, v;s(a) (Table 2), whereas no discernible
fine structure and/or vibrational quanta have been assigned in the CDFA

spectrum due to the broad and structureless nature of the electronic
transitions. The photoabsorption features above 8.2 eV in the spectra of
TFA and CDFA, are largely due to the overlap of different Rydberg
electronic states. The assignments are depicted in Figs. 2 and 3 and the
values listed in Table 3.

Although not shown in Fig. 1 the photoabsorption bands of acetic
acid [1] show some resemblance with TFA and CDFA for the overall
shapes, however the TFA and CDFA show less fine structure than acetic
acid the latter and the bands are slightly blue shifted. Another inter-
esting aspect pertains to the magnitude of the cross-section, where TFA’s
absorption feature peaking at 8.434 eV is the only peak exhibiting a
higher value (20.95 Mb) than the related band in acetic acid at 8.349 eV
(16.02 Mb). Most of the CDFA bands, with the exception between 9.9
and 10.6 eV, show higher magnitudes than the analogues in acetic acid.
It is also interesting to note that the lowest-lying absorption bands of
TFA and CDFA are red-shifted relative to CH3C(O)OH and their mag-
nitudes increase in the sequence CF3C(O)OH < CH3C(O)OH < CFoCIC
(O)OH. The major electronic transitions of TFA and CDFA photo-
absorption bands are assigned to the promotion of an electron from the
(HOMO) and (HOMO-1) to out-of-plane oxygen and chlorine lone pairs
(np and n¢) to lowest unoccupied molecular orbitals (Tables 1 and 2,
Figs. S3 and S4). We will now discuss the absorption features in the
different photon energy ranges in detail making use of the quantum
chemical calculations.
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Table 2
Proposed vibrational assignments of trifluoroacetic acid absorption bands in the
photon energy range 9.0 — 10.8 eV®. Energies in eV. See text for details.

assignment energy AE (v15)
3p/(23d)«<710(20d), (5'A'<X'A")
05 9.280 -
155 9.322 0.042
152 9.36(4)(b,w) 0.042
3p'(20a) ! 9.37(9)(b,w) -
155 9.421 0.042
153 9.464 0.043
153 9.508 0.044
154 9.55(2)(b) 0.044
7°(9d" )~ /nr(6a’) + 3d(26d ) 7in(20a), (9'A'<X'A')
09 9.58(2)(s) -
155 9.61(9)(s) 0.037
152 9.671 0.052
153 9.717 0.046
/3d(20a)7!
154 /3s(8a") ! 9.763 0.046
35(5(1”)*1 9.763 -
155 9.81(7)(b) 0.054
153 9.86(4)(b) 0.047
3s (21d)«<0cc/co/Mr(19d), (11'A'<X'A)
3d(20a) " 9.91(9)(w) -
154 9.959 0.040
152 10.00(7)(b) 0.048
3d (27d)«<Tio(20a), (13'A'<X'A)
09 10.08(8)(s) -
15} 10.12(9)(s,w) 0.041
152 /4p(20d) 10.17(9)(s) 0.050
153 10.22(1)(s) 0.042
15§ 10.26(4)(s) 0.043
153 10.30(6)(s) 0.042
15§ 10.34(9)(s) 0.043
15} 10.39(3)(s) 0.044
/4p'(20a) 7"
3p(8a’) ! 10.47(2)(s) -
15) 10.51(6)(b,w) 0.044
/4d(20a) !
AE 0.044

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

4.1. Photon energy region 4.5 — 6.5 eV

4.1.1. Trifluoroacetic acid
This band exhibits a broad and structureless spectral feature (see

Fig. la), that has been assigned in Table 1a to the 7z*(9a”")«7o(20q),

(1'A"<X'A’) transition with an oscillator strength of ~ 0.0006. The
photoabsorption cross-section peaks at 5.904 eV with a value of 0.1 Mb,
which is in reasonable agreement with Basch et al. [16] who states a
vertical excitation energy of 5.965 eV and 0.07 Mb, however there is a
poor agreement with Rattigan et al.’s [17] data where the band peaks at
5.636 eV (220 nm) with a cross-section value of 0.08 Mb. This rather low
intensity absorption feature is due to the A’ electronic ground state
transition to the upper excited A” state, which is polarised normal to the
plane of the molecule containing the C-C(O)O group. Such behaviour
was previously observed in case of formic acid [38]. Additionally, the
193 nm (6.424 eV) photodissociation dynamics studies of Kwon et al.
[20] and SenGupta et al. [23], have shown that bond-breaking yielding
OH occurs mainly from the singlet state S;, with an exit barrier of 14-15
kcal/mol (~0.61-0.65 eV), or via intersystem crossing to lower energy
triplet states (T; and T5). Thus, OH abstraction from TFA occurs with a
quantum yield of pou(CF3C(O)OH) = 0.4, while the optically excited S;
state can undergo radiation-less transition via internal conversion to the
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ground state (Sp) [20].

At the lowest-lying energy side of the band our calculations predict
the contribution of a triplet state at 4.987 eV assigned to the 7ip(20a)—
7*(9a") transition, while at a slightly higher energy of 5.649 eV it may be
due to np/n(8a") — n*(9a”) (Table S12). While such optically forbidden
transitions are typically not visible in the experimental photoabsorption
spectrum, we are not aware of any electron energy loss spectroscopy
measurements to confirm the presence of any of these.

Finally, Basch et al. [16] report the presence of dimer formation from
the gas-phase spectra obtained at a pressure value of 57 mm Hg (76
mbar) in a 1-cm absorption cell. The ionisation energies of trifluoro-
acetic dimers from the photoelectron spectroscopy data of Carnovale
and co-workers [13], have been used to obtain the different members of
Rydberg series based on the quantum defects. The expected energy
positions do not match any evident features, meaning that in the present
room temperature spectrum we have no hint of dimers contributing to
the absorption spectrum.

4.1.2. Chlorodifluoroacetic acid

The lowest-lying absorption band is both broad and structureless
(Fig. 1b), showing a photoabsorption cross-section peaking at 5.826 eV
and magnitude of 0.67 Mb, and is ~ 6.7 more intense than the corre-
sponding in TFA. The calculations in Table 1b for conformers #1/#2
assign the electronic transitions to the promotion of an electron from the
HOMO (32a/23a’) to the LUMO (33a/10a") as 65, (33a)<ng/Mo(32a),
(2'A<X'A) and o}, /7" (10a") /Mo (23a), (1'A"<X'A"), with oscil-
lator strengths of ~0.0095/0.0002. Following the same rationale for
TFA, the calculations in Table S12 predict the presence of triplet states,
that certainly need further investigation which is beyond the scope of
this contribution. The lowest energy has been calculated at 4.839/4.957
eV for conformers #1/#2 and assigned to the 7ig; /Mo (32a)—0¢;(33a)/
fia/Mo(23a’)— 05 /n*(10a") transitions, whereas at 5.578/5.629 eV
these are due to 7/ng(29a)—0i;(33a)+ na(3la)—oiy(33a)/
no(8a") -0}y /n*(10a").

4.2. Photon energy region 6.5 — 9.5 eV

4.2.1. Trifluoroacetic acid

The absorption band in the 6.5 — 9.5 eV photon energy range is
shown in detail in Fig. 2a with the assignments of the spectral features in
Tables 2 and 3a. The absorption in this region is particularly strong, with
two main transitions with local maxima cross-sections of 8.49 and 20.95

Table 3a

Energy values (eV), quantum defects () and assignments of the Rydberg series
converging to (202)! X2A’ and (8a") ' A2A” ionic states of trifluoroacetic acid.
See text for details.

E, o Assignment E, S Assignment
(IE1)ag = 11.46 eV (20a) 7! (IEp), = 13.16 eV (8a")
(ns < 20a") (ns < 8a")

8.44(6)(b) 0.88 3s 9.763 1.00 3s
9.96(7)(b,w) 0.98 4s

(np < 20a") (np < 8a")

9.09(0)(s) 0.60 3p 10.47(2)(s) 0.75 3p
10.17(9)(s) 0.74 4p

10.74(4)(s,w) 0.64 5p

(np’ < 20a)

9.37(9)(b,w) 0.44 3p’

10.39(3)(s,w) 0.43 4p’

(nd < 20a)

9.717 0.21 3d

10.51(6)(b,w) 0.20 4d

(nd’ < 20a)

9.919 0.03 3d’

10.62(4)(w) —0.03 4d°

(b) broad feature; (w) weak structure; (s) shoulder structure (the last decimal on
the energy value is given in brackets for these less-resolved features).
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Mb assigned to 3s (21d)«Mo(20d), (2'A'«<X'A) and 7*(9d")n
/no(8a’) + 3p(22d)«1p(20d), (3'A'<X'A’). These electronic transi-
tions with vertical values at 7.69(6) eV and at 8.44(6) eV have oscillator
strengths of f; =~ 0.0324 and f;, ~ 0.1386 from the TD-DFT calculation in
Table 1a. The proposed vibrational assignments are due to CF3 rocking,
Vi5(d') mode (Table 2), with average values of 0.044 eV These values are
lowered from the ground-state of TFA (390 cm™ = 0.048 eV), suggesting
a broadening of the potential energy surfaces involved in such electronic
excitations. The structural features observed above 9.2 eV are also broad
and originate from the contribution of the valence character mixed with
the Rydberg (20a) ! and (5a") * series, these discussed in more detail in
Section 4.4 (see also Table 3a).

4.2.2. Chlorodiftuoroacetic acid

Regarding the electronic excitations of conformers #1/#2 in this
energy band (Fig. 2b), features have been assigned to mixed valence-
Rydberg and Rydberg characters at 7.597 eV (10.47 Mb) to 4s(34a)«
fa/Mo(32a) +  04g(33a)«n/na(29a),  (5'A<X'A)/4s(24d ) Mg
[fip(23d), (2!A'X'A), at 8.299 eV (17.19 Mb) to 4p(36a)«iiq
/fo(32a) + 4s(34a)<nc(30a), (9'A<X'A)/cky /7" (10a")<no(8a’) +
45(24d ) T (22d) + 04y (250 ) Ty (22d), (6'A'<X1A'), at 8.94(6) eV
(16.76 Mb) to 4p(36a)«<nc(3la), (15'A<X'A)/4p(26d)«ng (22d),
(9'A'<X'A’) and at 9.436 eV (38.47 Mb) to 4p/(35a)«<n/nq(29a) +
4p(36a)«nc(30a) + 55(39a)«ng/Mo(32a), (161A<—}~(1A)/62Cl /x*(10d")
<7p(7a")  +4s(24d)<occico(21a) + 4p'(11a")<np/nq(9a"), (12'A'«
)N(IA’) (Table 1b). The broad underlying features of this band are due to
the rather antibonding o7y character along the C-CI bond
(Table S5-S10), thus contributing to the background signal of the ab-
sorption spectrum.

4.3. Photon energy region 9.0 — 10.8 eV

In this energy range, the photoabsorption spectra of both TFA and
CDFA arise predominantly from the contribution of members of the
different Rydberg transitions converging to the (202')"! X2A’ and (8a")!
A%A", and the (32a)7! X24, (31a)"! A2A and (232! X24/, (222 A2A'
ionic states of TFA/CDFA (Section 4.4). The absorption features are also
due to the overlap of the many different Rydberg electronic states and in
the case of TFA to the superposition of the different vibrational quanta
contributing to the absorption spectrum. These can contribute to a
broadening of the absorption features, while other features appear
enhanced and/or manifest themselves.

4.3.1. Trifluoroacetic acid

The electronic excitation at 9.280 eV with a cross-section of 5.17 Mb
(Fig. 3a) is assigned to the Rydberg 3p/(23d)«1o(20d), (5'A'<X'A)
transition (Table 1a). The vibronic structure in this absorption band, due
to the Rydberg states, is described in Section 4.4. Within the absorption
band, and in the higher photon energy region, we can observe some
structures (Fig. 3a) which are less abundant than in previous bands. The
absorption cross-section shows two features at 9.611 and 9.999 eV and
at the high end of the measured energy range 10.772 eV, with magni-
tudes of 9.94, 8.67 and 25.48 Mb, which have been assigned to the
mixed valence-Rydberg and Rydberg transitions 7*(9a”)«x/np(6a”) +
3d(26d)«o(20d), (9'A'<X'A’), 3d(26d)«<7n(20d), (11'A'<X'A’)
and 3d(27d)«7p(20d), (13'A'<X'A’) (see Table 1a). The magnitude
of the cross-section increases significantly above 10 eV, where broad and
weak structures above the underlying significant absorption signal are
observed (Fig. 3a). In this region, the absorption spectrum is dominated
by Rydberg series converging to the (20a) ! and the (5a") ! states. The
9.0-10.8 eV band shows the contribution from the CF3 rocking mode,
Vi5(d), with an average spacing of 0.044 eV (356 cm’l) (see Section 4.4
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and Tables 2 and S4).

4.3.2. Chlorodifluoroacetic acid

The photoabsorption energy region > 9.5 eV, shows an electronic
transition peaking at 10.29(8) eV and a cross-section value of 36.07 Mb,
which has been assigned to 5s(39a)<n¢(31a) + 3d(40a)<7ig(30a) +
3d(40a)<ng/(31la), (391A<—)?1A)/62Cl(25a')<—GCC/CO(21a') +0iq/m*
(10d")«Tig(6a"), (19'A'<X'A) for conformers #1/#2 (see Table 1b).
Given the valence, mixed valence-Rydberg and Rydberg nature of the
transition, the absorption band shows a relevant background signal due
to o;,; antibonding contribution to shift the spectrum from the baseline.
In this region the spectrum is also dominated by the Rydberg series
converging to the (32a)”! X2A, (31a)”! A2A and (23a)! X24/, (22a)}
A2A’ ionic states of CDFA acid conformer #1 and conformer #2,
respectively. The Rydberg character of the electronic transitions is dis-
cussed in Section 4.4.

4.4. Rydberg series

The VUV photoabsorption spectra of TFA and CDFA above 8.2 eV
show Rydberg features (Figs. 2 and 3), with the experimental energies,
tentative assignments and quantum defects being given in Table 3. The
calculated vertical ionisation energies at the EOM-CCSD/aug-cc-pVTZ
level of theory, for TFA and CDFA are shown in Table S11. The geom-
etries of TFA and CDFA conformers #1/#2 were kept at Cs and C1/Cs
symmetries, in the optimized ground state geometries, as indicated in
Figs. S1 and S2. As far as TFA lowest-lying ionic states are concerned, we
note a good agreement to within 0.1-0.2 eV with the experimental data
available in the literature [12,13].

In order to tentatively assign each absorption feature position in the
TFA and CDFA spectra, we have used the Rydberg formula: E, = IE —

ﬁ, where IE is the ionisation energy, n is the principal quantum

number of the Rydberg orbital of energy E,, R is the Rydberg constant
(13.61 eV), and § is the quantum defect resulting from the penetration of
the Rydberg orbital into the core. For fluorine: 0.9 < § < 1.0 for ns, 0.4 <
§ < 0.8 fornp, and 0.1 < § < 0.5 for nd and for chlorine: 1.9 < § < 2.0 for
ns, 1.4 < 6 < 1.8 for np, and 0.1 < § < 0.5 for nd [39]. As far as the
authors are aware, no previous Rydberg features of CDFA have been
analysed before, hence the present assignments correspond to the most
complete analysis of such states. Regarding TFA, Basch et al. [16] have
reported n — 3 s and n — 3p Rydberg assignments for the absorption
bands.

4.4.1. Trifluoroacetic acid

The lowest-lying Rydberg transition assigned to the (3s < (20a))
excitation, with the first member (n = 3) at 8.44(6) eV and having a
quantum defect 5 = 0.88 (Table 3a). The quantum defect is slightly
lower than the expected value for such series. A close inspection of
Figs. la and 2a show that the shape of the absorption band is more
reminiscent of a valence character rather than Rydberg. This is in
assertion with the major 7*(9a”")«n/no(8a") character from the calcu-
lations in Table 1a. Other transitions within the Rydberg series include
the member at n = 4 only, with § = 0.98. The first members of the (np <
20a’) and (np’ < 20a’) series are associated with absorption features at
9.09(0) and 9.37(9) eV (5 = 0.60 and 0.44, respectively) (Table 3a).
Other Rydberg series members have been assigned up to 5p and 4p’. The
assignments also report two nd (nd < 20a’) and (nd’ < 20a) series, with
the n = 3 features at 9.717 eV (6 = 0.21) and 9.919 eV (6 = 0.03)
(Table 3a), the former appearing too intense in the absorption spectrum.
This is possibly due to the mixed valence-Rydberg character of the
transition and the close-lying 03 origin valence state at 9.58(2) eV
(Table 2). No attempt was made to assign the higher members of the
Rydberg series, due to their low intensity in the absorption spectrum or
because they lie outside the energy range investigated.
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The Rydberg series converging to the ionic electronic first excited
state are listed in Table 3a and have been assigned to the (ns, np < 8a”")
transitions. The first members of the ns, and np series are associated with
features at 9.763 eV (6 = 1.00) and 10.472 eV (6 = 0.75) (Table 3a).
Tentative assignments of these series have only been made up ton = 3,
because higher members lie outside the photon energy range
investigated.

The vibrational series

progressions the Rydberg

converging to the (20a)~! and (8a’)"! states have been marked in
Fig. 3a, with the assignments included in Table 2. The fine structure has
been assigned to the CF3 rocking, v;5(a’) mode.

involving

4.4.2. Chlorodifluoroacetic acid

The first member of the ns Rydberg transition for conformer #1 is
assigned to (4s < (32a)) at 8.29(9) eV and with a quantum defect § =
1.97, while n = 5 for the absorption feature at 10.16(3) eV and § = 1.92
(Table 3b). The feature at 8.29(9) eV can also be assigned to 4s(23a)7L.
The lowest-lying members of the two np (np < 32a) and (np’ < 21a)
series are associated with absorption features at 9.28(0) and 9.59(6) eV
(6 =1.58 and 1.39) (Table 3b); these features can also be assigned to 4s
(31a)1/4s(22a’)! and 5p(23a')'1. The assignments in Table 3b also
report the presence of two nd (nd « 32a) and (nd; < 32a) series, with
their first members the n = 3 at 9.87(1) eV (6 = 0.19) and 10.06(4) eV (6
=0.02).

Three Rydberg series converging to the ionic electronic first excited
state, are listed in Table 3b and have been assigned to the (ns, np, np’ <
31a) transitions. The first members of the ns, np and np’ series are
associated with features at 9.28(0) eV (6 = 1.97), 10.26(4) eV (6 = 1.58)
and 10.61(5) eV (6 = 1.37). Finally, the n = 4p’ feature at 10.61(5) eV
can also be assigned to 4p’(22a’)’1.

Given the expected ratio of conformer #1 to conformer #2 is ~ 9:1,
there are some weak features in the spectrum that have been assigned to
conformer #2. The Rydberg series converging to the ionic electronic
ground state have been assigned to the (ns, np, np/, nd, nd « 23d)
transitions. The first members of the ns, np, np/, nd and nd series are
associated with features at 8.29(9) eV (6 = 2.00), 9.39(3) eV (6 = 1.58),
9.76(3) eV (6 = 1.36), 10.01(5) eV (5 = 0.18) and 10.23(0) eV (§ =
—0.02) (Table 3b). Moreover, the Rydberg series converging to the ionic
electronic first excited state have been assigned to the (ns, np, np’ < 22a)
transitions. The first members of the ns, np and np’ series are associated
with features at 9.28(0) eV (6 = 1.96), 10.26(4) eV (6 = 1.56) and 10.61
(5) eV (6 = 1.35) (Table 3b). Tentative assignments of these series have
only been made up to n = 4, because higher members lie outside the
photon energy range investigated.

Table 3b
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4.5. Absolute photoabsorption cross-sections and atmospheric photolysis

The absolute cross-section values of the electronic transitions are
listed in Table 1 for TFA and CDFA, in units of Mb. A literature survey for
CDFA reveals no previous ultraviolet photoabsorption data with which
to compare the present work. The TFA major electronic transitions and
their cross-section values in Table 1a are compared with other available
absolute VUV photoabsorption cross-sections in the wavelength ranges
250-125 nm (4.96 — 9.92 eV) [16]. From the data of Basch et al. [16] the
major differences are for the vertical excitation of the 1'A” state the 3 1A’
yielding 30 % and 16 % lower values, 0.07 and 17.59 Mb, compared to
our cross-section data, 0.10 and 20.95 Mb. Rattigan et al. [17] report
also at 210 nm (5.904 eV) a cross-section value of 0.07 Mb, which is 30
% lower compared to our data.

The combination of high-resolution VUV absolute photoabsorption
cross-sections and solar actinic flux measurements [40], can be used to
estimate photolysis rates of TFA and CDFA in the Earth’s atmosphere,
from 0 km altitude up to the limit of the stratopause (50 km). Since 2002
we have used this methodology to evaluate the local lifetime of a mo-
lecular compound emitted to the atmosphere and subject to the inter-
action of solar ultraviolet radiation only [41]. Further details can be
found from the work of Limao-Vieira and co-workers [42]. The TFA
quantum yield for dissociation to create OH is taken to be 0.40 at 193 nm
[23], whereas a value of 1.0 is assumed for CDFA due to lack of any
information in the literature.

Computed photolysis lifetimes of <10 sunlit days were calculated at
altitudes above 30 km, therefore indicating that the trifluoroacetic acid
molecules will be broken up by UV absorption at those altitudes. Yet, at
lower altitudes the photolysis lifetimes increases to hundreds and even
thousands of days close to sea-level, thus meaning that these molecules
cannot be efficiently broken up by solar radiation. The kinetics and
mechanisms for *OH radical reactions with TFA under atmospheric
conditions, were reported by Carr et al. [5] with a rate coefficient k ~
(1.18 + 0.22) x 107'3 c¢m® molecule? s. Later on, Hurley an
co-workers [43] revised the kinetics of such reactions having obtained k
=(9.35 + 2.08) x 107 c¢m® molecule™ s’l, with an estimated atmo-
spheric lifetime of TFA with respect to reaction with OH radicals of
~230 days. Of relevance, is the vibrationally mediated
overtone-induced chemical reaction of CF3C(O)OH-OH, at voy = 6
yielding CF2CO» and HF products, with a calculated rate constant be-
tween 2.5 x 107 s1 and 3.7 x 107 s [19,24]. These values are in
agreement with Reynard and Donaldson’s results, the former for ab-
sorption into voy = 6 and the latter for voy = 5 [18]. These reactions may
correspond to a lifetime that varies from 8 up to 127 years [18].
Therefore, this type of reaction may not provide the main sink

Energy values (eV), quantum defects (5) and assignments of the Rydberg series converging to (32a)"* X?4, (31a)"* A2A and (23a))! X24/, (22a')* A2A’ ionic states of
chlorodifluoroacetic acid conformer #1 and conformer #2, respectively. See text for details.

conformer #1

conformer #2

E, o Assignment E, 4 Assignment E, S Assignment E, 1] Assignment
(IE;), = 11.60 eV (32a)* (IEp), = 12.58 eV (31a) ! (IE;), = 11.72 eV (23a) ! (IEp), = 12.55 eV (22a) !

(ns < 32a) (ns < 31a) (ns < 23a) (ns < 22a")

8.29(9)(b) 1.97 4s 9.28(0)(s,w) 1.97 4s 8.29(9)(b) 2.00 4s 9.28(0)(s,w) 1.96 4s
10.16(3)(s,w) 1.92 5s 10.29(8)(s,w) 1.91 5s

(np < 32a) (np < 31a) (np « 23a) (np < 22a)

9.28(0)(s,w) 1.58 4p 10.26(4)(s,w) 1.58 4p 9.39(3)(s,w) 1.58 4p 10.26(4)(s,w) 1.56 4p
10.45(4)(s,w) 1.55 5p 10.56(1)(s,w) 1.57 5p

(np’ < 32a) (np < 31a) (np’ < 23a) (np < 22a)

9.59(6)(s,w) 1.39 4p’ 10.61(5)(s,w) 1.37 4p’ 9.76(3)(s,w) 1.36 4p’ 10.61(5)(s,w) 1.35 4p’
10.56(1)(s,w) 1.38 5p’ 10.68(8)(s,w) 1.37 5p’

(nd < 32a) (nd < 23a’)

9.87(1)(b,w) 0.19 3d 10.01(5)(b,w) 0.18 3d

10.65(2)(b,w) 0.21 4d 10.76(3)(s,w) 0.23 4d

(nd’ < 32a) (nd’ < 23a’)

10.06(4)(s,w) 0.02 3d’

10.23(0)(b,w) —0.02 3d’

(b) broad feature; (s) shoulder structure; (w) weak structure (the last decimal on the energy value is given in brackets for these less-resolved features).
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mechanisms in the Earth’s atmosphere, while the potential to accumu-
late in natural water bodies may result in the major atmospheric
removal mechanisms of TFA [10,43]. Recently, Garavagno et al. [10]
have reported that TFA atmospheric lifetime can be reduced to 5 to 9
days if reactions with formaldehyde oxide and acetone oxide are
considered. Nonetheless, precautions must be taken when considering
the chemical and physical processes involved in TFA degradation in
some regions across the globe. For a thorough description see [10] and
references therein.

Regarding chlorodifluoroacetic acid, the lifetimes are estimated to be
<1 day at altitudes above 20 km, while at lower altitudes are of the order
of a couple of days. We are not aware of any study of the gas-phase ki-
netics for CDFA reactions with *OH radicals, to assess the role of such
processes as the main sink mechanism.

5. Conclusions

The present joint experimental and theoretical work reports new
absolute photoabsorption cross-section measurements of TFA and CDFA
over the 4.5 to 10.8 eV photon energy range. The electronic state
spectroscopy of both molecules has been comprehensively investigated
with transitions assigned to valence, mixed valence-Rydberg and Ryd-
berg character. Ab initio calculations at different levels of theory on the
vertical excitation energies and oscillator strengths have been per-
formed to help interpret the experimental absorption features. This has
allowed spectroscopic assignments of absorption features in both mol-
ecules including assignment of fine structure in the TFA spectrum to the
CF3 rocking, v;5(a’) mode.

The photolysis lifetimes of TFA and CDFA have been calculated in the
Earth’s atmosphere, from sea level (0 km) up to the limit of the strato-
pause (50 km), indicating that solar photolysis may be expected to be a
relevant sink for altitudes higher than 20 km. However, gas-phase ki-
netics for TFA reactions with *OH radicals have been shown to be
important at lower altitudes.
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