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ABSTRACT

Absolute cross-section values are reported from high-resolution vacuum ultraviolet (VUV)
photoabsorption measurements of formic acid in the photon energy range 4.7-10.8 eV (265—
115 nm), together with quantum chemical calculations to provide vertical energies and
oscillator strengths. The combination of experimental and theoretical methods has allowed a
comprehensive assignment of the electronic transitions. The VUV spectrum reveals various
vibronic features not previously reported in the literature, notably associated with (3pa’ < 10a’
), (3p’'a’ « 10a"), (3sa’ « 2a") and (3pa’ < 2a") Rydberg transitions. The assignment of
vibrational features in the absorption bands reveal that the C=0 stretching, v3(a’), the H-O-'C
deformation, vs(a’), the C—O stretching, vg(a’), and the O=C—O' deformation, v%(a’) modes
are mainly active. The measured absolute photoabsorption cross sections have also been used
to estimate the photolysis lifetime of HCOOH in the upper stratosphere (30-50 km), showing
that solar photolysis is an important sink at altitudes above 30 km but not in the troposphere.
Potential energy curves for the lowest-lying electronic excited states, as a function of the C=0
coordinate, are obtained employing time dependent density functional theory (TD-DFT). These
calculations have shown the relevance of internal conversion from Rydberg to valence character
governing the nuclear dynamics, yielding clear evidence of the rather complex

multidimensional nature of the potential energy surfaces involved.
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1. Introduction

Formic acid (HCOOH) is the simplest organic acid, often used as a model molecular structure
to study more complex organic systems [1], and is known to be an important pre-biotic molecule
[2]. It was the first acid detected in diverse interstellar medium (ISM) environments, including in
hot molecular cores (dense warm molecular condensations) [3—6], icy grain mantles [7], galactic
centre clouds (~50-200 K) [6], and as a volatile product of cometary nuclei that may be used for
remote sensing [5]. In such hot cores (T>100 K), formic acid gas-phase abundances are ~5x107°
relative to H, (2x10% cm™2) [5]. Since gas-phase chemical reactions are not efficient in
producing such complex saturated species, the relevant pathways for formic acid production in
the ISM have been attributed to grain surface chemistry and subsequent mantel evaporation
mechanisms [3,8]. These include initial formation on cold grain surfaces (~10 K), and once the
temperature of such grains increase, upon mantle evaporation, formic acid is brought into the
gas-phase [3,4]. For further details on the underlying mechanisms responsible for molecular
species formation refer to Keane et al. [7] and van Dishoeck and Blake [8], and references
therein. Notwithstanding, for ISM composition assessment, determination of a molecular
species number density from the data recorded needs to be evaluated against wavelength-
dependent absorption cross-sections. Thus, absolute values such as those provided by VUV
photoabsorption measurements are needed.

Formic acid is also found within the Earth’s atmosphere, occurring from both natural and
anthropogenic origins. There are various industrial, agricultural and natural sources of formic
acid in the Earth’s atmosphere [9,10]. Natural production of formic acid within the atmosphere,
include oxidation reactions of formaldehyde with water in cloud droplets, followed by
outgassing [9]. Additionally, other sources include photochemical production from volatile
organic compounds over forest regions [11-13], terrestrial biosphere [14,15], soils [14], ants
[10], while biogenic emissions [16—18] are due to biomass burning, and anthropogenic
emissions result from rural [19] and urbans/industrial areas activities [20-23] (and references
therein). Once released in the atmosphere, formic acid when can last for just two to four days
[9,16,22] before it is degraded by reactions with *OH radicals [19]. However, this lifetime is
extended by an order of magnitude in cloudless regions of the troposphere [15,16,19,24].

Recent field measurements reveal formic acid concentrations of 100 ppt over most of the
remote oceans, interrupted by large enhancements associated with continental outflow from
combustion tracers and trajectory-based fire impacts [22,24]. Emissions into the atmosphere
also result in an estimated 6.0 g of formic acid emitted per kg dry biomass burned from e.g.,

open fires in forests, savannas, crop residues and semi-fossilized peatlands [25]. Moreover,
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biomass burning accounts for a global estimate of at least 400 Tg/y of gas-phase non-methane
organic compounds [25], with formic acid contributing to ~ 60 Tg/y [15].

Various theoretical and experimental methods have been applied to investigate the molecular
properties of formic acid. These include the lowest-lying ionic states by photoelectron
spectroscopies [26,27], the lowest-lying neutral states by ultraviolet photoabsorption [28-37],
studies of its photodissociation into OH fragments [38—43], fluorescence excitation [33,44,45],
infrared and Raman spectroscopy [44,46—48], electron impact spectroscopies [49-52], and rate
constants for its reactions with hydroxyl radicals [40,53]. Also relevant to the present work,
theoretical methods have been applied to calculate the vertical excitation energies of the neutral
molecule [54,55]. As far as ultra-violet photoabsorption is concerned, we note that previous
investigations have been performed in the wavelength region from 106 nm up to 267 nm (4.6—
11.7 eV) and are in general in reasonable agreement with the present cross-section values above
120 nm. Dissociative electron attachment studies of formic acid [46,56—58], report core-excited
resonances at ~7.5 and 9.0 eV, which compare favourably to the parent Rydberg states in the
VUV spectrum at 7.54(1) and 9.063 eV (see Sec. 5.1). Finally, we note theoretical methods
have been employed to investigate the scattering of low-energy electrons by formic acid [59,60].

A literature survey reveals that some inconsistencies among the previous absolute values
requires obtaining high-resolution absorption data using a facility which is established as an
extremely reliable source of absolute photoabsorption cross-sections. In this joint theoretical
and experimental study of formic acid, this work presents the most complete characterisation
of the molecule’s electronic state spectroscopy to date, over the photon energy range 4.679—
10.781 eV.

Time dependent density functional theory (TDDFT/CAMB3LYP/aug-cc-pVDZ)
calculations provide energies and oscillator strengths for the lowest-lying neutral states (Table
1), which are here reported for the first time either in a wider energy range or use higher level
of accuracy. Additionally, potential energy curves for the lowest-lying excited states, as a
function of the C=0 coordinate, are also obtained from our TD-DFT method. Also, formic acid
experimental absolute cross-section values (and even detailed information about its
electronically excited states) can be used for modelling such chemical compounds in terrestrial

and even astrophysical environments.

2. Theoretical methods



To help assigning the different features in the VUV photoabsorption spectrum, we have
performed calculations on the electronic structure and properties of the electronically excited
states of formic acid. The optimized ground-state geometries of the trans- and cis-conformers
of formic acid (Fig. S1) have been implemented with the support of a DFT/CAMB3LYP/aug-
cc-pVDZ calculation [61] in the GAMESS-US computational package [62]. In the optimized
geometry, using the CCSD(T) method and the aug-cc-pVDZ basis set, a ground-state energy
calculation was performed with a zero-point energy correction to determine which of the
optimized conformers is most stable. It was found that the frans-conformer is the most stable
(the relative energy, due to torsion of the OH group is 0.182 eV), and thus at room temperature
its population is approximately 1000 times more abundant than the cis-conformer, in good
agreement with Vizcaino et al. [52]. Therefore, the subsequent calculations were performed for
the frans-conformer in the ground state optimized geometry and the discussion in the next
sections are related to it only.

The vertical excitation energies and oscillator strengths of the electronically excited states
of formic acid (see Table 1) were calculated employing TD-DFT [63,64] with a CAMB3LYP
functional [61], and the aug-cc-pVDZ basis set as implemented in GAMESS-US [62]. We have
also carried out some additional calculations with the equation of motion coupled-cluster with
single and double excitations (EOM-CCSD) method [65-68], with the aug-cc-pVDZ basis set
(Table S1) as implemented in Psi4 [69].

3. Experimental method

The high-resolution vacuum ultraviolet (VUV) photoabsorption spectrum of formic acid was
measured in the photon energy range from 4.68 eV to 10.78 eV (Figs. 1-4) at the AU-UV beam
line of the ASTRID2 synchrotron facility at Aarhus University, Denmark with assignment of
the different absorption features shown in Tables 1-7. The experimental setup has been
described before [70,71], so only a brief description in given here. Synchrotron radiation passes
through a static gas sample filled with formic acid vapour at room temperature. The
transmission windows (MgF,) set the lower wavelength limit of detection (115 nm) with
transmitted light detected by a photomultiplier tube (PMT). A capacitance manometer (Chell
CDG100D) was used to measure the absolute pressure of the sample in the absorption cell. The
absorption cross-sections were measured in the pressure range 0.10—1.26 mbar, as appropriate
for the local cross-section, to achieve attenuations of 50% or less and hence avoid saturation

effects.



The Beer-Lambert attenuation law, I, = Iye V), where 7, is the light intensity transmitted
through the gas sample, /, is that through the evacuated cell, N the molecular number density
of formic acid, and / the absorption path length (15.5 cm), was used to obtain absolute
photoabsorption cross-section values, o, in units of megabarn (1Mb = 10-'® cm?). Throughout
the collection of each spectrum, the synchrotron beam current was monitored, and background
scans were recorded with the cell evacuated. Within the wavelength region scanned (115 — 265
nm), accurate cross-section values are obtained by recording the VUV spectrum in small (5 or
10 nm) sections, allowing an overlap of at least 10 points between the adjoining sections. In
order to compensate for the constant beam decay in the storage ring, ASTRID2 operates in a
“top-up” mode allowing the light intensity to be kept quasi-constant. The variations (2—-3%) of
the incident flux are therefore normalized to the beam current in the storage ring. This
methodology allows us to determine photoabsorption cross-sections to an accuracy of = 5%.
The resolution in the present spectrum [70] is 0.08 nm (corresponding to 1, 3, and 7 meV at the
low extreme, the midpoint, and the high extreme of the present energy range, respectively).

The liquid sample used in the VUV photoabsorption measurements was purchased from
Sigma-Aldrich, with a stated purity of > 96%. The sample was degassed through repeated

freeze-pump-thaw cycles.

4. Structure and properties of formic acid

Of the trans and cis conformers of formic acid, both of Cs-symmetry in the electronic
ground-state, the former is the most stable at room temperature (see Sec. 2). The calculated
bond lengths (A) and bond angles (°) for the trans-conformer in the electronic ground state, in
low-lying neutral excited states and in the ionic electronic ground state are listed in the
Supporting File (Fig. S1). The calculated outermost electronic configuration of the trans X a
ground state is: (a) core orbitals (1a')? (2a")? (3a')?; (b) valence orbitals (4a')? (5a')? (6a')? (7a")?
(8a")? (1a")? (9a")? (2a")? (10a')%. The character of the ground-state MOs shows that the highest
occupied molecular orbital (HOMO), 10a', is mainly the O 2p lone pair orbital (77p) of the
carbonyl group in the molecular plane. The second highest occupied molecular orbital (HOMO-
1), 2a", is m(C=0) with the oxygen 2p orbital (ny) of OH out of the O=C—O plane, whereas the
(HOMO-2), 9a', is 6(CO) mixed with (1p) in the molecular plane, bonding in OH. The VUV
photoabsorption features shown in Figs. 1-4 have been assigned to electronic excitations, due

to the promotion of an electron from the (HOMO), (HOMO-1) and (HOMO-2) to valence,



Rydberg and mixed valence-Rydberg character orbitals (see Table 1 for their calculated
dominant excitation energies and oscillator strengths).

The fine structure visible in the formic acid spectrum is indicative of vibronic transitions,
and the present assignments are based on previously reported activation energies for vibrational
modes in the electronic ground state [28-30,33,34,36,37,40]. For the valence transitions, these
have been assigned based on the energies (and wavenumbers) in the ground electronic state to
0.220 eV (1777 em™) for C=0O stretching, v3(a’), 0.152 eV (1223 cm!) for H-0-'C
deformation, vs(a’), 0.077 eV (625 cm™) for O=C—0' deformation, v7(a’), 0.128 eV (1033 cm™
1) for CH deformation, vg(a'), and 0.080 eV (642 cm™') for OH deformation, vo(a').
Additionally, for the Rydberg character of the electronic transitions, the main vibrational modes
have been assigned according to the experimental information from He(I) photoelectron

spectroscopy [26,27] to 0.185 eV (1 2A") and 0.291 eV (1 2A") for v5(a’), 0.148 eV (1 2A’) and
0.164 eV (1 2A") for vg(a’), 0.148 eV (1 2A’) and 0.128 eV (1 2A") for vi(a’) and 0.063 eV (1
2A’y and 0.071 eV (1 2A") for v (a).

The assignment of the different Rydberg orbitals based on their quantum defects, is obtained

for the two lowest experimental adiabatic ionisation energies taken from the He(l)

photoelectron data of Leach et al. [26] to be 11.3246 eV (10a’) ~land 12.3783 eV (2a") -

5. Results and discussion

The absorption spectrum of HCOOH reported by Leach et al. [33] was recorded above 6 eV,
where our data appears in some photon energy sections better resolved meaning that the
magnitude of the cross-sections for these are higher relative to this earlier work [33]. Fig. 1
shows the present absolute photoabsorption spectrum of formic acid in the energy range 4.679
to 10.781 eV, while expanded views of the spectrum are in Figs. 2—4. The major absorption
bands can be classified as originating from valence, Rydberg and a mixture of valence-Rydberg
excitations (see Section 5.4) converging to the ionic electronic ground state (10a’)"!, and the
ionic first electronic excited state (2a”)~!. The spectrum shows extensive fine structure, with the
C=0 stretching, v5(a’) and O=C—O' deformation, v5(a’) modes dominant in the energy range
4.5-7.0 eV. At higher energies the H—O—'C deformation, vs(a’), CH deformation, vg(a'), and
OH’ deformation, v4(a’) modes also contribute. The structure above 8.7 eV is largely due to
the overlap of different Rydberg transitions contributing to the spectrum. Table 1 shows the
TD-DFT calculation results for the trans-conformer of formic acid alongside the experimental

data, and a reasonably good level of agreement is noted. The assignments for fine structure
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associated with the Rydberg transitions have not been labelled in Fig. 4 in order to avoid
congestion. Tables 6 and 7 list these vibronic assignments and compare them with previous
work wherever possible.

Formic acid photoabsorption bands in Fig. 1 are assigned to the mp(3a")«<np(10a’),
(35a'(11a')<—ﬁ0(10a') +m* (3aﬂ)<—n(2a”)), (n * (3aﬂ)<—rtco(2aﬂ)),
(nsa'npa np'a’ nda’ <ip(10a’)) and (nsa’npa’,npa’,nda’«<(ny)) transitions. A detailed
description of the VUV photoabsorption features, in the different photon energy ranges, are

presented and discussed together with the aid of our theoretical calculations, in the next sections.

5.1. The 4.5-7.0 eV photon energy range
The lowest-lying singlet-singlet valence transition, is assigned to promotion of the oxygen

lone pair orbital of the carbonyl group in the molecular plane, (1), to a ©* molecular orbital,
nto(3a")<np(10a’), (11A"<—)~( 1A'), with a local cross-section of 0.19 Mb. The rather low-

intensity of the absorption band is due to the type of electronic transition, from the A’ ground
state to the upper excited A" state, which is polarised normal to the plane of the molecule [72].
The vertical excitation energy value of 5.910 eV is in good agreement with the calculated value
5.767 eV as shown in Table 1. This band has been reported before [35,37,38,43,54], with
intensities in good accord with the present experiment; we calculated an oscillator strength of
fL = 0.001 while Demoulin [54] reported f; = 0.014 and Basch et al. [35] reported f; = 0.007.
Moreover, the oscillator strength value obtained at the EOM-CCSD level of theory (see Table
S1) is also in good accord with the TD-DFT calculation result, and a rather higher calculated
energy than the experimental value. Note that the magnitude of the present low-lying absorption
band in the 220-260 nm wavelength region (4.768-5.636 eV) recorded at ~1.3 mbar, is in
excellent agreement with Ebata et al.’s [38] absorption spectrum obtained at 10 Torr (7.5 mbar).

Fig. 2 reveals the fine structure due to vibronic excitation in the 4.5-7.0 eV energy region in
greater detail than any previous measurements. The origin of the band has been identified at
4.641 eV [55] from laser induced fluorescence experiments, the 0§ transition is not observed in
the present work. This band also shows a contribution of a 3§ (n = 1-15) progression from the
C=0 stretching, v3(a"), with an average spacing of 0.123 eV (992 cm™!), together with
contributions from the O=C—O' deformation, v5(a’) mode (see Table 2a). A close inspection of
the absorption band reveals that it is also dominated by extended vibrational progressions

involving the C=0 stretching mode, v3(a"), where the average excitation energy is 0.121 eV,



together with a few quanta of the OH deformation mode, v5(a) (Table 2b). Another interesting
aspect pertains to the lengthening of the C=0 bond, from 1.200 A in X 'A’to 1.319 A in the 1
A" state (Fig. S1), and consequently a decrease in the C=0 stretching frequency, vz(a’), (1777

cm! in X 'A") [44]. This is consistent with the previous work of Ng and Bell [30]. Moreover,
in the (11A"<—)~( 1A’) transition, the O=C—QO’ bond angle changes from 124.7° to 109.8° (Fig. S1)

and the O=C—O' deformation mode, v7(a’), decreases from 625 cm™! (0.077 ¢V) to 379 cm™!

(0.047 eV) (Table 2a). Such behaviour is consistent with the geometry change of the 1 'A” state
(Fig. S1) where both H atoms are twisted out-of-plane lending evidence for the OH’
deformation mode, vi;(a"), decrease from 642 cm™! (0.080 eV) to 395 cm™! (0.034 eV) (Table
2a).

A detailed analysis of Fig. 2 reveals a change in the slope of the band around 5 eV. This may
suggest the presence of another state contributing to the absorption characteristic. Demoulin

[54], Basch et al. [35], Iwata and Morokuma [73] and Randi et al. [60] respectively calculated

3 " ~
excitation energies of 4.60, 6.27 and 5.13eV, and 5.708 eV for the (7* «<ny), (3A <X lA’)

transition. The present calculations yield a vertical energy of 5.81 eV for the transition. While
such optically forbidden transitions are typically indiscernible in experimental absorption
spectra, the rather low-intensity of the absorption band (< 0.2 Mb) may also be related in some
way to such underlying contribution.

Finally, 222 nm (5.585 eV) photodissociation dynamics studies from Irwin et al. [40], Jolly
et al. [39] and Singleton et al. [43], have shown that C-OH bond excision dominates, with
reported quantum yields of poy(HCOOH) ranging from 0.7 to 1.0 at 298 K.

5.2. The 7.0-9.4 eV photon energy range

This energy range comprises a broad structureless feature centred at 7.51(4) eV, which is
assigned to a mixed valence-Rydberg (3sa’(11a')<—1_l0(10a') +* (3arl)<—7t(2a")),
(21A'<—5(1A') transition with a cross-section of 5.22 Mb. This band has been reported by Leach
etal. [33] at 7.533 eV and its valence character has been assigned to (7 * <o (). Yet, the present
calculations show the electron spin densities of the valence MOs to be reminiscent of «
character (Fig. S2). Another relevant aspect from a careful inspection of Leach et al.’s [33] data
to the present work, reveals differences in shape and magnitude across the entire band. Other

investigations reported this band with the maximum cross-section centred at ~155 nm (7.514

eV) [28] and 7.798 eV [31], but the latter with an intensity higher than that of the present



experiment. Furthermore, the oscillator strength value obtained at the EOM-CCSD level of
theory (see Table S1) is also in good accord with the TD-DFT calculation result (Table 1),
although with a rather higher calculated energy than the corresponding experimental value. A
close comparison of the absorption features between 7.999 eV and 8.670 eV (Fig. 3) with the
jet-cooled formic acid beam absorption pattern from Mualem et al. [32] and Barnes and
Simpson [36] in the energy region 6.819-9.299 eV, shows no resemblance, meaning that the
present room temperature spectrum contains no evidence for dimers.

The calculated electronic transition at 8.066 eV, with an oscillator strength f; = 0.05, i.e.
60% higher than the value for the previous (21A'<—)~(1A') transition (Table 1), is tentatively
assigned to 3s(15a'/12a)«7ip(10a’), (3'4'<X'A") from the shape of the MOs (Fig. S2), and
has no correspondence with any discernible experimental feature in the photoabsorption
spectrum (Fig. 3). Regardless the different basis set (aug-cc-pVDZ and aug-cc-pVTZ not show
here) we have used to calculate the nature of such transition, these have led to the conclusion
that it is Rydberg in character with a quantum defect 0 = 0.96 characteristic of a 3s transition.
However, if we take the next absorption feature at 8.109 eV, a quantum defect 6 = 0.94 is
obtained, although this feature has been assigned to belong to a valence transition with a
progression of the C=0 stretching mode, v3(a") (see below).

The next electronic transition, with the 03 origin at 8.109 eV, is assigned to  * (3a")<—7tc =0
(Za"), (41A'<—)~(1A') although with some Rydberg character (Sec. 5.4). It is worth noting that
the calculations in Table 1 show that the dominant excitations are due to 11a" < 10a’ (5.1%),
13a" «— 102’ (14.1 %) and 3a” < 2a" (68.1 %). The vertical excitation energy of 8.285 eV is in
fair agreement with the theoretical value of 8.573 eV from the present calculations (Table 1).
This band has been reported before [28,29,33,34,36] with a maximum cross-section of 35.13
Mb, slightly higher than previous experiments [28,33]. The transition’s calculated oscillator
strength f; =~ 0.15 is in good accord with Leach et al.’s [33] and Basch et al.’s [35] value of =
0.2. However, the latter authors predict an energy of 12.023 eV for this transition which is
certainly much higher than the calculated value. This band also shows a contribution of a 3§ (n
= 1-6) progression of the C=0 stretching mode, v3(a"), with an average spacing of 0.182 eV
(1468 cm™), together with contributions (one quantum) from the O=C—O' deformation and H'-
O-'C deformation modes, v7(a") and vs(a’) (see Table 3). Note that in Fig. 3 we have marked
3¢ to 3§ as dashed lines, since the corresponding features appear in the spectrum with weaker
intensities relative to the first three quanta of such C=0 stretching mode excitation. To support
the assignments of these new features, we have performed quantum chemical calculations
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within the photon energy region conveying the contribution of the » = 4 member of the nsa’
Rydberg series (see Table 5). The calculations in Fig. S1 show lengthening of the C=0 bond,
from 1.200 A in X A" to 1.261 A in the 8 'A’ state, and consequently a modest decrease in the
C=0 stretching frequency, v3(a’). Moreover, potential energy curves have been obtained along
the C=O0 reaction coordinate to investigate the nature of the nuclear dynamics in the energy
region where the 37 (n = 1-6) progression from the C=0 stretching mode, v3(a’) has been
assigned (see Sec. 5.5). The calculations show a relevant internal conversion from the initial
Rydberg transition to a valence character within the adiabatic description as the C=0 bond is
stretched. This lends strong support to weakening of the bond and the activation of C=0O
stretching vibration within the potential energy well (see Figs. S3 and S4).

5.3. The 8.7-10.8 eV photon energy range

The absorption features in this photon energy region are classified as valence and Rydberg
(Sec. 5.4) and have been reported before [28,29,33—36] with extensive vibrational fine structure
(Tables 4, 6 and 7). An expanded plot of the current measured photoabsorption spectrum is
presented in Fig. 4, with our proposed assignments summarised in Tables 1, 4 — 7. Note that
several of the features’ energy positions are superimposed either on the vibrational progressions
or on the Rydberg series, thus broadening the shape of some peaks. The two discernible valence
excited states have 0] transitions at 8.923 and 8.952 eV, with cross-sections of 28.43 and 35.97
Mb, while Leach et al. [33] have reported their origins at 8.919 and 8.95 eV. From the
calculations in Table 1, these features have been assigned to the (n *eme=o(2 a"))
(41A”<—)~( 1A’) and the (o «7ip(10a’)) (51A’<—X 1A’) transitions, with oscillator strengths of
0.002 and 0.098, and they show relevant fine structure superimposed on a diffuse background.
The absorption bands appear to be superimposed on an underlying absorption continuum that
may be attributed to pre-dissociation. The transitions are accompanied by 3{ progressions (for
the former, n = 1-5; for the latter, n = 1-3) from the C=0 stretching mode, v3(a’), with an
average spacing of 0.171 eV (1379 cm™), together with contributions from the C-O stretching,
vg(a") and O=C—O’ deformation, v7(a’), modes (see Table 4), with average spacings of 0.091
eV (734 cm™') and 0.066 eV (532 cm™!), respectively. These activation energies are lower than
the ground-state equivalents, providing evidence of lengthening of the C=0 and C—O bonds as
well as a possible lack of planarity of these upper excited states.

This energy range, the photoabsorption spectrum also includes features due to the

contribution of members of the different Rydberg series converging to the ionic electronic
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ground (10a’)"! and first (2a”)"! excited states of formic acid (Section 5.4), and associated

vibronic structure, as discussed in the section below.

5.4. Rydberg transitions

This section addresses Rydberg transitions converging to the ionic electronic ground state
(10a’)"! and ionic first electronic excited (2a”)! state of formic acid. The Rydberg character of
the absorption features in the spectrum is prominently observed above 7.5 eV, where transitions
to the ! A" state are expected to be much weaker than to 'A’ state. However, due to the rich fine
structure found in the photon energy region from 7.5 to 10.8 eV (Fig. 1), most of the vibronic
transitions appear particularly enhanced. The present experimental energies, proposed

assignments and quantum defects are listed in Table 5. For each absorption feature energy

R
position, we have used the well-known Rydberg formula: E,, = IE — 5 where /E is the

ionisation energy of a given MO, # is the principal quantum number of the Rydberg orbital of
energy E,, R is the Rydberg constant (13.61 V), and ¢ is the quantum defect resulting from the
penetration of the Rydberg orbital into the core. Previous works have provided Rydberg
assignments in the formic acid VUV spectrum [28,29,33-36], while Leach et al. [33] have also
reported vibrational modes contributing to the spectrum. However, the present assignments on
the fine structure superimposed on the Rydberg transitions up to 10.8 eV, represent to the most
complete analysis to date and include various assigned features which have not been reported
before (Tables 6 and 7).

The lowest-lying Rydberg transition converging to the ionic electronic ground-state, (10a’)~!,
is assigned to the (3sa’<10a’) excitation, with the first member (n = 3) at 7.51(4) eV and
having a quantum defect 6 = 1.11. The quantum defect is slightly larger than is typically
expected for a ns series, and this can be attributed to a mixed valence-Rydberg character of this
electronic transition (see Sec. 5.2). Following the discussion in Sec. 5.2, we also assign 3sa’ at
8.109 eV. This result is in good agreement with the 8.105 eV value reported by Leach et al.
[33] (Table 5) and by Bell et al. [34]. Other higher-order Rydberg members of the nsa’ series,
the n =4 and 5, are also reported in Table 5.

The first members of the two np (npa’«<10a’) and (np’a’<10a’) series are associated with
absorption features at 8.843 eV and 9.063 eV (0 = 0.66 and 0.55) (Table 5). Corresponding
results from Leach et al. [33] have given values of 8.839 and 9.059 eV. Note that we were able
to assign for the first time a (5p’a’«<10a’) transition at 10.661 eV with a quantum defect 6 =

0.47. Table 5 also includes one nd (nda'«10a’) series (n = 3-5), where the n = 3 feature has
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been assigned at 9.656 eV (0 = 0.14). Other transitions to the nda’ Rydberg members, n = 4 and
5, are also discernible.

The Rydberg series converging to the ionic electronic first excited state, (2a”)~!, are listed in
Table 5, and have been assigned to the (nsa',npa',npa",nda"&ZaH) transitions. The first
members of these series (n = 3) are associated with features at 8.958 eV (0 = 1.00), 9.770 eV (o
=0.72),9.947 ¢V (0 =0.63) and 10.725 eV (6 = 0.13) (Table 5). We note that Leach et al. [33]
reported slightly lower energy values than the present absolute photoabsorption data.
Assignments for higher lying members (n > 3) of these Rydberg series have not been attempted
because they lie outside the photon energy range investigated.

The absorption spectrum around the Rydberg excitations is rich in fine structure from the
different vibronic transitions (Tables 6 and 7). As noted in Sec. 2, we will make use of the
information available from the He(I) photoelectron data [26] on the vibrational frequencies for
the (1 2A’) and (1 2A") states of formic acid cation. Table 6 contains the assignments for the
fine structure of the Rydberg series converging to the ionic electronic ground state (10a’)"!. The
most representative contributions are from the C=O stretching, v4(a’), the H-O-'C
deformation, vs(a’), the C—O stretching, vg(a’), and the O=C—O’ deformation, v7(a’) modes.
Some of the energies of those transitions were previously reported by Leach et al. [26], some
discrepancies are observed here between the present investigation and that earlier study, while
several others are reported here for the first time. Interesting to note that we find in Table 6
progressions in v3, vs, and v5 with average frequencies diminished to 1443 cm™! (0.179 eV)
(1495 cm ™" in 1 2A’), 1178 cm™! (0.146 ¢V) (1196 cm ! in 1 2A”) and 476 cm™' (0.059 eV) (510
cm! in 1 2A’), with respect to their values in the neutral ground state, 1777 cm™! (0.220 eV),
1223 cm™ (0.152 €V) and 625 cm™! (0.077 eV), respectively. Furthermore, progressions in v
frequency are slightly increased to an average value of 1186 cm™! (0.147 eV) (1196 cm™ in 1
2A") compared with the neutral ground state value of 1104 cm™! (0.137 eV). These variations
are related to changes in geometry in the excited states (Fig. S1). The assignments of the
vibrational features associated with the (4sa’ < 10a"), (4pa’ < 10a’) and (5sa’ < 10a’), that
involve progressions in vs and vj have been labelled 53/6¢, due to similar values of their
activation energies in the 1 2A’ state from the He(I) photoelectron spectrum [26].

An inspection of Table 7 for the vibronic assignments of the Rydberg series converging to
the ionic electronic first excited state (2a”)! reveals that progressions in v3 and v, with average
frequencies increased to 2025 cm™! (0.251 eV) (2343 ecm ! in 1 2A") and 1210 cm™! (0.150 eV)

(1324 cm™'in 1 2A"), with respect to their values in the neutral ground state, while progressions
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in vy frequency are increased to an average value of 879 cm™! (0.109 eV) (1029 cm ™! in 1 2A")

with respect to the neutral ground state. These changes can also be attributed to the differences

found in the geometries of the excited states relative to the neutral ground-state.

5.5. Potential energy curves along the C=0 coordinate

We have performed calculations of the potential energy curves (PECs) along the C=0O
coordinate, at the TDDFT/CAMB3LYP/aug-cc-pVDZ level of theory in the C; symmetry
group. The nine lowest-lying excited states and their characters are presented in Figs. 5 and S2.
A close inspection of the PECs in Fig. 5 shows some avoided crossings, implying that in the
adiabatic description as the bond is stretched, the initial Rydberg character can change to
valence character. The first excited state, o (3a")<7(10a’), shows a bound character up to
Rc-o0 = lag (Fig. S3), which is consistent with the structure in the 4.5-7.0 eV energy region of
the VUV photoabsorption spectrum. The higher energy states (labelled in Fig. 5 as 6, 7, 8 and
9) are almost degenerate at Rc—o equilibrium distance, which is not surprising given that they
originate from the same MOs, i.e., either the HOMO ((1np10a’)) or the HOMO-1 (mc-p(2a")).
However, states 6 and 7, at about 9.0 eV, cross slightly above the equilibrium internuclear
distance (~0.025ay). This results in a relevant adiabatic character, which can be responsible for
the internal conversion from an initial Rydberg character of the transition to a valence
dissociative state in the asymptotic limit, as Rc—o is stretched away from its equilibrium distance.
In this transition, such dynamical behaviour may be responsible for the quite long 3§ (n = 1-6)
progression from the C=0 stretching mode, v3(a’) (Sec. 5.2). However, we also note that states
8 and 9 (~9.25 eV) cross at the Rc—o equilibrium distance where avoided crossings in the
Franck-Condon region can certainly take the system through state 6 which leads to a valence
character along the C=O0 stretching coordinate. It is worth mentioning that the different avoided
crossings observed for states 6—9 may imply therefore multiple conical intersections in the full
multi-dimensional space. This is outside the scope of the present work, but may be relevant to
investigate by other research groups to obtain information about the complex dynamics of the

underlying formic acid molecular mechanisms that yield internal conversion and/or dissociation.

5.6. Absolute photoabsorption cross sections and atmospheric photolysis

The previous absolute ultra-violet photoabsorption studies of formic acid cover the ranges
56 — 207 nm (6-22 eV) [33], 95 — 138 nm (9-13 eV) [42], 110 — 180 nm (6.888-11.271 eV)
[34], 110 —200 nm (11.271-6.199 eV) [29], 111 — 286 nm (4.340—11.159 eV) [36], 150 — 190

14



nm (6.525-8.266 eV) [31], 195 — 250 nm (4.959-6.358 eV) [37], and 200 — 267 nm (6.199—
4.644 eV) [30], are found, generally speaking, in reasonable agreement with the present cross-
sections to within around 10%, except for Price and Evans [29], Ng and Bell [30], Mualem et
al. [32] and Bell and co-workers [34] who do not report absolute values.

We have assessed the atmospheric photolysis of formic acid from sea level up to the
stratopause (50 km altitude) using the present high-resolution VUV absolute photoabsorption
cross sections and NASA solar actinic flux data [74]. Details of the methodology can be found
from the work of Limao-Vieira and co-workers [75]. The quantum yield for dissociation is
taken to be 0.7 for C—-OH bond excision, from the work of Irwin et al. [40] and Singleton et al.
[43]. Photolysis lifetimes of less than 10 sunlit days were calculated at altitudes above 30 km.
However, at lower altitudes (< 25 km) the photolysis lifetimes of formic acid are high (> 100
sunlit days). Singleton et al. [53] reported a gas-phase kinetics study for the HCOOH + OH
reaction, finding rate values of koy (297 K) = 4.5x10713 cm? molecule! s! in good agreement
with the temperature-independent rate coefficient of (4.62+1.16)x10713 cm? molecule™! s™! from
Wine and co-workers [76]. According to Puxbaum et al. [24], the reaction of formic acid with
*OH radicals yields an estimated atmospheric lifetime of 25 days which is consistent with the
model calculation of Yuan et al. [23]. Hence, the present assessment supports the previous
understanding that reactions with *OH radicals dominate formic acid removal the troposphere.
By contrast, our results demonstrate that UV photolysis is a key removal process of any formic

acid in the stratosphere.

6. Conclusions

We have measured a high-resolution VUV spectrum of formic acid over the photon energy
range between 4.679—10.781 eV (265—115 nm). This work provides a comprehensive study of
the VUV electronic spectroscopy of the molecule, and it also provides the most reliable set of
absolute photoabsorption cross-sections in the photon energy range investigated. The features
in the spectrum have been assigned to valence, Rydberg and mixed valence-Rydberg transitions
with the help of quantum chemical calculations, on the vertical excitation energies and oscillator
strengths.

The analysis of fine structure in the photoabsorption spectrum has enabled various new
assignments to be made for vibronic features the C=O stretching, v3(a’), the H-O-'C
deformation, vg(a’) and the C—O stretching, vg(a’) modes. The absolute photoabsorption cross-
sections have also been used to derive photolysis rates in the terrestrial atmosphere from the
surface up to the limit of the stratosphere, indicating that solar photolysis is expected to be a
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key sink for formic acid at altitudes higher than 30 km. Potential energy curves as a function of
the C=0O coordinate, for the nine lowest-lying excited states, were calculated at the TD-DFT
level of theory with aug-cc-pVDZ basis set. These have provided new insights into the excited
state dynamics as the reaction coordinate is stretched, with important avoided crossings

responsible for internal conversion from initial Rydberg states to final valence character.
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Figure captions
Fig. 1. The present high-resolution VUV photoabsorption spectrum of HCOOH in the 4.5-10.8

eV photon energy range. See text for details.

Fig. 2. Detail of the VUV photoabsorption spectrum of HCOOH in the 4.5-7.0 eV photon

energy range. The 0§ transition is visible in ref. [55] but not in the present work. See text for

details.

Fig. 3. Detail of the VUV photoabsorption spectrum of HCOOH in the 7.6-9.4 eV photon

energy range. See text for details.

Fig. 4. Detail of the VUV photoabsorption spectrum of HCOOH in the 8.7-10.8 eV photon

energy range. See text for details.

Fig. 5. PECs for the nine lowest-lying excited singlet states of the HCOOH trans-conformer
plotted as a function of the Rc—¢ coordinate (in ay units). The calculations were performed at
the TD-DFT/CAMB3LYP/aug-cc-pVDZ level of theory in the C; symmetry group. See text for

details.

Table captions
Table 1. The calculated vertical excitation energies (TD-DFT/CAMB3LYP/aug-cc-pVDZ) and
oscillator strengths of the HCOOH #rans-conformer compared, where possible, with present

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

Table 2a. Proposed vibrational assignments of the HCOOH trans-conformer absorption band

in the photon energy range 4.5—7.0 eV?. Energies in eV. See text for details.

Table 2b. Proposed vibrational assignments for progressions of the HCOOH trans-conformer

absorption band in the photon energy range 4.5—7.0 eV2. Energies in eV. See text for details

Table 3. Proposed vibrational assignments of the HCOOH frans-conformer absorption bands

in the photon energy range 7.6—9.4 eV2. Energies in eV. See text for details
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Table 5. Energy values (eV), quantum defects (J) and assignments of the Rydberg series
converging to the ionic electronic ground (10a’)~! state and the first ionic electronic excited

state (2a”)"! of formic acid, HCOOH. See text for details.

Table 6. Proposed vibrational assignments of HCOOH trans-conformer Rydberg series
converging to the ionic electronic ground state (10a’)! in the photon energy range 8.7—10.8

eV?a. Energies in eV. See text for details.
Table 7. Proposed vibrational assignments of HCOOH trans-conformer Rydberg series

converging to the ionic electronic first excited state (2a”)~! in the photon energy range 8.7—10.8

eV?2. Energies in eV. See text for details
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Fig. 1. The present high-resolution VUV photoabsorption spectrum of HCOOH in the 4.5-10.8

eV photon energy range. See text for details.
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Fig. 2. Details of the VUV photoabsorption spectrum of HCOOH in the 4.5-7.0 eV photon

energy range. The 0§ transition is visible in ref. [55] but not in the present work. See text for

details.
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Fig. 3. Detail of the VUV photoabsorption spectrum of HCOOH in the 7.6-9.4 eV photon

energy range. See text for details.
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Fig. 4. Detail of the VUV photoabsorption spectrum of HCOOH in the 8.7-10.8 eV photon

energy range. See text for details.
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Fig. 5. PECs for the nine lowest-lying excited singlet states of the HCOOH trans-conformer
plotted as a function of the Rc—o coordinate (in a, units). The calculations were performed at
the TD-DFT/CAMB3LYP/aug-cc-pVDZ level of theory in the C; symmetry group. See text for
details.
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Table 1. The calculated vertical excitation energies (TD-DFT/CAMB3LYP/aug-cc-pVDZ) and oscillator strengths of the HCOOH trans-conformer

compared, where possible, with the present experimental data. Energies in eV. See text for details.

trans-conformer

Assignment E (eV) Cross-section
State  E (eV) i Dominant excitations expt.? (Mb)

XA’
11A” 5.767 0.000930 3a” « 10a’ nteng 5.910 0.19
2 1A 7.542  0.026277 3a" « 2a"; 11a’ « 10a’ " T -g; 35€ T 7.51(4) 5.22
3A 8.066 0.045708 15a" « 10a’; 12a' < 10a’ 3seng; 35Ny 8.109 25.39
2 1A 8.293  0.002934 I1a'«2a"
41A7 8.573  0.152206 1la’« 10a’; 13a"« 10a’; 32" « 2a" 35N ;3peng m e 8.285 35.13
51A 9.070  0.097632 11a' « 10a’; 13a’ < 10a’ 0" eny 8.952 35.97
31A” 9.072  0.097632 4a"«— 10a’
41A" 9.200 0.002003 15a" « 2a"; 12a’ «—2a" 3seme=o 8.923 28.43
51A” 9.330 0.000121 4a" « 9a'; 32" « 9a’
6 1A’ 9.969 0.024875 14a" < 10a' 4s<ng 9.995 15.52
6'A" 10.072  0.045796 132"« 2a" 3peTmc=0 9.947 20.40
71A 10.165 0.019211 3a” « 2a"; 4a" < 2a"
8IA’ 10.509  0.043079 16a’ < 10a’; 11a’ « 9a’
9 1A’ 10.745 0.023103 19a’ « 10a'; 18a’ «— 10a'; 152" < 10a' S5denyg 10.749 13.06
10 1A’ 10.848 0.007063 1la’« 9a'; 16a’ « 10a'; 17a’ « 10a'
6'A" 10.884 0.000283 14a’ — 2a"

2 the last decimal of the energy value is given in brackets for these less-resolved features;
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Table 2a. Proposed vibrational assignments of the HCOOH trans-conformer absorption band

in the photon energy range 4.5—7.0 eV2. Energies in eV. See text for details.

This work Previous work
assignment energy AE (v3) AE (v7) AE (vg) AE (vy) ref. [30]
néo(3a)eny(10a), (11A”<—)~(1A')
03 (4.641)[55] - - - -
35 4.772 0.131 - - - 4.776
30+ 76 4.82(6)(w) - 0.054 - - _
35+ 75/ 35+ 8% 4.87(9)(w) - 0.053 0.107 Y -
3% 4.89(3)(s) 0.121 - - — 4910
3%+ 76 4.938 - 0.045 - - -
3%+ 75/ 35+ 8§ 4.99(3)(s,w) - 0.055 0.100 < -
33 5.00(3)(s) 0.110 - - - 5.041
38+ 78 5.05(7)(s) - 0.054 — - -
33+ 75 /33 + 8§ 5.10(4)(s) - 0.047 0.101 - -
35 5.136 0.133 = - - 5.170
36+ 9% 5.168 - = - 0.032 -
3¢+ 76 5.179 - 0.043 - - -
36 + 95 5.203 4 - - 0.035 -
36+ 75+ 9% 5216 - - - 0.037 -
38+ 73/38+ 8% 5.225 - 0.046 0.089 - -
3¢+ 75+ 95 5.254 - - - 0.038 -
33 5.26(0)(s) 0.124 - - - 5.300
33+ 75+ 9% 5.299 - - - 0.039 -
33+ 78 5.30(8)(s) - 0.048 - - -
33+ 76+ 93 5.333 - - - 0.034 —
33+ 7%/ 33 + 8% 5.347 - 0.039 0.087 - -
3§ 5.384 0.124 - - - 5.428
38+ 76 5.43(3)(s) - 0.049 - - -
38+73/38+8% 5.472 - 0.039 0.088 - -
3} 5.508 0.124 - - - 5.552
35+ 76 5.550 - 0.042 - - -
30+73/30+8% 5.593 - 0.043 0.085 — -
38 5.631 0.123 - - - 5.670
3§ + 9§ 5.669 - - - 0.038 -
38+ 76 5.67(7)(s) - 0.046 - - -
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3§ + 93 5.703 - - - 0.034 -
38+73/38+8% 5.719 - 0.042 0.088 - -
33 5.753 0.122 - - - 5.792
3§+ 73+ 9% 5.756 - - - 0.037 -
38+ 75 + 95 5.791 - - - 0.035 -
33+ 7§ 5.79(9)(s) - 0.046 - - -
30+ 75+ 9% 5.835 — - 0.036 -
33+ 7%/ 33 + 8% 5.851 - 0.052 0.098 - -
33+ 75+ 93 5.86(5)(s) - - - 0.030 -
3§° 5.876 0.123 - - - 5910
3% + 9§ 5910 - - - 0.034 -
380+ 78 5.92(1)(s) — 0.045 - — -
38°+75/35°+ 85 5.96(9)(s) - 0.048 0.093 — -
34! 5.993 0.117 - - - 6.032
350+ 78 6.03(9)(s) - 0.046 - - -
35t +73 6.08(1)(s) - 0.042 0.088 - -
382 6.111 0.118 - - - 6.145
382 + 9§ 6.147 - 4 - 0.036 -
352+ 74 6.15(3)(s) = 0.042 - - -
3%+ 93 6.18(1)(s) - - 0.034 -
3§82+ 75/352+85  6.21(2)(w) - 0.059 0.101 - -
38 6.23(4)(s) 0.123 - - - 6.261
383 + 9§ 6.262 - - - 0.028 -
383 + 7§ 6.27(7)(s) - 0.043 - - -
3§ + 93 6.28(7)(w) - - - 0.025 -
383+ 75/383 +85  6.31(9)(s) - 0.042 0.085 - -
34 6.35(5)(s,w) 0.121 - - - -
35t + 7% 6.401 - 0.046 - _ _
38+ 75 /35 +8F  6.45(1)(s) - 0.050 0.096 - -
38 6.478 0.123 - - - -
38° + 94 6.51(5)(s,w) - - - 0.037 -
38° + 7§ 6.51(9)(w) - 0.041 - - -
3§° + 93 6.550 - - - 0.035 -
38+ 75 /355 + 85 6.57(0)(s,w) - 0.051 0.092 - -
AE 0.123 0.047 0.093 0.034

3(w) weak feature; (s) shoulder structure (the last decimal of the energy value is given in brackets for these less-
resolved features);
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Table 2b. Proposed vibrational assignments for progressions of the HCOOH trans-conformer

absorption band in the photon energy range 4.5—7.0 eV?. Energies in eV. See text for details.

assignment Energy AE (v;') | assignment energy AE (v3) AE (vy')
nto(3a)no(10a), (11A"<—)~(1A')
3" 4.83(0)(w)
3ntt 4.95(6)(w)  0.126 | 3" 4.95(7)(w)
3nt2 5.071 0.115 | 3"*1 5.09(0)(w)  0.133
3n+3 5.19(9)(s) 0.128 | 3n+2 5.203 0.113
3nt4 531(4)(w)  0.115 | 3n*3 5.333 0.130
3n+s 543(3)(s)  0.119 | 3n+4 5.457 0.124
3n+o 5.550 0.117 | 3"T* 49}  5.48(9)(s) 0.032
3n+7 5.670 0.120 | 3""*4+935 5.52(5)(s) 0.036
3n+8 5.791 0.121 | 3n*5 5.590 0.133
3nt+9 5910 0.119 |3n*6 5.703 0.113
3n+10 6.030 0.120 | 3"*7 5.829 0.126
3ntil 6.147 0.117 |3n*8 5.952 0.123
3nt12 6.262 0.115 | 3n+?° 6.066 0.114
3nt13 6.375 0.113 | 3n*10 6.184 0.118
3n+ 14 6.48(5)(s) 0.110 |3+ 6.31(9)(b)  0.135
3nt12 6.43(1)(b)  0.112
3nt13 6.56(7)(s) 0.136

2(w) weak feature; (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 3. Proposed vibrational assignments of the HCOOH frans-conformer absorption bands

in the photon energy range 7.6—9.4 eV2. Energies in eV. See text for details.

This work Previous work

assignment energy AE (v3") AE (vs") AE (v7) ref. [33]

n*(3a")emc—o(2a), (4'4'<X'A)

09 8.109 8.106
35 8.285 0.176 8.290
35+ 78 8.34(1)(s,w) 0.056

3% 8.466 0.181 8.460
33 8.62(8)(s,b) 0.162

33 + 58 8.77(1)(s,w) 0.143

3% 8.82(1)(w) 0.193

33 9.01(7)(w) 0.196

3§ 9.20(1)(w) 0.184

3 (s) shoulder structure; (w) weak feature; (b) broad structure (the last decimal of the
energy value is given in brackets for these less-resolved features);
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Table 4. Proposed vibrational assignments of the HCOOH frans-conformer absorption bands

in the photon energy range 8.7—10.8 eV?. Energies in eV. See text for details.

This work Previous work
assignment energy AE (v3") AE (vg)) AE (v7) ref. [33]
3s(12a)mc— (24", (4'4"<X'A)
09 8.923 8.918
75 8.98(4)(s) 0.061  8.96
64 9.01(7)(w) 0.094
35 9.106 0.183 9.103
3§+ 78 9.17(0)(s) 0.064  9.147
30+ 6% 9.20(1)(s,w) 0.095
3% 9.284 0.178 9.28
35+ 78 9.35(4)(s) 0.070 933
3% + 65 9.37(8)(s,w) 0.094
33 9.457 0.173 9.45
38+ 7§ 9.53(0)(s,w) 0.073  9.50
33 + 6§ 9.54(1)(s,w) 0.084
3§ 9.619 0.162 9.613
38478 9.68(6)(s,w) 0.067
3¢ + 6§ 9.70(9)(s,w) 0.090
33 9.790 0.171 9.782
0" mp(10a) ,(5'4X'A)
09 8.952 8.95
75 9.01(7)(w) 0.065
35 9.133 0.181 9.13
35+ 7§ 9.19(4)(s,w) 0.061
35 9.308 0.175 9.306
33 9.483 0.175 9.478
33+ 78 9.54(8)(s,w) 0.065

3(s) shoulder 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 5. Energy values (eV), quantum defects (J) and assignments of the Rydberg series

converging to the ionic electronic ground (10a’)~! state and the first ionic electronic excited

state (2a”)"! of formic acid, HCOOH. See text for details.

trans-conformer

This work Ref. [33] Ref. [34]
E, assignment E, E,
IE, = 113246 eV (10a)) "
(nsa' — 10a")
7.51(4)(b)/8.109 1.11/0.94 3sa’ 7.533 8.105
9.995 0.80 4sa’ 9.987 9.946
10.543 0.83 Ssa’ 10.533 10.539
(npa' «— 10a")
8.843 0.66 3pa’ 8.839 8.951
10.154 0.59 4pa’ 10.147 10.511
10.629 0.58 5pa’ 10.621 10.628
(np'a’ — 10a’")
9.063 0.55 3p'a’ 9.059 -
10.226 0.48 4p'a’ 10.375 -
10.661 0.47 Sp'a’ - -
(nda' — 10a’)
9.656 0.14 3da’ 9.651 9.655
10.419 0.12 4da’ 10.410 10.415
10.749 0.14 5da’ 10.769 10.770
IE, = 12.3783 eV (2a")
(nsa' < 2a")
8.923/8.958 1.01/1.00 3sa’ 8.761 -
(npa' < 2a")
9.770 0.72 3pa’ 9.763 -
(npa" < 2a")
9.947 0.63 3pa” 9.942 -
(nda" < 2a")
10.725 0.13 3da” 10.717 -

3(b) broad structure; (w) weak feature; (s) shoulder structure (the last decimal
of the energy value is given in brackets for these less-resolved features);
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Table 6. Proposed vibrational assignments of HCOOH trans-conformer Rydberg series
converging to the ionic electronic ground state (10a’)! in the photon energy range 8.7—10.8

eVa. Energies in eV. See text for details.

This work Previous work

assignment energy AE (v;)  AE(vs) AE(vs) AE (vy) ref. [33]
(3pa’ < 10a") 8.843 - - - - 8.839
75 8.90(1)(s) - - - 0.058 Y
5§ 8.98(4)(s) - 0.141 - - 8.983
3§ 9.030 0.187 - - - 9.026
3§+ 5§ 9.17(0)(s) - 0.140 - - 9.165
3% 9.211 0.181 — — — 9.209
35+ 5§ 9.35(4)(s) - 0.143 - - 9.356
33 9.393 0.182 - £ - 9.390
33 + 5§ 9.53(0)(s,w) - 0.137 . - -
35 9.57(8)(b,w) 0.185 - - - -
3¢ + 54 9.720 - 0.142 - - -
3¢ + 55 9.860 — 0.140 - - -
(Bp'd’ «10a’)  9.063 - - - - 9.059
5§ 9.211 - 0.148 - - -
35 9.242 0.179 - - - 9.243
3§ + 54 9.393 - 0.151 - - -
3% 9.42(5)(w) 0.183 - - - -
3% + 5§ 9.57(8)(b,w) - 0.153 - - -
33 9.604 0.179 - - - -
33+ 5§ 9.75(5)(s) - 0.151 - - -
(3da’ < 10a’) 9.656 - - - - 9.651
3§ 9.840 0.184 - - - 9.835
3% 10.023 0.183 - - - 10.016
33 10.19Q2)(s,w)  0.169 - - - -
(4sa’ < 10a") 9.995 - - - - 9.987
78 10.05(6)(s) - - - 0.061 -
55/6% 10.134 - 0.139 0.139 - 10.125
35 10.17(9)(s) 0.184 - - - 10.170
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35+ 54/6§ 10.332 - 0.153 0.153 - -
(4pa’ < 10a") 10.154 - - - - 10.147
54/6% 10.30(2)(b) - 0.148 0.148 - 10.299
3} 10.332 0.178 - - - 10.324
5% 10.450 - 0.148 - - 10.422
30+ 55/64 10.481 - 0.149 0.149 - 10.470
3% 10.507 0.175 - - - 10.498
3%+ 54/6% 10.661 - 0.154 0.154 - 10.653
33 10.684 0.177 - - - -
(4p'a’ « 10a") 10.226 - - - = 10.375
3} 10.38(8)(w) 0.162 - - - -
33 10.56(1)(s,w)  0.173 - - - -
(4da'< 10a) 10.419 - - — - 10.410
3} 10.602 0.183 - - - 10.595
(5sa’ < 10a) 10.543 - - - - 10.533
78 10.602 - - - 0.059 -
55/6% 10.684 - 0.141 0.141 - 10.684
3} 10.725 0.182 - - - 10.717
(5pa’ < 10a") 10.629 - - - - -
78 10.684 - - - 0.055 -
(5p'a’ « 10a") 10.661 - - - - -
78 10.725 - - - 0.064 -

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




Table 7. Proposed vibrational assignments of HCOOH trans-conformer Rydberg series
converging to the ionic electronic first excited state (2a”)~! in the photon energy range 8.7—10.8

eVa. Energies in eV. See text for details.

This work Previous work

assignment energy AE (v;)  AE(vs)  AE (vg) ref. [33]
(Bsa’ < 2a") 8.958 - - - 8.761
60 9.063 - — 0.105 -

35 9.14(7)(s) 0.189 - - -

35 9.333 0.186 - - -

35 + 5§ 9.483 - 0.150 - -
(Bpa' < 2a") 9.770 - - =~ 9.763
6§ 9.860 - — 0.090 9.891
33 10.04(3)(s) 0.273 - - 10.053
3% 10.31(1)(b) 0.268 - - -

33 10.59(2)(s,w)  0.281 - - -

3§ + 5§ 10.702 - - 0.110 -
(Bpa" « 2a") 9.947 - - - 9.942
64 10.076 — - 0.129 10.071
5% 10.09(6)(s) - 0.149 - 10.086
3% 10.25(5)(b) 0.308 - - 10.256

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

41



Graphical Abstract

'S
w

Journal Pre-proofs

Cross-section [Mb]

_— = RN W W A
W < h (=} h (=] h (=}

v v

=

7.5
Energy [eV]

8.5

42



Electronically excited states of formic acid investigated by theoretical and
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e Formic acid vacuum ultraviolet photoabsorption spectrum

e  Absolute cross-section values in the photon energy range 4.7-10.8 eV

e Electronic state spectroscopy of Rydberg and mixed valence/Rydberg transitions
e Theoretical calculations at time dependent density functional theory level

e Potential energy curves as a function of the C=0 coordinate
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