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Our experimental and computational results demonstrate an unusual electrophilicity of oxalic acid,
the simplest dicarboxylic acid. The monomer is characterized by an adiabatic electron affinity and electron vertical detachment energy of 0.72 and 1.08 eV (±0.05 eV), respectively. The
electrophilicity results primarily from the bonding carbon-carbon interaction in the singly occupied molecular orbital of the anion, but it is further enhanced by intramolecular hydrogen bonds.
The well-resolved structure in the photoelectron spectrum is reproduced theoretically, based on
Franck-Condon factors for the vibronic anion → neutral transitions. © 2014 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4882655]
I. INTRODUCTION

Stable, closed-shell organic molecules with heteroatoms,
such as monocarboxylic acids (formic, acetic), nucleic acid
bases, and amino acids, usually do not support bound valence anionic states in the neighbourhood of the optimal geometry of the neutral species.1 These molecules still support
metastable (resonant) anionic states, with finite lifetimes and
energies higher than the energy of the neutral,2–4 but they
are not able to permanently bind an excess electron in a valence orbital. The electrophilicity of these molecules is typically enhanced upon specific geometric distortions, including
tautomerizations.5, 6 In consequence, valence anionic states
are frequently characterized by positive values of electron
vertical detachment energies (VDE), while adiabatic electron
affinities (AEA) of the corresponding neutrals might remain
negative (CO2 5 ), approach zero (canonical uracil7 ), or settle at positive values (unconventional tautomers of guanine8, 9
and adenine,10 nucleotides11, 12 ). Here, we report a significant electrophilicity of the oxalic acid (OA) monomer. It
is the simplest dicarboxylic acid, see Figure 1, which may
be viewed as a product of condensation of two formic acid
molecules (with the release of H2 ). Let us reemphasize that
the formic acid monomer does not support a bound valence
anionic state.
The neutral OA molecule can exist in three conformational forms (structures 1–3 in Figure 1); it also has a
local minimum for a “rare tautomer” (structure 4). These minimum energy structures differ in the extent of intramoleca) Authors to whom correspondence should be addressed. Electronic ad-
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0021-9606/2014/140(22)/221103/5/$30.00

ular hydrogen bonding; this phenomenon attracted attention
of many experimental13–19 and computational20–25 groups. Indeed, the gas phase structure of the neutral OA monomer has
been studied by electron diffraction,13 infrared and Raman
spectroscopy,13, 14 matrix-isolation,15–17 UV absorption,18 microwave spectroscopy,19 and theoretically at various levels of
theory.20–25 Here, we report a photoelectron spectrum (PES)
of the OA monomer anion, which reveals a significant electrophilicity of the neutral; where the main spectral features extend from 0.5 to 2.5 eV (Figure 2). Our computational results
provide an interpretation of this well-resolved photoelectron
spectrum.
II. COMPUTATIONAL METHODS

The minimum energy structures and harmonic frequencies for 1–5 of OA and OA− were determined at the coupledcluster single double (CCSD) level of theory and single-point
energies were determined at the coupled-cluster single double
triple (CCSD(T)) level.26 Initial calculations were performed
with the aug-cc-pVDZ27 (ADZ) basis set. For the most stable
neutral and anionic structure 3, the calculations were repeated
with the aug-cc-pVTZ27 (ATZ) basis set. The electronic structure calculations have been carried out with the Gaussian 0928
and MOLPRO29 codes. Molecular structures and orbitals were
plotted with the GMolden program.30
The Franck-Condon (FC) factors, i.e., the squares of
overlap integrals between vibrational wave functions for the
anionic and neutral OA, were calculated in harmonic approximation with molecular structures and Hessians determined at
the CCSD/ATZ level. Both geometrical equilibrium parameters as well as curvatures are affected by excess electron
attachment and the resulting FC factors may contribute
to vibrational structure in the photoelectron spectrum. The
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FIG. 1. Conformers and tautomers of the oxalic acid monomer. The naming
scheme for atoms is shown for 1.

polyatomic FC factors were calculated using the recursion
relations of Doktorov.31, 32 The simulations were performed
for different temperatures of the anionic beam (25 K < T
< 300 K). The energy of the 0-0 transition was determined from the CCSD(T)/ATZ electronic energies and the
CCSD/ATZ zero-point harmonic frequencies. The intensity
for the 0-0 transition was normalized to 1 and all other intensities were scaled accordingly. The calculated FC factors
were convoluted with Lorentzian line shapes (full width at
half maximum = 218 cm−1 ) and the simulated spectrum is
presented in Figure 2.
III. EXPERIMENTAL DETAILS

Negative ion photoelectron spectroscopy is conducted by
crossing a mass-selected beam of parent negative ions with
a fixed-frequency photon beam and energy-analyzing the resultant photodetached electrons. This process is governed by
the energy conserving relationship hν = EKE + EBE, where
hν is the photon energy, EKE is the measured electron kinetic
energy, and EBE is the electron binding energy. OA anions
were generated in a biased (−500 V) supersonic expansion
nozzle-ion source, in which the OA sample was heated be-

FIG. 2. (Upper trace) Photoelectron spectrum of OA− recorded with
2.540 eV photons. (Lower trace) Computed spectrum based on the
CCSD(T)/ATZ electronic energies and CCSD/ATZ geometries and Hessians.
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tween 80 and 100 ◦ C and co-expanded with approximately
several atmospheres of argon gas through a 10 μm diameter nozzle. Low energy electrons were injected directly into
the expanding jet by a hot and even more negatively biased
thoriated iridium filament, in the presence of a weak external magnetic field where the microplasma was formed. The
anions were then extracted and transported by an ion optics
series through a 90◦ magnetic sector, mass spectrometer with
a typical mass resolution of ∼400. The mass-selected OA
anion beam was then crossed with an intracavity run argon
ion laser beam. The resultant photodetached electrons were
energy-analyzed in a hemispherical electron energy analyzer
with a resolution of ∼30 meV. The photoelectron spectrum
reported here was recorded with 2.540 eV photons (488 nm)
and calibrated against the well-known photoelectron spectrum
of the O− anion.33

IV. RESULTS

The landscape of the potential energy surface for neutral
and anionic OA is summarized in Figure 3. The conformer 3
is stabilized by two intramolecular hydrogen bonds, thus the
stability decreases along the series 3 → 2 → 1, which agrees
with previous findings.20 The structures of the minima and
transitions states TS1–TS3 for the neutral and anion are detailed in Tables S1 and S2 of the supplementary material.34
The CCSD(T) barriers determined at the CCSD transition states separating neutral conformers are large enough
(0.602 eV for 3 → 2 and 0.519 eV for 2 → 1) to support
a few vibrational states for 2 and 1. The “rare tautomer” 4,
which may be viewed as a product of intramolecular proton
transfer, is a local minimum on the potential energy surface
of the neutral, but it is less stable than 3 by 1.010 eV and the
barrier for 4 → 3 is only 0.020 eV.
The OA monomer supports a bound valence anionic
state: all anionic minima (1–3, and 5) are more stable than the
most stable neutral 3 by a few tenths of an eV. 3 is the most
stable anionic conformer (Figure 3). The barriers separating

FIG. 3. Energetics of stationary points (minima and transition states) on the
potential energy surface of the neutral and anionic monomer of oxalic acid,
where the zero of energy is set to the energy of the neutral 3.
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FIG. 4. The SOMO of anionic OA structures plotted with a contour value of
0.1 a.u.

conformers 1–3 are smaller for the valence anion than for the
neutral. The tautomer 4 is strongly stabilized by the excess
electron attachment. The molecular framework for the anion
lowers symmetry from C2v (structure 4, with an imaginary
frequency for a b1 mode) to Cs (structure 5) and the CCSD(T)
barrier for 5 → 3 becomes 0.325 eV, thus one order of magnitude larger than the barrier 4 → 3 for the neutral. Thus, the
anion 5 may be sufficiently long-lived to be observed in experimental conditions.
Which factors contribute to the stability of valence anions
of the OA monomer? The singly occupied molecular orbital
(SOMO) is of π symmetry (Figure 4). The SOMO is characterized by a bonding C-C interaction and antibonding C-O
interactions, which is clearly illustrated for the C2h structures
3 and 1. A similar pattern holds for 4 and 5, though the carbon
atoms are not equivalent due to lower symmetries. We believe
that the unique electrophilicity of OA results primarily from
the proximity of the carboxylic groups, which allows for the
bonding C-C interaction in the SOMO.
There are also secondary factors that contribute to the
stability of valence anions of OA. The CCSD(T) values of
VDE (Figure 5(a)) increase from 1 to 3 demonstrating that intramolecular hydrogen bonding stabilizes the anion. An even
greater increase of VDE is brought by intramolecular proton
transfer as the value of VDE increases by 0.605 eV from 3
to 4. Finally, a buckling of the molecular framework further
increases the value of VDE (4 → 5) by 0.591 eV.
The buckling of molecular frameworks upon binding an
excess electron on a π ∗ orbital is a common phenomenon in
valence anions of nucleic acid bases.6 In the case of the most
stable valence anion of OA, 3, the framework remains unbuckled and the C2h symmetry is maintained. Notice, however, that the buckling mode of bg symmetry is softer by
201.7 cm−1 for the anion than for the neutral (Table I). It requires the intramolecular proton transfer (3 → 4) to change
the sign of the curvature of the buckling mode. Upon intramolecular proton transfer the unpaired electron becomes
localized on the C(OH)2 fragment (bottom of Figure 4) and
the C atom forms an apex of the buckled structure (Figure 1).
The stationary point, 4, is a transition state for the valence anion and the b1 mode has an imaginary frequency of
∼300i cm−1 . This mode morphs into a symmetry mode of 5
with a frequency of ∼800 cm−1 .

FIG. 5. Excess electron binding energies (eV) for the oxalic acid monomer.
(a) The VDE values are reported. The AEA values are reported with respect to
(b) the corresponding neutral (“Local” AEA), and (c) the most stable neutral
3 (“Global” AEA).

The electron binding energies (VDE, AEA) are summarized in Figure 5. The AEA values are corrected for the energies of zero-point vibrations and are reported with respect
to the corresponding neutral (“Local” AEA, Figure 5(b)), and
the most stable neutral 3 (“Global” AEA, Figure 5(c)). For
TABLE I. Nature of vibrational modes and harmonic frequencies, calculated at the CCSD/ATZ level for structure 3. The “buckling” mode in
bold, the modes contributing primarily to the vibronic structure reported in
Figure 2 are in italic.
Frequency (cm−1 )
Mode
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

Symmetry

Nature

Neutral

Anion

au
bu
au
ag
ag
bu
bg
au
bg
ag
bu
ag
bu
ag
bu
ag
bu
ag

C–C rotation
C–C–O bend
Buckling
C–C stretch
C–C–O bend
C–C–O bend
C–O(H) rotation
C–O(H) rotation
Buckling
C–C stretch
C–O(H) stretch
C–O–H bend
C–O–H bend
C–O(H) stretch
C=O stretch
C=O stretch
O–H stretch
O–H stretch

122.7
269.4
481.5
418.6
572.7
683.3
686.5
691.2
855.5
848.1
1233.5
1262.1
1368.4
1490.3
1894.8
1884.5
3737.4
3733.6

190.0
255.0
403.5
411.8
603.5
612.6
615.9
633.3
653.8
836.3
1082.5
1278.5
1322.6
1424.2
1628.2
1780.1
3732.6
3735.9
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each structure, we report significant differences between the
VDE and “Local” AEA values, which must be associated with
geometric distortions, such as changes of bond lengths and
angles, upon binding an excess electron. These will be critical for the discussion of the PES spectrum of OA− . Notice
that the “Global” AEA values (Figure 5(c)) remain positive
for all structures.
The experimental PES spectrum of OA− is presented
in black in Figure 2 (upper trace). It covers from ∼0.5 to
2.5 eV, with well-defined peaks at 0.72, 0.90, 1.08, 1.27, and
1.40 eV (±0.05 eV). In view of the fact that the anionic minimum 3 is more stable than other minima by more than 0.2 eV
(Figure 3), we focused our attention on FC factors for the
structure 3 anion → neutral vibronic transitions, and we assumed that contributions from other anionic structures to the
experimental PES spectrum are less probable. Two observations support this assumption: (i) the position of the highest
peak in the experimental spectrum (1.08 ± 0.05 eV) coincides
with the calculated value of VDE for 3 of 1.13 eV, and (ii) the
position of the first peak in the spectrum at 0.72 ± 0.05 eV
coincides with the calculated value of AEA for 3 of 0.70 eV.
The calculated FC factors and signal intensities are presented in Table S3 of the supplementary material34 and the
resulting computed spectrum is presented in Figure 2 (lower
trace). The best match with the experimental spectrum was
found for T = 100 K. A very good agreement between the
computed and experimental spectra suggests that the experimental anionic beam is indeed dominated by the most stable
anionic structure 3. Notice, however, a nonzero photoelectron intensity at approximately 2.2–2.3 eV, where the computed spectrum has no intensity. This weak feature might result from a small fraction of structure 5 in the anionic beam,
with the calculated VDE of 2.26 eV (Figure 5(a)).
Further analysis of harmonic frequencies (Table I) and
geometric parameters (Table II) of the neutral and anion of
3 is needed to understand the origin of the vibronic structure reported in Figure 2 and Table S3 of the supplementary
material.34 The C–C bond contracts and the C–O bonds elongate upon excess electron attachment. These are significant
distortions, exceeding 0.05 Å. In addition, the C–C=O and
C–O–H angles expand and contract, respectively, by 4◦ and
5◦ . The geometric distortion from the anion to the neutral can
be accomplished by displacements along the fully symmetric
modes 10, 12, 14, and 16. These are C–O or C–C stretching
modes with the exception of 12, which is a C–O–H bending
TABLE II. Geometric parameters for the neutral and anionic structure 3 at
the CCSD/ATZ level.
Parameter

Neutral

Anion

C1–C2
C1–O1
C1=O2
O1–H1
H1. . . O4
C2–C1–O1
C2–C1=O2
C1–O1–H1

1.538
1.321
1.200
0.970
2.118
113.58
121.20
107.19

1.422
1.382
1.253
0.969
2.099
113.94
125.41
102.70

mode (Table I). The geometric changes are consistent with
the nature of the SOMO in the anion, which is bonding in the
C–C region and antibonding in the C–O regions (Figure 4).
The C–O stretching modes 14 and 16 are strongly red-shifted
upon an excess electron attachment by 66 and 104 cm−1 , respectively (Table I). Finally, perusal of the data from Table S3
of the supplementary material34 confirms that the largest FC
factors are associated with the 0-0 transition at 0.72 eV, and
vibrational excitations involving the modes 12, 14, and 16,
which are responsible for the developments of PES peaks at
0.90, 1.08, 1.27, and 1.40 eV (±0.05 eV).
V. SUMMARY

The oxalic acid monomer displays electrophilicity uncharacteristic for most simple organic molecules. It supports
a bound valence anion in the neighbourhood of the global C2h
minimum of the neutral. The bound valence anion is characterized by an AEA of 0.72 eV and a VDE of 1.08 eV
(±0.05 eV). The unique electrophilicity of OA results
primarily from the proximity of the carboxylic groups, which
allows for the bonding C-C interaction in the SOMO of the
anion. The intramolecular hydrogen bonding also contributes
to the overall stability of the anion. The PES of OA− can
be modelled based on the calculated AEA value of OA and
the intensities of vibronic transitions given by Franck-Condon
factors.
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