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Dissociative photodetachment dynamics of the ox-
alate monoanion

J. A. Gibbard, a E.Castracane,a A. J. Shin, a and R. E. Continetti a

The dissociative photodetachment (DPD) dynamics of the oxalate monoanion are studied us-
ing photoelectron-photofragment coincidence (PPC) spectroscopy. Following photodetachment
of C2O4H– at 4.66 eV HOCO+CO2 products are observed, indicating the facile decarboxylation
of the radical driven by the thermodynamic stability of CO2. No evidence is seen for photode-
tachment to stable C2O4H or ionic photodissociation to produce HOCO– . Calculations indicate
the stabilizing presence of an intramolecular hydrogen bond in the anion via the formation of a
strained five-membered ring. No intramolecular hydrogen bond is predicted in the radical due to
the lower charge density on the oxygen atom. The PPC spectrum is consistent with a single direct
two-body DPD channel that results in fragments of similar mass and is characterized by a large
kinetic energy release (KER) and a broad photoelectron spectrum. The large KER is indicative
of substantial repulsion in the radical following photodetachment. The form of the photoelectron
spectrum is dominated by the bound to continuum Franck-Condon factors (BCFCF) and is sug-
gestive of photodetachment to a repulsive potential energy surface. A lower bound for the electron
affinity of C2O4H is reported as 4 eV. BCFCF calculations allow an approximate functional form
of the repulsive surface along the C−C stretch coordinate to be extracted from the experimental
photoelectron spectrum. PPC spectroscopy of the deuterated analogue (C2O4D– ), at higher an-
ion beam energies is used to increase the detectability of any possible D atom products, but none
are observed.

1 Introduction
The ready decarboxylation of carboxylate radicals is driven by the
thermodynamic stability of CO2 and forms the basis for a number
of common synthetic organic transformations, such as the Kolbe
electrolysis, the Hunsdiecker reaction and the Barton decarboxy-
lation.1–3 In the case of a dicarboxylic acid, where intramolecular
hydrogen bonding can occur to stabilize both the monoanion and
the radical, a question remains as to whether the radical also un-
dergoes ready decarboxylation. Oxalic acid is the simplest possi-
ble dicarboxylic acid (C2O4H2), and the open shell radical C2O4H
can be prepared via photodetachment of the precursor C2O4H–

monoanion. The stabilizing intramolecular hydrogen bond in the
oxalate monoanion has been the focus of a number of theoretical
studies4–7 but no previous work has focused on the effect of H
bonding in the radical. In this work it will be shown that C2O4H
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readily decarboxylates via cleavage of the C−C bond following
photodetachment of the monoanion, indicating that the poten-
tial for an intramolecular H bond in the neutral is insufficient to
stabilize the radical.

If anion photodetachment results in the formation of a neutral
on a repulsive potential energy surface it will lead to dissocia-
tive photodetachment (DPD). Photoelectron-photofragment co-
incidence (PPC) spectroscopy couples anion photoelectron spec-
troscopy with translational spectroscopy of the resulting neutral
fragments to produce a kinematically complete picture of DPD.8

In this manuscript the high beam energy PPC spectrometer;9

combining an electrospray ionization (ESI) source, a hexapole ac-
cumulation ion trap and a linear accelerator (LINAC), is used to
study the DPD of the C2O4H– anion. PPC spectroscopy and cold
ion photofragmentation spectroscopy have been used to study
the DPD of various carboxylate anions including benzoate, naph-
thoate and acetate, all of which decarboxylate readily following
formation of the radical.10,11 However this is the first study of
DPD in a dicarboxylate anion.

Proton transfer is one of the most fundamental of chemical re-
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actions, with significance in many biological processes.12,13 Tun-
neling contributes significantly to the kinetics of proton transfer
due to the light mass of the H atom. This is particularly pro-
nounced in the case of a symmetric intramolecular proton trans-
fer such as for the oxalate monoanion, where the product and re-
actant states are indistinguishable.5–7 If the intramolecular pro-
ton transfer is rapid and the anion is at the transition state be-
tween the two indistinguishable conformers of C2O4H– , with the
H atom equally shared between carboxylate groups for a signif-
icant proportion of time, then the three-body DPD products of
H+CO2 +CO2 +e– may be favored following photodetachment.
However, in the case of a slow proton transfer, where the H is
localized on a specific O atom, then two-body DPD products of
HOCO+CO2 + e– may be expected to dominate in the current
PPC spectroscopy study.

There have been multiple theoretical studies probing the dy-
namics of proton transfer in the oxalate monoanion4–7 but no di-
rect experimental measurement. Bertrán and coworkers demon-
strated that quantum mechanical tunneling contributed signifi-
cantly to the proton transfer rate, enhanced by the light H atom
exchanging between two heavy atoms.4 Proton transfer occurred
more rapidly in malonaldehyde than oxalate due to the hydro-
gen bond forming a six-membered rather than a strained five-
membered ring. Lluch and coworkers determined that the tunnel-
ing pathway required concerted heavy atom motion, in this case
the motion of the O atom as well as proton motion.5 Ríos and
coworkers used direct ab initio calculations to show that vibra-
tional excitation in the anion could couple to the reaction coor-
dinate and enhance the rate of proton transfer.6 McCammon and
coworkers calculated the barrier height to intramolecular proton
transfer as 0.017 eV for hydrogen, 0.05 eV for deuterium and
0.07 eV for tritium. This leads to a lower quantum mechanical
tunneling rate for H atoms than the heavier isotopes, as a signifi-
cant proportion of the hydrogen atoms have sufficient zero-point
energy to traverse the barrier classically.7

Photoelectron spectroscopy has been used to probe the struc-
ture, energetics and dynamics of the gas phase dicarboxylic
acid dianions and monoanions, but there have been no previous
photoelectron spectroscopy studies of C2O4H– . Gutowski and
coworkers used negative anion photoelectron spectroscopy and
CCSD calculations to study oxalic acid (C2O4H2) and reported
an adiabatic electron affinity (EA) of 0.72 eV and a vertical de-
tachment energy of 1.08 eV.14 The neutral and anion ground
states were calculated to have similar geometries, with a planar
C2h structure where both H atoms are oriented between the two
carboxyl groups, stabilized by two intramolecular H bonds. The
authors concluded that the valence anion state was stabilized by
the nature of the singly occupied molecular orbital that exhibits
a bonding C−C interaction and an antibonding C−O interaction.
The proximity of the carboxylic acid groups facilitated the bond-
ing interaction resulting in the large electrophilicity of the oxalic
acid. Additionally, H bonds and buckling of the molecular frame-
work can stabilize the valence anionic states.14

Low-temperature ESI photoelectron spectroscopy has been
used by Wang and coworkers to probe the structure of the longer
aliphatic dicarboxylic monoanions (HO2C(CH2)nCO –

2 where n =

1− 10).15 Similar features were seen in all the photoelectron
spectra, where bands corresponded to detachment from the oxy-
gen lone pairs and yielded adiabatic detachment energies (ADE)
around 4.5 eV, indicating that the aliphatic chain length had little
influence on the binding energy of the carboxylate group. The
ADE is ≈ 1 eV higher than for the monocarboxylate analogues,16

indicating that the dicarboxylate anions were more stable due to
the intramolecular H bond between the terminal carboxylic acid
and carboxylate groups. A long tail was observed to the low bind-
ing energy side of the spectra indicating a large geometry change
between the anion and the neutral. This was attributed to the
weaker hydrogen bonding in the neutral than the anion due to
the lower electron density localized on the oxygen atom. The
measurements were repeated at 70 K and 350 K, with no signifi-
cant difference observed at the two temperatures. No vibrational
structure was resolved, but a small blue shift was noted as the H
bond was stabilized by an entropic effect at the higher tempera-
ture. The ADE varied slightly with chain length, reaching a mini-
mum for the most strained conformer (n=5), as the backbone has
to contort the most to accommodate the hydrogen bond. Calcu-
lations showed that cyclic conformers are preferred over linear as
they facilitate hydrogen bonding.15

Wang and coworkers have also used photoelectron spec-
troscopy to probe the water clusters of the oxalate dianion
C2O 2 –

4 (H2O)n, where n = 4−40.17,18 The dianion was shown to
be at the center of the water cluster, and as water molecules were
added to the solvation shells, the intensity of photoemission from
the dianion was reduced. The measured electron binding ener-
gies increased with cluster size and the high binding energy cutoff
for electron emission was determined by the repulsive Coulomb
barrier (RCB) that exists universally in multiply charged anions,
and prevents slow electrons from being emitted.19,20 In the larger
clusters a high binding energy feature was seen to grow in, at-
tributed to ionization of the water solvent as the ionization poten-
tial of water was lowered significantly by the negatively charged
clusters.17 This study was expanded upon in a later report by
the same group.18 The mass spectrum indicated that three wa-
ter molecules are required to stabilize the C2O 2 –

4 moiety, where
the n = 3 cluster has an ADE of 0.0 eV. Calculations showed that
the first four water molecules bind tightly to the oxalate dian-
ion with a pair of hydrogen bonds each, the fifth and sixth water
molecules bind by a single hydrogen bond to the dianion, before
water-water hydrogen bonding dominates. Photon energy depen-
dent measurements allowed the RCB height to be determined and
it was reported to decrease with increasing physical size of the
cluster, as the two equal charges are more effectively stabilized.
The bare dianion had a twisted structure (D2d) and a torsion an-
gle that decreased upon solvation.18

There has been no direct measurement of the EA of the C2O4H
neutral. Vairamani and coworkers estimated the gas phase acid-
ity (AH−−→ H+ +A– ) of a series of dicarboxylic acids, including
oxalic acid, using the kinetic method.21 The gas phase acidity of
C2O4H2 was determined to be larger than expected (13.71 eV),
due to stabilization of the anion by a weak intramolecular
hydrogen-bond and the formation of a five-membered ring. The
gas phase acidity can be used to extract an EA of 4.44± 0.12 eV
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Relative Energy, eV C−C bond length, Å Energy, Eh Zero point energy, Eh

C2O4H– 1A′ 0 1.58 -376.9615 0.0368

C2O4H– 1A 0.37 1.55 -376.9471 0.0359

C2O4H– 1A′ 0.49 1.59 -376.9428 0.0360

C2O4H 2A′ 4.36 1.54 -376.7996 0.0353

t−HOCO+CO2 +e– 3.15 - -376.8401 0.0311

c−HOCO+CO2 +e– 3.22 - -376.8373 0.0308

Table 1 The calculated energies, zero point energies and where applicable the C−C bond lengths of the anion, neutral and dissociation asymptotes.
The symmetry of each electronic state (singlet for the anion and doublet for the neutral) is shown.

Fig. 1 The calculated relative energies of the anion states, neutral states
and dissociation asymptotes in black. The other asymptotes in red are
calculated from the known energetics of HOCO and HOCO– , and plotted
relative to the calculated t−HOCO+CO2 +e– asymptote. 23,24 The cal-
culated structures of the anion and neutral ground state are also shown.

for the C2O4H neutral.22 In this manuscript the results of the high
beam energy PPC spectroscopy study on the oxalate monoanion
will be reported. This is the first photoelectron spectroscopy study
of the smallest dicarboxylic acid monoanion. The dissociation dy-
namics at 4.66 eV will be shown to be dominated by a single two-
body DPD channel resulting in HOCO+CO2 +e– .

2 Structure and energetics of C2O4H– and
C2O4H

The structure of the C2O4H– and C2O 2 –
4 anions, in the gas and

crystalline phases, has been calculated by Dewar and Zheng us-
ing AM1 and ab initio models.25 Two isomers of C2O4H– were
reported with similar energies. The first is a planar structure with
a 0° twist angle between the CO2 groups and the O−H bond ori-
ented towards the carboxylate group, and the second form is or-
thogonal, with a 90° twist angle between CO2 groups and the
O−H bond oriented away from the rest of the molecule. Only the
first planar isomer is able to be stabilized by an intramolecular
hydrogen bond, and undergo intramolecular proton transfer.

More recently Kabelác̆ and coworkers used ab initio quantum
calculations in the gas phase to find two minima in the C2O4H–

potential energy surface.26 The global minimum is planar with
the H bond oriented towards the carboxylate group and the first
excited state is twisted with the O−H bond oriented away from
the molecular framework. The ground state is stabilized by a
weak intramolecular hydrogen bond and the first excited state
is 0.43 eV above the ground state. The structures are similar to
those reported by Dewar and Zheng, but the relative energies are
significantly different. Rotation about the C−C bond is calculated
to be hindered by the hydrogen bond (barrier 0.26 eV) and the
rotation of the O−H group is blocked (barrier 0.93 eV).

Figure 1 shows the energy levels of the C2O4H– anion, the
C2O4H neutral, the dissociation asymptotes of the photodisso-
ciation and DPD product channels and the photon energy. The
energy levels shown in black are the result of geometry optimiza-
tion and energy calculations, zero-point energy corrected, using
the coupled cluster CCSD(T) method and an aug-cc-pVDZ basis
set. All the calculations were carried out using the Gaussian 16
suite of programs.27 Energy levels shown in red are calculated
from literature values of the EA and bond dissociation energy of
HOCO relative to the calculated t−HOCO+CO2 +e– asymptote,
where c/t−HOCO are the cis- and trans- isomers of HOCO.23,24
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Fig. 2 Schematic of the principal elements of the high beam energy PPC spectrometer.

There are three anion minima, and the neutral ground state is ac-
cessible with a single 266 nm (4.66 eV) photon from any of them.

The calculated anion global minimum structure, shown in Fig.
1, is similar to the energy minimum predicted by both Zheng
and Kabelác̆. The O−H bond is oriented towards the carboxy-
late group to form an intramolecular hydrogen bond which sta-
bilizes the anion at the expense of accommodating a strained
five-membered ring. All of the anion minima are singlets. Two
other local minima were found, the first with a planar structure
and the second with a twisted geometry, both of which have the
O−H bond oriented away from the carboxylate group. The sec-
ond excited state is similar to the local minima reported by Zheng
and Kabelác̆, with a relative energy of 0.49 eV ( Kabelác̆ reported
0.43 eV). The first excited minimum has not been reported before.

The open shell C2O4H neutral has a minimum with a shorter
C−C bond length than the anion minimum, and the O−H group
oriented away from the other carboxylate group. The neutral
minimum was located via geometry optimization and energy min-
imization calculations initialized at the geometry of the first ex-
cited anion state, after the removal of an electron. The minimum
energy structure for the doublet neutral is not stabilized by an
intramolecular hydrogen bond. In this case the O.···H−O interac-
tion would be weaker than the O– ···H−O in the anion analogue,
due to the lower electron density on the O atom. This weaker H
bond does not stabilize the neutral sufficiently to compensate for
the strain induced by the formation of a five-membered ring, es-
pecially as the strain would be larger than in the anion form due
to the shorter C−C bond length. In order to mimic the vertical
transition observed upon photodetachment of the anion, energy
minimization calculations were performed starting from the an-
ion minimum energy structure after the removal of an electron.
These calculations resulted exclusively in t-HOCO+CO2, indicat-
ing that the hydrogen-bonded five-membered ring neutral struc-
ture is high in energy and repulsive in character. The neutral
minimum is energetically above all of the probable dissociation
asymptotes resulting from C−C bond cleavage, but the calcula-
tions indicate that it is bound, suggesting a high energy transition
state on the neutral surface. One possible explanation is that the
transition state for dissociation of the neutral minimum is simi-
lar to the high-energy, dissociative neutral structure accessed via
a vertical transition from the anion ground state, where the re-
pulsive potential energy surface intersects the bound surface at
high energy. In this case the dissociation of the neutral minimum
would proceed via rotation of the OH group where a significant

barrier is observed for a similar rotation on the anion potential
energy surface. This is similar to the potential energy surfaces
of the formyloxyl radical where evidence is seen for a long lived
HCO2 neutral in the photoelectron spectrum, despite the radical
being higher in energy than the observed dissociation asymptotes
of H+CO2.28,29 In that case the HCO2 neutral is bound with re-
spect to OH+CO, but predissociation to produce H+CO2 occurs
in vibrationally excited HCO2 where repulsive potential energy
surfaces intersect with the bound energetic minimum. Calcula-
tions were attempted to find the geometry and energy of the first
excited neutral state, but convergence was not achieved, due to
the difficulty in performing open shell electronic structure calcu-
lations. There have been no previously reported calculations on
the neutral C2O4H potential energy surface. Single point energy
calculations at the optimized anion and neutral geometry indicate
an EA of 4.36 eV.

Multiple dissociation channels are energetically accessible at a
photon energy of 4.66 eV including the CO2 +HOCO– photodis-
sociation channel, the CO2 +HOCO+ e– two-body DPD channel
and the two three-body DPD channels yielding CO2 +CO2 +H+

e– and CO2 +CO+OH+ e– . The HOCO anion and radical have
been studied extensively using PPC spectroscopy.23,24,30 From the
D0 of c−HOCO (0.99±0.02 eV) and t−HOCO (1.07±0.02 eV) the
difference between the neutral isomers is 0.08± 0.04 eV.23 The
EA of c−HOCO is 1.51±0.01 eV, and t−HOCO is 1.37±0.01 eV.
Therefore, the c−HOCO– anion is more stable than the trans,
but the t−HOCO neutral is more stable than c−HOCO. The cal-
culations presented here predict a relative energy of the c− and
t−HOCO isomers of 0.07 eV, within the error of the experimental
value. The c−HOCO radical lies above the H+CO2 dissociation
asymptote but is long-lived due to a large barrier to dissociation,
which can be slowly tunneled through.30 There is no direct low-
energy path from t−HOCO to the H+CO2 dissociation products,
so typically isomerization to either c−HOCO or the HCO2 radical
occurs,28,29 the latter of which readily dissociates. The barrier
to isomerization between the isomers of HOCO is predicted to be
0.36 eV above the t−HOCO. Both isomers of HOCO are more than
1 eV lower in energy than the CO+OH product asymptote.30

Table 1 shows energies, zero point energies and, where applica-
ble, the C−C bond lengths of the anion, neutral and dissociation
asymptotes. The large change in C−C bond length between the
anion ground state (1.58 Å) and the neutral ground state (1.54 Å)
and the reorientation of the O−H bond is likely to yield poor
Franck-Condon overlap at the anion equilibrium geometry. The
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other anion local minima also have longer C−C bond lengths than
the neutral global minimum. As all of the energetically accessible
dissociation pathways result in C−C bond breaking, photodetach-
ment of the anion is likely to yield a neutral with an elongated
C−C bond progressing along the dissociation coordinate.

3 Experimental methods
The high beam energy PPC spectrometer, shown in Fig. 2, has
been described in detail elsewhere.9 Briefly the oxalate monoan-
ions are produced via ESI of a solution of 2 mmol C2O4H2 ·(H2O)2
(C2O4D2 for the C2O4D– ) in methanol, and desolvated in a
heated capillary. The anions are accumulated in a hexapole RF
trap, thermalized with room-temperature He buffer gas, and ex-
tracted at a 50 Hz repetition rate. Anions are funneled into the
LINAC and accelerated using 10 sequential acceleration stages
to either 11 keV, 16 keV or 21 keV.31 Increasing the beam
energy increases the detection efficiency of any light neutral
fragments, and improves the discrimination against false coin-
cidences.32 The anions are photodetached with the fourth har-
monic of a mode-locked, Q-switched, cavity dumped Nd:YAG
laser (266 nm) or the third harmonic of a Ti:Sa regenerative am-
plifier (258 nm).33 The x,y arrival positions of the photoelectrons
are recorded as a photoelectron image capturing the angular dis-
tributions. The electron arrival time is also recorded.34 From this
information the electron kinetic energy (eKE) spectra can be ex-
tracted. The arrival position and time of up to three neutral frag-
ments are recorded on the neutral detector. The kinetic energy
release (KER) spectrum can be extracted from this data for any
pairs or triples of fragments originating from the same dissoci-
ating anion. As the photoelectrons are recorded in coincidence
with the neutral fragments from the same anion a 2D histogram
of N(eKE, KER) can be plotted, known as a PPC spectrum.8 The
undetached anions are deflected out of the neutral beam and onto
an ion detector to be monitored in real time.

4 Results
PPC spectroscopy measurements on C2O4H– are reported at mul-
tiple beam energies (11 keV, 16 keV and 21 keV) and wavelengths
(266 nm and 258 nm). Photoelectron images, eKE spectra, KER
spectra and PPC spectra were recorded. Additionally total energy
spectra (ETOT = eKE+KER) can be extracted from the data. Ini-
tially the results for 11 keV C2O4H– photodetached at 266 nm will
be reported in detail. A brief overview of the results for the stud-
ies utilizing a higher photon energy, higher anion beam energies
and the deuterated analogue (C2O4D– ) follow.

4.1 PPC spectroscopy of 11 keV C2O4H– at 266 nm

Figure 3 shows the total photoelectron spectrum for 11 keV
C2O4H– recorded at 266 nm in blue. It peaks at eKE= 0 eV and
extends as a single feature to eKE= 0.8 eV. The broad form of
this spectrum indicates a significant change in geometry from the
anion to the neutral, and a lineshape dominated by the bound-
continuum Franck-Condon factors that govern photodetachment.
It is difficult to extract an exact EA from this photoelectron spec-
trum due to the lineshape, but higher eKE electrons are recorded

than would be expected from the calculated EA. It is possible to
extract a lower limit of the EA from the photoelectron spectrum,
EA(C2O4H) ≥ 4 eV, whilst accounting for the likelihood of hot-
bands in the spectrum. As PPC spectroscopy is a coincidence tech-
nique it is possible to distinguish photoelectrons detached from
neutrals that subsequently dissociate, from those that remain sta-
ble. In red in Fig. 3 is the dissociative photoelectron spectrum
containing the photoelectrons that arrive in coincidence with two
or more neutral fragments. It is identical to the total photoelec-
tron spectrum, indicating that the neutral always dissociates fol-
lowing photodetachment. The broad spectrum observed is con-
sistent with photodetachment onto a repulsive potential energy
surface.

There are two clear wings in the neutral fragment time of flight
spectrum (ESI† Fig. S1) for 11 keV C2O4H– at 266 nm. The spec-
trum peaks at t =± 80ns with little intensity at t = 0s. The wings
indicate that dissociation is occurring, with neutral fragments re-
coiling forwards and backwards along the ion beam propagation
and laser electric vector direction. Any stable C2O4H produced
following photodetachment would arrive at t = 0. By considering
the arrival times and positions of the pairs of neutral fragments
it is possible to calculate a fragment mass spectrum. Fig. 4a
shows the fragment mass spectrum of 11 keV C2O4H– recorded
at 266 nm and indicates two fragments of similar masses, centered
at 44 a.m.u. The mass of CO2 and HOCO are 44 and 45 a.m.u.
respectively, both within the 10% mass resolution of the neutral
detector, consistent with the production of HOCO+CO2 +e– .

Events are classified by the number of neutral fragments that
arrive in coincidence with a photoelectron. In this case only two-
body processes are observed, with no evidence seen for three-
body dissociation. Following dissociation the pairs of fragments
recoil from the center-of-mass velocity leading to the wings in
the time of flight spectrum and a distribution of neutral fragment
arrival positions across the neutral detector, as shown in Fig. 2.
Fig. 4b shows the two-body KER spectrum for the dissociation
of 11 keV C2O4H– following irradiation at 266 nm in blue. It
is a featureless peak, with maximum intensity at 1.1 eV. The
large KER indicates significant repulsion in the transition state
driving dissociation, as photodetachment results in a neutral on
a steeply repulsive portion of the potential energy surface. The
lack of vibrational structure in the KER spectrum is also consistent
with dissociation occurring on a purely repulsive surface, rather
than via a metastable neutral state.

The high beam energy PPC spectrometer allows the accelera-
tion potential applied to the parent anions to be readily altered.
Increasing the beam energy increases the detection efficiency of
light neutral fragments resulting from DPD. In this case increasing
the beam energy should make any hydrogen atoms produced via a
three-body DPD process more detectable, however only two-body
DPD was seen at all beam energies, with no evidence observed
for H atom production. Fig. 4b shows the KER spectra for 11 keV,
16 keV and 21 keV C2O4H– at 266 nm. The three spectra are very
similar indicating that dissociation is prompt on the time scale of
the flight time between the interaction region and the neutral de-
tector (≈ 10 µs). A small shift in the peak KER (≤ 0.05 eV) is seen
at 21 keV, attributed to a small change in detector acceptance
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Fig. 3 The total (red) and dissociative (blue) photoelectron spectra for
11 keV C2O4H– at 266 nm. The inset is the total photoelectron image.

function at the higher beam energy.
Figure 5 is the PPC spectrum for 11 keV C2O4H– at 266 nm.

There is a single broad Gaussian-like feature centered at (KER,
eKE)=(1.1 eV, 0.2 eV), consistent with a single dissociation chan-
nel. The diagonal form of the high total energy feature is consis-
tent with a constant total energy available to partition between
the kinetic energy of the photoelectrons and neutral fragments.
The presence of vibrational excitation in the parent anions broad-
ens the distribution to higher energies, whereas internal exci-
tation in the products broaden the distribution to lower ener-
gies. The black lines are the calculated maximum kinetic energy
(KEmax) available to partition between the photoelectron and the
neutral fragments if DPD results in t−HOCO+CO2 + e– (solid
line) and c−HOCO+CO2 +e– (dashed line). The KEmax for DPD
resulting in the CO2+ t−HOCO+e– products is calculated using,

KEmax = hν−Et-HOCO+CO2

= 1.51 eV
(1)

where hν is the photon energy and Et−HOCO+CO2
is the energy

of the dissociation asymptote relative to the calculated anion
ground state. Analogously, for the c−HOCO+CO2 + e– disso-
ciation asymptote, KEmax = 1.44 eV. Both KEmax match well with
the high total energy side of the intense feature in the PPC spec-
trum providing strong evidence for two-body DPD resulting in
HOCO+CO2. However as the two isomers of HOCO are similar in
energy it is not possible to determine which is being preferentially
formed from the KEmax alone, due to the 12% energy resolution
of the spectrum.

Additionally the DPD feature in the PPC spectrum (Fig 5) ex-
tends beyond the KEmax indicating some vibrational excitation in
the anions. This is clarified by the inset of Fig. 5 which plots the
ETOT spectrum of 11 keV C2O4H– at 266 nm. Again the black lines
show the calculated KEmax for the different isomers of HOCO, and
the high energy tail indicates hot anions. Previous studies have

Fig. 4 a) The mass spectrum for two neutral fragments produced during
photodetachment of 11 keV C2O4H– at 266 nm. b) The KER spectrum of
C2O4H– recorded at 266 nm and multiple beam energies.

indicated that the anions in this apparatus are characterized by
a vibrational temperature of 298K as the anions are thermalized
with the room temperature buffer gas in the hexapole accumula-
tion trap.9 The presence of substantial intensity below the KEmax

is consistent with vibrational excitation in the neutral products.
The shift in the peak value of the ETOT distribution from the cal-
culated KEmax is≈ 0.3eV, sufficient energy to excite a C−O stretch
or bending mode in either CO2 or HOCO.23,35 From the PPC spec-
trum it is not possible to determine if a particular vibration is pref-
erentially excited, which may be a result of the energy resolution
of the spectrum or simultaneous excitation of multiple vibrational
modes in the parent anions and the products.

4.2 PPC spectroscopy of C2O4H– at 258 nm, and C2O4D–

The PPC spectrum for 11 keV C2O4H– at 258 nm (ESI† Fig. S2)
is very similar to the PPC spectrum recorded at 266 nm shown in
Fig. 5. The higher photon energy increases the amount of energy
available to partition between the photoelectrons and the neu-
tral fragments, and shifts the single broad feature to higher eKE.
However no additional features grow in, indicating DPD resulting
in HOCO+CO2 +e– still dominates the dynamics and occurs via
the same electronic state. The same single feature is seen in the
PPC spectra for 16 keV and 21 keV C2O4H– (ESI† Fig. S3) as in
Fig. 5 indicating two-body DPD to HOCO+CO2+e– , as expected
from the similar KER spectra shown in Fig. 4b.

Increasing the beam energy of the parent anion increases
the detectability of fragments, but very light fragments such as
hydrogen atom fragments are still challenging to detect. As
one possible energetically accessible three-body DPD channel is
CO2 +CO2 +H+ e– , it was necessary to increase the detectabil-
ity of the H atoms as far as possible. Analogous experiments
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Fig. 5 The PPC spectrum for 11 keV C2O4H– at 266 nm. The inset is
the ETOT spectrum. The diagonal lines show the KEmax for both isomers
of HOCO.

were carried out on deuterated analogue (C2O4D– ) to increase
the mass and therefore detectability of any D atom products. No
evidence was seen for a three-body channel. The two-body PPC
spectrum for 21 eV C2O4D– 266 nm (ESI†, Fig. S4) contains only
the same feature as the 11 keV C2O4H– PPC spectrum shown in
Fig. 5, consistent with a single two-body DPD channel producing
DOCO+CO2 +e– .

5 Discussion
The PPC spectroscopy measurements presented here indicate a
single dissociation channel is operative at a photon energy of
4.66 eV, resulting in two fragments of roughly equal mass, as-
signed to direct two-body DPD producing HOCO+CO2 + e– . In
this section the results will be discussed to extract information
about the EA of C2O4H, the assignment of the dissociation chan-
nel and the preferred isomer of HOCO, before bound-continuum
Franck-Condon factor calculations are presented to determine an
approximate form of the repulsive electronic state.

5.1 Photoelectron Spectroscopy
The identical feature at low eKE in the total and dissociative pho-
toelectron spectra in Fig. 3 indicate that no stable C2O4H is
formed. This is confirmed by analysis of the time of flight spec-
trum, and the raw neutral detector image. The calculations pre-
sented in section 2 indicate that the neutral ground state (2A′)
should be energetically accessible from the anion ground state
(1A′), with an EA of 4.36 eV. However, the neutral is calculated
to have a shorter C−C bond length than the anion, and so it may
be the case that the vertical detachment energy to the (2A′) state
from the anion equilibrium geometry is larger than the photon en-
ergy. If the bound state is energetically accessible with a 4.66 eV
photon it may be the case that the Franck-Condon overlap to the

bound neutral is negligible from the equilibrium geometry of the
anion particularly as the reorientation of the O−H bond is re-
quired, with the breaking of a H bond. It is clear from this that the
potential for intramolecular hydrogen bonding is not sufficient
to stabilize the radical and prevent facile decarboxylation driven
by the thermodynamic stability of the CO2 molecule. Nonethe-
less the calculations indicate that a bound form of C2O4H exists,
but it is not accessible via a vertical transition from the anion’s
equilibrium geometry at this photon energy. Additionally, any vi-
brational excitation of the room temperature anions is likely to
increase the C−C bond length further still, increasing the prefer-
ence for dissociation.

As described in the introduction, Wang and coworkers
have recorded the photoelectron spectrum for a series of
aliphatic dicarboxylic acid monoanions, the shortest being
HO2CCH2CO –

2 .15 In that study photodetachment was found to
occur primarily from the CO –

2 group, as would also be expected
for C2O4H– . The ADE for the longer dicarboxylate monoanions
was found to range from 4.41− 4.69± 0.05 eV, higher than seen
for the C2O4H– observed in this study. The low intensity tail ex-
tends to 0.8 eV indicating that the E.A. of C2O4H is nearer 4 eV.
This indicates a weaker intramolecular H bond in the oxalate an-
ion than the longer chain analogues, where the sp2 hybridized
terminal carbons are linked via at least one sp3 hybridized car-
bon. In the case of the longer chain systems the carbon backbone
can distort to accommodate the optimal geometry of the H bond,
whereas in the C2O4H– case the anion geometry is determined
by the planar orientation of the sp2 hybridized C−C bond, result-
ing in a longer H bond. The five-membered ring formed via the
hydrogen bond in C2O4H is strained, reducing the stability of the
ion. It is clear though that the intramolecular H bond between the
two carboxylic acid groups does still stabilize the oxalate anion,
as the ADE is significantly higher than for the aliphatic carboxy-
late anions of the form CH3(CH)nCO –

2 , where only a very weak
C−H···O intramolecular hydrogen bond is possible.36

5.2 Two-body vs three-body DPD

At 266 nm there are a number of energetically accessible disso-
ciation pathways resulting in neutral fragments and electrons as
shown in Fig. 1. There is an observed two-body channel result-
ing in roughly equal mass fragments of HOCO+CO2 +e– , which
can occur either via direct DPD or via a sequential two-photon
process of photodissociation and subsequent photodetachment.
The KEmax on the PPC spectrum in Fig. 5 are the calculated val-
ues for direct DPD from the anion ground state to the different
isomers of HOCO. In the case of sequential two-photon photodis-
sociation and photodetachment the total energy available to par-
tition between the electron and the fragments would be far larger
i.e. KEmax = 2hν − 3.15 eV = 6.17 eV. The most intense portion
of the PPC spectrum would be approximately located at (eKE,
KER)< (3.2 eV,2.9 eV), assuming that all the excess energy from
the first photon following photodissociation of the C−C bond is
transferred to the KER, and all excess energy from the second
photon following photodetachment of the HOCO– is transferred
to the eKE. This is unlike the experimentally observed PPC spec-
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trum, and provides strong evidence for direct DPD rather than
two-photon photodissociation and photodetachment. It is possi-
ble that C2O4H– undergoes two-body photodissociation, as has
been observed in other carboxylic acids.11 However at the low
laser power used in this study the one-photon products of a sin-
gle neutral and anionic fragment would be favored, where only
the neutral fragment is detectable in a PPC experiment. In this
case the presence of such a channel cannot be conclusively deter-
mined.

There are two energetically accessible three-body DPD chan-
nels resulting in CO2 +CO+OH+ e– and CO2 +CO2 +H+ e– .
No data was observed indicating three neutral fragments in co-
incidence with an electron, originating from a single anion, sug-
gesting that neither of these channels are accessed. For the for-
mer channel where all the fragments have m > 17 a.m.u., this
is conclusive evidence against its occurrence. Great effort was
expended, as detailed in the results section, to increase the de-
tectability of the light neutral H atoms, by increasing the beam en-
ergy of the C2O4H– anions and using a deuterated analogue, but
no H or D atoms were detected. It is plausible that the three-body
channel was occurring but the light H atom fragment was recoil-
ing outside the active area of the detector, and therefore the two
CO2 +CO2 fragments that were detected would be indistinguish-
able from the HOCO+CO2 fragments due to the mass resolution
of the neutral detector. However, in that case the momentum par-
titioning to the H atom would be significant, such that a large
proportion of the KER would be undetected. In this case a sig-
nificant discrepancy between the theoretical KEmax(CO2 +CO2 +

H)= 1.46 eV, using E(c−HOCO−→ CO2 +H+ e−) = 1.49 eV24

and D0(C2O4H– −−→ c−HOCO– +CO2)=1.71 eV, and the ob-
served two-body KEmax in the PPC spectrum would be expected,
which is not observed. From the exclusive observation of two-
body DPD channels it may be inferred that the rate of proton
transfer in the oxalate monoanion is relatively slow and that the
proton is localized on one of the carboxylate groups. It may be the
case that at higher excitation energies other repulsive electronic
states are accessible which would lead directly to three-body dis-
sociation. Additionally, selectively vibrationally exciting the O−H
stretch of the C2O4H– anion via IR excitation may induce a pref-
erence for three-body dissociation.

5.3 Prevalent HOCO isomer

From Fig. 5 it is clear that DPD results in HOCO+CO2 + e– but
the prevalent HOCO isomer cannot be determined given the en-
ergy resolution in the experiment. Additionally vibrational excita-
tion of the room temperature anions gives significant width to the
ETOT spectrum, as there are a significant number of low frequency
vibrational modes populated at 298 K, making it difficult to de-
termine whether a single HOCO isomer is preferentially formed
or a mixture.

Despite the experiment being unable to distinguish between
the isomers, it would be expected that simple C−C bond cleav-
age of the C2O4H– (1A′) structure would preferentially result
in the t−HOCO isomer, due to the large barrier to rotation of
the OH group. After the removal of an electron from the mini-

Fig. 6 The calculated anion ground state in black crosses, with the Morse
potential fit shown as a black curve, the neutral repulsive surface in blue,
the calculated BCFCF in yellow and the dissociative photoelectron spec-
trum in green.

mum energy geometry of C2O4H– (1A′), geometry optimization
calculations using the methodology described in section 2 re-
sulted in CO2 + t−HOCO. Additional evidence for a preference
for t−HOCO is found in the observation of no three-body dis-
sociation to H+ CO2 + CO2, either directly via concerted C−C
and O−H bond breaking, or by subsequent dissociation of the
HOCO radical. As seen in the energetics in Fig. 1 the asymptote
for dissociation to c−HOCO+CO2 lies above the asymptote for
H+CO2 +CO2 where dissociation occurs via tunneling through
the barrier. The barrier between t−HOCO and CO2+H is substan-
tially higher than for c−HOCO and so isomerization to c−HOCO
or HCO2 is the predominant route for dissociation of t−HOCO.30

Therefore, it is more likely that t−HOCO will remain stable on
the timescale of the flight time from the interaction region to the
detector, as it would have to isomerize prior to dissociation.

5.4 Repulsive electronic states of C2O4H
No previous studies have calculated the form of the repulsive po-
tential energy surface that leads to the rapid dissociation of the
C2O4H neutral to CO2 +HOCO. It is clear from the data pre-
sented here that the state is very repulsive in the Franck-Condon
region, due to the large KER. The distribution of events along
the diagonal cutoff in the PPC spectrum at high ETOT indicates
that a relatively narrow range of anion geometries lead to dis-
sociation. Additionally, the dissociative photoelectron spectrum
is dominated by a single broad, structure-less feature, with a line
shape dominated by the bound-continuum Franck-Condon factors
(BCFCF).
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LeRoy’s BCONT formalism can be used to calculate the bound-
continuum Franck-Condon factors for diatomic molecules.37,38

As C2O4H– undergoes DPD to form two fragments with similar
masses via cleavage of a single bond, it is approximated to a di-
atomic molecule here. Fig. 6 plots the results of the C2O4H–

ground state potential energy calculations varying the C−C bond
length and the Morse fit to the anion ground state, the repul-
sive neutral surface leading to CO2 + HOCO, the BCFCFs cal-
culated using the BCONT program and the experimental pho-
toelectron spectrum. Electronic structure calculations (Gaus-
sian16, CCSD(T)) were used to calculate the form of the anion
ground state by scanning the C−C bond length and minimizing
the energy whilst constraints on the other degrees-of-freedom
were relaxed. This curve was then fit with a Morse potential
(ESI† Equation 1, Table S1) for an optimal fit near the anion
equilibrium geometry. In this case the harmonic frequency was
used as a fitting parameter where the starting point was the
calculated C−C stretch in C2O4H– ground state. The repulsive
state was constrained to the calculated dissociation asymptote of
t−HOCO+CO2+e– , and the form of the potential was optimized
to match the BCFCF with the experimentally measured dissocia-
tive photoelectron spectrum (ESI† Equation 2, Table S2). The
steeply repulsive potential energy surface results in BCFCF with
intensity over a wider energetic range than the observed photo-
electron spectrum, due to the high energy cutoff of the experi-
mental spectrum by the photon energy. Previous photoelectron
spectra of the long chain aliphatic dicarboxylic acid monoanions,
reported by Wang and coworkers, indicated excited electronic
states lying significantly above the photon energy used here. In
the future these experiments will be repeated at a higher photon
energy to probe the full Franck-Condon envelope, and assess the
presence of higher lying excited electronic states.

The observation of HOCO+CO2+e– products with a large KER
suggests significant repulsion driving the dissociation, and the
BCONT calculations are consistent with a steeply repulsive po-
tential energy surface. However, calculations described in section
2 indicated the presence of a neutral minimum with a shortened
C−C bond compared to the anion. If this anion geometry was
leading to dissociation it may be expected that the repulsion in the
transition state would be reduced by the elongation of the C−C
bond, in contrast to the observed large KER. However, a vertical
transition from the anion ground state geometry would result in
a neutral with a weakly hydrogen-bonded, five-membered ring
structure, which is shown to be high in energy and dissociative in
character. It may be that the strain induced in the neutral molec-
ular framework by the five-membered ring, in the absence of a
strong hydrogen bond, drives the dissociation. No experimental
evidence was seen for the production of a stable radical, show-
ing there is no Franck-Condon overlap with the calculated bound
state. If the bound neutral requires rotation of the OH group in
order to undergo dissociation, it may dissociate via a high energy
transition state similar to the neutral state accessed by a vertical
transition from the anion ground state geometry. Further theo-
retical work is required to fully understand the potential energy
landscape of this system.

6 Conclusions

The dissociation dynamics of C2O4H– have been studied for
the first time using PPC spectroscopy measurements at 266 nm,
258 nm and multiple beam energies. No stable C2O4H was pro-
duced, and the only product channel observed was direct two-
body DPD to HOCO+CO2 +e– . The potential for the H-bond in
the neutral is not sufficient to stabilize the oxalate radical with re-
spect to decarboxylation. BCFCFs were calculated that reproduce
the dissociative photoelectron spectrum, and show that the dis-
sociative potential energy surface is steeply repulsive. No three-
body DPD producing either 2CO2+H+e– or CO2+OH+CO+e–

was observed, either at higher beam energies or with the deuter-
ated analogue, both of which would increase the detection effi-
ciency of the H/D atom. In the future this study will be built
upon to investigate the DPD of long chain dicarboxylic acids, both
monoanions and dianions.
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