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Low energy electron attachment to formic acid
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Abstract. Using a high resolution electron energy monochromator low energy electron attachment to formic
acid is studied for the first time by means of mass spectrometric detection of the product anions. The largest
dissociative electron attachment (DA) cross-section produces HCOO−+H with weaker channels for OH−

and O− becoming apparent at higher incident energies.

PACS. 34.80.Ht Dissociation and dissociative attachment by electron impact –
87.50.Gi Ionizing radiations (ultraviolet, X-rays, γ-rays, ions, electrons, positrons, neutrons,
and mesons, etc.) – 82.80.Ms Mass spectrometry (including SIMS, multiphoton ionization
and resonance ionization mass spectrometry, MALDI)

1 Introduction

Formic acid (H2CO2 structured as HCOOH) is the sim-
plest organic acid. It occurs naturally for example in ants
and in the fruit of the soaptree and is also formed as a
byproduct in the atmospheric oxidation of turpentine. The
principal commercial source is sodium formate, which is
prepared by the reaction of carbon monoxide and sodium
hydroxide under pressure and heat. Formic acid is used in
leather manufacture to control pH, as well as in the acid
dyeing of some leathers; in the latter case, causing the dye
to fix on the leather.

Recently formic acid has been identified as being
present in the interstellar medium (ISM) [1,2] and been
identified in the coma of Hale-Bopp comet [3,4]. It has
therefore been suggested that it may be a key com-
pound in the formation of biomolecules such as acetic
acid (CH3COOH) and glycine (CH3COONH2) in the ISM.
Glycine is the simplest biologically important amino acid
since all that is needed to form glycine is to combine acetic
acid and ammonia. Amino acids are the building blocks of
proteins and DNA, hence should it be possible to under-
stand the formation mechanisms of amino acids in space,
it may be possible to identify those regions in space where
more complex, biologically important molecules might be
located and thence where the conditions for the devel-
opment of life exist. Interstellar dust grains – the seeds
for the formation of planetary systems – are also thought
to play a crucial role in synthesizing complex molecular
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species like formic acid, acetic acid and glycine on the
early Earth to help start prebiotic organic chemistry. How-
ever we know remarkably little about the stability of these
molecules to either UV radiation or electron bombard-
ment, both prevalent in the interstellar medium and the
Earth’s atmosphere.

Moreover, it is now generally considered that the types
of primary damage induced in DNA by ionising radia-
tion leading to the most significant biological effects are
double-strand breaks (DSB) and clustered lesions. Clus-
tering of strand breaks and base damages formed where
radiation tracks cross the DNA molecule are believed to
have the greatest significance, a view is supported by ex-
perimental evidence coupled with information from mod-
elling studies. The genotoxic effects of ionising radiation
(α, β, γ, ions) in living cells are produced not only by the
direct impact of the primary high energy projectiles but as
demonstrated very recently by Sanche and co-workers [5]
mutagenic, recombinogenic and other potentially lethal
DNA lesions (double strand breaks) are also induced by
secondary species generated by the primary ionising radia-
tion, e.g., free electrons with low energies, typically below
about 20 eV. Therefore, it is recognised that radiation
action in biomolecules cannot be described solely by the
interaction of the primary encounter between radiation
and the molecule involved, but that the simultaneous and
consecutive action of the primary, secondary and tertiary
species must be included in any quantitative consideration
about radiation damage.

Therefore we have initiated an experimental program
that will probe the effects of these (secondary) low en-
ergy electrons with molecules under isolated conditions
prevalent in the single collisions existing in the crossed
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molecular beam geometry adopted in the current exper-
iments. These studies will be performed using several
selected prototypical biomolecules as targets including
simple organic acids (e.g. formic acid and acetic acid),
simple nitrogen containing hydrocarbons (e.g. ni-
tromethane and nitroethane) and the nucleic acid bases
such as uracil, bromouracil and chlorouracil. The very re-
cent development, refinement and application of new ex-
perimental techniques in our laboratories (e.g., novel types
of molecular beam sources, high resolution electron beam
and mass spectrometry techniques [6,7]) makes this the
ideal time for carrying out a coordinated series of experi-
ments planned to attack the many open questions in this
field. In the present report we will present the first results
on low energy electron impact obtained from the simplest
of the organic acids formic acid (HCOOH) resulting in the
production of three fragment anions HCOO−, OH− and
O−. It is interesting to note that there exist at least two
recent theoretical papers on the formic acid/formate anion
problem [8,9] which is fundamental in enzymatic activity.

2 Experimental

The high resolution electron attachment spectrometer
consists of a molecular beam system, a high resolution tro-
choidal electron monochromator (TEM) and a quadrupole
mass filter with a pulse counting system for analysing and
detecting the ionic products. The modified TEM used here
has recently been described in detail [10,11]. In summary
we use a hairpin filament to produce a high electron cur-
rent with an electron distribution of 700 meV. Electrons
emitted thermally from the filament tip are extracted by
an electric field of several V/mm and guided by an axial
magnetic field of up to 50 gauss. The magnetic field is pro-
duced by two 100 mm solenoids, which are about 250 mm
apart. Typical electron emission currents are in the or-
der of several µA. After passing two electrostatic lenses
with orifices of 1 mm diameter the beam enters the dis-
persive element where a weak electrostatic deflection field
of about 100 V/m perpendicular to the magnetic field is
applied. According to the trochoidal principle the elec-
trons are deflected depending on their kinetic energy in
forward direction. Subsequently, at the exit of the disper-
sive element part of the electron distribution (<150 meV)
is allowed to pass through the orifice in the exit electrode.
These electrons are then accelerated to the desired energy
and enter the collision chamber, where the monochromatic
electron beam is crossed by a molecular beam. The anions
produced by the electron attachment processes are weakly
extracted into a quadrupole mass filter where they can be
analyzed and detected. After crossing the collision region
the remaining electrons are collected and the electron cur-
rent is monitored online during the experiment using a
picoammeter.

It has been demonstrated in [11] that the very high
energy resolution (<10 meV) obtained at energies close
to zero eV in the original instrument [12–14] quickly de-
teriorates to 100 meV with increasing electron energy.
An improved instrument has been designed, on the basis

of trajectory calculations, that overcomes these deficien-
cies, with the new monochromator, an energy resolution
of 50 meV or better (independent of the electron energy)
can routinely be achieved. For the present experiments,
the instrument was operated at an FWHM of about 100
to 150 meV which was a reasonable compromise between
product ion intensity and incident electron resolution. The
energy scale may be calibrated by recording either SF−

6
from SF6 or Cl− from CCl4 which both show very narrow
features close to zero eV energy as revealed from ultrahigh
resolution (meV) studies of associative and dissociative at-
tachment by means of the laser photoelectron attachment
(LPA) method [15,16].

Samples of 98% pure formic acid were obtained from
Sigma Aldrich, Wien, Austria and were used after several
freeze thaw cycles. After proper mixing of the equilibrium
saturated vapour of the liquid sample of HCOOH with
the equilibrium saturated vapour of CCl4 (used for en-
ergy and cross-section calibration) the gas was expanded
at a pressure of about 15 mbar (measured with a Pirani
pressure gauge) through a 20 µm nozzle into the attach-
ment region (resulting in a stagnant target gas pressure
of about 10−6 mbar) and the whole apparatus was kept
at a constant temperature before and during the measure-
ments of about 55 ◦C. The equilibrium saturated vapour
pressure of formic acid consists of more than 95% of hy-
drogen bonded dimers at room temperature [17], but frag-
mentation into the monomer is favoured at higher tem-
peratures and reduced pressures [18] thus leading in the
present case to a beam without any traces of dimerised
formic acid molecules as confirmed by measuring the pos-
itive ion mass spectrum following electron impact ionisa-
tion of the neutral target.

Absolute calibration of the presently measured relative
attachment cross-sections (anion yields versus electron en-
ergy) was carried out by measuring several times the ratio
of the anion current for the production of HCOO− from
HCOOH at the peak value of the 1.3 eV resonance and the
anion current for the production of Cl− from CCl4 at the
peak value of the 0.8 eV resonance. Using the measured
pressure ratios for the gas mixture prior to expansion (and
assuming similar ratios in the ion source) and the well
known cross-section [13,16] of 5 × 10−20 m2 at 0.8 eV
for the production of Cl− from CCl4 yields an estimate
for the cross-section for the production of HCOO− from
HCOOH at the peak value of the 1.3 eV resonance of
(1.7 ± 0.6) × 10−22 m2.

3 Results and discussion

Electron impact with HCOOH in the electron energy
range 0–10 eV generates three anionic fragments HCOO−,
OH− and O− (Figs. 1–3) with intensity ratios (as mon-
itored by the count rate at the highest peak of the re-
spective cross-section curves) of 240:10:1. The present rel-
ative cross-section data of HCOO− have been calibrated
(see above) by using the absolute data for the total cross-
section for CCl4 reported in references [13,16], the OH−
and O− data by using the measured intensity ratios.



A. Pelc et al.: Low energy electron attachment to formic acid 443

Fig. 1. Formation of negative ions HCOO− by dissociative
electron attachment to formic acid. The pressure in the appa-
ratus was 10−6 mbar and electron energy spread was about
140 meV. For absolute calibration with the total cross-section
data for CCl4 of [13,16] see text.

Fig. 2. Formation of negative ions OH− by dissociative elec-
tron attachment to formic acid. The pressure in the apparatus
was 10−6 mbar and electron energy spread was about 140 meV.

The major channel is HCOO− with anion production ob-
served over a narrow energy range between 1 and 3 eV
peaking at about 1.3 eV. Smaller signals are observed for
OH− around 7.5 eV and for O− around and above 7.5 eV.

We assign the observed anion signals to the following
dissociative electron attachment (DA) reactions

e−(≈1.3 eV) + HCOOH → HCOO− + H, (1a)

e−(≈7.5 eV) + HCOOH → OH− + HCO, (1b)

e−(≈7.5 or 9.2 eV) + HCOOH → O− + HCOH. (1c)

The yield of HCOO− is characteristic of resonance forma-
tion in the parent molecule HCOOH, forming a tempo-
rary anion HCOOH− which may subsequently decay by
either dissociation to HCOO− or auto-detachment leav-

Fig. 3. Formation of negative ions O− by dissociative electron
attachment to formic acid. The pressure in the apparatus was
10−6 mbar and electron energy spread was about 140 meV.

ing the parent molecule vibrationally excited. However
to date there have been no experiments to probe the
vibrational excitation of formic acid except for prelim-
inary results of an earlier electron transmission experi-
ment (reported at a conference) [18] where a fine struc-
ture was observed for a resonance state excited at around
1.3 eV. This structure has been attributed to OCO vi-
brational bending in the HCOOH− temporary parent an-
ion. According to [18] the electronegativity of the OH
substitutent influences the energy, lifetime and excited
levels of the π∗ C=O resonance with the presence of
the two lone pairs making the π∗ CO double bond not
completely localised but rather involving a charge trans-
fer from the carboxyl and hydroxyl oxygen to the car-
bon atom. The observed cross-section for production of
HCOO− is characterised by a very sharp onset at around
1.15±0.1 eV, similar to that observed in H− from H2 [19].
This onset is consistent with the thermodynamic thresh-
old for formation of HCOO− from the parent HCOOH of
1.30 ± 0.13 eV derived from the difference between the
bond dissociation energy D(HCOO–H) = 4.47 eV (calcu-
lated from enthalpy of formation [20]) and the electron
affinity EA(HCOO) = 3.17 ± 0.13 eV [20].

The formation cross-sections for both OH− and O−
are at least an order of magnitude weaker than that for
HCOO− and these ions are only formed at higher incident
electron energies. Both cross-sections suggest resonance-
like features which may be coupled to excited valence
states of the parent molecule. Unfortunately at present
there is little experimental information on the excitation
energies of either the valence states or Rydberg states of
formic acid [21,22] and no electron scattering experiment
has been performed at these energies to locate resonances
of the parent HCOOH− anion. Such experiments should
be performed if we are to understand the dissociation dy-
namics of formic acid by electron impact.
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4 Conclusions

Dissociative electron attachment to formic acid has been
studied for the first time. The largest dissociative elec-
tron attachment (DA) cross-section produces HCOO−+H
with weaker channels for OH− and O− becoming appar-
ent at higher incident energies. These experiments reveal
the need for a more comprehensive investigation of elec-
tron scattering from formic acid including total scatter-
ing cross-sections; vibrational excitation (to reveal reso-
nance formation) and a study of the electronic states of
the molecule. It would then be useful to study the larger
acids (e.g., acetic acid) to investigate trends. Such exper-
iments may provide important information on the mecha-
nisms of selective bond breaking by electron impact that
may be of relevance to (i) understanding the formation of
such molecules on grains in the interstellar medium and
hence being of direct interest for radioastronomy and for
exobiology studies and may also (ii) elucidate biological
effects of ionising radiation in living cells if carried out
under corresponding conditions (e.g., using aggregates of
these acids as targets for such investigations).
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of us (NJM) thanks the UK EPSRC for financial support.
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