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Abstract. Dissociative electron attachment (DEA) to formic acid is investigated using velocity slice imaging
of H− ions. From the momentum distributions, we infer that the broad peak observed in absolute cross
section of H− between 6 and 12 eV has contribution from three resonances. The resonance below 7 eV shows
angular distribution fairly close to that seen from the B1 resonance in water and the first peak of the two
peaks from the hydroxyl site of acetic acid. The resonance observed around 9 eV appears to have definite
contribution from the C-site of the molecule, as identified from the momentum distribution and similarity
with other organic molecules including methane. The analysis of the kinetic energy distribution shows that
the two resonances below 8 eV are dominated by the contribution from hydroxyl site of the molecule. The
results indicate that formic acid tends to behave like other small carboxylic acids and alcohols and displays
functional group dependence and corresponding site specificity in the DEA process, to a large extent.

1 Introduction

Electron induced chemistry plays a major role in a large
number of cutting edge technologies in semiconductor
industry, pollution control, medicine and in planetary
atmospheres and astrochemistry [1–3]. The idea of control-
ling chemical reactions by electrons is being increasingly
reinforced by a number of systematic experiments on dis-
sociative electron attachment (DEA) process in molecules
[1,2]. One level of control that has been demonstrated
is based on the thermodynamic threshold energy corre-
sponding to the production of a specific anion fragment.
DEA below this energy necessarily gives selectivity against
that particular fragment. Several molecules, in particu-
lar poly-atomics show this feature and site specific frag-
mentation has been demonstrated in them [4–7]. A sec-
ond, more general level of control using DEA has been
discovered, where the control is based on the functional
groups present in a molecule [8,9] and does not depend
on the threshold energy for different dissociation chan-
nels. Here the control arises from the formation of core
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excited resonances. This involves excitation of an electron
at a particular site producing one hole and two particle
system, with a propensity for localization of both energy
and charge at that site in the molecule. The subsequent
fragmentation takes place at the site where the energy
and charge are localized [8]. Since each of the functional
groups in molecules have characteristic excitation ener-
gies as seen in their absorption spectra [10], the resonant
attachment and subsequent dissociation take place close
to these excitation energies. Thus by changing electron
energy, one could selectively break C-H, N-H or O-H bonds
in molecules [8,9]. It was also proposed that the dynam-
ics of these fragmentation processes starting from electron
attachment is akin to those in the precursor molecules of
the respective functional groups [8,9].

A number of other experiments have shown site selective
fragmentation through DEA depending on the constituent
functional groups. Selective ejection of hydride ion from
N-H site, C-H site from methyl group or that from the
ring in thymine and uracil were demonstrated with par-
tially deuterated molecules [11,12]. DEA processes char-
acteristic of the O-H and C-O bonds and resulting site
and energy selectivity have been observed in a number of
alcohols and asymmetric ethers [13–15]. Functional group
dependence of DEA for thio group and phenyl sites and
N-H site in aromatic amines has also been observed in
recent measurements at our lab [16,17]. H− formation
from H2S and the S-H site in thioacetic acid is found to
have very close similarity in terms of resonances and their
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energies [16]. Also, recent studies on benzene, aniline and
benzyl amine have shown selective ejection of H− ions
from the C-H and N-H sites arising from functional group
dependence in the DEA process [17].

While functional group based site selective fragmenta-
tion by DEA has been demonstrated in small carboxylic
acids, alcohols and amines [8,9], there are no reports prob-
ing this effect in formic acid. More importantly, H− for-
mation from acetic acid, propanoic acid, methanol and
ethanol shows three distinct resonances in the energy
range 6−12 eV with the two lowest energy ones arising
from the O-H site, like the two main resonances in H2O.
However, in formic acid the H− channel in this energy
range shows a single broad peak with a shoulder at higher
energy. The rising edge of this peak shows a structure [18].
The question is, if the functional group dependence does
exist, why formic acid behaves in the way it does? Or does
the peak observed in the H− channel have contributions
from multiple resonances? While measurements using par-
tial deuteration can identify the O-H and C-H sites, how
does one distinguish between two resonances from the
same O-H site? These questions are best answered by the
use of momentum imaging of fragment ions as we demon-
strate here. DEA to Cl2 is an excellent example where
momentum imaging of the fragment anion clearly showed
two distinct resonances on either side of a single broad
peak in the ion yield curve [19]. The momentum distri-
bution of the ions also provides information as to what
extent the functional group dependence is contributing to
the dynamics of the DEA process.

Being the simplest carboxylic acid, formic acid is an
ideal prototype for understanding DEA in larger molecules
of biological interest. It was also found to be the ideal sys-
tem for testing the catalytic action of free electrons [20].
Mass spectra of negative ions and the ion yield curves for
various negative ions other than H− arising from DEA in
formic acid were measured by Pelc et al. [21,22] identifying
three resonances at 1.25 eV, 7.5 eV and 9.2 eV respectively.
These measurements found the dominant channel to be
H-abstraction forming HCOO− taking place at the 1.2 eV
resonance. The two higher energy resonances were found
to give OH− (7.5 eV) and O− (7.5 eV and 9.2 eV), but with
considerably smaller cross sections. Absolute cross sec-
tions for all these ions were measured by Prabhudesai et al.
[18]. More importantly, it was observed that H− forma-
tion was the dominant process above 5 eV. The low energy
resonance has been studied in considerable detail experi-
mentally using selective deuteration [23] and theoretically
[24–28]. A summary of these describing the dynamics of
this resonance has been given by Fabrikant et al. [2].

2 Experimental setup

The velocity slice imaging experiment used here has been
described in detail in an earlier paper [29]. Briefly, the
setup consists of a magnetically collimated and pulsed
electron beam and an effusive gas beam from a cap-
illary array intersecting perpendicularly. The fragment
ions produced are extracted along the direction of the
effusive beam towards a position sensitive detector with

Fig. 1. Ion yield curve of H− from DEA to formic acid.

appropriate electrostatic focusing in a time of flight spec-
trometer. The electric field needed in the interaction
region for extracting and velocity focusing the ions is in
pulsed form and is allowed to be present only after the
electron pulse so that the electron energy and direction
of propagation are not disturbed. The focusing conditions
ensure that all ions of same species with same velocity are
imaged onto the same point on the detector irrespective of
their point of origin in a finite interaction region. The ions
are detected using a position sensitive detector made of
three 50 mm diameter microchannel plates in Z-stack and
a wedge and strip analyser and the associated electronics.
The time of arrival and position of each ion is stored in
list mode. The velocity slice is obtained by analysing the
data off-line by using appropriate time windows, so that a
narrow central slice of the Newton sphere is obtained. The
imaging of the ions takes place in the presence of a mag-
netic field of about 40 Gauss. This results in the bending
of the ion trajectories when extracted towards the detector
and especially is problematic when imaging light and fast
moving ions like H−. However, we could image H− ions up
to 5 eV kinetic energy under these conditions. The electron
energy spread in these measurements is about 0.6 eV and
this causes a spread in the energy distribution of the H−
ions. The pulsed extraction field was put on 70 ns after
the 130 ns wide electron pulse.

The capillary array used for producing the effusive beam
was made of 40 micron diameter capillaries with a length
of 5 mm. The vapours of the formic acid sample are intro-
duced via these capillaries with a backing pressure of
0.1 mbar as measured in a capacitance manometer. The
base pressure in the vacuum chamber in the presence
of the effusive beam was ∼1× 10−6 mbar. The gas line
was kept at 60◦C. These conditions ensure that target
beam has very little contribution from the formic acid
dimer [18,22]. Special care was taken to prevent any water
vapour contamination in the formic acid sample (stated
purity of 98−100% with acetic acid as the main impu-
rity) by ensuring absolutely leak free gas line. The base
vacuum of 3 × 10−8 mbar also prevented any significant
contribution from background impurities.

3 Results and discussion

The ion yield curve of H− from HCOOH given in Figure 1
shows an asymmetric resonance structure peaking at
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Fig. 2. H− velocity slice images at different electron energies. The electron beam direction is from top to bottom in all the
images. (a) 6.2 eV, (b) 6.7 eV, (c) 7.2 eV, (d) 7.7 eV, (e) 8.3 eV, (f) 8.8 eV, (g) 9.6 eV, and (h) 12.9 eV.

7.3 eV. This is very similar to the relative shape reported
earlier for H− [18], except for slightly inferior electron
energy resolution. One may discern the presence of a struc-
ture on the rising edge at about 6.5 eV and another clearer
one around 9 eV on the falling edge. We also find the small
peak at 13 eV that was seen in the previous report [18].
We believe that the small peak centred at 2 eV is due to
some impurity since the energy threshold for formation of
H− from formic acid is 3.43 eV [18].

The velocity slice images taken at various incident elec-
tron energies in the range 6−10 eV along with one at
12.9 eV are shown in Figure 2. At 6.2 eV we observe a
single ring with maximum intensity approximately along
right angles to the electron beam and with very little
intensity in the forward and backward directions. As the
electron energy is increased to 6.7 eV the ring appears to
get filled in the forward and backward directions, with
maximum intensity still in the 90◦ direction. At 7.2 eV,
which is close to the peak of the resonance structure,
the ring is almost isotropic and continues to have this
behaviour even at 7.7 eV. As the electron energy reaches
8.3 eV, the isotropy seems to be changing again with
more intensity at about right angles. The intensity at 90◦
becomes more prominent with increase in electron energy
till about 8.8 eV and then falls at higher energies. One may
also note the development of an inner blob from about
7.2 eV onwards which continues to be present at higher
energies and gets pronounced from 8.3 eV onwards. The
left-right asymmetry that we see in the images from 8.3 eV
onwards is due to the distortion resulting from the effect
of the electron beam collimating magnetic field on the H−
ion trajectories. The magnetic field shifts the trajectories
of the ions away from the axis of the flight tube making the
right half of the Newton sphere coming closer to the edge
of the ion optics electrodes, resulting in the distortion.

However, the redundancy provided by the cylindrical sym-
metry about the electron beam allows us to ignore the
right half which is affected by the magnetic field and use
only the left half in all the analyses.

From the images we can clearly discern three distinct
patterns as a function of electron energy: (i) below 7 eV
(ii) between 7 and 8 eV and (iii) around 9 eV. This is
striking considering the relatively poor electron energy
resolution and that tails on either sides of the energy dis-
tribution could washout possible distinctions. This indi-
cates that there are three distinct negative ion resonances
contributing to the DEA signal, since the angular distri-
bution is dependent on the symmetries of the resonances.
The presence of three resonances in formic acid above 6 eV
is consistent with other carboxylic acids and small alco-
hols reported earlier [8,9,13]. We analyse the velocity slice
images for the kinetic energies and angular distributions
as given below.

The kinetic energy distributions obtained from the
velocity map images are shown in Figure 3. The most
probable kinetic energy (peak position in the kinetic
energy distribution) as a function of electron energy is
plotted in Figure 4. As seen in the figure, the most prob-
able kinetic energy increases with electron energy up to
8.3 eV. It increases further after a marginal drop at 8.8 eV.
Another aspect of the kinetic energy distribution (Fig. 3)
is the rather abrupt increase in the width of the dis-
tribution at 8.8 eV and 9.6 eV. This in a way adds to
the uncertainty in determining the most probable kinetic
energy plotted in Figure 4. In principle, the H− ions could
emanate from the dissociation of either the CH bond or
the OH bond in HCOOH. The appearance energy for H−
from the C-site and O-site are 3.43 eV and 3.79 eV respec-
tively [18]. Correspondingly, the maximum kinetic energy
of H− ions produced via these channels at incident elec-
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Fig. 3. Kinetic energy distribution of H− at different electron energies.

Fig. 4. Most probable kinetic energy of H− ions as a function
of electron energy. Squares are the measured energies and the
solid line shows the fit to points up to electron energy of 8.3 eV.
The dotted line is the line joining the two high energy points.

tron energy of 6.2 eV will be close to 2.8 eV and 1.7 eV
respectively, considering the fact that almost 98% of the
available kinetic energy will be in the H− ions due to
the conservation of momentum. At higher electron ener-
gies one expects proportional increase in the maximum
possible kinetic energy. The peaks in the kinetic energy
distribution are well below the maximum allowed kinetic
energies. The position and width of the peaks in the
kinetic energy distribution show that the neutral fragment
is formed with internal excitation.

Figure 4 shows that there are two distinct slopes in the
most probable kinetic energy vs electron energy plots. We
believe that the break in the kinetic energy plot giving two
different slopes as well as distinct difference in the kinetic
energy distribution is a clear indication of the difference

in the dynamics leading to H− formation. The best fit
straight line for the points up to 8.3 eV electron energy
meets the electron energy axis at 3.9 eV, which is in excel-
lent agreement with the threshold for H− formation from
the O-H site. The line joining the last points, which has a
different slope meets the x-axis at 4 eV. This also is not too
far from the threshold for the H− formation from the O-H
site. Here, we find that even a small/marginal 0.1 eV shift
in either of the data points can substantially change the
x-intercept. Besides, this fit is based on just two points.
The threshold for formation of H− from the C-site is
3.4 eV. A clear distinction for this warrants measurements
using partially deuterated samples.

The central blob seen in the images beyond 7.7 eV corre-
sponds to near zero kinetic energy. This implies that all the
excess energy is being used up in the internal excitation of
the neutral fragment or three-body fragmentation. Con-
sidering the amount of internal excitation needed to give
such low energy blob, it is quite likely that the dissociation
dynamics involves a few-body fragmentation, giving rise to
H− and two neutral fragments. The three-body dissocia-
tion channels for formic acid involving the formation of H−
are H + CO2 + H−, OH + CO + H− and O + CHO + H−.
The respective threshold energies are 3.65 eV, 4.7 eV and
8.46 eV. Four-body fragmentations occur above 9 eV. One
would expect considerable kinetic energy release in the
first two channels, if the excess energy is not partitioned
into internal excitation of the neutral molecular fragments.
The near-zero energy central blobs we see in the images
are possible, only if almost all the excess energy goes
into internal excitation. The fact that the blob appears
strongly only above 8 eV favours the third channel with
the threshold of 8.46 eV as its source. The presence of the
blob below this energy may be explained as due to finite
energy spread of the electron beam and its high energy
tail.
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(a) (b) (c)

Fig. 5. Velocity slice images of H− from HCOOH at 6.2 eV (a), H− from H2O at 6.5 eV (adapted from Ref. [31]) (b) and H−

from CH3COOH at 6.7 eV (c). The electron beam direction is from top to bottom in all three.

DEA measurements on partially deuterated acetic acid
has shown that the highest energy resonance observed in
the H− channel arises predominantly from the C-H site
and two lower energy ones from the O-H site [8]. This has
been substantiated further by the studies on alcohols and
ethers in which it was shown that the resonance arising
from the excitation at the C-site is responsible for the pro-
duction of negative ions at the highest energy among the
three Feshbach resonances in all these molecules [13–15].
Moreover, the site selectivity observed in pyrimidine bases
shows clear distinction between the resonances arising
from excitation at the C-site, O-site and N-site, including
that between the C-site in the aromatic ring or the methyl
part [11,12]. Based on these, one may argue that the res-
onance seen in formic acid around 9 eV is a Feshbach res-
onance formed by excitation of an electron at the C-site.
One important aspect of DEA arising from localization
at the C-site is the few-body fragmentation that is always
present, as seen in the case of methane, to begin with [30].
Apart from a two-body fragmentation channel producing
H− as manifested by a ring of appreciable kinetic energy
in the momentum distribution, the DEA in methane gives
very low energy H− which has been shown to be due
to three-body fragmentation [30]. A comparison of the
velocity slice images around 9 eV (Figs. 2e, 2f, and 2g)
shows similarity with that observed in methane, including
the central blob arising from three-body fragmentation.
This behaviour of three-body fragmentation at the C-site
has been observed in the production of anions that nec-
essarily need multi-bond scission in several systems and
seems to be a characteristic of the DEA centred at the
C-site [9,13,17]. Thus one may conclude that the cen-
tral blob seen around 9 eV is arising from the C-H site,
while the contribution from the O-H site to the outer
ring cannot be ruled out. We also do not know if any
sort of scrambling of H atom is present between the two
sites.

Based on the velocity slice images (Fig. 2), we concluded
above that there are three resonances contributing to the
H− ion yield curve. The images from the rising edge of the
peak show dominant intensity distribution peaking around
90◦. This is markedly seen at 6.2 eV. The one at 6.7 eV
seems to have an isotropic contribution, similar to that
seen at 7.2 eV. This isotropic contribution could be due to
the finite electron energy resolution causing a mixing of

the signals from 7.2 eV and/or due to overlapping nature
of the resonances. The image at 6.2 eV has a close resem-
blance with that of H− from H2O at 6.5 eV, as shown
in Figure 5. Also given in the figure is the velocity slice
image of H− from CH3COOH taken at 6.7 eV. It has been
shown that H− from acetic acid at this energy is exclu-
sively formed from the hydroxyl site in acetic acid [8,9].
The resonance at 6.5 eV is the dominant one in water and
is known to have B1 symmetry. The angular distribution
of the H− from water peaks at 100◦ [31]. The calculation of
the entrance channel amplitude is also consistent with this
[32]. Both experiment and theory show that the electron
approaching H2O at an angle almost perpendicular to the
plane of the molecule. The B1 resonance arises from the
excitation of the lone pair electron of O and is responsi-
ble for the functional group dependence and site specificity
seen in the DEA at the hydroxyl sites in various molecules.
This effect is undoubtedly seen in acetic acid [8] and is
seen in the angular distribution data as well. The angular
distributions corresponding to the images in Figure 5 are
given in Figure 6. The angular distribution peaks at about
90◦ for formic acid and 100◦ for acetic acid in comparison
to 100◦ for water. Both formic acid and acetic acid have
increasing intensities towards the two poles, though over-
all distribution in formic acid seems to be closer to that
of water. The ejection of H− at almost 90◦ shows that
the electron is approaching at an angle perpendicular to
the O-H bond. The similarity in the angular distribution
between acetic acid and formic acid and with that of water
shows that the resonance at the rising edge of the H− ion
yield curve in formic acid is centred at the O-site and not
the C-site. This is consistent with the conclusions based
on kinetic energy analysis discussed above.

The kinetic energy distribution of H− from formic acid
at 6.2 eV and 6.7 eV is shown in Figure 7 along with the
kinetic energy distribution for H− from water at 6.5 eV.
The kinetic energy distributions from formic acid peak
between 1 and 1.2 eV (threshold 3.79 eV) whereas that
from water peak at 1.7 eV (threshold 4.42 eV). Lower
kinetic energy observed in the case of formic acid may be
due to the availability of more degrees of freedom in the
neutral fragment. The distinctly different kinetic energy
distributions also rules out any possible role of water as
an impurity in the formic acid sample contributing to the
H− signal at these energies.
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Fig. 6. Angular distribution of H− ions from HCOOH at
6.2 eV (circles), CH3COOH at 6.7 eV (squares) and H2O
at 6.5 eV (triangles) corresponding to the images shown in
Figure 5.

Fig. 7. Comparison of kinetic energy distribution of H− from
water at 6.5 eV (squares) (adapted from Ref. [31]) to that from
formic acid at 6.2 eV (circles) and 6.7 eV (triangles).

The analysis of the images around the peak in the ion
yield curve (7.2 to 8.3 eV) in order to probe the site speci-
ficity is rather difficult due to two main reasons. First
one is the difficulty in separating contributions from res-
onances on either side of it. The finite electron energy
resolution of the experiment adds further difficulty to it.
The second one is the difficulty in comparing the entrance
channel amplitude for formic acid at this resonance with
that of the A1 resonance in water at 8.5 eV. For A1 res-
onance in water, the entrance channel amplitude peaks
in the plane of the molecule along the principal axis [33].
Moreover, it has been found that the axial recoil approx-
imation for this resonance in water does not hold good
[33–35] due to dominant bending mode vibrations. Con-
sidering all this, exact calculations of the entrance channel
amplitude in formic acid would be needed to make any
reasonable attempt in looking for functional group depen-
dence based on angular distribution around the peak of
the ion yield curve. However, the plot of most probable
kinetic energy as a function of electron energy shown in
Figure 4 clearly shows that the H− formed at this reso-
nance is being ejected from O-site.

The peak at 13 eV in the ion yield curve was observed
in earlier experiments [18]. The energy range falls into
the polar dissociation region leading to the H− + COOH+

channel (threshold: 11.63 eV). The blob in the centre of
Figure 2h is attributed to this channel. The outer ring
in Figure 2h, which is isotropic in character, gives the
most probable kinetic energy as 2 eV. This may be due to
a resonance process, which may be undergoing multiple
bond dissociation. That the H− has relatively low energy
of 2 eV indicates the formation of an H atom along with
other neutrals with possible electronic excitation.

4 Summary

We have obtained velocity slice images of H− ions formed
from formic acid in the 6 to 13 eV range. The images across
the broad peak in the 6 eV to 10 eV range in the ion yield
curve show the presence three distinct resonances, which
could be correlated with structures seen in the curve. Pres-
ence of three distinct resonances in this energy interval
is similar to what has been observed in other carboxylic
acids and small alcohols. An analysis of the kinetic energy
peak position as a function of electron energy shows that
the two lower energy resonances correspond to formation
of H− from the O-site. The angular distribution of H− at
6.2 eV shows strong resemblance to that from the 6.5 eV
resonance in H2O and H− from the first of the three
Feshbach resonances seen in acetic acid. This allows us
to conclude that the resonance is centred at the O-H site
in the molecule and corresponds to lone pair excitation
at the O-atom. At the third resonance around 9 eV we
see near-zero energy ions from a three-body dissociation
process, which is a characteristic of the C-site, though
we are unable to rule out contribution from the O-site at
this energy. Based on these results, we conclude that the
functional group dependence and the consequent site spe-
cific fragmentation observed in DEA is active in formic
acid as well to a fair degree. A weak resonance observed
at 13 eV, which is lying in the dipolar dissociation contin-
uum appears to decay through multiple bond dissociation,
giving several neutrals including an H atom.
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14. B.C. Ibănescu, M. Allan, Phys. Chem. Chem. Phys. 11
7640 (2009)
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