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a b s t r a c t

Electron-induced decarboxylation in condensed films of formic acid HCOOH, partially deuterated acetic
acid CH3COOD and trifluoroacetic acid CF3COOH, has been studied in the energy range 0.7–20 eV by high
resolution electron energy loss spectroscopy (HREELS). The yield of carbon dioxide formation shows a peak
around 1 eV irradiation energy associated with a resonant mechanism involving the transient negative
ion [RCOOH]#− and an essentially non-resonant contribution increasing with irradiation energy above an
eywords:
lectron induced interaction
ynthesis reaction
igh resolution electron energy loss

pectroscopy (HREELS)

onset located in the range 6–9 eV, depending on the carboxylic acid under consideration. The remarkable
point of this study is that it is possible to selectively control the decarboxylation reaction by tuning the
electron energy of irradiation.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

Low-energy electrons (Ei < 30 eV) play a major role in many dif-
erent applications and techniques such as plasma chemistry [1–3],
adiation chemistry and biology [4–8], particle beam [9,10] and
hoton [11,12] induced surface chemistry. Upon interaction with
ondensed molecules, electrons drive bond cleavage thus generat-
ng a population of very reactive species in the condensed medium.
hese species may interact either within the film to synthesize
ew molecules or form a chemical bond with the substrate sur-

ace. The former reaction is known as electron-induced synthesis
nd the latter as electron-induced surface functionalization. Bond
leavage may involve neutral or ionic dissociation mechanisms
nd at lower energy (0 < Ei < 20 eV) dissociative electron attach-
ent (DEA). DEA implies the formation of a transient negative ion

hat can be viewed as a molecular quantum state embedded in the

lectron-target continuum [13–16]. In a molecular film the extra
lectron will be generally localized on an individual molecule, the
nteraction can therefore be regarded as taking place on a molecular
ite. Low-energy electrons are then capable of chemical selectivity

∗ Corresponding author. Tel.: +33 1 69 15 76 98.
E-mail address: anne.lafosse@u-psud.fr (A. Lafosse).
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17–20] in contrast to high energy ones, due to the large number of
pen dissociative channels in the latter case and their non-resonant
ature.

Accordingly, low-energy electrons have attracted considerable
nterest in the past few years due to their potential to induce
pecific chemical reactions in pure ices condensed at cryogenic
emperature. For instance, it has been shown that electron irra-
iation leads to the formation of ozone (O3) in condensed oxygen
O2) [21], of chlorine (Cl2) in chlorofluoroalkanes [22–24], and of
arbon monoxide (CO) in condensed acetone (CH3COCH3) [25],
ethanol (CH3OH) [26], and carbon dioxide (CO2) [27]. In the

ase of ozone and chlorine formation, a resonant process involving
lectrons of subexcitation energies was established, whereas the
ormation of carbon monoxide was observed to take place above a
hreshold of 8 eV with a maximum around 16 eV. This CO produc-
ion was discussed in terms of (i) formation of several core-excited
esonances, which may lead directly to the fragmentation of the
olecule via DEA, (ii) neutral dissociation resulting from the excita-

ion (via direct excitation or via resonant scattering) into an entirely

epulsive part of a neutral-excited state, and (iii) non-resonant dis-
ociative ionization. Recently, electron-induced decarboxylation of
mall organic acids RCOOH (R H, CH3 and CF3), was observed to
ccur in the condensed phase by temperature programmed des-
rption (TPD) analysis with increasing efficiency above 8–9 eV in

http://www.sciencedirect.com/science/journal/13873806
mailto:anne.lafosse@u-psud.fr
dx.doi.org/10.1016/j.ijms.2008.06.003
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ig. 1. Principle of the experimental procedures for studying electron-induced che
he passivated substrate cooled down to ∼30 K. It is then irradiated using low-energ
lectron writing procedure is probed by HREEL vibrational spectroscopy directly at

he group of Illenberger [28,29]1, indicating that the involved reac-
ions are initiated via electronically excited neutral states rather
han negative ion resonances.

The study of electron-induced reactivity in condensed organic
cids RCOOH is important in the contexts of fundamental stud-
es and the development of applications. First the COOH organic
roup is present in a number of biological molecules such as amino
nd fatty acids, small organic acids are found in the interstellar
edium [30,31] and their radiation-induced chemistry partici-

ates in the formation of organic molecules. Second, to elaborate
unctionalized semi-conductor substrates suitable for sensor devel-
pment, chemisorbed COOH groups are typically used as anchors
or further selective immobilization of complex molecules on a sub-
trate [32,33]. Thus, the understanding of the chemistry induced by
rimary or secondary low-energy electrons on molecular objects,
hich contain an acidic function, is a necessary step to control

adiation-induced damage, as well as electron-induced function-
lization.

In this paper, we report on electron-induced decarboxylation
n three acids, formic acid HCOOH, partially deuterated acetic acid
H3COOD and trifluoroacetic acid CF3COOH, in the energy range
.7–20 eV using high resolution electron energy loss spectroscopy
HREELS). In this technique, electrons with a given energy (usually
n the range below 10 eV) impinge on a target and the backscattered
lectrons are collected as a function of their energy. The obtained
pectra show peaks which are the fingerprints of the vibrational
odes of localized functional groups belonging to a particular
olecule. This technique is known to be very surface sensitive [34].
e will demonstrate that the yield of carbon dioxide formation

hows a peak around 1 eV irradiation energy associated with a res-
nant state [RCOOH]#− and a non-resonant contribution with an
nset, located in the range 6–9 eV depending on the carboxylic acid
nder consideration. In addition, the formate anions HCOO− were
learly observed after electron irradiation at 1 eV of condensed
ormic acid. The influence of the degrees of aggregation on the
eactivity of slow electrons with molecules was demonstrated and
xtensively studied in the group of Illenberger in Berlin [35,36].
hus special attention is given to trifluoroacetic acid, following the
xperiments performed on electron driven reactions in single gas
hase molecules [37], in molecular clusters generated by super-
onic beam expansion [38], and in the condensed phase by electron
timulated desorption (ESD) of anions and TPD [29]. The present
REELS study demonstrated that electron irradiation at 1 and 20 eV

eads to the complete destruction of the CF3COOH molecules, while
rradiation at 2.5 and 7 eV leaves the films unchanged. Indica-

ions for the formation of water molecules H2O driven by electron
rradiation were obtained, whereas no clear indications for small
uorinated fragments and products were observed.

1 R. Balog, E. Illenberger, private communication.
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within the condensed film. A molecular film is prepared by vapour deposition on
trons of tuneable energy (0–20 eV) and dose (1015–1016 e−/mm2). The result of the
.

. Experimental apparatus

The principle of the experimental procedure is given in Fig. 1.
he experiments were performed in a ultra-high vacuum chamber
base pressure below 5 × 10−11 Torr) equipped with a liquid helium
ow cryostat, an electron gun and a HREEL spectrometer. The sub-
trate of hydrogenated polycrystalline diamond [39], on which the
ce films were deposited, is chemically inert, thus preventing contri-
ution(s) of direct reaction(s) between the condensed species and
he substrate surface, as checked by verifying that the vibrational
ignature of the substrate was not changed after condensation and
ubsequent evaporation of the film. The sample is fixed to the cold
nd of a cryostat and cooled down to 30 ± 5 K. Molecular films are
repared by exposing the cooled substrate to a partial pressure
f 1 × 10−8 Torr typically during 800 s (for a 8 L dose), resulting in
eposition of about 8 monolayers (ML). The samples are irradiated
sing an electron gun, which supplies, depending on the elec-
ron energy, a current of 2–40 �A on an average area estimated to
2 mm2, with a resolution of about 300 meV. Exposures of typically
015–1016 e−/mm2 (uncertainty estimated to 50%) were used for ice
rocessing, corresponding to electron fluxes roughly estimated to
.5–15 e−/s per molecule and total doses of about 100–1000 elec-
rons per molecule. Chemical modifications are probed directly at
0 ± 5 K. The sample surface is explored by changing its position in
he HREEL collision chamber in order to ascertain the localization
f the irradiation spot and to probe the induced chemical changes
ver its whole area. The HREEL spectrometer consists of a double
onochromator and a single analyzer (model IB 500 by Omicron).

he presented energy loss spectra were obtained at an incident
lectron energy of 5 eV in the specular geometry, with an incident
irection of 55◦ with respect to the surface normal and an overall
esolution of 6 meV, measured as the full width at half maximum
f the elastic peak.

Identification of the products synthesized under electron irradi-
tion is performed by comparing the newly observed energy losses
irectly with the HREEL spectra of condensed products, namely car-
on dioxide CO2 and water H2O in the case of irradiated organic
cids. Mechanisms of induced reactions are deduced from the qual-
tative evolution of the product formation efficiency as a function
f irradiation energy and from the dissociations previously iden-
ified in gas and condensed phases, since the primary step of the
eaction has to be initiated either by electron attachment leading to
he formation of a transient negative ion (TNI) or by non-resonant
lectron-induced bond breaking.

Formic acid HCOOH was purchased from Riedel-deHaën (99.9%),
artially deuterated acetic acid CH3COOD from Sigma–Aldrich
99%) and trifluoroacetic acid CF3COOH from Fluka (purity > 99.5%).

o compare the spectra of the irradiated acid films with that of
ossible reaction products, water H2O of high purity (Normapur,
99.9%) and pure carbon dioxide CO2 (CAL-gas, 100%) were used.
ll the acids and water were purified by freeze-pump-thaw cycles
nd degassed under vacuum before dosing onto the cold substrate.
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Fig. 2. Energy loss spectra of RCOOH films after electron irradiation at low energy 0.7
and 1 eV compared to the freshly deposited films: multilayer film (8 ML) of formic
acid HCOOH before (a) and after irradiation (b) (1 eV, 3.4 × 1015 e−/mm2); multi-
layer film (4 ML) of trifluoroacetic acid CF3COOH before (c) and after irradiation (d)
(1 eV, 13 × 1015 e−/mm2); multilayer film (8 ML) of partially deuterated acetic acid
C 15 − 2
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and the bending mode ı(OCO) (although an overlapping contri-
H3COOD before (e) and after irradiation (f) (0.7 eV, 3.6 × 10 e /mm ). In the panel
edicated to formic acid, the arrows indicate the features located at 161 and 202 meV
scribed to the anion HCOO− . The energy loss spectrum of a multilayer film (8 ML)
f carbon dioxide CO2 (spectrum (g)) is given for comparison.

evertheless, the co-deposition of CH3COOH with the partially
euterated associated species CH3COOD could not be excluded
ecause of possible isotope exchange on the gas inlet walls.

. Results and discussion

Energy loss spectra of pure films of freshly deposited carboxylic
cids HCOOH, CH3COOD and CF3COOH are shown in Fig. 2 (spec-
ra (a), (c) and (e), respectively). The resolution achieved in HREEL
pectroscopy does not allow us to resolve all the contributions, so
hat the observed losses often result from the overlapping of several
ibrational modes. Furthermore for multilayer films, HREEL spec-
ra consist of losses attributed to fundamental vibrational modes,
road features at low-energy loss (∼20–35 meV) ascribed to over-

apping lattice modes of the film molecular network, and multiple
osses originating from electron multiple scattering and/or com-
ination and harmonic modes. Attributions of the observed losses
re done according to published HREEL vibrational spectra [40–43]
nd infra-red (IR) spectroscopy data [30,44–49]. Assignments of
he observed energy loss peaks are summarized in Tables 1–3 for
ormic acid HCOOH, partially deuterated acetic acid CH COOD and
3
rifluoroacetic acid CF3COOH, together with a selection of relevant
ata reported in the literature. The carboxylic acid films cannot
e viewed as an assembly of single molecules coupled by weak

ntermolecular forces. From the tendency of the present acids to
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orm O· · ·H O, O D· · ·O bridges, we can rather expect that the films
nd their surfaces consist of molecular networks coupled by com-
aratively stronger hydrogen bonds [29,41]. When oxygen atoms
rom the C O bonds are involved in hydrogen bonding with the
ydrogen atoms of the acid groups ( COOH), the energy loss fea-
ure attributed to the stretching modes of the OH (OD) bonds is
roadened and strongly shifted towards low-energy losses.

The energy loss spectrum recorded for a freshly deposited mul-
ilayer film of formic acid HCOOH is dominated by losses attributed
o the vibrational modes of the C H bond and to the acidic func-
ion COOH, respectively and is in very good agreement with the IR
pectrum measured by Bisschop et al. [30]. The stretching �(CH),
ending ı(CH) and out-of-plane �(CH) modes are observed at 368,
74, and 132 meV. The stretching modes �(C O) and �(C O) of
he acid groups give rise to the peaks located at 214 and 151 meV,
espectively and the bending mode ı(O C O) to a peak at 87 meV.
tretching modes �(OH) of OH groups involved in hydrogen bonds
ive rise to a structured band, containing two resolved peaks at 325
nd 346 meV, and to a shoulder at ∼390 meV, unresolved from the
oss attributed to the mode �(CH). Multiple scattering contributes
lso to the two former losses (2 × ı(CH) and ı(CH) + �(C O)). The
ut-of-plane bending mode �(OH) is observed at 116 meV.

Partially deuterated acetic acid CH3COOD, rather than
H3COOH, was chosen, because losses related to stretching
odes of OH bonds involved in a hydrogen bridge network are

verlapping with the broad band centred at 374 meV, attributed
o the stretching modes of methyl group �a(CH3) and �s(CH3). The
symmetric bending mode ıa(CH3) is observed at 177 meV, and
he symmetric one ıs(CH3) together with the stretching mode
(C O) are assigned to the unresolved shoulder at ∼165 meV. The
osses located at 130 and 113 meV are attributed to the rocking

odes of the methyl group �(CH3) and the stretching mode �(CC),
espectively. The most characteristic loss related to the acidic
unction COOD is resolved at 214 meV and is attributed to the
tretching mode of the carbonyl group �(C O). The broad band
entred at 295 meV is ascribed to stretching modes of OD groups
nvolved in hydrogen bridges. Assignments of the vibrational

odes to localized functional groups vary in the literature, in
articular, due to intermixing of group modes below 100 meV
41,43,46]. The bending modes �(OD) and ı(OCO) contribute to
he losses located at 85 and 73 meV, and the loss at 56 meV is
ttributed to the rocking mode �(OCO). Co-deposition of CH3COOH
hen preparing a film of partially deuterated acetic acid cannot be

xcluded, since isotopic exchange on the gas inlet walls cannot be
voided. However, losses related to the fully hydrogenated species
annot be isolated: losses attributed to stretching modes �(OH)
re overlapping with the feature attributed to �(CH3) and could
ccount for the shoulder seen on the high-energy loss side of the
elated feature, the bending modes ı(COH) and �(OH) are expected
o contribute to the HREEL spectrum at similar energy losses than
a(CH3) and �(CC), respectively.

The energy loss spectrum recorded for a freshly deposited
F3COOH film is strongly dominated by a peak located at about
50 meV, as already observed by Parker et al. at an incident elec-
ron energy of 1.3 eV for multilayers of CF3COOH condensed at 90 K
42]. The acidic group related features are observed as a broad
and centred at 369 meV and attributed to the stretching mode
(OH) of the hydrogen bonded OH groups. Three resolved losses at
19, 180 and 86 meV are attributed, respectively, to the stretch-
ng modes �(C O) and �(C O) of double and single CO bonds,
ution of the ı(CF3) mode cannot be excluded, see Table 3). The
ominant broad peak at 150 meV results from the overlapping con-
ributions of the stretching modes of the trifluoromethyl group
nd will be referred to as �(CF3) in the following. The peaks at
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Table 1
Energies (meV) and mode assignments of losses observed in the HREEL spectrum of HCOOH multilayers (8 ML) condensed at 30 ± 5 K

Mode IR, �-crystal HCOOH(s),
T ∼ 77 K [44]

IR, Monomer
HCOOH(g) [44,49]

HREELS, HCOOH(cond),
T ∼ 110 K [40]

FTIR, HCOOH(cond),
T ∼ 15 K [30]

HREELS, HCOOH(cond),
T ∼ 30 ± 5 K (this work)

�(CH) 367 365 367 366 368
�(OH) 314 443 324 386 390 (*) (m)

341 346 (m)
320 325

�(C O) 211 219 212 213 214
199 204 205 205 (*)

ı(CH) 172 172 173 172 174
171
170

ı(OH) 193 152
�(C O) 156 137 151 150 151

152

� (CH) 134 128 133 132
�(OH)/� 121 79 119 115 116
ı(OCO) 89 77–79 88 87 87
Lattice modes 30

Published IR and HREELS data on vibrational modes observed for HCOOH as monomer, dimer/catemer/chain are given for comparison. Keys: �: stretching, ı: bending, �:
o . The f
2 �(OH
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ut-of-plane bending. (*) Unresolved. (m) Loss resulting from several contributions
ı(CH); ∼325 meV: also �(C O) + ı(CH); ∼395 meV: �(CH) + lattice; ∼265 meV: also

ower energy loss can be attributed to deformation modes of the
F3 group and skeleton modes. Additional peaks of lower inten-
ity are ascribed to multiple scattering involving �(CF3) modes
see Table 3).

Energy loss spectra recorded after electron irradiation at 1 eV
or multilayer films of formic acid HCOOH (spectrum (b)), trifluo-
oacetic acid CF3COOH (spectrum (d)) and after electron irradiation
t 0.7 eV of a multilayer film of partially deuterated acetic acid
H3COOD (spectrum (f)) are compared with the spectra recorded

or the freshly deposited films in Fig. 2. All these spectra dis-

lay significant changes. In particular, (i) �(C O) related losses are
educed in intensity in irradiated films (especially for HCOOH and
F3COOH; the intensity decrease is not so obvious in the case of
H3COOD, which is not understood), whereas two new losses at 82
nd 292 meV and an unresolved shoulder at about 158 meV appear,

w
(
a
s
(

able 2
nergies (meV) and mode assignments of losses observed in the HREEL spectrum of CH3C

ode RAIRS, CH3COOH(cond),
T ∼ 100 K [45]

RAIRS, CH3COOH(cond),
T ∼ 100 K [46]

IR, soli
CH3CO

a(CH3) 371
s(CH3) 363
(OH) 375 364
(OD) 285 (D) 274 (D

277 (D) 272 (D

(C O) 222 222 213
215 215 206

(COH) 178 178 174
a(CH3) 176 176
s(CH3) 169 169 169
(C O) 163 163 157
a(CH3) 130 131 130
s(CH3) 127 127 126
(C C) 111 110
(OH) 119 119 112
(OD) 83 (D

(OCO) 78
(OCO) 59
(CCO) 56
attice modes

R and HREELS data on vibrational modes observed for CH3COOH(D) condensed molecula
tretching, ı: bending, �: rocking, �: out-of-plane bending. (*) Unresolved. (D) Vibrational
ollowing contributions are, nevertheless, expected as minor ones. ∼346 meV: also
) + �(C O); ∼244 meV: �(C O) + lattice.

ii) in the formic acid HREEL spectrum the CH related losses and the
eak attributed to the out-of-plane bending �(OH) almost disap-
ears, (iii) in CH3COOD irradiated film the intensities of the �(CC)
nd �(OD)/ı(OCO) related peaks decrease, (iv) and in the trifluo-
oacetic acid irradiated spectrum all the skeleton and CF3 related
osses in the range 20–170 meV have vanished. The new peaks at 82
nd 292 meV are associated to CO2 formation as demonstrated by
omparing the new observed losses with the spectrum recorded
or a film of pure carbon dioxide, reported in the upper panel of
ig. 2 (spectrum (g)) for comparison and discussed in detail else-

here [50]. The losses are attributed to the fundamental bending ı

82 meV) and asymmetric stretching �as modes of CO2 (292 meV),
nd the unresolved shoulder to the Fermi resonance combining the
ymmetric stretching with the overtone 2ı of the bending mode
158 meV) [51,52].

OOD multilayers (8 ML) condensed at 30 ± 5 K

d
OH(s) [46]

HREELS, CH3COOH(D)(cond),
T ∼ 170 K [41]

HREELS, CH3COOD(cond),
T ∼ 30 ± 5 K (this work)

368 374
365 (*)

313
) 247 295
)

209 214

177 177
165 (*)

162
130

118 113

) 87 73

85
56

31 ∼23 (*)

r film and as solid are given for comparison. Keys: a: asymmetric, s: symmetric, �:
mode of CD3COOD reported in the same reference.
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Table 3
Energies (meV) and mode assignments of losses observed in the HREEL spectrum of CF3COOH multilayers (4 ML) condensed at 30 ± 5 K

Mode IR, CF3COOH in Ne
matrix [47]

IR, cyclic (CF3COOH)2

in Ne matrix [47]
IR, catemer
CF3COOH(s) [48]

HREELS, CF3COOH(cond),
T ∼ 90 K [42]

HREELS, CF3COOH(cond),
T ∼ 30 ± 5 K (this work)

�(OH) 444 362 362 374 369 (m)
�(C O) 226 221 219 221 219
�(C O) 176 183 183 186 (a) 180
ı(COH) 139 163 163, 162 150 (a) 161 (*)
�(FCF2) 155 154 152 150 153 (*)
�(FCF) 150 148 148 149
�(CF3) 147 146 147, 145
�(OH) 72 115 112, 110 ∼108 ? (*)
�(CC) 103 103 110 100
ı(CF3) 82 85 96 100, 86 (b)
ı(OCO) 97 88 89 88 86
ı(FCF2) 73 75 (b) 76 73
ı(FCF) 62 64 (b) 64 63
ωantigear 57 57 52
�antigear 48 50 50
ωgear 30, 31 30 37 33
�gear 30 32 37

IR and HREELS data on vibrational modes observed for CF3COOH as monomer, dimer and catemer are given for comparison. Mode assignments in terms of group vibrational
frequencies have been taken from [48]. Keys: �: stretching, ı: bending, �: rocking, �: torsion, ω: wagging, see Ref. [48] for details. (*) Unresolved. (a) The attribution proposed
by Parker et al. has been changed to be in accordance with the assignment proposed by Berney. (b) Contribution to the loss at 100 or 86 meV possible, depending on the
p : 2�(CF3) and 3�(CF3) at ∼300 and 450 meV, �(CF3) + �(C O) at ∼369 meV, �(CF3) + �(C O)
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Fig. 4. Concerted mechanism proposed for the decarboxylation of small organic
a
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resence of monomers, dimers or catemers. (m) Contributions of multiple scattering
t ∼330 meV, �(CF3) + �(CC)/ı(CF3) at ∼250 meV, �(CF3) + (ω/�)antigear at ∼202 meV.

Electron irradiation for these three acids was performed at
ncreasing irradiation energy up to 20 eV to gain insights into the

echanisms leading to decarboxylation. Generally, a set of data cor-
esponding to five to six irradiation energies was measured for each
ompound, the values being chosen taking into account published
ata on DEA in the gas phase, so that the irradiation energy values
haracterizing the different reaction regimes are evaluated with an
ncertainty estimated to ±1 eV. The general qualitative efficiency

or CO2 formation schematized in Fig. 3 as a function of the irra-
iation energy could be deduced. For the three acids, it consists
f a peak located around 1 eV and an increasing contribution at
igher irradiation energy with an onset located in the range 6–9 eV,
epending on the carboxylic acid under consideration. Thus two
ifferent regimes can be distinguished: a resonant one around 1 eV
nd an essentially non-resonant one above 6–9 eV. The latter high-
nergy regime was already observed by TPD mass analysis [28–29]1

ut the low-energy regime could only be shown when using HREEL
pectroscopy, a method known to be quite sensitive.
At low energy the only known electron-induced process in
arboxylic acids RCOOH is resonant electron attachment lead-
ng to the formation of a TNI [RCOOH]#−, as deduced from gas
hase experiments [53–55]. In our experimental conditions, the

ig. 3. Qualitative efficiency for CO2 formation in pure carboxylic acid RCOOH films
s represented schematically as a function of the electron irradiation energy. The rel-
tive intensities of the resonant feature located around 1 eV and of the asymptotic
evel achieved by the increasing contribution of the resonant and non-resonant com-
etitive processes have been artificially set as equal and should not be compared. The
nset value for a noticeable contribution of the high-energy processes is located in
he range 6–9 eV, depending on the nature of the R group of the organic acid RCOOH.
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cids RCOOH induced by electron irradiation at 0.7–1 eV: the incoming electron
s first attached to the molecule and the transient negative anion undergoes then
nternal rearrangements presumably resulting in a hydrogen addition to the R group
ccompanied by the formation of carbon dioxide.

lectron flux is low enough to exclude the contribution of an
nteraction between the transient negative ion [RCOOH]#− and

further incoming electron. The resonant state decays either by
lectron autodetachment or by DEA reactions. The main DEA prod-
cts are the anion (M−H)− (where M is the RCOOH molecule,
53,56,57]), together with (CH2CO2)− [58] in the case of acetic
cid, and (CF2CO2)− and CF2

− in the case of trifluoroacetic acid
37]. The hydrogen abstraction decay channel is shown in the
nergy loss spectrum of the irradiated formic acid by the con-
ributions located at 161 and 202 meV, which can be attributed
o CO2

− related vibrational modes of the formate anion HCOO−

49,59].
Moreover, for all the considered acids the reaction
COOH + e− → CO2 + R + H + e− is endothermic, as well as the

eaction leading to the formation of the anion CF3
− by attachment

f the extra electron in the particular case of trifluoroacetic acid.
ccordingly, a concerted mechanism is proposed and schema-

ized in Fig. 4. This mechanism assumes that the most probable
o-products are molecular hydrogen H2, partially deuterated
ethane CH3D and trifluoromethane CF3H, respectively, and

he reaction enthalpies can then be evaluated for the gas phase

28,29,37,49,58].2

COOH + e− → CO2 + H2 + e− �rH(g) ∼ −0.15 eV

2 depending on the value taken for �fH◦(CF3COOH) [49].
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Fig. 5. Electron energy loss spectra of multilayer (4 ML) films of trifluroacetic acid
CF3COOH before (a), and after electron irradiation at increasing energies Eirr = 1 eV
(b), 2.5 eV (c), 7 eV (d), 11 eV (e) and 20 eV (f). Complete spectra are presented in
the panel (I), and the two regions 70–100 meV and 270–300 meV, in which losses
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Fig. 6. Energy loss spectra of a film (4 ML) of pure trifluoroacetic acid CF3COOH
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ttributed to the bending mode ı(CO2) and to the asymmetric stretching mode
as(CO2) are expected, are magnified in panels (II) and (III), respectively. In the latter
wo panels intensities were multiplied by a factor 2 and vertical shifts were adapted
or clarity reasons.

H3COOD + e− → CO2 + CH3D + e− �rH(g) ∼ −0.36 eV

F3COOH + e− → CO2+CF3H + e− �rH(g) ∼ −0.61/−0.76 eV

n the working conditions of temperature and pressure (30 ± 5 K,
10−10 Torr) molecular hydrogen and methane are not trapped
nd desorb into vacuum upon formation, whereas CF3H should
e trapped and losses should be observed. However, no significant
ontribution, which could be assigned to one of the dominant CF3
elated modes of CF3H (observed at 143 meV in the gas phase [49])
ould be detected in the energy loss spectrum following irradia-
ion at 1 eV (see Fig. 2(d) or Fig. 5(b)). This is not understood at the
resent time.

The remarkable point is that it is possible to selectively con-
rol the decarboxylation reaction by tuning the electron energy
f irradiation. While at subexcitation energy photons are not
perative agents to induce this reaction, 1 eV electrons are
emarkably efficient ones. By contrast, at higher energy several
rimary electron-induced dissociation channels, resonant and non-
esonant, can contribute to the decarboxylation reaction, excluding
ny selective control.

In the following, the particular case of trifluoroacetic acid
F3COOH condensed films will be discussed since it presents addi-
ional remarkable features after electron irradiation. The influence
f the degrees of aggregation on the reactivity of slow electrons
ith trifluoroacetic acid was investigated by comparing the results

btained on single acid molecules in the gas phase [37], on molec-
lar clusters [38], and on condensed molecular films of CF3COOH
29]. Electron attachment to clusters of trifluoroacetic acid revealed
variety of large complexes in addition to the ions known from
EA to single CF3COOH molecules. In particular, the most intense

ignal was due to the ion–molecule complex CF3COO−·H2O which
esulted from a chemical reaction initiated by the attachment of

lectrons at an energy of 0.4 eV to the neutral hydrogen bonded
imer. The study in the condensed phase was conducted in Berlin
y ESD analysis of the anions and by TPD [29] and in Orsay by
REELS. The energy loss spectra of trifluoroacetic acid after irra-
iation at various incident electron energies are shown in Fig. 5.

o
C
0
s

efore (a) and after electron irradiation at 20 eV (b). The latter spectrum is magnified
y a factor 10 in the energy loss range 350–550 meV in the inset (c). The energy loss
pectrum of a pure film (8 ML) of water H2O (d) is given in the upper panel for
omparison.

s mentioned above, decarboxylation reaction occurs around 1 eV
nd above a threshold between 7 and 11 eV, whereas electron irra-
iation at 2.5 and 7 eV does not induce any noticeable modification
f the film.

After irradiation at 1 eV, no significant contributions of intact
rifluoroacetic acid molecules are observed, in particular the col-
ection of losses in the energy loss range 20–170 meV has vanished.

ost of the CF3COOH molecules were thus destroyed upon irra-
iation. The vibrational modes for some possible products are
abulated for CF2 at 152, 137–138 and 83 meV, for CF at 114 meV,
or F2 at 162 meV and for HF at 514, 488, 475 meV, depending on
he degree of hydrogen bonding [49,60]. There is no evidence for
hese small fluorinated fragments and products.

After irradiation at 20 eV (see Fig. 6(b)) the same behaviour
s observed in the region 20–120 meV and the dominant loss at
50 meV is much broader than before irradiation (its full width
t half maximum increases from 14 to 22 meV) so that this loss
an no longer be attributed exclusively to CF3 related vibrational
odes of CF3COOH molecules. In addition, a remarkable small fea-

ure is observed in the irradiated film at ∼460 meV (see Fig. 6(b) and
c)), together with two smoothed shoulders at ∼99 and ∼205 meV.
ccordingly, the HREEL spectrum of CF3COOH after irradiation at
0 eV is compared to the spectrum of a multilayer (8 ML) amor-
hous film of pure water H2O in Fig. 6. The two bands centred
t 27 and 99 meV are attributed, respectively, to translational �T
nd librational �L phonon modes of the molecular network. The
ending mode ı(H2O) is assigned to the loss located at 204 meV,
he broad band centred at 422 meV is ascribed to the symmetric
s and asymmetric �a stretching modes of OH bonds involved in
he hydrogen bond network, and the loss at 457 meV is assigned
o the stretching mode of free OH groups (located in particular at
he film surface) [61,62]. Thus, there are indications for the forma-
ion of a small quantity of water molecules H2O driven by electron
rradiation.

. Conclusion
Electron-induced decarboxylation in condensed films of three
rganic acids, formic acid HCOOH, partially deuterated acetic acid
H3COOD and trifluoroacetic acid CF3COOH, in the energy range
.7–20 eV was studied using high resolution electron energy loss
pectroscopy. The yield of carbon dioxide formation presents a peak
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round 1 eV irradiation energy associated with a resonant state
RCOOH]#− and a non-resonant contribution increasing with the
lectron energy of irradiation above an onset located in the range
–9 eV, depending on the carboxylic acid under consideration. In
ddition, the formation of the formate anion HCOO− was observed
fter electron irradiation at 1 eV of condensed formic acid and indi-
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