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Interactions between 1 and 4 keV anions (H-, O, and OH~) and gas-phase molecules (nitromethane,
water, ethanol, and methanol) have been studied using quadrupole mass spectrometry of the product
anions and cations. The low collision velocities (0.07-0.40 vg,y,;) provide favourable conditions for elec-
tron transfer from the anion projectile to the neutral target molecule yielding negative ion formation,
while strong competition with cation formation is also observed. Relative production of fragment cations
increases with H- impact energy and with projectile mass when energy is constant. Considered together,
these results suggest a momentum dependence on collisional energy deposition. As far as negative ion
production is concerned, comparisons with previous free electron attachment studies are drawn as a
starting point for the interpretation of the anion fragmentation channels. For nitromethane and water,
the present anion fragmentation patterns are substantially different to the free electron attachment data.
Conversely the fragmentation channels of ethanol and methanol anions only show clear dependence on
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the electron attachment/transfer process in terms of the relative anion yields.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The importance of negative ion chemistry in the upper
atmosphere is of recent interest amongst the astrochemistry com-
munity. It is now well established that negative ions exist in
the upper atmosphere of Titan [1], produced by mechanisms
such as three-body (dissociative) electron attachment. Indeed,
Titan’s upper atmosphere is composed of several types of organic
molecules, which are believed to be the building blocks of other,
more complicated, biological molecules (Ref. [1] and references
therein). As such, the study of anion collisions with simple organic
molecules may provide some insight to the negative ion chemistry
in relevant atmospheric systems. Some of the molecules studied
herein (water, methanol and ethanol) are some of the more fun-
damental organic molecules and as such, their study may provide
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some insight on interactions of other more complex astrochemi-
cally relevant organic molecules. Furthermore, within the scope of
astrochemistry, the study of anion collisions with H=, O~ and OH~
as projectiles is quite critical since it is known that these anions
are quite abundant in the upper earth’s atmosphere, albeit at much
lower (thermal) energies. Still, the difference in projectile’s kinetic
energy between our study and the astrophysical environment does
not detract from the value of this work since the fundamental
mechanisms surrounding both systems will mostly be the same.
From a more fundamental point of view, the potential role of the
neutral atom as a stabilizing third body post electron transfer from
the incident anion is of particular interest. Despite the fact that the
collision energies of the projectiles in this study are far above the
ones in alkali atom-molecule collisions, comparisons with the lat-
ter [2-4], and also with free electron attachment experiments can
enhance our understanding of such stabilization effects on the mass
spectrum of anions due to the target molecule. Regardless of the
electron capture mechanism, electron transfer from the projectile
to the acceptor molecule results in a transient negative ion (TNI),
which can decay via electron auto-detachment or fragmentation
of the anion. As far as we are aware, no previous experimental or
theoretical studies pertaining to the fragmentation patterns in col-
lisions with anion projectiles have been carried out in the present
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Table 1

Summary of anion-molecule collisions studied using product cation mass spectrometry.

Kinetic energy (keV)

Anion velocity (Vonr) Target molecules

Ion Binding energy of attached Ionization energy of
electron (eV) [11] neutral (eV) [11]
1
H- 0.75 13.60 2
4
2
0~ 1.46 13.62 4
2
OH- 1.92 13.02 4

0.20 CH3NO;

0.28 CH3NO3, H,0

0.40 CH3NO;y, H,0, CH30H, C;HsOH
0.07 H,0

0.10 CH3NOy, H,0, CH30H, C;HsOH
0.07 H,0

0.10 CH3NO2, H>0, CH30H, C;HsOH

range (0.07-0.40 vgop,)- Moreover, the present work provides the
first data for anion (or indeed cation) production in anion colli-
sions with molecules of greater complexity than N, and H,. Most
of the literature regarding anion-molecule collisions at a velocity
range of 0.1 <v/vpp <0.4 pertains to the study of electron detach-
ment post-collision [5-9]. Two main mechanisms are responsible
for this; direct detachment (DD) and charge transfer to shape reso-
nance (CTSR). The first process involves electron detachment from
the collision complex without any formation of a temporary nega-
tive ion (TNI), for example:

X"+AB - X+ AB+e~ DD

where X~ represents the anion projectile and AB represents a
molecular target. The second process involves charge transfer of
the electron from the anion to the molecule, thereby creating a
short-lived TNL Due to the low lifetimes of the TNI, the electron is
subsequently ejected.

X~ +AB — X + (AB™)* > X + AB* +e~ (CTSR)

(AB~)* represents the TNI resulting from the electron transfer,
which can be electronically and/or rovibrationally excited, while
AB* represents the neutral (excited) molecular target. Whereas the
equation does not show X in an excited state, we do not disregard
that possibility.

Previous studies of these collision systems [5-10] mostly focus
on discrimination between DD and CTSR. Hence it has been shown
that DD results in very low energy loss by the projectile (<1 eV)
while CTSR is characterized by higher energy losses (around
3-4eV). Furthermore, these studies show that, while at lower pro-
jectile collision energies (up to ~100eV, i.e., v/vgn: ~ 0.063) direct
detachment dominates [7], CTSR becomes increasingly significant
at gradually higher energies [7] (i.e., v/Vgon > 0.2). Conversely, frag-
mentation processes have received little attention. The lifetime of
the TNI has to be sufficiently long for fragmentation channels to
be able to compete with electron detachment through CTSR. The
role of collisional excitation in TNI formation in anion-molecule
collisions has not been investigated in the literature.

In the present work, the anion mass spectra will be largely based
on comparisons with free electron attachment studies. Similarities
with free electron attachment results are expected in the case of
electron transfer from H~ since its extra electronis relatively loosely
bound (0.75eV [11]) and hence may be considered to approximate
a free electron [7,8]. For this model to be valid, the collision velocity
has to be much higher than the electron velocity in the projectile
frame. In the case of H, this is achieved for collision energies much
higher than 1.5 keV [8]. In the present study, the highest collision
was 4keV and therefore the application of this model has to be
made carefully. However, a classical picture can be used for collision
energies in this energy range [8]. As is explained in the studies of
Refs. [5,7,8], the electron can be considered to have a broad energy
distribution between vUe — U; and Ve + U;, Where Ve is the velocity
of the H™ system and v is the velocity of the bound electron in
the ion frame. As such, for a 1 keV H™ collision energy, an analogy
can be made with free electrons with an impact energy distribution

between 0.02 and 2.56eV. Due to higher ion mass and also higher
binding energies of the extra electron, the model is not useful to
analyse the present O~ and OH~ impact results.

In Table 1 the ion velocities for the several projectiles used in
this study are presented. The velocity values are presented in Bohr
velocity units and are obtained through:

Y ~6.325VE
Vo

where v/yg is the velocity of the ion relative to the Bohr velocity
and E is the energy per mass unit in MeV/a.m.u. As is the case for
anionic products, the literature surrounding cation production in
collisions with anion projectiles is quite scarce. For velocities sig-
nificantly higher than the Bohr velocity of the electron (v > vgop,),
cross section measurements for single and double ionization of
He and Ar by 0.5-2 MeV H~ impact (4.5-8.9 vgon,) have been per-
formed [12]. Further experiments have probed target ionization,
projectile scattering, and projectile electron loss in 1 MeV H~ col-
lisions with He atoms [13]. At intermediate velocities (v~ vggp;),
single and double ionization of He, Ar, N5, and H, targets has been
analysed following collisions with anion projectiles (B~ F~, C~, and
0~) [14-16]. These studies indicate the dissociative ionization is
dominant for low impact parameters (more direct collisions gen-
erally with higher momentum transfer), whereas non-dissociative
ionization (i.e., formation of the parent cation) dominates at higher
impact parameters. At lower impact velocities (V <« Vgop ), €lectron
loss from H™ projectiles with electronic excitation of the resultant
HO has been studied in 1-5keV (0.20-0.45 vggy,) collisions with
rare gas atoms and N, molecules [17]. Minimal H™ impact energy
dependence was observed in the cross sections for excitation to H
(3d), H (3s), H (4s), and H (5s) states. Furthermore, Geddes et al.
[18] measured cross sections for the formation of excited (n=2 or
3) hydrogen atoms in 3-25keV (0.35-1.00 vgop,,) H™ ions with H,
H,, He, Ne, Ar and N,. Stone and Morgan [19] recorded cross sec-
tions for hydrogen excitation to highly excited states (12 <n <28)
in 2.8-60keV (0.33-1.55 vgoh) H™ collisions with H, H,, and Ar.
Significantly, the cross sections for electron loss by H~ show con-
trasting trends in 0.1-10keV (0.06-0.63 vgy,) [20] collisions with
H and H,. With increasing H- impact velocity, the electron loss
cross sections decrease for collisions with H whereas they increase
to an apparent maximum at ~0.6 Vg, for Hy.

2. Experimental set-up

The experimental set-up used in this study consisted of a cross
beam technique, where gas phase molecules interact with anion
projectiles. The anion beam was produced in a PS-120 Negative
Ion Caesium Sputter Source from Peabody Scientific™, operating
between 1 and 4 keV. The beam emerging from the source was
focused by an electrostatic lens system and momentum analysed
by a 90° double focusing magnet. After further focusing and colli-
mation the beam was directed into the interaction chamber where
it crossed an effusive beam of gas phase molecules derived from lig-
uid samples. A cycle of freeze-thawing steps was carried out on the
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Fig. 1. Mass spectra of cations produced in 1-4keV H- collisions with gas-phase
nitromethane. The data has normalized such that the intensities of the CH;NO,*
(parent cation) peaks are equal.

liquid samples to remove any dissolved gases and ensure a pure gas
target. Cationic or anionic fragments were extracted from the inter-
action region into an orthogonal quadrupole mass spectrometer.
Notwithstanding the relatively low m/q resolution, clear distinc-
tions can be made throughout the presented spectra and specific
issues regarding this matter are discussed more thoroughly in the
corresponding section. Anion currents were measured in a Fara-
day cup after the collision region. The low background pressure
of 107 mbar in the interaction chamber resulted in a negligible
background contribution to the mass spectra. The target pressures
used ensured single collision conditions in the interaction region
and negligible secondary collisions of the fragment ions. lon extrac-
tion voltages of approximately 25V cm~! were applied in order to
prevent any deflection of the anionic beam into the differentially
pumped quadrupole mass spectrometer. The mass spectra were
normalized to both total extraction times and beam currents.

3. Results and discussion
3.1. Cation formation

3.1.1. Nitromethane (CH3NO,)

Generally speaking, the same main groups of cations were
observed for the various ionization methods (anion impact, fast
electron impact, and photoionization). In particular, the local max-
ima for each group in the present data agree with those in the
previous work. The absence of some weak features in the present
data can be explained by relatively low signal-to-noise ratios. Addi-
tionally, a general overview of the spectra shows that for all impact
energies and projectiles, the major peaks are always the same for
the corresponding target molecule.

Fig. 1 shows mass spectra at different H- projectile energies (1,
2 and 4keV), while Fig. 2 compares spectra for different projec-
tiles. The yields in both figures are normalized to the parent cation,
therefore creating a clearer picture of the relative amount of dis-
sociative ionization versus the parent cation production. Indeed, it
is clear from Fig. 1 that for higher projectile energies, the relative
amount of fragmentation is higher. This indicates increased sta-
tistical fragmentation associated with greater energy deposition.
Indeed, the relative production of fragment cations is markedly
greater for 4 keV H~ impact, with new resolved peaks visible at 45
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Fig. 2. Mass spectra of cations produced in 4keV H-, O~, and OH~ collisions with
gas-phase nitromethane. The data has been normalized such that the intensities of
the CH3NO,* (parent cation) peaks are equal.

and 29 Thomson. This suggests energy transfer distributions that
are similar at 1 and 2 keV but distinctly higher at 4 keV.

Fig. 2 shows that the ratio of fragment cation
production/CH3NO,* production is much greater for 4keV O~
and OH~ impact than for H- impact. However at impact kinetic
energies (KE) that are significantly greater than the thresholds for
the various ionization pathways, collision velocity is generally rec-
ognized as a more significant parameter than projectile KE for the
interpretation of ionization results (notably in relation to energy
deposition and branching ratios for dissociative ionization/total
ionization). Hence the reason for the observed differences in
the present nitromethane mass spectra produced by H- impact
(1-4keV, 0.20-0.40vpy,) and by O~ and OH~ impact (4keV,
0.010 vgop,) is not totally clear; the velocities are different as well
as the projectiles. As H- has the weakest outermost electron
binding energy (0.75eV), reduced fragmentation by H~ impact
appears to be broadly consistent with the generalized association
of smaller impact parameters (more direct collisions, smaller cross
sections) with greater energy deposition and hence increased frag-
mentation [14,15,21,22]. Similarly, Fig. 2 shows a subtle increase
in fragmentation for OH~ impact compared with O~ (binding
energies of the outermost electrons in the respective anions: 1.92
and 1.46eV). More generally, however, both Figs. 1 and 2 are
consistent with a possible relation between increased projectile
momentum and increased relative production of fragment ions.

3.1.2. Methanol (CH30H), ethanol (Co;H50H) and water (H50)

Fig. 3 shows mass spectra of methanol (CH3O0H) as a function
of incident O~ and OH~, while the observed cationic fragments are
listed in Table 2

. Apart from H* formation, the dominant fragments are the
dehydrogenated parent cation and its parent precursor. It is
interesting to note that a comparison with electron ionization
spectra [23] provides a very similar picture. As is the case
of nitromethane, collisions of heavier projectiles at the same
KE (hence higher momentum) favour dissociative ionization in
detriment of non-dissociative ionization, consistent with the inter-
pretation mentioned above.

Mass spectra for 4keV H-, O~ and OH~ impact on ethanol
(CyH50H) are presented in Fig. 4 and the identified cationic frag-
ments are summarized in Table 2. As observed for methanol,
the fragmentation pattern closely resembles the electron impact
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Table 2
Cations produced in the present collisions (1-4 keV H-impact, 4 keV O~ impact, and 4 keV OH~ impact) compared with examples of previous electron impact and photoion-
ization data. It is noteworthy that for all impact energies and projectiles the same major peaks were observed.

Resolved cation masses (m/q) Proposed assignments and appearance energies (eV)
Present work Electron impact 375nm (3.31 eV) multi-photon
[11]2 ionization [44]
61° 61° 61> CHsNO,* (11.08 [11,23])
60 60 CH,NO,* (11.8 [45])
46° 46> 46> NO,* (12.1 [45])
45¢ 45 45 CH;NO*
44 44 CH,NO* (11.75 [45])
43 43 CHNO*
42 42 CNO*
31 31 NOH*
300 30b 300 NO* (11.75 [45])
c + +
Nitro-methane CH3NO, 29 ig ;2 ESPIC/]SZH;]E\I
27 27 CHN*
26 CN*
16 16 0* (14.50 [46])
150 15° 15° CH3* (12.6 [47])
14 14 14 N*/CH,*
13 13 CH*
12 12 C* (22.83[46])
2 H2+
1 1 H*
Present work Electron 288.3 eV photoionization [40] Proposed assignments and appearance energies (eV)
impact [11]?

32 32 32 CH;O0H* (10.84 [11])
31b 31b 31b CH50* (11.649 [41])
30 30 30 CH,0* (12.05 [42])
29 29 29 CHO" (13.06 [42])

28 28 CO* (13.7 [43])
18 H,0*
17 17 OH* or CH4*
Methanol CH30H 16 o*
15b 15b 15b CHs* (13.82 [42])
144 14 14 CH,"* (14.05 [42])
13 CH*
12 ct
3 Hs*
2 Hy*
b b H*
Present work Electron 292 eV photoionization[40] Proposed assignments and appearance energies (eV)
impact [11] 2
46 46 4b C,HsOH* (1048 [11])
4b 45P 45 C,Hs0" (10.801 [48])
444 44 C,H40" (10.45 [49])
434 43 43 C,H30" (14.5 [43])
42 42 42 CH,0"
41 C,HO*
40 G, 0"
32 CH,0*

310 31P 31° CH;0* (11.25 [50])
304 30 30 CH,0* (11.70 [51])
29d 29 29 CHO* or C,H5*
28d 28 28 CH4* (12.0 [50])

Ethanol C;HsOH 274 27 CoHs* (14.7 [43])
264 26 26 CH,*
25 25 CH*
194 19 19 H30" (13.8 [52])
18 H,0*
17 OH*
16 o*
150 150 15° CH3* (14.70 [53])
14b-¢ 14 14 CHy*
13 13 CH*
12 ct
2 H2+

b 1 H* (21.0 [54])
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Table 2 (Continued )

Present work Electron 21.23 eV photoionization [55] Proposed assignments and appearance energies (eV)
impact [37] 2

18 1P 1P H,0* (13.5)

17 17 17 OH* (17.5)

16 16 16 0* (25
Water H,O 16 O**((Q(;)

2 Ha* (30)
1 1 H* (20)

2 Impact energy unspecified (typically ~70eV).
b Local maximum.

¢ Only resolved for 4 keV anion impact.

4 Only resolved for O~ and OH- impact.

¢ Similar intensities.
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Fig. 3. Mass spectra of cations produced in 4keV H-, O, and OH~ collisions with
gas-phase methanol. The data has been normalized such that the intensities of the
CH3OH* (parent cation) peaks are equal.

ionization data [23]. Moreover, the ratio of fragment cation
production/C,HsOH* production increases gradually with projec-
tile mass (i.e., H~ to OH™). Once more it would appear that the key

p Normalized at 46 Th
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——4 keV OH' Impact

Relative Intensity (a.u.)
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Fig. 4. Mass spectra of cations produced in 4keV H-, O-, and OH~ collisions with

gas-phase ethanol. The data has been normalized such that the intensities of the
C,H50H* (parent cation) peaks are equal.

parameter to consider is the momentum of the projectile rather
than its energy [14,15,21,22].

Finally, Fig. 5 presents mass spectra of cations produced in 4 keV
H-, O~ and OH~ collisions with water. As observed in the equiv-
alent data for nitromethane, ethanol, and methanol, no significant
difference exists between O~ and OH~ collisions, whereas for H~
collisions it is clear that the relative H* yield is significantly lower
(Table 3).

3.2. Anion formation

3.2.1. Nitromethane (CH3NO;)

Nitromethane anion formation has been studied in the gas-
phase by free electron attachment [24,25], in alkali atom collisions
[2] and in Rydberg electron transfer studies [26]. Of the molecules
studied, nitromethane is the only one with a sufficiently large
dipole moment (above the critical value of ~2.5D [27]) to bound
an extra electron in a stable dipole-bound state, potentially play-
ing a significant role in the collisions dynamics. In free electron
attachment studies, the dominant fragment was NO, ~and no par-
ent anion (CH3NO, ™) was observed. This is reasonable due to the
small positive electron affinity of CH3NO,. In the present study,
we observed the parent anion CH3NO, ~as the dominant fragmen-
tation pathway for all collision energies (Fig. 6) and for all the
different electron donors (H=, O~ and OH~, Fig. 7). The other, less
intense, detected fragments were NO,~ and H~. As a comparison,
results obtained in alkali atom collision experiments have shown
that the main fragment was reported to be NO, ~ but, in contrast to
free electron attachment studies, the creation of the parent anion

Normalized at 18 Th

—— 4 keV H Impact
—— 4 keV O Impact
4 keV OH' Impact

Relative Intensity (a.u.)

r , : - -
0 5 10 15 20 25
Mass/Charge (Thomson)

Fig. 5. Mass spectra of cations produced in 4keV H-, O-and OH~ collisions with
gas-phase water. The data has been normalized to the parent cation.
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Table 3

Anionic fragmentation products for the several target molecules. The different projectiles do not yield different products.

Present work

Free electron attachment [38]

Proposed assignments

17 17 OH~
\}’IVéger 16 16 o
2 1 1 H-
Present work Free electron attachment [33,36] Proposed assignments
322 CH30~
31 31 OH-
Methanol 174 17 OH-
CH30HP< 16 16 0
14 CH,
1 1 H-
Present work Free electron attachment [34] Proposed assignments
45 45 CH3CH,0~
44 C2H407
43 C2H307
Ethanol 32 CH{OH
C,H-OLb 17 17 OH
2 16 16 0-
15 CH3~
14 CHy~
1 1 H-
Resolved anion masses (m/q) Proposed assignments
Present work Free electron attachment [24,25] Alkali atom collisions [2]
612 61 CH3NO,~
60 60 60 CH,NO, -
59 CHNO,~
47 SN0y~
46 462 462 NO,~
454 CH3NO-
44 CH,NO-
42 42 CNO-
Nitromethane 32 H2NO~
CH5NO, 30 30 NO~
26 26 CN-
18 180-
17 17 OH~
16 16 16 0-
15 CH3~
14 CH,~
13 CH-
1 1 1 H-

2 Local maximum.

b Only resolved for 4 keV anion impact.
¢ Only resolved for O~ and OH~ impact.
d Extrapolated.

CH3NO,~ was observed. As stated before, within the set of
molecules investigated in this work, nitromethane stands out due
to the presence of a stable dipole-bound anionic state [28], which
has been shown both experimentally and theoretically to provide a
doorway into valence states of the molecular parent anion [26,29].
This initial dipole-bound molecular anion possesses a significantly
different geometry than its neutral counterpart (a symmetric bend
of the oxygen atoms in the -NO, group resulting in a tetrahedral
shape [30]).

Similarly to both alkali atom collisions and Rydberg electron
transfer, nitromethane parent anion formation by negative ion
impact is expected to proceed through a transition to a low vibra-
tional state of a 2B; anionic state, whereas this does not occur in free
electron attachment interactions [31,32]. From a different point of
view, this mechanism may rely on an interaction of the projectile
donor and the molecule, modifying the relative position or shape
of the potential surfaces and thereby changing the dissociation
pathway. Owing to the high dipole moment of nitromethane, the
presence of H, O or OH in the collision complex may be rationalised
as a third body “forcing” the electron to remain in the dipole-bound

state long enough for the molecule to adiabatically proceed into
its anionic geometry, thereby transferring by intramolecular relax-
ation the electron into one of its valence orbitals (in the anionic
geometry). This is in contrast with free electrons where, even if the
electronis initially captured into the dipole-bound state, its lifetime
is not long enough to compete with necessary molecular deforma-
tion from the neutral to the anionic geometry, yielding considerable
auto-detachment.

In free electron attachment studies, the creation of NO, ~ arises
from a vertical transition of 0.6 eV from the neutral ground state of
the molecule to a 2B; (7*) symmetry state of the anionic molecule
[2]. At this stage, due to an avoided crossing between this state and
a dissociative 2A; (o*) anionic state, tunnelling can occur through
the formed barrier, thereby yielding NO,~. Another possibility for
the formation of NO,~ would be a direct transition to this 2A; (¢*)
anionic state. However, a vertical transition to this orbital would lie
inside the curve of the neutral state, thereby most likely resulting in
auto-detachment. By contrast, in alkali atom collision studies, NO,~
is attributed to an initial transition to the aforementioned 2A; (c*)
dissociative state, mainly through an ionic scattering. The presence
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Fig. 6. Mass spectra of anions produced in 1, 2 and 4 keV H- collisions with gas-
phase nitromethane. The data has been normalized to the parent anion (61 Th).

of the alkali cation allows the temporary negative anion (TNI) to
relax into a geometry below the neutral state, thereby precluding
auto-detachment and allowing for the dissociation of the TNI into
NO,~ [31,32].

When compared with free electron attachment and K impact,
the present data show very low yields of NO, ~ relative to the parent
anion and its dehydrogenated anion. This indicates that a direct
and unilateral comparison with either free electron attachment or
alkali atom collisions is not sufficient to explain the results. Indeed,
the fact that the NO,~ yield is very low appears to indicate that
NO,~ formation both through initial capture into 2B (free electron
attachment pathway) orinto 2A; (electron transfer pathway) states
are either suppressed or results mostly in auto-detachment.

As mentioned above, the formation of NO, ~ from a vertical tran-
sition to the 2A; dissociative curve can only occur if dissociation
successfully competes with auto-detachment. The presence of the
potassium cation in alkali atom collisions accomplishes this sup-
pression [2]. However, since we do not obtain a significant yield
of NO,~ in the present measurements, the presence of the hydro-
gen radical does not appear to provide stabilization with respect
to a vertical transition to the 2A; curve. Hence this suggests that

1,0 4
3
z
> Normalized at 61 Th
% —— 4 keV H Impact
€ —— 4 keV O Impact
© 054 4 keV OH' Impact
2
I
]
e
1 ]
A
il bl
oo_iﬂm W R ﬁm_,

T T r T r T rrT r T r T r T T rTr T T T rT T rTuUTOT
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70
Mass/charge (Thomson)

Fig. 7. Mass spectra of anions produced in 4keV H-, O~ and OH~ collisions with
gas-phase nitromethane. The data has been normalized to the parent anion (61 Th).
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Fig. 8. Mass spectra of anions produced in 4keV O~ and OH- collisions with gas-
phase methanol. The data has been normalized to 1 Th.

auto-detachment suppression in alkali atom-molecule collisions is
indeed due to a coulombic interaction between the electron donor
and the target molecule. This lends support to the rationale of
considering an ionic (K* + CH3NO, ~) transient complex during the
collision time for potassium-nitromethane collisions.

On the other hand, the inability to produce NO,~ from an initial
capture to the 2B; state can imply that the tunnelling mechanism
shown to explain the NO,~ formation with free electrons is some-
how suppressed [2,31,32].Indeed, if the asymptotic value of the 2A;
curve is higher than the final vibrational state of the (CH3NO,~)#
transient anion, no such tunnelling effect is possible. This interpre-
tation suggests that, whereas with free electrons the transition to
the anionic state can be considered vertical (Franck-Condon), this is
not necessarily the case for electron transfer mechanisms, neither
for ion-pair formation nor in the present experiments.

As can be seen in Fig. 6, higher projectile energies seem to favour
formation of higher mass fragments, namely NO, ~. Fig. 7 presents
spectra with the same collision energies but different projectiles. A
direct comparison shows that higher mass projectiles favour dis-
sociation.

3.2.2. Methanol (CH30H)

As the simplest methyl alcohol, free electron attachment studies
of methanol have been extensively performed [33,35,36]. In these
studies, O—, OH~and the dehydrogenated parent anion (CH30~) are
the main fragments [33] and the hydride anion was also found to
be a major fragmentation product [35,36], sharing the same res-
onances as CH3O~. All of the fragments have been attributed to
core-excited resonances since their energetic thresholds (2.1, 2.4
and 2.9eV for O-, OH and CH30-, respectively) [33] are much
lower than the obtained resonance profiles.

Asinthe free electron attachment studies, the main fragments in
the present O~ and OH~ impact experiments on methanol are H™,
O~,OH~ and CH30~ (Fig. 8). As for the 32 Th signal that may corre-
spond to the parent anion (CH3OH™), this has neither been detected
in free electron attachment studies nor in any other previous neg-
ative ion studies [33,35]. This is reminiscent of the rather small
vertical electron affinity (~0eV) of methanol.! Though, we do not
discard the possibility of an O,~ contribution. In any case electron

1 M. Probst, private communication where the DFT calculated vertical electron
affinities for the trans and cis geometry of ethanol are 0.02 and 0.63 eV, respectively.
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Fig. 9. Mass spectra of anions produced in 4keV O~ and OH- collisions with gas-
phase ethanol. The data has been normalized to 1 Th.

transfer experiments (e.g., with alkalis) will be shortly performed
in our laboratory in order to further investigate the presence of this
anion in the context of atom-molecule collisions.

3.2.3. Ethanol (C;H50H)

The main fragments produced in recent free electron attach-
ment experiments are O—, OH~ and the dehydrogenated parent
anion CH3CH,O~, with no detection of the parent anion
CH3CH,OH~ [34]. These studies report that the resonances for
those fragments are lower in energy but still well above the energy
thresholds, similar to the methanol results [33,34].

The present OH~ and O~ impact experiments on ethanol pro-
duced H-, O—, OH~ and CH3CH,0~ fragments (Fig. 9). Comparing
the relative anion yields of O—, OH~ and CH3CH,0" in free elec-
tron attachment studies with the relative intensities in this work
reveals that they have approximately similar values. Furthermore,
as in the case of methanol, H- formation is obtained in the present
studies but no information regarding the accessible resonant states
through free electron attachment is available. Finally, a small but
rather clear structure appears at 32 Th, which can be attributed to
methanol (CH3O0H™). The exact origin of this anion cannot be unam-
biguously determined. One possibility is the formation of this anion
by abstraction of the methyl together with a hydrogen transfer.
However, another more straightforward explanation is the pres-
ence of methanol as an impurity in the sample or in the sample
admission system. As in methanol, the possibility of O, contribu-
tion should also be considered. Further studies in the future will
help clarifying this issue.

3.2.4. Water (H,0)

Studies of electron attachment in water have been quite exten-
sively performed. An extensive review on this ubiquitous molecule
has been published recently [37]. The reported fragmentation con-
sists of H=, O~ and OH~ [37,38]. H~ formation is predominantly
from a rather broad resonance at 6.4 eV and another less broad res-
onance at 8.24 eV, which is shared with formation of O~ and OH".
The formations of these two anions share the same resonances
(at 6.4, 8.24 and ~11.5eV), though with different cross sections
[37,38].

Compared with the pseudo-free electron energy (2.2eV) for a
4keV H™ projectile, the free electron attachment resonance ener-
gies are all high even when the velocity of the bound electron in
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Fig. 10. Mass spectra of anions produced in 4keV H-, O~ and OH~ collisions with
gas-phase water. The data has been normalized to 17 Th.

the ion frame is taken into account, giving the range 0.38-5.58 eV
(see Section 1). Therefore, the pseudo free electron analogy would
lead us to expect negligible formation of any of these product
anions. However these free electron attachment profiles are rem-
iniscent to core-excited resonances and so their contributions
may deviate from the assumptions drawn for low energy reso-
nances (typically below 3-4eV) in the model. At this point, it is
quite interesting to note that, in H~ collision studies with No,
a higher energy structure in the H energy loss spectra appears
around the 10eV region, which the authors attribute to “colli-
sional excitation” [7]. Water, methanol and ethanol share the fact
that their fragmentation stems from core-excited resonances. Fur-
thermore, electron transmission spectroscopy studies performed
on N, show the presence of core-excited resonances within the
8-11eV energy range [39] thereby indicating that the “collisional
excitation” brought forward in the anion collision studies may
indeed be due to core-excited resonances. The quasi-free elec-
tron attachment model developed in the aforementioned studies
[8-10] most likely does not encompass these core-excited reso-
nances.

We report the formation of 1, 16 and 17 Th fragments, as shown
in Fig. 10, assigning them toH~, 0~ and OH~, respectively. Similarly
to free electron attachment, H- formation is the dominant frag-
ment for all projectiles, although its yield is comparable to the other
fragments, which is not in agreement with the ionic yields in free
electron attachment, where H~ is one order of magnitude higher
than O~ and two orders of magnitude higher than OH~ [37,38].

The most interesting fragment however is OH™. As can be seen
in Fig. 10, OH~ yield increases significantly for increasing mass of
the projectile. For H™ collisions, the OH~ yield is distinctly lower
than the yield for O~ formation. In O~ collisions, the O~ and OH~
yields are approximately the same and finally, for OH~ collisions,
OH~ yield is significantly higher than the O~ yield.

For H™ collisions, the OH~ yield is low compared with its yield
for O- and H~ formation with this projectile. Hence the present H~
impact datais more similar to the free electron attachment data[38]
than the OH~ and the O~ impact data, as generally expected on the
basis of the pseudo free electron rationale. Further investigations
are necessary to identify the mechanisms leading to the strong OH~
and O~ product ion channels in the present heavier anion projectile
data. It is worth noting that the timescale of the present collisions
(tens of femtoseconds) is too short for proton transfer processes to
take place.
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4. Conclusions

In this work we have measured mass spectra for both anion
and cation production for anion collisions (H=, O~ and OH™)
with several organic compounds. For all the molecules studied
(nitromethane, methanol, and ethanol) the product cations were
consistent with mass spectra observed using alternative energy
deposition mechanisms (notably electron impact ionization), how-
ever differences were observed in terms of the relative intensities.
The relative production of fragment cations/parent cations from
nitromethane in collisions with H~ increased as a function of
impact velocity in the range 0.01-0.40 vy, At constant anion
impact energy (4 keV), fragmentation increased with the mass of
the projectile anion in the sequence (OH~ >0~ >H~). A possible
common interpretation for both these results is to associate higher
projectile momentum with increased energy deposition in the col-
lisions. No clear evidence was observed for effects on the mass
spectra due to the binding energy of the projectile anion’s out-
ermost electron. However, it has to be noted that some of the
fragments not observed in this study may simply be due to the poor
statistics and resolution of the quadrupole system, rather than to
suppression of the fragmentation pathway.

In the case of negative ion formation, both methanol and ethanol
show fragmentation patterns that closely resemble free electron
attachment, although a significant signal of the parent anion in
methanol is also observed. In the case of nitromethane, the frag-
mentation is significantly different from that obtained both in free
electron attachment and in alkali atom-molecule collisions. It is
quite interesting to note that the low yield of NO,~ lends cred-
ibility to the assumption that the stabilizing effect produced by
the potassium cation in alkali atom collisions [2,32] stems from
the electrostatic interaction between the potassium cation and the
molecular TNI [2]. This mechanism has also been reported with bio-
logical molecules elsewhere [3,4]. As far as water is concerned, the
reason for the increased yield of OH~ for higher mass projectiles is
still not clear.

Finally, one of the main issues surrounding the analysis of the
presented spectra pertained to inability of the quasi-free electron
model to explain the appearance of fragments that require ener-
gies significantly above the ones obtained through it. By analysing
data regarding N, [7,39], it was proposed in this study that the
processes of collisional excitation described in Ref. [7] can actually
correspond to core-excited resonances. By extending this rationale
to the molecules studied herein, the formation of the fragments
that show thresholds higher than the energy range allowed by the
classical quasi-free electron model can also be explained through
the access to core-excited resonances.

In summary, the present spectra show that the fragmentation
channels of these anion-molecule collisions can be very differ-
ent from those obtained both in free electron attachment and in
electron transfer. However, as expected from the pseudo-free elec-
tron approximation, the H~ projectile anion mass spectra from
nitromethane and water better resemble the previous free electron
attachment data than the mass spectra for OH~ and O~ projectiles.
It is worth noting that the fragmentation of water, ethanol and
methanol has previously been shown to stem from core-excited
resonances [33,34,36,38]. Future work exploring these mecha-
nisms in anion-molecule collisions may provide some answers
regarding the limitations of the quasi-free electron model.
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