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Abstract

If Benzene molecules adsorbed onto or embedded within rare gas solid films are bombarded with low-energy electron
below 2 eV, charge localization is detected. The maximal cross section for electron trapping by Benzene adsorbed i
submonolayers on a Kr film has a value of &110~*° cn?® in contrast to the isolated molecule where the anion is unstable.
On a more polarizable Xe film the cross section maximum is enhanced by a factor of four. Electron attachment to
submonolayer SFadsorbed on a Kr film yields a cross section of 2.80~*° cm?, which is about one order of magnitude
lower than the gas-phase value. On a Xe film this value is enhanced by a factor of 1.6 relative to the Kr substrate. The lowe
cross SE yield in the condensed phase is attributed to a lower capture cross section. (Int J Mass Spectrom 205 (2001
299-307) © 2001 Elsevier Science B.V.

Keywords:CgHg; SFs;; Resonance stabilization; Polarization; Condensed films; Charging

Introduction sufficiently long lifetime (i.e., microseconds) to reach
a detector in a mass spectrometric experiment.
Electron attachment to isolated molecules is a  If the TNIis generated in a close proximity to other
resonant process, which leads to the formation of a molecules, it polarizes the latter, and the polarization
transient negative ion (TNI). The fate of the anion energy usually influences the processes described
depends strongly on its autodetachment lifetime and above. This is the case, when molecules are con-
thermodynamic properties, (e.g., the adiabatic elec- densed onto or buried within rare gas solid (RGS)
tron affinity and binding energies of the atoms in- films, which are chemically inert. Depending on the
volved). If its configuration is dissociative in the position of the dopant molecule in the RGS film the
Franck—Condon region and its autodetachment life- strength of the polarization energy can be modified.
time sufficiently long, then fragmentation can occur. On a RGS film, below the energy threshold for
This process is named as dissociative attachmentdipolar dissociation, only stable anionic fragments
(DA). When the TNI state is nondissociative, auto- created via DA can be detected in a mass spectromet-
ionization usually occurs unless the TNI possesses aric experiment, if they possess sufficient kinetic en-
ergy to desorb. This is only possible if the amount of
Torresponding author. E-mail: fritz.weik@courrier.usherb.ca energy re_leased by DA into k|r_1e_t|_c energy of th(.e
Dedicated to Professor Aleksandar Stamatovic on the occasion stable anion created after the initial attachment is
of his 60th birthday. larger than the polarization energy induced by the
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anion in the film. Since values of induced polarization in solutions [13,14] where stabilization is due to the
energy are near 1 eV for the anions adsorbed on RGSpolar nature of the surrounding molecules.
films, their desorption from such a surface at electron ~ Thus, the two molecules are representative of two
energies below 2 eV is rare. Receding fragment different electron capture processes in the gas phase.
anions created by DA usually do not possess enoughSFs represents the formation of a long-lived (i.e.,
kinetic energy to overcome the surface polarization microseconds) negative ion with a very large electron
energy. There are only a few desorption processesattachment cross section sharply peaked at 0 eV
known, for small molecules containing one or more leading to a metastable anion [5,6]. On the other hand,
halogen atoms [1,2], where anion desorption occurs CeHe is typical of a transient molecular anion deeay
below 2 eV. ing into a vibrationally excited neutral molecule in the
Even though an ion created in the low energy range 9aS phase [12]. However, on the surface and within a

(<2 eV) may not be able to desorb, it may be detected RGS film both molecules can stabilize electrons
as a charge on a film in or on which it is formed, if its Naving energies much above thermal. RGS films are

thus well suited to study the particular stabilization

processes in defined and controllable polarizable en-
vironments (i.e., by changing the induced polarization
energy by deposition of the molecules on the RGS
film surface, into a film, or by changing the RGS).

lifetime is very long (i.e.,~1 min) or if it is stable.
With the knowledge of gas-phase and/or particular
cluster data, film charging can often be attributed to
anion creation processes. Furthermore, when anions
are localized for the time required for charge mea-
surement (i.e., they do not desorb or migrate) the
absolute electron attachment cross section can be
obtained.

In this article, we compare absolute cross sections
for charge trapping by §Hs and Sk condensed at the
surface and within RGS films. The idea here is to
compare electron trapping by molecules that do not
dissociate to any considerable extent via DA below 2
eV, but have different electron attachment properties
and very different adiabatic electron affinities (EA) in
the gas phase. Since for both molecules DA is not the oy stalline platinum foil held at a temperature of
main charge producing mechanism, we can investi- 55 with a closed cycle He refrigerator. A submono-
gate similarities and differences in the mechanism of layer of 99.8% SE (Praxair) or 99.9% benzene
charge localization without molecular fragmentation (Aldrich) is condensed onto the RGS film. In some
and the response to environments of different polar- eyperiments a “sandwich structure” is formed by
izabilities. The thermodynamic quantity determining condensing additional MLs of rare gas on top of the
the stability of an anion is the EA, which is very adsorbed molecule. The liquid benzene is degassed by
different in both molecules. $fhas a positive EA of  sybsequent freeze—pump—thaw cycles. The RGS films
1.05 eV [3,4] and forms a stable anion in the gas serve as a dielectric spacer to screen mirror charge
phase after attachment of electrons with thermal and effects induced by the Pt substrate. The thickness of
subthermal energies [5-11]. It exhibits one of the the RGS film and the submonolayer dose of; SF
largest cross sections known for electron attachment C;H, are measured by dosing a known amount of the
to isolated molecules. In contrastlf; has a negative  gas from a manifold. The calibration of the amount of
EA of —1.15 eV [12] and does not form a stable anion gas in the manifold is achieved by thermal desorption
in the gas phase. However, from electrochemical spectroscopy. With this method, desorption of multi-
experiments, benzene anions are well known to exist layers can be discriminated from ML desorption, so

Experiment

The experimental arrangement and method was
first described by Marsolais et al. [15] and later
improved by Nagesha et al. [16]. We provide only a
brief description in this report. The experiments are
carried out in an ion pumped UHV vacuum chamber
at a pressure of % 10 **torr. A 10 to 15 monolayer
(ML) Krypton or Xenon film is condensed on a
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that the amount of gas forming a ML (on the Pt RGS film andk is the dielectric constant. The latter
substrate) can be estimated. After the measurementshas a value of 1.91 for the Krypton film and 2.27 for
the film is evaporated by electrical heating of the Pt the Xenon film [18].¢, is the permittivity of free
substrate. space. In the case of benzeng, is taken from a
The electrons emitted by a tungsten filament are LEED study [19] as 1. 10" molecules/crhand in
energy selected by a trochoidal electron monochro- the case of SFfrom bulk data [20] as 4.& 10
mator (TEM) of the type first designed by Stamatovic molecules/crh The function 8 depends ork, the
and Schulz [17]. The TEM uses crossed electric and thicknessL; of the RGS layer between the molecule
magnetic fields to disperse electrons with respect to and the metal and the overlayer thicknéssIn the
their energies. The magnetic field is orientated in the present experiment far, > 6 ML, 8 converges to the
direction of the electron beam; the latter impinges on reciprocal of the RGS bulk dielectric constant, that is,
the surface at normal incidence. The magnetic field 1.91°* for Kr and 2.27* for Xe and it is equal to
collimates the electron beam and keeps its dimension unity for L, = 0 [21].
fairly constant within the low-energy range. Espe- The experiment is performed by first sweeping the
cially near 0 eV, stray electric and magnetic fields monochromator potential over the current onset of the
influence the electron trajectory. With both energy uncharged film. After the film is exposed to electron
selection and magnetic collimation, their effect is irradiation at a fixed electron energy for sufficient
negligible, the electron beam is stable and very low time to charge the film at an easily recordable poten-
energies can be reached with energy resolutionstial. A subsequent measurement of the current onset
below 100 meV. Such conditions are a prerequisite determines the shifAV in Eq. (1) from which the
for the measurement of electron trapping cross sec- cross section is calculated. The charging time, energy
tions in the condensed phase, which, near 0 eV, onset measurement and calculation of the trapping
require measurement of the current onset curve. cross section are managed by a computer. The abso-
The electron current is measured on the Pt sub- lute uncertainty of the cross sections was estimated to
strate with a nanoampere-to-voltage converter. Its be 50% [16]. The main contribution to the error is
output is fed via an analog-to-digital converter into a from the dosing procedure of the RGS film and the
computer. Electron trapping due to molecules con- molecules adsorbed on the surface or embedded in the
densed on a RGS film leads to an increase in the work film. An estimated error of 20% applies in each case.
function of the film, which can be detected by The maximal time necessary for one measurement at
comparing the transmitted current onset of the a given energy is-approximately 1 min. This means
charged film with that of the uncharged film. With that the trapped charge must be stable on this time-
accumulated charge on the film surface or within the scale. No change in the numbers of charges was
film the impinging electrons need a higher energy to observed during the time of the measurements.
transmit to the metal substrate. Thus on a charged film
the electron onset shifts to a larger potential difference
between the substrate and the monochromator. FromResults and discussion
this shift AV, an electron trapping coefficier; is

calculated by the formula [15,16]: Benzene
AJE) = d AV()|,p = PoJol10(E) X B(Ly, Lyk) The cross section for electron trapping due to the
dt K&o (1) presence of 0.1-ML benzene condensed on the surface

of an 11-ML-thick Kr layer is shown in Fig. la. The
where p, is the initial density of electron trapping cross section for 0.1-ML benzene isolated within a Kr
molecules on the surface of the RGS fildg, is the film is displayed in Fig. 1b. The benzene dosage and
incident current densityl, is the thickness of the L, are kept constant in both measurements. The data
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FIG. 1.(a) Electron trapping cross section for 0.1-ML benzene
adsorbed on a 11-ML Kr film. (b) Electron trapping cross section
for 0.1-ML benzene adsorbed on a 11-ML Kr film and a similar film

covered with an overlayer of 7-ML Kr.

in Fig. 1b is obtained by dosing 7 ML of Kr on top of
the benzene submonolayer. Both graphs contain gaus
sian fits to the data points to show the resonance
profile.

In the case of a submonolayer dose of benzene on
the Kr film, a cross section maximum of 8410 *°
cn? at the energy of 0.6 eV is derived from the
maximum of the gaussian fit to the data points. This
value is four times smaller than the cross section
maximum of 3.2x 10 *® cn? obtained from the
sandwich structure (Fig. 1b). The electron-trapping
cross section for 0.1 ML of benzene condensed onto
10 ML of Xenon is shown in Fig. 2. The maximum of
the gaussian fit is located around 0.7 eV. The cross
section value of 3.X 10 '8 cn? is four times larger
than the data from the Kr film surface and equals the
value from the Kr sandwich structure.

of Mass Spectrometry 205 (2001) 299-307

Electron attachment to isolated Benzene molecules
produces an anionic resonance with a vibrational
progression detected by electron transmission spec-
troscopy between 1.1 eV and 1.8 eV [12,14,22]. The
transient anion, wittfE,,, symmetry is attributed to
electron attachment to the* virtual molecular or-
bital. This symmetry is connected to the totally
symmetric “ring-breathing” vibration mode. The neg-
ative value of (-1.15=* 0.05) eV [12] of the EA
indicates that the isolated anion is unstable to autode-
tachment.

The resonance profiles in the data sets of Figs. 1
and 2 are showing maxima around 0.6 eV, which are
0.55 eV lower than the strongest resonant feature of
the vibrational progression in the gas phase, lying at a
vertical attachment energy of 1.15 eV [12]. A polar-
ization energy of 0.72 eV found by Michaud and
Sanche [18] for the lowest Nresonance on a Kr film
fits fairly well with a shift of the gas phasi&, anion
state to lower energy by induced polarization. How-
ever, a further shift, as expected from the larger bulk
polarization in the sandwich structure (i. e., 1.15 eV
[18]) is not observed. This may be due to the fairly
high scattering of the data, which makes the detection
of a possible shift of the maximum difficult on a scale
of a few 100 meV. Thus we interpret the maxima in
Figs. 1 and 2 as due to tif&, state of the benzene
anion. Electrons incident on the Kr or Xe surface are

6
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FIG. 2. Electron trapping cross section for 0.1-ML benzene
adsorbed on a 11-ML Xe film.
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captured by GH, to form the®E,, anion configuration, benzene molecule as in the gas phase, and this state
which means at the surface and within the bujHg can act as a precursor to another subsequently formed
has a negative electron affinity of abou0.5 to—0.6 final state trapping the electron permanently or retain-
eV. This makes the stabilization of a negative charge ing it for minutes. The final state may be connected to
on and within the RGS film surprising, since to dislocations or impurities in the RGS film itself,
produce a measurable charge the anion must bewhich are not accessible whergtdy is not present.
present on or within the film for times required for the Both produce distortions in the periodic potential of
measurements (i.e., minutes). the RGS lattice, in which localized states could exist
In solutions, the benzene anion is well known to below the minimum of the conduction bakg of the
exist [13,14], but only in polar solvents, which yield RGS film (i.e., below theV, of Kr and Xe films
total polarization energies of usually several electron located at—0.25 eV and-0.45 eV [27], respectively,
volts are necessary to stabilize the lowés}; anion relative to the vacuum level). Such states are therefore
state of GHg. However, in RGS films with only  not accessible for electrons incoming in the pure RGS
electronic polarization reorganization of dipoles is not thin films in which energy losses to phonons are
present to stabilize theE,, state. But even without the ~ minimal. Thus, no electron trapping is observed in
presence of polar solvents one could envisage reorga-pure RGS films with thicknesses around 10 ML. With
nization of the initiaPE, benzene anion configuration benzene on the film surface or in the bulk, the
to a configuration with a parent neutral state of incoming electron could loose energy more efficiently
positive EA. This requires that the lifetime of the via vibrational excitation and fall into trapping sites
initial °E, state has to increase sufficiently in the below the vacuum level; particularly, by decay of the
condensed phase, to allow for a change of the anion E, resonance directly into the gap state. In this case,
geometry, most probably of the carbon ring. Such a the electron would be trapped into dislocation or
stabilization mechanism was found in gQOwhich impurity states, thus leading to the observed charging
form stable CQ after electron attachment around profile. The higher cross section of the sandwich
4 eV in clusters, but not in the isolated molecule structure could be explained by the lower probability
[23,24]. Similarly, in surface electron trapping exper- of back-scattered electrons escaping into the vacuum
iments performed with the apparatus used in this because the scattering event occurs within the film.
study, it was found that the gas phase 4 eV,Q€l1,) On xenon films the number of dislocations should be
could be stabilized around 3 eV on a Kr film [25]. The higher because the dosing temperature is further away
CO; yield was attributed to the formation of a bent from the melting point than for Kr films. Therefore
CO, configuration [25]. the density of trapping states should be higher in the
On the other hand, among benzene—water clusters,more disordered solid (i.e., Xe), leading to a higher
the benzene—water—hexamer was observed as thecross section for the electron localization.
dominant contribution in the cluster signal [26]. A Finally, one could remark that the cluster and
comparison of the photoelectron spectrum of this surface mechanisms may be similar. In clusters the
anionic cluster with the pure anionic water—hexamer benzene molecule creates a new state for electron
revealed a much higher binding energy of the excess trapping in the cluster, whereas in the film the
electron for the benzene—water—hexamer. This led to trapping state can possibly be created by an impurity
the conclusion that a cluster trapping mechanism state, caused by the presence of the benzene molecule
could cause electron scavenging even if the impurity within the band structure of the rare gas film.
molecule has a negative electron affinity. Similarly, in
the present case, electron stabilization can also be Sulphurhexafluoride
considered by taking into account the characteristics
of the RGS film. The incoming electron can first be The electron trapping cross section for 0.06 ML
trapped in then* virtual molecular orbital of the SF; on a 14-ML Kr film is displayed in Fig. 3a. A
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. a) is (1.15+ 0.15) eV [29]. It indicates that stable $F
3.0 N 505 ML SF can be formed in the gas by multiple-body collisions.
o 2.5 X 14 ML Krypfon The relatively large vertical detachment energy
3 T (VDE) of 3.16 eV, measured in a photodetachment
v 204 . . .
o 3 + experiment [30], suggests that a fairly large change in
E 1.5 T, molecular dimensions takes place between the neutral
1.0 T . molecule geometry and the negative ion in its relaxed
© 0 5_2 + v P * geometry. Theoretical calculations predict the relaxed
I it e anionic geometry to be the same as @esymmetry
ot of the neutral with an enlargement of all S—F bonds
00 05 1.0 1.5 by 9% with respect to the internuclear distance of the
6 b) neutral [31]. Such a large change in bond length must
5 . lead to a highly vibrationally excited anion upon
e A, 0.06 ML SF, electron attachment.
° 4 o 14 ML Kr i -
© P The anion signal measured in the gaseous electron
‘o oy 4 overlayer 14 ML Kr| i . .
T3 N beam experiments is confined to values near O eV.
=, *;;1 The signal width is limited by the resolution of the
g + ++ 4 . .
o + jﬂﬁi + electron monochromator [7]. In fact, an application of
! s o, t,ﬁg b the sharp Sf signal near 0 eV is to be found in the
0 ‘*}%ﬁl S .+.+th+ |++-+ .’IT*T first measurements of the energy resolution of the
0.0 05 1.0 15 TEM by its inventors Stamatovic and Schulz [17].
electron energy [eV] As seen in Fig. 3a, under the influence of a

6. aa E _ o for 0.06.ML.SR polarizable environment the gFsignal shows the
sorl.').ed.(c')’:lrza:l.eéf—tl:/(l)li1 }g'afﬁrr:b?b)crEolectrsoenCttlr?;\r;)pi?]rg c.ross sgction for prevpusly memlone_d extension to higher electron
0.06-ML SF, condensed between two Kr layers of 14-ML €Nergies also seen in clusters [28]. In the latter case,
thickness. the signal extension can be explained by a stabiliza-
tion of the anion due to evaporation of the cluster.
maximal value of 2.8< 10 *° cn? for the cross Such a mechanism is efficient to dissipate excess
section is found at an electron energy of 65 meV, but energy brought into a cluster [32]; that is, vibra-
a high energy tail extends up to 1 eV. These results tionally hot Sk anions are cooled to lower vibrational
are similar to those of a recent study on electron states by coupling to phonon modes of the cluster.
attachment to molecules in Ar clusters and adsorbed Energies up to~1 eV can be dissipated by cluster
on RGS films [28]. The charge localization is due to evaporation.
electron attachment to gFat near 0 eV energy With thin films, such a mechanism is also possible.
leading to stable and long-lived SFThis processis  Because of the symmetry of the Skolecule, any
well known from gas phase studies [5,6]. Cross distortion of the geometry due to electron attachment
sections from 1.0 10 ** cn? [8] to 3.6 x 10 4 produces a vibrational mode having a component
cn? [9] are found in high-pressure swarm experi normal to the RGS surface which can couple well to
ments at thermal electron energies (i.e., 27 meV). the phonon bath of the RGS film [28]. Thus an
These values are about one order of magnitude largereffective and rapid dissipation of gFvibrational
than the condensed phase cross section reported irenergy is operative for the molecules on the Kr
Fig. 3a. Even higher cross sections with values up to surface [28] leading to SF stabilization up to ener
10 13 cn? are found in the gas phase with electron gies of~1 eV.
resolutions near 5 meV [11]. These arguments should be even more valid when
The accepted value for the electron affinity ofsgSF  the SFK molecule is confined within a RGS film. The
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FIG. 4. Electron trapping cross section for 0.05-MLgSfelsorbed
on a 13-ML Xe film.

attachment coefficients measured from 0.06 ML of
SF;, embedded between two Kr layers of 14 ML
thickness (i.e., the sandwich structure) is displayed in
Fig. 3b. It shows the same shape as in Fig. 3a; that is,
a curve of the attachment cross section with the
high-energy tail extending up to 1 eV. The maximum
of the cross section is 50 10 '° cn?, nearly twice
that of 2.8x 10 *® cnfound on the Kr surface.

In order to investigate the effect of polarization, we
changed the RGS from krypton to xenon. In Fig. 4 the
cross section for 0.05-ML SFcondensed on 13-ML
Xe is displayed. Its maximum value is 4:610 *°
cn?; it is by a factor of 1.6 larger than the value of the
maximum measured on the Kr film. Thus, a change in
polarization energy when going from the Kr to the Xe
film (i.e., from 0.72 eV to 0.89 eV, respectively)
obviously does not alter the cross section signifi-
cantly. This behavior is in contrast to earlier studies
on CKCI [33] and CHCI [34] condensed on and

305

of the survival probability? and the electron capture
cross sectiorr, [35]; namely,

Opa — O-CX P.

(@)

As described previously [33,36,37F, can increase
considerably when the induced polarization energy
reduces the energy of the anion state. This is the case
for CF;Cl and CHCI, which causes a corresponding
increase in the DA cross sectian,,. However, for
electron stabilization on the parent molecu®ds not

in consideration and near 0 eV, becomes the
controlling factor. Thus, as seen here fo,SRcreas

ing the polarization induced at the surface has little
effect onop,. However, o, contains a term directly
proportional to the square of the electron wavelength
[35]. The latter is huge at 0 eV in the gas phase,
whereas for an electron impinging on a surface it is
necessarily much smaller since polarization increases
momentum close to the surface. Thus, we expect a
larger attachment cross section to gaseoysti®n to
adsorbed SE This is also reflected in th&*
behavior of DA cross section for energiEsaround
100 meV for gaseous CE£I[38]. Since in this case

P =1 in Eq. (2), the condensed phase cross section
for DA to CCl, near 0 eV is, as in the present case of
SF;, found to be smaller, that is, about a third of the
gas phase value [39]. Thus, it appears that for both
DA and resonance stabilization on the parent mole-
cule, acceleration of the electron near the film surface
increases its momentum, and therefore the very low
energy attachment processes present in the gas phase
may not be reached, even if they are accessible within
the resolution of the experiment@00 meV). This
explains the smaller maximum value of the;Séross

within Kr films. In these cases, the change in polar- Section compared to the gas phase values, but our
ization energy has a |arge effect on the stable anion qualltatlve arguments are not SUffICIent'y accurate to
formation cross section. It was enlarged by one order €xplain small differences in cross sections in the

of magnitude for CECI and by five to six orders of
magnitude in the case of GBI compared to the
isolated molecule. However with these molecules the

different condensed environments (i.e., Kr surface, Kr
sandwich, and Xe surface).
Finally, we note that the SFanion, with its already

charging process was due to DA. In this case, the huge positive EA in gas phase, only needs an effective way
enhancement in the cross section for stable anion of decreasing its vibrational excess energy, to stabi-
formation could be explained by considering that the lize in the condensed phase. Although this is possible
DA cross sectiorrp, can be expressed as the product on or within both RGS films, the decrease of the cross
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section with increasing electron energy is faster on the by a factor of 1.6 on a Xe surface. This shows that the
Xe surface. This behavior means that the vibrational stronger polarization interaction of the Xe film com-

energy transfer to phonons, needed to stabilize the pared to the Kr film does not effect the cross section
anion, is less efficient on the Xe film so that beyond values significantly. Stabilization takes place from

~0.8 eV autoionization occurs predominantly. For a 0-1 eV due to rapid dissipation of vibrational energy
highly excited anion this transfer must contain several to the RGS film.

vibrational quanta, each of which needs to be trans-

This article, along with others [40], illustrates an

ferred via multiphonon processes. The RGS films are application of the trochoidal monochromator devised
dosed at the same temperature of 25K. For Xe this by Stamatovic and Schulz [17], in the field of surface
growth temperature is much lower than the melting science—namely, the use of low energy electron
point, leading to a higher amount of faults and transmission spectroscopy (LEET) in condensed film
dislocations in the crystal than for Kr. These defects to measure absolute trapping cross sections at surfaces
lead to a modification and possibly a decrease of the and within solids. It may be interesting to note that the
phonon density of states of the Xe lattice. The smaller first widespread application of the TEM was the
phonon density of states could diminish energy trans- development of electron transmission spectroscopy in
fer from anions to the extent that autodetachment, as the gas phase [12,14,41].

a decay channel of the resonance, takes over stabili-

zation at the higher energies.

Conclusion

The ground state g °E,, anion, with a negative
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however, it produces a profile in the charging coeffi-
cient that exhibits a shape typical of an anionic
resonance. It's maximum is lowered by an amount of
energy that is very close to the polarization energy of
the Kr RGS film. From the charging data, a maximal
cross section of 8.k 10~ *°cn? is found for electron
trapping via GHg adsorbed on a Kr film. This value

is enhanced by a factor of four when the benzene
molecule is adsorbed on a Xe layer instead of Kr. We
explain this enhancement mainly by an increase of the
density of trapping states due to a greater disorder of
the Xe film compared with the Kr film.

The SFK anion, with a positive EA, is stabilized up
to energies of-1 eV, in contrast with the gas phase
where the Sf peak is confined around 0 eV. A
maximum electron attachment cross section of
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