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The results of D2 ion desorption induced by 3–20 eV electrons incident on condensed CD4, C2D6 ,
C3D8 , C2D4 , and C2D2 are presented. These compounds were deposited in submonolayer amounts
on the surfaces of multilayer solid films of Kr and nonporous and porous amorphous ice. While
desorption of the D2 anions proceeds via well-known processes, i.e., dissociative electron
attachment~DEA! and dipolar dissociation, significant perturbations of these processes due to
presence of the different film substrates are observed. We have shown that it is possible to
distinguish between the character and nature of these perturbations. The presence of the nonporous
ice perturbs the D2 desorption intensity by affecting the intrinsic properties of the intermediate
anion states through which dissociation proceeds. On the other hand, the presence of the porous ice
introduces extrinsic effects, which can affect electron energy losses prior to their interaction with the
hydrocarbon molecule and/or the energies and intensities of the fragment species after dissociation.
Simple mechanisms responsible for the observed variations in the intensities of desorbed anionic
signals are proposed and discussed. Electron transfer from transient anion states to electron states of
the substrate film or nearby hydrocarbon molecules appear as the most efficient mechanism to
reduce the magnitude of the DEA process. ©2004 American Institute of Physics.
@DOI: 10.1063/1.1807813#

I. INTRODUCTION

The electron-stimulated desorption~ESD! of anionic
species from thin multilayer molecular solids has attracted
attention as a way to understand the electron-induced disso-
ciation of condensed molecules, particularly that initiated by
low-energy electrons; i.e., electrons with energies,20 eV,
and involving the formation of transient negative ions
~TNIs!.1 Such processes underlie a variety of phenomena re-
lated to radiation damage in biomolecules,2 atmospheric re-
actions induced by cosmic radiation,3,4 surface photo-
reactions,5 and the accumulation of charge and aging in
dielectrics.6 The ESD of anions from thin molecular solids
derives from two distinct dissociative processes, both well
known from gas-phase electron-molecule scattering, disso-
ciative electron attachment~DEA!, and dipolar dissociation
~DD!.7–10 In the former case, an incident electron is tempo-
rarily captured by a molecular target to form a TNI, which
decays by a dissociation into a neutral and an ionic fragment.
In DD, the incident electron interaction produces an elec-
tronically excited state, which dissociates into a positively
and a negatively charged fragment. In gas- and condensed-
phase experiments, DEA dominates anion production for

electron-impact energies below;15 eV, while the DD yield
increases with electron energy above a threshold of;15 eV.

In principle then, the desorption of negative ions from
condensed molecules can be described in the terms adopted
from the gas-phase picture. For sufficiently thick multilayer
molecular films condensed onto a metallic substrate, the out-
ermost layers are unaffected by the metal substrate and the
adsorbate exists in the physisorbed state.11 This weak form of
adsorption is characterized by the lack of a chemical bond
between the adsorbate and substrate, so that the electronic
structure and vibrational frequencies of the condensed mol-
ecule are essentially unchanged from those of the gas-phase
molecule.12 Conversely, it has been shown for systems, in
which a specific molecule is condensed on a multilayer mo-
lecular film condensed on a metal substrate, that the DEA
and DD processes and our ability to observe them through
anion desorption are strongly perturbed by the surrounding
medium, i.e., the neighboring molecules and molecular solid
surface.13 Using the nomenclature of Huelset al.,13 these
perturbations can be grouped into two major classes of envi-
ronmental effects,intrinsic and extrinsic. Intrinsic effects
modify and perturb intermediate TNI states during DEA and
the electronically excited neutral states leading to DD. In
contrast, extrinsic effects influence the anion ESD process at
times before the formation of the intermediate anion and
after its decay. Extrinsic effects thus include the interactions
of the incident electrons within the molecular film, prior to
DEA or DD, and the reactions of fragment anions after dis-
sociation.
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II. INTRINSIC AND EXTRINSIC FACTORS IN ANION
ESD

With regard to ESD via DEA, several intrinsic effects
can be illustrated by considering Fig. 1, which depicts the
internuclear potential-energy curves of a diatomic molecule
AB and one of its TNI stateAB2; the latter is dissociative
into stableA2 and B. Assuming that only Franck-Condon
transitions are possible, fragmentation ofAB2 can occur
with electrons of energies betweenE1 andE2 , defined by the
ground-state nuclear wave function. TheAB2 ion can disso-
ciate into fragmentsA21B, if its lifetime is sufficiently long
to survive autodetachment, which proceed forR<RC . The
negative ion is stable against autodetachment forR>RC

since beyond this separation electron emission is endother-
mic. While such a treatment is only rigorously applicable for
DEA to diatomic molecules, it is still qualitatively valid
along a specific bond for small polyatomic molecules. Pos-
sibly, the most important intrinsic effect operating on the
DEA cross section originates in the interaction between the
TNI and the image charge it induces in the supporting mo-
lecular film and metal substrate.8,14 This surface polarization
energy,Ep , lowers the potential-energy curve forAB2 by
Ep relative to the gas phase, as shown by the broken curve in
Fig. 1. As a result, the crossing point,RC , moves toRC8 ; i.e.,
closer toR0 . Thus, the time during which autoionization is
possible becomes smaller and, consequently, the DEA cross
section increases. In addition, lowering the energy of the TNI
also reduces the autoionization width, so that the average
autodetachment lifetime is increased and the DEA cross sec-
tion is further enhanced.15 However, if for certain molecules
RC8 becomes smaller thanR0 , a narrowing of the Franck-
Condon region occurs, causing a decrease in both the
Franck-Condon overlap and the DEA cross section.16 Obvi-
ously, the final result, i.e., increase or decrease of the DEA
cross section,16–19 will depend on the details of theAB2

potential-energy curve and on the value of the polarization

energy. Another intrinsic effect that can either increase or
decrease the desorbed signal intensity is the number of decay
channels available for an autodetachment. Lowering the po-
tential curve of the TNI reduces that number and hence in-
creases the resonance lifetime in the condensed phase. Thus
again, the DEA cross section is increased. However, on cer-
tain molecular solid surfaces, the TNI of the probed molecule
and electronic states of the molecular substrate may permit
electron transfer and so provide additional decay pathways
for the TNI.20,21In this case, autoionization may increase and
the DEA cross section may decrease, with respect to that in
the gas phase.

Since DD proceeds via neutral excited states of con-
densed molecules, perturbation by intrinsic effects is ex-
pected to be weaker than for DEA. For example, the inter-
mediate neutral excited states of DD do not themselves
induce an image charge and are thus relatively immune to the
effects of polarization.22 However, both DEA and DD pro-
cesses can be strongly affected by extrinsic effects. For ex-
ample, below;10 eV, the energy of an incident electron can
be altered by scattering prior to the formation of either the
DEA or DD intermediate species. Such electron energy
losses represent competitive mechanisms that may reduce
significantly the number of electrons of suitable energy to
form the intermediate anions, so reducing molecular disso-
ciation and the desorption signal. Alternatively, higher-
energy incident electrons may inelastically scatter to an en-
ergy suitable to form intermediate anion states of lower
energy.

Following dissociation, fragment anions may also inter-
act with their environment. The presence of the image-
charge-induced polarization field acts as a potential barrier to
desorption and sets a minimum kinetic energy that fragment
ions must possess if they are to desorb. In general, this ex-
trinsic effect discriminates against the desorption of larger
polyatomic anions due to an unfavorable partitioning of total
kinetic energy during dissociation and their larger number of
internal vibrational modes. Other postdissociation interac-
tions of fragment ions include elastic and inelastic collisions
with nearby atoms or molecules and a variety of ion-
molecule reactions.23 In almost all cases, postdissociation in-
teractions reduce the kinetic energy of ionic fragments and
hence reduce the ESD signal.

The influence of intrinsic and extrinsic factors on the
efficiency of the ESD phenomenon has been previously stud-
ied with the O2 molecule. Huelset al.13 found that the O2

yields per O2 molecule are higher for O2 deposited on rare-
gas solids than on molecular solids, where the extrinsic ef-
fects of electron energy losses and postdissociation processes
are much more prevalent. The weakest O2 signal was ob-
served from O2 on porous H2O films deposited at 20 K. In
this case, the DD signal of O2 was reduced by approxi-
mately two orders of magnitude relative to O2 on Kr, while
the O2 ESD signal from the DEA pathway was almost en-
tirely absent. This dramatic effect~termedquenching! was
initially attributed to an interaction of the transient O2

2 states
with the dipole moment of the adjacent water molecules,24

which would facilitate an electron transfer and thus reduced
considerably the lifetime of the transient anion. Quenching

FIG. 1. Born-Oppenheimer potential-energy curves associated with disso-
ciative electron attachment.AB represents initial potential-energy curve,
whereAB2 represents a dissociative anion potential-energy curve. The bro-
ken line, AB2~s!, represents the potential-energy function ofAB2 on the
surface of a molecular solid.R0 is the equilibrium distance of ground-state
AB. AB2 is considered stable against autoionization forR.RC .
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was therefore initially attributed to intrinsic effects. How-
ever, ice films formed at 20 K can be highly porous,25–27and
subsequent studies with such films of varying preparation28

showed thatmostof the reduction in O2 signal was associ-
ated with the diffusion of O2 into the porous layer. The oxy-
gen ions formed inside the film have much lower probability
of desorption than those generated at the film-vacuum inter-
face. Nevertheless, a recent comparison of low-energy ESD
from O2 on porous ice and benzene films indicated that the
marked diminution seen in the O2 yield from a water ice,
particularly for DEA, was somewhat greater than could rea-
sonably be attributed to diffusion and loss of O2 from the
film’s surface alone.29 Furthermore, several recent studies re-
port electron transfer between TNI of atomic20 and molecular
adsorbates30,31 and short-livedpresolvatedelectron states of
water ice. These results on O2 on ice and their interpretations
illustrate the complexity of the ESD process and the diffi-
culty to determine the factors which influence its magnitude.
In the light of such work, the objective of the present study is
to show that it is possible to differentiate between intrinsic
and extrinsic factors influencing ESD anion yields and sug-
gest specific mechanisms responsible for variation of the
ESD intensity on environmental conditions.

III. TARGET FILMS

As a working example, we have chosen the low-energy
ESD of negative ions from a number of deuterated hydrocar-
bons ~or deuterocarbons! deposited onto a clean platinum
foil and multilayers of Kr and H2O of varying preparation.
The deuterocarbons include the saturated molecules CD4,
C2D6 , and C3D8, and unsaturated C2D4 and C2D2. Since it
was shown that the desorbed yield of negative ions from
molecules condensed on ice films can strongly depend on
their porosity~e.g., Refs. 28, 29, and 32!, the deuterocarbons
are condensed on porous and nonporous amorphous ice to
determine the effect of morphology. The use of deuterated
compounds permits us to discriminate between anion yields
from ice and the molecular adsorbate.

Rare-gas solids provide an almost perfectly inert host
surface, since only phonons of low energy can be created
from particle interactions in these solids below their elec-
tronic excitation thresholds. The number and efficiency of
extrinsic processes affecting ESD in rare-gas solids are there-
fore very small; e.g., much smaller than for polyatomic mo-
lecular solids, as shown in studies of DEA, to O2 condensed
on rare solid films8,22 and other substrates.13 From these con-
siderations, perturbation of TNI states due to intrinsic effects
is also expected to be small for molecules adsorbed onto a
krypton spacer film. The most important intrinsic effect con-
nected with a krypton multilayer substrate is an anionic ex-
citon transfer process,33–35 i.e., creation of an electron-
exciton complex in Kr substrate, which transfers electron and
energy to a condensed molecule. The intrinsic effect of trans-
fer can be easily distinguished as a sharp resonance peak
near 9.7 eV superimposed onto a much broader regular reso-
nance maximum. Considering that extrinsic effects due to
presence of the Kr substrate for the studied targets should
give at least very similar perturbations of the recorded inten-
sities, we treat yield functions of hegative anions from deu-

terocarbons condensed onto a krypton spacer film as a refer-
ence signal. In other words, when contributions to the anion
yield originating from intrinsic effects due to the creation of
electron-exciton complex are excluded, the desorption signal
from the Kr surface is considered free from intrinsic and
extrinsic effects.

Previous experimental investigations of anion ESD from
hydrocarbons and corresponding deuterocarbons have dealt
with the desorption of H2, CH2, CH2

2 , and CH3
2 by low-

energy ~5–20 eV! electron impact on simple saturated
(CnH2n12 ,n51 – 9) and unsaturated (CnH2n ,n52 – 4) hy-
drocarbons condensed onto Pt.36,37 D2 anion desorption
yields have been measured for four monolayers~ML ! films
of C2D4 , C2D6 , and C6D6 molecules condensed onto Pt, as
well as C2D4 /H2O, C2D6 /Ar, C2D6 /Kr, C2D6 /Xe,
C6D6 /Ar, C6D6 /Kr, and C6D6 /Xe systems.13,33 Recently,
we have reported D2 ion desorption due to electron impact
on CD4, C2D2 , C2D4 , C2D6 , and C3D8 condensed onto a
polycrystalline platinum surface.38

IV. EXPERIMENT

The apparatus employed in the present experiments has
been described in detail elsewhere.13 Briefly, it consists of an
electron hemispherical monochromator producing an 80-
meV full width at half maximum~FWHM! electron beam, a
cryogenically cooled target, and a quadrupole mass spec-
trometer. These are housed within an ultrahigh-vacuum
chamber maintained at a background pressure of 10210Torr
by a combination of an ion pump and a closed-cycle refrig-

FIG. 2. D2 ion yield functions from electron impact on CD4 molecules
condensed onto Pt, Kr, and porous (T520 K) and nonporous (T5135 K)
ice films.
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erated cryopump. The residual magnetic field in the region of
the electron and ion optics and at the electron monochro-
mator and interaction region is reduced to less than 15
mGauss with a doublem-metal shield.

Multilayer atomic and molecular films are condensed
onto a clean, electrically isolated polycrystalline~0.007 in.!
platinum foil press fitted to the tip of the closed-cycle He
cryostat. The angle of the axis of the dosing nozzle is;45°,
with respect to the Pt surface normal. The foil may be
cleaned by resistive heating to approximately 900 K. Its
minimal operating temperature of 20 K is well below the
sublimation point of all the substances investigated. In the
present experiment, the rare-gas solid films were grown at 20
K, whereas the H2O spacer layers were grown at tempera-
tures ranging between 20 to 140 K. The latter were prepared
from a H2O sample that was distilled and subjected to a
number of freeze-pump-thaw cycles before deposition. The
porous amorphous water ice films39,40 have been grown by
direct water-vapor deposition onto the Pt foil at 20 K,
whereas nonporous amorphous water ice films41 have been
obtained in two ways, by direct water deposition onto Pt foil
at 135 K and/or by gradually warming and annealing of the
porous films to 135 K. In each case, water films were cooled
to 20 K prior to the deposition of the deuterocarbons. The
ESD yields were always recorded at 20 K. The thicknesses
of the ice and rare-gas solid films were determined in ML by
a volumetric dosing procedure42 with an uncertainty of no
more than 50% and a reproducibility of about 0.2 ML. While
the very small amounts of the deuterocarbons condensed on

the H2O and Kr spacer films~0.2 ML! could have an abso-
lute uncertainty of as large as 50%–100%, the relative ESD
intensities presented here are reproducible, such that differ-
ences in intensities observed on different substrates have a
physical basis. Pure sample gases from Cambridge Isotope
Laboratories were used with a stated minimum isotopic pu-
rity of 99% for deuterated methane (CD4) and acetylene
(C2D2), and 98% in the cases of deuterated ethylene
(C2D4), ethane (C2D6), and propane (C3D8). Krypton solid
films were grown from krypton gas with a stated purity of
99.995%.

The thin films were bombarded with a 0–20 eV electron
beam of about 1 nA current produced by the monochromator.
The beam was incident on the target surface at an angle of
70° to the normal and its absolute energy scale was deter-
mined to within60.3 eV with respect to the vacuum level,
by observing the onset of current transmission to the plati-
num metal as a function of electron energy. The desorbed
anions were collected with electrostatic lenses and mass-
selected with a quadruple mass spectrometer positioned at
20° from the surface normal. Ions were detected with an
electron multiplier. The mass spectrometer and ion optics
have an acceptance angle of 25°. Measurements of the ESD
of anions, as a function of incident electron energy, are
termed as ‘‘ion yield functions.’’

V. RESULTS AND DISCUSSION

A. DÀ desorption from deuterocarbons condensed
onto Kr and nonporous and porous water ice
films

The ion yield functions of the deuterocarbons CD4,
C2D6 , C3D8 , C2D4 , and C2D2 are reported in Figs. 2–6,
respectively. Each figure contains the D2 ion yield functions
from submonolayer quantities of the studied molecules ad-
sorbed onto Kr, nonporous ice and porous ice films. Addi-
tionally, for a comparison in each figure, a D2 yield function
from a pure multilayer film of the corresponding molecule is
plotted. The energies of these board resonant features and
their FWHM are listed in Table I. The low count rates ob-
tained in the present experiment have required that some of
the data be represented as the sum of several yield functions;
in these cases, care was taken to minimize the effects of
charge trapping1,6 by preparing new films as necessary.

All D 2 yield functions display a threshold near 7 eV and
a single strong broad resonant maximum. For deuterocarbons
condensed onto the krypton substrate, this resonant feature is
centered around 9.8 eV for CD4 and C2D4, 9.5 eV for C2D6 ,
and near 9 eV for C2D2 and C3D8. When these molecules
are condensed onto nonporous ice films, the D2 yield signal
from C2D6 and C2D4 is peaked at the same energies as seen
on Kr. The position of the maximum is shifted to 10.2 eV for
CD4, 9.2 eV for C3D8 , and 9.4 eV for C2D2 . In general,
these energies remain unchanged when the deuterocarbons
are deposited onto porous ice films, except for C2D2 , where
the resonant maximum is shifted down to 8.7 eV. In all cases,
the broad resonantlike structure is attributed to D2 abstrac-
tion via DEA, i.e.,

FIG. 3. D2 ion yield functions from electron impact on C2D6 molecules
condensed onto Pt, Kr, and porous (T520 K) and nonporous (T5135 K)
ice films.
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e21CnD2n12→CnD2n12* 2 →D21CnD2n11 ~1!

and

e21CnD2n→CnD2n*
2→D21CnD2n21 ~2!

for saturated and unsaturated compounds, respectively. This
process is thought to involve the dissociation of core-excited
TNIs of Rydberg character, which are created when an inci-
dent electron is captured into an empty orbital ofs*
symmetry.37 For deuterated acetylene (C2D2) deposited on
Kr and on nonporous and porous ice substrates, the D2 yield
functions clearly show at 12 eV an additional broad peak.
There is also some evidence in the case of C2D2 on Kr, at 15
eV for the presence of a weak resonantlike structure. Obser-
vations of these two additional structures at 12 and 15 eV
have been reported previously for pure films of deuterated
acetylene38 and have tentatively been assigned to higher-
lying Feshbach resonances of Rydberg character.43,44 Since
the present results are obtained with very low surface cover-
age of C2D2 , they support the attribution of these structures
as arising from direct DEA rather than from DEA following
energy losses by higher-energy electrons.

The D2 yield functions for submonolayer quantities of
the saturated compounds condensed on krypton display a
relatively sharp peak in the vicinity of 9.7 eV, i.e., just below
the energy of the lowest electronic transition in solid Kr. This
enhancement is superimposed onto a broader resonant peak
similar to that seen for the pure films. It is due to electron-
exciton complex formation in the Kr substrate and its trans-
fer to the hydrocarbon adsorbate,33–35as descibed previously.

A similar behavior in the ESD signal of anions from con-
densed molecules on rare-gas solids has been observed for
D2/D2O ~Ref. 45!, D2/C2D6 ~Ref. 33!, O2/CO2 ~Ref. 46!,
F2/SF6 ~Ref. 47!, Cl2/CFCl3 ~Ref. 48!, and Cl2/CF2Cl2
~Ref. 49!. Surprisingly, for the unsaturated deuterocarbons,
i.e., C2D2 and C2D4, the narrow Kr* 2 feature is absent from
the D2 yield functions. Since significant Rydberg character
of the intermediate molecular anion state is required for such
coupling,33 it indicates that coupling of the electron-exciton
complex to the molecular anion states of unsaturated deu-
terocarbons is inefficient or that the transfer occurs for an-
ions states, where decay channels are not observed in our
experiments. In fact, gas-phase experiments50–52indicate that
H2 formation due to DEA to C2H2 represents only one of
several competing decay channel for Rydberg resonant
states. C2

2 production is even ten times more intense than
that for H2.51 Similarly, the C2H4 Rydberg resonant states
can either produce C2H2, CH2, or H2.51 Again, the inten-
sity of the H2 signal is lower than that for C2H2.51 In con-
trast, the H2 decay channel for saturated hydrocarbons is the
most probable.51 Thus, it is possible that even if the transfer
from the exciton complex to the TNI states of unsaturated
deuterocarbons occurs, it is mainly present in the channel
that promotes decay to polyatomic negative fragments,
which do not escape the surface.

Above 15 eV for C2D4 , 17 eV for C2D2 , C2D6 , and
C3D8, and 19 eV for CD4, the ion yield is observed to
increase linearly with the incident electron energy indicating
the involvement of the direct DD process.

FIG. 4. D2 ion yield functions from electron impact on C3D8 molecules
condensed onto Pt, Kr, and porous (T520 K) and nonporous (T5135 K)
ice films.

FIG. 5. D2 ion yield functions from electron impact on C2D4 molecules
condensed onto Pt, Kr, and porous (T520 K) and nonporous (T5135 K)
ice films.
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B. Perturbation of ESD due to intrinsic and extrinsic
effects

Using the data of Figs. 2–6, Table II reports the intensi-
ties of the D2 signal from submonolayer quantities of each
deuterocarbon, condensed on nonporous and porous ice, rela-
tive to that generated from the same quantity condensed on
Kr. To reduce the effects of low count rates, the ESD signal
has been integrated over two energy ranges that correspond
approximately to the two mechanistic components contribut-
ing to this signal; one between 5 and 15 eV, associated with
DEA, and another between 15 and 21 eV, associated with
DD. Organizing the data in this manner allows certain argu-
ments to be developed.

1. Diffusion in porous and nonporous ice films

It is easily apparent from Figs. 2–6 and Table II that for
each of the studied molecules, the ESD yield of anions

changes only subtly with a different substrate from nonpo-
rous ice and porous ice, and that these yields are essentially
of the same order. This is in contrast with results for O2 on
porous and nonporous ice,28 where the comparative weak-
ness of the signal on porous ice was shown to derive essen-
tially from the diffusion of O2 into the supporting molecular
solid. However, it was previously shown by infrared spectro-
scopic measurements that such diffusion is a thermally acti-
vated process; deposited molecules will remain on the sur-
face of a porous ice film until the temperature of the film is
raised above a certain value, characteristic of the deposited
molecule.53 This value is typically several degree Kelvin
lower than the sublimation temperature of these molecules.
Deuterated methane is the lightest molecule studied in the
present experiment and should have the lowest activation
temperature for diffusion. Yet, it shows no obvious signs of
disappearance from the film/vacuum interface. It seems
likely then that for each of the studied molecules, diffusion
of the deuterocarbon species into the porous ice network is
severely limited and can be neglected for molecules ad-
sorbed on the denser nonporous ice surface.

2. Nonporous ice

Inspection of Table II shows that for both CD4 and C3D8

on nonporous ice, the DD signal is within 5% the same as
that observed when these molecules are condensed on Kr.
Such a situation arises if the intrinsic and extrinsic effects
relevant to DD were similar on ice and Kr, or if fortuitously,
any increase in extrinsic effects for nonporous ice were offset
by changes in intrinsic factors. Clearly, the former case
seems much more plausible, so we consider that the extrinsic
effects on DD for these molecules are at the same low levels
on nonporous ice as they are when adsorbed on Kr. As a
consequence, we must conclude that the intrinsic effects on
DD are at similar levels in the case of the Kr and nonporous
ice substrates and are therefore negligible. Futhermore, it
seems reasonable that a similar situation pertains to the satu-
rated molecule of intermediate size C2D6 , and that the lower
ratio, .81, in Table II reflects the uncertainty in the measure-
ment. The three saturated molecules share similar electronic
structure, so if extrinsic effects are negligible for CD4 and
C3D8, they would also be very small for C2D6 . Thus, we
conclude that, esentially, no intrinsic and extrinsic effects
perturb the dipolar dissociation process for saturated mol-
ecules condensed onto nonporous ice.

FIG. 6. D2 ion yield functions from electron impact on C2D2 molecules
condensed onto Pt, Kr, and porous (T520 K) and nonporous (T5135 K)
ice films.

TABLE I. Resonance energies and DEA peak width~in eV! for D2 anions desorbed by electron impact from
deuterated hydrocarbon molecules condensed on a Pt substrate and Kr and ice films.

Parent molecule

Platinum Kryptona H2O (T520 K) H2O (T5135 K)

Energy FWHM Energy FWHM Energy FWHM Energy FWHM

CD4 10.1 2.5 9.8 1.1 10.2 3.0 10.1 2.8
C2D6 10.0 2.3 9.5 2.0 9.5 3.0 9.5 2.5
C3D8 9.9 2.3 9.0 2.1 9.2 2.6 9.2 3.0
C2D4 9.7 3.1 9.8 2.6 9.8 2.8 9.8 3.0
C2D2 9.2 1.9 9.1 1.8 9.4 2.9 8.7 2.5

aThe peak widths refer to regular broad resonant structures and enhancement due to electron/exciton complex is
excluded.
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Recalling that extrinsic factors affect both the energies of
incident electrons and the desorption probabilities of disso-
ciated fragment ions, it is likely that for the saturated mol-
ecules on nonporous ice, extrinsic effects will also be absent
from the DEA component to the ESD signal. For example,
recent cross-section measurements for electron scattering in
ice54 show that below 20 eV, the dominant energy-loss pro-
cess~with cross sections of;10217cm2) are associated with
vibrational modes of excitation, which will reduce only
slightly the energy of incident electrons. In contrast, the
combined cross sections for DEA, electronic excitation and
ionization, processes that can drastically affect electron en-
ergy are one to two orders smaller. Thus, for the thin~4 ML!
nonporous ice films used in these experiments, there is no
reason to believe that the energies of incident electrons
would be more strongly perturbed at the low energies~5–15
eV! of DEA than at the higher energies required for DD.
Similarly, in previous investigations of anion desorption
from various hydrocarbons deposited on Kr,55 the kinetic-
energy distributions of desorbed H2 from DEA and DD pro-
cesses were found to be much alike. Under these conditions
and considering the absence of extrinsic effects for DD, the
substantial reduction in intensity of the DEA signal~i.e., the
integrated ESD signal from 5 to 15 eV! for CD4, C2D6 , and
C3D8 condensed on nonporous ice must be due to intrinsic
effects. This decrease in the DEA signal could derive from a
transfer of the excess electron from a deuterocarbon anion
into an electron state of (H2O)n within the film.20 Moreover,
it is likely that even at these low coverages, hydrophobic
deuterocarbon molecules cluster on the nonporous water sub-
strate and are poorly isolated from one another. Such a situ-
ation would increase the probability of electron transfer from
one deuterocarbon anion to another, which would have the
effect of reducing the lifetime of the TNI on each molecule
and hence the DEA yield of anions.

For the unsaturated deuterocarbons~i.e., C2D4 and
C2D2) condensed onto the nonporous ice film, the DD-linked
desorption yield decreases by factors of 2 and 4, respectively,
relative to those observed with a Kr substrate. These mol-
ecules on nonporous amorphous ice films are randomly ori-
ented, as in the case of the saturated deuterocarbons. Hence,
the overall distribution of kinetic energy and desorption
angles of anions arising from C2D4 and C2D2 will be similar
to those for saturated deuterocarbons. Thus, the absence of
extrinsic effects modulating D2 desorption from the satu-
rated compounds suggests they will likewise not affect the
DD and DEA yields from condensed C2D4 and C2D2 mol-

ecules. Therefore, the observed decrease in DD and DEA
intensities for these molecules is expected to be related to
intrinsic effects. Since DD proceeds via a neutral excited
state, it is possible thatp* states, which lie in the ionization
continuum, autoionize before dissociation, particularly, since
their dissociative potential-energy surfaces are not as steep as
those of thes* bonds. Alternatively, it is entirely possible
that transitions fromp* states into the DD intermediate state
are less favorable than froms* states. Ifp* excitation of the
unsaturated molecules decreases the probability of forming a
s* excitation, then the yield of ions by DD would also be
expected to fall.

The decrease in the anion yield from the DEA intensity
for unsaturated deuterocarbons is interpreted as in the case of
the saturated molecules, i.e., as a result of the transfer of the
excess electron from C2D4*

2 and C2D2*
2 to an electron state

of the water substrate or neighboring deuterocarbon mol-
ecules. In passing, we note that for the unsaturated com-
pounds, the drop in the DEA-related anion signal~by factors
of 7 and 12 for C2D4 and C2D2, respectively! from intrinsic
effects is greater than that seen for DD component. Remem-
bering that these two intrinsic effects are different from each
other and thus can suppress the desorption signals differ-
ently, this latter observation provides a demonstration that
the anionic intermediate state in DEA is more easily and
strongly perturbed than the intermediate neutral excited state
in DD, as was argued in Sec. I.

3. Porous ice films

Unlike experiments with the nonporous ice films, the
intensity of the DD-related yields from the saturated deutero-
carbon molecules on porous ice substrate are a factor of 2
weaker than for the same molecules on Kr. Since in the
present experiments, both the nonporous and porous ice sur-
faces are amorphous, the lack of intrinsic modulations on the
DD-related signal for saturated deuterocarbons deposited
onto the nonporous ice surface implies that intrinsic effects
remain unimportant for DD of these molecules on porous
ice. Thus, the observed reduction should be due to extrinsic
effects. Even if as argued earlier, the diffusion of deuterocar-
bons into the porous ice film is limited, the porous ice sur-
face is more uneven and rougher than the nonporous sufrace.
Thus, more postdissociation events~e.g., ion scattering! are
expected to occur and could easily explain the observed sup-
pression of desorbed signal. The same will also be true for
C2D4 , where an additional reduction in DD signal from this

TABLE II. Ratio of desorption signal intensities from deuterocarbons condensed onto ice and Kr substrates.
The ESD signal is broken into DEA and DD components.

Molecule

Non-porous
Ice/Kr
DEA

Non-porous
Ice/Kr
DD D DD/D DEA

Porous
Ice/Kr
DEA

Porous
Ice/Kr
DD D DD/D DEA

CD4 0.20 0.97 4.9 0.20 0.40 2
C2D6 0.21 0.81 3.9 0.43 0.60 1.4
C3D8 0.52 0.95 1.8 0.54 0.50 0.9
C2D4 0.14 0.58 4.1 0.09 0.25 2.8
C2D2 0.081 0.25 3.1 0.17 0.34 2
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molecule derives from the intrinsic effect ofp bonding as is
the case for its adsorption onto nonporous ice films.

The extrinsic effect of the ice film porosity should also
be expected to reduce the DEA-related desorption yields.
Nevertheless, it is clear from Table II that the reduction in
DEA signal by deposition onto porous ice~excepting C2D2)
is the same or smaller than with nonporous ice. Taking into
account the reduction in desorption due to postdissociation
extrinsic effects, which should reduce the DEA-related signal
by a factor of about 2, it is clear that intrinsic effects are less
intense on porous ice than on nonporous ice, for each of the
studied deuterocarbons. In the case of the C2D2 molecules
adsorbed onto porous ice, it seems that a suppression of in-
trinsic effects is even greater than for other deuterocarbons.
It should be considered, however, that the rough surface of
the porous water ice film has a larger area than the smoother
nonporous ice surface. This condition reduces the probability
that the deposited deuterocarbon molecules touch or form
clusters on the surface of the ice film. Such a situation would
limit intermolecular electron transfer, increase the lifetime of
the TNI, and hence the probability of its dissociation.

VI. CONCLUSIONS

As with many molecules, low-energy electron impact
onto small quantities~0.2 ML! of the deuterocarbons CD4,
C2D6 , C3D8 , C2D4 , and C2D2 condensed onto Kr and non-
porous and porous water ice substrates stimulates the desorp-
tion of D2 ions via DEA~near 10 eV! and DD ~above;15
eV!. On Kr films, the D2 yield functions from the saturated
deuterocarbons additionally exhibit a strong and sharp reso-
nant peak at 9.7 eV from coupling between the transient
anion states of the deuterocarbons and the electron-exciton
complex of the Kr substrate. No such coupling is observed
for the unsaturated molecules, possibly from the weaker Ry-
dberg character in the transient anion states of these mol-
ecules.

From a detailed analysis and comparison of the signal
obtained from these deuterocarbons adsorbed on Kr and ice
surfaces, we have shown that it is possible to distinguish
between intrinsic and extrinsic factors affecting the ESD of
anions. We observed that perturbations of the ESD process
from saturated and unsaturated deuterocarbons deposited
onto nonporous ice substrates have only an intrinsic charac-
ter. This result will hold true for other molecules producing
D2 ~or H2) of similar kinetic energies, by DEA or DD at
comparable incident electron energies. In the absence of re-
active ion scattering or other postdissociation interactions, it
will also apply more generally to the ESD of different anions
from other molecular targets. When modulated by intrinsic
effects, anion ESD will be highly dependent on the electronic
structure of the target molecule. Here, we attribute a reduc-
tion in the DEA component to desorption from these mol-
ecules on nonporous ice, relative to Kr, to a transfer of the
excess electron from the deuterocarbon anion to either an
electron state of (H2O)n in the film or on a neighboring
molecule. Similarly, a comparative reduction in the DD com-
ponent of the ESD signal from unsaturated deuterocarbons
on nonporous ice is taken as due to intrinsic modulation of
the autoionization of neutral excited state prior to dissocia-

tion. Increasing the porosity of the ice substrate introduces
extrinsic effects connected with postdissociation interaction
~e.g., ion scattering!, which suppresses the DEA and DD sig-
nals by a factor of 2 relative to nonporous ice. Once more,
such a result can be expected for other molecules deposited
onto these substrates. Note however, that for these compara-
tively large molecules deposited at temperatures well below
their sublimation points, the extrinsic effects of porosity are
considerably less than were observed for O2 ,28 which more
easily diffuses into a porous water film. In general then, film
porosity may not be as an important factor in these types of
ESD experiments as previously assumed. Finally, we suggest
that the intrinsic effect of electron transfer between TNIs of
neighboring deuterocarbons is weaker than for nonporous ice
since deuterocarbons on the rough porous surface remain
more isolated from each other.
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Downloaded 22 Dec 2008 to 153.19.58.31. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



B. D. Kay, J. Geophys. Res.106, 33387~2001!, and references therein.
28R. Azria, Y. LeCoat, M. Lachgar, M. Tronc, L. Parenteau, and L. Sanche,

Surf. Sci.436, L671 ~1999!; 451, 91 ~2000!.
29A. D. Bass, L. Parenteau, F. Weik, and L. Sanche, J. Chem. Phys.115,

4811 ~2001!.
30Q.-B. Lu and L. Sanche, Phys. Rev. B63, 153403~2001!.
31Q.-B. Lu, A. D. Bass, and L. Sanche, Phys. Rev. Lett.88, 147601~2002!.
32Q.-B. Lu, T. E. Madey, L. Parenteau, F. Weik, and L. Sanche, Chem. Phys.

Lett. 342, 1 ~2001!.
33P. Rowntree, H. Sambe, L. Parenteau, and L. Sanche, Phys. Rev. B47,

4537 ~1993!.
34M. Michaud, P. Cloutier, and L. Sanche, Phys. Rev. B47, 4131~1993!.
35M. Michaud, P. Cloutier, and L. Sanche, Phys. Rev. B48, 11336~1993!.
36L. Sanche and L. Parenteau, Phys. Rev. Lett.59, 136 ~1987!.
37P. Rowntree, L. Parenteau, and L. Sanche, J. Phys. Chem.95, 4902

~1991!.
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