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Enhanced dissociative electron attachment to CF2Cl2 by transfer of electrons in precursors
to the solvated state in water and ammonia ice

Q.-B. Lu and L. Sanche
Group of the Canadian Institutes of Health Research in Radiation Sciences, Faculty of Medicine,

University of Sherbrooke, Sherbrooke, Canada J1H 5N4
~Received 19 July 2000; published 26 March 2001!

We present direct evidence that the presence of polar molecules greatly enhances dissociative electron
attachment~DEA! of ;0 eV electrons to CF2Cl2. The absolute DEA cross sections are found to be;1.3
310214 and;9.7310214 cm2 for 0.1 monolayer~ML ! CF2Cl2 on 5 ML H2O and 5 ML NH3 ice grown on Kr,
respectively. They are;130 and;970 times larger than the gaseous values. This enhancement is due to the
transfer of electrons in the precursor states, rather than the transfer of solvated electrons in water or ammonia
ice.
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Electron trapping in dielectric media can occur via va
ous mechanisms, such as resonance stabilization and d
ciative electron attachment~DEA!.1 Recently, Nagesha an
Sanche2 observed a large enhancement in attachment of n
0 eV electrons to molecules adsorbed on glassyn-hexane
layers condensed on Pt. This enhancement is attribute
coupling of molecular anion states with image states;
negative-electron-affinity band structure of the dielect
layer, with the band-gap edge lying above the vacuum le
enhances the lifetime of electrons trapped in image state

Another type of electron trapping exists for excess el
trons in polar media composed of molecules with perman
dipole moments, such as ammonia and water. It was
observed in the liquid phase,3 and then in clusters4 and con-
densed films.5 Electron trapping in H2O and NH3 and the
related chemistry are issues of wide interest,6,7 due to the
abundance of H2O in biological systems and in the Earth
environment, and the high efficiency of NH3-enhanced
chemical reactions. Transfer of trapped electrons is a fun
mental and challenging theoretical issue8,9 of great relevance
to such diverse areas as environmental science10

radiobiology,11 biochemistry,12,13 and stratospheric ozon
depletion.14

Recently, Lu and Madey15 observed that F2 and Cl2

yields produced by the impact of 250 eV electrons on CF2Cl2
~CFC-12, a major ozone-depletion substance! adsorbed on a
metal Ru surface are enhanced by several orders of ma
tude upon coadsorption with polar molecules such as H2O
and NH3. It was postulated that the giant anion enhancem
is due to transfer of self-trapped~solvated! electrons in polar
molecule clusters to CF2Cl2 molecules that then dissociat
following the production of low-energy secondary electro
from the metal substrate. However, direct evidence for
mechanism involving near 0 eV electrons could not be
tained due to the inaccessibility of an electron beam in
very-low-energy range.15 In addition metal-substrate effect
such as dielectric screening and work-function lowering
duced by coadsorbates, could influence the anion yield
previous experiments.16 Thus, evidence for the existence
an isolated enhancement mechanism involving DEA to ch
rofluorocarbons~CFC’s! adsorbed on ice films~i.e., without
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the presence of a metal substrate! could not be obtained and
the related absolute DEA cross sections could not be de
mined.

In this Brief Report,~1! we present direct evidence tha
DEA of near 0 eV electrons to physisorbed CF2Cl2 is
strongly enhanced with the presence of a water or ammo
ice film; ~2! absolute cross sections for DEA to CF2Cl2 are
measured to be;1.3310214 and ;9.7310214cm2 for 0.1
monolayer ~ML ! CF2Cl2 adsorbed on a 5 ML H2O and a
5 ML NH3 film grown on Kr, respectively, which are;130
and;970 times the gas-phase values;~3! the results indicate
that the enhancement is due to transfer of electrons to CF
from the precursors of the solvated state, prior to their f
solvation ~self-trapping! in the water or ammonia ice film
These are key factors in evaluating the relevance of lab
tory findings to atmospheric ozone depletion, namely,
evaluating the magnitude of ozone depletion via dissocia
electron transfer from ice in polar stratospheric clouds.

The experiments were conducted in an ultrahigh-vacu
chamber with a base pressure of;5310211 torr. A poly-
crystalline Pt foil is used as a substrate, which is cleaned
resistive heating in oxygen and can be cooled to;20 K with
a closed-cycle helium refrigerator. High-purity Kr, H2O or
NH3, and CF2Cl2 gases are condensed in sequence onto
Pt surface with two separate directional dosers. Their cov
ages are determined from temperature-programmed des
tion spectra.17 Electron trapping in a dielectric film is mea
sured by the low-energy electron transmission~LEET!
method.18 A magnetically collimated electron beam~0–10
eV! having an energy resolution of 40 meV is produced b
trochoidal monochromator. A LEET spectrum records t
electron current transmitted through a dielectric film as
function of incident electron energy, which has a sharp on
at the vacuum level defined as zero eV. If electrons
trapped in the film with a lifetime longer than the detecti
limit of milliseconds,18 the onset curve shifts to a highe
energy byDV. An electron trapping coefficientAs is defined
as d(DV)/dt at t50. For charging by a submonolayer o
CF2Cl2 on the H2O or NH3 film surface, the system can b
considered as a parallel-plate capacitor.18 Then the electron-
trapping cross sections(E) is obtained from
©2001 The American Physical Society03-1
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As~E!5
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S L1

e1
1

L2
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Here,E is the incident electron energy,r0 the surface density
of electron-trapping molecules,J0 the incident electron den
sity, ande0 the vacuum permittivity. e1 ~1.91! ande2 @3.3
and 3.4, respectively, for H2O and NH3 ~Ref. 19!# are the
dielectric constants of the Kr and polar molecular film
L1532.6 Å is the film thickness for 10 ML Kr andL2
513.0 and 11.7 Å for 5 ML H2O and 5 ML NH3, respec-
tively. In the present experiments,As(E) was measured fo
0.1 ML CF2Cl2 @r0;631013/cm2 ~Ref. 17!# condensed on a
10 ML Kr film with and without the presence of a 5 ML H2O
or NH3 spacer layer. Finally, the installation of an ultrafin
vacuum valve to control the dosing of small amounts
electron-trapping molecules reduced the uncertainty in
measureds(E) from ;50% ~Ref. 18! to ;30%.

Shown in Fig. 1 are the incident-electron energy dep
dencies ofAs(E) for ~a! a 10 ML pure Kr, and~b! a
5 ML H2O and~c! a 5 ML NH3 film condensed on top of the
Kr film. No electron trapping occurs in the Kr film, an
electron trapping near 0 eV is observed for H2O on Kr, in
agreement with previous measurements.20,21In contrast, NH3
on Kr exhibits a very small electron-trapping probability
;0 eV. Electron solvation was first observed in liquid NH3,
but few studies have been made of electron trapping in
solid phase or clusters of NH3, compared with H2O. Never-
theless, both experiments4 and quantum-mechanica

FIG. 1. Trapping coefficientAs as a function of incident electron
energy for~a! 10 ML Kr condensed on Pt;~b! 5 ML H2O on 10 ML
Kr condensed on Pt; and~c! 5 ML NH3 on 10 ML Kr condensed on
Pt.
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calculations22 have demonstrated a dramatic difference b
tween solvated electrons in (H2O)m and in (NH3)n clusters.
(H2O)m

2 cluster anions are observed for all sizes withm
>2, while (NH3)n

2 cluster anions are seen only forn>36.
This substantial difference is interpreted as due to the e
getic instability of electrons localized at (NH3)n states, in
essential agreement with the present observation: almos
well-bound trapped electrons with a lifetime longer than m
liseconds are detected in the NH3 film. However, electrons
trapped in transient states with shorter lifetimes are expe
to exist in the polar film.22

Shown in Fig. 2~a! is As(E) for 0.1 ML CF2Cl2 adsorbed
on a 10 ML Kr surface, from which a trapping cross secti
s51.4310215cm2 at nearly 0 eV is derived. In the ga
phase, CF2Cl2 has a maximum DEA cross section of;1
310216cm2 at ;0 eV leading exclusively to Cl2,
e2(;0 eV)1CF2Cl2→Cl21CF2Cl, which is about one or-
der of magnitude larger than that for F2 production peaking
at ;3 eV.23 Thus, the measureds at ;0 eV is predominantly
due to the DEA leading to Cl2. The largers value by about
one order of magnitude for the condensed phase is rea
ably explained by the polarization of the Kr film induced b
the dissociating anion, as seen for other halomethanes20,21

Due to the low kinetic energy of the Cl2 fragment and the
image force, most Cl2 ions from the DEA at;0 eV cannot
desorb and are captured at the surface.17 Strictly speaking,
the present measurements cannot distinguish whether
electron is trapped as the Cl2 fragment or a stabilized
CF2Cl2

2. However, it has been pointed out that for CF

FIG. 2. Trapping coefficientAs versus incident electron energ
for 0.1 ML CF2Cl2 on ~a! 10 ML Kr, ~b! 5 ML H2O, and ~c!
5 ML NH3. The polar H2O or NH3 film is isolated from the Pt
substrate by a 10 ML Kr film.
3-2
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molecules with DEA resonances near 0 eV the dissocia
probability lies near unity once an electron is attached23

Thus, the measured charges are due to electrons trapp
Cl2 ions, i.e.,s corresponds to the DEA cross section.20,21

The results ofAs(E) for 0.1 ML CF2Cl2 condensed on
5 ML H2O, or 5 ML NH3 predosed onto the 10 ML Kr sur
face are shown in Figs. 2~b! and 2~c!, respectively. Evi-
dently, the presence of H2O increases the electron-trappin
cross section near 0 eV. However, the trapping coefficien
Fig. 2~b! should include a contribution from well-boun
electrons trapped in the H2O film shown in Fig. 1~b!. After
subtracting the data forAs in Fig. 1~b! from those in Fig.
2~b!, we obtained from Eq.~1! a trapping cross sections
51.3310214cm2 at ;0 eV for 0.1 ML CF2Cl2 on
5 ML H2O, which is about one order of magnitude larg
than that on Kr@Fig. 2~a!# or two orders higher than th
gaseous cross section. The case for the electron solvent3
is clearer and more direct, as almost no well-bound electr
are detected in the NH3 film @Fig. 1~c!#. Most significantly,
NH3 causes a giant enhancement of DEA to CF2Cl2, as seen
in Fig. 2~c!. The cross sections at ;0 eV reaches;9.7
310214cm2 for 0.1 ML CF2Cl2 on 5 ML NH3, which is
nearly three and two orders of magnitude larger than
corresponding peak values for gaseous CF2Cl2 and CF2Cl2
on Kr, respectively. Here, the measureds’s near 0 eV for
CF2Cl2 on a H2O or NH3 film are smaller than the estimate
values reported earlier.14 However, the values given in Re
14 were the total dissociation cross sections with an incid
beam of 250 eV electrons, which produce copious amou
of low-energy secondary electrons. Moreover, in those
periments the molecules were coadsorbed on a metal~Ru!
surface, where the effects of the substrate induced by c
sorbates could influence the anion yields,16 as mentioned ear
lier. In the present experiments, we obtain absolute D
cross sections for CF2Cl2 adsorbed on the H2O or NH3 film
deposited onto a Kr surface. At first glance, one might
tribute the enhancement ins to an effect of the polar mo
lecular film on the direct DEA to CF2Cl2 ~i.e., without elec-
tron transfer!. However, it has been shown that direct DEA
significantly reducedfor molecules deposited on H2O and
NH3 films.24

In the past decade, femtosecond time-resolved laser s
ies have provided instructive information on the dynamics
electron trapping and solvation in polar media.25–27 It has
been observed that in polar liquids electron solvation occ
in two stages. Before it becomes solvated, the electro
weakly bound in the ‘‘preexisting trap,’’ a precursor of th
fully solvated state, with a lifetime on the scale of picose
onds. The precursor can be a transient state in an en
level above or near the vacuum level, an excited state of
solvated electron or a ‘‘hot solvated electron.’’25–27 In the
case of solids, the solvation time, i.e., the lifetime of ele
trons in a precursor, is greatly increased; it is proportiona
the dielectric relaxation time of the medium.28 The latter
increases from the scale of picoseconds for the liquid w
to microseconds for ice below 200 K.29 Indeed, the solvation
time of ice near the melting point 269 K has been obser
to be on the time scale of nanoseconds.28 Thus, the lifetime
of precursor electrons in ice at;20 K is expected to lie in
15340
n

as

in

r

H
ns

e

nt
ts
-

d-

A

t-

d-
f

rs
is

-
gy
e

-
o

er

d

the range of microseconds. It has long been predicted
radiation-induced electrons in a precursor state~so-called dry
electrons! are highly reactive due to their large mobility
these electrons will react rapidly with electron-attachi
molecules, if the latter are present in the medium.28 For DEA
to CF2Cl2 via electron transfer from fully solvated traps, w
can take as an upper limit ofAs the value in the pure pola
film plus that due to direct DEA to CF2Cl2 on Kr ~i.e., ;100
mV s21 nA21 for H2O and ;25 mV s21 nA21 for NH3.
However, the measured values ofAs(0 eV) for CF2Cl2 on
H2O and NH3 are much larger, by a factor of 3 and 7
respectively~Fig. 2!. Thus, we must conclude that transfer
electrons from precursor states to CF2Cl2 is the major
mechanism responsible for the observed increase ins near 0
eV. The electron energy thresholdEmin for the DEA of
CF2Cl2 leading to Cl2 is equal to the bond dissociation en
ergy of CF2Cl-Cl minus the electron affinity of Cl.23 Emin
is 20.4 eV in the gas phase, and is reduced to about21.4 eV
for CF2Cl2 adsorbed on the film surface due to the effect
the polarization potential~;1.0 eV!. This indicates that, de
spite their long lifetimes, the fully solvated electrons with
binding energy of 3.2 eV in H2O bulk27 can hardly contribute
to the DEA of CF2Cl2, as deduced from our experiments. F
the pure H2O or NH3 film ~Fig. 1!, electrons temporarily
localized at precursor states can transmit through the
spacer layer into the metallic substrate without being
tected, as their lifetime is far shorter than the detection lim
~milliseconds!. As a result, the trapping cross section is lo
corresponding to electron residence in the solvated st
However, the case can be dramatically different when
CF2Cl2 molecule, which has a large probability to attach
precursor electron, is adsorbed on the surface. Because o
rapidity of electron transfer~<20 fs!,8 which occurs in a time
far shorter than the lifetime~microseconds! of an electron
trapped in a precursor state in the H2O or NH3 film, there is
a large probability for transfer of the electron to CF2Cl2 fol-
lowed by dissociation. As a result, the DEA cross section
CF2Cl2 is significantly enhanced, as shown in Fig. 2.

A large number of experimental data30 have demonstrated
that the mobility (me) of an excess electron in a polar liqui
is inversely proportional to the viscosity~h! of the solvent,
which indicates that the migration of excess electrons in
lar liquids is diffusion controlled. In particular, this conclu
sion was verified for reactions of solvated electrons in liqu
ammonia with halogenated compounds.10 In the present case
the ratio of the measured DEA cross sections for CF2Cl2 on
NH3 and H2O ice is ;7.5. This value is very close to th
viscosity ratio of the two electron solvents
h~H2O!/h~NH3!56.6.30 This good agreement within the ex
perimental error suggests that the electron transfer reactio
the solid phase also follows a diffusive mechanism. Suc
conclusion is consistent with the theoretical prediction
electron transport in water and ammonia clusters.22

NH3 as a reagent gas to enhance DEA of organic a
inorganic molecules has led to important applications such
in the analysis of human blood12 and human milk
triacylglycerols,13 although the role of NH3 is not clear. The
mechanism revealed here sheds light on the principle
these applications; it can also be of considerable significa
3-3
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for radiation-induced damage to cellular DNA that lies in
water environment.31 Moreover, the observed enhanceme
in DEA of CFC molecules by water ice can have fa
reaching significance in relation to the creation of the ozo
hole~s! over the Antarctic and Arctic poles, where pol
stratospheric clouds~PSC’s! composed of water ice ar
found. According to our findings, low-energy electrons p
n
rs

L

.

A.

-

er

d

h
.

15340
t

e

-

duced by the continuous cosmic-ray radiation and mom
tarily trapped in PSC’s must cause a significant enhancem
of the DEA of CFC molecules reaching the surface
PSC’s.14
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