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Electron-Stimulated Reactions at the Interfaces of Amorphous Solid Water Films Driven
by Long-Range Energy Transfer from the Bulk
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The electron-stimulated production of D2 from amorphous solid D2O deposited on Pt(111) is
investigated as a function of film thickness. The D2 yield has two components that have distinct
reaction kinetics. Using isotopically layered films of H2O and D2O demonstrates that the D2 is produced
in reactions that occur at both the Pt/amorphous solid water (ASW) interface and the ASW/vacuum
interface, but not in the bulk. The energy for the reactions, however, is absorbed in the bulk of the films
and electronic excitations diffuse to the interfaces where they drive the reactions.
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FIG. 1. Electron-stimulated D2 yield from D2O ASW films
adsorbed on Pt(111) vs time. The curves are displaced for
clarity. Curve A (B) shows the D2 yield from a 20 (120) ML
film of D2O. The bars on curve A schematically indicate the
to calibrate the coverage, �, with an estimated uncer-
tainty of �15%. The ASW films were irradiated at

time intervals for calculating the prompt (No. 1), total (No. 2),
and postirradiation (No. 3) integrated D2 yields in Figs. 2 and 3.
The fundamental mechanisms of radiation damage to
molecules in the condensed phase are of considerable
interest to fields ranging from radiation biology to astro-
physics. In particular, the structure of condensed water
[1,2] and its interactions with electrons [3–6], photons
[7], and ions [8] have been extensively studied. As a
result, a variety of mechanisms for the nonthermal dis-
sociation of water have been identified. However, the
dynamics and kinetics of electronic excitations in water
and their connection to the radiolysis products of water
are still largely unknown.

In this Letter, we investigate the electron-stimulated
production of molecular hydrogen from thin films of
amorphous solid water (ASW) grown on Pt(111) as a
function of film thickness. We show that there are two
sources of hydrogen with distinct reaction kinetics.
Experiments with isotopically layered films of D2O and
H2O show that D2 is produced almost entirely at the two
interfaces of the films, i.e., at the ASW/Pt interface and at
the ASW/vacuum interface. However, the energy that
drives these reactions is absorbed within the bulk of the
film. The results suggest that electronic excitations in the
bulk of the film diffuse to either interface prior to react-
ing and that electron-stimulated reactions are signifi-
cantly enhanced at interfaces as compared to the bulk.

The experiments were performed in an ultrahigh vac-
uum system equipped with an electron gun, two effusive
gas dosers, and a quadrupole mass spectrometer. Dense,
relatively smooth ASW films with surface areas that are
approximately independent of film thickness were grown
on Pt(111) at 100 K [2]. The Pt(111) sample was cleaned
by annealing in oxygen, followed by argon ion sputtering
and annealing in vacuum. For temperature programmed
desorption (TPD) of water on Pt(111), the monolayer
(ML) peak shape is very sensitive to contamination and
this was used to monitor the sample cleanliness [9]. The
area of the saturated ML peak in TPD (� 1 ML) was used
0031-9007=03=90(16)=166102(4)$20.00 
100 K, with 100 eV electrons in 240 s beam pulses, at
45� angle of incidence, with typical current densities of
�6� 1013 electrons=cm2 s and beam spot sizes of
�1:5 mm. For these conditions, sputtering of the ASW
film by the electron beam results in less than 1 ML
change in coverage.

The electron-stimulated desorption (ESD) yield of D2

as a function of time for two D2O films is shown in Fig. 1.
The D2 yield from a 20 ML D2O film [Fig. 1(a)] demon-
strates two features common to thin films. First, the D2

yield promptly increases at the beginning of the electron
pulse. Second, this prompt component is followed by a
slowly increasing, dose-dependent component that even-
tually saturates. In contrast to the thinner film, the D2

yield from the 120 ML ASW film [Fig. 1(b)] is approxi-
mately constant. Another noticeable difference between
‘‘thin’’ (20 ML) and ‘‘thick’’ (120 ML) ASW films is the
evolution of D2 after the electron beam has been turned
2003 The American Physical Society 166102-1
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off. For thicker films, the decrease in the D2 yield is
relatively abrupt at the end of the pulse compared to
thinner films. The data shown in Fig. 1 suggest that there
are two distinct components, with different reaction ki-
netics, contributing to the ESD yield.

Figure 2 shows the D2 ESD yield as a function of ASW
film thickness for 0 � � < 200 ML. To assess the thick-
ness dependence of the prompt D2, we measure the D2

yield during the first 2 s of the irradiation [interval No. 1
in Fig. 1(a)]. The total D2 yield is measured during the last
10 s of the irradiation [interval No. 2 in Fig. 1(a)].
Assuming that the prompt D2 yield is constant, the
dose-dependent D2 yield is then given by the difference
between the total and the prompt D2 yields. We have also
measured the postirradiation D2 that desorbs from the
film in a 1 s window that starts 1 s after the end of the
electron pulse [interval No. 3 in Fig. 1(a)]. The total D2

yield has a maximum at �� 25 ML and decreases to a
coverage independent value for � > 100 ML [Fig. 2(a)].
The prompt D2 increases monotonically for � < 100 ML
and is constant for higher coverages [Fig. 2(a)]. The dose-
dependent and postirradiation D2 yields are similar, both
going through a maximum at �� 25 ML and declining
to approximately zero for � > 100 ML [Fig. 2(b)]. Note
that the thickness over which the D2 yield is changing is
�100 ML, suggesting that energy deposited into the film
contributes to the D2 ESD yield over that length scale.

To investigate where in the films the D2 is produced, we
have used isotopically layered films of D2O and H2O. The
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FIG. 2. Electron-stimulated D2 yields vs ASW film thickness.
(A) Prompt D2 (open circles) and total D2 yields (solid circles).
(B) Dose-dependent D2 (solid triangles) and postirradiation D2

yields (open triangles). The lines are the results of a model fit to
the data (see text).
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D2 ESD yield versus time for a 26 ML film of pure D2O
[Fig. 3(a), curve 1] has the characteristic shape discussed
above [Fig. 1(a)]. However, when a 20 ML D2O film is
capped with a 6 ML H2O film [Fig. 3(a), curve 2], the
prompt D2 yield is suppressed while the dose-dependent
D2 yield is essentially unchanged. Conversely, when a
6 ML H2O spacer layer is deposited on the Pt(111) first
followed by a 19 ML film of D2O, the dose-dependent D2

yield is suppressed while the prompt D2 is essentially
unchanged [Fig. 3(a), curve 3].

Figure 3(b) shows the prompt D2 yields (solid circles,
calculated using the procedure described for Fig. 2)
for a 20 ML D2O film versus the coverage of the H2O
capping layer. The prompt D2 yield decreases approxi-
mately exponentially with increasing H2O coverage with
a 1=e constant of �2:3� 0:3 ML. (The dose-dependent
D2 yield decreases slightly due to the increasing total
thickness of the ASW film; data not shown.) Experi-
ments with H2O capping layers on thicker D2O films
(100 to 400 ML) gave similar results for the prompt D2

yield with a similar decay constant. Therefore, surface
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FIG. 3. (A) Electron-stimulated D2 yield vs time from a pure
26 ML D2O film (curve 1), from an isotopically layered ASW
film of 20 ML D2O film capped with 6 ML of H2O (curve 2),
and a 19 ML D2O film on top of 6 ML of H2O (curve 3).
(B) Prompt D2 (solid circles) yield vs the thickness of an H2O
layer deposited on the top of a 20 ML D2O film and dose-
dependent D2 (open circles) yield vs the thickness of an H2O
film deposited underneath a 25 ML D2O film. The solid lines
are exponential fits to the data.
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roughness is probably not primarily responsible for the
observed decay length. Figure 3(b) also shows the dose-
dependent D2 yields (open circles) for a 25 ML D2O film
versus the H2O spacer layer coverage on the Pt(111). The
dose-dependent D2 also decays exponentially with a 1=e
constant of �2:3� 0:3 ML. (The prompt yield increases
slightly due to the increasing total thickness of the ASW
film; data not shown.) In the experiments with the H2O
capping and spacer layers, we also observed a small HD
signal associated with the H2O=D2O interface which was
independent of the H2O thickness for H2O coverages
greater than �0:5 ML.

The data in Fig. 3 show that: (1) D2 produced in D2O
readily diffuses out at 100 K. (2) The isotope exchange
reaction, D2 � H2O ! HD� HDO, is not important
here. (3) The prompt D2 is produced within the first
several monolayers of the ASW film near the vacuum
interface, while the dose-dependent D2 originates in the
ASW film within a few monolayers of the Pt substrate.
(4) The postirradiation D2 results from D2 produced at
the Pt/ASW interface that subsequently diffuses out.
Thus, for these experiments, essentially all the electron-
stimulated reactions producing D2 occur at the inner and
outer interfaces of the D2O film. Within the sensitivity of
the experiments, no D2 is produced in the bulk of the
ASW. On the other hand, the energy for the reactions is
primarily absorbed in the bulk of the film and therefore
must be transported to the interfaces over lengths of
�100 ML. There are several mechanisms by which the
energy that is absorbed in the bulk might reach the
interfaces, including the diffusion of atomic or molecular
precursors and the diffusion of electronic excitations.

The D2 ESD at the ASW/vacuum interface probably
results from unimolecular decay of D2O

	 or D3O
	 result-

ing from electron-ion recombination and direct excitation
[10,11]. The kinetics observed for the reaction are con-
sistent with this picture: The yield of D2 from the ASW/
vacuum interface is proportional to the incident electron
flux and approximately independent of the electron flu-
ence. Calculations show that ionization is the dominant
energy loss mechanism for 100 eVelectrons in water [12],
and the D2 yield as a function of electron energy [5,13]
suggests that at 100 eV ionization is the initial step in the
reactions leading to D2. While dissociative electron at-
tachment (DEA) reactions contribute to the D2 yield [5],
they are probably not a major component of the reactions
at the vacuum interface since the D2 yield per electron at
100 eV is much greater than the D2 yield in the range
where DEA is important (� 10 eV). Ionization followed
by electron-ion recombination and unimolecular decay of
excited neutral molecules has also been implicated in the
ESD of D and O atoms from ASW [4].

The kinetics of the reactions at the Pt/ASW interface
are more complex than those at the ASW/vacuum inter-
face. For ASW films of constant thickness, we have
measured the D2 yield as a function of time for a variety
166102-3
of incident electron currents. When that data is plotted as
the dose-dependent D2 yield divided by the electron beam
flux versus the electron fluence (i.e., dose time � electron
flux), the data fall on a universal curve. This result sug-
gests that the dose-dependent D2 ESD involves the crea-
tion of a precursor followed by a second reaction leading
to D2. If a previously irradiated sample is reirradiated, the
D2 yield promptly returns to the level obtained at the end
of the prior irradiation, suggesting that the precursor
species is relatively stable (for at least 1 h). Qualita-
tively similar behavior was observed for O2 produced
by electron irradiation of ASW [14]. In that case, an
HO2 or H2O2 precursor was implicated.

The data argue against the species that is made in the
bulk of the film and transported to the interfaces being
atomic or molecular. First, in the isotopic labeling experi-
ments, very little HD is produced as would be expected if
D atoms or any deuterium-containing molecule produced
in the bulk were involved in the reactions at the interface.
Second, the D ESD yield versus thickness (data not
shown) is different than that of D2. Third, earlier ESD
experiments that investigated the velocity distributions
of D [6], O, and D2 [15] and the rotational state distribu-
tions of D2 [10] as a function of temperature found
evidence for the rapid diffusion of energy, but not atoms
or molecules, from the bulk of the film to the ASW/
vacuum interface. Therefore, it is likely that some form
of electronic excitation is responsible for transporting the
energy deposited in the bulk to the interfaces where it
reacts to form D2.

There is very little information on the dynamics of
low-energy electronic excitations in ASW. However, de-
localized electrons [16], holes [17], and excitons [6,18]
in condensed water have all been proposed. Ionization in
the bulk of the film is rapidly followed by either electron-
ion recombination or the formation of hydronium, H3O

�

[19]. However, recent experiments showing that hy-
dronium ions have very limited mobility in ASW at
100 K argue against these being responsible for trans-
porting the energy from the bulk to the interfaces [20].
Furthermore, if the hydronium ions are immobile, then
the electron-ion recombination should also occur pre-
dominantly in the bulk of the film. Therefore, excitons
are probably responsible for transferring energy from the
bulk to the interfaces.

The results in Fig. 2 can be qualitatively reproduced
with a simple model that treats diffusion of an excitation
from the bulk of the film to either interface. In a random
walk, the probability of an excitation, created at x, in a
film of thickness L, reaching either interface is given by
Pvac
x� � 1
 x=L and PPt
x� � x=L, where Pvac and PPt

are the probability of an excitation reaching the ASW/
vacuum or Pt/ASW interface, respectively. (The ASW/
vacuum interface is defined to be at x � 0.) The total flux
reaching either interface from excitations created
throughout the film is �i �

R
L
0 Pi
x�nex
x�dx, where
166102-3
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nex
x� is the number of excitations per unit length cre-
ated by the electron beam and i � Pt or vac for reactions
at the Pt or vacuum interfaces, respectively. Calculations
of the energy loss, dE=dx, of an electron in water [21]
suggest that it is approximately Gaussian for 0 � x � L,
dE=dx
x� � exp�

x
 x0�2=�2� and we assume that nex
is proportional to dE=dx [22]. As discussed above, the
prompt D2 yield, Yvac, is proportional to the total excita-
tion flux reflecting the first order kinetics of that reaction:
Yvac ��vac. The dose-dependent D2 yield, YPt, is propor-
tional to the square of the total excitation flux due to the
second order reaction kinetics: YPt � 
�Pt�

2.
The solid lines in Fig. 2 show the model fit to the data

with x0 � 10 ML and � � 10 ML. In this model, the
maximum in the total yield arises when the film is
sufficiently thick to absorb most of the energy from the
incident beam, but thin enough that the excitations are
still likely to reach the Pt/ASW interface (which is as-
sumed to have a higher reaction probability). For thicker
films, the total D2 yield decreases since the flux of ex-
citations reaching the Pt/ASW interface is lower. For � >
25 ML, the prompt D2 yield [Fig. 2(a)] is proportional
to 1
 C=L while the dose-dependent D2 yield [Fig. 2(b)]
is proportional to 1=L2. This is the expected result from
the model: For L > Le, we have �Pt � C=L and �vac �
1
 C=L, where Le characterizes the maximum penetra-
tion of the incident electrons into the ASW and C �RLe
0 xnex
x�dx � const. In general, this simplified model

captures the basic features of the D2 ESD yield versus
D2O thickness.

The diffusion of excitons to the surface plays an im-
portant role in electron- and photon-stimulated desorp-
tion in alkali halides [23] and is similar to the mechanism
proposed here for ASW. The apparently low probability
for these excitations to dissociate in the bulk leading to
molecular hydrogen is noteworthy. The lack of D2 for-
mation in the bulk may be due to ‘‘cage’’ effects, where
the surrounding molecules prevent the dissociation of
electronically excited water molecules. Alternatively,
the diffusion time for the excitation may be fast com-
pared to the dissociation time scale, suppressing disso-
ciation. The changes in both the geometrical and the
electronic structure of the water molecules at the ASW/
vacuum interface are likely to favor reactions there. First,
the cage effect should disappear. Second, the partially
coordinated molecules at the vacuum interface may lead
to localization of the excitation. At the Pt/ASW interface,
the perturbation of the water bonding structure [24] may
facilitate the reactions leading to the precursor molecule
and the dose-dependent D2.

In summary, we find that the low-energy, electron-
stimulated production of molecular hydrogen in ASW
occurs only at the interfaces of the ASW film. However,
the energy that drives these reactions is deposited
in the bulk of the film, and the diffusion of elec-
166102-4
tronic excitations subsequently carries the energy to the
interfaces.
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