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The photodesorption of water molecules from amorphous solid water (ASW) by 157-nm irradiation
has been examined using resonance-enhanced multiphoton ionization. The rotational temperature has
been determined, by comparison with simulations, to be 425 ± 75 K. The time-of-flight spectrum of
H2O (v = 0) has been fit with a Maxwell-Boltzmann distribution with a translational temperature of
700 ± 200 K (0.12 ± 0.03 eV). H+ and OH+ fragment ions have been detected with non-resonant
multiphoton ionization, indicating vibrationally excited parent water molecules with translational en-
ergies of 0.24 ± 0.08 eV. The cross section for water removal from ASW by 7.9-eV photons near
100 K is (6.9 ± 1.8) × 10−20 cm2 for >10 L H2O exposure. Electronic structure computations have
also probed the excited states of water and the mechanisms of desorption. Calculated electron attach-
ment and detachment densities show that exciton delocalization leads to a dipole reversal state in the
first singlet excited state of a model system of hexagonal water ice. Ab Initio Molecular Dynamics
simulations show possible desorption of a photo-excited water molecule from this cluster, though the
non-hydrogen bonded OH bond is stretched significantly before desorption. Potential energy curves
of this OH stretch in the electronic excited state show a barrier to dissociation, lending credence to
the dipole reversal mechanism. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4825239]

I. INTRODUCTION

Water ice is present on many low-temperature surfaces
in the ring system of Saturn and throughout the outer solar
system,1, 2 and these icy grains are exposed to ultraviolet (UV)
radiation. Even in astrophysical environments beyond the so-
lar system, photodesorption of water by the far-UV compo-
nent of the interstellar radiation field has been proposed to
account for the large amount of water in the gas phase above
cold surfaces.3 Investigating the mechanisms and determining
the cross section of water photodesorption from amorphous
solid water (ASW) and crystalline ice (CI) are essential to un-
derstanding the electronic properties of these icy surfaces and
the lifetime of ice in various solar system environments.

The first excited state of an isolated water molecule is
dissociative, as it contains a hole in the 1b1 non-bonding or-
bital and an electron in the 4a1 anti-bonding orbital. How-
ever, in the condensed phase, coupling to neighboring water
molecules leads to charge delocalization and potential path-
ways to desorption of intact water molecules.4 For ASW and
CI, insulating materials in which holes and electrons have
significant lifetimes before recombination, excited electronic
states can be considered excitons, which may have Frenkel
and Wannier character. The first excited state becomes a band
of 1b1 → 4a1 transitions with ∼7–9.5 eV, peaked at 8.7 eV,
and the second band includes higher 1b1 → 4a1 exciton states
as well as 3a1 → 4a1 transitions and peaks at ∼10.2 eV.5

a)Author to whom correspondence should be addressed. Electronic mail:
thomas.orlando@chemistry.gatech.edu

Several experimental studies of water desorption have
been performed using radiation sources with energies in these
two UV absorption bands, including a broadband (7–10.5 eV)
hydrogen discharge lamp,6 a more narrow Lyman-alpha
source at 10.2 eV,7, 8 two 248-nm photons at a total energy
of 9.99 eV,9 and an excimer laser at 7.89 eV.10 The latter two
experiments utilized pulsed lasers and yielded time-of-flight
spectra, which were fit with Maxwell-Boltzmann distribu-
tions characterized by translational temperatures, Ttrans. The
9.99 eV radiation yielded Ttrans = 770 K,9 while the 7.89 eV
radiation yielded Ttrans = 1800 K.10 The authors of these two
studies also interpreted the results in terms of two different
mechanisms. Hama et al.10 supported the kick-out mechanism
that was modeled using molecular dynamics simulations.11

The kick-out mechanism involves the transfer of momentum
from a hot H atom produced by photodissociation to a nearby
H2O molecule. Nishi et al.9 previously proposed a more direct
mechanism that involved the exchange repulsion between an
excited water molecule and the surface. This exchange repul-
sion energy could lead to exciton migration, self-trapping at
a surface, and eventual desorption of water molecules. In this
case, though not stated in the model, the excitation can be vi-
sualized as a dipole reversal, and the resulting forces act to
repel the excited water molecule from the surface. Another
mechanism that may contribute to water desorption is recom-
bination of photoproducts, in which the desorption signal in-
creases with temperature.12

Previous theoretical work has shown that exciton delo-
calization competes with dissociation of water in ice. The
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GW approximation (the expansion of self-energy in terms
of the Green’s function, G, and the screened Coulomb in-
teraction, W) using Kohn-Sham eigenvalues and the Bethe-
Salpeter equation revealed exciton diffusion in hexagonal
ice.13 Quantum-dynamical simulations performed on a variety
of hexamer isomers showed that delocalization of the exciton
is on the same femtosecond time scale as photodissociation.14

Even though the first excited state of an isolated water
molecule is dissociative, condensed-phase water molecules
may remain intact when excited due to intermolecular interac-
tions. Previous theoretical studies on the nature of the excited
state and delocalization probabilities have not investigated the
possible role of dipole reversal in the competition between
photodesorption and photodissociation of water molecules.

The aims of the present study are to discover the nature of
the excited states that are involved in H2O photodesorption, to
examine mechanisms other than kick out by a hot H atom, and
to determine the cross section for water removal from ASW
at 7.9 eV. The photodesorption of H2O from ASW due to
157-nm radiation has been studied using resonance-enhanced
multiphoton ionization (REMPI). The experimental approach
is ostensibly the same as that used previously by Hama et al.10

Rotational and translational energies of the desorbed water
molecules have been determined by comparison with simu-
lations. H+ and OH+ fragment ions have been detected with
non-resonant multiphoton ionization, and the translational en-
ergies of their vibrationally excited parent water molecules
have been deduced. The cross section for ice removal by
7.9-eV photons has been measured for various thicknesses,
and the possible role of dipole reversal in desorption has
been examined using Ab Initio Molecular Dynamics (AIMD)
simulations. Though similar experimental measurements have
been reported,10 absolute cross section values have not been
determined at 7.9 eV, and the nature of the electronically ex-
cited surface states of ice have not been examined directly.
Section II describes the experiment, data analysis procedures,
and theoretical methods. The experimental and theoretical
results are presented in Secs. III and IV, respectively. The
photodesorption mechanism, cross sections, and astrophysi-
cal relevance are discussed in Sec. V with conclusions given
in Sec. VI.

II. EXPERIMENTS AND DATA ANALYSIS

A. Laboratory measurements

Photodesorption experiments were performed in an ultra-
high vacuum (UHV) chamber that has been previously de-
scribed in detail.15 Briefly, the UHV system (base pressure of
5 × 10−10 Torr) was equipped with a time-of-flight (TOF)
mass spectrometer, a leak valve for dosing, and a liquid-
nitrogen-cooled copper sample holder. All experiments were
performed at the minimum sample temperature, 108 K, unless
otherwise stated.

Unfocused 157-nm light from an excimer laser (GAM
Laser, EX5) entered the chamber through a magnesium flu-
oride window and struck the sample at a 45◦ angle. To en-
sure that the desorption process was a single-photon event,
low (typically 50–90 μJ cm−2 per pulse) desorption pulse en-

ergies were used. An iris was placed in the N2-purged beam
path to control the radius of the irradiated region.

Desorbed water molecules were detected with 2 + 1
REMPI via the C(000)-X(000) transition, which corresponds
to 247.8–248.6 nm. The wavelengths were obtained by fre-
quency doubling the visible output of a Nd:YAG-pumped op-
tical parametric oscillator (Spectra-Physics, MOPO-SL). The
beam was focused between 1 and 4 mm above the surface
with a focal volume of ∼10 μm3. This distance between the
surface and the detection region was varied to ensure that
the translational temperature obtained by fitting the data was
the same at each distance.

The time between desorption and ionization was varied
with a delay generator from 0 to 10 μs to probe different parts
of the desorption plume. This delay time equals the flight time
of the molecule from the surface to the REMPI detection re-
gion. The water peak in each mass spectrum was integrated to
obtain the total water signal for each time delay. The resulting
graph of water signal versus time is referred to as the TOF
spectrum.

For most experiments (if coverage is not specified), back-
ground dosing was performed for 20 min at a water pres-
sure of 5 × 10−7 Torr, resulting in 600 L exposure (1 L = 1
× 10−6 Torr s). The penetration depth of a 157-nm photon
through ice is 120 nm,5 or 230 ML at 45◦ to normal.16 As-
suming a sticking probability of at least 0.4, the ice was thick
enough that the incoming photons did not reach the under-
lying substrate. Doses between 50 and 1000 L were found to
produce the same TOF spectra. For doses between 5 and 50 L,
while the shape of the distribution remained consistent, the
amount of photodesorbed water decreased with increasing ex-
posure, presumably due to decreasing surface area as the ice
surface became smoother.

Water peak areas were collected over ∼100 000 pulses in
order to determine cross sections for water removal, σ . Water
signal was plotted versus number of incident 157-nm pho-
tons, and the data were fit with exponential functions of the
form y = Ae−σx, where x has units of photons cm−2. The
number of 157-nm photons was calculated using the pulse
counter on the excimer laser display, the average excimer
power measured before and after the scan, and a correction
factor of 0.65 for losses passing through the MgF2 window.
Average excimer power was found to remain constant on the
time scale of these experiments. However, the turbulent qual-
ity of the nitrogen purge in the purge tube affected the power,
and much of the variation in water signal was likely due to
the erratic desorption laser power. The ionization laser power
was recorded at several times during these cross section mea-
surements, and signal was corrected for the observed changes
in average power.

An attempt was made to observe vibrationally excited
water molecules by REMPI at 251.8–253.8 nm, where the
H2O(C-X) �v2 = −1 transitions occur.17 OH+ and H+ sig-
nals were much stronger than H2O+ signals in this wave-
length range, in part due to predissociation of the C(010) state.
This intermediate state is known to dissociate to form neu-
tral OH and H fragments, and these neutral fragments can
be ionized via non-resonant ionization using the same laser
pulse. However, this process requires at least four photons
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with no resonant steps. Although the lack of significant wa-
ter signal between 251.8 and 253.8 nm can be explained by
predissociation, the strong OH+ and H+ signals may also be
due to single-photon-induced dissociation of vibrationally ex-
cited H2O+. This parent ion can be produced by 2 + 1 REMPI
of the ground state or by single-photon ionization of an elec-
tronic excited state. Equations (1) and (2) show how an ex-
cited water molecule can become ionized and then dissociated
by the absorption of subsequent photons:17

H2O(C, v∗) + hν → H2O+(X, v∗), (1)

H2O+(X, v∗) + hν → H+ + OH

→ H + OH+. (2)

Because the molecule does not fragment until absorbing ad-
ditional photons in the detection region, TOF measurements
of the fragment ions actually probe the velocities of the par-
ent molecules. Any additional energy imparted to H+ or OH+

by the fragmentation process is negligible compared to the
energy gained during acceleration into the flight tube. TOF
spectra for H+ and OH+ were obtained at 253.0 nm with a
distance of 3 ± 0.5 mm between the surface and the detec-
tion region. Since these fragment ions arise from H2O (v∗)
molecules, these measurements allow the H2O (v∗) velocity
distribution to be determined.

B. Simulation of TOF spectra

Simulation of TOF spectra was accomplished using the
flux-weighted Maxwell-Boltzmann distribution, which is ap-
propriate for photodesorption of chemisorbed species.18 A
simple fit of the TOF spectrum, S(t, Ttrans) was slightly
narrower than the data,

S(t, Ttrans) = At−4exp

( −mr2

2kBTtrans t2

)
, (3)

where Ttrans is the translational temperature, r is the distance
between the surface and the detection volume, and A is a scal-
ing factor. Following the work of Hama et al.,19 we integrated
over the entire irradiated area (0 ≤ R ≤ Rmax), where Rmax

is the radius of the desorption laser spot, the spot is approx-
imated as a circle, and 2πR dR is the infinitesimal area. Fit-
ting curves of appropriate width were obtained by using the
following equation at each desired flight time (t):

S(Rmax, t, Ttrans) =
∫ Rmax

0

πrR

t4

(
m

kBTtrans

)2

×
√

r2 + R2 exp

(
−m

(
r2 + R2

)
2kBTtrans t2

)
dR,

(4)

as shown in Figure 1(a), where all fitting curves used
r = 2 mm.

However, this method of fitting the data was not sup-
ported by experiments with varying desorption laser spot
sizes. An iris was inserted into the desorption beam path to

FIG. 1. TOF spectra of H2O desorbed from ASW by 157-nm photons with
three different desorption laser spot sizes. The desorption laser beam passed
through an iris opening with a radius of 1 mm (black circles), 2 mm (green
squares), and 3 mm (blue triangles). The fits in (a) were calculated using
Eq. (4) with r = 2 mm, Ttrans = 625 ± 5 K, and Rmax ∼ 4 mm (exact values
in legend). In (b), the TOF spectra were scaled and overlaid to emphasize
their indistinguishable shapes. The inset shows a nearly linear relationship
between integrated water signal (from 0 to 10 μs) and desorption laser spot
area.

change the radius of the irradiated area, which should corre-
spond to Rmax in Eq. (4), and nearly identical spectra were
produced with different iris opening radii, R(iris). Figure 1(a)
shows that TOF spectra obtained at R(iris) = 1, 2, and 3 mm
were all fit best with Rmax ∼ 4 mm in Eq. (4). Figure 1(b) dis-
plays those three TOF spectra scaled to the same amplitude
so that their similarities can be better appreciated. Clearly,
changing R(iris) from 3 mm to 1 mm did not alter the width of
the TOF spectrum, as it should have according to Eq. (4). In
fact, the only difference between these spectra was multipli-
cation by a scaling factor that increased nearly linearly with
increasing irradiation area (inset of Figure 1(b)).

Although decreasing the spot size was predicted to nar-
row the TOF spectrum, experiments did not reveal any change
in width, possibly because the ionization volume was very
small (10 μm3) compared to the desorption areas tested. How-
ever, increasing the spot size significantly increased the num-
ber of detected water molecules, so there must have been
some contribution from the outer parts of the desorption spot.
In the simple model that led to Eq. (4), only those trajecto-
ries that led in a straight line from the surface to the detection
region were considered. In reality, water molecules desorbing
from ASW have a wide range of take-off angles, and colli-
sions between desorbing molecules are possible. Such col-
lisions would broaden the TOF spectrum. In addition, the
photodesorption event was not merely a statistical process
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that would necessarily follow Maxwell-Boltzmann statistics.
However, Maxwell-Boltzmann distributions are often useful
in empirical fitting to elucidate the various dissociation or des-
orption channels that contribute to the total observed yield.18

In this case, a single desorption channel was indicated
even though the TOF spectrum was slightly broader than a
Maxwell-Boltzmann distribution. Therefore, the peak of the
TOF spectrum was fit using Eq. (3). TOF data were collected
at multiple values of r and plotted in velocity space using the
Jacobian transform, Pv (v) = tr2S(t), where v = r/t and S(t)
is the measured signal intensity at each time.

C. Simulation of 2 + 1 REMPI spectra

The 2 + 1 REMPI spectrum of H2O was simulated with
PGOPHER, a freely available program for simulating rota-
tional spectra.20 Rotational constants of the ground and C
states were taken from Yang and Skinner,21 who used their
own velocity map imaging REMPI data as well as experi-
mental data available from the JPL spectral line catalog22 to
modify constants from Johns.23 The nuclear spin temperature
was set to 300 K, which gives an ortho:para ratio of 3:1, the
statistical distribution expected at temperatures above 65 K.24

D. Theoretical calculations

Ab initio methods provide a powerful means of elucidat-
ing a mechanism for the photodesorption of a water molecule
from the surface of ice. Vertical singlet excitation energies
of the first five singlet states of a series of small model ice
clusters were benchmarked at several levels of theory, using
Q-Chem 4.0 unless otherwise noted.25 The long-range cor-
rected (LRC) ωB97 functional in the aug-cc-pVDZ basis was
found to produce vertical excitation energies that compared
well to the high-level equation-of-motion coupled-cluster sin-
gles and doubles (EOM-CCSD) method.26, 27 The configura-
tion interaction singles (CIS) method in the aug-cc-pVDZ ba-
sis consistently overestimated the vertical excitation energies
by around 1 eV.28, 29 However, CIS/aug-cc-pVDZ largely pro-
duced the correct ordering of the excited states of these model
clusters, thus providing a correct qualitative description of
the excited states. Electron attachment/detachment densities
of the excited ice clusters and O-H stretching potential en-
ergy curves were obtained using CIS and ωB97 and the aug-
cc-pVDZ basis. After benchmarking clusters with up to five
water molecules, the effect of the bulk ice was explored using
mixed quantum mechanics/molecular mechanics (QM/MM)
methods.

III. EXPERIMENTAL RESULTS

The 2 + 1 REMPI spectrum of desorbed water exhib-
ited rotational excitation, with a rotational temperature of
425 ± 75 K. In Figure 2, the peak positions and relative
intensities in the REMPI spectrum of desorbed H2O nearly
match a simulated spectrum using a rotational temperature of
425 K. The experimental peaks are slightly broader than the
calculated peaks, most likely due to power broadening. The

FIG. 2. Experimental 2 + 1 REMPI spectrum of H2O desorbed from ASW
by 157-nm photons at 108 K, measured at r = 3.1 mm and t = 2.8 μs (dots),
and simulated two-photon C-X spectrum with a rotational temperature of
425 K and an ortho:para ratio of 3:1 (line). The rovibrational transitions
associated with the five largest peaks are shown.

fitting parameters were not guaranteed to be accurate for ro-
tational temperatures above 300 K due to the large number
of transitions and overlapping peaks. This uncertainty at high
rotational temperatures may contribute to the fact that simu-
lated spectra over quite a large range (350–500 K) fit the data,
which have a considerable amount of noise due to fluctuations
in both desorption and ionization laser powers. For the same
experimental conditions, the rotational temperature reported
by Hama et al.19 was 350 ± 150 K, so the results are consis-
tent within error.

The shape of the TOF spectrum was found to be re-
markably robust with respect to changes in coverage, des-
orption laser flux, ionization energy, desorption laser spot
size, ice morphology (ASW vs. CI), and rotational state
sampled. While the amount of detected water was af-
fected by varying each of these parameters, the TOF spec-
tra were all indistinguishable after multiplication by a scal-
ing factor. The distribution calculated with Eq. (3), using
r = 3.1 mm and Ttrans = 700 K, is shown to fit the peak
of the TOF spectrum in Figure 3. The uncertainty in exper-
imental signal intensity is shown with 95% confidence in-
tervals. The distance from the sample to the detection re-
gion, r, was not easily measured. However, based on the
method of laser alignment, r for this experiment was de-
termined to be 3.1 ± 0.5 mm, which corresponds to Ttrans

= 700 ± 200 K (0.12 ± 0.03 eV), as both r and Ttrans pri-
marily affect the simulated distribution by shifting it hor-
izontally. As mentioned in the introduction, Hama et al.19

reported Ttrans = 1800 ± 500 K for the same experimen-
tal conditions. Their experimental data were very similar to
the data shown in Figure 3, except for a horizontal shift be-
cause their value of r was 2 mm. However, because their
data were fit using the method examined in Figure 1 (with
Rmax = 6 mm), the reported translational temperature of
1800 K may be an overestimate.

Data were collected at multiple values of r. As expected,
the TOF spectra shifted to lower time and narrowed as r de-
creased. The velocity distribution, shown in Figure 4, was
consistent between data sets. Although the precise values of
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FIG. 3. TOF spectrum of H2O desorbed from ASW at 108 K by 157-nm
photons and detected by 2 + 1 REMPI on the 202-321 rotational peak at
248.52 nm. The solid line is a Maxwell-Boltzmann distribution with
r = 3.1 mm and Ttrans = 700 K.

r shown in Figure 4 were chosen to show the best possible
overlap between data sets, the distances and uncertainties ob-
tained by careful laser alignment were really 2.0 ± 0.5 mm,
2.5 ± 0.5 mm, and 3.1 ± 0.5 mm. Maximum signal corre-
sponded to a velocity of ∼950 m/s.

Desorption signal was found to be linear with respect to
desorption laser flux. Figure 5 shows integrated water signal
from 2.3 to 3.9 μs as a function of energy per pulse with
r = 3.1 mm. The two different data sets were obtained with
slightly different ionization energies, but both clearly show
a linear dependence of signal on energy, so a single-photon
mechanism of desorption is indicated.

Signal per pulse, measured at the TOF spectrum peak,
was not found to require an incubation period. Within the first
32 desorption laser pulses, water signal was already maxi-
mized. Due to fluctuations in laser powers, at least 32 shots
had to be averaged to obtain reproducible results. Signal also
remained approximately constant after long irradiation times
for initial coverages ≥100 L.

Water removal cross sections were measured at 1, 5, 10,
20, and 30 L exposures. With r = 2 mm, water signals at 1.1
and 2.3 μs delays were averaged over 64, 128, or 256 laser

FIG. 4. Velocity distribution of H2O desorbed from ASW at 108 K by
157-nm photons and detected by 2 + 1 REMPI on the 202-321 rotational
peak at 248.52 nm. Three different distances between sample and detection
region yielded consistent results.

FIG. 5. Water signal detected by 2 + 1 REMPI on the 202-321 rotational peak
integrated from 2.3 to 3.9 μs delay time as a function of energy per pulse. The
two sets of data were obtained with slightly different ionization energies. The
solid lines are linear regressions.

pulses by an oscilloscope, and data were collected for a total
of ∼100 000 pulses. These delay times were chosen to probe
the faster and slower parts of the TOF spectrum. However, no
significant differences in cross section were found between
the cross sections at 1.1 and 2.3 μs. This result supports the
idea that a single mechanism is responsible for H2O photodes-
orption. Figure 6 shows two examples of the cross section
measurement. The slowly decreasing water signals were fit
with exponentials of the form y = Ae−σx, where x is the num-
ber of photons per cm2 and σ is the cross section.

Although only specific rovibrational states of photodes-
orbed water were detected, the observed decrease in signal
was caused by surface water depletion in all forms: photodes-
orption of H2O (v = 0), photodesorption of H2O (v∗), and
photodissociation. Multiplying all water signals by a constant
did not affect the calculated cross sections; only the relative
decrease in signal over irradiation time was important. As-
suming that measured signal was proportional to the number
of water molecules at the surface, the reported cross sections
were characteristic of water removal as a whole.

Four to six cross section measurements were per-
formed at each exposure, and the results are summarized in

FIG. 6. Representative cross section measurements for H2O removal from
5 and 20 L ASW by 157-nm irradiation. A 5 L data and exponential fitting
curve were offset for clarity. The number of 157-nm photons was calculated
using the pulse counter on the excimer laser display and an average energy of
55 μJ cm−2 per pulse.
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FIG. 7. Average cross sections for H2O removal from 1 to 30 L ASW by
157-nm irradiation. Error bars represent 95% confidence intervals based on
4–6 different measurements at each exposure.

Figure 7. For 20–30 L, the average cross section was
(6.9 ± 1.8) × 10−20 cm2. Although no statistically signifi-
cant differences were found between cross sections at differ-
ent exposures, 1 L exposure tended to result in lower cross
sections, while 5 L exposure tended to result in higher cross
sections. These trends are expected based on how water sticks
to surfaces in clusters at low exposures, with maximum sur-
face roughness around 5 L. When an attempt was made to
determine the cross section at 100 L, water signal did not de-
crease during irradiation with 2 × 1018 photons cm−2.

The TOF spectra of OH+ and H+ fragment ions from vi-
brationally excited water molecules are shown in Figure 8.
The translational temperatures associated with the best fit-
ting Maxwell-Boltzmann distributions were found to be 1400
± 450 K for OH+ and 1200 ± 400 K for H+, though these
temperatures should be identical according to the theory in
Sec. II A. The H+ peak was obscured by ringing from the
excimer laser for the first 1 μs, so those early data points
are omitted for H+. Another complication with detecting H+

fragments was the large H+ signal due only to the ionization
laser. Although the two H+ peaks were slightly separated in
time, some overlap did occur. Thus, only the OH+ TOF spec-
trum was used to determine the parent molecule energies. The
distance between the surface and the detection region was
3.0 ± 0.5 mm, and this uncertainty in distance led to un-
certainty in the translational energies of vibrationally excited
parent water molecules. Based on the OH+ data, the parent
water molecules have translational energies centered around
0.24 ± 0.08 eV. Therefore, the translational energy of H2O
(v∗) is greater than that of H2O (v = 0) when desorbed from
ASW at 108 K by 157-nm irradiation.

The effect of increasing the irradiation fluence on the vi-
brationally excited water yield was determined by measur-
ing OH+ signal at flight times of 0.9 μs and 3.4 μs. For the
desorption energies (50–90 μJ cm−2 per pulse) and ioniza-
tion energies (4.5–5.0 mJ per pulse) used here, there was no
difference other than scale between signal at the two flight
times, so a single Maxwell-Boltzmann distribution was used
to fit the data. Both appeared promptly, rose slowly at a lin-
ear rate, and increased by about 18% in the first ten minutes

FIG. 8. TOF spectra of (a) OH+ and (b) H+ fragment ions from vibrationally
excited H2O molecules desorbed by 157-nm photons, ionized and fragmented
by 253-nm photons. A Maxwell-Boltzmann distribution with Ttrans = 1400 K
fits the OH+ data, and a distribution with Ttrans = 1200 K fits the peak of the
H+ spectrum.

of irradiation. In a nearly identical experiment, Andersson
et al.17 found that the fast and slow signals behaved differently
with increasing irradiation, so they reported a fast compo-
nent with Ttrans = 10 000 ± 2000 K and a slow component at
1800 ± 300 K. While our results match their slow component
(within error), we did not detect a fast component. However,
our results do not exclude the possibility of two convoluted
components with similar translational temperatures. The ad-
dition of one component that does not depend on irradiation
time and another that increases with irradiation time could
lead to the observed signal.

IV. THEORETICAL RESULTS

Figure 9 shows the calculated attachment/detachment
densities of the tetramer model cluster from two different per-
spectives. This tetramer was extracted from a model of hexag-
onal ice, with the central water corresponding to one of the
water molecules on the surface. This surface water molecule
receives two hydrogen bonds and donates one. The attach-
ment/detachment densities of the third singlet state of the
tetramer indicate a strong dipole reversal of the surface wa-
ter. As in the first singlet state (S1) of the gas-phase water
monomer, most of the electron detachment comes from the
p-orbital of the surface water oxygen, although the oxygen p-
orbitals of surrounding waters also contribute. However, un-
like in the water monomer, the attachment density is placed
outside of the hydrogen pointing away from the surface and
has mostly 4a1 character. This dipole reversal results in un-
favorable electrostatic interactions between the surface wa-
ter and its neighbors, specifically between the central oxygen
and its former hydrogen-bonding partners. While the central
oxygen is not quite electropositive, its atomic charge is close
to zero. Thus, the excited state charge distribution seems to
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FIG. 9. Electron attachment/detachment densities of the third excited sin-
glet state of the model tetramer and the first excited state of the tetramer in
the QM/MM model system (CIS/aug-cc-pVDZ). Blue represents electron at-
tachment density, while red represents a region of depleted electron density.

create an unfavorable interaction that could lead to ejection of
the surface water.

Since a tetramer is still a small model system and does
not incorporate contributions from the bulk of the ice, a mixed
quantum mechanics/molecular mechanics (QM/MM) model
system was developed. The previous tetramer model was used
as the quantum mechanical region of the QM/MM system.
This tetramer was surrounded by 428 water molecules in a
hexagonal ice arrangement. These bulk waters were repre-
sented by an Amber TIP3P potential.30 Interestingly, the or-
dering of the singlet excited states shifted when the tetramer
was placed in the MM potential field. The dipole-reversal
state became the first excited singlet state in the QM/MM sys-
tem. To test the hypothesis that the surface water molecule
would be ejected, AIMD was used. In the AIMD simulations,
the quantum region was modeled using CIS and the aug-cc-
pVDZ basis. Simulations used randomized initial velocities
consistent with a temperature of 100 K to match the experi-
ments. Trajectories of 500 fs were computed using time steps
of 0.602 fs. Due to the large number of time steps per trajec-
tory, even the relatively modest treatment of electronic struc-
ture led to long computation times. Hence, only a few dozen
exploratory trajectories could be performed. After excitation
of the cluster to the S1 state, most trajectories showed a des-
orption event. However, all desorption events occurred after
an abnormally long OH stretch (2.5 Å) on the ejected wa-
ter. The CIS method is not necessarily reliable for such long
stretches. For this reason and due to the small number of tra-
jectories, the AIMD simulations are not sufficient to estimate
the relative probabilities of dissociated versus intact products.

FIG. 10. Ground-state (S0) and excited state (S1-S4) potential energy curves
of rigid OH stretching of a surface water molecule in the QM/MM model of
hexagonal ice, calculated using EOM-CCSD/aug-cc-pVDZ for the quantum
region and the TIP3P for the surrounding water molecules.

To further investigate the plausibility of desorption from
this dipole-reversal state, excited state potential energy curves
of the rigid O-H stretching of the surface quantum water in
the QM/MM model were constructed at various levels of the-
ory. Curves using the fairly robust EOM-CCSD/aug-cc-pVDZ
level of theory for the QM region, displayed in Figure 10,
show a barrier to O-H dissociation in the state of interest (S1)
centered around an O-H distance of 1.2 Å. This 0.54-eV bar-
rier allows desorption to compete with the typically dominant
dissociation process.

To estimate an upper-bound for the velocity of a desorb-
ing water molecule, force and energy plots were constructed
for the S1 excited state at the CIS/aug-cc-pVDZ level of the-
ory. The central water was pulled rigidly away from the sur-
face, and the force on each atom was calculated at 0.1-Å inter-
vals. The force on the central water’s center of mass is plotted
versus distance from the surface in Figure 11. The force plot
was integrated to obtain a potential of 0.202 eV, which can
be interpreted as an upper bound to the energy of a desorbing
water molecule. The corresponding potential curve is shown
in the inset to Figure 11. Alternatively, we also computed the
difference in energies between the excited cluster at equilib-
rium and the excited cluster with the central water 100 Å from
the surface, with a result of 0.144 eV. This value can also be
considered an upper bound to the energy of a desorbing water
molecule. However, the true upper bound could be higher in
energy due to the limitations of the CIS/aug-cc-pVDZ level
of theory.

V. DISCUSSION

A. H2O photodesorption mechanisms

There are several possible mechanisms for H2O des-
orption following 157-nm irradiation of ASW. These mech-
anisms include recombinative desorption of photoproducts
from different water molecules, geminate recombinative des-
orption of photoproducts from the same water molecule,
the dipole-reversal mechanism involving a delocalized exci-
ton, and the kick-out mechanism involving an energetic hy-
drogen atom. Because the TOF spectrum in Figure 3 only



164702-8 DeSimone et al. J. Chem. Phys. 139, 164702 (2013)

FIG. 11. Force and energy (inset) plots constructed for the S1 potential of the
QM/MM model at the CIS/aug-cc-pVDZ level of theory. The central water of
the quantum mechanical tetramer was pulled rigidly away from the surface.
The force plot was used to estimate the maximum translational energy of a
desorbing water molecule.

requires one Maxwell-Boltzmann distribution for a good fit,
one mechanism is likely responsible for the observed H2O
(v = 0) signal.

Andersson et al.17 used molecular dynamics simulations,
in which only the excited water molecule was not rigid, to
calculate Ttrans = 1450 ± 150 K for the kick-out mecha-
nism and Ttrans = 2000 ± 200 K for geminate recombinative
desorption. The products of geminate recombinative desorp-
tion exhibited significant vibrational excitation as well, but
the kicked out molecules were not allowed to vibrate in these
simulations. As shown in Figure 3, Ttrans for H2O (v = 0) is
only 700 ± 200 K, so neither mechanism is supported by
these data. Like geminate recombination, recombination of
photoproducts from different water molecules is expected to
produce mostly vibrationally excited water. In addition, sig-
nal from this recombination mechanism should initially in-
crease with irradiation time, so it is not responsible for the
H2O (v = 0) signal, which only decreases in intensity with
irradiation time. The only other mechanism from the list of
possibilities is dipole reversal, which has not received much
theoretical treatment previously.

The potential energy curves of the first excited state in
Figure 10 may indicate that the charge redistribution asso-
ciated with the dipole reversal leads to a quasi-bound state
that allows desorption to compete with dissociation. Our re-
sults can neither confirm nor refute this mechanism, but the
primary forces involved in the photodesorption event arise
from charge redistribution associated with electron density
depletion from the oxygen p-orbital of the surface water.
Figure 11 desorption curves show that the first excited state
should lead to desorption, although a local minimum in the
force curve indicates that the desorbing molecule may be
slowed by interactions with the bulk. The estimated upper
bounds obtained from those curves are shown in Figure 12,
which contains the experimental data from Figure 4 plotted as
a function of translational energy. Most of the experimentally
observed desorbing water has less translational energy than
both computed upper bounds, which are indicated in Figure
12 by arrows at 0.144 eV (A) and 0.202 eV (B).

FIG. 12. Translational energy distribution of H2O desorbed from ASW at
108 K by 157-nm photons and detected by 2 + 1 REMPI at three different
distances between the sample and the detection region. Upper bounds esti-
mated at the CIS/aug-cc-pVDZ level of theory are shown at A (0.144 eV)
and B (0.202 eV).

Photodesorption of H2O (v∗) may also be due in part to
the dipole-reversal mechanism. Although the translational en-
ergy of H2O (v∗) is approximately twice that of H2O (v = 0),
the same mechanism could be responsible for both. Unlike
in unimolecular decay, energy conservation in the condensed
phase involves neighboring molecules. After excitation, wa-
ter molecules with relatively long lifetimes on the surface can
lose both vibrational and translational energy to surrounding
molecules, while those that desorb more quickly can retain
both forms of energy. Indeed, water molecules that desorb as
a result of an exciton-mediated process are expected to exhibit
vibrational excitation.19

As mentioned in Sec. III, there may be more than one
mechanism responsible for desorbing H2O (v∗). Since Ttrans

for H2O (v∗) is 1400 ± 450 K, the kick-out mechanism (cal-
culated Ttrans = 1450 K for rigid H2O) might be responsible
for desorption of vibrationally excited water. Unfortunately,
because the kicked out water molecules in the simulations
of Andersson et al.17 were not allowed to vibrate, the trans-
lational temperature of H2O (v∗) desorbing due to the kick-
out mechanism has not been specifically calculated. Still, the
kick-out mechanism cannot be ruled out as a mechanism for
producing H2O (v∗).

Recombinative desorption of photofragments from dif-
ferent water molecules may also be responsible for desorp-
tion of vibrationally exited H2O. A mechanism involving the
build-up of hydroxyl groups on the surface would help to ex-
plain why signal indicative of H2O (v∗) increases with ir-
radiation time. As photodissociation occurs, more OH radi-
cals become available for recombination: OH + OH → H2O
+ O. The irradiation time dependence results can be explained
if both recombinative desorption and one of the direct mech-
anisms of desorption lead to translational temperatures near
1400 K.

B. Photodesorption cross section

In the present cross section experiments, only H2O
(v = 0) molecules are detected, but the calculated cross
sections are characteristic of total water removal from the
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ice surface. With increasing irradiation, H2O (v = 0) signal
declines due to the decreasing number of surface water
molecules, which are removed through both photodesorption
and photodissociation. According to Oberg et al.,6 at 100 K,
64% of water loss is attributed to intact desorption, while the
rest is attributed to dissociation. The average cross section
we measured for 20–30 L exposure was (6.9 ± 1.8) × 10−20

cm2. Assuming that 64% of water loss is due to desorption,
the cross section of intact H2O desorption would be approxi-
mately (4.4 ± 1.2) × 10−20 cm2. However, Oberg et al.6 used
a hydrogen discharge lamp with up to 10.5-eV photons, so
it is probable that an even greater ratio of desorption relative
to dissociation occurs with only 7.9-eV photons. A more
extensive discussion of the wavelength dependence follows
later in this section.

The lowest cross section observed in these experiments,
5.7 × 10−20 cm2 for 1 L exposure, is slightly higher than the
2.3 × 10−20 cm2 cross section reported from 6.4-eV irradi-
ation of 0.6 ML H2O on p(2×2)O/Pd(111).31 Higher cover-
age and photon energy are responsible for making our cross
sections higher.

The water desorption cross section that most astrophysi-
cal models utilize, 8 × 10−18 cm2, was determined for Lyman-
α photons (10.2 eV) using a microbalance to measure total ice
removal from the surface.7 This value is two orders of mag-
nitude larger than the cross section obtained in the present
experiments. Quadrupole detection of D2 from D2O ice at
126 nm led to an estimate of 9 × 10−18 cm2 for the cross
section of ice destruction, which includes desorption, dissoci-
ation, and ionization.32 Because it includes ionization, the ice
destruction cross section should be much larger than the wa-
ter removal cross section. Therefore, the water removal cross
section at 10.2 eV may actually be much lower than the esti-
mate of Westley et al.7 Even if the true value is significantly
lower than 8 × 10−18 cm2, the water removal cross section at
7.9 eV (6.9 × 10−20 cm2) will likely provide a lower limit.

The most important difference between these two exper-
iments is the wavelength of photons used. The absorption
coefficient at 10.2 eV is approximately twice the value at
7.9 eV for amorphous ice.5 If the same mechanisms were
dominant at 10.2 eV and 7.9 eV, the cross section would only
be expected to be twice as large at 10.2 eV. However, addi-
tional mechanisms of ice removal could be responsible for
making the cross section at 10.2 eV so large. The photoelec-
tric threshold of ASW is 8.7 eV, and the photoelectric yield at
10 eV is ∼10−3 per photon.33 Therefore, photoionization of
water plays a significant role in ice removal at 10.2 eV, while
it is negligible at 7.9 eV. Once H2O+ is formed, it can react
and recombine with electrons to form an excited state similar
to the dipole reversal state described in this paper. This excited
state could lead to desorption or decay to form other species.34

Figure 10 shows deeper bound states for higher energy ex-
cited states that can be accessed with 10.2-eV photons. These
have longer lifetimes, and, since desorption yields scale as
Y ∼ exp(−τ c	), where 	 is the bandwidth and τ c is the
critical excited state lifetime,35 they should also have higher
desorption yields.

An extensive study of the H2O photodesorption yield us-
ing a hydrogen discharge lamp (7–10.5 eV) obtained a yield

of 4.5 × 10−3 molecules photon−1 for exposures greater than
8 L at 100 K,6 which is close to the corresponding yield from
Westley et al. of 7.5 × 10−3 molecules photon−1.7 These
similar results led Oberg et al. to hypothesize that the pho-
todesorption yield would not be affected by different lamp
spectral energy distributions.6 While all hydrogen discharge
lamps may give similar yields due to their common high-
energy photons, the wavelength of the irradiation source does
make an enormous difference. The yield has not been deter-
mined from the present experiments because the relationship
between water signal and thickness is unknown. For 1 L ex-
posure clusters are likely to form. Under these conditions, the
maximum coverage is assumed to be 1014 molecules. Assum-
ing that signal is proportional to coverage, an estimate of the
yield is 1.8 × 10−4 molecules photon−1. Therefore, our esti-
mated yield is about one order of magnitude below the cor-
responding yield from Oberg et al., 1.3 × 10−3 molecules
photon−1.6

C. Astrophysical implications

Clearly, cross section and yield are greatly influenced by
the UV wavelength and flux. The interstellar UV field is often
simulated with a hydrogen discharge lamp since the Lyman-α
flux is dominant. However, many regions within our solar sys-
tem are not dominated by the Lyman-α flux. Calculations in-
tended to model a specific location in space should obviously
use the cross sections specific to the prevailing UV wave-
lengths in the area. In addition, though not explicitly shown
in this study, the ice surface temperature can play a large role
in determining cross sections for dissociation and desorption,
mainly due to increases in excited state lifetimes as increasing
temperature reduces coupling between neighbors.36, 37

As an example, the cross sections presented in this pa-
per apply to the rings of Saturn, which are comprised of icy
grains with temperatures near 100 K. The solar photon flux
below 230 nm near Saturn is 3.5 × 1011 photons cm−2 s−1.38

In Sec. V B, we stated that the cross section of intact H2O des-
orption would be approximately 4.4 × 10−20 cm2, assuming
that 64% of our measured cross section is due to intact des-
orption and that the remainder is due to dissociation. We can
then calculate a rate of desorption by multiplying the photon
flux by the cross section and the number of molecules on the
surface of a grain. For a grain with a radius of 1 cm, the re-
sult is 4.8 × 107 molecules s−1. Using the value from Westley
et al.7 would instead give a rate of 8.8 × 109 molecules s−1,
but this rate would include dissociation and ionization in ad-
dition to intact desorption. Since the solar photon flux below
230 nm includes more photons above 7.9 eV than below, our
calculated rate of 4.8 × 107 molecules s−1 for intact H2O des-
orption from a 1-cm grain should be treated as a lower bound.

VI. CONCLUSIONS

The photodesorption of water molecules from amorphous
solid water by 157-nm irradiation has been examined us-
ing resonance-enhanced multiphoton ionization. The rota-
tional temperature has been determined, by comparison with
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simulations, to be 425 ± 75 K. The TOF spectrum of H2O
(v = 0) has been fit with a Maxwell-Boltzmann distribution
with a translational temperature of 700 ± 200 K (0.12 ±
0.03 eV). H+ and OH+ fragment ions have been detected
with non-resonant multiphoton ionization, indicating vibra-
tionally excited parent water molecules with translational en-
ergies of 0.24 ± 0.08 eV. These results have been compared
and contrasted with those of Hama et al.19 and Andersson
et al.17 The cross section for water removal by 7.9-eV pho-
tons near 100 K averages (6.9 ± 1.8) × 10−20 cm2 for >10
L H2O exposure. Electronic structure computations have also
probed the excited states of water and the mechanisms of des-
orption. Calculated electron attachment and detachment den-
sities show that exciton delocalization leads to a dipole re-
versal state in the first singlet excited state of a model sys-
tem of hexagonal water ice. AIMD simulations show possible
desorption of a photo-excited water molecule from this clus-
ter, though the non-hydrogen bonded OH bond is stretched
significantly before desorption. Potential energy curves of
this OH stretch in the electronic excited state show a bar-
rier to dissociation, lending credence to the dipole reversal
mechanism.

ACKNOWLEDGMENTS

The experimental work was supported by the NASA
Outer Planets Program under Contract No. NNX10AB03G
and the theoretical effort was supported by the National
Science Foundation (Grant No. CHE-1011360).

1M. E. Brown, E. L. Schaller, and W. C. Fraser, Astron. J. 143(6), 146
(2012).

2S. Vahidinia, J. N. Cuzzi, M. Hedman, B. Draine, R. N. Clark, T. Roush, G.
Filacchione, P. D. Nicholson, R. H. Brown, B. Buratti, and C. Sotin, Icarus
218(1), 736–736 (2012).

3C. Dominik, C. Ceccarelli, D. Hollenbach, and M. Kaufman, Astrophys. J.
635(1), L85–L88 (2005).

4D. M. Chipman, J. Chem. Phys. 124(4), 044305 (2006).
5K. Kobayashi, J. Phys. Chem. 87(21), 4317–4321 (1983).
6K. I. Oberg, H. Linnartz, R. Visser, and E. F. van Dishoeck, Astrophys. J.
693(2), 1209–1218 (2009).

7M. S. Westley, R. A. Baragiola, R. E. Johnson, and G. A. Baratta, Nature
(London) 373(6513), 405–407 (1995).

8M. Y. Kulikov, A. M. Feigin, S. K. Ignatov, P. G. Sennikov, T. Bluszcz, and
O. Schrems, Atmos. Chem. Phys. 11(4), 1729–1734 (2011).

9N. Nishi, H. Shinohara, and T. Okuyama, J. Chem. Phys. 80(8), 3898–3910
(1984).

10T. Hama, M. Yokoyama, A. Yabushita, M. Kawasaki, and N. Watanabe,
Nucl. Instrum. Methods Phys. Res. B 269(9), 1011–1015 (2011).

11S. Andersson and E. F. van Dishoeck, Astron. Astrophys. 491(3), 907–916
(2008).

12C. Arasa, S. Andersson, H. M. Cuppen, E. F. van Dishoeck, and G. J. Kroes,
J. Chem. Phys. 132(18), 184510 (2010).

13P. H. Hahn, W. G. Schmidt, K. Seino, M. Preuss, F. Bechstedt, and J.
Bernholc, Phys. Rev. Lett. 94(3), 037404 (2005).

14A. Acocella, G. A. Jones, and F. Zerbetto, J. Phys. Chem. Lett. 3, 3610–
3615 (2012).

15A. J. DeSimone, B. O. Olanrewaju, G. A. Grieves, and T. M. Orlando, J.
Chem. Phys. 138(8), 084703 (2013).

16N. G. Petrik and G. A. Kimmel, J. Phys. Chem. B 109(33), 15835–15841
(2005).

17S. Andersson, C. Arasa, A. Yabushita, M. Yokoyama, T. Hama, M.
Kawasaki, C. M. Western, and M. N. R. Ashfold, Phys. Chem. Chem. Phys.
13(35), 15810–15820 (2011).

18F. Zimmermann and W. Ho, Surf. Sci. Rep. 22(4–6), 127–247
(1995).

19T. Hama, M. Yokoyama, A. Yabushita, M. Kawasaki, S. Andersson, C. M.
Western, M. N. R. Ashfold, R. N. Dixon, and N. Watanabe, J. Chem. Phys.
132(16), 164508 (2010).

20C. M. Western, PGOPHER, a program for simulating rotational structure,
University of Bristol, 2010, see http://pgopher.chm.bris.ac.uk.

21M. Yang and J. L. Skinner, Phys. Chem. Chem. Phys. 12(4), 982–991
(2010).

22H. M. Pickett, R. L. Poynter, E. A. Cohen, M. L. Delitsky, J. C. Pearson,
and H. S. P. Muller, J. Quant. Spectrosc. Radiat. Transf. 60(5), 883–890
(1998).

23J. W. C. Johns, Can. J. Phys. 49(7), 944–947 (1971).
24B. P. Bonev, M. J. Mumma, G. L. Villanueva, M. A. Disanti, R. S.

Ellis, K. Magee-Sauer, and N. Dello Russo, Astrophys. J. 661(1), L97–
L100 (2007).

25A. I. Krylov and P. M. W. Gill, Wiley Interdiscip. Rev.: Comput. Mol. Sci.
3(3), 317–326 (2013).

26J. D. Chai and M. Head-Gordon, J. Chem. Phys. 128(8), 084106 (2008).
27J. F. Stanton and R. J. Bartlett, J. Chem. Phys. 98(9), 7029–7039 (1993).
28J. E. Delbene, R. Ditchfie, and J. A. Pople, J. Chem. Phys. 55(5), 2236–

2241 (1971).
29J. B. Foresman, M. Headgordon, J. A. Pople, and M. J. Frisch, J. Phys.

Chem. 96(1), 135–149 (1992).
30W. L. Jorgensen, J. Chandrasekhar, J. D. Madura, R. W. Impey, and M. L.

Klein, J. Chem. Phys. 79(2), 926–935 (1983).
31X. Y. Zhu, J. M. White, M. Wolf, E. Hasselbrink, and G. Ertl, J. Phys.

Chem. 95(21), 8393–8402 (1991).
32N. Watanabe, T. Horii, and A. Kouchi, Astrophys. J. 541(2), 772–778

(2000).
33B. Baron, D. Hoover, and F. Williams, J. Chem. Phys. 68(4), 1997–1999

(1978).
34G. A. Kimmel and T. M. Orlando, Phys. Rev. Lett. 75(13), 2606–2609

(1995).
35A. R. Burns, E. B. Stechel, D. R. Jennison, and T. M. Orlando, Phys. Rev.

B 45(3), 1373–1385 (1992).
36J. Herring-Captain, G. A. Grieves, A. Alexandrov, M. T. Sieger, H. Chen,

and T. M. Orlando, Phys. Rev. B 72(3), 035431 (2005).
37M. T. Sieger, W. C. Simpson, and T. M. Orlando, Phys. Rev. B 56(8), 4925–

4937 (1997).
38T. Encrenaz, R. Kallenbach, T. C. Owen, and C. Sotin, The Outer Planets

and their Moons (Springer, Dordrecht, The Netherlands, 2005).

http://dx.doi.org/10.1088/0004-6256/143/6/146
http://dx.doi.org/10.1016/j.icarus.2011.11.022
http://dx.doi.org/10.1086/498942
http://dx.doi.org/10.1063/1.2162542
http://dx.doi.org/10.1021/j100244a065
http://dx.doi.org/10.1088/0004-637X/693/2/1209
http://dx.doi.org/10.1038/373405a0
http://dx.doi.org/10.1038/373405a0
http://dx.doi.org/10.5194/acp-11-1729-2011
http://dx.doi.org/10.1063/1.447172
http://dx.doi.org/10.1016/j.nimb.2010.12.031
http://dx.doi.org/10.1051/0004-6361:200810374
http://dx.doi.org/10.1063/1.3422213
http://dx.doi.org/10.1103/PhysRevLett.94.037404
http://dx.doi.org/10.1021/jz301640h
http://dx.doi.org/10.1063/1.4790585
http://dx.doi.org/10.1063/1.4790585
http://dx.doi.org/10.1021/jp044077b
http://dx.doi.org/10.1039/c1cp21138b
http://dx.doi.org/10.1016/0167-5729(96)80001-X
http://dx.doi.org/10.1063/1.3386577
http://pgopher.chm.bris.ac.uk
http://dx.doi.org/10.1039/b918314k
http://dx.doi.org/10.1016/S0022-4073(98)00091-0
http://dx.doi.org/10.1139/p71-114
http://dx.doi.org/10.1086/518419
http://dx.doi.org/10.1002/wcms.1122
http://dx.doi.org/10.1063/1.2834918
http://dx.doi.org/10.1063/1.464746
http://dx.doi.org/10.1063/1.1676398
http://dx.doi.org/10.1021/j100180a030
http://dx.doi.org/10.1021/j100180a030
http://dx.doi.org/10.1063/1.445869
http://dx.doi.org/10.1021/j100174a065
http://dx.doi.org/10.1021/j100174a065
http://dx.doi.org/10.1086/309458
http://dx.doi.org/10.1063/1.435880
http://dx.doi.org/10.1103/PhysRevLett.75.2606
http://dx.doi.org/10.1103/PhysRevB.45.1373
http://dx.doi.org/10.1103/PhysRevB.45.1373
http://dx.doi.org/10.1103/PhysRevB.72.035431
http://dx.doi.org/10.1103/PhysRevB.56.4925



