Article
pubs.acs.org/JPCA

Capture of Hyperthermal CO2 by Amorphous Water Ice via Molecular
Embedding
Grant G. Langlois,† Wenxin Li,† K. D. Gibson, and S. J. Sibener*
The James Franck Institute and Department of Chemistry, The University of Chicago, 929 E. 57th Street, Chicago, Illinois 60637,
United States
ABSTRACT: We present the ﬁrst study detailing the capture and aggregation of
hyperthermal CO2 molecules by amorphous solid water (ASW) under ultra-high
vacuum conditions at 125 K, near the amorphous/crystalline transition. Using timeresolved in situ reﬂection−absorption infrared spectroscopy (RAIRS), CO2
molecules with translational energies above 3.0 eV are observed to directly
embed underneath the vacuum−solid interface to become absorbed within the ice
ﬁlms despite an inability to adsorb at 125 K; this behavior is not observed for
crystalline ﬁlms. Upon embedding, the mobility of CO2 within 125 K amorphous
ice and the strength of its intermolecular interactions result in its segregation into
clusters within the ice ﬁlms. Tracing the kinetics of CO2 embedding events under
diﬀerent energetic conditions allows for elucidation of the underlying dynamics, and
we draw comparison with other projectiles we have studied to promote generalized
conclusions in regard to empirical prediction of a projectile’s embedding
probability. Through application of a classical model of the entrance barrier for
projectiles colliding with amorphous ice, we provide direct evidence for a uniﬁed connection between embedding probability and
projectile momentum; an account of all embedding data measured by our group traces a uniﬁed barrier model. This work
highlights the interplay between translational energy and momentum accommodation during collisions with ice in high speed gas
ﬂows.

■

INTRODUCTION
The interaction of gases with ice is fundamental to numerous
scientiﬁc disciplines. In astrophysics, theories of atmospheric
formation on planets and moons focus primarily on delivery of
volatile species from comets.1−4 Simple gaseous species
accumulate and concentrate within the ices of comets and
pre-cometary matter,5,6 potentially subject to bombardment by
high-energy electromagnetic radiation and interstellar matter to
form complicated molecules.7 Simulation of these processes in
many laboratories using pre-mixed cometary ice analogs has
produced organic residues containing molecules potentially
important in understanding possible sources of prebiotic
chemistry on Earth.8−14 Additionally, answers to important
questions related to geophysics and global energy issues are
built upon the foundation of a thorough understanding of gas−
ice interactions, with intense focus on clathrate hydrates,15,16
whose contemporary applications include endeavors into
hydrogen storage17,18 and capture of anthropogenic greenhouse
gases.19,20
CO2, along with its interaction with ice, represents a major
constituent of interstellar matter21,22 and is hypothesized to be
a major component of global climate forcing. Comparison
between the sequestration and release of CO2 by glacial ice
during prior geological epochs and the current global climate
provides tangible links to consequences associated with Earth’s
currently melting permafrost.23,24 In this work, we present the
ﬁrst study on the capture and concentration of neutral,
hyperthermal CO2 by amorphous solid water (ASW) under
© 2015 American Chemical Society

ultra-high vacuum (UHV) conditions at a surface temperature
where CO2 adsorption is infeasible as a method of accretion.
We demonstrate that the observed CO2 uptake by ASW at 125
K is dominated by the process of energetic ballistic deposition,
or “embedding”. This is a phenomenon we have described at
length in previous publications, whereby small atoms and
molecules with high translational energies and trajectories near
normal incidence directly bury underneath the vacuum−solid
interface upon collision.25−28
Finally, we draw comparisons between the observed
embedding eﬃcacy of CO2 in amorphous water ice and the
other gaseous projectiles studied by our group (Xe, Kr, CF4,
SF6) and via application of a classical empirical model to the
activated process, ﬁrmly establish a generalized connection
between projectile momentum and embedding probability.
The embedding of CO2 and other small atoms and molecules
into ASW inherently diﬀers from percolation into the bulk
following adsorption onto an icy surface, which itself is well
characterized.5,6,29−33 Namely, our results imply that ice
composition can be modiﬁed by gases with high translational
energies, even when ice temperature precludes adsorption.7,8
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Figure 1. Representative RAIR spectra obtained during exposure of 4.1 eV CO2 to 60-layer-thick amorphous H2O ice ﬁlm. Boldface signals in the
table (2328, 2335, 2341, 2363 cm−1) are associated with solid CO2 uptake, whose integrated peaks grow linearly as a function of total exposed CO2.
The signal at 2350 cm−1 is associated with trace background CO2 in the IR beam path within the sample chamber and remains essentially constant
throughout the experiment, as shown in the top-right plot.

These ﬁndings have direct implications in studies of planetesimals traveling at high speeds in protoplanetary nebulae,34
and in studies and simulations of the hazardous icing of aircraft
during ﬂight.35,36

depending upon nozzle temperature and pressure, as
characterized using time-of-ﬂight techniques. We note that
this method of producing CO2 with high translational energies
causes CO2 and H2 to readily react under some of the chosen
conditions, to near completion as the nozzle temperature
approaches 1200 K at all stagnation pressures used, producing
CO and H2O through the reverse water−gas shift reaction42
either homogeneously or catalytically by the exposed metal
surfaces. Similar beam reactivity phenomena were reported by
Herschbach et al. in the case of small hydrocarbons forming
larger hydrocarbons within the nozzle of a molecular beam
under analogous conditions.43 We plan to present the speciﬁcs
of these interesting ﬁndings in an upcoming publication.
Though no evidence of CO accumulation is observed on or
within the ice surfaces discussed in this paper, H2O is deposited
throughout our experiments with a rate typically at or below
∼10−2 layers per second as a product of the reverse water−gas
shift reaction taking place.
Total CO2 ﬂux from the seeded molecular beams is
determined by ﬁrst calibrating the pressure rise in the sample
chamber with a nude Bayard−Alpert ion gauge while open to
neat CO2 beams.28 With knowledge of the chamber pumping
speed, the relative sensitivity of the gauge to CO2,44,45 and the
beam’s spot size on the Au(111) crystal, the molecular ﬂux of
the neat beam is determinable. For neat beams at diﬀerent
stagnation pressures, the calculated ﬂuxes were each correlated
with an observed rise in signal at m/z = 44 when open to the
chamber as measured by a residual gas analyzer (RGA) located
outside of the beam’s line of sight. Linear regression yields
direct conversion between RGA signal rise and total CO2 ﬂux,
and in this way, CO2 ﬂux in seeded beams could be determined
purely from the RGA readings for all experiments.

■

EXPERIMENTAL DETAILS
The experiments referenced herein were conducted in a
molecular beam scattering instrument described at length in a
previous publication.37 The instrument consists of a triply
diﬀerentially pumped supersonic molecular beam connected to
an ultra-high vacuum (UHV) chamber equipped, in part, with
optics for performing time-resolved reﬂection−absorption
infrared spectroscopy (RAIRS).
Ice coverage and CO2 uptake in all experiments were
quantiﬁed by integrating RAIR spectra by ﬁtting observed
bands with Gaussian peaks atop cubic baselines. All spectra
were obtained using a Nicolet model 6700 infrared
spectrometer with incident p-polarized IR radiation reﬂected
from the underlying Au(111) crystal at an incident angle of 75°
and directed into a liquid-nitrogen-cooled MCT/A detector.
Spectra were averaged over 250 scans taken at 4 cm−1
resolution with clean Au(111) as background. A total of 60−
75 layers (one layer = 1.07 × 1015 H2O molecules38,39) of low
density amorphous ice were deposited onto single-crystal
Au(111) at 125 K, promoting both substrate independence and
homogeneity, i.e., self-similar structural presentation for layers
of this thickness, at the vacuum−solid interface.39,40 Under
these conditions, the sticking coeﬃcient of H2O on both Au
and ice is nearly unity,37 and H2O desorption is negligible over
a period of hours. Ice thickness was quantiﬁed by backﬁlling the
main chamber at a known deposition rate with respect to the
Au(111) surface and correlating the rate with growth of the
integrated intensity of the ∼3300 cm−1 OH band.41 This
quantitation is valid with ice ﬁlm thicknesses up to 200 layers
using our setup, after which the OH band shape changes
signiﬁcantly due to a change in optical ﬁeld penetration.
To produce the highest possible CO2 translational energies
in our beam, we expand ∼1% CO2 diluted in H2 at 400−600
psi through a 15 μm molybdenum pinhole, with all exposure to
ice at normal incidence. CO2 translational kinetic energies
ranging from 0.9 to 4.1 eV are obtainable by resistively heating
the beam nozzle from room temperature to 1200 K, with
energy distribution widths (ΔE/E) ranging from 18 to 46%

■

RESULTS AND DISCUSSION
Embedding: Ice Structure and Composition. Upon
exposure of ASW to high-translational-energy CO2, a rich
proﬁle of local environments are observed between 2320 and
2380 cm−1. Figure 1 depicts example chronological spectra
obtained by continuously exposing an ASW ﬁlm to CO2 with
average translational energy of 4.1 eV. Although our analysis
focuses primarily on monitoring the intensity of the most
prominent mode at 2341 cm−1 as a function of exposure and
CO2 translational kinetic energy, the overall IR response of the
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ﬁlm encompasses detailed information about the structure of
the ice ﬁlm after embedding and is worth highlighting. The
sharp (fwhm < 5 cm−1) signal at 2341 cm−1 exhibits a 4 cm−1
red shift compared to signals observed in pure CO2 ices, both
thick and thin.33,46,47 This observation aligns with those made
in several studies; CO2 weakly interacting with surrounding
water decreases the ν3 mode’s eﬀective force constant, making a
distinction between surface adsorbed and bulk absorbed CO2
trivial.47,48 Given that stable CO2 deposition occurs below 90
K32 (much lower than our experimental conditions) and that
another signal does not appear near 2345 cm−1, we infer that all
CO2 accumulated on the surface must be buried beneath the
vacuum−solid interface, despite the fact that the ASW ﬁlm is
nonporous as prepared.49 It is also important to note that we
do not observe uptake when the ice ﬁlm is crystalline. This
observation is consistent with our prior reports of embedding
and persistence occurring more readily within amorphous ﬁlms,
compared to crystalline ﬁlms; molecular dynamics simulations
of hyperthermal Xe collisions with crystalline ice produce
trajectories whereby a Xe atom is ejected from within the
selvedge on the order of picoseconds.25−28
Concurrent with growth of the 2341 cm−1 peak is growth of
a peak at 2363 cm−1, suggesting that accumulated CO2
molecules are not homogeneously, “inﬁnitely” diluted within
the ice but concentrated into small aggregates. This is in
agreement with one study concluding that CO2 is mobile
within ice above 60 K and exhibits a high degree of segregation
when deposited above this temperature; CO2 exists within ices
of this nature mostly as pure crystallites.50 This peak
assignment further aligns with numerous studies of CO2
clusters in both pure gaseous and solid phases.51−55 The two
aforementioned peaks correspond, respectively, to the transverse optical (TO) and longitudinal optical (LO) modes of the
crystallites, and the peak position of the LO mode in particular
(2363 cm−1) suggests that CO2 aggregates within the ice
resemble rods, as opposed to large slabs (2381 cm−1) or
spheres (2356 cm−1).56−58 Oﬀering insightful contrast, CF4
showed no signs of clustering after embedding into ASW grown
under identical conditions in our prior work.28 Aggregation
dynamics within the ice ﬁlm are expected to depend on both
the mobility of the absorbed species and the relative energetic
interactions between guest and host molecules. CF4 molecules
are quite similar to noble gases in terms of their intermolecular
interactions; high symmetry and small size leads to CF4’s weak
electrostatic interactions with itself and other molecules.59
Interaction energies of CF4 with itself and water are each on the
order of only a few kJ/mol,60−62 whereas CO2 dimer
interaction energy is roughly equal to, if not greater than,
that of CO2−H2O, and closer in magnitude (∼20−25 kJ/mol)
to the H2O dimer interaction energy (∼40 kJ/mol).32,63
Aside from an unchanging weak absorption at 2050 cm−1
from trace gaseous CO2 in the IR beam path, Figure 1 also
tracks two weak features at 2328 and 2335 cm−1. The former
has previously been identiﬁed in literature as belonging to
amorphous or disordered CO2,64 although our surface is well
above the temperature at which amorphous CO2 is stable.
Indeed, extremely red-shifted spectral features have been
reported in CO2/H2O mixtures,65 but again, studies such as
these were conducted at temperatures well below 125 K,
complicating direct comparison. Literature studies suggest that,
for instance, the surface and subsurface layers of water ice
nanocrystals can have diﬀering degrees of disorder compared to
their cores,66,67 and absent any conﬁrmation by high-level

theoretical simulations of this system, it remains plausible that
CO2 aggregates formed after embedding exhibit analogous
behavior.
Kinetics and Dynamics of CO2 Embedding in Ice. As
noted in the Experimental Details, H2O can also be generated
in the seeded supersonic molecular beam at the nozzle
temperatures required to obtain CO2 with the highest
translational energies studied. Consequently, H2O is also
deposited onto the ice ﬁlm throughout CO2 exposure, typically
at or below a rate of ∼10−2 layers per second. To deconvolute
our observations from this codeposition, and to conﬁrm no
modiﬁcation of our embedding results due to the presence of
low water ﬂux, a series of control experiments were executed,
with results detailed in Figure 2. Ice ﬁlms were either exposed

Figure 2. (a) CO2 RAIRS signals obtained during exposure to a hightranslational-energy seeded CO2 beam (red) and during lowtranslational-energy beam codeposition of CO2/H2O (black). High
CO2 translational energies are required for resolution of solid CO2
spectroscopic signals. (b) Embedding experiment with two diﬀerent
total H2O deposition rates over the course of exposure, showing no
change in the rate of CO2 uptake as measured by RAIRS and
demonstrating the observed accumulation’s independence from
background water deposition.

to CO2/H2O mixtures (produced by bubbling CO2 through an
H2O ﬁlled reservoir) or exposed to a lower energy (∼1 eV)
CO2 beam during simultaneous backﬁlling of the sample
chamber with pure water vapor. Figure 2a compares RAIR
spectra from both high- and low-energy trials with equal total
CO2 exposures. In all cases, only trace gaseous background
CO2 (2050 cm−1) was observed when low-energy CO2 was
used, irrespective of the total H2O codeposition rate and the
manner in which H2O was deposited. Figure 2b shows an
12240
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embedding experiment where, beginning at the 120 min mark,
the total deposition rate of H2O was deliberately increased by 1
order of magnitude via simultaneous backﬁlling of the chamber
with H2O. As evidenced by the plot, the CO2 uptake rate
remains constant despite the large diﬀerences in H2O
deposition rate. Thus, these results conﬁrm the embedding
rate’s independence from the low water ﬂux; burying does not
occur. These ﬁndings are, again, further backed by temperatureprogrammed desorption (TPD) experiments in the literature
performed on both Au(111) and H2O ice that place stable
deposition of CO2 at surface temperatures well below 125 K.32
The initial CO2 uptake rate is observed to be linear with
respect to the amount dosed in all measurements made with
exposure to CO2 with translational energy 3.0 eV or greater.
Figure 3 shows uptake rates of CO2 by amorphous ice at three

Figure 4. (a) Initial CO2 embedding probability increasing as a
function of incident kinetic energy. Measured data are deconvoluted
from the CO2 energy distributions using a polynomial ansatz, yielding
the solid purple curve (see text for details). (b) Application of
constrained, parameterized S-curves to the data allowing for
comparison of CO2 embedding probabilities to those previously
measured for CF4 and Xe. Over a similar energy range, the embedding
probability for CO2 is measured to be smaller by roughly 1 and 3
orders of magnitude as compared to CF4 and Xe, respectively.

Figure 3. Initial embedding probabilities on ASW for three diﬀerent
average CO2 energies. See text for details regarding conversion of
ordinate axes from integrated peak intensity to number embedded.
Over the energy range studied, as the average kinetic energy of the
incident CO2 increases, the initial embedding probability also
increases.

The results are consistent with conclusions made previously,
namely, that (a) there is a rapid increase in embedding
probability above some energetic threshold, and (b) given that
the projectile is below a critical size, the mass of the projectile is
important in predicting embedding eﬃcacy.28 Figure 4b clariﬁes
this point, revealing the embedding probability of ∼4 eV CO2
to be roughly 1 and 3 orders of magnitude lower than that of
homo-energetic CF4 and Xe, respectively, despite all three
projectiles having similar sizes (radii as estimated from gasphase van der Waals b parameters:68 CO2, 2.1 Å; CF4, 2.9 Å;
Xe, 2.7 Å).
Embedding as an Activated Process. For a projectile to
embed, it clearly must ﬁrst overcome an energetic barrier
associated with traveling beyond the immediate vacuum−solid
interface to become buried within or underneath the selvedge,
and therefore embedding can be considered an activated
process. As originally established by Lennard-Jones, the
paradigmatic notion of a barrier formed from the crossing of
repulsive and attractive states between a gaseous projectile and
a metal surface sought to describe the dynamics of dissociative
adsorption.69 The underlying dynamics behind projectiles
embedding into ASW draw close comparison with these
processes upon inspection (e.g., rapid increase above a
threshold, saturation at high energy), and application of an
empirical classical barrier to this entrance channel oﬀers an
opportunity to draw useful conclusions by comparing the
dynamics of all projectiles we have studied, including CO2. To
this end, we adopt an S-shaped, parameterized form for the

diﬀerent average translational energies with the abscissae of
each data set normalized to each other via multiplication of the
total exposure time to the beam at each time point by the
experiment’s respective CO2 ﬂux. To approximate the total
amount of CO2 molecules embedded at any given time, the
integrated intensity of the 2341 cm−1 peak is divided by the
absorptivity of this mode for CO2 diluted in ice (1:10), as
measured via transmission IR by Sandford and Allamandola at
10 K.63 The absorptivity is linearly corrected to one at 125 K, as
discussed in their paper. Given this transformation, the slopes
of the linear uptake curves represent initial embedding
probabilities for CO2 at the respective energetic conditions.
As seen in Figure 3, the initial uptake rate is clearly highest for
the most energetic CO2 molecules.
The CO2 molecules in the molecular beam populate a
translational energy distribution with a ﬁnite width, and
therefore each embedding probability measured represents a
convolution of the energy distribution with a small range of
probabilities. To deconvolute the data and extract the true
energy dependence outlining the dynamics of the embedding
process, a polynomial nonlinear least-squares ﬁt to the data,
f(E), was employed as an ansatz for the actual rate dependence
and deconvoluted from the incident energy distribution, P(E),
to give the measured dependence, F(E), as plotted in Figure 4a:
F (E ) =

∫ f (E) P(E) dE

(1)
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projectiles via rapid energy dissipation,41 and facile momentum
transfer between projectiles and the recoiling ice matrix clearly
leads to observable trapping at elevated temperatures relative to
the desorption temperature of the projectiles, but perhaps only
if the projectile drives deep enough into the ice ﬁlm upon
impact. Although possible that the local geometry encountered
by a projectile is diﬀerent between the two structures, factors
aﬀecting a projectile’s persistence (i.e., extent of momentum
transfer, mobility within the ice, cohesion of the surrounding
ice lattice) after penetration are likely important, perhaps the
most important, considerations; a higher persistence in ASW
could possibly be linked to its ability to structurally
accommodate the solute given its structural similarities with
liquid water.72−74 Though future theoretical work on this
system is planned, support for this hypothesis comes in the
form of prior molecular dynamics simulations of hyperthermal
Xe collisions with hexagonal ice, where Xe atoms with high
incident translational energy and trajectories primarily closer to
normal incidence relative to the surface penetrated the
vacuum−solid interface to greater depths, residing within the
ﬁrst one to four layers at the vacuum−solid interface and
exhibiting low desorption probability at long ice residence
time.25,27

embedding probability used to evaluate the dissociative
adsorption dynamics of molecular hydrogen on single-crystal
copper surfaces70 and described by Harris:71
σ (E ) =

E − E0 ⎞
A⎛
⎜1 + tanh
⎟
⎝
2
W ⎠

(2)

In the above equation, E0 represents the energetic barrier, W
represents the range of energies over which the curve rises
(related to a distribution of barrier heights dependent upon
position of impact), and A represents the saturation value for
the probability.
The application of this empirical model to our data is
presented in Figure 4b. We expect that ice morphology
critically inﬂuences the embedding process (projectiles are
more deeply embedded in amorphous ice25−28), and although
the ASW morphology heavily depends upon both surface
temperature and deposition angle, ASW ﬁlms grown at 125 K
are expected to be insensitive to deposition method,49 and thus
all ice ﬁlms studied here are consistent. Consequently, A and W
are held constant in these ﬁts to compare the projectiles within
this framework, given their size does not prevent their
embedding; they are all smaller than SF6, the largest projectile
we have investigated that did not embed at any energy
examined.28 The ﬁts were performed with A held constant at
0.001 and W constrained between 1 and 2 eV for the case of
CO2 due to our data sampling only the low-energy region of
the curve. The curves in Figure 4b clearly show that, over the
examined energy range, the embedding probability of CO2 (the
projectile with the lowest mass) is signiﬁcantly lower than that
of the heavy CF4 and Xe projectiles. Importantly, under this
treatment, the energetic barrier values (E0) for the Xe, CF4, and
CO2 projectiles all yield nearly identical values for the barrier in
terms of the momentum. Illustrated in Figure 5, the embedding

■

CONCLUSION
Utilizing time-resolved in situ RAIRS we have conducted the
ﬁrst study of hyperthermal CO2 capture by ASW under UHV
conditions. These measurements were done at a temperature
below but approaching its crystallization point. CO2 is observed
to directly embed underneath the vacuum−ﬁlm interface and
become trapped in the ice matrix at a much higher temperature
than that allowed by thermal accretion, rapidly diﬀusing to form
aggregates with primarily rod-like geometries, as suggested by
the distinct spectroscopic signature observed. Application of a
classical model treating the entrance of CO2 and other gaseous
projectiles into the ice as an activated process provides
empirical evidence that projectile momentum is a general
deﬁning factor for embedding probability, provided that the
projectile is not too large. Molecular dynamics simulations of
the CO2/H2O interaction presented here would be a fruitful
future endeavor and could provide further insight into the
embedding of gaseous molecules with strong electrostatic
interactions. Additionally, examination of embedding eﬃcacies
over a wider range of surface temperatures may better deﬁne
the relationship between embedding probability and an
embedded projectile’s persistence in terms of its mobility
within an amorphous ice ﬁlm; we plan to pursue this route with
the future construction of instrumentation capable of achieving
signiﬁcantly lower ice temperatures.
The results produced herein host signiﬁcance in applications
pertaining to the measurement and accurate modeling of
gaseous accretion by ices, both terrestrial and extraterrestrial;
relevant areas of interest include comet and planetesimal
formation in the interstellar medium, gas capture related to
global energy and climate issues, and the icing of aircraft in high
velocity gas ﬂows. A complete account of ice modiﬁcation by
gases is bolstered by recognition of embedding as a pathway for
the uptake of gases by water ice at temperatures that would
otherwise thermodynamically prohibit surface adsorption.

Figure 5. Accounting for the mass of each projectile yields a singular
value for the barrier in terms of momentum. A plot of all amassed
embedding data traces a uniﬁed barrier model across the sampled
momentum space.

probability is plotted against the incident translational
momentum for all data collected by our group, and the
complete momentum space sampled appears to trace a single
curve. This is the ﬁrst compelling empirical evidence in support
of our prior conclusion that embedding eﬃcacy is shaped by
the incident translational momentum of a projectile upon
collision with ice.28
Open questions remain regarding the inherent diﬀerences in
embedding eﬃcacy involving ASW versus CI ﬁlms. Ice ﬁlms
possess remarkable resilience to bombardment by high-energy
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(47) Gálvez, O.; Ortega, I. K.; Maté, B.; Moreno, M. A.; MartínLlorente, B.; Herrero, V. J.; Escribano, R.; Gutiérrez, P. J. A Study of
the Interaction of CO2 with Water Ice. Astron. Astrophys. 2007, 472,
691−698.
(48) Bernstein, M. P.; Cruikshank, D. P.; Sanford, S. A. Near-Infrared
Laboratory Spectra of Solid H2O/CO2 and CH3OH/CO2 Ice
Mixtures. Icarus 2005, 179, 527−534.
(49) Kimmel, G. A.; Stevenson, K. P.; Dohnálek, Z.; Smith, R. S.;
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