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Carbon Dioxide Interactions with Crystalline and Amorphous Ice Surfaces

Patrik U. Andersson,” Mats B. Nagard,"* Georg Witt,® and Jan B. C. Pettersson®

Atmospheric Science, Department of ChemistryteGorg Unversity, SE-412 96 Geborg, Sweden, and
Department of Meteorology, Stockholm beisity, SE-106 91 Stockholm, Sweden

Receied: February 13, 2004; In Final Form: March 12, 2004

Carbon dioxide interactions with crystalline and amorphous water ice have been studied by time-resolved
molecular beam techniques. g©ollisions at thermal kinetic energies with ice in the temperature range
100-160 K result in efficient trapping on the ice surface followed by desorption. The desorption kinetics on
crystalline ice at 108125 K are well described by the Arrhenius equation with an activation energy of 0.22

+ 0.02 eV and a preexponential factor ofl38+°57 571, Below 120 K, CQ populates strongly bonded sites

on amorphous ice, resulting in surface residence times on the order of minutes at 100 K, and the desorption
data can in this case not be explained by a simple first-order process. The results are compared to previous
studies of gasice interactions, and the implications for heterogeneous processes in the terrestrial atmosphere
are discussed.

Introduction results were obtained by Rieley et*aand Isakson and Sftz

Molecular interactions with water ice are of fundamental for HCl and HBr on ice.
importance in several disciplines, including atmospheric science Molecular dynamics (MD) simulations have been carried out
and interstellar chemistry, and the dynamics of-gias interac- for some of the systems studied by molecular beam techniques.
tions have recently received considerable attention. The collision Bolton et al® performed classical MD simulations on Ar
and accommodation of molecules on an ice surface is the first scattering from ice and found that the initial kinetic energy is
step in any heterogeneous process. During a collision a moleculeeffectively taken up by the ice surface, and rapidly removed
may be trapped on the surface or directly scatter back into the from the impact site. Bolton and Pettersébiave also charac-
gas phase. The trapped molecules may thermally desorb fromterized the trappingdesorption and thermal surface penetration
the surface, diffuse in the surface layer or into the bulk, or by diffusion and found that up to 36% of the argon atoms
continue to react. We have previously employed molecular beampenetrate the ice surface and diffuse into subsurface interstitial
techniques to investigate Ar collisions with water ic8he  sites as a result of thermally produced disorder in the topmost
results showed that the collisions are highly inelastic and pjjayer of the ice. Classical MD simulations of HCI on ice by
characterized by efficient transfer of energy to surface modes, cjary and Kroegave unity sticking coefficients under thermal
which leads to a large energy loss for directly scattered .,ngitions, and this was also the result from a mixed quantum-
molecules. Under thermal conditions Ar atoms are efficiently |5ssical treatment of HCI on ice by Wang and Cliy. an
trapped, but rapidly leave the surface by desorption because ofy,r study, Al-Halabi et al° also showed that HCI may penetrate

the low energy of binding to the surface. Gotthold and Sitz the ice surface by a direct mechanism at high incident energies.

studied the scattering of Nfrom ice with state-resolved . . .
In the present study, GOnteractions with water ice surfaces

detection of the flux from the surface. For beam incidence in | . . .
the surface normal direction, scattering was found to be entirely &€ Studied using molecular beam techniques. The experimental

dominated by trappingdesorption for kinetic energies below method allows for detailed investigations of interaction between
0.3 eV, while an inelastic scattering channel opened up at highermolecules and ice surfaces under single-collision conditions.
incident energiesl Studies of the reactive HEk Systerﬁ Carbon dioxide has a mass similar to those of Ar and HCI, but
showed that the surface collisions are highly inelastic with large the binding energy for the C&ice system is expected to be
energy loss observed for the directly scattered flux, similar to intermediate between those of the weakly boune-ite and
the results for the Arice and N—ice systems. The data for ~ strongly bound HCkice systems. We characterize trapping
the energy loss as a function of scattering angle showed thatprobability and desorption kinetics in the surface temperature
energy transfer is substantial both parallel and perpendicular torange 106-160 K. The results are compared to those of previous
the surface plane during surface collisions. Contrary to the studies of gasice interactions, and the implications for
argon-ice system, trapped HCI molecules form strong bonds heterogeneous processes in the atmosphere are discussed. Bryson
with the ice surface, and the dominating outcome of the surface and LevenscH have previously studied GOnteractions with
interaction is a loss of HCI by sticking to the surface. Similar amorphous ice at 7278 K, and they concluded that G@as
reflected from the surface if the temperature was larger than 74
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28 28. Fax: +46 31 772 31 07. E-mail: janp@phc.chalmers.se. K. They also estimated an activation energy for desorption of
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Rotatable Detector favored under the conditions employed in the present stetfy.
The structure of the uppermost surface layer is very similar for
the two phases. The ice thickness was measured by detecting
the reflectance of a diode laser beam directed at the ice sdfface.
The sinusoidal intensity profile produced by interference of the
scattered light during ice buildup was recorded by a diode and
used to deduce the ice thickness. About 1500 ML of ice were
initially built up before the C@ beam was turned on. During
CO, exposure, the water vapor around the surface was either
maintained or turned off, which enabled us to perform scattering
experiments with both amorphous and crystalline ice. The
Surface Manipulator amorphous ice surface was grown on the initially formed
Figure 1. A schematic representation of the molecular beaurface crystalline ice by water deposition at temperatur(_es lower than
scattering apparatus used to study,€@llisions with water ice surfaces. 130 K. The CQ beam flux at the surface was estimated to be
about 0.02 ML/s. This estimate was obtained by first recording
Experimental Section the pressure increase in the scattering chamber using nitrogen
gas in the beam and by using an estimate of the effective
The molecular beamsurface scattering apparatus used to pumping speed. The mass spectrometer flux of, Qs
study CQ interactions with ice surfaces has been described in thereafter compared with the mass spectrometer flux of nitrogen
detail elsewheré? and is only briefly presented here. The taking into account the difference in ionization probability for
apparatus is schematically shown in Figure 1. A pulsed the two gases.
molecular beam source in the first chamber generated pulses
with a repetition frequency of 2061 s in the present Results
experiments. Beams were produced using pure rit ) . ) .
99?998%) at a source pressfre of typically g.Zpbar, %ﬁicggave We h'ave studied Cgcollisions with crystalline and amor-
an average kinetic energy of 0.10 eV and a dimer concentrationP10US ice at surface temperaturgs = 100-160 K. The
of less than 0.5% in the beam. The pulses were synchronizedeXpe”memal r_esults consist of time-of-flight spectra for the,CO
with a chopper in the second chamber to select the central partﬂux from th? ce Swfa?ce’ and all results presented here were
of each pulse, giving square-wave-like beam pulses with a width obtained using an '“C".’er!t angfe = 45 V\.”th 'respect to the
of 90-540 s depending on the chopper speed being used. surface normal and an incident average kinetic enkrgy0.10

The molecular beam collided with an ice surface in the center
of the main scattering chamber. A ¥212 mm graphite surface
was used as a substrate for ice buildup. The sample can b
cooled by liquid nitrogen and heated by irradiation, giving a
surface temperature range of X060 K with fluctuations of
less than 0.2 K. The sample is surrounded by a cylindrical
chamber with a diameter of 90 mm, and a slit opening in the
cylinder allows the molecular beam to reach the surface and
the flux from the surface to reenter into the main chamber. By
introducing the cylinder, a low pressure can be maintained in
the main chamber (5 10~° mbar) while the ice surface is
surrounded by a partial water vapor pressure of up td idbar.

The arrangement makes it possible to maintain an ice surface

in dynamic equilibrium at temperatures where the ice undergoesan ice surface at a given surface temperature. The same

rapid evaporation and condensation. distribution was observed also for other scattering angles than
The flux from the ice surface is detected by a differentially the surface normal direction, indicating that no direct scattering
pumped quadrupole mass spectrometer (QMS) that is rotatablesf CO, occurs under these conditions. We conclude that under
around the ice surface. The setup allows for angular resolvedthe conditions used in this work the surface interaction is
time-of-flight measurements with a resolution ®f:1° in the completely dominated by trapping of G® the crystalline ice
plane defined by the beam and the surface normak*Ganhs surface followed by rapid desorption. The distributions in Figure
generated by electron bombardment in the QMS were mass2 hecome significantly broader fdk < 125 K, indicating that
selected and thereafter detected by pulse-counting and storedhe data are influenced by a finite residence time for, ©®
on a multichannel scaler with a dwell time of 8. the surface. Experiments with amorphous ice surfaces were
Ice surfaces were built on the graphite substrate by depositioncarried out with a constant surface buildup rate of 3 ML/s. This
of water vapor, which was introduced into the cylindrical produces crystalline ice at temperatures above 130 K, and the
chamber through a leak valve. The water was of Millipore time-of-flight spectra are identical to the data for crystalline ice
quality (>10 MQ m), further purified by several freez@ump— at 130-160 K. However, there is a clear difference between
thaw cycles, and stored in a stainless steel container. The initialthe two types of data at surface temperatures lower than 130
buildup of ice was performed at a surface temperature of 155 K. The total CQ flux from the amorphous ice surface is
K, and the water vapor pressure around the surface was adjustegonsiderably lower than for crystalline ice, and the residence
to give a buildup rate of 3 monolayers/s (MLs/s). This produces time on the surface is longer.
stable crystalline ice I. Ice | exists as cubic and hexagonal The time-of-flight data have been simulated assuming that
ice1>16the hexagonal phase of which is the most stable form CO, thermally desorbs from the ice surface at a rate described
at all temperatures, but the formation of cubic ice is kinetically by first-order desorption. The velocity distribution of the

Pulsed source

Figure 2 shows time-of-flight spectra for G&cattering from

crystalline and amorphous ice at different surface temperatures.
®rhe spectra were measured in the surface normal direction. The
data for crystalline ice were taken with the water inlet turned
off. As concluded in previous studiésthe ice surface remains
stable for several hours under these conditions, and the ice only
evaporates slowly at the highest temperatures employed. This
is further confirmed by the fact that no long-term effects were
observed during several hours of g&ce experiments. The
spectra show broad peaks that become broader with decreasing
temperature. The distributions observed for surface temperatures
higher than 125 K are the results expected for thermal
desorption, with essentially zero surface residence time, from
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phous ice surfaces the fitted curves agree well with the
experimental results at temperatures above 120 K. At lower
temperatures the data for amorphous ice are not as well
described by the simulations, indicating that a simple first-order
process is not sufficient to explain the results. Figure 4 shows
an Arrhenius plot of the desorption rate coefficients obtained
from fits to the experimental data. The data for crystalline ice
are well described by a straight line giving an activation energy
of 0.22 + 0.02 eV and a preexponential factor of!3:870-57

s 1 (least-squares fitting, 95% confidence interval). The average
lifetimes on the surface range from 25 at 125 K to 3.3 ms at
100 K.

Figure 5 shows the fraction of the incoming &fux that is
emitted from the ice within the total measurement time of 15
ms. The data are obtained by integration of the total desorbing
flux observed in time-of flight spectra, taking into account that
] the detection probability is inversely proportional to the velocity.
125 The absolute scale was fixed by a separate experiment where
] the desorbing flux of C@from a clean graphite surface was
] determined. The reflectivity is close to unity at temperatures
1001 above 115 K for both amorphous and crystalline ice; i.e., all
incoming CQ molecules desorb within 15 ms. At lower

] temperatures the reflectivity remains high for crystalline ice
759 125K down to 105 K, and drops to 0.6 at 100 K. This decrease is

mainly due to the fact that desorption is not completed within
; the total time limit of 15 ms. For amorphous ice, the drop in
501 desorbing flux with decreasing temperature is substantial and

155K the reflectivity reaches about 0.1 at 100 K. In addition, the
reflectivity from amorphous ice is found to stay low when the
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257 %0.002 vapor deposition of water is turned off, indicating that the ice
] buildup rate is of negligible importance. We conclude that a
] Beam considerable fraction of the GOis trapped in or on the
> 3 4 5 6 7 8 9 amorphous ice structure, while this is not an important process

. on the crystalline surface.
Time (ms " .

_ _ ) ( )_ _ Additional temperature-programmed desorption (TPD) ex-
Figure 2. Time-of-flight spectra for C@emitted from ice surfaces at periments were performed to determine the fate of €&pped
100-155 K at two different ice buildup rates, 0 ML/s-{ and 3 ML/s in the amorphous ice at 100 K. A temperature ramp of 10 K/min

(---). The emitted flux was measured in the surface normal direction. d 1 min af h Qiosi d off d
The beam measurement was obtained by moving the surface out of V@S starte min after the GQlosing was turned off, an

the beam and positioning the detector in the beam line, and the obtainedNass peaks aVz = 17, 44, 62, and 63, corresponding to QH

distribution is equivalent to elastic scattering from the surface. The CO;*, HCO;*, and HCOs™, were followed. No signal was

incident kinetic energy was 0.10 eV, and the incident angle was 45 found atm/z= 62 and 63, indicating that4€0; does not desorb
from the ice surface. A COpeak was observed in connection

desorbing flux is described by with the evaporation of kD at temperatures above 170 K. When
the temperature ramp was instead started 5 min afterdo€ing
Frp(2) = Clyz exp(—my2/2kBTS) (1) was turned off, no C@was observed. This indicates that the

residence time for Cotrapped in the amorphous ice is on the
order of a few minutes. Assuming Arrhenius behavior and a
frequency factor of 1% s~1 for desorption, this residence time
gorresponds to a desorption activation energy of about 0.3 eV.
In a separate TPD experiment with crystalline ice, no,CO
evaporation was observed in the temperature range-200

K.

where v is the velocity,c; is a scaling factorm is the CQ
mass, and is the surface temperature. The distribution takes
into account that the mass spectrometer is density sensitive. Th
residence time distribution for G®n the surface is described

by

Fredt) = expCk) ) Discussion

wheret is the residence time ardis the first-order desorption The effective trapping of C®on the ice surface is in
rate constant. Equation 1 is converted into a time-of-arrival agreement with previous results for AN,2 and HCP interact-
distribution and is thereafter fitted to the experimental results ing with ice under similar conditions, and the study confirms
by varying c;, while Ts is kept constant at the surface the fact that molecules in general will be efficiently accom-
temperature, and convoluting over the £d&nsity on the ice modated on ice surfaces under thermal conditions. The activation
surface, which is described by the beam profile at the surface energy of 0.22+ 0.02 eV and a preexponential factor of
and the rate constalkt Examples of fits to the experimental — 101332:0.57 571 determined for C@desorption from crystalline
data are shown in Figure 3 for three different temperatures. ice at 106-125 K are comparable with earlier data. Bryson and
Using crystalline ice, the fitted curves are in excellent agreement Levensof! used temperature-programmed desorption of a CO
with the experimental results for all temperatures. For amor- layer from ice to estimate an activation energy for desorption



4630 J. Phys. Chem. A, Vol. 108, No. 21, 2004 Andersson et al.

Crystalline ice_ °®, Amorphous ice

Normalized intensity
o
QD

0.4
0.2
0.0
2 3 4 5 6 2 3 4 5 6 7
Time (ms) Time (ms)

Figure 3. Experimental time-of-flight distributions for CQmitted from crystalline and amorphous ice at 110, (125 K @), and 155 K ©),
and fits to the data following the procedure described in the text. For 155 K, the surface residence time was set to zero in thg Kta/stuttace
residence time of 2@s was obtained for both crystalline and amorphous ice, and at 110 K residence times of 290 asd\s08 obtained for
crystalline and amorphous ice, respectively.

The difference in gas uptake between the present study and the
? 3 work by Kay and co-workers may be explained by the higher
101 ) A=2.1x107s ice buildup rate used here (1 order of magnitude higher), which
LN could have an effect on the amorphous ice properties. Another
] potentially important factor is the relatively strong interaction
&, energy for the C@-ice system compared to the systems
investigated by Kay and co-workers, which should favor gas
uptake in the amorphous structure.
80 85 90 95 100 The sublimation of C@H,0 ices has previously been studied
1000/T (10°K™") by mass spectrometry and IR spectroscbpy? CO; release
from the ice formed at 2530 K was observed to be strongly
dependent on the initial [C{[H 0] ratio1* During TPD at 3
K/min, a ratio of 3 gave C®sublimation beginning at about

124 E,=0.22 eV

Figure 4. Arrhenius plot of rate coefficients for desorption of €0
from crystalline ice.

5 1.03 o o ROng 80 Kand peaking at 98 K, with a §econd larger release peaking
g, 8_; - at 112 K. As the initial C@H,0 ratio dropped to 0.5 or lower,
£ o” the gas release changed substantially, with peaks being observed
T 067 0," Ice build up rate: around 100 K and at 146 and 165 K. The amorphous ice
E sl / ——0ML/s obviously reconstructs in the temperature range—11ZD K,
] é --o-3 ML/s which enhances diffusion and subsequent release ef TU@se
o 02 bd' x 0ML/s earlier studies clearly illustrate the dynamic nature of amorphous
1 e — ice at temperatures above 100 K, and the results are consistent
100 110 120 130 140 150 160 with the efficient trapping and reversible release of,GOm
Surface Temperature (K) amorphous ice observed in the present study.
Figure 5. Fraction of the incoming C&Xlux that is emitted from the Water and carbon dioxide are present in relatively large

ice within a total measurement time of 15 ms. Two different buildup amounts at low temperatures in a variety of places, including

rates were used: 0 ML/®) and 3 ML/s ©). The result obtained for  the terrestrial atmosphere, the atmosphere and the poles of Mars,

amorphous ice after the water was turned off at 100 K is also included comets. and dense regions of interstellar space. An important

(x). The incident kinetic energy was 0.10 eV, and the incident angle S _g ; p ) P

was 45, guestion is whether mixedJ@/CQ; particles are formed or not
under these different conditions. The Arrhenius parameters

of 0.26 eV in the temperature range-78 K. The determination determined for C@desorption in the present study can be used

was based on the assumptions that the activation energy wadC estimate the surface coverage of 2 ice under different

independent of surface coverage and that the preexponentiaFond't'ons' The terrest.rlal atmosphere IS very dry above the
factor was 16% s1. The second assumption is verified by the troposphere, but water ice particles may form if the temperature
. becomes sufficiently low. Temperatures down to 185 K in the

data from the present study. : ; .
. stratosphere result in the formation of polar stratospheric clouds
Kay and co-workers have studied the uptake of several gasesy; an altitude of about 1520 km, which play an important role
(N2, O, CO, CH, Ar) on and in amorphous ice in the j, the formation of the “ozone hole” over AntarctidaUsing a
temperature range 22140 K%~ They found that the underly- o, pressure of 4.5« 102 mbar (altitude 15 km) and =
ing substrate, the direction of the inciderg®molecules during 185 K, the surface coverage of Gon stratospheric water ice
ice buildup, and the surface temperature influence the propertiesparticles is estimated to bex5104. This low surface coverage
of the amorphous ice structure, and therefore also the gas uptakehould not have a strong effect on heterogeneous chemistry in
capability. Under the conditions used in this paper, i.e., the stratosphere. This is in agreement with earlier estimates by
background HO dosing and growth on an initially crystalline  Elliott et al22 It is, however, unlikely that pure water ice surfaces
structure at temperatures above 100 K, they obtained uptakeswill exist under stratospheric conditions, and further studies
of approximately 1 ML. When lower ice buildup temperatures should evaluate the effect of surface contaminants such as HCI
were used, the uptake increased linearly with ice thickness. By on COs--ice interactions.
comparing the B and CQ intensities in our TPD experiments, Noctilucentclouds are formed in the mesopause region at an
we find that about 10 MLs of C@are released upon heating. altitude of about 85 km when the temperature drops to-100
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