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Experimental measurements of bulk diffusion in ice and surface diffusion on ice were performed using laser
resonant desorption (LRD) techniques. Bulk diffusion in ice was examined using ice sandwich structures and
continuous source experiments together with LRD depth-profiling analysis. Surface diffusion was monitored
using prepare-refill-probe LRD experiments. New experimental results were obtained for the bulk diffusion
of NH3 and CH3OH. These species probably exist as hydrates in the ice. The LRD measurements for CH3OH
hydrate diffusion, combined with previous results, provide evidence for a vacancy-mediated diffusion
mechanism. The diffusion rates for NH3 hydrates are much larger than diffusion rates for H2O self-diffusion
in ice and are attributed to the disruption of the ice lattice. LRD prepare-refill-probe experiments revealed
that surface diffusion was not measurable for almost all of the species examined on ice. Only butane displayed
a measurable surface mobility that was attributed to its unique size and chemical nature. These new
measurements of bulk diffusion in ice and surface diffusion on ice should be useful in developing our
understanding of kinetic processes in and on ice that are relevant to heterogeneous atmospheric chemistry
and ice core analysis.

I. Introduction

Water ice is the most prevalent molecular solid in the
atmosphere and on the surface of Earth. H2O ice particles
influence heterogeneous atmospheric chemistry in the polar
stratosphere that leads to ozone depletion.1,2 Glacial and polar
ice contains an historic record of Earth’s atmosphere that dates
back over 400 000 years in some locations.3-7 Ice also exists
in many planetary, cometary, and interstellar media. Despite
the importance of ice, very little is known about the kinetics of
bulk diffusion in ice or surface diffusion on ice.

Fundamental diffusion measurements in ice or on ice are
limited due to experimental challenges. Bulk diffusion measure-
ments in ice have focused primarily on H2O self-diffusion
kinetics. Early diffusion studies used microtome sectioning and
scintillation or mass spectrometric detection to measure the
diffusion kinetics of isotopic probes (H218O, D2O, and T2O) near
the ice melting point.8,9 Laser-induced thermal desorption
(LITD) techniques have also been utilized to study HDO and
H2

18O diffusion into pure10-14 and HNO3- and HCl-dosed11,15

ice multilayers at lower temperatures of 140-180 K. The self-
diffusion kinetics measured for the various isotopic tracers are
similar and are consistent with a molecular transport mech-
anism.8-10,12

Limited studies exist regarding diffusion of other species in
ice. The diffusion of several acids, including HCl,16-23 HNO3,24-26

and HF,27,28 has been examined using various techniques. For
HCl diffusion, conflicting results have been reported with HCl

diffusion coefficients ranging fromD ∼ 10-5 cm2/s to D ∼
10-13 cm2/s at T ) 185 K.16-23 The wide range of diffusion
coefficients has been attributed to ice preparation conditions,
varying species concentrations, variable defects and grain
boundaries, and trapping phenomena.16 Because of the vari-
ability of previous diffusion studies, the chemical and physical
properties that control migration in ice are not well understood.
An ongoing debate still exists over the mechanism of H2O
isotopic diffusion in ice.8,9

Surface diffusion measurements on ice are virtually nonexist-
ent. Studies of H2O surface migration on ice have been
attempted using groove relaxation and interference microscopy.29

These studies have investigated H2O mass transfer on the basal
(0001) facet of ice single crystals atT ) 263 K. Unfortunately,
complications involving evaporation-condensation and two-
dimensional viscous flow prevented measurements of H2O
surface migration. Scanning LITD has also been utilized to study
HDO and H2

18O surface diffusion on the basal plane of
hexagonal pure10,13,14and acid-dosed15 single-crystal ice mul-
tilayers on Ru(0001). Negligible surface migration allowed these
LITD results to set an upper limit ofDs e 1 × 10-9 cm2/s on
the HDO and H218O surface diffusion coefficients atT ) 140
K. The surface diffusion of H2O on ice has also been
investigated using theoretical methods.30 The calculated diffu-
sivity of 1 × 10-9 cm2/s was the same as the experimental upper
limit.

To better understand diffusion in ice, a new infrared laser
resonant desorption (LRD) technique has been developed to
depth profile into ice films and measure diffusion rates in
ice.16,31-35 LRD depth-profile analysis has been used to measure
the diffusion of HCl hydrates16,31 and sodium (Na)31,32 in ice.
In addition, the anion-cation trapping effects of Na on HCl
hydrate diffusion33 and HCl on Na diffusion32 in ice have been
examined using LRD probing. More recent LRD studies have
explored the diffusion of formic acid (HCOOH) and acetic acid
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(CH3COOH) in ice.34 The results of these LRD examinations
have raised many questions concerning the interplay between
diffusion in ice and various molecular properties such as
solubility, acidity and basicity, and size and geometry.

The present study explores the bulk and surface diffusion
kinetics of a wide variety of molecules including a base
(ammonia, NH3), an alcohol (methanol, CH3OH), a gaseous
oxide (sulfur dioxide, SO2), an alkane (butane, C4H10), a ketone
(acetone, CH3COCH3), and an aromatic ring compound (ben-
zene, C6H6). These measurements complement our earlier
studies of acids (hydrogen chloride, HCl; formic acid, HCOOH;
and acetic acid, CH3COOH) and cations (sodium, Na). Bulk
diffusion measurements were conducted using infrared LRD
depth profiling on ice sandwich structures16,31 and under
continuous source conditions.31,32 Surface diffusion measure-
ments were performed using a new LRD prepare-refill-probe
technique. These diffusion measurements expand upon our
previous knowledge and allow us to begin to establish general
trends concerning diffusion in the interior of ice and on the
surface of ice.

II. Experimental Section

A. Vacuum Apparatus and Laser Resonant Desorption
Technique.Earlier publications provided a detailed description
of the experimental setup16,31 and rotary Q-switched Er:YAG
laser.31,36 In brief, the LRD experiments were conducted in an
ultrahigh vacuum (UHV) chamber located on a vibrationally
isolated optical table. Crystalline ice films were grown on a
single-crystal Ru(001) metal substrate. The excellent lattice
match between Ru(001) and hexagonal ice promotes the growth
of crystalline ice films.14

The measurements of diffusion in ice were performed using
the infrared LRD depth-profiling technique.16,31 LRD was
accomplished using a Er:YAG TEMoo Q-switched laser (Laser-
Sight Technologies, Inc., Model 1-2-3) with an output wave-
length of λ ) 2.94 µm and a pulse duration of∼100 ns. A
newly designed BaSO4 diffuse reflector pump chamber (Shiva
Laser Systems) was implemented to achieve high laser output
energies and enhanced pulse-to-pulse stability.31,36The Er:YAG
laser radiation resonantly pumps the O-H stretching vibration
in the H2O molecules in the ice lattice. The incident laser energy
is rapidly thermalized and induces desorption in the near surface
region of the ice film.35

In the LRD depth-profiling experiment, a series of Er:YAG
laser pulses were used to desorb iteratively thin layer sections
of the ice film.16,31,35The desorbed species were mass analyzed
with high sensitivity using an Extrel C50 quadrupole mass
spectrometer with line-of-sight to the ionizer. Consecutive laser
pulses desorbed deeper into the ice bulk and measured the
concentration profile of the diffusing species. The ice film
thickness was determined using optical interferometry during
isothermal desorption of the ice film following LRD depth-
profile analysis.37

B. LRD Bulk Diffusion Measurements. One type of bulk
diffusion measurement was performed by monitoring the
concentration of the probe molecule in an ice sandwich versus
time. This LRD depth-profiling method is illustrated in Figure
1 and has been described in detail in earlier publications.16,31

Briefly, a laminated sandwich structure was prepared by initially
growing an ice multilayer on the Ru(001) substrate. The bottom
ice film was grown at temperatures in the rangeT ) 100-160
K and subsequently annealed to ensure crystallinity. The probe
molecule was then deposited on top of this ice multilayer. The

ice laminate sandwich structure was completed by growing an
additional ice layer on the probe molecule adlayer atT ) 120-
140 K.

The Er:YAG laser was then used to depth profile into the
ice laminate structure and measure the concentration profile of
the probe molecule versus diffusion time. Prior to diffusion,
the probe molecule should remain well localized in the ice
sandwich and the initial LRD depth profile should resemble a
top-hat profile as shown in Figure 1a. The temperature of the
ice laminate was then raised to the desired diffusion temperature
for a fixed time interval. After the diffusion of the probe
molecule, the ice multilayer was cooled rapidly to terminate
further diffusion and a second LRD depth profile was obtained
using the Er:YAG laser. Diffusion of the interlayer species will
result in the relaxation of the initial top-hat profile as illustrated
in Figure 1b. The diffusion coefficients were extracted by
modeling the diffusion process as the relaxation of an extended
initial distribution in an infinite medium.38

A second type of bulk diffusion measurement was performed
by monitoring the concentration of the probe molecule versus
distance into the ice film. For this experiment, the ice film was
continuously exposed to the probe molecule as depicted in
Figure 2 and described in detail elsewhere.31,32 In brief, an ice
film was initially prepared by H2O vapor deposition on the Ru-
(001) substrate. The H2O ice film was then exposed continuously
to the probe molecule for a fixed time duration. This exposure
occurred at the desired diffusion temperature as depicted in
Figure 2a. Following the constant exposure, the ice film was
cooled to minimize any further diffusion. The Er:YAG laser
was then used to probe sequentially into the ice film to measure
the concentration profile as shown in Figure 2b. Diffusion
coefficients were derived by modeling the concentration profile
as diffusion in a semi-infinite medium under continuous source
conditions.38

C. LRD Surface Diffusion Measurements.In the surface
diffusion experiment, a single Er:YAG laser pulse is used to
desorb the probe molecules from the ice film surface as shown
in Figure 3a. Laser pulses were incident onto the ice film at an
angle of 54° with respect to the surface normal. Using a 760
mm focal length lens, this optical geometry produced elliptical

Figure 1. LRD depth-profiling experiment on an ice sandwich
structure. (a) Er:YAG laser pulses depth profile the ice sandwich and
measure the initial concentration gradient. (b) Second LRD depth profile
observes the diffusional relaxation of the initial concentration gradient.
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desorption areas with typical dimensions of∼175µm × ∼225
µm as measured by spatial autocorrelation methods.39 The laser
beam was translated across the ice film using mirrors mounted
on piezoelectric translators. A typical H2O desorption depth
during LRD was∼0.5 µm using pulse energies of∼0.6 mJ.
The LRD regions were separated by 750µm.

The probe molecules then may diffuse into the evacuated
LRD region as depicted in Figure 3b. After a time delay, a
second identical Er:YAG laser pulse heats the same area as
shown in Figure 3c. The second laser pulse desorbs the probe
molecules that have refilled the initially evacuated LRD region.
The LRD signal at each delay time corresponds to the amount
of diffusional refilling. The surface diffusion coefficients were
calculated by fitting the time-dependent LRD refilling signals
using Fick’s second law and accounting for the elliptical
geometry of the LRD region.40-42

D. Preparation of Ice Multilayers and Deposition of
Diffusion Species. Ice multilayers were grown by vapor
deposition of H2

16O on the Ru(001) substrate using a capillary
array doser. The high purity H216O (optima grade, Fisher
Scientific) was purified by several freeze-pump-thaw cycles

with liquid nitrogen prior to use. Deposition of the diffusion
species was performed using a separate capillary array doser.
Low temperatures (T ) 105-120 K) were employed for
deposition to avoid possible desorption or preliminary diffusion.
The concentrations or coverages of the diffusion species were
derived from cross-calibration with the measured H2O LRD
signals atm/e ) 18 (H2O+) and temperature programmed
desorption (TPD) analysis.

High purity gaseous samples of the diffusion species were
obtained directly from the supplier and used without further
purification. The gaseous samples included ammonia (NH3,
>99% anhydrous grade, Matheson Gas Products, Inc.), butane
(C4H10, UHP grade, Matheson Gas Products, Inc.), and hydrogen
chloride (HCl,>99% anhydrous grade, Aldrich Chemical Co.,
Inc.). Additional gaseous samples were sulfur dioxide (SO2,
>99.98% anhydrous grade, Matheson Gas Products, Inc.) and
sulfur hexafluoride (SF6, >99.8%, Scott Specialty Gases, Inc.).

The liquid samples were purified by repeated freeze-pump-
thaw cycles with liquid nitrogen. The liquid samples included
acetic acid (glacial CH3COOH, assay 100.0%, Mallinckrodt),
acetone (CD3COCD3, 99.9% D, Cambridge Isotope Laborato-
ries, Inc.), benzene (C6D6, 99.6% D, Cambridge Isotope
Laboratories, Inc.), and chloroform (CDCl3, 99.8% D, Cam-
bridge Isotope Laboratories, Inc.). Additional liquid samples
were formic acid (86% HCOOH, assay 95.2%, Mallinckrodt),
methanol (CH3OH, >99.9% spectroanalyzed grade, Fisher
Scientific), and water (H218O, 95-98%, Cambridge Isotope
Laboratories, Inc.). 1,1,1,2-Tetrafluoroethane (CF3CH2F) was
extracted from EnviroTech Duster 1671 (Tech Spray, Inc.) by
condensing the commercial gas phase product using liquid
nitrogen and CO2/acetone cooling baths.

III. Results

A. Bulk Diffusion in Ice. 1. Ammonia (NH3). NH3 bulk
diffusion in ice was measured using an ice sandwich structure.
The thickness of the top and bottom ice layers was∼10 µm.
The initial NH3 interlayer coverage was∼1 × 108 NH3

molecules/µm2. Although this NH3 coverage exceeds one NH3

monolayer, the NH3 can easily insert into the ice lattice.43-45

The measured NH3 LRD signals in the ice laminate structure
are shown in Figure 4. The NH3 was detected by monitoring
NH+ at m/e ) 15. Each data point represents the NH3 LRD
signal derived from a single laser pulse and corresponds to an
H2O desorption depth during LRD of 0.57µm at a laser pulse
energy ofE ) 0.68 ( 0.05 mJ.

The LRD depth-profiling results in Figure 4a show that the
NH3 interlayer in the ice sandwich structure at 110 K is initially
well localized att ) 0. The NH3 interlayer width is less than
the H2O desorption depth, and all the NH3 is desorbed in a single
laser pulse. The temperature of the ice multilayer was then raised
to T ) 140.1 K for t ) 120 s. Subsequently, the ice multilayer
was cooled rapidly to∼110 K to terminate further NH3
diffusion. The LRD results obtained after 120 s at 140.1 K are
shown in Figure 4b.

Figure 4b reveals that the NH3 coverage gradient has relaxed
with NH3 diffusion occurring over∼7-8 µm. The calibrated
NH3 LRD signal near the center of the NH3 concentration profile
in Figure 4b corresponds to∼8 × 107 NH3 molecules/µm3 or
∼2.5× 10-3 NH3 mole fraction. Although the NH3 equilibrium
solubility in ice has not been reported, this NH3 concentration
probably exceeds the NH3 impurity solubility limit in crystalline
ice and corresponds to an NH3 hydrate.43,44 Simulations of the
diffusion shown by the solid line in Figure 4b yield a NH3

diffusion coefficient ofD ) 4.3 ((1.3) × 10-10 cm2/s atT )
140.1 K.

Figure 2. Continuous source LRD depth-profiling experiment. (a) Ice
film is exposed to a continuous flux for a fixed time at constant
temperature. (b) Er:YAG laser pulses depth profile the ice film and
measure the concentration gradient.

Figure 3. Prepare-refill-probe LRD surface diffusion experiment.
(a) Er:YAG laser prepare pulse creates an evacuated region by desorbing
the adsorbates from the ice surface. (b) Surrounding adsorbates diffuse
into the initially evacuated region. (c) Second Er:YAG laser probe pulse
measures the diffusional refilling.
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The LRD depth-profiling results obtained after a diffusion
time of t ) 300 s atT ) 140.1 K are shown in Figure 4c. The
NH3 LRD results indicate that NH3 migration has occurred over
lengths of∼9-10 µm. The calibrated NH3 LRD signal near
the center of the NH3 concentration profile in Figure 4c
corresponds to NH3 levels of∼5 × 107 NH3 molecules/µm3 or
∼1.5 × 10-3 NH3 mole fraction. Diffusion simulations fit to
the LRD data yield a NH3 diffusion coefficient ofD ) 3.6
((1.0)× 10-10 cm2/s at 140.1 K. The NH3 diffusion coefficients
obtained after diffusion times of 120 and 300 s are within
experimental error.

NH3 diffusion can also be monitored by measuring the NH3

concentration profile in ice after continuous NH3 exposure at
the diffusion temperature. NH3 LRD diffusion results obtained
after a continuous NH3 exposure at 141.2 K are shown in Figure
5. The ice film was exposed to NH3 at a partial pressure of
P ) 1.2× 10-6 Torr for t ) 60 s at 141.2 K. The thickness of
the ice film was∼8 µm. The incident laser pulse energy was
E ) 0.72 ( 0.06 mJ and corresponds to an H2O desorption
depth during LRD of 0.62µm for each consecutive laser pulse.

The experimental LRD results for NH3 and H2O in Figure 5
are denoted by solid circles and open squares, respectively. Each
data point represents the NH3 and H2O LRD signals derived
from a single laser pulse. The LRD depth-profiling results reveal
that NH3 has diffused over distances of∼5-5.5 µm into the
ice film during the 60 s NH3 exposure at 141.2 K. The NH3
concentration measured by the first laser pulse after this
continuous source experiment was∼8 × 107 NH3 molecules/
µm3 or ∼2.5× 10-3 NH3 mole fraction. This NH3 concentration
probably corresponds to an NH3 hydrate.43,44 The Fick’s law

simulation yielding the solid line was derived using a NH3

diffusion coefficient ofD ) 4.5 ((1.7) × 10-10 cm2/s atT )
141.2 K.

2. Methanol (CH3OH). Figure 6 shows the results for
methanol diffusion in an ice sandwich structure. The thicknesses
of the top and bottom ice layers were∼8 and ∼7 µm,
respectively. The initial CH3OH interlayer coverage was∼1 ×
108 CH3OH molecules/µm2. The methanol was detected by
monitoring CH3O+ atm/e) 31. The incident laser pulse energy

Figure 4. NH3 concentration profiles measured using LRD depth
profiling in ice/NH3/ice sandwich structures (a) att ) 0, (b) after
diffusion atT ) 140.1 K for t ) 120 s, and (c) after diffusion atT )
140.1 K for t ) 300 s. Experimental LRD results are represented by
the solid circles, and Fick’s law diffusion simulations are shown as
solid lines.

Figure 5. NH3 and H2O concentration profiles measured using LRD
depth profiling following a continuous NH3 exposure ofP ) 1.2 ×
10-6 Torr for t ) 60 s at a diffusion temperature of 141.2 K. Diffusion
simulation shown by the solid line yields a diffusion coefficient of
D ) 4.5 × 10-10 cm2/s.

Figure 6. CH3OH concentration profiles measured using LRD depth
profiling in ice/CH3OH/ice sandwich structures (a) att ) 0, (b) after
diffusion atT ) 185.4 K for t ) 180 s, and (c) after diffusion atT )
185.4 K for t ) 300 s. Experimental LRD results are represented by
the solid circles, and Fick’s law diffusion simulations are shown as
solid lines.
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wasE ) 0.66( 0.05 mJ and corresponds to an H2O desorption
depth during LRD of∼0.55 µm for each laser pulse.

The LRD depth-profiling results obtained prior to CH3OH
diffusion att ) 0 are displayed in Figure 6a. These LRD results
show that the CH3OH interlayer remains well localized att )
0 andT ) 110 K. The temperature of the ice sandwich structure
was then raised toT ) 185.4 K for t ) 180 s. Subsequently,
the ice film was cooled rapidly to∼110 K to prevent further
CH3OH diffusion. The CH3OH LRD coverage profile measured
at t ) 180 s is shown in Figure 6b.

Figure 6b reveals that the CH3OH coverage gradient has
relaxed with CH3OH diffusion occurring over∼1.5-2 µm. The
calibrated CH3OH LRD signal near the center of the CH3OH
concentration profile in Figure 6b corresponds to CH3OH levels
of ∼1 × 108 CH3OH molecules/µm3 or ∼3 × 10-3 CH3OH
mole fraction. Because no previous studies have established the
CH3OH impurity solubility limit in crystalline ice, these CH3OH
concentrations may correspond to CH3OH hydrates.46-50 The
solid line corresponding to the solid circles in Figure 6b rep-
resents a fit to the CH3OH LRD signals withD ) 1.0 ((0.5)
× 10-11 cm2/s.

The LRD depth-profiling results obtained after diffusion at
T ) 185.4 K for t ) 300 s are shown in Figure 6c. These
CH3OH LRD results demonstrate that the CH3OH coverage
gradient has relaxed further with CH3OH diffusion occurring
over lengths of∼3 µm. The calibrated CH3OH LRD signal near
the center of the CH3OH concentration profile in Figure 6c
corresponds to CH3OH levels of∼6 × 107 CH3OH molecules/
µm3 or ∼2 × 10-3 CH3OH mole fraction. Diffusion simulations
yielded a CH3OH diffusion coefficient ofD ) 2.3 ((1.0) ×
10-11 cm2/s atT ) 185.4 K.

The temperature dependence of the methanol diffusion was
investigated over a small temperature range to extract the
CH3OH diffusion kinetic parameters. The Arrhenius data for
CH3OH diffusion in ice is shown in Figure 7. LRD depth-
profiling measurements derived CH3OH diffusion coefficients
that ranged fromD ) 5.7 ((0.6) × 10-13 cm2/s atT ) 169.4
K to D ) 2.7 ((1.3)× 10-11 cm2/s atT ) 185.4 K. Arrhenius
analysis yielded a CH3OH diffusion activation energy ofEd )
15.2 ( 0.7 kcal/mol and a diffusion preexponential ofDo )
2.4 × 107(0.3 cm2/s.

3. Other Molecules. LRD depth-profiling analysis was also
applied to study the bulk diffusion of sulfur dioxide (SO2) in
ice sandwich structures. Typical initial SO2 interlayer coverages

were∼5 × 108 SO2 molecules/µm2. The diffusion times and
diffusion temperatures wereT ) 160.0-180.0 K andt ) 10-
30 min, respectively. The sulfur dioxide was measured by
monitoring SO2

+ at m/e ) 64. These LRD depth-profiling
diffusion results indicated that SO2 diffusion in the ice bulk
was not detected under the experimental conditions. Only an
upper limit of D e 1.5 × 10-12 cm2/s can be derived for the
SO2 diffusion coefficient in ice using〈x2〉 ) 2Dt.

Similar LRD depth-profiling experiments were conducted to
investigate the diffusion of butane (C4H10) in ice. These LRD
experiments utilized ice/C4H10/ice sandwich structures that
contained initial C4H10 interlayer coverages of∼2 × 108 C4H10

molecules/µm2. The butane concentration profiles were mea-
sured by monitoring C3H7

+ at m/e ) 43. The LRD depth-
profiling results showed that the C4H10 did not diffuse a distance
that exceeded the H2O desorption depth during LRD of∼0.5
µm. These LRD results imply a similar upper limit to the butane
diffusion coefficient in ice ofD e 1.5 × 10-12 cm2/s.

The LRD bulk diffusion measurements for ammonia, metha-
nol, sulfur dioxide, and butane complement our previous LRD
studies of acid and alkali-metal diffusion in ice. LRD depth-
profile analysis has been used recently to measure the diffusion
kinetics of HCl hydrates16,31and sodium (Na)31,32 in ice. More
recent LRD studies have explored the diffusion of weak organic
acids, such as formic acid (HCOOH) and acetic acid (CH3COOH),
in ice.34 A comparison of the Arrhenius results for the diffusion
of these species, together with the previous LITD results for
H2O isotope diffusion in ice,10-12,15 is shown in Figure 8. The
diffusion coefficients and diffusion kinetic parameters measured
using LRD depth profiling are summarized in Table 1.

B. Surface Diffusion Results.1. SurVey of Various Mol-
ecules. LRD surface diffusion experiments on ice were also
conducted for a wide variety of molecules. These molecules
included acetic acid (CH3COOH), acetone (CD3COCD3), am-
monia (NH3), benzene (C6D6), chloroform (CDCl3), formic acid
(HCOOH), hydrogen chloride (HCl), methanol (CH3OH), sulfur
dioxide (SO2), sulfur hexafluoride (SF6), water (H2

18O), and
1,1,1,2-tetrafluoroethane (CF3CH2F). Diffusional refilling was
not observed for any of these molecules at temperatures and
diffusion times ofT ) 130.0-160.1 K andt e 3600 s.

To measure surface migration on the ice film, the LRD

Figure 7. Arrhenius plot for temperature-dependent methanol (CH3OH)
bulk diffusion coefficients in ice measured using the LRD depth-
profiling technique.

Figure 8. Arrhenius plots for temperature-dependent bulk diffusion
coefficients of various species in ice measured using the LRD depth-
profiling technique. H2O bulk diffusion coefficients in pure and HCl-
dosed ice were obtained using LITD methods.
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probing technique requires a∼10% refilling of the initially
evacuated laser desorption region. A∼10% refilling of the
elliptical desorption region with a major axis of∼225µm and
a minor axis of∼175 µm corresponds to a diffusion distance
of ∼5 µm. Using〈x2〉 ) 2Dt and t e 3600 s, the LRD results
imply an upper limit ofD e ∼4 × 10-11 cm2/s for the surface
diffusion coefficient of all the above molecules on ice.

2. Butane (C4H10). Butane surface diffusion on ice was also
examined using the LRD prepare-refill-probe technique.
Unlike the results for all the other molecules, surface diffusion
was observed for butane. Typical normalized butane LRD
refilling signals versus laser probe delay time are shown in
Figure 9. This surface diffusion experiment was performed at
T ) 131.3 K. The butane surface coverage was∼1 × 107 butane
molecules/µm2 or ∼1 monolayer (ML). The butane exposure
conditions required to yield∼1 ML of butane were determined
using temperature programmed desorption (TPD) analysis. The
integrated area of the TPD peak from this∼1 ML butane
coverage on ice was similar to the integrated area of the TPD
peak from a saturated butane monolayer on Ru(001).50 The
underlying ice film thickness was∼5 µm. The Er:YAG laser
pulse energy wasE ) 0.65 ( 0.05 mJ and corresponds to an
H2O desorption depth during LRD of 0.54µm for each laser
pulse.

Each data point in Figure 9 represents the LRD refilling signal
derived from a single laser pulse. Butane was measured by
monitoring C3H7

+ at m/e ) 43. The measured butane LRD
signal at each delay time was normalized using the initial butane
LRD signals obtained during the preparation process. The LRD
results for butane surface diffusion reveal that the initially
evacuated region is nearly completely refilled after∼100 s. The
diffusional refilling data was analyzed using Fick’s second law

with an initial evacuated elliptical region with an aspect ratio
of 1.3. Similar diffusion analysis has been performed in earlier
LITD surface diffusion experiments.40,51,52 The solid line in
Figure 9 represents a best fit to the experimental LRD refilling
data atT ) 131.3 K. This fit was generated using a constant
diffusion coefficient ofD ) 2.0 ((1.0) × 10-6 cm2/s.

The impurity level of butane in the ice film was monitored
prior to butane exposure. LRD probing revealed that the butane
impurity levels in the ice films were typicallye3% of a
monolayer. Additional experiments were performed to check
for background contributions to the measured butane LRD
refilling signals. Following ice film growth, the ice film was
exposed via backfilling to a butane pressure that was comparable
to the background butane pressure during an LRD surface
diffusion experiment. The normalized butane LRD signals
derived from background adsorption are shown in Figure 9 and
denoted by open squares. These LRD signals were normalized
using the butane LRD signals obtained from∼1 ML of butane
on ice. The LRD refilling signals shown in Figure 9 have been
corrected for butane background adsorption.

IV. Discussion

A. Bulk Diffusion Mechanism in Ice. Studies regarding the
diffusion mechanism in ice are extremely scarce. The issue of
whether the diffusion of H2O and other impurtiy molecules (or
atoms) in ice proceeds via a vacancy- or interstitial-mediated
transport mechanism is currently unresolved.53,54Crystal lattice
defects, such as interstitial (Frenkel) or vacancy (Schottky)
defects, permit the diffusion of species through the crystal lattice.
An atom or molecule may move from a normal lattice position
into a neighboring vacancy or jump from interstitial site to
interstitial site. X-ray topography experiments on the growth
processes associated with dislocation loops and dipoles revealed
that the predominant point defects in ice are self-interstitials at
temperatures exceeding 223 K.53,54 Consequently, H2O self-
diffusion is tentatively believed to occur by an interstitial-
mediated mechanism forT > 223 K and by a vacancy-mediated
mechanism forT < 223 K.53,54

Previous LRD experiments concerning HCl hydrate diffu-
sion16 in ice revealed that the HCl diffusion kinetics were very
similar to the H2O diffusion10-13,15kinetics in ice. The similarity
between these diffusion kinetics is revealed in Figure 8. This
correspondence argued for a vacancy-controlled diffusion mech-
anism for HCl hydrates in ice.16 H2O vacancies may be required
to diffuse to lattice sites adjacent to H3O+ and Cl- species in
the hydrate prior to their migration into the vacancy sites. The
diffusion of formic acid and acetic acid also display diffusion
kinetics shown in Figure 8 that are nearly equivalent to the HCl
diffusion kinetics.33 This near equivalence argues for a similar
diffusion mechanism.

In contrast, recent LRD experiments on Na diffusion32 in ice
showed that Na diffuses markedly faster than H2O in ice. A
comparison between H2O isotope diffusion kinetics and Na

TABLE 1: Summary of Bulk Diffusion Kinetics in Ice Measured Using Infrared LRD Depth Profiling

diffusion species D (cm2/s) diffusionT (K) Ed (kcal/mol) Do (cm2/s) ref

HCl 2.0× 10-13-1.1× 10-10 169.0-194.9 15.3( 1.0 1.5× 107(0.2 16, 31
Na 1.1× 10-12-4.5× 10-10 111.0-170.3 3.9( 0.5 6.2× 105(0.3 31, 32
HCOOH 5.3× 10-13-3.2× 10-10 175.1-194.9 21.8( 0.9 8.0× 1014(0.1 34
CH3COOH 1.4× 10-12-7.6× 10-10 169.9-194.9 17.0( 0.7 1.0× 1010(0.1 34
NH3 4.0× 10-10 140.1 this study

4.5× 10-10 141.2 this study
CH3OH 5.7× 10-13-2.7× 10-11 169.4-185.4 15.2( 0.7 2.4× 107(0.3 this study
SO2 e1.5× 10-12 160.0-180.0 this study
C4H10 e1.5× 10-12 160.0-180.0 this study

Figure 9. Butane diffusion refilling signals measured using the
prepare-refill-probe LRD experiment at a diffusion temperature of
T ) 131.3 K. The solid line corresponds to a surface diffusion
coefficient of D ) 1.6 × 10-6 cm2/s. Butane adsorption from the
background has been subtracted from the butane diffusion refilling
signal.
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diffusion kinetics is shown in Figure 8. The H2O diffusion
coefficient in ice isD ) 1.2 × 10-18 cm2/s at T ) 140 K.10

The Na diffusion coefficient in ice at 140 K isD ) 5.1× 10-11

cm2/s or∼4 × 107 times larger compared with H2O diffusion
in ice.32 This vast difference suggests either that Na+ migrates
rapidly through the interstitial hexagonal shafts of the ice lattice
structure or that the Na+ ions and their corresponding solvated
electrons or hydroxyl ions (OH-) significantly disrupt the ice
lattice.32

B. Ammonia Bulk Diffusion in Ice. Figure 8 reveals that
NH3 diffuses extremely rapidly in ice. The NH3 diffusion
coefficients atT ) 140 K are∼3 × 108 times larger than the
H2O self-diffusion coefficient. This suggests that NH3 hydrate
diffusion is not mediated by H2O vacancies in the ice lattice.
The NH3 LRD diffusion coefficients are very close to the Na
diffusion coefficients.32 In similarity to the proposed mechanisms
for Na diffusion,32 the NH3 hydrate may disrupt the ice lattice.
This disruption may prevent any comparison with vacancy- and
interstitial-mediated diffusion in crystalline ice.

The NH3 diffusion results can also be compared with previous
investigations of NH3 interaction with ice using transmission
Fourier transform infrared (FTIR) spectroscopy.43,44The FTIR
studies measured the conversion of ice nanocrystals with a∼20
nm diameter to the mono- and hemihydrates (and deuterates)
of ammonia at temperatures ofT ) 100-128 K.43 The ammonia
hydrate formation involves the diffusion of NH3 through the
ammonia hydrate crust that encompasses the ice particle.43 The
ice-to-ammonia hydrate conversion process is believed to be
similar to the formation of HCl-ice hydrates.55-57 One differ-
ence is that the conversion of D2O ice nanocrystals to ammonia
deuterates (NH3‚D2O) occurs without significant isotopic H/D
exchange.44 These results argue for a molecular (NH3) diffusion
mechanism rather than an ionic mechanism involving am-
monium (NH4

+) and hydroxide (OH-) ions.
The conversion rates of ice nanocrystals to the ammonia

hemihydrates were used to derive the NH3 diffusion rates.43 For
NH3 diffusion within the amorphous hemideuterate, the NH3

diffusion coefficients ranged fromD ) 2.8 × 10-19 cm2/s at
T ) 102 K toD ) 9.4× 10-18 cm2/s atT ) 107 K.43 Arrhenius
analysis of the NH3 diffusion rates within the amorphous
hemideuterate yielded an NH3 diffusion activation energy of
Ed ) 15 kcal/mol and a diffusion preexponential ofDo ) 7 ×
1013 cm2/s. The NH3 diffusion coefficients were larger in the
crystalline hemideuterate and ranged fromD ) 1.1 × 10-17

cm2/s atT ) 107 K toD ) 1.4× 10-16 cm2/s atT ) 112 K.43

Arrhenius analysis yielded an NH3 diffusion activation energy
of Ed ) 12 kcal/mol and a diffusion preexponential ofDo )
9 × 107 cm2/s.

The FTIR results for NH3 diffusion in ammonia hydrates are
consistent with the NH3 diffusion coefficients measured using
LRD depth profiling. Extrapolation of the FTIR results for the
NH3 diffusion kinetics to the higher temperatures employed in
the LRD diffusion experiments yields an NH3 diffusion coef-
ficient of D ∼ 3 × 10-10 cm2/s andD ∼ 2 × 10-11 cm2/s at
T ) 140.1 K for the amorphous and crystalline hemideuterates,
respectively. These NH3 diffusion coefficients are similar to the
NH3 diffusion coefficient ofD ) 4.0× 10-10 cm2/s at 140.1 K
measured using LRD depth profiling.

Additional information on the interaction of NH3 with ice is
obtained using infrared reflection absorption spectroscopy
(IRAS) and thermal desorption analysis.58 NH3 adsorption and
solvation was examined on ultrathin ice films grown on a
Ru(001) substrate. Initial NH3 adsorption on the ice surface at
T ) 38 K occurred via hydrogen-bonding and HOH-NH3

interactions rather than ionic bonding with HO--NH4
+ interac-

tions.58 However, heating of the ice film toT ) 120 K induced
NH3 ionization at the ice surface and subsequent transfer of
NH4

+ species into the ice bulk. A diffusion coefficient for NH4
+

of D g 5 × 10-16 cm2/s atT ) 120 K was estimated from the
IRAS results using the one-dimensional Einstein-Smolu-
chowski equation. This NH4+ diffusion coefficient falls within
the range of the NH3 diffusion coefficients measured using LRD
depth profiling and FTIR spectroscopy.

C. Methanol Bulk Diffusion in Ice. Figure 8 shows that
the CH3OH diffusion kinetics in ice measured using LRD depth
profiling are very similar to the HCl hydrate16 and H2O diffusion
kinetics obtained previously.10-13,15This close agreement argues
that methanol hydrate diffusion in ice occurs via a vacancy-
mediated transport mechanism. H2O vacancies in the ice may
need to diffuse to lattice sites in the ice that are adjacent to
species in the methanol hydrate. The methanol hydrate species
can then move into the vacancies and diffuse in the ice.

Previous studies have reported the existence of both methanol
clathrate hydrates46-48 and methanol hydrates.48-50 Amorphous
co-deposits of water and methanol are observed to crystallize
when heated to 130-140 K.46 Their electron diffraction patterns
are consistent with type II clathrate hydrates.46 Far-infrared
investigations also observe the crystallization of H2O:CH3OH
) 2:1 mixtures after annealing to 140 K.47 However, theoretical
studies have questioned the stability of the methanol clathrate
hydrate structure at any temperature.49 These simulations suggest
that the host network always partially breaks in order to form
guest-host hydrogen bonds.49 Infrared studies also indicate that
the clathrate structures have limited stability and may form at
low temperatures only because of kinetic factors.48

If the crystalline structures observed by the electron diffraction
patterns are not methanol clathrate hydrates, they are most likely
methanol hydrates. The diffraction patterns46 and the sharp
features observed in the far-infrared47 must be associated with
an ordered structure. Because the theoretical simulations predict
CH3OH-H2O hydrogen bonding49 and the far-infrared spectra
suggest strong CH3OH-H2O interactions,47 this ordered struc-
ture is probably a methanol hydrate. Methanol has been reported
to form a crystalline monohydrate.50 Unfortunately, these results
are not in the published literature. Infrared studies are also
consistent with the formation of lower hydrates as a result of
annealing water and methanol co-deposits in a vacuum.48

The methanol hydrate is proposed to diffuse in the ice
sandwich structure by undergoing progressive dilution. Methanol
hydrate domains may move in the crystalline ice via H2O
vacancies. The methanol hydrate domain size may become
progressively smaller as the methanol hydrate is diluted in the
ice. Alternatively, the methanol hydrate may undergo a series
of transformations during the dilution. This transformation may
follow the progression monohydrate, dihydrate, trihydrate, and
so on depending on the stability of these methanol hydrates.

D. SO2 and Butane Bulk Diffusion in Ice. The diffusion of
SO2 and butane in ice was not measurable using the LRD depth-
profiling techniques. Only an upper limit ofD e 1.5 × 10-12

cm2/s could be assigned from the ice sandwich structure
experiments. Previous measurements of SO2 incorporation into
ice crystals imply a maximum SO2 diffusion coefficient in ice
of D e 2 × 10-10 cm2/s atT ) 258 K.59 Recent experiments
have also investigated SO2 uptake into snow crystals at the ice
melting point.60 These depth-profile measurements suggest a
much higher upper limit for the SO2 diffusion coefficient of
D e 3 × 10-4 cm2/s. The LRD depth-profile results are
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consistent with the estimates for SO2 diffusion in ice at lower
temperatures where the liquid-like layer is not present.

No previous measurements have been conducted that provide
information on butane diffusion in ice. There have been studies
of the adsorption isotherms for variousn-alkanes on vapor-
deposited ice over a temperature range ofT ) 177-243 K.61

Unfortunately, adsorption isotherm results were not reported for
n-butane. The adsorption isotherms for ethane (C2H6) and
propane (C3H8) at T ) 177 K andT ) 195 K, respectively,
display slow ethane and propane adsorption that was extremely
high and irreversible to desorption.61 These observations were
correlated with the ability of small, low molecular weight
hydrocarbons to either diffuse and dissolve in the ice lattice or
to undergo transformation into a hydrate or clathrate.61,62

The adsorption isotherms forn-pentane (C5H12) andn-hexane
(C6H14) were also measured atT ) 223-243 K and displayed
markedly different adsorption.61 The adsorption equilibrium was
attained rapidly, and the adsorption amount was much lower.
The adsorption isotherms were also reversible to desorption.
These results suggested that larger chain hydrocarbons only
equilibrate with the ice surface and do not diffuse into the ice
lattice. Sincen-butane does not show measurable diffusion in
ice in the LRD depth-profiling experiments,n-butane should
probably be grouped with the larger chain hydrocarbons that
do not diffuse into the ice lattice.

E. General Trends for Bulk Diffusion in Ice. The results
for NH3 and CH3OH hydrate diffusion from the present study,
together with earlier LRD depth-profiling results, suggest some
general trends for bulk diffusion in ice. These results are all
displayed in Figure 8. Many of the molecules that display
measurable bulk diffusion have diffusion kinetics that are nearly
equivalent. The solid line through the data points for methanol,
acetic acid, formic acid, and HCl hydrate diffusion represents
a diffusion activation barrier ofEd ) 16.8( 1.5 kcal/mol and
a diffusion preexponential ofDo ) 1.7 × 109(0.4 cm2/s.

Figure 8 shows that the diffusion kinetics for these molecules
are very similar to the diffusion kinetics for HDO diffusion in
pure ice10-12 and HCl-dosed ice.11,15HDO diffusion in pure ice
displayed kinetics ofEd ) 17.0 ( 1.0 kcal/mol andDo )
4.2 × 108(0.08 cm2/s. HDO diffusion in HCl-dosed ice yielded
kinetics ofEd ) 19.0( 0.3 kcal/mol andDo ) 2.4× 1012(0.02

cm2/s. The similar diffusion kinetics for HDO and the other
species argues strongly that a vacancy-mediated diffusion
mechanism is responsible for the hydrate bulk migration. H2O
vacancies may be needed to diffuse to lattice sites adjacent to
the hydrate prior to the diffusion of the hydrate species into the
vacancy sites.

A vacancy-mediated mechanism has been proposed earlier
for H2O diffusion in ice atT < 223 K.53,54Based on the similar
kinetics for H2O diffusion and the diffusion of HCl hydrates, a
vacancy-mediated mechanism was also proposed for HCl
hydrate diffusion.16 The results for methanol provided by this
study, together with additional results for formic and acetic acid
from other investigations,34 add considerably to the preponder-
ance of results displaying the same diffusion kinetics. These
results argue that hydrates that do not significantly disrupt the
ice lattice will display diffusion kinetics that are rate-limited
by H2O vacancy migration in ice.

Figure 8 also displays diffusional results that do not cor-
respond to the diffusion kinetics of H2O in ice. The diffusion
coefficients for NH3 provided by this study, as well as diffusion
coefficients for Na obtained in earlier investigations,32 are
significantly larger than H2O diffusion coefficients in ice.
Diffusion coefficients larger than the H2O self-diffusion coef-

ficients could be explained by interstitial diffusion or by a severe
disruption of the ice lattice. Interstitial diffusion of small
molecules or ions in ice is possible in the large hexagonal shafts
of crystalline ice that have diameters of∼3.8 Å.63 NH3 hydrates
will define a new local crystalline environment that is signifi-
cantly different than the ice lattice. However, the rapid NH3

transport in ammonia hydrates has been correlated with the large
channels in the exceptionally open structure of the ammonia
hydrate lattice.43

F. Surface Diffusion on Ice. Most of the molecules
investigated did not display measurable surface diffusion on ice.
This lack of surface mobility can be attributed to absorption
into the ice bulk. For polar molecules or molecules that
dissociate, absorption into the ice bulk is favored for optimum
solvation. Once the molecule is absorbed into the bulk, diffusion
rates will be dictated by bulk diffusion rather than surface
diffusion. Since bulk diffusion rates are expected to be much
lower than surface diffusion rates, the upper limit for the surface
diffusion coefficient ofD e 4 × 10-11 cm2/s determined by
the LRD results is very reasonable.

For the molecules that do not interact strongly with ice, the
lack of surface mobility may be attributed to island formation
on the ice surface. If the molecule interacts more strongly with
itself than with the ice surface, the molecules would be expected
to form islands. Surface mobility would then either require the
islands to move or individual molecules to break away and move
as isolated molecules on the ice surface. Unfortunately, the
molecules may also desorb if they have sufficient energy.
Consequently, desorption may be observed prior to significant
surface diffusion. This explanation was proposed earlier to
explain the lack of measurable surface diffusion for NH3 and
CO2 on Mg(100).64,65

Butane was the only molecule to display surface diffusion
on ice. These LRD measurements of butane surface diffusion
represent the first direct experimental observation of surface
diffusion on ice. Earlier experimental studies measured the
surface diffusion of butane on Ru(001).66 The LRD surface
diffusion results in Figure 9 reveal that butane migrates rapidly
across the ice surface with a diffusion coefficient ofD ) 1.6
((0.5)× 10-6 cm2/s atT ) 131.3 K. Additional measurements
at temperatures from 129.9 to 131.9 K yielded diffusion
coefficients ofD ) 1.0 ((0.9)× 10-6-3.2 ((1.0)× 10-6 cm2/
s. Because butane thermally desorbs from ice at temperatures
from 135 to 150 K, temperatures of∼130 K allowed the surface
diffusion to be measured with negligible thermal desorption.

Because all of the other molecules displayed no measurable
surface diffusion, the surface diffusion experiment for butane
was performed repeatedly to confirm the surface mobility.
Numerous separate experiments amounting to 24 individual
refilling curves were performed at temperatures of∼130 K to
obtain the surface diffusion coefficients. Control experiments
also revealed that butane adsorption onto the ice surface
accounted for a small fraction (e8%) of the measured refilling
signal. This small amount of butane adsorption is shown in
Figure 9 and was subtracted from the measured refilling LRD
signal to yield the butane diffusion LRD signal shown in Figure
9.

The ability of butane to display measurable surface mobility
may be attributed to its unique size and chemical nature. Smaller
alkanes, such as ethane and propane, may diffuse down the
hexagonal shafts into the ice bulk. Larger alkanes, such as
pentane and hexane, may be restricted from diffusion into the
hexagonal shafts because of their size. These alkanes are
expected to remain at the ice surface because they are
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hydrophobic, nonpolar, and highly insoluble in water. However,
these larger molecules may also have larger adsorbate-adsorbate
interactions that lead to island formation and limit diffusion.
Butane may be unique because butane is too large to be adsorbed
into the hexagonal shafts of ice, but small enough to minimize
adsorbate-adsorbate interactions. Additional surface diffusion
studies on longer chain alkanes are necessary to verify these
proposals.

V. Conclusions

Laser resonant desorption (LRD) techniques were utilized to
study bulk diffusion in ice and surface diffusion on ice.
Measurements for a variety of molecules suggest a number of
general trends for bulk diffusion in ice and surface diffusion
on ice. On the basis of bulk diffusion LRD measurements for
ammonia and methanol, together with previous LRD measure-
ments for HCl, acetic acid, formic acid, and Na, there are two
categories for bulk diffusion. CH3OH, CH3COOH, HCOOH,
and HCl hydrates all display diffusion kinetics similar to the
kinetics for H2O self-diffusion in ice. This similarity argues that
the diffusion of these hydrates is dependent on a vacancy-
mediated diffusion mechanism. H2O vacancies may be required
to diffuse to lattice sites adjacent to the hydrate prior to the
diffusion of hydrate species into the vacancy sites. In contrast,
Na and NH3 hydrates display diffusion kinetics much larger
than for H2O self-diffusion. This behavior argues for the
disruption of the ice lattice.

Almost all the molecules displayed negligible surface diffu-
sion on ice. This behavior was attributed to either absorption
into the ice bulk or island formation on the ice surface that
impedes surface diffusion. Only butane displayed measurable
surface diffusion. Butane may be a special case because of its
size and chemical nature. Butane may be too large to diffuse
down the hexagonal shafts into the ice bulk. Butane is also
nonpolar and unable to interact strongly with the polar ice
surface. However, butane is also small enough to not interact
strongly with itself and form islands that may have significantly
reduced the surface diffusion. These general trends for bulk
diffusion in ice and surface diffusion on ice should help our
understanding of kinetic processes that affect heterogeneous
atmospheric chemistry and ice core analysis.
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