
Investigation of the Heterogeneous Reactivity of HCl, HBr, and HI on Ice Surfaces

Stephen B. Barone
Department of Chemistry, George Washington UniVersity, Washington, DC 20052

Mark A. Zondlo and Margaret A. Tolbert*
Department of Chemistry and Biochemistry and CooperatiVe Institute for Research in EnVironmental Sciences,
UniVersity of Colorado, Boulder, Colorado 80309

ReceiVed: February 3, 1999; In Final Form: August 6, 1999

The interactions of hydrogen halide gases (HX) HCl, HBr, and HI) with thin ice films representative of
atmospheric aerosols have been studied using a Knudsen cell reactor coupled to a Fourier transform infrared-
reflection absorption (FTIR-RAS) spectroscopic probe. The gas-phase uptake and reaction products resulting
from the exposure of hydrogen halides to ice surfaces over a wide range of temperatures (110-210 K),
hydrogen halide partial pressures (5-1000× 10-7 Torr), and ice film thicknesses (10-100 nm) are reported.
Studies of HCl and HBr showed efficient reactions on crystalline and amorphous microporous ice films at
110 K to form H3O+ until reaching coverages ranging from (5-20) × 1015 molecules cm-2, after which the
rate of reaction dramatically decreased. The uptake of HCl on hexagonal crystalline ice at temperatures
representative of the lower stratosphere and upper troposphere (180-210 K) was found to depend strongly
on HCl partial pressure. Over the temperature range studied, exposure of ice to HCl partial pressures below
the HCl equilibrium partial pressure at the liquid/ice coexistence point resulted in uptake limited to (3.5(
1.6) × 1015 molecules cm-2. In contrast, exposure to HCl pressures larger than the HCl equilibrium partial
pressure resulted in unlimited uptake. HBr and HI were efficiently and continuously taken up by ice surfaces
(γ g 0.02) over a range of atmospherically relevant temperatures (180-210 K). Although crystalline hydrates
of HX:H2O are stable over the temperature range examined, the incorporation of hydrogen halides into ice
always resulted in the formation of amorphous HX:H2O product layers with the exception of HBr uptake at
high flow rates (flow rateg 3.1 × 1015 molecules s-1) which resulted in the formation of a mixture of
crystalline hydrates.

Introduction

Since the first report of the Antarctic ozone hole in 1985,1

extensive measurements in the laboratory and field have clearly
demonstrated that heterogeneous reactions are important in
controlling the abundance of O3 in the polar stratosphere and
at mid-latitudes.2-5 Heterogeneous reactions occurring on the
surfaces of polar stratospheric clouds (PSCs) and sulfate aerosols
convert halogen reservoirs into photochemically labile forms
which comprise an important photolytic source of halogen
radicals in the lower stratosphere. For example, the following
reaction:

provides an efficient pathway to convert relatively stable forms
of atmospheric chlorine (ClONO2 and HCl) to Cl2 which
photolyzes rapidly to produce Cl radicals. In addition to directly
affecting the speciation of stratospheric chlorine, reaction 1 also
sequesters NOx (≡ NO and NO2) by converting ClONO2 to
HNO3. In turn, the loss of NOx lowers the rate of chlorine
reservoir formation via reaction 2:

Although less abundant and possessing shorter atmospheric
lifetimes, bromine reservoirs such as BrONO2, HOBr, and HBr

have also been suggested to participate in important heteroge-
neous chemistry on stratospheric aerosols. The hydrolysis of
BrONO2 leads to the production of HOBr via reaction 3:

Upon release to the gas phase, HOBr is rapidly photolyzed to
form OH and Br radicals which can influence the abundance
of O3 in the lower stratosphere.6-8

Although less well understood, heterogeneous reactions of
halogen reservoirs on ice surfaces are also likely to be important
in regulating ozone levels in the troposphere. The upper
troposphere is characterized by a large number of ice particles
in cirrus clouds and airplane condensation trails that provide
ample surfaces for important heterogeneous chemistry.9,10

Indeed, field observations have shown large decreases of ozone
within cirrus clouds supporting a possible role for heterogeneous
halogen chemistry in the upper troposphere.11 Recently, Bor-
rmann et al.12 and Solomon et al.13 showed that the inclusion
of heterogeneous chlorine chemistry on cirrus cloud surfaces
greatly influences the ozone mixing ratios in the upper
troposphere. Filterable bromine species have also been impli-
cated in the annual springtime destruction of O3 in the Arctic
boundary layer. The observed O3 loss has been suggested to
involve bromine activation via chemical reactions occurring on
aerosol and snow ice surfaces.14-16

Previous studies of the heterogeneous chemistry of HCl have
focused on quantifying the rates of its reactions with a variety* Corresponding author. E-mail: tolbert@colorado.edu.

ClONO2(g) + HCl(s) f Cl2(g) + HNO3(s) (1)

ClO(g) + NO2(g) f ClONO2(g) (2)

BrONO2(g) + H2O(s) f HOBr(g) + HNO3(s) (3)
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of model aerosol surfaces. Due to the widely recognized
importance of type II PSCs in the ozone chemistry of the polar
stratosphere, the interaction of HCl with crystalline water ice
is well characterized from 180 to 200 K and previous studies
have shown a strong dependence on HCl partial pressure. At
low partial pressures of HCl, uptake on crystalline water ice is
limited to approximately 0.4-16 monolayers (≈(5-180)× 1014

molecules cm-2), while at high HCl partial pressures continuous
and efficient uptake (γ > 0.2) is observed.17-20

The heterogeneous reactions of bromine and iodine reservoirs
have been much less thoroughly investigated. The available
laboratory data suggest that HBr uptake on crystalline ice is
independent of HBr partial pressure and very efficient (γ >
0.2).16,21,22 The reactivity of HI on surfaces representative of
atmospheric aerosol is currently not well understood. However,
recently Chu and Chu reported that HI is also efficiently taken
up by ice surfaces at stratospheric temperatures.23

While there have been several studies of the uptake of
hydrogen halides on ice surfaces under stratospheric conditions,
very little is known about the reactivity of ice under conditions
representative of the troposphere. The troposphere is character-
ized by large ice surface area densities (20-20000µm2 cm-3),24

high temperatures (210-250 K), and low hydrogen halide
concentrations. Considering that ice particles in the troposphere
possess greater surface area densities than that of the stratosphere
and are present globally, laboratory investigations of the
reactivity of ice over the entire range of temperatures encoun-
tered throughout the troposphere are greatly needed.

In the present study the reactivities of a variety of hydrogen
halides (HCl, HBr, and HI) with thin water ice films have been
investigated over a wide range of temperatures (110-210 K)
and hydrogen halide pressures (5-1000× 10-7 Torr):

Our experimental approach combines kinetic measurements of
the heterogeneous reaction efficiency with simultaneous moni-
toring of the condensed-phase surface and bulk during the course
of reaction. In this way we hope to understand the gas-phase
kinetics observed in the context of changes occurring on the
reactant surface. In addition, this approach allows for the direct
observation of the condensed-phase reaction products expected
to form in the atmosphere.

Experimental Section

The uptake of HCl, HBr, and HI on thin crystalline and
amorphous microporous water ice films was studied using a
Knudsen cell flow reactor equipped for grazing angle incidence
Fourier transform infrared spectroscopy, a highly sensitive
surface/bulk probe. The apparatus used in these studies has
been described in detail previously,25-28 thus, we only mention
the aspects necessary to understand the current work.

The apparatus consists of two stainless steel chambers
connected by a butterfly valve as shown schematically in Figure
1. The upper chamber houses a circular, optically-flat aluminum
substrate (diameter) 9.14 cm, thickness) 0.22 cm) onto which
thin water ice films are deposited. The substrate is cooled and
heated from the backside by a temperature-controlled cryostat.
A differentially pumped sleeve houses the entire heating/cooling
assembly to ensure that the only cold surface in the chamber is
the thin aluminum substrate.

The temperature of the aluminum substrate is measured by
three copper-constantan thermocouples glued directly onto the
substrate surface using a thermally conductive epoxy. The
surface temperature is also indirectly monitored by relating the
measured frost point vapor pressure of H2O over the ice film
to the frost point temperature using the vapor pressures reported
by Marti and Mauersberger.29 The thermocouple temperature
measurements always agreed within(2 K of the experimentally
measured frost point temperature. Our cryostat configuration
allows for accurate temperature control over the range of 90-
400 K with a stability ofe0.2 K. The temperature gradient
across the substrate was 0.5 at 185 K, as measured by
thermocouples glued to across the entire 9.14 cm diameter
surface. The coldest point of the surface was in the center, and
a slight warming occurred toward the edge of the disk.

The lower chamber is coupled to a differentially pumped
electron-impact ionization mass spectrometer, an ionization
gauge, and a Baratron capacitance manometer to measure gas-
phase partial pressures. H2O, HCl, HBr, and HI were introduced
into the lower chamber through separate leak valves. The
chamber is pumped through a 64 cm2 gate valve upstream of a
turbomolecular pump. For determination of reaction efficiencies
the gate valve was closed so that pumping occurred effusively
through a 0.17 cm2 orifice drilled into the gate valve.

Determination of Reaction Efficiency. The reaction ef-
ficiency,γ, is defined as the fraction of collisions with a surface
that leads to loss of gas-phase species:

The reaction efficiencies of HCl, HBr, and HI on water ice
surfaces were determined by measuring the first-order loss rates
resulting from uptake to the surface relative to the loss rate via
effusion through the pump-out hole. The loss rate via effusion
can be calculated for conditions of molecular flow, hence,
absolute reaction efficiencies were obtained.

To obtain reaction efficiencies the following methodology
was used. After preparing a reactant ice film in equilibrium with
water vapor, the butterfly valve between the two chambers was
closed. Next, a hydrogen halide flow was introduced into the
lower chamber and monitored by the mass spectrometer. Under
these conditions, the only loss mechanism of the gas was via
effusion through the small orifice up-stream of the turbomo-
lecular pump. After attaining a steady flow, the butterfly valve

Figure 1. FTIR-RAS/Knudsen reactor used in present study. See text
for relevant experimental dimensions.

γ ) (no. of molecules lost to surface)/(no. of
gas-surface collisions) (I)

HCl + ice f products (4)

HBr + ice f products (5)

HI + ice f products (6)
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between the upper and lower chambers was opened. If reaction
with the ice film surface constitutes a loss mechanism of a rate
comparable to that of the loss via effusion, a decrease in the
steady-state partial pressure of reactant gas is expected. As-
suming the gases are well mixed, the reaction efficiency can
be related to the steady-state concentrations before and after
exposure to the reactant surface:

where Ah and As are the areas of the hole and the surface,
respectively, andI0 and I are the mass spectrometer signals
before and after exposing the gas to the reaction surface.26

As shown in eq II, to obtain absolute measurements of
reaction efficiency the effective area of the escape orifice must
be accurately known. The effective area is slightly smaller than
the geometric area because the hole is actually a cylinder rather
than a perfect disk. The effective hole area (Ah ) 0.17( 0.01
cm2) was experimentally determined as described by Barone et
al.26

The uptake of HCl, HBr, and HI by the stainless steel walls
of the chamber in the absence of a reactant ice film was
unavoidable. To characterize the deposition to the chamber
walls, hydrogen halide flows ranging (150-1.5) × 1014

molecules s-1 were expanded into the upper chamber in the
absence of ice while directly monitoring the HX concentration
by mass spectroscopy. The temporal profiles obtained were
characterized by a decrease in signal followed by a recovery
within 1 min to a value slightly below that prior to expansion.
Within experimental uncertainties, the observed recoveries for
HCl, HBr, and HI were identical. This behavior indicates that
the stainless steel walls of the chamber acted as a small but
continuous sink for gas-phase HCl, HBr, and HI. Therefore, all
reaction efficiencies and surface coverages reported in the
present work were corrected for the deposition of hydrogen
halides on to the walls of the chamber by subtracting out the
loss of hydrogen halides observed in the absence of a reactant
ice film. The correction associated with wall losses ranged from
3 to 50% of the mass spectrometer signals (I) used in calculating
reaction efficiencies using equation II. In addition, the subtrac-
tion correction ranged from 10 to 45% of the total integrated
areas used in the calculation of the surface coverages reported.
Therefore, the background wall loss correction served as the
primary source of uncertainty when measuring small reaction
efficiencies and small surface coverages and are reflected in
the error bars reported.

Condensed-Phase Detection.Characterization of the com-
position and phase of the reactant ice films and condensed-
phase products was performed in situ by Fourier transform
infrared reflection absorption spectroscopy (FTIR-RAS) at a
grazing angle. Briefly, light from a Nicolet 550 Magna FTIR
spectrometer was passed through a Molectron wire-grid polarizer
to select only light polarized parallel to the plane of incidence
of the reflected light. The light was then focused by a parabolic
mirror onto the metal substrate at a near grazing angle of
incidence (≈84° from the surface normal). The reflected beam
was collected by an ellipsoidal mirror and focused onto a liquid
nitrogen cooled HgCdTe-A detector. Typically, infrared spectra
were collected over the range of 4000-650 cm-1 at 3 s intervals
and consisted of the co-addition of 64 interferograms obtained
at a resolution of 16 cm-1.

Film thickness measurements of the reactant ice films were
determined using optical interference methods. In this technique
a HeNe laser (λ ) 632.8 nm) beam was reflected off the metal
surface at 23° from the surface normal and detected by a
photodiode. Film thickness was experimentally determined by
monitoring the beam intensity while an ice film was grown at
a constant deposition velocity. Reflection occurs at both the
gas-film and film-substrate interfaces. Therefore, as the film
grows, the two reflected beams interfere to produce a sinusoidal
interference pattern. The film thickness as a function of growth
time can be extracted from eq III:

wheren(T) is the temperature-dependent refractive index,m is
the period of oscillation,λ is the wavelength of the impinging
beam, andφ is the angle of refraction. The solution of eq III
for a growing ice film on aluminum at 165 K yields a thickness
of 252 nm at one constructive interference fringe.

The FTIR-RAS spectra of growing ice films also yields
information pertaining to film thickness. To gain a quantitative
understanding of the relationship between total integrated
absorbance and film thickness, optical interference measure-
ments were made simultaneously with the collection of FTIR-
RAS spectra of growing ice films. The total integrated absor-
bance of the OH stretch (3800-2850 cm-1) varied linearly with
film thickness for thickness<100 nm. Plotting the total
integrated absorbance of the OH stretching vibration (2850-
3800 cm-1) versus ice thickness determined by optical interfer-
ence yielded a straight line described by eq IV:

whereI is the total integrated absorbance andt is the thickness
in nanometers. Therefore, in experiments investigating the
uptake of hydrogen halides onto thin ice films, the thickness of
the reactant ice films was directly inferred from the observed
FTIR-RAS spectra prior to reaction using eq IV.

In addition to determining reactant film thickness, FTIR-
RAS yields information pertaining to the phase and composition
of condensed-phase products formed during reactions 4-6. To
aid in characterizing the condensed-phase spectra of the growing
product layers, reference spectra of amorphous and crystalline
H2O/HX mixtures were acquired. Reference spectra of amor-
phous H2O:HX mixtures were determined by introducing flows
of H2O and HX into the lower chamber corresponding to a
variety of stoichiometric partial pressures. Upon attaining stable
flows, the butterfly valve was opened and the gas flows were
placed in contact with the aluminum substrate held at 140 K.
Assuming unity sticking coefficients of HX and H2O on the
resulting HX/H2O amorphous mixtures, FTIR-RAS reference
spectra were obtained for HCl, HBr, and HI mixtures over a
range of H2O:HX stoichiometric ratios. Within experimental
uncertainty, the reference spectra obtained for each hydrogen
halide were identical for a given amount of water. As an
example, Figure 2A shows the H2O:HBr reference spectra
obtained for stoichiometric ratios of 2:1, 3:1, 4:1, and 6:1, H2O
and HBr, respectively. To further characterize these reference
spectra, the relative intensities of the OH stretch (3400 cm-1)
to theν4 asymmetric bending mode of H3O+ (1750 cm-1) were
quantified over a baseline drawn from 3800 to 1070 cm-1. Peak
ratios of 2.5, 3.3, 4.4, and 7.0 for OH/H3O+ were determined
for film compositions of 2:1, 3:1, 4:1, and 6:1, H2O and HBr,

thickness) mλ
2n(T) cosφ

(III)

I(2850-3800 cm-1) ) (2.08( 1.48)× t - 1.48 (IV)
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respectively. The peak positions for the reference spectra
obtained are summarized in Table 1. It should be noted that
the peak positions measured in the present study varied slightly
((20 cm-1) with film thickness. This dependence has been
observed in other studies utilizing reflection absorption at a
grazing incidence.25 Therefore, reported peak positions can be
considered to have an uncertainty of(20 cm-1. Although the
spectra in Figure 2 agree reasonably well with the results of
previous studies, several differences are noted. In particular,
Delzeit et al. report transmission spectra of a 2:1 H2O:HBr film
which includes a peak at 2220 cm-1. The reason for this
discrepancy is unknown but may be related to differences
between reflection absorption and transmission spectroscopic
techniques.

Reference spectra of crystalline HX:H2O films were also
determined for a number of stoichiometric ratios. To prepare
crystalline reference spectra, amorphous mixtures of H2O and

HX with a well-defined stoichiometry were deposited at 110 K
and annealed to 160 K at a rate of 10 K min-1. Typically,
crystallization was observed atT g 150 K and was characterized
by the appearance of sharp absorption features and the occur-
rence of strong light extinction due to scattering at frequencies
g2500 cm-1. The sensitivity to light scattering upon crystal-
lization is likely due to the large angle of incidence used in the
present study. Slight changes in the composition of the film
were also noticed during annealing and were unavoidable. As
an example, reference spectra of crystalline H2O:HBr mixtures
of stoichiometry 2:1, 3:1 and 4:1 H2O:HBr are summarized in
Figure 2B.

Reagents. HCl (Matheson,>99.0%) and H2O (Aldrich,
HPLC grade) were used without further purification and were
introduced to the chamber via glass inlet lines. HBr (Matheson,
>99.8%) and HI (Matheson,>98%) required purification prior
to use because they degrade significantly in stainless steel lecture
bottles to form H2, Br2 and I2. HBr and HI were purified on-
line by freezing a several milliliter aliquot in a liquid nitrogen
trap and pumping to remove any H2 in the sample. The frozen
samples appeared as white crystals with very little color from
Br2 or I2 impurities (which show up as brown and yellow
crystals, respectively). Once purified, the HBr and HI samples
were warmed and expanded into glass inlet lines for introduction
into the apparatus. After use, the gaseous HBr and HI samples
were easily recondensed and showed no visual sign of further
degradation in the glass inlets.

The mass spectrometer fragment signals from HCl (m/z )
35, 36, 37, 38), HBr (m/z ) 79, 80, 81, and 82) and HI (m/z )
127 and 128) were linear with respect to partial pressure over
the range (5-1000) × 10-7 Torr. H2O was monitored mass
spectrometerically using mass peakm/z ) 18 and also deter-
mined directly from the capacitance manometer located in the
chamber.

Results

HX Deposition on Aluminum at 94 K. To quantitatively
assess the purity of our gas samples as well as to characterize
the FTIR-RAS spectra of the molecular (nondissociated) forms
of HCl, HBr, and HI, solid hydrogen halide films were prepared
by vapor deposition on to the aluminum substrate at 94 K. Figure
3 shows three infrared spectra obtained by exposing the
aluminum surface to partial pressures of HCl, HBr, and HI of
3.0 × 10-4, 1.8 × 10-4, and 1.0× 10-4 Torr, respectively.
The base partial pressure of H2O in our chamber (≈2 × 10-8

Torr) is sufficiently high that condensation of a small amount
of H2O is unavoidable at 94 K. Therefore, the spectra in Figure
3 represent the various hydrogen halides deposited one2 nm
thick water ice films. Figure 3 show the fundamental absorptions
for thin (<100 nm) films of HCl (2758 cm-1 and 2715 cm-1 ),
HBr (2435 and 2425 cm-1) and HI (2137 cm-1). The line
positions observed are in good agreement with similar transmis-
sion and reflection absorption spectra in the literature.30,31 No
other absorptions were observable over the entire mid infrared
range of our detector (4000-650 cm-1), suggesting our
hydrogen halide samples were free from impurities that absorb
in the mid infrared. Following vapor deposition of the hydrogen
halides, the temperature was increased at a rate of 10 K min-1

and the hydrogen halide films rapidly desorbed. HCl desorbed
at 100 K while HBr and HI films desorbed at slightly higher
temperatures of 107 and 120 K, respectively.

Deposition of HX on Ice at 110 K.The uptake of HCl and
HBr on thin ice films was first investigated at 110 K. We report
measurements of uptake on both crystalline and amorphous
microporous ice films over a range of ice thicknesses (10-100

Figure 2. Reference spectra of amorphous and crystalline H2O:HBr
mixtures. Panel A shows amorphous films at 140 K for a variety of
H2O and HBr stoichiometeric ratios (indicated on plot). Panel B shows
several crystalline hydrates of H2O:HBr obtained via vapor deposition
at 110 K followed by annealing to 160 K at a rate of 10 K min-1.

TABLE 1: Peak Positions (cm-1) of Thin HX and
Amorphous HX/H2O Films

H2O:HBr

HCl HBr HI 2:1 3:1 4:1 6:1

2758 2435 2137 720 748 770 810
2715 2425 1220 1220 1220 1220

1694 1730 1770 1750
3330 3400 3400 3420
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nm). Crystalline ice films were formed by vapor deposition of
H2O at 140 K followed by annealing to 160 K at a rate of 10
K min-1. A significant change in the infrared spectra of the
annealing ice films was noted at temperatures above≈150 K,
indicating an ordering of amorphous ice to a crystalline lattice.
Amorphous microporous ice films were formed by vapor depo-
sition of H2O on the aluminum substrate at 110 K. The spectra
of amorphous microporous ice showed a small but significant
absorption at 3695 cm-1, indicating the presence of free OH
groups on the surface and within the micropores of the ice films.
The infrared spectra for the crystalline and amorphous mi-
croporous ice films investigated in the present work are in
excellent agreement with previous FTIR studies.25,32,33

Upon obtaining a crystalline or amorphous microporous ice
film of the desired thickness (10-100 nm) at 110 K, the
butterfly valve separating lower and upper chambers was closed.
Next, a flow of HCl or HBr in the range (5-20) × 1014

molecules s-1 was introduced to the lower chamber. The
butterfly valve was opened after attaining a stable flow, and
the reactant ice film was exposed to a flow of hydrogen halide
gas. As examples, Figures 4A and 5A show them/z ) 36 (HCl)
signals observed upon exposing HCl to crystalline and amor-
phous microporous ice films, of thickness 33 and 34 nm,
respectively. Large decreases were observed in the mass
spectrometer signals immediately after opening the butterfly
valve. The decreases observed in the mass spectrometer signals
were followed by a recovery at longer exposure times. Eventu-
ally, the HCl signals leveled off to a value slightly below that
observed prior to exposure. Using eq II the mass spectrometer
signals yield an initial value ofγ g 0.02 and a value ofγ e
0.0004 for HCl uptake at long exposure times (post recovery)
for reaction 4 on crystalline and amorphous microporous ice
films. This behavior indicates an efficient uptake of hydrogen
halides at short reaction times followed by a saturation of

reactive surface sites at long exposure times. The uptake of HCl
was studied on ice films ranging from 10 to 100 nm in thickness.
In each case similar temporal behavior was observed. Exposure
of HBr to crystalline and microporous ice films also yielded
similar temporal profiles characterized by a dramatic decrease
in signal followed by recovery at longer times.

Although similar in shape, a comparison of the temporal
behavior of the mass spectrometer signals following exposure
of hydrogen halides to amorphous microporous and crystalline
ice films shows quantitative differences. Specifically, in experi-
ments exposing identical halogen flow rates to crystalline and
amorphous microporous ice, mass spectrometer signals recov-
ered at later times for exposure to amorphous microporous ice.
This behavior suggests that amorphous microporous ice exhibits
a net enhanced reactivity toward hydrogen halide gases over
crystalline ice.

Infrared spectra were acquired simultaneously during expo-
sure of the microporous and crystalline ice films to hydrogen
halide flows. The reactant film spectra exhibited significant
changes within the first few minutes of exposure followed by
slight changes at longer times. The ice spectra exhibited identical
changes for deposition of both hydrogen halides investigated.
As an example, the spectra acquired upon exposure of an HCl
flow of 9.3 × 1014 molecules s-1 to a 33 nm thick crystalline
ice film are shown in Figure 4B. To highlight the changes that

Figure 3. FTIR-RAS spectra of condensed films of HCl (2758 cm-1),
HBr (2435 cm-1), and HI (2137 cm-1) at 94 K. Partial pressures and
exposure times areP(HCl) ) 3.0× 10-4 Torr for 9.1 s,P(HBr) ) 1.8
× 10-4 Torr for 13.7 s, andP(HI) ) 1 × 10-4 Torr for 54.8 s. The
slight absorptions, negative and positive, at 3400 cm-1 are related to
amorphous ice formation prior to exposure to the HX sample.
Background spectra taken before cooling lead to positive values of
absorbance at 3400 cm-1, while background spectra taken immediately
prior to deposition at 94 K lead to negative values of absorbance at
3400 cm-1.

Figure 4. Infrared spectra and mass spectrometer temporal profiles
obtained upon exposure of a HCl flow (flow rate) 9.3 × 1014

molecules s-1) to a 33 nm thick crystalline ice film at 110 K. Panel A
shows the temporal behavior of gas-phase HCl (m/z ) 36) observed
by the mass spectrometer prior to and during deposition. Panel B shows
the FTIR-RAS spectra acquired att ) 0, 1.4, 2.6, and 5.2 min after
opening the butterfly valve. The inset in panel B shows the subtraction
spectra acquired at the times given above. Panel C shows the integrated
absorbance of the H3O+ peak (1970-1573 cm-1) as a function of
exposure time before and during exposure.

Heterogeneous Reactivity of HCl, HBr, and HI on Ice J. Phys. Chem. A, Vol. 103, No. 48, 19999721



occurred upon exposure, subtraction spectra for timest ) 1.4,
2.6, and 5.2 min after exposure are shown as an inset in Figure
4B. A decrease in absorbance at the frequencies corresponding
to the OH stretch (3260 cm-1) and libration (850 cm-1) of the
crystalline ice spectra occurred simultaneously with the appear-
ance and growth of a broad absorption feature centered at 1750
cm-1. This new absorption may be assigned to theν4 antisym-
metric bending vibration in H3O+ formed at the ice inter-
face.30,31,34,35The observed changes clearly indicate that H3O+

is formed by the dissociation of the adsorbed H-X species and
subsequent reaction with H2O. Figure 4C shows the temporal
evolution of the H3O+ absorption band at 1750 cm-1 prior to
and during exposure. As shown in Figure 4C, opening the
butterfly valve initiated a rapid increase in the rate of formation
of H3O+ on the reactant ice film. However, after approximately
10 min the formation rate of H3O+ slowed considerably and
eventually became small. The temporal profile of H3O+ shows
a time dependence strikingly similar to that observed in the gas-
phase loss rate (Figure 4A). Specifically, the growth rate of
H3O+ decreases at the same time as the gas-phase loss rate
decreases. Although the reaction rate dramatically decreased at
long times, exposure for extended times (>60 min) resulted in
the complete reaction of the reactant ice film for the thinnest
ice films investigated.

The spectra of amorphous microporous ice exhibited similar
changes upon exposure to HCl and HBr gas flows. Figure 5B
shows spectra taken before and during exposure of a HCl flow
of 8.8× 1014 molecules s-1 to a 34 nm amorphous microporous
ice film. As shown in Figure 5B, HCl exposure to amorphous
microporous ice films also resulted in the appearance and growth
of a broad absorption-centered at 1750 cm-1 attributable to
H3O+ production. The temporal profile of the 1750 cm-1 band
(H3O+) is presented in Figure 5C and is characterized by a rapid
rate of formation upon exposure followed by a rapid decrease
in the H3O+ formation rate att ≈ 20 min. Although it cannot
be easily observed on the scale of the insert in Figure 5B, an
immediate decrease in the absorption assigned to the free OH
stretch (3695 cm-1) in our amorphous microporous ice films
was also observed upon exposure to HCl and HBr. It is clear
that immediately after exposure all of the free OH bonds
observable have reacted away.

No significant absorption was observed at the frequencies
corresponding to the molecular stretch for molecular HCl and
HBr (2758 and 2435 cm-1) upon exposure of an HX flow to
either crystalline or amorphous microporous ice at 110 K. This
suggests that the majority of the impinging HX molecules ionize
upon incorporation to the reactant ice film, regardless of the
phase of the reactant ice film.

HCl on Ice at 185-210 K. The uptake of HCl on hexagonal
crystalline water ice was investigated as a function of HCl partial
pressure over a range of stratospherically and tropospherically
relevant temperatures. In these experiments thin (10-100 nm)
hexagonal crystalline ice films were prepared by flowing H2O
into the upper chamber to achieve nucleation atT ) (185-210
K). After achieving the desired film thickness, the water partial
pressure was adjusted so that no change in the infrared spectra
of the film was noticeable over a 5 min interval. At temperatures
greater than 190 K, the FTIR-RAS spectra of the reactant ice
film exhibited light extinction from scattering in addition to the
characteristic crystalline water ice absorption. This is likely due
to surface roughening attributable to the highly dynamic nature
of ice above 190 K.36

Figure 6A shows them/z) 36 temporal profile obtained upon
exposing a HCl flow (flow rate) 3.5× 1014 molecules s-1) to

a 51 nm ice film at 202 K. Upon opening the butterfly valve at
t ) 6.3 min, a dramatic decrease in them/z ) 36 signal was
observed followed by a slow recovery over the next≈40 min.
After closing the butterfly valve att ) 55 min the mass
spectrometer signals rapidly recovered to their original values.
Upon opening the butterfly valve a second time a slight drop
was observed to the value prior to closing the butterfly valve
for the first time and the slow recovery was observed to
continue. The mass spectrometer signals before (Io) and after
(I) opening the butterfly valve are related to the reaction
efficiency for reaction 4 via eq II. The mass spectrometer signals
m/z ) 35 andm/z ) 36 yielded an average value ofγ ) 0.005
immediately after opening the butterfly valve. After ap-
proximately 50 min the reaction efficiency had decreased to a
value ofγ ) 0.0005.

The spectra of the reactant ice film exhibited very few
changes throughout the entire≈60 min of exposure time. Figure
6B shows the spectra of the reactant ice film at several time
intervals. The most significant change observed in the infrared
spectrum of the reactant ice film was an increase in light
extinction atν > 3600 cm-1. This behavior is indicative of an
increase in the extent of light scattering from the thin film and
is presumably due to an increase in the film roughness.
Subtraction spectra (not shown) at a number of different time
intervals reveal a slight increase in the extinction at≈1750 cm-1

Figure 5. Infrared spectra and mass spectrometer temporal profiles
resulting from the exposure of a HCl flow (flow rate) 8.8 × 1014

molecules s-1) to a 34 nm thick amorphous microporous ice film at
110 K. Panel A shows the temporal behavior observed by the mass
spectrometer prior to and during deposition of HCl (m/z ) 36). Panel
B shows the FTIR-RAS spectra acquired att ) 0, 2.9, 5.9, and 12
min after opening the butterfly valve. The inset in panel B shows the
subtraction spectra acquired at the times given above. Panel C presents
the temporal evolution of the H3O+ product peak (1970-1573 cm-1)
observed during exposure.
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(H3O+). However, due to the large increase in light extinction
from surface roughening an unambiguous identification of this
absorbance as due to H3O+ product formation is not possible.

Experiments identical to that detailed above were performed
at 202 K for HCl flow rates of 5.7× 1013, 4.0× 1014, and 5.7
× 1014 molecules s-1. In each case, similar temporal behavior
was observed in the condensed and gas phases. Specifically,
when the butterfly valve was opened a large drop was observed
followed by a slow recovery on a time scale ranging 30-60
min. In each case, very few changes in the infrared spectra of
the reactant ice film were noted other than a net increase in
light scattering from the film.

In contrast to the results outlined above, upon exposing a
reactant ice film to larger HCl flow rates (g2.3× 1015 molecules
s-1) at 202 K vastly different behavior was observed in both
gas and condensed phases. As an example, Figure 7A shows a
m/z ) 36 temporal profile for a HCl flow of 2.3× 1015

molecules s-1 interacting with a≈20 nm thick crystalline ice
film at 202 K. Upon opening the butterfly valve the mass
spectrometer signals rapidly dropped and no recovery was
observed for reaction times up to 60 min. Upon closing the
butterfly valve, the mass spectrometer signals rapidly recovered
to their values prior to exposure. Opening the butterfly valve a
second time resulted in identical decreases in the mass spec-
trometer signals atm/z ) 36 and 35. Using eq II, the mass

spectrometer signals yield an average reaction efficiency of
0.005. Identical experiments were conducted at HCl flows of
2.8 × 1015 and 4.6× 1015 molecules s-1. These experiments
were also characterized by a large decrease inm/z 36 and 35
with no noticeable recovery observable over 60 min of exposure
time.

Accompanying the outlined changes in gas-phase composi-
tion, rapid changes in the condensed-phase spectra of the
reactant ice film were observed upon HCl exposure at high flow
rates (g2.3 × 1015 molecules s-1) at 202 K. Figure 7B shows
the infrared spectra prior to and during the exposure of a 20
nm ice film to a flow of 2.3× 1015 HCl molecules s-1 at 202
K. Subtraction spectra are shown in the inset of Figure 7B to
emphasize the rapid changes which were observed. The spectra
shown in Figure 7B indicate a loss of intensity in the OH
stretching mode (3280 cm-1) and libration (850 cm-1) of
crystalline ice, in addition to the growth of several broad
absorption features centered at 1750, 1220, and 785 cm-1. In
addition, the growth of a broad absorption feature centered at
3400 cm-1 can be inferred by taking into consideration the
simultaneous decrease in intensity at 3280 cm-1 due to loss of
the reactant ice film. The appearance and growth of new
absorption features can be attributed to the O-H stretching
frequency (3400 cm-1), ν4 (1750 cm-1) asymmetric bend,ν2

Figure 6. Infrared spectra and mass spectrometer temporal profiles
obtained upon the exposure of a low HCl flow rate (flow rate) 3.5×
1014 molecules s-1) to a 51 nm thick hexagonal crystalline ice film at
202 K. Panel A presents the temporal profile of gas-phase HCl (m/z )
36) observed before and during exposure. Panel B shows the FTIR-
RAS spectra of the reactant ice film att ) 0, 4, 10, and 15 min after
opening the butterfly valve.

Figure 7. Infrared spectra and mass spectrometer temporal profiles
obtained upon the exposure of a high HCl flow rate (flow rate) 2.3
× 1015 molecules s-1) to a 20 nm thick hexagonal crystalline ice film
at 202 K. Panel A shows the temporal profile of HCl (m/z ) 36)
observed by the mass spectrometer. Panel B shows the changes observed
in the FTIR-RAS spectra of the reactant ice film att ) 0, 3.2, 5.8,
and 9.9 min after opening the butterfly valve. Subtraction spectra at
these times are given in the inset of panel B to highlight changes which
were observed in the condensed phase. Panel C shows a temporal profile
of the H3O+ reaction product (1970-1573 cm-1) observed prior to and
during exposure.
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(1220 cm-1) symmetric bend, and torsion (785 cm-1) of H3O+

arising from the formation of an amorphous H2O/HCl product
adlayer of composition (7( 1):1, H2O:HCl.37 Thus, the
condensed-phase spectra indicate that the growth of an amor-
phous HCl:H2O product layer occurred simultaneously with a
loss of crystalline water ice. The temporal evolution of theν4

(1750 cm-1) asymmetric bend of H3O+ is presented in Figure
7C. In combination, both temporal profiles shown in Figure 7,
parts A and C, suggest that the unlimited uptake observed in
the gas phase accompanies continuous growth of amorphous
HCl:H2O adlayers. Under conditions of HCl flows of 2.8×
1015 and 4.6× 1015 molecules s-1 the formation and growth of
amorphous H2O/HCl mixtures on crystalline ice at 202 K was
also observed. Further, the acquired product spectra displayed
evidence for the formation of more concentrated amorphous
HCl/H2O layers at higher HCl flows. This was observed as an
increase in the relative intensity of the H3O+ absorption at 1750
cm-1 compared to the OH absorptions at 3400 cm-1.

The uptake of HCl on ice was investigated over the
temperature range of 185 to 210 K. For all temperatures
investigated two uptake regimes, time-dependent and unlimited,
were noted and characterized as a function of HCl flow rate
into the chamber. The film thickness of our reactant ice films
was varied over the range of 10-100 nm with no effect on the
observed temporal behavior. The experimental conditions
investigated are summarized in Figure 8. The threshold HCl
flow rate between time-dependent and unlimited uptake regimes
was observed to increase with increasing temperature. In
addition, unlimited uptake was always observed simultaneously
with the formation of amorphous H2O/HCl product adlayers of
varying composition dependent on the HCl flow into the
chamber. An explanation of this behavior in the context of the
HCl/H2O phase diagram follows in the discussion section.

HBr and HI on Ice at 185-210 K. The reactivity of HBr
and HI with thin crystalline water ice films was also studied
over a range of stratospherically and tropospherically relevant

temperatures (185-210 K). In these experiments HBr and HI
flows over the range (500-1.5) × 1013 molecules s-1 were
exposed to ice films varying from 10 to 100 nm in thickness.

Figures 9A and 10A showm/z ) 80 (HBr+) andm/z ) 128
(HI+) temporal profiles obtained upon exposing flows of 1.9×
1015 and 1.0× 1014 molecules s-1 of HBr and HI, respectively,
to 38(HBr) and 10(HI) nm thick crystalline ice films at 185 K.
Upon opening the butterfly valve rapid decreases in mass
spectrometer signals (m/z ) 79, 80, 81, 82 andm/z ) 127 and
128) were observed. The mass spectrometer signals remained
constant for the entire duration that the butterfly valve was
opened and rapidly recovered upon closing the butterfly valve.
Opening the butterfly valve a second time resulted in identical
temporal behavior. Using eq II, the mass spectrometer signals
(m/z) 80 andm/z) 128) before and after opening the butterfly
valve yield reaction efficiencies ofγ ) 0.02 for both experi-
ments. Uptake coefficients larger than this value cannot be
measured by the current apparatus due to the substrate dimen-
sions and background partial pressures of HBr and HI in the
mass spectrometer. Therefore, we report lower limits ofγ g
0.02 for reactions 5 and 6. The uptake of HI and HBr was
investigated over a range of temperatures (185-210 K), and in
all cases exposure resulted in unlimited uptake withγ g 0.02.

In the condensed phase, uptake of HBr and HI initiated rapid
changes in the FTIR-RAS spectra of the reactant crystalline
ice film. Figures 9B and 10B show the FTIR-RAS spectra of
crystalline ice films prior to and during exposure to flows of
HBr and HI, respectively. The structured decreases in intensity
at ν ) 3260 cm-1 andν ) 850 cm-1 can be attributed to the
loss of lattice-bound H2O in crystalline water ice. In addition
to these changes, the subtraction spectra (shown in the inset)
also indicate the appearance and growth of amorphous HBr/
H2O and HI/H2O product adlayers which may be inferred from
the appearance and growth of absorption features centered at
1750, 1220, and 771 cm-1. The growth of the broad absorption
feature centered at 3400 cm-1, characteristic of HX/H2O
amorphous mixtures, can be also inferred by taking into
consideration the simultaneous decrease in intensity at 3280
cm-1 due to loss of the reactant ice film. The temporal behavior
of the condensed-phase H3O+ product is shown in Figures 9C
and 10C. These figures clearly show that exposure of HBr and
HI to ice resulted in continuous uptake at a constant rate. As
expected, the composition of the product layers varied with the
flow of HBr and HI exposed to the ice film. At higher HBr and
HI flow rates, more concentrated amorphous HX/H2O mixtures
formed. In addition, the rate of product adlayer formation
increased linearly with increasing HX (HBr or HI) flow rate
into the chamber.

Formation of Crystalline Products. Although a variety of
stable crystalline hydrates are known to exist for the HX:H2O
systems over the temperature and pressure range studied,17,20,22,38

the direct formation of crystalline hydrogen halide hydrate
product layers was never observed in the experiments described
above. Nonetheless, secondary nucleation and growth of crystal-
line hydrate adlayers from amorphous H2O:HX product layers
were observed under certain experimental conditions. Most
noteworthy, the nucleation of crystalline HBr hydrates was
observed to occur readily at high HBr flow rates (flowg 3.1
× 1015 molecules s-1). Figure 11A shows the changes observed
upon exposing a 10 nm thick crystalline ice film at 185 K to a
HBr flow of 3.1 × 1015 molecules s-1. Initially, changes in the
infrared spectra were primarily characterized by the appearance
and growth of absorption features at 3400, 1750, 1220, and 771
cm-1 due to the formation of an amorphous H2O:HBr mixture

Figure 8. Summary of the experimental conditions used in the present
study of HCl+ ice over a range of atmospherically relevant temper-
atures. Partial pressures of HCl immediately after opening the butterfly
valve are plotted versus 1/T. The ice/liquid (HCl/H2O) coexistence line
determined by Abbatt et al. is also plotted.17 The symbol1 signifies
experimental conditions in which continuous uptake was observed in
both the gas and condensed-phase probes, andb represents experimental
conditions in which time-dependent uptake was observed in the mass
spectrometer temporal profiles. As shown in the plot and discussed in
the text, deposition conditions in whichPHCl was above the coexistence
line resulted in unlimited uptake while all experiments below resulted
in near monolayer uptake.
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on the ice surface. However, at approximatelyt ) 10 min,
dramatic changes in the condensed-phase spectra occurred.
These changes are most likely attributed to the nucleation of a
new crystalline phase out of the amorphous HBr:H2O surface
layer. The onset of nucleation and growth of a crystalline HBr/
H2O product layer can be inferred from the appearance of sharp
absorption features throughout the entire mid-IR range of our
detector. A spectrum is shown in Figure 11B resulting from
the subtraction of spectra taken at times 7.4 and 20.4 min to
highlight the appearance of new peaks at 3366, 3329, 3001,
2062, 1846, 1704, 1249, 1212, 840, 765, and 698 cm-1. A
comparison of the subtraction spectra shown Figure 11B with
the reference spectra presented in Figure 2B suggests that at
high HBr flow rates (flowg 3.1× 1015 molecules s-1) a mixture
of trihydrate (3:1 H2O:HBr) and tetrahydrate (4:1 H2O:HBr)
nucleated out of the amorphous HBr:H2O surface layer initially
deposited.

Discussion

Deposition of HX on Ice at 110 K. HCl and HBr were
observed to react efficiently with crystalline and amorphous
microporous ice at 110 K. In each case, uptake resulted in the
rapid appearance of a broad absorption feature centered around
1750 cm-1 in the condensed-phase spectra which may be
attributed to the formation of a H3O+ reaction product.30,31,34,35

This observation strongly suggests that solvation and ionization
dominate the interaction of HCl and HBr with both crystalline
and amorphous microporous ice films at 110 K:

In support of this reaction mechanism, a decrease in lattice-
bound H2O was observed simultaneously with the appearance
of the reaction products. No evidence for adsorbed hydrogen
halides in a molecular form (nondissociated) was observed in
the condensed phase ice spectra for exposure time up to 60 min.
We are able to characterize our sensitivity for detecting surface-
absorbed HCl and HBr in their molecular (nondissociated form)
by observing the spectra obtained from low-temperature deposi-
tion (94 K) on the aluminum substrate. These experiments yield
an upper limit of HX (≡ HCl or HBr) e 4 × 1014 molecules
cm-2 adsorbed on amorphous microporous and crystalline ice
films in their molecular (nondissociated) form at 110 K.

Although efficiently taken up upon exposure to a clean ice
film, the rates for reactions 4 and 5 decreased rapidly as a
function of exposure time. This was observed as decreases in
both the gas-phase HX loss rate and condensed phase H3O+

production rate. Together these observations suggest that
reactions 4 and 5 at 110 K are initially kinetically regulated by

Figure 9. Infrared spectra and mass spectrometer temporal profiles
obtained upon the exposure of a HBr flow (flow rate) 1.9 × 1015

molecules s-1) to a 38 nm thick crystalline ice film at 185 K. Panel A
shows the temporal profile of gas-phase HBr (m/z ) 80) before and
during exposure to the reactant ice film. Panel B presents the FTIR-
RAS spectra acquired att ) 0, 3.35, 7.00, and 13.20 min after exposure
of an equivalent flow. Subtraction spectra are presented to highlight
the changes which occurred in the condensed phase upon exposure.
Panel C shows the integrated area of the H3O+ product (1970-1573
cm-1) as a function of exposure time.

Figure 10. Infrared spectra and mass spectrometer temporal profiles
obtained upon the exposure of a HI flow (flow rate) 1.0 × 1014

molecules s-1) to a 10 nm thick crystalline ice film at 185 K. Panel A
presents the temporal profile of gas-phase HI (m/z ) 128) as observed
by the mass spectrometer prior to and during exposure. Panel B shows
the infrared spectra of the reactant film att ) 0, 5.35, 11.47, and 16.52
min after exposure of a similar flow. An inset is provided in Panel B
which shows subtraction spectra acquired for the times above. Panel
C presents a temporal profile of the condensed phase H3O+ absorption
peak (1970-1573 cm-1) observed upon opening the butterfly valve.

HCl + H2O(s)f H3O
+ + Cl- (4a)

HBr + H2O(s)f H3O
+ + Br- (5a)
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the availability of reactive sites on the ice film surface.
Therefore, as the reaction proceeds and the number of surface
sites available for reaction is reduced, the uptake becomes less
efficient. Although the rates of reactions 4 and 5 were slow at
long reaction times (γ e 4.0 × 10-4), continual exposure
eventually did lead to a complete conversion of the reactant
ice film to an amorphous H2O:HX mixture for the thinnest films
investigated. This temporal behavior suggests that once surface
saturation occurs, uptake is regulated by slower processes such
as diffusion across grain boundaries into the ice bulk.

By integrating the areas of the mass spectrometer temporal
profiles shown in Figures 4A and 5A the total number of HX
molecules lost to the ice surfaces can be obtained for each
exposure. The results of such an analysis for HCl experiments
are summarized in Table 2. Assuming that there are 1.15×
1015 reaction sites cm-2 on a crystalline ice film and using a
geometric surface area of the substrate (72 cm2) as an estimate
of the surface area of the reactant ice film, it can be concluded
that uptake of HX species on crystalline ice is limited to
approximately 5 monolayers prior to surface saturation. Using
a similar analysis, the uptake of HCl on amorphous microporous
ice is found to be approximately 10 monolayers. HBr exposure
to crystalline and amorphous microporous ice films at 110 K

yielded surface coverages greater than that observed for HCl
by approximately a factor of 2 (see Table 2). This suggests that
fewer water molecules are required to solvate impinging HBr
molecules than HCl and thus, a greater net number of sites exist
for reaction with HBr. This observation may be related to the
lower bond energy of the H-X bond in HBr. Thermodynamic
calculations on the interaction of HBr with ice films at lower
temperature may be helpful in explaining the observed enhanced
uptake of HBr at 110 K.

Supporting the enhanced reactivity of microporous ice evi-
dent in the mass spectrometer temporal profiles, the infrared
product spectra also suggest that more H3O+ is formed from
reactions 4 and 5 on microporous ice than on crystalline ice
surfaces at 110 K. Using the integrated area of the 1750 cm-1

band as a proxy for the net amount of HX reacted, uptake of
HX on microporous ice is approximately (3( 1) times that of
crystalline ice at the time of surface saturation. Although
overlapping within their respective error bars, the enhancement
observed in the condensed phase is slightly larger than that
inferred from the mass spectrometer temporal profiles. This
deviation is likely attributable to experimental difficulties in-
volved with measuring large reaction probabilities due to the
onset of a significant pressure gradient in the system. Therefore,
the uptake values presented in Table 2 for experiments on
amorphous microporous ice are likely to represent lower limits.

The enhanced net reactivity of amorphous microporous ice
relative to crystalline ice most likely arises from differences in
the surface areas of these forms of ice. Previous work has shown
that amorphous microporous ice is characterized by an abun-
dance of holes connecting the surface and bulk.39,25The results
of the present study suggest that at least some of the surface-
bound H2O molecules located in the micropores of ice are
available for reaction with impinging hydrogen halides. In
addition to loss of lattice-bound H2O, the subtraction spectra
in Figure 5B show that the free OH groups found in microporous
ice, observable at 3695 cm-1, completely disappear after
exposure to HCl and HBr. This suggests that such free OH
groups are highly reactive to the hydrogen halides studied.

Previous FTIR-RAS studies have reported similar reactivity
of HCl toward crystalline water ice at low temperatures.30,40

Banham et al. report that exposure of HCl to ice between the
temperatures 80 and 150 K results in the formation of an
amorphous HCl/H2O mixture.30 Banham et al. also observed a
saturation of ice under these conditions; however, the spectra
presented suggest that this resulted from a complete conversion
of the entire ice film to an amorphous HCl/H2O mixture rather
than a deactivation of the surface. In the present study, for all
flow conditions investigated a rapid decrease in the rate of HX
incorporation to amorphous microporous and crystalline ice
occurred prior to complete conversion of the ice film to an
amorphous HX/H2O mixture. However, a slow uptake (γ e

Figure 11. Infrared spectra obtained upon exposing a large HBr flow
(g3.1 × 1015 molecules s-1) to a 10 nm crystalline ice film at 185 K.
In panel A, spectra are shown att ) 7.4, 15.3, and 20.4 min. The
spectra presented suggest that a crystalline phase nucleated out of a
supercooled H2O/HBr liquid adlayer. Panel B shows a spectrum
obtained by subtracting the spectra at 7.4 from that at 20.4 min to
highlight the new peaks observed. Comparison of the spectrum in panel
B with the reference spectra in Figure 2B suggests that a mixture of
the trihydrate and tetrahydrate was formed from HBr deposition on
ice at high flow rates.

TABLE 2: Saturation Surface Coverages of HX on Ice
(molecules cm-2) from Mass Spectrometer Gas-Phase
Temporal Profiles

HX
temp
(K) phase

flow rateb

(molec s-1)

surface
coverage

(molec cm-2) monolayera

HCl 110 cryst 9.3× 1014 (5.8( 2.2)× 1015 5.0
HCl 110 micro 8.8× 1014 (1.1( 0.3)× 1016 9.6
HCl 202 cryst 3.5× 1014 (3.5( 1.6)× 1015 2.3
HBr 110 cryst 1.92× 1015 (1.2( 0.3)× 1016 10.8
HBr 110 micro 1.89× 1015 (2.0( 0.5)× 1016 17.4

a Assuming 1.15× 1015 sites per monolayer.b Flow rate prior to
opening the butterfly valve.
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0.0004) of hydrogen halides was indeed observed at long times
which eventually resulted in complete conversion of the thinnest
ice films to amorphous HX:H2O mixtures for the longest
exposure times employed (t > 1 h).

Graham and Roberts performed an extensive study of the
interaction of HCl with thin amorphous and crystalline ice films
using temperature program desorption methods.41,42 It should
be pointed out that at the temperatures studied by Graham and
Roberts ice micropores are thermodynamically unstable and
rapidly collapse.25 Graham and Roberts reported that the uptake
of HCl on amorphous and crystalline ice films at 120 K results
in the formation of a crystalline HCl‚6H2O hydrate layer.
Although the HCl product adlayers observed in the present
study are hydrated in nature, an inspection of the absorption
features leads to an assignment of an amorphous HCl/H2O
product layer. In support of this observation, the formation of
a crystalline 6:1 H2O/HCl hydrate from a solution is expected
to be kinetically unfavorable at temperatures below the glass
point temperature ofT ≈ 135 K.43

Graham and Roberts also reported an increase in the net
reactivity of amorphous ice over that of crystalline ice surfaces
in agreement with the present study. The authors argue that the
enhancement was not related to changes in surface area but
rather reflected a larger absorption probability of HCl on
amorphous ice. In the present study the mass spectrometer
temporal profiles and FTIR-RAS condensed-phase spectra
clearly show an enhanced reactivity of amorphous microporous
ice over that of crystalline ice. Although the onset of recovery
for reaction on microporous ice occurs at later times, the
observed rate of recovery was nearly identical for amorphous
and crystalline ice films exposed to identical flows of HCl. To
investigate the physical origin of the enhanced reactivity of
amorphous microporous ice observed in the present study, the
recoveries in the mass spectrometer temporal profiles shown
in Figures 4A and 5A were fit to an exponential function (flow
rate) A + B exp{ C * t)). The recovery shown in Figure 4A
was easily fit by an exponential function for timesg8.8 min
and yielded a time constant ofC ) (9.47( 0.15)× 10-3 min-1.
Similarly, the recovery shown in Figure 5A was fit for times
greater than 18.5 min and yielded a time constant ofC ) (9.36
( 0.80)× 10-3 min-1. Within uncertainties the observed rate
of recovery was the same for amorphous and crystalline ice
films exposed to nearly identical flows of HCl. Therefore, our
data suggests that the enhanced reactivity observed in the present
study more likely results from differences in the number of
reaction sites on amorphous microporous ice and crystalline ice
films rather than differences in the absorption probabilities of
HCl on ice. Differences in surface morphology related to the
presence of micropores in the amorphous microporous ice films
may explain the apparently larger number of reaction centers
available for reaction with HCl with this form of ice. Finally,
Graham and Roberts also reported the formation of anR-HCl
layer on the surface of the HCl/H2O product layer that is
attributed to surface absorption of molecular HCl. In the present
study no evidence for the formation of a molecular HCl product
layer was found at 110 K on either amorphous microporous or
crystalline ice.

There have been far fewer previous studies of the interaction
of other hydrogen halides with microporous and crystalline ice
at lower temperatures. Delzeit et al. showed that co-deposition
of a 1:1 mixture of HBr and H2O on a cadmium telluride
substrate between 15 and 85 K led to the formation of an
amorphous HBr:H2O mixture.37 Peil et al. also observed
amorphous HBr/H2O formation from deposition of HBr on thin

ice films at a slightly higher temperature of 90 K.44 In agreement
with both past investigations, the present studies are consistent
with solvation and dissociation of HBr deposited on the surface
of crystalline and microporous ice at 110 K.

HCl + Ice at 185-210 K. The uptake of HCl was studied
over a range of temperatures (185-210 K), HCl flow rates (5-
1000× 1013 molecules s-1) and ice thicknesses (10-100 nm).
HCl uptake was characterized by two different temporal
behaviors dependent upon the flow rate of HCl for a given
temperature. At low flow rates gas-phase uptake was character-
ized by efficient uptake at very short reaction times followed
by time-dependent uptake decreasing in magnitude at longer
reaction times. An integration of the temporal profile given in
Figure 6A yields a total of 3.5× 1015 HCl molecules cm-2 lost
to the surface during reaction. Assuming that there are 1.15×
1015 sites cm-2, this yields an estimate of 2.3 monolayers
deposited during the contact time with the ice surface. Similar
surface coverages were obtained for experiments with lower
HCl flow rates over the range of temperatures studied and ice
film thicknesses studies. Previous measurements of HCl cover-
ages on crystalline ice range from 0.4 to 16 monolayers under
stratospheric conditions (T ) 185-200 K).17-20,45 The wide
variation in reported HCl coverages has been previously
attributed to different degrees of roughness in the ice films
investigated. Indeed, atT g 185 K the surface of ice is highly
dynamic, thus, it is possible that during the course of our
experiments the reactant ice surface was substantially roughened.
Considering the wide variation in reported coverages and long
ice exposure times employed in the present study, our results
are in reasonable agreement with previous studies.

An identification of the condensed-phase products of reaction
4 for low HCl flow rates at 185-210 K was not possible due
to the increase in scattering observed upon exposure to HCl.
This increase in scattering severely impeded attempts to identify
any changes due to product formation in the condensed phase.
However, the observed increase in light scattering may suggest
that HCl incorporation into crystalline ice leads to disruption
of the ice lattice at reaction temperatures between 185 and 210
K. Similar surface roughening upon exposure of HCl has been
observed in previous studies of crystalline ice.20

At higher flow rates of HCl, efficient and unlimited uptake
was observed over the range of temperatures investigated (185-
210 K). Unlimited gas-phase uptake is suggestive of the
formation of HCl/H2O product multilayers. Indeed, condensed-
phase spectra always showed the production of amorphous HCl/
H2O adlayers coincident with unlimited gas-phase loss. Although
FTIR-RAS cannot distinguish between the spectra of solid and
liquid amorphous films, the amorphous films observed in the
present study are likely to consist of either liquid HCl/H2O
solutions or supercooled HCl/H2O amorphous mixtures depend-
ing on the experimental conditions (PHCl and temperature)
employed. Previous studies have shown that metastable super-
cooled liquid HCl:H2O solutions form readily under the
experimental conditions examined and can persist for long
times.38 Temporal profiles of condensed-phase H3O+ exhibited
a constant growth rate for a given flow rate of HCl into the
chamber. The condensed-phase rate of product formation was
found to be directly proportional to the HCl flow rate into the
chamber. Together these observations point to a mechanism
of surface adlayer growth via a flux of both HCl and H2O to
the ice surface to form a liquid solution or amorphous
supercooled mixture. Such a mechanism results in a continual
replenishing of reaction sites (H2O) available for reaction and
therefore results in an unlimited uptake at a constant rate.
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To better understand the two types of behavior observed in
the present experiment it is useful to view our results in the
context of the HCl/H2O phase diagram. To aid in this interpreta-
tion, a summary of the experimental results is shown graphically
in Figure 8. The HCl partial pressures immediately following
the opening of the butterfly valve for each experiment are plotted
in Figure 8 to most accurately represent the relevant experi-
mental parameters. Also included in Figure 8 is the water ice-
HCl/H2O liquid coexistence line as measured by Abbatt et al.17

It should be noted that Abbatt et al. report individual HCl partial
pressures over the temperature range of 210-180 K, thus, the
line drawn in Figure 8 represents the best fit (PHCl ) 1.30 ×
10-7 * 1.65× 105 exp (-4.81× 1000/T)) to the reported values
by approximating the relationship as an exponential function.
An examination of Figure 8 reveals that unlimited uptake of
HCl was observed for all experiments in whichPHCl is above
the coexistence line while time-dependent uptake occurs at HCl
partial pressures below this line. Also supporting this interpreta-
tion, the composition of the HCl/H2O product layers for
experiments withPHCl on the coexistence line varied in
composition as expected. For example the product spectra for
T ) 202 K and at the ice frost point (PH2O ) 1.68× 10-3 Torr)
can be attributed to a H2O/HCl solution of composition≈7:1
(H2O/HCl) in good agreement with the composition predicted
from the phase diagram presented by Hanson and Mauers-
berger.38

The magnitude of the reaction efficiency for experiments in
which HCl/H2O liquid multilayers formed was observed to
increase as a function of HCl flow rate for experiments in which
γ was in our measurable range (0.02g γ g 0.0001). Rather
than being attributed to kinetic factors, the variation inγobsmore
likely reflects the composition of product adlayer formed in
reaction 4. The pressure of HCl in the chamber rapidly collapsed
to a value close to the vapor pressure of the HCl/H2O liquid
solution formed upon exposure to the reactant ice surface. Thus,
the γ calculated primarily reflects the difference between the
HCl partial pressure initially exposed to the reactant ice film
and the equilibrium HCl vapor pressure of the product film
formed. These observations provide further evidence that
unlimited uptake occurs via a mechanism involving formation
of a HCl/H2O solution at the ice surface.

Uptake of HBr and HI at T ) 185-210 K. The reaction
efficiencies of HBr and HI on crystalline ice were observed to
exceed the limit of our measurable values,γ g 0.02, and showed
no temporal dependence for exposure times up to 60 min. These
observations were independent of HBr (or HI) flow rate ranging
from (500 to 1.5)× 1013 molecules s-1 and reactant ice
temperature (185-210 K). We attribute this behavior to the
efficient formation of H2O/HBr (or HI) product multilayer
layers. Indeed, the FTIR-RAS product spectra clearly show
that exposure of HBr and HI to ice surfaces always initiated
the formation and growth of amorphous HBr/H2O and HI/H2O
product layers. No absorption attributable to HBr or HI in their
molecular forms was observed for the entire range of experi-
mental conditions investigated. As in the case of reaction 4,
we believe that the amorphous product layers observed upon
deposition of HBr and HI are likely composed of HX/H2O liquid
solutions or supercooled liquid mixtures. Therefore, we conclude
that HBr and HI exist primarily in an ionized or solvated state
upon reaction with ice under our experimental conditions.
Unfortunately, the vapor pressures of HBr and HI over the liquid
layer could not be measured due to the onset of a large pressure
gradient between the mass spectrometer and reaction surface
for reactions withγ g 0.02. Therefore, identification of the exact

nature of the amorphous adlayer product (stable liquid or super
cooled liquid) by comparison with the phase diagrams cannot
be made. As shown in Figures 9C and 10C, the growth rate of
the product layer was observed to be constant throughout the
entire period of exposure and varied proportionately with HBr
(and HI) flow rate into the chamber. Similar to the case of
reaction 4 at high HCl flow rates, we believe that the unlimited
uptake observed for reactions 5 and 6 reflects the formation of
a stable adlayer containing HBr (or HI) in addition to water. In
this mechanism, the flux of gas-phase H2O to the condensed
phase acts to replenish “active” water sites for reaction with
the impinging hydrogen halide molecules.

Previous investigations of the interaction of HBr with thin
ice films have also observed efficient and unlimited up-
take.16,21,22,46Hanson and Ravishankara report unlimited uptake
of HBr onto ice at 200 K and give a lower limit on the reaction
efficiency of reaction 5 ofγ > 0.2.46 The authors attribute the
efficient and unlimited uptake to the formation of a liquid H2O/
HBr product. Since the original experiments by Hanson and
Ravishankara, Abbatt16 and Chu and Heron22 have also studied
reaction 5 and confirm most of the conclusions of the original
study. However, recently Chu and Heron provided evidence for
the formation of an HBr/H2O crystalline trihydrate product
formed in reaction 5 in contrast to the original suggestions of
Hanson and Ravishankara.22 The evidence for hydrate formation
consists of a desorption peak observed approximately 55 min
after HBr exposure (PHBr) 1.0 × 10-6 Torr) to a crystalline
ice surface. We believe that the observations of Chu and Heron
may be consistent with the initial formation of a liquid adlayer
product from which the crystalline phase H2O/HBr trihydrate
nucleated. Chu and Heron report that in all cases crystallization
of an HBr:H2O hydrate layer was observed only after significant
HBr deposition ((1.1-770)× 1014 molecules cm-2) to the ice
surface. In addition, the authors note that the desorption signal
indicating crystallization was most pronounced after exposure
to higher partial pressures of HBr (PHBr > 4 × 10-7 Torr). From
classical nucleation theory, nucleation of a crystalline HBr:H2O
phase from a liquid solution is expected to depend on both
volume and composition of the liquid layer from which it
forms.47 Larger HBr surface fluxes are likely to have lead to
the formation of a more concentrated and thicker liquid layers
which may have facilitated the nucleation of a new crystalline
phase. In the present studies, nucleation of a crystalline product
from a growing HBr:H2O liquid product layer (3-4:1 H2O:
HBr) deposited onto an ice surface was only observed for
experiments with HBr flow ratesg 3.1 × 1015 molecules s-1.
A comparison of the reference spectra obtained for the crystal-
line HBr/H2O hydrates and the product spectra shown in Figure
11B suggests that the crystalline HBr/H2O product layer was
composed of a mixture of trihydrate and tetrahydrates. This
assignment agrees reasonably with the experimental observations
and theoretical calculations of Chu and Heron.22

Chu and Chu also investigated the uptake of HI on crystalline
ice surfaces at 188 and 195 K using flow tube kinetic
techniques.23 Similar to the results of the present study, they
report that exposure of HI to thin ice films resulted in efficient
and continuous uptake. A comparison of the rates of uptake
between the present study and that of Chu and Chu is not
possible because they only report the surface coverages ob-
served. However, Chu and Chu provide evidence for the
nucleation of a crystalline 2:1 H2O:HI product adlayer after
deposition ranging from (1-140) × 1014 HI molecules cm-2.
In contrast, the product layers observed in the present study
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were amorphous in nature and crystallization was never ob-
served. The reason for such a discrepancy is unknown but may
be related to differences in experimental conditions employed
in both studies such as water vapor partial pressure, HI depo-
sition rates, and substrates employed.

Atmospheric Implications. We have shown that HCl, HBr,
and HI are rapidly taken up by ice, and thus the potential for
important stratospheric and tropospheric heterogeneous chem-
istry involving these species is very high. HCl uptake by ice in
the stratosphere and upper troposphere will be limited to
approximately one monolayer because HCl partial pressures in
these regions fall below those corresponding to the HCl/H2O
liquid/water-ice equilibrium conditions. However, it is important
to note that the predicted surface coverages for ice particles in
these regions will depend not only on the HCl abundance and
reaction efficiency but also on the ice surface area densities
encountered. This is particularly important in the case of
heterogeneous chemistry on upper tropospheric cirrus clouds
in which ice surface area densities can vary by several orders
of magnitude (cirrus cloud surface area densities) (20-20000)
µm2 cm-3).24 For example, we outline two simplified limiting
cases for HCl surface coverages assuming a mixing ratio of
HCl of 100 pptv at 300 mb and 210 K.13 For a cirrus cloud
surface area density ofA ) 20 µm2 cm-3, the number of sites
on the ice particles is 4.5 times less than the HCl molecules
available for reaction. Assumingγ ) 0.3 initially48 and then
decreases proportionally as fraction of reaction sites available,
the ice will be coated in a monolayer of HCl in≈16 min and
gas-phase HCl partial pressures should be essentially unper-
turbed. Under these conditions the full monolayer HCl coverage
on the ice surface would be available for reaction and chlorine
activation via reaction 1 is expected to be efficient (assuming
one monolayer) 1.15 × 1015 molecules cm-2). In the other
limiting case in whichA ) 20 000µm2 cm-3, the number of
ice reaction sites exceeds the number of gas-phase HCl
molecules available by a factor of 223. In this scenario the ice
will never be fully coated with HCl and hence, subsequent
reaction with ClONO2 may be hampered by the availability of
surface-bound HCl. Although this is a simplified picture of the
ice in the atmosphere which does not take into account the ice
growth or evaporation, the photochemical production of HCl,
or any heterogeneous loss mechanisms of HCl, the calculations
above do illustrate that the microphysical parameters of
tropospheric ice will have a strong bearing on the heterogeneous
chemistry of the troposphere.

Although the uptake of HBr and HI was found to be unlimited
and efficient (γ g 0.02), it should be noted that the partial
pressures used in the present study were≈100-1000 times
greater than those observed in the atmosphere.8,49-51 Thus, it
is possible that under the low pressure conditions of the
atmosphere the uptake will be qualitatively different. However,
because the partial pressures of HBr and HI observed in the
atmosphere are very low it is unlikely that ice particles could
accumulate high enough surface concentrations to form product
multilayers. This is especially true given the very large surface
area densities of water ice encountered in upper tropospheric
cirrus clouds. For example, assuming an HBr mixing ratio of
2.0 pptv at 300 mb and 220 K, uptake onto a cirrus cloud with
a surface area density of 20µm2 cm-3 would result in a maxi-
mum surface coverage of 0.09 of a monolayer (assuming one
monolayer) 1.15× 1015 molecules cm-2).49,50The gas-phase
abundance of HI is expected to be at least an order of magnitude
lower than that of HBr,8 therefore, HI is likely to accumulate
onto tropospheric ice surfaces to an even lower extent.

The efficient incorporation of HBr and HI into atmospheric
ice and snow may have important implications with respect to
their mechanisms of transport and removal from the atmosphere.
In the upper troposphere, the primary gas-phase loss processes
of HBr and HI is currently thought to be reaction with OH
radical.7,52 Because these species are readily lost to the surface
of ice, uptake onto atmospheric ice and snow followed by
deposition is likely to constitute an efficient heterogeneous
removal mechanism competitive with loss in the gas phase. On
the other hand, uptake followed by evaporation of the ice cloud
would constitute a temporary reservoir of HBr and HI and may
be important in the transport of halogen species in the
troposphere. Due to the highly reactive nature of HBr and HI
on ice surfaces, changes in the removal rates and transport of
these compounds may be important in determining their net
effect on the gas phase of ozone chemistry. Therefore, modeled
abundances of hydrogen halide concentrations must take into
consideration not just the nucleation of ice and snow but
ultimately the fate of the ice particles undergoing reaction.
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