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HBr uptake on thin ice films was examined using laser-induced thermal desorption (LITD), temperature-
programmed desorption (TPD) and Fourier transform infrared (FTIR) spectroscopy techniques. LITD was
used to determine the uptake coefficient in situ during low HBr exposures as a function of HBr pressure and
ice film temperature. The HBr uptake coefficient on ice was 0.61+ 0.06 at 140 K and = 0.24+ 0.05

at 100 K at low HBr coverages for HBr pressures ranging from 80 8to 1.4 x 107 Torr. TPD and FTIR

were used to examine HBr uptake on ice at higher HBr exposures. TPD studies observed that thin ice films
exposed to HBr at 140 K saturated with HBr after large exposures and formed an HBr hydrate with an
H,O:HBr ratio of ~3.6:1. FTIR measurements monitored the development of #&" Wending vibration
versus HBr exposure on ice. Saturation of the integrated absorbance for;@ishending vibration was
observed after large HBr exposures. The uptake of HBr on ice also had a profound effe€ deddrption

from ice. HO desorbed at higher temperatures in the presence of HBr. The zero-order kineticgfor H
desorption from pure ice welgy = 13.4 kcal mot! andyy = 1.9 x 10%2 cm 2 s™L. The zero-order kinetics

for H,O desorption from the HBr hydrate formed after saturation HBr exposuresBye+el0.6 kcal mot?

andvo = 6.3 x 10*” cm?s%

I. Introduction Active bromine must be recycled from the HBr reservoir
species to maintain catalytic ozone destructib@ne possible
process involves heterogeneous reactions to release photochemi-
cally labile bromine species. Probable reactions for the recycling

Rapid and complete ozone destruction is observed in the
springtime Arctic boundary layér:3 The measured anticorre-
lation between filterable bromide and ozone suggests that

catalytic gas-phase bromine reactions are responsible for thelnclude*

dramatic ozone lossIn support of this suggestion, high levels

of BrO*5 and photolyzable bromifiere also observed during HBr + HOCIl— BrCl + H,0O 3)
ozone depletion events. The proposed source of these active HBr + HOBr — Br, + H,0 (4)

bromine species is sea s&it® In one mechanism, HOBr reacts

catalytically with sea salt particles to produce active forms of ) . . .
bromine such as Brand BrCI® Another possible mechanism Possible surfaces for reactions 3 and 4 in the troposphere include

for active bromine production is a dark reaction of ozone with sulfuric acid aerosols, ice particles and snowpack. These reac-
bromide in sea salt ic¥. Upon photolysis of Br and BrCl tions have been examined on ice under stratospheric conditions
. . ) . ! ive i i 116
bromine radicals form and can catalytically destroy ozone. ~ @nd have proven to be effective in releasing BrCl ang'Br'
One problem with the above mechanisms is that active A full understanding of these reactions requires information on
bromine can also rapidly transform into the HBr reservoir the interaction of HBr with ice surfaces.

species:*1 For example, HBr can be formed by reaction of Br In this work, the uptake of HBr with ice surfaces was
with formaldehyde, CkD, or hydroperoxide radical, H3? measured from 90 to 140 K. Previous studies have examined
HBr uptake on ice surfaces at higher temperatures of-233
Br + CH,O — HBr + CHO 1) K.17-21 These studies all relied on gas-phase measurements to
Br + HO,— HBr + O, @) infer HBr uptake. In contrast, we have performed laboratory

studies of the HBr interaction with ice using techniques that
probe the condensed phase. Laser-induced thermal desorption
(LITD) was utilized to measure the HBr uptake coefficient on
ice as a function of ice temperature and HBr pressure.
Temperature-programmed desorption (TPD) was used to de-
termine the HO/HBr composition and to examine the effect of
HBr on the HO desorption kinetics from ice. Fourier transform
 CIRES. infrared (FTIR) spectroscopy was employed to monitor the

* Department of Chemistry and Biochemistry. saturation of the ice films with HBr. These studies complement
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Recent measurements in the springtime Arctic boundary layer
show large amounts of formaldehytfeAssuming 400 ppt of
CH,0, the lifetime of Br defined by reaction 1 is2 min.
Consequently, reaction 1 can severely limit the ability of Br to
destroy ozone.
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recent TPD and FTIR studies ob8/HBr thin films of varying Torr for times between 15 s and 45 min. After HBr exposure,
stoichiometry? and FTIR investigations of HBr uptake on i€e. the chamber was evacuated and the sample was cooled to 85 K
before recording the TPD spectrum.
Il. Experimental Section The UTI-100C quadrupole mass spectrometer was used to
monitor the evolution of desorbed species from the(al
substrate. Desorption measurements were performed with the
Al,O3 crystal facing the ionizer of the mass spectrometer. A
S . 'constant heating rate of 1.0 K/s was used for the TPD spectra
an ionization gauge, and an absolute pressure gapac'tanc?)erformed at the University of Colorado. The temperature was
rcnaag)r;(::rirt]aertz:e waﬁimi?g?txgaszgs a%gscc))ﬁjtle gzﬁfurgsthove ni;aasured with a chromehllumel thermocouple attached to the
front of the ALO; crystal using ceramic glue from Aremco.
x 10°° Torr. .An. A|2.03 (0001) substrate was attached to th‘? For temperature-programmed desorption (TPD) experiments
bottom of a liquid nitrogen cooled cryostat and suspended in at the University of lowa (Figure 3), the Ag(110) substrate was
the middle of t_he chambéP.The 12> 20 mm ALO; crystal resistively heated at a rate of 1.5 K/s. A UTI-100C quadrupole
was 0.5 mm _th'Ck V_V'th ?Swedge between the front and back mass spectrometer recorded the TPD spectra. The stoichiometry
faces for facile optical interference measureméhfEhe back of the H,O/HB films was calculated using the,8 and HBr
face was coated with 3000 A of molybdenum for resistive TPD peak areas fame = 18 and 82 respectivzely The TPD
heatlng of the substra?é. - peak areas were calibrated using two correction factors. The
Ice films were deposited by backfilling® vapor onto the first correction factor accounted for the sensitivity of the
cooled AbO; substrate at 140 K. TheX vapor source was  jqnization gauge for each gas. These sensitivity factors were

an HPLC grade reservoir of liquid 2 (Fisher Scientific)  yetermined earlier in experiments using an absolute capacitance
purified by a series of liquid nitrogen freezpump—thaw manometer at the University of Colorado.

cycles. HBr gas (Matheson, 99.95%) was transported through - 1o second correction factor was the relative mass spectrom-

a gas line to a glass coldfinger in liquid nitrogen for purification. - ey response to each gas. This correction factor was determined
The principal impurities qf the H_Br sample are Bnd Be. Hy by backfilling the chamber with known pressures of each gas
does not condense at liquid nitrogen temperatures and waSyaaqred using the ionization gauge and recording the mass

remO\I/ed by plul'mpinﬂti thelvapor above the colnqlensed HBI spectrum. The peak height was then calibrated versus gas
sample. Crystalline Bihas a low vapor pressure relative to HB. - praqqre. These two calibration factors allowed th©:HBr

Brz remained condensed when the liquid nitrogen was removed a4 to pe calculated from the integrated area under the
and the coldfinger was allowed to warm to fill the glass gas respective TPD curves.

line with HBr gas. _ Laser-induced thermal desorption (LITD) techniques were

The purity of the condensed,B and HBr multilayers was = yseq to measure the HBr uptake coefficient on ice films at the
determined by mass spectrometry. The films were analyzed by ynjyersity of Colorado. A pulsed Lumonics GOEA laser
LITD at massesn/e = 1—100 to check for possible impurities.  yerating af. = 10.6um was modified for TEM-00 operatio.
For the HBr multilayers, mass signaf/e = 79-82 were = The CQ laser pulse had a Gaussian distribution and a pulse
assigned to the isotopes of HBr at 80 and 82 amu and B ygth of 100 ns. The C@laser beam was attenuated to 55 mJ
fragments at 79 and 81 amu.® impurities in the HBr  anq expandedbta 2 cmdiameter with a ZnSe beam expander.
multilayer were present at levels 6f10%. All impurities in The beam was then focused using a ZnSe lens with a 104 cm
the ice films were negligible. focal length.

lon gauge measurements were recorded before and after The CQ laser beam entered the chamber through a ZnSe
backfilling HBr into the chamber to determine the experimental \yindow and intersected the surface at 4Bom the surface
HBr pressures. The absolute pressure capacitance manomet&{ormal. The CQ laser energy was absorbed by theCH
was utilized to calibrate the ion gauge measurements. This myltilayer and the AlO; substraté® and produced a desorption
calibration was performed by recording ion gauge and Baratron grea with a diameter o1 mm measured using the spatial

A. Vacuum Chamber and HBr Exposures. Experiments
at the University of Colorado were conducted in an ultrahigh
vacuum chamber equipped with a UTI-100C mass spectrometer

readings for HBr pressures between<1107® and 1 x 107 autocorrelation metho#. To maximize surface sensitivity, the
Torr. The HBr pressure was used toedeflne the HBr exposures mass spectrometer and substrate were positioned for line-of-
in Langmuir (L) where 1 L= 1 x 107°° Torr s. sight detection of the desorbed surface species. The LITD signals

Experiments performed at the University of lowa were carried from H,0 and HBr multilayer films were calibrated using optical
out in an ultrahigh-vacuum (UHV) chamber with a base pressure interference measurements. These calibrations were then used
of 5 x 1071° Torr28 This UHV chamber was equipped with an o convert the measured HBr and,® LITD signals into
ionization gauge, a cylindrical mirror analyzer for Auger electron coverages.
spectroscopy, a quadrupole mass spectrometer for TPD and C. Coverage Calibration Using Optical Interference.The
residual gas analysis, an ion sputtering gun for sample cleaningTpPp and LITD signals at the University of Colorado were
and three variable leak valves for introducing gases into the calibrated by optical interference studies of multilayer fiffi.32
chamber. An Ag(110) substrate was mounted in the UHV Briefly, the specular reflection of a helium neon (HeNe) laser
chamber on a tantalum cup. This tantalum cup was attached tothat intersected the AD; substrate at a near normal angle of
a liquid nitrogen cooled Cu block that allowed cooling+85 incidence was measured during film growth. The intensity of
K. The temperature of the Ag(110) substrate during the the reflected beam plotted versus film growth results in a
experiments was measured by a chror@élimel thermocouple.  sinusoidal interference pattern. The film thicknesss obtained

B. Temperature-Programmed Desorption and Laser- using:

Induced Thermal Desorption. Temperature-programmed de-

sorption (TPD) experiments at the University of Colorado X = mA/2n(T) (5)
(Figures 6-8) were used to monitor HBr uptake on the ice films.

TPD spectra were recorded after ice films at-9@0 K were wheremis the number of periods of oscillatioh,= 6328 A is
exposed to HBr at pressures between 3078 and 7x 1077 the wavelength of the HeNe laser, am@) is the temperature-
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dependent real refractive indékUsing this technique, one-
half of an oscillation period during # multilayer deposition

at 140 K represents a film thickness of 1244 A. One-half of an
oscillation period during HBr multilayer deposition at 82 K
represents a film thickness of 1058 A.

The integrated areas of the;® and HBr TPD peaks and
LITD signals were plotted versus film thickness determined
using the optical interference technique. The correlation between
film thicknesses and TPD peak areas or LITD signals was linear.
This calibration was used to quantify the,® and HBr
coverages obtained from TPD and LITD experiments. Th@ H
coverage was determined from the measurg@ Irhultilayer
thickness using a density of = 0.93 g/cni and a refractive
index ofn = 1.31 atT > 140 K32 The correlation between the
HBr LITD signals and the HBr film thicknesses was linear over
the entire thickness range from 280 to 1120 A. On the basis of
the statistics of the linear fit, the uncertainty of the HBr
coverages obtained from the HBr LITD signals wa$0%.

The HBr multilayer was formed by depositing HBr on the
Al,O3 substrate at 82 K. Calibration of the HBr mass signal at
m/e = 80 is difficult because there are no literature values for
the real refractive index and density of condensed HBr multi-
layers at 82 K. Consequently, the refractive index of the HBr
multilayers was determined by monitoring the maxima and
minima in the HeNe reflectance from the HBr multilayer on
the ALO; substrate during HBr deposition. This method has
been used earlier to determine the refractive indices 6fice
and nitric acid hydrate¥. The refractive index of HBr multi-
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Figure 1. Calibrated HBr laser-induced thermal desorption signals
versus HBr exposure time at HBr pressures of 3078, 6 x 108 and

1.4 x 1077 Torr from a 130 A thick ice film at 140 K. The solid lines
show the linear least-squares fits to the data.

In this expressionw is the molecular weight ang is the HBr
density. Usingw = 81 g/mol andn = 1.46, a density op =

layers determined by these optical interference experiments was2.27 g/cni is calculated using atomic molar refractivities/gf

n = 1.46.

The measured refractive index of = 1.46 was used to
determine the density of the HBr multilayers deposited at 82 K
using the LorentzLorenz relationshig2 The molar refractivity
of HBr was determined from the refractive index of HBsM
solutions assuming that the molar refractivities of the compo-
nents are additivé® The molar refractivity of a two-component
H,O and HBr film is given by LorentzLorenz analysis &3

Avim = Xn,0Mn,0 T XrePrer =
[w,(n® — )eon*+ 2)] (6)

In this equationy is the mole fraction of KO or HBr andpa is

the density of the film. The average molecular weight of the
film, wy, is calculated by, = yH,0MH,0 + YHBEMHEr Wherem

is the molecular mass.

A molar refractivity ofAy,o = 3.72 cni/mol was determined
by extrapolating the calculate® values to O wt %. This value
is in good agreement with other literature val§&%* An HBr
molar refractivity ofAug, = 12.1 cn¥/mol was then determined
by fitting eq 6 to the known densities and refractive indices for
HBI/H,0 solutions®® Ay, was also determined by extrapolating
the densities and refractive indices of the HBHsolutions
to 100 wt % HBr. These calculations yielded a molar refractivity
of Aygr = 11.6 cn¥/mol. The average of the two calculated
molar refractivities Augr = 11.9 cn¥/mol was subsequently used
to determine the HBr density. The HBr density was calculated
to bep = 1.9 g/cn? using the measured refractive indexof
1.46 for the HBr multilayer at 82 K. This density was used for
the calibration of the HBr LITD signals.

Another employment of the Lorentz.orenz analysis uses
individual molar refractivities of the H and Br atomic compo-
nents. The molar refractivity for a single constituent is defined
as®

Avgr = Ay + A = [W(? — D)[p(n* +2)] (7

= 1.028 cn¥/mol and Ag; = 8.741 cni/mol.3® This density
would increase the measured HBr uptake coefficients B§%.

D. Reflectance Absorption Infrared Spectroscopy.A
Mattson 6021 Galaxy FTIR spectrometer equipped with external
beam capabilities and a narrowband mercury-cadmium-telluride
(MCT) detector was used for reflectance infrared measurements
at the University of low&8 The lower limit of the spectral range
was limited to ~750 cnt! by the MCT detector. Each
absorbance spectrum was acquired by summing 1000 sample
scans at an instrument resolution of 4 ¢nirhe reference was
the spectrum of the clean Ag(110) substrate acquired under the
same conditions.

I1l. Results

A. HBr Uptake Coefficient on Ice. The initial HBr adsorp-
tion kinetics were measured in real time using LITD techniques
at the University of Colorado. Figure 1 shows the calibrated
HBr LITD signals for HBr uptake on an ice film at 140 K for
HBr pressures of 3« 1078 6 x 108 and 1.4x 1077 Torr.

The error bars on selected points represent the calibration
uncertainty of+£10%. The ice film was initially deposited on
the ALOs substrate at 140 K. These results are consistent with
HBr uptake that is first-order with respect to HBr pressure. The
maximum HBr exposure at 1.4 1077 Torr for 160 s is 22.4

L. This exposure yields an HBr coverage-e2.5 x 105cm 2

The HBr uptake coefficienty, is defined as the number of
HBr molecules that adsorb onto the ice film divided by the total
exposure of HBr molecules on the ice film. The HBr fluR,
= (Y4)pv, was determined using results from kinetic gas theory
at 298 K wherep = n/V = P/RT and v = (8RTlaxm)Y2 The
HBr exposure is equal to the flux multiplied by the exposure
time. The linear fits to the HBr coverages versus exposure time
for the three HBr adsorption experiments shown in Figure 1
yield an average HBr uptake coefficientpf= 0.61+ 0.06 at
140 K. The linear fits do not go through the origin at zero HBr
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Figure 2. Calibrated HBr laser-induced thermal desorption signals
versus HBr exposure time at an HBr pressure of 6078 Torr from

a 130 A thick ice film at 100 and 140 K. The solid lines show the
linear least-squares fits to the data.

HBr TPD Signal

exposure presumably because of small HBr background pres-
sures in the vacuum chamber.

The uptake of HBr by the ice films was also observed to be
dependent on ice film temperature. Figure 2 displays the

b b g Pay Figure 3. Temperature-programmed desorption signals for () H

calibrated HBr LITE signals for HBr uptake on ce aF an HBr (me = 18) and (b) HBr (e = 82) from a 140 A thick ice film versus
pressure of 6< 107° Torr at 100 and 140 K. The ice films for g, exposure at 140 K. The heating rate was 1.5 K/s.

both of these experiments were deposited on th®Asubstrate

at 140 K. The HBr uptake is slower at 100 K than 140 K. The 345 A Thickness

HBr uptake coefficient decreases o= 0.24 + 0.05 for the T=140K

measurement at 100 K. The linear fits again do not go through

the origin at zero HBr exposure because of finite HBr ﬂ°~°25 3371 12?%181
|

background pressures. W posure (L) 1747
B. H,O and HBr Desorption versus HBr Exposure.Ice M
83 ;

150 160 170
Temperature (K)

films with a thickness of 140 A were deposited on Ag(110) at g

140 K. These ice films were then exposed to HBr at 140 K. § M
Figure 3 shows the #0 TPD signal atwe = 18 and the HBr 5 M
TPD signal atm/e = 82 versus HBr exposure using HBr £ M
pressures ranging from & 1077 Torr to 5 x 1077 Torr. The ki g

pure ice displays an #D desorption peak at 168 K. Upon g ‘

exposure to HBr, Figure 3a reveals that theOHTPD peak
moves to slightly lower temperatures of 6467 K. A second
higher temperature 1 peak also appears at 17478 K and
grows versus HBr exposure.

The HBr TPD spectra in Figure 3b display a peak between
174 and 178 K. The HBr peak grows and shifts to slightly higher
temperature versus HBr exposure. The HBr TPD peaks coincide
with the higher temperature,® TPD peaks. The correlation
of these HO and HBr TPD peaks suggests that these desorption Figure 4. Reflection-absorption infrared spectra of a 345 A thick
species evolve from the same®HBr hydrate. ice film versus HBr exposure at 140 K.

C. FTIR Spectra versus HBr Exposure.To analyze the Figure 4 shows that the J@ libration (»7) was observed at
effect of HBr on the ice films using FTIR spectroscopy, ice 906 cnt!. This feature disappears very quickly versus HBr
films with a thickness of 345 A were deposited on Ag(110) at exposure. Very pronounced changes are also observed in the
140 K. HBr was then exposed to the ice film at 140 K. Figure O—H stretching region. Initially a single sharp band is observed
4 shows the changes in the FTIR spectra versus HBr exposureat 3411 cn! with a shoulder at 3289 crth These spectral
using HBr pressures varying fromx 1077 Torrto 1 x 1076 features are consistent with a polycrystalline ice sarfipie.
Torr. After low HBr exposures, the 4 bending modei() at After exposure to HBr, these-€H stretching features decrease
1641 cn! decreased in intensity and another absorption feature in intensity and form a single peak. This new peak initially shifts
progressively appeared near 1747¢nThis absorption feature  to slightly higher energy and then shifts to lower energy with
has been previously assigned to thgOH bending mode37-38 a peak at 3371 cmi after HBr saturation. The broadness of

4000 3600 3200 2800 2400 2000 1600 1200 800
Wavenumber (cm-1)
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Figure 5. Integrated absorbance ot®" band at 1747 cmt versus Figure 6. H,O temperature-programmed desorption signal from a 130

HBr exposure at 140 K for ice film thicknesses of 100 and 345 A. A thick ice film versus HBr exposure at 140 K. The heating rate was
1.0 K/s. The open circles and solid triangles display the predicted
this vibrational band suggests the formation of an amorphous desorption rates from the desorption kinetic parameters.
H,O/HBr film.3°
HBr uptake was monitored using the integrated absorbance T
of the HsO™ bending mode at 1747 crh Figure 5 shows the 32 L;'Erﬁ’ép}gs“’e
integrated absorbance versus HBr exposure at 140 K for ice
film thicknesses of 100 and 345 A. The estimated uncertainty
for the integrated absorbance is ogi).02. Comparison of these
data indicate that the ice film with a thickness of 345 A has a
final integrated intensity~3.5 times larger than the integrated
intensity of the 100 A film. This behavior indicates that HBr
uptake at 140 K is proportional to ice film thickness. In addition,
the finite saturation levels imply that an,®/HBr hydrate has
been formed with a definite stoichiometry.
D. H,O Desorption from Ice Films Exposed to HBr.H,O
desorption from ice films exposed to HBr was different than

Thickness (A)
670

H,O TPD Signal

H,O desorption from pure ice films. Figure 6 shows agOH 300
TPD spectrum from a pure ice film with a thickness of 130 A AN
that was deposited at 140 K. A single® TPD peak at-170 190

K was observed for this pure ice film. These results are 105 m

consistent with numerous earlier studies gfrtiesorption from y . . . . .

ice multilayers® The open circles show the fit of zero-order 150 160 170 180 190 200
kinetics to the HO desorption data. Temperature (K)
Figure 6 also displays the effect of HBr on theGiTPD Figure 7. H,O temperature-programmed desorption signals after a 32

spectrum after the ice films were expose.d to HBr exposures of | HBr exposure on ice films of various thickness at 140 K. The heating
42, 84, and 756 L. The #D desorption is shifted to higher rate was 1.0 K/s.

temperatures after these HBr exposures and the low-temperature
TPD peak at 170 K for KD desorption from pure ice is lost.  exposed to 24 L HBr at 140 K. After HBr exposure, a second
All the H,O desorbs from the higher temperaturgd-peak at layer of ice with a thickness 0£390 A was deposited on top
~190 K. The solid triangles show the fit of zero-order kinetics of the HBr-exposed ice film. D desorption from this sandwich
to the HO desorption data after the HBr exposures. film was identical to HO desorption from an ice film prepared
H,O desorption was also examined after a constant HBr by a 24 L HBr exposure on an ice film thickness-6520 A.
exposure on various ice film thicknesses. Figure 7 shoy® H  These results demonstrate that HBr affects th® Hesorption
TPD signals after an HBr exposure of 32 L at 140 K. For an kinetics both when HBr is deposited on top of an ice film or
ice film thickness of 105 A, only the high-temperatureCH when HBr is sandwiched inside an ice film.
TPD peak is observed at190 K. As the ice film thickness The effect of temperature on HBr uptake was also explored
increases, a lower temperature@HTPD peak at 175180 K by HO TPD experiments. Figure 8 shows® TPD spectra
progressively emerges and dominates th® HPD spectrum for ice films with a thickness of 130 A after exposure to 32 L
at the largest ice film thickness of 670 A. HBr at various ice film temperatures. All of these ice films were
Additional HO TPD experiments were performed to deter- originally deposited on the AD; substrate at 140 K. Only a
mine whether HO desorption was dependent on the initial high-temperature ¥0 TPD peak at~190 K is observed after
location of HBr in the ice film. An~130 A thick ice film was HBr exposure at 140 K. As the ice film temperature decreases,
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Figure 8. H,O temperature-programmed desorption signal after a 32
L HBr exposure on a 130 A ice film at various ice film temperatures.

more HO is observed to desorb from the lower temperature
H,O TPD peak at~175 K.
IV. Discussion

A. HBr Uptake Coefficient. The LITD results shown in
Figures 1 and 2 yield an HBr uptake coefficientyof= 0.61+

0.06 at an ice film temperature of 140 K and HBr pressures of

~108 Torr. Figure 2 shows that the HBr uptake coefficient
decreases tp = 0.244+ 0.05 at an ice film temperature of 100

K. These results can be compared with previously reported HBr

sticking coefficients and uptake coefficients. An initial HBr
sticking coefficient ofS= 1.0 4+ 0.05 was reported by earlier
molecular beam measurements conducted atl30 K using
the King and Wells methotl. Earlier flow reactor studies
observed an initial HBr uptake coefficient on ice with a lower
limit of ¥ > 0.3 at 200 K7 Recent low-pressure flow tube
experiments measured an uptake coefficient f0.03+ 0.005
atT > 212 K andy = 0.1 atT < 212 K29 A low-pressure
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ments were performed at HBr coverages frefd.25 to 4 ML.

In contrast, one of the molecular beam measurements of the
HCI sticking coefficient was conducted at much lower HCI
coverages 0f-0.005 ML#3 The~0.25 to 4 ML HBr coverages

on the ice film during our uptake coefficient measurements may
act to lower the uptake coefficient from unity. In support of
this explanation, the molecular beam investigations noticed that
the HCI sticking coefficient decreased $= 0.88+ 0.03 on

a HCl-covered ice surface and concluded that HCI blocks the
surface sites that are need to adsorb additional HCI molettles.

The reduction of the uptake coefficient o= 0.24 + 0.05

at an ice film temperature of 100 K can be interpreted using a
similar explanation. The HBr uptake coefficient is dependent
on the HBr surface coverage. If HBr can diffuse into the ice
bulk, HBr will not block the surface sites responsible for HBr
adsorption. HBr would be expected to diffuse into the ice bulk
more rapidly at 140 K than 100 K. The steady-state HBr surface
coverage during the competing HBr adsorption and HBr
diffusion would then be higher at 100 K than at 140 K.
Consequently, the HBr uptake coefficient would be expected
to be less at 100 K than at 140 K.

Although there are no known measurements of HBr diffusion
in ice, there are several measurements for HCI diffusion in ice.
Using microtome measurements on macroscopic single-crystal
ice samples, HCI diffusion coefficients Bf~ 5 x 10712 cmé/s
were measured at 23265 K27 Unfortunately, the measured
diffusion coefficients were scattered and an Arrhenius analysis
was not possible. More recently, the diffusion of an HCI trihy-
drate phase into ice was measured using new laser resonant
desorption (LRD) depth-profiling techniquésBased on HCI
diffusion measurements from 168 to 195 K, an Arrhenius anal-
ysis yielded a diffusion activation barrier & = 15.3 kcal
mol~1 and a diffusion preexponential & = 1.5 x 10’ cn?

s 149 This diffusion activation barrier would predict that the
diffusion of HCI hydrates into ice at 140 K is3 x 10° times
faster than diffusion at 100 K. The large difference in HCI
diffusion rates may easily be able to maintain different steady-
state HCI surface coverages. Similar results are expected for
HBr.

B. Formation of an HBr Hydrate Phase. The interaction
of HBr with ice has been studied by previous molecular b&am,

Knudsen cell experiment determined uptake coefficients that flow reactof”2°and Knudsen cett->*experiments. The initial

varied fromy = 0.20-0.34 at ice film temperatures from 210
to 190 K, respectively? Other Knudsen cell experiments
measured an uptake coefficient with a lower limityof 0.02
at 180-210 K23

HBr uptake on ice can also be compared with HCI uptake
on ice. The pure ice surface is known to adsorb HCI with a
near unity sticking coefficient. The molecular beam experi-
ment$43 and theoretical calculatioffs*> for HCI are all
consistent with a near unity sticking coefficient on the pure ice
surface for thermal energy HCI beams. Although similar

HBr sticking coefficient on a pure ice surface is near ufity.
The HBr uptake coefficient then decreases as HBr builds up
on the ice surface and the near surface region of ice. The infrared
studies of HBr absorption into ice are consistent with HBr
dissociating to form KO and Br- .2350Theoretical calculations
are also consistent with facile HBr dissociation in ¥€élhe
stable form of HBr in ice is dependent on the ice temperature
and the HBr pressure. A phase diagram for Hi&e has been
recently constructed using experimental and theoretical'data.

Several questions remain to be answered for HBr absorption

calculations have not yet been conducted for HBr, there shouldinto ice. In flow tube experiments, the stoichiometry of stable

be similar behavior for HCI and HBr. The molecular beam

hydrates has been proposed froaOHand HBr pressures during

experiments that measured both HCIl and HBr obtained an initial the desorption of assumed,®/HBr hydrates following HBr

sticking coefficient ofS= 1.00+ 0.05 for HBr and an initial
sticking coefficient ofS = 0.954 0.05 for HCI#*
The HBr uptake coefficient determined by the LITD mea-

uptake on icé? Unfortunately, the desorption mechanism and
the validity of the assumption of steady-state equilibrium during
desorption in these flow tube experiments should be clarified

surements is somewhat less than unity. However, Figures 1 andby additional studies. In addition, the thickness of thgOH
2 indicate that the HBr uptake coefficient was measured at HBr HBr hydrate on ice is still uncertain. Several previous studies

coverages ranging from 2.5 10 cm2to 4 x 10 cm 2
The number of HO molecules in the top bilayer of the basal
plane of hexagonal ice is1 x 10 cm2.46 This coverage can
be used to define one monolayer (1 ML). The LITD measure-

suggest that the #D/HBr hydrate is limited to only the top-5L0
monolayers of the ice surfaé&23 Other studies are consistent
with unlimited HBr uptaké’ or the complete conversion of the
initial ice film. The exact behavior is probably dependent on
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20 formed on condensation of the equimolar gas mixtures. The
140 A Thickness results of this earlier infrared study have been clarified by more
T=140K recent infrared studie’:”

16k The FTIR and TPD results of this study are consistent with

the complete conversion of ice films with thicknesses up to at
least 400 A at 140 K. The stoichiometry of the resultap®©H
HBr hydrate is consistent with a mixture of 3:1 and 4:1
crystalline HO/HBr hydrates or an amorphous,®/HBr

i hydrate. Only a thin layer of ¥0/HBr hydrate is formed in the
flow tube experiments on much thicker ice fil#¥sThis behavior
may be explained by changes in HBr solubility at higher ice
film temperatures dictated by the HBice phase diagrani?f.
The limited absorption of HBr of20 ML observed by other
recent HBr uptake studies at 11G*may be dictated by low

. H,O:HBr = 3.6:1 HBr diffusion rates at 110 K.

i . ® C. H,0 Desorption Kinetics from Ice Films Exposed to
HBr. Figure 3 shows that pure @ films with a thickness of
140 A and the ice films with a thickness of 140 A exposed to
+ o— + —t . ; >80 L HBr display single HO TPD peaks at-168 K and~178
0 100 200 300 400 K, respectively. The b TPD spectra of ice films subjected to
HBr Exposure (L) intermediate HBr exposures combine characteristics of both pure
Figure 9. Ratio between the calibrated,® and HBr temperature-  jce and ice films saturated with HBr. The initial splitting of the
programmed desorpt_lon_lntegrated peak areas versus HBr exposure aHzo TPD peak and shift to higher temperatures begins at low
140 K on a 140 A thick ice film. HBr coverages after HBr exposures of4 L. The low-
temperature BD peak is negligible after the higher HBr
exposures of 17 and 83 L.

The FTIR results for the §0* band at 1747 cmt are in
very close correspondence with the splitting of thgOHTPD
peaks and the shift of the;@ TPD peak to higher temperatures.
The HO™ absorption band grows versus HBr exposure as the
H,O TPD peak is split into low and high temperature features.
The HO™ absorption intensity reaches its maximum level after

-
bl

2

H_O:HBr Ratio

@
.

the ice film temperature, HBr pressure, HBr exposure time and
the thermal history of the ice film.

The TPD results in Figure 3a and the FTIR results sum-
marized in Figure 5 are consistent with the complete conversion
of ice films with thicknesses up to at least 400 A inteQA
HBr hydrates after HBr exposure at 140 K. The TPD results in
Figure 3a indicate that the HBr uptake saturates after large HBr
ﬁﬁggf:tf; ztb}séé?blzhzzeoﬁT:E e;g?uizrdlzgtuﬁi?s h;\,;vi t:\sat the HBr exposures> 80 L when only the high-temperature peak is
proportional to the thickness of the initial ice film. This behavior observed in the bD. TPD spectrum. )
would result from the complete conversion of the ice film into _ 1he HO desorption rate from pure @ multilayers should
an HO/HBr hydrate. follpw zero-order' klnet|(?erj®/dt =y exp(—EleD, where

The TPD results in Figure 9 argue for the formation of an Ed IS the desorption activation energy angis the zero-order
H,O/HBr hydrate with a stoichiometry 0f3.6:1. Experiments ~ desorption preexponenti&l>*%° The desorption kinetic pa-
using LITD techniques to determine the®{HBr stoichiometry ~ rametersEq andvo, can be derived from the 4 TPD data
yielded similar results after saturation HBr exposures on ice Shown in Figure 6. The ¥ TPD signals were first calibrated
films at 140 K. A stoichiometry of~3.6:1 may reflect the to determine the absolute d_esorptlon ra@/dt. The Arrhenl_us
presence of a mixture of 3:1 and 4:1,®{HBr crystalline plot of In(dO/df) versus inverse temperature (1000/is
hydrates. Alternatively, the #/HBr hydrate may be amorphous ~ displayed in Figure 10 for both a 130 A thick pure ice film and
at 140 K. Earlier FTIR studies observed the crystallization of & 130 A thick ice film after a 756 L HBr exposure.

H,O/HBr hydrates at temperatures from 140 to 1682R2 For H,O desorption from pure ice films, the desorption

Although the structure of the 40/HBr hydrate is not certain, ~ activation energy i€q = 13.4+ 0.3 kcal mot* and the zero-
the stoichiometry 0f-3.6:1 can be compared with the predicted order desorption preexponentiahig= 1.9 x 10°2 + 0.025x
stoichiometry from an extrapolation of the recent phase diagram 102 cm™2 s%. These results are in good agreement with
for HBr—icel® The phase diagram determines the phase at previous HO desorption measuremeffts*>®. For the ice films
temperatures from 180 to 250'RAn extrapolation of this phase ~ exposed to 42, 84, and 756 L HBr, the desorption activation
diagram to 140 K would predict a stoichiometry between 3 and energy isEq = 10.6 + 0.2 kcal mof* and the zero-order
4:1 at an HBr pressure of6 x 1078 Torr. Consequently, the ~ preexponential is,p = 6.31 x 1077 + 0.04 x 107" cm 2 s™%,
observed~3.6:1 stoichiometry is consistent with the recent These kinetic parameters can be utilized to fit the leading edge
phase diagram. of the HO TPD spectrum from the pure ice film and the ice

Crystalline hydrates with composition,O:HBr wheren = films subjected to HBr exposures shown in Figure 6. The
1—4 have been identified by X-ray crystallograpiyThese predicted desorption rates from the kinetic parameters are in
crystalline hydrates were prepared by mixing the appropriate €xcellent agreement with the experimental results.
molar ratios of HO and HBr. Besides X-ray analysis, the Figure 7 reveals that # desorption following a fixed HBr
existence of various ¥0/HBr hydrates has been observed by exposure of 32 L at 140 K is dependent on the ice film thickness.
early infrared spectroscopy studf8sEqual molar amounts of  For small thicknesses of 105 A, only the high-temperatw® H
H,O and HBr were initially deposited on cooled substrates. peak is observed that is consistent with the saturat€ay/HBr
Upon heating, different spectra evolved that were assigned ashydrate. For larger ice film thicknesses of 190 and 300 A, both
H,O/HBr monohydrate, dihydrate, trinydrate and tetrahydfate. the high and low-temperature peaks are visible. For even thicker
These assignments assumed that ts@®/HBr monohydrate was ice films of 425 and 670 A, the #© desorbs primarily from



HBr Uptake on Ice J. Phys. Chem. A, Vol. 105, No. 4, 200201

y = 0.614+ 0.06 at 140 K angr = 0.244 0.05 at 100 K. TPD
o No HBr measurements determined that thin ice films exposed to HBr at
36+ A 756 L HBr Exposure 140 K became saturated after large HBr exposures. The TPD
% results determined that the saturategDHHBr hydrate had a
stoichiometry of~3.6:1. Corresponding FTIR measurements
monitored the development of theg®™ bending vibration and
observed the saturation of the integrated absorbance for the
H:O" bending vibration after large HBr exposures,H
desorption from ice was significantly perturbed by the uptake
of HBr on ice and HO desorbed at higher temperatures in the
presence of HBr. After saturation HBr exposures, the zero-order
kinetics for HO desorption from the $O/HBr hydrate were
Eq = 10.6 kcal moft andvg = 6.3 x 10?7’ cm2s™L,

In [d®/dt (cms™)]
w
X

w
N
)
T
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