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Effect of HNO3z and HCI on D,O Desorption Kinetics from Crystalline D20 Ice
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The presence of trace species may pertusD ldesorption kinetics from ice surfaces and alter the stability
of atmospheric ice particles. To investigate the effects of atmospheric specieglodeldorption kinetics

from crystalline ice, the BD desorption kinetics from pure and HNCand HCI-dosed crystalline JO ice
multilayers on Ru(001) were investigated using isothermal laser-induced thermal desorption (LITD)
measurements. The,D desorption kinetics were studied foe@ice film thicknesses of 25200 BL (90—

730 A) and initial acid coverages of 6-3.0 BL for HNO; and 0.3-5.0 BL for HCI. Arrhenius analysis of

the D,O desorption rates from pure,O crystalline ice afl = 150-171 K yielded a desorption activation
energy ofEq = 13.7+ 0.5 kcal/mol and a zero-order desorption preexponentiah ef (3.3 + 0.7) x 10*
molecules/(crhs). The absolute BD desorption rates were3—5 times smaller for RO ice films exposed

to HNG;. The D,O desorption kinetics from HNgdosed ice weré&y = 11.3+ 0.4 kcal/mol andr, = (5.0

+ 0.9) x 10?8 molecules/(crhs). In contrast, the absolute;D desorption rates were2 times larger for

D0 ice films exposed to HCI. The O desorption kinetics from HCl-dosed ice wdeg = 14.2 £ 0.6
kcal/mol andv, = (3.7 & 0.8) x 10° molecules/(crhs). The changes in the,D isothermal desorption
kinetics were independent of DN@nd DCI coverages. The adsorbate-induced perturbations are believed to
be associated with the formation of stable hydrate cages and redy@ech@bility in HNOs-dosed ice and

the creation of defects and enhancegDOmobility in HCIl-dosed ice. The effects of HN@nd HCI on the

D,0 desorption kinetics indicate that the growth, stability, and lifetimes of atmospheric ice particles should
be altered by the presence of adsorbates on the ice surface.

I. Introduction reflective cirrus ice particles can alter climate feedback loops
by the efficient absorption of longwave infrared radiation and

Ice surfaces are prevalent in nature and play a special role N mission at the low temperatures of the tropical tropopat&e.

global atmospheric and environmental chemistiyas well as These radiative effects may perturb circulation in the lower

cometary and interstellar chemisfryt2 Particular attention has stratosphe® and cause de)kll F()Jlration of stratospheric air via

been focused on the role of ice particles in the heterogeneous phe e dehy A PP .
. : 318 freeze-drying and radiative destabilization of high altitude

chemistry of the Antarctic polar stratosphere!®-18 and upper anvils 3233

tropospheré?-25 For example, polar stratospheric cloud (PSC) :

s . . r
particles are an important component in the seasonal depletion OF’“C?" interference tec_:hmqu%é and Iase_r induced therr_n_al
of ozone in the Antarctié:24513.1618 Stratospheric ice particles, desorption (LITD) probing and desorption depth-profiling

6—40 i
composed of either concentrated solutions of nitric acid (type | method8*™%* have been employed recently to study adsorption,

PSC) or waterice (type Il PSC) convert stable forms of de;orpt_ion, and diffusion processes on single-crystal ice. The
reservoir chlorine into photochemically labile chlorine species OPtical interference measuremeiit have demonstrated that

by heterogeneous reactions such as CIQNCHCI — Cl, + the ice surface is in rapid dynamic flux with,& molecules

. : desorbing from the ice at rates of approximately 106 to 1
HNOs. The active chlorine molecules can then be photolyzed 5 .
to produce Cl radicals that can catalytically destroy ozone. > 10" molecules/(crhis) or ~10-1100 BL/s at typical polar

Chemical and physical processes on cirrus ice clouds can aIsoStratOSphe“C temperafures from 180 to 210 K. The LITD

i i 40
have a direct and dramatic impact on tropospheric chem- diffusion measuremeris“® have further revealed that.B

istry 19202325 Recent expefimental measureméht® and molecules readily diffuse into the pure crystalline ice bulk on

modeling simulatio’d have been combined to show that the microsecond to millisecond time scale at stratospheric

heterogeneous chlorine activation on cirrus clouds could Severely'.[emperatures. .Th? dynamic nature of the ice surface may
influence the kinetics and mechanisms of the important hetero-

affect the chlorine and ozone levels in the tropopause region. " PSC d ci . 134tsTh
In particular, these modeling studies have revealed that hetero-JE€N€EOUS reactions on S and Cirrus ice ¢ 1he
formation, growth, and stability of ice particles in the tropo-

geneous reactions involving CIONGHCI, and HOCI on cirrus X
ice particles occur rapidly and can markedly affect N@d sphere and stratosphere will also be dependent on thgSe H
adsorption, desorption, and diffusion kinetics.

ClO, chemistry in the upper troposphéfe. ) - N . .
Subvisible cirrus clouds located predominantly near the _Many previous investigations have studiedCHdesorption
tropical tropopause can also significantly affect the Earth's flom crystalline and amorphous i.3424¢ Recent studies

climate and the global radiation budg®€325 Thin highly have confirmed that.be desorption from crystalline.ice follows
zero-order desorption behavi®r.The zero-order isothermal

* Corresponding author: fax, 303-492-5894; e-mail: georges@ O_lesorption rate is constant versus time_ anq Consistent with the
spot.colorado.edu. linear removal of HO from the crystalline ice multilayer. In

10.1021/jp982627y CCC: $15.00 © 1998 American Chemical Society
Published on Web 11/20/1998




D,O Desorption Kinetics

Quadrupole Mass
Spectrometer

Q-sw Nd:Glass
Laser A=1.06 um

o
s
K

.
.,
e,
o, o
.....
......
., o
CRERS

LEED
Spectrometer

Capillary Array
Doser

Auger Electron
Spectrometer

Figure 1. Schematic representation of the laser-induced thermal
desorption (LITD) experimental apparatus.

contrast, only limited work has focused on the effects of surface-

adsorbed species on the vaporization kinetics of crystalline
ice 44.47-49

The presence of trace tropospheric and stratospheric species

such as HN@and HCI, may perturb the adsorption, desorption,
and diffusion kinetics of KO on crystalline ice. Early work
investigated the effects of various impurities and observed that
the ionic impurities generally decreased the overall vaporization
rates of the ice crystal$.A recent study of the effect of HCI,
HNO;3, and SQ also concluded that these gases reduce H@ H
evaporation rate from ic#. In addition, computer modeling

studies have explored the effects of trace solutes and have

determined that solute impurities significantly retard the evapo-
ration rate of ice crystaf®.5!
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The desorption experiments were performed by monitoring
the D,O coverage on the Ru(001) substrate during isothermal
desorption. A TEM-00 Q-switched Nd:phosphate glass laser was
used to desorb thermally the ultrathin crystalline ice film. The
Q-switched Nd:phosphate glass laser has an output wavelength
of A = 1.06 um and typical pulselengths 0f100 ns. Laser
pulses with energies 6£0.20 mJ/pulse were focused onto the
Ru(001) substrate at an incident angle of B4th respect to
the surface normal. This optical geometry produced elliptical
desorption areas with typical dimensions~@f50um x ~250
um as measured by spatial autocorrelation metfibds.

The crystalline RO ice film is transparent to thé = 1.06

um infrared radiatior?®> The incident Nd:phosphate glass laser
energy is absorbed efficiently by the underlying Ru(001) metal
substraté® The illuminated surface area experiences a rapid
temperature transient and the molecules in the column region
above the focused laser beam are thermally desorbed. The
desorbed species are mass analyzed with high sensitivity using
an Extrel C50 quadrupole mass spectrometer with line-of-sight
to the ionizer.

B. Growth of Crystalline Ice Multilayers. To study BO
Isothermal desorption on ice that structurally resembles hex-
agonal ice particles present in the troposphere and stratosphere,
single-crystal ice multilayers were grown epitaxially on a single-
crystal Ru(001) metal substrate. The single-crystal Ru(001)
metal has an excellent lattice match to the geometry of naturally
occurring hexagonal ice. The lattice constant of {8 +/3R3C
unit cell on Ru(001) is 4.68 X which closely matches the
nearest-neighbor oxygemxygen distance of 4.50 A in the first
bilayer on the basal plane &f ice3® The close lattice match
facilitates the epitaxial growth of highly ordered crystalline ice

To investigate the effects of trace atmospheric species on theMultilayers with minimal distortion £4%) of the hexagonal

dynamic nature of ice, the present study measured #@ D
desorption kinetics from pure and H¥Gnd HCI-dosed single-
crystal DO ice multilayers. The crystalline D ice films were
grown epitaxially on a single-crystal Ru(001) metal substrate.
Measurements of the JO desorption kinetics were accom-
plished using laser-induced thermal desorption (LITD)
probing®6-3846 The LITD experiments permitted the ,0
coverage to be monitored in real time during isothermal
multilayer desorption. The temperature dependence of the

desorption rates yielded the activation energies and preexpo-

nentials for DO desorption from pure and HN©and HCI-
dosed ice multilayers. TheseO desorption kinetics were also
employed to estimate the,D vapor pressure of pure and HNO
and HCI-dosed crystalline JD ice and to determine the effect
of HNO3 and HCI on the stability of atmospheric ice particles.

Il. Experimental Section

A. Laser-Induced Thermal Desorption (LITD) Experi-
mental Apparatus. The LITD experimental apparatus employed
in the isothermal desorption measurements is shown in Figure
152 Briefly, the LITD measurements were performed in an
ultrahigh vacuum (UHV) chamber pumped by ion and titanium
sublimation pumps. Typical background pressures in the UHV
apparatus were less than>2 10719 Torr. A single-crystal
Ru(001) metal substratel cm in diameter was used to grow
crystalline BO ice multilayers. Trace elemental C, S, and O
contaminants were removed from the Ru(001) surface using
standard cleaning procedur@sThe ice film surface structure

ice lattice.

Gaseous isotopically labeled water (@ >99.996% 2H,
Cambridge Isotope Laboratories) was adsorbed on the Ru(001)
substrate using a glass multichannel capillary array doser. The
crystalline DO ice multilayers were grown by either capillary
array D,O vapor deposition at 160 K or by dosing®at 120
K followed by multilayer annealing at 160 ®:38 Previous
LEED measurements on,B ice multilayers have confirmed
that both methods of ice multilayer preparation yield well
ordered hexagonal ice filn?s.

C. Measurement of Isothermal Desorption by LITD.
Measurements of D desorption from pure and HNOand
HCI-dosed crystalline BD ice films were performed by LITD
monitoring of the DO coverage ®) in real time during
isothermal desorption. A crystalline,D ice multilayer was
initially grown on the Ru(001) substrate. LITD analysis of the
crystalline ice multilayer was conducted prior to adsorbate
exposure to check for the adsorption of backgroun® tand
HDO impurities. LITD analysis confirmed that theD ice films
were pure with a typical initial HDO impurity content &f0.7%.

The DO ice multilayer was then exposed to either nitric acid
(HNO3) or hydrogen chloride (HCI) at 120 K using a separate
capillary array doser. Rapid H/D isotopic exchange at the
multilayer surface resulted in the formation of a HDO adlayer
along with a stoichiometric quantity of DNr DCI. Typical
HNO; and HCI exposures were performed at pressures ranging
from ~1 x 1077 Torr to~1 x 1078 Torr for times from 10 to

and surface cleanliness of the Ru(001) metal substrate were30 s. Although the interaction of HNGand HCI with ice may

verified using low-energy electron diffraction (LEED) and Auger
electron spectroscopy (AES) with a single-pass cylindrical
mirror analyzer.

eventually lead to the formation of macroscopic stable HNO
hydraté859-65> and HC-hydrate?:62.66-69 phases, formation of
these hydrates is unlikely given the small HN@nd HCI
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Figure 2. Normalized RO LITD signals versus time for isothermal
desorption aflf = 165.0 K of a pure 25 BL BO ice multilayer and a
25 BL D;0O ice multilayer dosed with 2 BL of HN© The D;O LITD
signals for the pure ice film and the HN@osed ice film are
represented by the open triangles and solid circles, respectively.
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Figure 3. Normalized RO LITD signals versus time for isothermal
desorption afl = 165.0 K of a pure 80 BL BD ice multilayer and a

80 BL D0 ice multilayer dosed with 2 BL of HCI. The £ LITD
signal for the pure ice film and the HCI-dosed ice film are represented
by the open triangles and solid squares, respectively.

exposures. The initial acid adlayer coverages were gquantified x 10> molecules/crhand corresponds to the number ofCH

by the HDO LITD signals resulting from H/D isotopic ex-
change’”3840The acid coverages were low and ranged from
only 0.5-3.0 BL for HNO; and 0.3-5.0 BL for HCI.

Initially, the crystalline ice temperature was maintained below
90 K using a liquid nitrogen cooled cryostat in direct thermal

molecules in thev/3x+/3R3Q ice-like bilayer on Ru(001}:
The D,O LITD signal for the 25 BL pure BD ice multilayer

in Figure 2 decreases linearly versus time until the ice film is

completely desorbed after140 s. The loss of BD versus time

is consistent with zero-order desorption kinetics and line#& D

contact with the Ru(001) crystal. This low temperature prevents removal with no significant changes in ice film surface area

any thermal desorption of the ice film. The annealed crystalline
D,0 ice multilayers were then resistively heated freri0 K
to the desired desorption temperature at a rate bK/s. The

during isothermal desorptioil. The slightly nonuniform RO
spatial coverage distribution resulting from the multichannel
capillary array doser introduces a scatter on the individual LITD

ice crystal temperature was maintained at the desorption signals of less thar:10%3° The measured isothermal desorp-
temperature and the ;D coverage was measured by LITD tion rate for the pure BD ice film atT = 165.0 K is~1.9 x
probing in real time during isothermal desorption. For the LITD 10" molecules/(crs) or~0.2 BL/s and remains constant for
measurements, the laser beam was translated across the iciee multilayer thicknesses ranging from 25 to 200 B}(D This
multilayer using mirrors mounted on piezoelectric translators LITD isothermal desorption data is in excellent agreement with
equipped with optical encoders. The laser pulses interrogatedthe D,O desorption kinetics measured previously using LITD
the surface coverages at different spatial locations at different spatial measurements and isothermal desorption flux andfysis.
times. The RO coverages were monitored until the crystalline In comparison, the 25 BL D ice film that was exposed to
ice multilayer was completely desorbed from the Ru(001) HNOj;required approximately 525 s to desorb completely from

substrate.

The HNG; vapor was extracted from a mixture of commercial
nitric acid (HNG;s, Mallinckrodt, 69.4 wt %) and sulfuric acid
(H2SOy, Mallinckrodt, 96.1 wt %) in a 1:3 volume ratio. The
H,SO, effectively removes trace water impurity from the source
HNOs.7° The resulting vapor over the HN,SO, mixture is
>95% HNG; by mass and contains only a small contribution
from H,O impurity.’® The HNGQyYH,SO, mixture was purified
by several freezepump-thaw cycles with liquid nitrogen prior
to use. Gaseous HCI was obtained from Aldrich Chemical Co.,
Inc. (HCI, >99% anhydrous grade) and used without further
purification.

Ill. Results

A. Desorption of Pure and HNOs-Dosed Crystalline Ice
Multilayers. Figure 2 shows a comparison between the
isothermal desorption of a pure;O ice multilayer and a BD
ice multilayer that was exposed to HN@rior to desorption at
T = 165.0 K. The initial BO coverage for the pure and HNO
dosed ice films was 25 BL as measured by LITD probing prior
to isothermal desorption. The normalized@®LITD signals
for the pure ice film and HN@dosed ice film are represented

by open triangles and solid circles, respectively. The solid lines

represent linear least-squares fits to th®Dsothermal desorp-
tion data. The initial HN@adlayer coverage was 2 BL for the
HNOs-dosed ice multilayer. One bilayer (BL) is defined as 1.06

the Ru(001) substrate. The desorption flux for the HMDsed
D,0 ice multilayers was measured to46.1 x 103 molecules/
(cm? s) or ~0.05 BL/s. The isothermal desorption results in
Figure 2 clearly reveal that the presence of HN\iD the ice
multilayer surface markedly decreases th@®Qlesorption rate
by a factor of~4 atT = 165.0 K. Similar reductions by factors
by ~3-5 in the isothermal BO desorption rate were obtained
for HNOs-dosed crystalline ice multilayers for temperatures from
150 to 171 K. For these measurements, th® ize multilayers
ranged in thickness from 25 to 200 BL and HBCbverages
varied from 0.5 to 3.0 BL.

B. Desorption of Pure and HCI-Dosed Crystalline Ice
Multilayers. LITD techniques were also used to monitor the
effect of HCI on the RO isothermal desorption rate from
crystalline DO ice multilayers. The normalized,D LITD
signals versus time for the isothermal desorption of a puf@ D
ice film and a HCIl-dosed ED ice film at T = 165.0 K are
shown together in Figure 3. The initiabD coverages were 80
BL and the HCI adlayer thickness was 2 BL as measured by
LITD probing prior to isothermal desorption. The® LITD
signals for the pure gD ice multilayer and the HCIl-dosed,O
ice multilayer are denoted by the open triangles and solid
squares, respectively.

The normalized BO LITD signal for the pure ice film again
decays linearly versus time and is consistent with zero-order
desorption kinetics. The LITD results show that the 80 BL pure
D,O ice multilayer is thermally desorbed ir400 s and
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Figure 5. DNO; and DO coverages versus time for isothermal
T 55 o1 o5 o5 o7 o5 desorption at 160.0 K of a 40 BL L ice multilayer with~3 BL of
1000/T(K'1) HNO;. The DNQG and DO LITD signals are denoted by the solid
circles and open triangles, respectively.
Figure 4. Arrhenius plot of BO desorption rates from crystalline®
ice multilayers. The desorption kinetic parameters for pure icé&Eare
= 13.7 kcal/mol and, = 3.3 x 10*? molecules/(crhs). The desorption
kinetic parameters for HNgdosed ice aré&y = 11.3 kcal/mol and, - _
= 5.0 x 10?® molecules/(cras). The desorption kinetic parameters for é g
HCI-dosed ice ar&g; = 14.2 kcal/mol and, = 3.7 x 10° molecules/ > v
(cn? s). %" %"
v W
I3 3
corresponds to a desorption rate o2.1 x 10 molecules/ S S
(cn? s) or~0.2 BL/s atT = 165.0 K. In contrast, the 80 BL @) <,
D,0 ice multilayer exposed to HCI desorbs appreciably faster = R
compared with the pure D ice film. The 80 BL BO ice film

with a 2 BL HCI adlayer required only~210 s to desorb
completely. This result corresponds to a desorption ratedo®

x 10" molecules/(cras) or ~0.4 BL/s. £ 6. DCl and DO ime for isoth |
; ; ; igure 6. an coverages versus time for isotherma
In contrast to the HN@dosed ice multilayers, Figure 3 desorption at 155.0 K of a 62 BL A ice multilayer with~2 BL of

clearly demonstrates thgt the isothermaCDdesorption rate is |1~ The DCl and DO LITD signals are denoted by the solid squares
enhanced by a factor2 in the presence of HCI &t = 165.0 and open triangles, respectively.

K. This desorption rate enhancement was measured for HCI-
dosed DO ice multilayers for temperatures from 150 to 170 after HNQ; exposure. The BD LITD signals are shown by the
K. For these measurements, the ice multilayers ranged inopen triangles. The DNOLITD signals are displayed by the
thickness from 25 to 200 BL of D and initial HCI coverages  solid circles.
varied from 0.3 to 5.0 BL of HCI. Figure 5 reveals that O is lost linearly versus time from
C. Arrhenius Analysis of D,O Desorption. The temperature ~ the HNG;-dosed RO multilayer in agreement with zero-order
dependence of the JO desorption rates for pure and HMNO desorption kinetics. Notice that thexD desorption rate is not
and HCl-dosed crystalline ice multilayers were investigated to sensitive to the absolute DN@overage. Figure 5 shows that
extract the desorption kinetics parameters. Arrhenius plots of the D,O multilayer is desorbed at a constant rate for NO
the measured ED desorption rates are shown in Figure 4. The coverages varying from 3.0 to 0.1 BL. In contrast, the NO
desorption results for the pure and HN@nd HCI-dosed ice  LITD signals do not display a linear loss versus time. The
multilayers are represented by the open triangles, solid circles,absolute initial DNQ desorption rate 0of0.01 BL/s is less than
and solid squares, respectively. The solid lines represent leastthe absolute BO desorption rate 0f~0.02 BL/s at 160.0 K.
squares linear regressions of the Arrhenius desorption data. The nonlinear desorption behavior for DM@ attributed to
Arrhenius analysis of the J® desorption rates yielded the the competition between DN@sothermal desorption and DNO
desorption activation energies and desorption preexponentials diffusion into the underlying ice filn37-3840.41.72
For pure DO ice multilayers, the kinetic parameters wéig Figure 6 compares the,D and DCI LITD signals during
= 13.74+ 0.5 kcal/mol and/, = (3.34 0.7) x 10°2 molecules/ isothermal desorption at 155.0 K for @@ ice multilayer with
(cn? s). For HNQ-dosed ice films, the kinetic parameters were an initial coverage of 62 BL. The initial coverage of DCI was
Es = 11.3 4+ 0.4 kcal/mol andv, = (5.0 £ 0.9) x 10?8 2.2 BL as measured by the HDO LITD signal resulting from
molecules/(crhs). The kinetic parameters for,0 desorption H/D isotopic exchange after HCI exposure. TheODLITD
from HCI-dosed ice multilayers wergy = 14.2 + 0.6 kcal/ signals are designated by the open triangles and the DCI LITD

Time (s)

mol andv, = (3.7 & 0.8) x 10° molecules/(cras). signals are shown by the solid squares.
D. Isothermal Desorption of DNO; and DCI from Crystal- Figure 6 shows that fD loss is linear versus time from the
line Ice Multilayers. The isothermal desorption of DN@nd HCI-dosed RO multilayer as expected from zero-order desorp-

DCI from the crystalline ice multilayer can also be monitored tion kinetics. Like the previous measurements for DINDe
using LITD probing. Figure 5 shows a comparison between the D,O desorption rate is not dependent on the absolute DCI
D,O and DNQ LITD signals during isothermal desorption at coverage. The BD multilayer is desorbed at a constant rate for
160.0 K for a BO ice multilayer with an initial coverage of 40  DCI coverages that range from 2.2 to 0.1 BL. The DCI LITD
BL. The initial coverage of DN@was 2.8 BL as measured by signals do not display a linear loss versus time. The absolute
the HDO LITD signal resulting from H/D isotopic exchange initial desorption rate 0f6.0 x 1073 BL/s for DCl is less than
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the absolute desorption rate®0.03 BL/s for O at 155.0 K.
Similar to DNG;, the nonlinear loss of DCl is assigned to the
concurrent DCI isothermal desorption and DCI diffusion into
the underlying ice multilayet’-38.40.41.72

IV. Discussion

A. Effect of DNO3z and DCI on DO Isothermal Desorption
Kinetics. The D,O desorption kinetics from crystalline;D ice
multilayers on Ru(001) were altered significantly upon exposure
to HNOs and HCI. The absolute J» desorption rates from
HNOs-dosed crystalline ice were3—5 times slower compared
with D,O desorption from pure D ice films over the
temperature rangé = 150-171 K. In contrast, the absolute
D,O desorption rates were2 times faster for crystalline ice
films exposed to HCI.

Although the effect of solutes on the evaporation rate of liquid
H,O has been examined extensivély!’ limited work exists

with regard to the effects of adsorbates on the desorption of

Livingston and George

of L-defects by HCI or its ionization products may disrupt and
weaken the hydrogen bonds in the top layers on the ice
multilayer and enhance the,8& desorption rates. Perturbations
of the ice by HCI and the formation of L-defects are further
corroborated by measurements of HCI-induced ice softefting.
H,O desorption is also believed to be rate-limited by the
population of highly mobile KO precursor molecules that are
hydrogen-bonded to only one nearest neighthdihe production
of these highly mobile KD molecules may be altered by surface
impurities that affect the hydrogen bonding network on the ice
surface. Recent LITD diffusion experiments have revealed that
HDO diffusion in HCI-dosed BO ice multilayers occurs-10—
20 times faster compared with HDO diffusion in pure@®
crystalline ice for temperatures from 146 to 161*&2 This
enhanced mobility may increase the desorption rate by allowing
the population of the highly mobile 4 precursors to kD
desorption to be replenished at a faster rate.

If H,O desorption is rate-limited by the production of highly

H,0 ice447-49 Recent cold chamber experiments have exam- mobile HO precursors, the kinetics for,B diffusion may

ined the uptake of several atmospheric trace gases on ice andlirectly affect the HO desorption kinetics. Previous LITD
the effects of these gases on the evaporation rate of macroscopiétudies of HDO diffusion in ice exposed to HCl measured a

(4—10 mm diameter) ice hemispheres and dendritic ice crys-

HDO diffusion activation energy dta = 19.0+ 0.3 kcal/mol

tals4® These evaporation studies measured the mass loss versu@nd a diffusion preexponential b, = (2.4 0.1) x 102 cn¥/s

time from ice particles that had been exposed to HN&D;,

and mixtures of S@and HO,. Ice crystals containing HNO
and SQ impurities were observed to evaporate isothermally up
to 30% slower compared with the evaporation rate of pure ice
particles aflT = 254 K#°

Vacuum microbalance techniques have been utilized to study

the influence of various lattice and surface-localized impurities
on the vaporization rate of ice single crystfihese vaporiza-
tion studies measured the® desorption rate from crystalline
ice doped with monovalent species such as HF, BNBI,OH,

and NaOH. Ice doped with ionic impurities was observed to

for temperature§ = 146-161 K#%72 These HDO diffusion
parameters in HCl-dosed ice are larger than the kinetic
parameters oEa = 17.0+ 1.0 kcal/mol andd, = (4.2 4+ 0.8)
x 10° cn?/s measured for pure i¢é3%72In accord with a
diffusion-limited desorption process, the larger kinetic param-
eters for DO desorption from HCI-dosed ice may reflect the
larger diffusion activation barrier and diffusion preexponential
for DO diffusion in HCI-dosed ice.

In contrast to the results for HCl-dosed ice, theCD
desorption rates from HNgdosed ice multilayers were mea-
sured to be lower than the,D desorption rates from pure ice.

desorb at steady-state rates that were slower compared with purd he different effect of HN@on D;O desorption suggests that

crystalline ice at temperatures frof= 183-233 K*

a different mechanism is applicable. Instead of substitutional

The influence of a Variety of gases was also investigated using incorporation and an increase in ice lattice defect denSity, ENO

the microbalance techniquésH,, He, N, O,, and CQ were
found to decrease slightly the,& desorption rate from single-
crystal ice. In these studies, the impurity gas flux incident on

the ice surface and the ice vaporization flux were of similar

can ionize and form stable hydrate cages witfOE® For
example, X-ray crystallograpfyand ab initio quantum me-
chanical studi€®§ on solid nitric acid monohydrate (NAM) are
consistent with a crystal structure comprised ofdN@nd HO™"

magnitude. The observed decrease in the desorption rate wadns. In the orthorhombic NAM crystal lattice, the nitrate and
attributed to gas-phase collisions occurring near the vaporizing hydronium ions are bound by Coulomb foréés=ach Bl\éQ
ice surfacé In contrast, the presence of HF on the ice surface 0N is hydrogen bonded to three neighboringH ions!

was measured to increase thgldHdesorption rate from single-
crystal ice** The desorption rate of ice exposed to HF wéas6
times faster than the desorption rate of pure crystalline ide at
= 214 K.

Incorporation of HF into the ice lattice is believed to occur
in a substitutional manné# 8% Due to the proton deficiency
of the HF molecule, lattice substitution results in the formation
of a L-type (L = Leer or empty) Bjerrum defedt 280 The
generation of a Bjerrum orientational L-defect will produce a
pair of neighboring O-atoms without an intervening H-atom.

The HF-induced orientational Bjerrum defects can act to rupture

The reduced BO desorption rate from HN{dosed ice
multilayers may be partly attributable to the increased stability
of the nitric acid-hydrate cages. The strong Coulomb and
hydrogen bond interactions in the hydrate cage structure may
act to bind HO molecules and limit their desorption. FTIR
results are consistent with the enhanced stability £9 HINO;
hydrates'® These FTIR studies showed that HN&dsorption
on pure ice in the form of nitric acid trihydrate (NAT) and nitric
acid monohydrate (NAM), or a combination of NAT/NAM,
inhibited the evaporation of the underlying ice fifih.

HNO; exposure to crystalline ice also reduces the mobility

the ordered hydrogen bonding network on the ice surface andof H,O molecules in ice. Evidence for decreasef®Hmnobility

alter HO desorption rates. Further evidence of HF-induced

in HNOs-dosed ice is provided by recent LITD measure-

defect formation and disruption of the surface hydrogen bonding ments*®72These LITD investigations revealed that the presence

network is corroborated by the observed softening of ice by
HF.81'82

Similar to HF, substitutional incorporation of HCI into the
ice lattice is expected and has been inferred from dielectric
relaxation measuremefitson HCI-doped ice and molecular
dynamics simulatior§ of HCl ionization on ice. The formation

of HNO;3; decreased the HDO diffusion rate by a factor&0—

70 compared with HDO diffusion in pure;D ice over the
temperature range from = 150 K to T = 173 K72 The

reduced HO mobility in HNOs-dosed ice may decrease thgH
desorption by lowering the concentration of highly mobilgOH
precursors to kD desorption.
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On the basis of a diffusion-limited desorption mechanism,
the HO diffusion kinetics may directly influence the.@
desorption kinetics. LITD measurements of HDO diffusion in
HNOs-dosed ice revealed that the HDO diffusion kinetic
parameters are appreciably reduced compared with the HDO
diffusion kinetic parameters in pure i¢&’2 Temperature-
dependent LITD experiments measured an activation energy of
Ea = 13.2+ 1.4 kcal/mol and a preexponential B = 71.9
+ 9.2 cn?/s for HDO diffusion in HNQ-dosed ice over the
temperature rang& = 150-173 K4%72 The smaller kinetic
parameters for HDO diffusion in HNg&dosed ice may vyield
the smaller activation energy and preexponential faOD
desorption from HN@dosed ice.

B. Coverage-Independent Effect of DN@and DCl on D,O
Desorption. The isothermal LITD results shown in Figures 5
and 6 demonstrate that the® desorption rates from HNO
and HCl-dosed BO ice multilayers are independent of the
absolute DNQ@and DCI coverage. The LITD data presented in
Figure 5 reveal that only small DNf&overages are necessary
to decrease the J® isothermal desorption rate. The,®
desorption rate is independent of the absolute QNGerage
and the isothermal D desorption rate remains constant at
~0.02 BL/s for DNQ coverages varying from 0.1 to 3.0 BL.

The isothermal desorption data in Figure 6 also indicates that
only the presence of small DCI coverages are required to
enhance the BD desorption rate. The JO desorption rate is
independent of the absolute DCI coverage and the isothermal
D,O desorption rate remains constantd.03 BL/s for DCI
coverages varying from 0.1 to 2.2 BL. The lack of coverage
dependence suggests that only a minimum RN@d DCI
coverage is required to perturb the@ice surface and alter
the D,O desorption kinetics.

The small DNQ and DCI coverages af0.1 BL needed to
affect the DO desorption kinetics are probably related to the
ability of HNOz and HCI to disrupt the hydrogen bonding
network on the ice surface. HCI may enter the ice lattice
substitutionally upon dissolutidfré® or ionize at the ice
surfaceb”-848890 Each CI ion could directly perturb at least
four HO molecules in the ice lattic®. The computer simula-
tions also show that both trigonal and tetrahedral solvation of
the HO™ by H,O are energetically favorabfé Given the high
directionality of hydrogen bonding, small coverages of éhd
H3O™ could significantly perturb the entire hydrogen bonding
network on the ice surface and into the ice lattice. Once this
hydrogen bonding network is disrupted, additional HCI may
not further change the surface configurations.

Ab initio quantum mechanical studies have shown that INO
ionizes and forms stable hydrate cages witE° The HNG;—
hydrate cages are typically found in the form of either nitric
acid trinydrate (NAT) or nitric acid monohydrate (NAM). In
crystalline NAM, each N@" ion is H-bonded to three nearest-
neighbor HO™ ions8 Consequently, a HN§surface coverage
of ~0.3 BL may be sulfficient to perturb all the;& molecules
in the topmost bilayer of the ice multilayer. The perturbations
induced by the N@ ions may be propagated along the ice
surface and into the ice lattice. Additional HNE€overage may
not continue to alter the hydrogen bonding network after this
network is initially disturbed by HN@

C. H,O Desorption Kinetics and Equilibrium Vapor
Pressures at Atmospheric Temperatures.The Arrhenius
desorption results shown in Figure 4 for pure crystalline ice
and crystalline ice exposed to HY@nd HCl reveal the dramatic
effect of surface-adsorbed impurities on theCDdesorption
kinetics. The DO desorption kinetics can be extrapolated to
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Figure 7. Desorption rate versus ice surface temperature for pure ice,
ice with HNG; coverages 0.1 BL, and ice with HCI coverages0.1

BL. The measured desorption rates are represented by the solid lines
for T = 150-171 K. Extrapolated rates for higher temperature3 of

= 172-250 K that contain stratospheric and upper tropospheric
temperatures are denoted by the dashed lines.

temperatures’ = 180250 K that are relevant in the polar
stratosphere and upper troposphere. Figure 7 shows i0e D
desorption rate versus ice surface temperalure 150-250

K. The D,O desorption rates measured in this study frors

150 KtoT = 171 K are denoted by the solid lines. Extrapolated
desorption rates for higher temperatures that contain strato-
spheric and upper tropospheric temperatures are represented by
the dashed lines fof = 172—250 K.

Figure 7 shows that the presence of HN the ice surface
should appreciably decrease theDdesorption rates from
crystalline ice by factors o~3—53. In contrast, the D
desorption rates from ice multilayers containing HCI should be
enhanced by factors of2—4. These changes in the,O
desorption rates will affect the formation and stability of ice
cloud particles. Changes in the stability and lifetimes of
atmospheric ice crystals may subsequently alter heterogeneous
atmospheric chemistry.

For example, the presence of nitric acid markedly inhibits
the D,O desorption rate from crystalline ice. This decrease in
the desorption rate will increase the lifetime of ice cloud
particles. HNQ s present in the stratosphere at partial pressures
of ~3 x 1077 Torr5%°1 These HNQ partial pressures are
sufficient to establish HN® coverages of~2 BL in 3 s
assuming a unity HN@sticking coefficient and no competing
HNO; desorption. An increased lifetime for ice cloud particles
containing HNQ coverage will prolong the time period for
heterogeneous chemical processing on PSCs and cirrus clouds.
The extended lifetime of the ice crystals may also contribute to
dehydration in the lower stratosphéfe°2and glaciation of
lower-level clouds and storm developmé&hgs24

The DO desorption kinetics can be used to calculate the
equilibrium D,O vapor pressures above pure and HNénd
HCI-dosed crystalline ice. To equate desorption and adsorption
rates at equilibrium, these calculations assume a unity sticking
coefficient on pure and HN$€ and HCl-dosed ice. A sticking
coefficient of S~ 1 has been determined recently on pure
crystalline ice using molecular beam and optical interference
measurement®. Although a unity sticking coefficient is likely
on HNGs- and HCl-dosed ice, the interpretation of recent
evaporation experiments suggests that HN@y lower the HO
sticking coefficient on ic€® Because this issue is unresolved,
this analysis will proceed assuming a unity sticking coefficient.

The maximum theoretical rate of evaporatidfyay, Of a
molecule from a bulk solid is defined from gas kinetic theory
as
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Enax = Py(27mkT) 2 1)
Assuming a unity sticking coefficienB, is the vapor pressure
that would be present for a system at equilibrium. Likewige,
is the surface temperatune is the mass of the molecule, and
k is the Boltzmann gas constant. The experimentally measured
evaporation rateEey,, is related to the maximum theoretical
evaporation rate byEex, = yEmax, Where y represents the
evaporation coefficient. Measured evaporation coefficients for
HO ice have been reported to vary frgn+ 0.006 toy = 1.0
using a variety of experimental techniqué4%°° Despite the
variation in the measured values for the evaporation coefficient,
y is generally assumed to be unfy105

By usingy = 1.0, Emax in €q 1 can be replaced by the
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measured zero-order desorption rate. The zero-order desorptiorior pure ice, ice with HN@ coverages>0.1 BL, and ice with HCI

rate at an ice surface temperatufg,can then be related @,
according to

dO/dt = v, exp[-E/RT] = P,(2rmkT) " (2)
whereEy is the desorption activation energy angis the zero-

order desorption preexponential factor. Solving Ryryields
the following relation for the equilibrium vapor pressure:

®3)

Figure 8 shows the calculated equilibrium water vapor
pressures for pure and HNOand HCI-dosed BD ice versus
ice surface temperature it= 180—250 K. The vapor pressures
for pure ice were determined to vary froRy ~ 1.2 x 10°°
Torr atT = 180 K to P, & 0.7 Torr atT = 250 K. These
predicted vapor pressures for pure crystallingdOce are in
good agreement with vapor pressure measurements;(oide
at temperature® = 193-235 K19 Accounting for the different
desorption rates from f and HO ices? the DO vapor
pressures for pure J® ice shown in Figure 8 are also consistent
with previous HO vapor pressure measuremetit&3107.108

The suppression of the ;D desorption rate by HNQis
reflected dramatically in the derived vapor pressures for ice
containing HNQ shown in Figure 8. The vapor pressures
determined from the D desorption kinetics varied frof, ~
1.6 x 108 TorratT =180 K toP, ~ 0.01 Torr atT = 250 K.
The presence of HN§on the ice surface decreases thgdD
vapor pressure by factors 6f8—70 compared with the vapor
pressures for pure ice at= 180—250 K. Consequently, HN©O
decreases the minimum,8 pressure and/or increases the
maximum temperature for PSC and cirrus cloud stability.

The vapor pressure of pure ice was determined t® e
6.0 x 104 Torr atT = 200 K. For an atmospheric ice particle
to be stable, equilibrium or net growth conditions must exist
where the HO adsorption rate onto the ice particle is equal to
or greater than the ¥ desorption rate. Figure 8 shows that an
ice crystal with HNQ coverages>0.1 BL can increase its
temperature td = 221 K and still maintain a desorption rate
that is less than or equal to the adsorption rate resulting from a
H,0 vapor pressure d?, = 6.0 x 10~ Torr. Likewise, Figure
8 indicates that the D vapor pressure for HN&dosed ice at
T=200K isP, ~ 3.8 x 107 Torr. This lowering of the BO
vapor pressure indicates that ice particles containing kité@
survive at markedly smaller 4@ vapor pressures than pure ice
particles.

In contrast to the results for HNDthe vapor pressures for
ice with HCI coverages 0.1 BL shown in Figure 8 are much
larger than pure ice. These equilibrium vapor pressures for HCI-
dosed ice are-3—4 times higher than the vapor pressures for

P, = v,(2TmkT)"? exp[-E/RT]

coverages: 0.1 BL at temperatures df= 180—-250 K that are relevant
in the stratosphere and upper troposphere.

pure ice at temperaturds= 180—250 K. This increase in vapor
pressure decreases the lifetime of atmospheric ice particles
containing HCI. The vapor pressure for an ice film exposed to
HCl was determined to b, ~ 1.9 x 1073 Torr atT = 200 K.

To obtain the equilibrium vapor pressure®f~ 6.0 x 1074

Torr for pure ice at 200 K, the temperature of the HCl-exposed
ice particle must be lowered from 200 to 194 K. Alternatively,
the HO vapor pressure must be increased®jo~ 1.9 x 1073

Torr at T = 200 K to maintain an equivalence between the
adsorption and desorption rates.

V. Conclusions

The absolute BO desorption rates from pure and Hy@nd
HCI-dosed crystalline BD ice multilayers on Ru(001) were
measured using laser-induced thermal desorption (LITD) tech-
nigues. The presence of the acid impurities has a dramatic
impact on the RO desorption rates. HN{Toverages 0.1 BL
lowered the RO desorption rate by a factor ef3—5 over the
temperature rang€ = 150-171 K. Arrhenius analysis of the
D,0 desorption rates from @ ice containing HN@yielded a
desorption activation energy & = 11.3+ 0.4 kcal/mol and
a zero-order desorption preexponentiabef= (5.0 + 0.9) x
10?8 molecules/(crh s). For DO ice multilayers with HCI
coverages>0.1 BL, the absolute BD desorption rates were
enhanced by a factor of2 for T = 150-170 K. The DO
desorption kinetics from gD ice containing HCI werdegq =
14.2 4+ 0.6 kcal/mol andv, = (3.7 £ 0.8) x 10° molecules/
(cn? s). For comparison, the desorption parameters fgd D
desorption from pure BD ice wereEq = 13.7 + 0.5 kcal/mol
andv, = (3.3 £ 0.7) x 10°2 molecules/(crs).

The effects of the acid impurities on the,® desorption
kinetics are associated with changes in the hydrogen bonding
network and perturbed & mobility in ice. For HNGQ-dosed
D0 ice multilayers, the decrease in the@desorption rate is
attributed to stable HN&-hydrate cage formation and reduced
D,0O mobility in the ice lattice. In contrast, the increase in the
D,O desorption rate from HCl-dosed,D ice multilayers is
assigned to Bjerrum L-defect formation, disruption of the
hydrogen-bonding network and enhancegDDmobility in the
ice lattice. The HN@and HCI impurities are predicted to alter
D,O desorption rates significantly at stratospheric and upper
tropospheric temperatures of 18250 K. Assuming a unity
sticking coefficient, the smaller J» desorption rates for ice
with HNOs; coverages>0.1 BL will lower the D,O vapor
pressure and enhance the stability of atmospheric ice particles.
Conversely, the higher [» desorption rates for ice with HCI
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coverages=0.1 BL will increase the BO vapor pressure and

lower the stability of atmospheric ice particles. Alterations in
the growth, formation, and stability of atmospheric ice crystals
will subsequently affect heterogeneous atmospheric chemistry.
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