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The Interaction of Methanol, Acetone, and Acetaldehyde with Ice and Nitric Acid-Doped
Ice: Implications for Cirrus Clouds

Introduction

Our understanding of the chemistry of the upper troposphere
has undergone significant revisions in recent years. One of the
most dramatic examples of this is the recognition of the
important role that oxygenated hydrocarbons play in this part
of the atmosphere. Species such as methano@EH, acetone
((CH3)2C(0)), and acetaldehyde (GEHO) are abundant in the
upper troposphere, with measured mixing ratios of 4800
pptv, 300-3000 pptv, and 36100 pptv, respectively.4 Their
destruction is dominated by reaction with OH and photolysis,
while their sources include direct biogenic emissions and
biomass burning.

The destruction of oxygenated hydrocarbons results in the
formation of HQ (HOx = OH + HO,). The OH radical is
responsible for most of the chemistry in the troposphere. Thus,
understanding the sources and sinks for OH is vital to assessing
the future oxidative capacity of our atmosphere. For most of
the troposphere, ozone photolysis in the presence of water vapo
is the major source of HO

0, + hv—0O('D) + O, (A < 310 nm) 1)
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The uptake of methanol, acetone, and acetaldehyde by ice and nitric acid/ice surfaces representative of cirrus
clouds has been measured using a Knudsen cell flow reactor equipped with FTIR spectroscopic observation
of the condensed phase. Sticking coefficients and total equilibrium coverage for the organics on ice were
obtained over the temperature range of 200 K. Both the sticking coefficients and coverage were found

to decrease with increasing temperature for all three species. The coverage data was fit using a Langmuir
adsorption model, and the results were extrapolated to typical cirrus cloud temperatures. By the use of estimates
for the gaseous concentrations of the organic species, calculated coverages on ice at 210 K are extrapolated
to be on the order of 20 molecules/cri(10-# ML) for methanol and acetone aneb x 10° molecules/crh

(<10°° ML) for acetaldehyde. Such small coverages constitute an insignificant portion of each gas-phase
species being lost to cirrus clouds. Additionally, the surface coveraged®f* monolayers (ML) are likely

to be too small to impact heterogeneous chemistry. Uptake of methanol, acetone, and acetaldehyde was also
studied on several forms of nitric acid-coated ice at temperatures from 190 to 200 K. Studies on nitric acid
trinydrate (NAT) and ice with monolayer coverage of HN&howed no measurable uptake in the examined
temperature range for all three species. While no uptake was observed on a supercool#d,8N0lution

for acetone or acetaldehyde Bt= 200 K, this solution did show enhanced uptake of methanol at 200 K
relative to pure ice.

biomass burning plumes leads to a net production of 0.8 HO
(i.e., one molecule of organic produces 0.8 molecules of)HO
and the oxidation of acetone creates a net source of 3,66HO
Furthermore, recent modeling studies suggest that acetone
photooxidation provides a global source of HtO the upper
troposphere while the presence of aldehydes and other oxygen-
ated hydrocarbons enhances Hoxally in the tropics.

In addition to having a major impact on the KH®ycle,
oxygenated hydrocarbons may influence N8O, = NOy +
N2Os + HNO3z + CIONO; + PAN + ...) in the troposphere by
reactions of their decomposition products or by direct reactions
with NOy species. For example, one decomposition product of
acetone, the peroxyacetyl radical (§HO)0O,), can react with
NO; to form peroxyacetyl nitrate (PAN):

CH,C(0)O, + NO, + M — PAN + M ©)

AN is of great atmospheric interest due to its role in
transporting NQ (NOx = NO + NOy) to rural areas where it
can contribute to smog formation.

Direct heterogeneous reactions involving oxygenated hydro-
carbons and Ngspecies could be important in converting HNO
N into NO.. Atmospheric models consistently overpredict the
O(D) +H,O0—2OH 2) HNO3/NOy ratio by factors of 2210.7-2 One previous attempt
to reconcile this imbalance relied on reaction of formaldehyde

However, in the upper troposphere, the mixing ratio of water with HNOs; on tropospheric aerosols or clouds according to

is sufficiently low to make this mechanism inefficient. It has

recently been recognized that K@roduction from oxygenated HCHO + HNO; — HONO + HCOOH 4)
hydrocarbons is important, providing as much,H® reactions

1 and 2 in some regions of the atmosphe@alculations have ~ While laboratory studies have shown that this reaction does
shown that the oxidation of acetaldehyde and methanol in occur on sulfuric acid surfacé!?the rate appears to be too
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grazing Because each species is calibrated as the sole component of
angle To Roughing Pump the chamber, we are able to get a direct calibration between the
mass spectrometer and the absolute pressure. Water partial
pressures are read directly using the absolute capacitance
manometer. Three leak valves are used for the introduction of
water, nitric acid, and either methanol, acetone, or acetaldehyde.
A gate valve separates the chamber from a turbomolecular

Linear Translator
with Teflon Cup

, Gold + Baratron |  Cryostat pump. The gate valve contains a 0.172%awnifice (A,) for the
U Surface T determination of accurate molecular flows during an experiment
R b _%’ when the gate valve is closé_?jA Teflon cup with a volume of
8 7 cn® with an O-ring seal is located on a pneumatic linear
/ 2 2 Ton Gauge translator across from the gold surface. When the translator is
Leak l extended completely, the Teflon cup covers the gold surface,
Valves isolating it from the rest of the chamber.
Gate Valve to The optically flat gold surfaced(= 2.54 cm) is cooled by
Turbo Molecular Pump thermal contact with a liquid nitrogen-filled cryostat and
Figure 1. Experimental setup showing the Knudsen cell flow reactor resistively heated to a desired temperature (1200 K) using
and FTIR-RAS. a Minco heater controlled by a Eurotherm temperature program-
mer. The substrate temperature is measured using three type T
slow to completely solve the HNENOx dilemmal3 It is (copper-constantan) thermocouples mounted to the back of the

possible that heterogeneous reactions of other oxygenatedgold surface using a thermally conductive epoxy. Temperature
organic species such as methanol, acetone, and acetaldehydgradients across the surface are less than 0.5 K. The heating/
may help alleviate this problem. cooling assembly is housed in a differentially pumped stainless
Although the abundance and importance of oxygenated steel sleeve with a Teflon seal between the sleeve and gold
hydrocarbons in the upper troposphere are now recognized, asubstrate. In this setup, the gold substrate is the only cold surface
complete understanding of their sources and sinks is still lacking. in the chamber.
For example, a recent study reports that methanol sources are In a typical experiment, the gold surface is first cooled to
more than twice as large as known sifdksfurther states that  the desired temperature. A flow of water or nitric acid/water is
methanol was found to be less abundant in the upper tropospheréntroduced into the chamber and a thin film of either ice or
relative to acetone implying unknown, possibly heterogeneous nitric acid/ice is deposited. The growth and stability of the film
sinks for methanot. A recent study has proposed that the is monitored by FTIR-RAS. Under some temperature condi-
heterogeneous conversion of methanol to formaldehyde on cirrustions, a constant flow of O or HNOyH,O is necessary to
could be an additional sink for methartélFurther measure-  keep a constant film thickness for the duration of the experiment.
ments in the Pacific show values of acetone and acetaldehyde Once a stable film at equilibrium with the vapor has been
2—10 times larger, respectively, than models can préedia. attained, the Teflon cup is extended over the film, isolating it
help develop a more complete understanding of the budgets offrom the chamber. Independent tests have shown that the film
methanol, acetone, and acetaldehyde in the upper tropospheremaintains a constant composition and thickness while isolated.
we have examined possible heterogeneous loss of these species flow of the organic species is then introduced into the chamber
on various thin films representative of upper tropospheric cirrus and monitored using the mass spectrometer to ensure a steady
clouds. flow. Once a steady flow of organic has been established, the
Cirrus clouds cover as much as 30% of the Earth’s surface Teflon cup is retracted, exposing the film to the organic. If the
at any given timé> Although mainly composed of ice, these organic is adsorbed to the film, there is a decrease in the mass
clouds may have a significant coverage of adsorbed NG spectrometer signal. Retraction of the Teflon cup results in an
To explore these conditions, we have examined the interactionextremely small volume changes0.05% of the chamber
of methanol, acetone, and acetaldehyde with pure ice and icevolume. Therefore, any decrease in signal is the result of loss
coated with a monolayer of nitric acid. To further understand to the surface and not from dilution due to volume expansion
these interactions, we also studied these species on pure NATor to wall loss. If uptake is self-limited, the signal subsequently

surfaces and supercooled HB,0 solutions. recovers to its original level after the steady-state coverage has
been attained. If the organic condenses directly onto the film,
Experimental Section the signal remains at its lowest value until the surface is again

] ) o isolated from the organic. Once the surface has been isolated,
The experimental setup, shown schematically in Figure 1, the mass spectrometer signal returns to its original level.

combines a Knudsen cell flow reactor and Fourier transform  gyrface coverages are calculated by first converting the mass
infrared reflection absorption spectroscopy (FFIRAS) to spectrometer signal of each organic species to an absolute
simultaneously monitor gas and condensed phases, respecyressyre by using the calibration to the absolute capacitance
tively 1819 The apparatus consists of a single stainless steel \anometer. Errors in pressure are less than 10%. Calculations

chamber that houses a vertically mounted gold substrate Upongt gteady-state flow rates of the organic are determined by using
which thin films are deposited. Two potassium chloride, KCl, e knudsen effusion relation:

windows are located on either side of the chamber for passage

of the IR beam. Chamber pressures are monitored using an PA,
ionization gauge and absolute capacitance manometer, while F=——1o (5)
gas-phase constituents are analyzed by an electron-impact (22mkT)™

guadrupole mass spectrometer. Partial pressures of the organic
species are determined by calibrating the mass spectrometewhereP is the partial pressure of organigy is the effective
signals to the ion gauge and absolute capacitance manometerarea of the gate valve orifice (0.17 &nm is the molecular
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weight of the organic species, afids the temperature of the

1l a Ice
gas phase defined as room temperature. When the surface is 332 )
exposed and uptake occurs, the partial pressure is lower and 0.04 &
thus the flow out of the chamber is lower. Once an equilibrium 0.02 1
coverage of organic on the film is established, the steady-state 0.00 1
flow of molecules returns to its original signal because the b) ML HNO,/lce
additional loss to the surface is no longer present. The number 006
of molecules lost from the gas phase is simply the integrated - 004
area of the loss and recovery of the flow signals as a function 2 0021
of time. The surface coverage (moleculesftof the species g 0007 ‘
is attained by dividing the number of molecules lost from the EE’ ° HNOyH,0 scliq
[84)

gas phase by the geometric surface area of the ice, which is 002

assumed to be that of the gold substrétes= 5.07 cn?. At the

temperatures used in this experiment, smooth films, as deter- 0.00F

mined spectroscopically, could be deposited. Recent studies on

the roughness of ice films vapor-deposited at different temper- 0.06 + ? NAT
atures have shown that using the geometric surface area of the 0.04 +

substrate is a close approximation to the ice film surface area 0.02 1

below 160 K?! If the surface area of the ice film were greater 0004 . . . ‘ .
than that of the gold substrate, the calculated coverage would 4000 3500 3000 2500 2000 1500 1000
be smaller than reported. The atmospheric significance of this Wavenumber (cm™)

will be addrgssed Iater. In experiments in whiph condensation Figure 2. Reference FTIRRAS spectra of (a) ice, (b) ice with

of the organic occurs (i.e., no recovery of the signal), coverages monolayer HNQ coverage, (c) supercooled HN@.,0 solution, and

are not calculated. Uptake is unlimited, and therefore, coverage(d) NAT.

is dependent on exposure. For this reason, this paper only

contains data with submonolayer coverages obtained in experi-vapor under various temperature and pressure condifefs?

ments at temperatures greater than the condensation temperaturd@he spectra in Figure 2b,c,d are similar to previously observed
The initial sticking coefficienty,, can be obtained from the  results and can therefore be considered representative spectra.

initial drop in the mass spectrometer signal: Figure 2b shows a typical spectrum of an ice film with
F_E monolayer (ML) HNQ coverage. To achieve this film, an ice

v, = ﬁ( 0 ) (6) film at T = 200 K is exposed to pressures of HNO1 x 10°°
° A\ F Torr until the growth of the N@ asymmetric stretches are just

. — . barely discernible in the IR around 1435 and 1350~&m
whereF, is the initial flow of organic molecules through the Prolonged exposure of the film to these low pressures of HINO
chamber andr is the value after exposure to the film. Because ,as not result in any further changes. Figure 2c shows a

of the negligible volyme change with retraction of the Teflon supercooled HN@H,O solution. To form a supercooled HNO
cup, the entire drop in the mass spectrometer signal is attrlbutedHZO solution, extended exposure of Hy® the ice film atT

to uptake onto the film. This allows for measurements of sticking _"»qq k at higher HN@ pressures is required. The conversion

coefficients up to a value of, = 0.3. into the supercooled solution is denoted by an increase in the
two NOs;~ peaks at 1435 and 1350 cfnand a rounding or
smoothing out of the OH stretching region from 3500 to 3000
Preparation and Characterization of Ice Films. To begin cm~! as well as the loss of the ice libration at 850 ¢nFigure
an experiment, we first ensure that we have the appropriate film 2d shows a NAT film. NAT growth is accomplished one of
of interest using FTIRRAS to determine film composition.  two ways. In the first, an ice film is deposited at 190 K. Once
Figure 2 shows typical infrared spectra for the films used in a constant film thickness is established, the ice is exposed to
this study. The spectrum of an ice film at 200 K is shown in  HNOj3 forming a supercooled solution. With small decreases in
panel a and illustrates the characteristic OH stretch from H,O pressure, NAT crystallizes out of solution as evidenced
~3500-3000 cnt! and the ice libration near 850 cth Similar by the two NQ~ peaks combining to one peak around 1395
spectra were obtained at all temperatures examined. Filmcm, a sharp N@ peak at 820 cmt, and a sharp peak around
stability at all temperatures is determined by monitoring the 3425 cnt!in the H,O region indicating a crystalline solid. The
integrated area of the OH stretching region. A typical film, second way of forming NAT involves first depositing an ice
approximately 50 nm thick is considered stable when the film at 175 K. Exposure of ice to HNgat this low-temperature
integrated area under the OH stretching region changes by lessesults in immediate NAT crystallization. The NAT film
than 0.5% over 100 sec. This translates to less tha nm temperature is then increased to 190 K. No changes in reactivity
change in film thickness over 100 sec. At temperatures abovewere noted upon varying the NAT film preparation technique.
165 K, a constant flow of water vapor, equivalent to the water ~ Uptake of Methanol, Acetone, and Acetaldehyde on Ice.
vapor determined by Marti and Mauersbergemust be The uptake of methanol, acetone, and acetaldehyde on ice at
established to maintain a constant film thickness during the atmospherically relevant temperaturés; 200 K, was below
experiment. Between 150 and 165 K, the background water in our limit of detection of 1% molecules/cri Therefore, experi-
the chamber is comparable to the vapor pressure of the ice film.ments were performed at lower temperatures at which significant
Below 150 K, the calculated water vapor pressure significantly uptake was observed. Figure 3 shows typical uptake curves for
drops off23 However, our spectroscopic data support little or methanol on ice af = 180, 167.5, and 160 K. A constant flow
no growth or evaporation of films at all temperatures. of methanol, 1.6« 10 molecules/secR ~ 2.7 x 1077 Torr),
Previous studies using this chamber have examined the typewas established prior to= 450 s. Att = 450 s, the Teflon cup
of HNO4/H0 films that form when pure ice is exposed to HNO  was retracted exposing the ice film to the methanol. All three

Results and Discussion
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Figure 4. Sticking coefficients for methanol andx), acetone 4),

Figure 3. Mass spectrometer signal calibrated to methanol flow upon and acetaldehyde®) as a function of ice film temperature.

exposure of ice film to methanol at temperature noted.

experiments show a significant drop in methanol signal upon N & Methanol
exposure to the ice film. The initial sticking coefficient is o A Acetone
determined using the magnitude of this initial drop and eq 6. § "a n ® Acetaldehyde
Calculated sticking coefficients for these three experiments are g 3T R I Langmuir fit
¥o = 0.004, 0.046, and 0.138 for temperatures of 180, 167.5, & ©
and 160 K, respectively. g % Yoom

After the initial drop, all signals “saturate”, that is, they & 27 k! 2y ST By
recover to their original level. While each of these films was % ¢ Ay ’ o 43‘: !
isolated from the methanol at different times, there was no & AA'\ " " 2 %. “am
change in signal upon isolation with any of them. The recovery ¢ 1+ . @ A\A "y oL e g
of the mass spectrometer signal, or saturation of the surface G ™ e “'AA : 150 160 170 180
with methanol, also supports the stability of our films. If the "o M
films were growing, a steady increase in the uptake of methanol ¢4 | e "'"""A.Z‘!:"!”—'r ,
would occur. The recovery time until saturation varies with the 150 1 ;0 150 130 2(')0

temperature of the ice film with the coldest experiment having

the longest recovery time. The area of the loss and recovery of

the methanol signal is used to calculate the number of moleculesFigure 5. Coverage uptake curves for methari) (acetone4), and

lost from the gas phase and, in turn, the coverage of methanolacetaldehyde() as a function of ice film temperature. The dashed
. - ; ’ lines are Langmuir best fits.

on the ice film. Therefore, the largest coverage occurs at the

coldest temperatures, and the smallest coverage occurs at thgoth acetone and acetaldehyde, we feel the decrease in sticking
warmest temperatures. At temperatures less That 149 K, coefficient with increasing temperature for methanol is real. We
condensation of methanol on the ice film occurs. This appears hayve obtained sticking coefficients for methanol using pressures

as a drop in the signal with no recovery. While submonolayer yanging fromPeinano= 3.0 x 10-8to 3 x 10~7 Torr. As seen
coverages of methanol on ice are below the detection limit of jn Figure 4, little variation is observed between the sticking

the FTIR-RAS, the condensation of multilayers of methanol coefficients atPmetmano= 3 x 108 Torr (asterisks) and those,

Temperature (K)

on the ice is observed in the IR. represented by the solid squaresPatano= 3 x 107 Torr.
Uptake curves similar to methanol were obtained for acetone These measurements span an order of magnitude in methanol
(Pacetone= 3.1 x 1077 Torr) and acetaldehydeéPcetaldenyde= pressure and are in good agreement with each other. If the

3.0 x 1077 Torr). The initial sticking coefficient results for  decrease ity, with temperature was due to competition between
methanol (solid squares and asterisks), acetone (open triangles)adsorption and desorption, one would expect to see a decrease
and acetaldehyde (solid circles) as a function of ice film in y, using higher pressures. Therefore, we believe our
temperature are shown in Figure 4. For all three species, themeasurements of the initial sticking coefficient for methanol
sticking coefficient decreases with increasing temperature. Thedo indeed show a decrease in value as temperature increases.
sticking coefficients for methanol and acetone are quite similar However, because we do not have the pressure-dependent data
with values for methanol ranging from 0.2 at 150 K tox4 for acetone and acetaldehyde, we cannot rule out the possibility
1072 at 180 K. Acetone sticking coefficients overlap those of of measuring a net uptake as temperature increases for these
methanol at temperatures greater than 150 K; however, belowspecies.
150 K the sticking coefficient continues to rise to our measure-  The same experiments used for calculating sticking coef-
ment limit of y, = 0.3. Acetaldehyde sticking coefficients are ficients are also used to determine equilibrium coverage. The
much lower than either methanol or acetone ones with values saturated coverage results for methanol (solid squares), acetone
ranging from 0.12 at 120 K to & 1073 at 160 K. (open triangles), and acetaldehyde (solid circles) experiments
The decrease in initial sticking coefficient with increasing as a function of ice film temperature are shown in Figure 5.
temperature could be due to an observation of a net processSimilar to the trend in sticking coefficients, coverage increases
incorporating both adsorbing molecules to the surface and with decreasing temperature. At the lowest temperatures,
desorbing molecules from the surface. During the21s that it multilayers for all species grow before a complete monolayer
takes to reach the minimum value, a significant coverage of is deposited. The maximum monolayer covera@hnd) is
the organic could be developing on the ice if the true initial calculated using the liquid densityp)(at 293 K, and the
sticking coefficient was unity. While this may be a factor for molecular weight (MW), to approximate the radius for each
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TABLE 1: Summary of Boiling and Melting Points,
Solubility, and Temperature Required for a Coverage of 1x
10" molecules/cn on Ice for Each Species

Hudson et al.

TABLE 2: Summary of AH2,.and AS], for Each Species

ads ads

from best fit to data assuming Trouton’s rule

temperatu re AH gds ASgds AH gds ASgds
to reach (kcal/mol) (cal/(mol K)) (kcal/mol) (cal/(mol K))
boiling  melting . 1x 10 methanol ~10.8 —26.8 —9.9 —21
pointt pointt solubility ~ molecules/crh acetone 6.8 _46 —94 —21
(°C) (°C)  (M/atm)  onice(K) acetaldehyde  —5.3 1.1 -83 -21
methanol 65 -93.9 220 160
acetone 56.2  —95.4 30 151 Because the coverages for these organics on ice at atmo-
acetaldehyde ~ 20.8 —121 13 133 spherically relevant temperatures are below our detection limit,

we have attempted to model the observed uptake and extrapolate
to higher temperatures. We use a Langmuir model to fit our
experimental data. Briefly, the Langmuir model assumes an
equilibrium between gas- and adsorbed-phase species:

aHandbook of Chemistry and Physics, 73rd edifidr? Scientific
Assessment of Stratospheric Ozone, 1989.Gaffney and Senurif.
dThis study.

304
Methanol K

25T organic(g)> organic(ad) (7

207 Under these conditions, fractional surface covera@&may)

151 is given by

o (C) KP,

(8)

Acetone

Onax 1+ (KP,)

251
whereP, is the pressure of the organic species referenced to
g STP (1 atm) an@®naxis the maximum monolayer coverage on
the surface. The equilibrium constait, is given by thermo-
dynamics to be

201

151

In(©/(P(1-0)))

L .
— (AH gds_ TASgds))
251 K= exr( 9
RT ©)
201
whereAH 2,.andAS? . are the standard enthalpy and entropy
154+ ; . . .
of adsorption, respectively. Rearranging egs 8 and 9 results in
104 t t t t t t + fe)
50 55 60 65 70 75 80 85 P~
O max — (AH gds_ TASng
1000 / Temperature (K) In — (10)
Figure 6. Plots for methanol, acetone, and acetaldehyde to determine PA(l — i") RT
AH24andAS, using eq 10. The dashed lines are least-squares fits to Onma

the data. The solid lines are determined by setting the intercept at
—10.57 (corresponding taAS3,, = —21 cal/(mol K)) with a least-
squares fit to the data to determine slope.

In our experiment® andP are experimentally measured. The
data, in the form of eq 10, is plotted in Figure 6. Agdi, is

the standard-state pressure of the organic species (referenced
molecule as if it were a spheré/4zr3 = MW/(poNan)). The to STP) and th®/Ona«is the standard-state coverage assuming
calculated radius of the molecule is then used to approximate @maxis one full monolayer of coverage. The dashed line in this
the maximum monolayer surface covera@ng, = 1/(zr?)). figure has been determined by a least-squares linear fit to the
Using this method, we find an averag®mna = 4 x 104 data. The slope of this line yieldsH 2, /R. The entropyAS2,
molecules/crafor all three species. Therefore, the maximum was obtained from the intercepA$2,/R). The values deter-
coverage reported is that of the largest submonolayer coveragemined forAH 3,.andAS . are shown in Table 2. As discussed
obtained, before multilayer growth begins. Measured methanol further below, all of theAH o, values are reasonable. How-
coverages range fromy3 x 10 molecules/crhat 150 K to ever, the AS, values obtained from this technique seem
our lower limit of detection of 1& molecules/crhat 180 K. spuriously high for acetone and acetaldehyde. A great deal of
Acetone coverage is similar, but its maximum coverage shifts uncertainty exists within the entropy values because of the
to a lower temperatures~140 K. Although the sticking magnitude of the extrapolation required. Therefore, a second
coefficients of methanol and acetone are similar, the overall analysis has been applied to the data whe&S,  was set to
coverage of acetone is lower than that of methanol at the samepe —21 cal/(mol K) according to Trouton’s rulé\H gds was
temperature. That is to say, initially methanol and acetone stick then redetermined by a least-squares fit to the data. These data
to the surface equally, however, the final equilibrium coverage are shown as a solid line in Figure 6 and are also included in
of acetone is less than that of methanol. Acetaldehyde maximumTable 2.

coverage is at a much lower temperature starting at 120 K. Thus, Other techniques have been used to determine enthalpies and
the temperature required to reach a given coverage decreasesntropies of organic species interacting with other surfaces. In
from methanol to acetone to acetaldehyde. This trend in uptakeparticular, the uptake of methanol by liquid water droplets as
follows trends in melting point, boiling point, and solubility in ~ well as on liquid water surfaces has been studtd.The
water at 25°C, as displayed in Table 1. process of accommodation of a vapor into liquid droplets or
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adsorption onto a liquid surface is different from adsorption r
onto a solid surface. However, the values obtained for methanol 3 Expose to film Isolate from film <
are quite comparable. For example, Jayne et al. experimentally
determinedAHpethano= —8.0 kcal/mol andA Syethano= —34.9
cal/(mol K) for the accommodation of methanol vapor by water
droplets?®> Donaldson and Anderson experimentally determined
AHmethanol = —9.4 kcal/mol andASnethanoi= —11.9 cal/(mol

K) for accommodation of methanol vapor onto a water surféce.
The values forAHmethanoi @re in close agreement with both
results. Our determined\Syethanol falls between the two
referenced values, but again, there is a great deal of uncertainty
in this calculation. Donaldson and Anderson also examined
acetone adsorption onto the water surféfc&heir values of
AHacetone@Nd ASscetone —12.0 kcal/mol and-22.5 cal/(mol K),
respectively, are quite different from our values. However, when
fixing our ASscetoneto —21 cal/(mol K), our value foAH 3is

in much better agreement with Donaldson and Anderson with

o t

16 PR R AW INPUD T v

ta 2 VR P

b) ML HNO,/Ice

. " Ao,
v Laan 2 v ) obng S WY A

181 HNO/H,0 sc lig

16 mwm

141

Methanol Flow (xlO12 molecules/sec)

a value of—9.4 kcal/mol. By examining the values &S d) NAT
obtained for both methanol from Jayne et AlSethano= —34.9 18
cal/(mol K)) and methanol and acetone from Donaldson and AN e
Anderson ASyethano= —11.9 cal/(mol K),ASscetone= —22.5 16+
cal/(mol K)), the use of Trouton’'s rule is a fairly good
assumption. :

1050 1100 1150 1200 1250

The Langmuir best fits to the coverage data on a linear scale
are shown as the dashed curve in Figure 5. While the Langmuir
fits model the data quite well, they tend to overpredict the Figure 7. Mass spectrometer signal calibrated to methanol flow upon
coverages at the higher temperatures for all three species, a%ésgrsg'ég :gr @ 2'88 ST (C:) SZSSE:E'O (()kl’g dIC:ij\gghOm:OWSlﬁ)):]e;t?hLQ

’ . g . e = , o =
shown in .the inset in Figure 5. Wg can obtain upper limits Fo 200 K, and (d) NAT afl = 190 K to methanol.
the experimental coverages on cirrus clouds by extrapolating
the fits to 210 K and assuming atmospherically relevant crystalline solid. Results of increased reactivity on liquid

Time (sec)

pressures of 2.& 107 Torr, 7.9x 1078 Torr, and 1.8x 1078 surfaces have been observed with similar syst&€msldition-

Torr for methanol, acetone, and acetaldehyde, respectively.ally, the uptake may not be limited to only the surface. Diffusion
These extrapolations predict coverages of:3.00'° molecules/ into the liquid, as opposed to diffusion into the crystalline solid,
cn¥ (7.5 x 1075 ML) for methanol, 5.6x 10'° molecules/crh may also be an enhanced process.

(1.4 x 10°* ML) for acetone, and 5. 10° molecules/crh No gas-phase reaction products were observed with the
(1.3 x 1075 ML) for acetaldehyde. reactions of any of the species on ice or nitric acid/ice films.

Uptake of Methanol, Acetone, and Acetaldehyde on Condensed phase products may have formed; however, cover-
HNO3/Ice. Figure 7 shows the calibrated mass spectrometer ages were below our limits of detection.
signal, flow, for methanol exposed to (a) ice, (b) an ice film _ o
with 1 ML HNOj3 coverage, (c) a supercooled 4:1 HMB,0 Atmospheric Implications

solution, and (d) a NAT film. All films are at 200 K with the The data collected here can be used to estimate surface
exception of the NAT film, which is at 190 K. After a constant  ¢coverages for methanol, acetone, and acetaldehyde on ice clouds
film thickness is established for each f||m, the Teflon cup I1s in the upper troposphere' Extrapo|ation of the Langmuir fits to
extended, isolating the film from the chamber. Methanol, at a 219 k predicts coverages of 3:0 101° molecules/cra (7.5 x
flow rate of approximately 1.6< 10 molecules/(crhs) (2.7 10-5 ML) for methanol, 5.6x 10'° molecules/cri(1.4 x 104
x 1077 Torr), is introduced into the chamber, and a steady flow ML) for acetone, and 5.2 10° molecules/cr (1.3 x 1075
is established. At = 1100 s, the Teflon cup is retracted from ML) for acetaldehyde. For all three species, the presence of
the surface exposing the film to the methanol. The methanol HNO; on the ice surface, when it remains in a crystalline form,
flow does not change when exposed to the film in Figure 7, does not enhance the uptake at atmospherically relevant
part a, b, or d. The supercooled HYB,0 solution shows a  temperatures. Zondlo et al. showed that under conditions of high
small uptake on the order ofx4 10> molecules/cry evidenced  HNO; partial pressures, addition of HN® an ice film results
by the small drop and subsequent recovery of the methanol flow, jn a supercooled solution. With the formation of a supercooled
7o = 0.003. Att = 1200 s, the Teflon cup is again extended, HNO4/H,O solution, the uptake of methanol increased at
Covering the film. No Change in the methanol flow is observed 200 K. However, even with this enhanced uptake, the expected
for any of the films upon isolation. For the case of the coverage remains on the order of!d@nolecules/crh (3.8 x
supercooled HN@HO solution, the constant signal indicates 102 ML) at 200 K and does not represent a large surface
the complete saturation of the methanol uptake prior to isolation coverage. If the surface area of the ice film were in fact larger
of the film. Similar experiments were conducted for acetone than the geometric surface area of the gold substrate, the
and acetaldehyde on ice, 1 ML HN@overage, supercooled  coverage of all three species would decrease. In any case, the
HNOs/H-0, and NAT. However, for acetone and acetaldehyde, coverages may be considered upper limits and thus, for the
no uptake was observed at 200 K on any of these surfaces. compositions of cirrus clouds explored, we do not expect
The enhanced uptake for methanol on the supercooledsignificant heterogeneous chemistry of methanol, acetone, or
solution at 200 K most likely results because adsorption onto acetaldehyde with the possible exception of methanol on
the surface of a liquid is more efficient than uptake onto a supercooled HNgH,O solution.
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Number densities of cirrus clouds are highly variable ranging

anywhere from~20 to 20 00Qum?%cm?. However, because the

expected coverages are so small, even the largest surface area

clouds will not act as significant sinks for these organic
molecules. For example, for a 20 0@@n%cm? cloud, only

0.065% of atmospheric methanol would be lost from the gas
phase to the cloud. Therefore, cirrus clouds are not likely to

Hudson et al.
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A recent study of HQmeasurements in the upper troposphere

observed a correlation between high values of formaldehyde,

CH,0, and high values of methanol, @BH, in the presence
of cirrus clouds'* This study introduces the possibility of

heterogeneous oxidation of methanol to formaldehyde on the

cirrus as an explanation with a required sticking coefficient of
methanol on ice 0£0.01. The largest sticking coefficient that
we were able to measure at 200 K was on a supercooledsHNO
H>O solution, which is still approximately 3 times lower than
0.01. Furthermore, supercooled HBB,O solutions are un-
likely to form under typical cirrus cloud conditions because high
pressures of HN@are required. We also did not observe any
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measure such a large sticking coefficient of methanol on pure
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