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The Kinetics of H,O Vapor Condensation and Evaporation on Different Types of Ice in the
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The kinetics of condensatiork and the evaporation fluxJ§) of H,O on ice were studied in the range
130-210 K using pulsed-valve and steady-state techniques in a low-pressure flow reactor. The uptake
coefficienty was measured for different types of ice, namely, condensed (C), bulk (B), single crystal (SC),
snow (S), and cubic ice (K). The negative temperature dependenecdoofC, B, SC, and S ice reveals a
precursor-mediated adsorption/desorption process in agreement with the proposal of Davy and Somorjai.
The non-Arrhenius behavior of the rate of condensatignmanifests itself in a discontinuity in the range
170-190 K depending on the type of ice and is consistent with the precursor model. The average of the
energy of sublimatiorHs® is (12.0+ 1.4) kcal/mol for C, B, S, and SC ice and is identical within experimental
uncertainty between 136 and 210 K. The same is true for the entropy of sublind&ioin contrast, both

y and the evaporative flude, are significantly different for different ices. In the range 310 K, Je, of

H.O ice was significantly smaller than the maximum theoretically allowed value. This corrobgrasdises
significantly smaller than unity in thal range. On the basis of the present kinetic parameters, the time to
complete evaporation of a small ice particle of radiugn is approximately a factor of 5 larger than that
previously thought.

1. Introduction forcing? Approximately a quarter of all cirrus clouds at any
given time are visible by the naked eye because they have a
tsignificant optical thickness whereas the remaining 75% of the
cirrus are subvisiblé? The cirrus ice particles typically have
radii of 10-20 um!~13 in the tropical UT and often lead to
local increases of positive radiative forcifCirrus clouds are
particularly prevalent in the cold tropical tropopause region to

Although only 10 of the global abundance of;B is present
in the atmosphere, it is the most important greenhouse gas tha
primarily controls the global radiation budget on our planet.
Owing in a large part to the positive radiative forcing of water
vapor (HO(Qg)) the greenhouse effect keeps the average global

mperature well over the meltin in nd th nabl .
temperature well over the melting point of@and thus enables the extent of 50% of the atmosphere whereas their abundance

life on earth. Evaporation from oceans, lakes, and rivers is decreases to approximately 25% at midlatitudes as indicated
balanced by precipitation over land and sea leading to an average PP y 0

; 4 . : abovel®
:ﬁ:fr? sniﬁ ;Itmtﬁ eOfris(iﬂgyszc;gB\Eng tgﬁ Egné?sggf ﬁglls is In addition to their known climate effect, these cirrus and

e : o
incomplete which leads to a large degree of spatial inhomoge- g??r;[frea(lzllorlrcei %?rgﬁ:esa;lfgs hr?;reicasr;rsgeg; ?r?ethr?o?zrr?lp(;i“og t
neity of atmospheric bD(g) and consequently to a high local P Y P y Y supp

varaDIy of F0(0)#* I has been known for some time that_S45C1Pon 4 desorpion rocesses ut iy i corrbute o
a significant fraction of the free troposphere is either under- or 9 P

. . heric trace gases on ice. On the basis of a modeling study of
supersaturated with respect to depending on meteoro- P . : . )
Iogl?cal conditions or Iong?rangeat’r{gr)lspo?t phengon”fé?ré.This heterogeneous chemistry in the midlatitude UT, a benchmark

fact and the large temperature fluctuations that accompany the?!sr;'mn#Eaﬁacggzrgr;?oﬁf;%&'Tjr_}asol::egsﬁ%?{?_?gi;h:ltslgd to
“weather” in the free troposphere underline the importance of 9 P P )

H,0(g) evaporation and condensation processes in the atmo-1€ans that a minimum ice particle lifetime of the same order

sphere both of which tend to restore thermodynamic equilibrium had to be postulated, ice being the seat .Of the myestlgated
of H20(g). heterogeneous processes. One of the most important ice particle

The present work focuses on the kinetics of condensation characteristics is. its evaporative Iifetime in an atmosphere
and evaporation of $D on ice at low temperatures characteristic underTat_urart]ed \.’é'.th ;!?(g) vapor_\f/vr;]lcrt; may l?]e cglclull(gteq at
of the tropopause region, that is, in the upper troposphere (UT) a?y re ."T‘.‘t')"? UT'. ity Io .'20 \;]apon é e basic chemical kinetics
and lower stratosphere (LS). Ice occurs as cirrus cloud or oilequn rium L involving the con ensatloln rafi ponstacalt(
aviation contrail particles which have a positive radiative forcing §) and the evaporation rat&4/molecules 5 cm™) is known
leading to global warming in contrast to warm clouds at lower - .
altitudes that mostly consist of liquid water droplets and that H20(g) = H,O(ice) o Re) @

are approximately neutral with respect to global radiative
PP y P g If the uptake coefficienty, of H,O(g) on ice derived fronk is

T Part of the special issue “tyen Troe Festschrift”. assumed to be equal to unity, as has frequently been done, the
* Corresponding author. E-mail: michel.rossi@epfl.ch. cirrus ice particle lifetime is significantly less than 10 min at

10.1021/jp053974s CCC: $33.50 © 2006 American Chemical Society
Published on Web 10/15/2005



H,O Vapor Condensation J. Phys. Chem. A, Vol. 110, No. 9, 2008043

temperaturesT)) and relative humidities of the UT; heteroge- TABLE 1: Experimental Parameters

neous chemistry does not have a chance to occur under those reactor volume\,, cr¥) 1830
conditions. Conversely, fop significantly less than unity, as cryogenic sample surfacéd, cne) 17.65
obtained in the present work, heterogeneous chemistry may collision frequency of HO on sample 143
perturb the atmospheric composition. Therefore, it is of utmost surface §) at 300 K (s7)

importance to obtain reliable kinetic parameters on both the rate escape aperture diametefi4 8 4 1
constant of condensatioki;] and the rate of evaporatiofrd/ (mm)

molecule s!) as a function of temperature in the range of escape rate constantty 7.1+02 3.1+03 08+0.1 005£001

interest. The morphology of thermodynamically stable lige
may considerably vary depending on a suite of parameters tha

control the growth processes of atmospheric'fogithough the ¢y mojecules effuse out of the reactor and is related to the gas-
above-mentioned kinetics may depend on the ice morphology, phase lifetimezy, of H0(g) through the relationy = 1/keso

very little information from the field is available conceming  This represents the reference experiment against which the
the type of ice particles prevalent in cirrus clouds. Laboratory (a5ctive decay of the MS signal in the presence of ice is

studies have revealed that liquid droplets frozei &t180 K measured. The measurementkaf;was repeated 10 times for
consist ofly.1%20 Recent laboratory reports even estimate the gach orifice in order to obtain its standard deviation. The
probability of finding metastable cubic ick)in the atmosphere,  ¢yaporation and condensation of®{g)/H,0(ice) on the ice

whose occurrence has been suspected in thezk.féét: substrate are competing wikascas displayed in reaction 2. In
Because most of the literature reports the kinetics @H the presence of ice the measured pulse decay Comm

vapor with ice condensed from the vapor phase (condensed Ofthe sum of the condensatidg and escape rate constaat,

C ice), the present work emphasizes this type of ice in order to namely, ksec = ke + kess From the measured decay constant

provide a solid basis for quantitative comparison. The strategy k.. k. is directly accessible using the measured valué.gf
adopted in the present work was to study the kinetics®-H  that is displayed in Table 1.

(g) condensation and evaporation on many different types of
ices that we could generate in the laboratory under well-defined Kesc ks .
and reproducible conditions in order to learn more about the — H0(g) 7 H;0O(ice) )
variability of the kinetic results as well as on the underpinning
molecular mechanism. Several workers have oriented their The largest exit aperture of 14 mm diameter has been used in
efforts toward the measurement of the kinetics e®kfy) both view of the fast rates of $D(g) uptake on ice. Typical doses
over liquid water and over ice in terms ¢fas well as the of H,O(g) were in the range 18-10Y (4 x 10 molecule
evaporation rateRe, or flux Jey as a function ofT.2428 per pulse) or between 0.05 and 5 monolayers gdite based
Experimental values of range from 0.03 to 1.0 using different  on the geometric surface area S of the ice sample. The upper
experimental techniques such as measurements of weight, icdimiting temperature of the ice was 205 K beyond which
crystal growth, droplet radial growth, vapor loss, liquid film evaporation led to a ¥D(g) partial pressure whose mean free
growth, and IR absorption in the range 1383 K24-27.29-32 path violated the Knudsen flow condition and which reduced
The large variability iny at any given temperature suggests the value ofkescin comparison with the value measured under
the potential importance of controlling the many ice growth molecular flow conditions. Neverthelesgwas obtained in the
parameters in addition to allowing for potential experimental T range 205210 K using the measured valueskqf,
artifacts. We report the fundamental kinetics of theOKy) We have directly measured the rdte together with the
interaction with different types of ices generated in the labora- steady-state flow ratessof HO(g) escaping the reactor in order
tory under reproducible conditions using both pulsed valve in to evaluate the evaporation rdkg, = Fe/V and fluxJey = Reyv
real-time as well as steady-state methods that enable the separat&V)~1, where V is the volume of the reactor. A typical
measurement of both the condensation and evaporation processexperiment is displayed in Figure 1 where thgXp) reference
displayed in reaction 1. The separate determination of both ratespulse is fired into the reactor with the sample compartment
enabled the measurement of the equilibrium vapor presBegye,  closed (Figure 1a, plunger lowered), whereas the reactive pulse
which serves as a powerful thermodynamic constraint for is admitted into the flow reactor with the sample compartment
checking the internal consistency of the kinetics of Thenge open (Figure 1b, plunger lifted). At steady-state conditions and
of interest in thermochemical closure. open sample compartment the rate of evaporatibn),(
condensatiorkH,0(g)]V, and escapé.s{H-0(g)]V of H,O-
2. Experimental Setup (g) compete as expressed in the following balance of rates

substrate. The decay rate in the absence of the ice sample is
iven by the measured escape rate consgtapat which HO-

The experiments have been performed in a Teflon-coated dN
Knudsen flow reactor equipped with molecular-beam-sampling ot
electron-impact mass spectrometry (MS). A detailed description
of this technique has been given elsewh8réwo types of whereN is the total number of KD(g) molecules present in
measurements have been performed: continuous flow andthe reactor and is given by p@(g)V.
pulsed admission experiments (PV). The PV experiments The dimensionless uptake coefficiemt was calculated
correspond to a transient supersaturation eDg) over ice following eq 4
using a pulsed solenoid valve through which short pulses of

Foy — kN — k.o N =0[molecules ']  (3)

H,O molecules of several millisecond duration have been ke

injected into the flow reactor. Each experiment has been =0 (4)
performed in duplicate, that is a reference and a reactive

experiment. The former yields the MS signal decay eDky) wherew (s79) is the collision frequency of the average®{g)

when the sample compartment is isolated from the flow reactor, molecule with the geometric sample surfégat 300 K and is
whereas the latter monitors the decay in the presence of the icedisplayed in Table 1.
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Figure 1. Typical pulsed valve experiment of,8(g) interacting with bulk (B) ice at 200 K. The,B(g) dose was 5. 10 molecules and
corresponds approximately to 2.5 formal monolayers. Pulses a and b represent the reference and reactive pulses, respectively. The inset shows the
semilogarithmic plot of the reactive decay given k.

Equation 3 yields after rearrangement 2.2 Correction for Molecular Diffusion. Pulsed valve
experiments tend to underestimate the valuke af large values
_ _1 compared to steady-state experimefitfor a fast reaction
Fov = Fss(l + E) [molecules 5] ®) measured in real time, a systematic bias is introduced when the
H,0(g) density is depleted close to the reactive ice sample on
Equation 5 puts into relation the measured steady-stgfe H  a time scale shorter than the characteristic transit time at
(9) flow rate Fss at the calibrated MS signal at/e 18 as molecular flow conditions. To corredt. for the diffusion
displayed in Figure 1 with the measured ratigkesc. As limitation, we interpolated the curve of Fenter et®althat
discussed abové; was obtained from the exponential decay correlates the measured valuekgfrom PV experiments with
of a reactive HO(g) pulse monitored atvVe 18 as displayed in k. obtained from the true value of at steady state. This
the insert of Figure 1. In the present experimekgsjalues of correction is important for measuréd values larger than 20
typically five separate pulsed dosing experiments at a given s~ which led to a correction 0£5%. The correction té that
value of T were averaged in order to obtain an average value was obtained using the PV becomes increasingly important when
of Fev. The temperature difference between the flow reactor k. tends towards (Table 1).
(ambientT) and the ice substrate (loW affects the magnitude 2.3. Preparation of Ice SamplesThe samples have been
of ke such that a small correction for the thermal transpiration nyrenared in situ in the range 13210 K using the cryogenic
effect has to be applied. However, the correction of the ratio gypnort whose temperature was regulated by a series 900
ke/kescin eq 5 cancels oét and the resultindre, only depends  FyROTHERM temperature controller. Five different types of
on the temperature of the ice substrate. In addition, we havejce samples have been investigated in order to measure the
validated the transient supersaturation PV experiment by ad-yinetics of HO(g) condensation as a function of temperature
ditional steady-state experiments which gave identical results. t, gifferent doses of bD(g). Each ice sample was prepared

Further details may be found in Appendix A. by using degassed bidistilled water (18.Z)
2.1. MS Signal Calibration Procedure for H,O Vapor. The Bulk ice (B) was prepared by pouring 5 mL of degassed

calibration of the MS signal of $D(g) atm/e 18 has been L . . ;

performed by freezing a water droplet of (9:6®.05) mg mass bidistilled water into the cryogenic support and Iowerlr_wg the

(Mettler Toledo, AE 240 balance) deposited on the cryogenic SUPPOIt temperature at a rate of 0.2 K-sAt 240 K the ice
was held at this temperature for 20 min in order to avoid the

support device described elsewtérgsing a calibrated syringe. . ) .
The mass of the water droplet was determined gravimetrically, buildup of stress in the sample. Subsequently, the ice was cooled

and the temperature of the supported droplet rapidly decreased® & témperature in the range between 160 and 210 K at a rate
to 160 K. Gradually, the temperature of the droplet was ©f 0-2 K's™. As displayed in Figure 2a, a typical B ice sample
increased while the $D(g) flow rate was monitored aw/e 18 appears white due to its rough surface and light scattering.

as a function of time. The MS signal returned to the baseline Condensed (C) ice is prepared from the condensation of gas-
after complete evaporation of the deposited drop after typically phase HO(g) onto the cryogenic support held at 180 K in order
30 min and at 230 K. The resulting area under the MS signal to form hexagonal ic& Many parameters may be varied in
was proportional to the total number of molecules in the droplet the preparation of C ice, among which theQ{g) flow rate,

and led to the desired calibration factor whose average is the residence time of #(g), and the temperature of deposition.
associated with a standard deviation of 5%. A blank without In the present experiments, we have varied the flow rate and
depositing a water droplet on the gold-plated cryogenic support the residence time in order to change the water concentration,
resulted in deposition of 0.1% of the mass of the deposited water[H»O(g)], in the reactor. Three concentrations were used to form
droplet, HO(). Cice, leading to g C,, and G ice. As an example taken from
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Figure 2. Samples of B ice (a), SC ice (b), and S ice (c) prepared in the 4.74 cm diameter cryogenic sample support. The photograph was taken
at ambient temperature.

TABLE 2: H ,0 Vapor Deposition Parameters for Condensed (C) Ice Samples

escape condensation flow initial flow rate
type of  deposition deposition thickness [H20] aperture Fin — Fout Fn
ice time (min)  temp (K) (um) (molecules cm®)  diameter (mm) (&5 x 10" molecules s!) (&5 x 10" molecules s')
(o 50 180 2 (7.1 0.5) x 1012 8 3x 10 4.1x 10
C 10 180 4 (7.1 0.5) x 10'® 8 3x 10 3.9x 10v
Cs 10 180 5 (4.4 0.9) x 105 1 4 x 107 4.0 x 107
K (cubic) 10 130 5 (4.4 0.9) x 10'° 1 4 x 10v7 4.2 x 10v7

Table 2 we have used the 8 mm aperture and an initi&l(k) 1 — S/Sef =64+ 18% and 1— SdSer = 13+ 1% is a
flow rate of 3.9x 10 molecules s, leading to [HO(g)] = measure of the scattering efficiency of the ice sample and
(7.1 & 0.5) x 10" molecule cm?3. In this case, 75% of the  supports the surface roughness of B ice in comparison to SC
initial H,O(g) flow rateFi, is lost from the gas phase to form  ice.

C; ice at 180 K. The deposition was performed for 10 min in ~ The snow (S) ice sample preparation consisted of preparing
order to form a 4um thick ice film of G ice (0.75x 3.9 x ex situ ice samples in humidifiedNrelative humidity (RH)
10'7 molecules s! x 600 s)/(1.0x 10 molecules cm? x = 90% at 296 K) at atmospheric pressure and a flow of 1 L

17.65 cm). The parameters used to form C ice type are min~1. To cover the entire surface of the sample holder (17.65
suhmarizéd in Table 2 cm?) with approximately 2 mm of loosely packed snow, a

. ) ) deposition of at ledsl h was required. A typical S ice sample

The deposition parameters used to generate cubic (K) ice argg displayed in Figure 2c.
the same as for {Jce except for the temperature (Table 2). In | the following, the units kcal/mol and Torr have been used.
this case, the temperature of the cryogenic support is loweredOne multiplies the energies (kcal/mol) and the pressure (Torr)
to 130 K and ice is formed by introducing,8(g) into the by 4.184 and 133.33, respectively, to obtain the Sl units kJ/
reactor for 10 min at a flow rate indicated in Table 2. The uptake mol and Pa.
kinetics of HO(g) is measured at 130 K using the PV technique.
Subsequently, the sample previously generated at 130 K was3. Results and Discussion
annealed to 150 K for 10 min and cooled back to 130 K for 3 1 Rate Law for the Condensation of HO on Ice. To

additional uptake measurements. The same procedure wagjetermine whether the rate ob8l(g) condensation on B ice is

repeated for different annealing temperatures using the same Kjrst order in [HO(g)], the dependence & or y on the HO-

ice sample, to check for structural changes and their effects on(g) dose must be measured. Figure ESI-1 displays the uptake

k.. Fresh K ice presumably consists of a mixture of cubic and coefficienty of H,O(g) interacting with B ice as a function of

hexagonal ice under our experimental conditighs. dose at different temperatures. We conclude that the kinetics
Single crystal (SC) ice has been obtained by slowly freezing Of H20(g) condensation on B ice is independent ojQ)]

5 mL of liquid degassed bidistilled water at a rate of 1/3 K and thus confirm the flrst-orderlklnetlcs OEG(QY) condensation

min~! down to 240 K in order to avoid build up of stress during on B Ice over the dose range 20 3.0 x 10'" molecules.

crystal growth?” Subsequently, the ice was cooled to the desired H gmllar experiments were performed to test the.rate law for

temperature at a rate of 0.2 Kls We assume that SC ice 20(g) uptake for C, SC, S, and K ice. Figure 3 displays data

L ..on y(T) measured on Lice for small (5.0x 10 molecules/
possesses a very low surface defect density in agreement W'ﬂbulse) and large doses (2010 molecules/pulse) as a function
literature report3%3% A typical SC ice sample is transparent

o Do . . of T with B ice plotted as a reference. We conclude that there
and is displayed in Figure 2b. Visual observation of parts a and jg significant difference between large and small dose data

b of Figure 2 suggests that the surface roughness of B and SCyhich confirms that uptake of #0(g) on G ice follows a first-

ice is different. Therefore, a quantitative test was performed in grder rate law as was the case for B ice.

order to characterize the surface roughness using the reflection By changing the sample preparation conditions, the surface
of a He-Ne laser beam (UNIPHASE, 10 mW) oriented at 10  structure of B and C ice may change and may possibly lead to
with respect to the surface normal of the cryogenic support. changes iry(T). If the rate at which B ice is frozen is lowered,
The signals 8, Ssc, and S were measured for B, SC ice, and  a low defect density ice (SC) is formed which may have different
for the bare Au-plated support surface, respectively. The resultkinetic properties compared to B ié&Figure 4 shows that
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Figure 3. Uptake coefficienty for C; ice displayed for two different doses resulting from PV experiments: the fikgdaad empty ¥) triangle
data correspond to doses of 5010'> and 5.0x 10 molecules/pulse, respectively.for B (M) ice is plotted as a reference.
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Figure 4. Uptake coefficienty for SC ice plotted as a function of temperature for three different doses, namely, 108 (+), 9.0 x 10% (v),
and 5.0x 10 (O) molecules/pulse. B iceM) data are presented as a reference.

on SC ice is a function of and of the dose when using three 130 K as displayed in Figure 5. We conclude thaiOih)
significantly different doses. In fact, there is a factor of 2 adsorption for cubic ice follows a first-order rate law.
difference iny between large (5.& 10 molecules/pulse) and S ice was made by slow growth of ice crystals under 1 atm
small doses (1.& 10 molecules/pulse) for ¥D(g) uptake on of N2. The kinetics was measured over the temperature range
SC ice. SC ice is a case where the kinetics ofOkt) 136—200 K using three doses varying by a factor of 30. The
condensation does not seem to follow a first-order rate law. results are displayed in Figure 6 which shows that there is no
The present work shows tha(T) is larger by up to a factor of  significant difference iry for large (8.0x 10'® molecules/pulse)

2 when the dose or instantaneous concentration increases by and small doses (3.& 10' molecules/pulse). In fact, the
factor of 50 in the range 146210 K. difference between the mean of the large and small dose is about
K ice is formed like G ice except for the temperature of 20%, which corresponds to the uncertainty of the data.
deposition (Table 2). Using three different doses differing by a Consequently, we conclude that the uptake gDk) on S ice

factor of 50, we have observed thats independent of dose at  is first order in HO.
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Figure 5. Uptake coefficieny plotted as a function of temperature for three different C ice samples, namdl®),GC; (%), and G (2) and using

a HO(g) dose of 5x 10 molecules/pulse. The&leposition parameters are described in Tablg 2alues for B ) and K ice are displayed as

a reference. Three different doses were used to measoir& ice: 1.5x 10'° (@), 9.0 x 10'° (4), and 8.0x 10'® (a) molecules/pulse. The doses

used on B are comprised in the rangé®16 3 x 10 molecules and the measured kinetic of condensation was averaged over doses (Figure ESI-1).
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Figure 6. Uptake coefficienty of S ice as a function of. The different symbols comparedvalues obtained at different doses of®{g): 3.0
x 10% (%), 9.0 x 10'° (@), and 8.0x 106 (a) molecules/pulse.

In summary, the uptake of#@(g) on C, B, K, and S is first ~ for uptake of HO(g) on G ice lie between 0.48 0.04 and
order in HO while y for SC seems to depend on the dose over 0.08+ 0.03 at 140 and 210 K (Table 3), respectively, and are
a range of a factor of 3050. Depending on the ice deposition/ plotted as a function of in Figure 5. The data clearly show
formation protocol, one must determine the rate law gDk) thaty for C; ice has a negative temperature dependence which
uptake on ice if one wants to extrapolate to low supersaturationsis in agreement with a complex mechanism that implies one or
occurring in the atmosphere. Except for SC ice the use isf more precursor species as has been found b&f&P&his result
justified as a transferable parameter of ice growth over a is also in agreement with Haynes et*@lwho confirm the
temperature range characteristic of the UT/LS. negative temperature dependence first found by Davy and

3.2. The Dependence ofy on Temperature and HO Somorjat in the range 183233 K together with the fact that
Deposition Rate for C Ice.Typically, the limiting values ofy y < 1.0 at T > 130 K. However, the same worké?s
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TABLE 3: Range of y for Different Types of Ice

type of icé y temp (K)
B 0.35+ 0.02 to 0.10+ 0.02 1406-210
C 0.48+ 0.04 to 0.08+ 0.03 140-210
SC (L) 0.38+ 0.01 to 0.06+ 0.01 145-205
SC (M) 0.33+ 0.02 to 0.08+ 0.01 145-195
SC(S) 0.20+ 0.03 to 0.10+ 0.02 145-185
S 0.32+ 0.05 to 0.29+ 0.02 136-200
K 0.64+ 0.05 130

Pratte et al.

Marti and Mauersbergétthat has been extrapolated fér<

165 K. Delval and Rossi have recently measudgdusing a
microbalance technique in a stirred flow reactor at temperatures
ranging from 172 to 203 K2 Their results match the present
Jev data for G ice in this interval within 25%. Moreover, they
have measureds, at T > 196 K using a stirred flow reactor
techniqué* that agrees with the present data to within 10%.
The results of Smith et df and Haynes et &P are in very
good agreement with the present valueslgffor C, ice and

2L, M, and S are large, medium, and small doses corresponding to with the microbalance data of Delval and R43&b within 35%

5.0 x 10%, 9.0 x 105, and 1.0x 10 molecules/pulse.

unfortunately revoked their results later by settyrgs 1.0 across
the entire temperature range of-2085 K in order to determine
the optical constants for the used ice filfs.

The way C ice is formed may potentially change the kinetic
properties of the ice surface. For that reakpmwas measured
for three different [HO(Q)] (C1, Cp, C3) differing by a factor

which is remarkable in view of the different experimental
techniques invokedle, measured at 170 K by Fraser et‘als

a factor of 2 larger than the present data feiic@. More serious
is the discrepancy ide, between the data of Davy and Somdkjai
and the present values: the former measy@alues that are
larger by roughly a factor of 10 in the range 18818 K. In
contrast,Je, measured by Sack and Baragflaignificantly
exceeds the maximum evaporation fligf"®in the range 135

of 600 and displayed in Table 2. The kinetic results are displayed 170 kAt 150 and 170 KJev €XCeedsle, ™ by 250% and 30%

in Figure 5 wherey is plotted as a function of temperature for
Ci1, Gy, and Gices. The results show thatfor C ice increases
somewhat with the KD(g) concentration varied by a factor of
600. Taking the two extreme cases & G ice, the former
presents & value approximately 1030% larger forT < 190

K compared to @& However, we do not find a significant
dependence of on the HO(g) deposition rate for C ice at>

190 K as all values seem to merge to a common value as

displayed in Figure 5. This may be an indication that the
mechanism of KHO(g) uptake may change around 190 K, as
will be discussed below.

Haynes et at® have performed measurements pfby
isothermal evaporation of C ice in the range-2@5 K. They
obtainedy = 0.75 and 0.69 at 160 and 185 K, respectively, in
contrast to the present values for iCe which lie betweery =
0.36 + 0.04 at 160 K andy = 0.32+ 0.06 at 185 K. It is
likely that the vapor deposition conditions used by Haynes et
al.*%were closer to €than to G deposition conditions (Table
2). This discrepancy of approximately a factor of 2)irmay
perhaps be explained by the fact tlradepends on the way the
ice sample was prepared. In fact, they measyredtween 20
and 185 K on ice condensed from®{(g) at a total pressure
ranging from 3.3x 107% to 6.6 x 107° Torr. In contrast, in
this work G ice was deposited at 180 K at a pressure of 2.20
+ 0.15 x 10~ Torr which is higher by at least a factor of 3.

respectively, for no apparent reason. In summary, althdugh

of C ice depends somewhat on the use®td)) deposition rate

for the generation of C ice as measured from the corresponding

y values (Figure 5), alley values are significantly smaller than
"> and imply ay value significantly lower than unity between

140 and 240 K. The discrepancy betwelgi"® andJe, thereby

increases with T.

3.4. The Dependence ofy on Temperature for Other
Types of Ice. The y value for B ice varies between 0.36
0.02 and 0.1@t 0.02 in the range 146210 K as displayed in
Table 3. Like for G ice, y of H,O(g) interacting with B ice is
significantly lower than unity and Figure 3 displays the measured
y values for B and gice at different temperatures. Interestingly,
y for S ice does not change significantly withas displayed in
Figure 6 for three different doses. Table 3 shows thdies
between 0.32- 0.05 and 0.29t 0.02 in the range 136200 K
in agreement with Chaix et &.who observed the same weak
dependence of. on T in the range 146220 K. SC ice is a
special case becaukgdoes not follow a first-order rate law as
discussed above (Figure 4). Thevalue changes from 0.38
0.01 to 0.057: 0.007 for a large dose of 50 106 molecules/
pulse in going from 145 to 205 K. For a small dose of k.0
10% molecules/pulsey changes from 0.2@- 0.03 to 0.10+
0.02 from 145 to 185 K as displayed in Figure 4 wherés

This and the different temperature of deposition may lead to Plotted for three doses as a functionospanning a factor of
structural differences and therefore to changes of reactivity 50 in dose. We note from Figure 4 thafor B ice seems to be
toward HO(g) vapor. Delval and Rog8imeasured & value higher atT > 180 K and lower af’ < 180 K compared to SC
of 0.38 and 0.12 at 185 and 207 K, respectively, on C ice ice for a high dose of 5.6« 10" molecules/pulse probing the
condensed at 190 K at a,8(g) flux of 1.0 x 10" molecules surface. In contrasy; measured on SC ice seems to be smaller
s 1 cm 2 compared to 1.% 105 molecules st cm~2 of H,0- compared to B ice for medium (9.2 10* molecules/pulse)
(9) in the present study. Within the uncertainty of the present and low doses (1.& 10" molecules/pulse). The particular case
measurement, namely, = 0.32 &+ 0.06 and 0.08+ 0.05 at of K ice was studied al = 130 K wherek; is significantly
185 and 207 K, respectively, for C; ice is in agreement with  larger than for the other types of ice studied so far. The cubic
Delval et al*? Moreover, the agreement improves fog iCe ice Ic morphology seems to be more reactive toward condensa-
resulting iny = 0.37+ 0.06 and 0.10t 0.04 at 185 and 207  tion of H,O(g) vapor compared to the hexagongkk structure
K, respectively, at a deposition flux of 2.8 10'® molecules and leads to an averageof 0.64+ 0.05 at 130 K as displayed
s~1 cm2, which approaches the,B(g) flux used by Delval et in Figure 5. The results for K ice confirm that the PV uptake
alA? experiment for all types of ice except for K ice is not limited
3.3. The Evaporation Flux Je) from C Ice. The evapora- by instrumental parameters. Several pulse decays are plotted in
tion rate,Fe,, in molecules s', was obtained from eq 5 by  a semilogarithmic fashion as a function of time in Figure 8 in
measuringk. and Fss in the same experiment as displayed in order to show different pulse decay rates for different types of
Figure 1. As an example, the evaporative fli,in molecules ice at different temperatures. As an example, the pulse decay
cm2s71, is displayed in Figure 7 and Table ESI-1. The solid for fresh K ice at 130 K is larger by a factor of 4 compared to
line corresponds to the maximum theoretical valiigh®, that a G ice sample at 200 K. This comparison displays the typical
is obtained by setting to unity using the vapor pressuigy of range of variation irk; for different ice samples. In conclusion,
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Figure 8. Typical decay kinetics for condensation of®{g) on different ice samples. A dose of 50106 molecules/pulse was used for each of
the four pulses. The triangla] corresponds té. = 20 s for C; ice at 207 K, the{) symbol tok. = 38 s'* for B ice at 200 K, and the circle

(O) and the square) are pulse decays for fresh K ice (68"sat 130 K and for the same K ice sample annealed at 170 K and measured at 130
K (51 s™), respectively.

y is significantly different for different types of ice. Fdr < 3.5. The Evaporation Flux Je,) for Other Types of Ice.

185 K, we have the following sequencg(K) > y(Cp) > y- In addition toJe, for C, discussed above, we have determined
(SC,L) > y(B) = y(S). ForT > 185 K, (S) > y(Cy) =~ y(B) Jev ON the other types of ice, namely, for B, SC, and S ice that
> y(SC,L), where L means a large dose of typicallyk 5106, are displayed in Figure 9 and Tables ESI-2, ESI-3, ESI-4 and
compared to a small dose of 1:0 10'> molecules/pulse. ESI-5 as a function of. Except for K ice, we conclude thatC
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on B ice; (x) PV experiment on B iced®) PV experiment on gice; (shaded diamond) PV experiment on SC (large dosex 510 molecules/
pulse); (star in solid circle) PV experiment on SC (medium dose x91@'°> molecule/pulse); (solid right triangle) S ice. The dose for B, dhd

S ice was 5.0< 10' molecules/pulse. The full line represedtg"® usingPeq from the literature® Values ofPeq below 165 K have been extrapolated.

ice has the largest value df, and k. compared to the other
types of ice studied in this work. In contrast, the lowest value
of Jey, paired with the lowest value d§ is found for SC ice
using a medium dose (90 10> molecule/pulse) to probe the
surface (Figures 4 and 9). In fack, for B ice is from 40 to
80% lower compared to Jce which is outside of the present
measurement uncertaintye, for SC ice at the large dose of
5.0 x 10' molecules/pulse is smaller by a factor of 2Tat=
200 K and approximately 10% larger &t= 175 K compared
to B ice. For other HO(g) dosesle, for SC ice changes as
displayed in Figure 9 consistent with the dependencg oh
the dose shown in Figure 4., for S ice seems to match with
the G ice data set to within 2650% in the range 165202 K
according to Figure 9. In summary, we obtain the sequénee
(C2) > JedB) = Jo(S) > Je(SC) in the range 156210 K. In
contrast to Chaix et & we obtain ay value for C ice that is

have measureg on K ice at 130 K using a kD(g) pulse as a
surface probe at a dose ranging from (0.15 to 8O0
molecules/pulse. Subsequently, K ice was annealed to 150 K
for 10 min before it was cooled to 130 K in order to measure
y once more. This is displayed in Figure 10 wherebtained

at the sample temperature of 130 K is plotted as a function of
the annealing temperature. We note that for an annealing
temperature of 150 Ky decreases by 10% compared to fresh
K ice. We observe a further decrease jofwith increasing
annealing temperature. For an annealing temperature of 190 K,
y measured at 130 K decreases by 40% compared to fresh K
ice. Similar results were observed by Chaix e¥dbr D,O ice

and thus confirm the present results although the latter results
for bothy andJey Were slightly larger compared to the present
values. ForTanneaing= 190 K, y of K ice is identical toy
obtained for Gice measured at 140 or 150 K. A blank annealing

larger compared to B ice. This difference may perhaps be run of G ice deposited at 180 K and treated in an identical

attributed to the conditions of deposition such a©Ky) flow

manner as K ice confirmed the thermodynamic stabilityof |

rate and temperature. However, we conclude in agreement withice under the present experimental conditions.. We conclude

Chaix et aP8 that SC ice presents a lower reactivity compared
to B and C ice, probably owing to a low density of surface
defects. Except for Chaix et &f,no other work has been
performed on bottde, andy while systematically varying the

that metastable cubic ice dlomains are irreversibly converted
into I, ice in the annealing process which assume the kinetic
properties of @ ice after annealing. As showed in Appendix
B, the negativel dependence is also observed on thermody-

type of ice such as B, SC, and S. Consequently, comparisonsnamically stable ice crystal phase If the T dependence is in

with other results work are difficult. In agreement with the
conclusion of Chaix et & the present work supports the

the presence of metastable phase, we should observed a time-
dependent value d¢, which is not the case. Further details are

conclusion that ices that present stress cracks and graindiscussed in Appendix B.

boundaries show larger values &f, and k..2° However, the

3.7. Thermochemical Parameters for G Ice. Figure 11

equilibrium vapor pressure is independent of the type of ice as presents an Arrhenius plot kf for C, ice which clearly displays

will be discussed also below.

3.6. Annealing Studies on K IceAt T > 130 K the cubic
structure of K ice (J) should progressively convert to the
hexagonal ice structurg.i® As discussed by Davy and Somor-
jail and Kumai® K ice is transformed completely t@ Ice at
T > 173 K after only 75 min. In the following experiment we

two temperature regimes whose transition occur3patk =

190 + 3 K and leads to a high- and low-temperature regime
for T > 190 K andT < 190 K, respectively. The slopes of the
straight lines displayed in Figure 11 lead to a negative energy
of activation for condensatioB, = —4.1 + 1.4 kcal/mol for

T > 190 andEL = —0.18+ 0.14 kcal/mol forT < 190 K. A
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Figure 11. Arrhenius representation &f andJe, for C; ice whose values are displayed in Table ESI-1Jg&and in Figure 3 fok.. Two T regimes
are apparent at the discontinuify.ax= 190 K. The activation energy fd¢ at T < 190 K isE.£ = —0.18 4+ 0 0.14 and—4.1 & 2.1 kcal moi?
for T > 190 K and forJe, 11.9+ 1.3 and 7.9+ 1.2 kcal mot?, respectively (Tables 4 and 5).

similar discontinuity in the Arrhenius plot & has recently
been observed fagr on C icé? at 193 K which is identical within
experimental uncertainty to the break observed in this work.
Delval and Ros$? obtainedE, = —1.54+ 0.5 and—0.3+ 0.1
kcal/mol forT > 190 andT < 190 K, respectively. The change
in the energy of activatiok,’ for C; ice atT > 190 K may be
explained by a shift of the rate-limiting step with increasing

in the precursor mechanism that is discussed bgkitier and

Rossi®® As pointed out above, the merging ¢f values at
different HO(g) doses for C ice af > 190 K displayed in
Figure 5 may have the same mechanistic origin in that the rate-
limiting step in thisT range is insensitive to the type of ice.

An additional way to characterize the ice surface from a
kinetic point of view is to measure the energy of activation of
evaporatiorez®". By plotting theJe, data displayed in Figure 9
in an Arrhenius fashion, we obtalfe' for C, ice. TheJe, data
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TABLE 4: Energy of Activation E.° for Condensation of HO(g)
E.¢ (kcal/mol)
Delval et al*? Chaix et aFf® present work
type of ice 193-223 K 182-193 K 190-220 K 140-190 K T = Toreak T < Toreak Threak (K)
C —-15+05 —-0.3+0.1 —42+1 —0.244+ 0.05 —4.1+14 —0.184+0.14 190+ 3
B —42+17 —0.26+0.13 —-2.3+09 —0.24+0.11 185+ 3
SC (L2 dose) -3.1+0.6 —0.264+ 0.15 170+ 5
SC (MR dose) —-2.84+0.8 no break
S —-0.3+£0.2 no break
aKey: L = large dose (5.0< 10 molecules/pulse); M= medium dose (9.6« 10'® molecules/pulse).
TABLE 5: Energy of Activation E & for Evaporation of H,0(g)
E.° (kcal/mol)
Delval et al*? Chaix et aF® present work
type of ice 193-223 K 173-193 K 196-220 K 146-190 K T = Threak T < Toreak Toreak(K)
C, +10.2+ 0.5 +12.0+£ 0.5 79+ 1.2 119+ 1.3 190+ 3
B +8.3+ 1.0 +12.2+ 0.5 9.9+ 0.8 115+ 1.0 185+ 3
SC (L# dose) 8.5+ 0.5 11.6+ 0.8 170+ 5
SC (\Wr dose) 9.5+ 0.8 no break
S 11.5+ 0.6 no break
aKey: L = large dose (5.0< 10 molecules/pulse); M= medium dose (9.6« 10'® molecules/pulse).
TABLE 6: Enthalpy of Sublimation AH¢ of H,O(g) from Ice Obtained from Tables 4 and 5
E: (kcal/mol)
Delval et al*? Chaix et aF® present work
entropy
(cal K"t mol™?)
type of ice 193-223 K 182-193 K 196-220 K 146-190 K T = Toreak T < Toreak T> 190K Toreak(K)
C, 11.7+ 0.6 12.3+ 0.5 12.0£ 2.6 12.1+ 15 34.6+ 2.5 190+ 3
B 125+ 2.7 12.5+ 0.6 12.2+£ 1.7 11.8+1.1 29.8+ 1.9 185+ 3
SC (L2 dose) 116t 1.1 119+ 1.0 34.1+ 2.1 170+ 5
SC (Wr dose) 12.3:1.6 33.9+24 no break
S 11.8+0.8 33.6+1.8 no break

aKey: L = large dose (5.0< 10'® molecules/pulse); M= medium dose (9.6« 10'® molecules/pulse).

also show a discontinuity & = 190 + 3 K similar tok; and
are displayed in Figure 11 which shows that the break.in
coincides with the one fodey at 190 K as it should. The data

of AHs® in that T range in comparison with the accepted
literature values. This work is in agreement with the results of
Delval and Ros$f who claimed that the sole measurement of

displayed in Figure 11 obtaiB2¥ = 7.9+ 1.2 forT > 190 K
andEsY = 11.9+ 1.3 kcal/mol forT < 190 K. In comparison
with Delval and Ros$f who obtainE, Y = 10.24+ 0.5 and 12.0
+ 0.5 kcal/mol above and below 198 3 K, respectively, we
note a disagreement between the predgfit value forT >
190 K. However, the large valug® = 10.2 kcal/mol of Delval

E:2V in general is not sufficient for the determination AHs®

in conjunction with the assumptioB,. = 0. Haynes et al?
and Davy and Somorjhaiobtained 11.8: 0.2 and 12.2 kcal/
mol for AHs® of H,O(ice) ice, respectively, both of which are
in agreement with the accepted literature value of Jancsd*ét al.
Sack and Baragiof@who also assummeg.® = 0 and obtained

and Rosg? is balanced by a correspondingly smaller negative 0.45 eV/molecule which corresponds to 18:3.7 kcal/mol at

activation energy for adsorptiok;° = —1.5 kcal/mol, to result

T < 190 K is significantly lower than the accepted literature

in an enthalpy of sublimation identical to that obtained in this value. The kinetic and thermodynamic parameter&farE.®Y,
work as displayed in Tables 4, 5, and 6. The enthalpy of and AHs® are all displayed in Tables—=46, respectively, to

sublimation of HO(ice) from ice, AHs’, is given by the

summarize and facilitate a critical comparison. The entropy of

difference in the activation energy for evaporation and conden- sublimation for G ice wasASs = 34.6 4+ 2.5 cal K mol™1,

sation,E;?Y — EL. As displayed in Table 6, the value aHg®

which is in fair agreement with the value of 31.0 cal’nol~!

for C; ice for the high- and the low-temperature regime is equal measured by Haynes etl.

to 12.0+ 2.6 and 12.1+ 1.5 kcal/mol, forT > 190 andT <

3.8. Thermochemical Parameters for Other Types of Ice.

190 K, respectively, which is in excellent agreement with the The energies of activatida. andE;®" for the other investigated

accepted literature value for iteof 12.2 kcal/mol. Moreover,
Delval and Roséf obtained 12.3+ 0.5 and 11.7+ 0.6 kcal/
mol below and above 193 K, respectively, while Fraser ét al.
obtainedAHs® = E8¥ = 11.5 kcal/mol forT < 193 K. This
latter low value forAHs may in part be explained by the fact

types of ice have been obtained from thelependence ajey
and k; and are listed in Tables46 together withTyeqi the
temperature of transition in the Arrhenius plot ofidnor In Jey
vs 10007 Taking B ice as an example, we obtairiefl= —2.3
+ 0.9 and—0.24+ 0.11 kcal/mol in the range 18310 K and

thatEZ® was arbitrarily set to zero. Fortunately, this assumption in the range 166185 K, respectively. The enthalpy of sublima-

does not have a large effect aiHs® in the low T range where
only a small negative value fdg,° is observed. The present
results clearly demonstrate that the assumpig—= 0 atT >

tion AHg® for B ice is identical to that of &€ ice within
experimental uncertainty withHs® = 12.2+ 1.7 kcal/mol for
y values afl > 185 K andAHs® = 11.8 £ 1.1 kcal/mol atT

190 K would clearly lead to an erroneous, that is lower, value < 185 K. Chaix et aP® obtained 12.5+ 2.7 for the high-
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temoerature regime and 12:& 0.6 kcal/mol for the low-
temperature regime (Table 6) wiffyeak measured at 190 K
for AHs® on D,;!%0(ice) B ice. The kinetic parametei&.f, E.2)
of Chaix et alf® are remarkably similar to the present values as
displayed in Tables 4 and 5 including the valueTgf.x= 190
K for C; ice.

For a large HO(g) dose interacting with SC id&f = —3.1
+ 0.6, E& = 8.5 + 0.5 kcal/mol in the range 17205 K
wherea€,f = —0.26+ 0.15,E,#Y = 11.6 £ 0.8 kcal/mol was

J. Phys. Chem. A, Vol. 110, No. 9, 2008053

water ice using botlde, or Rey and k., which were separately
determined for the different types of ice as explained in the
previous sections. The measured equilibrium vapor preggyre

is calculated using eq 7 in order to check if the different types
of ice (C, B, SC, and S) significantly differ iReq at a given
temperature. The calculation Bf; makes use of the measured
value ofk;, Fey, andTs, the temperature of the ice substrate,
and serves as a powerful thermodynamic constraint for the
internal consistency of the measured kinetic parameters.

measured between 145 and 170 K as displayed in Tables 4 and

5. For the medium and small doses of{g) interacting with
SC ice, the temperature range is not sufficiently large to draw
conclusions on the location Ofyeak The related energy of
sublimationAHs® for the large HO(g) dose is equal to 116
1.1 kcal/mol in the high-temperature range> 170 K and to
11.9+ 1.0 kcal/mol in the low-temperature rangie< 170 K.
AHs® was calculated as 128 1.6 kcal/mol for the medium
dose on SC ice obtained across the Tutknge. BecauskE° is
close to zero on S ice, namely0.3 + 0.2 kcal/mol,EzY must
be close toAHs®, which we evaluated a&2' = 11.5+ 0.6
leading to AHs® = 11.8 + 0.8 kcal/mol. This value is in
agreement witlAHs® calculated for @, B, and SC ice within

_ FuRTs

Pea= kv

[Torr] (7

Because the sample and the reactor temperature are different,
ke has been corrected for this temperature difference as shown
by Delval and Rossi* As an example for the magnitude of
this correction, one obtairfa.q values smaller by 23 and 18%
at 180 and 200 K, respectively, using the corredigth eq 7
compared to the uncorrected one. To observe a trend in the
equilibrium vapor pressure for the different types of iBgy
was plotted as a function oF in Figure 12 using data from

the uncertainty of the measurement. The results of Table 6 revealTables ESI-1 to ESI-7 that exibit the complete dataJXqrand

that AHs® is identical within the uncertainty of the data for the
different types of ice. We also found that for C, B, and SC ice
there is a discontinuity in the Arrhenius plotiefor y at Toreak
However,Tpreakdoes not occur at the same temperature for the
three mentioned types of ice. This may be explained by the
fact that the change in the rate-limiting step in the precursor
mechanism is a function of the type of ice.

To interpret the condensation ofb8(g) on ice, we use the
Langmuir ansatz expressed in reactiéf 6

k
SS+ HZO(g)T—*i HZO(ads)% SS+H,0(ice)  (6)

where SS is a free surface site,®{ads) and HO(ice)

Peq

Most PeqVvalues are comprised in the stated uncertainty range
according to the ¥ criterion. The largest deviation at the end
of the lowT measurement range is approximately 100% &t
150 K for B ice, which is the lowest value & that could be
measured. We conclude that tRg, values are identical for all
the different types of ice investigated despite the individual
differences inRe, andk. values. Both will change to the same
extent in order to keep [¥D(9)]eq O Peq CONstant at a givei
for all ices. The present results indicate tiRag measured in
the present work is in general larger by a factor of 1488.20
in comparison to the results of Haynes ef%hs an example,
they obtainedPeq= 6.0 x 106 Torr at 175 K while the present
work leads toPeq = 1.1 x 107° Torr for C; ice. According to

correspond to the precursor species responsible for the negativeq 7, this is consistent with the fact thkat of Haynes et at®

temperature dependencelgfor y and the thermodynamically
stable bulk } ice HO(ice), respectively.

Results from chemical-kinetic modeli#fgf® indicate thatk;
depends on the type of ice whereas the vakieks, andk,
strongly depend oil but not on the type of ice. By use of the
enthalpy diagram of Flkiger et al® for the present case of
H,0(g) adsorptionks is rate-limiting for HO(g) uptake on ice
atT < Tpreak that is, ks < k, and HO desorption from KO-
(ads) is not important at these low temperaturesT At Tyreak
ko increasingly becomes larger thignso that the desorption of
H,O(ads) from the precursor stakg is faster compared to
rearrangement of #(ads) into HO(ice), process 3. Conversely,
JevatT < Tpreakis controlled byky, that is,ksjSS] < kp, whereas
for T = Tpreakks Significantly increases such that a fraction of

is identical to the present work whereas thefjor k;) value ¢
= 0.67 at 175 K) is larger by a factor of 1.76 in comparison to
the present work.

The full and dashed lines drawn in Figure 12 represgt
given by Marti and Mauersberdérbetween 169 and 240 K
and by Mauersberger and Krankowékjn the range 164.5
169 K, respectivelyPeq values from these two references seem
to be larger compared to those measured in this work by
approximately 50%. This difference is consistent within the
uncertainty of the present results as displayed by the typical
uncertainty limits given in Figure 12. We therefore conclude
that ourPeq values are identical to those measured by Mauers-
berger and co-workers within the stated uncertainty limits.

H20(ads) predestined for evaporation in process 2 returns to, Atmospheric Implications and Conclusions

H.O(ice) via rearrangement process 3. The non-Arrhenius

behavior of bothk. andJe((Re) displayed in Figure 11 is thus
rooted in the unequdl dependences of the rate coefficiekis
to k.

In fact, Tables 4 and 5 show that the individual values of
Toreak fOr both Jey and k. coincide within experimental uncer-

The measureg values forT > 205 K displayed for C ice in
Figures 3 and 5 are found to be systematically low compared
to values obtained using a stirred flow reactor where the partial
pressure of KHO(Q) is larger compared to results obtained under
molecular flow conditions such as used in this wétk.he y

tainty. This is a necessary requirement for the thermochemical values for DR'80(g) vapor interacting with B%O(ice) ice
closure of the condensation/evaporation kinetics discussedobtained by Chaix et & also dropped precipitously in the range

below.

3.9. The Equilibrium Vapor Pressure Peq as a Thermo-
dynamic Constraint for Chemical Kinetics. We have calcu-
lated the vapor pressuRyof water vapor in equilibrium with

205-219 K to result in a systematic low bias. In contrast, the
above-referenceg values of Delval and RosSiextend up to
240 K without extensive decrease at the higknd. It seems
plausible to attribute this drooping gpfobtained in the present
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Figure 12. Equilibrium HO(g) vapor pressure, measured using forward and backward rates obtained from the PV technique for difference
types of ice. Data labeleda], (+), (¢), (v), and @) correspond to C, B, SC (large dose), SC (medium dose), and S ice, respectively)The (

symbol represent8.; measured by the CFM experiment (Appendix A). The full and the dashed lines represent the results of Marti and Madérsberger

and Mauersberger and Krankows®yrespectively. The uncertainty displayed at 197 K serves as an illustration of the typical uncertainty.

study under molecular flow conditions to an unexpected changerate constant&g andk; are given in eqs 9 and 10
of the evaporation rather than to the condensation rate. It appears

that the evaporation rate or fluRey or Jey, Unduly increases Kair = 471 DNy )
with temperature above 205 K thereby effectively decreasing B
the measureg¢r value despite our ability to separate both rate k.= % y(SV) (10)

processes. Because this effect takes place at the high-temperature
end of the range corresponding to a reduced surface residenc

time compared to the low-temperature end, we attribute this%' N, and §V) correspond to the diffusion coefficient 058-

increase inJey to possible incomplete energy accommodation

of the HLO—ice adsorbate or precursor state on the ice surface.

One has to remember that in the present experime@(d)

vapor at ambient temperature collides with an ice surface at a

given low T and that energy accommodation must occur prior

to evaporation. This incomplete thermalization process of the
H,O(ads) precursor state on the surface may be compared ta
chemical activation for gas-phase processes. Because Delval an

Rossf? performed their study at higher total pressure, corre-
sponding to stirred flow conditions, the degree of thermalization
of the adsorbed $D(ads) precursor is expected to be higher on
account of the increased number of collisions.

The time,te\, to complete evaporation of an ice particle of
radiusr at a given relative humidity (RH) is given in eq 8

t =
ev Jef1 — RH)

(8)

wherep is the density of iceM = 18 g mof* for H,O, r is the
ice particle radius, and is the distance between two layers of
H,O(ice) in ice?® Equation 8 is based on layer-by-layer
evaporation of HO(ice) of a spherical ice particle following a
zero-order rate law. For RHE: 80%, Joy, = 10 molecules st
cm?, anda = 4 x 1078 cm, we obtainte, = 125 s, which is

a lower limit to the true evaporation time owing to the

(g)/atmosphere of air~0.1 cn? s1), N to the ice particle
number density (particles cr), and §V) to the surface area
density (cmd cm™3) using Nodare? = (§V) as a constraining
condition.

The overall rate constakf,: = Kckyir/(Ke + Kairr) is calculated
to be 7.1x 1074 s 1 with kgir = 1.0 x 103 s tandk. = 2.4
x 1073 st using @V) = 106 cn? cm™3 andr = 1 um.

hermodynamic closure requires that bkflandJe, are slowed

y diffusion to the same extent. This leads to a factor of:2.4
1073/7.1 x 10~* = 3.4 by whichJe, is slowed at atmospheric
pressure compared to molecular flow conditions. This leads to
an improved estimate fdg, of 425 s or approximately 7 min.
It behooves us to point out thaf, for large ice particles is
entirely characterized by gas-phase diffusion gOky) toward
the ice particle and that therefore the overall rate condiant
is only marginally affected by or y.

The four messages resulting from this work that are important
for atmospheric applications are the following:

(a) The uptake coefficient is significantly less than unity
for T > 130 K. This decrease compared to the theoretical
maximum amounts to approximately an order of magnitude for
C ice at 200 K. The identical decrease applies also for the
correspondingey values compared to their theoretical maximum
value Je,"® owing to thermochemical constraints. The largest
y value was measured on K ice at 130 K and leg te 0.64
4+ 0.05. For B and C icey ranged from 0.35: 0.02 to 0.10+
0.02 and 0.48t 0.04 to 0.08+ 0.03 in the range 146210 K,

competition of mass transfer and heterogeneous chemistry whoseespectively. On S ice is between 0.32+ 0.05 and 0.29+
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Figure 13. Fssas a function of, in the measurement @&, andk; for B ice at 200 K using the 14 mm aperture.

0.02 in the range 136200 K while for SC icey lies between used two additional, albeit different steady-state methods,
0.38+ 0.01 and 0.05Z 0.007 in the range 145205 K. namely, the compensated flow method (CFM) and the two-
(b) The kinetic parametersd, k;) depend on the type of ice  aperture steady-state method (TASSM) with the goal to compare
for each type of ice investigated whereas the thermodynamic results of bottk; andJey, Obtained from steady-state and transient
parametersAH’sun ASup are independent of the type of ice  (PV) methods. B ice samples have been used for the confirma-
within experimental uncertainty. tion of the present PV results di, displayed in Figure 9 and
(c) The molecular mechanism for adsorption/desorption of Table ESI-6.
H,>O(g) vapor over ice is complex as evident from the negative  The general way to perform a CFM experiment is to measure
temperature dependence laf In contrast to previous work, the HO(g) flow, Fss = V[H2O0lkess €scaping from the flow
additional details have been discovered in terms of a change inreactor as a function of an additional measure®{g) flow,
slope in bothk(T) andJe(T) whenk. is represented in Arrhenius ~ namely, Fi,, in the presence of ice. The mass balance is

form. This “break” in slope occurs in the range (37100) + expressed in eq A-1 which leads to eq A-2 after rearrangement
5 K depending on the type of ice and is related to the fact that
the relative importance df, and ks in the detailed chemical Fin T Fey = Fgs+ VIH0(9)Ik, (A-1)
kinetic mechanism is increasing with increasifig

(d) The rate of adsorptiok; in the complex mechanism F = Fev + Fin (A-2)
depends on the defect structure or, more generally, on structural ss K. k.
parameters of the ice sample. The collidingg) molecule 1+ ke 1+ ke,

SC SC

has to search for an active site on the ice to enable the formation

of the precursor state consistent with Langmuir ansatz. There'whereFe\/(l + (ko/kesd) and 1/(1+ (ks/kesd) are the intercept
fore, ki depends on the type of ice whereas the remaining gnq siope of the straight line of a plot BE{Fin), respectively.

parameterks, ks, andks do not within the uncertainty of the For the special case &, = Fss Joy may be evaluated from
data. However, the latter rate constants strongly depent@ on eq A-3 ’

in contrast tokj.

In conclusion, the kinetic data collected in this investigation Foo Kk Fs
should encourage workers in the field to obtain well-character- Jov = A koA (A-3)
ized atmospheric ice samples that may be compared to the s¢
surrogate ices investigated in the present study. In this case the flow rat&;, is chosen in such a way so as to

) exactly matchrsg in the presence of the ice sample. To calculate
Acknowledgment. Generous support of this research was Jev Using €q A-3, we usé, measured on B ice using a PV

granted by OFES (Office Téeral de I'enseignement et de la oy heriment (Table ESI-2). All CFM data on,8 interacting
science) in the framework of the EU projects CUTICE and ith B ice are summarized in Table ESI-6.

THALOZ. A more general approach to measure bathandk. is to

plot Fss as a function of~j, and dividing the intercept by the

slope of the straight line expressed in eq A-2. An example of
Additional Experiments. CFM and TASSM: Two Alter- such a plot is shown in Figure 13 where the measurement was

native Steady-State ExperimentsTo measurele,, We have performed on B ice held at 200 K. In a PV experimegatwas

Appendix A
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Figure 15. Uptake coefficienty on G ice for fresh &) and annealed®) ice as a function of. The ice surface was annealed at 220 K for 10 min
prior to the PV measurement.

calculated to be 1.4 10'® molecules st leading toJey = (7.9 The second technique, TASSM, uses two or more independent
+ 1.1) x 10 molecules cm? s™ andk, = 13.8+ 1.7 s'1 data sets ofFss and kesc by choosing two or more escape
The knowledge of both the slope and intercept of the straight apertures (14 and 8 mm) and measuring the corresponding value
line FsdFin) leads to the separate determinationFgf or Jey of Fss Using eq 4, we obtain two independent sets of equations
andk;, namely,Jey = (6.8 & 1.9) x 10 molecules cm? s1 to be solved foiFe, andk.. The solution forFe, andk. is given

andk; = 16.3+ 4.1 s'1. We conclude that the PV and CFM  in eq A-4

experiments are in good agreement within experimental uncer-

tainty. For all results displayed in Table ESI-6, the kinetics was FodL)(KeodL) — koodS)

calculated by using eq A-F(, = Fou) WhereFi, = FssWas v = odl) — TkfS (A-4)
chosen by trial and error for B ice at 200 K. S es
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and in Figure 15%6:38 This leads to the conclusion that the non-
Arrhenius behavior ok at Tpreakis related to the chemical
(1= Dkeed kesdL) kinetic mechanism displayed in reaction 6 as opposed to a phase
7 D) - el wansiton.

Supporting Information Available: Tables of condensation
rate constants, evaporation rates, and equilibrium vapor pressures
for Cy, B, SC, and S ice and figure showing uptake coefficient
of H,0(g) as a function of temperature. This material is available
free of charge via the Internet at http://pubs.acs.org.

with
r=FL)/FJ{S

whereL andSare related to the large (L) and small (S) escape
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