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The kinetics of condensation of,£30 water vapor on B°0 ice was studied in the temperature range-140

220 K. The measurements have been performed in real time using the pulsed valve technique in a low-
pressure flow reactor. Ice samples were prepared by several different methods. The uptake cqeffiaient
observed to decrease with increasing surface temperature, and variegt froh06 to 0.8. A significant
dependence of on the method of preparation of the ice has been found. At 180 ,0.13 for single-

crystal ice, 0.18 for ice condensed from the vapor phase, and approximately 0.25 for bulk ice obtained from
freezing liquid 0. The uptake coefficient attained a valueyof= 0.8 at 140 K for cubic ice prepared by
vapor condensation at 140 K. The activation energy for evaporation©fdd low temperatures (14090

K) has been measured as 12.2 kcal/mol, whereas it decreases to 8.3 kcal/mol at higher temperatures (190
220 K). The rate of evaporation at 200 K corresponds to the loss of approximatgiyl @dormal monolayers

per second. The experimental results suggest the formation of loosely bound water adsorbed to the surface of
ice whose bond energy is estimated to be #.0.4 kcal/mol, independent of the type of ice.

Introduction lecular beam and optical interference techniqd€d.These
methods were aimed at investigating the changes on the ice

Ice nuclei exist in the earth’s atmosphere both as free gface, whereas other techniques are based on the measurement
particulates and embedded in cloud particles and hydrometeors ¢ e vapor phase in a closed system or in a fast-flow

Therefore, tropospheric and stratospheric clouds often Co”tainreactor1.3'14ExperimentaI values of the uptake coefficients range
ice? Moreover, ice is also an important constituent of ¢ approximatelyy = 0.03 to unity!! depending on the
atmospheric aerosotdce particles may originate in clouds by g rface temperature, on the experimental technique, or on the
deposition from the vapor phase or by the nucleation of type of ice used. Actually, no study has succeeded in establishing
supercooled water droplets® In short, condensation and  the cause of this variability in the value of In addition, a
evaporation of water on ice is essential to the occurrence andn mber of previous experiments have been performed at
formation of ice particles in the atmosphere, as well as to cloud (e mperatures where evaporation could not be neglected. There-
formation and growt.Consequently, condensation and evapo- fore, in such experiments, the rate of evaporation could not be
ration of water vapor on ice are among the most important separated from condensatiéfié To separate both processes,
fundamental atmospheric processes because thet control thene hypothesis was made in most of these studies that the
generation and growth of natural ice particles, which are thought congensation and evaporation coefficients were identfed.
to be important in global climate change issues. However, this assumption has been shown to be inapprop#iate.
The measurement of the condensation coefficient@ dn The present experimental results, together with a proposed
ice is therefore expected to be important in models describing simple mechanism, contribute toward a fundamental under-
the growth kinetics of polar stratospheric clouds (PSCs), for standing of the detailed processes ofCHcondensation and
the prediction of PSCs lifetimes and size distributions in the evaporation on ice at low temperatures. At the end of this paper,
stratosphere, and for cloud physids general. Ice also plays  we will discuss some of the implications of this work for the
an important role in the chemistry of aircraft contr&iis the growth and dynamic equilibrium of ice particles in the atmo-
upper atmosphere, especially at high cruising altitude (from 8 sphere, as well as for some aspects of atmospheric chemistry.
to 13 km). In addition, the rate of cirrus cloud growth seeded
by natural or contrail particles formed in jet aircraft exhaust Experimental
plumes is an active field of investigation in need of fundamental  \y/e describe the real-time kinetic measurement of the
kinetic parameters. Thus, a detailed knowledge of the condensac,ngensation rate constants and the rate of evaporation of water
tion and evaporation coefficient of & on ice seems to be 401 on ice. These kinetic studies have been performed using
important for modeling multlple.heterogeneous processes in the 4 low-pressure flow reactor. To experimentally separate the
lower stratosphere as well as in the upper stratosphere. evaporation rate of the ice matrix from the condensation rate
Measurements of the uptake coefficient of water on ice have of the probe molecules, the ice samples have been prepared
been the subject of numerous experimental investigations usingfrom D,1%0, monitored atm/e = 20, whereas the condensing

various techniques, such as gravimetric metifgdsand mo-  water injected into the reactor consisted of-&, monitored
at me = 22. Therefore, the term “ice” used in this paper
*To whom correspondence should be addressed. represents the condensed phase and always refeg30.The
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TABLE 1: Characteristic Parameters of the Knudsen Cell Used in This Study

definition symbol expression numerical vatue

volume Y, 1830 cnd

estimated reactor surface area An 1300 cn?

diameter of escape orificice Do 4,8, 14 mm

escape rate constant@§ = 14 mm Kesd sc= 1.77(T/M)%5 = 6.64 51

gas number density N N = Fi/(Vkesd® (1—-100)x 1P cm3

sample surface aréa As Ad =159 cn?
AZ=8cn?

collision frequency on surfaée ) w = A(T/IM)%5 w'=132s?
®w?=66.4s?

uptake coefficient y Y = ket

2 Calculated using the mass of the!8D molecule (22 amu) Values determined directly by experimefE; is the flow of molecules per
secondd Superscripts 1 and 2 refer to two cryogenic sample holders of different geometry.

rate of condensation and evaporation of 8@ molecules at  where[@Cis the average molecular velocity of the gas the
ambient temperatures on a'P0 ice surface has been measured geometric surface of the ice sample, anis the volume of the
at substrate temperatures ranging from 140 to 220 K. Thesecell. The uptake coefficieny is then determined from the
results have been interpreted using a mechanism made up ofmeasured rate constaky according to eqs 3 and 4.
elementary gas and surface processes, leading to the incorpora-
tion of D80 into bulk ice. The present measurements dem- [D,0O]
onstrate the influence of the method of ice preparation or of its b5 = *erlD0] 3)
thermal history on the measured kinetic parameters.

The eXperimentS have been performed USing a Teflon-coated The measurement &g, thus Of’)/, is based on the net Change
Knudsen reactor, which was part of a flowing gas experiment.
A detailed account of this technique has been given else- y =Kylw 4)
where!®20Briefly, the Knudsen reactor is mounted on a vacuum

chamber fitted with a quadrupole mass spectrometer. A given o the water partial pressure with time in the presence of an ice
number of gas molecules are injected into the reactor, using agypstrate. It therefore takes into account the rate of evaporation
pulsed valve, after which they effuse out of the escape orifice. uf jce. If the evaporation rate is insignificant compared to
During their lifetimer in the gas phase, which is the inverse of -yndensation. that is at low temperature, the net uptake
the measured effusion rate constiat the molecules undergo  cqefficient will be equal to the condensation coefficient, which
several thousand collisions with the coated wall and interact 55 often been called the sticking coefficient in the past.
with the surface of interest. An effusing molecular beam is  post experiments have been performed using the 14 mm
fprmed .at the escape qr!flce and is monitored asa fun.ctlon of escape aperture in order to study fast uptake rates. The signal
time using phase-sensitive mass spectrometric detection aftef, a5 recorded using the MS/lock-in detection combination at
it has been modulated using a rotating chopper wheel. The l0sSye = 22 for D,1%0. Because of the fast decay rates of the
of the vapor phase onto the ice is in competition with the 10Ss [gactive pulse, a sampling frequency of 500 Hz was needed.
through the escape apertu're and is c.om'pared to reference \ye avoid surface saturation owing to large doses gD
experiments in which the ice sample is isolated from the p yging the pulsed valve technique. The doses were determined
interacting flow. Absolute concentrations of water vapor in the fom the integral of the MS signai(t) of the corresponding
flow reactor are derived from calibration of the MS signals with eference pulses. The amount injected was varied by changing
gbsolutg flow rates obtained by r.ecordm'g the pressure changgype opening period of the solenoid valve or thg® backing
in a calibrated volume as a function of time. . _ pressure in the gas supply line. Typica!BD doses were in
We have performed two types of experiments: continuous ihe range 15—10' molecules per pulse, corresponding to the
flow and pulsed valve experimerits.Most of the reported  condensation of approximately 10% up to several formal
experiments correspond to transient supersaturation using 3monolayers of condensed, 50 molecules.
pulsed valve through which short pulses of several milliseconds 14 attain the present temperature range (280 K), we
in duration of water vapor were introduced into the reactor. The |,seq a sample holder described elsewRefEo test whether
molecules effusing out of the Knudsen cell have been monitored ihe sample preparation procedure had a significant impact on
in real time by mass spectrometry. In reactive experiments, in {he yptake kinetics, five different types of ice samples have been
which the ice sample has been exposed to,#®burst, the  prepared. The first, referred to as the bulk sample (B), consists
signal decay Keed is due to two independent competing  of jiquid D,60 water that has been poured into the well of the
processes, namely the measured rate of esdepednd the  sample holder at ambient temperature and rapidly frozen down

condensation ratexd). to 160 K within approximately 4 min. This sample was
. subsequently annealed at 240 K during 20 min. To avoid the
) = S exp(kese - ker)) @) inclusion of air bubbles in the crystal, the®O was previously

- . degassed by freezggump—thaw cycles in a vacuum line. The
By fitting the decay of both a reference pulsesf takeninthe  gecong, referred to as single-crystal ice (SC), has been obtained
absence of the ice sample and a reactive pligR € kesc + by freezing deionized PO water at a very slow rate in order
ker) we obtainker for the condensation of £%0 molecules on 4 ay0id the buildup of stress during crystal growth. The cooling
ice (Taplt_e 1). Under molecular flow conditions, we c_alculate rate was approximately 1/3 K/min. We assume that this type of
the collision frequencyw of the average molecule with the jce sample is characterized by very low surface defect densities
sample according to eq 2, such as dislocations or cracks.

The other samples have been obtained by condensation of
o = ([EAV)A, © D,1%0 from the vapor phase by admitting '8 flow onto
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Figure 1. Typical pulsed valve experiments 0610 vapor on a bulk
ice sample of B0 at 200 K. The reference pulse corresponds to the
decay of the MS signal atve = 22 in real time in the absence of ice
where the reactive pulse corresponds to the presence of ice.

Figure 2. Temperature dependencelq@f measured in pulsed valve
experiments for five different types of ice samples. A typical dose of
5 x 10' D0 molecules was used throughout.

TABLE 2: Typical Sample Data ke versus Temperature for

the sample well at the temperature of interest. Exposure of this Five Different Types of Ice

flow to the cold copper substrate of the sample well for a given temperature (K)

time resulted in a thick ice film equivalent to a few thousand ice® 140 150 160 170 180 190 200 210 220

monolayers depending on the dose. The texture of the depositsc  18.6 17 15.1

is porous, depending on the choice of the temperature of 20 191 17 16 172 18 15

formation22 Two types of ice condensed at 180 K from the B 353 348 3%%2 31 95

vapor phase have been investigated, namelsir@ G depend- 307 31.8 26.9 24

ing on the D0 flow rate, which was adjusted typically 35.3 34.8 332 225

between 18 molecules st (C;) and 164 molecules st (Cy), C, 38 344 35 322 321 333 292

respectively. C, 249 238 223 20 149 93
llowing the literature? 22we assume that the structure of 238 247 285 219 201 14

_Fo 9 ; . : 249 247 219 20 149 96

films deposited at 140 K from the vapor phase is cubic (K), 27.8 283 275 246 232 203 16.7 16.1 10

although there is still a large uncertainty in the accurate 27-% 278 257 24 227 211 183 154 102

temperature of phase transition between amorphous and cubicK ?j'g,

ices. The ice we call cubic may in fact consist of a mixture of 814

amorphous and cubic ices. At temperatures higher than 180 K, S 23 232 202 200 195 145 9.2

the condensed ice samples are polycrystalline in nature and asymbols are explained in the textCorrected according to ref 21

consist of a mixture of cubic and hexagonal #én addition, for the density gradient in the Knudsen cell. The correction factor equals

for ices condensed at 180 K, the degree of crystallinity is known approximately 1.2 (ref 21).

to depend on the deposition rafeBecause the growth rates in type is followed by the formation of a steady-state level after
the atmosphere are slowest for natural snow crystals, ice grown yp y Y

at slow rates from the vapor phase has garnered increase(f’rior single-exponential decay. The signal remains constant for
attention during the present work. Thus, we have prepared ice® few seconds gnd subsequently dec.re.ases o its initial back-
samples by vapor condensation on the cold sample holder (zooground level. This steady-state level originates from the balance

i 1
K) at ambient pressure. At 1 atm, the growth rate of ice is limited between_the rate of condensatiigng [D2%0], the rate of
by molecular diffusion of B0 toward the crystal sur- evaporationRe,, and the escape of the molecules out of the

. . 180]. The height of this steady-state level depends
face28:27This type of ice had the appearance of a fluffy powder "€2Ct0rkes{D> gnt Yy € dep
and is referrgdp to as “snow” (Sp)pin this work bffeycguse it on the temperature and thus is related to ta¥® equilibrium

: : apor pressure.

resembles powdery snow inasmuch as appearance is concerned’ . .

During the kinetic measurements, all the ice samples were keptonV://ZrifgSL rtnezzug(:?céhgarritﬁe?gfim fg:a‘igp::?;skﬁﬁ g‘rom
at equilibrium under steady-state conditions by setting an 140-220 KyQI'he dose of E}E‘O used Fi‘or all the ug te?ke
additional constant externabBO flow so as to cancel evapora- ’ P

I i 0,
tion and condensation rates, thus resulting in no net Watervapormeasuremgnts IS equwalgnt to 50% ofsa formal monolayer,
uptake. corresponding to approximately % 10 molecules. The

temperature range used in this study was given by the stability

Results of the corresponding ice samples. The uptake coefficients are

A typical result of a transient supersaturation experiment is calculated from measured valueskef by dividing through the
shown in Figure 1. In this example, the pulsed valve was openedappropriate values @b corresponding to experiments in several
at 0.2 s for 1 ms resulting in a dose of>5 10> molecules flow reactors of different sample areAs (Table 1).
injected into the Knudsen cell corresponding to approximately  The results for the five different types of ice substrates are
0.5 nominal monolayers. The,5O molecules interact withice  displayed in Figure 2 and summarized in Table 2. We have
and the resulting MS signal was monitored as a function of tested the thermal stability of each ice sample during experi-
time. Typically, the pulses depend on the dose, the temperaturemental runs by investigating potential hysteresis effect&gn
and the type of ice sample used. A reference pulse in the absencdy first increasing the sample temperature from 140 to 220K
of an ice substrate is characterized by a single-exponential decayand then decreasing it, as shown in Figure 3. Since no hysteresis
kqecand simply corresponds to the effusion of#D. The second was detected, it may be concluded that the sample surface is
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Figure 3. Temperature dependence ke obtained in pulsed valve _ Dose (molecules per.pulse) _
experiments on an ice sample (C) condensed at 170 K. The experimentFigure 5. Dose dependence &y measured in pulsed valve experi-
was started at 170 K by increasing the temperature to 22@) (  ments at 195 K on a condensed ice (C) sample.
Subsequently, the surface temperature was decreased from 220 to 140

K (). TABLE 3. Typical Mean Values of ke versus Temperature
for Four Different Types of Ice (See Text for Explanation of
90 e ‘ - R Symbols)
1 type of ice temperature
80 - 4 106 & samples (K) Ketf s—1y
i N ! 2 C 175 26.4+0.9
~ 701 . o5 © 180 25.3+ 0.6
0 . } T g 195 16.9+ 1.3
— 60 i ) 190 15.8+ 4
5 1 ‘ ° 140 28+ 3
> 5o b ] 04 X B 180 478+ 6
7 4 : g 190 31.8+4
a0 [ 4 05 2 200 39.7+ 3
r ' SC 140 204
ol K 140 75+ 10
130 140 150 160 170 180 190 200 210

Additional experiments have been performed to investigate
Maximum temperature of annealing the dose dependence of the pulsed condensation process
Figure 4. Effect of temperature okes measured at 140 K. The cubic  conducted as a transient supersaturation experiment. Results,
e o e & e o v o s campio JSBEYed I Figre S have been obained fo a condensed ce
was anﬁegled befc?re performing the uptake measurement at 140 E sample (.C) at 180. K. The injected dqse was varied over 4 orders
of magnitude. This range was obtained by changing the pulse
length as well as the £PO backing pressure. The lower limit
(approximately 18" molecules per pulse) is given by the
sensitivity limit of the mass spectrometer, whereas the high end

stable during uptake measurements. A significant negative
temperature dependence k¥ is observed for four samples

(Figure 2). The data show two distinct regimes of temperature of the dose range of approximately!#@nolecules per pulse is

dependence. In the low-temperature regime, a slight negative iven by molecular flow limitations. As shown in Figure 5, no
temperature dependence is observed. At higher temperaturesg y : 9 ’

the dependence is more pronounced, and for all three ice sam IecIose dependence is observable at 180 K within experimental
. P P ’ P'€2rror. Other experiments, summarized in Table 3, clearly indicate
investigated,y drops to 0.06 when the sample temperature

reaches 220 K. One of the main conclusions of this work is that no dose dependence is observed at other temperatures (160

- . S . 210 K) either for all types of ice investigated. These results
that the uptake coefficient of 8O on ice significantly varies ) yp g

) thus confirm the first-order rate law &t for all types of ice
between 0.06 and 0.8 in the temperature range-220 K. in the temperature range 14Q20K.

The magnitude of the uptake coefficient seems to be strongly  Finally, Figure 6 shows the vapor pressure as a function of
influenced by the type of ice sample (Figure 2). The present reciprocal temperature calculated frogz and the steady-state
work deals with the kinetic consequences of different structural part of the MS signal after pulsed condensation (Figure 1) for
features of ice synthesized in the laboratory. We refrain from different types of ice samples. For doses exceeding a certain
structural proof of the ice investigated and simply follow the threshold value, the formation of a steady-state level is observed
published procedures in order to obtain ice of a certain type. after the decay of the pulse (Figure 1). This level corresponds
At 140 K, we observe a value gf = 0.8 on cubic ice (K),  to the equilibrium vapor pressure of,#80 at steady-state
whereagy = 0.16 has been measured on single-crystal ice (SC) sustained by the rate of evaporatiBa, which persists for a
at the same temperature. Because the valuészpfind hence given amount of time depending on the quantity of'%D
of v, seem to be very sensitive to the nature of the ice sample, condensed on top of bulk £0. To calculate the equilibrium
we have measurekk at 140 K on four condensed cubic ice  vapor pressure, we have uskg and determined the rate of
samples (K) after which they were annealed at different evaporationFe, from the steady-state levELs which appears
temperatures and subsequently cooled to 140 K for anotherafter the pulse. It is thus possible to separately deterrkipe
measurement & The results are shown in Figureld; drops and Fe, within the same pulsed valve experiment if a steady
significantly when cubic ice (K) is annealed at 180 and 200 K, state is established on a particular ice sample such as on bulk
leading to a value identical to that for a bulk ice sample (B) ice (B). Fey is calculated according to eq 5 based on a simple
measured at 140 K. two-state equilibrium model for #D condensation and evapora-
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Figure 6. The calculated vapor pressure in the temperature range 170
200 K. The measurements have been performed on a bulk ice (B)
sample, where the measurement$ &nd (A) have been performed on
the same sample. The solid line is the value of the equilibrium vapor

pressure according to Jancso etal.
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With kinetic data on condensatiokef) and evaporationHe,),
the equilibrium vapor pressufeq of D2*¥0 may be calculated
according to eq 6:

(®)

P, = RT=

ke

ev

KeitV

RT (6)

The calculated equilibrium vapor pressiRg, displayed in
Figure 6 for bulk ice samples on the basis of transient dafg (
is higher by a factor of 3 compared to literature values. For
example, we have determined a value of 2073 Torr at 200
K compared to 8 1074 Torr given by Jancso et al. and Marti
and Mauersbergér? However, steady-state evaporation experi-
ments on bulk ice (B) using two different reactor orifices, which
are not discussed in detail at this point but which are on display
in Figure 6, lead to equilibrium vapor pressures in agreement
with literature values. For the “snow” ice sample (S), no steady-
state level has been observed, even for high doses ¥f 10
molecules per pulse, presumably due to fast surface diffusional
processes of B0 into internal adsorption sites of snow in
deeper layers of the sample.

Discussion

The pulsed valve technique provides a convenient method

Chaix et al.
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Figure 7. Arrhenius representation of the condensation rate constant
kert Obtained in pulsed valve experiments for three different ice samples.
C: and G refer to ice condensed from the vapor phase using high and

low flow rates of B0, respectively.

TABLE 4: Activation Energies E, of ke Measured in Two
Different Temperature Ranges for Four Different Types of

Ice
type of ice
sample Ea (kcal/molyp Ea (kcal/moly
B —0.26+ 0.13 43+ 1.7
C —0.24+ 0.05 —42+1
C —0.28+ 0.07
SC —0.25+ 0.08

aLow-temperature range (1490 K).® High-temperature range
(190-220 K).

Temperature and Dose Dependence ofkew: Standard
Enthalpy of Sublimation AHgy, of Ice. As indicated in the
previous section, all experiments performed on various types
of ice reveal a pronounced negative dependencecpfok
temperature. An Arrhenius representation is displayed in Figure
7. 1t clearly shows two distinct regimes of temperature
dependence for each sample. In the high-temperature regime,
ket changes faster with temperature compared to the low-
temperature regime; drops to 0.06 for all types of ice at 220
K. Because these latter measurements have been performed at
temperatures where the ice sublimation rate is appreciable, these
low values ofy may be attributed to competitive evaporation
resulting in a significant decrease of the netd uptake. The
temperature of transition between these two regimes depends
on the type of ice. The transition occurs at 200 K for a
condensed ice sample {C;) and at approximately 190 K for
bulk ice (B).

From the temperature dependence of the kinetics, we have
determined the activation energy of the condensation and
evaporation process. Surprisingly, the values of the negative
activation energies dofst seem to be independent of the type
of ice. Table 4 displays some of the calculated values of the
Arrhenius activation enerdy,. In the high-temperature regime,
the mean energy of activation &fs is —4.3 + 1.5 kcal/mol.

The uptake data in the low-temperature regime lead to negative
activation energies of-0.25+ 0.08 kcal/mol. The values for
the net rate of evaporatidR,, calculated according to eq 5 lead

to a positive activation energy for evaporatibg, of 8.3 & 2
kcal/mol. The rate of evaporatidf, reveals the surface to be
very dynamic as has been pointed out beférat 200 K about

to measure the kinetics of heterogeneous processes in real timez0 +-10 monolayers s of D,'80 evaporate and condense at
To characterize the process of condensation and evaporatiorequilibrium (Figure 8). By taking the difference of the activation

of water on ice and its mechanism, we have investigated the

energies ofkesr and Fey calculated from steady-state levels in

dependence of the kinetic constants on various parameters suclhe corresponding range of temperature, we arrive at the heat
as temperature, injected dose, or the manner in which the iceof sublimationAHgp Of ice. As shown in Table 5, whatever

samples have been prepared.

the nature of the ice sample, the difference in activation energies
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10" e . — attribute this lack of evaporation to the porosity of these
SN v Buk ce sample ] condensed ice samples. They obviously do not suppost#D
10 L >~ < R 1 vapor pressure in the aftermath of al#D pulse, whereas the
: . e : bulk ice (B) surfaces let P80 molecules evaporate back into
e ~ v Condensed ice sample ] .
0 . “ ] the vapor phase. Therefore, a large fraction of the condensed
e 107 F o "x,,_m ~_ E water molecules may be retained inside the porous texture of a
b, , \‘ ~ ] condensed ice (C) sample32 unable to desorb on our time
~, 10" 3 T T 3 scale of several seconds. However, this transient effect of the
e a '\\ h T 3 lack of vapor pressure above a condensed sample (C) is not
10 L '\'\ 1 ] due to an isotope effect between ordinary'@) and heavy
: v ] (D2*0) water. Heras et & have measured the vapor pressure
10 I D R D of D0 ice at temperatures below 273 K to be lower than the
46 48 5 52 54 56 58 6 6.2 pressure measured above'# ice. However, this decrease is

insignificant and amounts to a few percent of the vapor
pressuré? It can therefore not account for the transient decrease
of vapor pressure observed on condensed ice (C) in the aftermath
of a D0 pulse.

1000/Temperature (K'1)

Figure 8. The rate of evaporation measured on bulk ice (B) samples
in the temperature range 17@00K from pulsed valve experiments.

TABLE 5: Activation Energy of Fg, and ket Measured in Another manifestation of this morphological difference
Two Different Temperature Ranges for Bulk Ice (B) between bulk (B) and condensed ice (C) is shown in Figure
temperature range (K)  Econa (kcal/mol) Eev (kcal/mol) 10. At 180 K the condensation of &0 pulse corresponding
140-190K 2024+ 01 1122+ 05 to a dose of 5< 10'° molecules generates a steady-state level

190-220K 42417 48341 on a bulk ice sample (B). However, when a'D pulse of

. . . identical dose is interacting with a condensed ice sample (C),
of kett andFey in the low-temperature regime results in a standard \, steady-state level was observed because the condensed probe

heat of sublimatiom\Hsu, = 12.5+ 0.6 kcal/mol. This value  mgjecules are trapped and retained inside the porous texture of
is in good agreement with the literature value of 12.2 kcal#hol  the condensed ice (©).

deduced from the measurement of the temperature dependence
of the vapor pressure of 8 over ice. At this point, we would
like to underline the thermochemical relation of the condensation v
and evaporation processes where the difference of the measureg
activation energieEqong — Eey Closely matches the enthalpy of
sublimationAHs,p as obtained from a separate experiment.

In conclusion, the negative temperature dependence of the
net uptake rate constari£) as well as the increased transient
apor pressure of £80 after pulsed injection suggests the
xistence of a precursor species whose bonding to the ice surface
is weaker than that for #0 molecules making up the bulk state

of ice. This assumption is confirmed by the absence of a steady-

onvllr?etecro\ézig ct)énpcrezthj\:veé ;; grr]c()jvrl)(:e t?]r; '(';dsiﬁgﬂg;nf/;hsfk state level when using a snow sample (S), which is characterized
y v q P by a significant internal surface.

pressure of water has been calculated as a function of temper- .
Influence of the Type of Ice on the Kinetics.At 140 K,

ature. The values d?.qobtained when usinkes from bulk (B) R4
and single-crystal ice (SC) are higher by a factor of 3 or 4 and OUr results clearly indicate thisgy andy depend on the type of
ice sample; values obtained at this temperature on both single

therefore in disagreement with literature da#&This apparent i : ' ;

discrepancy may be attributed to the way the experiment hasCryStal ice (SC) and cubic (K) ice strongly differ. At 140 K the
been performed, namely as a transient supersaturation experiflighest uptake coefficient for £#0 of y = 0.8 was observed
ment of D20 in the presence of £O ice. An increase in the for cubic |ce.samples (K),. whereas it decreased 9 0.15 for
transient vapor pressure 060 of a factor of 3 or so in the ~ UPtake on single-crystal ice (SC) at the same temperature.
range 176-220 K is equivalent to warming the ice surface by ~ EXxperiments performed at 180 K on bulk ice (B) or single-
5 K. However, we attribute this transient increase 8D over crystal ice (SC) confirm this result. The surface of hexagonal
ice to the presence of a loosely bound precursor species in thesingle-crystal ice (SC) is characterized by lower densities of
aftermath of pulsed condensation for two reasons: (a) the extentsurface defects because of the slow cooling conditions. Rapid
of the increase of the £PO vapor pressure is independent of cooling of deionized liquid water resulting in bulk ice (B) leads
the dose of B0 used to perform the experiment and (b) to formation of stress cracks during crystal growth as we have
steady-state uptake experiments, for which a larger warming observed from photographic pictures where the formation and
of the ice surface is expected, fail to show any discrepancy with Propagation of cracks become apparent. The surface of a bulk
the equilibrium measurements of Jancso éfaind Martiand ~ ice (B) sample may therefore be more disordered than the
Mauersberget The kinetic model involving the precursor will ~ surface of single-crystal ice (SC). We expected therefore that
be discussed below. Figure 9 shows that the condensation ofthe kinetics of condensation of water on ice strongly depended
D,!80 molecules detected at/e = 22 practically covers up ~ on the density of surface defects. When the concentration of

the D,1%0 ice surface and for a short time prevents to a large defects is important, the condensation is apparently faster

degree the evaporation of,#50 detected at/e = 20 (lower because these defect sites strongly interact with the gas phase.

trace in Figure 9). The resulting perturbed total water vapor Thus, ke measured on single-crystal ice (SC) at 180 K is a

pressure is therefore made up of contributions ef0 and factor of 2 lower than that on bulk ice (B).

D,180 as may be seen from a superposition of both traces in To test whether the surface properties of ice affected the

Figure 9. uptake kinetics, we have compared valuekgfmeasured at
This transient effect was only observed fof'#D condensa- 140 K on a condensed cubic ice sample (K) that was

tion on bulk ice (B) and single-crystal ice (SC), as vapor phase subsequently annealed at different temperatures. The results are
condensed ice (C) did not support a measurable vapor pressurshown in Figure 4. The value dég, measured at 140 K,
except at very large injected doses. Therefég,was found decreases by a factor of 2 when the condensed cubic ice sample
to be immeasurably small for condensed ice samples (C). We(K) is annealed at 210 K, leading tokas value identical to
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Figure 9. MS signal of reference and reactive pulsed at 200 K of D,*80 reacting with a bulk ice (B) sample. The signal corresponding to
D,%0 represents the effusing beam of water molecules originating from the ice surface and leaving the reactor.

surface structure and a large fraction of incompletely coordinated
surface water moleculé83*Moreover, annealing of cubic ice

(K) may be accompanied by the decrease of surface disorder
and by the reduction of the number of incompletely coordinated
surface water molecules. At the annealing temperature of 180
K, a transition of the ice structure from cubic to hexagonal is
expected32431.823Many groups have shown that an ice sample
obtained by vapor condensation that is annealed to a temperature
exceeding 200 K undergoes changes in its internal surface area.
They suggested that this reduction of the internal surface was
caused by closure of pores upon annealing and sintering. Thus,
we propose that these structural changes are accompanied by
the disappearance of energetic surface sites allowing efficient
rdrtorer condensation and are in turn characterized by high values of
T T T T ket and thus ofy. Our experiments thus suggest that both the

MS-Signal [a. u.]

00 e = method of preparation and the thermal history of the sample
Figure 10. Reactive pulsed valve experiments performed at 190 K: influence its kinetic properties, which are strongly affected by
(a) pulse of 5x 10% D,*%0 molecules interacting with aAO bulk the morphology and the microstructure of the sample.

ice (B) sample and generating a steady-state level; (b) pulse>of 5 On the basis of the present results, we suggest that the
10® D,*O molecules interacting with a £50 condensed ice (C)  jitterent values ofy reported in the literature may partly be
sample, no steady-state level observed; (c) reference pulsg£%¥ b . - . .
5 x 10 molecules. reconciled if we assume that uptake experiments were taking
place on samples generated by different methods of preparation
that for a bulk ice sample (B) measured at 140 K. The data and on samples of different thermal history. We are thus
presented here indicate that the annealing process of cubic iceproposing an explanation for the large spread of uptake
changes its condensation kinetics compared to that measuredoefficients that were measured in previous studies and which
at 140 K. During the formation and slow deposition process of were ranging frormy = 0.03 to 1.0 (Table 6). Figure 11 displays
cubic ice (K), the rate of surface reconstruction to a lower the values ofs obtained by Isond® which agree with our results
potential energy structure is obviously slow in comparaison to measured on bulk ice samples (B). AutH8& who measured
the rate of condensation. Therefore, cubic ice may have a morehigh values ofy (above 0.6) have performed their experiments
energetic and thus more reactive external surface. In addition,on ice prepared by vapor condensation at low temperatures.
its texture may be porous or microporous, with a highly irregular These previous studies seem to be roughly consistent with our
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TABLE 6: Selected Values of HO Uptake Coefficients on Ice

y temperature range (K) method reference
1.00 213-233 gravimetric Kramers and Stremerding, 1953
0.83 133-158 gravimetric Koros et al., 1962
1.00 150 IR absorption Tolbert and Middlebrook, 1390
1.00 145 optical interference technique Brown et al., 1996
0.98 293 vapor flow loss Leu, 1988
0.05 285 liquid evaporation Delaney et al., 1964
0.05-0.35 165-220 ice crystal radial growth Isono, 1968
0.026 295-298 droplet radial growth Sinarwalla et al., 1975
- e ] 3.5 Eb
. sh %
Results of this work - R H
- ) £ty El
8 &?s E v+ —fit
£ T ,C = exp
o1 [ E S 2,
:.)) A AA c,_) E+ E
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time (s)

Figure 11. Comparison of B'%0 uptake coefficients measured in this ] ) ) ) )

work (hatched area) with literature valuesl) Tolbert and Middlebrook ~ Figure 12. Display of a MS signal of a typical pulsed experiment at
(1990)#7 (A) Brown et al. (19962 (®) Koros et al. (1962)° (a) Isono 140 K where a dose of 10 D,'®0 molecules was injected on a
(1968)3° (#) Leu (1988)!4 (W) Delaney et al. (1964% (¥) Sinarwalla condensed ice sample together with the model fit.

et al. (1975)3

species (m(gas) HzO(ads) and FkO(bu"()). Hzo(gas) is experi-

SCHEME 2 mentally observable, whereas®ags) is not and may never
ki ks | exceed the number of geometric surface . sifs which
SS+H,0 HO0(ads) SS +HO(bulk) corresponds to the number of molecules making up one formal
y ko ¢ k4 monolayer. The free surface sites SS obey the mass balance

relationS = SS+ H2Oads)

results. However, a systematic comparison with our results is  1he goal of this part of our work is to find a set of four rate
not possible because they did not describe the details of theirconstants that give the best fit to the measured time-dependent
ice sample preparation. MS signal of Hgo(gas)m each.e.xperlment. Assuml@ = 1015.
Model Calculation. The negative temperature dependence molecule cm? and using the injected (_jose as experimental input
of the net D8O uptake leads us to propose a complex data, we are able to adjust the four fit paramekers, ks, and
mechanisr?®in order to interpret the condensation of water k4 in order to find an overall best fit &, which generally
molecules on ice. This mechanism, which had been proposedresulted in excellent agreement betwelen calculated and
by George and co-workefsbut was later dropped because of _observed (Figure 12). ‘I_'he modeling has_been extended to
new experimental resultg, involved the formation of one include several types of ice samples spanning the temperature

precursor species onto the surface of ice in what was called@nge 146-200 K (Figure 6). Table 7 shows representative
precursor-mediated adsorption o5®ion ice. results of fitted model rate constants at different temperatures

We similarly interpret our experimental results by using a for three different types of ice.
simple kinetic model in terms of elementary gas and surface  Figure 13 displays the best fit of the calculated valuek.pf
processes. Both the negative temperature dependence and tH@ the experimental data represented as symbols as a function
first-order rate are consistent with a precursor mediated mech-of temperature obtained for each type of ice sample. The results
anism. This mechanism, in which,8,qs)assumes the role of ~ from Table 7 show that the variation & observed for the
precursor, has been described by Scheme 2. different types of ice samples is mainly due to a change in the

As briefly mentioned above, condensation occurs when a gas-rate constank;, which, however, is temperature independent.
phase molecule ¥#Das) is trapped by the ice surface on a The other kinetic parameters for desorptida, (i) and for
condensation site SS. This condensation, characterized by théearrangement and thus the incorporation of the precursor state
adsorption rate constaki results in the formation of a precursor  into bulk ice ks) are less dependent on the type of ice
species |20(ads) which consists of water molecules more weakly investigated but depend on the temperature. This indicates that
bound to the surface than ,8puk making up bulk ice. the rate of condensation is strongly controlled by the kinetics
Subsequently, the precursor species may desorb into the ga®f adsorption of HO on surface sites of ice, SS, thus leading
phase in a first-order proceksor may rearrange to bulk ice to 10 H2Ogs)in a kinetic process without an energy barrier.
become a thermodynamically stableQui) within the ice in Table 7 also presents the activation energies for the rate
a first-order procesks. constantski, ke, ks, ks) found by fitting ker. All the constants

The above mechanism is given by four rate constants ( have positive activation energies larger than or equal to zero.
ks), each with a potential positive activation energy, and by three In particular, we find zero activation energy fior, as expected
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TABLE 7: Temperature Dependence of the Model Rate Constants (see Scheme 2) in the Systeg®D Vapor/ D,O Ice for
Three Temperatures

single-crystal ice (SC) condensed ice (C) bulk ice (B)
T(K) kb ke kst kb ki kot ks® ks ke kot kst ke
140 19 0.5 153 0.005 26 0.6 120 0.005 38 0.3 80 0.02
170 19 5 230 5 26 6.0 180 0.700 38 25 130 25
200 19 29 310 29.0 26 35.0 243 27 38 25 160 54
E; (kcal/mol) 0 4.0 0.6 7.4 0 3.8 0.67 8 0 3.9 0.64 8.2
AHg, (kcal/mol) 10.8 11.1 11.5

a AHsup = E; — E» + E3 — E4. Pk is expressed in moleculést. The rate constants take into account the surface-to-volume ratio of the flow
reactor used in the present work (Tableut). ¢k is expressed in's.

40 ¢ — ‘ — 0.3 sites SS are bound to_the ice surface by three hydrogen. bpnds.
35 b v b In comparison, HOwuik is bound by four hydrogen bonds within
r Vel - 0.25 . a stable ice crystét At this point, we refrain from assigning a
30 N 5 specific bonding situation of D (ads)in terms of the number of
~ A N 0.2 é hydrogen bonds. We stress that the properties dds)have
) 25 = - by \ 1 ] been derived owing to its kinetic behavior, and it suffices to
£ 20 F oy \A\ 1015 °© state that it is a species more loosely bound tha@i). The
= f Y ] % formation of a precursor species has already been proposed by
5e o Single crystal e (SC) \ 101 B George and co-workets and Davy and Somorj#i who
10 E —& - condensed ice (C) assumed that this species consisted of water molecules attached
. — ¥ - Bukice(®) ‘ 1 0.05 to the surface by one or two hydrogen bonds.

In addition, the process of incorporation of the precursor
species into bulk ice involves the small barrieyof 0.7 kcal/
Temperature (K) mol. The enthalpy difference between the precurs@ds and
Figure 13. Comparison of calculatekls obtained from the precursor- the bulk species b,o(bu'k) suggests that 4 is first Weakly bf?“”d
mediated condensation model (lines) with typical values of the uptake t0 the surface of ice by 4 kcal/mol upon adsorption. This result
coefficient of D80 on different ice surfaces (representative data are confirms that surface defects may significantly affect the overall
taken from Figure 2). uptake rate constarkey displayed in Table 7 through the
elementary rate constant for initial adsorptlanThe simulation
HzO(gas) confirms that the activation energy for evaporation (Table 5) is
N approximately 8 kcal/mol for the high-temperature range of our
Ez=4 kealmol ) experiments, where the rate of evaporation is controlled by
H2Oqads) | 7 Esozkontma ¥ processks, whereas it is cor_1tro||ed by botky andk; in th_e
\ low-temperature range. This means that the desorption of
H2Ods)is only limiting at low temperatures.

The present mechanism illustrates one possibility of how gas-
phase HO molecules are incorporated into bulk ice. The model
we have described may be regarded as a result of a sequence
of steps associated with definite activation energies correspond-
Figure 14. Reaction enthalpy and activation energies for the condensa- ing to distinct physical processes. It shows that the kinetics of
tion of water vapor on ice according to the mechanism presented in condensation is strongly controlled by the kinetics of the first
Scheme 2. step corresponding to the adsorption onto specific reaction sites

) o _ ofice, which may change from one type of ice to another. These
for an elementary adsorption process. The activation energiesyegy|ts support the possible influence of surface defects on the
for evaporationk, andky, are positive with values of 4 and 8 yerall rate constarkes; surface defects such as steps, cracks,
kcal/mol, respectively. The model thus predicts a heat of o gangling OH bonds may constitue favorable sites of adsorp-
sublimationAHsu,of ice of approximately 11.4- 0.5 kcal/mol tion onto an ice surface and consequently more efficient kinetics
at 200 K. When the_value is corrected to 300 K using publ!shed of adsorption of HO vapor. This assumption has already been
Cp values, we obtaim\Hsu, = 11.54+ 0.5 keal/mol, which is  made previously for the case of nonpolar adsorption of
identical to the value found experimentally within the error limits  yglecules such as Gfer CH, on ice3%40 The rearrangement
and consistent with the thermodynamic value gOHsublima- processk; may be understood by considering thaihyi is

tion_. ) _ held in place by four hydrogen bonds, whereas molecules on
F|gure 14 shows a reaction enthalpy pIOt derived from the the Surface, such aSZB(ads) are bound by a lower number of
activation energies of the modeled rate constants. The activationhydrogen bondét

energies clearly show the existence of two stable thermodynamic
states of water in the condensed phase within th®/ide
system. The first corresponds to the adsorption of gasegQs H
onto ice, resulting in a precursor state with a relative stability  Pulsed valve experiments were used to measure the conden-
of 4 kcal/mol with respect to #Dgas) The absence of activated  sation coefficients for B8O on ice surfaces for temperatures
adsorption ; = 0 kcal/mol) as well as the value &E = E; in the range 146220 K. The uptake coefficient was observed

— E;, points to a hydrogen-bonded state ofHon the surface  to decrease with temperature and varied between 0.8 and 0.06
of ice. In agreement with the literature, we may assume that depending on the type of ice sample. This decrease with

most of the HO surface species making up the condensation increasing ice temperature is consistent with a precursor-

120 140 160 180 200 220 240

\

\ Ea=8kcal/mol

\ Hngulk)

11 keal/mol

AH=
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Conclusion and Atmospheric Implications
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