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The microscopic events engendering liquid water evaporation have received much attention over the last
century, but remain incompletely understood. We present measurements of isotope fractionation occurring
during free molecular evaporation from liquid microjets and show that the isotope ratios of evaporating
molecules exhibit dramatic differences from equilibrium vapor values, strong variations with the solution
deuterium mole fraction, and a clear temperature dependence. These results indicate the existence of an energetic
barrier to evaporation and that the evaporation coefficient of water is less than unity. These new insights into
water evaporation promise to advance our understanding of the processes that control the formation and
lifetime of clouds in the atmosphere.

1. Introduction as anet process$;” and some studies of uptake have been
) interpreted has having implications for evaporafion.
Over the last century, numerous experiments have been pany of the net evaporation studies have focused on
conducted to elucidate the mechanisms that control evaporation getermining the evaporation coefficient) for water. The term
condensation, and trace gas uptake on the surfaces of water and_ is defined as the ratio of the observed evaporation rate to

other liquids. The macroscopic processes of evaporation andne theoretical maximum rateJe(ma) given by the Hertz
condensation are governed by the microscopic processes thaknudsen equatiof,

transport individual water molecules across the interface from

the bulk liquid to the vapor, and vice versa. Besides being of Psat

fundamental interest, these basic processes are important in Je,maxzm_ (1)
atmospheric phenomena, e.g., in controlling the formation and m

persisterlcle of clouds and in Changing the Cqmpositiqn, reaCtiVity, Wherepsatis the saturation vapor pressum,is massk is the
and radiative properties of aerosdfThe microscopic mech-  Boltzmann constant, arilis temperature. Accordingly,
anism of evaporation can be described as a multistep process

wherein a liquid-phase molecule diffuses to the interfacial region Jeobs = VeJe max (2)

and, after a characteristic residence time, either evaporates or

returns to the bulk liquid. Few experiments have probed these At equilibrium, the net evaporative flux equals the net conden-
individual molecular processes directly. Due to the high sation flux Jeeqm= Jceqm. However, it isnot a requirement
volatility of many important liquids, evaporating and condensing that these microscopic rates of transport across the liquid water
molecules undergo many collisions in a gaseous layer near thesurface proceed at theaximunrate, namely withye = 1.

surface, and bulk samples of volatile liquids are always TO date, there has been no definitive experimental determi-
simultaneously undergoing evaporation and condensation, therebyhation of ye for water. Values ofye spanning 3 orders of
greatly complicating direct study of either process in isolation. Magnitude have been reported, with the most recent measure-
Here, we report on experiments in which liquid microjets are Ments indicating thage > 0.1°7 It has often been concluded

used to enable studies of evaporation from liquid water as athat ye = 1 even when smaller values were experimentally
unidirectional process. observed®'1 The major sources of uncertainty in the determi-

: : tion ofye appear to be (i) surface contamination, (ii) the ability
Molecular beam scattering experiments on very low vapor "& Ve A .
g exp y p to specify the surface temperature accurately, and (iii) the ability

pressure liquids (e.g., glycerol, squaline, and concentrated H -
SOy) have contributed much to our understanding of the to accuratelyaqcountfor r(a_condensathn. Although mar_1yauthors
focus on the first two points, this third point is particularly

fundamentals of uptake and condensation and have providedim ortant, given that nearly all previous studies on the evapora-
new insights into the microscopic events involved in condensa- p 9 yalp P

tion2 Correspondingly, detailed studies on the evaporation of 282 dcg':;qali;gnwwa;r ;Ai/errmﬁiic)s:nftorl\wc?rde:\?gre;ﬁonr((jalvtli%zz V;Q:::I?s
high vapor pressure liquids (in particular, water) as a unique g : anp P

process, separate from condensation, are far f&mithough a to determiney, for liquid water have measuredbsolute

significant amount of literature exists on liquid water evaporation evaporation rates z?md then related thgse absqlu_te ralgsdo
Because evaporation and condensation are intimately coupled

F— — processes, studies of water condensation are also relevant.

. University of California, Berkeley. However, as with the evaporation coefficient, there is no
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Figure 1. (a) Schematic of evaporation and mass accommodation
(uptake). For evaporation, molecules from the bulk liquid must first

(1) move from the bulk liquid to the surface and form a surface species
and then (2) evaporate before they are (3) returned to the bulk liquid.
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Figure 2. Schematic of the experimental setup. Evaporate from the
liquid jet is sampled through a 2Q@m diameter parabolic skimmer
into the transfer chamber and then into the quadrupole mass spectrom-
eter. The evaporate is measured via electron impact ionization where
the electron kinetic energy is 17 eV, allowing for specific detection of
the parent ions (bD*, HDO', and BO").

individual processes represented in Figure la are under con-
sideration because combinations of steps can produce distinctly
different constants representing aggregate processesy£0g.,
MA, even though the apparent definitions are equivalent (cf.
eq 2). For example, the differences in the individual steps
involved in the overall evaporation and mass accommodation
processes are shown in Figure 1b and will be discussed in detail
later.

In the experiments on evaporation described here, we make
use of small liquid microjets: < 3.5um) to create a physical
situation wherein essentially collisionless evaporation occurs
from high vapor pressure liquids (i.e., water) with negligible
recondensation. Isotopic mixtures of liquid water (rather than
pure HO) are utilized, allowing the consideration of evaporation
primarily as arelative process rather than as absoluteprocess.
Specifially, isotope fractionation factors associated with free
evaporation evap have been measured as a function of the
isotopic composition and temperature of the liquid. (Unfortu-
nately,a has been traditionally used to represent both isotope
fractionation factors and the mass accommodation coefficient.

Gas-phase molecules (4) incident on the liquid surface can (5) thermally For clarity, we usex to describe isotope fractionation and MA
accommodate with the liquid surface or (6) scatter inelastically. to represent the mass accommodation coefficient.) The observed
Molecules that are thermally accommodated can then either (2) desorbvalues of oevap €xhibit strong deviations from equilibrium

or (3) be accommodated into the bulk liquid. (b) Evaporation (right)

located between the surface layer and the bulk liquid, illustrated by

: N fractionation factors deqn) @and a clear dependence on the
and mass accommodation (left) models of mass transfer at the liquid

surface. For condensation, the dividing surface for mass transfer is

isotopic composition of the liquid, demonstrating that a sig-
nificant energetic barrier to the free evaporation of water exists

the dashed white line. For evaporation, the dividing surface is located and that the gvaporation coefficient for liquid water is, therefore,
between the surface layer and the vapor, illustrated by the dashed blackess than unity.

line.

water! Even the two most recent experiments in which the mass
accommodation coefficient was measured yielded conflicting
values, i.e., MA= 0.32vs MA = 113

2. Materials and Methods

2.1. General Experimental Design.The evaporation from
small liquid jets is nearly collisionless, thereby allowing the
determination of properties associated with free molecular

~ The evaporation and mass accommodation associated withevaporation. Also, the surface is continually renewed, thereby
liquids are often considered to be multistep processes (Figureminimizing the possibility of contamination by adsorption to

1a). Evaporation first involves the transfer of a molecule from the surface. The isotopic composition of the evaporating
the bulk liquid to the liquid surface (process 1). This surface molecules from a liquid jet was determined using a quadrupole
species can then either evaporate (process 2) or return to thenmass spectrometer operated in electron impact mode. Our
bulk liquid (process 3). Mass accommodation in nonreacting experimental setup consists of a three stage, differentially
systems consists first of thermal accommodation of incident pumped chamber system in which evaporate from the liquid
molecules with the liquid surface (process 4), and then, this jet is sampled into the mass spectrometer for the determination
newly formed surface species either enters the liquid (processof isotope ratios (Figure 2).

3), travels along the surface (process 5), or desorbs from the In the first stage, a liquid microjet (radius 2—15 um) is
surface (process 2) before it has a chance to be captured intaallowed to evaporate into a high vacuum chamber maintained
the bulk84.15In any experiment that probes evaporation or mass at a pressure e£10-4 Torr by a 150 L/s turbomolecular pump.
accommodation, it is important to clearly specify which of the At this pressure, the mean free pathi8.8 m,~10 times larger
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than the width of the evaporation chamber. The jet is collected energy to just a few electronvolts above the ionization threshold
into a liquid nitrogen (LN2) cooled trap after travelirgB cm such that only the parent ions are formed (i.e20X).16 The
in the evaporation chamber. Additional LN2 trapping is used electron kinetic energy used in these experiments is 17 eV,
around the liquid jet in the evaporation chamber in order to which is below the fragmentation threshold. Additionally, the
maintain a high vacuum in the presence of the rapidly absolute cross sections fop® and DO ionization by electron
evaporating liquid. The evaporating molecules are sampledimpact at 17 eV are identicét.Thus, the absolute isotope ratios
through a 20Qt:m diameter parabolic skimmer into the second of the evaporate can be determined by direct measurement of
“transfer” chamber. During sampling, the liquid jet is located the XO% currents. The observech®™ currents are proportional
within 500um of the skimmer entrance. A LN2 cooled plate is to the number of molecules evaporating from the liquid jet, and
located directly opposite the skimmer entrance in the liquid jet therefore, the observed isotope ratios are characteristic of the
chamber to further reduce the background signal. The liquid absolute isotope ratios associated with freely evaporating
jet assembly is mounted on a three-way manipulator to allow molecules.
for in vacuo control of the liquid jet position with respect to 2.3. Evaporation from a Liquid Jet. Nearly all previous
the skimmer entrance. The pressure in the transfer chamber isstudies on the evaporation and condensation of water suffer from
<3 x 1078 Torr under normal operating conditions, dependent the complication of the recondensation of the evaporating
upon the position of the liquid jet with respect to the skimmer. molecules (or the evaporation of the condensing molecules),
A LN2 cooled copper plate with a 3-mm aperture is located making it difficult, if not impossible, to directly probe evapora-
directly inline between the skimmer and the entrance to the third tion as a fundamental, molecular-scale pro€é&he conditions
chamber, which houses the quadrupole mass spectrometer. Thifor molecular evaporation are realized for a liquid jet when the
plate acts as a cold trap, providing significant reduction in Knudsen condition is satisfied, namely when the mean free path
background signals. Pressures in the quadrupole chamber ar€l) of the evaporating molecules is larger than the diameter of
maintained at<2 x 1078 Torr. the liquid jet @er). For water, the equilibrium vapor pressure at
The liquid jets are produced by pressurizing the isotopic 295 K is 19.7 Torr, corresponding 0~ 5.2 um. That is, on
solutions behind fused silica capillary nozzles using a high average, the distance between molecules undergoing simulta-
performance liquid chromatograph (HPLC) pump. Liquid jet N€ous evaporation is Sun. Thus, wherthe; < 5um, we expect

nozzles are produced by pulling standard 100i.d. (360um evaporating water molecules to experience very few collisions
0.d.) fused silica capillaries to the desired final nozzle diameter With other evaporating molecules on average. Additionally, the
using a commercial Claser micropipet puller. vast majority of collisions that do occur will not lead to

Allisotopic solutions were prepared gravimetrically from high reflection of an evaporating molecule back into the liquid but

: - N : will simply change the trajectory and speed of the evaporating
f)slgrtlgypszl_oaél; M@, Millipore) and DO (99.9% D, Cambridge molecule, and thus, the Knudsen condition is significantly

: . N relaxed.
The use of extensive LN2 trapping served to significantly g yanor density of water molecules around the evaporating

redupg background signals; however,. it was still necessary toliquid jet will fall off rapidly with distance from the center of
explicitly subtract the background contribution to the total signal the liquid jet ¢) approximately a§

prior to calculating the isotope ratios. The background contribu-

tion was determined by monitoring thex&™ (X = H or D) Fjet L

signals when the liquid jet was positioned behind, or “off”, the NN ~ (M)~ ——— 3)
skimmer entrance. The O™ values are taken as the difference VrE+ L2

between that measured “on” and “off”; i.e. ;& = X,0% ¢, —
X20%o. All isotope ratios presented were determined as these
background-corrected values. The background correction was
typically 5—10% of the total signals. A slightly larger back-
ground correction was often necessary feOHhan for HDO

or D;O as a result of contributions from ambient water to the
measured signal. In a typical experiment, thgX values are
monitored for 5 min in the on position and 5 min in the off y

position for~2 h total (~10 measurements total). Only the last " ) . kT

minute of each 5-min measurement period is used in the AMr) = (270 M) "= 5= (4)
determination of the isotope ratios. The reported errors are taken 270 P(r)

as the standard deviations calculated from 1) measure-
ments at each isotopic composition. Upon initial startup, the
observed background levels are out of proportion to the
composition of the liquid jet, with relatively highJ@* signals.
The background levels drop rapidly at first but afte2 h of
warm-up time are very constant and representative of the liquid
jet composition. All data is collected after this initial warm-up 2
period. The temperature dependence of the isotope ratios in the 1= f’i dr ~ \/—Zﬂocol psa(r)rjetl—ffl dr
evaporate was determined by measuring th®™Xsignals at colt™ roA(r) KT of Ji2 1|2
different positions along the length of the liquid jet, which cools )
rapidly by evaporation.

2.2. Electron Impact lonization. The use of electron impact  wherepsa:is the saturation vapor pressure of water for a given
ionization to ionize water molecules can lead to extensive temperature. Note that eq 5 provides an upper limit Nggi
fragmentation of the parent molecule if the kinetic energy of because it is assumed that it is appropriate to pgeto
the electrons is high. However, it is possible to tune the electron determine the vapor density at the liquid jet surface, i.e., that

wheren(rjey) is the water vapor density just above the liquid jet
surface,L is the liquid jet length exposed to the detector, and
let is the liquid jet radius. The total number of collisions
experienced by an evaporating molecule as it travels away from
the liquid jet is related to the mean free path at every point
along the trajectory away from the liquid jet, whélrés given

whereo is the collision diameter of a water molecutef =

2.6 x 1071° m)® k is Boltzmann's constant, and is
temperature in kelvin. The terp{r) is the pressure at a distance
r from the center of the jet. The average number of collisions
experienced by an evaporating molecule is then
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T T T T conclude that recondensation of evaporating molecules does not
significantly influence our results.

2.4. Evaporative Cooling of Liquid Jets. As a liquid jet
evaporates in a vacuum, the evaporating molecules transport
heat away from the liquid jet. The cooling rate as the jet travels
in a vacuum is dependent upon the evaporative flux away from
the jet surface)e (molecules/(r's)), the enthalpy of vaporiza-
tion, AHyap (J/mol), and the heat capacity of the liquis (J/

(mol K)). The temperature profile along the liquid jet as it
evaporates can be modefeatcording to

12

10

# of collisions
[=:]

AH
dT= —I—=* (6)
G
where d is an infinitesimal temperature decrease due to
evaporation eventd. is the ratio of the number of molecules
that have evaporated to the number that remain in the jet.

Accordingly, for a cylinder

Mg (Microns) JJ27r ., dZ] J
, . , == " qgt=2—""dt @)
Figure 3. Average number of collisions experienced by a water - 2 4 - Lp- r.
molecule after evaporating from a liquid jet surface at 295 K (solid Pigl T jer” A7) lig” jet

line) or at 273 K (dashed line) as a function of jet radiys)( For the ) ] o S
experiments performed hemg, < 4 um and, more typically, is around ~ Wherepjq is the density of the liquid andzds an infinitesimal
2 um (solid region). A few experiments were performed using larger ring around the circumference of the liquid jet. Combining eqs

size jets (crosshatched region). 6 and 7 gives
3.0 J. AH
d_T - _ e vap (8)
dt Pigler Cp
2'5 . . . .
= or, converting from time to distance along the jet,
o
Q
w 20 ?I'I dT _ ‘]e AHvapU PN d’epsat AHvap v (9)
c m} oV — T & int — T & f
2 3 dz Piigliet  Cp et V272mKkTPig"jeCp et
= )
15 . . .
] 2 wherem is the mass of the evaporating molecules apdis
G 3 the liquid jet velocity. ¢e is an experimentally determined
®q0 g parameter that describes the cooling of liquid microjets due to
S evaporation in a vacuuii.Given knowledge of the initial jet
L temperature, eq 9 can be numerically integrated to determine
05 the temperature at any position along the liquidTetassuming
that ¢e is known. Raman thermometry measurements of the
ool | | | | | do liquid jet temperature as it evaporates in a vacuum indicate that,
265 270 275 280 285 290 295 for small liquid HO jets (jer < 5 um), ¢e ~ 0.3521 For pure
Temperature (K) D,0, ¢ is somewhat smaller-0.252! The calculated temper-

Figure 4. Average number of collisions (solid line) experienced by a ature.vs'dlstance for I!qUId jets of different sizes at a constant
molecule evaporating from a 2/6n radius liquid jet as a function of ~ Velocity is shown in Figure 5a.
the jet temperature. Also shown is the mean free path of water assuming  In the above model of evaporation from a liquid microjet, it
saturated vapor (dashed line). is assumed that the characteristic temperature isuhdiquid
temperature and that no temperature gradient exists across the
ye = 1. The calculated values ®. (with L = 200 um, the jet (i.e., surface cooling is negligible such th&ts = Thui).
diameter of the skimmer) at two temperatures (295 and 273 K) Recently, it was demonstrated that the temperature at the
as a function of the jet radius are shown in Figure 3. Whgn interface of water as it rapidly evaporates is constant to a depth

< 3 um (typical of the experiments performed hereiN)g < of ~500um, although overall this thick surface layer was cooler
3.5, increasing ttco = 12 forrieg = 15um at 295 K. We have  than the bulk liquid water reservdit.It was concluded that
also calculated the average number of collisionsrfgr= 2.5 thermal mixing due to surface tension driven convection led to

um as a function of temperature (Figure 4). As the temperature the establishment of the observed uniform temperature layer.
decreases, the number of collisions decreases, fallinglto Given that the liquid jets used in this study are nearly 100 times
collision for water at the triple point (273 K). Consistent with  smaller than the thickness of this constant temperature layer,
these calculations, Faubel and co-workers observed that thethe assumption made above that the bulk liquid and liquid
velocity distribution of molecules evaporating from small liquid surface temperatures are equal appears valid. Furthermore, we
jets et < 5um) was indicative of free evaporation, while the note that the evaporative cooling model of Maas imple-
velocity distribution from larger liquid jetsrje; = 25 um) was mented by Davis et af3 wherein the establishment of a strong
significantly narrower due to collisional cooling upon expansion temperature gradient between the bulk liquid and surface is
from the vapor layer over the larger jét%.From this, we explicitly considered for evaporation from very large liquid jets
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Figure 6. Example of the measured scattered light intensity vs
—~ 290 scattering angle used to determine the size of the liquid microjets. The
é best agreement with theory is found f@t = 2.45um (—). Shown for
® comparison is the calculated profile for 2uh (---) and 2.5um (---).
5 285 . : o .
= mm from the jet nozzle tip. The intensity of the scattered light
© is measured on a photodiode located 20 cm from the liquid jet/
8 280 laser interaction region as a function of the scattering arigle,
£ from 0° to 22°. The intensity at a given angle is dependent upon
0] the size of the liquid jet and the real part of the refractive index
= 275 of the liquid (1.33 for water). As the liquid jet radius is
decreased, the number of oscillations observed in the angular
window decreases. The observed scattering pattern is matched
270 = l L l L with that predicted by Mie theory for scattering from a
0 1 2 3 4 cylinder?* This is shown for a 2.4am radius jet in Figure 6.
. The liquid microjet radius can be determined to within at least
Distance (mm) +0.05 .
Figure 5. (a) Calculated liquid jet temperature due to evaporative
cooling in a vacuum for a pure 8 jet with rige = 2.5 um (bottom 3. Results and Discussion
curve), 5um (middle curve), and 1@m (top curve) at a constant jet
velocity of 50 m/s. (b) Calculated liquid jet temperature for pup®H The dependence of the isotope ratiBs,{) observed in nearly

pure DO, and a 50/50 H/D mixture for a 2/m liquid jet flowing at
0.04 mL/min ¢ = 34 m/s). Note the different scales on thexis for
parts a and b.

free (ballistic) evaporation from small liquid microjets on the
liquid H/D concentration was determined by monitoring the
evaporate just as the liquid jet emerged from the nozzle, where
(jet > 100um), fails to describe the experimentally observed the liquid surface temperature is determined toTbe 295';
liquid jet temperatures from evaporative cooling in a vacuum. K. To compare theReyap Observed at different liquid H/D
The model by Maa actually predicts surface temperathuigiser concentrations, the ratios are referenced to the bulk liquid ratios
than the experimentally observed average jet temperature(Riq) and reported as light/heavy (L/H), e.g.;®HDO. The
measured by Raman spectrosc8@nd also that the jet surface ~ evaporation fractionation factoovap is defined aRevadRiq,
temperature is independent of jet size. This result holds evenanalogous to the equilibrium fractionation factotdm= Riapo/
when the theoretical maximum evaporation rate is assumed,Rig. Where Ryapor is the isotope ratio in the equilibrium
indicating that the surface-cooling model is not appropriate for vapor)?>?¢TheRjq values are calculated from the reactiosCH
describing evaporation from small liquid jets. + D20 = HDO using an equilibrium constant ¢f, = 3.84.

In calculating the jet temperature from the above model for For all isotope ratios, it was observed thafap,depends strongly
different isotopic solutions, we use the thermodynamic param- on the H/D concentration of the liquid (Figure 7a). At low
eters of pure KO and pure RO, weighted by the H or D mole  deuterium mole fractiongf), an apparent inverse isotope effect
fraction in solution. It is important to consider the isotopic €xists, and at highp, the observed fractionations are signifi-
composition when calculating the jet temperature because thecantly in excess of the equilibrium values. The observed
cooling rates for the different solutions (as based on the pure fractionation between 0 and DO is approximately twice as
H,O and pure BO measurements) are noticeably different greatas that betweern,@ and HDO or HDO and ED, although
(Figure 5b). this depends explicitly onp.

2.5. Sizing of Liquid Microjets. To accurately determine The value ofoevapfrom a larger liquid jet (e = 15um) was
the size of small liquid jets, we employ a method wherein the also measured gb = 0.825. For larger jets, a quasi-equilibrium
angular variation of the intensity of light elastically scattered vapor jacket is established around the jet due to the greater
by the liquid jet is measured. A HeNe lasdr< 532 nm) is number of collisions experienced by evaporating molecules, and
intersected perpendicular to the liquid jet at a distarc8.5 recondensation of evaporated molecules consequently becomes
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(a) 30F T | T | _] for each isotopomer will depend explicitly ope and y..
However, because there is no netaporation or condensation
25 at equilibrium, ye and y. play no role in determining the
) thermodynamic equilibrium propertyeqm Given the definition
of the evaporation and condensation fluxes, it is required that
20 ye = v for each isotopomer at equilibrium.
g As a system moves away from equilibrium, evaporation and
15 condensation become unbalanced, and the absolute vajye of
3 will begin to control the isotope fractionation. For the limiting
1.0 situation of unidirectional, molecular evaporation (i.e., no
recondensation), the fractionation will be driven to a large extent
05 by differences inve between the different isotopomers. Only if

ye = 1 0Or if yeL = yen Will the observed fractionation factor
for pure evaporation be independent of the liquid isotopic
composition. Ifoevapvaries withyp, thenye # yenandye <
— 1. Hence, measurements of thelative evaporation rates of
water isotopomers present a direct test of whethds unity.
The strong composition dependenceigfpyand the obseration
— that, at mostvalues ofyp, Oevap® Oegm Provide unambiguous
evidence thatye < 1. The observed composition dependence
indicates thay. is an explicit function of isotopic composition
of the evaporating liquid. We emphasize that because this
conclusion is derived from the composition dependenceef
the result is independent of our ability to accurately specify the
liquid surface temperature, which has constituted a major
uncertainty in previous attempts to determine

From the definitions oélevapandaegmand the Knudsen model
of evaporation (eq 1), the ratio of evaporation coefficients
between the light and heavy specigs;/yen, iS

0.0 ] | ] |
00 02 04 06 08 10 Ver _ (ﬂ)l’zRevap: (ﬂ)”zaevap 10)
XD Ve,H mH Reqm rT]H O*eqm
Figure 7. (a) Observed fractionation factorgevap, associated with ] )
free evaporation from a liquid jet fol) H,O/HDO, @) H,O/D,0, In generalye L = yenand, thereforeye < 1 (Figure 7b). Using

and () HDO/D;O fractionation as a function of liquid deuterium mole  the data foroevap from Figure 7a, if we assume thaty is a

fraction (2r standard deviations). Values afqn are indicated by the constant, independent of composition, then varies by as
following lines: (-+) H,0/D;0; (-+-) H.O/HDO; (--) HDO/D:O. The much as a factor of 5, based on the observe®/B,O

strong composition dependenceoafs,demonstrates that for water fracti ti M likel ’b i d ith -

is less than unity. (b) Ratio gf. /ye n calculated from the data in part .rac !ona ion. More i e.y, Otfye, an VeH vary with COmposi .

a and eq 10. tion in ways that remain to be determined by future theoretical

and experimental work. In this scenario, thefor H,O and
important. Therefore, values of.,apare expected to approach D,0 can vary by as little as a factor of 2 over the (_:or_lcentration
the equilibrium vapor values as the jet radius is increased. "ange considered. For example, the observed variatipgyi/
Indeed, oevap Was observed to evolve toward equilibrium Yep0 Shown in Figure 7 can be explained if for smadl ye 1o

fractionation as;e; was increased fron¥3 to 15um, decreasing = 0.20 andyep,o = 0.40 and for largep yero = 0.42 and
from 1.43+ 0.08 to 1.29+ 0.02 for aevaH20/HDO), from Yen0 = 0.18.
1.87+ 0.16 to 1.60+ 0.04 foraevadH20/D-0), and from 1.31 The strong composition dependencecqf,, is surprising,

+ 0.04 to 1.24+ 0.02 foroevaf HDO/D,0) at 295 K (2 errors). given thatoeqm Shows no measurable dependence on isotope
For referencegeqmis 1.083 (HO/HDO) > 1.164 (HO/D,0) compositior?’~3° The difference in behavior afeyapandoegm
and 1.075 (HDO/BRO) at 295 K and has a negligible dependence with composition indicates that values pf for the different
on yp, in contrast to0teyap?’ 30 isotopic species exhibit dramatically different sensitivities to
Equilibrium isotope fractionation is a well-characterized changes in intra- and intermolecular frequencies upon condensa-
phenomenon that describes the generally larger vapor pressurdion and that these frequencies depend explicitly on composition.
of an isotopically light species compared to that of the heavy This suggests that fundamental differences exist between the
isotopomer relative to the corresponding condensed phaseMolecular-scale interactions that determigm (a thermody-
composition3:-32 The value ofoeqm for pure water shows no ~ namic property) andtevap (@ kinetic property).
significant dependence on isotope composifit® Fraction- As a liquid jet is injected into a vacuum, the evaporating
ation arises from the different water isotopomers having different molecules efficiently transport heat away from the liquid,
zero point energies for their vibrational, librational, and hindered causing the liquid jet to codl. Therefore, aevap Can be
translational motions. At equilibrium, the microscopic rate of conveniently measured as a function of temperature by sampling
transport of water molecules across the liquid surface must beat different positions along the liquid jet axis of propagation.
zero (i.e., no net evaporation or condensation). For an isotopicWe find that oevap increases dramatically with decreasing
solution, this must hold truéndizidually for each isotopic temperature, as shown foiyg = 0.5 isotopic solution over the
species. Following from eq 2, the microscopic transport rate temperature range 29264 K (Figure 8a). This result indicates
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Figure 8. (a) Temperature dependence of the observed evaporation

fractionation factors in & range from 264 to 295 K from thg, = 0.5
solution for ©) H,O/HDO, @) H.0O/D,0, and ) HDO/D,O. Using
an Arrhenius model for evaporation, a plot ofdagy vs 1/T will have
a slope equal te-AE/R and an intercept equal to i\(/A,) (see text
for details). These results show th&E, = —1.8 +£ 0.3, —3.6 + 0.4,
and—1.8 + 0.2 kJ/mol andA /A4 = 0.6 £ 0.1, 0.4+ 0.1, and 0.6+

0.1 for HLO/HDO, H0/D,0, and HDO/BO fractionation, respectively.

(b) Temperature dependence of tesolutedesorption rates for()
H>0, @) HDO, and @) D,O from theyp = 0.5 solution. Thee, values
for evaporation of HO, HDO, and DO are 55t 5, 57+ 5, and 58t
5 kJ/mol, respectively.

that the differences between thgs for the different isotopic
species depend strongly upon temperature for this= 0.5
solution.
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isotope ratios at the liquigvapor interface are equal to the bulk
liquid ratios, eq 12 can be reformulated as

— Revap: ﬁ o AEJRT
P Rig Ay

Q (13)

where AE, = E- — EJM is the difference in activation
energies for evaporation between the isotopomerstarhl; is
the ratio of prefactors. Foryg = 0.5 solution AE; = —1.8+
0.3,—3.6 & 0.4, and—1.8 & 0.2 kJ/mol andA /Ay = 0.6 +
0.1, 0.4+ 0.1, and 0.6+ 0.1 for HLO/HDO, H0O/D,0, and
HDO/D,0 fractionation, respectively (Figure 8a).

The AE; observed here for #/D,0 in theyp = 0.5 solution
is approximately twice the difference in the enthalpy of
vaporization of pure liquid ED and DO (A(AHvap) = —1.5
kJ/mol). In contrast, ifotegn{H20/D20) is fit to the Arrhenius
model (Inaeqm VS 1/T) over a similar temperature range, the
slope corresponds te1.5 kJ/mol, equal té\(AHyap). (We note
that if the temperature dependencexgfmis considered over a
relatively large temperature range, e.g., from the triple point to
the critical point, nonnegligible curvature is observed in a plot
of In oeqm Vs 1IT. We might, therefore, expect the linearity of
a plot of InaevapVvs 1/T to hold only over a similarly restricted
temperature range.) Becausgmis controlled by both evapora-
tion and condensation, this indicates that an activation energy
difference associated with fractionation during free condensation
also exists, withAE, .= 2.1+ 0.6 kJ/mol foryp = 0.5. Given
the observed composition dependencengh, and the above
interpretation of the physical propertied\E, and A /An)
controlling cevap it is Nnecessary that eitheétkE, or AL/Ay vary
with composition. Preliminary results suggest thath terms
vary with composition.

In the above experiments, we have focused on measuring
relative evaporation rates for isotopic water species. However,
in the temperature-dependent measurementskibelutesignal
levels decrease rapidly as the jet temperature decreases. Ac-
cordingly, the activation energyEf) associated with free
evaporation of an individual isotopic species can be estimated
from the absolute signal decrease with temperature (Figure 8b).
The accuracy and precision of this method in determimgis
limited by the reproducibility in placing the liquid jet at the
exact same on position for every temperature, as well as by the
accurate determination of the jet temperature. Small variations
in the angle of the jet with respect to the skimmer cause the jet
to move closer to or further away from the skimmer, thereby
yielding inaccurate signal decays with temperature; we note that
the measurement of isotope ratios does not exhibit this same
sensitivity to the jet position. Also, the temperature of the mixed

The evaporation of a molecule from a surface can be treatedisotopic solutions has not been as well constrained as that for
as a first order chemical reaction, dependent only on the surfaceihe pure liquids has been, and therefore, the evaporative cooling

composition and the rate constant for evaporation with

d
Je,>< = % = keva;{x] surf (11)

wherekevap has units of 1/s and [%}:s has units of molecules/
cn?. The relative evaporation rates of the water isotopomers
determine the extent of fractionation and, therefore, the observed

Revap Hence,

_EL
Re = Je_'l‘ — kevapL [L] surf — ALe SR [L] surf (12)
v Jem kevapH [Hlsurt AHeiEaH/RT [Hlsurs

where we have assumed an Arrhenius form Kag, If the

model provides only an estimate of the liquid jet temperature.
The Arrhenius prefactor (assumed to be temperature indepen-
dent) cannot be determined because the absolute evaporation
rates have not been measured. Nonethelessgivalues we
derive for evaporation from gp = 0.5 solution are~10 kJ/

mol greater than the correspondinHyap values for the
isotopically pure liquid$3 Thus, there exists a significant barrier

to free evaporation for liquid water that, in part, cauggso

be less than unity. Correspondingly, this result indicates that
there is an activation energy associated with condensation. The
E, observed here for thgy = 0.5 solution is similar to th&,
derived from absolute desorption rate measurements of p@e H
and DO ices”34but is somewhat higher than those from some
other measurements E&f, for ice desorptior$>26 This compari-
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son is not meant to suggest that the liquid water jet exhibits direct sensitivity to compositional changes, because they depend
icelike properties but simply indicates that the activation energies explicitly on whether the donated hydrogen bond (from the
measured here in excess AH,,, for evaporation are not  solvent) contains a hydrogen or deuterium atom (e.g-H®
unprecedented for systems containing water. ‘OH; vs O-D-:-OHy). In contrast, the nature of the donor
We have estimated the variability jn. with temperature by ~ hydrogen bonds (to the solvent) is only indirectly affected by
calculating the evaporation flux from eq 11 using the observed compositional changes (e.g.®-*H—O vs HDO:-H-0),
Eaand comparing tde max If Jemaxis fit to the Arrhenius model although this indirect influence may indeed be important. The
over a similar temperature range, the slope is approximately Strong dependence gt on isotopecomposition suggests that
equal to AHya, Thus, ye will vary exponentially with E, it may be affected strongly by other factors as well, such as the
according toye 0 exp(—(Ea — AHyq)/RT). The actual value of ~ Presence of dlsgolved inorganic salts or organic species that
veWill be determined by bot, and the ratio of the prefactors ~ cause changes in the hydrogen bonding network, suggesting
for Je.obs aNd Jemax (Ae = Ac obdAe.may). This interpretation of interesting directions for future study.
the observations indicates that is temperature dependent, ) .
becoming smaller at lower temperatures. For examplat 295 4. Evaporation vs Mass Accommodation
K is approximately double its value at 255 K if we assule Itis important to make a clear connection between the results
= 55 kJ/mol. On the basis of these results, we have developeddescribed above for evaporation and the reverse process of
a transition state theory model of evaporation of liquid water condensation. As mentioned in the Introduction, two recent

that indicates tha# is greater than 1 and that is ~ 0.3 at experimental determinations of the mass accommodation coef-

295 K37 ficient for water vapor onto water gave quite different results.
Our results are consistent with recent classical molecular A discussion of the two results has been presented by Davidovits

dynamics (MD) simulations of watemir and water-liquid et al#® Measuring the uptake of {fO from the gas phase into

interfaces, where it was demonstrated that, although there area water droplet train at near equilibrium conditions, Li et al.
fewer hydrogen bonds formed by water molecules at the determined that MA is less than unity and exhibits a negative
interface than in the bulk liquid (due to the decreased density), temperature dependence, ranging from 0.17 (at 280 K) to 0.32
when scaled by the coordination number, the fractional number (at 253 K)*? In contrast, Winkler et al. determined that MA

of hydrogen bonds formed is actually greate# This result 1 based on the measurement of condensation rates of water onto
indicates that water molecules at the liquigir interface have  silver particles in air at supersaturations of 213452 It has

a stronger tendency to form hydrogen bonds than do those inbeen suggested that the discrepancy between these two experi-
the bulk liquid, which may lead to a decreased evaporation rate ments might arise because the high supersaturations and rapid
relative to the theoretical maximum and be responsible for the droplet growth in the Winkler et al. experiments engenders a
large observedE, We note also that velocity distributions of ~ physical situation wherein “surface accommodation of water
evaporating (and condensing) molecules determined from MD vapor molecules might be followed by very efficient mass
simulation have been found to be non-Maxwellian, suggesting accommodation as the newly arriving flux promotes their
the presence of an energetic barrier to evapord®i$tTheoreti-  incorporation into the bulk liquid? However, we note also

cal consideration of the kinetic energy distributions of freely that the results of Li et al. have recently been called into question
evaporating water molecules also indicates that the velocity by fluid dynamics simulations of the droplet train apparatus that
distributions of the emitted molecules are non-Maxwellian under propose that the uncertainty in MA is so large that the possibility
some conditiond243 The results from another MD study of  of MA being equal to 1 cannot be ruled ditNoting this debate,
evaporatioff indicated that the evaporation coefficient is both we will nevertheless limit the comparison betwearand MA

less than unity and increases with temperature, as is suggestetp the results of Li et al. (referred to henceforth as the Boston
by our observations, although a separate stuidyggests the  College/Aerodyne collaboration, or BCK)ecause our experi-
opposite temperature dependence. In contrast, MD simula-ments suggest thate < 1. We begin by considering the
tions*®4647have also been used to determine the mass accom-formulation of mass accommodation given by BCA (see, e.g.,
modation coefficient for water on water, the results of which Kolb et al** for a thorough discussion). In the droplet train
indicate that the uptake coefficient of water on water at ca-—300 €xperiments of BCA, the uptake of a gas onto water is
350 K is~ 1, inconsistent with the results presented here. We considered as a net process, wherein re-evaporation of molecules
note, however, that the methods used to determine MA from trapped temporarily at the surface and of those that have fully
classical MD simulations have recently been questidAdids accommodated must be explicitly considered. The BCA experi-
also of interest that the calculated MA decreased with increasingments formulate uptake in terms of a resistance model, with
temperature in the one simulation where condensation wasthe observed uptakegps expressed as

considered at much higher temperatuf&&iven these varying

results, it appears that, at this point, simulations cannot provide 1 _1 .1 1 (14)
definitive values for the evaporation or mass accommodation Yobs lat Tsa MA
coefficients.

The fact thatoevapiS Not equal taxegm and is also a strong,  wherelys is the diffusive gas-phase transport resistarigg,
nonlinear function of;p, allows us to speculate as to the nature is the Henry's law solubility resistance, and MA is the mass
of the critical surface species involved in evaporation. The accommodation coefficient as defined by the BCA experiment.
isotopic composition dependence indicates the importance ofIn the molecular evaporation experiments presented here, there
the first solvation shell in controlling evaporation. Specifically, is no analogue td 4. The effects associated wiflo have
the nature of acceptor and donor hydrogen bonds, and theirsome parallel to the diffusive limitations to formation of a
influence on librational and hindered translational motions, will surface species. However, for a saturated solution such as that
determine evaporation rates. Both acceptor and donor hydrogenwhich was used in our liquid jet experiments, we expect this
bonds will be affected by changing the solvent composition, effect to be negligible. Assuming that thermal accommodation
but in different fashions. Acceptor bonds will exhibit a strong s efficient (i.e., no molecules incident on the surface are directly



Isotope Fractionation of Water J. Phys. Chem. B, Vol. 109, No. 51, 20054399

scattered away), the mass accommodation process can be writtebhetweeny. and MA
so as to depend only on the relative rates of surface desorption

(process 2 in Figure 1a) and bulk liquid solvation (process 3 in _ k(1 —MA)
Figure 1a). This can be represented*as Ve ™ —‘]e .. (24)
K k
Ny TA ns—3> n, (15) We find thatye and MA arenot equivalent but thage O (1
2

— MA). This reflects the idea that if surface molecules are

Here, the subscripts g, s, and | refer to the gas phase, surfacééturned to the bulk liquid much faster than they desorb/
species, and liquid phase, respectively. The subscript numbervaporate from the surface (i.és > k) then a negligible

refer to the processes represented in Figure 1a. From this, thd'umber of molecules will actually evaporate. In the limiting
temperature dependence of MA is given by case where MA— 1, y. — 0 and no molecules will evaporate.

In the BCA formulation of mass accommodation (eq 16), a value

MA Ks —AGgca of MA = 1 is not allowed, although MA asymptotically
1—MA E =ex “RT approaches unity as the temperature is decreased. If we assume
k; is temperature independept,and MA are expected to exhibit

whereAGaca = AHgca — TASsca is the free energy difference the opposite temperature dgpendence, as is sugge_sted by our
between the gas phase and surface transition state. In eq 15n€asurements of evaporation and the BCA experiments on
there is no consideration of the transfer of completely solvated UPtake:? Although theapparentdefinitions of MA andy. are
molecules to the surface (i.e., process 1) because this is takerin® Same (cf. eq 2), this indicates that the uptake experiments
as a separable property that is treated by the consideration ofProbe the mass transfer process in a fundamentally different
the Henry’s law solubility of the gas, as given in eq 14; W&y j[han 'Fhe free evaporation experiments, as is clear from
evaporation is, therefore, treated as a separate phenomenon frorinsideration of the processes represented in eqs 15 and 17.
the uptake process. This solubility limit leads to a decrease in 1 Nis difference arises because evaporation, as expressed in

the observed uptake with time as the liquid becomes saturated®d 17, effectively defines a dividing surface between the vapor

(16)

with respect to the trace gas concentration.
Applying the same logic to the evaluation of evaporation from

phase and liquid surface over which molecules must cross to
be counted as “evaporated”. In contrast, mass accommodation

the liquid jet, we find that only the processes represented by eqiS €xpressed in terms of the transport of molecules across a

17 are relevant, namely

K, ks

Ng = N5, a7

and that the evaporation flux can then be expressed as

J,=nk, (18)

or as

Je = niky — ndkg 19

In eq 18, the evaporation rate is the rate of transfer of molecules
from the surface to the gas phase, whereas in eq 19 the
evaporation rate is the difference between the rates of transfe

to the surface from the bulk liquid and vice versa. Using these
two relationships,

(20)

and therefore,

koky ky + kg| 2 1, 1k
e~ Mok, [kk =i Tk, @Y
2 3 2™ 1 1 ™2

Recognizing the rati&s/k, from eq 16 in the BCA formulation,
we can rewriteJe in terms of AGgca as

1, 1 aceewrT 1,1 MA 1t
J=n|2 4 tepteenr ol L MA T o)
=l e | =l e Al

J

Ky
which simplifies to
J.=nk;(1 — MA) (23)

Here,n is the liquid-phase concentration akids in m/s. From
the definition ofye given in eq 2, we find the relationship

f

dividing surface located between the liquid surface and the bulk
liquid in the BCA formulation (see Figure 1b). This distinction

is important because, in the BCA experiments, any molecules
that are “lost” to the surface on the time scale of the experiment
will be counted as accommodated even if they have not crossed
the dividing surface defined by the uptake model.

5. Atmospheric Implications

The kinetics of evaporation and condensation plays a crucial
role in determining the formation rates and lifetimes of clouds
and aerosols in the atmosphere by affecting the rates of loss
from and uptake onto preexisting particks?2 In particular,
it has been shown that droplet growth is highly sensitive to
variations in MA if MA < ~0.1 but is relatively insensitive to
variations in MA for larger values, wherein droplet growth
becomes diffusion limite&-52 Although there is no consensus
as to the exact magnitude of MA (perhaps as a result of differing
experimental definitions), it is generally agreed that for pure
water at ambient temperatures MA0.1/4° and, therefore, is
not expected to limit cloud growth. However, in most cloud
growth models it is assumed that the “condensation” coefficient
and the evaporation coefficient are equal and that the condensa-
tion coefficient is equivalent to the mass accommodation
coefficient. Our analysis indicates that careful consideration of
how to best define the mass transfer coefficients associated with
cloud formation and evaporation is necessary, although beyond
the scope of the present work.

If the kinetic limitation on cloud dynamics imposed by having
ye < 1 is significant, cloud droplet nuclei will not be as
efficiently activated and the resulting droplet size distribution
will be affected®® Although we have not directly measured the
evaporation coefficient in these experiments, variationgein
with temperature could be important in cloud formation
processes, because, unlike the mass accommodation coef-
ficient,'? ye is expected to decrease with temperature. In clean
atmospheres, liquid water has been known to persist to ap-
proximately—40°C (233 K), where we predigts will decrease
by more than a factor of 3 comparedjtpat 295 K. Thus, it is
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possible that at low temperaturgs < 0.1, and it is, therefore, (7) Marek, R.; Straub, Jdnt. J. Heat Mass Transfe2001, 44, 39.

i i i i i i (8) Davidovits, P.; Hu, J. H.; Worsnop, D. R.; Zahniser, M. S.; Kolb,
conceivable that differences in cloud formation properties exist C. E. Faraday Discuss1995 65.
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Additionally, our experiments have also demonstrated the ex-  (10) Hickman, K. C. DInd. Eng. Chem1954 46, 1442.
treme sensitivity ofy. to composition, even for liquid water (11) Maa, J. RInd. Eng. Chem. Fundan1967 6, 504.
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ganic ions and organic materf& Our results suggest that the  prog. React. Kinet. Mect2002 27, 1.

presence of these ions or other soluble or insoluble material in  (16) Straub, H. C.; Lindsay, B. G.; Smith, K. A.; Stebbings, RJF.
cloud droplets is likely to have a dramatic effect on the evap- Chem. Phys1998 108 109. . . .
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the case of clouds, this is particularly important for very small (|19) Ipag'% H. Att%ml'j%anld mg'ecéjt'ﬁr gefa”:j ﬂthOds.tA"gm'c ?”,\?
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