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Evaporation of Water through Butanol Films at the Surface of Supercooled Sulfuric Acid
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The evaporation of water was monitored from 60, 64, and 68 wt B@at 213 K containing 60.18 M
1-butanol. Measurements were performed in vacuum using a mass spectrometer to record the velocities and
relative fluxes of the desorbing.D. In addition, the surface activity of butanol in the acid was characterized

by hyperthermal argon atom scattering in conjunction with surface tension and butanol evaporation
measurements. The segregated butyl species reach surface concentratidns b@'4 cm2 (~80% surface
coverage) at 0.18 M bulk concentration. We find that the butyl films do not impede the evaporatig® of D

from the acid to within the 5% uncertainty of the measurements. This result implies that small, soluble
surfactants such as butanol form porous films that will not alter the growth or shrinkage of supercooled
sulfuric acid droplets in the atmosphere.

Introduction droplets (by altering gas uptake rates and introducing-gas
surfactant reaction$)!2-17 While aerosols in the lower tropo-

o™ phereconan vy ofong-chan suractdtee o
P y 9 on the permeation resistances posed by short-chain species,

it cers bocause he yShocatonchan peck 69ec e o ey 1 b found n ol n e e
gntly ) P nspc 9 tropospheré:18 In particular, this paper presents studies of the
monolayer. The resistance to gas permeation increases expo-

nentially with surfactant chain length for alcohols and fatty acids evapo ration of .E :. from supercooled .deuterated sulfuric acid
) ; ; solutions containing small concentrations of the model soluble
ranging from 14 to 22 carbon atorhdVery little, however, is

known about gas transport through short-chain surfactants Suchsurfactant 1-butanol(D), GEH,CH,CH,OD, referred to below

as butanol. These shorter molecules are likely to form less as BuoD. o

compact films because of weaker cohesive forces among the N the absence of gas-phase diffusion, the flux of molecules
hydrocarbon chains. Short-chain surfactants are also much moreéeNtéring a liquid can be expressedJage:= old(fgad4, where
soluble in acidic and aqueous subphases and generally do not?Lis the mean thermal velocity of the gamesis the density
undergo the phase transitions to compact structures that are®f 98 molecules far from the surface, ands the probability
characteristic of long-chain moleculésin this paper, we that the gas molecule enters the liquid upon striking the syrface
investigate the evaporation of water from pure and butanol- (8ls0 known as the mass accommodation, condensation, or
doped sulfuric acid at concentrations from 60 to 68 wt % Sticking coefficient)'®2% Equivalently,a. may be measured in
D,SO; at 213 K. In the following companion paper, we ex- €vaporation experiments py equating the evaporation and
plore the effects of butanol films on the uptake of HCI, HBr, condensation fluxes at equilibrium. The effect of a surfactant
and CRCH,OH in the cold acid. Our results show that the In reducing gas permeation is often expressed in terms of the
butanol surfactant has no measurable effect on the evapora/€sistancesusposed by the surfactant, whergq = 4/(a@0).2*

tion of D,O or on the uptake of GFEH,OH even at nearly For hexadecanol on water at 298 K at its equilibrium spreading
monolayer butanol coverages. Even more surprisingly, the Pressurersyis found to be~1.5 s cnt?, corresponding ta
butanol film is found to enhance the entry of HCl and HBr into ~ 4.5 x 107% a 20000-fold reduction in water evaporation
sulfuric acid. assuming unimpeded evaporation from the bare liduid.

The choice of supercooled sulfuric acid as the subphase liquid Early experiments on water permeation through surfactants
was motivated by the role of sulfuric acid particles in hetero- were carried out by measuring the amount of water evaporating
geneous reactions in the atmospheféese submicron droplets  into a desiccant suspended above a trough containing water and
range in composition from 40 to 80 wt %80, at 200 to 240 a long-chain surfactadt?223 This technique, however, cannot
K in the lower stratosphefand over a wider range of acidities  easily be extended to measure the small resistances likely posed
in the upper troposphereField studies indicate that upper Dby short-chain surfactants because of the large resistance of the
tropospheric particles often contain organic material,imply- stagnant air layer between the liquid and desiccant. The
ing that some particles may be coated with surface-active organicresistance of this air layer is typicallrl s cnr?, limiting
molecules. These organic coatings have the potential to affectmeasurements af to values smaller than 18for a 10% change
rates of droplet growth (by reducing water evaporation and in evaporation rate between the bare and surfactant-coated
condensation rates) and the rates and outcomes of heterogeneouigiuids. Our vacuum experiments are conducted at pressures
reactions that occur in the interfacial and bulk regions of these below 102 Pa (10°° Torr),4?>enabling BO evaporation rates
from the pure and butanol-doped acid to be compared to within
* Corresponding author. E-mail: nathanson@chem.wisc.edu. the 5% reproducibility of our measurements.
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In addition to extensive studies of gas transport through films tures?84° On the basis of their analysis, we estimate that less
on water?23 permeation rates have also been measured forthan 10% of the butanol in our experiments is converted to
strongly acidic subphases. Hexadecanol monolayers e85  BuOSQD and BuOS@-, leaving 90% or more as BuOD and
wt % phosphoric acid droplets were found to reduce water BuOD;,".
evaporation and condensation by 10000-fold at the lower acid We previously characterized the surface properties-6tD
concentrations, but the resistance decreased by a factor of 4 atwt % H,SO, solutions doped with BUuOH using surface tension
higher acidities due to protonation of the alcohol and expansion measurement®. These studies show that the surface tensions
of the film.26 Films of hexadecanol and fatty acids ranging in drop from 72-75 dyn cnt! for the pure solutions to 3945
thickness from one monolayer to several nanometers have alsayn cnt? for 0.4 M butanol solutions at 294 K. A Gibbs
been found to reduce the uptake of amméhiad watet® into adsorption analysis yields the total butyl surface excess, which
sulfuric acid aerosols. is the sum of all BUOH, BuOkt, BUOSQH, and BuOSG@™

Several gas permeation and uptake experiments have beegpecies that segregate in the interfacial region. If these excess
performed with soluble surfactants. Resistances of 6.8 s species segregate solely to the outermost surface layer, then the
cm1 were measured for GQuptake through & to Cy ionic computed surface excess is equal to the total surface coverage
surfactant2? and nonandP and decand!32films were each to within 2% because of the low concentration of butyl species
observed to reduce water uptake_ 1- and 4-octanol films on Waterin the 0-0.4 M bulk solution. We find that this coverage reaches
were found to reduce GQuptake32 but a dilute, 0.2 monolayer saturation values near 0.2 M butanol, which for 58 wt %
film of 1-octanol on water had no apparent effect on the uptake H2SOs at 294 K is 2.5x 10" cm™2 (~50% of maximum
of acetic acic* A recent study of water evaporation through Coverage based on a molecular area-80 A? for close-packed
long-chain soluble surfactants into air was unable to detect anylong-chain alcohofS). This coverage drops to 1.9 10 cm2
surface resistance, implying thatmust be larger than 16,35 (~40% of a monolayer) on 72 wt %430, at 294 K, but rises
These studies have been complemented by molecular dynamic0 ~3.6 x 10 cm? (~70% of a monolayer) at 208 K. These
simulations of the uptake of gaseous methanol into metkanol "esults suggest that conversion of BUOH to ByOHt higher
water solutiong® The simulations predict almost no surface acid concentrations causes the butyl groups to pack more loosely
resistancedmethana> 0.97) into solutions from neat methanol ~because of charge repulsion among the headgroups, while lower
to neat water. Organic films may also enhance uptake when temperatures increase the cohesive forces among the chains.
the gas species is more soluble in the surface film than in the On the basis of these results, we expect that butyl films on the

subphase, as recently shown for the adsorption of pyrene and®0 Wt % D,SQ, solutions at 213 K used in the present
anthracene onto 1-octanol-coated wafer. experiments reach a density exceeding 40" cm~2 (~80%

of a fully packed monolayer), corresponding to an average
molecular area smaller than 23.#reliminary surface tension
measurements of butanol on 62 wt %3®, at 210 K confirm
this prediction.

The work described above suggests that high-coverage films
of short-chain alcohols might impede gas transport, but not
significantly enough to be measured in air (where it is difficult
to measure values of larger tham~1073). An extrapolation of
the chain length dependence of;@ C,, normal alcohols on
water predicts that 1-butanol would lower the evaporation rate
by a factor of 100:> We find, however, that the addition of Figure 1 depicts the scattering apparatus and sulfuric acid
butanol doesiot reduce the evaporation of,D into vacuum  reservoir. Continuously renewed, vertical acid films are created
from 60-68 wt % D,SO at 213 K by more than our uncertainty by rotating a 5.0 cm diameter glass wheel partially submerged
of 5%. As discussed below, these results imply that short-chainin 60 mL of sulfuric acid at rates of 0.08%.83 Hz2452 A
surfactants such as butanol form porous films on sulfuric acid cylindrical Teflon scraper skims away the outef.1 cm of

Experimental Procedure

droplets that do not impede water transport. acid to remove insoluble surface-active impurities and to ensure
that the surface of the film is positioned precisely in the
Properties of Pure and Butanol-Doped Sulfuric Acid interaction region. The remaining0.05 cm thick acid film then
Solutions moves in front of a 0.60 cAcircular hole, where it is intercepted
by the molecular beam. At a typical rotation speed of 0.17 Hz,
Sulfuric acid solutions composed of 668 wt % D,SO, that the time between scraping and appearance at the edge of the
are supercooled to 213 K possess high viscosities{4800 hole istep = 0.49 s. As shown later, this replenishment time

cP), low water vapor pressures (6:0.03 Pa), and high water  allows the butanol film to be reestablished at the surface of the
vaporization enthalpies (5354 kJ mot1).6383%9 They are acid. The acid remains in front of the hole fgpen= 0.45 s
formally 0.23-0.30 mole fraction BSQy, but the acid ionizes  and is exposed to the molecular beam tfigy = 0.25 s.
extensively and consists of,D, D;O*, DSQ,~, and SQ?.640 The acid solutions are prepared by diluting 98 wt %D/

Sum frequency generation experiments usin§® solutions D,0O with D,0, adding BuOD, and then cooling to 2431 K.
indicate that the interfacial region is composed of ion pairs or All reagents (Aldrich) are used without further purification. The
neutral molecules with no dangling OH borfds?® Surface pressure in the scattering chamber rises togBx 1074 Pa
tensiort! and Auger electron spectroscdpystudies further  for 68—60 wt % D,SOs, respectively. Titrations show that the
indicate that there is little or no surface segregation of water or acid concentration changes by no more than 0.5 wt % over a 5
acid species. day period.

Alcohols are readily protonated in sulfuric acid, d#d NMR The evaporation of BD (m/z = 20) and BuOD 1fv¥z = 56)
measurements indicate that methanol, ethanol, and propanois monitored by a differentially pumped mass spectrometer
reach half-protonation in 7678 wt % H,SO, solutions at room oriented atfs, = 45° with respect to the acid filf* The
temperaturé>*6Butanol may also form butyl hydrogen sulfate  desorbing molecules are chopped intq3&ulses by a spinning
and sulfate anions (BuOSA and BuOS@-),*” but Iraci et al. slotted wheel and travel a distandgs:= 18.4 cm to the mass
concluded that esterification rates of methanol with-Z8 wt spectrometer, where their arrival times are recorded jrs2
% H,SO, solutions are drastically reduced at low tempera- intervals.
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Figure L _(a) Schematic diagram of the sca;tering apparatus. The liquid Figure 2. (a) Time-of-flight (TOF) spectrum of Ar scattering from
reservoir is se_aled except for a 0.8_8 cm diameter hole centere(_i at thegy wt % D:SQ; at 213 K. “IS” and “TD" refer to direct inelastic
interaction region. (b) Expanded view of the front face of the liquid = gcattering and thermal desorption. The solid curve is a 213 K Maxwell
reservoir. The argon beam enters the hole from the lefl,at= 45°. Boltzmann fit to the TD component. (b) Energy distribution obtained
by direct inversion of the spectrum in panelAE;slEin. = (Einc —
Beams of~90 kJ mot! argon atoms are generated by [Esl)/En is the average fractional energy transfer in the IS channel.

expanding a 2% Ar/k mixture through a 0.13 mm diameter

glass nozzle at 1 bar total pressure. The atomic beam strikes
the acid film at an incident angle &,. = 45° and projects a o i <— bare acid
0.35 cm x 0.50 cm elliptical spot on the acid surface. The ER
exiting Ar atoms are detected atz = 40 at6, = 45°. 2 i 7 %&— 0.005 M BuOD
- R
Y
Results and Analysis ; i : 0,04 M BuOD
: . = F 0.18 M BuOD
Argon Scattering from Bare and Butyl-Coated Sulfuric ol
Acid. Hyperthermal argon atom scattering is used to monitor oo
and characterize butyl species that segregate to the surface of =
sulfuric acid in vacuum. Figure 2a shows a time-of-flight (TOF) g , ID—
spectrum of 90 kJ mol argon scattering from bare 60 wt % 0 200 400 600 800
D,SO, at 213 K athi,c = 45°. The signal is proportional to the Arrival Time (us)

number density(t), which is used to calculate the relative flux — _. ) 0

or probability P(Esn) that an argon atom scatters \{vith energy E'Esuéf C3(')mTa(i)n'?nsgpgCz_rf"_)?fo?golg‘]{”lt;}’ Aor'os;;:a(tt.tg’nr;grj]ér%rzg ?\Aw(t_)/"

Ein at 6in = 45°. The translational energy distribution,  pytanol. The spectra are not normalized. They initially change sharply
determined from the relatiorSin, = (1/2)mar(dpos(t)? andP(Esin) with the addition of butanol, followed by smaller changes at higher
~ [N(@®)]t? is shown in Figure 2b. The bimodal spectrum BuOD concentrations.

illustrates the two pathways available to the impinging Ar atoms.

The narrow peak at early arrival times (high exit energies) 60 wt % D,SOy. As the BuOD concentration is increased from
corresponds to those atoms that undergo direct inelastic scat-0 to 0.18 M, the IS channel sharply diminishes in size and shifts
tering (IS), on average transferring 71% of their incident energy to later arrival times. These changes indicate that fewer Ar atoms
to the acid during one or a few collisions before leaving the scatter at the specular angle and that those Ar atoms that do
surface. The broader peak at later arrival times (low exit scatter transfer more of their incident energy to the surface
energies) corresponds to Ar atoms that become momentarilybefore recoiling away. Concurrently, the TD signal grows upon
trapped in the interfacial region and then thermally desorb (TD). addition of BuOD, indicating that more Ar atoms thermalize
This region of the spectrum can be fit with a Boltzmann on the surface with increasing butanol concentration. The effects

distribution, Prp(Efin) = Efin(RTacid 2 eXp(—Efin/RTacid), con- of added butanol appear to be most dramatic at low concentra-
strained such that the peak of the IS component is set to O attions and begin to level off at approximately 0.04 M BuOD.
RTacia = 1.8 kJ mot™.. The changes in the argon IS and TD components mirror the

Figure 3 demonstrates that hyperthermal argon scattering issurface concentration of butyl species determined by surface
very sensitive to the presence of butyl species at the surface oftension measurements, as shown in Figuf8 Fhis surface
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iy 0.74 8
v 4o Argon scattering measurements also show that the butyl
O Surface Excess (% species are surface active in 64 and 68 wt %0y. Figure 5
0.72 ® IS Energy Transfer —| @ compares collisions of argon atoms with bare acid and 0.18 M
BuOD solutions at three acid concentrations. The top panel
PR IR IR BRI,

shows that the TOF spectra change only slightly from bare 60
to 68 wt % D:SO,, indicating that hyperthermal Ar scattering
is not very sensitive to the 10 mol % increase in,SPecies at
Figure 4. (a) Fractional growth in Ar TD signal versus BuOD the surface. The spectra in the lower panel recorded from the
concentration in 60 wt % EBQ, at 213 K. The butyl surface excess, butanol-doped solutions are also similar in size and shape, but
calculated from surface tension measurements of butanol in 58 wt % as in Figure 3 they are very different from the bare acid spectra.
e o o . Son) sttty T SITIAI &TONG th Specta n panel b cofi that uty
thatgtjhe maxir%um butyl srlJJrfaceqcoverége rises fromx2 H0'4 to 4 x species also segregatg to the. surfaces of 64. and 68 wt % acid
104 cm2 as the temperature is lowered from 294 to 213 K. (b) Frac- at 213K, a result consistent with surface tension measurements
tional reduction in the peak IS signal versus BuOD concentration. (c) at 294 K30
Average fractional energy transfer in the IS channel versus BuOD con-  Butanol Evaporation. Butanol evaporation measurements
centration. In each panel, the solid point furthest to the right was mea- provide a window into the surface and subsurface regions of
tsr:;?oi %tf glggtar.‘%'hceo:ﬁfgrttﬁﬂgg So;é')%g'ltgﬂ é;??;vzﬂ ea;uarfgggcen the acid solutions. After the acid-coated wheel is skimmed by
excess and:5% of full scale in the argon scattering parameters. th? Teflon scraper, the butyl conceptratlon at the sur.facelof the
acid is equal to its bulk value. The different butyl species diffuse
excess curve (open circles) is similar in shape at acid concentrafandomly through the acid, but they collect preferentially at the
tions from 0 to 72 wt % HSO, and at 294 and 208 K, and is  Surface because their free energy is lowest there. This segrega-
shown here for 58 wt % §BQy at 294 K. In every case, the tion depletes the region just below the surface, which refills as
surface excess follows a Langmuir-type adsorption curve, rising molecules continue to diffuse from the bdi&*The equilibrium
rapidly at low bulk butanol concentrations and then plateauing €vaporation flux of a 0.2 M butanol solution in 60 wt %31,
near 0.2 M. The three panels in Figure 4 depict in detail how at 213 K corresponds te10 monolayers per second, based on
the growth in thermal desorption (top panel), reduction in an estimated solubility of~10" M atm~.%° This final butanol
inelastic scattering (middle panel), and shift in energy transfer €vaporation flux will not be reestablished until the subsurface
(bottom panel) of the impinging argon atoms mimic the butyl and surface butyl concentrations reach their steady-state values.
surface excess. In each case, the trends in Ar scattering trackl hus, the measurement of a steady, maximum BuOD evapora-
the initial, rapid rise and then slow increase in butyl surface tion flux implies that the surface and subsurface regions must
coverage. The overlap between the Ar scattering patterns andeach be close to their terminal concentrations. We therefore
the surface excess curves is our most direct evidence that theneasured the BuOD evaporation rate as a function of replenish-
surface concentration of butyl species is the same when the filmment time tep and bulk BuOD concentration in order to
is prepared using a continuously renewed, vertical wheel in a determine at whicttep the butyl film and subsurface region are
vacuum and using a static, horizontal film in air. This conclusion repopulated on the acid-covered wheel.
is further justified by the BuOD evaporation measurements Figure 6 displays butanol evaporation spectra for 0-0D%8
described in the next section. M BuOD in 60 wt % D;SOs at timestep = 0.49 and 0.10 s.

0.00 0.10 0.20 0.30 0.40
Butanol Concentration (M)



Evaporation of RO through BuOD Films on 5Oy J. Phys. Chem. A, Vol. 109, No. 33, 200453

Butanol Evaporation Argon Scattering F

Butanol Evaporation Signal

=
c
2
@ o 1 1 1 1
s 2 000 005 0.10 0.15 0.20
g g Butanol Concentration (M)
§ é’ Figure 7. BuOD evaporation signal versus butanol concentration in
w S 60 wt % D,SOy. The replenishment timé{,) is 0.49 s. The inset is an
e » expanded view of the butanol evaporation signal at low butanol
£ Q concentration.
a D
(]
2 L
ﬁ _ 60 wt % D,SO,
T 8
2
%) o
Q
8| 8
[
2 8
o
& L o
e’ 1 1 1 ! ! ! Q
0 500 1000 O 200 400 600 800 -
1 1 L 1 1

Arrival Time (us) Arrival Time (us)

Figure 6. (a)—(d) TOF spectra of butanol evaporation at replenishment
timestep = 0.49 () and 0.10 s+-) from 60 wt % D,SO, containing ) )
0.005, 0.01, 0.04, and 0.18 M BuOD. {gh) TOF spectra of 90 kJ ~ Figure 8. TOF spectra of BO evaporation from 60 wt % £30, at
mol~1 Ar scattering at the same BuOD concentrations and replenishmentdifferent times for the patch of acid open to the vacuuge, = 0.45
times. The vertical scale is different in each panel. (0) and 0.091 s@).
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by quiescent diffusion models, suggesting that there is little or
no barrier to the adsorption of butyl species from solution to
the surface.

A final test of butanol segregation is shown in Figure 7.
This graph displays the integrated BuOD evaporation signal
at tep = 0.5 s against bulk butanol concentrations of
0.001-0.18 M. The points are fit well by a straight line passing
through the origin, indicating that these butanol concentra-
ions lie within the Henry’s law limit. This linearity confirms
hat the surface and subsurface regions are replenished even at
the lowest concentrations, for otherwise the evaporation sig-
nal would not be proportional to the bulk concentration. The
. ) o observed linearity further implies that the butyl surface layer
surfacg butanol (_:oncentranons are reestablished within the fastes&loes not impede evaporation of the butanol itself, as might
replenishment time of 0.10 s. occur at high surface concentrations if the butyl species

The change in butyl surface coverage itself with can be  orient and pack tightly together. An identical conclusion
monitored with argon scattering, as shown in the right-hand was reached from molecular dynamics simulations that found
panels of Figure 6. At the lower butanol concentrations, the that methanol enters unimpeded into methanedter solu-
reduction in the IS component is largertap = 0.49 s, which tions 36
is characteristic of surfaces containing more butanol (the changes Water Evaporation. D,O molecules continuously evaporate
in the TD channel are too small to be observable). As the bulk from the acid on the rotating wheel at rates of 16Q00
butanol concentration increases, the difference in IS signal with monolayers s! for 60—68 wt % D,SCQy, respectively, at 213 K
trep diminishes and at 0.18 M the Ar spectratat = 0.49 and (these rates are 16@0 times higher than the butanol evapora-
0.10 s are the same. In all cases, we find that the Ar scatteringtion rates for 0.2 M solutions). We must therefore show that
and butanol spectra are nearly identical.gt= 0.49 and 1.0 s the interface does not become more acidic or evaporatively cool
(not shown). The Ar scattering and butanol evaporation results because of BO evaporation during the 0.45 s interval that the
collectively indicate that the surface and subsurface regions of acid is open to the vacuum. This is demonstrated in Figure 8,
the acid become saturated with butyl species over atigne which compares BD evaporation spectra at open times of 0.09
0.5 s at all butanol concentrations. In the Appendix, this quick and 0.45 s for 60 wt % EBO,. The spectra are identical in
replenishment time is shown to be at least as fast as predictedntensity and in shape, indicating that water from the bulk readily

For the most dilute (0.005 M) butanol solutions, the signal
recorded atep = 0.10 s is about two-thirds the signal recorded
at 0.49 s. This result indicates that 0.10 s is not long enough
for the butyl species to diffuse to the surface after the acid-
coated wheel is skimmed by the scraper. The signabat

1.0 s (not shown) is just slightly higher than that at 0.49 s,
indicating that the subsurface and surface regions of the 0.005
M solution are mostly refilled 0.49 s after scraping. At higher t
butanol concentrations, less time should be required to replenisht
the butanol, and the desorption signal from the 0.04 M solution
(panel c) varies little withye, No variation is observed for the
0.18 M BuOD solution, confirming that the subsurface and
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Figure 9. TOF spectra of BO evaporation from 60, 64, and 68 wt %
D,SO, containing 0 £) and 0.18 M BuOD (---). The spectra were
recorded ate, = 0.49 s, but the spectra appear identicalgat= 1.0
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in the TOF spectra if the butyl groups were covered by one or
more monolayers of fD and DSQ,. In particular, our previous
studies of hyperthermal Ar collisions with a liquid solution of
gallium atoms covered by a monolayer of bismuth atoms
indicate that the Ar atoms are sensitive only to the outermost
bismuth laye®® We have also found that hyperthermal Ar
collisions with a pure hydrocarbon (squalane) generate TOF
spectra similar to those observed in Figure 3 for Ar scattering
from the 0.18 M BuOD solutions, suggesting that Ar atoms
scatter from surface alkyl chains in a characteristic pafiern.

The segregation of butanol to the outermost layer is further
supported by interfacial studies of alcohelater mixtures.
Neutron reflectivity measurements indicate that ethanol and
butanol in water segregate to the outermost |&yeas do
molecular dynamics and Monte Carlo simulatiéh& 64 SFG

and 0.1 s. These spectra demonstrate that the butyl layer does nofne€asurements of alcohelvater mixtures further show that the

impede DO evaporation.

alkyl groups are oriented outward from the surface, as would
be expected in the strongly asymmetric environment of the top

replenishes the water that evaporates over the 0.45 s intervalsurface layef?55-¢7 On the basis of these studies and the Ar

and that no significant cooling occurs over this time. Thus, we
believe that the BO evaporation flux from the reservoir should
be nearly identical to the evaporation flux in an equilibrium
environment.

Figure 9 shows our most important result, the comparison of
TOF spectra of PO evaporating from solutions of 60, 64, and
68 wt % D,SO, containing 0 and 0.18 M BuOD. The

scattering measurements, we conclude that most of the segre-
gated butyl species lie at the surface of the solution, situated
with the butyl chains exposed to the vacuéfin.

Water Evaporation from Bare and Butanol-Doped Sul-
furic Acid. Figure 9 demonstrates that butyl species at the
surface of 66-68 wt % sulfuric acid do not impede water
evaporation. In an attempt to understand why these butyl species

evaporation measurements from the bare and butanol-doped acidemain “invisible”, we appeal first to theories describing gas

were recorded-35 days apart using replenishment times of 0.10,

permeation through long-chain surfactants, which typically

0.49, and 1.0 s on each day. In every case, the spectra shovinvoke the notion of free or accessible surface area within the

that the added butanol has no effect ogODevaporation from
the acid solutions, at least to within our estimated uncertainty
of 5%. Both the intensities and the velocity distributions of the
evaporating RO remain unaltered. This result is the main topic
of the discussion below.

Discussion

Surface Segregation Probed by Hyperthermal Ar Scat-
tering. It is perhaps simplest to explain the unchangeD
evaporation from pure and butanol-doped sulfuric acid by postu-

lating that the segregated butyl species lie buried underneath
one or a few layers of the acid solution, such that this subsurface

layer would not hinder BO evaporation from the top solution

layers?®® Surface tension measurements alone do not contradict

monolayer?%° In these models, gas transport occurs through
open areas and fluctuating gaps in the monolayer at the same
rate as through the bare liquid, but no evaporation occurs through
the intact patches of the film itself, which are assumed to be
compact and impermeable. Our surface tension experiments
indicate that the butyl film that forms on a 0.2 M butanol
solution in 60 wt % DSO, at 213 K is equivalent te-80% of

the maximum surface coverage4 x 104 cm2). If this model

is applied to films of shorter chain surfactants, then th© D
evaporation rate should be reduced by roughly a factor of 5
(from opare to 0.20par9, Whereas the BD evaporation spectra

in Figure 9 show that there is no change in evaporation to within
our 5% uncertainty pare to 0.9%0tpare).

To visualize how solute molecules might permeate through

this picture because a thermodynamic analysis does not deterbutyl films on sulfuric acid, we reproduce in Figure 10 a Monte

mine the atomic-scale location of the surface exé@gs.
However, the dramatic differences in hyperthermal argon

Carlo simulation of a butanol film on butanol-saturated water
computed by Chen, Siepmann, and Klein, also at a surface

scattering from pure and butanol-doped acid in Figure 3 argue density of 4x 10 cm™2.%2 The side and top views show that

strongly in favor of an acid surface covered by butyl species
(BuOD, BuODQ*, BuOSQD, and BuOS@"). The changes in
Ar scattering are most likely caused by a reduction in the
effective surface mass upon covering the;§@ups of sulfuric
acid with the CH groups of surface butyl species and by
increased roughening of the interface by the butyl ch#&ifi$ie
lower mass CH groups absorb more of the Ar translational
energy per collision than do S@roups, reducing the final
energy of the directly scattered Ar atoms and shifting the TOF

the butanol molecules are neither well-ordered nor evenly
distributed in the surface film laterally or vertically. The top
panel also shows some water penetrating between the butanol
chains in the less-dense areas of butanol; the film is quite porous
and there are many gaps through which water molecules can
pass. Neutron reflectivity measurements yield a width-G#

A for this interface, confirming that it is more diffuse than the

7 A length of an extended butanol molecéfe.

The porosity inherent in butanol films on water suggests that

spectrum to longer times. The incoming Ar atoms also bounce equivalent density butyl films on sulfuric acid will not achieve

more often along the rougher butyl surface, providing more
opportunities for the Ar atoms to dissipate their excess
translational energy completely and increasing the fraction of
Ar atoms that thermalize and then dese¥Bhis rougher surface

may also divert recoiling Ar atoms into a broader angular
distribution, thereby lowering the fraction that are measured at

the tight packing reached by long-chain surfactants. Within this
picture of a porous butyl monolayer, we imagine thaOD
molecules move between the subsurface acid and butyl regions
through gaps between the alkyl chains, saturating the film with
water. The equality in BD evaporation rates of the bare and
film-coated acids is then consistent with a picture in whigldD

the specular angle. We would not expect such dramatic changesnolecules momentarily residing near the top of the butyl film
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(a) Side view following paper that the entry probability of another protic
molecule, CECH,OH, is indeed reduced only slightly by the
butyl film.

The equality in DO evaporation rates from the bare and film-
coated acids must eventually break down as the alkyl chain
length increases and cohesive forces make the film more
compact and less porous. We find that the addition of 1-hexanol
to sulfuric acid indeed creates a hexyl-coated surface that
reduces the evaporation o%0, indicating that the lengthening
of the butyl chain by two Chklgroups is sufficient to make the
segregated film compact and thick enough to imped® D
transport’2

Summary

Butanol is a soluble, short-chain surfactant that segregates
to the surface of 6668 wt % D,SO, supercooled to 213 K,
generating films that cover 80% of the surface at bulk
concentrations of 0.2 M BuOD. These films have been
characterized by hyperthermal argon atom scattering, butanol
and water evaporation, and surface tension measurements. The
Ar scattering studies show that changes in direct scattering and
trapping and desorption track the surface concentration of butyl
species extracted from surface tension measurements, allowing
the surfactant films to be characterized directly in vacuum. The
butanol evaporation measurements further show that a steady
evaporation rate is achieved within the 0.5 s replenishment time
of the rotating acid-covered wheel, implying that the subsurface
Figure 10. (a) Side and (b) top views of a Monte Carlo simulation of and surface reglon's.of the acid closely approach their steady-
butanol at the surface of water at 298 K. £gfoups, CH groups, state butyl compositions.
butanol oxygens, water oxygens, and hydrogens are depicted in green, The most important result of these experiments is the
blue, red, and white, respectively. The uniteds&idd CH groups are measurement of identical,D evaporation rates from the bare
1Q—20% smaller than aptual size. Simulations by B. Chen, J. I. gnd butanol-doped acid at 60, 64, and 68 wt 60, at 213
Siepmann, and M. L. Klein based on ref 62. K. These unchanged rates demonstrate that the butyl films do

. ) . . not impede RO transport out of or into the acid, implying that
dissolve back into the acid much more quickly than they desorb gyjturic acid droplets in the atmosphere coated with short-chain
into vacuum. In this limit, RO becomes fully equilibrated  or imperfectly packed surfactants will grow and shrink at their
between the acid and film regions and the rate of evaporation maximum kinetic rates. On the basis of the picture discussed
is not sensitive to any small barriers fos@transport through  above, we imagine that the butyl species (BuOD, ByQD
the butyl film itself. A kinetic scheme for this model is described BuOSQ-, and BuOSG@D) form a porous film that allows facile
in ref 70. passage of BD between the acid and film regions, followed

We can gain more insight into the equal evaporation rates by slow evaporation from the film at a rate that matche®D
from the bare and film-coated acids by picturing the reverse evaporation from the bare aci#lin the reverse BD absorption
D,O condensation process. An important consequence of thepathway, this matching implies that the film is both porous and
unchanged water evaporation rate is the prediction that the Sticky enough at low temperatures to capture nearly all imping-
condensation rate into the acid will also be unchanged by the ing D20 molecules and transport them into the acid before they
butyl film. At equilibrium, the fluxes of water into and out of ~ €an desorb back into the vacuum. .
the film must be equal, implying that water molecules must _ In the following paper, we show that the unimpeded
enter the bare and butanol-doped acid with the same probability. D20 €vaporation rate is indirectly confirmed by measure-
The entry probability of water into bare 60 wt %$0; at 213 ments of the nearly unchanged uptake of anothe_r protic
K is predicted to be close to 7t further implying that nearly molecule, CECH,OH, into bare and butano!-doped sulfuric acid.
every water molecule in a thermal distribution at 213 K colliding Furthermore, the entry of HCl and HBr is actually enhanced
with the butanol-doped acid will become trapped at the surface, g{,gg %‘;?dilzlén’ :gvﬁgg gzrzper(i)l{[?rtliu?:r?zﬁ: :ﬁs:gsrjff’:id
permeate fully through the butyl surface layer, and enter the that ture th P idi | pl
bulk acid®>” On the basis of Figure 10, we speculate that this at capture these acidic molecules.
complete permeation ofiD through the butyl film is enforced Acknowledgment. We are grateful to the Air Force Office
by its porosity and by attractive forces betweesODand the  of Scientific Research for supporting this work. We also thank
alkyl chains and polar headgroups of the butyl species, which Akihiro Morita and George Zografi for helpful discussions,
at low temperatures should make it difficult for the@to James Krier for surface tension measurements, and Bin Chen
escape back into the vacuum before crossing into the bulk acid.for preparing Figure 10.

From the perspective of a,D molecule colliding with the acid, ) o o )

the butyl film appears porous and sticky, capturing nearly all Appendix: Diffusion-Limited Replenishment of Butyl

impinging molecules and transporting them into the acid before SPecies near the Surface

they can desorb. Although we have not yet measured the uptake The replenishment times of the subsurface and surface regions
of D,0 into the bare and butanol-doped acids, we show in the were monitored via BuOD evaporation measurements shown
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in Figure 6. These times may be estimated from theoretical

treatments of diffusion-limited adsorption, which predict that
the time required for the concentratiog,ft) just below the
surface to asymptotically approach the bulk phase vajye

is t ~ (7/[4Dputy])(T/Ansu.5%7375 In this equation[ is the
equilibrium surface excess of butyl species @, = Npuik

— ngut). The BUOD evaporation flux will reach its final value
when ngyft) = Npuk. TO estimate whemg,y, differs from npyik

by the 5% uncertainty of our evaporation measurements, we

setAngypequal to 0.08,,k. The diffusion analysis assumes that
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