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This work focuses on the development and application of the UV diffuse reflectéamer flash photolysis
technique to directly study the kinetics of reactions occurring at thelggsd-phase boundary. The reaction

of Cly*~ radical anion with ethanol was chosen to directly “probe” the reaction kinetics at thevaier
surface. The reaction rates at the surface are shown to be more rapid than in the bulk liquid. Direct kinetic
evidence is provided that the reaction of’Clradical anion with ethanol is at least 2 times faster at the
surface than in the bulk. The rate coefficient for the surface reactign €lethanol is found to be (4.4%

0.80) x 10® M1 s, For comparison, the rate coefficient for the reaction gf Glith ethanol in the aqueous
phase is found to be (1.7# 0.34) x 1> M~ s™L. The uncertainties in the above expressions arard
represent precision only. The effective rate coefficient for the aqueous-phase reagtior- @thanol is

found to be consistent with what has been reported. Therefore, the chemistry at the interface differs from that
of the gas phase or liquid phase. The nature of interfacial reactions and their atmospheric implications are
discussed.

Introduction the air-water interfacé:1112Similarly, the atmospheric uptakes
3 4 i
Heterogeneous gadiquid interactions have been shown to of acetaldehyd€¥and glyoxal* cannot be described solely by

play an important role in atmospheric processes such as the“q';']'d'phzse chtgrqlstr); ?hnd are b.SSF tex?lalne(lll n tetrr:ns of
destruction of the stratospheric ozone layer, nonozone compli-en anﬁe ﬂ:eac I\tnli/ a ¢ e gah;gullg in ebr al(ile.B n agoN elr
ance in urban or rural environments, acid rain, global warming, example, the uptake of &f) and Be(g) by NaBr and Na

the production of photochemical smog in urbanral settings, soluti_ons cannot_be explai.ned with a si.mple_aqueous-_phase
and the formation of cloud condensation nuéld@ The laws reaction mechanism and is best described if an additional
governing the kinetics of heterogeneous reactions are generalIy{fhar;qgllg?\jI the gadlgwd mterfzce partflpatez n thg trheict-h
very complex. Typically, the gas uptake into a liquid is governed 'Otn'k ¢ oreover,B%cl)rg%aglNcol-g/vor lslrslo sletr_ve atthe
by several processes, including gas-phase diffusion, mass-Plake ol gaseous brelan Q™ on Nal solutions was

accommodation, solubility, and liquid-phase chemical reaétién. d”"eﬂ by bulk-phase chemlstr'y but an .addltlonal surface
For many soluble and less soluble atmospheric species thereaction channel was found. Finlayson-Pitts and co-workers

uptake of gas by water surfaces is measured to be entirelyrepo_Irt th"?‘t Cl(9) is_ produced wher_1 d_eliqgesced sea salt particles
consistent with calculations based on the bulk aqueous chemistry?r® |rrad|§ted using 254 nm radiation in the presgnce?ciPO

of the specie$.”8However, there has been increased recognition The obtained experimental results are only explained in terms
and a growing body of fieRland laboratory dafd°that suggest of ion-enhanced mte_ractlons Wlth gases at agueou_s interfaces.
that processes at the aiwater interface can play a key role in Clearly, the reactions occurring at the -awater interface
the uptake and reactions of atmospheric gases with liquid &€ of great potential importance in the fle.ld of atmospheric
droplets. That is, more efficient reactions may occur at the air ~ S¢iences. Although the kinetics and dynamics of many of the
water interface itself. Atmospheric species may react at the 9as- and liquid-phase reactions are more or less well understood,
interface without actually being taken up into the bulk of the the reactions at the atwater interface are not. To date, there
solution$ For instance, field observations at a North American &ré no reported studies employing direct measurements of the
coastline suggest that an unrecognized chlorine source must exisiéaction kinetics at the aiwater interface. The goal of this
which cannot be described by a known sequence of gas-phaséeseamh is aimed to be_tter understand and evaluate the role of
and heterogeneous reactidhalso, the uptake of gaseous $O mter_face processes._Thls work focuses on the developme_nt and
into a liquid cannot be explained by liquid-phase chemistry application of thg diffuse reflectanedmer flash photonS|s
alone51%-12 |t has been shown that the atmospheric oxidation (DR—LFP) technique to study the reactions occurring near the

of SOx(g) proceeds via the formation of a bound complex at 9as-liquid surface. The reaction of £I' radical anions with
ethanol was chosen to directly probe the reaction kinetics close

*To whom correspondence should be addressed. E-mail: to the air-water interface, because of the appropriate optical

Christian.George@univ-lyon1.fr. properties of that radical.
T Laboratoire d’Application de la Chimié BEnvironnement (UCBL- . . . .

CNRS). Accordingly, in this paper we report a diffuse reflectance
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10.1021/jp026174f CCC: $25.00 © 2003 American Chemical Society
Published on Web 03/20/2003



2498 J. Phys. Chem. A, Vol. 107, No. 14, 2003 Strekowski et al.

150 W Xenon
Arc Lamp
Focusing and /.( """""
filtering : -
optics : D6535
\. ceccsnse '\
... / «Reflected» signal
Se. |_| differentiating
s, Suspended circuit
L keF laser SIIEN droplet
~ 248 mm Qrrorenee
*e.. mirrors I  Oscilloscope
X3 e
g R ]
.. 323 ~ . Reaction Chamber
. . A
. ..\ B
EEERTRTRY P PPPPE y s |\
% ta— o ‘. Time
0
-+ 3
®ssccere LR RN RN RN TN PC

Irradiated surface

Figure 1. Schematic diagram of the DRLFP apparatus employed to study the interface kinetics of the €1 ethanol reaction. HCA= high-
current amplifier, PMT= photomultiplier tube, DG535- digital delay, and PG= personal computer.

reaction of CJ*~ radical anions with ethanol. Surface kinetic SZOf + hv (A = 248 nm)— 2SQ," Q)

information is obtained by monitoring absorption of the transient

species, i.e.,Gi~, following laser flash photolysis of a%,0s/ SO~ +ClIT—CI'+ 5042* (2)

NaCl/ethanol/HO solution. The goal of this research is aimed

to better understand and evaluate the role of@amter interface Cle +ClI"=Cl,~ A3)

processes of atmospheric interest.

Experimental Section Cly" + C,HsOH— products )
Methods. The experimental methodology couples radical Cl,~ + Cl,”™ — products (5)

production by laser flash photolysis (LFP) with time-resolved

detection of products using UV diffuse reflectance (DR). A high- Cl™ — loss ©)

pressure xenon arc lamp was used in time-resolved optical 2

absorption by a transient species. The lamp’s output wavelength CI — loss %

can be filtered to match a specific absorption region of the
species of interest. Therefore, the UV BRFP technique may  Reaction 2 has been shown to be the rate-determining step in
be used to monitor concentrations of specific species in solu- the production of the GI~ radical anion with a reported rate
tion. coefficient of (3.3% 0.5) x 10® M~1s71.28 The reaction of the
First employed in the 1980s to probe solid heterogeneous CI* radical with ethanol has been omitted from the reaction
systems, the diffuse reflectanckaser flash photolysis technique  mechanism above. However, this reaction would not alter the
has become a sensitive tool for understanding the kinetics andoutcome of this study. In reaction mechanism3lthe SQ*~
mechanisms of photoreactions on many different kinds of solid radical anion is converted to £t in the presence of Clwith
surfaces and interfacé%.?* The diffusion reflectance approach a yield of >99.5% in less than 0.2s2° The decay of Gt~ is
used in this study is similar to one used in previous studies of mapped out on a storage oscilloscope (Tektronix, type 2430A)
heterogeneous reactions traditionally performed on solid surfacesfollowing a synchronized (under Stanford Research Systems
(see, for example, refs 5, 19, and-257). However, to date, = DG535 control) delay between the 248 nm photolysis laser flash
there is no work reported that uses UV diffuse reflectance and the Xe flash lamp probe pulse. The pulse widths of the
spectroscopy to directly study reaction kinetics of atmospheric 248 nm and Xe flash lamp were 20 ns and-1ll ms,
interest at the airwater surface. To our knowledge, this is the respectively, while the time scale for the occurrence of the
first study to use the UV diffuse reflectance time-resolved reaction of CJ*~ with ethanol was typically 021 ms. All
technique to directly “probe” reaction kinetics on a transparent experiments were carried out under strictly pseudo-first-order
medium such as a water surface. The UV-BIFFP apparatus  conditions with Ct and ethanol concentrations in excess over
used for the Gt~ + ethanol experiments is shown schematically the Cb*~ concentration. Details of the experimental procedure
in Figure 1. The experiments involve time-resolved detection that was employed to study the reaction of*Clwith ethanol
of Cly~ radical anion by optical absorption spectroscopy at  are given below.
~ 350 nm following 248 nm laser flash photolysis 0f%Os/ A cylindrical Teflon reaction cell with an internal volume of
NaCl/ethanol/HO solution according to ~200 cn? was used in all of the @I + ethanol experiments.



Reaction of G*~ Radical Anions with Ethanol

The internal walls of the reaction vessel were blackened to
minimize scattering of radiation. The solution droplet was
supported on the flat topfa 6 mmo.d. Teflon tube in the
center of the reaction cell. This geometry resulted in a
nonspherical droplet of about 8 mm in diameter. Two quartz
lenses (focal length 5 cm) and six quartz windows, 2.54 cm
o.d., evenly spaced were fixed to the main body of the cell.

The cell was maintained at room temperature. A copper
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monolayer on water suggest that the optical angle for experi-
mental determination of the reflection spectra of thin films on
water is in the range-840°.31 Under the experimental conditions
employed, assuming a conservative value of 2% reflegtitn

for the water droplet surface, and using some simple algebra
and trigonometry, we can calculate that the reflected signal
intensity was at least £Ogreater than the signal intensity
contributed from the bulk-phase processes. However, the

constantan thermocoup|e with a stainless steel jacket Wasref|eCted signal may still contain information from the bulk-
inserted into the solution reservoir and the reaction cell through Phase processes which result from the fact that the diffuse
a seal, allowing measurement of the solution and the droplet's reflectance-laser flash photolysis technique is not a purely
surrounding gas medium temperature under the precise experisurface specific method. That is, the penetration depth (depth
mental conditions employed. The geometry of the reaction vessel0f the solution surface analyzed by the experimf@#)of the

was such that it allowed for the photolysis laser and the probe analyzing light may be tens of nanometers deep. If the sounding

laser beams to enter30° to one another. Two separate
photomultiplier tubes were used to monitor the reflected and
aqueous-phase, i.e., bulk liquid, signals. One photomultiplier
(Hamamatsu H7732-10) was placed-@0° relative to the probe

depth is a few tens of nanometers, then there should be a
contribution from the bulk phase just below the surface. This
point will be discussed later.

Before the photolysis laser was discharged, the “background”

beam. The second photomultiplier (Hamamatsu H7826) was steady light level of the Xe lamp was measured by a sample-
positioned on the same axis as the Xe lamp beam. Such detectoand-hold circuit using a multimeter. This procedure allowed for

geometry allowed for the “reflected” and the “bulk” (i.e.,

the absorption baseline to be obtained. The output pulse from

transmitted) signals to be collected under the same experimentathe PMT was passed through a high-speed current amplifier/

conditions.

Radiation from a Lambda Physik EMG 101 KrF excimer laser
(A = 248.5 nm) served as the photolytic light source for the
study of the reaction of G~ radical anions with ethanol.
Fluences of 248.5 nm laser radiation utilized in this study were
typically 100-130 mJ cm?, and the laser pulse width was 20
ns. The xenon lamp’s output wavelength was filtered to obtain
a maximum output radiation at ~ 350 nm to match the
maximum absorption region of the £1 radical aniori®

The photolysis laser was triggered at a specific delay time

discriminator (FEMTO HCQ-200M-20K-C), fed to a dif-
ferentiating circuit that “backed-off” the steady light signal, and
then recorded on a storage oscilloscope. The Tektronix storage
oscilloscope had a signal-averaging capability and a maximum
sampling rate of 100 MHz. The stored signal was digitized and
transferred from the oscilloscope to the microcomputer using
an IEEE-488 connection. The full absorption signal was then
reconstructed from the steady and transient signals. Up to 16
single-shot experiments were averaged to map out a singfe ClI
radical anion temporal profile over twoelfimes.

after the probe beam pulse so that the photolysis laser fired in All experiments were carried out under “static” conditions.

the “plateau” of the Xe flash lamp. Reflected absorption of the
Cly*~ radical anion at ~ 350 nm was collected by a quartz

However, the solution was allowed to flow using a Watson
Marlow 313S liquid pump, and the droplet was replenished after

lens on the axis-30° to the probe beam, passed through two €ach photolysis laser/flash lamp shot. Therefore, each surface
350 nm interference filters and a 20% acetonitrile/methanol area and volume element of the reaction solution were subjected
filter, and imaged onto the photocathode of a photomultiplier to only one laser/flash lamp shot, thus preventing the buildup
tube. The bulk liquid signal was collected on the same axis as Of reaction products on the reaction surface and in the bulk
the probe beam passing through the droplet using the geometryliquid.
of lenses and filters as described above. Concentrations of each component in the reaction mixture
Given the detector geometry listed above, special care hadwere determined from the appropriate mass and volume
to be taken so that the reflected signal did not include signal measurements. The reaction solution was allowed to flow into
from the bulk-phase processes. That is, the reflected signal maythe reaction cell from its blackened and foil-cahteL storage
contain information from the bulk-phase processes which result container. The concentration of $Oin the aqueous phase was
from the internal and diffuse reflections of the analyzing light not directly measured but was calculated on the basis of
within the water droplet. As a result, extensive experiments were experimentally measured and certain known parameters, namely,
carried out to ensure that the bulk-phase contribution to the the quantum yield for S© radical production from 248 nm
reflected signal was negligible. For example, in one series of photolysis of $0g”~, absorption cross section of theCs?*”
preliminary experiments the PMT that measured the reflected anion at 248 nm, and laser photon fluence at 248 nm.
signal was placed at various positions around the water droplet. Reagents.The reagents used in this work had the following
While the observed reflected signal intensity changed, the stated minimum purities: 5,0 (Aldrich, ACS reagent,
observed kinetics was always the same. If internal reflections >99%); NaCl (Aldrich, ACS reagent; 99%; ethanol (Prolabo,
and subsequent transmission of light out of the droplet were absolute>99.8%). All solutions were prepared using water with
significant, then the observed kinetics would have been different a resistivity of>18 MQ cm. Deionized water was prepared by
at different positions around the water droplet. In another seriespassing tap water through a reverse osmosis demineralization
of preliminary experiments, the excimer laser power and the filter (ATS Groupe Osmose) followed by a commercial deion-
cross-sectional area of the analyzing light were varied. Similarly, izer (Millipore, Milli-Q39). All solutions were used within 1 h
the observed reflected signal intensity varied, but the kinetics of their preparation. All experiments were performed with a
remained the same. The maximum intensity of the reflected pH value of~5.8. A possible impurity in KS,0g was sulfuric
signal was found to be at an angle of30°. This angle of acid. However, if potassium persulfate was predominantly
reflection is consistent with the theoretical work of the reflec- responsible for controlling the pH of our solutions, then a pH
tion—absorption calculations performed by DIuHyDluhy’s of 5.8 would be equivalent to a sulfuric acid content of
theoretical calculations of the reflection absorption for a ~0.003%.
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Results and Discussions

Adding ethanol to water modifies the surface tension of the
surface. As a result, the concentration profile near the surface
is altered. The concentration of ethanol at the water droplet
surface, [ethanol] was estimated on the basis of the work of
Donaldson and co-workei&34-36 and Strey and co-worke¥s
using a Langmuir-type isotherm:

I'.,[ethanol],

thanoll = 1" = thanoll .
[ethanoll b + [ethanol},,,,

V)

In eq I,T andI'sg;are the surface coverage and saturated surface
coverage, respectively, and the parambtisrrelated to the rate
coefficients for adsorption and desorption from the surface into
the liquid bulk. It should be noted that eq | adopted from the
work of Donaldson and co-workéfs*43¢ and Strey and co-
workers7 is an approximation. The left side of eqTl, is not
really the surface coverage (concentration) of ethanol but relative
adsorption of ethanol with respect to water. However, for low
concentrations of bulk ethanol, and assuming monolayer

segregation, the surface excess and surface concentrations are

approximately the same.

The concentration of ethanol at the interface, [ethanalhs
calculated using Gibbs appro&8iwhere the relative surface
excess of specidswas expressed as

8 80)

_ |90 _[_ S\[do
FHZOJ_(aﬂi)mm ( R'I')(aay

for adsorption from the bulk liquié In eq Il Ty20; is the surface
coverage of speciaso is the surface tensiop; is the chemical
potential of specieg & is the activity of specieg Ris the gas
constant, and is the absolute temperature. (Hereinafigfo;

will be abbreviated td".) Here, similar to the work of Donaldson
and Anderson on adsorption of;.GC, alcohols, acids, and
acetone gases at the-awater interface, solution concentrations
were used rather than activiti#&sThe use of solution concentra-
tions is consistent with the work of Strey and co-workers on
the necessity of using activities in the Gibbs equation.
Equilibrium surface tensions of aqueous ethanol solutions were
taken from the work of Strey and co-workérf<On the basis of
the work of Donaldson and Anderson, the following exponential
polynomial function was used to fit surface tension dita:

(in

o= gge el g lethanol]+ ajethanolf +
a,[ethanolf (1)

In eq I, [ethanol] is the aqueous-phase ethanol concentration
(mol L™ and oy is the surface tension of pure water, (=

72.0 dyn cnl). The derivative of eq Il was then used to
calculate the relative surface excess via the Gibbs equétion:

d —allethanol]
———(0) = —o,a.€ + a, + 2a,[ethanol]+
d[ethanolfa) 9o 2 ol ]

3a,[ethanolf (V)

The saturated surface coveradigs, was then obtained from
least-squares analysis to a Langmuir isotherm. Theand b
are found to be 3« 10" molecules cm? and 0.3, respectively.
OnceTlsy; the parameteb, and the bulk ethanol concentration
were known, the “real” surface ethanol concentratibpyas
calculated.
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Figure 2. Typical (a) bulk and (b) surface €t absorbance temporal
profiles observed in the study of the reaction of"Clwith ethanol.
The photolysis laser was fired at time 0. Experimental conditions:
= 298 K; [NaCl] = 50 mM; [K:S,0g] = 5 mM; [ethanol]= 0.3 M.
The number of laser shots averaged was 16.
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Figure 3. Typical (a) bulk and (b) surface €f first-order decays
observed in the study of the £1 + ethanol reaction. The photolysis
laser was fired at time 0. Experimental conditioris= 298 K; [NaCl]

=50 mM; [KzS;0g] = 5 mM; [ethanol]= 0.3 M. The number of laser
shots averaged was 16. Fits are obtained from linear least-squares
analyses and give the following first-order decays®(&0): (a) 87,

(b) 120.

All experiments were carried out under pseudo-first-order
conditions with Ct and ethanol concentrations in excess over
the Cb*~ radical anion concentration. Typical liquid bulkCl
and $SOg?~ concentrations were 50 and 5 mM, respectively,
while aqueous-phase ethanol concentrations were in the range
from 0.11 to 0.64 M. Some typical surface and bulk liquigrCl
radical anion temporal profiles observed following laser flash
photolysis of KkS,Og/NaCl/ethanol/water mixtures are shown
in Figure 2. Typical first-order plots for the “surface” and bulk
channels are shown in Figures 3 and 4. The bimolecular plots
for the reaction of Gt~ with ethanol are shown in Figure 5.
The effective surface and bulk liquid rate coefficiertsyse
(surface) andk,psdbulk), respectively, are obtained from the
variation of the corresponding pseudo-first-order rate coefficient,
k' (for the bulk) andk'® (for the surface), with [ethanol] at
constant concentrations of Cland $SOg?~. The plot of the
pseudo-first-order rate coefficiekit’ versus the ethanol surface
concentration from which the rate coefficient for the surface
reaction of the GL~ anion with ethanol was extracted is shown
in Figure 6. The observed surface rate coefficient for the reaction
of the Cb*~ radical anion with ethanol is found to be strictly
proportional to the ethanol surface concentration (see Figure
6). Fits to plots ofkypsdsurface) andopsdbulk) vs [ethanol] in
the aqueous phase are described by the following expressions:
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Figure 4. Typical Ck*~ first-order temporal profiles observed for the<£) bulk and a-c surface in the study of the reaction of,Clwith

ethanol. The photolysis laser was fired at time 0. Experimental conditiors:298 K; [NaCl] = 50 mM; [K2$,0g] = 5 mM. [Ethanol] (M): (A,

a) 0.08, (B, b) 0.15, (C, c) 0.3. The number of laser shots averaged was 16. Solid lines are obtained from least-squares analyses that give the
following best-fitk' parameters (F0s™1): (A) 55, (B) 74, (C) 110, (a) 77, (b) 104, (c) 160.
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Figure 5. k' versus [ethanol] for (a) bulk and (b) surface data obtained Figure 6. Pseudo-first-order rate coefficiekit versus ethanol surface

in the studies of the reaction of £1 with ethanol. Fits are obtained  concentration from which the rate coefficient for the surface reaction
from a linear least-squares analysis and Langmuir equation and giveof the Cb*~ anion with ethanol was extracted. The fit is obtained from
the following bimolecular rate coefficients @AM~ s™): (a) 1.77+ a linear least-squares analysis and results in a bimolecular rate
0.34 and (b) 4.45+ 0.80, respectively. Uncertainties arer 2and coefficient equal to (9.22= 0.82) x 107° cn¥ s* molecule™ for an

represent precision only. arbitrary penetration depth of 0.8 nm. Uncertainties arard represent
precision only.

kypsdsurfacel= k'’[ethanolf + k,’ V)
order behavior of the decay of the,Clradical anion may arise
KopsdPulk) = K'[ethanol]+ k, (V1) as a result of the fast self-recombination of*Clanions (i.e.,

reaction 3). The rate coefficients for reaction 3 have been
Inegs V and VIK? andk' are the second-order rate coefficients reported to be (1.8 0.1) x 10° M~1s129at] — 0 (I = ionic

for the decay of Gt~ at the surface and in the aqueous phase, strength) andl = 298 K and 7x 108 M~ s7139 Under the
respectively, [ethandl]and [ethanol] are ethanol concentrations  experimental conditions employed in this work we estimate a
at the surface and in the bulk liquid, respectively, &gdand “first-order” contribution from reaction 3 to be200 s* to the

ko are surface and bulk, respectively, pseudo-first-order rate measured first-order rate coefficient for the reaction of Cl
coefficients for the Gt~ decay in the absence of ethanol. It with ethanol. Indeed, as shown in Figures 3 and 4 the decay
should be noted in Figure 5 that the kinetics at the surface do profiles of the C}'~ concentration were always observed to
not increase linearly with the bulk liquid ethanol concentration. follow first-order kinetics. Therefore, the nonlinear behavior of
It is observed that the nonlinear behavior of the experimental our surface signal (as shown in Figure 5) can be safely attributed
kinetic data for the surface shows a Langmuir-type dependenceto surface processes.

on concentration. Therefore, the data presented in Figures 5 and The following surface and aqueous-phase rate coefficients
6 indicate that the reaction £f + ethanol at the airwater for the reaction of Gt~ with ethanol are derived from the data:
surface can be described by a dynamic Langmuir model.

Accordingly, since the kinetics at the interface are consistent k , _(surface}= (9.22+ 0.82) x

with a Langmuir-type description, we report with confidence 9 1 1

that we are, indeed, observing the diffuse reflectance signal 10°° cm’s " molecule (Vi)
originating at the surface (or just beneath it) and not in the bulk _ -1 -1

liquid. Also, it should be noted that the deviation from the first- Kopsd(Dulk) = (1.77++ 0.34) 10°M™s (%)
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Assuming arbitrarily the interface depth of 0.8 rkg,s{surface) liquid bulk phase$* 46 Later studie¥’*® assumed a steplike

= (4.45 £ 0.80) x 1(®° M~1 s71 Uncertainties in the above local density profile across the liquidhas interface, whose
equations are @ and represent precision only (all data points width is the result of the propagation of thermally excited
weighted equally). The only other direct measurements of the capillary waves? It is however clear that the interface is a
effective rate coefficient for the reaction of££1 + ethanol in region where the density decreases sharply from its bulk water
the aqueous phase were carried out by Zellner and co-watkers, value to the one of the gas phase. This density lowering is
Hasegawa and Nefd,and Khmelinskii et af! We find that accompanied by a potential increase of the mobility of “solutes”

the observed rate coefficient for the reaction ot Clwith at the interface, which in turn may affect the surface reaction
ethanol in the aqueous phase agrees well within the error limits by increasing the frequency of encounters between molecules.
with the recent work by Zellner and co-workers, (3%D.2) x To react, hydrated molecules have to move through a dense

10° M~ s 1.2° However, Hasegawa and Neta and Khmelinskii medium (i.e., water in our case) and displacgdHnolecules

et al. report rate coefficients for the aqueous-phase reaction offrom their solvation shells before leading to reaction encounters.
Clz~ with ethanol to be (4.5 0.9) x 10*and 1.4x 10 M1 All these processes cost energy to the system, which may slow
s 1, respectively. These studies were performed at moderate tothe overall kinetics. At the surface, the situation may be
high ionic strengths. While the work of Hasegawa and Neta somehow different (and slightly closer to the gas phase, where
was carried out at an ionic strength= 1 M, the study by  such solvation shells mostly do not exist). In fact, the solvation
Khmelinskii et al. was carried out in the presence of 10.3 M of a molecule at the surface may not be complete (i.e., the
HCI. It has been shown that increasing ionic strength can number of HO molecules close to a given species may be much
decrease the rate constant for H-atom abstraction reactions ofower than in the bulk), which in turn may affect any potential
Cl*~.29 The higher ionic strength may result in ion pairing in  kinetics, and the thermodynamics playing a role in the chemical
concentrated aqueous salt solutiéhAs a result, the lower rate  transformation may be altered (a lower energy cost may be
coefficients reported by Hasegawa and Neta and Khmelinskii followed by a faster reaction). Another aspect that may change

etal. may be the result of ion pairing between thg'Oladical ~ the surface kinetics of chloride-containing solutions is the
anions and the Nacations since the Nagtomplex might have  structure-breaking feature of that anion illustrated by a slightly
a reduced reactivity compared to the freg'Ctadical anior?? increased ClI concentration (compared to its bulk value) just

The experimental conditions of Jacobi et al. were similar to the pelow the surface of the aiwater interfacé® This is a property
experimental conditions employed in this study. Therefore, we which is introduced by the solvation thermodynamics of the
report with confidence that our result for the effective rate anjon. Associated with the Gibbs excess of ethanol, this
coefficient for the aqueous-phase reaction of Chith ethanol additional Ct excess may be the source of the reactivity
to be consistent with the work by Zellner and co-workers. enhancement. However, this structure-breaking nature of the
On the other hand, we find that the effective rate coefficient chloride anion has only been illustrated in water (and only in
for the reaction of Gt~ with ethanol at the airwater surface  small clusters and lamellag) and not in water/ethanol mixtures.
is estimated to be about a factor of 2 higher than the experi- We believe that, in the latter case, it is the ethanol properties
mental value in the bulk liquid. There are no other kinetic data that govern the surface tension of the droplet and, therefore,
for the reaction of Gt~ with ethanol at the airwater interface the surface composition, repelling from the surface any Cl
reported in the literature with which to compare our results.  excess. The latter if it exists may then be below the ethanol
Since the diffuse reflectanedaser flash photolysis technique excess (a sandwich-like surface), which then may not affect the
is not a purely surface sensitive method, the real value of the surface kinetics. If Cl anions are squeezed from the surface,
enhancement in reactivity at the surface cannot be firmly then we would have deviation from the Langmuir isotherm. This
established since we did not know the effective sounding depthis not observed. On the other hand, our kinetics are first order
of the experiment. If we crudely estimate a sounding depth of and, therefore, not dependent on theyClradical anion
A4, then we are probing a depth of about 90 nm. As a result, concentration. Accordingly, we believe that we have indeed
the contribution from the bulk-phase processes cannot beobserved an enhanced reactivity for the surface reaction of the
excluded. Unfortunately, our current experimental setup does Cly*~ radical anion with ethanol.
not allow us to quantify the contribution from the bulk-phase  An important assumption in this work is that the kinetics of
processes resulting from the penetration depth of the analyzingthe reaction of the Gi~ radical anion with ethanol can be
light. We are currently working on this problem. separated into the surface and bulk processes. However, on the
However, on the basis of the kinetics and the Langmuir-type time scale of the experiment-@0us), the reactants can diffuse
adsorption of ethanol at the water surface, we believe that thedistances on the order of a hundred nanometers. Therefore, any
observed reflectance signal must originate near the surface. Inenhanced rate at the surface will influence the concentrations
principle, our sounding depth may range from a few angstroms to a depth of around half a wavelength of the analyzing light.
(i.e., the lower limit of the airwater interface thickness) to  Consequently, a full kinetic model of the reflectivity has to
few tens of nanometers (at the upper end of the concentrationinclude mass transport as well as chemical reaction. If we
profile of ethanol due to the Gibbs surface excess). As this depthassume that the €f radical anion decays at the same rate both
is used to convert our surface kinetics to standard unitsof M at the surface and in the bulk and that at the time of flash
s~ (for comparison purposes) and because our kinetics arephotolysis we have a homogeneous system (i.ez; Tlahitace=
integrated all over that depth, we cannot provide a real [Cl,~]uuk), then no concentration gradient will exist between
enhancement factor but only provide a safe lower limit of about the surface and the bulk phase. As a result, surface kinetics will
a factor of 2. not be influenced by the bulk-phase processes. On the other
Nevertheless, the observed enhanced reactivity at the air hand, if we assume that the concentrations of the Cadical
water phase boundary may be explained in terms of physical anion both at the surface and in the bulk are the same but the
processes at the water droplet surface. For instance, traditionally corresponding rate of the £t radical anion decay at the surface
water—vapor interfaces were described as regions of continuousis faster than in the bulk, then surface kinetics will be influenced
variation of densit§® caused by density fluctuations within the by the bulk-phase processes due to the diffusion from the bulk
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toward the surface. This will result in a lower observed rate are warranted. Further experiments of atmospheric importance
coefficient for the surface reaction of the,Cl radical anion on the direct measurement of diffuse reflectance signals at the
with ethanol. If this is the case, the rate coefficient presented air—water phase boundary are in progress.

here for the surface reaction of the,Clradical anion with

ethanol (eq VIII) should be considered a lower limit. If the Acknowledgment. We gratefully acknowledge the support
reaction at the surface is slower than in the bulk liquid, then of the French Atmospheric Chemistry Program PNCA for this
the Cb*~ radical anion may diffuse from the surface to the bulk. work. We thank Dr. Colin D. Bain at the University of Oxford,

In this case, the surface rate coefficient would be described by U.K., for helpful discussions.

the bulk-phase kinetics and the measured surface rate coefficient

will be the upper limit for the bulk phase reaction of the*Cl References and Notes
radical anion with ethanol. (1) Charlson, R. J.; Langer, J.; Rodhe, Mature 199Q 348 22.
. (2) Lelieveld, J.; Crutzen, P. Nature199Q 343 6225.
Conclusions (3) Solomon, SRev. Geophys1988 26, 131. '
In summary, we have successfully applied the UV-BIFP E("'I):a?:&’;‘ilogitssé&;g‘g;-1B'a worsnop, D. R.; Zahnister, M. S.; Kolb,
technique to directly study the reaction kinetics at the-aiater (5) Finlayson-Pitts, B. J.; Pitts, J. themistry of the Upper and Lower

phase boundary. The reaction of theClradical anion with Atmosphere: Theory, Experiments and Applicatigkeademic Press: San
ethanol was chosen to directly probe the reaction kinetics at D'e%g)' 2’\;328_- L Schweitzer. F. Pallares. G- Cherif. S. Mirabel P

; ; i, L weitzer, F.; , C.; if, S.; Mi , Py
the air-water surface. Results presented here for the r(_eactlonGeorge’ CJ. Phys. Chem. A997, 101, 4943.
of Cly>~ with ethanol in the agueous phase agree well with the (7) DeMore, W. B.; Sander, S. P.; Golden, D. M.; Hampson, R. F.;
literature value. On the other hand, results presented here forkurylo, M. J.; Howard, C. J.; Ravishankara, A. R.; Kolb, C. E.; Molina,
the surface reaction of the £t radical anion with ethanol M. J. Chemical Kinetics and Photochemical Data for Use in Stratospheric
- L . Modeling Pasadena, California, 1997.
indicate a reactivity _enhancement at th&auater s_urface. The (8) Fockenberg, C.: Saathoff, H.: Zellner, Bhem. Phys. Let.994
observed rate coefficient for the reaction op*Clwith ethanol 218 21. _ ' _
at the air-water phase boundary is found to be at least a factor A(E?)Hﬁg'kfgfhCMWEa(;?%P”S@éEr-kS\;E”('?Y;:;'uprgtfégé %Sf?;éndge’
of 2 higher than the expe_rlmental value in the bu_lk liquid. '(1'(5) Knipp;ing, E. M.: Lakin, M. J.; Foster, K. L.; Jungwirth, P. Tobias,
Therefore, the rate coefficient for the surface reaction of the p. J.; Gerber, R. B.; Dabdub, D.; Finlayson-Pitts, BSdience200Q 288,
Cly~ radical anion with ethanol presented here (eq VIII) should 301.

; i ; Ftac (11) Jayne, J. T.; Davidovits, P.; Worsnop, D. R.; Zahnister, M. S.; Kolb,
be considered a lower limit on the basis of the uncertainties in C. E.J. Phys. Cheml990 94, 6041.

mass eXCh_ange and sounding depth of the experiment. ) (12) Donaldson, D. J.; Guest, J. A.; Goh, M. L.Phys. Chem1995
The particular measurements made here may not have direc9, 9313. o _
atmospheric implications, as£1 is not a major oxidizer under (13) Jayne, J. T.; Duan, S. X.; Davidovits, P.; Worsnop, D. R.; Zahnister,

. . o . .M. S.; Kolb, C. E.J. Phys. Chem1992 96, 5452.
typical atmospheric conditions (maybe except in the marine (14) Schweitzer, F.; Magi, L. Mirabel, P.; George, & .Phys. Chem.

environment where the Clcontent of sea salt aerosols may be A 1998 102 593.
large enough to produce £1 in sufficient amounts to become (15) Hu, J. H.; Shi, Q.; Davidovits, P.; Worsnop, D. R.; Zahnister, M.

; g ; S.; Kolb, C. E.J. Phys. Chem1995 99, 8768.
a radical of atmospheric importance). However, the higher (16) Hanson. D. RJ. Phys. Chem. B997, 101, 4998,

effective rate coefficient for the surface reactionCH- ethanol (17) Katrib, Y.; Deiber, G.: Schweitzer, F.; Mirabel, P.; George, C.
obtained in this study, if proved to be a general feature and Aerosol Sci2001, 32, 893. ‘

therefore extended to a wider range of compounds, could have  (18) George, C.; Behnke, W.; Scheer, V.; Zetzsch, C.; Magi, L.; Ponche,
. L s . J. L.; Mirabel, P.Geophys. Res. Lett995 22, 1505.

important atmospheric implications for model calculations of ™ 1g)"\wilinson, F.J. Chem. Soc., Faraday Trans.1986 82, 2073.
other relevant tropospheric and stratospheric heterogeneous (20) Shen, Y. RIEEE J. Sel. Top. Quantum Electro?00Q 6, 1375.
reactions on liquid surfaces. In fact, aerosols are by nature very (21) Shen, Y. RNature1989 337, 519.

; ; ; ; ; (22) Wilkinson, F.; Willsher, C. J.; Leicester, P. A.; Barr, J. R. M.; Smith,
dispersed. For example, under typical midlatitude stratospherch_ 3°C.J. Chem. Soc.. Chem. Commass6 1216,

conditions, 15-25 km altitude, the si_ze_ of aerosols is in the (23) Miragliotta, J. A.Johns Hopkins APL Tech. Dig995 16, 348.
range 0.1 um and the surface area is in the range®tQ0-8 (24) Borensztein, YSurf. Re. Lett. 200Q 7, 399.

cm?/cmi 5t The temperature in this region of the atmosphere ~ (25) Vogt, R.; F_'”I'aVSO”'P.'“Sv B. J. P}:‘ys- Chhemlg% 99, 13052.
ranges from 215 to 220 K, and the aerosol is expected to be a (26) Vogt, R.; Finlayson-pitts, B, J. Phys. Cheml994 58, 3747.

- . (27) Langer, S.; Pemberton, R. S.; Finlayson-Pitts, B. Phys. Chem.
supercooled liquid? Tropospheric clouds are composed of A 1997 101 1277.

droplets ranging in size from 5 to 5%m and have a corre- (28) Herrmann, H.; Jacobi, H.-W.; Reese, A.; Zellner FRoceedings

sponding liquid surface area on the order ofd@nm?/cn?.2 of EUROTRAC Symposium ‘9€omputational Mechanics Publications:
- . ) Southampton, U.K., 1997; Vol. 1.

Since the global average cloud volume is about 258f@uds (29) Jacobi, H.-W.; Wicktor, F.; Herrmann, H.; Zellner,IRt. J. Chem.

provide a substantial reactive surface area for heterogeneousinet. 1999 31, 169. _ _ _ o
reactions. The surface-to-volume ratio of a liquid droplet can _ ,(30)R HO‘I?IF(”TI‘BD”:_H- PhOtOIC__hem'SCEeEI'_'?L;F'Q: ?ﬁeWOSL'J‘OP'e ;Tg ﬁ'”et'k
. . . . reler Radikale In waserige Leung. Rabilitation esis, univer

be very simply calculated to ber3tvherer is the radius), which Essen, Essen, Germany, 1997.
underlines the fact that, for small droplets (such as those (31) Dluhy, R. A.J. Phys. Cheml986 90, 1373. _
encountered in a typical aerosol or even fog or clouds), the ratio  (32) Harrick, N. J.Internal Reflection Spectroscopynterscience
; e ; Publishers: New York, 1967.

starts to be in favor of the surface. This illustrates (in an . -

. . (33) Kortim, G. Reflectance spectroscopy. Principles, methods, ap-
extremely Slmple way) that any surface process has the potentialyications Springer: Berlin, Heidelberg, New York, 1969.
to become important. Therefore, we believe that enhanced (34) Donaldson, D. J.; Anderson, D. Phys. Chem. A999 103 871.
reactivity at the airwater interface may have important ggg Bg”m"j:)'ﬂs%”g anﬂégs%s- the“;-heggghtﬁ ?deoz 106, 982
|mpI|cat|orjs on the reactivity of certain atmos.pherlc eNViron- 37y syrey, R.; Viisanen, Y.: Aratono, M.; Kratohvil, J. P.; Yin, Q..
ments which need to be proved by forthcoming experiments Friberg, S. EJ. Phys. Chem. B999 103 9112.

not only on the kinetics but also on the mechanistic changes at  (38) Adamson, A. W1990Q
the interface (39) McElroy, W. J.J. Phys. Chem199Q 94, 2435.
e . . (40) Hasegawa, K.; Neta, B. Phys. Chem1978 82, 854.
Clearly, in addition to this study, further research and more  (41) khmelinskii, I. V. Plyusnin, V. F.; Grivin, V. P. Rl. Phys. Chem.

investigations of the reaction kinetics at the-airater surface 1989 63, 2722.



2504 J. Phys. Chem. A, Vol. 107, No. 14, 2003

(42) Perlmutter-Hayman, Bl. Phys. Chem. Ref. Datk981, 10, 671.

(43) Waals, J. D. v. dVerh. K. Akad. Wet. Amsterdab893 1.

(44) Rowlinson, J. S.; Widom, BMolecular Theory of Capillarity
Oxford University Press: Oxford, 1982.

(45) Cahn, J. W.; Hilliard, J. EJ. Chem. Phys1958 28, 258.

(46) Fisk, S.; Widom, BJ. Chem. Phys196Q 50, 3219.

(47) Buff, F. P.; Lovett, R. A.; Stillinger, R. HPhys. Re. Lett. 1965
15, 621.

Strekowski et al.

(48) Gelfand, M. P.; Fisher, M. ERhysica A199Q 166, 1.

(49) Fradin, C.; Braslau, A.; Luzet, D.; Smilgies, D.; Alba, M.; Boudet,
N.; Mecke, K.; Daillant, JNature200Q 403 871.

(50) Stuart, S. J.; Berne, B. J. Phys. Chem. A999 103 10300.

(51) Turco, R. P.; Toon, O. B.; Hamill, B. Geophys. Re4989 94,
16493.

(52) Steele, H. M.; Hamill, P.; McCormick, M. P.; Swissler, T.1.
Atmos. Sci1983 40, 2055.



