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Abstract

Experiments are conducted to determine the efféc cage of water molecules on the
photolysis quantum yields of nitrate, Fe®Hand HO,. Results suggest that the quantum
yields of nitrate and FeOHf are decreased by the recombination of photo-fragengOH +
'NO, and Fé" + "OH, respectively) before they leave the surroundiage of water
molecules. However, no evidence is found for anaanbd quantum yield for ..
Therefore, the photolysis of nitrate and FEOEbuld be enhanced if the cage of the solvent
molecules is incomplete, as is the case at thevatier interface of atmospheric droplets. The
photolysis rate constant distribution within nigaEeOH*, and HO, aerosols is calculated
by combining the expected quantum vyield data inldbék and at the interface with Mie
theory calculations of light intensity. The phosily rate constant of nitrate and FEOH
would be significantly higher at the surface tharthe bulk if quantum yields are enhanced at
the surface. In the case ob®}, the photolysis rate constant would be enhancesubiace
accumulation. The results concerning the expecades rof photolysis of these photoactive
species are applied to the assessment of the aeabétween benzene an@®H in the
presence ofOH scavengers in an atmospherically relevant saenBor a droplet of 1 um
radius, a large fraction of the tof@H-benzene reaction (15% for®, 20% for nitrate, and
35% for FeOH") would occur in the surface layer, which accouoisjust 0.15% of the
droplet volume.



Keywords. solvent-cage; photochemistry; quantum vyield; seoh&tile organic compounds;
Mie theory

1. | ntroduction

The photo-chemical reactions that take place irewdtoplets may play an important role in
atmospheric chemistry, including the formation atrdnsformation of major organic
components and pollutants (Jacob, 2000; Vione.e2@06; Amato et al., 2007; Vione et al.,
2009a). Two major issues arise in studying theaeti@ns. The first issue is that the actinic
flux inside small water droplets can be considsgrélher than in the surrounding gas phase
because of refraction and diffraction phenomena dffgiaich, 1987). Estimates for the
enhancement factor vary from 1.5 to 2 (Madronidd87t Ruggaber et al., 1997; Mayer and
Madronich, 2004; Nissenson et al., 2006).

The second issue is that some reactions are fastére air-water interface than in the
solution bulk (Hu et al., 1995; Knipping et al.,@). An interface enhancement also has been
observed in the case of the photo-chemical reat{Gurlan, 1999; Winter and Benjamin,
2004), and a recent study into the photolysis of G4@); in 1-decene droplets has provided
evidence that a large part of the effect is accadifdr by the incomplete cage of the solvent
molecules at the interface (Nissenson et al., 20@&je solution bulk, the fragments that are
generated by photolysis are initially surroundedttyy cage of the solvent molecules, and
their diffusion out of the cage is in competitiontiw regeneration of the photoactive
compound through recombination. The effect of tlkeombination reactions is that of
decreasing the photolysis quantum vyields in thetswi bulk. At the interface, the solvent-
cage is incomplete and the recombination reactoeasnhibited as a consequence. Therefore,
the photolysis quantum vyields could be higher atitlterface than in the bulk. For instance,
the incomplete cage of water molecules enhanceghb®chemistry of nitrate in deliquesced
mixtures of NaCl and NaN§XWingen et al., 2008).

The quantification of the solvent-cage effect inu@ous solution presents a number of
experimental difficulties, which could explain wiiynited data are available on the topic.
However, evidence that the recombination procedeesease the photolysis quantum yields
has been obtained in the case of nitrate (Warnedk/urzinger, 1988; Bouillon and Miller,
2005; Chiron et al., 2009; Das et al., 2009; Vienal,, 2009b) and Fetl(Khanra et al.,
2008).

To our knowledge, no assessment presently asladgole of the possible impact of the
described interface phenomena on the photo-chemézadtions that take place in water
droplets in the atmosphere. This is the purpogbepresent paper, in which the effect of the
solvent-cage on the photolysis quantum yields thtd, FeOH" and HO; is studied upon



addition of 2-propanol a$DH scavenger. Quantum yields with and without tfiece of the
cage of water molecules on recombination processeéstermined through experiments and,
together with Mie theory calculations for light émisity, are used to calculate the expected
photolysis rate constants of nitrate, FEOHand HO, at atmospherically relevant
concentrations inside water droplets illuminatedalsinic radiation. The results concerning
the rates of photolysis of these photoactive sgeal® applied to the assessment of the
reaction between benzene af@H, in the presence 6OH scavengers in an atmospherically
relevant scenario.

2. Experimental

The adopted reagents are reported as Suppleménsaeyial. Samples to be irradiated (5 mL
total volume) are placed in Pyrex glass cells (4 diameter, 2.3 cm height) and
magnetically stirred during irradiation. Irradiaties carried out under UV lamps. One of the
lamps has emission maximum at 313 nm (Philips T With 5.6:0.4 W mi? irradiance,
measured with a CO.FO.ME.GRA. (Milan, Italy) powsreter, which corresponds to
(3.740.3)x10°° einstein L* s in solution, actinometrically determined using feeioxalate
method (Kuhn et al., 2004). The other lamp (Philljt&05) has an emission maximum at
365 nm with 5.%0.3 W mi? irradiance, corresponding to (4@®2)x10°® einstein [* s* in
solution. The absorption spectra of nitrateOF and Fe(lll), the latter taken with a Varian
Cary 100 Scan UV-Vis spectrophotometer at pH 2/® weeported in Figure 1. The
temperature of the irradiated solutions is apprexety 30°C.

The determination of acetone formation from 2-prapas carried out by pre-column
derivatization with 2,4-dinitrophenylhydrazine (1fhin contact time; Warneck and
Wurzinger, 1988), followed by analysis of the réisgl hydrazone with High Performance
Liquid Chromatography coupled with Diode Array Detten (HPLC-DAD). Nitrite is
determined by derivatization with 2,4-dinitrophdmydrazine also (10 min contact time;
Kieber and Seaton, 1996), followed by HPLC-DAD det@ation of the azide formed.
Further details are reported as Supplementary Mater

Dark runs are conducted by placing cells wrappealuminum foil under the same lamps
used in the irradiation experiments to achieve laimiemperature and stirring conditions
among dark and illuminated systems. Negligible fation of acetone from 2-propanol is
observed in these dark runs and similar result®lbt@ned by irradiation of 2-propanol alone,
without the photoactive compounds.

Fe* is determined with a Varian Cary 100 Scan UV-\fiectrophotometer, as complex
with 1,10-phenanthroline (absorption maximum at 6af) (Kuhn et al., 2004).



The time evolution data of nitrite and acetonefared with equations of the form [ K|
[Slo (K —Kl9)™ [exp(FKs t) —exp(~& t)], where [} is the concentration of the intermediate
(nitrite or acetone) at the tinte [S]y the initial concentration of the substrate (nérat 2-
propanol) k', andk’, the pseudo-first order rate constants for the &ion and degradation of
the intermediate, an#’s the pseudo-first order rate constant for the dimian of the
substrate. The initial formation rate of the intediate is given byr = K| [S]o. The error
bounds associated to the rate data repregemtderived from the fit of the theoretical curves
to the experimental data (intra-series variabilitye reproducibility of repeated runs (inter-
series variability) is approximately 10-15%.

3. Results and Discussion
3.1. Water-cage effect on the photolysis quantum yields

Figure 2 reports the initial formation rates ofritet and acetone ((GHCO) upon UVB
irradiation of 0.01 M NaNg as a function of the concentration of 2-propanol
((CH3).,CHOH). Figure 2 shows that the increase of the &tion rates between low or no
propanol and high propanol is approximately 2 an8 8mes for nitrite and acetone,
respectively. The following processes account ligr formation of nitrite and acetone in the
system (Warneck and Wurzinger, 1988; Mark et &961 Mack and Bolton, 1999):

NO3™ + v + H' == ["OH +'NOg]cage » "OH +'NO; (1)
NOs +hv — NO, + O )
2°NO, == N,O4 (3)
N,Os + HoO = NOs” + NO, + 2 H (4)
O+NG - O+ NGOy (5)
(CH3),CHOH +°OH - (CHs),C'OH + H,O or other intermediates (6)
(CH3),C'OH + O, - (CH3),CO + HG' (7)

(CHz),CHOH + O - (CH3),C'OH +'OH  or (CH).CO+HO  (8)

After photo-induced formation, the radical©H and ‘NO, may undergo geminate
recombination when they are still inside the cafjevater molecules, reforming nitrate. This
would decrease the quantum vyield of nitrate phstslfMark et al., 1996; Warneck and
Wourzinger, 1988). At elevated [2-propanol], thecte&n between the alcohol an@H inside
the water cage could reduce the in-cage recombiméitweernOH and'NO,, enhancing as
a consequence the formation of both acetone ariteniilote that the recombination @H
and "NO, outside the solvent-cage at elevated [2-propaimllnlikely because of the
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scavenging ofOH by the alcohol. Moreover, detailed calculatiéms OH +°NO, by Minero
et al. (2007) showed that the recombination@fl and"NO, in the solution bulk would be
negligible also in the absence of 2-propanol.

Warneck and Wurzinger (1988) showed that the lasetf acetone formation is a better
measure of the quantum yield @®H photoproduction®('OH), than that of nitrite. It has
been shown thatb('OH) = 1.15 ®(Acetone) (Warneck and Wurzinger, 1988), where
d(Acetone) =Racetone (Pa,Nogr)‘l, and P, nos- 1S the photon flux absorbed by nitrate. By
application of the Lambert-Beer law one gBtsos = 6x10° einstein [* s for 0.01 M
NOs". This study findsb("OH) = 0.01 at low [2-propanol], ang®('OH) = 0.034 at elevated
[2-propanol]. Note that Mark et al. (1996) irra@dt nitrate solutions at 254 nm in the
presence of 2-propanol, varying the concentratibnthe alcohol over many orders of
magnitude. They also find a considerable changbenformation rate of nitrite, which they
attribute to a changing solvent-cage effect. A cangon between the present results and
those obtained in previous studies (Zepp et aB7/19varneck and Wurzinger, 1988; Zellner
et al., 1990; Mark et al., 1996; Goldstein and Rak2007) is reported in the Supplementary
Material.

Figure 3 report&acetone VS. [2-propanol] upon irradiation of 0.1 mM Fe(G)9at pH 2.5,
where the most important photoactive species dflFs( FeOH* (Mazellier et al., 1997).

FEOH" + v == [F€" + "OH]cage — FE" + OH (9)

From the reported stability constants of thé' F@H™ complexes (Martell et al., 1997) one
finds [FeOH'] > [Fe*'] >> [Fe(OH)'] at pH 2.5. In addition, FeO¥ produces OH with
much higher quantum vyield than **¢Benkelberg and Warneck, 1995), thus the reported
results would reflect the photochemistry of FEQH

Considering that Fe(lll) cannot scaveng®@H and that F& is produced in too low
concentration to compete with 2-propanol (also Sepplementary Material), the alcohol
would be the only species to react wiH significantly. Under such conditions one would
expect the formation rate of acetone to reach teglaquickly in the absence of the solvent-
cage effect. The increase of the initial formatrate of acetone with increasing [2-propanol]
provides evidence of a reaction between the alcahdl'OH inside the cage of the water
molecules. By reacting with cag®H, 2-propanol would inhibit the cage recombination
between F& and’OH. The formation rate of acetone would be enhamaseal consequence.

Interestingly, the formation rate of acetone issidarably higher under UVB irradiation
(emission maximum at 313 nm) than under UVA (emissmaximum at 365 nm). The
formation of acetone from 2-propanol would be a&cliieasurement of th@®H yield from
FeOH", which would also be the main absorbing speciethénwavelength ranges adopted
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for irradiation (Benkelberg and Warneck, 1995). iar@("OH) = Racetone (PayFe(|||))_l it is
possible to derivad('OH) = 0.14 (low [2-propanol]) an@('OH) = 1 (high propanol) under
UVB (emission maximum at 313 nm), af{' OH) = 0.04 (low propanol) an#("OH) = 0.18
(high propanol) under UVA (emission maximum at 36%). Note that from the Lambert-
Beer law,Pa reqy = 6x10°° einstein L' s is obtained under UVB irradiation afy reqny =
3x10°® einstein [* s under UVA irradiation.

Figure 4 report®acetone VS. [2-propanol] upon UVB irradiation of 0.01 Mx®,. Based on
Racetone @t _high 2-propanol, one finds th@&( OH) from HO, photolysis is approximately 1.
This value is consistent with Zellner et al. (1998)o found®('OH) = 0.96-0.98 over 308-
351 nm.Racetone Upon irradiation of the D, solution increases with [2-propanol]. Note that
H,O, is able to scavenge as well as prodi@H (reactions 10,11; Finlayson-Pitts and Pitts,
2000).

H>0, +°'0OH - HOz. + H,O (11)

The trend ofRacetone VS. [2-propanol] would be affected by the compatitfor *OH between
H,0, and 2-propanol (the second-order rate constariks’@H areky; = 2.7%10" M™ s* and
ke = 1.%x10° M™* s respectively; Buxton et al., 1988). At low [2-peowl], "OH is

scavenged primarily by 4#D,. As [2-propanol] increases, the alcohol becomesntiain’OH

scavenger and the initial formation rate of acetom@eases. The competition foDH is

accounted for in eq. (12):

(d[Acetone}j _ R ke [2—Propanol] (12)
t-0

dit ~ k, 2 - Propanol} k,, H,0,]

Figure 4 demonstrates that eq. (12) reproducesexperimental data well. Therefore, the
trend of Racetone @S @ function of [2-propanol] may be explainedadsguming HO, and 2-
propanol compete forOH, without the need to assume a changab(@fOH) from HO,
photolysis.

The possibility that othefOH scavengers could explain the trend Rafetone VS. [2-
propanol] in the cases of nitrate and Fe(lll), malagy with BO,, is discussed and excluded
in the Supplementary Material.



3.2. Radiation absorption and “OH generation inside small, spherical water droplets.

Photolysis rate constants are functions of absagbantum yield, absorber molar absorption
coefficient €), and the light spectrum. These parameters, in, tnay be functions of
wavelength and/or location (for example, bulk versurface layer). Objects with curved
surfaces, such as spherical water droplets, magctelight and create peaks and troughs of
light intensity within the object (Bohren and Hutim 1983; Barber and Hill, 1990). In order
to calculate the rate of photolysis within smatiherical droplets, it is necessary to calculate
the intensity distribution within the droplets. time atmosphere, many droplets are similar in
size to the wavelength of the incident light and thave picture of light must be used to
calculate the internal intensity distribution (Behrand Huffman, 1983; Barber and Hill,
1990). This approach, known as Mie theory, has hesed in numerous studies to show that
the internal intensity distribution is non-uniforamd may be enhanced by several orders of
magnitude in certain locations due to morphologgetelent resonances, or MDRs (Bohren
and Huffman, 1983; Chylek et al., 1985; Benincasal.e¢ 1987; Barber and Hill, 1990; Ray
and Bhanti, 1997; Ruggaber et al.,, 1997; Mayer Ktadironich, 2004; Nissenson et al.,
2006).

The numerical model used to calculate the malemtensity distribution is described in
Nissenson et al. (2006). Briefly, the light speotrus discretized into many individual
polarized plane-waves which are incident upon atrapic and homogenous (with respect to
angle) spherical water droplet containing absorbeiGareful attention is given to the
discretization size so that all MDRs are accoutieed The intensity at a given point within
the droplet relative to the incident intensity is,

mE(m,r/a,8,¢E (mr/a,b,¢
ES

| P (A, mr/a,8,¢) = (13)

wherer , 8, and ¢ are the spherical coordinatek,is the wavelengthm is the index of

refraction,a is the droplet radiu€ is the electric fieldE is the complex conjugate of the
electric field, andEZ is the incident intensity. The electric fieldéspressed as an infinite
series of vector spherical harmonics and sufficienhs are summed over until convergence
IS reached.

Droplets in the atmosphere are illuminated noriermly over direction. Therefore, a
useful quantity is the angle-averaged relativensity distribution as a function of normalized
radius since it is independent of the directiolomination,
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where the subscri@ng refers to the angle-averaged relative intensAy.each radial shell,

droprel . . .
lang (A,m,r/a) is calculated for every wavelength. Averagingroak wavelengths yields

the angle- and wavelength-averaged intensity tigion as a function of normalized radius,

(/) = 3 (AW (), (15)

A

whereN is the number of discretizations of the wavelengthge andMA) is a weighting
factor that accounts for the actinic flux beingiadtion of wavelength.
The photolysis rate constant of a photoactpecies S,J5(r/a,d,¢), is a function of the

intensity distribution and therefore is non-unifortimroughout the droplet. The angle-
averaged photolysis rate constadf(r/a), is calculated using2°**(m,A,r/a) in a manner

ang

similar to Ray and Bhanti (1997),

33(r/8) = TGP, 1/a)a(A) | 577 (m, A, /@) A(A) (16)

where G(/) is the spectral flux (in units of photons éns ' nmY). G(J) is multiplied by

| P (m,A,r/@), which is a measure of the actinic flux enhancemana particular

wavelength.

The index of refraction of the droplet is adtian of wavelength and radius, and contains a
real and imaginary part. Since the solutes arsemtein very low concentrations (fM or
less), the real part of the index of refractiom) (of the solvent is assumed to be that of water
and is calculated using the formula of Quan and(E®®5). The imaginary part of the index
of refraction of the dropletn§) determines the absorbance of the solution acdl@ilated in
the same manner as Ray and Bhanti (1997),

n(r)®(A,r/a)a(A)A N
ar

m(A,r/a) =m,(4) + as (17)

where m,(A) is the imaginary index of refraction of pure watesken from Hale and

Querry, 1973),ﬁ(r) Is the concentration of the absorb@x(A,r) is the quantum yield of the
absorber,og(A )is the absorption cross section of the absorbed, B, is Avogadro’s

number.



Two different actinic flux spectra are usecétculate the light intensity distribution inside
a water droplet. The first spectrum is from Framk Klopffer (1988), which is the actinic
flux measured over Central Europe {39 during June 1%averaged from 8AM to 4PM. The
second spectrum is from Finlayson-Pitts and P2@0Q), which is the theoretical actinic flux
value for a solar zenith angle of°3nd an average surface albedo that varies fromi0.the
290—400 nm range to 0.15 in the 660—-700 nm rangee spectrum in Finlayson-Pitts and
Pitts (2000) also is used in Nissenson et al. (2006

The described methodology allows for the assess of the rates of photolysis of nitrate,
Fe(lll), and hydrogen peroxide in atmospheric wadeoplets. In the case of nitrate, a
concentration of 10 M is adopted which is typical of continental clsu@Warneck, 1999).
While initial calculations on the nitrate ion afimte dilution (Salvador et al., 2003) suggest
it has a propensity for the air-liquid interfacepna recent studies at finite concentration
(Dang et al.,, 2006) indicate that the ion tendsramain below the surface. Molecular
dynamics simulations (Thomas et al., 2007) of teti@ans in a 1 M solution suggest that
nitrate is less solvated close to the interfacepamed to the bulk. For example, on average
there are about 8 water oxygen atoms within 4 &efnitrate N in the bulk, but only 6 water
oxygen atoms in the case of nitrate near the exter{defined in that study as being within 8
A of the surface). However, this still may be stifntly close to the interface that a full
solvent shell is not active and enhancement oasarphotochemistry could occur.

Due to the uncertainty in the degree of surfaceegggion of nitrate in water droplets, the
authors assume the concentration of nitrate isoumif throughout the droplets in the
simulations. If this study overestimates the cotregion of nitrate at the surface, the fraction
of the processes photo-induced by nitrate thatroatcthe surface would be reduced.

The non-uniformity of photolysis quantum yieldsaisother issue that must be addressed
when calculating the photolysis rate constant ithgtion within droplets. Nissenson et al.
(2006) found experimental evidence for a reductiothe solvent-cage effect at the air-liquid
interface when Mo(CQ)in a 1-decene solvent was irradiated in aerosoh fand as a bulk-
liquid. Winter and Benjamin (2004) conducted molacwdynamics simulations of ICN in
water and found photolysis quantum yields are &mamtly higher near the surface compared
to the bulk. Therefore, it is reasonable to asstiraethe solvent-cage effect is reduced in the
surface layer of water. In this work evidence iarfd that the cage of the water molecules
reduces the photolysis quantum yield of nitratealdgctor of 3.4. Based on the experimental
data described before, the photolysis quantum yadtapted for nitrate is 0.01 in the bulk and
0.034 at the surface.

As with FeOH" and HO,, a surface layer of 0.5 nm thickness is adopteaifcate, which
would make up 0.15% of the volume of a sphericaptiit with 1 pm radius. An interface
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thickness of approximately five atomic lengths ignsistent with molecular dynamics
simulations (Winter and Benjamin, 2004; Jungwintid d obias, 2006).

In the case of FeOH it is possible that the surface concentrationhmige reduced
compared to the bulk, although there is no datauggport this. However, doubly charged
species likely are not completely repelled from theface, especially in the presence of
organic compounds or anions with some affinity floe surface (Sadiki et al., 2003). It is
possible that the surface and bulk concentratidnBe®H" are equal in the presence of
organic compounds such as benzene and formated Basdhe above considerations, a
constant concentration of TOM (Warneck, 1999) is assumed for Fe®khroughout the
droplet. The same caveats for the nitrate dropétutations apply for the FeGHdroplet
calculations.

The photolysis quantum yield of Fe®Haries with wavelength and the wavelength trend
is known in the bulk (Benkelberg and Warneck, 199Bble 1 reports the photolysis
quantum yields of FeO¥ adopted here in the case of the bulk (based oa fiam
Benkelberg and Warneck, 1995) and the surface (agduced or absent solvent-cage effect).
The experimental data of the photolysis quanturidyaeth reduced or no solvent-cage effect
are available for 313 and 365 nm. The values ataiter wavelengths are derived by
assuming that a similar wavelength trend is opemnati for the photolysis quantum yield of
FeOH", in the absence and in the presence of the sebag effect.

Hydrogen peroxide is present in continental cloatd$0° M levels (Warneck, 1999) and
has some affinity for the air-water interface. Vad@t al. (2004) report that the concentration
of H,O, is enhanced by a factor of two at the air-liqurderface compared to the bulk.
Accordingly, the adopted concentration values gbHare %10 M in the solution bulk, and
2x10° M at the surface. As stated earlier, no evideadstind in this work of an effect of the
solvent-cage on the photolysis of,®. Therefore, the adopted value for the photolysis
quantum yield of KO, is 0.5 (corresponding @ ("OH) = 1; Finlayson-Pitts and Pitts, 2000),
both in the bulk and at the surface.

Figure 5 presents calculations ﬂ(jﬁgp’e'(r/a) using the spectrum from Finlayson-Pitts and

Pitts (2000) and the resulting) (r/a) for nitrate droplets of three different sizes. The
values of | *®(r/a) and J)% (r/a) vary little throughout most of the bulk. Near the

ang

surface (r/a = 1)) I°*(r/a) decreases causind, (r/a) to decrease as well. However, at

ang
the surface layed)® (r/a) increases sharply due to enhanced quantum yietdsitfate in

that region. Similar results are observed for FEO#&erosols as this species also has
enhanced quantum yields at the surface. F@,Herosols, the value of;*:(r/a) at the

surface is reduced compared to the bulk becauseubatum yield of KO, is assumed
constant throughout the aerosol.
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3.3.  Assessment of the reaction rate between benzene and ‘OH

Benzene is chosen as a model aromatic substrateahaundergo accumulation at the air-
water interface of atmospheric droplets. Theredifferent estimates for the possible extent
of the surface concentration of benzene comparduetbulk (Vacha et al., 2006; Vione et al.,
2007), and here an accumulation factor of 75 israssl. Such a value is not uncommon for
aromatic compounds in atmospheric waters (Minofaal.e 2007), the bulk concentrations of
which often are in the nM range (Harrison et aDP%®). The adopted concentrations of
benzene are I®M in the bulk and 7510’ M at the interface.

Atmospheric water droplets contain a wide varigtymanic compounds that can act as
‘OH scavengers and, therefore, can compete withchimsen model molecule foOH.
Among the known droplet components, formate prevad’OH scavenger (Minero et al.,
2007) because of its relatively elevated concepotraftypical values for cloud water are
around 10° M; Marinoni et al., 2004) and reaction rate cons@coo--on = 3.210° M™*

s ' Buxton et al., 1988). Formate could account faou one half of the total scavenging of
"OH in typical continental clouds (Minero et al.,0) and should be present at about equal
concentration in the solution bulk and at the iiatez (Minofar et al., 2007). For simplicity, in
this study it is assumed that tH@H scavengers in water droplets are equivalenxi®? M
formate and follow formate’s distribution withingldroplet. The latter assumption is justified
by the fact that the most commo@H scavengers in cloud water are short-chain cattmox
and bicarboxylic acids (Marinoni et al., 2004; Minest al., 2007). Ledp° be the photolysis
rate constant of the compound S (NOFeOH"* or H,0.) to vyield OH, [S] the compound’s
concentration at the droplet surface or in the b[Benzene] and [Scav] the corresponding
concentration values of benzene and e scavengers, respectively ([Scav] =18° M in

the whole droplet), anklcay= 3.2x10° M™ s* andkg = 7.8<10° M™ s™* (Buxton et al., 1988)
the respective second-order rate constants fotioeawith ‘OH. The reaction rate between
benzene antdOH (Rates/.on), in competition with théOH scavengers, would be expressed as
follows:

ks [[Benzeng
Rat =J5 8]0 B
Saron = Jp ) ke [[Benzeng+k_, JScay

scav

(18)

Among the variables in eq. (18K(S), [S] and [Benzene] can vary depending on trstion
inside the droplet (bulk or surface layer). Th&ueaof Rates/.on, expressed in molts™, is

a function of the distance from the droplet ceiftéa) due to the spherical symmetry of the
system. The distangéa varies from 0 to 1, where O represents the cemeérl represents the
surface. For simplicity issues the surface lap@kness is assumed to be 0.5 nm, equal for
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all processes (benzene andQd accumulation, interface enhancement of the phsi®ly
guantum yields). To obtain the number of molebearizene transformed per unit time in the
whole droplet or in a part of it, one has to in&#grover the volume. Léi(r/a) be the ratio
between the number of moles of benzene transforpgdunit time inside the spherical
section of radius/a and the total number of moles transformed indi@evthole dropletr(a =

1). F(r/a) can be expressed as follows:

rla

j [Rate,,.., (r/a)]Qr /a]? d(r /a)
F(r/a)=- (29)

j [Rate,,..,, (r /a)]0r /a]? d(r /a)

(o]

Rates.on IS given by eq. (18). Numerical integration of €f9) is carried out whenever
relevant. Figure 6 reports the trendsRafes.on(r/a) andF(r/a) vs.r/a in the case of IO M
nitrate. The data are reported for different valakshe droplet radius, a = 1, 2, and 3 um.
Figure 6a and 6b are based on the sunlight speateparted by Finlayson-Pitts and Pitts
(2000) and Frank and Klopffer (1988), respectivélgte thatRates,.on differs by about one
order of magnitude in the two cases, while Figa) curves are very similar. The distribution
of the reaction within the droplet volume, of whi€{r/a) is a measurement, varies very little
with the intensity of sunlight. Also note that trend of F(r/a) vs. r/a shows a continuous
increase, followed by a sudden jump to re&@ha) = 1 very near the droplet surface. That
“jJump” is the contribution of the surface layerthe reaction.

The corresponding plots for ToM FeOH* and 10°> M H,0O, are reported in Figures 7 and
8, respectively. In the case of droplets with 1 fagius, a considerable fraction of the total
reaction occurs in a surface layer accounting @t 0.15% of the droplet volume. This
fraction is about 20% for N{, 35% for FeOH', and 15% for KHO,. The adopted surface
accumulation of benzene is the same in all thescakes the differences are linked to the
water-cage effect on the photolysis quantum yieldsitrate and FeOH and to the surface
accumulation of KHO,. One caveat to the above analysis is that theed@ser of the surface
reaction rate could be reduced somewhat by thefeaonf some photo-fragments to the gas
phase, caused by the incomplete solvent-cage attéréace.

3.4. Atmospheric implications

The hydroxyl radicals that react with benzene witiie surface layer of atmospheric aerosols
could come from either mass transfer from the dese or photolysis of nitrate, Fe(lll), or
H.O,. The rate of mass transfer from the gas-phadeetaqueous phase is given by Schwartz
(1986),

13



d["OH ]

dt

‘OH
- kmt[[' OH, ] _%J, (20)

where [OHgurr] is the concentration 6OH in the surface layer;QH) is the concentration
of ‘OH in the gas-phase, H is the Henry's law constntOH, R is the universal gas
constant, and T is temperature. The first order rirassfer coefficienti) is,

9 -1
K o=| a2 (21)
va 3D,

wherea is the droplet radiugy is the mean molecular velocity,is the mass accommodation
coefficient, andDy is the gas-phase diffusion constant. For an aeafsmadiusa = 1 pm
surrounded by air at 298 Ky = 2.5<10° m* s (Liu et al., 2009) and’ is (3RT/M)Y? =

661 m &, where M is the molecular weight @H. Hanson et al. (1992) report a lower limit
for the mass accommodation coefficient@H, a > 3.5¢<10°°,

In the extreme case where the aqueous phase caataantis zero and the mass
accommodation coefficient is at its highest valae=(1), kn is 6.5<10" s *. During the day,
the peak value of DH)] is ~10 molecules crii (Finlayson-Pitts and Pitts, 2000). Therefore,
the maximum uptake rate 6DH into the aerosol is ~6x80™ molecules cit s, or
~1.1x10 M s*. However, this is the upper limit 8OH uptake into the aerosol. d¢f =
3.5x10° and the’OH concentration is lower (~iGnolecules cn¥), the rate of OH uptake
would be reduced to 280° M s™.

The photolysis rate constant for nitrate at thdaser under actinic irradiation is *80™°
s (see Figure 5). For a typical concentration ofaté, 10° M (Warneck, 1999), the rate of
"OH production via nitrate photolysis isxBJ*® M s at the surface. For Fe(lll), the
photolysis rate constant at the surface ix10# s . In the surface layer of an aerosol with a
typical concentration of I& M Fe(lll) (Warneck, 1999), the rate 6©H production via
FeOH" photolysis is 1.410° M s™. For HO,, the photolysis rate constant at the surface is
9.3x10° s™. Using similar analysis for an aerosol with a ¢gbi HO, concentration of
2x10° M (Warneck, 1999), the rate 8®H production via KO, photolysis is 1.810*? M
st

Therefore, the rate ofOH production via photolysis in the surface layer the
nitrate/water and Fe(lll)/water droplets may be pamable with the mass transfer ‘@H
from the gas-phase under atmospheric conditionsapfiears thafOH production via
photolysis in the surface layer ob®h/water aerosols may be significantly less thanntass
transfer of' OH from the gas-phase. However, the analysis alasgemes that the aqueous
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concentration ofOH is zero, which certainly is not the case in dw@osphere. A non-zero
concentration ofOH in the aqueous solution would lower the ratéGii mass transfer from
the gas-phase to the aqueous phase.

4. Conclusions

Evidence is found for an effect of the cage of wat®lecules on the photolysis quantum
yields of nitrate and FeGH This study finds that the water-cage effect waikdrease the
quantum vield of nitrate photolysis by a factor3of and that of FeO¥ by a factor of 4 to 7,
depending on the wavelength range (UVA or UVB).iAcomplete solvent-cage is present at
the air-water interface of disperse droplets, whaee rate of the relevant photo-chemical
reactions may be increased compared to the bulk.

In the case of kD, no evidence is found for a solvent-cage effecttlua photolysis
guantum yield. However, 40, would undergo surface accumulation (Vacha e8l04) that
could enhance photochemistry.

An important consideration is that the light intéysvailable to photolyze the dissolved
compounds is influenced by the droplet geometrgl, that the light intensity varies within the
droplet volume. Mie theory calculations show tha¢ internal light intensity is enhanced
relative to the incident light intensity, with te@ehancement lower near the surface compared
to the interior. However, the rate of photolysisignificantly higher in the surface layer (0.5
nm thickness) than in the rest of the droplet doehigher quantum yields or surface
accumulation.

Modeling of the expected formation and reactivity ©H in water droplets by photolysis
of NOs~, FeOH" and HO, showed that, in a droplet of 1 um radius, appretaly 15-35%
of the total photo-induced reaction would occurtle surface layer (0.5 nm thickness),
accounting for just 0.15% of the total volume. Ie tcase of N@ and FeOH' the rate of
photolysis is comparable to that of transfef@H from the gas phase into the solution, while
the rate of HO, photolysis is lower.

Interestingly, the volume fraction of the surfaagdr is inversely proportional to the radius
a of the droplet (the droplet volume increases withthat of the surface layer witf), and
the same trend with is expected for the fraction of the photo-chemrealction that takes
place in the surface layer. Egs. (20) and (21) ssigthat the rate of transfer @H from the
gas phase to the solution decreases more quickdy this fraction with increasing.
Therefore, the relative importance of interface tpbbemistry versus phase transfer would
increase with increasing droplet radius. However viery large droplets the interface photo-
chemical reactions would play a secondary role @megbto photo-chemical reactions in the
bulk.
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Table 1. Photolysis quantum yields of Fe@Hat different wavelength values. The quantum
yields that include the solvent-cage effect, retéuva the solution bulk, are based
on the data of Benkelberg and Warneck (1995). Tientym yields without the
solvent-cage effect, relevant to the air-water riatee, are based on the
experimental results of this work and the additidngothesis that the wavelength
trend is similar to that of the bulk process (viltke solvent-cage effect).

A nm  ®(FeOH?),  ®(FeOH?),
solvent-cage no solvent-cage

290 0.21 1.0
300 0.16 1.0
310 0.14 1.0
320 0.12 0.85
330 0.11 0.74
340 0.10 0.63
350 0.07 0.45
360 0.04 0.18
370 0.04 0.18
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Figure 6. Trends in the aqueous reaction rate between beremdi OH, Rateg/.on, (€q. 13)
and inF(r/a) (eq. 14) for 0.1 mM nitrate, as a function of tih@malized distance
r/a from the droplet center. The figure reports dataspherical droplets of radias
=1, 2 and 3 um. Figure (a) uses the sunlighttap®cas reported by Finlayson-
Pitts and Pitts (2000) while Figure (b) uses thelight spectrum as reported by
Frank and Klopffer (1988).
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Figure 7. Trends in the aqueous reaction rate between beremai OH, Rateg.on, (€q. 13)
and inF(r/a) (eq. 14) for 1 pM FeO#, as a function of the normalized distance
r/a from the droplet center. The figure reports dataspherical droplets of radias
=1, 2 and 3 um. Figure (a) uses the sunlighttap®cas reported by Finlayson-
Pitts and Pitts (2000) while Figure (b) uses thelight spectrum as reported by
Frank and Klopffer (1988).
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Figure 8. Trends in the aqueous reaction rate between beremeti OH, Rateg/.on, (€q. 13)
and inF(r/a) (eq. 14) for 10 uM kD, as a function of the normalized distamte
from the droplet center. The figure reports datasftherical droplets of radius=
1, 2 and 3 um. Figure (a) uses the sunlight spects reported by Finlayson-Pitts
and Pitts (2000) while Figure (b) uses the sunlgpgectrum as reported by Frank
and Klopffer (1988).
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