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Abstract

Experiments are conducted to determine the photolysis quantum yields of nitrate,
FeOH2+, and H2O2 in the bulk and at the surface layer of water. Results show that
the quantum yields of nitrate and FeOH2+ are enhanced at the surface compared to
the bulk due to a reduced water-cage surrounding the photo-fragments (•OH+•NO25

and Fe2++•OH, respectively). However, no evidence is found for an enhanced quan-
tum yield for H2O2 at the surface. The photolysis rate constant distribution within ni-
trate, FeOH2+, and H2O2 aerosols is calculated by combining the quantum yield data
with Mie theory calculations of light intensity. Values for the photolysis rate constant of
nitrate and FeOH2+ are significantly higher at the surface than in the bulk due to en-10

hanced quantum yields at the surface. The results concerning the rates of photolysis
of these photoactive species are applied to the assessment of the reaction between
benzene and •OH in the presence of •OH scavengers in an atmospherically relevant
scenario. For a droplet of 1µm radius, a large fraction of the total •OH-benzene reac-
tion (15% for H2O2, 20% for nitrate, and 35% for FeOH2+) occurs in the surface layer,15

which accounts for just 0.15% of the droplet volume. By neglecting the surface effects
on photochemistry, the rate of the important reactions could be underestimated by a
considerable amount.

1 Introduction

The photochemical reactions that take place in water droplets may play an important20

role in atmospheric chemistry, including the formation and transformation of major or-
ganic components and pollutants (Jacob, 2000; Harrison et al., 2005a; Vione et al.,
2006; Amato et al., 2007). Two major issues arise in studying these photochemical re-
actions. The first issue is that the actinic flux inside small water droplets can be consid-
erably higher than in the surrounding gas phase, because of refraction and diffraction25

phenomena (Madronich, 1987). Estimates for the enhancement factor vary from 1.5 to
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2 (Nissenson et al., 2006).
The second issue is that some reactions are faster at the air-water interface than in

the solution bulk (Hu et al., 1995; Knipping et al., 2000). An interface enhancement also
has been observed in the case of the photochemical reactions (Furlan, 1999; Winter
and Benjamin, 2004), and a recent study into the photolysis of Mo(CO)6 in 1-decene5

droplets has provided evidence that a large part of the effect is accounted for by the in-
complete cage of the solvent molecules at the interface (Nissenson et al., 2006). In the
solution bulk, the fragments that are generated by photolysis are initially surrounded
by the cage of the solvent molecules, and their diffusion out of the cage is in competi-
tion with regeneration of the photoactive compound through recombination. The effect10

of the recombination reactions is that of decreasing the photolysis quantum yields in
the solution bulk. In the case of FeCl2+, recombination processes could decrease the
photolysis quantum yield by several orders of magnitude (Khanra et al., 2008). At the
interface, the solvent cage is incomplete and the recombination reactions are inhib-
ited as a consequence. The photolysis quantum yields therefore could be higher at15

the interface than in the bulk. Furthermore, the incomplete cage of water molecules
enhances the photochemistry of nitrate in deliquesced mixtures of NaCl and NaNO3
(Wingen et al., 2008).

The quantification of the solvent-cage effect in aqueous solution presents a number
of experimental difficulties, which could explain why limited data are available on the20

topic. In the case of nitrate photolysis that yields •OH+•NO2, it has been shown that
•OH scavengers added to the system at sufficiently elevated concentrations can react
with the hydroxyl radical when it is still inside the cage. The result is an enhancement
of the generation rate of •NO2, and of the photochemical transformation processes if
the reaction intermediates between •OH and the scavenger are themselves reactive25

(Warneck and Wurzinger, 1988; Bouillon and Miller, 2005; Das et al., 2009).
To our knowledge, no assessment is presently available of the possible impact of the

described interface phenomena on the photochemical reactions that take place in water
droplets in the atmosphere. This is the purpose of the present paper, in which the effect
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of the solvent cage on the photolysis quantum yields of nitrate, FeOH2+ and H2O2 is
studied upon addition of 2-propanol as •OH scavenger. The quantum yields, together
with Mie theory calculations for light intensity, are used to calculate the photolysis rate
constants of nitrate, FeOH2+ and H2O2 at atmospherically relevant concentrations in-
side water droplets illuminated by actinic radiation. The results concerning the rates of5

photolysis of these photoactive species are applied to the assessment of the reaction
between benzene and •OH in the presence of •OH scavengers in an atmospherically
relevant scenario.

2 Experimental

NaNO3 (purity grade 99.5%), CCl4 (for analysis) and acetonitrile (gradient grade) were10

purchased from VWR Int., NaNO2 (97+%), Fe(ClO4)3 (low chloride), H2O2 (35%), HCl
(37%), HClO4 (70%), H3PO4 (85%), 1,10-phenanthroline monohydrate (99%) and 2,4-
dinitrophenylhydrazine (97%) from Aldrich, FeSO4·7 H2O (99%) from Carlo Erba, ace-
tone (for residue analysis) from Fluka, 2-propanol (LC-MS Chromasolv) from Riedel-de
Haën. All reagents were used as received, without further purification.15

Samples to be irradiated (5 mL total volume) are placed in Pyrex glass cells (4.0 cm
diameter, 2.3 cm height), and magnetically stirred during irradiation. Irradiation is car-
ried out under UV lamps, of which one with an emission maximum at 313 nm (Philips TL
01) and 5.6 W m−2 irradiance, measured with a CO.FO.ME.GRA. (Milan, Italy) power
meter, and corresponding to 3.7×10−6 einstein L−1 s−1 in solution. The other lamp20

(Philips TLK05) has an emission maximum at 365 nm and 5.5 W m−2 irradiance, cor-
responding to 4.2×10−6 einstein L−1 s−1 in solution. The absorption spectra of nitrate,
hydrogen peroxide and Fe(III), the latter at pH 2.5, taken with a Varian Cary 100 Scan
UV-Vis spectrophotometer, are reported in Fig. 1.

The determination of acetone formation from 2-propanol is carried out by pre-25

column derivatization with 2,4-dinitrophenylhydrazine (10 min contact time; Warneck
and Wurzinger, 1988), followed by analysis of the resulting hydrazone with High
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Performance Liquid Chromatography coupled with Diode Array Detection (HPLC-DAD).
Nitrite is also determined by derivatization with 2,4-dinitrophenylhydrazine (10 min con-
tact time; Kieber and Seaton, 1996), followed by HPLC-DAD determination of the azide
formed. It is necessary to subject the stock phenylhydrazine solution to extraction with
CCl4, in order to remove the azide contamination caused by the reaction with ambient5

nitrogen dioxide (Kieber and Seaton, 1996). The adopted instrument is a LaChrom
ELITE VWR-Hitachi HPLC-DAD, equipped with L-2200 autosampler, L-2130 pump for
low-pressure gradients, L-2300 column oven, L-2455 DAD detector, and a column
Merck LiChroCART 125-4 (125 mm length by 4 mm diameter), packed with LiChro-
spher 100 RP18 (particle diameter 5µm). Isocratic elution is performed with a 50:5010

mixture of acetonitrile and aqueous H3PO4 (pH 2.8), at 1.00 mL min−1 flow rate. The
retention time (tR , min) and quantification wavelength (λ, nm) are as follows (tR , λ):
nitrite (3.3, 307), acetone (6.8, 368).

Fe2+ is determined with a Varian Cary 100 Scan UV-Vis spectrophotometer, as
complex with 1,10-phenanthroline (absorption maximum at 510 nm) (Calvert and Pitts,15

1966).
The time evolution data of nitrite and acetone are fitted with equations of the form

[I ]t=k
f
I [S]0(kd

I −k
d
S )−1 [exp(−kd

S t)−exp(−kd
I t)], where [I ]t is the concentration of the in-

termediate (nitrite or acetone) at the time t, [S]0 the initial concentration of the substrate
(nitrate or 2-propanol), kf

I and kd
I the pseudo-first order rate constants for the formation20

and degradation of the intermediate, and kd
S the pseudo-first order rate constant for the

degradation of the substrate. The initial formation rate of the intermediate is given by
RI=k

f
I [S]0. The error bounds associated to the rate data represent µ±σ, derived from

the fit of the theoretical curves to the experimental data (intra-series variability). The
reproducibility of repeated runs (inter-series variability) is approximately 10–15%.25
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3 Results and discussion

3.1 Water-cage effect on the photolysis quantum yields

Figure 2 reports the initial formation rates of nitrite and acetone ((CH3)2CO) upon
UVB irradiation of 0.01 M NaNO3, as a function of the concentration of 2-propanol
((CH3)2CHOH). The following processes account for the formation of nitrite and ace-5

tone in the system (Warneck and Wurzinger, 1988; Mark et al., 1996):

NO−
3 + hν + H+ � [•OH +• NO2]cage → •OH +• NO2 (1)

NO−
3 + hν → NO−

2 + O (2)

2•NO2 � N2O4 (3)

N2O4 + H2O → NO−
3 + NO−

2 + 2H+ (4)10

O + NO−
3 → O2 + NO−

2 (5)

(CH3)2CHOH +• OH → (CH3)2C•OH + H2O or other intermediates (6)

(CH3)2C•OH + O2 → (CH3)2CO + HO•
2 (7)

(CH3)2CHOH + O → (CH3)2C•OH +• OH or (CH3)2CO + H2O (8)

At elevated [2-propanol], the reaction between the alcohol and •OH inside the wa-15

ter cage could reduce the in-cage recombination between •OH and •NO2, enhancing
as a consequence the formation of both acetone and nitrite. The possibility for •OH
scavengers to react with the hydroxyl radical inside the solvent cage, with an overall
enhancement of nitrate photochemistry already has been demonstrated in the case of
bromide (Das et al., 2009). The work of Warneck and Wurzinger (1988) has shown20

that the kinetics of acetone formation can be accounted for better than the formation
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of nitrite by the known processes of nitrate photolysis. This is probably due to the
presence of unaccounted, additional processes that yield nitrite (Mark et al., 1996).
The formation rate of acetone is therefore a better measure of the quantum yield
of •OH photoproduction, Φ(•OH). It has been shown that Φ(•OH)=1.15Φ(Acetone)
(Warneck and Wurzinger, 1988). Note that Φ(acetone)=RAcetone (Pa,NO3−)−1, where5

RAcetone is the measured initial formation rate of acetone, and Pa,NO3− is the pho-
ton flux absorbed by nitrate. By application of the Lambert-Beer law one gets
Pa,NO3−=6×10−8 einstein L−1 s−1 for 0.01 M NO−

3 .
This study finds Φ(•OH)≈0.01 at low [2-propanol], in agreement with previous lit-

erature reports (Warneck and Wurzinger, 1988), and Φ(•OH)=0.034 at elevated [2-10

propanol], which would be consistent with a reaction between 2-propanol and cage
•OH. Interestingly, the value of Φ(•OH) found by this study upon irradiation with maxi-
mum at 313 nm is similar to the result of Warneck and Wurzinger (1988) at 305 nm, in
agreement with previous reports that the quantum yield of •OH generation upon nitrate
photolysis is independent of the irradiation wavelength (Mark et al., 1996; Mack and15

Bolton, 1999).
Figure 3 reports the initial formation rate of acetone for different concentration val-

ues of 2-propanol, upon irradiation of 0.1 mM Fe(ClO4)3 at pH 2.5, where the most
important photoactive species of Fe(III) is FeOH2+ (Mazellier et al., 1997).

FeOH2+ + hν � [Fe2+ +• OH]cage → Fe2+ +• OH (9)20

Considering that Fe(III) cannot scavenge •OH, 2-propanol would be the only species
able to react with the hydroxyl radicals at the beginning of the reaction. Fe2+ can react
with •OH, but the reaction rate constant is not extremely high (4.3×108 M−1 s−1; Buxton
et al., 1988) and the compound is not present in the system from the beginning. There-
fore, Fe2+ has to be accumulated before being able to compete effectively for •OH. The25

determination of Fe(II) as a function of the irradiation time shows that its concentration
was always below 20µM, and not higher than 10 µM at short irradiation time. Consid-
ering that the reaction rate constant between 2-propanol and •OH is around 4.5 times
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higher than that of Fe2+, the ferrous ion would have a minor to negligible impact on the
initial formation rate of acetone above 10−5 M 2-propanol. Under such conditions, with
2-propanol as the major •OH scavenger one would expect the formation rate of ace-
tone to reach a plateau quickly in the absence of the solvent-cage effect. The increase
of the initial formation rate of acetone with increasing [2-propanol] provides evidence5

of a reaction between the alcohol and •OH inside the cage of the water molecules.
By reacting with •OH inside the cage, 2-propanol would inhibit the cage recombination
between Fe2+ and •OH and enhance the formation of acetone.

Interestingly, the formation rate of acetone is considerably higher under UVB irradi-
ation (emission maximum at 313 nm) than under UVA (emission maximum at 365 nm).10

The formation of acetone from 2-propanol would be a direct measurement of the •OH
yield from FeOH2+, considering that Eq. (9) would be the main process under irradia-
tion because Fe3+ is poorly photoactive (Benkelberg and Warneck, 1995; Mazellier et
al., 1997). FeOH2+ also would be the main absorbing species in the relevant wave-
length interval (Benkelberg and Warneck, 1995). From Φ(•OH)=RAcetone (Pa,Fe(III))

−1 it15

is possible to derive Φ(•OH) = 0.14 (low [2-propanol]) and Φ(•OH)≈1 (high propanol)
under UVB (emission maximum at 313 nm), and Φ(•OH) = 0.04 (low propanol) and
Φ(•OH)=0.18 (high propanol) under UVA (emission maximum at 365 nm). Note that
from the Lambert-Beer law Pa,Fe(III)=6×10−8 einstein L−1 s−1 is obtained under UVB,

and Pa,Fe(III)=3×10−8 einstein L−1 s−1 under UVA irradiation. The quantum yields mea-20

sured at low [2-propanol] are in good agreement with those reported by Benkelberg
and Warneck (1995).

Figure 4 reports the formation rate of acetone upon UVB irradiation of 0.01 M H2O2,
as a function of [2-propanol]. Hydrogen peroxide yields •OH upon irradiation, and a
photolysis quantum yield of 0.5 has been reported in the aqueous solution. Consid-25

ering that the photolysis quantum yield of gaseous H2O2 is around 1 (Finlayson-Pitts
and Pitts, 1986), and that a solvent cage is not present in the gas phase, there is a
reasonable possibility that the cage of the water molecules inhibits the photolysis of
H2O2 in solution. Unlike nitrate and Fe(III), H2O2 can scavenge as well as produce
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•OH. Accordingly, the competition for reaction with •OH between 2-propanol (Eq. 6,
rate constant 1.9×109 M−1 s−1; Buxton et al., 1988) and H2O2 (Eq. 11, rate constant
2.7×107 M−1 s−1; Buxton et al., 1988) has to be considered.

H2O2 + hν � [2•OH]cage → 2•OH (10)

H2O2 +
• OH → HO•

2 + H2O (11)5

The observed increase of the formation rate of acetone with [2-propanol] could be
due to the reaction between the alcohol and •OH when the latter is still inside the
solvent cage. However, the increase would be caused at least in part by a better
competition for •OH of 2-propanol when the alcohol is more concentrated. It is possible
to assess the effect of such a competition by considering Eqs. (10, 11, 6), and by10

hypothesizing a constant production rate of •OH, R•OH, in Eq. (10). In this way one
would account for the reaction between •OH and 2-propanol or H2O2, but not for the
solvent-cage effect. Upon application of the steady-state approximation to •OH one
gets Eq. (12):(
d [Acetone]

dt

)
t→0

=
R•OH · k6 · [2 − Pr opanol]

k6 · [2 − Pr opanol] + k11 · [H2O2]
(12)15

Equation (12) is superposed to the experimental data in Fig. 4, and it reproduces quite
well the observed experimental trend. Accordingly, it is not strictly necessary to hypoth-
esize a reaction between 2-propanol and cage •OH in the case of H2O2. Although the
possibility is reasonable given the difference between the photolysis quantum yields of
H2O2 in the gas phase and in aqueous solution, no evidence for such an effect could20

be derived from the present experimental data.

3.2 Radiation absorption calculations inside small, spherical water droplets

Photolysis rate constants are functions of absorber quantum yield, absorber molar ab-
sorption coefficient (ε), and the light spectrum. These parameters, in turn, may be
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functions of wavelength and/or location (for example, bulk versus surface layer). Ob-
jects with curved surfaces, such as spherical water droplets, may refract light and cre-
ate peaks and troughs of light intensity within the object (Bohren and Huffman, 1983;
Barber and Hill, 1990). In order to calculate the rate of photolysis within small, spheri-
cal droplets, it is necessary to calculate the intensity distribution within the droplets. In5

the atmosphere, many droplets are similar in size to the wavelength of the incident light
and the wave picture of light must be used to calculate the internal intensity distribution
(Bohren and Huffman, 1983; Barber and Hill, 1990). This approach, known as Mie
theory, has been used in numerous studies to show that the internal intensity distri-
bution is non-uniform and may be enhanced by several orders of magnitude in certain10

locations due to morphology-dependent resonances, or MDRs (Bohren and Huffman,
1983; Chylek et al., 1985; Benincasa et al., 1987; Barber and Hill, 1990; Ray and
Bhanti, 1997; Ruggaber et al., 1997; Mayer and Madronich, 2004; Nissenson et al.,
2006).

The numerical model used to calculate the internal intensity distribution is described15

in Nissenson et al. (2006). Briefly, the light spectrum is discretized into many individual
polarized plane-waves which are incident upon an isotropic and homogenous (with
respect to angle) spherical water droplet containing absorbers. Careful attention is
given to the discretization size so that all MDRs are accounted for. The intensity at a
given point within the droplet relative to the incident intensity is,20

Idrop,rel(λ,m, r /a, θ,φ) =
mE (m, r /a, θ,φ)E ∗(m, r /a, θ,φ)

E2
0

(13)

where r , θ, and φ are the spherical coordinates, λ is the wavelength, m is the index of
refraction, a is the droplet radius, E is the electric field, E ∗ is the complex conjugate of
the electric field, and E2

0 is the incident intensity. The electric field is expressed as an
infinite series of vector spherical harmonics and sufficient terms are summed over until25

convergence is reached.
Droplets in the atmosphere are illuminated non-uniformly over direction. Therefore
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a useful quantity is the angle-averaged relative intensity distribution as a function of
normalized radius since it is independent of the direction of illumination,

Idrop,rel
ang (λ,m, r /a =

1
4π

∫2π
0

∫π
0 mE • E ∗ sinθdθdφ

E2
0

, (14)

where the subscript ang refers to the angle-averaged relative intensity. At each radial
shell, Idrop,rel

ang (λ,m, r /a) is calculated for every wavelength. Averaging over all wave-5

lengths yields the angle- and wavelength-averaged intensity distribution as a function
of normalized radius,

Idrop,rel
ang,λ (r /a) =

1
N

∑
λ

Idrop,rel
ang (m, λ, r /a)W (λ), (15)

where N is the number of discretizations of the wavelength range and W (λ) is a weight-
ing factor that accounts for the actinic flux being a function of wavelength.10

The photolysis rate constant of a photoactive species S, JS
P (r /a, θ,φ), is a function

of the intensity distribution and therefore is non-uniform throughout the droplet. The
angle-averaged photolysis rate constant, JS

P (r /a), is calculated using Idrop,rel
ang (m, λ, r /a)

in a manner similar to Ray and Bhanti (1997),

JS
P (r /a) =

∑
λ

G(λ)Φ(λ, r
/
a)σ(λ)Idrop,rel

ang (m, λ, r /a)∆(λ), (16)15

where G(λ) is the spectral flux (in units of photons cm−2 s−1 nm−1). G(λ) is multiplied
by Idrop,rel

ang (m, λ, r /a), which is a measure of the actinic flux enhancement at a particular
wavelength.

The index of refraction of the droplet is a function of wavelength and radius, and
contains a real and imaginary part. Since the solutes are present in very low con-20

centrations (10−4 M or less), the real part of the index of refraction (mr ) of the sol-
vent is assumed to be that of water and is calculated using the formula of Quan and
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Fry (1995). The imaginary part of the index of refraction of the droplet (mi ) deter-
mines the absorbance of the solution and is calculated in the same manner as Ray
and Bhanti (1997),

mi (λ, r /a) = mi ,0(λ) +
n(r)Φ(λ, r /a)σ(λ)λ

4π
Na, (17)

where mi ,0(λ) is the imaginary index of refraction of pure water (taken from Hale and5

Querry, 1973), n(r) is the concentration of the absorber, Φ(λ, r) is the quantum yield of
the absorber, σ(λ) is the absorption cross section of the absorber, and Na is Avogadro’s
number.

Two different actinic flux spectra are used to calculate the light intensity distribution
inside a water droplet. The first spectrum is from Frank and Klöpffer (1988), which is the10

actinic flux measured over the Central Europe (52◦ N) during 15 June averaged from
8 a.m. to 4 p.m. The second spectrum is from Finlayson-Pitts and Pitts (2000), which
is the theoretical actinic flux value for a solar zenith angle of 30◦ and a surface albedo
of 80%. The spectrum in Finlayson-Pitts and Pitts (2000) also is used in Nissenson et
al. (2006).15

In the case of nitrate, a concentration of 10−4 M is adopted which is typical of con-
tinental clouds (Warneck, 1999). It has been reported that NO−

3 has some limited
tendency to undergo surface accumulation (Salvador et al., 2003; Vacha et al., 2006),
but not so much as to increase significantly the concentration of nitrate at the air-water
interface compared to the bulk. For this reason, the concentration of nitrate is assumed20

constant through the whole volume of the droplet. Based on the experimental data de-
scribed before, the photolysis quantum yield adopted for nitrate is 0.01 in the bulk and
0.034 at the surface. As with FeOH2+ and H2O2, a surface layer of 0.5 nm thickness is
adopted for nitrate, which would make up 0.15% of the volume of a spherical droplet
with 1µm radius. An interface thickness of approximately five atomic lengths is consis-25

tent with molecular dynamics simulations (Winter and Benjamin, 2004; Jungwirth and
Tobias, 2006).
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In the case of FeOH2+ the adopted concentration is 10−6 M (Warneck, 1999). Al-
though in principle it is possible that the concentration of the Fe(III) ions is lower at
the surface than in the bulk, no data of the bulk-to-surface profile are available. Ac-
cordingly, a constant concentration is assumed throughout the droplet. The photolysis
quantum yield of FeOH2+ varies with wavelength, and the wavelength trend is known5

in the bulk (Benkelberg and Warneck, 1995). Table 1 reports the photolysis quantum
yields of FeOH2+ adopted here in the case of the bulk (based on data from Benkelberg
and Warneck, 1995) and the surface layer (reduced or absent solvent-cage effect). In
the latter case the experimental data are available for 313 and 365 nm. The values at
the other wavelengths are derived by assuming that a similar wavelength trend is oper-10

ational for the photolysis quantum yield of FeOH2+, in the absence and in the presence
of the solvent-cage effect.

Hydrogen peroxide is present in continental clouds at 10−5 M levels (Warneck, 1999).
It has some affinity for the air-water interface, and it has been reported that its interface
concentration could be double compared to the bulk (Vacha et al., 2004). Accordingly,15

the adopted concentration values are 1×10−5 M in the solution bulk, and 2×10−5 M
at the surface. The adopted value for the photolysis quantum yield of H2O2 is 0.5
(Finlayson-Pitts and Pitts, 1986), both in the bulk and at the surface.

Figure 5 presents calculations for Idrop,rel
ang (r /a) using the spectrum from Finlayson-

Pitts and Pitts (2000) and the resulting J
NO−

3

P (r /a) for nitrate droplets of three different20

sizes. The value of Idrop,rel
ang (r /a) and J

NO−
3

P (r /a) vary little throughout most of the bulk.

Near the surface (r /a=1), Idrop,rel
ang (r /a) decreases causing J

NO−
3

P (r /a) to decrease as well.

However, at the surface layer J
NO−

3

P (r /a) increases sharply due to enhanced quantum

yields for nitrate in that region. Similar results are observed for FeOH2+ aerosols as
this species also has enhanced quantum yields at the surface. For H2O2 aerosols,25

the value of JH2O2

P (r /a) at the surface is reduced compared to the bulk because the
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quantum yield of H2O2 is assumed constant throughout the aerosol.

3.3 Assessment of the reaction rate between benzene and •OH

Benzene is chosen as a model aromatic substrate that can undergo accumulation at
the air-water interface of atmospheric droplets. There are different estimates for the
possible extent of the surface concentration of benzene compared to the bulk (Vacha5

et al., 2006; Vione et al., 2007), and here an accumulation factor of 75 is assumed.
Such a value is not uncommon for aromatic compounds in atmospheric waters (Minofar
et al., 2007), the bulk concentrations of which are often in the nM range (Harrison
et al., 2005b). The adopted concentrations of benzene are 10−8 M in the bulk and
7.5×10−7 M at the interface. For simplicity issues, the same thickness of the surface10

layer as already adopted for the photolysis quantum yields (0.5 nm) also is used for
benzene accumulation. Another reason for the choice of benzene is that this compound
reacts very selectively with •OH, and can be used as a probe of •OH photoproduction in
surface and atmospheric waters (Anastasio and McGregor, 2001; Takeda et al., 2004).

Atmospheric water droplets contain a wide variety of organic compounds that can act15

as •OH scavengers and, therefore, could compete with the chosen model molecule for
the reaction with the hydroxyl radical. Among the known droplet components, formate
prevails as •OH scavenger (Minero et al., 2007) because of its relatively elevated con-
centration (typical values for cloud water are around 10−5 M; Marinoni et al., 2004) and
reaction rate constant (kHCOO−/•OH=3.2×109 M−1 s−1; Buxton et al., 1988). Formate20

could account for around one half of the total scavenging of •OH in typical continen-
tal clouds (Minero et al., 2007), and should be present at about equal concentration
in the solution bulk and at the interface (Minofar et al., 2007). For simplicity, here
the •OH scavengers in water droplets are assumed to be equivalent to 2×10−5 M for-
mate, and to follow its same distribution within the droplet. The latter assumption is25

justified by the fact that the most common •OH scavengers in cloud water are short-
chain carboxylic and bicarboxylic acids (Marinoni et al., 2004; Minero et al., 2007).
Let JS

P be the photolysis rate constant of the compound S (NO−
3 , FeOH2+ or H2O2)
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to yield •OH, [S] its concentration at the droplet surface or in the bulk, [Benzene]
and [Scav] the corresponding concentration values of benzene and the •OH scav-
engers, respectively ([Scav]=2×10−5 M in the whole droplet), kscav=3.2×109 M−1 s−1

and kB=7.8×109 M−1 s−1 (Buxton et al., 1988) the respective second-order rate con-
stants for reaction with •OH. JS

P is calculated in the same manner as JS
P (r /a) above.5

The reaction rate between benzene and •OH (RateB/•OH), in competition with the •OH
scavengers, would be expressed as follows:

RateB/•OH = JS
P · [S] ·

kB · [Benzene]

kB · [Benzene] + kscav · [Scav]
(18)

Among the variables of Eq. (18), JP (S), [S] and [Benzene] can vary depending on the
position inside the droplet (bulk or surface layer). The surface thickness is assumed to10

be 0.5 nm, equal for all the processes (benzene and H2O2 accumulation, interface en-
hancement of the photolysis quantum yields). Equation (18) reports the reaction rate of
benzene in a certain point of the droplet, depending on the local values of the relevant
variables. Because of the spherical symmetry, the variations are expected to occur as
a function of the distance from the droplet center. The latter will be expressed here as15

r/a that varies from 0 to 1, where 0 represents the center and 1 the surface. RateB/•OH

is expressed in mol L−1 s−1. To obtain the number of moles of benzene transformed per
unit time in the whole droplet or in a part of it, one has to integrate over the volume. Let
F (r/a) be the ratio between the number of moles of benzene transformed per unit time
inside the spherical section of radius r/a, and the total number of moles transformed20

inside the whole droplet (r/a=1). Following this definition, F (r/a) can be expressed
as follows (RateB/•OH is expressed by Eq. (18) and is a function of r/a, because in
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general JS
P , [S] and [Benzene] all depend on r/a):

F (r/a) =

r/a∫
o

[
RateB/•OH(r/a)

]
· [r/a]2 d (r/a)

1∫
o

[
RateB/•OH(r/a)

]
· [r/a]2 d (r/a)

(19)

Numerical integration was carried out whenever relevant. Figure 6 reports the trends
of RateB/•OH(r/a) and F (r/a) vs. r/a in the case of 10−4 M nitrate. The data are
reported for different values of the droplet radius, a=1, 2 and 3µm. Figure 6a is based5

on the sunlight spectrum reported by Finlayson-Pitts and Pitts (2000), Fig. 6b on the
spectrum of Frank and Klöpffer (1988). Note that RateB/•OH differs by about one order
of magnitude in the two cases, while the F(r/a) curves are very similar. The distribution
of the reaction within the droplet volume, of which F (r/a) is a measurement, varies
very little with the intensity of sunlight. Also note that the trend of F (r/a) vs. r/a shows10

a continuous increase, followed by a sudden jump to reach F (r/a)=1 very near the
droplet surface. That “jump” is the contribution of the surface layer to the reaction.

The corresponding plots for 10−6 M FeOH2+ and 10−5 M H2O2 are reported in Figs. 7
and 8, respectively. In the case of the droplets with 1µm radius, a considerable fraction
of the total reaction takes place in a surface layer that accounts for just 0.15% of the15

droplet volume. Such a fraction is around 20% for NO−
3 , 35% for FeOH2+, and 15% for

H2O2. Note that the adopted surface accumulation of benzene is the same in all the
cases, thus the differences are linked to the water-cage effect on the photolysis quan-
tum yields of nitrate and FeOH2+, and to the surface accumulation for H2O2. For larger
droplets the surface layer accounts for a lower fraction of the total volume, and its rela-20

tive contribution to the overall reaction is lower. Also note that the values of RateB/•OH

under equal conditions of sunlight illumination are in the order FeOH2+>NO−
3>H2O2,

and that FeOH2+ would therefore be the main source of •OH inside a typical droplet.
The role of the surface layer toward the transformation of benzene would therefore
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reflect more closely that calculated in the case of FeOH2+, at least for very short reac-
tion times.

4 Conclusions

Evidence is found for an effect of the cage of the water molecules on the photolysis
quantum yields of nitrate and FeOH2+. The photo-fragments (•OH+•NO2 in the former5

case, Fe2++•OH in the latter) in aqueous solution would initially be surrounded by the
cage of the solvent molecules, which would enhance the recombination processes. If
the solvent cage is absent or incomplete, as can happen at the air-water interface of
disperse droplets, the recombination processes would be inhibited and the effective
photolysis quantum yields would be increased accordingly. It was assessed here that10

the water-cage effect would decrease by 3.4 times the quantum yield of nitrate photol-
ysis, and by 4 to 7 times the photolysis quantum yield of FeOH2+, depending on the
wavelength range (UVA or UVB). The rate of the relevant photochemical reactions at
the air-water interface could be increased by similar ratios compared to the bulk. In
the case of H2O2, no evidence was obtained of a solvent-cage effect on the photoly-15

sis quantum yield. However, H2O2 would undergo surface accumulation (Vacha et al.,
2004) that could enhance photochemistry.

An important consideration is that the light intensity available to photolyze the dis-
solved compounds is influenced by the droplet geometry, and that it varies within the
droplet volume. Mie theory calculations show that the internal light intensity is en-20

hanced relative to the incident light intensity, with the enhancement lower near the
surface compared to the interior. However, the rate of photolysis is significantly higher
in the surface layer (0.5 nm thickness) than in the rest of the droplet due to higher
quantum yields or surface accumulation, as seen for instance in Fig. 5.

The results concerning the rates of photolysis of 100µM NO−
3 , 1µM FeOH2+, and25

10µM H2O2, as a function of the distance from the droplet center, are applied to the
assessment of the reaction between 10 nM benzene and •OH, in the presence of a
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homogeneous distribution of •OH scavengers equivalent to 20µM formate. Calcula-
tions are performed for droplets of 1, 2 and 3µm radius. In the case of 1 µm, the
results show that in the surface layer (0.5 nm thickness, accounting for 0.15% of the
total volume) it would take place around 15–35% of the total droplet reaction. The
highest figure is that of FeOH2+, which is also the most photoactive species at the5

adopted concentration values that are typical of continental clouds (Warneck, 1999).
However, an important limit concerning the photochemistry of FeOH2+ in cloud water is
represented by its short lifetime under irradiation, of about 30 s (Warneck, 1999). From
Figure 7a one obtains RateB/•OH≈10−9 M s−1 for 7.5×10−7 M benzene in the surface
layer, which under a pseudo-first order kinetics would mean transformation of about10

5% benzene in 30 s because of FeOH2+ photolysis.
Nitrate is a longer-lived species (Warneck, 1999), and some 20% of the total reaction

that would occur in a 1µm droplet takes place in the surface layer. That percentage
would also be the error that one would make in the assessment of the nitrate-induced
photochemistry by neglecting the surface reactivity. In the case of larger droplets the15

volume fraction of the surface layer decreases, and the relative importance of the in-
terface photochemistry decreases as well. However, the surface layer would still make
a very significant contribution to the overall reaction.
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Table 1. Photolysis quantum yields of FeOH2+ at different wavelength values. The quantum
yields that include the solvent-cage effect (solution bulk) are based on the data of Benkelberg
and Warneck (1995). The quantum yields without the cage effect, relevant to the air-water
interface, are based on the experimental results of this work and the additional hypothesis that
the wavelength trend is similar to that of the bulk process (the one with the solvent-cage effect).

λ, nm Φ(FeOH2+), Φ(FeOH2+),
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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Fig. 1. Absorption spectra of nitrate, H2O2 and Fe(III), the latter at pH 2.5. Sunlight spectra
according to Finlayson-Pitts and Pitts (2000) (F.-P. & P.) and Frank and Klöpffer (1988) (F. & K.).
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Fig. 2. Initial formation rates of nitrite and acetone as a function of the concentration of 2-
propanol, upon UVB irradiation of 0.01 M NaNO3. Note the logarithmic scale and the break in
the X-axis.
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Fig. 3. Initial formation rates of acetone as a function of the concentration of 2-propanol, upon
irradiation (UVB or UVA) of 0.1 mM Fe(ClO4)3. Note the logarithmic scale in the X-axis.
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Fig. 4. Initial formation rates of acetone as a function of the concentration of 2-propanol, upon
UVB irradiation of 0.01 M H2O2. Note the logarithmic scale in the X-axis.
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Fig. 6. Trends of RateB/•OH (see Eq. 18) and of F (r/a) (Eq. 19) for 0.1 mM nitrate, as a function
of the normalized distance r/a from the droplet center. The figure reports data for spherical
droplets of radius a=1, 2 and 3µm.

1. Sunlight spectrum as reported by Finlayson-Pitts and Pitts (2000).

2. Sunlight spectrum as reported by Frank and Klöpffer (1988).
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Fig. 7. Trends of RateB/•OH (see Eq. 18) and of F (r/a) (Eq. 19) for 1µM FeOH2+, as a function
of the normalized distance r/a from the droplet center. The figure reports data for spherical
droplets of radius a=1, 2 and 3µm.

1. Sunlight spectrum as reported by Finlayson-Pitts and Pitts (2000).

2. Sunlight spectrum as reported by Frank and Klöpffer (1988).
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Fig. 8. Trends of RateB/•OH (see Eq. 18) and of F (r/a) (Eq. 19) for 10µM H2O2, as a function
of the normalized distance r/a from the droplet center. The figure reports data for spherical
droplets of radius a=1, 2 and 3µm.

1. Sunlight spectrum as reported by Finlayson-Pitts and Pitts (2000).

2. Sunlight spectrum as reported by Frank and Klöpffer (1988).
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