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Abstract. Gas-phase photolysis is an important tropospheric
sink for many carbonyl compounds; however the significance
of direct photolysis of these compounds dissolved in cloud
and fog droplets is uncertain. We develop a theoretical ap-
proach to assess the importance of aqueous photolysis for a
series of carbonyls that possess carboxyl and hydroxyl func-
tional groups by comparison with rates of other atmospheric
processes. We use computationally and experimentally de-
rived effective Henry’s law constants, hydration equilibrium
parameters, aqueous hydroxyl radical (OH) rate constants,
and optical extinction coefficients to identify types of com-
pounds that will (or will not) have competitive aqueous pho-
tolysis rates. We also present molecular dynamics simula-
tions designed to estimate gas- and aqueous-phase extinc-
tion coefficients of unstudied atmospherically relevant com-
pounds found in d-limonene and isoprene secondary organic
aerosol. In addition, experiments designed to measure the
photolysis rate of glyceraldehyde, an atmospherically rele-
vant water-soluble organic compound, reveal that aqueous
quantum yields are highly molecule-specific and cannot be
extrapolated from measurements of structurally similar com-
pounds. We find that only two out of the 92 carbonyl com-
pounds investigated, pyruvic acid and acetoacetic acid, may
have aqueous photolysis rates that exceed the rate of oxida-
tion by dissolved OH. For almost all carbonyl compounds
lackingα,β-conjugation that were investigated, atmospheric
removal by direct photolysis in cloud and fog droplets can be
neglected under typical atmospheric conditions.

1 Introduction

Oxidation of volatile organic precursors in the atmosphere
produces highly functionalized water-soluble compounds
(Saxena and Hildemann, 1996). These oxidation products
typically contain several types of functional groups includ-
ing carboxyls, carbonyls, hydroxyls, and peroxides. Low-
volatility products may partition into the particle phase,
while high-volatility compounds will remain in the gas
phase. In the presence of clouds and fog, water-soluble gas-
and particle-phase compounds can partition into the aqueous
phase (Facchini et al., 1999; Ervens et al., 2011). Compounds
dissolved in atmospheric water droplets may react with dis-
solved oxidants or undergo direct photolysis by actinic radi-
ation. Aqueous oxidation processes have garnered much at-
tention among atmospheric researchers (Seinfeld and Pandis,
1998; Finlayson-Pitts and Pitts, 2000; Vione et al., 2006), but
the implications of direct aqueous photolysis remain uncer-
tain.

It is well established that carbonyls weakly absorb ra-
diation at wavelengths around 280 nm due to a forbidden
π∗← n transition. Photodissociation of carbonyls in the gas
phase is well studied, with the absorption cross sections
and quantum yields published for a variety of compounds
(Sander et al., 2011). However, aqueous photolysis quantum
yields at actinic wavelengths of carbonyls dissolved in cloud
and fog droplets are not well established. The photochemi-
cal behavior of carbonyl compounds dissolved in cloud and
fog droplets is challenging to understand because carbonyls
may oligomerize in the aqueous phase (Lim et al., 2010;
Tan et al., 2012; Renard et al., 2013) and partially hydrate
upon dissolution in water, leading to conversion to the non-
photoactive gem-diol form. In addition, the photolysis reac-
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tion mechanism in the gas and aqueous phase may be drasti-
cally different (Guzmán et al., 2006). In light of the limited
data, we strive to determine which atmospherically relevant
carbonyls may have competitive photolytic removal rates in
cloud and fog droplets. In our previous publication (Epstein
and Nizkorodov, 2012), we determined that compounds with
large effective Henry’s law constants (>104 M atm−1) that do
not suffer from significant suppression of photolysis by the
solventmayhave aqueous photolysis rates that are compet-
itive with gas-phase photolysis. In this manuscript, we ap-
ply this analysis to a set of atmospherically relevant carbonyl
compounds with the additional constraint that aqueous pho-
tolysis rates must be competitive with aqueous oxidation by
hydroxyl radical (OH) for direct aqueous photolysis to be a
significant carbonyl sink.

Aqueous photolysis lifetimes depend on the optical ex-
tinction coefficients, actinic flux, and the photolysis quan-
tum yields. In general, rate constants governing the aqueous
photolysis of carbonyls will be lower than gas-phase pho-
tolysis rate constants for several reasons: absorption cross
sections of carbonyl compounds can undergo a blue shift of
approximately 10 nm upon dissolution in water (Xu et al.,
1993), the shape of the absorption spectrum may change,
aqueous quantum yields may be suppressed due to the ex-
cited state relaxation by the solvent molecules and the cage
effect (Calvert and Pitts, 1966), and the fraction of the car-
bonyl in the photolabile (non-hydrated) form may be low.
Even though the actinic flux may be enhanced slightly inside
a water droplet relative to the interstitial air, the enhancement
factor is thought to be relatively small, less than a factor of
two (Nissenson et al., 2006; Mayer and Madronich, 2004),
and therefore easily outweighed by the above effects. Car-
bonyl compounds may exhibit an increase in their maximum
absorption upon dissolution in water (Bayliss and McRae,
1954), but the blue shift commonly seen in these compounds
tend to negate this enhancement. The rate of oxidation by OH
is typically enhanced in the aqueous phase due to high OH
concentrations formed from cloud-specific processes such as
the Fenton reaction (Vione et al., 2006). Photosynthesized
production of OH from dissolved organics is another possi-
ble source of aqueous OH, but it appears to be a minor con-
tributor in cloud droplets (Albinet et al., 2010a). Oxidation
of dissolved compounds by OH is typically the most signif-
icant oxidation sink, and as a first approximation, reaction
with other radicals or radical anions may be neglected (Er-
vens et al., 2003a). For specific molecules examined in previ-
ous studies, the rates of aqueous oxidation by OH and aque-
ous photolysis can be comparable (Albinet et al., 2010b).
Comparison of lifetimes due to aqueous-phase direct photol-
ysis and aqueous-phase OH oxidation for a broader range of
molecules will reveal the significance of aqueous photolysis
in transforming carbonyl compounds in the atmosphere.

We develop a framework that allows for the prediction
of the aqueous photolysis lifetime as a function of wave-
length and maximal optical extinction associated with the
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Fig. 1. Chemical structures of dihydroxyacetone and glyceralde-
hyde.

π∗← n transition in carbonyls. Measurements of aqueous
quantum yields of atmospherically relevant compounds at ac-
tinic wavelengths are rare. In order to understand the range
of possible aqueous quantum yields for atmospherically rel-
evant carbonyls, we chose dihydroxyacetone and glyceralde-
hyde as surrogates for oxidized water-soluble atmospheric
organic compounds.

Dihydroxyacetone and glyceraldehyde contain both car-
bonyl and hydroxyl functional groups (see Fig. 1),
have large predicted effective Henry’s law constants
(5.5×108 M atm−1 (EPA, 2013) and 2×108 M atm−1 (Sax-
ena and Hildemann, 1996), respectively), and do not hy-
drate completely in the aqueous phase (fraction unhydrated
≈77 % (Glushonok et al., 2003) and 5 % (Glushonok et
al., 1986) at 25◦C, respectively). In addition, glyceralde-
hyde has been identified as a product of isoprene oxidation
(Fang et al., 2012) and may be present in automobile ex-
haust (Renzetti and Doyle, 1959). We use published mea-
surements from Encinas et al. (1985) of dihydroxyacetone
and compared them to the results of semi-quantitative exper-
iments designed to constrain the quantum yield of its struc-
tural isomer, glyceraldehyde. These experiments, along with
our modeling framework, allow us to identify carbonyl com-
pounds where atmospheric removal by direct photolysis in
cloud and fog droplets can be neglected relative to aqueous
reactions with OH.

We also aim to extend this framework to investigate car-
bonyl compounds contained in isoprene and d-limonene sec-
ondary organic aerosol (SOA). Experimental extinction co-
efficient measurements of simple carbonyl and dicarbonyl
compounds are present throughout the literature. However,
extinction measurements of multifunctional carbonyl com-
pounds found in SOA and cloud droplets are less common
due to the difficulty in isolating or synthesizing these com-
plex molecules. In addition, these complex structures do not
allow for estimations of spectroscopic properties from sim-
ilar compounds. We apply density functional theory (DFT)
molecular dynamics simulations to selected isoprene (Fang
et al., 2012) and d-limonene (Jaoui et al., 2006) SOA prod-
ucts in order to predict their photophysical properties and
identify compounds that may have competitive aqueous pho-
tolysis rates in the absence of experimental measurements.
For predictions of electronic absorption spectra, one must ac-
curately model vibrational effects of the molecules of inter-
est. For rigid molecules, accurate vibronic spectra can be ob-
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tained using the Franck–Condon Herzberg–Teller approach
with the harmonic oscillator approximation (Berger et al.,
1998; Dierksen and Grimme, 2004). Alternatively, electronic
spectra can be sampled over nuclear configurations using
molecular dynamics (MD) with classical nuclei within the
NVT ensemble (constant number of particles, volume, and
temperature) (Röhrig et al., 2003; Sulpizi et al., 2003; Frelek
et al., 2007; Tapavicza et al., 2011, 2013). The latter method,
which we adopt here, produces band envelopes rather than
individual vibronic transitions, but is comparatively inexpen-
sive and straightforward for conformationally flexible sys-
tems.

2 Materials and methods

2.1 Aqueous quantum yield measurements of
glyceraldehyde

Aqueous photolysis rate measurements were performed
by photolyzing 0.1 M solutions of D-glyceraldehyde
(Sigma Aldrich, 98 % purity) in nano-pure water. Radia-
tion from a 150 W xenon arc lamp exited from an ellip-
soidal reflector housing (PhotoMax, Newport model 60100),
and passed through an interference filter centered at 300 nm
with a 40 nm bandwidth (Edmund Optics NT67-817) to filter
out higher-energy UV radiation outside of the actinic wave-
length range. The resulting UV radiation was transferred to
the photolysis cuvette using a liquid light guide (Edmund
Optics Model NT53-691). The solution in the cuvette was
irradiated from the top, with the extent of photolysis being
monitored in real time with a UV-Vis spectrometer (Shi-
madzu, UV-2450) (Epstein et al., 2012). The photolysis of
a solution containing 1.2 µM azoxybenzene (Fisher Scien-
tific, 98 %) and 146 µM potassium hydroxide (Fisher Scien-
tific) in ethanol (Rossville Goldshield) carried out immedi-
ately before and after glyceraldehyde photolysis according
to the method described in Bunce et al. (1984) served as a
chemical actinometer to quantify the lamp intensity. Acti-
nometer measurements revealed that lamp intensities varied
by less than 10 % during a given experiment. The wavelength
dependence of the spectral irradiance was determined with
a separate UV-Vis spectrometer (Ocean Optics, USB4000).
Both the glyceraldehyde solution and the actinometer solu-
tion were continuously mixed during photolysis with a cu-
vette stirring system (2 Mag-USA). Solutions were kept at
25◦C with a temperature-controlled heating/cooling water
jacket (Shimadzu Constant-Temperature Cell Holder). Semi-
quantitative measurements of glyceraldehyde concentration
(initially 0.1 M) as a function of photolysis time were de-
termined with an electrospray ionization mass spectrometer
(ESI-MS) (Micromass model LCT, resolving power 6000)
after derivatization with Girard’s reagent T (Acros Organ-
ics, 99 %). Refer to the supplementary material (SM) Sect. 5
for details of the reaction between Girard’s reagent T and

carbonyls. A solution containing 0.9 mM Girard’s reagent T
(GT) and 0.05 mM tetraethylammonium chloride (Sigma
Aldrich, 98 %) was used to dilute 100 µL aliquots of the re-
acting glyceraldehyde mixture to 25 mL at several reaction
times. Tetraethylammonium ion is an ideal internal standard
as its ESI ionization efficiency and molecular weight are
similar to those of the glyceraldehyde-GT adduct. The rela-
tive concentration of the glyceraldehyde-GT reaction prod-
uct normalized by the internal standard concentration was
tracked as a function of photolysis time.

2.2 Comparison between aqueous- and gas-phase
photolysis rates

The maximum rate of aqueous photolysis relative to the rate
of gaseous photolysis for a specific carbonyl compound in
an air mass containing liquid water is governed by two main
properties: the compound’s affinity for the aqueous phase,
captured with the effective Henry’s law constant, and the
fraction of the compound that remains in the photolabile un-
hydrated form upon dissolution, captured with the hydration
equilibrium constant (Epstein and Nizkorodov, 2012). We
define a cloudy air mass with a fractional liquid water content
of LWCv (volume of liquid water per volume of air) contain-
ing a compound with an effective Henry’s law constant of
KH , and a temperature ofT at equilibrium. We define the
parameterZ as the ratio of the rate of photolysis of a specific
species in the gas phase and the aqueous phase:

Z =

dn
gas
hν

dt

dn
aq
hν

dt

=
Jgas·Cgas

Jaq ·Cfree
aq

, (1)

whereJgasandJaq are the gas- and aqueous-phase photolysis
rate constants, respectively;Cgas is the gas-phase concentra-
tion of the species of interest; andCfree

aq is the aqueous-phase
concentration of the photolabile-free form of the carbonyl of
interest. The ratio between the gas- and total aqueous-phase
concentrations (Cgas/Ctotal

aq ) is

Cgas

Ctotal
aq
= (R · T ·LWCv ·KH )−1 , (2)

whereR is the ideal gas constant. The fraction of total mass
residing in the aqueous phase (FAQ) is therefore

FAQ=
Ctotal

aq

Ctotal
aq +Cgas

=

[
(R · T ·LWCv ·KH )−1

+1
]−1

.

(3)

The ratio of the total aqueous and aqueous-free-carbonyl
(i.e., unhydrated) concentration is related to the hydration
constant. For a mono-carbonyl,

Ctotal
aq

Cfree
aq
= 1+Khyd, (4)
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whereKhyd is the hydration constant. We use a more com-
plicated functional form to model di-carbonyls that takes hy-
dration of the second carbonyl group into consideration (see
the SM Sect. 1). The fraction of the aqueous carbonyl that is
free in solution (αuh) is therefore

αuh=
(
1+Khyd

)−1
. (5)

Substituting Eqs. (2) and (4) into Eq. (1) yields

Z =

dn
gas
hν

dt

dn
aq
hν

dt

=
Jgas

Jaq

Khyd+1

(R · T ·LWCv ·KH )
. (6)

Since aqueous-phase rate constants are generally suppressed
from the corresponding gas-phase value,Jaq≤ Jgas, and

Z =

dn
gas
hν

dt

dn
aq
hν

dt

≥
Khyd+1

(R · T ·LWCv ·KH )
. (7)

For a mono-carbonyl, the value ofZ is a function of the
hydration equilibrium constant, temperature, the liquid wa-
ter content of the air mass, and the effective Henry’s law
constant. While effective Henry’s law constants (Sander,
1999) and hydration equilibrium constants (Bell and Gold,
1966) were measured for a significant number of simple car-
bonyls, few measurements exist for more complicated multi-
functional molecules. Consistent with previous researchers,
we assume that the kinetics of hydration is considerably
faster than aqueous photolysis and aqueous oxidation by OH
(Doussin and Monod, 2013; Ervens and Volkamer, 2010),
and therefore can be treated with the equilibrium approach
described above.

For effective Henry’s law predictions of compounds with-
out published experimental measurements, we employed
HENRYWIN v 3.20 (EPA, 2011), developed by the United
States Environmental Protection Agency (EPA) and based
on methodology described in Hine and Mookerjee (1975)
and Meylan and Howard (1991). Several other models de-
signed to predict Henry’s law constants exist in the litera-
ture; Dearden and Schüürmann (2003) and Raventos-Duran
et al. (2010) provide thorough comparisons of these meth-
ods. Experimental measurements were used where possi-
ble (Buttery et al., 1971; Sander et al., 2011; Zhou and
Mopper, 1990; Staudinger and Roberts, 1996; Betterton and
Hoffmann, 1988; Pocker et al., 1969; Ip et al., 2009). We
used either group or bond contribution estimates for effective
Henry’s law predictions. For a specific type of chemical func-
tionality, we employed the method that most accurately re-
produced effective Henry’s law measurements of compounds
containing the same functionality (typically the lower molec-
ular weight compounds within the specific functional group).
Prediction with group contribution methods may not be pos-
sible for small compounds containing multiple functional
groups as the specific arrangement of molecules was not cap-
tured by the training data set. In these cases, bond estimation

methods were employed. We expect some of the scatter in
KH vs. carbon number to be a result of variations in estima-
tion methods.

For predictions of hydration equilibrium constants from
molecular structure, we used SPARC v4.6 (Karickoff et al.,
2011) based upon work done by Hilal et al. (2005). Exper-
imental measurements ofKhyd were used where possible
(Winkelman et al., 2002; Sham and Joens, 1995; Buschmann
et al., 1980; Guthrie, 1978; Doussin and Monod, 2013; Bell
and Gold, 1966; Tur’yan, 1998; Amyes and Richard, 2007;
Esposito et al., 1999). We were unable to use pH-dependent
hydration constants due to a lack of sufficient experimental
data and prediction capabilities. Most of the experimental hy-
dration constants used to construct the SPARC v4.6 model
were reported under basic conditions (Hilal et al., 2005).

2.3 Comparison between aqueous photolysis and
aqueous oxidation by OH rates

After identifying compounds that may have significant aque-
ous photolysis rates relative to their corresponding gas-phase
photolysis rates, we investigated if aqueous photolysis rates
can compete with the rate of oxidation by dissolved OH.Q

is defined as the ratio of the rate of oxidation by OH and the
rate of direct photolysis in the aqueous phase:

Q=

dn
aq
OH

dt

dn
aq
hν

dt

=
kOH[OH]

J
, (8)

wherekOH is the second-order rate constant for reaction with
OH in the aqueous phase, [OH] is the aqueous concentra-
tion of OH, andJ is the aqueous photolysis rate constant.
Experimentally determined aqueous OH rate constants were
used when available (Buxton et al., 1988, 1997; Monod et
al., 2005; Jürgens et al., 2007; Schaefer et al., 2012; Er-
vens et al., 2003b), but measurements of many mono- and
di-carbonyls are not present in the literature. Therefore, we
used structure activity relationships (SARs) from Monod and
Doussin (2008) and from Doussin and Monod (2013) to es-
timate aqueous OH rate constants for a variety of carbonyls.
These relationships accurately predict rate constants for 76 %
of 102 distinct compounds within±40 % of their experimen-
tal values (Doussin and Monod, 2013). This method, based
on the gas-phase OH rate constant structure activity model
originally proposed by Atkinson (Atkinson, 1987; Kwok and
Atkinson, 1995), provides an estimate of OH reactivity based
on the reactivity of all hydrogen atoms and the influence
of nearby groups. These aqueous SARs, first developed in
Monod and Doussin (2008) and refined to include carbonyls
in Doussin and Monod (2013), incorporate the effects of ad-
jacent (α-position) andβ-position groups. We were unable
to make rate constant predictions of unsaturated compounds
because they were absent in the training data set.

Hydration and acid-base equilibria were accounted for in
the rate constant predictions. Rate constants were calculated
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for gem-diol and free carbonyl forms and then weighted by
the fraction of each present at equilibrium as explained in
Doussin and Monod (2013). Predictions ofkOH for each di-
carbonyl involved SAR calculations of four distinct species:
the free carbonyl, two partially hydrated species, and the
fully hydrated form of the molecule. For acids that ionize in
solution, we calculatedkOH for both the free acid and anion
form and then weighted the rate based on the relative fraction
of each present at a droplet pH of 2. Cloud and fog droplet pH
typically ranges from 2 to 6 (Finlayson-Pitts and Pitts, 2000).
At the lower pH limit, the acid/anion equilibrium for most
carboxylic acids is shifted towards the free acid. Since free
acids are generally less reactive towards OH than their cor-
responding anions, the overall consumption rate calculated
at pH = 2 represents the lower limit (i.e., OH reactivity with
the acid and its anion will increase at larger pH values). As
we will show below, reaction with OH is faster than pho-
tolysis for most compounds investigated in this work, so us-
ing the lower limit for the OH reactivity calculated at pH = 2
will not affect our conclusions. Acid dissociation constants
(pKA) were obtained from measurements (Dawson et al.,
1989; Brown et al., 1955; IUPAC et al., 1979) when avail-
able or predicted from theory using SPARC v4.6 (Karickoff
et al., 2011).

In both the aqueous and gaseous phase, the photolysis rate
constant is a function of the absorption cross section,σ ; the
photolysis quantum yield,8; and the spectral flux density,
FA :

J =

∫
FA(λ) ·8(λ) · σ(λ) · dλ. (9)

For liquids, absorption cross sections are typically written as
extinction coefficients in units of M−1 cm−1 and are based on
log10 (decadal) absorbance measurements. To simplify the
calculations, we assume that the extinction coefficients de-
scribing the carbonylπ∗← n transition follow a Gaussian
dependence on wavelength, which is reflected in previous
aqueous extinction coefficient measurements of similar com-
pounds (Malik and Joens, 2000; Bacher et al., 2001):

ε (λ)≈ εmax ·exp

[
−4 · ln(2) · (λ− λmax)

2

w2

]
, (10)

whereεmax is the maximum extinction coefficient at a wave-
length ofλmax (the wavelength of maximum absorption) and
w is the full width at half maximum (FWHM). The full width
w was obtained from fitting measured extinction coefficients
from a data set representing several ketones and aldehydes,
along with dihydroxyacetone and glyceraldehyde. We find
that w = 42 nm best describes several published extinction
coefficients from Xu et al. (1993) and this work. As an ap-
proximation, we write the photolysis quantum yield as an av-
erage value over all relevant wavelengths:

J =
〈8〉

NAV
εmax · ln(10)

∫
FA (λ) ·exp

[
−4 · ln(2) · (λ− λmax)

2

w2

]
dλ, (11)

whereNAV is Avogadro’s number. We can then define the
lifetime due to photolysis,τhν , as

τhν = J−1. (12)

Correspondingly, the lifetime due to oxidation by OH,τOH,
is

τOH= (kOH [OH])−1 . (13)

Comparison of these lifetimes using the branching ratio,Q=

τhν /τOH, will indicate compounds that have aqueous photoly-
sis rates that are competitive with aqueous oxidation by OH.

Di-carbonyl compounds with adjacent carbonyl groups
(1,2-dicarbonyls) have an additionalπ∗← n absorption peak
arising from strong exciton splitting, which is present in the
visible wavelength range (e.g., gas-phase glyoxal has a well-
known absorption band around 400 nm). Quantum yields
from the lower-energy visible light are likely smaller than
corresponding UV quantum yields, but the actinic flux is
larger in the visible range. We are unable to accurately model
the photolysis rate contribution of this band due to the uncer-
tain dependence of wavelength on photolysis yield.

In order to provide a more comprehensive analysis, we
also determined rates of gas-phase oxidation by OH for all
the compounds included in this work. Experimental rate con-
stants were used when available (Atkinson et al., 2000, 2006;
Albaladejo et al., 2002; Bowman et al., 2003; Garcia-Jiminez
et al., 2005; Wallington and Kurylo, 1987; Rogers, 1989; Da-
gaut et al., 1988; Zhou et al., 2008). We used SARs from
Atkinson (1987) and Kwok and Atkinson (1995) to estimate
rates of compounds without published measurements.

2.4 Computational chemistry methods for predictions
of d-limonene and isoprene SOA spectroscopic
properties

We performed electronic structure calculations to estimate
extinction coefficients for several atmospherically relevant
compounds. To evaluate the accuracy of this method, we
compared the calculated extinction coefficients of several
compounds with their published values. We then calculated
the extinction coefficients of four compounds identified in d-
limonene and isoprene SOA, for which no absorption spectra
are currently available. All electronic structure calculations
were carried out using the TURBOMOLE version 6.3 quan-
tum chemistry package (http://www.turbomole.com) and
employed the split-valence plus polarization (SVP) basis set
(Schafer et al., 1992). Ground state energies and nuclear
gradients used in geometry optimizations and MD simula-
tions were computed using the Gaussian basis set implemen-
tation of density functional theory (Treutler and Ahlrichs,
1995). Default convergence criteria were used. Geometry op-
timizations and electronic spectra calculations were done us-
ing the hybrid exchange correlation functional of Perdew,
Burke, and Ernzerhof (PBE0) (Perdew et al., 1996a). For
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MD simulations, the generalized gradient approximation
PBE functional of Perdew, Burke, and Ernzerhof (Perdew
et al., 1996b) was used in combination with the resolution
of identity (RI) approximation (Weigend and Häser, 1997).
Electronic excitation energies and oscillator strengths were
computed with the implementation of time-dependent den-
sity functional theory (TDDFT) of TURBOMOLE (Furche
and Rappoport, 2005). A total of four excited states were
computed in addition to the ground state. To simulate solvent
effects of water, we employed the conductor-like polarizable
continuum method (COSMO) (Klamt and Schurmann, 1993)
in the spectra calculations using a dielectric constant of 80.1
(Haynes, 2012).

Computed excitation energies and oscillator strengths
were used to simulate an absorption spectrum with a normal-
ized Gaussian line shape,ρ (λ), for each excitation. We ap-
plied a broadening with a FWHM between 0.1 and 1.5 eV for
each band to promote the best agreement with experimental
spectra. The absorption spectrum for a given excitation was
then computed using

ε (λ)= 2.303
4π2q2

e

3}c
NAV ρ (λ)f, (14)

whereh̄ is the reduced Planck constant,f is the oscillator
strength,qe is the electronic charge, and c is the velocity of
light. First, we applied this procedure to compute absorption
spectra for the excitation energies and oscillator strengths ob-
tained by single point (SP) calculations of the ground state
equilibrium geometries. Second, to include vibronic effects
in the spectrum, we also generated an ensemble of geome-
tries by ground state ab initio Born–Oppenheimer MD. The
absorption spectrum was then computed in the same way for
each of the 200 randomly selected geometries. The vibronic
spectrum was obtained as an average over these 200 spectra.
For all MD simulations, to obtain smooth absorption spec-
tra, the computed oscillator strengths were broadened using
a Gaussian lineshape function with FWHM of 0.1 eV. This
value resulted in the best overall agreement with the experi-
mental data. For SP calculations, we varied FWHM between
0.1 and 1.5 eV to achieve the best agreement with experimen-
tal spectra.

MD was carried out in the NVT ensemble using a time step
of 1.93 fs. A Nosé–Hoover thermostat (Nosé, 1984; Hoover,
1985) with a target temperature of 300 K and a characteristic
time of 120 fs was used to generate a NVT/Boltzmann en-
semble of structures. This was achieved by coupling nuclear
motion to a fictitious heat bath. For sufficiently long trajecto-
ries, this thermostat has been shown to accurately reproduce
macroscopic thermodynamic properties (Frenkel and Smit,
2001). The total simulation time of each trajectory amounts
to 20 ps; 200 single point TDDFT spectra calculations were
performed with geometries randomly selected from the MD
trajectory.

3 Results and discussion

3.1 Experiments on aqueous photolysis of
glyceraldehyde

Approximately 5 % of all glyceraldehyde molecules remain
in the free form at 25◦C in a dilute solution, and the re-
maining 95 % form a monohydrate (Glushonok et al., 1986).
Three aqueous quantum yield experiments were conducted
by photolyzing glyceraldehyde as described in the “Materials
and methods” section. We found the average quantum yield
of glyceraldehyde to be approximately 0.006±0.003 (i.e.,
less than 1 % of the free glyceraldehyde that absorb photons
actually break). The average quantum yield may be slightly
elevated in cloud droplets as a higher fraction of molecules
would reside at the air/water interface relative to our bulk
measurements. Photolysis occurring at the air/water interface
can be more efficient than in bulk due to an incomplete sol-
vent molecule cage (Nissenson et al., 2010). Kinetic details
of these experiments are presented in the SM Sects. 4 and
5. With Fourier transform infrared (FTIR) spectroscopy, we
detected evidence of gaseous carbon monoxide, an expected
product of the Norrish type-I splitting. Ethanal and glyco-
laldehyde, also expected products of photolysis, and several
unconfirmed products were identified with ESI-MS. A mass
spectrum identifying the presence of these products and a
pathway leading to these products are presented in Fig. S8.

Encinas et al. (1985) report that the aqueous quantum yield
of dihydroxyacetone at 313 nm is approximately unity, much
larger than the value measured for glyceraldehyde. We use
this example to stress that quantum yields can vary drasti-
cally, even for isomeric compounds with similar function-
ality. The difference in quantum yields may be attributed
to differences in the chemical mechanism upon exposure to
UV light. The dominant step in dihydroxyacetone photoly-
sis is likely cleavage into molecules that do not appreciable
combine. However, photolysis of glyceraldehyde may form
fragments that subsequently react and revert back to glycer-
aldehyde (or an aldehydic structural isomer that is indistin-
guishable from glyceraldehyde using ESI-MS). The expected
mechanism for the photolysis of glyceraldehyde is shown in
Fig. S28.

3.2 Role of photolysis in aqueous processing of
carbonyls

In view of the large difference between photolysis quantum
yields for isomeric compounds, we can only assume that un-
known quantum yields can be anywhere between null (no
photolysis) and unity (100 % efficient photolysis). To deter-
mine the potential importance of aqueous photolysis pro-
cesses from the parametersZ and Q defined above, we
use the maximum possible value of the photolysis yield,
8=8max= 1. We will also use a cloud liquid water content
of 0.5 g m−3, typically the largest value routinely measured
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Fig. 2. Fraction of carbonyl compound in the aqueous phase at equilibrium as a function of the fraction of carbonyl compound in the free
form for linear-chain compounds in an air mass with a liquid water content of 0.5 g m−3. The logarithmic effective Henry’s law constant
is shown as a secondaryx axis in red. Numbers below the symbols indicate the total number of carbon atoms in the molecule. Hydration
equilibrium constants and effective Henry’s law constants are obtained from experimental data or computational predictions as explained in
the Sect. 2.2. Molecules to the left of theZ = 1 line have gaseous photolysis rates that exceed the aqueous photolysis rates. Molecules to
the right of theZ = 1 line indicate that specified moleculesmayhave aqueous photolysis rates that exceed gas-phase photolysis rates. The
upper-right figure is an expanded version of the main figure with limits indicated by the black dashed lines.

in the troposphere (Seinfeld and Pandis, 1998; Hobbs, 1993).
In certain instances, liquid water content (LWC, mass of liq-
uid water per volume of air) values of extremely wet clouds
can exceed 0.5 g m−3, but this typical upper limit provides
for a more realistic analysis. The actinic flux is predicted
with the Tropospheric Ultraviolet and Visible (TUV) radia-
tion model (Edition 4.4) at a solar zenith angle (SZA) of 20◦

with a globally averaged surface albedo of 0.154 from Hum-
mel and Reck (1979). Note that we do not model the effect
of the cloud on the actinic flux, so these calculations may not
apply in the interior of the cloud, where the flux can be quite
different.

Figure 2 details the potential significance of aqueous pho-
tolysis for a series of compounds with various functional
groups on a carbon backbone. In all the molecules chosen
for this study, aldehyde, hydroxyl, and carboxyl groups oc-
cupy the terminal positions, and keto groups occupy the 2-
position in the chain. If two functional groups are present,
they are positioned on the opposite ends of the chain (e.g.,
C8 diketone corresponds to octane-2,7-dione). We choose
these series of molecules to systematically investigate how
different functional groups and molecular chain lengths af-
fect the relevant chemical properties. Structures of the first
three molecules in each series are shown in Table S2. Com-
pounds that lie along theZ = 1 line have aqueous photolysis
removal rates that are at most equal to their corresponding
gaseous photolysis rates. Removal due to aqueous photoly-
sis should not be important for compounds that lie to the left
of theZ = 1 isopleth (because they are not soluble enough).
For compounds located to the right of theZ = 1 isopleth,

aqueous photolysis may be a significant sink depending on
the actual unknown photolysis yields and the competition be-
tween the reaction with OH and photolysis. Figure 2 graph-
ically illustrates that compounds with low effective Henry’s
law constants and large extents of hydration are not appre-
ciably removed by direct aqueous photolysis. Aqueous pho-
tolysis is potentially competitive with gaseous photolysis for
certain multifunctional carbonyls. For a given family of com-
pounds, increasing the carbon chain length tends to suppress
effective Henry’s law constants as the molecules become less
polar and thus more hydrophobic. Hydration becomes less
favorable as chain length increases.

Atmospheric photooxidation can generate multifunctional,
water-soluble compounds that contain more than two func-
tional groups. Figure 3 indicates the potential importance of
aqueous photolysis from a selection of photolabile organic
compounds generated from isoprene photooxidation (Fang et
al., 2012) and limonene photooxidation (Jaoui et al., 2006).

We conclude that some of the photolabile compounds
formed in isoprene and d-limonene oxidation have effective
Henry’s law constants and hydration equilibrium constants
such that aqueous photolysis may be an important sink.

The branching ratioZ allows us to eliminate compounds
that have gaseous photolysis removal rates that exceed aque-
ous photolysis removal rates (Z > 1). However, a low value of
Z does not necessarily imply that photolysis is the primary
sink in the aqueous phase; the photolysis lifetime might be
too long relative to the lifetime of a typical cloud to be at-
mospherically relevant and/or it may not be able to compete
with oxidation by OH. As in the previous analysis (Sect. 2.3),
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Fig. 3. Hydration equilibrium vs. the fraction of total mass resid-
ing in the aqueous phase at equilibrium for photolabile compounds
formed from isoprene (Fang et al., 2012) and limonene (Jaoui
et al., 2006) photooxidation. Liquid water content is 0.5 g m−3.
(A) methylglyoxal, (B) 4-hydroxybut-3-en-2-one (assumed to be
all 3-oxobutanal after keto-enol equilibrium (Cederstav and Novak,
1994)), (C) pyruvic acid,(D)1-hydroxy-3-methyl-but-3-en-2-one,
(E) 2-methyl-2-oxidanyl-propanedial,(F) 4-hydroxy-3-methyl-but-
2-enal,(G) levulinic acid,(H) 3,6-oxoheptanoic acid,(I) ketonor-
limonic acid,(J) ketolimonaldehyde. Structures, effective Henry’s
law constants, and hydration equilibrium constants are presented in
Tables S6 and S7.

the lack of experimental aqueous quantum yield measure-
ments prevents us from directly calculating the photolysis
lifetime and the branching ratioQ between the rates of oxi-
dation and photolysis. However, we can use the upper-bound
quantum yield value (8=8max= 1) in order to calculate
the maximum possible rate of aqueous photolysis compared
to aqueous oxidation. Experimental extinction coefficients as
a function of wavelength are also not available for most com-
pounds, and therefore we parameterize the carbonyl peak as
purely a function ofεmax andλmax as described in Sect. 2.3.
Aqueous photolysis lifetime at a solar zenith angle of 20◦ as
described with Eqs. (11) and (12) as a function ofλmax and
the product <8> · εmax is plotted in Fig. 4.

Photolysis lifetime decreases asλmax and/or εmax in-
crease due to enhanced overlap with the actinic spectrum.
Markers indicate the predicted minimum photolysis lifetime
(8max= 1) for several carbonyl compounds with published
values ofλmax andεmax. Figure 4 illustrates that compounds
with large quantum yields will have appreciably short, at-
mospherically relevant photolysis lifetimes in the aqueous
phase. Note that these photolysis lifetimes refer to an artifi-

cial scenario of a fixed solar zenith angle (SZA = 20◦); since
photolysis can only occur during daylight hours, the actual
lifetimes will be longer.

Conjugation can shift the carbonyl peak to the red and in-
crease its intensity (Pavia, 2009), yielding a shorter atmo-
spheric lifetime. This effect is obvious in Fig. 4 if one com-
pares the lifetimes of propanal and itsα,β-unsaturated analog
acrolein, butanal and itsα,β-unsaturated analog crotonalde-
hyde, and 2-butanone and itsα,β-unsaturated analog methyl
vinyl ketone. In all cases, the presence of theα,β-double
bond next to the carbonyl group decreases the lifetime by
about an order of magnitude.

For specific carboxylic acids, changes in pH may mod-
ify molar extinction coefficients and quantum yields. Pyruvic
acid, anα-keto carboxylic acid with interaction between the
dissociating acid and absorbing carbonyl group, does not ex-
hibit a significant change in absorption between the acid and
anion form (Fischer and Warneck, 1991). On the contrary,
the quantum yields of pyruvic acid and pyruvate are drasti-
cally different (Leermakers and Vesley, 1963), but this fact
does not affect our analysis designed to calculate the upper
limit of aqueous photolysis with8max= 1.

For the carbonyls shown in Fig. 4, aqueous photolysis may
occur on atmospherically relevant timescales. However, in
order for removal due to aqueous photolysis to be signifi-
cant, it must compete with other aqueous processes. We can
compare aqueous photolysis lifetime with the lifetime due to
aqueous oxidation by OH using Eq. (8). We assume an aque-
ous OH concentration of 10−13 M, reflective of the daytime
value recommended in the review by Ervens et al. (2011).
This assumed aqueous OH concentration was predicted with
theoretical models in Ervens and Volkamer (2010) and Er-
vens et al. (2003a), and is similar to the recommended values
in Gelencser and Varga (2005) and Vione et al. (2006). How-
ever, uncertainties in these predicted aqueous OH concentra-
tions may be significant. Figure 5 illustrates the competition
between these two processes.

Aqueous photolysis is favored for compounds with low
kOH values, strong absorption at high wavelengths, and
larger photolysis quantum yields. For compounds that re-
act at the diffusion limit (kOH∼1010 M−1 s−1), aqueous
oxidation by OH will exceed aqueous photolysis for all
known non-conjugated carbonyls because they are typ-
ically characterized byλmax between 260 and 320 nm
and εmax< 25 M−1 cm−1. The rate constant for the aque-
ous oxidation by OH radical has to be lower than
kOH = 108.5 M−1 s−1 in order for the direct photolysis to be-
come competitive. A similar calculation carried out for lev-
ulinic and pyruvic acid at a pH of 6, where they react faster
with OH, exhibits the same behavior (see Fig. S15). Out
of the compounds presented in Fig. 5, only pyruvic acid,
methylglyoxal, and glyoxal may have aqueous photolysis
rates that exceed the rates of aqueous oxidation by OH.

While the presence ofα,β-unsaturation may in-
crease the rate of aqueous photolysis relative to an
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unsaturated analog, the rate of oxidation by OH is
usually faster for the unsaturated compounds. For ex-
ample, kOH(2-propenal [acrolein]) = 7×109 M−1 s−1

and kOH(propanal) = 2.2×109 M−1 s−1; kOH(2-
butenal [crotonaldehyde]) = 5.8×109 M−1 s−1 and

kOH(butanal) = 3.9×109 M−1 s−1; kOH(but-3-en-2-one
[methyl vinyl ketone]) = 8.5×109 M−1s−1 and kOH(2-
butanone) = 9.0×108 M−1 s−1 (Monod et al., 2005; Buxton
et al., 1988). The enhanced absorption cross sections of
these unsaturated compounds are partially balanced out
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for the series of compounds presented in Fig. 2 in an air mass with

LWC = 0.5 g m−3, an aqueous OH concentration of 10−13M at a solar zenith angle of 20◦. All aqueous photolysis quantum yields are as-
sumed to be at their upper limit (8 = 1). Molecules notated with filled markers indicate that publishedλmax andεmax values were used to
calculate extinction coefficients. Open markers indicate that extinction coefficients were determined with estimations ofλmax andεmax from
compounds with similar functional groups. Numbers corresponding to each symbol indicate the number of carbon molecules in the chain.
Underlined numbers indicate that gas-phase oxidation by OH is the dominant removal mechanism. Rate constants, hydration equilibrium
constants, Henry’s law constants, structures, names, and all corresponding references are presented in the SM Sect. 19. TheQ =Z line is
shown as a dashed line in the upper-right quadrant.

by the enhanced rate of OH oxidation, leading to aqueous
removal rates still dominated by OH oxidation.

We can compare the maximum rate of aqueous photolysis
(8max= 1) with the rate of aqueous oxidation by OH radi-
cal with help of rate constant predictions using structure ac-
tivity coefficients. All predicted rate constants were capped
at the diffusion controlled limit of 1010 M−1 s−1 (Vione et
al., 2006). Complete extinction coefficients across all ac-
tinic wavelengths were not available for most compounds,
but published values ofλmax andεmax are available for many
carbonyl compounds (Xu et al., 1993; Malik and Joens, 2000;
Steenken et al., 1975; Hammond et al., 1959; Mackinney and
Temmer, 1948; Schutze and Herrmann, 2004; Rice, 1920;
Gubina et al., 2004). For simple mono- and di-carbonyl com-
pounds without publishedλmax andεmax values (76 out of 92
total compounds), we made educated upper estimates based
on the values of compounds with similar functionality. In or-
der to determine the compounds that may be significantly
removed with aqueous photolysis, we also must consider the
magnitude of the branching ratioZ in our analysis. Specif-
ically, aqueous photolysis is only potentially important for
compounds withQ < 1 (the rate of removal due to aqueous

photolysis is potentially greater than the rate of removal due
to aqueous oxidation by OH radical) andZ < 1 (the rate of
removal due to aqueous photolysis is potentially greater than
the rate of removal due to gaseous photolysis).

Figure 6 illustrates both of these branching ratios for the
same series of carbonyl compounds as presented in Fig. 2 at
a solar zenith angle of 20◦ in an air mass with a liquid wa-
ter content of 0.5 g m−3 at 25◦C. The upper-right quadrant
of Fig. 6 contains molecules for which aqueous photolysis
is slower than both gaseous photolysis and aqueous oxida-
tion by OH. The upper-left quadrant contains molecules for
which aqueous photolysis may be faster than gaseous pho-
tolysis, but removal by OH is still the dominant sink in the
aqueous phase. Pyruvic acid [2-oxopropanoic acid] and ace-
toacetic acid [3-oxobutanoic acid] lie in the lower-left quad-
rant; for these two compounds, aqueous photolysis may be
faster than both gaseous photolysis and aqueous oxidation
by OH. The lower-right quadrant shows the bounds ofZ and
Q where aqueous photolysis rates are faster than aqueous
oxidation by OH, but gaseous photolysis exceeds the rate of
aqueous photolysis. Molecules that have gaseous OH oxida-
tion rates that exceed the removal rates of the other three
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sinks are notated with underlined numbers. Gas-phase oxi-
dation by OH is dominant for many molecules in the upper-
right quadrant.

In this series of carbonyl compounds, only pyruvic acid
and acetoacetic acid may be preferentially removed by
aqueous-phase photolysis. These compounds have suffi-
ciently high effective Henry’s law constants, do not hydrate
completely in the aqueous phase, and have predictedkOH
values significantly less than the diffusion controlled limit
(7.0×108 M−1 s−1 and 2.7×108 M−1 s−1, respectively).
Methylglyoxal (Staffelbach et al., 1995), biacetyl (Schutze
and Herrmann, 2004), and glyoxal (Horowitz et al., 2001)
have an additionalπ∗← n absorption band in the vicinity of
400–500 nm that is not captured with this parameterization.
Therefore, theQ values of these compounds may be lower
than the plotted values. However, gas-phase processes still
dominate the removal of these three compounds.

To help compare rates of gas-phase photolysis and aque-
ous OH reaction, theQ =Z line is shown as a dashed line
in the upper-right quadrant of Fig. 6. Molecules to the right
of this line within this quadrant have gas-phase photolysis
rates that exceed rates of aqueous oxidation by OH. The
mono-aldehydes and mono-ketones lie completely in this re-
gion along with some of the smaller multifunctional com-
pounds. The small Henry’s law constants and/or hydration
equilibrium constants of these molecules ensure that gas-
phase processes will dominate. Molecules to the left of the
Q =Z line within this quadrant have rates of aqueous oxida-
tion by OH that exceed the gas-phase photolysis rates. The
majority of the multifunctional compounds lie in this region.
These multifunctional compounds generally have enhanced
Henry’s law constants that increase solubility and encourage
aqueous processing.

Uncertainties in the prediction ofZ andQ arise from us-
ing estimates ofKH , Khyd, kOH, andpKA where experimen-
tal data was not available. The uncertainties inZ andQ for
the carbonyl compounds examined in Fig. 6 are represented
as error bars in Fig. S29. While some compounds have large
uncertainty bounds, the majority of compounds have uncer-
tainties that are less than an order of magnitude inZ and
Q. None of the compounds have uncertainty bounds large
enough to alter the conclusions that we draw from Fig. 6.
Uncertainties also arise from parameterizing the extinction
coefficients as a function ofλmax and εmax. A comparison
of Q calculated with published extinction coefficients andQ

calculated with our parameterization is presented in Fig. S14.
For compounds without published extinction coefficients, es-
timates ofλmax andεmax from compounds with similar func-
tionality are another source of uncertainty. We used upper-
bound estimates to continue with the theme of calculating
maximum aqueous photolysis rates to eliminate compounds
with uncompetitive rates.

We also investigated the sensitivity ofZ andQ under dif-
ferent atmospheric conditions. Figure S11 details the effects
of a lower LWC of 0.05 g m−3, Fig. S9 uses a SZA of 0◦,

220 240 260 280 300 320 340 360
0

2

4

6

8

10

12

14

16

18

λ [nm]

ε 
[M

−
1  c

m
−

1 ]

 

 
gas MD 0.1 eV
aqueous MD 0.1 eV
gas MD 0.4 eV
aqueous MD 0.4 eV
gas Exp.
aqueous Exp.

Actinic Flux SZA = 20o

Fig. 7.Comparison of published aqueous- (Xu et al., 1993) and gas-
phase acetone spectra (Sander et al., 2011) with spectra calculated
using MD simulations. Gas and aqueous absorption cross sections
were calculated with a 0.1 eV and 0.4 eV Gaussian broadening. The
solar actinic flux at a solar zenith angle of 20◦ is also shown for
comparison.

Fig. S12 shows how pH affectsZ andQ values, and Fig. S10
was calculated at a lower-limit aqueous OH concentration
of 2.5×10−14 M. (A full discussion of these figures is pre-
sented in the SM Sect. 6.) Several additional compounds may
have significant rates of aqueous photolysis at an aqueous
OH concentration of 2.5×10−14 M (heptane-2,6-dione, 3-
oxopropanoic acid, 4-oxobutanoic acid, and 5-oxohexanoic
acid). However, besides these compounds, the chemical be-
havior at the limits of typical atmospheric conditions remains
generally unchanged.

3.3 Computational chemistry predictions of
spectroscopic properties of compounds in
d-limonene and isoprene SOA

To predict the importance of aqueous photolysis for com-
pounds where no spectroscopic data are available, we
computed the vibronic absorption spectrum using time-
dependent density functional theory (TDDFT). To assess the
accuracy of this approach we first computed the absorption
spectra of several reference molecules in the gas phase and
in solution (Table 1). We then used this approach to predict
absorption spectra for several complex atmospherically rel-
evant SOA compounds for which no experimental data are
available.

λmax values for the gas phase are similarly accurate for SP
calculations and MD calculations, exhibiting mean absolute
errors (MAE) of 12.3 and 12.4 nm, respectively. In solution,
MAE amount to 9.7 and 12.0 nm for SP and MD calculations,
respectively.

An important result of this work is that the extinction co-
efficients from the SP calculations are in most cases signifi-
cantly smaller compared to the MD simulations, irrespective
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Table 1. Calculated wavelength of maximum absorptionλmax (nm) and decadic molar absorption coefficientsεmax (M−1 cm−1) of the
reference compounds. Only the absorption band closest to 280 nm is reported. In cases where two absorption peaks were predicted in the
280 nm region, both values are reported. MD denotes that the spectra have been computed by averaging over several structures obtained
from MD simulations. Values of FWHM used to calculate the molar absorption coefficients are reported in parentheses. Subscripted numbers
indicate the references used for the experimental parameters: Ref. 1 (Horowitz et al., 2001), Ref. 2 (Xu et al., 1993), Ref. 3 (Mackinney and
Temmer, 1948), Ref. 4 (Chen et al., 2000), Ref. 5 (Schutze and Herrmann, 2004), Ref. 6 (Martinez et al., 1975), and Ref. 7 (Bayrakçeken,
2007). Aqueousλmax andεmax of glyceraldehyde were obtained from this work. A full set of computed spectra and structures of these
compounds are shown in Figs. S18–S27.

λmax [nm] εmax [M−1 cm−1]

SP calculated MD calculated Exper. SP calculated MD calculated Exper.

acetone [2-propanone] Gaseous 283 285 2751 0.04 11.4 5.01
Aqueous 273 275 2642 0.02 15.7 13.72

levulinic acid [4-oxopentanoic acid] Gaseous 279 282 n.a. 13.9 97.4 n.a.
Aqueous 271 281 2703 13.9 54.7 25.13

methylglyoxal [2-oxopropanal] Gaseous 279 283/298 2864 6.1 13.0/12.5 12.84
Aqueous 281 276/291 2845 6.2 24.8/27.1 165

3-oxobutanal Gaseous 289 285/305 n.a. 37.1 (1.5 eV) 91.3/310.1 n.a.
Aqueous 281 278/302 2806 75.6 (0.7 eV) 130.9/306.7 106

2,3-butanedione [biacetyl] Gaseous 275 278 2907 0.2 5.07 n.a
Aqueous 269 271 2845 0.3 12.05 26.3

pyruvic acid [2-oxo-propanoic acid] Gaseous 369 374.6 3501 4.1 (0.2 eV) 14.2 11.71
Aqueous 353.2 353.4 317.53 3.8 11.1 19.53

Glyceraldehyde [2,3-dihydroxypropanal] Gaseous 274 275 n.a. 423.5 158.1 n.a.
Aqueous 268 268 271 64.2 (0.6) 136.9 3.7

of the broadening due to the neglect of vibrational effects
in SP calculations (Table 1). These effects can be partic-
ularly strong for small symmetric systems such as ace-
tone or 2,3-butanedione. The symmetry breaking occurring
during MD is necessary to predict extinction coefficients
more accurately. For the aqueous SP values with individ-
ually adjusted Gaussian broadening, we find an MAE of
28.9 M−1 cm−1; however these individually adjusted SP cal-
culations are empirical. The MAE of the aqueous MD cal-
culations is slightly larger (45.3 M−1 cm−1) when calcu-
lated using a constant broadening of 0.1 eV. 3-oxobutanal
and glyceraldehyde appear to be outliers. Aqueous MD
calculations overestimate their extinction coefficients by
120.9 M−1 cm−1 and 133.2 M−1 cm−1, respectively, while
aqueous SP calculations overestimate their extinction coeffi-
cients by 65.6 M−1 cm−1 and 60.5 M−1 cm−1, respectively.
If we exclude 3-oxobutanal and glyceraldehyde, aqueous
MD calculations lead to a smaller MAE (12.6 M−1 cm−1)
than aqueous SP calculations (15.3 M−1 cm−1).

A comparison of the acetone aqueous- and gas-phase spec-
trum is presented in Fig. 7. The computed spectra of the
molecules investigated over all relevant wavelengths are pre-
sented in the SM (Figs. S18–S27). For some compounds, the
applied broadening of 0.1 eV leads to spectra with more vi-
brational fine structure than found in the published experi-
ments. As in the case of acetone, we observe a blue shift
for all compounds except for pyruvaldehyde when the sol-
vent is included in the calculation. In most cases, inclusion
of the solvent leads to decreased aqueous photolysis rate be-

cause of the decreased overlap between the absorption band
and the actinic flux (and likely due to the quantum yield sup-
pression, which we do not consider in this paper). The se-
lected FWHM values also affect the calculated rates. With-
out an explicit treatment of the vibrational structure (Dierk-
sen and Grimme, 2004), TDDFT bandwidths can only ap-
proximate the envelope of the vibrational fine structure, lead-
ing to potentially significant errors in the resulting photoly-
sis rate. In the case of the aqueous absorption spectrum of
acetone (Fig. 7), a FWHM of 0.4 eV leads to an increased
overlap between the absorption band and the actinic flux,
resulting in a photolysis rate 450 times larger than that of
a FWHM of 0.1 eV. (Our uncertainty is smaller as we pa-
rameterize absorption peaks withλmax, εmax, and a FWHM
determined experimentally from similar compounds.) Com-
putational tools to accurately predict absorption peak width
along with wavelength-dependent intensity are presently too
computationally expensive for large-scale applications.

Keeping these (potentially very large) uncertainties in
mind, we applied this method to compute the spectra of sev-
eral relevant photolabile compounds identified in d-limonene
(Jaoui et al., 2006) and isoprene (Fang et al., 2012) SOA.
These four carbonyl-containing compounds, 4-hydroxy-3-
methyl-but-2-enal, 3,6-oxoheptanoic acid, ketolimononalde-
hyde, and ketonorlimonic acid, do not have published aque-
ous extinction coefficients. Computationally derived spectra
andεmax andλmax values are presented in the SM Sects. 11
and 12. Cautious application of these computational param-
eters reveals important information about the significance of
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aqueous photolysis for these compounds even when taking
the large uncertainties into account. In Fig. S29, we com-
pare the rates of aqueous oxidation by OH to the maximum
rate of aqueous photolysis determined with calculatedεmax
and λmax values. Even after taking into account the MAE
of the MD simulations, ketolimonaldehyde absorbs strongly
enough such that aqueous photolysis may be more important
than aqueous oxidation by OH. All four compounds haveZ

values that are less than unity (aqueous photolysis may be
faster than gaseous photolysis; see Fig. 3). However, the large
MAE of the MD simulations leads to ambiguity in determin-
ing the dominant removal sink of 4-hydroxy-3-methyl-but-
2-enal, 3,6-oxoheptanoic acid, and ketonorlimonic acid. A
significant improvement in computational accuracy is clearly
needed to determine the atmospheric fate of these important
compounds. With rapid, on-going development of TDDFT
methods, more realistic calculations of photophysical proper-
ties of atmospherically relevant multifunctional compounds
should become possible in the near future.

3.3.1 Atmospheric implications

Under typical atmospheric conditions, aqueous photolysis is
not likely to be a significant atmospheric sink of the rela-
tively simple carbonyls investigated in this manuscript. There
are important exceptions to this rule including pyruvic acid
and acetoacetic acid; we note that aqueous photolysis ex-
periments of pyruvic acid are well established in the litera-
ture (Leermakers and Vesley, 1963; Larsen and Vaida, 2012;
Guzmán et al., 2006; Guzmán et al., 2007). While carbonyls,
keto-carboxylic acids, and hydroxyl-carbonyls may readily
partition into cloud and fog droplets, once in the aqueous
phase, oxidation by dissolved OH is a more efficient removal
process than direct photolysis. OH oxidation rate constants
typically increase for larger compounds as there are more hy-
drogen atoms available for abstraction. Figures S16 and S17
show predictedkaq

OH of each chemical family investigated as a
function of carbon and hydrogen number, respectively. Only
carbonyls with enough oxygen content to enhance solubility
containing ketone and/or acid groups (which limit OH at-
tack), and with few hydrogen atoms available for abstraction
by OH, may have significant rates of aqueous photolysis.

Our assertion that the direct photolysis of aqueous car-
bonyls is generally insignificant may break down in spe-
cific cases. Certain molecular functionalities that we have
not fully investigated could enhance the rate of aqueous pho-
tolysis. Conjugation withC =C double bonds can shift the
carbonylπ∗← n transition peak to the red and increase in-
tensity (Pavia, 2009). For example, the types of multifunc-
tional carbonyls found in secondary organic aerosols must
have sufficiently high values ofεmax because they are read-
ily degraded by the direct photolysis. Aqueous photolysis of
highly oxygenated aromatic carbonyls may also be important
(e.g., for benzaldehyde:λmax≈283,εmax= 1550 M−1 cm−1

(Sham and Joens, 1995)).

Our analysis assumed a SZA of 20◦ and a relatively large
LWC. Irradiation at a lower solar zenith angle of 0◦ will
not significantly affect the results of our analysis. How-
ever, cloud and fog droplets with a depleted OH concen-
tration will enhance the relative contribution of aqueous
photolysis processes. If we calculate the branching ratioQ

with COH = 2.5×10−14 M, the lower end of the fair-weather
cloud OH concentration suggested by Vione et al. (2006),
we find that aqueous photolysis of 3-oxopropanoic acid,
4-oxobutanoic acid, heptane-2,6-dione, and 5-oxoheptanoic
acid may become important in addition to pyruvic acid and
acetoacetic acid (see Supplement Fig. S10). However this de-
pressed aqueous OH radical concentration is unlikely to oc-
cur at lower solar zenith angles when both photolysis and
production of OH should be enhanced. Depressed OH con-
centrations may occur in wetted aerosol particles; however,
wetted particles contain significantly less liquid than a cloud
or fog droplet, making gas-phase processing of wetted or-
ganic particles more likely than aqueous photolysis for the
types of molecules considered in this study. Perturbations
from Henry’s law equilibrium are possible (Finlayson-Pitts
and Pitts, 2000; Li et al., 2008; van Pinxteren et al., 2005) and
can be interpreted in a shift in the horizontal axis in Fig. 6.
Each order of magnitude enhancement in the aqueous-phase
concentration of the selected species above the Henry’s law
equilibrium value will shift its marker one unit to the left.
However, perturbations from Henry’s law will not affect the
behavior of compounds where log10(Q) > 0 as the competi-
tion between aqueous-phase oxidation by OH and aqueous
photolysis will remain unchanged (because it does not de-
pend on the concentration of dissolved organics as long as
the droplet remains sufficiently dilute).

As information on the common carbonyl constituents of
particulate matter, cloud droplets, and fog droplets becomes
available, the question of the dominant atmospheric fate of
these compounds will invariably arise. With limited infor-
mation about a specific compound (estimates ofKH , Khyd,
λmax, andεmax), the framework presented in this paper will
be a useful tool to determine if quantum yield experiments
will produce significant results, or should even be carried out
in the first place.

Supplementary material related to this article is
available online athttp://www.atmos-chem-phys.net/13/
9461/2013/acp-13-9461-2013-supplement.pdf.
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