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Heterogeneous oxidation of a phosphocholine on
synthetic sea salt by ozone at room temperature

Christopher W. Dilbeck and Barbara J. Finlayson-Pitts*

The ozonolysis of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) adsorbed on salt mixtures as

models for sea-salt particles was studied in real time using diffuse reflection infrared Fourier transform

spectrometry (DRIFTS) at room temperature with and without added water vapor. The salt substrates

were a mixture of MgCl2�6H2O with NaCl or a commercially available synthetic sea salt. Ozone

concentrations ranged from (0.25 to 3.9) � 1013 molecules cm�3 (0.1–1.6 ppm). The major products

identified by FTIR and confirmed using matrix-assisted laser desorption/ionization (MALDI) mass

spectrometry were the secondary ozonide (SOZ) and a phospholipid aldehyde and carboxylic acid

formed by scission of the double bond. The reaction probabilities for the two substrates were similar,

g = (6–7) � 10�7, with an estimated overall uncertainty of a factor of two. The presence of water vapor

decreased the yield of SOZ relative to the products formed by CQC scission, but also increased the

availability of the double bond for reaction, particularly on the less hygroscopic commercial sea-salt

substrate. Thus, water not only affects the mechanisms and products, but also the structure of the

phospholipid on the salt in a manner that affects its reactivity. The results of these studies suggest that

the reactivity and products of oxidation of unsaturated phospholipids on sea-salt particles in air will be

very sensitive to the nature and phase of the substrate, the amount of water present, and whether

there is phase separation between the organics and the inorganic salt mixture.

Introduction

Sea-salt aerosol (SSA) plays an important role in many chemical
and physical atmospheric processes, with an estimated annual
production of 5 � 1015 g.1 It is a large contributor to atmo-
spheric particulate matter, especially over oceans.1–7 Aerosol
particles adversely affect visibility and human health, and also
have well-documented effects on the chemistry8,9 and radiative
balance of the atmosphere.6 Thus, they affect incoming and
outgoing radiation directly by scattering light, and indirectly
through their ability to act as cloud condensation nuclei and
their effects on cloud albedo.6 This is a major area of uncer-
tainty in attributing sources of climate change.6

SSA particles are formed predominantly via bubble bursting
on the surface of the ocean1–4 and acquire an organic coating
during this process.10–13 Organic compounds in SSA particles
are expected to come from organisms and their decomposition
in the ocean, among other sources, and include lipids, proteins,
and carbohydrates.14–21 The organic component of SSA can
make up more than half of SSA particles by mass during

phytoplankton blooms.22,23 The presence of organics will affect
the particles’ properties and ability to act as cloud condensa-
tion nuclei,24–26 as well as the exchange of gases with the
atmosphere.9 Understanding the oxidation of the organic
component of SSA particles in the atmosphere is important
because this may modify the particle properties.27

In previous studies,28 the ozonolysis of 1-oleoyl-2-palmitoyl-
sn-glycero-3-phosphocholine (OPPC) on NaCl was studied using
diffuse reflection infrared Fourier transform spectrometry
(DRIFTS).29–32 This technique, which can be used with any
infrared transparent substrate,31,33 allows changes in the solid
mixture to be followed as a function of reaction time. While
NaCl is the major component of sea salt, it may not represent
all of the properties found in sea-salt particles, which are much
more complex mixtures.1,34,35 A significant difference is the
presence of hygroscopic salts such as magnesium chloride.
Magnesium is the second most abundant cation in sea salt.
The molar ratio of sodium to magnesium in sea salt is
8.9:1.34,35

In this work, the room temperature ozone oxidation of the
phospholipid 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC), a naturally-occurring isomer of OPPC (which is
expected to have the same reactivity as OPPC), adsorbed on
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either a mixture of MgCl2�6H2O with NaCl or on a commercially
available synthetic aquarium sea salt was studied. It is shown
that even small amounts of adsorbed water have an effect on
the product distributions, as well as on the availability of the
double bond for reaction and hence the reaction probability.
Under atmospheric conditions, these model systems may be
applicable to mixed sea-salt/organic particles where there is
liquid–liquid phase separation.36–39

Experimental section
Sample preparation

Synthetic sea salt (Instant Oceans, Spectrum Brands) was used
as a model for sea-salt particles. Its elemental composition is
similar to that given for synthetic sea salt by Langer et al.,40 in
terms of the major ions. The salt was ground using a
Wig-L-Bugs (Crescent Dental Mfg.) for 5 minutes to generate
particles in the size range of 1–10 mm,32,41 optimum for DRIFTS
analysis.31 Finely-ground Instant Oceans (IO) powder (0.50 g)
was mixed with 0.40 mL of a solution of POPC in a hexane–
ethanol mixture (25 mg of POPC in 9 mL hexane and 1 mL
ethanol). An area per molecule of 6 � 10�15 cm2 was assumed
based on previous studies of the surface pressure–area isotherms
of OPPC films on water.42,43 This area per molecule corresponds
to a surface concentration of 1.6 � 1014 molecules cm�2. The
relative amounts of POPC and salt were chosen so that the
phospholipid would form a monolayer if evenly distributed over
cubic salt particles 2 mm on a side. The mixture of POPC and
Instant Oceans was stirred under a stream of ultra-high purity
(UHP) N2 (Oxygen Service Company, 99.9995%) to evaporate the
solvent. The coated salt, referred to as POPC/IO, was ground for a
few seconds in a mortar and pestle to break up clumps and
placed in a glass trap that was evacuated to a pressure of B10�3

Torr for one hour on a vacuum manifold to remove weakly
bound water. A separate set of samples was also prepared by
mixing MgCl2�6H2O (0.14 g) with NaCl (0.36 g) and POPC
solution (0.40 mL) to yield samples with a molar ratio of
sodium to magnesium of 8.9 : 1.34,35 The POPC/MgCl2�6H2O/
NaCl samples were treated as described above for POPC/IO
samples.

DRIFTS

Reactions of POPC/IO or POPC/MgCl2�6H2O/NaCl with ozone
were performed at 293–295 K at a pressure of 1 atm in a gas flow
system described in detail elsewhere.28 Changes in the
adsorbed organic were monitored as a function of time using
DRIFTS. The DRIFTS sample holder was filled with 0.35 g of
POPC/IO or POPC/MgCl2�6H2O/NaCl by packing it into the
sample cup with a press44 using manual pressure. A flow of
either dry or humidified UHP N2 was pumped through the
sample overnight to stabilize it with respect to adsorbed water.
Extensive drying or heating of the MgCl2�6H2O and IO was
avoided in order to minimize removal of waters of hydration
and formation of Mg(OH)Cl and/or MgO, which are less soluble
and hygroscopic.45,46 The solubilities of Mg(OH)Cl and MgO in
methanol are 1.26 � 10�3 g per 100 mL and 1.46 � 10�4 g per

100 mL, respectively.47 To test for formation of Mg(OH)Cl and/
or MgO, 500 mg of the MgCl2�6H2O/NaCl mixture was treated as
described above for the POPC coated samples before an experi-
ment, i.e., it was dried under vacuum for one hour, placed in
the DRIFTS sample holder and N2 was pumped through the
sample overnight. When this sample was dissolved in 50 mL of
methanol, no insoluble material was observed visually. In
contrast, 1 mg of MgO (EMD, 95%) was clearly visible when
mixed in 50 mL methanol. Therefore, if dehydration forms
MgO, less than 4% by moles of the MgCl2�6H2O is converted to
MgO during sample preparation. If the product of dehydration
was Mg(OH)Cl, and assuming 1 mg of Mg(OH)Cl precipitate
beyond the solubility limit would also be evident in 50 mL
methanol, then an upper limit of 3% of the MgCl2�6H2O was
converted to Mg(OH)Cl by this process.

To humidify the N2, it was passed through a water-filled
bubbler (Millipore Milli-Q, 18.2 MO cm) and then into a 5 L
mixing bulb where it was diluted with dry N2 to obtain the
desired water concentration. The relative humidity (RH) and
temperature were measured in the mixing bulb using a Vaisala
HMP238 sensor. Studies could only be carried out up to 1.4 �
1017 molecules H2O cm�3 (20% RH) because of large and
irreproducible changes in the baseline at higher water vapor
concentrations, and very strong absorption of infrared radiation
by water in large regions of the spectrum. In addition, the
deliquescence point48 of MgCl2�6H2O is 33% RH, so that staying
well below this is important to maintain the integrity of the
solid salt.

Ozone was generated by flowing a mixture of UHP oxygen
gas (99.993%, Oxygen Service Co.) and UHP helium gas
(99.9995%, Oxygen Service Co.) through a housing containing
a mercury pen-ray lamp (Jelight Co. Inc., Double Bore 78-2046).
Ozone was diluted with air (Ultrapure Air, Scott-Marrin, total
hydrocarbons as CH4 o 0.01 ppm; CO o 0.01 ppm; NOx o
0.001 ppm; SO2 o 0.001 ppm) to produce concentrations of
(0.25 to 3.9) � 1013 O3 cm�3 (0.1–1.6 ppm) as measured with a
Teledyne Advanced Pollution Instrumentation Model 400
Ozone Analyzer. The instrument was calibrated with an Ocean
Optics HR4000CG UV–VIS–NIR spectrometer using the
measured absorption at 254 nm as ozone flowed through a
30 cm cell, and the known absorption cross-section (s = 5.0 �
10�18 cm2 molecule�1, base 10)49 of ozone at 254 nm.
Experiments were conducted (1) without added water vapor
and with ozone concentrations of 0.25, 1.25, 2.5 and 3.9 �
1013 molecules cm�3; and (2) at 3.9 � 1013 O3 cm�3 with 0.34,
0.68, and 1.4 � 1017 molecules cm�3 added water vapor (5, 10,
and 20% RH, respectively).

MALDI-TOF-MS

Matrix-assisted laser-desorption/ionization-time-of-flight-mass
spectrometry (MALDI-TOF-MS) was used to confirm the
identification of products after reaction with ozone. Samples
were prepared for mass spectrometric analysis by dissolving 20 mg
of the reacted sample in a mixture of 80 mL water (Fisher, HPLC
grade) with 80 mL acetonitrile (OmniSolv, HPLC grade), mixing on a
vortex mixer, and micro-centrifuging for 30 seconds. A 0.5 mL
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sample of this solution was placed on a 384-well stainless steel
plate and 0.5 mL of a saturated solution of 2,5-dihydroxybenzoic
acid (Fluka, 99.5%) in 2 : 1 water : acetonitrile was added as
the matrix material. Positive ion mass spectra were recorded
using 1000–5000 accumulated shots with the laser pulsing at
400 Hz in reflectron mode on an AB/Sciex 5800 TOF/TOF
instrument.

Results and discussion
Identification of products and branching ratios

DRIFTS spectra of POPC/NaCl, POPC/IO and IO alone are
shown in Fig. 1 (POPC structure is shown in Fig. 1a). Spectra
are given as log10(S0/S1) where S0 is the single beam spectrum of
NaCl and S1 is the single beam spectrum of the sample. This
approach was established in earlier studies of similar systems32

to be more appropriate for quantitative analysis than the
Kubelka–Munk function. Because NaCl is infrared transparent,
the peaks in Fig. 1a can be assigned to functional groups in the
phospholipid. Peaks due to the hydrocarbon groups occur at
2960 cm�1 (nasym str, –CH3), 2920 cm�1 (nasym str, –CH2–) and
2850 cm�1 (nsym str, –CH2–), and 1470 cm�1 (nscissor, –CH2–,
nasym def, –N(CH3)3

+).50 A smaller peak due to the vinyl H–CQC
stretch at 3008 cm�1 is also seen. Contributions from the PO2

�

group at 1255 and 1095 cm�1, the two ester carbonyl groups
stretch at 1735 cm�1 and the C(O)–O–C asymmetric stretch at
1180 cm�1 are also evident (the symmetric stretch of the latter
is the shoulder on the low frequency side of the PO2

� sym-
metric stretch at 1095 cm�1).50–52

Seawater and the sea-salt particles derived from it contain a
number of minor components in addition to NaCl.34,35 These
include hygroscopic salts such as those of magnesium (molar
ratio of Na+ to Mg2+ = 8.9 : 1) as well as infrared-active species
such as sulfate (molar ratio Cl� : SO4

2� = 19:1) and bicarbo-
nate (molar ratio Cl� : HCO3

� = 260 : 1).34,35 As a result, the
spectrum of IO alone (bottom spectrum, Fig. 1b) shows peaks
due to sulfate (1050–1250 cm�1 region) and bicarbonate
(B1420 cm�1). The salts that are hygroscopic not only adsorb
water on their surface during sample preparation, but also
exist in the form of hydrates such as MgCl2�6H2O.34,40 As a
result, several peaks due to the water bending vibration (in
the 1600–1660 cm�1 region) and to the O–H stretch (in the
3000–3800 cm�1 region) appear in the spectrum. Because of the
strong absorptions due to water and other components of IO,
the peaks from the relatively small amounts of POPC are not as
distinct as on NaCl. The same is true for POPC/MgCl2�6H2O/
NaCl mixtures (not shown) where water also dominates the
spectrum.

Fig. 1 DRIFTS spectra of (a) POPC/NaCl, (b) POPC/IO (top) and IO (bottom). Absorbance is calculated as log10(S0/S1) where S0 is the single beam spectrum of NaCl and
S1 is the single beam spectrum of the sample. The structure of POPC is shown in (a).
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Despite these strong overlapping absorptions due to the
substrate, changes in POPC upon reaction with gas phase
ozone can be readily followed with time by using the single
beam spectrum just before reaction as the reference. This
allows small changes in the presence of a large ‘‘background’’
to be followed quantitatively, as has been done for example, for
the oxidation of self-assembled monolayers.53–56 Fig. 2 shows
typical changes in the infrared spectra for POPC/IO and POPC/
MgCl2�6H2O/NaCl as a function of time upon reaction with 1.2 �
1013 O3 cm�3. As expected, there is a decrease in the 3008 cm�1

band due to loss of H–CQC. In addition, absorptions due
to –CH2– groups (2920 and 2850 cm�1) decrease.

Ozone reacts with the double bond in POPC via the Criegee
mechanism (Scheme 1).57–60 In the gas phase, the Criegee
intermediates (CI) are formed with excess energy and can
decompose, or be collisionally stabilized and react further with
such species as water or aldehydes.59–66 When the reaction
occurs in/on a condensed phase as in the present studies, the
CI would be expected to be stabilized to a much greater extent
than in the gas phase. As discussed in more detail below, the

smaller fragments such as nonanal would be expected to be
sufficiently volatile to be removed in the gas stream, leading to
loss of –CH2– groups as observed.

During the reaction, new bands are observed during the
reaction at 1743 and 1710 cm�1 (Fig. 2). These are assigned to
non-hydrogen bonded carboxylic acids (1743 cm�1) and
aldehyde and/or hydrogen bonded carboxylic acids
(1710 cm�1), respectively.50 New product peaks also appear at
2950, 2880, 1385, and 1110 cm�1, and are assigned to a
secondary ozonide (SOZ).28,50,54,67–73 The band at 1110 cm�1

in the Instant Ocean spectra (Fig. 2a) is largely obscured by
small changes in the strong sulfate band in that region
(Fig. 1b). Changes at 2950 cm�1 and 2880 cm�1 were also
observed in studies on ozonolysis of OPPC/NaCl.28 These
changes were assigned to H–C stretches of the ring carbons
of the SOZ. In some studies of alkene ozonolysis on surfaces,
new bands in this region were assigned to methyl groups,74–76

but the spectral region that carries the characteristic C–O
stretch of the SOZ at lower wavenumbers was not experimen-
tally accessible in those studies. The simultaneous formation of

Fig. 2 DRIFTS spectra of (a) POPC/IO and (b) POPC/MgCl2�6H2O/NaCl during reaction with 1.2 � 1013 O3 cm�3. Absorbance is calculated as log10(S1/Sn) where S1 is
the single beam spectrum of unreacted POPC/IO or POPC/MgCl2�6H2O/NaCl and Sn is the single beam spectrum of POPC/IO or POPC/MgCl2�6H2O/NaCl reacted for
n minutes.
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bands 1110 and 1385 cm�1 that increased in proportion to the
2950 and 2880 cm�1 bands provides strong support for their
assignment to SOZ in the present case.

Further support for identification of these products comes
from the MALDI-TOF mass spectra which are similar to those
reported earlier for the oxidation of unsaturated phosphocho-
lines.28,42,70,77 Thus, after reaction, peaks expected from the
phospholipid aldehyde at m/z 650.4 [RCHO + H]+ and m/z 672.4
[RCHO + Na]+, the corresponding carboxylic acid at m/z 666.4
[RCOOH + H]+ and m/z 688.4 [RCOOH + Na]+, and the secondary
ozonide at m/z 808.6 [SOZ + H]+ are observed.

The change in intensity of the –CH2– bands at 2920 and
2850 cm�1 can be used to examine the distribution of major
products. If all of the CI and aldehyde formed simultaneously
recombined to form SOZ (Scheme 1), no loss of –CH2– and hence
no change in the bands at 2920 and 2850 cm�1 would be observed.
However, if this recombination is not 100% efficient and the
9-carbon compounds formed from scission of the double bond
are volatile, they will be removed from the surface into the gas
stream, which is not detectable by DRIFTS. This would result in loss
of intensity at 2920 and 2850 cm�1, as is observed. In the extreme
case that all of the C9 fragments were pumped away, seven out of
32 –CH2– groups in each POPC molecule would be lost, and the

bands at 2920 and 2850 cm�1 would decrease in intensity by 7/32 of
the initial value. The fractional loss of –CH2– groups can therefore
be used to estimate the branching ratio for reactions (4) + (5) in
Scheme 1 compared to reaction (3) to form SOZ:

k4 þ k5½H2O�
k3½RCHO� þ k4 þ k5½H2O�

¼
DA

Ainitial

� �
average

7
32

� � ðIÞ

In eqn (I), DA is the change in absorbance of –CH2– at 2850 or
2920 cm�1 at the end of the reaction, Ainitial is the corresponding
initial absorbance and their ratio represents the fractional loss of
–CH2– groups. For POPC/IO, the fractional loss of –CH2– groups
averaged over the 2920 and 2850 cm�1 bands was 0.10 � 0.02 (1s),
which gives a branching ratio from eqn (I) of 0.45 � 0.11 (1s). That
is, 45% of the ozonolysis of POPC on IO results in CQC bond
scission and loss of the C9 fragment, implying that the remaining
55% gives SOZ. For POPC/MgCl2�6H2O/NaCl, the fractional loss of
–CH2– groups averaged over the 2920 and 2850 cm�1 bands was
0.11 � 0.02 (1s), which gives a branching ratio of 0.50 � 0.10 (1s),
i.e., half of the reaction forms fragments and the other half SOZ. In
short, the branching ratio is the same within experimental error for
both substrates, 0.5 � 0.1 (1s).

Scheme 1 Criegee mechanism for the reaction of O3 with POPC.
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This analysis assumes that the C9 products are removed from
the surface. In studies of the oxidation of the analogous OPPC on
a water subphase, it was shown using authentic samples of gas
phase nonanal that about half of the aldehyde generated in the
reaction was taken up into the aqueous subphase.43 While there
is water on the salt in the present studies, it is not expected to be
nearly as efficient in nonanal uptake as liquid water, particularly
given the lowering of organic solubilities due to the salting out
effect.78 Hence on the synthetic sea salt used here, the assump-
tion that nonanal does not remain on the salt is reasonable.
Nonanoic acid, however, has been observed to remain in the
condensed phase upon ozonolysis of oleic acid or sodium oleate
particles.79,80 Since this analysis assumes that all C9 fragments
formed are removed from the salt, it gives a lower limit for the
branching ratio for reactions (4) + (5), and hence an upper limit
of B50% for reaction (3) to form SOZ. However, in one experi-
ment, air was left flowing over the sample after oxidation; no
change in the negative peaks at 2920 and 2850 cm�1 was
observed over the course of an hour, suggesting products on
the salt were not volatile.

Kinetics

The ozone concentration remains constant in these experi-
ments because the ozone–air mixture is flowing through the
sample and is continually refreshed. The initial rate of loss of
POPC is given by eqn (II),

� d½POPC�
dt

� �
t¼0
¼ k1½O3�0½POPC�0 ðIIÞ

where k1 is the rate constant for reaction (1) and [POPC]0 and
[O3]0 are the initial reactant concentrations. The concentration of
O3 remains constant in the flow over the POPC/salt during the
experiments, so that [O3]0 = [O3]t at all times. Because it is difficult
to quantitatively extract small changes in the H–CQC signal at
3008 cm�1, using this peak to follow the kinetics is not feasible.
As an alternative, the formation of the product SOZ which has
relatively strong bands at 2950 and 2880 cm�1 was used to extract
the rate constant based on the reactions in Scheme 1.

If POZ and CI are in steady-state, their concentrations are
given by eqn (III) and (IV) respectively:

½POZ�ss ¼
k1½O3�0½POPC�

k2
ðIIIÞ

½CI�ss ¼
k2½POZ�ss

k3½RCHO� þ k4 þ k5½H2O�
¼ k1½O3�0½POPC�

k3½RCHO� þ k4 þ k5½H2O�
ðIVÞ

The rate of SOZ formation is then given by:

d½SOZ�
dt

¼ k3½CI�ss½RCHO�

¼ k1½O3�0½POPC� k3½RCHO�
k3½RCHO� þ k4 þ k5½H2O�

ðVÞ

The ratio k3[RCHO]/(k3[RCHO] + k4 + k5[H2O]) is the branching
ratio for the formation of SOZ (BRSOZ). At short reaction times
(t - 0), [POPC] is the initial concentration, [POPC]0. Assuming

that the branching ratio is constant over the course of the
experiment, eqn (V) becomes

d½SOZ�
dt

� �
t¼0
¼ k1½O3�0½POPC�0ðBRSOZÞ ðVIÞ

The initial rate of SOZ formation can be obtained using the
absorbance at 2950 cm�1 and the final SOZ absorbance at long
reaction times as a reference. Because this peak is overlapped
by the negative peak due to loss of –CH2– groups, the corrected
absorbance due to SOZ was obtained by adding back a fraction
of the initial POPC/salt spectrum until the negative absorption
from –CH2– at 2920 cm�1 was cancelled out. This allowed the
absorbance of the 2950 cm�1 SOZ peak to be quantified to
obtain the rate of formation of SOZ:

d½SOZ�
dt

� �
t¼0
¼ dA2950

dt

� �
t¼0
� ½SOZ�1
ðA2950Þ1

ðVIIÞ

[SOZ]N and (A2950)N are the SOZ concentration and its absor-
bance at the end of the reaction. Assuming that all of the CQC
in the POPC reacts, which is reasonable for most experiments
as discussed below, then [SOZ]N = (BRSOZ)[POPC]0. Using this
with eqn (VI) and (VII) gives the relationship between the SOZ
absorbance at 2950 cm�1 and the rate constant k1:

dA2950

dt

� �
t¼0
� 1

ðA2950Þ1
¼ k1½O3�0 ðVIIIÞ

Fig. 3 shows SOZ peak intensities at 2950 cm�1 as a function of
reaction time and at four different ozone concentrations for
typical experiments, normalized for the initial amount of POPC
by dividing by the initial absorbance of –CH2– groups at
2850 cm�1. The final SOZ absorbance ratio at long reaction
times for POPC/MgCl2�6H2O/NaCl (Fig. 3b) trends to a common
value of B0.15 at all ozone concentrations, as expected for
complete reaction of POPC. However, for POPC/IO (Fig. 3a), this
is only true at higher ozone concentrations. A potential reason
for this difference is that not all of the POPC double bonds are
available for reaction on IO, but they are on MgCl2�6H2O.

The major difference between these substrates is in their
hygroscopicity. Magnesium chloride is more hygroscopic. For
example, this salt was observed to deliquesce readily in room
air, whereas IO does not. Thus, even without added water
vapor, one might expect the surface POPC film to be more
liquid-like than on IO. This fluidity should enhance the acces-
sibility of the double bond to incoming gases, as suggested by
molecular dynamics simulations.81 To test this, experiments
were carried out in which water vapor was also present at
relative humidities up to 1.4 � 1017 molecules H2O cm�3

(20% RH) at an ozone concentration of 3.9 � 1013 O3 cm�3

(1.6 ppm). Adding water vapor has an effect on reactions in
other systems,82 but in this case, as discussed above, water is
already present on the samples because of the hygroscopic
nature of the salts. Adding water vapor increases the
‘‘background’’ on which changes in POPC occur. However,
differences are still observed between experiments in dry air
and those with added water vapor. Fig. 4 shows typical spectra,
normalized for the initial amount of POPC, of (a) POPC/IO and
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(b) POPC/MgCl2�6H2O/NaCl after 58 minutes of reaction with-
out added water vapor (top) and at 0.68 � 1017 molecules
H2O cm�3 (10% RH) (bottom). For both salt substrates, the
relative loss of –CH2– groups is greater and the increase in the
SOZ bands at 2950 and 2880 cm�1 is smaller at 0.68 �
1017 molecules H2O cm�3 (10% RH), indicating that less SOZ
and more volatile aldehydes and/or carboxylic acid products are
formed. Furthermore, there is now only one peak at 1743 cm�1

in the CQO region, consistent with increased reaction of CI
with water to give non-hydrogen bonded carboxylic acid
products.

To examine the change in SOZ relative to the alternate
channels that generate acid and aldehyde (Scheme 1), changes
in the SOZ absorbance at 2950 cm�1 and in –CH2– groups at
2850 cm�1 (representing the formation of volatile products)
were quantified. This provides a measure of D[SOZ]/D[C9]volatile,
where D[C9]volatile represents C9 products such as nonanal that
do not remain on the salt and hence are not detected by
DRIFTS. Fig. 5 shows this ratio as a function of water vapor
concentration at long reaction times where A2950 = (A2950)N.

There is a large decrease in D[SOZ]/D[C9]volatile from 0 to 0.34 �
1017 molecules H2O cm�3 (5% RH), with relatively little change
as the water vapor concentration is increased further. The
shape of these curves is determined primarily by the decrease
in the SOZ absorbance, with much smaller changes due to
–CH2–. This suggests that even relatively small amounts of
water vapor are sufficient to trap at least some of the Criegee
intermediate, decreasing the SOZ yield. The smaller change in
the –CH2– loss suggests that increasing amounts of the C9

products are retained on the salt surface as the water vapor
concentration increases, which is expected particularly for
acids which tend to be relatively ‘‘sticky’’ as well as more
soluble than aldehydes. As mentioned above, retention of
product carboxylic acids in the condensed phase has been
reported, for example, in the ozonolysis of oleic acid or sodium
oleate particles.79,80

A decrease in the amount of SOZ formed and increase in
carbonyl compounds, especially carboxylic acids, with added
water vapor has been observed previously for ozonolysis of
unsaturated phospholipids on NaCl.28 While carboxylic acids

Fig. 3 Absorbance of SOZ at 2950 cm�1 normalized to the initial amount of POPC using the 2850 cm�1 band as a function of reaction time with various ozone
concentrations for (a) POPC/IO and (b) POPC/MgCl2�6H2O/NaCl. The lines are exponential fits to each data set.
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Fig. 4 DRIFTS spectra of (a) POPC/IO and (b) POPC/MgCl2�6H2O/NaCl after 58 minutes of reaction with 3.9� 1013 O3 cm�3 either without added water vapor or with
6.8 � 1016 molecules cm�3 (10% RH) added water vapor. Spectra were normalized by dividing by the initial value of A2850 for each spectrum. Absorbance is calculated
as log10(S1/S58) where S1 is the single beam spectrum of POPC/IO or POPC/MgCl2�6H2O/NaCl just prior to reaction and S58 is the single beam spectrum of POPC/IO or
POPC/MgCl2�6H2O/NaCl after 58 minutes reaction time.

Fig. 5 Absorbance of SOZ at 2950 cm�1 at the longest reaction times divided by the absolute change in the absorbance of –CH2– at 2850 cm�1 as a function of water
concentration for POPC/IO (filled circles) and POPC/MgCl2�6H2O/NaCl (open squares).
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are formed in the absence of water via isomerization of the
CI,59,60,62,83 they are also known to be formed in the reaction of
CI with water.59,60,62,64,65,84,85 The increase in acids and
decrease in SOZ are thus consistent with known ozonolysis
reactions. The reaction of the CI with water is also known to
form hydroxyhydroperoxides which can decompose to generate
aldehydes and hydrogen peroxide.61,64,86–93

Adding water vapor to the gas stream may not only affect the
product distribution but also the kinetics if it affects the fluidity
of the POPC film on the surface. This is consistent with the
increase in [SOZ]N with [O3]0 for POPC on IO but not on
magnesium chloride. Thus, if the latter already holds sufficient
surface water that the POPC on the surface behaves like a
dynamic, fluid film, then the double bonds will be more readily
accessible under all reaction conditions. However, on the less
hygroscopic IO in the absence of added water vapor, this is not
the case. Addition of water vapor to POPC/IO increases the
fluidity of the film and availability of CQC for reaction. This is
supported by the observation that the rates of formation of SOZ
increase with water vapor on IO (Fig. 6), although the relative
yield of SOZ decreases when water vapor is added (Fig. 5).
That is, gaseous water increases the availability of the double
bond for reaction and hence the rate of product formation, but
also impacts the chemistry by intercepting the Criegee inter-
mediate, lowering the SOZ yield. While the relative yield of SOZ
decreases with water vapor for the magnesium chloride sub-
strate (Fig. 5) as well, the trend in the rates of SOZ formation
with water vapor concentration was smaller than that for IO
(Fig. 6), consistent with the greater fluidity of the film and
greater availability of the double bond.

The fact that SOZ is still observable at 1.4 � 1017 molecules
H2O cm�3 (20% RH) shows that the CI is not completely
trapped by water, and some CI can still recombine with the
aldehyde. Similar observations were made for the ozonolysis of

POPC liposomes in aqueous solution94 and methyl oleate in
aqueous micelles of sodium dodecyl sulfate95 where the yields
of SOZ were 11%, compared to 89% for the methyl oleate
reaction in hexane. SOZ production was also observed in the
reaction of O3 with 1-palmitoyl-2-oleoyl-sn-phosphatidylglycerol
surfactant on a 1 : 1 water–methanol solution.93

A similar and even more dramatic effect on the final SOZ
yield was seen in earlier studies on NaCl where the rate of SOZ
formation increased with O3 and the SOZ yield decreased with
added water vapor.28 In this case where there is very little water
vapor on the surface and the POPC will not be a fluid film, the
ozone reaction itself may cause disruption of the arrangement
of surface POPC by reacting with those double bonds that are
accessible. Loss of C9 fragments would result in increased
disorder, making new double bonds more accessible to ozone.
The effect would be expected to be largest at the highest ozone
concentrations, as observed. This suggests that a similar effect
may also be at work for POPC/IO. Support for such an effect
comes from studies of phospholipid monolayers in which
oxidation disrupted the structure of the monolayer.96,97 In a
related system, oxidation of phospholipid bilayers with scission
at the CQC bond was also predicted to disrupt the structure,
forming pores and increasing permeability.98–101

Eqn (VIII) predicts that plots of (dA2950/dt) � (1/A2950)N
versus [O3]0 should be linear, consistent with the data shown
in Fig. 7. The values obtained for k1 from the slopes of the least
squares lines for the two substrates are the same within
experimental error (1s), k1 = (4 � 1) � 10�17 cm3 molecule�1 s�1

for POPC/IO and k1 = (3.4 � 0.7) � 10�17 cm3 molecule�1 s�1 (1s)
for POPC/MgCl2�6H2O/NaCl. Note that the systematic error
associated with the value for the POPC/IO will be larger due to
the lack of full availability of the double bonds for reaction at
lower ozone concentrations. Despite this, the least squares line for
POPC/IO in Fig. 7 has an intercept very close to 0.

Fig. 6 Initial rate of change of absorbance at 2950 cm�1 of SOZ normalized to the initial absorbance of –CH2– at 2850 cm�1 as a function of water vapor
concentration in the reaction of 3.9 � 1013 O3 cm�3 with POPC/IO (filled circles, solid line) and POPC/MgCl2�6H2O/NaCl (open squares, dashed line). (dA2950/dt)t=0 is
given by the slope at t = 0 of exponential fits to A2950 vs. time plots. The data are weighted averages of 2–4 experiments with 1s error bars. No data are shown for
POPC/MgCl2�6H2O/NaCl at 1.4 � 1017 molecules H2O cm�3 (20% RH) because of problems with obtaining reproducible data for this system at this relatively high
water vapor concentration.
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From collision theory, the reaction probability (g) is related
to the loss of POPC by59

#POPC cm�2 s�1 ¼ g½O3�0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
RT

2pMO3

s
ðIXÞ

where R is the gas constant, T is the temperature (K), and MO3
is

the molar mass of ozone. The left side of eqn (IX) can be
obtained from eqn (II) assuming a surface concentration of
POPC28 of 1.6 � 1014 molecules cm�2 and the values derived
above for k1. This gives g = (7 � 3) � 10�7 (1s) on the IO
substrate and g = (6 � 1) � 10�7 (1s) for magnesium chloride/
NaCl. Given the experimental challenges, small signals and
quantitative reproducibility from run to run (Fig. 7), we
estimate the overall uncertainty in the reaction probabilities
is a factor of two.

In previous studies of ozonolysis of a monolayer of POPC on
liquid water, lower limits for the reaction probabilities of g Z

(3–4) � 10�6 were reported42,43 and a corrected value on solid
NaCl28 is g = (3–6) � 10�8. As discussed earlier, the amount of
water present in the system affects the accessibility of the
double bond and hence the reaction probability. The trend in
reaction probability with water vapor concentration supports
this interpretation in that the reaction is faster when the
phospholipid is spread as a fluid film on water.

Atmospheric implications

Sea-salt particles under most atmospheric conditions will be
liquid.102 Although the deliquescence and efflorescence relative
humidities at 298 K of the major component, NaCl, are 75%
and 44% respectively,48,103–105 sea salt contains a number of
other, more hygroscopic components such as magnesium
chloride. As a result, sea-salt particles remain liquid to much
lower relative humidities than pure NaCl.106,107 The most
relevant model for reactions of organic layers, including
biologically-derived materials such as phosphocholines, on

sea-salt particles may thus be an organic film on a core of a
liquid salt solution. In this case, reaction probabilities for O3

with the double bond equal to 3 � 10�6 or greater42,43 are
appropriate.

In some circumstances, however, sea-salt particles may be
more solid-like. For example, recent studies of mixed organi-
c–aqueous inorganic particles suggest that the organic portion
may be phase-separated from the aqueous component.36–39

Organics on such particles may behave more like POPC on
the substrates used in the present studies. In this case, a
reaction probability of 6 � 10�7 should be applicable, giving
a predicted lifetime of POPC of 3 hours for an ozone
concentration of 2.5 � 1012 molecules cm�3 (100 ppb). The
lifetime will be much shorter, B30 min or less, if the POPC
forms a fluid coating on a liquid substrate. During the daytime,
sunlight will induce additional chemistry due to OH formation
and halogen activation.108,109

Conclusions

These studies show that the reactivity and products of oxidation
of unsaturated phospholipids on sea-salt particles in air will be
very sensitive to the nature of the substrate, particularly its
phase, the availability of water and whether there is phase
separation between the organic and the salt mixture. In all
cases, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC),
a component of biological systems, will be readily oxidized by
gas phase ozone when it is present on the surface of sea-salt
particles. The models for sea salt used here, a commercially
available salt mixture and MgCl2�6H2O/NaCl, are hygroscopic
and retain water under mild pumping. The presence of water
associated with the salts affects the product distribution from
the ozonolysis, with the yield of the SOZ falling to r50%
compared to much higher SOZ yields for NaCl as a substrate.28

The addition of water vapor further decreases the branching

Fig. 7 Initial rate of change of absorbance at 2950 cm�1 due to SOZ divided by the value of A2950 at infinite time as a function of ozone concentration for reaction
with POPC/IO (filled circles, solid line) and POPC/MgCl2�6H2O/NaCl (open squares, dashed line). (dA2950/dt)t=0 is given by the slope at t = 0 of exponential fits to A2950

vs. time plots. Error bars are 1s obtained by propagating the errors from the exponential fits; scatter is from systematic error.
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ratio for the CI reaction to generate SOZ on both substrates.
Water vapor is also shown to affect the absolute rate of SOZ
formation, particularly on the less hygroscopic commercial sea
salt. This is attributed to increasing fluidity of the POPC on the
surface, thus enhancing the availability of the double bond to
the gas phase. Reaction probabilities on both substrates are
B6 � 10�7, smaller than previously measured for similar
phospholipids on aqueous substrates. Which of the model
substrates, solids or aqueous solutions, is most relevant for
atmospheric reactions will depend on the particular conditions
and particle morphology.
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