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The ozonolysis of an approximately one monolayer film of 1-oleoyl-2-palmitoyl-sn-glycero-3-

phosphocholine (OPPC) on NaCl was followed in real time using diffuse reflection infrared

Fourier transform spectrometry (DRIFTS) at 23 1C. Matrix-assisted laser desorption/ionization

(MALDI) mass spectrometry and Auger electron spectroscopy were used to confirm the

identification of the products. Ozone concentrations ranged from 1.7 � 1012 to 7.0 � 1013

molecules cm�3 (70 ppb to 2.8 ppm). Upon exposure to O3, there was a loss of CQC

accompanied by the formation of a strong band at B1110 cm�1 due to the formation of a stable

secondary ozonide (1,2,4-trioxolane, SOZ). The yield of the SOZ was smaller when the reaction

was carried out in the presence of water vapor at concentrations corresponding to relative

humidities between 2 and 25%. The dependencies of the rate of SOZ formation on the

concentrations of ozone and water vapor are consistent with the initial formation of a primary

ozonide (1,2,3-trioxolane, POZ) that can react with O3 or H2O in competition with its thermal

decomposition to a Criegee intermediate and aldehyde. Estimates were obtained for the rate

constants for the POZ thermal decomposition and for its reactions with O3 and H2O, as well as

for the initial reaction of O3 with OPPC. The SOZ decomposed upon photolysis in the actinic

region generating aldehydes, carboxylic acids and anhydrides. These studies show that the

primary ozonide has a sufficiently long lifetime when formed on a solid substrate that direct

reactions with O3 and H2O can compete with its thermal decomposition. In dry polluted

atmospheres, ozone–alkene reactions may lead in part to the formation of stable secondary

ozonides whose chemistry, photochemistry and toxicity should be taken into account in models of

such regions.

Introduction

Sea salt particles are a major contributor to the global aerosol

burden.1–4 They are formed by wave action, which carries

along organic material with the sea salt. Tervahattu and

coworkers, for example, used TOF-SIMS to show that palmi-

tic acid and other fatty acids are associated with marine

aerosol particles.5,6 A major source of this organic layer is

the decomposition of marine organisms, which have biomem-

branes that are a mixture of lipids, hydrophobic proteins and

carbohydrates.7,8 Phospholipids and fatty acids (mainly

C12�18) are common products of biomembrane disintegra-

tion.9,10 Previous work has indicated that fatty acid lipids in

sea salt particles can be enhanced by factors of (5–9) � 104

compared to ocean surface water.10 In addition to the material

from biomembranes, bacteria can also be enriched on the

particle surfaces.11,12

An organic coating on sea salt particles is expected to

modify the chemical and physical properties of the particles

including their radiative properties.8,13–16 For example, it

could affect the uptake of gases such as water,17 altering both

the gas and particle phases. Such effects on the particle

properties may also change upon oxidation of the organic

layer.

We report here studies of the oxidation of an unsaturated

phospholipid, 1-oleoyl-2-palmitoyl-sn-glycero-3-phosphocho-

line (OPPC), adsorbed on NaCl as a model for lipids on sea

salt. The choice is based on the fact that phosphocholines

constitute the most abundant class of phospholipids, and that

palmitic and oleic acids are two of the most common fatty acid

components of the phospholipids. The reaction was followed

in real time using diffuse reflection infrared Fourier trans-

form spectrometry (DRIFTS).18–20 Matrix-assisted laser

desorption/ionization (MALDI) mass spectrometry and

Auger electron spectroscopy were used to confirm the identi-

fication of the products and to provide additional insights into

the chemistry. We show that the primary ozonide formed in

the reaction has a sufficiently long lifetime that it can react

with other species such as O3 or H2O in competition with its

thermal decomposition. To the best of our knowledge, this is

the first such observation, and suggests an additional route for

the formation of secondary ozonides on surfaces in polluted

and relatively dry environments.

aDepartment of Chemistry, University of California, Irvine,
California, 92697-2025. E-mail: bjfinlay@uci.edu;
Fax: (949) 824-2420; Tel: (949) 824-7670

bW.R. Wiley Environmental Science Laboratory, Pacific Northwest
National Laboratory, Richland, Washington, 99352
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Experimental

Sample preparation

NaCl powders were prepared by grinding crystalline NaCl

(Sigma Aldrich, 99.5%) in a Wig-L-Bug (Crescent Dental

Manufacturing Co.) for 5 min. The resulting average dia-

meters of the particles are B1–5 mm,20 ideal for DRIFTS.19

The NaCl powders were then coated with the unsaturated

phospholipid, 1-oleoyl-2-palmitoyl-sn-glycero-3-phosphocho-

line (OPPC) (Sigma Aldrich, 97%). The structure and abbre-

viations used for the fragments of this molecule throughout

this paper are shown in Scheme 1. Coating was accomplished

by dissolving 25 mg of OPPC (used as received) in 10 mL of a

9 : 1 (v/v) mixture of hexane–ethanol, and mixing 1.8 mL of

this solution with 1.7 g of NaCl followed by evaporation of the

solvent using dry N2 (Oxygen Service Co., Ultrahigh purity

(UHP),4 99.999%). Assuming an area per OPPC molecule of

6 � 10�15 cm2 per molecule,21 this is sufficient OPPC to give

about a monolayer on cubic salt particles that are 2.0 mm on a

side. OPPC/NaCl is used throughout the paper to describe

these OPPC-coated powders. It seems likely that OPPC orients

itself in a manner similar to that shown in Scheme 1, with the

anionic phosphate oxygen and cationic ammonium interacting

with the Na+ and Cl� ions in the salt, respectively. As

discussed below, Auger spectroscopic measurements provide

some support for this model of OPPC-coated NaCl.

The morphology and the elemental composition of the

OPPC/NaCl was investigated with an FEI/Philips XL-30

Schottky thermal field emission scanning electron microscope

coupled to an EDAX energy dispersive X-ray spectrometer

(EDS). The SEM and EDS data were collected at a pressure of

B10�7 Torr using an accelerating electron beam voltage of

10 kV and magnifications between 5000 and 15500�.

DRIFTS cell

The reaction of OPPC/NaCl with ozone was studied in a flow

apparatus shown in Fig. 1. A Harrick Scientific diffuse reflec-

tion cell (Model DRA-2CS) equipped with a vacuum chamber

(Model HVC-DR2) was located in the sample compartment of

a Fourier transform infrared spectrometer (Mattson, RS

10000) equipped with a Mattson high-speed transfer board.

The reaction chamber consisted of an internal stainless steel

sample holder and a stainless steel cover equipped with two

symmetrical ZnSe optical windows and a central quartz

window. The bottom part of the vacuum chamber was

equipped with an internal cooling water system in order to

keep the sample at the constant temperature of 296 � 4 K

during each experiment. The internal volume of the assembled

vacuum chamber was 11 cm3. The IR beam entered the first

ZnSe window, underwent diffuse reflection in the sample, and

was then transmitted through a second ZnSe window to a

MCT detector. The total pathlength for the IR beam through

the gases in the cell isB3 cm, which is too small to detect gases

in the ppb–ppm range. As a result, the spectra shown here

reflect changes in the solid only. Data from 512 scans at

8 cm�1 resolution taken over 0.85 min were averaged for

one spectrum.

The OPPC/NaCl (350 mg) was placed in the stainless steel

holder in the vacuum chamber and compressed22 in order to

form a solid pellet with a geometric surface area of 0.78 cm2.

The sample was pumped for 1 h and then purged with a flow

of dry helium (Oxygen Service Co., UHP, 499.995%) for

B30 min. Reactant gases were pumped through the sample at

a pumping speed of 1.8 � 10�2 cm3 s�1.

In some experiments, the reacted mixture was photolyzed

using a high pressure Xe arc lamp (Spectra Physics, Oriel

300 W, Model 6258 OF) to probe for photochemically active

products. To minimize heating of the sample by the infrared

radiation, a 10 cm water filter was placed between the lamp

and the DRIFTS cell. A 1 mm Pyrexs glass filter (o10%

transmission at lo 290 nm) was placed between the UV lamp

and the quartz window to remove UV that could photolyze

OPPC itself. In separate experiments, OPPC/NaCl was shown

to be stable during irradiation with the glass filter in place (but

not in its absence). During the photolysis experiments, the

temperature of the sample increased by about 5 1C as mea-

sured by a thermocouple at the bottom of the salt pellet. After

photolysis, it was necessary to let the sample cool forB30 min

in order to return the baseline to its pre-photolysis state.

Ozone was generated by irradiating a dry flow of a He and

O2 mixture with a low-pressure mercury lamp (Jelight com-

pany Inc., Double Bore 78-2046). O(3P) atoms were generated

by the dissociation of O2 (Oxygen Services Co., UHP,

499.993%) and they reacted with O2 to generate O3. The

O3 concentration in the mixture was controlled by varying the

exposure time of oxygen to the UV light and by adjusting the

He dilution. Typical flow rates of 0.4 L min�1 were used

for He, whereas the flow rates for O2 ranged between 7 and

55 mL min�1 to vary the ozone concentration. Before each

experiment, the O3/O2/He mixture flowed through the lamp

compartment for 1 h to ensure that the ozone concentration

was stable.
Scheme 1 Model of NaCl crystal coated with of 1-oleoyl-2-palmitoyl-
sn-glycero-3-phosphocholine (OPPC) used in this study.
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The O3/O2/He mixture was mixed with an additional flow of

He in a 5 L darkened bulb at a relative humidity controlled by

mixing measured flows of dry and water-saturated He. The

water was Nanopure (Barnstead 18 MO cm). The O3 concen-

tration exiting the bulb was measured using an ozone analyzer

(Dasibi 1003-AH). The temperature and humidity in the bulb

were measured using a sensor (Vaisala HMP234). Since the

temperature in the reaction chamber was different than that in

the bulb, appropriate corrections were made to determine the

relative humidity in the reaction chamber for each experiment.

MALDI-TOF mass spectrometric and Auger spectroscopic

analysis

To confirm the products observed by infrared spectroscopy in

the DRIFTS experiments, MALDI-MS and Auger spectro-

scopy were applied to probe OPPC/NaCl before and after

ozonolysis. MALDI is a pulsed ionization technique that uses

photons to deposit energy rapidly into a mixture of matrix and

analyte.23 Ions are formed through proton or cation (e.g., H+,

Na+ and K+) transfer reactions in the expanding gas-phase

plume.

The matrix solution for MALDI-TOF experiments was

prepared by mixing 20 mg of 2,5-dihydroxybenzoic acid

(DHB, Fluka, 99.5% for MALDI-MS) with 40 mL of de-

ionized water and 20 mL of acetonitrile (Sigma Aldrich,

LC-MS Chromasolv, 99.9%). The mixture was then micro-

centrifuged for 30 s to separate undissolved DHB. The OPPC/

NaCl samples were prepared by dissolving 20 mg of the salt in

80 mL of water and then adding 80 mL of acetonitrile. About

0.5 ml of this OPPC/NaCl solution was placed on a gold-

coated sample plate, and then 0.5 ml of the DHB supernatant

solution was added. For the coated samples, the total amount

of OPPC was about 80 nmole. The plate was allowed to dry at

room temperature, placed in the instrument, and mass spectra

were recorded with a Voyager DE STR Biospectrometry

Workstation that included a reflectron. The spectrometer

was equipped with a nitrogen laser (337 nm, 20 pulses per

second, 5 ns width), and a linear detector. An accelerating

voltage of 24 700 V was applied for acceleration of ions into

the flight tube and a video camera displayed the real-time

sample image (80� magnification) on a video monitor.

Auger spectroscopy

The Auger electron spectrometer used was a Physical Electro-

nics model 680 Nanoprobe equipped with a field emission

electron source, a cylindrical mirror analyzer and multichan-

nel plate detector. OPPC/NaCl and NaCl crystals were

mounted to the sample plate using small pieces of carbon

tape. The crystals were analyzed using a 3 nA, 5 kV electron

beam using magnifications of 750–1200� such that the entire

analysis area was confined to the surface of the salt crystals.

Wide scan spectra were obtained to identify the elements

present while narrow scan spectra were obtained on carbon

KLL, nitrogen KLL, oxygen KLL, sodium KLL, phosphor-

ous LMM, and chlorine LMM for quantification. Quantifica-

tion was performed on spectra that were subjected to a

Savitzky-Golay nine point smoothing and five point derivati-

zation routine. 5 kV sensitivity factors for Na+ and Cl� were

determined from freshly cleaved NaCl crystals using sputter

cleaned Ag as a reference material. All other sensitivity factors

were taken from reference tables.24

Fig. 1 Schematic diagram of the DRIFTS apparatus and flow system (not to scale).
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Results and discussion

SEM images of NaCl before and after coating with OPPC are

shown in Fig. 2. Coating of the salt by the organic would be

expected to result in less water adsorption, including at steps

and edges.25,26 Water is responsible for the rounded appear-

ance of the crystals in Fig. 2a and leads to clumping of the

crystallites. Consistent with this, the OPPC/NaCl sample

(Fig. 2b) showed a more distinct cubic structure and less

agglomeration compared to NaCl, suggesting that the OPPC

at least in part coated the salt.

A typical DRIFTS-FTIR spectrum of unreacted OPPC/

NaCl is shown in Fig. 3. The spectrum was obtained by taking

a ratio of the single beam spectrum of OPPC/NaCl to that of

pure NaCl. Assignment of the bands is shown in Table 1.27–31

Fig. 4 shows spectra for OPPC/NaCl during reaction with

5.0 � 1013 O3 cm
�3 at selected times. A new, strong absorption

band is formed at B1110 cm�1 that is characteristic of the

peroxide C–O bond32,33 of the secondary ozonide ring (1,2,4-

trioxolane, SOZ) known to be formed in ozone–alkene reac-

tions.14,34–40 New bands at B1385 and 1347 cm�1 are also

assigned to the SOZ.31,33 The peak at 1210 cm�1 is assigned to

a C–O moiety, although the specific species is not known. New

bands appear at 1470 and 2948 cm�1, which track each other

as well as the 1110 cm�1 SOZ band throughout the experi-

ment. These are at positions expected for C–H bending and

stretching modes, respectively, of –CH3 groups. The formation

of methyl groups in the ozonolysis of terminal alkene self-

assembled monolayers (SAMs) was reported recently,

although it is not clear how methyl groups could be formed

during oxidation.41,42 Alternatively, they may be due to C–H

stretches associated with the SOZ since the band at

B2948 cm�1 is observed upon formation of SOZ and

decreases upon its photolysis.

The band at B1751 cm�1 (Fig. 4) is assigned to a non-

hydrogen-bonded (free) carboxylic acid.31 Another carbonyl

group is formed atB1708 cm�1.28 It is difficult to differentiate

between carbonyl absorption due to a hydrogen-bonded car-

boxylic acid which is red-shifted compared to the free car-

boxylic acid,31 and an aldehyde. For example, a peak at

B1710 cm�1 was observed for oleic acid on NaCl. However,

as discussed below, MALDI spectra show that aldehydes are

formed in our experiments. Thus, we assign the 1708 cm�1

band to a combination of the aldehyde and hydrogen-bonded

carboxylic acids. It is noteworthy that these bands are much

smaller in intensity than the SOZ 1110 cm�1 band, despite the

fact that their absorption coefficients are larger.31 This esta-

blishes that the SOZ is the major product.

The inset to Fig. 4 shows that the formation of products was

followed by a decrease in the vinyl C–H stretch at 3008 cm�1,

as expected for ozone–alkene reactions. In addition, the

–CH2– antisymmetric (nas) and symmetric (ns) stretches de-

creased upon reaction with ozone, suggesting a net loss of

organic material from the salt mixture. The simultaneous

decrease in the intensities of the C–H bands at 3008, 2919

and 2850 cm�1 and the increases in the peaks at 1110 cm�1 and

1385 cm�1 are shown in Fig. 5.

The traditional Criegee mechanism14,35 for ozone–alkene

reactions is shown on the right side of Scheme 2. Modifications

to this mechanism, based on the present experimental results,

are shown on the left side of Scheme 2. In the scheme and

discussion, PL is used to indicate products that retain the

choline portion of the reactant phospholipid. Ozone reacts

with the double bond to produce a primary ozonide (POZ,

1,2,3-trioxolane) that decomposes to form a C9 Criegee inter-

mediate (CI) and a PL aldehyde, or a PL Criegee intermediate

(PL-CI) and nonanal.21,34,37,43–45 The fragments can then

recombine to form the secondary ozonide. It is noteworthy

that the SOZ was stable in this system, and did not show any

significant decomposition upon exposure to atmospheric

Fig. 2 SEM images of an (a) pure NaCl and (b) NaCl coated with OPPC.

Fig. 3 DRIFTS spectrum of NaCl coated with B1 monolayer of

OPPC (OPPC/NaCl). The spectrum was baseline corrected. The y axis

is log10(S1/S2) where S1 is the single beam spectrum of NaCl alone and

S2 is the single beam spectrum of OPPC/NaCl at RH B 0%.
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pressure or to water vapor after it had been formed in the

reaction.

Additional reaction paths are available for CI’s, including

isomerization to the acid or reaction with water vapor, if

present.14,43,46–53 The spectrum in Fig. 3 shows that even in

the absence of added water vapor, adsorbed water is present

on the surface of the OPPC/NaCl. This is a consequence of the

charged, zwitterionic polar headgroup on the parent OPPC

which strongly attracts and holds water.54,55 The peak around

3460 cm�1 assigned to adsorbed water did not change upon

oxidation. Reaction of a CI with water vapor generates either

the carboxylic acid or the hydroxyhydroperoxide (HHP)

which can decompose to the aldehyde and H2O2.
43,46–53

However, the spectra in Fig. 4 also show that –CH2– groups

are lost during the reaction. This is likely due to the formation

of the relatively low molecular weight nonanal (MW = 142)

which is pumped away in the gas flow as it is formed. This is

consistent with the studies of Wadia et al.45 who measured the

formation of gas phase nonanal from the ozonolysis of OPPC

on water to be 51 � 13% (2s) after correcting for the solubility
of nonanal in the water subphase. On the other hand, the PL

products and nonanoic acid are expected to remain anchored

to the salt. In addition, by analogy to gas-phase ozone–alkene

reactions, the CIs may also dissociate and produce OH

radicals.56–63 However, to the best of our knowledge, genera-

tion of OH has not been reported for reaction of gas phase

ozone with organics on solids.16,29

MALDI-TOF analysis

To confirm the identification of the SOZ observed with

DRIFTS, OPPC/NaCl was also analyzed after reaction by

MALDI-TOF mass spectrometry (Fig. 6). The peak assign-

ments are summarized in Table 2. In addition to adducts of

Table 1 Assignment of the infrared bands observed in the DRIFTS spectra of OPPC/NaCl before and after reaction with O3, and photolysis

Assignments Wavenumber/cm�1 Vibrational mode Ref.

�N(CH3)3
+ 970 N–(CH3)3 as def. 30, 31

Phosphate 1090 (PO2)
� sym str 27, 30, 31

SOZ 1110 C–O str 32, 33
Unidentified organic, HCOOH 1210–1220 C–O str 31
Phosphate 1255 (PO2)

� as str 27, 30, 31
SOZ 1347 C–H def. 33
SOZ 1385 O–C–H bend 33
–CH3 1470 –CH3 bend 31
Carboxylate 1565 CO str 31
H2O 1646 H–O def. 31
Hydrogen-bonded –COOH, aldehyde 1708 CQO str 31
OPPC ester 1735 CQO str 31, 55
Formate 1730 CQO str 31
Non-hydrogen bonded carboxylic acid –COOH 1751 CQO str 31
Anhydride 1760 CQO str 31, 75

1820
RCOCl 1790 CQO str 31
–CH2– 2850 –CH2– sym str 30, 31
–CH2– 2919 –CH2– as str 30, 31
–CH3 2948 –CH3 as str 30, 31
CQC 3008 Vinyl C–H str 30, 31
H2O 3460 H–O str (sym and as) 31

Fig. 4 DRIFTS spectra of OPPC/NaCl upon exposure to 5 � 1013 O3 cm
�3 at RH B 0%. The y axis is log10(S2/S3) where S2 is the single beam

spectrum of unreacted OPPC/NaCl and S3 is the single beam spectrum of reacted OPPC/NaCl at increasing ozone exposure times (light gray to

black, respectively) of 1, 3, 10, 32 and 56 min.

532 | Phys. Chem. Chem. Phys., 2008, 10, 528–541 This journal is �c the Owner Societies 2008
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unreacted OPPC, peaks attributable to the SOZ adducts with

H+ and Na+ are observed at m/z= 809 and 831, respectively.

The formation of small amounts of SOZ in the oxidation of

unsaturated phospholipids as solids37 or as a thin film on

water21 was previously reported by Lai et al.37 using fast atom

bombardment mass spectrometry.

The protonated ions observed at m/z= 651 and 667 (Fig. 6)

are consistent with the molecular ions expected from the PL

aldehyde and PL carboxylic acid, respectively (Scheme 2).

Alkali metal adduct ions were also observed for PL aldehydes

and PL carboxylic acids (see Table 2).

Quantitative measurements of the product yields from the

MALDI mass spectra were not possible due to varying signal

intensities from the highly variable matrix-to-analyte ratios

across the sample.64–67 However, the MALDI-TOF mass

spectra are entirely consistent with the infrared band assign-

ments of the SOZ and PL aldehyde and PL carboxylic acid as

products of the ozonolysis of OPPC.

O3 reaction in the presence of added water vapor

Ozonolysis of OPPC/NaCl was performed in the presence of

water vapor at relative humidities (RH) from 2–25%. NaCl

crystals deliquesce68,69 at RH between 72 and 81% and

crystallization/effluorescence68,70 occurs at 42% RH. Experi-

ments in the presence of water vapor were therefore carried

out at RH r25% in order to maintain the integrity of the

solid required for DRIFTS. The concentration of ozone was

constant at B5.0 � 1013 cm�3.

Fig. 7 shows the spectra obtained when the reaction was

carried out at 2, 10 and 25% RH. There is a dramatic decrease

in the SOZ band at 1110 cm�1 with increasing RH. Bands at

1385 and 1347 cm�1 decrease initially but then increase,

suggesting that overlapping product bands are growing in

simultaneously. For example, the C–H rocking motion in

aldehydes occurs in this region.31 A broad absorption in the

1700–1800 cm�1 region with distinct peaks at 1751 and

1708 cm�1 increased. As discussed above, the latter were

assigned to the non-hydrogen bonded carboxylic acid and to

Fig. 5 Changes in absorbance as a function of time for selected bands

during reaction of OPPC/NaCl with 5 � 1013 O3 cm
�3 at RH B 0%

(see Table 1). The bands shown are at 1110 cm�1 for SOZ n(C–O) and

1385 cm�1 for SOZ (O–C–H), and 3008 cm�1 for the vinyl C–H

stretch, 2919 cm�1 for PL nas(CH2) and 2850 cm�1 for PL ns(CH2).

Scheme 2 Summary of heterogeneous ozonolysis of 1-oleoyl-2-palmitoyl-sn-glycero-3-phosphocholine (OPPC).

Fig. 6 MALDI-TOF mass spectrum of ozonized sample of OPPC/

NaCl with 5 � 1013 O3 cm
�3 at RH B 0%.
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a combination of the hydrogen-bonded carboxylic acid and

PL aldehyde, respectively. In addition, the band at 1210 cm�1

assigned to a C–O moiety increased.

Small changes were also observed in the n(PO2
�) antisym-

metric and symmetric stretches at B1261 and B1090 cm�1,

respectively, and at 970 cm�1 due to the N–(CH3)3
+ head-

group.27 Because the phosphate groups hydrogen bond to

water,54,55 the PO2
� stretch is extremely sensitive to hydration

and hence to the relative humidity. In agreement with previous

work of Hübner and Blume,55 the oxidation experiments

showed a shift in the PO2
� antisymmetric stretching vibration

from 1255 to 1261 cm�1 when the reaction was carried out in

the presence of water vapor. On the other hand, the position of

the symmetric PO2
� band at 1090 cm�1 is not sensitive to the

presence of water vapor.55

Changes in SOZ, aldehydes and carboxylic acids were

monitored at an RH of 10% and at O3 concentrations of

7.0 � 1013 and 1.7 � 1012 cm�3. The relative decrease in SOZ

on adding water vapor is more dramatic at the lower ozone

concentration, suggesting that the CI which forms the SOZ

can also react with water vapor in competition with SOZ

formation. This is consistent with the chemistry in Scheme 2.

However, even at 10% RH, the water vapor concentration is

large (7.0 � 1016 cm�3) so that this reaction competes with

other fates of the CI. In aqueous solution, the rate of reaction

of CI with water has been shown to be faster than its reaction

with aldehydes to form the SOZ.43

As discussed earlier, the reaction with water is known to

form carboxylic acids as well as hydroxyhydroperoxides

(HHP) which in the gas phase can decompose to the corre-

sponding aldehyde and H2O2, to the acid and water, or to OH

and organic free radicals.71 Formation of HHPs has been

observed previously43,46,48–53 and direct evidence for their

formation in phospholipid ozonolysis was obtained using
13C NMR.49

The increase in the aldehyde and carboxylic acid peaks on

addition of water vapor is consistent with these reactions. It

should be noted that in separate experiments, addition of

water after the reaction had ceased did not change the SOZ

peak, showing that it is not the SOZ itself that reacts with

water vapor.

Photolysis

Fig. 8 (black line) shows the DRIFTS spectrum of reacted

OPPC/NaCl after 135 min of UV photolysis at l Z 300 nm

compared to the spectrum before photolysis but after reaction

with 5.0� 1013 cm�3 of ozone forB100 min (gray line). OPPC

does not absorb light and photolyse at l Z 300 nm, which

was confirmed in separate experiments. However, as seen in

Fig. 8, the bands assigned to SOZ at B1110, 1385, and 2948

cm�1 decreased upon exposure to the UV light, which is not

surprising because the peroxide O–O bond is very weak.14

Bands in the 2850–2950 cm�1 and 1470 cm�1 regions asso-

ciated with C–H also decreased, suggesting the formation of

more volatile products which are pumped away.

There were also significant changes in the carbonyl region.

As shown in Fig. 8b, the spectrum after photolysis could be

fitted by six overlapping peaks at 1820, 1790, 1760, 1751, 1730,

and 1708 cm�1. The new bands at B1730 and 1210 cm�1 were

assigned to surface adsorbed HCOOH based on reference

experiments in which similar bands typical of this acid31 were

observed when NaCl was exposed to gaseous HCOOH. Re-

cent studies by Nizkorodov and coworkers on the ozonolysis

of SAMs, undecylenic acid films and d-limonene reported

formation of formaldehyde (HCHO) and formic acid

(HCOOH) as gas-phase products upon photolysis of the

ozonized organic (l 4 295 nm).72–74 The major source of

Table 2 MALDI-TOFMS of positive ions obtained from single laser
shot of reacted OPPC/NaCl in a matrix of 2,5-dihydroxybenzoic acid
(DHB)

Species (adduct) Molecular mass

SOZ–Na+ adduct 831
SOZ–H+ adduct 809
OPPC–K+ adduct 799
OPPC–Na+ adduct 783
Unreacted OPPC [OPPC + H]+ 761
Carboxylate–2Na+ adduct 712
Carboxylate–Na+ adduct 689
Aldehyde–Na+ adduct 673
Carboxylic acid–H+ adduct 667
Aldehyde–H+ adduct 651

Fig. 7 DRIFTS spectra of OPPC/NaCl upon exposure to 5 � 1013 O3 cm
�3 in the presence of water vapor. The y axis is log10(S2/S3) where S2 is

the single beam spectrum of unreacted OPPC/NaCl and S3 is the single beam spectrum of reacted OPPC/NaCl at relative humidities of 2, 10 and

25% RH (black to light gray, respectively). The dashed line is the DRIFTS spectrum for a sample reacted with ozone at RH B 0.
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these products was attributed to scission of the weak O–O

bond to generate intermediates which decomposed to gaseous

formic acid or formaldehyde together with surface aldehyde

and carboxylic acid. The observation of adsorbed HCOOH in

the present studies suggests that it is also formed in the

photolysis of the OPPC ozonide.

The CQO stretching vibrations at 1760 and 1820 cm�1 were

assigned to an anhydride.31 It is interesting that similar bands

were reported in the ozonolysis of an alkene thiol self-as-

sembled monolayer (SAM) on gold in the dark.75 Combined

with the significant SOZ loss, these data suggest that the SOZ

photolyzes to form the anhydride, at least in part. This is in

agreement with the work of Story76 who reported the forma-

tion of anhydrides in the photolysis of SOZ in solution. He

proposed cleavage of the weak O–O bond followed by a

double b-scission to eliminate alkyl groups which combined

to form stable hydrocarbon products. In the present experi-

ments, some of the hydrocarbon products formed would be

removed by pumping, which may be responsible for simulta-

neous decrease in the CH bands in the 2900 cm�1 region

(Fig. 8b). Alternatively, if photolysis gives more carboxylic

acids and these are sufficiently closely packed to interact, they

could dehydrate to form the anhydride. The spectra in Fig. 8

show that there is indeed an increase in the bands at 1751 and

1708 cm�1 due to carboxylic acids during photolysis. The peak

at 1790 cm�1 is assigned to an acid chloride, RCOCl,31 which

would be expected if free radical reactions were induced by

photolysis.

To further probe for the presence of carboxylic acid

(–COOH), the oxidized and photolyzed OPPC/NaCl sample

was exposed to gaseous NH3/H2O from the vapor over an

aqueous ammonia solution. Ammonia reacts with carboxylic

acids to form ammonium carboxylate salts. Fig. 9 shows that

the major peaks at 1708, 1751 and 1820 cm�1 decrease on

exposure to NH3/H2O, while a strong peak appears at

1565 cm�1. The latter is assigned to carboxylate which has a

Fig. 8 DRIFTS spectra from OPPC/NaCl reacted with 5 � 1013 O3 cm
�3 and then photolyzed. The black line is log10(S3/S4) where S3 is the single

beam spectrum of oxidized OPPC/NaCl and S4 is the single beam spectrum of oxidized OPPC/NaCl after photolysis. The gray line is log10(S2/S3)

where S2 is the single beam spectrum of unreacted OPPC/NaCl. (a) The spectra are shown in the 800–1600 cm�1 region and (b) in the CQO

and C–H stretching regions. The dotted and dashed lines in (b) represent the components obtained from the fit of the broad band in the

1650–1850 cm�1 region.
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vibration31 in the region of 1585–1560 cm�1. Weaker over-

lapping peaks in the 1400 cm�1 region are also formed which

are assigned to carboxylate.31 The decrease in the 1751 and

1708 cm�1 peaks is expected if they are due to carboxylic acids.

The decrease in the 1820 cm�1 peak suggests that the anhy-

dride is hydrolyzing to the carboxylic acid which reacts with

NH3 to form R–COO�. As seen in the inset to Fig. 9, a band at

3332 cm�1 due to NH4
+ is also observed.

In separate experiments, small amounts of carboxylate

formation were observed from the reaction of gaseous NH3/

H2O with unreacted OPPC/NaCl. This may be due to some

hydrolysis of the reactant ester groups followed by their

reaction with NH3. However, the intensity of the band at

1565 cm�1 was considerably larger for the reaction of gaseous

NH3 with an oxidized and photolyzed OPPC/NaCl sample.

Auger spectroscopic analysis

Analysis by Auger spectroscopy was performed on samples of

NaCl with and without the OPPC coating as well as on coated

samples after reaction with ozone and UV photolysis. Table 3

summarizes the elemental composition of the samples.

As expected, NaCl has, within experimental error, a 1 : 1

Na :Cl ratio. Small amounts of C and O were present in the

NaCl as contaminants, but the OPPC/NaCl sample shows

much larger amounts of C and O. However, the increase in O

was much less than the amount expected from the formula of

OPPC, which has an O :C ratio of 1 : 5. In addition, while both

the Na and Cl signals were attenuated, the signal due to Cl was

much more strongly affected by the coating. Interestingly,

neither P nor N were detected above the background level.

Several factors come into play in determining the relative

signal intensities for this type of coated sample. Auger elec-

trons have a certain escape depth due to their collisions with

other atoms on their way towards the surface. Hence, their

kinetic energy decays exponentially with distance from the

surface. If these electrons are from atoms that are sufficiently

deep (distances greater than their inelastic mean free path),

they can lose enough energy to contribute only to the back-

ground signal. This will be particularly true for Auger elec-

trons with low kinetic energy.77 The small oxygen signal in the

coated sample may be due to the fact that the oxygen is next to

the NaCl surface, buried under the long carbon chains which

project into the vacuum. The greater attenuation of the

chlorine signal compared to the sodium is due to the smaller

kinetic energy of the chlorine atom Auger electrons, 185 eV

compared to 996 eV for Na. Similar factors are likely respon-

sible for the lack of detection of phosphorus and nitrogen

which have 123 and 380 eV Auger electrons, respectively.

The ozonized OPPC/NaCl had relatively more O and less C,

as qualitatively expected based on the products of the reaction

identified using DRIFTS and MALDI-TOF MS. If the OPPC

is completely converted to the SOZ, then the O :C ratio should

increase by 38% compared to the unreacted sample. The data

in Table 3, however, show that this ratio actually more than

doubles. This is likely due to the fact that the oxygen in the

products is not buried under long organic chains, and hence

the signal is not attenuated as much as for the unreacted

OPPC/NaCl. In addition, DRIFTS clearly showed a net loss

of C–H groups during the reaction, which was attributed to

the formation and removal of volatile products such as non-

anal, HCHO and HCOOH. Thus a net loss of carbon is

expected, which will also increase the O :C ratio. Finally,

reaction is expected to lead to scission of the long chains,

decreasing the film thickness. This is also consistent with

Fig. 9 Changes in the DRIFTS spectrum of an OPPC/NaCl sample that had been reacted with 5 � 1013 O3 cm
�3, photolyzed and then reacted

with NH3/H2O. The black line is log10(S3/S4) where S3 is the single beam spectrum of oxidized OPPC/NaCl and S4 is the single beam spectrum of

oxidized OPPC/NaCl after photolysis. The gray line represents log10(S4/S5) where S5 is the single beam spectrum of oxidized OPPC/NaCl after

photolysis and reaction with NH3/H2O.

Table 3 Elemental composition obtained by Auger spectroscopy of
OPPC/NaCl samples

Sample

aAtomic concentration (%)

Na Cl C O P N

NaCl 46 51 2.4 1.2
OPPC/NaCl 34 8.6 54 3.9 o0.1
OPPC/NaCl + O3

b 41 14 39 6.3 o0.1 o0.4
(OPPC/NaCl + O3) + UVc 36 11 49 3.2 o0.1 o0.5

a Auger spectra related to these data were obtained in multiplex mode

(narrow scan). Analysis of different particles give errors of�2% on Na

and �4% on Cl. b O3 = 5.0 � 1013 molecule cm�3. c Same as (b) but

with 135 min photolysis with l 4 300 nm.
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increased signals due to the underlying salt after reaction.

After photolysis, the elemental composition measured using

Auger spectroscopy is similar to that of unreacted OPPC/

NaCl. This suggests that during photolysis, volatile products

containing oxygen are generated.

Kinetics

DRIFTS measurements are very useful for following reactions

on surfaces in real time, which allows rate constants to be

determined.20 As shown in Fig. 10, the ozonolysis of OPPC/

NaCl was monitored by measuring the change in the absor-

bance (D absorbance) of the SOZ 1110 cm�1 band as a

function of time. The intensity of the absorbance is linearly

related to the secondary ozonide surface coverage,20

absðSOZÞt
absðSOZÞ1

¼ ½SOZ�t
½SOZ�1

ðIÞ

where abs(SOZ) and [SOZ]t represent the absorbance of the

1110 cm�1 band and the total surface concentration of sec-

ondary ozonides at time t, respectively, t = N represents the

time at which there is no further formation of products. While

other products are clearly formed (Fig. 4), the large intensity

of the SOZ peaks relative to the carbonyls suggests that SOZ is

the major product at high O3 concentrations and we assume

for these calculations that the SOZ yield is 100% under these

conditions, i.e., one SOZ is formed initially for each OPPC

reacted. If all of the OPPC is oxidized, [SOZ]N is expected to

be equal to the initial surface density of the original monolayer

(1.6 � 1014 OPPC cm�2),21 and this should be the same for

different ozone concentrations.

Fig. 10 shows the increase in the absorbance at 1110 cm�1

due to the SOZ as a function of time for five different O3

concentrations but the same initial amount of OPPC. Un-

expectedly, the final amount of SOZ increases with the ozone

concentration. However, at the higher O3 concentrations, it is

converging to a common value at long reaction times.

Based on the change in the intensity of the 3008 cm�1 band,

only about 20% of the initial OPPC reacted at all ozone

concentrations, suggesting that not all of the OPPC in the

sample is actually available for reaction. This could be due to

some of the OPPC being in aggregates where only the double

bonds on the surface are available for reaction, or that the

unreacted double bonds become shielded by structural

changes that occur as the oxidation proceeds. In either case,

it is assumed that the initial OPPC actually available for

reaction is 20% of that in the sample, or 3.2 � 1013 OPPC

cm�2 (D[OPPC]), and that this is the limiting amount of SOZ

that can be formed at the plateau (Fig. 10) at [O3] = 7 � 1013

cm�3. The absorbance of the SOZ at this plateau was then

used to obtain the concentrations of SOZ as a function of time

and ozone concentration by scaling the measured absorbances

to this value. From the concentration of SOZ and loss of

OPPC, the yield of SOZ at the plateau was calculated. Fig. 11

shows a plot of the SOZ yield as a function of [O3]. It is clear

that not only the rate of formation of the SOZ (Fig. 10), but

also its final yield (Fig. 11) increased with O3, tending to

asymptotic values at the higher concentrations.

From eqn (I), the rate of formation of SOZ is given by the

following expression:

d½SOZ�
dt

� �
t

¼ d½absðSOZÞ�
dt

� �
t

� SOZ½ �1
absðSOZÞ1

ðIIÞ

The rate of change of the absorbance at B1110 cm�1,

d[abs(SOZ)/dt], was calculated from the derivative of the best

fit to the experimental absorbance data (Fig. 10), abs(SOZ)N
from the plateau at long reaction times, and the corresponding

[SOZ]N as described above. Fig. 12 shows a plot of the rate of

formation of the SOZ extrapolated to t = 0 for each experi-

ment as a function of the initial ozone concentration.

The conventional Criegee mechanism (Scheme 2) for the

formation of SOZ involves the formation of a primary ozonide

(POZ),

O3 þOPPC �!k1 POZ ð1Þ

followed by its decomposition to CIs and aldehydes that

recombine to form SOZ:

POZ �!k2 CIþRCHO ð2Þ

CIþRCHO �!k3a SOZ ð3aÞ

CI �!k3b products ð3bÞ

Decomposition of CIs yields products which may include

carboxylic acids. This reaction mechanism is somewhat

Fig. 10 Changes in absorbance of the SOZ (–C–O–) band at

1110 cm�1 as a function of exposure time and ozone concentration.

Fig. 11 Plot of the SOZ yield ([SOZ]/D[OPPC]) versus [O3] at

t = 100 min.
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simplified, of course, and as written, assumes that the

species are adsorbed on the surface. While nonanal is

expected to desorb at least partially during pumping, it has

opportunities to react further while passing through the salt.

It is not expected that this will alter the kinetic analysis

significantly.

If reactions (2), (3a) and (3b) are fast relative to reaction (1),

the rate of formation of the SOZ should depend linearly on

the O3 concentration. However, Fig. 12 shows a more

complex dependence of the initial rate of SOZ formation

on O3, increasing rapidly with concentration at low [O3],

and then becoming linear at high concentrations. In

addition, the SOZ yield increases with the concentration

of O3 (Fig. 11). These observations suggest that there are

additional mechanisms of SOZ formation than represented

by reactions (1)–(3b). We propose that this involves the

reaction of POZ with O3 to generate SOZ, and that this

reaction dominates SOZ formation under most of our

experimental conditions. In the following, it is demonstrated

that such a mechanism is consistent with the measured

reaction kinetics.

The modified mechanism we propose consists of reactions

(1)–(3b) and reaction (4):

O3 þ POZ �!k4 SOZ ð4Þ

The steady state concentration of POZ at the surface is given

by eqn (III)

½POZ�SS ¼
k1½O3�½OPPC�
k2 þ k4½O3�

ðIIIÞ

and that of the Criegee intermediate by eqn (IV):

½CI�ss ¼
k2½POZ�SS

f k3a½RCHO� þ k3bg

¼ k1k2½O3�½OPPC�
f k3a½RCHO� þ k3bg fk2 þ k4½O3�g

ðIVÞ

The initial rate of change of [SOZ] is given by the following

expression:

d½SOZ�
dt

� �
t¼0
¼k3a½CI�ss½RCHO� þ k4½O3�½POZ�ss

¼ k1½OPPC�½O3�
ðk2 þ k4½O3�Þ

k2k3a½RCHO�
ðk3a½RCHO� þ k3bÞ

þ k4½O3�
� �

ðVÞ

At high ozone concentrations (Z 4 � 1013 cm�3), the initial

rate of formation of [SOZ] approaches k1[O3][OPPC] and

hence is linear in [O3]. From the measured rate of SOZ forma-

tion and initial reactant concentrations, a value was calculated

for k1 = (4.5 � 0.6) � 10�16 cm3 molecule�1 s�1 (2s).
The ozonolysis of OPPC as a surfactant layer on water was

studied by Lai et al.21 who followed the loss of OPPC from the

surface, and by Wadia et al.45 who measured the formation of

gas phase nonanal. These metrics both gave a lower limit for

the reaction probability, g, for O3 reacting with OPPC of

Z 3 � 10�6. Because the mechanism we propose here is more

complex than reaction during one collision, the use of reaction

probabilities is not strictly correct. However, if we convert our

current value of k1 at 1 ppm O3 (within the range covered by

the previous studies) to an effective reaction probability, we

obtain g = 8 � 10�6, consistent with the lower limit reported

earlier. By analogy to gas phase ozone–alkene reactions where

room temperature rate constants for internal alkenes corre-

spond to reaction probabilities of B10�7, it is again clear that

the reaction kinetics on solids are greatly enhanced. As

discussed in detail by Tobias and coworkers,78 this is due to

trapping of ozone in the organic film, which increases the

number of ozone-double bond collisions and hence the

opportunity for reaction.

The term k2k3a[RCHO]/(k3a[RHCO] + k3b) in (V) is

equivalent to k2f, where f is the branching ratio for the

removal of the CI by reaction with RHCO. If this term is small

compared to k4[O3] under our experimental conditions, then at

low O3 concentrations (approaching B1012 cm�3) the initial

rate of formation of SOZ approaches k1k4 [O3]
2[OPPC]/k2.

The data in Fig. 12 at low O3 concentrations were well fit with

such a function in [O3]. Using the value of k1 of (4.5 � 0.6) �
10�16 cm3 molecule�1 s�1, a value for the ratio of the rate

constants k4/k2 = (1.1� 0.5)� 10�13 cm3 molecule�1 (2s) was
derived.

The experimental data in Fig. 12 were fit to the form of eqn

(V) by taking k1 = (4.5 � 1.2) � 10�16 cm3 molecule�1 s�1,

k4/k2 = (1.1 � 0.5) � 10�13 cm3 molecule�1 but allowing k4
and k2 to vary freely. This curve fitting gave k4 = (1.1� 0.6)�
10�12 cm3 molecule�1 s�1 and k2 = (10� 2.0) s�1. It should be

noted that these errors are statistical only, which for k1 and the

ratio k4/k2, is adequate. However, since values for k4 and k2
could not be derived independently, the uncertainty in these

rate constants will be greater.

This analysis at small concentrations of O3 assumes that the

term k2f is small compared to k4[O3]. At the smallest con-

centration of O3 used, 1.7 � 1012 cm�3, these terms are equal

for a branching ratio for reaction (3) of f = 0.2. At smaller

values of the branching ratio and/or higher ozone concentra-

tions, this assumption is clearly reasonable.

Fig. 12 Initial rate of formation of SOZ (molecules cm�2 s�1) as a

function of gas-phase ozone concentration. Solid lines are the fits

based on eqn (V) in the approximation of high and low ozone

concentrations. Dashed lines represent the whole set of data points

fitted with eqn (V).
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The lifetime of the POZ with respect to thermal

decomposition is given by tPOZ = 1/k2 B 100 ms. This can

be compared to the studies of Mile et al.79 who measured the

kinetics of decomposition of a number of primary ozonides in

solution at low temperatures. For decomposition of the POZs of

cis-di-isopropylethylene, and of 1-hexene for example, the pre-

exponential factors were estimated to be 103 s�1 and the activa-

tion energies less than 14 kJ mol�1. With the latter value for Ea,

the rate constant at 298 K is 3.5 s�1, giving a lifetime of 300 ms. A

rate constant for decomposition and lifetime equal to 100 ms

would be obtained for an activation energy of 11 kJ mol�1.

In order for reactions (1)–(4) to represent the mechanism,

the lifetime of the POZ must be sufficiently long to allow for

reaction with O3. At an ozone concentration of 7.5 � 1012

molecules cm�3, the number of collisions of O3 per cm
2 of salt

per second is 6.8 � 1016, assuming there is no diffusion

limitation. Since the average coverage of OPPC on the salt is

1.6� 1014 OPPC cm�2, the time for an OPPC-O3 collision is of

the order of 2 ms. Of course, not every ozone collision will lead

to reaction. However, this comparison suggests that it is

reasonable that the POZ has a sufficiently long lifetime to

react with O3, and that the POZ-O3 reaction will become

increasingly important as the O3 concentration increases.

To the best of our knowledge, reaction of a POZ on a solid

with gases has not been reported before. However, Jung and

Davidov80 did report trapping of a primary ozonide in the

ozonolysis of bicyclic allylic alcohols in solution at 25 1C.

With water vapor addition

In the presence of water vapor, the formation of the

SOZ is decreased (Fig. 7). Although CI’s are known to react

with water which would decrease the SOZ formation via

reaction (3a), the kinetics and stoichiometry discussed above

establish that it is the POZ reaction with O3 that is the major

source of SOZ in this system at the higher O3 concentrations.

The decrease in the SOZ with water vapor suggests that the

POZ also reacts with water vapor. As a result, reactions of

both the POZ and the CI with water were added to the

reaction scheme:

H2Oþ POZ �!k5 products ð5Þ

H2Oþ CI �!k6 products ð6Þ

For oxidation experiments performed at different relative

humidities, the steady state concentration of POZ at the

surface is then given by eqn (VI),

½POZ�SS ¼
k1½O3�½OPPC�

k2 þ k4½O3� þ k5½H2O�
ðVIÞ

and that of the CI by eqn (VII):

½CI� ¼ k2½POZ�SS
k3a½RCHO� þ k3b þ k6½H2O�

¼ k1k2½OPPC�½O3�
fk3a½RCHO� þ k3b þ k6½H2O�gfk2 þ k4½O3� þ k5½H2O�g

ðVIIÞ

The initial rate of change of [SOZ] at t = 0 is then given by

eqn (VIII):

d½SOZ�
dt

� �
t¼0
¼

k1k2k3a½RCHO�½O3�½OPPC�
fk2 þ k4½O3� þ k5½H2O�g fk3a½RCHO� þ k3b þ k6½H2O�g

þ k1k4½O3�
2½OPPC�

k2 þ k4½O3� þ k5½H2O�
ðVIIIÞ

At small water vapor concentrations (r1016 cm�3), reac-

tions (5) and (6) are not competitive with other reactions of the

POZ and CI and the rate should be independent of water

vapor. At high water vapor concentrations (Z 1017 cm�3), the

rate should vary with the inverse of the water vapor concen-

tration if the POZ is the major SOZ source. If the CI reactions

(3a) and (3b) also contribute significantly, then the rate of SOZ

formation will decrease with increasing water concentrations,

but in a more complex manner.

Fig. 13 shows a plot of the initial rate of formation of [SOZ]

as a function of water vapor concentration at a constant ozone

concentration of 5 � 1013 molecule cm�3. As predicted by eqn

(VIII), the rate does not vary with the water vapor concentra-

tion at low concentrations, but does vary inversely with H2O

at high concentrations. Using the previous calculated values of

k1 and k4 it was possible to fit the data at high water vapor

concentrations in Fig. 13 (dashed line) and estimate values for

k5 of (1.3 � 0.5) � 10�15 cm3 molecule�1 s�1 and for k6 of

(1.0 � 0.3) � 10�17 cm3 molecule�1 s�1. The latter value is

similar to that estimated for analogous gas phase reactions of

the CI with water.14,47

Conclusions and atmospheric implications

These experiments show that the ozone–alkene chemistry on

solids is quite different from that in the gas phase or in

solution. In particular, the primary ozonide formed on addi-

tion of O3 to the double bond is sufficiently stable, with a

lifetime ofB100 ms, that it can undergo further reactions with

O3 and with water vapor. Although other gases such as SO2

Fig. 13 Initial rate of formation of SOZ as a function of water vapor

concentration. Solid line is the fits based on eqn (VIII) in the

approximation of high water vapor concentrations at 5 � 1013 O3

cm�3. Dashed line is the partial fit of all the data points to eqn (VIII).
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were not studied in these experiments, it seems likely that they

would also be oxidized by the POZ.

Table 4 summarizes the kinetics data from these studies, as

well as lifetimes for OPPC, the POZ and the CI at an O3

concentration of 100 ppb and a water vapor concentration

corresponding to 50% RH at 298 K. The ozone reaction with

OPPC is sufficiently fast that a lifetime of only 15 min is

expected in the atmosphere at 100 ppb O3. Even at typical

concentrations of O3 in remote regions, the OPPC lifetime will

still be only of the order of an hour.

It is clear from the data in Table 4 that the reaction with

H2O will under most circumstances be the major removal path

for the POZ in the atmosphere. Although the products of this

reaction are not known, they may be similar to those of the CI,

i.e., acids, hydroxyhydroperoxides and the aldehyde. However,

the direct conversion of the POZ will be somewhat faster than

decomposition to the CI followed by its reaction with water.

There may be situations where formation of the SOZ

represents a significant part of the reaction. For example,

consider polluted, dry areas such as Mexico City81,82 with O3

peaks of B400 ppb. Under dry conditions with RH B20%,

the lifetime of the POZ is about 90 ms for reaction with O3 and

5 ms for reaction with H2O. While hydrolysis still dominates

the removal of POZ, some SOZ would be formed. The health

effects of SOZ are not known. However, given that it is an

oxidant and that the organic side chains will increase its

solubility in lipids and cell membranes, it has the potential

to negatively impact health. The same is true of the hydro-

xyhydroperoxide products of the POZ hydrolysis.

In agreement with the studies of Nizkorodov and co-

workers,72–74 the SOZ generated in the ozone–alkene reactions

can clearly photolyze, and in this case, form anhydrides, acids

and aldehydes. Their study also showed evidence of a rich

chemistry resulting in the formation of complex oxygenated

products on oxidized SAM surfaces. These products were

photoactive in the tropospheric actinic window (l 4 295 nm)

and released surface aldehyde, formic acid and other small

molecules in the gas phase. The formation of formic acid in the

present studies suggests that similar photochemistry occurs in

part in the case of ozonized OPPC as well.
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