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ABSTRACT 
 

Analysis of the Chemical and Photochemical Aging of Organic Aerosols  

 
By 

 
Anthony Gomez 

 
Doctor of Philosophy in Chemistry 

 
University of California, Irvine, 2007 

 
Professor Sergey Nizkorodov, Chair 

 

The 2007 Intergovernmental Panel on Climate Change released a report which 

thoroughly reviewed the various components of radiative forcing on the global climate.  

Some anthropogenic contributions to radiative forcing such as greenhouse gases are 

reasonably well understood, whereas the indirect effect of aerosol particles is poorly 

understood.  Knowledge of the climate effects of aged organic aerosol particles is 

especially lacking.  Understanding how organic aerosol particles age is complicated by 

their varied composition and morphology.  

Ozone is one of the key atmospheric oxidants responsible for aging of organic 

aerosol particles.  Application of the well-known Criegee mechanism of ozonolysis to a 

typical atmospheric alkene predicts a relatively small number of oxidation products; 

however our work reveals a large number of unanticipated products, including extensive 

oligomerization.  In order to understand how organic aerosols age chemically and 

photochemically, a more complete mechanism of ozonolysis of atmospherically relevant 

olefins is needed. 
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In this thesis, several techniques are used to improve our understanding of organic 

aerosol aging by ozone and solar radiation.  These techniques include cavity ringdown 

spectroscopy (CRDS), which is used to identify small gas phase molecules generated 

from chemical and photochemical processing of olefins.  GC-MS, CI-MS and ESI-MS 

are used to analyze larger products after processing.  Idometric tests are carried out to 

quantify peroxide formation in ozonolysis of relevant alkenes. FTIR and UV-Vis 

spectroscopies are used to measure changes in the spectra of model aerosol particles as a 

function of oxidation.  Stoichiometry of oxidation of alkenes by ozone is also 

investigated with an uptake apparatus.  

 This work finds that oxidation of atmospherically relevant alkenes by ozone shifts 

their photoabsorption into atmospherically relevant region of the solar spectrum, 

reinforcing the importance of solar radiation on the aging of organic particles. 

Observation of small molecules released into the gas phase upon solar photolysis, 

coupled with results from other experiments described herein, indicate that secondary 

ozonides (SOZ) are likely to be common components of aged organic aerosols.  The total 

peroxide analysis of oxidized alkenes indicates upwards of 60% alkene-to-peroxide 

conversion efficiency.  Ozone:alkene reaction stoichiometry displays surprising 

temperature and concentration dependence resulting from free radical contributions to the 

ozonolysis. 
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Chapter I 
 

Introduction / Background 

 

1.1 Importance of Aerosol Particles 

Aerosol particles have a tremendous impact on the chemistry and energy balance 

of the atmosphere, and affect both human health and local air quality. 1-3 Although there 

have been numerous studies on the impact of aerosol particles on climate, unresolved 

issues and discrepancies persist.4  

In recent years, chemical processes occurring at aerosol particle-air interfaces 

have received strong interest from the atmospheric chemistry community.5-16 Indeed, the 

chemical properties of air-particle interfaces affect the ability of particles to act as 

efficient cloud condensation nuclei (CCN).17 The high surface-to-volume ratio of solid 

aerosol particles both increases the adsorptivity of the surface and significantly amplifies 

interface-specific chemical processes. Even in aqueous particles with highly dynamic air-

water interfaces, certain anions (e.g., Cl- and NO3-) have been shown to favor the 

interfacial layer, potentially enhancing the efficiency of chemical reactions involving 

such ions.9, 18 

Field observations of aerosol composition show that a large fraction of 

atmospheric aerosol particles contains significant amounts of organic material 1, 19-29.  

Such organic aerosol particles can undergo significant oxidation during their lifetime in 

the atmosphere as they are continuously oxidized by reactions with atmospheric oxidants 
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including ozone (O3) and hydroxyl radicals (OH).30, 31 This oxidative processing modifies 

important physicochemical properties of aerosol particles including their composition, 

size, toxicity, and ability to act as nuclei for cloud droplet growth. 

1.2 Oxidation by Ozone 

Ozone is a key oxidant for atmospheric organic molecules containing unsaturated 

carbon-carbon bonds,32-39 e.g., unsaturated fatty acids frequently found in urban 40 and 

marine 28, 41 aerosol particles.  Thus, ozonation of atmospherically relevant organic films 

35, 42, 43 and aerosol particles 14, 15, 44, 45 has received a lot of scientific attention in recent 

years.  

The accepted mechanism of ozonolysis of olefins15, 46, 47 involves a rate-limiting 

formation of a primary ozonide (POZ) followed by a unimolecular decomposition of the 

POZ into a stable carbonyl and an unstable carbonyl oxide (Criegee intermediate). In 

non-participating solvents, the carbonyl oxide normally reacts with the geminate carbonyl 

to form a secondary ozonide (SOZ). In the gas-phase, collisional stabilization of carbonyl 

oxides is less efficient, and their fates are dominated by various decomposition and 

isomerization processes.48-53 In the presence of liquid or gaseous water, acids or alcohols, 

the stabilized carbonyl oxide reacts with them to form hydroxylhydroperoxides and 

related compounds.54-58 From the aerosol particle photochemistry point of view, the 

reactions involved in ozonolysis of olefins are very interesting because they generate 

many products (aldehydes, peroxides, etc.) with significant photodissociation cross 

sections in the tropospheric actinic window (λ > 295 nm). 
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1.3 Photochemistry  

Organic aerosols are continuously modified in the atmosphere by chemical 

reactions with O3, O2, NO3, and OH30, 31, 59 resulting in a rather complex organic surface 

composition. Such oxidation of the organic surface is expected to shift its absorption 

cross section to the red as the aerosol ages. The increase in the absorption cross section is 

primarily due to aldehydes, ketones and peroxides formed during oxidation. Indeed, the 

gas phase absorption cross section of formaldehyde (~ 300 nm maxima) and peroxides 

extend to longer wavelengths compared to those of saturated hydrocarbons and 

carboxylic acids (~ 220 nm).   

The key question is whether this red shift is significant enough to measurably 

accelerate aerosol aging via photolysis processes within the particles, or even turn 

organic aerosol particles into diffuse sources of small organic molecules and free radicals. 

There are strong reasons to believe that oxidatively aged organic aerosols should also be 

highly photochemically active. Surface photolysis is already known to play a significant 

role in atmospheric photochemistry, e.g., photolysis of HNO3 into HONO on surfaces60, 61 

or photochemical production of aldehydes62-64 and HONO65 in snowpack. 

1.5 Thesis Objectives  

The main objective of this work is to study of the mechanism of oxidative aging 

of organic aerosol particles containing unsaturated carbon-carbon bonds by ozone. The 

second objective is to investigate the mechanism of photochemical processing of aged 

organic aerosol particles. Thin films (Chapter 2), self assembled monolayers (Chapter  3), 



 

- 17 - 

and aqueous solutions (Chapter  4) are investigated as idealized models of organic 

aerosol particles. The final objective of this work is to develop novel and unique tools for 

studying aerosol particle photochemistry (Appendix A). 
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Chapter II 

Ozonolysis and UV Photodissociation Spectroscopy of Oxidized 

Undecylenic Acid Films 

Reproduced with permission from Gomez, A.L.; Park, J.; Walser, M. L.; Lin, A.; 

Nizkorodov, S. A., J. Phys. Chem. A 2006, 110, 3584-3592. Copyright 2006 American 

Chemical Society 

 

2.1 Abstract 

Oxidation of thin multilayered films of undecylenic (10-undecenoic) acid by 

gaseous ozone was investigated using a combination of spectroscopic and mass 

spectrometric techniques. The UV absorption spectrum of the oxidized undecylenic acid 

film was significantly red-shifted compared to that of the initial film. Photolysis of the 

oxidized film in the tropospheric actinic region (λ > 295 nm) readily produced 

formaldehyde and formic acid as gas-phase products. Photodissociation action spectra of 

the oxidized film suggest that organic peroxides are responsible for the observed 

photochemical activity. The presence of peroxides was confirmed by mass-spectrometric 

analysis of the oxidized sample and an iodometric test. Significant polymerization 

resulting from secondary reactions of Criegee radicals during ozonolysis of the film was 

observed. The data strongly imply the importance of photochemistry in aging of 

atmospheric organic aerosol particles.  
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2.2 Introduction 

This work focuses on mechanisms of chemical and photochemical processes 

occurring at the air-particle interface in organic aerosols. Numerous field observations of 

aerosol composition have shown that a substantial fraction of tropospheric aerosols can 

be classified as organic.22-29, 66, 67 Even aerosol particles that have traditionally been 

regarded as inorganic (sea-salt, dust, soot) have been shown to carry an organic coating.28, 

41, 68-72 

To help better understand the importance of photochemical processes occurring at 

particle-air interfaces in organic aerosols, we studied the photochemistry of thin 

multilayered films of pure undecylenic acid (10-undecenoic acid) oxidized by gaseous 

ozone. Although ω-oxocarboxylic (alkene-terminated) acids, such as undecylenic acid, 

are rarely found in ambient aerosol particles,73 larger unsaturated fatty acids and their 

oxidation products are quite common in organic particulate matter.28, 40, 73, 74 Oxidation of 

unsaturated fatty acids by ozone has been studied by many researchers.15, 33, 35, 37, 44, 45, 75-

77 Related reactions of ozone with ordered Langmuir films of phospholipids on water38, 39, 

78 or with unsaturated SAM (Self-Assembled Monolayers)32, 34, 79-82 have also been 

examined. As a result, both the gas-phase and surface products of ozonolysis of 

unsaturated fatty acids are relatively well understood. This provides a convenient 

foundation for interpretation of our new results on the photolysis of the oxidized acids.  
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2.3 Experimental 

The approach relies on Infrared Cavity Ring-Down Spectroscopy (IR CRDS) for 

real-time, sensitive detection of gas-phase molecules in the immediate vicinity of a 

sample exposed to gas-phase chemicals and/or tunable UV radiation (Fig. 2.1 and 

Appendix A). To prepare the sample, a film of undecylenic acid was spread on the inner 

wall of a 14-mm ID quartz tube. The tube was pre-coated with an organic self-assembled 

monolayer by treating it with alkylchlorosilanes to improve the uniformity of the 

undecylenic acid film.80, 83-85 After applying undecylenic acid, the inside of the tube was 

thoroughly wiped with a Kimwipe until it appeared fully transparent (the number of 

molecular layers in the film was not quantified but the film was optically thin in the 

examined UV spectral range). The coated tube was placed in a vacuum-tight CRDS 

cavity. The sample was first oxidized by passing a flow from a commercial ozonizer 

containing 1014-1015 molec cm-3 of ozone in oxygen through the tube. The ozone density 

was measured with two homemade absorption cells operating on the 253.65 nm mercury 

line (naperian absorption cross section of O3 at 253.65 nm is 1.136×10-17 cm2).86 After 

the oxidation was complete, the flow of ozone was replaced by a flow of UHP-grade 

helium, and the oxidized film was photolyzed. All gas flows into the cavity were 

measured by calibrated mass-flow controllers. The pressure was measured by a 

capacitance manometer; most experiments described here were conducted at 1-20 torr (1 

torr = 133.32 Pa).  

A pair of CRDS cavity mirrors with a stated reflectivity of 99.98% at 3.3 µm was 

spaced by about 60 cm and protected by a constant purging flow of dry helium. The 
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cavity was pumped by an infrared optical parametric oscillator laser characterized by 0.1 

cm-1 spectral resolution, 8 ns pulse duration, 15 mJ/pulse energy, and 20 Hz repetition 

rate. CRDS experiments described here used a small spectral window at 3.3 µm that 

contains easily distinguishable lines of formic acid and formaldehyde (expected gas-

phase products of ozonolysis of undecylenic acid). The cavity ring-down signal was 

detected with an InSb detector (>5 MHz bandwidth), averaged for 20 laser pulses, and 

digitized with an oscilloscope. A Labview-based program was used to process and store 

the resulting traces. An optoacoustic spectrum (of H2O, CH2O, or HCOOH) was recorded 

in parallel with the CRDS spectrum for wavelength calibration and line identification 

purposes.  

Intrinsic ring-town time is around τ0 = 4-7 µs, which is close to the theoretical 

limit of 10 µs for this cavity configuration. The effective absorption coefficient, α, is 

calculated using a well-known relationship87 

 111)(
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where c is the speed of light, τ is the ring-down time for a cavity containing an absorber, 

and τ0 is the intrinsic ring-down time. As the laser line width (0.1 cm-1) is larger than the 

pressure and Doppler broadened line widths of individual H2CO and HCOOH lines (∼ 

0.01 cm-1), the method does not actually provide absolute absorbance via A = α×L.87 

Furthermore, the cavity ring-down traces are not singly exponential under such 

conditions, and the presence of mirror-purging flows makes the actual absorption 
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pathlength (L) somewhat uncertain. Nevertheless, absolute concentrations can still be 

obtained from the data using an explicit calibration and/or fitting algorithms accounting 

for the poly-exponential decay. Figure 2.2 shows a representative calibration plot for CH4. 

The minimal (RMS-equivalent) absorption coefficient sensitivity achieved with 1s 

integration time (20 laser shots) was 3×10-8 cm-1. This is similar to the detection 

sensitivity achieved by other pulsed CRDS instruments.87 For CH2O lines near 3.3 µm 

with integrated line strengths of about 5×10-20 cm2 molec-1 cm-1, this translates into the 

minimal detectable concentration of 6×1010 molec cm-3. 

A UV lamp/monochromator illumination system was used for photolysis 

experiments. The illuminator covers the usual Xe-lamp range (200–800 nm) with a 

variable 1–20 nm resolution. The output of the monochromator illuminateed a small 

section (∼ 1 cm2) of the quartz cell. The UV-radiation power was on the order of 10 mW 

at 300 nm. The power was considerably lower at lower irradiation wavelengths. 

Depending on the experiment, photobleaching was accounted for in one of two ways: i) a 

different section of the tube was irradiated every two experiments; ii) photolysis product 

yields of a specific molecule were monitored throughout the experiment at a reference 

UV exposure wavelength.  In broadband photolysis experiments, the monochromator was 

replaced by a suitable long-pass or band-pass optical filter. All photolysis experiments 

were done under UHP He flow conditions. 

The experiments were performed in several modes. In CRDS scanning mode, the 

UV frequency was fixed while the IR laser was scanned to probe chemical identities of 

the gas-phase photolysis products. In the action spectrum mode, the UV radiation source 
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was tuned while IR frequency was fixed to examine the UV wavelength dependence for a 

particular photolysis product. The apparatus can also be used in a “reaction mode”, 

wherein the photolysis radiation source was replaced by chemical exposure. In kinetics 

mode, the CRDS signal was tracked as a function of time with all other conditions fixed. 

Because the IR CRDS method does not provide information on the composition 

of the organic film, the film was examined off-line (before and after each experiment) 

using electrospray ionization mass spectrometry in either positive or negative ion mode. 

Additionally, the reacted film was characterized by UV/Vis spectroscopy. 

 

2.4 Results 

2.4a Effect of ozonolysis on UV/Vis absorption spectrum of undecylenic acid 

The primary goal of this work is to understand the effect of simulated atmospheric 

oxidation of undecylenic acid on its photochemistry. The initial organic film had no 

photochemical activity in the tropospheric actinic window (λ > 295 nm) because 

unsaturated fatty acids do not strongly absorb above 250 nm. Figure 2.3 compares the UV 

absorption spectrum of an undecylenic acid film before and after ozone treatment. The 

ozonolysis clearly produced a strong red-shift in the absorption spectrum presumably 

caused by the presence of aldehyde and peroxy groups in the oxidized sample. 

Ozonolysis of undecylenic acid in a non-participating solvent (CH2Cl2) had a similar 

effect on its absorption spectrum (Fig. 2.3). Note that the characteristic 290 nm band of 
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the –CHO group was not visible suggesting that the absorption of the oxidized 

undecylenic acid was dominated by peroxy groups (see section 2.4e).  

2.4b Gas-phase products of ozonolysis of undecylenic acid 

In agreement with previous studies of ozonolysis of liquid terminal alkenes,32, 34, 

35, 80 the IR CRDS spectra taken during ozonolysis of pure undecylenic acid films detect 

formaldehyde as the major volatile product. Figure 2.4 shows a typical CRDS spectrum 

obtained during ozonolysis of the film in the 2800-3100 cm-1 window. The lines appeared 

on a slowly changing background determined by the CRDS mirror reflectivity (the largest 

reflectivity and the longest ring-down time are achieved at 3000 cm-1). The majority of 

the lines can be assigned to ro-vibrational transitions of formaldehyde by an explicit 

comparison with its reference spectrum. Formic acid was also detected but in smaller 

amounts; the measured [HCOOH]/[H2CO] branching ratio was 0.25±0.15. These 

observations were in good agreement with those of Ref. 32, 35, who detected little HCOOH 

in the ozonolysis of long-chain terminal alkenes. 

A search for spectral signatures of the simplest Criegee intermediate, H2C·OO·, 

and the simplest dioxirane, H2CO2, was also attempted. Band-contour simulations 

predicted that CH-stretching bands of H2C·OO· and H2CO2 should be easily 

distinguishable from those of H2CO at the 0.1 cm-1 spectral resolution. Furthermore, 

fairly accurate CH-stretching frequencies were available for both species from theoretical 

calculations.88-91 In spite of an extensive search, no CH-stretching bands corresponding to 

H2C·OO· and H2CO2 were found. This suggests that H2C·OO· rapidly isomerizes into 
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HCOOH, reacts to form secondary ozonides and hydroxyhydroperoxides, or decomposes 

before it can escape from the film. This conclusion was supported by the analysis of the 

reaction products remaining in the condensed-phase (see below). Even if H2C·OO· does 

escape to the gas-phase, it may be too short-lived to be detected by IR CRDS under the 

present conditions.52, 53 

2.4c Gas-phase products of photolysis of oxidized undecylenic acid 

Unlike unoxidized undecylenic acid, which showed no measurable 

photodissociation activity, the oxidized film released formic acid as the primary, and 

H2CO as the secondary volatile product upon UV photolysis. Both products were 

sensitively and unambiguously detected by IR CRDS via their highly structured IR 

absorptions. Figure 2.5 shows small sections of the CRDS spectra in the vicinity of 2920 

cm-1. Explicit comparison of the CRDS spectra with reference spectra clearly shows that 

formic acid was the dominant product of photolysis of the oxidized film. More rigorous 

determination of the branching ratio using absolute absorption cross sections from the 

Northwest Infrared library92 leads to the following result for λ > 290 nm photolysis: 

[HCOOH]/[H2CO] = 2.5±1.0. Although this ratio depends on the extent of oxidation of 

the film and the extent of photolysis, HCOOH remained the dominant observed product 

under all conditions.  

Note that the CRDS instrument was limited by its mirrors to the IR range of 2850 

to 3150 cm-1, and was blind to molecules with no CH-stretching vibrations.  Possible gas-

phase photolysis products are not necessarily limited to H2CO and HCOOH. We have 
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attempted to detect other expected gas-phase products of ozonolysis (e.g., H2O, CO and 

CO2) with an electron impact mass-spectrometer but ran into difficulties with the high 

background signal for these molecules. However, the mass-spectroscopic analysis of the 

film before and after photolysis indicates very clear signatures of loss of CO (-28 amu), 

H2O (-18 amu), HCOOH (-46 amu), and formaldehyde (-30 amu) induced by UV 

photolysis.  

Additional information about the photochemistry of freshly oxidized undecylenic 

acid can be obtained from an action photodissociation spectrum measured by monitoring 

the appearance of a specific photolysis product as a function of the UV photolysis 

wavelength. Figure 2.6 shows an action spectrum for the HCOOH formation channel 

obtained in pure helium flow.  The data in Fig. 2.6 are obtained by fixing the IR CRDS 

laser on a chosen absorption line of HCOOH, and stepping the monochromator in the UV 

illuminator in the range of 260 nm – 350 nm in 10 nm increments. The CRDS signal was 

converted into an absorption coefficient and normalized with respect to the UV radiation 

power transmitted through the sample cell. The photolysis-induced signal was easily 

detectable even at 350 nm, i.e., quite far into the tropospheric actinic window. The shape 

of the photodissociation spectrum was almost identical to the UV direct absorption 

spectrum of the oxidized undecylenic acid (Fig. 2.3) suggesting that HCOOH must be a 

product of photolysis of one of the primary absorbers in the film.  

2.4d Condensed-phase products of ozonolysis/photolysis of undecylenic acid 
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The oxidized undecylenic acid was analyzed by electrospray ionization mass 

spectrometry in both positive and negative ion modes. In both cases, methanol was used 

as the solvent. The negative ion mode was particularly useful because nearly every 

product of ozonolysis of undecylenic acid contains at least one –COOH group. Therefore, 

the major peaks correspond to –COO- anions appearing in the (M-1) channels with 

minimal fragmentation and polymerization. Figure 2.7 shows a sample negative ion mass 

spectrum of pure undecylenic acid (MW = 184 amu). The spectrum was clearly 

dominated by a single peak at 183 amu. The second largest peak, which appears only if 

an over-concentrated solution of undecylenic acid was injected, corresponds to a complex 

between an undecylenic acid monomer and its anion (MW = 367 amu). Larger complexes 

do not appear in the mass spectrum under the present experimental conditions. The 

positive ion mode spectra were somewhat more complicated but still assignable. The 

primary peaks correspond to complexes of a parent molecule with Na+ ion (M+23) and, 

in the case of carboxylic acids, complexes of a Na-salt of a parent acid with another Na+ 

ion (M+45).  

The oxidized films were dissolved in the same volume of methanol as the volume 

used for the undecylenic acid reference spectrum (Fig. 2.7). The resulting spectrum 

contained many peaks corresponding to previously identified products. For example, 

sebacic acid, HOOC–(CH2)8–COOH, and sebaldehydic acid, HOOC–(CH2)8–COH, are 

reproducibly observed in comparable amounts in the mass-spectrum. Both acids are 

expected products of decomposition of the primary ozonide of undecylenic acid (Fig. 2.9). 

However, nonanoic acid was not an observed product as found in a previous study of 
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ozonolysis of undecylenic acid.35 No significant signal corresponding to the SOZ of 

undecylenic acid was observed; it is likely to be destroyed by the high temperature of the 

ionization source. Table 1 summarizes the observed peak positions and proposed 

assignments for the mass-spectra of products of ozonolysis of undecylenic acid films. 

Ozone + multilayered film of undecylenic acid, and ozone + undecylenic acid dissolved 

in a non-participating solvent resulted in a similar set of observed products. Table 2.2 

lists the full set of observed peaks. 

In addition to the known low molecular weight products of ozonolysis of 

undecylenic acid, many previously unidentified oligomeric products were also observed. 

For example, the mass spectrum shown in Fig. 2.7 had several well-defined "clusters" of 

peaks between 300 and 1000 amu. This mass spectrum corresponded to a strongly 

oxidized sample with almost no remaining undecylenic acid, but we observed similar 

clusters of peaks in mass-spectra with a lower degree of oxidation. The most prominent 

peaks within each cluster were separated by the mass of an oxygen atom (16 amu). The 

clusters themselves were separated from each other by the mass of the larger carbonyl 

oxide formed in the decomposition of the primary ozonide of undecylenic acid (202 amu). 

This pattern of peaks can be interpreted as a result of various polymerization reactions 

taking place during the ozonolysis. The upper limit for the mass spectrum is 1000 amu, 

and the largest observed cluster of peaks corresponds to a "pentamer". However, based on 

the peak intensity distribution in the mass spectrum, even larger oligomers are likely to 

be present in the oxidized film. The chemical identity of some of these oligomers will be 

discussed below. 
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The presence of oligomers in an analyte can sometimes be confused with an 

complex formation in the electrospray ion source. The latter possibility can be ruled out 

based on: i) the lack of oligomers (other than the dimer) in the reference spectrum of 

undecylenic acid obtained under the same conditions; ii) reproducible presence of 

oligomer peaks in the mass spectrum irrespective of the concentration of the oxidized 

sample in the solvent; iii) appearance of the same oligomers in both negative ion (M-1) 

and positive ion (M+23, M+45) mass-spectra.  

The products of the UV photolysis of the oxidized film were also examined. The 

photolysis was carried out with a 295 nm longpass filter in dry air at atmospheric 

pressure. Figure 2.7 displays a sample mass spectrum. The UV exposure clearly had 

several reproducible effects on the spectrum. The peaks corresponding to molecules 

containing aldehyde and peroxy groups were reduced in intensity. For example, the 

intensity of the sebaldehydic acid peak was considerably reduced relative to that of 

sebacic acid. The oligomeric clusters of peaks survive the UV exposure but they were 

clearly shifted to somewhat lower masses. The observed UV-induced fragmentation 

corresponds to the loss of CO (-28 amu), H2O (-18 amu), HCOOH (-46 amu), and 

formaldehyde (-30 amu). Only a small fraction of peaks can be assigned to specific 

molecules. 
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2.4e Iodometric test for the formation of peroxides 

 Iodometric tests93 were carried out in an attempt to quantify the total number of 

peroxy bonds formed in the oxidized undecylenic acid.  Undecylenic acid was dissolved 

in a non-participating solvent (hexadecane) to make a 1.0 mM solution, and ozone 

(1x1016 #/cm3) was bubbled through the solution at room temperature for various lengths 

of time covering 0 to 100% alkene oxidation. The resulting solution was thoroughly 

degassed with dry helium to remove any dissolved oxygen and acidified with 20µl of 

glacial acetic acid. The product mixture was then reacted with KI in the dark for 30 

minutes and was analyzed with UV/Vis spectrometry. As every peroxy bond produces 

one I3- by oxidation of 2I- to I2 followed by complexation of I2 with I- in the presence of 

acids, measured absorbance of I3- (using ε470 nm = 817 L mol-1 cm-1)93 were directly 

related to the concentration of peroxy bonds. A calibration experiment using H2O2 

reproduced the H2O2 concentration with better than 10% accuracy, with one molar 

equivalent of peroxy bonds producing one molar equivalent of I3-. 

Initially, the amount of peroxides formed were proportional to the amount of 

ozone reacted., and eventually plateau at approximately 60% alkene to peroxide 

conversion (Fig. 2.8).  This was consistent with other observations also yielding high 

conversion of olefins to peroxides by ozone.15, 93 Peroxide analysis of ozonized alkane 

solvent indicated no peroxide formation. This was qualitatively consistent with the mass-

spectrometric results, which showed that the majority of the oxidation products have 

hydroperoxy functionalities.  Additional experiments would be needed to determine how 

R-COOH, R-OH and H2O affect  peroxide yields.94 
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2.5 Discussion 

2.5a Mechanism of ozonolysis of undecylenic acid 

The major gas-phase and liquid-phase products of ozonolysis of undecylenic acid 

were generally consistent with the Criegee mechanism of ozonolysis of alkenes.46 Figure 

2.9 shows the most important initial reactions taking place in this system. The initial 

ozone attack on the double bond of undecylenic acid (I) results in a highly-unstable POZ 

(not shown). POZ rapidly decomposes into two sets of products: sebaldehydic acid (II) 

and a small carbonyl oxide (III); formaldehyde (IV) and a large carbonyl oxide (V). 

Formic (VI) and sebacic (VIII) acids are produced by isomerization of the corresponding 

carbonyl oxides. SOZ (VII) is produced by recombination of fragments of POZ 

decomposition; production of SOZ is known to be efficient in liquids and is also likely to 

occur in thin films as well. Apart from SOZ, all of the stable products shown in Fig. 2.9 

were directly observed by mass-spectrometry and/or cavity ring-down spectroscopy in 

this work. In a similar experiment done with oleic acid, 2MSOZ+1 was observed. 

The excess of gas-phase formaldehyde over formic acid was consistent with 

previous work on ozonolysis of multilayered films and SAM of terminal alkenes.32, 34, 35, 

80 It is likely that the initial splitting of POZ occurs with nearly equal probability for the 

formaldehyde and sebaldehydic acid channels. Indeed, (II) and (VIII) were generated in 

comparable amounts in the oxidized film. However, not all of the carbonyl oxide (III) 

will isomerize into formic acid; the ratio measured here, HCOOH/H2CO = 0.25±0.15, 

was considerably below unity.  
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Oligimeric compounds were recently observed in chamber studies of the 

oxidation of organic aerosol particles.95-99 The chemistry responsible for polymerization 

was attributed to acid-catalyzed aldol and gem-diol condensation. In the present case, the 

polymerization mechanism was entirely different. Indeed, many oligomeric compounds 

observed in the mass spectrum could be assigned as products of reactions of carbonyl 

oxides with the carboxylic groups in undecylenic acid and in the ozonolysis products. 

R O R'

OO
OH

R'

O

HOR

OO
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The mass spectrum in Fig. 2.7 contained sizable peaks corresponding to "dimeric" 

structures (X, XI, XII) which resulted from condensation of carbonyl oxide (V) with 

undecylenic, sebaldehydic, and sebacic acids, respectively (Fig. 2.9). In addition, there 

were peaks with larger masses corresponding to further additions of carbonyl oxide (V) 

to (X, XI, XII) and to larger oligomers. The largest detected oligomers correspond to 

"pentamers". Even larger oligomers probably exist in the oxidized mixture but they fall 

outside the mass range of the mass-spectrometer. Surprisingly, there was no evidence of 

the smaller carbonyl oxide (III) addition to undecylenic acid and/or other molecules. 

Therefore, we presume that the dominant reaction pathways for (III) are decomposition to 

CO, CO2,  etc. and isomerization to formic acid.  

It was suggested44 that cabonyl oxides can also add to double bonds in 

unsaturated fatty acids to form peroxidic 5-member rings: 
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The mass-spectrometer would not be able to differentiate between the products of 

addition of a carbonyl oxide to the carboxylic or alkene groups of undecylenic acid 

because such products would have identical molecular weights. However, if the 

chemistry was dominated by the double bond addition, the extensive polymerization 

would not take place as the reaction would terminate at the "dimer" level. On the contrary, 

addition to the carboxylic end of undecylenic acid can be propagated further as it leaves a 

double bond in the product ready for the next cycle of ozonolysis + polymerization. The 

observed distribution of oligomers in the mass spectrum shown in Fig. 2.9 suggests that 

reaction of carbonyl oxided with the carboxylic groups was the dominant polymerization 

route. 

The small HCOOH/HCHO ratio and absence of condensation reaction products 

for carbonyl oxide (III) imply that its decomposition into HCO and OH radicals may be 

quite efficient (HCO then quickly reacts with oxygen to produce HO2 and CO). A 

fraction of carbonyl oxide (V) can also decompose to produce OH and peroxy radical 

(IX). Such decomposition reactions are known to play an important role in gas-phase 

alkene ozonolysis;48-50, 100, 101 results of this work suggest that such decomposition may 

also take place in the liquid phase or possibly on the surface of the film. Once OH is 

generated, it can either add to the double bond in undecylenic acid or abstract a hydrogen 

atom from one of the neighboring CH2 groups. Figure 2.10 shows an example of a 

reaction sequence initiated by OH addition to undecylenic acid. This sequence ultimately 
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generates peroxy groups via RO2 + HO2 reactions, but it is also capable of installing 

multiple oxygen atoms in the molecules via RO2 + R'O2 reactions, followed by facile 

isomerization of the resulting alkyloxy radicals, followed by addition of O2. Note that an 

abstraction of a hydrogen atom by OH would initiate a similar chain of events.  

The insertion of multiple oxygen atoms into the various reaction products were 

clearly evident from the mass spectrum (Fig. 2.7). Indeed, there were several families of 

peaks in the mass spectrum separated from each other by either 16 (or 32) atomic mass 

units. Table 1 was constructed in an attempt to tie the major peaks to common precursor 

molecules through a sequence of +nO2 additions. Such a representation accounts for 

nearly half of the products formed during ozonolysis. The peaks that could not be 

assigned to specific structures also appear in families separated by 16 and/or 32 mass 

units. One could generate a similar table assuming single O (16 amu) additions (Fig. 

2.10). However, the aldehyde-terminated and carboxylic acid-terminated products differ 

by one O-atom leading to overlapping series. Mass-spectrometry would not be able to 

distinguish the series resulting from single-O and double-O additions in this particular 

case.   

As the oligomer size grows from monomer to pentamer, the propensity for O2 

insertions increases. In fact, the intensity of M+O2 peaks relative to that of M peaks 

grows approximately proportionally to the size of M (M stands for any molecule). For 

example, the [M+O2]/[M] ratio is 0.3, 1.2, 2.4, 3.4 and 4.0 for M = sebaldehydic acid + 0, 

1, 2, 3, and 4 units of carbonyl oxide (V), respectively. This observation is fully 

consistent with the increase in available reactive sites for the OH attacks.  
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2.5b Mechanism of photolysis 

HCOOH and HCHO were easily observed in the photolysis of oxidized 

undecylenic acid (Fig. 2.5). This was a curious observation as neither sebacic acid (VIII) 

nor sebaldehydic acid (II) can directly photolyze into HCOOH and HCHO under the mild 

UV excitation conditions of the present work. Norrish type II splitting of sebaldehydic 

acid would produce the enol corresponding to acetaldehyde, CH2=CH-OH, and α-

cleavage of sebaldehydic acid would yield HCO or CO. These processes do occur but 

neither of them can account for formic acid being the primary observed photolysis 

product.  

Due to the complexity of the oxidized film, it was not trivial to assign a specific 

precursor responsible for the photoinduced release of these two molecules. However, 

close similarity between the action spectrum and absorption spectrum of oxidized 

undecylenic acid (Fig. 2.6), the characteristic shape of the action spectrum, and the large 

amount of peroxy bonds measured by the iodometric test suggest that photochemistry 

must be initiated by splitting one of the –O–O– bonds. One possibility would be 

photolysis of hydroxylhydroperoxides such as (X, XI, XII) releasing OH, with secondary 

reactions of OH with oligomeric ozonolysis reaction products producing HCOOH and 

HCHO. 

Another possible precursor of both HCHO and HCOOH is terminal SOZ such as 

(VII). Previous research on ozonides suggest that UV photolysis must break the weakest 

–O–O– bond, with subsequent isomerization processes resulting in release of an aldehyde 
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or carboxylic acid in the gas phase.46, 102, 103 Such a mechanism could explain the 

preferred formation of formic acid relative to formaldehyde in the photolysis: the 

pathway leading to HCOOH is less sterically hindered (Fig. 2.11). One potential problem 

with this mechanism was that it requires formation of SOZ in high yields, and also 

relatively high stability of the resulting SOZ. The high stability of SOZs is not 

unprecedented; SOZ obtained by ozonolysis of 2,3-dimethyl-butene remains stable for 

days in solutions104 and for hours in the gas-phase105 at room temperature. We do not 

observe large peaks corresponding to (VII) and larger secondary ozonides in the mass 

spectrum. However, it is possible that SOZ of undecylenic acid was not as stable as 

heavily substituted SOZ of 2,3-dimethyl-butene, and it decomposes into an aldehyde-acid 

pair under high-temperature conditions of the electrospray ion source.  We do observe 

SOZs corresponding to ozonolysis of oleic acid, as do other researchers. 15 This reflects 

higher stability of the substituted SOZ relative to the terminal ones. 

2.5c Photolysis products remaining in the film 

The mass spectrum of oxidized undecylenic acid film changed considerably after 

photolysis (Fig. 2.7). The most prominent change was the increase in relative intensity of 

the sebacic acid peak because this was more or less the only product molecule that was 

resilient to photolysis under these conditions (λ > 290 nm). On the contrary, all the peaks 

assigned to photochemically unstable aldehydes (e.g., II) and peroxides (X, XI, XII, etc.) 

are reduced in intensity.  
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The second most apparent change was the appearance of many new mass peaks in 

the mass spectrum (Fig. 2.7). The mass spectrum still maintained the general periodic 

appearance of clusters of peaks, although the clusters were shifted toward smaller masses 

compared to the mass spectrum obtained before photolysis. In addition to peaks 

corresponding to loss of HCOOH and HCHO, there were peaks corresponding to loss of 

CO resulting from photolysis of aldehydes, and loss of H2O resulting from photolysis of 

hydroxylhydroperoxides: 
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There is evidence for multiple losses of H2O from the same precursor molecules 

corresponding to the photolysis of products containing multiple hydroperoxy moieties. 

 

2.6 Atmospheric Implications 

Results of this work strongly suggest that UV photolysis in aerosol particle phase 

may play a significant role in atmospheric processing of primary (POA) and secondary 

(SOA) organic aerosol particles. Indeed, a large fraction of POA in urban areas comes 

from cooking emissions,40, 106 which contain unsaturated fatty acids, cholesterol, and 

other unsaturated organics. Reactions of these molecules with ozone and OH will make 

them photochemically active and open new pathways for aerosol particle photochemistry. 

Aerosol particle processing by solar radiation is also likely to be important for SOA 

generated by oxidation of terpenes. For example, a strong effect of UV-radiation on the 
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yield of SOA in terpene ozonolysis was reported in Ref. 107, 108 The SOA yield is 

presumably reduced by the UV-radiation because of the photolytic splitting of primary 

oxidation products into smaller, more volatile species. Based on the results of this work, 

photolysis of organic peroxides is the most likely reason for the observed effects of UV-

radiation on the SOA yields.  

A rough estimate of the relative importance of photolysis in aging of organic 

aerosol particles can be made assuming typical urban concentrations, [OH] = 106 cm-3, 

[O3] = 1012 cm-3, and using measured surface reaction probabilities for OH (γ > 0.1 on 

solid organic surfaces)59 and O3 (γ > 10-5 on frozen surfaces of fatty acids).33 Taking oleic 

acid as a representative component of an organic aerosol particle, one can estimate the 

lifetime of double bonds with respect to the attack by O3 as <103 s, and the lifetime of –

CH2– groups with respect to OH-oxidation as <105 s. The observed lifetime of oleic acid 

in multiphase aerosol particles is actually longer because the molecules are buried inside 

the particle.43 The carbonyl groups and peroxy groups appearing in the oxidation will 

have a photolysis lifetime around 3×104 s and 105 s, respectively (calculated for zero 

solar zenith angle, "best estimate" surface albedo,1 and absorption cross sections for 

acetaldehyde and hydrogen peroxide).109 Furthermore, the relative rate of photolysis will 

increase in the upper troposphere. For example, the lifetime of acetone, the most common 

atmospheric ketone, is dominated by photolysis, not by reaction with OH, in the upper 

troposphere.1 Therefore, photolysis and OH-oxidation may have comparable 

contributions to the rates of chemical transformations occurring in organic aerosol 

particles.  
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Although the results of this work are highly suggestive, they cannot be 

immediately applied to the actual atmosphere without resolving several limitations of the 

present approach. Dry oxidation conditions, unrealistically large ozone concentration, 

photolysis under low pressure in an oxygen and NOx free environment, and use of a pure 

multilayered film instead of a multi-component organic aerosol may distort the potential 

importance of photochemical processes discussed here in actual atmospheric aerosol 

particles. 

 

2.7 Conclusions 

This work represents the first experimental inquiry into the role of solar radiation 

in atmospheric processing of organic aerosols. Although the molecule selected for this 

study (undecylenic acid) is not a common constituent of airborne particulate matter,73 the 

general conclusions of this work are likely to hold for all organic aerosol particles 

containing significant amounts of unsaturated organics: 

1. Oxidation of unsaturated organic molecules in aerosol particles is expected to 

make them absorb radiation in the tropospheric actinic window (λ > 295 nm). 

This prediction is explicitly verified in this work for the case of ozonolysis of 

terminal alkenes. 

2. Photochemistry occurring in the oxidized aerosol particles is expected to 

contribute significantly to the atmospheric processing of organic aerosols. 
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Furthermore, such photochemical processes may generate products that evaporate 

from the particle into the gas-phase. For the present case of ozonolysis or terminal 

alkenes, the observed gas-phase photolysis products are formaldehyde and formic 

acid.  

3. Prolonged solar photolysis is likely to significantly affect the chemical 

composition of organic aerosol particles. For example, we observe a clear effect 

of UV post-treatment on the degree of polymerization and product distribution in 

the oxidized undecylenic acid. The photolysis acts to reduce the oxidative state of 

the aerosol components, thus opposing the oxidative aging of aerosols by free 

radicals. 

In addition to the general conclusions, this work provides new information on the 

mechanistic details of ozonolysis of undecylenic acid. The most interesting observations 

include a large degree of oligomerization in the ozonolysis products caused by sequential 

additions of carboxyl oxides to –COOH groups, and a very large concentration of peroxy 

moieties in the oxidized products also mediated by carbonyl oxide reactions. Even for 

such a simple molecule, only a fraction of the final ozonolysis products could be assigned 

to specific chemical structures.   
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2.8 Tables and Figures 

Table 2.1: List of assigned peaks in the negative-ion electrospray mass spectrum of 

oxidized undecylenic acid. Approximately 50% of the primary-isotope peaks with 

intensities above 10% of the maximum were assignable. All peaks were detected in M-1 

channel corresponding to de-protonation of –COOH groups. Roman numbers for organic 

molecules are defined in Fig.  

  M-1 M-1 +O2 M-1 +2O2 M-1 +3O2 M-1 +4O2 

Undecylenic Acid (I) 183.2 215.2 247.2 279.2 311.4 

 (I + V ≡ X) 385.3 417.3 449.3 481.3 - 

 (I + 2V) 587.4 619.4 651.4 683.4 - 

 (I + 3V) 789.5 821.5 853.5 885.5 - 

 (I + 4V) 991.6 - - - - 

Sebaldehydic Acid (II) 185.1 217.1 - - - 

 (II + V ≡ XI) 387.3 419.3 - - - 

 (II + 2V) 589.4 621.4 - - - 

 (II + 3V) 791.5 823.5 - - - 

 (II + 4V) 993.6 - - - - 

Sebacic acid (VIII) 201.2 233.2 265.2 297.2 - 
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 (VIII + V ≡ XII) 403.3 435.3 467.3 499.3 531.3 

 (VIII + 2V) 605.5 637.5 669.5 701.5 733.5 

 (VIII + 3V) 809.6 841.6 873.6 905.6 937.6 

 

Table 2.2: List of mass-intensities in negative ion ESI mass spectrum of sample obtained 

by ozonolysis (left) of undecylenic acid film followed by photolysis (>295nm) (right). 

Only peaks > 10% and 5% of the maximum are listed for ozonolysis and photolysis 

respectively. 

O3  hν 

Mass Intensity  Mass Intensity 

185.1 405.5  157.1 39.1 

186.1 44.9  185.1 110 

201.1 199.8  185.1 85.2 

387.2 312.3  201.1 723.5 

403.2 324.3  202.1 83.2 

404.2 68.1  217.1 43.1 

417.3 80  385.2 135.7 

419.3 277  387.2 87.8 

420.3 61.6  403.2 375.3 

433.2 220.8  404.2 98.9 

434.3 52.3  417.3 39.7 

435.3 52.1  419.3 76.4 

455.2 107.3  433.2 115.7 
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457.3 45.8  449.3 48.6 

463.3 80.9  543.4 84.2 

465.3 41.4  545.4 60.6 

469.2 154.7  559.4 37.4 

470.2 43.5  561.4 44.6 

471.2 101.4  573.4 55.6 

482.3 53.9  587.4 83.8 

485.2 64.5  589.4 253.5 

496.2 83.8  590.4 88.7 

515.2 50.2  591.4 43.8 

589.4 102.5  603.4 61.4 

605.4 104.7  605.4 154.5 

619.4 79.5  606.4 48.3 

621.4 259.9  617.4 43.2 

622.4 76.9  619.4 72.6 

635.4 373.4  621.4 55 

636.4 140.2  635.4 99.7 

637.4 65.7  651.4 38.1 

651.4 211  745.5 39.5 

652.4 77.9  773.5 47.4 

657.4 44.2  775.5 50.2 

665.4 152.6  789.5 48.2 

666.4 53  791.5 102.4 

667.4 106.9  792.5 45.9 

681.4 111.7  805.5 37.6 

697.4 71.9  807.5 68.2 

711.4 57.1  821.5 73.8 
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791.5 49.2  837.5 54.5 

807.5 92.2  977.6 51.4 

808.5 44.7  993.6 48.3 

821.5 100.5    

823.5 174.4    

824.5 74.7    

837.5 275    

838.5 118.3    

839.5 106.4    

840.5 40.7    

853.5 232.9    

854.5 107.5    

855.5 59.2    

867.5 211.3    

868.5 105.1    

869.5 126.1    

883.5 132    

899.5 79.4    

913.5 71.9    

1009.6 62    

1023.6 84.9    

1025.6 106.7    

1039.6 158.7    
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Figure 2.2:  Characterization of the CRDS setup. (a) Cavity ring-down time measured 

with 1.4×1013 molec/cm3 of CH4 in the cell. (b) Absorbance calculated from the ring-

down time. (c) Measured and actual density of CH4. The observed non-linearity was due 

to the low spectral resolution of the pump laser.  
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Figure 2.3: UV absorption spectra of undecylenic acid and its oxidation products. The 

ozonolysis reaction was carried out: (a) in the liquid phase; (b) on the surface of a thin 

multilayered film. 
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Figure 2.4: CRDS spectrum of the gas-phase oxidation products of undecylenic acid.  

The fine structure is mostly due to formaldehyde, and the overall shape of the spectrum is 

due to the reflectivity profile of the cavity mirrors. Present experiments use the narrow 

window between 2920 and 2927 cm-1 showed in the zoomed portion.  
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Figure 2.5: CRDS spectra taken during ozonolysis and subsequent photolysis of 

undecylenic acid: (a) reference spectrum of formaldehyde convoluted to the CRDS laser 

linewidth; (b) CRDS spectrum taken during the ozonolysis; (c) CRDS spectrum taken 

during UV photolysis of oxidized undecylenic acid; (d) reference optoacoustic spectrum 

of formic acid taken in parallel with CRDS. 
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Figure 2.6: Comparison of action photodissociation (filled circles) and absorption (solid 

line) spectra of oxidized undecylenic acid. The action spectrum was arbitrarily scaled to 

fit the absorption data. 
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Figure 2.7: Negative ion electrospray mass-spectra of: (a) undecylenic acid film 

subjected to ozonolysis and then to photolysis (λ > 295 nm) in dry air; (b) oxidized 

undecylenic acid; (c) pure undecylenic acid 
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Figure 2.8:  Iodimetric tests on oxidized Oleic acid/methanol solutions show significant 

peroxide formation with upwards of 60% conversion of double bonds into various peroxy 

groups. 

 



 

- 53 - 

O

HO

O

HO

O

O

HO

OO

H

H

O

H

H
H

O
O

O

HO O

OO

8

8

8

+

+

8

O

HO

O

OH
8

O3

O3

(I)
(II) (III)

(IV) (V)

Isomerization

Isomerization

SOZ formation

HO + HO2 + CO

Decomp.

(VI)

(VII)

(VIII)

HO   +
O

HO
7

O

H

OO

O
2

(IX)

(I)
O

HO O

OO
OH

8 8

(X)

O

HO O

OO
OH

H
8 8

(XI) O

HO O

OO
OH

OH
8 8

(XII)

HCOOH
Decomp.

O2

(VIII)

(II
)

O O

 

 

Figure 2.9: Primary reactions taking place during ozonolysis of undecylenic acid film. 

Products (II, IV, VI, VIII) could be observed directly. SOZ (VII) and carbonyl oxides (III, 

V) participate in secondary reactions such as decomposition and oligomerization (not 

shown). 
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Figure 2.10: Proposed mechanism for the formation of additional peroxy bonds in the 

oxidized sample. OH and HO2 come from decomposition of carbonyl oxide (III). 
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Figure 2.11: One of the possible mechanisms of photolytic production of HCHO and 

HCOOH from the oxidized undecylenic acid. Preferential formation of HCOOH can be 

explained by steric hindrance in the H-transfer step.  
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Chapter III 

Ozonolysis and UV Photodissociation Spectroscopy of Alkene-

Terminated Self-Assembled Monolayers on Amorphous SiO2 

Nanoparticles 

Reproduced in part from Park, J.; Gomez, A. L.; Walser, M. L.; Lin, A.; Nizkorodov, S. 

A.., PCCP 2006, 8, 2506-2512, with permission of the PCCP Owner Societies. 

 

 

3.1 Abstract 

Photolysis of alkene-terminated self assembled monolayers (SAM) deposited on 

Degussa SiO2 nanoparticles is studied following oxidation of SAM with a gaseous 

ozone/oxygen mixture. Infrared cavity ring-down spectroscopy is used to observe gas-

phase products generated during ozonolysis and subsequent photolysis of SAM in real 

time. Reactions taking place during ozonolysis transform alkene-terminated SAM into a 

photochemically active state capable of photolysis in the tropospheric actinic window (λ 

> 295 nm). Formaldehyde and formic acid are the observed photolysis products. 

Photodissociation action spectra of oxidized SAM and the observed pattern of gas-phase 

products are consistent with the well-established Criegee mechanism of ozonolysis of 

terminal alkenes. There is strong evidence for the presence of secondary ozonides (1,3,4-

trioxalones) and other peroxides on the oxidized SAM surface. The data imply that 
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photolysis plays a role in atmospheric aging of primary and secondary organic aerosol 

particles. 
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3.2 Introduction 

In this work, alkene-terminated molecules adsorbed on the surface of silicon 

oxide are used as a surrogate for aerosol particles coated by an organic surfactant. The 

main objective of this work is to investigate the effect of oxidation by ozone on the 

photochemical properties of the organic surface in contrast to results presented in chapter 

2 which  describe ozonolysis and photolysis of thin organic films. By studying SAM, the 

suface effects are emphasized relative to the bulk. To this end, the UV photodissociation 

spectrum of the oxidized surface is measured using action spectroscopy, wherein gas-

phase formaldehyde and formic acid photolysis product concentrations are carefully 

measured at different excitation wavelengths.  

 

3.3 Experimental 

Powdery silicon oxide was functionalized to prepare SAM of alkene-terminated 

organic silanes using the method reported by Usher et al. 79 Briefly, SiO2 powder 

(Degussa OX50) was dried at ~ 400 K overnight prior to use and dispersed in dry toluene 

(1.5g/100 ml). Ten drops (~ 210 mg) of 5-hexenyldimethylchlorosilane (Gelest) and five 

drops (~ 120 mg) of pyridine were added to the SiO2/toluene suspension. The 

temperature of the resulting solution was kept at 360 K for about 3 hours of vigorous 

stirring. Treated SiO2 particles coated with 5-hexenyldimethylchlorosilane were collected 

using vacuum filtration and stored in dry toluene after washing them with clean toluene at 

least three times (Fig. 3.1).  
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A fraction of the toluene slurry containing freshly prepared organic-coated SiO2 

powder (C6= SAM on SiO2 nanoparticles) was transferred onto the inner wall of a quartz 

tube and dried by flowing helium gas over it. Only one side of the tube was coated to 

allow UV radiation to enter the tube through the uncoated side. After installing the quartz 

tube between two highly reflective mirrors of a cavity ring-down spectrometer, residual 

toluene was pumped out overnight before proceeding with the ozonolysis experiment.  

All experiments were performed at room temperature (295 K). The SAM 

adsorbed on the inner wall of quartz tube (ID = 1.27 cm) was exposed to ozone in the 

dark at a concentration of ~1014-1015 molecules cm-3 until nearly complete oxidation of 

surface alkenes was achieved. The ozone concentration was considerably higher than a 

typical atmospheric value. However, this study mainly focused on the photolysis of 

ozonized terminal alkenes adsorbed on the silicone oxide surface, and not on the 

ozonolysis reaction. The carrier gas contained O2 and He at a total pressure of 5-30 torr. 

The gas-phase products of the ozonolysis of SAM were probed in real-time IR-CRDS. In 

the majority of experiments, the film was oxidized on a time scale of 30-60 minutes 

making it possible to complete several IR-CRDS scans (5-10 min. each) in the process. 

More details about the IR-CRDS system are provided Appendix A. 

Before the photolysis experiments, the cell containing ozonized SAM was 

evacuated in the dark for several hours to remove volatile products formed during 

ozonolysis. Radiation from a 150W Xe-arc lamp was directed through a 295 nm long-

pass filter or a monochromator to select the wavelength (resulting wavelength resolution 

∼ 10 nm), and the sample cell was illuminated at a right angle to the IR-CRDS cavity axis. 
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The maximal UV-radiation power (at 310 nm) was 17.5 mW distributed over an 

irradiation area of 1 cm2. The power was considerably lower for shorter irradiation 

wavelengths. The rest of the cell was protected from scattered radiation by foil. There 

was no correlation between the observed rate of photolysis and the location of the 

photolysis spot suggesting that the oxidized SAM was relatively homogeneous. All 

photolysis experiments were also carried out at room temperature (295 K) under slow 

flow conditions (~1-5 min cavity flushing time) using ultra high purity helium as a bath 

gas at 5-30 torr. An optoacoustic reference spectrum of HCOOH vapor (1 torr of 

HCOOH in 10-100 torr N2 buffer) was recorded in parallel with the IR-CRDS spectrum 

for wavelength calibration purposes. 

 

3.4 Results 

3.4a Ozonolysis 

Sample IR-CRDS absorption scans of gas phase products from ozonolysis (a) and 

subsequent photolysis (b) of SAM are shown in Figure 3.2. The reference absorption 

spectrum of formaldehyde (c) and optoacoustic spectrum of formic acid (d) are also 

plotted for comparison. We explicitely verified 80 that no HCHO or HCOOH gas-phase 

products are emitted during the ozonolysis of fully saturated organic SAM deposited on 

flat Si(111) wafers (ozone reacts very slowly with saturated hydrocarbons and it does not 

destroy the O-Si-C bridges in SAM). On the contrary, ozonolysis of alkene-terminated 

SAM on Si wafers generated HCHO as the major gas-phase product. 80 The results 
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obtained here are qualitatively similar but the signal-to-noise ratio is considerably 

improved because of the considerably larger combined surface area of SiO2 nanoparticles 

compared to the Si wafer. 

Similar to the results for Si wafers,80 large signals from HCHO and smaller 

signals from HCOOH were detected during ozonolysis of alkene-terminated SAM on 

SiO2 particles (Figure 3.2(a)). The absolute ratio between HCHO and HCOOH formation 

was obtained by simulating the IR CRDS spectra using the known absorption cross-

sections for these two molecules. (make ref: Northwest-Infrared Vapor Phase Infrared 

Specral Library. Northwest National Laboratory, http://nwir.pnl.gov) The laser 

bandwidth (0.1 cm-1) is larger than the bandwidth of individual ro-vibrational transitions 

in HCHO and HCOOH (0.01 cm-1), which makes the apparent IR-CRDS absorption 

coefficient depend on concentration in a non-linear way. 110  However, the branching 

ratio obtained from well-isolated HCHO and HCOOH lines with comparable line 

strengths and intrinsic line widths is expected to be fairly quantitative.  

Analysis of the IR-CRDS spectra provides an approximate ratio of 

HCOOH/HCHO = 0.65±0.20. This ratio represents a time-averaged value over the initial 

stages of ozonolysis (∼10 min). This time was comparable to the half-time for complete 

film oxidation and gas-SAM equilibration (∼10 min). Our data suggest that the 

HCOOH/HCHO ratio remains approximately the same at later stages of ozonolysis 

implying that there is no drastic change in the mechanism of POZ decomposition as the 

organic film ages.  
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3.4b Photolysis 

A sample CRDS spectrum obtained during the broadband photolysis of the oxidized 

surface with a 295 nm long-pass filter is shown in Figure 3.2(b). The spectrum 

unambiguously shows that both formaldehyde and formic acid are produced during 

photolysis. These molecules were not detected during UV irradiation of the SAM surface 

before it was processed with ozone. We also explicitly verified that the observed 

emission of HCHO and HCOOH was not a result of simple thermal desorption caused by 

radiative heating of the sample. A K-type thermocouple was attached to the sample cell 

during photolysis, and no significant temperature elevation at the irradiated surface was 

observed. 

The primary focus of this work is the effect of oxidation of SAM on its 

photochemical activity in the tropospheric actinic window (λ>295 nm). We studied the 

wavelength-dependent photolysis of the oxidized sample by taking its action 

photodissociation spectrum in the HCOOH product channel. Specifically, a small section 

(~1 cm2) of oxidized SAM was photolyzed with a tunable UV source, while keeping the 

IR-CRDS laser frequency fixed on a strong absorption line of formic acid at ~2917.9 cm-

1. Figure 3.3 shows the observed change in formic acid concentration as a function of 

photolysis time at several different photolysis wavelengths. The steady-state is achieved 

after 10-20 minutes of photolysis, with the formic acid concentration at steady-state 

increasing at shorter photolysis wavelengths. We attribute the long time required to reach 

the steady-state to slow desorption of formic acid from high surface area SiO2 particles. 
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The wavelength-dependent relative yield of formic acid corrected for the UV 

lamp power and quartz cell transmission is plotted in Figure 3.4. The action spectrum is 

characteristic of absorption by peroxy groups, with the photodissociation yield of 

HCOOH smoothly increasing towards the blue end of the spectrum. It should be noted 

that significant formation of formic acid is detected at wavelengths where the initial 

alkene-terminated SAM is stable to photolysis. This observation is in line with the results 

from our study of photolysis of ozonized undecylenic acid with the same approach. 110  

We have attempted to characterize the surface products of SAM oxidation and photolysis 

by electrospray ionization mass spectrometry (ESI-MS). The ESI-MS approach was very 

helpful in unraveling the mechanism of ozonolysis and photolysis of undecylenic acid 

reported in Ref.110. Unfortunately, ESI-MS of products of SAM hydrolysis gave 

incomprehensively complex mass spectra in both positive and negative ion mode. The 

authors of Ref.111 had similar difficulties in analyzing the composition of surface 

products of ozonolysis of SAM on Si wafers. 

 

3.5 Discussion 

3.5a Ozonolysis 

 The general mechanism of ozonolysis of unsaturated hydrocarbons has been 

extensively studied by many research groups.32, 80; Usher, 2003 #615] The effect of light 

radiation during/after ozonolysis has not been significantly considered and it will be 
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discussed in the later parts of this paper. Only a brief discussion necessary to support the 

photolysis results will be given in this section.  

A schematic diagram of the primary reactions between alkene-terminated SAM and 

ozone is shown in Figure 3.5. The POZ produced in the initial ozone-double bond 

addition decomposes in one of two ways to produce either formaldehyde and a surface-

bound Criegee intermediate (I) or a surface-bound aldehyde (II) and a gas-phase Criegee 

intermediate (III). Product molecules that are not bound to the surface may then escape 

from the SAM environment into the gas-phase or undergo secondary reactions within the 

SAM.  

Gas-phase ozonolysis of terminal alkenes is known to produce HCHO, HCOOH, 

and other volatile products. For example, a study by Neeb et al. 94 showed that the 

branching ratio for the HCHO formation channel in ozonolysis of terminal alkenes at 730 

torr is 0.5, whereas the branching ratio for the HCOOH formation channel through the 

isomerization of the Criegee intermediate is as low as 0.05. Ozonolysis of alkene-

terminated SAM also favor the HCHO product. 79; Dubowski, 2004 #955]  

Whereas the gas-phase products of ozonolysis of C6= SAM on SiO2 nanoparticles 

are the same as previously observed, the HCOOH yield measured by the CRDS technique 

(0.4±0.1) is substantially higher than that measured by mass-spectrometry study (<0.05). 

32   We stress that both methods of detection are prone to experimental artifacts: selective 

wall adsorption in mass-spectrometry and insufficient spectral resolution leading to non-

linearity in absorbance in IR-CRDS. In addition, line strengths and pressure broadening 
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coefficients for HCOOH transitions are not known with good precision. However, it is 

possible that reduced stabilization of the escaping Criegee intermediate (III) under the 

low pressure conditions of this work does produce an increased yield of formic acid. 

In view of the lack of strong spatial constraints in the decomposition of singly-

substituted POZ, the branching ratio between channels a and b in Figure 5 should be 

close to 1:1. The observed <50% yield of HCOOH implies that only a fraction of Criegee 

intermediate (III) can isomerize to HCOOH. One possibility is that III is rapidly 

decomposing into HCO, OH, CO2, CO, H2, and H2O. The latter occurs, for example, in 

the gas phase ozone-propene reaction where yields of (CO + CO2) were measured to be 

67% compared to 11% for formic acid. 112 Our CRDS instrument in its present 

configuration is blind to CO and CO2.  

A more likely fate for III is stabilization followed by secondary reactions with 

neighboring SAM molecules. Indeed, there are several possible secondary reactions that 

take place in SAM after POZ decomposition. Criegee intermediates, I and III, can 

recombine with formaldehyde and surface aldehyde, respectively, to form surface 

secondary ozonides (sSOZ). This reaction is believed to be very efficient in liquids due to 

the solvent cage effect, 113 and it is conceivable that it also occurs in the semi-liquid SAM 

environment. The production of gas phase secondary ozonide (gSOZ) from the reaction 

between formaldehyde and Criegee intermediate (III) is also possible, and there have 

been several reports of gas phase SOZ formation from ozonation of alkenes in various 

pressure ranges. 114-116  
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As the SAM oxidation proceeds and surface products accumulate, new reaction 

channels open up due to the close proximity of surface bound molecules in SAM. For 

example, association reaction of surface aldehyde (II) with surface Criegee intermediate 

(I) can form surface SOZ dimer (V) shown in Figure 6. Criegee radical (I) can also attack 

double bonds and carboxylic groups in neighboring molecules to form other surface 

peroxides. Similar selective condensation reactions among I, I´, III, and unreacted 

terminal alkene (OS-SiO2) are also possible, again yielding various peroxides (structures 

IV, VI, VII, and VIII in Figure 6). Even more complicated surface polymerization 

reactions initiated by the Criegee intermediates are possible as suggested in recent reports 

by Dreyfus et al 117. and Hung et al. 118 For example, McIntire and co-workers 111 studied 

ozonolysis of unsaturated SAM on silica wafers using atomic force microcopy, and found 

unusually large organic aggregates formed with unknown chemical composition on the 

oxidized surface.  

3.5b Photolysis 

Photolysis experiments lend strong support to the assumption that sSOZ and/or 

other peroxides products are present on the surface after ozonolysis. As described in the 

previous section, we found significant amounts of formic acid and formaldehyde 

produced during photolysis of oxidized SAM. Photolytic elimination of HCHO and 

HCOOH is not very common, and it strongly restricts the molecular nature of their 

possible photochemical precursors. For example, direct photochemical formation of 

HCHO and HCOOH from the photolysis of surface acid (I') and surface aldehyde (II) 

cannot occur at these excitation frequencies. Excitation of surface peroxides (IV-VIII) 
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would sever the -O–O- bond but the resulting rearrangement products would remain 

attached to the surface and/or produce hydroxyl radicals. Although photolysis of gSOZ 

could give rise to both HCHO and HCOOH, gSOZ should be removed by pumping on 

the flow cell for several hours before starting the photolysis experiments. In addition, 

SOZ of ethene may not be stable enough to remain in the system for so long. 94  

The most likely source of these photoproducts is photolysis of sSOZ. The 

suggested mechanism is shown in Figure 7. Because the O-O bonds in SOZ molecules 

are relatively weak, they are easily broken by UV photons 102; Andrews, 1982 #434; 

Khachatryan, 1997 #1008] to produce an intermediate (IX). Rearrangement of IX can 

proceed via two possible pathways: 1,4- Ha shift and 3,5-Hb shift forming intermediate 

species, X and XI, respectively. Depending on the H-transfer pathway, formic acid (from 

X through Ha migration) or formaldehyde (from XI through Hb migration) are produced 

together with surface aldehyde (II) and surface acid (I').  

The large delay between oxidation of the sample and photolysis experiments 

(several hours) implies that sSOZ in SAM do not decompose on timescales of hours at 

room temperature. Such high stability of substituted SOZ compounds is not unusual. For 

example, SOZ obtained by ozonolysis of 2,3-dimethyl-butene remains stable for days in 

solutions 104 and for hours in the gas-phase at room temperature. 105 SOZ of many other 

singly-substituted molecules have been successfully prepared and characterized by 

analytical techniques, some of which require heating the sample (GC/MS and ESI-MS). 

104, 105, 114, 115, 119 
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A previous study of the photolysis of 3,5-dimethyl-1,2,4-trioxolane (secondary 

ozonide of 2-butene) 105  showed that the SOZ photolytic decomposition mechanism is 

wavelength-dependent. The authors reported that photolysis by hard UV radiation (ArF 

laser, 193 nm) produced many different products, including formic acid, whereas 

photolysis by mild UV radiation (N2 laser, 337 nm) was a much slower process, which 

could not compete with SOZ oligomerization occurring on the reactor walls under their 

experimental conditions. Although sSOZ oligomerization cannot be ruled out, we do not 

observe a change in the HCHO/HCOOH ratio over the action spectrum (Figure 4) 

wavelength range of 270-310 nm.  

The surface bound hydroperoxides (VI and VIII) are also expected to photolyze 

by cleavage of the -O–OH bond releasing OH and/or H2O and leaving surface products 

on the surface. The highly reactive OH radical is likely to either add to double bonds 

remaining on the SAM surface or abstract an H-atom from a neighboring chain. 

Subsequent reactions with trace O2 molecules in the buffer gas-flow will produce 

surface-bound RO2 radicals. We cannot rule out a possibility that one of the secondary 

reactions involving RO2 radicals can generate HCHO and HCOOH as secondary products 

of photolysis; more information on photochemistry of hydroperoxides in the condensed 

organic phase is necessary to address this question.  

3.5c Atmospheric Implications 

In spite of the incomplete characterization of the surface products in this work, it 

is clear that oxidation of unsaturated organic films by ozone has a strong effect on the 
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photochemical properties of the resulting surface. The photodissociation cross-section of 

the oxidized film is characteristic of absorption by peroxidic groups. This observation has 

important implications for photochemical aging of both primary organic aerosol (POA), 

which is emitted directly in particulate form, and secondary organic aerosol (SOA), 

formed by condensation of low volatility products of atmospheric oxidation of 

hydrocarbons. Indeed, a substantial fraction of POA in urban areas comes from cooking 

emissions 25, 120 containing an array of unsaturated organics such as oleic acid, linoleic 

acid, cholesterol derivatives, etc. Oxidation of these unsaturated molecules will convert 

them into more photoactive forms permitting further processing induced by solar 

radiation. 

SOA formation from monoterpene oxidation by ozone has been extensively 

investigated, 121-124 and its aging by UV-radiation is likely to be equally important to the 

POA case, especially for SOA generated by ozonolysis in the dark. Several research 

groups are currently working on this important area. 107 Presto et al. reported a significant 

effect of UV-radiation on the yield reduction of SOA in terpene ozonolysis and 

concluded that SOA yield is likely to depend on actinic flux. Our preliminary 

measurements of the photochemical properties of SOA generated by ozonolysis of α-

pinene and d-limonene reveal even stronger photoactivity than reported here for alkene-

terminated SAM. The results on SOA photolysis will be reported elsewhere. 

Photochemical processing of organic particles can not only change their chemical 

properties but also serve as a potential source of free organic aldehydes and carboxylic 

acids.  Verification of this hypothesis is an ongoing research effort in our group, and it 
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requires a careful quantification of photodissociation cross-sections of model POA and 

SOA particles generated under realistic atmospheric conditions. 

 

3.6 Conclusions 

Ozonolysis of assembled organic monolayers deposited on SiO2 nanoparticles and 

photolysis of the resulting oxidized surface have been studied. Such SiO2 nanoparticles 

are characterized by a high surface-to-volume ratio that is ideal for investigation of 

surface-specific reactions occurring at the organic aerosol-air interface. The observed 

pattern of products implies rich chemistry resulting in formation of complex oxygenated 

products on the SAM surface. Some of these products are photoactive in the tropospheric 

actinic window (λ>295 nm), and release formaldehyde, formic acid, and possibly other 

small molecules in the gas-phase during UV irradiation. The wavelength dependence of 

formic acid yield strongly suggests the presence of peroxides such as secondary ozonides 

on the oxidized SAM surface. The main implication of this work is the potential role of 

solar radiation in photoaging of primary and secondary organic aerosols. 



 

- 71 - 

3.7 Figures 

 

Figure 3.1: SEM image of Degussa OX-50 SiO2 particles after treatment with  
5-hexenyldimethylchlorosilane  
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Figure 3.2: IR CRDS spectra of gas products from (a) ozonolysis and (b) photolysis 

(λ >295 nm) of SAM on SiO2 nanoparticles. Spectrum (b) was obtained after SAM 

was oxidized by ozone. Reference spectrum of formaldehyde (c) and optoacoustic 

spectrum of formic acid (d) are plotted for comparison. 
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Figure 3.3: Formic acid formation during photolysis of ozonized SAM as a function of 

photolysis time. Photolysis wavelengths are (a) 270 nm, (b) 280 nm, (c) 290 nm, (d) 300 

nm, and (e) 310 nm. The baselines are offset for clarity. 
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Figure 3.4: Relative yield of formic acid from the photolysis of ozonized SAM as 

a function of the photolysis wavelength (normalized to the UV power). 
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Chapter IV 

Stoichiometry of Ozone-Alkene Reactions in Participating and  

Non-Participating Solvents  

 

4.1 Introduction 

 
This work is an in-progress effort to understand how reaction conditions affect 

ozone-alkene reaction stoichiometry.  It is generally assumed that ozone reacts with 

unsaturated organics in a well-defined stoichiometric ratio, with one carbon-carbon 

double bond consumed per ozone molecule reacted.1, 46, 125 However, our preliminary data 

suggests that a single ozone molecule in the presence of excess molecular oxygen can 

destroy several double bonds in dilute solutions of monoterpenes and unsaturated fatty 

acids, likely via a branched radical reaction mechanism. This surprising effect appears to 

be especially important near room temperature, and it may have implications for the 

atmospheric chemistry of organic aerosol particles. 

Furthermore, ozonation is frequently used for the synthesis of aldehydes and 

carboxylic acids from olefins. The reaction conditions are optimized for the maximal 

yield of the desired product; any deviations from the expected reaction stoichiometry are 

usually regarded as a nuisance. However, a recent study of ozonation of triptene reported 

1.05-1.56:1 olefin-to-ozone stoichiometry for the complete triptene consumption and 

classified this result as “surprising” 126. Our work suggests that such a deviation from the 

1:1 stoichiometry in ozonation of unsaturated organics is a general effect, and quantifies 

it for several atmospherically-relevant molecules.   
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4.2 Experimental 

 
Figure 4.1 shows a schematic of the experimental setup used in this study. The 

reaction stoichiometry was measured by bubbling a calibrated flow of O3/O2 gas mixture 

through a solution, which was periodically spiked with a known quantity of an 

unsaturated organic reactant. Specifically, an oxygen flow of F = 20 sccm (standard cubic 

centimeters per second) containing ozone at a concentration of [O3]=5×1015-7×1016 

molec/cm3 was bubbled into 5 mL of a stirred solvent contained in a 10 mL septum-

sealed reaction vial immersed in a temperature-controlled bath. Organic reactants pre-

diluted to millimolar concentrations with the same solvent were injected into the vial in 

small volumes (1 to150 µL) with a graduated GC syringe. The reactants included 

unsaturated fatty acids (undecylenic, oleic, linoleic, and linolenic acids) and 

monoterpenes (α-pinene, β-pinene, and d-limonene). Non-participating solvent reactions 

were performed in n-hexadecane and nonane for room and low temperature experiments, 

respectively. To measure the effect of participating solvents, the experiment was repeated 

at room temperature with oleic acid as a reactant in methanol, 1% acetic acid in methanol, 

and 10% acetic acid in methanol used as solvents. 

The concentration of ozone in the gas effluent was measured with a calibrated 

home-made Hg-lamp photometer using base-e absorption cross-section of 

σ253.65nm=1.136×10-17 cm2.86 Figure 4.2 shows that the measured concentration of ozone 

exiting the reaction volume dropped after each organic reactant injection, and returned to 

its initial steady state value, [O3]ss, after all double bonds in the reactants were consumed. 
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Successive injections were performed either with monotonically increasing reactant 

concentration or in a random order, with no difference in the results. To keep the ozone 

solubility and self-decomposition rate in the solution at constant levels, each 

experimental run was limited to a maximum of 10 injections. The solution remained clear 

after the injections with no evidence of precipitation. 

The reaction products were characterized by electrospray ionization mass-

spectrometry (ESI-MS) in negative ion mode, which is ideally suited for the detection of 

carboxylic acids via their (m/z-1) anions. The mass-spectra confirmed that every injection 

of unsaturated fatty acid reactants resulted in a complete removal of all double bonds 

from the mixture by O3. In the case of monoterpene reactants, the removal of double 

bonds was not explicitly tested, but it was assumed that it was complete based on 

similarity of the reaction conditions.  

 

 
4.3 Results 

 
4.3a Non-participating Solvents 

 
The absolute number of ozone molecules needed for the oxidation of double 

bonds in the organic reactant was obtained by integration of the time dependent ozone 

concentration (Figure 4.2) for each injection (F is the gas flow rate): 

( )3 3 ss 3molec O [O ] [O ]( )F t dt= × −∫  

The absolute number of organic reactant molecules was calculated from the known 

injection volumes and concentrations.  
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Figure 4.3 shows a molecule-per-molecule plot for all organic reactants measured 

at room temperature in non-participating solvents. The dashed line corresponds to the 

expected stoichiometric 1:1 ozonation of reactants with a single double bond. Clearly, 

under these experimental conditions, consumption of one ozone molecule results in an 

elimination of more than one double bond. Furthermore, careful examination of the plot 

reveals that the olefin-to-ozone stoichiometry depends on the initial amount of the olefin. 

These effects are reproducible and extend over a fairly wide range of conditions. For 

example, ozonation of undecylenic acid was studied at ozone steady-state levels of 

6×1015 and 6×1016 molec/cm3, and the data from these two experiments agreed with each 

other over 3 orders of magnitude of reactant concentrations.  

The average number of double bonds depleted by each ozone molecule is plotted 

against the reactant concentration in Figure 4.4 for several temperatures. Clearly, this 

ratio converges at the conventional double bond-to-ozone stoichiometry of 1:1 only at the 

highest concentrations and lowest temperatures used in this work. At room temperature, 

this ratio converges to 2-3 at the higher reactant concentrations, and it increases to 4-5 at 

the lower concentrations. At lower temperatures, this effect is less dramatic, with the 

number of consumed double bonds approaching 1.5 at the lowest concentrations probed 

in this work. 

 
4.3b Participating Solvents 

 
To investigate the reaction mechanism, these uptake experiments were repeated in 

participating solvents (methanol, 1% acetic acid in methanol, and 10% acetic acid in 

methanol).  Figure 4.6 shows a comparison of the uptake of oleic acid in various 
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participating solvent mixtures, at room temperature.  The uptake ratio increases as the 

solvent becomes “more participating” with ratios reaching 10:1 for higher concentrations 

and 20:1 for low concentrations in methanol/acetic acid solvent mixtures. 

 

 
4.3 Discussion 

 
The accepted mechanism of ozonation of olefins involves cycloaddition of ozone 

across the double bond followed by a fast decomposition of the resulting primary ozonide 

into an aldehyde & carbonyl oxide pair.15, 46 The solvents employed in this work are 

classified as either participating or non-participating depending on whether they react 

with ozone and/or the carbonyl oxide intermediates. The usual fate of the carbonyl oxides 

in non-participating solvents is recombination with the geminate aldehydes to give a 

secondary ozonide (SOZ). This reaction pathway results in 1:1 olefin-to-ozone 

stoichiometry (Figure 4.5), but it is consistent with present observations only for the 

lower temperature conditions. Indeed, our ESI-MS spectra confirmed that SOZ (observed 

at m/z =2MSOZ-1) is the primary product of ozonation of unsaturated fatty acids at lower 

temperatures, but SOZ yield is reduced considerably at higher temperatures. 

Isomerization of carbonyl oxides into the corresponding carboxylic acids would 

similarly result in a double bond-to-ozone ratio of 1:1 (Figure 4.5). This isomerization 

process is known to be fairly efficient as carboxylic acids are very common products of 

ozonation of olefins in solutions, gas-phase, and aerosol phase.15, 33, 35, 44, 75, 77, 110, 118 In 

this work we also find very clear signatures of the isomerization products in the ESI-MS 

spectra.  
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Carbonyl oxides do not normally attack double bonds directly.46 However, some 

researchers have proposed that carbonyl oxide’s cycloaddition across a double bond is 

possible (e.g., Ref. 44). Such a cycloaddition, if efficient, would result in 2:1 double bond-

to-ozone stoichiometry. Although this possibility cannot be ruled out by the data, it still 

does not account for the observed stoichiometric ratios in excess of 2:1. Furthermore, 

stabilized carbonyl oxides are much more likely to add to carboxylic groups in solutions 

containing organic acids.15, 110 

To account for the observed stoichiometric ratios in excess of 2:1, we initially 

speculated that reaction intermediates undergo decomposition into OH and an organic 

radical.  The decomposition of the carbonyl oxide intermediate into OH and an organic 

radical, is a well know reaction pathway in the gas-phase ozonation of olefins 50.  In the 

presence of water, alcohols and carboxylic acids, this pathway is quenched and leads to 

the formation of hydroxyhydroperoxides (Fig 5) thus decreasing the depletion ratio.  To 

test this hypothesis, uptake experiments were performed in participating solvents (Fig 6). 

However, much to our surprise, reactions in participating solvents resulted in even higher 

alkene:ozone stoichiometric ratios.  While this would first indicate that the decomposition 

of carbonyls into OH is not responsible for higher uptake ratios, it does not rule out other 

sources of radicals.  This also indicates that the solvent may play a significant role in the 

oxidation pathway. 

Our second hypothesis was that free radicals needed for >1:1 stoichiomtery are 

generated even before the alkene is added to the mixture as a result of slow reactions 

between ozone and organic solvents. Although gas-phase reactions of ozone with 

saturated hydrocarbons are exceedingly slow, with rate constants well below 10-20 cm3 s-1 
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molecule-1, ozone does produce measurable amounts of oxidation products when bubbled 

through organic solvents at room temperature. The reaction likely proceeds via hydrogen 

atom abstraction, and generates OH, alkyl radical, and oxygen molecule. Therefore, a 

small steady-state concentration of free radicals can exist in an solution through which 

ozone is bubbled.  

In order to gauge the total OH production by ozone-solvent reactions, the reaction 

was performed in pure cyclohexane.  Oxidation of cyclohexane by hydroxyl radical or 

ozone in the presence of molecular oxygen should predominately result in cyclohexanone 

and cyclohexanol. Bubbling 0.1%O3/O2 mixture through cyclohexane for 0-60 minutes 

did result in cyclohexanol, cyclohexanone and an additional unidentified compound 

detected by GC-MS (Fig. 4.7). Furthermore, the cyclohexanone yield was qualitfied by 

GC-MS as a function of oxidation time. On average, one cyclohexanone molecule is 

produced for every ~8 ozone molecules passed through the solution(Fig. 4.8).  

Cyclohexane, n-hexadecane and nonane are considered non-participating solvents 

with respect to the Criegee intermediates. Our preliminary conclusion is that these 

solvents may be indirectly participating in the oxidation of alkenes. Our results suggest 

that ozone-solvent reactions may generate free radicals in quantities significant for 

oxidizing with small amounts of added alkenes.   

Additional experiments are currently underway to determine the effect of 

temperature on this ozone-solvent chemistry.  Since the apparent reaction stoichiometry 

depends on temperature and approaches the normal 1:1 alkene:ozone value at lower 

temperatures, we expect that the solvent-ozone reactions generating free radicals should 

be quenched at reduced temperatures.  The low temperature reactions are being carried 
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out in cyclopentane (melting point: -97°C as compared to 7°C for cyclohexane). The 

result from these temperature-dependent experiments will hopefully be the final piece in 

the puzzle of unusual alkene:ozone reaction stoichiometry.  
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4.7 Figures.  

 

Figure 4.1:  Schematics of the experimental setup used to measure the olefin-to-ozone 

reaction stoichiometry. The O3/O2 flow through the reaction vial is maintained at a steady 

level (20 sccm). A small amount of olefin dissolved in an inert solvent is periodically 

injected in the vial with a GC syringe.  
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Figure 4.2: Sample experimental data showing the concentration of ozone exiting the 

reaction vial. Injection of a small volume of olefin into the vial leads to a reduction in 

ozone concentration followed by a slower recovery to the steady state level. In this case, 

the amount of injected olefin is monotonically increased for every new injection.   
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Figure 4.3: Number of ozone molecules required to completely remove double bonds in 

solutions of unsaturated fatty acids (top) and terpenes (bottom).  The dashed line 

represents a 1:1 reaction. All molecules have one double bond except linoleic acid (2), 

limonene (2), and linolenic acid (3 double bonds). 
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Figure 4.4:. Temperature and concentration dependence of the olefin-to-ozone 

stoichiometry for ozonation of oleic acid (top) and β-pinene (bottom). 
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Figure 4.5:  Expected double bond:ozone stoichiometry for different reaction channels is 

shown next to the products. For high alkene concentration, the key process is likely 

unimolecular decomposition of carbonyl oxide leading to generation of two free radicals. 

The oxidation is then propagated by self-reactions of alkylperoxyradicals.  For low 

concentrations, radicals generated from ozone-alkane reactions dominate. 
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Figure 4.6: Concentration dependence of the olefin-to-ozone stoichiometry for ozonation 

of oleic acid in various participating solvent mixtures. 
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Figure 4.7: Yields of cyclohexanol, cyclohexanone and an unknown product from the 
ozonolysis of cyclohexane, relative to an internal standard. 
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Figure 4.8: Number of ozone molecules required to produce one molecule of 
cyclohexanone. 
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Appendix A 

CRDS System in Detail 

A.1 Lasers and Optics 

At the root of the CRDS system (Fig A.1) is a seeded, 1064 nm pulsed Continuum 

Power Light 8000 Precision II 20 Hz Nd:YAG laser.   The laser is capable of generating 

20 watts of power in seeded mode.  This power is tuned down to the OPO/OPA input 

power specifications of 10 to 11 watts by delaying the amplifier flash lamps with respect 

to the Q-Switch.  The Q-Switch timing is set by the controller at 145 µs which is 

optimized for maximum overlap with the oscillator flash lamps. The flash lamp voltages 

are set to 1.31 kV with the oscillator and amplifier flash lamps delayed to 130 and 110 µs 

respectively on the main power supply dials.   

The 1064 nm radiation pumps a Laser Vision OPO/OPA which provides tunable 

near IR.  The OPO/OPA laser is tunable from 712 to 880 nm (λ1) and 1350 to 5000 nm 

(λ3), and outputs a 8 ns, ~10 mJ pulse with 0.1 cm-1 resolution (λ3).  From the OPA, λ3 

(NIR) is filtered from λ2 and residual λ0 with a polarizer, and is steered through irises to 

the CRDS cavity by gold-coated mirrors.  A small fraction of the light is reflected to an 

optoacoustic cell with a CaF2 window.  
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The OPO wavelengths are related as followed: 
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The OPO/OPA motor positions are calibrated by observing the back reflection of λ1 with 

an Ångstrom wave meter. λ0 was also measured by an Ångstrom wave meter from 

scattered light from the Nd-YAG laser beam. 
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A.2 Optoacoustic Cell 

An optoacoustic cell is operated in parallel with the CRDS to help calibrate and 

identify products in the absorption spectrum taken by the CRDS (see Fig 2.5 and 3.2).  

The cell is made up of a 1″ × 3″ cylindrical cavity with CaF2 windows. It is outfitted with 

a hearing-aid microphone mounted in the middle of the cell, and an amplification circuit.  

The cell is normally filled with approximately 1 torr of formic acid vapor and 9 torr of 

buffer gas (e.g., He).  Formic acid is chosen because it will be one of the gas-phase 

products of photolysis of organic aerosol particles; however other gases can also be used 

such as formaldehyde, methane, or water vapor. 

 

A.3 IR CRDS Cavity 

The CRDS setup has gone through two revisions where the central body was 

completely changed (Fig A.2).  In the first incarnation, the body was all stainless steel 

and had a total volume of about 4 L.  It was equipped with a rotating platter to minimize 

bleaching for photolysis experiments.  Photolysis experiments were performed using an 

Oriel UV Lamp and either a cutoff filter (λ > 295nm) or a monochromator, and directing 

the output through a CaF2 window on the top of the chamber.  Gas reactants were 

admitted through ports on the top flange and the chamber was pumped through a sidearm.  

Its large volume and surface area caused problems with residence times and surface 

adsorption.   
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The second generation chamber improved upon many of the design features of the 

original chamber.  The central body was replaced with an interchangeable 16" × 3/4" OD 

quartz tube.    This new body minimized the total volume and surface area. Particles 

collected on filter paper, thin liquid films, SAMs and SAMs on SiO2 particles could all be 

placed on or within the quartz tube.  Since the whole central chamber is made of quartz, 

UV-photolysis could be directly performed through the tube. Oxidation reactions were 

performed by flowing a reactant gas through one of the inlet ports (#12) and the cell was 

pumped out through a port on the other end (#17) of the chamber allowing unidirectional 

product flow.  Gas phase products from chemical and photochemical reactions are now 

constrained to the optical path of the CRDS increasing the effective sensitivity and 

allowing possible measurements of intermediates of reactions. 

Consistent with both designs are the optics and sidearm adjusters.  The CRDS 

optics consists of a pair Los Gatos Research 99.98% reflective mirrors optimized for 

3300 nm, having a 0.8" OD, a 6 m radius of curvature and 60 cm spacing between them.  

These mirrors are ideal for looking at C-H stretching vibrations. To keep the mirrors 

clean of particles, a constant flow of N2 was passed over both mirrors through ports #8. 

Each sidearm (stainless steel bellows) is fitted with an MDC model FGC-275 X-Y 

gimbal mount.  The micrometer adjustors allow for fine tuning of the optical cavity.  

Components for the CRDS chamber include: 

CRDS Version 1 

1. 1” diameter Quartz window (UV Port) 
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2. NPT→1/4" Swagelock (Reactant Inlet) 

3. SS ISO-100 blank flange: machined for 1 & 2 

4. SS 5 arm cross.  Top and bottom are ISO-100. Side arms are 6" CF.  5th arm (not 

shown) is a DN 40 KF connection for pumping. 

5. SS 6" CF→2.75" CF reducer 

6. MDC Standard Gimbal FGC-275-M 

7. SS 3" Bellow with 2.75" CF 

8. SS Double sides 2.75" CF with 1/8" NPT purge port 

9. 0.8" CRDS mirror 

10. SS 2.75" CF blank flange machined for CRDS mounting (see drawing below) 

11. Machined mount 

12. Belt drive gear for platter rotation via motor (not shown) 

13. Rotary Feedthrough 

14. 3" OD sample platter 

CRDS Version 2 

15. 16" × 3/4" Quartz tube 

16. 3/4" Ultra-torr union 

17. 3/4" OD SS tube welded through 2.75" CF machined flange.  Total length 3.5" 

18. 1/4" ports for pumping/Pressure gauge (100 torr Baratron) 

19. Machined top cap for mount 

20. Machined mount base 

21. 1/4" ports for reactant gases 
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Note: CF flanges use fluoropolymer gaskets instead of copper. 

A.4 Alignment 

 The CRDS requires two different types of alignment for the cavity depending on 

whether there are minor alignment issues (such as changing the cell pressure) or major 

alignment issues such as those that arise when replacing the CRDS mirrors after cleaning.  

These two processes will be outlined independently.   

 Major alignment—CRDS signal on the oscilloscope appears as a sharp spike < 1 

µs wide or is not visible at all.  These issues require the installation of optional mirrors 

M3 and M4. Using only M3, the HeNe laser is aligned to the center of I1.  Next using 

only M4, align the HeNe through the center of I2.  Repeat this iterative process till the 

HeNe passes through the center of both I1 and I2. With only the right CRDS mirror 

(closest to the detector) installed, adjust the right CRDS mirror using the X-Y 

micrometers till the back reflection overlaps the primary HeNe reflection on M2.  Install 

the left CRDS mirror and adjust its back reflection to center the primary reflection on M4 

using only the X-Y micrometers on the left sidearm.  Remove the temporary mirror and 

procede to minor alignment corrections. 

 Minor alignment—CRDS signal of the empty cavity appears as either a multi 

order exponential or the early time window appears as saturated signal. These issues 

require M1 and M2 adjustments and/or left and right X-Y micrometer adjustments and/or 

reduction of input IR power for detector saturation.  First close I1 and I2 to 

approximately 3mm diameter. Using M1 and M2, maximize the signal intensity on the 
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oscilloscope.  Next use the micrometers to carefully align the cavity till you observe a 

ring-down signal. If you cannot achieve an exponential decay even with careful 

adjustments on via the micrometers, use small adjustments on M1 and M2 till you get an 

exponential decay.  Follow up by further adjusting the micrometers. The lens in front of 

the detector may also need adjusting if the trace is fuzzy. This increases the S/N but does 

not change the average ring-down time.  

 

A.5 Photolysis 

Photolysis experiments were performed using an Oriel UV Lamp system using a 

Xe lamp and either a cutoff filter (λ > 295 nm) or an Oriel monochromator, and directing 

the output through either a CaF2 window on the top of the chamber (CRDS v1) or directly 

through the quartz chamber (CRDS v2).  Calibration of monochromatic light intensity 

was performed using a PowerMax PM30V1 thermopile. 

 

A.6 Ozone Generation 

 Ozone is produced with a corona discharge ozone generator which is supplied 

with UHP oxygen via a flow controller.  Transmission is via Teflon tubing with a 

glass/Teflon valve on the CRDS inlet.  Ozone concentrations are measured using an Hg-

lamp photometer (assuming σ253.65nm=1.136×10-17 cm2).  Without dilutions, ozone can be 

supplied at concentrations from approximately 300 ppm up to 1% at 1atm.  Because the 
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CRDS is operated at low pressure and reactant gas is diluted by purge gas, actual 

oxidation occurs on at 1013 to 1015 O3 molec/cm3. 

 

A.7 Detector 

IR laser pulses that leak out of the CRDS cavity are focused onto a liquid nitrogen 

cooled, Judson Technology InSb detector (> 5 MHz bandwidth) by a CaF2 lens.  Detector 

sensitivity for the 60° FOV version used, is given in figure A.3  The detector signal is 

then amplified with a fast, low-noise circuit and sent to the oscilloscope for waveform 

capture which is analyzed in real time by a Labview program.  For weak detection signals, 

an optional amplifier can be used.  It is based on a Burr-Brown OPA637 IC with a 

bandwidth of 80 Mhz and a gain of 10. 

 

A.8 Triggering 

Triggering for the CRDS system is diagramed in figure A.4.  The data acquisition 

is initially triggered by the Q-switch fixed synch output of the Nd:YAG.  This pulse is 

sent to the DG535 delay generator, which converts it into several TTL-compatible  

trigger pulses with individually controllable delays.   They trigger the SRS 250 boxcar 

averager, SRS 245 computer interface and the LeCroy oscilloscope.  The optoacoustic 

signal is sent to the SRS 250 with a gate set up to average the pulse signal, and then sent 

to the SRS 245 and outputted to a computer via GPIB for data processing.  The CRDS 

detector signal is sent to the oscilloscope where waveforms are captured and also sent via 
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GPIB to the computer.  A custom Labview program was written to control the laser, data 

acquisition, and processing 

Normal DG535 Digital Delay/Pulse Generator settings: 

Ext Trigger: Thr = + 0.25 V; R = 50 ohm; (falling edge) 

To: high Z; TTL; normal 

A: A = To + 0; high Z; TTL, normal; output to  

B: B=To + 0.00055 s; high Z; TTL; normal 

SR250 settings: 

Trigger: Ext. 

Delay: 130 ns 

Width: 150 µs* 

Sensitivity: 0.1 V, filter = AC 

Averaging: Last 

*The SR250 was modified for wide gate operation by adding a 0.33 µFcapacitor 

in parallel with C127 increasing the base gate-width value from 3 to 30 µs. 

Connections: 

Optoacoustic Out → SRS 250 Signal 

CRDS Detector → Oscilloscope Ch1 

SRS 250 Last Sample → SRS 245 Analog Chan1 
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SRS 250 Signal Out → Oscilloscope Ch. 2 

SRS 535 To → Oscilloscope Ch. 4 (trigger) 

SRS 535 Channel A → SRS 250 Trigger 

SRS 535 Channel B → SRS 245 Digital Sync Ch. 1 

SRS 245 → GPIB out to computer 

Oscilloscope → GPIB to computer 

 

 

A.9 GUI 

System controls and data processing are performed via an in-house designed 

LabView program (Fig A.5). The program controls both the rate and scanning speed of 

the OPO as well as saving individual wave forms and calculating ringdown time based on 

user defined parameters..  Primary GUI controls are as follows: 

• Speed—Sets the OPO scanning speed of λ1 in nm/s 

• Red/Blue—Sets the direction of scanning for λ1 

• Scanning mode—Select either scanning or free run (fixed wavelength).  In free 

run, the data acquisition works but no actual laser scanning is done. 

• Triggers per point—number of laser pulses used to average a waveform (normally 

set to 20) 

• Starting point offset—Determines the starting point for exponential fitting 
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• Length to fit—total number of points after the starting point, to use for calculating 

exponential fit (normally 500 for weak signals, but can be as low as 200 when 

absorption is expected to be strong*) 

*Because the laser line width is in some cases larger than the rotational line 

widths of the absorbing species, the CRDS will behaves non-linearly.  This 

manifests itself as a multi order exponential decay.  Fitting the exponential decay 

to an early time window and over a shorter time period is empirically found to 

result in a more linear response to the absorber’s concentration.  Typically, the 

starting point offset will be approximately 50 points after the laser pulse (t =0) 

and the fit length is limited to  0.5 to 1 of the empty-cavity decay time.  The trade 

off for the increased linearity is a slightly higher noise level in fitting. 
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A.10 Figures 
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Figure A.2: Version 1 CRDS (top) and version 2 CRDS (bottom).   
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Figure A.4: Detection sensitivity for the CRDS detector.  Detector is operated without a 

cold filter and has a 60° FOV.  
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Figure A.4: Diagram of the CRDS data acquisition system. 
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