





gases of significance to tropospheric chemistry'®'®. Oleic acid (9-octadecenoic acid) is
present in both the pristine and polluted troposphere. Concentrations on the order of 1 to
100 ng m™ have been measured in the remote marine and polluted environment
respectively'”.

Heterogeneous reaction of oleic acid involves oxidative cleavage of the
unsaturation at position nine of the carbon backbone. Although the oxidative cleavage of
unsaturated compounds by ozone has been observed since the early part of the twentieth
century®’, a more complete description of this reaction is needed to better understand
cycling of organic compounds in the troposphere. The oxidative cleavage of the carbon-
carbon double bond, or ozonolysis, has been shown to form a reactive medium that can

be a source of free radicals, including hydroxyl radical'®*'~°

. These radicals can undergo
a host of secondary reactions including hydrogen abstraction and initiation of free radical
reactions, as demonstrated in this work.

One class of the most important intermediates of ozonolysis is the carbonyl
oxides, more commonly referred to as Criegee intermediates. These intermediates are
formed in retro [3+2] dipolar cycloaddition of the 1,2,3-trioxolane, i.e., primary ozonide,
that is the product of the addition of ozone to the carbon-carbon double bond®" *2.
Criegee intermediates are highly reactive and can undergo O-atom elimination, ester and

acid formation, and hydroperoxide formation™ **

. While these reactions are important in
the gas phase, and are typically rationalized through the capaciousness of the biradical

resonance of the Criegee intermediate, in condensed media the zwitterionic resonance

forms are consistent with several important experimental observations. In the condensed
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phase, concerted cycloaddition [3 + 2 — 5] typical of 1,3-dipoles has been observed.

Scheme 3-la shows the general mechanism of 1,3-dipolar cycloaddition between a

35 36

. . . . . . 18
Criegee intermediate (shown as the zwitterionic resonance) and a carbonyl moiety ™

3739 Scheme 3-1b shows a similar mechanism between two Criegee intermediates which

. . . . . . . . . 18.30.37.40
is consistent with the observation of cyclic geminal diperoxide formation ™ ™ ~" ™.
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Scheme 3-1. General mechanism of (a) a Criegee intermediate undergoing 1,3-dipolar cycloaddition and
(b) 1,3-dipolar cycloaddition of two Criegee intermediates forming a cyclic geminal diperoxide. In (a) R=
alkyl; R’=H, OH; R’’=H, alkyl. In (b) R and R’ are alkyl groups.

Products of 1,3-dipolar cycloadditions, namely 1,2,4-trioxolanes, i.e., secondary
ozonides, and cyclic geminal diperoxides have been isolated at low temperature’” *;
however, it was not until our recent work'® that these products were directly observed in

the heterogeneous reaction of a particle-phase alkene, i.e., aerosol, specifically oleic acid,

and gas-phase ozone. This observation is significant in that it shows that the Criegee
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intermediates in this atmospherically relevant heterogeneous system behave in

37, 39, 40
. To our

accordance to what has been observed in solution phase chemistry
knowledge, the branching ratio between these cycloaddition products and decomposition
pathways has not yet been measured or modeled.

Another potential consequence of the formation of cyclic oxygenates in these
heterogeneous systems is their capacity to act as initiators of free radical reactions by

d"*. In the solution phase there is

cleavage of the oxolane oxygen-oxygen bon
experimental evidence that secondary ozonides can act as initiators of these radical
reactions. Importantly, as we show in our work, the presence of these cyclic oxygenates
can initiate a cascade of events leading to the production of oligomeric species in
atmospheric particles. The observation of cyclic oxygenated compounds and, upon
further reaction, oligomers being produced in ozonized oleic acid aerosols naturally raises
the question of their impact on the reactive uptake of trace tropospheric oxidant gases
such as ozone.

The development of on-line, real-time methods of aerosol analysis has
contributed greatly to our understanding of particle phase-gas phase reaction systems and
has been applied to tropospheric chemistry**. These methods have overcome many of the
challenges inherent to off-line methodologies, including protracted collection and
analysis times, and sampling artifacts* "

We have developed a novel methodology for the on-line analysis of particle-

bound organics (photoelectron resonance capture ionization, PERCI) which, coupled with
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aerosol mass spectrometry (AMS) has facilitated the direct measurement of products of
heterogeneous direct observations to the soft ionization afforded by PERCI’"**,

In this work we describe, for the first time, the direct observation of
polyanhydrides formed on aerosol particles in the oleic acid-ozone heterogeneous
reaction system. A mechanism is proposed that involves addition of a Criegee
intermediate to a carboxylic acid, forming an e« -acyloxyalkyl hydroperoxide, which

dehydrates to the polyanhydride.

3.2. Experimental

Ozone is generated by passing USP medical air through an electric discharge
‘ozonator’ (Mathesen 8340). The concentration of ozone is determined
spectrophotometrically by passing the air-ozone mixture through a 10.0 cm quartz cell
(NSG Precision Cells, Inc., Farmingdale, NY) that is in line with a magnesium hallow
cathode lamp and an echelle polychromator (ESA 3000, LLA Instruments GmbH, Berlin-
Adlershof, Germany). Absorption of radiation at the 279.55 nm emission line of
magnesium by ozone (o = 415.8 x 10%° cm?) is used to determine the partial pressure of
ozone flowing through the cell. The partial pressure of ozone during these experiments
was 1.8 x 107* (+/- 0.2 x 10™*) atm.

The ozone flow is introduced into a 2.54 cm inner-diameter concentric glass

flow reactor upstream of a movable aerosol injector, which is another glass tube of 1/8-
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inch inner diameter. The gas flow is laminar (Re < 100) under the experimental
conditions used for this work.

Oleic acid was purchased from Mallinkrodt Baker, Inc. (Paris, Kentucky) and
used without further purification. The particle phase was generated by pneumatically
nebulizing oleic acid in a water/ethanol mixture (85:15, v/v) and passing the aerosol
through a diffusion drier to desolvate the particles. As determined with a Scanning
Mobility Particle Sizer (Model 3936L.10, TSI, Inc., Shoreview, MN), the size distribution

of the dried aerosol was found to have a geometric mean diameter (d; ) of 202 nm with a
geometric standard deviation (o ) of 1.97. Particle number densities were on the order of

10° cm™. The oleic acid particles, introduced into the flow reactor via the moveable inner
tube, react with the ozone in the flow reactor before being sampled. The reaction time of
the oleic acid particles with the ozone gas is determined by the position of the inner
aerosol injector tube within the outer flow reactor tube. Reaction times for this work were
in the range 8.2 and 22.7 s. The flow rate through the reactor was determined to be 0.6 L
min™', of which 0.45 L min" were sampled into the PERCI-AMS and the remainder

1,52
152 and

passed to waste. The PERCI-AMS system has been described in detail elsewhere
only a brief description is provided here.

Particles are sampled into the AMS through a differentially pumped particle
inlet which focuses them along the central axis of the inlet using aerodynamic lenses. The
particles are then deposited onto a custom-built collection probe placed in the center of

the ionization region of the mass spectrometer. The probe, which also serves as the

vaporization source, consists of a tight coil made of 4 turns of a 30 AWG Nichrome wire
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with an internal coil turn diameter of 2 mm. The coil is positioned in the flight path of the
particle beam and in proximity (< lcm) to the aluminum photocathode in the ionization
region of the mass spectrometer. Particles are vaporized by passing a current through the
coil. The vaporized molecules are subsequently ionized by low-energy (~0 eV) electrons
as the PERCI photocathode is illuminated by pulsed ultraviolet radiation from an
optically pumped parametric oscillator (Vibrant, Opotek Inc., Carlsbad, CA). The
wavelength of the light used to generate the photoelectrons was 270 nm, with a 7 ns pulse
width. A reflectron time of flight mass spectrometer with pulsed ion extraction (RM
Jordan, Grass Valley, CA) was used for mass analysis and mass spectral data was
acquired using a LeCroy Wavepro 7000 (Chestnut Ridge, NY) digital oscilloscope
running in a conditional triggering mode. When an ion is detected during any given laser
pulse over a selected mass range (> 300 m/z), the mass spectrum from that laser pulse is
saved. After the collected aerosol sample has completely vaporized and the gas has
diffused away, the scope stops triggering, and a further aerosol collection sequence is
begun.

For the experiments presented here, particles were allowed to accumulate for 5
minutes on the Nichrome coil (corresponding to a total sampled mass on the order of 10
Mg per measurement), and were vaporized by resistively heating the coil. While the
temperature of the heated coil was not known accurately, it could be reproducibly set at
various applied currents to give a relative measure of the vaporization source
temperature. Two current settings were used, 330 and 600 mA, yielding our “lower” and

“higher” temperature mass spectra, respectively. A quick ramp of the vaporization
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current is believed to be important in allowing the more thermally unstable compounds to
vaporize before decomposing. Although accurate knowledge of the temperature is not
necessary for the results presented here, we are in the process of incorporating this

capacity into our PERCI-AMS instrument for future experiments.

3.3. Results and Discussion

After analysis of the mass spectra from the collected samples at high and low
vaporization currents, it was apparent that the higher vaporization current leads to a
significant enhancement of the many high molecular weight (~ 300-1000 m/z) ions. This
was the case at both ozone exposure times. The lower vaporization current, however, was
ideal for observing the 4 classical oleic acid ozonolysis products (azelaic acid, 9-
oxononanoic acid, nonanoic acid, and nonanal) as well as other more volatile products,
including peaks at 209 and 297 m/z. In looking for oligomer formation from the
ozonolysis of oleic acid, therefore, we focused on the high temperature mass spectra. The
two mass spectra that are referenced in the ensuing discussion of the oligomer formation
from the ozonolysis of oleic acid particles were acquired under the following
experimental conditions. The PERCI mass spectrum in Figure 3-1 was measured after an
ozone exposure time of 22.7 s. The collected particles were then vaporized with a heater

current of 660 mA. The inset is an expanded view of the higher mass region.
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Figure 3-1. Higher mass region of the PERCI mass spectrum of the ozonolysis products of oleic acid
particles indicating oligomer formation. The reaction time is 22.7 s. Inset is a x 10 expansion (in intensity)
of the higher mass region indicating oligomer formation.

Note that the instrument response has not been calibrated for all measured chemical
components, nor has consideration been given to any bias in the sensitivity that might
result across the total measured mass range. Although such biases are not critical to the
conclusions presented here, such calibrations are underway to permit quantitative
measurement of chemical kinetics and product yields. The spectrum in Figure 3-2 on the
other hand, was acquired from an aerosol that had been exposed to ozone for only 8.2 s

and the collected aerosol was vaporized in this case at only 330 mA.
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Figure 3-2. PERCI mass spectrum of classical products from the ozonolysis of oleic acid particles. The
reaction time is 8.2 s.

We have highlighted therefore the two extremes in the experimental conditions: at the
longer exposure time with vaporization suited for enhancement of high molecular weight
products and at the short exposure time under conditions suited for the enhancement of
lower molecular weight products.

In an earlier work we proposed a mechanism by which a Criegee intermediate
and carboxyl group could react to form an « -acyloxyalkyl hydroperoxide, which
dehydrates in situ to form an anhydride'®. This mechanism was consistent with a 312 U
ozonolysis product observed by PERCI-AMS. A general form of this mechanism is
shown in Scheme 3-2. Recent emphasis in our laboratory has focused on the detection of

oligomeric and polymeric products formed in and/or on atmospheric particles. As we
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show below, oxidation of unsaturated fatty acids by heterogeneous reaction with
atmospheric ozone can lead to high molecular weight products and may be a significant

source of low volatility, highly reactive oxygenated carbon in the atmosphere.
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Scheme 3-2. Formation of an anhydride from a Criegee intermediate addition to an organic acid. R and R’
are alkyl groups.

As shown in the PERCI mass spectrum of the heterogeneous ozonolysis products
of oleic acid (Figure 3-1), chemical products are formed at 451.3, 621.4, and 791.5 m/z.
As discussed in a previous report, because PERCI proceeds by a dissociative electron

. 51,52
attachment mechanism™"

, we assign the nominal masses of the observed products to
452.3, 622.4, and 792.5 U, respectively. Proposed structures for these high-mass
ozonolysis products of oleic acid are shown in Scheme 3-3.

The difference in nominal mass of these products is 170.1 U, which corresponds

to CoH403. We herein propose this is in accord with the mechanism given in Scheme 3-

4a, in which the Criegee intermediate (1) undergoes addition to oleic acid forming an « -
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acyloxyalkyl hydroperoxide (Il or IV). Further, polymerization can continue at the

remaining, unreacted carboxylic acid retained in intermediate 111 (Scheme 3-5).
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Scheme 3-3. Proposed structures of polymeric products of ozonolysis of oleic acid particles observed by
PERCI mass spectrometry in a heterogeneous reaction system.

The products at 452.3, 622.4, and 792.5 U, respectively represent the first three
additions of | to oleic acid, forming « -acyloxyalkyl hydroperoxides, with subsequent
dehydration to the anhydride. The product corresponding to the addition of a fourth
Criegee intermediate | was also observed, albeit at lower signal intensity, in the mass
spectrum at 962 m/z. Higher molecular weight polyanhydrides were not observed,

perhaps due to the limited reaction times possible with the existing flow reactor.
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The addition product of Criegee intermediate Il to oleic acid was also observed
in this work (Scheme 3-4b). This addition product was recently observed by HPLC-MS
and infrared spectroscopy'®, and by aerosol chemical ionization mass spectrometry’. In
this reaction, addition of Il which has an alkyl end group, acts as a terminating agent to

further polymerization.

a)
O o 0
j_\_\—L/—/_/_/_H‘(O\ w o
H o) H Q
= eoég,’i)\/\/\/\/”\OH = OH
Oleic acid | 11
b)
o o)
j—\_\_\_/—/_/—/z{o\\ — w \c/;\/\/\/\
H H
= GRS = oH
ES
Oleic acid I v

Scheme 3-4. General schemes showing proposed addition of Criegee intermediates a) I and b) II to oleic
acid.

Hung et al.'* describe this mechanism up to the formation of the « -acyloxyalkyl
hydroperoxide having nominal mass 440 U. This corresponds to a 422 U anhydride upon
dehydration. A multiplet of ion signals is observed in our mass spectra at 421 m/z, where
the ion produced by PERCI is expected. The intensity of this ion signal is less than the

ion signal associated with oleic acid + I, which is counterintuitive. The latter case has the
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capacity to undergo further polymerization, which would diminish the intensity of the
451 m/z signal; however, this observation may relate to the ionization efficiency of the

acid (oleic acid + 1) vs. the anhydride with the alkyl end groups (oleic acid + I1).

1l
() Il C\)OH
H3C(H2C)7HC=CH(CH3)7C—O-CH(CH);CO,H

+

-H,0
oOH
O OOH ™ O—CH(CH2)7COH © 0
HaC(HC);HC=CH(CH2);C-O-CH(CH2):¢ H3C(H2C)7HC=CH(CH5)7;C~0~C(CH,);COH
o)
452 1 (451 m/7)

+
0OH
O oon QO CH(CHzC=0
H4C(HC)HC=CH(CH2):C-0~CH(CH)1; O—CH(CHy);COH
OOH
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I

9 9 0-C(CH)7COH
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* 6220 (621 miz)
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Q9 Q-C(CHY)C
HaC(H2C)HC=CH(CH27C-O-C(CHa)rt; ~C(CH2)7COH

O

Scheme 3-5. Generalized polymerization scheme proposed for the addition of Criegee intermediate I to
oleic acid. Note that the addition of Criegee intermediate II at any juncture (indicated by solid circles)
would result in termination of the polymerization process. Underlined products were observed directly in
the PERCI mass spectrum.

At the shorter reaction time, in addition to the four classical ozonolysis products
of oleic acid, ion signals are also observed at 209 and 297 m/z (Figure 3-2). The product
ion at 209 m/z is the sodium adduct of azelaic acid. This has been confirmed in a separate

experiment in which the potassium adduct was readily formed and measured by
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nebulizing a solution of azelaic acid in 1 ppm KI. Under similar concentrations of ozone
and oleic acid, but shorter reaction time, as discussed above, another addition product
with molecular weight greater than oleic acid is measured at 297 m/z. We assign this
signal to 9- or 10-oxooctadecanoic acid, with the former isomer predicted in this system

1.7, As detailed previously'®, we have observed products that support the

by Katrib et a
reactivity of a Criegee intermediate with a divalent 1,3-dipolar resonance form. This

resonance form can be used to rationalize the cycloaddition reaction proposed in Scheme

3-6.
0. ®
Kog “CH(CHp),COH (1)
H3C(Hzc)7_(|_:|=CH(CH2)7COZH
o) / \ o/\of CH(CH>)7CO,H
o’ \/CH(CH2)7C02H z| gz
HOzc(Hzc)7HC—CIH H3C(H2C)7—C CH(CH2)7C02H
(CH2),CH3 Y
i l i
HC(CH,)7CO,H HC(CH,)7CO,H
+ +
Il i
H3C(CH2)gC(CH2)7CO-H H3C(CH2)7C(CH)gCOLH
9-oxooctodecanoic acid 10-oxooctodecanoic acid

Scheme 3-6. 1, 3-dipolar cycloaddition between Criegee intermediate I to oleic acid.

Although the stereo- and regiochemistry are not shown in Scheme 3-6, this type
of cycloaddition is a concerted syn addition™. In this mechanism, the alkene moiety of

oleic acid acts as a dipolarophile in accord with Huisgen’s description®*. The by-product
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of this cycloaddition, 9-oxononanoic acid, is observed at 171 m/z; however, this same
product is also observed under all ozonolysis conditions used in this work. A similar
reaction with Criegee intermediate 11 would result in 9 or 10-oxooctadecanoic acid and
nonanal, also one of the four classical products (Figure 3-2).

Polymer and oligomer formation in the oleic acid-ozone system may be
significant in that the high molecular weight species can modify aerosol properties,
including the ability to act as cloud condensation nuclei. Polymer and oligomer formation
is also indicated in having a role in enhancing secondary organic aerosol growthlz’ 3336,
As of late many broad classes of atmospherically relevant organic compounds have been

shown to have the propensity to polymerize or form oligomers in the laboratory,

including in bag and chamber experiments. These classes of organic compounds include

10, 56, 57 12, 55, 58, 59

carbonyls , terpenes, including « -pinene , aromatic compounds'', and
cycloalkenes™. As such, the role of these high molecular weight compounds in
atmospheric processes merits further investigation. Our study, along with the work of

others'> '

show that polymerization may be possible with monounsaturated fatty acids
such as oleic acid in the presence of ozone. Future effort will be placed on measurement
in more realistic, mixed component particles, and on simulating atmospheric conditions

to assess how significant a fraction of the overall particle mass these high molecular

weigh compounds have under tropospheric conditions.
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3.4. Conclusion

Herein we have provided the first direct experimental demonstration of
polymerization in the heterogeneous ozonolysis of oleic acid particles. A mechanism has
been proposed that is consistent with these observations made by PERCI-AMS. The
presence of these polyanhydrides and previously reported secondary ozonides and cyclic
geminal diperoxides further illustrates the capaciousness of this reactive medium that is
the primary model for the reactions of aerosol phase monounsaturated fatty acids and
oxidant trace gases. With the advent of increasing ozone, NOy, and other oxidants in the
polluted troposphere, further consideration of the role of these oxygenates on the

chemistry of the troposphere is needed.
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4. The Heterogeneous Reaction of Particle-Phase Methyl Esters and Ozone
Elucidated by Photoelectron Resonance Capture lonization: Direct Products of

Ozonolysis and Secondary Reactions Leading to the Formation of Ketones

4.1. Introduction

Accounting for the fate of organic carbon in tropospheric processing remains
one of the most important problems in atmospheric chemistry today. Atmospheric
chemical reactions are often heterogeneous, involving highly reactive trace gases,
including, but not limited to OHe, SO,, NOy and ozone and aerosol particles, i.e., liquid-
or solid-phase particulate dispersed in air. Analysis and modeling of these reactions lies
in part with the complex secondary chemistry that often takes place, generating reactive
chemical products that can remain in the condensed phase or be expelled from the
particle into the gas phase. Although development of models that can provide insight into
the chemical and physical processing of organic particulate phases is underway ', efforts
to obtain data necessary to improve existing models have been hampered by the lack of
laboratory methods suitable to the detailed chemical study of complex, multicomponent
organic particles. The study of simpler heterogeneous reaction systems is therefore a
necessary first step to improve understanding of more realistic and environmentally
relevant systems. In this respect, studies of the chemical reactions of two-component

organic particles have been initiated >”. The focus of our research is to simulate and study
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such multicomponent particles by a method developed in our laboratory, photoelectron
resonance capture ionization (PERCI) aerosol mass spectrometry (AMS). Herein are
reported results obtained by PERCI-AMS in elucidating the chemical products and
mechanisms from the reaction of three-component organic particles with ozone.

Fatty acids are a major class of biogenic organics in the tropospheric
particulate®™'”. As of late, 9-octadecenoic acid (oleic acid) has emerged as a model fatty
acid for particle phase reactions with oxidizing gases, most notably ozone™ ® '®2. Oleic
acid appears to be a good choice for these studies because it has one double bond
susceptible to ozonolysis, greatly simplifying the chemical description, and the
ozonolysis of alkenes in traditional condensed phases is well characterized® *°. Oleic
acid is also ubiquitous in both the pristine and polluted troposphere” ''. For example,
levels of oleic acid on the order of 1 ng m™ have been measured in the remote marine

22, 24, 25 5, 6, 1821, 23, 26, 2 .
» %" = and others™ > > 23.26. 27 have made advances in

troposphere’. Recently, we
understanding the reactivity of particle phase oleic acid with ozone. In our work, we have
directly measured products of secondary reactions of ozonolysis, including 1,2,4-
trioxolanes (secondary ozonides) and cyclic geminal diperoxides. We have also directly
observed formation of oligomers™ with weights up to 963 u via reactions of in situ-
generated carbonyl oxides, commonly called Criegee intermediates, with the carboxyl
groups of oleic acid. These oligomers were proposed to originate from « -acyloxyalkyl
hydroperoxides, which dehydrate to the corresponding polyanhydrides. Although there is
evidence in the literature of hydroperoxides forming in the oleic acid-ozone system, our

18, 30

work and that of others represents the first measurements of how first-generation
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hydroperoxide products can participate as intermediates in the formation of high
molecular weight oligomers. Advances in the chemical understanding of heterogeneous
chemistry involving organic particles with oxidizing gases are largely facilitated by the
soft ionization afforded by PERCI. This soft and tunable ionization method, when
coupled with aerosol mass spectrometry, has proven to be a powerful tool for the
investigation of chemical products of heterogeneous reactions on aerosol particles.

The work described herein is a description of the reaction of two
multicomponent organic particles: oleic acid/methyl palmitate and methyl oleate/methyl
linoleate/methyl linolenate with ozone. Described herein are the products of ozonolysis
that are directly observed by PERCI-AMS and elucidation of a secondary reaction
involving the cycloaddition of the unsaturated methyl esters (and corresponding fatty
acids) with a Criegee intermediate. We propose that this secondary reaction leads to
increases in the oxygen content of atmospheric particulate by formation of ketones in the
processed particles. A mechanism for this reaction is proposed.

This work is significant in that it represents, to our knowledge, the direct
observation of product evolution in a heterogeneous reaction system with a
multicomponent particle phase, including products associated with secondary reactions.
Furthermore, the existence of this recently observed oxidation pathway may impact
aerosol chemistry models being developed insofar as changes in oxidative states of the

organic compounds will affect the hygroscopicity of the reacted particles.
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4.2. Experimental

4.2.1. Photoelectron Resonance Capture lonization Aerosol Mass Spectrometer

A detailed description of the PERCI-AMS has been published previously ***',
however some modifications have been made. Briefly, aerosol particles are introduced
into the mass spectrometer through a differentially pumped inlet and focused into a beam

using an aerodynamic lens. A 220 g m diameter critical orifice at the entrance of the inlet

keeps the aerosol sampling flow rate constant at 0.45 L/min. The ionization source
consists of a low energy (sub-mJ) pulsed (10 Hz), tunable (235 — 300 nm) ultraviolet
laser (Opotek Inc., Carlsbad, CA) focused gently onto the surface of a pure aluminum
photocathode, generating a short (7 ns) burst of photoelectrons. For all results presented
here, the laser wavelength was fixed at 270 nm. A vaporization probe is placed in close
proximity (~ 1 cm) to the photocathode and intercepts the particle beam. Vaporization
and analysis is done after collecting sampled aerosol on the vaporization probe (at room
temperature) for a short time, tqep. Mass analysis of the PERCI anions is achieved with a
time-of-flight mass spectrometer (R. M. Jordan, Inc., Grass Valley, CA) operating in
reflectron mode. Data is acquired at 1 GS/sec using a digital oscilloscope (WavePro
7000, LeCroy, Chestnut Ridge, NY). A trigger condition is set to save each laser shot in
which an ion signal is detected within a given mass range (100-500 m/z in these

experiments).
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A significant change has been made to the vaporization source from that

- - e 24, 31
reported in previous publications™

, incorporating temperature measurement and
control. The new vaporization probe consists of a resistively heated Nichrome filament
wrapped around a heat-conducting ceramic cylinder (radius ~2 mm, length ~4 mm)
constructed from Resbond 919 electrically resistant ceramic adhesive (Cotronics Corp,
Brooklyn, NY). Embedded into the heat-conducting ceramic is a type-k thermocouple
junction. A CN8201 series Omega (Stamford, CT) temperature controller is used to
monitor the temperature of the ceramic and to control the current applied to the filament.
A maximum temperature of 400°C is accessible with this source, well above the
atmospheric pressure boiling points of the compounds studied. A temperature ramp from
40°C to 385°C over the course of 1 minute is used for these experiments, though in most
cases the major components have been completely vaporized by the time the vaporizer
reaches 200°C, which takes approximately 20 seconds. There is some delay in
transferring the heat from the filament to the ceramic, due to the larger thermal mass of
the ceramic cylinder. Therefore, the temperature measured by the thermocouple
embedded in the ceramic will lag the temperature of the filament, especially during a
quick temperature ramp. The result is a quick burst in signal at the very beginning stages
of the temperature ramp, presumably, as the deposited aerosol components that are in

direct contact with the filament are vaporized first. The remaining deposited aerosol then

vaporizes as the temperature of the ceramic cylinder increases.
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4.2.2. Particle Generation and Flow Reactor

Fatty acid and ester particles are produced by nebulization (concentric
pneumatic nebuliser, J.E. Meinhard Associates, Santa Ana, CA) of a dilute solution of the
analyte in 15% ethanol in water. The particles are introduced to a flow reactor via a glass
tube (0.32 cm 1.D.), centered within a 2.54 cm ID flow reactor, which acts as the aerosol
injector. Ozone is generated by passing USP medical air (Airgas Inc.) through an electric
discharge ozonator (Model 8340, Mathesen). The concentration of ozone is determined
spectrophotometrically by passing the air-ozone mixture through a 10.0 cm quartz cell
(NSG Precision Cells, Inc., Farmingdale, NY) that is in line with a magnesium hallow
cathode lamp and an echelle polychromator (ESA 3000, LLA Instruments GmbH, Berlin-
Adlershof, Germany). Absorption of radiation at the 279.55 nm emission line of
magnesium by ozone (o = 415.8 x 102° cm?) is used to determine the partial pressure of
ozone flowing through the cell. The ozone is introduced into the flow reactor (2.54 cm
I.D.) upstream of the aerosol injector. The flow of the gas is laminar (Re < 100) at one
atmosphere total pressure within the flow reactor. The ozone exposure time for the
particles is dictated by the position of the aerosol injector at a given flow rate of the
particle and gas phases.

Table 4-1 gives the experimental details for each mass spectrum referenced in
this work. The analytes used are methyl palmitate (MP), oleic acid (O), methyl oleate
(MO), methyl linoleate (ML), and methyl linolenate (MLN). Pozone is the measured partial
pressure of ozone in the flow reactor. The time of exposure of the particles to ozone is

given as tyn, while the collection time of particles on the vaporization probe is given as
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teep. Each mass spectrum referenced is an average of a series of single shot spectra

collected during a particular collection and vaporization cycle. The number of spectra

averaged and the total number of spectra saved for each experiment is given in Table 4-1.

Also included is the temperature range over which the spectra contributing to the average

were collected. Finally, some spectra were processed using an adjacent point average (10

points); it is noted in Table 4-1 where smoothing was applied.

Figure [ Analyte Porone (atM) | trn(S) | teep (min) | Averaging | Temp Range | Smoothing
()]
4-1 MP + O 14x10* 30 2 1717 40-380 No
4-2 MO, ML, 1.0x10* 46 5 9/33 40-175 Yes
MLN

Table 4-1. Experimental conditions used in recording mass spectra. Mole fractions: MP: OL (0.53:0.47);
MO: MLN: ML (0.33:0.34:0.33)

4.3. Discussion

4.3.1. Establishing lonization Trends of Particle Phase Analytes

In a prior work®" we have shown that PERCI proceeds by both associative and

dissociative electron attachment (AEA and DEA respectively) mechanisms. This trend
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held with fatty acids and their methyl esters and is presumed to be mediated by the loss of
the hydrogen from the carboxyl group. Similarly, ionization of the methyl ester analogues
may proceed through loss of the methyl group, which, as discussed below, may lead to
some ambiguity in ion identification in a few cases. Herein we give an empirical
description of the PERCI of a model methyl ester: methyl palmitate (MP).

As detailed above, methyl palmitate was introduced into the flow reactor as a
mixed particle along with oleic acid (O). Oleic acid served as an internal standard for
calibration since its ozonized and non-reacted mass spectra and its PERCI response are

well established in our group™ **

. Methyl palmitate contains no alkene moiety,
eliminating potential complications in our initial attempts to describe ionization of a
methyl ester by PERCI or PERCI coupled with ozonolysis. Under the aforementioned
experimental conditions for assaying the effects of PERCI on MP/O mixed particles, a
medium intensity signal was observed at 269 m/z (Figure 4-1). We assign this signal,
which was absent from all prior studies with oleic acid, to the DEA ionization of MP, i.e.,
[MP-H]. Another peak of medium intensity is observed at 255 m/z, which we assign to

palmitate (P"). The palmitate may be generated in situ through thermal®* and/or optical®*

** mechanisms, through the PERCI DEA process, or may be an impurity in the methyl

ester sample. While it may be interesting to determine the precise source(s) of acids in the

ester samples, the sources are not important to the ensuing discussions.
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Figure 4-1. Portion of PERCI mass spectrum of mixed particle of oleic acid and methyl palmitate after
reaction with O3. Experimental conditions given in Table 4-1.

The general characterization of the ionization of esters, including methyl esters,
by PERCI is being investigated in our laboratory currently. For the ensuing discussion
involving reaction of a ternary particle composed of methyl esters, the observation of
ionization by DEA and ions that are the carboxylates corresponding to their respective

methyl esters is in good agreement with our preliminary results.

4.3.2. The Ozonolysis of Ternary Particles of Methyl Esters: Direct Observation of
Primary Products

. . . 22 . .
As described in an earlier work™, ozonolysis of an unsaturated organic
molecule, such as oleic acid, results in products associated with the decomposition of a

1,2,3-trioxolane (i.e., primary ozonides). These products are typically aldehydes or

35, 36

carboxylic acids under oxidative conditions and for this work shall be referred to as
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primary products. In this section, the primary products of ozonolysis of methyl esters and
their corresponding carboxylic acids shall be described.

The ternary particles used for this study were composed of methyl oleate (MO),
methyl linoleate (ML), and methyl linolenate (MLN). The molecular formulas for these
methyl esters, their corresponding acids, and measured DEA ion signal masses are given
in Table 4-2. The complete PERCI mass spectrum of a mixed particle of MO, ML, and
MLN is shown in Figures 4-2a-d. In terms of anticipated ozonolysis products, methyl
oleate should be the simplest of the three methyl esters assayed. Figure 4-2c¢ shows a
medium intensity signal at 295 m/z for the molecular ion of MO. This is in concert with
the DEA observed in our preliminary studies with the binary MP/O system. The oleate,
[O-H], is assigned to the signal at 281 m/z. Also evident in Figure 4-2 are other products
associated with ozonolysis of MO including the ac-route products: 9-methoxy-9-
oxononanoic acid (202 u), and nonanal (142 u); as well as bc-route products: methyl-9-
oxononanoate (186 u) and nonanoic acid (158 u). It should be noted that the ion signal at

281 m/z can also arise from partial ozonolysis of MLN, as depicted in Scheme 4-1.
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octadecenoic acid
(methyl oleate)

Name Formula FW | m/z | lon
(u) Signal

9,12,15- CH;CH,CH=CHCH,CH=CHCH,CH=CH(CH,);CO,H | 278 | 277 | W

octadecatrienoic acid

(linolenic acid)

9,12-octadecadienoic CH;(CH,),CH=CHCH,CH=CH(CH,),CO,H 280 | 279 | W

acid (linoleic acid)

9-octadecenoic acid CH;(CH,),CH=CH(CH,),CO,H 282 | 281 | W

(oleic acid)

Methyl 9,12,15- CH;CH,CH=CHCH,CH=CHCH,CH=CH(CH,),CO,C | 292 | 291 | VW

octadecatrienoate H;

(methyl linolenate)

Methyl 9,12- CHj;(CH,),CH=CHCH,CH=CH(CH,),CO,CH; 294 | 293 | VW,

octadecadienoate B

(methyl linoleate)

Methyl 9- CH;(CH,);CH=CH(CH,),CO,CHj; 296 | 295 | VW

Table 4-2. Molecular formulas for methyl ester analytes. Key to assignments: VW-very weak, < 1% Iy,;
W-weak, 1% < I, < 5%; M-medium, 5% < I, < 10%; S-strong, > 10% Iy,; Iy, is the intensity of the base

peak (73 m/z for propanoic

acid); B-broad, > 2 Dalton base peak width.
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Figure 4-2 a. See key at bottom of figure.
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Figure 4-2c. See key at bottom of figure.
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Figure 4-2d. See key below.

Figure 4-2. Complete PERCI mass spectrum for the mixed ternary particle MO/MLN/ML after reaction
with Oj;. The spectrum has been divided into 4 parts (a-d) to permit qualitative comparison of relative ion
signal strengths. The peaks designated “a” and “b” in part b correspond to 143 and 155 m/z, respectively.
The absolute signal intensity for the m/z 201 signal (parts (b) and (c) is 0.452). The signal-to-noise (1 0" ) of
the m/z 297 peak is 13. Note the different scales of the ordinate. Experimental conditions given in Table 4-
1.

The differences of ion intensity for a given decomposition route can be
rationalized by considering several factors. Consider the stronger signal intensity of the
201 m/z ion, due to 9-methoxy-9-oxononanoic acid (HO,C(CH,);CO,CHj3), compared to
the other MO ac-route ion at 141 m/z (Figure 4-2b). Nonanal can be formed by only two
oxidative cleavage routes in this ternary system, namely the ac-cleavage of MO and a
similar cleavage of the O. On the other hand, there exist thirteen independent channels by
which the 201 m/z ion can be formed. It should be noted that the 201 m/z ion, which can
be formed by both partial and complete ozonolysis, can also be formed by channels from
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MLN and ML in addition to MO. We have also observed in earlier studies of oleic acid
that the ion signals are generally stronger for acids than for aldehydes under analogous
experimental conditions, most likely due to a greater sensitivity of PERCI toward the acid
moiety. In addition, the higher vapor pressure of nonanal may also contribute to its lower
overall ion signal due to evaporative losses during particle collection onto the probe.
These factors may explain, in part, the greater ion signal of 9-methoxy-9-oxononanoic
acid compared to nonanal. Similar arguments with regard to the number of channels of
ion formation, differences in PERCI sensitivity (i.e., ion formation efficiency) and vapor
pressure can be used to explain many of the observed differences in ion intensity for a

given cleavage route pair.
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Scheme 4-1. Two pathways proposed for generation of the 281 m/z ion observed by PERCI-AMS: (a) a
pathway directly from methyl oleate, (b) a pathway through methyl linolenate.

In terms of ozonolysis, methyl linoleate presents a more complicated substrate
compared to methyl oleate due to its two double bonds. Methyl linoleate can be cleaved
at just one double bond, i.e., partial ozonolysis, or be completely ozonized, undergoing
oxidative cleavage at both double bonds. We observe ions associated with both extents of
ozonolysis in the PERCI mass spectrum (Figure 4-2c-d), depending on total reaction
time. The ML DEA molecular ion (293 m/z) appears as a very weak signal, while the ion
signal at 291 m/z is assigned to MLN. The molecular ion formed by DEA of the
corresponding linoleic acid (L) is clearly observed as a medium-weak intensity ion signal
at 279 m/z (Figure 4-2c¢). In addition to the molecular ions of ML and L, there are only
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three other DEA ions that can stem solely from these species by direct decomposition of
their corresponding 1,2,3-trioxolanes. These ions are at 155, 139, and 99 m/z. All of the
remaining ions can originate from MLN, MO, LN, and O. Notice the 155 m/z product,
proposed to be the DEA ion of non-3-enoic acid, is much lower in intensity than
neighboring ions at 153 and especially 157 m/z. The non-3-enoic acid can only arise from
the bc-cleavage at the 9-position of ML and L, and is formed with one double bond
remaining susceptible to ozonolysis. On the other hand, nonanoic acid (157 m/z) is not
susceptible to further ozonolysis, which may explain, in part, its greater ion intensity. The
case between the 153 m/z ion and the ion arising from non-3-enoic acid is not
immediately clear: the former ion arises from nona-3,6-dienoic acid, which has two
double bonds that are susceptible to ozonolysis. Notice that non-3-enoic acid can be
further oxidized, forming primary products with masses at 116, 104, 100, and 88 u. A
unique ion originating from ML/L is observed at 139 m/z and is likely the DEA product
of non-3-enal, which can be formed only by the ac-route cleavage of the 9-position of
ML or L. A summary of the remaining products, which could arise from ML/L along

with other methyl esters and corresponding fatty acids are summarized in Table 4-3.
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Name Formula FW m/z Ton
(u) Signal
Propanal CH;CH,CHO 58 - -
Malonaldehyde HOCCH,CHO 72 71 VW
Propanoic acid CH;CH,COH 74 73 Base
3-oxopropanoic acid HO,CCH,CHO 88 87 VW
Hex-3-enal CH;CH,CH=CHCH,CHO 98 - -
Hexanal CH;(CH,),CHO 100 - -
Malonic acid HO,CCH,CO,H 104 - -
Hex-3-enedial HOCCH,CH=CHCH,CHO 112 111 \\4
Hex-3-enoic acid CH;CH,CH=CHCH,CO,H 114 -
Hexanoic acid CH;(CH,),COH 116 115 M, B
6-oxohex-3-enoic acid HOCCH,CH=CHCH,CO,H 128 127 W
Nona-3,6-dienal CH;CH,CH=CHCH,CH=CHCH,CHO 138 137 W
Non-3-enal CH;(CH,),CH=CHCH,CHO 140 139 w
Nonanal CH;(CH,),CHO 142 141 M
Hex-3-enedioic acid HO,CCH,CH=CHCH,CO,H 144 143 W
Nona-3,6-dienoic acid CH;CH,CH=CHCH,CH=CHCH,CO,H 154 153 S
Non-3-enoic acid CH;(CH,);,CH=CHCH,CO,H 156 155 W
Nonanoic acid CH;3(CH,);CO,H 158 157 S
9-oxononanoic acid HOC(CH,),CO,H 172 171 M
Methyl 9-oxononanoate HOC(CH,);CO,CH; 186 185 M
Azelaic acid HO,C(CH,),CO,H 188 187 M
9-methoxy-9-oxononanoic acid HO,C(CH,);CO,CHj; 202 201 S
12-oxododec-9-enoic acid HOCCH,CH=CH(CH,),CO,H 212 211 W
Methyl 12-oxododec-9-enoate HOCCH,CH=CH(CH,);CO,CHj; 226 225 W
Dodec-3-enedioic acid HO,CCH,CH=CH(CH,);CO,H 228 227 W, B
12-methoxy-12-oxododec-3- HO,CCH,CH=CH(CH,);CO,CHj; 242 241 w
enoic acid
15-oxopentadeca-9,12-dienoic HOCCH,CH=CHCH,CH=CH(CH,),CO,H 252 251 W,B
acid
Methyl 15-oxopentadeca-9,12- HOCCH,CH=CHCH,CH=CH(CH,);CO,CHj; 266 265 W
dienoate
Pentadeca-3,6-dienedioic acid HO,CCH,CH=CHCH,CH=CH(CH,),CO,H 268 267 A\
15-methoxy-15-oxopentadeca- HO,CCH,CH=CHCH,CH=CH(CH,),CO,CHj; 282 281 W

3,6-dienoic acid

Table 4-3. Predicted first-generation chemical products from the ozonolysis of MO, ML, MLN.

Methyl linolenate and linolenic acid, through possessing three double bonds

susceptible to ozonolysis, potentially can form many more products than MO/O and

ML/L. Nonetheless, ozonolysis of these compounds still forms products and ions by

similar mechanisms described previously. Only a brief discussion of the most salient

features of the ozonolysis of MLN/LN follows; however, a complete listing of all the

primary products of ozonolysis is listed in Table 4-3.
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The DEA molecular ions of MLN/LN are clearly evident in Figure 4-2c at 291
and 277 m/z, respectively. Products measured that are unique to MLN and LN are:
Methyl 15-oxopentadeca-9,12-dienoate (265 m/z); pentadeca-3,6-dienedioic acid (267
m/z); 15-oxopentadeca-9,12-dienoic acid (251 m/z); nona-3,6-dienal (137 m/z); 6-
oxohex-3-enoic acid (127 m/z); hex-3-enoic acid (113 m/z); hex-3-enedial (111 m/z);
hex-3-enal (97 m/z); propanoic acid (73 m/z); and propanal (57 m/z). The higher m/z
signals (251, 265, and 267) are also clearly evident.

Most of the lower m/z signals associated with ions arising solely from
ozonolysis products of MLN/LN are less intense than their higher m/z congeners. The
137 m/z signal from nona-3,6-dienal is seen in Figure 4-2b as well as the signal at 127
m/z; formed from DEA of 6-oxohex-3-enoic acid. The 111 m/z ion assigned to hex-3-
enedial is evident in Figure 4-2b, however, the expected ion signals at 97 m/z from hex-
3-enal and the 57 m/z from propanal are absent, likely due to their rather high vapor
pressure. lons that can be formed from MLN/LN as well as ML/L and/or MO/O are
summarized in Table 4-3.

There are thirty primary products of ozonolysis for this ternary system and six
molecular ions for the methyl esters and corresponding fatty acids. Of these thirty-six
products, 25 are clearly discernable from the baseline and have been assigned intensities
ranging from weak (W) to strong (S) as defined in Tables 4-2 and 4-3. Peaks defined as
very weak (VW) or broad (B), although assigned tentatively, were not considered in the
total of 25. Five predicted peaks are not observed above the instrumental noise (57, 97,

99, 103 and 113 m/z); however, the 69 and 71 m/z signals may arise from
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decarboxylation and DEA of hex-3-enoic acid (114 u) and hexanoic acid (116 u). The
remaining anticipated primary products of ozonolysis are ambiguous, reported as very

weak or broad, as summarized in Table 4-3.

4.3.3. The Dipolarophilic Reaction of Unsaturated Methyl Esters and In Situ-
Generated Fatty Acids Leading to Ketone Formation

In a prior work®” we described the formation of a molecular ion at 297 m/z in
the oleic acid-ozone heterogeneous reaction system. We assigned this signal to 9 or 10-
oxooctadecanoic acid. This was in accord with a model of cycloaddition-decomposition
proposed by Katrib et al*® in an independent work. These workers described a
cycloaddition of a Criegee intermediate (as a biradical) with the double bond of oleic
acid, which, upon decomposition, lead to oxooctadecanoic acid. Our mechanism was
similar expect we showed it via a zwitterionic Criegee intermediate for reasons discussed
in that work. Herein we present further evidence of the novel formation of a ketone,
where the carbon-carbon double bond of an unsaturated methyl ester or fatty acid acts as
a dipolarophile towards a Criegee intermediate. Furthermore, we provide evidence that
polyunsaturated methyl esters and fatty acids may undergo multiple cycloaddition-
decomposition cycles, thereby increasing the oxygen content of the organic particles that
are exposed to ozone.

To test our hypothesis that the increase in m/z corresponding to 16 daltons
stems from oxygenation about the carbon-carbon double bond, we assayed a mixed
particle with equimolar concentrations of oleic acid and stearic acid (S) (PERCI mass

spectrum not shown); the latter at 284 u being the saturated analogue of the former.
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Unreacted oleic and stearic acids produced molecular ions of the same intensity (within
5%), indicating no significant measurement bias from the PERCI process. After
ozonolysis of the equimolar O/S particles, a medium intensity peak was measured at 297
m/z ([O-H+Ox]-); however, only a very weak signal was observed at 299 m/z, which
would be indicative of the [S-H+Ox]-. Note that in a prior publication we described a
similar intensity peak in the oleic acid-ozone reaction system>, which we assigned to a
secondary ozonide. Therefore, the absence of any enhancement in signal intensity at 299
m/z upon the addition of stearic acid supports the aforementioned hypothesis, that is, that
carbonyl insertion occurs at the double bond. This is supported further by our studies
with MP/O, in which the 297 m/z signal is clearly evident, while no significant signal is
observed at 285 m/z or 271 m/z, which would correspond to oxygenation of methyl
palmitate or palmitate, respectively (Figure 4-1). It should be noted that we have
detected trace amounts of common fatty acids (L, LN, S, and P) in all oleic acid assayed
to date. The unsaturated trace fatty acids (L and LN) could undergo a similar oxygenation
to a ketone if our hypothesis is correct. Clearly evident in Figure 2d are ion signals at 297
m/z, [O-H+16]; 295 m/z, [L-H+16] and a lower intensity signal at 293 m/z, [LN-H+16]".
Note that the ion signal at 293 m/z may also arise from the DEA ionization of methyl
linoleate the ion signal at 295 m/z may arise from the methyl oleate. Therefore, these
assignments are ambiguous. Recall that these ternary particles did not contain any
significant amounts of the corresponding fatty acids upon generation, although as
discussed above, traces of the acids could have been present, most likely through thermal

degradation on the vaporization coil during heating®*. Similarly, the 307 and 309 m/z are

171



assigned to oxygenated MLN and ML; however, the 311 m/z signal in accord with the
oxygenation of MO is weak. Furthermore, we have observed the 311 m/z signal in prior
studies of the oleic acid-ozone system® and proposed that this ion arises from a 312 u
anhydride formed in a reaction between 9-oxononanoic acid and a Criegee intermediate.
Though the 311 m/z signal is weak, the presence of five of the other expected ions lends
support to this model. We therefore believe that the unsaturated methyl esters, as well as
the corresponding fatty acids, can undergo the cycloaddition-decomposition reactions
with in situ-generated Criegee intermediates to generate ketones. The oxygenation
products predicted by our mechanism below that are observed in this work for all methyl

esters and their corresponding acids are summarized in Table 4-4.

Name Formula FW | m/z Ton
(w) Signal
LN + Ox CH;CH,CO(CH,),CH=CHCH,CH=CH(CH,),CO,H 294 | 293 | VW, B
L+ Ox CH;(CH,),CO(CH,),CH=CH(CH,),CO,H 296 | 295 | VW
O+ Ox CH;(CH,);CO(CH,)sCO,H 208 | 297 | W
MLN + Ox CH;CH,CO(CH,),CH=CHCH,CH=CH(CH,);CO,CHj; 308 | 307 | VW
LN-+20x CH;CH,CO(CH,),CO(CH,),CH=CH(CH,),CO,H 310 | 309 | W
ML +Ox CH;(CH,)4,CO(CH,),CH=CH(CH,);CO,CH;, 310 | 309 | W
L +20x CH;(CH,)4,CO(CH,),CO(CH,)sCO,H 312 | 311 | W,B
MO +Ox CH;(CH,);CO(CH,)sCO,CH; 312 | 311 | W,B
MLN+ 20x CH;CH,CO(CH,),CO(CH,),CH=CH(CH,);CO,CH;, 324 | 301 | VW
ML+ 20x CH;(CH,)4,CO(CH,),CO(CH,)sCO,CH; 326 | 299 | VW
LN +30x CH;CH,CO(CH,),CO(CH,),CO(CH,)sCO,H 326 | 299 | VW
MLN + 30x CH;CH,CO(CH,),CO(CH,),CO(CH,);CO,CH;, 340 | 339 | VW

Table 4-4. Abbreviated list of all novel ketones formed by the dipolarophilic reaction of an unsaturated
methyl ester or fatty acid with a Criegee intermediate. Note: O denotes oxygen.

A mechanism leading to insertion of a ketone functionality into an unsaturated
methyl ester is proposed. An example of this mechanism is presented in Scheme 4-2

using ML as a model substrate with a general Criegee intermediate (CI). The in situ-
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generated Criegee intermediate is hypothesized to lose an oxygen atom after
decomposition of the cycloaddition product. As explained in a prior publication®,
Criegee intermediates generated In sSitu probably rearrange to their corresponding
carboxylic acids, which are most likely the source of DEA ions generated via PERCI. As
summarized in Table 4-3, nineteen acids (excluding O, L, and LN) have been assigned to
signals in our mass spectrum. All but three of these acids (9-oxononanoic acid, 172 u; 12-
oxododec-9-enoic acid, 212 u; 15-oxopentadec-9,12-dienoic acid, 252 u) can arise
through Criegee intermediates. This does not imply all of these acids arise solely from
Criegee intermediates, however. A loss of 16 mass units due to deoxygenation of the
Criegee intermediates is in accord with our model. This would imply that the acids
observed that originate from Criegee intermediates would have an observed product ion
at seventeen mass units lower. Although there is evidence of fifteen of the sixteen
anticipated ions predicted by this model, cases can be made for contributions to these ion
signals by mechanisms independent from the one proposed in this work. Hence, the
presence of these ion signals neither supports nor disproves the proposed mechanism.
Their absence, on the other hand, would have disproved the proposed mechanism.
Polyunsaturated compounds, in theory, should be able to undergo multiple
cycles of cycloaddition-decomposition with Criegee intermediates. In the PERCI mass
spectrum of the ML/MLN/MO mixed particle (Figure 4-2d), a medium-intensity signal
measured at 325 m/z is tentatively assigned to the doubly oxygenated DEA ion of ML.
For LN, the doubly and triply oxygenated DEA signals appear at 309 and 325 m/z.

respectively. However, the 309 m/z could also arise, at least in part, from singly
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oxygenated ML, and the 325 m/z from the doubly oxygenated ML. The medium intensity
signal at 323 m/z and weak 339 m/z signal are tentatively assigned to the doubly and

triply oxygenated MLN.

H

| |

™ V( O)VLCiR\/\/\/\/\)J\
PO+ A >
(\l

o] o] [¢]
Il 1 1
RCH + CHsg(CH,)4CH,CCH,CH=CH(CH,);COCH; CH3(CH2)4CCH2CH2CH CH( CH2)7COCH3 + R
310u 310u
PERCI/DEA Cl
(@), (b) (a) (b PERCI/DEA
309 m/z
309 m/z
S26u 326U
l PERCI/DEA l PERCI/DEA

325 m/z 325m/z

Scheme 4-2. Example of proposed mechanism of in situ ketone formation of an unsaturated methyl ester
(ML) by an arbitrary Criegee Intermediate (CI). Note that for polyunsaturated methyl esters and fatty
acids, multiple cycles of the proposed cycloaddition-decomposition are possible.
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4.4. Conclusion

The impact of organic aerosols, pre- and post-atmospheric processing, on the

atmosphere, climate and human health remain largely uncertain®” **

. The physical and
chemical properties of organic aerosols are driven by their chemical composition and, as
such, our understanding of the chemical transformations of organic particles remains a
priority. For example, increases in molecular oxygen content may increase their
hygroscopicity>’, thereby impacting their ability to condense water and form cloud
droplets.

The work presented herein provides clear evidence of the evolution of the
majority of products of a particle-gas phase heterogeneous reaction in which complex
(i.e., greater than one component) particles were assayed. Of thirty-six primary products
of ozonolysis (plus molecular ions) predicted for this ternary system, twenty-five were
directly measured by PERCI-AMS. These products include both partial and complete
ozonolysis products of the methyl esters and corresponding fatty acids.

In addition, a novel, secondary reaction was described, namely the
cycloaddition of a Criegee intermediate with the double bond of an unsaturated methyl
ester or fatty acid, which, upon decomposition, forms a new ketone. Multiple
oxygenation cycles of polyunsaturates also is suggested from the PERCI mass spectra

presented. Other secondary reactions, such as formation of secondary ozonides, as well as

the chemical and physical kinetics will be described in a subsequent report.
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5. The Ozonolysis of Primary Aliphatic Amines in Fine Particles

5.1. Introduction

Amines, including aliphatic amines, represent an important contributor to
organic nitrogen in the atmosphere and stem from both anthropogenic and biogenic
emissions. Animal husbandry is probably the most important anthropogenic emission
source of amines into the troposphere" ? with Schade and Crutzen® having estimated
contributions up to 108 + 30 and 24 + 15 Gg N y' for trimethylamine and methylamine
to the atmosphere, respectively; albeit this is still 2-3 orders of magnitude lower than
ammonia (23.3 Tg N y). Agriculture* and biomass burning™ ¢ may also be important
sources of amines to the troposphere. Other anthropogenic sources of amine or amine-
derived nitrogen to the troposphere include vehicular emissions’, industrial processes,
and cooking® ’. In the marine troposphere organic amine nitrogen, including amino acids
may enter the troposphere via a bubble bursting mechanism at the air-sea interface'’.
Other biogenic sources of organic nitrogen, including amines, are addressed in the
assessment provided by Neff and coworkers'".

There is growing evidence that organic nitrogen, including amines and amine-

derived compounds, may form a substantial fraction of the organic aerosol load as

4, 12 7, 13-15 13

. . . . . . 7
evidenced in recent field studies in remote™ °, urban , and agricultural regions” ",

. . . . . 5614
and in regions near extensive biomass burning™™ .
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Gas phase aliphatic amines may play a role in secondary aerosol formation” '°
via photooxidation and gas-to-particle conversion. Recent field observations have
positively correlated episodic aerosol formation events with elevated concentrations of
atmospheric amines. For example, Tan et al. have found in one episodic event of elevated
PM, s in an urban environment that organic amines were evident in all the particulatels.
Similarly, in remote boreal forest studies, Mikeld and coworkers'? found a strong
positive correlation between new particle formation events and the concentration of
dimethylammonium (the ionic component of dimethylamine). This amine-derived species
had more than 30-fold greater concentration during particle formation events as opposed
to non-event concentrations for accumulation mode particles. In light of these recent
findings, we believe that the role of amines and other forms of organic nitrogen in new
particle formation events merits further investigation.

There is a need to develop a better model of the tropospheric chemical
processing of amines and amine nitrogen, including understanding its incorporation into
high molecular weight matter, such as humic like substances (i.e. HULIS) > '7 found in
aerosols and hydrometeors. Answering questions about how nitrogen is incorporated into
HULIS and its subsequent atmospheric processing is important in developing a better
understanding of the aging of fine particulate matter in the troposphere. This processing
may have implications on the cloud condensation nuclei ability of these particles,
affecting global climate through indirect aerosol effects' through the formation of more
polar, water soluble compounds in aerosols. Moreover, developing a more

comprehensive model of how amines and other classes of organic nitrogen are processed
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in atmospheric particles will give us a better description of the deposition of nitrogen, and
most broadly, better elucidate the role of organic nitrogen in the global nitrogen cycle —an
area of high uncertainty and great concern'"" '’

Herein, we report on the heterogeneous ozonolysis of two long-chain, primary,
aliphatic amines (octadecylamine, ODA; and hexadecylamine, HDA) in single
component and mixed fine mode particles. These high molecular weight, low-volatility
amines were chosen as model systems to minimize particle-to-gas phase partitioning,
such that we could study their condensed phase reactivity in the aerosol. The second
constituent in the two-component particles is either oleic acid (i.e. Cis-9-octadecenoic
acid, OL) or dioctyl sebacate (i.e. bis(2-ethylhexyl) sebacate, DOS). OL is a logical
constituent for these particles in that it, and other fatty acids, are ubiquitous in the

troposphere, forming coatings on continental acrosols® and marine particulate matter®' >,

8, 24-26 ; el 2
’ and combustion emissions 7.

and are present in urban atmospheres as cooking
Moreover, OL was chosen as a constituent for the mixed particles studies to investigate
the reactivity of the products of ozonolysis of a common unsaturated fatty acid with the
amines. As of late, a great deal of effort has gone into understanding the secondary
chemistry resulting from the ozonolysis of unsaturated fatty acids™>’ and OL has
emerged as a model compound for describing the heterogeneous ozonolysis of particulate
rich in fatty acid content (for example, see review by Zahardis and Petrucci®® ). The
products of this secondary chemistry generally stem from the high reactivity of stabilized

Criegee intermediates (SCI) and include high molecular weight, peroxidic oligomers 2~

3337 These types of products may have a role in the experimentally observed increase in
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hygroscopicity and CCN activation of fine organic particles with ozonation® ***.

Conversely, DOS and similar high molecular weight esters (i.e. dioctyl adipate) are

2941 that are not a source of SCI and

common constituents in studies of organic particles
inert to ozone'; hence, DOS serves as an excellent negative control for comparison to the
studies of ozonized mixed particles of amines with OL.

Two specific goals of this work were to: a) identify chemical classes that may
act as particle bound nitrogen sinks and that are representative of oxidatively stressed
particulate matter; and b) compare the products formed from heterogeneous ozonolysis of
particle bound alkyl amines with gas phase and solution chemistries. From this we hope
to begin to better describe the atmospheric aging process of particles rich in organic

nitrogen; identify chemical classes that may act potential molecular markers; and

elucidate possible routes to nitrogen-rich HULIS formation.

5.2. Experimental Method

In this work we describe flow reactor based experiments employing
photoelectron resonance capture ionization aerosol mass spectrometry (PERCI AMS),
described in detail elsewhere*. Briefly, molecular ionization by capture of low energy
photoelectrons is a soft process that affords minimal fragmentation of the oxidized

products with a high sensitivity for many oxygenated classes***

allowing for relatively
straight-forward mass spectral interpretation and subsequent product identification and

mechanism development. Two modes of ionization have been described with near 0 eV
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photoelectron attachment to organic molecules, namely associative (or non-dissociative)
and dissociative electron attachment. In associative electron attachment a low energy
photoelectron attaches to the molecule without any fragmentation of the analyte in the
ionization process; whereas, dissociative electron attachment results in the loss of an
atomic or molecular fragment concomitant to ionization of the analyte®® %+,
Polydisperse aerosols were generated using a glass, concentric pneumatic
nebuliser (J. E. Meinhard Associates, Santa Ana, CA) and the solvent (100% ethanol)
was removed by passing the particle beam through a ~1 m columnar diffusion dryer
packed with silica and activated charcoal. Although the activated charcoal has been
shown to remove most of the ethanol from particles’’ there may have been a small
amount of residual ethanol left on the particles when ozonized. Aerosol number and
mass size distributions were measured with a scanning mobility particle sizer (Model
SMPS 3080, TSI Inc., Shoreview, MN) coupled with a condensation particle counter
(Model 3010, TSI Inc., Shoreview, MN). In this work, both single and multicomponent
particles were investigated composed of ODA (= 99 %, Fluka, Seelze, Germany), HDA
(> 99.0 %, Fluka, Seelze, Germany), OL (~ 99%, Sigma-Aldrich, St. Louis, MO), azelaic
acid ( 98%, Sigma-Aldrich, St. Louis, MO), DOS (>97%, Fluka, Seelze, Germany). The
geometric mean diameters and standard deviations of the particles were: OL (93.6 nm,
1.68), ODA (94.5 nm, 1.64), ODA + OL (98.6 nm, 1.59), HDA + OL (108 nm, 1.71),
ODA + azelaic acid + DOS (103 nm, 1.66). Typical particle number densities were on the
order of 10’ cm™. 1-nitrohexane (98%, Sigma-Aldrich, St. Louis, MO) was used to

investigate gas phase ionization of nitroalkanes.
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Particles were introduced into a concentric glass flow reactor (2.54 cm i.d.) via
a glass tube (3 mm i.d.) forming the movable aerosol injector. The flow rate in the reactor
was held constant at 0.9 L min™', such that positioning the aerosol injector from 1 to 51
cm from the end of the flow reactor resulted in reaction times from 0 to 17 s. Ozone was
generated from USP Medical Air (UN1002, Airgas East, Williston, VT) or USP Oxygen
(UN1072, Airgas East, Williston, VT) below and above 1x10™* atm respectively, by high
frequency corona discharge (OL8SOA/DLS, OzoneLab, Burton, BC, Canada) and
quantified spectrophotometrically as described in an earlier report®®. Particles entered the

PERCI AMS through a 260 x m critical orifice giving a flow rate of 0.5 L min™ and were

introduced into the mass spectrometer through a differentially pumped particle inlet and
focused into a beam using a series of acrodynamic lenses described elsewhere®™°. The
focused particle beam was targeted onto a coiled Nichrome filament™ that could be
heated resistively. For all experiments in this study the particle deposition time onto the
filament was 2.5 minutes. After deposition, the filament temperature was ramped from
room temperature to 400°C over 10 seconds and then held at this temperature for 50
seconds. Anion mass spectra were recorded with a time-of-flight mass spectrometer (R.
M. Jordan Inc., Grass Valley, CA) operating in reflectron mode.

Although the emphasis of this work was on investigating the heterogeneous
processing of amines in particles, gas phase I-nitrohexane was studied to better
understand the fragmentation of aliphatic nitrocompounds by ionization with ~ 0 eV

photoelectrons. In these studies the analyte was introduced into the ionization region of
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the mass spectrometer with a precision leak valve (model ULV-150, MDC Vacuum

Products Corp., Hayward, CA).

5.3. Results

5.3.1 PERCI AMS ion profiles of the aliphatic amines, ODA and HDA, in single
component particles and mixed particles of ODA (HDA) + DOS

The characteristic PERCI AMS profile for ozonized single-component particles
consisting of primary, aliphatic amines was initially established under low and high
ozone exposures (Figures 5-1a and b, respectively). Both ozonized ODA and HDA (not
shown) are characterized by very strong NO, (46 m/z) and NO;3 (62 m/z) signals. A
NO; signal is evident with and without ozone exposure in single particles of the amines
and all mixed particles containing the amines (i.e. OL + ODA (HDA), DOS + ODA

(HDA)).
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Figure 5-1. PERCI mass spectrum of ozonized single component particles of ODA, po; = a) 1 x 10 atm
and b) 2 x 10™ atm. Reaction time was 5 s.

However, in all unexposed particles the NO; signal was weak, at about 10% or less than
for ozonized particles. The NO;" signal is absent when all oxygen is removed from the
system (i.e. both O, and Oj; are absent), namely when the nebuliser and carrier gases are
N, or Ar. This implies that the volatilization of primary aliphatic amines in the presence
of any oxygen may be a minor channel to NO, formation, compared to its direct
formation via the oxidation of the amine by ozone. As shown in Scheme 5-1, the NO,
most likely originates from progressive oxidation by ozone of the amine to the
alkylhydroxylamine, then to the nitrosoalkane, and finally to the nitroalkane. This
pathway is similar to the mechanism proposed for the ozonation of primary amines to

. o 1 . . 2
nitro compounds on dry silica gel’' and in solution®* .
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Oleic acid (281 m/z) Direct Oxidation
CH,(CH,),CH=CH(CH,),CO,H

primary aliphatic amine
ex. octadecylamine

[6) 3
Aldehydes ’ CH;(CH,);;NH, ——— CH,(CH,),;NHOH +0,
alkylhydroxylamines
and SCls ex.
OHC(CH,),CO,H o,
OX (171 m/z)
OOCH(CH,),CO,H
2 CH,(CH,),,;NO + H,0* +0,
SCI-1 (187 m/z) - ‘ -
nitrosoalkanes
Secondary Chemistry
03
Amides and CH,(CH,),,NHCO(CH,),CO,H (438 m/z)
Imines ex. HO,C(CH,),CH=N(CH,),,CH, (422 m/2)
+H,0*
 CHy(CH),,NO, + O
1) thermolysis/metal 1) volatilization
HMW Products 2) electron attach./ 2) DEA (~0 V)
ex. 3° Amides gas phase
Nitrate and Nitrite NO, +NO;
formation 46 and 62 m/z
H,0% —_—
in situ water CH,(CH,),,CH,
+
NO, *HNO; (125 m/2) NO," (46 mi2)

Nitric acid clusters
NO,” *(HNO;),(H,0), (226 m/z)

Scheme 5-1. Pathways of direct oxidation and secondary reactivity with ozonized amines. ODA is shown
as an example. The pathway labeled Direct Oxidation occurs with both single component particulate
amines and in mixed particles with amine + OL. All products observed are underlined. The direct oxidation
products are identical with ozonized HDA. The amides and imines that form in the HDA + OL mixed
particles are similar in structure to those indicated, except 28 u lower in mass.

We do not detect any ions for the proposed nitroalkane end products of ozonized ODA or
HDA. The NO; ion can arise from three sources: a) dissociative electron attachment of
the nitroalkane, resulting in the formation of the NO, fragment ion; b) thermal
decomposition of the nitroalkane™ either in the flow reactor or ¢) in the volatilization

process producing gas phase NO, with subsequent ionization via associative electron
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attachment. To assay the viability of dissociative electron attachment forming NO,", we
investigated the ionization of gas-phase 1-nitrohexane at ~ 0 eV ionization energy (Figure
5-2). The base peak corresponding to NO, and a very weak signal arising from the
dissociative electron attachment ion corresponding to the loss of hydrogen ([CcH2NO:],

130 m/z) are observed.

NO,
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Figure 5-2. PERCI mass spectrum of 1-nitrohexane introduced into the PERCI AMS as a gas. (p =2 X 107
atm, photoelectron energy was ~ 0 eV.)

We have made similar observations with other volatile nitroalkanes including nitrobutane
and nitropropane, which further supports the viability of dissociative electron attachment
forming NO, from nitroalkanes. Similarly, the formation of the NO, fragment with

. . 4355 . ..
> 36 and several nitrobenzene species™ > has been reported with similar

nitromethane
ionization energies. Thus it seems likely that nitroalkanes formed from progressive
oxidation (Scheme 5-1) may be the source of NO,™ that occurs in the ionization process. It

should also be noted that there is a weak NOj™ ion signal in the PERCI spectrum of 1-

nitrohexane. This may be an experimental artifact arising from conversion of NO; to NOs
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on the metal surfaces’’ in the ionization region of the mass spectrometer or from a

disproportionation reaction (Reaction 1) **:

Reaction 1 NO, +NO; —- NO; + NO.

We have evidence that there is decomposition of the particulate nitroalkanes both
in the flow reactor and in the volatilization process. The former route to NO, formation is
supported by the strong NO, signal evident from ozonized particles deposited on the
Nichrome filament before heating the wire. Secondly, as shown in Figure 5-1, the NOs’
ion signal increases with ozone exposure, indicating that NO; is liberated from the
nitroalkanes in the flow reactor at the particles’ surface or near surface and then oxidized

according to the reaction™ :

Reaction2  NO, + O; —21 5 NO; + O,.

In the ozonolysis of particle bound amines, the NOs™ ion signal was strong for
all exposures, but increased in intensity with increasing ozone exposure. There are
several possible pathways that we believe exist in forming this ion including: a)
disproportionation (Reaction 1); b) oxidation of NO, by ozone (Reaction 2); and c)
conversion of NO, to NOs™ via a surface reaction’’ that occurs in the volatilization
process. Reaction 2 is likely the most important pathway to NO3™ due to the concomitant

increase in its ion signal intensity with increasing ozone exposure, as well as the very
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weak ion signal for NOs in the gas phase studies that suggest Reaction 1 and surface
processes are minor pathways. It should be noted that large molecular electron affinity
(EA) of NO, (EA~2.25-2.38 ¢V, see Ervin et al. “and references therein) and NO; (EA

=3.92 eV, see Hirokawa et al. ©'

and references therein), may translate into large 0 eV
electron capture cross sections, thereby increasing our sensitivity to these analytes;
however, we cannot discount the possibility that there is a high conversion of the amines
to the nitroalkanes at the particles surface upon ozone exposure.

There are also medium intensity ion signals in the ozonized ODA and HDA
spectra at 125 and 226 m/z. These ion signals also increase with ozone exposure. We

assign the 125 m/z ion signal to NO3; ¢(HNOs3). This ion is the core ion of the series NOs”

¢(HNO3)n(H20)m, which is the most important negative ion family in the atmospheric at

62, 63
1%

ground leve . This ion may be formed from the following reaction sequence with the

rapid ion-molecule association reaction® being the final step:

Reaction 3a 2 NO, + H,0 —2_s HONO + HNO;
Reaction 3b HNO; + H,O —2_y NO; + H;0"
Reaction 3¢ NO; + HNO; —R1td  NO;eHNO;

Reaction 3a is the overall stoichiometry of the well-known surface reaction for
the hydrolysis of NO,* ®® that generates both gas phase nitrous acid (HONO) and nitric
acid®. This entire reaction sequence could occur on either the surface of the particle

and/or on the surface of the deposited particulate matter on the vaporization coil. The 125
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m/z ion is observed evolving both before and during the volatilization process, indicating
that formation of this ion is not exclusively a result of the thermal vaporization process
used in generating the gas phase molecules requisite for ionization in PERCI AMS. This
observation supports that at least a fraction of NO3; *HNOj is formed on the surface of the
particles.

An alternate route to NO3 *HNOj is via N,Os, which could accumulate on the
surface of the particle. This route follows Reaction 2 and results in the formation of nitric

acid on the surface of the particle:

particle

Reaction 4a NO; + NO; ———N,0:s

Reaction 4b N,Os + H,O —RMce s 5> HNO;.

This reaction sequence is based on the premise that a fraction of NO, is
generated at or near the surface of the particle as a result of decomposition of the
nitroalkane that formed by the mechanism of progressive oxidation. The NO; then reacts
with ozone to give NO367. The NOs subsequently reacts with NO; to give N20567, which
hydrolyzes in the presence of water, yielding nitric acid. This last step (i.e. Reaction 4b)
is akin to the hydrolysis of N,Os that has been described previously on aerosols®™ . As
shown in Figure 2, the reactant water in Reaction 4b forms on the surface of the particle
via the oxidation of the intermediate alkylhydroxylamine to the nitrosoalkane. The

resulting nitric acid could then proceed by Reaction 3c to give NO3; e¢HNO:s.
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The 226 m/z ion does not correspond with any anion cluster in the NOj3
o(HNO3)n(H20)n series, and to the best of our knowledge, it is not a commonly observed
ion containing any combination of H, N, and O’. This ion is observed not only in the
ozonolysis of ODA and HDA, but also for ozonized octylamine (129 u) and lysine (146
u), indicating that it is not an ion directly arising from the fragmentation of the amine (or
amino acid) or their corresponding nitrocompounds. We tentatively assign this ion signal
to the cluster NO, ¢(HNO3),(H,0); . Although, to our knowledge, this ion has not been
observed, we hypothesize that it could originate from HNO3;eNO,. This species has
recently been detected in the attenuated total reflectance FTIR studies of the
heterogeneous hydrolysis of NO,’'. A small ion signal at 163 m/z is also evident in the
PERCI spectrum that becomes more intense with increasing ozone exposure. We
tentatively assign this to another member of this proposed ion series, NO;®
(HNO3)(H»0)s. Even at high ozone exposures, the 163 m/z ion signal is relatively weak
compared to the four signals discussed previously (i.e. 46, 62, 125, and 226 m/z) for the
ozonized single-component amine particles. For simplicity, in the remainder of this work
we will refer to the 4 strongest ions of the ozonized single-component amine particles as
the ‘characteristic ions of the amine’.

Nitrite and nitrate ions were measured in all single-component particles of ODA
and HDA and in mixed particles containing the amines and well as DOS as the second
component. The DOS + amine PERCI spectrum is relatively simple with three of the ions
having been determined to be unique to the ester: the dissociative electron attachment ion

([DOS-H]) at 425 m/z, and two fragments 295 and 313 m/z. These ions probably arise
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from the fragmentation of the ester linkage™, with 313 m/z assigned to
[CH3(CH;);CH(CH,CH3)CH,OCO(CH;)sCOO]. The 295 m/z ion is tentatively assigned
to [CH3(CH;);CH(CH,CH3)CH,OCO(CH;)¢CH=CHCO] or similar dehydration product
of the 313 m/z fragment. There was no measurable difference in the PERCI mass
spectrum of pure DOS particles upon ozonolysis. The four characteristic ions of the
amine were also observed for both ODA and HDA upon ozonolysis of the mixed
particles containing DOS. The PERCI mass spectrum of ODA (or HDA) + OL, on the

other hand, is far more complex.

5.3.2 Ozonolysis of ODA (HDA) in Mixed Particulate Matter — Overview

2941 employed in studies of

DOS and other related high molecular weight esters
heterogeneous ozonolysis are used often as controls because they are not a source of
Criegee intermediates (CI). The reactivity of SCI with ODA and HDA was a key feature
in the oxidative processing of these mixed particles, especially in the formation of high
molecular weight compounds. Ozone concentrations were varied from the same order of
magnitude as typical summertime maximum daily concentrations in a suburban-urban
troposphere (100 — 400 ppb i.e. 1- 4 x 107 atm) * to very high concentrations: up to ~
10~ atm. Assaying the effects of high ozone concentrations on mixed particles helped in

elucidating the mechanisms of oxidation. Secondarily, the products formed under high

oxidative stress may be similar to products formed when particulate matter with high
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amine and lipid content (i.e. meat cooking aerosols) is subjected to both thermal stress
and enhanced ozone levels associated with the urban troposphere.

For conciseness, the ensuing discussion places emphasis on comparing the low
ozone exposure regime (which we define as 10° — 107 atm ozone for ~17 s) to the very

high ozone exposure regime (> 10~ atm for ~ 17 s).

5.3.3 Ozonolysis of ODA (HDA) + OL in Mixed Particles: Products Assignments for
Low Ozone Exposure

Figures 5-3a, b compare PERCI mass spectra for the ozonolysis of mixed
ODA/OL particles at 3 x 107 atm and 2 x 10™ atm ozone, respectively, for a 17 s reaction
time. Of the four expected lower molecular weight products of the heterogeneous
ozonolysis of OL* (i.e., azelaic acid (188 u), 9-oxononanoic acid (172 u), nonanoic acid
(158 u), and nonanal (142 u)), only azelaic acid (187 m/z) is observed for the mixed
particles (ODA (HDA) + OL), at very low exposure. On the other hand, all 4
characteristic ions expected from reaction of the aliphatic amine (46, 62, 125, and 226

m/z), as well as the minor ion at 163 m/z are observed.
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Figure 5-3. PERCI mass spectrum of ozonized mixed particles of ODA + OL at po; = a) 3 x 107 atm and b)
2 x 107 atm. Reaction time was 17 s, mole fractions ( y ), were Xoos =041 and y, =0.59.
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At ozone exposures of ~ 3 x 107 atm (17 s) and higher in the ODA + OL
system, we also observe ions at 422 and 438 m/z. The 438 m/z ion is assigned to the
amide that may be formed by several pathways, including reaction of the SCI-I (c.f.
Scheme 5-1) with ODA. The 422 m/z ion could arise from a 423 u product that is either
an amide or an imine (i.e. Schiff base). The amide could be formed from ODA and 9-
oxononanoic acid, with the amine reacting at the carboxyl position. The imine (i.e. Schiff
base), 9-(octadecylimino)nonanoic acid, could be a product of the reaction of ODA with
the aldehyde functionality of 9-oxononanoic acid. This ion is nominally one mass unit
lower than the mass of the proposed ion indicating dissociative electron attachment
ionization via the loss of hydrogen. These assignments are supported by ion signals
measured at 394 and 410 m/z in the HDA + OL mixed particles (po; = 3 x 107 atm and
17 s reaction time). These higher molecular weight signals are assigned to the amides and
imine corresponding with reaction of HDA with 9-oxononanoic acid and SCI-I
respectively. These ions are not observed at lower concentrations of ozone in the ODA
(HDA) + OL reaction system. These ion signals are also not observed under any
conditions of ozone exposure for ODA or HDA in DOS. It should be noted that we do not
observe any dissociative electron attachment ion for the amides that could be the product
of the reaction of the 158 u SCI (SCI-2, i.e. OOCH(CH;);CH3) with ODA or HDA.
These amides would have an alkyl end, unlike the amides arising from the reaction of
SCI-1 which have a carboxyl group functionality. It is likely that SCI-2 does form amides
with these amines, but they are not ionized to any significant extent with ~ 0 eV

electrons, as is the case with all organic acids®® *® *** investigated to date. The high
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molecular weight, nitrogen-containing products measured and their corresponding

assignments are summarized in Table 5-1.

Compound Chemical Product Comments
| CHL(CH.)..NHCO(CIL).CHO 422 m/z, Secondary amide,
3(CH;),NHCO(CH,), ODA + OX -H,0
2 CH;(CH,),,N=CH(CH,),CO,H 422 m/z, imine, ODA + OX -H,O
3 CH.(CH.)..NHCO(CH.).CO.H 438 m/z, secondary amide,
J(CHy),NHCO(CH,),COH - gpa 4 sc11 1,0
4 CHL(CHL).-N(CO(CLL).CH 576 m/z, tertiary amide, ODA
5(CH,),;N(CO(CH,),CHO), +20X -2 H,0
CH;(CH,) ;4 CO(CH,),CHO
5 N 592 m/z tertiary amide, ODA
+O0X +SCI-1 -2 H,0
CO(CH,),CO,H
608 m/z tertiary amide, ODA
6 CH;(CH,),;N(CO(CH,),CO,H),

+2 SCI-1 -2 H,0

Table 5-1. High molecular weight, nitrogen containing products formed in the heterogeneous ozonolysis of
mixed ODA/OL particles and assignments. The corresponding ions, with masses 28 u lower were observed
in the HDA/OL system.

5.3.4. Ozonolysis of ODA (HDA) + OL in Mixed Particles: Products Assignments for
High Ozone Exposure

The mass spectrum of products arising from heterogeneous reaction
ODA(HDA) + OL aerosols with ~2 x 10~ atm ozone at ~ 17 s reaction time (Figure 5-3b)
shows the four characteristic ions of the aliphatic amine (i.e. 46, 62, 125, and 226 m/z) in
addition to two distinct regions of high molecular weight products, mainly the
dissociative electron attachment ions of secondary and tertiary amides formed via the

secondary reactions of ozonolysis. The four classical products of OL ozonolysis are also
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evident in both the ODA and HDA mixed particles. Interestingly, the OL molecular ion at
281 m/z is one of the strongest ion signals in the PERCI mass spectrum for the ozonolysis
of ODA + OL aerosols (Figure 5-3), but only a very weak signal in the HDA + OL
system at this same exposure (not shown). Under identical exposure conditions, the OL
molecular ion was not observed in the reaction of pure OL particles. Moreover, for the
pure OL particles, no OL molecular ion was observed for any ozone concentration above
1x 10™* atm ozone for ~ 17 s reaction time. We believe these unanticipated effects (i.e. the
retention of OL in the ODA + OL reaction system at this very high ozone exposure)
originate from surface or near surface reactions that produce high molecular weight
secondary and tertiary amides. These surface active species, in turn, may impede the
diffusion of ozone into the particle and limit the diffusion of OL to the surface, thereby

effectively shutting down the ozonolysis of OL.

5.3.5. A Mechanistic Account for the Formation of the Observed Products in the
Ozonized Mixed Particles

A detailed account of the heterogeneous ozonolysis of OL has recently been
published* and many mechanistic depictions are available in the literature 2% 3132 774,

The three main steps of ozonolysis of oleic acid are in accord with established solution

phase chemistry:

Step 1) formation of the primary ozonide (i.e. 1, 2, 3-trioxolane)
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Step 2) decomposition of the primary ozonides to aldehydes and excited Criegee

intermediates, which in solution rapidly stabilize to SCI

Step 3) recombination of the SCI and aldehyde to form secondary ozonides (and other
reactions including: intermolecular reactions to form diperoxides, or reactions with acids

e.g. OL, to give « -acyloxyalkyl hydroperoxides)

There exists considerable debate concerning the formation of azelaic acid and
nonanoic acid and their relationship with SCI-1 and SCI-2**. It has been suggested that
these two acids are formed from isomerization of SCI-1 and SCI-2 (i.e.
OOCH(CH,);CO,H and OOCH(CH,),CH3) ** *» ** 7 or, conversely, form as
decomposition products of the secondary ozonides and other peroxides as higher

7677 Recent mass spectral evidence’' suggests that

generation reaction products
fragmentation occurring in the ionization process of high molecular weight peroxides
may also contribute to the evolution of ions corresponding to these acids. A more
extensive discussion of the formation of these acids as well and other mechanistic
features of this reaction system are beyond the scope of this report and have been covered
elsewhere™.

The amide 9-(octadecylamino)-9-oxononanoic acid (439 u, 438 m/z) may be
formed by several different routes in the ozonolysis of ODA + OL. Route 1 is the well-

established route via acylation of an amine by a carboxylic acid (i.e. azelaic acid) ”*,

which we believe to be a minor pathway in the formation of amides in these
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heterogeneous reaction systems. Route 2 involves reaction of the amine (ODA) with SCI-
1 (Scheme 5-2a), while Route 3 may result in amide formation via reaction of ODA with
a secondary ozonide (Scheme 5-2b). Similar routes exist for the formation of 9-

(hexadecylamino)-9-oxononanoic acid (411 u, 410 m/z) in the HDA + OL reaction

system.
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Scheme 5-2. Proposed mechanisms for observed amide formation via reactions of amines with products of
ozonolysis of OL: a) ODA with an SCI and b) ODA and a secondary ozonide. The Criegee intermediate
shown in (a) is SCI-1. Similar reactions for HDA are discussed in text.
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We tested the relative importance of Routes 2 and 3 by preparing mixed
particles with a very high concentration of azelaic acid. These mixed particles contained
the inert matrix DOS, which like other esters does not undergo ozonolysis or react with
SCI** *!. Figure 5-4 compares the evolution of the 438 m/z amide between the azelaic
acid + ODA + DOS and ODA + OL heterogeneous reaction systems, at four ozone

concentrations.
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Figure 5-4. Formation of a (m) secondary amide (438 m/z) and (A) SCI-1 (187 m/z) in ODA + OL in
mixed particles ( x,, =0.59, y,,, = 0.41) compared to the formation of (o) secondary amide (438 m/z) in

azelaic acid (AZ) + ODA + DOS mixed particles ( x,, =022, ., =0.24, y_.. =0.54) with no possible

concurrent formation of SCI-1 in particle. Error bars indicate one standard deviation.

The 438 m/z ion was either not observed or was a very weak signal in the azelaic acid +

ODA + DOS mixed particles under all exposure conditions. Further, no other ion signals
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corresponding to amides were observed in the azelaic acid + ODA + DOS heterogeneous
reaction system. On the other hand, the 438 m/z amide was produced in significant
amounts in the ODA + OL reaction system (Figure 5-4) and was directly proportional to
the ion signal for azelaic acid generated in situ to the ODA/OL particle. The direct
proportionality of amide formation with azelaic acid does not contradict the
aforementioned result because the azelaic acid signal we measure is directly proportional
to the in situ generated SCI-1 and likely directly proportional as well with the secondary
ozonides in the system that can decompose to the acid. Our results indicate it is the
reactivity of these chemical classes (i.e. SCI and secondary ozonides) with the amines
that constitute the main routes to amides; however, with the extant data there is no way to
estimate the relative importance of Route 2 vs. 3.

The observation that classic acylation route to the amide is a minor pathway
suggests that the 422 (394) m/z product observed in the ODA (HDA) + OL reaction
system arises from the reaction of amine with the aldehyde moiety of 9-oxononanoic
acid, rather than the carboxyl group, i.e. the 422 (394) m/z products are most likely
imines. The formation of imine products from the reaction of aldehydes and ketones with

primary amines has been shown to have a rapid rate of reaction™

. For example, the
imine forming reaction between methylamine and n-propylamine with isobutyraldehyde
are given by second order rate constants (35 °C) of 53 and 50 M''s™, respectively®. It

79, 80 .
77, SO caution

should be noted that these kinetic studies were done in aqueous solutions
should be taken in directly comparing the results of these studies with our particle-based

flow reactor experiments, especially since these particles were initially anhydrous with
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water formed by the in situ oxidative processing of the amines with ozone (see Scheme 5-

1.

5.3.6. The Formation of a Solid or Viscous Surface Layer

The OL ion signal was measured for three types of ozonized particles as a
function of ozone exposure: (neat) OL, ODA + OL, and HDA + OL (Figure 5-5). The OL
ion signal in neat particles and mixed particles of HDA + OL follows an exponential
decay at low ozone exposures. Neither of these particles shows a measurable OL signal at
ozone exposures above 1 x 10* atm at 17 s reaction time. In the ODA + OL reaction
system, on the other hand, OL decays exponentially initially up to an ozone exposure of 1

x 10™* atm but then re-emerges at very high exposures (> 6 x 10™ atm for 17 s reaction).
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Figure 5-5. Comparison of OL decay for three particle types: (® ) neat OL particles, (A ) ODA/OL mixed
particles, and (0O ) HDA/OL mixed particles. Mole fractions, y , were ., .., = 0.4land y, =0.59.
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This suggests that at a critical level of ozone exposure, the particles develop a solid or
highly viscous liquid surface layer that impedes the diffusion of ozone into the particle.
Similar effects have been observed in the formation of solid surface layers with ozonized
myristic acid + OL particles®'. Figure 5-6 compares the PERCI ion signal of OL (281
m/z) to the integrated ion signal of 5 high molecular weight imine and amide products

(422, 438, 576, 592 and 608 m/z) and the integrated ion intensity of the 438 m/z amide.

0.30

0.25 1

e

]

=]
1

<

S

v
1

Ion Signal (a.u
(=] (=]
S >
L L 1 L 1 L L
oo O —te+B———— —B—
= 2
e+
= !

e

e

0.00

. —
00 02 04 06 08 10 12 14 1.6

P, (atmx1 0'3)

Figure 5-6. OL decay and the formation of amides and imine in ozonized mixed particles of ODA/OL. (=)
OL; (O) 438 m/z secondary amide; and ( ® ) integrated ion intensity for all amides and imines (Compounds

1-6). Mole fractions, y , were y.,, =0.4land y, =0.59.

The ion intensity of the 438 m/z amide increases rapidly for ozone exposures in the range
0to 1 x 10* atm and 17 s reaction time. Furthermore, no appreciable increase in intensity
is measured at higher exposures. In comparison, the 422 m/z amide/imine and the three
high molecular weight tertiary amides show less rapid initial increase in their ion

intensity with a linear, generally monotonic, increase in intensity at exposures above 1 x
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10* atm O;. The total amide/imine ion intensity rapidly rises for a 17 s reaction with 0 —1
x 10* atm Os. At higher exposures, a linear, monotonic increase is observed, with the
exception of the 1 x 10~ atm O exposure, where there is a slight decrease in the PERCI
ion intensity. From these data, we cannot definitively assign any particular imine or
amide with the formation of a solid or viscous liquid layer that impedes the diffusion of
ozone into the particle, although it appears that the best correlation is between the total

amide/imine content and the formation of this layer.

5.4. Conclusions and Implications

The experiments described in this work have lead to several significant

observations for the ozonolysis of particle bound amines.

1) Our observation of a strong ion signal corresponding to nitrogen dioxide indicates
nitroalkanes are generated from primary aliphatic particulate amines by the

. . . . 1- e . .
mechanism of progressive oxidation’' ™. This is in accord with the ozonolysis of

52,53 7, 16, 82
2

amines in solution and on dried surfaces’' rather than in the gas phase
where large yields of aldehydes would be anticipated®. We do not observe any
aldehyde or other oxygenate signal in the ozonolysis of single component
particles of amines under any conditions of ozone exposure. This probably stems

from the stabilization of either the amine oxide or alkylhydroxylamine (Scheme

5-1) early in the reaction sequence in the ozonolysis of the particulate amines.
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2)

Stabilization would favor the formation of the nitrosamine, which is subsequently
oxidized to the nitroalkane. This is quite different than in the gas phase, where the
excited amine oxide or alkylhydroxylamine intermediate fragments®?, leading to a

host of products including nitroalkanes, aldehydes, and imines.

The ozonolysis of particles of primary, aliphatic amines may represent a source of
NO,, NO; and nitric acid ion clusters, even at ozone concentrations that
correspond to a polluted suburban-urban troposphere’. The experimental data
reported herein suggests that progressive oxidation of amines leads to NO,
formation, with subsequent formation NOj; through progressive oxidation (as
described above) and finally nitric acid ion clusters. As described in Reactions 4a-
b, an alternative pathway to nitric acid, and subsequently the nitric acid ion
cluster, is via the reaction of NO;, and NO; to N,Os, followed by hydrolysis. This
may help explain, in part, the mechanism by which organic nitrogen in fog water
and aerosols acts as a source of NOy and NOj; during exposure to ozone®. Future
emphasis will be placed on quantification of NO,, NOs, and the nitric acid ion
clusters via PERCI for the ozonolysis of a wider array of particle bound organic
species that contain amine nitrogen. This is inherently challenging because many
of the anticipated products (i.e. NO, and NO;) do not have well-established
capture cross-sections for very low energy photoelectrons. We will also
investigate the effects of relative humidity on the formation of nitric acid ion

clusters.
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The experiments described in this work have lead to several significant

observations in the heterogeneous ozonolysis of mixed particles containing amines:

1) Secondary and tertiary amides and possibly imines are potentially important
reaction products of the heterogeneous ozonolysis of aliphatic primary amines in
particles, when SCI can be generated in situ to these mediums. These products are
evident even at relatively low ozone exposures for relatively short reaction times.
This implies that in regions where there is a high atmospheric input of amines (i.e.
near animal husbandry operations’), there may be an enhanced incorporation of
these nitrogen-containing species into particles. SCI have been shown to form and
react near or on the surface of ozonized OL particles’™ "> % % When gas-phase
amines partition to the surface of an ozonized particle that contains SCI and/or
secondary ozonides, they may react via Reaction 2 and/or 3 to form the lower
volatility amides. This is evidenced by our observation of these high molecular
weight products even at low ozone exposures (C.f. Figure 5-1a). These reactions
represent new pathways by which amine nitrogen may be converted to lower
volatility particle bound nitrogen. They may also help explain the mechanism of
forming nitrogen enriched HULIS™ '7 and may be important in the atmospheric
aging of organic aerosols. Moreover, amides, compared to other acylation
products such as esters, are relatively stable to hydrolysis™®, resulting in the

potentially long atmospheric lifetime of these nitrogen containing species in
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2)

particles. The viability of gas-to-particle conversions of amine nitrogen via these
mechanisms will be the focal point of upcoming environmental chamber
experiments in our laboratory where we will examine the effects of prolonged
ozone exposure (hours to days) of more common atmospheric amines (i.e. ethyl
amines) in the presence of unsaturated acids at ozone levels in accord with a

polluted suburban-urban troposphere.

Although amide production is in accord with well-established solution acylation
reactions (i.c., between the carboxylic acids and the amine) '®, our data implies
that the major pathway(s) in ozonized particles of ODA (HDA) + OL is through
the reaction of SCI and/or secondary ozonides with the amine. This may have
ramifications to source apportionment where it has been suggested that amides
can be utilized as molecular markers'* for biomass burning events, since they can
be generated by standard (i.e. Route 1) acylation under pyrolysis. Although we
agree with the importance of this route of amide formation under biomass burning
conditions, we need to establish the viability of the role of secondary chemistry of
ozonolysis in sequestering amine nitrogen into particulate matter via amide
formation (i.e. Routes 2 and 3). These routes, if important competing pathways to
amide formation through acylation would indicate that amides may also be
molecular markers for regions that have concurrent high levels of ozone and
amine input, i.e. animal husbandry operations near polluted suburban-urban

environments.
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3) There is evidence of solid surface or highly viscous liquid layer formation in
ODA + OL at high ozone exposures. This may impede the diffusion of ozone
into the particle causing retention of OL at these very high exposures, where it
would be totally consumed in single component particles of OL. This observation
and similar ones by others®' in fatty acid rich particulate, along with the retention
of OL even at high exposures, may help elucidate the disparity that exists between
the lifetime of OL measured in the field vs. in the 1ab0rat0ry34. The formation of
high molecular weight amides is likely to occur in meat-cooking aerosols that are
rich in both fatty acids and amines and that are formed under conditions of high
temperature (facilitating Route 1 amide formation). Amide formation is especially
significant when generated in a polluted, ozone rich troposphere (facilitating
amide formation via Routes 2 and 3). The prolonged lifetime of OL in real meat
cooking aerosols vs. single-component particulate OL matter has also been
demonstrated experimentally®®. Although we only observe the solid surface or
highly viscous liquid layer formation in the OL + ODA reaction system under
conditions of very high ozone exposure (1 x 10™* atm Os, 17 s reaction time), we
need to investigate the effects of prolonged exposure of particles to lower levels
of ozone (~ 107 atm Os) with experiments in environmental chambers. Although
not explored in this work, other condensed phase thermo-chemical effects that

may cause a prolonged lifetime of OL and other unsaturated components of real
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atmospheric aerosols, such as gel or semisolid formation, or Ostwald ripening in

amide enriched aerosols needs to be explored as well.
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6. Conclusions and Future Directions

6.1. Conclusions

PERCI AMS has been shown to have utility in the analysis of the oxidative
processing of fatty acids and their derivatives such as methyl esters in single component
and internally mixed multicomponent fine mode particles. Initial emphasis was placed on
the heterogeneous reaction of oleic acid and ozone gas. Oleic acid was an ideal
compound for these nascent studies: it has established reactivity with ozone in solution
and as a pure liquid '; it is ubiquitous in atmospheric aerosols *’; it is commercially
available in very high purity; and is a liquid at room temperature that can be readily
converted into an aerosol by nebulization. The results of the experiments revealed that the
ozonolysis of oleic acid showed product formation more akin to liquid phase reactivity
rather than to reactions in the gas phase. This is most likely due to the stabilization of the
Criegee intermediates that are formed on or near the surface of the ozonized particle, as
opposed to gas phase ozonolysis where this intermediate has a predominate
decomposition pathway '°'>. A host of products associated with the reactivity of
stabilized Criegee intermediates were observed including secondary ozonides, geminal
diperoxides, and « -acyloxyalkyl hydroperoxides. It should be emphasized that these
studies with PERCI AMS were amongst the first online aerosol mass spectrometry based
measurements of these higher molecular weight ozonolysis products in actual organic

aerosol particles. (The emphasis on “actual” in the prior sentence is intentional — there is
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a rich tradition in atmospheric chemistry of investigating the oxidation of organic films as
proxies for actual particles 7'°; however, these studies usually focus on gas phase
product evolution and ozone loss, abnegating detailed chemistry of the condensed organic
phase, which was the focus of the PERCI AMS based research presented in this work.)
The detection of polymeric « -acyloxyalkyl hydroperoxides by PERCI AMS and by

other recently developed aerosol mass spectrometric methods'’"

was particularly
significant since the formation of the class of compounds in oxidized oleic acid has been
very recently shown to dramatically enhance CCN activation in ozonized oleic acid
particles .

The PERCI AMS analysis of the heterogeneous ozonolysis of primary aliphatic
amines has several notable features that merit reiteration. The formation of NO,, NOjs,
and nitric acid based clusters proposed to be initiated by the mechanism progressive
oxidation in the particulate amines by ozone may help explain the field observation of
these gas phase species being formed in particle rich air parcels and hydrometeors, such
as fogs 2'*°. Since amines are significant class of compounds observed in both biogenic
26-29 and anthropogenic ** *' emissions the potential role of this reaction in contributing
towards NOy and NOy air pollution merits further investigation. To the best of my
knowledge, the reaction of amines with the product(s) of ozonolysis (i.e. stabilized
Criegee intermediates and/or secondary ozonides) to give amides, as opposed to classic
acylation®”, was described for the first time by PERCI AMS. This may be of significance

to source apportionment since amides are typically considered molecular markers for

biomass burning events > or urban emissions®* that often have meat cooking aerosols™ *
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% as a significant contributor to particulate load — as of late the role of oxidative

processing by ozone in forming amides is generally not considered in these
apportionments.

In addition to the results presented in Chapters 2 — 5, a summary of other
PERCI AMS experiments and of a critical review on the heterogeneous processing are

presented as citations with abstracts in Chapter 8.

6.2. Future Directions

This section will place emphasis on experiments featuring PERCI AMS that
will build upon the nascent work with organic aerosols presented in this document.

One of the main advancements to PERCI AMS that is needed for future
investigations is the ability to monitor the changes in particles of a single radius, i.e.
monodisperse aerosols. This would facilitate the application of PERCI AMS to the

measurement of the uptake coefficient () of a reactive trace gas for monodisperse

aerosols. In the context of the heterogeneous processing of a particle by a reactive trace

gas, the uptake coefficient is a constant relating the flux (J ) of a trace gas species and

the collision rate of the gas with the surface (n, c / 4 )36'38:




where N is the density of the gas molecules and ¢ denotes their average thermal speed.

Clearly the value of y has to be less than or equal to unity since the flux cannot exceed

the collision frequency of the gas with the surface if the particle. Experimentally, the
aerosol mass spectrometry research community tries to link the loss of particle phase
compound with the uptake coefficient, for example in the oleic acid (OL) + ozone

: 38 37
heterogeneous reaction system :

d[OL] 3ny,cy
dt 4a

where “a” is the particle radius and the ratio of 3 to 4aaccounts for the surface to

volume ratio of the spherical particle. Due to the gas-particle interactionsn,,, a, and y

vary as a function of time such that general analytical solutions of this equation and the
flux equation for J are not available® *’. A model has been developed®® *’ that attempts
to decouple the uptake coefficient into constituent chemical and physical processes such
as gas and particle-phase diffusion, mass accommodation, and adsorption. However, in

this model (commonly called the decoupled resistor model*® *’

) there are still no general
solutions for equations that relate the loss of the condensed phase species with the uptake

coefficient, but solutions have been described in several limiting cases. Although the

details and formalism of the resistor model are beyond the scope of this work, the
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requisite feature in deciding these cases is comparing the particle radius with the diffuso-

reactive length (1)* *’:

D1/2
=
(¥)

where D is the diffusion coefficient of the reactive trace gas in the reactive matrix and
k is the pseudo-first order rate constant.

As of late, the sensitivity of PERCI AMS to organic components of particles is
too low to allow kinetic measurements of monodisperse particulate matter. (At the
current level of PERCI AMS sensitivity it requires over 30 minutes of deposition of a
monodisperse aerosol of oleic acid (~ 100 -300 nm diameter) to get a signal great enough
to do meaningful kinetic studies.) Recently developed aerosol pre-conditioning methods
may help overcome this experimental challenge. For example, a recent advancement in
the aerosol research community, the Versatile aerosol Concentration enrichment System
(VACES) **** is an aerosol pre-conditioning method that, as explained below, if coupled
to PERCI AMS may facilitate the ability to study monodisperse aerosols. In a recent
study by Geller et al. ** an approximately 19-fold average enrichment of fine mode
ambient aerosols was shown by utilizing the VACES method. Similar results have been
reported for fine mode particles of ammonium nitrate, ammonium sulfate, and adipic

acid40, 41

. The VACES method achieves fine particle enrichment by initially growing the
particles to larger diameters via supersaturation in water vapor; the larger droplets are

then concentrated by inertial virtual impaction; and finally the particles are returned to
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their initial size by diffusion drying*>. While coupling VACES to PERCI AMS could
help increase the sensitivity to a monodisperse aerosol beam caution should be taken in
generalizing its analytical merit to applicability towards concentrating fatty acid organic
aerosols. The low solubility of water in fatty acids may lead to less pronounced particle
growth upon exposure to water vapor compared to more water soluble particulate such as

nitrate salts*®#?

. This may lower the efficiency of particle concentration by inertial virtual
impaction and subsequently decrease the enrichment factor. VACES, in its current
design, coupled to PERCI AMS would probably greatly benefit kinetic studies of
monodisperse fine mode water soluble particles (i.e. ammonium salts, small dicarboxylic
acids such as malonic acid) but may be of less applicability to particles rich in organic
compounds that have low water solubility.

The results presented in this work focused on the heterogeneous processing of
organic aerosols by ozone. As of late, other studies featuring aerosol mass spectrometric
methods have also emphasized the chemistry of ozone with organic particles'’"* 7,
Conversely there is a dearth of studies on the heterogeneous chemistry of arguably the
most important gas phase oxidant of the troposphere: the hydroxyl radical (OH). At the

time of writing there have been several very recent studies of the heterogeneous oxidation
of organic particles by OH*"°, with one study measuring the uptake coefficient ( Von ) of
OH on oleic acid coated sodium chloride particles®. The disparity between the numbers
of heterogeneous organic aerosol featuring ozone as the reactive trace gas studies
compared to those with OH arises mainly from the relative ease of generating ozone by

commercially available sources (usually electric discharge based), and straightforward
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quantification by spectrophotometry. There have been some recent improvements in the
generation and detection of gas phase OH and they have been mainly applied to the

15, 51, 52

heterogeneous processing of organic films . For example, OH can be produced by

the reaction%:

H+NO, -OH + NO

where atomic hydrogen is generated in a commercially available microwave cavity from
He and H,. The OH is quantified by chemical ionization mass spectrometry (CIMS) with

typical experimental number densities of 0.1-100x 10® cm™ 2

(c.f. typically tropospheric
OH levels are ~ 10° cm™, and nighttime levels are about one order or magnitude lower™).

In brief, other methods of OH generation include:

— Generation of OH by the near ultraviolet photolysis of HONO®.

— The near ultraviolet photolysis of ozone to O('D) and subsequent reaction with
water vapor yielding OH}*.

— The microwave generation of atomic hydrogen and reaction with O, giving the

hydroperoxy radical (HO,). The HO, reacts with H giving OH. 2

Besides CIMS most of the other reported methods of quantification of OH

54 21 55 56

concentration are indirect and involve offline analysis of a hydroxylated product

55, 56

(e.g. phenolic compounds ). These methods require typically require a knowledge of
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efficiency of formation of the hydroxylated products and the use of high performance
liquid chromatography (HPLC) and ultraviolet-visible detectors *>>°,

The coupling of an OH generating and detection system to PERCI AMS for
preliminary investigations of the heterogeneous processing of organic aerosols by this
ubiquitous tropospheric oxidant would benefit the atmospheric research community in
several regards. These studies would help answer the question of whether the oxidation of
organic particulates by OH is in accord with gas or liquid phase reactivity trends.
Secondly, physical changes in the particulate, such as an increase in the oxygen to carbon
ratio as a result of oxidative processing by OH or other free radical could increase the

>7-38 of the particle and subsequently increasing its CCN activity’ . The

water solubility
potential complexity of the reactivity OH and other gas phase free radicals with organic
particles is likely to be comparable to the results presented in the recent study by Hearn et
al. ® with the oxidation of dioctyl sebacate particles with the chlorine radical in O,. In
this study the high yield of ketone products relative to alcohols is indicative of the

Russell mechanism® %

(i.e. 2 RO, —ketone + alcohol + O,), which is a radical reaction
in condensed phases®®. However, as noted by Hearn et al. ® there was evidence of
“marked dependence” of the ketone yield on the molecular oxygen concentration. This
suggested the reaction of alkoxy radicals with molecular oxygen forming ketones (i.e. RO
+ 0, — HO, + ketones) " which is commonly associated with gas phase oxidation®. A
very recent report by George et al. *on the heterogeneous reaction system of gas phase

OH and DOS particles has similar findings to those of Hearn et al. ¢!, namely evidence of

both hydroxyl chemistry commonly associated with liquid and gas phase reactivity. It is
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important to note that in both of these studies there was a marked increase in density of
the DOS particles, inferring an increase in the oxygen to carbon ratio, and secondly that
esters such as DOS have been shown to be non-reactive towards ozone'” ® °. These
preliminary results indicate that common tropospheric free radical gas phase oxidants
(i.e. OH, Cl) are probably important in the aging of organic particulate matter and may
have a role in CCN activation of these particles. PERCI AMS experiments investigating
the heterogeneous reactivity of single and multicomponent organic aerosols with OH and
other free radical gas phase oxidants would likely contribute to developing a better

overall description of atmospheric aging of the organic aerosols.
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8. Additional Citations with Abstracts

The following citations and abstracts are for material that was not directly
included in this dissertation but was part of my research at the University of Vermont.
The first two of citations and abstracts correspond to experimental work; the last citation

and abstract corresponds to a critical review.

Zahardis, J.; LaFranchi, B. W.; Petrucci, G. A., Photoelectron resonance capture
ionization mass spectrometry of fatty acids in olive oil. European Journal of Lipid

Science and Technology 2006, 108, (11), 925-935.

Photoelectron resonance capture ionization (PERCI) mass spectrometry has
been developed for the direct online analysis of organics, including lipids. Analysis is
conducted without the need for sample preparation or chemical derivatization such as
methylation, foregoing the use of harmful or toxic chemicals. PERCI is currently being
adapted towards the analysis of edible oils. Herein, as a proof of principle of the
simplicity and potential utility of this method towards the analysis of edible oils, we
present the analysis of the prevalent fatty acids (FA) in Tuscan extra-virgin olive oil
along with triolein and linolenic acid (LNA) standards. lonization of olive oil results in
little fragmentation of the prevalent FA, which are measured as their molecular ions,

[FA-H]". The relative concentrations of these FA determined by PERCI were in good
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agreement with established values. Further utility of PERCI was demonstrated by
interrogation of ozonized LNA and olive oil, with 13 of the 18 anticipated products of the
ozonolysis of LNA measured as their molecular anions, [M—H]". Similarly, the PERCI
mass spectrum of ozonized olive oil showed all the anticipated ions of the predominant
FA, oleic acid, as well as many molecular ions arising from less abundant unsaturated

FA.

Zahardis, J.; Geddes, S.; Petrucci, G. A., Detection of free amino acids in proxies of
marine aerosol by photoelectron resonance capture ionization aerosol mass spectrometry.

International Journal of Environmental Analytical Chemistry 2008, 88, (3)

Photoelectron resonance capture ionization aerosol mass spectrometry (PERCI-
AMS) has been applied to the analysis of proxies for marine aerosols with and without
ozone; proxies used were mixed oleic acid—amino acid particles. The mechanism of ion
formation for serine (104m/z), glutamic acid (146m/z), and phenylalanine (164m/z) was
dissociative electron attachment. This corresponds to loss of the hydrogen atom only,
allowing for straightforward identification of the free amino acids. No ozonolysis
products for the free amino acids were observed, even at high concentrations of ozone
(500 ppm for 19 s). The direct detection of a novel gas-phase hydrated anion, [serine-
H,O-H], is described. These preliminary results suggest that PERCI-AMS may provide
an effective, simple and direct online method for the detection of organic nitrogen from

free amino acids for future field studies of the marine troposphere.
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Zahardis, J.; Petrucci, G. A., The oleic acid-ozone heterogeneous reaction system:
products, kinetics, secondary chemistry, and atmospheric implications of a model system

- a review. Atmospheric Chemistry and Physics 2007, 7, (5), 1237-1274.

The heterogeneous processing of organic aerosols by trace oxidants has many
implications to atmospheric chemistry and climate regulation. This review covers a
model heterogeneous reaction system (HRS): the oleic acid-ozone HRS and other
reaction systems featuring fatty acids, and their derivatives. The analysis of the
commonly observed aldehyde and organic acid products of ozonolysis (azelaic acid,
nonanoic acid, 9-oxononanoic acid, nonanal) is described. The relative product yields are
noted and explained by the observation of secondary chemical reactions. The secondary
reaction products arising from reactive Criegee intermediates are mainly peroxidic,
notably secondary ozonides and « -acyloxyalkyl hydroperoxide oligomers and polymers,
and their formation is in accord with solution and liquid-phase ozonolysis. These highly
oxygenated products are of low volatility and hydrophilic which may enhance the ability
of particles to act as cloud condensation nuclei (CCN). The kinetic description of this
HRS is critically reviewed. Most kinetic studies suggest this oxidative processing is
either a near surface reaction that is limited by the diffusion of ozone or a surface based

reaction. Internally mixed particles and coatings represent the next stage in the
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progression towards more realistic proxies of tropospheric organic aerosols and a
description of the products and the kinetics resulting from the ozonolysis of these proxies,
which are based on fatty acids or their derivatives, is presented. Finally, the main
atmospheric implications of oxidative processing of particulate containing fatty acids are
presented. These implications include the extended lifetime of unsaturated species in the
troposphere facilitated by the presence of solids, semi-solids or viscous phases, and an
enhanced rate of ozone uptake by particulate unsaturates compared to corresponding gas-
phase organics. Ozonolysis of oleic acid enhances its CCN activity, which implies that

oxidatively processed particulate may contribute to indirect forcing of radiation.
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