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ABSTRACT OF THE DISSERTATION

Identification and Quantification of Secondary Organic Aerosol Compounds Using
Improved Spectroscopic Methods for Functional Group Analysis

by

April Patricia Ranney

Doctor of Philosophy, Graduate Program in Environmental Toxicology
University of California, Riverside, December 2015

Dr. Paul Ziemann, Chairperson

Spectrophotometric functional group derivatization methods were developed,

validated, and utilized to study the products and mechanisms of secondary organic

aerosol (SOA) formation from reactions of VOC systems with atmospheric oxidants in

environmental chamber studies. These methods utilize derivatizing agents that form

characteristic chromophores which can be detected at wavelengths specific to each func-

tional group and can be used to determine SOA composition.

In chapter 2, the derivatizing methods were adapted for use with an Implen

nanophotometer, a UV-Vis spectrophotometer with a 1 or 0.2 mm fixed pathlength,

requiring ∼10-100 µg of SOA sample. The detection limits are approximately 0.03,

0.3, 1, 0.02, 1, and 0.07 nmoles for carbonyl, carboxyl, ester, hydroxyl, peroxide, and

nitrate groups. The method was then validated for linearity, repeatability, and accuracy

by comparing results from analysis of standards and SOA formed from the reaction of

α-pinene and O3 with results using previously developed macroscale methods.
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In chapter 3, the derivatizing methods for carbonyl, hydroxyl, carboxyl, and

ester were adapted for use with high performance liquid chromatography (HPLC) in

conjunction with chemical ionization ion trap mass spectrometry (CI-ITMS) with am-

monia and/or isobutane as the reagent ion gas. The methods were tested for linearity,

ability to detect molecular ion, and for characteristic fragmentation pattens with deriva-

tized standard. In chapter 4, these methods were used to identify and quantify SOA

products formed from the reaction of n-hexadecane with OH radicals in the presence of

NOx. These results will be used to evaluate and improve the GECKO-A atmospheric

model for predicting fate and transport of atmospheric emissions.

In chapter 5, the rate constant for the dehydration of particulate cyclic hemi-

acetal to dihydrofuran was determined with respect to the acidity of the particle as 0.07

± 0.00, 0.11 ± 0.00, 0.25 ± 0.01, and 0.57 ± 0.02 per h−1 for 0.25, 0.5, 1.0, and 2.0 ppmv

of gas-phase HNO3, respectively, which was proportional the amount of HNO3 measured

in SOA particles. These quantities will be used to model the behavior of SOA as this

constant is necessary for understanding the ageing process in alkane-type reactions.
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Chapter 1

Introduction

1.1 Atmospheric Aerosols

Atmospheric aerosols are a complex and dynamic mixture of gases and particles that

have a significant effect on both human and environmental health. Aerosols are typically

defined as a suspension of liquid or solid particles in a gas that contain a large proportion

of condensed matter other than water [69]. Physical and chemical characteristics are de-

rived from the sources of the particulate matter but because these properties are difficult

to quantify, particles are categorized by their diameter. Aerosol particles with diame-

ter ≥ 2 µ are called coarse particles, and are formed when large pieces of material are

broken down into smaller pieces by crushing, grinding, and abrasion of surfaces. These

types of particles are formed from anthropogenic sources (i.e. tire debris, construction,

mining, or farming activities) or biogenic sources (i.e. wind-blown dust and plant parts

or sea spray). Aerosols with a diameter ≤ 2.5 µm in diameter (PM2.5) are called fine

particles. Fine particulate matter is formed mostly by condensation of combustion va-

pors in vehicle exhaust emissions (anthropogenic) and by photochemical reactions in the

atmosphere involving precursor gases such as hydrocarbons, sulfur, and nitrogen oxides
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to form products that condense into aerosols (both anthropogenic and biogenic) [83]. A

subset of fine particles are aerosols with a diameter ≤ 0.08 µm called ultra-fine particles,

which dominate the number distribution of particles but only account for less than 10%

of the PM2.5 mass.

Another common method used to characterize and differentiate aerosols is by

describing the emission sources [62]. Primary particles are directly emitted as liquids or

solids from a source into the atmosphere. Primary particles can be both anthropogenic

and biogenic, for example biomass burning, combustion of fossil fuels, volcanic erup-

tions, sea salt, and wind-blown or traffic related road, soil, mineral dust, and biological

materials. On the other hand, secondary aerosol is formed by gas-phase chemical re-

actions and gas-to-particle conversion of NOx, SOx, and volatile organic compounds in

the atmosphere to form secondary inorganic nitrate and sulfate aerosol and secondary

organic aerosol (SOA). Gas-to-particle conversion occurs as new particles are formed

through nucleation and condensation of gaseous compounds. Because more polar and

less volatile compounds have a greater tendency to condense to the particle phase, ox-

idation of volatile organic compounds leads to the formation of aerosols [87]. Once in

the atmosphere, SOA can undergo coagulation, condensation, and chemical reactions

that change particle size, morphology, phase, and chemical composition [77]. Secondary

organic aerosols can be formed from both anthropogenic and biogenic precursors. SOA

formation is dominated by oxidation of biogenic emissions from vegetation, specifically

terpenes, while anthropogenic emissions significantly impact urban atmospheres due to

incomplete combustion of fossil fuels.
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1.2 Effects of Aerosols

Human Health Effects.

Atmospheric aerosols have been shown to have deleterious effects on human

health and have been correlated with enhanced mortality, cardiovascular, respiratory,

and allergic diseases [69]. Particle size is extremely important when considering the

effects on human health. Air is inhaled through the nasopharyngeal region into the

tracheobronchial tree and into the alveoli (gas-exchange) region [83]. The depth that

particles will penetrate with the air depends on the particle size and airway geometry.

Fine particles (diameters ≤ 2.5 µm; PM2.5) will penetrate into the lung airways and

alveoli. Ultra-fine particles (diameters ≤ 0.08 µm) are a subset of PM2.5 that are of

great concern because they occur in the ambient atmosphere in high numbers and have

a high surface area. Ultra-fine particles have been found in the alveolar macrophages,

suggesting that not only do they penetrate deep into the alveolar region but that they

also reach the gas-exchange section of the lungs [77]. Because fine and ultra-fine particles

can penetrate the lungs and have large, porous surface area that can adsorb and retain

toxic substances, they have been implicated in many different diseases [69].

One possible mechanism of particle toxicity is that particles cause oxidative

stress [46]. Oxidative stress is a disturbance in the pro-oxidant/antioxidant balance in

favor of the pro-oxidant, leading to potential damage. Aerosols contain transition metals

(iron, copper, chromium, mercury, nickel, and lead) and humic-like substances that are

different chemical species capable of creating free radicals, as well as reactive oxygen

species formed on particles in the gas phase [77]. Free radicals react indiscriminately

with neighboring molecules, stealing their electrons, oxidizing, and inactivating target

molecules. The extent of the damage is related to the availability of antioxidants, which
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scavenge the free radicals [46]. Transition metals, certain organic compounds, and other

oxidizing species located on the surface of particles will interact with and reduce lung

lining fluid antioxidants. The change in the balance of pro-oxidants and antioxidants

leads to long-term accumulation of damage and toxicity. Examples of particle-associated

illnesses are respiratory problems, changes in heart rhythms, heart attacks, lung cancer,

severe respiratory and heart malfunctions leading to death, and possible genotoxicity

[63].

Environmental Health Effects.

Atmospheric aerosols affect the environment both directly and indirectly. Fine

particles, which have diameters comparable to the wavelength of visible light (0.4-0.7

nm), efficiently scatter and absorb light and thus effect the transmission of light through

the atmosphere [40]. This effect directly influences both radiative forcing and visibility.

The absorption or scattering effect is determined by properties of the aerosol. For

example black carbon absorbs radiation and causes positive radiative forcing, while

pure sulfate particles will scatter all light and so result in a negative radiative forcing

[69]. The same absorption/scattering of visible light causes visibility degradation by

reducing contrast in light intensity between a distant object and the background sky.

Although anthropogenic aerosols are typically formed and emitted in urban areas, long-

range transport can causes regional haze that impacts rural areas [70].

Aerosols also affect global climate indirectly by modifying the abundance and

properties of clouds [5]. Particles can serve as seeds for condensation of supersaturated

water vapor, thus acting as cloud condensation nuclei (CCN) [70]. Therefore, an increase

in aerosol numbers causes an increase in cloud droplet number. Although the number

of cloud drops increases, the amount of water stays the same. Clouds with smaller but

more numerous drops have a higher surface area and thus higher albedo, meaning they
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reflect more incoming radiation back into space, and therefore have a greater negative

radiative forcing effect. Furthermore, because the cloud drops are smaller, precipitation

is less efficient. Because there is less precipitation, the clouds lifetimes are longer and

more solar radiation is reflected back to space. This is another indirect effect which also

causes negative radiative forcing [34].

1.3 Chemistry in the Atmosphere

Gas-Phase Chemistry

SOA is formed in the atmosphere from chemical reactions involving the major

volatile organic compound (VOC) emissions: alkanes, alkenes, aromatic hydrocarbons,

and oxygenated compounds. The reactions of VOCs with atmospheric oxidants result

in the addition of oxygenated functional groups to the parent compounds. As func-

tional groups are added, the product volatility is reduced and it is therefore more likely

to condense into the particle phase [87]. In general, compound volatility depends on

molecular weight, functional groups, and structure (linear, branched, cyclic) [54]. These

characteristics are determined initially by the emission source and then are modified

through reactions.

Biogenic VOCs are emitted into the atmosphere by vegetation and account

for ∼90% of all VOCs emitted. Biogenic emissions are dominated by alkenes, primarily

isoprene, monoterpenes, and sesquiterpenes [10]. Anthropogenic VOCs are emitted into

the atmosphere as a result of human activities with ∼40% alkanes, ∼20% aromatics,

and ∼10% alkenes, with the remainder being oxygenated and unidentified compounds
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[87]. The reactivity of VOCs with the major oxidants in the atmosphere, hydroxyl (OH)

radical, nitrate (NO3) radicals, and ozone (O3), depends on the compound structure,

and determines the atmospheric lifetime and overall effect of compounds on human and

environmental health.

OH Radicals in the Troposphere. The OH radical is the key oxidant in the

atmosphere (sometimes called the atmospheres detergent), because it reacts relatively

fast with all organic compounds, excluding chlorofluorocarbons and halons that do not

contain hydrogen [8]. OH radicals are formed in the troposphere by photolysis of O3 at

wavelengths of light approximately ≤ 290 nm to form an excited oxygen atom, O(1D).

The excited oxygen atom can react with water vapor to generate OH radicals [10].

O3

hvÐÐ→ O2 +O(1D)

O(1D) +H2OÐÐ→ 2 OH

Other sources of OH radicals in the troposphere are photolysis of nitrous acid

(HONO), photolysis of formaldehyde (HCHO) and other carbonyls in the presence of

nitric oxide (NO), and dark reaction of O3 with alkenes [8]. Because almost all forma-

tion processes begin with photolysis, OH radical oxidation is almost solely a day-time

process. The 12-hour average concentration of OH radicals in the troposphere is 2.0 x

106 molecule cm−3 [10].

Nitrate Radicals in the Troposphere. NO3 radicals are formed in the tropo-

sphere from biogenic and anthropogenic sources of NO, such as combustion of fossil

fuels or electrical discharges of lightning [12]. NO reacts with O3 to form nitrogen

(NO2) and O2. The NO2 reacts with O3 to form a NO3 radical and O2. But NO3

radicals photolyze rapidly to form either NO and O2 or NO2 and ground-state oxygen

atom, O(3P) [8].
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NO +O3 ÐÐ→ NO2 +O2

NO2 +O3 ÐÐ→ NO3 +O2

NO3

hvÐÐ→ NO +O2

NO3

hvÐÐ→ NO2 +O(3P)

Because NO3 photolyzes with a lifetime of ∼5 s for overhead sun, NO3 radical

reactions are predominantly a nighttime loss process for VOCs. The 12-hour average

nighttime concentration of NO3 radicals in the troposphere is 5 x 108 molecule cm−3

[11].

Ozone in the Troposphere. O3 is a powerful oxidant that is formed in the tro-

posphere from several different mechanisms. One mechanism is the formation of O3 as a

photochemical byproduct of non-methane organic carbons with oxides of nitrogen (NO

+ NO2 = NOx). Also, because there is a high mixing ratio of O3 in the stratosphere,

there is a downward transport into the troposphere by eddy diffusion [11]. Destruction

of O3 occurs through photochemical destruction and by dry deposition to the Earth’s

surface, and balances the formation of O3. Because O3 can be created when VOCs are

oxidized in the presence of NOx, O3 concentrations in the troposphere differ depending

on VOC and NOx concentrations. For example, concentrations of O3 in clean environ-

ments are 10-40 ppbv, while concentrations of O3 in polluted urban environments can

exceed 100 ppbv. O3 is both a daytime and nighttime oxidant [8].

Rates of Oxidant Reactions with Organic Compounds. Lifetimes of VOCs are

determined by the reactions with the different oxidants. Alkanes react predominately

with OH radicals through H-atom abstraction, resulting in lifetimes of ∼1-2 days [87].

On the other hand, alkenes react predominately with the OH radical, NO3 radical, or

O3 by addition to the C=C double bond. H-atom abstraction from C-H bonds by OH
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Figure 1.1: Mechanism of the OH-radical initiated reaction of an n-alkane in the presence
of NOx.

.

and NO3 radicals also occurs, but much more slowly [10]. The lifetimes of alkenes vary

from a few minutes to ∼1-2 days, much shorter than those of alkanes with similar carbon

number, because the C=C double bond can rapidly react with all oxidants. The presence

of a ring or chain branching will affect also reactivity, and therefore the lifetime of the

compound in the atmosphere [87].
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1.4 Reaction Mechanism of VOCs in the Atmosphere

The reaction mechanisms for simple alkanes and alkenes with OH radicals in the presence

of NOx have been studied and mostly elucidated [12] [55] [54] [87]. Alkane reactions begin

with H-atom abstraction from a C-H bond by an OH radical as shown in Figure 1.1. For

the structure shown, the H-atom is abstracted is a secondary H-atom 98% of the time

and a primary H-atom 2% of the time, because of the higher reactivity and abundance

of secondary H-atoms [50]. When the H-atom is abstracted, an H2O molecule and an

alkyl radical are formed. The alkyl radical immediately reacts by addition of O2 to

form an alkylperoxy radical. The alkyperoxy radical reacts with NO to form either an

alkyl nitrate or an alkoxy radical and NO2. The alkoxy radical can either decompose to

form a carbonyl and an alkyl radical or it can isomerize through a 1,5-H-atom shift via

a six-member transition state to form a 1,4-hydroxyalkyl radical. For n-alkanes with a

carbon chain with >6 number, decomposition is too slow to complete with isomerization,

while for branched alkanes decomposition can dominate over isomerization. Although

these alkoxy radicals can also react with O2 to form a carbonyl and HO2, this reaction is

also too slow to compete with isomerization and so is not shown. The 1,4-hydroxyalkyl

radical reacts with O2 to form a 1,4-hydroxyperoxy radical, which will then react with

NO to form either a 1,4-hydroxynitrate or a 1,4-hydroxyalkoxy radical and NO2. The

1,4-hydroxyalkoxy radical will reverse isomerize and then react with O2 to form a 1,4-

hydroxycarbonyl and HO2.
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Figure 1.2: Mechanism of the OH-radical initiated reaction of a 1-alkene, internal alkene,
and 2-methyl-1-alkene in the presence of NOx. Adapted from Ziemann, 2011 [87]
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Alkene chemistry begins by with either H-atom abstraction or addition of oxi-

dant to the C=C double bond [87]. The H-atom abstraction reaction mechanism is the

same as for the alkane shown in Figure 1.2. OH addition to the carbon-carbon double

bond will occur at either side of the double bond resulting in a pair of β-hydroxyalkyl

radical isomers. The subsequent reactions are then the same as for n-alkanes, but

with an added hydroxyl group. The β-hydroxyalkyl radical reacts with β to form a

β-hydroxyperoxy radical, which reacts with NO to form a β-hydroxynitrate or a β-

hydroxyalkoxy radical. The β-hydroxyalkoxy radical will either decompose to a car-

bonyl and a β-hydroxyalkyl radical or isomerize to form a dihydroxyalkyl radical. The

dihydroxyalkyl radical will react with O2 to form a dihydroxyperoxy radical that re-

acts with NO to form a dihydroxynitrate or dihydroxyalkoxy radical [60]. Subsequent

reactions depend on the location of the C=C double bond in the parent alkene. For

1-alkenes and internal alkenes, dihydroxyalkoxy radicals undergo reverse isomerization

through a 1,5-H-atom shift, and then react with O2 to form a dihydroxycarbonyl and

HO2. For 2-methyl-1-alkenes, OH radical addition to the terminal carbon results in a

dihydroxyalkyl radical with the alkoxy radical on the 5-carbon, and reverse isomeriza-

tion via a 1,5-H-atom shift is impossible because there is no H-atom on the 2-carbon for

abstraction. Instead, reverse isomerization occurs via a 1,6-H-atom shift or is proceeds

via a 1,5-H-atom shift further along the carbon chain. In either case a trihydroxyalkoxy

radical is formed, and O2 adds to form a trihydroxyperoxy radical that reacts with NO

to form a trihydroxynitrate or a trihydroxycarbonyl and HO2 [61].
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1.5 Heterogeneous and Multiphase Chemistry

The products of gas phase reactions of alkanes and alkenes, such as 1,4-hydroxynitrates,

1,4-hydroxycarbonyls, dihydroxycarbonyls, trihydroxycarobonyls, dihydroxynitrates,

and trihydroxynitrates can undergo further chemistry that takes place as heterogeneous,

multiphase, or further gas phase reactions. Heterogeneous reactions take place in more

than one phase (gas reacting with a solid or a liquid) on the surface of solid and liquid

particles and include physical absorption and chemical transformation processes [76].

Multiphase reactions take place within the bulk of particles in an organic and/or aqueous

phase, involving compounds originating from the gas phase [69].

Heterogeneous/multiphase reactions involve an assortment of reversible and

irreversible reactions that can involve organic compounds and photoxidants (oxidative)

or organic compounds in the presence of an acid-catalyst (non-oxidative) reaction to

form oligomers. These heterogeneous/multiphase reactions can alter the physical and

chemical properties of particles by forming compounds that are more oxygenated and/or

have higher molecular weights that result in low-volatility compounds that are less likely

to evaporate from SOA. The most important non-oxidative process is oligomerization,

because the vapor pressure of an organic species will decrease by an order of magni-

tude for every two methylene (-CH2-) units added [49]. There are several classes of

non-oxidative bimolecular reactions: peroxyhemiacetal formation from reaction of a hy-

droperoxide with an aldehyde, hemiacetal formation from reaction of alcohol with an

aldehyde, aldol condensation from reaction of a carbonyl with another carbonyl, ester

or acid anhydride formation from reaction of a carboxylic acid with an alcohol or a

carboxylic acid, respectively, sulfate ester formation from reaction of sulfuric acid and

an alcohol, hydroperoxide formation from reaction of a stabilized Criegee intermediate
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with an alcohol, carboxylic acid, or water [49]. One important unimolecular hetero-

geneous/multiphase reaction process is initiated by the acid-catalyzed cyclization of a

1,4-hydroxycarbonyl into a cyclic hemiacetal, as shown in Figure 1.3 [12]. The cyclic

hemiacetal can then undergo acid-catalyzed dehydration to form a dihydrofuran [57],

which has a highly reactive C=C double bond and high volatility, and thus evaporates

from the particles.

1.5.1 Multigenerational Reaction Mechanism

The first generation products discussed above can further react with oxidants (primarily

in the gas phase) to form multigeneration products [55]. If the reaction is initiated by

H-atom abstraction, it will proceed by a similar mechanism as alkanes and result in

further addition of nitrate, 1,4-hydroxynitrate, and 1,4-hydroxycarbonyl groups to the

parent compound. The dihydrofuran formed by cyclization and dehydration of the 1,4-

hydroxycarbonyl can react with an OH radical by addition to the C=C bond, forming

a β-hydroxyalkyl radical that adds O2 and then reacts with NO to form a cyclic β-

hydroxynitrate or a cyclic β-hydroxyalkoxy radical. The cyclic β-hydroxyalkoxy radical

rapidly decomposes via ring opening and reacts with O2 to form a carbonylester and

HO2. Reaction of the carbonylester continues preferentially by H-atom abstraction

at the aldehyde group to form an acyl radical, followed by O2 addition to form an

acylperoxy radical, and then reaction with NO2 to form an acylperoxynitrate or with

NO to form an acyloxy radical and NO2. The acyloxy radical decomposes to form an

alkyl radical and CO2.
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Figure 1.3: Mechanism of formation of multigeneration products from the OH-radical
initiated reaction of an n-alkane in the presence of NOx (continued from Figure 1).
Adapted from Lim, 2009 [54].
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1.6 Composition of Oxidized Organic Aerosol

The composition of organic aerosol varies locally, regionally, and globally depending on

factors such as emission sources (biogenic vs anthropogenic), light, temperature, humid-

ity, transport, and season [83]. The chemical characterization of this material is difficult

due to the complexity and variability of its composition. In general, authentic standards

of molecular products are not available commercially and are difficult to synthesize, lim-

iting the use of analytical techniques such as gas or liquid chromatography coupled to

mass spectrometry for identification and quantification [66] [79]. The Aerodyne aerosol

mass spectrometer (AMS) provides on-line mass spectrometric analysis but is limited to

low mass ions and O/C and H/C ratios that provide little information on the molecular

composition of SOA [41]. Fourier transform infrared spectroscopy has provided more

detailed chemical information, but requires significant data interpretation experience

because overlapping spectral peaks can make identification of specific functional groups

difficult [72]. Methods that make use of spectrophotometry for quantitation of individ-

ual functional groups have also been developed, in which carbonyl, carboxyl, ester, and

hydroxyl groups are reacted with derivatizing agents that form strongly light absorbing

derivatives specific for each functional group [4]. For peroxide groups, a colored perox-

ide solution is formed based on the redox chemistry of iodine [24], and nitrate groups

contain a chromophore that is already strongly absorbing [60]. Using these methods,

the functional group composition of SOA formed in an environmental chamber can be

determined and the results used to relate precursor VOC emissions to SOA composition.
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1.7 Modeling of Atmospheric Chemistry

Because atmospheric particulate matter impacts both environmental and human health,

it is important to be able to accurately predict the chemistry and fate of VOCs emitted

into the atmosphere. Atmospheric models are used to assess changes in air quality and

air pollution exposures by providing a three-dimensional mathematical representation

of atmospheric emissions, chemistry, transport, clouds, boundary-layer processes, radi-

ation, and aerosol effects [52]. Many models include some form of gas phase and aerosol

chemistry in the troposphere, but with various degrees of complexity. The models

contain different levels of detailed representation of non-methane hydrocarbon chem-

istry, different definitions of emitted species, and different descriptions of aerosols. One

model, the Generator for Explicit Chemistry and Kinetics of Organics in the Atmo-

sphere (GECKO-A), has been developed to automatically generate comprehensive gas

phase chemical reaction mechanisms based on known reaction pathways, kinetics data,

and structure-activity relationships, which are combined with gas-particle partitioning

theory to predict SOA formation [14]. A clearer understanding of the chemistry of

SOA could be used to improve the accuracy of this model and others for predicting the

formation, behavior, and properties of SOA in local, regional, and global atmospheres.
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1.8 Objective and Overview of the Dissertation

The objective of this dissertation was to develop and apply methods that can be used to

elucidate the products and chemical mechanisms of the formation of SOA. The results

of these experiments will be used to help evaluate models such as GECKO-A to achieve

the ultimate goal of better predicting the composition and fate of SOA under ambient

atmospheric conditions.

In chapter 2, spectrophotometric methods developed previously in our lab for

analysis of carbonyl, carboxyl, ester, hydroxyl, peroxide, and nitrate groups were mod-

ified to be used for low organic aerosol concentrations. The methods were developed,

validated, and used to determine the functional group composition of SOA formed from

the reaction of α-pinene and O3.

In chapter 3, the derivatization methods for analysis of carbonyl, carboxyl,

hydroxyl, and ester groups were adapted for use with high-performance liquid chro-

matography (HPLC) in conjunction with chemical ionization ion trap mass spectrome-

try (CI-ITMS) to identify and quantify SOA compounds. The methods were tested for

linearity, ability to identify compounds based on molecular ions, and characterization

of the mass fragmentation patterns of derivatized standard compounds using isobutane

and ammonia as chemical ionization reagent ion gas.

In chapter 4, the derivatization-HPLC-CI-ITMS methods were applied to a

study of the SOA formed from the reaction of n-hexadecane with OH radicals in the

presence of NOx. The environmental chamber reaction was run under two different con-

ditions. First, the reaction was limited to 1 min of OH radical exposure and ammonia

was added to the chamber to neutralize HNO3 formed during the experiment, thus pre-
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venting the acid-catalyzed formation of dihydrofurans and limiting the reactions to the

formation of mostly first generation products. In the second experiment, the products

were aged by exposure to OH radicals for 60 min and to HNO3 throughout to form a

complex mixture of multigeneration products for identification and quantitation.

In chapter 5, the kinetics of the acid-catalyzed dehydration of cyclic hemiacetals

were investigated. Cyclic hemiacetals were formed from the reaction of n-pentadecane

with OH radicals (formed from the dark reaction of tetramethylethylene with O3) in the

presence of varying concentrations of gas phase HNO3. The formation and decay of cyclic

hemiacetals was monitored using thermal desorption particle beam mass spectrometry,

and the concentration of HNO3 in the gas and particle phase was measured using spec-

trophotometry and ion chromatography to analyze impinger samples and particle filter

samples, respectively. The results were used to quantify the relationship between the

rate constant for dehydration and concentration of HNO3 in the gas and particle phases,

and also determine the Henry’s law constant for partitioning of HNO3 into SOA.
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Chapter 2

Quantification of Functional Groups in Oxidized

Organic Aerosol at Ambient Mass Concentrations

2.1 Abstract

Spectrophotometric methods developed previously to quantify the major functional

groups present in oxidized organic aerosol were modified for use with sample masses

typical of those collected from ambient air. In these methods, carbonyl, carboxyl, hy-

droxyl, and ester groups are reacted with derivatizing agents that are specific to each

functional group to form strongly light absorbing derivatives, a colored peroxide solution

is formed through redox chemistry, and nitrates have an inherently strong absorbance.

As described here, improved detection limits are made possible by measuring absorbance

using a spectrophotometer that requires only a few microliters of solution for analysis,

instead of the five milliliter volume required previously when using a standard cuvette.

Use of this so-called nanophotometer allows comparable absorbances to be obtained

with much less mass by concentrating samples by more than two orders of magnitude

relative to previous methods. Detection limits are approximately 0.03, 0.3, 1, 0.02, 1,

and 0.07 nmoles for carbonyl, carboxyl, ester, hydroxyl, peroxide, and nitrate groups,
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which correspond to approximately 0.8, 10, 40, 1, 50, and 5 ng of each functional group.

In practice, depending on the composition of functional groups, the mass required for

complete analysis of moderately oxidized organic aerosol is ∼10-100 µg. The new mi-

croscale methods were evaluated for linearity, repeatability, and accuracy by comparing

results from the analysis of standards and aerosol formed from the reaction of α-pinene

and O3 with results obtained using the previously developed macroscale methods. The

evaluation demonstrates that the microscale methods can be used to quantify these six

functional groups at low organic aerosol mass concentrations.

2.2 Introduction

Atmospheric aerosol particles are composed of a complex mixture of inorganic and or-

ganic chemical constituents that influence particle chemical and physical properties and

their subsequent effects on humans and the environment [69]. Organic matter comprises

20-90% of atmospheric aerosol mass, depending on location, with a large fraction being

secondary material that is formed in the atmosphere by condensation of low volatility

products formed by the oxidation of volatile organic compounds (VOCs) [45] [41]. The

major sources of secondary organic aerosol (SOA) and the mechanisms of the reactions

by which it is formed in the atmosphere are still not well understood. Such informa-

tion is necessary for developing local, regional, and global atmospheric models used to

establish air quality regulations and predict future climate [9].

The oxidized organic compounds that form SOA can have linear, branched,

cyclic, or aromatic structures and usually contain multiple functional groups that re-

duce their volatility relative to the parent VOCs from which they were formed. The

functional groups found most often include carbonyl (C=O), carboxyl (O=C-OH), hy-
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droxyl (C-OH), ester (O=C-OR), hydroperoxide (C-OOH), and nitrate (C-ONO2). The

enormous complexity of organic aerosol makes chemical characterization difficult, and

a variety of offline and online methods have been employed to try to address these

problems. Gas and liquid chromatography, coupled to mass spectrometry (GC-MS and

LC-MS), have been widely used for molecular analysis of collected samples, but the

methods are limited by the general absence of authentic standards for use in compound

identifcation, and by the difficulty of fractionating complex mixtures [26] [30]. On-

line mass spectrometric analysis, most commonly conducted with the Aerodyne aerosol

mass spectrometer (AMS), has also seen widespread use, but the chemical information

is usually limited to a few low-mass ions and O/C and H/C ratios that are character-

istic of aerosol oxidation state and volatility [41]. Offline analysis of organic functional

groups, including carboxyl, carbonyl, hydroxyl, sulfate, and nitrate, most often using

Fourier transform infrared (FTIR) spectroscopy, has provided useful information at a

level of chemical detail intermediate to that obtained with the other methods. Use of

this method requires significant data interpretation skills, however, because overlapping

spectral peaks can make identification and quantification of specific functional groups

difficult [72].

Recently, alternative methods for analyzing functional groups in organic

aerosols have been developed that employ spectrophotometry for quantitation [4] [24]

[60]. In these methods, carbonyl, carboxyl, hydroxyl, and ester groups are reacted

with derivatizing agents that are specific to each functional group to form strongly light

absorbing derivatives, a colored peroxide solution is formed through redox chemistry, and

nitrates have an inherently strong absorbance. As originally developed the applicability

of the methods is limited by the amount of aerosol sample required for analysis, which

based on measured detection limits is about 1 - 10 µg of each functional group. For a
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relatively oxidized sample, such as SOA formed from the reaction of α-pinene with O3

in which the measured mass fractions of functional groups ranged from about 0.03-0.3,

the mass of SOA required for complete analysis with replicates was ∼0.5 mg [4]. For

less oxidized SOA, or if certain functional groups are present in low abundance, then

a few mg may be necessary. In a laboratory experiments, the mass of sample required

is often not an issue since the amount of aerosol collected can usually be increased by

increasing the amount of reaction. If experiments must be conducted at low aerosol mass

concentrations, however, in order to mimic atmospheric levels, then the time required

to obtain sufficient sample may be prohibitively long. The same constraints hold true

for analysis of ambient samples. For example, during the 2005 SOAR-1 campaign in

Riverside, CA, a polluted urban environment, the organic aerosol mass concentration

measured with an AMS was ∼10 µg m−3 [41]. Using a high volume sampler with a flow

of 60 L min−1, it would take ∼24 h to collect ∼1 mg of organic mass for functional group

analysis [68].

Because the spectrophotometric methods have utilized a conventional UV-

Vis spectrophotometer with a 1 cm pathlength quartz cuvette to measure sample ab-

sorbance, the final volume of solution required for analysis of each functional group is

at least 3 mL. The cuvette pathlength and volume both affect the amount of sample

required for analysis. We previously tried to improve detection limits, and thus reduce

sample size, by employing a waveguide that provides a 50 cm pathlength for a similar

solution volume. Unfortunately, the absorbance of reagent blank solutions was so high

that it was not possible to measure sample absorbance.
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More recently, we have been able to reduce the mass of sample required for

analysis by substantially reducing the solution volume, with only minor reductions in

pathlength. This has been accomplished using an instrument called a nanophotometer,

which employs compression technology to allow spectrophotometric analysis on solution

drops of 1-5 µL. Drops are deposited on a divot inside a lid that when placed on the

sample platform compresses the drop to a fixed pathlength (0.2 mm, 0.1 mm, or 1 mm)

(see Figure 2.1). The approach to this study was to modify the original macroscale

functional group analysis (macro FGA) methods used to quantify carbonyl, hydroxyl,

carboxyl, ester, peroxide, and nitrate groups for use at the microscale (micro FGA).

Micro FGA requires different apparatus, solvents, and techniques to minimize evapora-

tion and wall loss when processing small solution volumes and to create stable drops for

absorbance measurements. The micro FGA methods were then compared to the macro

FGA methods with regards to linearity, repeatability, accuracy, and detection limits by

analyzing standards and SOA formed in an environmental chamber from the reaction

of α-pinene with O3.

2.3 Experimental Section

Chemicals and Reagents

The following chemical abbreviations are used below: triphenylphosphine

(TPP), 2,4-dinitrophenylhydrazine (2,4-DNPH), N,N’- dicylohexylcarbodiimide

(DCC), 2,4-dinitrophenyl hydrazone (2,4-DNP hydrazone), 2-nitrophenylhydrazine hy-

drochloride (2-NPH.HCl), 2-nitrophenyl hydrazide (2-NP hydrazide), trimethylsilydia-

zomethane (TMSDM), 4-nitrobenzoyl chloride (4-NBC), 4-dimethylaminopyridine (4-

DAP), and 4-nitrobenzoyl ester (4-NB ester).
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Figure 2.1: Implen Nanophotometer P-300. Implen Nanophotometer P-300. A) Dia-
gram of nanophotometer cell. B) Compression of a sample droplet between divot in lid
and sample platform [37].
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The following chemicals, with purities or grades and supplier, were used: 2-

NPH.HCl (98%) (TCI); 2,4-DNPH (97%), TPP (99%), DCC (99%), TPP (99%),tride-

canoic acid (98%), bis(2-ethylhexyl) sebecate (97%), methyl tridecanoate (98%), 4-NBC

(97%), 2 M TMSDM in diethyl ether, toluene (Certified ACS grade),2-ethylhexyl nitrate

(97%), 1,2-tetradecanediol (90%), benzoyl peroxide (97%), (1S)-(-)-α-pinene (99%), cy-

clohexane (HPLC grade) (Sigma-Aldrich); thiourea (99%), KOH (”for analysis”; ≤85%

with remainder water and <1% K2CO3 and trace metals), ferric chloride (FeCl3.6H2O)

(99%), hydroxylamine hydrochloride (99%), KI (99%), Na2CO3 (99%), NaCl (UPC/FCC

grade), concentrated HCl (ACS Plus grade), acetic acid (ACS grade), chloroform(99%)

(ACS Spectrophotometric grade), ethyl acetate (ACS grade), absolute ethanol (99.5%),

dichloromethane (Optima grade), acetonitrile (HPLC grade), hexane (Optima grade),

methanol (Optima grade), and water (Optima grade) (Fisher Chemicals); 4-DAP (99%)

and extra dry pyridine (99.5%) (Acros Organics); NaHCO3 (99.7%) (Mallinickrodt);

and 3-hexadecanone (99%) (Alfa Aesar). Ozone was generated using a DEL Ozone LG7

ozone generator.

The following prepared reagents were used in both the macro and micro FGA.

For micro FGA, amounts were scaled down based on the analysis performed, which

reduced solvent use. All reagent solutions were freshly prepared for each set of analyses,

except 2-NPH.HCl, DCC, pyridine, and 2,4-DNPH solutions. Contamination of theses

reagent solutions would be detected in the reagent blanks during analysis.

Carbonyl groups. Hexane/ethanol solution: 30% v/v hexane in ethanol. TPP

solution: 0.01 M TPP in ethanol. 2,4-DNPH solution: 0.005 M 2,4-DNPH in 4% v/v

concentrated HCl in ethanol. KOH solution: 100 g L−1 in 20% v/v water in ethanol.
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Carboxyl groups. 2-NPH.HCl solution: 0.02 M 2-NPH.HCl in ethanol (requires

gentle warming ∼ 40○C for precipitate to dissolve). DCC solution: 0.25 M DCC in

ethanol. Pyridine solution: 6% v/v pyridine in ethanol. TPP solution: 0.01 M TPP

in ethanol. Thiourea solution: 10 g L−1 thiourea in ethanol. KOH solution: 100 g L−1

KOH in 10% v/v water in ethanol.

Ester groups. Ethanol/water solution: 50% v/v ethanol in water. KOH so-

lution: 2.4 M KOH in 50% ethanol in water. Hydroxylamine hydrochloride solution:

2.0 M hydroxylamine hydrochloride in 50% ethanol in water. FeCl3 solution: 0.44 M

(FeCl3.6H2O) in 6% v/v HCl solution in ethanol. HCl solution: 50% v/v concentrated

HCl in 50% v/v ethanol in water.

Hydroxyl groups. Methanol/toluene solution: 40% v/v methanol in toluene.

TMSDM solution: 0.04 M TMSDM (in diethyl ether) in methanol/toluene solution.

4-NBC solution: 100 g L−1 4-NBC in pyridine. 4-DAP solution: 0.02 M 4-DAP

and 50 g L−1 Na2CO3 in water. NaHCO3 solution: 50 g L−1 NaHCO3 in water.

Dichloromethane/hexane solution: 9% v/v dichloromethane in hexane. HCl solution:

0.24 N HCl and 25 g L−1 NaCl in water.

Peroxide groups. Peroxide reagent solution: 0.53:0.27:0.20 v/v of water, chlo-

roform, and acetic acid, respectively.

Nitrate groups. Nitrate group analysis does not involve derivatization so no

reagents are necessary.
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Apparatus

The following apparatus were used: dual rotor person microcentrifuge, 0.2 mL

TempAssure PCR tube (USA Scientific); 2-20 µL micropipette, 0.1-2.5 µL micropipette,

0.1-20 µL epT.I.P.S., 0.1-10 µL epT.I.P.S. (Eppendorf); Supelco 5 mL micro-reaction

vessel, screw thread Minnert valve (Sigma-Aldrich); 5 mL Schlenk flask (Chemglass

Life Science). USB4000-UV-Vis Miniature Fiber Optic spectrophotometer with a 1 cm

quartz cell (Ocean Optics) for macro FGA and P-300 Nanophotometer with a 1 mm or

0.2 mm pathlength lid (Implen) for micro FGA.

Macro FGA Methods

The methods used for macro FGA of carbonyl, carboxyl, ester, and hydroxyl

groups are described in Aimanant and Ziemann (2013) [4], whereas the methods used for

peroxide and nitrate groups are described in Docherty et al. (2005) [24] and Matsunaga

and Ziemann (2009) [60], respectively. For all methods a suite of quality controls are

used, including calibration curves determined using three to five standard solutions,

analysis of two reagent blanks consisting of all derivatizing reagents but no sample,

and analysis of samples at two different concentrations to ensure that all functional

groups are fully derivatized and that sample absorbance is within the range set by the

calibration curve.

Carbonyl groups. In a 5 mL volumetric flask, 1 mL hexane/ethanol solution is

added to a sample or standard containing at least 0.01 µmole of carbonyl groups. In

order to decompose peroxide compounds, 0.2 mL of TPP solution is added and allowed

to sit for 30 min. Next, 0.4 mL of 2,4-DNPH solution is added to the 5 mL flask
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and allowed to sit for 24 h at room temperature to allow time for derivatization to

occur. After 24 h, 3.0 mL of KOH solution is added, forming a KCl precipitate which

dissolves when water is added up to the 5 mL mark. Immediately after adding water

the absorbance is measured at 480 nm.

Carboxyl groups. In a 5 mL volumetric flask, 0.2 mL of ethanol is added to

a sample or standard containing at least 0.03 µmole of carboxyl groups. In order to

decompose peroxide compounds, 0.2 mL of TPP solution is added and allowed to sit

for 30 min. Next, 0.5 mL of 2-NPH.HCl, pyridine, and DCC solutions are added in this

sequence to the 5 mL flask and allowed to sit for 24 h at room temperature to allow time

for derivatization to occur. After 24 h, 1 mL of thiourea and 0.25 mL of KOH solutions

are added to the 5 mL flask. The solution is heated in a water bath at 60 ○C for 15

min, decomposing the aminoguanidine derivative to 1-hydroxy-1,2,3-benzotriazole and

a urea derivative. The solution is cooled to room temperature, water is added to the 5

mL mark, and the absorbance is measured at 550 nm.

Ester groups. In a 5 mL volumetric flask, 1 mL of ethanol is added to a

sample or standard containing at least 0.1 µmole of ester groups. The hydroxylamine

hydrochloride solution and KOH solution are combined and 2 mL of this solution and

then 0.6 mL of water are added to the flask. The solution is allowed to sit for 1 h at

room temperature to allow time for derivatization to occur, and then 0.5 mL of HCl

solution and 0.5 mL of FeCl3 solution are added in order. Water is added to the 5 mL

mark and the absorbance is measured immediately at 540 nm.

Hydroxyl groups. In a 5 mL reaction vial, 100 µL of methanol/toluene solution

and 200 µL of TMSDM solution are added to a sample or standard containing at least

0.01 µmole of carbonyl groups. The solution is kept at room temperature for 1 h to

convert any carboxyl groups to methyl esters. The solution is then dried completely
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(∼10 min) with nitrogen to evaporate all the methanol. The sample/standard is recon-

stituted in 100 µL of pyridine and 150 µL of 4-NBC solution, and the vial is allowed

to sit for a 24 h derivatization period at room temperature. After 24 h, the sample

is dried completely (∼10 min) with nitrogen to evaporate all the pyridine. Next, the

excess 4-NBC is hydrolyzed by adding 2 mL of 4-DAP solution to the reaction vial,

sonicating in an ultrasonic bath for 2 min to completely dissolve the components, and

allowing the solution to sit for 30 min. The solution is transferred to a separatory funnel

and the derivatives are extracted into 5 mL of dichloromethane/hexane solution. The

dicholoramethane/hexane layer is collected and washed with 2 mL of NaHCO3 solution

and then three times with 5 mL of HCl solution. The dichloromethane/hexane layer is

collected again and the absorbance is measured at 253 nm.

Peroxide groups. A sample or standard containing at least 0.08 µmole of per-

oxide groups is dissolved in 2 mL of ethyl acetate and added with 3 mL of peroxide

reagent to a 5 mL air tight reaction vial. Oxygen is purged from the reaction vial by

inserting a needle through the septum of the lid and bubbling with nitrogen at a rate

of 3 cm3 min−1 for 5 min. After 5 min, while continuing to bubble with nitrogen, the

reaction vial airtight lid is loosened and ∼0.05 g of KI is added to the solution. The vial

is then recapped and nitrogen bubbling is continued for 30 s to remove all oxygen. The

vial is capped tightly, wrapped in aluminum foil to prevent exposure to light, and left

to react for 1 h. After 1 h, the absorbance is measured at 470 nm as quickly as possible

to avoid oxygen contamination.

Nitrate groups. A sample or standard containing at least 0.2 µmoles of nitrate

groups is dissolved in 3 mL of acetonitrile and the absorbance is measured at 210 nm.
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Micro FGA Methods

The methods used for micro FGA of carbonyl, carboxyl, ester, hydroxyl, perox-

ide, and nitrate groups were developed by modifying the macro FGA methods described

above. This involved initial reduction of the volumes of all solvents and reagents used

by a factor of 200 to reduce the total volume from 5 mL to 25 µL, followed by adjust-

ments to the scaling when necessary and in some cases changes in solvents, and new

processing procedures. Reasons for these modifications are explained in Results and

Discussion. For all methods a suite of quality controls are used, including calibration

curves determined using three to five standard solutions, analysis of two reagent blanks

consisting of all derivatizing reagents but no sample, and analysis of samples at two

different concentrations to ensure that all functional groups are fully derivatized and

that sample absorbance is within the range set by the calibration curve.

Carbonyl groups. A sample or standard solution containing at least 0.03 µmole

of carbonyl groups is added to a microcentrifuge tube and dried completely with nitro-

gen. The sample/standard is then reconstituted in 5 µL of hexane/ethanol solution and

2 µL of TPP solution is added. The solution is left for 30 min to decompose peroxide

compounds. Next, 2 µL of 2,4-DNPH is added and the solution is left at room tem-

perature for 24 h to allow time for derivatization to occur. After 24 h, 11 µL of KOH

solution, 3 µL of acetonitrile, and 2 µL of water are added to the microcentrifuge tube

and the absorbance is immediately measured at 480 nm using the 1 mm pathlength lid.

Carboxyl groups. A sample or standard containing at least 0.3 µmole of car-

boxyl groups is added to a microcentrifuge tube and dried completely with nitrogen.

The sample/standard is reconstituted in 5 µL of ethanol and then 5 µL of TPP solu-

tion is added. The solution is left for 30 min to decompose peroxide compounds. The

sample/standard is then dried to completeness with nitrogen and reconstituted in 2 µL
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of ethanol. Next, 2.5 µL of 2-NPH.HCl, pyridine, and DCC solutions are added to the

flask and the solution is left for 24 h at room temperature to allow time for derivati-

zation to occur. After 24 h, 5 µL of thiourea and 2.5 µL of KOH solutions are added

to the microcentrifuge tube and the solution is heated in a water bath at 60 ○C for 15

min. After allowing the solution to cool to room temperature, 3 µL acetonitrile and 5

µL of water are added to the microcentrifuge tube and the absorbance of the solution

is measured at 550 nm using the 1.0 mm pathlength lid.

Ester groups. A sample or standard containing at least 1.3 µmole of ester

groups is added to a microcentrifuge tube and dried completely with nitrogen. The

sample/standard is reconstituted in 5 µL of ethanol. The hydroxylamine hydrochloride

solution and KOH solution are combined and 10 µL of this solution and 3 µL of water

are added to the microcentrifuge tube and allowed to sit for 1 h to allow time for

derivatization to occur. After 1 h, 2.5 µL of HCl solution and 2.5 µL of FeCl3 solution are

added in order, then 2 µL of water is added and the absorbance is measured immediately

at 540 nm using the 1.0 mm pathlength lid.

Hydroxyl groups. A sample or standard containing at least 0.05 µmole of hy-

droxyl groups dissolved in 100 µL of methanol/toluene solution is added to a 5 mL

reaction vial with 200 µL of TMSDM solution. The solution is kept at room temper-

ature for 1 h to convert any carboxyl groups to methyl esters. The solution is then

dried completely with nitrogen to evaporate all the methanol. The sample/standard

is reconstituted in 100 µL of pyridine and 150 µL of 4-NBC solution and left for 1 h

at room temperature to allow time for derivatization to occur. After 1 h, the solution

is dried completely with nitrogen to evaporate all the pyridine. Next, the excess 4-

NBC is hydrolyzed by adding 2 mL of 4-DAP solution to the reaction vial, sonicating

in an ultrasonic bath for 2 min to completely dissolve the components, and allowing
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the solution to sit for 30 min. The solution is transferred to a separatory funnel and

the derivatives are extracted into 5 mL of dichloromethane/hexane solution. The di-

choloramethane/hexane layer is collected and washed with 2 mL of NaHCO3 solution

and then three times with 5 mL of HCl solution. The dichloromethane/hexane layer is

collected again and transferred to a reaction vial. The sample is dried with nitrogen

while adding successive amounts of dichloromethane/hexane solution to concentrate the

sample in the bottom of the reaction vial. The sample/standard is reconstituted in 25

µL of dichloromethane/hexane solution and the absorbance is measured immediately at

253 nm using 0.2 mm pathlength lid.

Peroxide groups. A sample or standard containing at least 1.7 µmole of per-

oxide groups is dissolved in 10 µL of ethyl acetate and added with 12 µL of peroxide

reagent to a 5 mL air tight schlenk flask. The schlenk flask is a storage vessel that

contains two openings. One opening connects to a vacuum manifold and the other has

a high-vac valve with a control knob that unscrews up and down opening and closing

the access to the vacuum system (see Figure 2.2). The flask is connected to a vacuum

manifold, partially submerged in a Dewar containing liquid nitrogen for 1 min, and then

the air is evacuated by opening the flask unscrewing a high-vac valve with control knob

opening access to the vacuum. After the pressure (as measured by a Baratron absolute

pressure gauge) drops to 0.00, the high-vac valve is screwed down, sealing the flask to

both the atmosphere and vacuum , the Dewar is removed, and the frozen solution is

allowed to thaw. Again the flask is partially submerged in liquid nitrogen for 1 min

and the air evacuated. Upon opening to vacuum , the pressure should remain at 0.00

torr, indicating that essentially all air has been removed from the solution. While still

frozen and not under vacuum, the high-vac valve is removed and 3 grains of KI are

added to the flask. The high-vac valve is screwed in to position leaving the flask open to
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Figure 2.2: Chemglass schlenk flask for micro method peroxide analysis. The high-vac
valve screws up and down to allow the storage vessel access to vacuum. Pictured above
is 100 mL volume flask, actual flask used holds 5 mLs or less.

vacuum again, removing all air. The high-vac valve is screwed down tightly, wrapped in

aluminum foil to prevent exposure to light, and left to react for 1 h. After 1 h, 5 µL of

acetonitrile is added and the absorbance is measured as quickly as possible at 470 nm

using the 1.0 mm pathlength lid.

Nitrate groups. A sample or standard containing at least 0.08 µmole of nitrate

groups is added to a microcentrifuge tube and dried completely with nitrogen. The

sample/standard is then reconstituted in 25 µL of acetonitrile and the absorbance is

measured at 210 nm using the 1.0 mm pathlength lid.
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Environmental Chamber Experiments

Replicate experiments were conducted in a 7.6 m3 FEP Teflon environmental

chamber filled with clean, dry air (<5 ppbv hydrocarbon and <1% relative humidity)

at ∼20○C and atmospheric pressure (∼630 torr). 2 ppmv of O3 and 1200 ppmv of

cyclohexane (to scavenge >99% of the OH radicals formed in the reaction) were added

to the chamber and then 1 ppmv of α-pinene to initiate the reaction [24].

Duplicate particle samples were collected after each experiment using pre-

weighed filters (Millipore, 0.45 µm pore size, Fluoropore FHLP, 47mm) by sampling

air through stainless steel tubing at ∼14 L min−1. Immediately after sampling, each fil-

ter was weighed, and then extracted twice in 4 mL of ethyl acetate at room temperature

for >5 min. The extracts for each filter were combined in a 4 mL brown vial that was

previously weighed and dried in a stream of nitrogen. The vial was then weighed again

to determine the mass of dried extract. The sample was reconstituted in a measured

volume of ethyl acetate to achieve a sample concentration of ∼1 mg mL−1. Aliquots were

taken for analysis of each functional group using both the macro and micro FGA meth-

ods, dried in a stream of nitrogen to evaporate the ethyl acetate, and then reconstituted

in the appropriate solvent for each analysis.

2.4 Results and Discussion

Development and Application of Micro FGA Methods

Nanophotometer measurements. Use of the nanophotometer for micro FGA

analysis requires experience and consistent technique to obtain accurate and repro-

ducible results. The nanophotometer operates by compressing a microliter size liquid

drop between a divot in the lid and the sample platform. Because the divot is in the

34



lid, which must be inverted and then placed on the sample platform after the drop has

been deposited, accurate measurements require that the drop be stable and firmLy at-

tached to the lid surface. One successful approach for accomplishing this is to increase

the surface tension of the solution. Through experimentation with various solvents we

have found that acetonitrile has sufficiently high surface tension and low absorbance

at all relevant UV-Vis wavelengths to make it an ideal additive for creating a stable

drop. Another requirement for accurate analysis is the use of appropriate technique

when depositing the drop on the lid. The drop must be placed in the divot, filling

it, but not overfilling it. To accomplish this, the amount of sample deposited on the

lid should be minimized to prevent the drop from overflowing. Furthermore, the drop

must be deposited on the lid and the lid inverted and placed on the sample platform

quickly and smoothly so that the drop does not overflow the divot or undergo significant

evaporation. After the absorbance is measured, the lid should be inspected to ensure

that the drop did not evaporate or spread outside the divot and thus confirm that the

measurement is accurate.

Sample preparation. Because of the small sample size used for micro FGA

analysis, one major requirement for accurate analysis is that the loss of sample during

sample processing must be minimal. Several techniques were examined to evaporate the

ethyl acetate solvent from sample extracts prior to analysis. One attempted approach

was to dry samples using a microcentrifuge. The microcentrifuge was operated with the

lids of the tubes open so sample accumulated at the tip in the bottom of the microcen-

trifuge tube as it dried. Unfortunately, during the 20-30 min required for drying the

rotor heated up, leading to loss of sample by volatilization. Instead, it was determined

that the solvent could be best evaporated without loss of sample to the walls or by

volatization by using an extremely low flow of nitrogen controlled with a needle valve
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to achieve slow drying at the tip of the microcentrifuge tube. It is also important to

note that to minimize loss of sample/standard to surfaces during processing, all samples,

standards, and reagents must be added close to the bottom of the microcentrifuge tube

using precision micropipettes. Always vortex or thoroughly shake the tube to recover

material from the walls, and then use a microcentrifuge for a few seconds to concentrate

the solution at the bottom of the microcentrifuge tube. When evaporating solvent with

a stream of nitrogen use an extremely low flow, as described above for ethyl acetate,

to avoid forcing the solution up the walls of the microcentrifuge tubes where material

can be lost. Samples/standards should be processed quickly and efficiently to avoid

evaporation.

Carbonyl groups. Carbonyl groups, both aldehydes and ketones, are quantified

via derivatization with 2,4-DNPH (Figure 2.3). In acidic solution, 2,4-DNP hydrazone

derivatives are formed over 24 h at room temperature. Upon subsequent addition of

KOH and water, an intense wine-red color appears due to the formation of an unstable

quinoidal ion. The absorbance is therefore measured immediately at 480 nm. Because

hydroperoxides interferer with the analysis, TPP is added at the beginning of the process

to reduce hydroperoxides to alcohols while forming TPP oxide.

(C6H5)3P +ROOHÐÐ→ (C6H5)3PO +ROH

Micro FGA of carbonyl groups was initially conducted using volumes of all

solvents and reagents that had been reduced by a factor of 200 relative to those used for

macro FGA. But when the absorbance of the resulting solution was measured, values

measured over time with the same drop or with multiple drops were not reproducible.

It was determined that the cause was that the drop was not stable with regards to
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evaporation and position in the divot, leading to differences in the distance between the

divot and the sample platform. By substituting 3 µL of acetonitrile for 3 µL of KOH in

the method and reducing the volume of the deposited drop from 5 µL to 2.5 µL, while

using the same lid, the readings became stable and reproducible.

The standard curves measured for 3-hexadecanone using the macro FGA and

micro FGA methods are shown in Figure 2.4. The molar absorptivity, ε (M−1 cm−1),

was calculated for each method as m x 103, where m is the slope of the line A =

m[C] + b obtained from the least-squares linear fit to the standard curve, A is the

absorbance = absorbance (sample) - absorbance (blank), and [C] is the concentration

of carbonyl groups (mM). Linearity for both methods was excellent over a similar range

of concentrations, and the measured molar absorptivities of 9480 and 10000 M−1 cm−1

for the macro and micro FGA methods, respectively, also agreed very well. We note

that the value measured previously for 3-hexadecanone was 10000 M−1 cm−1 [4]. The

detection limit for the micro FGA method, calculated as 3x the standard deviation of

the blank measurements with ε = 10000 M−1 cm−1, was 0.03 nmoles of carbonyl groups

in a 2.5 µL drop.

Carboxyl groups. Carboxyl groups are quantified via derivatization with 2-

NPH.HCl (Figure 2.3). In the presence of a coupling agent (DCC), 2-NP hydrazide

derivatives are formed during a 24 h derivatization period. Addition of thiourea and

KOH produces an alkaline solution with an intense violet color due to the formation

of a stable quinoidal ion. The absorbance is measured at 550 nm. Similar to carbonyl

analysis, hydroperoxides interfere with the analysis and so are removed by adding TPP

before derivatization.
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Figure 2.4: Standard curves for A) macro FGA and B) micro FGA of carbonyl groups.
Values indicated with the same symbol represent a replicate measurement of a 3-
hexadecanone standard curve. Values of ε (M−1 cm−1) are shown in legend, and were
calculated as m x 103, where m is the slope of the line A = m[C] + b obtained from
the least-squares linear fit to the calibration curve, A is the absorbance = absorbance
(sample) - absorbance (blank), and [C] is the concentration of carbonyl groups (mM).
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For micro FGA of carboxyl groups, samples/standards were added to the mi-

crocentrifuge tube and ethyl acetate evaporated using an extremely low flow of nitrogen.

The sample/standard was then dissolved in ethanol and TTP, for which the initial re-

duced volumes were 1 µL. It was determined that 2 µL of solvent is not enough to

prevent loss of sample/standard to the walls of the microcentrifuge tube, so the initial

volumes were increased to 5 µL. After allowing 30 min for the reaction of TPP with per-

oxides, the samples/standards were dried and then processed as described above using

solvent volumes that were reduced by a factor of 200 relative to those used for macro

FGA. Subsequent measurements of absorbance were not reproducible, however, due to

drop instability that led to variability in the distance between the divot and the sample

platform. By substituting 3 µL of acetonitrile for 3 µL of KOH in the method and

reducing the volume of the deposited drop from 5 µL to 2.5 µL, while using the same

lid, the readings became stable and reproducible.

The standard curves measured for tridecanoic acid using the macro FGA and

micro FGA methods are shown in Figure 2.5. Linearity for both methods was excellent

over a similar range of concentrations. The measured molar absorptivities were 4540

and 1860 M−1 cm−1 for the macro and micro FGA methods, respectively. We note

that the value measured previously for tridecanoic acid using the macro method was

5100 M−1 cm−1 [4]. Although the molar absorptivity measured with micro FGA is ∼0.4

times the value measured with macro FGA, the micro FGA value was consistent for 9

replicate standard curves with a standard deviation of 410 M−1 cm−1. The detection

limit, calculated as 3x the standard deviation of the blank measurements with ε = 1860

M−1 cm−1, was 0.3 nmoles of carboxyl groups in a 2.5 µL drop.
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Figure 2.5: Standard curves for A) macro FGA and B) micro FGA of carboxyl groups.
Values indicated with the same symbol represent a replicate measurement of a tride-
canoic acid standard curve. Values of ε (M−1 cm−1) are shown in legend, and were
calculated as m x 103, where m is the slope of the line A = m[C] + b obtained from
the least-squares linear fit to the calibration curve, A is the absorbance = absorbance
(sample) - absorbance (blank), and [C] is the concentration of carboxyl groups (mM).
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Ester groups. Ester groups are quantified via derivatization with hydroxamic

acid (Figure 2.3). In an alkaline medium, hydroxamic acids are formed when esters are

converted via reaction with hydroxylamine hydrochloride. Upon addition of acidified

alcoholic FeCl3 the KOH is neutralized and the FeCl3 forms a red-colored ferric hydrox-

amate, which is quantified at 540 nm. Because the solution is unstable and the color

will decrease ∼5% every 10 minutes, absorbance should be measured immediately using

the 1 mm lid with a 2.5 µL drop.

It should also be noted that when SOA samples from environmental chamber

experiments are extracted in ethyl acetate, which is an ester, incomplete evaporation of

the solvent prior to analysis will cause a positive artifact. Furthermore, when reagent

blanks were prepared in polyproplyene microcentrifuge tubes, a process that includes

addition of ethyl acetate that is then dried with nitrogen, measured absorbance was

much higher than when prepared in glass. For this reason, 0.5 mL glass reaction vials

are used for ester analysis instead of the microcentrifuge tubes. But because these

reaction vials cannot be used in a centrifuge, additional care must be taken to ensure

that all sample/standard is collected from the walls of the vial and that all reagents are

added directly to the bottom of the vial during sample processing. Because 50% of the

solution is water, the surface tension of a drop is sufficient to stabilize the drop during

spectrophotometric analysis.

The standard curves measured for bis(2-ethylhexyl) sebacate using the macro

FGA and micro FGA methods are shown in Figure 2.6. Linearity for both methods was

excellent over a similar range of concentrations. The measured molar absorptivities were

470 and 320 M−1 cm−1 for the macro and micro FGA methods, respectively. We note that

the value measured previously for bis(2-ethylhexyl) sebacate using the macro method

was 550 M−1 cm−1 [4]. Although the molar absorptivity measured with micro FGA ∼0.7
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times the value measured with macro FGA, the micro FGA value was consistent for

8 replicate standard curves with a standard deviation of 50 M−1 cm−1. To determine

if this effect was only seen for bis (2-ethylhexyl) sebacate, which has two ester groups,

standard curves were also measured for methyl tridecanoate, which only has one. The

measured molar absorptivities were 930 and 540 M−1 cm−1 for the macro and micro

FGA methods, respectively. In this case value measured using micro FGA method was

∼0.6 times the value measured using macro FGA, similar to the results for analysis

of bis (2-ethylhexyl) sebacate, indicating that the difference between the methods was

systematic and reproducible, and so would not affect the accuracy of micro FGA. The

detection limit, calculated as 3x the standard deviation of the blank measurements with

ε = 320 M−1 cm−1, was 1 nmole of ester groups in a 2.5 µL drop.

Hydroxyl group. Hydroxyl groups are quantified via derivatization with 4-

NBC (Figure 2.3). In basic solution, 4-NB esters are formed through esterification of

the hydroxyl groups. The organic phase is washed to remove all interferences and the

absorbance is measured at 253 nm. As carboxylic acids cause an interference in hydroxyl

measurements, the carboxylic acid groups are converted to methyl esters through a

reaction with TMSDM before derivatization occurs.

Several approaches were attempted to scale down the macro FGA method.

Solvent extraction was not successful because the hexane:dichloromethane layer that

contains the derivatives evaporated during extractions with 25 µL total volume. To

prevent evaporation, samples/standards and reagents were kept on ice, but this didn’t

help. Next, additional hexane:dichloromethane was used, extractions were conducted

and the hexane:dichloromethane layer was collected and dried and reconstituted in 25

µL of hexane:dichloromethane, but the standard curves were not linear and the molar
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Figure 2.6: Standard curves for A) macro FGA and B) micro FGA of ester groups.
Values indicated with the same symbol represent a replicate measurement of a bis(2-
ethylhexyl) sebacate standard curve. Values of ε (M−1 cm−1) are shown in legend, and
were calculated as m x 103, where m is the slope of the line A = m[C] + b obtained from
the least-squares linear fit to the calibration curve, A is the absorbance = absorbance
(sample) - absorbance (blank), and [C] is the concentration of ester groups (mM).
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absorptivity was 75 times lower than expected. Next, solid phase extraction on Su-

pelclean ENVI-18 SPE tubes was attempted instead of liquid-liquid phase extraction.

Unfortunately, the background absorbance was high and standard curves were not linear

or reproducible with repeat experiments.

Finally, the analysis was conducted using the 5 mL total volume of solvents

and reagents normally used for macro FGA, but with 2-25 µL of samples/standards as in

micro FGA. After the final extraction, the hexane:dichloromethane layer was collected

in a reaction vial and dried down with nitrogen while adding successive 25 L volumes of

hexane:dichloromethane to concentrate the sample at the tip of the reaction vial. A final

25 µL of hexane:dichloromethane was added to the dried sample and the absorbance was

measured immediately, since the absorbance increases over time. Technique is extremely

important for absorbance measurement in this case since hexane:dichloromethane evap-

orates quickly and easily overflows the divot. Acetonitrile cannot be added to stabilize

the droplet since it is immiscible in the hexane:dichloromethane solution. The 0.2 mm

lid must be used with a 1 µL drop for this analysis because contaminants in the hex-

ane:dichloromethane blank solution are sufficient to cause a high background absorbance

with the 1 mm lid.

The standard curves measured for 1,2-tetradecanediol using the macro FGA

and micro FGA methods are shown in Figure 2.7. Linearity for both methods was

excellent over a similar range of concentrations. The measured molar absorptivities

were 15400 and 23900 M−1 cm−1 for the macro and micro FGA methods, respectively,

whereas the value measured previously using the macro method was 14600 M-1 cm-1
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[4]. The molar absorptivity measured with micro FGA is ∼1.6 times the value measured

with macro FGA. The detection limit, calculated as 3x the standard deviation of the

blank measurements with ε = 23900 M−1 cm−1, was 0.02 nmoles of hydroxyl groups in

a 1 µL drop.

Peroxide groups. Peroxide groups (including H2O2, ROOH, and ROOR’) are

quantified using an iodometric-spectrophotometric method. In the presence of acid, one

peroxide molecule oxidizes 2I– to I2. The I2 for a complex with I– to form I –
3 , which

produces an orange-brown color.

Prior to and during sample processing, the flasks, samples, standards, and

reagents should be kept in ice to help prevent evaporation, until the flasks are sealed

and frozen and the sample is ready for spectrophotometric analysis. In the first step,

samples/standards are added to the bottom of a schlenk flask (5 mL volume or smaller)

while ensuring that no sample contacts the walls. The acidic peroxide reagent is then

added and oxygen is removed from the system. In the macro FGA method, the oxygen

is removed via bubbling with nitrogen, but when attempted with a 25 µL solution the

solution evaporated completely. Therefore, for the micro FGA method, a freeze/thaw

technique was developed for use under vacuum. Several different freezing methods were

attempted, including a dry ice/acetone bath (temperature of −78 ○C) that was ineffec-

tive due to the low freezing point of ethyl acetate (−84 ○C), and a dry ice/methanol bath

(temperature of −98 ○C), but the mixture formed a solid slurry that made it difficult

to insert and remove the schlenk flask as needed. Instead, a pure liquid nitrogen bath

(temperature of −196 ○C) was used. The schlenk flask is initially frozen by partially sub-

merging in the bath for 1 minute, and then the flask is opened to vacuum by unscrewing

the high-vac valve to remove air from the system. This approach limits the length of

46



1.4

0.7

0.0

A
b

s
o

rb
a

n
c
e

0.090.060.030.00

4.0

2.0

0.0

A
b

s
o

rb
a

n
c
e

1.51.00.50.0

Concentration of hydroxyl groups (mM)

ε= 15400

r
2
 = 0.980

ε= 23900

r
2
 = 0.943

A

B

Hydroxyl FGA/1,2-Tetradecanediol

Figure 2.7: Standard curves for A) macro FGA and B) micro FGA of hydroxyl groups.
Values indicated with the same symbol represent a replicate measurement of a 1,2-
tetradecanediol standard curve. Values of ε (M−1 cm−1) are shown in legend, and were
calculated as m x 103, where m is the slope of the line A = m[C] + b obtained from
the least-squares linear fit to the calibration curve, A is the absorbance = absorbance
(sample) - absorbance (blank), and [C] is the concentration of hydroxyl groups (mM).
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time the air is in contact with liquid nitrogen temperatures to avoid possible freezing

out of oxygen, which could react violently with organics used later in the process. After

the pressure reaches 0.00 torr in the flask and all air is removed, the flask is sealed, the

liquid nitrogen bath is removed, and the solution is allowed to thaw. The freeze/thaw

cycle is then repeated as many times as necessary until upon unscrewing the high-vac

valve opening the flask to vacuum the pressure remains at 0.00 torr. Typically, only two

freeze/thaw cycles were required to remove all air from the solution. The high-vac valve

is removed completely, while remaining in the liquid nitrogen bath, and 3-5 grains of KI

are added to the flask. The high-vac valve is screwed down to seal the flask from the

atmosphere but open to vacuum. Because the solution is frozen when the flask is opened

to add KI, oxygen is not able to enter the solution and so is subsequently pumped away

by the vacuum. Once the pressure drops to 0.00 torr, the flask is sealed and wrapped

in aluminum foil to prevent reaction with light. The solutions are then left to react for

1 h at room temperature, and the absorbance is measured at 470 nm. Because oxygen

can enter the thawed solution and contaminate the analysis once the flask is opened,

the absorbance must be measured quickly. As with some of the other the analyses, a

drop of this solution was not sufficiently stable to allow for reproducible measurements

of the absorbance. By reducing the amount of peroxide reagent used from 15 µL to 12

µL, and then adding 5 µL of acetonitrile immediately before measuring the absorbance

(which gives a total solution volume of 27 µL) and reducing the drop volume from 5 L

to 2.5 µL, however, the readings became stable and reproducible.

The standard curves measured for benzoyl peroxide using the macro FGA

and micro FGA methods are shown in Figure 2.8. Linearity for both methods was

excellent over a similar range of concentrations. The measured molar absorptivities

were 760 and 1090 M−1 cm−1 for the macro and micro FGA methods, respectively,
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whereas the value measured previously using the macro method was 800 M−1 cm−1 [24].

The molar absorptivity measured with micro FGA is ∼1.4 times the value measured

with macro FGA. The detection limit, calculated as 3x the standard deviation of the

blank measurements with ε = 1090 M−1 cm−1, was 1 nmole of peroxide groups in a 2.5

µL drop.

Nitrate groups. Nitrate groups are quantified by directly measuring the ab-

sorbance at 210 nm. The samples/standards are dried with nitrogen and reconstituted

in acetonitrile, which has very low absorbance at 210 nm. Because of the short wave-

length used, however, care must be taken to avoid contamination by use of multiple

blanks obtained at various stages of sample processing.

The standard curves measured for 2-ethylhexyl nitrate using the macro FGA

and micro FGA methods are shown in Figure 2.9. Linearity for both methods was

excellent over a similar range of concentrations. The measured molar absorptivities

were 2910 and 3530 M−1 cm−1 for the macro and micro FGA methods, respectively,

whereas the value measured previously using the macro method was 3000 M−1 cm−1

[4]. The molar absorptivity measured with micro FGA is ∼1.2 times the value measured

with macro FGA. The detection limit, calculated as 3x the standard deviation of the

blank measurements with ε = 3530 M−1 cm−1, was 0.07 nmoles of nitrate groups in a

2.5 µL drop.

Comparison of Micro and Macro FGA Methods for Analysis of SOA

The micro and macro FGA methods were compared in a study of SOA formed

from the reaction of α-pinene with O3 in the presence of cyclohexane as an OH radical

scavenger. α-Pinene is the dominant monoterpene emitted to the atmosphere by biogenic

sources and may constitute 10% of total biogenic hydrocarbon emissions on a global scale

49



1.0

0.5

0.0

A
b

s
o

rb
a

n
c
e

1.20.80.40.0

1.0

0.5

0.0

A
b

s
o

rb
a

n
c
e

9.06.03.00.0

Concentration of peroxide groups (mM)

ε= 760

r
2
 = 0.991

ε= 1090

r
2
 = 0.960

A

B

Peroxide FGA/Benzoyl peroxide

Figure 2.8: Standard curves for A) macro FGA and B) micro FGA of peroxide groups.
Values indicated with the same symbol represent a replicate measurement of a ben-
zoyl peroxide standard curve. Values of ε (M−1 cm−1) are shown in legend, and were
calculated as m x 103, where m is the slope of the line A = m[C] + b obtained from
the least-squares linear fit to the calibration curve, A is the absorbance = absorbance
(sample) - absorbance (blank), and [C] is the concentration of peroxide groups (mM).
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Figure 2.9: Standard curves for A) macro FGA and B) micro FGA of nitrate groups.
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were calculated as m x 103, where m is the slope of the line A = m[C] + b obtained from
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[29]. In the atmosphere it oxidized by OH and NO3 radicals and O3, with the reaction

with O3 leading to the formation of a complex mixture of low-volatility SOA products

containing carboxyl, hydroxyl, carbonyl, ester, and peroxide groups [4] [24]. This system

was used previously when evaluating the original macro FGA methods, and thus is an

appropriate one for comparing the micro and macro FGA methods for all the functional

groups [4] [21] [72].

As discussed in Aimanant and Ziemann (2013) [4], the functional group compo-

sition of SOA is conveniently expressed as the average number of each functional groups

present per product molecule. These values are obtained using the molar concentrations

of each functional group obtained from FGA and the assumption that the only functional

groups present are carbonyl, carboxyl, ester, hydroxyl, peroxide, nitrate, and methylene

(CH2). This assumption does not account for ethers and epoxides, but these groups are

expected to be absent or minor in most cases [4]. The first step is to calculate the mass

of each functional group as the measured moles x molecular weight of each functional

group using the following molecular weights: carbonyl [C(O)] = 28, carboxyl [C(O)OH]

= 45, ester [C(O)O] = 44, hydroxyl [CHOH] = 30, peroxide [CHOOH] = 46, and nitrate

[CHONO2] = 75. Next, the mass of individual functional groups are summed to obtain

the total mass of measured functional groups in the sample. The mass of methylene,

which is not measured, is calculated as the difference between the total sample mass

determined by weighing and the total mass of measured functional groups. The moles

of methylene groups is obtained by dividing the mass of methylene by its molecular

weight [CH2 = 14], and this value is combined with the moles of each functional group

measured by FGA to calculate the total moles of functional groups in the sample. The

mole fraction of each functional group is then calculated, and by multiplying the mole
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FG/Molecule

Exp . 1 Exp. 2

Functional
Group

Micro Macro % Diff Micro Macro % Diff

C(O) 1.45 1.67 -14 1.16 1.42 -20
CHOH 0.07 0.10 -35 0.04 0.10 -86

C(O)OH 1.51 1.74 -14 1.94 1.61 +19
C(O)O 0.64 0.65 -2 0.93 0.57 +48

CHOOH 0.17 0.14 +19 0.14 0.10 +57
CH2 6.15 5.70 +8 5.79 6.20 -7

Table 2.1: Composition of functional groups determined by macro and micro FGA for
SOA formed from reaction of α-pinene with O3 in the presence of cyclohexane.

fractions by an assumed average carbon number for the reaction products the average

number of each functional group per molecule is obtained. In laboratory studies of SOA

formation, the average carbon number is typically assumed to be that of the parent

hydrocarbon.

The results of macro and micro FGA of SOA formed from the reaction of

α-pinene with O3 in the presence of cyclohexane are shown in Table 2.1, where the

average number of functional groups per molecule were calculated assuming that the

average carbon number of the products was 10, the value for α-pinene. The average

number of functional groups per molecule was ∼6 for methylene and ∼4 for all the the

others, with values for individual functional groups ranging from approximately 0 to 2

in the order carboxyl (1.5 - 1.9) > carbonyl (1.2 - 1.7) > ester (0.6 - 0.9) > hydroperoxyl

(0.1 - 0.2) > hydroxyl (0.0 - 0.2). Since the reactions were conducted in the absence

of NOx, nitrate groups were not analyzed. We note that in our previous study [4], the

average number of carboxyl, carbonyl, ester, hydroxyl, hydroperoxide, and methylene

groups per molecule determined by macro FGA were 1.6, 1.0, 0.4, 0.2, 0.2, and 6.6,

respectively, in good agreement with the results obtained here even though results can
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be expected to vary because of the complexity of the chemistry, especially oligomer

formation. The agreement between micro and macro FGA measurements was good.

The % difference (calculated as (micro - macro)/average for each experiment) for the

two experiments ranged from -86% to +57%, with the average of absolute values being

∼25%. The extreme values were for functional groups present in the lowest abundance

and therefore having the largest measurement uncertainty. For example, the values of

-86% and +57% were for hydroxyl and hydroperoxyl groups, whose average number

of functional groups per molecule for all analyses were 0.08 and 0.14, respectively, the

two lowest values measured. This trend is further illustrated by comparing average

absolute % differences with the average number of functional groups per molecule. For

hydroxyl, hydroperoxyl, ester, carbonyl, carboxyl, and methylene the average number of

functional groups per molecule were 0.08, 0.14, 0.70, 1.43, 1.70, and 5.96, respectively,

which correlated inversely with the corresponding average absolute % differences in

measurements of 61%, 38%, 25%, 17%, 17% and 8%. Although for some functional

groups values the % differences measured for the two experiments were both positive or

negative, more comparisons would be needed to determine if this is due to systematic

errors in the methods.

2.5 Conclusions

The micro FGA derivatization-spectrophotometric methods developed in this study can

be used to quantify concentrations of the major functional groups present in oxidized

organic aerosol at typical atmospheric mass concentrations. Detection limits are approx-

imately 0.03, 0.3, 1, 0.02, 1, and 0.07 nmoles for carbonyl, carboxyl, ester, hydroxyl,

peroxide, and nitrate groups, which correspond to approximately 0.8, 10, 40, 1, 50, and
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5 ng of each functional group. In practice, depending on the composition of functional

groups, the mass required for complete analysis of moderately oxidized organic aerosol

is ∼10-100 µg. The scaled down methods employ procedures that have been extensively

tested for interferences and the effect of molecular structure on quantification of each

functional group. As such, the interferences have been identified and procedures in-

corporated into the methods to eliminate their effects. The micro FGA methods have

tested for linearity, repeatability, and compared against the standard macro FGA meth-

ods. Although the molar absorbances measured with micro FGA differ somewhat from

those measured with macro FGA, because of the excellent linearity and reproducibil-

ity of the standard curves quantitation is expected to be similarly accurate with either

method. Comparison of results obtained using the micro FGA and macro FGA methods

to analyze SOA formed from the reaction of α-pinene and O3 support this conclusion.

Use of the micro FGA methods requires access to a nanophotometer that can mea-

sure absorbance on 1-3 µL of derivatized sample, but otherwise no costly equipment

is required. These methods should complement other methods (FTIR and AMS) for

measuring atmospheric organic aerosol composition and will aid in understanding the

formation and sources of oxidized organic aerosol.
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Chapter 3

Identification and Quantification of Oxidized Or-

ganic Compounds Using Derivatization, Liquid

Chromatography, and Chemical Ionization Mass

Spectrometry

3.1 Abstract

A systematic approach for identifying and quantifying the molecular components of

complex organic aerosol mixtures is presented. The approach combines methods devel-

oped previously for derivatizing functional groups commonly present in oxidized organic

aerosol with liquid chromatography, UV-vis detection, and chemical ionization-ion trap

mass spectrometry. Derivatizing agents are used to convert carbonyl, carboxyl, hydroxyl,

and ester groups into characteristic derivatives that can be fractionated by liquid chro-

matography prior to chemical analysis. Mass spectral analysis of the derivatives is used

to determine compound molecular weight, and characteristic fragmentation patterns

provide structural information for use in compound identification. Because the deriva-

tives have strong UV-vis absorbance, they can be quantified by spectrophotometry. The
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methods were evaluated by analyzing a variety of standard compounds that contain one

or more carbonyl, carboxyl, hydroxyl, or ester groups. These methods will be useful for

analyzing the chemical composition of secondary organic aerosol (SOA) formed in labo-

ratory studies. Such information is necessary for determining the identity and amounts

of aerosol products formed from the atmospheric oxidation of organic compounds and for

developing quantitative reaction mechanisms that can be incorporated into atmospheric

models to better predict the formation, composition, and fate of SOA.

3.2 Introduction

Volatile organic compounds (VOCs) are emitted into the atmosphere from vegetation

and through combustion of fossil fuels and biomass, and consist primarily of alkenes,

alkanes, and aromatic hydrocarbons [12] [17] [18]. In the atmosphere they react with OH

and NO3 radicals and O3 to form oxidized products containing a variety of functional

groups, including carbonyl, hydroxyl, carboxyl, ester, peroxide, and nitrate [3] [87]. The

addition of these functional groups reduces the vapor pressures of reaction products,

in some cases to the extent that they will partition into aerosol particles to form sec-

ondary organic aerosol (SOA) [3] [87]. In most areas SOA is a major component of fine

particulate matter (diameter ≤ 2.5 µm; PM2.5), which has deleterious effects on human

health and influences a number of important environmental phenomena, such as visi-

bility, cloud formation, and the hydrologic cycle. Studies of the chemical and physical

processed involved in SOA formation are essential for understanding and predicting the

composition and fate of SOA, and for establishing regulations to reduce the emissions

of anthropogenic VOCs and NOx that contribute to its formation [69] [83] [70].

57



Much of the information that is used to develop chemical-physical models of

SOA formation is obtained from laboratory studies, where conditions can be manipu-

lated to attempt to simulate the atmospheric processes of interest. The most detailed

studies typically aim to identify gas- and particle-phase products of VOC oxidation and

quantify their yields, as well as the yield of SOA. This information can be used to im-

prove models such as the Generator for Explicit Chemistry and Kinetics of Organics

in the Atmosphere (GECKO-A) and Master Chemical Mechanism by providing model

input, such as reaction products and branching ratios for their formation, as well as

results that can be used to test model performance [15] [73]. Not surprisingly, it is

still extremely difficult to identify and quantify the products of most VOC reactions,

which usually form highly complex mixtures of monofunctional and multifunctional

compounds. The method used most often for analysis of particle-phase compounds is

gas chromatography-mass spectrometry with derivatization of specific functional groups,

but this method requires thermally stable molecules that are sufficiently volatile to elute

from a GC column and authentic (or very structurally similar) standards for accurate

quantitation, and is therefore limited for identifying and quantifying a large variety of

low volatility multifunctional SOA products [39] [47]. Liquid chromatography has also

been employed, usually coupled with electrospray ionization mass spectrometry, but be-

cause of the sensitivity of electrospray ionization to the matrix it also requires authentic

standards for accurate quantitation [36] [53]. Recently, Kalafut-Pettibone and McGiven

have used derivatization of carbonyl, carboxyl, and hydroxy groups to form compounds

that have strong UV absorbance, which can be used for quantification, and which also

have enhanced electrospray ionization for improved mass spectral analysis [44].
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In this study, we describe an approach for characterizing the molecular com-

position of complex organic aerosol mixtures that employs derivatization methods we

have used previously to quantify the bulk composition of carbonyl, hydroxyl, carboxyl,

and ester groups in oxidized organic aerosol [4] [3]. The methods employ a different

set of derivatizing agents from those used by Kalafut-Pettibone and McGiven [44], and

although the methods are more time consuming to apply, they have previously been

thoroughly characterized for interferences, derivatization efficiency, and effects of neigh-

boring functional groups on absorbance, all of which can effect the accuracy of quantita-

tion. Each derivatization method was modified to be compatible with high performance

liquid chromatography, which was used to fractionate organic mixtures for online quan-

titation of individual compounds based on UV absorbance. In addition, the fractionated

compounds were collected and analyzed offline using a chemical ionization ion trap mass

spectrometer with a thermal desorption probe for sample introduction. The methods

have been evaluated with monofunctional and difunctional compounds similar to those

present in SOA to determine the linearity of response for quantitation, and the ability

to obtain mass spectra that contain molecular ions and characteristic fragmentation

patterns that can be used for structural identification of unknown compounds.
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3.3 Experimental Section

Chemicals and Reagents

The following chemical abbreviations are used below: triphenylphosphine

(TPP), 2,4- dinitrophenylhydrazine (2,4-DNPH), 4-dimethylaminopyridine (4-DAP),

trimethylsilydiazomethane (TMSDM), 4-nitrobenzoyl chloride (4-NBC), 4-nitro- ben-

zoyl ester (4-NB ester), 2-nitrophenyl-hydrazine hydrochloride (2-NPH.HCl), N,N’- di-

cylohexylcarbodiimide (DCC), 2-nitrophenyl hydrazide (2-NP hydrazide), and 2,4- dini-

trophenyl hydrazone (2,4-DNP hydrazone).

The following chemicals, with purities or grades and supplier, were used:

4-NBC (97%), 2 M TMSDM in diethyl ether, toluene (Certified ACS grade), 1,2-

Tetradecanediol (90%), 16-hydroxy hexadecanoic acid (98%), 12-hydroxy octadecanoic

acid (99%), 2-hexadecanol (99%), 2,4-DNPH (97%), TPP (99%), DCC (99%), hexade-

canoic acid (90%), undecanedioic acid (97%), 16-hydroxyhexadecanoic acid (98%), bis(2-

ethylhexyl) sebecate (97%), methyl tridecanoate (98%), and methyl-10-undecenoate

(99%) (Sigma-Aldrich); hydroxylamine hydrochloride (99%), KOH (”for analysis”;

≤85% with remainder water and <1% K2CO3 and trace metals), Na2CO3 (99%),

NaCl (UPC/ FCC grade), concentrated HCl (Certified ACS Plus),absolute ethanol

(99.5%), hexane (Optima grade), dichloromethane (Optima grade), methanol (Op-

tima grade), and water (Optima grade)(Fisher Chemicals); 3-hexadecanone (99%) and

nonanal (95%) (Alfa Aesar); 2-NPH.HCl (98%), 6-hydroxy-decanone (97%) and 5-

hydroxy-2-pentanone (96%) (TCI); NaHCO3 (99.7%) (Mallinickrodt); 4-DAP (99%)

and extra dry pyridine (99.5%) (Acros Organics).
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The following prepared reagents were used for derivatization of carbonyl, car-

boxyl, ester, and hydroxyl groups. Analysis of nitrate groups does not require derivati-

zation so no reagents are necessary. All reagent solutions were freshly prepared for each

set of analyses, except 2-NPH.HCl, DCC, pyridine, and 2,4-DNPH solutions.

Carbonyl groups. Hexane/ethanol solution: 30% v/v hexane in ethanol. 2,4-

DNPH solution: 0.005 M 2,4-DNPH in 4% v/v concentrated HCl in ethanol. TPP

solution: 0.01 M TPP in ethanol.

Hydroxyl groups. Methanol: toluene solution: 40% v/v methanol in toluene.

TMSDM solution: 0.04 M TMSDM (in diethyl ether) in methanol/toluene solution.

4-NBC solution: 100 g L−1 4-NBC in pyridine. 4-DAP solution: 0.02 M 4-DAP

and 50 g L−1 Na2CO3 in water. NaHCO3 solution: 50 g L−1 NaHCO3 in water.

Dichloromethane/hexane solution: 9% v/v dichloromethane in hexane. HCl solution:

0.24 N HCl and 25 g L−1 NaCl in water.

Carboxyl groups. 2-NPH.HCl solution: 0.02 M 2-NPH.HCl in ethanol (requires

gentle warming ∼ 40○C %) for precipitate to dissolve). DCC solution: 0.25 M DCC in

ethanol. Pyridine solution: 6% v/v pyridine in ethanol. TPP solution: 0.01 M TPP in

ethanol.

Ester groups. Ethanol/water solution: 50% v/v ethanol in water. KOH solu-

tion: 2.4 M KOH in 50% ethanol in water. Hydroxylamine hydrochloride solution: 2.0

M hydroxylamine hydrochloride in 50% ethanol in water.
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Derivatization Methods

Carbonyl groups. In a 4 mL screw top vial, 1 mL hexane/ethanol solution was

added to a sample or standard containing at least 0.01 µmole of carbonyl groups. In

order to decompose peroxide compounds, 0.2 mL of TPP solution was added and the

solution allowed to sit for 30 min. Next, 0.4 mL of 2,4-DNPH solution was added and

the solution allowed to sit at room temperature for 24 h to allow time for derivatization

to occur. The sample was dried with nitrogen and reconstituted in 150 µL of water and

150 µl of ethanol.

Hydroxyl groups. In a 5 mL reaction vial, 100 µL of methanol/toluene solution

and 200 µL of TMSDM solution were added to a sample or standard containing at

least 0.02 µmole of hydroxyl groups. The solution was kept at room temperature for 1

h to convert any carboxyl groups to methyl esters. The solution was then dried with

nitrogen to evaporate all the methanol. The sample/standard was reconstituted in 100

µL of pyridine and 150 µL of 4-NBC solution, and the vial allowed to sit for a 1 h

derivatization period at room temperature. The sample was then dried with nitrogen

(∼10 mn) to evaporate all the pyridine. Next, the excess 4-NBC is hydrolyzed by adding

2 mL of 4-DAP solution to the reaction vial, sonicating in an ultrasonic bath for 2

min to completely dissolve the components, and allowing the solution to sit for 30 min.

The solution is transferred to a separatory funnel and the derivatives are extracted

into 5 mL of dichloromethane/hexane solution. The dicholoramethane/hexane layer is

collected and washed with 2 mL of NaHCO3 solution and then three times with 5 mL of

HCl solution. The dichloromethane/hexane layer is collected, dried with nitrogen, and

reconstituted in 300 µL of dichloromethane/hexane.
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Carboxyl groups. In a 4 mL screw top vial, 0.2 mL of ethanol was added to

a sample or standard containing at least 0.03 µmole of carboxyl groups. In order to

decompose peroxide compounds, 0.2 mL of TPP solution was added and the solution

allowed to sit for 30 min. Next, 0.5 mL of 2-NPH.HCl, pyridine, and DCC solutions

were added in this sequence to the vial and the solution allowed to sit for 24 h at room

temperature to allow time for derivatization to occur. The sample was then dried with

nitrogen and reconstituted 300 µL of ethanol.

Ester groups. In a 5 mL volumetric flask, 1 mL of ethanol was added to a

sample or standard containing at least 0.1 µmole of ester groups. The hydroxylamine

hydrochloride solution and KOH solution were combined and 2 mL of this solution and

then 0.6 mL of water were added to the flask. The solution was allowed to sit for 1 h at

room temperature to allow time for derivatization to occur, and then the samples were

dried with nitrogen and reconstituted in ethanol/water solution. Because this solution

is 50% water, evaporating the solvents takes at least 2 h. Also, as the sample dries a

thick precipitate forms that must be thoroughly dried. The sample was reconstituted

in enough ethanol/water solution to fully dissolve the precipitate, and then a 200 µL

aliquot was taken and 3.6 µL of HCl was added.

High Performance Liquid Chromatography

The derivatized compounds were separated and quantified by using reverse

phase high performance liquid chromatography (HPLC) with a UV-vis diode array de-

tector. An Agilent 1100 HPLC system was employed with an Agilent Zorbax Eclipse

Plus XDB-C18 column (250 x 4.6 mm with 5 µm particle size) for carbonyl, carboxyl,

and ester derivatized compounds and an Agilent PLRP-S polymer column (4.0 x 150

mm with 5 µm particle size) for hydroxyl derivatized compounds. The stationary phase

of the polymer column is a mixture of divinylbenzene and polystyrene, which can toler-
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ate a wider range of pH and also nonpolar solvents such as hexane [1] [2]. Mobile phase

A was 95% water/5% B and mobile phase B was acetonitrile for carbonyl, carboxyl,

and hydroxyl derivatized compounds and methanol for ester derivatized compounds.

Compounds were separated by gradient elution at a flow rate of 1 mL min−1: 100% A,

increasing at 2.0% B min−1 for 20 min, then at 1.5% B min−1 until B reached 100%,

where it remained for 20 min. 150 µL of derivatized sample solution was injected into

the 100 µL loop of a six-port valve, thus ensuring that the entire loop was filled with

sample. The UV-vis detector was set to monitor absorbance at 360, 253, 253, and 210

nm for carbonyl, hydroxyl, carboxyl, ester derivatized compounds, respectively. These

wavelengths are characteristic of either carbonyl, phenyl, nitro groups, or 2,4-DNP hy-

drazone derivatives [25]. As discussed below, some of these wavelengths differ from those

used for bulk functional group analysis because of necessary changes in the methods for

compatibility with HPLC analysis. Fraction collection was initiated immediately after

the onset of a peak in the UV-vis spectrum and continued until at least five seconds

after absorbance returned to baseline. Collected fractions were dried with nitrogen and

reconstituted in 10 µL of acetonitrile. Because fraction collection was not used for

quantitation, but only structural identification, a solvent blank was not analyzed.

Chemical Ionization Ion Trap Mass Spectrometry

The derivatized standards and fractionated derivatives were analyzed in a ion

trap mass spectrometer (Finnigan PolarisQ) using chemical ionization (CI-ITMS) fol-

lowing sample introduction with a direct insertion probe. Samples were prepared for

analysis by adding a few µL of sample in acetonitrile to a 5 µL glass vial and then

evaporating the solvent (repeating as necessary to deposit sufficient sample). To achieve

an optimal thermal desorption profile and maximum signal the sample should be dried

in one band, preferably at the bottom of the cup. Otherwise, the profile may show
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multiple desorption peaks for a single compound. When the sample is dried correctly,

however, it is often possible to separate compounds that have different vapor pressures

based on their different desorption temperatures, thus providing additional structural

information. After depositing sample in the vial, the vial was loaded into the tip of the

direct insertion probe, and the probe was inserted into the ITMS through the vacuum

interlock so that the tip was aligned with a small opening to the ion source. The tem-

perature was then ramped at 10 ○C min−1, the sample was vaporized into the ion source

for chemical ionization, and the ions were extracted into the ion trap to obtain mass

spectra. For these experiments, the reagent ions were formed by electron ionization of

isobutane or ammonia and the ion source temperature was set to 250 ○C to reduce loss

of low volatility compounds to the walls. The dominant reagent ions formed by this

method are protonated isobutane, (CH3)3CH +
2 , and ammonium, and NH4+. These ions

can protonate analytes that have proton affinities higher than isobutane (196 kcal mol−1)

and ammonia (204 kcal mol−1) to form (M+1)+ ions, where M is the molecular weight of

the analyte. Because of its higher proton affinity, NH +
4 is a more selective protonating

agent than (CH3)3CH +
2 , with amines being among the potential reactants. Compounds

that cannot be protonated by reaction with NH +
4 will sometimes form adducts, M●NH +

4

[6] [22] [33].
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3.4 Results and Discussion

HPLC Method Development

The methods developed previously for functional group analysis (FGA) involve

derivatization, sometimes followed by adjustments to solution pH, prior to measurement

of solution absorbance in a spectrophotometer. Although the derivatives formed in these

analyses are compatible with HPLC analysis, sometimes the solution pH or final solvent

mixture is not. Additional work was therefore necessary to adapt these methods to

HPLC analysis, as described below. The derivatization reactions for carbonyl, hydroxyl,

carboxyl, and ester groups are shown in Figure 3.1.

Carbonyl groups. Carbonyl groups, including aldehydes and ketones, are

derivatized by reacting with 2,4-DNPH in acidic solution to form 2,4-DNP hydrazones.

The hydrazones are separated using HPLC, quantified by measuring absorbance at 360

nm, and then the fractionated compounds are collected and analyzed using CI-ITMS.

Several attempts were made to adapt the FGA method to HPLC analysis, since

in that method KOH is added to create a highly alkaline solution in which the hydrazone

acquires a quinoidal structure that absorbs strongly at 480 nm. Unfortunately, the pH

range of XDB-C18 column is only 2-9, whereas the pH of the solution obtained after

addition of KOH is >13. Because the absorbance of the hydrazone is reduced in non-

alkaline conditions, several attempts were made to modify the HPLC method to maintain

alkaline conditions. First, the XDB-C18 column was replaced with a PLRP-S polymer

column that has a pH range of 1-14, and various mobile phase buffers were considered

to maintain an alkaline solution. An inorganic phosphate buffer (pKa 12.3) could not be

used because it can affect ITMS performance, and when an organic buffer, pyrrolidine

(pKa 11.3), was used no hydrazone peaks were detected, possibly because the pH was
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still too low. Because attempts to adjust the pH failed, the hydrazones were analyzed

without addition of KOH to the solution using the more general purpose XDB-C18

column, which is also used for analysis of carboxyl and ester derivatized compounds.

Furthermore, instead of measuring absorbance at 480 nm, as in the FGA method, it was

measured at 360 nm, a wavelength used by others for analysis of 2,4-DNP hydrazones

in non-alkaline solutions [22].

Hydroxyl groups. Hydroxyl groups are derivatized by reacting with 4-NBC

in basic solution to form 4-NB esters. First, however, compounds containing carboxyl

groups are converted to methyl esters by reacting with TMSDM, since they can also

react with 4-NBC. After successive washings that remove hydrolyzed NBC and DAP,

the 4-NB esters are separated using HPLC, quantified by measuring absorbance at 253

nm, and then the fractionated compounds are collected and analyzed using CI-ITMS.

No modifications of the FGA method were necessary for HPLC analysis, since

the washings remove hydrolyzed NBC and DAP that absorb strongly. The FGA method

for derivatizing hydroxyl groups results, however, in a hexane:dichloromethane solution

that is not compatible with the XDB-C18 column. Attempts to reconstitute the 4-NB

esters in a more polar solvent that would be compatible failed, unfortunately, since they

were not soluble. So instead, the XDB-C18 column was replaced with a PLRP-S polymer

column that is compatible with nonpolar solvents, including the hexane:dichloromethane

solution, and this column worked successfully. It is worth noting here that because the

column is different from the one used for analysis of carbonyl and carboxyl derivatized

compounds, retention times are not comparable across analyses.
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Carboxyl groups. Carboxyl groups are derivatized by reacting with 2-NPH.HCl

in the presence of a coupling agent (DCC) in alkaline solution (pyridine) to form 2-

NP hydrazides. The hydrazides are separated using HPLC, quantified by measuring

absorbance at 253 nm, and then the fractionated compounds are collected and analyzed

using CI-ITMS.

Because the FGA method includes addition KOH to convert the hydrazide to

a more strongly absorbing quinoidal structure, similar to the FGA method for carbonyl

analysis, use of this highly alkaline solution for HPLC analysis suffered from the same

problems and failed solutions as described above for that method. Thus, once again, the

XDB-C18 column was used for HPLC analysis without addition of KOH to the hydrazide

solution, with absorbance measured at 253 nm.

Ester groups. Ester groups are derivatized by reacting with hydroxylamine

hydrochloride in alkaline solution to form hydroxamic acids. The pH is lowered to 7 by

the addition of HCl solution, the hydroxamic acids are separated using HPLC, quantified

by measuring absorbance at 210 nm, and then the fractionated compounds are collected

and analyzed using CI-ITMS.

The FGA method for quantifying ester groups includes addition of acidified

ferric chloride solution to convert the hydroxamic acid to a more strongly absorbing ferric

hydroxamate, but because this solution could be harmful to the HPLC column this step

was eliminated in the HPLC method. As a result, the hydroxamic acid that is analyzed

does not contain a strongly absorbing chromophore and so is more difficult to detect

than in the FGA method. Furthermore, in order to completely dissolve the hydroxamic

acid precipitate that is formed in this method ∼2 mL of solvent must be added, which

dilutes the sample by ∼7 times more than in other analyses. This HPLC method is

therefore less sensitive than the others. This HPLC method is also the only one for which

69



methanol/water is used as the mobile phase instead of acetonitrile/water. The reason

for this is that the hydroxamic acids formed by derivatization would not completely

dissolve in acetonitrile, leading to concerns that they might precipitate out during HPLC

analysis. Because the hydroxamic acids dissolve completely in ethanol/water during

derivatization, it appeared that methanol/water would be an appropriate mobile phase.

HPLC Analysis of Derivatized Compounds

The methods developed for derivatization and HPLC analysis of compounds

containing carbonyl, hydroxyl, carboxyl, and ester groups were evaluated by analyzing

of selection of standard monofunctional and difunctional compounds that are represen-

tative of those present in oxidized organic aerosol. The compounds are listed in Table

3.1. The HPLC chromatograms obtained from analysis of derivatized monofunctional

compounds, 3-hexadecanone (CH3CH2C(O)(CH2)12CH3), 2-hexadecanol

(CH3CH2(OH)(CH2)13CH3), hexadecanoic acid (CH3(CH2)14C(O)OH), and methyl

tridecananoate (CH3(CH2)11C(O)OCH3), are shown in Figure 3.2. Although the peak

widths and shapes are not ideal, exhibiting in some cases excessive broadening, fronting,

or tailing, and retention times are longer than preferred, the focus here was to verify

that all compounds eluted in reasonable times and to determine the possible effects of

derivatizing agents on HPLC analysis. Peak profiles could be improved and retention

times shortened by optimizing the chromatographic methods, but these are likely to

vary for different aerosol samples.

The chromatograms show that for each analysis peaks from derivatizing agents

are observed and so have the potential to coeluting with compounds of interest. The

derivatizing agents elute at approximately 21, 22, and 32 min for carbonyl analysis; 2-7,

13-19, 29-32, and 49-52 min for carboxyl analysis; 2-4 and 22 min for ester analysis; and
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Figure 3.2: HPLC/UV-vis chromatograms of derivatized monofunctional compounds.
A) C=O derivatized 3-hexadecanone (3-HDN) at 360 nm. B) C-OH derivatized 2-
hexadecanol (2-HDL) at 253 nm. C) O=C-OH derivatized hedadecanoic acid at 253
nm. D) O=C-OR derivatized methyl tridecanoate (M-TDT) at 210 nm.
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for hydroxyl analysis no significant peaks were observed because the derivatizing agents

were effectively removed by washing. For those analyses where peaks from derivatiz-

ing agents are observed, the effects are likely to be relatively minor for carbonyl and

ester analysis, but could be significant for carboxyl analysis, depending on sample com-

position. Though not shown in figures, the retention times for the other compounds

analyzed are listed in Table 3.1. The compounds behaved as expected for reverse phase

chromatography: the retention times of compounds with the same functional group(s)

decreased with decreasing carbon chain length, and the retention times of compounds

with the same carbon chain length and derivatized functional group decreased with the

addition of underivatized functional groups, in both cases due to increasing compound

polarity.

Derivatized standards were also analyzed by HPLC for a range of concentra-

tions and the measured peak areas (proportional to absorbance) were used to prepare

standard curves. Results for 3-hexadecanone, 2-hexadecanol, hexadecanoic acid, and

methyl tridecananoate, are shown in Figure 3.3. Linearity was excellent for all these

compounds as well as the others analyzed over at least an order of magnitude. In the case

of carbonyl, hydroxyl, and carboxyl derivatized standards, the range of concentrations

was similar to those used previously to evaluate the FGA method, whereas the range

of concentrations was ∼15 times higher for HPLC analysis of derivatized esters. In the

FGA evaluation absorbance was measured using a spectrophotometer with a standard

1 cm cuvette [4]. HPLC detection limits for carbonyl, hydroxyl, carboxyl, and ester

analysis were approximately 1, 0.5, 0.1, and 5 nM, respectively.
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Derivatized
FG

Standard
compound

Retention
time (min)

Major CI-ITMS peaks

Isobutane Ammonia

carbonyl 3-hexadecanone 73.6 421 (M+1) 421 (M+1), 238

6-hydroxy-
5-decanone

46.9 353 (M+1), 335,
184, 152

353 (M+1), 335

5-hydroxy-
2-pentanone

26.8 265 184, 152

nonanal 56.9 306 340 (M+18), 306,
289, 193, 164

hydroxyl 2-hexadecanol 64.4 392 (M+1), 225,
168, 150, 138

NA

6-hydroxy-
5-decanone

41.2 322 (M+1), 168,
155, 150, 138

NA

1,2-tetradecanediol 60.6 362, 332, 168,
150, 138, 120

NA

16-hydroxy
methyl

hexadecanoate

60.0 436 (M+1), 404,
237, 219, 150

NA

carboxyl hexadecanoic
acid

61.2 392 (M+1), 332,
256, 154, 136

409 (M+18),
392 (M+1), 136

undecanedioic
acid

32.0 329, 222, 207,
136, 125

NA

16-hydroxy
hexadecanoic

acid

42.2 408 (M+1), 390,
358, 237, 219

NA

ester methyl
tridecanoate

53.7 230 (M+1), 214,
196

247 (M+18),
230 (M+1)

methyl
hexadecanoate

61.6 256, 228 NA

methyl-10-
undecenoate

43.9 182, 167, 149 200 (M+1), 167,
149

bis(2-ethylhexyl)
sebacate

16.0 189, 174, 156,
145, 128

189, 171, 156

Table 3.1: HPLC retention times and CI-ITMS mass spectral data for derivatized com-
pounds analyzed using isobutane or ammonia for the reagent gas.
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CI-ITMS Analysis of Derivatized Standard Compounds

Following derivatization and fractionation by HPLC, standard compounds were

analyzed using CI-ITMS with isobutane or ammonia as the reagent gas. Since the

peaks observed in mass spectra obtained with ammonia were normally a subset of those

obtained with isobutane (with a few exceptions), only mass spectra obtained using

isobutane are shown. The characteristic ions observed for analysis of all derivatized

standards with isobutane and ammonia are listed in Table 3.1, where M is the molecular

weight of the derivative.

Derivatized monofunctional compounds. Monofunctional compounds are the

simplest compound that can be analyzed and as such should have the least complicated

mass spectra. Mass spectra obtained from analysis of derivatized 3-hexadecanone, 2-

hexadecanol, hexadecanoic acid, and methyl tridecanoate (the same compounds shown

in Figures 3.2 and 3.3) using isobutane as the reagent gas are shown in Figure 3.4.

Proposed fragmentation pathways for forming characteristic ions are shown in Figure

3.5. For all compounds a (M + 1)+ peak was observed, corresponding to the protonated

derivative.

The mass spectrum of carbonyl derivatized 3-hexadecanone (M = 420) has only

a (M + 1)+ peak at m/z, whereas the mass spectrum (not shown) of carbonyl derivatized

nonanal (M = 322) has no (M + 1)+ peak at m/z 323, but does have a distinctive peak at

m/z 306 (Table 3.1). From the structure of the protonated 2,4-DNP-hydrazone (DNP

= dinitrophenyl) shown in Figure 3.5, the peak at m/z 306 is likely due to the ion
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Figure 3.4: Mass spectra of derivatized monofunctional compounds that were fraction-
ated by HPLC, collected, and analyzed using CI-ITMS with isobutane reagent gas.
Compounds correspond to the HPLC peaks labeled in Figure 2. A) C=O derivatized
3-hexadecanone. B) C-OH derivatized 2-hexadecanol. C) O=C-OH derivatized hexade-
canoic acid. D) O=C-OR derivatized methyl tridecanoate.
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formed by loss of OH from the protonated derivative, which converts a NO2 group to

a NO group. This m/z 306 peak is also present in the mass spectrum obtained using

ammonia as a reagent gas, which also has a (M + 18)+ peak at 340 due to the ammonium

adduct (M●NH +
4 ) as well as smaller mass fragments.

The mass spectrum of hydroxyl derivatized 2-hexadecanol (M = 391) has a

(M + 1)+ peak at m/z 392, and distinctive peaks at m/z 225, 168, 150, 138, and 120.

From the structure of the protonated 4-NB ester (NB = nitrobenzyl) shown in Figure

3.5, the peak at m/z 225 is likely due to the CH3(CH2)13CHCH +
3 ion formed by loss

of 4-nitrobenzoic acid (NBA) from the protonated derivative, the peak at m/z 168 is

likely due to protonated 4-nitrobenzoic acid formed by loss of 2-hexadecene, with the

peak at m/z 150 formed by subsequent loss of water. The peak at m/z 138 is likely

due to protonated 4-aminobenzoic acid (ABA) formed by reduction of the nitro group

in 4-nitrobenzoic acid to an amine, with the peak at m/z 120 formed by subsequent loss

of water. This process has been observed previously for analysis of 3-nitrobenzoic acid

using methane as the reagent gas, as indicated by dominant peaks m/z 168, 150, 138, and

120, and should be enhanced here by the high ion source temperature (250 ○C) employed

to reduce loss of low volatility compounds to the walls [32]. It is worth noting that when

ammonia was used as the reagent gas for analysis of 4-NB esters the only significant

peaks observed in the mass spectrum were due to the portion of the molecule added

by the derivatizing agent, and thus the mass spectrum is not as useful for compound

identification as the one obtained with isobutane.
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Figure 3.5: Proposed fragmentation pathways for forming characteristic ions in mass
spectra obtained using isobutane reagent gas for analysis of derivatized nonanal, 2-
hexadecanol, and hexadecanoic acid. The mechanisms and neutral co-products are
discussed in the text.
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The mass spectrum of carboxyl derivatized hexadecanoic acid (M = 391) has

a (M + 1)+ peak at m/z 392, and distinctive peaks at m/z 332, 256, 154, 136, 120, and

107. From the structure of the protonated 2-NP hydrazide (NP = nitropheny) shown in

Figure 3.5, the peak at m/z 256 is likely due to a protonated amide (hexadecanamide)

formed by loss of benzofuroxan from the protonated derivative, the peak at m/z 154

to protonated 2-NP hydrazine formed by loss of 2-hexadecenal, and the peak at m/z

136 to the benzofuroxan radical cation formed by loss of a CH3(CH2)14C(OH)NH2●

radical. The peak at m/z 332 is likely due to a protonated aminopheny ketone (1-(2-

aminopheny)-1-hexadecanone) formed from the protonated derivative by reduction of

the nitro group to an amine group in the ion source CH3(CH2)14C(OH)NH2
● followed

by rearrangement and loss of N2 + H2 [32]. The m/z 120 and 107 peaks are likely

due to HN C6H4 NNH+ and H2NC6H4NH+ ions (not shown in Figure 3.5) formed by

from the protonated derivative by reduction of the nitro group and loss of hexadecanol

and hexadecanamide, respectively. When carboxyl derivatized hexadecanoic acid was

analyzed with ammonia as the reagent gas (not shown), prominent (M + 1)+ and m/z

136 peaks were again observed, as well as a (M + 18)+ at m/z 409 due to the ammonium

adduct (M-NH +
4 ).

The mass spectrum of ester derivatized methyl tridecanoate (M = 229) has a

(M+1)+ peak at m/z 230, and distinctive peaks at m/z 214 and 196. From the structure

of the protonated hydroxamic acid shown in Figure 3.5, the peaks at m/z 214 and 196

are likely a protonated amide (tridecanamide) and protonated nitrile (tridecanenitrile)

formed by loss of an O atom and H2O2, respectively, from the protonated derivative.

It is important to note that when an ester is derivatized to a hydroxamic acid, the R2

group attached to the oxygen on the ester group is lost (Figure 3.1), so interpretation of
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Figure 3.6: Proposed fragmentation pathway for forming characteristic ions in mass
spectra obtained using isobutane reagent gas for analysis of derivatized methyl tride-
canoate. The mechanism and neutral co-products are discussed in the text.

mass spectra must take this loss into account. Although not shown, the mass spectrum

obtained using ammonia as the reagent gas has a (M + 1)+ peak at m/z 230 as well as a

(M + 18)+ peak at m/z 247 due to the ammonium adduct (M●NH +
4 ). We note that the

mass spectrum (not shown) of ester derivatized methyl hexadecanoate (M = 272) has no

(M + 1)+ peak at m/z 273, but does have distinctive peaks at m/z 256 and 228 (Table

3.1). The peak at m/z 256 is likely due to a protonated amide (hexadecanamide) formed

by loss of an O atom from the protonated derivative, similar to methyl tridecanoate, and

the peak at m/z 228 is likely due to a protonated amine (1-aminopentadecane) formed

by rearrangement and loss of CO and an O atom from the protonated derivative.

Monoderivatized difunctional compounds. The mass spectra of monoderiva-

tized difunctional compounds containing two different functional groups are similar to

those obtained for the monofunctional compounds, with some differences due to the

presence of an additional underivatized functional group. Mass spectra obtained from

analysis of carbonyl derivatized 6-hydroxy-5-decanone, hydroxyl derivatized 6-hydroxy-
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5-decanone, hydroxyl derivatized 16-hydroxy-hexadecanoic acid, and carboxyl deriva-

tized 16-hydroxy-hexadecanoic acid using isobutane as the reagent gas are shown in

Figure 3.7. For all compounds a (M + 1)+ peak was observed, corresponding to the

protonated derivative.

The mass spectrum of carbonyl derivatized 6-hydroxy-5-decanone (M = 352)

has a (M + 1)+ peak at m/z 353, and distinctive peaks at m/z 335, 184, and 152.

From the structure of the protonated 2,4-DNP hydrazone shown in Figure 3.8, the peak

at m/z 335 is likely due to loss of water from the protonated derivative, the peak at

m/z 184 from a protonated DNP-amine (2,4-dinitrobenzylamine) formed by loss of an

iminoketone (5-imino-6-decanone), and the peak at m/z 152 from a protonated NP-

diamine (1,2-diamino-4-nitrobenzene) formed by reduction of a nitro group in the DNP-

amine to an amine group in the ion source [32]. We note that the mass spectrum (not

shown) of carbonyl derivatized 5-hydroxy-2-pentanone (M = 282) has no (M + 1)+ peak

at m/z 283, but does have a distinctive peak at m/z 265 that is likely due to loss of

water from the protonated derivative. This m/z 265 peak is also present in the mass

spectrum obtained using ammonia as a reagent gas, which also has a (M + 1)+ peak at

m/z 283 due to the protonated derivative.

The mass spectrum of hydroxyl derivatized 6-hydroxy-5-decanone (M = 321)

has a (M + 1)+ peak at m/z 322, and distinctive peaks at m/z 168, 155, 150, 138, 137,

and 120. From the structure of the protonated 4-NB ester shown in Figure 3.8, the peak

at m/z 155 is likely due to the CH3(CH2)3C(O)CH(CH2)3CH +
3 ion formed by loss of

NBA from the protonated derivative, and the peak at m/z 137 by further loss of water.

As was the case for hydroxyl derivatized 2-hexadecanol, strong peaks are present at m/z

150 and 120, with m/z 150 likely due to loss of water from protonated NBA (m/z 168),
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Figure 3.7: Mass spectra of monoderivatized difunctional compounds that were fraction-
ated by HPLC, collected, and analyzed using CI-ITMS with isobutane reagent gas. A)
C=O derivatized 6-hydroxy-5-decanone. B) C-OH derivatized 6-hydroxy-5-decanone.
C) O=C-OH derivatized 16-hydroxymethyl hexadecanoate. D) O=C-OH derivatized
16-hydroxyhexadecanoic acid.
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Figure 3.8: Proposed fragmentation pathways for forming characteristic ions in mass
spectra obtained using isobutane reagent gas for analysis of monoderivatized 6-hydroxy-
5-decanone and 16-hydroxymethyl hexadecanoate. The mechanisms and neutral co-
products are discussed in the text.
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and m/z 120 likely due to loss of water from protonated ABA (m/z 138) formed by

reduction of the nitro group in NBA to an amine group in the ion source [32]. It is

worth noting that the intensities of m/z 150 and 120 are much higher than m/z 168

and 138 in this mass spectrum, whereas the opposite is the case in the mass spectrum of

hydroxyl derivatized 2-hexadecanol. This inverse relationship is indicative of the effect

of dehydration on the formation and loss of these ions.

The mass spectrum of hydroxyl derivatized 16-hydroxymethyl hexadecanoate

(M = 435), was obtained by following the normal procedure for hydroxyl derivatization of

16-hydroxyhexadecanoic acid. This is because (as discussed above) the method requires

that carboxyl groups be converted to methyl ester groups prior to derivatization of

hydroxyl groups in order to avoid interferences. The mass spectrum of this compound

has a (M + 1)+ peak at m/z 436, and distinctive peaks at m/z 404, 237, 219, 150,

135, and 120. From the structure of the protonated 4-NB ester shown in Figure 3.8,

the peak at m/z 404 is likely due to loss of methanol from the protonated derivative,

with the peaks at m/z 237 and 219 formed by subsequent loss of NBA and then water.

As discussed above for hydroxyl derivatized 2-hexadecanol and 6-hydroxy-5-decanone,

the peak at m/z 150 is likely due to loss of water from protonated NBA (m/z 168),

and m/zm/z 120 likely due to loss of water from protonated ABA (m/z 138) formed

by reduction of the nitro group in NBA to an amine group in the ion source [32],

with an inverse relationship between these sets of ions that is indicative of the effect of

dehydration on their formation and loss.
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O=C=OH Derivatized 16-Hydroxyhexadecanoic Acid [HOCH2(CH2)14C(O)OH - M = 407]
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Figure 3.9: Proposed fragmentation pathways for forming characteristic ions in mass
spectra obtained using isobutane reagent gas for analysis of O=C-OH monoderivatized
16-hydroxyhexadecanoic acid. The mechanism and neutral co-products are discussed in
the text.

The mass spectrum of carboxyl derivatized 16-hydroxyhexadecanoic acid (M

= 407) has a (M + 1)+ peak at m/z 408, and distinctive peaks at 390, 358, 237,

219, 154, and 136. From the structure of the protonated 2-NP hydrazide shown in

Figure 3.9, the peak at m/z 390 is likely due to loss of water from the protonated

derivative, and the peaks at m/z 237 and 219 to the same ions responsible for these

peaks in the mass spectrum of hydroxyl derivatized 16-hydroxymethyl hexadecanoate.

The peak at m/z 237 is likely due to loss of water and 2-nitrophenylhydrazine (instead

of methanol and NBA) from the protonated derivative, with the peak at m/z 219 due

to further loss of water. Similar to carboxyl derivatized hexadecanoic acid, the peak at

m/z 154 is likely due to protonated 2-nitrophenylhydrazine and the peak at m/z 136

to the benzofuroxan radical cation. When carboxyl derivatized hexadecanoic acid was

analyzed with ammonia as the reagent gas (not shown), prominent (M + 1)+ and m/z

136 peaks were again observed, as well as a (M + 18)+ at m/z 409 due to the ammonium

adduct (M●NH +
4 ).
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Diderivatized difunctional compounds. The mass spectra of difunctional com-

pounds containing two identical functional groups are more complex than those of

monofunctional compounds. Mass spectra obtained from analysis of hydroxyl deriva-

tized 1,2-tetradecanediol, carboxyl derivatized undecanedioc acid, and ester derivatized

bis(2-ethylhexyl) sebacate using isobutane as the reagent gas are shown in Figure 3.10.

The mass spectrum of hydroxyl diderivatized 1,2-tetradecanediol (M = 528)

does not have a (M + 1)+ peak at m/z 529, but does have distinctive peaks at m/z 362,

332, 168, 150, 138, and 120. From the structure of the protonated 4-NB ester shown

in Figure 3.11, as was the case for hydroxyl derivatized 2-hexadecanol and 6-hydroxy-

5-decanone, the peak at m/z 362 is likely due to loss of NBA from the protonated

derivative. Although loss of water from monoderivatized 1,2-tetradecanediol would give

the same peak, it has been shown previously that both hydroxyl groups in this compound

are derivatized by this method [4]. The peak at m/z 332 is likely formed from the

protonated derivative by loss of NBA and reduction of the nitro group to an amine

group in the ion source [32]. As discussed above for hydroxyl derivatized 2-hexadecanol,

6-hydroxy-5-decanone, and 16-hydroxymethyl hexadecanoate, the peak at m/z 150 is

likely due to loss of water from protonated NBA (m/z 168), and m/z 120 likely due to

loss of water from the protonated ABA (m/z 138) formed by reduction of the nitro group

in NBA to an amine group in the ion source [32], with an inverse relationship between

these sets of ions that is indicative of the effect of dehydration on their formation and

loss.
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Figure 3.10: Mass spectra of diderivatized difunctional compounds that were fraction-
ated by HPLC, collected, and analyzed using CI-ITMS with isobutane reagent gas. A)
C-OH diderivatized 1,2-tetradecanediol. B) O=C-OH diderivatized undecanedioic acid.
C) O=C-OR diderivatized bis(2-ethylhexyl) sebacate.
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Figure 3.11: Proposed fragmentation pathway for forming characteristic ions in
mass spectra obtained using isobutane reagent gas for analysis of diderivatized 1,2-
tetradecanediol. The mechanism and neutral co-products are discussed in the text.

The mass spectrum of carboxyl diderivatized undecanedioic acid (M = 486)

does not have a (M + 1)+ peak at m/z 487, but does have significant peaks at m/z

329, 222, 207, 136, and 125. From the structure of the protonated 2-NP hydrazide

shown in Figure 3.12, the peak at m/z 329 is likely due to the protonated compound

formed by rearrangement and loss of nonane and reduction of a nitro group to an amine

group in the ion source [32]. The peaks at m/z 222 and 207 are then likely formed

by loss of the 2-amino-phenylimine radical and 2-nitrophenyl radical, respectively. The

peak at m/z 136 is likely due to the benzofuroxan radical cation, and m/z 125 to the

CH2 CH(CH2)6CH +
2 ion formed along with a pair of identical 2-NP hydrazides (Figure

3.1) from decomposition of the protonated derivative.

The mass spectrum of ester diderivatized bis(2-ethylhexyl) sebacate (M = 232)

does not have a (M + 1)+ peak at m/z 233, but does have distinctive peaks at m/z 189,

174, 156, 145, and 128. From the structure of the protonated dihydroxamic acid shown in

Figure 3.12, the peaks at m/z 189 and 145 are likely a protonated aminohydroxamic acid
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Figure 3.12: Proposed fragmentation pathways for forming characteristic ions in mass
spectra obtained using isobutane reagent gas for analysis of diderivatized undecane-
dioc acid and bis(2-ethylhexyl) sebacate. The mechanisms and neutral co-products are
discussed in the text.
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(9-amino-nonahydroxamic acid) and protonated diamine (1,10-diaminooctane) formed

by rearrangement and loss of CO and an O atom once and twice from the protonated

derivative, respectively, with subsequent loss of ammonia leading to the m/z 128 peak.

The peak at m/z 174 is likely a protonated hydroxamic acid (octahydroxamic acid)

formed by loss of isocyanic acid and an O atom, with subsequent loss of water leading

to the peak at m/z 156 due to an amide ion (nonanamide).

3.5 Conclusions

Derivatization-spectrophotometric methods developed previously for analysis of the bulk

functional group composition of oxidized organic compounds in atmospheric aerosols

have been successfully adapted for use with liquid chromatography. When employed

with offline chemical ionization mass spectrometry this approach can be used to iden-

tify and quantify monofunctional and difunctional compounds containing carbonyl, hy-

droxyl, carboxyl, and ester groups. The derivatization methods have been previously

tested for interferences, and procedures have been developed to eliminate their effects.

It is demonstrated that the absorbance measured for derivatized standard compounds

following fractionation by HPLC is linear over at least an order of magnitude, which

when combined with previous evaluations of the effect of molecular structure on ab-

sorbance can provide accurate quantitation. Detection limits for carbonyl, hydroxyl,

carboxyl, and ester analysis of were approximately 1, 0.5, 0.1, and 5 nmole, respectively,

corresponding to a mass range of of approximately 0.02 to 1 µg for an underivatized

compound with molecular weight of 200.
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The mass spectra of derivatized monofunctional and difunctional compounds

obtained using isobutane and ammonia as the reagent gas for chemical ionization provide

valuable information that can be used to determine molecular structure. For 8 of 9

compounds analyzed using ammonia as the reagent gas, (M + 1)+ and/or (M + 18)+

ions due to the protonated derivative and ammonium adduct were observed. These

peaks can be used to determine compound molecular weight, and in most cases a few

fragment ion peaks were detected that can provide additional structural information.

The methods are best employed, however, by also using isobutane as a reagent gas.

For 8 of 15 compounds analyzed using this gas, (M + 1)+ ions due to the protonated

derivative were observed, with no significant peaks from adducts that can confuse mass

spectral interpretation. Most importantly, the mass spectra contain peaks from various

characteristic fragment ions that can all be explained based on the compound structure,

and which provide information for use in compound identification beyond that contained

in mass spectra obtained using ammonia.

Future method development studies will investigate the use of electron ioniza-

tion and MS/MS analysis, both of which are possible with the ion trap mass spectrometer

employed here, and perhaps other reagent gases, as a means to obtain additional struc-

tural information on organic compounds. There is also an opportunity to improve the

HPLC methods, although this may best be done for specific SOA systems. The meth-

ods described here have already been used to identify and quantify a large number of

products in SOA formed from the oxidation of a variety of VOCs, for use in developing

detailed quantitative chemical-physical mechanisms to better predict the composition

and fate of atmospheric SOA.
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Chapter 4

Identification and Quantification of Speciated Or-

ganic Aerosol Products Formed in OH-Initiated

Reaction of n-Hexadecane in the Presence of NOx

4.1 Abstract

Secondary organic aerosols (SOA) are a complex and dynamic mixture of gases and par-

ticles that have a significant effect on both human and environmental health. By study-

ing the formation and chemistry of individual functional groups, the regional and global

atmospheric chemistry of larger, more complex compounds can be better understood.

Reactions of n-hexadecane with hydroxyl radicals in the presence of NOx were stud-

ied using functional group derivatization in conjunction with HPLC fractionation and

chemical ionization ion trap mass spectrometry using isobutane and ammonia as reagent

ion gases. This allows separation of each compound in a complex mixture based on its

chemical properties and elucidation of compound structure using mass spectrometry.

Using these methods specific organic aerosol products were identified and quantified,

including major first-generation products: 1,4-hydroxycarbonyls, 1,4-hydroxynitrates,
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and alkyl nitrates. In the aging reaction, secondary reaction products were also identi-

fied, including alkyl dinitrates, cyclic hemiacetal nitrates, hydroxy dinitrates, dihydroxy

nitrates, dihydroxy dinitrates, and others. The results of these experiments will be used

to help evaluate atmospheric chemistry models to better predict the composition and

fate of SOA under ambient atmospheric conditions.

4.2 Introduction

In urban areas, atmospheric emissions are dominated by volatile organic compounds

(VOCs) from anthropogenic sources such as gasoline and diesel vehicles [27]. The ma-

jority of VOCs emitted into the atmosphere consist of three classes: alkanes, alkenes, and

aromatics [29]. VOCs react primarily with OH radicals, O3, and NO3 to form oxidized

products, which lowers the vapor pressure of the product and at sufficiently low vapor

pressures are able to partition into aerosol particles, thus forming secondary organic

aerosol (SOA) [10] [49]. SOA makes up a significant portion of the mass of fine par-

ticulate matter (diameter ≤ 2.5µm). Fine particulate matter (and therefore SOA) have

been implicated in various health effects from pulmonary to cardiovascular diseases [62]

[69] [77]. They also affect atmospheric processes and conditions, including: visibility,

cloud formation, the hydrological cycles, and radiative forcing [5] [70] [75]. Because of

these issues, understanding the mechanism of SOA formation is essential for predicting

the composition and fate of SOA.

SOA composition is influenced by the VOC, oxidant, NOx (NOx = NO + NO2)

concentrations, acidity, and water concentrations [10]. In urban areas, alkanes and NOx

are in high concentrations, leading to the oxidation of alkanes with reactions initiated

with OH radicals [12] [27]. The mechanism of OH-initiated reaction of alkanes are
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reasonably well studied with first generation products identified and yields quantified

[54] [84] [87]. A proposed mechanism has been developed based on well-established

chemistry to determine multigenerational products (see Figure 4.1), and has been used

to assign and identify characteristic ions in SOA mass spectra [56]. The reaction begins

as the OH radical abstracts a H-atom to form H2O and an alkyl radical. O2 adds to the

alkyl radical forming an alkyperoxy radical and in the presence of NO reacts to form an

alkyl nitrate or forms an alkoxy radical and NO2. The alkoxy radical will either react

with O2 to form a carbonyl, decompose to form a carbonyl and an alkyl radical (both

of these pathways are only significant pathways for carbon numbers ≤ C5), or undergoes

a 1,5-H-atom shift via a six-member ring transition state to form a 1,4-hydroxyalkyl

radical. The 1,4-hydroxyalkyl radical adds O2 to form a 1,4-hydroxyperoxy radical,

which reacts with NO to form either a 1,4-hydroxynitrate or 1,4-hydroxyalkoxy radical.

The 1,4-hydroxyalkoxyl radical undergoes reverse isomerization and reacts with O2 to

form a 1,4-hydroxycarbonyl and HO2. A small fraction of the 1,4-hydroxyalkoxy radicals

also isomerize by abstraction of an H atom further along the carbon chain to form a

dihydroxyalkyl radical, which then reacts by the same pathways as other alkyl radicals

to form a dihydroxynitrate and dihydroxycarbonyl [9].

Upon partitioning into the particle phase, the 1,4-hydroxycarbonyl cyclizes to

form a cyclic hemiacetal which, under acidic conditions, dehydrates to form a dihydro-

furan. The dihydrofuran is a volatile compound containing a C=C double bond that

will evaporate and react quickly with OH radicals, NO3, or O3 resulting in multigener-

ation products. Reaction of the dihydrofuran with an OH radical occurs by addition to

either side of the C=C double bond to form a β-hydroxyalkyl radical, which adds O2

and reacts with NO to form a cyclic hydroxynitrate or a cyclic β-hydroxyalkoxy radical
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Compound Acronym Compound Acronym

Alkyl nitrate AN Cyclic hemiacetal CHA

Alkyl dinitrate DN Cyclic hemiacetal nitrate CHAN

1,4-Hydroxynitrate 1,4-HN Cyclic hemiacetal dinitrate CHAN-N

1,4-Hydroxycarbonyl 1,4-HC Hydroxy dinitrate HDN

1,4-Hydroxycarbonyl nitrate 1,4-HC-N Dihydroxy nitrate DHN

Dihydrofuran DHF Dihydroxy dinitrate DHDN

Carbonyl ester CE
Carbonyl ester

1,4-hydroxynitrate
CE-1,4-HN

Carbonyl ester
cyclic hemiacetal

CE-CHA
Carbonyl ester

cyclic hemiacetal nitrate
CE-CHAN

Nitrated C15

hydroxyacid
NHA

Table 4.1: SOA product names and acronyms.

and NO2. The cyclic β-hydroxyalkoxy radical is expected to rapidly decompose through

ring opening and react with O2 to form a carbonylester and HO2. Carbonylesters can

undergo alkane-type reactions with OH radicals to form carbonylester hydroxynitrates,

carbonylester cyclic hemiacetals, and carbonylester cyclic hemiacetal nitrates.

The initial H-atom abstraction by an OH radical occurs preferentially at sec-

ondary H-atoms. According to structure-activity calculations, H-atom abstraction oc-

curs 98:2 percent at secondary:primary hydrogen [50]. For hexadecane, secondary hy-

drogens occur at C2-C15, resulting in 7 different H-atom abstraction locations since the

molecule is symmetric. Most of these sites are then available in the products for further

reaction with OH radicals. For example, alkyl nitrates, carbonyl esters, and other prod-

ucts that do not partition completely into the particle phase can react further in the

gas phase to form dinitrates, dihydroxynitrates, hydroxydinitrates, dihydroxydinitrates,
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Figure 4.1: Mechanism of reaction for n-hexadecane with OH radicals in the presence
of NOx. All reactions within the boxes are alkane type OH reactions.
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hydroxy cyclic hemiacetals, cyclic hemiacetal nitrates, cyclic hemiacetal dinitrates, and

hydroxycarbonyl nitrates. Although these products have been proposed and potentially

identified in SOA mass spectra, there is a need for more definitive identification and

quantification.

Recently we have developed new methods that combine functional group (FG)

derivatization with high performance liquid chromatography (HPLC) and chemical ion-

ization ion trap mass spectrometry (CI-ITMS) to identify and quantify compounds in a

complex SOA mixture. In this study, these methods were used to identify and quantify

SOA products formed in the reaction of n-hexadecane with OH radicals in the presence

of NOx. The SOA was formed under two different sets of conditions to demonstrate

their use for analysis of well-established first generation products and also less well

characterized multigeneration products.

4.3 Experimental Section

Chemicals and Reagents

The following compounds abbreviations are used below (see Table 4.1): alkyl

nitrate (AN), 1,4-hydroxynitrate (1,4-HN), 1,4-hydroxycarbonyl (1,4-HC), 1,4-hydroxy-

carbonyl nitrate (1,4-HC-N), cyclic hemiacetal (CHA), dihydrofuran (DHF), cyclic hemi-

acetal nitrate (CHAN), cyclic hemacetal dinitrate (CHAN-N), alkyl dinitrate (DN),

hydroxy dinitrate (HDN), dihydroxy nitrate (DHN), dihydroxy dinitrate (DHDN), car-

bonyl ester (CE), carbonyl ester 1,4-hydroxynitrate (CE-1,4-HN), carbonyl ester cyclic

hemiacetal (CE-CHAN), and carbonyl ester cyclic hemiacetal nitrate (CE-CHAN).
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The following chemical abbreviations are used below: 2-nitrophenylhydrazine

hydrochloride (2-NPH.HCl), 2-nitrophenyl hydrazide (2-NP hydrazide), N,N’- dicylo-

hexylcarbodiimide (DCC), 2,4-dinitrophenylhydrazine (2,4-DNPH), 2,4-dinitrophenyl

hydrazone (2,4-DNP hydrazone), triphenylphosphine (TPP), 4-nitrobenzoyl chloride (4-

NBC), 4-dimethylaminopyridine (4-DAP), and trimethylsilydiazomethane (TMSDM).

The following chemicals, with purities or grades and supplier, were used: n-

hexadecane (99%), 2,4-DNPH (97%), TPP (99%), tridecanoic acid (98%), bis (2-ethyl-

hexyl) sebecate (97%), methyl tridecanoate (98%), 4-NBC (97%), 2 M TMSDM in

diethyl ether, toluene (Certified ACS grade), 1,2-tetradecanediol (90%), benzoyl per-

oxide (97%), and 2-ethylhexyl nitrate (97%) (Sigma-Aldrich); 4-DAP (99%) and extra

dry pyridine (99.5%) (Acros Organics); 2NPH.HCl (98%) (TCI); KOH (”for analysis

grade”; ≤85% with remainder water and <1% K2CO3 and trace metals), concentrated

HCl (ACS Plus grade), hydroxylamine hydrochloride (99%), ferric chloride (FeCl3.6H2O)

(99%) , Na2CO3 (99%), NaCl (UPC/FCC grade), KI (99%), acetic acid (ACS grade),

chloroform (99.8%) (ACS Spectrophotometric grade), absolute ethanol (99.5%), hex-

ane (Optima grade), water (Optima grade), dichloromethane (Optima grade), ethyl ac-

etate (ACS grade), and acetonitrile (HPLC grade) (Fisher Chemicals); NaHCO3 (99.7%)

(Mallinickrodt); and 3-hexadecanone (99%) (Alfa Aesar). Ozone was generated using

a DEL Ozone LG7 ozone generator. NO and NH3 [Matheson Gas]; methyl nitrite was

synthesized and stored in a lecture bottle [80].

The following prepared reagent solutions were used for derivatization of car-

bonyl, hydroxyl, carboxyl, and ester groups, and analysis of peroxides. Nitrate analysis

does not require derivatization since this group is already strongly absorbing. All reagent

solutions were freshly prepared for each set of analyses, except 2-NPH.HCl, DCC, pyri-

dine, and 2,4-DNPH solutions.

98



Carbonyl analysis. 2,4-DNPH solution: 0.005 M 2,4-DNPH in 4% v/v concen-

trated HCl in ethanol. KOH solution: 50ml of 100 g L−1. Hexane/ethanol solution:

30% v/v hexane in ethanol. TPP solution: 0.01 M TPP in ethanol.

Carboxyl analysis. DCC solution: 25 mL of 0.25 M DCC in ethanol. TPP

solution: 5 mL of 0.01 M TPP in ethanol. 2-NPH.HCl solution: 25 mL of 0.02 M

2-NPH.HCl in ethanol (requires gentle warming ∼40○ C) for precipitate to dissolve).

Pyridine solution: 25 mL of 6% v/v pyridine in ethanol. Thiourea solution: 10 mL of

10 g L−1 KOH in 10% v/v water in ethanol.

Ester analysis. Ethanol/ water solution: 50% v/v ethanol in water. Hydrox-

ylamine hydrochloride solution: 2.0 M hydroxylamine hydrochloride in 50% ethanol in

water. KOH solution: 2.4 M KOH in 50% ethanol in water. FeCl3 solution: 0.44 M

(FeCl3.6H2O) in 6% v/v HCl solution in ethanol. HCl solution: 50% v/v concentrated

HCl in 50% v/v ethanol in water.

Hydroxyl analysis. Methanol: toluene solution: 40% v/v methanol in toluene.

TMSDM solution: 0.04 M TMSDM (in diethyl ether) in methanol/toluene solution.

4-NBC solution: 100 g L−1 4-NBC in pyridine. 4-DAP solution: 0.02 M 4-DAP

and 50 g L−1 Na2CO3 in water. NaHCO3 solution: 50 g L−1 NaHCO3 in water.

Dichloromethane/hexane solution: 9% v/v dichloromethane in hexane. HCl solution:

0.24 N HCl and 25 g L−1 NaCl in water.

Peroxide analysis. Peroxide reagent solution: 0.20/0.27/0.53 v/v water, chlo-

roform, and acetic acid, respectively.
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Derivatization-Spectrophotometric Methods

The methods used for derivatization of carbonyl, carboxyl, ester, and hydroxyl

groups are described by Aimanant and Ziemann (2013) [4], and the methods used for

peroxide and nitrate analysis are described in Docherty et al. (2005) [24] and Mat-

sunaga and Ziemann (2009) [60], respectively. Analysis of each functional group in bulk

SOA includes a reagent blank consisting of all reagents but without sample, duplicate

samples (samples run at different volumes to verify complete derivatization and to en-

sure that sample absorbance falls within the standard curve), and three to five standard

solutions. Absorbance was measured using an USB4000-UV-Vis Miniature Fiber Optic

spectrophotometer from Ocean Optics with and 1-cm quartz cell.

Carbonyl analysis. A sample or carbonyl standard was dissolved in 1 mL of

hexane/ethanol solution and added to a 5 mL volumetric flask. 0.2 mL of TPP solution

was added and allowed to sit for 30 minutes. Next 0.4 mL of 2,4-DNPH solution was

added and kept at room temperature for 24 hours. After the 24 hour period, 3.0 mL of

KOH solution was added and water added up to the 5 mL mark. The absorbance of the

solution was immediately measured at 480 nm.

Hydroxyl analysis. A sample or hydroxyl standard was analyzed following the

same procedure as HPLC derivatization, but at the point where the extract was collected

for this analysis the absorbance of the dichloromethane/hexane layer is measured at 253

nm.

Carboxyl analysis. A sample or carboxyl standard was dissolved in 0.2 mL of

ethanol and added to a 5 mL volumetric flask. 0.2 mL of TPP solution was added and

allowed to sit for 30 minutes. Next, 0.5 mL of 2-NPH.HCl, pyridine, and DCC solutions

were added to the flask and left for 24 hours at room temperature. After the 24 hour
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period, 1 mL of thiourea and 0.25 mL of KOH solutions were added to the flask. The

solution was heated in a water bath at 60○ C for 15 min. After allowing the solution to

cool to room temperature and the water is added to the 5 mL mark. The absorbance

of the solution is measured at 550 nm.

Ester analysis. A sample or ester standard was dissolved in 1 mL of ethanol

and added to a 5 mL volumetric flask. 2 mLs of hydroxylamine hydrochloride and KOH

solutions mixed together and 0.6 mL of water were added to the flask and allowed to sit

for 1 hour. After the derivatization period was complete, 0.5 mL of HCl solution and

the 0.5 mL of FeCl3 solution was added. Water was added to the 5 mL mark and the

absorbance measured immediately at 540 nm.

Nitrate analysis. A sample or nitrate standard was dissolved in 3 mL of ace-

tonitrile and the absorbance measured at 210 nm.

Peroxide analysis. A sample or peroxy standard was dissolved in 2 mL of ethyl

acetate and 3 mL of peroxide reagent was added to a 5 mL air tight reaction vial. The

oxygen was purged from the reaction vial using a needle inserted through the septum of

the lid bubbling with nitrogen at a rate of 3 cm3 min−1 for 5 minutes. After 5 minutes,

while continuing to bubble with nitrogen the reaction vial airtight lid was loosened and

0.05 g of potassium iodide was added to the solution. The vial was then recapped with

nitrogen bubbling for 30 seconds to remove all oxygen. The vial was the capped tightly,

wrapped in tinfoil (to prevent reaction with light), and left for 1 hour. The absorbance

was then quickly measured at 470 nm.
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HPLC Analysis

The methods used for derivatization of carbonyl, carboxyl, ester, and hydroxyl

groups for HPLC analysis are similar to those described above, with slight modifications

for column compatibility that are described in Chapter 3 of this dissertation (see figure

4.2). HPLC analyses were conducted using an Agilent Agilent 1100 reverse phase high

performance liquid chromatography (HPLC) system equipped with a Agilent Zorbax

Eclipse Plus XDB-C18 column (250 x 4.6 mm with 5 µm particle size) or an Agilent

PLRP-S polymeric column (4.0 x 150 mm with 5 µm particle size) and a UV-vis diode

array detector.

Underivatized nitrate compounds. A sample or nitrate standard was dissolved

in 150 µl of acetonitrile. The 150 µL of sample was injected into the 100 µL loop of

the HPLC, thus ensuring that the entire loop was filled with sample. The HPLC was

run using the XDB-C18 column and acetonitrile and water as the mobile phases. The

resulting sample peaks detected at 210 nm were collected as fractions, dried with N2,

reconstituted in 10 µL of acetonitrile, dried in successive volumes into a 5 µL glass

sample cup, and analyzed using CI-ITMS.

Carbonyl-derivatized compounds. A sample or carbonyl standard was dissolved

in 1 mL of hexane/ethanol solution and added to a 4 mL screw top vial. 0.2 mL of TPP

solution was added and allowed to sit for 30 minutes. Next 0.4 mL of 2,4-DNPH solution

was added and the solution was kept at room temperature for 24 hours. After the 24

hour period, the samples were dried with N2 and reconstituted in 150 µL of water and

150 µl of ethanol. 150 µL of the sample was injected into the 100 µL loop of the HPLC,

thus ensuring that the entire loop is filled with sample. The HPLC was run using the
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XDB-C18 column and acetonitrile and water as the mobile phases. The resulting sample

peaks detected at 360 nm were collected as fractions, dried with N2, reconstituted in

10 µL of acetonitrile, dried in successive volumes into a 5 µL glass sample cup, and

analyzed using CI-ITMS.

Hydroxyl-derivatized compounds. A sample or hydroxyl standard was dissolved

in 100 µL of methanol/toluene and added to a 5 mL reaction vial with 200 µL of

TMSDM solution. The solution was kept at room temperature for one hour and then

dried completely with nitrogen. The sample/standard was then reconstituted in 100

µL of pyridine and 150 µL of 4-NBC solution. The solution was left for 1 hour at

room temperature. After the derivatization period, the sample was dried completely

and 2 mL 4-DAP was added to the reaction vial and allowed to sit for 30 minutes. To

completely dissolve the solution, the reaction vial was put in an ultrasonic bath for 2

minutes. The sample/standard was transferred to a separatory funnel and the deriva-

tives were extracted into 5 mL of dichloromethane/hexane solution. The organic phase

was washed with 2 mL of NaHCO3 solution and three times with 5 mL of HCl solution.

The dichloromethane/hexane layer was collected, dried with N2, and reconstituted in

300 µL of dichloromethane/hexane. 150 µL of the sample was injected into the 100 µL

loop of the HPLC. The HPLC was run using the PLRP-S polymer column and ace-

tonitrile/water as the mobile phases. The resulting sample peaks detected at 253 nm

were collected as fractions, dried with N2, reconstituted in 10 µL of acetonitrile, dried

in successive volumes into a 5 µL glass sample cup, and analyzed using CI-ITMS.

Carbonyl-hydroxyl doubly derivatized compounds. A sample was dissolved in

100 µL of methanol-toluene added to a 5 mL reaction vial with 200 µL of TMSDM

solution. The solution was then dried completely with nitrogen and then reconstituted

in 100 µL of pyridine and 150 µL of 4-NBC solution. The solution was left for 1 hour
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at room temperature. After the derivatization period, the sample was dried completely

with nitrogen and 2 mL 4-DAP was added to the reaction vial and allowed to sit for 30

minutes. To completely dissolve the solution, the reaction vial was put in an ultrasonic

bath for 2 minutes. The sample/standard was transferred to a separatory funnel and the

derivatives were extracted into 5 mL of dichloromethane/hexane solution. The organic

phase was washed with 2 mL of NaHCO3 solution and three times with 5 mL of HCl

solution. The extract was collected and evaporated to dryness in a 4 mL screw cap

vial. The extract was then reconstituted in 1 mL of hexane/ethanol solution. 0.2 mL of

TPP solution was added and allowed to sit for 30 minutes. Next 0.4 mL of 2,4-DNPH

solution was added and the solution was kept at room temperature for 24 hours. After

the 24 hour period, the samples were dried with N2 and reconstituted in 150 µL of H20

and 150 µl of ethanol. 150 µL of the sample was injected into the 100 µL loop of the

HPLC. The HPLC was run using the XDB-C18 column and acetonitrile/water as the

mobile phases. The resulting carbonyl-containing compounds were detected at 360 nm,

the hydroxyl-containing compounds were detected at 253 nm, and the nitrate-containing

compounds were detected at 210 nm. The resulting peaks were collected as fractions,

dried with N2, reconstituted in 10 µL of acetonitrile, dried in successive volumes into a

5 µL glass sample cup, and analyzed using CI-ITMS.

Carboxyl-derivatized compounds. A sample or carboxyl standard was dissolved

in 0.2 mL of ethanol added to a 4 mL screw top vial. 0.2 mL of TPP solution as added

and allowed to sit for 30 minutes. Next, 0.5 mL of 2-NPH.HCl, pyridine, and DCC

solutions were added to the flask and left for 24 hours at room temperature. After the

24 hour period, the samples were dried with N2 and reconstituted 300 µl of ethanol. 150

µL of the sample was injected into the 100 µL loop of the HPLC. The HPLC was run
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using the XDB-C18 column and acetonitrile/water as the mobile phases. The resulting

sample peaks detected at 253 nm were collected as fractions, dried with N2, reconstituted

in 10 µL of acetonitrile, dried in successive volumes into a 5 µL glass sample cup, and

analyzed using CI-ITMS.

Ester-derivatized compounds. A sample or ester standard was dissolved in 1

mL of ethanol added to a 5 mL volumetric flask. 2 mLs of hydroxylamine hydrochloride

and KOH solutions mixed together and 0.6 mL of water were added to the flask and

allowed to sit for 1 hour. After the derivatization period was complete, the samples were

dried with N2 and reconstituted in ethanol/water solution. Because the sample is in

50% water, drying all solvents completely takes over 2 hours and as the sample dries a

thick precipitate forms which must be dried completely. The sample was reconstituted

in enough ethanol/water to fully dissolve the precipitate. A 200 µL aliquot was taken

and 3.6 µL of HCl was added. 150 µL of the sample was injected into the 100 µL loop

of the HPLC. The HPLC was run using the XDB-C18 column and methanol/water as

the mobile phases. The resulting sample peaks detected at 210 nm were collected as

fractions, dried with N2, reconstituted in 10 µL of ethanol, dried in successive volumes

into a 5 µL glass sample cup, and analyzed using CI-ITMS.

CI-ITMS Analysis

The derivatized, fractionated, and collected samples were analyzed using a

Finnigan PolarisQ Ion Trap Mass Spectrometer. Samples were introduced into the

system using a direct insertion probe with the temperature ramped from 30○ C to

280○ C at 10○ C min−1. Vapor was then chemically ionized using either isobutane or

ammonia as the reagent gas, with the ion source temperature set at 250○ C to reduce

loss of compounds to the walls.
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Method for Calculating Functional Group Composition

Total functional group composition was used to compare the FG and HPLC

quantification methods. The moles of each functional group are determined from UV-

Vis absorbance measured for samples and standards with the spectrophotometer (bulk

analysis) or HPLC (speciated analysis). In bulk analysis, the total amount of a particular

functional group is determined from a single measurement of the derivatized sample

absorbance, whereas in HPLC analysis the amount of each derivatized compound is

determined from the area of the corresponding chromatographic peak, and then the

total amount of the particular functional group in the sample is determined by summing

these values.

The total functional group composition is calculated from these measurements

by assuming that carbonyl, carboxyl, ester, hydroxyl, peroxide, nitrate, and methylene

are the only functional groups in the SOA. Each functional group mass is calculated

as the measured moles x molecular weight of the functional group, using the following

molecular weights: carbonyl [C=O] = 28, carboxyl [CHOOH] = 45, ester [COO] =

44, hydroxyl [CHOH] = 30, peroxide [CHOOH] = 46, nitrate [CHONO2] = 75. Next,

the mass of methylene [CH2] is calculated by subtracting the total mass of functional

groups from the mass of sample measured by gravimetric analysis, and the moles of

methylene is calculated by dividing this value by the methylene molecular weight of 14.

Because peroxides are not measured by HPLC, in determining the total functional group

composition by HPLC analysis the quantity of peroxide in the sample is assumed to be

the same as that measured by bulk FG analysis. The mass or mole fraction of each

functional group is calculated by dividing the mass or moles of each functional group by

the total, and similarly for the mole fraction of each compound quantified by HPLC.
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Environmental Chamber Experiment

Reactions were performed in a 7600 L FEP Teflon environmental chamber

filled with clean, dry air (<5ppbv hydrocarbon and <1% relative humidity) at ambient

temperature (∼20○C) and pressure (∼625 torr). The light source for photolysis are UV

lamps that cover two walls outside the chamber. Measured amounts of n-hexadecane,

methyl nitrite (CH3ONO), NO, and NH3 were added to the chamber from a glass bulb

with a flow of N2. Seed particles of bis(2-ethylhexyl) secbacate (DOS) were generated

using an evaporation-condensation apparatus and added to the chamber with a flow of

N2.

The reaction was initiated by turning on the UV lights to generate OH radicals

via photolysis of methyl nitrite [13]. NO was added to enhance the conversion of HO2 to

OH and to suppress O3 and NO3 radical formation. Also, as the NO2 increases during

an experiment, it scavenges most OH radicals forming HNO3. The formation of HNO3

creates acidic particles that catalyze the dehydration of CHAs to DHFs. The lights

were turned on for 1 min at 100% light intensity corresponding to a NO2 photolysis

rate constant of 0.61 min−1 or for 60 min at 50% light intensity corresponding to a NO2

photolysis rate constant of 0.37 min−1. In the 1 min experiment NH3 was added to the

reaction to neutralize the acid and thus prevent the dehydration of cyclic hemiacetals.

For the 1 min reaction, reactant concentrations were 5 ppmv of n-hexadecane,

10 ppmv of NO, 10 ppmv of CH3ONO, 20 ppmv of ammonia, and for the 60 min reaction

they were 1 ppmv of n-hexadecane, 10 ppmv of NO, 10 ppmv of CH3ONO, and 300 µg

m−3 DOS seed particles.
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Particle and gas analysis. Aerosol volume concentration was measured using

a TSI 3081 scanning mobility particle sizer (SMPS) with a Model 3772 condensation

particle counter. SOA mass concentration was calculated for the 60 min experiment

by subtracting the initial particle volume concentration from the highest aerosol vol-

ume concentration and then multiplying volume by a particle density of 1.06 g cm−3

[54]. The particle wall loss was accounted for by dividing the average SMPS mass con-

centration value for the sampling period by the maximum SMPS mass concentration

value. The mass of n-hexadecane reacted was determined by collecting n-hexadecane

on Tenax TA adsorbent and by analyzing mass using an Agilent 6890 gas chromatograph

equipped with a 30 m x 0.32 mm Agilent DB-1701 column with a 1µm film thickness and

with a flame ionization detector. SOA yields were calculated as (SOA mass)/(reacted

n-hexadecane mass). NO and NO2 were measured using a Thermo Environmental In-

struments Inc.Model 42 chemiluminescence NO-NO2-NOx analyzer.

Duplicate particle samples were collected after each experiment on previously

weighed Millipore filters (0.45 µm pore size, Fluoropore FHLP, 47 mm). Chamber

air was sampled through stainless steel tubing at ∼14 L min−1 for ∼60 min for the 1

min experiment and twice for ∼30 min for the 60 min experiment. Immediately after

sampling, each filter was weighed on a Mettler Toledo XS3DU Microbalance to determine

the mass of sample collected. Because ammonia was added to the 1 min experiment,

ammonium nitrate particles were formed. Ammonium nitrate was removed from the

filters by extracting the filters twice in 5 mL of water for 5 min. The filters were then

dried gently in a flow of N2. For both the 1 min and 60 min experiments, the filters

were then extracted twice in 4 mL of ethyl acetate at room temperature for 5 min and

the extracts combined into a 4 mL brown vial that was previously weighed, and then

dried in a stream of N2. The vial was weighed again to determine the mass of aerosol

109



sample extracted, which was 8.5 mg for the 1 min experiment and 7.8 mg for the 60

min experiment. Because the sample from the 1 min experiment was first extracted into

water to remove the ammonium nitrate, some organic mass may have been lost. Next,

the dried samples were reconstituted in sufficient ethyl acetate to achieve 2 mg mL−1

of SOA in ethyl acetate. A clean blank filter was prepared and extracted in the same

manner as the SOA filter samples.

The extracted SOA samples were then analyzed using methods described in

Chapter 3. The only exception was modification of the HPLC methods for the 1 min

experiment to prevent any unextracted ammonium nitrate from interfering with the

HPLC column. A 10 min period of 95% water/5% solvent was added to each HPLC

run to flush the ammonium nitrate through the HPLC system. The sample from the

60 min experiment was analyzed for total peroxides using the procedure described by

Docherty, et al. (2005) [24]. Standard curves used for quantification were prepared using

3-hexadecanone, 2-hexadecanol, and 2-ethylhexyl nitrate for HPLC and total analysis

of carbonyl, hydroxyl, and nitrate groups; hexadecanoic and tridecanoic acid were used

for HPLC and total analysis of carboxyl groups, respectively; methyl tridecanoate and

DOS were used for HPLC and total analysis of ester groups, respectively; and benzoyl

peroxide was used for total analysis of peroxide groups.
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4.4 Results and Discussion

1 Minute Reaction

The experimental conditions employed in the 1 min experiment, including the

use of n-hexadecane at a high concentration, the short irradiation time, and addition

of ammonia were selected to attempt to minimize the formation of multigeneration

products. n-Hexadecane was used as the VOC because previous experiments indicated

that partitioning of alkyl nitrates and 1,4-hydroxycarbonyls to the particles was notably

higher for n-hexadecane than for n-pentadecane [56]. A concentration of 5 ppmv was

used because it was close to the estimated saturation concentration, and thus optimized

the both the fraction of OH radicals that would react with the parent VOC to form first

generation products as well as the mass of SOA formed, which enhanced partitioning of

products into SOA. The average fraction of n-hexadecane that reacted in 1 min was 0.23,

which from consecutive rate theory and a rate constant of 1.9 x 10−11 cm3 molecules−1

s−1 for the reaction of n-hexadecane and first generation products with OH radicals [50]

indicates that ∼10% of the first generation products reacted to form second generation

products. Furthermore, from these values the estimated average concentration of OH

radicals during the experiment was ∼2 x 108 molecules cm−3, corresponding to an OH

radical exposure of 3.3 x 106 molecules cm−3 h. Assuming an average atmospheric 12 h

daytime concentration of OH radicals of 2 x 106 molecules cm−3, the 1 min experiment

was equivalent to ∼1.7 h of atmospheric oxidation. Ammonia was added to the chamber

before turning on the lights to neutralize HNO3 formed from reaction of OH radicals with

NO2, which catalyzes the dehydration of the CHA into a DHF [56] [58]. Eliminating
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these reactions helps to simplify the composition of products to mostly AN, 1,4-HN,

1,4-HC and a small fraction of second generation products. Also the ammonium nitrate

particles formed act as seeds for condensation and thus help to reduce loss of gaseous

compounds to the chamber walls.

Underivatized Nitrate Products

Based on the proposed reaction mechanism (Figure 4.1), AN and 1,4-HN are

the only first generation products formed in the 1 min experiment that have a ni-

trate group, which is the only functional group in the SOA that absorbs strongly at

210 nm. This characteristic absorbance is useful for identifying both underivatized and

derivatized compounds, since chromatographic peaks associated with underivatized com-

pounds will disappear when the compound is derivatized, and a new peak will appear

in the chromatogram obtained by monitoring absorbance at the wavelength absorbed

by the derivatized functional group. This information provides valuable constraints on

the presence/absence of functional groups that can be used for compound identification.

Consistent with the reaction mechanism, the HPLC chromatogram shown in Figure 4.3

shows two major peaks at 66.5 and 79.3 min, labeled peak 2 and 4, respectively. Two

small peaks are also present at 51.2 and 70.1 min, labeled peak 1 and peak 3, respec-

tively. For convenience, the identity of these peaks are discussed in the order 2, 4, 1,

and 3.

Peak 2: 1,4-HN. The mass spectrum of peak 2 obtained using ammonia as the

reagent gas is shown in Figure 4.4. It has significant peaks at m/z 321, 258, 239, 222,

and 221, which can be explained as being due to the ammonium adduct of the 1,4-HN

(M + 18)+, where M = 303 is the 1,4-HN molecular weight, and the following fragment

ions: (M + 18)+ - HNO3, (M + 1)+ - (H2O + HNO2), (M + 1)+ - (2H2O + NO2), and
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(M + 1)+ - (2H2O + HNO2) ions , respectively. The loss of various combinations of

HNO3, HNO2, NO2, and H2O are all consistent with the 1,4-HN structure. As expected,

the isobutane spectra does not have the (M + 18)+ or (M + 18)+ - HNO3 peaks, since no

ammonia is present, but it does have the same peaks at m/z 239, 222, and 221 formed

by fragmentation of the protonated molecular ion, (M + 1)+.

Peak 4: AN. The mass spectrum of peak 4 obtained using isobutane and am-

monia as reagent gases are shown in Figure 4.4. Both mass spectra have significant peaks

at m/z 239, and the mass spectrum obtained using ammonia also has a significant peak

at m/z 241. If this product is the AN (M = 287), then the m/z 241 fragment is a (M +

1)+ - 46 ion that could be formed by loss of NO2 from the protonated molecular ion. The

peak at m/z 239 is not consistent with an AN, however, since there is no likely pathway

for losing mass 48 from the protonated molecular ion. Instead, it appears that the peak

at m/z 239 is due to a second compound that coelutes with the AN. This suggestion is

supported by the observation that when carbonyl groups in the SOA were derivatized,

and this same HPLC peak was analyzed using isobutane as the reagent gas, the m/z 239

peak was absent from the mass spectrum and only a large m/z 241 peak was present

(Figure 4.6). This indicated that the compound responsible for m/z 239 contained a

carbonyl group, most likely the 1,4-HC. In this case, m/z 239 would correspond to an

(M + 1)+ - 18 ion formed by loss of H2O from the protonated molecular ion.
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Peak 1: HDN & DHN. The mass spectra of peak 1 obtained using isobutane

and ammonia as reagent gases are shown in Figure 4.5. We note that this peak was also

present in the chromatogram of the carbonyl-derivatized sample (Figure 4.3), indicating

that the associated compound does not have a carbonyl group. Because the compound

does not have a carbonyl group and elutes relatively early, and the peaks corresponding

to AN and 1,4-HN have already been identified, this peak must be due to one or more

multifunctional multigeneration products.

The thermal desorption (TD) profile of the sample analyzed using ammonia

as the reagent gas showed two distinct peaks with different mass spectra (Figure 4.5A,

4.5B). This indicates that two compounds were present in the sample and coeluted at

peak 1. The mass spectrum of the first compound to desorb (TD peak 1) has significant

peaks at m/z 300, 272, 255, 239, 237, and 219, which can be explained as being due

to fragmentation of the protonated molecular ion of the HDN (M = 364) to form the

following ions: (M + 1)+ - (HNO2 + H2O), (M + 1)+ - (HNO3 + HNO2), (M + 1)+

- (2HNO3), (M + 1)+ - (HNO3 + HNO2 + H2O), and (M + 1)+ - (HNO3 + HNO2

+ 2H2O) ions, respectively. The mass spectrum of the second compound to desorb

(TD peak 2) has peaks at m/z 257, 239, and 221, which can be explained as being due

to fragmentation of the protonated molecular ion of the DHN (M = 319) to form the

following ions: (M + 1)+ - (HNO3), (M + 1)+ - (HNO3 + H2O), and (M + 1)+ - (HNO3

+ 2H2O) ions, respectively.

The thermal desorption profile of the sample analyzed using isobutane as the

reagent gas showed only one distinct peak rather than two. This could be a result

of differences in the sample preparation techniques, since the desorption profile can

depend on whether or not the sample dries in the 5 µL glass sample cup in a uniform or

irregular pattern. In the latter case, the relatively quick ramp rate of 10 ○C per min may
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not allow for clear separation of vaporized compounds. The mass spectrum obtained for

this desorption peak appears to be a mixture of both HDN and DHN, with the peaks

at m/z 255, 239, 237, and 219 being due to the HDN and the peaks at m/z 257, 237,

and 221 due to the DHN.

Peak 3: DN. The mass spectra of peak 3 obtained using isobutane and ammonia

as reagent gases were the same, so only the one obtained using ammonia is shown

in Figure 4.5. We note that this peak was also present in the chromatogram of the

carbonyl-derivatized sample (Figure 4.3), indicating that the associated compound does

not contain a carbonyl group. Also, because it elutes between the 1,4-HN and AN, it is

more polar than AN and so must contain a second functional group. Since this group

is not a carbonyl or hydroxyl, it is most likely a nitrate, and thus the compound is the

DN (M = 348). The major peaks in the mass spectrum at m/z 239 and 221 can be

explained as being due to fragmentation of the protonated molecular ion to form the (M

+ 1)+ - (HNO3 + HNO2), and (M + 1)+ - (HNO3 + HNO2 + H2O) which are consistent

with the DN structure.

Carbonyl-Derivatized Products

Based on the proposed reaction mechanism, the only first generation carbonyl-

containing product expected to be formed in the 1 min experiment is the 1,4-HC (Figure

4.1). Because derivatization occurs under acidic conditions, CHA will undergo ring-

opening to form 1,4-HC that are also derivatized. The chromatograms obtained at 210

and 360 nm are shown in Figure 4.3. The chromatogram obtained at 210 nm is similar

to the one discussed above for underivatized nitrate products, with peaks at 66.3 (peak

1) and 79.6 (peak 3) min, which have the same retention times and mass spectra as
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the 1,4-HN and AN identified previously . As expected, the chromatogram of carbonyl-

derivatized compounds obtained at 360 nm (Figure 4.3) has only one distinct peak,

which occurs at 71.8 min (peak 2), although a small shoulder is also present at 70.2

min. The mass spectra of peak 2 are discussed below.

Peak 2: 1,4-HC. The mass spectrum of the main peak in peak 2 obtained using

ammonia as the reagent gas in shown in Figure 4.6. The mass spectrum obtained using

isobutane was the same, as were the mass spectra obtained for the shoulder using either

reagent gas. The mass spectrum has significant peaks at m/z 437, 419, and 239, which

can be explained as being due the protonated molecular ion of the carbonyl-derivatized

1,4-HC (M = 436), and the fragment ions (M + 1)+ - H2O, and (M + 1)+ - 2,4-DNPH,

respectively, where 2,4-DNPH is 2,4-nitrophenylhydrazine (NH2NHC6H3(NO2)2) (Figure

119



4.2). Since the main peak and shoulder both have the same mass spectra, they probably

correspond to two groups of isomers whose retention times are affected by the position of

the 1,4-HC unit on the carbon chain. We have seen previously that the retention times

of 1,4-HN increase as the 1,4-HN group moves towards the end of the carbon chain [84].

Hydroxyl-Derivatized Products

Based on the proposed reaction mechanism, the only first generation hydroxyl-

containing products expected to be formed in the 1 min experiment are the 1,4-HC

and 1,4-HN (Figure 4.1). The chromatograms obtained at 210 and 253 nm are shown

in Figure 4.3. We note that because the HPLC method for hydroxyl-derivatized com-

pounds employs a PLRP-S polymer column instead of a C18 column, the retention times

cannot be compared with those obtained for other functional groups. As expected, the

chromatogram obtained at 253 nm has two peaks, which occur at 66.6 (peak 1) and 68.8

(peak 2) min. In the chromatogram obtained at 210 nm, there is only one significant

peak that does not also appear in the chromatogram obtained at 253 nm, indicating that

this peak is due to a nitrate-containing compound lacking a hydroxyl group, most likely

the AN. The compound eluted at 71.2 min (peak 3), after the hydroxyl-derivatized com-

pounds, and its mass spectrum contained a significant peak at m/z 241, shown in Figure

4.7, and as expected for an AN from the analysis of underivatized products discussed

above.

Peak 1: 1,4-HC, 1,4-HN, HDN. The thermal desorption (TD) profile of the

sample collected from peak 1 and analyzed using isobutane as the reagent gas showed

two distinct peaks with different mass spectra (Figure 4.7B & C). This indicates that two

compounds were present in the sample and coeluted at peak 1. The mass spectrum of the

first compound to desorb (TD peak 1) has significant peaks at m/z 239, 221, 168, and
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150 (Figure 4.7). The peak at m/z 239 can be explained as being due to fragmentation

of the protonated molecular ion of either the hydroxyl-derivatized 1,4-HC (M = 406) or

1,4-HN (M = 458) to form (M + 1)+ - 4-NBA and (M + 1)+ - (4-NBA + HNO2) ions,

respectively, where 4-NBA is 4-nitrobenzoic acid (O2NC6H4C(O)OH). The peak at m/z

221 is then formed by loss of H2O from the m/z 239 ion and m/z 168 and 150 are due

to protonated 4-NBA and the ion formed by subsequent loss of H2O.The mass spectrum

of the second compound to desorb has peaks at m/z 404, 237, and 219, which can be

explained as being due to fragmentation of the hydroxyl-derivatized HDN (M = 513) to

form (M + 1)+ - (HNO3 + HNO2), (M + 1)+ - (4-NBA + HNO3 + HNO2), and (M +

1)+ - (4-NBA + HNO3 + HNO2 + H2O) ions, respectively.

Peak 2: 1,4-HC, 1,4-HN. The mass spectrum of peak 2 obtained using isobu-

tane as the reagent gas is similar to the mass spectrum obtained for the second compound

to desorb in peak 1, with significant peaks at m/z 239 and 221 (Figure 4.7). These two

fragments can be explained as being due to fragmentation of either the protonated

hydroxyl-derivatized 1,4-HN or 1,4-HC as described in the previous section.

Hydroxyl-and-Carbonyl-Diderivatized Products

Because of the similarity in the fragmentation patterns for the hydroxyl- deriva-

tized 1,4-HC and 1,4-HN, the SOA was sequentially derivatized for carbonyl and hy-

droxyl groups in order to doubly derivatize the 1,4-HC. This compound would then

absorb at 360 and 253 nm, compounds containing hydroxyl but no carbonyl groups

would absorb at 253 nm but not 360 nm, and compounds containing only nitrate groups

would absorb solely at 210 nm. The chromatograms obtained at 360, 253, and 210

nm are shown in Figure 4.3. Consistent with expectations based on previous results,

the chromatogram obtained at 360 nm has a single peak at 73.0 min (peak 3), the one
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obtained at 253 nm has peaks at 68.4 (peak 1) and 71.5 (peak 2) min, and in the chro-

matogram obtained at 210 nm only the compound that eluted at 77.4 min (peak 4) did

not absorb at 360 or 253 nm. The mass spectra obtained for peaks 1, 2, and 4 using

isobutane as the reagent gas are shown in Figure 4.8 and are consistent with expecta-

tions based on results discussed previously, indicating that the compounds associated

with these peaks are a mix of carbonyl-derivatized 1,4-HC (a small fraction relative to

the amount that was diderivatized) and hydroxyl-derivatized HDN, hydroxyl-derivatized

1,4-HN, and AN, respectively.

Peak 3: 1,4-HC. The mass spectra of peak 3 obtained using ammonia and

isobutane as the reagent gas are shown in Figure 4.9. The mass spectrum obtained

using isobutane has significant peaks at m/z 586 and 419 that can be explained as being

due to the protonated molecular ion of the carbonyl- and hydroxyl-diderivatized 1,4-HC

(M = 585) and the (M + 1)+ - 4-NBA ion, whereas the mass spectrum obtained using

ammonia has these same peaks plus a peak at m/z 602 that can be explained as being

due to the ammonium adduct of the carbonyl-and-hydroxyl-diderivatized 1,4-HC.

60 Minute Reaction

The experimental conditions for the 60 minute reaction, including

n-hexadecane and 60 min lights at 50%, were selected to form multigenerational aged

organic products. Again, because n-hexadecane was the used as the parent compound

to ensure that the organic aerosol products would be in the particle phase. The average

fraction of the initial 1 ppmv of n-hexadecane reacted in 60 min was 0.86. Using this

value and a rate constant of 1.9 x 10−11 cm3 molecules−1 s−1 for the reaction of n-

hexadecane with OH radicals, the calculated average concentration of OH radicals during
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Figure 4.8: Mass spectra of carbonyl and hydroxyl derivatized SOA formed in the 1 min
reaction, analyzed using isobutane chemical ionization. In figures A-C the HPLC peak
numbers correspond to the peaks labeled in Figure 4.3D, the TD peak numbers distin-
guish the multiple peaks observed during temperature-programmed thermal desorption
of the sample, and probable or potential products associated with each mass spectrum
are designated with acronyms (the corresponding names are given in the text) along
with their molecular weights.

124



100

80

60

40

20

0

700600500400300200100

419

359236
586

100

80

60

40

20

0

700600500400300200100

419

586
602

HPLC peak 3            A
1,4-HC (MW 585)

HPLC peak 3             B
1,4-HC (MW 585)

(M + 1)
+

(M + 1)
+

(M + 18)
+

R
e

la
ti
v
e

 i
n

te
n

s
it
y
 

m/z

C=O/C-OH Derivatized/Isobutane CI

C=O/C-OH Derivatized/Ammonia CI

Figure 4.9: Mass spectra of carbonyl and hydroxyl derivatized SOA formed in the 1
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Products Underivatized Carbonyl Hydroxyl Carboxyl Ester Carbonyl/Hydroxyl

1 min

AN
4

(79.3)
3

(79.6)
3

(71.2)
4

(77.4)

1,4-HN
2

(66.5)
1

(66.3)
1,2

(66.6, 68.8)
2

(71.5)

1,4-HC
2

(71.8)
1,2

(66.6, 68.8)
3

(73.0)

DN
3

(70.1)

HDN
1

(51.2)
1

(66.8)
1

(68.4)

DHN
1

(51.2)

60 min

AN
7

(67.9)

1,4-HN
5

(55.6)
5

(59.1)

1,4-HC
7

(60.1)
5

(59.1)

1,4-HC-N
6,8

(55.5, 66.2)

DN
6

(60.1)

HDN
2,3

(40.9, 44.6)
3,4

(53.6, 56.6)

DHN
2

(40.9)
3

(53.6)

DHDN
1

(32.0)
1*

(40.8)

CHAN
4

(48.8)
4

(56.6)

CHAN-N
3

(44.6)
2*

(46.8)

NHA
2*

(40.9)
1*

(40.8)
1

(63.0)

Carbonyl
Ester

1,2,3,4,5*
(35.6, 39.4,
43.0, 46.5,

52.8)

1,2,3*
(42.4, 56.9

59.9)

Table 4.2: HPLC peak identification summary. The HPLC peaks are listed for all
identified peaks for all HPLC methods. The retention times in minutes are listed in
parenthesis below the peak number. Peaks listed with an * are possible or suspected
identification of compounds.
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Figure 4.10: Time profile of organic aerosol mass concentrations measured with the
SMPS during the 60 minute experiment. The labeled SOA yields correspond to max-
imum and final values. The profile was corrected for loss of particles to the chamber
walls using the decay in the m/z 185 signal from DOS seed particles.

the experiment was 2.5 x 107 molecules cm−3 corresponding to OH radical exposure of

2.5 x 10 7 molecules cm−3 h [50]. By assuming an average atmospheric 12 h daytime

concentration of OH radicals of 2 x 106 molecules cm−3, the 60 min experiments was

equivalent to ∼12.4 h of atmospheric oxidation.

The SMPS time profiles of organic aerosol (OA) were measured through the

experiment (see figure 4.10). The initial OA mass concentration at 302 µg m−3 consists

entirely of DOS. After the 60 min light exposure, 7250 µg m−3 of OA was formed resulting

in 6929 µg m−3 being formed in the experiment. As 7044 µg m−3 of the n-hexadecane

reacted away, the SOA yield was 0.97. However over the rest of the experiment, the

SOA yield decreased to 0.86.
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As this experiment was not run with NH3, the HPLC solvent gradient was

returned to the original gradient described in chapter 4. The original gradient did not

include an initial 10 minute period of 95% solvent a (water):5% solvent b (acetonitrile

or methanol) that was used to elute any remaining ammonium nitrate collected on the

filter. When identifying compounds through comparison of HPLC retention times for 1

min vs 60 min SOA products the retention times must be adjusted (see figure 4.2).

Previously Identified Products

As the 60 min reaction is a further study of the 1 min reaction of n-hexadecane

with OH radicals in the presence of NOx, all products identified previously should be,

and in fact are, present in the 60 min reaction. The underivatized nitrate peaks of

HDN, DHN, 1,4-HN, DN, and AN were detected at 40.9, 40.9, 55.6, 60.1, and 67.9 min,

respectively, see figure 4.11. The carbonyl-derivatized 1,4-HC was detected at 60.1 min.

They hydroxyl-derivatized 1,4-HN and 1,4-HC were detected at 59.1 min. The peaks

were assigned based on retention time elution (corrected for the 10 mn shift discussed

above) and the mass spectra fragmentation pattern. The mass spectra fragmentation

for each peak was similar to the fragmentation patterns discussed above and are not

shown here.

Underivatized Nitrate Products

The products expected to be formed in the 60 min reaction period are expected

to be monofunctional, difunctional, trifunctional, and possibly contain more than three

functional groups. The HPLC chromatogram confirms that multiple products were

formed in the 60 min experiment that were not formed in the 1 min experiment, but

also products that were formed in small amounts grew in over the long exposure to

OH radicals. The HPLC chromatogram at 210 nm shown in Figure 4.11 contained
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Figure 4.11: HPLC/UV chromatograms of SOA formed in 60 min reaction in the pres-
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derivatized compounds (253 nm), carboxyl derivatized compounds (253 nm), or ester
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three significant peaks at retention time 55.6 (1,4-HN), 60.1 (DN), and 67.9 (AN) min

corresponding to peak 5, 6, and 7, respectively, (not shown). As well as, 4 less significant

peaks at retention times 32.0, 40.9 (HDN/DHN), 44.6, and 48.8 min corresponding to

peak 1, 2, 3, and 4, respectively. Only peak 1, 3, and 4 will be discussed as these peaks

are multigenerational unknown products that grew in over 60 min.

Peak 1: DHDN. The mass spectrum of peak 1 was obtained using ammonia as

the reagent ion gas shown in figure 4.12. This peak was so small that it was undetectable

in other methods due to the interferences of derivatizing agents and derivatized SOA

products. This product was the first compound to elute from the column suggesting

that it was more polar than all other products and would therefore contain multiple

functional groups. It has significant peaks at m/z 318, 269, 255, and 251, which can be

explained as being due to fragmentation of the protonated molecular ion of DHDN (M

= 381). The m/z 318 and 255 correspond to (M + 1)+ - HNO3 and (M + 1)+ - 2HNO3

ions, respectively. While the m/z 269 and 251 correspond to loss of 2HNO2 and water

and then further loss of water.

This compound can be formed through two different pathways. First, a HN

could be formed and another HN adds on to one of the other carbons in the 16 chain

backbone. Or secondly, an AN is formed and a DHN, formed through a HN undergoing

forward isomerization adding a second hydroxyl group, is added to the chain.
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Figure 4.12: Mass spectra of underivatized SOA formed in the 60 min reaction, analyzed
using ammonia chemical ionization. In figures A-D the HPLC peak numbers correspond
to the peaks labeled in Figure 4.11A, and probable or potential products associated with
each mass spectrum are designated with acronyms (the corresponding names are given
in the text) along with their molecular weights.
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Peak 2: DHN, HDN & NHA. The mass spectrum of peak 3 was obtained using

ammonia as the reagent ion and is shown in Figure 4.12. The retention time and mass

spectra are similar to the DHN and HDN described in the 1 minute reaction and will not

be discussed here. Another possible compound that would fit the mass spectra pattern

is the NHA with a mass of 319 g/mol. The significant peaks at m/z 257, 239, and 221

can be explained as being due to the formation of (M + 1)+ - HNO3, (M + 1)+ - (HNO3

+ H2O), and (M + 1)+ - (HNO3 + 2H2O) ions, respectively.

Peak 3: CHAN-N & HDN. The mass spectrum of peak 3 was obtained using

both ammonia and isobutane reagent ion shown in figure 4.12. Because the retention

time is greater than the DHDN, the compound must be much less polar and most

likely contains less than four functional groups. The mass fragmentation pattern formed

contains multiple peaks that seem to be a mixture of HDN (M = 364) and CHAN-N (M

= 378) that coeluted together. The isobutane spectra contains only the most significant

peaks found in the ammonia spectra and thus only the ammonia spectra will be shown

and described. The mass spectrum has significant peaks at m/z 302, 255, and 239 can

be explained as being due to the fragmentation of HDN through (M + 1)+ - HNO3,

(M + 1)+ - (HNO3 + HNO2), (M + 1)+ - 2HNO3 ions, respectively. This pattern is

almost identical to the fragmentation of HDN in underivatized peak 2 and is explained

as an artifact of peak collection. The tail end of the HDN peak was collected at the

same time as peak 3. The rest of the significant peaks at m/z 316, 254, 235, and 217

can be explained as being due to the fragmentation of the protonated molecular ion of

CHAN-N to form the following ions: (M + 1)+ - HNO3, (M + 1)+ - 2HNO3, (M + 1)+ -

(2HNO3 + H2O), and (M + 1)+ - (2HNO3 + 2H2O) ions, respectively. Both HDN and

CHAN-N contain three functional groups explaining why they would coelute at similar

times from the HPLC.
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Peak 4: CHAN. Underivatized HPLC peak 4 was analyzed using isobutane

and ammonia as the reagent ion, with only the isobutane spectra shown in Figure 4.12.

Because the retention time is much less than the HDN, the compound must be less polar

and most likely contains at most three functional groups. The significant peaks at m/z

300, 255, 254, 237, and 219 can result in the fragmentation of the protonated molecular

ion of CHAN (M = 318) through two different fragmentation pathways. First, the m/z

300 and 254 are the protonated CHAN with loss of water and then a further loss of

HNO2. While the fragments at m/z 255, 237, and 219 are a formed through (M + 1)+ -

HNO3, (M + 1)+ - (HNO3 + H2O), and (M + 1)+ - (HNO3 + 2H2O) ions, respectively.

The assignment of CHAN at peak 4 is warranted because CHAN contains two

functional groups, satisfying the retention time requirement of less polarity. Also, the

peak grew in as would be expected in the 60 min experiment that allowed for DHF

formation and further reactions.

Carbonyl-Derivatized Products

Once again, the HPLC chromatogram confirms that multiple products were

formed in the 60 min experiment that were not formed in the 1 min experiment shown

in Figure 4.11. The chromatogram for wavelength 360 nm had 8 peaks with retention

times: 35.6, 39.4, 43.1, 46.6, 52.9, 55.5, 60.1, and 65.2 min. As peak 7 corresponds

to 1,4-HC, the peak will not be shown or discussed. While the chromatogram at 210

nm had 3 peaks at 41.2, 55.5, and 68.5 min. These retention times and peak shapes

correspond to underivatized HPLC peak 2, 5, and 7 identified as HDN & DHN, 1,4-HN,

and AN, respectively.
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Peak 1-5: Possibly Carbonyl Ester Products. Carbonyl derivatized peaks 1-5

(possibly another peak lost in a derivatizing agent the elutes at 50.5 min) have not been

clearly identified (see figure 4.13 - 4.16). Because the proposed mechanism contains

multiple carbonyl ester products and those compounds have not been identified, these

peaks are most likely different products that contain carbonyl esters. These products

once derivatized probably fragment in complicated and as yet not understood pathways.

The fragmentation patterns have no (M + 1)+ but they all contain m/z 279 as a mass

fragment.

Peak 6 & 8: 1,4-HC-N. The carbonyl-derivatized peak 6 and 8 were analyzed

using ammonia and isobutane reagent ion gases. The two peaks, although eluted 12

min apart, have similar fragmentation patterns. The mass fragmentation patterns for

both isobutane and ammonia have comparable fragments and thus only ammonia will

be described as seen in Figure 4.17. The significant peaks at m/zm/z 435 and 417

which can be explained as being due to fragmentation of the protonated molecular ion

of carbonyl-derivatized 1,4-HC-N (M = 498) to form the following ions: (M + 1)+ -

HNO3 and (M + 1)+ - (HNO3 + H2O) ions, respectively. The elution of isomers at

such disparity of time can be explained by the structure of the compounds. A CHAN

is formed in one of two locations on the end of the carbon backbone or in the middle of

the chain. If the CHAN forms at the end of the backbone, the nonpolar hydrocarbon

chain will dominate forces that effect retention time and will elute much later than the

CHAN formed in the middle of the compound.
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Figure 4.13: Mass spectra of carbonyl derivatized SOA formed in the 60 min reaction,
analyzed using isobutane or ammonia chemical ionization. In figures A and B the
HPLC peak number corresponds to the peak labeled in Figure 4.11B, and probable or
potential products associated with each mass spectrum are designated with acronyms
(the corresponding names are given in the text) along with their molecular weights.
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Figure 4.14: Mass spectra of carbonyl derivatized SOA formed in the 60 min reaction,
analyzed using isobutane or ammonia chemical ionization. In figures A-C the HPLC
peak number corresponds to the peak labeled in Figure 4.11B, and the TD peak num-
bers distinguish the multiple peaks observed during temperature-programmed thermal
desorption of the sample. Probable or potential products associated with each mass
spectrum are unknown.
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Figure 4.15: Mass spectra of carbonyl derivatized SOA formed in the 60 min reaction,
analyzed using isobutane or ammonia chemical ionization. In figures A-D the HPLC
peak number corresponds to the peak labeled in Figure 4.11B, and the TD peak num-
bers distinguish the multiple peaks observed during temperature-programmed thermal
desorption of the sample. Probable or potential products associated with each mass
spectrum are unknown.
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Figure 4.16: Mass spectra of carbonyl derivatized SOA formed in the 60 min reaction,
analyzed using isobutane or ammonia chemical ionization. In figures A-C the HPLC
peak numbers correspond to the peaks labeled in Figure 4.11B. The probable or potential
products associated with each mass spectrum are unknown.
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Figure 4.17: Mass spectra of carbonyl derivatized SOA formed in the 60 min reaction,
analyzed using ammonia chemical ionization. In figures A and B the HPLC peak num-
bers correspond to the peaks labeled in Figure 4.11B, and probable or potential products
associated with each mass spectrum are designated with acronyms (the corresponding
names are given in the text) along with their molecular weights.
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Hydroxyl-Derivatized Products

The HPLC chromatogram at 253 nm for hydroxyl derivatized of the 60 min

experiment SOA resulted in 5 peaks: 40.8, 46.8, 53.6, 56.6, and 59.1 min. Peak 5 at

59.1 min corresponds to 1,4-HC and 1,4-HN which has been describe above and will not

be shown or discussed.

Peak 1: possibly DHDN and/or NHA. Hydroxyl derivatized peak 1 has not

been clearly identified. This peak eluted first and therefore is polar and must have

multiple functional groups. The most likely compounds are either DHDN, CHAN-N, or

NHA. The peak thermally desorbed from the CI-ITMS insertion probe as two peaks.

Hydroxyl-derivatized DHDN has a mass of 678 g/mol and the (M + 1)+ would be

immediately ejected from the ion trap as it has an upper limit of 650 g/mol. It is

possible that hydroxyl derivatized TD peak 1 is DHDN as m/z 327 can be explained

by (M + 1)+ - (2(4-NBA) + H2O) ion shown in Figure 4.18. But this is not enough

information to confirm hydroxyl derivatized DHDN is HPLC peak 1.

The second desorption peak could possibly be the nitrated C15 hydroxyacid

which upon hydroxyl derivatization would add not only the tag but would also become

a methyl ester through the derivatization method and be a mass of 482 g/mol. The a

significant peak m/z 388 could be explained by loss of the 4-NBA and loss of the methyl

ester in the form of CH3OH (see Figure 4.18).

Peak 2: possibly CHAN-N. It is also possible that peak 2 is CHAN-N shown

in Figure 4.18. CHAN-N was detected in the underivatized peak 3 and should therefore

be detected in the hydroxyl derivatization analysis. The mass spectrum has significant

peaks at m/z 361 and 235 can be explained as being due to the protonated molecular ion

of hydroxyl-derivatized CHAN-N (M = 528) to form the fragment ions: (M + 1)+ - 4-

140



100

80

60

40

20

0

500400300200100

150
163

327

253

100

80

60

40

20

0

500400300200100

150

194

313

388

100

80

60

40

20

0

500400300200100

150

109

251

235 361
406

462

338
302

168

HPLC peak 1/TD peak 1
DHDN (MW 678)

HPLC peak 1/TD peak 2
NHA (MW 482)

HPLC peak 2
CHAN-N (MW 527)

A

B

C

m/z

R
e
la

ti
v
e
 i
n
te

n
s
it
y
 

C-OH Dervatized/Isobutane CI

C-OH Dervatized/Ammonia CI

C-OH Dervatized/Isobutane CI

Figure 4.18: Mass spectra of hydroxyl derivatized SOA formed in the 60 min reaction,
analyzed using isobutane or ammonia chemical ionization. In figures A - C the HPLC
peak numbers correspond to the peaks labeled in Figure 4.11C, the TD peak numbers
distinguish the multiple peaks observed during temperature-programmed thermal des-
orption of the sample, and probable or potential products associated with each mass
spectrum are designated with acronyms (the corresponding names are given in the text)
along with their molecular weights.
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NBA and (M + 1)+ - (4-NBA + 2HNO3) ions, respectively. One significant issue is that

this peak eluted at the same time as bis(2-ethylhexyl) sebacate (DOS) and although DOS

does not absorb at neither 210 or 253 nm, the fragmentation of protonated DOS is char-

acteristic and remarkably similar to electron ionization with the formation of significant

peaks at m/z 427 and 185 due to the fragmentation of the protonated molecular ion (M

= 427) forming (M + 1)+ and (M + 1)+ - CH3(CH2)3CH(CH2CH3)CH2OC(O)(CH2)6
+

ions, respectively. Because DOS eluted at the same time as peak 2, the mass frag-

mentation of the actual hydroxyl derivatized compound was obscured. Because the

signal intensity of the hydroxyl compound is very low, the mass fragment peaks are not

significant and can’t be used to confirm the compound of peak 2 is CHAN-N.

Peak 3: HDN &/or DHN. The HPLC peak 3 is a small peak that when analyzed

could be explained by two different compounds: HDN or DHN as shown in Figure 4.19.

The significant peaks at m/z 451, 300, 254, 237, and 219 can be explained as being due

to the fragmentation of the protonated molecular ion of hydroxyl-derivatized DHN (M

= 618) to form the following ions: (M + 1)+ - 4-NBA, (M + 1)+ - (2[4-NBA] + H2O),

(M + 1)+ - (2[4-NBA] + H2O + HNO2), (M + 1)+ - (2[4-NBA] + H2O + HNO3), and

(M + 1)+ - (2[4-NBA] + 2H2O + HNO3) ions, respectively. On the other hand, the

same peaks at For m/z 451, 300, 254, 237, and 219 can also be explained as being due to

fragmentation of the protonated molecular ion of hydroxyl-derivatized HDN (M = 514)

to form the following ions: (M + 1)+ - HNO3, (M + 1)+ - (4-NBA + H2O + HNO3),

(M + 1)+ - (4-NBA + H2O + HNO3 + HNO2), (M + 1)+ - (4-NBA + H2O + 2HNO3),

(M + 1)+ - (4-NBA + 2H2O + 2HNO3) ions, respectively. Because both compounds

explain all major peaks, it is not possible to determine from the current data what the

exact compound is or if both compounds elute at the same time.
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Figure 4.19: Mass spectra of hydroxyl derivatized SOA formed in the 60 min reaction,
analyzed using isobutane chemical ionization. In figures A and B the HPLC peak num-
bers correspond to the peaks labeled in Figure 4.11C, and probable or potential products
associated with each mass spectrum are designated with acronyms (the corresponding
names are given in the text) along with their molecular weights.
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Peak 4: HDN &/or CHAN. Hydroxyl derivatized peak 4 can also be explained

by two different compounds: HDN (MW 513) and CHAN (MW 466). Hydroxyl deriva-

tized HDN could be responsible for m/z 404, 237, and 219 through loss of HNO3 and

HNO2, followed by loss of the 4-NBA, and finally a loss of H2O, respectively, shown in

Figure 4.19. The presence of HDN could be due to collection of the tail of the product

from the previous peak. Although the same mass fragments can be explained through

(M + 1)+ - HNO3, (M + 1)+ - (4-NBA + HNO3), and (M + 1)+ - (4-NBA + HNO3 +

H2O) ions of the CHAN compound.

Carboxyl-Derivatized Products

Unexpectedly, the carboxyl derivatized HPLC chromatogram at 253 nm had

one significant peak at 63.0 min shown in Figure 4.11. While the chromatogram at

underivatized wavelength 210 nm had 3 peaks at 55.7, 60.4, and 68.8 min. These

retention times and peak shapes correspond to underivatized HPLC peak 5, 6, and 7

identified as 1,4-HN, DN, and AN, respectively.

Peak 1: NHA. The mass spectra of peak 3 obtained using isobutane and am-

monia as reagent gases were similar, so only the mass spectra using ammonia is shown

in Figure 4.20. The significant peaks at m/z 437, 392, 374, and 239 can be explained as

being due to fragmentation of the protonated molecular ion of thecarboxyl-derivatized

NHA (M = 364) to form the following ions: (M + 1)+ - H2O, (M + 1)+ - HNO3, (M + 1)+

- (HNO3 + H2O), and (M + 1)+ - (HNO3 + H2O - benzofurozan) or (M + 1)+ - (HNO3

+ 2-NP hydrazine) ions, respectively, where 2-NP hydrazine is O2N(C6H4)NHNH +
3 .
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Figure 4.20: Mass spectra of carboxyl derivatized SOA formed in the 60 min reaction,
analyzed using isobutane or ammonia chemical ionization. In figures A and B the
HPLC peak number corresponds to the peak labeled in Figure 4.11D, and the probable
or potential product associated with each mass spectrum are designated with acronyms
(the corresponding names are given in the text) along with their molecular weights.
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Figure 4.21: Mass spectra of ester derivatized SOA formed in the 60 min reaction, an-
alyzed using ammonia chemical ionization. In figures A-C the HPLC peak numbers
correspond to the peaks labeled in Figure 4.11E. Probable or potential products associ-
ated with each mass spectrum are unknown.
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Figure 4.22: Mass spectra of ester derivatized SOA formed in the 60 min reaction,
analyzed using isobutane or ammonia chemical ionization. In figures A-C the HPLC
peak number corresponds to the peak labeled in Figure 4.11E, and the TD peak num-
bers distinguish the multiple peaks observed during temperature-programmed thermal
desorption of the sample. Probable or potential products associated with each mass
spectrum are unknown.
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Ester-Derivatized Products

The ester derivatized HPLC shows no significant peaks but this does not mean

that no esters are present. The HPLC method requires 15x more dilution of sample

than of all other methods as shown in Figure 4.11. Also, the derivative does not contain

a strongly absorbing chromphore. And because of the nature of derivatizing an ester

the non-double bonded O is cleaved along with the R group attached to it. Even so very

small peaks were detected at 42.4, 56.9, and 59.9 min and were collected for analysis

using CI-ITMS using both isobutane and/or ammonia as a reagent ion gas shown in

Figures 4.21 and 4.22. Unfortunately most of the mass spectra obtained did not have

enough signal to clearly separate the background noise from the actual mass fragments.

Peak 2: Unknown. The ester derivatized HPLC peak is unexplained at this

time. The mass spectra show a simple mass fragmentation pattern with significant

fragments at m/z 272 and 254 which is just a loss of 18 shown in Figure 4.21. As simple

as this pattern is, the compound responsible for this fragmentation pattern has yet to

be identified.

Quantification of Functional Group Composition and Speciated Compounds

1 Minute Reaction

Total functional group composition. In previous work the total functional group

composition has been used to predict or confirm the types of SOA products formed, but

in this study the total functional group analysis will be used to confirm the accuracy of

the HPLC quantification methods [4]. For the standard macro FG analysis, the mass

of nitrate, carbonyl, and hydroxyl groups measured per the total mass of SOA sample
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Table 4.3: Total functional group composition of SOA formed in the environmental
chamber experiments.

1 min 60 min

Functional
Group

Macro
total FGA

(g FG g−1 SOA)

HPLC total
FGA

(g FG g−1 SOA)

Macro
total FGA

(g FG−1 SOA)

HPLC total
FGA

(g FG−1 SOA)

Nitrate 0.098 0.086 0.224 0.163
Carbonyl 0.011 0.013 0.034 0.034
Hydroxyl 0.023 0.028 0.040 0.040
Carboxyl NA NA 0.021 0.013
Ester NA NA 0.040 0.036
Peroxide NA NA 0.018 0.0181

CH2 (by diff) 0.868 0.873 0.631 0.686

1 Peroxide for the HPLC analysis is taken from the standard method as there is no
HPLC method for peroxide

is 0.098, 0.011, and 0.023 (see table 4.3). While the HPLC total composition resulted

in 0.086, 0.013, and 0.028 mass of nitrate, carbonyl, and hydroxyl per gram of sample.

These results indicate that the two methods compare reasonably well and that the HPLC

method can be used to quantify SOA products by functional groups.

Speciated functional group composition. In the speciated functional group anal-

ysis, each product, identified via CI-ITMS, is quantified individually based on the specific

peak area. Utilizing this method, a compound that has more than one functional group

can be quantified using different derivatization methods and those results should be

comparable for each method. Because AN only has one functional group it was only

identified in the underivatized method and found to have 0.036 g of SOA (see table 4.4).

DN was also detected in the underivatized analysis and it consisted of 0.014 g per g

of SOA. While 1,4-HC was identified in both the carbonyl and hydroxyl analysis and

1,4-HN was identified in both underivatized and hydroxyl methods. Although identified

using both methods, the hydroxyl analysis did not separate the peaks nor was CI-ITMS
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able to clearly identify which compound was responsible for the two peaks. As per the

underivatized method, there is 0.051 g of 1,4-HN per g of SOA. And per the carbonyl

analysis, there is 0.026 g of 1,4-HC per g of SOA. Although HDN and DHN were detected

via CI-ITMS, the peaks coeluted together and as such cannot be quantified.

The 1,4-HN and 1,4-HC peaks were analyzed via the dual carbonyl-hydroxyl

method which resulted in a clear detection of both peaks in the sample. Unfortunately

quantification is not clearly definable utilizing this method either. An attempt was made

to use 5-hydroxy-2-pentanone as a standard for quantification but the derivatized sample

eluted at the same time as a derivatization peak and was not detectable. Secondly, the

1,4-HN cannot be quanitfied via the 253 nm peak as the carbonyl derivatizing tag also

absorbs in this region and cannot be separated from the 1,4-HN peak (see figure 4.3).

60 Minute Reaction

Total functional group composition. The mass of nitrate, carbonyl, hydroxyl,

carboxyl, ester, and peroxy measured per g of sample was 0.224, 0.034, 0.040, 0.021,

0.036, and 0.018 for the standard macro FG method (see table 4.3). While the HPLC

functional group analysis measured a mass of 0.163, 0.034, 0.040, 0.021, 0.036, and 0.018

g of functional group per g of SOA. The peroxy measurement used in the HPLC calcu-

lations was taken from the standard macro FG method as there is no peroxy analysis

utilizing the HPLC. The results are once again comparable for both analyses, indicating

that the HPLC method is sufficient for quantifying derivatized functional groups.

Speciated functional group composition. The mass of specific products were

measured for each functional group method in which the product was detected (see table

4.4). Two issues should be noted here. Several compounds were detected as coeluting

compounds and thus quantification is impossible. Specifically HDN and DHN coeluted
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Table 4.4: Quantification of specific compounds based functional group derivatization
of SOA formed in the environmental chamber experiments

Nitrate
(g FG g−1 SOA)

Carbonyl
(g FG g−1 SOA)

Hydroxyl
(g FG g−1 SOA)

Carboxyl
(g FG g−1 SOA)

1 min
AN 0.036
1,4-HN 0.051 ∇
1,4-HC 0.026 ∇
DN 0.014
HDN ×
DHN ×
60 min
AN 0.024
1,4-HN 0.134 △
1,4-HC 0.038 △
1,4-HC-N 0.035
DN 0.037
HDN ⋆ ◇
DHN ⋆ ◇
DHDN 0.004
CHAN 0.026 0.014
CHAN-N 0.008
Nitrated
C15

hydroxy
acid

0.045

∇ Compounds coeluted making quantification unfeasible
× Compounds coeluted making quantification unfeasible
△ Compounds coeluted making quantification unfeasible
⋆ Compounds coeluted making quantification unfeasible
◇ Compounds coeluted making quantification unfeasible
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consistently for both the underivatized and the hydroxyl method and thus cannot be

quantified. Secondly, because the carbonyl method requires the solution to be acidic the

cyclic hemiacetal ring will open to form a 1,4-HC. As such the CHA products are not

detected in the carbonyl analysis.

The AN and DN were detected at 0.024 and 0.037 g per g of SOA. The DN grew

in significantly when compared to the 0.014 g per g of SOA in the 1 min experiment.

The 1,4-HN was measured utilizing the underivatized method as 0.134 g per g of SOA

and was not able to be separated from the 1,4-HC in the hydroxyl analysis. 1,4-HC

was measured at 0.038 g per g of SOA in the carbonyl analysis and 0.035 g 1,4-HC-N

g−1 grew in during the 60 min experiment. DHDN was detected at 0.003 g g−1 in the

underivatized method but not the hydroxyl analysis, possibly due to both the size of

the derivatized compound and the small amount of the product. CHAN and CHAN-N

was detected in the underivatized analysis at 0.026 and 0.008 g g−1. The CHAN-N was

not detected in any other analysis once again possibly due to the small yield of the

multigenerational product. CHAN was also detected in the hydroxyl analysis but at

half the amount in the nitrate sample at 0.014g g−1. The difference could be due to the

lack of complete separation of the hydroxyl containing compounds.

Unexpectedly, a nitrated C15 hydroxy acid was detected in the carboxyl deriva-

tized method at 0.045 g g−1. Also, several peaks were detected that are as yet identified.

As such, the unknown peaks have not been quantified in the speciated method but they

are included in the total HPLC functional group composition analysis.
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4.5 Conclusions

Two different experiments are used to evaluate the OH-initiated reaction of n-hexa-

decane in the presence of NOx. The 1 min experiment resulted in, as expected, first

generation products: AN, 1,4-HC, and 1,4-HN. Also detected in small amounts were

second generational products: DN, HDN, and DHN. In the 60 min experiment a com-

plex mixture of generational products was present. The first generational products were

present as well as the same second generational products, although the distribution of

products shifted. DN grew in quite significantly and multiple new peaks also grew in.

CHAN, CHAN-N, and DHDN were identified, as well as a carboxylic acid containing

hydroxy nitrate was also detected. These results prove that multiple generational prod-

ucts were formed through dehydration of CHA to DHF which evaporated and reacted

again with OH to form CHA products. Products were also formed through secondary

H-atom abstractions resulting in two to four functional groups per molecule.

The results of these experiments prove that the HPLC derivatization and anal-

ysis by CI-ITMS can be used to to identify and quantify individual products from a

complex mixture of SOA. By comparing the HPLC total quantification method against

the standard macro FG analysis that has been previously published, the HPLC method

has been shown to be a reliable method quantification method. These techniques then

applied to specific compounds results in a speciated product quantification method that

will be used to help develop and evaluate the GECKO-A atmospheric chemistry model.
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Chapter 5

Kinetics of Acid-Catalyzed Dehydration of Cyclic

Hemiacetals in Organic Aerosol Particles in Equi-

librium with Nitric Acid Vapor

5.1 Abstract

Previous studies have shown that dehydration of cyclic hemiacetals in particles formed

by OH radical-initiated reactions of alkanes are catalyzed by HNO3. This reaction

forms unsaturated dihydrofurans, which can evaporate from particles and react with

OH radicals, O3, or NO3 radicals to form a variety of multifunctional products that can

potentially form secondary organic aerosol (SOA). In order to quantify the effects of

HNO3 on the rate of dehydration of cyclic hemiacetals, a series of environmental cham-

ber experiments were conducted in which particulate cyclic hemiacetals were formed

from the OH radical-initiated reaction of n-pentadecane in the absence of NOx and ex-

posed to a range of concentrations of HNO3. A particle beam mass spectrometer was

used to monitor the formation and dehydration of cyclic hemiacetals in real-time, SOA

mass concentrations were measured by gravimetric analysis of filter samples, and con-
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centrations of HNO3 in SOA were measured using ion chromatography to analyze NO−

3

in water extracts. Dehydration rate constants increased linearly with increasing con-

centration of HNO3, with values of 0.07, 0.11, 0.25, and 0.57 h−1 for 0.25, 0.5, 1.0, and

2.0 ppmv of gas phase HNO3, respectively. The Henry’s law constant for partitioning of

HNO3 into SOA particles was also measured, with the value of 3.3 x 104 M atm−1 being

only slightly less than reported values for dissolution in water. These results can be

used to improve reaction mechanisms that involve cyclic hemiacetals, which are formed

from 1,4-hydroxycarbonyl products of alkane and alkene oxidation, for use in modeling

studies of laboratory experiments or the ambient atmosphere.

5.2 Introduction

In urban areas, volatile organic compounds (VOCs) present in the air include alkanes,

alkenes, and aromatic hydrocarbons that are emitted from anthropogenic sources, such

as gasoline- and diesel-powered vehicles, along with nitrogen oxides (NOx = NO +

NO2) [7] [27]. The VOCs in these areas consist of ∼40% alkanes, which react with OH

radicals on time scales of about a day to form a variety oxidized products [11] [10]. For

higher molecular weight alkanes the addition of functional groups to the carbon chain

can reduce the volatility of products relative to the parent hydrocarbon to the extent

that they partition into the particle phase to form secondary organic aerosol (SOA) [86].

These particles can have significant effects on air quality and climate [70].

The mechanism of OH radical-initiated reactions of alkanes under high NOx

conditions are reasonably well understood, with the first generation products consisting

of carbonyls, alkyl nitrates, 1-4-hydroxynitrates, and 1-4-hydroxycarbonyls [12]. When

1,4-hydroxycarbonyls, which are formed from reactions of linear alkanes ≥ C5 with yields
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of ∼50-60%, partition into particles they can isomerize to cyclic hemiacetals, which can

then undergo acid-catalyzed dehydration to form volatile dihydrofurans [12] [57] [87].

An interesting and important feature of this chemistry is that the dihydrofurans that are

formed are unsaturated, so unlike the parent alkanes, they can react with O3 and NO3

radicals (by addition to the C=C double bond) as well as with OH radicals. This opens

up new reaction pathways that are normally not accessible to saturated hydrocarbons,

and kinetics studies indicate that under atmospheric conditions reactions with O3 and

NO3 radicals should dominate [58].

The mechanism of formation of 1,4-hydroxycarbonyls, cyclic hemiacetals, and

dihydrofurans from the reaction of linear alkanes with OH radicals in the presence and

absence of NOx is shown in Figure 5.1 [12] [57]. The reaction is initiated by H-atom ab-

straction by an OH radical to form an alkyl radical (R●), which in air immediately reacts

with O2 to form an alkyl peroxy radical (RO2●). Under high NOx conditions typical of

a polluted urban atmosphere, the alkyl peroxy radical reacts with NO to form an alkyl

nitrate (not shown) or alkoxy radical. The alkoxy radical can isomerize, decompose, or

react with O2, but for linear alkanes the latter two reactions are too slow to compete

with isomerization to a 1,4-hydroxyalkyl radical, which reacts immediately with O2 to

form a 1,4-hydroxyalkyl peroxy radical. The 1,4-hydroxyalkyl peroxy radical reacts with

NO to form a 1,4-hydroxynitrate (not shown) or 1,4-hydroxyalkoxy radical, which un-

dergoes reverse isomerization and then reacts with O2 to form a 1,4-hydroxycarbonyl.

The 1,4-hydroxycarbonyl can isomerize in particles to form a cyclic hemiacetal, which

under acidic conditions can dehydrate to form a dihydrofuran. Because the dihydrofu-

ran is much more volatile than the cyclic hemiacetal, it will evaporate from particles

and react very quickly with either an OH radical, O3, or NO3 radical, depending on

conditions. For reactions conducted at high VOC concentrations in the absence of NOx,
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Figure 5.1: Mechanism of formation of cyclic hemiacetals from reaction of n-alkanes with
OH radicals in the presence and absence of NOx, and their subsequent acid-catalyzed
dehydration to dihydrofurans.

alkyl peroxy and 1,4-hydroxyalkyl peroxy radicals are converted to the corresponding

alkoxy radicals by reaction with other RO2● radicals rather than by reaction with NO,

but otherwise the mechanism of formation of 1,4-hydroxycarbonyls, cyclic hemiacetals,

and dihydrofurans is similar.

A few laboratory studies have investigated the heterogeneous/multiphase con-

version of 1,4-hydroxycarbonyls to cyclic hemiacetals and dihydrofurans, with results

indicating that under dry conditions the initial isomerization occurs at close to the col-

lision rate of 1,4-hydroxycarbonyls with particle or wall surfaces, and that dehydration

occurs on times scales of about 5 min to a few hours, depending on compound structure

[3] [12] [38] [57] [58]. These processes are slower at higher humidity, apparently due
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to dilution of acid that catalyzes the conversion. Modeling studies of SOA formation

from reactions of alkanes have begun to incorporate this chemistry into the reaction

mechanism, and have shown that it can have a significant effect on the formation and

composition of SOA in the laboratory and atmosphere [42] [51] [57] [85].

In modeling studies conducted thus far, the conversion of 1,4-hydroxycarbonyls

to dihydrofurans was assumed to occur on a time scale ranging from about 3-15 min,

based on the range of values determined in laboratory experiments. These experiments

were all conducted, however, under conditions for which the concentration of acid in

the particles or on the walls was unknown. Because of the potentially high sensitivity

of the rate of dehydration to the concentration of acid catalyst, it is thus not known

which of these values, if any, are representative of atmospheric conditions. In an effort to

constrain the dehydration kinetics, we have therefore conducted a series of experiments

to investigate the effect of particle acidity on the rate constant for dehydration of cyclic

hemiacetals. Unlike previous experiments, in which 1,4-hydroxycarbonyls and particles

containing an unknown concentration of HNO3 catalyst (formed from the reaction of

OH radicals with NO2) were formed together in an alkane/methyl nitrite/NO photoox-

idation system, in the present study 1,4-hydroxycarbonyls were formed in the absence

of NOx from the reaction of n-pentadecane with OH radicals generated by the reaction

of tetramethylethene with O3, and known concentrations of HNO3 were added indepen-

dently to the reaction chamber. It was then possible to obtain the necessary kinetics

data by monitoring the formation and loss of cyclic hemiacetals using real-time particle

mass spectrometry and measuring the concentration of HNO3 in aerosol particles from
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offline analysis of filter samples. The resulting information on the effects of particle acid-

ity on the kinetics of dehydration of cyclic hemiacetals can be incorporated into models

that can be used to better understand and predict the formation and composition of

SOA in the laboratory and atmosphere.

5.3 Experimental Section

Chemicals

The following chemicals, with purities or grades an suppliers, were used: n-

pentadecane (99%), tetramethylethylene (TME) (99%), sodium nitrate (99%) (Sigma

Aldrich); bis(2-ethylhexyl) sebacate (DOS, dioctyl sebacate) (97%), nitric acid, 2-ethyl-

hexyl nitrate (97%), and sulfuric acid (Fisher Chemicals). Purified gas phase HNO3 was

obtained through distillation in a vacuum line from a 1:3 mixture of concentrated nitric

acid:sulfuric acid [82]. Ozone was generated using a Welsbach T-408 ozone generator.

Environmental Chamber Experiments

Reactions were conducted in an 8.3 m3 FEP Teflon film environmental chamber

filled with clean, dry air (<5ppbv hydrocarbon and <1% relative humidity) at ∼ 20 ○C

and at atmospheric pressure (∼740 torr). In each experiment, ∼200 µg m−3 of DOS seed

particles were first added to the chamber from an evaporation-condensation aerosol

generator, and then (in order) 3 ppmv n-pentadecane, 0.25 to 2 ppmv HNO3, 10 ppmv

O3, and 2 ppmv TME were added from a glass bulb in a flow of N2. During the addition

of gaseous reactants a fan was run that mixes the chamber contents on a time scale of

∼20 s. OH radicals were produced with a yield of ∼1 by reaction of TME with O3 (Figure

5.2) in the absence of NOx [20]. The rate constants for reactions of TME with O3 and
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Figure 5.2: Mechanism of formation of OH radicals produced from the reaction of
tetramethylethylene (TME) with O3.

n-pentadecane with OH radicals are 1.1 x 10−15 and 2 x 10−11 cm3 molecule−1 s−1 [7], so

for the conditions of these experiments the lifetimes for TME and OH radicals were ∼5

s and ∼1 ms, respectively. The time to complete the reaction was therefore determined

by the time required to add all the TME to the chamber, which was ∼2 min.

A thermal desorption particle beam mass spectrometer (TDPBMS) was used

to monitor particle composition in real time [81], including the formation of cyclic hemi-

acetals from 1,4-hydroxycarbonyls and their subsequent loss by dehydration to dihydro-

furans, as well as loss of DOS particles to the chamber walls. Briefly, air is sampled from

the chamber directly into the TDPBMS and particles are formed into a beam as they

pass through a series of aerodynamic lenses. They then impact on a polymer-coated cop-

per vaporizer rod that is resistively heated to 160 ○C [19], vaporize, the vapor is ionized

by 70 eV electrons, and the ions are analyzed using a quadrupole mass spectrometer.
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Particle samples were also collected after each experiment on pre-weighed fil-

ters (Millipore, 0.45 µm pore size, Fluoropore FHLP, 47mm) by sampling air through

stainless steel tubing at ∼14 L min−1. Two samples were collected in parallel for ∼90

min beginning ∼10 min after adding TME to chamber, and then this was repeated with

two more filters. After sampling, one filter of each pair was re-weighed to determine

sample mass and the other filter was extracted 3 times in 10 ml of Optima grade water

at room temperature for >5 min per extraction. The concentration of HNO3 in extracts

was determined by measuring the concentration of NO−

3 (HNO3 is fully dissociated in

water) using ion chromatography (Dionex Model ICS-900 with AS-DV autosampler)

with carbonate/bicarbonate solution mobile phase and a standard curve prepared from

measurements of a series of NaNO3 solutions.

The number of extractions needed to quantitatively extract NO−

3 from the filters

was determined by adding DOS, n-pentadecane, and 2 ppmv HNO3 to the chamber,

sampling air for 30, 60, 90, and 120 min, extracting the filters 5 times, and measuring

the concentration of NO−

3 using ion chromatography. By the third extraction, no NO−

3

was detected for all sampling times, demonstrating that three washes were adequate to

remove all NO−

3 from the filters (Table 5.1).

To ensure that filters were not collecting gas phase HNO3, 2 ppmv of HNO3 was

added to the chamber, air was sampled through a Teflon filter for 90 min, extracted,

and the concentration of NO−

3 measured using ion chromatography. As expected, no

NO−

3 was detected on the Teflon filter.
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HNO3

Filter Adsorption
HNO3 Extraction

Efficiency - Filter SOA
HNO3 Wall Loss

[HNO3]gas
(ppmv)

[HNO−

3 ]filter
(µg m−3 air)

Wash
Number

[HNO−

3 ]filter
(µg m−3 air)

Added
[HNO3]gas

(ppmv)

Measured
[HNO3]gas

(ppmv)

0.0 0.0 1 2.05 2.0 1.81
0.25 0.0 2 0.15 2.0 1.90
0.5 0.0 3 0.00
1.0 0.0 4 0.00
2.0 0.0 5 0.00

Table 5.1: Measurements of the extraction efficiency of HNO3 from SOA collected on
Teflon filters, the adsorption of HNO3 on Teflon filters, and the loss of HNO3 to the
Teflon walls of the environmental chamber.

To verify that the HNO3 added to the chamber remained in the gas-phase and

was not lost to the Teflon film walls, 2 ppmv of HNO3 was added to the chamber and air

was sampled for 90 min through an impinger containing 10 ml of Optima grade water.

The impinger was immersed in an ice bath and the volume of water was measured before

and after sampling to ensure that evaporation was not significant. The absorbance of

the solution was measured at 210 nm using an Ocean Optics UV-Vis spectrophotometer

and the concentration of NO−

3 determined using a standard curve prepared from 2-

ethylhexyl nitrate solutions [3]. The measured concentration of HNO3 in the sampled

air was 1.86 ppmv, indicating no significant loss of HNO3 to the chamber walls. Thus,

the concentration of HNO3 in the gas phase could be determined from the amount added

to the chamber and the chamber volume.
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5.4 Results and Discussion

Kinetics of the Acid-Catalyzed Dehydration of Cyclic Hemiacetals

In this study, initial concentrations of n-pentadecane, O3, TME, and DOS seed

particles were the same in all experiments, while the concentration of gas phase HNO3

was 0.25, 0.5, 1.0, or 2.0 ppmv. Also, the concentration of O3 used (10 ppmv) was in

large excess compared to TME (2 ppmv), in order to provide sufficient O3 to remove

dihydrofurans as soon they were formed and thus prevent any reduction in the rate

of dehydration due to the establishment of equilibrium between cyclic hemiacetals and

dihydrofurans. The formation and loss (by dehydration and deposition of particles to

the walls) of the cyclic hemiacetal and the loss of non-volatile DOS (by deposition of

particles to the walls) were monitored using the single ion mode of the TDPBMS and

characteristic ions that came almost entirely from either cyclic hemiacetals or DOS. The

ion used to monitor the cyclic hemiacetal was m/z 225, formed by loss of OH from the

parent molecule, whereas m/z 185 was used for DOS [28]. Signals were measured every

0.6 s and then used to calculate 5 min averages, which are plotted in Figure 5.3. The

m/z 225 signal decreases much more rapid than the m/z 185 signal, since it includes

dehydration of cyclic hemiacetals and loss of particles to the walls, whereas the decrease

in the m/z 185 signal is due only to wall loss. The overall change in m/z 225 signal

for an ∼200 min experiment increases with increasing concentration of HNO3, due to

enhanced acid-catalyzed dehydration, whereas the change in DOS signal is similar in all

experiments.
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Although the effect of wall loss on the m/z 225 signal was very small compared

to dehydration, the m/z 225 signal was corrected for this by dividing the m/z 225 signal

at each point by the m/z 185 signal. These values were then normalized to 1 by dividing

by the maximum value of the time profile, which was reached about 5 min after adding

all the TME. The resulting time profiles measured for each concentration of HNO3 at

shown in Figure 5.4, where the curves have been fit to the first-order exponential decay

equation

x(t) = x∞ + (1 − x∞)e−kt (5.1)

where x(t) is the time-dependent normalized signal, x∞ is the final limiting value of

x(t) when kt >> 1, k is the dehydration rate constant (min−1), and t is time (min).

The value of x∞ used for all plots was 0.2, the value obtained for both 2.0 ppmv HNO3

experiments from separate fits of the time profiles. This value was used for all HNO3

concentrations because of the large uncertainties in values of x∞ obtained by fitting

the smaller decays observed for lower HNO3 concentrations. This should not lead to

significant errors, since the use of this value instead of zero, for instance, changes the rate

constants obtained for all plots by less than a factor of 2. The reason the normalized m/z

225 signal does not asymptotically approach zero is probably because some of the signal

is due to acetal oligomers formed from reactions of cyclic hemiacetals with each other

or with 1,4-hydroxycarbonyls [3]. These compounds have similar structures to cyclic

hemiacetals, and so would also have significant m/z 225 peaks in their mass spectrum.
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Figure 5.3: Acid-catalyzed dehydration of cyclic hemiacetals in SOA formed from the
reaction of n-pentadecane with OH radicals in the presence of added gas phase HNO3,
and particle wall loss monitored using particle mass spectral signals at m/z 225 (●) and
m/z 185 (∎), respectively, for the following concentrations of HNO3: (A) 0.25 ppmv, (B)
0.5 ppmv, (C) 1.0 ppmv, and (D) 2.0 ppmv. The open and closed symbols correspond
to replicate experiments.
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Figure 5.4: Acid-catalyzed dehydration of cyclic hemiacetals in SOA formed from the
reaction of n-pentadecane with OH radicals in the presence of added gas phase HNO3,
measured using the characteristic ion signal at m/z 225. The curves have been corrected
for loss of particles to the walls using the m/z 185 signal from DOS seed particles.
The open and closed symbols correspond to replicate experiments. The curves are
exponential fits to the data as described in the text.
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Table 5.2: First-order rate constants and lifetimes for acid-catalyzed dehydration of
cyclic hemiacetals in SOA formed from the reaction of n-pentadecane with OH radicals
in the presence of added gas phase HNO3.

HNO3

(ppmv)
k

(h−1)
kave

1

(h−1)
τave

1

(h)

0.25
0.07

0.07 ± 0.00 14.2 ± 0.1
0.07

0.5
0.11

0.11 ± 0.00 9.3 ± 0.1
0.11

1.0
0.26

0.25 ± 0.01 4.0 ± 0.2
0.24

2.0
0.55

0.57 ± 0.02 1.8 ± 0.1
0.58

1
Values are averages for the two experiments conducted at each [HNO3] gas value.

The dehydration rate constants measured for each of the eight experiments and

the average values calculated for the two replicate experiments conducted at each of the

four HNO3 concentrations are listed in Table 5.2, along with time constants calculated

as 1/k. The average rate constants were 0.07 ± 0.00, 0.11 ± 0.00, 0.25 ± 0.01, and 0.57

± 0.02 h−1 for 0.25, 0.5, 1.0, and 2.0 ppmv of gas-phase HNO3, respectively. The rate

constants increase linearly with increasing gas phase HNO3 concentration, as shown in

Figure 5.5, where a least-squares regression line is fit to the data. These rate constants

can be compared with values of 1.2 and 3.6 h−1 measured previously for dehydration

of the same cyclic hemiacetals formed in reactions of n-pentadecane with OH radicals

formed from 1 min and 60 min methyl nitrite/NO photooxidation [3] [57]. The values

are approximately 2 and 6 times larger, respectively, than the rate constant measured

here for 2.0 ppmv of HNO3. Although the concentration of HNO3 was not measured in

those experiments, the conditions were such that the concentration formed could have

approached 10 ppmv in the 60 min experiment and a significant fraction of that in the

1 min experiment. Rates of dehydration of a series of volatile cyclic hemiacetals due to
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Figure 5.5: First-order rate constants for acid-catalyzed dehydration of cyclic hemiac-
etals in SOA formed from the reaction of n-pentadecane with OH radicals in the presence
of added gas phase HNO3. The open and closed symbols correspond to replicate exper-
iments. The line is a linear least-squares fit to the data.

reactions on walls of a Teflon have also been investigated [12] [38] [42], but these are

not directly comparable because the rates are determined by convective transport in

the chamber, diffusion to the walls through the boundary layer, in addition to processes

occurring on the walls.

The rate constants measured here were also plotted against the molar concen-

trations of HNO3 in particles, which is more appropriate for kinetics studies since it is

the acid in particles that catalyzes dehydration. These values were obtained from the

ratio of the measured concentrations of HNO3 (moles m−3 of air) and organic aerosol (kg

m−3 of air)(see Table 5.3), which is essentially all SOA, since these have been measured
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Table 5.3: Measurements of HNO3 and SOA collected following reactions of n- pentade-
cane with OH radicals in the presence of added gas phase HNO3.

[HNO3]gas
(ppmv)

[HNO3]SOA
1

(nmole m−3 air)
[SOA]2

(mg m−3 air)
[HNO3]SOA/[SOA]3

(nmole L−1 SOA)

0.25
16.8 2.8

11.5 ± 4.5
39.6 2.8

0.5
60.2 3.0

20.3 ± 5.2
54.3 3.2

1.0
127.5 2.7

41.8 ± 12.8
93.9 2.9

2.0
235.6 3.1

69.4 ± 1.2
160.1 2.1

1
Values are averages for the two filters collected for HNO3 measurement.

2
Values are averages for the two filters collected for SOA measurement.

3
Values are averages for the two experiments conducted at each [HNO3] gas value.

as described above, and an assumed SOA density of 1.0 kg L−1 that is typical of what

we have measured for SOA with similar composition [54]. The resulting plot is shown

in Figure 5.6, where a least-squares regression line is fit to the data. Similar to Figure

5.5, the dehydration rate constants increase linearly with increasing molarity of HNO3

in SOA. The concentrations of HNO3 are equivalent to pH values of ∼1-2, which are in

the range of values that have been reported for atmospheric aerosol.

This linear dependence observed in Figure 5.6 is expected for acid-catalyzed

dehydration of alcohols [16]. As shown in Figure 5.7, the first step in the reaction

involves protonation of the -OH group in the cyclic hemiacetal (CHA) by H+ from

HNO3, which is almost completely dissociated in alcohol. Although this reaction is in

equilibrium, the equilibrium is shifted far to the right. In the next step, which is slow

and rate limiting, H2O is lost from the protonated cyclic hemiacetal (CHA-H+) to form

a CHA-carbocation, which then rapidly loses H+ to form the dihydrofuran (DHF) and
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Figure 5.6: First-order rate constants for acid-catalyzed dehydration of cyclic hemiac-
etals in SOA formed from the reaction of n-pentadecane with OH radicals in the presence
of added gas phase HNO3, measured for a range of concentrations of HNO3 in SOA. The
open and closed symbols correspond to replicate experiments. The line a linear least
squares fit to the data.
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Figure 5.7: Mechanism of acid-catalyzed dehydration of cyclic hemiacetals (CHA) to
dihydrofurans (DHF).

regenerate the H+ catalyst. From this mechanism one obtains the rate law

− d[CHA]/dt = k[CHA −H+] = kKeq[H+][CHA] = kH+[H+][CHA] (5.2)

where kH+ is the catalytic rate constant for dehydration. As expected for a unimolecular

reaction, the rate is first-order with respect to the concentration of cyclic hemiacetal in

SOA, and it is also first order in the concentration of H+ in SOA, which is equal to

the concentration of NO−

3 in SOA. Because the rate of the reaction is limited by the

dissociation of the protonated cyclic hemiacetal to the carbocation and H2O, the rate

of dehydration is expected to increase (as for other alcohols) in the order tertiary >

secondary > primary because of the stabilizing effect of electron-donating alkyl groups

on the carbocation.
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Figure 5.8: Concentration of HNO3 in SOA formed in the reaction of n-pentadecane
with OH radicals in the presence of added gas phase HNO3, measured for a range of
gas phase concentrations of HNO3. The slope of the line multiplied by 106 gives the
Henry’s law constant of 3.3 x 104 M atm−1. The open and closed symbols correspond
to replicate experiments. The line is linear least-squares fit to the data.
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Henry’s Law Constant for HNO3 in SOA

The linear relationships observed in Figures 5.5 and 5.6 between dehydration

rate constants and the concentration of HNO3 in both the gas phase and in particles,

respectively, indicates that the particles are in Henry’s law equilibrium with regards to

partitioning of HNO3 between the gas phase and particles. The Henry’s law constant

is often expressed as the concentration of compound dissolved in solution (in this case

HNO3 dissolved in SOA) divided by the partial pressure of gas above the solution, in

units of M atm−1. The Henry’s law constant (M atm−1) can be determined by plotting

the measured concentration of HNO3 in SOA (M) against the gas-phase concentration

of HNO3 (ppmv), and then multiplying the slope of the line (M ppmv−1) by 106 ppmv

atm−1. This plot is shown in Figure 5.8, where a least-squares regression line is fit to

the data. The linearity is excellent, and the Henry’s law constant for partitioning of

HNO3 into SOA obtained from the slope of the line is 3.3 x 104 M atm−1. This value

falls within the large of range of values measured for HNO3 in water of 1.4 x 104 to 2.1 x

106 M atm−1, but is ∼5 times smaller than the average of the four similar middle values

of 1.5 x 105 M atm−1 (some calculated assuming pKa = 1.4) [64]. This is an interesting

result, in that it suggests that HNO3 is only slightly less soluble this SOA than it is in

water, in spite of the much higher polarity of the water.

5.5 Conclusions

Although the kinetics, products, and mechanisms of oxidation of many VOCs of atmo-

spheric importance have been relatively well studied, very little work has focused on the

heterogeneous/multiphase chemistry of the oxidized organic reaction products that form

SOA. In this study, the effect of particle acidity on the acid-catalyzed dehydration of
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cyclic hemiacetals in SOA formed from OH radical-initiated oxidation of n-pentadecane,

a representative alkane, has been investigated in an environmental chamber. Rate con-

stants for dehydration were measured and observed to increase linearly from 0.07 to

0.57 h−1 with increasing particle acidity, which correspond to lifetimes for dehydration

of about 2 to 14 h. For these acidities, which are in the range of values measured for

mixed inorganic/organic particles in the atmosphere, dehydration would therefore occur

in less than a day. This process would thus have a significant effect on the chemistry of

alkanes and on SOA formation, since the dihydrofurans formed by dehydration will sub-

sequently react with O3, NO3 radicals, and OH radicals in less than an hour. Somewhat

surprisingly, it was also observed that the Henry’s law constant measured for partition-

ing of HNO3 into SOA is similar to the value for partitioning into water, in spite of

significant differences in the polarities of the two media.

It is worth noting that although the experiments described here were con-

ducted under dry conditions such that reactions occurred in a purely organic phase, it

is quite possible that the results apply to more humid conditions. Previous experimen-

tal/modeling studies of the kinetics of dehydration of cyclic hemiacetals formed from

OH radical-initiated reactions of a series of n-alkanes in the presence of NOx (with un-

known concentrations of HNO3) suggest this possibility [57]. There it was observed that

when the humidity in the chamber was increased from >% to ∼50% the rate constant for

dehydration was unchanged, although the reactive uptake coefficient for conversion of

1,4-hydroxycarbonyls to cyclic hemiacetals in particles was reduced. Results from the

present study are also consistent with this, because of the observation that the Henry’s

law constant measured for partitioning of HNO3 into SOA, and therefore the solubility,

is similar to the value for partitioning into water. If this is also the case for the solubility

of H2SO4, which is primarily responsible for atmospheric aerosol acidity, then for parti-
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cles that contain an aqueous and organic phase the acidities of the two phases are likely

to be similar. The acidity of atmospheric SOA may therefore be similar to the acidity

that has been measured for mixed inorganic/organic particles, which is sufficiently high

for dehydration to occur on timescales of a day or so. It would clearly be useful to

investigate this possibility by conducting studies similar to those described here with

SOA that contains an aqueous phase, but nonetheless, the present results can be used

to improve modeling of SOA chemistry in laboratory studies. Future studies of the type

conducted here would be quite valuable for obtaining kinetic data on the non-oxidative

heterogeneous/multiphase reactions of SOA compounds, which are recognized as being

important in SOA chemistry but cannot currently be modeled with any significant level

of confidence.
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Chapter 6

Conclusions

In the studies presented in this dissertation, significant advances were made adapting

spectrophotometric methods for several different applications. These methods make it

possible to quantify carbonyl, hydroxyl, carboxyl, ester, peroxide, and nitrate groups

in samples with complex composition that is typical of oxidized organic aerosol found

in the atmosphere. The techniques were modified for use with ambient aerosol mass

concentrations and with HPLC and CI-ITMS for quantification and identification of

speciated molecular compounds based on the functional groups of reaction products.

The ultimate goal for both of these analytical advances is to provide more detailed

information on organic aerosol composition to better understand the chemistry of aerosol

formation and to develop more accurate atmospheric models.

The spectrophotometric methods were modified to determine functional group

composition at much lower mass concentrations than the original macro FGA methods

developed previously in our group. This was accomplished by modifying methods for

use with a spectrophotometer that operates with sample volumes of only a few micro-

liters instead of 5 mL, but with only a modest reduction in pathlength from 1 cm to 0.2

or 1.0 mm. The reduction in solution volume improved detection limits by about two
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orders of magnitude to approximately 0.03, 0.3, 1, 0.02, 1, and 0.07 nmole for carbonyl,

carboxyl, ester, hydroxyl, peroxide, and nitrate analysis, respectively. Depending on the

functional group composition, the mass required to complete the full suite of analyses

for moderately oxidized organic aerosol is ∼10-100 µg. The new micro FGA methods

were compared to the original macro FGA methods by analyzing a variety of standards

compounds and also SOA formed from the reaction of α-pinene with O3. This com-

parison demonstrated that the microscale methods can be used to quantify functional

groups at low organic aerosol mass concentrations.

Next, the derivatization methods for carbonyl, hydroxyl, carboxyl, and ester

functional groups were modified for use with HPLC and CI-ITMS with isobutane or

ammonia as the reagent ion gas. The compounds are separated based on polarity and

quantified using the HPLC UV-vis diode array detector at wavelengths characteristic

of derivatized functional group chromophores. The separated compounds are collected

as fractions and analyzed using a CI-ITMS for structural identification. The methods

were successfully tested and validated for linearity, ability to identify compounds based

on molecular ions, and characteristic fragmentation patterns of derivatized compounds.

The HPLC CI-ITMS derivatization methods were used to characterize prod-

ucts and investigate the mechanism of formation of SOA from the OH radical-initiated

reaction of n-hexadecane in the presence of NOx. Experiment were run in two ways to

vary the complexity of SOA products. One experiment was run with short OH exposure

to limit the reaction to the formation of primarily first generation products, and also am-

monia was added to prevent acid-catalyzed heterogeneous/multiphase chemistry. The

second experiment was conducted with much longer OH exposure and without added

ammonia to promote chemical aging and the formation of more complex multigenera-

tion products. The methods identified and quantified major first generation products,
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including alkyl nitrates, 1,4-hydroxynitrates, and 1,4-hydroxycarbonyls in both exper-

iments, and in the second experiment a variety of multigeneration products were also

identified, including alkyl dinitrates, cyclic hemiacetal nitrates, hydroxy dinitrates, di-

hydroxy nitrates, dihydroxy dinitrates, and others. The results of these experiments

will be used to help develop and evaluate the chemical reaction mechanisms in models

such as GECKO-A to better predict the chemistry of SOA formation.

One key heterogeneous/multiphase process involved in the formation of SOA

from the photooxidation of alkanes is the acid-catalyzed conversion of 1,4-hydroxy-

carbonyls to cyclic hemiacetals that dehydrate to dihydrofurans. In order to better

quantify this process, experiments were conducted to investigate the kinetics of the acid-

catalyzed dehydration of cyclic hemiacetals. The dehydration rate constant increased

linearly with increasing concentration of HNO3 in the gas phase and the particles, with

values of 0.07, 0.11, 0.25, and 0.57 per h−1 for 0.25, 0.5, 1.0, and 2.0 ppmv of gas phase

HNO3, respectively. The concentration of HNO3 in SOA was proportional to the gas

phase concentration of HNO3, which allowed for an estimate of the Henry’s law constant

of 3.3 x 104 M atm−1 for partitioning of HNO3 into SOA. This value is only slightly

smaller than the value for partitioning into water.

The research conducted for this thesis provides a powerful set of analytical

methods for measuring the chemical composition of oxidized organic aerosol. As demon-

strated here in studies of SOA formation from the photooxidation of n-hexadecane, the

information gained from these analyses can add significant new insights into the prod-

ucts and mechanisms of SOA formation that are critical for developing more accurate

atmospheric models to better predict the atmospheric formation and fate of SOA and

its effects on air quality.
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