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ABSTRACT OF THE DISSERTATION
Secondary Organic Aerosol Formation From Radical-Initiated Reactidkikenfes:
Development of Mechanisms
by
Aiko Matsunaga
Doctor of Philosophy, Graduate Program in Chemistry

University of California, Riverside, August 2009
Dr. Paul J. Ziemann, Chairperson

The products and mechanisms of secondary organic aerosol (SOA) formation
from reactions of 1-alkenes, internal alkenes, and 2-methyl-1-alkeétie®H radicals in
the presence of NQvere investigated in an environmental chamber and the results used
to develop quantitative models for SOA formation. Aerosol chemical compogifas
analyzed using a thermal desorption particle beam mass spectrohb#&N\S), and
multifunctional organic nitrate products were quantified using a high—penhaerauid
chromatograph with UV-vis detector and identified using the TDPBMSHAMNMR.
The major products observed in reactions of linear alkenesgu@ydroxynitrates,

dihydroxynitrates, cyclic hemiacetals, dihydrofurans, and dimers forroed f
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dihydroxycarbonyls. Trihydroxynitrates and trihnydroxycarbonyls vedrgerved in

reactions of 2-methyl-1-alkenes, in addition to the products listed above. Dimeraater

observed, apparently because electron donation by the additional methyl group

(compared to linear 1-alkenes) reduces the driving force for hemiacetali@mnThe

measured yields @f-hydroxynitrates, dihydroxynitrates, and trihydroxynitrates were

used to calculate relative ratios of 1.0:1.9:4.3 for forming primary, secondary, @awy ter

S-hydroxyalkyl radicals by OH radical addition to the C=C double bond, and branching

ratios of 0.12, 0.15, and 0.25 for formigdhydroxynitrates from reactions of primary,

secondary, and tertiagg-hydroxyperoxy radicals with NO. The trends are consistent with

expected relative stabilities gfhydroxyalkyl radicals ang-hydroxyperoxy radical-NO

complexes. It should be possible to use these values to estimate productgmelds fr

similar reactions of other alkenes. Comparison of measured and model-cdl&@ske

yields showed that in some cases the models provide accurate predictios\oélge)

but that uncertainties in gas- and particle-phase chemistry and gakegeatitioning

can lead to significant discrepancies. More limited environmental chanoldezsstvere

also carried out on SOA formation from reactions of linear alkenes wigratirals.

The major products wephydroxynitrates-carbonylnitrates, dihydroxynitrates, and
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hydroxy- and oxo- dinitrooxytetrahydrofurans, which had not been observed previously.

It was observed that isomerization®hydroxycarbonyls to cyclic hemiacetals, followed

by dehydration to highly reactive dihydrofurans that can be further osidia® be

important sources of SOA from reactions of alkenes with OH angratficals.
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Chapter 1
Introduction
1.1 Structure of the Atmosphere
The atmosphere of the Earth can be separated into several layers as shown in
Figure 1.1. Starting from the ground, the layers are called the troposphéospsieae,
mesosphere, and thermosphere (not shown in the figure). Between these layers are
transition zones called the tropopause, stratopause, and mesopause (not shown in the
figure). As Figure 1.1 shows, the pressure decreases exponentially wiktheadtccording
to the equation
p(z) = pe™" (1.1)
where p(z) is the pressure at the altitude z ks the pressure at altitude 0 km, and H is
the scale height, which is 7.4 km for the mean tropospheric temperature of 253 K
(Seinfeld and Pandis, 2006). The troposphere and stratosphere are the regionsogthere m
atmospheric chemical reactions occur.
The troposphere extends from ground level to the tropopause (~ 15 km), and is a
region where air masses mix well vertically. The temperature alese.7 K ki for

dry air (Seinfeld and Pandis, 2006), but more slowly at higher relative humiditye In t
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troposphere, the planetary boundary layer extends to ~1 km from the ground, and then the

free troposphere extends upwards to the tropopause. The planetary boundasy layer i

where most emissions of pollutants occurs, so its composition and properties vary

dramatically over the course of a day. Conversely, the free troposphere reswoads

slowly to activities at the ground level. The troposphere is the major region of the

atmosphere for chemical reactions of compounds that do not require radiation with

wavelengths < 290 nm to initiate their reactions.

In contrast to the troposphere, the stratosphere is characterized bywe positi

temperature gradient. In the region shown in Figure 1.1, the temperatureaadreas

~210 K at the tropopause (~ 15 km) to the stratopause ( ~ 50 km). This is also the region

where the ozone layer is observed, formed by the so-called Chapman reactions

(Finlayson-Pitts and Pitts, 2000), which involve the photolysis,ar@ ozone by

absorption of wavelengths < 290 nm. Absorption of this energetic radiation also

photolyzes compounds that are largely unreactive in the troposphere, such as CFCs. Most

chemicals decompose within the troposphere or stratosphere.



1.2 Atmospheric Aerosols

A suspension of particles in air is called an aerosol. Aerosol partieles ar

important category of air pollutants because of their impacts on human healtr{(Engl

2004), visibility (Finlayson-Pitts and Pitts, 2000), and global climate (Kanakidaly et

2005). Aerosols impact global climate directly by cooling and warming thesgthere

by scattering and absorbing radiation, and indirectly by acting as nuctboéat droplets

(Ramanathan et al., 2001). The magnitudes of the impacts depend on the size and

composition of the particles. The effects of size are well known and will belgsscr

below, but composition effects are still active research topics (Song et al. PA@&Fs et

al., 2006).

Atmospheric aerosols can be divided into two categories based on their sizes:

particles with diameters > 2)B6n are called coarse particles, and particles with diameters

< 2.5um are called fine particles. Coarse particles are generateddhyameal processes

such as wind and are directly emitted into the atmosphere from a source. These include

for example, soil dust and sea salt. Fine particles can be divided into threenodés.

Two of the modes were discovered by Whitby and co-workers (Willeke andyVhit

1975; Whitby and Sverdrup, 1980), and another mode was added later as instruments



became capable of measuring smaller particle (Finlayson-RdtRitts, 2000).

Accumulation mode particles, which have diameters of 0.08 ¢, %re mainly formed

by coagulation of smaller particles and by gas-to-particle conversiwuiaifle

compounds. Particles in this mode are the most efficient at degrading viipility

scattering light (Seinfeld and Pandis, 2006), because of the similarityticigoar

diameters and the wavelengths of visible light. They are also thegjreahcern for

causing health problems (Kappos et al., 2004), because their low deposition velocitite

allow them to penetrate deeply into the lungs. This same property causes them t

normally have the longest particle lifetimes in the atmosphere, and thus sigoéfiaant

component of the free troposphere (Seinfeld and Pandis, 2006). Aerosols in the planetary

boundary layer reflect more the local sources and geography. Aitken modieparti

which have diameters of 0.01 — 008, are mainly formed by the condensation of hot

vapor from combustion, whereas nucleation mode patrticles, which are those with

diameters less than 0.Qin, are formed by homogeneous nucleation of low volatility

products of the atmospheric oxidation of volatile compounds. These particles grow into

the Aitken and accumulation modes by coagulation and condensation of gases. Recently,

a subset of the fine particles, called ultrafine particles, has been defittemba with



diameterx 0.1 um. This is because of studies indicating that these small particles may

be especially effective at causing health effects.

Atmospheric organic aerosols (OA) can be classified on the basis of how they

are introduced to the atmosphere. The major categories are primary and secondary

Primary organic aerosol (POA) is directly emitted into the atmosp¥wittesoot being

the most important example. On the other hand, secondary organic aerosol (SOA) is

formed in the atmosphere when volatile organic compounds (VOCs) are oxidized to

condensable products. As functional groups are added to the VOCs, vapor pressures

decrease, and the products may either nucleate to form new particles or condense onto

pre-existing particles as shown in Figure 1.2. When VOCs are initiallyzexidbut the

first-generation products are still too volatile to condense, they can be oxidizest fort

second- and higher-generation products. In the atmosphere, multi-generation products

may be very important contributors to SOA formation, based on measured oxygen-to-

carbon ratios that are close to 1 (Sun et al., 2009). When a compound condenses onto a

particle, it can be absorbed into the particle if the particle is liquid orimemhéhe

surface. Heterogeneous reactions with oxidants may lead to the addition afrfahcti

groups or molecular fragmentation; in the latter case, the compound may
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evaporate from the surface if its vapor pressure becomes sufficiently hggmi©r

compounds present in particles can also react with each other to form lowertyolatili

oligomers.

A classic example of SOA formation is the photochemical smog found in Los

Angeles, where VOCs emitted mainly from vehicles and industrial operatactsaigh

NOx in the presence of sunlight (Finlayson-Pitts and Pitts, 2000), and some of the VOCs

are oxidized and converted to particles by gas-to-particle conversioncEat re

measurements, Docherty et al. (2008) reported that SOA fraction in total OA0« Gt

the peak with the minimum value of ~45% in Riverside, California based on the

measurements in a field campaign, Study of Organic Aerosols in RivarsR#05. For

the northern hemisphere, the fraction of oxygenated OA, which is mainly SOA, in total

OA in urban, urban downwind, and rural/remote sites are 64%, 83%, and 95%,

respectively (Zhang et al., 2007).

Because of the environmental and health impacts of aerosols, atmospheric

aerosol particles are one of the most important components in air quality ane climat

models. In order to model SOA formation, information on emissions of VOCSs, reaction

mechanisms, meteorology, and transport are needed. Unfortunately, curreist mode



underestimate atmospheric SOA concentrations by up to an order of magnitude or mor

(Johnson et al., 2006; Henze et al., 2008; de Gouw et al., 2005; Heald et al., 2006;

Volkamer et al., 2006), so more studies are clearly necessary for bedietipns. The

laboratory studies presented in this thesis provide information about the cherhistry

SOA formation from reactions of a major class of organic compounds, the alkeees. Th

information obtained is valuable for developing detailed models of SOA cherasstry,

was done here, and also for providing clues about the relationships between parent

hydrocarbon structure and SOA formation mechanisms. Such insight is mgdessa

condensing detailed laboratory-scale models into simpler versions thapaopréate for

broad classes of VOCs, and which can be applied at the local, regional, or gidbal s

1.3 Radical-I nitiated Reactions of Alkenes

Approximately 90% of global hydrocarbon emissions come from biogenic

sources (Guenther et al., 1995). As shown in Figure 1.3, the estimated major

contributions are ~44% from isoprene, ~11% from monoterpenes, ~23% from other

reactive VOCs such as sesquiterpenes and oxidized VOCs, and the remaina@mfrom

reactive hydrocarbons. The majority of the alkenes, which are dominated in
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abundance by isoprene and monoterpenes, have multiple C=C double bonds. In the

atmosphere, biogenic VOCs react primarily wit§) OH radicals, and N{radicals. For

alkenes, reactions are usually initiated by addition of the oxidant to a C=C double bond,

as shown in Figure 1.4, although for OH radicals H-atom abstraction can also be

important. A detailed discussion of H-atom abstraction pathways can be foundezksew

(Atkinson and Arey, 2003; Lim and Ziemann, 2009). Addition of an OH og fd@ical

forms an alkyl radical (more specificallgshydroxy ands-nitrooxy alkyl radicals for OH

and NQ radical reactions, respectively), which in air immediately reaitts O, to form

a peroxy radical, whereas addition of fOrms a primary ozonide. A detailed discussion

of O3 reaction mechanisms can be found elsewhere (Atkinson and Arey, 2003; Docherty

et al., 2005), and is omitted here because the studies in this thesis focused on reactions of

alkenes with OH and Ngradicals. Peroxy radicals react with NO, NBO,, or RGQ

depending on the conditions of the reaction. Reaction with NO eifé&®@s an alkoxy

radical, which can decompose or react wigt@form carbonyls, or isomerize. The

branching ratio for each pathway depends on the structure of the alkoxal (Adkinson,

2007). If the alkoxy radicals isomerizes, an alkyl radical is formed. Theguést

reactions are then the same as those described above for alkyl radicalkoX)eaalical

11
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formed by isomerization has a hydroxy group located 3 carbon atoms away, and this

enhances the reverse isomerization rate such that abstraction of an &t Htem

position relative to the hydroxy group dominates (Atkinson, 2007). Reaction witie®

forms 1,4-hydroxycarbonyls, which can isomerize in the particle phase or on chamber

walls to form cyclic hemiacetals. Cyclic hemiacetals dehydrate to dimydrofurans.

This pathway has been observed in previous laboratory studies (Martin et al., 2002;

Cavalli et al., 2000). As shown in Figure 1.4, the dihydrofurans formed by delbydrati

have another C=C double bond to which an oxidant can add on to initiate another

reaction. For alkenes that only one double bond, this new double bond is therefore a key

to forming more highly oxized, lower volatility, second-generation products that ma

form SOA.

1.4 Gas-to-Particle Partitioning

Once a reaction product is formed, as for example by the mechanism described

above, it can partition into a particle if its vapor pressure has been sufficexhiiced

relative to that of the parent VOC. This is called gas-to-particletipaitig, and is an

important process in gas-to-particle conversion and SOA formation. Baske zaypior

13



pressure of a compound and its environment, equilibrium is established between the
compound in the gas and particle phases as
Ag+ PMo A, (1.1)
where A represents compound A in the gas phase, gmdgkesents compound A in the
particle phase. PM represents the particulate matter into which compound iargartit
Equilibrium gas-patrticle partitioning of a compound can be calculatedity us
the theory introduced by Pankow (1994b). As written by Tobias et al. (2000), the equation
for the particle / (particle + gas) ratio, G, is
G=[L+A/FR o]”
= [1 + MWyl OGP i / 760RTETSPT* (1.2)
where A (ng m®) is the concentration of the compouirid gas phase, b (ng Ni°) is
the concentration of compounth the organic material phase associated with suspended
particles, MW (g mol?) is the mean molecular weight of the absorbing organic ragteri
g is the activity coefficient of compoundn the organic material phasé)L,l.D(torr) is the
(sub-cooled) vapor pressure of pure compaduasla liquid, R is the ideal gas constant
(8.206 x 1 m® atm mol* K%), T (K) is the temperature,fis the mass fraction of TSP

that is the absorbing organic material phase, and i$Rif) is the concentration of total

14



suspended particulate matter. The value of G as a function of log of vapor presstre
when TSP = 100Q,g mi®, MW, = 300 g mof, T =298 K& = 1 (assumed an ideal
solution), andd, = 1, is shown in Figure 1.5. Under this condition, compounds with

vapor pressure < 10torr are in the particle phase, compounds with vapor pressuré > 10
torr start to partition into the gas phase, and compounds with vapor pressifréosr 10

are > 99 % in the gas phase. As shown in equation 1.2, G will increase or the curve in
Figure 1.5 will shift to the right when TSP increases. As Figure 1.5 alsaskowill

increase as the vapor pressure becomes smaller. As a general rule, foiagbos

series of compounds, vapor pressure decreases as carbon number increases. For an
example, 1-octene has a higher vapor pressure than 1-tetradecene. Afséyndtional
groups are added to a compound the vapor pressure decreases. When using this theory
with a chemical reaction mechanism to model experimental SOA data, as was tiene
studies presented here, equation 1.2 needs to be solved iteratively because TSP changes

over time (Colville and Griffin, 2004).

15
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Figure 1.5 The value of G as a function of log of vapor pressure (torr) when TSP = 1000
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Equation 1.2.
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1.5 Objective and Overview of the Dissertation

The objective of my dissertation research was to investigate the products and
mechanisms of SOA formation from the OH andsN&ical-initiated reactions of
alkenes. The research included experimental studies of the products of reafagiass
phase and particle-phase alkenes, analytical method development, cheroicalise
development, and SOA modeling. A summary of each thesis chapter is gigen bel

In Chapters 2 and 3, studies of the OH radical-initiated reactions of linear
alkenes in the presence of N&re discussed. Aerosol products were analyzed in real
time using the TDPBMS and off-line with the TPTD technique. Particle-phase
hydroxynitrates were identified by coupling a TDPBMS to a high-perfocaéiquid
chromatograph (HPLC) via a Collison atomizer and quantified from UV absorbnee.
structures of hydroxynitrate products were also determinéti INMR spectroscopy.
Gas chromatography with flame ionization detection (GC-FID) was used tofgubhati
amount of alkene reacted, and combined HPLC analyses of hydroxynitratestand wi
scanning mobility particle sizer (SMPS) measurements of aerosol oncaislate
hydroxynitrate and SOA yields. Chapter 2 primarily focuses on the yiejés of

hydroxynitrates and dihydroxynitrates and the determination of branchiog fatithe

17



pathways leading to their formation. The effects of the structure gHimgroxyperoxy

radical, which is the precursor of tehydroxynitrates, and the presence of water vapor

and NH;, on the branching ratios for the formationfiydroxynitrate are also discussed.

Chapter 3 focuses on the identification of SOA products other than hydroxynitnates, i

particular cyclic hemiacetals, dihydrofurans, and dimers formed from

dihydroxycarbonyls, and the development of a model to estimate the composition and

yields of gas-phase and SOA products from the reaction. The model is developed based

on measured product yields, kinetics data (Kwok and Atkinson, 1995; Aschmann and

Atkinson, 2008; Nishino et al., 2009; Atkinson, 2007), and estimated vapor pressures.

Since the SOA products formed from dihydroxycarbonyls were not quantifiatblewit

methods, SOA model simulations were performed assuming two extreme cases:

equilibrium gas-particle portioning of dihydroxycarbonyls and non-volatile

dihydroxycarbonyls (e.g., through dimer formation). Comparing model resititts w

measured SOA yields provided information on model performance and the extent to

which particle-phase reactions might influence SOA model results.

In Chapters 4 and 5, studies of the OH-radical initiated reactions of 2-methyl-1-

alkenes in the presence of N&re discussed. The experimental and modeling methods

18



were similar to those described in Chapters 2 and 3. In these reactionspxymnyiiates
were observed in addition hydroxynitrates and dihydroxynitrates, and no
dihydroxycarbonyls dimers were observed. Chapter 4 focuses on the determination of
branching ratios for the formation of the various hydroxynitrate products and gaes-pha
ketones. By combining data with those described in Chapter 2 for the reactionarof line
alkenes, branching ratios for the formatiordiydroxynitrates from primary, secondary,
and tertiaryB-hydroxyperoxy radicals were calculated. The effect of having watsor
and NH in the system was also determined. Chapter 5 focuses on the development of a
model to estimate the yields and the composition of the gas-phase and SOA products. The
model is more complete than the one developed in Chapter 3 for the OH-radicaldnitiat
reactions of linear alkenes, because we were able to quantify most of the SO&gprodu
and the absence of particle-phase reactions simplified the chemistry.

In Chapter 6, studies of N@adical-initiated reactions of alkenes are discussed.
The reactions were carried out in an environmental chamber, and the SOA products were
analyzed in real time by using a thermal desorption particle beam massseter
(TDPBMS) (Tobias et al., 2000). The technique called temperature-progchthermal

desorption (TPTD) (Tobias and Ziemann, 1999) was used for off-line qualitative and
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guantitative analysis of the SOA products. Briefly, the mass spectra sbhero

compounds that can be separated based on their desorption temperatures are obtained by

using TPTD analysis. A mass yield of a product can be calculatedrigyaiiinermal

desorption profile of total ion signal from TPTD analysis, because total inal $&3

proportional to organic mass (Crable and Coggeshall, 1958). Also, a vapor pressure can

be estimated from the compound desorption temperature (Chattopadhyay et al., 2001). A

mechanism for the reactions was developed based on previous studies of gas-ghase NO

radical-initiated reactions with alkenes (Jay and Stieglitz, 1989; Batrats 1990; Skov

et al., 1992; Wangberg, 1993; Kwok et al., 1996; Tuazon et al., 1999) and the products

identified in this study. A key part of the proposed mechanism, which is therizatioa

of &~-hydroxycarbonyls to form cyclic hemiacetals, which then dehydrateeact! further

with NO; radicals, was confirmed by comparing SOA yields from the reactions of 3,5,5-

trimethyl-1-hexene and 2-methyl-1-octene. The ratios of the yidlfisst-generation and

second-generation products were also estimated.

20



1.6 References

Aschmann, S. M. and Atkinson, R., 2008. Rate Constants for the Gas-Phase Reactions of
OH Radicals with E-7-Tetradecene, 2-Methyl-1-Tridecene, and #@& {1-Alkenes at
295 + 1 K.Phys. Chem. Chem. Phys,, 10, 4159-4164.

Atkinson, R., 2007. Rate Constants for the Atmospheric Reactions of Alkoxy Radicals:
An Updated Estimation Metho&tmos. Environ., 41, 8468-8485.

Atkinson R. and Arey J., 2003. Atmospheric Degradation of Volatile Organic Compounds.
Chem. Rev., 103, 4605-4638.

Barnes, |., Bastian, V., Becker, K. H., Tong, Z., 1990. Kinetics and Products of the
Reactions of N@with Monoalkenes, Dialkenes, and MonoterpedeBhys. Chem., 94,
2413-2419.

Cavalli, F., Barnes, I., Becker, K. H., 2000. FT-IR Kinetic and Product Study f the OH
Radical-Initiated Oxidation of 1-pentan@nviron. Sci. Technol., 34, 4111-4116.

Chattopadhyay, S., Tobias, H. J., Ziemann, P. J., 2001. A Method for Measuring Vapor
Pressures of Low-Volatility Organic Aerosol Compounds Using a Theresoiption
Particle Beam Mass Spectrometamnal. Chem., 73, 3797-3803.

Colville, C. J. and Griffin, R. J., 2004. The Roles of Individual Oxidants in Secondary
Organic Aerosol Formation froat®-Carene: 2. Soa Formation and Oxidant Contribution.
Atmos. Environ., 38, 4013-4023.

Crable, G. F. and Coggeshall, N. D., 1958. Application of Total lonization Principles to
Mass Spectrometric Analysi&nal. Chem., 30, 310-313.

de Gouw, J. A., Middlebrook, A. M., Warneke, C., Goldan, P. D., Kuster, W. C., Roberts,

J. M., Fehsenfeld, F. C., Worsnop, D. R., Canagaratna, M. R., Pszenny, A. A. P., Keene, W.
C., Marchewka, M., Bertman, S. B., Bates, T. S., 2005. Budget of Organic Carbon in a

21



Polluted Atmosphere: Results from the New England Air Quality Study in 2002.
Geophys. Res,, 110, doi:10.1029/2004JD005623.

Docherty, K. S., Wu, W.; Lim, Y. B., Ziemann, P. J., 2005. Contributions of Organic
Peroxides to Secondary Aerosol Formed from Reactions of Monoterpenesswith O
Environ. Sci. Technol., 39, 4049-4059.

Docherty, K. S., Stone, E. A., Ulbrich, I. M., DeCarlo, P. F., Snyder, D. C., Schauer, J. J.,
Peltier, R. E., Weber, R. J., Murphy, S. M., Seinfeld, J. H., Grover, B. D., Eatough, D. J.,
Jimenez, J. L., 2008. Apportionment of Primary and Secondary Organic Aerosols in
Southern California during the 2005 Study of Organic Aerosols in Riverside (SOAR-1).
Environ. Sci. Technol., 42, 7655-7662.

Englert, N., 2004. Fine Particles and Human Health — a Review of Epidemiological
Studies.Toxicol. Lett., 149, 235-242.

Finlayson-Pitts, B. J. and Pitts, J. N., Jr., 2000. Chemistry of the Upper and Lowe
AtmosphereAcademic Press, San Diego.

Grieshop, A. P., Donahue, N. M., Robinson, A. L., 2009. Laboratory Investigation of
Photochemical Oxidation of Organic Aerosol from Wood Fires 1: Measurement and
Simulation of Organic Aerosol EvolutioAtmos. Chem. Phys., 9, 1263-1277.

Guenther, A., Hewitt, C. N., Erickson, D., Fall, R., Geron, C., Graedel, T., Harley, P.,
Klinger, L., Lerdau, M., McKay, W. A., Pierce, T., Scholes, B., Steinbrecher, R
Tallamraju, R., Taylor, J., Zimmermann, P., 1995. A Global Model of Natural Volatile
Organic Compound Emissionk.Geophys. Res., 100, 8873-8892.

Heald, C. L., Jacob, D. J., Turquenty, S., Hudman R. C., Weber, R. J., Sullivan, A. P.,
Peltier, R. E., Atlas, E. L., de Gorw, J. A., Warneke, C., Holloway, J. S., Neuman, J. A,,
Flocke, F. M., Seinfeld, J. H., 2006. Concentrations and Sources of Organic Carbon
Aerosols in the Free Troposphere over North Amedc@eophys. Res., 111,
doi:10.1029/2006JD007705.

22



Henze, D. K., Seinfeld, J. H., Ng, N. L., Kroll, J. H., Fu, T. =M., Jacob, D. J., Heald, C. L.,
2008. Global Modeling of Secondary Organic Aerosol Formation from Aromatic
Hydrocarbons: High- vs. Low-Yield Pathwaygmos. Chem. Phys., 8, 2405-2421.

Jay, K. and Stieglitz, L., 1989. The Gas Phase Addition gf tN@Ilefins.Chemosphere,
19, 1939-1950.

Johnson, D., Utembe, S. R., Jenkin, M. E., 2006. Simulating the Detailed Chemical
Composition of Secondary Organic Aerosol Formed on a Regional Scale During the
TORCH 2003 Campaign in the Southern Wmos. Chem. Phys., 6, 419-431.

Kanakidou, M. et al. (21 co-authors), 2005. Organic Aerosol and Global Climate
Modelling: A ReviewAtmos. Chem. Phys,, 5, 1053-1123.

Kappos, A. D., Bruckmann, P., Eikmann, T., Englert, N., Heinrich, U., H6ppe, P., Koch,
E., Krause, G. H. M., Kreyling, W. G., Rauchfuss, K., Rombout, P., Schulz-Klemp, V.,
Thiel, W. R., Wichmann., H. —E., 2004. Health Effects of Particles in AmbieninAid.

Hyg. Environ. Health, 207, 399-407.

Kwok, E. S. C. and Atkinson. R., 1995. Estimation of Hydroxyl Radical Reaction Rate
Constants for Gas-Phase Organic Compounds Using a Structure-ReaclaiityriRbip:
An Update Atmos. Environ., 29, 1685-1695.

Kwok, E. S. C., Aschmann, S. M., Arey, J., Atkinson, R., 1996a. Product Formation from
the Reaction of the N{Radical with Isoprene and Rate Constants for the Reactions of
Methacrolein and Methyl Vinyl Ketone with the N@&adical.Int. J. Chem. Kinet., 28,
925-934.

Lim, Y. B. and Ziemann, P. J., 2009. Chemistry of Secondary Organic Aerosoltleorma
from OH Radical-Initiated Reactions of Linear, Branched, and Cyclicn&i&an the
Presence of NQAerosol Sci. Technol., 43, 604-619.

Martin, P., Tuazon, E. C., Aschmann, S. M., Arey, J., Atkinson, R., 2002. Formation and
Atmospheric Reactions of 4,5-Dihydro-2-MethylfurdnPhys. Chem. A, 106, 11492—

11501.

23



Molina, M. J., Ivanov, A. V., Trakhtenberg, S., Molina, L. T., 2004. Atmospheric
Evolution of Organic Aerosolseophys. Res. Lett., 31, L22104,
doi:10.1029/2004GL020910.

Nishino, N., Arey, J., Atkinson, R., 2009. Rate Constants for the Gas-Phase Reactions of
OH Radicals with a Series ot€14 Alkenes at 299 + 2 KJ. Phys. Chem. A, 113, 852-
857.

Pankow, J. F., 1994a. An Absorption Model of Gas/Particle Partitioning of Organic
Compounds in the Atmosphertmos. Environ., 28, 185-188.

Pankow, J. F., 1994b. An Absorption Model of the Gas/Aerosol Partitioning Involved in
the Formation of Secondary Organic Aerogdimos. Environ., 28, 189-193.

Petters, M. D., Prenni, A. J., Kreidenweis, S. M., DeMott, P. J., Matsunaga, A., Lim, Y. B.
Ziemann, P. J., 2006. Chemical Aging and the Hydrophobic-to-Hydrophilic Conversion
of Carbonaceous Aeros@beophys. Res. Lett., 33, L24806, doi:10.1029/2006GL027249.

Ramanathan, V., Crutzen, P. J., Kiehl, J. T., Rosenfeld, D., 2001. Aerosols, Climate, and
the Hydrological CycleScience, 294, 2119-2124.

Seinfeld, J. H. and Pandis, S. N., 2006. Atmospheric Chemistry and Ph%'em..]bhn
Wiley & Sons, New Jersey.

Skov, H., Hjorth, J., Lohse, C., Jensen, N. R., Restelli, G., 1992. Products and Mechanism
of the Reactions of the Nitrate Radical (N@ith Isoprene, 1,3-Butadiene and 2,3-
Dimethyl-1,3-Butadiene in AitAtmos. Environ., 26A, 2771-2783.

Song, C., Zaveri, R. A., Alexander, M. L., Thornton, J. A., Madronich, S., Ortega, J. V.,
Zelenyuk, A., Yu, X. =Y., Laskin, A., Maughan, D. A., 2007. Effect of Hydrophobic
Primary Organic Aerosols on Secondary Organic Aerosol Formation framoQysis of
a-Pinene Geophys. Res. Lett., 34, L20803, doi:10.1029/2007GL030720.

24



Sun, Y., Zhang, Q., Macdonald, A. M., Hayden, K., Li, S. M., Liggio, J., Liu, P. S. K.,
Anlauf, K. G., Leaitch, W. R., Steffen, A., Cubison, M., Worsnop, D. R., van Donkelaar,
A., Martin, R. V., 2009. Size-Resolved Aerosol Chemistry on Whistler Mountain, Canada
with a High-Resolution Aerosol Mass Spectrometer During INTEXtBw0s. Chem.

Phys., 9, 3095-3111.

Tobias, H. J. and Ziemann, P. J., 1999. Compound Identification in Organic Aerosols
Using Temperature-Programmed Thermal Desorption Particle Beas $fgectrometry.
Anal. Chem,, 71, 3428-3435.

Tobias, H. J., Kooiman, P. M., Docherty, K. S., Ziemann, P. J., 2000. Real-Time Chemical
Analysis of Organic Aerosols Using a Thermal Desorption PartielaBMass
Spectrometeerosol ci. Technol., 33, 170-190.

Tuazon, E. C., Alvarado, A., Aschmann, S. M., Atkinson, R., Arey, J., 1999. Products of
the Gas-Phase Reactions of 1,3-Butadiene with OH andRd@icalsEnviron. Sci.
Technol., 33, 3586—3595.

Volkamer, R., Jimenez, J. L., San Martini, F., Dzepina, K., Zhang, Q., Salacedo, D.,
Molina, L. T., Worsnop, D. R., Molina, M. J., 2006. Secondary Organic Aerosol
Formation from Anthropogenic Air Pollution: Rapid and Higher than ExpeGeaphys.
Res. Lett., 33, d0i:10.1029/2006GL026899.

wangberg, 1., 1993. Mechanism and Products of the Reactions 0viNOCycloalkenes.
J. Atmos. Chem., 17, 229-247.

Willeke, K. and Whitby K. T., 1975. Atmospheric Aerosols: Size Distribution
InterpretationJ. Air Pollut. Control Assoc., 25, 529-534.

Zhang, Q. et al. (35 co-authors), 2007. Ubiquity and Dominance of Oxygenated Species

in Organic Aerosols in Anthrogenically-Influenced Northern Hemisphediatiudes.
Geophys. Res. Lett., 34, L13801, doi:10.1029/2007GL029979.

25



Ziemann, P. J., 2005. Aerosol Products, Mechanisms, and Kinetics of Heterogeneous
Reactions of Ozone with Oleic Acid in Pure and Mixed Parti¢lasaday Discuss., 130,
469-490.

26



Chapter 2

Yields of g-Hydroxynitrates and Dihydroxynitratesin Aerosol Formed from

OH Radical-Initiated Reactions of Linear Alkenesin the Presence of NO,

2.1 Abstract

Yields of g-hydroxynitrates and dihydroxynitrates in aerosol formed from OH

radical-initiated reactions of lineag{;7 1-alkenes and {C;7 internal alkenes in the

presence of NOQwere measured using a thermal desorption particle beam mass

spectrometer coupled to a HPLC with UV-Vis detector for identificatiah an

guantification. For 1-alkenes, total yieldshydroxynitrates normalized for OH radical

addition to the C=C double bond increased with carbon number, primarily because of

enhanced gas-to-particle partitioning, to a plateau of 0.140 £ 0.009 intk-/Cange,

with 1-hydroxy:2-hydroxy isomer fractions of 0.7:0.3. When combined with yields

measured by O’Brien et al. (1998) for reactions of smaller alkenes, thes ifes both 1-

alkenes and internal alkenes indicate that the branching ratios for the formagon of

hydroxynitrates from the reactions of NO wjgthydroxyperoxy radicals (averaged over

both isomers) increase from 0.009 forup to 0.13-0.15 for G and larger, and are
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approximately half the values determined by Arey et al. (2001) for thespamding

alkyl peroxy radicals. The range of branching ratios may be higheérdividual isomers,

but this could not be determined. It is estimated that for 1-alkenes, approxi6@ai#Ed%

of OH radical addition occurred at the terminal carbon atom. Average yields of

dihydroxynitrates normalized for OH radical addition were 0.039 + 0.006 and 0.006 *

0.002 for 1-alkenes and internal alkenes, with differences reflecting enhanced

decomposition op-hydroxyalkoxy radicals formed from internal alkenes. The addition

of NH3 reduced yields significantly, apparently by altering hydrogen bondimgebat

hydroxy and peroxy groups in hydroxyperoxy radical-NO complexes, whereag addin

H>,O had no obvious effect.
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2.2 Introduction

Alkenes are a major component of the ~1150 Tg of nhon-methane volatile organic

compounds (NMVOCs) emitted annually to the atmosphere (Guenther et al., 1995). Most

come from biogenic emissions estimated to be approximately 44% isoprene, 11%

monoterpenes, and 1% sesquiterpenes and ~10 times greater than global anthropogenic

emissions (Guenther et al., 1995; Griffin et al, 1999). In urban areas, alkenesitmnstit

~10% of NMVOCs (Calvert et al., 2000). In the atmosphere, alkenes react with OH

radicals, NQradicals, and © The kinetics, products, and mechanisms of these reactions

have been studied (Calvert et al., 2000; Atkinson, 1997; Atkinson and Arey, 2003), with

results indicating that reactions with OH radicals are the largest @atheris loss process

and lead to the formation of a variety of oxygenated products. Products containing

multiple functional groups may condense to form secondary organic aerosol #8A)

so are of special interest because of the effects of aerosol partigjedahclimate and

human health (Andreae and Crutzen, 1997; Englert, 2004). For example, the formation of

SOA from OH radical-initiated reactions of isoprene, monoterpenes, and semqnete

has received considerable attention (Surratt et al., 2006; Lee et al., 2006; Jaoui and
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Kamens, 2003a; Jaoui and Kamens, 2003b) because of the large contribution of terpene

photooxidation products to global SOA (Griffin et al., 1999).

The products of OH radical-initiated reactions of alkenes depend on the

concentration of NQ which influences the reactions of organic peroxy radical

intermediates. In polluted areas, where,NOncentrations are high, they react primarily

with NO, leading to the formation of carbonyishydroxcarbonyls, dihydroxycarbonyls,

S-hydroxynitrates, and dihydroxynitrates (Calvert et al., 2000; Atkinson, 1997; Atkins

2003). Analyses of the latter two products have focused on the gas phase, primarily

because of analytical challeng@s-Hydroxynitrates up to §have been measured in the

atmosphere (O'Brien et al., 1995; O’Brien et al., 1997; Werner et al., 1999; Risther e

2000) and up to §in the laboratory (O’Brien et al., 1998; Tuazon et al., 1998; Chen et

al., 1998; Spengnether et al., 2002; Noziére et al., 1999; Aschmann et al., 1998;

Aschmann et al., 2002). In the most comprehensive laboratory study to date, O’'Brien et

al. (1998) measured yields gfhydroxynitrates from reactions of a series i@ linear

alkenes. Yields increased with carbon number from 0.009 to 0.055 and were

approximately half those of alkyl nitrates formed from reactions of thesjmonding

alkanesSince measurements and modeling indicate that the yields of alkyésitesch
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a plateau value of ~0.3 at r(Arey et al., 2001; Zhang et al., 200¢hese results suggest

that yields ofg-hydroxynitrates might be as high as ~0.15 for large alkenes. This would

be consistent with the yield of 0.18 measured by Noziére et al. (1999) via FTyRisna

of the total (gas + particle phase) organic nitrate products of the reactigpiroéne, a

Cyo cyclic alkene. To our knowledge, the only identifications of dihydroxynitrates a

those of Aschmann et al. (1998; 2002) for the gas-phase products of the reacations of

pinene angs-pinene.

Because of the absence of data on the formation of large, low volétility

hydroxynitrates and dihydroxynitrates, which could contribute to atmospheric SOA, we

recently measured the yields of these compounds in SOA formed from OH radical-

initiated reactions of a series 0§-C;7 1-alkenes and &C;7 internal alkenes in the

presence of NQ Analyses were carried out by coupling a thermal desorption patrticle

beam mass spectrometer to a high-performance liquid chromatograph (HRhC)Mwi

Vis detector (Ziemann, 2005), allowing identification and quantification of nitrate

containing products. The results provide new quantitative data as wellgtgsnsto the

effects of carbon number, the position of the C=C double bond, and #sard NH,

on the yields of these compounds and the branching ratios of pathways that lead to their
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formation. In a study presented elsewhere (Matsunaga et al., 2009), thesenesl
used with data obtained by us and from the literature on other products, and froomreacti
rate constants calculated using structure-reactivity methods, to develop hradecaa

guantitative chemical mechanism and model of SOA formation from these reactions

2.3 Experimental Section

Chemicals. The following chemicals, with purities (when available) and
suppliers, were used: 1-octene (99%), 1-nonene (96%), 1-decene (96%), 1-undecene
(97%), 1-dodecene (95%), 1-tridecene (99%), 1-tetradecene (96%)iabdpecne (98%),
1-hexadecene (99.8%), 1-heptadece®@ %), 2-ethylhexyl nitrate (97%), chloroform-d
(99.8 atom % D), and dioctyl sebacate (90%) [Sigma-Aldrich], 7-pentadecenei€).25
0.75trans) and 8-heptadecene (0.8i5: 0.75trans) [ChemSampCo], 7-tetradecene (0.30
cis: 0.70trans) [TCI], and NO and NKl[Matheson Gas]. Thes:trans fractions were
determined byH NMR using a Bruker Avance 600 MHz instrument. Methyl nitrite was
synthesized (Taylor et al., 1980) and stored in liquid nitrogen.

Environmental Chamber Method. Reactions of &C,7 1-alkenes, 7-

tetradecene, 7-pentadecene, and 8-heptadecene with OH radicals in the prasénce of
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were performed in a 5900 L PTFE environmental chamber 8C-@3d atmospheric
pressure. The chamber was filled with clean, dry air (<5 ppbv hydrocarbons, <1% RH)
and has blacklights covering two walls. Dioctyl sebacate (DOS) partiolesain
evaporation-condensation apparatus were flushed into the chamber to achieve a seed
particle concentration of ~200-400 g’ nAn alkene, methyl nitrite, and NO were then
added to achieve concentrations of 1 (0.5 and 0.3 for 1-heptadecene and 8-heptadecene),
5, and 5 ppmv. NO suppressesddd NQ radical formation. Reactions were also
performed with 1-tetradecene at 50% RH and with 20 ppmyiNHdry air.

Reactions were initiated by turning on the blacklights to form OH radigals b
methyl nitrite photolysis (Atkinson et al., 1981). After 6 min the blacklight®weaned
off. Typically, ~40-50% of the alkene reacted, NO decreased by 1-2 ppm\staied
approximately constant, and SOA formed within a minute. The average OH radical
concentration estimated from the amount of alkene reacted and its OH radical ra
constant (Aschmann and Atkinson, 2008) was ~3"ch®.

Particle and GasAnalysis. A thermal desorption particle beam mass
spectrometer (TDPBMS) was used to analyze particle composition inmea(fiobias et

al., 2000) and by temperature-programmed thermal desorption (TPTD) (Tobias and
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Ziemann, 1999). Aerosol was sampled into an aerodynamic lens to form a pasiole be
that impacted on a polymer-coated metal vaporizer rod (Chattopadhyay arah@jem
2005). For real-time analysis, the rod was resistively heated to 160°CleRaréiporized
upon impact and the vapor was ionized by 70 eV electrons and analyzed in a quadrupole
mass spectrometer. For TPTD analysis, the rod was cooled to -40°C and paeieles
collected for 30 min. The rod was allowed to warm to -5°C and then heated to 200°C
using a 2°C mitt ramp to desorb and separate compounds by volatility prior to mass
analysis.

After a reaction, replicate particle samples were collected for 2 hilopdve
filters (1.0pum pore size, Fluoropore FALP, 47 mm) at flow rates of ~15 L'mimside-
by-side tests these filters performed as well as those with 0.45 um mrewihad a
smaller pressure drop and so less effect on sample flow rates duringaullEidters
were extracted immediately or stored at°@Filters were extracted twice in 4 mL of
ethyl acetate at room temperature for >10 min. Extracts were combirestiydiin N,
and dissolved in 50 pL of ethyl acetate. Tests using different solvents, sonication,

multiple extractions, and filter spiking indicated recovery efficienaiese 90-100%.
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Extracts were analyzed using an Agilent 1100 Series HPLC coupled tevasUV
diode array detector for quantification and the TDPBMS for identification. A 10 pL
sample was separated on a 250 x 4.6 mm Zorbax 5 pm XDB-C18 column at room
temperature and a flow rate of 1 mL finsing a water/acetonitrile gradient elution
method: 50% acetonitrile for 10 min increasing to 100% over 50 min. Absorbance was
measured at 210 nm, where the molar absorptivity of alkyl nitrat&0iimes that of
alcohols, ketones, carboxylic acids, or alkenes (Docherty and Ziemann, 2006). The flow
then entered a Collison atomizer to form an aerosol, passed through charcoalndiffusi
dryers to remove solvent vapor, and the dried particles entered the TDPBM&-tonees
analysis (Ziemann, 2005). Selected compounds associated with chromatographic peaks
were collected, dried, and dissolved in CpfoF *H NMR analysis using a Varian Inova
400 MHz instrument.

Standard curves used for quantification were prepared fdiygroxynitrates
and dihydroxynitrates purified from the SOA extract from the 1-tetrae@action. The
extract was fractionated using HPLC and mixtureg-bfdroxynitrate isomers and
dihydroxynitrate isomers were collected separately after theivisl peaks were

detected. Samples were dried under vacuum, weighed in a microbalance, and dissolved in
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ethyl acetate to create primary standards. Sample purity wasgdrfiHPLC analysis.
The calibration curve fof-hydroxynitrates was prepared using the mixture @isc
hydroxynitrate isomers. The calibration curve for dihydroxynitrates wesaped using
2-ethylhexyl nitrate as a secondary standard because the dihydrateyisitmer sample
was too small to prepare a dilution series. The molar absorptivities of the
dihydroxynitrate ang-hydroxynitrate standards relative to 2-ethylhexyl nitrate were
0.963 and 0.786. Thghydroxy group affects nitrate UV absorption whereas more
distant groups do not (Shriner et al., 1964). The molar yield of an organic nitrate in
particles was calculated as (moles of compound on filter/sampled air v{hanuspl
mass concentration after reaction/average aerosol mass concentration during
sampling)/(moles of alkene reacted per volume of air). The second term adoouvat
losses during sampling and was calculated from scanning mobility parziet SMPS)
measurements. Yields gfhydroxynitrates and dihydroxynitrates measured in replicate
experiments were within £10% of the value.

Aerosol volume concentrations were measured using a SMPS (Wang and Flagan,
1990) comprised of a long differential mobility analyZ&¥o bipolar charger, TSI

Model 310 CPC, and software from the McMurry group at the University of Minnesota.
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Number and volume concentrations were within £10% of those measured with a TSI
3936L72 SMPS system. SOA volume concentrations were calculated from thendifer
between seed and SOA + seed aerosol volume concentrations, without corrections for
chamber wall losses since they were negligible for these 6 min experilB@#ftsnass
concentrations, Mba, were calculated by multiplying SOA volume concentrations by a
particle density of 1.13 g ¢t This value was determined from a dried SOA filter extract
from a 1-tetradecene reaction with no seed aerosol: a microliter swam@eighed, a
measured volume of liquid SOA was drawn into the syringe, and then it was re-weighed.
Organic aerosol mass concentrations measured with the SMPS were 2@pitnot
those determined by weighing dried filter extracts.

Alkenes were collected on Tenax TA and analyzed by gas chromatiggréh
flame ionization detector (GC-FID) (Docherty et al., 2005). Concentrationsuneebfor
replicate samples taken at 30 min intervals both before and after reactiah tagnethin

+5%, so no corrections were made for wall losses.
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2.4 Results and Discussion

Reaction Mechanism. The mechanism of OH radical-initiated reactions of

linear alkenes in the presence of N@tkinson and Arey, 2003) is shown in Figure 2.1,

where R represents an alkyl group andiiepresents an H-atom for 1-alkenes and an

alkyl group for internal alkenes. Branching ratios are definad asi/> r;, where ris the

rate a species reacts by pathway i and the sum is over all pathwayschythehspecies

reacts. The sum of the branching ratios for a species is 1. The branciusguaintified

here arexc-c andas-as. Note thatoy andas are associated with the portion of the

mechanism labeled “same pathways” in Figure 2.1, and correspeg@tal os. The

reaction is initiated by addition of an OH radical to the C=C double bond or by H-atom

abstraction, with branching ratiegs-c and lec-c. Products of H-atom abstraction

should be similar to those formed from reactions of alkanes (Arey et al., 200is@tki

and Arey, 2003; Lim and Ziemann, 2005). We focus here on OH radical addition, which

dominates for &C;7 alkenes, although H-atom abstraction is significant. This pathway

forms two isomerigg-hydroxyalkyl radicals (one for a symmetrical alkene) with

branching ratiogy ande, (aa + & = ac=c). The f-hydroxyalkyl radicals react with Qo

form S-hydroxyperoxy radicals that react with NO, formifidpydroxynitrates p1, P2]
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Figure 2.1 Mechanism of the OH radical-initiated reaction of linear alkenes in the
presence of NQ
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with branching ratiogs and oy or f-hydroxyalkoxy radicals with branching raties =

1-o53 andas = 1-a4. The f-hydroxyalkoxy radicals can react withh,@ecompose, or
isomerize. Reaction with Qorms g-hydroxycarbonylsP3, P4], but is unimportant for
Cr>5 (Atkinson, 2007). Decomposition followed by reaction withc@ates two
aldehydesR5, P6] (the same for botj#-hydroxyalkoxy isomers) that are too volatile to
form SOA. Isomerization through a six-membered ring followed by reaciitbnGy

forms dihydroxyperoxy radicals that react similarlybydroxyperoxy radicals. The
products are dihydroxynitrateBq, P8] and dihydroxyalkoxy radicals that isomerize and
react with Q to form dihydroxycarbonylsH9, P10]. As is shown elsewhere (Matsunaga
et al., 2009), dihydroxycarbonyls present in particles can isomerize to kgatiacetals
that can dehydrate to dihydrofurans, or they can form dimers.

SOA Product Identification. Real-time mass spectra of SOA formed from the
reaction of 1-tetradecene are shown in Figure 2.2A. Peallg 479, 197, and 199 are
characteristic ofF-hydroxynitrates and dihydroxynitrates, as verified below. Thermal
desorption profiles are shown in Figure 2.2B. Total ion (TI) signal is proportional
organic mass (Crable and Coggeshall, 1958)nalmd6 identifies organic nitrates. The

overlap of Tl andwz 46 profiles at low temperature suggests the most volatile products
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Figure 2.2 (A) Real-time TDPBMS mass spectra and (B) thermal desorptiongw &dit
SOA formed from the OH radical-initiated reaction of 1-tetradeceneyiaidm the
presence of NQ Thermal desorption profiles were smoothed and normalized to peak

values.
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are organic nitrates, consistent with the expectation that aldehydes aodatde to form
SOA. The most volatile organic nitrates grbydroxynitrates, assigned to the peak at
50°C. Dihydroxynitrates are assigned to the peak & .70

This assignment is consistent with results of HPLC analysis shown in &igure
2.3 and 2.4. Structures gfthydroxynitrates and dihydroxynitrates are designated using
the following notation: (1) hydroxy and nitrooxy groups are designated H and thg(2)
location of a group on the alkyl chain is designated by a number placed beforeethe let
and (3) the length of the alkyl chain is designated by a number followerigtter C. For
example, 1,2-dihydroxy-4-nitrooxytetradecane is designated 1,2iH4NC

The predominant fragmentation channel for compounds having adjacent
functional groups, as do tifehydroxynitrates and dihydroxynitrates, is scission of the C-
C bond between the two groups. For IN2EHCHBNG4, 7TH8NGs, 7N8HG s, 8HING,
and 8N9HG, this leads to peaks afz 199, 115, 115, 129, 129, 143 from RCHOBbhs,
and neutral aldehyde and MeEb-products. For small carbon chains, RCHG@s can
lose HO, as occurs for all these ions exceyst 199. For 7H8NG,, 7H8NGs5, 7N8HGs,
8HING, 7, and 8N9HGx this gives ions atvz 97, 97, 111, 111, and 125. This is observed

in mass spectra of 1,2-dihydroxytetradecane and 7-hydroxytetradedacke have peaks

42



100

1-t=tradecens, dry A

B0+ |

60

|']

1! \

retafive signal

time: {rmin)
100

a pezk 1 1M2HC,, B

a0+
&0 o

am <

refative signal

204

o4 I|| 1
100

peak 2 THZMC,,

a0+

&0+

redalive signa

Al

123 435

209
153
157
el o i Lals L . ||

2.1 peak 3 1,2H4NC.. + 1,2HSNC.,

a0+

relative signa

&0 120 10 200

Figure 2.3 (A) HPLC-UV chromatogram and HPLC-TDPBMS mass spectra of (B and
C) p-hydroxynitrate isomers and (D) dihydroxynitrates formed from the OHakdic
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atm/z 199 andn/z 129, 115, 111, and 97, respectively (Gong et al., 2005). For the
1,2H4NG,4 and 1,2H5NG, dihydroxynitrates, scission forms an unstable 260 ion that
loses HNQ or HNG; + H,O to formmy/z 197 and 179 ions. For 1H2Ng scission forms
RCO" atm/z 197 and CHOH + NQ,. These product assignments are consistent with
results of'H NMR analyses of-hydroxynitrates and dihydroxynitrates formed from the
1-tetradecene reaction presented in Appendix Table A.2.

PHydroxynitrate Yields. Measured molar yields (moles of product
formed/moles of alkene reacted)®hydroxynitrates are presented in Figure 2.5 and
Appendix Table A.1. Losses by secondary reactions with OH radicals viienates at
<5% using a model that accounted for decreased reactivity in particles andeso wer
neglected. Yields of botfi-hydroxynitrate isomers are reported for reactions of &redk,
but total yields are reported for internal alkenes because isomers couldrestlived.
Also presented are yields normalized for the fraction of the OH radicaiomedtat
occurred by addition to the C=C double bonag;c = kagd (Kadgd + Kang, Where kqqgand kps
are the rate constants for OH radical addition and H-atom abstractioectresly, with
their sum being equal to the total rate constant. Valueg-gfwere calculated using

equations for ks (Kwok and Atkinson, 1995) anddg (Nishino et al., 2009) developed
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Figure 2.5 Molar yields ofg-hydroxynitrates formed fro the OH radical-initiated reaction
of linear alkenes in dry air in the presence ofyN®) without and (B) with normalization
for the fraction of the OH radical reaction that occurred by addition to the double bond.
In panel A, the dashed curves were drawn to aid the eye. In panel B, the soljeelthe (
model) is a scaled version of an equation from Arey et al. (2001) for seconidary al
nitrate yields, the dashed curve through the yields for 1-alkenes (gpp maddtuisited
using gas-particle partitioning theory, and the dashed curve through lthefgieinternal



by Atkinson and co-workers from measured rate constant data. For 1-alkgge2,. &7

+ 1.4 x (CN-5) and k4= 28 + 9 x [1-exp(-0.35 x (CN-3))], where CN is the carbon

number and k values are in units of‘1@m® moleculé' s*. Forcis andtrans internal

alkenes, lps=4.93 + 1.4 x (CN-8), kdcis) = 56.4, and k{trans) = 64, and were used

with the measured fractions ak andtrans isomers to calculate weighted valueswfc.

In generalac=c increases with increased alkyl group substitution at the C=C double bond

and decreases with increasing carbon number.

Total g-hydroxynitrate yields measured for reactions of 1-alkenes and internal

alkenes without and with normalization for OH addition are shown in Figure 2.5.

Normalization reduces scatter caused by differences in the relatoiwitgaf the C=C

double bond. Yields increase with carbon number and for 1-alkenes reach a plateau at

C14-C17, where the average OH addition-normalized yield is 0.133 = 0.002. Stated

uncertainties here and throughout the text are one standard deviation. Yieldsrfad int

alkenes may reach a plateau at abqut Where the OH addition-normalized yield is

0.150, but this could not be verified becausgdE C;s internal alkenes were not

available for experiments. Also shown in Figure 2.5 are total yielgshgtiroxynitrates

formed from reactions of &C, and G 1-alkenes andis-2-butene, measured using gas
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chromatography (O’Brien et al., 1998). Note thatGg S-hydroxynitrates are gas phase

products, whereasg€C,7 f-hydroxynitrates could be in the gas and/or particle phases.

Yields reported here are for particulate @ 7 f-hydroxynitrates and can be affected by

gas-particle partitioning.

The solid curve in Figure 2.5B was calculated using a scaled version of an

equation developed by Arey et al. (2001) from measurements of yieldsQf C

secondary alkyl nitrates formed from reactions-alkanes with OH radicals in the

presence of NQ Results of computational studies (Zhang et al., 2004) are consistent

with the form of this equation. They predict alkyl nitrate yields increagecarbon

number to a plateau at ¥because the internal energy generated by formation of the

alkyl peroxy radical-NO intermediate is distributed among more vibratoodkes,

increasing stability and thereby nitrate formation. The scalingrfasied for the curve in

Figure 2.5B was 0.455, chosen to reduce the yield calculated fgy@h@droxynitrate

from 0.292, the value for a;€secondary alkyl nitrate, to 0.133, the average total OH

addition-normalizegh-hydroxynitrate yield at the plateau. Previous studies,ef &

alkenes noted thathydroxynitrate yields are about half those of alkyl nitrates (@iBri

et al., 1998; Atkinson et al., 1995). Quantum chemical calculations indicate yields are
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lower for f-hydroxynitrates because hydrogen bonding between hydroxy and peroxy

groups weakens the O-O bond in fhydroxyperoxy radical-NO intermediate,

enhancing formation of g-hydroxyalkoxy radical and N{JJO’Brien et al., 1998).

Comparison of measured and modefdaydroxynitrate yields (Figure 2.5)

indicates the increase in measured yields with increasing carbon numberaisipdue

to enhanced gas-to-particle partitioning. This conclusion is also consisteryields

that have been corrected for gas-particle partitioning, shown by the dasthedhcur

Figure 2.5B. Values were calculated by multiplying the plateau value 3 Gyl the

fraction of eachs-hydroxynitrate estimated to be in the particle phase using gasigartic

partitioning theory (Pankow, 1994) affehydroxynitrate vapor pressures assumed to be

the same as those of 1,2-dialkynitrates (Fischer and Ballschmiter, Y8983. measured

for reactions of internal alkenes are shifted to higher carbon numbers becaizmal

groups located away from the ends of a molecule have less effect on vapor pressure. The

shift in the two curves is ~2-3 carbon numbers, which suggests that the yield measured

for the G~ internal alkene should, like the correspondingd® C;s 1-alkenes, be close to

a plateau. The OH addition-normalized yields measured fg#-thelroxynitrate isomers,

1H2NG, and 1N2HG, formed from reactions of 1-alkenes are shown in Figure 2.6 with
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model curves adjusted to match average plateau valugs &ig€lds are much larger for

1H2NG, than IN2HG isomers; a 1H2Ngisomer was first detected a§ @nd a IN2HEG

isomer at Gs. Yields increase with increasing carbon number reaching plateausfat C

1H2NG, isomers and ¢ for IN2HG, isomers. Average OH addition-normalized yields

for 1IH2NG, and 1N2HG isomers are 0.098 + 0.009 and 0.042 + 0.002 within {#&G

and GgC;7 plateau regions, corresponding to fractions of 0.70 and 0.30 of the total yield

of 0.140 £ 0.009. Fractions measured fgr G,, and G 1-alkenes were 0.59 and 0.41

(O’Brien et al., 1998). The value of 0.140 does not include yields for the 1IN2HE

1N2HGC;5 isomers, which are impacted by gas-patrticle partitioning, and so is more

accurate than the value of 0.133 obtained from the total OH addition-normalized yields

(Figure 2.5B).

Branching Ratios. From Figure 2.1 and the discussion above, it can be seen that

the OH addition-normalized yields of the 1IH2N®1] and 1N2HG [P2] isomers are

equal to Yoo/ ac=c = (aa/ ac=c)(as) and Yo ac=c = (! ac=c)(as), where Y is the measured

yield. The fraction of OH radical addition reactions that occur at theafiisecond

carbon atomsgy/ ac=c anda/ ac=c, can therefore be calculated from our reported OH-

normalized yields, if the branching ratios for the formation of these compound#ieom
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reactions of NO with 1-hydroxy-2-peroxy radicads, and 1-peroxy-2-hydroxy radicals,

oy, are known. Here, we estimate these values using two plausible sets of vataes for

and a4 and isomer yield data for,& 16, where gas-particle partitioning is not important.

In the first case, we assume that= a4. Since (u/ac=c) + (ol ac=c) = 1, then

o3 = as = 0.14, the sum of the OH addition-normalized isomer yields, @itdd-c) =

0.098/0.14 = 0.70 andrf/ ac=c) = 0.042/0.14 = 0.30. These values agree well with values

of 0.65 and 0.35 measured by Cvetanovic for 1-propene (1976). For the internal alkenes

studied here, OH radical addition should not depend on the alkyl groups attached to the

double-bonded carbon atoms, so thatdc-c) = (/ ac=c) = 0.5 andw; = a4 = 0.15, the

sum of OH addition-normalized yields measured for the reaction of 8-heptadéte

this case, then, the branching ratios for the formatighofdroxynitrates from reactions

of NO with g-hydroxyperoxy radicals appear to be similar for 1-alkenes and internal

alkenes at their plateaus (assuming for reasons discussed above that the 8alue for

heptadecene is close to the plateau) and ~0.13-0.15.

In the second case, we assume that, = 1.5, the ratio measured recently by

Cassanelli et al. (2007) for the formation of alkyl nitrates from reactbN© with

pentyl peroxy radical isomers. These results indicate that the branatimépr 1-
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hydroxy-2-peroxy radicalsys, could be ~1.5 times the value for 1-peroxy-2-hydroxy

radicals,as, althoughpg-hydroxyperoxy radicals may not necessarily behave the same as

alkyl peroxy radicals, due to the presence of the hydroxy group. Combining theesjuat

aslas = 1.5, Yed ac=c = 0.098 = fu/ ac=c)(@s), Yrd ac=c = 0.042 = @,/ ac=c)(as), and

(eal oc=c) + (el ac=c) = 1 then gives for reactions of 1-alkenegoc=c = 0.62x/ ac=c =

0.38,a3 = 0.16, andx = 0.11. The value ofs for reactions of internal alkenes should

therefore be ~0.16 in this case. The agreement between these values and those note

above for 1-propene (Cvetanovic, 1976) and 8-heptadecene is again good, indicating that

both sets of branching ratios are consistent with the experimental resultsandstnot

possible to identify differences in the branching ratios for nitrate formatom f

reactions of NO with primary and secondary peroxy grougshpdroxyperoxy radicals.

It is worth noting that values afs/ a4 ~ 2 have been suggested (Atkinson et al., 1982),

although the measurements were less precise than those of Cassan€¢ldDé7al.The

resulting branching ratios arey/ ac=c = 0.54 o/ ac=c = 0.46,a3 = 0.18, andx, = 0.09,

which do not agree as well with the measurements.

Dihydroxynitrate Yields. Total yields of dihydroxynitrates in particles are given

in Appendix Table A.1; the isomers could not be resolved. Ulikgdroxynitrate yields,
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dihydroxynitrate yields are independent of carbon number. This is probably bduause

additional hydroxy group leads to almost complete gas-to-particle partgiovields

without and with normalization for OH addition were 0.029 + 0.005 and 0.039 + 0.006

for the G¢-C47 1-alkenes and 0.005 + 0.002 and 0.006 + 0.002 for the internal alkenes.

The lower yields for internal alkenes reflect the higher rates of decompasilative to

isomerization for thgg-hydroxyalkoxy radicals (Atkinson, 2007).

Effects of Humidity and Ammonia on g-Hydroxynitrate and

Dihydroxynitrate Yields. As mentioned above, it is thought that the lower branching

ratios for nitrate formation from reactions of NO wjtthydroxyperoxy radicals

compared to alkyl peroxy radicals is due to hydrogen bonding between hydroxy and

peroxy groups (O’Brien et al., 1998). This effect was further investigatediere

comparing yields of--hydroxynitrates and dihydroxynitrates formed from reactions of 1-

tetradecene in dry air with those formed at 50% RH and in dry air with 20 ppmvsof NH

H,O and NH are both capable of hydrogen bonding and so could affect yields.

Results are given in Table 2.1. They show th#& Hid not affect the yields g

hydroxynitrates, but may have reduced those of dihydroxynitrates (the difeésenc

within uncertainties). The absence of an effect is consistent with refatisnputations
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Table 2.1 Effects of Experimental Conditions on Molar YieldsfHydroxynitrates and
Dihydroxynitrates Formed from OH Radical-Initiated Reactions of taflecene in the
Presence of NO

conditiorf 1H2NGC.4 IN2HG4  dihydroxynitrate®

Dry 0.078 0.018 0.033
H.O 0.082 0.018 0.023
NH3 0.018 0.004 0.010

PDry = <1% RH; HO = 50% RH; NH = 20 ppmv NH,.
"Dihydroxynitrate isomers are 1,2H4NGind 1,2H5NG;.
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that predict that at 300K and 50% RH ~1%pdiydroxyperoxy radicals exist as
complexes with KO (Clark et al., 2008). The additional hydroxy group in
dihydroxyperoxy radicals might enhance complex formation wiB Bufficiently to
reduce the yields. Conversely, Blkiad a large impact on yields, reducing thosg-of
hydroxynitrates and dihydroxynitrates by ~70-80%. The greater effédtioprobably
results from stronger hydrogen bonding weakening the O-O bond. According to
calculations (Clark et al., 2008), logidor forming complexes of D with various
peroxy radicals at 300K is a linear function of the binding energy of the complex, BE
(kcal mol%), with slope ~0.5. If this relationship holds in general, then the fractign of
hydroxyperoxy radicals present as complexes, F, with a species C isiapebx given
by eq. 2.1 with [C] in ppmv.
logF = (0.5 x BE) + log[C] -9.5 (2.1)

This equation is used here to estimate the minimum binding energyHor a
hydroxyperoxy radical-Nglcomplex. From our results, the minimum value of F at 20
ppmv NHs is ~0.75 if the branching ratio fgkhydroxynitrate formation from the
reaction of NO with a complex is zero. Otherwise, F and BE are higher. 8tibgtit

these values into eq. 2.1 gives BE ~16 kcal'thebmpared to ~6.4 kcal mbfor the
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H,O complex. In the atmosphere, Blebncentrations can range from tens of ppbv in
polluted air to tens of pptv in clean air (Finlayson-Pitts and Pitts, 2000). Under these
conditions, calculated binding energies of ~22-28 kcal'mehich are unlikely, are
required to achieve a similar fraction of complexes, suggesting ammoniaatctect

these reactions.

2.5 Conclusions

The results presented here represent the first measurements to dateebdishe y
of f-hydroxynitrates and dihydroxynitrates in SOA, in this case formed frBlma@ical-
initiated reactions of linear alkenes in the presence gf Nk yields depend on the
structure of the parent alkene, which influences a number of important asioibets
reaction mechanism. These include the rates at which OH radicals aHsatacts and
add to the C=C double bond, the C atom to which the OH radical adds, branching ratios
for the reactions of organic peroxy radicals with NO, and rates of decomposition a
isomerization of alkoxy radicals, as well as gas-particle partitioningoofysts. The
yields can also be impacted by the presence of species such,ashitth can form

hydrogen bonds with organic peroxy radicals. Reactions were carried outgwith C
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alkenes in order to form at least some products that were sufficientythaggas-to-

particle partitioning was essentially complete (and therefordsymmeasured in aerosol

were the same as total yields) and that reaction branching ratios did not deperibin ca

number. For 1-alkenes, a plateau was reacheg,&&;&for the yields ofs-

hydroxynitrates normalized for OH radical addition to the C=C double bond,

corresponding to branching ratios for their formation from reactions of NOgwith

hydroxyperoxy radicals (averaged over both isomers) of 0.13-0.15. A similar value was

obtained for internal alkenes, but with less data. A simple model developed previousl

(Arey et al., 2001) to describe the carbon number dependence of this branching ratio for

reactions of alkyl peroxy radicals with NO also works well for thesetions after

scaling by a factor of 0.455 to match the plateau value. The lower branchosgfoat-

hydroxyperoxy radicals apparently result from hydrogen bonding between tleexyydr

and peroxy groups. This branching ratio equation can be used with structuretyeact

calculations (Kwok and Atkinson, 1995; Nishino et al., 2009) of OH radical addition and

abstraction to estimate yields ghydroxynitrates from the reactions of alkenes. For

example, for G monoterpenes andi§£sesquiterpenes, major atmospheric alkene

emissions whose OH radical reactions are dominated by additlodroxynitrate yields
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should be close to 0.14, consistent with a total organic nitrate yield of 0.18 measured for

the a-pinene reaction (Noziére et al., 1999).

Yields of dihydroxynitrates were highly dependent on the structure of the parent

alkene, most likely because of differences in rates of decomposit@®hyafroxyalkoxy

radicals, and possibly branching ratios for the reactions of dihydroxyperoxy saditial

NO. Partitioning to the aerosol phase appeared to be complete oveg-tBg Carbon

number range where analysis was possible, reflecting the lower volatiliigse#

compounds compared fphydroxynitrates. As is shown elsewhere (Matsunaga et al.,

2009), the dihydroxynitrate yields measured here can be used wgkhiforoxynitrate

yields, carbonyl yields from the literature, and structure-reactiaigutations for OH

radical reactions ang-hydroxyalkoxy radical isomerization and decomposition to

develop a quantitative chemical mechanism and model of SOA formation from these

reactions.

It is also worth emphasizing that the yields reported here were measured by

coupling a TDPBMS to a HPLC with UV-Vis detector via an atomizer. Foethes

experiments, it was therefore possible to analyze SOA in three differgatwith the

TDPBMS: in real-time, by temperature-programmed thermal desorptidripbowing
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HPLC separation. Products were therefore separated according to thpeirdebehavior
during formation, volatility, and solvent-column interactions. All of this infdromacan
aid in product identification, which is difficult in SOA studies because of the gdaekal
of authentic standards of potential products. Here, authentic standards wersizydthe
by HPLC purification of SOA samples, followed Hy NMR analysis to verify their
identity. The use of the same particle mass spectrometer for altesallgo has the
advantage that it is easier to identify possible artifacts that can oaouy déf-line
analysis, since the mass spectra can be directly compared. We havg tesaehthis
approach with a high-resolution time-of-flight Aerodyne aerosol mass$repeeter
(AMS), which further enhances analytical capabilities by providing eheah analysis, to
aid in the creation of a database of multifunctional organic nitrate mass sfetiathe
variety of particle mass spectrometers currently in use, this may Ippeoaeh for others

to consider.
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Chapter 3

Composition and Yields of Secondary Organic Aerosol Formed from Radical-

Initiated Reactions of Linear Alkenesin the Presence of NOy:

Modeling and M easurements

3.1 Abstract

The products and mechanism of secondary organic aerosol (SOA) formation

from the OH radical-initiated reactions of linear alkenes in the presemN®.ofiere

investigated in an environmental chamber. The SOA consisted primarily of fgoduc

formed through reactions initiated by OH radical addition to the C=C double bond,

including f-hydroxynitrates and dihydroxynitrates, as well as cyclic hemiagetal

dihydrofurans, and dimers formed from particle-phase reactions of dihyartxyuyls.

1,4-Hydroxynitrates formed through reactions initiated by H-atom absinaaiso

appeared to contribute. Product yields and OH radical and alkoxy radical rant®nst

taken from the literature or calculated using structure-reactivithadstwere used to

develop a quantitative chemical mechanism for these reactions. SOA yekelthen

calculated using this mechanism with gas-particle partitioning treeahestimated
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product vapor pressures for comparison with measured values. Calculated and measured

SOA yields agreed very well at high carbon numbers when semi-volatile psoderet

primarily in the particle phase, but diverged with decreasing carbon number teea deg

that depended on the model treatment of dihydroxycarbonyls, which appeared to undergo

reversible reactions in the particle phase. The results indicatbehettémical

mechanism developed here provides an accurate representation of the gas-phase

chemistry, but the utility of the SOA model depends on the partitioning regime. The

results also demonstrate some of the advantages of studying simple &erosu-

reactions in which the majority of products can be identified and quantified, in this cas

leading to insights into both gas- and particle-phase chemistry.
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3.2. Introduction

One purpose of experimental studies of aerosols is to provide data for

developing detailed models of the physical and chemical processes aogtrolli

atmospheric aerosol properties such as chemical composition, size datribght

scattering and absorption, hygroscopicity, and cloud condensation nucleating.activity

These models in turn are incorporated in simplified form into local, regional, and global

scale models, which can be used to understand collective effects and to deaedgpestr

for minimizing the impacts of human activities on air quality, visibility, ctepand

human and ecosystem health (Seinfeld and Pandis, 1998). A major challenge is the

development of models of secondary organic aerosol (SOA) formation, a complex

process in which gas- and particle-phase reactions involving organic compounds and

oxidants lead to an array of products that can partition to particles (KrolleamigI8,

2008). In most models, these processes are treated using simple empirical

parameterizations (Kanakidou et al., 2005). In a few cases, however, detailed smeshani

of gas-phase chemical reactions have been combined with gas-particle partitioning

emissions, and meteorology to predict the chemical composition and mass of atmospheric

SOA (Johnson et al., 2006). Unfortunately, current models tend to under-predict
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atmospheric SOA mass concentrations (deGouw et al., 2005; Heald et al., 2005; Johnson

et al., 2006; Volkamer et al., 2006) probably for a variety of reasons. For example,

discrepancies have been attributed to problems with laboratory SOA yiatdiraments

(Presto and Donahue, 2006; Kroll et al., 2007), and to an absence in models of possible

sources of SOA such as heterogeneous chemistry (Johnson et al., 2006), fiegtegener

products of anthropogenic VOC oxidation (Molkamer et al., 2006), semi-volatile

emissions (Robinson et al., 2007), higher-generation reaction products (Donahue et al.,

2006), and cloud processing (Altieri et al., 2006).

In general, models predict that global SOA is derived primarily from the

oxidation of biogenic alkenes, in particular linear, branched, and cyclic terpenes

consisting of isoprene ¢Eg), monoterpenes (@H1e), and sesquiterpenes;§l,y)

(Kanakidou et al., 2005). Recent field studies (Weber et al., 2007) also indicateterpe

oxidation is responsible for a large fraction of SOA in urban areas. In spite of the

importance of these reactions and the considerable effort expended investigatiagd)

particle-phase products, the chemical mechanisms are poorly understood (Atkithson a

Arey, 2003; Kroll and Seinfeld, 2008). Recently, we investigated SOA products formed

from OH radical-initiated reactions of simple linear alkenes in the pres#iNQG,
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conditions representative of a polluted atmosphere. Such studies provide insights into

products and mechanisms of more complex alkene reactions. Mhayairoxynitrate and

dihydroxynitrate SOA products were identified and quantified and used to determine

some of the branching ratios for reaction pathways leading to their formiladsuhaga

and Ziemann, 2008). Here, those results were used with additional SOA composition

information obtained in that study but not previously reported, along with product data

from the literature and structure-reactivity calculations of rate cosdtanievelop a

guantitative chemical mechanism for reactions of linear 1-alkenes and irgtkerats.

This mechanism was then used to model the formation of SOA and the results were

compared with measured SOA yields.

3.3. Experimental

Chemicals. The G-Cy7 linear 1-alkenes, 7-tetradecene, 7-pentadecene, 8-

heptadecene, dioctyl sebacate, and NO were obtained from commercial suppliers

(Matsunaga and Ziemann, 2008). Methyl nitrite was synthesized (Taylor ¥2&0) and

stored in liquid nitrogen until used, and Was generated using a Welsbach T-4@8 O

generator.
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Environmental Chamber Method. Alkenes were reacted with OH radicals in
the presence of NOn a 5900 L PTFE environmental chamber filled with clean, dry air
(<5 ppbv hydrocarbons, <1% RH) at °€5and atmospheric pressure. The reaction
mixture was ~200-400 pgfrof dioctyl sebacate (DOS) seed particles added from an
evaporation-condensation source and 1 (0.5 and 0.3 for 1- and 8-heptadecene), 5, and 5
ppmv of alkene, methyl nitrite, and NO. Reactions were initiated by turning on
blacklights to form OH radicals by methyl nitrite photolysis (Atkinson.etl881). The
average OH radical concentration for 6 min of reaction was ~3 g6 determined
from the 40-50% of alkene that reacted and reaction rate constants (Aschmann and
Atkinson, 2008a).

Particle and GasAnalysis. A thermal desorption particle beam mass
spectrometer (TDPBMS) was used to analyze particle composition inmea(fiobias et
al., 2000) and by temperature-programmed thermal desorption (TPTD) (Tobias and
Ziemann, 1999). Air was sampled into the TDPBMS and particles were fornoeal int
beam and impacted on a polymer-coated metal vaporizer (Chattopadhyay and Ziemann,
2005). For real-time analysis, the vaporizer was resistively heated to 1160 {aricles

evaporated on impact. Vapor was ionized by 70 eV electrons and analyzed in a
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guadrupole mass spectrometer. For TPTD analysis, the vaporizer was oodlet,
particles were collected for 30 min, and the vaporizer was allowed to warm to -5°C and
was then heated to 200°C using a 2°C hramp to desorb and separate compounds by
volatility prior to mass analysis.

SOA mass concentration,dyh, was calculated as the difference in aerosol
volume concentrations of seed and SOA + seed measured using a scanning mobility
particle sizer (SMPS) (Wang and Flagan, 1990), multiplied by a SOA dendity3 g
cm® measured using a microliter syringe, a microbalance, and a driedittecteof
liquid SOA formed in the reaction of 1-tetradecene. Alkenes were collestédnax TA
solid adsorbent before and after reaction and analyzed by GC-FID (Dochalrfy2605)
to determine the mass of alkene reactM,kene SOA yields were calculated agoa =

3.4. Development of a chemical mechanism and model of SOA formation
Reaction Mechanism. The mechanism of OH radical-initiated reactions of
linear alkenes in the presence of N®shown in Figure 3.1., wherg Represents an

alkyl group and Rrepresents an H-atom in 1-alkenes and an alkyl group in internal
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alkenes. Detailed discussions of the pathways leading to prd@ll+€t80 can be found in

Atkinson and Arey (2003). The reaction is initiated primarily by addition of an OH

radical to the C=C double bond, although H-atom abstraction is significant. Addition

forms twos-hydroxyalkyl radical isomers, which react with © form g-hydroxyperoxy

radicals that react with NO, forminghydroxynitratesP1, P2] or f-hydroxyalkoxy

radicals. Thes-hydroxyalkoxy radicals can react withh,@ecompose, or isomerize.

Reaction with @ forms g-hydroxycarbonylsiP3, P4], but is not important for the large

alkenes of interest here (Atkinson, 2007). Decomposition followed by reaction with O

forms two aldehyde$b, P6] (and a small fraction of other products that are not shown,

such as 1,4-hydroxycarbonyls and 1,4-hydroxynitrates; Aschmann and Atkimson,

preparation), and isomerization followed by reaction witiddms dihydroxyperoxy

radicals that react similarly #@-hydroxyperoxy radicals. The products are

dihydroxynitrates P7, P8] and dihydroxyalkoxy radicals that isomerize and react with O

to form dihydroxycarbonylsH9, P10]. Dihydroxycarbonyls P9, P10] can isomerize to

cyclic hemiacetalsH11] that can dehydrate to dihydrofuraf®lp], or they can form

dimers P13-P15]. On the basis of other studies (Holt et al., 2005; Gong et al., 2005; Lim

and Ziemann, 2005; Kern and Spiteller, 1996) and results presented below,
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dihydroxyketonesR9] probably form mostly cyclic hemiacetaBIl] and dihydrofurans

[P12] and dihydroxyaldehyde$[0] form mostly dimersP13-P15].

Branching Ratios and Product Yields. The branching ratios shown in Figure

3.1 are defined ag = r;/Yr;, where ris the rate a species reacts by pathway i and the sum

is over all pathways by which the species reacts. The sum of branchingaatos f

species is 1. Note that, as, as, a0, 212, 14, and s are associated with the portion of

the mechanism labeled “same pathways” and correspamg] &8, a7, ag, ca1, cns, and

oy, respectively. Values used in the model are given in Table 3.1, and the nisthods

which they were calculated described in Appendix B. The values are consisgitent w

experimental data (Matsunaga and Ziemann, 2008; Aschmann and Atkinson, in

preparation) and with rate constants for OH radical (Kwok and Atkinson, 1995; Ashmann

and Atkinson, 2008; Nishino et al., 2009) and alkoxy radical reactions (Atkinson, 2007).

Molar yields normalized for OH radical addition [(moles of product/moleskeinal

reacted)/oc=c], which are equal to the product of the branching ratios along the pathway

leading to the reaction product divided d-c, were calculated using branching ratios in

Table 3.1 and are given in Table 3.2 along with molar yields of 1,4-hydroxgsitra
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Table 3.1 Branching ratios used for modeling SOA formation from OH radical-initiated
reactions of linear alkenes in dry air in the presence gf NO

branching ratio 1-alkenes internal alkenes

ac=c dc=c dc=c

a 0.70 xac=c 0.50 xac=c

a 0.30 xac=c 0.50 xac=c
as, 0.14 0.15
as, as 0.86 0.85
az, ag 0.00 0.00
ag 0.51 0.67
a0 0.34 0.67
an 0.49 0.33
a2 0.66 0.33
diz, Ai4 0.08 0.02
ais, A 0.92 0.98

“ac=c = Kadd (Kadgd + Kapg. For 1-alkenes,ks=2.47 + 1.4 x (CN-5) and.g= 28 + 9 x [1-
exp(-0.35 x (CN-3))]. Focis andtrans internal alkenes,ks=4.93 + 1.4 x (CN-8),
KadadCiS) = 56.4, and ktrans) = 64. CN is the alkene carbon number. See Appendix B
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Table 3.2 Normalized molar yields of products used to model SOA formation from OH
radical addition and H-atom abstraction reactions of linear alkenes in dnytlag i

presence of NQ

product

normalized molar yiefd

1-alkenes internal alkenes
OH radical addition
S-hydroxynitrates
P1 0.098 0.075
P2 0.042 0.075
P1+ P2 0.140 0.150
S-hydroxycarbonyls
P3 0.000 0.000
P4 0.000 0.000
carbonyls
P5 0.395 0.570
P6 0.395 0.570
P5 + P6 1.140
dihydroxynitrates
P7 0.024 0.003
P8 0.014 0.003
P7 + P8 0.038 0.006
dihydroxycarbonyls
P9 0.271 0.137
P10 0.157 0.137
P9 + P10 0.428 0.274
H-atom abstraction
1,4-hydroxynitrates 0.1 0.1

*Normalized molar yields (OH radical addition) = (moles of protoctes of alkene
reacted)éc-=c. Normalized molar yield (H-atom abstraction) = (moles of product/nudles
alkene reacted)/(1eac=c). Values ofac=c calculated using equations in Table 3.1.
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normalized for H-atom abstraction [(moles of product/moles of alkene reatted)/(

ac=c)].

H-atom Abstraction and Secondary Reactions. First-generation products

formed through H-atom abstraction pathways and second-generation produets form

through reactions of first-generation products with OH radicals have the poteritiaht

SOA, but the reaction mechanisms are complex and the product contributions ddficult t

guantify (Lim and Ziemann, 2005). For simplicity, in a first set of calculaitonas

assumed that the only contribution of H-atom abstraction pathways to SOA formation

was from 1,4-hydroxynitrates, and that the formation of SOA products from segondar

reactions with OH radicals was negligible. The 1,4-hydroxynitnatse assumed to be

formed with an H-atom abstraction-normalized molar yield of 0.1 estimated from

measured yields (Lim and Ziemann, 2005; Reisen et al., 2005) and consistent with values

recently determined by us for£C,7 n-alkanes. The major first generation products of

H-atom abstraction should be alkyl nitrates, 1,4-hydroxycarbonyls, and 1,4-

hydroxynitrates, as observed in similar reactions-alkanes (Lim and Ziemann, 2005;

Reisen et al., 2005). As shown below, thermal desorption profiles showed no alkyl

nitrates or 1,4-hydroxycarbonyls, which would be easily detected sincevthg
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desorb beforgg-hydroxynitrates. Most likely, alkyl nitrates were too volatile to form

SOA, and 1,4-hydroxycarbonyls were absent because they isomerized to cyclic

hemiacetals that dehydrated to volatile dihydrofurans (they are motgevtllanP12 in

Figure 3.1 because they do not have the hydroxy group) (Holt et al., 2005; Lim and

Ziemann, 2005). The dihydrofurans may have then reacted with OH radicals, but would

mostly form volatile carbonylesters (Martin et al., 2002).

In a second set of calculations, upper limits to the possible contributions of

secondary reaction products to SOA yields were estimated using a kioelat written

in FACSIMILE that included gas-phase reactions of alkenes and firstagemeproducts

with OH radicals, and gas-particle partitioning. The rate constants&ond abstraction

and OH radical addition reactions for alkenes were calculated using thees wdt

Nishino et al. (2009) given in Supporting Information, and rate constants for H-atom

abstraction from saturated products were calculated using the structtreitseaethod

of Kwok and Atkinson (1995). An equation for the time-dependent OH radical

concentration was obtained from multiple measurements of alkene concentrats m

during an experiment with 1-tetradecene. Gas-particle partitioningalagated as

described below using measured aerosol mass concentrations. Yields ofgfocet
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by H-atom abstraction followed by OH radical addition were calculatedsynang all

H-atom abstraction products (alkyl nitrates, 1,4-hydroxycarbonyls, and 1,4-

hydroxynitrates) stayed in the gas phase during the entire reaction, thereby

overestimating to some extent the formation of secondary reaction produats.ofiel

products formed by OH radical addition followed by H-atom abstraction wend aiaid

by assuming that during the reaction all OH-addition prodyktts/droxynitrates,

dihydroxynitrates, and dihydroxycarbonyls) other than carbonyls underwepagade

partitioning to the same extent g$ydroxynitrates, and that in the particle phase they

did not react with OH radicals. Since the actual vapor pressures of these compeunds ar

the same or less thghhydroxynitrates, these calculations also overestimate the

formation of secondary reaction products. Because carbonyls are voagiteefntation

products and generally react with OH radicals to form even smaller gisl{dikinson

and Arey, 2003), it was assumed that their reactions did not to contribute to SOA

formation. Calculated molar yields of products were converted to mass yigldsatios

of the molecular weights of product and alkene, and these mass yields wensdtias

a upper limit estimate of the contribution of these reactions to the SOA.yields

81



Gas-Particle Partitioning. The equilibrium gas-patrticle partitioning of products
was calculated using the theory of Pankow (1994), which assumes that particydaie
matter (POM) is a single, liquid organic phase. This assumption seechsinak dried
filter extracts were clear liquids and when seed particle concentratevesmereased
from ~200 to ~1000 g thin 7-tetradecene experiments the SOA yielg-of
hydroxynitrates was ~4 times larger, indicating enhanced gas-tolpgdirtitioning.
Partitioning coefficients were calculated from compound vapor pressutiggyac
coefficients, and mean molecular weights of POM and used with organic aerosol mass
concentration, M (Msoa + Mseeg, to calculate the fraction of each compound in the
particle phase. Activity coefficients were assumed to be unity (Seirtfald 2001) and
the mean molecular weight of POM was assumed to be tifahydroxynitrates. Product
vapor pressures were estimated from measured partitionyyfroxynitrates and
group contribution calculations described in Appendix Figure B.1 and Table B.1.

SOA Yield Calculations. For each alkene, the total (gas + particle) mass
concentration of each product was calculated by multiplying the molar yigéabla 2 by
ac=c for OH radical addition and &c-c for H-atom abstraction, the ratio of the

molecular weights of product and alkene, AL ene Product mass concentrations,
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partitioning coefficients, and seed particle mass concentration were theio gaézitate
SOA yield (Colville and Griffin, 2004). In one case, it was assumed that
dihydroxycarbonylsP9, P10] existed entirely in the particle phase as non-volatile cyclic
hemiacetalsR11], dihydrofurans P12], and dimersiP13-P15] rather than in gas-patrticle

partitioning equilibrium.

3.5 Results and discussion

Measured SOA Products. Thermal desorption profiles and real-time mass
spectra of SOA formed from reactions of 1-tetradecene and 7-tetradeeeshean in
Figure 3.2. In Figure 3.2A, total ion (TI) signal is proportional to organic masbleC
and Coggeshall, 1958), so profiles represent distributions of SOA mass with respect to
volatility. For both reactions, there are peaks at 4&G%hd 70-88C. For 1-tetradecene,
a large peak is also observed at 90°0)@vhereas for 7-tetradecene only a tail appears in
this temperature range. The first two peaks are ffdmgdroxynitratesP1, P2] and
dihydroxynitrates P7, P8]; their mass spectra after HPLC separation, desorption profiles
of characteristic ions, fragmentation pathways, and yields are disclssetiere

(Matsunaga and Ziemann, 2008). Those formed from reactions of 1-tetradecene and 7
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Figure 3.2 (A) Total ion f/z 50-500) thermal desorption profiles and (B,C) real-time
mass spectra of SOA formed from the OH radical-initiated reactionsetfallecene and
7-tetradecene in dry air in the presence of N@Figure 3.2A, signals from DOS seed
particles were removed by multiplying th#z 185 profiles (due to overwhelmingly to
DOS) by the ratio of (total ion)f§z 185) signals measured for DOS seed particles in

real-time, and then subtracting. Thermal desorption profiles were smoothed and
normalized to peak values.
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tetradecene have characteristic peake/afl79, 197, and 199, andratz 97 and 115,
respectively.

Peaks ain/z 227 and 209 in Figures 3.2B, 3.2C are characteristic of cyclic
hemiacetalsP11] and dihydrofuransH12], the ions being formed by loss of OH fromthe
molecular ion (Gong et al., 2005; Lim and Ziemann, 2005). These compounds have low
vapor pressures, as indicated by thermal desorption profiles shown in Figure 3.3A. The
cyclic hemiacetal desorbed after the dihydrofuran because the extexygdoup
lowers its vapor pressure. These profiles overlap with a large peak at @in@be Tl
profile in Figure 3.2A, indicating the compounds may contribute significant S&&.m
This product assignment is supported by results shown in Figure 3.3B. In thisrexyeri
20 ppmv of Q was added to the chamber 4 hr after the lights were turned offn&OA
209 signal disappeared immediately due to reaction of the dihydrofuran double bond with
Os. Them/z 227 signal decayed with a lifetime of ~5-10 min, consistent with measured
rates of dehydration of cyclic hemiacetals (Holt et al., 2005). The sloway dénm/z
185 signal, mostly from DOS seed particles, is consistent with H-atomciostriay

NO; radicals (Docherty and Ziemann, 2006) formed from reactiory @fith NO..
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Figure 3.3 Mass spectral analyses of SOA formed from OH radical-initiatedoeaatf
1-tetradecene in dry air in the presence of,NA®) Thermal desorption profiles of ions
characteristic of cyclic hemiacetal®/z 227) and dihydrofuransn(z 209), (B) real-time

signals of these ions after addingt® the chamber containing SOA, (C) real-time mass

spectra fomyz 300-500, and (D) thermal desorption profiles of ions characteristic of

dimers. A, C, and D were obtained without addgdT@ermal desorption profiles were

smoothed and normalized to peak values, and signals in B were normalized to values and

0 min.
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Thenvz 300-500 region of the real-time mass spectrum from the reaction of 1-

tetradecene is shown in Figure 3.3C. These peaks extend beyond masses of potentia

products of secondary reactions with OH radicals. For example, addition of thregyhydr

groups and two nitrooxy groups gives a product with molecular weight 368. Instead,

these peaks are probably associated with oligomeric species formeditg-pnase

reactions. Trends observed in mass spectra for reactions of 1-undecene, hajatate

1-tridecene (Figure 3.4), and 1-tetradecene (Figure 3.3C) support this ideaa3he

spectra exhibit two patterns. Peaksnat 316, 330, 344, and 358 for the reaction of 1-

undecene are shifted Inyz 14, 28, and 42 in mass spectra from reactions of 1-dodecene,

1-tridecene, and 1-tetradecene. This is expected for products of reactions of a

homologous series of compounds with successive molecular weights increasing by 14

units. A different pattern is observed at higher masses, however. Peak83a0, 386,

and 402 for the reaction of 1-undecene are shiftetVbg8, 56, and 84 in mass spectra

from reactions of 1-dodecene, 1-tridecene, and 1-tetradecene. This patt&isisteat

with the formation of dimergq13-P15], where an increase of 14 units in monomer mass

increases dimer mass by 28 units.
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Figure 3.4 Real-time mass spectra characteristic of dimers in SOA forragdtfre OH
radical-initiated reactions of (A) 1-undecene, (B) 1-dodecene, and (Cletdre in dry

air in the presence of NO
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For these reactions, the most likely monomers are dihydroxyaldetBi@s [
These compounds are major gas-phase products from reactiop€gl @lkenes
(Kwok et al., 1996), and synthetic organic chemistry studies shavisdiroxyaldehydes
such as these are unstable and rapidly form dimers (Kern and Spiteller, 1996% Dime
formed from products of the reaction of 1-tetradecene would have moleculat W@y
Peaks ain/z 454, 470, and 486 would correspond to (M=34y1-18)", and (M-2J ions
formed by loss of bD,, H,O, and H from a dimer (or dimer isomers) of mass M, which
is reasonable. Desorption profiles of these ions have peaks at 92, 102, ¥hh$12
shown in Figure 3.3D, indicating three dimers with different volatilitieall ire
dihydroxyaldehyde dimers, then three possible is@tnectures are shown Figure 3.1.
ProductP13 is a linear hemiacetal and produltigt andP15 are cyclic hemiacetals. The
latter two structures were proposed for dimers formed from synthegized
hydroxyaldehydes (Kern and Spiteller, 1996). In the experiment described above in
which O; was added to the chamber 4 hr after the lights werent## 70 and 486 signals
decayed in a few minutes (th®@z 454 initial signal was too small to monitor). This
indicated the compounds are saturated but can dehydrate to dihydrofurans, asl expecte

for productsP14 andP15. Because desorption profiles of dimer ions overlap with the
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Figure 3.5 Calculated yields of SOA products formed from OH radical-initiated iceect

of 1-alknenes and internal alkenes in dry air in the presence pffifdires show results
for dihydroxycarbonyls (DHC)3-hydroxynitrates (HN), and dihydroxynitrates (DHN)

formed by OH radical addition pathways, and 1,4-hydroxynitrates formed by-abent
abstraction (HAA) pathway. The models assumed that secondary reaction paiduct

not contribute to SOA mass and that dihydroxycarbonyls were either (gpp)paudiate

partitioning equilibrium or (nv) entirely in the particle phase as non-volatdiccy
hemiacetals, dihydrofurans, or dimers.
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large peak at 90-16Q in the TI profile in Figure 3.2A, these compounds may contribute
significant SOA mass. Mass spectra showed no evidence for dimer formation fr
reactions of internal alkenes, probably because the dihydroxycarbonyl pro@ucts ar
dihydroxyketones, which have less of a tendency than dihydroxyaldehydes to form
hemiacetals and cyclic dimers.

SOA Composition and Yields: Model Results and Measurements. Yields of
SOA products calculated using the model described above, without estimates for
contributions from secondary reaction products, are shown in Figure 3.5 and Appendix
Tables B.3 and B.4. The difference between Figures 3.5A and 3.5B and the twahalves
Figure 3.5C is the model treatment of dihydroxycarbonyls. For resultsdabel€-gpp
it was assumed that dihydroxycarbonyls are in gas-particle pargi@ojuilibrium,
whereas for results labeled DHC-nv it was assumed they form non-volaile ¢
hemiacetals, dihydrofurans, and dimers that are entirely in the particke pload -
alkenes> C;s, differences in composition calculated with the two models are small
because in both cases dihydroxycarbonyls are almost entirely in theepainthse.
Calculated yields of individual products in SOA averaged over this carbon number range

were 0.337 (DHC-gpp) and 0.350 (DHC-nv) for dihydroxycarbonyls, 0.128-for
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hydroxynitrates, 0.036 for dihydroxynitrates, and 0.037 for 1,4-hydroxynitrates. The
average total yields for SOA products of 0.530 (DHC-gpp) and 0.544 (DHC-nv) agree
very well with the average measured SOA yield of 0.518. Note that the measuxed SO
yields were not used in the development of the model, so this is a comparison of the
model output with independent measurements. Dihydroxycarbonyls were calocolated t
contribute ~65% of SOA mass, consistent with the total ion profile shown in Fig. 2A for
the 1-tetradecene reaction where roughly half of the area is condriipptbe peak at

94°C. As the carbon number decreased fromt€ G, SOA composition changed due to
gas-particle partitioning, with compounds being preferentially lost to thelyase in the
order of vapor pressures: 1,4-hydroxynitratgstrydroxynitrates ~ dinydroxycarbonyls
(DHC-gpp) > dihydroxynitrates > dihydroxycarbonyls (DHC-nv). The déffiees in
composition predicted by the two models also increased dramatically because
dihydroxycarbonyls had the largest total (gas + particle) yields of aliatSOA-

forming products and, depending on the model, could be predominantly in either the gas
or particle phases. For thes@nd G- internal alkenes, differences in calculated
composition due to the treatment of dihydroxycarbonyls were small. Calcuateda

yields of individual products in SOA were 0.240 (DHC-gpp) and 0.265 (DHC-nv) for
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dihydroxycarbonyls, 0.124 fg#-hydroxynitrates, 0.006 for dihydroxynitrates, and 0.021

for 1,4-hydroxynitrates. The average total SOA yields of 0.390 (DHC-gpp) and 0.418

(DHC-nv) agree very well with the measured value of 0.405 farAS the carbon

number decreased from43o G4, SOA composition changed as it did for reactions of 1-

alkenes, but with greater loss of compounds to the gas phase because of their higher

vapor pressures.

SOA vyields calculated without and with upper limit estimates for the

contributions from secondary reaction products are compared with measured values over

the entire carbon number range in Figures 3.6A and 3.6B, respectively, afwb ajieen

in Appendix Tables B.2-B.4. Results shown in Figure 3.6A indicate that for 1-alkenes the

DHC-nv and DHC-gpp models work very well down to aboytdhd Gs, respectively.

Below these carbon numbers, the DHC-nv model over-predicts SOA yields by an amount

that increases with decreasing carbon number, whereas the DHC-gpp model under-

predicts SOA yields by an amount that decreases with decreasing carldmer.riResults

shown in Figure 3.6A also indicate that for internal alkenes the DHC-nv and PpiC-g

models both work very well at;&(and presumably at higher carbon numbers), but that

for smaller carbon numbers they significantly over-predict SOA yields.i$tdue
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Figure 3.6 Calculated and measured yields of SOA formed from OH radical-initiate
reactions of 1-alkenes and internal alkenes in dry air in the presenceg.ofidONodels
assumed that secondary reaction products (A) did not or (B) did contribute to S®A mas
and that dihydroxycarbonyls were either (gpp) in gas-particle partigaguilibrium or

(nv) entirely in the particle phase as non-volatile cyclic hemiacetalgrturans, or

dimers.
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primarily to excess contributions from dihydroxycarbonyls, which in Figure &82A

shown to comprise only a small fraction of the SOA mass for the 7-tetradesaaation.

A plausible explanation for this excess is that the vapor pressures used in theomodel f

dihydroxycarbonyls formed from reactions of internal alkenes are too lovaryca of

~3, which is equivalent to a decrease of ~1 carbon number. If the vapor pressures used in

the DHC-gpp model were increased by this amount, then the model curve shown in

Figure 3.6A would be shifted to the right by ~1 carbon number, and the agreement with

measured yields would be quite good.

As expected, and as is shown in Figure 3.6B, including secondary reaction

products in the models increases the calculated SOA yields. Ahguh€DHC-gpp and

DHC-nv models both over-predict SOA yields. Beloyg,@he DHC-nv model over-

predictions are larger and the DHC-gpp model under-predictions are sniadidredt

region to compare these models is probably abgyes{dce all the products are entirely

in the particle phase and uncertainties due to gas-particle partitioningraferene

minimized. Results for that region suggest that secondary reaction products do not

contribute significantly to SOA mass, since adding them to the model worsens the

agreement between the calculated and measured SOA yields.
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The observation that SOA yields measured for the reactions of 1-alkengs < C
are between those calculated using the DHC-gpp and DHC-nv models indicatks that
formation of cyclic hemiacetals, dihydrofurans, and dimers from dihydroaogls is
reversible. Mass spectra show peaks due to cyclic hemiacetals, dihydrofun@duasmers
formed from dihydroxcarbonyls at least as small gsr@icating that these reactions
occur for the smallest compounds studied. If the reactions were irrevetiséyeshould
lead to complete gas-to-particle partitioning of dihydroxycarbomysstlaerefore SOA
yields similar to those calculated using the DHC-nv model. Conversely, itdgers
reactions should lead to some fraction of dihydroxycarbonyls existing in the gasipha
equilibrium with the non-volatile products, and SOA yields between those cattulate
using the two models, as observed here. These reversible reactions cannot be
incorporated into the model is a rigorous way, since there are insufficietbdata
constrain the particle-phase equilibria between dihydroxycarbonyls anddhieus
reaction products. Nonetheless, if, for example, one assumes that particleeplctisas
of dihydroxycarbonyls form only dimers, then this reaction can be added to the model
and the equilibrium constant, K {mg") = [dimer}/[dihydroxycarbonyl}?, can be

estimated by fitting to measured SOA yields. When this was done, a value ofe-& ga
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good fit (not shown). While this is not a chemically meaningful quantity, such an

approach might be sufficiently accurate for some modeling purposes.

3.6 Conclusions

The very good agreement between calculated and measured SOA yields for

reactions of large alkenes in which gas-to-particle partitioning of dihydeskonyl,s-

hydroxynitrate, dihydroxynitrate, and 1,4-hydroxynitrate products is eaigmtbmplete,

indicates that the chemical mechanism developed here using measured yeddisieind

structure-reactivity methods provides an accurate representation ostpbage

chemistry. The model should therefore be useful in this partitioning regime. The

divergence between model predictions (whether assuming gas-particiempagit

equilibrium or complete gas-to-particle partitioning of dihydroxycarborassl)

measured SOA yields for smaller alkenes is problematic, however, ang clearl

demonstrates the challenges to be faced in incorporating particlegbteasestry into

this and other SOA models. Fortunately, for this system the gas-phaserr@actiucts

are sufficiently well known and few in number that the particle-phaseard¢aand

products can be identified. In particular, dihydroxycarbonyls are shown to undergo a
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number of reversible, particle-phase reactions to form lower volatility preduct

appears that those containing a 1,4-hydroxyketone unit form cyclic hemseaedal

dihydrofurans, whereas those containinglaydroxyaldehyde unit form hemiacetal

dimers. Previous studies of similar OH radical-initiated reactions of edk@mm and

Ziemann, 2005) and of reactions of alkenes withy Kdicals (Gong et al., 2005) have

also observed the formation of cyclic hemiacetals, while studies of alkene ysisnol

have observed that hydroperoxides can undergo intramolecular or intermolecular

reactions with aldehydes to form cyclic (Ziemann, 2003) and linear peroxytetals

(Tobias and Ziemann, 2000).

Accurate modeling of even the simple set of reactions identified heregiilire

substantially more information on particle-phase kinetics and the effects ajrenental

variables, such as relative humidity and particle acidity, on the cherkigtrgxample, it

was observed (though not shown here) that SOA formation was insensitive to dhanges

relative humidity but that adding ammonia reduced the formation of cyclic headgce

dihydrofurans, and dimers, apparently by neutralizing nitric acid (formed Hhe

NO, reaction) that catalyzes the particle-phase reactions. Although agcguch

detailed information will be a challenge, it may be difficult to develop chadipic
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speciated SOA models that can be applied to the laboratory or atmosphere with

confidence without a much greater understanding of these types of reactions.réhe cur

state of models for reactions of terpenes (Jenkin 2004) and aromatics (Johnson et al.,

2004), in which SOA is known to contain significant amounts of oligomers (Tolocka et

al., 2004; Docherty et al., 2005; Kalberer et al., 2004), is that the vapor pressures of gas-

phase reaction products must be reduced by a few orders of magnitude below their

calculated values in order to mimic the effects of particle-phasearescin volatility

and achieve good agreement with measured SOA yields.
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Chapter 4

Yields of g-Hydroxynitrates, Dihydroxynitrates, and Trihydroxynitratesin

Aerosol Formed from OH Radical-I nitiated Reactions of

2-Methyl-1-Alkenesin the Presence of NOy

4.1 Abstract

Yields of g-hydroxynitrates, dihydroxynitrates, and trihydroxynitrates formed

from OH radical-initiated reactions 0,5 2-methyl-1-alkenes in the presence of,NO

were measured using a thermal desorption particle beam mass spectoougtst to a

high-performance liquid chromatograph (HPLC) with UV-vis detectordentification

and quantification. When normalized for OH radical addition to the C=C double bond,

yields of g-hydroxynitrates and dihydroxynitrates increased with carbon number

primarily due to enhanced gas-to-particle partitioning to plateaus, ar C;s of 0.225 +

0.007 and 0.055 + 0.006 respectively. The ratio of 1-hydroxy/2-hygsdyydroxynitrate

isomers was 0.90:0.10. Average qf,@nd Gs OH addition-normalized trihydroxynitrate

yields were 0.042 £+ 0.006. Calculations performed by combining yield measurements

from this and a previous study of similar reactions of linear 1-alkenes andifitezaal
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alkenes (Matsunaga and Ziemann, 2009) indicate that the relative ratiosrfmgfor
primary, secondary, and tertigfyhydroxyalkyl radicals by OH radical addition to the
double bond are 1.0:1.9:4.3, and the branching ratios for forfamglroxynitrates from
reactions of primary, secondary, and tertigtyydroxyperoxy radicals with NO are 0.12,

0.15, and 0.25. The effects of®lvapor and Nklon yields were also explored
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4.2 Introduction

Hydrocarbons are emitted from both anthropogenic and biogenic sources.

Approximately 90 % of global emissions are biogenic hydrocarbons, with a lacgerr

of these being alkenes including isoprene and monoterpenes (Guenther et al., 1995).

Alkenes are oxidized in the atmosphere through reactions initiated, IHOradicals,

and NQ radicals, with reactions with OH radicals being the major daytime sink. As a

result of these reactions, a large variety of oxygenated products arel figktkimson and

Arey, 2003a; Calvert et al., 2000), some of which may have sufficiently low vapor

pressures because of the addition of functional groups, to condense onto particles and

form secondary organic aerosol (SOA) (Kroll and Seinfeld, 2008). SOA is known to

comprise a large fraction of the mass of atmospheric fine particlesg2hah, 2007),

and to have important impacts on human health (Englert, 2004), visibility (Finlayson-

Pitts and Pitts, 2000), and global climate (Andreae and Crutzen, 1997), but significant

uncertainties still exist regarding its sources (DeGouw and Jimenez, 2009)irgodel

studies indicate that the products of isoprene and monoterpene reactions are the major

contributors to SOA mass on a global scale (Kanakidou et al., 2005) and that in urban

areas, products of aromatic reactions are also thought to be important (jknmémesnt),
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including those formed from reactions of first-generation, unsaturated ring-opened

products (Johnson et al., 2004).

The basic steps (involving alkyl, peroxy, and alkoxy radicals) in the reattyons

which alkenes are oxidized in the atmosphere are reasonably well understonsiofit

and Arey, 2003a); however, few reaction products have been identified and even fewer

guantified. This in understandable, since the mechanisms are complex and the products

are many. In an effort to address this lack of fundamental knowledge on reaction

mechanisms, we recently carried out a detailed study of the products and srachani

SOA formation from the OH radical-initiated reactions of linear alkendseipitesence

of NOy (Matsunaga and Ziemann, 2009; Matsunaga et al., 2009). The reactions are

sufficiently “simple” that we were able to identify nearly all the péatphase products,

and to quantify hydroxynitrates and dihydroxynitrates. Using these resdlsome

additional information from the literature, we were then able to develop a queatitat

reaction mechanism and a model for SOA formation (Matsunaga et al., 2009). Recentl

we extended these studies to similar reactions of 2-methyl-1-alkenear Knowledge,

only the gas-phase products of the reaction of 2-methyl-1-propene have bsereshea

(Tuazon et al., 1998). As is shown below, the presence of a methyl group on the C=C
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double bond alters the reaction mechanism and products in interesting and important

ways. The results should help in understanding the chemistry of some of the most

abundant compounds in the atmosphere, since isoprene and the monoterjaeikgs

pinene, as well as sesquiterpenes and others, have this subunit in their structure.

4.3 Experimental Section

Chemicals. The following chemicals, with purities (when available) and sappl

were used: 2-methyl-1-nonene (97%), 2-methyl-1-undecene (97%), 2-ethyilitexty

(97%), chloroform-d (99.8 atom % D), 2-nonanone (99+%), and 2-octanone (98%)

[Sigma-Aldrich], 2-methyl-1-octene (97%), 2-methyl-1-tridecene (R3d 2-methyl-1-

tetradecene (97%) [ChemSampCo], 2-methyl-1-decene (97%) and 2-methytdeded

(>97%) [Rieke Metals], dioctyl sebacatd{%) [Fluka], and NO [Matheson Tri Gas].

All chemicals were used without further purifications ilas generated using a Welsbach

T-408 G generator.

Environmental Chamber M ethod. Reactions of 2-methyl-1-alkenes with OH

radicals in the presence of N@ere conducted in a ~5900 L PTFE environmental

chamber at room temperature (~25 °C) and atmospheric pressure. The chancher, whi
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has blacklights covering two walls, was filled with clean, dry air (< 5 pplvdwarbons,
< 1% RH, <50 ppbv NQ < 10 ppbv @) from an Aadco clean air system. In a typical
experiment, ~20Qg m”* dioctyl sebacate seed particles generated by an evaporation-
condensation apparatus were added to the chamber, 1 ppmv of alkene was evaporated
from a glass bulb using gentle heating and flushed into the chamber in a cltasaarr,
and 5 ppmv each of methyl nitrite and NO were added. NO was added to the chamber to
suppress @and NQ radical formation. For 2-methyl-1-tetradecene, reactions wseoe al
performed at 50%RH and with 20 ppmv Nid dry air.

The reactions were initiated by turning on the blacklights, which generbtes O
radicals by photolyzing methyl nitrite (Atkinson et al., 1981). The chambeirvealiated
for 6 min, during which time 40-50% of the alkene reacted, NO decreased by 1-2 ppmyv,
and NQ stayed approximately constant. SOA formed within 1 min of turning on the
blacklights. The average OH radical concentration estimated from thenésrof alkenes
reacted and OH radical rate constants (Nishino et al., 2009) was <2xi100; was
measured using a Dasibi model 1003-Akinnitor and NO and NQwere measured

using a Thermo Environmental Instruments Inc. 42C NQ-NOy analyzer.
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Particle Mass Spectrometric Analysis. A thermal desorption particle beam mass
spectrometer (TDPBMS) was used to analyze particle composition inmea(fiobias et
al., 2000) and by temperature-programmed thermal desorption (TPTD) (Tobias and
Ziemann, 1999). Aerosols were sampled from the chamber through an aerodgmamic |
(Liu et al., 1995a; Liu et al., 1995b), and the resulting beam impacted in a V-shaped notch
in the tip of a gold-coated copper vaporizer rod coated with a nonstick polymer
(Chattopadhyay and Ziemann, 2005). For real-time analyses, the rod wingelgsis
heated to 160 °C. Particles were vaporized upon impact, and the vapor was ionized by 70
eV electrons and analyzed in an ABB Extrel MEXM 500 quadrupole mass spectromete
For TPTD analysis, the vaporizer rod was cooled to -40 °C and particles weledam
for 30 min. The rod was allowed to warm to -5 °C and then heated to 200 °C with a
computer controlled linear temperature ramp of 2 °C’m@ompounds desorbed from
the vaporizer according to their volatilities, allowing separation of compofentsgass
spectral analysis. The mass spectrometer was typically scaoneahviz 40-500 in 30 s.

Aerosol Size Distribution and Alkene Analysis. Alkene concentrations were
measured before and after reaction by using gas chromatography withdtaza¢ion

detection (GC-FID) to analyze samples collected on Tenax TA soluttzats
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(Docherty et al., 2005). Analyses of replicate samples taken at 30 min Is&gveed

within £5% both before and after reaction, and the FID signals from alkenes abllecte

before reaction were within £5% of values expected for a 1 ppmv chamber concentration

(based on solution calibration curves), so no wall loss corrections were nedeasihe

size distributions were measured every 2 min during reactions and filterirsgmujth a

scanning mobility particle sizer (SMPS) (Wang and Flagan, 1990). The SofRSts of

a?'%o bipolar charger, a long differential mobility analyzer similar desighe TSI

model 3934, a TSI Model 3010 Condensation Particle Counter, and a scanning/inversion

program developed by the McMurry group at the University of Minnesota for use wit

Labview software. A microliter syringe and balance were used to measieresity of 1.1

g cm’for the dried SOA filter extract from a reaction of 2-methyl-1-treteewithout

seed aerosol. Aerosol mass yields [aerosol formgaC)/alkene reactedyy m-)] were

calculated using the aerosol volume concentration calculated from SNt $hea

measured SOA density, and the mass of reacted alkene calculated from @&t&ID
Hydroxynitrate Analysis. After each reaction, filter samples were collected for 2

h on Millipore filters (1.0um pore size, Fluoropore FALP, 47 mm, without pretreatment)

at ~15 L mift. The collection efficiency of these filters was determined to be the aam
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0.45um pore size filters, but had the advantage of a smaller pressure drop. This was

helpful, since the sampling flow rate was controlled by a calibratedatitifice located

between the filter holder and a vacuum pump, and corrections for the reduction in flow

that occurred as the filter accumulated sample were minimized (< 5-1096)naythe

1.0 um pore size filters. Filter samples were extracted immediatedyored at -20 °C,

and stored samples were extracted within 1week of collection because itterasimed

that all hydroxynitrates were stable for at least this period of tirmeplea extracted

after 1 month showed losses/hydroxynitrates (but not the other hydroxnitrates) due

to decomposition. . Filters were extracted twice with 4 mL of ethyl tcataoom

temperature for >10 min, the extracts were combined, dried wjtand, depending on

the aerosol mass collected, re-dissolved in 3Qi56thyl acetate. Tests carried out using

different solvents, sonication, multiple extractions, and filter spiking indicataxery

rates were 90-100%.

Extracts were analyzed using an Agilent 1100 Series HPLC coupled tovaésUV-

diode array detector at 210 nm, a wavelength at which nitrate absorbs s{fangterty

and Ziemann, 2006). The HPLC contained a 250 x 4.6 mm Zorpax>$DB-C18

column that operated at room temperature. The HPLC method employed gradient elut
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using water and acetonitrile, with the contribution of acetonitrile to the mobiszpha
maintained at 50% for 10 min and then increasing linearly to 100% in 50 min. The flow
rate was 1 mL mih and the sample injection volume was}10 Hydroxynitrates were
qguantified using three calibration curves prepared using a mixture of gither
hydroxynitrate isomers, dihydroxynitrate isomers, or trihydroxymtisemers formed
from a 2-methyl-1-tridecene reaction. The purified mixtures of each ofas
hydroxynitrate used to prepare the curves were obtained by collecting siiduloé
appropriate mixture after it had passed through the UV-Vis detector. Puofithes
standards were verified by HPLC analysis. The molar yield of organatenitr particles
was calculated as (moles of compound collected on filter/volume of air sarapled)g!
mass concentration after reaction/average aerosol mass concentratioriiltering
sampling)/(moles of alkene reacted per volume of air). The term contamiogol mass
concentrations is to collect for the wall loss of aerosols during filter sampliigthe
aerosol mass concentrations were measured with an SMPS.The molar akissrpfivit
the g-hydroxynitrate, dihydroxynitrate, and trihydroxynitrate standardgivel to 2-
ethylhexyl nitrate were 0.412, 0.964, and 0.608, respectively. The values measured

previously forg-hydroxynitrates and dihydroxynitrates (no trinydroxynitrates were

115



observed) formed from the reaction of 1-tetradecene were 0.786 and 0.963 (Matsunaga

and Ziemann, 2009). It is worth noting that these data exhibit some interesting hisnds t

can be explained by hydroxgen bonding, which is known to affect UV absorption (Pavia

et al., 2001). The lower molar absorptivities of hydroxynitrates compared tonahayes

indicates that hydrogen bonding with hydroxy groups reduces absorption byrdlosyit

group. The effect is smallest for dihydroxynitrates (0.963 and 0.964), apparethsbec

the hydroxy groups are on adjacent carbon atoms and so preferdodiadlyo each other.

The effect is larger for trinydroxynitrates (0.608), since the third hydgoayp is located

three carbon atoms away from the other hydroxy groups and so is relatively free to bond

to the nitrooxy group. The largest effect is observegbydroxynitrates in which the

nitrooxy group is on a tertiary carbon atom adjacent to the carbon atom on which the

hydroxy group is located (0.412), and the effect is reduced when the nitrooxy group is

instead on a secondary carbon atom (0.786).

Hydroxynitrates were identified from particle mass spectra obtainedupfting

the HPLC to the TDPBMS via a Collison atomizer. Effluent from the HPLC aolvas

atomized, the solvent was removed as the drops passed through activated chdrcoal a

silica gel diffusion dryers, and the remaining hydroxynitrate partwete analyzed in
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the TDPBMS. Identifications were verified by NMR analysis of purified samples

using a Varian Inova 500 MHz instrument.

4.4 Results and Discussion

Reaction Mechanism. The mechanism of the reaction of 2-methyl-1-alkenes
with OH radicals in the presence of Ni® developed based on previous studies of OH-
radical initiated reactions of alkenes in the presence qf(NtRinson and Arey, 2003b;
Matsunaga and Ziemann, 2009; Matsunaga et al., 2009) and is shown in Figure 4.1,
where R represents an alkyl group. In Figure 4.1s the branching ratio for the reaction
of a specie by pathwaydefined asxy = r/Zr;, where ris the reaction rate for pathway
and the sum is over all pathways for the specie and equal to 1. The focus here is on
guantifying branching ratiogsc=c anda- a6, S0 only these are discussed below; the
others are discussed in Chapter 5. The reaction is initiated either by additro®Hdf a
radical to the C=C double bondd-c) or abstraction of a H atom (@:=c). The reactions
that follow H-atom abstraction are the same as those that occur in OH-naitieizd

reactions of alkanes, and are described elsewhere (Atkinson and Arey, 2@0aagdL
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presence of NQ
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Ziemann, 2009). For the OH radical addition pathway, addition can occur at eitham car

of the C=C double bond to form a pair@hydroxyalkyl radical isomers. The branching

ratios for addition to the first and second carbon atom&aa@ad oo, with aq + oo = ac-=c.

The p-hydroxyalkyl radicals react with Qo form g-hydroxyperoxy radicals that then

react with NO to forn-hydroxynitrates [P1, P2] with branching ratiesandaa, or -

hydroxyalkoxy radicals with branching ratias andas. Note thatos + as = 1 anday

+ as = 1, and thaty, andas (not shown in Figure 4.1) corresponddpand os except

they are associated with reactions of 2-hydroxy isomers instead ofdxiydomers.

The term “same pathways” that appears in Figure 4.1 is associated witts sjeztied

from reactions of 2-hydroxyalkyl radicals (left-hand side of Figure 4.1), ameéast to

refer the reader to the corresponding species derived from reactions of 1yngdrogrs

(right-hand side of Figure 4.1) for detailed mechanisms.

The f-hydroxyalkoxy radicals react with,Odecompose, or isomerize through a

6-member ring transition state. Reaction of the 2-hydroxyalkoxy radidalQyitorms a

o—hydroxycarbonyl [P4], but this pathway is not accessible to the 1-hydroxyalkoxy

radical because there is no H atom available on the second carbon atom fori@siyact

O,. Decomposition followed by reaction with, @rms formaldehyde [P5] and a ketone
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[P6], and isomerization followed by reaction with fOrms dihydroxyperoxy radicals
that then react (similar to thiehydroxyperoxy radicals) with NO to form either
dihydroxynitrates or dihydroxyalkoxy radicals.

The dihydroxyalkoxy radicals can isomerize in two different ways. Those
derived from reactions of 2-hydroxyalkoxy radicals primarily undergo a rapverse”
isomerization in which the alkoxy group abstracts an H atom from the terranbainc
atom, and then reaction with, @rms a dihydroxycarbonyl [P13] (Atkinson, 2007). A
very minor isomerization pathway involves abstraction of an H-atom frompayidp
further along the carbon chain followed by reaction wightdorm trihydroxyperoxy
radicals, which then react by pathways similar to those described above for
dihydroxyperoxy radicals to form trihydroxynitrates [P10] amigydroxycarbonyls [P12].
In the case of dihydroxyalkoxy radicals derived from reactions of 1-hydiwmza
radicals, reverse isomerization cannot occur because there is no H attstriacten on
the second carbon atom. Isomerization therefore continues along the carbon chain,
leading to the formation of trinydroxynitrates [P9] and trihydroxycarkso[B11].

SOA Product Identification. The TDPBMS real-time mass spectrum and

thermal desorption profiles of selected single ions of the aerosol products foomed fr
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Figure4.2 (A) Real-time TDPBMS mass spectra and (B) thermal desorption prédile
SOA formed from the OH radical-initiated reaction of 2-methyl-1-tktcane in dry air
in the presence of NOThermal desorption profiles were smoothed and normalized to
peak values.
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the OH radical-initiated reaction of 2-methyl-1-tetradecene in treepoe of NQare

shown in Figure 4.2. Desorption profiles are normalized to the maximum values. The
desorption temperature of a compound is related to the compound vapor pressure, and in
general, compounds with lower vapor pressures have higher desorption temperatures
The total ion (TI) signal is approximately proportional to aerosol mass (Cradble a
Coggeshall, 1958), so the relative intensities of peaks in a Tl profile are imelichthe
relative abundance of the aerosol compounds associated with those peaks. 14.Ejgure
the Tl profile has three major peaks or shoulders at approximately 57, 77, and 100 °C,
indicating the presence of at least (since some compounds may haved#solgotion
temperatures) three major SOA products. These peaks overlap with peaks/ind6e
profile, which is due to N@ and is characteristic of organic nitrates. The absence of non-
nitrate compounds more volatile than the three organic nitrates is consigtetitewi
expectation that formaldehyde [P5] and ketones [P6] are too volatile to be in particle
The large high mass peaks observea/a?13,m/z 211, anchz 272 in the real-time

mass spectrum are associated with the compounds that desorb at 57, 77, and 100 °C,
respectively, and are assignegstbydroxynitrates, dihydroxynitrates, and

trinydroxynitrates. This assignment is consistent with the three nutratieicts expected
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for this reaction (Figure 4.1), whose vapor pressures progressively adegueat® the
presence of one, two, and three hydroxy groups.

This assignment also agrees with the results of HPLC-TDPBMS anstiysis
in Figure 4.3. For convenience, the following notation will be used here for theustsic
of f-hydroxynitrates, dihydroxynitrates, and trihnydroxynitrates. In the motaltiydroxy
and nitrooxy groups are designated H and N, the location of a group on a carbon chain is
designated by a number before a letter, and the number of carbons in the chain plus the
methyl group are indicated by a subscript number following the letter C. Fopéxa
1,2-dihydroxy-4-nitrooxy-2-methyltetradecane is designated 1,2H4NGe
chromatogram shown in Figure 4.3A was taken under reverse phase conditions; so pola
compounds have earlier retention times. The three peaks are assigned in order of
increasing retention time and decreasing polarity as (1) trihydroaigst (2)
dihydroxynitrates, and (3J-hydroxynitrates. The structures of the compounds were
verified by'H NMR analysis; the chemical shifts are presented in Appendix Table C.2.
The small, partially resolved peak at the front of peak 3 in Figure 4.3A indicateséha
isomer dominates if-hydroxynitrates. On the basis f NMR analysis the major

isomer was determined to be 1H2NGnd from the ratio of the chromatographic peak
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Figure4.3 (A) HPLC-UV chromatogram and HPLC-TDPBMS mass spectra of (B)
trihnydroxynitrates, (C) dihydroxynitrates, and (Bhydroxynitrates formed from the OH
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areas the relative amounts of the 1H2h&d 1N2HGs isomers was determined to be
90:10.

The mass spectra shown in Figure 4.3B and 4.3C are the mass spectra of the
mixtures of the isomers of trihydroxynitrate and dihydroxynitrate, reisgedctFigure
4.3D is the mass spectrum of the mixture of the isomefshgfiroxynitrate, but the
major peaks in Figure 4.3D should represent the mass spectrum of the major isomer,
1H2NG;s. The spectra verify the assertion made aboventfa213,m/z 211, andwz 272
in Figure 4.2A are characteristic gthydroxynitrates, dihydroxynitrates, and
trinydroxynitrates. The other major peak$z 223 andwz 225, are assigned to non-
nitrate organic compounds and are discussed in Chapter 5. The major fragmentation
channel for compounds having two adjacent functional groups is scission of the C-C
bond between the two groups (Matsunaga and Ziemann, 2009; Gong et al., 2005). The
major ions observed for the dihydroxynitrates and trihydroxynitrates caxpbered as
being formed through this fragmentation channel. The molecular weight of the
dihydroxynitrates is 305, and/z 211 is likely a [M-(31+63)]ion formed by losing
CH,OH and HNQ, and then/z 193 ion is then formed by the additional loss eOH.

The molecular weight of trinydroxynitrates is 321, and 272 is likely a[M-(31+18)]
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ion formed by losing CKOH and HO. The molecular weight of th@hydroxynitrates is
289, and fragmentation of 1H2N2MgZjives then'z 213 ion which is likely a [M-(30 +
46)]" ion formed by losing CkO and NQ. Transfer of an H atom from the GBH
scission product to the ion forms more stable products:#QEH);,C(CHs)=OH" ion
and formaldehyde (McLafferty and Twek, 1993).

SHydroxynitrateYields. The molar yields (moles of product formed per mole
of alkene reacted) gf-hydroxynitrates are presented in Appendix Table C.1. Lossés of
hydroxynitrates due to secondary reactions with OH radicals were reshlestause the
estimated losses using a model that accounted for decreased reactiviticiespaere<
5%. The Table contains yields without and with normalization for the fraction of OH-
radical addition that occurs by addition to the C=C double be®d,= Kagg/ (Kagd + Kapg,
wherekapsandkagg are the rate constants for H-atom abstraction and OHradical addition,
respectively. Values dfps (Kwok and Atkinson, 1995) andqq (Nishino et al., 2009)
were calculated using equations developed by Atkinson and co-workers frauretta
rate constant data for 2-methyl-1-alkeriggs= 2.6 + 1.4 X (G-6) andkagq= 51 + 16 X
[1-exp(-0.35 x (G-3))], where G is the alkene carbon number and the unitgfand

kapsare 10" cm® moleculé® s™. Values okagq andkapsincrease with increasing,(ut
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because for the 15 alkeneksincreases more thaqqg oc-c decreases from 0.91 at

Cyto 0.81 at @s. As a result, OH addition-normalized yields are ~10-20% higher than

those that have not been normalized. Also, valueg af are larger for 2-methyl-1-

alkenes compared to the corresponding 1-alkenes (Matsunaga and Ziemann, 2009),

indicating that the presence of a methyl group on the C=C double bond increases

The molar yields of the individugthydroxynitrate isomers in the particle phase, without

and with normalization for OH radical addition, and their sum arespted in Figure 4.4.

Values increase with increasing carbon number, primarily because the vagsurgse

decrease and so compounds partition more to the particle phase where they can be

measured (Matsunaga and Ziemann, 2009). As we discuss briefly below and more

thoroughly in a future publication, recent measurements indicate that senlevolati

compounds having a significant gas-phase component also partition to the chamber walls

This likely contributes to the decrease in yield below @hich is slightly more rapid

than predicted by gas-particle partitioning theory (Pankow, 1994). The branchonigrat

S-hydroxynitrate formation from the reaction #hydroxyperoxy radicals with NO also

increases with carbon number, but this effect is minor for $f€;E£compounds studied

here (Matsunaga and Ziemann, 2009). The total yields appear to reach a plabeau a
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Figure 4.4 Molar yields of (A) total of both-hydroxynitrate isomers, (B)1H2NCand

(C) IN2HG, formed from the OH radical-initiated reaction of 2-methyl-1-alkenes in dry

air in the presence of NQvith normalization for the fraction of the OH radical reaction

that occurred by addition to the double bond. The dashed curve through the yields was
drawn to aid the eye.
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C14 Or G5, Where the small difference in yields is within measurement uncertairay.

Cis yields are 0.183 + 0.005 and 0.225 + 0.007 without and with normalization for OH

radical addition, with reported uncertainties of one standard deviation. Weehtblad at

this plateau these compounds are almost entirely in the particle phase, stthargie

essentially gas + particle values. In our previous measurements of treeofig

hydroxynitrates formed from reactions of 1-alkenes (Matsunaga ana@inerf009) a

plateau was also reached atiz;®ut there it was possible to observe that the plateau

continued out to ¢ because larger 1-alkenes were available for that study. To our

knowledge, only Tuazon et al. (1998) have quantified the yiel#hyfdroxynitrates for a

similar reaction of 2-methyl-1-alkenes, obtaining a value of ~0.09 + 0.03 (all praducts

the gas phase) for the reaction of 2-methyl-1-propene. This value is about Ipdditdiael

value measured here, as expected because of the much lower branching ratsoretlithis

carbon number. The 1H2N@&omer comprises ~90% of the totahydroxynitrates, so

as expected the plot of the yields looks similar to that offthgdroxynitrates and

appears to reach a plateau at @ Cs. The yields of the 1IN2H{dsomer are more

difficult to interpret; they may reach a plateau @, Gut this could not be verified

because larger 2-methyl-1-alkenes were not available (the vapor pressure

129



commercially available 2-methyl-1-heptadecene is too low to carrg gas-phase

reaction). Nonetheless, on the basis of vapor pressures, the yield of the 12 @r

should be close to a plateau. In our studg-bfydroxynitrates formed from reactions of

1-alkenes (Matsunaga et al., 2009), we estimated that the vapor pressures of 1IN2HC

isomers are ~3 times larger than those of 1H2@mners, equivalent to the effect of

having one less CHunit The partitioning of the 1IN2Hgisomer should therefore be

similar to that of the 1H2N{; isomer, which because it has essentially the same yield as

the 1H2N2Gs isomer, appears to be almost entirely in the particle phase. The yields

without and with normalization for OH radical addition are 0.164 + 0.005 and 0.202 +

0.007 for the 1H2NG isomer and 0.019 + 0.001 and 0.023 + 0.001 for the 1IN2HC

isomer, and the relative amounts of these two isomers are 0.90 and 0.10.

The plateau value of the OH addition-normalized yields-bydroxynitrates

formed from 2-methyl-1-alkene reactions, 0.202, is slightly higher than the vaue6af

measured for reactions of linear-1-alkenes but is much lower than the value of ~0.3

estimated from measurements of secondary alkyl nitrates formed frotiomsaxf n-

alkane (Arey et al., 2001). The lower yieldsgatiydroxynitrates from the reactions of 1-

alkenes is thought to be caused by weakening of the O-O bondgrhiltroxyperoxy
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radical-NO intermediate, RCO-O-NO, due to hydrogen bonding between thexyhd

peroxy groups (O'Brien et al., 1998). The presence of a methyl group on thessame c

atom as the peroxy group (the structure for ~90% ofrthgdroxyperoxy radicals

formed from reactions of 2-methyl-1-alkenes) appears to compensate/isanier the

effect of the hydroxy group, presumably by strengthening the O-O bond througbrelectr

donation.

Branching Ratios. As shown in Figure 4.1, the yield, Y, of a compound is equal

to the product of the branching ratios along the pathway by which it is formed. For the

hydroxynitrates 1H2NE[P1] and 1H2NG[P2], this means thatpY = an x az and Yp, =

o X aa, and therefore thad/ ac=c) = (Ypy/ ac=d)/ az and (ol ac=c) = (Ypd =)/ ca. The

values of Y1/ ac=c and Yo = are the OH addition-normalized yields reported above. In

our previous study of the reactions of linear 1-alkenes, we solved for these two equations

simultaneously for values of the four branching ratios by assuming4taat which is

ratio of the branching ratios for the formation/fiydroxynitrates from reactions of NO

with secondary and primaghydroxyperoxy radicals, is either 1 or 1.5 (Cassanelli et al.,

2007). Here, we combine our measured yields from reactions of linear intéera s

linear 1-alkenes, and 2-methyl-1-alkenes to estimate (1) the brametiogyfor the

131



formation of primary, secondary, and tertigihydroxyperoxy radicals by OH radical

addition to a C=C double bond, and (2) the branching ratios for the formafbn of

hydroxynitrates from the reactions of thgshydroxyperoxy radicals with NO. Starting

with linear internal alkenes, for which two secondéi#yydroxyperoxy radicals are

formed, @/ ac=c) = (ol atc=c) = 0.5 andoz = au = (Ypd/ ac=c) + (Ypd ac=¢) = 0.15. Usingrs

= 0.15 for the secondaghydroxyperoxy radicals formed from 1-alkenes givegd.-c)

= (Ypy/ ac=¢)/ a3 = 0.098/0.15 = 0.65, so that for the primgydroxyperoxy radicals

formed from this reactiorno/ ac=c) = 1 - (o ae=c) = 0.35 anduy = (Ypd ac=0)/ (ol =) =

0.042/0.35 = 0.12. Using these values for the pringenydroxyperoxy radicals formed

from 2-methy-1-alkenes gives ac=c) = (Ypd ac=c)/ as = 0.023/0.12 = 0.19, so that for

the tertiaryp-hydroxyperoxy radicals formed in this reactian/@c=c) = 1 - (o c=c) =

0.81 andas = (Ypd/ ac=c)/(cal ae=c) = 0.202/0.81 = 0.25. The branching ratios of 0.35 and

0.65 for the formation of primary and secondgyydroxyperoxy radicals from reactions

of linear 1-alkenes agree very well with the values of 0.65 and 0.35 measured by

Cvetanovic (1976) for 1-propene. The branching ratios of 0.19 and 0.81 for the formation

of primary and tertiary-hydroxyperoxy radicals from reactions of 2-methyl-1-alkenes

agree reasonably well with the values of 0.08 and 0.92 calculated using theestructur
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activity method of Peeters et al. (2007). These branching ratios can be combirved to gi

relative ratios for forming primary, secondary, and tertiahydroxyalkyl radicals by

OH radical addition to the double bond of 1.0:1.9:4.3. This result indicates that OH

radical-addition to a C=C double bond preferentially forms the most gtable

hydroxyalkyl radicals, which follow the order: tertiary > secondaryiragny.

The branching ratios of 0.12, 0.15, and 0.25Gdrydroxynitrate formation from

reactions of primary, secondary, and tertigtyydroxyperoxy radicals with NO

correspond to secondary/primary and tertiary/primary ratios of 1.3 and 2.1. These va

bracket well the values of 1.5 measured by Cassanelli et al. (2007) for trepoadiag

alkylperoxy radicals, although our results indicate an enhancement in tlohibaratios

for tertiary compared to secondaihydroxyperoxy radicals. From the results obtained

here, the stability of thg-hydroxyperoxy radical-NO intermediate in the formatiorpof

hydroxynitrates follows the order: tertiary > secondary > primary.

Dihydroxynitrate and Trihydroxynitrate Yields. The total (sum of isomers)

molar yields of dihydroxynitrates and trinydroxynitrates areguresd in Appendix Table

C.1. Total yields are presented because isomers could not be resolved, and for the

trinydroxynitrates only the £z and Gs compounds could be analyzed because for the
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smaller ones the peak overlapped with the solvent peak. As shown in Figure 4.5, the

yields of dihydroxynitrates increase with increasing carbon number to apkit€, or

Cys. The yields of G dihydroxynitrates without and with normailziation for OH radical-

addition are 0.045 = 0.005 and 0.055 £ 0.006. The yields decrease with decreasing carbon

number less slowly than those of {idaydroxynitrates because of lower vapor pressures

and therefore enhanced partitioning to particles. The average yields@f, tred Gs

trinydroxynitrates, which are expected to be at a plateau since the mdile vola

dihydroxynitrates are at these carbon numbers, without and with normalization for OH-

addition are 0.034 + 0.005 and 0.042 + 0.006.

Effects of Humidity and Ammonia on g-Hydoxynitrate, Dihydroxynitrate,

and Trihydroxynitrate Yields. Experiments were also performed to investigate the

possible effects of 0 vapor and Nklon the yields of>-hydroxynitrates,

dihydroxynitrates, and trihnydroxynitrates Both are important atmospbases capable

of forming complexes with peroxy radicals by hydrogen bonding (Clark et al., 2008; Bi

and Latajka, 2005), and in previous studies of similar reactions of 1-tetradecase it w

observed that yields gi-hydroxynitrates and dihydroxynitrates were reduced by ~75% in

the presence in Nd-but were not affected by, B vapor (Matsunaga and Ziemann, 2009).
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Figure 4.5 Molar yields of dihydroxynitrates formed from the OH radical-initlate
reaction of 2-methyl-1-alkenes in dry air in the presence gf W normalization for
the fraction of the OH radical reaction that occurred by addition to the double bond. The
dashed curve through the yields was drawn to aid the eye.
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Yields measured for reactions of 2-methyl-1-tetradecene in dry aijrdrythe presence

of 20 ppmv NH, and 50% RH, are shown in Table 4.1. The yields of dihydroxynitrates

and trihydroxynitrates were the same under all conditions, whereas lttgeofie

1IN2HGC;5 and 1H2NGs appear to have been reduced by about 15% and 8% bwridH

the yield of 1IH2NGs increased by ~20% in the reaction at 50% RH (compared to dry air)

The presence of a methyl group on the second carbon atom significantly reduces the

effect of NH on boths-hydroxynitrate and dihydroxynitrate yields (compared to the

75% decrease observed for the 1-tetradecen reaction), most likely by retieoaxgent

of hydrogen bonding between hydroxy and the peroxy groups. Whether this is due to

electronic or steric effects is not clear. The observation that inaesdf linear 1-

alkenes and 2-methyl-1-alkenes only the yield of the 1H2MGmer was higher at 50%

RH, and that the yields of all the other products were unaffected, indicatesethat t

presence of a methyl group on the second carbon atom impacts the yield through

electronic effects. Apparently, electron donation by the methyl group esthalustering

of H,O to thep-hydroxyperoxy radical-NO intermediate, RCO-O-NO, and this

strengthens the O-NO bond, possibly by reducing hydrogen bonding between the

hydroxy and peroxy groups. We previously estimated that only ~184géiroxyperoxy
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Table 4.1 Effects of Experimental Conditions on Molar YieldsmHydroxynitrates,
Dihydroxynitrates, and Trihydroxynitrates Formed from OH Radicalatatd Reactions
of 2-Methyl-1-Tetradecene in the Presence ofNO

conditiof 1H2NGs 1N2HGs dihydroxynitrate®  trihydroxynitrate$

Dry 0.164 0.019 0.044 0.032
H.O 0.198 0.019 0.040 0.032
NH3 0.152 0.016 0.041 0.030

Dry = <1% RH; HO = 50% RH; NH = 20 ppmv NH.
"Dihydroxynitrate isomers are 1,2H4NGNd 1,2H5NGs,
“Trihydroxynitrate isomers are 1,2,4H7N@nd 1,2,5H8NG.
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radicals formed from reactions of linear 1-alkenes are complexed wittatHb0% RH

(Matsunaga and Ziemann, 2009).

4.5 Conclusions.

In this study,f-hydroxynitrates, dihydroxynitrates, and trihydroxyntirates

formed from OH radical-initiated reactions of-C;5 2-methyl-1-alkenes in the presence

of NOy were identified and quantified and the results used to calculate yields wititbut a

with normalization for OH radical addition to the C=C double bond. Comparison with the

results of our previous study of similar reactions of linear 1-alkenes (Matsumdga a

Ziemann, 2009) shows that seemingly small changes in alkene structurgrofacasitly

impact product yields and the reaction mechanism. In this case, replacermei atom

by a methyl group on the second carbon atom resulted in different relatoe fpiethe

two S-hydroxynitrate isomers, increased OH-addition normalized yielgs of

hydroxynitrates, dihydroxynitrates, and trihydroxynitrates, withiakier not being

observed previously, and also altered the effect,@f tapor and Nklon yields. Yields

not normalized for OH-addition increased even more, because of enhanced OH radical

addition relative to H-atom abstraction (Nishino et al., 2009). The effectppaecatly
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due to the electron donating properties of the methyl group, which helps to stabilize both

the tertiaryps-hydroxyalkoxy radical formed when an OH radical adds to the terminal

carbon atom, leading to a strong preference for that addition pathway, ahd the

hydroxyperoxy radical-NO intermediate, thereby enhangihgdroxynitrate formation.

Electron donation by the methyl groups possibly increases yields of dihydraxgsiby

reducing hydrogen bonding between hydroxy and peroxy groups, which otherwise tends

to reduce yields (O’'Brien et al., 1998), and trihydroxynitrates appear in teas®ns

because the replacement of an H atom by a methyl group forces dihydroyyaaals

to isomerize by an alternate pathway.

Calculations carried out usingghydroxynitrate yields (measured at the high

carbon number plateau, where carbon number does not impact values) for rea@ions of

methyl-1-alkenes, linear 1-alkenes, and linear internal alkenes, repartegilde

previously (Matsunaga and Ziemann, 2009), indicate that the relative ratiosnfiind

primary, secondary, and tertigfyhydroxyalkyl radicals by OH radical addition to the

C=C double bond are 1.0:1.9:4.3, and the branching ratios for fogrtiygroxynitrates

from the reactions of primary, secondary, and terifanydroxyperoxy radicals with NO

are 0.12, 0.15, and 0.25, corresponding to relative ratios of 1.0:1.3:2.1. These values
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should be applicable to other systems; for example, the predicted yjeld of

hydroxynitrates from the reaction afpinene, which forms a primary and a tertigry

hydroxyalkyl radical and then the correspondihlgydroxyperoxy radicals, is 0.23, in

good agreement with a measured total organic nitrate yield of 0.18 (Nozierel6048).

Some of the overestimate may be due to the assumption that all reaction occurs by OH

radical addition. As we have shown previously for the reactions of linear 1-alkenes

(Matsuanga et al., 2009), measured yields of hydroxynitrates can be cdmitime

yields of carbonyl decomposition products and results of structure-reactigtyations

to develop a complete reaction mechanism, which can then be used with gas-particle

partitioning theory to model SOA formation. A quantitative reaction mechamdrns@A

model developed for reactions of 2-methyl-1-alkenes will be the topic of a future

publication.
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Chapter 5

Development of a Chemically-Speciated M odel of Secondary Organic Aerosol

Formation from OH Radical-Initiated Reactions of 2-Methyl-1-Alkenesin the

Presence of NOy

5.1 Abstract

The chemistry of secondary organic aerosol (SOA) formation from OH radical-

initiated reactions of 2-methyl-1-alkenes in the presence Qi3 investigated in an

environmental chamber. SOA was composed primarif§loydroxynitrates,

dihydroxynitrates, trihydroxynitrates, dihydroxycarbonyls, trinygacbonyls, cyclic

hemiacetals, and dihydrofurans formed by addition of OH radicals to the C=C double

bond, with H-atom abstraction products being much less abundant. The simultaneous

observation of dihydroxycarbonyls, trinydroxycarbonyls, cyclic hemiasedad

dihydrofurans in SOA indicates that these compounds coexist in the particle phase

possibly in equilibrium. No dihydroxycarbonyl dimers were observed, unlike SOA

formed from similar reactions of 1-alkenes. This can be explained by electrdiodona

by the 2-methyl group, which stabilizes the zwitterionic resonance form of rthengh
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group and thereby reduces the tendency ofsthgdroxycarbonyls to form hemiacetal

dimers. A quantitative chemical reaction mechanism was developed uairgiping

ratios calculated from measured product yields and kinetic data fromettagure, and

was combined with vapor pressures estimated from measurements of gas-particle

partitioning and structure-activity relationships to create a model kmulating SOA

composition and yield. Calculated SOA yields were significantly higherrieasured

values, indicating that the original mechanism was missing important al&dicar

decomposition reactions that lead to the formation of volatile products that do not form

SOA. ltis therefore proposed that trinydroxy and tetrahydeskydroxyalkyl radical

intermediates react to a large extent witha@d NO to form the corresponding alkoxy

radicals, which then decompose, resulting in significantly less SOA than wbeldvite

be formed. These reactions need to be incorporated into the mechanism along with more

detailed representations of H-atom abstraction and secondary reacticeetéoacmore

complete model for calculating SOA composition and yield.
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5.2 Introduction

Modeling the composition and mass concentration of atmospheric secondary

organic aerosol (SOA) is important for predicting the impacts of partiolésiman

health (Englert, 2004), visibility (Finlayson-Pitts and Pitts, 2000), and globadtelim

(Kanakidou et al., 2005). The major requirements for SOA modeling are data on

emissions of volatile organic compounds (VOCSs), primary organic aerosol garéicte

NOy, meteorology, and process models for describing transport and the atmospheric

chemistry of VOCs and aerosols. Current models tend to underestimate atmecdSQiAe

mass concentrations by up to an order of magnitude or more (Johnson et al., 2006; Henze

et al., 2008; de Gouw et al., 2005; Heald et al., 2006; Volkamer et al., 2006), for reasons

that include inadequate information on the chemistry of VOCs and aerosols. Toysimplif

SOA modeling, VOCs are generally lumped into a few classes based on compound

reactivity and source, such as terpenes (Kanakidou et al., 2005), but this approach may

lose important sources of SOA. For example, we recently reported largertitfs in

SOA yields from reactions of linear, branched, and cyclic alkanes wigathe carbon

number (Lim and Ziemann 2009a), indicating that these compounds would best be

treated separately in a model. Other sources of uncertainty are the vagorgseised to
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model partitioning of compounds between the gas and particle phases, particle-phase

activity coefficients, and the possible role of particle-phase oligomenifigrreactions.

Recently, we developed a quantitative mechanism for OH radical-initiated

reactions of 1-alkenes in the presence of B incorporated this into an SOA model

(Matsunaga et al., 2009). The model predicted well the yields of SOA formed from

reactions of large 1-alkenes, for which accurate gas-particleiquartg calculations were

not important because the major products had sufficiently low vapor pressurestitmpar

almost entirely to the particle phase. As the carbon number decreased and products

became more volatile, however, uncertainties in gas-particle partitionentpdhe

effects of particle-phase reactions on product vapor pressures led to argnific

discrepancies between measured and predicted yields. In the study presented he

guantitative mechanism was developed for similar reactiong-Gi§2-methyl-1-

alkenes to investigate the effects on SOA formation of adding a methyl grtup €=C

double bond of the parent alkene. Such a structure is frequently observed in biogenic

compounds, such as isoprene anplinene. Branching ratios for reaction pathways were

calculated using the measured yieldgdfydroxynitrates, dihydroxynitrates, and

trinydroxynitrates presented in Chapter 4 and also measured yields of 2skeiothe
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vapor pressures were estimated using measurements of gas-partiiidenipeg of
hydroxynitrates and data from previous studies. The model results were edmjitr
measured SOA yields, providing additional information about the reaction mechamism

that can be used to improve the model.

5.3 Experimental Section

Chemicals. The following chemicals, with purities (when available) and sappl
were used: 2-methyl-1-nonene (97%), 2-methyl-1-undecene (97%), 2-octanone (98%), 2
nonanone (99+%), and 1-pentadecene (98%) [Sigma-Aldrich], 2-methyl-1-octene (97%),
2-methyl-1-tridecene (99%), and 2-methyl-1-tetradecene (97%) [ClramSo], 2-
methyl-1-decene (97%) and 2-methyl-1-dodecene (>97%) [Rieke Metalsiyldi
sebacatex97%) [Fluka], and NO [Matheson Tri Gas]. All chemicals were used without
further purification. Methyl nitrite was synthesized (Taylor et al., 1980) anda®
generated using a Welsbach T-408g@nerator.

Environmental Chamber Method. The OH radical-initiated reactions 06-Ci5
2-methyl-1-alkenes in the presence of N&&re conducted in a 5900 L PTFE

environmental chamber that is equipped with blacklights covering two walls. The
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chamber was filled with clean, dry air (<5 ppbv hydrocarbons, <1% RH, <50 pphv NO
<10 ppbv Q) from an Aadco clean air system and experiments were performed at room
temperature (~25 °C) and atmospheric pressure. 2-methyl-1-alkenegl, mitete, and
NO were added to the chamber by flushing measured amounts from a glass bulb using
clean air or N, and dioctyl sebacate (DOS) seed particles were generated byagicapor
condensation and flushed into the chamber using e NO was added to suppress the
formation of Q and NQ radicals. A Teflon-coated fan was run for ~1 min to mix the
chamber contents. Initial concentrations of 2-methyl-1-alkenes, methig, RO, and
DOS seed particles were approximately 1, 5, and 5 ppmv angg2®J. Reactions of 2-
methyl-1-tetradecene were also performed in the presence of 20 ppmy atitiétl in
the same way as the other gases.

The reaction was initiated by turning on the blacklights to generate Othlsadi
by methyl nitrite photolysis (Atkinson et al., 1981). After 6 min the blacklighte wer
turned off, immediately terminating OH radical formation. In a typicakeexnent, SOA
formation was observed within 1 min of turning on the blacklights, 40-50 % of the alkene
reacted, and the average OH radical concentration was ~3cxitpestimated from the

amount of alkene reacted and OH radical rate constant (Nishino et al., 2009).

151



Concentrations of © NO, and NQ were measured using a Dasibi model 1003-AH O
monitor and a Thermo Environmental Instruments Inc. 42C NG-NQ analyzer.
Particle Mass Spectrometric Analysis. A thermal desorption particle beam mass
spectrometer (TDPBMS) was used to analyze particle composition inmea(fiobias et
al., 2000) and by temperature-programmed thermal desorption (TPTD) (Tobias and
Ziemann, 1999). Particles are sampled from the chamber into the TDPBMS using an
aerodynamic lens (Liu et al., 1995a; Liu et al., 1995b) and the resulting particie bea
impacts in a V-shaped notch at the tip of a copper vaporizer rod coated with nonstick
polymer (Chattopadhyay and Ziemann, 2005). For real-time analysis thezeapori
temperature was 160°C, hot enough for near-instantaneous particle evaporation. For
TPTD analysis the vaporizer was cooled to -40°C, particles were collectad min,
and the vaporizer was allowed to warm to 5°C before being heated to 200°C with a
computer controlled linear temperature ramp of 2°C’miim this case components were
separated according to volatility. Evaporated compounds diffuse into an ABB Extre
MEXM 500 quadrupole mass spectrometer where they are ionized by 70 eV electrons
and the ions are mass analyzed. The mass spectrometer was scanma/d #@1500

(m/z 10-500 for the NKlexperiment) in 30 sec.
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SOA Yield M easurements. SOA yields [SOA formedug mi®)/alkene reactedu(y
m®)] were calculated using aerosol volume concentrations measured with a gcannin
mobility particle sizer (SMPS), measured SOA density, and the masstdedkene
measured by gas chromatography with flame ionization detection (GC-FRIliLI®size
distributions were measured every 2 min during a reaction using an SMPS (Wlang a
Flagan, 1990) that consists of'@o bipolar charger, a long differential mobility analyzer
similar design to the TSI model 3934, a TSI Model 3010 Condensation Particle Counter,
and a scanning/inversion program developed by the McMurry group at the University of
Minnesota for use with Labview software. Particles were assumed to hansity dé
1.1 g cn?, the density of a dried filter extract of SOA formed from the reaction of 2-
methyl-1-tridecene in the absence of seed aerosol. The density wasedaasing a
microliter syringe and a balance. Alkene concentrations were measiioee &nd after
reaction by collecting 100 cfrair samples on TenaxTA solid adsorbent, desorbing at
250°C in the GC inlet, and analyzing by GC-FID (Docherty et al., 2005). The GC-FID
signals of the 2-methyl-1-alkenes prior to reaction were all within + S5#toske expected
for initial chamber concentrations of 1 ppmv, as determined from calibratieascur

created by analyzing solutions of the authentic compounds. This result and the
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observation that GC-FID signals were within £ 5% for replicate samples &30 min
intervals both before and after reaction indicated that no wall loss correctiomns we
necessary.

KetoneYield M easurements. Concentrations of 2-octanone and 2-nonanone
formed from the reactions of 2-methyl-1-octene and 2-methyl-1-nonememeasured
by collecting 500 cri air samples on TenaxTA solid adsorbent and analyzing by GC-FID
Ketones were identified by retention times and concentrations were tadcutang GC-
FID calibration curves created by analyzing solutions of the authentic compdineds
values were then used to calculate molar yields (moles ketone formed/rkeles al

reacted).

5.4 Development of a Chemical M echanism and Model of SOA Formation

Reaction Mechanism. Figure 5.1 shows the mechanism of OH radical-initiated
reactions of 2-methyl-1-alkenes in the presence of, M@ere R represents an alkyl
group. The mechanism was developed based on previous gas (Atkinson and Arey, 2003a)
and SOA (Matsunaga et al., 2009) studies. The reaction is initiated either lhyradflit

an OH radical to the C=C double bond or by abstraction of an H atom from the carbon
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chain, forming &3-hydroxyalkyl radical or alkyl radical, respectively. For the tpast,

the subsequent reactions of these two radicals are similar, with productd foomes-

hydroxyalkyl radicals having an additional hydroxy group. Both pathways caribcdat

to SOA formation. In this section we discuss in detail the OH radical addition gzthw

and products. The reader is referred to studies of OH radical-initiat¢bnsaaf alkanes

(Atkinson and Arey, 2003b; Lim and Ziemann, 2009b) for details on H-atom abstraction

reactions, since alkanes react exclusively by that pathway. The majonmHabstraction

products thought to contribute to SOA formation from reactions of 2-methyl-1-alkenes

are discussed in a section below.

Addition of an OH radical to the C=C double bond occurs at either carbon atom,

forming a pair ofs-hydroxyalkyl radical isomers that then react witht@form f-

hydroxyperoxy radicalgs-hydroxyperoxy radicals react with NO to fogfh

hydroxynitrates [P1, P2] gF-hydroxyalkoxy radicalsg-hydroxyalkoxy radicals react

with O, to form a-hydroxcarbonyls [P4], decompose and react withodorm

formaldehyde [P5] and a ketone [P6], or isomerize and react witt fOrm

dihydroxyperoxy radicals. In reactions of 2-methyl-1-alkenesy-hgdroxyketone [P3]

is formed because of the absence of an H atom og-tlaebon of a tertiary-
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hydroxyalkoxy radical. Dihydroxyperoxy radicals react with NO to form

dihydroxynitrates or dihydroxyalkoxy radicals, with the latter then regu¢tynone of two

possible 1, 5 H-atom shift isomerization pathways. The predominant pathwayasH-at

abstraction from the carbon atom on which the OH group is located (Atkinson, 2007), but

when no such H atom is present one is instead abstracted fromgadtid further along

the carbon chain. The resulting products (following reaction wijlat®

dihydroxyaldehydes [P10] and trihydroxyperoxy radicals, with no P9 isomerdorme

corresponding to P10. The trihydroxyperoxy radicals react with NO to form

trinydroxynitrates [P11, P12] or trihydroxyalkoxy radicals, and the Iditer isomerize

and react with @to form trinydroxyketones [P13, P14]. Dihydroxyaldehydes [P10] and

trinydroxyketones [P13, P14] present in particles or on chamber walls can ®toeri

cyclic hemiacetals [P19, P15, P16, and isomers], which can then dehydrate to form

dihydrofurans [P20, P17, P18, and isomers] (Atkinson et al., 2008; Lim and Ziemann,

2009b). The pathways indicated by dashed arrows in Figure 5.1 are discusséukehater;

are less well established but their occurrence is indicated by discrepbetieen SOA

yield calculations and measurements.
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Branching Ratios and Product Yields. In Figure 5.1 is the branching ratio

for the reaction of a specie by pathwaglefined asy = ri/Zr;, where ris the reaction rate

for pathway and the sum is over all pathways for the specie and equal to 1. The

branching ratios for pathways originating from 1-hydroxyalkyl and 2-dwyaxikyl

radicals are labeled by odd and even numbers, respectively. The values usedadehe

are presented in Table 5.1, and the calculation method is explained in Appendix D. The

branching ratios are consistent with the measured yiel@shgéiroxynitrates,

dihydroxynitrates, and trinydroxynitrates reported in Chapter 4, ketone wie@d453 +

0.024 measured here for 2-octanone and 2-nonanone formed from the reactions of 2-

methyl-1-octene and 2-methyl-1-nonene, the rate constants for OHlHiadiaeted

reactions of 2-methyl-1-alkenes (Kwok and Atkinson, 1995; Nishino et al., 2009), and the

rate constants fgf-hydroxyalkoxy radical reactions (Atkinson, 2007).

Molar yields of the products normalized for OH radical addition to the C=C

double bond [(moles of product formed/moles of alkene reacted)/and for H-atom

abstraction [(moles of product formed/moles of alkene reacted}¢lc)] are given in

Table 5.2. These molar yields are equal to the product of the branching atigs$hed

pathway by which each compound is formed.
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Table 5.1 Branching Ratios used to Model SOA Formation from OH Radical-
Initiated Reactions of 2-Methyl-1-Alkenes in the Presence gf NO

branching ratio

ac=c" ac=c"
o 0.81x ac=c"
o 0.19% ac=c
o3 0.25
oy 0.12
o5 0.75
s 0.88
o, 08 0.00
ay 0.62
a10 0.46
o1 0.38
a2 0.54
13, 014 0.17
a1s, Q6 0.83
o7 0.00
a1s 0.76
19 1.00
oo 0.24
a1, O 0.20
03, Oos 0.80

&/ alues ofac-c were calculated as described in Appendix D.
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Table5.2 Normalized Molar Yields of Products used to Model SOA Formation from OH
Radical Addition and H-atom Abstraction Reactions of 2-Methyl-1-Alkendsein t
Presence of NQ

normalized normalized
product _ product i
molar yield molar yield
OH radical addition
S-hydroxynitrates dihydroxycarbonyls
P1 0.203 [0.202] P9 0.000
P2 0.023 [0.023] P10 0.057
P1 + P2 0.226 [0.22%] P9 + P10 0.057
S-hydroxycarbonyls trihnydroxynitrates
P3 0.000 P11 0.038
P4 0.000 P12 0.004
carbonyls P11+P12 0.042 [0.022]
P5 0.454 trinydroxycarbonyls
P6 0.454 [0.453] P13 0.153
dihydroxynitrates P14 0.014
P7 0.039 P13+P14 0.167
P8 0.015
P7 + P8 0.054 [0.05%]

H-atom abstraction

1,4-hydroxynitrates

0.1

®Normalized molar yields were calculated as (moles of product/moldiseniea

reacted)éc=c for OH radical addition and as (moles of product/moles of alkene
reacted)/(1 -ec=c) for H-atom abstraction. Values at-c were calculated as described
in Appendix D.

From Chapter 4.

“From this study.
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H-atom Abstraction and Secondary Reactions. First-generation products

formed through H-atom abstraction pathways and second-generation produets$ tigrm

reactions of OH radicals with all first-generation products are also paiteatirces of

SOA. Because, however, only ~10-20% of the reactions of 2-methyl-1-alkeneshith O

radicals occurs by H-atom abstraction and the reaction mechanisms aiexcfiim

and Ziemann, 2009b), these products were not included explicitly in the mechanism

shown in Figure 5.1 or in the SOA model. Instead, they were incorporated using a

simplified approach that attempts to estimate upper limits to the possihidebons of

these products to SOA mass (Matsunaga et al., 2009). The major first-gengraducts

of H-atom abstraction reactions are expected to be the same as those form@dHf

radical-initiated reactions ofalkanes: alkyl nitrates, 1,4-hydroxycarbonyls, and 1,4-

hydroxynitrates, but with a C=C double bond. Alkyl nitrates and 1,4-hydroxycarbonyls

are more volatile than 1,4-hydroxynitrates, so in TPTD analysis theyestrb at lower

temperatures than 1,4-hydroxynitrates. In thermal desorption profiles shown iriChapt

there is no evidence of alkyl nitrates or 1,4-hydroxycarbonyls in partictesalply

because alkyl nitrates are too volatile and 1,4-hydroxycarbonyls is@terzclic

hemiacetals that can dehydrate to form dihydrofurans that then evaposatseriiba et
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al., 2009; Lim and Ziemann, 2009b). These cyclization-dehydration reactions ¢dn lea

sharply increasing and then decreasing signals in time profiles of iorsgehat

characteristic of cyclic hemiacetals (Lim and Ziemann, 2009b). Thisatasbserved

here, indicating that cyclic hemiacetals formed through H-atom abstractiomgys do

not contribute significantly to SOA formation. Nonetheless, in the future wedinte

incorporate these heterogenous reactions into the mechanism explicitingyaasi

approach developed recently for reactions of alkanes (Lim and Ziemann, 2009¢)t Here

was assumed that 1,4-hydroxynitrates were the only first-generaticmiadistraction

product that contributed to SOA formation and that their H-atom abstraction-nomwinalize

yield was 0.1 (Lim and Ziemann, 2005; Reisen et al., 2005). The contribution of

secondary reactions to SOA formation was estimated using a kinetic mdttish vwr

FACSIMILE (Matsunaga et al., 2009). The rate constants for OH radicdicadand H-

atom abstraction for alkenes and first-generation products were calculaigd usi

eqguations from Nishino et al. (2009) and Kwok and Atkinson (1995). The yields of

products formed by OH radical addition followed by H-atom abstraction wend aizid

by assuming that all first-generation OH radical addition products ésatif-

hydroxynitrates, dihydroxynitrates, trihydroxynitrates, dihydr@aonyls, and

162



trinydroxycarbonyls) other than carbonyls were in gas-particletipartig equilibrium.

For simplicity, it was assumed that these compounds have the same vapor pasgsures

hydroxynitrates. Sincg-hydroxynitrates have the highest vapor pressures among the

products listed above, values calculated using this assumption should overestimate the

contributions from this pathway to SOA formation. The carbonyls [P5, P6] wehadex

because they generally react with OH radicals to form even smalbemgés (Atkinson

and Arey, 2003a). The yields of products from H-atom abstraction followed by OH

radical addition were calculated by assuming that all first-generataioid abstraction

products (unsaturated alkyl nitrates, 1,4-hydroxycarbonyls, and 1,4-hydrotesjitneere

in the gas phase and so available for OH radical addition reactions. Since 1,4-

hydroxynitrates undergo gas-particle partitioning, these calculatiangdsoverestimate

the contributions of these pathways to SOA formation.

Gas-Particle Partitioning and SOA Yield Calculations. Gas-particle

partitioning of each product was calculated using the theory introduced by Pankow

(1994). The theory assumes that particulate organic matter is a sipgjie diganic

phase, and should be a valid here because dried SOA filter extracts weliguidsrAn

equilibrium partitioning coefficient was calculated for each compound from tha me
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molecular weight of particulate organic matter, the activity coeffia the compound

in the organic phase, and the liquid-phase vapor pressure of the compound. The mean

molecular weight of particulate organic material was assumed to be hat of

hydroxynitrates, activity coefficients were assumed to be unity (Seiefell., 2001), and

vapor pressures were estimated using the equations shown in Table 5.3, which were

obtained using the approaches described below.

To estimate vapor pressuresfaifiydroxynitrates, dihydroxynitrates, and

trinydroxynitrates, the fractions of each compound in the particle phase [moletdlepa

phase/(moles in particle phase + gas phase)] were calculated as@nfohcarbon

number as the ratio of the measured yield to the yield in the plateau region, lvehere t

compounds are expected to be entirely in the particle phase. The resultseregnes

Figure 5.2. The measured yields used in the calculations were prese@tepter 4,

with the exception of the 3rihydroxynitrate yield. This value could not be measured

because the HPLC peak overlapped with the solvent peak, and so was estimated here

from the aerosol yield for the reaction assuming that products other than

trinydroxynitrates were formed in negligible amounts or were too volatpeautition into
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Table 5.3 Parameters used to Calculate Compound Vapor Pressures from the Equation
log P (Pa) = A- (0.4537 x{&

Compounds A
1-hydroxy-2-nitrooxyalkanes 3.979
1-nitrooxy-2-hydroxyalkanes 4511

dihydroxynitrates 2.979
trinydroxynitrates 1.979
dihydroxycarbonyls 4.034
trinydroxycarbonyls 3.034
1,4-hydroxynitrates 4.698
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Figure 5.2 Fractions ofp-hydroxynitrates [1-hydroxy-2-nitrooxyalkanes (1H2N@nd
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trinydroxynitrates (THN) formed from the OH radical-initiated teats of 2-methyl-1-
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the particles. The dashed curves in Figure 5.2 are fits of the data to gds-partic

partitioning theory (Pankow, 1994). For these calculations, the mean molecularsweight

of particulate organic compounds were assumed to be the same as jlose of

hydroxynitrates, activity coefficients were assumed to be unity (Seiefell., 2001),

organic aerosol mass concentrations were measured, and vapor pressures wedeadjus

achieve visually good fits to the data. The vapor pressures were assumeglda obe

equation of the form log P (Pa) = A — (0.4537 ), @here the value of 0.4537

(equivalent to a decrease in vapor pressure of a factor of 2.85 per carbon number) was

calculated using a linear least-squares fit to vapor pressures measurgddialkyl

nitrates using gas chromatography (Fisher and Ballschmiter, 199Big Ei#ta for a

class of hydroxynitrates therefore involved adjusting the value of A. Vapssypes for

non-nitrates, for which yields were not measured, were estimated byamotiution

methods. The vapor pressure equations are given in Table 5.3. They are siindaeto t

presented previously for the products formed from reactions of 1-alkenesi(idgt et

al., 2009). The vapor pressures of the foydroxynitrate isomers differ by about a

factor of 3, and the vapor pressures of dihydroxynitrates and trihydroxyndratebout

10 and 100 times lower than those of the less volatilgdroxynitrate isomers (1-
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hydroxy-2-nitrooxyalkanes) due to the addition of one and two hydroxy groups,

respectively. The vapor pressures of 1,4-hydroxynitrates formed througgnH-a

abstraction pathways were assumed to be the same as those of the morgsvolatile

hydroxynitrate isomers (1-nitrooxy-2-hydroxyalkanes), because vap@upessare

higher when functional groups are located away from the ends of a molecule. Vapor

pressures of dihydroxycarbonyls and trihnydroxycarbonyls were cadubgtassuming

that the vapor pressures@fliols are the same as those of the more volgtile

hydroxynitrate isomers and then reducing the vapor pressure by a factor of 3 due to the

addition of a carbonyl group, and an additional factor of 10 due to the addition of a

hydroxy group. The estimated vapor pressures are somewhat higher than thegedst

using group contribution methods (Pankow and Asher, 2008). The estimated vapor

pressures are, for the most part, also consistent with the observed trendsptictiesor

temperatures discussed below: dihydroxycarbonytshgdroxynitrates ~ 1,4-

hydroxynitrates < trihydroxycarbonyls ~ dihydroxynitrates < triloxgnitrates. The

major discrepancy is dihydroxycarbonyls, which are expected to desorb atrebeate

temperature ag-hydroxynitrates. One should remember that interactions among
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molecules in particles can affect vapor pressures in ways that are tifiipuédict and

are not accounted for in these calculations.

To calculate SOA yields, the total (gas + particle) mass concentrateatiof

product was calculated by multiplying the normalized molar yield by eitheyor 1 —

ac=c (for OH radical addition and H-atom abstraction products, respectively), and then

multiplying this value by moles of alkene reacted x molecular weight of product

The fraction of each product in the particle phase was calculated by mudigigin

equilibrium partitioning coefficient by the concentration of organic pagteunatter,

equal here to the sum of the mass concentrations of DOS seed particles and S@A. The

fractions were then multiplied by the total mass concentration of each ptodiottin

the mass concentration of each product in the particle phase, which were then summed

and divided by the mass of reacted alkene to obtain the SOA yield. The tahsetre

carried out iteratively using the procedure of Colville and Griffin (2004).

5.5 Results and Discussion

SOA Product Identification. The real-time mass spectrum of SOA formed from

the reaction of 2-methyl-1-tetradecene is shown in Figure 5.3A, and therrogitces
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Figure 5.3 Mass spectral analyses of SOA formed from the OH radical-initiatetioas
of 2-methyl-1-tetradecene or 1-pentadecene in the presence ofANReal-time
TDPBMS mass spectra, (B) total ian/g 50-500) thermal desorption profiles, and (C)
real-time TDPBMS signals of characteristic ion of dihydrofurang 223) after adding
O; to the chamber containing SOA. Thermal desorption profiles were smoothed and
normalized to peak values, and signals in (C) were normalized to values at 0 min.
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profiles of total ion signal of SOA formed from reactions of 2-methyl-atieicene and
1-pentadecene are shown in Figure 5.3B. The total ion signal is proportional to organic
mass (Crable and Coggeshall, 1958), and since compounds with lower vapor pressures
desorb at higher temperatures, the profiles in Figure 5.3B represent distisbaftiSOA

mass with respect to volatility. Three peaks or shoulders are present indfoés it
approximately 50-6C, 75C, and 100C, with the first two corresponding f®
hydroxynitrates and dihydroxynitrates. In Figure 5.3A, the peakz213, and those at

m/z 211 and 193, are characteristic of these two compoundgi-fiidroxynitrates,
dihydroxynitrates, and trihnydroxynitrates formed from the reaction of 2yhét

tetradecene have been identified from mass spectra after HPLC sepatasiorption

profiles of characteristic ions, fragmentation pathways,'BnidMR analyses as

described in Chapter 4. The profile shown for the reaction of 1-pentadecene is¢he sam
that discussed previously for the reaction of 1-tetradecene (Matsunaga et al., 2009;
Matsunaga and Ziemann, 2009), except that the desorption temperatures of the products
are shifted to the right due to lower volatility of the products. The firspais are

from S-hydroxynitrates and dihydroxynitrates with structures similar to P1, P2

respectively.
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The peaks at 10C in Figure 5.3B are from products less volatile than
dihydroxynitrates. For the 1-pentadecene reaction, this peak is assigyetico
hemiacetals (similar structure to P19) and dihydrofurans (similatsteuio P20) formed
primarily from dihydroxyketones, and dimers formed primarily from dibyglaldehydes
(similar structure to P10), as discussed previously (Matsunaga et al., 2008 Bor
methyl-1-tetradecene reaction, the peak aP@@lso has contributions from cyclic
hemiacetals and dihydrofurans. lons presen¥a41 and 223 in Figure 5.3A are
characteristic of a cyclic hemiacetal [P19] and dihydrofurans [P20 anéisfmrmed
from the dihydroxyaldehyde [P10], andz 225 and 239 are characteristic of cyclic
hemiacetals [P15, P16, and isomers] and dihydrofurans [P17, P18, and isomers] formed
from trihnydroxyketones [P13, P14]. Th&z 241, 223, and 239 ions are formed by loss of
OH from the molecular ion (Matsunaga et al., 2009; Gong et al., 2005; Lim and Ziemann,
2005), whereas th&/z 225 ion is formed by scission of the C-C bond between the two
functional groups (Matsunaga et al., 2009). The assignment of dihydrofurafs223
is supported by the results shown in Figure 5.3C. In this experiment, 20 pprawasO
added to the chamber 4 h after the lights were turned off. The intensityrofztB23

peak dropped immediately afteg @ldition due to reaction of;@vith the dihydrofuran
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C=C double bond. The increase in signal after the sharp drop is due to SOA formation

from the reaction of 2-methyl-1-tetradecene withsN&dicals (Gong et al., 2005) formed

from reaction of @with NO,. The intensity of thevz 239 peak also decreased aftgr O

was added, but it was not as obvious because of the low initial intensity and the large

signal from SOA products formed from the reaction of 2-methyl-1-tetradeaém®&lOs.

The assignments fon/z 223 and 225 are also consistent with the single ion desorption

profiles shown in Figure 5.4A, which both exhibit peaks at *COth reactions of 1-

alkenes, it appears that cyclic hemiacetals and dihydrofurans ardfprmarily from

dihydroxyketones, and dimers are formed primarily from dihydroxyald=hyd

(Matsunaga et al., 2009; Holt et al., 2005; Kern and Spiteller, 1996). Although

dihydroxyalkehydes [P10] are formed from the reaction of 2-methyl-1dtsteme, there

is no indication of dimer formation. This could be due to a low yield of

dihydroxyaldehyde, predicted to be 0.044 (Table 5.2) compared to 0.157 for those formed

from reactions of 1-alkenes (Matsunaga et al., 2009). It could also be duedtest sm

driving force for the formation of dimers, which are hemiacetals thatamaay not

undergo further cyclization reactions. The reactivity of the carbowrypgmvolved in

hemiacetal formation can be altereddsyands-substituents through their effect on the
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the zwitterionic resonance structure of the carbonyl group (Bruckner, 2002joBiect

donating substitutents such as alkyl groups stabilize the structure, reducingtyea

while electron-withdrawing substitutents such as hydroxy groups havepposite effect.

As a result, aldehydes are more reactive than ketoneg-laydroxyaldehydes are more

reactive than aldehydes. The dihydroxyaldehydes formed from reactitrellefnes and

2-methyl-1-alkenes are bothhydroxyaldehydes, but the latter have a methyl group

instead of an H atom at thf&position and so are expected to have less tendency to form

hemiacetals.

The desorption profiles afVz 223 andn/z 225 exhibit multiple peaks,

indicating the presence of more than one compound. In addition to coming from

dihydrofuransp/z 223 ions are also expected from 1,4-hydroxynitrates, formed by loss

of H,O and NQ from the molecular ion (Lim and Ziemann, 2009b). The peak°& &7

most likely from 1,4-hydroxynitrates, singehydroxyntirates also desorb at°&7 as

described in Chapter 4, and the vapor pressures of the two compounds are expected to be

similar. In addition to coming from cyclic hemiacetai¥z 225 ions are also expected

from the dihydroxycarbonyl [P10] and trihydroxycarbonyls [P13, P14].n7k&25 ion

is formed from the dihydroxycarbonyl by losing €&hd BO from the molecular ion
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(McLafferty and Tureéek, 1993), and from trihydroxycarbonyls by scission of the C-C
bond between the two functional groups (Matsunaga et al., 2009). Based on relative
vapor pressures, the peaks at@and 63-78C are expected to be from the
dihydroxycarbonyl and trihydroxycarbonyls. The dihydroxycarbonyl assighise
supported by the results shown in Figure 5.4B for the reaction of 2-methyhdetieene

in the presence of 20 ppmv of MFSince the formation of 1,4-hydroxynitrates is not
affected by NH (Lim and Ziemann, 2009b), the intensity of the 1,4-hydroxynitrédte

223 peak at 5% in Figure 5.4B was scaled to match the intensity of the peak@tibs7
Figure 5.4A, and then all other signals in Figure 5.4B were multiplied by e sa
scaling factor. This allowed comparison of relative intensities in thetofiles. The
intensity of the peak at 3C in thenV/z 225 profile in Figure 5.4B is much higher than the
corresponding peak at %3 in Figure 5.4B, which is expected for the dihydroxycarbonyl
since NH neutralizes HN@(formed from by OH + N@reaction) that catalyzes its
particle-phase isomerization to a cyclic hemiacetal (Lim and Zieman@bP0lhe lower
intensities of the peaks at 98-1%3 in then/z 223 and 225 profiles in Figure 5.4B,
compared to the corresponding peaks at 10412 Figure 5.4A, is also consistent with

the assignment of these peaks to cyclic hemiacetals and dihydrofuraaghsinc
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Figure 5.4 Thermal desorption profiles of ions characteristic of dihydrofurans and 1,4-
hydroxynitratesifyz 223) and dihydroxycarbonyl, trinydroxycarbonyls, and cyclic
hemiacetalsr{Vz 225) formed from the OH radical-initiated reaction of 2-methyl-1-

tetradecene in the presence of N®) without and (B) with NH in the chamber. In (A),
thermal desorption profiles were smoothed and normalized to the peak value. In (B),
profiles were scaled by a single factor so that223 signal for 1,4-hydroxynitrates at
53°C peak in (B) and 5T peak in (A) were equal.

176



formation of these compounds should be much slower (possibly negligible) in the
presence of Nk Based on these results, it appears that the dihydroxycarbonyl,
trinydroxycarbonyls, cyclic hemiacetals, and dihydrofurans co-exist ititagumn in
SOA formed from the 2-methyl-1-tetradecene reaction, consistent witlotiodusion
that the formation of cyclic hemiacetals and dihydrofurans from dihydaokgayl is
reversible (Matsunaga et al., 2009).

The thermal desorption profiles also provide information that can be used to
better constrain the reaction mechanism and SOA model. Although the
dihydroxycarbonyl is apparently responsible for the peak imth@25 profile at 3% in
Figure 5.4A, the absence of a peak or shoulder®a BBthe total ion profile in Figure
5.3B indicates that this compound contributes very little SOA mass. One possbilit
that the dihydroxycarbonyls exist primarily in the form of cyclic heetials and
dihydrofurans, which contribute to the total ion peak af@06rom the area under the
curve, this peak is responsible for ~25% of the SOA yield of 0.465, equal to 0.116.
Subtracting the contribution of 0.049 from trihydroxynitrates, which have been gedntifi
and desorb at the same location, the contribution of cyclic hemiacetals and ditgyisofu

to the SOA yield is estimated to be 0.067. This is close to the dihydroxycarleidybfy
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0.057 predicted by the model. This result indicates that dihydroxycarbonylsneS(A

primarily in the form of cyclic hemiacetals and dihydrofurans, which ssergially non-

volatile, whereas trihydroxycarbonyls are primarily in their lineamfand can partition

between the gas and particle phases. This information is used in some of the model

calculations presented below.

SOA Composition and Yields. Model Results and Measurements. The

product SOA yields (molar yield x product molecular weight/alkene molecelighty

calculated without contributions from secondary reactions are shown in Figure 5.5 and

Appendix Tables D.1 and D.2. The yields shown in Figure 5.5A were calculated

assuming that all products were in gas-particle partitioning equilibigym fhodel), and

those shown in Figure 5.5B were calculated in the same way except that

dihydroxycarbonyls were assumed to be in the form of non-volatile cyclic hetalsc

and dihydrofurans present entirely in the particle phase (nv model). As shéigure

5.5, the model results are similar at high carbon numbers; this is because

dihydroxycarbonyls were entirely in the particle phase regardlessiotligenical form.

For the Gs reaction, the yields calculated with the nv model (values are essentially the

same for the two models) agghydroxynitrates (0.235), dihydroxynitrates (0.064),
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Figure 5.5 Calculated product SOA yields (mass of product in SOA/mass of alkene
reacted) formed from the OH radical-initiated reactions of 2-metlajkdnes in the
presence of NQ Products are trihydroxycarbonyls (THC), dihydroxycarbonyls (DHC),
S-hydroxynitrates (HN), dihydroxynitrates (DHN), and trihydroxyrigsa(THN) formed
by OH radical addition pathways, and 1,4-hydroxynitrates formed by therhl-a
abstraction (HAA) pathway. Models assumptions: (A) all products were in giclga
partitioning equilibrium and no secondary reaction products were formed; (B) same a
(A) but dihydroxycarbonyls were in the form of non-volatile cyclic hemasetnd
dihydrofurans and so present entirely in the particle phase.
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trinydroxynitrates (0.052), dihydroxycarbonyls (0.057), trihydroxycarte(¥177), 1,4-

hydroxynitrates (0.019), and SOA (0.604). The measured yields @gFl@/droxynitrates,

dihydroxynitrates, and trinydroxynitrates, compounds that were all in thelparti

phase,are 0.251, 0.064, and 0.049, in good agreement with the model values (as they

should be since these yields were used to develop the models). The model predictions

diverge as the carbon number decreases, such thatte @op and nv models predict

SOA yields of 0.037 and 0.130.

The SOA yields calculated as described above are compared with measured

values in Figures 5.6A and 5.6B. The gpp and nv models both over-predict SOA yields,

although at low carbon numbers the gpp model results agree reasonably well with

measured values. At;€ where differences in model results due to different treatments of

dihydroxycarbonyl gas-particle partitioning are negligible, the S{elly calculated

with the gpp and nv models are 0.597 and 0.604, ~30% higher than the measured SOA

yield of 0.465. This discrepancy must be due to the model treatment of reaction products

other tharng-hydroxynitrates, dihydroxynitrates, trinydroxynitrates, and 2-ketonesg s

the model predictions for these compounds agree with measured yields. Furthermore

since the model over-predicts SOA yields, the mechanism must under-predict the
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Figure 5.6 Calculated and measured yields of SOA formed from the OH radical-iditiate
reactions of 2-methyl-1-alkenes in the presence of. M@dels assumptions: (A) all
products were in gas-particle partitioning equilibrium and no secondary reaciducty
were formed; (B) same as (A) but dihydroxycarbonyls were in the formorevolatile
cyclic hemiacetals and dihydrofurans and so present entirely in thegattade; (C)
same as (B) but the yield of trihydroxycarbonyls was reduced from 0.191 to 0.038 to
achieve agreement between calculated and measwgclds.
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formation of volatile decomposition products that do not form SOA. In the current

mechanism the only decomposition products are 2-ketones, and their yields are well

constrained by measurements with an uncertainty of £ 0.024. The discrepaniy¢here

appears to lie in over-predictions of the yields of dihydroxycarbonyls and

trinydroxycarbonyls (the only other products), because of missing decorapositi

pathways. The yields of,€1,4-hydroxynitrates, dihydroxycarbonyls, and

trinydroxycarbonyls predicted by the models are 0.019, 0.057 and 0.177, for a total of

0.253 out of a predicted SOA yield 0.604. This is more than twice the value of 0.101

expected from the difference in the measured SOA yield of 0.465 and the sum of the

measured yields gf-hydroxynitrates, dihydroxynitrates, and trihydroxynitrates of 0.364.

In order to account for the discrepancy, it is therefore necessary to add &oveyv al

radical decomposition pathway to the mechanism that reduces the total yield of 1,4

hydroxynitrates, dihydroxycarbonyls, and trihydroxycarbonyls. All tkexat radicals

shown in Figure 5.1 (including one not shown that occurs in the formation of 1,4-

hydroxynitrates) are expected to isomerize rather than decompose (Atkinson, 2007)

except for theg-hydroxyalkoxy radicals, for which decomposition to carbonyls [P5, P6]

is already included. We therefore propose thattigdroxyalkyl radicals shown
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reacting with @ to form HQ and a dihydroxycarbonyl [P10] and trihydroxycarbonyls

[P13, P14], also react as shown in Figure 5.7 to fe#inydroxyperoxy radicals that are

sufficiently stable to react with NO. The products of the NO reaction will be

hydroxynitrates and-hydroxalkoxy radicals, with the latter (at least in part)

decomposing to form volatile products that do not form SOA. This alternative pathway

for the Q reaction has been shown to occurdeinydroxyalkyl radicals having only one

hydroxy group (Orlando et al., 2000; Atkinson et al., 1995). It is possible that hydrogen

bonding between the peroxy group and the two or three additional hydroxy groups

present on the~hydroxyperoxy radicals formed here lead to additional stabilization,

thereby enhancing the reaction with NO to farrhydroxyalkoxy radicals that then

decompose. Agreement between predicted and measyy&DA yields would be

achieved if the yield of volatile products formed from these pathways was 0.152,

reducing the sum of the yields of SOA-forming 1,4-hydroxynitrates, dihydeskonyls,

and trihydroxycarbonyls from 0.253 to 0.101. Since mass spectra and thermal desorption

profiles indicate that dihydroxycarbonyls are formed with yieldslamd those

predicted by the model, the simplest assumption is that all decomposition occurs via the

pathway leading to trihydroxycarbonyls. This implies that ~90% otthgdroxyalkyl
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radicals that would otherwise react to form trinydroxycarbonyls insteatitcetorm
volatile decompositon products. Figure 5.6C and Appendix Table D.3 shows SOA vyields
calculated as in Figure 5.6B, but with the assumption that the yield of
trinydroxycarbonyls (gas + particle) is reduced by 0.152 from 0.177 to 0.025. These
yields are of course in much better agreement with measurements at high carbais numbe
compared to those calculated using the other models, but at low carbon numbers the gpp
model (Figure 5.6A) gives the best agreement.

Figures 5.8A and 5.8B show SOA yields calculated using the same models as in
Figures 5.6A and 5.6B, but with contributions from secondary reaction products that are
given in Appendix Table D.4. As expected, SOA yields are higher when secondary
reaction products are included, and the agreement with measured values is waitse over
entire range of carbon numbers. The average yieldssdf,&-hydroxynitrates,
dihydroxycarbonyls, and trihydroxycarbonyls for the models are still 0.019, 0.057, and
0.177. But when the yield of 0.090 for secondary reaction products is added the total is
0.343 for products other than the quantifietdydroxynitrates, dihydroxynitrates, and
trinydroxynitrates, out of a predicted SOA yield 0.694. This is more than threg the

value of 0.101 expected from the difference in the measured SOA yield of 0.465 and the
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Figure 5.8 Calculated and measured yields of SOA formed from the OH radical-iditiate
reaction of 2-methyl-1-alkenes in the presence of.NM®dels assumptions: (A) all
products were in gas-particle partitioning equilibrium and secondary reachiduncts
were formed; (B) same as (A) but dihydroxycarbonyls were in the formorevolatile
cyclic hemiacetals and dihydrofurans and so present entirely in thegattase.
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sum of the measured yields @hydroxynitrates, dihydroxynitrates, and

trinydroxynitrates of 0.364. Eliminating the discrepancy between predicted easlired

SOA yields would require yields of volatile decomposition products of 0.229, reducing

the yields of SOA-forming dihydroxycarbonyls and trihydroxycarbonyls 60234 to ~

0. It is clear that this conclusion is not correct, since measurements sthow tha

dihydroxycarbonyls and trihydroxycarbonyls are present in the aerosolthetess, the

yields of these compounds must be significantly lower than those predicted by the

original models, indicating that additional alkoxy radical formation/decompnsit

pathways such as those proposed here need to be included in the reaction mechanism.

Adding a more detailed mechanism for SOA formation from H-atom abstraciibn a

secondary reactions will also be important.

5.6 Conclusions

The composition of secondary organic aerosol (SOA) formed from OH radical-

initiated reactions of 2-methyl-1-alkenes in the presence qfdiffars in interesting

ways from that formed from similar reactions of 1-alkenes, demonstragrgjgnificant

effects that simply adding a methyl group to the C=C double bond can have on chemistry.
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As was shown in Chapter 4, this change in structure results in different branciuisg rat

for the addition of OH radicals and the reactiong-bfydroxyperoxy radicals with NO,

and leads to the formation of trihydroxynitrates. Here, some additional difesevere

identified. No dihydroxycarbonyl dimers were observed in SOA, apparentludeca

electron donation by the methyl group reduces the tendency gfttixdroxycarbonyls to

form hemiacetal dimers. And from the significant discrepancies obsest@ddn

calculated and measured SOA yields it is concluded that a large fraction of

hydroxyalkyl radical intermediates react with &d then NO to form the corresponding

alkoxy radicals, which then decompose, resulting in significantly less SOA thad w

otherwise be formed. This pathway, although recognized in previous studies, ig usuall

thought to be minor. So, even though our expectations were that modeling SOA

formation from reactions of 2-methyl-1-alkenes would be easier than iowasatkenes

(where low volatility dimers and cyclic compounds formed by complex particleepha

reactions are major SOA components), these reactions offer their owmgkalle

Nonetheless, since most of the branching ratios for reaction pathways kave be

guantified, and good vapor pressure data based primarily on measurements nather tha

structure-activity calculations are available for estimatirgyggticle partitioning, it is
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expected that once additionahydroxyalkyl radical reactions are incorporated into the

mechanism along with more detailed representations of H-atom abstramxtion a

secondary reactions it will be possible to achieve to a more complete model for

calculating SOA composition and yield. This model may be useful not only for

understanding SOA formation from reactions of these particular alkenessd@itosh

more complex and atmospherically abundant compounds such as terpenes.
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Chapter 6

Products and M echanism of Secondary Organic Aerosol Formation from Reactions

of Linear Alkeneswith NO3; Radicals

6.1 Abstract

Secondary organic aerosol (SOA) formation from reactions of lineareske

with NO; radicals was investigated in an environmental chamber using a thermal

desorption particle beam mass spectrometer for particle analyssefadchemical

mechanism was developed to explain the formation of the observed SOA products. The

major first-generation SOA products were hydroxynitrates, carbdrgties, nitrooxy

peroxynitrateglihydroxynitrates, and dihydroxy peroxynitrates. The major second-

generation SOA products were hydroxy and oxo dinitrooxytetrahydrofurans, whiieh ha

not been observed previously. The latter compounds were formed by a seriet@isea

in which s-hydroxycarbonyls isomerize to cyclic hemiacetals, which then date/tb

form substituted dihydrofurans (unsaturated compounds) that rapidly react wgth NO

radicals to form very low volatility products. For the ~1 ppmv alkene concentratieds us

here, aerosol formed only for alkerre€;. SOA formed from &Cg alkenes consisted

only of second-generation products, while for larger alkenes first-generatiducis
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were also present and contributions increased with increasing carbon numbenthppa

due to the formation of lower volatility products. The estimated mass fractidinst-of

and second-generation products were approximately 50:50, 30:70, 10:90, and 0:100, for
1-tetradecene, 1-dodecene, 1-decene, and 1-octene SOA, respectivelydirshiews

that o-hydroxycarbonyls play a key role in the formation of SOA in kBIO; reactions,

and are likely to be important in other systems sthhgdroxycarbonyls can also be

formed from reactions of OH radicals angwith hydrocarbons.
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6.2 Introdution

Organic particles are emitted directly into the atmosphere as praducts

incomplete combustion and are also formed by gas-to-particle conversiontdévola

organic compounds (VOCs) emitted from anthropogenic and biogenic sources @Seinfel

and Pandis, 1998). In the latter process, VOCs are oxidized to less volatile compounds

that condense to form secondary organic aerosol (SOA). The major atmosphénagseac

of VOCs are those involving OH and MNéadicals and @(Atkinson, 2000). Reactions

with OH radicals occur almost exclusively during the day, reactions withr&tficals

occur primarily at night, and reactions with @cur during the day and at night. Most

studies of SOA chemistry have focused on reactions of OH radicals with ex®(dang

and Kamens, 2001) and alkenes (Larsen et al., 2001) and on reactignsithf &kenes

(Yu et al, 1999; Tobias and Ziemann, 2000). Little is known about the chemistry of SOA

formation from NQ radical reactions.

Nitrate radicals are formed in the atmosphere by the reaction piMNIOO:.

Concentrations are maintained at very low levels during the day by photolylsisd®r

et al., 1993) and by reaction with NO, but increase near sunset and at night such that

reactions with N@radicals can become an important sink for organic compounds
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including unsaturated hydrocarbons, phenols, aldehydes, and dimethyl sulfide (Atkinson,

1991; wayner et al., 1991). For example, recent field studies in two major urban areas

have demonstrated that N€dicals can contribute significantly to the oxidation of some

VOCs (Geyer et al., 2001; Geyer et al., 2003). It has also been suggested tioaisrefic

VOCs with NQ radicals may be important in indoor air chemistry (Nazaroff and

Weschler, 2004). Although the kinetics, mechanisms, and gas-phase products of alkene-

NOj; reactions have been the subject of a relatively large number of laboratoeg studi

(for reviews see Atkinson, 1997; Calvert et al., 2000), investigations of SOA formati

are limited to a few measurements of aerosol yields (Hallquist et al., 18681 & al.,

1999; Noda and Ljungstrom, 2002; Moldanova and Ljungstrom, 2000). Nonetheless,

these studies show that the reactions can be efficient aerosol sources assdnniSOA

yields approaching unity for some monoterpenes (Griffin et al., 1999).

In this study, the chemistry of SOA formation from reactions of Nicals with

a suite of linear alkenes was investigated using a thermal desorptiotega@tm mass

spectrometer (TDPBMS) for on-line aerosol analysis (Tobias et al., 200@s Taxtwal

Ziemann, 1999). This instrument makes it possible to identify low-volatility

multifunctional organic nitrates that have not been observed previously because of the
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inability of off-line methods (e.g., gas chromatography) to analyze thbge

compounds. The compounds investigated included simple linear alkenes with double

bonds in either terminal or internal locations. In the atmosphere, those withlinterna

double bonds have lifetimes (calculated using rate constants from Calvert et aln@000 a

background oxidant concentrations from Atkinson and Arey, 2003) with respect to

reaction with NQ radicals of ~3 hr, which is comparable to reactions wilat@ OH

radicals. Terminal alkenes react with Ni@dicals (and € much more slowly, so their

atmospheric lifetime is determined by reaction with OH radicals. Altindlig emissions

of linear alkenes large enough to form condensable products are probably too small to

contribute significantly to atmospheric SOA formation, these compounds provide very

useful models for the more abundant and complex monoterpenes. Because the present

study represents the beginning of a larger investigation into the chemiSi@/of

formation from alkene-N@reactions, linear alkenes were selected in order to simplify

the chemistry while still providing insight into the effects of molecularcsire on the

pathways that lead to aerosol products.

200



6.3 Experimental Section

Materials. The alkenes 1-hexene (99%), 1-heptene (99%), 1-octene (98%), 1-
decene (94%), 1-dodecene (95%), and 1-tetradecene (92%) were obtained fram Sigm
Aldrich, and 3,5,5-trimethyl-1-hexene (99%), 2-methyl-1-octene, and Uésteae were
obtained from ChemSampCo. All chemicals were used without further purification.

Environmental Chamber Technique. Reactions of alkenes with N@adicals
were performed in the dark in a ~7000 L PTFE environmental chamber at room
temperature (~2&) and pressure (~96 kPa). The chamber was flushed overnight and
filled with clean, dry air (< 5 ppbv hydrocarbons, < 0.1% RH) from an Aadco pure air
generator. A measured amount of alkene was evaporated from a glass rioylipenslie
heating and flushed into the chamber in a clean air stream. Nitrate rackcaladded in
the form of NOs, which thermally dissociates into N@nd NQ. N,Os was synthesized
according to the procedure of Atkinson et al. (1984) and kept frozen in ligwd &l
glass vacuum rack until needed. When use@sMWas warmed and evaporated into an
evacuated, calibrated 2.0 L bulb until an appropriate pressure was reached. Thasbulb w
then flushed into the chamber using clean air. During these additions, a fan in the

chamber was run to mix the reactants. Particles formed by homogeneousionjclea
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typically within a minute of adding XDs and increased from background concentrations
of ~10 cm® to a peak of ~10910° cm® a few minutes later. Average particle diameters
were ~0.2-0.4 pm.

The initial concentration of alkene in the chamber was 1 ppmv. The amount of
N>Os added to the bulb (~0.34 kPa) was intended to also achieve this concentration.
Some NOs, however, was lost to the walls of the vacuum rack, glass bulb, and chamber.
From the amount of reacted alkene measured in a few experimgdtdpbkes were
apparently < 20%. At an initial JOs concentration of 1 ppmv, the equilibrium
concentrations of NQand NQ are 37 ppbv (calculated using an equilibrium constant of
2.9 x 10" cm?® moleculé' (Finlayson-Pitts and Pitts, 2000)). As the alkenesK&ction
proceeds, [Ng] decreases due to reaction and to the shift in equilibrium &3] N
decreases and [NpDincreases. The amount of alkene reacted at any time depends on the
rate constant, which in turn depends on the structure of the molecule. For the compounds
investigated here, the rate constants (Calvert et al., 2000) are appebximatl 0
(terminal alkenes) and 3.6 x 10(2-methyl-1-octene, 7-tetradecene)’enoleculé s™.

Using the appropriate second order kinetics expression and assuming no wall losses of
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N.Os, the amounts of alkene reacted in one hour are calculated to be ~70% and ~98% for
these two classes of compounds, respectively.

Particle Mass Spectrometric Analysis. The TDPBMS was used to analyze
particle composition in real-time (Tobias et al., 2000) and by temperature{progch
thermal desorption (Tobias and Ziemann, 1999). Aerosol is sampled from the chamber
through stainless steel tubing and enters the TDPBMS through a 0.1 mm aritical
that reduces the pressure from atmosphere to ~300 Pa. Patrticles are ifoansed
aerodynamic lens (Liu et al., 1995a; Liu et al., 1995b) and the resulting beam passes
through a nozzle and two flat-plate skimmers before entering the detectiobezham
the detection chamber (~¥®a), particles impact in a V-shaped notch in the tip of a
copper vaporizer rod that for real-time analysis is resistively heated 55CG:1@articles
are completely vaporized upon impact and vapor diffuses into an ABB Extrel MEXM 500
guadrupole mass spectrometer where molecules are ionized by electrangltenad,
and detected using a conversion dynode/pulse counting detector. For TPTDsattadysi
vaporizer rod was cooled to -8 and particles were collected for ~15 min. The rod was
allowed to warm to -8 and was then heated to ~90-%@ising a computer controlled

linear temperature ramp of@ min*. Compounds desorb from the vaporizer according to
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their vapor pressures, allowing separation of components for mass specysianake
mass spectrometer was typically scanned in@mil0-400 in ~30 s. Although slightly
better resolution might be obtained with a slower ramp, radiative heatihg lgnizer
sets a minimum heating rate of ~%2min™. This effect could be reduced with active
cooling during ramping, but it would then be much more difficult to produce the
exceptionally linear ramp we currently achieve and also lengthen thesiartatye.

Aerosol Yield Measurements. In a few experiments, the aerosol yield [aerosol
mass formed (pg 1)/VOC mass reacted (ug¥Hj (Odum et al., 1996) was determined
from measurements of aerosol mass and reacted alkene concentrations.

The amount of alkene consumed was determined from the alkene concentrations
measured before and after reaction using gas chromatography. For theseements,

100 cnf of air was sampled onto solid Tenax TA adsorbent and analyzed immediately
using a Hewlett Packard (HP) 6890 GC system equipped with an HP-1701 fused-sili
capillary column (30 m x 0.53 mm with a 1.0 um film thickness) and a flame ionization
detector (FID). The Tenax TA samples were placed in a split/splitiést that was run in
the splitless mode. The inlet was initially at room temperature, and thend aonp&0°C

at a rate of ~23C min* after inserting the tube. The FID transfer line was maintained at
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280°C. The FID response was compared with standard calibrations to determine alkene

concentrations.

The aerosol mass formed in a reaction was measured using a scanning mobility
particle sizer (SMPS) (Wang and Flagan, 1990). The SMPS consistétffed dipolar
charger, a long differential mobility analyzer similar in design to theni&lel 3934, a
TSI Model 3010 Condensation Particle Counter, and a scanning/inversion program
developed by the McMurry group at the University of Minnesota for use with Labview
software (Tobias et al., 2001). The SMPS was operated at aerosol and sh&atls air
approximately 0.5 and 2.5 L minrespectively, which provide a resolution of ~20% in
particle size measurements. The software output includes the pargctBssibution,
number concentration, and volume concentration, the latter of which can be converted to
a particle mass concentration by multiplying by the particle defisigydensity was

assumed to be 1 g €n

6.4 Results and Discussion

Reaction Mechanism. First-Generation Products. On the basis of previous

studies of the gas-phase products of the reactions of alkenes wgttadiCals (Jay and
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Stiglitz, 1989; Barnes et al., 1990; Skov et al., 1992; Wanberg, 1993; Kwork et al., 1996;

Turazon et al., 1999), the reaction of N@dicals with a linear alkene [designated here

as R(CH,)sCH=CHR/, where R and R are alkyl groups] can potentially form first-

generation products16 by the mechanism shown in Figure 6.1. The reaction is initiated

by the addition of N@to the carbon-carbon double bond, with H-atom abstraction being

negligible. Addition occurs predominantly at the less-substituted carbon atoim tthee

enhanced stability imparted to the radical site by the electron-donatingadlap. For

terminal alkenes, this means padds primarily at the end of the molecule. The resulting

nitrooxyalkyl radical reacts solely with,@o form a nitrooxyalkylperoxy radical. This

radical can react with NQo form a nitrooxyalkyl peroxynitratel], which is thermally

unstable and therefore acts as a temporary reservoir for the nitrooxyeskylpadical.

The nitrooxyalkylperoxy radical can also react with H®form a hydroperoxynitrate

[2] or with other organic peroxy radicals (R{pto form a hydroxynitrate3],

carbonylnitrate 4], or nitrooxyalkoxy radical. The nitrooxyalkoxy radical can

decompose to aldehydes; f], isomerize through a 1,5 H-atom shift to a

nitrooxyhydroxyalkyl radical, react with£Qo form compound, or react with N@to
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First-Generation Products
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Figure 6.1 Proposed mechanism for forming first-generation products in reactions of
linear alkenes with N&xradicals.
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form an alkyl dinitrate 7]. The nitrooxyhydroxyalkyl radical can subsequently undergo

reactions similar to the nitrooxyalkyl radical to form prod&:.

| somerization of 5-Hydroxycarbonyls: a Gateway to Second-Generation Reaction

Products. The first-generation reaction produdt4? are saturated compounds that react

too slowly with NQ radicals for further reactions to occur. Recently, however, it has been

shown that-hydroxycarbonyls (i.e., compounds in which CHOH and C=0 groups are

separated by two carbon atoms) similar to compodhdsndl12 exist in the gas phase in

equilibrium with a cyclic hemiacetal isomer, which in turn is in equilibriurti\ai

substituted dihydrofuran formed by dehydration (Cavalli et al., 2000; Martion et al

2002). The equilibria shift in the direction of the substituted dihydrofuran with déogea

relative humidity (RH). For 5-hydroxy-2-pentanone (the only commerciallyadoka o

hydroxycarbonyl), the lifetime for conversion to 4,5-dihydro-2-methylfurariig hr at

RH <<1% (Martin et al., 2002). More recent studiessdrydroxycarbonyls created in

chamber reactions have shown that as the carbon numberdffiyideoxycarbonyl

increases the equilibria shift toward the substituted dihydrofuran, with déleydra

occurring as quickly as a few minutes or less (Reisen et al., 2005; Bakep@08§; Holt

et al., 2005).
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For compound4l1 and12, isomerizatiorleads to cyclic hemiacetal8 and15,

which then lose water to form substituted dihydrofurbhand16, respectively. As

shown below, formation of substituted dihydrofurans and their subsequent reactions with

NO; radicals provides an important pathway to second-generation products of lower

volatility and greater aerosol forming potential.

Second-Generation Products. It has been shown that the reaction of;M&dicals

with 4,5-dihydro-2-methylfuran is orders of magnitude faster than with agk@mhertin et

al., 2002). The substituted dihydrofuran compoul¥tland16 therefore react rapidly

with NO; radicals to form second-generation products. The proposed mechanism is

shown in Figure 6.2 and is essentially the same as that shown in Figure 6.1rfes alke

(no reactions of nitrooxyalkoxy radicals with Bl@e shown for reasons explained below,

and an additional decomposition reaction leads to nitrooxycarbonyl extePS]). The

potential second-generation products of the reactions of comphiaasi 16 are

substituted tetrahydrofurans including nitroperoXy, [L8, 25, 26], hydroperoxy 19, 20,

27, 28], hydroxy [22, 23, 30, 31], and oxo P4, 32] dinitrooxytetrahydrofurans.

Mass Spectral Analysis of Aerosol Products. The major challenge in using

TDPBMS mass spectra to identify reaction products is that mass spexriddrsis are
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Second-Generation Products
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Figure 6.2 Proposed mechanism for forming second-generation products in reactions of
linear alkenes with N@radicals.
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only available for the aldehyde producisafid6) formed by the mechanisms shown in

Figures 1 and 2. The mass spectra of other potential products are not presemias libra

nor are the compounds commercially available. The approach taken here was assise m

spectra of compounds with related structures, well-known electron ionization (EI)

fragmentation pathways (McLafferty and Turecek, 1993), and TPTD pridiles

determine which products of the proposed mechanisms appear to be present.

1-Tetradecene. The real-time mass spectrum obtained for the reaction of 1-

tetradecene [CHCH,)::CH=CH;] with NOs radicals is shown in Figure 6.3. Significant

high-mass peaks are presentné&t 333, 288, 286, 272, 258, 227, 211, 199, and 197. The

TPTD desorption profiles for these and other selectedalues are shown in Figure 6.4.

For any single compound, the profiles ofralz values that are present in its mass

spectrum will exhibit maxima at the same temperature. A maximum in gtlesor

profile is therefore indicative of a single compound or a group of compounds having very

similar vapor pressures. Although the TPTD technique was not able to completely

separate the components of this mixture in order to obtain mass spectra of single

compounds, by comparing profiles of differeniz values it was possible to identify 6
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compounds (or groups of compounds), corresponding to maxima at 30, 39, 48, 87, 92,

and 96°C.

The compound(s) responsible for each maximum was assigned by comparing

potential reaction products, measured volatilities (as indicated by desorption

temperatures), and major mass spectral peaks. For 1-tetradegen€H{CH.)s and R

= H in the reaction schemes shown in Figures 6.1 and 6.2. The proposed aerosol products

are shown in Figure 6.5 along with proposed pathways for creating the chstiadtars

used for compound identification. The pathways are consistent with well-dstablis

electron ionization (EIl) fragmentation mechanisms (McLafferty amdcak, 1993). All

the major mass spectral peaks associated with TPTD maxima can bedgsigable

ions generated from the proposed reaction products by loss of the molecular sgecies H

NO,, HNO,, NOs, HNO;, HCHO, CH=CH,, and CO, and OH and alkyl radicals. The

systematic procedure used to assign the products is described in detail below.

As a starting point, we note that compounds equivaleh{ftbave been observed

among the major gas-phase products of alkene+s&artions (Atkinson, 1997; Calvert et

al., 2000; Atkinson and Arey, 2003). Whether or not these compounds are found in the
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aerosol analyzed here depends on the reaction conditions and the alkene carbon number,
since products must have sufficiently low vapor pressures to partition intogmrticl

As shown in Figures 6.1 and 6.2, because the reaction of unsaturated compounds
with NO; radicals is initiated by addition of N@o the double bond, most of the products
are expected to be nitrates with the exception of a few decomposition products. In El
mass spectra of organic nitrates, such as those shown in Figure E.1 (Apfamalixy)l
nitrate standard$/z 46 is a characteristic mass fragment due t@'NUhe TPTD profile
of m/z 46 for aerosol formed from the 1-tetradecene reaction is shown in Figure 6.4A
along with those fomy/z 81, 83, and 85. The latter three ions are associated with many
different products, and their profiles span the entire range of temperatarestoch
aerosol products desorb. The overlap of the desorption profiles of these peaks (as well a
all others) withm/z 46 suggests that all the aerosol compounds are nitrates. Nonetheless,
as we begin our analysis we will not assume this is the case. It is atstanpo note
that many of the small mass fragments (enfg,46, 76, 81, 83, 85) have desorption
profiles with maxima at temperatures other than those labeled in Figufiené.feason
for this is that these ions are associated with multiple compounds that are natebmpl

separated by TPTD analysis. The low-m@agsprofiles therefore represent contributions
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from multiple products. In most cases, they exhibit maxima approximately gnidwa
between those of the labeled compound(s). High-mass fragments are more often
characteristic of a single compound or isomers, and are therefore mordarseful
identification.

We begin by determining whether or not any of the compoliiare present
among the most volatile aerosol products, since their counterparts have beéeddzsnti
gas-phase products in other alkenesMé€actions. Beginning with the compound(s) that
desorbs at 38C, we note that the highestz value that exhibits a maximum at this
temperature is 199 (Figure 6.4B). This cannot be compbtratiecanal) 06
(formaldehyde), since our previous studies of 1-tetradecene ozonolysis @othias
Ziemann, 2000) have shown that tridecanal (the least volatile of these) is tdle wolat
form particles under these conditions. Furthermore, the molecular weigittectimal is
only198. Compound is eliminated from consideration because dinitrate formation
through reactions of alkoxy radicals with pN€hould be negligible under the conditions
of these experiments. For example, using a rate constant ratio of 4ot t@ reaction
of alkoxy radicals with N@relative to Q (Atkinson, 1997) and the maximum value of

[NO,J/[O,] = 5 x 10° in our experiments indicates that less than 2% of the
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nitrooxyalkoxy radicals react with NOIsomerization and decompaosition reactions will
reduce this percentage further. Compofnsiruled out because in previous studies we
observed that the mass spectra of hydroperoxides always contain a l&krgenpedV-

33 (M is the molecular ion mass) due to the loss of HObias and Ziemann, 2000;
Ziemann, 2003). This should result in a maximum inntfe258 profile at 3GC, which

is absent (Figure 6.4D).

Among the gas-phase products that have been observed in previous studies,
compoundd, 3, and4 remain as possibilities and our results suggest that the maxima at
30 and 39C are due to a combination of these three compounds. The assignment of
compound3, a hydroxynitrate, as a contributor to the’@0compound(s) is consistent
with the maximum in thevz 199 profile shown in Figure 6.4B. Although mass spectra
are not available for any of the proposed products, EI mass spectra argl@vaila
related compounds. For example, the mass spectrum of a 1,2-dihydroxytetradecane
[CH3(CH,)1:CH(OH)CH,OH] standard, which has a similar structure to comp@, sl
shown in Figure E.1 (Appendix). The highest mass peak is a large o/felf9
corresponding to the GKCH,)1;CHOH' ion formed by loss of «C¥DH. Formation of

this ion should be even more favored for compaBibdcause of the greater stability of
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the HCHO and N@molecules lost during decomposition (Figure 6.5) as compared to a
*CH,OH radical. As expectedyz 125 and some of the other ions in th#l&,.;" series

that is prominent in the 1,2-dihydroxytetradecane mass spectrum also exdbita at
30°C.

It appears that a second compound also desorbs’&t 30thenvz 197 profile,
(Figure 6.4B) there is a shoulder at°80and a peak at 3€. It is unlikely that the mass
spectrum of compoun8would have such an intense peak (~2-3 times largemtfian
199) at this mass. We therefore assign this fragment to another compound witllgssent
the same volatility. The best candidate is compayradcarbonylnitrate. It is reasonable
that the volatility of this compound would be similar to compo8psince they only
differ by carbonyl and hydroxyl groups. The large peak/atl97 is expected for
compound4, due to the stable acylium ion, gBH,)1;CO", formed by loss of HCHO
and NQ (Figure 6.5). For comparison, the mass spectrum of a 2-oxoadipic acid
[HO(O)C(CH,)3C(O)C(O)OH] standard shown in Figure E.1 (Appendix) has an intense
high-mass peak at/z 115 from the acylium ion HO(O)C(GHCO' formed by loss of

the «C(O)OH radical.
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This assignment of compoun8sind4 is also consistent with the mass spectra of
the alkyl nitrate standards (M = 147) shown in Figure E.1 (Appendix). The 1-
nitrooxyhexane [Ck{CH,)4,CH,ONGO,] standard has a terminal nitrooxy group, as do
compounds3 and4. Bond scission at the nitrooxy carbon, which is the pathway proposed
for compounds$ and4, leads tawz 71 [CH(CH,)4'] or 76 [CHONO,] for 1-
nitrooxyhexane anavz 57 [CHy(CH,)3'] or 90 [CHKCHONG;'] for 2-nitrooxyhexane
[CH3(CH,)3sCH(ONG;,)CHj3], depending on which fragment retains the charge nthe
85 ion observed for both standards is due to loss af Nids is not a major
fragmentation pathway for compour@land4, but is important for some second-
generation products discussed below.

The maximum at 38C is most likely due to compound(spnd/or10. Compound
1is a nitrooxy peroxynitrate and compoullis a dihydroxy nitrate. Both should be less
volatile than3 and4, and can easily producgz 197 ions (Figure 5). It is worth noting
that the similar R-CBHONQO; structures of compounds 3, 4, and10 should lead to
CH,ONQ," ions in the mass spectra of all four compounds.ria&6 desorption profile
shown in Figure 6.4B exhibits a maximum between 30 arf€ 3idicating that all these

compounds fragment by this pathway.

220



The compound that desorbs at°@8is assigned as compoudda
nitrooxyhydroxyalkyl peroxynitrate. If this compound fragments by pathweggar to
compoundl, the major ions contributing to the mass spectrum should be acylium ions
corresponding tovz 155 and 162 (Figure 6.5). The desorption profiles of both these ions
exhibit maxima at 48C.

The next maximum observed in any desorption profile is 8€8Tollowed by
maxima at 92 and 9&. The large temperature gap between these three maxima and
those at 30, 39, and 48 is indicative of a significant reduction in compound vapor
pressures. The much higher masses of many of the fragment ions in the maas spect
associated with the lower volatility compounds indicate they have signifiadifidrent
molecular structures. In the process of analyzing these data, it became obvithes tha
mass spectra could not be explained on the basis of first-generation produetstsimil
those observed in previous gas-phase studies. For example, only two first-ganerati
products, compounds(M = 336) andB (M = 352), have M> 333 as is necessary to
produce a mass spectral peakn&t 333. Neither of these compounds can be responsible
for this peak, however, since no plausible fragmentation pathways can lead to &loss of

or 19 mass units. The low volatilities and high molecular weights of the products
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indicated that reactions were occurring that allowed a second nitrate groeadlded to

the molecule, since a large number of carbonyl and/or hydroxyl groups would be needed
to achieve a similar effect. It appeared, therefore, that new double bonds ingre be
formed during the reaction that allowed further addition of Kgdicals. This led us to

the work of Martin et al. (2002), who showed thdtydroxycarbonyls undergo
isomerization-dehydration reactions that lead to unsaturated dihydrofurantprdde

rapid reaction of the dihydrofurans with h@dicals would quickly form much lower
volatility compounds. We therefore propose that the compounds that desorb at 87, 92, and
96 °C correspond to second-generation products consisting of hyd2@3] 30, 31]

and oxo P4, 32] dinitrooxytetrahydrofurans formed by the mechanism shown in Figure
6.2.

All the major high-mass peaks in the mass spectrum, as well as some less
prominent peaks, can be explained as stable ions formed from hydroxy and oxo
dinitrooxytetrahydrofurans by loss of the molecular speci€s, NO,, HNO,, NO;,

HNO3, HCHO, CH=CH,, and CO, and OH and alkyl radicals, as shown in Figure 6.5.
For these compounds, major fragmentation pathways leading to high-mass itnsare

involving the loss of substituents from the 2 and 5 positions on the ring (i.e., the two
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carbon atoms adjacent to the O-atom). This is demonstrated in the mass spe2trum of

hydroxytetrahydrofuran shown in Figure E.2 (Appendix), where loss of OH leduks to t

large peak atvz 71. Them/z 333, 288, 274, 272, and 223 peaks from the 1-tetradecene

reaction can all be explained by this mechanism. Functional groups in the 3 or@hpositi

on the ring are apparently not lost directly, as indicated by the abseno#zofapeak in

the mass spectrum of 3-hydroxytetrahydrofuran shown in Figure E.2 (App€hiis)

indicates that the peaksratz 333 and 288, for example, are derived from different

isomers having similar volatilities (Figure 6.5). The other major fragation pathways

are initiated by H-atom abstraction enhanced by the formation of a 6-mentp§&r-ri

member in the case ofz 227) transition state, which is a well-established mechanism

(McLafferty and Turecek, 1993). This leads to the loss 4 kr/z 286 and 258), HN®

(m/z241 and 211), and HNGQm/z 227 and 199) followed by other stable molecules such

as CH=CH,, CO, HCHO, and N@ As shown below, the absence of a peak

corresponding tovz 286 for the reaction products of €8 alkenes is consistent with

this pathway. It is important to note that although mass spectra of the hydsoperox

dinitrooxytetrahydofuran9, 20, 27, and28 (M = 366) would also probably have

significant peaks atvz 333 due to loss of HQthe other observed ions are not consistent
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with NO;s radicals.
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with fragmentation of these compounds. The second-generation products identified here
have not been observed previously.

7-Tetradecene. The linear alkene 7-tetradecene K0EH,)sCH=CH(CH,)sCHj3] is
an isomer of 1-tetradecene with the double bond in the middle of the molecule. In this
case, R = CHy(CH,), and R = CHy(CH,)s in Figures 6.1 and 6.2. As shown in Figure
6.6, this change in structure has only a minor effect on the real-time mass spectrem of t
aerosol products. The same high-mass peaks are pres#nBa8B, 288, 286, 274, 272,
258, 227, and 211. The peaksrét 199 and 197 are much reduced because of the change
in length of the carbon chain adjacent to the double bond, and a few important new peaks
appear, at/z 160 and 190. The desorption profiles for seleatéedvalues are shown in
Figure 6.7, and again indicate the presence of two groups of compounds: a mdee volati
group (first-generation products) with maxima between 14 ari€ 42nd a less volatile
group (second-generation products) with maxima between 79 di@l Bhe
fragmentation pathways proposed to be responsible for the major mass spaksarpe
shown in Figure 8, and are similar to those proposed for the 1-tetradecermreacti

products.
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The two most volatile aerosol products desorb at 14 afi@.2As with 1-
tetradecene, they are assigned to compo8ragl4. These compounds are more volatile
than the corresponding 1-tetradecene products, and also differ slightly intyohatii
respect to each other. These differences are because of the shift of ttem&ligrtups
from the end of the molecule to the center. The desorption profite&z 85 and 113,
which are indicative of a carbonylnitrate, both have maxima &€ 1whereas the
profiles ofm/z 97 and 115, which are indicative of a hydroxynitrate, both have maxima at
21°C. The desorption profile @f¥z 160 has a broad maximum spanning the region from
14 to 21°C indicating that this fragment comes from both compoundsnTh#13, 115,
and 160 peaks are analogous tortfe197, 199, and 76 peaks, respectively, observed in
the 1-tetradecene reaction mass spectrum. Further fragmentationmét #Hie8 and 115
ions yield large peaks a¥z 85 and/z 97 by loss of CO and 4@, respectively. These
pathways were not observed for thiz 197 and 199 ions from the 1-tetradecene reaction
products because of the greater stability of larger RCH&d RCO ions. This size
effect is demonstrated in the mass spectra of 5-hydroxytetradecane
[CH3(CH,)3sCH(OH)(CH,)sCHs] and 7-hydroxytetradecane

[CH3(CH,)sCH(OH)(CH,)sCHs] shown in Figure E.3 (Appendix). The
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CHs(CH,)sCHOH'" m/z 157 ion from 5-hydroxytetradecane does not log@ té give a
peak ainvz 139, whereas for 7-hydroxytetradecane the loss,0ffrbm the smaller
CHs(CH,)sCHOH" and CH(CH,)sCHOH" ions is indicated by the peaksnafz 115 and
97 and at/z 129 and 111, respectively.

There are also maxima at 26, 38, and@2n the desorption profiles ofiz 197,
131, and 113, respectively. On the basis of volatility and probable fragmentation
pathways (Figure 6.8), the maxima at 38 and@are assigned to compouridsand1,
respectively, but no plausible assignment could be made to fi@&éximum.

The compounds that exhibit desorption maxima between 79 ai 84
assigned to second-generation products, similar to the products of the 1-tetradecene
reaction. Some of the desorption profiles are broader and less well resolved,dxat the
[32 and/or24] and hydroxy 80, 31 and/or22, 23] dinitrooxytetrahydrofurans still desorb
at slightly different temperatures. This is demonstrated in Figures 6féCddome of the
most intense high-mass fragments. It is worth noting that in order to formizR2&2 and
274 ions by loss of HCHO and NGan H-atom and alkyl group must exchange positions
on the ring. This was unnecessary for the 1-tetradecene reaction products, asts sugge

strong propensity for the formation of these ions. One other difference is thizd for
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tetradecene reaction th#z 286 ion is apparently formed from compowrather than
30, since the alkyl group must be sufficiently large for isomerization. \, aste very
important observation that provides strong support for the identification of hydroxyl
dinitrooxytetrahydrofurans is that th&z 160 and 190 desorption profiles both have
maxima at 79C. These are new fragments that appear because of the different position
of the double bond in 7-tetradecene. They are formed when comBoaid/or31),
which has a molecular weight of 350, splits into fragments with mass 160 and 190.
The proposed first- and second-generation SOA products from the reactions of 1-
tetradecene and 7-tetradecene are summarized in Table E.1 (Appeorlipxyvah
desorption temperaturesqd and vapor pressures at’@5Pss). The Bs values were
estimated from Jesvalues using an empirical correlation [leglPa) = -0.0854 x g&{°C)
- 1.792] obtained from vapor pressures of a serieg £€& monocarboxylic acids
(chattopadhyay and Ziemann, 2005) measured using the TPTD technique (Chattopadhyay
et al., 2001). These values are probably accurate to within about one order of magnitude.
Homologous Linear Alkenes. The mass spectral patterns observed for the aerosol
products from reactions of other linear alkenes are consistent with those-from 1

tetradecene and 7-tetradecene. The real-time mass spectrum of fienoghe reaction
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of 1-heptene [CK{CH,),CH=CH;], which was the smallest alkene to form aerosol, is

shown in Figure 6.9. For this alkeng; RCH;CH; and R = H in Figures 6.1 and 6.2.

The molecular weight of 1-heptene is 98 compared to 196 for 1-tetradecene, so

corresponding peaks in the mass spectra differ by 98 mass units. As expegied, ma

high-mass peaks in the 1-heptene reaction mass spectrum are prese@8at 190, and

174, corresponding tavz 333, 288, and 272 for the 1-tetradecene reaction. No peak is

present at/z 188, which corresponds 'z 286. This is apparently because the pathway

for forming thenV/z 286 ion, as proposed in Figure 6.5, is not accessible to the 1-heptene

reaction product. This pathway involves a 6-member ring transition state, ampisese

a terminal alkene having at least 8 carbons. We observed peaks indicatigepatiiaay

in the mass spectra from reactions of 1-tetradecene, 1-dodecene andel -detaot 1-

octene and 1-heptene. The absence of a peak for 1-octene, even though it has 8 carbons,

is probably because abstraction would occur at a primary hydrogen. This seqane

energy than for the secondary hydrogens available in terminal alkenes havimp@&or

carbons.

Contributions of First- and Second-Generation Reaction Productsto SOA

Formation. Thermal desorption profiles of singi®z values are valuable for identifying
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products, but do not provide quantitative information. Profiles of the total ion signal,
however, can be used for this purpose. Because the total ion signal is approximately
proportional to the organic mass (Crable and Coggeshall, 1958), the mass fraction of a
component can be estimated from the normalized area under its desorption peiak. This
equivalent to using a total ion chromatogram to estimate compound concentrations in
GC-MS analysis. The approach is demonstrated in Figure 6.10 for aerosed fivom
reactions of the homologous series of terminal alkenes: 1-tetradecene, érdpdec
decene, and 1-octene.

In most cases, single compounds cannot be resolved in the plots of total ion signal,
and peaks instead represent a group of compounds with similar volatilities. Fgplexa
peaks are observed at 34, 46, and® the profile for 1-tetradecene (Figure 6.10A).
Comparing with profiles for singlevz values (Figure 6.4) indicates the peak atG4s
from compounds that desorb at 30 an®@9while the peak at 4 is from the
compounds that desorb at Z®and 48C. The peak at 9% is from second-generation
products that desorb between 87 and®6The interpretation of the profiles for other
compounds is similar. As expected, product volatility increases as the molseigat

of the parent alkene decreases. For 1-tetradecene, 1-dodecene, 1-teckrostane,
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the mean desorption temperatures are 92, 81, 61, &l@ifé7 second-generation
products and 40, 29, and 20 for first-generation products (no 1-octene peak).

Although the resolution is not sufficient to quantify single compounds, it is
possible to use these results to estimate the relative contributions aricisiecond-
generation products to the aerosol yield. Based on the discussion above, we can assume
that the dividing line between first- and second-generation products in 1-tetnadec
aerosol is the minimum in the curve at °63(Figure 6.10A). We then use the
normalized signal below and above this temperature to calculate the frachiemsél
mass from the two components. We do the same for the other profiles using tereperat
of 55 and 35C for 1-dodecene and 1-decene, respectively, while 1-octene has only
second-generation products. The results of this analysis indicate thathdractions
of first- and second-generation products are approximately 50:50, 30:70, 10:90, and
0:100, for 1-tetradecene, 1-dodecene, 1-decene, and 1-octene aerosolyegspect

An Additional Test of the Proposed Reaction Mechanism. As shown in

Figure 6.2, the proposed mechanism for forming second-generation reactiongproduct
requires the presence &hydroxycarbonyls, which isomerize and dehydrate to form

unsaturated compounds that then react withh N@icals. A key step in the formation of
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o-hydroxycarbonyls is a 1,5 H-atom shift within the alkoxy radical intermedtatr all

the terminal alkenes discussed above, this isomerization pathway is availti®g-

alkoxy radicals formed subsequent to addition ogldCthe terminal carbon and leads to

o-hydroxycarbonyl nitrate producid and12. Terminal alkenes without H-atoms on the

5-carbon cannot forra-hydroxycarbonyls or second-generation reaction products.

One terminal alkene that has no H-atoms on the 5-carbon is 3,5,5-trimethyl-1-

hexene [CHC(CHz),CH,CH(CH3)CH=CH,], which is commercially available. As a test

of the proposed mechanism, this compound was reacted y@t Alreaction was also

performed using 2-methyl-1-octene [efBH,)sC(CHs)=CH,], which is an isomer of

3,5,5-trimethyl-1-hexene that can form second-generation products. From thsidiscus

above regarding the desorption profiles in Figure 6.10, aerosol formed fratke@es is

composed almost entirely of second-generation products. One would therefore expect

that if the mechanism proposed here is correct, the aerosol yield fronattienef

3,5,5-trimethyl-1-hexene should be very small and much less than that from2-ineth

octene. Reactions were carried out with 1 ppmv 3,5,5-trimethyl-1-hexene and 10 ppmv

N2Os, and 1 ppmv 2-methyl-1-octene and 2 ppm®§ Under these conditions,

reactions of both alkenes are calculated to be >90% complete within 30 min, as was
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verified by GC analysis of the amount of reacted alkene. The resultsefgbgments
were consistent with the predictions of the reaction mechanism: the agetddtgm 2-

methyl-1-octene was 10%, while no aerosol was formed from 3,5,5-trinfetigkene.

6.5 Conclusions

The results of this study show that SOA formation from reactions gfraificals
with linear alkenes involves both first- and second-generation products. The most
important first-generation aerosol products are hydroxynitrates, carboatgdsjt
nitrooxyperoxy nitrateand dihydroxynitrates. Althoughhydroxycarbonyls are too
volatile to form SOA directly, they are key intermediates in the formatioovedr
volatility second-generation products. Because of the 1,4 configuration of the hydroxyl
and carbonyl groups isrhydroxycarbonyls, these compounds can readily isomerize to
cyclic hemiacetals and then dehydrate to form substituted dihydrofutasmsiolible
bonds in dihydrofurans are extremely reactive towardg fd@icals, so these compounds
are rapidly converted to lower volatility hydroxy and oxo dinitrooxytetrahydaoir It

is not known if the isomerization éfhydroxycarbonyls to cyclic hemiacetals occurs in
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the gas phase or requires a surface (particles or walls), but our previous istideted

that hydroperoxycarbonyls can isomerize in the gas phase (Ziemann, 2003).

For the G-Cy4 alkenes studied here at concentrations of 1 ppmv, SOA formed

only for alkenes C;. The SOA formed from reactions of-Co alkenes consisted solely

of second-generation products. First-generation products first appeared indaO©3, §r

alkenes, and their contribution to the aerosol mass increased with increasing carbon

number. In the case of 1-tetradecene, the largest alkene studied, the niass fo&c

first- and second-generation products in the aerosol were ~50:50. Theseaesult

indicative of enhanced gas-to-particle partitioning for the lower volagitibgucts

formed from larger alkenes.

The important role observed here éshydroxycarbonyls (through conversion to

dihydrofurans) in SOA formation is likely to be of general applicability sthce

hydroxycarbonyls are also formed from reactions of hydrocarbons with di¢thisand

Os. In the atmosphere, dihydrofurans should react primarily witard NQ radicals

(Martin et al., 2002), which indicates that the importance of these oxidants in SOA

formation is not limited to reactions of unsaturated hydrocarbons. Thesemsagien

efficient pathways for forming low volatility products, which are not currentjuded
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in models of SOA chemistry. Elsewhere we will demonstrate the importaee of

hydroxycarbonyls in SOA formation from reactions of alkanes with OH radicdhe

presence of NQ(Lim and Ziemann, 2005).
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Chapter 7
General Conclusion

This thesis is focused on the mechanism of secondary organic aerosol (SOA)
formation from the OH and N{Qadical-initiated reactions of the alkenes in an
environmental chamber. For selected systems, the mechanisms are modslezhbas
yield measurements, branching ratios, and vapor pressures. The chemjpasitons of
aerosol products were analyzed with a thermal desorption particle beam mass
spectrometer (TDPBMS), and nitrate products were quantified with a hifgripance
liquid chromatograph (HPLC) with a UV-vis detector. The nitrate products wer
identified by coupling a TDPBMS to a HPLC as wellHSNMR spectroscopy analysis.

Yield measurements gkhydroxynitrates and dihydroxynitrates in the SOA
formed from linear alkene reactions with OH-radicals in the presence ,0cddO
discussed in Chapter 2. The normaligeldydroxynitrate yields in SOA for OH radical
addition to a C=C double bond, which increased as the carbon number increases in C
C,7 1-alkenes and reached the plateau;at\Was 0.140 + 0.009 for an average @f-Cy7.
The yields of dihydroxynitrates were constant over the range©C{ with an average

yield f 0.039 £ 0.006. Based on measured yields offthgdroxynitrates, the branching
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ratios for the formation of th&-hydroxynitrates from reactions gfhydroxyperoxy

radicals with NO were estimated as 0.13-0.15. The lower yiel@shgtiroxynitrates

compared to alkyl nitrates is due to hydrogen bonding between hydroxy and peroxy

groups ofp-hydroxyperoxy radical-NO intermediates. This effect was enhanc#teby

presence of NkJ suggesting hydrogen bonding between the intermediate apd NH

In Chapter 3, a model is developed to calculate the composition and yields of

SOA formed from OH radical-initiated reactions of linear alkenes in treepee of NQ

The model includes a quantitative chemical mechanism developed using the theasure

yields of products, calculated branching ratios, and estimated vapor psee§$he major

SOA products arg-hydroxynitates, dihydroxynitrates, cyclic hemiacetals, dihydrofsira

and dimers formed from dihydroxycarbonyls. Cyclic hemiacetals, dihydrefuead

dimers in the SOA are all formed from dihydroxycarbonyls, and the yields & thos

dihydroxycarbonyl products in the SOA were estimated using the branchivgyaad

compound vapor pressures. Gas-particle partitioning of the dihydroxycarbodyicgs

was calculated for two different cases. In one case, all the products wereedse be

entirely in non-volatile form such as cyclic hemiacetals, and in the othethease

products were assumed to undergo gas-particle partitioning with the vapor ggexsur
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linear dihydroxycarbonyls. The SOA yields calculated with both models agrgavell

with the measured SOA yields in the high carbon number region where the models

predict similar gas-particle partitioning. In the region where differeimcgas-particle

partitioning are significant, below;€in this study, the SOA yields predicted by the non-

volatile model are too high and those predicted by the gas-particle partitiooded ane

too low. This indicates that the formation of products from dihydroxycarbongig®c

through reversible reactions, which will be difficult to incorporate into the moidebut

more information.

In Chapter 4, results of measurements of the yields of organic nitrate products

formed from OH radical-initiated reactions of 2-methyl-1-alkenes in thsepce of NQ

are disussed. The OH addition-normalized yields of |g&bgdroxynitrates,

dihydroxynitrates, and trihnydroxynitrates, whose formation is not affegteddon

number, were 0.225 + 0.007, 0.055 + 0.006, and 0.042 + 0.006, respectively. The

hydroxynitrate yield was not affected by the addition of;N#it increased by ~20%

(compared to dry air) at 50% RH. Combining fhehydroxynitrate yields measured in

Chapters 2 and 4, the relative ratios for forming primary, secondary, and tgrtiary

hydroxyalkyl radicals by OH radical addition to the double bond are 1.0:1.9:4.3, and the
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branching ratios for forming-hydroxynitrates from reactions of primary, secondary, and

tertiary f-hydroxyperoxy radicals with NO are 0.12, 0.15, and 0.25.

A guantitative chemical model of OH radical-initiated reactions of 2yhé -

alkenes in the presence of Ni® developed in Chapter 5. For 2-methyl-1-alkenes, the

major products werp-hydroxynitrates, dihydroxynitrates, trinydroxynitrates,

dihydroxycarbonyls, trihydroxycarbonyls, cyclic hemiacetals, anddidfyrans. No

dimer formation was observed for this system, unlike the reactions of 1-alkenes,

apparently because of low yields of dihydroxycarbonyls and/or reduceivitgandt

dihydroxyaldehydes due to electron donation by the added methyl group. Desorption

profiles of characteristic peaks of trihydroxycarbonyls and dihydrokgcgls are

indicative of equilibrium between dihydroxycarbonyls or trihydroxycarbonyidjcc

hemiacetals, and dihydrofurans. The models initially over-predicted tAeytedds for

high carbon numbers. This led to a re-evaluation of the reaction mechanism and

consideration of the possibility that decomposition pathways invokvihgdroxyalkoxy

radicals should be added. In order to achieve agreement between the model and

measurememts, ~90% afhydroxyalkyl radicals, which initially were all expected to

react to form SOA products, would need to react to form volatile decomposition products.
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With this adjustment, the model worked fairly well for the range of carbon numbers

studied here, indicating that the estimated product vapor pressures were rgasonabl

accurate.

NO; radical-initiated reactions ofgC,4 alkenes are investigated and discussed

in Chapter 6. First-generation products and second-generation products weredoibserve

this study. The major first-generation SOA products include hydroxyrstrate

carbonylnitrates, nitrooxyperoxynitrates, and dihydroxynitraté$ydroxycarbonyls,

which are first-generation products, are generally too volatile tdoberved in SOA, but

they partition into particles by isomerizing to form cyclic hemiace@jglic hemiacetals

dehydrate to form dihydrofurans, and dihydrofurans react withid@cals to generate

second-generation products. The isomerization pathway was confirmiee testlts of

reactions of 3,5,5-trimethyl-1-hexene and 2-methyl-1-octene withrbidcals. The

major second-generation SOA products were hydroxy- and oxo-

dinitrooxytetrahydrofurans. For reactions gfCy alkenes, the SOA is comprised entirely

of second-generation products, but for larger alkenes first-generation progacts al

contribute.
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The studies presented in this dissertation add substantial new insights into the

mechanisms and chemistry of SOA formation from radical-initiatecticee of alkenes.

The organic nitrate measurements are the first to date of the yighdsydfoxynitrates,

dihydroxynitrates, and trihydroxynitrates in SOA formed from OH radiuéibied

reactions of linear alkenes and 2-methyl-1-alkenes in the presence.of iNQechnique

used for identification, which consists of the TDPBMS coupled to a HPLC via an

atomizer, can also be used to identify and quantify other compounds. The quantified

relative ratios for forming primary, secondary, and tertiahydroxyalkyl radicals by

OH radical addition to the double bond and the branching ratios for fogning

hydroxynitrates from reactions of primary, secondary, and teyfiqnydroxyperoxy

radicals comprise complete sets of values that can be incorporated into other Trioalels

comparisons made between measured SOA yields and values calculate usiodetse

developed here indicate that the chemical composition and yields of SOA can be

accurately modeled when sufficiently detailed mechanisms and vapor pressures

available, but that it will be necessary in the future to better understand tiokegarase

chemistry that can form SOA products. Such information should help to improve the

agreement between the SOA model results and ambient measurements fromdietd st
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Appendix A

Supporting Informaiton for Chapter 2

TableA.1

Molar Yields of /-Hydroxynitrates and Dihydroxynitrates Formed from

Reactions of 1-Alkenes and Internal Alkenes with OH Radicals under Dry tioorsdi

S-hydroxynitrates dihydroxynitrates

1H2NG, IN2HG, 1H2NG, + IN2HG,
carbon a yield yield yield yield
number % yield ——  yield — vyield —  vyield —
Ac=c ac Ac=c Ac=c

1-G 0.842 0 0.000
1-G 0.816 0.005 0.006
1-Cy 0.793 0.006 0.008

=C

0 0 0 NA

0 0.005 0.006 NA

0 0.006 0.008 0.024  0.030
1-C;, 0.770 0.014 0.018 0 0.014 0.018 0.031  0.040
1-C,, 0.749 0.031 0.041 0 0.031 0.041 0.034  0.045
1-C;; 0.729 0.046 0.063 0.007 0.010 0.053 0.073 0.030 410.0
1-C,, 0.710 0.078 0.110 0.018 0.025 0.096 0.135 0.033 460.0
1-C;s 0.691 0.070 0.101 0.022 0.032 0.092 0.133 0.031 450.0
1-C,s 0.674 0059 0.088 0.029 0.043 0.088 0.131 0.023  40.03
1-C;; 0.657 0.062 0.094 0.026 0.040 0.088 0.134 0.022 330.0

ocooo©°

7-Ci4 0.822 0.011 0.013 0.003 0.004
7-Ci5 0.808 0.065 0.080 0.006 0.007
8-Cyy 0.780 0.116 0.149 0.005 0.006

®The fraction of the OH radical reaction that occurred by addition to the double bond,
ac=c = Kagd(Kadd + Kan9, Where kqqand kypsare the rate constants for OH radical addition
and H-atom abstraction, respectively, were calculated using equationss{&swok and
Atkinson, 1995) anddgq (Nishino et al., 2009) developed by Atkinson and co-workers
from measured rate constant data. For 1-alkengss R.47 + 1.4 x (CN-5) and.= 28
+ 9 x [1-exp(-0.35 x (CN-3))], where CN is the carbon number and k values are in units
of 10% cm® moleculé* s. For cis and trans internal alkenegsk 4.93 + 1.4 x (CN-8),
KaadCiS) = 56.4, and k{trans) = 64. These equations were used to calcalaievalues
for 7-tetradecene, 7-pentadecene, and 8-heptadecene using their maasundlans
isomer fractions of 0.30:70, 0.25:0.75, and 0.25:0.75.
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PThe G and G dihydroxynitrates could not be analyzed because of peak overlap with the
solvent.
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TableA.2

'H NMR Spectral Data fof-Hydroxynitrates and Dihydroxynitrates.

chemical shift (ppm)

compound Ci4 [this study] G [Muthuramu et al., 1993] assignment
0.889 (t, 3H) 1.010 (t, 3H) CH
1.337 (m) (CH)10
1.747 (m, 2H) CHCH-ONO,
1H2NGC, 1.698 (m, 3H) 2.200 (br, 1H) Ch+OH
3.745 (dd, 1H) 3.741 (dd, 1H) _GHDH
3.849 (dd, 1H) 3.839 (dd, 1H) “GHDH
5.126 (m, 1H) 5.064 (M, 1H) _GBNO,
0.889 (1, 3H) 1.018 (t, 3H) CH
1.270 (m) (CH)10
1.581 (m, 2H) CHCH-OH
1N2HG, 1.535 (m, 3H) 2.330 (br, 1H) CH-OH
3.955 (m, 1H) 3.875 (M, 1H) GBH
4.362 (dd, 1H) 4.365 (dd, 1H) _GHDNO,
4.497 (dd, 1H) 4502 (dd, 1H) “GHONO,
0.889 (t, 3H) CcH
AN1,2HG,  1.270-1.872 (Chx
" 3.467 (dd, 1H) CFOH
5N1,2HGs  3.704 (m, 2H) ChOH
5.069 (m, 1H) CHONO,

Abbreviations used: doublet of doublet (dd), multiplet (m), triplet (t), broad (br)
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The NMR peak assignments fors(B-hydroxynitrates and dihydroxynitrates

formed in the chamber reaction of 1-tetradecene are shown in Table A.2. Forisompa

assignments from Muthuramu et al. (1993) fergchydroxynitrates are also shown. The

chemical shifts were similar for;gand G g-hydroxynitrates, with two exceptions: large

peaks corresponding to (Ghb protons were observed forfbut not G, as expected,

and CH-OH hydroxy protons observed at 2.200 and 2.330 ppm for the,tison@rs

were not clearly observed for the;,@&somers. This is not surprising, since the position of

hydroxy proton peaks can vary with analysis conditions. The hydroxy proton peaks in the

C.4isomers probably overlapped with €proton peaks at 1.535 ppm from £8HOH

in the IN2HG,4 isomer and at 1.698 ppm from &BHONG; in the 1H2NG, isomer.

This conclusion is supported by the observation that the integrated proton sigrtads for t

CH; groups at 1.535 and 1.698 ppm corresponded to 3 rather than 2 protons.

Dihydroxynitrate peaks were assigned baseg-drydroxynitrate peak assignments. The

chemical shifts of the CHand CH-ONGQ protons matched those in the 1H2MN{Somer.

Alkyl protons in CH-OH and CHOH groups appeared in the same region as the

corresponding protons in tife-hydroxynitrates. The peaks were differentiated based on
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the number of protons. A large peak from Hjroups was present at 1.270 ppm, as in

the 1IN2HG, isomer, and additional smaller peaks were also observed downfield as far as

1.872 ppm.
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Appendix B

Supporting Information for Chapter 3

Branching Ratio Calculations

Branching ratios for OH radical addition to the double berdc = Kagd (Kaga +

kan9, and for H-atom abstraction,de-c, where kqqgand kpsare rate constants for

addition and abstraction and their sum is equal to the total rate constant, weedezhlcul

using equations foraks(Kwok and Atkinson, 1995) anddg (Nishino et al., 2008)

developed by Atkinson and co-workers from measured rate constants. For 1;dkgnes

=2.47 + 1.4 X (CN-5) and,ig= 28 + 9 x [1-exp(-0.35 x (CN-3))], where CN is the

carbon number and k values are in units 6f?hT moleculé* s*. Forcis andtrans

internal alkenes,ks=4.93 + 1.4 x (CN-8), dkdcis) = 56.4, and kdtrans) = 64, and

were used with the measured fractionsiefandtrans isomers to calculate weighted

values ofac=c (Matsunaga and Ziemann, 2008).

Values for og-as were taken from (Matsunaga and Ziemann, 2008). They were

determined from measured yields/hydroxynitrates P1, P2]. For 1-alkenesg; anda,

are different, whereas for internal alkenes, it was assumesizéhef alkyl groups Rand
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R, do not affect branching ratios $a = a,. Values ofas-as differed between the two

classes of alkenes, but within a class it was assumed Hrathiomg ratios for formation

of f-hydroxynitrates from reactions of NO wji#hydroxyperoxy radicals are the same,

SO az = au and as = as. As discussed previously (Matsunaga and Ziemann, 2008), one

can instead assume thag = 1.5 x a4 for p-hydroxyperoxy radicals formed from

reactions of 1-alkeness is the case for alkylperoxy radicals (Cassaneli.ef007). A

slightly different set of branching ratios are obtained, but whesetheere used instead

the results were essentially the same, and so are not presented.

Values fora;-ai6 Were estimated using alkoxy radical rate constants calculated

using the structure-reactivity method of Atkinson (2007), measured aldehyde[&lds

P6] (Aschmann and Atkinson, in preparation), and measgegbroxynitrate P1, P2]

and dihydroxynitrateR7, P8] yields (Matsunaga and Ziemann, 2008). Rate constants

calculated for alkoxy radicals formed from alkenes studied here prediet€lions are

too slow to compete with decomposition or isomerizatiornyse ag = 0. The branching

ratios ao- 16 Were determined with the aid of Fig. 1, which shows that the molar yield

(moles of product formed/moles of alkene reacted) of a compound is equal to the product

of branching ratios along the pathway leading to its formation.
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For l-alkenes, the molar yield &6 per OH addition, ¥dac=c, which has

contributions from both OH radical addition pathways, is equald@d-c] X as X ag) +

([ ol ac=c] X a6 X ng). Substitutingen, oz, as, andag from Table 1,0c-c = 0.84 and ¥s

= 0.33 for the sum of heptanal (0.28) and 4-hydroxyheptanal (0.05) (4-hydroxyheptanal is

not shown in Figure 1, but is also formed by the alkoxy radicalrdposition pathway)

from reaction of 1-octene (Aschmann and Atkinson, in preparation), Q66,0+

026a;0 = 0.39. This equation was combined with the ratjx, = 1.5 calculated using

the structure-reactivity method of Atkinson (2007) to gise= 0.51 andm = 0.34, and

thenag; = 0.49 andm, = 0.66. Similarly, (%7 + Ypg)/ ac=c, which is 0.040 for 1-alkenes

(Matsunaga and Ziemann, 2008) and has contributions from both OH radidaraddi

pathways, is equal to &f/ac=c] X as X a1 X aa3) + ([l ac=c] X a6 X o2 X au4).

Substitutingen/ ac=c, @l ac=c, as, a6, o1 and aa from Table 1 and assuming branching

ratios for dihydroxynitrate formation from dihydroxyalkoxy radiécare equal, gives;s

= om4=0.08 and thems = o= 0.92.

For internal alkenes, it was assumed that the size of alkyl graugsdR} do not

affect branching ratios s@ = ai0, a11 = a2, 13 = oaa, andogs = ane. The molar yield of

P6 per OH addition, ¥4 ac=c, which has equal contributions from both OH radical
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addition pathways, is equal d/ ac=c] X as X ay. Substituting values fam andas

from Table 1,ac-c = 0.82, and ¥s = 0.47 for the reaction afans-7-tetradecene

(Aschmann and Atkinson, in preparation) (note the measured sum of the yields of

heptanal (0.86) and 4-hydroxyheptanal (0.07) was 0.93, but for this symmetric alkene

alkoxy radical decomposition leads to two heptanal molecules, only one of which

corresponds t&6) givesay = anp = 0.67 and thereforey1 = a12 = 0.33. Similarly, (%7 +

Y pg)/ ac=c, Which is equal to 0.006 for internal alkenes (Matsunaga and Ziemann, 2008)

and has equal contributions from both OH radical addition pathways, is equal to

[2an/ ac=c] X a5 X on1 X a3 Substituting values faiw/ ac=c, as, andas; from Table 1

givesaz = auq = 0.02 and thereforess = ans = 0.98. The lower branching ratios for

formation of organic nitrates from reactions of NO with dihydroxyalkoxy régliegs

and a4, compared tg-hydroxyalkoxy radicalsgs andas, suggests a significant

influence of hydrogen bonding, which is reasonable (O'Brien et al., 1998).
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FigureB.1
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The fraction of-hydroxynitrate in the particle phase calculated as the ratio of the
measured yield to the yield in the plateau region, where the compound is dgsential
entirely in the particle phase. The curves were calculated usingagade partitioning
theory (Pankow, 1994), estimated mean molecular weights of particulatecorgani
compounds assumed to be the same as the hydroxynitrates formed in the alkieme reac
(equal to the molecular weight of the alkene + 79), assumed activity cest§iaf unity,
measured organic aerosol mass concentrations, and vapor pressures chdseveto ac
good fits to the data. The vapor pressure equations are given in Table B.1.
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TableB.1

Vapor pressure equations used to calculate the curves shown in Fig. S1 and das-partic
partitioning in SOA yield calculations.

logP(Pa) = A-(0.4537 x carbon number)

A
1-alkenes
1H2NG, 3.900
IN2HG, 4,432
dihydroxynitrates 2.424
dihydroxycarbonyls 3.955
1,4-hydroxynitrates 4.698
internal alkenes
F-hydroxynitrates 4.698
dihydroxynitrates 3.221
dihydroxycarbonyls 4.221
1,4-hydroxynitrates 4.698
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Vapor pressures of 1H2N@Gomers were calculated using a linear least-squares

fit to vapor pressures measured for 1,2-dialkyl nitrates using gas atogmraphy

(Fischer and Ballschmiter, 1998), multiplied by a factor of 2, which provides a gjood f

the data in Fig. S1. Vapor pressures of 1NgKGmers angs-hydroxynitrates formed

from internal alkenes were calculated by multiplying the values for 1H2M@hers by

3.4 and 6.3. The good agreement with 1,2-dialkyl nitrate vapor pressures for the LH2NC

isomers is reasonable, since 8-nitrooxyhexadecane and 8-hydroxyhexadecamtdrpees

mixture desorbed at similar temperatures during TPTD analysis (unpubteshéts),

indicating that nitrate and hydroxyl groups have similar effects on vapssyree

Furthermore, vapor pressures are sensitive to the positions of functional groups on the

carbon chain [values for 1- and 2-alkyl nitrates differ by a factor of #2¢ghhofer and

Ballschmiter, 1996)] so differences in the vapor pressures of isomers is nisgrpr

Dihydroxynitrate vapor pressures were calculated by dividing the valu@siPNG,

isomers angr-hydroxynitrate isomers formed from internal alkenes by 30, the difference

in vapor pressures of 1-alkyl nitrates and 1,2-dialkyl nitrates. Dihydroagogl vapor

pressures were calculated by dividing the values for 1N2sttners ang-

hydroxynitrates formed from internal alkenes by 3, which our thermal demogttidies
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of multifunctional long-chain compounds indicate gives a reasonable estimate for the
effect of a carbonyl group. For 1,4-hydroxynitrate products of H-atom absiracapor
pressures were assumed to be the same as th@de/dfoxynitrate isomers formed from

internal alkenes.
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TableB.2

Estimated contributions of secondary reaction products to yields of SOA foromed fr
OH radical-initiated reactions of 1-alkenes and internal alkenes in drytag presence

of NO..
alkenes yield
1-alkenes addition then abstraction abstraction then addition total
Cs 0.028 0.039 0.067
Co 0.031 0.044 0.075
Cic 0.034 0.048 0.082
Cu 0.035 0.053 0.088
Cyiz 0.036 0.057 0.093
Ciz 0.031 0.060 0.091
Cu4 0.021 0.063 0.084
Cis 0.012 0.067 0.079
Cie 0.007 0.070 0.077
Cy17 0.007 0.073 0.080
internal alkenes
Cu4 0.005 0.062 0.067
Cis 0.005 0.067 0.072
Cy7 0.003 0.075 0.078

®The yield is (mass of product in SOA)/(mass of alkene reacted).
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TableB.3

Modeled Yields of SOA Products Formed from OH Radical-Initiated Reactidngexdr
Alkenes in the Presence of N@ssuming Dihydroxycarbonyls were in Gas-Particle
Partitioning Equilibrium.

yield®
alkenes
HN DHN DHC
1-alkenes P1 P2 P7 P8 P9 P10 HAA Total Measured
Cs 0.000 0.000 0.001 0.001 0.000 0.000 0.000 0.002 0480.
Co 0.002  0.000 0.011 0.006 0.004 0.002 0.000 0.025 1540.
Cio 0.002 0.000 0.009 0.005 0.004 0.002 0.000 0.022 3170.
Cut 0.003 0.000 0.013 0.008 0.006 0.004 0.000 0.034 3440.
Ci, 0.018 0.003 0.024 0.014 0.039 0.022 0.001 0.121 4680.
Cis 0.067 0.016 0.026 0.015 0.156  0.090 0.009 0.379 459.
Cus 0.082 0.025 0.025 0.014 0.196 0.113 0.018 0.473 5010.
Cis 0.087 0.033 0.024 0.014 0.214 0.124 0.030 0.526 5300.
Cis 0.087 0.035 0.023 0.013 0.216 0.125 0.038 0.537 5380.
Cy7 0.085 0.035 0.022 0.013 0.210 0.122 0.041 0.528 4870.
internal alkenes
Cus 0.026 0.026  0.003 0.003 0.079 0.079 0.007 0.223 10%90.
Cis 0.055 0.055 0.003 0.003 0.117 0.117 0.017 0.367 1880.
Cy7 0.068 0.068 0.003 0.003 0.123 0.123 0.025 0.413 4090.

®The yield is (mass of product in SOA)/(mass of alkene reacted). Prodeicts ar
hydroxynitrates (HN), dihydroxynitrates (DHN), dihydroxycarbonyls @Hand
products formed by the H-atom abstraction pathway (HAA). Refer to Figure 1 for
structures of products P1, P2, ...
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TableB.4

Modeled Yields of SOA Products Formed from OH Radical-Initiated Reactidnigedr
Alkenes in the Presence of N@ssuming Dihydroxycarbonyls were Entirely in the
Particle Phase as Non-\olatile Cyclic Hemiacetals, Dihydrafjrar Dimers.

yield®
alkenes
HN DHN DHC

1-alkenes P1 P2 P7 P8 P9 P10 HAA Total Measured
Cs 0.001 0.000 0.007 0.004 0.326 0.188 0.000 0.526 0480.
Co 0.004 0.001 0.017 0.010 0.306  0.177 0.000 0.515 1540.
Cio 0.007 0.001 0.020 0.012 0.289 0.167 0.000 0.496 3170.
Cut 0.017  0.002 0.024 0.014 0.274 0.158 0.001 0.490 3440.
Ci, 0.038 0.006 0.026 0.015 0.261 0.151 0.003 0.500 4680.
Cis 0.072 0.018 0.026 0.015 0.250 0.144 0.011 0.536 459.
Cus 0.083 0.026  0.025 0.014 0.240 0.138 0.019 0.545 5010.
Cis 0.087 0.033 0.024 0.014 0.230 0.133 0.030 0.551 5300.
Cis 0.087 0.035 0.023 0.013  0.222 0.128 0.039 0.547 5380.
Cy7 0.085 0.035 0.022 0.013 0.214 0.124 0.041 0.534 4870.

internal alkenes

Cus 0.035 0.035 0.004 0.004 0.141 0.141 0.010 0.370 10%0.
Cis 0.057  0.057 0.003 0.003 0.136 0.136 0.018 0.410 188&0.
Cy7 0.068 0.068 0.003 0.003 0.129 0.129 0.025 0.425 4090.

®The yield is (mass of product in SOA)/(mass of alkene reacted). Prodeicts ar
hydroxynitrates (HN), dihydroxynitrates (DHN), dihydroxycarbonyls @Hand
products formed by the H-atom abstraction pathway (HAA). Refer to Figure 1 for
structures of products P1, P2, ...
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Appendix C

Supporting Information for Chapter 4

TableC.1

Molar Yields of 5-Hydroxynitrates, Dihydroxynitrates, and Trihydroxynitates Formed
from OH Radical-Initiated Reactions of 2-Methyl-1-Alkenes in the Presence of NO
under Dry Conditions.

S-hydroxynitrates dihydroxynitates trihydroxynitrates
1H2NG, +
1H2NG, 1N2HG,
carbon IN2HG,
O(c:ca - - - N N
number yield yield yield yield yield
yield yield yield yield yield

Oc=c Oc=c Oc=c dc=c dc=c
Co 0.904 0 0 0 0 0 0 NA NAP NAP NA®
Cio 0.888 0.001 0.002 0 0 0.001 0.002  0.005 0.006 " NA NA°
Cu 0.872 0.005 0.006 0 0 0.005 0.006  0.022 0.025 " NA NA°
Ci2 0.857 0.012 0.015 0.001 0.001 0.013 0.016  0.030 350.0 NA° NA®
Cis 0.842 0.031 0.037 0.003 0.004 0.034 0.041 0.040 470.0 NA NA®

Cia 0.828 0.160 0.193 0.014 0.017 0.174 0.210 0.045 540.0 0.036 0.043

Cis 0.814 0.164 0.202 0.019 0.023 0.183 0.225 0.044 550.0 0.032 0.040

®The fraction of the OH radical reaction that occurred by addition to the double bond,
ac=c = Kagd(Kadd + Kang, Where kqqand kpsare the rate constants for OH radical addition
and H-atom abstraction, respectively, were calculated using equationgs{&swok and
Atkinson, 1995) anddgq (Nishino et al., 2009) developed by Atkinson and co-workers
from measured rate constant data. For 2-methyl-1-alkepgs, X6 + 1.4 x (&6) and
Kaga= 51 + 16 x [1-exp(-0.35 x ¢£3))], where G is the carbon number and k values are
in units of 10" cm® moleculé' s*.
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PThe G dihydroxynitrates and & Gy trihydroxynitrates could not be analyzed because
of peak overlap with the solvent.
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TableC.2

'H NMR Spectral Data fof-Hydroxynitrates, Dihydroxynitrates, and Trihydroxynitrates

Formed fromOH Radical-Initiated Reactions of 2-Methyl-1-Tridecene and 1-

Tetradecene in the Presence of,NO

chemical shift (ppm)

compound 2-methyl-1-tridecene 1-tetradecene assignment
[this study] [Matsunaga and Ziemann, 2009]
0.888 (t, 3H) 0.889 (t, 3H) CH
1.265 CH-C
1.337 (m) (CH)«
CH,-OH
1H2NC,, 1.265-1.738 1.698 (m, 3H) CHZCI(;I;ONOZ
CH,C-ONG,
3.772 (d, 1H) 3.745 (dd, 1H) _GHDH
3.832 (d, 1H) 3.849 (dd, 1H) _GHOH
5.126 (m, 1H) CHONGO,
0.888 (t, 3H) 0.889 (t, 3H) CH
1.182 (d, 3H) CHC
1,2HANG, 1.267-1.857 1.270-1.872 (CHo),
+ hydroxyl protons
1,2H5NG, 3.467 (dd, 1H) CHOH
3.464 (m, 2H) 3.704 (m, 2H) _GHOH
5.045 (m, 1H) 5.069 (M, 1H) _GBNO,
0.897 (t, 3H) CH
1.202 (s, 3H) CHC
1.2,4H7NGq 1.293-2.137 (CHo)s
+ hydroxyl protons
1,2,5H8NG,4 3.493 (br, 2H) CHOH
3.643 (br, 1H) CHOH
5.062 (m, 1H) CHONO,

Abbreviations used: doublet of doublet (dd), multiplet (m), triplet (t), broad (br)
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The NMR peak assignments f@rhydroxynitrates, dihydroxynitrates, and

trinydroxynitrates formed in the chamber reaction of 2-methyl-1-trideasnshown in

Table S2. For comparison, assignments from Matsunaga and Ziemann (2009) for linear

S-hydroxynitrates and dihydroxynitrates formed from the reaction of 1-tegadere

also shown. For 2-methyi-hydroxynitrates, 1IN2HG data were not available because

of the low yield of this compound. As expected, a peak frorgCldrotons is observed

only in 2-methylg-hydroxynitrates, and no peak is observed for a CH-@piGton.

Chemical shifts were similar for gii-hydroxynitrates, except that peaks appeared at

1.265-1.738 ppm for 2-methyl-hydroxynitrates. A peak from GHC is present at 1.265

ppm, and additional peaks, which are not resolved, are also observed downfield as far as

1.738 ppm. Those small peaks are expected to be fron)(@idtons, a hydroxyl proton,

and CH protons of CHONO,. Chemical shifts are also similar for all dihydroxynitrates,

except for the Cklprotons from CBHOH. The peak from 2-methyl-dihydroxynitrate

appears at 3.464 ppm, 0.24 ppm lower than the peak from the linear dihydroxynitrate.

This suggests that the chemical shifts of,@kbtons from CHOH are affected by

functional groups at thg position: a methyl group for 2-methyl-dihydroxynitrates, and a

H atom for lineardihydroxynitrates. The gprotons from CHOH of 2-methyl-
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dihydroxynitrates are probably shielded by a methyl group, which is eledtioating,

and appears slightly upfield from the €ptotons from CBOH in linear

dihydroxynitrates. A peak from GHC protons is observed only in 2-methyl-

dihydroxynitrates and no peak is observed for the CH proton from CH-OH of 2-methyl

dihydroxynitrates, as expected. The peaks fromjC&hd hydroxyl protons overlap in

the regions from 1.267-1.857 ppm and 1.270-1.872 ppm for 2-methyl-dihydroxynitrates

and linear dihydroxynitrates, respectively. Trihydroxynitrate peakassigned based on

dihydroxynitrate peak assignments. The chemical shifts of corresponding

trinydroxynitrate and dihydroxynitrate peaks are similar, and the peakthe CH

proton in CH-OH in the trihydroxynitrate appears at a similar chemidaltshhe peak

from the CH protons in CHOH in the dihydroxynitrates.
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Appendix D

Supporting Information for Chapter 5

Branching Ratio Calculations

The fraction of OH radical reactions that occurred by addition to the double bond,
ac=c = Kaad(Kadd + Kan9, Where kqqand kpsare the rate constants for OH radical addition
and H-atom abstraction, respectively, was calculated using equationss{#stwok and
Atkinson, 1995) anddgq (Nishino et al., 2009) developed by Atkinson and co-workers
from measured rate constant data. For 2-methyl-1-alkepgs, X6 + 1.4 x (G6) and
Kaga= 51 + 16 x [1-exp(-0.35 x ¢£3))], where G is the carbon number and k values are

in units of 10 cn moleculé* s*.

Values foras-as were taken from Chapter 4, and valuesdgion ; and oa7- oo
were estimated using alkoxy radical rate constants calculated usistgutieire-
reactivity method of Atkinson (2007) and OH addition-normalized ketone yieé]s [
measured in this study. Rates of reactionsoivith S-hydroxyalkoxy radicals formed

from 2-methyl-1-alkenes studied here are predicted to be too slow to comgete wit
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decomposition or isomerization, 89 = ag= 0. The branching ratiag;; = 0, because

there is no H atom available for abstraction in dihydroxyalkoxy radicals withlkbgy

group in the 5-position of the carbon chain. This indicates that all these dihydroxyalkoxy

radical isomers isomerize instead by abstraction from agtdélip, sox9 = 1.0. The

branching ratiogng anda,o were calculated using the structure-reactivity method of

Atkinson (2007). The branching ratiogs- a1 and a»1- 24 Were determined with the aid

of Figure 5.1, which shows that the molar yield (moles of product formed/moles of

alkene reacted) of a compound is equal to the product of branching ratios along the

pathway leading to its formation. The molar yieldP6fper OH addition, ¥d ac-=c,

which has contributions from both OH radical addition pathways, is equahtodfc] x

o5 X 0{9) + ([az/aczc] X o6 X alo). Substitutingal, o, os, andag from Table 5.1 and

Y pd ac=c = 0.453 gives 0.6d + 0.17x;, = 0.453. This equation was combined with the

ratio ao/ 1o = 1.35 calculated using the structure-reactivity method of Atkinson (2007) to

give ag = 0.62 andx = 0.46, and theiy1 = 0.38 andx; > = 0.54.

For aaz-aae, (Yp7 + Ypg) ac=c, Which is 0.055 for 2-methyl-1-alkenes as shown in

Chapter 4 and has contributions from both OH radical addition pathways, is equal to

([ allac=c] X o5 X 011 X 0{13) + ([Otzlaczc] X O X 012 X a14). Substitutingallac=c, az/a/czc,
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os, o, o1 and oy, from Table 5.1 and assuming branching ratios for dihydroxynitrate
formation from reactions of dihydroxyperoxy radicals with NO are equal, gies a4
= 0.17 and thews = o156 = 0.83.

Similarly, (Yp11+ Yp12/ac=c, which is 0.042 for 2-methyl-1-alkenes as shown in
Chapter 4 and has contributions from both OH radical addition pathways, is equal to
([enf ac=c] X a5 X 11 X cus X g X a21) + ([ ac=c] X a6 X 012 X 116 X 20 X t22).
Substitutingea/ ac=c, ool ac=c, os, a6, a1, a2, c1g, anday from Table 5.1 and assuming
branching ratios for trihydroxynitrate formation from reactions of trihygoexoxy

radicals with NO are equal, gives: = a»> = 0.20 and thew,s = a4 = 0.80.
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TableD.1

Calculated SOA Yields of Products Formed from OH Radical-Initiatetfres of 2-
Methyl-1-Alkenes in the Presence of N@ssuming Dihydroxycarbonyls and
Trihydroxycarbonyls were in Gas-Particle Partitioning Equilibrium.

SOAvyield
product Co Cio Cn Ci2 Cis Cua Cis
HN P1 0.001 0.005 0.025 0.076 0.150 0.200 0.213

P2 0.000 0.000 0.001 0.003 0.009 0.016 0.021
DHN P7 0.003 0.010 0.028 0.043 0.047 0.047 0.046
P8 0.001 0.004 0.011 0.017 0.019 0.019 0.018
THN P11 0.021 0.040 0.053 0.054 0.052 0.050 0.046
P12 0.002 0.004 0.005 0.005 0.005 0.005 0.004
DHC P9 0.000 0.000 0.000 0.000 0.000 0.000 0.000
P10 0.000 0.001 0.005 0.017 0.036 0.049 0.053
THC P13 0.008 0.029 0.089 0.143 0.163 0.165 0.162
P14 0.001 0.003 0.008 0.013 0.015 0.016 0.015

HAA 0.000 0.000 0.000 0.002 0.005 0.012 0.019
Total 0.037 0.096 0.225 0.373 0.501 0.579 0.597
Measured 0.0230.068 0.137 0.167 0.180 0.412 0.465

®The product SOA yield is the mass of product in SOA/mass of alkene reacted. Products
are hydroxynitrates (HN), dihydroxynitrates (DHN), trihydroxynigsa{THN),

dihydroxycarbonyls (DHC), trihydroxycarbonyls (THC), and products formetdyt

atom abstraction pathway (HAA). Refer to Figure 5.1 for structures of prodLice2P..
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TableD.2

Calculated SOA Yields of Products Formed from OH Radical-Initiatetfres of 2-
Methyl-1-Alkenes in the Presence of N@ssuming Dihydroxycarbonyls were Entirely
in the Particle Phase as Non-\olatile Cyclic Hemiacetals and Qifhwydins.

SOAyield
product Co Cio Cn Ci2 Cis Cua Cis
HN P1 0.003 0.009 0.031 0.083 0.153 0.200 0.214

P2 0.000 0.000 0.001 0.004 0.009 0.016 0.021
DHN P7 0.005 0.014 0.031 0.044 0.047 0.047 0.046
P8 0.002 0.005 0.012 0.017 0.019 0.019 0.018
THN P11 0.030 0.046 0.054 0.054 0.052 0.050 0.048
P12 0.003 0.005 0.005 0.005 0.005 0.005 0.004
DHC P9 0.000 0.000 0.000 0.000 0.000 0.000 0.000
P10 0.071 0.068 0.065 0.063 0.061 0.059 0.057
THC P13 0.015 0.043 0.101 0.147 0.164 0.165 0.162
P14 0.001 0.004 0.010 0.014 0.015 0.016 0.015

HAA 0.000 0.000 0.000 0.002 0.005 0.012 0.019
Total 0.130 0.194 0.310 0.433 0.530 0.589 0.604
Measured 0.0230.068 0.137 0.167 0.180 0.412 0.465

®The product SOA yield is the mass of product in SOA/mass of alkene reacted. £roduct
are hydroxynitrates (HN), dihydroxynitrates (DHN), trinydroxynigsa{THN),

dihydroxycarbonyls (DHC), trihydroxycarbonyls (THC), and products formeddyt

atom abstraction pathway (HAA). Refer to Figure 5.1 for structures of prodlici?2,...
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TableD.3

Calculated Yields of SOA Products Formed from OH Radical-Initiatedtioes of 2-
Methyl-1-Alkenes in the Presence of N@ssuming Dihydroxycarbonyls were Entirely
in the Particle Phase as Non-\Volatile Cyclic Hemiacetals and Difwdres and the Yield
of Trihydroxycarbonyls (Gas + Particle) is Reduced from 0.177 to 0.025.

SOAYyield
product Co Cio Cn Ci2 Cis Cua Cis
HN P1 0.002 0.007 0.022 0.060 0.130 0.190 0.209

P2 0.000 0.000 0.001 0.002 0.007 0.014 0.020
DHN P7 0.005 0.012 0.026 0.040 0.046 0.047 0.046
P8 0.002 0.005 0.010 0.016 0.018 0.019 0.018
THN P11 0.029 0.044 0.052 0.053 0.052 0.050 0.048
P12 0.003 0.004 0.004 0.005 0.005 0.005 0.004
DHC P9 0.000 0.000 0.000 0.000 0.000 0.000 0.000
P10 0.071 0.068 0.065 0.063 0.061 0.059 0.057
THC P13 0.001 0.004 0.008 0.013 0.015 0.017 0.016
P14 0.000 0.000 0.001 0.001 0.002 0.002 0.002

HAA 0.000 0.000 0.000 0.001 0.004 0.011 0.017
Total 0.113 0.144 0.189 0.254 0.340 0.414 0.437
Measured 0.0230.068 0.137 0.167 0.180 0.412 0.465

®The product SOA yield is the mass of product in SOA/mass of alkene reacted. Products
are hydroxynitrates (HN), dihydroxynitrates (DHN), trihydroxynigsa{THN),

dihydroxycarbonyls (DHC), trihydroxycarbonyls (THC), and products formeddyt

atom abstraction pathway (HAA). Refer to Figure 5.1 for structures of prodLice2P..
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TableD.4

Estimated SOA Yields of Secondary Reaction Products Formed from OH Radical
Initiated Reactions of 2-Methyl-1-Alkenes in the Presence gf NO

SOA yield
alkenes  OH radical addition + H-atom abstraction + total
H-atom abstraction OH radical addition
GCo 0.028 0.039 0.067
Cic 0.032 0.045 0.077
Cu 0.035 0.050 0.085
Cyiz 0.038 0.055 0.093
Ci3 0.037 0.060 0.097
Cu4 0.029 0.064 0.093
Cis 0.022 0.069 0.090

®The product SOA yield is the mass of product in SOA/mass of alkene reacted.
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Appendix E

Supporting Information for Chapter 6

FigureE.1
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Electron ionization mass spectra of (A) 1-nitrooxyhexane, (B) 2-nitrooxyleeX&) 1,2-
dihydroxytetradecane, and (D) 2-oxoadipic acid standards. Mass spectaae®rGm the
Wiley Mass Spectral Database and D was measured by real-tim@M®P
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FigureE.2

100 1 1 1 . PN 1
42 '
2-Hydroxytetrahydrofuran
> 80+ y xyélanda‘:'d =
ng 0
=
@
= 404 N
B
[T 57
o 20- B
87
0 L : ,
40 60 80 100 120 140 160
m/z -
1m 1 1 1 i L 1
57
3-Hydroxytetrahydrofuran
> 804 58 d )_(yélandasid B
‘B O
[ =
o 804 < ) n
£
Q
2 40- HO _
Lo
o
204 |
| 70 88 .
0 |||l ol i! 1 i | . . i
40 60 80 100 120 140 160
m/z

Electron ionization mass spectra of (A) 2-hydroxytetrahydrofuran an8d-(B)
hydroxytetrahydrofuran standards from the Wiley Mass Spectral Ba&taba
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FigureE.3
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Electron ionization mass spectra of (A) 5-hydroxytetradecane and (B) 7-
hydroxytetradecane standards from the Wiley Mass Spectral Database
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