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Abstract. The oxidative processing by ozone of the par- 1 Introduction

ticulate amines ooclztadecylalmlpe (fO[k?A) and hexadecyllarglneAmineS, including aliphatic amines, represent an important
(HDA) is reporée ’ O_zonq ys'? Oht ese ammgs r?u ted INcontributor to organic nitrogen in the atmosphere and stem
strong NG and NG ion signals that increased with 0zone o, posh anthropogenic and biogenic emissions. Animal

exposure as monitored by photoelectron resonance Capturl‘ﬁ.lsbandry is probably the most important anthropogenic
lonization aero;ol mass spectrometry. These produqts SU%mission source of amines into the troposphere (Filipy et
gest a mechanism of progressive oxidation of the partlculat%L 2006; Rabaud et al., 2003), with Schade and Crutzen
amines tp nitrqalkanes. Adplitionally, a strong ion si.gnal at (Schade and Crutzen, 1995) having estimated contributions
12_5 m/z is _a55|gned t_o _the ion NEHNOs). Fo_r 02(_)n|zed up to 108:30 and 24-15GgNyr! for trimethylamine
m_|xed particles c;)ntalm_ng_ODA or HDA + o|e|_c acid (OL), and methylamine to the atmosphere, respectively; albeit
with po,>3>10""atm, imine, secondary amide, and ter- s i sill 2-3 orders of magnitude lower than ammonia
tiary amide products were measured. These products mo b3 3 TgNyrl). Agriculture (Beddows et al., 2004) and

likely arise from reactions of amines with aldehydes (for biomass burning (Decesari et al., 2006; Mace et al., 2003)

imines) and stabilized Criegee intermediates (SCI) or S€Cnay also be important sources of amines to the troposphere.

ondary ozonides (for amides) from the fatty acid. The routeSgner anthropogenic sources of amine or amine-derived ni-
to amides via SCI and/or secondary ozonides were shown t?rogen to the troposphere include vehicular emissions (An-

be more important than comparable amide forming reaction elino et al., 2001), industrial processes, and cooking (Rogge
between amines a}nd orga_mic aCiP'S’ usiqg azelgic acid as% al., 1991; Schauer et al., 1999). In the marine troposphere
test co_mpound. Finally, dl_rec_t evidence is prOV'de(_j for theorganic amine nitrogen, including amino acids, may enter the
formation of a surface barrier in the ODA + QL reaction sys- troposphere via a bubble bursting mechanism at the air-sea
tem that resulted in the retention of OL at high 0zone expo-jysetace (Milne and Zika, 1993). Other biogenic sources of
sures (up to 10° atm for 17s). This effect was not observed organic nitrogen, including amines, are addressed in the as-

in HDA +OLor singlg compopgnt OL particles, 5“9965“”9 sessment provided by Neff and coworkers (Neff et al., 2002).
that it may be a species-specific surfactant effect from an in There is growing evidence that organic nitrogen, including

situ generated amide or imine. Implications to troposphen(_:(,:“.nines and amine-derived compounds, may form a substan-

chemlstry, mcludm_g particle bo_und amines as sources of OXlYjal fraction of the organic aerosol load as evidenced in recent
dized gas phase nitrogen species (€.9pNDs), formation field studies in remote (Bkek et al., 2001; Beddows et al.
of nitrogen enriched HULIS via ozonolysis of amines and 2004), urban (McGregor and Anaétasio,,2001; Simoneit et
source apportionment are discussed. al., 2003; Angelino et al., 2001; Tan et al., 2002), and agri-
cultural (McGregor and Anastasio, 2001; Angelino et al.,
2001) regions, and in regions near extensive biomass burn-
ing (Decesari et al., 2006; Mace et al., 2003; Simoneit et al.,
2003).

Gas phase aliphatic amines may play a role in secondary
aerosol formation (Murphy et al., 2007; Angelino et al.,
2001) via photooxidation and gas-to-particle conversion. Re-

Correspondence td5. A. Petrucci cent field observations have positively correlated episodic
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atmospheric amines. For example, Tan et al. have found&dommon unsaturated fatty acid with the amines. As of late, a
in one episodic event of elevated BMin an urban environ-  great deal of effort has gone into understanding the secondary
ment that organic amines were evident in all the particulatechemistry resulting from the ozonolysis of unsaturated fatty
(Tan et al., 2002). Similarly, in remote boreal forest studies,acids (Zahardis et al., 2005; Ziemann, 2005; Hearn et al.,
Makek and coworkers (Fkek et al., 2001) found a strong 2005; Reynolds et al., 2006; Hung et al., 2005; Gross et al.,
positive correlation between new particle formation events2006) and OL has emerged as a model compound for de-
and the concentration of dimethylammonium (the ionic com-scribing the heterogeneous ozonolysis of particulate rich in
ponent of dimethylamine). This amine-derived species hadatty acid content (for example, see review by Zahardis and
more than 30-fold greater concentration during particle for-Petrucci, 2007). The products of this secondary chemistry
mation events as opposed to non-event concentrations for agienerally stem from the high reactivity of stabilized Criegee
cumulation mode particles. In light of these recent findings,intermediates (SCI) and include high molecular weight, per-
we believe that the role of amines and other forms of organicoxidic oligomers (Reynolds et al., 2006; Hung and Ariya,
nitrogen in new particle formation events merits further in- 2007; Zahardis et al., 2006a; Katrib et al., 2005; Hung et al.,
vestigation. 2005; Gross et al., 2006; Hearn et al., 2005; Ziemann, 2005).

There is a need to develop a better model of the tropo-These types of products may have a role in the experimen-
spheric chemical processing of amines and amine nitrogenally observed increase in hygroscopicity and CCN activa-
including understanding its incorporation into high molecu- tion of fine organic particles with ozonation (Broekhuizen et
lar weight matter, such as humic like substances (i.e. HULIS)al., 2004; Shilling et al., 2007; King et al., 2004; Hung and
(Decesari et al., 2006; Likens and Galloway, 1983) foundAriya, 2007). Conversely, DOS and similar high molecular
in aerosols and hydrometeors. Answering questions aboutveight esters (i.e. dioctyl adipate) are common constituents
how nitrogen is incorporated into HULIS and its subsequentin studies of organic particles (Ziemann, 2005;Mochida et
atmospheric processing is important in developing a betteal., 2006) that are not a source of SCI and inert to ozone
understanding of the aging of fine particulate matter in the(Mochida et al., 2006); hence, DOS serves as an excellent
troposphere. This processing may have implications on thenegative control for comparison to the studies of ozonized
cloud condensation nuclei ability of these particles, affect-mixed particles of amines with OL.
ing global climate through indirect aerosol effects (Lohmann Two specific goals of this work were to: a) identify chem-
and Feichter, 2005) through the formation of more polar, wa-ical classes that may act as particle bound nitrogen sinks and
ter soluble compounds in aerosols. Moreover, developing dhat are representative of oxidatively stressed particulate mat-
more comprehensive model of how amines and other classegr; and b) compare the products formed from heterogeneous
of organic nitrogen are processed in atmospheric particle®zonolysis of particle bound alkyl amines with gas phase and
will give us a better description of the deposition of nitro- solution chemistries. From this we hope to begin to better
gen, and most broadly, better elucidate the role of organidescribe the atmospheric aging process of particles rich in
nitrogen in the global nitrogen cycle — an area of high uncer-organic nitrogen; identify chemical classes that may act po-
tainty and great concern (Galloway et al., 2004; Neff et al.,tential molecular markers; and elucidate possible routes to
2002). nitrogen-rich HULIS formation.

Herein, we report on the heterogeneous ozonolysis of
two long-chain, primary, aliphatic amines (octadecylamine,2  Experimental method
ODA; and hexadecylamine, HDA) in single component and
mixed fine mode particles. These high molecular weight,In this work we describe flow reactor based experiments em-
low-volatility amines were chosen as model systems to min-ploying photoelectron resonance capture ionization aerosol
imize particle-to-gas phase partitioning, such that we couldmass spectrometry (PERCI AMS), described in detail else-
study their condensed phase reactivity in the aerosol. Thevhere (LaFranchi and Petrucci, 2006). Briefly, molecular
second constituent in the two-component particles is eithefonization by capture of low energy photoelectrons is a soft
oleic acid (i.e. cis-9-octadecenoic acid, OL) or dioctyl se- process that affords minimal fragmentation of the oxidized
bacate (i.e.bis(2-ethylhexyl) sebacate, DOS). OL is a log- products with a high sensitivity for many oxygenated classes
ical constituent for these particles in that it, and other fatty (LaFranchi and Petrucci, 2004, 2006) allowing for relatively
acids, are ubiquitous in the troposphere, forming coatings orstraight-forward mass spectral interpretation and subsequent
continental aerosols (Tervahattu et al., 2005) and marine pamproduct identification and mechanism development. Two
ticulate matter (Tervahattu and Juhanoja, 2002; Kawamuranodes of ionization have been described with near 0OeV
et al., 2003; Mochida et al., 2002), and are present in urphotoelectron attachment to organic molecules, namely as-
ban atmospheres as cooking (Robinson et al., 2006; Roggeociative (or non-dissociative) and dissociative electron at-
et al.,, 1991; Schauer et al., 2002; Zhao et al., 2007) andachment. In associative electron attachment a low energy
combustion (Wang et al., 2006) emissions. Moreover, OLphotoelectron attaches to the molecule without any frag-
was chosen as a constituent for the mixed particles studies tmentation of the analyte in the ionization process; whereas,
investigate the reactivity of the products of ozonolysis of adissociative electron attachment results in the loss of an
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atomic or molecular fragment concomitant to ionization of Although the emphasis of this work was on investigat-
the analyte (LaFranchi et al., 2004; Zahardis et al., 2005jng the heterogeneous processing of amines in particles,
2006c, b). gas phase 1-nitrohexane was studied to better understand
Polydisperse aerosols were generated using a glass, cothe fragmentation of aliphatic nitrocompounds by ionization
centric pneumatic nebuliser (J. E. Meinhard Associateswith ~0 eV photoelectrons. In these studies the analyte was
Santa Ana, CA, USA) and the solvent (100% ethanol) wasintroduced into the ionization region of the mass spectrome-
removed by passing the particle beam througtian colum-  ter with a precision leak valve (model ULV-150, MDC Vac-
nar diffusion dryer packed with silica and activated charcoal.uum Products Corp., Hayward, CA).
Although the activated charcoal has been shown to remove
most of the ethanol from particles (HiGia et al., 2006c),
there may have been a small amount of residual ethanol lef8 Results
on the particles when ozonized. Aerosol number and mass
size distributions were measured with a scanning mobility3.1 PERCI AMS ion profiles of the aliphatic amines, ODA
particle sizer (Model SMPS 3080, TSI Inc., Shoreview, MN) and HDA, in single component particles and mixed par-
coupled with a condensation particle counter (Model 3010, ticles of ODA (HDA) + DOS
TSI Inc., Shoreview, MN). In this work, both single and mul-
ticomponent particles were investigated composed of ODAThe characteristic PERCI AMS profile for ozonized single-
(>99%, Fluka, Seelze, Germany), HDA99.0%, Fluka, component particles consisting of primary, aliphatic amines
Seelze, Germany), OL~99%, Sigma-Aldrich, St. Louis, Was initially established under low and high ozone exposures
MO), azelaic acid (98%, Sigma-Aldrich, St. Louis, MO), (Fig.1a, b, respectively). Both ozonized ODA and HDA (not
DOS (97%, Fluka, Seelze, Germany). The geometric mearshown) are characterized by very strong N6 m/z) and
diameters and standard deviations of the particles were: OINO; (62 m/z) signals. A N@ signal is evident with and
(93.6 nm, 1.68), ODA (94.5nm, 1.64), ODA + OL (98.6 nm, without ozone exposure in single particles of the amines and
1.59), HDA + OL (108 nm, 1.71), ODA + azelaic acid + DOS all mixed particles containing the amines (i.e. OL + ODA
(103nm, 1.66). Typical particle number densities were on(HDA), DOS + ODA (HDA)). However, in all unexposed
the order of 16¢cm~3. 1-nitrohexane (98%, Sigma-Aldrich, particles the NQ signal was weak, at about 10% or less
St. Louis, MO) was used to investigate gas phase ionizatiorthan for ozonized particles. The NGsignal is absent when
of nitroalkanes. all oxygen is removed from the system (i.e. both é&nd
Particles were introduced into a concentric glass flow re-O3 are absent), namely when the nebuliser and carrier gases
actor (2.54cm i. d.) via a glass tube (3mm i. d.) form- are Nb or Ar. This implies that the volatilization of primary
ing the movable aerosol injector. The flow rate in the re- aliphatic amines in the presence of any oxygen may be a mi-
actor was held constant at 0.9 L mih such that position- nor channel to N@ formation, compared to its direct for-
ing the aerosol injector from 1 to 51cm from the end of mation via the oxidation of the amine by ozone. As shown
the flow reactor resulted in reaction times from 0 to 17s.in Fig. 2, the N@ most likely originates from progressive
Ozone was generated from USP Medical Air (UN1002, Air- oxidation by ozone of the amine to the alkylhydroxylamine,
gas East, Williston, VT) or USP Oxygen (UN1072, Airgas then to the nitrosoalkane, and finally to the nitroalkane. This
East, Williston, VT) below and abovex110~%atm respec- pathway is similar to the mechanism proposed for the ozona-
tively, by high frequency corona discharge (OL80A/DLS, tion of primary amines to nitro compounds on dry silica gel
Ozonelab, Burton, BC, Canada) and quantified spectrophofKeinan and Mazur, 1977) and in solution (Bachman and
tometrically as described in an earlier report (Zahardis et al. Strawn, 1968; Bailey et al., 1972). We do not detect any
2006c). Particles entered the PERCI AMS through a@2®0 ions for the proposed nitroalkane end products of ozonized
critical orifice giving a flow rate of 0.5 L mint and were in-  ODA or HDA. The NG, ion can arise from three sources:
troduced into the mass spectrometer through a differentiallya) dissociative electron attachment of the nitroalkane, result-
pumped particle inlet and focused into a beam using a seing in the formation of the N® fragment ion; b) thermal
ries of aerodynamic lenses described elsewhere (Petrucci elecomposition of the nitroalkane (Nazin and Manelis, 1994)
al., 2000; Liu et al., 1995b, a). The focused particle beameither in the flow reactor or c) in the volatilization process
was targeted onto a coiled Nichrome filament (LaFranchiproducing gas phase NQvith subsequent ionization via as-
and Petrucci, 2006) that could be heated resistively. For alsociative electron attachment. To assay the viability of dis-
experiments in this study the particle deposition time ontosociative electron attachment forming NQOwe investigated
the filament was 2.5 min. After deposition, the filament tem- the ionization of gas-phase 1-nitrohexane~&eV ioniza-
perature was ramped from room temperature t°@@ver  tion energy (Fig. 3). The base peak corresponding tg NO
10s and then held at this temperature for 50s. Anion masand a very weak signal arising from the dissociative elec-
spectra were recorded with a time-of-flight mass spectrometron attachment ion corresponding to the loss of hydrogen
ter (R. M. Jordan Inc., Grass Valley, CA, USA) operating in ([CgH12NO2]~, 130 m/z) are observed. We have made sim-
reflectron mode. ilar observations with other volatile nitroalkanes including
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Fig. 1. PERCI mass spectrum of ozonized single component particles of Opg af(a) 1x 10~%atm and(b) 2x 10~%atm. Reaction time
was 5s.

nitrobutane and nitropropane, which further supports the via-a) disproportionation (R1); b) oxidation of N(by ozone
bility of dissociative electron attachment forming 5i@om (R2); and c) conversion of Nfto NOj' via a surface reac-
nitroalkanes. Similarly, the formation of the JGragment tion (Ozensoy et al., 2005) that occurs in the volatilization
with nitromethane (Modelli and Venuti, 2001; Gilman et al., process. Reaction (R2) is likely the most important pathway
1983) and several nitrobenzene species (Modelli and Venutito NO; due to the concomitant increase in its ion signal in-
2001; LaFranchi and Petrucci, 2004) has been reported witfiensity with increasing ozone exposure, as well as the very
similar ionization energies. Thus it seems likely that ni- weak ion signal for N@in the gas phase studies that suggest
troalkanes formed from progressive oxidation (Fig. 2) may Reaction (R1) and surface processes are minor pathways. It
be the source of ND that occurs in the ionization process. should be noted that large molecular electron affinities (EA)
It should also be noted that there is a weakNion signal ~ 0f NO2 (EA~2.25-2.38eV (Ervin et al., 1988), and refer-
in the PERCI spectrum of 1-nitrohexane. This may be an ex-ences therein) and N{(EA=3.92 eV (Hirokawa et al., 2001),
perimental artifact arising from conversion of N@ NO3 and references therein) may translate into large 0 eV electron
on the metal surfaces (Ozensoy et al., 2005) in the ionizatiorfapture cross sections, thereby increasing our sensitivity to

region of the mass spectrometer or from a disproportionatiorfhese analytes; however, we cannot discount the possibility
reaction (R1)(Sekimoto and Takayama, 2007): that there is a high conversion of the amines to the nitroalka-

B 3 nes at the particles surface upon ozone exposure.
NO; +NOz — NO; +NO. (R1) There are also medium intensity ion signals in the

We have evidence that there is decomposition of the particu0zonized ODA and HDA spectra at 125 and 226 m/z. These
late nitroalkanes both in the flow reactor and in the volatiliza-ion signals also increase with ozone exposure. We as-
tion process. The former route to N@rmation is supported ~ Sign the 125m/z ion signal to N3(HNOz). This ion is

by the strong NG signal evident from ozonized particles the core ion of the series N@(HNO3),,(H20),,, which is
deposited on the Nichrome filament before heating the wirethe most important negative ion family in the atmospheric
Secondly, as shown in Fig. 1, the I§Qon signal increases at ground level (Heitmann and Arnold, 1983; Perkins and
with ozone exposure, indicating that N@ liberated from  Eisele, 1984). This ion may be formed from the following
the nitroalkanes in the flow reactor at the particles’ surfacereaction sequence with the rapid ion-molecule association re-
or near surface and then oxidized according to the reactioction (Fehsenfeld et al., 1975) being the final step:
(Finlayson-Pitts and Pitts Jr., 1999):

particle

icl 2NO;+H20 "— HONO+HNO R3a
NO,+03 "8 Nz +0;. (R2) Otz * (R32)
In the ozonolysis of particle bound amines, theg\l'@n §ig— _ HNOs+H,0 Pﬂ'eNO§+HSO+ (R3b)
nal was strong for all exposures, but increased in intensity
with increasing ozone exposure. There are several possible article
pathways that we believe exist in forming this ion including: NO3 +HNO3 parts NO; eHNO3 (R3c)
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Oleic acid (281 m/z)
CH,(CH,),CH=CH(CH,),CO,H

Direct Oxidation

primary aliphatic amine
ex. octadecylamine

O 3
Aldehydes 3 CH,(CH,);;NH, ——— CH,(CH,);;NHOH +O0,
alkylhydroxylamines
and SCls ex. iy Y
OHC(CH,),CO,H 0,
OX (171 m/z)
/
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CH,4(CH,),;NO + H,0* +0,
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Secondary Chemistry
03
Amides and CH,(CH,),;NHCO(CH,),CO,H (438 m/z)
Imines ex. HO,C(CH,),CH=N(CH,),,CH, (422 m/z)
+H,0*
I ’ i
l CH,(CH,),;NO, + 0,
1) thermolysis/metal 1) volatilization
HMW Products 2) electron attach./ 2) DEA (~0eV)
ex. 3° Amides gas phase
\
Nitrate and Nitrite NO, + NO,’
formation 46 and 62 m/z
H,0*
in situ water CH;(CH,),,CH,
\ +
NO, *HNO, (125 m/z) NO, (46 m/z)

Nitric acid clusters

NO," *(HNO,),(H,0), (226 m/z)

Fig. 2. Pathways of direct oxidation and secondary reactivity with ozonized amines (ODA shown as an example). The pathway labeled
Direct Oxidation occurs with both single component particulate amines and in mixed particles with the amine + OL. All products observed
are underlined. The direct oxidation products are identical with ozonized HDA. The amides and imines that form in the HDA + OL mixed
particles are similar in structure to those indicated, except 28 u lower in mass. OX denotes 9-oxononanoic acid.

Reaction (R3a) is the overall stoichiometry of the well-  An alternate route to NDHNQOsis via N2Os which could
known surface reaction for the hydrolysis of MFinlayson-  accumulate on the surface of the particles. This route follows
Pitts et al., 2003; Pitts Jr et al., 1984) that generates both gaReaction (R2) and results in the formation of nitric acid on
phase nitrous acid (HONO) and nitric acid (Finlayson-Pitts the surface of the particle:

et al., 2003). This entire reaction sequence could occur on

ticl
either the surface of the particle and/or on the surface of theNO24+NO3 pﬂieNZOg; (R4a)
deposited particulate matter on the vaporization coil. The article
125 m/z ion is observed evolving both before and during theN,Os+H>0 parts 2HNO:;. (R4b)

volatilization process, indicating that formation of this ion

is not exclusively a result of the thermal vaporization pro- This reaction sequence is based on the premise that a fraction
cess used in generating the gas phase molecules requisite f8f NO2 is generated at or near the surface of the particle as
ionization in PERCI AMS. This observation supports that at @ result of decomposition of the nitroalkane that formed by

least a fraction of NQHNOs is formed on the surface of the the mechanism of progressive oxidation. TheNBen re-
particles. acts with ozone to give N§XDeMore et al., 1997). The N

subsequently reacts with NQo give N,Os (DeMore et al.,
1997), which hydrolyzes in the presence of water, yielding
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) Table 1. High molecular weight, nitrogen containing products
> 104 NO, formed in the heterogeneous ozonolysis of mixed ODA/OL parti-
= 7 46 cles and their corresponding assignments. The corresponding ions,
S with masses 28 u lower, were observed also in the HDA/OL system.
IS 0.8 OX denotes 9-oxononanoic acid.
g 0.6 Compound Chemical Product Comments
2 7
) 422 m/z, Secondary amide,
= 1 CH,(CH), NHCO(CH,,CHO 55,7 s 1 o
o 044
= B 2 CH,(CH,),,N=CH(CH,),CO,H 422 m/z, imine, ODA + OX -H,0
< NO,
£ 02- [M-H -
5 62 3 CH.(CH,) .NHCO(CH,).CO,H 438 m/z, secondary amide,
> . L )‘ 130 {(En 270, ODA + SCI-1 -H,0
0.0M o " A . )
1y ¥ . } 576 m/z, tertiary amide, ODA
: ' )LI ' : ' . ' . ' 4 CHy(CHy, NCOCH,),CHO), 5 oy a0
25 50 75 100 125 150
CH5(CH,) CO(CH,),CHO
m/z N 7 o
5 592 m/z tertiary amide, ODA
+0X +SCI-1 - 2 H,0
Fig. 3. PERCI mass spectrum of 1-nitrohexane introduced into the CO(CH,),COH
PERCI AMS as a gasp=2x 102 atm). Photoelectron energy was
~0eV. 6 CH,(CH,),,N(CO(CH,),CO,H), 608 m/z tertiary amide, ODA

+2SCI-1 -2 H,0

nitric acid. This last step (i.e. Reaction (R4b) is akin to the Nitrite and nitrate ions were measured in all single-
hydrolysis of NOs that has been described previously on component particles of ODA and HDA and in mixed parti-
aerosols (Wahner et al., 1998). As shown in Fig. 2, the reCles containing the amines and well as DOS as the second
actant water in Reaction (R4b) forms on the surface of thecomponent. The DOS + amine PERCI spectrum is relatively
particle via the oxidation of the intermediate alkylhydroxy- Simple with three of the ions having been determined to be
lamine to the nitrosoalkane. The resulting nitric acid could Unique to the ester: the dissociative electron attachment ion
then proceed by Reaction (R3c) to give N&HNOs. ([DOS-H]7) at 425 m/z, and two fragments 295 and 313 m/z.
. . i These ions probably arise from the fragmentation of the

The 226 m/z ion does not correspond with any anion clus-ggter jinkage (Zahardis et al., 2006b), with 313 m/z assigned
ter in the Ng.(lﬂl_\I03)n(H20)m series, and to the best o_f to [CH3(CHa2)3CH(CH,CH3)CH,OCO(CH)gCOO] .
our knowledge, it is not a commonly observed ion contain-The  295m/z  ion s tentatively ~ assigned  to
ing any cpmbination of H N, and O. This ion is observed [CH3(CHz)3CH(CH,CHg) CH,OCO(CHp) s CH=CHCOT
not only in the ozonolysis of ODA and HDA, but also for - gimjlar dehydration product of the 313m/z fragment.
ozonized octylamine (129u) and lysine (146u), indicating There was no measureable difference in the PERCI mass
that it is n_ot an iordi_rectly qrising fro_m the fragme_ntati(_)n spectrum of pure DOS particles upon ozonolysis. The four
of the amine (or amino acid) or their corresponding nitro- . aracteristic ions of the amine were also observed for both
compounds. We tentatively assign this ion signal to the clusypa and HDA upon ozonolysis of the mixed particles

ter NG, o(HNO3)2(H20)s. Although, to our knowledge, this  containing DOS. The PERCI mass spectrum of ODA (or
ion has not been observed, we hypothesize that it could origHDA) + OL, on the other hand, is far more complex.
inate from HNQeNO,. This species has recently been de- ’ ’

tected in the attenuated total reflectance FTIR studies of thg 2  Ozonolysis of ODA (HDA) in mixed particulate matter
heterogeneous hydrolysis of NQRamazan et al., 2006). A — overview

small ion signal at 163 m/z is also evident in the PERCI spec-

trum that becomes more intense with increasing ozone expoPOS and other related high molecular weight esters (Zie-
sure. We tentatively assign this to another member of thismann, 2005; Mochida et al., 2006) employed in studies
proposed ion series, N (HNO3)(H20)3. Even at high  of heterogeneous ozonolysis are used often as controls be-
ozone exposures, the 163 m/z ion signal is relatively weakcause they are not a source of Criegee intermediates (ClI).
compared to the four signals discussed previously (i.e. 46The reactivity of SCI with ODA and HDA was a key
62, 125, and 226 m/z) for the ozonized single-componentfeature in the oxidative processing of these mixed parti-
amine particles. For simplicity, in the remainder of this work cles, especially in the formation of high molecular weight
we will refer to the 4 strongest ions of the ozonized single-compounds. Ozone concentrations were varied from the
component amine particles as the “characteristic ions of thesame order of magnitude as typical summertime maxi-
amine”. mum daily concentrations in a suburban-urban troposphere
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(100-400 ppb i.e. 1410~ atm) (National Research Coun- HDA. These amides would have an alkyl end, unlike the
cil, 1991) to very high concentrations: up t0102atm. amides arising from the reaction of SCI-1 which have a car-
Assaying the effects of high ozone concentrations on mixedooxyl group functionality. It is likely that SCI-2 does form
particles helped in elucidating the mechanisms of oxidation.amides with these amines, but they are not ionized to any
Secondarily, the products formed under high oxidative stressignificant extent with~0 eV electrons, as is the case with
may be similar to products formed when particulate mat-all organic acids (LaFranchi and Petrucci, 2006; LaFranchi
ter with high amine and lipid content (i.e. meat cooking et al., 2004; Zahardis et al., 2005, 2006c) investigated to
aerosols) is subjected to both thermal stress and enhancethte. The high molecular weight, nitrogen-containing prod-
ozone levels associated with the urban troposphere. ucts measured and their corresponding assignments are sum-
For conciseness, the ensuing discussion places emphagisarized in Table 1.
on comparing the low ozone exposure regime (which we

define as 10°-10~7 atm ozone for~17s) to the very high 3.4 Ozonolysis of ODA (HDA) + OL in mixed particles:
ozone exposure regime (0~ atm for~17s). products assignments for high ozone exposure

3.3 Ozonolysis of ODA (HDA) + OL in mixed particles:

X The mass spectrum of products arising from heterogeneous
products assignments for low 0zone exposure

reaction ODA(HDA) + OL aerosols with~2x10~3atm
.0zone at~17 s reaction time (Fig. 4b) shows the four char-
Zcteristic ions of the aliphatic amine (i.e. 46, 62, 125, and
226 m/z) in addition to two distinct regions of high molecu-
lar weight products, mainly the dissociative electron attach-
. . . . ment ions of secondary and tertiary amides formed via the
erogenaous ozonolysis of OL (i.e., azelaic acid (188 u)'secondary reactions of ozonolysis. The four classical prod-

9-oxononanoic acid (172u), nonanoic acid (158u), and f . . :
; . L I I h the ODA
nonanal (142 u) (Zahardis and Petrucci, 2007)), only aze-LICtS of OL ozonolysis are also evident in both the ODA and

) ) . . 4 HDA mixed particles. Interestingly, the OL molecular ion at
laic acid (187 m/z) is observed for the mixed particles (ODA . : : i
(HDA) + OL), at very low exposure. On the other hand, all 281 m/z is one of the strongest ion signals in the PERCI mass

4 characteristic ions expected from reaction of the aliphati spectrum for the ozonolysis of ODA + OL aerosols (Fig. 4),
. S cEut only a very weak signal in the HDA + OL system at this
Eli(rsnsl‘nrr?/g:rje%l;slsf\/’e?jnd 226 m/z), as well as the minor ion a ame exposure (not shown). Under identical exposure condi-
: 5 ) tions, the OL molecular ion was not observed in the reaction
At ozone exposures of-3x10”"atm (17s) and higher of pure OL particles. Moreover, for the pure OL particles,

in the ODA + OL systgm, we al_so observe ions_ at 422 andno OL molecular ion was observed for any ozone concentra-
438 m/z. The 438 m/z ion is assigned to the amide that may; h above k10-%atm ozone for~17 s reaction time. We
be formfed .by seve_rﬁl pathwa?]/s, mclud/lng reactul)dn OT thepelieve these unanticipated effects (i.e. the retention of OL
SCI- (cf. Fig. 2) with ODA. The 422m/z ion could arise in the ODA + OL reaction system at this very high ozone

fromsah{ff?Sbu pro_?_lﬁd th"?‘é IS eltlfgjebr a;n amlddfe or gggm'ngexposure) originate from surface or near surface reactions
(1.e. Schiff base). The amide could be formed from anfhat produce high molecular weight secondary and tertiary

9-oxononanoic acid, with the amine reacting at the carboxyl
position. The imine (i.e. Schiff base), 9-(octadecylimino)
nonanoic acid, could be a product of the reaction of ODA
with the aldehyde functionality of 9-oxononanoic acid. This
ion is nominally one mass unit lower than the mass of the
proposed ion indicating dissociative electron attachment ion- . i

ization via the loss of hydrogen. These assignments are sur?)-'5 A mechanistic qccount for_the fqrmatlon ,Of the ob-
ported by ion signals measured at 394 and 410 m/z in the served products in the ozonized mixed particles

HDA + OL mixed particles po,=3x10~"atm and 17's re-

action time). These higher molecular weight signals are asA detailed account of the heterogeneous ozonolysis of OL
signed to the amides and imine corresponding with reactioras recently been published (Zahardis and Petrucci, 2007)
of HDA with 9-oxononanoic acid and SCI-I respectively. @hd many mechanistic depictions are available in the litera-
These ions are not observed at lower concentrations of ozon@lre (Ziemann, 2005; Zahardis et al., 2005; Hung et al., 2005;
in the ODA (HDA) + OL reaction System' These ion Sig_ Reyn0|d3 et al., 2006, Katrib et al., 2004) The three main
nals are also not observed under any conditions of ozone ex8teps of ozonolysis of oleic acid are in accord with estab-
posure for ODA or HDA in DOS. It should be noted that lished solution phase chemistry (Bailey, 1978):

we do not observe any dissociative electron attachment ion

for the amides that could be the product of the reaction of — Step 1: formation of the primary ozonide (i.e. 1, 2, 3-
the 158 u SCI (SCI-2, i.e. OOCH(GhyCHs) with ODA or trioxolane)

Figure 4a,b compare PERCI mass spectra for the ozonolys
of mixed ODA/OL particles at 310~/ atm and %1023 atm

ozone, respectively, for a 17s reaction time. Of the
four expected lower molecular weight products of the het-

amides. These surface active species, in turn, may impede
the diffusion of ozone into the particle and limit the diffusion

of OL to the surface, thereby effectively shutting down the
ozonolysis of OL.
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Fig. 4. PERCI mass spectrum of ozonized mixed particles of ODA + Opait=(a) 3x 10~7 atm and(b) 2x 103 atm. Reaction time was
17 s. Mole fractionsy, were xopa=0.41 andyp| =0.59.

— Step 2: decomposition of the primary ozonides to alde-of the amine (ODA) with SCI-1 (Fig. 5a), while Route 3
hydes and excited Criegee intermediates, which in solumay result in amide formation via reaction of ODA with
tion rapidly stabilize to SCI a secondary ozonide (Fig. 5b). Similar routes exist for

the formation of 9-(hexadecylamino)-9-oxononanoic acid
— Step 3: recombination of the SCI and aldehyde to form(411 u, 410 m/z) in th(e HDA +)é)|_ reac)tion system
secondary ozonides (and other reactions including: in- ’ '

) . . : We tested the relative importance of Routes 2 and 3 by
termolecular reactions to form diperoxides, or reactions

. . . preparing mixed particles with a very high concentration of
:/\égr;)auds €.g. OL, to giver-acyloxyalkyl hydroperox- azelaic acid. These mixed particles contained the inert matrix
DOS, which like other esters does not undergo ozonolysis or
There exists considerable debate concerning the formationeact with SCI (Mochida et al., 2006; Ziemann, 2005). Fig-
of azelaic acid and nonanoic acid and their relationship withure 6 compares the evolution of the 438 m/z amide between
SCI-1 and SCI-2 (Zahardis and Petrucci, 2007). It hasthe azelaic acid + ODA + DOS and ODA + OL heteroge-
been suggested that these two acids are formed from isgieous reaction systems, at four ozone concentrations. The
merization of SCI-1 and SCI-2 (i.e. OOCH(GHCO,Hand 438 m/z ion was either not observed or was a very weak sig-
OOCH(CH)7CH3) (Ziemann, 2005; Zahardis et al., 2005; nal in the azelaic acid + ODA + DOS mixed particles under
Hearn and Smith, 2004; Hung et al., 2005) or, converselyall exposure conditions. Further, no other ion signals corre-
form as decomposition products of the secondary ozonidesponding to amides were observed in the azelaic acid + ODA
and other peroxides as higher generation reaction products DOS heterogeneous reaction system. On the other hand,
(Martin, 2006b, a). Recent mass spectral evidence (Reynoldthe 438 m/z amide was produced in significant amounts in
et al., 2006) suggests that fragmentation occurring in the ionthe ODA + OL reaction system (Fig. 6) and was directly pro-
ization process of high molecular weight peroxides may alsgportional to the ion signal for azelaic acid generated in situ
contribute to the evolution of ions corresponding to theseto the ODA/OL particle. The direct proportionality of amide
acids. A more extensive discussion of the formation of thesgdormation with azelaic acid does not contradict the aforemen-
acids as well and other mechanistic features of this reactiofioned result because the azelaic acid signal we measure is di-
system are beyond the scope of this report and have beeiectly proportional to the in situ generated SCI-1 and likely
covered elsewhere (Zahardis and Petrucci, 2007). directly proportional as well with the secondary ozonides in
The amide 9-(octadecylamino)-9-oxononanoic acidthe system that can decompose to the acid. Our results in-
(439u, 438 m/z) may be formed by several different routesdicate it is the reactivity of these chemical classes (i.e. SCI
in the ozonolysis of ODA + OL. Route 1 is the well- and secondary ozonides) with the amines that constitute the
established route via acylation of an amine by a carboxylicmain routes to amides; however, with the extant data there is
acid (i.e. azelaic acid) (Satchell, 1963), which we believeno way to estimate the relative importance of Route 2 vs. 3.
to be a minor pathway in the formation of amides in these The observation that the classic acylation route to the
heterogeneous reaction systems. Route 2 involves reactioamide is a minor pathway suggests that the 422 (394) m/z
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Fig. 5. Proposed mechanisms for observed amide formation via reactions of amines with products of ozonolysis of OL. Amide formation
via reaction of(a) ODA with an SCI (shown SCI-1) angh) ODA and a secondary ozonide. Similar reactions for HDA are discussed in text.

product observed in the ODA (HDA) + OL reaction system reaction system, on the other hand, OL decays exponentially
arises from the reaction of the amine with the aldehyde moi-initially up to an ozone exposure ofxIL0~*atm but then

ety of 9-oxononanoic acid, rather than the carboxyl group,re-emerges at very high exposuressk10-*atm for 17s

i.e. the 422 (394) m/z products are most likely imines. Thereaction). This suggests that at a critical level of ozone ex-
formation of imine products from the reaction of aldehydes posure, the particles develop a solid or highly viscous lig-
and ketones with primary amines has been shown to haveid surface layer that impedes the diffusion of ozone into
a rapid rate of reaction (Hine et al., 1973; Hine and Via, the particle. Similar effects have been observed in the for-
1972). For example, the imine forming reactions betweenmation of solid surface layers with ozonized myristic acid
methylamine andi-propylamine with isobutyraldehyde are + OL particles (Nash et al., 2006). Figure 8 compares the
described by second order rate constants®@pof 53 and  PERCI ion signal of OL (281 m/z) to the integrated ion sig-
50M~1s1 respectively (Hine and Via, 1972). It should be nal of the 5 high molecular weight products (422, 438, 576,
noted that these kinetic studies were done in aqueous sollt92 and 608 m/z). The ion signal of the 438 m/z secondary
tions (Hine et al., 1973; Hine and Via, 1972), so caution amide increases rapidly for ozone exposures in the range 0 to
should be taken in directly comparing the results of theselx10~*atm and 17 s reaction time. Furthermore, no appre-
studies with our particle-based flow reactor experiments, eseiable increase in intensity is measured at higher exposures.
pecially since these particles were initially anhydrous, with In comparison, the 422 m/z amide/imine and the three high
water being formed by the in situ oxidative processing of themolecular weight tertiary amides show less rapid initial in-

amines with ozone (see Fig. 2). crease in their ion intensity with a linear, generally mono-
_ . _ tonic, increase in intensity at exposures abowel@*atm
3.6 The formation of a solid or viscous surface layer 0s. The total amide/imine ion intensity rapidly rises for a

h i ignal d for th f 17 s reaction with 0—£10~%atm Q. At higher exposures,
The OL fon signal was measured for three types of ozonized, linear, monotonic increase is observed, with the exception

particles as a function of 0zone exposure: (qeat) QL, ODAq¢ the 1x10-3 atm s exposure, where there is a slight de-
* OI."I and ';;DA_'F oOIL (F!gl. 7). fThe OL ion fS|g|:]InaI Inneat . asse in the PERCI ion intensity. From these data, we can-
partic gslag mixe Ipartlc es of HDA + OL fo _0;’]\’3 arf1 ?1)(_ not definitively assign any particular imine or amide with the
ponential decay at low ozone exposures. Neither of thesg, 4t of a solid or viscous liquid layer that impedes the

particles ShOXVS a measurable OL signal at 0zone exposurégision of ozone into the particle, although it appears that
above x10~“*atm at 17 s reaction time. In the ODA + OL

www.atmos-chem-phys.net/8/1181/2008/ Atmos. Chem. Phys., 8, 11942008
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the best correlation is between the total amide/imine content
and the formation of this layer. 2

4 Conclusions and implications

The experiments described in this work have lead to several
significant observations for the ozonolysis of particle bound
amines.

1.

Our observation of a strong ion signal corresponding
to nitrogen dioxide indicates nitroalkanes are generated
from primary aliphatic particulate amines by the mech-
anism of progressive oxidation (Bachman and Strawn,
1968; Bailey et al., 1972; Keinan and Mazur, 1977).
This is in accord with the ozonolysis of amines in so-
lution (Bachman and Strawn, 1968; Bailey et al., 1972)
and on dried surfaces (Keinan and Mazur, 1977) rather
than in the gas phase (Tuazon et al., 1994; Murphy et al.,
2007; Angelino et al., 2001), where large yields of alde-
hydes would be anticipated (Tuazon et al., 1994). We do
not observe any aldehyde or other oxygenate signal in
the ozonolysis of single component particles of amines
under any conditions of ozone exposure. This probably
stems from the stabilization of either the amine oxide
or alkylhydroxylamine (Fig. 2) early in the reaction se-
quence in the ozonolysis of the particulate amines. Sta-
bilization would favor the formation of the nitrosamine,
which is subsequently oxidized to the nitroalkane. This

fragments (Tuazon et al., 1994), leading to a host of
products including nitroalkanes, aldehydes, and imines.

. The ozonolysis of particles of primary, aliphatic amines

may represent a source of NONOs and nitric acid

ion clusters, even at ozone concentrations that corre-
spond to a polluted suburban-urban troposphere (Na-
tional Research Council, 1991). The experimental data
reported herein suggests that progressive oxidation of
amines leads to N&¥ormation, with subsequent forma-
tion NOz through progressive oxidation (as described
above) and finally nitric acid ion clusters. As described
in Reactions 4a-b, an alternative pathway to nitric acid,
and subsequently the nitric acid ion cluster, is via the
reaction of NQ and NG to N2Os, followed by hydrol-
ysis. This may help explain, in part, the mechanism
by which organic nitrogen in fog water and aerosols
acts as a source of NGand NG during exposure to
ozone (Zhang and Anastasio, 2003). Future empha-
sis will be placed on quantification of NONO3, and

the nitric acid ion clusters via PERCI for the ozonol-
ysis of a wider array of particle bound organic species
that contain amine nitrogen. This is inherently challeng-
ing because many of the anticipated products (i.e NO
and NQ) do not have well-established capture cross-
sections for very low energy photoelectrons. We will
also investigate the effects of relative humidity on the
formation of nitric acid ion clusters.

The experiments described in this work have lead to sev-

is quite different than in the gas phase, where the ex-eral significant observations in the heterogeneous ozonolysis
cited amine oxide or alkylhydroxylamine intermediate of mixed particles containing amines:

Atmos. Chem. Phys., 8, 1181194 2008
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1. Secondary and tertiary amides and possibly imines are  0.30
potentially important reaction products of the heteroge- .
neous ozonolysis of aliphatic primary amines in parti- 0.25 4

cles, when SCI can be generated in situ to these medi-
ums. These products are evident even at relatively 0‘20_}

low ozone exposures for relatively short reaction times. = |

This implies that in regions where there is a high at- & 0.154

mospheric input of amines (i.e. near animal husbandry ‘_c“ ' i
operations (Schade and Crutzen, 1995)), there may be,ue; 010 ] : ¢ t i

an enhanced incorporation of these nitrogen-containing '~

species into particles. Cl have been shown to form 2 17 & 8 5 % 2
and react near or on the surface of ozonized OL par- 00573

ticles (Hearn et al., 2005; Smith et al., 2002; Moise and 1a ® u

Rudich, 2002: Katrib et al., 2004). When gas-phase 000 & .

amines partition to the surface of an ozonized particle 00 02 04 06 08 10 12 14 16

that contains SCI and/or secondary ozonides, they may
react via Route 2 and/or 3 to form the lower volatility
amides. This is evidenced by our observation of these
high molecular weight products even at low ozone ex- Fig. 8. OL decay and the formation of amides and imine in ozonized
posures (cf. Fig. 4a). These reactions represent newnixed particles of ODA/OL:M) OL; (D)438 m/z secondary amide;
pathways by which amine nitrogen may be convertedand @) integrated ion intensity for a.LII amides and imines (Com-
to lower volatility particle bound nitrogen. They may Pounds 1-6) measured. Mole fractions, were xopa=0.41 and
also help explain the mechanism of forming nitrogen x0L=0.59.

P (atmx10®)

ozone

enriched HULIS (Decesari et al., 2006; Likens and Gal-
loway, 1983) and may be important in the atmospheric
aging of organic aerosols. Moreover, amides, compared
to other acylation products such as esters, are relatively
stable to hydrolysis (Satchell, 1963), resulting in the
potentially long atmospheric lifetime of these nitrogen
containing species in particles. The viability of gas-to-
particle conversions of amine nitrogen via these mecha-
nisms will be the focal point of upcoming environmen-
tal chamber experiments in our laboratory where we
will examine the effects of prolonged ozone exposure
(hours to days) of more common atmospheric amines
(i.e. ethyl amines) in the presence of unsaturated acids
at ozone levels in accord with a polluted suburban-urban
troposphere.

. Although amide production is in accord with well-
established solution acylation reactions (i.e., between
the carboxylic acids and the amine (Satchell, 1963)),
our data implies that the major pathway(s) in ozonized
particles of ODA (HDA) + OL is through the reaction
of SCI and/or secondary ozonides with the amine. This
may have ramifications to source apportionment where
it has been suggested that amides can be utilized as
molecular markers (Simoneit et al., 2003) for biomass
burning events, since they can be generated by standard
(i.e. Route 1) acylation under pyrolysis. Although we
agree with the importance of this route of amide for-
mation under biomass burning conditions, we need to
establish the viability of the role of secondary chem-
istry of ozonolysis in sequestering amine nitrogen into
particulate matter via amide formation (i.e. Routes 2

www.atmos-chem-phys.net/8/1181/2008/

3.

and 3). These routes, if important competing path-
ways to amide formation through acylation would in-
dicate that amides may also be molecular markers for
regions that have concurrent high levels of ozone and
amine input, i.e. animal husbandry operations near pol-
luted suburban-urban environments.

There is evidence of solid surface or highly viscous lig-
uid layer formation in ODA + OL at high ozone expo-
sures. This may impede the diffusion of ozone into the
particle causing retention of OL at these very high ex-
posures, where it would be totally consumed in single
component particles of OL. This observation and simi-
lar ones by others (Nash et al., 2006) in fatty acid rich
particulate, along with the retention of OL even at high
exposures, may help elucidate the disparity that exists
between the lifetime of OL measured in the field vs. in
the laboratory (Zahardis and Petrucci, 2007). The for-
mation of high molecular weight amides is likely to oc-
cur in meat-cooking aerosols that are rich in both fatty
acids and amines and that are formed under conditions
of high temperature (facilitating Route 1 amide forma-
tion). Amide formation is especially significant when
generated in a polluted, ozone rich troposphere (facili-
tating amide formation via Routes 2 and 3). The pro-
longed lifetime of OL in real meat cooking aerosols
vs. single-component particulate OL matter has also
been demonstrated experimentally (Hearn and Smith,
2006). Although we only observe the solid surface or
highly viscous liquid layer formation in the OL + ODA
reaction system under conditions of very high ozone

Atmos. Chem. Phys., 8, 11842008
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exposure (k10-4atm O, 17 s reaction time), we need Fehsenfeld, F. C., Howard, C. J., and Schmeltekopf, A. L.: Gas
to investigate the effects of prolonged exposure of par- phase ion chemistry of HN§ J. Chem. Phys., 63, 2835-2841,
ticles to lower levels of ozone~( 10~ atm Q) with 1975
experiments in environmental chambers. Although notFilipy, J., Rumburg, B., Mount, G., Westberg, H., and Lamb, B.:
explored in this work, other condensed phase thermo- Identification and quantification of volatile organic compounds
chemical effects that may cause a prolonged lifetime__ ffom adairy, Atmos. Environ., 40, 1480-1494, 2006,

f OL and oth turated ts of | at Finlayson-Pitts, B. J. and Pitts Jr., J. N.: Chemistry of the Upper
0 and other unsaturated components of real atmo- and Lower Atmosphere, Academic Press, NYC, USA, 1999.

spheric aerosols, such as gel or semisolid formation, Olinlayson-Pitts, B. J., Wingen, L. M., Sumner, A. L., Syomin, D.,

Ostwald ripening in amide enriched aerosols needs t0 504 Ramazan, K. A.: The heterogeneous hydrolysis of NO
be explored as well. laboratory systems and in outdoor and indoor atmospheres: An
integrated mechanism, Phys. Chem. Chem. Phys., 5, 223-242,
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