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Abstract. Primary aliphatic amines are an important class of major source of methylamine, ethylamine, propylamine, and
nitrogen containing compounds emitted from automobiles,butylamine as well as other amine compounds.
waste treatment facilities and agricultural animal operations.

. . . ) Removal routes for amines from the atmosphere include
A series of experiments conducted at the UC'R'Vers'de/CI_E'reactions with either nitric or sulfuric acid to form the cor-

CERT Environmental Chamber is presented in which oxi- responding nitrate salts or oxidation by OHg,Gind NG

datlpn of _methylamlne, ethylamine, prgpylamlne, and buty- (Seinfeld and Pandis, 1998; Finlayson-Pitts and Pitts, 2000;
:f"“ln'”e W'th|% and. NQf hal;ve begq |n\r/]est|gated. V?(ry Silva et al., 2008). Little work has been performed on the
lttle aerosol formation IS observed in the presence e o NOs initiated oxidation of amines however; it is thought to

only. However, after a_ddltlon 2f NO, and by _extensmnjxlo be similar to the OH route and therefore proceed by four pos-
large aerosol mass yields-44% for butylamine) are seen. sible reaction pathways. The predominant pathway (Fig. 1) is

Aerosol generated was determined to be organic in natur?hrough abstraction of the alpha hydrogen, which forms the

dutlaojofthe ﬁma”. fracilont OJ NO sntd '\%qu éhe total S'gnfl alkoxy radical after addition of molecular oxygen and NO
(<1% for all amines tested) as detected by an aerosol ma NO, conversion or R@-RO, reactions in the absence of

spectrometer (AMS)..V\'/e propose a reaction mechanism beg O. The alkoxy radical then proceeds to form an amide. The
tween carbonyl containing species and the parent amine lea second route proceeds by loss of an alkyl group from the ni-

ing to forhmanon_ of_lf_)artl(t:glate |rtn|ne prodlucts. The_ts_e f'm_jt;]trogen, followed by formation of nitramine, nitrosamine, or
Ings can have signiicant impacts on rural communities With; ;e - imines’ are then believed to undergo reactions lead-

eIevateq nighttime PM loadings, when significant levels Ofing to formation of aldehyde products. It is possible for these
NOs exist. oxidation products to have a low enough vapor pressure to
condense onto existing particles or form new particles by nu-
cleating, creating secondary organic aerosol (SOA). Once in
1 Introduction the aerosol, they can undergo further reactions forming mul-

_ ) ) tifunctional species (Pitts et al., 1978).
Amines are found to be emitted into the atmosphere by a va-

riety of anthropogenic and biogenic sources including auto- '€ Presence of organic nitrogen in the particle phase
mobile emissions, waste treatment facilities, and agricultural’@S Peen reported as far back as the early 1970's when No-
animal operations (Westerholm et al., 1993; Manahan, 1990vaKov etal. (1972) found nitrogen with oxidation states sim-
Schade and Crutzen, 1995). Amine emission rates from dair{‘j‘r to that of organic nitrogen compounds in aerosol col-
operations have been estimated to range from 0.2 to 11 [b¥Ctéd in Pasadena, California. More recently, studies have
per head of cattle per year (Bailey et al., 2005). Addition- €Ported the presence of amine like compounds in ambi-
ally, Mosier et al. (1973) has identified cattle feedlots as a€Nt Particles in both urban and rural settings (Murphy and
Thomson, 1997; Angelino et al., 2001; Tan et al., 2002;

Glagolenko and Phares, 2004; Beddows et al., 2004). Fur-

Correspondence td?. J. Silva thermore, amine like compounds have also been reported in
BY
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alkory radical i oH to minimize diffusion of any contaminate into the reactors.
0 R Rs—o0 R, FL: The reactors are located in a temperature controlled room,
N > o which is continually flushed with pure air. Connected to the
FL] ) Ry reactors are a suite of instrumentation including an Aero-
NOw0z N dyne high resolution time of flight mass spectrometer (HR-
R R ToF-AMS), and two scanning mobility particle spectrome-
amine N\ o ters (SMPS), built in house, capable of sizing particles from
FL \R o Ro R NH: 28-730nm (Wang and Flagan, 1990). Particle number and
J,. U ﬂ L volume were wall loss corrected using the method of Bow-
i N°/ NS \Hoz ! man et al. (1997), additionally, particle mass loadings were
RN NO: calculated assuming a unit density (Bowman et al., 1997).
Ports into the chamber enable introduction of compounds of
Ra T nitraimne interest as well as monitoring of NQusing a Thermal En-
AN vironmental Instruments model 42C chemiluminescent ana-
° lyzer and @Q by a Dasibi Environemtal Corp 1003-AH. Ini-

Fig. 1. Proposed reaction scheme of amine oxidation adapted fro tial concentrations of NQand G were below the detection

Schade et al. (1995) to show oxidation by ;O nr]imits of our analyzers (50 ppt and 2 ppb, respectively) for
each experiment performed. PTRMS measurements of the

parent amine were also attempted; however, no measureable

California by Zhang and Anastasio (2003). In addition to iOn signals were detected for the parent amine compounds.
these studies, recent work by Barsanti et al. (2008) and Smith Amines (Sigma Aldrich, purity>99%) were introduced
etal. (2008) have correlated new particle events with elevatedto @ dark chamber by injecting a known volume of liquid
amine concentrations. These researchers suggest that amifig1ine into a small glass injection manifold or by introduc-
compounds participate in these nucleation events, possibl{'d & known volume of the gas phase amine into a calibrated
acting as cloud condensation nuclei (Barsanti et al., 2008! ulb based on calculated partial pressures. Pure nitrogen was
Smith et al., 2008). then passed over the liquid or through the bulb, flushing the
Recent work has attempted to shed light on the processe%_mi”e into the rea_ctors. Table 1 lists the experimental con-
that lead to the presence of amines in the aerosol-phas@tions of all experiments conducted. 350400 ppb of ozone
through mass spectrometry studies of aerosol generated i¥fas introduced by passing 35 psi of pure air through two UV
smog chambers. These studies have shown that most papZ0ne generators only after the mass concentration of par-
ticles generated from amines are in the form of alkyl ni- ticles formed from initial injection of the parent amine had
trate salts (Angelino et al., 2001). The exception to this hag®ached a steady stateZh). NQ, was added to the reactors
been tertiary amines, where Murphy et al. (2007) determined®S NO using a calibrated bulb approximately 2 h after ozone
secondary organic aerosol formation mass yields of 5_o30@ddition, when aerosol mass concentrayons had once again
(Murphy et al., 2007). More recently, Silva et al. (2008) regched gsteady value. Tptal aerogol y|elid)sv(/_ere deter-
observed increases in amine ions from nighttime ambienfMined using the aerosol yield equation as defined by Odum
aerosol sampling (Silva et al., 2008). He estimated that€t &l (1996) with slight modification.
amine containing particles account for 0.5:@m°® of the AM
gltrafipe e_lerosol in_ Logan, U_tah. Subsequently, Iaboratoer ~ AROG @)
investigations of trimethylamine (TMA) with N@revealed ] )
the presence of highly oxidized large molecular weight ionsWhere AM (ug/m) is the total aerosol mass concentration
indicating that N@ can play a significant role in the night- produced for a given amount of reactive organic gas _reacted
time chemistry of TMA with estimated gas-to-particle con- (AROG, ug/m®) (Odum et al., 1996). This definition differs
versions of 65%. Therefore, this paper investigates SeC!_‘rom the more traditional form of the yield equathn in that
ondary particle formation from other commonly emitted pri- it accc_)upts for the fact that all aerosol produced might not be
mary amines. organic in nature
Sampling of aerosol for off-line analysis was performed
by drawing air for 3h at 25 LPM from the reactors through
2 Experimental a stainless steel sampling port located just below the cham-
ber onto pre-baked quartz fiber filters (Pall Life Sciences
All experiments were conducted at the UCR/CE-CERT En-Laboratory). Filters were then extracted by sonication for
vironmental Chamber, which has been described in detaiBO min with 5ml of HPLC grade water (Fisher Scientific
elsewhere (Carter et al., 2005). In short, this facility con- Optima Grade). During the sonication period, the extracts
sists of two 90 r Teflon reactors attached to a rigid collapsi- were kept cold to minimize liquid phase reactions and losses
ble frame, which are maintained at a slight positive pressuredue to volatilization. Extracts were then filtered through

imine aldehyde  amine

1

"\‘ nitrosamine
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Table 1. List of experiments performed and concentrations of reactants.

Experiment Amine Estimated Initial Amine  Ozone Concentration xMN®@ncentration
Concentration (ppb) (ppb) (ppb)
831 Butylamine 100 352 39
833 Propylamine 100 328 61
834 Methylamine 100 350 34
842 Ethylamine 100 400 25

a 1lum pore size syringe filter (Whatman) to remove any
quartz fibers and concentrated to 1 ml under a stream of pure
nitrogen before analysis.
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The HPLC-TOF (Agilent Technologies, model 6210) was | : :

operated in positive ionization mode with an atmospheric 9:00 AM 12:00 PM 3:00 PM

pressure chemical ionization source with a gas temperature 911812007

of 300°C, vaporizer temperature of 280, corona current

of 4 A, drying gas flow of 5L mir! and a nebulizer pres-  Fig. 2. Wall loss corrected aerosol mass and number evolution for
sure of 40 psig. Ultra pure nitrogen was used as the carriemethylamine/NQ@ reaction showing little organic aerosol formation
gas. Samples were injected using a flow injection processifter addition of NQ.

with HPLC grade water along with two mass reference com-

pounds to ensure a mass accuracy of 5ppm or greater. No

acidic modifier was used in the mobile phase to prevent acid-

base reactions during analysis. Analytical standards for iden-

tified products were not commercial available.

o
T
o

Date And Time

3 Results and discussion
2.2 High Resolution Time of Flight Aerosol Mass Spec- _
trometer (AMS) 3.1 Methylamine

Particle formation was observed immediately after injection

Details of this instrument and data analysis methods haveyt ethyiamine into the clean reactors (Fig. 2). These par-
beep explained in detail by DeCarlo et al. (2006?' In b”?f’ ticles result from the formation of methylaminium nitrate
thg |nstrument samples.throggh an aerodynamic lens Int%roduced by reaction of methylamine with trace amounts of
a tlme-_of-fllght Chamber,_ partlcles betvv_een 50_.600 nm aréy o, present in the chamber (see Sect. 4.1 for discussion
transmitted with 100% efficiency. In the time-of-flight cham- of this salt formation). Addition of ozone had no effect on
ber particles are acpelerated until imPaC“”Q on 10 a tungye particle number or volume. However, a rapid increase
sten heater maintained at 6@ at which point the non- ;o icle number and volume was observed after addition
refractory aerosol vaporizes and is subjected to electron IMat NO; (as @+NOy) to the chamber; ultimately producing
pact |on|zat|or.1 at70 e.V' . <2 g/m? of aerosol after wall loss correction. Assuming
lons are guided using a series of lenses to the orthogonabtal consumption of methylamine, an aerosol mass yield of
extractor, where they are pulsed into the time-of-flight cham-1.6% was determined using Eq. (1).
ber approximately every }3s. Depending on the mode of  Pparticle composition (Fig. 3) measured by the AMS in
operation ions are either reflected towards a mirco-channely-mode after addition of NQto the system clearly shows
plate (MCP) detector following a standard reflectron time- the fragments ofn/z30 (CHyN*), m/z41 (C3H;), m/z42
of-flight configuration (V-mode), or ions leaving the reflec- (c,H,N+), and a small signal from iom/z46 (NG}). Pro-
tor are directed first to a hard mirror then back towards thepgsed structures of these ions are shown in Fig. 4. Off-line
reflector then finally to the MCP (W-mode), more than dou- fijter analysis was not performed due to the lack of mass
bling the path length of V-mode operation and increasity  formed during this experiment.
resolution.
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Fig. 3. Background subtracted AMS spectrum normalizehta30
from the methylamine/ N@ system showing no mass fragments
other than those of the parent amine.
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Fig. 4. Proposed structures of AMS ions for MethylamineANO
system.

3.2 Ethylamine

Q. G. J. Malloy et al.: Secondary organic aerosol formation from amines

16x10° -
14
12
10
8_
6_
4_
2_
0

O Injected  NO, Injected r 100
— 80

— 60
40

—— Number Concentration | 20

- Mass Concentration

(Ew/ﬁﬁ) uOoMeNUIIUO0I SSEN

L

T T T T T
1:00 PM 2:00 PM 3:00 PM 4.00 PM 5:00 PM
10/8/2007

Particle number concentration (#/cms)

—0

Date and Time
Fig. 5. Wall loss corrected aerosol mass and number evolution for

ethylamine/NQ@ reaction indicating a rapid and large increase in
organic aerosol formation after addition of NO

1.0

Particle formation is seen immediately after injection of ethy-
lamine to the reactors (Fig. 5). These patrticles are from
aminium nitrate salt formed from reactions between the
amine and trace amounts of N@ the chamber, similar to
the methylamine system. Addition of ozone to the system
had no measureable effect on particle number or mass. How-
ever, in contrast to methylamine, particle formation increased
at a rapid rate once NOwas introduced to the chamber
(as @+NO), ultimately producing~80.g/m® (mass yield
~44%).

The mass spectrum as detected by the AMS (Fig. 6) shows
the m/zfragments appear similar to that of methylamine de-
spite the dramatic differences in aerosol formed, with the
exception of the appearance mfz44 (GHgN™). W-mode
data indicates the appearance of a high mass fragments
m/z59.035 and 100.06, which can be attributed $$1ENO*
and GHgN,O™ respectively and which might account for
the differences in aerosol formation between the methy-
lamine system and this system.
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at
Fig. 6. Frames 1 and 2: AMS mass spectra normalizet/z80 of
the ethylamine/ N@ system indicating the important peaks. Frame
3: HPLC-TOF filter spectrum of ethylamine/N@ndicating forma-
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tion of imines and their stable intermediates.
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AMS ions LC-MS ions "’g
e, 30.036 0 H
HN—C12 86.06071 g
e &r,  |44.052 3
o | 88.07605 £
w0, [58.066 || N9 £
H a
i 90.09154
» ° 59.035 on
o /\ﬁ/\
NH, 2
100.06
\N

Fig. 7. Proposed structure of AMS and LC-MS ions for
Ethylamine/NQ system.

ity

Filter analysis (Fig. 6) indicates the presence of ions at§
m/Zs of 88.07605 and 90.09154 which have been identified§
as a hydroxyl containing imine @&1gNO*) and the sta- 3
ble carbinolamine (gH12NO™), respectively. Figure 7 lists
the major ions and proposed structure associated with them.
Water was used as the sole extraction solvent to efficiently
remove nitrate salts from the filter, which were originally
thought to dominate the aerosol phase species by their for-
mation through acid-base chemistry. Clearly this was not the
case; therefore, the possibility exists that hydrophobic com-
pounds remained on the filter during extraction that were not
detected by HPLC-TOF analysis.

3
E
S
z

3.3 Propylamine

Normalized Intensity

Similar to the two previously studied amines, an initial nucle-
ation burst of aminium nitrate salt was apparent immediately
after injection of the amine followed by the rapid decay in
particle number and volume (Fig. 8). A second rapid burst
of particle formation was observed after addition of N@s

O3 + NOy) to the chamber; similar to the initial burst it was
followed by decay of the particle volume indicating possi-
ble formation and evaporation of salts. However, the particle
mass loading eventually stabilized around&gm? (yield

of 22%). Very little NO" or NO}L signal was apparent in the
high resolution HR-ToF-AMS data, indicating that a large
portion of the condensable species formed by the addition of
NOy to the chamber were not nitrate salts.

The spectrum obtained by the AMS (Fig. 9) is markedly

Total ion abundance

2055

25x10° O Injected NO, Injected

I~ 100

N
o
|
T
©
o

.
o
|
T
@
=]

=
o
|

T
IS
o

o

W

o
|

(_wyBr) uonenuasu0d ssep

3

= Number concentration
~— Mass concentration

20

-

o

T
9:00 AM
9/17/2007

T T
12:00 PM 3:00 PM

Date and Time

Fig. 8. Wall loss corrected aerosol mass and number evolution for
propylamine/NQ@ reaction indicating a rapid and large increase in
aerosol formation after addition of NGollowed by a rapid loss of

a portion of this aerosol.

m/z 30 m/z 58

m/z 44

T T
40 60

80 100

m/z 100 m/z 114

) / m/z 128

88.07601
C,H,;oNO"

6000 —

\114.09111

CgHNO"

5000 —

102.08960

4000 — .
CgH,,NO

90.09061
C,H;,NO"

/

..||...|I|‘.|.I|||.l||
T T T
90

30001 74 06088

2000 - C3HgNO

1000 —

0

100 120

m/z

110 130

different from that of methylamine and ethylamine show- Fig. 9. Frames 1 and 2: AMS spectrum (normalizedntéz30)

ing prominent mass fragments upwards rofz146. Us-

of the propylamine/ N@ system indicating presence of high mass

ing the W-mode of the AMS, these fragments can befragments spaced 14 mass units apart. Frame 3: HPLC-TOF filter

attributed to 100.07 (€H1oNO™), 100.11 (GH4N™),
114.09 (GH12NO™"), 128.11 (GH12N,O"), and 146.08
(celeNog). The appearance of these heavy molecular

www.atmos-chem-phys.net/9/2051/2009/

spectrum showing imine products and stable intermediates.
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Fig. 11. Wall loss corrected aerosol mass and number evolution for
butylamine/NQ reaction indicating a rapid and large increase in

. . . Fig. 12. Frames 1 and 2: AM ra normali lar k
organic aerosol formation after addition of NO '9 ames 1 and S spectra normalized o largest pea

(m/z30) from butylamine/N@ system showing the formation of
imines some with high degrees of oxidation. Frame 3. HPLC-TOF

. . . L filter spectrum confirming presence of amide products.
weight ions, some with no oxygen present, indicates the for-

mation of nitrogen carbon bonds.

Mass spectra, normalized to the most abundant ion, oby, 1\, opyigys change in particle number or mass (Fig. 11).

tained from the HPLC-TOF (Fig. 9) indicate several impor- onl o .

i : ) y after addition of N@ (as G+NO) did we observe a
tantions. The 74'0608_8 Peak can be attributed to the am'd?apid increase in particle mass and number, ultimately pro-
of propylamine. Also indicated in the HPLC-TOF spectra ducing 13Qug/r? (yield of 44%)
is the presence of ions with masses 88.07601, 90.09061, Spectra from the AMS (Fig. 12) indicate high mass frag-
102.08960, and 114.09111. These four ions have beerr]nents much like the propylamine/NGystem. Employin
identified as imines containing a hydroxyl group (88.07601- propy Y ' ploying

C4H10NO™) and (102.08960-§H1,NO™), a stable carbino- itgﬁ SV;/-Sml%%eO(;f (g;e ﬁl'\(gﬁ) wlez;v iBe(éﬂe |t\|oolf)e nlt% tlhzese
lamine (90.09061-gH1,NO™), and an imine containing a ' 10 ' : 14 , -

+ + +
carbonyl group (114.0911¢E1:,NO™). Figure 10 shows the (CgH16NO™), 156.12 (GH1N20™) 158.11 (GH16NO;),

+
major ions detected and their corresponding structure. and.174,11 (€H16NO3). . .
Figure 12 also shows the spectrum obtained from a fil-

3.4 Butylamine ter sample. Again, many significant ions are observed in
this spectrum including 102.0915148:oNO™), 142.12229
Not unlike the three previously examined amines, a large ini-(CgH16NO™), 158.11767 (gH1gNO;), and 174.11122
tial nucleation burst of aminium nitrate salt was observed af-(CngeNogr). Masses 74.09705 (El1oN*T) and 88.07614
ter injection of butylamine into the chamber followed by a (C4H10NO™) represent the parent amine and amide formed
rapid decay in particle number. Addition of ozone resultedduring oxidation, while the ion appearing at 142.12229

Atmos. Chem. Phys., 9, 2052066Q 2009 www.atmos-chem-phys.net/9/2051/2009/
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Fig. 13. Proposed structures of the AMS and LC-MS ions for
Butylamine/NQ system.
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m/z
corresponds to the formation of an imine product. lons at
158 and 174 show among the highest degree of oxidation of
any peaks observed, requiring the presence of 2 and 3 oxy- *7]
gen atoms respectively. Identification of a structure of these 2+
two peaks is difficult due to multiple possible empirical for- - . AN 73.053 - CHNO"
mulas. Major ions and their associated structures are shownZ
in Fig. 13. € 10
¢ ]
0

4 Mass spectrum interpretation . .
72.6 72.8
m/z

Two general trends are observed in the AMS and HPLC-TOF
spectra: first, the formation of imines which contain a hy-
droxyl group (mass 88.07605 for ethylamine, mass 114.0911
for propylamine, and mass 142.12229 for butylamine); sec- & 87.067-C.H No*/
ond, the presence of imines containing a carbonyl group o
(100.06 for ethylamine, 128.11 for propylamine, and 156.12
for butylamine). These peaks show extremely large carbon
to oxygen ratios, allowing us to discount aldol condensation
reactions as a route leading to their formation.

Furthermore, the observance of an amide peak in only
those systems which formed aerosol (Fig. 14) indicates that 806 808 o o2 o
it plays be a major role in the aerosol formation process. This
is further supported from the high resolution HPLC-TOFMS, Fig. 14. Background subtracted W-mode spectrums of (from top
where the presence of the amide peak was confirmed foto bottom) methylamine, ethylamine, propylamine, and butylamine
propylamine and butylamine (the ethylamine amide mass isystems indicating amide peaks are only presentin the aerosol form-
below them/z capabilities of the HPLC-TOF). This obser- ing systems.
vation is explained by examination of bond dissociation en-
thalpies (BDE) of the hydrogen attached to the alpha carbon
of aliphatic amines (Lalevee et al., 2002). Lalevee noticedcarbon-hydrogen BDE's were able to undergo hydrogen ab-
a decrease in energy as the alkyl chain increased in carbostraction by NQ.
number, thus indicating why methylamine, with a carbon- Finally, the observation of carbinolamines in ethyl, propyl,
hydrogen BDE of 92.4 kcal/mol was unable to oxidize to and butylamine systems suggests that the route of aerosol
formamide, while ethyl, propyl, and butylamine with lower formation must include this class of compounds as an

lon rate (Hz s )
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Fig. 15. Time traces oin/z30 ions (upper frame) ana/z46 ions served for a_‘Cid'base rea(_:tion_s involving amines (Murphy et
(lower frame) plotted on the left Y-axis along with total mass forma- al-» 2007; Fig. 4, panel B in Silva et al., 2008). However, we
tion of the respective ions (open circles), plotted on the right Y-axis Can exclude the corresponding aminium salts as a significant
for butylamine/NG. The absence of NO and small amounts of ~ portion of the aerosol formed in the later portion of our exper-
NOZr give further indication that aerosol formed was mostly organic iments, after addition of N§ due to the small contribution
in nature. of NO* and NOZ+ to the total aerosol signal (Fig. 15) dur-
ing this period. Therefore, the complete lack of N&ignal
and relatively small intensity of Npsignal during the later
intermediate or product. The presence of carbinolaminepart of our experiments indicates that most of the secondary
compounds is not wholly unexpected as they are the intermeaerosol formed after addition of NQvere not aminium ni-
diate compounds to imine formation via reactions betweenyrate salts and therefore must organic in nature.
carbonyl compounds and primary or secondary amines. Due to the extremely high vapor pressures associated with
These compounds have been observed as intermediates fitroamines and nitrosamines, their existence in the aerosol
other carbonyl-amine reactions and have been shown to havg highly unlikely. As evidence for this, the vapor pressure
a slow reverse reaction, remaining stable in solution for up topf N-nitros-butanamine and N-nitro-butanamine were calcu-
24 h (Cheung et al., 2005; Cocivera et al., 1976; Pedersen &#ted to be 24.3 and 1.4 torr respectively, using the group con-

al., 1999). tribution method of Myrdal and Yalkowsky (1997). These
two compounds were chosen because they are the highest
4.1 Salt formation and nitros/nitramines molecular weight nitros/nitroamine compounds conceivably

formed in our systems, and represent the most extreme cases.
The particles formed immediately following injection of the Additionally, the presence of nitroamines and nitrosamines
amines followed the same trend of a rapid decrease in numecan be excluded due to the absence of the expected strong
ber concentration before eventually reaching an equilibriummolecular ions signal (Bulusu et al., 1970; Rainey et al.,
concentration and is consistent with the particles achievingl978). Other ions expected from the formation of these
a gas-particle equilibrium. This same observation was maddypes of compounds would be a strong N@n associated
by Murphy et al. (2007) for a similar system who attributed with nitrosamines and NDions from nitroamines, neither of
it to the volatilization of Triethylaminium nitrate while un- which were observed in significant amounts in AMS spectra
dergoing gas-particle partitioning (Murphy et al., 2007). In as stated earlier. While the possible decomposition of these
all cases, with the exception of methylamine, the mass ofcompounds cannot be definitively ruled out, due to their high
particles formed during these events accounted for less thavapor pressures, it is highly unlikely they are capable of be-
4% of the total mass formed by the end of the experimenting present in the aerosol in appreciable amounts.
In addition, W-mode AMS data indicates the presence of
strong NO™ and Nq ions during this initial particle for-
mation. The presence of strong N@nd Nq signals is a
indication of aminium nitrate salt formation commonly ob-
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5 Proposed aerosol formation mechanism offline mass spectrometry which showed organic aerosol for-
mation dominating the aerosol mass spectra. Aerosol mass
We propose a reaction sequence (Fig. 16) similar to that ofjields for the four amines studied were estimated te<B86
formation of a Schiff base. Mass spectral evidence of amidefor methylamine, 23% for propylamine, while ethylamine
formation, coupled with the observation of the carbinolamineand butylamine had yields of44%.
intermediate and imine product in only those systems that The presence of amide products in all three aerosol form-
formed aerosol gives support to this proposed mechanisming systems indicate that the C-H bond strengths for ethyl,
In this reaction, the amine (compound | in Fig. 16) reactspropyl, and butylamine were sufficiently weak to be ab-
with the nitrate radical, losing a hydrogen attached to the al-stracted by N@, while methylamine oxidation by nitrate
pha carbon leading to formation of a peroxy radical. Thisdid not produce observable amide products. Observation of
peroxy radical, in the absence of NO, can underg;-RO carbinolamine and imine products demonstrated that the oxi-
RO; self reactions yielding 2 amide molecules (compounddation of primary aliphatic amines proceeds by a Schiff base
II) and molecular oxygen. Alternatively, amide products may reaction mechanism, ultimately leading to imine formation.
be generated by reactions between,R@d NQ leading to  This implies that secondary oxidation chemistry plays a key
NO, and @ byproducts. Subsequent reactions between theole in the new particle formation processes from amines.
amide molecule and the parent amine proceeds by a nucle~urthermore, these experiments suggest that further research
ophilic attack by the parent amine on an amide, followed byinto the reaction kinetics of nitrate and amines is needed,
a 1,3-hydrogen transfer forming a stable carbinolamine in-as there is no data in the current literature providing kinetic
termediate (compound IIl). Compounds Il and Il have beenmeasurements. As such, aerosol formation from amines may
confirmed by mass spectral analysis as present in our aerospk greatly under predicted by current air quality models and
in all three aerosol forming systems. The hydroxyl group of more research is needed in order to understand the complex
the carbinolamine will then undergo protonation followed by interactions of amines and NGn the lower troposphere.
dehydration resulting in formation of an iminium ion (com-
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