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ABSTRACT
Aerosol formation is directly influenced by meteorological properties such as temperature and
relative humidity. This study examines the influence of temperature on the physical properties
and chemical composition of the aerosol produced from radical oxidation of aliphatic amines.
Aerosol formation for temperatures ranging from 10 to 40�C was investigated in dual 90 m3

indoor atmospheric chambers. Further, chemical and physical responses of aerosol formed at
one temperature and then raised/cooled to another were investigated in detail. Around two to
three times more aerosol formation occurred at 10�C than at 40�C. This has important
implications for locations influenced by amine emissions during the winter months. Significant
aerosol formation occurred with the oxidation of amines with nitrate radical (100–600 mg/m3)
and consisted largely of amine nitrate salts. These reactions are important contributors to
aerosol formation during the nighttime hours, when nitrate radical is the dominant oxidant and
temperatures tend to be cooler. Solid/gas partitioning of amine nitrate salt aerosol was
consistent with literature results. A novel, temperature dependent, mechanism describing
peroxy and hydroperoxy radical reactions was observed in the trimethylamine with hydroxyl
radical oxidation experiments.

EDITOR
Peter H. McMurry

1. Introduction

Secondary organic aerosol (SOA) and fine particulate
matter have negative effects on human health (Dockery
2009; Pope et al. 1995), air quality, visibility (Watson
2002), and climate (IPCC 2013). Reduced nitrogen com-
pounds, including ammonia and amines, have been
shown to be significant precursors to aerosol formation
in the atmosphere (Ge et al. 2011a). There are both
anthropogenic and biogenic sources of amines, which
include agricultural emissions (Mosier et al. 1973), by-
products of selective catalytic reduction (Cadle and
Mulawa 1980) and carbon capture control technologies
(Borduas et al. 2013), and biomass burning (Westerholm
et al. 1993; Ge et al. 2011a). Recent evidence has pointed
to the growing importance of amines in new particle for-
mation. There have been some studies looking at the for-
mation of organic salt aerosol through the reactions of

atmospherically relevant acids (HNO3, H2SO4) with alkyl
amines (Barsanti et al. 2009). In addition to organic salt
formation, field studies have observed that a significant
portion of new particle growth is due to oxidized organic
amine aerosol (Tan et al. 2002; Silva et al. 2008; Smith
et al. 2008).

The atmospheric reactions of amines, however, are
poorly understood. There have been a few previous
atmospheric chamber studies investigating the oxida-
tion of alkyl amines at room temperature (Malloy
et al. 2009a, Lee and Wexler 2013; Price et al. 2014;
Tang et al. 2014). These studies highlighted the pres-
ence and importance of salt formation, the formation
of imines and carcinogenic nitramines, the formation
of highly oxidized oligomers (trimethylamine experi-
ments), and cloud condensation nuclei activity in sec-
ondary organic aerosol formation from alkyl amines.
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However, due to the wide range in volatility of alkyl
amine salts (solid/gas equilibrium (Kp) from 1.65E-06
to 7.01E-09 at 25�C, (Ge et al. 2011b), the impact of a
range of atmospherically relevant temperatures on
SOA formation from alkyl amines is important for
understanding the true impact and importance of
these poorly understood aerosol precursors.

Temperature has a complicated impact on the gas-to-
particle partitioning of secondary organic aerosol, as
seen in the gas-to-particle partitioning equation (Odum
et al. 1996):

KP D RT
MWgpoL

;

where R is the ideal gas constant, T is the ambient tempera-
ture, MW is the molecular weight, g is the activity coeffi-
cient, and poL is the saturation liquid vapor pressure. It
should be noted that temperature is not only seen in the
numerator of the equation but exponentially in the denom-
inator. Along with seasonal and regional temperature varia-
tions, there is significant temperature variation within the
vertical temperature profile of the atmosphere. The effect
of temperature becomes particularly complicated when
applied to amine salts and semi-volatile organic amine
compounds due to their vapor pressures being in a sensitive
temperature range. These salts are formed in areas with
high agricultural and combustion emissions (e.g., San Joa-
quin Valley, California; Logan, Utah; Toronto, Canada). To
the authors’ knowledge, the effect of ambient temperature
on amine SOA formation has not been previously studied.
Indeed, temperature effects on SOA formation from other
compounds is limited and has focused on other biogenic
and combustion emissions (Takekawa et al. 2003; Warren
et al. 2009; Qi et al. 2010; Clark et al. 2016). This study
examines the influence of temperature ranging from 10�C
and 40�C on the physical properties and chemical compo-
sition of the aerosol produced from radical oxidation of ali-
phatic amines.

2. Methods

A set of well-characterized atmospheric chamber experi-
ments were conducted on three aliphatic amines: trime-
thylamine (TMA, 25 wt.% solution in water, Sigma-
Aldrich), diethylamine (DEA, >99.5%, Sigma-Aldrich),
and butylamine (BA, 99.5%, Sigma-Aldrich). Tertiary,
secondary, and primary aliphatic amines were chosen for
this study to represent a range of emissions from agricul-
tural facilities. All experiments were conducted in the
UCR/CE-CERT dual 90 m3 atmospheric chambers. The
chamber facility has been described in detail previously
(Carter et al. 2005). The environmental chambers are
housed in a 6 m £ 6 m £ 12 m thermally insulated
enclosure and kept at a constant positive differential
pressure of >0.0175” H2O. Photooxidation, when
desired, was driven by a bank of 115W black lights with
peak intensity of 350 nm (350 BL, Sylvania). The interior
of the enclosure is lined with reflective anodized alumi-
num sheeting to ensure maximum intensity and even
distribution of light. Prior to each experiment, the cham-
bers were flushed with dry (RH < 0.001%) purified air
(Aadco 737 air purification system) so that background
particle concentration, NOx, and hydrocarbon concen-
trations were below the detection limits of the instru-
ments used. There were no seed aerosols injected.
Experiments were initiated at either 10�C or 40�C and
then temperature was cycled between 10 and 40�C over
the course of aging (Table 1). Amine concentrations
were allowed to stabilize in the Teflon chambers before
radical injection. Hydroxyl (OH) radicals (no NOx

experiments) were produced from direct photolysis of
hydrogen peroxide (H2O2) (Sigma Aldrich, 50wt% in
H2O, stabilized). The nitrate radical (NO3) was formed
from thermal decomposition of dinitrogenpentoxide
(N2O5) (synthesized in-house by adding O3 to a flow of
NO2 gas and collecting the resultant N2O5 in a ¡70�C
cooling trap) (Griffin et al. 1999). Both oxidant precur-
sors were injected into the chamber in a stream of heated
nitrogen. OH experiments were designed to represent

Table 1. Environmental chamber experiments.

Exp. # Amine Structure Temperature gradient [Amine] ppb Oxidant [Precursor] ppb

1. TMA (CH3)3N 10�C - 40�C - 10�C 100 OH 1000
2. TMA (CH3)3N 40�C - 10�C -40�C 100 OH 1000
3. TMA (CH3)3N 10�C - 40�C - 10�C 100 NO3 215
4. TMA (CH3)3N 40�C - 10�C -40�C 100 NO3 400
5. DEA (CH3CH2)2NH 10�C - 40�C - 10�C 100 OH 1000
6. DEA (CH3CH2)2NH 40�C - 10�C -40�C 100 OH 1000
7. DEA (CH3CH2)2NH 10�C - 40�C - 10�C 100 NO3 140
8. DEA (CH3CH2)2NH 40�C - 10�C -40�C 100 NO3 350
9. BA CH3(CH2)3NH2 10�C - 40�C - 10�C 100 OH 1000
10. BA CH3(CH2)3NH2 40�C - 10�C -40�C 100 OH 1000
11. BA CH3(CH2)3NH2 10�C - 40�C - 10�C <100 NO3 <345
12. BA CH3(CH2)3NH2 40�C - 10�C -40�C 100 NO3 345
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daytime chemistry while the NO3 experiments repre-
sented nighttime chemistry.

A suite of instruments surround the chamber enclo-
sure. The instruments are kept at room temperature
(20�C) with insulated sampling lines leading from the
chambers to reduce room temperature effects. The
chemical composition of the aerosol products was
measured by a High Resolution Time of Flight Aerosol
Mass Spectrometer (HR-ToF-AMS; Aerodyne
Research Inc.) (Jayne et al. 2000; DeCarlo et al. 2006).
Briefly, an aerosol sample was drawn through a time-
of-flight region where the particles were separated
based on their vacuum aerodynamic diameter. The
sample was vaporized by a 600�C oven followed by
70 eV electron impact ionization. The resulting ions
pass through another time-of-flight section which can
be operated in two flight path configurations, V and
W. The shorter flight path (V-mode) provides better
sensitivity at unit mass resolution. The longer flight
path (W-mode) provides sufficient mass spectral
resolution (4300 at m/z 200) to separate isobaric com-
pounds and determine empirical formulas.

A custom built scanning mobility particle sizer
(SMPS) (Cocker et al. 2001), was used to measure the
concentration and size distribution (27–712 nm) of the
aerosol formed during the experiments. The SMPS is
housed inside the chamber enclosure in order to measure
the aerosol properties at the current chamber tempera-
ture. The SMPS also communicates size distribution val-
ues in real-time to a pair of custom built instruments
designed to measure particle density and volatility.

Particle density was measured by an aerosol particle
mass analyzer (APM, Kanomax model 3600) in series
with an SMPS. Details of the instrument are described
previously (Ehara et al. 1996; Malloy et al. 2009b).
Briefly, the mass of the particle is selected by the APM
based on the peak number electrical mobility diameter
identified by the independent SMPS. The mass selected
particles are then measured by an in-series SMPS to
obtain the peak number electrical mobility diameter
transmitted by the APM. Density measurements were
taken every 85 s.

Particle volatility was measured by a custom built vol-
atility tandem differential mobility analyzer (VTDMA).
The particles entering the first DMA column are size
selected based on the peak number electrical mobility
diameter provided by the independent SMPS. The resul-
tant monodisperse aerosol is then sent through a Deka-
ti� Thermodenuder (TD, 40�C, residence time: »17 s).
The second DMA column scans the size distribution of
the particles exiting the TD to determine the final diame-
ter (Df). Particle volatility can then be expressed as the
volume ratio before and after the TD or Volume Fraction

Remaining [VFR, (Df/Di)
3]. Volatility measurements

were taken every 85 s.

3. Results and discussion

3.1. Aerosol formation

Particle formation (not wall loss corrected, WLC) along
with temperature gradients for each of the experiments
are shown in Figure 1. The non-WLC mass concentra-
tion profiles display the changes due to temperature in
each of the experiments and show the complete loss of
particles after heating the chamber in the NO3 oxidation
experiments. Therefore, only the non-WLC mass con-
centration profiles are shown in this study.

3.1.1. OH oxidation experiments
Aerosol formation was significantly greater starting at
cold temperature (10�C) than at hot temperature (40�C)
in each of the OH oxidation experiments. An interesting
pattern is observed when the temperature is cycled. Mass
concentration drops with increasing chamber tempera-
ture as the aerosol formed at cold temperature partitions
to the gas phase. After cooling the chamber to the origi-
nal temperature, those gas phase products partition back
to the particle phase. This trend was also observed in the
hot start experiments. This suggests that the reaction
products of OH oxidation include semi-volatile organic
amine compounds that partition to the particle phase at
colder temperatures.

Greater aerosol formation occurred much faster in
both TMA C OH oxidation experiments (97 mg/m3 cold
and 65 mg/m3 hot within 150 min) than in the DEA and
BA C OH experiments (5–12 mg/m3 after 450 minutes).
This is likely due to the presence of a unique reaction
pathway with TMA, as discussed in a previous study
(Price et al. 2014), leading to the formation of highly oxi-
dized oligomer compounds. The low volatility of these
oligomers allows them to form readily at 40�C. The strik-
ing change in mass concentration (»40 mg/m3) observed
in both TMAC OH experiments indicates the significant
formation of semi-volatile compounds that are present in
the gas phase at 40�C and partition to the particle phase
at 10�C. A possible reaction mechanism explaining the
formation of these semi-volatile compounds is discussed
in Section 3.4.4.

Similar aerosol formation trends were observed
between the DEA and BA C OH experiments. The maxi-
mum aerosol formed at the end of the cold start DEA
and BA C OH experiments is higher than would be
expected through further oxidation of the precursor
amine without temperature change. This indicates that a
secondary formation event occurred in addition to

1218 D. J. PRICE ET AL.



condensational particle growth after cooling down the
chamber to the original temperature. Unlike the DEA C
OH oxidation experiments, particle formation was able
to occur at 40�C in the BA C OH oxidation experiments.

3.1.2. NO3 oxidation experiments
A significant amount of aerosol (>100 mg/m3) was formed
in the NO3 oxidation experiments (Figure 1). The maxi-
mum aerosol concentration in the cold start TMA C NO3

experiment (110 mg/m3) was similar to that in the cold
start TMA C OH experiment (97 mg/m3). The DEA and
BA C NO3 experiments, on the other hand, produced far
more aerosol than the DEA and BA C OH experiments
(up to 86x more aerosol in the cold start experiments and
up to 100x more aerosol in the hot start experiments). The
overall aerosol formation was greatest in the cold start
experiments.

A large particle formation event occurred in the cold
start TMA C NO3 oxidation experiment (719,000 #/cm3

within 2 min of oxidation) compared to the cold start
TMA C OH oxidation experiment (30,000 #/cm3 within
20 min of oxidation). The particles formed in the cold
start TMA C NO3 experiment completely partition to
the gas phase with increasing temperature. This is

consistent with the formation of volatile amine nitrate
salts through the following reactions:

CH3ð Þ3N.g/ C �NO3.g/ ! �CH2N CH3ð Þ2.g/ CHNO3.g/

CH3ð Þ3.g/CHNO3.g/Ð CH3ð Þ3N�HNO3.s/

Unlike the TMA C OH experiments, the particles lost
to the gas phase at higher temperatures in the TMA C
NO3 experiment do not return after cooling. This sug-
gests that further oxidation of the gas phase amine prod-
ucts changes the gas to particle equilibrium (i.e., the
amine precursor is completely oxidized and the oxidized
amine products do not produce amine salts as readily as
the precursor amine). Particles had difficulty forming at
40�C initial temperature for the NO3 oxidation experi-
ment and quickly partitioned to the gas phase. There was
no subsequent particle formation after cooling. Aerosol
formation was greater at cold temperature (110 mg/m3)
than at hot temperature (22 mg/m3) in the TMA C NO3

oxidation experiments.
Large particle formation occurred in the cold start

DEA C NO3 oxidation experiment (Figure 1). However,
these particles, unlike the TMA C NO3 oxidation

Figure 1. Mass concentration profiles (10 min averages) for the trimethylamine (� - circle), diethylamine (& - square), and butylamine
(D - triangle) oxidation experiments (CHC D cold-hot-cold, HCH D hot-cold-hot).
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generated particles, do not completely partition to the
gas phase with increasing temperature. A slight increase
in mass concentration occurred after cooling the cham-
ber back to the original temperature. This suggests the
formation of an amine nitrate aerosol with a lower vola-
tility than for the TMA C NO3 experiment. Diethylam-
monium nitrate salt (DEA¢HNO3) formation could
explain these observations. The solid/gas dissociation
constant (Kp) for several amine salts at various tempera-
tures were reported in Ge et al. (2011b). The Kp for
DEA¢HNO3 was orders of magnitude lower than for
TMA¢HNO3 throughout the temperature range of
¡10�C to 50�C (e.g., 7.01E-09 and 1.65E-06, respectively
at 25�C). In addition, Ge et al. (2011b) found that Kp for
amine salts increased by an order of magnitude for every
10�C increase in temperature. An equation to calculate
Kp at different temperatures was obtained by fitting an
exponential curve to the Kp values obtained by Ge et al.
(2011b). The temperature at which the aerosol begins to
dissociate quickly in the cold start TMA C NO3 experi-
ment is around 15�C. At that temperature, the calculated
Kp for TMA¢HNO3 is 2.0E-07 Pa

2. For DEA¢HNO3, a Kp

value of 2.0E-07 Pa2 is reached at approximately 39�C,
which is around the maximum temperature attained in
the chamber. This could explain why the DEA¢HNO3

aerosol formed in the cold start DEA C NO3 experiment
is not greatly affected by the temperature range in this
study. Less aerosol formation occurred at the beginning
of the hot start DEA C NO3 oxidation experiment rela-
tive to the cold start experiment. Particle mass concen-
tration increased due to condensational growth after
cooling the chamber.

The overall trends in the BA C NO3 oxidation experi-
ments (Figure 1) were similar to those observed in the
TMA and DEA C NO3 oxidation experiments. Rapid par-
ticle growth occurred in the cold start NO3 oxidation
experiment. These particles completely partition to the gas
phase as temperature increased past 35�C, consistent with
the formation of amine nitrate salts. The particles lost after
heating the chamber do not return after cooling. About
30–50% less BA and oxidant were injected in the cold start
BA C NO3 oxidation experiment due to an issue with the
injection system. Therefore, more aerosol formation was
observed in the hot start BA C NO3 experiment, and the
aerosol does not completely partition to gas phase by the
end of the experiment. Particle mass concentration
increased due to condensational growth after cooling the
chamber in the hot start BA C NO3 experiment.

3.2. Aerosol density

The average density value at the cold (10�C) and hot
(40�C) temperatures for each amine oxidation

experiment are provided in Table 2. The density gener-
ally decreases in the cold start TMA, DEA, and BA C
OH experiments (1.78-1.41 g/cm3, 1.93-1.54 g/cm3, and
1.58-1.24 g/cm3, respectively). There is a sharp decrease
in density from cold to hot and then a slight decrease
from hot back to cold. This indicates that the higher den-
sity particles formed at cold temperatures partition to gas
phase at warmer temperatures, but do not return to par-
ticle phase after cooling. This could be due to further gas
phase oxidation forming lower density aerosol products.
The hot start TMA C OH experiment density follows
the same trend; however, the starting density is lower
than in the cold start experiment (1.69–1.47 g/cm3). The
instrument was offline at the beginning of the hot start
DEA C OH experiment. However, both the SMPS and
HR-ToF-AMS instruments indicate that particle forma-
tion did not occur until after the chamber was cooled.
When particle formation did occur, the density value
was not as high as in the cold start experiment and
dropped over time (1.78–1.46 g/cm3). In the hot start
BA C OH experiment, the density started out low
(1.27 g/cm3), increased after cooling the chamber
(1.42 g/cm3), and then gradually decreased over
time (1.33 g/cm3). As in the hot start DEA C OH experi-
ment, there was little particle formation at the beginning of
the hot start BAC OH experiment. The increase in density
after cooling could be due to the increase in particle forma-
tion. For the OH oxidation experiments, if the aerosol den-
sity were entirely dependent on temperature, the density
would be expected to return to the original value after
returning the chamber to the start temperature. Since the
density generally decreases over time, it appears that fur-
ther oxidation of the reaction products has a greater influ-
ence on density than changes in temperature alone.

Density values are not shown above 33�C for the
TMA C NO3 oxidation experiments due to the loss of
particles after heating. Overall, the density is lower in
the DEA and BA C NO3 experiments than in the DEA
and BA C OH experiments. There does not appear to
be a significant change in density with temperature
change in the DEA C NO3 experiments. However, the
density is slightly lower for the hot start DEA C NO3

oxidation aerosol than for the cold start aerosol
(1.17 vs. 1.32 g/cm3). The BA C NO3 experiments
follow the same density trends as the DEA C NO3

experiments with lower density for the hot start BA C
NO3 experiment than for the cold start BA C NO3

experiment (1.14 vs. 1.56 g/cm3).

3.3. Aerosol volatility

The average volume fraction remaining (VFR) at the
cold (10�C) and hot (40�C) temperatures for each amine

1220 D. J. PRICE ET AL.



oxidation experiment are provided in Table 2. The ther-
modenuder (TD) was set to 40�C in experiments 1, 4, 5,
6, 9, and 12. The aerosol produced in each of the OH oxi-
dation experiments increases in VFR over the course of
the experiment, suggesting the formation of less volatile
aerosol as the experiment progresses. As expected, the
average VFR increases to near unity as the chamber tem-
perature matches the thermodenuder temperature
(40�C). The aerosol formed in both TMA C OH experi-
ments was less volatile (VFR D 0.68-0.80) than that
formed in the DEA C OH (VFR D 0.49-0.66) and BA C
OH experiments (VFR D 0.65-0.69). In the hot start
TMA C OH and BA C OH experiments (experiments 2
and 10), the TD was set to 100�C instead of 40�C, there-
fore producing a lower VFR than expected.

Highly volatile aerosol formed in each of the NO3 oxi-
dation experiments. The TD was also set to 100�C in
experiments 3, 7, 8, and 11. The particles completely par-
titioned to the gas phase after heating to 100�C in the
TD, consistent with observed particle loss at chamber
temperatures of 40�C for the TMA and BA experiments
and indicative of amine salt aerosol. There appears to be
no change in volatility with changing temperature in
each of the NO3 oxidation experiments with the excep-
tion of the hot start BA experiment (exp. 12). Volatile
aerosol was produced in the hot start BA C NO3 experi-
ment (VFR D 0.30), with volatility gradually decreasing
over the course of the experiment.

3.4. Aerosol chemical composition: Mass spectra

The HR-ToF-AMS mass spectra for the cold start experi-
ments are presented in Figure S1 in the online

supplemental information. The hot start experiment
mass spectra are shown in Figure S2. The mass spectra
for each of the experiments are shown in logarithmic
scale to highlight the higher m/z peaks, i.e., m/z peaks
greater than that of the amine precursor (TMA D 59 amu,
DEAD 73 amu, BAD 73 amu).

3.4.1. TMA mass spectra
The mass spectra for both the cold and hot start TMA C
OH experiments (Figures S1a–c and S2a–c) contain
higher m/z peaks at 73 (C2H3NO2

C), 88 (C3H6NO2
C),

104 (C3H6NO3
C), 145 (C5H9N2O3

C), 161 (C5H9N2O4
C),

and 191 (C6H11N2O5
C), which are fragment ions indica-

tive of oligomer compounds. The mechanism describing
the formation of these oligomer compounds is discussed
in detail in Price et al. (2014). Briefly, oligomers are pro-
duced through peroxy radical chemistry (RO2¢ C RO2¢)
that creates a peroxide linkage (R-O-O-R). The lower m/
z peaks (<59) at 29 (CHOC), 30 (CH2O

C, CH4N
C), 44

(CO2
C, CH2NO

C), 45 (CH3NO
C), and 58 (C2H4NO

C,
C3H8N

C) are smaller aldehyde and amide fragment ions
also expected from the oligomer compounds.

In contrast to the OH experiments, the mass spectra for
the cold and hot start TMA C NO3 experiments
(Figures S1d–f and S2d–f) are dominated by lower m/z
peaks (<59) at 29 (CHOC), 30 (CH4N

C), 42 (C2H4N
C),

44 (C2H6N
C), and 58 (C3H8N

C), which are fragments of
the unoxidized parent amine. This is consistent with the
fragmentation of trimethylammonium nitrate salt
(TMA¢HNO3). The significant nitrate peaks at m/z 30
(NOC) and 46 (NO2

C) also point to TMA¢HNO3 forma-
tion. The higher m/z peaks (>59) at 73 (C4H11N

C), 86
(C5H12N

C), 100 (C5H8O2
C), 119 (C6HNO2

C), 133

Table 2. Average density, volatility, and elemental ratio (HR-ToF-AMS) values at 10�C and 40�C for each of the amine oxidation
experiments.

Temp.a TMA - OH TMA - NO3 DEA - OH DEA - NO3 BA - OH BA - NO3

Densityb CHC 1.78 1.45 1.41 c —d — 1.93 1.59 1.54 1.32 1.27 1.26 1.58 1.41 1.24 1.56 1.48 —
HCH 1.69 1.47 � — — — � 1.78 1.46 1.17 1.12 1.14 1.27 1.42 1.33 1.14 1.10 1.11

VFRb CHC 0.68 0.89 0.80 e0.04 — — 0.49 0.81 0.66 e0.03 0.05 0.06 0.65 0.80 0.69 e0.04 0.03 —
HCH e0.77 0.80 � — — — � 0.56 0.81 e0.04 0.08 0.04 e0.27 0.23 0.36 0.30 0.47 0.63

H/C CHC 1.94 1.80 1.81 2.75 — — 1.81 1.67 1.79 2.80 2.75 2.70 1.83 1.88 1.89 3.01 2.92 —
HCH 1.86 2.02 2.00 2.71 — — — 2.27 2.19 2.88 2.88 2.85 1.77 1.82 1.81 3.01 3.00 3.00

O/C CHC 0.67 0.75 0.69 0.06 — — 0.38 0.34 0.30 0.03 0.04 0.05 0.28 0.20 0.19 0.02 0.05 —
HCH 0.72 0.55 0.49 0.06 — — — 0.13 0.11 0.04 0.03 0.04 0.25 0.28 0.26 0.03 0.03 0.03

N/C CHC 0.31 0.30 0.28 0.36 — — 0.14 0.07 0.10 0.35 0.35 0.34 0.09 0.08 0.08 0.55 0.55 —
HCH 0.30 0.24 0.20 0.35 — — — 0.01 0.01 0.48 0.48 0.49 0.04 0.09 0.06 0.52 0.54 0.54

OM/OC CHC 2.41 2.50 2.40 1.73 — — 1.82 1.68 1.66 1.68 1.70 1.70 1.64 1.51 1.51 1.92 1.95 —
HCH 2.47 2.18 2.06 1.71 — — — 1.38 1.34 1.85 1.85 1.85 1.53 1.62 1.57 1.90 1.92 1.92

aTemperature gradient of the experiment. CHC D cold-hot-cold, HCH D hot-cold-hot (cold D 10�C, hot D 40�C).
bDensity is in g/cm3. Volatility is expressed as the particle volume ratio or volume fraction remaining (VFR) after heating in a thermodenuder.
cThere was an artificially large density observed at the start of particle nucleation in the cold start NO3 experiment. This is possibly due to the evaporation of par-
ticles in the line between the APM and in-series SMPS. This instrument is located outside of the enclosure (room temperature). While the line from the chamber
to the APM is insulated, the line between the APM and SMPS is not. Therefore, the particle diameter measured by the in-series SMPS would be smaller than
expected for the selected APM particle mass, translating to a smaller particle volume bias and larger measured density. The significant bias in the cold start
period along with the loss of particles with increasing temperature is consistent with the observation of a volatile salt aerosol.
d(-) below detection limit of instrument, (�) instrument offline.
eThe thermodenuder was set to 100�C instead of 40�C in these experiments.
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(C4H7NO4
C), 147 (C5H9NO4

C), and 169 (C5HN2O5
C)

indicate that some additional oligomer chemistry is occur-
ring. However, these oligomer fragments are much lower
in concentration than the TMA¢HNO3 fragments. Both
the salt and oligomers are volatile based on loss at 40�C.

3.4.2. DEA mass spectra
The mass spectra for the cold and hot start DEA C OH
experiments (Figures S1g–i and S2g–i) show lower m/z
peaks (<m/z of the precursor amine, DEA D 73 amu) at
30 (CH4N

C, CH2O
C), 44 (CO2

C, C2H6N
C), 58 (C3H8N

C,
C3H6O

C), and 73 (C3H5O2
C, C4H11N

C). These peaks are
a mixture of fragments from amine and oxidized hydro-
carbon aerosol. The lower m/z peaks (<73) at 15
(CH3

C), 29 (CHOC, C2H5
C), 43 (C2H3O

C, C3H7
C), 55

(C3H3O
C, C4H7

C), and 69 (C4H5O
C, C5H9

C) are frag-
ments of hydrocarbon aerosol. The higher m/z peak
(>73) at 86 (C4H8NO

C) is the fragment of an oxidized
parent amine molecule. The C3–C5 hydrocarbon frag-
ments suggest that some type of addition chemistry is
occurring, as C2 is the largest hydrocarbon chain on
DEA. Amine type peaks (e.g., m/z 58) dominate during
cold temperatures (10�C) while hydrocarbon peaks (e.g.,
m/z 55 and 69) are the more significant peaks at the hot
temperatures (40�C). Both amine and hydrocarbon
peaks are observed after the chamber returns to the origi-
nal temperature.

Most of the m/z fragments from the vaporized (600�C)
and ionized aerosol for the cold and hot start DEA C
NO3 experiments (Figures S1j–l and S2j–l) were in the
lower m/z range (�73) at 15 (CH3

C), 30 (CH4N
C), 44

(C2H6N
C), 58 (C3H8N

C), and 73 (C4H11N
C). These peaks

are fragments of the unoxidized parent amine, consistent
with the fragmentation of diethylammonium nitrate salt
(DEA¢HNO3). The significant nitrate peaks at m/z 30
(NOC) and 46 (NO2

C) also support DEA¢HNO3 forma-
tion. Although not as striking as in the TMA C OH
experiments, there are higher m/z peaks (>73) at 146
(C4H6N2O4

C) and 170 (C6H6N2O4
C) that suggest some

addition chemistry is occurring, possibly forming dimers.
There was little change in chemical composition with
temperature, consistent with the observations for DEA C
NO3 aerosol density and volatility.

3.4.3 BA mass spectra
The mass spectra for the cold and hot start BA C OH
experiments (Figures S1m–o and S2m–o) show lower
m/z peaks (<m/z of the precursor amine,
BA D 73 amu) at 30 (CH4N

C, CH2O
C), 44 (CO2

C,
C2H6N

C), 58 (C3H8N
C, C3H6O

C), and 72 (C4H10N
C,

C4H8O
C), which are a mixture of fragments from amine

and oxidized hydrocarbon aerosol. The lower m/z peaks
(<73) at 15 (CH3

C), 29 (CHOC, C2H5
C), 41 (C3H5

C), 43

(C2H3O
C, C3H7

C), and 55 (C3H3O
C, C4H7

C) are frag-
ments of hydrocarbon aerosol. All of the lower mass
peaks can be explained through fragmentation of the oxi-
dized products of the precursor amine. A series of higher
m/z peaks (>73) at 142 (C8H16NO

C), 158 (C8H16NO2
C),

and 174 (C8H16NO3
C) grew in over the course of the

cold and hot start BAC OH experiments. These higherm/
z peaks were observed in a previous study (BA C O3/NO;
Malloy et al. 2009a) and suggest dimerization of the oxi-
dized amine products, perhaps through aldol addition/
condensation reactions. The concentrations of these
peaks increase at higher chamber temperatures. This
indicates that the oxidized dimers form in the gas phase
prior to particle phase partitioning while the dimer pre-
cursors are able to partition to the particle phase at the
colder temperatures.

The vast majority of ionized fragments from the
vaporized aerosol in the cold and hot start BA C NO3

experiments (Figures S1p–r and S2p–r) were in the lower
m/z range (�73). The lower m/z peaks at 15 (CH3

C), 30
(CH4N

C), 44 (C2H6N
C), 58 (C3H8N

C), and 73
(C4H11N

C) are fragments of the unoxidized parent
amine. This is consistent with the fragmentation of buty-
lammonium nitrate salt (BA¢HNO3). The significant
nitrate peaks at m/z 30 (NOC) and 46 (NO2

C) also sup-
port BA¢HNO3 formation. As in the DEA C NO3 experi-
ments, there are higher m/z peaks (>73) at 147
(C4H7N2O4

C) and 170 (C6H6N2O4
C) that suggest addi-

tion chemistry is occurring, possibly forming dimers.
There was little change in chemical composition with
temperature, consistent with the observations for BA C
NO3 aerosol density and volatility. Though the particles
completely partition to the gas phase after heating the
chamber in the cold start NO3 experiment, the mass
spectra suggests that a very small amount of particles
return after cooling the chamber.

3.4.4. Organic mass spectra correlation
The organic mass spectrum at 10�C was plotted against
the organic mass spectrum after heating to 40�C for each
of the cold start amine oxidation experiments to high-
light the differences in the particle composition
(Figure 2). In the TMA C OH experiment (Figure 2a),
the higher m/z fragments from the oligomer compounds
are observed to have a slight temperature dependence.
The increase of oligomers after heating was due to the
release of oligomer precursors from the particle phase,
enabling further oligomer formation at higher tempera-
tures. The m/z 76 (C2H6NO2

C) and 122 (C3H8NO4
C)

peaks are significantly reduced by increasing temperature
and return after cooling (Figure 3). A possible mecha-
nism explaining the behavior of these two m/z peaks is
shown (Figure 4). The OH attack commences with a
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hydrogen abstraction from TMA to produce an alkyl
radical followed by addition of molecular oxygen to form
a peroxy radical. A 1,5 hydrogen rearrangement subse-
quently produces a hydroperoxide alkyl radical, which
adds a molecular oxygen to form a hydroperoxideperoxy
radical followed by another 1,5 hydrogen rearrangement
to produce a di-hydroperoxide alkyl radical. Addition of
molecular oxygen forms the di-hydroperoxideperoxy
radical that reacts with hydroperoxy radical to form a
tri-hydroperoxide amine molecule. At cooler tempera-
tures, the tri-hydroperoxide amine molecule partitions to
the aerosol phase. Electron impact ionization in the
HR-ToF-AMS provides the fragment ion observed at m/z
122. A 1,4 hydrogen rearrangement with the loss of
CH2O2 yields m/z 76. An additional 1,4 hydrogen rear-
rangement with the loss of CH2O2 yields m/z 30. The for-
mation of hydroperoxide amine aerosol at cold
temperatures confirms that peroxy and hydroperoxy
(RO2¢ C HO2¢) radical chemistry occurs significantly in
parallel with the RO2¢ C RO2¢ chemistry that leads to
oligomer aerosol.

There are greater amine fragments (m/z 30 and 58) at
cold temperature in the DEA C OH experiment
(Figure 2c), while there are greater hydrocarbon frag-
ments (m/z 55 and 57) as well as higher m/z peaks at hot
temperature. This suggests higher temperatures allow for
more gas phase oxidation/combination reactions, result-
ing in longer carbon chain molecules that partition to
the particle phase. The BA C OH experiment correlation
(Figure 2e) was similar to the DEA C OH correlation in
that there was greater hydrocarbon and higher m/z frag-
ments at hot temperature.

The correlation is scattered in the TMAC NO3 exper-
iment (Figure 2b) due to gas phase partitioning at higher
temperature. In the DEA C NO3 experiment (Figure 2d),
the m/z peaks follow the 1:1 line, which means there was
little to no change in composition with the increase in
temperature. The fraction of total mass in the BA C NO3

experiment (Figure 2f) was dominated by lower (<73)
m/z fragments. The m/z peaks followed the 1:1 line, indi-
cating no change in composition with the increase in
temperature.

Figure 2. Correlation plots of the organic mass spectra (cold [initial] vs. hot, normalized to total mass) from the cold start (a) TMA C OH,
(b) TMA C NO3, (c) DEA C OH, (d) DEA C NO3, (e) BA C OH, and (f) BA C NO3 oxidation experiments. The dashed lines indicate the 1:1
ratio.
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3.5. Aerosol chemical composition: Elemental
analysis

The HR-ToF-AMS elemental analyses for each of the
amine oxidation experiments are shown in Table 2.
Highly oxidized aerosol was formed in the TMA C OH

experiments (oxygen to carbon, O/C > 0.5) with greater
oxidation at higher temperatures. The hydrogen to car-
bon (H/C) ratio decreases at higher temperatures (2.0!
1.8) as the O/C ratio increases (0.5! 0.7), suggesting an
increase in the number of carbonyl functional groups.
The organic mass to organic carbon (OM/OC) ratio also

Figure 3. Time profiles for m/z 122 (unit mass resolution) and fragment ion C3H8NO4
C (high resolution) in the cold start (top) and hot

start (bottom) trimethylamine with OH oxidation experiments.

Figure 4. Proposed mechanism for the formation of temperature dependent aerosol with ion fragments at m/z 76 and m/z 122
observed by the HR-ToF-AMS (rH D hydrogen rearrangement).
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increases at higher temperatures. The OM/OC ratio was
very high in the TMA C OH experiments (OM/OC up
to 2.5), consistent with the formation of large, highly oxi-
dized oligomer amine compounds. As in the TMAC OH
experiments, oxidized aerosol was formed in the DEA C
OH experiments (O/C > 0.30) and the BA C OH experi-
ments (O/C > 0.20).

Reduced amine aerosols are formed in the TMA C
NO3 experiments (O/C D 0.06, H/C D 2.75, N/C D
0.36), consistent with the formation of TMA¢HNO3, as
elemental ratios are determined from only the organic
portion of the aerosol. Reduced aerosol was also formed
in the DEA C NO3 experiments (O/C D 0.04, H/C D
2.88, N/C D 0.48), consistent with the formation of
DEA¢HNO3. Little to no change in elemental ratio is
observed with changes in temperature in the DEA C
NO3 oxidation experiments. Reduced aerosol was formed
in the BA C NO3 experiments (O/C D 0.02, H/C D
3.00, N/C D 0.55), consistent with the formation of
BA¢HNO3. Most of the particles were lost with increasing
temperature in the cold start BA C NO3 experiment. No
change in elemental ratio with temperature change was
observed in the hot start BA C NO3 experiment.

4. Conclusion

Temperature had a significant effect on aerosol formed
from aliphatic amine precursors. The nucleation temper-
ature is an important factor influencing the overall aero-
sol formation. In general, more aerosol was formed at
colder temperatures. This has important implications for
locations influenced by amine emissions during the win-
ter months. Changes in temperature after aerosol forma-
tion had an impact on the chemical composition of the
aged aerosol through further oxidation of gas phase
products released from the aerosol in going from cold to
hot, or condensation of gas phase species onto existing
aerosol in going from hot to cold. This impact is atmo-
spherically relevant as ambient aerosol experiences tem-
perature gradients due to diurnal cycles or vertical
mixing in the atmosphere. The aerosol formed in the
TMA C OH oxidation experiments supports the oligo-
mer mechanism discussed in previous work (Price et al.
2014). In addition, a novel, temperature dependent,
mechanism describing peroxy (RO2¢) and hydroperoxy
(HO2¢) radical reactions was observed in the TMA C
OH experiments. Amine peroxy radicals produced from
the initial OH attack react with HO2¢ to form a hydro-
peroxide compound that partitions to the particle phase
at 10�C. The formation of hydroperoxide amine aerosol
at cold temperatures confirms that RO2¢ C HO2¢ chemis-
try occurs significantly in parallel with the RO2¢ C RO2¢
chemistry that leads to oligomer aerosol.

The aerosol formed in the NO3 oxidation experi-
ments consists mainly of amine nitrate salts. The
extent of amine salt formation is highly dependent on
temperature and the gas-to-particle equilibrium of the
precursor amine. In the temperature range of this
study (10�C–40�C), TMA¢HNO3 completely parti-
tioned to the gas phase at higher temperatures while
DEA¢HNO3 did not. The empirical observations of the
gas-to-particle partitioning of TMA¢HNO3 and
DEA¢HNO3 are consistent with solid/gas dissociation
constants determined by Ge et al. (2011b). The high
concentrations of amine salt aerosol observed in these
experiments (100–600 mg/m3) underlines the impor-
tance of amine reactions in the atmosphere. This is
consistent with ambient measurements of amine aero-
sol in wintertime (Tan et al. 2002; Silva et al. 2008)
when ambient temperatures can be 20–30�C colder
than the minimum temperature investigated in this
study. Amine nitrate salts are also an important con-
tributor to aerosol formation during the nighttime
hours, when temperatures tend to be cooler.
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