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Reduced-nitrogen compounds (RNC), such as ammonia and amines, play important roles
in atmospheric aerosol nucleation, secondary organic aerosol (SOA), and cloud formation
processes. Fast measurements of ammonia and amines are made with a chemical
ionization mass spectrometer (CIMS). Clusters containing RNC are measured with an
atmospheric pressure interface time of flight mass spectrometer (APi-TOF) or chemical
ionization APi-TOF (CI-APi-TOF). Aerosol-phase amines can be detected with a single
particle mass spectrometer at real-time, or with offline chemical analytical methods using
filter samples. However, the application of these instruments in real atmospheric
measurements is stil very limited. This perspective article highlights recent
measurements of RNC in the atmosphere and discusses their implications in new
particle formation (NPF).
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INTRODUCTION

Hundreds of different RNC have been detected in the gas phase, aerosols, clouds, and fog
droplets (Ge et al., 2010a; Ge et al., 2010b; Lee and Wexler, 2013; Nielsen, 2016; Nielsen et al.,
2012; Qiu and Zhang, 2013). Ambient concentrations of gas-phase amines are typically at the
sub-ppt (parts per trillion in volume mixing ratio) to tens of ppt level, about 3 orders of
magnitude lower than ammonia concentrations (Ge et al., 2010b; Yu and Lee, 2012; You et al,,
2014). Amines and ammonia are emitted from various natural and anthropogenic sources such
as agricultural, animal husbandry, biomass burning, vegetation, soils, oceans, waste incineration,
car exhausts, and power plants (Ge et al., 2010b). Recent carbon sequestration techniques also
utilize solutions containing amines, representing another source of RNC in the atmosphere (Yu
et al., 2017).

Amines have been identified as an important organic component in micron and sub-micron size
particles under various atmospheric conditions (Silva et al., 2008; Facchini et al., 2008; Dall'Osto,
2019; Dall’Osto, 2017; Kanawade et al., 2020; Lian et al., 2020; van Pinxteren et al., 2019). Aerosol
chamber studies have shown that amines can form SOA either via acid-base reactions with gas-phase
inorganic acids or acidic aerosols (Murphy, 2007), or via condensation of products following
oxidation reactions with OH, ozone, and NOj; (Silva et al., 2008; Malloy et al., 2009; Erupe et al.,
2010). The EUPHORE (European Photochemical Reactor) experiments showed the total aerosol
yields from 8 to 14% from oxidation of small amines (C1-C3) (Nielsen, 2016). Field measurements
have suggested that amines may be responsible for the high content of RNC found in SOA particles
(Sorooshian et al., 2007). Laboratory studies have shown the formation of light-absorbing brown
organic aerosols from various amines (Galloway et al., 2014). Amines can participate in aqueous-
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phase reactions together with glyoxal, methylglyoxal and
formaldehyde to form light-absorbing organic aerosols (De
Haan et al., 2011; Kua et al.,, 2011).

Recent CERN CLOUD (Cosmics Leaving Outdoor Droplets)
(Kirkby et al.,, 2011; Almeida et al., 2013) and other laboratory
studies (Erupe et al., 2011; Yu et al., 2012; Jen et al., 2014; Glasoe
et al,, 2015; Jen et al., 2016) investigated the effects of amines on
sulfuric acid aerosol nucleation. And it is currently believed that
even ppt or sub-ppt levels of amines can significantly enhance
nucleation rates of sulfuric acid via acid-base reactions, hence
even more effectively than ammonia (Almeida et al., 2013). It has
been suggested that ammonia and nitric acid can contribute to the
growth of newly formed particles, under specific atmospheric
conditions, e.g., with exceedingly low temperature and high
concentrations of these nitrogen-containing species (Wang
et al., 2020a).

Photochemical products of amines produce various air
toxicants and carcinogens such as isocyanic acid, cyanates,
nitrosamines, and nitramines (Lee and Wexler, 2013). For
example, when amines react with atmospheric oxidants,
several secondary products including amide and imine form at
low NO, conditions, whereas nitrosamines, nitramines, and
amine-nitrogen-oxides form at high NO, conditions (Nielsen,
2016).

Despite these important roles of RNC in air quality, human
health, and climate, real-time measurements of RNC are still very
limited. In the following sections, we highlight the recent
measurements of RNC in the gas phase, clusters, and particle
phases, and discuss their implications in the context of aerosol
formation and growth.

GAS-PHASE AMINES AND AMMONIA

Fast measurements of gas-phase amines and ammonia have been
made with CIMS (chemical ionization mass spectrometer) using
various reagent ions, such as protonated water ions (Sellegri et al.,
2005a; Hanson et al., 2011; Zheng et al., 2015; Wang et al., 2020b;
Pfeifer et al., 2020), ethanol or acetone ions (Yu and Lee, 2012;
You et al., 2014; Yao et al., 2016), nitrate (Simon et al., 2016), or
bisulfate ions (Sipild et al, 2015). Either a Quadrupole mass
detector (Q-MS) or a high-resolution time-of-flight mass
spectrometer (HrTOF-MS) is used as the detector (Lee et al,
2019). The main advantage of HF'TOF-MS over Q-MS is a mass
resolving power >5,000 and up to 12,000 (within m/z from zero to
4,000). CIMS can collect mass spectra at 1 Hz and detect ppt or
tens ppt level of amines with the 1-min time resolution.

One of the technical challenges of the detection of nitrogen-
containing compounds is the absorption (and desorption) on
(and from) inlet tubing inner surfaces (Nowak et al., 2007). Thus,
proper measurements of “background” (or blank) measurements
are required. For example, in the setup used in Yu and Lee (2012),
ambient air is introduced for either ambient or background
measurements, via a 3-way valve. During background
measurements, ambient air flows through a scrubber (filled
with silicon phosphate) where base compounds were removed.
Silicon phosphate is prone to humidity and the scrubbing
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FIGURE 1 | Amines (A) and amides (B) measured in the polluted urban
Shanghai, China, with the ethanol CI-APi-TOF. Adapted from Yao et al. (2016).

efficiency can decay rapidly in the humid air. In this particular
case, 10-min background measurements took place in every 1 h,
while during the rest of the time, ambient measurements were
made. Additionally, once every 3h, calibrations were made
simultaneously for amines and ammonia. As shown here,
background ion signals were not zero and they were relatively
high and even comparable to the ambient ion signals and
fluctuated with ambient conditions (e.g., relative humidity).
Thus, the proper background air is ambient air minus RNC,
while other chemical species remain unchanged. Some studies
have used synthesized zero air as the background gas. But since
such zero air does not have the complex
environmental conditions (such as temperature, humidity, and
other trace gases that affect the product ion signals), such
background signals can be “misleadingly” low, and this can
cause an over-estimation of ambient concentrations of RNC.
Table 1 summarizes measured amine concentrations with
CIMS at various locations. Using CI-APi-TOF (chemical
ionization, atmospheric pressure interface, time-of-flight mass
spectrometer) with ethanol ions as a reagent, Yao et al. (2016)
measured abundant amines (C1, C2, an C4 were dominant),
amides (C2-C4 were dominant), and imines in polluted
Shanghai, China (Figure 1). There were abundant amines (CI,
C2, an C4 were dominant), amides (C2-C4 were dominant), and
imines, ranging from tens of ppt to the ppb level. The CI-APi-
TOF can resolve amines and amides, although isomers (e.g.,
dimethylamine vs. ethylamine) are still not resolved (isomers
can be distinguished only with tandem mass analysis).

“matrix” of
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TABLE 1 | RNC concentrations measured with CIMS and CI-APi-TOF.

Refs. and locations

You et al. (2014): Rural forest in Alabama, United States

You et al. (2014): Kent, Ohio, United States

Yu and Lee (2012): Kent, OH, United States

Benson et al. (2010): Kent, OH, United States
Nowak et al. (2006): Atlanta, GA, United States
Hanson et al. (2011): Atlanta, GA, United States

Jen et al. (2016): Atlanta, GA, United States
Jen et al. (2016) Lowe, Delaware, United States
Jen et al. (2016): Southern Great Plains, United States

Yao et al. (2016): Shanghai, China

Zheng et al. (2015): Nanjing, China

Wang et al. (2020b): Hefei, China
Sipila et al. (2015): Boreal forest, Finland
Sellegri et al. (2005b): Boreal forest, Finland

Interestingly, diurnal variations of corresponding amines and
amides (e.g., C4-amines and C3-amides) showed different hourly
variations, perhaps because amides are secondary products
formed from oxidation reactions of amines. Diurnal variations
of amines did not follow the ambient temperature, whereas
amines were often correlated with the ambient temperature at
some other locations, due to gas-to-particle conversion processes
(You et al,, 2014; Bergen et al., 2016).

During the winter at a highly polluted site in northern
China (Hefei), using protonated water ions as a reagent, Wang
et al. (2020b) showed tens of ppt of C2-amines, with the
minimum concentration in the afternoon with the higher
ambient temperature. With the same instrument, tens of
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Concentration

Ammonia up to 1-2 ppb

C1 amine < 0.1 ppt

C2 amines < 0.5 ppt

C8 amines 1-10 ppt

C4 amines < 3.3 ppt

C5 amines < 1.9 ppt

C6 amines < 1.4 ppt

Ammonia up to 6 ppb

C1 amine 1-4 ppt

C2 amines < 0.1 ppt

C8 amines 5-10 ppt

C4 amines 1-50 ppt

C5 amines 10-100 ppt

C6 amines < 1.4 ppt

Ammonia 0.5 + 0.26 ppb

C2 amines 8 + 3 ppt

C3 amines 16 + 7 ppt

Ammonia 0.3-1 ppb

Ammonia 0.4-13 ppb

C1 amine < 1 ppt

C2 amine ~3 pptv

C8 amines 4-15 ppt

C4 amines 25 ppt

C2 + C3) monoamines tens of ppt
C4 + C5) diamines tens to hundreds of ppt
C2 + C3) monoamines ppt to tens of ppt
C4 + C5) diamines tens of ppt

C2 + C3) monoamines; tens to hundreds of ppt
C4 + C5) diamines, tens to hundreds of ppt
C1 amine 3.88 + 1.23 ppt

C2 amines 6.64 + 1.24 ppt

C3 amines 0.41 + 0.14 ppt

C4 amines 3.59 + 1.04 ppt

C5 amines 0.68 + 0.32 ptt

C6 amines 1.76 + 0.79 ppt

C1 amide 0.59 + 0.50 ppt

C2 amides 8.63 + 3.63 ppt

C3 amides 59.76 + 48.37 ppt

C4 amides 13.59 + 10.01 ppt

C5 amides 8.47 + 5.18 ppt

C6 amides 2.60 + 1.40 ppt
Ammonia 1.7 + 2.3 ppb

(C1-C3) amines 7.2 + 7.4 ppt

C2 amines up to tens of ppt

C2 amines < 0.15 ppt

C2 amines < 32 ppt

C3 amines 34-80 ppt

(
(
(
(
(
(

ppb of ammonia and tens of ppt of C2-amines were
measured in the polluted urban Nanjing, China (Zheng
et al., 2015).

Jen et al. (2016) measured monoamines (e.g.,
dimethylamine and trimethylamine) and di-amines (e.g.,
putrescine and cadaverine) in three different environments
in the United States: Atlanta, Georgia (a polluted urban city
with various pollutant emissions), Lowes, Delaware (a polluted
coastal site), and Lamont, Oklahoma (an agricultural site near
oil extraction/refinement) with PTR-CIMS (proton-transfer
chemical ionization mass spectrometer). At all three sites,
these monoamines and diamines co-existed, indicating
possible common emission sources for them. The polluted
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FIGURE 2 | CI-Api-TOF mass spectra taken from the CLOUD chamber from a multicomponent nucleation system containing sulfuric acid, ammonia, HOMs, and
NOx (A) and in a Finnish boreal forest during an NPF event (B). Adapted from Lehtipalo et al. (Lehtipalo et al., 2018).
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FIGURE 3 | Nitrate CI-APi-TOF measurements during the NPF events in Beijing, China (A) (Yan, 2021); Shanghai, China (B) (Yao et al., 2018), and Barcelona, Spain

urban site had high concentrations of amines, even
comparable to the agricultural site.

During the CLOUD experiments, dimethylamine at the ppt or
sub-ppt level was measured with the ion chromatography method
using two switchable particle-collection lines to provide a time
resolution of about 4h (Praplan et al, 2012). The off-line IC
analytical method has been used to analyze the gas- and aerosol-
phase methylamine, dimethylamine, and diethylamine over the

tropical Atlantic Ocean (van Pinxteren et al., 2019).

CLUSTERS CONTAINING AMINES AND
AMMONIA

There are various molecular clusters in the atmosphere, either
electrically charged or neutral, and even thought their
concentrations are very low (ppt or even lower), they can play

critical roles in aerosol nucleation and growth (Ehn et al., 2014;
Bianchi et al., 2016; Yan et al., 2016; Bianchi et al., 2017).
Naturally occurring charged clusters are measured with APi-
TOF (atmospheric pressure interface time-of-flight mass
spectrometer), where a HrTOF-MS is attached to an
atmospheric pressure interface (without a CI source)
(Junninen et al,, 2010). Neutral clusters containing amines are
measured with CI-APi-TOF using nitrate ions as s reagent
(Jokinen et al,, 2012). Clusters containing sulfuric acid and
amines are measured with the Cluster-CIMS using nitrate or
acetate ions as reagent (Zhao et al., 2010; Jen et al., 2016). The
Cluster-CIMS utilizes a Q-MS, and measures small clusters, up to
tetramer.

Measurements of clusters have greatly advanced atmospheric
NPF studies. For example, Figure 2 shows mass defect plots of
clusters containing sulfuric acid, ammonia, and HOMs (highly
oxygenated organic molecules) detected with the nitrate CI-APi-
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Relative peak area

FIGURE 4 | Chemical composition of aerosol particles measured with ATOFMS in urban Guangzhou, China (Lian et al., 2020).

100

TOF, one taken from the CLOUD chamber experiments during
the multicomponent nucleation system experiments with sulfuric
acid, ammonia, HOMs, and NO,, and another in a Finnish boreal
forest during an NPF event (Lehtipalo et al., 2018). Both plots
show distinctive, and very similar, clusters containing ammonia.
Measurements in CLOUD also show that positive ion clusters
containing HOMs always contain ammonia (Kirkby et al., 2016;
Frege et al., 2018). These results strongly imply that ammonia is
involved in biogenic NPF processes.

Figure 3 shows cluster measurements in urban environments
during NPF events at different urban sites: Beijing, China (Yan,
2021), Shanghai, China (Yao et al., 2016), and Barcelona, Spain
(Brean et al., 2020). The mass defect plots from the three sites are
surprisingly similar, despite vastly differing meteorological and
geographical conditions. These studies concluded that sulfuric
acid and dimethylamine are important for urban NPF. However,
mass defect plots also show abundant unidentified HOMs, and
this may indicate that multicomponent NPF processes involving
sulfuric acid, base, and HOMs, take place in urban environments.

Measurements have shown ammonia and amines in charged
or natural clusters in polar regions during NPF events. For
example, higher concentrations of negative ion clusters
containing sulfuric acid-ammonia were measured during the

NPF events than during non-events (Jokinen et al, 2018).
Sulfuric acid and ammonia natural clusters were measured at
an Arctic coastal site during the spring and summer (Beck, 2021).
Their mass defect plots are relatively straightforward (with fewer
HOMs), compared to those measured at urban locations. Brean
etal. (2021) identified C2 and C4 amines (mono- or di-amines) in
neutral clusters at the Antarctic Peninsula during the summer.
Interestingly, with the same nitrate CI-APi-TOF instrument,
Brean et al. (2021) also measured similar clusters (containing
C2- and C4- amines) in urban Barcelona, Spain (Figure 3C).

Amine-containing ion clusters have been detected at a high
elevation site in Jungfraujoch, Switzerland, during the NPF events
(Bianchi et al., 2016). This cited study also showed distinctively
different clusters containing HOMs and sulfuric acid, without
ammonia (Bianchi et al., 2016). So far, this is the only study that
has provided relatively clear evidence of different NPF processes
from cluster chemical composition measurements.

AEROSOL-PHASE AMINES

Aerosol-phase amines were detected by fast-response, real-time
single particle mass spectrometers (Dall’Osto, 2019; Dall’Osto,
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2017; Lian et al,, 2020). Single particle instruments are based on
laser ablation and laser ionization methods and provide detailed
chemical information of a variety of aerosol compositions (Lee
and Allen, 2012), but these instruments are less quantitative, for
example, compared to off-line chemical analytical methods (e.g.,
ion chromatography).

Using a SPAMS (single particle aerosol mass spectrometer)
instrument, Lian et al. (2020) classified aerosol particles measured
in polluted urban Guangzhou in southeastern China into 8
different chemical categories (Figure 4). One category was
referred to as “amine-rich,” where various amines co-existed
with sulfate and nitrate chemical components; but all other 7
categories of particles also contained some type of amines.
Trimethylamine and diethylamine were most common in
aerosol particles at this urban site. Amine ions were detected
at m/z values corresponding to the amine chemical formula,
perhaps indicating that aerosol amines were formed via acid-base
reactions (rather than by condensation of amine oxidation
products).

Measurements with the single particle ALABAMA (aircraft-
based laser ablation aerosol mass spectrometer) instrument
showed summertime amine particles in the Canadian Arctic
lower troposphere (Kollner et al, 2017). About 20% of the
measured particles contained trimethylamine. This cited study
showed that aerosol-phase amines formed via gas-to-particle
conversion of amines emitted from marine biological sources.

TDCIMS (thermal desorption chemical ionization mass
spectrometer) is an in-situ aerosol mass spectrometer, which
utilizes thermal desorption to vaporize an ensemble of chemical
species from the aerosol phase during an extended time (e.g., hours),
followed by chemical ionization (Smith et al., 2004; Hodshire et al.,
2016). Although this instrument is not fully calibrated for individual
chemical composition, it can provide relatively qualitative
information for chemical components because of the soft
(chemical) ionization (unlike single particle laser ionization mass
spectrometers discussed above). Hodshire et al. (2016) have shown
simultaneous measurements of aerosol- and aerosol-phase amines
with TDCIMS (Smith et al., 2004) and PTR-MS (Hanson et al.,
2011), respectively, along with sulfuric acid clusters with the Cluster-
CIMS instrument (Zhao et al., 2010), to study NPF processes at an
agricultural site in Southern Great Plains, Oakland.

Aerosol-phase amines have been measured also with off-line
methods, such as IC, GC (gas chromatography), LC-MS (liquid
chromatography-mass spectrometer), and FT-IR (Fourier
transform infrared spectroscopy), for aerosol samples collected
on filters. The IC method coupled with MOUDI (micro-orifice
uniform deposit impactor) samples were used to make size-
resolved aerosol chemical analyses for dimethylamine and
trimethylamine in marine environments (Hu et al., 2018; Xie
et al., 2018; Zhou et al., 2019). Zhou et al. (2019) made MOUDI-
IC measurements at three different sites: very polluted coastal
urban Shanghai in China, an island near Shanghai, and over the
Yellow Sea and the East China Sea. The aerosol-phase
dimethylamine was highest over the remote open sea, whereas
ammonium was highest at the polluted urban site. Aliphatic and
aromatic amines in aerosol particles have been detected with LC-
MS using different ionization methods, such as ESI (electrospray

Perspective on Amine Measurements

ionization), APCI (atmospheric pressure ionization), and
photoionization (Ruiz-Jiménez et al., 2011; Ruiz-Jiménez et al.,
2012).

Choi et al. (2020) have used the GC coupled with a tandem
mass spectrometer to detect various amines, nitrosamines, and
nitramines at an urban site in South Korea. The unique
capability of tandem mass spectrometry is that it can
identify molecular structures of chemical compounds so that
isomers (ethylamine vs. dimethylamine) can be resolved.
Additionally, FT-IR has been also used to detect chemical
speciation of aerosol-phase amines at various locations (You
et al., 2014; Kamruzzaman et al., 2018).

DISCUSSION

Observations show that in general abundant gas-phase amines
and ammonia in urban and polluted environments. But there is
still a limited number of simultaneous measurements of NPF
and these base species. These limited observations usually do
not show a strong correlation of dimethylamine (or ammonia)
and new particles, although laboratory studies show
dimethylamine is important for sulfuric acid nucleation
(Almeida et al., 2013). It has been suggested that NPF is
initiated by sulfuric acid-dimethylamine nucleation at urban
sites (especially, in Chinese mega-cities). Amine-containing
clusters have been detected at urban sites, but there were more
abundant HOMs, indicating that HOMs also play key roles in
urban NPF. The mass defect plots are too complicated and
many chemical identities of HOMs are not known, thus it is
difficult to understand the roles that HOMs play in urban NPF.
An important question related to urban air NPF is what is the
role of ammonia in urban nucleation? Considering the
synergetic effects of ammonia and amines on sulfuric acid
nucleation (Yu et al., 2012), as well as the high potential of di-
amines in aerosol nucleation (Jen et al., 2016), it is very likely
that the current NPF parameterizations that use only
dimethylamine (Sellegri et al., 2005b; Nowak et al., 2006;
Benson et al., 2010; Gordon et al., 2017) can under-predict
NPF rates in the atmosphere.

Whereas in polar regions, relatively distinctive sulfuric
acid-base clusters have been detected during the NPF
events. Amines were frequently observed in the aerosol
phase in ocean/marine environments. These observations
perhaps reinforce the notion that amines are important
chemical components for aerosol formation and growth in
marine/polar environments.

Chamber studies have shown oxidation products of amines,
such as imines, can have a high potential for SOA formation
and aerosol nucleation (Nielsen, 2016). Nitrosamines and
nitramines (both carcinogens) are important byproducts of
amine-based carbon capture facilities (Yu et al, 2017).
Analytical methods that can measure these secondary RNC
are required to measure them at the atmospheric trace level.
Atmospheric measurements of RNC are currently very limited, as
these measurements are often very time-consuming and technically
challenging. It will be important to develop low-cost, portable, and
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miniature-size instruments. This will allow measurements in
developing countries, indoor environments, remote regions (e.g.,
high altitudes), and unmanned vehicles (e.g., balloons).
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