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Environmental Significance

Atmospheric amines, as key organic alkaline gases, significantly influence air
quality, climate, and human health. The amine escape of rapidly expanding carbon
capture facilities poses new demands for atmospheric amine measurement. In this
study, the focusing ion-molecule reactor condition of Vocus Proton-Transfer-
Reaction Mass Spectrometry (Vocus-PTR) were optimized to improve the
chemical ionization efficiency and ion transmission efficiency of amine detection,
achieving good performance for detecting both atmospheric amines and volatile
organic compounds. Using the optimized instrument, several alkylamines,
alkylamides and emerging amines were identified and quantified in urban Beijing,
showing characteristic diurnal variations. These advancements would facilitate a
better understanding of the behavior and evolution of amines in the atmosphere.
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Amines, as important alkaline gases in the atmosphere besides ammonia,
profoundly influence air quality, climate and human health through various
atmospheric processes. Besides well-studied alkylamines, emerging amines
(e.g., monoethanolamine (MEA), piperazine (PZ), 2-amino-2-methyl-1-
propanol (AMP)) from the rapidly expanding amine-based carbon capture
facilities may be emitted into the atmosphere, posing new demands for their
measurement. Vocus Proton-Transfer-Reaction Mass Spectrometry (Vocus-
PTR) is an effective technique for detecting volatile organic compounds (VOCs),
but its capability to measure a broader variety of trace-level amines remains to
be explored. In this study, we optimized the focusing ion-molecule reactor
condition of Vocus-PTR to improve the chemical ionization efficiency and ion
transmission efficiency of amine detection. The optimized Vocus-PTR achieved
good performance for detecting both atmospheric amines and VOCs, with limits
of detection (LODs) for amines (0.16~0.55 pptv) lower than those for VOCs
(9.34~38.79 pptv). The observed shift in the reduced electric field strength (from
~147 to 107~117 Td) indicates an increased abundance of water-cluster
reagent ions in the reactor, enhancing sensitivity and selectivity for amine
detection. The optimized instrument was deployed in urban Beijing. C26
alkylamines, C1s amides and several emerging amines were identified and
quantified, showing characteristic diurnal variations.
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Environmental Significance

Atmospheric amines, as key organic alkaline gases, significantly influence air
quality, climate, and human health. The amine escape of rapidly expanding
carbon capture facilities poses new demands for atmospheric amine
measurement. In this study, the focusing ion-molecule reactor condition of
Vocus Proton-Transfer-Reaction Mass Spectrometry (Vocus-PTR) were
optimized to improve the chemical ionization efficiency and ion transmission
efficiency of amine detection, achieving good performance for detecting both
atmospheric amines and volatile organic compounds. Using the optimized
instrument, several alkylamines, alkylamides and emerging amines were
identified and quantified in urban Beijing, showing characteristic diurnal
variations. These advancements would facilitate a better understanding of the
behavior and evolution of amines in the atmosphere.
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1 Introduction

Amines, as the key alkaline gases in the atmosphere besides ammonia,
significantly affect air quality, climate and human health. They facilitate new
particle formation and secondary particulate matter via nucleation and
heterogeneous reactions.(-(12) These newly formed particles can further grow
into cloud condensation nuclei to affect climate.(13-(17) Additionally, their
oxidation products (e.g., nitrosamines) pose risks to human health.©)-(9).(17)
Typical atmospheric alkylamines originate from large-scale natural and
anthropogenic sources, such as oceanic and forest emissions, livestock
farming, industrial activities, sewage release, and vehicle exhaust .('") The
growing deployment of amine-based carbon capture facilities in recent years
raises concerns about new emission sources.('®-2) Amine absorbents such as
monoethanolamine (MEA), piperazine (PZ), and 2-amino-2-methyl-1-propanol
(AMP) may potentially emerge and accumulate in the atmosphere, with
measured concentrations in flue gas ranging from several to a hundred ppm.(22-
(32) Measuring atmospheric amines is thus essential for understanding their
composition, abundance, sources, and impacts. Previous studies have
conducted field measurements across urban, rural, industrial, coastal, forest
and mountainous areas, with the concentrations of atmospheric alkylamines
generally falling in the range of 10-'~102 pptv.(33)-(60)

Several offline techniques have been developed for measuring atmospheric
amines at the early stage. These methods combining offline sampling and
laboratory analysis via various chromatography methods (gas chromatography,
liquid chromatography and ion chromatography) were applied to detect short-

chain alkylamines such as dimethylamine (DMA) and trimethylamine (TMA).(33)-
(45)
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Over the past two decades, online techniques for measuring atmospheric
amines have been advanced by chemical ionization mass spectrometry (CIMS)
(Table S1).46)-(60) Proton-Transfer-Reaction Mass Spectrometry (PTR-MS),
using H3O* as the reagent ion, is capable of detecting amines as well as volatile
organic compounds (VOCs) since their proton affinity is higher than that of
H20.“6-51 It was first reported by Sellegri et al.4”) and Hanson et al.“6),
achieving the online measurements of atmospheric amines. Other systems
using protonated water clusters®2-(54), protonated ethanol(®®-(57) and protonated
acetone(®® as reagent ions offer higher selectivity for amine detection due to
their closer proton affinity to amines.

Vocus proton-transfer-reaction time-of-flight mass spectrometry (Vocus-PTR)
is an improved PTR-MS with enhanced sensitivity and mass resolution for VOC
detection, showing potential for simultaneous detection of atmospheric

amines.®") Several studies have demonstrated the performance of Vocus-PTR
1
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for amine measurement.#9)(50) Wang et al. utilized it to measure atmosphert, oscrooo2:n
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Cz-amines in Wangdu, China.4®> Chang et al. deployed it for mobile
measurements of DMA and TMA.(%%) However, the capability of Vocus-PTR to
measure a broader variety of trace-level amines remains to be demonstrated.
Further improvements in performance of Vocus-PTR are needed for trace-level
amine detection.

Improving both chemical ionization efficiency and ion transmission efficiency
may further improve the detection capability of Vocus-PTR for amines. For the
former, increasing the proportion of protonated water clusters in reagent ions
improves chemical ionization efficiency, thereby achieving both a higher
sensitivity and a better selectivity for amine detection.(®2) Water clusters have
a higher proton affinity than H20, allowing them to exclude many VOCs with
lower proton affinity and thereby enhance detection selectivity for
high-proton-affinity amines. Regarding ion transmission efficiency, Wang et
al.#9) investigated that big segmented quadrupole (BSQ) radio frequency (RF)
amplitude field modulates DMA transmission via mass discrimination; lower
voltages enhance transmission efficiency and thus sensitivity.(©8) In addition, the
RF field within the focusing ion-molecular reactor (FIMR) region also affect the
ion transmission.(61).(65)

In this study, we optimized the FIMR condition of Vocus-PTR for amine
detection, orienting towards increasing both chemical ionization efficiency and
ion transmission efficiency. The detection performance of the optimized
instrument toward amines and VOCs was evaluated. The optimization patterns
and their corresponding effects were presented and discussed. Finally, the
optimized Vocus-PTR was applied to field measurements of atmospheric
amines in urban Beijing during the summer of 2024, and their concentration
levels and temporal variations were investigated.

2 Materials and Methods

2.1 Instrument and optimization

The main structure of Vocus-PTR (Tofwerk AG and Aerodyne Research Inc.,
Vocus-2R PTR-TOF-MS) consists of a reagent-ion source, a FIMR, a BSQ, ion
lens, and a long time-of-flight mass analyzer (LTOF).(6") A stream of water vapor
with a flow rate of 20 standard cubic centimeters per minute (SCCM) is passed
through a high-voltage corona discharge to generate reagent ions (H20),H30*
(n=0,1,2,3), which are then introduced into the FIMR. Samples are drawn into
the instrument inlet at a flow rate of 3 standard liters per minute (SLPM), with
150 SCCM entering the FIMR via a ~30 mm capillary. Within the FIMR, ion-
molecule reactions occur to produce product ions. The product ions are further
focused and transmitted through the BSQ (RF amplitude 275 V) and the ion

lens, finally reaching the back-end LTOF for detection.
2
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In Vocus-PTR, the FIMR is the main optimization target, as both chemicalinetscoossn
ionization and ion transmission occur here simultaneously. It consists of a
resistive glass tube (10 cm long) with four rods mounted radially outside (Fig.

1), establishing a focusing RF field inside the tube to confine ions into a tight
beam.®" The Vocus front and back voltages are applied to the respective ends

of FIMR, forming an axial electric field that propels the ions through. In addition,

the internal environment is precisely controlled at specified temperature and
pressure to ensure efficient ion-molecule reactions.

These FIMR parameters determine the reagent ion distribution and
transmission efficiency inside FIMR, thus affect the detection efficiency for
amines. In previous studies, the FIMR parameters were optimized to improve
the detection performance for VOCs.(61).(62-65 Higher RF amplitude achieves
higher degree of ion focusing, thereby reducing wall losses during transmission.
Specifically, heavier ions are more collimated towards the central axis, while
lighter ions acquire higher kinetic energy.(®® A higher axial voltage shortens the
residence time of ions within FIMR, thus reducing diffusion loss.(62)-(65)
Simultaneously, it results in higher collision energy between ions, which leads
to a reduction in water cluster content and fragmentation of product ions.(®3
Both temperature® and pressure®2-64) jointly influence the distribution of
reagent ions and the rate of ion-molecule reactions.

The optimization scheme is oriented towards increasing water-cluster reagent
ions. It enhances amine detection in two ways: amines react with water-cluster
ions via exothermic ligand reactions with higher reaction rates, forming more
stable product ions due to excess energy transfer and hydrogen bonding,
thereby enhancing the sensitivity;©6)-68) the higher proton affinity of water
clusters compared with H3O* also improves selectivity for amine detection.(62)
Within the FIMR, amines may undergo the following reactions (R1~R3). In
Vocus-PTR, H3O* is the predominant reagent ion, making proton transfer
reaction (R1) the dominant process; concurrently, water cluster ions can also
contribute to the formation of protonated or clustered product ions (R2, R3).
The practical optimization is the process of finding the optimal trade-off between
ion-molecule reaction efficiency (considering potential fragmentation of product
ions) and transmission efficiency.(62)
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Amine + H;0*—>Amine-HY + H,0 (R1)
Amine + (H,0),H*>Amine - (H,0)o-,H* + (n~0)H,0 (n=2,3,4) (R2)
Amine - (H,0),.,H*—>Amine-H* + (1~n)H,0 (R3)

Accordingly, the parameters of the FIMR, including the RF field, axial electric
field, temperature and pressure, were optimized. Generally, the ion-molecule
reactor operates at its default settings of 100°C, 2 mbar, with axial and RF
amplitude voltages set to 570 V (the Vocus back voltage is fixed at 30 V) and

3
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RF field and the axial electric field were optimized first. For the RF field, it was
adjusted within 100~450 V under a fixed state (axial electric field 570 V,
temperature 80°C, and pressure 2.5 mbar). For the axial electric field, the Vocus
front voltage was adjusted from 350 to 700 V to achieve an axial electric field
of 320~670 V under a fixed condition of Vocus back voltage 30 V, RF amplitude
450 V, temperature 60°C and pressure 2 mbar. Temperature and pressure
were co-optimized that with the RF and axial electric fields held constant,
pressure was systematically varied from 1 to 2.75 mbar across a temperature
gradient of 60~140°C. The efficacy of the optimization was evaluated using 8
ppbv standard gases of MEA, PZ, AMP, DMA, and N,N-dimethylformamide
(DMF) (see details in Section 2.2).

Axial electric field

(320~670 V)
- .
Glass tube Alr
Reagent: Water\ m |
Amine —>» —k —> lons out
standards -"-E_ !
Zero gasT 6hA

discharge

Fig.1 The optimized parameters in focusing ion-molecular reactor (FIMR). The
parameters including RF field, axial electric field, temperature, and pressure—
are marked in cyan, blue, orange, and yellow, respectively.

The reduced electric field strength (E/N) was used to characterize the
distribution of reagent ions and fragmentation of ions within FIMR:(66)

kg XAVXT

lrimr>D

E/N = (R4)
where kg is the Boltzmann constant (J-K™), T is the temperature (K), AV is the
axial electric field (V), Irvr is the FIMR length (m), and p is pressure (Pa). E/N
is expressed in Townsends (Td), where 1 Td = 1x10-'7 V cm?2. A lower E/N
means weaker fragmentation and more water cluster ions. E/N analysis
provided critical insights into the co-optimization process of temperature and
pressure. In addition, the area ratio of the amine peaks at their corresponding
unit m/z was employed to evaluate the instrument's selectivity for amine
detection.

2.2 Calibration and qualification

Amine standard gases were used to evaluated the efficacy of the optimization.

4
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For MEA and DMA, standard gases were generated and calibrated,via osca000234
permeation tubes (VICI Inc., USA) with certified rates of 118.59 ng/min and 50
ng/min, respectively. The tubes were installed within a U-shaped glass tube
(outer diameter: 1.8 cm; length: 28.4 cm), itself submerged in a water bath held
at the recommended permeation temperatures (80°C for MEA, 40°C for DMA).
A high-purity nitrogen stream (99.999%; 100 SCCM) acted as the carrier gas
for the emitted vapors, followed by dilution with zero gas flowing at 2~8 SLPM.
Generation and calibration of DMF, PZ and AMP utilized certified gas cylinders
(Beijing Yongchao Xinye Technology Co., Ltd., 1 ppm, 8MPa). Amine standards
were delivered to Vocus-PTR at 4~24 SCCM and diluted with 3~8 SLPM zero
gas. The product ion Amine-H* with the highest signal intensity was used to
define its detection sensitivity. The limits of detection (LODs, 1 min) of amines
were determined from zero-gas background measurement, calculated as three
times the standard deviation of the background divided by the obtained
sensitivity.

Several typical volatile organic compounds (VOCs), including C3H3N, CsHs,
CesHs, C7Hs, CsH1o, CoH12, and C1oH16, were also calibrated using a certified
VOC gas mixture (Beijing Yongchao Xinye Technology Co., Ltd., 1 ppm, 8MPa)
for comparison with amines. Among them, the sensitivities of CsHo*, CsH11",
CoH13* and C1oH17* were corrected for fragmentation (Text S1).

For other amines or amides with no authentic standards, the sensitivities were
determined through their direct linear correlation with their PTR rate constant
(keTr), With corrections applied for the calculated transmission efficiency (Text
S2). Details on these methodologies are also available in our previous study. (0

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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The optimized Vocus-PTR was deployed for measuring atmospheric amines
from July 14t to 22t 2024, at an urban site in Beijing, China. Measurements
were carried out on the top of a fourth-floor tower building at Tsinghua
University (40°0'N, 116°20'E), with inlets positioned approximately 20 meters
above ground level. The site represents a typical residential urban environment
without major traffic or industrial sources in the immediate vicinity (Fig. S1,
Supporting Information (Sl)). Further details of this site can be found in our
previous study.(""

(cc)

During the measurement, the Vocus-PTR was operated under the optimized
parameters, which were set as follows: RF amplitude at 450 V, axial electric
field at 570 V, temperature at 80°C, and pressure at 2.5mbar. A detailed
description of the optimization procedure and corresponding results is
presented in Section 3.1. Mass spectra were recorded at 5-second intervals
across the m/z range of 11~397, achieving a mass resolution of ~9000 at m/z
250. Ambient air was drawn via a heated (50 * 5°C) tetrafluoroethylene (PTFE)

5
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filter was installed upstream and replaced weekly. Daily 20-minute calibration
sequences were executed, comprising 5 minutes of zero-gas background
measurement and 15 minutes of rapid calibration with the certified VOC mixture,
to clear residuals and verify instrument stability. On December 12t 2024, two
sequential 30-minute atmospheric measurement campaigns were performed
using the pre-optimization and optimized FIMR parameters, respectively, to
quantify the performance improvements attained via parameter optimization.
The ambient mass spectra were averaged over 1 min and and processed via
Tofware v3.2.3 (Tofwerk AG & Aerodyne Research Inc.) under Igor Pro 8
(WaveMetrics, OR, USA) for mass calibration, baseline correction, and
high-resolution peak fitting. Details of data processing are available in our
previous studies.(79)

3 Results and discussion

3.1 Performance of optimized Vocus-PTR and its optimization effects

The optimized Vocus-PTR showed good performance for both amine and VOC
detection in laboratory calibration (Fig. 2). The sensitivities of amines, including
DMA, MEA, PZ and AMP, are 6291, 4290, 3334, and 4488 cps/ppbv,
respectively, which are comparable to those of VOCs (1076~8788 cps/ppbv).
The corresponding LODs of amines are 0.55, 0.16, 0.22, and 0.16 pptv, which
are lower than those of VOCs (9.34~38.79 pptv) due to their low backgrounds.
Previous studies using PTR-MS or CIMS have reported LODs of 0.25~36 pptv
for Co-amines (Table S1).(46)(47).(49).(50).(53)}-(57).(59) The LOD of Cz-amines
measured in this work falls in the mid-to-upper level of this range, thus verifying
the effectiveness of our optimized system for trace-level amine detection.

1000

= |
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| & LOD :
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1 |
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O I
86000 | *
7] | —
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Figure 2. Calibrated sensitivities and LODs of amines and VOCs measwed by, bstsoo0:n
the optimized Vocus-PTR. The dotted line separates amines (left) and VOCs

(right). Sensitivities are displayed as gray bars, and LODs are represented by

black diamond scatters.

The optimal operating parameters in FIMR of the Vocus-PTR for trace-level
amine detection were determined by investigating the effects of RF amplitude,
axial electric field, and FIMR temperature and pressure on amine signal
responses. With the increase of RF field and axial electric field, the instrument's
response for amines both showed a pattern of first increasing and then
decreasing (Fig. 3). For the RF amplitude, the signals of amines increased
within most of the regulation range (300~450 V). The signals of reagent ions
also increased with the rise of RF amplitude (Fig. S2a). This is because a higher
degree of central focusing reduced transmission loss.(¢V) However, when the
RF amplitude exceeded 450V, the signals of amines began to decline,
particularly for AMP, which may be due to its high mass-charge ratio and the
higher degree of axis deflection. Charge repulsion effect under high charge
density counteracted the focusing effect, while other amine ions with lighter
weight gained more kinetic energy, inclining to form the target protonated
product ions.(61).65)

For the axial electric field, at voltages < 570 V, the amine signals increased as
higher axial voltages shortened ion residence time and reduced transmission
loss in FIMR.(62)(65 However, as the axial electric field continued to increase
(570-670 V), the trend turned downward. At high field strength, the average
collision energy of ions increased and fragmentation of amine product ions
intensified, leading to a decreased response.(©3)(6%) The dependence of reagent
ion signals on the axial electric field (Fig. S2b) also shows the consistent pattern.
At axial electric field below 570 V, the enhancements in reagent ion signals
were primarily governed by reduced ion transmission loss. When the field
strength exceeded this threshold, however, the fragmentation effect intensified,
as evidenced by the significantly decreased abundance of clustered reagent
ions (Fig. S2b), resulting in diminished reagent ion signals. The concurrent
substantial decreases in abundances of reagent ions were an additional factor
contributing to the decreased amine signals. Thus, a RF amplitude of 450 V
and an axial electric field of 570~620 V were selected as the optimal sets.
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Figure 3. Dependence of normalized amine signals on FIMR electric field
parameters. (a) RF field; (b) Axial electric field. Signal variations of MEA, PZ,
AMP, and DMF were shown in orange, green, blue, and black, respectively.

The FIMR temperature and pressure have a synergistic regulatory effect on
amine signals by modulating the E/N value and thus ion-molecule reaction
efficiency, with amine signal variations showing an inverse trend to E/N value
changes (Fig. 4). Amine signals increased with rising FIMR pressure (1~2.75
mbar), consistent with the observed decrease in E/N, which was mainly
attributed to elevated abundances of clustered reagent ions and reduced
fragmentation of amine product ions.(63)-(65).(66) |n contrast, increasing the FIMR
temperature generally decreased the instrument signals for MEA and AMP,
aligning with the increase in E/N. This decline was influenced by reduced
clustered reagent ion abundances and enhanced fragmentation.(4).(66)
However, the MEA signal increased with temperature in the range of 60~120°C,
while the PZ signal was positively correlated with temperature across the entire
tested range (60~140°C). This phenomenon may be explained by the
collision-controlled ion-molecule reaction process in the FIMR.6" Higher
temperature promotes the generation rates of amine product ions, and the
ionization reactions of MEA and PZ likely possess higher activation energies,
with their greater positive temperature effects compensating for the adverse
influence of elevated E/N. Considering the combined trends of amine signal
variations and the E/N, the temperature and pressure in FIMR were optimized
to 80~100 °C and 2.5~2.75 mbar, respectively.
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Figure 4. Dependence of amine signals and E/N on FIMR temperature and
pressure. (a) MEA; (b) PZ; (c) AMP; (d) E/N.

The abundance of water-cluster reagent ions in the FIMR increased
significantly after optimization, thus improving the detection efficiency for
amines. Under the optimized FIMR parameters (E/N: 107~117 Td), the content
of water-cluster reagent ions in the FIMR was elevated compared with that
under the default parameters (E/N: ~147 Td).(66) As water-cluster reagent ions
increased, the Amine:(H20)H*/Amine-H* signal ratio (MEA, PZ, AMP) all
showed an increasing trend (Fig. 5), indicating that elevated water-cluster
reagent ions effectively promoted the formation of clustered products of amines.
Given that the increase in water-cluster reagent ions was accompanied by a
rise in H3O* concentration, the more distinct growth of clustered product ions
with increasing water-cluster reagent ions, compared with H3O*, further
demonstrates their more direct role in facilitating the formation of these
clustered products. Notably, although the increase in water-cluster reagent ions
was the predominant driver of Amine-(H20)H* formation, clustered products
might have undergone dehydration during downstream transmission, finally
contributing to Amine-H"* signal.
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Figure 5. Variation of Amine-(H20)H*/Amine-H* with H30™ (a) and water-cluster
reagent ions (b-d) in the FIMR.

3.2 Application in atmospheric amine measurement

Co.e-amines, Ci.s-amides and emerging amines including C2H7NO, CsH10N2,
C4H11NO, C4H11NO2 and CsH13NO2 were observed and identified in the urban
atmosphere of Beijing using the optimized Vocus-PTR (Fig. S3, Fig. 6, Fig. 7
and Fig. S4). The optimization improved the sensitivity and selectivity for these
amines in real atmosphere (Fig. 6, further details are provided in Table S2). The
optimized Vocus-PTR exhibited enhanced sensitivity toward various
alkylamines, amides, and emerging amines with potential carbon capture
relevance, with signal intensities increasing by 1.6~6.6 times. The signal of
C4H11NO showed the most pronounced increase, as it was nearly undetectable
prior to the optimization. Moreover, the optimized Vocus-PTR demonstrated
improved selectivity for more than half of the detected amines, particularly for
emerging amines, C2-amines, Cs-amines, and the Ci1-amide, whose peak areas
accounted for small fractions at corresponding unit m/z. The improvement in
selectivity further enhances the capability of the Vocus-PTR to discriminate low-
concentration amines in the complex atmospheric environments. Additionally,
for atmospheric VOCs (the typical species in the VOC cylinder), the response
of CxHy showed little change or a slight decrease after optimization, while that
of some CxHyO, compounds increased.
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Measurement selectivity for atmospheric amines. With and without optimization
are represented in yellow and green, respectively.
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During the measurement period, the average mixing ratios of the observed
amines were 13.06 + 10.47, 4.39 + 2.13, 0.81 + 0.68, 0.05 £ 0.10, and 0.02 +
0.03 pptv for Coe-alkylamines; 1662.9 + 435.1, 713.3 + 731.4, 136.77 + 89.33,
26.96 = 9.81, and 3.32 + 1.49 pptv for Cis-amides; and 2.65 + 0.66, 2.98 +
2.80, 1.04 £ 0.35, 2.96 + 2.12, and 0.77 + 0.35 pptv for the emerging amines.
The mixing ratios of alkylamines are similar to those reported for C>-amines in
Wangdu, Hebei (14.6 £ 14.9 pptv)“®) and Nanjing, Jiangsu (0.1~29.9 pptv)©®4),
yet higher than the Cz3-amine concentrations measured in Beijing six years
ago®3 and lower than the C2.6-amine concentrations measured in Shanghai(®%).
The mixing ratios of both alkylamines and amides exhibited a decreasing trend
with increasing carbon number, with C2, Cs-amines and C1, C2-amides being
the dominant species, in contrast to a previous result that indicated Cs-amides
as predominant in Shanghai®®®). Among the emerging amines, PZ was the most
abundant during the measurement period. Moreover, the mixing ratios of
amides were significantly higher than those of alkylamines with the same
carbon number. Comparatively, the mixing ratios of emerging amines were
lower likely due to their limited sources and emissions, which may include
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Figure 7. Time series of typical atmospheric alkylamines, amides and emerging
amines in urban Beijing during measurement period in 2024.

The diurnal variations of amines were observed for these alkylamines, amides
and emerging amines in urban Beijing (Fig. S5). For Ci3-amines, they all
exhibited a diurnal variation pattern with higher mixing ratios at night and lower
levels during the daytime, consistent with previous observations in Wangdu,
Hebei“?) and Beijing®3), which were attributed to strong photochemical losses
during the daytime. In addition, an increase in Cz-amines mixing ratio was
observed around 8-9 a.m., likely influenced by traffic emissions.*% Similar to
the observation in Shanghai®%, C4-amide showed no distinct diurnal variation,
except for a weak midday peak that may result from secondary formation. In
contrast, C2-amides and Cz-amides had higher nighttime and lower daytime
mixing ratios, suggesting substantial daytime loss. As for emerging amines in
the atmosphere, they exhibited no obvious diurnal pattern, which requires
further investigation into their emission sources and atmospheric transformation
processes.

4 Conclusions and implications

In this study, the ion-molecule reaction condition of the Vocus-PTR was
optimized to enhance its detection efficiency for amines, achieving good
performance for both atmospheric amines (sensitivities: 3334~6291 cps/ppbv)
and VOCs (sensitivities: 1076~8788 cps/ppbv). The RF field, axial electric field,
temperature, and pressure were found to influence the detection sensitivity by
affecting both the ion-molecule reaction efficiency and ion transmission
efficiency within the FIMR. The observed shift in E/N (from ~147 to 107~117
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Td) indicates that the optimization increased the abundance of watersglustet ns:r00023a
reagent ions in the FIMR, which in turn enhanced the sensitivity and selectivity

for amine detection. The optimized Vocus-PTR was deployed for online
measurement of atmospheric amines in urban Beijing, and Cz.s-amines, C1.5-

amides, as well as five emerging amines with potential carbon capture
relevance (CoH7NO, CsH1oN2, CsH11NO, CsH11NO2 and CsH13NO2) were
identified and quantified. The abundances and diurnal variations of alkylamines

and alkylamides are comparable with previous studies, while demonstrating

good detection capability for trace-level emerging amines.

While we have achieved improvements in the sensitivity and selectivity of
Vocus-PTR for amine analysis, the peak identification of amines still faces
unresolved challenges due to the limited resolution of the mass spectrometer.
Even with a resolution of 15,000, the LTOF mass spectrometer cannot
effectively resolve well-defined, independent peaks for the majority of amines
with interferences of other organic molecules. Improving mass spectrometric
resolution, for instance implementing CI-Orbitrap,(72-(73) will certainly help for
peak identification.

In addition, long-term observations of atmospheric amines are needed, as the
scarcity of such data limits the understanding of their temporal variability,
emission sources, and fates in the atmosphere. The optimized Vocus-PTR
instrument developed in this study enables the simultaneous measurement of
reactive nitrogen-containing species such as amines and their oxidation
products, along with VOCs, providing an analytical foundation for future
investigations of the potential interactions between them. The combination of
the above instrumental advances and subsequent long-term observations will
further promote a better understanding of the behavior and evolution of amines
in the atmosphere.
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