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ABSTRACT: Amine salts in atmospheric particulate matter have long been
regarded as chemically inert and nonvolatile sinks for organic nitrogen. Here,
we overturn this paradigm by demonstrating that these salts instead serve as
dynamic hubs for nitrogen exchange. By using integrated ab initio
calculations and high-resolution mass spectrometry, we show that dimethyl-
amine (DMA) and trimethylamine (TMA) salts are efficiently initiated by
oOH, generating reactive radical cation intermediates, which is not
considered in previous organic nitrate chemistry. Meanwhile, sulfates
dramatically accelerate the subsequent oxidation process by lowering free
energy barriers by orders of magnitude compared to water-mediated
pathways. Quantitative branching ratios reveal a bifurcated fate for oxidized
amine salts: over 47.5% yields low-volatility amides (CH,NCHO and

(CH;),NH,*
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Sﬁlfate cata;lysis
~ 52.5%
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(CH;),NCHO) that preferentially remain in the particle phase, and the remaining 52.5% produces volatile species (CH,NH, and
CH;NC) that partition to the gas phase. The latter branch is a previously unrecognized nitrogen re-release source, which explains
the missing sources of HCN in remote background and amide in aged particles. These findings fundamentally revise the role of
particulate amine salts in atmospheric organic nitrogen budgets, long-range transport, and nitrogen deposition in remote ecosystems.

1. INTRODUCTION

Atmospheric nitrogen cycling regulates climate forcing,
ecosystem productivity, and air quality.' > The organic nitrogen
fraction represents a major, yet dynamically evolving component
of this cycle, whose transformations directly impact atmospheric
composition.” Small alkylamines, such as methylamine (MA),
dimethylamine (DMA), and trimethylamine (TMA), constitute
a critical class of these reactive organic nitrogen species, emitted
from abundant marine, agricultural, and anthropogenic
sources.”” Gaseous alkylamines prefer to enter into fine
particulates in the formation of particulate amine salts upon
neutralization with ubiquitous acidic compounds like sulfuric
acid or replacement with inorganic ammonia salts.””"" In
conventional models, these particulate amine salts are
considered chemically inert and thus set as a nitrogen sink,
effectively removing nitrogen through particle deposition from
active atmospheric chemistry.'>"?

Yet, this view of amine salts as inert components is difficult to
reconcile with atmospheric observations. Specifically, oxidized
organic nitrogen compounds like amides are consistently found
in aged particles, yet their formation pathways are not fully
explained.'®"> At the same time, stable background concen-
trations of volatile nitriles, such as hydrogen cyanide (HCN),
persist in the clean remote atmosphere, indicating a missing and
widespread source.'®'” Together, these observations point to an
unrecognized chemical process capable of reprocessing

© XXXX American Chemical Society

() ACs Publications

condensed-phase nitrogen and releasing a portion of it back to
the gas phase.

Crucially, recent evidence suggests that amine salts are not the
inert species they were assumed to be. For instance, oxidation of
TMA salts in fine particles yields dominant products such as
hydrogen cyanide (HCN) and amides, which is observed in the
lab."® More recently, our work uncovered a potent atmospheric
activation pathway, showing that gaseous hydroxyl radicals
(#OH) can initiate the oxidation of MA salts, with sulfate
(SO4*") playing an indispensable catalytic role.'” These findings
establish that amine salts possess a previously unrecognized
chemical reactivity under ambient conditions, with the potential
to generate both gas- and particle-phase nitrogen products.
Considering their widespread presence in particulates, this
might explain the missing process implied by atmospheric
observations.'>*’

Here, we test the atmospheric implications of this reactivity by
investigating the OH oxidation of two amine salts with higher
abundance and more complex structures, namely, DMA and
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Figure 1. Oxidation products of DMA and TMA salts confirmed by (A—B) PTR-TOF-MS-1000 and (C) LC-Q-Orbitrap-MS/MS.
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Figure 2. Product distributions of (A—F) DMA and (G—L) TMA salts detected by PTR-QMS under six different conditions: (A, G) no oxidant or
anion, (B, H) sulfate only, (C, I) H,0, only, (D, J) H,O, + sulfate, (E, K) H,0, + chloride, and (F, L) H,O, + nitrate.

TMA salts. Using a combination of advanced mass spectrometry

and ab initio calculations, we provide direct evidence that a

significant portion of the nitrogen is recycled back to the gas

phase as volatile nitriles, while the remainder contributes to

nitrogen-enriched oxidized particles. This work redefines

observational inconsistencies.

particulate amine salts from static sinks to dynamic exchange

hubs in the atmospheric nitrogen cycle, resolving reported
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Figure 3. Oxidation activation mechanisms of DMA salt. (A—D) Intermediate formation processes, and (E) complete oxidation pathways for DMA
salt systems. (A, C) Key bond distance evolutions from BOMD calculations. (B, D) Free energy profiles obtained by MTD calculations. R, TS, and P
represent reactant, transition state, and product. Red values denote branching ratios of elementary pathways, and yellow values indicate product yields

of multi-step reactions.

2. METHODS

2.1. Mass Spectrometry Experiments

To investigate the oxidation products of DMA salt and TMA salt, we
designed six experimental conditions (Tables S1—S2). For each
condition, equimolar DMA/TMA and hydrochloric acid were added
to ensure the complete protonation of amines. The initial
concentrations were 1 M for the DMA salt, 1 M for the TMA salt,
and 0.5 M for H,O,. The sulfate concentration used in the catalytic
experiments was 0.1 M, while the control experiments with chloride and
nitrate were performed at matching concentrations of 0.1 M. Solution
pH was maintained between 4 and 6 across all experiments to reflect the
acidity of ambient fine particulate matter.”" Products were quantified
from the headspace gas of volumetric flasks under the reaction
conditions of natural light (Figure S1). Initial product screening was
performed using proton-transfer-reaction time-of-flight mass spec-
trometry (PTR-TOF-MS-1000, Ionicon Analytik, Innsbruck, Austria).
Quantitative analysis was then conducted using proton-transfer-
reaction quadrupole mass spectrometry (PTR-QMS-300, Ionicon
Analytik, Innsbruck, Austria). Operating principles and technical
specifications of both instruments have been detailed previously.”>**
For TMA salt oxidation, a low-volatility product was not detectable by
gas-phase mass spectrometry. We therefore used an ultrahigh-
resolution hybrid quadrupole-Orbitrap mass spectrometer (Q Exactive
HF, Thermo Fisher Scientific) coupled with liquid chromatography
(LC-Q-Orbitrap-MS/MS) to analyze the liquid phase and confirm its
formation.

2.2. Theoretical Calculations

To elucidate the activation mechanisms and subsequent oxidation
pathways of DMA and TMA salts in sulfate-containing particulate
matter, we performed Born—Oppenheimer molecular dynamics
(BOMD) and metadynamics (MTD) simulations using the CP2K
package.”*™® Model systems were constructed as spherical droplets
(Figure S2), containing 191 water molecules, one sulfate ion, and two
DMA or TMA cations. Calculations employed the Becke-Lee-Yang-
Parr exchange-correlation functional with Grimme’s dispersion
correction (BLYP-D3) to accurately describe weak interactions.”’
Valence electrons were treated with double- plus polarization (DZVP)

basis sets, while core electrons were represented by Goedecker—Teter—
Hutter (GTH) norm-conserving pseudopotentials.”®>’

Each system was equilibrated through geometry optimization under
the NVT ensemble (constant atom number, volume, and temperature).
Dynamics simulations were performed at 298 K using the Nosé—
Hoover thermostat. After obtaining AG* from MTD simulations,
reaction rate constants (k) were derived using transition state theory
combined with the Arrhenius equation. Branching ratios of each final
product were calculated based on k and reported concentrations of each
reactant in particulate matter. Additional experimental and computa-
tional details are provided in Supporting Information (SI).

3. RESULTS AND DISCUSSION

3.1. Oxidation Products of Amine Salts

We first characterized the oxidation products of DMA and TMA
salts by using PTR-TOF-MS. In solutions containing DMA or
TMA salts with H,0,, we detected aldehydes (CH,NCHO and
HCHO) and cyan compounds (CH;NC and HCN) (Figure
1A—B). For TMA salt solutions, a weak signal at m/z = 74.0600
suggested the formation of N,N-dimethylformamide (DMF,
(CH,),NCHO)). Subsequent LC-Q-Orbitrap-MS/MS analysis
confirmed DMF production, with a distinct peak at retention
time 1.06 min (Figure 1C). In contrast, our previous results
showed that MA salt oxidation yielded only HCHO and HCN."”
The greater diversity of oxidation products from DMA and
TMA salts suggests that these larger amine salts undergo
different oxidation pathways compared with MA salts.

To quantify the role of ®OH in these oxidation reactions, we
employed PTR-QMS to compare product distributions under
six different conditions (Tables S1—S2): (1) no oxidant or anion
(Exp. 1 and Exp. 7), (2) sulfate only (Exp. 2 and Exp. 8), (3)
H,0, only (Exp. 3 and Exp. 9), (4) H,0, + sulfate (Exp. 4 and
Exp. 10), (5) H,O, + chloride (Exp. S and Exp. 11), and (6)
H,0, + nitrate (Exp. 6 and Exp. 12). Under control or sulfate-
only conditions, product concentrations from both amine salts
were indistinguishable from background air (Figure 2A—B, G—
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Figure 4. Oxidation activation mechanisms of TMA salt. (A—D) Intermediate formation processes, and (E) complete oxidation pathways for TMA
salt systems. (A, C) Key bond distance evolutions from BOMD calculations. (B, D) Free energy profiles obtained by MTD calculations. R, TS, and P
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of multi-step reactions.

H). However, upon addition of H,0O, alone, all product
concentrations increased by tens of parts per billion (ppb)
(Figure 2C and I), confirming that ®OH initiates amine salt
oxidation.

Strikingly, when sulfate was present together with H,O,,
product concentrations increased dramatically by two to three
orders of magnitude for DMA salts (from tens to hundreds or
thousands of ppb) and by one order of magnitude for TMA salts
(to hundreds of ppb) (Figure 2D and J). This enhancement
demonstrates that sulfate specifically promotes the eOH-
initiated oxidation of amine salts. Notably, HCHO production
from TMA salts was an order of magnitude lower than from
DMA salts. Given that DMF was uniquely identified as a TMA
oxidation product, we attribute this difference to competitive
partitioning between DMF-forming and HCHO-forming path-
ways. Moreover, replacing sulfate with chloride or nitrate in the
presence of H,0O, yielded product concentrations like those with
H,0, alone (Figure 2E—F and K—L). This indicated that the
increase in the product when sulfate was present was not caused
by ionic strength effects or salting-out phenomena. Thus,
chloride and nitrate salts do not promote amine salt oxidation,
highlighting the unique catalytic role of sulfate in this chemistry.

Considering that H,O, might directly oxidize DMA salt and
TMA salt, we conducted control experiments under the same
conditions as Exp. 4 and Exp. 10, with the addition of DMPO, a
well-established e OH radical scavenger (Table S3, Exp. 13 and
Exp. 14). 5,5-Dimethyl-1-pyrroline N-oxide (DMPO) was
added after complete protonation of DMA and TMA, followed
by the addition of H,0, and sulfate. The detected product
compositions are the same as those in the presence of tert-
butanol, but their concentrations (Figure S3A—B) were 1—2
orders of magnitude lower than those without the scavenger
(Figure 2D and J). This result confirms that H,O, alone cannot
directly oxidize the amine salts to the observed products;
instead, the reactive species responsible is ®OH generated from

H,0,. Meanwhile, theoretical calculations were employed to
verify whether H,0, could directly react with DMA salt and
TMA salt. The calculated trajectories (Figure S3C—D) show
that H,O, and the amine salts briefly approach each other and
then rapidly separate, without any tendency to react. This
confirms that H,0, cannot directly participate in the oxidation
of DMA salt and TMA salt, consistent with the experimental
observations.

3.2. Activation Mechanism of Amine Salt Oxidation

Experimental analysis revealed different oxidation products for
DMA and TMA salts (Figure 1), suggesting distinct reactive
intermediates and pathways. We combined BOMD and MTD
calculations to elucidate the activation mechanisms for both
systems. In DMA salt activation, BOMD trajectories showed
that ®OH abstracts a hydrogen atom from the amine group of
DMA salt (Reaction 1), producing the amine radical cation
(CH,),NH"e (Figure 3A). No trajectories showed formation of
the alternative methyl radical cation ¢ CH,NH,CH;" (Reaction
2). MTD calculations explained this selectivity: free energy
barrier (AG?) for Reaction 1 (Figure 3B) is 4.2 kcal mol ™' lower
than for Reaction 2 (Figure S4). This barrier difference
corresponds to a rate constant three orders of magnitude
higher, yielding a 100% branching ratio for (CH;),NH"e
formation. The (CH,;),NH"e intermediate subsequently reacts
with interfacial O, through a barrierless process, forming
complex (CH,;),NH'e--O, (Reaction 3; Figure 3C). This
complex has a lifetime of only ~1000 fs before decomposing into
the N-methylmethaniminium cation (CH;NHCH,") and ¢HO,
(Reaction 4). The calculated AG? for this decomposition is 10.5
kcal mol™" (Figure 3D), yielding a rate constant of 1.24 X 10°
M~ s7'. Unlike the parent DMA salt (DMAH"), the
CH;NHCH," cation undergoes deprotonation with sulfate
(Figure SSA), generating N-methylmethanimine (CH;NCH,)
as a first-generation oxidation product (Reaction 5). This
matches one of the major products identified by PTR-TOF-MS
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Figure S. Sulfate contribution to the first-generation product formation in the (A—B) DMA salt system and the (C—F) TMA salt system. Left panel
displays the reaction time, AG” and k under different catalysis conditions, and right panel displays corresponding yield rate changes.

in the DMA system (Figure 1A). CH;NCH, then undergoes
further oxidation (Reactions 6—11, Figures S6—S8), ultimately
yielding methyl isocyanide (CH;NC) and N-methylenemetha-
nimine (CH,NCHO) as major second-generation products,
consistent with experimental observations (Figure 1A). In this
DMA activation mechanism (Figure 3E), (CH;),NH'e and
(CH,),NH"e---O, serve as key reactive intermediates.

(CH,),NH,"* + ¢OH — (CH;),NH" e + H,0 (1)
(CH;),NH," + ¢OH — oCH,NH,CH," + H,0  (2)
(CH;),NH" e + O, — (CH;),NH"e--0, (3)
(CH,;),NH"e--0, —» CH,NHCH,* + ¢HO, (4)
CH,NHCH,* + SO,*” /H,0

— CH,NCH, + HSO,” /H,;0" (s)
CH,NCH, + H,0 + HSO,” /H,0

— CH,NHCH,OH + HSO,” /H,0 (6)

CH,NHCH,OH + HSO,” /H,0

— NH,CH,; + HCHO + HSO,” /H,0 (7)
CH,;NCH, + ¢OH — CH;NCHe + H,0 (8)
CH;NCHe + O, - CH;NC + eHO, (9)

CH;NCHe + O, —» CH;NCHOOe (10)

CH,NCHOOe + HSO,” /H,0
— CH,NCHO + eOH + HSO,” /H,0 (11)

In TMA salt activation, unlike DMA salt, which forms
nitrogen-centered radical cations, TMA salt thus produces
carbon-centered radical cations. Here, ®OH abstracts a
hydrogen atom exclusively from a methyl group (Reaction
12), generating the carbon-centered radical cation
(CH,),NHCH,"s (Figure 4A). MTD calculations gave a
AG? of 9.6 kcal mol™" for this reaction (Figure 4B), indicating
rapid kinetics under atmospheric conditions. Electrostatic
potential maps explain this divergence: the methyl groups of
TMA salt exhibit higher electrostatic potential than the amine
group, suggesting stronger attraction by eOH, whereas DMA
salt shows the opposite distribution (Figure S9A—B). The
(CH;),NHCH,"e intermediate undergoes direct addition with
O, (Reaction 13), forming a cationic peroxy radical
(CH;),NHCH,00"e (Figure 4C). MTD calculations gave a
AG? of 0.2 keal mol™ for this addition (Figure 4D), implying
rapid kinetics under ambient conditions. In contrast to the DMA
pathway, where (CH,),NH"e---O, decomposes before depro-
tonation (Reaction 4), the (CH;),NHCH,OO"e intermediate
undergoes direct deprotonation by SO,*>~ (Figure SI0A—B) or
H,0 (Figure S10C—D), yielding the peroxy radical
(CH;),NCH,00e (Reaction 14). This peroxy radical then
undergoes hydrogen shift reactions catalyzed by HSO,”/H,0,
producing first-generation products including CH;NCH, and
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HCHO (Reaction 15, Figure S11A—C), as well as N,N-
dimethylformamide (DMF, (CH,;),NCHO) (Reaction 16,
Figure S11D). CH;NCH, undergoes further oxidation to yield
the same second-generation products observed in DMA salt
systems (Reactions 6—11), including CH;NC and CH,NCHO
(Figure 1A—B). Notably, DMF forms exclusively in the TMA
salt system, consistent with LC-Q-Orbitrap-MS/MS analyses
(Figure 1C). In summary, TMA oxidation (Figure 4E) proceeds
through two key intermediates: the carbon-centered radical
cation (CH;),NHCH,"e and the cationic peroxy radical
(CH;),NHCH,0O"e. The distinct electronic structures of
these intermediates, compared to those in the DMA salt system,
explain the divergent product distributions observed exper-
imentally.

(CH,),NH" + ¢OH — (CH,),NHCH," e + H,0
(12)
(CH3)2NHCH2+ e+ 0, > (CH3)2NHCHZOO+ e (13)

(CH,),NHCH,00" & + SO,>” /H,0
— (CH,),NCH,00e + HSO,” /H;0" (14)

(CH,),NCH,00e + HSO,” /H,0
— CH,NCH, + HCHO + HSO,” /H,0 (15)

(CH;),NCH,00e + HSO,”
— (CH,),NCHO + eOH + HSO,” (16)

3.3. Promoting Effect of Sulfate on Product Formation

PTR-QMS results show that sulfate plays a unique role in
promoting product formation of amine salts (Figure 2), which
are not found in nitrate or chloride. Hence, we quantify the
promoting effect derived from sulfates (SO,*~ and HSO,")
based on the proposed oxidation mechanism above. In the DMA
salt system, CH3;NCH, forms via deprotonation of

CH,NHCH," (Reaction S). BOMD simulations showed that
with SO,*~ participation, this reaction completes within 121 fs
(Figure SSA). In contrast, BOMD simulations with H,O alone
did not succeed, suggesting a high energy barrier.’® MTD
calculations confirmed this: the free energy barrier with SO,*~ is
12.7 kcal mol™ lower than with H,O (Figure SSB—C; Figure
SA). This difference corresponds to a rate constant 13 orders of
magnitude higher for the sulfate-mediated pathway. In the
ambient atmosphere, the competition between these pathways
depends on the [SO,*~]/[H,0] ratio in particulate matter, with
v5(80427)/vs(H,0) = {ks(SO,*7) [$O,*1}/{ks(H,0) [H,0]}.
Given typical [SO,*"]/[H,O] ratios of 0.03—62.5 in PM,*"*
the competitive ratio ranges from 1.23 X 10" to 2.57 x 10"
(Figure 5B). Thus, SO,>” overwhelmingly dominates
CH;NCH, formation in the DMA system.

In the TMA salt system, CH;NCH, formation proceeds
through two steps: deprotonation of (CH,;),NHCH,00"e
(Reaction 14) followed by a 1,5 H-shift of (CH;),NCH,00e
(Reaction 15). Both sulfate (SO,>~ and HSO,~) and water can
participate in each step. For Reaction 14, BOMD showed
deprotonation with SO,*~ completes in 313 fs (Figure S10A),
which is less than 3% of the time required with H,O (Figure
S10C). MTD calculations gave a AG” of only 2.4 kcal mol™
with SO, corresponding to k = 1.08 X 101 Mt 71, which is
eight orders of magnitude higher than with H,O (Figure SC).
The resulting competitive ratio v;,(SO,*”)/v,4(H,O) ranges
from 1.08 X 10° to 2.24 x 10° (Figure 5D). For Reaction 15,
MTD calculations compared uncatalyzed, water-catalyzed, and
HSO, -catalyzed pathways (Figure S11A—C). The free energy
barriers are 27.3, 24.1, and 8.7 kcal mol™, respectively (Figure
SE). HSO,™ catalysis thus enables the most facile reaction.
Based on rate constants and ambient [HSO,™]/[H,O] ratios
(1.07 x 107" to 848 x 107'"),*" the competitive ratio
vis(HSO,7)/vis(H,0) = {kis(HSO,")[HSO,™]}/{k;5(H,0)-
[H,0]} ranges from 0.02 to 16.6 (Figure SF), indicating that
both HSO,™ and H, O jointly dominate CH;NCH, formation in
the TMA salt system. Similarly, HSO,™ catalyzes the 1,2 H-shift
of (CH,),NCH,00e (Reaction 16, Figure S11D), producing
the unique first-generation product DMF. Collectively, sulfate
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(SO,*” and HSO,”) substantially promotes first-generation
product formation in both amine salt systems.

We further found that HSO,™ continues to accelerate second-
generation product formation. For the hydration of CH;NCH,
to CH;NHCH,OH (Reaction 6), MTD calculations compared
uncatalyzed, water-based catalyzed, and HSO, -catalyzed path-
ways (Figure S6A—C). The free energy barriers are 55.0, 32.4,
and 8.3 kcal mol ™", respectively, corresponding to rate constants
increasing from 2.87 X 1072 t0 5.08 X 10° M~* s™! (Figure 6A).
HSO,” thus enables this reaction to proceed rapidly under
ambient conditions. Based on rate constants and ambient
[HSO,"]/[H,0] ratios,”" the competitive ratio v5(HSO, )/
v4(H,0) ranges from 5.03 X 10* to 3.99 x 107 (Figure 6B),
demonstrating that HSO,” dominates CH;NHCH,OH for-
mation in PM. Similarly, for the decomposition of
CH;NHCH,OH to HCHO and methylamine (NH,CHj;)
(Reaction 7), MTD results (Figure S6D—F) showed the lowest
AG? (10.3 kcal mol™") and highest k (1.74 X 10° s™') under
HSO,” catalysis (Figure 6C). The competitive ratio
v,(HSO,”)/v,(H,0) ranges from 4.70 X 10'' to 3.72 X 10"
(Figure 6D), confirming that HSO,~ consistently dominates the
formation of these oxidation products.

The formation of CH,NCHO (Reaction 11) presents an
exception. Comparison of uncatalyzed, water-catalyzed, and
HSO, -catalyzed pathways (Figure S8D) showed that HSO,~
significantly lowers the energy barrier to 6.2 kcal mol ™!, which is
less than half that of water-catalyzed or uncatalyzed pathways.
This yields k = 1.76 X 10%s™", seven orders of magnitude higher
than uncatalyzed or water-catalyzed reactions. However, given
ambient [HSO,”]/[H,0] ratios’' of 1.07 x 107 to 8.48 X
107", the competitive ratio v;;(HSO,”)/v,;(H,0) ranges from
5.04 X 1077 to 3.99 X 10~* (Figure SSE). Thus, in contrast to
other products, H,O instead dominates CH,NCHO formation
in ambient PM.

Considering that the concentration of SO,*” in real sulfate-
containing particulate matter is much higher than that of
HSO,~,*" this might lead to the oxidation of DMA salt and
TMA salt being predominantly catalyzed by SO,>” rather than
HSO,™ in the processes of Reactions 6, 7, 11, 15, and 16. To
confirm this possibility, we performed additional theoretical
calculations to examine whether SO,*~ could participate in the
catalytic effect. If SO,>~ was involved in the catalytic reaction, in
Reaction 6 it would abstract H from the adjacent H,O in
Reaction 6 or from the —OH group of the amine salt in
Reactions 7, 11, 15, and 16, forming HSO,”. However, the
BOMD results show that SO,*~ does not abstract H from H,0
or —OH group in Reactions 6, 11, and 15 (Figure S124, C, and
D). Specifically, in Reaction 7, SO,>~ first abstracts H from
H,O" via a water bridge, forming HSO,~ (Figure S12B). Then,
HSO,™ acts as catalysis promotes latter reaction. Therefore,
SO,*” cannot directly engage in Reactions 6—7, 11, and 15.
Therefore, although HSO, is present only in trace amounts at
pH 6, it plays a unique and indispensable catalytic role in
promoting amine salt conversion.

In summary, sulfate drives the formation and transformation
of both first- and second-generation oxidation products in amine
salt systems. This catalytic role explains the dramatic increase in
product concentrations observed by PTR-QMS upon intro-
duction of SO,*~ to DMA and TMA salt systems (Figure 2D and
J). In general sulfate concentration in atmospheric particles, we
quantified the ultimate product branching ratios for both amine
salt oxidations. In the DMA salt oxidation, oxidation ultimately
yields CH;NH,, CH;NC, and CH,NCHO with branching

ratios of 0—18.7%, 41.7%—33.8%, and 58.3—47.5%, respectively
(Figure 3E). The TMA salt oxidation follows a distinct pathway
due to the formation of (CH;),NCHO as an additional branch,
yielding final branching ratios of 0.9% for (CH;),NCHO, 0—
18.5% for CH;NH,, 41.3—33.5% for CH;NC, and 57.8—47.1%
for CH,NCHO (Figure 4E). Based on their Henry’s law
constants, CH;NH, and CH;NC are volatile species (Hg < 1073
mol m™ Pa™"), while CH,NCHO and (CH;),NCHO are low-
volatility amides (Hg > 10> mol m™ Pa™').>> Thus, of the
oxidized amine salt, 58.3—47.5% of the DMA products and
58.7—48.0% of the TMA products ((CH;),NCHO and
CH,NCHO) are expected to stay in the particle phase,**’
while the remaining 41.7—52.5% and 41.3—52.0% will likely
escape to the gas phase. Notably, CH;NH, undergoes further
reactions to produce volatile species such as HCHO and
HCN."

4. CONCLUSION

Traditional models of atmospheric chemistry treat particulate
amine salts as inert, permanent components of the particle
phase. Our work reveals the opposite: that particulate amine
salts can be activated under ambient conditions and be partially
released into the atmosphere. Gas-phase ®OH activates amine
salts into reactive radical cation intermediates, which is a species
previously not considered in the particle-phase chemistry. In
their subsequent conversion, sulfate plays a unique and key
catalytic role, which is not found in nitrate or chloride.
Kinetically determined by the sulfate concentration of
atmospheric particles, the fate of the amine salts bifurcates.
For both DMA and TMA salts, more than 40% of the products
escape as volatile CH;NH, and CH;NC, while the remainder
forms low-volatility amides retained in particles. Therefore, we
demonstrate that amine salts are dynamic hubs between the
particle and gas phases rather than terminal sinks as treated in
traditional atmospheric models.

This mechanism solves two long-standing puzzles about
nitrogen sources: it provides a potential source of HCN in clean
remote atmospheres (via produced CH;NH, oxidation) and
explains amide formation in aged particles. In addition, current
models assume that 100% of the amine salt nitrogen contributes
to particle mass growth. However, based on the proposed
activation mechanism, more than 40% of the amine salt escapes
as volatile compounds. Accordingly, the contribution of the
amine salt to particle mass has been previously overestimated.
For these reasons, the activation kinetic parameters of amine
salts must be incorporated into the atmospheric nitrogen cycling
models. This is also necessary for addressing relevant issues such
as ecosystem productivity, air quality, and aerosol climate
forcing.
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