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Abstract. Nitrosamines are carcinogenic nitrogen-containing atmospheric pollutants that are widely detected in
particulate matter. However, their formation mechanisms remain poorly understood. While gas-phase and bulk
aqueous pathways have been extensively investigated, the role of heterogeneous interfacial chemistry remains
largely unexplored. Herein, we elucidate the molecular mechanisms underlying heterogeneous nitrosamine for-
mation via amine-mediated reactions with dinitrogen tetroxide (N2Oy4) at the air—water interface using Born—
Oppenheimer molecular dynamics and metadynamics simulations. These reactions proceed through two distinct
and competing pathways: (i) a kinetically favored, barrierless N-nitrosation pathway in which N>O4 directly
reacts with methylamine (MA) or dimethylamine (DMA), yielding nitrosamine cations and nitrate ions (NO;);
and (ii) a MA/DMA-mediated hydrolysis pathway of NoO4 that rapidly generates interfacial HONO (~ 2—16 ps),
providing a potential secondary source of nitrosamines via subsequent HONO-mediated nitrosation with a free-
energy barrier of 7.65kcal mol~! at 300 K. These findings reveal amine-mediated interfacial chemistry as an
important heterogeneous pathway distinct from bulk processes, providing molecular insights into urban reactive

nitrogen cycling and improving atmospheric chemical transport models.

1 Introduction

Organic nitrogen (ON) compounds constitute a pivotal yet
chemically complex fraction of the global nitrogen cy-
cle, accounting for ~30% of total atmospheric nitrogen
(Cape et al., 2011). Active ON precursors play a criti-
cal role in atmospheric particle formation, with direct im-
pacts on radiative forcing, regional climate, and public
health (Finlayson-Pitts and Pitts, 1999; Seinfeld and Pan-
dis, 2016; Zhang and Anastasio, 2001). Among ON species,

nitrosamines containing the N-NO functional group are
of particular concern due to their potent carcinogenicity
(IARC, 2007) and widespread detection in ambient parti-
cles. Nitrosamines such as N-nitrosomethylamine (NMA)
and N-nitrosodimethylamine (NDMA), which are derived
from methylamine (MA) and dimethylamine (DMA) (Choi
etal.,2021; Da Silva, 2013), have attracted growing attention
in atmospheric chemistry and environmental health research.
Notably, particulate NDMA has been detected at consider-
able levels (up to 20.35ng m~>) in major urban areas across
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Asia and Europe, including Seoul, Beijing, Urumqi, London,
and Zonguldak (Akyiiz and Akyiiz, 2025; Choi et al., 2020,
2021, 2025a, b; Farren et al., 2015; Kim et al., 2025; Ma et
al., 2025; Wang et al., 2023). However, the contribution of
heterogeneous chemical processes to particulate nitrosamine
formation remains poorly understood (Wang et al., 2023),
limiting accurate source apportionment and effective control
strategies.

Atmospheric particulate nitrosamines stem from anthro-
pogenic primary emissions, such as vehicular exhaust, fossil
fuel or biomass combustion, and industrial operations (Ge
et al., 2011; Nielsen et al., 2012a, b; NTP, 2016). However,
increasing evidence indicates that secondary formation via
chemical reactions can also contribute substantially to am-
bient nitrosamine levels (Choi et al., 2020, 2021), yet the
currently recognized pathways cannot fully account for the
observed atmospheric concentrations. For instance, the gas-
phase pathway involving reactions between amine radicals
and NO followed by particle partitioning is unlikely to fully
explain the observed nitrosamine abundances because ni-
trosamines undergo rapid atmospheric photolysis, which lim-
its their atmospheric persistence (Nielsen et al., 2012a, b).
Furthermore, aqueous-phase ozonation of amines has been
explored (Choi et al., 2024; Karl et al., 2012; Mai and
Kim, 2024), but this pathway only proceeds under high
ozone concentrations that are unrealistic under typical atmo-
spheric conditions. Although amines can undergo aqueous
N-nitrosation with N;O3, N»O4, and HONO (Challis and
Kyrtopoulos, 1979; Choi et al., 2021, 2025b; Hutchings et
al., 2010; Karl et al., 2012), these aqueous-phase pathways
have been predicted to be kinetically insufficient to explain
the high particulate nitrosamine concentrations observed in
the atmosphere (Choi et al., 2021; Karl et al., 2012), suggest-
ing the existence of an important yet unrecognized forma-
tion pathway. For N,O4-mediated nitrosation in particular,
early mechanistic studies proposed that the asymmetric ON—
ONO; isomer, rather than the symmetric ON-ONO, dimer,
serves as the active nitrosating species (Challis et al., 1982;
White and Feldman, 1957). This view was further corrobo-
rated by the theoretical calculations of Lv et al. (2008), who
explicitly identified the asymmetric ON—ONO; isomer as the
key intermediate responsible for NDMA formation. How-
ever, these prior theoretical investigations were all performed
on isolated gas-phase molecules or using implicit-solvent
models, which cannot reproduce the dynamic solvent envi-
ronment and reaction kinetics of heterogeneous processes at
atmospheric air—water interfaces.

These previous mechanistic studies motivate the hypoth-
esis that the air—water interface provides a distinct reac-
tive environment that may fundamentally alter the kinetics
and molecular mechanism of N-nitrosation. This possibility
is motivated not only by the inability of existing gas- and
aqueous-phase pathways to explain the observed particulate
nitrosamine levels, but also by accumulating evidence that
MA and DMA exhibit strong interfacial propensity (Deng
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et al., 2026; Ning et al., 2023, 2024) and that the air—water
interface can substantially accelerate a wide range of atmo-
spheric reactions (Chen et al., 2025b; Fang et al., 2025; Song
et al., 2024; Xie et al., 2024; Zhang et al., 2026). In addition,
N,Oy4, a key nitrosating agent, has been shown to remain
at the air—water interface for approximately 100 ps before
dissolving into the bulk liquid (Martins-Costa et al., 2020),
making heterogeneous reactions between N>O4 and surface-
active amines kinetically plausible. Together, these findings
suggest that heterogeneous interfacial chemistry may rep-
resent a previously overlooked atmospheric source of par-
ticulate nitrosamines. However, its kinetic feasibility, free-
energy landscape, and atomistic reaction mechanism have
not yet been established.

In this work, we employ Born—Oppenheimer molecular
dynamics (BOMD) simulations together with well-tempered
metadynamics (MetaD) calculations to investigate the het-
erogeneous reactions of MA and DMA with N>QOy at the air—
water interface. Building upon previous theoretical mecha-
nistic studies, our aim is to determine whether heterogeneous
interfacial chemistry provides a kinetically viable pathway
for particulate nitrosamine formation under atmospheric con-
ditions. The simulations characterize the associated free-
energy landscapes and elucidate the molecular mechanisms
of heterogeneous N-nitrosation, providing molecular-level
insights into the roles of amine basicity, interfacial hydrogen-
bond networks, proton transfer, and steric effects in govern-
ing nitrosamine formation at atmospheric aerosol surfaces.

2 Computational Methods

2.1 Born-Oppenheimer molecular dynamics (BOMD)
Simulations

The heterogeneous reaction mechanisms at the air—water in-
terface were investigated using BOMD simulations, with en-
hanced sampling achieved via well-tempered metadynamics
(MetaD). All simulations were performed using the CP2K
2023 software interfaced with the PLUMED 2.9.0 plugin
(Bussi and Tribello, 2019; Kiihne et al., 2020). The calcula-
tions of electronic structure were carried out by the QUICK-
STEP module, with the Gaussian and plane wave (GPW)
method and the Becke—Lee—Yang—Parr (BLYP) exchange-
correlation functional (Perdew and Wang, 1992), which
was supplemented with Grimme’s D3 dispersion correction
(Grimme et al., 2010). The DZVP-MOLOPT-SR-GTH Gaus-
sian basis set and Goedecker—Teter—Hutter (GTH) pseudopo-
tentials were employed to describe the valence and core
electrons, respectively (Goedecker et al., 1996; Hartwigsen,
1998). The cutoff energy for the Gaussian basis set was
set to 40 Ry, while that for the plane-wave basis set was
280 Ry. The NVT ensemble was employed, with a time step
of 1.0fs. The Nosé—Hoover thermostat (Evans and Holian,
1985) was adopted to control a constant temperature of
300K. The simulated cell (15 Ax15A x 45 A) contained
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128 water molecules, with the air—water interface defined
by a vacuum region (~ 30 A) above the water slab (~ 15 A)
along the z direction (Fig. S1 in the Supplement). The water
slab was equilibrated for 10 ps using BOMD simulations, and
the temperature and potential energy profiles confirmed the
achievement of statistical equilibrium (Fig. S2). The details
of the collective variable (CV) are provided in the Supple-
ment.

2.2 Wave Function Analysis

To gain further insights into the interfacial reaction mech-
anisms, the wave function analysis of key structures was
performed using the Multiwfn 3.8 program (Lu and Chen,
2012), while the results were visualized by VMD 1.9.3
(Humphrey et al., 1996). Specifically, the Mayer bond order
(MBO) was calculated to quantify the strength of covalent
bonds within the reactant molecules (Mayer, 1983). Interac-
tion Region Indicator (IRI) analysis was carried out to ex-
amine the strength of localized interactions in prereactants
and intermolecular noncovalent interactions within interfa-
cial products, such as hydrogen bonds (HBs). The electron
localization function (ELF) was applied to probe covalently
bonded regions with high ELF values, indicative of strong
electron localization.

3 Results and Discussion

3.1 Interfacial N-nitrosation reactions of MA/DMA with
NoOy4

To elucidate the heterogeneous formation pathways of ni-
trosamines, the reactions of MA and DMA with N>,O4 were
investigated at the air—water interface using BOMD simu-
lations. Based on the previous studies of interfacial NoOy
chemistry, N»>Oy4 exists as the symmetric dimer O;N-NO3,
which can isomerize to the asymmetric form -ONONO,
(Finlayson-Pitts et al., 2003; Martins-Costa et al., 2019,
2020). Thus, t-ONONO; was used as the reactant to ex-
plore the heterogeneous N-nitrosation mechanisms of re-
actions between N>O4 and amines. In a three-component
system consisting of --ONONO;, the amines (MA/DMA),
and interfacial water, any two species can collide and re-
act at the air—water interface. Three collision modes between
MA /DMA and t-ONONO; on aqueous nanodroplet surfaces
were examined (Scheme 1). Mode (i) corresponds to gaseous
MA/DMA approaching ¢-ONONO, pre-adsorbed on the
aqueous droplet surface. Mode (ii) describes a gaseous
MA/DMA—-t-ONONO; complex colliding with the aque-
ous interface. Mode (iii) involves gaseous -ONONO; ap-
proaching MA/DMA pre-adsorbed on the aqueous surface.
Figure 1 corresponds to mode (i) in Scheme 1. Initially,
t-ONONO; was placed at the air—water interface and equili-
brated for 15 ps. Analyses of temperature and potential en-
ergy confirmed that statistical equilibrium was reached at
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11.5 ps (Fig. S3). This equilibrated structure was used as the
initial configuration. Notably, 7-ONONO, underwent spon-
taneous heterolysis to form a stable (NO5’ Y(NO™) ion pair at
the interface by 11.5 ps, which is consistent with previous in-
terfacial simulations by Martins-Costa et al. (2020). For the
MA-involved reaction (Fig. 1a), MA was initially in the gas
phase at # =0 ps with negligible interactions with the aque-
ous surface. It rapidly approached the interfacial NO™ ion,
and by 0.99 ps, the N2 atom of MA and N1 atom of NO™
formed a N1-N2 bond, yielding the cationic nitrosamine c-
CH3NH,;NOT. To further understand the N-nitrosation of
t-ONONO; with MA, electron localization function (ELF)
analysis was performed for key structures. As shown in
Fig. 1b, strong electron localization within the newly formed
N1-N2 bond confirms the formation of the nitrosamine and
nitrate ions. Extended BOMD simulations up to 21 ps ver-
ified that the products ¢c-CH;NH,NO™ and NOj remained
stable at the air—water interface (Fig. 1c). Identical reactions
from different initial conformations further support the ro-
bustness of this pathway (Fig. S4).

As shown in Fig. 1d, the DMA-mediated formation of
(CH3),NHNO™ follows the same mechanism as that of MA.
In both MA and DMA systems, nitrosamine cations form
within ~1 ps and remain stable at the interface through-
out the simulations. Moreover, mode (ii) (Scheme 1) was
also verified to be reactive. As shown in Fig. S5, the
gaseous MA/DMA—-1-ONONO; complex undergoes rapid
N-nitrosation upon contacting the air—water interface, form-
ing nitrosamine cations within 0.85ps (MA) and 0.33 ps
(DMA). These products also remain stable at the interface.
Notably, mode (ii7) did not yield direct N-nitrosation in any
simulation. After equilibration, the N atom of MA/DMA
formed hydrogen bonds with interfacial water, blocking the
nucleophilic nitrogen site and inhibiting N-nitrosation. Inter-
estingly, although mode (iii) does not produce nitrosamines
directly, it efficiently promotes amine-mediated hydrolysis of
t-ONONO3;, to generate HONO, protonated amine, and NOS_ .
Since HONO is also a key nitrosamine precursor, this path-
way is explored in detail in a following section.

3.2 MA- and DMA-Mediated Interfacial Hydrolysis of
t-ONONO>

We further explored the role of amines in the heteroge-
neous hydrolysis of 1-ONONO,. Three collision modes at
the air—water interface of aqueous aerosols were investi-
gated (Scheme 2): (i) gaseous t-ONONO; colliding with
pre-adsorbed MA/DMA,; (ii) gaseous MA/DMA approach-
ing pre-adsorbed r-ONONO;; (iii) gaseous MA/DMA—¢-
ONONO; complex adsorbing onto the water surface.

Key structures and bond-length evolutions for MA- and
DMA-mediated hydrolysis corresponding to mode (i) are
presented in Fig. 2a—d. MA was initially positioned above
the water slab and equilibrated for 10 ps. Temperature and
potential energy profiles confirmed equilibrium within 10 ps
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N-nitrosation Reaction (with MA/DMA)

i) MA/DMA — ~-ONONO,—Droplet (V)

i)y MA/DMA-t-ONONO, — Droplet (V)

CH;NHNO™ i1y ONONO, — MA/DMA-Droplet (%)

Scheme 1. [llustration of the interfacial N-nitrosation mechanism of MA/DMA initiated by -ONONO, (MA/DMA + ¢ — ONONO, —
CH3NH,;NO* /(CH3)2NH+NO+NO3_ . The dashed lines denote ionic bonds (blue), whereas the red arrows indicate the formation of
CH3NH,;NO™ /(CH3);NHTNO. The yellow arrows point to the corresponding interfacial products formed in each reaction pathway. Pat-
terns (i)—(iii) illustrate different collision scenarios, with black arrows showing the directions of collision. The blue, red, white, and ochre
spheres represent the N, O, H, and C atoms, respectively. The symbols “,/” and “x” denote whether the reaction can or cannot occur,

respectively.

(Fig. S6). At equilibrium, the N atom of MA formed a
hydrogen bond (HB) with interfacial water. As shown in
Fig. 2a, gaseous f-ONONO, does not interact with in-
terfacial water (r=0ps). As the simulation proceeds, 7-
ONONO; approaches the interface and rapidly dissociates
into an (NOy Y(NO™) ion pair, consistent with previous re-
ports (Martins-Costa et al., 2020) showing that this ion
pair forms on the femtosecond scale and remains stable for
~ 100 ps at the air—water interface. Mayer bond order (MBO)
and Interaction Region Indicator (IRI) analyses (Figs. S7, S8)
revealed that the N2—O3 bond was the weakest, supporting
this dissociation pathway. A pre-reactive complex formed at
7.54 ps, in which interfacial water bridged the (NO3_)(N0+)
ion pair and MA via H1-O2- - -N1 and O2-H1- - -N2 hydro-
gen bonds (Fig. 2b). Subsequently, proton H1 transfers from
H;0 to MA at 8.40 ps. The resulting OH™ then attacked the
N1 atom of the NO™ ion, forming a new covalent N1-02
bond and generating HONO by 8.48 ps. The final products
are HONO, NO3 , and MAH™.

Similar to MA, DMA also initially formed a hydro-
gen bond with interfacial water (Fig. S9) and mediated ¢-
ONONO; hydrolysis via an identical mechanism but on
a shorter timescale (2.88 ps), ultimately yielding HONO,
NO;, and DMAHT (Fig. 2c, d). The faster kinetics can be
attributed to the stronger basicity of DMA relative to MA,
which promotes more efficient proton transfer and acceler-
ates bond cleavage in t--ONONO;. Furthermore, ELF anal-
ysis of the final structures (Fig. 2e, f) confirms clear elec-
tron localization in the N1-O2 and N2-H1 covalent bonds,
as well as fully separated HONO, MAH*, DMAH™, and
NOj5 . These results demonstrate that 1--ONONO, undergoes
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“single-water” hydrolysis at the aqueous interface, with only
one water molecule directly participating.

For mode (i) (Scheme 2), gaseous MA/DMA approaches
pre-adsorbed 1-ONONO;. Key structures and bond-length
evolutions are shown in Figs. 3 and S10. For the MA-
involved reactions (Figs. 3a and S10a), MA initially resides
in the gas phase without notable interactions with the inter-
facial water. By 16.27 ps, MA forms an O4-H2.--N2 HB
with HO. Concurrently, interfacial water connects NOT ion
and MA via a two-water bridge (O3-H1. - -O4-H2), forming
a pre-reactive complex. At 16.69 ps, the H2 proton transfer
from H,O to MA generates MAH™ and OH™, which rapidly
moves toward H1 of the proximate water molecule to form
another OH™. At 16.74 ps, O3—-N1 bond formation between
NO™ and second OH™ concludes the reaction, producing
HONO, NOy3’, and MAHT as the final products. Notably, the
catalytic hydrolysis mechanism depends on the contact con-
figuration between gaseous MA and the interface. As shown
in Figs. 3b and S10b, the gaseous MA approaches interfacial
water, forming the O5-H3- - -N2 HB at 2.57 ps. Meanwhile,
interfacial water connects the NO™ ion to MA via a three-
water bridge (O3-H1---04-H2---05-H3), forming a pre-
reactive complex. Proton transfer from water to MA occurs at
4.14 ps, followed by proton relay along the water bridge that
produces OH™. By 4.35 ps, NO™ reacts with OH™ via 03—
N1 bond formation to produce fully separated HONO, NO; ,
and MAH™. For MA, a pre-reactive complex forms via two-
water or three-water bridges between NO* and MA. Proton
transfer occurs along the water bridge, followed by OH™ at-
tack on NO* to form HONO. Remarkably, the three-water-
bridge pathway proceeds approximately four times faster

https://doi.org/10.5194/acp-26-12261-2026



T.-X. Chi et al.: Heterogeneous nitrosation reactions of amines driven by dinitrogen tetroxide 12265

MA — +~ONONO,—Droplet DMA —— #+ONONO,—Droplet
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Figure 1. Snapshot structures from BOMD simulations illustrating the stepwise N-nitrosation mechanism of t-ONONO,, the color-mapped
electron localization function (ELF), and the time evolution of key bond distances mediated by MA (a, b, ¢) and DMA (d, e, f). The black
arrows indicate the directions of collision, while the dashed lines represent ionic bonds. The blue, red, white, and ochre spheres represent the
N, O, H, and C atoms, respectively. The green arrows denote atom transfer directions.

R,
H
+ \®3 o HONOy,
Ry’ n

R, NO, HONO

Hydrolysis Reaction (affected by MA/DMA
Aqueous Aerosol yarow ( y )

i) --zONONO, —> MA/DMA-Droplet (V)
R, =CH;, R, =H (MA)
R,=R,=CH, (DMA) ii) MA/DMA —> (-ONONO,-Droplet (V)

iif) ~-ONONO,-MA/DMA —> Droplet (x)

Scheme 2. Illustration of the interfacial mechanism of £-ONONO,; hydrolysis affected by MA/DMA (t —ONONO, +MA/DMA +H,0 —
HONO + NO; +MAHT/DMAHT). Patterns (i )—(iii) illustrate different collision scenarios, with the black arrows indicating the directions
of collision. The symbols “,/”” and “x” denote whether the reaction can or cannot occur, respectively.
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Figure 2. Snapshot structures from BOMD simulations depicting the stepwise mechanism and the time evolution of key bond distances for
the hydrolysis reaction of --ONONO; mediated by MA (a, b) and DMA (¢, d). Color-mapped ELF distributions for the products of MA- and
DMA-mediated hydrolysis of 1-ONONO,, respectively: (¢) HONO, MAHT, and NO; (8.48 ps); (f) HONO, DMAHT, and NO;3 (2.88 ps).
The black arrows indicate the directions of collision, while the dashed lines represent intermolecular interactions (ionic bonds and hydrogen
bonds). The blue, red, white, and ochre spheres represent the N, O, H, and C atoms, respectively. The green arrows denote atom transfer

directions.

than the two-water-bridge pathway. This kinetic enhance-
ment may stem from the greater stability of the “three-water
bridge” structure, whose larger spatial configuration hinders
rotation at the water interface, thereby stabilizing its connec-
tions with NO* and MA at both ends and facilitating proton
transfer.

For the DM A-involved reactions (Figs. 3c, d and S10c, d),
the interfacial hydrolysis of 1-ONONO; follows the same
mechanism but proceeds even more rapidly (~ 1-2 ps). This
acceleration is again attributed to the stronger basicity of
DMA, a result consistent with collision mode (7). Notably,
in MA-mediated hydrolysis, proton transfer through a three-
water bridge occurs faster than through a two-water bridge,
highlighting the catalytic advantage of increasing the length
of interfacial water bridge. In contrast, DMA-mediated hy-
drolysis exhibits nearly identical reaction times for single-
water and two-water bridges (~ 1-2 ps), indicating that addi-
tional water molecules provide little further kinetic enhance-
ment. This can be attributed to the stronger basicity of DMA
than MA, which enables rapid proton abstraction from inter-
facial water and facilitates proton transfer, thereby promoting
hydrolysis.

It is worth noting that the gas-phase pre-reactive complex
t-ONONO,;-MA/DMA shown in Scheme 2 (iii) is struc-
turally identical to that presented in Scheme 1 (ii). How-
ever, when this complex collides with the air—water inter-
face, it preferentially undergoes N-nitrosation rather than hy-
drolysis. This difference can be understood from the dis-
tinct elementary steps involved in the two pathways. In the

Atmos. Chem. Phys., 26, 12261-12273, 2026

N-nitrosation pathway (Scheme 1 (ii)), the preformed #-
ONONO;,;-MA/DMA complex already possesses an N- - -N
interaction between the amine and the NO moiety of -
ONONO;. Upon adsorption at the air—water interface, the
interfacial environment facilitates the transfer of the NO
group to the amine, leading to the formation of the ni-
trosamine cation. In contrast, the hydrolysis pathway re-
quires nucleophilic attack by interfacial water molecules on
the 1-ONONO; moiety, accompanied by concerted solvent-
assisted proton transfer. The BOMD trajectories suggest that
the pre-existing N---N interaction between the amine and
the NO moiety may reduce the accessibility of interfacial
water molecules to the reactive site and hinder their adop-
tion of a favorable orientation for nucleophilic attack. Conse-
quently, the preformed gas-phase complex preferentially un-
dergoes N-nitrosation upon collision with the air—water in-
terface, whereas the competing hydrolysis pathway is kineti-
cally disfavored.

Overall, MA- and DMA-catalyzed interfacial hydrolysis
of --ONONO; can promote aerosol growth through enhance-
ment of hygroscopicity, owing to the formation of (i) nitrate
(NO3) and (ii) protonated amines (MAH' and DMAH™),
which substantially increase aerosol water uptake (Deng et
al., 2026; Ning et al., 2023, 2024). The MA- and DMA-
mediated hydrolysis of £--ONONO; proceeds on the picosec-
ond timescale and efficiently produces HONO. This high
HONO yield is governed by the synergistic coupling between
interfacial water bridges and amine basicity, which facilitate
proton transfer.

https://doi.org/10.5194/acp-26-12261-2026
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Figure 3. Snapshot structures from BOMD simulations, illustrating the stepwise mechanism of the (a, b) MA- and (¢, d) DMA-mediated
hydrolysis reaction of 1-ONONO,. The black arrows indicate the directions of collision, while the dashed lines represent intermolecular
interactions. The blue, red, white, and ochre spheres represent the N, O, H, and C atoms, respectively.

Given the high reactivity of HONO, its kinetic behavior
warrants investigation at the air—water interface. As shown in
Fig. S11, IRI analysis reveals weak noncovalent interactions
between HONO and interfacial water, supporting the find-
ing by Chen et al. (2025a) that HONO predominantly exists
in its neutral form at the interface of aqueous microdroplets.
More importantly, HONO is recognized as a key precursor
to N-nitrosodimethylamine (NDMA) (Ge et al., 2011; Karl
et al., 2012), despite its relatively slow bimolecular reaction
rate with DMA in the aqueous phase (~ 0.1 M1~ (Karl
et al., 2012). However, the heterogeneous reaction mecha-
nism of HONO with DMA at the air—water interface remains

https://doi.org/10.5194/acp-26-12261-2026

poorly understood, yet its elucidation is essential to assess
their contribution to particulate nitrosamine formation.

3.3 Interfacial Reaction of DMA with HONO

To evaluate the contribution of interfacially generated HONO
to particulate-phase nitrosamine formation, we investigated
the reaction of DMA with HONO at the air—water interface
using BOMD and MetaD simulations. DMA was selected
as the representative amine due to the substantially higher
atmospheric abundance of NDMA compared to NMA in
field observations, as well as the extensive data available for
DMA-driven nitrosamine formation in kinetic models (Karl
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et al., 2012; Choi et al., 2021, 2025b). Consequently, while
MA is also a relevant precursor, the current study focuses
specifically on the DMA system to align with these dominant
atmospheric observations. As shown in Fig. 4a, b, HONO
first undergoes N-O bond cleavage to form an OH~ /NO™
ion pair. Concurrently, the N-H bond of DMA dissociates;
the released proton (H™) neutralizes OH™ to form an H,O
molecule, while electrophilic NO™ attacks (CH3);N~ to
yield NDMA. The calculated energy barrier for this process
is 7.65kcal mol~! (Fig. 4c), corresponding to an interfacial
rate constant of 1.67 x 10’ M~ s~! at 300K based on tran-
sition state theory (TST). Computational details are provided
in Sect. S4 of the Supplement. Although HONO-mediated
nitrosation is kinetically feasible at the air—water interface, it
is predicted to be less efficient than the direct N»O4-mediated
pathway under the conditions investigated in this work. How-
ever, previous atmospheric kinetic models have also iden-
tified N2O3 as a potentially important nitrosating agent, in
addition to HONO and NO4. The N;Osz-mediated path-
way was not considered in the present study because, un-
der typical nighttime atmospheric conditions, N>y is gener-
ally expected to be substantially more abundant than N,Os.
This difference is attributed to the rapid consumption of NO
by ozone, which suppresses N>O3 formation, whereas NO;
readily undergoes dimerization to form N>O4 (Brown and
Stutz, 2012; Roscoe and Hind, 1993). Nevertheless, N,O3-
mediated interfacial nitrosation may also contribute under
conditions where sufficient N,Oj3 is available. Further studies
on N>Os-mediated interfacial reactions are therefore needed
to evaluate their potential role in atmospheric nitrosamine
formation.

Although the HONO-mediated nitrosation pathway is ki-
netically less favorable than the direct N-nitrosation by NoOy4
under the investigated conditions, this pathway may be-
come environmentally relevant under specific atmospheric
scenarios. In particular, aged aerosols with prolonged atmo-
spheric residence times and nighttime HONO-rich environ-
ments may provide favorable conditions for this secondary
pathway, because heterogeneous HONO production and ac-
cumulation can increase the availability of HONO at aque-
ous aerosol surfaces, whereas the concentration of highly re-
active NpO4 may decrease during aerosol evolution. Under
such conditions, interfacial HONO may serve as an important
reactive nitrogen reservoir, linking inorganic nitrogen species
with particulate organic nitrogen formation through subse-
quent reactions with amines. Therefore, the HONO-mediated
pathway should not be considered merely as a kinetically mi-
nor reaction, but rather as a potentially important comple-
mentary pathway that contributes to particulate nitrosamine
formation under specific atmospheric conditions.

Considering that both the HONO- and N;O4-mediated
pathways originate from reactive nitrogen species in the
atmosphere, their relative importance should be evaluated
within the broader context of previous molecular studies,
particle-phase observations, and atmospheric kinetic mod-
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els. Previous theoretical studies have provided important in-
sights into the intrinsic reactivity of DMA toward N2O4. Lv
et al. (2008) systematically investigated the nitration and ni-
trosation pathways of DMA with N,O4 and identified asym-
metric ON-ONO; as the key reactive isomer responsible
for N-nitrosation. Their calculations demonstrated that ON—
ONO; can undergo a nearly barrierless concerted reaction
with DMA in both the gas phase and an implicit aqueous
environment, establishing the molecular feasibility of NoOg4-
mediated nitrosamine formation. These findings provided a
mechanistic basis for understanding the role of N,O4 as an
effective nitrosating agent in aqueous environments.

Beyond these theoretical investigations, recent experimen-
tal studies have demonstrated that amines in the particu-
late phase can undergo heterogeneous reactions with reac-
tive nitrogen species under atmospheric conditions. Chen
et al. (2022) investigated the transformation of particulate
DMA under NOx exposure and reported the formation of
both nitramine and nitrosamine products through experimen-
tal measurements and theoretical analysis. They further sug-
gested that reactive nitrogen oxide species, including NoO4
and N,O3, may contribute to DMA transformation through
interactions with the nitrogen center of the amine. However,
the specific reactive intermediates and molecular pathways
controlling NoO4-driven nitrosation at the air—water interface
of aqueous aerosols remain poorly constrained.

Building upon these theoretical insights and atmospheric
observations, the present study reveals how the air—water in-
terface regulates NoO4-mediated nitrosation under realistic
heterogeneous conditions. Consistent with the findings of Lv
et al. (2008), our BOMD simulations identify z-ONONO;
as the active nitrosating species. However, unlike what is
captured in previous gas-phase and continuum-solvent mod-
els, the explicit aqueous interface introduces dynamic sol-
vent organization, interfacial hydrogen-bond networks, and
adsorption-dependent collision configurations that regulate
the reaction pathway. Therefore, this work extends previ-
ous descriptions of N»O4-mediated nitrosation from intrinsic
molecular reactivity to heterogeneous atmospheric chemistry
by demonstrating that aqueous aerosol interfaces can facili-
tate nitrosamine formation through interface-mediated reac-
tion dynamics.

The atmospheric implications of the proposed mechanism
can be further considered in the context of existing kinetic
models. Previous atmospheric chemistry models, including
the SINTEF mechanism developed by Karl et al. (2012) and
the box-model study of Choi et al. (2021, 2025b), represented
DMA nitrosation by HONO, N>O3, and N>O4 using parame-
terized reaction pathways and effective rate coefficients. Al-
though these mechanisms provide an important framework
for evaluating secondary nitrosamine formation, the associ-
ated kinetic parameters remain subject to uncertainty. Im-
portantly, the box models developed by Choi et al. (2021,
2025b) did not incorporate heterogeneous reactions, primar-
ily due to the limited kinetic data available at the time. Conse-
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Figure 4. Direct interfacial N-nitrosation of DMA by HONO at the air-water interface. (a) Snapshots of the reactant complex (RC), transition
state (TS), and product complex (PC) during the WT-MetaD simulations; (b) Reaction mechanism for DMA + HONO — NDMA + H;O.
(c) Free energy profile along the collective variable (black line) for the N-nitrosation process with the error band (blue region). The dashed
lines represent intermolecular interactions, while the green arrows denote atom transfer directions.

quently, aerosol interfacial nitrosation pathways remain ab-
sent from current atmospheric kinetic models, despite their
potential atmospheric relevance. Furthermore, the molecular
mechanisms underlying NoO4-mediated nitrosation, particu-
larly at the air—water interface of aqueous aerosols, remain
poorly understood. As a result, many of the kinetic parame-
ters adopted in current atmospheric models are based on in-
direct estimates, analogous systems, or empirical parameter-
izations rather than explicit molecular-level reaction mecha-
nisms.

Moreover, the interfacial pathway identified in this study
exhibits rapid kinetics, with the N;O4-mediated reaction
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producing nitrosamine cations within picoseconds, while
the HONO-mediated interfacial pathway also proceeds effi-
ciently. Although the quantitative influence of this interfacial
pathway on atmospheric nitrosamine budgets requires future
model implementation, our findings highlight the need to in-
corporate aerosol interfacial chemistry into future parameter-
izations of heterogeneous nitrosamine formation.

4 Conclusions

Particulate nitrosamines are carcinogenic organic nitrogen
compounds of growing concern, yet their formation remains

Atmos. Chem. Phys., 26, 12261-12273, 2026
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poorly understood, which limits accurate assessments of
their impacts on air quality, climate, public health, and reac-
tive nitrogen cycling. Particulate nitrosamines have been fre-
quently detected at high concentrations in atmospheric parti-
cles across multiple cities in Asia and Europe. However, ex-
isting sources cannot fully account for these levels, indicating
the presence of missing nitrosamine sources. To investigate
these unknown origins, we employed Born—-Oppenheimer
molecular dynamics (BOMD) and metadynamics (MetaD)
simulations to explore the heterogeneous reaction processes
of MA/DMA with N>Oy4 (nitrosamine precursors) at the air—
water interface of aqueous aerosols. The results demonstrate
that spontaneous direct nitrosation of MA/DMA with N>O4
at the air—water interface provides a kinetically favorable
pathway for particulate-phase nitrosamine formation. Addi-
tionally, MA/DMA can catalyze the spontaneous hydrolysis
of N2O4 to generate HONO at the air-water interface. The
subsequent reaction of HONO with DMA to form the ni-
trosamine NDMA, by overcoming a free energy barrier of
7.65 kcal mol~!, represents a secondary formation pathway
at the interface. These findings carry important environmen-
tal implications: (i) the nitrosamines formed at the interface
increase the carcinogenic potential of atmospheric particu-
late matter, thus posing heightened risks to human health;
(i7) the formed HONO can undergo photolysis to produce
*OH radicals, which can enhance the tropospheric oxidation
capacity and promote the formation of secondary pollutants.
Meanwhile, these reactions concurrently generate NO3', con-
tributing to the aerosol nitrate burden. Furthermore, the NO
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released from the photolysis of HONO and nitrosamines can
re-enter the NO, cycle. Importantly, the coupled formation
of nitrosamines, HONO, and nitrate simultaneously influ-
ences particulate toxicity, atmospheric oxidation capacity,
aerosol nitrate burden, and reactive nitrogen cycling, thereby
extending the atmospheric significance of the identified in-
terfacial chemistry beyond nitrosamine formation alone. This
mechanism provides a consistent molecular explanation for
the frequently observed high nitrosamine levels in cloud wa-
ter, fog, and urban PM; 5. Furthermore, the identified hetero-
geneous interfacial N-nitrosation pathway represents a pre-
viously overlooked source of particulate nitrosamines and
may account for the missing sources inferred from atmo-
spheric observations. By incorporating the revealed interfa-
cial N-nitrosation pathway into the established scheme of
gas- and aqueous-phase nitrogen chemistry, this study ad-
vances and broadens our current understanding of multi-
phase reactive nitrogen cycling (Fig. 5). Incorporating this
heterogeneous interfacial chemistry into atmospheric chemi-
cal transport models may improve predictions of particulate
toxicity, nitrogen chemistry and budgets. More broadly, by
converting gaseous reactive nitrogen into particulate nitro-
gen, these findings underscore the key role of heterogeneous
interfacial chemistry in shaping the global nitrogen cycle.

Data availability. The data in this article are available
from the corresponding author upon reasonable request
(baify492 @nenu.edu.cn and zhangxiuhui @bit.edu.cn).
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