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ABSTRACT: The formation of brown carbon (BrC) in atmospheric aerosols
significantly influences air quality and climate, yet the underlying chemistry
governing its interfacial genesis remains poorly understood. Here, we reveal that
the intense electric field at the air−water interface of deliquescent nitrite aerosols
promotes the oxidation of methoxyphenol, a key biomass burning constituent. The
formation of conjugated oligomers, such as C16H14O6 and C15H13NO7, exhibits
substantial light absorption (mass absorption coefficients ∼4 m2 g−1)�a level that
surpasses many previously reported pathways. The aging rate can be increased by
up to 2 orders of magnitude compared to bulk solutions due to selective radical−
radical coupling polymerization. This is driven by promoted intermolecular energy
transfer between direction-oriented excited methoxyphenol molecules and reduced
energy barriers via stabilized dimer intermediates in the presence of a strong
interfacial electric field, as evidenced by high-resolution spectroscopy and quantum
calculations. Our study underscores the catalytic role of electric fields in the browning process, reshaping our understanding of
atmospheric photochemical aging and highlighting an overlooked driver of BrC formation with far-reaching implications for aerosol
reactivity and atmospheric processes.

■ INTRODUCTION
The atmospheric aerosol functions as a complex chemical
reactor, where multiphase processes critically influence
chemical constituents that largely regulate air quality, human
health, and climate dynamics.1,2 Among these processes, the
formation of light-absorbing organic “brown carbon” (BrC)
stands out as a vital yet underexplored facet of atmospheric
chemistry.3 One major source of BrC precursors is biomass
burning,4 which emits an array of complex mixtures of
aromatic compounds (e.g., methoxyphenols) into the atmos-
phere.5 These phenolics undergo complicated photochemical
transformations and multiphase aging to produce a secondary
organic aerosol,6,7 often evolving into light-absorbing species
that significantly perturb Earth’s radiative balance by absorbing
solar radiation in the ultraviolet and visible ranges,8,9

contributing to atmospheric warming. Despite their impor-
tance, the precise mechanisms driving rapid BrC formation
remain poorly understood, creating a critical knowledge gap in
our ability to predict atmospheric composition and climate
impacts.
A fundamental paradox in atmospheric chemistry has

recently emerged: laboratory-measured bulk-phase reaction
rates consistently fail to explain the rapid formation of

secondary organic aerosols and BrC observed in field studies.10

This discrepancy suggests the existence of unrecognized
acceleration mechanisms operating under real atmospheric
conditions. The key to resolving this paradox may lie in
revealing the unique physical environments presented by
aerosol particles themselves�specifically, the air−water
interfaces that dominate their surface chemistry.11,12 Unlike
homogeneous bulk solutions typically studied in laboratories,
atmospheric aerosols exhibit remarkably unique features, e.g.,
extraordinary heterogeneity, steep concentration gradients, and
localized pH variations.13−28 Most intriguingly, these interfaces
harbor intense intrinsic electric fields29−31 (on the order of
107−109 V m−1), created by oriented dipolar molecules and
asymmetric ion distributions.32 The interfacial electric field
potentially functions as a “natural catalyst”,33 fundamentally
altering reaction kinetics, preferred pathways, and product
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distributions in ways that conventional bulk-phase chemistry
cannot replicate.34−37 Therefore, interface-driven chemistry
represents a “missing link” in our understanding of abnormal
atmospheric constitution transformations.
Recall that biomass burning introduces vast quantities of

phenolic compounds into the atmosphere, while nitrite
(NO2−) exists as a prevalent aerosol constituent, reaching
high concentrations up to ∼12.6 μg m−3 during pollution
episodes.38 This leads to a large possibility of phenolic
compounds aged by nitrite aerosol. Notably, nitrite’s bent
geometry and zero dipole moment allow for preferential
orientation at air−water boundaries,39 creating strong
interfacial electric fields. Simultaneously, nitrite photolysis
generates reactive nitrogen species that drive oxidative
transformations.40 A critical question emerges: can these
intense electric fields at nitrite-enriched interfaces fundamen-
tally reshape the radical chemistry, accelerating BrC formation?
Here, we directly address this critical question by system-

atically investigating how the interfacial electric fields of nitrite-

containing aerosols transform the photochemical oxidation of
vanillin�a representative biomass burning methoxyphenol.41

We first characterize the nitrite spatial distribution and
resulting electric field strength within microdroplet aerosols
using stimulated Raman scattering microscopy and surface-
enhanced Raman spectroscopy. Next, we demonstrate that
these interfacial electric fields accelerate vanillin oxidation by
up to 2 orders of magnitude compared to bulk solutions, with
reaction rates scaling inversely with microdroplet size. Through
high-resolution mass spectrometry, we identify a series of
nitrogen-containing oligomeric products that are formed
exclusively in the microdroplet environment. Using ultrafast
transient absorption spectroscopy and quantum mechanical
calculations, we establish that the interfacial electric field
fundamentally alters reaction pathways by stabilizing radical
intermediates, reducing energy barriers, and promoting
selective radical−radical coupling polymerization. These inter-
face-generated brown carbon products exhibit exceptional light
absorption properties, with mass absorption coefficients

Figure 1. (a) Schematic of the microdroplet aerosol production and collection system, using a custom-designed flow-cell chamber for the reaction
of vanillin (VL) with NO2−. (b) VL conversion rates with NO2− in bulk and aerosol reaction systems, respectively. (c) Size-dependent VL
conversion rates: green curve (versus surface-to-volume ratio, S/V, top axis) and purple curve (versus droplet size, bottom x axis). (d) VL
conversion rates as a function of the VL:NO2− concentration ratio. (e) Time-dependent UV−vis absorption analyses of VL+NO2− bulk phase after
photochemical oxidation process. (f) Light absorption properties of VL + NO2− after 1 h reaction in bulk solution versus microdroplet aerosol
systems. (g) Quantitative analysis of nitroguaiacol (4-NG), a representative brown carbon (BrC) product, in bulk and aerosol systems.
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substantially exceeding some early reported pathways.42−56

Our findings reveal that interfacial electric fields function as
catalytic forces in atmospheric chemistry, offering a mecha-
nistic explanation for the discrepancy between laboratory and
field observations while establishing a fundamental principle
with implications extending beyond atmospheric science to
diverse areas of chemical reactivity in confined environments.

■ RESULTS AND DISCUSSION
Nitrite-Mediated Photochemical Oxidation of Vanil-

lin. Photoreactions of microdroplets were performed using a

custom-designed reactor (Figure 1a) under high humidity
(∼93% relative humidity) and 365 nm irradiation (irradiance
intensity well covered by UVA range of solar, Figure S1),
following our established protocols.57,58 Microdroplet aerosols
were generated via an inkjet device, depositing uniform
microdroplet arrays onto a superhydrophobic substrate (Figure
S2). Figure 1b shows the 1h photochemical oxidation of
vanillin (denoted as VL hereafter) mediated by nitrite
photolysis in both bulk solution and microdroplet aerosol,
and the time-dependent VL depletion rates in nitrite aerosol
particles were much higher than those in conventional bulk

Figure 2. Total ion current (TIC) chromatograms and relative m/z peak abundances from the 180 min photoreaction of vanillin (VL) with NaNO2
in bulk (a) and aerosol (b) conditions. Relative abundance of small molecules, monomers, and dimers in VL + NO2− reactions in bulk (c) and
aerosol (d) phases, respectively. (e) Proposed mechanisms for major identified products (Table S1) from VL photoreactions with nitrite in bulk
and aerosol systems. (f−n) Peak intensities of the eight most abundant m/z products in VL + NO2− reactions in bulk and aerosol phases. The
analysis considered the nine most prominent m/z peaks among the top 15 TIC signals, accounting for >75% of total normalized product
abundance.
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conditions, where vanillin oxidation was negligible. After 1 h of
irradiation, the nitrite photolysis process results in the
depletion of VL by 57.6% in the microdroplet aerosols, in
stark contrast to that of 5.51% observed in the bulk case, thus
making aging efficiency in microdroplets over 1000% higher
than that in the bulk solution. The photochemical oxidation
kinetics of VL can be well fitted using quasi-first order, with the
corresponding oxidation rates of vanillin in bulk solution and
aerosol microdroplets determined to be 1.5 × 10−2 min−1 and
8.6 × 10−4 min−1, respectively (Figure S3). These findings
reveal a marked acceleration of VL photochemical oxidation in
microdroplet aerosols relative to bulk systems, therefore
underscoring the distinct role of microdroplet aerosols in
triggering an abnormal photochemical aging process in
atmospheric aqueous medium.
Recent studies also emphasize the nonmarginal effect of

surface-volume (S/V) ratio�directly tied to the abundance of
air−water interfaces and thus microdroplet size�on multi-
phase secondary aerosol formation in the atmosphere.34,59 We
observed a clear size-dependent increase in the depletion rate
of vanillin (VL) in nitrite-containing aerosol microdroplets,
rising from 19.8% to 53.9% as microdroplet diameter
decreased from 559 to 228 μm, a trend well captured by a
growth curve (Figure 1c). Notably, when we only consider the
trend for microdroplets below 400 μm in diameter, nitrite
aerosol-mediated vanillin photooxidation is surface-area-
controlled and scales linearly with S/V, consistent with the
expected interfacial acceleration mechanism recently mapped
out using the scaling law59,60 (Supporting Discussion 1).
Following this trend, atmospheric aerosol particles, typically on
the order of a few micrometers or hundreds of nanometers, are
likely to accelerate this aging process by up to ∼100 times due
to significantly increased abundance of the interface. We
further explored the effect of nitrite concentration (1, 1.5, and
2 mM), observing a consistent rise in VL depletion rates with
increasing nitrite levels in both systems (Figure 1d). In
microdroplet aerosols, the photooxidation rate surged from
57.6% to 80.1% as nitrite increased from 1 mM to 2 mM,
compared to 5.4% to 12.4% in bulk, attributable to elevated
·OH and ·NO2 yields within nitrite aerosol particles (reactions
R1−R4).61 It is worth mentioning that even after 120 min of
equilibration at 93% RH, the nitrite increased only slightly,
suggesting that solute enrichment due to water evaporation or
gas−particle partitioning is a minor contributor to the
observed acceleration (<15%) over the time scales relevant
to our reaction system (Figure S4, Supporting Discussion 2).

+ +· ·NO hv NO O2 (R1)

+· + ·O H OH (R2)

+ +· ·NO OH NO OH2 2 (R3)

+ +· ·HNO OH NO H O2 2 2 (R4)

Nitrite has been documented as a driver in the nitration of
aromatic compounds, yielding brown carbon (BrC) with its
light absorption in the ultraviolet−visible (UV−vis) range.62
Considering this, we examined the nitration of VL mediated by
NO2− using UV−visible absorption analysis of the bulk
solution and aerosol microdroplets after light irradiation
(Figure 1e).
In the bulk, relatively low absorbance at 325−450 nm

increased with reaction time, reflecting the formation of weak
light-absorbing species under illumination (Figure 1f). Upon

1−7 h of light exposure, microdroplets exhibited a marked
persistent absorbance enhancement compared to the bulk
(Figure S5 and Supporting information 3), corroborated by
high-performance liquid chromatography (HPLC) analysis
showing elevated 4-nitroguaiacol (4NG) production and yield
of nitrogen-containing oligomers only available in micro-
droplets (detailed in the later section). Besides, similar
enhanced light absorption is also observed for emitted biomass
burning precursors like catechol, 3-aminophenol, and p-
benzoquinone (Figure S6), suggesting that the accelerated
browning process in the deliquescent nitrite aerosol is not
compound-specific but may extend broadly across emitted
biomass burning compounds in the atmosphere (Supporting
Discussion 4).
Recall that nitrophenols, such as 4-nitroguaiacol (4NG), are

reported to be one of the important sources of atmospheric
nitrophenols.63 Our HPLC analysis quantified 1.70 μM and
0.65 μM of 4NG produced in the NO2−-bearing aerosol
microdroplets and bulk phase after 1 h of photochemical
oxidation (Figure 1g), suggesting the accelerated browning
process mediated by aerosol particles. Overall enhancement in
light absorption stems from the surface enrichment of NO2− at
the air−water interface and the resulting strong interfacial
electric field, which boosts ·NO2 production and promotes VL
polymerization and subsequent nitration�a mechanism
elaborated later.
Specification of BrC Constituents and Possible

Reaction Pathways. Beyond HPLC trials, we employed
ultrahigh-performance liquid chromatography coupled with Q
Exactive mass spectrometry (UHPLC-Q Exactive LC-MS) to
identify the primary products of NO2−-mediated photolysis of
vanillin (VL), elucidating the molecular basis of browning in
both bulk and aerosol systems (Figure 2). Product
distributions diverged starkly between the two environments
(Figure 2a,b), with dimer constituents being more significant
under aerosol conditions compared to those in bulk conditions
(Figure 2c,d). Products detected in both systems included 4-
nitroguaiacol (4NG), 4-hydroxy-3-methoxy-5-nitrobenzalde-
hyde, 5-nitrovanillin (5NV), and 5-nitrovanillic acid (5NVA).
Exclusive to microdroplets were 4,6-dinitroguaiacol (DNG)

and a nitrated VL dimer derivative (5-nitroguaiacol-4-O-
vanillin). These distinct profiles, evidenced by total ion current
chromatograms and relative m/z abundances (Figure 2a−d),
point to radical-mediated pathways that differ significantly
between bulk and aerosol conditions.
The reaction is speculated to commence with the oxidation

and nitration of VL, producing the product P3 (4NG, m/z =
168.02909) through the addition of ·NO2 resulting from the
nitrite photolysis process. P1 compound (C7H6O3, m/z =
137.01867) emerges from intricate processes such as radical
nitration with concurrent HNO2 loss, demethanol, and radical-
induced oxidative transformation, along with the possible
formation of intermediates I3 and I4. Further experiencing
these processes by forming intermediates I24 and I25 leads to
the P2 product (C7H6O4, m/z = 153.01494). At the same time,
the triplet state of VL (3VL*) underwent an abstraction
process to produce VL radicals (I1, denoted as ·VL), followed
by a radical−radical coupling process to form I2 intermediates,
eventually transforming to the stabilized product P7
(C15H14NO6, m/z = 301.07183). For P4 (C8H7NO5, m/z =
196.02433), it entails the nitration of I13, where VL reacts with
NO2 and loses HNO2, followed by a two-step hydration
process, forming I14 and I15. P5 (C8H7NO6, m/z = 212.01896),
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P6 (C7H6N2O6, m/z = 213.0142) and P8 (C15H13NO7, m/z =
317.95106) come from multiple complicated pathways. One
route involves a range of ·NO2 oxidation and concurrent
HNO2 loss, O2 oxidation, hydration, and decarboxylation over
P4, which produces I5−I12 intermediates that essentially
contribute to the formation of P5 and P6. Intermediate I13
undergoes further nitration to produce I14, a critical node that
branches into nitration, O2 addition, hydration, and additional
transformations to form a battery of intermediates (I16−I23),
eventually driving the formation of P8. The oligomers
identified in this study, including the nitrated dimer
C15H13NO7, are consistent with those reported in prior BrC
investigations involving phenolic photooxidation and nitration
pathways.3,64,65

Collectively, the microdroplet aerosol yields a unique profile
with oxidized products P6 and P8 (nitrogen-containing
oligomer) detected exclusively in this environment. Besides,
the dimer P7 exhibits substantially higher relative abundance in
aerosols. These observations suggest that the abundant air−
water interface promotes radical−radical coupling and multi-
step nitration. These indicate that interfacial forces stabilize
reactive intermediates while catalyzing processes such as water-
assisted hydrogen rearrangement and •NO2 addition, which
are essential for forming oxidized species like C8H7NO5 and
C8H7NO6.
The Enhanced Light Absorption of BrC Chromo-

phores. The mass absorption coefficient (MAC) of brown
carbon (BrC) is a crucial metric for assessing its contribution
to atmospheric light absorption and climate effects.66 Figure 3
compares previously reported and currently determined MAC
values across diverse precursor classes, including polycyclic
aromatic hydrocarbons (PAHs),42−46 heterocyclic aro-
matic,47−49 VOCs,43,45 benzenes,45,50,51 phenol,43,45,46,52,53

etc.43,54−56 Spanning 10−3 to 101 m2g−1, these values reflect
the broad variability in light-absorbing properties under
differing oxidation and experimental conditions. Aged benzene
(toluene) and simple aliphatic VOCs exhibit low MACs (<0.1
m2g−1), indicative of weak near-UV absorption. In contrast,
nitration of aromatics (e.g., phenols, PAHs) and multifunc-
tional species display markedly higher MACs (>1 m2g−1),
underscoring that nitro group incorporation shifts and
intensifies UV−visible absorption, yielding potent atmospheric
BrC chromophores.
Vanillin (VL) is a prevalent lignin pyrolysis product in

biomass burning emissions,67 and it can undergo nitration with
nitrite (NO2−) or other nitrogen-containing oxidants, where
nitro group addition extends the conjugated system and alters
electron distribution within the aromatic ring.68 This structural
shift markedly boosts absorption in the near-UV and extends
into the visible range. More strikingly, mediated by nitrite
aerosol of the abundant air/water interface, this nitration
process yields products of strong light absorption, with MAC
values ∼4 m2 g−1 at 375 nm, approaching or surpassing early
reported pathways (e.g., NOx, •OH, and NOx/•OH,
Supporting Discussions 5 and 6).
Taken as taken above, mediated by active radical ions and an

intense electric field resulting from NO2−, VL undergoes rapid
oxidation, yielding conjugated, nitrogen-containing oligomer
products that markedly elevate mass absorption coefficients
(MACs). This enhanced aging process generates more
absorptive BrC, amplifying the radiative forcing of atmospheric
aerosols. Given the ubiquity of phenolic compounds in natural
(e.g., biomass burning) and anthropogenic emissions,69 their

transformation into high-MAC BrC via interface-accelerated
photochemical aging likely exerts a substantial influence on
regional and global climate. This agrees nicely with very recent
illustrations of the dominant contribution of nitrogen-relevant
BrC to the overall light absorption on a global scale.70

Surface Propensity of Nitrite Ions and Strong
Interfacial Electric Field. Adapting our established ap-
proach,14,35,71 we mapped NO2− distribution in aerosol
microdroplets using high-resolution stimulated Raman spec-
troscopy, collecting ν(NO2−) and ν(O−H) vibrational modes
(Figure 4). The ν(NO2−)/ν(O−H) ratio served as a proxy for
NO2− concentration in microdroplets generated from 200 mM,
500 mM, and 1,000 mM NO2− solutions, with sizes on the
order of ∼20 μm, ∼60 μm, and ∼120 μm (Figures S7 and S8).
This ratio increased from the microdroplet center to the edge,
revealing a pronounced surface propensity of NO2− at the air−
water interface, with the enriched zone shrinking as micro-
droplet sizes enlarge (gray regions). We further quantified this
distribution across five concentric, equal-volume regions (0−
2%, 20−40%, 40−60%, 60−80%, and 80−100% from center to

Figure 3. Comparisons for earlier reported and currently determined
mass absorption cross section (MAC) values at 365 nm for various
organic and inorganic compounds under different oxidation
conditions, unless otherwise marked and explained. Data points
marked with *, **, and *** denote MAC values measured at 370,
375, and 405 nm, respectively. For compounds with multiple reported
values across conditions in the literature, the maximum observed
MAC value is presented. Compounds include 1-methylnaphthalene
(1-MN), longifolene (LG), methylglyoxal (MG), methylamine (MA),
dimethylamine (DA), and trimethylamine (TA). Additional notes are
provided in Table S2.
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edge). The interfacial propensity of NO2− correlated strongly
with both initial concentration and droplet size: elevating
NO2− from 200 mM to 1,000 mM enhanced surface
enrichment, while at 200 mM, the NO2− fraction rose from
10.4% to 16.2% as microdroplet size decreased from ∼123 μm
to ∼23 μm (Figure S8).
Differential interfacial affinities of anions and cations

establish a double-layer structure, fostering heterogeneous
charge distribution and a potent surface electric field.72

Leveraging the Stark-sensitive C�N bond in cyano probes
(Figure 5a), we characterized this field in NaNO2 microdroplet
aerosols. The Raman shift of ν(C�N) decreased progressively
from the interface to the center (interface >1/2 > 1/4 >
center), revealing a field gradient spanning the microdroplet,
with an intense field at the air−water boundary (Figure 5b).
Correspondingly, vanillin (VL) oxidation rates in micro-
droplets (30−87 μm) were markedly higher at the interface
than at the center, aligning with nitrite distribution and field
strength. For a ∼ 60 μm microdroplet, a ν(C�N) redshift of
11.55 cm−1�from 2062.49 cm−1 (center) to 2074.04 cm−1

(interface)�indicated an interfacial field of ∼3.21 × 107 V
cm−1. Even at the low concentration level of NO2 (1 mM) and
vanillin (0.1 mM), we observed a similar size-dependent
electric field strength by adopting concentrated gold nano-
particles (Figures S9 and S10). To fully avoid interference of
the SCN probe to determine the electric field of aerosol
particles, we adopted the latest approaches monitoring the free
OH stretching mode of water in the absence of EF probe and
gold nanoparticles30 (Supporting Discussions 7−9). These
size-dependent trends (Figures 5c and S11−S13) altogether
suggest that in (sub)micron-sized, atmospherically relevant
particles (a few micrometers or less), interfacial fields can reach
∼109 V cm−1.73 Across 30−90 μm microdroplets, the

interfacial field intensified with decreasing size (Figure 5d).
This implies significantly faster VL aging in ambient aerosols
than observed under lab conditions. The direct correlation
between VL oxidation rates and electric field strength across
microdroplet regions underscores this field’s pivotal role in
regulating photochemical aging.
Mechanistic Insights from Experimental and The-

oretical Analyses. O2 is documented to promote photo-
oxidation of organic constituents during the nitrite photolysis
process (R5-57) by producing ONOO• and •NO2 radicals.

61

Switching synthetic air (∼21% of the O2, ∼79% of the N2) to
pure N2 (100%) reduced vanillin (VL) depletion (Figure S14),
with a more pronounced decrease in the bulk system compared
to the aerosol system. This is because VL can efficiently form
dimers (e.g., C16H14O6) even under O2-free conditions
through a radical−radical coupling process in microdroplet
aerosol, thus sustaining the reactivity. Notably, enhancing O2
mass transfer via stirring in a bulk system only marginally
increased oxidation rates, which remained far below those in
microdroplets.74 This indicates that abundant air−water
interfaces contribute minimally to the accelerated VL oxidation
in microdroplets by facilitating O2 delivery, pointing to
alternative important mechanisms. Nevertheless, secondary
reactions involving these •NO2 and •NO3 radicals are
modulated by O2 to some extent, leading to the formation of
dinitrogen tetroxide (N2O4) that boosts •NO2 and •NO3
availability for the subsequent browning process and effectively
recycles NO2− through hydrolysis (Supporting Discussions 10
and 11).75−77

+· ·NO O ONOO2 (R5)

+· ·ONOO NO N O2 4 (R6)

Figure 4. (a) The schematic of stimulated Raman scattering (SRS) microscopy. (b−e) Optical images of NaNO2 aerosol microdroplets of varying
sizes. (f−i) Normalized SRS 2D maps of the O−H vibrational mode, depicting water distribution in NaNO2 aerosols with diameters of ∼20.8,
∼32.1, ∼65.4, and ∼112.2 μm, respectively. (j−m) Normalized SRS 2D maps of NO2−, using the O−H signal as an internal standard (ν(NO2−)/
ν(O−H)). (n−q) Corresponding line profiles revealing NO2− enrichment regions within aerosol particles. (r−u) Pie charts quantifying NO2−
distribution across five concentric segments, each comprising 20% of the aerosol sphere volume from edge to center.
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·N O 2 NO2 4 2 (R7)

+· ·NO O NO2 2 3 (R8)

+ +N O H O HNO HNO2 4 2 2 3 (R9)

Adding 50 μM ferulic acid (FA) to quench ·NO2 reduced
vanillin (VL) oxidation rates in bulk and aerosol systems,
highlighting ·NO2’s critical role in this process. Similarly, 500
mM isopropyl alcohol (IPA) suppressed ·OH-mediated
oxidation. Despite these quenchers, VL oxidation persisted at

Figure 5. Schematic of surface-enhanced Raman scattering (SERS) with a probe molecule to characterize electric fields in nitrite aerosol particles.
(b) Raman analysis of the ν(C�N) stretching mode across regions of ∼60 μm aerosol microdroplets. (c) Electric field strength profiles across
microdroplets of varying sizes. (d) Effects of radical quenchers ferulic acid (FA, ·NO2) and isopropanol (IPA, ·OH) on vanillin (VL) photolysis
rates. (e, f) Nanosecond transient absorption spectra showing decay kinetics of VL-derived products (380 nm) and triplet state (3VL*, 620 nm) in
bulk and interface-rich conditions, with and without NO2−. Full-spectrum transient absorption of NO2−+VL systems in bulk (g) and interface-rich
(h) environments; insets denote intersystem crossing (IS), internal conversion (IC), and nitrogen−oxygen species (NOS). (i) Schematic of
NO2−+-mediated VL photolysis in aerosol microdroplets. (j) Summarized role of interfacial electric fields in accelerating reaction rates.
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4.47% in the bulk and 26.8% in microdroplet aerosols. This
stems from an alternative ·NO2 production pathway (reactions
R5−R7), linked to ·NO autoxidation:78 ·NO, generated from
NO2−, reacts with O2 to form ONOO−, which then combines
with ·NO to yield ONOONO, undergoing homolytic cleavage
to produce two ·NO2 radicals. Notably, VL preferentially
undergoes ·NO2-mediated nitration over ·NO-driven reactions,
given ·NO2’s higher reactivity with phenolics.79 The abundant
air−water interface in microdroplets mitigates quenching
effects, sustaining higher oxidation rates compared with bulk
systems.
Transient absorption analysis at 380 and 620 nm was

employed to elucidate the decay kinetics of VL-derived
products and the triplet excited state (3VL*) in bulk aqueous
and air/water interface-containing systems.80 In control
experiments without the addition of VL, no transient signals
corresponding to 3VL* or VL-derived intermediates were
detected (Figure S8). The quick quenching process leads to
the weak 3VL* and VL-derived signatures emerging in bulk
systems, whereas interface-containing systems of strong electric
field exhibited pronounced transient absorption signals (Figure
5e,f) due to the efficient production and prolonged lifespan of

these reactive intermediates.58 This facilitates the radical−
radical coupling process to form oligomers.
In the bulk (Figure 5g), a persistent negative signal centered

at 360 nm, lasting ∼2 μs, arises from the 1VL* stimulated
emission. By contrast, the interface-containing environment
promotes internal conversion (IC) and intersystem crossing
(IS), driving complex transient absorption dynamics at 360 nm
and altering the reactivity of triplet vanillin (3VL*) and
facilitating N-oligomer formation (Figure 5h).
From t = 0 to ∼0.9 μs, a negative signal arises from 1VL*

stimulated emission, which is shorter-lived than in the bulk (2
μs) due to accelerated IS to 3VL*. Between t = 1 and 1.5 μs, a
0.5 μs positive signal emerges, attributed to N-oligomer
absorption�exclusive to the interface-rich environment�
nitro-conjugated oligomers with expanded π-systems having
this absorbance. The signal reverts to negative from t = 1.5 to 3
μs, likely due to N-oligomer decay and contributions from
ground state bleaching or residual 1VL* emission. Namely, the
accumulation of a greater number of excited state species, such
as the singlet excited state of vanillin (1VL*), results in a higher
population of molecules residing in the excited state due to the
presence of the electric field. In this case, a reduction in the

Figure 6. Computed relative energy for photosensitization of VL in the (a) absence and (b) presence of an electric field system as a function of the
reaction coordinates. Illustration of different efficiencies of radical−radical coupling in EF-free bulk solution (c) and EF-presence microdroplet
aerosol (d). The HOMO (dark grayish blue (+)···light yellow (−) wave function) and LUMO (light mint green (+)···soft pink (−) wave function)
are shown with the wave function iso-surfaces plotted at the same isovalue.
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ground state population occurs as more VL molecules are
promoted to the excited state.
This leads to decreased absorption at wavelengths

corresponding to the ground state absorption band, manifest-
ing as a stronger negative signal in the transient absorption
spectrum. These differences underscore an interfacial enhance-
ment driven by localized nitrite accumulation at air−water
interfaces, which elevates collision rates between 3VL* and VL,
creating reaction hotspots to produce VL radicals. The strong
interfacial electric field further promotes intersystem crossing
and internal conversion while suppressing radiative decay, thus
significantly promoting radical−radical coupling and subse-
quent nitration, as evidenced by the 360 nm transient
absorbance from nitrogen-relevant BrC oligomers. Collectively,
the increased yields of reactive intermediates (e.g., 3VL*,·NO2)
due to the interfacial strong electric field drive this accelerated
process (Figure 5i).
More specifically, most triplet state vanillin molecules

typically return to the ground state through radiative emission
(phosphorescence) or nonradiative quenching by solvents or
molecular oxygen in the absence of an electric field. However,
the electric field narrows the singlet−triplet energy gap
(ΔE_ST) of vanillin, enhancing the vibronic coupling between
these states and boosting the intersystem crossing (ISC)
efficiency. This shift diminishes competing radiative pathways,
such as phosphorescence, and redirects reactivity (Figure 5j).
The potent electric field at microdroplet aerosol interfaces
aligns vanillin (VL) molecules and their excited states,
orienting the dipoles of polar groups (−CHO and −OH)
with the field direction.81 This orientation enhances inter-
molecular collision rates and energy transfer efficiency.29

Besides, it disrupts the electronic structure and charge
distribution of VL and its transition states, directing reaction
pathways and altering the kinetics. By amplifying VL’s dipole
moment, the field stabilizes intermediates (e.g., VL·) and
transition states, while guiding electron movement and
reaction selectivity�reflected in the directional electron-pair
shifts of curly arrow mechanisms that dictate bond formation
and cleavage.82 Beyond this, the electric field further stabilizes
ion pairs and polar transition states arising from photo-
excitation.83 All of these advantages enhance bond ionicity in
transition states, lowering energy barriers, accelerating
reactions, and aiding electron extraction from water molecules,
as evidenced by the later theoretical calculations.
Figure 6 depicts calculated reaction energy profiles and

molecular orbital distribution for the photosensitization of
vanillin (VL, C8H8O3) in forming (C16H14O6) under two
conditions: without (Figure 6a) and with (Figure 6c) an
electric field, mimicking EF-free bulk and EF-present aerosol
environments, respectively. The applied electric field is
oriented along the + Z axis and forms an angle with the
plane of the aromatic rings. While the reaction axis defined by
the C4−C5′ bond vector partially lies in the XY plane, vector
decomposition gives a positive component along the Z+
direction (Figures S16 and S17, Supporting Discussions 12).
This possesses a favorable projection that aligns with the
direction of electron flow along the bond-forming coordinate,
therefore lowering the reaction barrier by stabilizing the
transition state or radical intermediate through the μ·E
interaction mechanism.84 In the absence of a field, the
photoexcitation of VL generates a singlet excited state that
transitions via intersystem crossing to the triplet state (3VL*).
Initial hydrogen abstraction from the phenolic − OH group

from randomly arranged VL forms a VL· (C8H7O3·),
overcoming a much higher energy barrier (∼34 kcal mol−1).
These radicals then couple with themselves through a radical−
radical interaction, yielding a dimer intermediate (C16H14O6).
Subsequent rearrangement, including aldol condensation
between one VL’s aldehyde and another’s phenolic ring,
stabilizes the dimer to derive the final product. The HOMO,
only centered on the aromatic ring and methoxy group. This
reflects minimal electronic perturbation, driving a slower,
controlled reaction dictated by intrinsic molecular properties.
In this case, only a small fraction of 3VL* eventually produces
the BrC oligomer through radical−radical coupling (Figure
6c).
Under an electric field simulating aerosol microdroplet

environments (Figure 6b), photoexcitation of VL to 3VL*
initiates the pathway, with the field reducing the hydrogen
abstraction barrier to 18 kcal mol−1, efficiently forming VL·.
These electric field orientation-directed radicals couple
efficiently with each other, eventually yielding C16H14O6 via
a lowered transition state (Figure 6d). Field-enhanced aldol
condensation follows, polarizing the aldehyde and phenolic
groups to promote nucleophilic addition and dehydration,
readily producing the dimer. Final field-driven electron
delocalization yields oxidized products, including potential
brown carbon (BrC) precursors. The HOMO spreads across
the molecular framework, heightening reactivity, while the
LUMO focuses on functional groups, enhancing electron
acceptance. This polarization lowers excitation energy and
boosts photosensitization and radical−radical coupling effi-
ciency, resulting in significantly elevated C16H14O6 yields in
aerosols relative to bulk systems.
Overall, the electric field substantially reduces energy

barriers, driving an accelerated pathway. A strong electric
field at the air/water interface helps to direct the ordered VL
orientation, which enhances charge transfer, hastening bond
formation and cleavage. Notably, the C16H14O6 intermediate
undergoes rapid hydrogen transfer and rearrangement,
propelled by field-augmented electron donation and accept-
ance. While surface tension and evaporation-confinement
effect are plausible drivers in accelerating some reactions in
microdroplet aerosol systems,13,84−86 we elucidate that the
strong electric field at the air/water interface of nitrite aerosol
is the key driver accelerating BrC formation in the current
reaction system (Supporting Discussion 13).

■ CONCLUSION
Our study unveils a previously overlooked interfacial pathway
for brown carbon (BrC) formation that is significant via the
intensified radical−radical coupling process over the surface of
deliquescent nitrite aerosols. We reveal that the air−water
interface of these aerosol particles creates a distinct micro-
environment of a strong electric field that markedly accelerates
vanillin’s photochemical oxidation. A potent interfacial field
prolongs the lifetime of reactive triplet states to efficiently
produce the radicals and drives coupling polymerization,
rapidly forming nitrated conjugated oligomers with exceptional
light-absorbing properties.
These findings overturn bulk-phase assumptions, establish-

ing interfacial electric fields as fundamental cornerstones in
atmospheric chemistry. The prevalence of phenolic precursors
(vanillin, catechol, 3-aminophenol, etc.) in biomass burning
emissions suggests this mechanism amplifies BrC production,
with nitroaromatic products posing additional toxicity risks and
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health concerns (Supporting Discussion 14).87 Our work
aligns with emerging insights into nitrogen-relevant BrC
(BrN),70 spotlighting a critical, overlooked driver of substantial
atmospheric reactivity.
This discovery extends beyond atmospheric boundaries,

offering fresh perspectives on electric field effects on browning
process in volume-confined microdroplet systems�relevant to
catalysis, synthetic chemistry, and beyond. As climate-driven
wildfires escalate phenolic emissions, intensifying BrC
formation and warming feedbacks (Supporting Discussion
15),88 the chemical principles uncovered here demand
exploration across diverse aromatics and multiphase contexts.
Future studies should probe these synergies to unravel the full
scope of interfacial reactivity, promising to reshape our
understanding of complex chemical dynamics at air−water
boundaries and inspire broad innovative applications in the
domains of catalysis, surface science, and organic synthesis.
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