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ABSTRACT: The reactive uptake of N2O5 on sea-spray aerosol plays a
key role in regulating the NOx concentration in the troposphere. Despite
numerous field and laboratory studies, a microscopic understanding of its
heterogeneous reactivity remains unclear. Here, we use molecular
simulation and theory to elucidate the chlorination of N2O5 to form
ClNO2, the primary reactive channel within sea-spray aerosol. We find that
the formation of ClNO2 is markedly enhanced at the air−water interface
due to the stabilization of the charge-delocalized transition state, as evident
from the formulation of bimolecular rate theory in heterogeneous
environments. We explore the consequences of the enhanced interfacial
reactivity in the uptake of N2O5 using numerical solutions of molecular
reaction-diffusion equations as well as their analytical approximations. Our
results suggest that the current interpretation of aerosol branching ratios needs to be revisited.

When trace gas molecules collide with an aerosol particle,
a mass accommodation process transports them into

the bulk of the aerosol, where some are lost irreversibly to
subsequent chemical reactions. The efficiency of this
heterogeneous reactive uptake plays a crucial role in global-
scale environmental processes.1,2 The uptake efficiency
depends on elementary steps�including adsorption, desorp-
tion, diffusion and reaction�whose relative importance in
heterogeneous environments is challenging to anticipate.3

Surface-specific spectroscopy4,5 and molecular simulations6,7

have revealed that the physical and chemical properties of a
molecularly thin region around the air−water interface are
distinct from either of the surrounding bulk phases,
complicating studies of heterogeneous uptake. We have
developed a molecular model of this complex interface to
understand the uptake of N2O5 to form ClNO2 on the surface
of a sea-salt aerosol.
The uptake of N2O5 by aerosol has been investigated to

understand the fate of tropospheric NOx at night.8,9 Tropo-
spheric NOx radicals are the primary source of hydroxyl radical
and catalyze ozone production.10 A global chemistry transport
model estimated 41% of NOx is consumed through the
heterogeneous reactive uptake of N2O5.

11 The key parameter
for the global model is the reactive uptake coefficient, γ, a ratio
of the irreversibly lost reactive flux to the kinetic surface
collision flux. Interpretation of the measured variation of γ in
terms of aerosol composition and meteorological condi-
tions12−14 demands a microscopic perspective, which ulti-
mately would enable the prediction and parametrization of γ.
For sea-spray aerosols, arguably the two most important
reactions determining the uptake of N2O5 are

N O H O 2HNO
k

2 5(g) 2 (l) 3(aq)
H+ (R1)

N O Cl ClNO NO
k

2 5(g) (aq) 2(aq) 3(aq)
C+ + (R2)

hydrolysis to nitric acid (R1) and chlorination to ClNO2 (R2).
Atomistic simulations based on machine-learning force fields
have provided thermodynamic and mechanistic detail into the
hydrolysis reaction (R1).6,7 However, a complementary
microscopic understanding of the chlorination reaction (R2)
is lacking.15

Early studies of R2 with cryogenic vibrational spectroscopy
observed a stable ion-dipole complex, [ClN2O5]−, illustrating
the plausibility of an SN2-type reaction mechanism.16

Subsequent first-principles calculations have found low-lying
reaction pathways in water clusters consistent with this
perspective.17,18 While some phenomenological evidence
suggests that both R1 and R2 proceed by a two-step pathway
including predissociation of N2O5 into NO3

− and NO2
+,12−14

throughout this manuscript we assume that both reactions are
concerted. For an SN2-type charge transfer reaction with Cl−,
solvent molecules around the solute need to be collectively
rearranged to accommodate the distinct charge distribution of
the product. As a consequence, the role of the heterogeneous
environment cannot be ignored for this reaction. Molecular
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dynamics simulations with a reactive model we developed
based on the empirical valence bond approach19 suggest that
the chlorination rate is significantly enhanced in the vicinity of
the air−water interface. The important role of the solvent
degrees of freedom emerged naturally from analysis of the
commitment probability.20

Understanding how an enhanced reaction rate at the air−
water interface contributes to γ requires a mass transport
equation. Continuum reaction-diffusion equations are widely
used,21 which describe diffusive dynamics of various chemical
species with their reactivity. However, most are phenomeno-
logical in that bulk transport properties are used for their
parametrization.22 We formulate the molecularly detailed
reaction-diffusion equation for N2O5 with two reaction
channels (R1 and R2). Numerical solutions with various
bulk Cl− concentrations are compared with experimental
measurements and challenge the previous analytical framework
based on bulk-dominant and homogeneous reactivity. More-
over, analytic expressions from the resistor model with
theoretically informed parametrization are compared with the
numerical results, showing good agreement. The novel kinetic
framework, together with the molecular simulations, paves the
way to systematically incorporate heterogeneous reactivity to
the analysis of the reactive uptake process.
The air−water interface is a molecularly thin environment,

where the solvent behaves in a manner distinct from its bulk
aqueous phase. The reduced amount of solvent at the interface
results in an altered thermodynamic cost to rearrange the
hydrogen-bonding structure, which influences the affinities of
reactants to the interface as well as the rate of reactions driven
by electrostatic fluctuations near it.23−26 To provide a balanced
description of both reactivity and the long-ranged electrostatic
environment of an explicit air−water interface, we developed a
novel empirical valence bond model. We built our model by
constructing two low-lying diabatic states, encoding the
reactant and product states of R2. The diabatic Hamiltonian
for each state was reparameterized from the generalized Amber
force field.27 The point charges on each atom were optimized
to reproduce the interfacial affinities of each species estimated
from higher levels of theory.7,28 The two diabatic states were
coupled through a diabatic coupling Hamiltonian modeled as a
linear combination of multiple Gaussians29 and fitted to
reproduce the gas-phase potential energy surface computed
with the range−separated hybrid density functional, ωB97X-
V/DEF2-TZVPD30 (Supporting Information Figure S1). The
water was modeled using the flexible variant of SPC/Fw.31

Further details are provided in the Supporting Information
Section 1. With the reactive model, we simulated the air−water
interface using a slab geometry consisting of 512 water
molecules, a single N2O5, and one excess of Cl−. A schematic
picture of the system is shown in Figure 1a.
The reversible work for moving a molecule perpendicular to

the interface measures its interfacial propensity. We evaluate
the reversible work, or the free energy profile, for each
chemical species in R2 as a function of the depth from the
interface, Fi(z) = −kBT ln⟨δ(z − zci)⟩, where zci is the center of
mass of species i relative to the Gibbs dividing surface, kBT is
Boltzmann’s constant times temperature, and the brackets
surrounding the Dirac delta function denote a canonical
ensemble average at fixed temperature 298 K. Umbrella
sampling with harmonic biasing potentials was applied to
evaluate these averages,32 and histograms of z from such

simulations were reweighted using the weighted histogram
analysis method33 to compute an unbiased estimate of Fi(z).
The resultant free energy profiles for Cl−, N2O5, and ClNO2

are shown in Figure 1b. The two neutral molecules, N2O5 and
ClNO2, are locally stabilized around the air−water interface,
and both face free energy barriers to move from the interface
into either the bulk vapor or bulk solution phase. This is due to
the weak interactions with surrounding water molecules,
resulting in an enriched concentration of both species at the
interface relative to the bulk. By contrast, strong ion−water
interactions prevent Cl− from penetrating into the vapor,34

which is evident from the stiff rise of the free energy starting at
z = 0 Å. A slight stabilization of Cl− around the interface is
consistent with some surface-specific spectroscopy measure-
ments.4 While the adsorption free energy of chloride is
consistent with current sophisticated polarizable models
(Supporting Information Section 1), we acknowledge that
persistent uncertainty exists with its experimental value.
The free energy difference between the gas and aqueous

phases is related to a well-known descriptor of solubility known
as Henry’s law constant. Direct measurements of the Henry’s
law constant for N2O5 are limited due to its facile hydrolysis.
Indirect measurements report a value of H = 4.9 M/atm,35

which is close to our estimate of H = 4.8 M/atm. For ClNO2,
lab measurements report H = 0.024 M/atm36 and we estimate
H = 0.040 M/atm. A lower value of H indicates more volatile
nature of ClNO2 compared to N2O5. Considered in
conjunction with the expected exothermic forward reaction
with Cl−,17,18 the role of the backward reaction of R2 is
considered to be negligible in the uptake process.
The substitution reaction in R2 is expected to be concerted.

A canonical order parameter for describing it would be ξ = r1 −
r2, which is defined as a bond-length difference between bond-
breaking and bond-forming pairs. In this case, the leaving
group is the nitrate anion, and so we take r2 to be the distance

Figure 1. (a) Schematic picture of the air−water interface system with
chemicals in (R2). (b) Reversible work as a function of the center-of-
mass z location for each species i = Cl−, N2O5, and ClNO2. The Gibbs
dividing surface is located at z = 0 Å. Positive and negative z
correspond to the bulk gas and solution sides, respectively. Errors
represent 1 standard error.
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between the center oxygen on N2O5 and the nitrogen forming
ClNO2. The nucleophile is Cl−, and so we take r1 to be the
distance between it and the same nitrogen. While ξ is sufficient
to differentiate the reactant and product states in a bulk
solution, it does not discriminate between the reactions
occurring at or away from the air−water interface. In order
to clarify the thermodynamics of the reaction and how it
depends on the proximity to the interface, we consider the free
energy surface defined by both ξ and the z position of Cl−. The
resultant free energy, F(ξ, z) = −kBT ln⟨δ(z − zcCl)δ(ξ − r1 +
r2)⟩ is computed in an analogous manner to its marginal FCl(z)
using umbrella sampling and histogram reweighting.
Figure 2a depicts F(ξ, z) in the vicinity of the Gibbs dividing

surface. Three states are evident along constant z slices: a
reactant state where Cl− is distant from N2O5 with ξ ≥ 5.62 Å,
an ion-dipole complex for ξ ∼ 2 Å, and a transition state whose
free energies are local maxima occurring near ξ ∼ 0.5 Å. The
free energetics of the reaction share common features across z;
the ion-dipole complex is metastable, and the reaction is
strongly exothermic. The ion-dipole complex is most
metastable at the interface due to the interplay of incomplete
dielectric screening and partial solvation. The stabilization of
the reactant and the barrier height also show variations near
the interface. This is illustrated in Figure 2b, where constant ξ
slices of the free energy surface are shown; F(ξa, z) for the
reactant state and F(ξ*, z) for the transition state. The z
dependence of the reactant free energy mirrors the stability of
Cl−, which is thermodynamically unfavorable to desolvate. The
z dependence of free energy at the transition state is
nonmonotonic, exhibiting a minimum at the Gibbs dividing
surface. The lowering of the barrier height from the bulk
solution to the interface is significant, nearly 3 kcal·mol−1.
The transition state of the SN2 reaction described by our

model has a delocalized charge distribution, with half of the
negative charge transferred to the nitrate ion. Our model
potential energy surface in the gas phase exhibits a sub-kcal·
mol−1 barrier due to the facile ability of N2O5 to dissociate.
Hence, the gas-phase reaction is expected to proceed at the
diffusion limit, like most ion-dipole chemistry. In the bulk
solution phase, the thermodynamic penalty for distributing the

charge across the Cl and NO3 species results in a significant
free energy barrier. The destabilization results from the
relatively unfavorable solvation free energy of the delocalized
charge distribution and is the origin of the slow reaction
kinetics in polar solvents that have been observed exper-
imentally37 and theoretically.38 The existence of the minimum
in the barrier height at the interface reflects the competing
factors affecting the solvation of charged species at the air−
water interface.39,40 The charge-delocalized transition state
behaves similarly to large anions that have shown preferential
adsorption due to a combination of favorable excluded volume
factors arising because of facile density fluctuations and
unfavorable electrostatic contributions such as repulsive
image charge interactions.41

Connecting the free energetics of the reaction to its rate
requires rate theory. To describe the process in R2, we need to
generalize the standard bimolecular rate theory for a
heterogeneous environment. Detailed discussion on the
derivation of such a generalization can be found in Supporting
Information Section 2, but it follows from manipulating the
usual side−side correlation function and imposing a con-
ditioning on the reaction occurring at a fixed z position.42

Within a reactive flux formulation, the bimolecular rate can be
written as a product of a position dependent transmission
coefficient κ(z) and a transition state theory (TST)
approximation43 to the rate, kCTST(z)Ä

Ç
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where ΔF(z) = F(ξ*, z) − F(ξa, z) is the barrier height at fixed
z and |G| is the inverse effective mass of ξ.44 The factor ν(z)
accounts for the local density enhancement of N2O5 and is
given by

z r dr d e( )
r

F z r F z k T

0

2 ( cos ( )) ( ) /
a

1
N N B= [ + ]

(2)

where dΩ = sin(θ)dθdϕ are polar angles oriented along z, and
FN(z) is the free energy profile of N2O5 shown in Figure 1b.
The local N2O5 density is averaged over a size given as r1a,

Figure 2. (a) Free energy surface as a function of the SN2 order parameter ξ and depth z of Cl−. (b) Conditional free energy profile along z for the
reactant (ξa = 5.62 Å) and transition state (ξ* = 0.52 Å), with schematic pictures of states. (c) Transmission coefficients measured at three distinct
z constraints. (d) Commitment probability as a function of ξ and solvents’ degrees of freedom Δs at three z values. (e) Heterogeneous bimolecular
rate (left y-axis) and pseudo first-order loss rate of N2O5 (right y-axis) corresponding to 1 M of bulk Cl− density. For (c) and (d), the z values
correspond to Bulk (z = −12.3 Å), Interface (z = 0 Å) and Gas (z = 5 Å).
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determined by where the free energy obtains an asymptotic
scaling, F(ξ, z) = F(ξa, z) − 2kBT ln (r1/r1a) and ξ is well
approximated by r1, i.e. ξa ≈ r1a. The detailed derivation is
provided in Supporting Information Section 2. The expression
incorporates two contributions. The part in the square brackets
accounts for the barrier crossing frequency if N2O5 is
constrained in the sphere of radius r1a centered on Cl−. This
frequency depends on the free energy barrier to the transition
state from the reactant state, not from the ion-dipole state.
This is because of the unbounded domain of the bimolecular
order parameter, ξ, which results in an overwhelming
probability of being in the separated state compared with the
bound state. The factor ν(z) accounts for the ratio of the mean
density of N2O5 inside the sphere to the local density at the z
location.
The transmission coefficient, κ(z), provides a correction to

the transition state approximation of the rate by accounting for
the recrossing events. Using the Bennett−Chandler ap-
proach,45 we measured it using the time-correlation function,
κ(z, t) = 2⟨v(0)h[ξ(t)]⟩z*/⟨|v|⟩, where v is a velocity of ξ, and h
is an indicator function which has a value of 1 if ξ(t) is in the
product domain or 0 otherwise. The average is taken over the
ensemble of trajectories initialized from the transition state
with a specific z value. The asymptotic long-time limit of κ(z,
t) in Figure 2c is the correction factor κ(z), which converged
to 0.15 in a bulk aqueous environment, 0.14 at the interface,
and 0.045 Å above the interface. Hence, the dynamic
correction to the rate is insensitive to the environment unless
the reaction occurs far from the condensed phase.
The small values of computed κ(z) suggest that ξ does not

fully describe the relevant reaction coordinate of the transition.
To uncover the mechanism, we performed a committor
analysis by introducing another order parameter Δs, the
solvent’s contribution to the reorganization energy. In detail,
Δs is the result of subtracting the solvent−solute interaction
energy of the product diabatic state from that of the reactant
diabatic state.38 The commitment probability, PB(ξ, Δs),
measures the relative number of trajectories started from fixed
ξ and Δs, reaching the product state before the reactant state.20

As such, PB quantifies the order parameters’ performance, since
it is 0.5 if the fixed initial point is a member of the transition
state ensemble. As shown in Figure 2d, the isocommitment
points are aligned near zero of Δs, indicating the important
role of solvent’s degrees of freedom. Fluctuations of Δs at a
constrained value of ξ result in the small values of κ computed,
and its insensitivity with z demonstrates that the mechanism of
a solvent mediated charge transfer is conserved near and from
the interface.
The bimolecular rate is given by kC(z) = κ(z)kCTST(z) and is

shown in Figure 2e. We observe a markedly enhanced reaction
rate at the interface, increasing below the Gibbs dividing
surface and steeply rising above it. The rate depends
exponentially on the free energy difference between two states
in Figure 2b. Thus, the rate enhancement below the interface is
mainly attributed to the stability of the transition state, while
its steep rise above it is due to the destabilization of Cl−. This
becomes more apparent when the equilibrium density profile
of Cl− is multiplied by the bimolecular rate. The density profile
can be computed from a bulk density ρ̅Cl times the marginal
free energy for Cl−, ρCl(z) = ρ̅Cl exp[−FCl(z)/kBT]. The
pseudo first-order rate, kC(z)ρCl(z), with ρ̅Cl = 1 M is also
shown in Figure 2e, which shows a clear local peak in the rate
by 25 times around the interface relative to the bulk solution.

The subsequent decrease in the rate at large z results from the
thermodynamic difficulty of getting the transition state into the
gas phase. The variation in the rate occurs across molecular
scales and is constant a nanometer away from the interface.
The heterogeneous reactive uptake of N2O5 involves a series

of physical and chemical processes coupled to the diffusive
motion. Hence, a coupled partial differential equation for each
process is required to be solved to estimate the reactive uptake
coefficient. While analytical solutions are only given for some
limiting cases,46 approximate solutions based on the
decoupling of the processes are provided as the resistor
model.47 The resistor model has been widely used as a
reasonable framework to analyze measured variations of trace
gas uptake coefficients.21 However, given the significant
variation in the substitution rate with position relative to the
interface we found, a molecularly detailed reaction-diffusion
model is necessary.
We employ an overdamped Fokker−Planck equation for the

density of N2O5, parametrized from our molecular dynamics
simulations.48 The time-dependent density profile of N2O5,
ρN(z, t), satisfies

D z e e k z( ) ( )t z
F z

z
F z

N
( ) ( )

N T N
N N= (3)

where D(z) is the spatially dependent diffusion coefficient and
kT(z) = kH(z) + kC(z)ρCl(z) is the spatially dependent total
rate for two reaction channels. Solving eq 3 with an absorbing
boundary condition placed at z = 6.58 Å, we are able to model
the evaporation process without introducing underdamped
dynamics. We also use a reflecting boundary condition located
at z = −200 nm to model a semi-infinite slab of solution.
Propagating the equation from a normalized Gaussian-shaped
density profile centered on the Gibbs dividing surface describes
a distribution of molecules thermalized at the interface after
initial collisions with unit sticking probability. Details on the
setups are explained in Supporting Information Section 3. The
uptake coefficient γ is measured from the solution of eq 3 as a
loss of density due to the reaction,

dt dzk z z t( ) ( , )T 0
T N=

(4)

which in this model competes only with re-evaporation.
Using a step function form for D(z) employed previously

with a slightly enhanced interfacial diffusivity relative to the
bulk solution,7 we first considered the uptake due to just
hydrolysis, ρ̅Cl = 0 M. We found kH = 0.4/μs results in the
experimentally reported value of γ = 0.036 for a pure water
droplet.14 This rate is much slower than previous theoretical
estimates in the literature,6,7 while close to experimental
estimates,14 reflecting the slower evaporation rate estimated
with our model. Given that the rate depends exponentially on
the free energy barrier, this change reflects the varying accuracy
of the solvation free energetics.6 Under these conditions the
impact of the spatial dependence of kH(z) was minor, so we
have treated it as a constant. The resulting density profiles
obtained by solving eq 3 with finite differences using the
optimized form of kH(z) are shown in Figure 3a. The initial
Gaussian distribution relaxes over 100 ns and begins to mirror
the equilibrium density determined by FN(z), though with
reduced amplitude due to evaporation and hydrolysis.
Next, the hydrolysis and chlorination reactions are

considered together. In this two reaction channel problem,
the branching ratio or the ClNO2 production yield, Φ,
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becomes a key measurement for analyzing the reactive uptake
process. Within our reaction diffusion model, it can be
computed from

dt dz k z z z t1
( ) ( ) ( , )

T 0
C Cl N=

(5)

which is a ratio of the reactive flux into the chlorination
channel relative to the total loss due to reactions. Recent
experimental measurements have reported Φ as a function of
bulk Cl− concentration, as shown in Figure 3b.49 We estimated
Φ using the rate profile kC(z) from Figure 2c under pseudo-
first-order conditions. However, the bare rate predicted from
our model is far too slow. Given the gas phase energetics are
comparable to high level CCSD(T) calculations in Supporting
Information Figure S2, the aqueous reaction barrier is likely
overestimated due to overly stabilizing water-solute inter-
actions. If we assume that the shape of rate profile is robust
since the enhancement originated from the augmented
propensity of the charge-delocalized transition state at the
interface, then we can include a multiplicative factor to the rate
profile to reproduce the experimental branching ratio of Φ =
0.108 with ρ̅Cl = 0.0054 M and probe the behavior of the
system away from that point.
The branching ratio and uptake coefficients using this

procedure are summarized in Figure 3b and 3c labeled
“Intermediate”. We have also considered two additional
hypothetical scenarios, an “Interface Dominant” case, whose
rate is enhanced by 250 times at the interface, and a “Bulk
Dominant” case with zero interfacial rate. Both rate profiles are
shifted in the same way as the “Intermediate” case to

reproduce Φ at ρ̅Cl = 0.0054 M (Supporting Information
Figure S3). Interestingly the estimated branching ratios show
minor differences among the scenarios. However, heteroge-
neous reactivity at the air−water interface has a pronounced
effect on the ρ̅Cl-dependent γ (Supporting Information Figure
S4). The total uptake coefficient at moderately concentrated
solution distinguishes these three clearly, although the
simultaneous measurements of the total uptake coefficient
with the branching ratio at low concentration have been
limited by the gas phase diffusion process experimentally.49

Finally, in all scenarios, the rise in Φ occurs at a lower Cl−
concentration and then the subsequent rise in γ.
The numerical observations are also compared to simplifying

analytic expressions. In the reaction-diffusion formalism, the
interfacial reactive loss follows the same first-order kinetics as
the evaporation process. Intuited from this, we replaced the
role of interfacial reactivity with an increase of evaporation rate
and a decrease of Henry’s law constant. With the effective
kinetics without interfacial reaction, we applied the bulk-
dominant resistor model framework.12,49 As a consequence, we
consider the total uptake as γ = γI + γB(1 − γI). The γI is an
ideal interfacial uptake,

k k

k k ke
I

I,H I,C Cl

I,H I,C Cl

=
+

+ + (6)

where kI,H and kI,C are interfacial rates for hydrolysis and
chlorination, respectively, and ke is the evaporation rate. The
bulk uptake
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depends on a renormalized mass accommodation coefficient α′
and Henry’s law constant H′,

k
k k k k

H H, (1 )s

s e I,H I,C Cl
I=

+ + +
=
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where D is the bulk diffusivity, v̅ is the molecule’s averaged
velocity, ks is the solvation rate, and kB,H and kB,C are the bulk
rates for hydrolysis and chlorination, respectively. The dashed
lines in Figure 3b and 3c are results from the expression, which
reproduce the numerical results remarkably well. Notably, this
expression reduces to known forms in the limit that the uptake
is determined fully by either the bulk or the interfacial
processes. This expression is the same as for the resistor model
with the interfacial reactivity in the limit that the surface
coverage of the ion is negligible.50,51 Detailed derivations are
provided in Supporting Information Section 4.
Our molecularly detailed reaction-diffusion equation em-

phasizes the importance of spatial heterogeneity. Rate profiles
whose interfacial contribution varies over 2 orders of
magnitude produce the same observable branching ratio,
which complicates the traditional interpretation of the
branching ratio. For example, weak temperature dependence
of the branching ratio was attributed to similar activation
barriers for two reactions.49 However, activation barriers at the
interface may differ from the bulk reaction and, so, may need
to be considered together. While measurements of Φ have
provided valuable insights into the competitive nature of two
reaction channels, it is clear that the available information is
insufficient to conclusively determine the significance of the

Figure 3. (a) Time-dependent density profiles of N2O5 with ρ̅Cl = 0.
Curves are separated by 18 ns. The free energy profile of N2O5 is
shown on the right-axis. (b) ClNO2 branching ratio measured from eq
5 (solid lines) and the analytic formula (dashed line) as a function of
ρ̅Cl. Flow reactor measurements from Kregel et al. are shown as square
markers.49 (c) Reactive uptake coefficients from eq 4 (solid lines) and
the analytic formula (dashed line) as a function of ρ̅Cl.
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interfacial contribution to the overall reactive uptake process. A
simultaneous measurement of the total uptake and the
branching ratio from experiments on dilute aerosol particles
is necessary. Further, for highly concentrated aerosols, reported
values of the uptake coefficient are less than 0.04,12,14 an order
of magnitude lower than our prediction even for the bulk-
dominant reactivity scenario. The discrepancy may be
attributed to the ionic correlations omitted from our model.
The role of ionic screening effects on reactivity in
inhomogeneous environments presents an interesting topic
for future research. More broadly, the observation here that a
SN2 type reaction can be markedly accelerated at a liquid−
vapor interface due to the stabilization of a charge delocalized
transition state suggests a potential origin for recent
observations of chemistry in microdroplets and on-water
catalysis.52 The framework employed here using a combination
of molecular modeling and theory can be straightforwardly
translated into those cases as well.

■ METHODS
Molecular Dynamics Simulation. We performed molec-

ular dynamics simulations using an extended air−water
interface system. A rectangular cuboid box of the size 24.74
Å × 24.74 Å × 100 Å was filled with 512 water molecules and a
single N2O5 and Cl−, creating an air−water interface normal to
the z direction. Periodic boundary conditions are applied in all
directions. The Lennard-Jones interactions are truncated and
shifted at 12 Å. The Ewald summation method is applied to
compute long-ranged Coulomb interaction. The equation of
motion is integrated by the velocity-Verlet algorithm with a 0.5
fs time step. A Langevin thermostat is applied to fix the
temperature at 298 K with a damping constant of 2 ps. All
molecular dynamics simulations were performed in
LAMMPS53 with the in-house code.
Free Energy Calculations. The one-dimensional free

energy profiles in Figure 1b are computed from umbrella
sampling along z. The density profile of water is decayed to a
half of its bulk value at z = 0 Å, and positive and negative z
correspond to the gas and the solution side, respectively. We
prepared 58 independent simulations for each species with
harmonic biasing potentials,

U z k z z( )
1
2

( )c
i 2=

(9)

where k = 8 kcal·mol−1 Å−2 and zci , the center-of-mass location
of species i, are ranging from −12.1 Å to 10.7 Å equally spaced
by 0.4 Å. For each simulation, we ran 2.7 ns of production
simulation after 0.3 ns of equilibration simulation. Sampled
histograms of z are merged together with the weighted
histogram analysis method (WHAM),33 and errors of the free
energy are estimated by running 100 bootstrapping trials.54

The two-dimensional umbrella sampling used for the free
energy surface in Figure 2a was performed by applying two
harmonic potentials,

U z k k z z( , )
1
2

( )
1
2

( )z0
2

0
2= +

(10)

where kξ = 200 kcal·mol−1 Å−2, kz = 20 kcal·mol−1 Å−2, ξ0
values are ranging from −0.08 Å to 5.62 Å equally spaced by
0.06 Å, and z0 values are ranging from −7 Å to 5 Å equally
spaced by 0.5 Å. In the vicinity of the transition state, we
performed additional simulations with kξ = 400 kcal·mol−1 Å−2

and ξ0 values ranging from 0.31 to 0.58 Å equally spaced by

0.03 Å. A total of 2650 independent simulations are performed
for 1.8 ns for the production simulation after 0.2 ns of
equilibration.

Bennett−Chandler Calculation. The transmission co-
efficients in Figure 2c are computed from an ensemble of
trajectories started from the transition state at three fixed z
locations: z = −12.3 Å for the bulk, z = 0 Å for the interface,
and z = 5 Å for the gas case. We sampled 300 initial
configurations for each case by running a constrained
simulation at the transition state. For each configuration, we
saved ξ and Δs values for analysis. Then, we generated 100
different Maxwell−Boltzmann velocities for each configuration
and propagated the system for 0.5 ps to let them relax to either
the reactant or product basin. Moreover, we repeated the
propagation with inverted velocities to improve the con-
vergence of the transmission coefficient using the symmetry

z t
v h t

v
v h t

v
( , )

(0) ( ( ))
/2

(0) ( ( ))
/2

P z R z=
*

| |
=

*
| | (11)

where the indicator functions for the reactant (hR) and product
(hP) states are step-functions which have the kink at initial ξ
values, i.e.,

l
moo
noo

h ( )
1 if ,

0 otherwise,
P =

*

(12)

where ξ* is the transition state value corresponding to the z
constraint and hR = 1 − hP. The committor function in Figure
2d, PB(ξ, Δs), is defined as the conditional probability of
reaching to the product state at t = 0.5 ps given the initial
configuration’s ξ and Δs values.
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