Insights Into the Uptake of N>,O5; by Aqueous Aerosol Using Chemically
Accurate Many-Body Potentials
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We study the uptake of NoO3 into pure water using molecular dynamics simulations performed with a recently
developed, data-driven MB-nrg model. Our model follows the same basis of the MB-pol water many-body
model and has coupled-cluster accuracy. We quantify the thermodynamics of solvation and adsorption using
enhanced sampling techniques and free energy calculations. The free energy profile obtained highlights that
N>Qj5 is selectively adsorbed to the liquid-vapor interface and weakly solvated. We further find that accom-
modation into the bulk solution occurs rather slowly, and competes with evaporation upon initial adsorption
from the gas phase. The rates of each of these processes are evaluated using the free energy barriers and
kinetically obtained fluxes. Leveraging the quantitative accuracy of the model, we parameterize and numer-
ically solve a reaction-diffusion equation to determine a likely range of hydrolysis rates consistent with the
experimentally observed reactive uptake coefficient in pure water. The physical and chemical parameters
deduced here, including the solubility, accommodation coefficient, and hydrolysis rate, afford a foundation for

which to consider the reactive loss of NoOjs in more complex solutions.

The uptake of trace gases from the air into aerosol par-
ticles impacts a wide range of environmental systems %2
Among other things, such multiphase processes help to
determine the oxidative power of the atmosphere by act-
ing as sinks for nitrogen oxides*® Of particular long-
standing interest is the reactive uptake of N3Oj in aque-
ous aerosol, which is estimated to account for 15-50%
of the loss of NO,, in the troposphere®® Despite signifi-
cant study, basic questions remain concerning the mech-
anism of N5Oj5 uptake 13 Molecular dynamics simu-
lations can be used to obtain a molecular perspective
on gaseous uptake, free of underlying rate limitation
assumptions14 However, studying such processes theo-
retically imposes challenges, since uptake coefficients are
exponentially sensitive to free energy differences and the
simulations involve large systems and long times to model
the complex dynamics. While qualitative predictions of
mechanisms can be typically studied with conventional
empirical force fields or density functional theory based
models 1319 quantitative predictions require higher lev-
els of accuracy. Here we employ a recently developed
many-body potential, MB-nrg/'% to study the physical
uptake of NoOs into water, and infer its reactive uptake
coefficient by solving a corresponding reaction-diffusion
model. This MB-nrg potential has been parameterized
from coupled-cluster calculations, and has the capability
of making quantitative predictions of the thermodynam-
ics and kinetics leading to the NoO5 uptake.

Gaseous uptake into fluid particles couples thermody-
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namic constraints of solubility with kinetic details of re-
action and diffusion. As a complete analytical analysis of
the appropriate reaction diffusion equations is not typi-
cally tenable, approximate models are commonly postu-
lated employing a small number of thermodynamic and
kinetic properties” For example, the uptake of NyOs
in aqueous aerosol has been assumed to follow such a
model, determined by bulk accommodation followed by
bulk phase hydrolysis and parameterized by its bulk solu-
bility and hydrolysis rate® Such kinetic models typically
lack molecular details, neglecting the finite width of the
liquid-vapor interface and its potential unique properties.
With molecular dynamics simulations these assumptions
can be relaxed, and the relevant parameters extracted
to inform an atomistic kinetic model 22l Further, by
solving the reaction diffusion equations numerically, the
simplified models can be refined.

We apply this perspective to the reactive uptake of
N5Os as the validity of its kinetic model has been
recently called into question. The reevaluation was
prompted by the difficulty reconciling the traditional re-
sistor model with field measurements, combined with the-
oretical work providing indications of interfacial stability
and reactivity?2' The mechanism of uptake has been
recently explored directly using a neural network based
reactive model, and it was found that interfacial rather
than bulk phase processes dictate the observed uptake
coefficient 19 Using training data obtained from density
functional theory, this study found that the hydrolysis
rate was sufficiently fast at the interface that bulk phase
partitioning cannot kinetically compete, and the uptake
was determined by a competition between interfacial hy-
drolysis and evaporation. These calculations found mod-
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est agreement with experimental uptake coefficient val-
ues, consistent with the expected qualitative accuracy of
the model employed. As direct experimental confirma-
tion of the importance of the interface is difficult, an al-
ternative means of validating it is to employ models with
higher chemical accuracy. This is the aim of the current
work.

MB-nrg potentials can serve to make quantitative pre-
diction of gaseous uptake as they can be accurate yet
computationally amenable to the large system sizes and
long timescales required to simulate interfacial processes
just like the MB-pol water model 2224 Contrary to com-
mon neural network models, these many-body potentials
have an explicit representation for long-range interac-
tions, which can be important at extended interfaces25
For example, it has been shown that MB-pol2827 yields
quantitative accuracy for a variety of molecular proper-
ties across water’s phase diagram26°43 Extensions of this
modeling framework to describe mono-atomic ions and
small molecules in aqueous solutions as well as generic
mixtures of molecules have been recently realized *448
These MB-nrg models include a model of NoOs that has
been developed using analogous approaches I8 This MB-
nrg model was demonstrated to yield comparable accu-
racy with respect to the coupled cluster reference data
it was parameterized on, enabling highly accurate sim-
ulations of NoOs in aqueous environments. While not
able to describe reactions with water, the model never-
theless is capable of quantifying the processes that es-
tablish the physical uptake of NoOg, which can be sub-
sequently combined with the reactive-diffusion models to
make inferences regarding reactivity.

Here we employ the MB-nrg model with explicit one-
body, two-body and three-body short-range interactions
to simulate the uptake of NoOs in water 18 In order to
extract the thermodynamic and kinetic properties that
determine the uptake of N3Oj5, we have simulated a sys-
tem containing a slab of liquid water in contact with its
vapor and a single NoO5 molecule. The system is illus-
trated in Fig. [[JA. The system is made up of 543 water
molecules forming a liquid slab measuring 2.416 nm x
2.416 nm in cross-sectional area and 2.772 nm in length.
The corresponding density profile of water along the di-
rection perpendicular to the interface, p(z), is shown in
Fig.[IB, exhibiting the expected sinusoidal profile consis-
tent with emergent capillary waves*? The bulk density of
the MB-pol model pp is 1.007 g/cmg’.mI We take the ori-
gin of z to be coincident with the Gibbs dividing surface
of the interface. The system is embedded in a simulation
domain of the same cross-section and a length of 20 nm
in order to accommodate periodic boundary conditions.
Simulations are executed with Amber 2020°7 interfaced
to the MBX®L library. Ewald summation is employed
to describe long-range electrostatics and dispersion in-
teractions using a real-space cutoff of 1.2 nm. Thermo-
dynamic averages are computed within an ensemble of
fixed N particles, V' volume, and 7" = 300 K tempera-
ture, using a Langevin thermostat and a timestep of 0.5

fs. Kinetic properties are evaluated within a constant
energy ensemble with fixed N and V.
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FIG. 1. Thermodynamics of N2Os solvation. A) Character-
istic snapshot of N2Os near the water-vapor interface. B)
Water density profile where z = 0 demarks the Gibbs divid-
ing interface. C) Free energy to move N2Os in the z direction,
where the shaded region are one standard deviation error bars.

Using this simulation setup, we first considered the
thermodynamics of NoOp solvation in liquid water. We
have computed the free energy to move a gaseous NoOg
into the liquid water slab using umbrella sampling ap-
plied to the center of mass distance along the z di-
rection between the water slab and NyO552 We em-
ployed harmonic biasing potentials of the form AU(z) =
k/2(z — z*)? with a spring constant k of 2.5 kcal mol~!
A~2 and 52 independent windows with minima z* spaced
evenly between -1.36 and 1.19 nm. Three separate sets of
calculations were run, each consisting of 1 ns equilibra-
tion time followed by 2.5 ns production time to compute
partial histograms. The individual histograms from each
window were combined using umbrella integration

Figure shows the resulting average free energy pro-
file obtained from the three independent simulations and
the error bars are computed from the standard devia-
tion for the three independent calculations®®. For both
z > 0 and z < 0, the free energy profile is flat, reflect-
ing the translationally invariant bulk liquid and vapor
on either side of the interface. We define the offset be-
tween these asymptotic values as SAF; = —4.3 + 0.1,



the solvation free energy for the gas phase NoOs, where
B =1/kpT and kg is Boltzmann’s constant. In between
these two extremes, the free energy is non-monotonic and
exhibits a global minimum approximately centered at the
Gibb’s dividing surface and a barrier to move the N5Os
molecule from this interfacial position into the bulk lig-
uid. Relative to the gas phase, the global minimum cor-
responds to a favorable interfacial adsorption free energy
of BAF, = —6.24+0.1. The globally favorable interfacial
adsorption indicates NoOj is relatively hydrophobic, con-
sistent with previous observations of its relatively weak
solvation 131555 This free energy profile dictates that the
equilibrium density profile of NoOs would be inhomoge-
neous in the vicinity of the liquid-vapor interface, a fea-
ture neglected in typical kinetic models.

From the free energy profile we can calculate the sol-
ubility of N3Os in liquid water. In dilute solution at
concentration ¢; in contact with a solute with partial
pressure p, this solubility is traditionally reported as a
Henry’s law constant defined as®

H="2 = geBAF. (1)
p

and computable from the solvation free energy defined
operationally from our free energy profile. This estimate
gives a Henry’s law constant H = (3.0 & 0.4) M/atm.
This value is in line with typical inferences from experi-
ment, though its direct measurement is hindered by the
facile hydrolysis of NyO5 557 This value is higher than
recent estimates employing fixed charge force fields and
neural network potentials, each of which found a value
closer to 0.5 M/atm 315 We can also evaluate the mass
accommodation coefficient, defined as the probability of
a gas molecule to solvate into the bulk of the liquid from
the interface. The mass accommodation coefficient, «,
can be computed from the free energy profile as

1
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for which we find @ = 0.13 £+ 0.03, in good agreement
with other modestly polar molecules™ though lower than
previously estimated experimentally for N,O5 58

As gaseous uptake couples thermodynamics and kinet-
ics, we have also characterized the dynamical processes
of N2Os5 as it moves between phases across the liquid-
vapor interface. Before considering the rare events of
evaporation and solvation, we first discuss the diffusive
properties of NoOs in the bulk liquid. With a simula-
tion of NoOs immersed in a bulk liquid containing 272
water molecules, we have estimated the self-diffusivity of
N,O5 by computing mean-squared displacements®®. The
value obtained for the self-diffusion constant of NoOs de-
rived from the average mean-squared displacement was
(1.53 4+ 0.06) x 1075 cm?/s. Hydrodynamic effects are
known to suppress the diffusion constant for finite sys-
tems employing periodic boundary conditionsY Using
the known experimental viscosity of liquid water at am-
bient conditions®? we can correct for these finite size
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FIG. 2. Kinetics of N2Os adsorption and solvation. A) Snap-
shots of N2Os. Adsorption and evaporation takes N2Os be-
tween the vapor (right) and interface (center), while solvation
and desolvation takes it between the interface and the bulk
(left). B) Scattering trajectories following the z component
of the center of mass of NoOs. C) Transmission coefficient
for transitions between the liquid and the interface. The solid
red line is an exponential fit.

effects resulting in a diffusion constant in the thermody-
namic limit of (1.89 4 0.06) x 10~° cm?/s. We have also
estimated the change in the diffusion constant at the lig-
uid vapor interface 8 and find an increase from its bulk
value to (5.3 +0.1) x 1077 cm?/s.

Evaporation from the liquid-vapor interface and sol-
vation into the bulk are both activated processes with
barriers estimated from the free energy in Fig. [I] to be
larger than typical thermal values. As such, they are
rare events and difficult to sample with straightforward
simulations. However, as we consider a system whose
dynamics satisfies detailed balance, we can alternatively
study comparatively typical events like desolvation and
adsorption, and infer their reverse using the previously
evaluated free energy profile/82 Definitions for these dif-
ferent dynamical processes are well described in Ref. [I7.

To compute the adsorption and therefore evapora-
tion rates, we have sampled 250 scattering trajectories
whereby an initially gas phase NoOg placed at z = 1.2
nm, shown in Figure [2A, is evolved toward the liquid
slab. To do this we take 10 distinct equilibrium con-
figurations of NoOjs generated by constraining its cen-
ter of mass to z = 1.2 nm, and draw 25 realizations of



a Maxwell-Boltzmann distributed velocity at 300 K for
each. Figure 2B reports the trajectories of the center
of mass of the N5Oj5 as it impinges on the liquid slab.
Overwhelmingly, the incipient gas phase NoO5 molecule
meets the interfaces and sticks, with only 11 out of the
250 scattering trajectories exhibiting a back scattering
event, with NoOs bouncing off of the interface and go-
ing back into the gas phase within the 100 ps observa-
tion time employed. The scattering rate is quantified
with the so-called thermal accommodation coefficient,
S = 0.96, relating the probability of being accommo-
dated at the interface upon collision, consistent with pre-
vious simulations 12 This is likely a lower bound as some
of the back scattering events can be attributable to equi-
libration at the interface followed by subsequent evapo-
ration. The near unity value implies a lack of a barrier to
adsorption, and subsequently that evaporation is analo-
gously limited only by the free energy of adsorption. The
corresponding rates of adsorption, k., and evaporation,
ke, can be computed from kinetic theory M Specifically,
the rates are given by

ko= S5, ko= ka0 3)

where v = /8/87m is the average molecular speed of
N2Os. These are k, = 57 nm/ns and k. = 0.11 nm/ns.

We have also computed the rates of solvation and
desolvation following the Bennet-Chandler approach 93
Identifying ' = —0.42 nm as the location of the pu-
tative transition state for solvation into the bulk liquid
from the interface (see Figure ), we can estimate the
rate of solvation and analogously desolvation by comput-
ing the transmission coefficient, x, for committing to the
interface conditioned on starting at the transition state.
The transmission coefficient is defined as%

_ (w0)®(=() ).
= e W

where © is the step function and the brackets denote
an ensemble average where in the numerator it is condi-
tioned on starting at the transition state. We have evalu-
ated the transmission coefficient using 2000 trajectories.
Like the scattering calculations, we have taken 80 differ-
ent equilibrium configurations of NyOs at z = zf, and
compose 25 Maxwell-Boltzmann velocity distributions at
300 K for each. Each trajectory was evolved for 10 ps.
Fig. 2IC shows that x decays to 0.08 over 1 ps, consistent
with a diffusive barrier crossing. From the plateau we
can estimate the rates to solvate into the bulk, kg, and
desolvate into the interface, kq, as

v e
ka = /«%eﬁm o ks = ko (5)
where SAF, = 0.8 is the barrier to move from the bulk
liquid to the interface and £ = 0.06nm is the width of the
interface.%* We find kq = 340/ns and ks = 47 /ns.
Experimentally, NoO5 undergoes facile irreversible hy-
drolysis with water and this reaction ultimately deter-
mines the reactive uptake in aqueous aerosol. While we
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FIG. 3. Reactive uptake from the reaction-diffusion equation.
A) Relaxation of the initial concentration profile. Blue lines
are c(z,t) separated by 0.25 ns and the dashed black line is
the equilibrium profile computed from exp[—SAF(z)]. B) An
example time dependent reactive uptake coefficient. Both A)
and B) is computed with k, = 0.02 ns~! and the interfacial
rate equal to kn /5. C) Asymptotic uptake coefficients without
(orange squares) and with (blue circles) interfacial reactivity.
Blue regions denote the range of uptake coefficients observed
experimentally on pure water, and grey the corresponding
likely range of bulk hydrolysis rates.

cannot simulate the reactive event with the MB-nrg po-
tential employed directly, we can still make an inference
into the reactive uptake. Using the thermodynamic and
kinetic parameters evaluated from the molecular dynam-
ics simulations, we can parameterize a molecularly de-
tailed reaction diffusion equation. Specifically, we con-
sider the diffusive dynamics accompanying an initially
adsorbed NoOs molecule as it enters the bulk liquid or
evaporates, and address what would happen if it were
able to also undergo hydrolysis.

Consistent with the near unity thermal accommoda-
tion S, we assume an initially adsorbed molecule locally
equilibrated at the interface. The subsequent evolution
of its concentration profile, ¢(z, t), can be solved for using
a Smoluchowski equation®® of the form,

dc(z,t) _2 —5AF(z)Q BAF(z)
o el 5% &)
—kn(2)e(z, 1) (6)

where AF(z) is the free energy profile from Fig.[TIC, D(z)
is the diffusion constant, and ky(z) is the unknown hy-
drolysis rate, both of which in principle vary through
spaceS9%67 The first term is a drift diffusion encoding
the stationary distribution implied by the free energy



profile 88 while the second accounts for loss due to re-
action. This equation is valid only for the liquid and
interface, not the vapor, since it is overdamped ®® In or-
der to model the vapor, we employ absorbing boundary
conditions ¢(z = 1nm,t) = 0, and consider a domain
that extends deeply enough into the liquid that the re-
sults are insensitive to the reflecting boundary condition
employed there 0.c(z = —30nm,t) = 0. We solve Eq. |§|
with a normalized Gaussian initial condition, localized in
the free energy minima near the Gibbs dividing surface
where a standard deviation of 0.05 nm was found to well
approximate the curvature of the interfacial minima. In
practice, we employ a simple finite difference scheme with
constant grid spacing of 0.02 nm and timestep 0.018 ps.
In the absence of irreversible reactions, an initial inter-
facial concentration of NoOg will relax through a compe-
tition between diffusion into the bulk liquid and evapora-
tion into the vapor towards the steady-state determined
by the free energy profile. Figure [3A illustrates the re-
laxation of this concentration profile. The initial Gaus-
sian distribution quickly looses amplitude and a diffusive
front propagates into the bulk liquid, while concentration
is irreversibly lost to the vapor. The initial rates to evap-
orate and solvate are consistent with our explicit molecu-
lar simulation calculations. In the presence of hydrolysis,
in addition to loss from evaporation, there can be loss due
to reaction. Since the concentration is normalized to 1,
the overall reactive uptake, v, can be computed by the
portion of the loss through the reactive channel,

~(¥) :/O dt’/dzkh(z)c(z,t’) (7)

We model the hydrolysis rate as having two characteris-
tic values, one in the bulk for z < —0.5 nm, denoted ky,
and one at the interface for —0.5 < z < 0.5 nm taken to
be a fraction of the bulk value, while it is set to zero in
the vapor for z > 0.5 nm®\. An example time series for
the reactive uptake is shown in Fig. BB, which rises from
0 to a plateau value at times much longer than the char-
acteristic time associated with the bulk hydrolysis rate.
This asymptotic value is the reactive uptake coefficient.

The reactive uptake as a function of the bulk hydroly-
sis rate is shown in Fig[3(C. For each bulk hydrolysis rate,
we have computed v setting the interfacial rate equal to
the bulk value, and also setting it to zero. We believe
these are the two likely extremes, as previous explicit
calculations found that interfacial hydrolysis was sup-
pressed relative to the bulkt® Experimentally, the range
of reactive uptake coefficients on pure water has been re-
ported between 0.03 and 0.08,7 which is consistent with
a bulk hydrolysis rate between 0.01 ns~' and 0.07 ns~!
in Fig [BC. These rates are slower than those computed
directly from a previous neural network model 3 but
faster than that typically inferred experimentally® The
disagreement with respect to the neural network model
could likely be a failure of the density functional used in
the training data, by delocalizing the charge transfer ac-
companying hydrolysis "% The disagreement with the

TABLE I. Physical and chemical properties of N2O35

Henry’s Law Constant H (3.0£0.4) M/atm
Mass Accommodation @ 0.13+£0.03
Diffusivity D (1.89 £+ 0.06) x

1075 cm?/s
Sticking Coefficient S 0.96

Hydrolysis Rate® kn (443)x107 % ns™*

2 The range of hydrolysis rates is inferred from the solution of
Eq. @ and the known experimental range of uptake coefficients.

rates inferred experimentally is because those are based
on reactive uptake models that neglect interfacial reac-
tivity and stability. The confirmation of the importance
of the interface, reducing the diffusion into the bulk and
accounting for a significant fraction of hydrolysis, agrees
with the previous neural network model study/ X3 and the
need to revise the standard resistor model. The hydrol-
ysis rate obtained with our modelling in addition to the
other parameters relevant to reactive uptake are summa-
rized in Table [

Apart from quantifying a likely range of experimen-
tal hydrolysis rates, the analysis of the reaction diffusion
model provides insight into the likely mechanism of re-
active uptake. Specifically, the range of uptake values
observed upon changing the interfacial hydrolysis rate
from 0 to ky illustrates that, while interfacial reactivity
contributes to the reactive uptake coefficient, it accounts
for at most 20%. The interfacial contribution is lower
than recent estimates3 due to the increased solubility
predicted by the MB-nrg model and corresponding higher
accommodation coefficient relative to the previous neural
network model study. Nevertheless, a significant adsorp-
tion free energy reduces diffusion into the bulk liquid,
resulting in an effective renormalized reaction-diffusion
length. Absent barriers to solvation, the reaction dif-
fusion length, ¢, = \/D/ky, would be around 15 nm.
However, the barrier to solvation and corresponding free
energy minima at the interface results in a propagation
length of N5Op into the bulk fluid of only around 2 nm
(see Fig. ) This implies that reactive uptake is af-
fected by interfacial characteristics, even though most
of the reaction is predicted to take place in the bulk.
It also predicts a very weak aerosol particle size depen-
dence to reactive uptake consistent with some experimen-
tal observations™

The framework and parameters determined here can be
used as a new starting point for further modeling efforts
to predict the reactive uptake of NoOs in more complex
solutions. It is well known that the reactive uptake can
be modulated in the presence of inorganic salts, as in
the case of excess nitrate ionst® Further, the branching
ratios to alternative less soluble products like to CINO9
in the presence of NaCl have been well studied 1™ By
quantifying the changes to both the thermodynamic and



kinetic properties of NoOs in the presence of these al-
ternative solutions, advanced molecular models such as
the ones used in this work in combination with similar
analysis of generalized reaction-diffusion equations incor-
porating alternative loss mechanics, can be exploited to
provide a complete picture of reactive uptake of NoOg
with the full complexity of field measurements.
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