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Abstract

Nitrate is a significant contaminant in Polar snow. Its photolysis in environmen-

tal sunlight generates reactive nitrogen, which impacts the oxidative capacity of the

atmosphere, influencing the fate and lifetimes of pollutants. The photolysis of nitrate

can produce either NO2 or NO−2 , with recent experiments suggesting that the process

is accelerated at the air-ice interface compared to the bulk solution. In this study, we

employed multiscale modeling approaches to investigate the enhanced photoreactivity

of nitrate at the ice surface in the presence of two different cations. We characterized

the solvation shell of NO−3 and explored its pairing with cations in water and ice us-

ing ab initio molecular dynamics and enhanced sampling. Molecular trajectories were

1

https://doi.org/10.26434/chemrxiv-2023-jnl31 ORCID: https://orcid.org/0000-0002-2150-4182 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

ddonadio@ucdavis.edu
https://doi.org/10.26434/chemrxiv-2023-jnl31
https://orcid.org/0000-0002-2150-4182
https://creativecommons.org/licenses/by/4.0/


used to calculate light absorption spectra at different solvation conditions and finite

temperature. Our analysis revealed that the pairing of nitrate with cations may alter

the molar absorption coefficient of nitrate at the air-ice interface affecting the rate of

photolysis observed in experiments of ammonium nitrate deposited on snow.

Keywords: Ammonium Nitrate, Nitric Acid, Light Absorption, Ice Surface, Ab Initio

Molecular Dynamics, Time-Dependent Density Functional Theory.

Introduction

Snowpacks are active locations for numerous environmentally relevant chemical reactions.1–3

Some of these reactions are enhanced because snowpacks contain small regions of disordered

water molecules, known as bulk liquid-like regions (LLR), located within the ice matrix or

quasi-liquid layers (QLL) at the surface of ice crystals.2,4 These chemical reactions can release

pollutants into the atmosphere, acting as sinks for contaminants. Among the several species

involved in these reactions, nitrate is of particular interest. Nitrate (NO−3 ) is one of the most

abundant anions on Earth and is found in snowpack due to continental, tropospheric, and

stratospheric sources.5,6 The photolysis of nitrate releases nitrogen oxides and nitrous acid

into the atmospheric boundary layer, which can alter the lifetimes of gas-phase pollutants.4,7

Additionally, the photolysis of nitrate in polar regions acts as a source of near-surface ozone

and hydroxyl radicals into the atmospheric boundary layer, which then affects oxidative

capacity.8 For these reasons, understanding nitrate reactivity is essential for advancing snow

and atmospheric chemistry.

Nitrate photolysis upon irradiation with UV light with wavelengths above 280 nm can

proceed via two channels:

NO –
3 + hν−→NO2 + •O– (1)
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NO –
3 + hν−→NO –

2 + O(3P) (2)

Previous experiments have found that nitrate photolysis in LLR of ice behaves similarly to

that of a supercooled solution, and the two channels have similar quantum yield.7 Conversely,

the turnover for channel (2) becomes three times higher when nitrate is solvated at the air-ice

interface than in water.9

While an increase in quantum yield is usually considered the primary factor for the

enhanced reactivity, a higher molar absorption coefficient of nitrate at the air-ice interface

could further enhance nitrate photochemistry. Former works suggest that the absorbance of

nitrate in ice LLRs is similar to that in bulk solution.7,10,11 However, surprisingly a recent

study12 reported a molar absorption coefficient at 308 nm at the air-ice interface that is nearly

50 times higher than in solution. Such a large variability in experimental results may be

ascribed to the difficulties of measuring UV-visible absorption spectra at low concentrations,

comparable to environmental abundances. Molecular modeling allows one to overcome these

issues as it provides an atomistic insight into the solvation environment of ions and small

molecules at water and ice surfaces and may be used to compute absorption spectra in the

limit of infinite dilution.13–15

In this article, we use first-principles molecular dynamics (FPMD) simulations and a

multimodel approach to investigate the solvation shell and compute the UV-visible absorp-

tion spectra of nitrate at the air-ice interface and in water. We also investigate the effect

of pairing with ammonium, an environmentally abundant counter ion often used in exper-

iments, on the molar absorption coefficient of NO−3 . Our multimodel approach combines

density functional theory (DFT) based FPMD to sample the configurations of the ions in

the solvation environment at finite temperature, and time-dependent density functional the-

ory (TDDFT) to compute the UV-visible absorption spectra.16–20 This method has been

previously employed to assess the impact of the bathochromic shift in the UV-visible ab-

sorption spectra on the photolysis rates of organic pollutants at the air-ice interface.3,21,22

Here we investigate the effect of the solvation environment by comparing bulk solution to
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the air-ice interface while considering the effect of two common sources of nitrate on snow-

pack: nitric acid (HNO3), and ammonium nitrate (NO−3 /NH+
4 ). The main goal is to test the

hypothesis that the molar absorption coefficient of nitrate may be enhanced at the air-ice

interface due to either solvatochromic shift or the formation of aggregates. The choice of

modeling nitric acid and ammonium nitrate in these two solvation environments is moti-

vated by both their broad environmental relevance and the availability of experimental data.

Specifically, not only NO−3 /NH+
4 is used in several reference experiments,9 but it is relevant

beyond polar atmospheric chemistry, as HNO3 and ammonia react in the gas phase to form

solid particulate which is a major contributor to urban smog.23 Furthermore, we work under

the assumption that the structure of the solvation environment of NO−3 in LLR is similar to

that in bulk water at room temperature, whereas it is unlikely to have NO−3 incorporated in

crystalline bulk ice.24 We find that the lowest energy band in the absorption spectra of all

four systems does not exhibit any shift in the peak wavelength of absorption. However, the

proximity of ammonium species at ice surfaces influences the molar absorption coefficient of

nitrate, suggesting that clustering at the air-ice interface may affect light absorption and the

photolysis of nitrate.

Computational Methods

Our sequential multiscale approach comprises the following steps: (i) classical molecular

dynamics (MD) simulations provide a starting point for FPMD simulations; (ii) ab initio

Well-tempered metadynamics25 (MTD) simulations are used to sample the free energy land-

scape of the system for ions pairing; (iii) FPMD simulations refine the structure of the

solvation shell and provide molecular configurations to compute UV-visible absorption spec-

tra at finite temperature; (iv) TDDFT is used to compute the absorption spectra of the ions

with a hybrid solvation model including their first solvation shell of explicit water molecules

and a conductor-like polarizable continuum embedding (CPCM).26
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Classical Molecular Dynamics

Classical MD simulation models were used to equilibrate the bulk solution and ice models

of water. The bulk aqueous system consisted of 200 water molecules in a cubic simulation

box (18.27 Å) with periodic boundary conditions (PBC) along all three dimensions. The

equations of motion are integrated with the velocity Verlet algorithm with a time step of

0.5 fs. Simulations are carried out in the constant volume canonical ensemble (NVT), where

the temperature is controlled by stochastic velocity rescaling27 with a relaxation time of

1 ps, and long-range electrostatics are computed using the particle–particle/particle–mesh

solver (PPPM).28 MD simulations are performed using the LAMMPS package.29 Water

molecules are modeled using the fixed-charge TIP4P/Ice force field, which was parameterized

to reproduce the experimental melting temperature of ice at ambient conditions, and it

accurately reproduces the equations of state of water and ice near the melting temperature

and at mild supercooling.30

For the air-ice interface, a proton-disordered hexagonal ice model containing 192 water

molecules was generated using a Monte Carlo procedure to minimize the total electric dipole,

and it was cut into a slab of 20 Å thick along the basal plane.31 The orthorhombic simulation

box measures 18.000 × 15.590 × 90.000 Å
3

and periodic boundary conditions (PBC) are

applied in all three directions. To avoid finite-size artifacts, periodic images of the slab are

separated by ∼ 70 Å vacuum along the z direction. The system was equilibrated for 10 ns at

263 K to obtain a stable QLL at the surface. The QLL is about two ice bilayers thick at both

surfaces, in agreement with previous experimental observations and MD simulations.32,33

First-Principles Molecular Dynamics

FPMD simulations of several tens of picoseconds are performed for molecules in aqueous

solution and at the air–ice interface. The purpose of these simulations is to attain a clearer

picture of the dynamical hydrogen bonding network and to sample the configuration of the

solvated molecule with a computational framework consistent with that used for the excited
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state calculations. DFT-based FPMD simulations were carried out using the Quickstep ap-

proach implemented in the CP2K 8.2 package,34,35 employing the Perdew–Burke–Ernzerhof

(PBE) generalized gradient approximation (GGA) for the exchange and correlation (XC)

functional36 with D3 dispersion corrections.37 Valence Kohn–Sham orbitals are expanded on

a double-ζ localized basis set38 in real space, and core states are treated implicitly using

Goedecker–Teter–Hutter pseudopotentials.39 Plane waves up to a cutoff energy of 300 Ry

are used as a basis set for the density in reciprocal space. Using the aqueous and ice sys-

tems generated with classical MD and the aforementioned empirical force fields, the nitrate

molecules and their counterions were placed at the surface and in the bulk. Eventually,

using CP2K, the systems were equilibrated for 10 ps at the target temperature, followed

by 70 ps long production runs in the constant volume canonical ensemble (NVT) where the

temperature is controlled by stochastic velocity rescaling with a relaxation time of 1 ps.27

Aqueous solutions were run at room temperature (300 K) and ice slabs at 263 K. In these

simulations, hydrogen atoms were replaced with deuterium, thus allowing a relatively large

timestep of 0.5 fs to integrate the equations of motion. The structural properties reported

in the results section, including density profiles, density maps, radial distribution functions

(RDF), and coordination numbers, are calculated averaging over 1400 frames taken every 50

fs for each 70 ps trajectory. Uncertainties are computed as the standard deviation over seven

10-ps-long blocks into which each trajectory is split. 800 statistically independent molec-

ular configurations were extracted from each trajectory to compute UV–visible absorption

spectra with the ensemble method.19,20

The necessity to run long simulations, of the order of several hundreds of ps, for sys-

tems containing up to 192 water molecules limits our choice of XC functional to semilocal

GGA. Several studies compared the accuracy of various XC functionals when modeling wa-

ter, showing that standard GGA functionals lead to substantial overstructuring of the liquid

and a large underestimate of its equilibrium density.40–43 However, the inclusion of disper-

sion corrections drastically improves the description of liquid water at nearly no additional
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computational cost.40,44,45

The recently developed meta-GGA strongly-constrained and appropriately-normed (SCAN)

functional46 has been found to accurately capture density-driven differences between water

and hexagonal and ice, as well as the structural, electronic, and dynamic properties of liquid

water.47 To provide independent validation of our simulation approach, we have computed

the structural properties of the solvation shell of NO−3 from FPMD using SCAN. RDFs were

obtained from 10 ps production runs, starting from 5 ps equilibration.

Metadynamics Simulations

To explore efficiently the free energy surface of ammonium nitrate deposited on ice, and

investigate the likelihood of ion pairing and deprotonation of ammonium, we employed well-

tempered metadynamics.25 Metadynamics is an enhanced sampling method where a history-

dependent bias potential V (s) is constructed on the fly as a function of the atomic trajectory

via a restricted number of collective variables (CVs), s = s(R) expressed as a function of

the coordinates of the system (R). Collective variables are low dimensional descriptors of

molecular structure. The fluctuations on the CVs can be gradually enhanced, allowing for

large energy barriers to be overcome and rare events to take place in reasonable computa-

tional time. In the well-tempered version a Gaussian G(s, sk) centered at a visited point (sk)

is added periodically to the potential:

Vn(s) =
n∑
k=1

eβ/(γ−1)Vk−1(sk)G(s, sk) (3)

where β = 1/kBT , γ > 1 is the bias factor, and G(s, sk) = We
−||s−sk||

2

2σ2 is a Gaussian function

centered at the instantaneous position sk, where W is the initial height and σ is the width

of the Gaussian. FPMD was performed using CP2K, as described in the previous section,

and the well-tempered metadynamics was implemented using PLUMED 2.7.48 During the

metadynamics runs, the Gaussians were added every 50 fs. A bias factor of γ = 10 was used.
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Metadynamics is known to work especially well in terms of computational time and accuracy

when the free energy surface is represented in a space of two or more collective variables.49,50

Since we were interested in the dissociation of ammonium as well as the likelihood of the

nitrate and the ammonia/ammonium pairing together throughout the trajectory, we used the

following two collective variables: (i) the distance between the nitrogen atoms of the nitrate,

and (ii) ammonium and the coordination number of the nitrogen and bonded hydrogen atoms

in the ammonium molecule. The coordination number between atoms A (the nitrogen of the

ammonium) and atoms B (the hydrogens of the ammonium) is defined as:

CNAB =
∑
i∈A

∑
j∈B

sij, (4)

where sij is a switching function and is defined as:

sij =
1− (

rij
r0

)n

1− (
rij
r0

)m
(5)

rij is the distance between the two atoms, and n and m are set equal to 6 and 12, respectively.

The Gaussian widths used are 0.2 Å and 0.05 for the nitrogen distance and coordination

number respectively. The Gaussians added to form the history-dependent potential had an

initial height of 1.0 kJ/mol, at 120 ps the height was increased to 2.5 kJ/mol, then a final

increase at 140 ps to 5.0 kJ/mol, which was then damped throughout the simulation. At

convergence, the relative free energy can be calculated from the applied biases:25

F (s) = − γ

γ − 1
V (s) (6)

The convergence of the well-tempered metadynamics simulation was evaluated by the dif-

fusion of CVs and the average error of the relative free energy against time through block

analysis.51
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UV-Visible Absorption Spectra Calculations

Nitrate absorption spectra at finite temperature are calculated as the ensemble average of 800

vertical excitation energies from the individual frames extracted from the FPMD trajecto-

ries. For each frame, vertical excitation energies and oscillator strengths were computed using

TDDFT, with the CAM-B3LYP hybrid density functional.52 CAM-B3LYP has been shown

to accurately model excited states of nitrate anion under solvation.53,54 All the TDDFT

calculations were performed using a triple-ζ valence polarized Karlsruhe (def2-TZVP) basis

set along with the resolution of identity approximation for the Coulomb and exchange inte-

grals.55 The UV-visible spectra are obtained from the Gaussian envelopes with an empirical

broadening width σ of 0.027 eV. UV-Visible absorption spectra calculations were performed

using ORCA 5.0.1 package.56

To account for the effect of ion pairing at the surface of ice, we have computed separately

the absorption spectra of the molecular complexes made of NO−3 paired with either NH+
4 or

NH3, treating ammonium/ammonia explicitly together with the water solvation shell. These

systems are embedded in a hybrid solvation model, where the first two solvation shells of

NO−3 , which correspond to 12 water molecules, are treated explicitly, and the long-range

screening is accounted for by the CPCM polarizable implicit solvent, with a static dielectric

constant of 80.3 and refractive index 1.33.26 Svoboda, et. al,53 calculated the electronic

absorption spectra of isolated and solvated nitrate anion in the UV region and found that

adding beyond 10 explicit water molecules does not modify the predicted spectra.

Results and Discussions

In the FPMD simulations in bulk water and at the air-ice interface, nitrate acid deprotonates

within the first picosecond and diffuses away from the nitrate anion via hopping. The solva-

tion environment of NO−3 equilibrates within the first five picoseconds. The deprotonation

of nitric acid in water and on ice by FPMD was reported in detail in previous works and our
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simulations also saw picosecond time-scale ionization.57–59 Additionally, upon deprotonation

of the nitric acid we saw efficient proton transfer throughout the solution as well as at the

quasi-liquid layer. In the simulations of ammonium nitrate in bulk solution, NH+
4 remains

in its ionic form and is sufficiently far from NO−3 to consider the two ions non-interacting.

Conversely, preliminary FPMD simulations of ammonium nitrate at the air-ice interface

show that NH+
4 and NO−3 tend to aggregate spontaneously. For this system, we ran two

independent simulations, starting with the two ions 5 Å and 10 Å apart. In the former case,

the distance between the N atoms of NO−3 and NH+
4 fluctuates between 3 and 5.5 Å over the

70 ps of the simulation (Figure S1). In the latter case, the two ions rapidly approach and

NH+
4 deprotonates to NH3. After 20 ps in which the N-N distance oscillates between 3.5 and

8 Å, the NO−3 /NH3 complex stabilizes at an average distance of 4.5–5 Å (Figure S2). The

spontaneous formation of ammonia may be surprising at first glance as NH+
4 has a pKa of

9.3 in bulk water, but there is evidence that the equilibrium of protonation/deprotonation

reactions is significantly altered at ice surfaces.60,61

Ion pairing on ice

To investigate the stability of the ion complexes and the deprotonation of ammonium to

ammonia we use well-tempered metadynamics simulations,25 and explore the free energy

surface using two collective variables: the N-N distance between NO−3 and NH+
4 , and the

coordination number of ammonium with hydrogen defined in Eq. 4. Figure 1) shows the free

energy surface (FES) as well as the coordination number and nitrogen distances throughout

the metadynamics simulation. The average error of the FES is obtained from the diffusion of

the CVs and block average analysis (Figure S3).51 The average error on the FES converges

to ∼ 0.8 kJ/mol, and the maximum error is 2.2 kJ/mol in the regions of the CVs space that

are sampled less frequently. These data show that at the air-ice interface, for the surface

coverage considered, it is more favorable for nitrate to be fully separated from ammonium,

which is preferentially protonated, similar to that of ammonium nitrate in bulk aqueous
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Figure 1: The free energy surface of ammonium nitrate at the air-ice interface at 263 K in
the collective variables space defined by the coordination number of ammonium, and the
distance between nitrogen atoms. Each of the stars represents the averaged values of the
collective variables throughout their respective unbiased trajectories. The pink star is for
the ammonia nitrate run, the red star is for the first ammonium nitrate run, and the yellow
star is for the restarted ammonium nitrate run.

solution (white star in Fig. 1). However, configurations in which nitrate and ammonium are

paired (N-N distance ∼ 4 Å, red star in Fig. 1) are metastable, and a low barrier of the order

of the thermal energy separates the two free energy basins. The FES shows that ammonium

deprotonation is more likely when the two ions are separated, whereas the nitrate-ammonia
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complex (pink star in Fig. 1) is not thermodynamically stable. However, the unbiased FPMD

runs suggest that even though according to the reconstructed free energy surface they are not

the most probable scenarios, both the NO−3 /NH3 and NO−3 /NH+
4 complexes are long-lived at

the air-ice interface over time scales of several tens of ps. The relatively favorable clustering

of ammonia and ammonium with nitrate molecules at the ice surface can be explained by

the fact that the hydration of ions leads to an increase in surface liquidity at the ice surface,

which in turn creates a water-mediated attraction of ions, as observed previously.62

Figure S4 maps the path taken by our two sampled trajectories on the free energy sur-

face and shows that neither of our starting configurations for the unbiased runs reached the

minimum of the reconstructed free energy surface. So, we carried out a 20 ps long, unbi-

ased, molecular dynamics run of ammonium nitrate at the air-ice interface - starting from a

configuration extracted from the metadynamics simulation in which the ions are separated.

In this unbiased run, ammonium nitrate stays protonated as ammonium, the two ions stay

far apart, and the system remains within the global minimum basin of the FES (Figure S4).

Solvation shell structure

We first analyze the structure of the solvation shell of NO−3 obtained from the deprotonation

of nitric acid and from ammonium nitrate at the air-ice interface and in water. Before

comparing the solvation structure of nitrate in water and at the air-ice interface, we observe

that at the ice surface, NO−3 is fully solvated in the QLL, as opposed to larger hydrophobic

pollutants that float on top of the QLL (Figure 2ab).21,22 However, when NO−3 forms a

complex with NH+
4 , the ion pair is located at the tail of the density profile. These differences

in the QLL embedding lead to different solvation environments for NO−3 , and influence

its molar absorption coefficient, possibly influencing its molar absorption coefficient and

photodissociation kinetics.

To investigate the solvation properties of nitrate in water and at the air-ice interface, we
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Figure 2: Oxygen atom density profiles of the two sampled ice systems for a) nitric acid, b)
ammonia nitrate, c) ammonium nitrate.

computed the RDF, coordination numbers (CN(R)), and 3D density maps of NO−3 from the

FPMD runs discussed above. The solvation shell of NO−3 is characterized by the hydrogen

bonds between the oxygen atoms of the nitrate (On) and water (Ow and Hw). The On−Hw

RDFs are reported in Figure 3. The RDFs for the other pairs of atoms on the nitrate anion

and water are reported in Figure S5.

RDFs for the HNO3 case were also computed using the SCAN functional (Figure S6).

The solvation structures of NO−3 in water computed using PBE-D3 and SCAN are consistent

with one another, especially for the position and intensity of the nearest neighbors’ peaks.

Differences emerge in the intensity of the larger distance peaks, possibly also due to statistical

uncertainties.

In the deprotonated nitric acid case (NO−3 /H
+), the Nn−Hw, Nn−Ow, On−Ow, and

On−Hw RDFs on ice are more structured than those in water. This is only partially due

to the temperature difference between the two systems, but mostly to the more ordered

structure of the QLL at the air-ice interface, in which NO−3 is fully embedded. When the

system is prepared from ammonium nitrate, the solvation shell of NO−3 in aqueous solution

is very similar to that of deprotonated nitric acid. At the ice surface, two different situations

should be considered: (i) paired NO−3 /NH+
4 , and (ii) paired NO−3 /NH3.

By comparing to the RDF of HNO3 on ice, we see that when an ion complex is formed, in
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Figure 3: Radial distribution functions (g(r)) between the oxygen atoms on the nitrate and
the hydrogens of the water for a) nitric acid and b) ammonium/ammonia nitrate obtained
in solution and at the air-ice interface. Below the radial distribution functions are the
corresponding coordination numbers (CN(R)) between the oxygen atoms on the nitrate and
the hydrogens of the water, averaged over each 70 ps trajectory.

both cases, the solvation shell of NO−3 on ice is partly disrupted. This leads to a lower first

peak of the On−Hw and On−Ow RDFs, similar to that obtained for nitrate in bulk water at

300 K, while the structure of the RDF beyond the first solvation peak changes as a function

of the presence and the protonation state of ammonium/ammonia. From these RDFs, we

learn that in terms of solvation environment, there are slight differences between water and

ice due to the more ordered structure of the quasi-liquid layer. However, if a counter ion is

close enough to disrupt the first solvation shell then this leads to significant differences in

the water structuring around the ion, which we will see below.

Figure 3(bottom panels) shows the coordination number between the oxygen atoms on
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the nitrate and the hydrogen atoms of water (CNOn−Hw(R)), defined as the volume integral

of the corresponding RDF up to a radius R.1 The enhanced ordering of the solvation shell

of NO−3 on ice for the NO−3 /H
+ results in a slightly increased average number of accepted

hydrogen bonds per oxygen atom from 1.51±0.092 to 1.57±0.096 (Figure 3a). In turn, the

disruption in the solvation shell of NO−3 on ice for the NO−3 /NH+
4 results in a decrease of the

average number of accepted hydrogen bonds per oxygen atom from 1.51±0.14 in solution to

1.45±0.12 NO−3 /NH3 on ice to 1.35±0.13 NO−3 /NH+
4 on ice (Figure 3b).

Figure 4: Three-dimensional density maps of the oxygen atoms of the water molecules and
the hydrogen atoms of the water molecules surrounding the nitrate molecule for nitric acid
(a. and c.) and ammonium/ammonia nitrate (b. and d.) in both solvation environments.
Density maps were obtained by averaging over the 70 ps trajectories.

The three-dimensional density maps of the water surrounding the nitrates in each sys-

tem are shown in Figure 4. Figure 4 a) b) and c) all exhibit similar water structuring

around the nitrate. Figure 4 d) shows the water density around the nitrate at the air-ice

interface paired with ammonium/ammonia. For the first three systems, there are two dis-

1This function should not be confused with coordination number CV used in the metadynamics runs.
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tinct water-dense areas per oxygen of the nitrate due to the fluctuations in the location of

water throughout the trajectory. However for Figure 4d) there are only four or five distinct

water-dense areas. Looking further into this, the gap in water density is due to the presence

of ammonium/ammonia as for both systems this molecule resides within 5 Å of NO−3 . Addi-

tionally, since the ammonium nitrate complex floats at the surface of the QLL (see Fig. 2),

the water distribution is on one side of the plane of the nitrate anion.

Even though less likely, nitrate can also form a hydrogen-bonded complex with ammonia.

As there is no direct bond between NO−3 and NH3, the complex is stabilized by a hydrogen-

bonding bridge of two water molecules (Figure S7). The first solvation shell of this complex

exhibits a density gap in correspondence to the position of NH3. In this case, the nitrate

anion is deeper into the QLL, and the neighboring water molecules’ density peaks in the

plane of NO−3 .

UV-visible light absorption

Hereafter, we explore the effect of the different solvation environments on the light absorption

of nitrate. From each MD trajectory analyzed above, we calculated the UV-visible absorption

spectrum at a finite temperature using the ensemble approach described in the methods

section. The full spectra are displayed in Figure S8, while the most environmentally relevant

lowest-energy band is shown in Figure 5). The spectra in Figure S8 exhibit a profound

absorption band due to due to a π → π∗ transition at 205 nm, followed by a minor absorption

band related to a n → π∗ transition at ∼ 300 nm.63,64 The molar absorption coefficient (ε)

of the n → π∗ transition is several orders of magnitude smaller than ε from the π → π∗

transition, as the former is forbidden by symmetry. However, finite-temperature distortion

and the presence of cations and polar solvent molecules break the symmetry and result in a

finite absorption band at the edge of the solar spectrum.65–67

The wavelength at the maximum absorptivity (λmax) is between 305 and 307 nm, regard-

less of the solvation environment. In experiments, λmax is at 301 and 303 nm for nitrate
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Figure 5: Absorption spectra for nitric acid (a) and ammonium/ammonia nitrate (b) in solu-
tion and on the air-ice interface obtained using TDDFT. λmax values represent wavelengths
of peak absorbance in the long-wavelength band. The black dashed line represents nitric acid
(a) and ammonia nitrate (b) in an aqueous solution, both measured at 293.15 K. Fillings
for each calculated spectra represent 95% confident interval derived from 800 single frame
spectra.7

in aqueous solution originating from HNO3
7 and NH4NO3, respectively.68 For deprotonated

HNO3, we observe a slight blue shift of λmax of ∼ 2 nm when nitrate is at the air-ice in-

terface, whereas no shift in the peak position occurs for the NH4NO3 system. Such a small

shift in λmax, corresponding to excitation energy changes of about 30 meV, is far below the

accuracy of our computational approach. Hence, we conclude that our calculations predict

no significant solvatochromic shift for nitrate on ice. This result is consistent with UV-

visible absorption measurements showing no shift for nitrate in liquid water and in a frozen
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solution.10,11

Figure 6: Two representative energy diagrams for the ammonia/ammonium nitrate at the
air-ice interface. Values and molecular orbitals are from a sample frame used for the TDDFT
calculations. The values on the lines connecting the HOMO and HOMO - 1 to the LUMO
represent the weight P of the individual excitation to the S1 state.

While we see no significant solvatochromic shift, the coupling with ammonium or ammo-

nia affects the molar absorption coefficient of nitrate. The presence of ammonia leads to an

enhancement of ε, in contrast with a reduction of ε induced by coupling with ammonium in

Figure 5. In contrast, this change in ε was not seen experimentally between NO−3 /NH+
4 and

HNO3 in solution. Figure 6 shows the energy diagrams for two representative configurations

of the NO−3 /NH3 (a) and the NO−3 /NH+
4 complexes on ice. In the first case, the ammonia

provides an occupied state with energy quasi-degenerate with the HOMO of NO−3 . This state

provides a finite contribution to the S0 → S1 excitation of the complex, thus enhancing the

overall molar absorption coefficient. Conversely, NH+
4 does not provide additional excitation

channels, and its presence partly disrupts the first solvation shell of the nitrate anion, leading

to a small decrease in the molar absorption coefficient.
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Conclusions

We have used first-principles molecular dynamics to study the solvation shell of nitrate

obtained by dissolving nitric acid and ammonium nitrate in an aqueous solution and at

the air-ice interface. Additionally, we assessed the effect of different solvation environments

on the UV-Visible absorption spectra, in particular for energies corresponding to the solar

photon flux on Earth. These calculations indicate that the lowest-energy absorption band

at ∼ 305 nm does not undergo any significant solvatochromic shift when nitrate is deposited

on ice rather than solvated in water, and the intensity of the absorption band is unchanged.

These results stem from the observation that NO−3 on ice is fully embedded in the QLL, and

the structure of its solvation shell is very similar to that in bulk water.

Conversely, we observed that when ammonium nitrate is deposited on ice, NO−3 can pair

with NH+
4 , or even form a hydrogen-bonded complex with NH3. In the case of NO−3 /NH+

4

pairing, our calculations predict a slightly attenuated molar absorption coefficient, whereas

when a NO−3 /NH3 complex is formed the molar absorption coefficient of nitrate is enhanced

roughly by a factor of 1.5. At the concentration of our simulations, corresponding to 0.3/nm2,

the formation of aggregates of nitrate have a relatively low probability, but at higher concen-

trations and different pH conditions pairing of nitrate with ammonium or ammonia would

become more relevant and affect light absorption. Nevertheless, while our results suggest

that the formation of surface aggregates influences the photon uptake of nitrate, the com-

puted variations of the molar absorption coefficient are relatively small compared to the

enhancement of photolysis at the air-ice interface observed in experiments. It is then sensi-

ble to assume that such enhancement is mostly due to augmented quantum yields for either

or both nitrate photodissociation channels. To achieve a full picture of nitrate photolysis,

further modeling, and experimental work is needed to determine the quantum yield of the

two nitrate photolysis channels at the air-ice interface and in bulk aqueous solutions.69,70
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