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ABSTRACT: A spectral feature unique to the molecularly adsorbed state of
HNO3 is found in X-ray absorption spectroscopy. This distinctive signature
reveals the extent to which nitric acid is ionically dissociated upon its adsorption
on amorphous solid water (ASW) at low coverage and low temperature. Thermal
annealing induces irreversible proton transfer from HNO3(ads), demonstrating
that it is metastable with respect to ionic dissociation below 100 K at the surface
of ASW. The slight decrease in ionic dissociation propensity reported for nitric
acid at liquid water surfaces thus appears to be overwhelmed by the strong
exothermicity of this reaction as its entropic inhibition becomes increasingly
suppressed the lower the temperature. These findings may be relevant for
atmospheric chemistry processes involving nitric acid, which should thus,
according to thermodynamic considerations, be expected to behave as a strong
acid at the surface of supercooled aerosols and of the quasi-liquid layer.

SECTION: Environmental and Atmospheric Chemistry, Aerosol Processes, Geochemistry, and Astrochemistry

G iven its major role in a plethora of environmental
processes, the dissociative adsorption and acid−base

chemistry of HNO3 at aqueous interfaces continues to attract
tremendous interest from both theoretical1−7 and experimental
perspectives.7−14 Indeed, our understanding of several
important atmospheric chemistry processes hinges on a
quantitative description of the factors and parameters that
control whether HNO3 exists in its molecular or its dissociated
form at the surface of atmospheric aerosols and of ice. For
instance, this would impact our interpretation of the formation,
stability, and reactivity of nitrates in urban particulate
matter,15−19 the atmospheric reactive nitrogen budget,20−24

the intriguing NOx photochemical fluxes from snow-
packs,20,25,26 and the formation and lifetime of cirrus
clouds.27−31

At the surface of nitric acid solutions, the ionic dissociation of
HNO3 was reported to be inhibited compared to the bulk,1−11

an effect that was attributed to incomplete solvation at aqueous
interfaces. Generally speaking, the stability of molecular nitric
acid with respect to ionic dissociation appears to be promoted
by increasing temperatures9,32 and by higher HNO3 concen-
trations,9−11 both in the bulk of nitric acid solutions11,32 as well
as at their surface.10,11 However, the extent of this weaker
acidity is still being debated because it varies with these
parameters as well as with the inherent surface specificity of the
technique.8,10 While the magnitude of this effect differs

significantly between these various reports, they agree,
nonetheless, that nitric acid appears to behave as a weaker
acid at the surface of liquid water than in the bulk.8,10 Molecular
modeling and numerical simulations have also contributed
greatly at providing a molecular-level understanding of the
hydrogen-bond structure and dynamics that control ionic
dissociation of HNO3 at aqueous interfaces, yielding invaluable
mechanistic information.1−4,33

Despite these important advances, great uncertainty still
shrouds the extent of ionic dissociation at the surface of
supercooled liquid and ice aerosols.34 Under the colder
environments of the troposphere and lower stratosphere, it is
still an open question as to whether the slightly weaker acidity
of nitric acid at aqueous surfaces10,11 will be overwhelmed by
the strong decrease in pKa of nitric acid solutions in the
supercooled regime32 or whether molecular nitric acid could
become trapped in a metastable molecularly adsorbed state at
the surface of ice particles or atmospheric aerosols.
Investigating the chemical state of HNO3 at the surface of
supercooled solutions or ice therefore requires surface-sensitive
spectroscopic tools and/or appropriate sample preparation
methods. Only by reaching cryogenic temperatures (i.e., in the
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70−135 K range by Devlin et al.14 and the 130−150 K range by
Pursell et al.13) has molecular nitric acid been observed at the
surface of ice. Unfortunately, both studies relied on FTIR
spectroscopy, which lacks the surface specificity and sensitivity
to detect submonolayer coverages of HNO3 adsorbed onto ice.
Accordingly, their sample preparation methodology and their
experimental conditions suggest that they observed molecular
nitric acid as a result of multilayer condensation13 or in the
form of nitric acid nanocrystals at the surface of ice.14 Recently,
Krepelova et al.35 used near-edge X-ray absorption fine
structure (NEXAFS) to study the adsorption of HNO3 onto
ice at 230 K, relying, however, on heterogeneous NO2

hydrolysis as a source of HNO3. They reported the observation
of nitrates dissolved within a 1.1 nm thick supercooled nitric
acid solution layer at the ice surface, but they could not observe
molecular HNO3 under these conditions. Most recently, some
of us reported the observation of molecularly adsorbed HNO3

onto ASW at 45 K using molecular beam deposition and
reflection absorption infrared spectroscopy (RAIRS).12

It this Letter, we report a study of the adsorption of HNO3

onto amorphous solid water (ASW) at cryogenic temperatures
using NEXAFS in an attempt to (1) prepare the molecular state
of nitric acid at the surface of ice, (2) probe and characterize its
electronic structure, (3) investigate its saturation coverage for
dissociative adsorption on ice, and (4) study its thermal
stability. Dense ASW is used as a model for the surface of
deeply supercooled liquid water36,37 and nitric acid solutions.
HNO3 adsorption is performed at cryogenic temperatures (23−
80 K) in order to suppress diffusive uptake into the bulk,
thereby eliminating uncertainties of previous studies regarding
the partitioning between the surface and bulk of nitrate
ions38−40 and protons,41−44 which are still subject to much
debate. We report very distinctive NEXAFS spectral features
that allow straightforward quantification of the partitioning
between HNO3 and NO3

− on ASW to be performed as a
function of nitric acid exposure (0.19−1.0 L) and annealing
temperature (23−150 K). The sensitivity and the combined
surface specificity of NEXAFS and vapor deposition at
cryogenic temperature allow the demonstration that nitric
acid dissociates at temperatures as low as 23 K and that the
molecularly adsorbed state of HNO3 is metastable with respect
to ionic dissociation.
Figure 1 presents the NEXAFS spectra of a 3% HNO3 mole

fraction HNO3/H2O mixture at 80 K (top panels, a and b,
providing the spectral signature of the dissociated form of nitric
acid, NO3

−
(aq))

35,45 and of “neat” solid HNO3 at 80 K12,46

(bottom panels, c and d, providing the spectral signature for the
“molecular” form of nitric acid, HNO3(s)). NEXAFS spectra
were acquired at the N K-edge (left panels, a and c; over the
395−430 eV range) and at the O K-edge (right panels, b and d;
over the 525−570 eV range). Detailed descriptions of the
sample preparation protocols and of the precautions taken in
selecting appropriate spectroscopic analysis conditions are
provided in the Supporting Information (SI). Spectral features
are assigned based on their similarities to the NEXAFS spectra
of inorganic nitrate salts45,47−49 as well as those of nitrates on
ice35 and based on electronic structure calculations of the
molecular orbitals energies and symmetries for NO3

−
(g) and

HNO3(g) (data not shown).
50

At the N K-edge (Figure 1a), the NEXAFS spectrum of the
3% HNO3 mole fraction HNO3/H2O mixture at 80 K presents
a sharp feature peaked at 404.7 eV corresponding to transitions
to the 2a2″ (π*) LUMO orbital of NO3

−
(aq). A slight inflection

in the baseline is observed at around 409 eV, which coincides
with the N(1s) ionization potential of the nitrate anion
dissolved in condensed water. This was confirmed by separate
XPS measurements (arrow in Figure 1a), which agree with
previous XPS studies of nitrates in liquid water.51 Just above
this threshold, a broad featureless band spans the range from
410 to 420 eV that displays contributions arising from
transitions to the 5a1′ (σ*N−O) and doubly degenerate 5e′
(σ*N−O) orbitals of NO3

−
(aq). This spectrum is in very good

agreement with recent NEXAFS data for nitrates on ice,
resulting from the heterogeneous hydrolysis of NO2 on ice at
230 K, reported by Krepelova et al.35

The NEXAFS O K-edge spectrum of the 3% HNO3 mole
fraction HNO3/H2O mixture at 80 K (red line, Figure 1b) does
display features due to NO3

−
(aq); however, it is overwhelmed by

a large contribution from the H2O component of the aqueous
mixture. This latter can be gleaned from the NEXAFS spectrum
of vapor-deposited ASW (dashed blue line, Figure 1b).52 The
only distinctively resolved feature that can thus be confidently
attributed to nitrate anions in the binary mixture lies at 531.8
eV and is assigned to transitions to the 2a2″ (π*) LUMO
orbital of NO3

−
(aq).

The N K-edge NEXAFS spectrum of HNO3(s) (Figure 1c)
features four major peaks; the sharp and intense feature at
404.8 eV is assigned to transitions to the 4a″ (π*) LUMO
orbital of HNO3, while the three broader bands centered near
409.0, 412.3, and 417.0 eV are assigned to transitions to the
15a′ (σ*N−OH), 16a′ (σ*N−O), and 5a″ (σ*NO) molecular
orbitals, respectively. The HNO3 N K-edge ionization potential
was located at 408 eV by separate XPS measurements (arrow in
Figure 1c).
Figure 1d displays the NEXAFS spectrum of HNO3(s) at the

O K-edge. The sharp and tall spectral feature at 531.8 eV is
assigned to transitions to the 4a″ (π*) LUMO orbital of HNO3.
The small peaks at 533.7 and 536.2 eV are assigned to

Figure 1. NEXAFS spectra for NO3
−
(aq) (3% mole fraction of HNO3

in H2O) at the nitrogen K-edge (a) and at the oxygen K-edge (b) and
that for molecular HNO3(s) at the nitrogen K-edge (c) and at the
oxygen K-edge (d). Ionization potentials at the N K-edge were located
by XPS and are reported by arrows in panels (a) and (c). Molecular
orbitals assignment for NO3

− and HNO3 is proposed based on ab
initio calculations and on the literature.35,47−49 At the oxygen K-edge,
the NEXAFS spectrum for a 3% mole fraction of HNO3 in water is
dominated by the aqueous component of the mixture, which can be
approximated by the NEXAFS spectrum of dense ASW (dashed blue
line).
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transitions to the 14a′ (σ*NO−H) and 15a′ (σ*N−OH) orbitals,
respectively, while the broad band at 542.5 eV is attributed to
transitions to the strongly overlapping 16a′ and 5a″ (σ*N−O and
σ*NO) molecular orbitals of HNO3, respectively.
While the NEXAFS spectra of nitrates on ice have been

reported previously35 and their assignment is well-estab-
lished,47−49 we believe that, to the best of our knowledge,
this is the first report of the NEXAFS spectrum of molecular
nitric acid in the solid phase. Our proposed assignment is based
on those of NEXAFS spectra for nitrates salts as well as on
electronic structure calculations for HNO3(g) and NO3

−
(g); the

large pre-edge features at 404.8(531.8) eV in the NEXAFS
spectra at the N(O) K-edge are assigned to transitions to the
4a″ (π*) LUMO orbital of molecular nitric acid, while
transitions to the 14a′ (σ*NO−H) orbitals, located at 533.7 eV
in the NEXAFS spectra at the O K-edge, are characteristic of
the hydroxyl group of HNO3. The bands at 409.0(536.2) eV at
the N(O) K-edge are assigned to transitions to the 15a′
(σ*N−OH) orbital of HNO3. These single-bond resonances are
located at lower energies than the bands at 412.3(536.2) eV
and 417.0(542.5) eV at the N(O) K-edge of HNO3, attributed
to transitions to its 16a′ and 5a″ (σ*N−O and σ*NO) molecular
orbitals. This reflects the fact that the covalent N−OH bond in
HNO3 is weaker and longer than the two other NO bonds,
thereby lowering its σ* orbital energy.53 In the proton-transfer
reaction leading to NO3

−
(aq), this bond acquires more double

bond character, it shortens, and its σ* orbital shifts to higher
energy, merging with the other broad σ*N−O bands in the N K-
edge spectrum of NO3

−.
Therefore, investigating the extent of the ionic dissociation of

HNO3 adsorbed onto ice using NEXAFS is particularly
convenient given that several spectral features exist for
molecular nitric acid that are quite distinct from those of
nitrates. Clearly, the 404.7(531.8) eV bands at the N(O) K-
edges display contributions from both HNO3 and NO3

− and
thus can unfortunately not provide information about their
individual relative abundances. Unfortunately, while quite
distinctive, the small peaks at 533.7 and 536.2 eV, labeled
respectively 14a′ (σ*NO−H) and 15a′ (σ*N−OH), observed in the
O K-edge NEXAFS spectra (Figure 1d) appear in a spectral
range rather congested by strong features due to the aqueous
component of the mixture (Figure 1b). This renders
investigations of ionic dissociation of adsorbed HNO3 using
NEXAFS spectra at the O K-edge impractical. However, while
the weak spectral feature arising from transitions to the 14a′
(σ*NO−H) orbital is very distinctive of the molecular form of
HNO3, it is extremely weak in N K-edge NEXAFS spectra,
owing to the fact that transitions from the N(1s) orbital are
bound to be exceedingly improbable due to its poor overlap
with the 14a′ orbital. However, the strong band centered near
409.0 eV, which we attributed to transitions to the 15a′
(σ*N−OH) molecular orbital, appears in a region of the N K-
edge NEXAFS spectra exempt from interference from the
aqueous component of the mixture. Furthermore, as this
feature does not overlap significantly with the spectral features
of NO3

−
(aq) (Figure 1a), it can most clearly signal the presence

of molecular nitric acid, even in the presence of nitrates
resulting from partial dissociative adsorption of the adsorbate at
the ice surface, thereby disclosing the extent to which HNO3

dissociates upon adsorption onto ice.
Having thus identified those spectral features distinctive to

molecular HNO3, we set out to investigate nitric acid
adsorption and ionic dissociation onto dense ASW as a

function of coverage and temperature. The N K-edge NEXAFS
spectra of HNO3 adsorbed at the surface of the ASW films are
displayed in Figure 2 as a function of cumulative HNO3

exposures, θHNO3, from 0.19 to 0.83 L. All experiments were
conducted on a 100 L coverage dense ASW film, deposited at
90 K, while subsequent HNO3 exposures were performed at a
substrate temperature of 80 K. Each NEXAFS spectrum was
recorded at the base temperature of 23 K and at a previously
unirradiated spot (see SI for details). While the amplitude of all
of the spectral features grows steadily with increasing
cumulative HNO3 coverage, their relative intensities vary
somewhat, suggesting that the relative abundance of nitric
acid and nitrates evolves as a function of increasing θHNO3. At
the O K-edge (SI Figure S1), the NEXAFS spectra are
dominated by contributions from the underlying water ice
(Figure 1b). Nevertheless, the sharp pre-edge feature located
near 531.8 eV, which arises from the strongly overlapping
transitions to the 2a2″ (π*) and 4a″ (π*) LUMO orbitals of
NO3

− and HNO3, respectively, grows steadily with nitric acid
exposure conjointly with a slight decrease of water ice
absorption signal.
The relative contributions from nitrates and molecular nitric

acid to the N K-edge NEXAFS spectrum for the various
cumulative HNO3 coverages were quantified using a simple
least-squares spectral decomposition procedure (SI Figure S2).
This straightforward analysis yielded the relative coverages for
NO3

−
(ads) (blue symbols) and for HNO3(ads) (red symbols),

which are reported in the inset to Figure 2, as a function of
cumulative HNO3 exposure, θHNO3, onto dense ASW at 80 K.
Continuous lines are fits to the data using a Langmuir
adsorption isotherm. From data presented in Figure 2, it
appears that dissociative adsorption of HNO3 at the ASW
surface at 80 K, indicated by the contribution from nitrates to
the N K-edge NEXAFS spectra, saturates at a coverage of 0.25
L and that multilayer molecular nitric acid condensation
proceeds thereafter with further increases in HNO3 exposure.
We verified that the sticking coefficient of HNO3 onto ASW

at T < 100 K is unity using an effusive beam and therefore
estimate that a nitric acid exposure of 0.25 L corresponds to an
adsorbate areal density of ∼1.3 × 1014 mol/cm2 using kinetic

Figure 2. Nitrogen K-edge NEXAFS spectra for HNO3 deposited onto
dense ASW for various cumulative nitric acid exposures, 80 K. (Inset)
NO3

−
(ads) and HNO3(ads) coverages, obtained using a spectral

decomposition procedure (see the SI) as a function of nitric acid
exposure. The saturation coverage is determined to be θSaturation = 0.25
L for the dissociative adsorption of HNO3 onto amorphous ice at 80
K. The continuous lines are fits to the Langmuir isotherm, while the
dotted line indicates the total coverage.
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theory. This areal density compares rather well with the HNO3

uptakes of (2.9−0.7) × 1014 mol/cm2 by ice reported using
coated-wall flow tube (CWFT) techniques by Abbatt54 in the
208−248 K range at a HNO3(g) partial pressure of (6−9) ×

10−7 Torr. Taking into account the coupled kinetics for
adsorption, desorption, and diffusion, the saturation coverage
for HNO3 on ice was confirmed, on the basis of recent CWFT
investigations,55,56 to lie in the (2−3) × 1014 mol/cm2 range
and to display only a weak temperature dependence throughout
the 214−239 K range.55,56 Most recently, Marchand et al.12

reported that ∼75(90)% of the HNO3 adsorbates ionically
dissociated upon adsorption onto dense ASW at 45 K(80 K)
based on infrared spectroscopy (corresponding to ∼3.5(4.0) ×
1014 mol/cm2 saturation coverage for dissociative adsorption of
HNO3). One should however exert caution in concluding to a
possible increase in the saturation coverage for dissociated
nitric acid on ice with decreasing temperatures as this limited
set of data used widely different partial H2O and HNO3 vapor
pressures, as well as different ice substrates (microporous versus
dense ASW, polycrystalline ice, etc.). For a recent critical review
of heterogeneous kinetic data up to 2010, including interactions
of nitric acid and ice, see Crowley et al.57

The temperature dependence of the ionic dissociation of
HNO3 adsorbed onto ASW was also investigated. The N K-
edge NEXAFS spectrum for a sample composed of a 100 L
coverage dense ASW deposited at 90 K onto which θHNO3 =
0.37 L was dosed at 23 K is displayed as a black trace in Figure
3 (i.e., bottom spectrum). The sample was then annealed at

various temperatures for 5 min, and it was then cooled back to
the base temperature (i.e., 23 K) where its N K-edge NEXAFS
spectrum was recorded at a previously unirradiated spot. The
resulting spectrum is color-coded to the corresponding
annealing temperature and is vertically offset for clarity in
Figure 3. The most outstanding feature displayed by this series
of NEXAFS spectra is the sudden disappearance of the band
located at 409.0 eV, attributed to transitions to the 15a′
(σ*N−OH) molecular orbital of HNO3, signaling the dissociation
of adsorbed HNO3 upon annealing above 100 K.
A spectral decomposition scheme similar to that employed to

analyze the NEXAFS spectra as a function of nitric acid

coverage (i.e., Figure 2 and SI Figure S2) was therefore used to
extract the relative abundances of NO3

−
(ads) and HNO3(ads)

from their individual contributions to the N K-edge NEXAFS
spectra of 0.37 L HNO3 adsorbed onto ice (SI Figure S3). The
evolution of the relative abundances is reported as a function of
annealing temperature in the inset to Figure 3. The sudden
decrease in the relative abundance of HNO3(ads) and the
concomitant increase in the relative abundance of NO3

−
(ads)

reveal extensive and irreversible dissociation of nitric acid
adsorbed onto ice upon annealing above 100 K.
At the nitric acid coverage of this experiment, θHNO3 = 0.37

L, 25% of the adsorbates appear to ionically dissociate upon
adsorbing onto ice at 23 K, indicating that a significant fraction
of HNO3 dissociates spontaneously upon adsorbing onto the
ice surface, even down to 23 K. However, this coverage exceeds
the saturation coverage, determined as 0.25 L for HNO3 on ice
at 80 K, by ∼50%, thereby providing a rational for the relatively
high abundance of molecularly adsorbed HNO3 on ice
observed at 23 K.
Upon annealing up to 80 and 100 K, the relative abundances

of nitrates increase and that of molecular nitric acid decreases,
their ratio evolving to reflect the saturation coverage for
dissociative adsorption determined for dense ASW at 80 K (i.e.,
∼60:40 as seen in the inset to Figure 2). As the temperature
increases further to 120, 140, and finally 150 K, diffusion and
bulk uptake must progressively set in, thereby allowing
extensive dissociation and dissolution of the excess molecularly
adsorbed HNO3(ads) overlayer. This must therefore signal the
onset of thermally activated intermixing at the H2O/HNO3

interface similarly to what was reported by Pursell et al. for
molecularly adsorbed nitric acid multilayers onto crystalline
ice.13 The spatial extent of intermixing cannot be determined
from NEXAFS data alone however; the fact that the raw
integrated intensity at the N K-edge does not diminish
significantly with increasing temperature indicates that
intermixing does not extend beyond the electron inelastic
mean free path (i.e., ≤50 Å).9,10 More importantly, however,
the progressive and irreversible dissociation of HNO3 adsorbed
onto ice upon annealing up to 100 K suggests that molecularly
adsorbed nitric acid is metastable at the surface of ice.
To summarize, this spectroscopic study of the adsorption of

nitric acid onto ASW identified distinctive NEXAFS features at
the N and O K-edges for molecularly adsorbed nitric acid,
HNO3(ads), that are distinct from those of adsorbed nitrates,
NO3

−
(ads). The key spectral signature for molecular nitric acid

identification was a band located at 409.0 eV at the N K-edge, a
feature that was assigned to transitions to the 15a′ (σ*N−OH)
molecular orbital of HNO3. This enabled one to clearly
establish and accurately quantify the extent of nitric acid
dissociation as a function of coverage and temperature. While
ionic dissociation of HNO3 upon adsorption onto ASW was
found to be spontaneous down to 23 K, some metastable,
molecularly adsorbed HNO3 could also be trapped, either at the
surface of ice at temperatures below 100 K or at nitric acid
coverages exceeding the dissociative adsorption saturation
coverage, θHNO3 = 0.25 L or ∼1.3 × 1014 mol/cm2.
Those findings indicate that the propensity for nitric acid to

be extensively dissociated in aqueous solutions, and even down
to the supercooled regime, is preserved upon adsorption onto
amorphous ice at cryogenic temperatures. Indeed, acid−base
thermodynamics of aqueous nitric acid solutions indicate a very
strong exothermic character for ionic dissociation of HNO3 in
water at ambient temperature and pressure.32 This strong

Figure 3. Nitrogen K-edge NEXAFS spectra for a nitric acid coverage
of θHNO3 = 0.37 L, deposited onto ASW at 23 K and annealed at
various temperatures. All spectra were acquired at 23 K and are offset
vertically for clarity. (Inset) Relative abundances for NO3

−
(ads) and

HNO3(ads), obtained using a spectral decomposition procedure (see
the SI) as a function of annealing temperature.
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enthalpic driving force is also counteracted by a substantial
entropic inhibition,32 as described previously in a study of
cryogenic hydrofluoric acid solutions.58 At lower temperatures,
such as those of the polar boundary layer, the troposphere, and
the lower stratosphere, the strongly exothermic character for
the dissociative adsorption of HNO3 could very well overwhelm
the slight decrease in its acidity reported to occur at the surface
of aqueous solutions. In the temperature and concentration
regimes relevant to environmental chemistry processes, our
findings strongly suggest that nitric acid should mostly exist in
its dissociated form, the lifetime of molecularly adsorbed HNO3

being recently reported to be subpicoseconds,6 when adsorbed
onto wet particulate matter or supercooled aerosols, as well as
at the surface of the quasi-liquid layer that exists at the surface
of snowflakes or ice crystals in the atmosphere below the
normal melting point of ice.
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