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Properties of aqueous nitrate and nitrite from x-ray absorption
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Nitrate and nitrite ions are of considerable interest, both for their widespread use in commercial
and research contexts and because of their central role in the global nitrogen cycle. The chemistry
of atmospheric aerosols, wherein nitrate is abundant, has been found to depend on the interfacial
behavior of ionic species. The interfacial behavior of ions is determined largely by their hydration
properties; consequently, the study of the hydration and interfacial behavior of nitrate and nitrite com-
prises a significant field of study. In this work, we describe the study of aqueous solutions of sodium
nitrate and nitrite via X-ray absorption spectroscopy (XAS), interpreted in light of first-principles
density functional theory electronic structure calculations. Experimental and calculated spectra of the
nitrogen K-edge XA spectra of bulk solutions exhibit a large 3.7 eV shift between the XA spectra
of nitrate and nitrite resulting from greater stabilization of the nitrogen 1s energy level in nitrate.
A similar shift is not observed in the oxygen K-edge XA spectra of NO;~ and NO,". The hydration
properties of nitrate and nitrite are found to be similar, with both anions exhibiting a similar propensity

towards ion pairing. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4928867]

I. INTRODUCTION

Owing largely to their affordable pricing and excellent wa-
ter solubility, salts of nitrate and nitrite have found numerous
uses in both commercial and laboratory applications. For
example, nitrate is an important component of agricultural
fertilizers, promoting general and leaf growth, although
overuse of such fertilizers has come under significant scrutiny
in recent years for its environmental impacts.' In addition
to their well-known applications in food preservation and
similar antimicrobial roles, nitrite anions may prove useful
in the complexation of actinides as part of the life cycle of
nuclear fuels.? In addition, recent studies have indicated that
nitrate and nitrite may have therapeutic medical applications
in the treatment of numerous conditions, particularly acute
cardiovascular events including myocardial infarction and
stroke.?

Nitrate is of particular importance in environmental
chemistry and modeling as a result of its high concentration
in atmospheric aerosols.* It has become increasingly clear
that the chemistry of such aerosols depends substantially on
the interfacial behavior of constituent anions.>® Consequently,
the behavior of atmospherically abundant ions such as
nitrate at the air-water interface has become the subject of
substantial study in recent years.”!! The results of theoretical
investigations of the interfacial behavior of NO;~ have
been inconsistent, with some models predicting interfacial
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enhancement and others interfacial depletion. Experimental
results from ultraviolet second harmonic generation (UV-
SHG) spectroscopy indicate a weak surface enhancement,'?
while X-ray photoelectron spectroscopy (XPS)!! indicates
that nitrate is present at the air-water interface at a depleted
concentration relative to the bulk. Much of this inconsistency
can be attributed to a free energy of adsorption near 0.

Several researchers have proposed that surface affinity is
largely driven by the polarizability of the ion in question.”%!3
However, while polarizability often correlates with anion
surface activity, recent studies have indicated that surface
adsorption propensity is more generally controlled by the
bulk hydration properties of the anion.'*'® Both models
predict a stronger surface affinity for nitrate than for nitrite.
However, UV-SHG investigations of aqueous sodium nitrite
have indicated a substantially stronger surface affinity than
that observed for the nitrate salts.'” This surprising result has
been attributed to the adsorption of nitrite to the air-water
interface as a contact ion pair with the sodium counterion.

In this work, we present the study of aqueous solutions
of sodium nitrate and sodium nitrite via X-ray absorption
spectroscopy (XAS). XAS provides an atom-specific probe of
unoccupied electronic states and is sensitive to both the intra-
and intermolecular environment of the target atom. Extraction
of meaningful chemical information from XA spectra re-
quires interpretation with the assistance of detailed electronic
structure calculations. We have utilized the Prendergast-Galli
eXcited electron and Core Hole (XCH) methodology, a
first-principles density functional theory (DFT) calculation,
to compute theoretical XA spectra of aqueous NaNOs and

©2015 AIP Publishing LLC
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NaNO,; solutions. We have recently used this combination
of experimental and theoretical methodologies to study
cation-cation pairing in aqueous solutions of guanidinium
hydrochloride,'® the hydrolysis of carbon dioxide in the carbon
cycle,'>?" and the solvation of Li* by propylene carbonate.?!
Here, we apply these techniques to the comparative study of
ion solvation and pairing in aqueous solutions of NaNO3 and
NaNO,.

Il. EXPERIMENTAL AND THEORETICAL METHODS
A. X-ray spectroscopy of liquid microjets

Nitrate and nitrite were used as obtained from EMD
Chemical Inc., ACS grade, with 99% minimum purity.
Solutions were prepared in 18.2 MQ cm water obtained from
a Millipore system.

XA spectra of the nitrogen K-edge were collected at
Beamline 8.0.1 of the Advanced Light Source at Lawrence
Berkeley National Laboratory (Berkeley, CA), with nominal
resolving power E/AE = 7000. Liquid jets of solutions of
nitrate and nitrite were generated by pumping the liquid
through a 30-um inner diameter silica capillary. The liquid jets
interact with the focused X-ray beamline (spot size ~100 um
X 35 um) in a vacuum chamber at ~10~* Torr. Total electron
yield (TEY) XA spectra are collected on a 2.1 kV biased
copper electrode with 0.2 eV step sizes and 1 s count time
per step. Our previous work has demonstrated that TEY XA
spectra are representative of the bulk liquid.?>?? Spectra have
been normalized to I signal collected on a high-transmission
gold grid intersecting the beamline upstream of the chamber.
Spectra of the gas-phase background were measured by
moving the jet ~1 mm out of the X-ray beamline and
collecting the TEY spectrum; the resulting gas-phase spectra
were subsequently subtracted from the corresponding liquid
spectra. A single-point energy axis calibration was performed
using gaseous nitrogen. A more complete description of the
experiment can be found in a prior publication.?*

B. Molecular dynamics simulations

Condensed phase molecular dynamics simulations were
performed in Amber 14 under periodic boundary conditions.>
We constructed simulation cells for sodium nitrate and
sodium nitrite solvated by TIP3P water molecules® in two
sizes: small boxes containing ~90 water molecules and
larger boxes containing ~550 water molecules. We employed
a semi-empircal Quantum Mechanics/Molecular Mechan-
ics (QM/MM) approach utilizing the PM3 semi-empirical
quantum-chemical method,”' while the classical region was
simulated using the Amber default ff99SB force field param-
eters. The quantum mechanical region consisted of the
nitrate/nitrite anion and intermolecular interactions of the
anion with any cation or water molecule within a defined
interaction cutoff distance; this same cutoff distance was
utilized for treatment of intermolecular interactions within
the classical region of the simulation cell comprising all
components aside from the anion. Trajectories of the small
boxes were simulated for 20 ns using a 4 A cutoff for
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TABLE I. Simulation parameters from MD simulations of sodium nitrate.

Interaction cutoff (10\) 4 4 7 10
No. of water molecules 90 511
Box dimensions (A) 14.584 25.622

13.062 24.324

14.334 25.251
Concentration (mol/l) 0.608 0.105
Run time (ns) 20 82 81 150
Pairs (%)* 68.2 39.8 53.4 31.2

#Percentage of snapshots representing an ion-paired configuration.

intermolecular interactions, with coordinate snapshots stored
every 200 fs. The larger boxes were simulated with 4, 7, and 10
A interaction cutoffs, with simulation times between 20 and
150 ns and again recording coordinates every 200 fs. More
detailed simulation parameters may be found in Tables I and
II. Radial distribution functions (RDFs) and integrated RDFs
were calculated using the built-in analysis tools of the Visual
Molecular Dynamics (VMD) program.?¢

C. Simulated spectroscopy

Simulated spectra of the nitrogen and oxygen K-edges
of nitrate and nitrite were calculated using the XCH approx-
imation,?” a first-principles constrained-occupancy DFT elec-
tronic structure calculation. Molecular coordinates for the
electronic structure calculations were sampled from the small
box MD simulation, with snapshots for simulated spectros-
copy separated by 160 ps. Fifty snapshots each corresponding
to ion-paired (rn_o..Na < 2.6 A) and unpaired (IN_0...Na
>2.6 A) configurations were analyzed and averaged for
each anion. DFT calculations were performed under periodic
boundary conditions using the Plane Wave Self-Consistent
Field (PWSCF) program within the Quantum-ESPRESSO
package.”® Exchange correlation potentials were calculated
within the Perdew-Burke-Ernzerhof form of the Generalized
Gradient Approximation (PBE-GGA).? The XCH calculation
generates the electron density of the lowest energy core-
excited state self-consistently, promoting an electron from
a target atom and modeling the impact of the core hole
on electronic structure via a suitably modified pseudopo-
tential. Higher energy excited states are approximated from
the unoccupied Kohn-Sham orbitals of the self-consistent
field generated for the first core-excited state. Transition
matrix elements between the 1s atomic orbital of the target

TABLE II. Simulation parameters from MD simulations of sodium nitrite.

Interaction cutoff (A) 4 4 7 10
No. of water molecules 89 555
Box dimensions (A) 13.080 24.866

14.332 26.542

13.885 25.589
Concentration (mol/l) 0.638 0.0983
Run time (ns) 20 20 20 20
Pairs (%)* 63.8 27.9 42.8 59.8

#Percentage of snapshots representing an ion-paired configuration.
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atom and calculated unoccupied states are computed within
Fermi’s golden rule. Resulting transitions were broadened via
Gaussian convolution using a fixed linewidth of 0.2 eV to
generate the X-ray absorption spectrum of the target atom.
The energy scale of the calculated X-ray absorption spectrum
of each excited atom, from these plane-wave pseudopotential
calculations, is necessarily aligned by reference to a theoretical
isolated atom and one experimentally derived constant based
on the spectrum of a well-defined system: gaseous N, and
O, for the N and O K-edges, respectively, as previously
described."’

lll. RESULTS AND DISCUSSION

XA spectra of the nitrogen K-edge of sodium nitrate and
sodium nitrite solutions between 0.5 and 3M are shown in
Figure 1. The spectra exhibit two strong features: a sharp
feature corresponding to the 1s-t* transition and a broader
feature corresponding to the 1s-0™ transition centered ~9.5 eV
higher in energy. The spectrum of each anion is found to
be invariant with concentration in this range. However, a
substantial blue shift of ~3.65 eV (measured at the center
of the 1s-mt* transition) separates the nitrate spectrum from
the nitrite spectrum. This is consistent with similar shifts
previously reported between the X-ray photoelectron spectra
of aqueous nitrate and nitrite!' and XA spectra of the solid
potassium salts. It is substantially larger than the 1.4 eV
shift previously observed in the nitrogen K-edge spectra of
aqueous glycine with neutral and protonated (oxidation state
+1) nitrogen atoms.>!

The performed MD simulations do not suggest a statisti-
cally significant difference in the ion pairing rates of sodium
nitrate and sodium nitrite salt solutions in the small box

Nitrate — 05M
— * — 1M
=) T —2M
< —3M
®©
c
U) *
) o
>
w
= /\\¥
==|
Nitrite
D: T
<
®©
-y
2
(/J *
> o
w
|_
I I T
400 405 410 415 420
Energy (eV)

FIG. 1. Nitrogen K-edge TEY XA spectra of solutions of NaNO3 and NaNO,
between 0.5 and 3M. The spectra of each salt are qualitatively similar across
the concentration range studied. Annotations indicate the spectral regions
corresponding to 1s-0* and 1s-7t* transitions.
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simulations used for electronic structure calculations. RDFs
and integrated RDFs for nitrate and nitrite are shown in
Figures 2 and 3, respectively. The local solvent environment
is explored based on statistics related to the water oxygen
population in the vicinity of the anions (provided from
the perspective of their N atoms) and the Na* cations.
Ton-pairing is described in terms of the N-Na* distribution.
Unsurprisingly, increasing the box size from ~90 water
molecules to >500 waters substantially decreased the ion
pairing probability for both nitrate (from 68% to 22%) and
nitrite (from 63% to 28%). It is likely that the ions in the small
box used for electronic structure calculations experienced
enhanced ion pairing as a result of finite size effects. Also
unsurprisingly, increasing the interaction length in the larger
box generally increases the probability of ion pairing. There
is a decrease in NO;~...Na* jon pairing from the 7 A
cutoff simulation to the 10 A cutoff simulation, which was
reproducible over several simulation runs. The origin of this
anomalous behavior is not clear. It is reasonable to assume
that the results of the 10 A cutoff simulations are most
accurate within the simulation parameters utilized. However,
this is the only set of simulation parameters for which nitrite
exhibits a greater propensity for ion pairing than nitrate,
whereas experimentally determined activity coefficients for
solutions of sodium nitrate®” and nitrite’* indicate a greater
propensity towards ion pairing in nitrate solutions throughout
the concentration range covered in this work. While this does
indicate that the small box simulations used in the electronic
structure calculations were reasonably representative of the
relative rates of ion pairing indicated by the experimental
data, the anomalous ion pairing behavior observed in the
10 A cutoff simulations of the larger system—ostensibly the
most accurate simulations performed—presents an interesting
matter for future investigation. Correlation curves—calculated
by correlation (dt) = (f(t) - f(t + dt)) with f(t) =1 for ion-
paired configurations, f(t) = —1 for unpaired configurations—
are shown in Figure 4, fitted to least-squares exponential decay
curves. Fit parameters and correlation lifetimes may be found
in Table III. The ion-pairing correlation lifetimes for the small
box simulations are found to be 121 and 77 ps for NO3;™ and
NO;", below the 160 ps interval at which parameters were
stored for electronic structure calculations.

The sodium-water RDFs exhibit a maximum for the first
solvation shell at 2.4 A and corresponding minimum between
the first two shells at 3.15 10\, consistent with the literature
values from experiments and theory.’*3® The Na* hydration
number obtained by the value of the nRDF at the 3.15 A
minimum is found to be ~4.9. This is slightly lower than
previously reported values, but within error of most;3>37-3
furthermore, the hydration numbers from the small box
simulations used for electronic structure calculations are found
to be slightly higher at ~5.05.

MD simulations reveal very little difference in the
hydration properties of nitrate and nitrite. The hydration of
each anion was found to be consistent between the small
and large simulation boxes and across interaction lengths,
with nitrate and nitrite hydrated by an average of 11.8 and
11.9 water molecules, respectively, in the first shell. These
values are somewhat larger than previously reported hydration
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FIG. 2. (a) Radial distribution func-
tions {RDFs, g(r)} and integrated
radial distribution functions {nRDFs,
n(r), shown as dashed lines} for the
interaction of the sodium ion with water
oxygen in MD simulations of NaNOs;
(b) RDFs and nRDFs for the interaction
of the sodium ion with nitrate (mea-
sured from the position of the nitrogen
atom) for the same MD simulations;
(c) RDFs and nRDFs for the interaction
of the nitrate nitrogen atom with water
oxygen; (d)-(f) contain the RDFs from
(a)-(c), respectively, extended to longer
range and expanded to lower values on
the y-axis to show second and third
solvation layers in ion-water RDFs and
solvent-separated ion pair formation in
the ion-ion RDF. The splitting observed
in (b) arises from the existence of two
distinct ion-pairing configurations, one
in which the cation sits between two of
the oxygen atoms of the nitrate anion,
closer to the nitrogen, and one in which
the sodium ion interacts with only one
oxygen atom, further from the nitrogen.

RDF from the oxygen atoms. We have estimated hydration
numbers from the integrated RDF, counting water molecules
around the oxygen atoms as well as those directly interacting
with the nitrogen center, and effectively including non-
bonding or weakly interacting near-neighbors (i.e., not in a

FIG. 3. (a) RDFs {g(r)} and nRDFs
{n(r), shown as dashed lines} for the
interaction of the sodium ion with water
oxygen in MD simulations of NaNO»;
(b) RDFs and nRDFs for the interaction
of the sodium ion with nitrite (measured
from the position of the nitrogen atom)
for the same MD simulations; (c) RDFs
and nRDFs for the interaction of the ni-
trite nitrogen atom with water oxygen;
(d)-(f) contain the RDFs from (a)-(c),
respectively, extended to longer range
and expanded to lower values on the
y-axis to show second and third sol-
vation layers in ion-water RDFs and
solvent-separated ion pair formation in
the ion-ion RDF. The Na*. .. water RDF
exhibits different behaviors outside the
first solvation shell for different inter-
action cutoff lengths. This behavior was
not observed in the Na*...water RDFs
for the nitrate simulations, which over-
laid well across all interaction cutoffs.
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FIG. 4. Correlation functions (f(t) - f(t+dt)) for anion-cation interactions in
MD simulations of NaNOs3 (top) and NaNO, (bottom). Least-squares best
fit exponential decay curves for each correlation function are indicated by
dashed lines of corresponding color. Coefficients for best-fit lines and corre-
sponding correlation times are listed in Table I.

traditional hydrogen bond donor geometry with respect to
the anion). Experimental estimates of the hydration numbers
from scattering and infrared absorption experiments vary
substantially,**** with one X-ray diffraction study finding a
hydration number for nitrate as high as 17.7.* The question
of solvation structure is further complicated by the suggestion
of Simeon et al. that two distinguishable forms of aqueous
NO;~ with differing solvation numbers coexist near room
temperature.*® Furthermore, it has been suggested that the
first solvation shell of the nitrate anion, from the standpoint of
solvation thermodynamics and polarizability, contains only 3
water molecules,®*7 suggesting that precise solvation number

TABLE III. Fit coefficients from the least-squares exponential fits of form
f(dt) = Yo+ Ae™/" to the ion-pairing correlation plots in Figure 4. The first 3
rows for each anion contain the fit parameters to the correlation curves from
the large box simulation results with 4, 7, and 10 A cutoffs for intermolecular
interactions, while the fourth line contains the fit parameters for the correla-
tion curve of the small box simulation. The correlation lifetimes t are found
in the last column.

Cutoff (A) Yo A 1/t (ps™H) x 1073t (ps)

NO;~ 4 0.342(4)  0.67(3) 3.6(5) 274
7 0.141(7)  0.85(6) 4.1(4) 242

10 0.211(2) 0.782(0) 3.00(8) 332

(Small box) 4 0.093(9)  0.74(7) 8.2(7) 121
NO,~ 4 —0.008(3) 1.02(0) 2.009) 479
7 —0.08(5)  1.05(5) 3.5(1) 285

10 0.136(9)  0.80(9) 4.0(1) 249

(Small box) 4 0.011(6) 0.91(0) 12.(9) 77

J. Chem. Phys. 143, 084503 (2015)

from the integrated RDF may have a limited effect on
electronic structure and associated transition dipole oscillator
strengths. The maximum of the first peak in the N...Oy;ger
RDF, corresponding to the first solvation shell, is consistently
located at 3.7 A. This is slightly longer than the average
experimental radius of 3.51 A measured at 25°C via X-ray
diffraction.*® The maximum of the nitrite N. .. Oyquer RDF is
located closer to the nitrogen, at 3.5 A; however, this results
from the nearer proximity of oxygen to the increased exposure
of the nitrogen atom, and the hydrogen bond lengths are similar
to those from the nitrate simulations. The first peak of the RDF
extends to the same minimum at 4.5 A as that found for nitrate.

Calculated XA spectra of the nitrogen K-edge for ion-
paired and unpaired molecular configurations of NO3~ and
NO,™ are compared to the experimental spectra in Figure 5.
The theoretical spectra accurately reproduce the spectral
features observed in the experimental spectra. No significant
differences between the ion-paired and unpaired spectra
are evident for either anion. This is consistent with the
experimental findings of an XAS spectrum independent of
solution concentration. A spectral shift of 3.7 eV is observed
between the 1s-mt* features of nitrate and nitrite, consistent
with the 3.65 eV shift between the experimental spectra. The
computed valence density of states exhibit no substantial shift
in the positions of the available virtual orbitals in the ground
state (LUMO shift of ~0.07 eV), indicating that the observed
and calculated spectral shift derives from a difference in the
energy levels of the nitrogen 1s core levels of nitrate and nitrite.
This is consistent with the previously noted similar spectral
shift observed in the XPS spectra of the ions.!!

Isosurfaces of the core-excited LUMO and LUMO+1
states of aqueous nitrate and nitrite are exhibited in Figure 6.

Theory e Nitrate paired
—— Nitrate unpaired
----- Nitrite paired
—— Nitrite unpaired

Calculated Oscillator Strength (A.U.)

Experiment —— Nitrate TEY XA spectrum

—— Nitrite TEY XA spectrum
3
<
©
c
2
12
>
w
-

T T T T
400 405 410 415 420

Energy (eV)

FIG. 5. Calculated nitrogen K-edge XA spectra of ion-paired and unpaired
molecular configurations of NaNOj3 (black) and NaNO; (red). The lower
panel shows the corresponding experimental spectra for comparison. Exper-
imental and theoretical spectra have both been calibrated via a single-point
energy alignment relative to the well-characterized spectrum of Nj gas.
The calculated spectra of ion-paired and unpaired molecular configurations
indicate that the nitrogen K-edge spectrum is not sensitive to ion pairing.
Dashed vertical lines indicate the peak centers of the 1s-mt* transition for
each anion in the experimental spectrum. The calculated spectrum of NO;™
matches experiment well; a blue shift of 0.05 eV relative to experiment is
observed for NO3™.
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FIG. 6. Isosurfaces of the LUMO and
LUMO+1 core excited states of aque-
ous nitrate and nitrite anions. Images
(a) and (b) show the calculated isosur-
faces of the LUMO of nitrate and ni-
trite, respectively. These states exhibit
distinctive 7t* geometry and are almost
entirely localized on the anion. Images
(c) and (d) exhibit the LUMO+1 of
nitrate and nitrite, respectively. These

The LUMO for each anion exhibits m* symmetry, while
the LUMO+1 exhibits primarily o* character but is highly
delocalized, with substantial electron density observed on
solvent molecules throughout the simulation cell. The w*
LUMO state is highly localized on the ion, with almost no
electron density observed on the solvent water. This explains
the insensitivity of the spectral feature associated with the
transition into this state to the solvation environment of
the ion. Similarly, the substantial extent of delocalization
observed in the o* states may explain their calculated and
observed spectral insensitivity to the local environment; as
the calculated electron density extends well beyond the first

- Nitrate
— Nitrite

Calculated Oscillator Strength (A.U.)

525 530 535 540 545 550 555
Energy (eV)

FIG. 7. Calculated oxygen K-edge XA spectra of NO3~ and NO;™. Energy
calibration was performed relative to the oxygen K-edge absorption spectrum
of gaseous CO,. As with the calculated nitrogen K-edge spectra exhibited in
Figure 5, the calculated oxygen K-edge spectra of ion-paired and unpaired
molecular configurations overlaid nearly exactly. Consequently, only the
overall average spectra are displayed here.

states have primarily o* character and
are highly delocalized; while the dis-
played image highlights the character
of the state on the anion, significant
electron density is calculated to exist on
water molecules throughout the simu-
lation cell. Some solvent-centered den-
sity may be observed here and does not
appear to depend on hydrogen bonding
or other specific solvent-solute geome-
tries.

solvation shell and does not appear to favor hydrogen-bonded
solvent molecules, the state may be sampling the bulk solvent
sufficiently to render local structure fluctuations insignificant.
Similar electronic structures have previously been found to
exhibit spectral insensitivity to the local solvation environment
in boron oxides.*

We have also computed the oxygen K-edge XA spectra
of the nitrate and nitrite anions from the same snapshots; these
are displayed in Figure 7. The computed spectra of ion-paired
and unpaired snapshots were once again near-identical, and
only the average of all snapshots is displayed. Oxygen K-
edge spectra are found to be in the same energy range for
nitrate and nitrite, indicating the stability in the oxidation state
of oxygen atoms (nominally 2-) relative to that of nitrogen
which varies depending on the degree of oxidation evident in
the nitrate (nominally 5+) and nitrite (nominally 3+) anions.
Generally, measurement of the XA spectra of aqueous solutes
at the oxygen K-edge is not plausible due to the high-intensity,
broad background spectrum of the H,O solvent. However, the
calculated position of the first absorption feature in the O
K-edge of aqueous nitrate and nitrite, at 532-533 eV, is slightly
lower in energy than the absorption onset of water, and it may
be possible to observe this feature in experimental spectra in
future studies.

IV. CONCLUSIONS

We have presented the first XA spectra of aqueous NO3~
and NO,". The hydration properties and ion-pairing propen-
sities of the anions are found to be similar. The XA spectrum
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of NO,™ is red-shifted by 3.7 eV relative to the NO3 ™ spectrum;
the theory indicates that this shift arises from a relative
stabilization of the nitrogen 1s ground state in nitrate. The
spectra are found to be insensitive to the local environment;
this is likely a result of the localization of the m* state on
the anion and delocalization of the o* state well into the bulk
water beyond the first hydration shell. Calculated XA spectra
of the oxygen K-edge of nitrate and nitrite do not indicate a
substantial shift between the spectra of the two anions.
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