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Abstract

The nitrogen stable isotope ratio (15N/14N) of nitrogen oxides (NOx = NO + NO2) and its oxidation products
(NOy = NOx + PAN (peroxyacetyl nitrate = C2H3NO5) + HNO3 + NO3 + HONO + N2O5 + � � � + particulate nitrates) has
been suggested as a tool for partitioning NOx sources; however, the impact of nitrogen (N) equilibrium isotopic fractionation
on 15N/14N ratios during the conversion of NOx to NOy must also be considered, but few fractionation factors for these pro-
cesses have been determined. To address this limitation, computational quantum chemistry calculations of harmonic frequen-
cies, reduced partition function ratios (15b), and N equilibrium isotope exchange fractionation factors (aA/B) were performed
for various gaseous and aqueous NOy molecules in the rigid rotor and harmonic oscillator approximations using the B3LYP
and EDF2 density functional methods for the mono-substitution of 15N. The calculated harmonic frequencies, 15b, and aA/B

are in good agreement with available experimental measurements, suggesting the potential to use computational methods to
calculate aA/B values for N isotope exchange processes that are difficult to measure experimentally. Additionally, the effects of
solvation (water) on 15b and aA/B were evaluated using the IEF-PCM model, and resulted in lower 15b and aA/B values likely
due to the stabilization of the NOy molecules from dispersion interactions with water. Overall, our calculated 15b and aA/B

values are accurate in the rigid rotor and harmonic oscillator approximations and will allow for the estimation of aA/B involv-
ing various NOy molecules. These calculated aA/B values may help to explain the trends observed in the N stable isotope ratio
of NOy molecules in the atmosphere.
� 2015 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

The family of oxidized nitrogen molecules in the atmo-
sphere, denoted as NOy, which includes the sum of nitrogen
oxides (NOx = NO + NO2) and its oxidation products
(NOy = NOx + PAN (peroxyacetyl nitrate = C2H3N
O5) + HNO3 + NO3 + HONO + N2O5 + . . . + particulate
nitrates) (Logan, 1983), are environmentally-relevant
http://dx.doi.org/10.1016/j.gca.2015.05.029
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molecules that play a crucial role in many atmospheric pro-
cesses (Solomon et al., 2007). In the troposphere, NOx con-
trols the concentrations of ozone (O3) and the hydroxyl
radical (OH), and is primarily oxidized to form nitrate
aerosols (NO3

�
(s)) and nitric acid (HNO3) (Crutzen, 1979;

Lawrence and Crutzen, 1999; Atkinson, 2000).
Subsequent wet and/or dry deposition of HNO3 leads to
numerous deleterious environmental impacts, including
degradation of drinking water, soil acidification, eutrophi-
cation, and biodiversity changes in terrestrial ecosystems
(Galloway et al., 2004). During the nighttime, the nitrate
radical (NO3) is a major atmospheric oxidant, influencing
the lifetime of various other trace gases (Wayne et al.,

http://dx.doi.org/10.1016/j.gca.2015.05.029
mailto:waltersw@purdue.edu
http://dx.doi.org/10.1016/j.gca.2015.05.029
http://crossmark.crossref.org/dialog/?doi=10.1016/j.gca.2015.05.029&domain=pdf


NO NO2

HNO2

N2O5

HNO4

PAN

HNO3

NO3
-

hν hν

hν

hν

hν
OH OH

RO2/O3

hν

HO2

NO3 aerosol

CH3CO3

Scheme 1. Various transformation pathways for NOx to HNO3.
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1991). Reactions involving volatile organic compounds
(VOCs) and NO2 can lead to the formation of PAN, which
can be transported over relatively large distances and intro-
duce NOx to pristine environments (Nielsen et al., 1981). In
the stratosphere, HNO3 is the primary component of polar
stratospheric clouds (PSCs) that form by the reactions of
dinitrogen pentoxide (N2O5) and chlorine nitrate
(ClONO2) on the surface of stratospheric cloud particles
in Polar Regions (Crutzen and Arnold, 1986; Voigt et al.,
2000). PSCs provide a surface for heterogeneous chemical
reactions to occur which leads to ozone destruction in the
stratosphere (Solomon, 1999).

In general, the precursor to the formation of NOy is the
emission of NOx that is subsequently oxidized by various
atmospheric oxidants such as O3, OH, NO3, HO2, and
the organoperoxy radicals (RO2). Due to the important
impacts NOy molecules have on the environment, it is
important to understand the sources of NOx and the pro-
cesses that transform it into NOy. While significant efforts
have been made to reduce the NOx emission from station-
ary and mobile sources (Melillo and Cowling, 2002), there
are still relatively large uncertainties in the total NOx emis-
sion budget, both natural and anthropogenic, estimated
between 30% and 50% (Galloway et al., 2004). In order
to better estimate the relative importance of various NOx

sources to the overall NOx emission budget, the analysis
of the nitrogen (N) stable isotope ratio (15N/14N) of atmo-
spherically derived HNO3 and NO3

� from wet and/or dry
deposition has been suggested as a possible tool for parti-
tioning NOx sources (Elliott et al., 2007), because various
NOx sources have relatively distinct 15N/14N ratios
(Moore, 1977; Heaton, 1990; Ammann et al., 1999;
Pearson et al., 2000; Li and Wang, 2008; Felix et al.,
2012; Redling et al., 2013; Felix and Elliott, 2014; Fibiger
et al., 2014; Walters et al., 2015). Therefore, if the
15N/14N ratios of NOx are preserved when oxidized to
NO3

� and HNO3, they can be used as a proxy for NOx

source partitioning. However, implementation of this
method requires knowledge of how kinetic and equilibrium
isotopic fractionations impacts 15N/14N ratios during the
conversion of NOx to NOy (Freyer, 1978; Freyer et al.,
1993). If these factors are considerable, then they may limit
the utility of using 15N/14N ratios of NOx for source parti-
tioning. Yet, few fractionation factors for this conversion
have been determined.

The transformation of NOx to HNO3 is a complicated
process that involves several different reaction pathways
(Scheme 1) (Seinfeld and Pandis, 2006). During this trans-
formation, various NOy molecules exist in equilibrium
and are likely to undergo isotope exchange reactions
involving the N isotopologues such as the exchange of
NO and NO2 (Eq. (1)):

15NOþ 14NO2 $ 14NOþ 15NO2 ð1Þ

A field study has indicated that this equilibrium isotope
exchange may have a strong influence on the observed
15N/14N ratios in atmospheric NO and NO2 (Freyer
et al., 1993), suggesting that isotope exchange equilibrium
may play a significant role in influencing the 15N/14N ratios
of various NOy molecules. In order to fully understand
studies of the N isotopic composition of atmospherically
derived NOy compounds (Freyer, 1978; Elliott et al.,
2007, 2009; Hastings et al., 2009; Mara et al., 2009; Geng
et al., 2014; Beyn et al., 2015), the effects of isotope
exchange on 15N/14N ratios involving NOy molecules needs
to be addressed.

Previous studies have calculated equilibrium isotope
exchange fractionation factors involving several NOy mole-
cules based on experimental measurements of harmonic fre-
quencies (Begun and Fletcher, 1960; Richet et al., 1977) and
on empirical force field methods (Monse et al., 1969).
However, equilibrium isotope exchange fractionation fac-
tors have not been determined for all atmospherically rele-
vant NOy molecules including but not limited to: NO3,
N2O5, halogen nitrates (XONO2), and PAN due primarily
to the absence of spectroscopic data for 15N isotopologues
of these NOy molecules. Recently, computational quantum
chemistry methods have been used to calculate equilibrium
isotope exchange fractionation factors for H and O
(Driesner et al., 2000), Li (Yamaji et al., 2001), B (Oi,
2000; Oi and Yanase, 2001), Cr (Schauble et al., 2004),
Fe (Anbar et al., 2005), Cu (Seo et al., 2007), Mo
(Tossell, 2005), and S (Otake et al., 2008). Here we use com-
putational quantum chemistry methods to calculate equilib-
rium isotope exchange fractionation factors for the major
NOy molecules that are suspected to exist in equilibrium
and compare them to experimental and prior theoretical
determinations.

2. METHODS AND THEORY

2.1. Calculation of equilibrium isotope exchange

fractionation factors

Early treatment of equilibrium isotope exchange factors
were reported in 1947 by Urey in terms of isotopic partition
function ratios, and by Bigeleisen and Mayer who intro-
duced the isotopic reduced partition function ratio
(RPFR) now in general use (Bigeleisen and Mayer, 1947;
Urey, 1947). Assuming the Born–Oppenheimer and har-
monic oscillator approximations, the RPFR (denoted as
b) is written as (Eq. (2)):

b ¼ s2
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In Eq. (2), subscripts 1 and 2 refer to the light and heavy
isotopologue respectively, li = hcmi/kT, h is Planck’s
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constant, c is speed of light, mi is vibrational frequency, k is
Boltzmann constant, T is temperature, N refers to the nor-
mal mode frequencies (3N-6 or 3N-5 if linear), and s1 and s2

are symmetry numbers that do not lead to any isotope effect
but must be considered from a statistical perspective. Eq.
(2) points out that b can be considered the product of a
classical factor (CF) that accounts for translational and
rotational energy, the zero point energy contribution
(ZPE), and an excitation factor (EXC). For an equilibrium
isotope exchange reaction (Eq. (3)):

A1 þ B2 $ A2 þ B1 ð3Þ

where A and B are different chemical species, and subscripts
1 and 2 again refer to the light and heavy isotopologue
respectively, the reduced equilibrium constant, written as
KA/B, and also defined as the equilibrium isotope fraction-
ation factor (aA/B), can be obtained from the b of A and
B (Eq. (4)):

KA=B ¼ aA=B ¼ bA=bB ð4Þ

By this notation, the equilibrium constant for NO2 M NO
isotope exchange between 14N and 15N isotopologue pairs
(Eq. (1)) is written as (Eq. (5)):

KNO2=NO ¼ 15aNO2=NO ¼
15N
14N

� �
NO2

15N
14N

� ��
NO

¼ 15bNO2
=15bNO ð5Þ

Neglecting the symmetry-number factor, since the purely
classical symmetry numbers cannot lead to isotope fraction-
ation (Michalski and Bhattacharya, 2009), aA/B only
depends on the isotopic dependent vibrational frequencies.
Therefore, if the N isotopologue vibrational frequencies are
known for various NOy molecules, theoretical equilibrium
isotope exchanges involving NOy molecules can be calcu-
lated in the rigid rotor and harmonic oscillator approxima-
tions. Theoretically, for proper use of the Bigeleisen–Mayer
equation (Eq. (2)) for b calculations, pure harmonic vibra-
tional frequencies must be used to satisfy the approxima-
tions used within the Teller–Redlich product rule (Liu
et al., 2010). Isotopologue harmonic frequencies have been
obtained from experimental spectroscopic data for many
di- and some tri- atomic molecules, but few have been
experimentally determined for larger molecules or radicals
because of challenges in isotopologue synthesis. However,
they can be calculated using computational quantum chemi-
stry methods.

2.2. Computational chemistry methods

The optimized geometries (bond angles and bond
lengths) and harmonic frequencies were calculated for the
following nineteen NOy molecules: NO, NO2, NO3, NO3

�,
HNO3, PAN, N2O5, ClONO2, nitrite anion (NO2

�), nitrous
acid (HONO), peroxynitric acid (HNO4), dinitrogen triox-
ide (N2O3) dinitrogen tetroxide (N2O4), nitrous oxide
(N2O), nitryl bromide (BrNO2), nitryl chloride (ClNO2),
bromine nitrate (BrONO2), nitrosyl chloride (NOCl), and
nitrosyl bromide (NOBr) using computational quantum
chemistry methods. The masses that correspond to the most
abundant naturally occurring isotopes of elements (1H, 12C,
14N, 16O, 35Cl, and 79Br) and the mono-substitution of 15N
for 14N were used in the harmonic frequency calculations.
All calculations were performed with the Q-Chem 4.2 pro-
gram suite (Shao et al., 2015) using both the B3LYP (Lee
et al., 1988; Becke, 1993) and EDF2 (Lin et al., 2004)
hybrid density functional theory (DFT) methods, with the
latter method specifically optimized for harmonic frequency
calculations. DFT calculations are not strictly
first-principle methods, but include some of the electron
correlation accounting for the instantaneous interactions
of pairs of electrons at a favorable computational cost
(Jensen, 1999). For each method, the Dunning
correlation-consistent polarized valence triple f (cc-pVTZ)
basis set was used (Dunning, 1989).

Computational methods for calculating harmonic fre-
quencies are obtained from the force constant matrix (sec-
ond derivative of the energy) evaluated at the equilibrium
geometry (Jensen, 1999), and are generally larger than the
experimentally observed harmonic frequencies, due to
incomplete incorporation of electron correlation and the
use of finite basis sets (Foresman and Frisch, 1996). To
check the accuracy of our chosen levels of theory, harmonic
frequencies were calculated for both B3LYP/cc-pVTZ and
EDF2/cc-pVTZ and compared with experimental harmonic
frequencies for a variety of di- and tri- atomic molecules
that included: NO, NO2, N2, N2O, carbon dioxide (CO2),
water (H2O), carbonyl sulfide (OCS), sulfur dioxide
(SO2), disodium (Na2), hydrogen cyanide (HCN), nitrogen
monohydride (NH), dilithium (Li2), hydroxyl radical (OH),
carbon disulfide (CS2), and hydrogen sulfide (H2S) for a
total of 37 vibrational modes covering a harmonic fre-
quency range of 159.08–3938.74 cm�1. A least squares
linear regression fitting was applied to relate calculated
harmonic frequencies to experimental values for each
DFT method in order to assess their accuracy and to deter-
mine a scale factor which was subsequently used to scale all
calculated vibrational frequencies to more closely match
experimental values.
2.3. Determination of NOy
15b and aA/B values

The scaled harmonic frequencies for both DFT methods
were used to calculate 15b values for each NOy isotopo-
logue. In the case of N2O and N2O3, positionally dependent
15N substitution was taken into account in the calculations
of 15b, and the geometric average 15b value was determined.
For all other NOy molecules in which there are multiple N
atoms, the N atoms were ruled equivalent due to molecular
symmetry. To the best of our knowledge, 15b values have
not previously been calculated for NO3, HNO4, N2O5,
PAN, ClONO2, and BrONO2. To assess the accuracy of
our calculated 15b values, they were compared to 15b values
calculated from experimental harmonic frequencies and/or
calculated using empirical force field methods for NO
(Monse et al., 1969; Richet et al., 1977), NO2 (Monse
et al., 1969; Richet et al., 1977), N2O (Bigeleisen and
Friedman, 1950; Chedin et al., 1976), and HNO3 (Monse
et al., 1969). Using our calculated 15b values, aA/B were cal-
culated for the following gaseous exchange processes
(A M B): NOCl M NO, HNO2 M NO, N2O5 M NO2,
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N2O4 M NO2, ClONO2 M NO2, PAN M NO2, and
HNO3 M NO in the temperature range from 150 to
450 K. The thermodynamic energy that governs the equilib-
rium isotope exchange for a particular isotopologue arises
due to small differences in the vibrational energies of iso-
topically substituted molecules (Urey, 1947). NOy mole-
cules that have been substituted with a heavier N isotope
(15N) will vibrate at lower frequencies than NOy molecules
containing the more common light N isotope (14N). The rel-
ative lower vibrational frequency for 15N containing mole-
cules will reduce the vibrational zero-point energy
(ZPE,=1/2Rhm for harmonic oscillators) compared to 14N
containing molecules. The reduction of vibrational ZPE
for a 15N containing molecule will be greater for a particu-
lar N-bearing molecule that depends on the strength of
bonds that N is involved in, and this will drive the direction
of an N isotope equilibrium exchange. For example, in the
N isotopologue equilibrium exchange between NO and
NO2 (Eq. (1)), the vibrational ZPEs are 11.35, 11.15,
22.41, and 21.04 kJ/mol for 14NO, 15NO, 14NO2, and
15NO2 respectively (Begun and Fletcher, 1960). Because
the difference in the vibrational ZPE is greater for NO2 with
the substitution of 15N (DZPE = 0.37 kJ/mol) than it is for
NO (DZPE = 0.20 kJ/mol), this will drive the equilibrium
isotope exchange between NO and NO2 (Eq. (1)) to the
right, because the total vibrational ZPE for the
right-hand side is lower by approximately 0.16 kJ/mol than
the vibrational ZPE on the left-hand side. Consequently, at
equilibrium between NO and NO2, there will be a greater
abundance of 14NO and 15NO2 than would be expected if
N isotopes were randomly distributed. Several of our calcu-
lated aA/B were compared to those calculated in previous
studies using empirical force field methods (Monse et al.,
1969), experimental harmonic frequencies (Richet et al.,
1977) and/or experimentally measured. (Leifer, 1940;
Begun and Melton, 1956; Yeatts, 1958; Brown and
Begun, 1959; Kauder et al., 1959). Here we consider a hand-
ful of NOy exchange process, but many other aA/B may be
determined using our calculated 15b values.

2.4. Solvent effects

A solvent can have a major impact on equilibrium con-
stants, reaction rates, and molecular properties (Lasaga,
1990, 1998), and several NOy compounds are important
in gas-aqueous exchange chemistry. Computational quan-
tum chemistry methods treat solvent effects by inclusion
of a continuum solvent model, referred as Self-Consistent
Reaction Field (SCRF) (Jensen, 1999). In these type of
models, a potential energy term, Vsolv, is added to the
molecular electronic Hamiltonian, and the solvent is treated
as a continuous dielectric surrounding a cavity that con-
tains the solute molecule ignoring the detailed molecular
structure of the solvent (Tomasi and Persico, 1994). To
obtain Vsolv, charges are placed on various parts of the cav-
ity surface and the effect of the electrostatic field on both
the polarization of the dielectric continuum, and the electric
moments of the molecule are calculated, with the charges
themselves depending on the solute electrons and nuclei in
a self-consistent manner. The key quantities that define this
solvent continuum are the dielectric constant, e (Robinson
and Stokes, 1959), and cavity shape (Tomasi and Persico,
1994).

Various methods exists for the quantum mechanical cal-
culation of solvent effects that depend on the models
description of the cavity (Jensen, 1999). In the widely used
Polarizable Continuum Solvation Model (PCM), a sphere
shaped cavity of radius 1.2 times the Van der Waal’s radius
around each atom of the molecule is used (Tomasi and
Persico, 1994). Charges are placed on the surface of the cav-
ity resulting from intersecting spheres to simulate the exter-
nal field of the solvent (Tomasi and Persico, 1994). PCM
improves upon early solvent models by providing a more
realistic description of molecular shape and using the exact
electron density of the solute to polarize the continuum.
Various PCM models exists such as the conductor-like
models known as COSMO (Klamt and Schüürmann,
1993), GCOSMO (Truong and Stefanovich, 1995) or
C-PCM (Barone and Cossi, 1998; Cossi et al., 2003) as well
as more sophisticated models such as the surface and simu-
lation of volume polarization for electrostatics known as
the SS(V)PE approach (Chipman, 2000) or equivalently
known as the integral equation formalism (IEF-PCM)
(Cancès et al., 1997), which provides an exact treatment
of the surface polarization. Previous studies have success-
fully applied PCM models to predict fractionation factors
for boron (Liu and Tossell, 2005), iron (Anbar et al.,
2005), and sulfur (Otake et al., 2008).

In this study we used the IEF-PCM to investigate the
solvent effect on 15b of eight soluble NOy molecules that
included: HNO2, HNO3, HNO4, N2O3, N2O4, N2O5,
NO2

�, and NO3
�. The IEF-PCM model was incorporated

in the geometry optimization and harmonic frequency cal-
culations of these molecules using both B3LYP/cc-pVTZ
and EDF2/cc-pVTZ levels of theory, and 15b values were
calculated in the temperature range of 150–450 K. The
key parameter that determines the solvent effect for the
IEF-PCM is the dielectric constant, e, and for our calcula-
tions was set to 78.39 which is the value for water at 298 K
(Malmberg and Maryott, 1956). While e of water might
vary slightly over the temperature ranged considered in
our 15b calculations, previous studies have shown that this
slight variation has minimal to no impact on the calculated
b (Otake et al., 2008). To assess the solvent effect, aA/B

between gaseous and aqueous phases was calculated for
these eight NOy molecules, and equilibrium N isotope
exchange processes involving aqueous phase molecules
were compared with experimentally determined values as
well as those calculated from previous theoretical studies.

3. RESULTS AND DISCUSSION

3.1. Experimental vs calculated harmonic frequencies

Fig. 1 compares the calculated harmonic frequencies
obtained from the B3LYP/cc-pVTZ and the
EDF2/cc-pVTZ levels of theory with those experimentally
determined for a variety of molecules (Chedin et al., 1976;
Richet et al., 1977; Irikura, 2007). The calculated harmonic
frequencies and the experimentally harmonic frequencies



Fig. 1. The least-squares fitting of experimental harmonic frequencies (x) vs. calculated harmonic frequencies and residuals for (a) B3LYP/cc-
pVTZ and (b) EDF2/cc-pVTZ levels of theory.

Fig. 2. Comparison of calculated B3LYP/cc-pVTZ harmonic
frequencies (x) with the difference between B3LYP/cc-pVTZ and
EDF2/cc-pVTZ calculated harmonic frequencies (DEDF2). The
circle points represent the frequencies calculated for NO3, and the
square points represent all other frequencies calculated for every
NOy molecule included in this study.
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for these molecules are presented in the Supplementary
material (Table S1). The linear fittings of experimental vs.
calculated harmonic frequencies (Fig. 1), have slopes of
0.995(±0.003) and 0.990(±0.003) and R2 values of 0.9997
and 0.9996 for B3LYP/cc-pVTZ and EDF2/cc-pVTZ levels
of theory respectively. The slope for each respective level of
theory was used to scale all calculated harmonic frequencies
with the aim of predicting more accurate values. In general,
the scaled harmonic frequencies are in good agreement with
observations; however, small differences between the scaled
and the experimental harmonic frequencies still exist
(Fig. 1). These discrepancies are caused by either the inad-
equacy of the level of theory used or by experimental error
(Liu et al., 2010). Measurement of a molecule’s IR or
Raman vibrational spectra can be difficult without using a
condensed vapor or trapping the molecules in inert matri-
ces, which may lead to interferences. These types of interfer-
ences do not apply to computational methods in which
harmonic frequencies are calculated for a single molecule
in vacuum. Only the most abundant isotopes for elements
were used when calculating the harmonic frequency scale
factors, but it is important to note that if the harmonic fre-
quencies calculated for the most abundant isotopologue are
accurate, then those for other isotopologues are guaranteed
to be accurate as well, because any shift in frequencies due
to mass occurs only from changes in the mass term in front
of the potential matrix term (Otake et al., 2008) (Eq. (6)):

1ffiffiffiffiffiffiffiffiffiffi
mimj
p

d2V
dxidyi

ð6Þ

where V is the potential energy, and mi ad mj are the masses
of the atoms with coordinate xi and yj, respectively. In Eq.
(6), it is clear that the accuracy of the computed harmonic
frequencies depend only on the d2V/dxidyi term, and the
change in mass will not directly impact this term. Overall,
we feel that the scaled harmonic frequencies are quite accu-
rate and should allow for the determination of the har-
monic frequencies for the various N isotopologue NOy

molecules of interest in this study.
3.2. Calculated NOy harmonic frequencies

The scaled harmonic frequencies calculated using
B3LYP/cc-pVTZ and EDF2/cc-pVTZ levels of theory for
gaseous N isotopologue molecules are presented in a table
in the Supplementary material (Table S2). In general, there
is excellent agreement between the two DFT methods used
to calculate harmonic frequencies; they are within 0.3 and
21.5 cm�1 for each vibrational mode (Fig. 2), indicating
that both DFT methods calculated similar potential matrix
terms (Eq. (6)). The only exception to this general agree-
ment was for NO3 in which the two DFT methods com-
puted harmonic frequencies that differed by up to
136.6 cm�1 (Fig. 2), signifying a disagreement in the calcu-
lated potential matrix terms (Eq. (6)). Previous computa-
tional quantum chemistry studies on NO3 have indicated
the difficulty in calculating accurate geometries and
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therefore vibrational frequencies due to it being a poly-
atomic doublet radical (Morris et al., 1990; Dutta et al.,
2013). Many methods including DFT, perform poorly in
the case of polyatomic open-shell doublet radicals because
of problems associated with the open-shell single reference
wave function such as spin contamination (Hehre, 1976;
Andrews et al., 1991), symmetry breaking (Davidson and
Borden, 1983), near-singularities in the Hartree–Fock solu-
tion (Thouless, 1961; Čı́žek and Paldus, 1967),
pseudo-Jahn–Teller effects (Pearson, 1976), and the pres-
ence of multi-reference character. It has been suggested that
the electron of motion–coupled cluster singlet and doublet
(EOM-IP-CCSD) wave function method can more accu-
rately predict the properties of doublet radical molecules
due to its incorporation of a balanced description of the
dynamic and non-dynamic correlation (Saeh and Stanton,
1999; Stanton, 2007; Bravaya et al., 2012; Epifanovsky
et al., 2013). Therefore, we performed geometry and har-
monic frequency (presented in Table S3) calculations for
NO3 using the EOM-IP-CCSD method with the Dunning
augmented correlation-consistent polarized valence double
f (aug-cc-pVDZ) basis set (Dunning, 1989), which was the
limit of our computational resources. These harmonic fre-
quencies were used to calculate the 15b of NO3 assuming
no harmonic frequencies scale factor is needed for this
highly electron-correlated and generally accurate method.

3.3. Calculated 15b

The 15b of all gaseous NOy compounds were calculated
over the temperature range of 150–450 K for each compu-
tational method used in this study. Table 1 presents the
regression parameters for the temperature dependence of
15b for the nineteen gaseous NOy molecules in order of
increasing magnitude for 15N substitution at 150 K. In gen-
eral, the magnitude of 15b increases roughly with the num-
ber of atoms bonded to a particular N atom within a
molecule. The smallest 15b values are found for NO,
NOBr, and NOCl since in the case of these molecules, N
is only bonded to one other atom. The largest 15b values
are found in NO3

�, HNO3, PAN, and HNO4, and in all
of these molecules, N is bonded to three other atoms. The
ordering of 15b values for N containing molecules that have
the same number of atoms bonded to N, depends on the
bond strength and bond order between N and the atom
or atoms to which it is bonded.

In Fig. 3, 15b of NO, NO2, N2Oa, and HNO3 are com-
pared with those estimated by other empirical force field
methods (Bigeleisen and Friedman, 1950; Monse et al.,
1969) and available experimental harmonic frequency data
(Chedin et al., 1976; Richet et al., 1977). For N2O the a sig-
nifies 15N substitution in the terminal N atom (15N–14N–O).
The experimental harmonic frequencies for the 14N and 15N
isotopologues of NO, NO2, and N2Oa and the correspond-
ing calculated 15b values can be found in the Supplementary
material (Tables S4 and S5). Overall, our calculated 15b val-
ues using computational quantum chemistry methods are in
excellent agreement with 15b values calculated using exper-
imental harmonic frequencies, and harmonic frequencies
calculated from molecular force fields and geometries.
Therefore, we expect that our chosen levels of theory for
the calculation of 15b values are fairly accurate and will
enable the calculation for various other NOy molecules in
which harmonic frequencies are challenging to measure
experimentally.

3.4. Calculated aA/B

The calculated aA/B regression coefficients as a function
of temperature (Table 2) for the following exchange pro-
cesses in the gas phase (A M B): NOCl M NO,
HNO2 M NO, N2O5 M NO2, N2O4 M NO2, ClNO2 M NO2,
NO2 M NO, PAN M NO2, and HNO3 M NO in increasing
order of magnitude over the temperature range of 150–
450 K for the B3LYP and EDF2 methods. Since 15b values
for individual N-bearing molecules involved in the equilib-
rium isotope exchange process dictates the value of aA/B,
the smallest values occur for equilibrium isotope exchange
in which the number of atoms N is bonded to does not
change. Thus, of the exchange processes assessed,
NOCl M NO had the lowest aA/B value because in both
cases, N is bonded to the same number of atoms in both
molecules involved in the exchange (1 in NOCl M NO).
Conversely, the isotope exchange between HNO3 M NO
had the highest aA/B of those assessed, because the
exchange involves N bonded to either one other atom
(NO) or 3 other atoms (HNO3). This general trend may
allow for a priori way to predict the direction and magni-
tude of aA/B based on molecular structure. This could be
useful in predicting the direction of 15N enrichment in other
equilibrium isotope exchange processes involving N, and
could be useful in evaluating kinetic isotope effects (KIE)
involving N isotopologues assuming that the transition
state and reactants exists in equilibrium (Van Hook,
2011). For example, a N-bearing molecule that reacts with
another molecule causing the N atom to form an additional
bond in the transition state would favor the formation of
15N isotopologue in the transition state, which could lead
to inverse kinetic isotope effects.

To assess the accuracy of our calculated values, aA/B for
NOCl(l) M NO, NO2 M NO, HNO3(aq) M NO, and
N2O4(aq) M NO2 were compared with those estimated by
other theoretical studies (Begun and Fletcher, 1960;
Monse et al., 1969), measured values (Leifer, 1940;
Begun, 1956; Begun and Melton, 1956; Yeatts, 1958;
Brown and Begun, 1959; Kauder et al., 1959), and/or avail-
able experimental harmonic frequency data (Richet et al.,
1977) (Fig. 4). Due to the difficulty in measuring the aA/B

for exchange reactions involving NOy molecules, few mea-
surements have been made, and the majority of those that
have been involve a molecule in a condensed phase (aque-
ous or liquid phase). Here, we neglect the condensed phase
or solvent effect for a couple of reasons (1) to compare our
computational determined values with those in previous
theoretical studies that have also neglected solvent effects
(2) to evaluate the solvent effect on 15b and on aA/B in
Section 3.5. Both DFT methods resulted in extremely sim-
ilar aA/B values for all exchanges considered (Fig. 4). In
general, the DFT calculated aA/B values were in good agree-
ment with experimental measurements (Fig. 4) and better



Table 1
Calculated regression coefficients for 15b for gaseous NOy molecules as a function of temperature (150–450 K) sorted in order of increasing
magnitude at 150 K.

1000ðb� 1Þ ¼ A
T4 � 1010 þ B

T3 � 108 þ C
T2 � 106 þ D

T � 104

B3LYP/cc-pVTZ EDF2/cc-pVTZ Average

A B C D A B C D A B C D

NO 5.525 �9.890 6.753 0.701 5.530 �9.898 6.759 0.707 5.528 �9.894 6.756 0.704
NOBr 5.605 �10.072 7.288 0.790 5.758 �10.344 7.490 0.811 5.682 �10.208 7.389 0.800
NOCl 5.617 �10.109 7.346 0.815 5.617 �10.113 7.357 0.814 5.617 �10.111 7.351 0.814
N2Oa 6.211 �11.627 8.834 0.723 6.222 �11.647 8.844 0.718 6.217 �11.637 8.839 0.721
N2O3

a 5.845 �11.043 8.862 0.611 5.863 �11.079 8.893 0.614 5.854 �11.061 8.878 0.613
HNO2 6.694 �12.953 10.370 0.432 6.767 �13.087 10.467 0.434 6.730 �13.020 10.419 0.433
NO2

� 8.394 �15.994 12.228 0.189 8.484 �16.136 12.315 0.201 8.439 �16.065 12.271 0.195
NO2 9.098 �16.947 12.886 0.560 9.127 �17.005 12.933 0.560 9.113 �16.976 12.909 0.560
N2O3

avg 7.796 �14.668 11.981 0.586 7.836 �14.732 12.035 0.602 7.816 �14.700 12.008 0.594
N2Oavg 6.901 �13.012 10.796 1.001 6.923 �13.038 10.783 1.014 6.912 �13.025 10.789 1.008
NO3

* 8.024 �15.955 13.722 0.077
N2O3

b 9.746 �18.293 15.101 0.560 9.809 �18.385 25.177 0.589 9.778 �18.339 15.139 0.574
N2Ob 7.590 �14.397 12.758 1.280 7.625 �14.430 12.721 1.309 7.607 �14.414 12.740 1.295
BrNO2 9.374 �17.846 15.287 0.616 9.427 �17.919 15.348 0.645 9.400 �17.882 15.318 0.631
ClNO2 9.382 �18.029 15.568 0.553 9.463 �18.155 15.675 0.582 9.423 �18.092 15.621 0.567
N2O5 9.742 �18.484 15.585 0.671 9.823 �18.609 15.689 0.702 9.782 �18.547 15.637 0.687
N2O4 10.066 �18.947 16.032 0.711 10.049 �18.958 16.065 0.687 10.057 �18.952 16.049 0.699
ClONO2 9.974 �19.144 16.582 0.592 10.041 �19.243 16.669 0.620 10.008 �19.194 16.626 0.606
BrONO2 10.209 �19.552 16.922 0.605 10.306 �19.706 17.054 0.631 10.257 �19.629 16.988 0.618
HNO4 10.407 �19.894 17.111 0.605 10.497 �20.033 17.227 0.636 10.452 �19.963 17.169 0.621
PAN 10.291 �19.611 16.934 0.672 10.384 �19.757 17.063 0.703 10.338 �19.584 16.998 0.667
HNO3 11.120 �21.270 18.132 0.519 11.219 �21.427 18.253 0.540 11.169 �21.349 18.193 0.529
NO3

� 12.466 �23.715 19.765 0.303 12.601 �23.918 19.905 0.326 12.533 �23.817 19.835 0.315

The typical misfit of the regression line is 0.10&.
a Signifies terminal substitution of 15N (15N–14N-O and O-15N-14N-O2).
b Signifies central substitution of 15N (14N–15N-O and O-14N-15N-O2).
* EOM-IP-CCSD/aug-cc-pVTZ level of theory was used to calculated 15b for NO3.

Fig. 3. Comparison of calculated gaseous 15b values using B3LYP/cc-pVTZ (solid line) and EDF2/cc-pVTZ (dash line) methods with those
computed in a previous study (dash dot line) and/or those computed from experimental harmonic frequencies (dot line) for (a) NO, (b) NO2,
(c) N2Oa, and (d) HNO3.
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Table 2
Calculated regression coefficients for aA/B involving gaseous NOy molecules as a function of temperature (150–450 K) sorted in increasing
magnitude at 150 K.

1000ðaA�B � 1Þ ¼ A
T4 � 1010 þ B

T3 � 108 þ C
T2 � 106 þ D

T � 104

B3LYP/cc-pVTZ EDF2/cc-pVTZ Average

A B C D A B C D A B C D

aNOCl–NO 0.121 �0.345 0.568 0.116 0.118 �0.345 0.575 0.110 0.120 �0.345 0.572 0.113
aHNO2-NO 1.447 �3.655 3.643 �0.263 1.518 �3.788 3.731 �0.266 1.483 �3.721 3.687 �0.265
aN2O5-NO2

0.979 �2.487 2.697 0.119 1.030 �2.563 2.738 0.152 1.004 �2.525 2.718 0.135
aN2O4ðaqÞ-NO2

0.967 �2.515 2.843 0.053 0.879 �2.336 2.701 0.073 0.923 �2.426 2.772 0.063
aN2O4-NO2

1.297 �3.019 3.110 0.163 1.262 �2.986 3.110 0.138 1.279 �3.003 3.110 0.150
aClONO2-NO2

1.353 �3.484 3.734 0.040 1.390 �3.534 3.762 0.069 1.372 �3.509 3.748 0.054
aPAN-NO2

1.664 �3.979 4.032 0.125 1.730 �4.084 4.098 0.158 1.697 �4.031 4.065 0.142
aNO2-NO 3.834 �7.653 5.983 �0.115 3.861 �7.708 6.024 �0.121 3.847 �7.680 6.003 �0.118
aHNO3ðaqÞ-NO 6.119 �12.759 11.162 �0.141 6.079 �12.742 11.158 �0.218 6.099 �12.750 11.160 �0.179
aHNO3-NO 6.119 �12.759 11.162 �0.141 6.213 �12.914 11.267 �0.124 6.166 �12.836 11.215 �0.133

The typical misfit of the regression line is 0.20&.

Fig. 4. Comparison of calculated equilibrium isotope fractionation factors using B3LYP/cc-pVTZ (solid line) and EDF2/cc-pVTZ (dash line)
methods with neglect of solvent effects with those computed from experimental harmonic frequencies (dot line), those computed in previous
studies (dash dot line) and/or those experimental measured (single points) for (a) aNOCl–NO, (b) aNO2-NO, (c) aHNO3-NO, and (d) aN2O4-NO2

.
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estimated the aA/B values than previous theoretical studies
(Monse et al., 1969). A detailed discussion of the various
exchange processes used to compare our calculated aA/B

with those previously calculated is presented below.
aNOCl(l)–NO: The N isotope exchange reaction between

NOCl(l) M NO has been previously measured to have an
aNOCl(l)–NO value of 1.013 ± 0.003 at 223 K (Yeatts, 1958).
This value is an excellent agreement with the aNOCl–NO cal-
culated from the DFT methods which had an average value
of 1.014 at 223 K (Fig. 4a) even with the neglect of the con-
densed phase, suggesting that the condensed phase has little
influence on 15b for NOCl. Our calculated aNOCl–NO seems
to significantly improve upon previous theoretical studies of
this exchange reaction that calculated a value of 1.024
(Monse et al., 1969).

aNO2-NO: There has been some uncertainty in the mea-
surement of the aA/B for the N isotope exchange between
NO2 M NO, one of the few N isotope exchanges that has
been measured in which both molecules are in the gas
phase. The earliest study of this isotope equilibrium
exchange measured an aNO2-NO of 1.040 at 298 K (Leifer,
1940). This value agrees well with the aNO2-NO calculated
using DFT methods that had an average value of 1.0395
at 298 K, which is also near the aNO2-NO calculated using
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experimental harmonic frequencies for the 14N and 15N
isotopologues of NO and NO2 of 1.0415 (Richet et al.,
1977), and a previous study that corrected for accurate
ZPEs and calculated 1.040 (Begun and Fletcher, 1960)
(Fig. 4b). However, a subsequent study found this exchange
to have a aNO2-NO value of 1.028 ± 0.002 at 298 K (Begun
and Melton, 1956). A previous theoretical study based on
empirical force field calculations estimated an aNO2-NO value
of 1.0353 (Monse et al., 1969), somewhere in between the
two experimental measurements. Experimental measure-
ments of the N isotope exchange between NO2 M NO are
difficult due to a number of reasons. First, the pressure of
NO and NO2 must remain low (less than 0.5 Torr) to pre-
vent the formation of N2O3 and N2O4 (Hurtmans et al.,
1993), which would complicate the NO2 M NO exchange
measurement. Additionally, previous studies have mea-
sured this exchange by flowing gaseous NO2 and NO into
a mass spectrometer (Leifer, 1940; Begun and Melton,
1956), but the separate mass analysis for the NO2 and
NO peaks is complicated due to the formation of NO+

and NO2
+ ions that originate from NO2. Due to the small

number of measurements and disagreement in these values,
it is difficult to justifiable determine the accuracy of our cal-
culated aNO2-NO value; however, our value does agree quite
well with the value determined from the experimental har-
monic frequencies, which is the best that we could hope
for considering that the accuracy of our calculated
aNO2-NO is based essentially on calculating accurate har-
monic frequencies. The determination of aA/B for this
exchange reaction at various temperatures that circumvents
the problems associated with previous experiments will be
the subject for a future study.

aHNO3ðaqÞ-NO: The N isotope exchange between

HNO3(aq) M NO has been experimentally measured to have
an aHNO3ðaqÞ=NO of 1.073 ± 0.006 (Kauder et al., 1959) and

1.065 ± 0.001 (Brown and Begun, 1959) at 298 K. The
DFT methods calculated an average aHNO3=NO of

1.081(Fig. 4c). While our calculated aHNO3=NO slightly over-

estimates the experimental value, it is closer than the previ-
ously calculated aHNO3=NO value of 1.093 based on empirical

force field methods (Monse et al., 1969). It is important to
point out that the HNO3(aq) M NO exchange occurs with
HNO3 in the aqueous phase, and this could be the reason
for the DFT methods overestimation of aHNO3=NO, which

assumes both HNO3 and NO are in the gaseous phase.
This isotope exchange process was re-evaluated in 3.5 using
the 15b calculated for HNO3(aq).

aN2O4ðaqÞ-NO2
: The N isotope exchange reaction between

N2O4(aq) M NO2 has been experimentally measured to have
an aN2O4-NO2

of 1.023 at 298 K (Begun, 1956). This value is
slightly lower than the average value calculated using DFT
methods of 1.030. At 298 K, Begun and Fletcher (1960) cal-
culated aN2O4-NO2

to be 1.027 which is closer to the experi-
mental value than the DFT methods (Fig. 4d). However,
Begun and Fletcher calculated 15b for N2O4 using observed
fundamental vibrational frequencies, which theoretically
should not be used in the Bigeleisen–Mayer equation in
the rigid rotor and harmonic oscillator approximations
(Liu et al., 2010). Additionally, the calculation of 15b values
from observed frequencies suffers the disadvantage that
spectroscopic vibrational frequencies for isotopologues
are not always that accurate, and the Teller–Redlich pro-
duct rule is not necessarily obeyed so that the important
interplay of various factors such as mass-moment-of-
inertia factor and excitation factor that contribute to 15b
does not necessarily occur to sufficient accuracy (Spindel
and Stern, 1969). Therefore, Begun and Fletcher’s more
accurate calculated aN2O4-NO2

maybe fortuitous. Similarly
to the HNO3(aq) M NO exchange, the experimental mea-
surement of N2O4(aq) M NO2 occurred with N2O4 in the
aqueous phase, and our calculated 15b N2O4 used in our
aN2O4-NO2

calculation was for N2O4 in the gas phase. The
difference in the phase of N2O4 might be the reason for
our calculated aA/B discrepancy with the experimentally
measured value. In Section 3.5, the N2O4 aqueous phase
15b value was calculated and the exchange between
N2O4 M NO2 was reevaluated.

Overall, we believe that our calculated 15b values for
gaseous NOy molecules are fairly accurate in the rigid rotor
and harmonic oscillator approximations and will allow for
the determination of aA/B for various isotope exchanges
involving these gaseous molecules. These aA/B values maybe
useful to understand the trends observed in the N stable
isotope ratio of NOy species in the atmosphere.

3.5. Calculated solvent effects

The vibrational frequencies for aqueous phase HNO2,
HNO3, HNO4, N2O3, N2O4, N2O5, NO2

�, and NO3
� are pre-

sented in Supplementary material (Table S6), and Table 3
presents the regression parameters for the temperature
dependence of 15b for these molecules in order of increasing
magnitude for 15N substitution. Like the gaseous NOy

molecules, 15b values increase in magnitude with increasing
number of atom attachment to the N atom. To assess the
significance of solvent effects on 15b values, Fig. 5 shows
the calculated enrichment factors (1000(aaq-gas � 1))
between five gaseous NOy molecules and their aqueous
counterparts (i.e., the IEF-PCM modeled species,
e = 78.39) as a function of temperature. Overall, both
B3LYP/cc-pVTZ and EDF2/cc-pVTZ calculated similar
enrichment factors that were slightly negative between the
aqueous and gaseous phase for these molecules that asymp-
totically increase as temperature increases but with varying
magnitude for different NOy molecules. This indicates that
the 15b values for the gaseous phase is higher than for the
aqueous phase, signifying that the 15N isotope preferen-
tially form in the gaseous phase. This occurs because the
aqueous phase lowers the ZPEs between the 14N and 15N
isotopologues compared to the gaseous phase (Table 4)
due to the stabilization resulting from dispersion interac-
tions between water and the NOy molecule. Subsequently,
the 15b value for the aqueous phase is lower than for the
gaseous phase. The magnitude in the fractionation between
the aqueous and gaseous phase in general depends on the
ZPE difference between the 14N and 15N isotopologues of
the aqueous and gaseous phase; the greater the ZPE is low-
ered in the aqueous phase, the larger the fractionation
between the aqueous and gas phase (Table 4).



Table 3
Calculated regression coefficients for 15b for aqueous NOy molecules as a function of temperature (150–450 K) in order of increasing
magnitude at 150 K.

1000ð15b� 1Þ ¼ A
T4 � 1010 þ B

T3 � 108 þ C
T2 � 106 þ D

T � 104

B3LYP/cc-pVTZ EDF2/cc-pVTZ Average

A B C D A B C D A B C D

N2O3
a 5.832 �10.982 8.780 0.638 5.854 �11.031 8.831 0.635 5.843 �11.006 8.805 0.636

HNO2 6.640 �12.915 10.386 0.373 6.740 �13.097 10.514 0.375 6.690 �13.006 10.450 0.374
NO2

� 8.159 �15.617 11.997 0.164 8.257 �15.773 12.092 0.176 8.208 �15.695 12.044 0.170
N2O3

avg 7.701 �14.999 11.800 0.553 7.754 �14.588 11.877 0.569 7.727 �14.544 11.836 0.561
N2O3

b 9.570 �18.018 14.811 0.469 9.654 �18.146 14.924 0.502 9.612 �18.082 14.867 0.486
N2O5 9.373 �17.818 14.944 0.628 9.468 �17.973 15.081 0.658 9.420 �17.896 15.013 0.643
N2O4 9.724 �18.455 15.698 0.608 9.676 �18.357 15.606 0.627 9.700 �18.406 15.652 0.617
HNO4 10.054 �19.345 16.708 0.528 10.152 �19.495 16.828 0.560 10.103 �19.420 16.768 0.544
HNO3 10.950 �21.059 17.972 0.429 11.071 �21.253 18.114 0.449 11.011 �21.156 18.043 0.439
NO3

� 11.928 22.889 19.197 0.232 12.086 �23.128 19.358 0.255 12.007 �23.009 19.278 0.243

a Signifies terminal substitution of 15N (O-15N-14N-O2).
b Signifies central substitution of 15N (O-14N-15N-O2).
avg signifies the geometric average of 15b for N2O3.
The typical misfit of the regression line is 0.10&.

Fig. 5. Enrichment factor (1000(aaq-gas � 1)) between aqueous and gaseous phase for various NOy molecules (HNO2, N2O3, HNO3, NO5,
NO3

�). Aqueous phase molecules were calculated using the IEP-PCM model with a dielectric (e) constant of 78.39.

Table 4
Comparison of the zero-point energy (ZPE = 1/2Rhm for harmonic oscillators) difference in the 14N and 15N isotopologues for several NOy

molecules in the gaseous and the aqueous phase, and the enrichment factor (1000 (aaq-gas � 1)) between the gaseous and aqueous phases at
270 K.

Molecule DaZPE Gas (J/mol) DaZPE Aqueous (J/mol) DaZPE Aqueous-Gas (J/mol) 1000 (aaq-gas � 1) at 270 K

HNO2 324.9 322.8 �2.1 �1.6
NO2

� 329.9 327.5 �2.4 �2.3
N2O3 401.7 395.1 �6.6 �2.6
HNO3 546.0 537.2 �8.8 �4.0
HNO4 536.9 524.9 �12.0 �5.3
N2O4 516.9 504.0 �12.8 �5.4
NO3

� 556.9 543.0 �13.9 �6.1
N2O5 532.1 513.1 �19.0 �6.5

a D is the average difference between the ZPE in the harmonic oscillator approximation for the 14N and 15N isotopologues (14N-15N) for
both B3LYP/cc-pVTZ and EDF2/cc-pVTZ levels of theory.
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From the aqueous phase calculated 15b for HNO3 and
N2O4, the N equilibrium isotope exchange between
HNO3(aq) M NO and N2O4(aq) M NO2 were reevaluated
and compared with previous theoretical studies as well as
experimental measurements (Fig. 6). A detailed assessment
of the inclusion of the solvent effect on equilibrium isotope
exchange processes are discussed below.
aHNO3ðaqÞ-NO: As previously mentioned, the N isotope

exchange between HNO3(aq) M NO has been experimen-
tally measured to have an aHNO3ðaqÞ=NO of 1.073 ± 0.006

(Kauder et al., 1959) and 1.065 ± 0.001 (Brown and
Begun, 1959) at 298 K. Inclusion of the solvent effect on
15b for HNO3, the DFT methods calculated aHNO3ðaqÞ=NO

to be 1.076 (Fig. 6a), which is closer to the experimentally



Fig. 6. Comparison of calculated equilibrium isotope fractionation factors using B3LYP/cc-pVTZ (solid line) and EDF2/cc-pVTZ (dash line)
methods with inclusion of solvent effects using the IEF-PCM model with those computed in previous studies (dash dot line) and/or those
experimental measured (individual points) for (a) aHNO3-NO and (b) aN2O4-NO2

.
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measured values than the DFT value calculated with
neglect of the solvent effect of 1.081 ± 0.001 (Fig. 6a).
Our calculated aHNO3ðaqÞ=NO value is a significant improve-

ment from previous theoretical studies that have calculated
a value of 1.093 (Monse et al., 1969).

aN2O4ðaqÞ-NO2
: Inclusion of the solvent effect on the 15b

value of N2O4, the DFT methods calculated aN2O4ðaqÞ-NO2

to be 1.025(Fig. 6b). This value is in better agreement with
the experimentally determined value of 1.023 (Begun, 1956)
than either the DFT calculated value with neglect of the sol-
vent effect of 1.034 ± 0.0005 or the value calculated using
observed fundamental vibrational frequencies of 1.027
(Begun and Fletcher, 1960).

Overall, the solvent effect while not very strong, are still
significant for calculating accurate fractionation factors.
Inclusion of the solvent effect for the molecules analyzed
in this study lowered aA/B and resulted in values closer in
agreement with experimentally determined values. Even
with accounting for solvent effects, calculated aA/B in the
rigid rotor and harmonic oscillator approximations tend
to be slightly overestimated compare to the experimentally
measured value, and this is likely due to the neglect of
anharmonicity in this approximation. Inclusion of anhar-
monic corrections will in general lower aA/B values, which
would help match calculated values with those determined
experimentally; however, corrections for anharmonicity
are computationally expensive, and even with the neglect
of anharmonicity, our calculated aA/B values are within or
nearly within the experimental error for these measure-
ments and are a significant improvement from previous the-
oretical aA/B studies involving NOy molecules.
4. CONCLUSIONS

Harmonic frequencies have been calculated for various
NOy molecules that are relevant to NOx tropospheric and
stratospheric chemistry using B3LYP/cc-pVTZ and
EDF2/cc-pVTZ levels of theory. Our calculated harmonic
frequencies were in excellent agreement with those deter-
mined experimentally. Using our calculated harmonic fre-
quencies, 15b were calculated for mono-substitution of the
15N isotope using the Bigeleisen–Mayer equation in the
rigid rotor and harmonic oscillator approximations. Our
15b values agreed well with those calculated using
experimentally determined harmonic frequencies and with
those calculated using empirical force field methods. In gen-
eral, the magnitude of 15b value increases with the number
of atoms bound to the N atom in a particular molecule,
allowing for a priori way to arrange 15b values for NOy

molecules. Equilibrium isotope exchange fractionation fac-
tors (aA/B) were evaluated for various exchange processes
involving NOy molecules. Our calculated aA/B values were
generally in closer agreement with the experimentally mea-
sured aA/B than previous theoretical assessments of aA/B

involving N isotope exchange. Since most of the aA/B values
involving N isotope exchange involved a species in the
aqueous phase, the solvent effect on 15b and aA/B were
assessed. Inclusion of the solvent effect improved the accu-
racy of our calculated aA/B values so that they were just out-
side of or within the experimental variability reported for
various N isotope exchange processes. Slight overestima-
tions even after corrections for the solvent effect might be
the result of neglect of anharmonicity which are believed
to lower aA/B values. In general, we believe our calculated
15b and aA/B values are accurate in the rigid rotor and har-
monic oscillator approximations and will allow for the esti-
mation of the isotope fractionation involved with NOy

molecules.
These aA/B values predict trends that may be observed in

the N stable isotope ratio of NOy species in the atmosphere.
Assuming that NOy species exists in equilibrium, this would
suggest (1) since the 15N isotope prefers to enrich in the
more oxidized form of NOy, the transformation of NOx

to atmospheric nitrates (HNO3, NO3
�

(aq), NO3
�

(g)) would
increase the 15N/14N ratios from the initial 15N/14N ratio
of the NOx source, (2) the long range transport of NOx

via PAN would have higher 15N/14N ratios than the NOx

source, (3) based on 15b values, atmospheric nitrates would
have 15N/14N ratios in order of increasing magnitude of
NO3

�
(aq), HNO3, NO3

�
(s). Simultaneous measurements of

the 15N/14N ratios of different NOy molecules is needed to
determine the importance of various equilibrium isotope
exchanges on 15N/14N ratios, and this will be the subject
for future research.
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