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Nitroxyl (HNO) and hydrogen peroxide have both been implicated in a variety of reactions relevant to
environmental and physiological processes and may contribute to a unique, unexplored, pathway for the
production of nitrous acid (HONO) in soil. To investigate the potential for this reaction, we report an
in-depth investigation of the reaction pathway of H,O, and HNO forming HONO and water. We find the
breaking of the peroxide bond and a coupled proton transfer in the first step leads to hydrogen nitryl
(HNO,) and an endogenous water, with an extrapolated NEVPT2 (multireference perturbation theory)
barrier of 29.3 kcal mol™. The first transition state is shown to possess diradical character linking the far
peroxide oxygen to the bridging, reacting, peroxide oxygen. The energy of this first step, when
calculated using hybrid density functional theory, is shown to depend heavily on the amount of
Hartree—Fock exchange in the functional, with higher amounts leading to a higher barrier and more
diradical character. Additionally, high amounts of spin contamination cause CCSD(T) to significantly
overestimate the TS1 barrier with a value of 36.2 kcal mol™* when using the stable UHF wavefunction as
the reference wavefunction. However, when using the restricted Hartree—Fock reference wavefunction,
the TS1 CCSD(T) energy is lowered to yield a barrier of 31.2 kcal mol™, in much better agreement with the
NEVPT2 result. The second step in the reaction is the isomerization of HNO, to trans-HONO through a
Grotthuss-like mechanism accepting a proton from and donating a proton to the endogenous water. This
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DOI: 10.1039/c7cp05883g new mechanism for the isomerization of HNO, is shown to have an NEVPT2 barrier of 23.3 kcal mol™,
much lower than previous unimolecular estimates not including an explicit water. Finally, inclusion of an

rsc.li/pcecp additional explicit water is shown to lower the HNO, isomerization barrier even further.

hydroxylamine oxidoreductase (HAO) converts hydroxylamine to
nitrite,"® in a process involving the HNO intermediate."
Pollution control technology aimed at eliminating ammonia

1. Introduction

Nitroxyl (HNO) is postulated to be a key intermediate in

numerous reaction pathways involving the oxidation of nitrogen
during combustion,"” atmospheric chemistry,> microbial
nitrification,” pollution control,>® and physiological processes.”
Recently, there is interest in the potentially large contribution of
soil microbial nitrification processes as a source of reactive oxides
of nitrogen such as NO, (NO, = NO + NO,)* ™ and nitrous acid
(HONO)""™* to the atmosphere, which may account for ~15% of
global emissions of NO, and play a key role in tropospheric ozone
and aerosol formation.'* Formation of NO, and HONO in soil is a
byproduct of microbial nitrification in which the enzyme ammonia
monooxygenase (AMO) converts ammonia to hydroxylamine and
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from agricultural waste and runoff or removing NO, from
combustion exhaust are other areas where HNO chemistry
plays a role. For example, the reaction of ammonia with O,
on certain catalysts [i.e., selective catalytic oxidation (SCO)] is
thought to yield an HNO intermediate.® Advanced oxidation
processes utilizing photoactive catalysts, H,O, photolysis,
ozone treatment, and electrolysis have been applied to removal
of N-waste from aquatic systems.'® Applicable to these systems,
Chen et al. have proposed HNO as an intermediate in the
oxidation of hydroxylamine and its derivatives by H,0,."” In
these processes, reactions between HNO and reactive oxygen
species can potentially lead to oxidized byproducts such as NO,
and N,O, the latter of which is a potent greenhouse gas and
ozone depleting substance in the stratosphere.'®

Nitroxyl also plays an important role in biochemistry."®
Although there is an ongoing debate on whether nitroxyl is
produced endogenously, free HNO has been proposed as a
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precursor to NO during certain enzymatic processes.
medicine, there has been a great deal of research within the
past decade into nitroxyl’s unique ability to prevent heart
attacks through lowering cardiac preload and diastolic pressure
without increasing arterial resistance.>"*> Additionally, early
application of nitroxyl has been shown to prevent oxidative
damage to cells during ischemia reperfusion injury, i.e. before
deoxygenated cells are reoxygenated.>® However, application of
nitroxyl during the process of reoxygenation increases the
degree of damage, potentially through reaction with reactive
oxygen species, such as hydrogen peroxide, which are formed
during the process.”*>*

Although HNO plays a recognized role in environmental
and biochemical processes, little is known about its chemistry.
This is primarily due to the challenges in studying this
reactive molecule experimentally. In higher concentrations,
the fate of HNO is to dimerize and subsequently decompose
to N,0.%® Relative to the dimerization pathway, oxidation of
HNO by O, under physiological conditions is slow.?” However,
metabolic processes are active in converting O, to reactive
oxygen intermediates such as H,0,, which may be more
reactive toward HNO than O,. Hydrogen peroxide is also
produced through oxidative stress and is involved in a number
of signaling processes in the body.28 Moreover, H,0, is also
an important oxidant used in advanced oxidation treatments
of N-containing waste. Presently, it is unknown whether
HNO can react with H,0, and, if it does, whether it can be a
source of NO, or HONO to environmental or physiological
systems.

The goal of this work is to determine the lowest energy
reaction pathway of nitroxyl and hydrogen peroxide. Though
the chosen system is relatively small and seemingly free of
complex nonlocal interactions, investigation with electronic
structure theory leads to several novel findings. We find the
first transition state to be an open shell singlet diradical,
requiring a more nuanced approach than simple density func-
tional theory. In particular, different hybrid density functionals
yield a wide range of barriers for the first transition state,
depending entirely on the amount of Hartree-Fock exchange
included in the chosen functional. The amount of Hartree-
Fock exchange increases the diradical character of the transi-
tion state, an effect local density functional theory fails to
reproduce. Additionally, we show that even the correlated
CCSD(T) and BD(T) methods mistreat this transition state when
using the stable UHF wavefunction as a reference and that the
RHF wavefunction must be used to obtain reliable results. We
have also demonstrated that the water molecule released from
the first step substantially lowers the barrier for the subsequent
rearrangement step, yielding a barrier much lower than those
reported in previous studies of the rearrangement in an unsolvated
environment.

In the following section we describe the Computational
methods and theory used in the paper. Results and discussion
is divided into three parts: determination of a B3LYP singlet
reaction pathway, investigation of the pathway with a variety of
functionals and elucidation of the effect of exact exchange in
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the initial barrier of the reaction, and finally an NEVPT2//CASSCF
investigation of the obtained barriers.

2. Computational methods and theory

The Gaussian 09 program suite>® has been used for all calcula-
tions in this work except for the CASSCF and NEVPT2 calcula-
tions, which were performed using ORCA.*° All reported
structures were optimized on the singlet surface using the
B3LYP?'™? density functional with the aug-cc-pVQZ basis
set.>* Unrestricted wavefunctions are obtained in all cases
where the closed shell solutions possess an instability, specifi-
cally in the case of TS1 and the reactant complex. Vibrational
analysis was carried out at the B3LYP/aug-cc-pVQZ level to
confirm the nature of the minima and to obtain zero-point
corrected energies and Gibbs free energies. All transition states
were linked to the corresponding products and reactants using
intrinsic reaction coordinate (IRC)**” analysis at the B3LYP/
aug-cc-pVTZ level of theory. The ends of IRC calculations were
then optimized with tight convergence criteria to obtain the
corresponding intermediate local minima, referred to as Int#.
For TS1, the barrier is calculated with respect to the reactant
complex to provide a more comprehensive picture of the energy
required to initiate this reaction. The other barriers were
calculated with respect to the appropriate reaction intermedi-
ates as seen in Fig. 1 of the Results and discussion. To explore
the possibility of transition states being stabilized by solvation
effects, all structures were further optimized, and frequencies
obtained, at the B3LYP/aug-cc-pVQZ level of theory using the
CPCM implicit solvent model with water as the solvent mole-
cule and a corresponding dielectric constant of 78.36.3%%°

To analyze the functional-dependence of the reported barriers,
all structures were additionally optimized with unrestricted versions
of Zhao and Truhlar's M06-2X hybrid functional,”® Adamo and
Barone’s PBEO hybrid functional,*! the dispersion-corrected B3LYP-
D3B]J (using Grimme et al.’s D3 correction’” and Becke-Johnson
damping®), the long-range corrected CAM-B3LYP** as well as the
associated CAM-B3LYP-D3B]J, and ®B97X-D.*> The B3LYP/aug-cc-
PVQZ geometries were used for single point CCSD(T),***” BD(T),*®
CASSCF, and N-Electron Valence Perturbation Theory (NEVPT2)*
calculations. CASSCF and NEVPT2 calculations were performed
using version 4.0.0.2 of the ORCA computational chemistry
program.®® CASSCF calculations were performed with the cc-pVDZ
basis set and the optimized wavefunctions were used as reference
states for NEVPT2/aug-cc-pVDZ calculations to account for dynamic
correlation. For all NEVPT2 calculations, the fully internally con-
tracted (FIC-NEVPT2) algorithm was used.”® Choosing a proper
active space is the most crucial step when setting up any CASSCF
calculation and we followed the general guidelines popularized by
Veryazov, Malmqvist, and Roos for treating nitrogen-containing
systems by including all heavy atom 2p orbitals and all hydrogen 1s
orbitals.®® Thus, the chosen active space was 18 electrons distri-
buted across 15 orbitals (18,15).

Though the studied system is relatively small, the active
space is quite large and the direct NEVPT2 calculations were
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Fig.1 B3LYP/aug-cc-pVQZ reaction diagram with zero-point corrected energies. Green lines depict forming bonds, magenta lines depict breaking
bonds. Energies in kcal mol ™" relative to ground state energy of the reactant complex. Geometries provided in the ESI.+

carried out with the aug-cc-pVDZ basis. To include the larger
basis set effects on NEVPT2, we employ an extrapolation proce-
dure by adding the difference between the CCSD(T)/aug-cc-pVTZ
barriers and barriers calculated with CCSD(T)/aug-cc-pVDZ, as
shown in eqn (1). We consider the NEVPT2 results to be the most
accurate reference values to calibrate the performance of other
methods in this study. The ESI{ contains the aug-cc-pVDZ results
for the relevant levels of theory as well as the Agﬁg:gg:g% for both
CCSD(T) and BD(T) using an RHF reference wavefunction, for
reasons described in the Results and discussion section.

NEVPT2 _ pNEVPT2 SCSD(T CCSD(T
Eextrapolated - Eaug—cc-pVDZ + ( aug—cc(-p)VTZ - Eaug—cc(-p)VDZ)
— pNEVPT2 aug-cc-pVTZ
- Eaug—cc-pVDZ + Aau%—cc—gVDZ (1)

Due to large differences in barrier height across the examined
levels of theory, the transition state labeled TS1 was subject to
additional analysis. First, the barrier for the transition state was
calculated with the considered density functionals using the
Yamaguchi spin projection procedure for diradicals, outlined in
eqn (2) and (3).”>* Here, the spin-projected energy, 'E(sp), is obtained
by adding the energy of the singlet-triplet gap to the unrestricted
singlet energy, 'Euscr), scaled by an approximate spin contamination
fraction, fic, derived from the singlet and triplet (%) values.

'Ese) = 'Ewscr) + fsc[ 'Ewscr) — *Euscr)] (2)

1 SZ
foe ™ ﬁ @)

Lastly, the percentage of exact Hartree-Fock exchange is
implicated in the differing TS1 barriers across the multiple
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hybrid density functionals. To elucidate the effect of exact
exchange, parameter a in eqn (4) was varied from its typical
value of 0.20 to produce modified versions of the B3LYP
functional with different amounts of Hartree-Fock exchange,
EXF. The other two parameters, b and c, were left at the B3LYP
values of 0.72 and 0.81. The modified functionals are referred
to as B3LYP[X] where “X” represents the percentage of exact
Hartree-Fock exchange. Optimizations were performed with
the percent of exact exchange varying from 0 to 40% for TS1
and the associated reactant complex. This same procedure was
employed recently in a study of the oxyl character of Mn"=0
and herein we present an application of this technique to a
nonmetallic system.>*

Egsiyp = (1 — @)EEPA + aBYT + DAER + (1 — ¢)EE™A + cESP

4)

3. Results and discussion

3.1. B3LYP reaction pathway

Fig. 1 presents the full reaction pathway calculated on the
singlet surface using B3LYP/aug-cc-pVQZ and zero-point cor-
rected energies. All geometries presented in Fig. 1 can be found
in the ESLf{ The first reactant complex represents the most
favorable interaction between the two reactants, with the
hydrogen peroxide donating one hydrogen bond to the nitroxyl
oxygen and accepting a hydrogen bond from the opposite
oxygen. The intermediate species, Int1, features the hydrogen
peroxide donating one hydrogen bond to the nitroxyl nitrogen
and is only 0.15 kcal mol™" higher in energy than the reactant
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Fig. 2 UB3LYP/aug-cc-pVQZ geometry of TS1 with relevant bond dis-
tances reported in Angstroms. Arrows represent relative displacement
vectors of the imaginary frequency. Green bonds are forming; magenta
bonds are breaking.

complex. The slight reorganization from the reactant complex
to Intl reflects the rearrangement required to prepare the
reactants for the chemical reaction to follow. This rearrange-
ment to Intl is shown in Fig. 1 as the first unlabeled transition
state and has a barrier of 2.1 kcal mol~". The low energy of this
transition state is an effect of the shift in the hydrogen bond
acceptor on nitroxyl from oxygen to the less favored nitrogen.
Due to the low energy of this first transition state, it is not
discussed further in this paper and focus is aimed at transition
states with more appreciable barriers.

The UB3LYP/aug-cc-pVQZ geometry of the first substantial
transition state can be seen in Fig. 2. This is the only transition
state with appreciable open shell character and must be treated
with an unrestricted wavefunction at the B3LYP level of theory.
The normal mode of the imaginary frequency of TS1 features a
much longer displacement vector on the central oxygen, leading
to a bond with the nitroxyl nitrogen. The peroxide bond is
subsequently broken and the hydrogen belonging to the central
oxygen is deposited onto the opposite peroxide oxygen to form
a water molecule. At the UB3LYP/aug-cc-pVQZ level of theory,
the zero-point corrected energy of this transition state is
22.7 keal mol™", potentially accessible in the solution phase
at 300 K. The product end of the TS1 IRC optimizes to Int2,
which features a hydrogen bond donated by the water molecule
to an oxygen of the newly formed hydrogen nitryl (HNO,). Int2
subsequently rearranges to the more stable (by 4.6 kcal mol ™)
Int3 by allowing a water oxygen to accept a hydrogen bond from
the more weakly bound hydrogen of HNO,. The rearrangement
from Int2 to Int3 is shown in Fig. 1 by the second unlabeled
transition state and has a negligible barrier of only 0.13 kcal
mol ™~ '. The low barrier of the transition state linking Int2 to
Int3 is a result of a migration of the formed water out of the
plane of HNO,, allowing the subsequent switch from hydrogen
bond donor to hydrogen bond acceptor. As with the first
unlabeled transition state, the transition state linking Int2
to Int3 is not discussed further in the text due to its incon-
sequential barrier.

Fig. 3 presents three possible candidates for the second
labeled transition state, each representing the isomerization of
HNO, to trans-HONO. The barrier for this isomerization has
been calculated multiple times in the past but never, to our
knowledge, in the presence of an explicit water molecule, thus
corresponding most closely to TS2-intra as depicted in Fig. 3C.
The zero-point corrected reaction energy of TS2-intra can be
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Fig. 3 B3LYP/aug-cc-pVQZ geometries of the three TS2 possibilities.
(A) The lowest energy structure, TS2-grott, (B) the second lowest energy,
TS2-inter, (C) the highest energy rearrangement, TS2-intra. Arrows repre-
sent relative displacement vectors of the imaginary frequency. Relevant
bond distances reported in Angstréms. Green bonds are forming; magenta
bonds are breaking.

seen in Table 1 to be 52.4 kcal mol™* and corresponds to the
unimolecular shift of the hydrogen atom from the nitrogen to
the oxygen of hydrogen nitryl. Since water does not play an
active role in assisting the hydrogen shift, we can compare the
TS2-intra barrier to previous results in vacuo. Our barrier sits
too high when compared with the earliest calculated value of
40.9 kecal mol ™" with MRD-CI,*® though the more recent barriers
for this rearrangement have been reported at 50.7 kcal mol "
with CCSD(T)/aug-cc-pVTZ® and 47.4 kcal mol ™" with CCSD(T)/
6-311++G(3df,2p).>” Recent theoretical exploration of the reac-
tion of nitroxyl and the hydroperoxyl radical (HO,) reports the
isomerization in the presence of a hydroxyl radical to be
47.2 keal mol " at the CBS-Q3 level of theory, sitting within these
values.”®

Compared to all values for the intramolecular arrangement,
however, the two transition states directly involving the endo-
genous water are much lower in energy. TS2-inter, shown in
Fig. 3B, features the oxygen of the water acting as a proton
shuttle carrying the HNO, hydrogen to the trans-HONO position
with a zero-point corrected energy of 38.3 kcal mol '. This
barrier, while lower than previously reported values, is still quite
high. The third form of TS2, shown in Fig. 1 and 34, is listed as
TS2-grott due to its resemblance to the Grotthuss mechanism
observed in networks of water molecules. Here, the water

Table 1 B3LYP barriers with and without implicit solvation?

B3LYP CPCM
TS1 22.7 21.3
TS2-grott 21.0 19.7
TS2-inter 38.3 24.9
TS2-inta 52.4 53.9
TS3 11.4 11.5

“ Zero-point corrected energies in kcal mol ' relative to associated
complexes, as illustrated in Fig. 1. Optimizations and frequencies
performed at the B3LYP/aug-cc-pVQZ level of theory with and without
CPCM solvation as described in Computational methods.

This journal is © the Owner Societies 2017



PCCP

J

Fig. 4 B3LYP/aug-cc-pVQZ geometry of TS3 with relevant bond dis-
tances reported in Angstroms. Arrows represent relative displacement
vectors of the imaginary frequency.

molecule receives the HNO, proton and subsequently deposits
one of its protons onto the oxygen in the ¢trans-HONO position.
The B3LYP/aug-cc-pVQZ zero-point corrected energy for this
transition state was found to be 21.0 kcal mol ™, 18.9 kecal mol !
lower than the lowest predicted value for the intramolecular
rearrangement. Our results suggest the Grotthuss mechanism
of TS2-grott is likely the favored mechanism of isomerization of
HNO, to trans-HONO when water is present as a solvent, not
just when water is formed endogenously as it is here.

The final transition state, TS3 as shown in Fig. 4, represents
the rotation of the HONO hydrogen to the cissHONO position.
Our value of 11.4 kcal mol " for this transition state matches
well with the previous value of 9.9 kcal mol " reported at the
CBS-QB3 level of theory both with®® and without a hydroxyl
radical.®® It should be noted here, the cis-HONO conformer is
1.0 keal mol ™" higher in energy than the trans conformer at the
reported level of theory and this step is included for the sake of
completeness in exploring the reaction pathway. Again, the
1.0 kcal mol ™" stability of the trans conformer over the cis
conformer agrees well with previous results of 0.43 kcal mol *
with a hydroxyl radical present®® and 0.35 kcal mol " without.”®

To complete the unrestricted B3LYP/aug-cc-pVQZ analysis of
the full pathway, Table 1 presents the barriers of each labeled
transition state optimized with and without CPCM implicit
solvation. Due to its presence in environmental and engineered
systems, as well as the effect of an explicit water molecule on
TS2, water was chosen as the solvent for this step. The TS1 and
TS2-grott barriers are lowered by 1.4 and 1.3 kcal mol ’,
respectively, when implicit solvent is included. On the other
hand, the TS2-intra and TS3 barriers are increased by 1.5 and
0.1 keal mol " respectively. The only change larger than 2 keal mol "
occurs in TS2-inter, where implicit solvent lowers the normally
inaccessible barrier of 38.3 keal mol ' to 24.9 kcal mol . While
the decrease in the TS2-inter barrier is significant, the resulting
barrier is still 5.2 keal mol ™" higher than TS2-grott. Thus, implicit
solvent has a negligible effect on four of the five studied transition
states and does not change the ordering of the potential TS2
mechanisms.

At this point it is prudent to examine the effects an addi-
tional explicit water may have on the presented transition
states, given the amount by which an endogenous water lowers
the barrier of TS2. The only clear-cut case where an additional
water may lower the barrier is in the proton transfer mecha-
nism of TS2, extending the Grotthuss mechanism to include
two waters. In all other transition states presented here, the
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Fig. 5 B3LYP/aug-cc-pVQZ geometry of TS2-grott with an additional
explicit water (TS2-grott2x) with relevant bond distances reported in
Angstréms. Arrows represent relative displacement vectors of the imaginary
frequency.

inclusion of an explicit water is unlikely to significantly alter
the mechanism or lower the energy enough to overcome the
translational entropy penalty of bringing in an additional
water. Fig. 5 presents the transition state resulting from
the inclusion of an additional explicit water in TS2-grott,
which we will refer to as TS2-grott2x. In TS2-grott2x, the
proton transfer is extended such that the abstracting water
deposits one of its original protons onto the additional water
which in turn transfers one of its protons to form trans-HONO.
Table 2 shows the zero-point corrected energy, enthalpy, and
Gibbs free energy barriers of TS2-grott and TS2-grott2x in
implicit solvent at the B3LYP/aug-cc-pVQZ level of theory.
The TS2-grott2x barrier is calculated by subtracting the
energy of Int3 and an isolated water molecule from the
TS2-grott2x energy. This procedure should accurately reflect
the entropy penalty of bringing in an additional water and,
as can be seen in Table 2, there is a 13.5 kcal mol™" increase
in the barrier when going from enthalpy to Gibbs free energy.
Nevertheless, the Gibbs free energy barrier of TS2-grott2x
is only 15.5 kcal mol™", 6.1 kcal mol~ ' lower than TS2-grott.
This indicates the two water molecule mechanism in illustrated
in Fig. 5 is likely to be a more realistic mechanism of the
isomerization of HNO, to HONO in an aqueous environment.
Given the high importance of Gibbs free energy in TS2-
grott2x and the small difference in barriers of all the other
TS2 mechanisms in the treatments to follow, we do not report
results of TS2-grott2x at the higher levels of theory explored in
this paper, the majority of which only report the electronic
energy.

Table 2 TS2-grott B3LYP barriers with explicit water®

TS2-grott TS2-grott2x
AE 19.7 4.23
AH 18.5 2.00
AG 21.6 15.5

“ Zero-point corrected energies, enthalpies, and Gibbs free energies in
kecal mol™' relative to associated complex, as illustrated in Fig. 1.
Optimizations and frequencies performed at the B3LYP/aug-cc-pVQZ
level of theory with CPCM solvation as described in Computational
methods.
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Table 5 DFT and UHF singlet (%) values®

B3LYP D3B] CAM CAMD3B] M062X PBE0 ®B97XD B3LYP D3B] CAM CAMD3B] M062X PBEO ®wB97XD UHF
TS1 22.7 22.7 285 28.6 37.6 25.0 31.0 Reactants 0.14 0.15 0.15 0.15 0.00 0.24 0.00 0.41
TS2-grott  21.0 20.2 19.9 19.7 18.9 19.0 21.8 TS1 0.53 0.53 0.68 0.68 0.63 0.56 0.63 1.23
TS2-inter 38.3 37.8 375 373 36.2 37.6 389
TS2-intra 52.4 52.5 53.3 53.4 52.8 52.8 53.4 “ DFT optimizations performed at the UDFT/aug-cc-pVQZ level of
TS3 11.4 113 11.3 11.3 10.4 119 11.6 theory. UHF value at aug-cc-pVIZ basis, on the UB3LYP/aug-cc-pVQZ

¢ Energies in keal mol ' relative to associated complexes, as illustrated
in Fig. 1. Optimizations and frequencies performed at the DFT/aug-cc-
PVQZ level of theory.

3.2. TS1, DFT, and the effect of exact exchange

Table 3 presents the zero-point corrected barriers for each
transition state in the previous section for the considered
density functionals at the DFT/aug-cc-pVQZ level of theory.
The most glaring feature of Table 3 is the wide variation in
the barrier of the first transition state, TS1. The TS1 barrier
varies from 22.7 kcal mol ™~ with B3LYP to as high as 37.6 kcal
mol " with M06-2X, a spread of 14.9 kcal mol . Interestingly,
there is almost no difference in the barrier of TS1 when
including D3BJ dispersion corrections for both B3LYP and
CAM-B3LYP. This implies dispersion interactions do not play
a significant role in TS1 or the reactant complex and the spread
in barrier values across functionals must be arising from some
other property.

Aside from TS1, there is very little variation across the other
transition state barriers reported in Table 3. Of the remaining
transition states, TS2-grott varies the most with a difference of
2.9 kcal mol ™' between M06-2X and ®B97X-D, followed closely
by TS2-inter with a spread of 2.7 kcal mol~". TS2-intra and TS3
do not directly involve the water molecule as in the other TS2
mechanisms and vary by only 1.0 and 1.5 kcal mol ™", respec-
tively. Table 4 reports the Gibbs free energy barriers, at 300 K,
for the transition states and the same trends persist. The TS1
barrier increases over the 0 K values by up to 1.2 kcal mol ™,
while the relatively constrained TS2-grott and TS2-inter barriers
increase by up to 3.0 and 2.2 kcal mol ', respectively. TS2-intra,
which only has one hydrogen bond contact with the endogen-
ous water and is more entropically favored than the other two
TS2 mechanisms, actually decreases in activation energy from
the 0 K values by up to 1.1 kcal mol ™.

Next, we seek to identify a single component across all
density functionals that is responsible for the large variability
in the barrier height for TS1 versus the other transition states.

Table 4 DFT Gibbs free energy barriers?

B3LYP D3B] CAM CAMD3B] MO062X PBEO ®B97XD
TS1 23.7 23.6 293 294 38.4 26.0 31.9
TS2-grott 23.8 23.2 229 22.7 20.7 21.8 24.8
TS2-inter 40.3 39.9 39.7 395 37.3 39.6 411
TS2-intra 51.6 52.1 53.2 53.4 51.7 52.1  52.8
TS3 11.7 11.5 11.6 11.5 10.0 12.2 117

“ Energies in kcal mol " relative to associated complexes, as illustrated
in Fig. 1. Optimizations and frequencies performed at the DFT/aug-cc-
PVQZ level of theory. Gibbs free energies at 300 K.
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geometries, to correspond with its use in the post-Hartree-Fock
methods.

A key point to note in this context is that TS1 is the only
transition state in this study with open shell singlet character;
the others are closed shell singlets. This means the effect of
different functionals on the spin contamination of the open
shell species could be a factor in the observed variance. Table 5
reports the (S%) values of TS1 and the reactant complex across
the analyzed functionals on the singlet surface. Table 5 also
includes the UHF/aug-cc-pVTZ spin contamination at the
UB3LYP/aug-cc-pVQZ geometry, to correspond with the refer-
ence wavefunction employed in the post-Hartree-Fock calcula-
tions reported later on. Surprisingly, the reactant complex
varies more across the individual functionals than TS1, though
(aside from the UHF value) the spin contamination is relatively
small. The TS1 spin contamination varies by only 0.15 across
the different density functionals, but the spin contamination is
high enough to demand some sort of treatment. As expected,
the UHF spin contamination values are almost twice the high-
est DFT values for both the reactant complex and TS1, which
will prove to be an interesting complication when considering
post-Hartree-Fock methods.

Table 6 contains the Mulliken spin densities in TS1, with
hydrogens summed into the heavy atoms. Here, the oxygens are
numbered from left to right as they appear in Fig. 2. Given this,
we observe a modest amount of positive spin density on the
nitrogen, nitroxyl oxygen (O1), and the bridging peroxide
oxygen (02), and the corresponding sum of negative spin density
on the far peroxide oxygen (03). The large amount of negative
spin density on oxygen 3 implies diradical character and some
antiferromagnetic coupling with the bridging oxygen and nitro-
gen. The positive spin density on the two nitroxyl heavy atoms is
linked to the negative spin density of oxygen 3 through the
bridging atom to yield, while not a “pure” diradical, certainly a
high amount of diradical character that must be considered.

To determine if the various functionals are treating this
diradical character in a similar manner, we report the Yamaguchi

Table 6 Mulliken spin densities of TS1°

Atom B3LYP D3B] CAM CAMD3B] MO062X PBE0O ®B97XD
N 0.17 0.17 0.14 0.14 0.22 0.15 0.15
o1 0.22 0.22 0.23 0.23 0.19 0.23  0.22
02 0.13 0.13 0.23 0.23 0.13 0.15 0.19
03 —-0.52 —-0.52 —-0.60 —0.60 —-0.56 —0.53 0.57

“ DFT optimization performed at the UDFT/aug-cc-pVQZ level of theory.
Oxygens labeled from left to right in Fig. 2. O1 corresponds to the
nitroxyl oxygen, O2 to the peroxide oxygen closest to the nitrogen, O3 to
the peroxide oxygen furthest away from the nitrogen. Hydrogens
summed into heavy atoms.
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Table 7 Yamaguchi spin-projected barriers of TS1?

B3LYP D3B] CAM CAMD3B] MO062X PBE0O ®B97XD

TS1 20.5 20.6 26.1 26.0 34.6 23.2 27.6

 Energies in kcal mol ™" relative to the reactant complex, as illustrated
in Fig. 1. Optimizations and frequencies performed at the UDFT/aug-cc-
PVQZ level of theory. Spin projection performed as specified in eqn (2)
and (3) of the Methods section.

spin-projected TS1 barriers in Table 7. Each barrier was
obtained by performing a single point calculation on the triplet
surface and following eqn (2) and (3) as presented in the
Computational methods section for both the reactant complex
and TS1. The Yamaguchi procedure lowers the barrier of TS1 by
as much as 3.0 kcal mol " (in the M06-2X case), but the small
variation in this decrease fails to instill any order across the
functionals. The spin-projected barriers still vary by 14.1 kcal mol ™"
when comparing the B3LYP and M06-2X numbers, implying that
the issue with DFT representation of TS1 cannot be explained by
the diradical character alone.

At this point we note an interesting trend visible in Tables 3, 4,
and 7: the energy barrier of TS1 increases with the amount
of exact (Hartree-Fock) exchange included in the hybrid
functional. Taking Table 7 as an example, B3LYP contains
20% Hartree-Fock exchange and produces a barrier of
20.5 kcal mol™', while PBEO contains 25% exact exchange
and produces a barrier of 23.2 kcal mol™'. On the opposite
end of the spectrum, M06-2X contains 54% exact exchange and
predicts a significantly higher barrier of 34.6 kcal mol™". This
raises the question: can the percentage of exact exchange be
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implicated in the wide variety of TS1 barriers predicted by the
analyzed functionals?

Fig. 6 plots various quantities of TS1 as a function of the
percentage of exact exchange, X, included in modified
UB3LYP[X] functionals described in the Computational methods
section and eqn (4). Each plot spans from 0% to 40% exact
exchange (twice the amount included in the standard B3LYP
functional). Fig. 6A shows a monotonic increase in the TS1
barrier as the percent exact exchange is increased, spanning
from 9.6 to 29.3 kcal mol '. This plot alone implicates the
percent of exact exchange in the variance observed across the
reported functionals while the remaining three plots in Fig. 6
attempt to reconcile the additional effects the amount of exact
exchange produces.

Fig. 6B shows a smooth increase in ($%) from 0 to 0.88 as the
exact exchange increases. Interestingly, at 0% exact exchange
there is no spin contamination in TS1, indicating all spin
contamination arises due to the inclusion of Hartree-Fock
exchange. The bond lengths of the forming bond, N-O2, and
the breaking bond, 02-03, both increase as a function of the
Hartree-Fock exchange, though the breaking bond is relatively
stagnant up to 20% exact exchange. The fact that both the
forming and breaking bonds generally increase in length,
shown in Fig. 6C, demonstrates some sort of repulsion between
the far oxygen, O3, and the remaining heavy atoms. Fig. 6D
reports the singlet-triplet gap which decreases monotonically
and slowly flattens out at higher percentages of exact exchange,
just as the TS1 barrier slows its increase.

As a final analysis of the effect of exact exchange, Fig. 7
presents the Mulliken spin densities as a function of the exact
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Fig. 6 Properties of TS1 with respect to percent exact Hartree—Fock exchange in UB3LYP[X] functionals. (A) TS1 barrier with respect to the reactant
complex, (B) singlet (S?), (C) bond lengths of the forming and breaking bonds, (D) singlet—triplet gap.
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Fig. 7 Mulliken spin densities of TS1 with respect to exact Hartree—Fock
exchange in UB3LYPIX] functionals. Oxygens labeled from left to right in
Fig. 2. O1 corresponds to the nitroxyl oxygen, O2 the peroxide oxygen
closest to the nitroxyl nitrogen, O3 the peroxide oxygen furthest from the
nitrogen.

exchange in the UB3LYP[X] functionals. Here we see the far
oxygen 3 spin density becomes more negative with exchange,
hitting —0.75 at 40% exact exchange. The spin density on the
bridging oxygen 2 increases with exact exchange, up to 0.48,
and leads to a more direct interaction with oxygen 3. This
increase in magnitude of the spin density coupled with the
increase in spin contamination and decrease in singlet-triplet
gap indicates an increase in diradical character as more exact
exchange is added. The general increase in the TS1 barrier
energy indicates the interaction between the two peroxide
oxygens is unfavorable and the low B3LYP barriers are a result
of suppressing this effect. The results seen in Fig. 6 and 7 imply
that more accurate post-Hartree-Fock methods are likely to
raise the TS1 barrier relative to the density functionals with a
lower amount of exact exchange.

3.3. Post-Hartree-Fock methods

Table 8 reports the barriers of the transition state calculated
using post-Hartree-Fock methods and B3LYP for comparison.
All CCSD(T) and BD(T) calculations were performed as single
points with the aug-cc-pVIZ basis set on the UB3LYP/aug-cc-
pVQZ geometries. As expected, the CCSD(T) and BD(T) TS1

Table 8 Post-Hartree—Fock barriers?

B3LYP UCCSD(T) RCCSD(T) UBD(T) RBD(T) CASSCF NEVPT2

TS1 23.7 36.2 31.2 33.7 31.1 34.2 29.3
TS2- 23.2 23.8 23.8 23.7 23.7 27.0 23.3
grott
TS2- 40.6  40.0 40.0 39.9 39.9 39.1 39.7
inter
TS2- 56.9 55.6 55.6 55.6 55.6 59.1 54.6
intra
TS3 12.8 11.8 11.9 11.9 11.9 12.4 10.7

“ Energies in kcal mol " relative to associated complexes, as illustrated
in Fig. 1. Geometries optimized at the UB3LYP/aug-cc-pVQZ level of
theory, B3LYP energies at the aug-cc-pVQZ basis, both restricted and
unrestricted CCSD(T) and BD(T) using aug-cc-pVTZ, CASSCF and
NEVPT?2 using (18,15) active space and extrapolated to aug-cc-pVTZ as
described in the Methods section and eqn (1), uncorrected data avail-
able in the ESIL
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barriers are significantly higher than the B3LYP result. Con-
sidering the instability in the restricted B3LYP wavefunction for
TS1, one would expect an unrestricted Hartree-Fock reference
wavefunction to be the appropriate choice for the correlated
methods. However when using a UHF reference wavefunction,
the coupled cluster TS1 barrier is 2.9 kcal mol™" higher than
the BD(T) barrier, resulting from the effect of residual UHF spin
contamination as seen in Table 5. Upon elimination of the first
spin contaminant in the UHF treatment of TS1, the value of
(8*) increases from 1.23 to 1.92 which implies contamination
from a quintet state or higher. Spin contamination from spin
states higher than a triplet is not expected to be accounted for
by CCSD(T), however the orbital rotation step of the Brueckner
method can better overcome such limitations.®® This implies
BD(T) is likely a better approximation of the TS1 barrier than
the coupled cluster result when using a UHF reference.

Table 8 also reports the CCSD(T) and BD(T) barriers calcu-
lated with an RHF reference wavefunction, which significantly
lowers the energy of TS1 in both cases. These results implicate
high spin contamination in the UHF wavefunction as the
culprit in the misbehavior of UCCSD(T), with the RCCSD(T)
barrier only being 0.1 kcal mol™" higher than the RBD(T)
barrier. The lowering of the BD(T) barrier is intriguing as we
would expect the iterative process of removing the single
excitations to settle on the RHF wavefunction, if it indeed
provides a lower BD(T) energy. However, the converged refer-
ence with a UHF starting wavefunction still has a modest
amount of spin contamination ({(S*) = 0.489). These results
imply an RHF reference should be used in the case of high spin
contamination when using CCSD(T), and BD(T) is still suscep-
tible to error when such a high degree of spin contamination is
present in the UHF reference. As expected, the BD(T) and
CCSD(T) barriers are nearly identical across the other reactions,
regardless of reference Hartree-Fock wavefunction. Addition-
ally, the B3LYP barriers for the remaining transition states are
hardly different from the BD(T) and CCSD(T) results, with the
biggest difference being a 1.3 kcal mol ' decrease in the
TS2-intra barrier.

Table 8 also reports the CASSCF(18,15) transition state
barriers and the NEVPT2 values built off the CAS wavefunc-
tions, both sets extrapolated to the aug-cc-pVIZ basis as
described in the Methods section and eqn (1). The NEVPT2
treatment yields a barrier of 29.3 kcal mol ™~ for TS1, 5.6 keal mol
higher than the B3LYP value. Compared to UCCSD(T) and UBD(T),
the UCCSD(T) TS1 barrier is 6.9 keal mol ™" higher than the NEVPT2
result while the UBD(T) barrier is 4.4 kecal mol™" higher than
NEVPT2. This fits with our intuition of UBD(T) providing a more
credible result than UCCSD(T). However, once a restricted wave-
function is used, the RCCSD(T) barrier for TS1 is only 1.9 kcal mol
higher than the NEVPT2 barrier. For the other transition states, we
see the NEVPT2 values are in good agreement with the B3LYP
values, the largest deviation being a decrease of 2.3 kcal mol " in
the case of TS2-intra. Given the NEVPT2 values, we see the first
barrier as a slow formation of HNO, and an endogenous water. The
Grotthuss-like mechanism of TS2-grott is vastly favored over the
other possibilities, with a barrier of 23.3 keal mol™" to lead to
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Fig. 8 CASSCF(18,15)/cc-pVDZ orbitals of TS1: (A) HOMO-1 with an
occupation number of 1.92, (B) HOMO with an occupation number of
176, (C) LUMO with occupation number 0.26, and (D) LUMO+1 with
occupation number 0.10.

trans-HONO, which can undergo a conformational change to
cissHONO with a barrier of 10.7 kecal mol". Again, the con-
formational shift of HONO and the intramolecular HNO,
isomerization are in good agreement with the previous values
in the literature as reported in Section 3.1.

As a final discussion of TS1, Fig. 8 reports the CASSCF(18,15)/cc-
pVDZ HOMO-1 to LUMO+1 molecular orbitals. What we refer to as
the HOMO orbital (Fig. 8B) has an occupation of 1.76 and consists
of a bonding combination along the breaking O-O bond and an
antibonding combination along the forming N-O bond. The high
occupation of a molecular orbital breaking the bond TS1 forms and
forming the bond TS1 breaks leads to an overall increase in the
barrier of TS1. The LUMO combination possesses the character one
would expect for a favorable representation of this transition state:
the nitrogen oxygen bond to be formed is covered by a bonding
combination and the two peroxide oxygens are in an antibonding
configuration. The LUMO orbital has an occupation number of
0.26 and the highest contributing configuration state function (CSF)
beyond the ground state is a double excitation of the two electrons
from the HOMO to the LUMO. This HOMO to LUMO CSF makes up
9% of the character of the overall wavefunction and prevents the
progress of TS1 from being totally disfavored.

4. Conclusions

The goal of this work was to explore the potential reaction of
hydrogen peroxide and nitroxyl. Both species have been impli-
cated in reactions occurring in environmental processes, engi-
neered systems, and in vivo. Through investigation using
unrestricted B3LYP we found a reaction pathway linking the
reactants hydrogen peroxide and nitroxyl to the formation of
cis-HONO and water through three transition states. The first
transition state, TS1, leads to HNO, and an endogenous water
through the splitting of the peroxide bond and a short proton
transfer to the opposite peroxide oxygen. A high degree of spin
contamination and significant diradical character on the open
shell, singlet surface was found to cause wide variation in the
TS1 barrier when calculated with a diverse set of hybrid density
functionals. Through analysis using modified B3LYP[X] func-
tionals, we identified the amount of exact exchange in the
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individual functionals as an overwhelming factor in determin-
ing the barrier of, and degree of diradical character in,
TS1. Further investigation with NEVPT2 on a CASSCF
wavefunction produced a barrier of 29.3 kcal mol™* for TS1,
significantly higher than the initial B3LYP result, but acces-
sible under combustion conditions. BD(T) and CCSD(T) were
also used in calculating the TS1 barrier and extrapolating
the NEVPT2 results to a larger basis. Interestingly, an RHF
wavefunction, while possessing an instability, needs to be
used as the reference wavefunction in the correlation methods
due to the high amount of spin contamination from spin
states higher than a triplet in the TS1 UHF wavefunction.
UCCSD(T) produces a TS1 barrier 6.9 kcal mol™' higher
than the NEVPT2 value while the RCCSD(T) value is only
1.9 kcal mol ™" higher.

The second step in the investigated reaction involves the
isomerization of HNO, to trans-HONO, which has been studied
previously in the gas phase.”>” We found three mechanisms
by which the HNO, isomerization could proceed: the intra-
molecular gas phase mechanism, a proton shuttle mechanism
utilizing the endogenous water, and a Grotthuss-like step
donating and receiving a proton from the endogenous water.
The NEVPT2 barrier for the intramolecular mechanism was
found to be 54.6 keal mol™", in good agreement with previous
investigations.> >® The proton shuttle and Grotthuss mechan-
isms both improve over the previous results, with NEVPT2
barriers of 39.7 and 23.3 kcal mol ", respectively. The extremely
low cost of the Grotthuss mechanism compared to the unim-
olecular rearrangement indicates the importance of including
explicit water molecules when modeling the isomerization of
HNO, to HONO, making it more accessible than previously
thought. In fact, including a second water molecule in TS2-grott
induces an extended Grotthuss mechanism for the isomeriza-
tion with a B3LYP Gibbs free energy barrier of 15.5 kcal mol %,
6.1 keal mol ! lower than TS2-grott at the same level of theory.
Lastly, a previously-reported transition state linking trans-
HONO to the slightly disfavored cissHONO was explored with
NEVPT2 and found to have a barrier of 10.7 kecal mol ™", in good
agreement with previous values.®"®> Both the water-assisted
HNO, to cis-HONO and cis-to-trans isomerization of HONO are
potentially accessible under physiological and environmental
conditions.
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