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1. INTRODUCTION

The interest in the chemistry of nitroxyl (HNO) in solution has
rapidly increased owing to two important findings that have led to
a reevaluation of the significance of HNO among the nitrogen
species in physiologically and biologically relevant systems.1 First,
the previously reported pKa value of nitroxyl, pKa = 4.2, has been
redetermined by both experiment and theory and has been
corrected to the dramatically different value 11.4.2,3 The second
important issue was the reassessment of the HNO dimerization
rate constant in solution, which was found to be on the order of
8 � 106 M�1 s�1 and thus significantly lower than the previously
reported nearly diffusion limited value of 2 � 109 M�1 s�1.2 The
much longer lifetime of HNO in aqueous solution and its certain
stability under physiologically relevant conditions enables reac-
tions in solution prior to the dimerization reaction itself. Experi-
mental studies revealed a reaction selectivity of HNO that deviates
strongly from that of NO. For example, HNO reacts rapidly and
selectively with thiols, whereas NO requires activation by species
enabling its oxidation, e.g., transition metals.4 The unique chem-
istry combined with the low radius of action of freshly generated
HNO has led to a discussion about possible site specific biological
effects and the use of potential chemical HNO sources as
pharmaceutical agents.1 However, the observation of DNA strand
breakage in the presence of HNO, which is more strongly induced
under acidic conditions (pH < 6), has been suggested as evidence

for a strong oxidative capability.5 This unfavorable property was
later attributed to the formation of OH radicals from a side
reaction of HNO dimerization.6

Besides this pharmaceutical interest, direct HNOdimerization
was postulated as a chemical pathway for nitrous oxide formation
from nitrous oxide reductase (NOR) enzymes found in nitrifying
and denitrifying bacteria and fungi. Although new insights into
the corresponding NOR enzyme mechanism underlined that the
N�N bond formation takes place at the active site of the enzyme
and is catalyzed by a binuclear iron complex, the role of HNO
reactions in several enzyme mechanisms, especially due to its
high affinity to transition metal complexes, remains unclear.7

Despite its importance and many experimental studies of this
reaction,2,8�10 the detailed mechanism of the HNO dimerization
in solution is poorly understood. Because of rapid sequential
isomerization steps and proton transfer reactions, often N2O
formation itself is the only accessible experimental indicator for
the ongoing reaction sequence.1 Typically, hyponitrous acid is
stated as the crucial intermediate species that decomposes to
form nitrous oxide:

HNO þ HNO f ½HONNOH� f N2O þ H2O ð1Þ
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Whereas the kinetics of the overall reaction were found to be
second order with respect to HNO concentration in pulse
radiolysis and flash photolysis studies,2 to the best of our
knowledge neither has the assignment of cis-hyponitrous acid
as intermediate been experimentally verified nor does a valid
mechanism for the overall reaction sequence in solution exist. In
the case of Angeli’s salt (sodiumα-oxohyponitrite), a widely used
chemical HNO source, several isotope labeling studies revealed
that N-protonation to O15N(H)14NO2 and the subsequent
decomposition form isotopically pure 15N15NO.11 The initially
formed N�N bond of the HNO dimer is therefore generally
believed to be preserved in a sequence of unimolecular reactions
eventually forming N2O.

Several experimental and theoretical studies have been per-
formed to clarify the mechanism of the gas phase recombination
reaction.12,13 The temperature dependence of the rate constant
indicates a small activation barrier on the order of E0≈ 4�14 kJ/
mol and a low preexponential Arrhenius factor of about 1�
109 cm3 mol�1 s�1.12,13 The latter is in accordance with a high
entropy of activation and thus a highly ordered transition state.12

Attempts weremade tomodel the complete scheme of sequential
reactions on the basis of ab initio calculations assuming trans-
ON(H)N(H)O as the initial dimer species. In agreement with
other quantum chemical models,14,15 the trans-ON(H)N(H)O
isomer has been found to be significantly more stable than the cis-
ON(H)N(H)O isomer. Consequently, the formation and
further reactions of the cis isomer have been neglected.

Despite these sound schemes and measurements of the
reaction in the gas phase, some obscurities remain for the
reaction in solution. First of all, the initial reaction is faster in
solution (8� 106 M�1 s�1)2 than it is in the gas phase (0.5�1.6
� 106 M�1 s�1).12 Second, the final decomposition step leading
to the formation of nitrous oxide has been assigned to different
tautomers and isomers in the literature.12,14,16 Furthermore,
most experimental studies agree on stoichiometric and fast
nitrous oxide generation from HNO dimerization in solution,17,18

whereas theoretical gas phase studies report trans-hyponitrous
acid formation as an intermediate or byproduct.12 Of course, the
results of gas phase studies cannot be directly compared with the
outcome of the reaction in solution. For the gas phase reaction,
energy conservation has been assumed for the initial dimer and
subsequent intermediates, thus allowing for rapid crossing of the
involved reaction barriers.12,14 In contrast, fast collisional deac-
tivation of the energetically excited initial adduct takes place in
solution, resulting in stabilization of the dimer and possibly much
different overall kinetics.

The aim of this work is to provide a theoretical backbone to
explain the diverging experimental results and mechanistic
interpretations in a unified model. Following a more detailed
analysis of the initial dimerization reaction, an existing gas phase
mechanism relying on intramolecular rearrangement steps has
been tested with regard to its applicability on the reaction in
solution. In DFT based calculations, solvent effects have been
taken implicitly into account by applying polarization continuum
models and, in some cases, explicit solvent molecules have been
included to allow for solvent based catalysis. Detailed analysis of
possible isomerization steps as well as the involvement of ionic
species led to the development of a mechanistic model based on
fast acid�base equilibria. Theoretically derived pKa values were
used to deduce the most feasible reaction pathways. The
predicted product yields and pH dependencies are critically
compared with the identified products of previous experimental

studies, showing that the proposed mechanism is consistent with
the reported, sometimes controversially discussed literature
findings.

2. COMPUTATIONAL METHODOLOGY

Quantum chemical calculations were performed utilizing the Gauss-
ian 09 program suite.19 If not stated otherwise, DFT calculations
presented in this study were based on the B3LYP functional using
Dunning’s correlation consistent aug-cc-pVTZ basis set.20 Solvation
effects were taken into account by the polarization continuum models
CPCMand IEFPCMusingUFF cavities.21 After optimization, harmonic
frequency analysis revealed minimum and transition state (TS) struc-
tures (zero and one imaginary frequency, respectively). TS structures
were checked to connect the respective minimum structures by follow-
ing the intrinsic reaction coordinates.

To derive accurate theoretical pKa values within ΔpKa = (1, the
concept of proton exchange was applied.22 In this scheme, a structurally
similar acid (HRef) is used as internal reference such that the error-
prone solvation energy of the proton is not required:

HX þ Ref� h X� þ HRef ð2Þ

The pKa value of the acid of interest is deduced from free enthalpies of
solution and the corresponding experimental pKa value of the reference
acid:

pKa ¼ ΔG�
soln

RT lnð10Þ þ pKaðHRefÞ ð3Þ

The free enthalpy of the reaction in solution ΔG*soln(standard state 1
mol/L) is determined from a valid thermodynamic cycle consisting of
the gas phase enthalpy of reaction, ΔG*gas and contributions of the free
enthalpies of solvation compared to the products and educts.

ΔG�
soln ¼ ΔG�

gas þ ∑
products

ΔG�
solv � ∑

educts
ΔG�

solv ð4Þ

trans-Hyponitrous acid was chosen as a suitable reference acid. It is fairly
stable in solution such that standard titration experiments could be used
to determine pKa,1 = 7.18 and pKa,2 = 11.54 for the first and the second
deprotonation, respectively.23

3. RESULTS AND DISCUSSION

3.1. Initial Dimerization in Solution.The initial dimerization
of HNO forming the trans or cis isomer sets the starting point for
the reaction sequence. As will be discussed in more detail below,
the initial isomer preference turns out to define the overall
product formation pathway. Once formed, cis�trans isomeriza-
tion cannot take place due to significant energy barriers. In order
to comprehend the isomer preference of the reaction in solution,
a few structural considerations are necessary.
Thermodynamic Equilibrium. The DFT calculations show

that introducing a solvent cage in terms of the polarization
continuum model leads to quite different stabilizations of the
involved cis and trans species (2,3). Selected free enthalpies of
solvation, the dipole moments, and the calculated equilibrium
constants are listed in Table 1. Here, the results both of the
standard UFF cavity parametrization and of the rather novel
SMD model24 are shown in comparison to emphasize the
uncertainties associated with the description of solute parameters
in highly dielectric media such as water. For example, the changes
of dipole moments and the solvent enthalpies of the highly
dipolar species deviate significantly. However, the overall trends
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are similar such that the conclusions drawn from the two
different solvent models are identical.
The main contributions for stabilization in solution stem from

electrostatic interactions originating from changes of polarity and
polarizability of the solute. As already discussed by Glaser et al.,25

the two dipole moment vector components cancel in the case of
the trans dimer (3), whereas for the cis dimer (2) the net dipole
moment is even larger than the sum of the dipole moments of the
two HNO monomers. Due to the structural adjustment of
the equilibrium geometry in dielectric media, the magnitude of
the net dipole moment is further increased. Thus, dipole�dipole
interactions contribute significantly to the cis dimer (2) stabiliza-
tion in aqueous solution. In contrast, the stabilization of the trans
dimer (3) compared to the monomer is rather an effect of
increased polarizability of the dimer species and increased
polarity due to the shift of electron density along the N�O
bond toward oxygen. These effects are basically independent of
the isomer structure and thus equally contribute to the stabiliza-
tion of the two isomers. Overall, due to the large difference in free
enthalpies of solvation between the cis and trans dimers, the
thermodynamic preference of the trans dimer (3) in the gas
phase is more than compensated such that the cis species (2) is
more stable in solution.
Solvent Effect on Long-Range Interactions. The question

arises how the rate constants of the dimer formation are affected
by the solvent. In comparison with the gas phase reaction, effects
might originate from different contributions of long-range inter-
actions such as hydrogen bonding and dipole�dipole interac-
tions. Peters26 has shown for the gas phase species that
intermolecular hydrogen bonding can stabilize metastable
trans-like dimer structures by ≈9 kJ/mol at N�N distances
around 2.5 Å. In addition, using the dipole moment stated in
Table 1, the dipole�dipole interaction energies at this distance
and for a parallel orientation can be estimated to be on the order
of 2�4 kJ/mol. This interaction is attractive in the case of a trans
orientation and repulsive in the case of the cis orientation. Both
types of interaction are thus in favor of trans dimer formation in
the gas phase. However, comparing these long-range HNO�HNO
interaction energies with the calculated solvation enthalpies of
two HNO molecules (>20 kJ/mol) reveals that in aqueous
solution the solute�solvent dipole�dipole and hydrogen bond-
ing interactions dominate. In other words, the long-range inter-
actions are shielded by solvation shells and thus can be assumed
to play no significant role for the reaction in solution.
Solvent Effect on Bond Formation. At shorter N�N distances

(<2.0 Å), on the one hand, energetic stabilization takes place due
to mutual n(N0)f π*(N�O) orbital interactions (finally leading
to σ- and π-(N�N) bond formation). On the other hand,

repulsive interactions originate from the proximity of nitrogen
and oxygen lone pairs. In fact, our ownDFT calculations revealed a
transition state structure for the trans species (3) formation, but
with no significant energy barrier relative to the HNO molecules.
This result is contrary to earlier theoretical studies15,14 reporting an
energy barrier up to 45 kJ/mol, but it is in linewith theMP4 results
of Lin et al.12 The experimental temperature dependence of the
rate constant in the gas phase also suggests a low dimerization
barrier for trans dimer (3) formation of merely 4�14 kJ/mol.13,27

Furthermore, the lowpreexponential Arrhenius factor found in the
experiments and the calculated free enthalpy differences underline
the formation of a free enthalpy barrier. Instead of enthalpy it is
the strong decrease of entropy during the reaction that determines
the overall rate.
As a result of the strongly exothermic character of the reaction,

the rate determining free enthalpy maximum is located at the early
bond formation stage. From the DFT gas phase model, a rough
estimate of the corresponding N�N distance of 1.7 Å was
obtained.Due to the strong stabilization of the products in solution,
this maximum can be assumed to shift even further outward. At this
early stage of the reaction, only aminor change of polarizability and
polarity of the NO bond has taken place. In contrast, as a result of
the required relative orientation of the twoHNO fragments, the net
dipole moment has already vanished for trans dimer formation but
has increased or at least has been preserved for cis dimer formation.
Thus, it can be expected that formation of the dipolar cis dimer is
preferred due to the solvent effect.
Rate Increase in Solution. In the gas phase, overall HNO

dimerization reaction rate constants of 0.5�1.6 � 106 M�1 s�1

have been determined and theoretical isomer specific rate
constants predict an initial isomer ratio of 3 to 1 in favor of the
trans adduct (3).12,13 The recently reported aqueous phase rate
constant,2 8 � 106 M�1 s�1, is significantly higher than the gas
phase rate constant, but it is still well below the diffusion limit.
Shafirovich and Lymar2 related this rate enhancement in solution
to the free enthalpy of solvation of HNO by implicitly assuming
similar free enthalpies of solvation of HNO and the activated
complex. However, in light of the distinct dipole moment
changes taking place during the reaction, this assumption is
questionable. Instead, the overall solvent effect on the rate
constant, ΔsolvΔG‡, has to be dissected into contributions
of reactant and transition state free enthalpies of solvation,
ΔGsolv

R and ΔGsolv
‡ , according to28

ΔsolvΔG
‡ ¼ ΔG‡

solv �ΔGR
solv ð5Þ

Considering the loss of dipole moment and with it a relative
increase of the transition state barrier in the case of the trans

Table 1. Dipole Moments, μ, Free Enthalpies of Solvation, ΔG*solv, and Free Enthalpies Relative to the Educt HNO in the Gas
Phase, ΔG*gas, and in Solution, ΔG*soln

a

IEFPCM (UFF) IEFPCM (SMD)

species μgas ΔG*gas μsoln ΔG*solv ΔG*soln μsoln ΔG*solv

HNO 1 1.65 2.07 �9.9 2.29 �10.8

2 � HNO 1 0.0 �19.8 0.0 �21.6

cis-ON(H)N(H)O 2 5.45 �46.7 7.20 �57.2 �84.5 8.04 �110.9

trans-ON(H)N(H)O 3 0.00 �53.3 0.00 �34.2 �68.3 0.00 �61.0

TST trans-ON(H)N(H)O 1 f 3 0.00 34.8 0.00 �18.5 36.0 0.00 �11.0
aCalculations are based on the polarization continuum models IEFPCM(UFF) and IEFPCM(SMD). Units are Debye and kJ/mol.
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dimer (3), it appears unlikely that the observed rate constant
enhancement in solution originates from this pathway. In con-
trast, the better stabilization of the transition state structure of the
cis dimer (2) is expected to considerably change the ratio of the
formed isomers.
A quantitative description of solvent effects based on solute�

solvent dipole�dipole interactions can be based on the theore-
tical model given by Kirkwood.29 Along those lines, by taking
into account dipole moment stabilization on the free enthalpy of
activation, it is possible to estimate the change of rate constants
going from the gas phase to the solution.28 Assuming that the
change of dipole moment is the dominating effect and the
additional solvent specific effects such as hydrogen bonding are
similar for the two isomers, the change of the isomer ratio of the
initial HNO dimerization rate constants can be obtained from
the following:

kcis, soln
ktrans, soln

¼ kcis, gas
ktrans, gas

exp
1

4πε0

1
kBT

εr � 1
2εr þ 1

� � ðμ‡cisÞ2
rcis3

� ðμ‡transÞ2
rtrans3

 ! !

ð6Þ
Here, εr is the dielectric constant of the solvent, μi

‡ is the transient
dipole moment of the molecular structure corresponding to
maximum free enthalpy, and ri is the effective radius of the dimer
complex in solution. The expression provides a lower limit for the
estimated change of the isomer ratio, since the effects in highly
dielectric media such as water are underestimated. With an
effective dipole moment of ≈4.5 D, a calculated effective radius
of 3.2 Å for the structure corresponding to the maximum free
enthalpy of the cis dimer complex, and a negligible dipole
moment of the trans dimer (μtrans

‡ = 0), the exponential term
in eq 6 accounts for a factor of 1500. Combining this number
with the reported 3-fold isomer preference in the gas phase, an
overall isomer ratio in solution of kcis,soln/ktrans,soln = 500 is
predicted, hence strongly in favor of the cis isomer. Similarly,
using a calculated effective radius of 2.9 Å for the HNO
monomer, the equivalent equation for kcis,soln/kcis,gas predicts a
rate constant increase of approximately 30 for cis dimer (2)
formation in solution. Again, taking into account the stated 3-fold
trans isomer preference in the gas phase, this yields an approxi-
mately 8-fold increase of the overall rate constant—in very good
agreement with the experimental 14-fold rate enhancement
found in solution.
In summary, due to additional stabilization effects arising from

dipole�dipole interactions and in contrast to the gas phase
result, the cis dimer (2) can be considered to be the by far more
favorable adduct in solution.
3.2. Impact of Solvation on Sequential N2O Formation.

The change of the initial isomer ratio raises the question if the
previously discussed sequential gas phase reaction models12,14

result in feasible N2O formation pathways in solution as well. In
the simplest case, the sequential gas phase and solvent mecha-
nisms are equivalent and the influence of the solvent on the overall
energetics would give a valid explanation of the much more rapid
formation of N2O in solution compared to the gas phase. In this
section, the effects of solvation have been treated implicitly and
explicitly to investigate this hypothesis.
Implicit Solvent Effect. Starting from the gas phase reaction

schemes reported in the literature,12 the implicit effect of the
solvent on the energies of possible intermediates and transition
state structures has been determined by applying the IEFPCM-
(UFF) solvent model. The resulting reaction path diagram is

shown in Figure 1. The corresponding structures and energies
are listed in the ESI.
It turns out that, except for the initial dimer, in comparison

with the gas phase scheme, only small changes of the relative
energies arise such that the mechanism remains thermodynami-
cally feasible and themain possible pathways are similar to the gas
phase reaction mechanism as discussed by Lin et al.12 Besides the
possible cis�trans isomerization 9 f 8, basically 1�3 and 1�2
hydrogen shifts are involved in N2O formation.

Here, E0
max specifies the highest occurring barrier for each

reaction pathway. Note, that the reaction pathways according
to eqs 7 and 11 correspond to the commonly cited scheme via cis-
hyponitrous acid (13). In principle, eq 10 could serve as an
explanation for the formation of trans-hyponitrous acid (14) in
the reaction sequence, as predicted for the gas phase reaction.
With E0

max > 200 kJ/mol for all possible reaction pathways, the
reaction barriers are way too high to be consistent with a rapid
reaction found in the experiment. A possible reason for this
discrepancy might be that the influence of the solvent is not
reflected adequately by the simple change of the dielectric
constant assumed in the polarization continuum model. Addi-
tional stabilization by means of hydrogen bonds is not described
by such an implicit modeling approach.
Explicit Solvent Effect. Therefore, in a next step, we explicitly

included single solvent molecules in the reactions. A similar
approach was recently presented by Ashcraft et al.30 to determine
the rate constants of hydroxylamine oxidation in nitric acid,
which is largely comparable to the scheme presented here.

Figure 1. Implicit and explicit (inset) solvation effects on the inter-
mediate species assuming the gas-phase model for HNO dimerization.
Shown energy levels represent the electronic energies of the optimized
ground state and transition state structures in solution relative to the
educt energies. The two insets illustrate transition state structures
including catalytically active explicit water molecules resulting in sig-
nificant decreases of the corresponding activation energies due to
hydrogen bonding. As outlined in the text, none of the shown pathways
(although thermodynamically feasible) reflect the experimental result of
rapid nitrous oxide formation in solution adequately.
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In agreement with their results, the reaction barriers for the 1�3
hydrogen shift reactions were found to be significantly lowered
when a single water molecule was included. As shown in the left
inset of Figure 1, the water molecule forms a six membered ring
structure that is geometrically and energetically favorable and
catalyzes the hydrogen atom transfer. The corresponding reac-
tion barrier decreases from 131 to 42 kJ/mol. In the case of 1�2
hydrogen shifts, the resulting five membered ring structure is
geometrically too demanding, but analogous stabilizations of the
transition state barriers were found by allowing for two explicit
water molecules instead (e.g., right inset of Figure 1).
In contrast, we were unable to locate similarly stabilized

structures for the reactions 9f 16 and 10f 16. In these cases,
the proton transfer is coupled with the dissociation and hydrogen
bond structures are less stable due to the lower charge at the
involved oxygen atom. Consequently, the direct elimination of
water from the intermediates (9, 10) remains energetically
unfeasible and a major contribution of these pathways to nitrous
oxide formation appears unlikely.
Surprisingly, no stabilization was found for the calculated

transition state structure of the reaction 7 f 13 as well—in
contrast to the analogous reaction of the trans isomer 10 f 14.
The corresponding formation of cis-hyponitrous acid (13) is
crucial, however, for N2O formation both from the trans dimer
(3) according to eq 7 and from the preferred cis dimer (2) in eq
11. It is interesting to note that this important reaction step has
been neglected in recent reaction schemes, although significant
barriers are involved.30,31 Instead, Raman et al.31 implicitly
assumed a fast cis�trans isomerization from 14 to 13. As will
be discussed below, such an isomerization step is unfeasible.
In summary, in the presented intramolecular reaction scheme,

both excluding and including explicit water, at least one elemen-
tary step within the N2O formation reaction sequence involves
kinetically unfavorable high energy barriers. Although cis-hypo-
nitrous acid (13) has been assumed throughout the literature as
the principle species decomposing rapidly to form nitrous oxide,
neither the simple solution model nor the inclusion of catalyti-
cally acting water molecules reveal possible pathways to the
formation of the cis-hyponitrous acid (13) intermediate. Note,
however, that the reaction sequence remains energetically down-
hill and thus is thermodynamically feasible. Moreover, certain
intramolecular proton transfer reactions with low barriers (e.g., 8
f 7) can play a role, and catalytically acting water can lower
reaction barriers quite significantly such that reactions such as
3 f 9 become feasible in aqueous solution. Finally, the

intramolecular scheme reveals that the often discussed, simple
decomposition of the molecular species (9, 10, 13)12,14,16 into
nitrous oxide is inaccessible or very slow.
3.3. Isomerization and cis�trans Equilibria. Failure of the

straightforward sequential reaction scheme discussed in the
previous section calls for alternative reaction models. So-far
neglected options are inclusion of possible cis�trans isomeriza-
tions and dissociation into ionic species. In this section, the first
option will be discussed in connection with the involved activa-
tion barriers and the thermodynamic equilibria of the shown
isomers and related ionic species. The isomerization equilibria
reflect the impact of the isomer structure on inter- and intramo-
lecular interactions, revealing the differences in dissociation
behavior of the isomers.
Isomerization Barriers. Additional interconnecting cis�trans

isomerization pathways could originate from one of the various
intermediates shown in Figure 1. Such isomerizations around
N�N bonds with more or less double bond character have been
discussed to take place in quite similar reaction sequences of
hydroxylamine oxidation in nitric acid32 and decomposition of
trans-hyponitrous acid.33 Transition state optimizations and
relaxed potential energy scans along the ONNO-dihedral angle
have been performed. Calculated equilibria and reaction barriers
of the relevant transient species are shown in Table 2. Related
deprotonated species are included in the table as well. They
become important for the acid-basis scheme discussed in the next
section. In some cases (labeled “n.a.” in Table 2), bond dissocia-
tion was found to be energetically more favorable than isomer-
ization, and hence, no transition state is specified.
All isomerization steps, except HON(H)NO (9)f 8, with a

barrier of ΔEsoln = 78 kJ/mol, exhibit energy barriers of at least
172 kJ/mol and are, thus, too high to be accessible at room
temperature conditions. Moreover, the free enthalpies of reac-
tion clearly point out that the thermodynamics are in favor of the
cis species. The only exception is the dianion (6, 11), which is
slightly more stable in its trans form.
Thermodynamic Stability.As already discussed for ON(H)N-

(H)O (3), the electrostatic interaction of the solvent favors the
molecules with higher dipole moments. For the N-protonated
anion (5) and the dianion (11), solvation effects shift the
thermodynamic equilibrium toward the cis isomers, as apparent
from the large differences of the free enthalpy of solvation,
Δ(ΔG*solv). On the contrary, for the O-protonated species with
Δ(ΔG*solv) > 0, the origin of the isomeric preference changes.
Here, intramolecular hydrogen bonding leads to an additional

Table 2. Theoretical Solvent Free Energies and Reaction Barriers in kJ/mol and pK Values for Isomerization Equilibria
Determined Using the IEFPCM(UFF) Modela

reaction equilibrium TST

educt product Δ(ΔG*solv) ΔrG*soln pK ΔEsoln
‡ ΔGsoln

‡

trans-ON(H)N(H)O 3 cis-ON(H)N(H)O 2 �23.1 �16.3 �2.85 n.a. n.a.

trans-ON(H)NO� 5 cis-ON(H)NO� 4 �16.3 �11.3 �1.98 172.0 164.5

trans-HON(H)NO 9 cis-HON(H)NO 8 4.8 �21.3 �3.73 78.0 73.4

trans-HONN(H)O 10 cis-HONN(H)O 7 6.9 �24.2 �4.23 242.0 241.7

trans-ONNO2� 11 cis-ONNO2� 6 �17.8 1.6 0.28 n.a. n.a.

trans-HONNO� 15 cis-HONNO� 12 8.8 �32.2 �5.71 232.2 226.0

trans-HONNOH 14 cis-HONNOH 13 1.8 �9.2 �1.61 n.a. n.a.
aThe label “n.a.” indicates that bond dissociation was found to be energetically more favorable. In those cases, relaxed potential energy scans were
performed showing that barriers of at least 200 kJ/mol are involved.
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stabilization of the cis isomers in the case of 7, 8, and 12. An
exception is cis-hyponitrous acid (13), for which Zevallos et al.34

pointed out that the higher thermodynamic stability is related to
an electronic effect (favorable LP(N0) f σ*(N�O) orbital
interactions) rather than the weak intramolecular hydrogen
bonding. The same interaction, even so less pronounced, is
present in the case of the anion (12) and the dianion (6) and
leads to a significant decrease of kinetic stability with respect to
dissociation forming N2O. Due to the increasing N�N bond
length and decreasing LP(N0) f σ*(N�O) overlap, this effect
decreases in the order cis-hyponitrous acid (13), cis-hyponitrite
monoanion (12), and cis-hyponitrite dianion (6).
The very high stability of the single ionic species cis-HON-

NO� (12) in comparison with that of its trans isomer (15) turns
out to play a key role in the following acid�base equilibria and
requires a more detailed discussion. The electrostatic potential of
the optimized cyclic structure of 12 (see Figure 2) suggests
contributions of intramolecular hydrogen bonding to the stabi-
lization of the cyclic cis isomer. Indeed, although better stabilized
in solution, the alternative cis conformer with an exocyclic
hydrogen atom is calculated to be 22.6 kJ/mol more endergonic.
In addition to this, the intramolecular proton transfer can be
considered to be very fast due to a low free energy of activation in

solution of merely 6.4 kJ/mol. The corresponding symmetric
structure of the transition state is shown in Figure 2. An
important aspect of the illustrated structures is the unusually
short distance between the oxygen atoms, often used for
classifying hydrogen bonds.35 The calculated short distances
between the oxygen atoms in the anion, 2.41 Å, and in the
transition state, 2.26 Å, as well as the equivalent donor�acceptor
capabilities and the favorable geometry formally meet the criteria
of a so-called low-barrier hydrogen bond (LBHB). Often closely
linked to these structures is an increasing difference of the acid-
dissociation constants ΔpKa as known from the acid�base
chemistry of maleic acid. A similar influence on the protonation
equilibrium of cis-hyponitrous acid is expected and will be
discussed in more detail below.
To summarize the findings of this section, on the one hand,

isomerizations are unlikely to play a role for the overall reaction
scheme leading to N2O formation from HNO dimerization. On
the other hand, ionic species show remarkable stabilization
effects in solution and therefore could play a so-far overlooked
major role.
3.4. Acid�Base Equilibrium Scheme. Stimulated by the

results of the preceding section and similar to an approach
presented by Dutton et al.36 for Angeli’s salt decomposition, an
acid�base equilibrium based reaction scheme for N2O forma-
tion fromHNO dimerization has been worked out. Including the
ionic species in the reaction mechanism in solution is based on
the assumption that acid�base equilibration of the relevant
species is fast. The new scheme for the HNO dimerization is
shown in Figure 3. The numbers in parentheses refer to
calculated pK and pKa values, and the latter are summarized
again in Table 3.
Acid�Base Equilibria. In aqueous solution, for both the cis and

trans pathways, rapid deprotonation of the initial dimer species
(2, 3) leads to the formation of the N-protonated ions (4, 5). In
the next step, under moderately acidic conditions, O-protonation
is more favorable than a second deprotonation. Regarding the

Figure 3. Acid�base equilibria model for the HNO dimerization reaction. The numbers in parentheses represent pKa values as determined from eq 3
and pK values in the case of isomerization reactions. The species marked with frames are unstable with respect to decomposition yielding nitrous oxide.

Figure 2. Optimized structures of the cis-hyponitrite anion (left) and
the transition state (right) corresponding to the intramolecular hydro-
gen transfer. Highlighted are the electrostatic potentials color coded, the
partial charges (in italic letters), and the unusually short O�O distance
in the transition state.
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two possible sites for O-protonation, for trans, both intermedi-
ates (9, 10) are equally feasible, whereas cis-HONN(O)H (7) is
energetically more favorable than cis-HON(H)NO (8). In addi-
tion, a fast intramolecular hydrogen transfer between the oxygen
atoms is possible, resulting in equilibration of the cis species (7
and 8). A further deprotonation step yields the single protonated
hyponitrite (12, 15). Similarly, under moderate alkaline condi-
tions, the formation of singly protonated hyponitrite (12, 15) is
predicted to proceed through 6 and 11 via sequential deprotona-
tion and protonation. Whereas the trans-hyponitrite anion (15)
will be easily protonated under acidic conditions, single proto-
nated cis-hyponitrite (12) is the dominant species down to a pH
of 3.1 and, due to a high pKa,2 value of 17.5, is stable under
alkaline conditions with respect to deprotonation as well. Both cis
species (12, 13) and the trans-hyponitrite anion (15) are
considered to be unstable and decompose to form the final
product N2O with relatively low activation barriers of 42, 73, and
84 kJ/mol, respectively. These calculated barriers are in accor-
dance with the literature values for the cis isomers but are some-
what lower than the experimental value of 98 kJ/mol reported for
the trans isomer decomposition.30,37,38 Note that trans-hyponi-
trous acid (14) is fairly stable in solution due to the absence of a
feasible intramolecular elimination channel. In summary, under
acidic conditions the following reaction sequences are possible:

Hence, the formation of N2O is attributed to the species cis-
HONNO� (12), cis-HONNOH (13), and trans-HONNO�

(15). Due to lower activation barriers and in agreement
with the already mentioned destabilizing orbital interactions

(see section 3.3), the cis species are kinetically more unstable
than the trans-hyponitrite anion. Decomposition of the trans
species, in agreement with experiments, is rather slow.
cis and trans Pathways. As in the intramolecular reaction

scheme, the cis and the trans pathway are well isolated. The only
possible isomerization that might compete with the fast acid�
base equilibria takes place between 8 and 9. This equilibrium is in
favor of the cis isomer and, therefore, could enable another
pathway toward cis-hyponitrite. However, deprotonation of 9
and 10 can be estimated to proceed with a rate constant on the
order of 1010 s�1 (as derived from the pKa value by assuming a
diffusion controlled protonation reaction). This is several orders
of magnitude higher than a rough estimate of the isomerization
reaction rate constant on the order of 1 s�1, which is based on the
free enthalpy of activation given in Table 2. Therefore, it appears
unlikely that isomerization contributes significantly, and two
well-separated cis and trans pathways can be assumed. Keeping in
mind the strongly favored initial cis dimer formation (section
3.1), it becomes clear that the overall reaction is dominated by
the cis pathway.
On the cis pathway, formation of the cis-hyponitrite anion (12)

can be assumed to be rapid. Taking into account the high
thermodynamic stability (due to the strong intramolecular
hydrogen bonding, section 3.3) and the kinetic destabilization
(due to the population of the σ*(N�O) orbitals, section 3.3),
decomposition of the cis-hyponitrite anion (12) will be preferred
over the protonation equilibrium between 12 and 13 and
subsequent decomposition of cis-hyponitrous acid (13). There-
fore, N2O formation from 12 dominates over almost the entire
pH range and contributions of the molecular cis-hyponitrous acid
pathway only become significant at very low pH values.
For the minor trans pathway, the model predicts the formation

of the moderately stable trans-HONNOH (14) in the acidic range
around pH = 0. With increasing pH, the equilibration with the
monoanion (15) becomes significant and a slow decomposition
sets in. At higher pH, the equilibrium is moved to the side of the

Table 3. Theoretically Calculated Free Enthalpies of Reaction ΔG*soln in Solution (in kJ/mol, T = 298 K) and pKa Values, Both
Referenced to the Stated Acid�Base Equilibria HRef1 and HRef2

equilibrium IEFPCM(UFF) CPCM(UFF)

acid base ΔG*soln pKa ΔG*soln pKa

cis-ON(H)N(H)O 2 cis-ON(H)NO� 4 �56.4 �2.6 �56.7 �2.7

cis-HON(H)NO 8 cis-ON(H)NO� 4 �6.5 6.1 �7.1 5.9

cis-HON(H)NO 8 cis-HONNO� 12 �52.1 �1.9 �52.4 �1.9

cis-HONN(O)H 7 cis-ON(H)NO� 4 �3.0 6.7 �3.4 6.6

cis-HONN(O)H 7 cis-HONNO� 12 �48.6 �1.3 �48.7 �1.3

cis-HONNOH 13 cis-HONNO� 12 �23.4 3.1 �23.6 3.1

trans-ON(H)N(H)O 3 trans-ON(H)NO� 5 �59.7 �3.2 �59.9 �3.3

trans-HON(H)NO 9 trans-ON(H)NO� 5 �16.7 4.3 �16.4 4.3

trans-HON(H)NO 9 trans-HONNO� 15 �40.7 0.1 �40.5 0.1

trans-HONN(O)H 10 trans-ON(H)NO� 5 �16.3 4.4 �16.9 4.2

trans-HONN(O)H 10 trans-HONNO� 15 �40.3 0.2 �40.9 0.1

trans-HONNOH (HRef 1) 14 trans-HONNO� 15 0.0 7.2 0.0 7.2

cis-ON(H)NO� 4 cis-ONNO2� 6 �11.5 9.5 �9.4 9.9

cis-HONNO� 12 cis-ONNO2� 6 34.2 17.5 35.9 17.8

trans-ON(H)NO� 5 trans-ONNO2� 11 �24.0 7.4 �24.0 7.4

trans-HONNO� (HRef 2) 15 trans-ONNO2� 11 0.0 11.5 0.0 11.5
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stable dianion and the decomposition rate decreases again. Thus,
the rate of the trans-decomposition is predicted to be slow and
strongly pH dependent following the bell-shaped curve found
experimentally by Buchholz and Powell.38

In summary, we conclude that the major pathway of nitrous
oxide formation from HNO dimerization follows a sequence of
rapid heterolytic bond cleavages according to eq 15, which is
completed with the decomposition of the cis-hyponitrite anion
(12) to form N2O.
3.5. Assessment of theAcid�Base EquilibriumModel.The

acid�base equilibrium model, in contrast to the formerly dis-
cussed intramolecular model, provides a theoretically sound
framework for the formation of N2O from HNO dimerization
and trans-HONNO� decomposition. As a further check of its
consistency, the model must be capable of explaining previous
experimental results. In the following, with a focus on the
equilibrium of the intermediate cis-hyponitrous acid, (i) experi-
mental results of the HNO dimerization reaction at varying pH
values taken from the literature and (ii) spectroscopic measure-
ments concerning the formation of OH radicals are compared
with model predictions. Finally, the role of NO� for dimerization
in highly alkaline solutions and the reason for the distinct
differences between the acid�base characteristics of the cis and
trans isomers will be addressed.
HNO Dimerization Experiments. Several experimental studies

with reactions taking place under acidic, neutral, and moderate
alkaline conditions are reported that include HNO dimerization
to explain N2O formation.1,17,39 In the following, the outcomes
of three selected studies performed in different pH ranges are
analyzed with respect to the applicability of the acid�base
equilibrium model and to support the predicted cis-preference
of the initial HNO dimerization step:
Under acidic conditions (pH = 1), according to Bell and

Kelly,17 selective reduction of sodium nitrite yields nitroxyl.
Utilizing trimethylamine borane (TMAB) as hydride donor in
water�dioxane (the latter preventing a possible radial chain
reaction observed in this pH region40), the corresponding HNO
forming reaction has been postulated to be

H2NO2
þ þ H�ðfrom TMABÞ f HNO þ H2O ð17Þ

Assuming the validity of ourmechanism, under these strongly acidic
conditions, HNO dimerization could take place through the path-
ways given by eqs 12, 15, and 16 with 12, 13, and 14 as the
intermediate products. As outlined above, at pH = 1 both cis species
13 and 12 may contribute to nitrous oxide formation. In contrast,
the formed trans-hyponitrous acid (14) was found to be stable38 or
possibly reacts with available nitrite to yield N2.

40 In fact, Bell and
Kelly reported fast and almost stoichiometric transformation of
nitrite into nitrous oxide (1.92:1). From this it follows that only
traces of 14 have been formed in the reaction, thus in agreement
with our prediction of a preference for the cis pathway.
However, a chance of misinterpretation of the reaction

sequence remains, because it cannot be completely ruled out
that certain amounts of NO are formed from nitrous acid
(HONO) disproportionation as byproduct as well. NO reacts
rapidly with HNO, and the subsequent chain reaction of the
product leads to the formation of trans-N2O2H2 and NO
(at low NO concentrations) or N2O and nitrite (at high NO
concentrations).2 Such aNOmechanismwould be indistinguish-
able from HNO dimerization.

In weakly acidic, neutral, and moderately alkaline solutions,
thermal decompositions of the widely used HNO donors,
Angeli’s salt and Piloty’s acid (N-hydroxybenzenesulfonamide),
have been extensively studied.1 In the second case, the redeter-
mined pKa = 11.4 of the

1HNO/3NO� equilibrium sets an upper
pH limit for dimerization of HNO due to competing
deprotonation.2 After protonation of Angeli’s salt (pKa = 9.7)
and deprotonation of Piloty’s acid (pKa = 9.3), the decomposi-
tions of the two anions follow first-order kinetics with similar rate
constants (6.8� 10�4 s�1 and 4� 10�4 s�1)18,41 over a wide pH
range according to

ONðHÞNO2
� h NO2

� þ HNO ðpH ¼ 4� 8Þ ð18Þ

PhSO2NHO
� h PhSO2

� þ HNO ðpH > 11Þ ð19Þ

On the basis of the presented acid�base scheme, consecutive
reactions according to eqs 13 and 15 (via 6 and 11 under alkaline
conditions) will lead to 12 and 15 as possible nitrous oxide
producing species. The corresponding cis pathway includes the
rapid decomposition of 12 and is consistent with the reported pH
independent rate constants. In contrast to the cis isomer (12),
which is the dominant species at 3.1 < pH< 17.5, the trans isomer
15 equilibrates with the stable trans-species (11, 14). According
to the measurements of Buchholz and Powell, the effective
decomposition rate constant of 15 decreases from its maximum
value, 5 � 10�4 s�1 at pH = 9, to <1 � 10�5 s�1 at pH = 4 and
3� 10�5 s�1 at pH = 12.38 Thus, assuming the trans pathway to
take place, intermediate trans-hyponitrite should accumulate
under acidic or alkaline conditions to concentration levels that
should have been detectable or should have affected the reported
time-resolved UV absorption measurements. The UV spectra of
trans-hyponitrous acid (14, 15, 11) exhibit absorption bands that
are coincident with those of the reactants used for monitoring the
kinetic experiment. Neither in the case of Angeli’s salt41 nor in
the case of Piloty’s acid18,39 (at pH < 13) have changes of UV
spectra or kinetics related to hyponitrite formation been re-
ported, even though additional experiments designed for this
purpose were performed by Seel and Bliefert.39

In conclusion, on the basis of kinetic and spectroscopic
evidence, a reassessment of the results for all three HNO donor
systems in the light of the new acid�base model reveals the
absence or presence of very low amounts of trans-hyponitrous
acid. Reaction sequences based on the cis dimer pathway, in
agreement with our theoretical predictions, can explain the
observed fast formation of nitrous oxide via final decomposition
of 12 in all cases. Of course, due to the absence of possible
isomerizations, these findings are also in line with the predicted
initial preference of cis dimer formation.
Synthesis of the cis Isomers. Many early attempts of synthe-

sizing the cis isomers of hyponitrous acid or its mere detection as
intermediate have failed.42 A first successful synthesis route
yielding almost exclusively cis-hyponitrite salt was based on the
reduction of NO using sodium in liquid ammonia.43 This high
selectivity with respect to the formation of the cis isomer is
somewhat similar to the initial dimerization of HNO in water
yielding preferentially the cis-HNO dimer. Feldmann and
Jansen44 presented another successful gas�solid phase synthesis
of the cis-hyponitrite dianion (6) fromN2O andNaO. They were
also able to report the first single crystal structure, which under-
lines the kinetic stability of cis-N2O2

2� as a solid. However,
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solvation attempts revealed that rapid decomposition of the
sodium salt takes place in contact with protic solvents as well
as carbon dioxide. Note that all these findings are in fact
consistent with our prediction of a low acidity of the cis
monoanion (12) (pKa,2 = 17.5), which is in-between the acidities
of water (15.7) and ammonia (34). Whereas cis-N2O2

2� is stable
in ammonia, fast decomposition of the single protonated species
(12) in water gives an explanation for the former experimental
problems of isolating the cis species in aqueous environments.
Formation of OH Radicals. It was further suggested40 that cis-

hyponitrous acid (13) is a source of OH radicals via an azo-like
homolytic fission according to

HONNOH f N2 þ 2OH ð20Þ

Evidence for the OH radical formation has been presented in a
series of EPR spin trapping studies performed by Stoyanovsky
and co-workers,6,16 and further verification of OH was found in
the product yields from experiments using radical scavengers. In
these studies, a pH dependent decomposition of Angeli’s salt
showed a maximum of OH radical formation around pH = 4.
Whereas O-protonation has been shown to lead to NO forma-
tion from Angeli’s salt instead of HNO at lower pH values,36 the
decrease of OH yield toward higher pH was explained by a shift
of a postulated equilibrium between 13 and 8, followed by
decomposition of 8 to form nitrous oxide. Objecting to this
interpretation, we find no convincing evidence for such an
equilibrium. It is calculated to be thermodynamically unfavorable
(pK = 5) and is definitively not pH dependent (see Figure 3). A
more reasonable explanation of the results of Stoyanovsky and
co-workers is the acid�base equilibrium of cis-hyponitrous acid
(13), which may partly undergo homolytic fission yielding OH,
and the single protonated species (12), which rapidly decom-
poses to form N2O. The predicted pKa value of the cis-hyponi-
trous acid equilibrium (pKa = 3.1) fits the observed pH
dependence found in the OH scavenging studies6,16 as well as
the occurrence of enhanced DNA strand breakages5 at pH < 6
quite well.
Whereas the decomposition of the anion can easily be

explained by rapid N�O bond breakage, forming N2O and
OH�, the evaluation of the kinetic stability and the fate of the
molecular cis-hyponitrous acid (13) remains difficult. Due to the
significantly higher activation barrier, the intramolecular hydro-
gen transfer and the subsequent decomposition can be assumed
to be much slower than the decomposition of the anion. Hence,
the proposed azo-like homolytic fission, according to eq 20, may
in fact become important. Even small amounts of generated OH
radicals may serve as carriers of a chain reaction cycle forming
N2O. Note, however, that a decomposition step yielding OH
most likely starts from the less stable exocyclic conformer of 13.
Therefore, it is difficult to assess the significance of such a radical
process with respect to the overall N2O formation. Furthermore,
little is known about a possible O-protonation of the molecular
acid (13) via intermolecular hydrogen transfer. Such an acid-
catalyzed decomposition mechanism, which is reported42 to be
important for the isomeric trans-hyponitrous acid (14) below
pH = 0, can be assumed to become relevant for the decomposition
of cis-hyponitrous acid at low pH as well.
Dimerization in Highly Alkaline Solution. Another open

question that arises from the experiments utilizing Piloty’s acid
is the influence of the acid�base equilibrium of HNO/NO� on
the overall dimerization process. In highly alkaline solutions,

slow deprotonation of the ground state singlet 1HNO is con-
sidered to yield the spin-forbidden triplet ground state base
3NO� rather than the spin-allowed energetically unfavorable
1NO�.2 Compared to 1HNO, 3NO� is known to react rapidly
with oxygen and nitric oxide. In this spirit, the spin-forbidden
reaction of 3NO� with 1HNO appears unlikely to be rapid in
solution. However, in a recent kinetic study on photoinduced
release of nitroxyl from Angeli’s salt, Lymar and Shafirovich45

came to the conclusion that this reaction might be fast as well.
Attributing an unidentified 3NO� loss process exclusively to
the reaction 1HNO+ 3NO�, an upper limit for the rate constant
(6.6 � 109 M�1 s�1) was reported. Moreover, at exceedingly
high alkalinity, the spin-allowed dimerization of 3NO� may
become significant as well, but detailed kinetic studies regarding
this reaction are not available.
Following similar arguments as put forward for the kinetics of

the dimerization of 1HNO in section 3.1 it is clear that due to the
different dipole moment and especially the additional charge of
3NO�, quite different transition states can be expected for these
reactions. Consideration of the calculated cis�trans equilibria of
the possible products as given in Table 2 reveals that in the case of
the reaction 1HNO + 3NO� a similar cis preference is obtained
for ON(H)NO� (4, 5). On the contrary, in the case of the 3NO�

dimerization the trans-N2O2
2� isomer (11) is calculated to be

slightly more stable than the cis-N2O2
2� isomer (6). Thus, it may

be speculated that the isomer ratio is changed in favor of the trans
isomer in the latter case. Indeed, evidence for the trans-hyponi-
trite dianion as a reaction product has been found in Piloty’s acid
decomposition experiments performed above pH > 13,18,39 but
this has previously been explained to result from a possible
isomerization under alkaline conditions.39 For sure, more experi-
mental and theoretical studies are needed to clarify the dominant
dimerization reaction in the case of the simultaneous presence of
1HNO and 3NO�.
Origin ofΔpKa Differences. Finally, the predicted quite drastic

difference between theΔpKa = pKa,2� pKa,1 values of the cis and
trans isomers calls for a more detailed explanation. As presented
in the acid�base scheme in Figure 3, for trans-hyponitrous acid
(14, 15, 11) ΔpKa = 4.3 and for cis-hyponitrous acid (13,12,6)
ΔpKa = 14.4. The difference is much more pronounced than in
the prominent example of maleic acid and fumaric acid, with
corresponding values of ΔpKa = 4.2 and 1.4, respectively.
Following Perrin’s recent discussion,46 large ΔpKa values do
not only originate from the energetic stabilization resulting from
intramolecular hydrogen bonding but are also an effect of
preventing electrostatic “strain” arising from the proximity of
the charged heteroatoms in the dianion.Whereas inmost organic
molecules certain structural adaptions can reduce this effect, in
the case of the cis-hyponitrite dianion (6) the partial double bond
character of the N�N bond leads to a fixation of the unfavorable
structure. Thus, an evasion into a nonplanar structure as well as a
further increase of the N�N distance are energetically demand-
ing. The first protonation will therefore not only enable forma-
tion of an energetically favorable hydrogen bond but also remove
the electrostatic destabilization and enable relaxation of the
“strained” structure. The corresponding high proton affinity of
the dianion is in accordance with a pronounced shift of the pKa,2

toward a higher value.
The second protonation results in the uncharged cis-hyponi-

trous acid (13), which shows no pronounced hydrogen bonding,
as evident from the low energy differences of the corresponding
cis-conformers calculated already by Zevallos et al.34 for the gas
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phase species. This pronounced difference of the intramolecular
hydrogen bonding energy compared to the monoanion (12)
gives an explanation for the shift of the pKa,1 toward a
lower value.
Taking together the effect of electrostatic “strain” and hydro-

gen bonding, this gives an explanation of the unique ΔpKa

difference between the cis and the trans isomers.

4. CONCLUSION

Two different DFT based models for N2O formation from
HNO dimerization were analyzed regarding their potential to
explain the quite complex experimental results for N2O forma-
tion in solution. In contrast to the previously recommended
intramolecular rearrangement scheme, a fast acid�base equili-
bria based mechanism is in agreement with experimental find-
ings. According to our mechanism, N2O formation is dominated
by initial formation of the cis-HNO dimer, followed by rapid
proton transfer reactions and finally decomposition of the cis-
hyponitrite anion. A minor formation (if any) of the trans-HNO
dimer leads to the formation of trans-hyponitrous acid, which
slowly decays via the corresponding anion. Theoretically calcu-
lated pKa values revealed an enhanced stability of the cis-
hyponitrite anion due to the formation of an intramolecular
hydrogen bond and a strictly deviating acid�base chemistry of
the cis and the trans isomers. Under physiological conditions, the
decomposition of the cis-hyponitrite anion should dominate the
formation of nitrous oxide, whereas at low pH (<4) various
decomposition mechanisms of the uncharged species may be-
come relevant. Specifically designed experiments are needed to
further test our new mechanism. Currently, experiments on
isotope selective detection of N2O are underway that help to
differentiate between alternative reaction pathways.
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