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A B S T R A C T

The 15N-site preference, the ratio between the single 15N-substituted nitrous oxide
isotopomers 14N15N16O and 15N14N16O, is discussed as an important proxy for
formation and decomposition pathways of N2O in environmental sciences. So far,
calibration problems in mass spectrometric techniques complicated its accurate deter-
mination. In this thesis, an alternative approach to determine this parameter based
on cavity ringdown spectroscopy has been investigated and the detailed formation
mechanism of N2O from HNO dimerization has been assessed.
In the first section, the detailed setup of a novel ultrasensitive cavity ringdown
spectrometer combined with a Fourier transform based high resolution wavelength
calibration scheme is described. Using an external cavity diode laser system as a
light source, the temperature stabilized spectrometer enabled sensitive gas phase
absorption measurements down to minimum absorptions of 1× 10−9 cm−1 in the
wavelength range from 1620 to 1690 nm and with an absolute accuracy in spectral
resolution of ∆λ/λ = 1× 10−7.
In a next step, a combination of high resolution ion cyclotron resonance mass spec-
trometry and high resolution cavity ringdown spectroscopy was used to characterize
the precise isotopologue composition of highly 15N-isotopically enriched samples
of the two N2O isotopomers. These samples were used to determine accurate ab-
sorption line strengths and broadening parameters of isolated rotational-vibrational
transitions in the 3001←0000 band of the corresponding nitrous oxide isotopomers.
Following a strategy of selective detection of the isotopomers to determine the
15N-site preference, it was possible to verify previous IRMS measurements indicating
a clear preference of 14N15N16O formation in the selective inorganic reduction of
nitrite in aqueous solution.
Furthermore, DFT based calculations have been used to investigate the mechanism
underlying the nitrous oxide formation from nitroxyl dimerization. It could be shown
that previous mechanistic assumptions are basically inconsistent with experimental
results. Consequently, a new mechanism mainly based on a fast acid-base equili-
bration scheme has been worked out. Here, solvation effects suggested a change
of cis-trans preference in favor of the cis dimer in the initial dimerization reaction.
Moreover, the final step forming nitrous oxide was related to the previously un-
considered cis-hyponitrite anion. The acid-base equilibrium of the latter reveals
remarkable differences compared to the trans isomer. Additional experiments and
kinetic simulation underlined the feasibility of the fundamentally new mechanism.
Finally, isotopomer analysis of nitrous oxide from trans-hyponitrous acid decomposi-
tion yielded a significantly different site preference compared to HNO dimerization.
As the associated reaction dynamics of the hyponitrite isomers could be understood
in terms of molecular orbital theory arguments, inclusion of the underlying reaction
schemes enabled theoretical confirmation of the experimental results. Interesting
parallels to site preferences found for diverse biochemical formation pathways are
discussed.
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Z U S A M M E N FA S S U N G

Das Verhältnis der 15N-substituierten Isotopomere von Lachgas, 14N15N16O und
15N14N16O, die sogenannte 15N-Vorzugsposition, wird als interessanter Parameter
zur Charakterisierung von Bildungs- und Abbaumechanismen von N2O in den
Umweltwissenschaften diskutiert. Da bisher die exakte Bestimmung dieses Parame-
ters durch Kalibrierungsprobleme der Massenspektrometrie erschwert wird, wurde
in dieser Arbeit ein auf der Cavity-Ringdown (CRD) Spektroskopie basierender,
alternativer Weg zu dessen Bestimmung untersucht und zusätzlich der Bildungsme-
chanismus von N2O durch Dimerisierung von HNO analysiert.
Im ersten Teil der Arbeit wird der Aufbau eines neuen CRD-Spektrometers in
Kombination mit einer Fourier-Transformations-Methode zur exakten Wellenlängen-
bestimmung detailliert beschrieben. Mit dem temperaturstabilisierten Spektrometer
konnten im Wellenlängenbereich von 1620 bis 1690 nm sehr empfindlich Absorpti-
onsspektren (αmin < 1× 10−9 cm−1) mit einer absoluten spektralen Auflösegenauig-
keit von ∆λ/λ = 1× 10−7 aufgenommen werden.
Mittels einer Kombination von FT-ICR-Massenspektrometrie und CRD-Spektro-
skopie wurde daraufhin die Isotopologenzusammensetzung von hoch-angereicherten
Proben der beiden N2O-Isotopomere bestimmt. Diese Proben wurden für eine genaue
Bestimmung der Absorptionslinienstärke und der Linienverbreiterungsparameter
einzelner isolierter Schwingungs-Rotations-Übergänge der beiden N2O-Isotopomere
verwendet. Darauf aufbauend gelang es, die 15N-Vorzugsposition optisch zu bestim-
men. Die Methodik wurde durch Vergleich mit massenspektrometrisch gewonnenen
Literaturdaten, die eine bevorzugte Bildung von 14N15N16O bei der selektiven anor-
ganischen Reduktion von Nitrit in wässriger Lösung zeigten, verifiziert.
Weiterhin wurden theoretische DFT-Rechnungen durchgeführt, um den Mechanis-
mus der N2O Bildung bei der Dimerisierung von HNO in Lösung aufzuklären. Da
die experimentellen Ergebnisse von bisher vorgeschlagenen Mechanismen nicht
ausreichend wiedergegeben werden konnten, wurden verschiedene Modelle unter-
sucht. Ein neuer auf schnellen Säure-Base-Reaktionen basierender Mechanismus
zeigte, dass eine bevorzugte Bildung des cis-HNO-Dimers im primären Reaktions-
schritt erfolgt und für die N2O-Bildungsreaktion der Zerfall des bisher weitgehend
unberücksichtigten cis-Hyponitritanions maßgeblich ist. Zudem weist das Säure-
Base-Gleichgewicht des cis-Hyponitritanions erhebliche Unterschiede zum bisher
besser bekannten trans Isomer auf. Kinetische Simulationen und zusätzliche Experi-
mente wurden zur Verifizierung verwendet.
Im letzten Teil der Arbeit konnte schließlich gezeigt werden, dass die Zersetzung
von trans-Hyponitrit eine deutlich andere Isotopomerensignatur von N2O liefert.
Ausgehend von Molekülorbitalbetrachtungen konnte die unterschiedliche Reakti-
onsdynamik der Zersetzungsreaktionen beider Isomere theoretisch erklärt werden.
Unter Berücksichtigung der zugrundeliegenden Kinetik gelang es ferner, die experi-
mentellen Ergebnisse nachzuvollziehen. Abschließend werden interessante Parallelen
mit der in biochemischen Bildungswegen beobachteten Isotopomerenpräferenz dis-
kutiert.
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1
I N T R O D U C T I O N

It is not the possession of truth,
but the success which attends the seeking after it,

that enriches the seeker and brings happiness to him.

— Max Planck ( 1858 - 1947 )

1.1 earth’s atmosphere and the climate system

The changes in earth’s atmosphere have already affected human life in many differ-
ent ways. In the past and present, for example, air pollution has influenced human
health and acid rain has lead to dramatic effects on nature. The currently most
frequently and to certain extent controversially discussed issue is the changing
climate system and its impact on future human life.1 Numerous climate models
predict an increasing global temperature and high fluctuations of extreme weather
conditions such that decision makers are faced with the serious question whether
active countermeasures will have a reasonable effect on preventing these scenarios to
come true. In order to give reliable answers to many related questions, it is necessary
to understand the changes in the atmosphere in general and, in particular, the details
of the climate system.
Basically, the atmosphere can be described as an interplay of physical (motion,
dynamics and energy) and chemical (composition and reaction) processes. The
early energetic picture of the atmosphere drastically changed when first Fourier
(qualitative) in 1827, then Arrhenius2 (quantitative) in 1896, and finally Keeling3

(systematic measurements) in the sixties of the past century recognized the influence
of the so called ’greenhouse gases’ for the earth heat balance. In a simplified model
for the earth radiation balance, the black body radiation emitted from the sun is
effectively filtered in the upper atmosphere for its UV spectral content and, except for
scattering and reflection from clouds and particles, the residual radiation penetrates
the earth’s atmosphere unaffected and is either reflected or absorbed at the surface.
The absorbed radiation is considered to account for the major part of the thermal
surface energy and leads to a significant increase of the surface temperature. The
earth, a black body emitter itself, loses thermal energy by emission of radiation
with a maximum in the infrared spectral region corresponding to the lower surface
temperature. In such a simple reductive model, an effective temperature of approx-
imately 255 K (-18 °C) would result in equilibrium. At this point, the presence of
the greenhouse gases in the atmosphere comes into play by affecting the radiation
balance due to absorption and reemission of terrestrial infrared radiation such that
parts of thermal energy are stored in earth’s atmosphere. Consequently, the average
surface temperature is significantly higher. The overall average temperature increase
due to the presence of greenhouse gases is stated to be on the order of 33 K such
that a mean temperature of 288 K (15 °C) results. Thus, the pure existence of the
greenhouse effect is considered to enable life on earth.
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2 introduction

The prerequisite of acting as a greenhouse gas is the ability of a gas to absorb
infrared radiation. According to quantum mechanics, this implies a changing dipole
moment during a molecular vibration that interacts with the light field. This general
selection rule excludes major permanent constituents of the atmosphere (N2, O2
and the noble gases) to act as a greenhouse gas. Beside H2O with the largest but
strongly varying contribution, only certain trace gases, which are present in very low
concentrations, need to be considered. The range of possible compounds persisting
in the overall quite constant composition of the troposphere is further limited by
tropospheric chemistry. For example, the lifetime of many organic compounds in
the troposphere is extremely short such that no accumulation in the atmosphere
takes place. In most cases it is the high reactivity of these compounds with OH that
limits the lifetime. Therefore, the ultra trace species OH is denoted as detergent of
the atmosphere. Another frequent decomposition pathway is photolysis; but due
to the effective filtering of UV light in the stratosphere only compounds exhibiting
absorption bands in the visible and near ultraviolet spectral region are affected.
According to the recent IPCC report (2007),4 next to H2O, the three most important
greenhouse gases are carbon dioxide, methane and nitrous oxide with atmospheric
concentrations of approximately 380 ppm, 1.8 ppm and 320 ppb, respectively. The
analysis of gas samples preserved inside ice cores revealed that concentrations of
all three gases have significantly increased since the beginning of the industrial age
(278 ppm, 715 ppb and 270 ppb, respectively). This increase has basically been at-
tributed to an additional input from anthropogenic sources such as fuel combustion
in the case of carbon dioxide and agricultural changes in the case of methane and
nitrous oxide.1

Precise measurements of the small concentration changes require very sensitive and
quantitative detection techniques. Therefore, in the field of atmospheric sciences,
especially optical spectroscopy and mass spectrometry (often in combination with
gas chromatographic separation) are applied for this purpose.5 However, due to fast
gas mixing in the troposphere these concentration measurements provide no precise
assignment of these trace gases to their corresponding sources.
Further information on the global fluxes of the gas of interest is often derived from
isotope patterns, but isotope enrichment and depletion can originate from several
processes such as chemical formation mechanisms, physical phase changes and
specific biological metabolisms.6 Thus, the informative value of a single isotopic
measurement is often ambiguous and multiple isotope measurements and/or corre-
lations are needed to certify the conclusions drawn from it. Experimentally, these
precise isotope measurements are very demanding, because each of the applied
techniques is affected by its own specific drawbacks.

1.2 the diverse roles of nitrous oxide in earth’s atmosphere

Nitrous oxide, N2O, at the time being frequently named the forgotten (atmospheric)
gas,7 has a quite significant effect in the troposphere and in the stratosphere as
well (see Figure 1.1). Despite its low tropospheric concentration, its long term (100
yr) global warming potential has been estimated to be 300 times that of carbon
dioxide such that it contributes approximately 6% to the overall radiative forcing in
the atmosphere.4 This high impact as a greenhouse gas originates partly from its
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Figure 1.1: Impact of nitrous oxide formation affecting earth’s radiation balance as a green-
house gas in the troposphere and as an effective ozone depletion agent in the
stratosphere.

long atmospheric lifetime of 114 years due to the absence of possible decomposition
pathways in the troposphere. On the one hand, the possible reaction with OH
forming a hyponitrite radical has been calculated to be very slow.8 On the other
hand, photolysis of N2O requires wavelengths below 230 nm and hence is irrelevant
in the troposphere as well.
In contrast, besides the reaction with O(1D) (10 %), photolysis turned out to be a
major destruction pathway (90 %) for nitrous oxide in the stratosphere.

N2O hν−→ N2 + O(1D) (1.1)

N2O + O(1D)→ N2 + O2 (1.2)

N2O + O(1D)→ 2 NO (1.3)

In fact, the occurrence of these reactions have important consequences for the
composition of the stratosphere. The works of Crutzen9 and Johnston10 in the 1970s
revealed that the formed NO can react according to the following catalytic cycle

NO + O3 → NO2 + O2 (1.4)

NO2 + O(1D)→ NO + O2 (1.5)

net reaction: O3 + O(1D)→ 2 O2 (1.6)

This catalytic cycle results in an effective destruction of ozone in the stratosphere.
As a consequence of the effective decrease of the banned hydrochlorofluorocarbon
emissions, Ravishankara et al.11 pointed out that nitrous oxide is and will be the
dominant ozone-depleting substance (ODS) in the stratosphere of the 21th century.
Due to the significance as tropospheric sink and stratospheric ODS, efforts have been

undertaken to gain information of the underlying kinetics. As predicted earlier, both
photolysis and O(1D) reactions are affected by isotopic fractionation.13 It is quite
constant in the case of O(1D) reactions and significantly wavelength dependent and
temperature dependent in the case of nitrous oxide photolysis. The combined effect
is an enrichment of the heavier 15N containing isotopologues in the stratosphere,
which was verified by airborne measurements. Subsequent modeling approaches
showed that isotopic patterns of the troposphere could be well explained by fluxes of
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Table 1.1: Estimates of nitrous oxide emissions and decomposition from different sources
and sinks affecting the atmospheric budget in Tg N yr−1.1,12

N2O sources total natural 10 - 12

soils 8 - 10

oceans 2

total anthropogenic 3.7 - 7.7

cultivated soils 1.8 - 5.3

cattle and feed lots 0.2 - 0.5

biomass burning 0.2 - 1.0

industrial 0.7 - 1.8

N2O sinks total stratospheric loss 11.9

N2O photolysis 10.7

O(1D) reactions 1.2

Tropospheric inventory increase 3.9

heavy isotopologues from the stratosphere. Refined isotopic investigations pointed
out that the two single 15N substituted nitrous oxide isotopomers, 14N15N16O and
15N14N16O, undergo a quite different fractionation and, in addition to bulk 15N
enrichment, its ratio (the so called site preference) might be highly informative for
determining global fluxes.14 Despite calibration problems of the mass spectrometric
technique used for site-preference determination,15 such measurements contributed
to characterize the decomposition of the stratospheric sink, which is now compara-
tively well understood.12

In contrast, contributions of different sources of nitrous oxide to the tropospheric in-
ventory are rather uncertain. Table 1.1 lists estimates of sources and sinks of different
processes as taken from Crutzen et al.12 and Möller.1 Natural sources cover mainly
biological nitrous oxide production in soils and oceans, whereas anthropogenic
sources are dominated by agricultural and industrial contributions. Although the
given values of the sources cover a quite large range, in numerous studies further
(in some cases controversial) corrections have been suggested. For example, Bange16

pointed out that oceanic contributions are underestimated because of additional
significant contributions of the coastal areas, whereas Rhee et al.17 suggested a
much lower contribution based on their field measurements. Thus, one of the major
problems with estimating the source strength of nitrous oxide lies in the biogenic
sources varying with high temporal and local fluctuations. This is in particular
problematic for the often followed bottom-up approach (e.g., pursued in the IPCC
report 20074) to determine the global budget. Therefore, Crutzen et al.12 presented a
quite consistent top-down approach to determine the anthropogenic input making
use of the well characterized atmospheric sink and the accurately known global
concentration of nitrous oxide. But this estimation did not enable detailed source
assignments.
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Inspired by the successful work of characterizing the stratospheric sink using iso-
topomer ratios, the concept of using isotopomer ratios to characterize sources came
up. In a series of empirical isotope ratio mass spectrometry (IRMS) studies, Toyoda
and Yoshida18–20 as well as Sutka and Ostrom21–23 presented isotopomer ratios of
numerous sources. Indeed, these studies revealed source specific values for certain ni-
trous oxide forming bacteria and fungi as well as chemical reactions. Simultaneously,
several N2O site preference field measurements have been performed. In natural
environments such as forests and grassland24 as well as anthropogenic sources such
as biogas and wastewater treatment plants,25,26 N2O has been shown to exhibit
significant variations in the isotopomer ratio depending on its formation mechanism.

1.3 pathways of nitrous oxide formation

Natural nitrous oxide formation in oceans and soils is basically considered to be
biogenic as part of the nitrogen cycle. The nitrogen cycle as a whole describes the
biochemical conversion pathways of natural nitrogen species and can be dissected
into fixation, nitrification, denitrification, assimilation, and mineralization. Formation of
nitrous oxide takes place as part of nitrification and denitrification.1

Nitrification is an aerobic process in which ammonia is oxidized sequentially by
enzymes forming finally nitrate according to

NH+
4

AMO−−−→ NH2OH HAO−−−→ NO−2
NXR−−→ NO−3 (1.7)

Nitrous oxide is considered to be a byproduct of hydroxylamine oxidation.
In contrast, denitrification is an anaerobic process describing the reduction of nitrate
towards molecular nitrogen according to

NO−3
NAR−−→ NO−2

NIR−−→ NO NOR−−→ N2O
N2OR−−−→ N2 (1.8)

Here, nitrous oxide appears as an intermediate arising from nitric oxide dimerization
catalyzed by nitric oxide reductase followed by reduction towards molecular nitrogen.
At least two structurally different nitric oxide reductase (NOR) enzymes are known
from bacteria (norBC) and fungi (P450nor), containing two and one iron center
located at the active site, respectively. In addition to this, dimerization of NO is also
possible via catalysis of the bacterial ba3 oxidase, which contains a copper center
instead of a second iron center. First single crystal structures of bNOR became only
recently available by Hino et al.27 and are shown in Figure 1.2. Despite this deeper
structural understanding, the actual mechanisms of N-N bond formation and N-O
bond cleavage are still subject of discussion.28

In the case of bacterial NOR, three different mechanisms have been discussed, the
trans mechanism, the cis-heme b3 mechanism, and the cis-FeB mechanism. These
mechanisms differ in the coordination site of nitric oxide by assuming coordination
of NO at both metal ions each, simultaneous coordination of the two NO at the
non-heme FeB, or a sequential coordination mechanism at the heme iron, respectively.
In most cases, density functional theory (DFT) calculations assisted by spectroscopic
studies have been performed to support the stable key intermediates and to suggest
a valid reaction sequence. Typically, a hyponitrite species is postulated to be the final
intermediate that decomposes to form nitrous oxide. For example, Varotsis et al.29
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Figure 1.2: Active sites of nitrous oxide reductase (cNOR) (A) and b3 oxidase (B) as deter-
mined by crystal structure analysis from isolated enzymes. Both structures with
two metal centers are known to catalyse NO dimerization towards N2O formation.
From Hino et al., Science 2010, 330, 1666-1670. Reprinted with permission from
AAAS.

presented calculations of a stable trans-hyponitrite complex and recent synthesis
approaches of Xu et al.30 indeed were able to isolate hyponitrite-heme-complexes of
certain stability.
Fungal denitrification involves the better characterized P450nor containing only a
single heme-iron center and nitrous oxide formation follows a different mechanism.
Detailed calculations of the intermediate structures pointed out that an iron-cis-
hyponitrite-complex is formed and sequential decomposition of cis-hyponitrite
finally yields nitrous oxide.31,32

Prior to this detailed analysis of nitric oxide reductase, the final formation of nitrous
oxide had been suggested to originate from a non-enzymatic reaction.33 After
enzymatic reduction of NO, free nitroxyl (HNO) was considered to undergo rapid
dimerization according to

HNO + HNO −→ [HONNOH] −→ N2O + H2O (1.9)

Although no intermediates could be observed experimentally, hyponitrous acid (cis)
had been suggested as transient intermediate finally forming nitrous oxide. The same
reaction was considered to be responsible for nitrous oxide formation as byproduct
of nitrification under anaerobic conditions. In very recent discussions concerning the
involvement of archaea as an important group of single-cell microorganisms in
connection with the nitrogen cycle, the relevance of this reaction was discussed as
well.34

Another non-enzymatic nitrous oxide formation pathway is the comproportionation
reaction of hydroxylamine with nitrous acid. This reaction has been studied to take
place under acidic conditions or in presence of certain anionic species according
to35–37

H3NOH+ + HNO2 −→ [HONNOH] + H3O+ −→ N2O + H2O + H3O+ (1.10)

This net reaction follows a complex reaction mechanism involving numerous inter-
mediates in solution. It finally yields nitrous oxide and varying amounts of trans-
hyponitrite as byproduct. Whereas the latter is stable under the reaction conditions,
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the formed nitrous oxide has been assigned to originate from the unstable inter-
mediate cis-hyponitrite. A pathway through a symmetric intermediate [HONNOH]
structure is consistent with 15N-isotope tracer studies that showed an almost equal
distribution of 15N in nitrous oxide independent of the initial educt labeling. In order
to explain the observed rate increase under acidic conditions, it was suggested that
the mechanism depends on initial NO+-adduct formation from nitrous acid and
an available anion followed by nitrosation of hydroxylamine. Recently, attempts to
understand the underlying mechanism based on DFT calculation have been presented,
but certain difficulties to model the detailed kinetics of this system remained.38–40

Under physiological conditions this reaction is of minor significance due to the ab-
sence of NO+ activation. However, enzymatic isotope studies revealed that increased
nitrous oxide formation occurs if an additional nitrogen source being not convertible
by the enzyme itself is available.41 Recently, Spott et al.42 came to the conclusion
that the possibility of enzymatic NO+-adduct formation followed by nitrosation and
decomposition of a non-enzyme bound species might exist as additional pathway
termed codenitrification, which was largely unrecognized in related discussions.
Summarized, nitrous oxide formation is mainly considered to be related to chemical
and biochemical conversion of hydroxylamine, nitroxyl, and nitrite. In almost all
cases, the final decomposition pathways are postulated to include hyponitrite species.
Consequently, Toyoda et al.19 suggested that (i) the site preference of a nitrous oxide
source is directly connected with the decomposition of the respective symmetric
hyponitrite species and that (ii) measurements of chemical reactions forming nitrous
oxide reflect the isotope effect of N-O bond cleavage. This interpretation of the origin
of site preference was supported by the theoretical considerations of Schmidt et al.43

based on earlier calculations and experiments. They underlined the necessity of
an isotope effect occurring in the chemical reactions, but contradicted the earlier
statement of Stein and Yung44 that isotopomer formation would follow a statistical
distribution and isotopic discrimination at the enzymatic iron centers would be the
reason for isotopomer changes. The possible role of the cis/trans isomer structure,
which will be discussed in some detail in this thesis, has so far not been addressed
in this context.

1.4 objective and underlying research strategy

In order to gain a better understanding of the global nutrient cycles and its impact
on the atmosphere, refined tools are needed that allow one to identify sources and
sinks of trace gases. In the case of nitrous oxide, the approach of isotopomer selective
detection holds potential to overcome the drawbacks of bulk isotope measurements
such as the influence of the isotopic composition of the source. Isotopomer enrich-
ment in the stratosphere serves as a good example for such an approach. Compared
to standard isotopic measurements, the independence from isotopic abundance of
the source and the progress of the reaction is clearly advantageous.
Despite the quite successful measurements, ongoing discussions regarding the cali-
bration of specially designed isotope ratio mass spectrometers used for this purpose
suggest applications of other, possibly more suitable techniques. As a very sensitive
and quantitative optical technique, cavity ringdown spectroscopy (CRDS) is a poten-
tial candidate for such a isotopomer selective detection scheme. Recent progress in
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diode laser technology made available tunable narrow-band laser systems in the
near-infrared range that serve as suitable light sources for high-resolution detection
of N2O. Accurate, precise, and reproducible line shape measurements are needed
to enable highly accurate line strength measurements. In this context, chapter 2 de-
scribes the setup of a novel continuous wave cavity ringdown spectrometer making
use of a Fourier transform wavelength calibration.
Application of this spectroscopic technique for isotopomer measurements, requires
the determination of line strength parameters for selected rotational-vibrational
transitions of the N2O isotopomers in the near infrared. Therefore, in chapter 3
measurements on pure isotopomer samples, which have been characterized by high
resolution mass spectrometry beforehand, were used to determine accurate inte-
grated line strength and line shape parameters. The potential and the achieved
accuracy of this approach will be discussed.
Another open question addresses the intermediates and reaction pathways of the
significant but poorly understood HNO dimerization reaction. Corresponding ex-
periments performed by Toyoda et al.19 indicated that a significant isotopomeric
effect exists. Due to the fact that the previously suggested reaction mechanisms
turned out to be quite inconsistent with experimental results, an investigation based
on quantum chemical DFT calculations and subsequent kinetic modeling appeared
reasonable (chapter 4).
Finally, two different isomer structures of hyponitrite have been found or have been
predicted to play a role in the overall decomposition mechanism. The effect of the
structure of the N2O precursor on the isotopomer ratio of the formed nitrous oxide
has not been investigated so far. A theoretical quantum chemical study, correspond-
ing kinetic modeling as well as experimental results will be presented to evalutate
structure related effects (chapter 5).



2
S E T U P O F A CW CAVITY RING-DOWN SPECTROMETER

Because a thing seems difficult for you,
do not think it impossible for anyone to accomplish.

— Marcus Aurelius ( 102 - 180 )

2.1 scope of the project

Light absorption has long been used to determine sample concentrations and the
characteristics of absorption spectra frequently shed light on the molecular struc-
ture of matter. Early instrumentations typically utilized incoherent light sources,
in combination with a dispersive element, a sample cell, and a light detector to
determine the change of light intensity. The inherent noise of the light source and
the detector remained a major problem limiting the quality and reproducibility. With
the emergence of the laser as a highly coherent light source, more sophisticated
techniques could be developed. Tunable, narrowband light sources were often used
in combination with lock-in detection to improve the sensitivity by modulating the
light source, termed wavelength modulation spectroscopy (WMS) at low modulation
frequencies and frequency modulation spectroscopy (FMS) at high modulation fre-
quencies. Furthermore, the low divergence of the laser beam enabled the realization
of long absorption path lengths by use of White and Herriott multipass cells provid-
ing effective path lengths of several hundred meters. Even longer absorption path
lengths on the order of hundreds of kilometers could be easily achieved using optical
cavities formed by highly reflective mirrors, however, often the frequency dependent
transmission of such an optical system turned out to be problematic. Therefore, first
spectroscopic applications of optical cavities were based on schemes with absorption
cells placed directly inside a laser cavity. Changes in the gain spectrum could then
be converted into absorption.
A different approach making use of the spectral characteristics of optical cavities
was presented by Anderson et al.45 in 1984. Initially intended for mirror reflectivity
measurements, the basic idea was to use the long decay times of the stored light field
inside a cavity to gain information about the quality of the cavity. The first applica-
tion of such decay time measurements for absorption measurements, i.e., the very
weak absorption lines of oxygen in the visible range, can be attributed to O’Keefe
and Deacon.46 These measurements, which were based on pulsed laser systems, are
commonly cited as the start of CRDS. Especially when dielectric mirrors with very
high reflectivity became commercially available, the achievable sensitivity turned
out to match or overcome those of conventional and often much more sophisticated
traditional techniques.
However, improvement of the technique by ever increasing mirror reflectivity is
limited due to the sharpening of the transmission fringes. Another intrinsic problem
arose from the simultaneous excitation of several cavity modes yielding multi-
exponential decays.47 Consequently, by reintroducing narrowband continuous wave

9
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(cw) laser systems, at least tenfold higher sensitivities could be obtained.48 These
cw techniques required (i) matching of laser frequency and cavity mode structure
and, following the intensity built-up in the cavity, (ii) rapid switching of light source
and cavity off-resonance to obtain an undisturbed single exponential decay. Whereas
the first condition can be fulfilled by slow modulation of the laser light source or
the cavity length, the second condition is usually been met by using fast optical
switches.48 Alternatively, it is possible to rapidly sweep the cavity.49 Next to sensitiv-
ity gain, the higher experimental effort of cw CRDS commonly yields higher repetition
rates (50 Hz up to 2 kHz) and a better wavelength accuracy than the pulsed setup.50

The spectrometer characteristics can be even further improved by laser frequency
stabilization techniques, but these require ultrastable cavities and additional locking
devices.51,52

Beside sensitivity, spectral resolution is another aspect. In contrast to broadband light
sources where additional external dispersive elements are used, spectral resolution
of this narrowband laser spectroscopic technique is determined by linewidth of the
laser emission and/or cavity transmission. Although a remarkable relative wave-
length accuracy can be achieved by using the transmission frequencies of a stabilized
cavity as a frequency scale, absolute wavelength determination of narrow bandwidth,
not stabilized laser systems is crucial for high resolution spectrometers. In the case
of the external cavity diode laser (ECDL) used in this work, the emission wavelength
fluctuates due to influences of temperature, alignment, and imperfect coatings.53

Hence, the achievable narrow laser line width of typically 500 kHz is only reached
on a short time scale (20 ms). The effective line broadening on a 1 s time scale reaches
2 MHz and reflects the short term fluctuations. Typically, the long term drift adds
up to 300 MHz after 24 h. Highly accurate spectral measurements therefore have to
rely on in situ monitoring of the wavelength. Common tools for this purpose are
etalons, gas cells for reference absorption, and commercially available wavelength
meters, which are often based on Fizeau or Michelson type interferometers. The latter
often provide an excellent choice, but the resolution necessary to resolve Doppler
broadened rovibrational lines in the NIR faces the border of technical feasibility and
is only achieved by high-end equipment.
In order to enable quantitative, sensitive, and selective detection of nitrous oxide
isotopomers, the application of CRDS in combination with a continuous wave laser
system and an accurate wavelength monitor appears a reasonable choice. In this work,
a state-of-the-art ECDL has been tested for applicability and has been characterized
in detail.

2.2 theoretical background

2.2.1 Cavity ringdown absorption spectroscopy

Absorption spectroscopy in general describes the wavelength dependent attenuation
of a static electromagnetic wave induced by passing the medium of interest. In the
limiting case of weak electric fields and low absorption of the medium, it is termed
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Figure 2.1: Schematic of the transmission of a resonant optical cavity forming a stable mode.
In the upper and lower corners, the intensity increase and decrease behind the
cavity after switching the laser is shown.

’linear’ and the light intensity I after passing the medium of length l is related to the
initial light intensity I0 by Beer’s law according to54

I(ν) = I0(ν)× exp (−α(ν)l) = I0(ν)× exp (−σ(ν)Nl). (2.1)

Thus, an absorption coefficient α(ν) is defined, which can be further dissected into
number density N (or concentration c) of the absorbing species and the cross section
of the transition, σ(ν). Usually, the napierian logarithm is used in gas phase mea-
surements in contrast to the log-10 based logarithm typically used for condensed
phase measurements.
A cavity as used for cavity ringdown spectroscopy is an optical system consisting
of two or more mirrors with high reflectivity (R > 0.995). This system can be char-
acterized in terms of stability parameters gi, which are related to the radii ri and
distances dij of the mirrors used.

gi =

(
1− dij

ri

)
(2.2)

A two-mirror cavity is termed stable if the condition

0 < g1g2 < 1 (2.3)

holds. Such a cavity is capable to confine a light field inside, but at the same time it
allows transmission only for wavelengths whose multiples coincide with the mirror
distance. A quantitative description can be derived from etalon theory.54

The finesse F describes the quality of a cavity and is related to the mirror reflectivity
by

F =
π
√

R
1− R

. (2.4)

With increasing finesse the mode structure of the cavity becomes more pronounced
and the line width of the corresponding modes is given by

δν =
c

2 L F
(2.5)

with c as the speed of light and L the length of the cavity.
In general, the frequency of a resonant mode is given by the following expression

νqmn =
c

2L

[
q +

n + m + 1
π

arccos(
√

g1g2)

]
(2.6)
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The difference between frequencies of two allowed modes (qi,qi+1) is known as
the longitudinal mode spacing of the cavity ∆νlong, which assumes a fundamental
Gaussian mode at the center of the mirrors (n = m = 0). In cases with a light beam
off-axis or for an imperfect alignment of the mirrors, additional transversal modes
(n 6= 0 and/or m 6= 0) become stable resulting in an additional set of frequencies
following the mode specific transversal distance of ∆νtrans,n,m.
For an empty cavity with identical mirrors as shown in Figure 2.1, the intensity
transmitted through the cavity, Iout, is given by55

Iout = Iinc ×
T2

(1− R)2 + 4R sin2( νπ
∆νlong

)
(2.7)

with Iinc being the intensity of the incident light field and T the transmission of the
mirrors. If the frequency of the incident light matches the corresponding frequency
according to ν = νqmn, the maximum transmission, Tmax = T2/(1− R)2, is reached,
which in theory equals unity in case of negligible absorption and scattering of the
mirrors. In real experiments this value is only on the order of a few percent, because
- in addition to the previously mentioned processes - the coupling efficiency is
typically below 100%. Provided resonance is maintained, a cw laser exhibiting a long
coherence time and narrow line width will increase intracavity intensity until the
maximum transmittance Tmax is reached. The time necessary to build up intensity
inside the cavity and achieve saturation depends on the mirror reflectivity. The
efficiency of light injection into a cavity is therefore significantly better for a cw laser
than that obtained with a pulsed laser system. Further improvement is obtained if
active frequency-locking is used.50

After switching the incident wave off and assuming that intensity loss is only based
on mirror reflectivity, the stored intensity inside the cavity I0 decays according to

It = I0 × exp
(

c ln R(ν)
L

t
)
= I0 × exp (−t/τ0(ν)). (2.8)

where τ0 denotes the empty cavity decay time given by

τ0(ν) =
−L

c ln R(ν)
=

L
c(1− R(ν))

. (2.9)

If an additional absorber with an absorption coefficient α(ν) is present inside the
cavity, Beer’s law as in Equation 2.1 provides an additional loss term and Equation 2.8
changes to

It = I0 × exp
(

c(ln R(ν)− α(ν)l)
L

t
)
= I0 × exp (−t/τ(ν)) (2.10)

with τ, the cavity decay time including absorber loss, is given by

τ(ν) =
L

c(1− R(ν) + α(ν)l)
. (2.11)

Combining Equation 2.9 and Equation 2.11 and taking L = l yields

α(ν) =
1
c
×
(

1
τ(ν)

− 1
τ0(ν)

)
. (2.12)
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Thus, in contrast to conventional spectroscopy, the absorption coefficient α(ν) is
directly determined from the time constant measurement and is independent of the
light intensity. This light intensity noise immunity together with the long effective
absorption path length are the primal reasons for the extraordinary sensitivity of the
cavity ringdown technique.
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2.3 publication i : a precise high-resolution near infrared con-
tinuous wave cavity ringdown spectrometer using a fourier
transform based wavelength calibration

Reprinted with permission from
C. Fehling and G. Friedrichs, Rev. Sci. Instrum. 2010, 81, 053109.

Copyright 2010 American Institute of Physics

Own contributions to the paper:

• General concept of coupling ultra-sensitive cw cavity ringdown spectroscopy
and FFT based difference frequency measurement for accurate wavelength
determination.

• Planning and design of detection cell, vacuum system, electronics, and single
mode fiber coupled laser system.

• Experimental setup of the cw cavity ringdown spectrometer and wavelength
modulated reference laser system.

• Implementation of the complete instrument control software including a new
synchronized, sequential real-time fitting algorithm in LabView.

• Measurements of N2O test spectra and line strength parameters.

• Draft of the publication.

Additional work within this project, not presented in the paper:

• Further experimental improvements by introducing a more sensitive Herriott
multi-pass cell for wavelength stabilization and design of a coupled tempera-
ture stabilization system via three independent feedback loops.
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excerpt from the publication “a precise high-resolution near
infrared continuous wave cavity ringdown spectrometer us-
ing a fourier transform based wavelength calibration”

Carsten Fehling and Gernot Friedrichs*1

Institut für Physikalische Chemie, Christian-Albrechts-Universität zu Kiel,
Olshausenstr. 40, 24098 Kiel, Germany

abstract

A wavelength calibration technique is described, which is based on a combination
of a Fourier transform wavelength meter and a distributed feedback laser locked
to a molecular transition as a frequency marker in the spectrum. The technique
provides a reliable wavelength scale to be used in high resolution continuous wave
cavity ringdown spectroscopy without need for stabilization of the probe laser and
accurately known molecular transitions in the scanned wavelength range. Due to
a continuous reference measurement, ambient influences on the laser sources are
effectively suppressed. As an example, we measured highly resolved cavity ringdown
spectra of N2O isotopomers and determined the line strength of several absorption
lines at a wavelength around 1687 nm. A near infrared wavelength precision of
6 × 10−8 and an absolute accuracy on the order of 1 × 10−7 was readily achieved.
The general concept is easy to implement and can be further refined by using
additional reference lasers, thus holding the potential of even higher wavelength
accuracy.

Abstract, excerpt and figures reprinted with permission from
C. Fehling and G. Friedrichs, Rev. Sci. Instrum. 2010, 81, 053109.
Copyright 2010 American Institute of Physics

Full article available online:
URL: http://link.aip.org/link/doi/10.1063/1.3422254

1 Electronic mail: friedrichs@phc.uni-kiel.de

http://link.aip.org/link/doi/10.1063/1.3422254




experimental apparatus (excerpt from the publication)

The experimental setup is depicted in Figure E-1. In the following, the three main
parts of the spectrometer consisting of wavelength calibration unit, cavity ringdown
cell, and signal processing section will be described separately.

Wavelength Calibration Unit

The output of a fiber coupled distributed feedback laser system (Toptica DC 110,
1600.3 nm, 15 mW output power) was asymmetrically split by a 1× 2 fiber coupler.
Approximately 90% of the overall laser power was collimated and the free space
beam, after passing a gas cell (l = 50 cm, p(CO2)= 80 mbar) three times, was detected
by an InGaAs photo detector (Thorlabs PDA10CF). Wavelength modulation of the
diode laser (200 kHz modulation frequency, 200 MHz amplitude) and demodulation
of the detector signal was used for top-of-fringe-locking of the laser output using
feedback loop electronics (Toptica, Digilock 110). Modulation frequency was chosen
with respect to the line width of the absorption line to achieve an undisturbed
first derivative signal and was optimized according to the response function of the
detection system when using the BIAS T circuit of the DFB diode for direct current
modulation. The generated error signal was optimized by visual inspection of the
signal when adjusting the modulation amplitude. According to the RMS error and
the corresponding slope of the signal the frequency stability of the locked laser was
determined to be on the order of 3× 10−8. In comparison with the stated absolute
accuracy of the built-in HeNe laser (5× 10−7) this is more than one order of magni-
tude better. Note that the modulation frequency is high compared to the recording
time of the interferogram such that the modulation, next to an insignificant line
broadening, did not interfere with the reference wave number determination.
The R(28) line of the 30013e←00001e transition of CO2 was chosen as reference
line (ν̃ = 6247.456238(40) cm−1, ∆ν̃ = 0.0195 cm−1). Its line position was recently
measured with high precision using laser based and Fourier transform based spec-
trometers by several authors. [1,2] In order to assure an accurate line center position,
a minor collisional shift was taken into account based on the self pressure shift
coefficient of δ = -0.00758(4) cm−1/atm. [3]

The remaining 10% of the DFB diode laser power were combined with the output
of a fiber coupled external cavity diode laser (Sacher LION, Littman/Metcalf, 1620 -
1700 nm, 2 mW output power) and split again to 10% and 90% of the total power by
a 2× 2 fiber coupler.
The more intense beam was directed to a fiber coupled acousto-optic modulator
(Neos, 80 MHz, 42 ns rise time). The first order diffracted beam was collimated and
aligned to the optical axis of the ringdown cell. Only the output of the external cavity
laser could be effectively coupled into the high-finesse cavity as the high frequency
modulation of the DFB laser prevented an excitation of the sharp cavity resonances.
The less intense laser beam was sent to a commercial multi-wavelength meter (EXFO
WA-7100, 200 MHz accuracy). Inside the wavelength meter, the fiber output beam
and a He-Ne reference laser beam were sent through a Michelson interferometer.
A dichroic beam splitter divided the beams afterwards such that both beams were
detected separately. The signal of the He-Ne laser provided an accurate means to
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Figure E-1: Experimental setup. Light and dark gray thin lines represent fiber coupled and
free-space beam lines, respectively, whereas thick lines indicate the electronic
signal lines. DFB: distributed feedback laser, ECDL: external cavity diode laser,
AOM: acousto-optic modulator, A/D Converter: analog-to-digital-converter.

determine the mirror displacement, and a fast Fourier transformation algorithm
yielded the spectrum of the two incident laser beams. Figure E-2 displays a typical
FT spectrum in logarithmic scale revealing that a high signal to noise ratio was
observed for the two different laser wave numbers. Finally, the wave number of the
ECDL as probe laser ν̃ECDL, was calculated from the difference of the measured wave
numbers of the two beams, ∆ν̃, according to

ν̃ECDL = ν̃Ref + ∆ν̃ (E-2)

where ν̃Ref corresponds to the wave number of the reference CO2 absorption line.

Cavity Ringdown Cell

The ringdown cell consisted of two solid aluminum housings connected by a PTFE
tube forming a flow cell. The whole system could be evacuated down to pressures of
10−2 mbar. In each housing a highly reflective mirror (Los Gatos Research, R = 99.99%
at 1600 nm) was held in a vacuum compatible piezo motor driven mount, which
permitted an external alignment of the mirror. The two concave mirrors (r = 6 m)
formed a stable optical cavity with a mirror distance of 50 cm. One mirror was
additionally mounted on a piezo ring actor (Piezomechanics) that moved the mirror
along the optical axis. During the measurements, an applied triangle voltage (50 Hz)
was used to shift the sharp resonance frequency of the cavity slightly more than
one free spectral range. The pressure inside the cell was measured by two calibrated
capacitance pressure sensors (MKS Baratron, 10 mbar and 1000 mbar). In order to
prevent adsorption effects of the analyzed gases, the whole cavity was heated during
the measurements to a temperature of approximately 333 K as measured by a
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Figure E-2: Fourier transform spectrum resulting from the interferogram of the external
cavity diode laser used for the cavity ringdown experiment (∼ 6000 cm−1) and
the frequency stabilized DFB laser (∼ 6250 cm−1) used as frequency marker.

platinum resistance placed inside the cavity. The used gases were commercial grade
carbon dioxide (CO2, 99.995%) and nitrous oxide (N2O, 99.999%).

Signal Processing

The laser beam was detected by a thermoelectrically cooled extended InGaAs photo
diode (Judson, 10 MHz) and the corresponding photo current was amplified by a
variable gain transimpedance amplifier (FEMTO DHPCA-100, 14 MHz, 104 V/A).
The signal passed a comparator circuit which generated a TTL signal to switch
off the acousto-optic modulator driver after a threshold for the intensity build-
up was reached. The low-pass filtered (10 MHz) signal was digitized using a fast
digitizer card (ZTEC, 14 bit, 200 MHz) and a home-written program (LabVIEW, NI,
Version 8.51) was used for data processing.
The single exponential decays were analyzed in-situ as described by Lehmann and
Huang. [4] Briefly, after subtraction of an approximated baseline, the logarithm of
each decay was fitted using a weighted linear fit in order to obtain an estimate
of the amplitude and the decay time. These parameters served as a set of input
parameters for an iterative nonlinear Levenberg-Marquardt fit, which converged
fast due to the reliable input parameters. Spectra were measured at wavelengths
of 1670 - 1690 nm, which differed from the center wavelength of the used mirrors
such that rather low ringdown times of approximately 15 µs were obtained. Usually,
50 decays were analyzed for each frequency step. Having checked for outliners,
which rarely occurred, these values were averaged resulting in a standard deviation
of the obtained decay constant on the order of 0.2%. This data acquisition and fitting
procedure took approximately 2 s per data point, while the simultaneous wavelength
determination was finished after 1.5 s. The wave number of the spectrum was finally
corrected in order to take the constant frequency shift of the acousto-optic modulator
into account.
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Unfortunately, the baseline of the obtained spectra showed a reproducible oscillation.
These baseline oscillations could be fitted to an Airy function with a corresponding
optical path length that equaled the thickness of the mirrors. These effects have
been reported by several authors [5,6] and were attributed to interference effects due
to a missing anti reflection coating of the mirror backside. For further analysis the
spectra had to be baseline corrected thus reducing the accuracy of the line position
and line strength determination outlined below. In order to estimate a potential error
resulting from the baseline correction, the determined line positions were compared
to the zero crossings of uncorrected first derivative spectra. Within the resolution of
the derivate spectra, no systematic differences in the extracted line positions could
be found showing that the baseline correction procedure was reliable. For fitting the
observed spectra, Galatry [7] line profiles were used. A fitting routine based on the
Galatry line profile algorithm given by Ouyang and Varghese [8] was implemented in
MATLAB software (MathWorks, Version 7.8.0.347).
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2.4 additional information

2.4.1 Frequency stabilization of the reference DFB laser

Supposing that cavity length modulation is used to achieve resonance of laser
light and cavity mode spectrum, the linewidth of the laser determines not only
the coupling efficiency but also the overall spectral resolution of the technique.
Early Fabry-Perot laser diodes exhibited linewidths of single laser cavity modes,
∆νg, on the order of few hundreds of MHz. Improvements could be achieved by
extending the cavity as in an ECDL and/or by introducing additional frequency
selectivity inside the diode as in DFB laser systems. Both enable narrow band single
mode operation and tuning of the emission wavelength of the laser diode with line
widths of less than a few MHz. In the case of external cavity diode lasers running in
single mode q, the corresponding emission line width ∆νq is given by the modified
Schawlow-Townes equation53

∆νq =
hνqgnSP(∆νg)2

I0
αt(1− β2), (2.13)

where g denotes the gain, αt the loss, β the spectral line width enhancement factor,
and ∆νg the bandwidth of the Fabry-Perot cavity of the laser diode. nSP is the number
of spontaneously emitted photons and I0 the power in the corresponding mode q.
However, mostly environmental effects lead to a drift of the wavelength and blur
the fundamental linewidth into an effectively broadened line. In the case of a ECDL,
additional mismatches of gain profiles from laser cavity and grating can lead to mode
hops during tuning. An approach to circumvent these long term broadening effects
is active wavelength stabilization. This requires a suitable error signal indicating the
deviation of the transmission or reflection of a frequency selective element such as an
etalon, a grating, or an absorption cell. In the latter approach, the laser is stabilized to
the wing of an absorption line where the slope of the signal is most pronounced. As
outlined in the following, this locking scheme can be further enhanced if modulation
techniques are applied.
Wavelength modulation of a monochromatic wave of a single mode laser leads to a
time dependent wavelength change described by the modulation frequency Ω and
the modulation depth ∆ν according to

ν(t) = ν0 + ∆ν sin(Ωt) (2.14)

If the modulation depth is small, the signal obtained by a photo detector can be
expanded in a Taylor series and approximated by truncation after the first expansion
term yielding

S(t) = S0 + S′(v0)× ∆ν× sin(Ωt) (2.15)

In case of lock-in detection the signal is demodulated by mixing this signal with the
modulation frequency Ω such that

S(t)× sin(Ωt) = S0 × sin(Ωt) + S′(v0)× ∆ν× sin2(Ωt) (2.16)

= ∆ν/2× S′(v0) + S0 × sin(Ωt)− S′(v0)× ∆ν× cos(2Ωt). (2.17)
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Figure 2.2: Schematic setup of the constructed detection cell and temperature stabilization
system used for the cavity ringdown measurements.

Low pass filtering removes the fast time dependent components and the processed
lock-in signal is given by

S(t) = ∆ν/2× S′(v0). (2.18)

The signal is therefore proportional to the first derivative with respect to the wave-
length and the modulation depth. Thus, if an absorption cell is used and the central
wavelength is scanned over an absorption line, the derivative spectrum of the corre-
sponding line with zero crossing and maximum slope at the line center position is
obtained. This signal is therefore a suitable error signal and can be used to lock the
diode laser frequency to the center wavelength. It enables absolute wavelength stabi-
lization on the order of a few hundred kHz. It is noteworthy that such a modulation
leads to an effective line broadening such that the coupling efficiency of modulated
light into a high finesse cavity becomes low.
The concept followed in this thesis makes use of the outlined stabilization scheme to
lock a distributed feedback (DFB) laser with excellent modulation properties in the
described manner. Additionally, a free-running ECDL is used as probe laser for CRDS

providing the desired narrow bandwidth for efficient coupling into a high-finesse
cavity. As the difference frequency measurement (outlined in more detail in the
preceding publication section 2.3) enables a relative precision of δν≈ 20 MHz on the
1 s time scale used for averaging, the combination of frequency-locked DFB laser and
the ECDL enables highest wavelength accuracy of the CRDS experiment as well.

2.4.2 Further improvements of the spectrometer setup

The experimental setup shown in the publication could be further improved by
two innovations, which were used for the measurements presented in the following
chapters:

• The CO2 reference absorption cell has been originally used in a three-pass-
configuration of the reference DFB laser for wavelength calibration. In the
improved setup, it has been exchanged by a Herriott multi-pass cell (Toptica
CMP-30, 73 passes). The latter enabled an extension of the effective optical
path length from 1.5 m to 30 m. Consequently, the concentration in the gas cell
could be decreased from 80 mbar down to 5 mbar without loss of absorption
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signal. At such a low pressure, the rovibrational transition of carbon dioxide is
almost purely Doppler broadened and, thus, the effects of pressure broadening
on the line profile as well as the pressure shift that slightly effected the line
position could be significantly minimized.

• In order to enable quantitative line strength measurements, the setup must
ensure temperature stability. In early measurements it was empirically found
that deviations from line strength parameters are observable at low tempera-
tures (T < 293 K). Therefore, the setup was temperature stabilized to maintain a
constant temperature of 320 K.
The temperature stabilization system is sketched in Figure 2.2. Basically, the
two monolithic mounts containing the highly reflective mirrors were thermally
isolated from the optical table to prevent the table to act as a heat sink. Both
mounts were heated by identical sleeves, whereas another sleeve was used for
the connecting central section. All three sleeves were heated and temperature
controlled on the internal side and were isolated towards the environment.
Independent feedback loops were used to enable temperature control of each
sleeve. Beforehand, temperature measurements inside the detection cell were
used to derive stabilization parameters that enable a uniform temperature along
the whole reactor. Overall, long term temperature stability and reproducibility
was found to be better than ∆T =± 0.5 K.





3
Q U A N T I TAT I V E S P E C T R O S C O P Y O F N2O ISOTOPOMERS

No effect that requires more than 10 % accuracy
in measurement is worth investigating.

— Walther Nernst ( 1864 - 1941 )

3.1 scope of the project

Accurate analysis techniques to distinguish the single labeled 15N-isotopomers of
nitrous oxide, 15N14N16O and 14N15N16O, have been inaccessible for several years.
In mass spectrometry, the fundamental problem is the identical mass of the two
isotopomers, which prevents the resolution of two molecular ion peaks even with
highest resolution. Although the information of the initial 15N position should in
principle be recoverable from the fragmentation pattern (i.e., formation of isotopic
NO+), the early study of Friedman and Bigeleisen56 had shown that the fragmenta-
tion reaction of the two isotopomers is rather complex and accompanied by isotopic
scrambling. It could be shown, that approximately 8% of the ’wrong’ isotopic labeled
NO+ were formed from each of the isotopomers. Simple corrections taking this factor
into account were sufficient for tracer experiments, but the error in reproducing
experiments on different mass spectrometers remained high.
In 1999, Toyoda and Yoshida57 presented a novel calibration scheme based on am-
monium nitrate as suitable N2O precursor that should enable the determination
of the precise scrambling factor in a isotope ratio mass spectrometer. This proce-
dure minimized the experimental error originating from the characteristics of the
mass spectrometer and a precision better than 0.1‰ has been stated for the ratio
of the two isotopomers of nitrous oxide. In the following, Kaiser et al.58 presented
another method for calibration based on 15N2O addition yielding a similar precision.
Unfortunately, the application of both techniques14,58 to determine the average site
preference of tropospheric N2O revealed a remarkable difference of approximately
30‰. A detailed analysis of this discrepancy preformed by Westley et al.15 pointed
out that the scrambling ratio of the two isotopomers is different and therefore as-
sumptions used in the calibration schemes may not be valid.
Due to these difficulties in the mass spectrometric analysis, spectroscopic methods
turned out to be a suitable alternative. First, Esler et al.59 utilized high resolu-
tion Fourier transform infrared (FTIR) spectroscopy in combination with multi-pass
cells to analyze the fundamental asymmetric stretching band (≈ 2200 cm−1) of the
isotopomers and fitted the band structure numerically to obtain the individual
isotopomer concentrations. Further improvement of the spectrometer enabled Grif-
fith et al.60 to validate the tropospheric site preference value of Yoshida and Toyoda.14

Alternatively, narrow band laser based methods have been elaborated. In the near
infrared spectral region, sensitive WMS utilizing a multi-pass cell and line center
locked diode lasers61 around 5000 cm−1 as well as sensitive CRDS measurements62

in the third overtone region at 6400 - 6550 cm−1 were applied to determine the iso-

29
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Figure 3.1: Vibrational spectrum and absorption line positions of nitrous oxide. The lower
graph shows the line positions and intensities of nitrous oxide on a logarithmic
scale as taken from the HITRAN database.66 Highlighted are branches used for
spectroscopic isotopomer measurements. For comparison, the upper graph shows
a typical FTIR spectrum of nitrous oxide.

topomers individually. Both approaches suffered from the low line strength of the
utilized absorption transitions. More recently, quantum cascade laser (QCL) became
available that enabled detection schemes in the mid infrared with a comparatively
simple, tunable laser source. A combination of a pulsed QCL with a multipass cell
has been presented by Wächter et al.63 revealing a remarkable sensitivity. A pre-
cision of 0.5‰ for the isotopomer ratio has been stated. The setup could even be
improved by using a narrowband cw-QCL and was coupled with a preconcentra-
tion unit to detect isotopomer ratios in air.64 This promising concept has therefore
been adopted to develop field-deployable commercial CRDS and cavity enhanced
absorption spectroscopy (CEAS) systems.65

3.2 project objectives

As apparent from the intensities shown in Figure 3.1, shifting the detection wave-
length from the near-infrared towards the mid infrared region should enable several
orders of magnitude higher sensitivities. Truly, the already presented sensitivity of
FTIR methods or the use of mid infrared tunable QCL systems in compact setups can
only be challenged with much more sophisticated systems like CRDS, CEAS or FMS

operating in the near infrared. However, beside sensitivity, another relevant aspect is
the often neglected species selectivity of the technique.
As depicted by Esler et al.,59 the resolution of the FTIR spectrometer is a key quantity
to reveal the isotopomer structure by enabling accurate numerical fitting of the
obtained spectra. On the one hand, this limits the application of FTIR spectroscopy to
high end systems with long mirror displacements. On the other hand, mid infrared
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Figure 3.2: Line strength and positions of the 3001←0000 nitrous oxide isotopomer bands.
The lower graph presents the recently measured line strength intensities (if
available) and positions of nitrous oxide isotopologues. Band center positions
are highlighted above.67–69 The upper graph shows the approximated line center
positions determined by shifting the line center of the main isotopologue with
increments taken from the fundamental vibrations.

lasers such as a QCL provide the desired high resolution, but are rarely tunable
over a broad spectral range. As a consequence, QCL approaches require a close
spectral distance between the probed, preferably undisturbed isotopomer absorption
lines. Because the line shift of the normal mode fundamental vibrations induced by
isotopic substitution is small (but characteristically different for each isotopomer),
the corresponding band structure is dense. In general, isotopomer lines of the same
vibrational-rotational state have significantly different resonance frequencies. There-
fore, isotopomer lines used in QCL experiments are generally not based on the same
rotational (in some case vibrational) state. This leads to a distinct, unfavorable tem-
perature dependence of the relative populations of the involved states. Moreover,
these lines are often affected by absorption stemming from other broadened lines
of the much more abundant main isotopologue.64 Under atmospheric conditions
and natural abundance of the isotopomers, inclusion of additional lines into nu-
merical fitting has been shown to compensate for these cross sensitivities, but the
general problem remained unresolved. In the light of selectivity a detection in the
near infrared spectral region might be advantageous. Here, isotopomeric absorption
lines of a vibrational-rotational state undergo a more pronounced isotopic shift. A
disadvantage, however, is the strongly decreasing intensity of the absorption lines.
Therefore, previous near infrared studies61,62 had been focused on sensitivity and
temperature issues.
In this study, this concept of a more selective isotopomer detection to determine iso-

topomer ratios was followed and a suitable NIR band with the desired characteristics
(band intensity, temperature independence, and isotopic shift) has been chosen. Tak-
ing into account the well characterized spectral shifts of the fundamental transitions
upon isotopic substitution,70 it is possible to approximate isotopomeric shifts of the
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rather weak and therefore less accurately known combination bands of nitrous oxide
by neglecting the small influence of anharmonicity. Such an approximation of the
band center positions is shown in the upper part of Figure 3.2 for the 3001← 0000
transition of N2O. This cold band exhibits comparatively high intensity in the near
infrared mostly attributed to the contribution of the asymmetric stretching vibration.
More interesting, however, the compensating effects of asymmetric and symmetric
stretching vibrations yield to shifts that are almost independent of the position of
isotopic substitution. Consequently, isotopomers with identical masses1 are equally
shifted by approximately 65 cm−1 per mass unit. The calculated shifts are more or
less consistent with experimental results for the band center positions of the heavy
nitrogen isotopomers as determined in the early measurements of Toth71 and in the
very recent high resolution FTIR and CRDS studies67–69,72 shown in the lower part of
Figure 3.2. The stick spectra of the two isotopomers of interest (shown in red and
green colors) clearly overlap, whereas all other isotopologues, except 14N14N17O, are
clearly separated. In the corresponding R branches around 5925 cm−1 the densities
of the isotopomer lines increases and only very high rotational states of the main iso-
topomer interfere. This situation provides ideal conditions for isotopomer selective
application of laser spectroscopy and therefore this spectral range has been chosen
for further investigation.
In the following, high resolution mass spectrometry is used to analyze almost pure
isotopomer samples and some light is thrown on the fragmentation problem. In a
second step, the choice of suitable absorption lines of the two isotopomers will be
further elucidated and the isotopically enriched isotopomer samples were analyzed
to determine as accurate as possible absolute line intensities. These can be used for a
calibration-free determination of the isotopomer ratio in later measurements. The
pros and cons of this approach are discussed in the context of its application to
measure the isotopomer ratio of a reference reaction.

3.3 theoretical background

3.3.1 Isotopomer ratio of nitrous oxide

A convenient notation for describing isotope effects is derived from IRMS and there-
fore dimensionless number ratios, R, and Delta values, δ, are often used instead of
concentrations.6 These two quantities are defined by

R =
Nheavy

Nlight
δX = 1000×

(
R− RSTD

RSTD

)
(3.1)

with the definition of Nheavy and Nlight as heavy and light isotope number. Generally,
the ratio of a standard material, RSTD, is used to determine the Delta values.
In the case of nitrous oxide, 12 stable isotopologues and isotopomers (15N/14N,
18O/17O/16O) exist. Focusing on the most abundant oxygen nucleus, 15N-isotopic
substitution is possible in two different positions, central (superscript 1) and terminal

1 Corresponding isotopologues are abbreviated with the second digit of the atomic masses.
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(superscript 2). Using Equation 3.1, site specific isotopic ratios can be defined as
follows:

R1
15 N =

|456|
|446| δ15N1 = 1000×

(
R1

15 N − RSTD

RSTD

)
(3.2)

R2
15 N =

|546|
|446| δ15N2 = 1000×

(
R2

15 N − RSTD

RSTD

)
(3.3)

Based on the two Delta values, Toyoda and Yoshida14,57 defined a novel param-
eter, the site preference, SP, to represent a relative enrichment of one of the two
isotopomers:

SP = δ15N1 − δ15N2 (3.4)

More generally, the isotopomer ratio, RSP, and the related delta value, δSP, are the
kinetically and thermodynamically more consistent parameters and are defined as60

RSP =
|456|
|546| =

R1
15 N

R2
15 N

δSP =
(

RSP − 1
)
× 1000. (3.5)

The definition of δSP implicitly assumes that the standard material has an isotopomer
ratio equal to 1.
Using the approximation δ15N2 � 1000 follows:

δSP =

(
1000 + δ15N1

1000 + δ15N2 − 1
)
× 1000 =

(
δ15N1 − δ15N2

1000 + δ15N2

)
× 1000 ≈ SP. (3.6)

Thus, δSP equals SP in most cases dealing with nitrous oxide samples with natural
isotopic abundance.
Spectroscopically, the isotopomer ratio RSP is accessible from absolute concentration
measurements, but for these concentration measurements accurate line strength
parameters S are required according to

RSP =
[456]
[546]

=

∫
456 α(ν̃) dν̃× S(546)∫
546 α(ν̃) dν̃× S(456)

. (3.7)

3.3.2 Quantitative absorption measurements

Basically, quantitative absorption can be explained in terms of the simple two-level-
model of Einstein’s coefficients of absorption (Bη′′,η′) and emission (Aη′,η′′ ,Bη′,η′′) as
shown in Figure 3.3.73 An incident electromagnetic wave with a frequency resonant
to the energetic difference of the transition will lead to a population increase of the
higher level following a transition probability Bη′′,η′ . The reverse process of emission
can either be spontaneous (Aη′,η′′) or induced (Bη′,η′′). It can be shown that the two
coefficients, Bη′,η′′ and Bη′′,η′ , are identical and can be related to the absolute square
of the transition moment, |Rη′′,η′ |2, according to

Bη′′,η′ = Bη′,η′′ =
2π2

3ε0h2 |Rη′′,η′ |2 =
2π2

3ε0h2 ∑
x,y,z

R2
η′′,η′,i (3.8)
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Figure 3.3: Left: Schematic plot of Einstein parameters. Right: Definition of line strength and
related parameters of an absorption line.

where Rη′′,η′,x, Rη′′,η′,y, and Rη′′,η′,z are the transition moments in x, y, and z direction,
respectively.
By neglecting spontaneous emission (convenient for near infrared transitions), the
net absorption intensity, Sη′′,η′ , depends on the population of the two states, nη′ and
nη′′ and is given by

Sη′′,η′ = hν̃η′′,η′
nη′′

N

(
1− gη′′nη′

gη′nη′′

)
Bη′′,η′ =

2π2

3ε0h2 ν̃η′′,η′
nη′′

N

(
1− gη′′nη′

gη′nη′′

)
|Rη′′,η′ |2.

(3.9)

For a more general picture the degeneracies of the two states, gη′′ and gη′ , are
included, but assumed to be equal in the following. If the system is in thermal
equilibrium, a Boltzmann distribution can be assumed to replace the expressions for
the population by introducing the partition function Q(T) and Equation 3.9 can be
rewritten as

Sη′′,η′ =
2π2

3ε0h2 ν̃η′′,η′
gη′′ exp (−Eη′′/kT)

Q(T)
(
1− exp (−ν̃η′′,η′c2/T)

)
|Rη′′,η′ |2 (3.10)

where c2 denotes the second radiation constant. In the case of a gas phase rotational-
vibrational transition, |Rη′′,η′ |2 is proportional to the derivative of the dipole moment
with respect to the normal coordinate and is folded with the Hönl-London and
the Herman-Wallis factor, to account for the intensity distribution of the rotational
branches and the rotational-vibrational coupling, respectively.74 This net absorption
intensity of a vibrational-rotational transition corresponds to Beer’s absorption
coefficient, α(ν̃) (as defined in Equation 2.1), integrated over the wavenumber range
of the broadened absorption line. Supposing a known line shape function g(ν̃− ν̃0)

it can be further related to the absorption coefficient at the line center, αc, and the
concentration independent absorption cross section, σ(ν̃), by75

Sη′′,η′ =
kT
p

∫ ν̃2

ν̃1

α(ν̃) dν̃ =
kT
p

∫ ν̃2

ν̃1

αc g(ν̃− ν̃0) dν̃ =
∫ ν̃2

ν̃1

σ(ν̃) dν̃ (3.11)

The line intensity of an absorption line is therefore directly proportional to the num-
ber density of the absorbing species and, in contrast to the narrow-band absorption
coefficient, independent of the underlying broadening mechanism discussed in the
following section.
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3.3.3 Line broadening and line shape models

The fundamental limit of broadening of an absorption line follows from spontaneous
emission of the excited state. This natural or lifetime broadening is therefore directly
correlated with Einstein’s spontaneous emission coefficient, Aη′,η′′ , according to

∆νnat ≥ Aη′,η′′ = 8πhc× ν̃3 × Bη′,η′′ . (3.12)

Consequently, natural line broadening becomes more significant at higher frequen-
cies, but compared to other broadening mechanisms it is often negligible. In the near
infrared spectral region ∆νnat is typically in the kHz range.
Another effect that can be directly deduced form the simple Einstein model is satu-
ration or power broadening. In the case of strong electrical fields and high transition
dipole moment, saturation as consequence of decreasing population difference of
the energy levels sets in and lowers the central absorption leading to an effective
broadening.
A significant contribution to the line shape originates from the thermal motion
of the molecules, the Doppler broadening. Movement of particles in the same or
reversed direction of an interacting wave results in an velocity dependent detuning
of the absorption frequency. Based on Maxwell’s distribution, the inhomogeneously
broadened line shape is a Gaussian distribution with a full width at half maximum
(FWHM) of

∆ν̃D = 2γD =

(
2kT ln 2

mc2

)1/2

ν̃c. (3.13)

Finally, the line shape is affected by collisions of the molecules with the environment
(walls or buffer gases), called pressure broadening. The consequence is a perturbation
during the absorption or emission process causing line broadening and also leads
to a shift (δ = δ0 × p) of the line center . The homogeneously broadened line shape
function results in a Lorentzian line shape and its full width at half maximum is
given by

∆ν̃P = 2γL = 2γ0
L p (3.14)

where γ0
L is the gas specific pressure broadening coefficient.

The simultaneous effects of different broadening mechanisms, in particular thermal
motion and phase changing collisions, have been treated in quite different manners.
One of the most commonly used model is the Voigt model,76 which is based on
a convolution of the Lorentzian and Gaussian distribution, such that each spec-
tral component of the Lorentzian broadened line is itself Doppler broadened. The
resulting line profile function cannot be solved analytically. It requires numerical
evaluation of the Voigt function, which can be written as the Fourier transform of a
time correlation function depending on τ as

K(x′, y) =
1√
π

∫ +∞

0
cos x′τ exp

(
−yτ − τ2/4

)
dτ (3.15)

with the line profile parameters, x′ and y, given by

x′ = (ν̃− ν̃0 − δ0 p)

√
ln 2

γD
∧ y = γ0

L p

√
ln 2

γD
. (3.16)
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Early computer implementations yielded reliable fitting routines such that the Voigt
profile became easily accessible and - due to a quite accurate representation of the
experimentally obtained line shapes - is the basis for several databases on absorption
line parameters.
However, in 1952 Dicke77 pointed out that an increasing gas density should affect the
velocity distribution underlying the Doppler broadening leading to an effective line
narrowing. The general concept of this later called ’Dicke narrowing’ was adapted
by Galatry78 who considered simultaneous but uncorrelated density based collision
effects on Doppler broadening and phase changing collisions resulting in pressure
broadening. By assuming that several collisions are necessary to affect the velocity
distribution, the model is generally considered as a soft collision model. After a new
parametrization and normalization on Doppler width performed by Herbert,79 the
generalized Galatry function is given by

G(x′, y, z) =
1√
π

∫ +∞

0
exp

(
−ix′τ − yτ +

1
2z2 (1− zτ − exp (−zτ))

)
dτ. (3.17)

Here, the profile parameters x′ and y are identical to 3.16 and z is given by

z = β0
Soft p

√
ln 2

γD
. (3.18)

Here, β0
Soft is the soft collision narrowing parameter (or dynamical friction coefficient),

which is related to the ’optical’ diffusion coefficient D of the absorber in the gas
matrix according to

β0
Soft =

kBT
2πcmD

. (3.19)

Noteworthy is that, in the case of pressure broadening surpassing the narrowing
effect, the experimental β0

Soft value is generally overestimated. Thus, the ’optical’
diffusion coefficient does no longer reflects the real diffusion. In the limiting case of
negligible line narrowing, the Galatry profile corresponds to the Voigt line shape
model: For z → 0 the third term of the exponential in Equation 3.17 converges
in −τ2/4, thus equivalent to Equation 3.15. An efficent FFT based algorithm to
numerically simulate the Galatry line shapes has been presented by Ouyang and
Varghese.80 It has been implemented in MATLAB (see appendix for the source code)
and was used throughout this thesis.
An alternative model including line narrowing effects has been suggested by Rautian
and Sobel’man.81 It is based on the assumption of a velocity change for each collision
with a buffer gas molecule, it is often termed ’hard’ collision model. Similar to the
’soft’ Galatry model, the corresponding line narrowing parameter underestimates
diffusion, but the ’hard’ model turned out to yield more reliable and constant
narrowing parameters in the case of heavy buffer gases. Further improvement of the
line shape characteristics can be achieved by using speed-dependent models that
take into account the specific collisional broadening with respect to the speed of the
absorber. These effects become more significant, in the case of pressure broadening
exceeding the Doppler width and/or under strong collision conditions.
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3.4 results and discussion

Aiming to determine the isotopomer ratio, one needs to know accurate absolute line
strength parameters for the two nitrous oxide isotopomers. In the following, the mass
spectrometric and spectroscopic characterization of pure isotopomer samples and
the choice of appropriate absorption lines is presented. Determined line strengths
and line shape parameters of the selected absorption lines are analyzed regarding
their consistency with previous measurements. Finally, the technique is applied to
determine absolute isotopomer ratios of isotopically enriched nitrous oxide samples.

3.4.1 FT-ICR-MS characterization of enriched N2O isotopologues

The determination of absolute line strength parameters requires chemically and
isotopically pure samples for calibration purposes. To this ends, the used isotopomer-
ically enriched samples were characterized by mass spectrometry. Fourier transform-
ion cyclotron resonance (FT-ICR) mass spectrometry is a high resolution technique
providing mass resolutions up to m/∆m = 104 - 106 or better and therefore offers the
required sufficient resolution to distinguish single isotopologues.
Full range FT-ICR mass spectra of the two pure isotopomer standards, named IS-456
and IS-546, are shown in Figure 3.4a and Figure 3.4b. As expected, the two mass
spectra are almost identical at the molecular ion peak region, but differ in the cor-
responding fragmentation pattern as discussed below. The rather intense peaks at
m/z=28 as well as at m/z=32 in Figure 3.4a stem from an air leak of the gas inlet
system of the mass spectrometer. Apart from this, no further impurities could be
identified in the samples thus reflecting their high chemical purity.
The corresponding molecular ion peaks are shown in Figure 3.4c and Figure 3.4d.

Due to the high resolution, the possible N2O isotopologues except for the iso-
topomers could be clearly identified by their exact mass2. In a series of measurements
almost constant peak height ratios were found. The corresponding isotopologue
ratios are listed in Table 3.1. This isotopic composition is basically consistent with
IRMS analysis of other research groups using pure isotopomer samples from the
same supplier.15,58 Based on this isotopic analysis above, it can be concluded that
the two samples are isotopically pure to at least 98%. More detailed information on
the isotopomeric composition can be derived from additional spectroscopic measure-

2 The labeled carbon dioxide peak scales with the air peaks in stoichiometric quantity.

Table 3.1: Isotopic characterization of the enriched pure isotopomer gas standards (IS-456 and
IS-546) utilizing high resolution mass spectrometry (FT-ICR-MS). The superscripts,
∗ and +, indicate assignment of the corresponding mass based on supplemental
NIR spectra (see Figure 3.6). Peak heights were normalized to add up to 100.

Mass 44 45 46 47

Assigned 446 456∗/546+/447 556 457/547 448 557 458/548

IS-456 0.51(2) 98.58(11)∗ 0.29(4) 0 0.45(5) 0 0.16(2)

IS-546 0.90(6) 98.04(8)+ 0.74(7) 0 0.14(4) 0 0.17(7)
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(a) Full FT-ICR mass spectrum of IS-456. (b) Full FT-ICR mass spectrum of IS-546.

(c) Molecular ion region of N2O in IS-456. (d) Molecular ion region of N2O in IS-546.

Figure 3.4: Isotopologue characterization of two isotopomer standards (IS) utilizing FT-ICR-
MS. The roman numbers in (a) and (b) indicate fragment formation assigned to
different fragmentation pathways (see text).

ments and from the observed fragmentation pattern.
The underlying fragmentation pathways (neglecting the oxygen isotopes) can be

summarized as follows:

14N15NO+ (I)−→ 15NO+(m/z = 31) + 14N

(I I) ↘ ↗ (I I)

[NON]+ (3.20)

(I I) ↗ ↘ (I I)

15N14NO+ (I)−→ 14NO+(m/z = 30) + 15N

14N15NO+/15N14NO+ (I I I)−−→ 15N14N+(m/z = 29) + O (3.21)

Here, two quite different processes have been suggested to lead to NO+ fragment
formation in the fragmentation process.56 On the one hand, it is quite evident that
simple N-N bond cleavage (I) will lead to a NO+ fragment containing the central
nitrogen such that the two isotopomers should yield either 14NO+ or 15NO+. In con-
trast, N-O bond cleavage (III) yields the same fragment 15N14N+ for both isotopomers.
On the other hand, justified by the experimental observations of a considerably high
ratio of the ’wrong’ fragment, a more complex reaction mechanism (II) is considered
to occur by sequential decomposition of an so far unidentified but most likely cyclic
intermediate [NON]+.
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Figure 3.5: Effects on isotope scrambling of nitrous oxide isotopomers during fragmentation.

The ion scrambling due to simultaneous occurrence of (I) and (II) is clearly observ-
able in both spectra, Figure 3.4a and Figure 3.4b. In order to take this effect into
account for site selective isotope measurements, Toyoda and Yoshida57 determined
based on an enriched 15N14N16O sample a quite constant scrambling coefficient
γ≈ 8.1% corresponding to the fraction of the ’wrong’ NO+ isotope relative to the
overall NO+ yield. Similar scrambling coefficients have been found in this work. With
respect to isotopomeric purity of the used samples, these scrambling coefficients are
consistent with a sole abundance of one of the isotopomers in each sample.
Due to the general uncertainties of mass spectrometric site preference determinations
arising from this ion scrambling, a few additional experiments concerning these
scrambling parameters have been reported in the literature. Westley et al.15 showed
that the exact ratio of the scrambling coefficients varies with experimental condi-
tions and, moreover, is different for each isotopologue. In particular, the scrambling
coefficient of 15N14N16O was found to be higher than that of 14N15N16O. In contrast,
Frame and Casciotti82 found consistent calibration values for their mass spectrometer
by assuming the opposite to be true.
Figure 3.5a summarizes the extracted scrambling coefficients for a series of mea-
surements at different pressures as obtained in this work. At low pressures, rather
constant but different values of 0.077 and 0.067 for IS-546 and IS-456 have been
found, respectively. It may be speculated that the less consistent values at pressures
higher than 1× 10−8 mbar, are due to interfering bimolecular reactions within the
ICR cell. However, isolation of the NO+ fragments within the ICR cell yielded no
corresponding products.
Figure 3.5b illustrates the outcome of an experiment with variable ionization energy.
Similar to Toyoda and Yoshida,57 a quite constant low pressure scrambling coefficient
was found at high ionization energies. Slightly above the ionization potential, how-
ever, significantly higher scrambling ratios were observed, possibly due to a slower
fragment formation via a predissociation pathway in contrast to direct dissociation
pathways available at higher ionization energies.83
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Figure 3.6: Cavity ringdown spectra of the two isotopomer samples (IS-456 and IS-546) and
pure nitrous oxide with natural isotopic abundance (CAU-I) in comparison with
line positions taken from the HITRAN database and FTIR measurements.66–68

As no accurate line strength data are available, the intensities of these lines are
estimated based on the type of transition and the natural abundance of the
underlying isotopologue (logarithmic scale).

3.4.2 Selection and line strengths of isotopomer absorption lines

An independent verification of the isotopomer structure can be obtained from near
infrared (NIR) cavity ringdown spectra of nitrous oxide as shown in Figure 3.6.
Despite the compensating effect of the spectral positions of different vibrations as
discussed for Figure 3.2, an isotopic shift of the isotopomer absorption lines can be
clearly observed in the spectra. In agreement with the mass spectrometric result,
direct comparison of the spectra of the two isotopomer standards, IS-456 and IS-546,
reveals that only one isotopomer is present in each sample. Furthermore, the line
positions in the enriched samples agree well with a pure nitrous oxide samples with
natural abundance and recent high resolution FTIR measurements of nitrous oxide
isotopomers reported in the literature.66–68

absorption line selection In a first step, in order to enable isotopomer
selective detection, it was necessary to identify isotopomeric absorption lines that
(i) allow for a perturbation free detection and (ii) provide a balanced detection of
the two isotopomers with respect to line intensity and temperature variation. As
illustrated in Figure 3.6, difficulties may arise from several additional absorption
lines attributable to hot transitions or weak combination bands. Nevertheless, it was
possible to identify two absorption lines that offered comparable line intensities,
showed no apparent distortion of the line profile and, according to the band structure
of known transitions, revealed no interfering features. For 14N15N16O the R(14) line
at ν̃ = 5925.1572 cm−1 and for 15N14N16O the R(21) line at ν̃ = 5925.9102 cm−1, both
corresponding to the 3001←0000 vibrational transition, have been chosen. A major
drawback of this line selection is the different rotational state, which leads to slightly



3.4 results and discussion 41

5 9 2 5 . 4 2 5 9 2 5 . 4 4 5 9 2 5 . 4 6 5 9 2 5 . 4 8
0

2

4

6 1 4 N 1 4 N 1 6 O  3 0 0 1 ←0 0 0 0  P ( 4 2 )

 

 

ab
so

rpt
ion

 co
eff

icie
nt 

in 
10

-6  cm
-1

w a v e n u m b e r  i n  c m - 1
0 2 0 4 0 6 0 8 0 1 0 0 1 2 0 1 4 0

0

5

1 0

1 5

2 0

2 5
3 0 0 1 ←0 0 0 0  P ( 4 2 )

S /
 10

-32
 m

ol 
/ c

m2

c  i n  n m o l  /  c m 3

1 4 N 1 4 N 1 6 O

R = 0 . 9 9 9 9

Figure 3.7: Profile and fitted line strength of the main N2O isotopologue.

different line strengths and, more important, to a different temperature dependence
of the population of the underlying states. Thus, temperature stabilization of the cell
during the measurement was crucial.

line strength measurements In order to check the suitability of the setup
for quantitative measurements, a known absorption line (3001← 0000 P(42)) of the
main isotopologue of nitrous oxide has been analyzed first. Figure 3.7 shows several
line strength measurements at different sample pressures of pure nitrous oxide
(CAU-1). Despite an interfering line from a different isotopologue at the left edge,
this line could be accurately reproduced with Galatry profile functions in the pres-
sure range 2 mbar < p < 5 mbar. The corresponding integrated line strength, which
has been corrected for natural isotopic abundance as certified by IRMS, is plotted
versus concentration in the second graph. The error bars correspond to the standard
deviation of typically 4 measurements. With a regression coefficient of R = 0.999
excellent linearity has been observed. The averaged line strength as determined from
the slope and corrected to a temperature of T = 296 K as described in section 2.3 is
given in Table 3.2. The comparison with the corresponding HITRAN value66 reveals
quantitative agreement within error limits. The uncertainty limit of the presented
measurement, which is based on the statistically error, is even lower than reported
in HITRAN. This underlines the accuracy of the technique and its suitability for line
strength measurements.
Similar measurements for the chosen isotopomer lines using the enriched samples
IS-456 and IS-546 are shown in Figure 3.8. Here, no interference has been observed
and both lines could again be accurately fitted using Galatry functions. The plots
of line strength versus concentration again shows high linearity. The observed y-
axis offset can be attributed to a slight zero level shift of the pressure sensor used
throughout all measurements.
It should be noted that at higher pressures (concentrations≈ 120 nmol/cm3), al-
though no changes in the line shapes were discernible, non-linearities in form of a
decreasing line strength have been observed. These data have been excluded from
the fit and are not shown in Figure 3.8b. At such high concentrations, the corre-
sponding ringdown time at the line center dropped from τ0 = 8 µs to τ = 500 ns and
the transmitted intensity decreased significantly. Consequently, it was necessary to
increase detector amplifier settings resulting in a lower detection bandwidth and an
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(a) Fitted line profiles of 15N14N16O and 14N15N16O.

(b) Integrated line strength (vs. concentration) of 15N14N16O and 14N15N16O.

Figure 3.8: Fitted line strength parameters of the two N2O isotopomers.

overall less accurate ringdown time measurement. Thus, the CRDS technique itself
sets an effective upper limit for reasonable sample concentrations.

line broadening and optimum detection conditions Next to provid-
ing accurate line strength data, the line shape fitting procedure also yields reli-
able line shape parameters. For example, measurements of natural N2O (CAU-1)
at higher pressures as shown in Figure 3.9 yielded the corresponding Galatry
line shape parameters summarized together with the line strength parameters in
Table 3.2. From experiments with Ar added to the sample gas, it was evident
that the pressure broadening parameters of the chosen absorption lines revealed
a pronounced effect of the corresponding buffer gas composition. It is notewor-
thy in this context that Galatry pressure broadening parameters differ from pres-
sure broadening parameters obtained by assuming a Voigt model. The latter ne-
glects line narrowing. The derived (in these experiments only slightly buffer gas
dependent) line narrowing parameter β0

soft ≈ 0.044 cm−1 atm−1 is basically consis-
tent with typical values found in the literature, e.g., Daumont et al.84 performed
FTIR measurements of 14N16

2 O and derived an experimental narrowing parameter
(β0

hard,N2O = 0.0342(8) cm−1 atm−1) using a hard collision model. They also reported
a similar theoretical value (β0

diff = 0.0374 cm−1 atm−1) derived from the diffusion
coefficient. Due to the Galatry model assumptions the found β0

soft values generally
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Figure 3.9: Fitted line shape parameters (vs. pressure) of 15N14N16O and 14N15N16O.
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Figure 3.10: Calculated line center absorption and effective line broadening based on deter-
mined Galatry parameters versus N2O pressure for the R(14) line of 14N15N16O.

Table 3.2: Line strength and line shape parameters of selected isotopologue absorption lines.

Isotopologue 14N14N16O 15N14N16O 14N15N16O

Vibrational Assignment 3001←0000 3001←0000 3001←0000

Rotational Assignment P(42)e R(21)e R(14)e

ν̃0 / cm−1 5925.4591(6) 5925.9102(6) 5925.1572(6)

S296K / (10−23 cm molecule−1) 0.1676(18) 1.3165(80) 1.515(13)

S(Ref)1 / (10−23 cm molecule−1) 0.1697(33) - -

γ0
self / (cm−1 atm−1) - 0.1285(51) 0.1126(21)

γ0
Ar / (cm−1 atm−1) - 0.0763(14) 0.0753(13)

β0
soft / (10−3 cm−1 atm−1) - 47.5(27) 44.5(51)

1 from HITRAN database66
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exceed those derived from diffusion coefficients.85

Using the determined parameters it is possible to estimate optimal achievable sen-
sitivity, selectivity and suitable measurement conditions. As shown in Figure 3.10,
pressure self-broadening leads to a strong increase of the effective line width such
that line center absorption reaches saturation at high pressures. For example, at
100 mbar 90% of the maximum line center intensity is reached. At the same time,
broadening decreases selectivity because the wings of previously separated lines start
to overlap. Moreover, an unfavorable, larger scan range is necessary. Nevertheless, for
analysis for N2O samples with natural abundance of 15N, such high pressures might
be necessary. Note that, even at a pressure of 80 mbar the 15N14N16O isotopomer
concentration is on the order of merely 10 nmol/cm3. Compared to the enriched iso-
topomer concentrations used for line strength determination as shown in Figure 3.8b,
this is rather low. Consequently, as the precision of the site preference determination
relies on precise integral determination, the sensitivity of the detection method is
crucial. For example, considering the ringdown time achieved with the mirrors used
in this setup, τ0 ≈ 20 µs, and assuming a ringdown time precision of ∆τ/τ0 ≈ 0.3%,
a minimum peak absorption of 5× 10−9 cm−1 can be detected. For comparison, the
peak absorptions of the nitrous oxide lines for a concentration of 10 nmol/cm3 at
a pressure of 80 mbar are on the order of 2× 10−6, thus 200 times higher than the
detection limit. Although sufficient from the perspective of simple gas detection, a
factor of 200 under already optimized conditions is not quite sufficent to perform
isotopomer ratio measurements with the desired precision on a percent or even
better scale. Further experimental improvements are clearly needed to achieve the
desired precision for analyzing N2O samples with an isotopic composition at natural
abundance.

3.4.3 Test and accuracy of site preference determination

Isotopically enriched samples offer an opportunity to measure at lower pressures
circumventing the effect of pressure broadening discussed above. Here, 15N-enriched
samples were used (a) to check the consistency of the obtained parameters, (b) to
prove the feasibility of spectroscopic measurement of the absolute isotopomer ratios,
and (c) to verify the observation of a positive site preference in non-enzymatic N2O
formation.
For this purpose, the nitrite reduction experiments performed by Toyoda et al.19

for site preference determination of a chemical reaction have been repeated with
varying parameters. These experiments were based on nitrite reduction utilizing
trimethylaminoborane under acidic conditions in aqueous solution and sequential
isolation and analysis of the product gases. This reaction has been described in detail
by Bell and Kelly86 to follow the net reaction

2 HNO2 + (CH3)3N · BH3
+H+

−−→ (CH3)3N + B(OH)3 + H2 + N2O (3.22)

The suggested underlying mechanism is considered to include the HNO dimeriza-
tion reaction according to Equation 1.9, which is responsible for the N2O product
formation. The corresponding isotopologue composition of the nitrous oxide product
is thus directly correlated with the initial isotopic composition of the used nitrite.
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(a) Typical CRD spectra of N2O samples.
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Figure 3.11: Isotopomer analysis of nitrous oxide samples from nitrite reduction experiments
with varying isotopic substrate composition.

This could be verified by FTIR measurements of the product gases revealing a pro-
portional increase of the isotopic bands in the spectral region of the asymmetric and
symmetric stretching vibration. In addition to this, within the accuracy of these mea-
surements, approximately equal amounts of the two single 15N-labeled isotopomers
were found under all experimental conditions.
In the experiments shown in Figure 3.11, varying fractions of 15N-labeled nitrite were
used for nitrite reduction performed at constant temperature. The cavity ringdown
spectra of the isolated product gases are shown in Figure 3.11a and confirmed
the formation of the two isotopomers. All spectra were basically Doppler resolved
without significant contributions of pressure broadening effects. These spectra were
analyzed and fitted according to Equation 3.7 to determine the 15N-site preference.
The results of four different synthesis with various isotopomer concentrations are
shown in Figure 3.11b. For the mirror set 1 (less reflective, less sensitive), the scat-
ter of the determined site preference values decreases with increasing isotopomer
concentration. The same average value was obtained at overall lower concentrations
with a mirror set with higher reflectivity (set 2). These findings are consistent with
the above statement regarding the sensitivity limit. However, the constant 15N site
preference value at higher pressures underlines the feasibility of spectroscopic site
preference measurements.
Additional nitrite reduction experiments were performed to exclude any effects
resulting from the isotopic composition of the substrate and to investigate the in-
fluence of the reaction temperature on the isotopomer ratio. All results are listed
in Table 3.3. As expected, the experimental outcome verifies that different amounts
of isotopic enrichment have no significant effect on the determined site preference.
For the different reaction temperatures, within the scatter of the data no significant
tendency could not be identified. The statistical error of the reported site preference
(standard deviation of 3-4 measurements) does not reflect the actual accuracy of
the measurement, but rather illustrates the reproducibility of the measurements at
different concentration levels. The general precision of the technique is basically
determined by the accuracy of integral determination and the temperature stability
of the cell. The temperature affects the determined signal intensity ratio resulting
from different rotational states. For the chosen lines, the effect has been calculated
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Table 3.3: Experimental results for nitrous oxide formation from HNO dimerization (Nitrite
reduction). Site preferences, δSP, were measured at variable temperature and
isotopic composition of the substrate, RS.

No. c(NO–
2) / mol/L RS(NO–

2) RP(N2O)2 pH T / K δSP × 1000

(I) 0.136 0.179 0.294 0.64 298 33.2(11)

(II) 0.124 0.102 0.183 0.64 298 45.2(38)

(III) 0.126 0.101 0.182 0.66 298 43(11)

(IV) 0.136 0.157 0.265 0.60 298 40.0(80)

(V) 0.142 0.150 0.255 0.58 273 35.6(90)

(VI) 0.161 0.140 0.241 0.62 313 34.2(31)

(VII) 0.129 0.158 0.266 0.58 336 18.9(69)

IRMS1 0.05 0.0037 0.0074 1 298 30.6(17)

1 taken from Toyoda et al.19

2 isotopic composition of formed nitrous oxide, RP(N2O), calculated from RS

based on the partition functions to be on the order of 5‰/K. Errors in integral
determination are reduced with increasing sample concentration. Typical standard
deviations were on the order of 4‰ such that a precise isotopomer ratio could
be obtained by averaging a certain number of sample spectra. However, based on
Equation 3.7, absolute accuracy of the technique depends on the determined line
strength parameters. Taking into account the statistical error of the line strength
determination, possible errors are approximately 8‰ for the determined isotopomer
ratio.
For the reduction experiment of nitrite, sufficient averaging yielded a precision of
the integral determination < 1‰. Assuming a temperature uncertainty of 0.4 K gives
an additional uncertainty of 2‰, such that an overall accuracy of 10‰ could be
achieved.
In summary, taken together experimental and technical error sources, the average

site preference of nitrite reduction derived from the cavity ringdown measurements
is given by δSP ≈+40± 10‰. This value is significantly different from zero and
underlines the preferred formation of the 14N15N16O isotopomer. Although this
value is slightly higher than the value obtained in IRMS measurements, +30± 2‰,
both results are comparable. Clearly, the IRMS measurement has a somewhat bet-
ter precision, but, as outlined above, systematic errors in IRMS calibration call into
question the accuracy of that technique. Thus, the reason for the remaining slight
discrepancy between the CRDS and IRMS measurement remains uncertain at this
point.

3.5 conclusion

The FT-ICR mass spectrometric measurements of standard gas samples support the
results of Westley et al.15 that the two nitrous oxide isotopomers show a different
fragmentation behavior. Moreover, it is dependent on the specific mass spectrometer
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used and therefore careful calibration strategies are required when using mass spec-
trometry for isotopomer ratio determination. In contrast, the spectroscopic approach
developed in this work enables the determination of the site preference of nitrous
oxide samples by direct and absolute absorption measurements. The presented FT-ICR

mass spectrometry measurements in combination with the cavity ringdown (CRD)
spectra enabled a consistent assignment of isotopologue and isotopomer mass and
absorption peaks in the spectra of the two isotopomer standard samples. Therefore,
line strength parameters of selected lines could be determined with highest precision
- a prerequisite for absolute isotopomer ratio measurements. Unfortunately, it turned
out that pressure broadening effects prevented accurate analysis of samples with
natural abundance of the 15N isotope. Consequently, isotopically enriched species
have been analyzed.
Recent progress in cavity mirror design, schemes to tightly lock diode lasers to
optical cavities to maintain resonance, and the measurement at higher repetition
frequency offer ways out to reach the required sensitivity for ambient samples
in the near future. Compared to alternative optical techniques, this CRDS based
methodology is less error prone with respect to spectral interference from other
isotopologue absorption lines and allows for detection of almost purely Doppler
broadened absorption lines in the NIR spectral region.
For the reduction of nitrite, which served as a test case, it was shown that N2O is
formed with a site preference of δSP = 40± 10‰. This independent result is in good
agreement with previous IRMS results from Toyoda et al.19 and supports theoretical
arguments of Schmidt et al.43 in favor of an isotopic fractionation during N-O bond
cleavage. Indeed, the order of magnitude of the effect is basically consistent with a
corresponding heavy atom isotope effect. An isotopic fractionation independent of
isotopic abundance of the substrate, however, requires the formation and decompo-
sition of a symmetric intermediate in the underlying mechanism. According to the
mechanism of Bell and Kelly,86 it is HNO dimerization (Equation 1.9) that leads to
nitrous oxide formation and consequently it has been speculated about HONNOH
and -ONNO– as potential symmetric intermediates.19,43

In the following chapter, the mechanism of HNO dimerization is investigated in more
detail by quantum chemical methods to check the feasibility of these speculations.





4
F I R S T P R I N C I P L E D E R I V E D M E C H A N I S M O F H N O
D I M E R I Z AT I O N

The most practical solution is a good theory.

— Albert Einstein ( 1879 - 1955 )

4.1 scope of the project

As outlined in the introduction (chapter 1) and the previous chapter (chapter 3),
nitroxyl (HNO) has been considered to play a significant role in nitrous oxide for-
mation both in chemical and biochemical formation pathways. Despite the fact that
nitroxyl is a rather simple molecule, its chemistry has been controversially discussed
recently.
Postulated as early as 1903 by Angeli as intermediate in Na2N2O3 (Angeli’s salt)
decomposition in aqueous solution,87 first direct detection of HNO in the gas phase
by infrared spectroscopy succeeded in 1958.88 Further pulse radiolysis experiments
enabled HNO generation in solution and for the acid base pair HNO/NO– a first pKa

of 4.7 was determined.89 Although these results were questioned by some authors,90

it led to the conclusion that NO– instead of HNO is the dominant species under
physiological conditions and this result found its way into the textbooks. Conse-
quently, most experiments in the following years were interpreted to involve NO–,
till Bartberger et al.91 presented calculations suggesting a considerably higher pKa

value of 7.2 for this equilibrium. This apparent discrepancy lead to a reevaluation
of HNO chemistry and especially the role of the previously neglected spin states
became part of the discussion. Because the ground state is singlet in the case of
HNO and triplet in the case of NO–, direct deprotonation involves a spin change.
From a kinetic analysis of flash photolysis experiments of Angeli’s salt, Shafirovich
and Lymar92 found evidence for a pKa as high as 11.4, which is 7 orders of magni-
tude different from its textbook value mentioned above. This latter value has been
confirmed theoretically93 and is now the accepted value. These and further results
pointed to the rather complex equilibrium according to94

1HNO ⇀↽ 3NO−(⇀↽ 3NOH→ 3HNO→ 1HNO) (4.1)

1NO– has not been included in this scheme because it is calculated to be energetically
approximately 80 kJ/mol above 3NO– and thus does not play a role in equilibration.
Likewise, 3NOH has been found to be 90 kJ/mol less stable than 1HNO. In fact, pure
existence of 3NOH lacked experimental verification until 1999 when Maier et al.95

were able to show that photo-excitation of 1HNO at 10 K yields 3NOH in a photo-
equilibrium. Nonetheless, the isomer 3NOH had initially been considered to be the
primary reaction product of HNO forming reactions, but the findings that decom-
position of many HNO sources forming a singlet species and nitroxyl is reversible
showed that formed 1HNO is the more likely product. All in all, 1HNO has been
found to be the dominant species present under physiological conditions.

49
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Once formed, the rapid dimerization of nitroxyl in aqueous solution according
to Equation 1.9 is one of the main reasons for the problems in studying nitroxyl
chemistry. Most of the numerous experimental studies on HNO dimerization ana-
lyzed the corresponding gas phase dimerization reaction96–99 followed by theoretical
approaches to understand the underlying reaction mechanism and reaction kinet-
ics.100–102 Whereas most of these studies agreed on a bimolecular rate constant on
the order of approximately 0.5-1.6× 106 M−1 s−1 and assumed a preferred formation
of the trans dimer in the initial step, the recombination barrier height and, more
important, the sequential reaction mechanism leading to the final product nitrous
oxide has been a controversial subject. The reaction in solution is even less well un-
derstood. The near diffusion limited rate constant, k ≈ 1.8× 109 M−1 s−1, determined
by Bazylinski et al.103 was corrected by Shafirovich and Lymar92 to a much lower
value of k ≈ 8× 106 M−1 s−1. This is still well above the gas phase rate constant.
Although no intermediates could be observed in the sequential mechanism of the
reaction, hyponitrous acid (cis) has been suggested to be the principal intermediate
that decomposes to form nitrous oxide.
The intermediate formation of cis-hyponitrous acid and subsequent decomposition
into nitrous oxide has also been suggested in the quite similar reaction of hydrox-
ylamine with nitrite (Equation 1.10). Here, Ashcraft et al.38–40 presented a series of
publications aiming to reproduce the underlying reaction mechanism and kinetics
of this complex reaction sequence in solution based on a simple quantum chemical
model making use of continuum solvation models and catalytically acting explicit
water. Despite various simplifications, the model reflects main features of the mecha-
nism. The derived reaction pathways were consistent with previous reaction schemes
derived from experiments.35,37,104

4.2 project objectives

Detailed understanding of the formation mechanism of nitrous oxide via HNO
dimerization Equation 1.9 should enable identification of the key intermediates
involved in the reaction sequence leading to the observed isotopomer effect. The
recent reevaluation of HNO chemistry clearly showed that it is 1HNO that undergoes
dimerization under physiological conditions instead of its conjugated base 3NO–.
However, so far suggested mechanisms and intermediates turn out to be partly
inconsistent with the experimental results and the absence of detectable interme-
diates made it difficult to exclude certain pathways. Generally, it is suggested that
hyponitrous acid is the most probable choice of a key intermediate.
As experiments apparently fail at this point to resolve this matter, quite accurate
quantum chemical methods have been developed to determine thermodynamic and
kinetic properties in solution. Considering the similarities of HNO dimerization and
the comproportionation reaction of hydroxylamine and nitrite (Equation 1.10), a
quantum chemical modeling approach based on simple continuum models appears
feasible. In this chapter, a comprehensive modeling approach will be outlined that
complies with the known kinetic results. Although the work of Raman et al.38 re-
vealed that the absolute accuracy of such a model is rather limited compared to the
results of high level ab inito methods including more detailed solvation models, the
most important features of the reaction system could be sufficiently resolved. By all
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means, the advantage of this methodology lies in its computational cost effective
description of numerous simultaneous reaction pathways.

4.3 theoretical background

4.3.1 Quantum chemistry and density functional theory

According to the stationary Schrödinger equation, the eigenvalues of the Hamiltonian
Ĥ correspond to the energy states of a molecular system described by the wave
function ψmol.

Ĥψmol = Eψmol (4.2)

The solution of this equation requires the knowledge of the exact wave functions and
the complete Hamiltonian of the overall system including the kinetic and potential
energy operators of all nuclei and electrons. In general, the accurate solutions are
not easily accessible. Relying on the Born Oppenheimer (BO) approximation it is
justified to separate motion of the nuclei and the electrons. Treating the nuclei motion
within an effective potential of the electrons and vice versa leads to a splitting of the
fundamental equation into

Ĥelecψelec = (Telec + V(R, r))ψelec(R, r) = Eelec(R)ψelec(R, r) (4.3)

Ĥnucψnuc = (Tnuc + Eelec(R))ψnuc = Emolψnuc (4.4)

Note that in more general theories this result is no longer valid and cross terms be-
tween the two equations appear. However, within the BO approximation the separate
solution of the electronic wave function yields the total electronic energy, whereas
the energy levels for vibrational and rotational motion are determined by the nuclear
wave function for a given electronic potential.
The Schrödinger equation for the electronic energy can be solved numerically, by
using a so-called Slater determinant Φ as a trail wave function satisfying the fun-
damental requirements of asymmetry with respect to electron exchange.105 As the
correct wave function for a given molecule is basically unknown, one takes advantage
of the axiom that the correct Slater-determinant yields the minimum energy, i.e.,
finding solutions of the Schrödinger equation becomes a minimization problem
(self-consistent field method). The numerical optimization of a single Slater deter-
minant, containing all electron orbitals φi, each constructed from a set of suitable
parametrized functions, χj, (basis set), is the basis for the historically important
Hartree-Fock (HF) method.

min(EHF) = min(< Φ|H|Φ >) with Φ = A(∏
i

φi) = A(∏
i

∏
j

χij) (4.5)

Although this methodology yields most of the electronic energy EHF ≈ 99% Eelec, it
has fundamental deficits in describing the physical picture accurately due to the
lack of electron correlation. In the HF method, each electron is assumed to inter-
act with an effective field determined by all other electrons. For improved results
either empirical corrections (semi-empirical methods) can be used or the electron
correlation can be taken into account by using a multi-determinant wave function



52 first principle derived mechanism of hno dimerization

set up by linear combinations of many slater determinants describing the electronic
ground state and the excited electronic states. The latter approach is the basis for the
quite accurate correlation interaction (CI), coupled cluster (CC) and Møller-Plesset
methods (MP), which become highly computationally demanding with increasing
size of the molecular system under study.
In DFT, the problem to determine the accurate electronic energies is tackled from a
different direction. Hohenberg and Kohn106 proved on the one hand that the ground
state energy can be directly correlated with the electron density, but on the other
hand left open the question how. Later it was shown that many energy terms of the
Hamiltonian can be easily expressed as a functional of electron density, which in
turn can be expressed as a sum over squared single electron functions. The latter
are called Kohn-Sham orbitals and can be optimized by the self-consistent field
method in the same manner as in the HF approach. However, for certain parts of the
energy terms (the exchange-correlation functional) the exact dependence on density
remains unknown and approximations have to be used. For this purpose, various
functionals for correlation, exchange or both (hybrid) such as LYP, TPSS, or the
popular B3LYP functional have been developed. The main advantages of DFT are an
improved treatment of electron correlation at comparably low computational costs
and a better scaling behavior of the calculations with increasing electron number.
The results of these electronic structure calculations can be used to derive thermo-
chemical relevant quantities. Once the electronic energy of the system is known, an
additional frequency analysis enables the determination of the partition functions
making gas phase molar enthalpy ∆HGas, entropy SGas, and Gibbs energy ∆GGas

available, via the relations derived from statistical thermodynamics.

4.3.2 Solvent models and acid-base equilibria

In solution, an additional energy term is added to the corresponding Hamiltonian to
account for solvation effects according to

(Ĥ + V̂R)ψmol = Esolnψmol (4.6)

Consequently, the Gibbs free energy of a reaction in solution, ∆rG∗Soln, differs from
the gas phase Gibbs free energy. This is outlined in the following scheme for a simple
equilibrium between A and B:

A(g)
∆rG∗Gas−−−⇀↽−−− B(g)

∆G∗Solv(A) ↓ ↓ ∆G∗Solv(B)

A(aq)
∆rG∗Soln−−−−⇀↽−−−− B(aq)

The free enthalpy in solution, ∆rG∗Soln can be derived from

∆rG∗Soln = ∆rG∗Gas − ∆G∗Solv(A) + ∆G∗Solv(B) (4.7)

Accurate quantum-chemical determination of solvation enthalpies, ∆G∗Solv is rather
difficult. A complete quantum mechanical treatment of all solvent molecules is in
most cases computationally too expensive and thus not feasible. Therefore, approx-
imations such as polarization continuum models are generally used to describe
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the solvated systems. The general concept behind these models is to determine the
individual contributions to the free solvent energy directly from the structure of
the molecule. Typically, the solvation energy in polarization continuum models is
decomposed into three contributions:105

∆G∗Solv = ∆Gcavity + ∆Gdispersion + ∆Gelectrostatic (4.8)

Here, ∆Gcavity describes free enthalpy changes stemming from the formation of
a cavity in the solvent, ∆Gdispersion is the solute-solvent interaction energy due to
dispersion and, finally, ∆Gelectrostatic describes electrostatic interactions with the
polarized medium. These terms are often assumed to be directly proportional to the
surface area and/or the electrostatic potential and therefore they can be calculated
from the electronic structure of the solute alone. However, it is necessary to choose a
suitable representation of the cavity of the molecule. More molecule-like shapes are
generally more accurate, but for those models simple assumptions for electrostatic
interactions fail such that numerical solutions for the system are needed. A popular
implementation of such a model is the polarizable continuum model (PCM) in its
various forms such as IEF-PCM, C-PCM, and I-PCM.
A special case of equilibrium in solution is the acid-base reaction

AH(aq) −⇀↽− A−
(aq) + H+

(aq) (4.9)

The corresponding pKa of the acid is directly related to the free enthalpy of the above
reaction according to

pKa =
∆rG∗Soln

RT ln(10)
(4.10)

The direct use of Equation 4.10 to determine the pKa is often inaccurate. One reason
is that the experimental free solvation enthalpy of the proton is needed which is
not known accurately. A second reason is that the products in contrast to the educt
are ionic species with high solvation enthalpies such that inaccuracies of the energy
derived from the solvent model affects products and the educt quite differently.
One alternative approach is the so-called proton exchange scheme107 following a
thermodynamic cycle according to

HA(g) + Ref−(g)

∆rG∗Gas−−−⇀↽−−− A−(g) + HRef(g)

∆G∗Solv(HA) ↓ ∆G∗Solv(Ref−) ↓ ↓ ∆G∗Solv(A
−) ↓ ∆G∗Solv(HRef)

HA(aq) + Ref−(aq)

∆rG∗Soln−−−−⇀↽−−−− A−(aq) + HRef(aq)

Consequently the pKa is given by

pKa =
∆rG∗Soln

RT ln(10)
+ pKa(HRef) (4.11)

The advantage of this procedure is a strong error compensation thus yielding much
more reliable pKa values. In cases when the reference acid is similar, pKa can be
determined within ± 1 units.107
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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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� rather than that of the commonly stated
cis-HONNOH.
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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
CPCM and 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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4.5 additional information

4.5.1 Kinetic simulation of the acid-base mechanism

The acid-base mechanism as outlined in the publication has been further analyzed
and implemented in a kinetic simulation utilizing CHEMKIN software.108

Rate constants were approximated based on the following assumptions:

• The experimentally determined rate constant of the initial dimerization in
solution has been dissected into cis dimer and trans dimer formation, using the
approximation of the isomer ratio derived from the Kirkwood model.

• In the case of acid-base equilibria, rate constants for deprotonation have been
determined from calculated pKa values under the assumption of a diffusion
controlled back reaction (kr = 4× 1010 mol L−1 s−1) using

kf =
kr

Ka
. (4.12)

• For decomposition and isomerization reactions of the hyponitrite species a TST
approach excluding tunneling and non-idealities of the solvent has been used
to derive suitable rate constants according to

k =
kbT

h
exp

(
−∆G‡

soln
RT

)
. (4.13)

The implemented reaction scheme included next to the reactions according to Fig-
ure 3 in the preceding publication, further hypothetical buffer reactions in order to
set the pH to a fixed value and to treat the self-dissociation of H2O. Used reaction
rate constants are listed in Table 4.1. Here, it should be mentioned that only reactions
with H+ and not OH– are considered and therefore the implemented scheme is
valid under acidic but not fully applicable under alkaline conditions. As starting
parameters, an initial HNO concentration of 0.55 mM was assumed for all simula-
tions. Due to the fact that the rate constant of the cis-isomer has been suggested
to be several orders of magnitude higher than the trans isomer, each pathway has
been studied separately in order to avoid numerical instability. The numerically
simulated concentration-time profiles of selected species are illustrated in Figure 4.1
for different pH values.
First of all, the simulation is consistent with the conclusion of two separated reaction
pathways for the two isomers that finally decompose to form nitrous oxide, i.e.,
cis-trans isomerizations in particular those of HON(H)NO do not compete with acid
base equilibration on both pathways. Thus, the drawn conclusion that the initial
isomer ratio determines the product ratio is confirmed.
On the cis pathway, basically no intermediate formation can be observed due to the
fast decomposition of the cis-hyponitrite anion. A more detailed analysis revealed
that, despite the pKa of 3.1 for the cis-hyponitrous acid equilibrium, nitrous oxide is
produced between 1 < pH < 11 more or less exclusively from the cis-hyponitrite anion
and not from molecular cis-hyponitrous acid. The nitrite reduction experiments at
pH = 1 alluded to in section 3.5 of the publication and presented in chapter 3 might
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Table 4.1: Estimated rate constants used for the kinetic simulation of the HNO dimerization
scheme presented in Figure 3 of the publication.

Reaction Method1 Rate constant2

HNO + HNO → cis-ON(H)N(H)O exp. 8 × 106

HNO + HNO → trans-ON(H)N(H)O exp. 1 × 104

cis-ON(H)N(H)O → cis-ON(H)NO– + H+ diff. 3 × 1012

cis-HON(H)NO → cis-ON(H)NO− + H+ diff. 8 × 103

cis-HON(H)NO → cis-HONNO− + H+ diff. 8 × 1011

cis-HONN(O)H → cis-ON(H)NO− + H+ diff. 3 × 104

cis-HONN(O)H → cis-HONNO− + H+ diff. 3 × 1012

cis-HONNOH → cis-HONNO− + H+ diff. 3 × 107

trans-ON(H)N(H)O → trans-ON(H)NO− + H+ diff. 2 × 1013

trans-HON(H)NO → trans-ON(H)NO− + H+ diff. 2 × 106

trans-HON(H)NO → trans-HONNO− + H+ diff. 3 × 1010

trans-HONN(O)H → trans-ON(H)NO− + H+ diff. 2 × 106

trans-HONN(O)H → trans-HONNO− + H+ diff. 3 × 1010

trans-HONNOH → trans-HONNO− + H+ diff. 3 × 103

cis-ON(H)NO− → cis-ONNO2− + H+ diff. 1 × 101

cis-HONNO− → cis-ONNO2− + H+ diff. 1 × 10−7

trans-ON(H)NO− → trans-ONNO2− + H+ diff. 2 × 103

trans-HONNO− → trans-ONNO2− + H+ diff. 1 × 10−1

trans-HON(H)NO → cis-HON(H)NO TST 1 × 100

trans-HONNO− → N2O + OH– TST 6 × 10−4

cis-HONNO− → N2O + OH– TST 8 × 106

cis-HONNOH → N2O + H2O TST 6 × 10−2

1 Method for rate constant estimation: exp.: experimental value, diff.: based on
diffusion controlled reaction and equilibrium constant, TST: transition state theory

2 Units for bimolecular and unimolecular reactions are M−1 s−1 and s−1.
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(a) cis pathway intermediates (pH = 1)
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(b) trans pathway intermediates (pH = 1)
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(c) cis pathway intermediates (pH = 3)
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(d) trans pathway intermediates (pH = 3)
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(e) cis pathway intermediates (pH = 6)
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(f) trans pathway intermediates (pH = 6)
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(g) cis pathway intermediates (pH = 8)
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(h) trans pathway intermediates (pH = 8)

Figure 4.1: Kinetic modeling results of the HNO dimerization mechanism for the reaction
pathways of the cis (left) and trans (right) isomer in different buffer solutions.
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therefore also reflect the decomposition of the anion.
On the trans pathway, intermediate formation of trans-hyponitrous acid is predicted.
It equilibrates at the corresponding pH with the decomposing anion. As expected, at
higher pH the equilibrium shifts to the anion and the overall rate of N2O formation
increases significantly.
In summary, the kinetic simulation is fully consistent with the conclusions drawn in
the publication. Absence of traceable intermediates points towards the outlined cis
pathway including final decomposition of the cis-hyponitrite anion.

4.5.2 Validation experiment for HNO dimerization products

As outlined in section 3.5 of the publication, UV/Vis spectra of HNO donor decom-
position experiments have been reported to yield no evidence for trans-hyponitrite
formation.90 In the light of the redetermined pKa of nitroxyl and the suggested
mechanism it appeared reasonable to check the validity of the previous measure-
ments with an appropriate experiment aiming to detect the possible intermediate
trans-hyponitrite. Therefore, the decomposition of Piloty’s acid (N-hydroxy-benzene-
sulfonamide) in alkaline aqueous solution was analyzed at pH = 11 (below the pKa of
nitroxyl).
According to the literature,109 the following reaction sequence is feasible:

PhSO2NHOH ⇀↽ PhSO2NHO− + H+ (4.14)

PhSO2NHO− ⇀↽ PhSO−2 + HNO (4.15)

2×HNO→ N2O + H2O (4.16)

At pH = 11, the acid base equilibrium Equation 4.14 (pKa = 9.3) is almost completely
shifted towards the anion and hence the maximum rate for HNO formation is
achieved. Contrariwise, the acid-base equilibrium of possible trans-hyponitrous acid
is partly shifted towards the stable dianion, N2O2–

2 , and hence its decomposition rate
is decreased. Fast formation of HNO and slow decomposition of trans-hyponitrous
acid should provide for maximum intermediate concentrations of trans-hyponitrite.
For comparison, UV/Vis spectra of the unimolecular decomposition of synthesized
trans-hyponitrite samples in aqueous solution at pH = 11 have been measured and
are shown in Figure 4.2. The same measurements were performed at pH = 9 and
pH = 10 and revealed a decrease of the extracted effective rate constants from 13
to 6× 10−4 s−1 with increasing pH reflecting the shift of the acid-base equilibrium
towards the dianion. These values are slightly higher than those reported by Loech-
ler et al.110 possibly due to rate increase observed for catalysis of carbonate impurities.
UV/Vis spectra of the decomposition reaction of Piloty’s acid are shown in Fig-

ure 4.3 and were analyzed at 3 different wavelengths (λ1 = 240 nm, λ2 = 250 nm,
λ3 = 260 nm). Note that trans-hyponitrous acid exhibits an absorption band at 237 nm
with an absorption coefficient approximately seven times higher than the absorption
coefficient of PhSO2NHO– at the same wavelength, and 20 times higher than that of
PhSO–

2.109 Thus, traceable amounts of trans-hyponitrite should be observable. Since it
can be assumed that the equilibrium of Equation 4.15 is rate determining, an analysis
according to an overall first order reaction was performed. Using the Guggenheim111

and Swinbourne112 methods, the corresponding rate constants have been determined
to coincide k(λ1) = 4.5× 10−4 s−1, k(λ2) = 4.5× 10−4 s−1, and k(λ3) = 4.5× 10−4 s−1.
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Figure 4.2: UV/Vis spectral changes of trans-hyponitrous acid in buffered aqueous solution
(pH = 11).

Figure 4.3: UV/Vis spectral changes of N-hydroxy-benzenesulfonamide (Piloty’s acid) de-
composition in buffered aqueous solution (pH = 11).
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This absolute value of the rate constant is in good agreement with prior studies.90,109

As anticipated above, the determined rate constant for PhSO2NHO– decomposition
is on the same order of magnitude as the subsequent decomposition reaction of
trans-hyponitrite. Consequently, if trans-hyponitrite would be formed as a major
product in the dimerization reaction, inconsistent k values would have been expected
due to the superimposed trans-hyponitrite absorption at 237 nm. Therefore, the three
identical rate constant values suggest that trans-hyponitrous acid absorption (if any)
remains negligible - in agreement with our prediction of a predominant cis-pathway.





5
I S O T O P O M E R I C S I G N AT U R E A N D F O R M AT I O N M E C H A N I S M
O F N2O

Theory guides. Experiment decides.

— Unknown Author

5.1 scope of the project

As outlined in chapter 1, isotopomer preference in nitrous oxide formation has
been used as a valuable tool to decipher sources, sinks and fluxes of this impor-
tant greenhouse gas.14 In order to apply site preference measurements for source
characterization, numerous field and laboratory studies have been undertaken. The
reported site preferences of nitrous oxide typically range from -20 up to +50‰, but
due to calibration problems of the used mass spectrometric detection schemes the ab-
solute accuracy of these values is partly questionable. Characteristic values have been
reported for many biological sources, e.g., for denitrifying bacteria (SP ≈ -5‰),19,21

denitrifying fungi (SP ≈+37‰),23 arachea (SP ≈+30‰)113 and nitrifying bacteria
(SP ≈+30‰).22 In the latter case, it was recently argued by Frame and Cascanotti82

that the corresponding value results from simultaneous nitrification (SP ≈+36‰)
and nitrifier-denitrification (SP ≈ -10‰). However, most of the studies dealt with
site preference measurements focusing on the actual source characterization rather
than discussing the molecular isotopomer formation mechanism. Due to lack of
detailed understanding of the enzymatic catalysis mechanisms itself as outlined in
chapter 1, site preference has often been interpreted as isotopic discrimination in
binding kinetics of the involved iron center instead of an intrinsic isotope effect.
For the non-enzymatic reactions, such as the reaction of hydroxylamine with nitrous
acid (Equation 1.10), early isotope tracer studies56,114 showed approximately equimo-
lar amounts of the two isotopomers formed - regardless of the isotope labeling of
the educts. This experimental finding suggest the decomposition of a symmetric
intermediate. According to the mechanism of Stedman and coworkers36 this sym-
metric intermediate is cis-hyponitrous acid. Relying on precise IRMS measurements,
Toyoda et al.19 presented constant site preferences (SP ≈+30‰) for hydroxylamine
oxidation as well as nitrite reduction. Both are considered to include HNO dimer-
ization (Equation 1.9). Already in an earlier publication, Toyoda et al.18 pointed
out that this site preference presumably is related to the formation of the symmet-
ric intermediate −ONNO− followed by a heavy atom isotope effect in N-O-bond
cleavage. By focusing on HONNOH as decomposing intermediate and based on the
results of Morgenstern and Schown,115 Schmidt et al.43 pointed out that different
vibrational frequencies must cause an isotope effect that affects the isotopomer ratio.
Consequently, Toyoda’s result of SP ≈+30‰ is the commonly accepted value for
chemical nitrous oxide formation. However, it should be noted that another study of
an apparently abiotic mechanism showed a different value (SP ≈ 0‰) in presence
of iron from dolerite rock.116 In summary, it can be stated that the quite different
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Figure 5.1: Scheme of the two suggested pathways of trans-hyponitrite decomposition. (1)
Direct pathway (blue), (2) decomposition via isomerization (red) as suggested
by Loechler et al.110 for both, direct decomposition and CO2 catalysis, and (3)
alternative pathway for CO2 catalysis (green).

site preference values observed for natural nitrous oxide sources have mainly been
related to isotopic discrimination at the involved enzymatic iron centers affecting
the decomposition of a symmetric species such as −ONNO− or HONNOH.
Whereas for the discussed uncatalyzed reactions, (Equation 1.9 and Equation 1.10),
all evidence points to the cis-isomer as a direct precursor for nitrous oxide, the
isomer structure of the enzymatic intermediate has not yet been discussed in terms
of isotopomer preference. Here, cis- as well as trans-hyponitrite structures have
been suggested to be relevant. In several cases, it is still unclear whether N-O bond
cleavage occurs at the active site of the enzyme or if it is the free species that de-
composes.28 Irrespective of that, arguments have been put forward by Spott et al.42

underlining the existence of so-called codenitrification, a mechanism that combines
enzymatic NO+ donor activation followed by uncatalyzed decomposition of the free
intermediate species. The isomeric structure of this intermediate species has not
been identified so far.
Although slow decomposition of the trans isomer has been observed as well, Loech-
ler et al.110 have questioned the existence of a direct trans isomer decomposition
(see Figure 5.1, blue pathway, (1)). They postulated that the instability of the trans-
hyponitrite monoanion follows from a slow proton transfer or direct N-protonation
yielding ON−NHO– (red pathway, (2)). This would enable a cis-trans isomerization
and a subsequent decomposition of the cis isomer. This suggestion was derived
from the observation that trans-hyponitrite monoanion decomposition is catalyzed
in presence of carbonyl compounds or carbon dioxide. Here, two alternative mech-
anisms have been discussed by the authors, (i) formation of an N-bonded adduct
with hyponitrite enabling the isomerization (red pathway) or (ii) initial O-bonded
adduct formation yielding an improved leaving group for subsequent decomposition
(green pathway, (3)). The decision for the pathway assuming an initial N-bonded
adduct was based on the fact that for the carbonyl compounds a linear free enthalpy
relationship was inconsistent with the kinetics of the reaction. Consequently, an
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analogous scheme for the spontaneous decomposition of the trans-hyponitrite anion
was suggested. Although this conclusion has so far not been questioned in the
literature, the extension of this mechanism to explain spontaneous decomposition as
well as carbon dioxide catalysis remained unproven and speculative.

5.2 project objectives

Despite the broad use of the site preference as valuable parameter for source charac-
terization, so far, the mechanisms underlying the isotopomer ratio in nitrous oxide
formation are only roughly understood. In the uncatalyzed chemical reaction, the
previously assigned intermediates, −ONNO− and HONNOH, leading to the forma-
tion of the two isotopomers, 15N14N16O and 14N15N16O, are unlikely to be correct.
The mechanism of HNO dimerization as derived in chapter 4 clearly points out that
nitrous oxide formation should be dominated by the decomposition of the not yet
considered cis-hyponitrite anion. Consequently, the corresponding reaction pathway
should reproduce the isotopomer preference as determined by Toyoda et al.19 and as
it has been reconfirmed in this work in chapter 3. Beside further evidence for the
consistency of the presented HNO dimerization mechanism, a deeper understanding
of the related isotopomer formation mechanism is necessary to find correlations and
deviations from this fundamental unbiased nitrous oxide formation process. This
would also be interesting for establishing a still lacking N2O isotopomer standard,
which could be based on an easily reproducible and well-established chemical for-
mation mechanism.
Strongly related to this issue is the so far ambiguous role of the trans isomer as
it has been suggested110 that the related decomposition mechanism follows a rate
determining isomerization to the cis isomer. This would imply that site preference
is identical no matter if the reaction involves cis or trans isomer. Contrariwise, the
performed DFT calculations as presented in chapter 4 reveal that a direct decom-
position of the trans isomer is feasible as well. The calculated barrier is basically
consistent with the experimentally measured rate constant. If a direct decomposition
pathway exist there should be a different isotopomer preference connected with
this mechanism. This would contradict the common assumption of a characteristic
signature of chemical N2O formation. Finally, the trans structure is possibly relevant
in biochemical formation mechanisms as trans-hyponitrite has been assigned to
occur as intermediate in many related enzyme structures. As the catalytic effect of
carbon dioxide in decomposition of trans-hyponitrite has been used as reference case
for isomerization of trans-hyponitrite, an analysis of this catalysis effect with respect
to the related isotopomer ratio should be insightful.
On these grounds, the isotopomer ratio of nitrous oxide from the decomposition of
trans-hyponitrous acid will be investigated first in this chapter. By making use of
calculated structures of both cis- and trans-hyponitrite, isotopomer preference are
theoretically accessible. Once isotopomer effects of rate determining steps are known,
a kinetic scheme of the feasible decomposition pathway allows for reproducing
the overall isotopomer preference of the mechanism. Finally, a comparison of the
theoretically derived site preference values with the results of various nitrous oxide
sources will be drawn and possible parallels in the related mechanisms will be
discussed.
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5.3 theoretical background

5.3.1 Isotope effects on equilibria and reaction rates

An important consequence of the Born-Oppenheimer separation (Equation 4.4) is
that isotopic exchange does not change the electronic potential energy surface. It
is therefore the difference in total energy, Ei, of the translational, rotational, and
vibrational motion of the molecule that is responsible for most isotope effects.6

Ei = Etrans + Erot + ∑
i

Evib(i) (5.1)

The corresponding product of partition functions is given by

q = qtransqrot ∏
i

qvib(νi). (5.2)

For a typical isotope exchange reaction between A and B

A + B∗ ⇀↽ A∗ + B (5.3)

it can be derived from statistical thermodynamics that the equilibrium constant de-
pends on the ratio of the partition functions. According to Equation 5.2, the partition
functions can be further dissected into the different contributions of nuclear motion,
which can be calculated based on mass, Mi, moment of inertia, Ii, and the vibrational
frequencies, ν̃i of the molecule. If further the Teller-Redlich product rule is applied
to exchange the moments of inertia with the corresponding expressions for the
vibrational frequencies, the equilibrium constant and consequently the equilibrium
isotope effect is given by the relation

K =
qA∗/qA

qB∗/qB
(5.4)

= (SF)
(s2/s1) f[A∗/A]

(s2/s1) f[B∗/B]
= EIE (5.5)

in which (SF) is the symmetry number factor containing the symmetry numbers si
and f is the reduced isotopic partition function as defined by Bigeleisen-Mayer.117

(s2/s1) f[2/1] = ∏
i

u2,i

u1,i

(
1− exp (−u1,i)

1− exp (−u2,i)

)
exp ((u1,i − u2,i)/2) (5.6)

= (PF)(EXC)(ZPE) (5.7)

with the abbreviation ui = hcν̃i/kT.
The three terms in Equation 5.7 contributing to the equilibrium isotope effect (EIE)
are termed as product factor (PF), excitation factor (EXC), and zero point energy
factor (ZPE). At high temperatures, (PF) and (EXC) cancel each other and (ZPE)
converges to unity such that the net EIE becomes unity as well.
In order to quantify the effect of isotopic exchange on the rate constant, the transition
state theory can be utilized to derive an expression in a similar manner.
Considering a simple chemical reaction such as

A + B ⇀↽ AB‡ → P (5.8)
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the ratio of the rate constants of the heavy and the light isotopologue of A is given
by

k1

k2
=

K′‡1
K′‡2

=
qA∗/qA

q′
A∗B‡ /q′

AB‡

(5.9)

with the equilibrium constants, K′‡1 and K′‡2 , and partition functions, q′A∗B‡ and
q′AB‡ of the heavy and light isotopologue in the transition state. As usual, the
imaginary vibration corresponding to the reaction coordinate is excluded. Again,
with ui = hcν̃i/kT and by applying the Teller-Redlich product rule, an expression
for the kinetic isotope effect (KIE) can be derived:

KIE =
k1

k2
(SF)−1 =

ν
‡
RC,1

ν
‡
RC,2

×
3N‡−7

∏
i

u‡
i,1

u‡
i,2

3N−6

∏
i

ui,2

ui,1

×
3N‡−7

∏
i

1− exp(−u‡
i,2)

1− exp(−u‡
i,1)

3N−6

∏
i

1− exp(−ui,1)

1− exp(−ui,2)

×
3N‡−7

∏
i

exp(u‡
i,2/2)

exp(u‡
i,1/2)

3N−6

∏
i

exp(ui,1/2)
exp(ui,2/2)

(5.10)

=
ν

‡
RC,1

ν
‡
RC,2

× (PDT)× (EXC)× (ZPE) (5.11)

The KIE can be dissected into the product term (PDT), the excitation factor (EXC), the
zero point energy factor (ZPE) and the ratio of the imaginary frequencies reflecting
the reaction coordinate (RC). The latter term is the high temperature limit value,
because all remaining terms cancel to give unity.

5.4 materials and methods

5.4.1 Computational methodology

Quantum chemical calculations were performed utilizing the Gaussian 09 program
suite.118 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. Solvation was taken into account by application of the polarization continuum
models, CPCM and IEFPCM, using the UFF cavities. After optimization, harmonic
frequency analysis revealed minimum and transition state structures (zero and one
negative frequency, respectively) and, by following the intrinsic reaction coordinate,
TS structures were checked regarding their correct assignment to connect the respec-
tive minimum structures.
Kinetic and equilibrium 15N-isotope effects were quantified by application of the
Bigeleisen equation according to Equation 5.11. The required frequencies of the
optimized educt and transition state structures were scaled by a factor of 0.9787 as
suggested by Irikura et al.119 The program ISOEFF08 from the Paneth group120 was
used for all calculations.
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5.4.2 Sample preparation

5.4.2.1 HNO dimerization: Acid-Catalyzed Amine-Borane Reduction of Nitrite

H14NO2 + H15NO2
(CH3)3N·BH3, H+

−−−−−−−−−−−−−−→
−(CH3)3N, B(OH)3, H2O

H2 +
14,15N2O

Isotopomerically enriched 14,15N2O from nitroxyl dimerization was prepared by selec-
tive reduction of isotopically enriched sodium nitrite (Na15NO2, 98%, EURISOTOP;
Na14NO2, 98%, Aldrich) using stoichiometric amounts of trimethylaminoborane
(98%, Aldrich) in an acidic (pH = 0.7) 10% dioxane/water mixture as described by
Bell and Kelly.86 The produced gas was stripped from the reaction solution in a
continuous helium flow. After passing a dry ice/isopropanol cooled trap to remove
water, formed N2O was condensed in a liq. nitrogen cooled trap for further use.

5.4.2.2 Synthesis and decomposition of trans-hyponitrite

Na14NO2 + Na15NO2
NaHg,+2H2O−−−−−−−→
−4OH−

Na14,15
2 N2O2 + H2O

Enriched single isotope labeled Na14,15
2 N2O2 was prepared as described by Addi-

son et al.121 Briefly, isotopically enriched sodium nitrite was reduced using sodium
mercury alloy (10% Na, 99%, Aldrich) in a rapidly stirred isopropanol/dry ice cooled
aqueous solution under a nitrogen inert gas atmosphere. After separating the formed
mercury, the reaction solution was transfered into ice chilled ethanol and a fine
precipitate was filtered after 4 h at 253 K. An alkaline solution (pH = 12) of the formed
Na14,15

2 N2O2 showed a characteristic absorption band in the UV/VIS spectrum at
λ = 248 nm. This band shifted towards λ = 233 nm upon neutralization and the absorp-
tion decayed with first order kinetics corresponding to an equilibrium shift towards
trans-HONNO–. In good agreement with Loechler et al.,110 changes of pH and the
use of carbonate buffers verified the reported dependencies of the rate induced by
shifting protonation equilibria and buffer catalysis. The rate constants determined
from first order decay of the absorption line at λ = 233 nm were comparable with
the results given by Loechler et al.110 and verified that the synthesized samples were
basically free of carbonate impurities. Thus, the observed decomposition mechanism
can essentially be attributed to the spontaneous decay of trans-HONNO–.

Na2N2O2 + H+ −→ N2O + NaOH + Na+

In order to generate N2O from trans-HONNO– decomposition, isolated Na14,15
2 N2O2

was dissolved in a phosphate buffered solution (pH = 9) under a helium inert gas
atmosphere and the formed nitrous oxide was stripped in a He flow and trapped as
described above.
After synthesis, the gas samples were characterized by FTIR spectroscopy. Absorption
bands at 1285, 2224 and 3480 cm−1 proved formation of nitrous oxide isotopomers
in an expected binomial distribution depending on the used isotopic enrichment of
initial nitrite. This is in accordance with the results of Bonner and Ravid.122
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5.5 results and discussion

In order to study a possible influence of the isomer structure on the site preference
of the formed nitrous oxide, additional experiments using synthesized 15N-isotope
enriched trans-hyponitrite samples were designed. After decomposition, the iso-
topomer enriched samples were analyzed using the same method as outlined in
chapter 3. The interpretation of the results was assisted by detailed DFT calculations
of the decomposition mechanisms and then used to gain an understanding of the
kinetics of HNO dimerization and trans-hyponitrite decomposition leading to the
site preference of nitrous oxide.

5.5.1 Site preference measurements of experimental trans-hyponitrite decomposition

The efficient generation of isotopomer enriched samples of nitrous oxide from trans-
hyponitrite requires the single 15N-labeled isotopologue which is not commercially
available. However, a well known and widely used synthesis route yielding trans-
hyponitrite is the reduction of nitrite using sodium amalgam in alkaline solution.
This synthesis enabled isotopologue enrichment by proper choice of isotope labeled
nitrite, following the stoichiometry

Na14NO2 + Na15NO2
NaHg,+2H2O−−−−−−−→
−4OH

Na14,15
2 N2O2. (5.12)

A drawback of this synthesis approach is the highly alkaline reaction environment,
which requires inert gas atmosphere to prevent absorption of carbon dioxide as
will be discussed below. The prepared samples of Na2N2O2 were decomposed in
aqueous buffered solution at a pH shifting the equilibrium towards the unstable
N2O2H– yielding nitrous oxide. The latter was stripped from solution, isolated and
then analyzed by CRD spectroscopy. A typically obtained CRD spectrum is shown
in Figure 5.2 in comparison with a spectrum of a N2O sample resulting from a
HNO dimerization experiment. Matching the 14N15N16O peaks and than scaling the
14N15N16O profile using the same scaling factor reveals a significant change of the
isotopomer ratio already by visual inspection.

Table 5.1: Experimental results for nitrous oxide isotopomer formation from trans-hyponitrite
decomposition.

Isotopic composition Reaction conditions

No. RS(Precurser)1 RP(N2O)2 pH T / K δSP × 1000

(I) 0.16 0.26 11 293 -15(17)

(II) 0.25 0.37 9 293 -10(19)

(III) 0.25 0.37 9 293 -18.3(34)

Avg. -14(8)

1 isotopic composition of the nitrite substrate, RS.
2 isotopic composition of formed nitrous oxide product, RP, calculated from RS
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Figure 5.2: Cavity ringdown spectra of nitrous oxide samples from HNO dimerization and
trans-hyponitrite decomposition. The two insets illustrate the difference of the
isotopomer ratio by directly comparing the absorption of the two lines.

A corresponding analysis of the spectra using the methodology outlined in chapter 3
enabled determination of the site preference. The results of three different decompo-
sition experiments are summarized in Table 5.1. Here, the large error margins of the
stated site preference indicate statistical standard deviations, which are based on two
concentration measurements each. Variations of the experimental parameters such
as isotopic composition or pH value showed no significant change within the error
limits and are therefore considered constant in analogy to the HNO dimerization
experiments. Due to the higher statistical variation of the average value, the calcu-
lated overall error of the determined site preference connected with this reaction is
significantly higher and has been determined to ± 15‰.
The comparison of the obtained averaged value of δSP = -14± 15‰ with the results
from HNO dimerization (δSP ≈+40± 10‰) underlines that the site preference is
significantly different, i.e., in favor of the 15N14N16O isotopomer. Judging from the
design of the experiment (enriched isotopomer samples (5 nmol/cm3), no spectral
interferences, identical setup) and the extent of the effect, it is unlikely that the
difference of ∆δSP = 54 ‰ may arise from potential inaccuracies of the technique.
Consequently, the measured isotopomer ratio of trans-hyponitrite supports the pre-
vious conclusion that HNO dimerization does not involve decomposition of the
trans-hyponitrite anion (or only to a very minor extent). The other way around
assigning the cis-hyponitrite anion as the N2O forming species in HNO dimerization,
the result suggests that trans decomposition takes place independently. This is con-
sistent with the direct decomposition mechanism shown in blue color in Figure 5.1,
but inconsistent with the assumption of an indirect decomposition via isomerization
to the cis isomer as put forward by Loechler et al.110 (red pathway in Figure 5.1).
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Figure 5.3: Comparison of the electronic structure of the two hyponitrite isomers. Left:
Optimized ground state structures (bond lengths in Å). Right: Transition state
structures with arrows indicating the motion along the reaction coordinate.

5.5.2 Structure related isotope effect of hyponitrite isomers

The different site preference values for N2O formation resulting from HNO dimer-
ization and the decomposition of trans-hyponitrous acid have to be attributed to
differences in the decomposition mechanism of the two single protonated hyponitrite
species. In order to shed light on this rarely discussed effect, it is reasonable to ana-
lyze the structure of the corresponding cis and trans species by quantum mechanical
methods. Figure 5.3 shows the optimized ground state structures of the two isomers
as well as the transition state structures associated with the direct decomposition
pathways.
Regarding the ground state structures, two key differences between the two isomers

are apparent. The first is the strong hydrogen bonding of the cis isomer (see also in
chapter 4) that stabilizes this structure. The second is the n(N)→ σ∗(N-O) orbital
interaction, which is only possible for the cis isomer as well. It has been described by
Zevallos et al.123 for the molecular cis-hyponitrous acid in more detail. The interac-
tion of these two opposing effects has a major influence on the electronic structure of
the cis isomer and can best be illustrated by defining an overall linearization angle
of the planar structure as the sum of the two sharp angles formed from the two
extrapolated N-O bonds intersecting with the in-plane orthogonal of the N-N bond
each. In the case of cis and trans isomers, these angles are calculated to be quite
similar about 50° and 45°, respectively. Whereas for the trans isomer this value fits
into the row of the other trans isomers (40° for the molecular acid and 50° for the
dianion), the cis isomer provides the smallest angle among the other cis isomers (52°
for the molecular acid and 60° for the dianion). Likewise, the orbital overlap of the
n(N)→ σ∗(N-O) interaction, which stabilizes the structure energetically, is lowest in
case of the monoanion. The reason for this structural difference is the energetically
compensating effect of the strong hydrogen bonding that increases with smaller
angles. Consequently, the cis isomer can be considered as a strained structure. Once
hydrogen bonding decreases, the structure will relax by increasing the linearization
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Table 5.2: Calculated vibrational frequencies of the isotopically most abundant trans- and the
cis-hyponitrite anion in the ground and the dissociative transition state based on
B3LYP/aug-cc-pVTZ/IEFPCM. For comparison, the frequencies resulting from a
G4 calculation are shown in brackets as well.

trans-hyponitrite anion cis-hyponitrite anion

Vibration ν̃ / cm−1 ν̃TST / cm−1 ν̃ / cm−1 ν̃TST / cm−1

ν(O-H) stretch 3616 (3602) 3765 (3775) 3209 (3007) 3778 (3770)

(ν(N-N)(+δ(OH))s 1429 (1424) 1759 (1838) 1430 (1497) 1823 (1888)

(ν(N-N)(+δ(OH))as 1302 (1265) 853 (854) 1330 (1348) 748 (766)

ν(N-O) stretch 1210 (1344) 1055 (1108) 1122 (1172) 1146 (1183)

ν(N’-O)(+δ(NNO))as 915 (942) 648 (613) 765 (828) 648 (632)

ν(N’-O)(+δ(NNO))s 652 (669) 953 (1008)

δ(O-NN-OH) 417 (420) 269 (263) 393 (423) 237 (205)

γ(ON-N-O-H) 407 (475) 153 (193) 738 (800) 282 (165)

γ(O-NN-OH) 349 (360) 356 (379) 633 (642) 574 (550)

ν‡ (RC) 502i (401i) 330i (269i)

angle. Such an effect cannot be expected for the trans isomer.
The energetically different transition states of the two isomers are a consequence of
these electronic effects. On the one hand, the decomposition mechanism requires
energy for N-O bond dissociation. On the other hand, reorganization of the NNO
fragment from the bent to the linear structure is energetically demanding as well.
Along the reaction coordinate of the cis isomer, the hydrogen bonding vanishes and
the energetically favorable relaxation of the strained structure sets in. As can be seen
from the corresponding TST structure in Figure 5.3, the energy maximum of the
cis isomer decomposition is predominantly connected with N-O bond dissociation.
On the contrary, no such relaxation takes place in case of the trans isomer and the
energy maximum is related to N-O bond dissociation and the reorganization process
of the NNO fragment. Thus, the additional energetic stabilizations in the case of
the cis isomer result in significantly different barrier heights and a change of the
molecular dynamics of the dissociation process.
The significantly different characteristics of the reaction coordinate also has an
important consequence for the corresponding isotope effect, which is, according
to Wolfsberg,6 “a probe for the force constant changes at the position of isotopic
substitution”. With respect to isotopic nitrogen substitution, a qualitative picture is
directly provided by the transition state structures illustrated in Figure 5.3. For the
cis isomer dissociation involves mainly the primary nitrogen atom, whereas for the
trans isomer reorganization and the connected bond order changes mainly involve
the secondary nitrogen atom.
Assuming the hyponitrite species as the symmetric intermediate that directly decom-
poses to form N2O as well as validity of the rule of geometric mean, the isotopomer
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ratio associated with the decomposition mechanism can be dissected into kinetic
isotope effects according to

δSP
kin =

k 14N15N16O

k 15N14N16O
− 1 =

k 14N15N16O × k 14N14N16O

k 14N14N16O × k 15N14N16O
− 1 =

KIE15N,1

KIE15N,2
− 1 (5.13)

where KIE15N,1 and KIE15N,2 specify the kinetic isotope effect regarding a single
15N-exchange of the central and the terminal position in the formed nitrous oxide,
respectively. Based on the scaled frequencies listed in Table 5.2, it is possible to
quantify the single isotope effects. A pronounced primary kinetic isotope effect can be
assigned to the decomposition of cis-hyponitrite (KIE15N,1 ≈ 1.027). The 15N-isotopic
exchange in α position that characterizes the progress of rearrangement towards
the N2O formation has only a minor effect (KIE15N,2 ≈ 0.996). On the contrary, in
the trans structure isotopic substitution in the broken N-O bond is less sensitive
(KIE15N,1 ≈ 1.006) but the secondary α-isotope effect, which is strongly effected by
rearrangement, becomes significant (KIE15N,2 ≈ 1.021). Because the secondary isotope
effect is inverse with respect to the definition of the site preference, this is equivalent
with a preferred formation of 15N14N16O. Overall, a kinetically based site preference
of SP = +31‰ for the cis isomer and SP = -15 ‰ for the trans isomer is predicted by
theoretical means. Thus, both the theoretical prediction and the experiment support
the concept that cis- and trans-hyponitrous acid decomposition are distinguishable
by site preference measurements.

5.5.3 Isotopomer ratio and mechanism of HNO dimerization

The kinetic isotope effect derived in the previous section for the single protonated cis-
hyponitrite species (δSP

kin ≈ +31‰) is in qualitative agreement with the experimentally
observed effect in HNO dimerization (δSP ≈+40‰). However, this isotopomer ratio
has been derived under the assumption of a symmetric intermediate, but in contrast
to -ONNO–, which has been assumed by Toyoda et al.19 to explain the kinetic isotope
effect, HONNO– is in fact an asymmetric species. A discernible barrier for hydrogen
transfer exists and especially in solution two isotopomers should be distinguishable.
Consequently, it is not just the kinetic isotope effect of the N-O bond cleavage alone
but the overall kinetics of the mechanism that needs to be taken into account to

Table 5.3: Kinetic and equilibrium isotope effects of trans- and the cis-hyponitrite anion
and resulting site preference for the N2O decomposition reactions based on the
frequencies given in Table 5.2.

trans-hyponitrite anion cis-hyponitrite anion

Isotope effect T=298 K HT limit T=298 K HT limit

EIEHONNO− 1.0112 1.0000 1.0095 1.0000

KIE15N,1 1.0060 1.0018 1.0268 1.0128

KIE15N,2 1.0205 1.0142 0.9960 1.0014

δSP
kin× 1000 -14.2 -12.2 30.9 11.4
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quantitatively predict the isotopomer ratio of the formed nitrous oxide.
Based on the mechanism presented in chapter 4, the following scheme is appropriate
to reflect the isotopomer formation

k2 ↓ k3 ↓
15N14NO

kcis
546←−−−
−OH

HO15N14NO−
k1−⇀↽−
k−1

−O15N14NOH
kcis

456−−−→
−OH

14N15NO. (5.14)

Here, k2 and k3 are the not necessarily equal rate constants of HONNO– isotopomer
formation from the N-protonated species as shown in the full mechanism. The
intramolecular proton transfer between the two cis-hyponitrite anion isotopomers
(k1,k−1) is rapid and exhibits a barrier of merely 15 kJ/mol (see chapter 4). In
comparison, the decomposition reactions of the two isotopomers with the rate
constants kcis

546 and kcis
456 into N2O exhibit a much higher barrier of 42 kJ/mol and

proceed with much slower rates.
By making use of the analytical solution derived in a largely analogous kinetic
scheme124 and assuming a common educt, the product ratio can be written as

[14N15NO]

[15N14NO]
=

kcis
456

kcis
546
×
(

k1

(kcis
456 + k−1)

× k2

(k2 + k3)
+

(k1 + kcis
546)

k−1
× k3

(k2 + k3)

)
. (5.15)

However, approximations of the rate constants by transition state theory yield a
3 orders of magnitude higher rate constant for the proton transfer reaction (k1, k−1)
compared to the decomposition reaction (k546, k456). It is therefore justified to neglect
the latter in the sum terms. Combination of Equation 5.13 and Equation 5.15 results
in

[14N15N16O]

[15N14N16O]
=

kcis
456

kcis
546
× k1

k−1
=

KIEcis
15N,1

KIEcis
15N,2

× EIEcis
HONNO− (5.16)

where EIEcis
HONNO− corresponds to the equilibrium isotope effect of the proton trans-

fer reaction.
Based on this model, rapid equilibration of the two isotopomers of HONNO– takes
place and this leads to two important consequences. On the one hand, reaction steps
prior to the equilibrium does not affect isotopic fractionation with respect to the
formed N2O isotopomers. On the other hand, the equilibrium isotope effect of the
proton transfer equilibrium, EIEcis

HONNO− , adds to the pure kinetic isotope effect of the

decomposition. Using the scaled frequencies given in Table 5.2, EIEcis
HONNO− = 1.0097

at T = 298 K is obtained. Hence, combining the kinetic and equilibrium isotope effect,
the theoretical site preference of HNO dimerization is predicted to be

δSP
cis =

[14N15NO]

[15N14NO]
− 1 = +40.9‰. (5.17)

This is in excellent agreement with the experimental result of 40 ± 10‰ obtained
by the cavity ringdown spectroscopy technique as presented in chapter 3 and
only slightly higher than the result of Toyoda et al.19 based on the IRMS technique
(SP ≈+30‰).
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At very low pH values, it is possible that decomposition of the uncharged cis-
hyponitrous acid contributes to N2O formation. Therefore, for the sake of complete-
ness, attempts were undertaken to determine the isotopomer effect connected with
this pathway. Assuming that the decomposition of the molecular species proceeds
via the intramolecular proton transfer with a comparatively high barrier of 78 kJ/mol,
a temperature dependent kinetic isotopomer effect on the order of 23‰ at T = 298 K
has been calculated. In contrast to the monoanion, interconversion of the two iso-
topomers is only possible by simultaneous or sequential rotation of the O−H bonds
with respect to the planar structure. For such a rotation, which would be again
subject to isotopic fractionation in favor of the 14N15NO isotopomer, a barrier of at
least 40 kJ/mol needs to be overcome. Therefore, the relevance of this equilibration
is questionable. Taking into consideration the fast equilibrium with the monoanion,
it is more likely that the isotopic equilibration of the monoanion is transfered to the
molecular species. This would result in an overall site preference of 33‰ at T = 298 K,
hence, a quite similar result as for the monoanion. Thus, it remains speculative but
plausible to suggest a positive site preference based on the kinetic isotope effect.
Further experimental and theoretical work is needed to confirm these assumptions.

5.5.4 Mechanism of isotopic trans-hyponitrite decomposition

For the decomposition of the trans-hyponitrite isomer, a different mechanism can be
assumed to take place. The trans-hyponitrite dianion dominating at highly alkaline
conditions is a symmetric species and decomposes after protonation to form the
monoanion according to the following scheme

−O14N15NOH
K4−⇀↽−
H+

O14N15NO2− H+

−⇀↽−
K5

HO14N15NO− (5.18)

ktrans
546 ↓−OH− (or HO14N15NOH) ktrans

456 ↓−OH−

15N14NO 14N15NO (5.19)

Here, in contrast to the cis-hyponitrous acid scheme, direct interconversion of the
two HONNO– isotopomers can not take place and only acid-base equilibration with
the symmetric anion or, as indicated, molecular trans-hyponitrous acid is possible.
Assuming steady state conditions for the HONNO– isotopomers, the isotopomer
ratio of N2O according to this scheme is given by

[14N15NO]

[15N14NO]
=

ktrans
456

ktrans
546
×
(

k5(ktrans
546 + k−4)

k4(ktrans
456 + k−5)

)
. (5.20)

Again, the rate constants ktrans
546 and ktrans

456 are much lower than the rate constants
associated with the acid-base equilibration (Table 4.1) and thus can be neglected in
the sum terms. This simplification yields

[14N15NO]

[15N14NO]
=

ktrans
456

ktrans
546
× K5

K4
=

KIEtrans
15N,1

KIEtrans
15N,2

× EIEtrans
HONNO− . (5.21)

Although the mechanism is quite different for the two hyponitrite isomers, the
obtained results for the isotopomer effect are identical. For the trans isomer, the
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correction of the calculated kinetic isotopomer effect by the equilibrium isotope effect
as outlined in Table 4.1 yields the overall isotopomer effect at T = 298 K:

δSP
trans =

[14N15NO]

[15N14NO]
− 1 = −3.2‰ (5.22)

Taking into account the approximations made, this theoretical estimate is in good
agreement with the experimental value of δSP

trans = -14± 15‰. More important, how-
ever, is the direct comparison with the cis value, δSP

cis = +40.9‰. The fact that the
trans value is shifted towards a much lower value is consistent with the qualitative
dynamics discussed in subsection 5.5.2 and thus underlines the existence of a direct
decomposition pathway of the trans-hyponitrite anion. Again, this conclusion is in
contrast with the previously suggested110 decomposition of the trans isomer after
isomerization as shown in Figure 5.1 (red pathway).

5.5.5 Influence of carbon dioxide catalysis

In this new context, it is of interest to reinvestigate the carbon dioxide catalyzed
decomposition pathway of the trans-hyponitrite anion as well. Due to the fact that
carbonate impurities are regularly present in the case of hyponitrite preparation, this
pathway may contribute as well. According to Loechler et al.,110 this mechanism is
also suggested to proceed via isomerization towards the cis isomer (red pathway
shown in Figure 5.1). Here, the initial N-adduct formation mechanism has been
favored based on kinetic arguments derived from a linear free enthalpy relationships.
However, calculations of the Gibbs enthalpies of the N- and O-adduct formation
reactions performed in this work (∆rGsoln ≈ -3 kJ/mol and ∆rGsoln ≈ -36 kJ/mol,
respectively) are strongly in favor of O-adduct formation. Furthermore, potential
energy scans along the reaction coordinate revealed that the latter reaction can be
considered to be barrier-less. Hence, a rapid and unidirectional reaction forming the
O-adduct can be expected. This result would also be consistent with the observation
of Feldman and Jansen125 that the more reactive solid cis-hyponitrite decomposes in
a carbon dioxide atmosphere under carbonate formation. Focusing on the formed ni-
trous oxide isotopomers, the following scheme should be applicable for the observed
carbonate catalysis

−O15N14NOCO−2
+H+

−−⇀↽−− −O15N14NOCO2H
k456−−−−→
−HCO3

14N15NO

kO
CO2
↑+CO2 kcis

456
↑−OH−

(trans) −O14N15NO−
+CO2−−−⇀↽−−−−O14N15N(CO2)O

− Iso,+H+

−−−−→
−CO2

HO(14,15)N(15,14)NO− (cis)

kO
CO2 ↓+CO2 kcis

546 ↓−OH−

−O14N15NOCO−2
+H+

−−⇀↽−− −O14N15NOCO2H
k546−−−−→
−HCO3

15N14NO

If carbonate catalysis would proceed through N adduct formation as shown in the
center line, the cis species would decompose. Putting forward the same arguments
as for HNO dimerization, this should result in a highly positive site preference value.
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Figure 5.4: Overview of isotopomer ratios from DFT calculations, literature IRMS measure-
ments, and CRDS measurements.

On the contrary, if the O adduct is formed, protonation would yield the unstable
-ONNOCO2H that decomposes with a calculated barrier of 29 kJ/mol to form nitrous
oxide. In this case, the isotopomer ratio will be determined by the initial, presumably
irreversible step of CO2-adduct formation. Due to the absence of a barrier, this
step is insensitive to the formed isotopomer structure and consequently can be
assumed to yield an isotopomer ratio of 0‰. Some additional trans-hyponitrite
decomposition experiments in presence of carbon dioxide or carbonate have been
performed to verify this conclusion. Unfortunately, strongly scattering values in
the range from -20 to +20‰ have been observed, nevertheless contradicting a
decomposition of the cis-hyponitrite anion and in favor of O adduct formation.
Based on this experimental and theoretical results, carbonate catalysis in trans-
hyponitrite decomposition is considered to lead to an isotopomer ratio discernible
from both cis and trans decomposition. Because carbonate is a common impurity
in trans-hyponitrite synthesis, it cannot be completely ruled out that the measured
site preference of trans-hyponitrite anion decomposition is somewhat biased, which
would result in a slightly to positive site preference value.

5.5.6 Chemical and biochemical derived isotopomer ratio

The theoretical expressions outlined in the previous sections enable the calculation
of the expected temperature dependence of the isotopomer ratio from HNO dimer-
ization and trans-hyponitrite decomposition. These are shown together with the
experimental results from CRDS measurements and literature based IRMS measure-
ments of biochemical N2O sources in Figure 5.4.
As already discussed in subsection 5.5.3 and subsection 5.5.4, the CRDS measurements
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of the chemical decomposition pathways fit the theoretical results within error limits.
Additional measurements of HNO dimerization at different synthesis temperatures
have been performed to reproduce the predicted temperature dependence. However,
taking into account the scatter of these data, the theoretically predicted temperature
dependence could be neither confirmed nor disproved.
Interestingly, the theoretical and experimental values for decomposition of the cis-
and trans-hyponitrite anion show some parallels with the IRMS measurements of
biochemical nitrous oxide formation. In particular, hydroxylamine decomposition
in nitrification and fungal denitrification show similar site preference values as
cis-hyponitrite decomposition, whereas bacterial denitrification and nitrifier den-
itrification yield similar values as trans-hyponitrite decomposition. Following the
argument of Spott et al.42 that decomposition of the free species may be relevant in
enzyme catalyzed mechanisms as well, gives reason to a speculative interpretation
of these coincidences.
(i) The decomposition of hydroxylamine is considered to be the main source of
nitrous oxide in the nitrification process and the underlying mechanism proceeds
basically in absence of enzyme catalysis. Here, oxidation126,127 and autooxidation128

pathways have been suggested to yield nitrous oxide via HNO dimerization. The
highly positive site preference (SP ≈ +36‰) in nitrification as found by Frame and
Cascanotti82 would be consistent with this interpretation.
(ii) Fungal denitrification involves the P450nor enzyme, in which the active site
contains a single heme-iron center. Lehnert et al.31 derived a consistent mechanism
based on DFT results explaining the experimental results for selective formation of
nitrous oxide. In their and other related studies129 it was shown that nitrous oxide
formation most likely involves the attack of a free nitric oxide on a reduced iron
bonded HNOH species. This HNOH species is the only spectroscopically assigned
intermediate of the mechanism under low NO conditions. In a very recent QM/MM
study preformed by Riplinger and Neese,32 the mechanism has been revisited and
a diradical iron bonded HNOH species has been assigned as intermediate. More
importantly in this context is that the calculated decomposition mechanisms re-
vealed a Fe-N bond cleavage upon second NO attack. Thus, decomposition of the
free, non-iron-bonded cis-hyponitrous acid (anion) within the active site pocket of
the enzyme is proposed. Hence, the same final decomposition mechanism as put
forward for HNO dimerization should be applicable to explain the almost identical
and high site preference of fungal denitrification (SP ≈+37‰).23 Note that such
a mechanism would explain the isotopomer preference without assumptions on
the isotopic preferences of the involved iron centers. Previous studies23,44 assumed
such a questionable isotopic preference. So far, no experimental evidence for such
an isotope effect of the presumably barrierless Fe-NO adduct formation has been
reported.
(iii) In bacterial denitrification, N-N bond formation takes place in an active site
consisting of the bimetallic complexes shown in Figure 1.2. Despite the recently
resolved crystal structure,27 for the underlying mechanism of the reaction three
different possible mechanisms have been suggested. Problems in isolating and identi-
fying intermediates complicate a definite identification of the actual mechanisms.130

However, all mechanisms have in common a hyponitrite species as intermediate.
Recently synthesized model complexes mimicking the structure of the active site
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of heme/copper oxidase and diiron NOR131 showed that both metal centers and
a protonation step are necessary for the conversion of NO to N2O. This finding
has been interpreted to result from an O-protonation that forms the decomposing
hyponitrite monoanion. Moreover, for the enzyme bounded hyponitrite, both a
trans structure has been suggested by Varotsis et al.29 based on DFT calculations and
resonance Raman results as well as a cis structure based on a detailed computational
analysis of Blomberg et al.132 In the light of the corresponding site preference of
bacterial denitrification (SP ≈ -5‰) it would be inconsistent to assume that the free
cis-hyponitrite anion (δSP ≈+40‰) is involved in the final decomposition step. Con-
sequently, an interpretation analogous to fungal NOR or, here, the cis:b3 mechanism
discussed for cNOR can be excluded. However, the reported literature values are
similar to the results derived for trans-hyponitrite decomposition (δSP ≈ -3.2‰) and
the catalytic decomposition experiment (δSP ≈ 0‰). Whereas these values are only
valid for the decomposition of unbounded species and the O-bonded species, it may
be well speculated that these mechanisms are relevant in the corresponding enzyme
mechanisms as well.28 Anyway, the direct decomposition pathway reveals that the
counterintuitive preferred formation of 15N14N16O is not necessarily related to a
preferred isotopic preference of the iron centers. Further insights into the possible
coincidences or differences can be expected from high precision site preference
measurements to elucidate possible differences between trans decomposition and
enzymatic decomposition were undertaken.

5.6 conclusion

Isotopomer analysis of N2O from trans-hyponitrite decomposition revealed that the
underlying mechanism is accompanied with a site preference of δSP = -15± 15‰, thus
significantly different than the corresponding value obtained from HNO dimeriza-
tion experiments (δSP = +40± 10‰). These results underline the previous statement
that nitrous oxide formation from HNO dimerization is predominantly related to
decomposition of the cis-hyponitrite anion. In the case of trans-hyponitrous acid in
contrast to a previously suggested isomerization pathway as shown in Figure 5.1 a di-
rect decomposition pathway of the corresponding anion is supported. The performed
DFT calculations of the reaction dynamics related to the decomposition mechanism
basically explained the different nitrous oxide isotopomer ratios of cis and trans
isomer. Furthermore, approximate simple kinetic models yielded a refined and com-
plete picture of both discussed mechanisms. By comparing the site preference results
with those of biochemical N2O formation pathways and their related mechanisms,
interesting parallels could be drawn.
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S U M M A RY A N D O U T L O O K

A conclusion is simply where you stopped thinking.

— Unknown Author

In this work, different aspects concerning the 15N site preference of nitrous oxide
have been investigated. Starting from the fundamental setup of a novel, high reso-
lution cw CRD spectrometer its was possible to establish a calibration-free method
to determine the isotopomer signature of nitrous oxide. Additionally, detailed DFT

calculations enabled the development of a consistent reaction model for the under-
lying HNO dimerization mechanism which provided a theoretical explanation for
the observed site preference. Finally, the observation of an essentially different site
preference supported a direct decomposition mechanism of the trans-hyponitrite
isomer. Taken together the measured and theoretically predicted site preference
values, interesting parallels could be drawn with N2O site preference values found
for various biochemical sources.

high resolution absorption measurements using crds Cavity ring-
down spectroscopy is one of the most sensitive techniques to determine quantitatively
sample concentrations based on absorption measurements. The use of narrow-band
cw diode laser systems significantly improves the attainable sensitivity and spectral
resolution enabling low trace gas concentration or very weak absorption measure-
ments. Design and experimental realization of such a setup faces problems associated
with (i) matching frequency of laser and cavity, (ii) maintaining detectable trans-
mission through a high finesse cavity, (iii) tuning cavity resonances such that high
repetition and single-mode excitation is obtained, and (iv) enabling a uniform tem-
perature throughout the cavity. In addition to this, data acquisition and analysis
requires electronics optimized for unbiased and rapid signal transmission as well as
implementation of fast fitting routines to compress initial raw data (ringdown signal)
to its basic information content (decay time). In the here presented setup, these well
known challenges for applying cw lasers in cavity ringdown spectroscopy have been
addressed accordingly.
A more general problem in high resolution laser spectroscopy is the accurate wave-
length determination of the probe laser needed for reproducible and comparable
spectra as well as single wavelength measurements. In this work, a novel concept
using a second wavelength stabilized laser as a permanent internal reference in the
FT spectrum of combined lasers after passing an interferometer has been imple-
mented. This rather simple scheme provided a remarkable good reliability, precision
(6 × 10−8) and accuracy (1 × 10−7), which is comparable to state-of-the-art high
end wavemeter technology. Although sufficient for the measurements presented in
this thesis, there is still room for improvement of this concept. For example, the
frequency difference between the two lasers could be referenced to the stabilized
NIR laser instead of the HeNe laser and/or additional stabilized lasers could be
used to recalibrate the wavelength axis more accurately.
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potential of crds for isotopomer ratio measurement In recent years,
spectroscopic techniques have been proven to be an powerful alternative to conven-
tional MS techniques in environmental isotope sciences. For example, applications
of optical spectrometers were often found less prone to ambient condition changes.
The intramolecular distribution of the 15N-isotope in nitrous oxide is one issue
that has recently lead to detailed discussions regarding its use to describe nitrous
oxide transformation pathways. Here, the principle problem of mass spectrometry
based methods is the mass equivalence of the isotopomers and, hence, the need
for fragmentation analysis. The apparently different fragmentation behavior of the
two isotopomers requires considerable calibration effort and prevents the usually
possible high accuracy IRMS measurements. Although several previous attempts to
determine the isotopomer ratio of N2O spectroscopically exist, the general concept
followed in this thesis is basically different. Rather weak but isolated absorption lines
have been measured with a highly sensitive technique instead of using absorption
lines with higher line strength but possible interferences resulting from nearby other
absorption lines.
By making use of high resolution mass spectrometry and precise cavity ringdown
measurements of highly enriched isotopomer samples, it was possible to characterize
chosen absorption lines with an accuracy sufficient for using these parameters to
determine the isotopomer ratio. The selective reduction of nitrite has been chosen
as a test system involving a HNO dimerization step. Independent of the inital
isotopic composition of the source, a significant, constant 15N-site preference of
δSP = 40± 10‰ was determined when using isotopically enriched nitrite. This result
is basically consistent with previous IRMS measurements of Toyoda et al.19 and un-
derlines the existence of a heavy atom isotope effect in the corresponding reaction
mechanism favoring the 14N15N16O isotopomer.
However, taken together the abundance of the two isotopomers in natural samples
and the maximum peak absorption calculated from line broadening parameters it
became clear that the obtained sensitivity of the used setup is not sufficient for high
precision measurements of pure nitrous oxide samples without isotopic enrichment.
Further improvement of sensitivity will therefore be necessary to apply this tech-
nique to a more generalized isotopomer ratio measurement. Self-evident options
are changes of the used mirrors toward higher reflectivity accompanied by better
transmittance of these mirrors and/or by a lower detection limit of the detections
system and/or by using a laser system with higher output power. Alternatively,
techniques that actively lock cavity and laser output frequency provide opportunities
of much faster averaging and more precise decay time determination. Compared
to the current setup, such locking techniques require additional modulation equip-
ment to set up a Pound-Drever-Hall-locking scheme. Finally, the use of IR quantum
cascade or comparable laser systems remains another possibility. Detecting N2O on
fundamental vibrational modes provides higher sensitivities but is less selective due
to spectral overlap with other isotopologues.

dimerization of hno in aqueous solution The observation of a 15N-site
preference in nitrous oxide samples formed by inorganic nitrite reduction has raised
the question of the mechanism underlying this isotopomer effect. Elucidating the
mechanistic details is of interest for comparison with the dominating biochemical
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N2O sources and to develop a still missing, well characterized reference standard
for N2O site preference. As in many other N2O forming reactions, dimerization of
nitroxyl (HNO) has been suggested as the key reaction sequence. Recent drastic
changes in the evaluation of HNO chemistry including the relevant spin states and
the deprotonation equilibrium as well as a reassessment of the overall rate constant
of dimerization pointed to a previously underestimated relevance in biochemistry.
However, numerous experimental observations remained inconsistent with the
theoretically derived and experimentally suggested mechanisms.
In order to resolve discrepancies of the known HNO dimerization mechanism in
aqueous solution, a complete reassessment based on DFT calculations was undertaken
in this work. Compared to the previously reported gas phase mechanisms, energetic
contributions from dipole moment stabilization lead to a reversal of the cis-trans
ratio of the initially formed HNO dimer. This assignment of the cis-dimer is also able
to explain the experimentally observed rate increase in solution. For the sequential
mechanism, a scheme of acid-base equilibration reactions has been worked out
based on the proton exchange method. The alternative intramolecular rearrangement
model taking solvation both implicitly and explicitly into account turned out to be
inconsistent. Analysis of the possible unstable intermediates and equilibria showed
that the previously neglected cis-hyponitrite anion is the principle source of N2O.
Despite high thermodynamic stability it is highly unstable towards decomposition
into nitrous oxide. An interesting aspect in this context is the calculated acid-
base equilibrium of the cis-hyponitrite isomer. It has been analyzed for the first
time and revealed striking differences in comparison with the corresponding well
characterized trans isomer. Finally, theoretically derived rate constants verified that
the proposed mechanism is kinetically feasible and additional HNO dimerization
experiments were consistent with the outlined interpretation.
Overall, the results provided a reasonable and reliable explanation for the reaction
mechanism underlying HNO dimerization. The mechanism is able to reflect various
experimental observations, in particular, the increase of the initial dimerization rate
constant in solution, the absence of traceable intermediates, the problems concerning
isolation of cis-hyponitrite, and the related isotope studies. The outcome of this
study emphasizes the uncertainties still present in nitrogen related chemistry in
solution. However, for an improved quantitative understanding, it is necessary to
apply higher level of theory calculations overcoming the approximations implicitly
contained in the applied DFT and PCM models. Progress may be expected from the
future application of QM/MM models.

site preference in inorganic nitrous oxide formation As the use of
the 15N-site preference of nitrous oxide has extended to characterize nitrogen cycles
in facilities as different as waste water or biogas plants, the origin of 15N-site prefer-
ence in source characterization remained a controversial issue discussed by many
authors. The variety of values of this parameter found in different pure bacteria and
fungal cultures was often interpreted to depend on the culture or on the enzyme
involved. An explanation given by Toyoda et al.19 relied on the involvement of the
iron centers to explain isotopic preference in enzyme catalysis and on a heavy atom
isotope effect in the symmetric −O14N15NO− to explain the inorganic mechanism. In
the light of the verified isotopomer effect and the quantum chemically derived HNO
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dimerization mechanism put forward in this work, some aspects of this interpreta-
tion appeared questionable. Moreover, the role of the cis-trans isomer structure of
the intermediates had not been addressed so far. In fact, the pure existence of a trans-
hyponitrite anion decomposition mechanism has been controversially discussed and
it has been suggested to originate from slow isomerization toward the cis isomer.
In this work, spectroscopic analysis of 15N-isotopically enriched nitrous oxide sam-
ples from synthesized trans-hyponitrite decomposition revealed a significantly differ-
ent 15N-site preference of δSP = -14± 15‰ supporting both a minor if any contribu-
tion of trans-hyponitrite decomposition to HNO dimerization and an independent
decomposition mechanism of the trans-hyponitrite anion. The differences in the cis-
/trans-hyponitrite anion decomposition mechanism were elucidated by performing
detailed DFT studies of the optimized equilibrium structures and the related reaction
dynamics. The interplay of orbital interactions and hydrogen bonding was found
to affect the reaction coordinate such that the effect of isotopic substitution differs
substantially for both isomers. In accordance with the experimental results, kinetic
isotopomer effects alone yielded preferences of 14N15N16O for cis-hyponitrite and
preferences of 15N14N16O for trans-hyponitrite. Taking into account fractionation
effects of the underlying mechanisms in an appropriate manner, the final theoretical
predictions of δSP is +40‰ for HNO dimerization and -3‰ for trans-hyponitrite
decomposition. These values show similarities with results derived from biochemical
formation pathways in which the role of the isomer structure has not been con-
sidered so far. As a comparison with recent quantum chemical simulations of the
enzyme mechanism revealed the presence of the corresponding isomers, it may well
be speculated that the isomer structure plays a role for isotopomer preference of bio-
chemical pathways as well. For example, it has recently been shown that in the case
of fungal denitrification nitrous oxide formation is related to the decomposition of
the unbound hyponitrite species. For sure, more work - high precision experimental
and high-level theoretical - is needed to elucidate all the relevant details of inorganic
and biochemical pathways.
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A
A P P E N D I X

a.1 matlab source code

Listing A.1: MATLAB implementation of the galatry profile function

function [y] = galatry(x,center,amp,coll,narrow,TEMPINP,molmas1)

% x=exp. frequency value; center=center of the line; amp=line center intensity

% coll=line brodening parameter (scaled with 2 * sqrt(ln2)) / FWHM Doppler

width);

% narrow=line narrowing parameter (scaled with 2 * sqrt(ln2)) / FWHM Doppler

width);

% TEMPINP=Temperature in K; molmas1=molecular mass of the absorber

N = 16384;

% Number of points of the time correlation function (Higher number increases

accuarcy, should be chosen as a power of 2)

Time=200;

% Max. time of the time correlation function

doppler=7.1608E-7*center*sqrt(TEMPINP/molmas1)/2/sqrt(log(2));

% Doppler broadening

deltatau=Time/(N-1);

% Time interval of the correlation function

tau=(0:deltatau:Time)’;

% Array of discrete time values

Correl = exp(-1.*coll*tau+1./(2.*narrow^2)*(1.-narrow*tau-exp(-narrow*tau)));

% Calculation of the time correlation function

basic=1./sqrt(pi)*real(fft(Correl,N));

% FFT of the time correlation function

freq=(0:(2*pi/Time):(N-1)*pi/Time);

% Frequency spacing of the Fourier transformed function

baseline=basic(N/2);

% Baseline of the calculated line profile function

value=amp*(basic(1:N/2)-baseline);

% Normalization and scaling of the profile

xnew=abs((x-center))/doppler;

% Rescaling of the experimental frequency values

if (xnew<(N-1)*pi/Time);

% Check whether the experimental value is within the frequency interval

determied by the chosen parameters

y=interp1(freq,value,xnew);

% Calculation of the interpolated value of the profile function

else y=0; end;

% based on the code as described in Xiang Ouyang and Philip L. Varghese, "

Reliable and efficient program for fitting Galatry and Voigt profiles to

spectral data on multiple lines," Appl. Opt. 28, 1538-1545 (1989). �
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a.2 optimized quantum chemical structures and energies

a.2.1 Optimized ground state structures

The following Tables list (a) the optimized geometries of all intermediate species
in solution (B3LYP/aug-cc-pVTZ/IEFPCM) and (b) the corresponding electronic
energies and free enthalpies of formation in the gas phase and solution.

Table A.1: HNO (1).

X Y Z

N 0.013997 0.000000 -0.000597

H -0.005594 0.000000 1.053368

O 1.155806 0.000000 -0.372858

(a) Solution structure in Cartesian coordinates

in Hartree in kJ/mol

Egas -130.5276 -

Esoln -130.5315 -

∆Esolv -0.0040 -10.4

∆G∗gas -130.5350 -

∆G∗soln -130.5387 -

∆G∗solv -0.0038 -9.9
(b) Gas phase and solution energies

Table A.2: cis-NHONHO (2).

X Y Z

N 0.000000 0.000000 0.000000

O 0.000000 0.000000 1.249027

H 0.870474 0.000000 -0.540388

N -1.072332 0.000000 -0.726908

H -0.891648 0.000000 -1.735242

O -2.232615 0.000000 -0.264122

(a) Solution structure in Cartesian coordinates

Hartree kJ/mol

Egas -261.1001 -

Esoln -261.1225 -

∆Esolv -0.0224 -58.9

∆G∗gas -261.0878 -

∆G∗soln -261.1096 -

∆G∗solv -0.0218 -57.2
(b) Gas phase and solution energies
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Table A.3: trans-NHONHO (3).

X Y Z

N 0.000000 0.000000 0.000000

O 0.000000 0.000000 1.258331

H 0.869843 0.000000 -0.546627

N -1.063158 0.000000 -0.729724

H -1.933001 0.000000 -0.183096

O -1.063158 0.000000 -1.988054

(a) Solution structure in Cartesian coordinates

in Hartree in kJ/mol

Egas -261.1025 -

Esoln -261.1162 -

∆Esolv -0.0137 -35.9

∆G∗gas -261.0903 -

∆G∗soln -261.1034 -

∆G∗solv -0.0130 -34.2
(b) Gas phase and solution energies

Table A.4: cis-NHONO– (4).

X Y Z

N -0.001820 0.000000 -0.014448

N 0.076776 0.000000 1.274710

O 1.108102 0.000000 -0.647040

O 1.135276 0.000000 2.031624

H -0.840485 0.000000 1.714406

(a) Solution structure in Cartesian coordinates

in Hartree in kJ/mol

Egas -260.5729 -

Esoln -260.6777 -

∆Esolv -0.1048 -275.2

∆G∗gas -260.5739 -

∆G∗soln -260.6782 -

∆G∗solv -0.1043 -274.0
(b) Gas phase and solution energies

Table A.5: trans-NHONO– (5).

X Y Z

N -0.012968 0.000000 -0.033729

N -0.049814 0.000000 1.242136

O 1.183316 0.000000 -0.524727

O -1.134732 0.000000 1.966943

H 0.868509 0.000000 1.708631

(a) Solution structure in Cartesian coordinates

in Hartree in kJ/mol

Egas -260.5743 -

Esoln -260.6726 -

∆Esolv -0.0983 -258.1

∆G∗gas -260.5758 -

∆G∗soln -260.6739 -

∆G∗solv -0.0981 -257.6
(b) Gas phase and solution energies
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Table A.6: cis-NONO2– (6).

X Y Z

N 0.000000 0.000000 0.000000

N 0.000000 0.000000 1.276394

O 1.162585 0.000000 -0.677374

O 1.162585 0.000000 1.953768

(a) Solution structure in Cartesian coordinates

in Hartree in kJ/mol

Egas -259.8022 -

Esoln -260.1744 -

∆Esolv -0.3723 -977.4

∆G∗gas -259.8159 -

∆G∗soln -260.1878 -

∆G∗solv -0.3719 -976.3
(b) Gas phase and solution energies

Table A.7: cis-N(H)ONOH (7).

X Y Z

N -0.058829 0.000000 -0.009476

N -0.008481 0.000000 1.255488

O 1.186656 0.000000 -0.530240

O 1.052869 0.000000 1.944734

H -0.922569 0.000000 1.713051

H 1.797866 0.000000 0.247254

(a) Solution structure in Cartesian coordinates

in Hartree in kJ/mol

Egas -261.1337 -

Esoln -261.1426 -

∆Esolv -0.0088 -23.2

∆G∗gas -261.1208 -

∆G∗soln -261.1298 -

∆G∗solv -0.0090 -23.6
(b) Gas phase and solution energies

Table A.8: cis-NON(H)OH (8).

X Y Z

N 0.032498 -0.144108 0.016624

N -0.000213 -0.054043 1.297027

O 1.216643 -0.159390 -0.666358

O 1.131786 0.018475 1.819470

H 1.855621 -0.087810 0.083392

H -0.809928 -0.216493 -0.535066

(a) Solution structure in Cartesian coordinates

in Hartree in kJ/mol

Egas -261.1299 -

Esoln -261.1392 -

∆Esolv -0.0093 -24.4

∆G∗gas -261.1195 -

∆G∗soln -261.1285 -

∆G∗solv -0.0089 -23.4
(b) Gas phase and solution energies
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Table A.9: trans-NON(H)OH (9).

X Y Z

N 0.129798 0.057047 0.194623

N -0.100908 -0.251008 1.443705

O 1.298997 -0.406853 -0.356868

O -1.247951 -0.016422 1.812260

H 1.889589 0.358969 -0.417426

H -0.638120 0.254773 -0.447207

(a) Solution structure in Cartesian coordinates

in Hartree in kJ/mol

Egas -261.1200 -

Esoln -261.1305 -

∆Esolv -0.0105 -27.5

∆G∗gas -261.1097 -

∆G∗soln -261.1204 -

∆G∗solv -0.0108 -28.2
(b) Gas phase and solution energies

Table A.10: trans-N(H)ONOH (10).

X Y Z

N 0.000031 0.000860 -0.000058

N 0.000016 0.000260 1.258067

O 1.324204 0.002154 -0.417886

O -1.031592 -0.000953 1.966603

H 0.923241 0.000819 1.723332

H 1.255363 0.002727 -1.381342

(a) Solution structure in Cartesian coordinates

in Hartree in kJ/mol

Egas -261.1204 -

Esoln -261.1321 -

∆Esolv -0.0117 -30.7

∆G∗gas -261.1090 -

∆G∗soln -261.1206 -

∆G∗solv -0.0116 -30.5
(b) Gas phase and solution energies

Table A.11: trans-NONO2– (11).

X Y Z

N -0.000792 0.000000 -0.000008

N 0.000792 0.000000 1.255637

O 1.227964 0.000000 -0.568486

O -1.227964 0.000000 1.824116

(a) Solution structure in Cartesian coordinates

in Hartree in kJ/mol

Egas -259.8094 -

Esoln -260.1750 -

∆Esolv -0.3655 -959.7

∆G∗gas -259.8233 -

∆G∗soln -260.1884 -

∆G∗solv -0.3651 -958.5
(b) Gas phase and solution energies
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Table A.12: cis-NONOH– (12).

X Y Z

N 0.046947 0.000000 0.000324

N -0.024581 0.000000 1.258725

O 1.245313 0.000000 -0.534576

O 1.261522 0.000000 1.872715

H 1.827767 0.000000 1.052699

(a) Solution structure in Cartesian coordinates

in Hartree in kJ/mol

Egas -260.5987 -

Esoln -260.6939 -

∆Esolv -0.0951 -249.8

∆G∗gas -260.6002 -

∆G∗soln -260.6955 -

∆G∗solv -0.0952 -250.1
(b) Gas phase and solution energies

Table A.13: cis-NOHNOH (13).

X Y Z

N -0.000029 0.000000 0.014832

N 0.002715 0.000000 1.242146

O 1.206108 0.000000 -0.646114

H 1.916953 0.000000 0.021443

O 1.288399 0.000000 1.800033

H 1.124567 0.000000 2.752100

(a) Solution structure in Cartesian coordinates

in Hartree in kJ/mol

Egas -261.1429 -

Esoln -261.1503 -

∆Esolv -0.0074 -19.6

∆G∗gas -261.1318 -

∆G∗soln -261.1394 -

∆G∗solv -0.0076 -20.0
(b) Gas phase and solution energies

Table A.14: trans-NOHNOH (14).

X Y Z

N -0.058038 0.000000 -0.010861

N 0.022029 0.000000 1.210750

O 1.187893 0.000000 -0.592009

H 1.852190 0.000000 0.124025

O -1.252818 0.000000 1.749995

H -1.087596 0.000000 2.702539

(a) Solution structure in Cartesian coordinates

in Hartree in kJ/mol

Egas -261.1388 -

Esoln -261.1470 -

∆Esolv -0.0082 -21.5

∆G∗gas -261.1276 -

∆G∗soln -261.1359 -

∆G∗solv -0.0083 -21.8
(b) Gas phase and solution energies
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Table A.15: trans-NONOH– (15).

X Y Z

N 0.001651 0.000000 0.045977

N 0.068646 0.000000 1.297448

O 1.135678 0.000000 -0.580155

O -1.263454 0.000000 1.835257

H -1.842167 0.000000 1.051361

(a) Solution structure in Cartesian coordinates

in Hartree in kJ/mol

Egas -260.5823 -

Esoln -260.6808 -

∆Esolv -0.0985 -258.7

∆G∗gas -260.5845 -

∆G∗soln -260.6831 -

∆G∗solv -0.0986 -258.8
(b) Gas phase and solution energies

Table A.16: NNO (16).

X Y Z

N 0.000000 0.000000 0.000000

N 0.000000 0.000000 1.119643

O 0.000000 0.000000 -1.183588

(a) Solution structure in Cartesian coordinates

in Hartree in kJ/mol

Egas -184.7380 -

Esoln -184.7401 -

∆Esolv -0.0021 -5.5

∆G∗gas -184.7482 -

∆G∗soln -184.7503 -

∆G∗solv -0.0022 -5.6
(b) Gas phase and solution energies
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a.2.2 Transition state structures of the initial HNO dimerization

The following Tables list (a) geometry optimized TS structures of the initial dimer-
ization reaction and (b) the corresponding electronic energies and free enthalpies of
formation, as well as the sole imaginary frequency of the TS.

Table A.17: Gas phase transition state for reaction (1) ⇀↽ (3).

X Y Z

N -0.009195 -0.007735 -0.003208

O -0.004531 -0.005550 1.198045

H 0.974204 -0.010390 -0.382159

N -0.755713 -1.847509 -1.184564

H -1.739113 -1.844853 -0.805613

O -0.760377 -1.849694 -2.385817

(a) Gas phase structure in Cartesian coordinates

in Hartree

Esoln -261.0588

∆G∗soln -261.0567

in cm−1

νimag -60

(b) Gas phase energies and imaginary frequency

Table A.18: Transition state in solution for reaction (1) ⇀↽ (3).

X Y Z

N -0.002692 -0.006633 -0.008882

O -0.010325 -0.008027 1.194910

H 0.981011 -0.006433 -0.375705

N -0.760300 -1.860130 -1.203843

H -1.743770 -1.860797 -0.836385

O -0.753437 -1.858836 -2.407633

(a) Solution structure in Cartesian coordinates

in Hartree

Esoln -261.0643

∆G∗soln -261.0637

in cm−1

νimag -73

(b) Solution energies and imaginary frequency
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a.2.3 Transition state structures of cis-trans-isomerizations

The following Tables list (a) the geometry optimized TS structures of all cis-trans
isomerizations and (b) the corresponding electronic energies and free enthalpies of
formation in solution, as well as the sole imaginary frequency of the TS.

Table A.19: Transition state for NHONO– (4,5) isomerization.

X Y Z

N -0.010200 0.026809 -0.146419

N -0.386266 -0.073228 1.388074

O 1.154245 0.023403 -0.355944

O 0.223841 1.006747 2.005129

H 0.165621 -0.915578 1.622926

(a) Solution structure in Cartesian coordinates

in Hartree

Esoln -260.6071

∆G∗soln -260.6112

in cm−1

νimag -541

(b) Solution energies and imaginary frequency

Table A.20: Transition state for NON(H)OH (8,9) isomerization.

X Y Z

N 0.008034 0.397767 -0.150174

N -0.272476 0.069368 1.349576

O 1.167040 -0.402506 -0.395531

O -0.000687 0.982179 2.026605

H 1.890227 0.236903 -0.377251

H -0.721301 -0.149054 -0.610024

(a) Solution structure in Cartesian coordinates

in Hartree

Esoln -261.1024

∆G∗soln -261.0925

in cm−1

νimag -195

(b) Solution energies and imaginary frequency
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Table A.21: Transition state for N(H)ONOH (7,10) isomerization.

X Y Z

N 0.197394 -0.179500 0.140128

N 0.037016 0.052386 1.402759

O 1.462916 -0.012589 -0.466244

O -0.318542 1.107520 1.904301

H -0.006618 -0.755429 2.056208

H 1.854812 -0.899268 -0.481476

(a) Solution structure in Cartesian coordinates

in Hartree

Esoln -261.0376

∆G∗soln -261.0283

in cm−1

νimag -1296

(b) Solution energies and imaginary frequency

Table A.22: Transition state for NONOH– (12,15) isomerization.

X Y Z

N -0.006646 -0.235202 -0.038336

N 0.149301 -0.002084 1.355865

O 0.956720 0.056088 -0.715734

O -0.354080 1.391486 1.509088

H 0.407011 1.946227 1.297573

(a) Solution structure in Cartesian coordinates

in Hartree

Esoln -260.5924

∆G∗soln -260.5970

in cm−1

νimag -1109

(b) Solution energies and imaginary frequency
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a.2.4 Transition state structures of direct hydrogen transfer reactions

The following Tables list (a) the geometry optimized TS structures of all hydrogen
transfer reactions and (b) the corresponding electronic energies and free enthalpies
of formation in solution, as well as the sole imaginary frequency of the TS.

Table A.23: Transition state for reaction (2) ⇀↽ (7).

X Y Z

N 0.017929 -0.013737 0.000105

N 0.006085 0.044240 1.285544

O 1.251020 0.023469 -0.605213

O 0.996952 -0.046332 2.023048

H -0.940794 0.083988 1.678685

H 0.147093 0.699213 -0.881543

(a) Solution structure in Cartesian coordinates

in Hartree

Esoln -261.0424

∆G∗soln -261.0360

in cm−1

νimag -1898

(b) Solution energies and imaginary frequency

Table A.24: Transition state for reaction (3) ⇀↽ (9).

X Y Z

N -0.112871 0.041462 0.081722

N -0.166793 -0.050388 1.363751

O 1.188698 0.055961 -0.229474

O -1.161346 -0.095637 2.072777

H -0.879203 0.092320 -0.585140

H 1.131515 -0.043719 1.164853

(a) Solution structure in Cartesian coordinates

in Hartree

Esoln -261.0663

∆G∗soln -261.0599

in cm−1

νimag -1792

(b) Solution energies and imaginary frequency
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Table A.25: Transition state for reaction (3) ⇀↽ (10).

X Y Z

N -0.266839 -0.300211 0.152735

N -0.041804 -0.029978 1.382285

O 0.766473 -0.000412 -0.728682

O -0.873142 -0.082258 2.298043

H 0.953668 0.180816 1.580728

H -0.538356 0.232043 -0.816620

(a) Solution structure in Cartesian coordinates

in Hartree

Esoln -261.0357

∆G∗soln -261.0302

in cm−1

νimag -1892

(b) Solution energies and imaginary frequency

Table A.26: Transition state for reaction (9) ⇀↽ (14).

X Y Z

N -0.002435 -0.001610 -0.001436

H 0.000141 -0.004937 1.264576

O 0.586861 -0.007121 -1.239296

H 1.345145 -0.604115 -1.148278

N -1.213880 0.299630 0.101845

O -1.365856 0.318915 1.405670

(a) Solution structure in Cartesian coordinates

in Hartree

Esoln -261.0803

∆G∗soln -261.0753

in cm−1

νimag -1814

(b) Solution energies and imaginary frequency

Table A.27: Transition state for reaction (14) ⇀↽ (10).

X Y Z

N -0.049113 -0.025459 -0.033498

N -0.307646 -0.009475 1.169093

O 1.296325 0.014778 -0.300717

O -1.590813 -0.042301 1.618896

H -0.469470 0.013609 2.309028

H 1.787103 0.048848 0.541744

(a) Solution structure in Cartesian coordinates

in Hartree

Esoln -261.0497

∆G∗soln -261.0452

in cm−1

νimag -2018

(b) Solution energies and imaginary frequency
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Table A.28: Transition state for reaction (8) ⇀↽ (7).

X Y Z

N -0.002925 0.000000 -0.051318

N 0.036701 0.000000 1.224135

O 1.220576 0.000000 -0.482258

O 1.232313 0.000000 1.784211

H 1.712305 0.000000 0.672068

H -0.809534 0.000000 1.780916

(a) Solution structure in Cartesian coordinates

in Hartree

Esoln -261.1306

∆G∗soln -261.1221

in cm−1

νimag -1344

(b) Solution energies and imaginary frequency

Table A.29: Transition state for reaction (7) ⇀↽ (13).

X Y Z

N 0.063267 -0.107497 -0.223928

N -0.229337 -0.053189 0.978245

O 1.404858 -0.011991 -0.436102

O 0.723479 0.090806 1.964828

H -0.573816 0.000333 2.074876

H 1.823310 0.081539 0.451285

(a) Solution structure in Cartesian coordinates

in Hartree

Esoln -261.0587

∆G∗soln -261.0545

in cm−1

νimag -2018

(b) Solution energies and imaginary frequency

Table A.30: Transition state for the intramolecular transfer in (12).

X Y Z

N -0.091004 0.000000 -0.049190

N -0.090107 0.000000 1.216937

O 1.177814 0.000000 -0.546325

O 1.179532 0.000000 1.712076

H 1.628206 0.000000 0.582286

(a) Solution structure in Cartesian coordinates

in Hartree

Esoln -260.6882

∆G∗soln -260.6930

in cm−1

νimag -1194

(b) Solution energies and imaginary frequency
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a.2.5 Transition state structures of decomposition reactions

The following Tables list (a) the geometry optimized TS structures of all decomposi-
tion reactions and (b) the corresponding electronic energies and free enthalpies of
formation in solution, as well as the sole imaginary frequency of the TS.

Table A.31: Transition state for reaction (9) ⇀↽ (16).

X Y Z

N 0.000000 0.000000 0.000000

N 0.000000 0.000000 1.311026

O 1.613907 0.000000 -0.380143

O -1.129638 -0.159005 1.768625

H 1.605296 0.542652 -1.188223

H 0.730642 -0.820174 -0.510491

(a) Solution structure in Cartesian coordinates

in Hartree

Esoln -261.0435

∆G∗soln -261.0403

in cm−1

νimag -1781

(b) Solution energies and imaginary frequency

Table A.32: Transition state for reaction (10) ⇀↽ (16).

X Y Z

N -0.022422 0.023797 0.030119

N -0.020095 0.004201 1.314781

O 1.481738 0.007370 -0.081637

O -1.049245 0.064061 1.982020

H 1.355800 -0.054563 1.119957

H 1.727203 -0.851525 -0.471599

(a) Solution structure in Cartesian coordinates

in Hartree

Esoln -261.0752

∆G∗soln -261.0688

in cm−1

νimag -1525

(b) Solution energies and imaginary frequency
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Table A.33: Transition state for reaction (13) ⇀↽ (16).

X Y Z

N -0.011523 -0.003726 0.006938

N 0.001429 0.002538 1.205327

O 1.114766 0.004081 1.868885

O 1.667525 0.056493 -0.380422

H 1.794616 -0.021879 0.786325

H 1.801494 -0.798442 -0.815750

(a) Solution structure in Cartesian coordinates

in Hartree

Esoln -261.1212

∆G∗soln -261.1153

in cm−1

νimag -1265

(b) Solution energies and imaginary frequency

Table A.34: Transition state for the decomposition of (12).

X Y Z

N 0.035040 0.000000 0.043084

N -0.005564 0.000000 1.211225

O 0.877012 0.000000 -0.887121

O 1.776072 0.000000 1.947970

H 2.281901 0.000000 1.125681

(a) Solution structure in Cartesian coordinates

in Hartree

Esoln -260.6777

∆G∗soln -260.6832

in cm−1

νimag -330

(b) Solution energies and imaginary frequency

Table A.35: Transition state for the decomposition of (15).

X Y Z

N 0.055080 0.000000 0.129499

N 0.160097 0.000000 1.288478

O 0.837815 0.000000 -0.886419

O -1.600370 0.000000 2.040415

H -2.064788 0.000000 1.193328

(a) Solution structure in Cartesian coordinates

in Hartree

Esoln -260.6488

∆G∗soln -260.6551

in cm−1

νimag -500

(b) Solution energies and imaginary frequency
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a.2.6 Transition state structures of water assisted hydrogen transfer reactions

The following Tables list (a) the geometry optimized TS structures of all water
assisted hydrogen transfer reactions and (b) the corresponding electronic energies
and free enthalpies of formation in solution, as well as the sole imaginary frequency
of the TS.

Table A.36: Water assisted transition state for reaction (3) ⇀↽ (9).

X Y Z

N 0.089019 0.042886 -0.050652

H 0.009110 0.019090 1.332925

O 1.024681 -0.028146 -0.883819

N -1.112954 0.205931 -0.471147

O -2.148727 0.290434 0.342625

H -0.447433 0.773630 2.865921

O -0.633539 0.016337 2.292300

H -1.493537 0.192565 1.723449

H -1.260495 0.270345 -1.481259

(a) Solution structure in Cartesian coordinates

in Hartree

Esoln -337.5820

∆G∗soln -337.5528

in cm−1

νimag -959

(b) Solution energies and imaginary frequency

Table A.37: Water assisted transition state for reaction (3) ⇀↽ (10).

X Y Z

N -0.061780 0.004064 0.059602

N 0.068047 0.010997 1.322208

O 0.901144 0.028525 -0.778041

O -1.042547 -0.020776 2.008412

H 1.354118 0.030678 2.158465

O -0.059174 -0.046834 4.418185

H -0.284101 0.723254 4.952531

H -0.606541 -0.005868 3.566267

O 1.963421 0.082262 3.029841

H 1.209189 0.026763 3.795307

H 2.557786 -0.680626 3.073267

H -1.034906 -0.024069 -0.275687

(a) Solution structure in Cartesian coordinates

in Hartree

Esoln -414.0703

∆G∗soln -414.0183

in cm−1

νimag -169

(b) Solution energies and imaginary frequency
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Table A.38: Water assisted transition state for reaction (9) ⇀↽ (14).

X Y Z

N -0.014886 -0.026027 -0.015488

H -0.009946 -0.029761 1.312728

O 0.997599 -0.089690 -0.967429

H 1.753152 -0.446715 -0.481395

N -1.132951 0.208249 -0.534372

O -2.103683 0.326162 0.322238

H -0.437816 0.782216 2.855502

O -0.649297 0.012636 2.307985

H -1.494787 0.212783 1.716412

(a) Solution structure in Cartesian coordinates

in Hartree

Esoln -337.5914

∆G∗soln -337.5642

in cm−1

νimag -1154

(b) Solution energies and imaginary frequency

Table A.39: Water assisted transition state for reaction (14) ⇀↽ (10).

X Y Z

N 0.106475 -0.019627 0.058670

N -0.000757 -0.025293 1.295073

O 1.486941 0.011268 -0.248319

O -1.218565 -0.054732 1.769194

H 1.079137 -0.015553 2.399201

H 1.486427 0.015316 -1.213144

O -0.766050 -0.073284 4.284283

H -1.090328 0.709353 4.744209

H -1.101162 -0.037610 3.310320

O 1.491520 0.036895 3.380872

H 0.567618 -0.014281 3.969821

H 2.060929 -0.726974 3.548539

(a) Solution structure in Cartesian coordinates

in Hartree

Esoln -414.0828

∆G∗soln -414.0321

in cm−1

νimag -303

(b) Solution energies and imaginary frequency
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Table A.40: Water assisted transition state for reaction (7) ⇀↽ (13).

X Y Z

N 0.073055 -0.032802 0.032908

N -0.059752 -0.025343 1.276274

O 1.399397 0.001273 -0.373907

O 1.028040 0.013810 2.026894

H -1.407833 -0.034865 2.119731

H 1.892923 0.024531 0.481082

O -0.027945 0.039407 4.360061

H 0.171996 -0.733181 4.901785

H 0.548768 0.000646 3.512827

O -2.005545 -0.084784 2.975159

H -1.203895 -0.027764 3.765344

H -2.598868 0.678391 3.009180

(a) Solution structure in Cartesian coordinates

in Hartree

Esoln -414.0931

∆G∗soln -414.0420

in cm−1

νimag -364

(b) Solution energies and imaginary frequency

Table A.41: Water assisted transition state for reaction (10) ⇀↽ (16).

X Y Z

N -0.130960 -0.003526 -0.054592

N -0.115689 -0.050216 1.206761

O 1.312871 -0.060975 -0.490142

O -1.260087 -0.068736 1.755703

H 1.615448 0.204868 2.004309

H 1.354708 0.569901 -1.222602

O 2.508985 0.270591 1.568080

H 2.905346 1.132359 1.770460

H 2.104495 0.201278 0.504351

(a) Solution structure in Cartesian coordinates

in Hartree

Esoln -337.5791

∆G∗soln -337.5508

in cm−1

νimag -389

(b) Solution energies and imaginary frequency
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Table A.42: Water assisted transition state for reaction (13) ⇀↽ (16).

X Y Z

N 0.025401 -0.036275 -0.023003

N -0.020231 -0.120960 1.160638

O 0.992780 0.142245 -0.858848

H 2.074849 0.737451 -0.337915

O 1.535621 -0.043703 1.901797

H 1.262505 0.236940 2.783304

O 2.841954 1.228847 0.300720

H 3.724196 0.880458 0.113472

H 2.442455 0.771964 1.181308

(a) Solution structure in Cartesian coordinates

in Hartree

Esoln -337.6013

∆G∗soln -337.5748

in cm−1

νimag -806

(b) Solution energies and imaginary frequency
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