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Abstract: Nitrous oxide, N2O, is the environmentally most relevant constituent of the biogeochemical nitrogen
cycle. Human activities, e.g. the agricultural use of mineral fertilizers, accelerate nitrogen transformations, leading
to higher emissions of this strong greenhouse gas. Investigating the stable isotopic composition of N2O provides
a better understanding of formation mechanisms to disentangle its variable source and sink processes. Mid-
infrared (mid-IR) laser spectroscopy is a highly attractive technique to analyze N2O isotopocules based on their
specific ro-vibrational absorption characteristics. Specifically, quantum cascade laser absorption spectroscopy
(QCLAS) in combination with preconcentration has shown to be powerful for simultaneous and high-precision
analysis of the main N2O isotopocules. Recently, in the scope of my PhD project, we have been advancing this
analytical technique for the analysis of the very rare doubly substituted N2O isotopic species 15N14N18O, 14N15N18O,
and 15N15N16O, also known as clumped isotopes. Currently, we are investigating the potential of these novel iso-
topic tracers to track the complex N2O production and consumption pathways. Improved understanding of the
nitrogen cycle will be a major step towards N2O emission reduction.
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1. Introduction
Mitigating anthropogenic emissions of greenhouse gases

(GHG) into the Earth’s atmosphere is one of the biggest chal-
lenges that the scientific community and the society in general
is currently facing. Emissions of nitrous oxide, N

2
O, contribute

to global warming by 6%[1] due to its strong global warming po-
tential, which is 300 times higher than that of CO

2
.[2] In addition,

N
2
O is the most important anthropogenically emitted substance

responsible for the depletion of stratospheric ozone.[3] Its atmo-
spheric abundance has increased from around 270 ppb (parts-per-

billion, 10-9 moles of trace gas per mole of dry air)in the preindus-
trial era (before 1750)[4] to 329.9 ± 0.1 ppb in 2017,[5] and the in-
crease steadily continues. Developing mitigation options for this
trace gas requires a profound understanding of its biogeochemical
cycle and control parameters.

Although the global N
2
O budget and the main source areas –

soils under natural vegetation, agricultural land use, and oceans –
are well known, fluxes exhibit very high spatial and temporal vari-
ability, which makes predictions and mitigation very challenging.
In addition, the specific biogeochemical production pathways of
N

2
O display a high complexity, with many potential microbial and

abiotic transformations.A detailed description of processes known
to lead to N

2
O formation or consumption and of challenges in their

characterization can be found in a number of review articles.[6,7]
Currently, the most important pathways in soils are considered to
be: bacterial heterotrophic denitrification and nitrifier-denitrifi-
cation, nitrification, and chemodenitrification. However, as some
of these processes start from the same substrates (e.g. nitrates or
nitrites), and even exhibit the same reaction intermediates, quanti-
fication of their individual contributions is still not possible.

In this context, natural abundance stable isotope signatures
can be used as fingerprints to trace transformations of sub-
stances present in the environment. Likewise, the stable iso-
topic composition of GHG, such as N

2
O, provides important

information about source and sink processes.[8,9] The natural
variations in stable isotope abundances are due to the fact that
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not only by the reaction through which it is produced but also
by the composition of the substrate. In contrast, the difference
between 15N substitution in α and β position, SP, is independent
from the isotopic composition of the precursor and therefore of
particular interest to differentiate biogeochemical reaction path-
ways in the nitrogen cycle.[13]Generally, there is a stronger affin-
ity of 15N towards the central than towards the end N position in
the N

2
Omolecule, due to a lower zero-point energy of 14N15N1xO

as compared to 15N14N1xO.[14] While isotopocule mapping has
shown potential to study individual reactions, in particular if
additional supporting parameters or modelling approaches are
available, overlapping isotopocule signatures often prevent a
quantitative assignment.

Theoretical predictions indicate that multiply substituted, so-
called ‘clumped’ isotopocules, provide additional constraints on
reaction pathways. Under equilibrium conditions, clumping of
heavier isotopes in a chemical bond is thermodynamically favor-
able because ‘heavier’ chemical bonds are more stable.[16] The
extent of this phenomenon is temperature-dependent, meaning
that the abundance of ‘clumped isotopes’ in a sample bears in-
formation about the equilibrium formation temperature and the
reversibility of a process.[17–19] In carbonate paleothermometry,
this formalism is used to study past climate on Earth.[20–23] Under
non-equilibrium kinetic conditions, the clumped signature pro-
vides information on the reversibility of a reaction and thus ad-
ditional dimensionality for interpretation.[24]Apart from their use
in source studies, clumped N

2
O isotopes have been suggested as

powerful tracers for the main sink process, stratospheric photoly-
sis.[25] Concentrations of clumped isotopic species are given in
the ∆ notation:

∆556 = �����	�����������
�	��

 − 1 − �����	�����������
�	��

 − 1 − �����	�����������
�	��

 − 1 (3)

where R556, R456, R546 are the abundance ratios of the isoto-
pocules 15N15N16O, 14N15N16O, and 15N14N16O relative to 14N14N16O,
in the sample and in a reference gas with stochastic (random)
isotopic composition. SP18 is defined as the difference between
∆458 and ∆548.

in many biotic and abiotic processes, the reaction rates dif-
fer between isotopic species, e.g. reduction of 15NO

2
– versus

14NO
2
–, leading to a so-called isotopic fractionation.[10] As the

isotopic fractionation is distinct for certain reaction pathways,
this information can be used to differentiate source processes
from each other. The N

2
O molecule (N=N=O) involves in total

12 distinct ‘isotopically substituted molecules’ or ‘isotopoc-
ules’, representing all possible combinations of the nitrogen
isotopes 14N and 15N and the oxygen isotopes 16O, 17O, and 18O.
The term ‘isotopocule’ is an umbrella term of ‘isopologue’
and ‘isotopomer’ (isotopic isomer).A particular feature for the
asymmetric N

2
Omolecule is that the central (α, N*NO) and the

end (β, *NNO) N atom are distinguishable, which has particular
potential for source attribution as discussed below. A list of all
N

2
O isotopocules together with their average abundance and

molecular mass can be found in Table 1. The abundance of iso-
topocules is usually reported in the δ notation and the deviation
from a reference standard expressed in ‰ values:

𝛿𝛿𝛿𝛿 = ���
�	��
���
���� − 1 (1)

𝑆𝑆𝑆𝑆 = 𝛿𝛿 𝛿𝛿��� − 𝛿𝛿 𝛿𝛿	�� (2)

where X denotes e.g. 15Nα, 15Nβ, 15Nbulk (for average 15N content),
R is the ratio between the amount fraction of the rare isotopic spe-
cies and the amount fraction of most abundant species 14N14N16O,
e.g. R(15N14N16O/14N14N16O) = x(15N14N16O)/x(14N14N16O), for the
sample and the reference gas.[11] The difference between 15N sub-
stitution in α and β position, defined according to Eqn. (2), is
denoted as site preference (SP). Reference standards provide the
link to the international scale for isotope ratios, which is atmo-
spheric N

2
(Air-N

2
) for nitrogen isotopes and Vienna Standard

Mean Ocean Water (VSMOW) for oxygen isotopes.[12]
In the dual N

2
O isotopocule mapping approach, isotope sig-

natures are combined to allocate source processes (Fig. 1). The
bulk isotopic composition of N

2
O (δ15Nbulk, δ18O) is influenced

Table 1. The N2O isotopocules, their natural average abundance, and
molecular masses. For the multiply substituted isotopic species, random
(stochastic) distribution of isotopes among all isotopocules is assumed.

isotopocule relative
abundance

mass m(X)/u

14N14N16O 9.903·10–1 44.0011

14N15N16O 3.641·10–3 44.9981

15N14N16O 3.641·10–3 44.9981

14N14N18O 1.986·10–3 46.0053

14N14N17O 3.762·10–4 45.0053

15N15N16O 1.339·10–5 45.9951

14N15N18O 7.300·10–6 47.0023

15N14N18O 7.300·10–6 47.0023

14N15N17O 1.383·10–6 46.0023

15N14N17O 1.383·10–6 46.0023

15N15N18O 2.684·10–8 47.9994

15N15N17O 5.085·10–9 46.9993

Fig. 1. Dual isotopocule mapping approach with isotopic signatures of
several biotic and abiotic sources of N2O (adapted from refs [13,15]).
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ity for the low abundant N
2
O isotopocules (e.g. 15N14N18O with a

relative abundance of 7.3·10–6), comparable intensity for the most
abundant isotopic species (14N14N16O with 9.903·10–1), and mini-
mal spectral interference from other atmospheric trace gases, e.g.
CO

2
and CO.

In principle, laser spectroscopy is an absolute method to de-
termine concentrations of individual isotopocules and calculate
isotope ratios. In practice, however, the obtained concentration
values are affected by a variety of parameters such as uncertainty
in gas temperature and pressure, gas matrix, fluctuations in la-
ser temperature and current, optical fringes, etc. To account for
these effects and assure long-term stability, a calibration scheme
has to be implemented (see Fig. 3b). Thereby, sample gas mea-
surements are bracketed by analyses of calibration gases, and a
second calibration gas with different isotopic composition is an-
alyzed regularly for two-point calibration of the δ values. In ad-
dition, a target gas (compressed air) is measured every few hours
in between samples to monitor the data quality of the complete
analytical technique. The full analytical routine is automated by
a custom-developed LabVIEW software and is robust enough
for unattended field campaigns.

Important criteria for data quality in laser spectroscopy are
precision and drift/stability of the measured signal as charac-
terized using the two-sample standard deviation (Allan devia-
tion),[41] which describes how the variance evolves in time when
the signal is integrated. In Fig. 3a, a representative Allan plot
for the δ14N15N18O is given, where an optimal integration time
of around 6 minutes yields anAllan precision of 0.06‰. Beyond
this time, various drift effects hinder a further increase in preci-
sion.

The high-precision analysis of N
2
O isotopocules by QCLAS

requires enhanced concentration levels and thus preconcen-
tration from ambient air.[42,43] Fig. 4 shows a fully-automated
preconcentration device developed at Empa, called TRace gas
EXractor (TREX), that has the capability to adsorb N

2
O of dried

ambient air on a HayeSepD filled adsorption trap. After trap-
ping is finished, N

2
O is separated from co-adsorbed gases by

a step-wise increase of the trap temperature and flushed into
the astigmatic Herriott multi-pass absorption cell of the laser
spectrometer using a carrier gas, usually high-purity synthetic
air or N

2
. Concentrations of individual N

2
O isotopocules are

analyzed at low cell pressure, to reduce pressure broadening of
the absorption lines, using a laser spectrometer from Aerodyne
Research Inc. (USA) equipped with appropriate QCLs. Laser
scanning, signal processing, and quantitative spectral fitting is

Traditionally, isotopocules of N
2
O are analyzed by iso-

tope-ratio mass spectrometry (IRMS).[11] For the analysis
of clumped isotopocules, subtle mass differences have to be
resolved, which requires cutting-edge ultra high-resolution
IRMS.[26] Although precision and sensitivity of mass spectro-
metric measurements are usually very high,[27] the technique
is only suitable for laboratory-based experiments. In addition,
‘isotopic isomers’ (isotopomers), e.g. 14N15N16O and 15N14N16O,
or 14N15N18O and 15N14N18O, cannot be resolved by mass but
require a complex analysis of molecular N

2
O+ and fragment

NO+ ions involving correction for isotopic scrambling in the
ion source.[11,28]

In recent years, laser spectroscopic techniques for analysis
of the singly substituted N

2
O isotopocules in the mid-IR region

have been developed using quantum-cascade laser absorption
spectroscopy (QCLAS)[29–33] and cavity ring-down spectroscopy
(CRDS).[34,35] They are selective for individual isotopomers, of-
fer precision levels comparable to IRMS, and, in contrast to the
latter, are also field-deployable, which is a frequent requirement
for environmental applications. Recently, we have adopted the
QCLAS technique for the analysis of clumped N

2
O isotopocules

14N15N18O, 15N14N18O, and 15N15N16O. Being a completely new
and exciting field of research, analysis of clumped N

2
O isotopes

offers a broad range of prospective applications, in particular
of N

2
O produced by microbial, fungal and abiotic sources pro-

cesses. In a larger perspective, this new technique may also be
applied in other research areas such as stratospheric chemistry
or industrial catalytic processes.With respect to biogeochemical
N

2
O cycles, clumped N

2
O is expected to significantly advance

our understanding by providing a new class of approaches and
molecular-scale insights.

2. Principle of QCLAS for Isotopic Analysis
The mid-infrared (mid-IR) range is a highly attractive spec-

tral region as it provides access to strong fundamental vibrations
of many GHG and therefore enables high-precision analysis.
Isotope-selective analysis is inherently feasible as the spectral
characteristics depend not only on molecular mass, but also on the
symmetry of the molecule which are changed upon isotopic sub-
stitution. Fig. 2 displays ro-vibrational spectra of the fundamental
asymmetric stretching vibration ν

3
between 2100 and 2300 cm–1

for the ten most abundant N
2
O isotopocules. The most adequate

spectral windows for laser spectroscopic analysis are indicated by
shaded lines. These regions were selected considering the narrow
tuning of distributed feedback (DFB) lasers, maximum sensitiv-

Fig. 2. Absorption bands for the
fundamental asymmetric stretch-
ing vibration ν3 of the ten most
abundant isotopocules of N2O.
The shaded lines indicate spectral
regions which are used for analysis
of singly (green) and doubly sub-
stituted N2O isotopocules (blue).
Linestrength data for 14N14N16O
and all the singly substituted iso-
topocules were retrieved from the
HITRAN 2012 database.[36]Data
for doubly substituted isoto-
pocules were simulated in the
software PGOPHER[37] using spec-
troscopic parameters available in
literature.[38–40]



Laureates: Junior Prizes of the sCs faLL Meeting 2018 CHIMIA 2019, 73, No. 4 235

within the European research project Stable Isotope Reference
Standards (SIRS).[46]

Recently, we exploited the capability of QCLAS for real-time
measurements of N

2
O isotopocules in a number of laboratory[44,47]

and pilot scale incubation studies.[48] Fig. 5 displays an example
of the chemical reaction of hydroxylamine (NH

2
OH) with nitrite

yielding N
2
O.[44] Our measurements indicate that the produced

N
2
O for all reaction conditions shows a very constant SP value,

which is indicative for this process. This finding further implies
that the abiotic production of N

2
O from hydroxylamine proceeds

via a defined transition state, which controls the isotopic iden-
tity of product N

2
O. The identified isotopic signature can be used

to pinpoint the process while studying the N
2
O biogeochemical

cycle.
In combination with automated preconcentration, TREX-

QCLAS allows highly precise real-time measurements of singly
substituted N

2
O isotopocules even at ambient concentrations

around 330 ppb.[32,43] Deviations of N
2
O concentrations and iso-

topic composition from background conditions are interpreted
with respect to pollution events and their isotopic signatures
determined by using a mixing model, e.g. Keeling or Miller-
Tans plots. In two exemplary studies on N

2
O source processes

in grassland,[29,49] emissions were mainly attributed to microbial

fully automated through the software TDL Wintel (Aerodyne
Research Inc., USA).

3. Applications
Our laboratory pioneers the analysis of novel N

2
O isotopoc-

ules by laser spectroscopy with a main focus on applications to
trace transformation pathways. The first spectrometer developed
in 2008[30] was based on a pulsed QCL (2188 cm–1) with the capa-
bility for δ15Nα and δ15Nβ analysis and precision levels of 0.5‰ at
90 ppm (parts-per-million, 10-6 moles of trace gas per mole of dry
air) N

2
O. In 2013, we implemented cw-QCL (continuous wave;

2203 cm–1) offering a five-fold increase in precision and the ca-
pability for additional analysis of δ18O.[44] Within my PhD thesis,
since 2016, we established the first dual cw-QCL spectrometer
(2143 and 2183 cm–1) for doubly substituted N

2
O isotopocules.

This spectrometer enables specific and high-precision analy-
sis of five singly substituted (14N14N16O, 14N15N16O, 15N14N16O,
14N14N18O, 14N14N17O) and three clumped N

2
O isotopocules

(14N15N18O, 15N14N18O, 15N15N16O). N
2
O isotope research, in par-

ticular by laser spectroscopy, is a relatively immature technique.
Therefore, it is crucial to establish reliable and traceable refer-
ence materials.We collaborate with other research groups on their
development and on the compatibility of measurements,[45] e.g.

Fig. 3. a) A representative Allan variance plot for δ14N15N18O, indicating a precision of 0.06‰ that is achieved after 6 min averaging. The intersect at
1 s shows a precision level of 1‰. b) A full measurement cycle implemented for QCLAS analysis. Sample gas measurements are bracketed by
analysis of calibration gas 1. For two-point δ-calibration, a second calibration gas is measured regularly, while data quality is monitored by analysis
of N2O in air target gas.

Fig. 4. Scheme of the analytical technique TREX-QCLAS.
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denitrification with a variable fraction of N
2
O being reduced

to N
2
. In an extended study at a sub-urban site (Dübendorf,

Switzerland), changes in N
2
O concentration and derived source

signatures were interpreted using an atmospheric modelling ap-
proach.[50] In the future, isotopic information is expected to pro-
vide additional constraints to validate emission inventories not
only for overall source strength but also for individual source
categories.

Seasonal variability of N
2
O isotopic composition in the at-

mosphere has been identified in a bi-weekly monitoring project
at the high Alpine research station Sphinx, Jungfraujoch since
April 2014. The ongoing field observations have clearly shown
an increasing trend of atmospheric N

2
O mixing ratios by 1.2 ppb

per year. The high precision of our analytical technique allowed
the seasonal variability of the SP to be revealed, i.e. lowest SP
during summer period and highest SP in winter period (Fig. 6).

Fig. 5. Mixing ratios (A) and isotopic composition (B – D) of N2O produced by the abiotic reaction between 1 mM NH2OH and 1 mM NO2
–, buffered

at pH 4 (citrate–phosphate buffer). Results show that: δ15N bulk, δ15Nα, and δ15Nβ (B) and δ18O of N2O (C) display isotopic fractionation, while the N2O
site preference (SP) (D) remains constant, indicative of the reaction transition state. All values are 1 Hz data, red lines show the 60 s moving average.
Figure reproduced with permission from Elsevier.[44]

Fig. 6. Seasonal variability of SP in N2O (right) from the air sampled at the high-altitude research station Sphinx located at Jungfraujoch in
Switzerland (left).
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This can be explained by stronger contribution of denitrification,
which produces N

2
Owith generally low SP, in the summer period

and vice versa.
During my PhD project in the Laboratory for Air Pollution/

Environmental Technology at Empa, I became well acquainted
with the field of N

2
O isotopocule studies by QCLAS. In the first

phase of my thesis, I established and optimized a novel laser spec-
trometer (Aerodyne Research, Inc. USA) with two QCL light
sources emitting at 2143 and 2183 cm–1, for direct, site-specific
and high-precision analysis of rare, so far inaccessible ‘clumped
isotopes’ of N

2
O, 14N15N18O, 15N14N18O, and 15N15N16O. In addi-

tion, five singly substituted isotopocules are analyzed in the se-
lected spectral region to reference measurements to bulk isoto-
pic composition. Thereby, the instrument provides simultaneous
high precision data on eight N

2
O isotopocules, which is so far not

achievable with any other analyzer (neither using laser spectros-
copy nor IRMS).

Due to the novelty of this field of research, no reference
gases for the studied clumped N

2
O isotopocules are available.

Therefore, my research is currently focused on the establish-
ment of a new reference frame. Two methods are under evalu-
ation: a) linking N

2
O composition to stochastic distribution[16]

by heating N
2
O gases of different isotopic composition over

activated Al
2
O

3
at two different temperatures, 100 and 200 °C;

and b) calibration of individual isotopocules using gravimetri-
cally prepared mixtures of N

2
O in N

2
. Using two independent

approaches will enhance the reliability of the data and support
future applications.

In a third work package, I will explore the use of clumped
N

2
O isotopocules as novel tracers for the N

2
O biogeochemical

cycle. Part of this work will be done in spring 2019 during an
exchange stay in the group of Prof. Naohiro Yoshida at Tokyo
Institute of Technology, funded by the Bilateral Japanese-Swiss
Science and Technology Program. In short, clumped isotopic
signatures of N

2
O, in particular SP18 (difference in abundance of

14N15N18O and 15N14N18O), produced by pure microbial cultures of
ammonium oxidizer Nitrosococcus oceani and bacterial denitri-
fiers Pseudomonas aureofaciens and Pseudomonas stutzeri[51–54]
will be tested for their potential to resolve processes that cannot
be distinguished with the classical SP approach.

4. Conclusion and Outlook
QCLAS has opened a new field of research in the N

2
O bio-

geochemical cycle due to its capability for real-time analysis of
isotopic N

2
O species in both laboratory and field applications.

In combination with automated preconcentration (TREX), la-
ser spectroscopy not only reaches precision levels comparable
with state-of-the-art IRMS, but also has inherent selectivity for
isotopic isomers. The combined TREX-QCLAS technique has
demonstrated its potential to trace changes in the N

2
O isoto-

pic composition in various studies, on conventional and novel
waste-water treatment processes, snow-covered soils, agricul-
turally managed grasslands, as well as in chemical and combus-
tion sources.

Within my PhD project, the application of QCLAS has been
extended to the analysis of very rare, so-called ‘clumped isotopes’
of N

2
O. The novel analytical technique offers the unique opportu-

nity for simultaneous high-precision analysis of eight N
2
O isoto-

pocules. Theoretical predictions and analogies with clumped CO
2

and CH
4
indicate the potential of clumped N

2
O isotopocules as

novel reservoir-insensitive tracers for the biogeochemical nitro-
gen cycle.
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