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Scientific Program

Sunday, July 7

until     16:00 	 Arrival of shuttle buses from Munich and Salzburg train station/ airport

until     18:00 	 Registration

17:00 – 18:00 	 Welcoming reception at Klostergasthof

18:00 – 19:30 	 Dinner

19:30 – 19:45	 Welcoming from organizers

19:45 – 20:30 	 Evening session – Topic: Forensics

		  Thomas Piper (German Sport University Cologne, Germany):
		  Isotope ratio mass spectrometry in sports drug testing

21:00 – 22:00	 Shuttle buses to hotel
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Monday, July 8

until 08:30	 Breakfast

08:30		 Shuttle buses from hotel to Raitenhaslach

09:00 – 10:45  Morning Session 1 – Topic 1: Advances in Analytics I

09:00 – 09:45 Matthias Gehre (Helmholtz Center for Environmental Research – UFZ, Germany): 
Methodical advances in multi-element compound-specific stable isotope analysis using 
elemental analyzer- and gas chromatography-techniques

09:45 – 10:05 Simon Leitner (BOKU, Austria): 
UAV-based gas monitoring systems for the underpinning of urban, agricultural and indus-

  trial emission roadmaps – a methodological approach
10:05 – 10:25 Joachim Mohn (EMPA, Switzerland): 

A user guideline for N2O isotopocule analysis by laser spectroscopy: how to retrieve accu-
  rate results using QCLAS, CRDS or OA-ICOS analysis?
10:25 – 10:45 Julian Renpenning (Thermo Fisher Scientific, Germany): 

Coupling of GC-IRMS with high-resolution mass spectrometry (GC Orbitrap) for final 
confirmation in drugs and metabolites research

10:45 – 11:15	 Coffee break

11:15 – 12:40	 Morning Session 2 – Topic 3: Isotope Effects in Chemistry

11:15 – 12:00	 Mathew Vetticatt (Binghamton University, USA): 
Kinetic isotope 	effects in organocatalysis and transition-metal catalysis

12:00 – 12:20	 John Glancy (University of Bath, UK): 
Computational simulation of mechanism and isotope effects on acetal heterolysis as a 
model for glycoside hydrolysis

12:20 – 12:40	 Daniel O'Leary (Pomona College, USA): 
Isotopic perturbation of hydrogen bond equilibria

13:00 – 14:00	 Lunch

14:15 – 16:15	 Shuttle buses between hotel and Raitenhaslach

16:30 – 18:00	 Poster session

18:00 – 19:30	 Dinner

19:30 – 20:35	 Evening Session – Topic 4: Isotope Effects in Biology and Enzymology I

19:30 – 20:15	 Steven Schwartz (University of Arizona, USA): 
Heavy enzymes, artificial and natural enzymes and what they both teach us about 
enzyme design

20:15 – 20:35	 Andrew Bennet (Simon Fraser University, Canada): 
Kinetic isotope effect measurement for carbasugar analogue covalent inhibitors

21:00–22:00	 Shuttle buses to hotel

Scientific Program | Monday, July 8
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Tuesday, July 9

until 08:30	 Breakfast
08:30 		  Shuttle buses from hotel to Raitenhaslach

09:00 – 10:45	 Morning session 1 – Topic 2: Computations & Theory

09:00 – 09:45	 Ian Williams (University of Bath, UK): 
		  Hessian-based QM and QM/MM calculations of isotope effects

09:45 – 10:05	 Masanori Tachikawa (Yokohama City University, Japan): 
		  Path integral simulation for accurate calculation of hyperfine coupling constants of 
		  hydrogenated and muoniated molecules

10:05 – 10:25	 Agnieszka Dybala (Lodz University of Technology, Poland): 
		  Vapor pressure 	isotope effects on evaporation from pure organic and aqueous phases – 
		  a theoretical study

10:25 – 10:45	 Vicent Moliner (Universitat Jaume I, Spain): 
		  Theoretical predictions of enzymatic rate constants and kinetic isotope effects: from 
		  origins to applications

10:45 – 11:15	 Coffee break

11:15 – 12:45	 Morning session 2 – Topic 4: Isotope Effects in Biology and Enzymology II
11:15 – 12:00	 Sam Hay (University of Manchester, UK):  
		  What are the signatures of tunnelling in enzyme-catalysed reactions?

12:00 – 12:45	 Adam Offenbacher (East Carolina Unversity, USA): 
		  Temperature dependent kinetic isotope effects resolve the origins of proficient 
		  enzymatic C-H activation

13:00 – 14:00	 Lunch

14:15 – 16:15	 Shuttle buses between hotel and Raitenhaslach

16:30 – 18:00	 Poster session

18:00 – 19:30	 Dinner

19:30 – 20:55	 Evening session – Topic 4: Isotope Effects in Biology and Enzymology III
19:30 – 20:15	 Samantha Hardman (University of Manchester, UK): 
		  The use of stable isotopes in ultafast spectroscopy of enzymes and photoreceptors

20:35 – 20:55	 Marco Farren-Dai (Simon Fraser University, Canada): 
		  Mechanistic evaluation of glycoside hydrolases covalent inhibitors: enzymatic kinetic
		   isotope effect and computational studies

21:00–22:00	 Shuttle buses to hotel

Scientific Program | Tuesday, July 9
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Wednesday, July 10

until 08:30	 Breakfast
08:30 Shuttle buses from hotel to Raitenhaslach

09:00 – 10:45 	 Morning session 1 – Topic 7: Environmental and Water Chemistry / Microbiology I

09:00 – 09:45	 Thomas Hofstetter (Eawag & ETH Zürich, Switzerland):
Effect of metabolic constraints on the observable isotope fractionation during aerobic 
biodegradation of hexachlorocyclohexanes

09:45 – 10:05	 Johannes Büsing (University of Tübingen, Germany): 
Using dual element isotope analysis (δ13C, δ37Cl) to gain mechanistic insights into enzy-	

		  matic tetrachloroethene degradation of three different reductive dehalogenases

10:05 – 10:25	 Ivonne Nijenhuis (Helmholtz Centre for Environmental Research – UFZ, Germany):
Mechanistic and enzymatic insights in reductive dehalogenation by Dehalococcoides 
mccartyi strain BTF08

10:25 – 10:45	 Tomasz Kuder (University of Oklahoma, USA): 
Biological and abiotic natural attenuation of 1,2-Dibromoethane (EDB) at Kirtland
AFB, USA

10:45 – 11:15	 Coffee break

11:15 – 12:40	 Morning session 2 – Topic 7: Environmental and Water Chemistry / Microbiology II

11:15 – 12:00	 Anat Bernstein (Midreshet Ben-Gurion, Israel):  
Applying stable isotope analysis on increasing scales –microcosm, field, and multi-

		  field-sites studies

12:00 – 12:20	 Michaela Löffler (Helmholtz Centre for Environmental Research – UFZ,Germany): 
Tracking hydrogenase activity with hydrogen stable isotopes

12:20 – 12:40	 Charlotte Bopp (Eawag, Switzerland): 
Impact of oxygen activation on substrate isotope effects of enzymatic oxygenations

13:00 – 14:00	 Lunch

14:00 – 22:00	 Excursion to Salzburg and conference dinner at panorama restaurant 
Hohensalzburg Fortress

The journey will allow us to visit the old city of Salzburg and explore some of its 
highlights for two hours before the conference dinner. At dinner, we will enjoy at 
the restaurant location high above the rooftops of Salzburg a nice view over the city. 
Travelling back to medieval times, we will be eating like the archbishops and be en-
tertained by funny and exciting games from the time of the archbishops. Master of 
ceremonies will guide us through the evening and introduce us to medieval music, 
customs and traditions of the archbishops.

Scientific Program | Wednesday, July 10
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14:00		 Departure of shuttle buses from Raitenhaslach

15:30 – 17:30	 Free time to explore Salzburg

17:45		 Departure by cable-car (Mönchsberg 34, S020 Salzburg) up to the restaurant

18:00		 Beginning of dinner/program

22:00		 Departure of shuttle buses back to Burghausen/Raitenhaslach

Scientific Program | Wednesday, July 10
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Thursday, July 11

until 08:30	 Breakfast
08:30 		  Shuttle buses from hotel to Raitenhaslach

09:00 – 10:45	 Morning session 1 – Topic 5: Isotopologues

09:00 – 09:45	 Shuhei Ono (Massachusetts Institute of Technology, USA): 
		  Measurements of doubly substituted methane isotopologues (13CH3D and 12CH2D2) 
		  using mid-infrared spectroscopy

09:45 – 10:05	 Stefano Bernasconi (ETH Zürich, Switzerland): 
		  Measuring the temperature of geological processes with carbonate clumped isotopes

10:05 – 10:25	 Kristýna Kantnerová (Empa / ETH Zürich, Switzerland): 
		  New reference frame for clumped N2O isotopic analysis

10:25 –  10:45	 Min Zhu (Helmholtz Centre for Environmental Research – UFZ, Germany):  
	 	 3D (13C, 2H, 37Cl) Isotope analysis for HCHs transformation by cobalamin

10:45 – 11:15	 Coffee break

11:15 – 12:40	 Morning session 2 – Topic 5/7: Isotopologues/ Environmental and Water 
		  Chemistry/ Microbiology II

11:15 – 12:00	 Gerald Remaud (University of Nantes, France): 
		  2H, 13C and 15N isotopomers titration and profiling: the use of Nuclear Magnetic 
		  Resonance spectrometry (NMR) for Position-Specific Isotope Analysis (PSIA)

12:00 – 12:20	 Natalia Malina (Helmholtz Centre for Environmental Research – UFZ, Germany): 
		  Analysis of phenolics by gas-chromatography – isotope ratio mass-spectrometry 
		  (GC-IRMS): method development and application

12:20 – 12:40	 Jing Wei (Empa, Switzerland): 
		  Quantifying N2O production pathways of waste water treatment plants using 15N tracer

13:00 – 14:00	 Lunch

14:15 – 16:15	 Shuttle buses between hotel and Raitenhaslach

17:00 – 17:40	 Afternoon Session – Topic 7: Environmental and Water Chemistry/ Microbiology III

17:00 – 17:20	 Tetyana Gilevska (University of Toronto, Canada): 
		  In situ biodegradation rates in contaminated sediments via a high resolution multi-
		  element isotopic approach

17:20 – 17:40	 Ann Ojeda (University of Toronto, Canada): 
		  Useful statistical methods for compound-specific isotope analysis in contaminant 
		  hydrogeology

18:00 – 19:30	 Dinner

Scientific Program | Thursday, July 11
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19:30 – 20:35	 Evening session  – Topic 6: Earth/Planetary Sciences, Biogeochemistry and Ecology I

19:30 – 20:15	 Katherine Freeman (The Pennsylvania State University, USA): 
		  Tracking life's fingerprints with molecules and isotopes

20:15 – 20:35	 Jürgen Schleucher (Umeå University, Sweden): 
		  New ecophysiological information from intramolecular isotope variation: methods, 
		  analysis and implications for biogeochemistry

21:00–22:00	 Shuttle buses to hotel

Scientific Program | Thursday, July 11
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Friday, July 12

until 08:30	 Breakfast
08:30 		  Shuttle buses from hotel to Raitenhaslach

09:00 – 10:50	 Morning session 1 – Topic 6: Earth / Planetary Sciences, Biogeochemistry and Ecology II

09:00 – 09:45	 Deb Jaisi (University of Delaware, USA): 
		  Linking phosphate oxygen isotope effects to phosphorus cycling, from molecular to 
		  ecosystem scales

09:45 – 10:05	 Andrea Watzinger (University of Natural Resources and Life Sciences 
		  (BOKU), Austria):  Future precipitation patterns in agroecosystems affected carbon 
		  and nitrogen turnover – a green manure stable isotope labelling study

10:05 – 10:50	 Martin Jiskra (University of Basel, Switzerland):
		  Mercury stable isotopes as an eye-opener on the role of vegetation in global mercury cycling

10:50 – 11:15	 Coffee break

11:15 – 12:20 	 Morning session 2 – Topic 1: Advances in Analytics II

11:15 – 12:00	 Danilo Sciarrone (University of Messina, Italy):  
		  Simultaneous detection by isotope ratio and quadrupole mass spectrometry coupled to 	
		  multidimensional gas chromatography for the analysis of complex samples

12:00 – 12:20	 Natalia Ivleva (Technical University of Munich, Germany): Stable Isotope 
		  Raman Microspectroscopy for Nondestructive Analysis of Microorganisms on the 
		  Single-Cell Level
		
12:20 – 12:40	 Prizes & closing

13:00 – 14:00	 Lunch

14:00		  Departure of shuttle buses to Munich and Salzburg train station/airport

Scientific Program | Friday, July 12
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Isotope ratio mass spectrometry in sports drug testing

Thomas Piper1, Mario Thevis1,2

1 German Sport University Cologne, Institute of Biochemistry, Center for Preventive Doping Research, Am Sportpart 
Müngersdorf 6, 50933 Köln, Germany
2 European Monitoring Center for Emerging Doping Agents (EuMoCEDA), Cologne/Bonn, Germany

The application of isotope ratio mass spectrometry (IRMS) to doping control analysis is a growing 
scientific field encompassing different approaches to improve the detection of cheating athletes.

Since more than 15 years the determination of carbon isotope ratios (CIR) enables to confirm abnor-
mal steroid profiles found in athletes. The steroid profile is based on the measurement of six or more 
different urinary steroid concentrations such as those of testosterone (T) and epitestosterone (E) and 
corresponding concentration ratios. Elevated ratios of T/E can be due to either testosterone doping 
or confounding factors like bacterial contamination or ethanol intake. Only by IRMS measurements 
of urinary T or T-metabolites it is possible to unambiguously confirm the anti-doping rule violation. 
This approach has recently been improved by the introduction of a so-called long-term metabolite 
(epiandrosterone), which enables to prolong the detection of T-doping considerably. 

A comparable approach enables to identify the source of so called pseudo-endogenous steroids such 
as boldenone, 19-norandrosterone, and formestane that represent doping substances but, in rare 
cases, can also be produced endogenously.

While most of the IRMS techniques in doping controls focus on steroids as target analytes, first in-
vestigations into other classes of compounds have been successfully accomplished and, as in case of 
AICAR, already implemented into routine sports drug testing programs. AICAR is produced natu-
rally in humans and beneficially modulates insulin action and glucose uptake which consequently 
led to its inclusion into the so-called Prohibited List of the World Anti-Doping Agency (WADA).

In rare cases, CIR might fail to identify the source of urinary T-metabolites. Here, hydrogen isotope 
ratios (HIR) have been implemented in doping controls. Unfortunately, a considerably large over-
lap in isotope ratios between endogenously produced steroids and pharmaceutical preparations has 
been substantiated, complicating the straightforward application of this method.

But HIR proved to be extremely valuable in the detection of formerly unknown metabolites of syn-
thetic steroids like metandienone, methylstenbolone, 2-androstenone, or the selective androgen re-
ceptor modulator YK11. Excretion studies employing the deuterated analogs of the compound under 
investigation in combination with HIR and high resolution/high accuracy mass spectrometry allows 
for unambiguous identification of (nearly) all urinary metabolites of the administered compound.

In this presentation, an overview of the exciting and challenging field of the application of IRMS in 
doping control analysis will be provided. Using authentic case reports, the added value of IRMS to 
sports drug testing is demonstrated that significantly contributes to fair decision-making processes.

Oral presentations | Sunday, July 7 | Topic: Forensics
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Methodical advances in multi-element compound-specific                       
stable isotope analysis using elemental analyzer- and gas 

chromatography-techniques

Matthias Gehre
Helmholtz Centre for Environmental Research – UFZ, Permoserstr. 15, 04318 Leipzig, Germany

During the last two decades several new on-line techniques for the analysis of hydrogen carbon, 
nitrogen, chlorine and sulfur stable isotope ratios were introduced which paved the way towards 
multi-element compound-specific stable isotope analysis (ME-CSIA). Through the isotope measure-
ments of several elements of a compound, new possibilities of a more detailed process elucidation 
and understanding were made possible or greatly improved.

The presentation will focus on gas chromatography (GC) and elemental analyzer (EA) applications 
coupled with gas isotope ratio mass spectrometer (IRMS) or multi-collector inductively coupled plas-
ma mass spectrometer (MC-ICPMS) as detector. Practical methods for high and low flow systems 
will be presented. Moreover, major and irreconcilable isotopic discrepancies as a result of incomplete 
conversion of the sample to the respective analyses gas will be discussed. A central bottleneck for 
ME-CSIA is the missing of adequate isotopic reference materials which can be used to normalize the 
isotope results via two-point calibration to international scales. Additionally, the feasibility and the 
value of ME-CSIA for forensic inquiries and environmental questions will be addressed. 

Oral presentations | Monday, July 8 | Topic 1: Advances in Analytics I



17

UAV-based gas monitoring systems for the underpinning 
of urban, agricultural and industrial emission roadmaps –                                           

a methodological approach

Simon Leitner1, Wendelin Feichtinger2, Stefan Mayer2, Florian Mayer2, Rebecca Hood-Nowotny1 & 
Andrea Watzinger1

1 University of Natural Resources and Life Sciences Vienna, Institute of Soil Research, Konrad-Lorenz-Straße 24, 3430 
Tulln, Austria
2 Combinnotec Ges.m.b.H, Heiligenkreuzer Str. 466, 2534 Alland, Austria

Currently sampling of the atmosphere for gas emission measurements involves building towers or 
hiring airplanes – capital-intensive methods. Easy access to unmanned aerial vehicles (UAV) has 
opened-up new opportunities for remote gas sampling. The project Iso-2-Drone aims to develop and 
produce a modular UAV-based gas monitoring system for emission measurements to substitute cur-
rent technologies. A key feature of the UAV-attached gas sampler design was the ready-to-use nature 
of the system. This meant that the system was designed to mesh with commonly available equipment, 
using collection vials which can be easily and immediately measured by common continuous flow - 
isotope ratio mass spectrometer (CF-IRMS) instrumentation. The target compounds comprise the 
three major natural greenhouse gases CH4, CO2 and N2O to be measured at natural abundance and 
ambient levels. 

Sample preparation of the glass vials (20 mL headspace vials) is achieved by repeatedly evacuating 
and helium refilling cycles to prevent ambient air contamination. On the UAV-attached sampler at-
mospheric air is sampled passively by pressure compensation of the vacuum. Both a prototype device 
and a UAV-attached sampler have been designed, built and are currently tested.

Figure 1: Chromatographic separation of CH4, CO2 and N20.

The measurement setup in the lab comprises of two autosamplers, a purge & trap system (VSP 4000, 
IMT Innovative Maschinentechnik GmbH) and headspace sampler (CTC CombiPal, Chromtech 
GmbH)) in order to switch from ppb range necessary for CH4 and N2O to a ppm range for CO2. 
Each autosampler transfers sampled air to a Restek Micropacked Column (Shin Carbon ST 100/120, 

Oral presentations | Monday, July 8 | Topic 1: Advances in Analytics I



18

2m x 1mm ID and 1/16” OD) within a Thermo Scientific Trace GC Ultra heated up from 40°C to 
175°C by 12°C per minute. CH4 eluted from the column is oxidized to CO2 in a combustion reactor 
held at 1000°C. CO2 and N2O pass through a high temperature conversion reactor held at 200°C, 
which was shown not to alter the isotopic composition of carbon and oxygen in CO2 and nitrogen 
in the N2O. The IRMS (Thermo Scientific DeltaV Advantage) continuously scans the intensity of the 
mass-to-charge ratios of mass 44, 45 and 46 (Figure 1). While δ13C and δ18O are referenced against a 
CO2 working gas, the δ15N value is referenced against the δ15NAIR of a N2O working gas. We are cur-
rently determining the precision of the method which will be presented at the conference.

Oral presentations | Monday, July 8 | Topic 1: Advances in Analytics I
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A user guideline for N2O isotopocule analysis by laser 
spectroscopy: how to retrieve accurate results using QCLAS, 

CRDS or OA-ICOS analysis?

Stephen  J. Harris1,2, Jesper Liisberg3, Longlong Xia4, Jing Wei5, Kerstin Zeyer5, Longfei Yu5, Matti 
Barthel6, Benjamin Wolf4, Bryce F.J. Kelly1, Dioni I. Cendón2, Thomas Blunier3 & Joachim Mohn5,*

1 UNSW Sydney, School of Biological, Earth and Environmental Sciences, Sydney, Australia
2 Australian Nuclear Science and Technology Organisation, Lucas Heights, Australia
3 University of Copenhagen, Centre for Ice and Climate, Niels Bohr Institute, Copenhagen, Denmark
4 Karlsruhe Institute of Technology, IMK-IFU, Garmisch-Partenkirchen, Germany
5 Empa, Laboratory for Air Pollution/Environmental Technology, Dübendorf, Switzerland
6 ETH Zürich, Department of Environmental Systems Science, Zürich, Switzerland; 
*presenting author: joachim.mohn@empa.ch

Over the last two decades, research involving N2O site specific isotopic analysis has been stimulated 
by continuing analytical progress in isotope-ratio mass-spectrometry (IRMS) and more recently 
mid-infrared laser spectroscopy. This development has been triggered by the invention and availabil-
ity of quantum cascade lasers (QCL), which offer high optical power in continuous wave operation 
at room temperature. QCL light sources have been combined with different detection schemes such 
as direct absorption (QCLAS), cavity ring down (CRDS) and off-axis integrated cavity output (OA-
ICOS) to realize compact, field-deployable analyzers. 

The availability of temporal resolved N2O isotopic information in real-time will deepen our pro-
cess-level understanding of the nitrogen cycle. It will also open up entirely new research areas that 
will attract an increasing number of application-oriented scientists. Provided that the novel laser 
spectrometers produce compatible and thus accurate results (i.e. traceable to the international iso-
tope ratio scales), the implementation of these instruments will lead to a further dissemination of 
N2O isotopic research.

We will present results of an inter-comparison study on the three most common commercial N2O iso-
tope analyzers, including Aerodyne Research (dual QCLAS, with/without TREX), Picarro (G5131-i) 
and Los Gatos Research (Model 914-0027). Most importantly, gas matrix effects were investigated by 
determining the dependence of N2O isotope deltas on the analysis in an “ambient” N2/O2/Ar/CO2/
CH4/CO versus a simplified N2/O2/Ar or N2/O2 matrix. In addition, spectral interferences of en-
hanced trace gas concentrations (CO2, CH4, CO, H2O) were characterized and strategies for removal 
tested. Repeatability, drift and dependence of isotope deltas on N2O concentrations were also quanti-
fied and compared among instruments. Based on these results a calibration strategy was established 
and the accuracy of individual analyzers assessed combining the studied uncertainty contributions.

Our study will guide the selection of instruments for specific applications (e.g. ambient air versus 
incubation studies), and foster the development of N2O isotope reference gases optimized for laser 
spectrometers currently ongoing within the EMPIR project “Metrology for Stable Isotope Reference 
Standards (SIRS)”.

Oral presentations | Monday, July 8 | Topic 1: Advances in Analytics I
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Coupling of GC-IRMS with high-resolution mass 
spectrometry (GC Orbitrap) for final confirmation in drugs 

and metabolites research

Julian Renpenning, Andreas Hilkert, Dieter Juchelka & Mario Tuthorn

Thermo Fisher Scientific , Germany

Compound-specific isotope analysis (CSIA) via gas chromatography and subsequent isotope ratio 
mass spectrometry (GC-IRMS) is a well-established analytical approach to a variety of samples from 
routine and research areas, such as environmental forensics, food authentication, energy exploration, 
paleo-climate and metabolism research.

Concomitant data are critical to qualify the true identity of a compound. However, this has become 
mandatory in confirmation of so-called adverse analytical findings. By coupling GC-IRMS with the 
Q Exactive GC system, the isotopic compositions and the comprehensive qualitative and quantita-
tive sample information is now simultaneously accessible from a single injection with high levels of 
selectivity, sensitivity, and confidence. 

In the last years, the online coupling of GC-IRMS with an organic MS system has been established 
for confirmatory analysis in doping control samples. In analysis of banned drugs in sports, GC-
IRMS allows distinguishing between endogenous steroids from their synthetic analogs in urine by 
the determination of 13C/12C isotope ratios for doping control. However, it is also necessary to know 
metabolic fate of drugs because knowing metabolites accelerates the drug discovery and method de-
velopment process. Coupling of GC-IRMS with high-resolution mass spectrometry allows tracking 
down drug metabolism by the IRMS system, while the Q Exactive GC provides simultaneously the 
structural information of all monitored metabolites.

Here we present case studies on how isotope fingerprints have been effectively investigated to fight 
emerging threats in drug abuse.

Oral presentations | Monday, July 8 | Topic 1: Advances in Analytics I
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Kinetic isotope effects in organocatalysis and                                      
transition-metal catalysis 

Mathew J. Vetticatt
Department of Chemistry, Binghamton University, 25 Murray Hill Road, Vestal, NY 13850 USA

Our research program utilizes experimental and theoretical 13C kinetic isotope effects (KIEs) to in-
vestigate mechanisms of catalytic reactions. In the area of asymmetric organocatalysis, this approach 
is utilized to identify new mechanistic pathways and uncover fine details of complex catalytic cycles. 

 These studies provide the basis for the rational design of novel concepts in asymmetric catalysis. 

 Our more recent efforts address challenging mechanistic questions in the area of transition-metal 
catalysis. 

This seminar will provide an overview of our research program and present unpublished results 
from (a) a mechanistic study of an organocatalytic Mannich reaction, (b) an investigation of the 
transmetalation step of the Suzuki-Miyaura reaction, and (c) the development of a novel mechanistic 
probe for the rapid determination of 13C KIEs using ‘designed’ starting materials.

References
[1] 	Ashley, M. A.; Hirschi, J. S.; Izzo, J. A.; Vetticatt, M. J. J. Am. Chem. Soc. 2016, 138, 1756-1759.
[2] 	(a) Izzo, J. A.; Poulsen, P. H.; Intrator, J. A.; Jørgensen, K. A.; Vetticatt, M. J. Isotope Effects Reveal an Alternative 

Mechanism for “Iminium-Ion” Catalysis. J. Am. Chem. Soc. 2018, 140, 8396-8400. (b) Bandar J. S.; Sauer, G. S.; 
Wulff, W. D.; Lambert, T. H.; Vetticatt, M. J. J. Am. Chem. Soc. 2014, 136, 10700-10707.

[3] 	Macharia J.; Victor, W.; Hong, Y.; Harris, L.; Hirschi, J. S.; Evans, G. B.; Vetticatt, M. J. Angew. Chem. Int. Ed. 2017, 
56, 8756-8760.

Oral presentations | Monday, July 8 | Topic 3: Isotope Effects in Chemistry
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Computational simulation of mechanism and isotope effects on acetal 
heterolysis as a model for glycoside hydrolysis 

John Glancy1 & Ian Williams2

1 Centre for Sustainable Chemical Technologies, Department of Chemistry, University of Bath, Bath BA2 7AY, UK
2 Department of Chemistry, University of Bath, Bath BA2 7AY, UK

KIEs offer powerful probes for mechanism and TS structure in enzyme-catalysed reactions, as long 
as their experimentally determined values and variations can be correctly interpreted.[1,2] It is com-
mon for analyses of TS structure, based upon KIEs for multiple isotopic substitutions, to consider 
force-constant changes only as functions of molecular geometry.[3] However, work in our group sug-
gests that consideration of the electrostatic environment is also necessary, as force-constant changes 
can depend on the relative permittivity of the medium. If so, there would be important implications 
for the interpretation of experimental KIEs in mechanistic enzymology. 

This work outlines our efforts to accurately calculate the isotope effects, including the effects of the 
electrostatic environment on the reactant and transition states, for the hydrolysis of 2-(p-nitrophe-
noxy)tetrahydropyran 1. Both QM and QM/MM molecular dynamics techniques have been used.

DFT calculations for the equilibrium isotope effect 
for deuterium substitution at the anomeric centre 
Cα in 1, with continuum solvation, show signifi-
cant variation in the range of relative permittivi-
ty 2 ≤ ε ≤ 10. One-dimensional scans of potential 
and free energy for cleavage of the bond between 
Cα and the nucleofuge do not show a transition 
state. A two-dimensional free-energy surface 
that considers also the distance between Cα and 
a nucleophilic water indicates a pre-association 
DN*ANint

‡ (SN2 intermediate) mechanism with a 
transition state involving nucleophilic attack upon 
an ion-pair intermediate, and this is supported by 
good agreement between the mean values of the 
calculated and experimental α-D KIEs.[4]

This work sheds new light on an established mechanism and supports the hypothesis that interpreta-
tion of KIE data requires accurate modelling of both the geometry and the electrostatic environment 
of the transition state.

References
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[4]	I. A. Ahmad, S. L. Birkby, C. A. Bullen, P. D. Groves, T. Lankau, W. H. Lee, H. Maskill, P. C. Miatt, I. D. Menneer, K. 

Shaw, J. Phys. Org. Chem. 2004, 17, 560–566.

Oral presentations | Monday, July 8 | Topic 3: Isotope Effects in Chemistry



23

Isotopic perturbation of hydrogen bond equilibria 

Daniel J. O‘Leary
Department of Chemistry, Pomona College, 645 North College Avenue, Claremont, CA 91711, USA

Our group is interested in developing NMR methods for detecting intramolecular OH/OH hydro-
gen bonds in solution. Our approach has employed the synthesis of model compounds containing 
structurally well-defined diol, triol, and tetrol units. These compounds have shed light on two NMR 
methods for hydrogen bond detection, namely: (1) the method of isotopic perturbation of equilibria 
involving partially deuterated hydroxyl groups, and (2) measurement of hydrogen bond-mediated 
scalar J couplings between hydroxyl groups.1-3

We are also pursuing theoretical investigations of equlib-
rium isotope effects (EIEs) in these systems. For example, 
the preference of deut-erium for the bridging hydrogen 
bond in mono-deuterated 2,6-dihydroxybenzaldehyde 
(1b) is due to antag-onistic enthalpic and entropic con-
tributions to the overall isotope effect. These calculations 
use harmonic vibrational frequencies and directly com-
pare enthalpy-entropy partitioning with the more tradi-
tional Bigeleisen-Mayer approach. 4, 5

Another area of investigation seeks to understand the 
titration behavior of NMR-determined EIEs in hydro-
gen-bonded systems (a hydrogen bond-induced isotope 
shift is observed in 1H hydroxyl spectra of OH/OH and 
OH/OD isotopologues). The negative EIE for diol 2 dis-
solved in CD2Cl2 (-57 ppb) is found to reach a limiting 
and reduced value (-20 ppb) when methanol is titrated 
into the sample. Conversely, the positive EIE for diol 3 
dissolved in CD2Cl2 reaches a maximum value (+17 ppb) 
in the presence of a small amount of methanol and then 
goes to zero at high additive concentrations. We ascribe 
these different responses to strong (diol 2) vs. weak (diol 
3) intramolecular hydrogen bonds and we are using com-
putational chemistry to further understand these phe-
nomena. Our presentation will summarize our investiga-
tions of diols 1-3 and related systems.

References
[1] 	D.J. O‘Leary, D.D. Hickstein, B.K. Hansen, P.E. Hansen, J. Org. Chem. 75 (2010) 1331-1342.
[2] 	C.E. Anderson, A.J. Pickrell, S.L. Sperry, T.E. Vasquez, T.G. Custer, M.B. Fierman, D.C. Lazar, Z.W. Brown, W.S. 

Iskenderian, D.D. Hickstein, D.J. O‘Leary, Heterocycles 72 (2007) 469-495.
[3] 	N.M. Loening, C.E. Anderson, W.S. Iskenderian, C.D. Anderson, S.D. Rychnovsky, M. Barfield, D.J. O‘Leary, Org 

Lett 8 (2006) 5321-5323.
[4] 	O.M. Ogba, J.D. Thoburn, D.J. O‘Leary, Spreadsheet-Based Computational Predictions of Isotope Effects, in: D.J. 

Tantillo (Ed.), Applied theoretical organic chemistry, World Scientific, New Jersey, 2018, pp. 403-450.
[5] 	A.C. Brueckner, S.L. Cevallos, O.M. Ogba, D.M. Walden, M.P. Meyer, D.J. O‘Leary, P.H.-Y. Cheong, Onyx, version 

1.0; Oregon State University: Corvallis, OR, USA & Pomona College: Claremont, CA, USA, 2016.

Oral presentations | Monday, July 8 | Topic 3: Isotope Effects in Chemistry



24

Heavy, artificial, and natural enzymes and what they                                     
both teach us about enzyme design

Steven D. Schwartz
Department of Chemistry and Biochemistry, University of Arizona

This talk will focus on new results we have obtained studying heavy enzymes, series of more profi-
cient laboratory evolved artificial enzymes, and some systems on which there has been controversy 
as to mechanism. This work is aimed at addressing the seeming never ending dispute of dynamics vs. 
electrostatics, and if dynamics slow or fast or both. As an example, there has been hot debate as to the 
importance of these issues in Catechol-O-methyl transferase. We address these questions for all the 
systems studied using unbiased simulation techniques.
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Kinetic isotope effect measurement for                                                     
carbasugar analogue covalent inhibitors

Andrew J. Bennet1, Natalia Sannikova1 Marco Ferran-Dai1, Weiwu Ren1, Robert Britton1, Katarzyna 
Świderek2 & Vicent Moliner2

1 Chemistry Department, Simon Fraser University, Burnaby, BC, V5A 1S6, Canada
2 Department de Química Física i Analítica, Universitat Jaume I, 12071 Castellón (Spain)

The enzyme-catalyzed transfer of carbohydrates from a donor to an acceptor are critical reactions for 
all life. As a result, the mechanisms for these substitutions at the anomeric carbon of sugars have 
been studied extensively. Generally, these enzyme-catalyzed reactions occur by either two inversions 
of configuration (retaining) or one (inverting). The enzyme that 
hydrolysis glycosides are the glycoside hydrolases (GH), which 
have been grouped into >150 families based on sequence and 
structure (Henrissat, B. 1991; Lombard, V., Ramulu, H. G. et al. 
2014).

We have recently shown that carbocyclic structural analogues of 
carbohydrates are mechanism-based covalent inhibitors of gly-
coside hydrolases (Shamsi Kazem Abadi, S., Tran, M. et al. 2017; 
Ren, W., Pengelly, R. et al. 2018). In order to understand how these 
covalent inhibitors react within the active site of glycoside hydro-
lases we have undertaken detailed mechanistic investigations of 
the reaction of these types of covalent inhibitors both in aqueous 
solution (intrinsic reactivity) and within the active site of several 
glycoside hydrolases. Our studies are a combination of the exper-
imental determination of kinetic isotope effects and hybrid quan-
tum mechanical/molecular mechanics (QM/MM) theoretical cal-
culations.

Recent results and their implication for the modes of action of these mechanism-based covalent 
inhibitors will be discussed.
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Inhibition of Glycoside Hydrolases by Carbasugars: Design, Synthesis, and Structural and Computational Studies“ Nat. 

Comm., 9:3243 (2018)

Structures for two carbasugar glucose 
mimics that are covalent inhibitors of 
α-glucosidases.
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Hessian-based QM and QM/MM calculations of isotope effects

Alex Porter1, Maite Roca2, Catherine Upfold1 & Ian Williams*1

1 Department of Chemistry, University of Bath, Bath BA2 7AY, UK
2 Dept. Química Física i Analítica, Universitat Jaume I, 12071 Castelló, Spain

Kinetic isotope effects (KIEs) are important experimental probes of mechanism for chemical re-
actions, the vast majority of which occur in condensed phases. Traditional methods for their cal-
culation are molecular in nature, which is fine for gas-phase reactions but generally inadequate for 
systems in which coupling between a substrate and its environment is significant. Reactions occur-
ring in polar solutions or in enzyme active sites are important examples of those which should be 
considered as having ‘supramolecular’ character. The unifying feature of both old and new versions 
of the most common approach to isotope-effect calculations is the use of a Hessian matrix of force 
constants within the harmonic approximation.[1] Atomic subsets of supramolecular systems, whose 
isotopically sensitive vibrational frequencies are explicitly considered, may be (surprisingly) small 
without significant error for KIEs provided that several conditions are satisfied. (a) All degrees of 
freedom of the subset must be considered. (b) The Hessian matrix of second derivatives of energy 
with respect to the subset degrees of freedom must be evaluated within an adequately large environ-
ment whose electrostatic properties are accurately described. (c) The subset should be large enough 
to include all atoms necessary for an adequate description of the reaction-coordinate vibrational 
mode. (d) KIEs should be evaluated as simple quotients of isotopic partition function ratios deter-
mined independently for the reactant state and the transition state averaged over thermally accessible 
configurations.

Examples from recent computational studies of (i) EIEs for transfer of carbenium and oxacarbenium 
cations from water to a non-polar solvent and (ii) KIEs on enzyme-catalyzed methyl transfer are 
discussed.[4]
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Path integral simulation for accurate calculation of hyperfine coupling 
constants of hydrogenated and muoniated molecules

Yuki Oba1, Sakura Okano1, Tsutomu Kawatsu1, & Masanori Tachikawa1,2

1 Graduate School of NanoBioScience, Yokohama City Unviersity, Yokohama 236-0027, Japan
2 School of DataScience, Yokohama City Unviersity, Yokohama 236-0027, Japan

A considerable amount of knowledge for muonium (Mu; complex of positive muon and electron) 
chemistry has been accumulated for over 30 years [1]. Compared with a proton, positive muon (µ+) 
has a smaller mass and larger magnetic moment. Because of these unique features, Mu is used as 
the muon spin resonance/rotation/relaxation (µSR), where hyperfine coupling constant (HFCC) is a 
good index for the magnetic interaction between electron and muon spins. 

For instance, the HFCC value of muoniated acetone radical (Mu-ACE, Figure 1) is measured by Per-
cival et al [2] as 10.27 MHz at 300 K (reduced using the pro-
ton magnetic moment). However, the reduced HFCC value 
for Mu-ACE is calculated as -5.8 MHz with the conventional 
DFT calculation [3], where the quantum effect of nuclei and 
thermal effect are excluded. 

In this study, thus, we performed on-the-fly ab initio path in-
tegral molecular dynamics (PIMD) simulation [4, 5], which 
can include these effects, to Mu-ACE and hydrogenated ac-
etone radical (H-ACE). Our HFCC values for Mu-ACE and 
H-ACE are calculated as 32.1 and 3.97 MHz, respectively, 
which are in reasonable agreement with the corresponding 
experimental values of 10.3 and 1.51 MHz. Such mass-de-
pendence on HFCC values is due to the large quantum effect 
of muon. 

We will also show other results for other muoniated and hydrogenated molecular species. 
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Figure 1: Structure of Mu-ACE.
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Vapor pressure isotope effects on evaporation from pure organic and 
aqueous phases – A theoretical study

Luis Vasquez, Michal Rostkowski & Agnieszka Dybala-Defratyka
Institute of Applied Radiation Chemistry, Faculty of Chemistry, Lodz University of Technology, Lodz 90-924, Poland 

Evaporation is one of the important pathways of volatile organic compounds (VOCs) attenuation 
driven by the vapor pressure that these compound possess. To quantify this process one can study 
the isotopic composition of the compound phases. Depending on the isotopic composition of a com-
pound phase (liquid vs vapor) such analysis can lead to either normal (liquid phase enriched in the 
heavier isotopologue) or inverse (vapor phase enriched in the heavier isotopologue) vapor pressure 
isotope effects (VPIEs). According to isotope effect theory, VPIEs are mainly governed by intermo-
lecular forces of a different kind. However, till the date, evaluation of isotope fractionation during 
evaporation process is still a developing experimental field, for example, the little experimental data 
available mainly refers to pure organic phase evaporation while more realistic environment like 
aqueous solutions is unexplored but more important. Different experimental setups frequently result 
in an inconsistent and/or misleading interpretation of the results. Hence, it is necessary to seek inde-
pendent tools that allow not only for interpreting experimental results, but also offering additional 
information that could not be achieved through the experiments.

The aim of the presented study is threefold. First, we wanted to test some of the available computa-
tional approaches to predict VPIEs and compare them with the experimentally determined values. 
For this purpose, we selected dibromomethane (DBM) and bromobenzene (BB) as representatives 
of brominated VOCs, clear examples of aliphatic and aromatic compound, respectively, ethanol 
(ETH), benzene (B), chloroform (TCM), and triethylamine (TEA). Second, with the use of carbon 
and bromine isotopic analysis, we explored possible differences in the direction of measured and 
predicted isotope effects. Finally, with insight coming from a computational study we made an at-
tempt to investigate possible origins of observed differences. To this end, the path integral formalism 
of quantum chemistry, as well as ONIOM scheme and QM cluster calculations, were used.[1] We 
also performed an energy decomposition analysis within the symmetry-adapted perturbation theory 
(SAPT) to comprehend the nature of the intermolecular forces and check whether there is any cor-
relation between the prevailing type of interaction and the VPIE magnitude.
[1] 	Vasquez, L.; Rostkowski, M.; Gelman, F.; Dybala-Defratyka, A.: Can PIMD Make a Good Approximation for 

Vapor Pressure Isotope Effects Prediction for Organic Solvents? A Comparison to ONIOM QM/MM and QM 
Cluster Calculation, J. Phys. Chem. B, 122 (2018) 7353, DOI: 10.1021/acs.jpcb.8b0344

The research is funded by the National Science Centre, Poland (Sonata BIS grant UMO-2014/14/E/
ST4/00041).
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T﻿heoretical predictions of enzymatic rate constants and kinetic 
isotope effects: from origins to applications

Sergio Martí, Raquel Castillo, Katarzyna Świderek, Maite Roca, Kemel Arafet, Daria De  Raffele,     
Natalia Serrano, Miquel A. Galmes & Vicent Moliner
Dept. Química Física i Analítica, Universitat Jaume I, 12071 Castelló, Spain.

Computational Chemistry techniques based on the combination of Quantum Chemistry and classi-
cal Molecular Mechanics (QM/MM) have been extensively applied to the study of enzyme catalysis. 
Merging these techniques with experimental methods has allowed to acquire a deep knowledge of 
the reaction mechanisms of these complex but highly efficient biocatalysts at molecular level.

We will focus in this communication on aspects such as the controversial debate on whether protein 
dynamics are linked to the chemical reaction step,1 the role of the quantum tunelling and the electro-
static effects contributions to catalysis,2 or the relevance of compression effects in enzymatic methyl 
transfer reactions.3

The magnitudes acquired from computational studies, such as rate constants and kinetic isotope 
effects (KIEs), can be compared with experiments. The results obtained for chemical reactions cat-
alyzed by enzymes, considered as robust when experiments and theory match each other, can be 
exploited by industry since these gigant molecules are able to perform difficult synthetic reactions 
without the need of extreme temperatures, high pressures or toxic chemicals.4 In addition, the de-
tailed knowledge of enzymatic processes at molecular level can be the bedrock in the design of new 
drugs.5 

Recent results obtained in our laboratory in these lines of research will be summarized in this com-
munication.

References
[1] 	Luk, L.Y.P.; Ruiz-Pernía, J. J.; Dawson, W. M.; Roca, M.; Loveridge, E. J.; Glowacki, D. R.; Harvey, J. N.; Mulholland, 

A. J.; Tuñón, I.; Moliner, V.; Allemann R. K. Proc. Nat. Acad. Sci. USA. 2013, 110, 16344−16349.
[2]	Krzemińska, A.; Moliner, V.; Świderek, K. J. Am. Chem. Soc. 2016, 138, 16283−16298.
[3]	Świderek, K.; Tuñón, I.; Williams, I.H.; Moliner, V. J. Am. Chem. Soc. 2018, 140, 4327–4334.
[4]	(a) Świderek, K.; Tuñón, I.; Moliner, V.; Bertran, J. Arch. Biochem. Biophys. 2015, 582, 68–79. (b) 

Nödling, A.R.; Świderek, K.; Castillo, R.; Hall, J.W.; Angelastro, A.; Morrill, L.C.; Jin, Y.; Tsai, Y.; Moliner, 
V.; Luk L.Y.P. Angew. Chem. Int. Ed. 2018, 57, 12478−12482. (c) De Raffele, D.; Martí, S.; Moliner, V. ACS 
Catal. 2019, 9, 2482−2492.

[5]	(a) Kholodar, S. A.; Ghosha, A. K.; Świderek, K.; Moliner, V.; Kohen, A. Proc. Natl. Acad. Sci. USA. 2018, 
115, 10311−10314. (b) Ren, R.; et al. Nature Commun. 2018, 9, Article number: 3243. (c) Serrano-Apari-
cio, N.; Świderek, K.; Moliner, V. Eur. J. Med. Chem. 2019, 164, 399−407. 

Oral presentations | Tuesday, July 9 | Topic 2: Computations & Theory



32

What are the signatures of tunnelling in enzyme-catalysed reactions?

Sam Hay
Manchester Institute of Biotechnology (MIB) and School of Chemistry, University of Manchester, 131 Princess St, Man-
chester, M1 7DN, U.K. 

While it is well established that thermally-activated quantum mechanical tunnelling of light particles 
(electrons and light atoms, typically hydrogen) plays a role in many enzyme-catalysed reactions (1), 
there are few definitive experimental signatures of atomic (e.g. hydrogen) tunnelling and no clear 
method of estimating the relative tunnelling contribution from typical experimental data. As most 
enzyme reactions involve the binding/capture of freely diffusing substrate(s), reactions are typically 
initiated by mixing and experimental conditions must then be compatible with liquid water (the 
solvent). This precludes the classic test of tunnelling: the observation of temperature-independent 
rate constants at cryogenic temperature. Instead, H-tunnelling is usually inferred from kinetic iso-
tope effects (KIEs) that are larger than the semiclassical limit. Often the temperature dependence of 
the reaction is also measured over the experimentally accessible range (~ 278 - 313 K for mesophilic 
enzymes) and these data analysed using variations of Arrhenius, Eyring or Marcus theory. The ap-
parent Arrhenius and Eyring activation parameters allow some quantitative comparison of different 
reactions, but do not directly provide any information about tunnelling, while the validity of param-
eters derived from non-adiabatic models such as Marcus theory are questionable due to the partially 
adiabatic nature of these reactions (2). Here, we use the correlation found between apparent activa-
tion enthalpy and entropy terms observed across series of enzyme variants (e.g. 3,4) and tunnelling 
contributions determined using computational chemistry (e.g. 5) to begin to define new signatures 
of hydrogen tunnelling, which can be used to interpret typical experimental kinetic data measured 
for enzyme-catalysed reactions. 
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Temperature dependent kinetic isotope effects resolve the origins of 
proficient enzymatic C-H activation

Adam R. Offenbacher
East Carolina University, Greenville, North Carolina, USA

Enzyme catalyzed C-H activation is one of the most prevalent and fundamental reactions to occur 
in biological catalysis and their mechanistic understanding is sought to aid in bioinspired catalyst 
design. Native enzymes catalyzing such reactions are often observed with temperature independent 
kinetic isotope effects (ΔEa = Ea(D) – Ea(H) @ 0). The magnitude of this kinetic parameter provides 
a critical descriptor for the precision of the active site along the reaction coordinate. Introduction of 
perturbants, including (local or remote) site-directed mutations, pressure, and surface modifications, 
is often accompanied by increases in the magnitude of ΔEa (i.e. > 0) even in cases where the rate con-
stants remain unaltered. Decades of accumulated experimental data could be rationalized from the 
emergence of a multi-dimensional, nonadiabatic quantum tunneling model, in which the ΔEa serves 
as a robust kinetic ‘ruler’ for an enzyme’s effectiveness to achieve hydrogenic wavefunction overlap 
at the tunneling ready state.1 In this talk, an overview of the theoretical model will be presented with 
references to semi-classic experimental data, mostly drawn from the kinetic and spectroscopic stud-
ies on the quintessential tunneling enzyme, soybean lipoxygenase. A more recent study using the 
ΔEa to provide kinetic resolution for the impact of surface glycosylations on tunneling efficiency for 
a lipoxygenase orthologue will be discussed. 
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The use of stable isotopes in ultrafast spectroscopy                                               
of enzymes and photoreceptors

Samantha Hardman, Andreea Iorgu, Derren Heyes, Nigel Scrutton & Sam Hay
Manchester Institute of Biotechnology and School of Chemistry, The University of Manchester, 131 Princess Street, Man-
chester, M1 7DN, United Kingdom

Stable isotopes can be used in many ways to probe biological reactions on ultrafast timescales, two 
such methods will be discussed here. 

Firstly the isotope (e.g. 2H, 15N, 13C) labeling of protein and co-factor structures has been used exten-
sively as a tool to assign spectral features in the mid infra-red region of the spectrum, by exchang-
ing elements for their heavier isotopes the frequency of their bond vibrations are subtly changed. 
The photoreactions of many photoreceptors have been investigated this way, using time-resolved 
infra-red (TRIR) spectroscopy.1,2 Studies of the reductive half reaction of a model flavo-enzyme us-
ing various combinations of isotope labels have shown that both the flavin and the protein affect 
the reaction chemistry, but in different ways. In addition to the “heavy” flavin and protein slowing 
the reaction it is suggested that there is a mass-dependent vibronic coupling of protein and flavin 
motions to flavin electronically excited state(s).3 In order to investigate the interactions between the 
flavin excited state and the surrounding protein environment TRIR measurements were performed, 
and due to the isotope-labeling of the protein and co-factor it was possible to observe the vibrational 
coupling between co-factor and protein. 

Secondly, it is a well acknowledged fact that solvent (water) interactions often play a large part in the 
reactions of proteins, either by stabilizing reaction intermediates, or more directly as proton donor 
or acceptors. Phytochromes are bilin-containing photoreceptors that are typically sensitive to the 
red/far-red region of the visible spectrum. By performing time-resolved spectroscopy in the visible 
region spanning the complete time range of the photoreaction (ps–ms) in H2O and D2O buffers we 
were able to identify kinetic isotope effects associated with each of the individual steps of the photo-
cycle.4 
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Mechanistic evaluation of glycoside hydrolases covalent inhibitors: 
enzymatic kinetic isotope effect and computational studies

Marco Farren-Dai1, Weiwu Ren1, Natalia Sannikova1, Oluwafemi Akintola1, Katarzyna Świderek2, 
Vicent Moliner2, Robert Britton1 & Andrew Bennet1

1 Department of Chemistry, Simon Fraser University, 8888 University Drive, Burnaby, BC V5A 1S6, Canada 

2 Department de Química Física i Analítica, Universitat Jaume I, 12071 Castellón, Spain

The study of glycoside hydrolase’s (GH’s) mechanism and reactivity has produced clinically relevant 
drugs and viable leads for the treatment of viral disease, lysosomal storage disorders and cancer. In 
this work, we computationally investigated the mechanism of covalent labelling by recently reported 
glycosidase covalent inhibitors (CIs) in order to hone the design of these compounds so as to target 
biologically important glycosidases.

Fig. 1: a. Double bond participation promotes leaving group departure b.Carbocation formed is stabilized by delocal-
ization c. Nucleophilic capture by an active site residue d. Hydrolysis of enzyme-inactivator complex

The Bennet lab has recently developed allylic CIs that utilize the catalytic machinery to alkylate an 
active site residue, thus inactivating the enzyme. (1,2) These CIs alkylate GHs by stabilizing for-
mation of the allylic carbocationic TSs formed by leaving group (LG) departure. Thus, mimicking 
the natural substrate’s pyranosylium ion-like transition state (TS). The enzyme-inactivator covalent 
bond is eventually hydrolyzed, restoring activity (Fig.1).

This mechanism was investigated with an enzymatic kinetic isotope effect (KIE) experiment using 
13C, 2H, and 18O isotopologues of the covalent inhibitor, which were then used to confirm the findings 
of a computational analysis. Molecular dynamics simulations based on hybrid quantum mechanics/
molecular mechanics (QM/MM) potentials were utilized to thoroughly analyze the catalytic itiner-
ary of the covalent inhibitor (Fig. 1). The free energy surfaces associated to every chemical step de-
picted in Fig.1 allowed description of the structures of the different states (reactants, intermediates, 
transition states and products) involved in the inactivation of the enzyme the CIs. Ground state and 
transition state structure analysis allowed generation of theoretical KIEs that were compared to the 
experimental KIEs for validation. This study allows for determination of the structures and energy 
barriers along the catalyici iteinerary of the CI, providing insights which will aid in the design of 
more selective GH covalent inhibitors.
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Effect of metabolic constraints on the observable isotope fractionation 
during aerobic biodegradation of hexachlorocyclohexanes

Iris E. Schilling, Charlotte E. Bopp, Hans-Peter E. Kohler & Thomas B. Hofstetter
Eawag, Swiss Federal Institute of Aquatic Science and Technology, CH-8600 Dübendorf, Switzerland and Institute of 
Biogeochemistry and Pollutant Dynamics, ETH Zürich, CH-8092 Zürich, Switzerland

Compound-specific isotope analysis (CSIA) has become an important approach to study mecha-
nisms of enzymatic transformations of organic pollutants as well as to assess both extents and path-
ways of biodegradation processes in contaminated environments. To obtain insights into the kinetics 
and isotope effects of enzymatic pollutant transformation, investigations typically focus on the initial 
reaction steps leading to organic products that may be channeled into common metabolic path-
ways. However, this approach precludes the identification of potentially confounding contributions 
of co-metabolic transformations of the substrate by enzymes expressed for the downstream metabo-
lism of pollutant-degrading bacteria.

We studied the effect of such metabolic constraints on the observable substrate isotope fractionation 
for the aerobic biodegradation of hexachlorocyclohexane (HCH). Biodegradation HCH is initiated 
through two successive dehydrochlorination reactions catalyzed by variants of the lindane dehydro-
chlorinase (LinA). Subsequently, the haloalkane dehalogenase LinB is responsible for further hy-
drolytic dechlorinations of the tetrachlorocyclohexadiene intermediate to less chlorinated hexenols 
through nucleophilic substitution reactions. To that end, both enzymes are expressed constitutively 
in HCH-metabolizing bacteria.

While we have recently explored the magnitude of the apparent 13C- and 2H-kinetic isotope effects 
for the LinA and LinB-catalyzed transformations of (+)-α-, (-)α-, β-, γ-, and δ-HCH isomers, the 
impact of simultaneous and potentially competitive cometabolic transformation of HCH isomers 
is unexplored. Using δ-HCH as a model pollutant, we developed enzyme assays for the study of the 
simultaneous reactions of HCH isomers with activity-based mixtures of LinA2 and LinB from Sphin-
gobium indicum B90A at different LinA2:LinB mixtures. Our results illustrate that the simultaneous 
presence of the two enzymes indeed impacts the observable C and H isotope fractionation. These 
observations imply that the observable isotope fractionation associated with aerobic biodegradation 
of HCH could, in principle, reflect simultaneous dehydrochlorination and hydrolytic dechlorination 
and thus potentially limit the diagnostic power of CSIA.
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Using dual element isotope analysis (δ13C, δ37Cl) to gain mechanistic 
insights into enzymatic tetrachloroethene degradation of three 

different reductive dehalogenases

Johannes Büsing, Daniel Buchner & Stefan B. Haderlein
University of Tübingen, Center for Applied Geoscience (ZAG), Hölderlinstr. 12, 72074 Tübingen, Germany

Reliable quantification of tetrachloroethene (PCE) biodegradation using compound-specific isotope 
analysis (CSIA) is hampered due to highly variable carbon isotope enrichment factors (εC: -0.4 ‰ to 
-19.0 ‰) (Nijenhuis et al., 2005, Cichocka et al., 2008, Cretnik et al., 2014). Variations of observable 
isotope fractionation (i.e. ε) during a (bio)chemical reaction can result from differences in the un-
derlying reaction mechanisms and/or masking effects by rate-limiting steps (Elsner, 2010). Analysis 
of dual element isotope fractionation allows to discern between both factors. While distinct reaction 
mechanisms are typically associated with different dual isotope slopes, masking effects show no ele-
ment specific isotope fractionation and consequently do not affect dual isotope slopes (Elsner et al., 
2005, Elsner, 2010).

To elucidate whether different reaction mechanisms of microbial PCE degrading enzymes (PCE-Rd-
hAs) cause the reported variability of ε, we determined carbon and chlorine isotope fractionation 
of PCE of several Desulfitobacterium strains. Systematic selection of strains harboring a PCE-RdhA 
enzyme degrading PCE either to trichloroethene (RdhATCE; n=2), 1,2-cis-dichloroethene (RdhAcDCE; 
n=2) or co-metabolically (RdhAco; n=1) allowed us to compare isotope enrichment factors and dual 
isotope slopes of three different PCE-RdhAs. 

RdhATCE exhibited pronounced isotope fractionation of 
-19.4 ‰ (avg.) for carbon and -5.7 ‰ (avg.) for chlorine, 
whereas isotope fractionation of RdhAcDCE was significant-
ly less pronounced with -5.4 ‰ (avg.) and -2.1 ‰ (avg.) 
for carbon and chlorine, respectively. Co-metabolic deg-
radation showed intermediate isotope fractionation (εC: 
-9.8 ‰; εCl: -3.4 ‰) compared to the range given by Rd-
hATCE and RdhAcDCE. Dual isotope slopes were similar for 
all tested strains and ranged between 2.4 ± 0.3 to 3.7 ± 0.2 
suggesting that PCE degradation proceeds via the same 
reaction mechanism for the tested PCE-RdhA enzymes. 
Consequently, observed variations of ε presumably arise 
from masking effects. As cell envelope properties (cell wall 
structure, localization of RdhA) differ also for tested strains with identical RdhAs, we exclude distinct 
magnitudes of masking by PCE uptake limitations through cell walls and cytoplasmic membranes 
to cause the determined variability of ε as previously reported (Renpenning et al., 2015). Therefore, 
observed variations of ε for the distinct types of RdhA arise from differences in rate-limiting steps 
within the enzymatic multistep reactions, such as diffusion in the enzymatic substrate channel or 
enzyme-PCE association. Thus, our study provides evidence for an identical reaction mechanism, 
but differences in enzymatic reaction kinetics that cause varying magnitudes of ε during PCE deg-
radation.
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Mechanistic and enzymatic insights in reductive dehalogenation by 
Dehalococcoides mccartyi strain BTF08

Steffi Franke1, Katja Seidel1, Lorenz Adrian1,2 & Ivonne Nijenhuis1

1 Department of Isotope Biogeochemistry, Helmholtz Centre for Environmental Research - UFZ, Permoserstr. 15, 04318 
Leipzig, Germany
2 Chair for Geobiotechnology at TU Berlin, Ackerstraße 76, 13355 Berlin, Germany

Dehalococcoides mccartyi strain BTF08 has the unique property to couple dechlorination of tet-
rachloroethene and vicinally halogenated alkanes to ethene with growth by using them as termi-
nal electron acceptors. The genome of strain BTF08 encodes 20 genes for reductive dehalogenases 
(RdhA) including those described to dehalogenate tetrachloroethene (PceA), trichloroethene (TceA) 
and vinyl chloride (VcrA)1. However, thus far it is unknown which RdhAs are expressed in vivo, their 
substrate specificity and the reaction mechanisms catalyzed by these corrinoid-dependent enzymes. 
Previously, competing reaction mechanisms were observed for trichloroethene during dechlorina-
tion with vitamin B12

2. Additionally, computational modeling predicted distinct reaction mechanisms 
for higher vs. lower chlorinated ethenes3. As the reaction mechanism may depend both on enzyme 
structure and chlorinated substrate, we investigated the dual-element (C/Cl) compound-specific sta-
ble isotope fractionation patterns during dechlorination by cells with defined RdhA inventories. We 
determined the expression pattern of RdhAs during cultivation with different electron acceptors and 
the enzymatic activity of specifically induced cells to correlate expressed proteins with enzymatic 
activity and inferred reaction mechanism. 

During dechlorination of chlorinated ethenes a novel PCE-RdhA, different from the formerly iden-
tified PceA and VcrA was detected, whereas TceA of D. mccartyi strain BTF08 was expressed only 
when cultivated on 1,2-dichloroethane. Independent of the enzyme inventory, carbon and chlorine 
compound-specific stable isotope analysis suggested two distinct reaction mechanisms for the de-
chlorination of (i) cis-dichloroethene and vinyl-chloride and (ii) tetrachloroethene. Furthermore, 
two patterns could be observed for 1,2-dichloroethane, during dehaloelimination by cells cultivated 
with different electron acceptors and distinct RdhA inventory. In summary, we could link specifically 
expressed RdhA proteins with a biochemical function and provide an insight into the apparent en-
zyme and substrate-specific reaction mechanisms by D. mccartyi strain BTF08.
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Biological and abiotic natural attenuation of 1,2-Dibromoethane 
(EDB) at Kirtland AFB, USA 

Tomasz Kuder1, Paul G. Koster van Groos2, Paul B. Hatzinger2 & R. Paul Philp1

1 University of Oklahoma, 100 E. Boyd St, Norman, OK 73019, USA
2 APTIM Federal Services, LLC, 17 Princess Rd. Lawrenceville, NJ 08648, USA

This presentation describes the results from an application of carbon compound-specific isotope anal-
ysis (CSIA) to evaluate 1,2-dibromoethane (EDB) attenuation at Kirtland AFB, New Mexico, USA. 
Historical accidental fuel releases at the site included aviation gasoline that contained EDB, resulting 
in a large plume of over 1.5 km length, ~150 m below ground surface (Figure 1) exceeding a USEPA 
regulatory concentration of 0.05 μg/l. The site has undergone extensive monitoring and remediation 
efforts. For this project, samples of groundwater were collected and analyzed for C isotope ratios in 
EDB. The analysis posed significant 
challenges due to low μg/l concen-
trations of EDB combined with high 
mg/l concentrations of total VOCs 
at several locations. CSIA required 
EDB extraction from large volumes 
of water (up to 1 liter) to recover 
enough mass of EDB for analysis 
(achieved by using a custom closed-
loop purge and trap apparatus devel-
oped at the University of Oklahoma) 
and chromatographic separation 
of EDB from the high quantities of 
non-target VOCs by orthogonal 
two-dimensional GC. The results 
from field samples were evaluated to 
determine baseline conditions prior 
to the initiation of engineered reme-
diation. Large enrichments of 13C for 
EDB in groundwater samples were 
observed throughout the site, rela-
tive to the typical 13C-depleted values of manufactured EDB (Figure 1) providing clear evidence of 
past EDB degradation. To identify the mechanisms of degradation, a simple model was developed, to 
predict the extent of 13C enrichment for various processes, with their attendant enrichment factors. 
The presence of abiotic hydrolysis of EDB can be always taken for granted and the rates of the process 
can be estimated, based on groundwater temperature and pH (Koster van Groos et al. 2018). The 
isotope ratios of EDB measured in the samples collected from the distal half of the plume are con-
sistent with a hydrolysis, suggesting that this mechanism is the dominant process controlling EDB 
attenuation in this area, where EDB concentrations are low and the groundwater is aerobic. On the 
other hand, a shift in observed isotope fractionation closer to the source area was inconsistent with 
that predicted by hydrolysis of EDB alone. The observed results near the source area matched a deg-
radation process with enrichment factor of approximately -8 per mil, a value consistent with labora-
tory results for biological anaerobic dihaloelimination by three different cultures analyzed previously 
(Koster van Groos et al. 2018). The results from CSIA are generally consistent with the extent of bio-
degradation predicted by the concentrations of putative degradation products (bromine, ethene). In 
summary, CSIA permitted identification of the area where biodegradation (as opposed to abiotic hy-
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drolysis) appears to be the dominant process of EDB attenuation. A follow up active bioremediation/
biostimulation effort is underway at the same area, with CSIA monitoring the efficacy of the process. 
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Applying stable isotope analysis on increasing scales – microcosm, 
field, and multi-field-sites studies

Anat Bernstein
Environmental Hydrology & Microbiology, ZIWR, Ben Gurion University of the Negev, Israel

In the last two decades, Compound-Specific Isotope Analysis (CSIA) became an accepted tool for 
studying degradation processes of organic pollutants in affected environments. Research in varying 
scales provide broad knowledge on degradation processes, from revealing the degradation mech-
anism at the enzymatic scale, up to characterizing natural attenuation processes at the field scale. 
Extending research to multiple sites at a regional scale may provide additional (and possibly more 
universal) knowledge on environmental processes, yet is practically more complicated and not as 
commonly performed. 

My talk will start with reviewing some of my recent work on the microcosm and field scales. On 
the microcosm scale, I will show isotope fractionation results determined for microbial oxidation 
of halogenated phenols, as well as for the degradation of the brominated herbicide bromoxynil. On 
the field scale, I will present isotope results for different halogenated groundwater contaminants in a 
site which is characterized by a large number of brominated and chlorinated organic pollutants (the 
Neot Hovav site). 

The second part of my talk will concentrate on a recent multiple-sites field study of trichloroethylene 
(TCE). The aim of this study was to evaluate the importance of aerobic co-metabolic degradation of 
TCE in contaminated groundwater. Microbial degradation of TCE may follow two pathways, where 
the most commonly detected is anaerobic reductive dechlorination. This first process leads to ob-
servable indicative intermediates, providing clear evidence for the occurrence of the process. Aerobic 
degradation of TCE is a second process to be considered. This process is promoted co-metabolically 
as a result of auxiliary substrates oxidation (such as oxidation of methane, propane, ammonium, 
etc.). As this process does not result in the accumulation of easily detectable metabolites, our knowl-
edge on its significance in contaminated sites often remains vague. To evaluate its importance, we 
first show that isotope analysis of δ13C vs. δ37Cl in TCE may potentially (yet not always conclusively) 
assist in pinpointing the occurrence of this process. Based on that, the research question was tackled 
by a combination of microcosm, molecular, and isotope (δ13C/δ37Cl) data collected from ≈ 100 con-
taminated wells along the Israeli Coastal Aquifer. The research identified a wide microbial potential 
for co-metabolic degradation of TCE throughout the aquifer, as indicated by significant degradation 
in groundwater microcosms, as well as by functional gene abundance in groundwater. Nevertheless, 
no unambiguous isotope proof was obtained for the actual occurance of co-metabolic TCE oxidation 
in groundwater. 



45

Tracking hydrogenase activity with hydrogen stable isotopes

Michaela Löffler, Steffen Kümmel, Carsten Vogt & Hans-Hermann Richnow
Helmholtz Centre for Environmental Research – UFZ, Department Isotope Biogeochemistry, Permoserstr. 15, 04318 
Leipzig, Germany

A hydrogen-based renewable power system requires storage of hydrogen (H2) in underground res-
ervoirs. The potential oxidation of H2 in such reservoirs by lithoautotrophic microorganisms is an 
important but less studied aspect. Our long-term goal is to develop a stable isotope tool based on 
changes in the δ2H signature of H2 during oxidation by hydrogenases to detect and monitor potential 
biological losses during underground storage. 

Most microorganisms are equipped with at least one hydrogenase. Hydrogenases are a diverse class 
of enzymes catalyzing the reversible cleavage of molecular H2 into two electrons and two protons. 
During H2-consumption, a subsequent superimposing isotope exchange with water takes place qua-
si-simultaneously, resulting in an inverse isotope effect (Vignais and Billoud 2007).

We questioned whether the exchange reaction can occur independently from the H2 cleavage reac-
tion. For this, H2 oxidation of cell suspensions of the sulphate-reducing model organism Desulfovib-
rio vulgaris Miyazaki was inhibited by the addition of sodium molybdate, circumventing electron 
flow to the final electron acceptor sulphate (Peck 1959; Wolin and Miller 1980; Biswas et al. 2009). 
Although H2 was not consumed, δ2H values changed to isotope equilibrium with water, demonstrat-
ing that the exchange reaction still proceeds in the absence of the H2 cleavage reaction.

Our study shows that the isotope exchange is directly linked to the enzyme’s activity and can be 
tracked with a GC-IRMS setup with a precision of δ2H = 0.7 ± 0.4 ‰.
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Impact of oxygen activation on substrate isotope effects                                   
of enzymatic oxygenations

Charlotte E. Bopp1,2, Sarah G. Pati1,2, Hans-Peter E. Kohler1,2 & Thomas B. Hofstetter1,2

1 Eawag, Swiss Federal Institute of Aquatic Science and Technology, Department of Environmental Chemistry, Überland-
strasse 133, 8600 Dübendorf, Switzerland
2 ETH Zürich, Institute of Biogeochemistry and Pollutant Dynamics, Universitätsstrasse 16, 8092 Zürich, Switzerland

Enzymatic oxygenations are among the most important reactions that initiate biodegradation and 
detoxification of organic pollutants in contaminated environments. With compound-specific isotope 
analysis (CSIA), the extent of transformation can be monitored based on a thorough understanding 
of the kinetic isotope effects (KIEs) for this type of reaction. However, the overall rate of oxygenation 
is often governed by the enzymatic activation of molecular O2. Unfortunately, little is known about 
the contribution of enzymatic O2 activation to the rate of oxidative pollutant removal and its impli-
cations for the application of CSIA. Recent results showed that oxygenations by flavin-dependent 
monooxygenases only lead to measurable substrate isotope fractionation in enzymes activating O2 
prior to substrate binding, whereas O2 activation upon substrate binding masked the isotope effect of 
subsequent hydroxylations [1]. Although Rieske non-heme iron dioxygenases (RDOs) belong to the 
latter group, distinct substrate-dependent variations in carbon isotope fractionation were observed. 
This variability for the same type of reaction suggests substrate-specific alterations in enzyme kinet-
ics and may compromise the application of CSIA for monitoring oxygenation reactions. 

The goal of our work was therefore to understand the contribution of O2 activation to the rate of 
oxidative biodegradation in RDOs and to elucidate the enzyme-substrate specific roles of O2 acti-
vation on contaminant isotope fractionation. To this end, we investigated the dioxygenation of a 
series of nitroaromatic compounds in laboratory model systems of two closely related RDOs, namely 
nitrobenzenedioxygenase and 2-nitrotoluenedioxygenase. We analyzed the kinetics, 13C-, and 2H-ap-
parent kinetic isotope effects of organic substrates and products, quantified the stoichiometries of 
dissolved O2 consumption, and derived 18O-KIEs as described in Pati et al. [2]. We observed similar 
oxygen isotope fractionations suggesting that O2 activation was rate-limiting regardless of substrate. 
However, the efficiency of oxygenation was substrate-specific and varied between 0% and 70% of 
the available O2, whereas the remainder was released as reactive oxygen species. The extent of this 
uncoupling reaction is correlated with the extent of isotope fractionation measured in the organic 
substrate. We hypothesize that oxygen uncoupling allows the detection of substrate isotope effects 
after the rate-determining O2 activation by the release of the unreacted substrate and H2O2 from the 
activated enzyme-substrate complex. Our findings provide new insights into the catalytic mecha-
nism of aromatic dioxygenations and the application of CSIA to monitor biodegradation reactions 
initiated through oxygenations.
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Measurements of doubly substituted methane isotopologues  
(13CH3D and 12CH2D2) using mid-infrared spectroscopy 

Shuhei Ono & Yenny Gonzalez Ramos
Department of Earth, Atmospheric, and Planetary Sciences, Massachusetts Institute of Technology, Cambridge, MA 
02139, USA

Methane is a significant greenhouse gas and energy resource, which generates about a quarter of 
electricity in the world today. It is derived from diverse sources (e.g., microbial, thermogenic or 
abiotic), yet differentiation between sources remains a major challenge. While, carbon (13C/12C) and 
hydrogen (D/H) isotope ratios can tell the origin of carbon and hydrogen, abundance of doubly-iso-
tope substituted “clumped” methane isotopologues, 13CH3D and 12CH2D2 may inform us the origin 
of C-H bonds. 

We will discuss recent development of high precision analysis of doubly substituted methane isoto-
pologues using tunable infrared laser direct absorption spectroscopy (TILDAS) instruments, as well 
as new insights and constraints we gained from these novel measurements. In addition to 13CH3D 
(Ono et al., 2014), we have recently developed a TILDAS instrument to measure doubly deuterated 
methane (12CH2D2) for natural samples. We will discuss major challenges to identify spectral regions, 
the design of an inlet system that allows repeated measurements to improve precision, and future 
opportunities using the instrument.

Our research, along with others carried out by using high-resolution isotope ratio mass spectrom-
etery instruments, has demonstrated a wealth of additional information that can be inferred from 
clumped isotopologues of methane (2). For example, apparent 13CH3D equilibrium temperatures can 
clearly differentiate microbial versus thermogenic methane in marine sedimentary environments, 
suggesting methane formation under near-equilibrium conditions in deep subsurface environments. 
We also find that methane samples from sites supporting active microbial methanogenesis (such as 
wetlands and cow rumens) and laboratory methanogen cultures carry highly depleted 13CH3D abun-
dance that implicates the contribution of quantum mechanical tunneling (3). These unique signals 
can be used to trace sources of methane in a number of environmental and geologic settings as well 
as to investigate the mechanism of methane generation. 
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Measuring the temperature of geological processes with carbonate 
clumped isotopes

Stefano M. Bernasconi, Alvaro Fernandez-Bremer, Inigo A. Müller, Joep van Dijk & Nathan Looser
ETH Zürich, Geological Insitute, Sonneggsrasse 5, 8092 Zürich, Switzerland

Carbonate clumped isotope thermometry, which is based on the measurement of the abundance of 
13C-18O bonds in carbonate minerals, is a very promising tool for many applications in geosciences 
ranging from paleoceanography to the study of diagenesis and tectonics.  The application of this tool 
in many fields of research, however, has been limited by the large sample sizes (15-30 mg) required by 
traditional measurement methods, the complex analytical methodology and contrasting published 
temperature calibrations which add considerable uncertainty in temperature reconstructions. With 
the latest improvements in small sample analysis [1] it is now possible to analyze samples of 1-1.5 
mg of carbonate with errors of less than ±3°C (at the 95% CI). With the introduction of a carbon-
ate-based standardization scheme, in addition, differences in temperature calibrations across differ-
ent laboratories are being resolved [2]. 

We will present new unpublished and published temperature calibrations showing that clumped iso-
topes in calcite, siderite and dolomite all have the same temperature dependence, but that individual 
calibrations are necessary due to the different phosphoric acid fractionation factors. These improve-
ments in analytical methods and interlaboratory consistency is improving the applicability of this 
tool to many fields,  such as palaeoceanography using foraminifera and reconstruction of terrestrial 
temperatures from paleosol carbonates. In addition, in combination with U/Pb dating clumped iso-
topes in carbonates can provide new insights on the burial history and tectonics in mountain belts.
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New reference frame for clumped N2O isotopic analysis

Kristýna Kantnerová1,2, Béla Tuzson1, Lukas Emmenegger1, Stefano M. Bernasconi2 & Joachim Mohn1

1 Empa, Laboratory for Air Pollution / Environmental Technology, Überlandstrasse 129, 8600 Dübendorf, Switzerland
2 ETH, Geological Institute, Sonneggstrasse 5 ,8092 Zürich, Switzerland

The isotopic composition of nitrous oxide (N2O) can be used to differentiate between various biotic 
and abiotic sources and sinks of this greenhouse gas. Due to the high complexity of the involved 
processes, however, source attribution is still equivocal. Measuring doubly substituted isotopocules 
of nitrous oxide (so called “clumped isotopes”) adds new opportunities to fingerprint and further 
constrain the N2O cycle.

Our research target in this challenging topic is twofold. First, we developed an analytical technique 
for selective and precise analysis of clumped isotopic species 14N15N18O, 15N14N18O, and 15N15N16O 
based on quantum cascade laser absorption spectroscopy. Using this approach, a precision of 0.1–
0.2 ‰ for δ458, δ548 and δ556 with 2–3 min spectral averaging has been achieved on samples of 
4 μmol of N2O in N2 at 4 hPa.

Second, as no reference gases are available, we established a reference frame using a combination of 
two independent approaches. On one side, clumped N2O measurements are linked to a stochastic 
distribution, equilibrating the N–O bond by heating N2O over activated Al2O3 at two different tem-
peratures (100 and 200 °C). Alternatively, we exploit the potential of laser spectroscopy for analysis 
of individual isotopologue concentrations by using a set of gravimetric N2O-in-N2 gas mixtures. This 
latter approach is particularly valuable for clumped molecules with no known procedure for equili-
bration (e.g. the N–N bond in N2O in case of 15N15N16O).

We demonstrate that the developed QCLAS technique is a very promising complementary tool to 
high-resolution mass spectrometry1 regarding ease-of-use, sample throughput, precision, and its in-
herent selectivity for the clumped isotopomers 14N15N18O and 15N14N18O. This technique has the po-
tential to open the path to a broad range of prospective applications from the biogeochemical N2O 
cycle to stratospheric chemistry or industrial catalytic processes.
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[1]	Magyar, P. M., V. J. Orphan, J. M. Eiler (2016). Measurement of rare isotopologues of nitrous oxide by high‐resolu-
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3D (13C, 2H, 37Cl) isotope analysis for HCHs transformation by 
Cobalamin

Min Zhu1, 2, Langping Wu1,3 & Hans H. Richnow1,*

1 Department of Isotope Biogeochemistry, Helmholtz Centre for Environmental Research-UFZ, Permoserstraße 15, 
04318 Leipzig, Germany
2 Institute of Soil and Water Resources and Environmental Science, College of Environmental and Resource Sciences, 
Zhejiang University, 310058 Hangzhou, China
3 Departments of Civil & Mineral Engineering, University of Toronto, 35 St. George Street, Toronto, ON M5S 1A4, Canada

Hexachlorocyclohexanes (HCHs) were widely used until 1990s which caused heavy contamination 
due to the toxicity and persistent. Reductive dehalogenation, one of the most important HCHs trans-
formation process, shows the potential for remediation of HCHs contaminated field site (Liu et al., 
2017). However, the reaction mechanisms of HCHs reductive dehalogenation still need further in-
vestigation. Compound-specific stable isotope analysis (CSIA) potentially can be used for investi-
gating the transformation mechanisms of organic compounds. In this study, experiments for the 
reductive dehalogenation of four HCH isomers (α, β, γ, and δ) by cobalamin, the transition-metal 
coenzyme of several anaerobic bacteria, were conducted as a model study. The HCH isomers were 
chosen because of different amount of equatorial and axial chlorine substituents at the cyclohexane 
ring which govern the stability of HCH isomers (Beurskens et al., 1991).

The isotope composition of HCHs as well as the products (benzene and MCB) were measured by 
GC-IRMS (for carbon), GC-Cr/HTC-IRMS (for hydrogen) and GC-MC-ICPMS (for chlorine) 
(Renpenning et al., 2018). The isotope enrichment factors (εC, εH, εCl) of HCHs for reductive dehalo-
genation were obtained and compared to those of hydrolysis and electron transfer reaction catalyzed 
by Fe(0). The reaction mechanisms were discussed based on the evaluation of AKIEC/H/Cl in different 
scenarios (confirmed by the position of chlorine atoms). Different electron transfer pathways were 
also discussed for the investigation of the reaction mechanisms. The multi-element isotope enrich-
ment factors will provide mechanistic information of degradation of HCH isomers. Particularly the 
comparison of fractionation factors in abiotic reactions, such as hydrolysis, electron transfer by Fe(0) 
reduction and cobalamin catalyzed dehalogenation, with biodegradation reactions provided a new 
perspective for analyzing the fate of HCH isomers.
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2H, 13C and 15N isotopomers titration and profiling: the use 
of Nuclear Magnetic Resonance spectrometry (NMR) for                                        

Position-Specific Isotope Analysis (PSIA)

Gérald S. Remaud, Serge Akoka & Richard J. Robins
EBSI Team, CEISAM, University of Nantes-CNRS UMR6230, 2 rue de la Houssinière, BP 92208, 44322 Nantes, France

Position-Specific Isotope Analysis (PSIA) consists in the determination of the isotope content for 
each site of a given molecule i.e. each isotopomer of the heavy element is quantified. This is not the 
case when using irm-MS (isotope ratio measured by mass spectrometry, known also as IRMS), for 
which the molecule is converted into a single gas that will be introduced in the source of the mass 
spectrometer (CO2, as example for 13C/12C 
ratio). As a result, irm-MS measures the 
amount of heavy isotopologues versus the 
light one. While PSIA generates as many 
data as the number of isotopomers (d13Ci, 
for 13C), irm-MS leads to one parameter 
only: the global (bulk) isotope composi-
tion (d13Cg). The intramolecular heavy 
isotope fractionation should give a better 
picture of the process (physical, chemical, 
biochemical or physiological) under in-
vestigation.

Three methods are currently available for 
PSIA. The oldest is the chemical and/or 
enzymatic degradation of the molecule, 
with subsequent analysis of the resulting 
fragments by irm-MS. From the δ13C of the fragments, the complete isotopic distribution can be re-
built, assuming that all steps are quantitative or that their specific associated fractionation is known. 
Alternatively fragmentation is done by pyrolysis, fragmenting molecules in a ceramic oven coupled 
on-line to irm-MS. While this is effective for small molecules (up to 4 carbones), it is not applicable 
directly to larger compounds.

In contrast, isotopic quantitative NMR (irm-NMR) gives access to all spectrally-resolved sites in the 
compound, i.e. position-specific measurements. Historically, the measurement of position-specific 
2H/1H ratios (quantification of each 2H isotopomer) was the first and it had been exploited for the de-
tection of forbidden chaptalization of wine and to authenticate natural aromas (SNIF-NMR) (Jamin 
& Thomas, 2017). The 13C equivalent methodology (irm-13C NMR) has been established only recent-
ly. The main difficulty of irm-13C NMR is meeting the requirement for a high level of precision: of the 
order of 1 ‰ (Jézéquel et al., 2017)! Examples on targeted molecules (mainly ethanol, vanillin) will 
be used to demonstrate that 13C isotopic profiles, by giving access to a larger number of parameters, 
offer a new tool for forensic and environmental inverstigations. Furthermore, by taking advantage of 
recent developments in NMR, sensitivity and resolution are improved allowing the study of smaller 
amounts of product. In fact, a parralel between 2H and 13C NMR constraints will be done in terms of 
the amount of samples and the analysis duration.

Recent methodologies and new approaches will be also presented. For the first time intramolecular 
15N profiles were exploited for characterizing position-specific 15N fractionation and for forensic in-
vestigations (Joubert, 2019). Furthermore, from the intrinsic properties of NMR: structure elucida-

13C profiles in glucose obtained by NMR for C3, C4 and CAM 
plants (Gilbert et al., 2012)
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tion and quantification at high precision, information on both the metabolome (metabolomics) and 
on the isotopome (isotopomics) can be collected during the same experiment as demonstrated on 
olive oils (Merchak et al., 2017).
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Analysis of phenolics by gas-chromatography – isotope ratio mass-
spectrometry (GC-IRMS): method development and application

Natalia Malina, Steffen Kümmel, Hans-Hermann Richnow & Carsten Vogt
Helmholtz Centre for Environmental Research – UFZ, Department of Isotope Biogeochemistry, Permoserstraße 15, 
04318 Leipzig, Germany 

Phenolics are natural compounds but also widely used in industrial processes. Due to their general 
toxicity and high water solubility phenolics are harmful groundwater contaminants; understanding 
their degradation pathways is essential for a proper water risk assessment. 

A recently developed technique to take insight into reaction mechanisms is compound-specific stable 
isotope analysis (CSIA). In previous research, carbon isotope effects were determined by liquid-chro-
matography isotope ratio mass-spectrometry (LC–IRMS) for major initial enzymatic reactions of 
aerobic and anaerobic phenol degradation pathways (monohydroxylation or carboxylation at the 
aromatic ring, monohydroxylation or fumarate addition to substituted methyl groups) (Wei et al., 
2016). However, a drawback of the used LC-IRMS method is that it does not allow analysis of hydro-
gen isotopes and thus, two dimensional stable isotope analysis of phenolics transformation reactions.

In this study, a method was developed and tested for carbon and hydrogen stable isotope analysis of 
phenol and cresols by GC-IRMS. Two extraction techniques were applied for carbon isotope analysis 
of phenolic compounds in water: liquid-liquid extraction and solid phase extraction (SPE). The ef-
ficiency of SPE method reached 57, 63 and 71 % for phenol, o-cresol and p-cresol, correspondingly. 
The method showed the absence of isotopic shifts caused by the extraction technique for the target 
compounds and proved the possibility of its implementation in analysis of environmental samples. 
The method of hydrogen isotope fractionation determination is based on derivatization by acetyl-
ation, formation of trifluoroacetate derivatives, that don’t cause the change in isotope composition 
due to absence of extra hydrogen addition in molecule, and measurement using chromium-based 
high-temperature conversion, scavenging the formation of HF (Renpenning et al., 2017). We applied 
the method on samples from aerobic and anaerobic phenol and cresol degrading model strains and 
will present first results for two dimensional stable isotope analysis of phenolics.
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Quantifying N2O production pathways of waste water treatment 
plants using 15N tracer

Jing Wei1*, Damian Hausherr2, Wenzel Gruber2, Adriano Joss2, Robert Niederdorfer3, Helmut Bürg-
mann3, Paul Macdonald Magyar4, Moritz Lehmann4, Christoph Müller5, Wolfram Eschenbach1 & 
Joachim Mohn1

1 Empa, Swiss Federal Laboratories for Materials Science and Technology, Laboratory for Air Pollution & Environmental 
Technology, 8600 Dübendorf, Switzerland
2 Eawag, Swiss Federal Institute for Aquatic Science and Technology, Department of Process Engineering, 8600 Düben-
dorf, Switzerland
3 Eawag, Swiss Federal Institute for Aquatic Science and Technology, Department of Surface Waters-Research and Man-
agement, 6047 Kastanienbaum, Switzerland
4 Department for Environmental Science, University of Basel, 4058, Basel, Switzerland
5 Department of Plant Ecology (IFZ), Justus-Liebig University Giessen, 35392 Giessen, Germany

Autotrophic nitrogen (N) removal by anaerobic ammonium oxidation (anammox) is an important 
mechanism of fixed N elimination, both in engineered and natural systems. In wastewater treatment 
plants, it offers the potential for operation under energy autarky and a better carbon footprint of the 
cleaning process. However, its process control and engineering is still under development: an opti-
mized nitrogen removal process using nitritation-anammox must combine stable operation, high 
N removal efficiency and minimized N2O emissions. The recently initiated SNF Sinergia project 
ISOMOL combines stable isotope analysis and molecular biological tools with process engineering 
approaches, to develop process designs and control parameters for application of the nitritation-ana-
mmox process in full scale municipal wastewater. 
15N tracer techniques is implemented to quantify main N2O production pathways and their controls 
on the carbon footprint of the nitritation-anammox process. In detail, N transformation processes 
in aqueous phase will be traced in real-time by analysis of 15N-NH4

+, 15N-NO3
- and 15N-NO2

- using 
a sample preparation unit for inorganic N-species coupled with membrane inlet mass spectrometry 
(SPIN-MIMS) as a novel online N monitor. In addition, our existing capability at Empa for on-line 
analysis of 15N-N2O by quantum cascade laser absorption spectroscopy (QCLAS) will be extended to 
the analysis of highly enriched gas samples. Temporal trends of 15N-labels in aqueous phase N com-
pounds and gas phase N2O will be interpreted using a 15N tracing model to quantify the main N2O 
production pathways. Microbial 16S, metagenomic and metatranscriptomic analysis will support 
our interpretation of N transformation and N2O production in wastewater treatment plants. Beyond 
engineered systems our results will advance understanding of the environmental controls on anam-
mox and thus be of high relevance to a broad scientific community, including isotope geochemistry, 
microbial ecology, limnology and oceanography.

						      Oral presentations | Thursday, July 11 | Topic 5/7: 
Isotopologues/ Environmental and Water Chemistry / Microbiology II



56

In situ biodegradation rates in contaminated sediments via a high 
resolution multielement isotopic approach 

Tetyana Gilevska*1, Ann Sullivan  Ojeda1 Elodie Passeport1, Edward Seger2, Edward Lutz2, Kathy 
West3, Scott Morgan3, Erin Elizabeth Mack4 & Barbara Sherwood Lollar1 
1 University of Toronto, Toronto, ON M5S3B1, Canada, (*correspondence: tetyanagilevska@utoronto.ca) 
2 The Chemours Company, Wilmington, DE 19898, USA
3 AECOM, Deepwater, NJ 02907, USA
4 Dupont, Newark, DE 19711,USA

Compound Specific Isotope Analysis (CSIA) is able to assess whether decreases in concentrations 
of a specific contaminant are due to in situ transformation or transfer processes, information that is 
not available solely from concentration measurements. Further, multielement isotope analysis offers 
detailed information on processes occuring in natural environments, especially for reactions that 
involve isotope fractionation of two different elements. Recent analytical developments have enabled 
measurements of hydrogen isotopes for halogenated contaminants, which are often targets of reme-
diation efforts (1). In this study we have combined hydrogen and carbon CSIA with high-resolution 
sampling (every 3 cm) across the sediment – water interface (SWI) at a contaminated field site, to 
identify zones with the highest biotransformation potential. Samples were collected at four locations 
via passive diffusion samplers (2) from sediment contaminated with monochlorobenzene (MCB) 
and benzene (the dechlorination product of MCB) in a field site (3). 

 Concentrations of MCB and benzene decreased from the bottom to the top of the sediment column 
at all four locations. This decrease in concentration correlated with a progressive enrichment in δ13C 
(up to 5.7 ‰) and in δ2H (up to 24 ‰) for MCB. Benzene, meanwhile, showed the inverse trend: a 
significant depletion in 13C by up to 7.0 ‰ and in 2H by up to 123 ‰ over only 40 cm. Such large and 
correlated trends in multielement enrichments for MCB and depletion for benzene are consistent 
with isotope signatures expected for parent contaminants and resulting daughter products during in 
situ biotransformation. Importantly, in the uppermost part of the sediment, the trend for benzene re-
versed, with an enrichment up to 2.2 ‰ for δ13C, indicating that biodegradation of both compounds 
was occuring across the SWI, with benzene degrading faster than MCB (3). By applying the concept 
of representative elementary volume (REV), a critical zone of 9-15 cm, within the depth profile, with 
the highest biodegradation potential in the sediments was identified. These results demonstrate how 
the combination of concentration and multi-element isotope data at high spatial resolution can be 
used to quantify in situ rates of degradative processes and therefore evaluate whether naturally oc-
curring processes are an effective mechanism of remediation. 
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Useful statistical methods for compound-specific isotope analysis 
in contaminant hydrogeology

Ann Sullivan Ojeda, Elizabeth Phillips & Barbara Sherwood Lollar
University of Toronto, Department of Earth Sciences, 22 Russell Street, M5S 2B1 Toronto, Canada

Historically, measurement uncertainty in compound-specific isotope analysis (CSIA) has played a 
key role in interpreting the extent of contaminant transformation and has constrained our ability 
to positively identify enrichment trends in laboratory and field data. For many traditional stable 
isotope measurements (δ13C, δ2H, δ37Cl), uncertainty related to measurement accuracy and preci-
sion has been discussed and reported for specific sample-introduction methods (e.g. direct injection, 
headspace, purge and trap) as well as for different methods of detection (e.g. IRMS, q-MS, ICP-MS). 
However, uncertainty introduced by mathematical manipulations of isotopic data has been largely 
overlooked in the literature to date. Common data analysis techniques like regression analysis of 
dual-isotope plots and comparisons between several sets of data can be susceptible to mathematical 
uncertainty that potentially biases data interpretation. A suite of statistical methods such as t-tests 
and z-scores can improve our ability to use CSIA measurements to interpret laboratory data and 
apply it to the field. Here we present the appropriate statistical methods to support mathematical 
manipulations and data analysis techniques for CSIA applications. Incorporating robust statistical 
methods into data analysis and interpretation will help validate the role CSIA plays in contaminant 
hydrogeology. 
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Tracking life’s fingerprints with molecules and isotopes

Katherine H. Freeman & Allison Baczynski
Department of Geosciences, The Pennsylvania State University, University Park, PA 16803 USA

Biomarkers are organic molecular remnants of past life preserved in ancient sediments and soils. The 
stable isotopes carried by such fossil molecules yield insights to past organisms and their habitats 
and ecology. Insights provided by biomarkers and their isotopes are central to studies of climates and 
carbon cycle dynamics on land and in the ocean over Earth’s long history. Although widely applied 
for these purposes, nevertheless, small samples or poor organic preservation restricts many studies 
due to size requirements of conventional methods for compound-specific isotope analyses (CSIA). 

We recently (1) incorporated narrow-diameter capillary chromatography columns and microfluidic 
systems to reduce peak width, enhance separation, and minimize loss by reducing the flow divert-
ed (or “split”) from the IRMS source. This method has enabled precise carbon isotope analyses at 
picomolar quantities, or about 10-100 times less than required by conventional systems. Using “pi-
co-CSIA,” we have been able to measure compounds not normally included in isotope studies of 
past climates and environments. This presentation will highlight novel data from polycyclic aromatic 
hydrocarbons (PAH), and triterpenoid biomarkers from different time periods. 

New analytical tools in NMR and mass spectrometry has recently led to expanding data and un-
derstanding of isotope patterns within organic compounds from different organisms and biochem-
istries. Extending both pico-CSIA and novel isotopologue analyses to fossil biomarkers opens new 
opportunities for studies of the origins of organics over Earth’s history, and potentially, to organic 
compounds in meteorites or other planetary environments. 
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New ecophysiological information from intramolecular isotope 
variation: methods, analysis and implications for biogeochemistry

Jürgen Schleucher1, Thomas Wieloch1, Henrik Serk1, Pieter Zuidema2, Mats Nilsson3 & 
John Marshall3

1 Umeå University, Medical Biochemistry & Biophysics, KBC Building, 90187 Umeå, Sweden; jurgen.schleucher@umu.se
2 Wageningen University, Forest Ecology & Management, Wageningen, Netherlands
3 SLU, Forest Ecology and Management, Umeå, Sweden

The IPCC considers the size of the CO2 fertilization effect as a central uncertainty in Earth system 
models. This is because CO2 manipulation experiments are limited in time to at most years, and 
impose a step increase in CO2, instead of gradual. As a consequence, it is not clear if responses seen 
in these experiments hold for plants in the field, over decades, and in the presence of acclimation. We 
pioneer isotopomer approaches to tackle this question retrospectively using archives of plant material. 

Conventional isotope applications in ecology and biogeosciences measure isotope ratios (e.g. d13C) 
of whole molecules. However, for primary metabolites large intramolecular isotope variation – iso-
topomer variation – has long been known. This variation reflects enzyme fractionations and encodes 
metabolic information (Schmidt 2003). 

We will for present how intramolecular variation is measured by NMR (Chaintreau et al., 2013), ex-
amples for studies of intramolecular 13C and D variation in trees and other plants, as well as concepts 
for data analysis, models to derive physiological interpretations. 

First, intramolecular 13C distributions of tree-ring cellul-
cose of several species, and of an annually-resolved Pinus 
nigra chronology (Wieloch et al., 2018). The figure displays 
the average intramolecular 13C pattern (as  ‰ deviation 
∆ of carbon position Ci = 1 to 6 from molecular average) 
of 6 angiosperm and 6 gymnosperm species. The pattern 
shows large intramolecular 13C variation, with differences 
between isotopomers up to 10 ‰. Further, the pattern ap-
pears constant among all species, suggesting that it reflects 
fundamental preserved regulation of C metabolism. The in-
tramolecular 13C variation indicates that individual 13C iso-
topomers of cellulose constitute distinct 13C inputs into ma-
jor global C pools. When glucose units with the observed 
intramolecular 13C pattern are broken down by different biochemical pathways, CO2 with strongly 
differing d13C will be released; affecting isotope signals of atmosphere-biosphere C exchange fluxes. 
Furthermore, cluster analysis shows that tree-ring glucose exhibits several independent intramolec-
ular 13C signals, which constitute distinct ecophysiological information channels. 13C fractionation 
by stomata/Rubisco explains only part of isotopomer variation, suggesting that whole-molecule 13C 
analysis likely misses a large part of the isotope information stored in tree rings. 

Second, in experiments on annual plants, we have found that deuterium isotopomers in photosyn-
thetic glucose reflect the ratio of oxygenation to carboxylation at Rubisco, a central metabolic branch-
ing that is the origin of the photorespiration flux in all C3 plants. Analyzing herbarium samples of 
several C3 species, we found that increasing atmospheric [CO2] over the 20th century has reduced 
the oxygenation / carboxylation ratio in all investigated C3 species, with no evidence for acclimatory 
reactions by the plants. Results on the moss Spagnum fuscum suggest a mechanism for increasing 
peat accumulation rates, a major global C sink (Ehlers et al., 2015).
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Finally, results from ongoing work on deuterium isotopomers in tree rings and Sphagnum species. 
We compare data from growth chamber experiments, FACE studies and tree-ring series covering 
the anthropogenic CO2 since industrialization. The increase in CO2 should have led to increased 
photosynthesis, but this CO2 fertilization effect is poorly constrained on long time scales. A substan-
tial part or the expected increase of photosynthesis is due to expected CO2-driven suppression of 
photorespiration. Data will also be compared to herbaceous C3 species, with the goal to quantify the 
CO2-driven suppression of photorespiration during recent decades. 

References
Chaintreau, A. et al., (2013): Site-specific C-13 content by quantitative isotopic C-13 Nuclear Magnetic Resonance 

spectrometry: A pilot inter-laboratory study. Analytica Chimica Acta 788, 108-113.
Ehlers, I., Augusti, A, Betson, TR, Nilsson, MB, Marshall, J.D., Schleucher, J (2015): Detecting long-term metabolic 

shifts using isotopomers: CO2-driven suppression of photorespiration in C-3 plants over the 20th century. PNAS 112, 
15585-15590.

Schmidt, H. L. (2003): Fundamentals and systematics of the non-statistical distributions of isotopes in natural com-
pounds. Naturwissenschaften 90, 537-552.

Wieloch, T., Ehlers, I., Yu, J., Frank, D., Grabner, M., Gessler, A., Schleucher, J (2018): Intramolecular C-13 analysis of 
tree rings provides multiple plant ecophysiology signals covering decades. Scientific Reports 8, 5048.

Oral presentations | Thursday, July 11 | Topic 6: 							     
Earth/Planetary Sciences, Biogeochemistry and Ecology I



61

Oral Presentations: Friday, July 12



62

Linking phosphate oxygen isotope effects to phosphorus cycling, 
from molecular to ecosystem scales

Deb Jaisi1*, Lisa Stout1, Spencer Moller1, Sunendra Joshi1, Jiying Li1, Sae-Jung Chang2,3, Hui Li3 &

Ruth Blake3

1 Department of Plant and Soil Sciences, University of Delaware, Newark, DE 19716, USA
2 Seoul Center, Korea Basic Science Institute, Seoul 02841, Republic of Korea
3 Department of Geology and Geophysics, Yale University, New Haven, CT 04560, USA

Phosphorus (P) cycling in the environment is almost entirely controlled by microbial processes. 
Therefore, understanding the isotope effects involved in the microbial processes is an essential step 
to decipher both extinct and extant ecosystem processes. Pyrophosphatase is the only known en-
zyme in organisms to imprint equilibrium isotope composition—which has been validated from 
mass spectrometry and Raman Spectroscopy methods. All other phosphatase enzymes are known to 
hydrolyze organic P compounds via one-way disequilibrium isotope effect, which varies both with 
the type of substrate and enzyme, but variation among enzymes synthesized by different organisms 
have also found. Still, a distinction between equilibrium and disequilibrium isotope effects can be 
made. On the other hand, specific phosphate pools that are not bioavailable retain source specific 
isotope signatures and aid in identifying sources. Together, they provide information useful to iden-
tify the role of microbial processes in the environment. Isotope mass balance has been employed to 
identify dominant processes in eutrophic water and has helped constrain that late stage eutrophica-
tion and dead zones are caused largely from internal cycling of P. More recently, compound-specific 
and position-specific oxygen isotopes, along with other stable isotopes (C, N, and H), in organic P 
compounds are being investigated. These developments improve resolution and thus better resolve 
the relative roles of anthropogenically derived sources of phosphorus on water quality.
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Future precipitation patterns in agroecosystems affected carbon and 
nitrogen turnover – a green manure stable isotope labelling study

Andrea Watzinger1, Andreea Spiridon1,2, Simon Leitner1, Maria Heiling3, Christian Resch3, Anna 
Wawra4, Johannes Hösch4, Erwin Murer5, Johannes Wagenhofer5, Herbert Formayer6, Wolfgang 
Wanek2 & Rebecca Hood-Nowotny1

1 Institute of Soil Science, Department of Forest and Soil Sciences, University of Natural Resources and Life Sciences 
Vienna, Konrad-Lorenz-Str. 24, 3440 Tulln, Austria
2 Institute of Terrestrial Ecosystem Research, Department of Microbiology and Ecosystem Science, University of Vienna, 
Althanstr. 14, 1090 Vienna, Austria
³ FAO/IAEA Soil and Water Management & Crop Nutrition Lab., Intern. Atomic Energy Agency, 2444 Seibersdorf, Austria 

4 Dept. for Soil Health and Plant Nutrition, AGES Austrian Agency for Health and Food Safety, Spargelfeldstr. 191, 1220 Vienna
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Climate change is likely to affect precipitation patterns in the future, and as such is a determining 
factor in agricultural systems in terms of soil organic matter mineralization, nutrient release and 
therefore plant production. This study investigates the impact of precipitation on two different soil 
types – a sandy calcaric Phaeozem and a calcic Chernozem which are representative of the Panno-
nian area of the Marchfeld region in Austria. A regionalized scenario RCP 6.0 derived from the 5th 
IPCC was used on a long-term lysimeter study in the Marchfeld, where future rainfall patterns (386 
mm a-1) were compared with current precipitation (518 mm a-1) since 2011. 

Bulk concentration measurements did not 
show clear differences in carbon and nutri-
ent cycling between scenarios as heterogene-
ity between lysimeters was high. However, a 
more precise way of tracing carbon and ni-
trogen turnover in soils is using a stable iso-
tope labelling approach. In this study, green 
manure (Sinapis alba) labelled with 13C and 
15N stable isotopes was applied to the lysim-
eter soils in April 2018. Gaseous emissions, 
soil, plant and groundwater samples were 
collected at throughout the growing season and analysed using isotope ratio mass spectrometry and 
a 15N N2O cavity ring down isotope-laser spectrometer installed in the field. 

Results showed decreased plant biomass production in the low precipitation scenario due to drought stress 
as indicated by increased δ13C values of the plants. Mineralization of green manure (13C CO2) and label 
uptake into soil microorganisms (13C PLFA) was shown to start within hours of application, and total CO2 
emissions from the calcic Chernozem was lower for the future precipitation scenario. Accordingly, isotope 
results showed that inorganic N (NO3

-) was released from the green manure more slowly under the future 
precipitation scenario. However, as plants grew less in summer under the future precipitation scenario, 
uptake of N was retarded leading to higher 15N label in the soil and plants. Emissions of N2O were general-
ly low, even after a simulated heavy rainfall event (60 mm), and initially slightly higher under the current 
precipitation scenario. Incorporation of 15N label from the green manure into N2O was not detectable.

This study provides a nice example how isotope tools can uncover differences in soil processes which 
are otherwise masked due to soil heterogeneity. Lower mulch mineralisation under the future precip-
itation scenario came concurrent with diminished plant growth finally leading to a higher availability 
of inorganic N in the soils which is susceptible to leaching. 
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Mercury stable isotopes as an eye-opener on the role                                      
of vegetation in global mercury cycling

Martin Jiskra
University of Basel, Environmental Geosciences, Bernoullistr. 30, 4056 Basel, Switzerland

Mercury is a high priority pollutant of great concern for human and ecosystem health. Anthropogen-
ic mercury emissions are transported through the atmosphere as gaseous elemental mercury (Hg0) 
before being deposited globally on land and ocean. It has been the notion over the last decades that 
atmospheric Hg(0) is first oxidized in the atmosphere to soluble Hg(II) before being deposited to 
land and ocean via rain and snowfall. The direct deposition of Hg(0) has received less attention main-
ly due to analytical difficulties in measuring fluxes of Hg(0). Mercury stable isotopes are a novel tool 
to fingerprint pathways of atmospheric mercury deposition and transformation processes. Over the 
last years increasing evidence from mercury isotope fingerprints suggests that 60 % to 90 % of mer-
cury in various soils around the world originated from the direct deposition of Hg(0), rather than 
from Hg(II) in precipitation. During this presentation I will explain how Hg stable isotopes served 
as an eye-opener on the role of terrestrial vegetation as a pump for Hg(0). The uptake of atmospher-
ic Hg(0) by vegetation appears to be a major driver of mercury storage in soils, seasonal variations 
in atmospheric mercury concentrations and mercury transfer to aquatic ecosystems. Finally, I will 
discuss the implications of the vegetation mercury pump for global mercury cycling in particular in 
context of climate change. 
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Simultaneous detection by isotope ratio and quadrupole mass 
spectrometry coupled to multidimensional gas chromatography 

for the analysis of complex samples

Danilo Sciarrone1 & Luigi Mondello1,2,3

1 Dipartimento di Scienze Chimiche, Biologiche, Farmaceutiche ed Ambientali, Università degli Studi di Messina, Polo 
Annunziata, Viale Annunziata, 98168 Messina
2 Chromaleont S.r.l., Viale Boccetta, 70, 98122 Messina
3 Unit of Food Science and Nutrition, Department of Medicine, University Campus Bio-Medico of Rome, via Álvaro del 
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Isotope Ratio Mass Spectrometry (IRMS) is commonly recognized to be able to provide information 
about the geographical, chemical, and biological origins of substances. The ability to determine the 
source of substances stems from the relative isotopic abundances of the elements which comprise 
the material. By performing a separation prior to isotope ratio analysis, hyphenated techniques such 
as GC-C-IRMS, can provide isotopic analysis of a complex mixture, thereby providing additional 
information and higher discriminatory power. Since its introduction, the use of this analytical ap-
proach was not widespread due to a series of drawbacks related to chromatographic and isotopic 
issues. In fact, dead volumes due to the typical instrumental setup, requiring the combustion of the 
components followed by a drying step, often limit the separation efficiency, driving to an increased 
band broadening and peak asymmetry producing peak coelutions, thus falsify the measurements. 
Moreover, the reduced chromatographic performance increases the gas chromatographic isotope 
effect (or inverse isotopic effect) that generates GC peak not isotopically consistent because com-
posed of lighter isotopes (12C, 1H and 16O) that elute after the isotopomers containing heavier organic 
compounds because of their higher volatility. The present research deals with the development of an 
MDGC-MS/IRMS prototype characterized by the improved resolution capability of the heart-cut 
mode, exploiting two different stationary phases, and the simultaneous qMS and IRMS detection of 
the 2D chromatographic bands. The IRMS system was optimized in terms of dead volumes enabling 
to overcome the extra-column band broadening effect that usually affects the commercial systems. 
Different applications on food [1] and flavour and fragrance samples are reported showing the en-
hanced performances of the prototype described.

Reference
[1]	Sciarrone D. et al, Multidimensional Gas Chromatography Coupled to Combustion-Isotope Ratio Mass Spectrome-

try/Quadrupole MS with a Low-Bleed Ionic Liquid Secondary Column for the Authentication of Truffles and Prod-
ucts Containing Truffle. Anal Chem. 2018, 90, 6610-6617
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Stable isotope raman microspectroscopy for nondestructive 
analysis of microorganisms on the single-cell level

Natalia P. Ivleva, Ruben Weiss, Michael Seidel, Reinhard Niessner & Martin Elsner
Institute of Hydrochemistry and Chair of Analytical Chemistry and Water Chemistry, Technical University of Munich, 
Marchioninistr. 17, 81377 Munich, Germany

Stable isotope-based analytical methods are crucial to study fluxes and to constrain processes in 
various scientific fields. Complementary to well-established techniques, like isotope ratio mass 
spectrometry and mass spectrometry-imaging methods, stable isotope Raman microspectroscopy 
(SIRM) opens the possibility to perform nondestructive, spatially-resolved quantitative analysis of 
various (in)organic and (micro)biological samples.1, 2

SIRM provides characteristic fingerprint spectra of samples with the spatial resolution of a confocal 
optical microscope (down to 1 µm and even below), containing information on the chemical nature 
of stable isotope-labeled substances and the amount (%) of a label (based on the red-shift of bands 
from labeled substances). Simultaneously, these spectra deliver information on the chemical compo-
sition and structure of samples. Furthermore, this method can be performed without spectral inter-
ference of water.1 Therefore, SIRM allows for in situ investigations of microbial communities on the 
single cell level. Furthermore, the sensitivity of SIRM can be significantly improved (in the range of 
103 – 106, up to 1011 at so-called “hot spots”) due to surface-enhanced Raman scattering (SERS), e.g. 
by using of Ag nanoparticles (AgNPs).

We applied SIRM and SERS for the analysis of unlabeled as well as 13C-, 15N- and D-labeled single 
bacterial cells.3-5 The use of AgNPs synthesized in situ allowed us to perform reproducible SERS anal-
ysis. In contrast to SIRM (where whole-organism fingerprints for bacteria are obtained), SERS is more 
selective and provides information on cell surface substances. The SERS spectra are characterized by 
a pronounced band at around 730 cm-1, which was assigned to adenine-related compounds.4 Further-
more, we studied the limitations and applicability of the SERS approach for characterization of micro-
organisms. Our studies suggest that the SERS signals reflect the metabolic activity of bacterial cells.5

The ability to visualize the incorporation of stable isotopes on the single cell level is not limited to pla-
nar surfaces but is extendable to three dimensions. This can provide detailed information about the 
3D arrangement and metabolic activities of different microorganisms inside complex matrices, e.g. 
artificial biofilms.5 Thus, SIRM (in combination with SERS) can open a variety of new applications, 
e.g. in environmental microbiology.

References
[1]	N. P. Ivleva, P. Kubryk and R. Niessner, Anal. Bioanal. Chem., 2017, 409, 4353-4375.
[2]	A. C. Wiesheu, R. Brejcha, C. W. Mueller, I. Koegel-Knabner, M. Elsner, R. Niessner and N. P. Ivleva, Anal. Bioanal. 

Chem., 2018, 410, 923-931.
[3]	P. Kubryk, J. S. Kölschbach, S. Marozava, T. Lueders, R. U. Meckenstock, R. Niessner and N. P. Ivleva, Anal. Chem., 

2015, 87, 6622-6630.
[4]	P. Kubryk, R. Niessner and N. P. Ivleva, Analyst, 2016, 141, 2874-2878.
[5]	R. Weiss, M. Palatinszky, M. Wagner, R. Niessner, M. Elsner, M. Seidel and N. P. Ivleva, Analyst, 2019, 144, 943-953.
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Graphene-modified polymer monoliths for high throughput 
extraction of micropollutants for compound-specific isotope analysis

David Glöckler, Rani Bakkour, Christopher Wabnitz, Gabriel Sigmund, Michael Seidel & Martin Elsner
Technical University of Munich, Chair of Analytical Chemistry and Water Chemistry, Marchioninistraße 17, 81377 
München, Germany

Compound-specific isotope analysis (CSIA) has been demonstrated to be highly suitable for the eva-
luation of sources and transformation processes of micropollutants, such as pesticides and pharma-
ceuticals, in laboratory experiments during the last decade. However, analytical challenges associated 
with low micropollutant concentrations (sub-µg/L range) in environmental water samples still limit 
applicability of CSIA approach to field studies due to large volumes of water necessary for extraction. 
Although traditional solid-phase extraction techniques are available for enrichment of micropollu-
tants, they fail in processing large volumes in feasible timescales due to limited flow rates (i.e. few 
mL/min). Therefore, a high throughput concept for extraction is needed. To this end, monolith af-
finity filters (MAF) offer a promising solution to process large volumes of water in reasonable time 
(i.e. up to 1000 mL/min). MAFs are epoxy-based polymers prepared by self-polymerization of poly-
glycerol-3-glycidyl ether in organic solvent as porogens. A highly cross-linked structure with high 
porosity (79%) and large pores (i.e. from 15 to 25 µm) enables high throughput of liquid samples. 
In recent years, application of MAFs has been demonstrated for capturing bacteria. Nevertheless, a 
successful extension of the concept to organic micropollutants has not been realized. In this work, 
we explore the use of graphene oxide to modify the MAFs surface chemistry in order to enable pi-pi 
electron donor-acceptor interactions with the micropollutants. 

Tailor-made MAFs were successfully synthesized using toluene and tert-butyl methyl ether as poro-
gen with volume ratio of 3:2. Amine groups were immobilized onto the pore surface via the reaction 
of epoxide groups with the polyetheramine Jeffamine. Subsequently, graphene oxide (GO) was co-
valently attached by coupling the amine groups using dicyclohexylcarbodiimide as a coupling agent. 
Polymer monoliths functionalized with reduced graphene oxide (rGO) were then obtained via che-
mical reduction by ascorbic acid. Sorption performance of selected pesticides and metabolites, na-
mely chloridazon, isoproturon, terbuthylazine, s-metolachlor, and 2,6-dichlorobenzamide, has been 
assessed on rGO-functionalized polymers, as well as on bulk GO and rGO in batch experiments. Re-
sults reveal that rGO exhibits higher sorption capacity towards chloridazon, isoproturon, terbuthyla-
zine, s-metolachlor by factors of 5.5, 5.4, 1.8, 2.8, respectively. First results exhibit the suitability of 
rGO for modification of MAFs surface chemistry. Recovery efficiency of the sorbed analytes is being 
investigated for different eluent solvents. Optimization of operation parameters, including sample 
pH, volume, and flow rate will be evaluated on the base of analyte recoveries.
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[1] Elsner, M. and Imfeld, G., Curr. Opin. Biotech. 2016, 41, 60-72.
[2] Peskoller, C., Niessner, R., and Seidel, M., J. Chromatogr. A. 2009, 1216, 3794-3801.
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Synthesis and characterization of a calibration standard                            
for stable chlorine isotope analysis

Christina Lihl1,2, Julian Renpenning3, Heide K. V. Schürne2, Martina Daubmeier2, Benjamin Heckel1, 
Aileen Melsbach1,2, Matthias Gehre3 & Martin Elsner1,2

1 Chair of Analytical Chemistry and Water Chemistry, Technical University of Munich, Marchionistraße 17, 81377 
München, Germany
2 Institute of Groundwater Ecology, Helmholtz Zentrum München, Ingolstädter Landstraße 1, 85764 Neuherberg, Germany
3 Department of Isotope Biogeochemistry, Helmholtz Centre for Environmental Research – UFZ, Permoserstraße 15, 
04318 Leipzig, Germany

For accurate stable chlorine isotope analysis, it is cru-
cial to run isotope standards in parallel with sam-
ples. Specifically, two standards are needed which 
bracket the isotope values of the samples. For chlo-
rine few international standards are available, all of 
them with similar isotope values near 0  ‰. The ex-
ception is USGS38, which shows an isotopic shift 
(-87.9 ‰), but is of limited availability. Thus, working 
standards for daily chlorine isotope analysis are typi-
cally characterized against only one international stan-
dard. Consequently, a second readily available standard 
with an isotopic shift for characterization is needed.

2,2,2-Trichloroethyl acetate was used as starting mate-
rial. As depicted in panel A of the Figure, the trichloro-
ethyl group was removed via reductive elimination by 
Zn under reflux conditions. After stopping the reaction 
by removing the zinc, silver nitrate solution was added 
to precipitate the formed chloride as silver chloride. For 
characterization via gas chromatography-isotope ration 
mass spectrometry (GC-IRMS) and gas chromatogra-
phy-inductively coupled plasma-multicollector-mass 
spectrometry (GC-ICP-MC-MS) the international 
standards ISL-354 (δ37Cl = +0.05 ±0.03 ‰) and USGS38 (δ37Cl = -87.90 ±0.24 ‰) were used. Prior 
to characterization all substances were converted to methyl chloride.

Conversion of 2,2,2-trichloroethyl acetate produced pure silver chloride named “CT16”. Characteri-
zation via GC-IRMS and GC-ICP-MC-MS gave identical values with a mean over all measurements 
of δ37ClCT16 = -26.82 ±0.18 ‰ (n = 16). This consensus value shows a relatively large shift when com-
pared to most international chlorine isotope standards. This can be explained by the intramolecular 
chlorine isotope effect during reductive elimination according to panel B in the Figure. The large 
difference will be of great advantage in the future characterization of materials: Calibration against 
two different isotope standards will result in improved precision and trueness of daily chlorine iso-
tope analysis.

References
Somsák, L.; Czifrák, K.; Veres, E. Tetrahedron Letters 2004, 45, 9095-9097.

(A) Synthesis of the silver chloride standard CT16 
via reductive elimination and subsequent precipita-
tion with AgNO3. 
(B) Expected intramolecular isotope fractionation 
and the resulting strategy to recover produced chlo-
ride with pronounced changes in chlorine isotope 
values.
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Instrumental Modifications of a Gas Chromatograph-Isotope Ratio 
Mass Spectrometer towards Sensitive and Accurate Carbon Isotope 

Analysis of Micropollutants

Aileen Melsbach1 & Martin Elsner1,2

1 Helmholtz Zentrum München, Institut für Grundwasserökologie, Ingolstädter Landstraße 1, 85764 Neuherberg, Ger-
many
2 TU Munich, Institute of Hydrochemistry, Marchioninistr. 17, 81377 München, Germany

In the recent years, reports about the detection of micropollutants in surface- and groundwater cu-
mulated and the assessment of a compound’s environmental fate using compound specific stable 
isotope analysis (CSIA) by gas chromatography-isotope ratio mass spectrometry (GC-IRMS) has be-
come more and more important. The method is based on the analysis of natural isotope abundances 
and isotopic shifts. So far, the analysis of micropollutants is limited to the sub µg/L concentration 
range. However, as micropollutants are often detected in the ng/L range, high sensitivity, robustness 
and accuracy are crucial parameters for CSIA.

The aim of this study is to increase the sensitivity without introducing an isotopic discrimination. 
Thereto, based on the study of Baczynski et al. (1) and Tobias et al. (2) a GC-IRMS system was mod-
ified. The modification included a Rapid data acquisition (RDA) upgrade of the isotope ratio mass 
spectrometer and its corresponding software, a modified open-split and a new combustion reactor 
based on a nickel capillary with a Pt-wire. To validate the system, the frequently detected herbicides 
atrazine, metolachlor and acetochlor were used as model compounds.

Preliminary validation of the modified set-up resulted in accurate results with standard deviations 
smaller than 0.5 and a reduced peak width by the factor of three.

References
1.	 Baczynski AA, Polissar PJ, Juchelka D, Schwieters J, Hilkert A, Summons RE, et al. Picomolar-scale compound-spe-

cific isotope analyses. Rapid Commun Mass Spectrom. 2018;32(9):730-8.
2.	 Tobias HJ, Brenna JT. Cryofocus fast gas chromatography combustion isotope ratio mass spectrometry for rapid 

detection of synthetic steroid use in sport doping. Analyst. 2018;143(5):1124-32.
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HS-SPME MDGC-C-IRMS with simultaneous quadrupole MS 
detection: a powerful approach to discriminate between natural              

and synthetic truffle aroma

Danilo Sciarrone1, Gemma De Grazia2 & Luigi Mondello1,2,3

1 Dipartimento di Scienze Chimiche, Biologiche, Farmaceutiche ed Ambientali, Università degli Studi di Messina, Polo 
Annunziata, Viale Annunziata, 98168 Messina
2 Chromaleont S.r.l., Viale Boccetta, 70, 98122 Messina
3 Unit of Food Science and Nutrition, Department of Medicine, University Campus Bio-Medico of Rome, via Álvaro del 
Portillo 21, 00128 Rome, Italy

Truffles are among the most expensive foods, due to their rarity and unique aroma. The white ones 
are available only a couple of months a year. They are more precious than the black ones, and the 
most valuable species is Tuber magnatum Pico, better known as “Alba white truffle”. It is sought after 
for its larger size, limited quantity, and quality of taste. Given the high economical value, analyti-
cal approaches are required, for authenticity and traceability purposes. In the present research, gas 
chromatography coupled to combustion-isotope ratio mass spectrometry (GC-C-IRMS), has been 
exploited in order to discriminate between natural or synthetic truffle aroma. A powerful approach 
has been applied, able to evaluate the 13C ratio of the key aroma compound, namely bis (methylthio) 
methane. A high-efficiency HS-SPME MDGC-C-IRMS with simultaneous quadrupole MS detec-
tion, has been used for the analysis of several high-value white truffles harvested in Italy, and com-
mercial products flavored with different truffle species [1]. This application demonstrates the capa-
bility of an MDGC-C-IRMS system to overcome some of the historical problems of IRMS, associated 
with the combustion and measurement of impure peaks. Extra-column band broadening has been 
greatly reduced thanks to the optimization of the micro-combustion furnace and to the elimination 
of the heart-split valve, not necessary in a multidimensional configuration. 

References
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Selective extraction of pesticides from surface water using                  
crosslinked Cyclodextrin Polymers 

Christopher Wabnitz, Rani Bakkour, David Glöckler & Martin Elsner
Chair of Analytical Chemistry and Water Chemistry, Technical University of Munich, Marchioninistraße 17, 81377 
München, Germany

Compound specific isotope analysis (CSIA) is an important tool for determining the origin and 
fate of organic contaminants, such as pesticides, in the environment. Although analytical methods 
for CSIA are available for lab applications, it remains a major challenge to transfer these methods 
to the field-scale due to the low occurrences of pesticides in environment (i.e. ng/L range). To this 
end, extraction of the pesticides from 
large volumes of water (i.e. 10-500 L) 
becomes inevitable to meet the low sen-
sitivity of isotope-ratio mass spectrom-
etry. Therefore, sorbents are warranted 
with (i) very fast kinetics to process the 
large volumes of water samples in rea-
sonable times, as well as (ii) high selec-
tivity towards the pesticides in presence 
of natural organic matter that is at least 
104 more abundant than the pesticide. 

Crosslinked Cyclodextrin Polymers (P-CDP) have recently been synthesized with high surface area 
that could enable their use for treatment purposes where large volumes of water are typically pro-
cessed [1]. While the size of the cyclodextrin pocket is hypothesized to fit small molecules such as 
pesticides, natural organic matter (NOM) of larger size are presumed to be excluded. The latter as-
sumption has not been tested and little is known about behaviour of NOM on P-CDP. In this work, 
crosslinked cyclodextrins with different pocket sizes, namely α-P-CDP, β-P-CDP and γ-P-CDP, were 
synthesized and used as solid-phase extraction (SPE) sorbents to extract a selection of 16 pesticides 
from surface waters. Interactions between the three P-CDPs and NOM are investigated in terms of 
NOM size and polarity. Fractions of NOM with < 1, 1-3, 3-10, and      > 10 kDa is prepared using ultra-
centrifugation of surface waters [2] and investigated for their behaviour on the synthesized P-CDPs 
in terms of sorbed amount and its aromaticity. Whereas, NOM fractions with different polarities are 
prepared using a set of anion and cation exchangers [3]. This contribution will systematically present 
recoveries of the pesticides and NOM on P-CDPs in comparison to three conventional materials and 
hydroxypropylated β-P-CDP. 
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Scheme 1: The three-
step wet chemistry based 
method for accessing the 
18O/16O of glucose O-3
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A novel approach for position-specific 18O/16O measurement of 
carbohydrates from higher plants by GC-IRMS

Ran Ma, Yu Zhao, Zhenyu Zhu, Bo Wang & Youping Zhou
Isotopomics in Chemical Biology, School of Chemistry & Chemical Engineering, Shaanxi University of Science & Tech-
nology, Xi’an, China 710021

The 18O/16O ratio at both molecular and positional levels in the carbohydrates of higher plants is a 
reliable proxy for the plant growth environment, and a potential indicator of the plant photosynthetic 
carbon assimilation mode, and its physiological, biochemical and metabolic status (Sternberg et al., 
2003; 2006; Waterhouse et al., 2013). The lack of exploitable nuclear resonance in 18O and 16O and 
the extremely low 17O abundance make the NMR-based PSIA (position-specific isotopic analysis) a 
significant challenge. In order to probe the valuable metabolic information locked into these posi-
tion-specific oxygen isotopic compositions in carbohydrates, we have developed a chemical strategy 
for accessing the 18O/16O ratios of O-3 in glucose (Ma et al., 2018). A three-step wet chemistry is 
employed to remove O-3 from glucose from glucose so that isotope mass balance can be applied to 
calculate the isotopic composition of O-3 (Scheme 1): 

i) diacetonation of glucose (A); ii) chlorothionoformylation of O-3 (B); and iii) Barton-McCombie 
deoxyenation of O-3 with (n-Bu4N)2S2O8 and HCOONa. The O-3 of glucose in a starch from a C4 
plant is about 12 ‰ more enriched in 18O than the average of the 5 non-exchangeable Os in the glu-
cose unit. This indicates that 18O distribution, like that of 13C and 2H, in glucose (and other sugars) is 
also heterogeneous at natural abundance levels in glucose. 
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[2]	Sternberg, L. S. L., Pinzon, M. C., Anderson, W. T., Jahren, A. H. Variation in oxygen isotope fractionation during 

cellulose synthesis: intramolecular and biosynthetic effects. Plant, Cell and Environment, 2006, 29, 1881.
[3]	Waterhouse, J. W., Cheng, S. Y., Julchelka, D., Loader, N. J., McCarroll, D. M., Switsur V.R., Gautam, L. Position-spe-
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Development of combined plane wave and localized basis sets method 
toward the analysis of H/D adsorption mechanism on the metal surface

Hiroki Sakagami1, Takayoshi Ishimoto1 & Masanori Tachikawa1, 2

1 Graduate School of Nanobioscience, Yokohama City University, 22-2, Seto, Yokohama-city, Kanagawa, Japan
2 School of Data Science, Yokohama City University, 22-2, Seto, Yokohama-City, Kanagawa, Japan

These days, H/D isotope effects has attracted attention in computational chemistry, such as the ad-
sorption of atoms/molecules on metal surfaces [1]. It is important to take account of the nuclear 
quantum effect (NQE) for such calculations. One of the powerful methods to include NQE is mul-
ticomponent density functional theory (MC_DFT) 
[2]. MC_DFT is the method based on localized (LO) 
basis sets, so it is used for cluster system, however, it 
is not suitable for the surface system. For such a sur-
face system with delocalized electrons, plane wave 
(PW) basis sets in the framework of periodic bound-
ary condition is well-known, but it excludes NQE. 
Therefore, we have recently developed the method 
with combined of PW and LO, named “combined 
plane wave and localized basis sets (CPLB)” method 
[3]. In CPLB, the system is divided into surface and 
cluster. Total energy with CPLB is gained by three 
energies: surface energy with PW (E[PW, surface]), 
cluster energy with PW (E[PW, cluster]), and cluster 
energy with LO (E[LO, cluster]), shown in Fig. 1. It is easy to calculate CPLB energy [3], however, 
geometry optimization program is needed for CPLB. Therefore, our purpose is implemented the 
geometry optimization program, and analyzing the H/D adsorbed Pd(111) surface. To treat H/D 
isotope effect, the MC_DFT was used for the LO part. 

Table 1 shows the distance between nearest Pd and H/D atoms (R[Pd-H], R[Pd-D]) and geometrical 
change by H/D isotope effect (∆R) for each method: CPLB, LO, and PW, respectively. From the com-
paring of H and D in CPLB, R[Pd-H] is 0.006 Å longer than R[Pd-D], which was the same trend as 
conventional LO method. We note that conventional PW method could not represent the H/D iso-
tope effect. We clearly demonstrated that our developed CPLB method is a powerful tool to calculate 
the geometrical change by H/D isotope effect.
Table 1 the distance between nearest Pd and H/D atoms (R[Pd-H] and R[Pd-D]) and geometrical change by 
H/D isotope effect (∆R = R[Pd-D] - R[Pd-H]) for each system: surface with CPLB, cluster with LO, and sur-
face with PW, respectively. Unit is in Å.

System R(Pd-H) R(Pd-D) ∆R
Surface with CPLB 1.836 1.830 -0.006

Cluster with LO 1.779 1.773 -0.006
Surface with PW 1.818 — —
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Fig. 1 schematic illustration of CPLB method for H 
adsorption on Pd(111) surface
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Investigations on the in vivo metabolism of Methylstenbolone 
and detection of new long-term metabolites useful                                                   

for doping control analysis

Thomas Piper1, Gregor Fusshöller1, Wilhelm Schänzer1 & Mario Thevis1,2

1 German Sport University Cologne, Institute of Biochemistry, Center for Preventive Doping Research, Am Sportpart 
Müngersdorf 6, 50933 Köln, Germany
2 European Monitoring Center for Emerging Doping Agents (EuMoCEDA), Cologne/Bonn, Germany

Methylstenbolone (MSTEN; 2,17α-dimethyl-17β-hydroxy-5α-androst-1-en-3-one) is still sold as a 
designer steroid or nutritional supplement under brand names such as M-STEN or Nanodrol (Fig-
ure 1). Occasionally it is detected in doping control samples, predominantly tested and confirmed as 
the glucuronic acid conjugate of MSTEN. The absence of other meaningful metabolites reported as 
target analytes for its detection in sports drug testing samples can be explained with the advertized 
metabolic inertness of MSTEN.

In 2013, a first investigation of the human me-
tabolism of MSTEN was published, and 2 hy-
droxylated metabolites were identified as poten-
tial initial testing targets for doping controls.[1] 
Later on, ex vivo investigations of the MSTEN 
metabolism revealed several additional hydrox-
ylated metabolites found both glucuronidated 
and sulfated.[2] These metabolites complemented 
the metabolic pattern of MSTEN; yet, further re-
search into the metabolism of MSTEN appeared 
warranted, especially in the light a recent pub-
lication on the in vivo metabolism of MSTEN 
in horses, which reported on several additional 
metabolites.[3]

This re-investigation was accomplished using 
deuterated MSTEN together with hydrogen iso-
tope ratio mass spectrometry (IRMS) in combi-
nation with high accuracy/high resolution mass 
spectrometry.[4] After oral administration of a single dose of 10 mg of doubly labeled MSTEN, urine 
samples were collected for 29 days. All samples were processed using routine doping control meth-
ods for IRMS analysis and all detected metabolites were further substantiated by mass spectrome-
try-based investigations. 

More than 40 different metabolites still containing deuterium were detected after administration, 
mainly in the fraction of glucuronidated steroids but also sulfated metabolites were observed. All 
metabolites were investigated regarding their potential to prolong the detection time for MSTEN 
administrations. Besides MSTEN excreted as glucuronide conjugate, 2 additional metabolites were 
still detectable at the end of the study after 29 days (Figure 1). These metabolites have been further 
investigated regarding their chemical structure employing high accuracy/high resolution mass spec-
trometry.

Figure 1: Chemical structure of methystenbolone to-
gether with the presumed structure of 2 new long-term 
metabolites
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Application of average molar weight to optimization of cascades for 
multicomponent isotope separation

Dan-Dan Dou & Quan-Xin Xie
Science and Technology on Particle Transport and Separation Laboratory, Institute of Physical and Chemical Engineer-
ing of Nuclear Industry, Tianjin, China

The distribution of the average molar weight in a cascade is an important characteristic in the sepa-
ration of multicomponent isotope mixtures(Ying 1998). In this paper, the concept of average molar 
weight is introduced to calculate the stage number of optimal cascade to pre-optimize the multipass 
separating processes of cascades. This optimization method can reduce the number of optimization 
and shorten the running time. The results for the separation of WF6 and Xe are used as an example. 
Numerical calculation indicate the results obtained by this optimization method and general op-
timization method are consistent with the same optimization parameters and optimization target. 
However, the number and time of optimization were greatly shorted in the optimization process by 
pre-optimized of average molar weight, which is about 12% of general optimization process. There-
fore, this optimization method is suitable for optimization and design of cascades for multicompo-
nent isotope multipass separation.
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Isotopologue profiling for the study of metabolism and its origin

Claudia Huber, Thomas Geisberger, Thomas Steiner, Christine Schwarz & Wolfgang Eisenreich

Technical University of Munich, Department of Chemistry, Biochemistry, Lichtenbergstr. 4, 85748 Garching, Germany;

Isotopologue profiling is a key technology for elucidating biochemical pathways and fluxes in living 
organisms. The observation-driven method is based on in vivo labeling experiments using simple 
precursors (e.g. glucose, glycerol and CO2) labeled with the stable 13C-isotope. Experimental settings 
including pseudo-steady state or non-stationary state can be used for a variety of organisms such as 
microbes, plants, symbioses and host-pathogen situations under controlled or even natural (phys-
iologically relevant) conditions. 13C-Enrichments and positional isotope distributions in metabolic 
products or in selected key components are typically analyzed by high-resolution GC-MS and NMR 
spectroscopy. Specific isotope distributions then identify and quantify the nature of the biosynthetic 
pathways, the relative fluxes in the core metabolic network and even the metabolic exchange between 
organisms in more complex settings (i.e. symbioses or host-pathogens). With recent examples, we 
will illustrate the benefits and the limits of the method to elucidate pathways and fluxes in bacteria 
and their hosts as well as in symbiotic entities such as lichens. Moreover, it will be shown how the 
method contributed to recent studies of the “origin-of-life” under chemoautotrophic Fe/Ni/S-condi-
tions. 
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Measuring all the 12 isotopologues of carbon dioxide  
by Raman spectroscopy

Christian Ostertag-Henning
Bundesanstalt für Geowissenschaften und Rohstoffe, Stilleweg 2, 30655 Hannover, Germany

In many applications, the identification – and quantification – of reactions in complex reaction net-
works can be aided by using stable isotope labels. One area of research benefitting from stable iso-
tope labelling studies are e.g. complex gas-fluid-mineral reactions during CO2 sequestration in the 
subsurface. During the geochemical reactions occurring simultaneously, the pool of dissolved CO2 
in the formation fluids is influenced by hydration of the injected CO2, the dissolution of carbonate 
minerals because of the concomitant pH drop, and by precipitation of secondary carbonate minerals 
as siderite. 

For carbon dioxide, the number of isotopo-
logues is twelve because of the numerous pos-
sible combinations between the two carbon 
isotopes 12C or 13C and three oxygen isotopes 
16O, 17O and 18O. As the isotopologues differ in 
the bond distances and hence strength of the 
carbon to oxygen bonds, all the isotopologues 
could be differentiated by Raman spectrosco-
py. As the precise quantification of the per-
centage of an isotope label in carbon dioxide 
requires the unambiguous identification of 
possibly overlapping signals, Raman spectra 
have been acquired for mixtures of 13C16O2, 
12C16O2 and H2

16O, H2
17O (90% 17O) and H2

18O 
(90% 18O) sealed in quartz glass capillaries. The 
Raman spectra acquired allowed not only the 
identification of the signals of all 12 isotopologues of carbon dioxide, but documented the isotope 
exchange during the equilibration of CO2 and H2O. Previously, only data for 6 isotopologues have 
been published [e.g. 1, 2].

The analyses were carried out with a dedicated Raman system. Four optical heads, that could be po-
sitioned and moved in front of quartz glass or sapphire windows or capillaries, are connected to the 
Raman spectrometer by fibre optics. The signals of all four heads can be acquired at the same time. 
Therefore the simultaneous analysis of e.g. the gas phase, the aqueous phase, and the mineral phase in 
a gas-fluid-mineral system even at high pressures is possible. Data for the signals of all isotopologues 
of CO2 with a discussion of the least overlapping signals to choose for quantification and results from 
a mineral dissolution study using an isotope labelling approach will be presented at the conference.
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The Raman peak positions between 1180 – 1420 cm-1 for 6 of 
the 12 isotopologues of carbon dioxide gas. Note that some 
signals overlap, only three overlapping signals are depicted by 
the arrows and the isotopologue at its end.



89

Development of international N2O reference materials for site 
preference measurements
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3 Max-Planck-Institute for Biogeochemistry (MPI-BGC), Stable Isotope Laboratory (IsoLab), Jena, Germany
4 University of Eastern Finland, Biogeochemistry Research Group, Kuopio, Finland
5 Tokyo Institute of Technology, Earth-Life Science Institute, Tokyo, Japan
6 National Physical Laboratory, Gas and Particle Metrology, Teddington, UK

Nitrous oxide (N2O) is one of the most important greenhouse gases in the Earth’s atmosphere today, as 
well as a strong stratospheric ozone-depleting gas. The concentration of N2O has been rising since the 
Industrial Revolution due to changes in many of its sources, both natural and anthropogenic. Mea-
surements of the four most abundant stable isotopologues of N2O (14N14N16O, 15N14N16O, 14N15N16O, 
and 14N14N18O) can provide a valuable constraint on source attribution of atmospheric N2O.

Recent advancements in Optical Isotope Ratio Spectroscopy (OIRS) allow for specific and high pre-
cision analysis of 15N substitution in the central (α) and terminal (β) nitrogen position and thus 
the 15N site preference (SP≡d15Nα - d15Nβ) in N2O. Commercial OIRS analyzers become increasingly 
available, complementing well-established Isotope Ratio Mass Spectrometry (IRMS), however, to 
date, no international standards with stated uncertainty exist that link d15Nα and d15Nβ to the AIR-N2 
isotopic scale. In addition, calibration of OIRS analyzers requires N2O isotope standards in whole air 
at ambient amount fractions, to account for gas matrix effects and spectral interferences.

Within the framework of the EMPIR project “Metrology for Stable Isotope Reference Standards 
(SIRS),” we aim to develop such standards to be made available to the global community. These will 
be gaseous standards available as pure N2O or N2O diluted in whole air. To tie the d15Nα and d15Nβ val-
ues to the AIR-N2 scale, we are synthesizing NH4NO3 salts with a range of d15N-NO3 and d15N-NH4 
values, each of which will be determined precisely by an international group of laboratories. Each 
salt will then be thermally decomposed to achieve a quantitative conversion of NH4NO3 to N2O, thus 
providing several tie-points directly to the internationally accepted AIR-N2 isotope scale.

Here, we present the details of this aspect of the EMPIR project and specifically the methods de-
scribed above.
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An examination of influences on the relationship between 
laser- and mass spectrometer-determined stable isotope values                                     

for carbon dioxide in plant experiments
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Lasers offer many advantages over mass spectrometers for use in plant physiological experiments. 
They provide continuous readings, good precision and relative ease of use and maintenance. But 
they also have some problems, such as being sensitive to the presence of organic molecules. The 
behaviour of lasers compared with mass spectrometers is also very different, requiring alternative 
approaches to calibrate the laser 
instrument. These corrections are 
usually individualised depending 
on the experimental application. 
In particular we have found that 
concentration effects on analysis 
of gases are in no sense linear and 
that the effect on isotope analyses 
of mixes of gases can prove chal-
lenging to interpret: for example 
varying proportions of nitrogen, 
oxygen and water vapour will 
change the apparent composition 
of carbon dioxide mixed with 
them.

An example is shown in the figure where the concentration dependence of an enriched carbon diox-
ide is shown above an unenriched one; both curves normalised to their minimum delta. The enriched 
gas shows a greater delta increase with increased concentration than does the unenriched gas. The 
situation is complicated by the fact that the dependence is not linear: if the enrichment of a third gas 
was twice that of the enriched one here, the concentration dependence would not be twice as great. 

We want to improve our understanding of what causes the changing responses of isotopologue con-
centrations to isotopic, chemical and concentration variation – even though we are able to produce 
highly precise and accurate data through polynomial correction curves developed from gases of 
known isotopic composition. In an attempt to quantify the nature of change of the laser assessed 
isotope values we have created maps of concentration on the X axis and delta on the Y axis. The 
true composition of the gas is known from the proportion of each of two gases with well tested delta 
values. We are then able to map the offset between the laser-reported composition of the gas and its 
true value as Z. The surfaces that result are not simple planes. This is perhaps not unexpected as there 
are no straight lines in the data: for example, the concentration dependence only appears linear over 
short segments but is typically described by a high-order polynomial for greater concentration spans. 
Errors in tracking the apparent isotopologue concentrations appear trivial until they are converted 
to typical stable isotopic delta values and multiplied by 1000. As an example, at an approximately 
ambient CO2 concentration of 400 ppm, an error in 628 (16O12C18O) of 0.1 ppm produces a change 
of roughly 50 ‰ in d18O! These effects on the apparent concentration of an isotopologue may result 
from self-broadening: the gas molecules interacting and influencing their own vibrational character-
istics, although a number of other factors such as slightly poor frequency fitting and baseline errors 
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also contribute. We also experience foreign broadening where other gases influence molecular vibra-
tions, for example concentration dependence measurements are only valid for a gas mix where the 
major proportions are similar: for this reason we use the same oxygen/nitrogen mix for reference gas 
pulses that we use for the experiment itself. Similarly, sampled air returning from a plant sampling 
chamber is dried before measurement to remove any influence of water. 

Finally, we are trying to determine what factors influence measurements and which of them can be 
corrected using a physical understanding of the interactions between the gases and the laser. Is it 
possible that the laser influences its own reading of the gas? If the laser energy is only absorbed by 
bonds vibrating at the same frequency, do we induce thermal band-broadening in the very species 
that we are examining? If so, does the flow rate of gas through the laser chamber affect the magnitude 
of that effect? Does the chamber pressure affect the measurement of the isotopologues dissimilarly? 
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Nitrate (NO3
-) and ammonium (NH4

+) supply influence 
carbon isotope composition of respiratory substrates and                                                          

CO2 emissions from tobacco plants
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6Department of Biology, ETH Zürich, Universitätstrasse 2, 8092 Zürich, Switzerland
7Institute of Developmental and Molecular Biology of Plants, Plant Molecular Physiology and Biotechnology Group, 
Heinrich-Heine-Universität, and Cluster of Excellence on Plant Sciences (CEPLAS), Universitätsstraße 1, 40225 Düssel-
dorf, Germany
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The effect of inorganic nitrogen species (NO3
-, NH4

+) on the carbon isotope composition of leaf 
and root metabolites and respired CO2 is largely unknown. Thus, we determined physiological vari-
ables, concentrations and δ13C values of tricarboxylic acid cycle intermediates and dark respired 
CO2 (δ13CR), together with activities of key enzymes like nitrate reductase (NR), malic enzyme (ME) 
and phosphoenolpyruvate carboxylase (PEPC) in tobacco plants supplied with a gradient of NO3

- to 
NH4

+ concentration ratios.

In the leaves, as NO3
- supply decreased and simultaneously NH4

+ increased, activities of NR, ME and 
PEPC decreased. In addition, photosynthesis and dry biomass as well as concentrations of organic 
acids and starch decreased along this gradient. In contrast, respiration rate, concentrations of intercel-
lular CO2, soluble sugars and amino acids increased with increasing NH4

+ supply. In plants supplied 
with higher concentrations of NO3

-, respired CO2 was comparatively enriched in 13C and decreased 
along a decreasing NO3

- gradient. And in the roots, along the N supply gradient from NO3
- to NH4

+, 
concentrations of malate, citrate and carbohydrates decreased together with PEPC activity, while ami-
no acids concentrations increased. δ13C values of sugars, starch, alanine, asparagine, serine and glu-
tamine were comparatively more positive in NO3

- supplied plants compared to NH4
+ supplied plants. 

The strong influence of inorganic N species on plant physiology and biochemistry conveyed a 13C 
enrichment in leaf respired CO2 of plants dominantly fed with NO3

-. Combining the results of con-
centrations and enzymatic activities together with the isotopic analysis suggest that the dominant 
source of respired CO2 in NO3

- supplied plants are anaplerotically synthesized organic acids. 

Despite similarities in δ13C of root respired CO2 (δ13CR), the respiratory metabolism (i.e. δ13C and 
concentrations of metabolites and enzymatic activities) was strongly influenced by N supply. In brief, 
sugars and malate were the main substrates fueling respiration in all plants, however, the contribu-
tion of sugars in NO3

- supplied plants and malate in NH4
+ supplied plants seemed to be higher. 
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Nutrient flow in a host-parasite system by compound-specific stable 
isotope analysis of amino acids via LC-IRMS
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Parasitism is one of the most frequent life forms on earth. However, the complex lifecycle of many 
parasites makes it difficult to incorporate them into classical food web models. Recent studies high-
light the importance of stable isotope analysis when investigating host-parasite systems due to its 
inherent ability to trace the origin and flow of organic matter. Especially compound-specific isotope 
analysis (CSIA) is suggested as a promising tool to investigate individual classes of nutrients and thus 
deliver insights into metabolic pathways [1].

Amino acids (AA), as one important class of nutrients, play a fundamental role in the metabolism of 
all organisms and can be either synthesized de novo (non-essential AA) or must be taken up through 
diets (essential AA). Consequently, the isotopic carbon signature of essential AA is mostly retained 
throughout the food web as these molecules are directly incorporated into the tissue of animals, 
whereas non-essential AA will undergo isotopic fractionation when being built. This relationship has 
been used e.g. for the reconstruction of paleodiets by analyzing human keratin and collagen samples 
[2], or recently to compare the δ13C isotope signatures of blow flies and their carrion food source [3], 
but not yet to investigate the nutrient flow in a host-parasite system.

In this study, we applied CSIA of individual AA to three-spined sticklebacks (Gasterosteus aculeatus) 
experimentally infected with the tapeworm Schistocephalus solidus in order to shed light on the met-
abolic pathways which sustain the rapid growth of the parasite inside the host’s body cavity. The tape-
worm takes up enough nutrients to increase its body weight several thousand times without actively 
feeding on host tissues, as shown by previous bulk stable isotope analysis. Host tissues (muscle, liver), 
the food source of the stickleback (mosquito larvae) as well as the parasites were collected during the 
experiment between 30 and 120 days post infection and were subsequently analyzed by an LC-IRMS 
system to determine the δ13C signatures of AA in compliance with already developed methods [2].
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Numerous studies have shown that the most common nitrogenous contaminant in freshwater habi-
tats is dissolved nitrate. The greenhouse gas methane represents a more potent climate gas than CO2 
and is responsible for 20% of global warming. Lakes may represent “hot-spots” of methane produc-
tion. The anaerobic oxidation of ammonium (anammox) and the nitrate-dependent oxidation of 
methane (n-damo) together may account for a highly effective nitrogen loss from aquatic environ-
ments by converting NO3

-, NO2
-, and NH4

+ to harmless N2 while oxidizing the potent greenhouse gas 
methane to CO2. Up to now the co-occurrence of anammox and n-damo was a mystery in natural 
environments. Here we found provide evidence of the coupled process in a stratified lake and identi-
fied the microorganisms linking both processes.
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Isotope fractionation in chemostat reveals rate-limiting                                 

mass transfer triggering physiological adaptation
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2 Core Facility Proteomics, Helmholtz Zentrum München, Heidemannstr. 1, 80939 Munich, Germany, Germany
3 Department of Limnology and Bio-Oceanography, University of Vienna, Althanstr. 14, 1090 Wien, Austria 
4 Chair of Analytical Chemistry and Water Chemistry, Technical University of Munich, Marchioninistr. 17, 81377 Mu-
nich, Germany

Biodegradation of persistent micropollutants like pesticides often slows down at low concentrations 
(mg/L) in the environment. Mass transfer limitations or physiological adaptation are debated to be 
responsible. Here we explore physiological adaptation and maintenance energy requirements of an 
herbicide (atrazine)-degrading microorganism (Arthrobacter aurescens TC1) while concomitantly 
observing mass-transfer limitations directly by compound-specific isotope fractionation analysis 
(CSIA). 

Isotope analysis of atrazine in chemostat experiments with whole cells revealed a drastic decrease in 
isotope fractionation with declining residual substrate concentration from ε13C = -5.36 ± 0.20 ‰ at 
82 µg/L to ε13C = -2.32 ± 0.28 ‰ at 32 µg/L. At 82 µg/L ε13C represented the full isotope effect of the 
enzyme reaction. At lower residual concentrations smaller ε13C indicated that this isotope effect was 
masked indicating that mass transfer across the cell membrane became rate-limiting. Retentostat 
cultivation, finally, resulted in complete mass-transfer limitation evidenced by the disappearance of 
isotope fractionation (ε13C = -0.45 ‰ ± 0.36 ‰). Chemostat-based growth therefore triggered the 
onset of mass-transfer limitation at residual concentrations of 30 µg L-1 of atrazine with a bacterial 
population doubling time (td) of 14 days whereas exacerbated energy limitation was induced by re-
tentostat-based near-zero growth (td = 265 days) at 12 ± 3 µg L-1 residual concentration. 

Retentostat cultivation also resulted in a two-fold decrease in maintenance energy requirement com-
pared to chemostat cultivation. Proteomics revealed that retentostat and chemostat cultivation un-
der mass-transfer limitation share low protein turn-over and expression of stress-related proteins. 
Mass-transfer limitation therefore effectuated slow-down of metabolism in retentostats and a transi-
tion from growth phase to maintenance phase indicating a limit of ≈10 µg L-1 for long-term atrazine 
degradation. Further studies on other ecosystem-relevant microorganisms will explore the general 
applicability of our finding: that mass transfer limitation serves as a trigger for physiological adapta-
tion which subsequently defines a lower limit of biodegradation.
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Studing co-metabolic oxidation of Trichloroethylene using δ13C 
and δ37Cl isotope analysis 
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Trichloroethylene (TCE) is a carcinogenic organic chemical impacting water resource worldwide. 
Groundwater contamination by TCE, similarly to other contaminants, requires decision making to 
prevent pollution spread. In the case of TCE, biotic degradation is known to follow two distinctive 
mechanisms, either by i) anaerobic reductive dechlo-
rination, or by ii) aerobic co-metabolic degradation. 
While the reductive mechanism most often leads to 
the formation of characteristic transformation prod-
ucts that can be easily detected in the polluted ground-
water, the aerobic co-metabolic degradation lacks 
indicative transformation products. Hence, aerobic 
co-metabolic degradation is more difficult to identify 
in contaminated sites. TCE breakdown by reductive 
vs. oxidative degradation involves different types of 
chemical bonds. Hence, if distinct isotope effects are 
reflected in dual element (carbon and chlorine) iso-
tope values, such trends could help distinguishing 
both processes in the environment. Following the knowledge gap for dual element isotope fraction-
ation in TCE, carbon and chlorine isotopic effects for aerobic co-metabolic biodegradation were 
determined for pure cultures in a laboratory study. Experiments were conducted with toluene oxi-
dizer strain P. putida F1 (Expressing toluene dioxygenase, TOD), and two methanotrophic strains M. 
trichosporium OB3b (expressing either soluble or particulated monoxygensase ,sMMO or pMMO), 
and M. album Bath (expressing sMMO) all known to co-metabolize TCE. Although it was hypoth-
esized that aerobic co-metabolic degradation will not be accompanied by a chlorine isotopic effect, 
in analogy to abiotic permanganate oxidation, my results indicated a weak, but significant chlorine 
isotope effect for the methanotrophs (ε37Cl = 1.3±0.2 ‰, -2.9±0.5 ‰ and -2.4±0.4 ‰ for OB3b ex-
pressing sMMO, Bath expressing sMMO and OB3b expressing pMMO respectively). These findings 
were confirmed in an indigenous methanotrophic microbial community which was enriched from 
a contaminated site (ε37Cl = -2.9±0.9 ‰). The novel results demonstrated for the first time that the 
surprisingly high chlorine isotope enrichment is probably not unique for the specific strains tested, 
but rather may be representative for other strains as well. Dual element isotope trends were evaluated 
for the different strains and enzymes studied. The toluene oxidizer strain F1 (δ13C/δ37Cl = 38±26 ‰) 
presented a similar dual isotope to a formerly reported dual isotope plot for permanganate oxidation 
of TCE. Preliminary work using pure strain P. mendocina KR1 and enrichment cultures of ammonia 
and toluene oxidizers all shows similar trends to F1 strain. These differ significantly from reported 
trends for biotic and abiotic reduction processes. In contradiction to the toluene oxidizing strain 
F1, the methanotrophic strains (expressing either sMMO or pMMO) presented unique dual isotope 
enrichment with a slope of 1.2±0.4 ‰. This significant difference may stem from differences in slow 
mass limiting steps prior to catalysis or from mechanistic differences, and warrants further investiga-
tion. From an environmental point of view, since the isotope effect of the methanotrophs is relatively 
small, they may not contribute significantly to isotope shifts observed in groundwater. Thus, using 
dual isotope analysis can result in an under estimation of the overall co-metabolic process, if the 
methanotrophic contribution is excluded.
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Bromoxynil, a brominated nitrile herbicide used mainly in field corn, wheat and barley has been 
classified as a possible human carcinogen and was also shown to be an endocrine disrupter impairing 
reproduction in birds, fish and aquatic invertebrates. In the environment, Bromoxynil is subjected 
to two distinct modes of degradation: abiotic degradation - mainly photodegradation, which takes 
place at the soil/plant surface, and biodegradation - aerobic and anaerobic - which takes place mainly 
in the subsurface. This study aimed to determine the isotope fractionation (δ13C, δ15N) associated 
with these distinct processes.

Challanged by the fact that bromoxynil is not 
GC-amendable, an offline purification method was 
first developed based on thin-layer chromatography. 
With the performance of the analytical method being 
confirmed, four sets of experiments were performed to 
assess the fractionation along different modes of bro-
moxynil degradation. 

Photodegradation experiments were performed under 
natural conditions as well as in the laboratory under 
UV light (254 nm). Microbial degradation experiments 
were conducted under anaerobic and aerobic condi-
tions using enrichment culures and local soil. 

Bulk enrichment factors (εbulk) calculated for photodegradation under natural condition imply insignif-
icant carbon (εC=0.34±0.44 ‰) and normal nitrogen isotope fractionation (εN=-3.70±0.30 ‰), while 
under laboratory conditions enrichment factors denote a strong inverse carbon (εC=4.74±0.82 ‰) 
and a weak inverse nitrogen (εN=0.76±0.12 ‰) isotope fractionation. In view of these differences, 
and following the detected products, two different mechanisms are proposed – homolythic debromi-
nation followed by singlet-triplet converssion under laboratory conditions and free radical formation 
followed by homolythic debromination under natural conditions. 

In the biological experiments bulk enrichment factors show negligible isotope fractionation for both 
carbon (εC=-0.11±0.52 ‰) and nitrogen (εN=0.18±0.15 ‰) for the anaerobic culture; the insignif-
icant carbon isotope effect despite the fact that dehalogenation has occured may be the result of 
masking. The aerobic culture showed negligible carbon (εC=0.37±0.36 ‰) and a strong invers nitro-
gen (εN=10.56±0.36 ‰) fractionation; similar results formerly reported for an analogue pathway in 
dichlobenil were explained by formation of additional bond in the transition state [1]. 

When plotting the carbon and nitrogen stable isotope results of all four sets of experiments on a du-
al-isotope plot (Δ13C vs. Δ15N), a clear difference is evident between trends, enabling to distinguish 
between the four processes.
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Chlorpyrifos belongs to the group of organophosphorus pesticides (OPs) which are a diverse fam-
ily of insecticides in use since the 1940s. It acts on the nervous system of insects by inhibiting the 
acetylcholinesterase and it is one of the most widely used organophosphate pesticides in agricul-
ture. Chlorpyrifos is considered moderately hazardous to humans by the World Health Organization 
(WHO 2003). The continuous and excessive use of chlorpyrifos paired with its toxicity and per-
sistence in nature has led to significant environmental contaminations. As they have repeatedly been 
detected in soils, sediments, waterbodies, as well as within food and drinking water, public concerns 
are increasing (Solomon et al. 2014). Thus, tools are needed to understand sources, reactive transport 
pathways and sinks of chlorpyrifos in the environment. 

Multidimensional stable isotope fingerprinting is a valuable method for the characterization of the 
provenance of chemicals as the isotopic profile reflects the isotopic composition of raw materials, 
synthetic pathways and purification processes (Gilevska, Gehre & Richnow 2015). To evaluate this 
approach, pure batches and commercial formulations of chlorpyrifos were collected from more than 
30 manufactures in India, China and Germany. These were isotopically characterized using Elemen-
tal Analyzer – Isotope Ratio Mass Spectrometry (EA-IRMS) for analyzing the δ13C, δ2H, δ18O and 
δ15N isotopic composition and Gas Chromatography – Multiple Collector – Inductively Coupled 
Plasma Mass Spectrometry (GC-MC-ICPMS) for determining the δ37Cl isotopic signature (Horst et 
al. 2017).

The isotopic composition of analyzed chlorpyrifos samples varied for δ13C from -31.9 to -24.1 ‰, for 
δ2H from -271 to -157 ‰, for δ18O from -0.9 to 24.6 ‰, for δ15N from -3.4 to -0.1 ‰ and for δ37Cl 
from -1.3 to 3.1 ‰. Taking the typical uncertainties of 0.5 ‰ for δ13C, 5.0 ‰ for δ2H, 0.5 ‰ for δ18O, 
0.3 ‰ for δ15N and 0.3 ‰ for δ37Cl into account the combination of different isotopic signatures gives 
a unique fingerprint to track sources in the environment. Thus, this study highlights the potential of 
multidimensional stable isotope profiling to identify sources, and provides an isotopic database of 
chlorpyrifos that might improve the tracing of origin, transport pathways and the environmental fate.
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Chlorinated ethenes like tetrachloroethene (PCE) and trichloroethene (TCE) are significant ground-
water contaminants. Microbial reductive dehalogenation of these substances at contaminated sites 
can produce nontoxic ethene but 
often stops at toxic cis-1,2-dichloro-
ethene (cis-DCE) or vinyl chloride 
(VC). To understand the underlying 
controls on the differences in reac-
tivity and reaction (bio)chemistry, 
compound-specific carbon (δ13C) 
and chlorine (δ37Cl) isotope frac-
tionation of TCE and cis-DCE can be 
analyzed. The magnitude of carbon 
relative to chlorine isotope effects 
(as expressed by ΛC/Cl, the slope of 
δ13C versus δ37Cl regressions) was re-
cently recognized to reveal different 
reduction mechanisms with vitamin 
B12 as a model reactant for reductive 
dehalogenase activity. Large ΛC/Cl values for cis-DCE reflected cob(I)alamin addition followed by 
protonation, whereas smaller ΛC/Cl values for PCE evidenced cob(I)alamin addition followed by Cl−
elimination. This study addressed reductive dehalogenation in actual microorganisms and observed 
identical large ΛC/Cl values for cis-DCE (ΛC/Cl = 10.0 to 17.8) that contrasted with identical smaller ΛC/

Cl for TCE and PCE (ΛC/Cl = 2.3 to 3.8). For TCE, the trend of small ΛC/Cl could even be reversed when 
mixed cultures were precultivated on VC or DCEs and subsequently confronted with TCE (ΛC/Cl = 
9.0 to 18.2). This observation provides explicit evidence that substrate adaptation must have selected 
for reductive dehalogenases with different mechanistic motifs. The patterns of ΛC/Cl are consistent 
with practically all studies published to date, while the difference in reaction mechanisms offers a 
potential answer to the long-standing question of why bioremediation frequently stalls at cis-DCE.

References
Lihl, C.; Douglas, L.M.; Franke, S.; Pérez-de-Mora, A.; Meyer, A.H.; Daubmeier, M.; Edwards, E.A.; Nijenhu-

is, I.; Sherwood Lollar, B.; Elsner, M.: Mechanistic Dichotomy in Bacterial Trichloroethene Dechlorina-
tion Revealed by Carbon and Chlorine Isotope Effects. Environmental Science & Technology 2019 53 (8), 
4245-4254.

No. 7-06 / Poster presentations, Topic 7: Environmental and Water Chemistry / Microbiology



104

Differentiating sorption and degradation of phosphonate complexing 
agents using liquid-chromatography/ isotope-ratio mass spectrometry

Philipp Martin1, Daniel Buchner1, Maik A. Jochmann2 & Stefan B. Haderlein1

1 University of Tübingen, Center for Applied Geoscience (ZAG), Hölderlinstr. 12, 72074 Tübingen, Germany
2 University of Duisburg-Essen, Instrumental Analytical Chemistry, Universitätsstr. 5, 45141 Essen, Germany

Polyphosphonic acids are strong complexing agents for di- and trivalent cations with growing com-
mercial importance, as they are increasingly used to replace polyphosphates and aminopolycarbox-
ylates in industrial and household applications. Although sorption is believed to be the most im-
portant process for polyphosphonate removal from the aqueous phase, only little is known about the 
behavior of polyphosphonates in natural and technical systems and the significance of degradation 
processes for their fate (Nowack, 2003; Rott et al., 2018).

A promising technique to elucidate these processes is compound specific stable isotope analysis 
(CSIA), which has become a versatile tool in environmental chemistry in the last two decades for 
differentiating sources and proving degradation of environmental contaminants (Elsner and Im-
feld, 2016). Nowadays, carbon CSIA of polar, non-volatile compounds such as polyphosphonates 
is possible owing to the recent development of 
an interface to couple liquid-chromatography 
and isotope-ratio mass spectrometry (LC-IRMS) 
(Krummen et al., 2004).

We developed a LC-IRMS method for car-
bon CSIA of the three polyphosphonates 1-hy-
droxyethane 1,1-diphosphonic acid (HEDP), 
amino tris(methylenephosphonic acid) (ATMP) 
and ethylenediamine tetra(methylenephosphon-
ic acid) (EDTMP) and applied it to determine 
carbon isotope fractionation in sorption and 
degradation experiments.

Separation of the analytes was conducted on an 
anion exchange column. Limits for precise iso-
tope analysis were in the range of 25 mg/L to 30 mg/L (200 ng carbon on column) and thus compa-
rable to published values for the monophosphonates glyphosate and aminomethylphosphonic acid 
(AMPA) (Kujawinski et al., 2013). 

In preliminary experiments, we additionally determined carbon isotope fractionation for ATMP 
during manganese catalyzed degradation by molecular oxygen, as well as during sorption onto 
goethite. A kinetic isotope effect was associated with the investigated reaction pathway, whereas no 
detectable isotope fractionation could be observed during sorption. Thus, carbon CSIA is suitable to 
assign a decrease of the concentration either to sorption or degradation within the tested conditions.

The developed method allows for the first time compound specific stable carbon isotope analysis of 
synthetic polyphosphonate complexing agents. The results of our preliminary sorption and degra-
dation experiments highlight the potential of CSIA using LC-IRMS to investigate the environmental 
fate of polyphosphonates.
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Desphenylchloridazon (DPC), the main metabolite of the herbicide chloridazon (CLZ), is frequently 
detected in water bodies at concentrations exceeding 10 µg/L. When assessing DPC degradation in 
the environment, estimates can be biased if based on metabolite-to-parent-compound concentration 
ratios alone, in particular when the formation and transformation of the metabolite are occurring 
simultaneously. In this study, 13C/12C and 15N/14N compound-specific stable isotope analysis (CSIA) 
was therefore explored for its ability to deliver complementary evidence of DPC degradation. To in-
vestigate the fate of DPC, a lysimeter study was conducted considering three scenarios deconvolving 
formation and transformation processes of DPC. In the first scenario, DPC was directly applied to 
the lysimeter surface. In this case, we found that CSIA provided evidence that there are two distinct 
DPC transformation processes - one process results in significant changes in the 13C/12C isotope ratio 
but not in the 15N/14N isotope ratio, while another one leads to changes in both 13C/12C and 15N/14N 
isotope ratios. In the second scenario, CLZ was applied to the lysimeter surface. This case was mim-
icking a realistic field scenario. The results showed that during DPC formation, 13C/12C isotope ratios 
of DPC were depleted in 13C relative to CLZ, while 15N/14N isotope ratios remained constant. The 
third scenario simulated the preferential flow. To this end, CLZ was injected below the vadose zone. 
Here, the influence of the topsoil on the retention of DPC was observed. In general, we found that the 
combination of such a systematic lysimeter study with CSIA as a complementary method to classical 
concentration-based methods, enabled new insights into the evaluation of DPC transformation in 
the field.
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The stable isotope probing is known to be an efficient tool for active cells analysis, however exploring 
environmental samples it may disturb the studied system [1]. Most of other current techniques do 
not disclose who is really metabolically active (gene sequencing, electron and fluorescence microsco-
py), are expensive or reveal active cells in time-consuming and cost-intense mode with limitations to 
explore only cultured microorganisms (immunofluorescence analysis). Visualization and characteri-
zation of active cells is important for understanding of underlying processes in cell communities, e.g. 
biodegradation of pollutants by microorganisms, infectious disease development, immune response 
by lymphocytes, etc. Active cells detection is complicated because of their coexisting in communities 
next to dead and dormant cells.

The aim of our study is to exploit bioorthogonal noncanonical amino acid tagging (BONCAT) in 
order to: i) label metabolically active microorganisms in vivo with specific amino acid analogues 
(AAAs); ii) use click chemistry for coupling these amino acids to the metal nanoparticles (NPs); iii) 
take advantage of this close proximity to NPs for non-targeted visualization and characterization of 
active cells by surface-enhanced Raman scattering (SERS). SERS is a method based on Raman mi-
crospectroscopy that uses metal (Ag or Au) NPs to enhance the Raman signal by orders of magnitude 
up to 104 and higher in a rapid and non-destructive way [2].

The Incorporation of tagged AAAs by the atrazine degrader Arthrobacter aurescens TC1 was veri-
fied by fluorescent microscopy. The efficiency of the AgNPs synthesis and their distribution on the 
bacterial cell surface was approved using scanning electron microscopy. Raman microspectroscopy 
and SERS analysis with AgNPs revealed no changes in bacterial cells incorporating AAAs in media 
with atrazine compared to the control cells. The alkyne-modified compound 5-(1,2-dithiolan- 3-yl)-
N-(prop-2-ynyl) pentamide for modifying AgNPs was synthesized according to Shi [3]. Modified 
AgNPs were deposited on the bacterial surface by click reaction for the SERS analysis. Obtained 
results indicate that incorporation of AAAs does not affect Raman characteristics of studied cells so 
that the tool based on BONCAT is suitable for the single-cell analysis of bacteria. Coupling BON-
CAT and SERS via modified NPs can enable us to detect and characterize active cells within different 
microbial communities. Simultaneously this approach will be confirmed by using stable isotope Ra-
man microspectroscopy based on detection of incorporated 13C6-D-glucose and D2O into the cell 
biomass [2].
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Compound specific isotope analysis (CSIA) has become an established method in contaminant 
hydrogeology to identify and quantify the transformation of contaminants in groundwater. In re-
cent years, there has been an increase in the number of studies utilizing dual-isotope plots to infer 
transformation mechanisms of contaminants in the laboratory and the field. The slope of the linear 
regression of a dual isotope plot, lamda (λ), is used to infer transformation mechanisms through 
comparison with other λs. Interpreting contaminant transformation mechanisms can facilitate the 
optimization of these reactions in a remediation strategy for a contaminated site. While λ is an im-
portant and widely used parameter by practitioners applying CSIA in contaminant hydrogeology, the 
calculation of λ and its associated uncertainty can vary across different studies and laboratories. Fur-
thermore, an investigation has not been undertaken to date to evaluate the accuracy of λ calculated 
from linear regression and the associated estimates of uncertainty. In this work, we use real and mod-
ified datasets to assess potential sources of uncertainty in estimates of λ by comparing three methods 
of regression, ordinary least squares regression (OLR), reduced major axis regression (RMA), and 
the York method. Results from this work demonstrate that the York method is the most robust re-
gression method for datasets with a range of experimental conditions, the most important of which 
being the ratio of analytical error between the two isotope systems and the range of values for each 
system. These findings highlight key factors to consider that affect the reliability of interpretations 
using λ and are used to provide recommendations for standardizing, calculating and interpreting 
dual-isotope data. 
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In groundwater, organic pollutants persist at very low concentrations (sub-µg/L), although many of 
them are in principle biodegradable. Bioavailability limitation is one of the factors hypothesized to 
constitute bottlenecks of micro-pollutant biodegradation. Compound-specific isotope analysis (CSIA) 
has been brought forward as a promising approach to explore the onset of bioavailability limitation 
in biodegradation at low-level concentrations [1]. The role of membrane permeability as a barrier for 
atrazine biodegradation at low concentrations has been highlighted in a recent batch study by apply-
ing CSIA [2]. However whether bioavailability limitation – i.e., rate-limiting mass transfer towards and 
into the microbial cell – inhibits micropollutant biodegradation in environmental systems has not 
yet been verified by direct observation in experiments mimicking realistic situations in groundwater. 

Here we present applications of CSIA to study biodegradation of micro-pollutants in a two-dimen-
sional sediment tank experiment as a groundwater model system. A solution of 2,6-dichloroben-
zamide (BAM) at its natural isotopic abundance was continuously injected into the middle of the 
tank, and a gradient of high to low concentrations of BAM was established by transverse dispersion. 
First, abiotic experiments were conducted to study the influence of hydrodynamic dispersion on 
observable isotope fractionation. Subsequently Aminobacter MSH1 was inoculated into the tank for 
“biotic” experiments. We took samples at different ports at the end of the tank to draw a picture of 
vertical distributions of concentration, biomass, isotope values etc.

Our results show that isotopic fractionation of BAM (13C/12C and 15N/14N) induced by hydrodynam-
ic dispersion was negligible in the abiotic experiment. In biotic experiments, the highest isotope 
fractionation appeared in the fringes where O2 and BAM were mixed. In the area near the top and 
bottom of the tank, in contrast, where BAM concentrations were lowest and where BAM degradation 
would, therefore, be expected to be most complete, observable isotope fractionation did not further 
increase, but started declining. We hypothesize that these results reflect the effect of bioavailability 
limitation during biodegradation. When concentrations of BAM were lower than a certain threshold 
concentration, mass transfer of BAM towards and into the cell became rate-limiting relative to the 
enzyme reaction inside the cell. Consequently, observed isotope fractionation decreased. Hence, the 
observed decrease of isotope fractionation at low-level concentrations in the gradient of a sediment 
tank may provide the first direct evidence of bioavailability limitation in a groundwater model system.
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The number of detected micropollutants in the water cycle has increased over the last years. One 
option to remove those compounds is ozonation. Ozone has a broadband action against many differ-
ent classes of micropollutants but does not lead to complete mineralization. Instead transformation 
products are formed. [1] Which transformation products are formed depends on the reaction mech-
anism that in turn depends on the reaction site. The important reaction sites for ozone are C-C dou-
ble bonds, C-C triple bonds, aromatic rings and amines. [2] A way to characterize the reaction site of 
a micropollutant is the determination of the specific isotope fractionation. In most cases, the lighter 
isotope (e.g. 12C) reacts faster with ozone than the heavier isotope (e.g. 13C). Hence, heavier isotopes 
are enriched in the remaining parent compound and this can be measured by compound specific 
stable isotope analysis (CSIA) [3]. The aim of this work is to determine the isotope fractionation of 
specific reaction sites, e.g. double bond (3-buten-2-ol), triple bond (3-butyl-2-ol) and aromatic ring 
(phenol). Different concentrations of ozone were added to the reaction solution (compound and 
phosphate butter (pH 7)). For the measurement with SPME-GC-IRMS 2 g/10 mL of NaCl was added 
to each sample.

The results show no difference in the enrichment factor between double (ε = -5.62 ‰) and triple 
bonds (ε = -5.88 ‰). This suggests that the primary attack of ozone is the same and the resulting 
reaction mechanisms are similar. For double bonds the Criegee mechanism is favored [4]. Thereby, a 
cleavage of C-C-bond happens. In the case of triple bonds the reaction might be similar but the C-C-
bond is not completely broken. However, there is a strong difference to phenol (ε = -1.06 ‰). The 
enrichment effect is very small, which indicates that ozone hardly differentiates between light and 
heavy isotopes. The reason for this could be the attack on the whole ring and not at a specific point. 
This is caused by the additional electron pair from the hydroxyl group, which can be shifted to the 
ring and strongly activates the aromatic system [5].
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The sulfonamide antibiotic sulfamethoxazole (SMX) is widely used in veterinary medicine (poul-
try-farming or aquacultures [1]) as preventive measure and is thus frequently detected in potential 
drinking water resources (surface or ground waters [1]). One option for removing SMX in drink-
ing water treatment is oxidation which can be achieved for example by ozone or chlorine dioxide. 
However, corresponding reaction mechanisms are largely unknown, which are important to assess 
formation of undesired products.

Compound-specific stable isotope analysis (CSIA) can be used to investigate reactions of micropol-
lutants such as SMX, since degradation processes may reveal specific isotopic fractionation which are 
related to the site of primary attack. 

This study deals with the carbon stable isotope fractionation of SMX in reactions with ozone or chlo-
rine dioxide at two different pH values (3 and 8) to investigate the oxidation of the neutral and the 
anionic SMX species, respectively. LC-IRMS measurements were performed as described previously 
by Kujawinski et al. [2]. 

For oxidation of the neutral SMX species at pH 3, a slight normal isotope effect is observed for both 
oxidative agents (Fig. 1a) [3]. In case of the anionic SMX species at pH 8 (Fig. 1b), isotopic fraction-
ation is even slightly more pronounced for chlorine dioxide than at pH 3. Contrary, for oxidation 
of the anionic SMX species with ozone, the isotopic fractionation is not significant. Hence, under 
environmental conditions it would be possible to distinguish oxidation of SMX with ozone from 
oxidation with chlorine dioxide with CSIA [3]. Moreover, Dodd et al.[4] postulated that ozone either 
attacks at the activated aromatic ring or the nitrogen of the aniline moiety. Since hardly any carbon 
isotope fractionation was observed in case of the anionic SMX species, the oxidation at the nitrogen 
seems most likely.

 
Figure 1: Stable isotope fractionation of SMX in the reaction with ozone and chlorine dioxide at pH 3 and 8. Error bars 
represent standard deviation of triplicates. Samples were buffered with 10 mM phosphate buffer [3].
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A vast diversity of halogenated organic compounds produced in large quantities and applied in a 
variety of consumer and industrial products. Since many of halogenated compounds are resistant to 
degradation, they tend to accumulate in the environment and living organisms [1,2].

Hydrolytic dehalogenation and biodegradation are among the most possible environmental process-
es leading to the elimination of chlorinated and brominated aliphatic contaminants from the envi-
ronment. Since C-Br bond is weaker than C-Cl bond, brominated aliphatic compounds are usually 
degraded easier. During the recent decades, degradation of 1,2-dichloroethane and 1,2-dibromort-
hane, extensively used in the past as additives in gasoline and as agriculture fumigants, has been 
investigated by several research groups [3, 4]. However, there is still a limited knowledge on the 
investigation of environmental fate of aliphatic compounds containing both chlorine and bromine 
atoms in the same molecule. The object of the present study was 1-bromo-2-chloro-ethane, one of 
the significant groundwater contaminants in Neot Hovav industrial area in the southern Israel. 

The aim of the research was to investigate abiotic and biotic degradation processes of 1-bromo-2-chlo-
roethane and evaluate isotope effects associated with these processes. 

In the present work several degradation scenarios were investigated: abiotic hydrolytic degradation 
under alkaline conditions (pH 8), chemical oxidation by Fenton-like reagent, enzymatic dehaloge-
nation by haloalkane dehalogenase (EC 3.8.1.5) and biotic reductive dehalogenation by culture of 
Sulfurospirillum multivorans.

Multi-elemental (δ13C, δ81Br and δ37Cl) Compound-Specific Isotope Analysis (CSIA) has been ap-
plied for tracing the degradation processes. 

Abiotic degradation under alkaline conditions and enzymatic degradation by haloalkane dehalo-
genase followed hydrolytic debromination pathway. Both processes resulted in significant carbon 
isotope effects (εC, ‰= -27.2± 0.5 and εC, ‰= -29.9± 0.5, for abiotic and enzymatic process, respec-
tively), small but detectable bromine isotope effect (εBr, ‰= -1.03± 0.03 and εBr, ‰= -1.3± 0.3 for 
abiotic and enzymatic process, respectively), and undetectable chlorine isotope effect. 

For Fenton-like oxidation, only carbon isotope effect was observed (εC, ‰= -3.9± 0.3). The lack of 
any measurable Br and Cl isotope fractionation possibly indicates that C-Br/C-Cl bond cleavage is 
not a rate-limiting step of the processes. 

Biodegradation under anaerobic conditions resulted in significant carbon and bromine isotope effect 
(εC, ‰= -15.6± 0.3; εBr, ‰= -1.5± 0.3). Analysis of chlorine isotope effect is still in progress. 

Dual carbon-bromine isotope plot resulted in significantly different slopes: ΛC/Br = 8 for anaerobic 
biodegradation by Sulfurospirillum multivorans; ΛC/Br = 21 for abiotic hydrolysis; ΛC/Br = 23 for enzy-
matic hydrolytic dehalogenation and ɅC/Br = ∞ for Fenton –like degradation allowing to distinguish 
between degradation pathways. The results of the present study indicate that dual C-Br isotope plot 
can be a tool for tracking 1-bromo-2-chloro-ethane degradation in the environment.
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complex contaminant mixtures in sediment samples

Jeremy Zimmermann1, Steven Chapman2, Beth L. Parker2, Philipp Wanner1,2,3, Ramon Aravena2, Fla-
via Isenschmid1 &Daniel Hunkeler1

1 Centre for Hydrogeology & Geothermics (CHYN), University of Neuchâtel, Switzerland
2 G360 Institute for Groundwater Research, College of Engineering & Physical Sciences, University of Guelph, Canada
3 Institute of Geological Sciences, University of Bern, Switzerland

Compound-specific isotope analysis (CSIA) is a powerful approach to demonstrate contaminant 
degradation in the subsurface and is often applied to volatile organic compounds (VOC) in ground-
water samples. In sediments however, it can be challenging to recover sufficient amounts of VOC to 
perform CSIA, especially from strongly sorbing lower permeability units, which can form significant 
contaminant reservoirs. A prior extraction step is necessary to make mass spectrometric analysis 
possible. Different extraction agents, e.g. organic solvents are available for this task. A suitable sol-
vent should be able to extract a wide range of contaminants and be water soluble to facilitate sample 
preparation. At the same time, using a less volatile solvent is beneficial as it is unlikely to interfere 
with the gas chromatographic (GC) separation and makes additional concentration steps easier.

We present results from the application of multi-element CSIA for demonstrating chlorinated and 
non-chlorinated hydrocarbon degradation in lower permeability layers. The study was carried out 
at a site where a complex mixture of chlorinated and petroleum hydrocarbons was disposed below 
ground decades ago, forming a downgradient plume in the heterogeneous sandy aquifer with dif-
fusion occurring into a thin underlying aquitard. The DNAPL source was isolated from the active 
groundwater flow system by soil mixing with bentonite and zero-valent iron in 2008, and a study 
was initiated to evaluate in detail the plume response to this source treatment. As part of this study, 
the performance of different extraction agents to recover VOC from the aquitard sediments was 
evaluated. A new analytical method was developed relying on two-dimensional gas chromatogra-
phy to resolve the complex mixture in the soil extracts sufficiently for precise and accurate carbon 
and chlorine isotope analysis. The method was applied to numerous depth-discrete sediment sam-
ples from the aquitard layer and also multi-level groundwater samples from the overlying aquifer. 
Multi-element CSIA makes it possible to identify the relative importance of different degradation 
pathways that lead to the same intermediate compound. Furthermore, it is possible to evaluate the 
contribution of reactive processes in the aquifer versus the aquitard to contaminant attenuation. 
Thus, multi-element CSIA helps to constrain reactive processes that control the long-term fate of 
chlorinated hydrocarbons at the site.
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