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Prof. Dr. René P. Schwarzenbach, examiner

Prof. Dr. A. Lynn Roberts, co-examiner

PD Dr. Thomas B. Hofstetter, co-examiner

2012

Eawag_08018





Dank
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und Michael Äschbacher haben mir bei den elektrochemischen Experimenten geholfen.
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Summary

The industrial and domestic use of chemicals has led to large emissions of organic

micropollutants into the environment. Knowledge of contaminants’ degradability in

environmental systems is essential for proper risk assessment and further development

of adequate remediation strategies for contaminated sites. Transformation processes of

contaminants can be identified and quantified by means of compound-specific isotope

analysis (CSIA). Depending on the chemical bond(s) that are cleaved or formed during

a reaction, the isotopic ratio of the reactant changes systematically as a consequence of

kinetic isotope effects (KIE). This change can be indicative for the occurring reaction

and the derived apparent KIEs provide important information on the reaction mecha-

nism. Although many emerging micropollutants exhibit reactive N-containing functional

groups, only few studies have used CSIA to assess their transformation. This PhD thesis

focuses on the transformation of aromatic N -alkyl amines, which are widely used in

the chemical industry and can also represent the reactive moiety in larger contaminant

molecules. Once present in the environment they are subject to oxidative transformation

via multiple reaction pathways, which may occur simultaneously.

In this work the C, H, and N isotope fractionation associated with N atom oxidation

and oxidative N -dealkylation was explored in order to assess the potential for applying

CSIA in the environment. We performed batch experiments with substituted primary,

secondary, and tertiary aromatic amines and environmental model oxidants, that is MnO2

and horseradish peroxidase (HRP). We determined the magnitude and variability of 13C-,
2H-, and 15N-AKIEs and investigated the reaction mechanisms and rate-limiting steps

with additional support from systematic product analysis and theoretical calculations.

First, an analytical method for accurate and precise δ15N and δ13C measurements of

substituted anilines was established and the equilibrium isotope effect (EIE) pertinent to

H+-exchange at the N atom was evaluated. Using SPME-GC/IRMS we found that de-

protonation of the substituted aniline’s conjugate acid gives rise to significant 15N-EIE of

1.02. This implies slightly increased acidity of the 14N-containing isotopologues by 0.008

pKa-units. Accurate δ
15Nmeasurements (Δδ15N=0.3±0.7� and Δδ13C=0.9±0.7�) were
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Summary

performed for almost all anilines at solution pH-values that exceeded the pKa of the aro-

matic amines by 2 pH-units. The corresponding aqueous concentrations were 2.1 and

0.56 mg L−1 for the δ15N and δ13C measurements, respectively.

Oxidation of substituted anilines by MnO2 was associated with inverse 15N-AKIE

ranging between 0.992 and 0.999 due to formation of partial imine type N=C bond

in the anilinium radicals upon initial electron transfer from the N atom. The magni-

tude of 15N-AKIE increased with increasing electron donating properties of the para-

substituent and correlated with radical stability. 15N-AKIE was identical for para- and

ortho-substituted anilines and for meta- and unsubstituted compounds due to preferen-

tial radical localization at the ortho- and para-positions. Owing to the 15N-EIE asso-

ciated with N atom deprotonation, the observable N isotope fractionation was strongly

pH-dependent and approached the product of 15N-EIEN and 15N-KIE at pH below the

aniline’s pKBH+ .

Oxidative transformation of substitutedN -methyl andN,N -dimethylanilines by MnO2

and HRP proceeds via initial electron transfer followed by either radical coupling or

N -dealkylation. Inverse 15N-AKIEs (up to 0.991) and normal 13C-, and 2H-AKIEs (<1.002

and <1.4, respectively) revealed that compounds substituted with an electron donating

substituent (-OCH3) react preferentially via the N atom oxidation pathway to radical

coupling products. Substitution with an electron acceptor (-Cl) led to vanishing or

slightly normal 15N-AKIEs (0.999-1.007) and larger 13C-, and 2H-AKIEs (up to 1.074

and 3.1, respectively) as well as to high amounts of N -dealkylated product(s), indicat-

ing that N -dealkylation is the predominant reaction pathway. Compounds substituted

with a weak electron donor (-CH3) and the unsubstituted ones reacted along both path-

ways. The second N -methyl group favored the occurrence of side chain reactions at the

para-CH3- and -OCH3-substituent, which can complicate the interpretation of isotope

fractionation patterns.

This study provides the first systematic evaluation of isotope effects for oxidative

transformations of substituted aromatic amines via N atom oxidation and N -dealkylation.

It illustrates that these reaction pathways lead to very compound-specific and complex

C, H, and N isotope fractionation trends. An extrapolation of the obtained data to

structurally related compounds is therefore hardly possible. For a more comprehensive

evaluation regarding the applicability of CSIA to assess transformation of substituted

aromatic amines in the environment, additional reaction pathways of this compound class

(that is, photo-oxidation, nucleophilic addition to natural organic matter and enzymatic

dioxygenation), should be the subjects of future research.
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Zusammenfassung

Der verbreitete Einsatz von Chemikalien in der Industrie, der Landwirtschaft sowie

in Haushalten hat zur Belastung der Umwelt mit organischen Mikroverunreinigungen

geführt. Die Risikoabschätzung der Umweltverschmutzung sowie die Entwicklung von

entsprechenden Sanierungsstrategien setzen fundierte Kenntnisse über das Verhalten der

Schadstoffe in der Umwelt voraus. Die Auswirkungen der organischen Schadstoffe auf das

Ökosystem und die Menschen wird weitgehend durch deren Abbau bestimmt. Ein qualita-

tiver und quantitativer Nachweis von solchen Abbauprozessen wird durch die Einzelstoff-

Isotopenanalyse (Compound-Specific Isotope Analysis, CSIA) ermöglicht. Die CSIA

basiert darauf, dass die Bildung und/oder Spaltung einer chemischen Bindung während

einer Reaktion dem kinetischen Isotopeneffekt (KIE) unterliegt. Der KIE führt zu einer

systematischen Änderung der stabilen Isotopenzusammensetzung des Reaktanden, die

charakteristisch für diese Reaktion ist. Obwohl zahlreiche organische Mikroverunreini-

gungen reaktive stickstoffhaltige funktionelle Gruppen enthalten, existieren bisher nur

sehr wenige Studien, die die relevanten Transformationsprozesse mittels CSIA untersucht

haben. Diese Arbeit befasst sich mit der Schadstoffklasse der aromatischen N -alkylierten

Amine, weil diese in der chemischen Industrie sehr verbreitet eingesetzt werden und

weil sie zudem als reaktive Strukturen in grösseren, strukturell komplexeren Schad-

stoffmolekülen, wie z.B. Antibiotika, vorkommen. Aromatische Amine werden in der

Umwelt mittels verschiedener Oxidationsreaktionen zu Transformationprodukten umge-

setzt, wobei viele dieser Prozesse auch gleichzeitig stattfinden können.

In dieser Dissertation wurde die C-, H- und N-Isotopenfraktionierung, die durch Oxi-

dation am N-Atom und durch oxidative N -Dealkylierung verursacht wird, untersucht um

die Anwendbarkeit von CSIA als Werkzeug zur Identifikation dieser Abbaureaktionen

in der Umwelt zu prüfen. Im Rahmen einer Laborstudie wurden Oxidationexperimente

mit primären, sekundären und tertiären aromatischen Aminen sowie zwei umweltrele-

vanten Modelloxidationsmitteln, MnO2 und dem Enzym Horseradish peroxidase (HRP)

durchgeführt. Dabei wurden die Grössenordnung und Variabilität der apparenten kineti-

schen Isotopeneffekte (Apparent Kinetic Isotope Effect, AKIE) 13C-, 2H-, und 15N-AKIE
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bestimmt. Mit Hilfe von systematischen Produktanalysen und theoretischen Berechnun-

gen konnten wichtige Erkenntnisse über die untersuchten Reaktionsmechanismen und die

geschwindigkeitsbestimmenden Reaktionsschritte gewonnen werden.

Als erstes wurde eine analytische Methode für die präzise und akurate Messung der N

und C Isotopensignaturen von substituierten Anilinen mittels Festphasen-Mikroextraktion

gekoppelt mit Gaschromatographie und Massenspektometrie (solid-phase microextrac-

tion coupled with gas chromatography and mass spectromerty, SPME-GC/IRMS) ent-

wickelt. Zudem wurde die Grössenordnung des durch den H+-Austausch am N-Atom

verursachten Gleichgewichts-Isotopeneffektes (equilibrium isotope effect, EIE) bestimmt.

Die N-Isotopenfraktionierung während der Deprotonierung der konjugierten Säure der

Aniline war singnifikant, 15N-EIE=1.02, was eine um 0.008 pKa-Einheiten erhöhte Azid-

ität für die 14N-haltigen Isotopologe bedeutet. Für beinahe alle substituierte Aniline

konnte eine Genauigkeit von Δδ15N=0.3±0.7� und Δδ13C=0.9±0.7� erzielt werden,

wenn der pH-Wert der umgebenden wässrigen Lösung den pKa-Wert der Aniline um 2

pH-Einheiten überschritt und zwar bis zu Konzentrationen von 2.10 und 0.56 mg L−1 für

jeweils δ15N und δ13C.

Die Oxidation von substituierten Anilinen mit MnO2 hat inverse 15N-AKIE im Be-

reich von 0.992-0.999 verursacht. Diese kommen durch die Bildung einer C=N Bindung

mit partiellem Imincharakter in den Aminium-Radikalen zustande, die durch den Elek-

tronentransfer am N-Atom entstehen. Der 15N-AKIE wurde umso inverser, je stärker

der Elektronendonator an der para-Stellung des aromatischen Rings war und korrelierte

somit mit der Radikalstabilität. Die Grössenordnung des 15N-AKIE der ortho- und para-

substituierten Aniline sowie der meta- und der unsubstituierten Substanzen war iden-

tisch, weil das Radikalelektron bevorzugt an der para- und ortho-Stellung lokalisiert

ist. Aufgrund des durch das Säure-Base Gleichgewicht verursachten 15N-EIE, war die

N-Isotopenfraktionierung der Oxidationsreaktion stark pH-abhänging. Bei pH-Werten

tiefer als der pKa der substituierten Aniline konvergierte der insgesamt beobachtete
15N-AKIE dem Produkt aus 15N-EIE und dem 15N-KIE.

Die Oxidation von substituierten N -Methyl- und N,N -Dimethylanilinen durch MnO2

und HRP wird durch einen Elektronentransfer initiiert. Anschliessend findet entweder

Radikalkopplung oder N -Dealkylierung statt. Inverse 15N-AKIE (bis zu 0.991) in Kombi-

nation mit normalen 13C- und 2H-AKIE (jeweils <1.002 und <1.4) deuteten darauf hin,

dass Substanzen mit einem Elektronendonator (-OCH3) bevorzugt über Oxidation am

N-Atom zu Radikalkopplungsprodukten reagieren. Die Substitution mit einem Elektro-

nenakzeptor (-Cl) verursachte verschwindend kleine oder leicht normale 15N-AKIE (0.999

x



Zusammenfassung

- 1.007) und grössere 13C- und 2H-AKIE (jeweils bis zu 1.074 und 3.1) sowie hohen Umsatz

zu N -Dealkylierungsprodukten. Dies weist darauf hin, dass die N -Dealkylierung im vor-

liegenden Fall den bevorzugten Reaktionspfad darstellt. Unsubstituierte N -Methyl- und

N,N -Dimethylaniline sowie diejenigen mit einem schwachen Elektronendonator (-CH3)

werden durch beide Reaktionspfade abgebaut. Die zweite Methylgruppe am N-Atom

hat Seitenkettenreaktionen am para-CH3 und OCH3-Substituenten begünstigt, was die

Interpretation der Isotopendaten erschweren kann.

Diese Arbeit zeigt, dass der oxidative Abbau von aromatischen N -alkylierten Aminen

durch Oxidation am N-Atom und N -Dealkylierung zu sehr substanzspezifischen C, H,

und N Isotopenfraktionierungen führt. Aus diesem Grund ist es kaum möglich, aufgrund

der hier präsentierten Resultate auf das Fraktionierungsverhalten von strukturell kom-

plexeren Schadstoffmolekülen mit reaktiven aromatischen Amino-Gruppen zu schliessen.

In Zukunft sollte eine vollständige Charakterisierung zusätzlicher umweltrelevanter Ab-

baureaktionen dieser Substanzklasse mittels CSIA erfolgen, wie z.B. photochemischer

Abbau, nukleophile Addition an elektrophile Gruppen des natürlichen organischen Ma-

terials sowie enzymatische Dioxygenierung.
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Περίληψη

Η ευρεία χρήση χημικών στη βιομηχανία, στις αγροτικές καλλιέργιες και γενικότερα

στην παραγωγή καταναλωτικών προϊόντων έχει συντελέσει σε μεγάλο βαθμό στη μόλυνση

του περιβάλλοντος. Η αντιμετώπιση των κινδύνων που προκαλούνται από την εκτεταμένη

εξάπλωση οργανικών ρυπογόνων χημικών ουσιών απαιτεί εφαρμογή μιας σωστής στρατηγικής,

η οποία περιλαμβάνει κατ’αρχήν την αξιολόγηση κινδύνου και στη συνέχεια την ανάπτυξη

μεθόδων αποκατάστασης. Για το λόγο αυτόν η κατανόηση των μηχανισμών που ελέγχουν τη

συμπεριφορά ρυπογόνων οργανικών χημικών ουσιών σε διάφορα περιβαλλοντικά συστήματα

είναι θεμελιώδους σημασίας. ΄Ενας εύστοχος τρόπος μελέτης του μηχανισμού που διέπει

τις αντιδράσεις αποδόμησης αυτών τών ουσιών είναι η διερεύνηση ισοτοπικών λόγων επι-

λεγμένων στοιχείων των ουσιών που αποδομούνται.

Στα πλαίσια της Διατριβής αυτής, ερευνήθηκε η ομάδα των αρωματικών αμινών. Οι

ανιλίνες (πρωτογενείς αρωματικές αμίνες) βρίσκουν ευρεία εφαρμογή στη χημική βιομηχανία

σα διαλύτες, καθώς και σαν πρόδρομες ενώσεις για την παραγωγή βαφών, φαρμακευτικών

προϊόντων και φυτοφαρμάκων. Μέσω βιομηχανικών αποβλήτων, οικιακών λυμάτων, καθώς

και σαν προϊόντα αναγωγής άλλων χημικών ουσιών, όπως νιτροαρωματικών, καταλήγουν

στο περιβάλλον, οπότε και οξειδώνονται με την παρουσία οξειδωτικών ουσιών. Στην

εργασία αυτή μελετήθηκε πειραματικά η μεταβολή του ισοτοπικού λόγου των στοιχείων

C, H και N κατά τη διάρκεια της οξείδωσης των αρωματικών αμινών με διάφορους υπο-

καταστάτες στο μοριό τους. Σαν μέσα οξείδωσης επιλέχθηκαν το MnO2 και το ένζυμο

HRP (horseradish peroxidase), τα οποία αποτελούν κοινά οξειδωτικά στα εδάφη. Ο ισο-

τοπικός λόγος των στοιχείων των αρωματικών αμινών που συμμετέχουν σε αντιδράσεις

αποδόμησής τους μεταβάλλεται με τρόπο χαρακτηριστικό για κάθε συγκεκριμένη αντίδραση.

Αυτό οφείλεται στην ιδιότητα της κινητικής των ισοτόπων (kinetic isotope effect, KIE),

σύμφωνα με την οποία οι αρωματικές αμίνες που περιέχουν το βαρύ ισότοπο αντιδρούν με

διαφορετικούς ρυθμούς από αυτές που περιέχουν το ελαφρύ.

Ο προσδιορισμός της πορείας της ισοτοπικής κλασμάτωσης των στοιχείων C, H και N

στις αρωματικές αμίνες κατά τη διάρκεια της οξείδωσής τους με MnO2 και HRP επιτρέπει να

διαπιστωθεί εάν οι αντιδράσεις αυτές οδηγούν σε χαρακτηριστικές και μετρήσιμες μεταβολές
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των ισοτοπικών λόγων. Σε μία τέτοια περίπτωση, είναι δυνατός ο ακριβής προσδιορισμός

των επί μέρους αντιδράσεων που οδήγησαν στην αποδόμησή τους. Επίσης, μετρώντας τον

εκάστοτε ισοτοπικό λόγο της αρωματικής αμίνης μπορεί να διαπιστωθεί σε ποιό στάδιο

βρίσκεται η αποδόμησή της και επομένως σε τι ποσοστό έχει προχωρήσει η αντίδραση.

Για τα εργαστηριακά πειράματα που πραγματοποιήθηκαν ακολουθήθηκε η εξής μεθοδολο-

γία: έγινε αναλυτικός προσδιορισμός τον ισοτοπικών λόγων C, H και N σε πρωτογενείς,

δευτερογενείς και τριτογενείς αρωματικές αμίνες με υποκαταστάτες και υπολογίστηκαν οι

φαινόμενες κινητικές επιδράσεις (apparent kinetic isotope effect, AKIE). Επίσης, καθορίστη-

καν οι παράγοντες που επηρεάζουν το μέγεθος και την ποικιλία των AKIE, όπως το pH και

η χημική δομή (ο συντακτικός τύπος) των ανιλινών. Τέλος, προσδιορίστηκε η φύση των

ποϊόντων των οξειδωτικών αντιδράσεων και έγινε μια από σειρά θεωρητικούς υπολογισμούς.

΄Ενα σημαντικό μέρος αυτής της μελέτης αφιερώθηκε στην ανάπτυξη μιας νέας ανα-

λυτικής μεθόδου αέριας χρωματογραφίας φασματογράφου μάζας (GC/IRMS), με σκοπό

την ανάλυση των ισοτοπικών λόγων των C, H και N, με ικανοποιητική επαναληψιμότητα

και ακρίβεια ταυτόχρονα. Επίσης έγινε αξιολόγηση των επιδράσεων ισοτοπικής ισορροπίας

(equilibrium isotope effect, EIE) που σχετίζο-νται με την ανταλλαγή πρωτονίων στο άτομο

του N και η τιμή που προέκυψε για το 15N-EIE ήταν 1.02. Από αυτό συμπεραίνεται

ότι τα συζυγή οξέα των ανιλινών με 14N στο μόριό τους ειναι κατά 0.008 οξύτερα από

αυτά με 15N. Η ακρίβεια των μετρήσεων των ισοτοπικών λόγων ήταν Δδ15N=0.3±0.7 και

Δδ13C=0.9±0.7 για διαλύματα με τιμές pH>pKa+2. Η συγκέντρωση των ανιλινών εν

διαλύσει βρέθηκε οτι ήταν 2.1mg/L για το N και 0.56mg/L για τον C.

Εφαρμόζοντας την πιό πάνω αναλυτική μέθοδο, προσδιορίστηκαν οι τιμές των AKIE που

σχετίζονται με την οξείδωση των ανιλινών με MnO2 και βρέθηκε ότι κυμαίνονται μεταξύ

0.992 και 0.999. Από αυτές τις τιμές προκύπτει οτι υπάρχει αντίστροφο 15N-AKIE, πράγμα

που οφείλεται στο σχηματισμό αρωματικών ιμινών, σαν αποτέλεσμα οξείδωσης μέσω ενός

ηλεκτρονίου του N. Η τιμή των 15N-AKIE ήταν μεγαλύτερη για υποκαταστάτες ανιλινών

που είναι ισχυρότεροι δότες ηλεκτρονίων, καθώς επηρεάζουν τη σταθερότητα των ριζών

που σχηματίζονται με την απώλεια ενός ηλεκτρονίου του N. Λόγω της κανονικής 15N-EIE

που συνδέεται με την απώλεια πρωτονίου απο τα συζυγή οξέα των ανιλινών, βρέθηκε οτι η

ισοτοπική κλασμάτωση του N εξαρτάται από το pH.

Η οξείδωση των δευτερογενών και τριτογενών αρωματικών αμινών με MnO2 και HRP

πραγματοποιείται με τη μεταφορά ενός ηλεκτρονίου από το άτομο του N και συνεχίζεται

είτε με σύζευξη των ριζών είτε με την απώλεια ενός μεθυλίου απο το δεσμό με το N.

Οι τιμές αντίστροφων 15N-AKIE (έως και 0.991) και οι τιμές κανονικών 13C- και 2H-

AKIE που προέκυψαν (<1.002 και <1.4, αντίστοιχα), οδηγούν στο συμπέρασμα οτι οι
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ανιλίνες με ισχυρούς δότες ηλεκτρονίων αντιδρούν κατά προτίμηση μέσω της μεταφοράς

ενός ηλεκτρονίου από το άτομο του N και σχηματίζουν διμερή προϊόντα. Οι τιμές των

ΑΚΙΕ που συνδέονται με την οξείδωση των ανιλινών με ισχυρούς αποδέκτες ηλεκτρονίων

ήταν είτε πολύ μικρές είτε ελαφρώς κανονικές για το N (0.999 - 1.007) και υψηλές για

τον C (έως και 1.074) και το H (3.1). Επιπλέον, ανιχνεύθηκε υψηλό ποσοστό προϊόντων

που είχαν ένα μεθύλιο λιγότερο από την αντιδρώσα ουσία. Από αυτό συμπεραίνεται ότι για

αυτές τις ανιλίνες, η απώλεια ενός μεθυλίου από το δεσμό με το N ήταν ο επικρατέστερος

μηχανισμός αντίδρασης. Ανιλίνες χωρίς υποκαταστάτες, καθώς και ανιλίνες με αδύναμους

δότες ηλεκτρονίων αποδομήθηκαν μέσω και των δύο αντιδράσεων. Επίσης, διαπιστώθηκε

επιπλέον οξείδωση των υποκαστατών -CH3 και -OCH3, επηρεάζοντας τις αντίστοιχες τιμές

ΑΚΙΕ, κάτι που κάνει πιο πολύπλοκη την ερμηνεία των ισοτοπικών δεδομένων.

Λαμβάνοντας υπόψη τα αποτελέσματα της Διατριβής αυτής προκύπτει το γενικότερο

συμπέ-ρασμα ότι η αποδόμηση ανιλινών μέσω οξειδωτικών αντιδράσεων οδηγεί σε συκεκριμένες

πορείες κλασμάτωσης των ισοτόπων C, H και N. Οι πορείες αυτές διαφοροποιούνται ανάλογα

με τη χημική ένωση και τη δομή της. Είναι επομένως εξαιρετικά δυσκολο να προεκτείνει

κανείς τα αποτελέσματα αυτής της εργασίας σε άλλες χημικές ενώσεις, οι οποίες περιέχουν

αρωματικές αμίνες. Σε ένα επόμενο στάδιο θα ήταν σκόπιμο να διερευθούν και άλλοι πι-

θανοί μηχανισμοί αποδόμησης των ανιλινών, όπως φωτοχημικές αντιδράσεις, ενζυματική

αποοξυγόνωση ή πυρινόφιλη προσθήκη.
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Chapter 1

1.1 Assessing transformation processes of organic mi-

cropollutants in the environment

Chemical pollution represents one of the major environmental problems worldwide.

A large variety of organic compounds used as, for example, industrial chemicals, bio-

cides, pharmaceuticals, or personal-care products enter the environment through mu-

nicipal and industrial wastewater effluents, spills, landfills or runoff from agricultural

areas.123,124,127,128 Depending on the pollution source and the compound’s behavior in

the environment, organic micropollutants can be found in surface waters, aquifers, soils,

sediments and the atmosphere. Once present in the environment they can have adverse

effects on the aquatic and terrestrial life and affect human health via the food chain or

contamination of drinking water resources. Since many of those chemicals are already of

concern at very low concentrations, assessing the fate of organic micropollutants in the

environment is crucial for evaluating the risks of contamination.12,126

Risk assessment of chemicals includes an assessment of the compound’s exposure in the

environment, and its effects to organisms. Exposure assessment requires the availability

of input data as well as knowledge of the pollutant’s behavior in environmental systems,

including transport (diffusion, advection), partitioning between environmental compart-

ments and transformation processes. Transformations of organic micropollutants in natu-

ral and engineered systems can occur at different rates, via different reaction mechanisms

and can lead to the formation of a variety of transformation products. Transformation

products can exhibit similar or different modes of toxic action as the parent compound

and contribute to the overall mixture toxicity.12,32,103 Identifying degradation processes of

contaminants in the environment is not a trivial task because besides (bio)transformation,

physical processes such as sorption, volatilization, as well as transport by diffusion and

advection can lead to concentration changes. Concentration measurements for assess-

ment of mass balances can be analytically challenging. Detection and quantification of

reactants and transformation products in complex environmental matrices require ap-

propriate techniques including several extraction and enrichment steps.70,128 Moreover,

most transformation products have not yet been identified whereas those susceptible to

rapid degradation may not be detectable.32 Therefore, unambiguous determination of the

underlying processes by means of concentration measurements can be difficult.

One tool for assessing the transformation of organic contaminants in the environment

is compound-specific isotope analysis (CSIA). By analyzing the stable isotope compo-

sition of the reactant, the source of contamination can be allocated and transformation
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processes can be identified and quantified, even if contaminants are degraded via compet-

ing reactions.28,29,58,125 Moreover, CSIA may provide important information on the un-

derlying reaction mechanism. For a given compound the relative abundance of the heavy
hE and light lE isotopes of element E is commonly expressed by the isotopic signature

δhE and reported as difference in � relative to an international reference standard:29,130

δhE =
(hE/lE)sample

(hE/lE)reference
− 1 (1.1)

The most established analytical methods for measuring the isotopic composition of or-

ganic contaminants at natural abundance levels in environmental samples with high pre-

cision and accuracy are gas and liquid chromatography coupled to isotope ratio mass

spectrometry (GC/ and LC/IRMS, respectively).28,53 Each transformation pathway leads

to a characteristic change in the compound’s isotopic signature, which can be indicative

for the relevant degradation process. This is because bond-cleavage or bond-formation

during the rate-determining step of a reaction are subject to a kinetic or equilibrium

isotope effect (KIE or EIE, respectively). Kinetic isotope effects reflect the energy dif-

ferences between the reactant isotopologues carrying the light and heavy isotope at the

reactive site in the ground and the transition state. This gives rise to different activation

energies and the isotopologues react therefore with different rate constants lk and hk,

respectively:28,29,58

KIEE =
lk
hk

(1.2)

Equilibrium isotope effects (EIE) are related to bonding changes between reactant and

product and are defined as the ratio of the KIEs associated with the forward and back-

ward reaction.58 Changes in isotopic signatures due to an EIE are characteristic for the

underlying equilibrium reaction.

Because KIEs are related to the transition state structure and changes of the bonding

environment of the reactive atoms, they are indicative of the type of occurring reaction

and may thus provide insight into the reaction mechanism. To infer the origin and

determine the magnitude of the KIE the change in the reactant’s isotopic signature δhE

compared to the initial one δhE0 is measured in the remaining fraction C/C0 of the

reactant over time or distance from the pollution source. The enrichment of the slower

reacting isotopologues, caused by the occurring reaction, can be determined using the

Rayleigh equation:29,58
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δhE + 1

δhE0 + 1
=

(
C

C 0

)εE,bulk

(1.3)

Bulk isotope enrichment factors εE,bulk reflect the average change in isotopic composition

of the entire molecule. Identification of transformation processes on the basis of εE,bulk

is feasible if they are converted to position specific enrichment factors and bond-specific

apparent kinetic isotope effects AKIEEs. Based on an assumption regarding the reaction

mechanism and kinetics of the elementary reactions, AKIEEs can be calculated according

to Equation 1.4 by taking into account the number n of total isotopic atoms, i.e. including

those at nonreactive positions, the number x of atoms at the reactive site, and the number

z of isotopic atoms that compete at the reactive position:58

AKIEE =
1

1 + (n/x) · z · εE,bulk (1.4)

By comparing the calculated AKIEE with expected KIEs of reference reactions the hy-

pothesized degradation mechanism can be confirmed or excluded. Due to the wide variety

of organic micropollutants and possible reactions in the environment KIE reference data

are scarce. Therefore, the interest for elucidating reaction mechanisms is increasing and

numerous studies have focused on relevant transformation processes of organic micropol-

lutants.10,30,49,50,74,113,165 Once the mechanisms are identified, the extent of transformation

can also be quantified using Equation 1.3.

Additional evidence for identifying the underlying reaction even if the intrinsic KIE

is masked due to rate-limiting processes other than degradation and for distinguishing

between competing pathways is provided by multielement isotope analysis. The simul-

taneous change of isotopic signatures for the elements at the reactive site is evaluated

by plotting δhE1 vs. δhE2, where the slope is approximately equal to the ratio of the

enrichment factors (Equation 1.5):

δhE1

δhE2

≈ εE1,bulk

εE2,bulk

(1.5)

The slope is diagnostic for the reaction in question, since it reflects the change in iso-

tope ratios for the elements involved in bond-cleavage or formation. Relative changes in

isotopic signatures δhE1/δ
hE2 remain the same as under non-masking conditions.28,132,165

Comparison of isotope effects and reaction mechanisms between different compounds is

only possible with derived AKIEs.
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Physical processes, i.e. transport, phase transfer, dilution, can lead to small changes in

the contaminant’s isotopic composition under certain conditions. In contaminant plumes

at non-steady state and in the unsaturated zone small isotope fractionations due to

diffusion and sorption have been observed and need to be considered when estimating

degradation.11,28,73,77

1.2 Transformation processes of N-containing organic

micropollutants

To date most applications of CSIA focused on the isotope fractionation of the ele-

ments C and H and included transformation of chlorinated solvents,2,10,56 BTEX com-

pounds,61,86,142 and MTBE.62,74 Because of the highly diverse molecular structures of bio-

logically active micropollutants, which exhibit a wide range of reactive functional groups

containing heteroatoms, the interest to apply CSIA to other elements increased.53 An

important class of priority contaminants consists of compounds exhibiting N-containing

functional groups, which often represent the site of initial attack during abiotic and

enzymatic reactions. N isotope analysis has been much less frequently applied com-

pared to C isotope analysis since it is associated with certain analytical limitations. The

presently established method for measuring N isotope signatures of organic contaminants

is GC/IRMS, i.e. isotope analysis is restricted to volatile compounds.53 The major prob-

lem for environmental applications is the high detection limits, which is related to the low

abundance of 15N isotopes (0.37%), the target analyte gas N2, and instrumental proce-

dures.6,31,130 Higher sensitivity can be achieved by using efficient pre-concentration steps,

e.g. solid-phase microextraction (SPME) or purge and trap.

Despite the analytical challenges, precise and accurate δ15N values have been mea-

sured for nitroaromatic compounds (NACs)6, and triazine and phenylurea herbicides.94,111

Consequently, CSIA has been successfully applied to study relevant transformation pro-

cesses of these typical N-containing micropollutants, i.e. abiotic reduction of NACs,48,49

photochemical and microbial degradation of atrazine50,95 and abiotic and microbial trans-

formation of isoproturon.112,113 Furthermore, N isotope fractionation associated with

biodegradation of RDX was measured using instrumentation other than GC/IRMS.7

These studies revealed variable 15N fractionation and showed that interpreting measured

bulk enrichment factors εN,bulk and deriving AKIENs can be very difficult due to the com-

plexity of the molecular mechanisms that govern the transformation processes of these
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compounds. Therefore, additional knowledge is required to understand the reactions of

N-containing functional groups in environmentally relevant systems on a molecular level,

which is a prerequisite for applying CSIA.

This thesis focused on the isotopic investigation of oxidative transformation(s) of

the aromatic (N -alkyl) amino functional group. Aromatic amines are of environmental

concern because they are manufactured on a large scale due to their extensive use in

chemical industry as precursors for the synthesis of dyes, polyurethanes, rubber prod-

ucts, and drugs. They are toxic to the ecosystem and carcinogenic and mutagenic to

humans.72,122 They can enter the environment either directly, i.e. though spills or waste

water effluents, or indirectly as transformation products of the reduction of nitroaromatic

explosives,55,71 pesticides,5 and azo-dyes.154 Furthermore, the aromatic amino functional

group is contained as a substructure in larger contaminant molecules such as antibacte-

rial agents and agrochemicals, where they often represent the reactive moieties during

oxidative transformations.8,82,159

Aromatic (N -alkyl) amines can react along multiple pathways in the environment and

can lead to the formation of a wide variety of transformation products (Figure 1.1). N

atom oxidation and oxidative N -dealkylation can be catalyzed at mineral surfaces or by

enzymes and can lead to the formation of radical coupling and N -dealkylated product(s),

respectively.46,72,78,159 Indirect photolysis by transient oxidants, such as CO•−3 -radicals,

excited triplet states of dissolved organic material (DOM), OH• radicals, or singlet oxygen
1O2, leads to oxidized transformation products but their structure is not always clear.17

During direct photolysis unsubstituted and/or hydroxylated aromatic amines as well

as coupling products can be formed.43 Furthermore, aromatic (N -alkyl) amines can be

transformed via enzymatic dioxygenation of the aromatic ring to catechols,132 and via

1,2- and 1,4-nucleophilic addition of the amino group to electrophilic quinone moieties

of natural organic matter (NOM) to form anilinoquinones.19,155 Because degradation

along these pathways can take place simultaneously and the reaction products are partly

unknown or difficult to analyze, identification of the relevant transformation process

remains a challenging task. Although oxidative transformation of aromatic (N -alkyl)

amines is of great importance during degradation of a variety of contaminants, proper

analytical methods for N isotope analysis are not yet available, isotope effects of the

oxidation reactions remain largely unknown and the potential for using CSIA to assess

their degradation has not yet been evaluated.

The present work focused on the mineral and enzyme catalyzed N-atom oxidation

and N -dealkylation of substituted N -alkyl aromatic amines (Figure 1.1). Previous work
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1.3 Objectives and approach of this thesis

Applying CSIA to investigate oxidative transformation processes of aromatic N -alkyl

amines can provide important information about the elementary steps and contribute

to the understanding of these complex reactions. Since the amino moiety (N-R1R2,

Figure 1.1) is directly involved in the oxidation reactions and the bonding environment

of the N, C, and H atoms is directly affected, changes in δ15N, δ13C, and δ2H signatures

could be measurable by CSIA. Earlier studies of reduction of nitroaromatic radical anions

showed that small bonding changes induced by electron transfer can also cause measurable
15N-fractionation.42,49

Therefore, the goals of the present work were the following:

1. to develop an analytical method for the precise and accurate determination of the

isotope composition of substituted aromatic amines, including high extraction effi-

ciencies and low detection limits

2. to use CSIA to determine C, H, and N isotope fractionation trends during oxidative

transformations of substituted N -alkyl aromatic amines in the environment and to

assess the potential of CSIA for distinguishing between those sometimes competing

reactions

3. to elucidate the reaction mechanism by determining the associated apparent ki-

netic isotope effects, AKIEE, and the factors that influence their magnitude and

variability, i.e. molecular structure and experimental conditions

To this end, laboratory batch experiments were performed with primary, secondary,

and tertiary aromatic amines carrying substituents of variable electron donating pro-

perties (-Cl, -H, -CH3, -OCH3). Two oxidative transformation pathways, i.e. N atom

oxidation and oxidative N -dealkylation, were investigated using the mineral MnO2 and

the enzyme horseradish peroxidase (HRP), which have been previously used to mimic

the corresponding reactions in soils and aquatic environments.72,131,133,147 Experimental

conditions, i.e. pH, were varied in order to examine the influence of substituted aniline

speciation (typical pKa-values between 2.5 and 7),84,126 on the isotope fractionation.

Additional information was obtained by qualitative and quantitative product analysis

and the interpretation of the results was supported by independent reference experiments

and theoretical calculations.
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The work presented in Chapter 2 describes the analytical method developed for precise

and accurate determination of N and C isotope signatures of substituted anilines by

SPME-GC/IRMS. This method was used to determine the magnitude of equilibrium

isotope effects (EIE) associated with aromatic amine protonation.

Chapter 3 focuses on the N atom oxidation pathway and deals with the N isotope

fractionation associated with the oxidation of substituted primary aromatic amines by

MnO2. Insights into the reaction mechanisms are gained by investigating the influence of

aromatic substituents on AKIENs, reference experiments with other oxidizing agents and

computations of 15N-KIEs. Furthermore, the influence of aniline acid/base speciation on

the observable 15N fractionation is evaluated.

Chapter 4 deals with the MnO2- and HRP-catalyzed transformation of substituted sec-

ondary and tertiary aromatic amines. Multielement (C, H, and N) isotope fractionation

trends were examined and apparent 13C-, 2H-, and 15N-KIEs were studied systematically

to obtain evidence for the reactions occurring simultaneously along the N atom oxidation

and the oxidative N -dealkylation pathway (Figure 1.1).

The general conclusions of the thesis as well as open questions for future research

work are discussed in chapter 5.
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pH-Dependent Equilibrium Isotope

Fractionation Associated with the

Compound Specific Nitrogen and

Carbon Isotope Analysis of

Substituted Anilines by

SPME-GC/IRMS

M. Skarpeli-Liati, W. A. Arnold, A. Turgeon, C. J. Cramer, and T. B. Hofstetter.

pH-dependent equilibrium isotope fractionation associated with compound-specific nitrogen

and carbon isotope analysis by SPME-GC/IRMS. Anal. Chem., 83(5):1641-1648, 2011
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Abstract

Solid-phase microextraction (SPME) coupled to gas chromatography/isotope ratio

mass spectrometry (GC/IRMS) was used to elucidate the effects of N-atom protona-

tion on the analysis of N and C isotope signatures of selected aromatic amines. Precise

and accurate isotope ratios were measured using polydimethylsiloxane/divinylbenzene

(PDMS/DVB) as the SPME fiber material at solution pH-values that exceeded the

pKa of the substituted aniline’s conjugate acid by two pH-units. Deviations of δ15N

and δ13C-values from reference measurements by elemental analyzer IRMS were small

(<0.9�) and within the typical uncertainties of isotope ratio measurements by SPME-

GC/IRMS. Under these conditions, the detection limits for accurate isotope ratio mea-

surements were between 0.64 and 2.1 mg L−1 for δ15N and between 0.13 and 0.54 mg

L−1 for δ13C, respectively. Substantial inverse N isotope fractionation was observed by

SPME-GC/IRMS as the fraction of protonated species increased with decreasing pH

leading to deviations of −20� while the corresponding δ13C-values were largely invari-

ant. From isotope ratio analysis at different solution pHs and theoretical calculations

by density functional theory, we derived equilibrium isotope effects, EIEs, pertinent to

aromatic amine protonation of 0.980 and 1.001 for N and C, respectively, which were

very similar for all compounds investigated. Our work shows that N-atom protonation

can compromise accurate compound-specific N isotope analysis of aromatic amines.

2.1 Introduction

Assessing transformation processes of organic micropollutants is crucial for addressing

the risks of soil and water contamination. Compound-specific isotope analysis (CSIA)

offers a complementary approach for identifying contaminant sources and degradation

pathways, as well as for quantifying the extent of a transformation reaction even if

several processes take place simultaneously. Because CSIA reveals the reactive posi-

tion within an organic compound via detection of changes in isotopic composition, sta-

ble isotope ratio measurements also provide crucial information about the underlying

reaction mechanism.53 While CSIA is widely applied for the investigation of ground-

water contaminants such as chlorinated solvents (polychlorinated alkenes2,23,63,149) and

fuel components (methyl-tert butyl ether,62,74,165 benzene,35 toluene142,143,150), combined

multielement isotope-fractionation analysis involving the elements C, H, and N is emerg-

ing for the transformation assessment of agrochemicals, explosives, and other priority
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pollutants.6,7,94 In fact, micropollutants exhibiting N-containing functional groups are

the most promising target molecules for CSIA, because the presence of N functional

groups is key for many transformation processes including reductions, oxidations, sub-

stitutions, and eliminations.126 Despite the importance of these reaction pathways, only

few N-containing organic micropollutants are amenable to CSIA.

To date, nitrogen isotope fractionation has been successfully measured by GC/IRMS

of amino acids,52,85,138 selected N-containing herbicides,50,94,111 and nitroaromatic com-

pounds.6,49,57,142 To expand the applicability of CSIA, this study targets the N isotope

analysis of substituted aromatic amines by GC/IRMS. Substituted anilines represent a

class of toxic and mutagenic environmental pollutants36 and they have also served as

model compounds for studying the transformation of emerging contaminants such as

sulfonamide antibiotics.159 In contaminated environments, abiotic as well as microbial

oxidation and addition reactions occur either directly at the nitrogen atom of the pri-

mary amino group78,108,133 or via oxidation at the aromatic ring.132 The availability of

analytical methods for the precise and accurate measurement of N and C isotope ratios

is therefore essential for assessing degradation pathways of substituted anilines in the

environment.

Current approaches to isotope ratio measurements of substituted anilines in aqueous

solutions by GC/IRMS coupled to solid phase microextraction (SPME), however, showed

poor accuracy, that is, deviations from the correct N isotope signatures were above 2�.6

Moreover, the consequences of aromatic amine protonation on the sensitivity and accu-

racy of CSIA is unexplored. Protonation of the anilines at pH values <7 deteriorates

extraction efficiencies of the analytes from the aqueous solution to the SPME-fiber, be-

cause only neutral species can be expected to adsorb to the nonpolar fiber coating and

thus be measured by CSIA. Given that environmentally relevant pH-ranges coincide with

the pKa-values of many protonated aromatic amines (typical pKa between 2.5 and 7,84,126)

and that N atom protonation might be key for understanding the isotope fractionation

of N-containing micropollutants,95,112 the impact of equilibrium isotope fractionation on

the isotope ratio analysis of aromatic amines requires closer examination.

It was the goal of this study to investigate how aromatic amino group protonation

affects the sensitivity and accuracy of N and C isotope signatures, δ15N and δ13C, of

substituted primary aromatic amines while measured by SPME-GC/IRMS and whether

significant N and C equilibrium isotope effects (EIE) are associated with proton exchange

reactions. To this end, we examined the accuracy and precision of δ15N and δ13C-values of

a series of substituted anilines in aqueous samples in the pH-range 2.0-7.0 in the presence
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of various buffers. The compounds were chosen so that their pKa-values (2.5-5.1) enabled

us to study the effect of protonation on SPME-GC/IRMS under the chosen experimental

conditions. Equilibrium isotope effects associated with aromatic amine protonation were

determined experimentally and compared to independent estimates obtained from density

functional theory calculations.

2.2 Experimental Section

Safety Considerations

Substituted anilines are toxic and potentially carcinogenic. When dealing with ani-

lines, wear suitable clothing, gloves, and work in a well-ventilated fume hood.

2.2.1 Reagents and materials

All chemicals in this study were used as received. The substituted anilines exam-

ined included aniline (�99.5%, Fluka), 2-methylaniline (�99.5%, Merck), 4-methylaniline

(�99%, Merck), 2-chloroaniline (�99.5%, Aldrich), and 4-chloroani-line (�99%, Fluka).

Buffers used were sodium acetate trihydrate (NaC2H3O2 · 3H2O, puriss, Riedel-de Haën),

potassium phosphate dibasic (K2HPO4, puriss, Riedel-de Haën), sodium citrate triba-

sic dihydrate (Na3C6H5O7 · 2H2O, �99%, Fluka) and 2-morpholinoethanesulfonic acid

monohydrate (MES, C6H13NO4S · H2O, �99%, Fluka). All buffer solutions were prepared

in deionized water (18.2 MΩ·cm, NANO-pure) and solution pH-values were adjusted with

hydrochloric acid (Sigma Aldrich) and sodium hydroxide solution (Fluka). Solvents used

were methanol (>99.9%, Scharlau, Spain) and ethyl acetate (>99.8%, Riedel-de Haën).

High purity Ar was used for deoxygenation of water and methanol and helium, nitrogen,

and carbon dioxide were used for GC/MS and GC/IRMS measurements (all �99.999%,

Carbagas).

2.2.2 Instrumentation

Prior to nitrogen and carbon isotope analysis, extraction efficiencies of the substituted

anilines from the buffered aqueous solutions to the SPME-fibers were evaluated by means

of GC/MS analysis. Instrumentation and procedures for chromatographic separation used

for GC/MS analysis were similar to that of previous studies.6 A GC (Trace GC Ultra,

Thermo Electron Corp.) was combined with a quadrupole MS (Trace DSQ ESI 250,

14
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Thermo Electron Corp.) and a CombiPAL autosampler (CTC) and equipped with a cold

on-column and a split/splitless injector with a Merlin Microseal (Merlin Instrument Co.).

The isotope analysis was carried out using a TraceGC (Thermo Electron Corp.) coupled

to an isotope ratio mass spectrometer (IRMS; Delta V PLUS, Thermo Electron Corp.) via

a combustion interface (GC Combustion III).164 Helium carrier gas was used at constant

pressure of 100 kPa. For chromatographic separation, 1 m of a deactivated guard column

(530 μm i.d., BGB, Boeckten, Switzerland) and a 30 m × 0.32 mm fused-silica column

(Zebron, ZB-5-ms, 0.25 μm, Phenomenex) were used. The applied temperature program

was 1 min at 50 ℃, followed by a 10 ℃/min ramp to 250 ℃ and 5 min at 250 ℃.

For the δ13C measurements the NiO/CuO/Pt wires of the combustion unit were oxi-

dized with O2 during 12 h prior to use at 940 ℃. The N isotope signatures were measured

with the same oxidation reactor but without preoxidation at 980 ℃. The temperature

of the reduction reactor was 650 ℃. Additionally, liquid nitrogen was used to trap the

CO2 produced during combustion of the analytes to prevent isobaric interferences by

CO+-fragments.13

2.2.3 SPME of aqueous samples

The SPME fiber coating polyacrylate (PA, 85 μm, Supelco), used for the nitroaromatic

compounds,6 was compared to polydimethylsiloxane/divinylbenzene (PDMS/DVB, 65 μm,

Supelco). Both materials led to reproducible measurements and enabled more than 100

injections per fiber according to the following procedure. 1.3 mL of buffered solution was

transferred into 2 mL autosampler glass vials, which contained 0.30 g of NaCl (final ionic

strength I of 4 M). The samples were shaken on a Vortex shaker to dissolve NaCl. The

SPME fiber was immersed directly into the buffered aqueous solutions and the analytes

were allowed to adsorb on the fiber for 45 min at 40 ℃. Thermal desorption from the

SPME fiber was performed in a split/splitless injector equipped with a deactivated liner

at 270 ℃ for 3 min. All measurements were carried out in triplicates. The SPME fiber

was conditioned for 30 min at 250 ℃ after 20 samples.

2.2.4 Extraction efficiency

To determine the efficiency of substituted aniline extraction from buffered aqueous

solutions by the SPME fibers, calibration curves of the analytes were measured on the

GC/MS after cold on-column injection and compared to peak areas obtained after solid-

phase microextraction. The ratio of the slopes of the calibration curves for SPME- vs
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on-column-GC/MS (i.e., peak areas per amount of analyte in water vs ethyl acetate) was

used as a measure of the extraction efficiency of each compound (Table 2.1). Addition-

ally, the preconcentration factors for both SPME-fibers were determined as ratios of the

analyte concentrations in water or ethyl acetate, which are necessary for the detection

of identical peak areas by SPME- vs on-column-GC/MS. Analyte solutions for cold on-

column measurements (25 ℃, 1 μL injection volume) were prepared in ethyl acetate and

covered a concentration range of 5-50 μM. The SPME measurements were prepared in 10

mM MES buffer at pH 7 and the concentrations were typically between 1 and 10 μM to

obtain peak areas similar to those measured by the cold on-column injection. Extraction

efficiencies with the PDMS/DVB coated fiber were higher than with PA by a factor of

2 (4-Cl-aniline) to 13 (aniline, Table 2.1) for all substituted anilines used in this study.

If not mentioned explicitly, the presented δ15N and δ13C values are measured with the

PDMS/DVB-coated fiber.

2.2.5 Stable isotope measurements in buffered solutions with

SPME-GC/IRMS

15N and 13C signatures of the substituted anilines were measured after SPME and

compared to isotope ratio measurements after on-column injection and to reference iso-

tope ratios determined by elemental analyzer (EA, Carlo Erba) coupled to IRMS (Fisons

Optima).79 These comparisons were performed to evaluate whether isotopic fractiona-

tion occurred during SPME and/or combustion to analyte gases. Isotope signatures were

measured as single compounds by SPME-GC/IRMS to avoid potential interferences from

competitive adsorption of the analytes on the SPME fiber. The concentration range of

the investigated anilines varied from 25 to 500 μM and 1-30 μM at pH 7 for δ15N and

δ13C, respectively, depending on the SPME extraction efficiency of each compound. The

sensitivity of the δ15N-SPME analysis was 1.5 orders of magnitude lower compared to

δ13C-SPME analysis as noted previously.6 All δ15N- and δ13C-values are reported relative

to air (δ15Nair) and Vienna PeeDee Belemnite (δ13CVPDB), respectively, in per mil (�).

δhE =

(
Rsample

Rstandard

− 1

)
× 1000 (2.1)

where δhE is the element’s isotope signature, Rsample and Rstandard are the isotope ratio of

sample and standard, respectively. To exclude nonlinearity effects, which may arise due

to variations of the introduced mass into the IRMS and lead to inaccurate isotope sig-
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natures,92 we determined the concentration range within which isotope signatures, both

δ15N and δ13C, did not show any mass bias. The accuracy of the isotope measurements,

ΔδhE, was expressed as deviation of the isotope signature measured by SPME-GC/IRMS,

δhESPME−GC/IRMS, from the reference isotope signature determined by EA-IRMS,93 δhEref

(Equation 2.2).

ΔδhE = δhESPME−GC/IRMS − δhEref (2.2)

Isotope fractionation during the adsorption of aromatic amines to SPME fibers was

ruled out from measurements of δ15N and δ13C-values measured with two different fiber

materials (PA and PDMS/DVB) and comparison to isotope signatures determined after

cold on-column injection of the analytes into the GC/IRMS system. No significant dif-

ference in accuracy between the two fiber coating materials was observed under opti-

mized conditions (see discussion below), except for 4-Cl-aniline where extraction with

the PDMS/DVB fiber decreased the Δδ15N value by approximately 4�.

pH-dependent isotope fractionation was investigated by SPME-GC/IRMS at sev-

eral pH-values using 10 mM solutions of the following buffers (parentheses indicate

pKa-values) at ionic strength of 4 M (NaCl): MES (6.15) was used for the pH-range

5.0-7.0, acetate (4.76) for the pH 4.0-5.0, citrate (3.13 and 4.76) for pH 3.0-5.5, succi-

nate (4.21 and 5.64) for pH 3.5-6.5, and phosphate (2.15) for pH 2.0. To avoid potential

artifacts from acid-catalyzed modification of SPME-fibers, experiments were not run at

pH-values below 2.0 thus limiting the extent to which the effect of protonation on N and

C isotope analyses could be studied with some substituted anilines.

To verify whether the presence of dissolved oxygen causes aniline oxidation and thus

biases isotope ratio measurements, we carried out SPME-GC/IRMS of samples that were

prepared with anoxic stock and buffer solutions of the analytes at all relevant pH values

in an anoxic glovebox (data not shown). Isotope signatures were identical regardless of

the dissolved oxygen content of the solution and thus no effort to deoxygenate solutions

was made in this study.

2.2.6 Detection limits for accurate isotope ratio measurements

The operational detection limits for accurate stable isotope analysis of the investi-

gated substituted anilines were derived from repeated 15N- and 13C-SPME-GC/IRMS

measurements using PDMS/DVB fibers, aqueous solutions buffered with 10 mM MES at

pH 7 (I = 4 M), and different analyte concentrations corresponding to peak amplitudes
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between 300 and 2500 mV and 500 and 6000 mV for N and C isotope analysis, respec-

tively. As specified in the discussion below, detection limits correspond to the lowest

analyte concentration lying within a ΔδhE-interval defined by the precision and accuracy

of δ15N- and δ13C-measurements.

2.2.7 DFT-Calculations

The geometries of all free base anilines and their protonated conjugate acids were fully

optimized at the density functional (DFT) level using the gradient-corrected Perdew-

Wang exchange and correlation functionals114,115 as modified by Adamo and Barone1

in conjunction with the 6-311+G-(d) basis set.51 Stationary equilibrium structures were

confirmed by analytical calculation of vibrational frequencies, which were also used in

the construction of ideal-gas, rigid-rotator, harmonic oscillator partition functions, from

which thermal contributions to free energies G were computed.21 Equilibrium isotope

effects were computed as

EIEN
B−BH+ =

14NKB
15NKB

= exp

(−G14BH+ +G14B +G15BH+ −G15B

RT

)
(2.3)

where EIEN
B−BH+ is the N equilibrium isotope effect and KB is the equilibrium constant

associated with aromatic amine protonation. The isotopically sensitive free energy G

was determined for the substituted anilines, that is the neutral (G14B, G15B) and pro-

tonated isotopologues (G14BH+ , G15BH+). EIEN
B−BH+ was calculated for para- and or-

tho-substituted anilines including aromatic substituents with different electron donating

and accepting properties (i.e., 4-N(CH3)2, 4-OCH3, 4-CH3, 4-F, 4-Cl, 4-NO2 and 2-CH3,

2-Cl). The corresponding EIEC
B−BH+ was calculated only for 4-CH3-aniline and for each

single carbon atom. All calculations made use of the Gaussian 03 electronic structure

program suite.39
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2.3 Results and Discussion

2.3.1 15N and 13C Signatures determined by SPME- GC/IRMS

The N and C isotope signatures (δ15N and δ13C) of the substituted anilines measured

by SPME-GC/IRMS at pH 7 correspond well with independent isotope signature mea-

surements by elemental analyzer-IRMS (EA-IRMS). As shown in Table 2.2 accuracies

were < ±0.3� for N and < ±0.5� for C isotope signatures, respectively, as revealed

by the differences measured by the two methods (Δδ15NSPME−EA and Δδ13CSPME−EA,

Equation 2.2). These deviations were within typical uncertainties (±0.5�,64) reported

for δ15N and δ13C-measurements (Table 2.2). Only Δδ15N-value of 4-Cl-aniline showed a

significant offset by −4�. All isotope ratio measurements were highly linear within the

amplitude range typically used for isotope analysis, that is, 300-5500 mV (see Experi-

mental Section for details and example for 4-CH3-aniline in Figure 2.1).

Despite good linearity, δ15N-measurements of substituted anilines deviated substan-

tially from the correct values if the solution pH approached or was below the pKa of the

substituted aniline’s conjugate acid. We observed a decrease of δ15N corresponding to

a depletion of isotopically heavy nitrogen (15N) in the measured analyte with decreas-

ing pH. The most substantial 15N depletion was observed for 4-CH3-aniline (−15�),

4-Cl-aniline (−22�), and aniline (−17�) at approximately 2 pH units below the pKa

of the conjugate acid. In contrast, no C isotope fractionation was found as the pH-value

of solutions decreased under the identical conditions and δ13C-values remained constant

within <0.9� ( 2.2a and 2.2b). The observation of pH-dependent N isotope fractiona-

tion coincided with decreasing extraction efficiencies of the analytes from aqueous solu-

tion. Figure 2.1 illustrates the m/z 28 IRMS signal intensities of 4-CH3-aniline between

pH-values 4.0 and 7.0, which suggest that only neutral molecules are adsorbed to the

SPME fiber while protonated species remain dissolved. The same observation was made

for other substituted anilines (data not shown). The decreasing δ15N-values measured

in adsorbed analytes at low pH (15N depletion) imply that protonated compounds are

enriched with 15N, while the total analyte concentration in control solutions, which were

not subject to SPME, remained unchanged. In contrast to earlier work,6 our data sug-

gest that accurate determination of δ15N and δ13C in substituted anilines measured by

SPME-GC/IRMS is feasible if the pH of analyte solutions is controlled and maintained

at least 2 pH-units above the pKa of the conjugate acid.
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2.3.2 Equilibrium isotope effect (EIE) associated with the pro-

tonation of substituted anilines

The observation of δ15N-decrease at lower solution pH values in combination with the

preferential extraction of neutral substituted aniline species and the fact that a change of

ambient pH did not affect C isotope composition implies a nitrogen equilibrium isotope

effect originating from the protonation at the amino functional group. To obtain evidence

for the magnitude of equilibrium isotope fractionation owing to N-atom protonation, we

measured the δ15N of the substituted anilines in solutions buffered with different organic

buffers at pH-values between 3.5 and 7.0 and compared the outcome with reference isotope

signatures (δ15Nref) obtained by EA-IRMS as follows. According to the isotopic mass

balance δ15Nref corresponds to the sum of neutral and the protonated aniline species

(Equation 2.4).

δ15Nref = fBH+ × δ15NBH+ + (1− fBH+)× δ15NB (2.4)

where fBH+ is the fraction of the protonated species, and δ15NBH+ and δ15NB are the

N isotope signatures of protonated and neutral species, respectively. The partitioning

of N isotopes between protonated and neutral compounds is described by the isotopic

fractionation factor αB−BH+ and corresponds to the ratio of isotopic composition in each

species157

αN
B−BH+ =

RBH+

RB

(2.5)

where RBH+ and RB are the measured 15N/14N ratios in the protonated and neutral

species, respectively, typically reported in the per mil notation as in Equation 2.1. Sub-

stitution of a modified Equation 2.1 into Equation 2.5 results in an expression, which

can be inserted into Equation 2.4 to yield the measured, neutral isotope signature δ15NB

at any solution pH as function of the degree of protonation, fBH+ , the reference isotope

signature, δ15Nref , and the fractionation factor αB−BH+ (Equation 2.6).

δ15NB =
δ15Nref − fBH+ × 1000× (αN

B−BH+ − 1)

fBH+ × (αN
B−BH+ − 1) + 1

(2.6)
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For typical isotope effects, the term fBH+ × (αN
B−BH+ − 1) becomes negligible and

Equation 2.6 simplifies to

δ15NB ≈ δ15Nref − fBH+ × 1000× (αN
B−BH+ − 1) (2.7)

Using N isotope enrichment factors instead of fractionation factors (Equation 2.8),

the extent of equilibrium isotope fractionation is the slope of the correlation of measured

δ15N (ascribed to neutral species) vs fBH+ (Equation 2.9).

εNB−BH+ = 1000× (αN
B−BH+ − 1) (2.8)

δ15NB = δ15Nref − fBH+ × εNB−BH+ = δ15Nref + (1− fBH+)× εNB−BH+ (2.9)

Figure 2.3 shows the correlation of the measured δ15N of aniline vs the fraction of

neutral aniline species, (1 − fBH+), in solution buffered with different organic buffers

over a wide pH range. Notice that (1− fBH+) was calculated after pH measurements at

high ionic strength owing to the addition of NaCl for extraction of the analytes. The

slope of the regression line corresponds to an εNB−BH+-value of 18.8 ± 1.1� or an inverse

equilibrium isotope effect, EIEN
B−BH+ , of 0.9815 ± 0.0011 (Equation 2.10, Table 2.3). The

inverse EIEN
B−BH+ reflects the formation of an additional bond to N in the protonated

species89

EIEN
B−BH+ =

14NKB
15NKB

=
1

1 + εNB−BH+/1000
=

1

(αN
B−BH+ − 1)

(2.10)

Some of the δ15N of aniline measured in solutions containing citrate and succinate

buffer deviated by up to 3� from the expected values. These deviations presumably

originate from high ionic strength effects, which result in altered activities and ionization

constants of dissolved ions, buffers, and substituted anilines due to ion pairing with the

electrolyte (NaCl).96,117 While ion pairing models allow for estimates of activity coeffi-

cients and ionization constants of typical ions in saline waters,97,118 no data are available

for assessing the buffers and substituted anilines used in this work. Ionic strength effects

might ultimately lead to different estimates of the fraction of neutral and protonated

aniline concentrations and thus explain the lack of correlation for selected data points

in Figure 2.3. As illustrated in Figure S2.1 (Supporting Information to Chapter 2),

however, this phenomenon does not alter the εNB−BH+-value obtained from Equation 2.9

beyond experimental uncertainty.
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The EIEN
B−BH+ obtained from Figure 2.3 is in excellent agreement with data inferred

from the chromatographic separation of 14N and 15N aniline isotopologues140 and implies

that the base dissociation constant of the 15N-containing aniline species
15NKB, exceeds

that of the light isotopologues,
15NKB. An EIEN

B−BH+ of 0.9815 in case of aniline (Ta-

ble 2.3) implies that pK
14N
B exceeds pK

15N
B by 0.008 units. Thus, at any solution pH, the

slightly higher basicity of the neutral 15N-aniline causes the heavy (15N) isotopologues

to protonate to a larger extent compared to 14N-aniline species because of stronger N-H

bonds in the heavy isotope-containing conjugate acid. As only the deprotonated, that is,

neutral compound is extracted by SPME, one therefore observes a depletion of 15N and

more negative δ15N-values unless aromatic amine protonation is negligible at the solution

pHs exceeding the pKa of the conjugate acid by at least 2 units.

We investigated the effects of aromatic substituents on the variability of EIEN
B−BH+

with additional experiments for 4-CH3-aniline and 4-Cl-aniline and through density func-

tional theory (DFT) calculations for a wide set of compounds. The results are reported

in Table 2.3 and in the SI. The 13C-EIE value reported in Table 2.3 corresponds to

the average calculated for all carbon atoms 1 to 7. This accounts for the fact that the

heavy carbon atom is more or less evenly distributed over all molecular positions so

that the value measured by CSIA represents the average of all position-specific isotope

effects. The data compiled in Table 2.3 show excellent agreement between experiment

and theory confirming inverse EIEN
B−BH+-values for all substituted anilines. In addition,

EIEN
B−BH+-values show little sensitivity to aromatic substitution albeit a slight trend

to more inverse isotope effects with increasing electron-donating properties of the sub-

stituent (and vice versa) is observed. Note that our calculations also confirm the absence

of significant C isotope fractionation (4-CH3-aniline EIEC
B−BH+ of 1.0011, 2.2b and SI).
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Table 2.3: Nitrogen Isotope Enrichment Factors, εNB−BH+ , and

N Equilibrium Isotope Effects, EIEN
B−BH+ , Associated with the

Protonation of the Substituted Anilines: Comparison of Experi-
mental (exp) and Theoretical Data (calc).

compound experimental theoretical

εNB−BH+ EIEN
B−BH+ , exp EIEN

B−BH+ , calc

(�) − −

An 18.8 ± 1.1 0.9815 ± 0.0011 0.9811

2-CH3-An 17.2 ± 1.8 0.9831 ± 0.0018 0.9811

4-CH3-An 19.9 ± 4.1 0.9804 ± 0.0041 0.9811

2-Cl-An 17.2 ± 1.2 0.9831 ± 0.0012 0.9811

4-Cl-An 18.6 ± 2.0 0.9817 ± 0.0020 0.9821

4-N(CH3)2-An - - 0.9718

4-OCH3-An - - 0.9800

4-F-An - - 0.9894

4-NO2-An - - 0.9842

Table 2.4: Concentration Limits for
Accurate N and C Isotope Analy-
sis of Substituted Anilines by SPME-
GC/IRMS Using PDMS/DVB Fibers.

compound δ15N δ13C

(mg L−1) (mg L−1)

An 1.4 0.37

2-CH3-An 1.3 0.21

4-CH3-An 2.1 0.54

2-Cl-An 1.9 <0.13

4-Cl-An <0.64 0.26
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2.3.3 Detection limits for accurate isotope analysis of substi-

tuted anilines

Current recommendations9,60,64,66,83 regarding detection limits for isotope ratio mea-

surements by GC/IRMS not only include the precision of repeated measurements but

also account for accuracy and the rather narrow linear range continuous-flow isotope

ratio measurements. To this end, we determined the lowest analyte concentrations, at

which the δ15N- and δ13C-values did not deviate from the reference isotope signatures

determined by EA-IRMS by more than the accuracy of the proposed method (i.e., be-

tween 0.3� and 0.9� in Δδ15N and Δδ13C (SPME vs EA, Table 2.2)). The results

summarized in Table 2.2 and 2.4 for five substituted anilines illustrate that the use of

buffered solutions and PDMS/DVB fibers for SPME not only improved accuracy but

also allowed for more sensitive quantification of isotope ratios in the μg to mg L−1-range,

which represents an improvement by a factor of 2 compared to earlier approaches.6

Note that previous contributions, which focus predominantly on δ13C measurements,

refer to typical intervals of ±0.5� as acceptable uncertainties, from which the lowest

acceptable concentration is deduced.66,83 Unfortunately, these limits are not as estab-

lished for less common isotope systems such as N and O isotope ratios. Uncertainties

of δ15N-values for organic compounds determined by GC/IRMS lack widely accepted

limits across different isotope laboratories because these measurements are carried out

less frequently than C isotope analyses. Given these ambiguities, we feel that it is more

appropriate in the present case to define the acceptable limit of uncertainty for every

compound individually because factors such as SPME extraction efficiency and the effi-

cacy of combustion (and reduction) to analyte gases (N2 and CO2) cannot be assumed

to be identical for all organic compounds analyzed for a specific isotope ratio.

2.4 Conclusion

Our study demonstrates the importance of adjusting the solution pH prior to compound-

specific isotope ratio measurements of substituted anilines by SPME-GC/IRMS. Because

the conjugate acids of many substituted anilines exhibit pKa-values between 2.5 and

7,84,126 the fraction of protonated species will be significant given the range of pH-values

of natural waters (pH 5-8,137). Besides compromising the sensitivity of the analytical

method, δ15N-measurements by SPME-GC/IRMS might deviate by up to −20� de-

pending on the contaminant’s basicity and the pH of the aqueous sample.
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Moreover, the equilibrium N isotope fractionation associated with protonation of aryl

N atoms could potentially interfere with the quantification of N isotope fractionation dur-

ing contaminant transformation if the latter involves reactions at N-containing functional

groups. Even though the magnitude of C and N isotope fractionation for (bio)degradation

processes of substituted anilines are currently unknown, recent work with structurally re-

lated organic contaminants supports this conclusion. Protonations of alkyl-, aryl-, and

triazine-bound N atoms are important elementary reaction steps during hydrolysis of

phenylurea and triazine herbicides.26,94,95,112 For the hydrolysis of isoproturon, an inverse

N equilibrium isotope effect of 0.992 was reported for the alkyl-N protonation during ini-

tial zwitterion formation,112 which contributed partly to the overall, observable N isotope

fractionation. The N-heteroatom protonation in the triazine ring of atrazine associated

with its acid-catalyzed and biotic hydrolysis led to apparent kinetic N isotope effects of

similar inverse magnitude (0.974-0.99595). These inverse isotope effects were rationalized

as a consequence of N atom hybridization changes or additional bonds to N in the transi-

tion state. Our interpretation of stronger N-H bonds in protonated heavy N isotopologues

of substituted anilines due to inverse N equilibrium isotope effects in a similar range fully

agrees with these findings.
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Sensitivity of εNB−BH+-values for variations of proton ac-

tivities and buffer ionization at high ionic strength

pKbuffer (I = 4M) = pKbuffer  0.5; εN = 19.4±2.0‰

pKbuffer (I = 4M) = pKbuffer + 0.5; εN = 18.8±0.8‰

1 – fBH
+

  

Figure S2.1: Correlation of δ15N-values of aniline determined by SPME-GC/IRMS vs. the
fraction of neutral aniline species (1−fBH+) for two different scenarios for ionic strength effects
(4 M NaCl) on buffer ionization constants and, ultimately, on the N isotope enrichment factor
εNB−BH+ associated with aniline protonation. The δ15N data are the same as in Figure 2.3 of
the manuscript while (1− fBH+) varied according to two scenarios for deviations of the buffer
ionization constants by ±0.5 pK-units. Even substantial changes of buffer ionization constants
do not alter the εNB−BH+–value associated with aniline protonation significantly.
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Abstract

We explored the N isotope fractionation associated with the oxidation of substituted

primary aromatic amines, which are often the position of initial attack in transformation

processes of environmental contaminants. Apparent 15N-kinetic isotope effects, AKIEN,

were determined for oxidation of various substituted anilines in suspension of manganese

oxide (MnO2) and compared to reference experiments in homogeneous solution and at

electrode surfaces, as well as to density functional theory calculations of intrinsic KIEN

for electron and hydrogen atom transfer reactions. Owing to the partial aromatic imine

formation after one-electron oxidation and corresponding increase in C–N bond strength,

AKIEN-values were inverse, substituent-dependent, and confined to the range between

0.992 and 0.999 in agreement with theory. However, AKIEN-values became normal once

the fraction of cationic species prevailed owing to 15N-equilibrium isotope effects, EIEN, of

1.02 associated with N atom deprotonation. The observable AKIEN-values are substan-

tially modulated by the acid/base pre-equilibria of the substituted anilines and isotope

fractionation may even vanish under conditions where normal EIEN and inverse AKIEN

cancel each other out. The pH-dependent trends of AKIEN-values provide a new line

of evidence for the identification of contaminant degradation processes via oxidations of

primary aromatic amino groups.

3.1 Introduction

Aromatic amino groups are often the position of initial attack in transformation pro-

cesses of industrial chemicals, biocides, and pharmaceuticals in the environment.8,25,72,78,110,159

A (quantitative) assessment of these processes is therefore essential for evaluating the

exposure and impact of these micropollutants on human and environmental health.128

However, aryl amines can react along different, sometimes competing pathways includ-

ing the mineral- and enzyme-catalyzed oxidation of the N atom,72,78,159 the microbial

dioxygenation of the aromatic ring,132 as well as through nucleophilic addition of the

amino functional group to electrophilic sites of natural organic matter.141 Identifying

these transformation processes is also challenging because they give rise to products that

are usually difficult to analyze quantitatively (e.g., radical coupling products, adducts to

NOM etc.).

Compound specific isotope analysis (CSIA) has been shown to offer new avenues

to track degradation processes of such N-containing contaminants, even if competing
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reaction pathways occur and reaction products are partially unknown.28,53,58 This is be-

cause stable isotope compositions measured in the remaining fraction of the contaminant

molecule over time or distance from the pollution source change systematically depending

on the type of chemical bond(s) that are broken or formed as a consequence of kinetic

or equilibrium isotope effects.157 As shown for nitroaromatic explosives,48,49,59 pheny-

lurea112,113 and triazine herbicides,26,50,95 their enzymatic, abiotic, and photochemical

redox reactions lead to typical distinct trends of C, H, and N isotope signatures that

are not only indicative for the active transformation processes but can also allow one to

quantify the extent of their degradation. These observations are due to the fact that

different (N-containing) functional groups are involved in reactions, which also exhibit

distinct apparent 13C-, 2H-, and 15N-kinetic isotope effects (AKIEs). Despite the impor-

tance of aromatic amine oxidation for contaminant transformations, their isotope effects

are largely unknown.

The goal of the present study was to assess the isotope effects associated with the

oxidation of aromatic amino groups under typical environmental conditions and to eval-

uate whether the isotope fractionation associated with contaminant transformation can

be exploited by CSIA for tracking these processes in aquatic environments. As a first

step, we investigated the magnitude and variability of apparent 15N-kinetic isotope effects

(AKIEN) during the abiotic oxidation of a series of substituted anilines in suspensions

of manganese oxide (MnO2), which represents an important heterogenous oxidant in the

environment. Oxidation of substituted anilines by MnO2 was reported to proceed via ini-

tial electron transfer from the lone pair of the nitrogen leading to formation of arylamino

radicals.72,78 As shown recently for the reduction of nitroaromatic radical anions,42,49

even such small bonding changes induced by electron transfer to and from N atoms are

likely to generate N isotope fractionation than can be measured by 15N-CSIA.

Here, we examine the N isotope fractionation of a series of o-, m- and p-substituted

anilines covering more than one order of relative reactivities.72 Product analysis was

performed to corroborate the proposed initial reaction mechanism involving substituted

aniline radicals. Because the investigated compounds exhibit pKBH+-values between 4.0

and 5.3, we examined potential effects of contaminant speciation and contributions of
15N-equilibrium isotope effects due to aromatic amine deprotonation134 to the observable

AKIEN through experiments conducted in MnO2 suspension at pH-values between 4.0

and 7.0. Finally, independent evidence for the interpretation of N isotope fractionation

was obtained (i) from homogeneous and electrochemical oxidation experiments and (ii)

from computations of 15N-kinetic isotope effects (KIEN) pertinent to outer-sphere electron
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transfer and H atom transfer from substituted anilines using density functional theory.

3.2 Experimental Section

A complete list of all used chemicals including purities and suppliers, as well as a de-

tailed description of the preparation and characterization procedures of MnO2-suspension

can be found in the Supporting Information to Chapter 3.

3.2.1 Experimental systems for the oxidation of substituted

anilines

MnO2-suspensions

MnO2 particles were synthesized through oxidation of Mn2+ by MnO–
4 according to

the method of Murray.101 The suspensions were prepared in 10 mM acetate buffer for

experiments carried out at pH 4.0 and 5.1 and in 10 mM phosphate buffer for experiments

at pH 7.0. XRD-measurements indicated that the synthesized MnO2-mineral was highly

amorphous with Mn oxidation state 3.9±0.3 as determined by iodometric titration and

the pHIEP was 3.25±0.09 as obtained from ζ-potential measurements (see SI, Chapter 3).

Oxidation of substituted anilines by MnO2 was carried out in batch reactors containing

different concentrations of MnO2 in buffer solutions, NaCl (final ionic strength to 0.02

M), and a PTFE-coated magnetic stirring bar. All batch experiments were conducted at

room temperature under oxic conditions. Losses of the reactants due to volatilization,

oxidation by air and/or sorption to the Viton rubber stoppers were accounted for in

reference experiments set up in the identical manner except for the addition of MnO2.

Note that lack of reactivity of some substituted anilines in MnO2-suspensions as well as

in reference experiments (oxidation by ABTS•− (2,2’-azino-bis(3-ethylbenzthiazoline-6-

sulfonic acid) radical anion) in aqueous solution and at electrode surfaces) limited the

selection of substituted anilines (SI, Chapter 3).

Experiments at pH 7.0 were conducted in duplicates. The reaction was initiated

by the addition of variable amounts of substituted anilines from a methanolic stock

solution to achieve initial concentrations of 400-600 μM. The MnO2 concentrations were

varied so that fast reactions did not exceed 50% conversion within the first minute of

the experiment, while the oxidative turnover of slowly reacting compounds had to be

>60% within 3 days. Samples were withdrawn at pre-defined time points with a gas
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tight glass syringe and the oxidation reaction was stopped by filtering off MnO2-particles

with a 0.2 μm regenerated cellulose (RC) filter. Filtered solutions were stored in amber

vials in the dark at 4℃ until concentration measurements and isotope analysis. Because

the disappearance of substituted anilines from MnO2-suspensions at pH 4.0 and 5.1 was

too fast to be sampled as described for pH 7.0, variable amounts of MnO2 were spiked

to reactors containing the identical initial concentration of substituted aniline. This

procedure was used to achieve different degrees of reactant conversion and was shown

earlier for nitroaromatic compounds to enable the study of isotope fractionation of fast

reactions.49 Prior to concentration measurements and isotope analysis of substituted

anilines, the pH of the filtered aqueous samples was adjusted to pH 7.0 with NaOH.

The loss of substrate due to adsorption and cation exchange to the mineral surface

was assessed for aniline by experiments in which the compound’s concentration was com-

pared before and after reductive dissolution of the MnO2-particles with ascorbic acid

(0.3 M, pH 13) at different time points of the reaction. To this end, the aniline was

extracted from the aqueous solution with ethyl acetate and the concentration in the ex-

tract was quantified by GC/MS. The extraction efficiency of aniline into ethyl acetate

was 99.5±2.5%.

For the identification of organic oxidation products by LC-MS/MS, samples of 1 mL

MnO2-suspension were reductively dissolved by ascorbic acid (0.3 M, pH 13) and diluted

with 9 mL of nanopure water. Aqueous samples were processed following a modified

procedure of Kern at al.70. Inorganic salts were removed by solid phase extraction (SPE,

HLB Extraction Cartridges, 100 μm, Oasis, Waters AG, U.S.) of the dilute aqueous

samples. Organic analytes were eluted from the cartridges with MeOH, dissolved in H2O

and filtered with a 0.45 μm RC filter prior to LC-MS/MS.

Homogeneous oxidation

Oxidation of substituted anilines in homogeneous solution was performed in an anoxic

glovebox using anoxic stock and buffer solutions identical to experiments with MnO2-

suspensions at pH 4.0 and 5.1 (see above), except for the addition of variable amounts of

electrochemically produced oxidant instead of MnO2 to achieve different degrees of con-

taminant conversion. The oxidant ABTS•− was generated through direct electrochemical

oxidation of the ABTS2− at an Eh of 0.667 V (SHE) in the electrochemical cell as de-

scribed in Aeschbacher et al.3 The ABTS dianion was added to buffer solutions (0.1 M

phosphate at pH 7.0 and 0.1 M acetate at pH 4.0 in 0.1 M KCl as supporting electrolyte)

and the oxidative working current was monitored until it dropped below background val-
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ues (30 μA). The ABTS•− was used immediately after generation. All samples containing

the residual substituted aniline were stored at 4℃ until concentration and isotope ratio

analysis.

Direct electrochemical oxidation

All electrochemical experiments were conducted in an anoxic glovebox using anoxic

stock and buffer solutions (0.1 M acetate and phosphate for pH 4.0 and 7.0, respectively)

containing 0.1 M KCl as background electrolyte (see ref3 for procedures). Direct electro-

chemical oxidation of the aromatic amines was performed in an electrolysis cell equipped

with a glassy carbon (GC) working electrode, an Ag/AgCl reference electrode, and a

coiled platinum wire auxiliary electrode as described in3. Currents were measured with

an CHInstruments 630C instrument (Austin, TX, USA) and the potential was controlled

by an Autolab PG 302 instrument (EcoChemieB.V., Utrecht, NL). The electrolysis cell

was filled with the corresponding buffer solution and equilibrated at the desired reduc-

tion potential (Eh between 0.777 and 0.957 V vs. SHE, Table 3.1) applied to the working

electrode. The oxidation was initiated by the addition of defined amounts of substituted

aniline stock solution. At given time intervals, 2 mL aqueous samples were withdrawn

and stored outside the glovebox at 4℃ until further analysis.

3.2.2 Analytical methods

Chemical analysis

Concentration measurements of substituted anilines were performed by reversed-phase

HPLC (Supelcosil LC-18, 25 cm × 4.6 mm, 5 μm, Supelco) and UV-VIS detection at

wavelengths corresponding to the absorption maxima of the anilines. Different eluent

mixtures KH2PO4/MeOH were used for each compound varying between 40/60% to

70/30% at a flow rate of 1 mL min−1 and sample injection volume of 10 μL. Quantification

of substituted anilines extracted into ethyl acetate was conducted on a GC/MS (Ultra

Trace GC and DSQII, Thermo Electron Corporation) upon on-column injection using

the instrumental setup and settings described previously.134

The analytical procedure for identification of transformation products was adapted

from Kern et al.70 The measurements were performed by liquid chromatography coupled

to an LTQ (Linear Trap Quadrupole) Orbitrap mass spectrometer (Thermo Electron

Corporation) with electrospray ionization (LC-MS/MS). For liquid chromatographic sep-

aration an XBridge C-18 column was used (2.1 × 50 mm, 3.5 μm particle size, Waters)
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and a gradient was run from H2O/MeOH 90/10% to 5/95% containing 0.1% formic acid.

Identification of coupling products was performed only qualitatively due to lack of com-

mercial standards. To this end exact masses of expected reaction products were extracted

from the chromatograms in order to obtain MS/MS-fragment spectra. Based on the ex-

act molecular mass and fragmentation pattern of each detected product, most probable

molecular structures were postulated and these are shown in Figure S3.1.

The aqueous Mn2+-concentration was measured by inductively coupled plasma mass

spectrometry (ICP/MS 7500cx, Agilent Technologies). All samples were diluted with 0.1

M HNO3 to final concentrations between 10 and 1000 μg Mn2+ L−1.

Stable isotope ratio measurements

Stable N and C isotope signatures (δ15N and δ13C) of the substituted anilines were de-

termined by solid-phase microextraction (SPME) coupled to a GC/IRMS (gas chromatog-

raphy isotope-ratio mass spectrometry) with combustion interface.134 SPME fiber mate-

rial and extraction conditions were polydimethylsiloxane/divinylbenzene (PDMS/DVB,

Supelco) and 45 min at 40 ℃ for all compounds except OCH3-substituted anilines. The

latter required DVB-Carboxen-PDMS coated fibers and 45 min extractions at 70 ℃. All

N and C isotope signatures are reported as arithmetic mean (±1σ) of triplicate measure-

ments relative to air (δ15Nair) and Vienna PeeDee Belemnite (δ13CVPDB), respectively, in

per mil (�). To account for uncertainty due to instrument nonlinearity83 all samples

were diluted to concentrations yielding constant peak amplitudes (1-2 V for 15N- and

4-5 V for 13C-analysis). Accuracy of compound-specific isotope analysis was verified via

standard bracketing procedures using a calibrated in-house standard (aniline) of known

N and C isotope ratios.134

3.2.3 Data evaluation

Bulk compound N and C isotope enrichment factors, εN and εC, were derived from

linear regression analysis of δ15N- and δ13C-values, respectively, vs. fractional amount

of reactant conversion.28 Data from replicate experiments were combined using the Pit-

man estimator129 as shown previously.143 While the extent of C isotope fractionation

is reported as average εC for all C atoms present in the reactant molecules, interpreta-

tion of N isotope fractionation is based on position-specific apparent 15N-kinetic isotope

effects, AKIEN, calculated from Equation 3.1. Uncertainties associated with εN-, εC-,

AKIEN-values correspond to 95% confidence intervals.
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AKIEN =
1

1 + εN/1000
(3.1)

To account for effects of substituted aniline protonation on the observed AKIENs, data

obtained at pH-values below 7.0 were modeled as follows (see SI to Chapter 3 for full math-

ematical derivation). N isotope fractionation of substituted aniline cations, BH+, origi-

nates from the combination of an isotope-sensitive deprotonation step (Equation 3.2,134)

and the subsequent oxidation reaction of the neutral species, B (Equation 3.3).

BH+
k1
BF

k2
B + H+ (3.2)

B
k3
A P (3.3)

where k1, k2 and k3 are the reaction rate constants of the elementary reactions and P

stands for the radical products of the oxidation reaction. Using the steady-state treatment

for the proton-exchange pre-equilibrium, the rate constant for the reaction of protonated

substituted aniline species k
BH+

obs is given by Equation 3.4.

k
BH+

obs =
k1 × k3

k2[H+] + k3
(3.4)

where [H+] is the proton concentration. Rewriting Equation 3.4 for 14N- and 15N-isotopo-

logues (see SI to Chapter 3) reveals that an apparent 15N-kinetic isotope effect associated

with species BH+, AKIE
BH+

N , is the product of the deprotonation 15N-equilibrium isotope

effect, EIE
BH+

N , and the AKIEN of the neutral substituted aniline, AKIEB
N (Equation 3.5).

AKIE
BH+

N = EIE
BH+

N × AKIEB
N (3.5)

As a consequence of the simultaneous reactions of protonated and neutral substituted

aniline species, the overall observable AKIEN is the weighted average of the two fractions

and their respective isotope effect. In Equation 3.6, fBH+ is the fraction of protonated

compound, which equals
(
1 + 10

(pH−pKBH+ )
)−1

(see Table S3.3 for pKBH+).

AKIEN = fBH+ × EIE
BH+

N × AKIEB
N +

(
1− fBH+

)× AKIEB
N (3.6)
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3.2.4 Computational methods

The gas-phase geometries of all molecular species were fully optimized at the density

functional (DFT) level using the gradient-corrected Perdew-Wang exchange and correla-

tion functionals114,115 as modified by Adamo and Barone1 using either the 6-311+G(d) or

6-311+G(2df,2p) basis sets.51 Stationary points were confirmed as minima or transition-

state (TS) structures by analytical calculation of vibrational frequencies, which were also

used in the construction of ideal-gas, rigid-rotator, harmonic oscillator partition functions,

from which thermal contributions to free energies G were computed.21 For outer-sphere

electron-transfer rate constants, 15N-kinetic isotope effects (KIENs) were computed essen-

tially according to the method of Kavner et al.68 For hydrogen-atom transfer reactions

involving active oxygen species, KIEs were computed from canonical transition-state

theory. Full details of all KIEN calculations are provided in the SI to Chapter 3.

3.3 Results and Discussion

3.3.1 Isotope fractionation associated with the oxidation of sub-

stituted anilines in MnO2-suspensions.

We observed measurable N isotope fractionation during the oxidation of neutral, sub-

stituted anilines in suspensions of MnO2 at pH 7.0, while C isotope composition did

not change significantly. Nitrogen isotope fractionation was always inverse, that is,
15N-containing isotopologues reacted faster than molecules with 14N leading to a de-

creasing δ15N of the reactant with increasing conversion (Figure 3.1b). The extent of N

isotope fractionation observed in suspensions of MnO2 did not exceed –12� compared

to the initial δ15N while the reactant turnover approached 55 to 88% (Table 3.1). Limited

turnover was due to the biphasic disappearance kinetics of substituted aniline oxidation

by MnO2 (Figure 3.1a), which, as reported previously,72,78,160 exhibited fast initial trans-

formation followed by a decreasing rate of reaction. Increasing the concentration ratio

of MnO2 to substituted aniline slightly increased the oxidative turnover and thus the

observable range of N isotope fractionation (Figure 3.1b) but did not influence the N

isotope enrichment factors, εN, which quantify the extent of isotope fractionation per in-

cremental amount of reacted substrate (Figure 3.1b and 3.11c). As shown in Figure 3.1c,

εN-values of aniline oxidation were identical within experimental error. This observation

suggests that despite biphasic reaction kinetics, N isotope fractionation was associated
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stituted aniline oxidation mechanism during the time course of the reaction. First, the

decreasing rate of contaminant disappearance correlated with the decreasing average par-

ticulate Mn oxidation state monitored by X-ray absorption near edge structure (XANES)

measurements, as illustrated in Figure 3.1d for the oxidation of p-OCH3-aniline by MnO2.

The average Mn oxidation state decreased to 2.6 during the time course of the reaction

pointing to an increased share of reduced Mn species in the mineral including Mn(II)

adsorbed on the mineral surface. The corresponding decrease of average Mn oxidation

state is indicative of the decreasing reactivity of the MnO2-particles. The same process

has been invoked previously for the reductive dissolution of MnO2 (e.g., by arsenious

acid, H3AsO3), where formation of intermediate Mn(III)oxyhydroxide layers at the min-

eral surface blocked the access to reactive oxidized Mn(IV) sites and led to the overall

decrease of the MnO2 reduction rate.102,163 Measurements of dissolved Mn2+ at different

time points of unsubstituted aniline oxidation by MnO2 support the interpretation of

XANES-data (Figure S3.3). After a conversion of > 400 μM of the initial 600 μM of

aniline, only 130 μM of Mn2+
aq were recovered in solution. Therefore, only 65% of the

oxidation equivalents of aniline could be detected as dissolved species, leaving Mn3+- and

Mn2+-species bound to the mineral. Second, identical aniline disappearance kinetics were

observed regardless whether aniline was measured in the supernatant or after dissolving

the MnO2-particles (Figure S3.3). Similarly, no inhibition of the reaction was found if

Mn2+ and azobenzene had been added to the reactors in concentrations corresponding

to the initial aniline oxidation-equivalents (Figure S3.4). These experiments indicate

that under the experimental conditions, neither adsorption of aniline nor of co-solutes to

MnO2 did influence the rate of aniline oxidation.72,78 Finally, identical εN-values for dif-

ferent MnO2-loadings provide evidence that an electron transfer process is rate-limiting

rather than any surface complex formation between the substituted aniline and the min-

eral. The assumption of an electron transfer as predominant rate-limiting step is also

supported by the reported correlation of the half-wave potentials and substituent Ham-

mett constants of the aromatic amines with experimentally determined initial oxidation

rates.72,78

3.3.2 Substituent effects on AKIENs and implications for the

reaction mechanism

On the basis of the above discussion, the observable N isotope fractionation with

εN-values between 1.3� and 8.3� can be attributed to the oxidation of the N atom
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in neutral substituted anilines resulting in apparent 15N-kinetic isotope effects, AKIEN

between 0.9987 and 0.9927 (Table 3.1, entries 1-8). The small C isotope fractionation

represents an average secondary isotope effect for the C atoms that were not directly

involved in the reaction (εC of –1.1±0.1�, Figure S3.2).

We observed a marked influence of the position and type of the aromatic substituent on

AKIEN-values. Meta-substitution with -CH3 or -OCH3-groups did not cause the AKIEN-

value to deviate significantly from that of aniline (0.9960±0.0009). Electron-donating

substituents in ortho or para position, however, led to larger N isotope fractionation

(lowest AKIEN of 0.9927±0.0012 for p-OCH3-aniline, entry 7, Table 3.1) compared to

unsubstituted aniline, while electron-accepting substituents caused the opposite trend

(AKIEN of 0.9987±0.0004 for p-Cl-aniline, entry 8, Table 3.1). The identical AKIEN-

values within experimental error found for o-CH3 and p-CH3-aniline as well as o-OCH3

and p-OCH3-aniline, respectively, indicate that substituents in these positions exhibited

the same effects on the bonds to N during its oxidation.

The observed inverse isotope effects can be rationalized by the formation of a radi-

cal intermediate after one-electron oxidation, which is delocalized over the aromatic ring

causing the C–N-bond to become stronger in the transition state, due to the forma-

tion of a partial imine-type bonding of N in the subsequent intermediates (illustrated by

the resonance structures in Figure 3.2). Higher infrared stretching frequencies of C=N

vs C–N bonds120 imply stronger bonds to N in imines and support this interpretation.

Similar findings of inverse N isotope fractionation have been reported for reactions in

which additional bonds were formed to aromatic and heterocyclic N atoms and in amino

acids.37,95,121,134 In addition, the formation of radical intermediates gives rise to the sensi-

tivity of the AKIEN-values for aromatic substitution. The substituents’ electron donating

and accepting properties affect the radical stability, the preferential radical localization in

ortho- and para-position, and thus the C–N bond strength in the transition state, which

explains the observed variations of the AKIEN. While electron donating substituents

like o-/p-CH3 and o-/p-OCH3 cause the C–N-bond to become stronger in the transition

state, electron-withdrawing p-Cl substitution has only moderate impact on C–N bonding

and thus the magnitude of the AKIEN compared to the unsubstituted aniline. Conse-

quently, the lack of any radical stabilization and thus localization in meta-position is

also responsible for the insensitivity of the AKIEN for meta-substituents. Analysis of

reactor solutions for reaction products by LC-MS/MS confirmed these substituent effects

indirectly. As proposed in previous studies,78,159 head-to-head (N–N), head-to-tail (N–C)

and tail-to-tail (C–C) products were found in the reduced as well as in the oxidized form,
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Table 3.1: Bulk N isotope enrichment factors, εN, Apparent
15N-Kinetic Isotope Effects,

AKIEN, of Substituted Anilines in Various Experimental Systems.

Entry Compound pH Eh Conversion a εN
b AKIEN

b

(–) (V vs. SHE) (%) (�) (–)

MnO2-suspensions

1 aniline c 7.0 55 3.6 ± 0.6 0.9960 ± 0.0009

2 o-CH3-aniline 7.0 65 6.0 ± 0.4 0.9948 ± 0.0009

3 m-CH3-aniline 7.0 53 3.7 ± 0.9 0.9963 ± 0.0006

4 p-CH3-aniline 7.0 63 6.0 ± 0.2 0.9941 ± 0.0003

5 o-OCH3-aniline 7.0 65 7.6 ± 0.2 0.9925 ± 0.0004

6 m-OCH3-aniline 7.0 52 4.9 ± 0.2 0.9952 ± 0.0001

7 p-OCH3-aniline 7.0 54 8.3 ± 0.6 0.9927 ± 0.0012

8 p-Cl-aniline 7.0 88 1.3 ± 0.2 0.9987 ± 0.0004

9 p-CH3-aniline 6.0 91 5.4 ± 1.1 0.9946 ± 0.0011

10 p-CH3-aniline 5.1 35 1.1 ± 0.4 0.9986 ± 0.0007

11 p-CH3-aniline 4.7 71 -4.3 ± 2.0 1.0043 ± 0.0020

12 p-CH3-aniline 4.0 53 -6.6 ± 0.7 1.0064 ± 0.0015

13 p-OCH3-aniline 4.0 45 -5.3 ± 0.9 1.0052 ± 0.0015

14 p-Cl-aniline 4.0 75 -1.9 ± 0.3 1.0019 ± 0.0006

ABTS in homogeneous solution

15 aniline 7.0 75 2.3 ± 0.8 0.9977 ± 0.0021

16 p-CH3-aniline 7.0 80 3.8 ± 0.1 0.9962 ± 0.0003

17 aniline 4.0 74 -1.0 ± 0.2 1.0010 ± 0.0006

18 p-CH3-aniline 4.0 78 -4.5 ± 0.5 1.0045 ± 0.0014

Electrochemical oxidation

19 p-CH3-aniline 7.0 0.777 56 5.2 ± 0.5 0.9948 ± 0.0013

20 p-CH3-aniline 7.0 0.837 58 6.2 ± 0.4 0.9938 ± 0.0012

21 p-CH3-aniline 7.0 0.897 50 5.6 ± 0.7 0.9944 ± 0.0017

22 p-CH3-aniline 7.0 0.957 52 3.7 ± 0.5 0.9963 ± 0.0013

23 p-CH3-aniline 4.0 0.897 73 -2.2 ± 0.3 1.0022 ± 0.0008

24 p-CH3-Aniline 4.0 0.957 71 -2.5 ± 0.7 1.0025 ± 0.0019

a Decrease of reactant concentration / initial concentration × 100;
b Uncertainties correspond to 95%-confidence intervals; c εN- and AKIEN-values (Figure 3.1c) were

derived using the Pitman estimator for combined data sets.
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3.3.4 Influence of substituted aniline speciation on AKIEN

Because the deprotonation of substituted anilines is associated with a normal 15N-equili-

brium isotope effect, EIEN, between 1.017 and 1.021,134 we investigated the consequences

of N-atom protonation on the observable N isotope fractionation trends during oxidation

with selected para-substituted anilines in the pH-range 4.0–7.0. As shown in Table 3.1

(entries 4, 9-12) for p-CH3-aniline, the AKIEN increased to almost unity at pH-values

matching the pKBH+ and isotope fractionation became normal once the protonated species

(BH+) prevailed. Our data imply that 14N-isotopologues reacted faster at pH < pKBH+

while they are outcompeted by 15N-isotopologues at higher solution pH. The same trend

was found for p-OCH3-aniline (entries 7 and 13) and p-Cl-aniline (entries 8 and 14).

Assuming that N atom oxidation can only occur from the neutral species, we propose

that pH-dependent N isotope fractionation is due to a combined normal 15N-equilibrium

isotope effects pertinent to the deprotonation of the substituted anilinium cation (BH+,

Equation 3.2) and the inverse apparent 15N-kinetic isotope effect associated with the

oxidation of the neutral species (B, Equation 3.3) as described in Equation 3.6.

Fitting the data for p-CH3-aniline in Table 3.1 to Equation 3.6 adequately describes

the trends of observable AKIEN at different pH-values of the MnO2-suspensions (Fig-

ure 3.3b). The calculated AKIEB
N of 0.9933 agrees well with the observed AKIEN mea-

sured at pH 7.0 (entry 4, Table 3.1). Deviations at pH-values below the pKBH+ imply that

the EIE
BH+

N is smaller (1.015) than proposed previously but still within the experimental

uncertainty of the EIE
BH+

N derived for p-CH3-aniline (1.0199±0.0040134) supporting agree-

ment of Equation 3.6 with experimental data. Our interpretation of the pH-dependent,

observable AKIEN is supported by the results from reference experiments regarding the

electrochemical and homogeneous oxidation of aniline and p-CH3-aniline at pH 4.0 and

7.0. The trends of AKIEN vs pH for oxidation at glassy carbon electrode surfaces and

by ABTS•− were very similar to the ones observed in MnO2-suspensions (Figure 3.3b,

Table 3.1). These results confirm that at pH-values below the pKBH+ , N isotope fractiona-

tion approaches the product of equilibrium and kinetic 15N-isotope effects (Equation 3.6),

where the measured AKIEN values are dominated by the normal EIE. As a final check, we

evaluated the predicted KIEs for HAT from protonated anilines by active oxygen species
•OH / •OOH (Table S3.1, entries 38-43). In all cases, N isotope effects were predicted to

be inverse (Table S3.1), providing further evidence that the observed normal N isotope

effects reflect acid/base partitioning prior to oxidation of the conjugate base.
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3.4 Environmental Significance

Our study illustrates that oxidation of primary aromatic amino groups in organic

contaminants is accompanied by a small and measurable N isotope fractionation thus

enabling new avenues for the assessment of degradation reactions at N-containing func-

tional groups. Because the pKBH+ of many aromatic amines are in the range of pH-values

encountered in many aquatic systems, the observable N isotope fractionation will be mod-

ulated substantially by the compound’s acid/base equilibria. Isotope fractionation may

even vanish under conditions where contributions from normal EIEN associated with

aromatic deprotonation and inverse AKIEN of N atom oxidation cancel each other out.

This variability of N isotope fractionation slightly complicates the application of CSIA

in that the contaminant’s pKBH+ and solution pH have to be taken into account. The

systematic trends of AKIEN-values, on the other hand, provide a new line of evidence for

the identification of contaminant degradation processes via reactions of primary aromatic

amino groups.

Nitrogen isotope enrichment factors below 10� at the reactive position, as reported

in this study, imply that δ15N-measurements should be carried out with small total un-

certainties (< ±0.5�) and require that N isotope fractionation is not diluted by many

non-reactive N atoms in a contaminant. The impact of substituent properties on AKIEN-

values suggest that contaminant-specific εN-values will be required to assess their oxida-

tion processes by CSIA. The compound-specific N isotope fractionation behavior con-

trasts earlier observations for the reduction of aromatic nitro groups,49,57 which found

AKIEN-values that were largely independent of the compound’s molecular structure. The

substituent-dependence might, together with the influence of acid/base equilibria, prove

indicative for the identification of N aryl oxidation processes. Further studies targeting N

isotope fractionation in alternative contaminant transformation processes such as oxida-

tive N-dealkylations and nucleophilic additions are warranted to evaluate the proposed

trends of N isotope effects.
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Chemicals

The chemicals used for this study were purchased from various manufacturers and used

without further treatment. The aromatic amines used were aniline (99.5%, Fluka; Buchs

SG, Switzerland), p-Cl-aniline (99%, Fluka), o-CH3-aniline (99.5%, Merck AG; Dietikon,

Switzerland), m-CH3-aniline (99.5%, Aldrich; Steinheim, Germany), p-CH3-aniline (99%,

Merck), o-OCH3-aniline (99%, Aldrich),m-OCH3-aniline (97%, Aldrich) and p-OCH3-aniline

(99%, Aldrich). Further azobenzene (99%, Sigma-Aldrich; Seelze, Germany) was used.

For stock solutions and product analysis the solvents used were methanol (HPLC grade,

Scharlau, Barcelona, Spain) and ethyl acetate (99.8%, Riedel-de Haen, Germany). The

buffers used were potassium phosphate (KH2PO4, 99%, Riedel-de Haen), sodium acetate

(NaC2H3O2, 99.5%, Riedel-de Haen). Salts used included sodium chloride (99.5%, Fluka),

potassium chloride (>99.5%, Fluka), sodium permanganate monohydrate (NaMnO4·
H2O, 97%, Sigma-Aldrich), potassium iodide (99%, Sigma-Aldrich), manganese(II)chloride

tetrahydrate (MnCl2·4H2O, analysis purity, Merck) and L(+)-ascorbic acid sodium salt

(99%, Sigma-Aldrich). For electrochemical experiments 2,2’-azino-bis(3-ethylbenzthiazoline-

6-sulfonic acid)diammonium salt (>99%, Fluka) was used. Further solutions were sodium

thiosulfate titration solution (0.05M, 99.9%, Fluka), hydrochloric acid (32%, impureness:

0.0005%, Sigma-Aldrich), sodium hydroxide (32%, impureness: 0.0001%, Fluka) and ni-

tric acid (Suprapur, Merck). Starch from wheat (Fluka) was used as color-indicator. The

carrier gas for GC analysis was helium and high-purity argon was used for deoxygena-

tion of aqueous solutions and methanol (99.999%, Carbagas; Rümlang, Switzerland).

All aqueous solutions were prepared with nanopure water (18.2 MΩ · cm, Barnstead

NANOpure Diamond Water Purification System).

Non-reactive substituted anilines

p-CF3- and p-NO2-aniline did not show sufficient reactivity in MnO2-suspension.

Electrochemical oxidation was limited by the applicable working electrode potentials,

which did not exceed 0.96 V (SHE). Under these experimental conditions, only the oxi-

dation of p-CH3-aniline could be carried out.
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Synthesis of MnO2

MnO2 particles were synthesized through oxidation of Mn2+ by MnO4
− according to

the method of Murray.101 Briefly, for the synthesis of 1 L of 10 mM MnO2-suspension,

40 mL 0.1 M NaMnO4 and 80 mL 0.1 M NaOH were diluted to 0.5 L with nanopure water.

60 mL of a 0.1 M MnCl2 solution were added dropwise under continuous stirring. MnO2-

particles were subsequently allowed to settle at the flask bottom and the supernatant was

decanted. The suspension was washed with nanopure water until the conductivity of the

supernatant was smaller than 2 μS·cm−1. Finally the suspension was washed twice with

the buffer solution used in subsequent kinetic experiments.

X-ray absorption near edge structure (XANES) mea-

surements

X-ray absorption near edge structure (XANES) measurements carried out for deter-

mining the manganese oxidation state(s) in MnO2 during the reaction, were performed

at the SuperXAS beamline of the Swiss Light Source (Paul Scherrer Insitut, Villigen,

Switzerland). The SLS storage ring was operated in top-up-mode at a current of 400 mA

with 2.4 GeV electrons. The Si(111) double crystal monochromator (DCM) was detuned

to 50% of the maximum intensity to reject higher order harmonics and was calibrated by

setting the first inflection point in the absorption spectrum of a Mn-metal foil to 6539

eV. Spectra were measured at room temperature and in transmission mode. Reference

spectra of MnCl2·4H2O, Mn2O3, MnO2(s) and NaMnO4 with a formal oxidation state

of II, III, IV and VII respectively were prepared as pressed powder pellets after dilution

with cellulose. The edge position of the reference spectra was determined from the first

derivative and used to calibrate the oxidation state. To quantify the Mn redox-state

at different time steps of the reaction p-OCH3-aniline (4.8 mM) was spiked to 10 mM

MnO2-suspension and samples were taken at given time intervals using a 0.2 μm RC

filter. The MnO2-particles were directly measured on the filter on the beamline. The

time resolution for one scan was one minute in continuous mode.
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15N-Kinetic isotope effect of cationic substituted ani-

line species

The kinetic scheme for interpreting N isotope fractionation of cationic substituted ani-

lines includes proton exchange pre-equilibrium (Equation S3.1) and oxidation of neutral

compound (Equation S3.2) and corresponding kinetic rate laws (Equations S3.3–S3.5).

BH+, B, H+, and P represent the cationic substituted aniline, its neutral form, protons,

and oxidation products, respectively.

BH+
k1
BF

k2
B + H+ (S3.1)

B
k3
A P (S3.2)

d[BH+]

dt
= −k1[BH

+] + k2[B][H
+] (S3.3)

d[B]

dt
= +k1[BH

+]− (k2[H
+] + k3)[B] (S3.4)

d[P]

dt
= +k3[B] (S3.5)

Using the steady-state assumption for transient concentration of [B] , the total rate

cationic and neutral substituted aniline disappearance, which corresponds to the rate of

product formation, is:

[B] =
k1[BH

+]

k2[H+] + k3
(S3.6)

d[P]

dt
=

k1k3
k2[H+] + k3

[BH+] (S3.7)

Equation S3.7 can be re-written for two N isotopologues as Equation S3.8. The first

term on the right-hand side of Equation S3.8 corresponds to the apparent 15N-kinetic

isotope effects associated with the disappearance of cationic, substituted aniline species,

AKIE
BH+

N (Equation S3.9).
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d[
14NP]/dt

d[15NP]/dt
=

14Nk1
14Nk3/

(
14Nk2[H

+] +
14N k3

)
15Nk1

15Nk3/ (
15Nk2[H+] +15N k3)

× [
14NBH+]

[15NBH+]
(S3.8)

AKIE
BH+

N =

14Nk1
14Nk3/

(
14Nk2[H

+] +
14N k3

)
15Nk1

15Nk3/ (
15Nk2[H+] +15N k3)

(S3.9)

=

14Nk1
15Nk1

×
14Nk3
15Nk3

×
(

15Nk2[H
+] +

15Nk3

)
(14Nk2[H+] + 14Nk3)

× 1/(
14Nk2)

1/(14Nk2)
(S3.10)

=

14Nk1
15Nk1

×
14Nk3
15Nk3

×
(
[H+]

15Nk2/
14Nk2 +

15Nk3/
14Nk2

)
([H+] + 14Nk3/

14Nk2)
(S3.11)

To obtain expressions for AKIE
BH+

N at pH-values ≤ 7.0, the following assumptions are

made. (i) Proton exchange rate constants of substituted anilines are diffusion limited

(i.e., k2 ≈ 1010 M−1s−1).27 (ii) Rate constants k3 of neutral species oxidation are ob-

tained for p-OCH3- and p-Cl-aniline (most and least reactive compound) at pH >6.5 and

>6.0, respectively (compare pKBH+ in Table S3) from initial reaction rates. (iii) Typical

measured values at the above mentioned pH-values are 10−4 M−1s−1 for p-Cl-aniline while

p-OCH3-aniline reacts 10
2-times faster.72 Therefore, ratios k3/k2 are ≤ 10−12 M and one

can safely assume that the following approximations are valid.

[H+] �14N k3/
14Nk2 and [H+]

15Nk2/
14Nk2 �14N k3/

14Nk2

The resulting expression for the modified Equation S3.11 is

AKIE
BH+

N =

14Nk1
15Nk1

×
14Nk3
15Nk3

×
(
[H+]

15Nk2/
14Nk2

)
([H+])

(S3.12)

=

14Nk1
15Nk1

×
15Nk2
14Nk2

×
14Nk3
15Nk3

(S3.13)

The ratio of kinetic isotope effects for the forward and backward reaction in Equa-

tion S3.13 corresponds the 15N-equilibrium isotope effect for the proton exchange (Equa-

tion S3.1) as determined recently.134 The last term is the apparent 15N-kinetic isotope

effects associated with the oxidation of the neutral substituted aniline , AKIEB
N (Equa-

tion S3.15).
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EIE
BH+

N =

14Nk1
15Nk1

×
15Nk2
14Nk2

(S3.14)

AKIEB
N =

14Nk3
15Nk3

(S3.15)

AKIE
BH+

N = EIE
BH+

N × AKIEB
N (S3.16)

Computation of kinetic isotope effects

Outer-sphere electron transfer reactions

In Marcus theory21,88 the rate of an outer-sphere electron transfer may be expressed

as

kET = Z · e−ΔG∗/RT (S3.17)

where Z is a pre-exponential term, R is the universal gas constant, T is the temperature,

and ΔG∗ is an activation free energy computed as

ΔG∗ =
λ

4
+

ΔG

2
+

(ΔG)2

4λ
(S3.18)

where λ is the reorganization energy associated with the solvent coordinate (the effec-

tive reaction coordinate in Marcus theory) being equilibrated with the pre- vs. post-

electron-transfer charge distribution, and ΔG is the reaction driving force. The latter is

the equilibrium free-energy change associated with the electron-transfer process. Thus,

for instance, the reduction potential of p-CH3-aniline relative to the standard hydrogen

electrode (SHE) has been measured to be 0.781 V.139 In an electrochemical cell having

an anode with a standard reduction potential of 0.800 V, the driving force for the ET

reaction from p-CH3-aniline to the electrode would be 0.019 eV or 0.44 kcal/mol.

The Marcus theory rate constant is isotopically sensitive insofar as the driving force is

a free energy change, and the molecular translational, rotational, and vibrational partition

functions that contribute to the free energy at non-zero temperatures depend on isotopic

composition. In particular, if Equation S3.18 above is used to define the driving force for

the light isotope (the most abundant isotope for the carbon and nitrogen cases considered

here), then the driving force for the heavy isotope may be computed as

ΔG∗h =
λ

4
+

(ΔG−RTlnα)

2
+

(ΔG−RTlnα)2

4λ
(S3.19)

where α is the ratio of reactant and product partition functions computed as
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α =
lQP ·h QR

hQP ·l QR

(S3.20)

where Q is a molecular partition function for the light (superscript l) or heavy (super-

script h) isotopically substituted products (subscript P) or reactants (subscript R). For
14N vs. 15N substituted anilines as reactants and their corresponding radical cations as

products, values of α are typically about 0.011.

Operating under the assumption that the pre-exponential Z appearing in Equation S3.17

is not isotopically sensitive, the ET-KIE may be computed as

ET−KIE =
kl
kh

= e−(ΔG∗
l −ΔG∗

h)/RT (S3.21)

We note that the above procedure essentially follows the development of Kavner et al. 68

However, Kavner et al. 68 present a derivation in which the pre-exponential Z is associated

with a collision frequency that is dependent on the inverse square root of the molecular

weight. Were this to be appropriate, Equation S3.21 above would need to be multiplied

on the right-hand-side by the square root of the ratio of the molecular weights of the

isotopomers, leading to the somewhat counterintuitive result that a large normal isotope

effect would be observed in the case of a differential activation free energy of zero. The

choice used in Kavner et al. 68 for the form of the pre-exponential might be appropriate

within the context of gas-phase reaction dynamics, but Marcus theory in the condensed

phase typically associates the reaction coordinate (and thus the pre-exponential) not with

motion of the reacting species, but instead with motion along an effective solvent coor-

dinate.104 Within this formalism, the effective mass that appears in the pre-exponential

is associated not with an actual mass, but instead with the magnitude of fluctuations of

the solvent dielectric. This effective mass is not expected to be isotopically sensitive.

For the ET-KIEs presented here, all molecular partition functions were computed at

the mPW/6-311+G(d) level. In the computation of free energies of activation, λ values

of 100, 200, and 300 kJ/mol were surveyed (this spans a rather typical range for ET

reactions running from small, metal ions as ET partners to large organics). For a driving

force of 0, there is no sensitivity of the predicted KIE to λ. For driving forces of 0.3 eV,

the predicted KIEs vary by only 1� over the entire range of λ. As the experimental

situation covers only a fairly small range of driving forces, we may consider the choice of

λ to be arbitrary; we employ a value of 100 kJ/mol. Driving forces were computed from

the experimental standard reduction potentials reported for the anilines139 and electrode
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reduction potentials chosen to be consistent with experimental conditions.

Hydrogen-atom transfer reactions

Rate constants were computed from the canonical transition-state theory (TST) ex-

pression21,146

k =
kBT

h

Q‡

QR

Q◦R
Q‡,◦

e−ΔV ‡/RT (S3.22)

where kB is Boltzmann’s constant, T is temperature, h is Planck’s constant, Q is a

partition function or product of partition functions for the TS structure (‡) or reactants
(R), Q◦ is a corresponding translational partition function having a value of unity but

carrying the appropriate standard-state units, ΔV‡ is the zero-point including molar

potential energy of activation, and R is the universal gas constant. Within canonical

TST, the isotope effect may be computed as

kl
kh

=
Q‡l ·QR,h

Q‡h ·QR,l

e−(ZPVE‡
light−ZPVE‡

heavy)/RT (S3.23)

where ZPVE is a zero-point vibrational energy and the analogy to Equations S3.19-S3.21

should be clear.

For the purposes of this paper, we optimized all reactants and TS structures at the

mPW/6-311+G(2df,2p) level of theory and computed the necessary partition functions

and zero-point vibrational energies for these structures. Reactants in this case included

aniline and substituted anilines and their corresponding conjugate acids (i.e., protonated

anilines) and the hydroxyl and hydroperoxyl radicals. We surveyed the sensitivity of the

predicted KIEs to basis set. Removing the diffuse functions from the basis generally had

an effect of less than 1�, although in a few instances larger variations (as much as 5�)

were observed. Most TS structures were very early, reflecting the significant difference in

forming OH bond strengths compared to breaking NH bond strengths.

Software

All calculations were performed with the Gaussian 0339 and 0940 suites of electronic

structure programs.
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Tables

DFT-calculations

Table S3.1: Density functional theory (DFT) calculations of 15N-Kinetic
Isotope Effects for electron transfer (ET-KIEN) and hydrogen atom transfer
(HAT-KIEN) from neutral and cationic substituted anilines to •OH and
•OOH, respectively.

Entry Compound Eh
a) ET-KIEN HAT-KIEN

•OH •OOH

(V vs. SHE) (–) (–) (–)

Neutral substituted anilines

25 Aniline 0.850 0.9943 0.9959 0.9963

26 o-CH3-Aniline 0.850 0.9945

27 m-CH3-Aniline 0.850 0.9948

28 p-CH3-Aniline 0.850 0.9948 0.9952 0.9972

29 p-CH3-Aniline 0.750 0.9943

30 p-CH3-Aniline 0.950 0.9954

31 o-OCH3-Aniline 0.850 0.9951

32 m-OCH3-Aniline 0.850 0.9945

33 p-OCH3-Aniline 0.850 0.9959 0.9950 0.9992

34 m-Cl-Aniline 0.850 0.9938

35 p-Cl-Aniline 0.850 0.9944 0.9955 0.9965

36 p-OH-Aniline 0.9950 0.9989

37 p-NO2-Aniline 1.0008 0.9935

Cationic substituted anilines

38 Aniline 0.9972 0.9910

39 p-OH-Aniline 0.9969 0.9929

40 p-OCH3-Aniline 0.9944 0.9935

41 p-CH3-Aniline 0.9991 0.9924

42 p-Cl-Aniline 1.0006 0.9920

43 p-NO2-Aniline 0.9959 0.9824

a) working electrode potentials for ET-KIEN calculations only, section 3.4.
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Physico-chemical properties of substitutes anilines

Table S3.3: Names and selected physico-chemical properties of the inves-
tigated substituted anilines. E1/2 from Suatoni et al. 139 , σ and σ+ from
March 87 .

Compound Name MW pKBH+ E1/2
a) σ σ+

[g/mol] [-] [V vs. SHE] [-] [-]

Aniline 93.1 4.63 0.625 0 -

o-CH3-Aniline 107.2 4.45 0.595 0.1018,105 -

m-CH3-Aniline 107.2 4.45 0.606 -0.06 -0.10

p-CH3-Aniline 107.2 5.10 0.537 -0.14 -0.31

o-OCH3-Aniline 123.2 4.52 0.498 0.0018,105 -

m-OCH3-Aniline 123.2 4.21 0.615 0.10 0.05

p-OCH3-Aniline 123.2 5.34 0.393 -0.28 -0.78

p-Cl-Aniline 126.6 3.98 0.675 0.24 0.11

a)Ar–NH•+2 + e– � Ar–NH2

Characterization of MnO2

Table S3.4: Surface area, Mn oxidation state, crystal structure, and point of zero charge pHIEP

of MnO2.

Parameter Value ± 1σ Method and Instrument

Surface area 285 ± 24.9 m2 g−1 N2-BET
15

Micromimetics Gemini 2375 V5.01

Mn oxidation state 3.88 ± 0.3 Iodometric titration47

Crystal structure amorphous, Vernadite16,91 Powder X-ray diffraction Cu-Kα1,

4◦ < 2Θ < 70◦

Graphite Monochromator D8 Advance,

Brucker AXS

pHIEP 3.25 ± 0.094 micro-electrophoresis

Zeta Size Nano-Series, Malvern Instruments
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Carbon, Hydrogen, and Nitrogen

Isotope Fractionation Associated

with Oxidative Transformation of

Substituted Aromatic

N -Alkyl Amines

M. Skarpeli-Liati, S. G. Pati, J. Bolotin, S. N. Eustis, and T. B. Hofstetter. Carbon,

Hydrogen, and Nitrogen Isotope Fractionation Associated with Oxidative Transformation

of Substituted Aromatic N -Alkyl Amines. Environ. Sci. Technol., 46, 7189-7198, 2012
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Abstract

We investigated the mechanisms and isotope effects associated with the N -dealkylation

and N-atom oxidation of substituted N -methyl- and N,N -dimethyl-anilines to identify

isotope fractionation trends for the assessment of oxidations of aromatic N -alkyl moieties

by compound-specific isotope analysis (CSIA). In laboratory batch model systems, we

determined the C, H, and N isotope enrichment factors for the oxidation by MnO2 and

horseradish peroxidase (HRP), derived apparent 13C-, 2H-, and 15N-kinetic isotope effects

(AKIEs), and characterized reaction products. The N-atom oxidation pathway leading to

radical coupling products typically exhibited inverse 15N-AKIEs (up to 0.991) and only

minor 13C- and 2H-AKIEs. Oxidative N -dealkylation, in contrast, was subject to large

normal 13C- and 2H-AKIEs (up to 1.019 and 3.1, respectively) and small 15N-AKIEs.

Subtle changes of the compound’s electronic properties due to different types of aromatic

and/or N -alkyl substituent resulted in changes of reaction mechanisms, rate-limiting

step(s), and thus isotope fractionation trends. The complex sequence of electron and

proton transfers during the oxidative transformation of substituted aromatic N -alkyl

amines suggests highly compound- and mechanism-dependent isotope effects preclud-

ing extrapolations to other organic micropollutants reacting along the same degradation

pathways.

4.1 Introduction

A significant number of organic micropollutants exhibit aromatic N -alkyl moieties

that may be the site of initial attack when transformed by abiotic and biotic processes in

the environment as has been found for antibacterial agents109,110,159 and pesticides.33,161

However, these processes take place at very different rates through photochemical as well

as mineral- and enzyme-catalyzed reactions and they proceed via alternative pathways

to a variety of products.17,46,50,147 Quantifying the exposure of these micropollutants and

their transformation products in the environment is therefore difficult and the assessment

of their impact on humans and the environment very challenging.127,128

We have recently shown that compound-specific isotope analysis28,53,58 (CSIA) of-

fers new avenues for assessing the oxidative degradation of substituted primary aro-

matic amines.134,135 Nitrogen isotope signatures varied systematically depending on the

changes of N-atom bonding as a consequence of kinetic or equilibrium isotope effects.

One-electron oxidation of substituted anilines at MnO2-surfaces is subject to an inverse
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apparent 15N-kinetic isotope effect, AKIEN, that is heavy,
15N-containing isotopologues

reacted faster than compounds with 14N. This effect was proposed to be indicative of the

formation of partial imine-type N=C bonds in aminium radical intermediates,75,76,99,135

which react to a variety of radical coupling products after N-atom oxidation (Figure 4.1).

In addition, the observable N isotope fractionation associated with N-atom oxidation

can be modulated at neutral to acidic pH-values by a normal 15N-equilibrium isotope

effect, EIEN, originating from the slightly increased acidity of 14N-containing substituted

anilines.

These observations suggest that oxidative transformations of aromatic N -alkyl amines

might also be associated with isotope effects that are potentially indicative of their path-

way of degradation. In addition to the N-atom oxidation observed with substituted

anilines, secondary and tertiary aromatic N -alkyl amines are also subject to oxidative

N -dealkylation in mineral- and enzyme-catalyzed reactions (Figure 4.1).46,69,147,148,151,159

Because these two pathways result in cleavages of C–N and C–H bonds, a combined

analysis of C, H, and N isotope fractionation could provide new means for the identi-

fication of these transformation pathways. The mechanisms of aromatic N -alkyl amine

oxidation, however, are very complex because they involve a series of electron, H+, and H

atom transfer steps that can take place in competing reactions (Figure 4.1). It is there-

fore unclear whether CSIA of substituted aromatic N -alkyl amines results in pathway-

dependent, indicative isotope fractionation trends. Indeed, highly compound-dependent
2H-KIE profiles have been invoked to elucidate the mechanism of enzymatic oxidative

N -dealkylation via competing initial H atom and single electron transfer.24,46,67 Beyond

the studies of cytochrome- and peroxidase-catalyzed oxidations of selected 2H-labelled,

substituted N,N -dimethylanilines,46,80,98,107 however, nothing is known about the isotope

effects of C and N and the potential fractionation of C, H, and N isotopes at natural

abundance isotope distributions.

The objective of the present work was to study the mechanisms of N-atom oxidation

and oxidative N -dealkylation of substituted aromatic N -alkyl amines, to identify iso-

tope fractionation trends pertinent to each transformation pathway, and to assess their

apparent kinetic isotope effects. To this end, we studied the C, H, and N isotope frac-

tionation associated with the oxidation of a series of ring-substituted N -methyl- and

N,N -dimethylanilines by MnO2 and horseradish peroxidase (HRP) in laboratory model

systems. Both systems have been used previously to mimic important oxidants in soils

and aquatic environments72,78,109,131,151,159 and it was shown that the oxidation of primary

aromatic amines by MnO2 and that of tertiary aromatic amines by HRP proceed via ini-
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4.2 Experimental Section

A complete list of all chemicals used including purities and suppliers can be found

in the Supporting Information (SI). MnO2 particles were synthesized as described by

Murray101 through oxidation of Mn2+ by MnO4
− following the procedure described by135

and characterized accordingly.

4.2.1 Oxidation experiments in MnO2-suspensions

All oxidation experiments with substituted N -methylanilines (N -MAs) and N,N -di-

methylanilines (N,N -DMAs) in MnO2-suspensions were performed according to recently

established procedures135 under oxic conditions at room temperature. An experiment

typically consisted of a series of 7 to 9 separate 10 mL batch reactors, in which the

substrate reacted to different extents or 2 to 4 larger (100 mL) batch reactors, from

which samples were withdrawn at different time intervals.49,135,142 Blanks were set up in an

identical matter except for the addition of oxidant to exclude losses due to phase transfer

processes. Batch reactors contained MnO2-suspensions buffered in 10 mM phosphate

buffer at pH 7.0, NaCl (final ionic strength 0.02 M), and a PTFE-coated magnetic stir

bar. MnO2 concentrations were varied between 1.5 and 5 mM to avoid conversion of more

than 50% of the substrate within the first minute of the experiment and to attain at least

60% turnover within 8 days. Reactions were initiated by the addition of methanolic stock

solutions of the substituted aromatic N -methyl amines. Initial concentrations were 600

μM except for p-Cl-N,N -DMA (300 μM) due to its lower aqueous solubility. Isotope

fractionation artifacts from dissolution of the reactant from methanol can be ruled out

based on previous experience, where the identical approach was used to study even faster

(redox) reactions.49,57 Aqueous samples were withdrawn at predefined time intervals with

a gastight glass syringe and the reaction was stopped by filtration through a 0.22 μm

hydrophilic PTFE-filter.

Because the disappearance of p-OCH3-N -MA in MnO2-suspensions occurred within

seconds (Figure S4.2) and was thus too fast to be sampled using the above procedure,

reactors containing the identical initial p-OCH3-N -MA concentration were spiked with

variable amounts of MnO2-suspension to achieve different degrees of conversion follow-

ing a previously established procedure135. After the reaction was completed, the reactors

were shaken on a vortex shaker and the solution was filtered to ensure identical treatment

as in other experiments with MnO2-suspensions. Filtered solutions were stored in amber

glass vials in the dark at 4℃ until measurements of the concentration, isotope analysis
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by solid-phase microextraction GC/IRMS, and further characterization of reaction prod-

ucts. Samples from blank experiments were treated identically and revealed that neither

substrate concentration nor C, N, and H isotope signatures changed in the absence of the

oxidant (Figure S4.2).

4.2.2 Oxidation experiments with horseradish peroxidase

Enzymatic oxidation of substituted N -MAs and N,N -DMAs by horseradish peroxi-

dase (HRP) was carried out using the approach described above for MnO2-suspensions

including three types of reference experiments (without HRP, without H2O2, and without

HRP and H2O2) to check for side reactions and losses due to phase transfer processes.

Batch reactors contained variable amounts of HRP and H2O2 in buffered solution (10

mM KH2PO4, pH 7.0) of 18 mL total volume. Initial reactant concentrations were iden-

tical to those used in experiments with MnO2. Experiments were set up to maximize

reactant conversion under conditions for substrate-saturated enzymes69 as shown in Fig-

ure S4.4. In general, higher enzyme to H2O2-ratios led to faster and more complete

substrate transformation. Experimental conditions are listed in Table S4.2.

The reactions were initiated by the addition of a defined amount of H2O2 (0.6 - 4.5 mM)

to the reactors containing HRP (0.5 - 15 nM) and the substituted aromatic N -methyl

amine. H2O2 and HRP concentrations were chosen to enable adequate sampling of the

aromatic amine transformation. To prevent photochemical transformation of H2O2, all

reactors were wrapped in aluminum foil. The oxidation of the aromatic amines was

stopped by extracting the substrate into 18 mL of methylene chloride through vigor-

ous shaking for 1 minute. For concentration measurements of reactant and potential

N -dealkylation products, 1 mL of the methylene chloride-extract was used immediately

for GC/MS-analysis. The remainder of the extract was stored in amber glass vials at

–20℃ until isotopic analysis. Samples from blank experiments were treated identically

and showed no concentration decrease of the substrates (Figure S4.4) nor change in their

C, N, and H isotope signatures (data not shown).

For the identification of possible reaction products, the oxidation experiments were

repeated under the identical experimental conditions, except for using only one batch

reactor for each substituted aromatic N -alkyl amine. For concentration measurements

by GC/MS, 500 μL of aqueous solution was extracted into 500 μL ethyl acetate by

vigorous shaking on a vortex shaker at defined time points. After complete reactant

conversion, aliquots were stored at –20℃ in the dark prior to analysis by LC-MS/MS.
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4.2.3 Analytical methods

Chemical analyses

Quantification of the reactants and N -dealkylation products was carried out on a

GC/MS (Ultra Trace GC and DSQII, Thermo Electron Corporation) upon on-column in-

jection using the identical instrumental setup and settings described in previous work.134

Substituted N,N -DMAs, N -MAs, and anilines in aqueous buffer solution were extracted

into ethyl acetate or methylene chloride containing an internal standard (p-nitrotoluene).

Extraction efficiencies from aqueous solution into the organic solvent were found to vary

between 99-109% for ethyl acetate and 95-110% for methylene chloride.

Qualitative product analysis for the identification of polar compounds as well as di-

and trimers from radical coupling reactions was performed by liquid chromatography cou-

pled to an LTQ (Linear Trap Quadrupole) Orbitrap mass spectrometry (Thermo Electron

Corporation) with electrospray ionization (LC-MS/MS) as reported previously.70,135 Fil-

tered aliquots from oxidation experiment with MnO2 and HRP batch experiments were

purified by solid phase extraction. Methanol/water eluates (1:4 v/v) were analyzed by

LC-MS/MS using a solvent gradient from 90/10% to 5/95% H2O/MeOH on an Xbridge

C-18 column (Waters, 2.1×50 mm, 3.5 μm particle size). MS/MS spectra were recorded

according to a target list containing the exact masses of expected reaction products.

Based on the exact molecular mass and fragmentation pattern of each detected product

the most probable structures were postulated; these are shown in Figure S4.6.

Stable Isotope Ratio Measurements

Stable C, H, and N isotope signatures (δ13C, δ2H, δ15N) of substituted N -MAs and

N,N -DMAs were measured by GC/IRMS (gas chromatography isotope ratio mass spec-

trometry) with a combustion interface using the procedure and instrumental setup de-

scribed previously.134,135 For experiments with MnO2suspensions, solid-phase microex-

traction (SPME, 65 μmPDMS/DVB, Supelco) was used for extraction and pre-concentra-

tion of the analytes from aqueous solutions (45 min at 40℃). pH-values of the samples was

adjusted to avoid isotope fractionation by SPME as documented in Skarpeli-Liati et al. 134

and verified through the C, H, and N isotope analyses of calibrated in-house standards by

SPME-GC/IRMS. For isotopic analyses of methylene chloride-extracts from experiments

with HRP/H2O2, the following treatment was used prior to on-column injections into

the GC: residual water in the organic phase was removed with anhydrous Na2SO4 and

filtration through a 0.22 μM hydrophilic PTFE-filter. Subsequently, methylene chloride
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was evaporated under a stream of N2 to attain concentration ranges suitable for isotopic

analysis.

To minimize analytical uncertainty due to instrument non-linearity, all samples were

diluted to concentrations yielding constant peak amplitudes (4-5 V for 13C- and 2H-, and

1-2 V for 15N-analysis). C, H, and N isotopic signatures are reported as arithmetic mean

of triplicate measurements (±1σ) in per mil (�) relative to Vienna PeeDee Belemnite

(δ13CVPDB), Vienna Standard Mean Ocean Water (δ2HVSMOW), and air (δ15Nair), respec-

tively. Calibrated in-house standards (aniline for δ13C and δ15N; 2-nitrotoluene for δ2H)

of known δ13C-, δ2H-, and δ15N-values were used in standard bracketing procedures134 to

ensure accuracy of the isotopic measurements.

4.2.4 Data evaluation

Because secondary substituted aromatic N -alkyl amines exhibit one H atom that

is exchangeable with H+ from aqueous media, the average H isotope signature of non-

exchangeable H atoms bound to C, δ2HC−H, was derived as follows. We assumed that δ2H

of exchangeable H atoms corresponds to the H isotope signature of the water (δ2HH2O
),

which was measured by cavity ring-down spectroscopy (–71±0.5�). The latter was

subtracted from the δ2H-values measured in substituted N -MAs (δ2HN−MA
measured) to obtain

δ2HC−H as shown in Equation 4.1.

δ2HC−H =
1

nH − xH

(
nH · δ2HN−MA

measured − xH · δ2HH2O

)
(4.1)

where nH is the number of H atoms and xH are the exchangeable ones.

Bulk isotopic enrichment factors, ε, were quantified from linear regression analysis

of δ13C-, δ2H-, and δ15N-values, respectively, versus the fractional amount of reactant

conversion as shown in Equation 4.2.

ln

(
δhE + 1

δhE0 + 1

)
= εE · ln

(
C

C0

)
(4.2)

where δhE0 and δhE stand for the initial isotope signature of element E and its value

measured during the reaction and C/C0 is the fraction of remaining reactant. Data

from replicate experiments were combined using the Pitman estimator129 as shown pre-

viously.135,143

Information about the position-specific, apparent kinetic isotope effects, AKIE, was

obtained according to the procedure proposed by,Elsner 28 neglecting contributions from
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Two-dimensional isotope fractionation trends for N -MAs and N,N -DMAs with either

of the two oxidants (MnO2 and HRP) were calculated from the linear regression analysis

of the isotope signatures of N vs. C (δ15N vs. δ13C) and H vs. C (δ2H vs. δ13C) as shown

in Equation 4.6 and 4.7. These slopes correspond to the ratio of bulk enrichment factors

εE as follows.

Δδ15N

Δδ13C
≈ εN

εC
(4.6)

Δδ2H

Δδ13C
≈ εH

εC
(4.7)

Two-dimensional isotope signature trends were used to compare the isotope fraction-

ation trends pertinent to the oxidation of substituted aromatic N -alkyl amines exhibiting

identical n, x, and z by the two different oxidants.

4.2.5 Computational Methods

To gain insights into the relative reactivity of substituted radical cation intermediates

2 (Figure 4.1) towards N -dealkylation via the iminium cation 4 and oxidation of p-CH3

and p-OCH3 substituents, we calculated bond dissociation enthalpies (BDE) of various

bonds in the reactant 1 and intermediate 2 as outlined in Table S4.6 and Figure S4.7. The

spin density values (Table S4.5) were calculated to assess the degree of radical localization

within the substituted aromatic N -amine structures.

All calculations were performed using the Gaussian 09 suite of programs.38 Accu-

rate thermodynamic energies were computed using the CBS-QB3 method of Petersson

and co-workers.106,116 The Integral Equation Formalism - Polarizable Continuum Model

(IEF-PCM) implicit solvation model was employed in all calculations to account for ef-

fects of hydration upon the energies and structures of the molecules under study.144,145

Testing alternative solvent models’ accuracy may be of interest, but is outside of the

scope of this study. To calculate the Mulliken spin density values a minimum basis set

Mulliken population analysis was performed.100 This method uses a small, atom-centered

basis set to determine the net spin associated with a given atom within a molecule.
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4.3 Results and Discussion

4.3.1 Isotope fractionation associated with the oxidative trans-

formation of para-substituted N -methylanilines by MnO2

Oxidation of para-substituted N -methylanilines (N -MAs) in MnO2-suspensions showed

biphasic reaction kinetics. Fast initial transformation was followed by a decrease in trans-

formation rate, as observed previously for the reaction of substituted anilines and phenols

with MnO2.
72,78,135,136 The relative reactivity of the para-substituted N -MAs increased

in the order p-H < p-Cl < p-CH3 < p-OCH3 and thus did not strictly follow the order

anticipated from electron-donating properties of the aromatic substituent. The latter was

observed for oxidations of substituted primary aromatic amines72,78 and would have fa-

vored the faster oxidation of N -MA over p-Cl-N -MA. The identity of substituted N -MA

transformation products also contrast observations made for the oxidation of primary aro-

matic amines in that N -dealkylation products (6 in Figure 4.1, Table 4.1, Figure S4.6)

were detected in addition to the expected, typical radical coupling products (5 in Fig-

ure 4.1).

The C, H, and N isotope fractionation observed for the oxidation of para-substituted

N -MAs exhibited diverse, substituent-dependent behavior. The distinctly different two-

dimensional isotope fractionation trends δ15N vs. δ13C and δ2H vs. δ13C (Figure 4.2)

suggest that the reaction mechanism of the oxidative transformation of the four com-

pounds by MnO2 were not identical. Negative correlations of Δδ15N
/
Δδ13C-values (Ta-

ble S4.3) imply mechanisms with predominant inverse N isotope fractionation and normal

(secondary) isotope effects for C. Alternative routes involving reactive C–H bonds can

be invoked from the positive Δδ2H
/
Δδ13C. Oxidation of p-OCH3-N -MA was accompa-

nied by a depletion of 15N in the reactant corresponding to an inverse bulk enrichment

factor, εN of 3.7± 0.8� (entry 4, Table 4.1) while no significant C and H isotope enrich-

ment was observed (Figure 4.2, panels a and b). p-Cl-N -MA transformation displayed

the opposite isotope fractionation trend, that is normal C and H isotope fractionation

(εC = −1.9± 0.2�, εH = −73± 23�, entry 2, Table 4.1) and no discernible trend of N

isotope fractionation. The oxidation of N -MA and p-CH3-N -MA always showed C, H,

and N isotope fractionation and ε-values between those delineated by p-OCH3-N -MA and

p-Cl-N -MA, respectively.

According to our previous work on the oxidation of substituted anilines by MnO2,
135

inverse N isotope fractionation is indicative for partial imine-bonding at the N atom dur-
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The difference, however, is small and within the experimental uncertainty of the AKIEN

(see procedure in135 and pKa-values in Table S4.2) and does not alter the interpretation of

the results. For the transformation of p-OCH3-N -MA, we almost exclusively observe rad-

ical coupling products (5) and only a minor fraction of N -dealkylated compound (<2.5%

of initial concentration, Table 4.1, entry 4) that would point to further transformation

of intermediate 2 at MnO2-surfaces. These observations imply that the stabilization of

the aminium radical intermediates by the electron-donating OCH3-substituent not only

facilitates N-atom oxidation but also the formation of radical coupling products via the

reaction pathway 1 → 2 → 5. The lack of observable C and H isotope fractionation cor-

roborates our interpretation that only a negligible share of OCH3-substituted compound

2 undergoes N -dealkylation and that the AKIE-values shown in Table 4.1 are character-

istic for the N-atom oxidation pathway (primary 15N-AKIE and no significant secondary
13C- and 2H-AKIEs, see SI for details).

Almost completely opposite findings were made for the C, H, and N isotope fraction-

ation during oxidation of p-Cl-N -MA (Figure 4.3). While the AKIEN-value would not

be statistically different from unity, primary 13C- and 2H-AKIEs of 1.0138±0.0017 and

2.12±0.55 (Table 4.1, entry 2), respectively, point to the cleavage of a C–H bond in the

rate-limiting step of the N -dealkylation reaction. The lack of observable radical coupling

products suggests that p-Cl-N -MA reacts either via H atom abstraction (Figure 4.1,

1 → 3) or via consecutive electron and proton transfers (1 → 2 → 4) to p-Cl-aniline

(4 → 6, 22% of the initial substrate concentration, Table 4.1).

Multi-element isotope fractionation patterns of N -MA and p-CH3-N -MA are both

very similar (Figure 4.2, Table 4.1 and S4.3). The corresponding C, H, and N isotope en-

richment factors are within the boundaries for reactions proceeding predominantly via the

N-atom oxidation pathway to radical coupling products (p-OCH3-N -MA, 1 → 2 → 5)

and N -dealkylation (p-Cl-N -MA, 1 → 2 → 4 → 6). Inverse 15N-AKIE from partial

imine bond formation (1 → 2) and normal 2H- and 13C-AKIEs due to C–H bond cleav-

age (2 → 4) suggest that both pathways were operational and contributed as isotope

sensitive reaction steps (see section S3 in the SI for details on the allocation of AKIE-

values to the two pathways). This interpretation is corroborated by the observation of

reaction products for both reaction pathways (Table 4.1 and Figure S4.6).

Theoretical calculations of the bond dissociation enthalpies (BDE, Table S4.4) of

the Cα–H bond for the substituted N -MAs and the radical cation intermediates (2 in

Figure 4.1) and N-centered Mulliken spin densities (Table S4.5) further support the above

interpretation. Cα–H BDEs are substantially lower in radical intermediates than in the
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reactants, implying that Cα–H bonds are much more likely to be cleaved after an initial

electron transfer (1 → 2). Moreover, Cα–H BDEs of compound 2 decrease in the order

p-OCH3 > p-CH3 > p-Cl ≈ p-H suggesting that the cleavage of the Cα–H bond is

thermodynamically more favorable for p-H- and p-Cl-substituted radical species than for

the p-CH3- and p-OCH3-substituted ones. This sequence is in excellent agreement with

the larger share of N -dealkylation products found for N -MA and p-Cl-N -MA. (Table 4.1,

entries 1-4). The series of N-centered Mulliken spin densities (Table S4.5), which express

the excess spin present on the amino N atom of the N -MA radical cation intermediates,22

correlate with the trends in relative reactivity of substituted N -MAs and also support the

measured product distribution. The degree of radical localization on the amino N atom

decreased in the order p-H > p-Cl > p-CH3 > p-OCH3. This observation implies that

highly localized N-centered radicals might be responsible for the decrease in reactivity.

4.3.2 Isotope fractionation associated with the oxidative trans-

formation of substituted N,N -dimethylanilines by MnO2

With the investigation of para-substituted N,N -dimethylanilines (N,N -DMAs), we

explored the impact of an additional N -methyl group on the C, H, and N isotope frac-

tionation trends in identical experimental systems containing MnO2. As illustrated in

Figure 4.2 and Table 4.1, similar trends for N-atom oxidation vs. C–H bond cleavage were

observed. Contaminant disappearance kinetics were biphasic and the relative reactivity

increased in the order p-H < p-Cl < p-CH3 < p-OCH3. Multi-element isotope fractiona-

tion patterns (Figure S4.5), however, were not fully identical with observations made for

para-substituted N -MAs owing to the additional C and H atoms of the N -methyl group

of N,N -DMAs. Only the oxidation of N,N -DMA by MnO2 resembled that of N -MA and

showed the same qualitative product distribution and almost identical isotope fractiona-

tion and 13C-, 2H-, and 15N-AKIE-values as N -MA within experimental error (Table 4.1

and S4.3, Figure 4.3).

In the case of p-Cl-N,N -DMA, 13C-, 2H-AKIE-values were similar to those of p-Cl-N -MA.

Furthermore, a high share of N -dealkylation products (p-Cl-N -MA and p-Cl-aniline)

was detected (71%, Table 4.1, entry 6) but no radical coupling products. The nor-

mal AKIEN of p-Cl-N,N -DMA (1.0023±0.0017) is consistent with the assumption that

partial imine bond formation in the aminium intermediate 2 is not involved in the

isotope-sensitive step of oxidative N -dealkylations. Instead, this observation suggests

that p-Cl-N,N -DMA could have reacted via initial H atom abstraction to intermediate
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3, in which bond strength to N does not increase (1 → 3 → 4 → 6). Alternatively,

the observed fractionation could imply a shift in the rate-limiting step of the reaction,

assuming that the cleavage of the Cα–H bond (2 → 4) exhibits a normal secondary N

isotope effect. Given that inverse AKIEN-values were found for the MnO2-catalyzed ox-

idation of all N -MAs and N,N -DMAs except for Cl-substituted ones, as well as for a

series of substituted anilines,135 we infer that MnO2 reacts via one-electron transfer with

aromatic amines rather than via H atom abstraction. Therefore, we hypothesize that

the normal AKIEN of p-Cl-N,N -DMA more likely reflects the isotope effects pertinent

to pre-equilibrium kinetics involving the rate-limiting Cα–H bond cleavage72,78,159 (see

Equation S4.7). Further evidence that the reaction is initiated by an electron transfer

and not by H atom abstraction from the N-methyl group is obtained from theoretical

calculations of the BDEs of the Cα–H bond for the reactant and the radical cation in-

termediates (Table S4.4). Cα–H BDEs of the substituted N,N -DMA radical species are

substantially smaller than for the corresponding reactants implying that the cleavage of

the Cα–H bond is energetically more favorable after an initial electron transfer from the

aminium radicals (2 in Figure 4.1).

Oxidation of p-CH3-N,N -DMA was accompanied by notably large C and H isotope

fractionation presumably due to additional reactions at the aromatic CH3-substituent.

εC- and Δδ2H
/
Δδ13C-values increased compared to p-CH3-N -MA despite isotopic dilu-

tion by the additional methyl group (Table S4.3). Tentative AKIEC-values of 1.0215±0.0012

(Table 4.1, entry 7a) also significantly exceed those of other N,N -DMAs, corroborating

the assumption of additional reactive C–H bonds. In fact, product analyses confirmed the

presence of p-dimethylaminobenzyl alcohol and coupling products thereof (Figure S4.6).

AKIE-values therefore reflect a weighted average of isotope effects associated with sev-

eral reactions taking place at competing sites in the reactive intermediates (see Equa-

tion 4.5 and Equation S4.13). Further confirmation for the contribution of side chain

oxidation reaction of p-CH3-N,N -DMA was obtained from experiments with ortho- and

meta-substituted CH3-N,N -DMAs (Table 4.1, entries 7a-c). All CH3-N,N -DMAs showed

identical C, H, and N isotope fractionation within experimental error, that is, the isotope

effects were not sensitive to the position of the aromatic substituent. Our previous work

on the oxidation of substituted anilines by MnO2, however, showed that isotope effects

for reactions at the N atom are not affected by meta-substitution, because the latter

exerts no electronic effects on the radical stabilization.135 The absence of this effect is

evidence for isotope fractionation at a reactive site that is not sensitive to the position

of aromatic substituent.

83



Chapter 4

The εN-value, for the oxidation of p-OCH3-N,N -DMA was the most inverse one ob-

served in this study (+9.6±1.6�, Table 4.1, entry 8) despite small contributions from the

normal EIEN associated with N atom deprotonation from the conjugate acid (see previous

discussion for p-OCH3-N -MA). The AKIEN of 0.9910±0.0012 (Table 4.1, entry 8) again

implies a reaction pathway 1 → 2 → 5 (Figure 4.1), in which the formation of partial

imine bonds (1→ 2) is the isotope-sensitive elementary step. The share of N -dealkylation

product was equally minor for both p-OCH3-N -MA and -N,N -DMA (Table 4.1, entries

4 and 8), as expected for a reaction leading predominantly to radical coupling products.

C and H isotope fractionation of p-OCH3-N,N -DMA reflects primarily side chain oxi-

dation of the p-OCH3-group. In contrast to p-OCH3-N -MA, for which εC and εH were

statistically indifferent from zero (Table 4.1, entry 4), we observed significant C and H

isotope fractionation for p-OCH3-N -MA (Δδ2H
/
Δδ13C-value of 12±0.8; Table S4.3, en-

try 8), so that 13C- and 2H-AKIEs were attributed primarily to -OCH3-group oxidations

(SI). Evidence for p-OCH3-group oxidation could only be obtained from the detection of

radical coupling products with –OH instead of –OCH3-substituents (Figure S4.6). Note

that product analysis ruled out the presence of p-OH-N,N -DMA in the reactors. Because

C and H isotope fractionation cannot be explained by reactions along the radical cou-

pling pathway, we speculate that the phenol-type intermediates might have been oxidized

further with MnO2 as reported earlier by others.136

The computed BDEs of the C–H and O–C bonds of the p-CH3- and p-OCH3-substituent,

respectively, for reactant and radical cations further support this interpretation of side

chain oxidations (Table S4.4). Lower BDEs for the O–C bond of the p-OCH3-substituent

compared to the Cα–H bond of the N-methyl group of p-OCH3-N,N -DMA indicate that

O-dealkylation is thermodynamically more favorable than N -dealkylation, in agreement

with the identified reaction products (Table 4.1 and Figure S4.6). In contrast, BDEs

of the C–H bonds of the p-CH3-substituent and Cα–H bond of the N-methyl group of

p-CH3-N,N -DMA suggest that side chain oxidation is more likely to occur from species

2 after one-electron oxidation of the reactant.

4.3.3 Isotope fractionation associated with the enzymatic oxi-

dation by horseradish peroxidase

Combined C, H, and N isotope fractionation trends obtained during HRP-catalyzed

oxidation of para-substituted N -MAs and N,N -DMAs are shown in Figure S4.5 and the

corresponding isotope enrichment factors and AKIEvalues are listed in Table 4.1. Oxida-

84





Chapter 4

common intermediates,45,65,78,135,147 subsequent product dismutation can also represent

the non-enzymatic rate-determining step in case of HRP.45,107 Because the AKIEN for

p-Cl-N -MA is normal, as found in experiments with MnO2, we suggest this to imply

that the second electron and proton transfer from the aminium intermediate 2 lead-

ing to compound 4 (Figure 4.1) was responsible for the observed isotope fractionation.

This rate-limiting step and the corresponding AKIEN are presumably typical for HRP-

catalyzed N -dealkylations with substituted N -MAs as substrates see Table S4.1 and

Equation S4.7).

The HRP-catalyzed oxidation of para-substituted N,N -DMAs exhibited multi-element

isotope fractionation and isotope effect trends that were very similar to those for the oxi-

dation of the same compounds by MnO2 as indicated by the correlations of δ15N vs. δ13C

and δ2H vs. δ13C, respectively (Figure 4.2, 4.3 and S4.5c/d). This observation suggests

that the oxidation mechanisms follow the three principal trends found in experiments

with MnO2-suspensions. p-OCH3-N,N -DMA reacts predominantly via N-atom oxida-

tion and the share of N -dealkylation products (p-OCH3-N -MA and p-OCH3-aniline)

was below 2.4% of the initial substrate mass (Table 4.1). Consequently, AKIEN was in-

verse (0.9940±0.0015). Small C and H isotope fractionation was due to minor contribu-

tions from O-dealkylation invoked from the detection of the corresponding products (incl.

p-dimethylaminophenol, Figure S6) and the corresponding 13C- and 2H-AKIEs likely re-

flect side-chain oxidation reactions. p-Cl-N,N -DMA oxidation caused significant C and

H isotope fractionation and the εC- and εH-values were in the range of those found for

the oxidation by MnO2 (compare entries no. 6 and 14 in Table 4.1). Furthermore, p-Cl-

N,N -DMA oxidation led to the corresponding N -dealkylation products (>55%, Table 4.1)

without the formation of radical coupling products. The normal AKIEN is consistent with

the above interpretation for p-Cl-N -MA that HRP-catalyzed oxidation of compounds

with electron-withdrawing substituents occurs via oxidative N -dealkylation as found at

mineral surfaces, so that the second electron and proton transfer (2 → 4) becomes the

isotopic and rate-limiting step. Isotope fractionation and product formation trends of

p-CH3-N,N -DMA and N,N -DMA oxidation follow a combination of the observed trends.

Similar to oxidation by MnO2, C and H isotope fractionation of p-CH3-N,N -DMA is

affected by oxidation of the p-CH3-group to the corresponding p-dimethylaminobenzyl

alcohol (Figure S4.6) so that AKIE-values reflect the ensemble of competing reaction

pathways (Equation S4.13).

86



T
ab

le
4.
1:

R
ea
ct
io
n
p
ro
d
u
ct

a
n
a
ly
se
s
an

d
C
,
H
,
an

d
N

is
ot
op

e
fr
ac
ti
on

at
io
n
as
so
ci
at
ed

w
it
h
ox

id
at
io
n
of

su
b
st
it
u
te
d
N
-m

et
h
y
l-
(N

-M
A
)

an
d
N
,N

-d
im

et
h
y
la
n
il
in
es

(N
,N

-D
M
A
)
b
y
M
n
O

2
an

d
h
or
se
ra
d
is
h
p
er
ox

id
as
e
H
R
P
/H

2
O

2
.
D
et
ec
ti
on

of
ra
d
ic
al

co
u
p
li
n
g
p
ro
d
u
ct
s,

fr
ac
ti
on

of
N
-d
ea
lk
y
la
ti
o
n
p
ro
d
u
ct
s,
b
u
lk

co
m
p
ou

n
d
C
,
H
,
an

d
N

is
ot
op

e
en
ri
ch
m
en
t
fa
ct
or
s,
ε E
,
an

d
co
rr
es
p
on

d
in
g
ap

p
ar
en
t
k
in
et
ic

is
ot
op

e
eff

ec
ts
,

A
K
IE

E
.
a

E
n
t
r
y

C
o
m

p
o
u
n
d

R
e
a
c
t
a
n
t

R
a
d
ic

a
l
c
o
u
p
li
n
g

N
-d

e
a
lk

y
la

t
io

n
t
o

ε C
b

ε H
ε N

A
K

I
E

C
c

A
K

I
E

H
A

K
I
E

N

c
o
n
v
e
r
s
io

n
p
r
o
d
u
c
t
s

N
-M

A
a
n
il
in

e
(%

)
(-
)

(%
)

(%
)

( �
)

(�
)

(�
)

(-
)

(-
)

(-
)

M
n
O

2
-s

u
s
p
e
n
s
io

n
s

1
N

-M
A

7
4

y
e
s

-
3
0
.6

–
2
.6

–
4
8
.1

3
.1

1
.0
1
8
7

1
.7
2

0
.9
9
6
9

(0
.8
,
0
.7
)

(1
4
.4
,
1
4
.4
)

(0
.5
,
0
.5
)

(0
.0
0
5
8
,
0
.0
0
5
3
)

(0
.3
0
,
0
.4
6
)

(0
.0
0
0
4
,
0
.0
0
0
5
)

2
p
-C

l-
N

-M
A

8
0

n
o

-
2
2

d
–
1
.9

–
7
2
.5

1
.1

1
.0
1
3
8

2
.1
2

n
.a
.
e

(0
.2
,
0
.2
)

(2
3
.1
,
2
6
.8
)

(1
.5
,
2
.1
)

(0
.0
0
1
7
,
0
.0
0
1
7
)

(0
.5
5
,
1
.4
6
)

3
p
-C

H
3
-N

-M
A

9
8

y
e
s

-
1
.7

–
1
.3

–
1
4
.6

2
.4

1
.0
1
0
8

1
.1
8

0
.9
9
7
6

(0
.1
,
0
.2
)

(3
.1
,
3
.0
)

(0
.7
,
0
.7
)

(0
.0
0
1
1
,
0
.0
0
1
3
)

(0
.0
4
,
0
.0
4
)

(0
.0
0
0
7
,
0
.0
0
0
7
)

4
p
-O

C
H

3
-N

-M
A

7
1

y
e
s

-
2
.5

–
0
.1

5
.5

3
.7

n
.a
.

n
.a
.

0
.9
9
6
4

(0
.1
,
0
.1
)

(6
.3
,
4
.9
)

(0
.8
,
0
.8
)

(0
.0
0
0
8
,
0
.0
0
0
8
)

5
N
,N

-D
M

A
1
0
0

y
e
s

3
3
.9

2
.2

–
1
.8

–
6
6
.6

2
.1

1
.0
1
4
9

3
.1
2

0
.9
9
7
9

(0
.1
,
0
.1
)

(1
0
.2
,
1
0
.7
)

(0
.2
,
0
.2
)

(0
.0
0
1
1
,
0
.0
0
1
1
)

(0
.7
6
,
1
.5
7
)

(0
.0
0
0
2
,
0
.0
0
0
2
)

6
p
-C

l-
N
,N

-D
M

A
1
0
0

n
o

5
9
.7

1
1
.0

–
1
.6

–
6
3
.5

–
2
.3

1
.0
1
3
1

2
.4
8

1
.0
0
2
3

(0
.4
,
0
.4
)

(1
3
.4
,
1
3
.5
)

(1
.7
,
1
.7
)

(0
.0
0
3
2
,
0
.0
0
3
2
)

(0
.6
1
,
1
.2
0
)

(0
.0
0
1
7
,
0
.0
0
1
7
)

7
a

p
-C

H
3
-N

,N
-D

M
A

9
0

y
e
s

1
0
.5

1
.7

–
2
.3

–
5
7
.7

2
.2

1
.0
2
1
5

2
.9
8

0
.9
9
7
8

(0
.1
,
0
.1
)

(7
.6
,
8
.5
)

(0
.6
,
0
.4
)

(0
.0
0
1
2
,
0
.0
0
1
2
)

(0
.5
8
,
1
.1
2
)

(0
.0
0
0
6
,
0
.0
0
0
4
)

7
b

o
-C

H
3
-N

,N
-D

M
A

8
5

y
e
s

y
e
sf

n
.d

.g
–
2
.2

–
6
9
.2

1
.6

1
.0
2
0
0

7
.1
0

0
.9
9
8
4

(0
.2
,
0
.2
)

(1
4
.2
,
1
4
.3
)

(0
.7
,
0
.6
)

(0
.0
0
1
5
,
0
.0
0
1
5
)

(3
.1
7
,

h
)

(0
.0
0
0
7
,
0
.0
0
0
6
)

7
c

m
-C

H
3
-N

,N
-D

M
A

1
0
0

y
e
s

y
e
s

n
.d

.
–
2
.4

–
5
0
.5

2
.4

1
.0
2
2
2

2
.5
5

0
.9
9
7
6

(0
.2
,
0
.2
)

(1
1
.2
,
1
1
.3
)

(0
.4
,
0
.4
)

(0
.0
0
1
6
,
0
.0
0
1
7
)

(0
.6
3
,
1
.2
9
)

(0
.0
0
0
4
,
0
.0
0
0
4
)

8
p
-O

C
H

3
-N

,N
-D

M
A

1
0
0

y
e
s

1
.8

2
.3

–
1
.5

–
2
0
.6

9
.6

1
.0
1
4
1

i
1
.3
4

i
0
.9
9
1
0

(0
.2
,
0
.2
)

(3
.1
,
3
.1
)

(1
.2
,
1
.6
)

(0
.0
0
1
8
,
0
.0
0
1
8
)

(0
.0
7
,
0
.0
7
)

(0
.0
0
1
2
,
0
.0
0
1
6
)

H
o
r
s
e
r
a
d
is
h

p
e
r
o
x
id

a
s
e

(
H

R
P
)

/
H

2
O

2

9
N

-M
A

5
6

y
e
s

-
2
.4

–
1
.9

–
6

–
0
.4

1
.0
1
3
8

n
.a
.

1
.0
0
0
4

(0
.1
,
0
.1
)

(8
,
1
0
)

(0
.7
,
0
.9
)

(0
.0
0
0
6
,
0
.0
0
0
6
)

(0
.0
0
0
7
,
0
.0
0
0
9
)

1
0

p
-C

l-
N

-M
A

7
8

y
e
s

-
7
.1

–
1
.1

–
1
6

–
7
.4

1
.0
0
7
8

1
.1
5

1
.0
0
7
4

(3
.3
,
0
.8
)

(6
,
7
)

(2
.5
,
1
.5
)

(0
.0
2
2
8
,
0
.0
0
5
9
)

(0
.0
6
,
0
.0
7
)

(0
.0
0
2
0
,
0
.0
0
1
5
)

1
1

p
-C

H
3
-N

-M
A

5
1

y
e
s

-
2
.3

–
1
.2

–
4

5
.8

1
.0
1
0
0

n
.a
.

0
.9
9
4
2

(0
.5
,
0
.3
)

(1
0
,
8
)

(1
.8
,
1
.8
)

(0
.0
0
3
7
,
0
.0
0
2
2
)

(0
.0
0
1
8
,
0
.0
0
1
8
)

1
2

p
-O

C
H

3
-N

-M
A

9
7

y
e
s

-
1
.1

–
1
.3

1
1

2
.9

1
.0
1
0
7

n
.a
.

0
.9
9
7
2

(0
.5
,
0
.5
)

(1
0
,
7
)

(1
.7
,
1
.8
)

(0
.0
0
3
9
,
0
.0
0
4
5
)

(0
.0
0
1
7
,
0
.0
0
1
8
)

1
3

N
,N

-D
M

A
6
6

y
e
s

4
4
.2

1
.5

–
1
.8

–
4
3

1
.5

1
.0
1
4
6

1
.8
4

0
.9
9
8
5

(0
.4
,
0
.4
)

(8
,
8
)

(1
.7
,
1
.0
)

(0
.0
0
3
6
,
0
.0
0
3
2
)

(0
.2
6
,
0
.3
8
)

(0
.0
0
1
7
,
0
.0
0
1
0
)

1
4

p
-C

l-
N
,N

-D
M

A
8
3

n
o

5
2
.9

2
.3

–
2
.1

–
6
9

–
5
.4

1
.0
1
7
4

3
.0
1

1
.0
0
5
4

(0
.2
,
0
.2
)

(1
1
,
1
1
)

(3
.7
,
2
.9
)

(0
.0
0
2
0
,
0
.0
0
2
0
)

(0
.7
3
,
1
.4
1
)

(0
.0
0
3
7
,
0
.0
0
2
9
)

1
5

p
-C

H
3
-N

,N
-D

M
A

8
5

y
e
s

1
3
.4

1
.4

–
2
.8

–
4
1

2
.7

1
.0
2
6
1

2
.0
1

0
.9
9
7
3

(0
.4
,
0
.4
)

(9
,
6
)

(0
.7
,
0
.7
)

(0
.0
0
3
7
,
0
.0
0
3
6
)

(0
.3
0
,
0
.3
2
)

(0
.0
0
0
7
,
0
.0
0
0
7
)

1
6

p
-O

C
H

3
-N

,N
-D

M
A

7
9

y
e
s

1
.2

1
.2

–
0
.2

–
2
4

6
.0

1
.0
0
1
8

i
1
.4
6

i
0
.9
9
4
0

(0
.2
,
0
.2
)

(1
0
,
1
0
)

(1
.6
,
1
.5
)

(0
.0
0
1
8
,
0
.0
0
1
7
)

(0
.2
4
,
0
.3
5
)

(0
.0
0
1
6
,
0
.0
0
1
5
)

a
U
n
c
e
rt
a
in
ti
e
s
o
f
ε E

-
a
n
d

A
K
IE

E
-v
a
lu

e
s
a
re

re
p
o
rt
e
d

a
s
u
p
p
e
r
a
n
d

lo
w
e
r
9
5
%

c
o
n
fi
d
e
n
c
e
in
te

rv
a
ls

a
n
d

sh
o
w
n

in
p
a
re

n
th

e
se

s;
b
d
e
ri
v
e
d

fr
o
m

li
n
e
a
r
re

g
re

ss
io
n

u
si
n
g

E
q
u
a
ti
o
n

4
.2
;

c
A
K
IE

E
s
c
a
lc
u
la
te

d
a
c
c
o
rd

in
g

to
E
q
u
a
ti
o
n

4
.4
;

d
c
a
rb

in
o
la
m

in
e
d
e
te

c
te

d
,
se

e
F
ig
u
re

S
4
.6
;

e
n
.a
.
=

n
o
t
a
p
p
li
c
a
b
le
,
e
x
p
e
ri
m

e
n
ta

l
e
rr
o
r
to

o
h
ig
h
;

f
P
ro

d
u
c
t
w
a
s
n
o
t
q
u
a
n
ti
fi
e
d

b
u
t
id

e
n
ti
fi
e
d

b
y

L
C
-M

S
/
M

S
;

g
n
.d

.
=

n
o
t
d
e
te

rm
in

e
d
;

h
B
e
c
a
u
se

o
f
h
ig
h

u
n
c
e
rt
a
in
ty

th
e
u
p
p
e
r
c
o
n
fi
d
e
n
c
e
in
te

rv
a
l
is

n
o
t
a
p
p
li
c
a
b
le
;
ε r

p
=

-8
9
9

(1
8
5
,

1
8
6
);

i
v
a
lu

e
s
re

fl
e
c
t
o
x
id

a
ti
o
n

o
f
O
C
H

3
-s
id

e
c
h
a
in

s
o
n
ly
.





Oxidative Transformation of Substituted Aromatic N -Alkyl Amines

4.4 Environmental Significance

This study reveals the complexity of the reaction mechanism and isotope effects asso-

ciated with the oxidative transformation of substituted aromatic N -alkyl amines. Isotope

fractionation patterns for C, H, and N and the corresponding AKIE-values enable one

to delineate reactions pathways proceeding via N -dealkylation vs. N-atom oxidation,

respectively, despite dilution of isotope fractionation by up to 9 C and 13 H atoms.

The observed trends are highly compound-specific, however, and even subtle changes in

electronic properties from the presence or absence of different types of aromatic and/or

N -alkyl substituent can result in changes of reaction mechanisms, rate-limiting step(s)

and thus isotope fractionation behavior. Moreover, regardless of the fact that reactions

are initiated at a N-containing functional group, they are not necessarily accompanied

by characteristic trends of N isotope fractionation.

Our findings suggest that even if three elements are evaluated simultaneously for

isotope fractionation, an extrapolation of the AKIEs to other contaminants reacting

through oxidation of the N -alkyl moiety (e.g., fluoroquinolones,159 triazines131) is chal-

lenging. This task requires one to assess the impact of complex structural features on

the reactivity of the N -alkyl moiety very thoroughly and on a compound-by-compound

basis. Further isotope fractionation studies of alternative routes of aromatic N -alkyl

amine degradation, including nucleophilic additions of the amino functional group to

electrophilic sites of natural organic matter, are warranted for a comprehensive isotopic

evaluation of the transformation processes of this class of aquatic micropollutants.
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Chemicals

The chemicals used for this study were purchased from various manufacturers and

used without further treatment. Pure compounds were aniline (99.5%), N -methylanilne

(98%), N,N -dimethylaniline (99.5%), p-chloroaniline (99%), p-nitrotoluene (98%) from

Fluka (Buchs SG, Switzerland), and N,N -dimethyl-o-toluidine (99%), N,N -dimethyl-m-

toluidine (97%), N,N -dimethyl-p-toluidine (99%), N -methyl-p-toluidine (98%), p-chloro-

N -methylaniline (94%), p-methoxy-N -methylaniline (98%), p-methoxy-aniline (99%),

and o-nitrotoluene (99%) from Aldrich (Buchs SG, Switzerland). Furthermore p-(methyl-

amino)phenol was purchased from Sigma-Aldrich (Buchs SG, Switzerland), p-methyl-

aniline (99.5%) fromMerck (Dietikon, Switzerland), p-chloro-N,N -dimethylaniline (98%),

and p-methoxy-N,N -dimethylaniline (98%) from the Capot Chemical Company (Hangzhou,

Zhejiang, China), p-dimethylaminobenzyl alcohol (97%) from ABCR GmbH & Co. KG

(Karlsruhe, Germany), and p-(dimethylamino)phenol from Specs (Delft, The Nether-

lands).

Stock solutions were prepared in methanol (HPLC grade) from Acros Organics (Geel,

Belgium). Methanol (HPLC Grade) and water (HPLC grade, Acros Organics) were

used for HPLC and LC-MS/MS analysis. Additional solvents were ethyl acetate (99.5%,

Fluka), and methylene chloride (99.5%, Merck). Further solutions were hydrochloric acid

(32%, impureness: 0.0001%, Merck) and sodium hydroxide (32%, impureness: 0.0001%,

Fluka), formic acid (98-100%, for analysis, Merck) and hydrogen peroxide (32%, for

analysis, Fluka).

Salts used included sodium chloride (99.5%, Fluka), potassium phosphate (99%,

Sigma, Buchs SG, Switzerland), sodium permanganate monohydrate (97%, Sigma-Aldrich),

manganese(II) chloride tetrahydrate (analysis purity, Merck), and sodium sulphate an-

hydrous (99%, Merck). Horse-radish peroxidase (Type IV, 256 units / mg solid (using

pyrogallol), RZ ∼ 3.1, Sigma-Aldrich) was purchased as a salt-free powder. All aqueous

solutions were prepared in nanopure water (18.2 MΩ·cm, Barnstead NANOpure Diamond

Water Purification System).

The carrier gas for GC and GC/IRMS analysis was helium (He, 99.999%) and GC/IRMS-

measurements required N2 (99.999%), CO2 (99.999%), and H2 (99.999%) as reference

gases. In addition O2 (99.9995%), and synthetic air (20 ± 1% O2 in N2 (99.9995%)) from

Carbagas (Rümlang, Switzerland) were used.
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Computational methods: Supplemental benchmarking

To determine if the CBS-QB3 method properly described general thermodynamic

parameters for the system in question, gas phase CBS-QB3 calculations on N -methyl- and

N,N -dimethylaniline were performed. The CBS-QB3 procedure is a compound method

which is designed to produce very accurate thermodynamic parameters. The procedure

involves: (a) geometry optimization to a local (global) minimum structure (b) calculation

of the molecular frequencies and corresponding zero point energies (with scaling factors

determined by benchmarking) (c) determination of highly accurate electronic energies by

extrapolating the results of successively more accurate methods to the asymptotic end

representing an infinite basis set and full configuration interaction treatment. Interested

readers are directed to116 for a thorough review of the method.

All calculations were performed in the absence of solvent because there are highly

accurate gas phase values available in the literature. This serves as a fundamental test of

the methodUs ability to model redox chemistry and thus the accuracy of the underlying

theory employed for the remaining processes studied in this work. The Ionization energies

(IE) shown in Table Table S4.6 show that the theory performs quite well for this limited

test set (error < 1%). The accuracy of the integral equation formalism - polarizable

continuum model (IEF-PCM) method has been shown to be quite accurate, but it has

not yet been well benchmarked for aqueous phase redox chemistry.

Assumptions for interpretation of apparent kinetic iso-

tope effects (AKIE)

Interpretation of observed isotope effects as apparent kinetic isotope effects (AKIEs)

was made in terms of up to four partially competing multistep reactions according to Fig-

ure S4.1. The numbers correspond to the compounds in Scheme 1 of the main manuscript

and are shown here in a simplified reaction scheme for (i) N-atom oxidation (1 → 2 → 5),

(ii) oxidative N -dealkylation (1 � 2 → 4), and (iii) oxidation of aromatic CH3-groups

(1 � 2 → ParCH3) and (iv) OCH3-groups (1 → ParOCH3). Notice that reactions (iii) and

(iv) is an unintended side reaction that are not shown in Scheme 1.

Apparent kinetic isotope effects reported in Table 4.1 of the main manuscript may

thus reflect combinations of isotope effects for the different pathways. The most likely and

most predominant contributions are summarized in Table S4.1 based on the magnitude of

measured C, H, and N isotope fractionation and product identification studies (molecular
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are pertinent to oxidative N -dealkylation even if both reactions take place in par-

allel. AKIEN−dealk may be subject to equilibrium isotope effect contribution and

masking through forward commitment factors.

4. Compounds with aromatic CH3- and OCH3-substituents additionally underwent

side-chain oxidation reactions. On the basis of the BDE-calculations, we hypothe-

size that these reactions occur differently at the two substituents.

(a) Oxidative O-dealkylation of the OCH3-group competes with N-atom oxida-

tion. 13C- and 2H-AKIE are indicative for this reaction (AKIEarOx) because

no significant C and H isotope fractionation occurs during N-atom oxida-

tion. 15N-AKIEs, on the other hand, largely stand for N-atom oxidation

(AKIEN−ox). AKIE-values for entries 8, and 16 reflect a combination of N-

atom oxidation (AKIEN−ox) and AKIEs form the oxidation of the OCH3-group

in the substrate (Table S4.1).

(b) Oxidation of aromatic CH3-groups, in contrast, is postulated to take place

only after formation of the aminium radical 2. Consequently, AKIE-values for

entries 3, 7a-c, and 15 reflect a combination of N-atom oxidation (AKIEN−ox)

and competing N -dealkylation and side-chain oxidation (AKIEcomp), respec-

tively (Table S4.1). The expression for AKIEcomp is derived in the section

below.

Isotope effects associated with the N-atom oxidation pathway

As reported previously,135 the AKIE-values for N atom oxidations of aromatic amines

reflect the initial electron transfer step to the aminium radical, while no contributions

of the fast radical coupling process to isotope fractionation have been found. Assuming

k3 � k1 and k3 � k2, the corresponing AKIEN−ox thus reflects the kinetic isotope effect

on k1 (KIE1).

AKIEN−ox = KIE1 =
kl
1

kh
1

(S4.1)

Apparent kinetic isotope effects arising from N-atom oxidation can, in principle, be

implied for every substrate and reaction, in which radical coupling products were de-

tected (Figure S4.6). Such AKIEs are primary only for N, while those for C and H are
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secondary and neglected here. The substituted aromatic N -alkyl amines, whose isotope

fractionation behavior involves N-atom oxidation are listed in Table S4.1.

Isotope effects associated with the oxidative N -dealkylation pathway

In contrast, oxidative N -dealkylation (ii) is a two-step reaction and its AKIEN−dealk

is derived using the steady-state approximation for pathway 1 � 2 → 4 (Figure S4.1),

where k1 and k2 are the rate constants of the electron transfers and k5 stands for the

second electron and H+-transfer reactions leading to the highly reactive iminium cation

(4). The derivation of the reaction rate and AKIEN−dealk follows. Superscripts l and h

denote light and heavy isotopologs, respectively, EIE1 is the ratio of KIE1

/
KIE2.

d[1]

dt
= − k1 · k5

k2 + k5
[1] (S4.2)

d[1]l

d[1]h
=

kl
1 · kl

5

kh
1 · kh

5

(
kh
2 + kh

5

)
(
kl
2 + kl

5

) [1]l

[1]h
(S4.3)

AKIEN−dealk = KIE1 ·KIE5

(
1
/
KIE2 + kh

5

/
kl
2

)
(
1 + kl

5

/
kl
2

) (S4.4)

= KIE1 ·KIE5

(
1
/
KIE2 + kh

5

/
kl
5 · kl

5

/
kl
2

)
(
1 + kl

5

/
kl
2

) (S4.5)

= KIE1 ·KIE5

(
1
/
KIE2 + 1

/
KIE5 · kl

5

/
kl
2

)
(
1 + kl

5

/
kl
2

) (S4.6)

AKIEN−dealk =
EIE1 ·KIE5 +KIE1 · k5/k2

1 + k5/k2
(S4.7)

Interpretation of AKIEs pertinent to oxidative N -dealkylation pathway involves as-

sumptions about contributions of equilibrium isotope effect, EIE1, of the initial electron

transfer (1 � 2) and masking by the forward commitment to catalysis by k5
/
k2. The

AKIE-values for C and H are most indicative for the cleavage of the Cα–H bond reflected

in KIE5 if commitment is negligible (�1) and EIE1 approaches unity. The latter can

be justfied by the assumption that the secondary C and H KIE1 associated with 1 →
2 are cancelled by similar secondary C and H KIE2 of the backward reaction. There is,

however, no information about the possible values k5
/
k2.
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Table S4.1: Predominant contributions of C, H, and N isotope fractionation
to AKIE-values associated with oxidation of substituted N -methyl- (N -MA) and
N,N -dimethylanilines (N,N -DMA) by MnO2 and horseradish peroxidase HRP/H2O2.

a

Entry Compound AKIEN−ox AKIEN−dealk AKIEarOx AKIEcomp

MnO2-suspensions

1 N -MA x x

2 p-Cl-N -MA x

3 p-CH3-N -MA x x

4 p-OCH3-N -MA x

5 N,N -DMA x x

6 p-Cl-N,N -DMA x

7a p-CH3-N,N -DMA x x

7b o-CH3-N,N -DMA x x

7c m-CH3-N,N -DMA x x

8 p-OCH3-N,N -

DMA

x x

Horseradish peroxidase (HRP) / H2O2

9 N -MA x x

10 p-Cl-N -MA x

11 p-CH3-N -MA x x

12 p-OCH3-N -MA x

13 N,N -DMA x x

14 p-Cl-N,N -DMA x

15 p-CH3-N,N -DMA x x

16 p-OCH3-N,N -

DMA

x x

[a] AKIE definitions are: AKIEN−ox = N atom oxidation, AKIEN−dealk = N-dealky-

lation, AKIEarOx = oxidation of OCH3 side chains of compound 1, AKIEcomp = oxida-

tive N -dealkylation in CH3-substituted N -MAs and N,N -DMAs in competition with

oxidation of CH3-side chains from compound 2.

97



Supporting Information to Chapter 4

Isotope effects associated with competing oxidative N -dealkylation

and aromatic CH3 side-chain oxidation

For some of the investigated compounds, side-chain oxidation of aromatic CH3-groups

contribute to the observed isotope fractionation. Because oxidative N -dealkylation and

side-chain oxidations were assumed to share the same reactive intermediate 2, the overall

AKIE-value is a weighted average of AKIE-values (AKIEcomp) for each pathway (2 →
4 vs. 2 → ParCH3). The final expression for AKIEcomp illustrates that quantification of

the branching ratio, θ, and possible commitment factors (cf ) is necessary to apportion

the observed isotope effects to the different, competing pathways. This task is, however,

beyond the scope of the present study.

d[1]

dt
= −k1 · k5 + k1 · k7

k2 + k5 + k7
[1] (S4.8)

d[1]l

d[1]h
=

kl
1

kh
1

(
kl
5 + kl

7

)
(
kh
5 + kh

7

)
(
kh
2 + kh

5 + kh
7

)
(
kl
2 + kl

5 + kl
7

) [1]l

[1]h
(S4.9)

AKIEcomp = KIE1

KIE5 +KIE5 · kl
7

/
kl
5

1 + KIE5

/
KIE7 · kl

7

/
kl
5

(
1
/
KIE2 + 1

/
KIE5 · kl

5

/
kl
2 + 1

/
KIE7 · kl

7

/
kl
2

)
(
1 + kl

5

/
kl
2 + kl

7

/
kl
2

)

(S4.10)

=
KIE5

(
kl
5 + kl

7

) /
kl
5 ·KIE7 · kl

5

kl
5 ·KIE7 + kl

7 ·KIE5

(
EIE1 +KIE1

/
KIE5 · kl

5

/
kl
2 +KIE1

/
KIE7 · kl

7

/
kl
2

)
(
1 + kl

5

/
kl
2 + kl

7

/
kl
2

)
(S4.11)

=
KIE5 ·KIE7

kl5

(kl5+kl7)
KIE7 +

kl7

(kl5+kl7)
KIE5

EIE1 +KIE1
(kl5+kl7)

kl2

(
kl5

(kl5+kl7)KIE5
+

kl7

(kl5+kl7)KIE7

)
(
1 +

kl5+kl7
kl2

)

(S4.12)

AKIEcomp =
1

1 + cf

(
EIE1 ·KIE5 ·KIE7

θ ·KIE7 + (1− θ) ·KIE5

+KIE1 · cf
)

(S4.13)
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with

θ =
kl
5

kl
5 + kl

7

≈ k5
k5 + k7

cf =
kl
5 + kl

7

kl
2

≈ k5 + k7
k2

Tables

Selected physico-chemical properties of substituted N -alkylated

aromatic amines
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Multi-element isotope analysis for the oxidation by MnO2 and

HRP/H2O2

Table S4.3: Multi-element isotope fractionation analysis for the evaluation of oxida-
tive transformation of substituted N -methyl- and N,N -dimethylanilines by MnO2

and HRP/H2O2: linear regression slopes of the isotopic signatures Δδ15N
/
Δδ13C

and Δδ2H
/
Δδ13C are compared to the ratios of the bulk enrichment factors εN

/
εC

and εH
/
εC.

Entry Compound Δδ15N
/
Δδ13C εN

/
εC Δδ2H

/
Δδ13C εH

/
εC

Substituted N -methylanilines (N -MA)

MnO2

1 N -MA –1.1 ± 0.2 –1.2 ± 0.2 14 ± 3.0 19 ± 4.4

2 p-Cl-N -MA n.a.a 43 ± 6.3 38 ± 6.3

3 p-CH3-N -MA –1.8 ± 0.2 –1.8 ± 0.2 9.4 ± 1.1 11 ± 1.3

4 p-OCH3-N -MA n.a.a n.a.a

HRP / H2O2

9 N -MA 1.0 ± 0.4 0.2 ± 0.4 2.9 ± 1.9 3.2 ± 2.0

10 p-Cl-N -MA n.a.a n.a.a

11 p-CH3-N -MA –1.5 ± 1.2 –4.8 ± 1.8 –5.3 ± 4.4 3.3 ± 6.2

12 p-OCH3-N -MA –1.8 ± 0.4 –2.2 ± 0.7 –9.4 ± 1.7 –8.5 ± 2.4

Substituted N,N -dimethylanilines (N,N -DMA)

MnO2

5 N,N -DMA –1.1 ± 0.1 –1.2 ± 0.1 40 ± 2.9 37 ± 2.7

6 p-Cl-N,N -DMA 1.4 ± 0.6 1.4 ± 0.7 31 ± 3.2 40 ± 5.6

7a p-CH3-N,N -DMA –1.0 ± 0.1 –1.0 ± 0.1 25 ± 1.4 25 ± 1.8

7b o-CH3-N,N -DMA –0.5 ± 0.2 –0.7 ± 0.2 33 ± 3.5 31± 3.8

7c m-CH3-N,N -DMA –0.9 ± 0.1 –1.0 ± 0.1 22 ± 2.4 21± 2.7

8 p-OCH3-N,N -DMA –5.1 ± 0.4 –6.4 ± 0.5 12 ± 0.8 14 ± 1.3

HRP / H2O2

13 N,N -DMA –1.2 ± 0.4 –0.8 ± 0.3 23 ± 3.3 24 ± 3.9

14 p-Cl-N,N -DMA 1.8 ± 0.5 2.6 ± 0.6 19 ± 3.7 33 ± 3.8

15 p-CH3-N,N -DMA –1.1 ± 0.1 –1.0 ± 0.2 14 ± 0.7 15 ± 2.1

16 p-OCH3-N,N -DMA n.a.a n.a.a

a n.a. = not applicable because of lack of significant isotope fractionation for one of the

elements considered. These numbers would have exhibited uncertainties in the same or-

ders of magnitude as the calculated parameters.
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Bond dissociation enthalpies (BDE) for neutral substituted aromatic

N -alkyl amines and the corresponding radical cations

Table S4.4: Bond dissociation enthalpies (BDE) for neutral substituted aromatic
N -alkyl amines and the corresponding radical cations, compounds 1 and 2 in
Scheme 1 of the main manuscript.

Bond Bond R1 R2 Leaving BDE cpd 1 BDE cpd 2

broken IDa group (kcal/mol) (kcal/mol)

Cα(H2)−H I H Cl H• 93.6 52.6

H H H• 93.1 51.9

H CH3 H• 92.4 53.8

H OCH3 H• 90.9 56.9

CH3 Cl H• 91.3 49.5

CH3 H H• 91.3 49.0

CH3 CH3 H• 91.7 50.9

CH3 OCH3 H• 91.7 53.7

p-C(H2)–H II H CH3 H• 88.5 61.0

CH3 CH3 H• 89.0 62.7

p-O–CH3 III H OCH3 CH3
• 50.7 46.1

CH3 OCH3 CH3
• 52.0 45.4

p-OC(H2)–H IV H OCH3 H• 96.6 85.0

CH3 OCH3 H• 98.3 86.5

aThe bonds for which the BDEs are calculated are highlighted in Figure S4.7.
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Mulliken spin densities

Table S4.5: Minimum basis set Mulliken atom-centered spin
density values obtained for the radical cation intermediate
2 in Scheme 1 of the main manuscript. o-C and m-C values
represent the mean of two centers.

R1 R2 MBS Spin Density

N o-C m-C p-C R2 fragment

H H 0.456 0.254 0.147 0.387 0.058

H Cl 0.434 0.234 0.137 0.350 -0.016

H CH3 0.421 0.222 0.120 0.374 0.015

H OCH3 0.372 0.156 0.050 0.252 0.129

CH3 H 0.528 0.250 0.145 0.345 0.048

CH3 Cl 0.507 0.237 0.140 0.317 -0.014

CH3 CH3 0.489 0.226 0.125 0.341 0.012

CH3 OCH3 0.426 0.166 0.061 0.241 0.116

Supplemental benchmarking

Table S4.6: Benchmarking CBS-QB3 method against known gas-phase ioniza-
tion energies (IE) (ΔH2→1 in Scheme 1 of the main manuscript.)

Compound name IE (experimental)81 IE (theory) ΔIE

[kcal / mol] [kcal / mol] [kcal / mol]

N -methylaniline 168.8 ± 0.5 170.3 1.5

N,N -dimethylaniline 164.2 ± 0.5 165.4 1.2
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Mo ecu ar 
formu a

Detected mass
m / z

Most probab e 
mo ecu ar structure Remarks

Reactant: p-OCH3-N-MA

124 075 C7H9ON

376 166 C22H21O3N3

Not c ear whether -CH3-
groups are attached to 
the N or the O atom

or

Not c ear structure  
MS/MS: -CH3-
e imination  Standard 
not avai ab e

269 128 C16H16O2N2

390 181 C23H23O3N3

Not c ear whether -CH3-
groups are attached to 
the N or the O atom

329 181 C22H21N3 Trimer structure

Figure S4.6 (continued): Most probable molecular structures of reaction products detected
by LC-MS/MS during oxidation of substituted N -methyl- and N,N -dimethylanilines by MnO2

and HRP/H2O2.
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Mo ecu ar 
formu a

Detected mass
m / z

Most probab e 
mo ecu ar structure Remarks

227 154 C15H18N2

Reactant: N,N-DMA

241 169 C16H20N2

Reactant: p-C -N,N-DMA

142 042 C7H8NC

128 026 C6H6NC

172 052 C8H10ONC
Intermediate 
of N-dea ky ation

Reactant: p-CH3-N,N-DMA

152 107 C9H13ON Confirmed by means 
of a standard

138 091 C8H11ON
or

Structure not c ear 
based on MS/MS 
spectrum

Figure S4.6 (continued): Most probable molecular structures of reaction products detected
by LC-MS/MS during oxidation of substituted N -methyl- and N,N -dimethylanilines by MnO2

and HRP/H2O2.
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Reactant: N-MA

Mo ecu ar 
formu a

Detected mass
m / z

Most probab e 
mo ecu ar structure Remarks

391 191 C26H22N4

Oxidation by HRP / H2O2

Tetramer structure

300 149 C20H17N3

318 160 C20H20ON3

124 076 C7H9ON
or

Carbino amine 
structure not probab e 
due to CH3-fragment 
in MS/MS spectrum

Reactant: p-C -N-MA

128 026 C6H6NC

Figure S4.6 (continued): Most probable molecular structures of reaction products detected
by LC-MS/MS during oxidation of substituted N -methyl- and N,N -dimethylanilines by MnO2

and HRP/H2O2.
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Mo ecu ar 
formu a

Detected mass
m / z

Most probab e 
mo ecu ar structure Remarks

241 169 C16H20N2

227 155 C15H18N2

142 042 C7H8NC

172 052 C8H10ONC Intermediate of N-
dea ky ation

122 096 C8H11N

Structure not c ear 
based on MS/MS 
spectrum

Reactant: p-C -N,N-DMA

128 026 C6H6NC

Reactant: p-CH3-N,N-DMA

152 107 C9H13ON Confirmed by means 
of a standard

138 091 C8H11ON

orr

Figure S4.6 (continued): Most probable molecular structures of reaction products detected
by LC-MS/MS during oxidation of substituted N -methyl- and N,N -dimethylanilines by MnO2

and HRP/H2O2.
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5.1 Assessing oxidative transformations by CSIA

The goal of this PhD was to explore the C, H, and N isotope fractionation trends dur-

ing transformation of aromatic N -alkyl amines via N atom oxidation and N -dealkylation

in order to evaluate the potential of CSIA to track these transformation processes in the

environment. To this end, we determined the magnitude and variability of 13C-, 2H-,

and 15N-AKIEs pertinent to these two reaction pathways and investigated their reaction

mechanisms. Our results also allow us to draw first conclusions regarding the application

of CSIA to other important reaction pathways of aromatic amines in the environment,

that is direct and indirect photolysis, nucleophilic addition to electrophilic sites of natural

organic matter and enzymatic dioxygenation. These issues are discussed in detail in the

present chapter.

C, H, and N isotope fractionation associated with N-atom oxidation and oxida-

tive N -dealkylation of substituted aromatic N -alkyl amines showed complex trends de-

pending on the type and position of the aromatic substituent as well as the degree of

N -methylation. Extrapolations of C, H, and N fractionation trends to environmental sit-

uations can thus be made only for compounds studied in the present thesis and other

substituted aromatic amines. This is the case for many intermediates used in the man-

ufacture of agrochemicals, pharmaceuticals, dyes, and polymers, e.g. m-aminophenol,

N,N -dimethyl-m-aminophenol, nitroanilines, and chloroanilines, which can be released

into the environment through spills, accidents, industrial waste water effluents or agri-

culture.122

Oxidation of primary aromatic amines could be assessed by determining 15N fraction-

ation over time or distance from the pollution source. Because AKIEN-values approach

unity with increasing electron acceptor properties of the aromatic substituent, further

investigation is required for compounds carrying stronger electron acceptors than -Cl to

check whether transformation via N atom oxidation leads to measurable N isotope frac-

tionation. Since C bulk enrichment factors were very small, εC,bulk=−1.1�, unambiguous

identification of the oxidation reaction by means of 13C-CSIA is related to several ana-

lytical challenges. Measuring C and H isotope fractionation might be more important for

secondary and tertiary aromatic N -alkyl amines substituted with weak electron donors

or electron acceptors. Substitution with a strong electron donor, such as -OCH3, might

cause C, and H isotope fractionation to vanish. In that case, determining 15N depletion

in the reactant can be indicative of the oxidation reaction. Extrapolation of our find-

ings to assess isotope fractionation patterns during oxidative transformation of larger,
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structurally more complex contaminant molecules containing aromatic amino groups is

not feasible. Instead, a compound-by-compound assessment is required if emerging mi-

cropollutants such as fluoroquinolone and sulfonamide antibacterial agents as well as

acetanilide herbicides become accessible to CSIA. The establishment of appropriate ana-

lytical methods for the precise and accurate determination of the isotopic composition of

these polar compounds using LC/IRMS should therefore be subject of future research.

Our results further indicate that assessment of oxidative transformation of aromatic

N -alkyl amines in field situations by means of CSIA is associated with several analytical

challenges. In the case that 15N-CSIA is applied under acidic conditions, the EIEN asso-

ciated with N atom deprotonation can compromise the accuracy of δ15N measurements.

At pH smaller than the compound’s pKa, δ
15N-values can deviate by up to −20� from

reference values. In order to measure accurate 15N signatures the solution pH should

be adjusted to pH=pKa+2 prior to isotope measurements. At pH < pKa protonated

and neutral species react simultaneously and the observable AKIEN approaches then the

product of EIEN and AKIEN,ox.

Many of the bulk enrichment factors determined in this work exhibited very small

magnitudes. Observable 15N fractionation during oxidation of all investigated aromatic

N -alkyl amines ranged between εN,bulk=1.1 and 9.1�. The largest εC,bulk observed during

oxidative N -dealkylation of secondary and tertiary aromatic amines was −2.8� corre-

sponding to C isotope signature changes Δδ13C of approximately 10� after 85% reac-

tant conversion. For many substrates εH,bulk was smaller than 10�, where Δδ2H was

�20� at 97% conversion. Measuring small isotope fractionations with the required pre-

cision (±0.5� for C, ±10� for H, and ±1� for N) that allows for unambiguous iden-

tification of the occurring reaction represents an analytical challenge. It requires higher

reactant conversion, especially in case of isotopic dilution, and can be associated with

high statistical uncertainties. High conversion implies lower reactant concentration in the

samples and therefore larger sample sizes, efficient extraction and enrichment techniques

and analytical methods and instrumentation for precise measurements must be available.

Furthermore, as anilines can enter the environment either directly or as a result of

reductive transformation of nitroaromatic compounds (NACs), the source of contamina-

tion, i.e. primary contamination vs. transformation product, is not always clear. Aniline

formation via NAC reduction can occur under anaerobic iron or sulfate reducing condi-

tions. Anilines can be transported through the various redox-zones,126 to environments

where they can be oxidized to azobenzene or other radical coupling products. In case of

a NACs plume at steady-state, evidence of the aniline’s contamination source could be
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provided by 15N-CSIA based on current knowledge of the N isotope fractionation associ-

ated with NACs reduction and aniline oxidation. N isotope fractionation associated with

NACs reduction by Fe(II) sorbed to goethite48 and Fe(II) in clay minerals57 is normal

(εN,bulk ranged between −30 and −40�). Aniline oxidation by MnO2 causes inverse 15N

fractionation (εN,bulk ranges between 1 and 9�), resulting in 14N enrichment in aniline.

Evaluating the change of the aniline’s N isotope signature Δδ15N over time or distance at

sites, where both input of contaminant and its degradation can occur is however difficult

and the interpretation of the isotope fractionation challenging. Moreover, reduction of

azo-dyes154 under anaerobic conditions can lead to aniline formation but no knowledge

of N isotope fractionation associated with the reductive cleavage of the azo group is yet

available.

Finally, it is unclear whether the C, H, and N isotope fractionation trends observed

during HRP-catalyzed N -dealkylation are also indicative for the N -dealkylation catalyzed

by cytochrome P450 enzymes. Numerous studies suggest that the two heme-enzymes re-

act to the same products via different pathways involving different intermediates.45,46,107

Whereas reaction with HRP is reported to proceed via initial single electron transfer

(SET), P450 enzymes react via hydrogen atom abstraction (HAT). Isotope effects associ-

ated with P450-catalyzed N -dealkylation remain unexplored. Therefore, applying CSIA

and determining 13C-, 2H-, and 15N-AKIEs will provide important information regarding

differences in reaction mechanisms between the two enzymes, i.e. SET vs. HAT.
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5.2 Implications for other reaction pathways based

on mechanistic considerations

As illustrated in Figure 1.1 aromatic N -alkyl amines can be also degraded via other

reaction pathways that remain unexplored regarding C, H, and N isotope fractionation

trends. Based on the knowledge obtained from the present work and the postulated reac-

tion mechanisms in the literature, possible isotope fractionation scenarios are postulated

below for photochemical reactions, enzymatic dioxygenation and nucleophilic additions

to electrophilic sites of NOM.

In surface waters aromatic amines can be subject to light-induced degradation via

direct and indirect photolysis. Given the different reaction mechanisms and different re-

active sites within the aniline molecules for the two pathways, CSIA could be successfully

applied to distinguish between the two potentially competing reactions. Transformation

of anilines via indirect photolysis by carbonate radicals CO•−3 and excited triplet states of

natural organic matter proceeds via one electron oxidation to form N centered aminium

radicals.17 This reaction pathway is probably associated with very similar N isotope

fractionation trends as observed for the N atom oxidation pathway in Chapter 3. Trans-

formation via direct photolysis is expected to cause observable C but negligible N isotope

fractionation, as only the C atoms of the aromatic ring are directly involved in the re-

action. The mechanism postulated for substituted haloanilines involves photohydrolysis,

i.e. elimination of the halide and H2O attack to carbene species.43

Microbial dioxygenation of anilines has been subject of multiple studies, which re-

vealed that it occurs via formation of catechol species and subsequent cleavage of the

aromatic ring.4,41,158,162 Although several isotopic studies to elucidate the mechanism of

microbial dioxygenation of benzenes34,44 and nitrobenzenes59 have been performed, the

isotope effects associated with aniline dioxygenation remain unexplored. Preliminary re-

sults of aniline biodegradation by the Burkhoderia sp. strain JS667 revealed relatively

large inverse N isotope fractionation, εN,bulk � 13�, and very small normal 13C fraction-

ation, εC,bulk � −0.6�, associated with the formation of cis-dihydrodiol species.54 These

results illustrate that microbial dioxygenation is associated with distinct different 15N

and 13C fractionation trends than observed for abiotic N atom oxidation (Chapter 3).

Isotope effects associated with nucleophilic addition of anilines to electrophilic sites

of natural organic matter should be subject of future research. Depending on the mecha-

nism that governs chemical incorporation to NOM different isotope fractionation trends

can be expected. Irreversible binding via oxidative coupling to sediment bound radicals,
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which occurs via initial electron abstraction by MnO2 or HRP,19 would cause similar N

and C isotope effects as observed during N atom oxidation (Chapter 3). Significant 15N

fractionation is expected during fast, reversible 1,2- as well as during slower, irreversible

1,4-nucleophilic addition to quinone moieties of the NOM, which leads to formation of

labile amine-carbonyl adducts and anilinoquinones, respectively.141,155,156 During the lat-

ter addition to quinone groups, which are reported to be the major substrate sites for

nucleophilic addition in NOM,141 N isotope fractionation could be masked because the

availability of electrophilic sites for irreversible binding in NOM can be limited and mass

transfer processes, i.e. access to these sites, can become rate-detemining.156

Even though this thesis only established isotope fractionation patterns for two of the

possible degradation pathways, it shows that N atom oxidation and N -delkylation of

substituted aromatic N -alkyl amines are associated with variable and complex C, H, and

N isotope fractionation trends and implies that compound-by-compound assessment is

inevitable even for molecules of simple molecular structure. Even multielement isotope

analysis exhibits certain limitations in case of complex reaction mechanisms with mul-

tiple elementary reaction steps. Exploring C, H, and N isotope effects associated with

photodegradation, microbial dioxygenation and nucleophilic addition to NOM should be

the subject of future research in order to obtain a more comprehensive picture regarding

applicability of CSIA to assess the fate of aromatic amines in the environment.
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