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Summary

Aromatic amines are widely used chemicals in the industrial synthesis and

many chemical products including pharmaceuticals, pesticides, and personal care

products contain aromatic amine moieties. As a consequence of their frequent use,

contamination of aquatic environment with aromatic amines occurs from point

sources, such as accidental release or incomplete removal during waste treatment

processes, as well as through diffuse pollution, for example when applied during

pest control. In addition, aromatic amines can also be formed in the environment

through the transformation of anthropogenic contaminants. Because of their con-

siderable toxicity and carcinogenicity, quantification of the exposure of humans and

the environment to this contaminant class is essential for a reliable assessment of

adverse effects. Understanding the transformation processes of aromatic amines,

however, is challenging due to numerous possible biological and abiotic degradation

pathways. In this work, we explored the use of compound specific stable isotope

analysis (CSIA) to contribute to a reliable assessment of the (bio)degradation of

aromatic amines. As has been shown for some enzymatic and mineral-catalyzed

oxidations of aromatic amines, changes of natural abundance 13C/12C, 15N/14N,

and 2H/1H ratios in the residual amine enables one to identify ongoing degradation

processes even if reactions take place simultaneously and regardless of contami-

nant dilution or phase transfer. But it is currently unknown whether CSIA is also

applicable to study the important photochemical degradation of aromatic amines,

because kinetic and equilibrium isotope effects of reactions of excited state species

are not well understood. The specific goal of this PhD thesis was therefore to

identify isotope fractionation patterns of that could enable one to track direct

and indirect photolytic transformations of aromatic amines by using chlorinated

anilines as model compounds.

vii



Summary

We studied the direct photolysis of 2-chloro-, 3-chloro, and 4-chloroaniline in

laboratory batch experiments at an irradiation wavelength of 254 nm over the pH

range 2.0 to 9.0 in the presence and absence of Cs+ used as a singlet state quencher.

Photolysis leads to a dechlorination of excited state chloroaniline species and was

associated with measurable C and N isotope fractionation. The extent of isotope

fractionation, quantified by C and N isotope enrichment factors, εC and εN was

distinctly different for each chloroaniline isomer and varied with pH and presence

of Cs+. We also observed substantial variations in the preference of light vs. heavy

C and N isotopes, that is isotope fractionation was both normal and inverse.

Linear correlations of the apparent 13C- and 15N-kinetic isotope effects (AKIE)

associated with the photolysis of 4-Cl-aniline revealed photolysis by two reaction

pathways that may be due to different spin states of excited 4-Cl-aniline species.

Such magnetic isotope effects were hypothesized to originate from spin-orbit cou-

pling of unpaired electrons with spin carrying nuclei (13C, 14N, 15N but not 12C).

In the presence of 1 M Cs+ or at solution pH values below 5, we found a marked

increase of 13C- and 15N-AKIEs that could be indicative for reactions from triplet

excited states. Photolysis of 4-Cl-aniline at pH-values between 5.0 to 9.0, on the

other hand, showed a correlation of increasing 15N-AKIE with decreasing 13C-

AKIE. The latter may hint at reactions from excited singlet states because experi-

ments at pH 7.0 and 9.0 in the presence of Cs+, result in the former AKIE patterns.

Photolytic dechlorination of 2-Cl-aniline also revealed mass independent C and N

isotope fractionation. In contrast to 4-Cl-aniline, different 13C- and 15N-AKIEs

could be assigned to protonated and neutral 2-Cl-aniline species. Only C and N

isotope fractionation of the 2-Cl-anilinium cation changed in the presence of Cs+

suggesting that AKIEs of this species reacted, at least in part, through excited

singlet states. The almost negligible C isotope fractionation associated with the

dechlorination of 3-Cl-aniline was also influenced by its protonation state whereas

the larger N isotope fractionation did not follow this trend.

The indirect photolysis of a series of four para-substituted anilines was stud-

ied at irradiation wavelengths ≥ 400 nm, using aerated aqueous solutions of a

model photosensitizer, namely anthraquinone disulfonate (AQDS) or methylene

blue. The excited triplet states formed upon irradiation of such photosensitizers

were used to mimic excited triplet states of dissolved organic matter, which are

viii



Summary

the reactive species initiating these indirect photolysis reactions in sunlit natural

waters. Transformation of aniline, 4-CH3-, 4-OCH3- and 4-Cl-aniline photosen-

sitized by AQDS and methylene blue is assumed to occur through an N atom

oxidation mechanisms. Transformation was associated with inverse or normal N

isotope fractionation, depending on the compound, whereas C isotope fractiona-

tion was negligible. The apparent 15N-AKIE-values were almost identical for both

photosensitizers and correlated well with the electron donating properties of the

substituent at the aromatic ring. N isotope fractionation is pH-dependent in that

it is dominated by H+ exchange reactions below and N atom oxidation processes

above the pKa-value of the substituted aniline’s conjugate acid. As opposed to

direct photolysis, isotope fractionation could be rationalized with changes of N

bonds after one electron oxidation.

The findings presented in this study show that the direct and indirect photo-

transformations of substituted anilines can be associated with distinctly different

C and N isotope fractionation that could be detected in sunlit surface waters.

Because direct and indirect photo-transformations of many aromatic amines are

potentially competing reactions, the identification of specific C and N isotope frac-

tionation patterns trends, is of great importance to assess the relative importance

of those transformation pathways. A more widespread application of CSIA will

benefit from further study with aromatic amines that react through other direct

photolysis mechanisms than dechlorination as well as by indirect photolysis with

other important transient oxidants such as reactive oxygen species (e.g. singlet

oxygen, hydroxyl radical) and carbonate radical.
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Riassunto

Le ammine aromatiche sono largamente utilizzate nell’industria chimica per

la sintesi di prodotti farmaceutici, insetticidi, cosmetici o destinati all’uso per

l’igiene personale. Le ammine aromatiche vengono rilasciate nell’ambiente, per

via accidentale, antropogenica oppure attraverso gli impianti per il trattamento

delle acque reflue, quando la loro rimozione risulta essere inefficiente. Trattandosi

di composti altamente tossici e cancerogeni è fondamentale quantificarne l’impatto

nocivo sull’ambiente e sulla salute delle persone. Tuttavia la piena comprensione

dei processi di trasformazione delle ammine aromatiche risulta essere un’opera la-

boriosa, in seguito alle molteplici vie di degradazione (biotiche a abiotiche), alle

quali questa classe di composti si sottopone nell’ambiente. In questo lavoro è stata

impiegata la tecnica di analisi isotopica di composti specifici (Compound-Specific

Isotope Analysis, CSIA) per effettuare una valutazione affidabile delle diverse vie

di degradazione (biotiche e abiotiche) delle ammine aromatiche nell’ambiente. In

passato è stato dimostrato come la variazione nel rapporto dell’abbondanza iso-

topica naturale (13C/12C, 15N/14N, e 2H/1H) abbia permesso di monitorare la

degradazione delle ammine aromatiche di interesse ambientale. Ciò è stato pos-

sibile per la reazione di ossidazione delle ammine aromatiche, catalizzata per via

enzimatica o da legami con la superficie di un minerale. È tuttora incerto se la

tecnica di analisi CSIA sia applicabile allo studio di fotodegradazione delle ammine

aromatiche. Gli effetti isotopici cinetici e di equilibrio relativi a reazioni che avven-

gono allo stato elettronico eccitato sono perlopiù tuttora sconosciuti. La presente

tesi di dottorato ha avuto come obbiettivo lo studio del frazionamento isotopico

associato alle reazioni di fotodegradazione diretta ed indiretta delle ammine aro-

matiche. È stato scelto di utilizzare le cloroaniline come composti di riferimento

per le ammine aromatiche.
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Riassunto

La fotolisi diretta della 2-, 3- e 4-cloroanilina è stata studiata in laboratorio

mediante irradiazione di soluzioni acquose a pH variabile ad una lunghezza d’onda

di 254 nm. È stato fatto uso anche di uno spegnitore (quencher, Cs+) di stati

elettronici eccitati di singoletto. Mediante l’uso di analisi CSIA, è stato possibile

determinare il frazionamento isotopico degli atomi di carbonio e di azoto associato

alla declorinazione fotolitica delle cloroaniline in soluzione acquosa.

Al variare delle condizioni sperimentali, variando dunque il pH della soluzione

e facendo o meno utilizzo di Cs+,il frazionamento isotopico, quantificabile come

fattore di arricchimento isotopico (εC, εN), è risultato essere variabile. A seconda

del substrato utilizzato per la reazione, è stato possibile osservare l’arricchimento

preferenziale negli atomi di C e di N dell’isotopo pesante rispetto a quello leggero e

viceversa. Come risultato si ha che il fattore di arricchimento isotopico è risultato

essere sia normale che inverso.

Dalle correlazioni lineari degli effetti isotopici cinetici (13C- e 15N-AKIE), os-

sevabili nel caso della fotolisi diretta della 4-cloroanilina, si evince che la reazione

di fotolisi può ricondursi fondmentalmente a due differenti meccanismi di reazione,

a seconda che avvenga da uno stato elettronico eccitato di singoletto o di tripletto.

Si pensa dunque che le interazioni magnetiche, derivanti dall’accoppiamento del

momento orbitale dell’elettrone disaccoppiato con lo spin magnetico del nucleo

(13C, 14N, 15N) diano luogo a degli effetti isotopici magnetici. Reazioni di fotolisi

riconducibili allo stato elettronico eccitato di tripletto sono state individuate per

le reazioni condotte a valori di pH inferiori a 5 oppure in presenza di Cs+ 1M,

dove è stato possibile osservare un incremento sia per i valori di 13C-AKIE che per

quelli relativi a 15N-AKIE. D’altro canto, le reazioni condotte a dei valori di pH

superiori a 5, sono state associate a delle fotolisi riconducibili allo stato elettronico

eccitato di singoletto. In quest’ultimo caso l’incremento si verifica solo per i valori

di 15N-AKIE, mentre quelli relativi a 13C-AKIE tendono a diminuire. La declori-

nazione fotolitica della 2-cloroanilina ha prodotto anch’essa degli effetti isotopici

magnetici e, a differenza del caso della 4-cloroanilina, è stato possibile assegnare

valori di 13C- e 15N-AKIE alle specie neutra e protonata del composto. In seguito

all’aggiunta di Cs+, solo la forma protonata della 2-cloroanilina ha prodotto vari-

azioni nel frazionamento isotopico del carbonio e dell’azoto, lasciando pensare che

la reazione di fotodeclorinazione avvenga perlopiù da stati elettronici eccitati di

xii



Riassunto

singoletto. La fotolisi diretta della 3-cloroanilina ha prodotto un frazionamento

isotopico, anch’esso funzione del livello di protonazione, trascurabile per l’atomo

di carbonio. Mentre il frazionamento isotopico associato all’atomo di azoto, è

risultato essere maggiore.

La fotolisi indiretta relativa a una serie di quattro aniline para-sostituite, è stata

condotta in soluzioni acquose areate, contenenti fotosensibilizzatori rappresenta-

tivi della classe dei composti DOM (dissolved organic matter), mediante irraggia-

mento a delle lunghezze d’onda superiori ai 400 nm. L’anilina, la 4-CH3-anilina,

la 4-OCH3-anilina e la 4-Cl-anilina reagiscono per trasferimento di carica con gli

stati elettronici eccitati di tripletto dell’antrachinone-1,5-disolfonato e del blu di

metilene, dando luogo ad un meccanismo di ossidazione localizzato sull’atomo di

azoto. Questo tipo di trasformazione è associato con un frazionamento normale od

inverso per l’atomo di azoto, a seconda dell’anilina sostituita, mentre per l’atomo

di carbonio è trascurabile. I valori di 15N-AKIE si sono rivelati essere piuttosto

identici per entrambi i fotosensibilizzatori, dando luogo a correlazione con i sos-

tituenti dell’anello aromatico, a seconda del loro effetto elettron-attrattore. Il

frazionamento isotopico dell’atomo di azoto è risultato essere funzione del pH.

Al di sotto del valore della pKa, il frazionamento isotopico dell’azoto è risultato

essere dominato dalla reazione di scambio con H+, mentre per valori superiori

alla pKa, il frazionamento isotopico è dovuto all’ossidazione dell’atomo di azoto.

Il frazionamento isotopico nella fotolisi indiretta si è dimostrato, al contrario di

quella diretta, riconducibile a delle variazioni di legame coinvolgenti l’azoto, in

seguito a trasferimento monoelettronico.

Le scoperte presentate in questo studio dimostrano che la fotolisi diretta ed in-

diretta delle aniline sostituite possono essere associate a dei frazionamenti isotopici

diversi per l’atomo di C e di N nelle acque di superficie. Dato che la fotolisi diretta

ed indiretta sono reazioni competitive per la trasformazione di molte ammine aro-

matiche, l’individuazione di specifici andamenti per il frazionamento di C ed N, è

di grande impatto ambientale. L’applicazione di CSIA può essere applicata per lo

studio della fotolisi diretta di altre ammine aromatiche, funzionalizzate in modo

diverso da quelle clorurate, e per la fotolisi indiretta mediante l’uso di specie di

ossigeno altamente reattive (ROS).
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Chapter 1

1.1 Substituted anilines as micropollutants of

aquatic environments

Aromatic amines are widely used chemicals in industrial synthesis and this

compound class is frequently part of the molecular structure of pharmaceuticals,

pesticides and personal care products136,159. Pharmaceuticals derived from aro-

matic amines include anti-inflammatory drugs and antibiotics such as diclofenac

and sulfamethoxazole. Moreover, a large variety of pesticides such as alachlor and

diuron applied for crop protection represent aromatic amines, amides, and phenyl

ureas6. In the chemical industry, substituted anilines (e.g. 2,4-dichloroaniline) is

an important feed stock and precursor for the synthesis of azo dyes51,65. Because

of their widespread use, contamination of aquatic environments with aromatic

amines occurs from different sources.114,127,128 Aromatic amines are released un-

intentionally into the environment through spills and due to incomplete removal

in industrial and municipal waste water treatment processes. On the other hand,

because of their use as active ingredients in plant protection products, aromatic

amines are introduced on purpose on agricultural land, from which its chemicals

are washed off during rain events101,152. Finally, aromatic amines are produced in

the environment as a consequence of the transformation processes of pesticides,10

dyes,153 and explosives58,59 under both oxic and anoxic conditions.12,44,68,141

Aromatic amines are usually electron-rich compounds, well soluble in polar

solvents, and therefore mobile in aquatic environments.126 Because of their con-

siderable toxicity and carcinogenicity,30,42 knowledge of the attenuation processes

of aromatic amines in aquatic environments is key for an assessment of their im-

pacts and adverse effects to both humans and the environment. In fact, there is

a number of degradation processes in the soils and aquatic environment and their

initial steps are summarized in Figure 1.1. (1) N-atom oxidation75,78 and (2) ox-

idative N-atom dealkylation52,150 can be catalyzed by both enzymes and mineral

surfaces and lead to the formation of radical coupling and N-dealkylated products.

The former is typically followed by polymerization reactions generating products

of higher molecular weight than the reactants. (3) Aromatic amines undergo nu-

cleophilic addition reactions to electrophilic moieties of natural organic matter

(NOM) in irreversible reactions to anilino-quinones.27,154 (4) Oxidative enzymes
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can carry out dioxygenations at the benzene ring resulting in substituted cate-

chols, which are often amenable to further biodegradation.130 (5) Under anoxic

conditions, e.g. wastewater treatment plants, enzymatic reductive deamination

takes place and the carboxylated products are transformed further as observed

in dioxygenation processes77,123. Carboxylation to aminobenzoate and reductive

deamination were the identified degradation steps of the reaction. In sunlit sur-

face waters, (6) direct photolysis of chloro-substituted anilines is associated with

a dechlorination reaction and the formation of stable products from radical in-

termediates strongly depends on the availability of dissolved O2.
7,87,158 Finally,

(7) sensitized photolysis of substituted anilines by reactive oxygen and carbonate

species as well as excited triplet states of dissolved organic matter (3DOM∗) follows

the same reaction mechanism invoked for processes (1) and (2) to radical coupling

products.9,41,99

The large number of potentially competing attenuation processes makes the

quantification of the exposure of humans and aquatic organisms to substituted ani-

lines as well as a prediction of their possible transformation products a challenging

task. Information about the predominant degradation reaction in the environment

is difficult to obtain because concentration profiles cannot resolve transformation

reactions occurring in parallel and may be biased by dilution and sorption of the

contaminants to organic and inorganic constituents of the environmental matrices.

Moreover, many of the principal reaction products are difficult to quantify because

of further (metabolic) transformations. To contribute to a more reliable assessment

of the transformation pathways of aromatic amines, new approaches are required

that enable one to overcome the above-mentioned challenges. The overall goal of

this study was therefore to explore the use of compound specific isotope analysis

(CSIA) for the identification of transformation processes of aromatic amines in

aquatic environments. Compound specific isotope analysis was already applied

successfully for quantifying natural attenuation of various contaminant classes in-

cluding chlorinated hydrocarbons36,122, fuel constituents116,147, and nitroaromatic

explosives58,163. As illustrated in more detail in the following chapters, CSIA relies

on the accurate quantification of changes in stable isotope composition of C, H, N

and other elements in organic contaminants and the understanding of the kinetic

and equilibrium isotope effects associated with the various contaminant transfor-
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Figure 1.1 Possible elimination pathways of aromatic amines in the environment,
listed with the characteristic transformation products. Halogenated, alkyl and aromatic
groups are used as substituents for R3.

mation pathways.2,35,38,57,61,63,71,122,146 However, only very few of the degradation

reactions of aromatic amines listed in Figure 1.1 are understood in terms of isotope

effects and isotope fractionation.
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1.2 Compound-specific isotope analysis (CSIA)

The analysis of stable isotope ratios of aromatic amines, namely 13C/12C,
15N/14N, and 2H/1H, is accomplished by coupling gas chromatography to isotope

ratio mass spectrometry (GC/IRMS).35,57 Elemental isotope ratios, denoted here

with E for either C, N, and H (where h and l stands for heavy and light isotopes),

are usually expressed as stable isotope signatures (δhE) in h, e.g. δ13C, δ15N and

δ2H. Their value referred to an internationally defined standard material (eq. 1.1).

δhE =
(hE/lE)sample

(hE/lE)standard
− 1 (1.1)

Transformations of aromatic amines are associated with changes of isotope ra-

tios of the considered molecule and this phenomenon is called isotope fractionation.

The observed isotope fractionation refers to the variation of the isotopic signature

of a compound, δhE, in comparison to its initial value, δhE0. Isotope fractionation

is proportional to the fractional conversion of a compound and the extent of iso-

tope fractionation is quantified with isotope enrichment factors, εE, which always

refer to the isotopic change in the entire molecule.35 This relationship is shown in

the Rayleigh equation (eq. 1.2), where C/C0 is the fraction of remaining reactant.

δhE + 1

δhE0 + 1
=

(
C

C0

)εE
(1.2)

Isotope enrichment factors (εE) are obtained from linear regression with a log-

linearized form of the Rayleigh equation. εE-values are pertinent to an aromatic

amine and a transformation process. The isotope fractionation quantified for the

bulk compound with an εE-value, reflects the kinetic isotope effect (KIE) of the

reacting bonds. One central hypothesis of CSIA is that every transformation path-

way is associated with a characteristic KIE, which reflect the (small) differences in

activation energy of molecules carrying light and heavy isotopes, respectively.166

KIEs of electronic ground state reactions are therefore defined as ratios of reaction

rate constant ratio of the light (lk) to heavy (hk) isotopologue (eq. 1.3). Note that
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labels for the considered isotopic elements (E) are not shown for convenience here.

KIE =
lk
hk

(1.3)

Primary KIEs are observed when bonds are broken or formed during the rate-

limiting step of a reaction whereas KIEs are secondary, if isotopic substitution is

not at the reactive position. Kinetic isotope effects are normal, i.e. > 1, when the

light isotopologues react faster than the heavy ones, while the effect is inverse in

the opposite case. To obtain apparent kinetic isotope effects (AKIEs) from isotope

enrichment factors, one typically neglects secondary isotope effects. The derivation

is straightforward when taking into account the dilution of a KIE by nonreactive

atoms as well as intramolecular isotopic composition as in eq. 1.4.

AKIEE =
1

1 + (n/x) · z · εE
(1.4)

where n is the number of isotopic atoms of an element, x denotes atoms at the

reactive site, and z quantifies the number of chemically equivalent reactive sites in

the aromatic amine.37

Compound-specific isotope analysis is particularly useful when several elements

are considered simultaneously, especially because artifacts from the masking of

KIEs by isotope-independent rate-limiting steps can be circumvented.35,170 Such

multi-dimensional isotope fractionation analysis typically involves the correlation

of isotope fractionation of two elements as proxy for a transformation process. In

this study, this approach was implemented for C and N isotopes as in eq. 1.5. The

ratio of changes of N and C isotope signatures, ∆δ15N/∆δ13C, is approximately

equivalent to the ratio of isotope enrichment factors, εN/εC and proportional to

the ratio of (AKIE− 1)-values for the reactions considered.163

∆δ15N

∆δ13C
≈ εN
εC
∝ AKIE−1N − 1

AKIE−1C − 1
(1.5)
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1.3 Isotopic analysis of thermal vs. photochem-

ical transformation processes of aromatic

amines

Degradation processes (1), (2), and (4) shown in Figure 1.1 have already been

studied by compound-specific isotope analysis in laboratory model systems. Pre-

vious work by Skarpeli-Liati et al. and Pati et al.102,133–135 showed that bonding

changes at the N atom after one electron oxidation and dioxygenation of the aro-

matic ring indeed lead to characteristic primary N isotope fractionation. Frac-

tionation of C isotopes, in contrast, was mostly minor. The tighter bonding to N

in the transition state of the two reactions was hypothesized to lead to the con-

siderably inverse isotope effects. The correlation of C and N isotope fractionation

resulted in patterns, which suggest that such processes could be distinguished even

if they occurred simultaneously. However, this comparison is currently limited to

oxidative processes of ground state reactants and the isotope effects of other reac-

tions, especially those occurring from excited state species of aromatic amines are

completely unknown.

In fact, the few studies on the isotope fractionation associated with photochem-

ical contaminant transformation suggest that isotope effects are more difficult to

understand than for ground-state reactions. Examples for the direct photolysis

of atrazine and bromophenols show that the observed fractionation of C, N, H,

and Br isotopes could no longer be rationalized in terms of bond cleavage reac-

tions.56,168 Instead, it was suggested that magnetic interactions of excited state

species with at least partial radical character led to magnetic isotope effects. It

is well known that electronic excited states, which may be considered as birad-

icals because they have two unpaired electrons, can undergo spin-orbit coupling

with magnetic moments of different isotopic nuclei leading to preferential conver-

sion of spin states during intersystem crossing.17–19,149,160 To date, however, there

is no evidence for a contribution of magnetic isotope effects from photophysical

processes to isotope fractionations in photochemical transformation of aromatic

amines. Furthermore, it is unknown whether such effects differ from that of indi-

rect photolytic processes, which can be assumed to follow the trends observed for
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enzymatic and mineral-catalyzed oxidation reactions.

1.4 Goals and approach

The goal of this work was to investigate the magnitude and variability of isotope

fractionation of direct and indirect photolytic degradation of aromatic amines and

to contribute to the assessment of environmentally relevant degradation processes

by CSIA. We selected 2-chloro-, 3-chloro-, and 4-chloroaniline as model compounds

to study C and N isotope fractionation in laboratory model system and address

the following, specific objectives.

1. The direct photolysis of the three chloroaniline isomers involves a heterolytic

dechlorination reaction. Previous work showed that despite this apparent

similarity, the mechanisms of 2-Cl-, 3-Cl-, and 4-Cl-aniline photolysis are

quite different.5,45,48,53,94,95,97,98 4-Cl-aniline reacts to a variety of products

via a biradical intermediate whereas the radical character of the photolysis

of 2-Cl- and 3-Cl-aniline is less certain. Through a comparison of the C and

N isotope effects associated with the photolysis of the three chloroaniline

isomers, we aimed at identifying

(a) typical C and N isotope fractionation patterns that would enable one

to track photolytic dechlorinations.

(b) In addition, these experiments were made to obtain insights into the

origin of C and N isotope fractionation and delineate the contribution

of photophysical reactions (i.e., from magnetic isotope effects) vs. bond

cleavage reactions.

2. The indirect photolysis of aromatic amines occurs through oxidations by

transient photooxidants, which are often generated through light absorption

of dissolved organic matter (3DOM∗).155,156 Through the study of the oxi-

dation of a series of four, para-substituted anilines, namely aniline, 4-CH3-,

4-OCH3-, and 4-Cl-aniline, by excited triplet states of an anthraquinone

disulfonate and methylene blue, we aimed at

8
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(a) identifying differences in C and N isotope fractionation between di-

rect and indirect photolysis with multi-dimensional isotope analysis

(∆δ15N/∆δ13C) and

(b) quantifying the effects of different photooxidants and aromatic sub-

stituents on the apparent 15N- and 13C-kinetic isotope effects.

The results of the PhD thesis are presented in the following way. In Chapter

2, we present the results from the study of 4-Cl-aniline photolysis at an irradia-

tion wavelength of 254 nm. The detailed analysis of 4-Cl-aniline disappearance

kinetics and elucidation of products show that the observable isotope fractiona-

tion is due to the initial step in the photolysis reaction. Experiments carried out

over the pH-range 2 to 9 as well as in the presence of a singlet quencher74,118

illustrate a substantial variability of isotope effects depending on reactions from

excited triplet and singlet states. In Chapter 3, the systematic investigation of

isotope fractionation under different experimental conditions is extended to 2-Cl-

and 3-Cl-aniline. The comparison not only reveals substantial differences in iso-

tope fractionation behaviour of the three chloroaniline isomers but also suggests

that anilinium cations and neutral species photolyse by different mechanims. In

Chapter 4, we show evidence for substituent-dependent N isotope effects associ-

ated with the N atom oxidation of four substituted anilines. In contrast to direct

photolytic reactions, isotope fractionation can be explained by bonding changes at

the N atom without contributions from magnetic interactions. Conclusions of the

PhD thesis with regard to the overall goals are discussed in Chapter 5.
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Chapter 2

Abstract

Compound-specific isotope analysis is a useful approach to track transforma-

tions of many organic soil and water pollutants. Applications of CSIA to charac-

terize photochemical processes, however, have hardly been explored. In this work,

we systematically studied C and N isotope fractionation associated with the direct

photolysis of 4-Cl-aniline used as a model compound for organic micropollutants

that are known to degrade via photochemical processes. Laboratory experiments

were carried out at an irradiation wavelength of 254 nm over the pH range 2.0 to

9.0 as well as in the presence of Cs+ as a quencher of excited singlet 4-Cl-aniline at

pH 7.0 and 9.0. We observed considerable variation of C and N isotope enrichment

factors, εC and εN, between −1.2± 0.2h to −2.7± 0.2h for C and −0.6± 0.2h

to −9.1±1.6h for N, respectively, which could not be explained by the speciation

of 4-Cl-aniline alone. In the presence of 1 M Cs+, we found a marked increase

of apparent 13C-kinetic isotope effects (13C-AKIE) and decrease of 4-Cl-aniline

fluorescence lifetimes. Our data suggest that variations of C and N isotope frac-

tionation originate from heterolytic dechlorination of excited triplet and singlet

states of 4-Cl-aniline. Linear correlations of 13C-AKIE vs. 15N-AKIE were dis-

tinctly different for these two reaction pathways and may be explored further for

the identification of photolytic aromatic dechlorination reactions.

12



Direct Photolysis of 4-Chloroaniline in Aqueous Solution

2.1 Introduction

Compound-specific stable isotope analysis enables tracking the transforma-

tion of many different micropollutants in the environment. Isotope fractionation

measured in individual compounds can often be rationalized in terms of bonding

changes along the reaction pathway and is therefore a valuable proxy for deter-

mining the type of reaction that initiates contaminant degradation2,35,38,57,61,146.

The combined evaluation of isotope fractionation from several elements such as

C, H, N, and Cl is especially valuable in identifying degradation pathways even

if reactions take place simultaneously38,71. While apparent kinetic isotope effects

(AKIEs) and isotope fractionation patterns of many substitution and redox reac-

tions have been characterized in recent years,1,26,55,60,80,84,88,102,104,116,135,147,162–164

little is known about isotope fractionation during photolytic transformations of

organic contaminants. It is currently unclear whether such processes are accom-

panied by isotope fractionation trends that could be assigned specifically to pho-

tochemical transformations in the environment.

Bonding changes, especially bond cleavage reactions in the rate-limiting step,

are typically considered the primary source of isotope fractionation86,166. In pho-

tochemical processes, however, additional factors make it more difficult to ratio-

nalize isotope fractionation. The direct photolysis of atrazine and the associated

fractionation of C and N is an interesting, illustrative example56. The observed,

inverse apparent C and N isotope fractionation of atrazine could not be reconciled

with the fact that transformation is a dechlorination reaction leading to hydroxy-

atrazine. A C–Cl bond cleavage is expected to give rise to normal instead of

inverse isotope fractionation and cannot explain why fractionation of N isotope

is large even though none of the five N atoms are directly involved in the reac-

tion. The results were hypothesized to originate from magnetic interactions of

excited state species with at least partial radical character as magnetic isotope

effects. Several other examples of such mass independent isotope effects in the

transformation of both organic and inorganic contaminants are known and include

other elements like Br and Hg11,137,161,168. Apparently, excited state radicals can

undergo spin-orbit coupling with magnetic moments of different isotopic nuclei

leading, for example, to preferential conversion of spin states during intersystem
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crossing17–19,142,149,160. Isotope fractionation associated with photochemical pol-

lutant transformation is thus likely accompanied by magnetic isotope effects (or

combinations thereof) originating from photophysical processes.

These phenomena are, unfortunately, poorly understood in photochemical pol-

lutant transformation processes and it was the goal of the present study to explore

the consequences for pollutant isotope fractionation in more detail. In this work,

4-chloroaniline (4-Cl-aniline) was used as a model compound for pharmaceuticals,

pesticides, and industrial chemicals that are known to degrade via photochemical

processes in surface waters14,15,20. Moreover, the reaction routes of direct pho-

tolysis of 4-Cl-aniline via carbene intermediates are well characterized45,48,53,95,98.

Specifically, we investigated (i) whether direct photolysis of 4-Cl-aniline gives rise

to characteristic C and N isotope fractionation trends that could be used as proxies

for photochemical degradation, (ii) if our observations apply for variable environ-

mental conditions, and (iii) to what extent photochemical isotope fractionation

differs from that reported for biological and abiotic transformation of substituted

anilines and aromatic N -alkyl amines134,135.

Oxidation of substituted anilines can occur at the N atom by various abiotic

oxidants, including MnO2,
78 photochemically produced reactive intermediates such

as excited triplet states of chromophoric natural organic materials and carbonate

radicals23,112 as well as enzymatically via dioxygenation of the aromatic ring130.

Both abiotic and enzymatic mechanisms exhibit only minor normal 13C-AKIEs

(6 1.003), whereas N isotope fractionation is inverse and much larger for enzymatic

processes (15N-AKIEs between 0.987 and 1.006)102,134. The 15N-AKIEs for the N

atom oxidation mechanism, however, are quite sensitive to the type and position

of aromatic substituents thus making extrapolations of isotope effects from one

compound to another challenging. In addition, at pH-values close to and below the

pKa of the substituted aniline’s conjugate acid, oxidation isotope effects become

negligible when compared to the large 15N-equilibrium isotope effects associated

with deprotonation115,133,134. Here, we studied the C and N isotope fractionation

of direct photolysis of 4-Cl-aniline in aqueous solution over a wide pH range (2.0

to 9.0) to account for possible influence of H+-exchange reactions in ground and

excited states. We performed isotopic analyses of 4-Cl-aniline from experiments in

batch reactors, as well as quantitative and qualitative product analysis by GC/MS
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and LC-MS/MS, respectively. In addition, the effect of singlet quenchers was

investigated with time-resolved laser spectroscopy.

2.2 Experimental Section

A list of chemicals including their purities and suppliers can be found in the

Supporting Information (SI).

2.2.1 Chemical and isotopic analysis

Concentrations of 4-Cl-aniline were measured by reversed phase HPLC as re-

ported previously using a Dionex UltiMate 3000 equipped with a UV-Vis detector

and a Supelcosil LC-18 column (25 cm ×4.6 mm, 5µm)133. Eluents consisted of

40/60 vol % mixtures of methanol and 1 mM KH2PO4 at a flow rate of 1 mL

min−1 and a sample injection volume of 20 µL. All concentrations were measured

in duplicates and are reported as arithmetic mean. Transformation products were

identified by liquid chromatography coupled to an LTQ (Linear Trap Quadrupole)

Orbitrap mass spectrometer (Thermo) with electrospray ionization as documented

previously134,135. For liquid chromatographic separation an Atlantis C-18 column

(3.0× 150 mm, 3 µm particle size, Waters) and an XBridge C-18 column (2.1× 50

mm, 3.5 µm particle size, Waters) were used and a gradient was run from a ratio of

90/10 to 5/95 vol % of H2O/MeOH. Both eluents contained 0.1 vol % formic acid.

4-Aminophenol and aniline were available as commercial standards for product

identification while the dimers, trimers, and tetramer photoproducts were defined

qualitatively based on exact molecular mass and fragmentation pattern of each

detected product. Possible molecular structures were postulated as shown in the

Supporting Information (SI).

Stable C and N isotope signatures (δ13C, δ15N) of 4-Cl-aniline were measured

using a gas chromatograph (Trace GC / Trace GC Ultra, Thermo) coupled to an

isotope ratio mass spectrometer (Delta Plus XL / V Plus, Thermo) as described

previously133. The combustion interface was equipped with a Ni/Pt reactor138.

The aqueous 4-Cl-aniline solutions were adjusted to pH 7.0 prior to extraction by

solid-phase microextraction using a PDMS/DVB-fiber (Supelco). Stable C and
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N isotope signatures (δ13C-, δ15N-) of 4-Cl-aniline are given as arithmetic mean

(±σ) of triplicate measurements in per mil (h). Isotopic standard materials pur-

chased from Indiana University were used to report δ13C- and δ15N-values relative

to Vienna PeeDee Belemnite and air, respectively. C and N isotope analysis was

performed within the method quantification limits of the SPME-GC/IRMS proce-

dure of 1.0 to 2.5 µM for δ13C and δ15N72. Samples were diluted to concentrations

yielding peak amplitudes between 0.5 and 3 V. A standard bracketing procedure,

referenced to a calibrated in-house standard of 4-Cl-aniline of known δ13C and

δ15N-values, was used to ensure accuracy of the isotope ratio measurements.

2.2.2 Photochemical Experiments

Four different series of photochemical experiments were performed in this study;

(a) for investigation of C and N isotope fractionation, (b) for examination of rate

constants and reaction kinetics at pH 7.0 at various initial substrate concentra-

tions, (c) for quantification of the pH-dependence of direct 4-Cl-aniline photolysis

rate constants, and (d) for determining fluorescence lifetimes.

Experiments (a) to (c) were carried out in glass-stoppered quartz tubes (OD

18 mm, ID 15 mm) filled with 20 mL of aerated and buffered solution, typically

10 mM phosphate buffer in the pH range 2.0 to 9.0. For isotope fractionation

experiments of type (a), initial 4-Cl-aniline concentrations generally amounted to

80 µM to ensure substrate concentrations above the method quantification limits

at 95% turnover. Control experiments for quantification of non-reactive losses

and isotope fractionation of 4-Cl-aniline were set up identically but not irradiated.

Concentration-dependent C and N isotope fractionation was studied with 50 to

300 µM of 4-Cl-aniline. The same setup was also used to check for the effects of

buffer type (phosphate vs. formate), buffer concentration (10 vs. 25 mM), and

Cl– concentrations (up to 100 mM). Experiments with Cs+ as a singlet quencher

were carried out in 10 mM phosphate buffer containing 1 M CsCl at pH 7.0 and

9.0.

Quartz tubes were introduced in a DEMA 125 merry-go-round photoreactor

(Hans Mangels GmbH, Bornheim-Roidorf, Germany) equipped with a low-pressure

mercury (LP Hg) lamp (Heraeus Noblelight model TNN 15/32, nominal power 15
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W) and a quartz cooling jacket24. A recirculating pure water bath kept reaction

the temperature at 25.0 ± 0.2 �. Direct photolysis experiments were started by

irradiation of monochromatic light at a wavelength of 254 nm and stopped by

removing the quartz tubes from the light sources. This wavelength was selected

for the following reasons. Both neutral and protonated 4-Cl-aniline absorb light

efficiently at 254 nm so that the pH dependence of the reaction can be studied

within experimental timeframes of a few hours. Under the selected experimental

conditions, light absorption and reactions of other solution constituents such as

polymeric reaction products can be avoided, which would otherwise preclude a

rigorous interpretation of product formation. Finally, the mechanism of direct 4-

Cl-aniline photolysis does not change at higher irradiation wavelengths. Between

9 and 12 samples consisting of the entire volume of a 20 mL quartz tube were col-

lected at different time points depending on the decay kinetics of 4-Cl-aniline until

fractional conversion exceeded 95%. Samples were split for measurement of sub-

strate concentrations, C and N isotope ratios, identification of reaction products,

and UV-vis absorbance.

Experiments of type (b) with C0 from 5 to 300 µM at pH 7.0 and (c), with

C0 of 5 µM and pH from 2.0 to 9.0, were carried out identically except for the

sampling strategy. In this case, 500 µL of aqueous sample was withdrawn from two,

simultaneously irradiated quartz tubes at predefined time points for concentration

measurements only. Experiments of type (b) were all performed within a single

day in presence and absence of a wire cloth to access the kinetics of fast reactions.

The photon fluence rate employed to determine photolysis quantum yields and to

compare photolysis rate constants, was measured by chemical actinometry using

an aqueous atrazine solution24.

Time-resolved fluorescence lifetimes (τF) measurements of experiments (d) in

presence of NaCl and CsCl were carried out with a time-correlated single-photon

counting (TCSPC) system (HALCYONE; Ultrafast Systems). A Solstice amplified

Ti:Sapphire ultrafast laser (795 nm, 3.2 W, FWHM ∼ 80 fs; Newport Spectra-

Physics) was used. The excitation wavelength of 280 nm was generated by a Topas

optical parametric amplifier (Light Conversion, Vilnius, Lithuania) and directed to

a 100 µM 4-Cl-aniline aqueous solution. The fluorescence emission was collected by

an achromatic doublet lens and directed through a double monochromator onto an
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avalanche photodiode detector. The fluorescence wavelength monitored was 356

nm. For each decay profile, TCSPC data was collected until 1500-2000 photon

counts at the peak emission time were obtained. The rate of data collection was

kept near 5% of the maximum possible counts per second to avoid pile-up artifacts.

2.2.3 Data evaluation

Isotope fractionation

For interpretation of experiments of type (a), we calculated C and N isotope

enrichment factors, εC and εN, from linear regression analysis of δ13C- and δ15N-

values, respectively, vs. the fractional amount of reactant conversion, which is

quantified from the remaining reactant concentration (C/C0, eq. 2.1). The cor-

responding apparent 13C- and 15N-kinetic isotope effects (AKIEs) were obtained

from eq. 2.2 based on the assumption that secondary isotope effects are negli-

gible and that isotope ratios change only at reactive atoms and are invariant at

nonreactive ones. Therefore, n, in eq. 2.2 equals 6 for derivation of 13C-AKIEs

and 1 for 15N-AKIEs. Isotope fractionation measured in replicate experiments was

reconciled as using the Pitman estimator129.

ln

(
δhE + 1

δhE0 + 1

)
= εE · ln

(
C

C0

)
(2.1)

AKIEE =
1

1 + n · εE
(2.2)

where hE0 and hE stand for the initial isotope signatures of an element (E) as

well as for those at different stages of the reaction, respectively. All uncertainties

associated with ε- and AKIE-values are given as 95 % confidence intervals.

Contributions of 4-Cl-aniline deprotonation to C and N isotope fractionation

in photochemical experiments where calculated with eqs. 2.3 to 2.4. Equilibrium

isotope effects associated with the deprotonation of 4-Cl-aniline’s conjugate acid

(BH+), EIE
BH+

E , were taken from Skarpeli-Liati et al. 134 and AKIEB
E denote AKIEs

for photolysis of the neutral 4-Cl-aniline species. Using the apparent pK-value,

pK?
BH+ , which specifies the pH-value, at which neutral and protonated 4-Cl-aniline

18
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species contribute equally to the the rate of photolysis (see below), we calculated

the corresponding apparent fraction of protonated 4-Cl-aniline base, α?
BH+ (eq.

2.4).

εE =
1

α?
BH+ · EIE

BH+

E · AKIEB
E +

(
1− α?

BH+

)
AKIEB

E

− 1 (2.3)

α?BH+ =
1

1 + 10
pH−pK?

BH+
(2.4)

Rates of 4-Cl-aniline disappearance

All rate constants shown in this work were corrected for a constant photon

fluence rate of (7.3 ± 0.7) · 10−5 einstein m−2 s−1 using atrazine as chemical acti-

nometer (see SI section S2.2 for details). We evaluated the reaction kinetics of

4-Cl-aniline disappearance from experiments of type (b, variable initial concentra-

tion) based on a simplified kinetic model shown below. 4-Cl-aniline could thus

be transformed photochemically (compound 1 in eq. 2.5) as well as through the

oxidation by a photolysis intermediate to different products (P1, P2). According

to Othmen et al. 98 , the reactive intermediate is assumed to be a 4-iminoquinone

O-oxide (compound 7 in eq. 2.6). Numbers in bold face in eqs. 2.5-2.7 refer to

the reaction scheme presented in detail in the discussion section.

1
k1

GGGGGGA 7 (2.5)

1 + 7
k2

GGGGGGA P1 (2.6)

7
k3

GGGGGGA P2 (2.7)

where k1 is reaction rate constant for 4-Cl-aniline photolysis, k2 is the bimolecular

rate constant for the oxidation of 4-Cl-aniline by 7. k3 in eq. 2.7 stands for the

lumped reaction rate constants for all reactions of the 7 that do not involve 4-Cl-

aniline98. We obtained a rate expression for the disappearance of 4-Cl-aniline (eq.
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2.9) making a steady-state approximation for 7 (eq. 2.8).

[7]ss =
k1[1]

k2[1] + k3
(2.8)

−d[1]

dt
= k1[1] + k2[1][7]ss (2.9)

= k1[1]
2k2[1] + k3
k2[1] + k3

(2.10)

The analytical solution to eq. 2.10 was obtained from a rearranged form of

eq. 2.10 shown in eq. 2.11. Integration of eq. 2.11 between time intervals 0 and

t with initial concentration [1]0 leads to eq. 2.12. The latter was solved for k1

and the ratio k2/k3 by nonlinear regression of time t vs. measured 4-Cl-aniline

concentrations. Data were corrected with a light attenuation factor at 254 nm,

S254, that accounted for the light absorption by dissolved species and the geometry

of the reactors.156 A fixed standard deviation of ∆ t = ±5 sec was assumed as

uncertainty for solving eq. 2.12 using Igor Pro software (Wavemetrics Inc.).

k2
k1k3

· d[1]

2
k2
k3

[1] + 1

− 1

k1

d[1]

[1]
= dt (2.11)

1

2k1
ln

 2
k2
k3

[1] + 1

2
k2
k3

[1]0 + 1

+
1

k1
ln

(
[1]0
[1]

)
= t (2.12)

In addition to the above kinetic model (eqs. 2.5-2.7), we quantified the pseudo-

first order disappearance rate constant of 4-Cl-aniline at initial states of the reac-

tion taking into account data points up to 50% substrate transformation (kinitialobs )

as well as for later stages of the reaction (k
C/C0≤50%
obs ).

Experiments of type (c) were evaluated according to procedures described by

Canonica et al. 24 to derive the pH-value, at which neutral and protonated 4-Cl-

aniline species contribute equally to the photolysis rate given the irradiation wave-

length of 254 nm. This pH value was later used as apparent pK-value, pK?
BH+ , to
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assess and evaluate pH-dependent isotope fractionation. Briefly, photon fluence-

based rate constants, kapp
E0
P

, were calculated from pseudo-first order disappearance

rate constants at a given solution pH and the photon fluence rates, E0
P (einstein

m−2 s−1) at 254 nm derived by chemical actinometry. The rate constants of neu-

tral and protonated 4-Cl-aniline species, kB
E0
P

and k
BH+

E0
P

, were obtained from linear

regression of eq. 2.13 where αBH+ follows from eq. 2.4 and is the fraction of

protonated 4-Cl-aniline with pKBH+ of 4.0126. pK?
BH+ (eq.2.15) follows from the

assumption that neutral and protonated species contribute equally to the disap-

pearance of the substrate (eq. 2.14).

kapp
E0
P

= kBE0
P

+
(
k
BH+

E0
P
− kBE0

P

)
· αBH+ (2.13)

αBH+ · kBH+

E0
P

=
(
1− αBH+

)
· kBE0

P
(2.14)

pK?
BH+ = pKBH+ + log

kBH+

E0
P

kB
E0
P

 (2.15)
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2.3 Results and Discussion

2.3.1 Direct Photolysis of 4-Chloroaniline

The direct photolysis of 4-Cl-aniline in solutions (80 µM) buffered at pH 7.0

led to complete transformation within less than 20 minutes and was accompanied

by moderate normal C and N isotope fractionation of equal magnitude (Figures

2.1a-b). Bulk C and N isotope enrichment factors, εC and εN, were identical

and amounted to −1.2 ± 0.2h (Table 2.1, entry 9). Product analyses revealed

the formation of coupling products including dimers, trimers, and tetramers of

partially dechlorinated 4-Cl-aniline as documented in the Supporting Information

in Figures S2.2-S2.5.

As illustrated in Figure 2.2, direct photolysis of 4-Cl-aniline has previously

been shown to lead to the heterolytic dechlorination of excited state species of 4-

Cl-aniline (compound 2 in Figure 2.2) generating a reactive carbene intermediate

(3, 4-iminocyclohexa-2,5-dienylidene)45,48,53,98. The carbene (3) can subsequently

react to stable products along four different pathways, namely through (i) coupling

with another equivalent of the substrate, (ii) addition of molecular O2 followed by

substrate addition, (iii) H atom abstraction, and (iv) addition of H2O
98. Accord-

ing to the published rate constants for the reaction of 3,98 pathway (ii) should

be largely dominant (86% at 80 µM 4-Cl-aniline, see SI section S2.2) in aerated

solution (270 µM of O2), making the 4-iminoquinone O-oxide (7) a central inter-

mediate. The latter was shown to react fast with 4-Cl-aniline (5 × 108 M−1 s−1),

but other reactions of 7 were not characterized. In our experiments, we exclusively

observed coupling products suggesting a predominant reaction of 4-Cl-aniline via

pathways (i) and (ii). In fact, many of the coupling products detected at high

peak intensities such as 4-hydroxy-4’-chlorodiphenylamine (Figure S2.3) contained

Cl and O atoms47. The relative abundance of oxygenated coupling products in-

creased with increasing solution pH value of the buffer solution (see discussion

of pH-dependence below), and could thus imply reaction of hydroxide at imine

functional groups28,121,131. Neither aniline (9) nor 4-aminophenol (10) were found,

which, according to Figure 2.2, would be indicative of pathways (iii) and (iv). Our

observations imply that 4-Cl-aniline did not only react through dechlorination by
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direct photolysis but also through oxidation of 4-Cl-aniline by intermediate 7 and,

to a minor extent, by intermediate 3.

2.3.2 Photochemical vs. oxidative reaction of 4-Cl-aniline

and origin of isotope fractionation

The pathways of 4-Cl-aniline transformation at pH 7.0 were evaluated based

on a kinetic analysis of experiments performed with different initial substrate con-

centrations ranging from 5 to 300 µM (see detailed discussion in Section S2.2 of

the Supporting Information). All data were fit successfully to eq. 2.12 as shown in

Figures S2.1a-e. Disappearance kinetics of 4-Cl-aniline were slightly biphasic, that

is a faster initial transformation to approximately 50% turnover was followed by a

slower removal of the substrate from solution. A compilation of the rate constants

of photochemical removal of 4-Cl-aniline, k1, pseudo-first order reaction rate con-

stants for initial disappearance, kinitialobs , and at more than 50% turnover, k
C/C0≤50%
obs ,

are shown in Table S2.1 and compared in Figure 2.3a. k1-values were identical

within uncertainty to k
C/C0≤50%
obs . Rate constants of initial 4-Cl-aniline transfor-

mation, kinitialobs , in contrast, were twice as large as k1 and k
C/C0≤50%
obs . The ratios

kinitialobs /k
C/C0≤50%
obs indeed ranged from 1.9 ± 0.3 to 2.2 ± 0.3, except for C0 of 300

µM, where the uncertainty was large (Figure 2.3a, Table S2.1). This observation

implies that at initial stages of the reaction, two substrate molecules are removed

per photochemically transformed 4-Cl-aniline, which corresponds to the stoichio-

metric upper limit for contribution of 4-Cl-aniline oxidation by 7 as suggested in

Figure 2.2, pathway (ii). This interpretation is also supported by data for the

k2/k3-ratios (Table S2.1), which hint at an efficient removal of 7 through reaction

with the substrate. As soon as approximately 50% of the substrate are removed,

however, k1 corresponds to k
C/C0≤50%
obs , suggesting that 4-Cl-aniline is transformed

primarily through direct photolysis.

We also assessed the contribution of 4-Cl-aniline photolysis vs. its oxidation

by iminoquinone intermediates from C and N isotope fractionation. Due to the

analytical constraints of stable isotope analysis (see above), the lowest initial sub-

strate concentrations accessible for C and N isotope fractionation measurements

were 50 and 80 µM, respectively. The C and N isotope enrichment factors, εC and
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Figure 2.1 (a) 4-Cl-aniline concentration in photochemical experiments at pH 3.0
and 7.0 as well as non-irradiated controls at pH 7.0; C and N isotope signatures (δ13C
(circles) and δ15N (squares) of 4-Cl-aniline vs. remaining substrate fraction, C/C0 at
solution pH of 7.0 (panel b) and pH 3.0 (panel c). Uncertainties represent standard
deviations of triplicate measurements. Solid lines correspond to calculated isotope
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fit. Control experiments did not show C and N isotope fractionation (data not shown).
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Figure 2.2 Pathways of direct photolysis of 4-Cl-aniline (1): excited species 2 popu-
late singlet states (S1, S2) after light absorption (abs) from which they are converted to
the ground state (S0) through internal conversion (ic), fluoresence (F), and intersystem-
crossing (isc) to triplet states (T1, T2, etc., two excited states are shown for illustra-
tion). P stands for phosphorescence. Both Si and Ti states can dechlorinate (−SiCl−,
−TiCl−) to a protonated carbene, 3, 4-iminocyclohexa-2,5-dienylidene. Compound 3
can react along four reaction pathways, leading to reactive 4-iminoquinone O-oxides
(7) and coupling products. Compounds 6 and 8 are examples for a variety of structures
found by LC/HRMS as documented in the SI, aniline (9), and 4-aminophenol (10) as
described in the text.

εN are shown in Figure 2.3b. Regardless of C0, we found εC-values to be confined

to a narrow range between −1.2h to −1.6h. C isotope enrichment therefore does

not reveal any change of reaction mechanisms associated with different shares of

photochemical vs. oxidative 4-Cl-aniline transformation.

The εN-values, on the other hand, increased from −1.2±0.2h to +1.0±0.3h,

that is N isotope fractionation changed from normal at lower C0 to inverse at the

highest C0 of 270 µM. The inverse εN-value of +1.0± 0.3h is identical within un-

certainty of our previous data for the N atom oxidation of 4-Cl-aniline by MnO2

at pH 7.0 (+1.3± 0.2h)134. Based on the currently available evidence,89,134,135 it
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Figure 2.3 (a) Comparison of reaction rate constants from experiments with different
initial 4-Cl-aniline concentrations. k1 was obtained from fitting eq. 2.12, kinitialobs and

k
C/C0≤50%
obs follow from linear regressions of a subset of the kinetic data as described

in the SI section S2.2; (b) C and N isotope enrichment factors, εC and εN, for 4-Cl-
aniline photolysis at pH 7.0 for various initial substrate concentrations. Uncertainties
represent 95% confidence intervals.
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is unknown if and to what extent, εN-values for N atom oxidation of 4-Cl-aniline

depend on the oxidant used and whether our numbers can be compared directly.

Our εN-data for photochemical experiments at high initial substrate concentrations

nevertheless suggest that chemical oxidation of 4-Cl-aniline by 7 can contribute to

the observable N isotope fractionation given that not more than 50% of 4-Cl-aniline

react via this pathway. A more detailed elucidation of the reaction mechanisms

at high initial substrate concentrations is beyond the scope of our work. The

significance of the chemical oxidation pathway for N isotope fractionation in pho-

tochemical experiments, however, appears much smaller at lower initial substrate

concentrations.

At C0 of 100 µM, εN is normal and the trend to normal N isotope fractionation

is even stronger at C0 of 80 µM. The kinetic analysis discussed above implied that

the disappearance of 4-Cl-aniline after 50% conversion is only due to photolysis.

In fact, δ15N-trends in Figure 2.1b for C0 of 80 µM do not show any inverse

N isotope fractionation at initial states of the reaction (i.e., C/C0 ≥ 0.5) that

would point to an impact of N atom oxidation reactions. Isotope fractionation

associated with the disappearance of 4-Cl-anilne was constant over time and with

increasing fractional conversion as implied by eq. 2.1. This behavior is typical

for transformations according to one mechanism or a constant combination of

different mechanisms throughout the entire reaction. Moreover, quantifications

of isotope fractionation as ε-values are determined by data points obtained at

increasing fractional conversion, that is C/C0 � 0.586. Based on this reasoning,

we conclude that isotope fractionation arising at C/C0 ≤ 0.5 can be apportioned

to photochemical transformation without notable contributions from the oxidation

of 4-Cl-aniline by 7.

2.3.3 pH-Dependence

To explore the origins of C and N isotope fractionation, photolysis experiments

were conducted over a pH range from 2.0 to 9.0. Fluence-based reaction rate

constants increased with pH as shown in Tables S2.2 and S2.3. Note that the

molar absorption coefficient of the protonated 4-Cl-aniline species at the irradiation

wavelength λ of 254 nm, ε
BH+

254 , is only 16 ± 9 m2 mol−1 and thus much smaller
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than that of the neutral compound (εB254 = 311±15 m2 mol−1) while the quantum

yield is roughly pH-independent. Therefore, the pH-value, at which both species

contribute equally to the disappearance of 4-Cl-aniline given our experimental

conditions (2.65 ± 0.10, eq. 2.15) is below the pKBH+ of 4-Cl-aniline’s conjugate

acid (4.0). C and N isotope fractionation was also strongly pH-dependent as

illustrated from the comparison of data from experiments performed at pH 7.0

vs. pH 3.0 in Figures 2.1b/c, as well as from the compilation of C and N isotope

enrichment factors in Figure 2.4. εC- and εN-values vary between −0.8±0.2h and

−2.7± 0.2h as well as −0.6± 0.2h and −8.1± 0.6h, respectively (Table 2.1).

C and N isotope fractionation was larger under acidic conditions (2.0 to 4.0) and

peaked at pH 3.0. εC-values decreased monotonicly towards pH 9.0 (Figure 2.4b),

whereas no such trend was observed for εN (Figure 2.4a). The pH-dependence

of εC and εN, however, is inconsistent with what would be expected if C and N

isotope fractionation arose from the combination of (i) a deprotonation of the

4-Cl-anilinium cation at pH < 2.65 in the ground state and (ii) subsequent trans-

formation (i.e., dechlorination) of excited species. As shown by Skarpeli-Liati et

al.133,134, C and N isotope fractionation associated with H+-exchange at the amino

group can indeed lead to more negative εN- and slightly more positive εC-values as

indicated by the solid lines in Figure 2.4. If H+-exchange at the N-atom was solely

responsible for the pH dependence, however, bulk enrichment factors would ap-

proach a constant level of C and N isotope fractionation at pH-values that differed

from the pK?
BH+ by ±2 units. This expectation cannot be reconciled with the the

fact that εC- and εN-values are less negative at pH 2.0 compared to pH 3.0 as well

with the variation of isotope enrichment factors above pH 5.0. Even though C and

N isotope fractionation due to ground state deprotonation EIEs does occur, exper-

imental data clearly disagree with the modeled scenario. It is thus questionable

whether H+-exchange processes are responsible for the bell-shaped pH-dependence

even if one takes into account that the acidity of excited state species can deviate

from its ground state analogs by several pKa units74,105,144,149.

The coupling products of 4-Cl aniline photolysis detected at pH 5.0 and 9.0

were identical to those found at pH 7.0. A noticeable increase of relative peak

intensity with increasing pH was found only for the hydroxylated chlorodipheny-

lamine (Figure S2.3). Below pH 5.0, no evidence for reaction products was found
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Figure 2.4 εN and εC-values associated with the direct photolysis of 4-Cl-aniline at
solution pH-values between 2.0 and 9.0. The blue and red line represent ε-values that
were calculated with eq. 2.3 under the assumption that ground-state deprotonation
contributed to C and N isotope fractionation. Bright blue and yellow markers stand for
experiments performed in presence of 1 M CsCl used as singlet quencher. Uncertainties
represent 95% confidence intervals.
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with the applied LC/HRMS procedure in agreement with less likely coupling re-

action among protonated 4-Cl-aniline and the reactive intermediate 798 and/or

a different reaction mechanism at low pH-values. UV/Vis spectra recorded for

λ of 200-400 nm during the experiments (Figure S2.6) revealed increasing light

absorption of the solutions with reaction progress. We attribute this result to the

formation of coloured coupling products during the reaction. A comparison of

light absorption at exhaustive irradiation of 4-Cl-aniline over the entire pH range

(up to 2.3 hours) suggest that the extent of coupling product formation is smaller

at lower pH. This observation corroborates the findings made with high-resolution

mass spectrometry.

2.3.4 Photophysical processes

We probed for potential contributions of photophysical processes to the ob-

served isotope fractionation with photolysis experiments that were carried out in

presence of CsCl. Cs+ was used as singlet quencher to decrease the lifetime of ex-

cited singlet states via increased intersystem-crossing and thus increased excited

triplet state formation118. Addition of 1 M of Cs+ decreased the fluorescence life-

times, τF, from 0.464 ± 0.004 to 0.292 ± 0.003 nanoseconds while addition of the

same amount of Na+ exerted a much smaller effect (Table S2.4). As shown in

Figure 2.5a, normalized τF decreased by a factor of 1.6 due to the presence of 1 M

Cs+ whereas this ratio is only 1.1 in solutions containing 1 M Na+.

The consequences of the presence of 1 M of Cs+ for εC- and εN-values measured

at pH 7.0 and 9.0 are shown in Figures 2.4, parts a and b and the corresponding

data is shown in Table 2.1 (entries 9 to 12). εC-values were up to 1.5h more

negative than in the absence of Cs+ whereas a change of εN was found primarily

at pH 7.0. We compared this shift of isotope fractionation behavior to effects of

buffer concentration (10 mM vs. 25 mM), buffer type (phosphate vs. formate),

and NaCl content at pH 2.0 and 3.0 (entries 1-6 in Table 2.1). These experimental

parameters caused only minor changes of N isotope fractionation compared to

experiments carried out in the standard setup. Because C isotope fractionation

and the correlated C and N isotope fractionation, ∆δ15N/∆δ13C, were identical

within experimental uncertainty, we consider the impact of these experimental
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Figure 2.5 Panel (a): Fluorescence lifetimes of excited 4-Cl-aniline singlet species,
τF, in presence of different CsCl and NaCl concentrations at pH 7.0. τ 0F denotes the
lifetimes in absence of Cs+ and Na+, respectively, and was 0.464±0.004 nanoseconds;
panel (b): Correlation of 13C- and 15N-AKIEs measured at different pH values (labels).
Data from Table 2.1. Uncertainties correspond to 95% confidence intervals.

factors as insignificant compared to addition of Cs+ as singlet quencher. The

above observations illustrate that C and N isotope fractionation is susceptible to

the population of excited states from which 4-Cl-aniline is dechlorinated and that

heterolytic dechlorination (2 → 3 in Figure 2.2) is indeed a source of isotope

fractionation. While we cannot quantify the relative shares of dechlorination from

excited singlet vs. triplet states, our data implies that reactions via excited triplet

states (e.g., in the presence of 1 M Cs+) are more likely responsible for C and

N isotope fractionation or lead to larger isotope fractionation. Excited triplet

states of 4-Cl-aniline have indeed been postulated to determine reactivity45,53.

Dechlorination from singlet states, in contrast, are either less isotope sensitive

and mask isotope fractionation from triplet state reactions or exhibit distinctly

different isotope fractionation behavior.
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2.3.5 Origin of isotope fractionation and kinetic isotope

effects

The considerable variability of C and N isotope enrichment factors with solu-

tion pH and presence or absence of singlet quenchers points to a combination of

isotope-sensitive reactions. We hypothesize that the heterolytic C–Cl bond cleav-

age in excited states is the primary source of photochemically induced isotope

fractionation but it is challenging to assign “typical” 13C- and 15N-AKIEs to this

process. The 13C-AKIE-values found here are 2- to 5-fold smaller than for C–

Cl bond cleavages associated with elimination and reduction reactions (approx.

1.03)3,4,36,60,92,171. The 15N-AKIE, in contrast, coincides with secondary effects for

aromatic N atoms such as in oxidation reactions of N-containing organic pollu-

tants62,103,162–164.

Figure 2.5b shows that the 13C- and 15N-AKIEs correlate nicely. Data for ex-

periments performed at pH-values pH 5.0 to 9.0 as well as those for pH 2.0 to 5.0

including the ones at pH 7.0 and 9.0 with singlet quencher follow two distinctly dif-

ferent, linear trends. Linear correlations of AKIEs from different isotopic elements

within a molecule, like correlations of isotope signatures (e.g., ∆δ15N/∆δ13C) and

ε-values for two elements, are robust evidence that transformation proceed via a

common mechanism or a combination of mechanisms35,86. Therefore, we hypoth-

esize that the two data regimes are indicative for 4-Cl-aniline transformation by

different reaction mechanisms. The identity of these mechanisms is yet unknown

but our data offers room for interesting speculations.

In the first regime (pH 5.0 to 9.0), a slight increase of 15N-AKIE-values cor-

relates with a similarly small decrease of 13C-AKIEs (and vice versa). Such a

trend rules out that an intrinsic KIE, e.g., for dechlorination, is masked because

masking would result in decreasing KIEs of both elements. The second regime

(pH 2.0 to 5.0 and experiments with singlet quencher) features a relationship, in

which increasing 13C- and 15N-AKIE align linearly. It is interesting to note that

AKIEs obtained at pH 7.0 and 9.0 are present in both regimes. This observation

excludes 4-Cl-aniline speciation in the ground state and in excited states as source

of different isotope fractionation. Rather, these two data points suggest that pho-

tophysical processes contribute to or even determine the isotope effect. 13C- and
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15N-AKIE larger than 1.010 and 1.002, respectively, would point to reactions from

excited triplet states because this regime includes the experiment carried out in

the presence of Cs+ as singlet quencher (−TiCl– in Figure 2.2). Consequently, 13C-

AKIEs below 1.010 would stand for dechlorinations from singlet states (−SiCl–,

Figure 2.2). Note that the postulated contribution of singlet state reactions con-

tradicts previous studies made for photolysis of 4-Cl-aniline in water and organic

solvents, which suggested that dechlorination occurred exclusively from excited

triplet states45,53. Here, changes in solution pH not only affect N isotope fraction-

ation through H+ exchange equilibria but also determine the population of singlet

and triplet excited states of 4-Cl-aniline and thus KIEs associated with the dechlo-

rination reaction from different spin states. Triplet state dechlorinations exhibit

much larger KIEs than dechlorinations from excited singlet states. The smaller
13C- and 15N-AKIEs for dechlorinations from the singlet states can, in part be

due to their significantly shorter lifetimes45. The latter may have led to a partial

masking of C and N isotope fractionation from C–Cl bond cleavage. In addition,

the two different AKIE regimes in Figure 2.5b suggest that magnetic interactions

determined the population of singlet vs. triplet states from which dechlorination

occurred with different, excited-state-specific isotope effects.

2.4 Implications

Our study illustrates that isotope fractionation associated with the photoly-

sis of organic compounds is difficult to rationalize based on bond cleavages only.

Instead, the sensitivity of excited state populations and intersystem crossing to

isotopic substitution shows that photochemical contaminant transformations give

rise to potentially unique isotope fractionation trends that differ from thermal

reactions. In fact, 15N-AKIEs for enzyme- and mineral-catalyzed oxidation of sub-

stituted anilines are mostly inverse ( i.e. < 1) due to the formation of transient

imine bonds. 13C-AKIE-values are close to unity102,134,135 and thus substantially

smaller than what is reported here for photolytic dechlorination. These differ-

ences in both C and N isotope fractionation can be exploited for the distinction

of reaction pathways in situations were multiple degradation processes can take

place35,163. In contrast to biological and abiotic reactions, however, we lack a
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quantitative understanding for the factors determining the magnitude of isotope

effects. The substantial variability of C and N isotope enrichment currently pre-

cludes quantification of the extent of contaminant transformation based on the εC-

and εN-values listed in Table 2.1. Given that the observed isotope effects were very

sensitive to excited spin state populations, we also anticipate that our findings are

difficult to extrapolate to other chlorinated anilines. Further insights of the isotope

sensitivity of photophysical processes is required to assess photolytic processes of

aquatic micropollutants with chloro-aniline substructures such as diclofenac84 and

diflubenzuron with CSIA.
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S2.1 Chemicals

Chemicals and gases were purchased from various manufacturers and used

without further treatment. A list of compound names, purities, and suppliers

follows. 4-Chloroaniline (>98%), potassium phosphate monobasic (>99%), were

purchased from Sigma-Aldrich (Buchs SG, Switzerland); hydrochloric acid (32%)

and sodium hydroxide (98%), sodium chloride (>99%) were from Merck (Dietikon,

Switzerland); methanol (for HPLC gradient) from Acros Organics (Geel, Belgium);

All aqueous solutions were prepared in nanopure water (18.2 MΩ-cm, Barnstead

NANOpure Diamond Water Purification System).

The carrier and reference gas for GC and GC/IRMS included helium (He,

99.999%), N2 (99.9999%), CO2 (99.999%), H2 (99.999%), synthetic air (20 ± 1%

O2 in N2, 99.9995%), O2 (99.9995%) and, N2 (99.9995%) from Carbagas (Rümlang,

Switzerland). All aqueous solutions were prepared in nanopure water (18.2 MΩ-

cm, Barnstead NANOpure Diamond Water Purification System).

S2.2 Rates of 4-Cl-aniline disappearance

S2.2.1 Kinetic model for 4-Cl-aniline transformation

A simplified reaction model derived from Figure 2.2 in the main paper was

employed to fit the kinetic data for the phototransformation of 4-chloroaniline. In

aerated solution (as for all experiments performed in this study), the reaction of

the carbene 4-iminocyclohexa-2,5-dienylidene (3) with oxygen (reaction (ii) in Fig.

2.2) is the dominant pathway for the consumption of the carbene. The fraction

of 3 reacting with O2 depends on the concentration of 4-Cl-aniline (e.g., 94.4%,

85.6% and 67.2% for [4-Cl-aniline] = 5 µM, 80 µM and 300 µM, respectively). The

reaction of 3 with 4-Cl-aniline represents a minor reaction pathway (e.g., 0.7%,

9.9% and 29.3% for [4-Cl-aniline] = 5 µM, 80 µM and 300 µM, respectively) and

was neglected in the simplified model. Also neglected were the other reactions of

3. No reductants (but transformation products) are present in solution, and the

reaction of 3 with H2O or OH– has a maximum contribution of 5% to the total

consumption of 3. We thus focus our attention on the product of reaction (ii),
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assumed to be 4-iminoquinone O-oxide (7) by Othmen et al. 98 , who determined

its second-order rate constant for reaction with 4-Cl-Aniline to be 5 × 108 M−1

s−1. This carbene-oxygen adduct should be the key intermediate of 4-Cl-aniline

photolysis able to oxidize 4-Cl-aniline. Unfortunately, no other rate constants are

available for 7, but we assume that 7 undergoes other reactions, in addition to the

one with 4-Cl-aniline, following pseudo-first-order kinetics to give further products.

Thus the phototransformation kinetics of 4-Cl-aniline upon direct photolysis can

be derived using the following simplified reaction scheme (eqs. S2.1-S2.3).

1
k1

GGGGGGA 7 (S2.1)

1 + 7
k2

GGGGGGA P1 (S2.2)

7
k3

GGGGGGA P2 (S2.3)

where k1 is a pseudo-first-order rate constant describing the formation of 7 upon

photolysis of the substrate 1, k2 is the second-order rate constant for the reaction of

7 with the substrate (see the aforementioned literature value), and k3 is a lumped

pseudo-first-order rate constant describing all further transformation pathways of

7. The rate expression for the disappearance of 4-Cl-aniline (1) follows from the

steady-state approximation of 7 (eqs. 2.8-2.9 in the main paper) leading to the

analytical solution in eq. 2.12.

1

2k1
ln


2k2
k3

[1] + 1

2k2
k3

[1]0 + 1

+
1

k1
ln

(
[1]0
[1]

)
= t (S2.4)

Eq. S2.4 was solved for k1 and the ratio k2/k3 by nonlinear regression of

measured 4-Cl-aniline concentrations vs. time t, weighted by a fixed standard

deviation of ∆ t = ±5 sec, using Igor Pro software (Wavemetrics, Lake Oswego,

OR). In addition to the above kinetic model (eqs. S2.1-S2.3), we quantified the
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pseudo-first order disappearance rate constant of 4-Cl-aniline at initial states of

the reaction taking into account data point up to 50% substrate transformation

(kinitialobs ) as well as for later stages of the reaction (k
C/C0≤50%
obs ).

The results of the modeling exercise for five experiments with initial 4-Cl-aniline

concentrations, C0, from 5 µM to 300 µM are shown in Figures 2.3 panel a (in the

main paper) and S2.1 and as well as in Table S2.1. The following observations and

conclusions can be made:

1. Equation S2.4 adequately describes the disappearance kinetics of 4-Cl-aniline

for each of the initial concentrations chosen (Figure S2.1, panels a-e). All fit-

ted parameters are shown in Table S2.1. Values for k1 decrease with increas-

ing initial concentration of 4-Cl-aniline from 0.047±0.022 to 0.010±0.005 s−1

despite correction for the distinctly different light attenuation factors of the

five experiments. Some k1-values overlap within their 95% confidence inter-

val in agreement with the assumption that the rate constant of 4-Cl-aniline

photolysis should be independent of C0. However, the four-fold difference

between k1 at 5 µM and 300 µM implies that other factors can affect the

photolysis of 4-Cl-aniline in a way that reaction rate constants depend on

initial substrate concentrations. Such a reduction of k1 with increasing C0

of 4-Cl-aniline is expected to arise from a reduced formation of one of the

excited state precursors of the carbene, or an enhanced deactivation of such

excited states, leading to a reduced yield of carbene formation. Note that

this explanation is speculative and requires experimental confirmation, which

is beyond the scope of the present work.

2. The comparison of k1 with kinitialobs , k
C/C0≤50%
obs , as well as the ratio of the latter

two variables consistently show that photochemical transformation of 4-Cl-

aniline and its oxidation by 7 are of equal importance at initial stages of the

reaction.

(i) The overall rate constant of initial 4-Cl-aniline removal, kinitialobs , is twice as

large as the rate constant for reaction at more than 50% of substrate removal

(k
C/C0≤50%
obs ). It is interesting to note that the distinction between fast initial

vs. slow subsequent 4-Cl-aniline transformation can be made at approxi-

mately 50% substrate turnover even though experiments were conducted at
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different C0. We assume that the shift of reaction rates indicates a transition

from 4-Cl-aniline transformation by direct photolysis and oxidation by 7 vs.

transformation by direct photolysis only. Apparently, the contribution of 7

seems to become negligible at comparable substrate turnover despite differ-

ent C0. This finding is consistent with the hypothesis that 7 may efficiently

react with phototransformation products of 4-Cl-aniline, which would reduce

the importance of the first term on the left-hand side of eq. S2.4 during the

course of the reaction.

(ii) k
C/C0≤50%
obs equals k1 suggesting that the these two rate constants reflect

exclusively the photochemical reactivity.

(iii) The ratio of kinitialobs /k
C/C0≤50%
obs and kinitialobs /k1 equals 2 except in experi-

ments with C0 of 300 µM. The ratio of 2 implies that at initial stages of the

reaction, two substrate molecules are removed per photochemically trans-

formed 4-Cl-aniline, which is the stoichiometric upper limit for contribution

of 4-Cl-aniline oxidation by 7. This conclusion is supported by large k2/k3-

ratios obtained from fitting our date to eq. S2.4. Note however, that this pa-

rameter can only be determined with large uncertainties. Large k2/k3-ratios

mean that at initial stages of the transformation of 4-Cl-aniline, reaction of

7 with 4-Cl-aniline is more important than further transformation of 7 to

(coupling) products.

3. For the interpretation of 4-Cl-aniline isotope fractionation, we assume that

(i) the contribution of substrate oxidation by 7 gradually decreases as the

reaction progresses and (ii) that after 50% of substrate conversion, 4-Cl-

aniline is transformed exclusively through direct photolysis.
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Figure S2.1 Modeling 4-Cl-aniline concentrations vs. time points corrected for light
screening at λ = 254 nm using eq. S2.4 for different initial substrate concentrations:
(a) 5 µM, (b) 50 µM, (c) 100 µM, (d) 200 µM, (e) 300 µM. Note that corrected
time points were fitted vs. measured concentrations. Values for k1 indicate the rate
constant of photochemical transformation as in Table S2.1.
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S2.2.2 Data analysis

At aqueous 4-Cl-aniline concentrations ≥ 5µM low optical density conditions

for photochemical experiments are not fulfilled. Light attenuation and screening

by substrate and product molecules and the ensuing decrease of the photon fluence

rate in the reactor tubes were accounted for according to procedures described by

Wenk et al. 156 . To this end, we corrected the sampling time points, tsampling, at

which samples were withdrawn from the reactors for concentration analysis with a

light screening factor at wavelength λ of 254 nm, S254, as well as with for photon

fluence rate variations with atrazine by chemical actinometry (atr in equations

below).22 Corrected time points, t∗ followed from tsampling as in eq. S2.5.

t∗ = tsampling · S
tsampling

254 · katrcorr (S2.5)

where S
tsampling

254 and katrcorr are derived as in eqs. (S2.6-S2.8) with n of 103, bi is the

length of a chord and R is the radius of the quartz tube, katrreference is the reference

decay constant for atrazine, and katrj is its value at the day j of measurement.

a
tsampling

254 is the absorption coefficient at 254 nm.

S
tsampling

254 =

n∑
i=0

bi ·
1− e−2.303·bi·a

tsampling
254

2.303 · bi · a
tsampling

254
n∑
i=0

bi

(S2.6)

bi = 2R

√
i

n

(
1− i

n

)
(S2.7)

katrcorr =
katrj

katrreference

(S2.8)
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Table S2.3 Photon-fluence based,
pseudo-first order reaction rate con-
stants for the photolysis of 4-Cl-aniline
at λ = 254nm at different solution pH-
values. Uncertainties are 95% confi-
dence intervals.

pH kapp
E0
P

(-) (m2 einstein−1)

2 34± 1

3 86± 3

4 283± 48

5 401± 114

7 605± 67

9 438± 259

S2.3 Fluorescence quenching by CsCl

Table S2.4 Fluorescence lifetimes τF of 4-Cl-aniline during photolysis
in the presence CsCl or NaCl. τ 0F refers to 4-Cl-aniline solution without
any salt addition. Uncertainties are 95% confidence intervals.

NaCl CsCl τF τ 0F/τF

(M) (M) (ns) (-)

0 0 0.464± 0.004 1

0 0.5 0.352± 0.003 1.318± 0.011

0 1.0 0.292± 0.003 1.589± 0.016

0.5 0 0.436± 0.004 1.064± 0.010

1.0 0 0.417± 0.003 1.113± 0.008
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S2.4 Product Analysis

The following compilation of reaction products was made for experiments car-

ried out with 80 µM initial 4-Cl-aniline concentration. Note that neither 4-amino-

phenol nor aniline was detected in any experiment.

S2.4.1 Identification of possible coupling products (CP)
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Figure S2.2 MS signal intensity represented in arbitrary units (a.u.) over irradiation
time in hours (h) relative to the formation of one of the possible isomers with chemical
formula C12H11ClN2 over a pH range from 5.0 to 9.0 (a-c). Two possible identified com-
pounds are 4-chloro-4′-aminodiphenylamine (i) and 5-chloro-1,1′-biphenyl-2,4′-diamine
(ii).
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Figure S2.3 MS signal intensity represented in arbitrary units (a.u.) over irradia-
tion time in hours (h) relative to the formation of one of the possible isomers with
chemical formula C12H10ClNO over a pH range from 5.0 to 9.0 (a-c). Two pos-
sible identified compounds are 4-hydroxy-4′-chlorodiphenylamine (i) and 5-chloro-4′-
hydroxy-1,1′-biphenyl-2-amine (ii).
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Figure S2.4 MS signal intensity represented in arbitrary units (a.u.) over irradiation
time in hours (h) relative to the formation of one of the possible isomers with chemical
formula C18H13Cl2N3 (i) over a pH range from 5.0 to 9.0 (a-c) and to the formation of
one of the possible isomers with chemical formula C18H12Cl2N2O (ii) over a pH range
from 5.0 to 9.0 (d-f)
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Figure S2.5 MS signal intensity represented in arbitrary units (a.u.) over irradiation
time in hours (h) relative to the formation of one of the possible isomers with chemical
formula C24H17Cl3N4 (i) over a pH range from 5.0 to 9.0 (a-c) and to the formation of
one of the possible isomers with chemical formula C24H16Cl3N3O (ii) over a pH range
from 5.0 to 9.0 (d-f).
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S2.5 UV-Vis Spectra
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Figure S2.6 UV-Vis absorbance spectra reative to the direct photolysis of 4-Cl-
aniline recorded in the UV range from 200 to 400 nm over a pH-range from 2.0 to 9.0
(a - f) and in presence of CsCl 1M (g - h)
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Isotope Fractionation Associated

with the Photochemical
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Abstract

Isotope fractionation associated with the photochemical transformation of or-

ganic contaminants is not well understood and can arise not only from bond cleav-

age reactions but also from photophysical processes. In this work, we investigated

the photolytic dechlorination of 2-Cl- and 3-Cl-aniline to aminophenols to obtain

insights into the impact of substituent position on the apparent 13C and 15N kinetic

isotope effects (AKIEs). Laboratory experiments were performed in aerated aque-

ous solutions at an irradiation wavelength of 254 nm over the pH range 2.0 to 7.0 in

the absence and presence of Cs+ used as excited singlet state quencher. Photolysis

of 2-Cl-anilinium cations exhibits normal C and inverse N isotope fractionation

while neutral 2-Cl-aniline species shows inverse C and normal N isotope fractiona-

tion. In contrast, the photolysis of 3-Cl-aniline was almost insensitive to C isotope

composition and the moderate N isotope fractionation points to rate-limiting pho-

tophysical processes. 13C- and 15N-AKIE-values of 2-Cl-aniline decreased in the

presence of Cs+ whereas those for 3-Cl-aniline were not systematically affected by

Cs+. Our current and previous work illustrates that photolytic dechlorinations of

2-Cl-, 3-Cl-, and 4-Cl-aniline isomers are each accompanied by distinctly different

and highly variable C and N isotope fractionation due to spin selective isotope

effects.
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3.1 Introduction

The assessment of organic pollutant degradation processes by compound-specific

isotope analysis (CSIA) is becoming increasingly popular38,57,146. A growing num-

ber of studies report fractionation trends for C, H, N, Cl, and S isotopes in organic

compounds as well as the corresponding apparent kinetic isotope effects, with

which biological and abiotic transformation routes can be characterised71. Isotope

fractionations from photolytic reactions, however, are currently not well under-

stood and applications of CSIA that include light-induced transformations, for ex-

ample, of halogenated phenols, anilines, triazines, and diphenylethers,56,107,117,151,168

are scarce. In contrast to thermal reactions, isotope fractionation in photolytic

transformations can originate not only from bond cleavages but also from photo-

physical processes of excited states such as magnetic interactions of spin carrying

nuclei and electrons18,19,142,148,160. Isotope effects from photophysical processes are

thus more difficult to rationalise and likely more variable because they depend

on the population and reactivity of different excited spin states. The latter can

be very sensitive to a number of parameters such as the protonation state of the

organic pollutant and solution constituents that may act, for example, as singlet

or triplet state quenchers. Moreover small differences in molecular structure, for

example, aromatic substituent positions, not only alter light absorptivity but can

also lead to photolysis through different reaction mechanisms.

We have recently studied the isotope fractionation associated with the pho-

tolysis of 4-chloroaniline (4-Cl-aniline)107 to obtain insights into possible isotope

fractionation associated with photolytic dechlorinations of agrochemicals and phar-

maceuticals containing reactive chloroaniline substructures15,20,25,48,69,167,169. This

prior work showed that it is difficult to propose “typical” ranges of kinetic iso-

tope effects for photolytic dechlorination reactions56,117,151 in a similar way as

for microbially mediated dechlorinations, for example, of chlorinated ethenes and

chlorobenzenes3,4,8,29,36,37,50,66,80–82,93,110,111,143. Photolytic dechlorination of 4-Cl-

aniline leads to a carbene intermediate, which reacts to give higher molecular

weight coupling products, aniline, and aminophenol98. While the apparent 13C-

kinetic isotope effects (13C-AKIE) for this dechlorination reaction (1.005 to 1.017)

are smaller than for dechlorinations of aromatic and olefinic C–Cl bonds (approx.
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1.03, see above refs.), 15N-AKIE-values of up to 1.009 are larger than those reported

for thermal reactions in which no N atom is located at the reactive position107.

Evidence from correlations of 13C-AKIE and 15N-AKIE over the pH range 2.0 to

9.0 and in presence of singlet quenchers suggested that the considerable variability

of isotope fractionation was due to reactions from singlet vs. triplet excited states.

Whether the observed spin selectivity of C and N isotope fractionation is indica-

tive for photolytic dechlorinations of other chloroanilines such as the aquatic mi-

cropollutant diclofenac, however, is currently unknown. Photolysis of 2-chloroaniline

(2-Cl-aniline) and 3-chloroaniline (3-Cl-aniline) also results in dechlorination but

current evidence suggests different reaction mechanisms16,48,94,96,97. Previous work

on the oxidation of N -alkylated anilines showed that changes of the type and posi-

tion of the substituents on the benzene ring can give rise to subtle changes in mech-

anisms, which result in distinctly different C, H, and N isotope effects135. It was the

goal of this work to examine the impact of the substituent position on the C and

N isotope fractionation for the photolytic dechlorination of (mono-)chloroanilines.

Specifically, we aimed at obtaining insights into the diagnostic capabilities of CSIA

for photolytic dechlorination of micropollutants with chloroaniline substructures.

To this end, we studied the C and N isotope fractionation associated with the

direct photolysis of 2-Cl-aniline and 3-Cl-aniline in aerated aqueous solution. Ex-

periments were carried out over the pH range of 2.0 to 7.0 in the absence and

presence of CsCl as singlet quencher to account for influence of protonation and

spin selectivity on 13C-AKIE and 15N-AKIEs.

3.2 Experimental Section

A list of chemicals including their purities and suppliers can be found in the

Supporting Information (SI).

3.2.1 Chemical and isotopic analysis

Concentrations of 2-Cl-aniline, 3-Cl-aniline, 2-aminophenol, and 3-aminophenol

were determined by HPLC using a Dionex UltiMate 3000 system equipped with a

UV-Vis detector following methods described recently107,133. Columns used include
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Supelcosil LC-18 (25 cm × 4.6 mm, 5µm) with eluent mixtures of methanol and 1

mM KH2PO4 (40/60 vol % for 2-Cl-aniline and 30/70 % vol for 3-Cl-aniline) at a

flow rate of 1 mL min−1 and a sample injection volume of 20 µL. Polar transforma-

tion products were analyzed with LC/MS using a LTQ (Linear Trap Quadrupole)

Orbitrap mass spectrometer (Thermo) with electrospray ionization as documented

previously134,135. Gradient elutions from 90/10 to 5/95 vol % ratios of H2O/MeOH

were run on Atlantis C-18 (15 cm × 3.0 mm, 3 µm) and XBridge C-18 (5 cm × 2.1

mm, 3.5 µm) columns from Waters. Both eluents contained 0.1 vol % formic acid.

Qualitative identification of reaction products, such as 2-aminophenoxazin-3-on,

was based on the exact masses of tentative molecular structure of expected prod-

ucts as well as MS/MS- fragment spectra73. Deuterated aniline concentrations

were determined by GC/MS (Ultra Trace GC, DSQII, Thermo) as shown previ-

ously134 using d5-aniline as external standard. Molecular structures of anticipated

products were postulated as shown in the SI.

13C/12C and 15N/14N ratios were determined by solid phase microextraction

(SPME) using polydimethylsiloxane/divinylbenzene fibers (Supelco) followed by

gas chromatography coupled to isotope ratio mass spectrometry102,103,107,133. The

combustion interface was equipped with a Ni/Pt oxidation reactor138. pH values

of aqueous samples were adjusted to 7.0 to avoid N isotope fractionation by H+-

exchange reactions133. The pKa of the conjugate acids of 2-Cl- and 3-Cl-aniline are

2.65 and 3.52, respectively126. Stable C and N isotope signatures (δ13C and δ15N)

of chloroanilines are given as arithmetic mean (±σ) of triplicate measurements

in per mil (h). Isotopic standard materials purchased from Indiana University

were used to report δ13C- and δ15N-values relative to Vienna PeeDee Belemnite

and air, respectively. C and N isotope analysis was performed within the method

quantification limits of the SPME-GC/IRMS procedure of 1.0 to 2.5 µM for δ13C

and δ15N72. Samples were diluted to concentrations yielding peak amplitudes

between 0.5 and 3 V. A standard bracketing procedure, referenced to calibrated

in-house standards of 2-chloro- and 3-chloroanilines of known δ13C and δ15N-values,

was used to ensure accuracy of the isotope ratio measurements.
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3.2.2 Photolysis Experiments

Kinetic and isotopic experiments were carried out in glass-stoppered quartz

tubes (OD 18 mm, ID 15 mm) filled with 20 mL of aerated and buffered solution,

typically 10 mM phosphate buffer of pH 2.0, 4.0, and 7.0 as shown previously107.

Quartz tubes were introduced in a DEMA 125 merry-go-round photoreactor (Hans

Mangels GmbH, Bornheim-Roidorf, Germany) equipped with a low-pressure mer-

cury (LP Hg) lamp (Heraeus Noblelight model TNN 15/32, nominal power 15 W)

and a quartz cooling jacket24. A recirculating pure water bath kept the reactor

temperature at 25.0±0.2 �. Direct photolysis experiments were started by irradi-

ation of monochromatic light at a wavelength of 254 nm and stopped by removing

the quartz tubes from the photoreactor. The used Hg lamp enabled us to study

the pH-dependence of chloroaniline photolysis within one and four hours for 3-Cl-

and 2-Cl-aniline, respectively.

Experiments for the quantification of C and N isotope fractionation were per-

formed at 80 µM initial chloroaniline concentrations. Between 9 and 12 samples

consisting of the entire volume of a 20 mL quartz tube were collected at different

time points depending on the decay kinetics of 2- and 3-Cl-aniline until fractional

conversion exceeded 95%. Samples were split for measurement of substrate con-

centrations, C and N isotope ratios, identification of reaction products, and UV-vis

absorbance on a Cary 100 spectrophotometer.

Experiments for the evaluation of photolysis kinetics were carried out iden-

tically using two reactor tubes and initial chloroaniline concentration of only 5

µM. Note that reaction rate constants were independent of the initial substrate

concentrations between 5 µM and 80 µM. At predefined time points, samples of

0.5 mL were withdrawn. All kinetic experiments were done in duplicates and rate

constants for the direct photolysis of 2- and 3-Cl-aniline were scaled to a constant

photon fluence rate of 7.5± 0.8 · 10−5 einstein m−2 s−1 using atrazine as a chemi-

cal actinometer and corrected for inner-filter light-screening as described by Ratti

et al. 107 Direct photolysis of 3-Cl-aniline was also studied in the presence of 1 M

d8-isopropanol at pH 7.0 at initial concentrations of 150 µM76.

Control experiments for quantification of non-reactive losses and isotope frac-

tionation were set up identically under the experimental conditions described above
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but without irradiation. Experiments with Cs+ as a singlet quencher were carried

out in 10 mM phosphate buffer containing 1 M CsCl. Reference experiments

thereof contained either NaCl or NaClO4 in concentrations from 0.3 to 1.0 M to

assess the impact of Cs+ and Cl– independently.

3.2.3 Data analysis

A linear regression analysis of δ13C- and δ15N- values, respectively, vs. frac-

tional amount of remaining reactant ratio (C/C0) as shown in eq. 3.1, was used to

derive bulk compound C and N isotope enrichment factors (εC, εN). Based on the

assumption that changes in isotope ratios could only occur at the reactive atom po-

sitions of the investigated compound, while non-reactive ones remain unchanged,

secondary kinetic isotope effects are considered to be negligible. According to this

consideration, eq. 3.2 was used to estimate the corresponding apparent 13C- and
15N-kinetic isotope effects (AKIEs).

ln

(
δhE + 1

δhE0 + 1

)
= εE · ln

(
C

C0

)
(3.1)

AKIEE =
1

1 + n · εE
(3.2)

where δhE0 and δhE stand for the measured isotope signatures of an element E at

time zero and at different time intervals of the reaction. n stands for the number

of isotopic atoms and equals 1 for 15N-AKIEs and 6 for 13C-AKIEs derivation.

The kinetics of 2-Cl- and 3-Cl-aniline photolysis to aminophenols and further

reaction products were quantified based on a simplified kinetic model (eqs. 3.3-

3.5).
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A
γ · k1

GGGGGGGGGA B (3.3)

A
(1− γ) · k1

GGGGGGGGGGGGGGGAP1 (3.4)

B
k2

GGGGGGA P2 (3.5)

where A is either 2-Cl- or 3-Cl-aniline, B stands for 2- or 3-aminophenols. P1

and P2 stand for further photolysis products of A and B, respectively. k1 is

the pseudo-first order rate constant for photolysis of chloroanilines, whereas k2

is the rate constant for photolysis of aminophenols. γ quantifies the substrate

fraction of chloroaniline that reacts to aminophenol. Reactions 3.3 to 3.5 result

in eqs. 3.6 and 3.7 as the integrated rate laws for the concentration dynamics

of chloroanilines and aminophenols. Non-linear regression analysis using Igor Pro

software (Wavemetrics Inc.) was applied to the data after correction for light

attenuation at 254 nm, S254, to account for the light absorption by dissolved species

and the geometry of the reactors.156 First, the fitting of parameter k1 was obtained

from regression of the chloroaniline kinetic data to eq. 3.3, then the determined

k1 was used as fitted parameter to evaluate data for aminophenol concentrations

with eq. 3.6, yielding fitting paramaters γ and k2.

[A] = [A0] e
−k1t (3.6)

[B] = γ · k1
(k2 − k1)

(
e−k1t − e−k2t

)
[A0] (3.7)

where [A0] is the initial chloroaniline concentration.

The pH-dependence of observed and photon-fluence based reaction rate con-

stants, k1 and kE0
P

as well as C and N isotope enrichment factors, εC and εN, were

calculated using eqs. 3.8 and 3.9.
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χi = αBH+ · χBH+

i + (1− αBH+) · χB
i (3.8)

αBH+ =
1

1 + 10
pH−pKBH+

(3.9)

where χi stands for the fitted parameters. χ
BH+

i and χB
i are the derived values for

the protonated and neutral chloroaniline using ground state acidity constants for

the conjugate acids of 2-Cl- and 3-Cl-aniline (2.65 and 3.52)126. Note that due to

the numerous parameters determined in each experiment, fitting of χi was carried

out based on only 3 experiments at 3 pH-values. This limitation of experiments,

especially at pH-values below pKBH+ resulted in very small parameter uncertainties

(i.e., 95% confidence intervals).

3.3 Results and Discussion

3.3.1 Photolysis of 2-Chloroaniline

The reaction kinetics of the direct photolysis of 2-chloroaniline (2-Cl-aniline,

80 µM) at pH 7.0 and the associated C and N isotope fractionation are shown

in Figure 3.1. Disappearance of 2-Cl-aniline followed pseudo-first order kinetics

(k1 = 4.1±0.3 ·10−4 s−1, entry 3a, Table 3.1) with a quantum yield for the neutral

species, φB, of 0.05±0.01 mol einstein−1. Photolysis was accompanied by an inverse

C and normal N isotope fractionation and the corresponding C and N isotope

enrichment factors, εC and εN, were +1.3±0.1h and −2.9±0.1h, respectively. We

observed 2-aminophenol (compound 4 in Figure 3.2a) as a transient intermediate

(Figure 3.1a). Based on our kinetic analysis, formation of 2-aminophenol at pH 7.0

accounted for more than 50% of 2-Cl-aniline disappearance (eqs. 3.6 and 3.7 with

γ = 0.51± 0.08). Product analyses by high-resolution MS revealed the formation

of 2-aminophenoxazin-3-one (5, m/z 213.0659).

Photolysis of 2-Cl-aniline in aqueous solution was investigated previously and

the typical reaction pathways are summarized in Figure 3.216,94,96. Formation of

transient, dechlorinated species (3) is speculative due to the low quantum yield
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or short lifetime of excited state species96. Detection of 2-aminophenol and 2-

aminophenoxazin-3-one suggest that pathway (i) was operational in our experi-

ments. Moreover, compound 5 was also obtained in irradiation experiments with

2-aminophenol as the substrate suggesting that its disappearance after one hour

was at least in part due to formation of the phenoxazine (see SI, Figures S3.1

and S3.3). Neither biphenyl-type coupling products of dechlorinated intermedi-

ates with substrate, intermediate, and product molecules (e.g., 7) nor aniline (8)

were found in aerated solution experiments, in agreement with the fact that com-

pounds 7 and 8 are reported for deoxygenated solutions only96. Because 7 and

8 would have been detected with our analytical procedures,107 we conclude that

pathways (iii) and (iv) were not relevant here for transformation of 2-Cl-aniline.

We also did not observe the cyclopentadienecarbonitrile products (6), which have

been previously reported96. Due to the lack of reference material, however, it is

more difficult to rule out contributions of pathway (ii) completely.

The combination of inverse C and normal N isotope fractionation is unusual

and has not been observed previously for photochemical and thermal reactions

of organic pollutants. In contrast, the opposite combination, that is normal C

and inverse N isotope fractionation are typical for oxidation reactions of substi-

tuted anilines102,133,134. Normal εN-values of smaller magnitude were reported for

the direct photolysis of 4-Cl-aniline at pH 7.0 (ε4−Cl
N of −1.2 ± 0.2h vs. ε2−Cl

N of

−2.9 ± 0.1h) where we also assumed that the N atom was not directly involved

in the reaction107. The εC for 2-Cl-aniline photolysis (1.3± 0.1h), however, is no-

tably different from the one found for the heterolytic dechlorination of 4-Cl-aniline

(−1.2± 0.2h). In analogy to the inverse N isotope fractionation documented for

thermal reactions, the inverse C isotope fractionation for 2-Cl-aniline photolysis

could be interpreted as evidence for increased bonding to C in the rate-limiting

step of the reaction102,134. However, inverse C (and N) isotope fractionation, as

evidenced for the direct photolysis of atrazine,56 can also originate from magnetic

isotope effects due to interactions of spin carrying nuclei and unpaired electrons.

Our recent work on the direct photolysis of 4-Cl-aniline has shown that such mag-

netic effects, albeit not associated with inverse C isotope fractionation, are very

sensitive to changes in solution pH and ionic composition107.
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Figure 3.2 (a) Pathways of direct photolysis of 2-Cl-aniline (1): Excited species 2
can dechlorinate to a protonated carbene (3) and react along four reaction pathways
to (i) 2-aminophenol (4) and 2-aminophenoxazin-3-one (5), (ii) ring-contraction to
cyclopenta-1,3-diene-1-carbonitrile (6), (iii) biphenyl coupling products (7), and aniline
(8). Compound 7 is an example for different possible molecular structures. (b) Direct
photolysis of 3-Cl-aniline 9 to 3-aminophenol 11 through hydrolysis of excited state
species 10.

pH Dependence

We studied the rate constants and isotope enrichment factors of 2-Cl-aniline

photolysis at different pH values (2.0, 4.0, 7.0). As shown in Figure 3.3 and in Table

3.1, both the observed and the photon-fluence based photolysis rate constants (k1

and kE0
P
) were moderately pH-dependent and differed by only 30% in the studied

pH range. While the molar absorption coefficients of the neutral 2-Cl-aniline

species (εB254 = 56.1 ± 0.6 m2 mol−1) is approximately 3 times larger than that of

the protonated species (ε
BH+

254 = 17.8±0.4 m2 mol−1), the reaction quantum yield of

the protonated species is twice that of the neutral 2-Cl-aniline (φBH+
= 0.11±0.01

vs. φB = 0.05±0.01, Table S3.1). The combination of higher light absorptivity and

lower quantum yield of the neutral 2-Cl-aniline (and vice versa for the protonated

species) explains the moderate pH-dependence. We successfully quantified the pH-
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dependence of the photolysis rate constants assuming that both protonated and

neutral 2-Cl-aniline species reacted independently (solid lines in Figure 3.3a). The

assumption is supported by the product analyses. At pH 2.0, 2-aminophenol is

formed in smaller amounts (< 20% of the initial 2-Cl-aniline concentration) and

the relative peak intensity for 2-aminophenoxazin-3-one decreased by a factor of

four compared to experiments at pH 4.0 and 7.0 (Figures S3.1 and 3.1).

We also observed substantial differences in C and N isotope fractionation for

the 2-Cl-aniline photolysis of protonated vs. neutral species (Figures S3.1b/d and

3.3b). At solution pH-values of 4.0 and 7.0, C isotope fractionation of the neutral

2-Cl-aniline was inverse while N isotope fractionation was normal. The corre-

sponding εC-values for pH 4.0 and 7.0 are similar (1.7 ± 0.1h vs. 1.3 ± 0.1h)

whereas εN-values are identical (−3.0 ± 0.3h vs. −2.9 ± 0.1h, Table 3.1). The

good agreement is also shown in Figure 3.4a, where C and N isotope fractionations

were correlated and the corresponding slopes ∆δ15N/∆δ13C are identical within
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uncertainty (Table 3.1, entries 2a and 3a). At pH 2.0, however, we observed the re-

versed C and N isotope fractionation trends, that is a normal isotope fractionation

for C isotopes and inverse fractionation for N isotopes. The absolute value of εC

for 2-Cl-aniline at pH 2.0 (|−0.8±0.1h|) is smaller than those measured at pH 4.0

and 7.0, whereas the one for εN at pH 2.0 is of similar magnitude (|+ 3.0± 0.1h|)
but of opposite sign compared to higher pH. Notice that in this special case, the

∆δ15N/∆δ13C-values (Table 3.1, entries 1a, 2a, 3a) do not fully reflect the sub-

stantial difference in C and N isotope fractionation because this parameter cannot

account for the direction of isotope fractionation (see arrows in Figure 3.4). The

distinctly different C and N isotope fractionation for protonated and neutral 2-Cl-

aniline corroborates the above interpretation of photolysis kinetics in that the two

66



Direct Photolysis of 2- and 3-Chloroaniline in Aqueous Solution

species react along independent pathways. We can also exclude the contribution

of H+ exchange reactions to the observed N isotope fractionation at pH 2.0 as in

processes, where only the neutral species determines the reactivity of a substituted

aniline (e.g., mineral-catalyzed oxidation). Such cases are governed by large nor-

mal N isotope fractionation (i.e., εN < 0133,134) in contrast to what is shown in

Figure 3.3b.

In analogy to the quantification of the pH-dependence of photolysis rate con-

stants, C and N isotope enrichment factors follow the weighted average of the

εC- and εN-values for the two species (Figure 3.3b). The C isotope enrichment

factors for the photolysis of protonated and neutral species, ε
BH+

C and εBC, are

−1.4± 0.2h and 1.5± 0.2h, respectively (Table 3.1, entries 4a and 5a). An even

larger species-dependent difference was found for N isotope fractionation, where

ε
BH+

N and εBC amount to 4.5± 0.1h and −2.9± 0.3h, respectively.

Origin of Isotope Fractionation and Kinetic Isotope Effects

We investigated the C and N isotope fractionation of 2-Cl-aniline photolysis

over the pH range of 2.0 to 7.0 in the presence of 1 M CsCl to obtain insights into

the contributions of photophysical processes. As shown recently for the photolysis

of 4-Cl-aniline,107 Cs+ was used to decrease the lifetime of excited singlet states

via increased intersystem-crossing and thus increased excited triplet state forma-

tion. The corresponding data are shown in Table 3.1, entries “b” and in Figures

3.3b and 3.4b. Addition of Cs+ led to an increase of reaction rate constants, k1,

by 18% to 30% (Figure 3.3a) and a decrease of isotope fractionation. The differ-

ences in measured δ13C-values of 2-Cl-aniline across all experiments were below

4h (Figure 3.4b). All εC- and εN-values determined from experiments with Cs+

were smaller than in its absence. The correlation of C and N isotope fraction-

ation (Figure 3.4b) illustrates that the effects of the singlet quencher were more

pronounced for protonated than for neutral 2-Cl-aniline species. Note that a quan-

titative interpretation of the variations of ∆δ15N/∆δ13C-values is hampered in the

present case. The correlations shown in Figure 3 at solution pH 2.0 to 7.0 always

reflect the C and N isotope fractionation caused by different combinations isotope

effects pertinent to the photolysis of protonated and neutral 2-Cl-aniline species.
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∆δ15N/∆δ13C-values are thus no longer indicative of a single reaction mechanism

and we focus the discussion on pathway-specific parameters εBH+
and εB for C and

N isotopes.

The decrease of ε
BH+

N (4.5h→ 0.3h, entries 4a/b, Table 3.1) was larger than

that for ε
BH+

C (−1.4h → −0.9h) whereas the opposite trend can be observed

for neutral 2-Cl-aniline (entries 5a/b, Table 3.1). The sensitivity of both reaction

pathways to singlet quenching implies that both dechlorination pathways occur,

at least to some extent, from excited singlet states. Previous investigations with

laser spectroscopy revealed that the lifetime of transient species was too short to

be measured (< 9 ns,96) and its spin states are unknown. Our experiments, nev-

ertheless, show that C and N isotope fractionation is susceptible to the population

of excited states from which dechlorination happens.

Based on the above observations, we assigned 13C- and 15N-AKIEs to the re-

action pathways of protonated and neutral 2-Cl-aniline. Dechlorination of 2-Cl-

anilinium cations in the absence of Cs+ is associated with a normal 13C- and inverse
15N-AKIEBH+ of 1.0084± 0.0009 and 0.9955± 0.0001, respectively. 13C- and 15N-

AKIEBH+ are closer to unity in the presence of the singlet quencher (1.0056 and

0.9997, respectively). This comparison suggests that isotope fractionation origi-

nates primarily from singlet state dechlorinations. In the presence of Cs+, this

isotope fractionation could be masked because singlet states are quenched and

reaction rates of triplet state dechlorination increase. Alternatively, triplet state

dechlorination could exhibit smaller isotope effects. The same interpretation holds

for the neutral 2-Cl-aniline even though the mechanisms of reaction is different

from that of the of 2-Cl-anilinium cations given that 13C-AKIEB are inverse and
15N-AKIEB normal. 13C- and 15N-AKIEB for dechlorination from singlet states

are 0.9909 and 1.0029 and approaching unity in the presence of Cs+.

3.3.2 Photolysis of 3-Chloroaniline

The concentration as well as the C and N isotope signatures of 3-Cl-aniline

during photolysis at pH 7.0 are shown in Figure 3.5 and reveal several differences

to the reaction of 2-Cl-aniline under identical conditions. 3-Cl-aniline is photolysed
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with a pseudo-first-order rate constant, k1, of (3.8±0.2) ·10−3 s−1 (Table 3.1, entry

8a), that is approximately one order of magnitude faster than for 2-Cl-aniline. 3-

Aminophenol was found as the only reaction product accounting for 3-Cl-aniline

removal (γ = 0.80± 0.06 in eq. 3.7; Figures S3.2 and S3.4). Experiments carried

out in the presence of d8-isopropanol used as radical scavenger did not lead to

formation of deuterated products (e.g., d-aniline, Figure S3.5). In contrast to 2-Cl-

aniline, no high-molecular weight coupling product could be detected. Finally, C

and N isotope fractionation of 3-Cl-aniline is normal and the magnitude of isotope

fractionation is smaller (εC and εN-values of −0.4± 0.1h and −1.7± 0.2h). Our

observations agree with previous work, which suggested that excited 3-Cl-aniline

is hydrolysed to 3-aminophenol (Figure 3.2b)16,97 without formation of long-lived

radical species. A comparison of isotope fractionation with other photochemical

hydrolysis reactions that could confirm this hypothesis, however, is hampered by

the lack of adequate data.

pH Dependence and Influence of Singlet Quencher and Dissolved Ions

on Reaction Rates

We studied the kinetics of 3-Cl-aniline photolysis at pH 2.0, 4.0, and 7.0 as

well as in the presence of Na+, Cs+, Cl–, and ClO–
4 in concentrations of 0, 0.33,

0.67, and 1.0 M. The results are illustrated in Figure 3.6a. Pseudo-first-order rate

constants, k1, photon-fluence based rate constants, kE0
P
, and quantum yields fol-

low the identical qualitative trends observed for 2-Cl-aniline, which suggest that

protonated and neutral species reacted in separate, independent reactions. The

observed rates can be rationalized by the rate constants for each species and their

fractional abundance as in eq. 3.8. Despite smaller quantum yields, φ, neutral 3-

Cl-aniline reacts approximately 4.5 times faster than the anilinium cation because

photon-fluence based rate constants, kB
E0
P
, and absorption coefficients, εB254, exceed

that of protonated 3-Cl-aniline by factors of 4.1 and 6.5, respectively (Table S3.1).

We observed that only the presence of 1 M Cs+ increased k1 by 26% and thus

beyond experimental uncertainty at solution pH 7.0 (see inset in Figure 3.6a). At

this pH and at constant ionic strength of 1 M, none of the other ions exhibited

any measurable effect on k1. The lack of effect of a singlet quencher at all solution
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substrate, C/C0. Uncertainties represent standard deviations of triplicate measure-
ments. Solid lines correspond to calculated isotope fractionation using eq. 3.1; gray
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lines represent control experiments that were not irradiated.

pH-values implies the photolysis of 3-Cl-aniline happened primarily from excited

triplet states. Moreover, because we did not observe an impact of varying concen-

trations of Cl–or ClO–
4 on k1, we conclude that Cl–-elimination during hydrolysis of

excited state species may not have been rate-limiting or did not happen through

a heterolytic pathway.
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Figure 3.6 (a) Rate constants of 3-Cl-aniline photolysis: k1 and kE0
P

are the observed
pseudo-first order and photon-fluence based photolysis rate constants, respectively, φ
is the reaction quantum yield. The inset shows k1-values at pH 7.0 for different NaCl,
CsCl, and NaClO4 combinations at a total ionic strength of 1.0 M; (b) C and N isotope
enrichment factors, εC and εN, of 3-Cl-aniline photolysis in the presence and absence
of 1 M Cs+ as singlet quencher. Solid lines represent calculated rate constants (eq.
3.8). The vertical dashed lines indicates the pKBH+ of ground state 3-Cl-aniline.

Isotope Fractionation and Kinetic Isotope Effects

Isotopic analysis shown in Figure 3.7a of experiments performed at three dif-

ferent solution pH confirms the kinetic analysis in that protonated 3-Cl-aniline

species exhibit inverse C and N isotope fractionation, whereas the opposite trend

was found for neutral species. C isotope fractionation, however, was only very

minor and the magnitude of the calculated εC-values did not exceed 0.5h in ei-

ther normal or inverse direction (Table 3.1). N isotope fractionation was larger

than that for C isotopes even though no N atom is involved in the hypothesized

hydrolysis reaction. In contrast to εC-values, those for εN shown in Figure 3.6b did

not follow a weighted average of εN-values for protonated and neutral 3-Cl-aniline

species, respectively (eq. 3.8), which made it impossible to quantify reliable ε
BH+

N

and εBN values.
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aniline for experiments performed at solution pH 2.0, 4.0, and 7.0 in the absence (a)
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Cl-aniline isotope composition (δ13C = −27.8h, δ15N = 3.8h). Arrows indicate the
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The inverse εN-values at pH 2.0 rule out contributions from equilibrium isotope

effects associated with N-atom deprotonation, which would have caused measur-

able normal N isotope fractionation (i.e., εN < 0). The presence of the singlet

quencher Cs+ did not affect C and N isotope fractionation except for experiments

made at pH 4.0, where εN increased from−3.4±0.5h to−5.0±0.1h (Table 3.1, en-

tries 7a,b). We have recently found that the pH-dependent N isotope fractionation

associated with the direct photolysis of 4-Cl-aniline also resulted in 15N-AKIEs,

which did not follow from separate contributions of different 4-Cl-aniline species107.
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Instead, we hypothesized that pH-dependent isotope fractionation originated from

spin selective photophysical processes, whose pH-dependence cannot be assessed

based on ground state acidity constants. We conclude that such processes may

have also been involved in the photolysis of 3-Cl-aniline at pH 4.0 with and without

Cs+. At pH 2.0 and 7.0, however, where εN-values were identical with and without

Cs+, dechlorination is not spin-selective and assumed to occur from excited triplet

states. The 15N-AKIEs of 3-Cl-aniline photolysis from 0.9985 to 1.005 compiled in

Table 3.1 therefore reflect data for spin- and pH-dependent processes that cannot

be extrapolated to other experimental conditions.

3.4 Implications

The position of aromatic Cl substitution in chloroanilines gives rise to sub-

tle differences in photolysis mechanisms, which are related to the formation and

reactivity of different excited state (radical) species. Our work illustrates that sub-

stituent positions also modulate the C and N isotope fractionation associated with

photochemical dechlorinations. (i) The photolysis of 2-Cl-aniline to 2-aminophenol

and products thereof exhibits a combination of normal 13C- and inverse 15N-AKIEs

for the 2-Cl-anilinium cation whereas the neutral species react with inverse 13C-

and normal 15N-AKIEs. Because isotope effects for dechlorination of both species

were sensitive to the presence of a singlet quencher and therefore spin selective,

we conclude that the 13C- and 15N-AKIEs originate from magnetic interactions.

Based on the current knowledge, however, it is not possible to identify the processes

leading to inverse vs. normal isotope fractionation. (ii) Even though the photoly-

sis of 3-Cl-aniline also results in the formation of the corresponding aminophenol,

the reaction is almost insensitive to C isotope composition. The observation that

this reaction nevertheless exhibits moderate 15N-kinetic isotope effects, which were

partly spin- and pH dependent, suggests that the hydrolysis at the C-3 position was

not rate-limiting and that photophysical processes may have determined isotope

sensitivity. (iii) Our data for 2-Cl- and 3-Cl-aniline contrasts the C and N isotope

fractionation trends associated with the photolysis of 4-Cl-aniline under identical

experimental conditions. The latter reacts via excited state carbene species, and

4-Cl-aniline photolysis exhibited larger, highly pH-dependent, and exclusively nor-
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mal 13C- and 15N-AKIEs up to 1.017 and 1.009, respectively. Experiments carried

out with 4-Cl-aniline in presence and absence of Cs+ implied that photolysis hap-

pened from both excited singlet and triplet states whereas our data suggest that

2-Cl-aniline reacted predominantly from excited singlet states.

The comparison of 13C- and 15N-kinetic isotope effects shows that isotope frac-

tionation in photochemical dechlorination reactions of organic water pollutants

needs to be considered differently from that of thermal dechlorinations. C (and

Cl) isotope fractionation associated, for example, with the reductive dechlorination

of chlorohydrocarbons can be interpreted in terms of the kinetics of dissociative

electron transfer reactions and the extent of C–Cl-bonding changes36. The un-

derstanding of C and Cl isotope effects therefore enables one to assess if, to what

extent, and by which reaction pathway chlorohydrocarbons are degraded in the en-

vironment based on the observed C and Cl isotope fractionation. An interpretation

of isotope fractionation trends of organic micropollutants exhibiting chloroaniline

substructures (e.g., diclofenac), which may undergo photochemical transforma-

tions, however, requires a careful evaluation of reaction conditions. Given that

C and N isotope fractionation of chloroanilines was highly variable with pH and

position of Cl substitution, an extrapolation of the 13C- and 15N-AKIEs presented

here to reactions in surface water requires a careful comparison of reaction condi-

tions. On the other hand, the insights into the variability of isotope fractionation

provided here offer new opportunities for fingerprinting photochemical dechlorina-

tion processes. Probing for the sensitivity of isotope fractionation through changes

of water chemistry may provide an additional option to track photolytic dechlori-

nations.
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S3.1 Chemicals

Chemicals and gases were purchased from various manufacturers and used

without further treatment. A list of compound names, purities, and suppliers

follows. 2-Chloroaniline (≥99.5%), 3-chloroaniline (99%), cesium chloride (99.9%)

and potassium phosphate monobasic (>99%) were purchased from Sigma-Aldrich

(Buchs SG, Switzerland); hydrochloric acid (32%) and sodium hydroxide (98%),

sodium chloride (>99%) were from Merck (Dietikon, Switzerland); methanol (for

HPLC gradient) from Acros Organics (Geel, Belgium); All aqueous solutions were

prepared in nanopure water (18.2 MΩ-cm, Barnstead NANOpure Diamond Water

Purification System).

The carrier and reference gases for GC and GC/IRMS included helium (He,

99.999%), N2 (99.9999%), CO2 (99.999%), H2 (99.999%), synthetic air (20 ± 1%

O2 in N2, 99.9995%), O2 (99.9995%) and, N2 (99.9995%) from Carbagas (Rümlang,

Switzerland).
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S3.3 Figures

S3.3.1 Direct photolysis of 2-Cl-aniline
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Figure S3.1 Direct photolysis of 2-Cl-aniline at pH 2.0 (panels a and b) and at
pH 4.0 (panels c and d). (a, c) Concentration profiles of 2-Cl-aniline decay and 2-
aminophenol (γ2−Cl−aniline

pH=2.0 = 0.48 ± 0.04, γ2−Cl−aniline
pH=4.0 = 0.53 ± 0.06) and signal

areas of 2-aminophenoxazin-3-one (C12H8N2O2; m/z = 213.0659). Solid lines were
calculated according to eqs. 3.6-3.7. (b, d) N and C isotope signatures (δ15N (squares)
and δ13C (circles)) vs. fraction of the remaining substrate, C/C0. Uncertainties
represent standard deviations of triplicate measurements. Solid lines correspond to the
calculated isotope fractionation according to eq. 3.1; gray-dashed lines indicate 95%
confidence interval of the non-linear regression fit.
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S3.3.2 Direct photolysis of 3-Cl-aniline
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Figure S3.2 Direct photolysis of 3-Cl-aniline at pH 2.0 (panels a and b) and at pH 4.0
(panels c and d). (a, c) Concentration profiles of 3-Cl-aniline decay and 3-aminophenol
(γ3−Cl−aniline

pH=2.0 = 0.88 ± 0.02, γ3−Cl−aniline
pH=4.0 = 0.90 ± 0.03). Solid lines were calculated

according to eqs. 3.6-3.7. (b, d) N and C isotope signatures (δ15N (squares) and
δ13C (circles)) vs. fraction of the remaining substrate, C/C0. Uncertainties represent
standard deviations of triplicate measurements. Solid lines correspond to the calculated
isotope fractionation according to eq. 3.1; gray-dashed lines indicate 95% confidence
interval of the non-linear regression fit.
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S3.4 Product analysis

S3.4.1 Direct photolysis of 2-Cl-aniline and 2-aminophenol
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Figure S3.3 Direct photolysis of 2-Cl-aniline in the presence of 1.0 M NaCl (a)
and 1.0 M CsCl (b) at pH 4.0. Direct photolysis of 2-aminophenol (c) in solutions
containing 1.0 M NaCl. Grey diamonds show the signal area of 2-aminophenoxazin-3-
one (C12H8N2O2; m/z = 213.0659). Solid lines were calculated according eqs. 3.6-3.7.
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S3.4.2 Direct photolysis of 3-Cl-aniline

Formation of 3-aminophenol at different solution pH-values and differ-

ent concentration of dissolved ions (I = 1 M).
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Figure S3.4 Direct photolysis of 3-Cl-aniline at pH 7.0 in the presence of different
concentrations of Na+, Cs+, Cl–, and ClO–

4 at constant ionic strength I of 1.0 M. Solid
lines were calculated according eqs. 3.6-3.7.
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Formation of deuterated aniline
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Figure S3.5 Direct photolysis of 3-Cl-aniline in an aerated solution at pH 7.0 con-
taining 1.0 M d8-isopropanol. Concentration profiles of 3-Cl-aniline and 3-D-aniline
(i, C6DH6N; m/z = 94). d5-Aniline (ii, C6D5H2N; m/z = 98) was used as analytical
standard for the calibration of 3-D-aniline. The solid line was calculated according to
eq. 3.6.
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S3.5 Inner filter light-screening factors (S254)

S3.5.1 Direct photolysis of 2-Cl-aniline
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Figure S3.6 Inner-filter light screening factors (S254) calculated at λ = 254 nm vs.
irradiation time according to Ratti et al. 107 for the direct photolysis of 2-Cl-aniline over
a pH range from 2.0 to 7.0 without addition of NaCl (panels a-c) , in the presence of
1.0 M CsCl (panels d-f) or 1.0 M NaCl (panel g).
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S3.5.2 Direct photolysis of 3-Cl-aniline
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Figure S3.7 Inner-filter light screening factors (S254) calculated at λ = 254 nm vs.
irradiation time according to Ratti et al. 107 for the direct photolysis of 3-Cl-aniline
over a pH range from 2.0 to 7.0 without addition of NaCl (panels a-c), in the presence
of CsCl 1.0 M at pH 7.0 (panels d-f), and at pH = 7.0 at variable NaCl, NaClO4 and
CsCl concentration (panels g-l) with constant ionic strength of 1.0 M.
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S3.6 UV-vis absorption spectra

S3.6.1 Direct photolysis of 2-Cl-aniline
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Figure S3.8 Evolution of UV-vis absorption spectra during direct photolysis of 2-Cl-
aniline over a pH range from 2.0 to 7.0 without added salts (panels a-c) and in the
presence of 1.0 M concentrations of CsCl (panels d-f) and NaCl (panel g), respectively.
Optical path length was 1 cm, initial 2-Cl-aniline concentration = 80µM.
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S3.6.2 Direct photolysis of 3-Cl-aniline
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Figure S3.9 Evolution of UV-vis absorption spectra during direct photolysis of 3-
Cl-aniline over a pH range from 2.0 to 7.0 without added salts (panels a-c), in the
presence of 1.0 M concentrations of CsCl at pH 7.0 (panels d-f). Panels g-l show UV-
vis spectra at pH 7.0 at different concentrations of NaCl, NaClO4 and CsCl. Optical
path length was 1 cm, initial 3-Cl-aniline concentration = 80µM.
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Abstract

Organic micropollutants containing aniline substructures are susceptible to dif-

ferent light-induced transformation processes in aquatic environments and water

treatment processes. Here, we investigated magnitude and variability of C and

N isotope fractionation of four para-substituted anilines associated with the indi-

rect photolysis to support the elucidation of aromatic amine transformation path-

ways in sunlit surface waters. Experiments were conducted in aerated aqueous

solutions at irradiation wavelengths ≥ 400 nm, which contained model photosen-

sitzers for excited triplet states of dissolved organic matter, namely anthraquinone

disulfonate (3AQDS2−∗) and methylene blue (3MB+∗). Transformation of aniline,

4-CH3-, 4-OCH3- and 4-Cl-aniline by (3AQDS2−∗) and methylene blue (3MB+∗)

was associated with inverse and normal N isotope fractionation whereas C isotope

fractionation was negligible. The apparent 15N-kinetic isotope effects (AKIE) were

almost identical for both photosensitizers, increased from 0.9958 ± 0.0013 for 4-

OCH3-aniline to 1.0035 ± 0.0006 for 4-Cl-aniline, and correlated well with the

electron donating properties of aromatic substituent. N isotope fractionation is

pH-dependent in that it is dominated by H+ exchange reactions below and N

atom oxidation processes above the pKa-value of the substituted aniline’s conju-

gate acid. Our data show that the correlation of C and N isotope fractionation

for direct and indirect photolysis is different to distinguish the two degradation

pathways if they occurred simultaneously.
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4.1 Introduction

Numerous organic micropollutants contain aniline substructures, which are of-

ten responsible for the initial steps of degradation in aquatic environments as well

as in water treatment processes126. Such reactions include oxidations by dissolved,

particle-bound oxidants, and enzymes, additions to electrophilic sites of organic

matter, as well as direct photolysis21,23,24,27,40,48,64,75,79,95,112,120,145,154. In addition

to adverse effects caused by the parent compound, an identification of the predom-

inant transformation pathways is essential for the assessment of risks for human

health and the environment because these processes can give rise to products of

equal or even greater (eco)toxicity127. However, products of such reactions (e.g.,

high molecular weight radical coupling products) are numerous and usually dif-

ficult to analyse quantitatively for example, when bound to organic matter. We

have therefore proposed to use compound-specific isotope analysis (CSIA35,38,57,61)

and quantify the share of different degradation reactions from the change in stable

C, H, and N isotope ratios in the residual contaminants containing aromatic amine

moieties102,107,133–135.

Stable isotope based approaches for organic micropollutants offer interesting

possibilities to assess the fate of N-containing contaminants, even if competing re-

action pathways occur and reaction products are partially unknown89,103,104,107,139

67,88,125,162–164. Depending on the chemical bond(s) broken or formed, stable iso-

tope compositions measured in the remaining fraction of a contaminant molecule

change over time and distance from the pollution source due to kinetic and equi-

librium isotope effects166. Examples of redox reactions of triazine and phenylurea

herbicides, nitroaromatic explosives show that especially the combination of N

isotope fractionation with that for C and H are indicative for the ongoing trans-

formation processes and, in many instances, also enable the quantification of the

extent of degradation56,88,104,108,163. An application of CSIA-based procedures for

micropollutants with aromatic amine functional groups is currently hampered be-

cause the isotope effects associated with the important degradation routes are not

fully known.

In aerobic surface waters, direct photolysis as well as enzymatic, mineral-

catalyzed, and photochemical oxidations are considered as major elimination routes.
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Some of these processes were shown to cause substantial C and N isotope fraction-

ation which originates from isotope effects of different reaction mechanisms. For

example, the direct photolysis of chlorinated anilines is subject to C and N isotope

fractionation from photophysical processes during dechlorination of excited state

species106,107. Enzymatic oxidations in metabolic reactions, on the other hand,

involve dioxygenation of the aromatic ring102 while cometabolic oxidations have

been proposed to be initiated by single electron transfer at the N atom84,135. The

latter is also the predominant pathway of MnO2-catalyzed oxidations of aromatic

amines134,135. The apparent kinetic isotope effects (AKIEs) of oxidative degrada-

tion routes originate predominantly from the change of bonding to N atom. We

have proposed that an increase in C–N bond strength in the resulting imine bonds

was responsible for the often observed inverse N isotope fractionation102,134,135.

Even though the understanding of KIEs requires further investigation, current ev-

idence suggest that thermal reactions lead to only minor C isotope fractionation

as opposed to direct photolysis, where both C and N isotope fractionation matter.

However, it is currently unclear, whether oxidations caused by dissolved oxidants,

for example those generated in the presence of light (e.g., excited triplet states

of dissolved organic matter) also follow the trends found for mineral-catalyzed

oxidations.

The goal of the present work was therefore to investigate the C and N iso-

tope effects associated with the sensitised photolysis of aromatic amines and to

evaluate whether the resulting C and N isotope fractionation trends enable the

elucidation of aromatic amine transformation pathways in sunlit surface waters.

To this end, we studied 13C- and 15N-AKIEs pertinent to the oxidation of substi-

tuted anilines by triplet states of transient photooxidants generated through light

absorption of dissolved organic matter (3DOM). Laboratory experiments were car-

ried out with anthraquinonesulfonates and methylene blue as model compounds

for 3DOM. We illustrate the typical C and N isotope fractionation trends asso-

ciated with the indirect photolysis of substituted anilines and its pH dependence

with 4-methylaniline as example. For the discussion of isotope effects from differ-

ent photooxidants as well as those from mineral-catalyzed oxidations, we compare

data from experiments with aniline and three para-substituted anilines, namely,

4-methyl-, 4-methoxy-, and 4-chloroaniline with regard to their substituent effects
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on the observable C and N isotope fractionation.

4.2 Experimental Section

A list of chemicals including their purities and suppliers can be found in the

Supporting Information (SI).

4.2.1 Chemical Analysis

We measured the concentrations of aniline, 4-methylaniline (4-CH3-aniline), 4-

methoxyaniline (4-OCH3-aniline) and 4-chloroaniline (4-Cl-aniline) with reversed-

phase HPLC and UV-vis detection (Dionex UltiMate 3000). Two different eluent

compositions (40/60 vol % and 30/70 % vol) of methanol and 1 mM KH2PO4

buffered at pH 7.0 were used with a flow rate of 1 mL min−1 and a sample in-

jection volume of 20 µL on a Supelcosil LC-18 (25 cm ×4.6 mm, 5µm)107,134.

Transformation products were analysed by LC-MS/MS in positive ion mode using

an LTQ (Linear Trap Quadrupole) Orbitrap mass spectrometer (Thermo) with

electrospray ionization as documented previously134,135. Gradient elutions were

run from 90/10 to 5/95 vol % ratios of H2O/MeOH (containing 0.1 vol % formic

acid) on Atlantis C-18 (15 cm × 3.0 mm, 3 µm) and XBridge C-18 (5 cm × 2.1 mm,

3.5 µm) columns from Waters. Identification of the products was based on exact

mass and fragmentation patterns due to the lack of standard reference material.

The postulated molecular structures are shown in the SI.

4.2.2 Stable Isotope Analysis

C and N isotope ratios of substituted anilines were measured by gas chromatog-

raphy coupled to isotope ratio mass spectrometry (GC/IRMS) after solid-phase mi-

croextraction (SPME) with polydimethylsiloxane/divinylbenzene (PDMS/DVB,

Supelco) fibers as described previously107,133. The combustion interface of the

GC/IRMS was equipped with a Ni/Pt oxidation reactor138. Due to pKa-values of

the substituted aniline’s conjugate acid between 4.0 and 5.3,126 we adjusted pH-

values of aqueous samples to pH 7.0 and 7.5 to avoid isotope fractionation from
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H+-exchange reactions.

C and N isotope signatures, δ13C and δ15N, are given as arithmetic mean of trip-

licate measurements (±σ) in per mil (h). Isotopic standard materials purchased

from Indiana University were used to report δ13C- and δ15N-values relative to

Vienna PeeDee Belemnite and air, respectively. C and N isotope analysis was per-

formed within the method quantification limits (MQLs) of the SPME-GC/IRMS

procedure72. MQLs for δ13C and δ15N amounted to 1.0 and 2.5 µM for 4-Cl-aniline,

2.0 µM and 3.5 µM for aniline and 4-CH3-aniline, as well as 4.0 µM to 25.0 µM for

4-OCH3-aniline. Samples were diluted to concentrations yielding peak amplitudes

between 0.5 and 3 V. A standard bracketing procedure, referenced to a calibrated

in-house standards of aniline, 4-Cl-aniline, 4-CH3-aniline and 4-OCH3-aniline of

known δ13C and δ15N-values, was used to ensure accuracy of the isotope ratio

measurements.

4.2.3 Photochemical experiments

Batch experiments were carried out with aniline, 4-CH3-aniline, 4-OCH3-aniline,

and 4-Cl-aniline and two photosensitizers, that is 9,10-anthraquinone-1,5-disulfonate

(AQDS) and methylene blue (MB), respectively. For experiments with AQDS, 20

mL reactors typically contained 1 mM of the photosensitizer, 10 mM phosphate

buffer (pH 7.0), and 100 µM of initial concentration of the substituted aniline.

Due to the low extraction efficiency of 4-OCH3-aniline with solid-phase microex-

traction (see below), experiments with this substrate were carried out with initial

concentrations of 800 µM at pH 7.5. Experiments with MB were carried identi-

cally except for the lower photosensitizer concentrations of 30 µM (100 µM with

4-OCH3-aniline). The pH dependence of the sensitized photolysis of substituted

anilines was studied in reactors containing 1 mM of AQDS and 100 µM of 4-CH3-

aniline in the pH range between 2.0 to 7.0. Control experiments were carried out

identically except for the addition of the photo-sensitizers.

All solutions were irradiated in glass-stoppered quartz tubes (OD 18 mm, ID

15 mm) equipped with magnetic stirring bars filled with 20 mL of reaction solu-

tion after introducing them into a DEMA 125 merry-go-round photoreactor (Hans

Mangels GmbH, Bornheim-Roidorf, Germany) equipped with a Heraeus Noblelight
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model TQ 718 medium-pressure mercury (MP Hg) lamp operating at 500 W156.

A borosilicate glass cooling jacket and a combination of 0.25 M sodium nitrate

and 0.05 M sodium nitrite filter solutions restricted transmission of wavelengths

to ≥ 400 nm. A recirculating pure water bath kept the reaction temperature at

25.0 ± 0.2 �. Production of excited triplet states of the photosensitizer was ini-

tiated by irradiation of polychromatic light at wavelengths above 400 nm, where

the investigated substituted anilines did not absorb light. Reactions were stopped

by removing the quartz tubes from the light source. Experiments with AQDS as

photosensitizer required between 2.5 and 20 hours whereas those with MB could

be carried out within 6 to 60 minutes.

At predefined time points, which we evaluated in test experiments, reactions

were stopped and the entire volume of the quartz tube was used for concentra-

tion and isotope ratio analysis. Reactors from experiments with AQDS were also

subject to product analysis by high-resolution mass spectrometry as described

earlier107,134. Typically, 9 to 15 samples were generated with fractional substrate

conversion of up to 95% out of which at least 8 reactors were processed further.

Only in experiments with 4-OCH3-aniline, fractional conversion was lower. The

pH-values of aqueous samples were adjusted to 7.0 and 7.5 to avoid N isotope frac-

tionation by H+-exchange reactions133. UV-vis absorption spectra were acquired

on a Cary 100 spectrophotometer, to verify photosensitizer decay. While MB

concentration dropped during the experiments, that of AQDS remained constant.

4.2.4 Data evaluation

A linear regression analysis of δ13C- and δ15N- values, respectively, vs. frac-

tional amount of remaining reactant ratio (C/C0) (eq. 4.1) was used to derive bulk

compound C and N isotope enrichment factors (εC, εN). Based on the assumption

that oxidation occur exclusively at the N atom, we derived apparent 13C- and
15N-kinetic isotope effects (AKIEs) with eq. 4.2. 13C-AKIEs thus represent the

weighted average of secondary isotope effects of all C atoms.
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ln

(
δhE + 1

δhE0 + 1

)
= εE · ln

(
C

C0

)
(4.1)

AKIEE =
1

1 + εE
(4.2)

where δhE0 and δhE stand for the measured isotope signatures of an element E at

time zero and at different amounts of fractional conversion, respectively.

We accounted for contributions of primary 15N and secondary 13C equilibrium

isotope effects from H+ exchange on the observable N and C isotope fractionation

assuming a sequential reaction as in eqs. 4.3 and 4.4.

BH+
k1

GGGGGBFGGGGG

k2
B + H+

k3
GGGGGGA P (4.3)

kobs =
k1 × k3

k2[H+] + k3
(4.4)

where k1 and k2 are reaction rate constants of H+ exchange at the aromatic amino

group, k3 stands for the oxidation of the neutral species to radical products (P),

and kobs is the overall rate constant of product formation. As shown by Skarpeli-

Liati et al. 134 , isotope fractionation on kobs reflect the isotope fractionation of the

protonated and neutral species as in eq. 4.5.

εE =
1

αBH+ · EIE
BH+

E · AKIEB
E +

(
1− αBH+

)
· AKIEB

E

− 1 (4.5)

where E stands for either N or C isotopes and αBH+ is the fraction of protonated

substituted aniline corresponding to
(

1 + 10
pH−pKBH+

)−1
. EIE

BH+

E are the 15N

and 13C equilibrium isotope effect for the deprotonation of BH+, AKIEB
E are the

apparent 15N and 13C kinetic isotope effects of the oxidation reaction of B.
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4.3 Results and Discussion

4.3.1 Oxidation of substituted anilines by excited triplet

states of anthraquinonedisulfonate (3AQDS2−∗)

Isotope fractionation of 4-CH3-aniline

The transformation of 4-methylaniline (4-CH3-aniline) in irradiated solutions

containing 1 mM of 9,10-anthraquinone-1,5-disulfonate (AQDS) at pH 7.0 is shown

in Figure 4.1a. The disappearance of 4-CH3-aniline was accompanied by the for-

mation of products of higher molecular weight, typically di- and trimers of par-

tially reacted substrate (Figure S4.3, Supporting Information). The products are

indicative of coupling reactions of radical intermediates formed through N atom

oxidation134,135. Transformation of substituted anilines by such oxidative processes

have been observed not only after irradiation of aqueous solutions containing pho-

tosensitizers but also in mineral- and enzyme catalyzed reactions32,75,109.

Oxidation of 4-CH3-aniline by excited triplet states of AQDS (3AQDS2−∗) re-

sulted in inverse N isotope fractionation corresponding to a N isotope enrichment

factor, εN, of 3.6 ± 0.9h (entry 3a in Table 4.1). C isotope fractionation associ-

ated with 4-CH3-aniline oxidation was also inverse (εC = 0.9± 0.4h) but almost

negligible, that is δ13C only decreased by 2h after more than 95% of substrate

conversion (Figure 4.1b). We did not observe changes in C and N isotope ratios

in irradiated solutions that did not contain AQDS. The observed combination of

inverse N and negligible C isotope fractionation for the oxidation of 4-CH3-aniline

by 3AQDS2−∗ matches previous observations where N atom oxidation lead to the

formation of radical intermediates102,134,135. The aromatic amino group in radical

intermediates was suggested to exhibit partial imine character in the transition

state and thus stronger C–N bonds. C isotope fractionation partly reflects this

partial imine bonding to a minor extent because none of the C atom is directly

involved in the reaction. The apparent primary 15N- and secondary 13C-kinetic iso-

tope effects calculated with eq. 4.2 amount to 0.9960±0.0009 and 0.9991±0.0004,

respectively (Table 4.1).

Note that the disappearance kinetics of 4-CH3-aniline were slightly biphasic

and included fast initial transformation followed by a decreasing reaction rate.
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Figure 4.1 Transformation of 4-CH3-aniline (panels a, b) by 3AQDS2−∗ and of 4-
Cl-aniline (panels c, d) by 3MB+∗ at pH 7.0. Panels (a) and (c): substituted aniline
concentrations. Solid lines show pseudo-first-order decay kinetics. Panels (b) and (c):
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interval. Control experiments were treated identically but reactors did not contain
photosensitizers (empty symbols, dashed lines).

The latter could have been due to quenching of 3AQDS2−∗, light screening by

reaction products, and a reduction of the partial intermediates to the parent com-

pound21,23,155–157. Because the C and N isotope fractionation trends remained

constant throughout the reaction, none of the processes seemed to impact the

isotope fractionation behaviour from the oxidation reaction.
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Figure 4.2 N anc C isotope enrichment factors, εN and εC, for 4-CH3-aniline ox-
idation by 3AQDS2−∗ in the pH-range 2.0 to 7.0. The solid line corresponds to
ε-values calculated from eq. 4.5 with pKBH+ = 5.17126 and the following iso-

tope effects: 15N-EIEBH+
= 1.0095 ± 0.0008, 15N-AKIEB = 0.9950 ± 0.0005, 13C-

EIEBH+
= 1.0009± 0.0004, 13C-AKIEB = 0.9992± 0.0003.

pH dependence

4-CH3-aniline was also used as model compound to probe for the pH depen-

dence of C and N isotope fractionation during the oxidation of by 3AQDS2−∗.

εN-values derived in the pH range 2.0 to 7.0 (Table 4.1, entries 3a-e) were fit well

with eq. 4.5 as shown in Figure 4.2 assuming that only the neutral 4-CH3-species

react with 3AQDS2−∗ and that deprotonation precedes this oxidation step. The

resulting 15N-equilibrium isotope effect, 15N-EIE, for the deprotonation of the 4-

CH3-anilinium cation amounted to 1.0095± 0.0008, which is slightly smaller than

previous 15N-EIEs derived from the pH-dependent oxidation of 4-CH3-aniline by

MnO2 (1.015± 0.004,134). Regardless of this differences, the 15N-EIE larger than

unity adequately describe the phenomenon that 15N is found preferentially in the

protonated organic N species43,125,133. The calculated 15N-AKIE for the oxidation

of the neutral species of 0.9950±0.0005 matches the values from experiments per-

formed at solution pH 6.0 and 7.0, where this species predominates. The agreement

with the 15N-AKIE for the oxidation of 4-CH3-aniline by MnO2 of 0.9941± 0.0003

suggest that the N isotope fractionation may not be modulated by the type of
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oxidant (see further discussion below). We also derived the corresponding data for

C isotope fractionation associated with deprotonation and substituted aniline oxi-

dation, which had so far not been determined. The 13C-EIEBH+
of 1.0009±0.0004

and 13C-AKIEB of 0.9992± 0.0003 confirm the small secondary isotope effects on

C in agreement with earlier findings133,134.

Substituent effects

Following the procedures discussed above for 4-CH3-aniline, we investigated

the transformation of aniline, 4-OCH3-, and 4-Cl-aniline by 3AQDS2−∗. Note that

experiments with 4-OCH3-aniline were carried out at pH 7.5 and at higher initial

concentrations (a) to avoid contributions of H+-exchange reactions on the mea-

sured isotope fractionation and (b) because of a smaller extraction efficiency by

SPME. Pseudo-first order substrate disappearance kinetics, C and N isotope frac-

tionation, as well as evidence for formation of radical coupling products are shown

in the SI (Figures S4.1-S4.5) and Table 4.1. N isotope fractionation was larger

than that for C and we observed both normal and inverse fractionation for the

two elements. εN- and the corresponding 15N-AKIE-values of the four substituted

anilines correlated with the electronic properties of the aromatic substituents as

quantified in σ−p -substituent constants54 (Figure 4.3). The most electron-donating

substituent (4-OCH3) led to the most inverse N isotope fractionation whereas that

of 4-Cl-aniline was even normal.

This type of correlation was observed previously134 for the oxidation of sub-

stituted anilines in MnO2-containing suspensions and the data are also shown in

Figure 4.3. The similarity of the correlations imply the same N-atom oxidation

mechanism regardless of the oxidant. However, we hypothesized earlier that N-

atom oxidations are associated with the formation of partial iminie bonds after

the first electron transfer and that N isotope fractionation was always inverse due

to stronger C–N bonds134,135. This assumption regarding the origin of N isotope

fractionation no longer holds. The 15N-AKIEs measured for the oxidation of 4-Cl-

aniline by 3AQDS2−∗ is normal (1.0035± 0.0006, Table 4.1, entry 2) but we have

no evidence that 4-Cl-aniline was transformed in by an alternative mechanism.
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3MB+∗) and suspensions of MnO2

134 with σ−p substituent constants54. Note that the
15N-AKIEs for oxidation of 4-OCH3-aniline by 3AQDS2−∗ and 3MB+∗ are identical.

4.3.2 Oxidation of substituted anilines by excited triplet

states of methylene blue (3MB+∗)

The transformation of four substituted anilines from irradiated solutions con-

taining methylene blue (3MB+∗) at pH 7.0 is shown exemplarily for 4-Cl-aniline

in Figure 4.1c/d and the data for the other compounds can be found in the SI

(section S4.3). Note that the kinetics of 4-CH3- and 4-OCH3-aniline oxidation by
3MB+∗ was biphasic in contrast to its reaction with aniline and 4-Cl-aniline as

well as oxidation of the four substituted anilines by 3AQDS2−∗. Biphasic kinet-

ics (and incomplete oxidation) can be attributed to the fast oxidation of 4-CH3-

and 4-OCH3-aniline oxidation by 3MB+∗ and a quenching of 3MB+∗ by radical

coupling products. Compared to reactors with AQDS, the total concentration of

MB was > 30 times smaller. The oxidation of substituted anilines by 3MB+∗ was

accompanied with measurable N isotope fractionation with εN-values ranging from
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−1.7 ± 0.3h to +4.2 ± 1.3h (Table 4.1, entries 5-8). δ13C-values changed only

to a minor extent and none of the εC-values is significantly different from zero.

The 15N-AKIEs for oxidation by 3MB+∗ are largely identical to those found with
3AQDS2−∗ as oxidant except for 4-Cl-aniline, which differ by only 0.0015 AKIE

units. The oxidation of substituted anilines by 3MB+∗ also show the same sub-

stituent effects on 15N-AKIE-values (Figure 4.3) suggesting that the mechanisms

of initial electron transfer form the substrates to the two triplet photosensitizers

were identical.

The factors controlling the rates of substituted aniline oxidation by 3MB+∗ were

investigated recently in detail by Erickson et al. 40 . Rates of electron transfer from

substituted anilines to 3MB+∗ increase with the electron donating properties of

the substituent of the aromatic amines. Bimolecular rate constants for quenching

of 3MB+∗ exceeding 4.0 · 109 M−1 s−1 indicated that oxidation of 4-CH3- and 4-

OCH3-aniline is diffusion controlled whereas aniline and 4-Cl-aniline reacted one

order of magnitude slower. However, we do not have any evidence that diffusion

control would limit the extent of isotope fractionation. 15N-AKIEs were even more

inverse for the two fast reacting substituted anilines. This finding implies that the

electron transfer reaction alone was not responsible for N isotope fractionation

but that the latter is also determined by the bonding changes associated with the

formation of the radical intermediates134,135. This interpretation is consistent with

the results from experiments with 3AQDS2−∗. The bimolecular rate constants for

oxidation of substituted anilines by 3AQDS2−∗ are not known, but the reduction

potential of 3AQDS2−∗ exceeds that of 3MB+∗ (E0′
H (3AQDS2−∗/AQDS3−) of 1.86

V83 vs. E0′
H (3MB+∗/MB•) of 1.43 V40). Because of the even larger driving force

of electron transfers from substituted anilines to 3AQDS2−∗, we assume that the

latter also happens at diffusion controlled rates. Nevertheless, we observe N isotope

fractionation and the 15N-AKIE values for oxidation by 3AQDS2−∗ closely follow

those where 3MB+∗ was the oxidant.

Note that the very similar results for the two photo-oxidants also provide in-

direct evidence that singlet oxygen, 1O2, did not contribute to the transformation

and thus isotope fractionation of substituted anilines in our experiments. 1O2 can

be formed in aqueous solution from reactions of dissolved O2 with 3MB+∗ and
3AQDS2−∗. The limited available data suggest that more 1O2 could be formed
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from 3MB+∗ due to its longer triplet lifetime compared to 3AQDS2−∗ 40,90,165. As-

suming that 1O2 reacted by a different mechanisms with substituted anilines than

the two photosensitizers, we would expect that a reaction of substituted anilines

with 1O2 leads to a distinctly different C and N isotope fractionation in experi-

ments with MB. As shown in Figure 4.3 and Table 4.1, however, we cannot observe

such trends.

Origin of N isotope fractionation

Figure 4.3 compiles the currently available 15N-AKIEs for the transformation of

substituted anilines through N atom oxidation by excited triplet states of two pho-

tosensitizers and MnO2 minerals. While N atoms oxidation exhibit rather small
15N-AKIEs compared to aniline dioxygenation102 or N atom reduction,46,63,163 we

observe consistent substituent effects effects. Changes of the electron donor (or

acceptor) properties of aromatic substituent lead to a very similar change in 15N-

AKIEs regardless of the oxidant. Despite this correlation, however, 15N-AKIE

values for indirect photolysis are offset relative to those for MnO2 suspensions by

approximately 0.003 to 0.005 AKIE units. We cannot explain this offset with dif-

ferent rate-limiting steps of photochemical vs. mineral-catalyzed reactions, which,

in the present case, would lead to a partial masking of isotope effects in reac-

tions with 3AQDS2−∗ and 3MB+∗. This scenario would require that 15N-AKIEs

for 4-Cl-aniline approach unity. Instead, 15N-AKIEs switch from inverse to normal

implying that one can no longer invoke a tightening of N bonding as exclusive ori-

gin of N isotope fractionation. Normal 15N-AKIEs were found for the oxidation of

4-Cl-N -methyl- and 4-Cl-N,N -dimethylanilines by horseradisch peroxidase in pres-

ence of H2O2
135. Substituted N -alkyl-anilines, however, are subject to oxidative

N -dealkylation and the data of Skarpeli-Liati et al. 135 suggest that this reaction

pathways was responsible for 15N-AKIEs larger than unity rather than N atom

oxidation. Even though the results presented in this study enable one to delineate

typical 15N-AKIEs for oxidation of substituted anilines, we cannot rationalize the

origin of N isotope fractionation for all compounds.
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4.4 Environmental Significance

With the data presented in this and earlier work106,107 it is, for the first time,

possible to assess the diagnostic power of CSIA for photochemical transformation

of aromatic amines in contaminated surface waters. In Figure 4.4, we have com-

piled the C and N isotope signature trends of 4-Cl-aniline associated with its direct

photolysis at 254 nm as well as the oxidation by the two photosensitzers discussed

above at pH 7.0. Slopes of the correlation of ∆δ15N/∆δ13C are equivalent to the

ratio εN/εC. The ratios reflect the mechanisms of 4-Cl-aniline transformation re-

105



Chapter 4

gardless of whether isotope fractionation is masked or not35. ∆δ15N/∆δ13C-values

for direct and indirect photolysis are 0.9 ± 0.3107 and 3.3 ± 0.5 (Table 4.1, entry

2), respectively, and thus sufficiently different to distinguish the two degradation

pathways if they occurred simultaneously. Notice that data for 3MB+∗ follow the

same trend as for 3AQDS2−∗ but is uncertain here due to the limited number of

δ13C measurements (see entry 6 in Table 4.1). The combined C and N isotope

fractionation analysis reveals isotopic fingerprints with which transformation of 4-

Cl-aniline through N atom oxidation or photolytic dechlorination can be tracked.

In contrast to this kind of data treatment for non-photochemical degradation pro-

cesses of other organic contaminants,8,34,67,70,85,100,103,110,116,125,162–164 however, the

correlations of δ15N vs. δ13C of photolytic processes are quite variable due to

the spin sensitivity of kinetic isotope effects for changes in solution pH and ionic

composition and require a thorough consideration of reaction conditions.
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S4.1 Chemicals

Chemicals and gases were purchased from various manufacturers and used

without further treatment. A list of compound names, purities, and suppliers

follows. Aniline (≥99.5%), p-toluidine (99.6%), 4-chloroaniline (98%), p-anisidine

(≥99%), methylene blue (certified by the Biological Stain Commission) and potas-

sium phosphate monobasic (>99%) were purchased from Sigma-Aldrich (Buchs

SG, Switzerland); anthraquinone-1,5-disulfonic acid disodium salt (98%) was from

ABCR GmbH & CO. KG (Karlsruhe, Deutschland); hydrochloric acid (32%) and

sodium hydroxide (98%), sodium chloride (>99%) were from Merck (Dietikon,

Switzerland); methanol (for HPLC gradient) from Acros Organics (Geel, Belgium).

All aqueous solutions were prepared in nanopure water (18.2 MΩ-cm, Barnstead

NANOpure Diamond Water Purification System).

The carrier and reference gas for GC and GC/IRMS included helium (He,

99.999%), N2 (99.9999%), CO2 (99.999%), H2 (99.999%), synthetic air (20 ± 1%

O2 in N2, 99.9995%), O2 (99.9995%) and, N2 (99.9995%) from Carbagas (Rümlang,

Switzerland). All aqueous solutions were prepared in nanopure water (18.2 MΩ-

cm, Barnstead NANOpure Diamond Water Purification System).
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S4.2 Tables

Table S4.1 Pseudo-first order reaction rate
constants for the indirect photolysis of aniline
and 4-Cl-, 4-CH3-, 4-OCH3-aniline, by using
AQDS and MB as photo-sensitizer. Uncertain-
ties are 95% confidence intervals.

Compound pH kobs
(-) (-) (h−1)

AQDS

aniline 7.0 0.6± 0.2

4-Cl-aniline 7.0 1.7± 0.3

4-CH3-aniline 7.0 1.6± 0.6

4-OCH3-aniline 7.5 0.14± 0.02

MB

aniline 7.0 31± 6

4-Cl-aniline 7.0 34± 3

4-CH3-aniline 7.0 n.d.

4-OCH3-aniline 7.5 n.d.
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S4.3 Figures

S4.3.1 Photosensitizer: AQDS
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Figure S4.1 Indirect photolysis of aniline (panels a,b), 4-Cl-aniline (panels c,d) and
4-OCH3-aniline (panels e, f) by using AQDS as photosensitizer. Substrate’s concentra-
tion profiles (triangles) over irradiation time (panels a, c, e). Solid lines were calculated
according to a pseudo-first-order decay kinetic. Gray-dashed lines indicate 95% confi-
dence interval for the fit. (b, d, f) N and C isotope signatures (δ15N (squares) and δ13C
(circles)) are represented versus the remaining substrate fraction (C/C0). Uncertain-
ties represent standard deviations of triplicate measurements. Solid lines correspond
to the calculated isotope fractionation according to eq. 4.1; gray-dashed lines indicate
95% confidence interval of the fit. Control experiments (empty symbols, dashed lines)
didn’t show C and N isotope fractionation.
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S4.3.2 Photosensitizer: MB
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Figure S4.2 Indirect photolysis of aniline (panels a, b), 4-CH3-aniline (panels c, d)
and 4-OCH3-aniline (panels e,f) by using MB as photosensitizer. Substrate’s concentra-
tion profiles (triangles) over irradiation time (panels a, c, e). Solid lines were calculated
according to a pseudo-first-order decay kinetic. Gray-dashed lines indicate 95% confi-
dence interval for the fit. (b, d, f) N and C isotope signatures (δ15N (squares) and δ13C
(circles)) are represented versus the remaining substrate fraction (C/C0). Uncertain-
ties represent standard deviations of triplicate measurements. Solid lines correspond
to the calculated isotope fractionation according to eq. 4.1; gray-dashed lines indicate
95% confidence interval of the fit. Control experiments (empty symbols, dashed lines)
didn’t show C and N isotope fractionation.
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S4.4 Product analysis

S4.4.1 Indirect Photolysis of 4-CH3-aniline
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Figure S4.3 4-CH3-aniline batch reaction experiment at pH = 7.0 in the presence
of AQDS 1mM. Representation of the possible identified structures and their isomers
(a-c). Signal areas of the investigated mass-to-charge (m/z) are represented over
irradiation time (d-f).
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S4.4.2 Indirect Photolysis of aniline
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Figure S4.4 Aniline batch reaction experiment at pH = 7.0 in the presence of AQDS
1mM. Representation of the possible identified structures and their isomers (a-e). Sig-
nal areas of the investigated mass-to-charge ratio (m/z) are represented over irradiation
time (f-l).
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S4.4.3 Indirect Photolysis of 4-Cl-aniline
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Figure S4.5 4-Cl-aniline batch reaction experiment at pH = 7.0 in the presence
of AQDS 1mM. Representation of the possible identified structures and their isomers
(a-c). Signal areas of the investigated mass-to-charge (m/z) are represented over
irradiation time (d-f).
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Chapter 5

5.1 Assessing direct and indirect photolysis of

aromatic amines by CSIA

The findings presented in this study show that the direct and indirect light-

induced transformations of a few substituted anilines can be associated with dis-

tinctly different C and N isotope fractionation that could be detected in sunlit

surface waters. Because direct and indirect photo-transformations of many aro-

matic amines are potentially competing reactions, the identification of specific

C and N isotope fractionation patterns trends is of great importance to a more

widespread application of CSIA and require further study.

Our results for the indirect photolysis of substituted anilines by transient triplet

excited states oxidants revealed trends in 15N-AKIEs that could be rationalized in

terms of electron donating and accepting properties of the aromatic substituents.

Assuming that the same N atom oxidation mechanism holds for other aromatic

amines and DOM-derived photooxidants, out data offers a basis for the estimates

of N isotope enrichment factors in the absence of measured data. However, we have

not studied indirect photolyses of ortho- and meta-substituted anilines. In earlier

work with MnO2 as oxidant, it was shown that substituent effects on 15N-AKIEs

followed the trends that substituent exerted on radical stability. Preferential radi-

cal localization in ortho- and para-position explained why very similar substituent

effects on 15N-AKIEs were only observed for these substituent positions but not

for meta-substitution. We would thus hypothesize that meta-substituted anilines

all show a similar 15N-AKIE of 0.997, regardless of the photooxidant. 15N-AKIE

of ortho-substituted anilines, in contrast, should be comparable to those of the

para-substituted isomer.134

Isotope effects from the direct photolysis of organic pollutants are currently

more difficult to interpret, because of the lack in a qualitative understanding of

the factors that govern the isotope fractionation.148 In this study, we investigated

aromatic dechlorinations from excited states as model reactions. Our data for

3-Cl- and 4-Cl-aniline suggest that bond cleavages going through radical interme-

diates enable spin-dependent reactions, whose isotope effects likely originate from

magnetic interactions. Photolysis of 4-Cl-aniline occur with concomitant forma-

tion of a radical intermediate (i.e., carbene), whereas the carbene is not formed in
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the direct photolysis of 3-Cl-aniline. C isotope fractionation was measurable only

in the case of 4-Cl-aniline, whereas the change of δ13C of 3-Cl-aniline did not ex-

ceeded 0.5h. Because the population of excited states is sensitive to pH and ionic

solution composition of aqueous media, isotope effects were also very variable. It

is thus not straightforward to compare KIEs among different compounds in pho-

tolytic reactions. One should also keep in mind that the concept for derivation of

AKIE for thermal reactions explicitly neglects secondary isotope effect. Whether

this approximation is valid for magnetic isotope effects is less likely because light-

absorption processes involve electronic transitions that depend on the structure of

the entire molecule.

5.2 Magnetic isotope effects in direct photolysis

reactions of organic micropollutants

Even though a systematic evaluation of direct photolysis reactions for their po-

tential to exhibit magnetic isotope effects is beyond the scope of this work, there are

interesting examples that suggest that this phenomenon may be encountered fre-

quently, if the photolysis of contaminants exhibiting such molecular structures were

investigated by CSIA. Current understanding suggest that photolysis reactions

that lead to radical intermediates may potentially show magnetic isotope effects

but it is unknown which other properties of the reactions may also be prerequisite.

Examples include the photolytic aromatic dechlorination of 2,4-dichloroaniline,95

2,6-dichlorophenylamine,48 diclofenac,39 atrazine56 and 2-chloropyridine.140 Rad-

ical intermediates are also formed through hydrogen abstraction and homolytic

C-N bond scissions in the case of direct photolysis reactions of non-chlorinated

aromatic amines, like 4-CH3-aniline5 and N-(triphenylmethyl)aniline.132 Carbenes

were formed during the direct photolysis of ortho- and para-substituted phenolic

compounds.13,49,113 Radical formation through an homolytic scission of a C-C bond

(Norrish type I) and through an hydrogen abstraction process (Norrish II), was

reported for the excited states of carbonyl149 and nitroaromatic33 compounds.

The latter is one of the few examples, for which some of the principles of

magnetic isotope effects were elucidated.148 Upon light absorption, dibenzyl ke-
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tone undergoes a Norrish type I reaction with formation of a radical pair, which

recombine only in spin-selective cage reactions. Only singlet radical pairs recom-

binations are allowed, whereas recombinations from triplets are not. In addition,

triplet-singlet conversion is faster for the radical pair holding a magnetic nucleus

(e.g. 13C), due to induced hyperfine coupling between magnetic moments of un-

paired electron and 13C. Recombinations of radical pairs with a magnetic nucleus

(13C, 14N and 15N) are faster compared to those holding a non-magnetic nucleus

(12C) and will thus affect reaction rates and potentially lead to measurable isotope

fractionation.18,148

5.3 Next steps towards an application of CSIA

of aromatic amines in aquatic systems

This study is a first step towards application of CSIA to study transformation

of aromatic amines in sunlit surface waters. An identification of transformation

processes can be accomplished from the correlation of C and N isotope fractiona-

tion, that is from ∆δ15N/∆δ13C-values, which can be directly compared to results

from laboratory studies. Such data is now, for the first time, available for direct

photolysis of chloroanilines and their oxidation by surrogates for excited triplet

states of dissolved organic matter. While data for 4-Cl-aniline has been shown

in Chapter 4 for pH 7.0, we need to speculate regarding the C and N isotope

fractionation of 2-Cl- and 3-Cl-aniline during indirect photolysis based on ortho-

and meta-substituent effects (see above). Assuming the ∆δ15N/∆δ13C-values for

sensitized photolysis of 2-Cl-aniline follows the trends established for 4-Cl-aniline

at neutral pH, these processes can also easily be distinguished from the direct

photolysis of 2-Cl-aniline (Figure 5.1). The latter showed a unique combination

of inverse C and normal N isotope fractionation. As illustrated in Figure 5.1, this

approach is less promising for 3-Cl-aniline, if we hypothesize that C and N isotope

fractionation for indirect photoysis is similar to those reported for the indirect

photolysis of aniline (Figure S4.1-S4.2). To test the above hypothesis in applica-

tions of CSIA to environmental samples, some open questions need to be resolved

regarding the understanding of isotope fractionation and with respect to analytical
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Figure 5.1 Direct photolysis of 4-Cl-aniline lead to a ∆δ15N/∆δ13 value of 0.9±0.3
with as reported in Table 2.1 in Chapter 2. Direct photolysis of 2- and 3-Cl-aniline
lead to ∆δ15N/∆δ13 values of −2.2±0.2 and 4.1±0.8 respectively, as shown in Table
3.1 in Chapter 3. Indirect photolysis of 2- is assumed to give the same ∆δ15N/∆δ13

value reported for the indirect photolysis of 4-Cl-aniline which correspond to 3.3± 0.5
as shown in Table 4.1 in Chapter 4. The indirect photolysis of 3-Cl-aniline is assumed
to give a ∆δ15N/∆δ13 value of −0.8 ± 0.3 as reported for the indirect photolysis of
aniline in Table 4.1 in Chapter 4. The length of the arrows indicates C and N isotope
enrichment factors (εC, εN) observed for the different substrates during their direct
and indirect photodegradation. Grey dashed lines represent the confidence interval.

approaches to CSIA.

As mentioned in Chapter 4, we do not yet know the possible isotope fraction-

ation trends and kinetic isotope effects of the transformation of aromatic amines

by other transient photooxidants such as reactive oxygen species including singlet

oxygen 1O2, hydroxyl radicals (•OH), and peroxides.31,91,119 In contrast to excited

triplet states of dissolved organic matter, reactive oxygen species will not only

react at the N but also with aromatic and aliphatic C atoms and therefore gen-
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erate smaller ∆δ15N/∆δ13C-trend lines than the ones shown in Chapter 4. More

quantitative estimates, however, require further experiments under well controlled

conditions.

Finally, new approaches are needed to enable the isotopic analysis of aromatic

amines from natural water samples. Current method quantification limits by solid-

phase microextraction coupled to GC/IRMS enable measurements of low µM con-

centrations in samples of a few milliliters.133 Larger water samples of a few liters

can indeed be treated by solid-phase extraction and enabled one to lower current

quantification limits by one to two orders of magnitude. As shown by Schreglmann

et al. 124 , for the analysis of triazine herbicides in the low µg/L-range of ground-

water samples, however, such an approach also requires additional treatment steps

for the removal of the accumulated organic matrix.
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