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Abstract

Oxidative processes frequently contribute to organic pollutant degradation in natural and
engineered systems such as during the remediation of contaminated sites and in water
treatment processes. Because a systematic characterization of abiotic reactions of organic
pollutants with oxidants such as ozonation or hydroxyl radicals by compound-specific stable
isotope analysis (CSIA) is lacking, stable isotope-based approaches have rarely been applied for
the elucidation of mechanisms of such transformations. Here, we investigated the carbon
isotope fractionation associated with the oxidation of benzene and several methylated and
methoxylated analogs, namely toluene, three xylene isomers, mesitylene and anisole, and
determined their carbon isotope enrichments factors (e¢) for reactions with ozone (ec = -3.6 %. to
-4.6 %0) and hydroxyl radicals (ec = 0.0 to -1.2 %o). The differences in isotope fractionation can
be used to elucidate the contribution of the reactions with ozone or hydroxyl radicals to overall
transformation. Derivation of apparent kinetic isotope effects (AKIEs) for the reaction with ozone,
however, was nontrivial due to challenges in assigning reactive positions in the probe
compounds for the monodentate attack leading to an ozone adduct. We present several options
for this step and compare the outcome to quantum chemical characterizations of ozone adducts.
Our data show that a general assignment of reactive positions for reactions of ozone with
aromatic carbon in ortho-, meta- or para-positions is not feasible and that AKIEs of this reaction

should be derived on a compound-by-compound basis.
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Introduction

I":2 and numerous

Oxidative processes play an important role in pollutant degradation in natura
engineered systems such as during the remediation of contaminated sites®® and water treatment
processes®. In water treatment processes, a broad variety of oxidants are used including
chlorine dioxide (ClO,)" 8, ozone (03),% ° and hydroxyl radicals ("OH)?. Reactions of these
oxidants with organic compounds exhibit common features such as the selectivity for electron-
rich organic moieties'® (Os® and CIO2’) and the involvement of radical species (*OH® and CIO.").
Common processes to generate significant amounts of ‘OH in water treatment, are, e.g.,
H.02/UV or the peroxone process (Os/H20,).5 "' Usually, oxidative processes cause chemical
modifications, e.g. through electron transfer and oxygenation® 8 of the persistent pollutants and
enable their further degradation’. Detecting the resulting oxidation products to assess the utility
of oxidative processes in removing pollutants is often challenging and may be hampered if their
susceptibility for further oxidation is higher than that of the original contamination. One option to

monitor such reactions is compound-specific stable isotope analysis (CSIA)."> "

CSIA is a widely used tool to track the origin and fate of environmental contaminants and to
distinguish environmental degradation processes over much longer timescales of years to
decades.''* Examples include the monitoring and distinction of biotic and abiotic remediation
activities if differences in isotope fractionation of the (bio)transformation processes occur.® 12 13
®17 Those distinctions are possible because the isotope effects determining the observable
isotope fractionation in a pollutant are indicative of a reaction mechanism.'? This feature enables
one, for example, to differentiate aerobic and anaerobic biodegradation or acid hydrolysis of
methyl tert-butyl ether (MTBE) from each other - three transformation pathways which otherwise
could not be differentiated from the reaction product because those reactions all lead to tert-butyl

alcohol (tert-BuOH)."> '® However, up to now only a few studies applied CSIA for investigation of

oxidation processes relevant in water treatment.'®?!
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Isotopic enrichment factors (e:) and apparent kinetic isotope effects (AKIEes) of an isotopic
element E are key parameters in CSIA for assessing how contaminants react. Whereas & values

enable one to apply and interpret CSIA to specific pollutants, AKIEes allow for general

mechanistic insights into reaction mechanisms.' ' 22 23 These two parameters are related as

specified in eq. 1.2

1
AKIE, = -
I+z-—-¢g
X

(1)

where n is the number of atoms of the considered element (i.e., in this study carbon
atoms) of which the number of x atoms are located at a reactive position and z is the number of

equivalent reactive positions in intramolecular competition.?*

As a consequence, it is possible to assign certain ranges of AKIEs to specific reaction
mechanisms under the assumption that they share one major rate-determining reaction step.'> 2
Such AKIE ranges would be helpful in environmental or technical process oriented investigations
to infer reaction mechanisms of pollutant degradation from ee value(s)."® ?* However, because

experimental data is scarce (e.g. ?') no appropriate ranges for AKIEs originating from oxidation

reactions with O3 or CIO; of benzene and its analogs have been defined to date.

In order to define the required variables x and z (eq. 1) it is necessary to convey a well-defined
hypothesis for the reaction mechanism.?* Exemplarily, *OH have been found to react with
benzene and its analogs either via electrophilic attack at the aromatic moiety or via H abstraction
from the substituent.?" 2° The initial reaction step of the electrophile O3 was postulated to be a
monodentate attack of the aromatic ring leading to adduct formation.® % After this unique initial
reaction step several different pathways are possible as depicted in Scheme S1. Regarding
ozonation of benzene and its analogs, it is a general obstacle that their primary ozonation

products are muconic (i.e. Ce-ring cleavage products) or phenolic compounds.® These products
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show significantly higher reaction rate constants with O; ° than the respective reactants
(< 10® M s";% Table S1). O3 reacts with muconic products with a bimolecular rate constant of
approximately 10* M s7.6 In case of phenolic compounds (Table S1) (pKa(phenol) = 9.9)%, the
very fast reaction rate constant of the anion is the reason why traces of phenolate even at
neutral pH are sufficient to cause observable reaction rate constants > 10® M s™'.® The reactivity
pKa is found at pH = 4,° that is the pH where the reacting quantities of neutral and anionic
species are equal. Consequently, it is hardly possible to quantify the primary ozonation reaction
products of benzene and its analogs with a reasonable effort which would give insights on the
initial point of attack. Hence, a complementary approach such as computational chemistry is

required to derive appropriate values for the variables x and z (eq.1).

The aim of this study was to elucidate isotopic fractionation trends pertinent to the oxidation
reaction of the well-established oxidative processes applied in water treatment (i.e., ozonation,
*OH treatment, and chlorine dioxide) using benzene and its methylated or methoxylated analogs
as model compounds for reactive aromatic moieties in organic pollutants. The second objective
was to present '3C-AKIE-values, which define characteristic ranges for the oxidation reactions of
O3 with the used model compounds. The determination of AKIEs turned out to be nontrivial and
the assignment of reactive moieties for reactions of the probe compound with O3 is elucidated

here with evidence from quantum chemical calculations.

Material and Methods

Chemicals

Chemicals and solvents were used as received from the supplier. A complete list of all chemicals

used is given in the supporting information (SI) in Text S1.
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Generation of ozone stock solutions

Os was generated by an O3z generator BMT 802X (BMT Messtechnik, Berlin, Germany) using
oxygen as feed-gas. The O3z gas was led into an ice cooled impinger filled with ultrapure water.
The O3 stock solution was continuously purged with Oz gas throughout its utilization. The Os
concentration of this stock solution was determined spectrophotometrically of a 1:3-diluted O3
stock solution at 258 nm, o3 = 3200 M cm™.® The resulting Oz concentrations were in a range

of 1.6-1.7 mM Os.

Sample preparation

The stock solutions of each probe compound including benzene and its analogs for preparation
of calibration standards were prepared in methanol. Stock solutions for oxidation experiments
with Oz or "OH were prepared in ultrapure water because the presence of methanol may lead to
formation of undesired reactive species such as superoxide radicals (O»*") which could
accelerate Oz decay due to *OH formation.?® The aqueous stock solutions were prepared in
Erlenmeyer flasks by addition of an aliquot of one pure probe compound to ultrapure water and
subsequent shaking for at least 48 h. Due to the limited solubility in water the remaining organic
phase was removed thereafter. Final concentrations of the aqueous stock solutions were
determined with HPLC-DAD. The aqueous stock solutions were used within a day of their
preparation. Reactors were prepared as batch samples in 20-mL headspace screw cap vials. In
case of oxidation with Oz the pH was kept constant at pH 7 with 5 mM phosphate buffer.
Additionally, tert-BuOH (i.e., 2-methylpropan-2-ol) was added in order to scavenge ‘OH which
may be formed in the reaction with 03.% The tert-BuOH concentrations were chosen individually
for each compound so that = 95 % of *OH formed were scavenged (Text S2 and Table S1). A
detailed overview on sample composition is shown in Tables S2-S8. In case of oxidation with
*OH the peroxone process was utilized (i.e., *OH are generated by the reaction of Oz with

hydrogen peroxide).® 2 The amounts of hydrogen peroxide required to obtain = 99 % reaction

7
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with Oz were calculated using the corresponding reaction rate constants (Text S4 and Table S1).
Due to the faster reaction rate constant of Oz with the hydrogen peroxide anion
(ko,+n0; = 9.6 X 10° M s™)? than with the neutral species (ko,+u,0, < 10> M"s™)*, peroxone
reaction experiments were carried out at pH 9 (kops(o,+H0;) = 1.5 X 10* M s™", Table S1). The
pH was controlled with a 5 mM borate buffer. The individual sample compositions depended on
the reaction rate constants of each benzene analog with Os; and *OH and are given in Sl in

Tables S9-S15.

A detailed description of oxidation experiments with CIO,, the respective sample preparation and
the generation of the required CIO, stock solutions can be found in the SI in

Text S6, Tables S16-S22 and Text S5, respectively.

Analytical methods

For determination of UV-vis absorption a UV-1650PC spectrophotometer (Shimadzu, Duisburg,
Germany) was used with a quartz cuvette with an optical path length of 1 cm. For pH
measurements, a pH-meter (827 pH lab with aquatrode both from Metrohm, Herisau,

Switzerland) was used which was calibrated with standard buffers every working day.

Quantification of benzene and its analogs in the aqueous stock solutions was performed with an
HPLC-UV/vis system (LC-20AT coupled to SPD-20A; Shimadzu, Duisburg, Germany). A

detailed description can be found in Text S7.

Compound-specific stable carbon isotope values of benzene and its analogs were determined
by gas chromatography isotope-ratio mass spectrometry (GC-IRMS) which is described in detail
in Text S8. Briefly, a Trace GC Ultra coupled by the combustion interface Finnigan GC-C/TC llI
to a Finnigan MAT 253 isotope ratio mass spectrometer (all from Thermo Scientific, Bremen,
Germany) was used. The GC system was additionally equipped with a HTX PAL autosampler

(CTC Analytics, Zwingen, Switzerland; supplied by Axel Semrau, Sprockhdvel, Germany) with

8
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an agitator and an Optic 3 injector (ATAS GL-Sciences, Eindhoven, Netherlands; supplied by
Axel Semrau). After sample conditioning in the agitator 500 pL of the headspace were injected.
Compounds were separated on a Rxi®-5Sil MS column (60m x 0.25 mm i.d., 0.25 pym film
thickness; Restek, Bad Homburg, Germany) using different temperature gradients described in
Table S23. After separation, the analytes were oxidized to CO, at 940 °C in the combustion
interface equipped with Pt, CuO and NiO wires, which were reoxidized each time (i.e., after 40 to
60 injections) before a new sample set was run. At least every fourth sample run was a
reference sample without oxidant addition for quality control. Linearity and precision tests were
run regularly. The carbon isotope values are given in reference to the international Vienna Pee

Dee Belemnite (VPDB) scale according to eq. 2 (Text S8)."

(2)

B ) [RSamme(”C/ 2C)~Rypp(C/ Uc)J
sample, VPDB

Rypps(7C/ 70

Where Rsample and Rveps are the ratios of '*C/'?C of the samples and VPDB, respectively. At
least two to three calibrated CO, reference gas pulses were included in each chromatographic
run for referencing. The peak areas used for the ratio of concentration to initial concentration

(c/co) originate from the '>CO, peak (m/z 44).

The carbon isotope enrichment factors (ec) of the different oxidation experiments of benzene
and its analogs with O3 or *OH were determined by application of the Rayleigh equation
(eq. 3):™

R, Bc/*C §"°C. +1 C,
ln 1,sample( = = ) — ln = i,sample — SC . ln i,sample (3)
R gampie (TC/°C) 5°C +1

0,sample CO,sample

Where §Cy and §'C; and the concentrations of each model compound, i.e. ¢y and c¢;, relate to
the sampling point 0 (no oxidant added) and sampling point j (transformation after full oxidant

turnover at defined oxidant doses), respectively.
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Quantum chemical calculations

Quantum chemical calculations have been performed to gain more insight into the reactions on a
molecular scale.®" Three scenarios (i.e., calculations type 1-3) have been conducted for further
elucidation. All calculations were performed with the Gaussian09 and Gaussian16 program

packages®.

Calculations type 1 focused on the determination of optimized geometries of possible adduct
compounds originating from a monodentate attack of ozone on the various substituted benzene
derivatives. These calculations were performed at the unrestricted UMP2 level using a
moderately sized segmented valence double zeta 6-31+G(2d,p) basis set with polarization
functions on all atoms and a set of diffuse functions on non-hydrogens.®*3® To account for liquid
phase conditions all calculations were embedded in a self-consistent reaction field (SCRF) in
form of the polarizable continuum model (PCM)* assuming water as solvent. In calculations
type 1, it turned out that a full set of adduct compounds including a number of different
conformers and isomers could only be derived if the electronic triplet state was assumed. In
addition, transition states could be located and optimized for the corresponding reverse
reactions of ozone cleavage. However, these transition states and adduct molecules correspond
to a reactive electronic triplet surface, e.g. accessible by the singlet state benzene derivative

plus an exited state triplet ozone molecule.

Calculations type 2 were started to reoptimize the various ozone adduct structures in an open
shell singlet electronic state. Again, these calculations made use of the unrestricted UMP2/6-
31+G(2d,p) method embedded in a PCM reaction field.**3¢ The unrestricted treatment for the
singlet electronic state was forced by mixing alpha and beta molecular orbitals, thus destroying
spatial symmetries in the initial guesses of the wave function in every step of the geometry
optimization. Unfortunately, only few calculations converged and resulted in the desired singlet

state adduct, despite the previously optimized (triplet) starting geometries. In summary, we were

10
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able to derive complete triplet state as well as singlet state reaction paths (including transition
states) only for triplet/singlet ozone added to benzene and p-xylene, respectively. These results
were later used to calculate the kinetic isotope effect via statistical reaction kinetics using

ISOEFF*".

In calculations type 3, the electronic properties of the various substituted benzene derivatives
such as electrostatic potential mapped onto the electron density and regional Fukui functions
(Text S9) were derived. Fukui functions were derived with a calculation program,®® publicly
available under GPL 3.0 License in accordance to the work of Contreras et al.*°. In addition to
the already calculated geometries at the PCM/MP2-level (see above) also PCM/B3LYP/6-
31++G(2df,p)*® ones were utilized as base geometries. The corresponding structural
optimizations with the B3LYP Hybrid-DFT method*' along with a slightly larger basis set served

as additional check for our previous calculations at the MP2 level.

Results and discussion

Isotope fractionation in transformation of benzene and its analogs

Carbon stable isotope values were determined for benzene, its methylated analogs and anisole
(methoxybenzene) oxidized with *OH and Os. The corresponding Rayleigh-plots (eq. 3) are
shown in Figure S1. The observed isotopic fractionations always occurred as normal isotope
effect, that is molecules containing the heavier '*C isotope reacted slower than molecules
containing exclusively >C so that the residual substrate fraction is depleted in molecules with the
lighter ?C. As a consequence, the ratio of *C/"?C increased as the oxidation reactions
proceeded further. The determined ¢ values (eq. 3) for the investigated transformation reactions
(i.e., ec(oxidation with *OH) ranging between -0.0 + 0.2 %o and -1.2 + 0.1 %o and &ec(oxidation
with Oz) ranging between -3.7 + 0.1 %0 and -5.4 + 0.3 %o) are shown in Figure 1 and are listed as

numerical values in Table S24.
11
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Additionally, transformation reactions of benzene and its analogs were conducted with chlorine
dioxide (ClOz) as oxidant (see Text S10 and Figures S2-S8). However, for most of the probe
compounds it was not possible to perform experiments that led to a significant reactant
transformation. Trends of carbon isotope signatures are lacking and data are shown

(Figures S2-S8) and discussed in the SI (Text S10).

Oxidation with hydroxyl radicals

Benzene and its analogs were oxidized with the peroxone process (i.e., with *OH). All resulting
ec values for benzene and its methylated analogs (Figure 1) were found to be in a similar range
of 0.0 to —0.9 %0. Only, the ec value for anisole was somewhat more negative (-1.2 £ 0.1 %o).
This small but still measurable isotope fractionation for oxidation of benzene and its analogs was
also observed by Zhang et al. with H,O2/UV - another *OH generating water treatment process.?’
The related values are included in Figure 1 and Table S24 to facilitate direct comparison. The
slight variations between the ec values for each single compound may be attributed to the
different experimental setups applied for generation of ‘OH (i.e., Os/H-O2 (this study) and
H.0,/UV (Zhang et al.)?"). For degradation of toluene with the Fenton-like reaction, another *OH
based oxidation process, an ec value of -0.2 %o was determined.*?> Hence, based on these
results it is possible to assign a specific range for ec values to be expected for *OH based

oxidation of benzene and its methylated analogs between 0.0 %. and -0.9 %..

12
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Figure 1: Stable isotope enrichment factors (gc) for oxidation of benzene and its analogs
with either Os; or "OH (generated by the peroxone process). pH was kept constant, i.e. at
pH 9 with 5 mM borate buffer ((OH reactions, peroxone) and at pH 7 with 5 mM phosphate
buffer (O; reactions). In oxidations with O3, intrinsically formed "OH after reaction of O3
with one of the compounds were scavenged with tert-BuOH (cf. sample preparation);
error bars represent the standard deviation of the slope of each Rayleigh equation. For
comparison, & values of oxidation by ‘OH generated by UV/H.O; (triangle leftward; Zhang
et al.”") are included. Note: Mesitylene was not investigated by Zhang et al.?".

Oxidation with ozone

The ec values for oxidation of benzene and its methylated analogs with Os are within a range of
1 %o (i.e., between -3.6 %o and -4.6 %.) whereas the ec for the methoxy analog anisole is even
more negative (i.e. =5.4 £ 0.3 %o; Figure 1 and Table S24). For the compounds under study, the
ec values for the oxidation with O3z (*OH excluded) are different from those obtained for oxidation

with *OH (< -1 %.). Hence, a second distinct range for ¢ values (i.e., from -3.6%o. to -4.6%o) may

13
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be ascribed for oxidation of benzene and its methylated analogs with Os. Consequently,
oxidation of benzene and its analogs with *OH or O3z may be differentiated from each other by
comparison of ec values determined by CSIA. This result is in agreement with the rate constants
(Table S1) which already indicated that ‘OH reactions occur at close to diffusion controlled
rates®, thus resulting in less pronounced ec values, whereas Oz is a more selective oxidant®

showing elevated ec values.

These insights from CSIA could be incorporated in future applications of oxidative drinking water
treatment to identify the primary oxidation conditions such as for estimating the R which is an
important parameter to describe ozonation of water and wastewater.® 4> ** The parameter R
equals the ratio of "OH- and Os-concentration and exposure, respectively, in an ozonation
process (eq 4)*® (note that *OH are formed in reactions of Oz with water matrix constituents such
as natural organic matter (NOM))®. The R. value mainly depends on the water matrix
constituents and the oxidant dose and has to be determined for every individual ozonation
process, which requires regular sampling and performing according laboratory experiments.*
Once the R value is known, one can calculate *OH exposures from O3z exposures (eq. 4). Since
O3 exposures are easily determined online,* the Rq value allows to assess also *OH exposures
online. With these two exposures at hand, one can monitor disinfection and pollutant

degradation during ozonation if according reaction rate constants are available in literature.

R =[ (4)

where ['OH] and [O3] are the concentrations or exposures of *OH and Os, respectively.

A complementary approach to determination of the R value could be the determination of the ¢

value of e.g. a methylated benzene analog such as mesitylene. The obtained ec value would
14
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allow conclusions on the oxidative process conditions, that is ec =-0.4 %, is purely *OH
governed, -0.4 %o > ec > -3.6 %o mixed conditions with a contingent tendency and ec <-3.6 %o
purely Os governed. By regular verification of the ec value either the validity of the Rc value
could be confirmed or the need for its reevaluation could be identified if, e.g., seasonal changes
occur. A distinct influence on the R value has been illustrated for changes in temperature, pH,
alkalinity and concentration or constitution of NOM.*® In this context, CSIA offers additional
possibilities for the determination of R values. However, in its current state, CSIA is still a highly
specialized analytical method and remains rather of interest for research purposes and field

studies than for a wide application by wastewater treatment plant operators.

Moreover, it could also be possible to assess the effectiveness of an O3 based oxidative process
in water or wastewater treatment with CSIA. If there is a minor pollution with benzene or its
methylated analogs, CSIA could be used to determine the percentage of degradation initiated by
ozone within the entire oxidation process of these potential tracer compounds. Thus, the plant

operator would obtain a reliable measure for the evaluation of the overall treatment train.

Determination of the apparent Kinetic isotope effect

In the oxidation reaction of Oz with simple aromatic compounds such as benzene and its
analogs, it was postulated that the initial reaction step is the adduct formation of O3 with the
aromatic ring through a monodentate attack of the electrophile O3 (Scheme S1).% % This initial
reaction step is predicted to be rate determining.® 26 Consequently, once the adduct formation
has been successful, the subsequent reactions to products are assumed to proceed faster as
described elsewhere.® *® For example, possible reactions of an ozone adduct could be the
formation of a Criegee ozonide, which further decomposes in water, forming of an oxyl radical
and a superoxide anion (O;) or oxygen transfer resulting in hydroxylation of the aromatic

compound and singlet oxygen.® “¢ However, since these subsequent reactions are predicted to
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6, 26

be fast® %5, the back reaction from products to adduct is negligible® ® and thus not contributing to

the isotopic fractionation of the reaction of the probe compound with Os.

Consequently, the reaction step leading to adduct formation is regarded as the rate determining
and, thus, decisive step for isotopic fractionation. This predicted monodentate electrophilic attack
of 03% % involves one out of at least six carbon atoms present in benzene and its analogs,
hence, the nonreactive carbon isotopes will lead to a dilution of the resulting ec values. To take
this dilution in the average bulk isotopic signature into account the AKIE may be determined

according to eq. 1.1%24

In eq. 1, only two variables for all benzene analogs may unequivocally be assigned with
numerical values (i.e., n and ¢g). For the other two (i.e., x and z) there are several reasonable
possibilities (Table 1). In case of benzene all C atoms are chemically identical, making x and z
equal n. However, considering toluene (i.e., benzene with only one additional methyl substituent)
the assignment of the variables is nontrivial anymore. With regard to the variable x, the methyl
substituent may be excluded in general since the electrophile O3 will attack the slightly activated,
electron rich aromatic ring.® Thus, there are three remaining possibilities which are exemplified

here with toluene:

x1. Consideration of all carbon atoms of the aromatic ring (Table 1, Type 1)

x2. Consideration of all carbon atoms of the aromatic ring excluding the ipso-position (i.e.,
position Cy4; cf. Figure S9 for carbon numbering) since this one will be subject to steric
effects and not favored for adduct formation® (Table 1, Type 2)

x3. Solely consideration of the ortho- and para-positions (i.e., positions C,, Ce¢ and C4) which
are more favored due to inductive effects (i.e. weak electron donating properties) of the

methyl substituent*’ (Table 1, Type 3)

16



333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

The variable z specifies the number of equivalent isotopes located in intramolecular competition.
The allocation of an unequivocal number may be obvious e.g. in case of transformation
reactions limited to the hydrogen isotopes of the methyl group of MTBE?* but becomes
ambiguous for the compounds investigated in this study. Here, different aspects could influence
the choice of the variable z (eq. 1). The following options may be considered, again illustrated for

toluene as an example:

z1. All considered reactive positions are also equal in intramolecular competition. This is true
for all cases of a) in Table 1, Type 1-3. In these cases x = z, so that these two variables
are cancelled out again and n remains the only relevant variable.

z2. All positions which are present twice are considered for the variable z, that is the two
ortho- and the two meta-positions (Table 1, Type 1b), Type 2c)) or the two ortho-
positions (Table 1, Type 3b)).

z3. All carbon isotopes of the aromatic ring are involved in the reaction in principle but due to
the directing inductive effect of the methyl substituent to ortho- and para-positions*’ only
the two equal ortho-positions may be considered for the variable z (Table 1, Type 1d),

Type 2e)).

The presented options for the variables x and z open different possible ways of approaching the
AKIE calculation of the benzene analogs. All options, if applicable, are illustrated for each
considered compound in Table 1. Consequently, the question arises which approach of this
compilation is chemically meaningful and thus most appropriate. The available literature dealing
with isotopic fractionation in abiotic transformation processes of aromatic compounds has not yet
dealt with monodentate oxidative reactions in which either n # x or x # z. This means that studies
are still missing in which all three variables remain relevant and not two of the implemented

variables are cancelled out again.*®®® In the following, several possible approaches will be
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presented and discussed, which could be used to identify the most suitable approach for

calculation of the AKIE.

First of all, it stands out that the option Type 3 is not applicable to all listed compounds in
Table 1. Moreover, the obtained results for possibility 3a) or 3b) do not differ numerically from
the respective AKIEs of Type 1a) and Type 1b), respectively, and could not be differentiated on
this basis. Hence, the option Type 3 is included for the sake of completeness but will not be

considered in the following any further.

Scenario 1 - Are all aromatic carbons chemically equivalent? (AKIEs Type 1a) or Type 2a)
in Table 1): In general, the substituent(s) of the benzene analogs lead(s) to activation for
electrophilic attack of the aromatic ring system through inductive effects.*” Consequently, the
reaction rate constants increase with increasing number of aromatic substituents (Table S1).
This increase of reaction rate constants hints to a decrease of the overall required activation
energy associated with the potential energy difference between reactant and highest energy
transition state.5' Consequently, a general activation of the aromatic ring system would require
consideration of all possibly involved atoms as intramolecular competitors (i.e., n =z and AKIE
calculation according to Type 1a) or Type 2a) (Table 1)) so that an AKIE range for the benzene
analogs of 1.034 - 1.039 vs. 1.024 for benzene is obtained. This resulting range appears to be
very narrow. Furthermore, it would have been expected to observe a trend in the calculated
AKIEs of the homologous series, e.g. a decrease from AKIE of benzene to AKIE of mesitylene.
However, in the investigated case there seems to be no dependence between the overall
reaction rate constants and the determined ec values (Figure 1) and the hypothetical AKIEs
(Type 1a) or 2a), Table 1), respectively. This behavior is also illustrated by plotting the ¢ values

versus the kinetic rate constants of the respective compounds (Figure 2).
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Figure 2: Plot of & values (Table S24) versus the respective rate constants of the
ozonation of benzene and its methylated and methoxylated analogs (Table S1)

Scenario 2 - The similarity of ortho- and meta-positions (AKIEs Type 1b) or Type 2c) in
Table 1): The calculation approach of Scenario 1 did not consider the similarity of the two ortho-
and meta-positions, each. Taking toluene as an example, this could be reflected by
consideration of all positions affected by intramolecular competition by the z-value (eq. 1)
without any weighting (i.e., Type 1b) or 2c), Table 1). This approach would regard ortho- and
meta-positions as equal points of attack and disregard the directing inductive effects of the
methyl substituents of toluene favoring ortho- and para-positions over meta-positions.*’
Consequently, this approach is not entirely conclusive and will be excluded from further

considerations, so that Scenario 3 comes into play.

Scenario 3 - The influence of directive inductive effects (AKIEs Type 1d) or Type 2¢) in
Table 1): Methyl- and methoxy substituents in aromatic ring systems are expected to cause a
directing inductive effect to ortho- and para-positions*’. Hence, another possibility is represented

by solely including the two ortho-positions by the z-value for the example of toluene (i.e.
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Type 1d) or 2e), Table 1). This approach deliberately disregards the non-preferred meta-position
as possible point of attack. From product studies of other reactions initiated by an electrophilic
attack at toluene such as electrophilic bromination or nitration it is known that the meta-products
are found with a low percentage of <1 % or 4 %, respectively.*’ Hence, overall product yields of
meta-products are generally low but, first, will be present within the resulting products so that
meta-positions cannot be completely excluded and, second, the product yields may not be
defined as constant values but may vary depending on the type of electrophile. This discrepancy
illustrates that an additional weighting would be required in eq. 1 to represent the individual
intramolecular competitive effects inherent e.g. in toluene between the two ortho- and meta-
positions. However, since this weighting is highly compound specific it is not possible to include

a universal complementary term in eq. 1.

Scenario 4 - Equal mechanisms necessitate equal AKIEs (AKIEexp, benzene = 1.024 in
Table 1): Benzene is the only compound under investigation for which only one possibility of
AKIE calculation is given (Table 1). Wijker et al. have found for oxidation of toluene and
nitrobenzene by permanganate that similar oxidation pathways show distinctive AKIEs (i.e.,
methyl group oxidation versus deoxygenation of the aromatic ring).*® Following this
interpretation, the AKIEs of the benzene analogs should be similar to the AKIE of benzene if the
underlying mechanism is similar. Consequently, solely the AKIEs calculated via Type 1b)
(Table 1) are in accordance to that approach resulting in a narrow range of AKIE = 1.017 -
1.026. However, as described above this approach would regard ortho- and meta-positions as
equal points of attack and disregard the directing inductive effects of the methyl- or methoxy
substituents favoring ortho- and para-positions over meta-positions. Consequently, this

explanation remains not fully conclusive — similar to the other approaches discussed above.

In summary, all four presented scenarios exhibit limitations for the unequivocal determination of

the AKIE based on eqg. 1. The most implausible option is Scenario 1. Here, all benzene analogs
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appear in a narrow range (i.e., AKIEexp, benzene analogs = 1.034-1.039) which is significantly different
from benzene (AKIEexp, benzene = 1.024) without observing a consistent trend. Scenario 3 includes
the directing inductive effects of the substituents. However, the current form of the AKIE
calculation (eq. 1) is not adequate for representing the varying influence for the potential points
of an electrophilic attack. Scenario 2, despite excluding the inductive directing effects of the
substituents, would be supported by the hypothesis tested in Scenario 4. However, to confirm or
disprove each scenario, the primary products would not only need to be identified but also
quantified to draw reasonable conclusions. As mentioned above, the quantification of primary
reaction products (i.e. muconic or phenolic compounds) is not possible using standard
experimental approaches due to their significantly faster reaction rate constants with O3 with
regard to benzene and its analogs. Since an experimental approach for solving this problem
appears to be impracticable, the applicability of evidence from theoretical considerations will be

evaluated in the following.

Molecular properties from quantum chemistry

In the first step the molecule structures were optimized within water as a polarizable medium.
Hereafter, the electrostatic potential was mapped onto the electron density and is illustrated in
Figure S10. In the various graphic representations, it is possible to draw qualitative conclusions
of potential sites more and less favorable for an electrophilic attack, for example of Os. Because
the benzene analogs are not equal in their electrostatic potential, Figure S10 illustrates the
necessity of considering a weighting factor for, e.g. ortho- and meta-positions in toluene or

anisole, if AKIE values are calculated.

In a second step, a condensed Fukui function (f-. , TextS9) was employed to identify
carbon

potential molecule sites preferred for electrophilic attacks and, additionally, also quantify this

preference by means of f- 3% 2% The results are presented in Table S25. In case of

carbon

benzene and mesitylene no usable results could be obtained with the available means
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(Text S11). In these two cases LUMO and HOMO are each doubly degenerate. A detailed
discussion is given in Text S11. In the remaining cases of toluene, o-, m-, p-xylene and anisole

LUMOs and HOMOs are non-degenerate so that determination of f_  was not hampered and

was successful.

The ipso-positions are generally favored. However, steric hindrance might prevent significant

attack rates at those positions. In case of toluene and anisole the £ o of the unsubstituted

positions are in agreement with the expected preference for the positions para > ortho > meta®’.
The unsubstituted positions Cz, C3z, Cs and Cs (cf. Figure S9 for carbon numbering) of p-xylene
are equally attractive for an electrophilic attack. In case of o-xylene C4+ and Cs which combine
features of a meta- and para-position show a much higher reactivity for an electrophilic attack
than Cz and Cs which are combining features of meta- and ortho-positions. Finally, m-xylene

shows high f_ values at the positions C4 and Ce which comprise features of ortho- and para-

positions. Position Cs shows very low reactivity for an electrophilic attack as it could be expected

for a perfect meta-position. However, the £ o value for position C, stands out inconsistently. It

would have been expected to find an increased value for reactivity towards an electrophilic

attack since this is a true ortho-position. Nevertheless, the £ o value for the position C; is even

lower than for the true meta-position Cs.These examples illustrate that a weighting would be
required for AKIE calculation and that e.g. meta- and ortho-positions of toluene or anisole are
not equal in intramolecular competition. However, the weighting for the positions which are
subject to intramolecular competition appear to be highly specific for the investigated compound
set. To that end a generalized weighting factor within eq. 1 for a compound group does not seem
reasonable. However, the identified restrictions for the Fukui function of benzene and mesitylene
indicate that the Fukui function despite its prior use for similar questions might not be the
appropriate tool to fully answer the open questions, that is, to generally quantify the preference

of the ozone attack for the different sites.
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Consequently, in a third step, the optimized molecule structures were used for investigation of
the reaction pathways of benzene and its analogs with Os. The general goal of this approach
was to determine geometries of the transition states and the products besides the reactants in
order to subsequently calculate the according kinetic isotope effects (KIEs) with the ISOEFF
package®’. Herewith, the obtained theoretical KIEs could be compared to the several AKIE
options listed in Table 1 to draw further conclusions and approach a solution of the problem?*.
However, numerous attempts for identification of a transition state for the reaction of a reactant
(singlet state) plus Os (singlet state) in a monodentate attack yielding an adduct (i.e., ozonide)
(singlet state) proved to be futile, except for benzene and p-xylene. Unfortunately, these two
compounds only contribute little to the key question of identifying a weighting factor for
intramolecular competition. Nevertheless, KIEs were determined with ISOEFF?¥" for these two

compounds (Table S26). Both averaged KIEs reflected an inverse isotope effect (< 1) as well as

the calculated theoretical isotope enrichment factors (g*c) which were positive. Thus, it may be

concluded that these quantum chemical models do not yet match with experimental results and

require further optimization in the future.

We determined transition states for all compounds of interest for the reaction of reactant (singlet
state) plus Os (triplet state) yielding an adduct (i.e., ozonide) (triplet state) (data not shown). It
was not possible to identify any meaningful reason why O3 should react as electronic triplet state
so that this topic was not explored further and the question whether Os may react as triplet at all
has to be considered in future research. Adamczyk & Paneth have successfully modelled the
reaction of benzene plus O3 (both in electronic singlet state) not as monodentate but as

bidentate attack and obtained an &c value of -7.36 %..°° This theoretical value differs significantly

from the experimental value determined in the present study ( =-3.9 + 0.4 %o). This

SC (benzene+05)
discrepancy between theoretical and experimental values suggests that Os does not attack the

aromatic ring in a bidentate but in a monodentate attack as it is currently assumed.®
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The question why it was not possible to find meaningful transition states for all benzene analogs
in the reaction with O3 as electronic singlet states remains open. A possible reason might be that
Os does not attack one specific carbon atom of the aromatic ring, eventually, to form a o-adduct
as it is currently assumed.® % It might also be possible, that the preliminary m-complex formed in
the first place involves all carbons of the aromatic ring system as it has been proposed for *OH*"
% and other electrophilic aromatic substitutions.®” In those studies, the m-complex was held
accountable for the observed regioselectivity of e.g. the *OH in reactions with methylated
benzene analogs® despite its close to diffusion-controlled rate constants (Table S1). In the
presented case of this study, such a n-complex would allow directing inductive effects of the
substituent(s) to determine the final position of the c-adduct (i.e., the ozonide) as well. However,
in such a case the formation of the m-complex might also be the rate-determining step of the
overall reaction. Thus, no specific aromatic carbon bond would primarily be involved in this
crucial reaction step so that the observed isotopic fractionation in this study does not originate

from chemical bond breakage formation but from n-complex formation.

Significance

This work provides a first systematic evaluation of the utility of CSIA for assessing oxidative
processes by two different oxidants (i.e., ‘OH and Os). Our data show that oxidation with O3z and
*OH of structural moieties in organic contaminants such as benzene and its methylated and
methoxylated analogs can lead to significant carbon isotope fractionation. In contrast, the same
structural moieties in organic contaminants did not react with ClO2, and thus, no changes in
3C/'2C ratios in our probe compounds were observed. These observations suggest that even
though several oxidants contribute to contaminant removal in oxidative processes, CSIA may be
used selectively to monitor the degradation of target compounds by ozone and to evaluate the

suitability of ozonation for specific water treatment applications. The &c values derived here
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provide some guidance for future studies with regard to the magnitude of an anticipated carbon

isotope fractionation for comparable oxidation reactions.

A general mechanistic interpretation of electrophilic attack by Os, however, is particularly
challenging. Even for simple molecules such as the compounds studied here, interpretation of
inductive substituent effects in terms of reactive positions for initial attack by ozone did not
reveal a simple pattern of reactivity for ortho-, meta-, and para-substituted benzene analogs that
can be used to rationalize the observed isotope fractionation in terms of kinetic isotope effects.
Our observations imply that the concept for determination of AKIEs is not applicable in its current
form for the considered abiotic reactions (i.e. oxidant reactions with more than one possible point
of attack at the (aromatic) target molecule) and needs to be further refined. Further work is
warranted such as studies on the oxidation of other benzene analogs for example di- and
trimethoxylated benzenes or phenols with Oz in order to obtain additional mechanistic insights.
Determination of hydrogen additionally to carbon isotope fractionation trends might allow further
mechanistic insights. These measures might help to better understand isotope effects of

ozonation reactions with organic contaminants in aqueous solution.
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Table 1: Possible approaches for calculation of AKIEs (eq. 1) for oxidation of substituted benzenes with Os. Type 1: x = all
aromatic C-atoms; Type 2: x = all aromatic C-atoms except for ipso-position; Type 3: x = only favored C-atoms; Numbers in
brackets represent the applied variables in the order of (n/x/z) (eq. 1)
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Associated content

Supporting Information

Detailed information on experimental set-ups including calculation approaches plus tabulated
kinetic rate constants,a scheme for primary ozone reactions with aromatic compounds,
procedures and measurement conditions; background and discussion for Fukui function; figures
illustrating carbon isotope fractionation of benzene, toluene, o-, m-, p-xylene, mesitylene and
anisole for oxidation with ozone, hydroxyl radicals and chlorine dioxide; discussion of results of
chlorine dioxide experiments; tabulated numerical values for the respective isotope enrichment
factors; results of quantum chemical calculations including optimized structures, Fukui functions
and theoretical position specific '*C-KIE results. This material is available free of charge via the

Internet at http://pubs.acs.org.
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