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Highly reactive aromatic cation radicals have been invoked lately in synthetic routes and in the
degradation pathways of hydrocarbon-based polymers. Changes in the electron density of aromatic
compounds are expected to alter the reaction pathway following one electron oxidation through
altering the pK, of the formed intermediate cation radical. Electron-donating groups increase its stability,
however, little experimental data are known. While, in theory, the cation radical can be repaired by
simple electron transfer, electron transfer to or from its deprotonated form, the hydroxycyclohexadienyl
radical, will cause permanent modification or degradation. Time-resolved absorption spectroscopy
indicates a pK, ~ 2-3 for the 4-(tert-butyl)-2-methoxyphenylsulfonate (BMPS) radical cation, while its
parent compound 4-(tert-butyl) phenylsulfonate (BPS) is much more acidic. The stability of both
compounds towards oxidation by HO® was evaluated under air at pH 5 and pH 0. At pH 5, both BMPS
and BPS are unstable, and superstoichiometric degradation was observed. Degradation was slightly
reduced for BPS at pH 0. In contrast, the more electron rich BMPS showed 80% lower degradation. We

unambigously showed that in the presence of Ce(i) and H,O, at pH 0 both BMPS and BPS could be
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Introduction

Aromatic cation radicals have been known for a long time."?
Important as they may be as intermediates in chemical reac-
tions, their chemical properties have rarely been investigated.
As electron-deficient aromatic systems they are Lewis acids®
and tend to have high electrode potentials, for unsubstituted
benzene E° = 2.7 V in acetonitrile has been reported.* Merkel
et al. showed that if the electron deficiency of the benzene
cation radical was lowered by electron-donating groups, both
Lewis-acidity and electrode potential decreased.® They show-
case the example of electron-donating methyl groups: with one
methyl group, ie with toluene, the electrode potential is
lowered by approximately 0.2 V. With four methyl groups the
potential is lowered by more than 0.6 V.? Despite such massive
stabilisation of the cation radical, the potential in acetonitrile is
still around 2 V. Such high electrode potentials imply very high
reactivities and, consequently, short lifetimes. Direct detection
of such species therefore usually requires time-resolved
methods.
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catalytically repaired via one electron reduction, resulting in further damage moderation.

Very reactive aromatic cation radicals are currently proposed
for novel synthesis strategies involving C-H amination of
arenes, for example by the Ritter and by the Carreira
groups.>® For optimal reaction yields, the reactivity of the
intermediates is essential: if the stability of such cations is
too high, they are of little use in synthesis. On the other hand, a
too high instability will lead to unspecific reactions.

Aromatic cation radicals are also implied as crucial intermedi-
ates in stability discussion of proton-exchange membranes (PEMs)
in fuel cells.”® During fuel cell operation hydroxyl radicals are
produced.”® They will oxidise aromatic repetitive units that are
often found in PEMs and may thereby limit their durability. As
aromatic cation radicals are Lewis acids, they as such can undergo
protolysis equilibria with water and form hydroxycyclohexadienyl
radicals and protons (Scheme 1).® Reduction of the cation radical
may lead to repair whereas reduction of the cyclohexadienyl will
lead to irreversible damage (Scheme 1). A protolysis equilibrium on
the cyclohexadienyl side will increase the degradation rate of the
PEM under normal operating conditions.”

Cation radicals of p-dimethoxybenzene-based materials are
used in the charge-discharge cycle of organic redox-flow
batteries.” Also there, the stability of the cation radicals is of
overmastering importance.

The ITUPAC gold book cites Muller for the definition of a
Lewis acid as “A molecular entity (and the corresponding
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Scheme 1 Degradation and repair of aromatic compounds following one
electron oxidation.

chemical species) that is an electron-pair acceptor and there-
fore able to react with a Lewis base to form a Lewis adduct, by
sharing the electron pair furnished by the Lewis base”.® The
definition is extended here to cover also radicals. As with all
acid-base reactions, the reaction of a stronger acid with a given
base results in a more exergonic reaction. Lower electron
density of the cation radical means a higher Lewis acidity
(and electrode potential) and, therefore, will manifest itself
with a lower pK, in the reaction with water as the Lewis-base. In
other words: for a given pH, the position of the protolysis
equilibrium of aromatic cation radicals depends on the ring’s
electron density. Compounds with higher electron density have
a lower propensity to react with water and thus have a higher
PK,(Ar*").

In this article, we experimentally assess whether these con-
cepts do apply for simple compounds. We aim to directly
observe the cation radical, find direct evidence for the pK,-
equilibrium and see if the predictions on the relative stabilities
of cation radical vs. hydroxycyclohexadienyl radical are sup-
ported by product analysis.

Benzene is the simplest aromatic structure. However, its
limited water-solubility makes it unsuitable for our experi-
ments. Phenyl sulfonates retain the basic benzene structure
with the advantage of having a solubility of tens of millimolar
in water. We are not aware of any published experimental pK,
values for either benzene or phenylsulfonate cation radicals.
For methoxy-benzene (anisole) a pK, of about 2-3 has been
reported.’® Phenyl cation radicals lack the electron-donating
methoxy group of anisole and are, therefore, expected to be
distinctly more acidic. The presence of a negatively charged
sulfonate group may stabilize the cation radical and affect its
PKa.

Alkylated phenyl sulfonates are known building blocks of
PEMs.*"" However, their poor oxidative stability limits practical
implementation: they react with HO®, which is produced in the
membrane and electrodes during the operation of the fuel cell.”
The reaction with aromatic groups is in essence diffusion
controlled,® with alkyl substituents it is at least an order of
magnitude slower.'> Carbon-hydrogen bonds in alpha position
to aromatic cation radicals are easily deprotonated. We there-
fore avoided such constituents, as their presence would intro-
duce additional reaction pathways and thereby obscure the
interpretation of results. Potassium 4-(tert-butyl) phenylsulfo-
nate (BPS) and its more electron rich derivative, potassium
4-(tert-butyl)-2-methoxyphenylsulfonate (BMPS), were chosen as
model structures in this study (Fig. 1). Tert-Butyl groups are
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Fig. 1 Structure of the aromatic phenyl sulfonates, selected as model
compounds in this study.

electron donating and will lower the acidity of cation radicals.?
The reduction of cation radicals produced by oxidation with
HO" is pivotal for strategies to improve durability of PEMs.”®
Our results may be applicable in that field.

We produced radicals by water radiolysis, reaction (1), where
90% of the primary radicals are HO® and e, .'”'* With
suitable additives, the electrons can be converted into oxidising
radicals, reactions (2) and (3)."*

H,OHO® + H* +¢,, + H" + Hy + Hy0, (1)

N,O + H,0 + e,q~ — N, + HO® + HO™ (2)

$,05° +eyq — SO, +50,7 (3)

This methodology can be applied to produce a continuous
source of a low concentration of radicals in gamma-radiolysis.
Alternatively, pulses of ionizing radiation with high intensity
can be used for time-resolved experiments in pulse-radiolysis.

Experimental

Chemicals and apparatus

Free acids of potassium 4-(tert-butyl) phenylsulfonate (BPS) and
potassium  4-(tert-butyl)-2-methoxyphenylsulfonate (BMPS) were
synthesized according to literature procedures,'" then were neu-
tralized with KOH solution to yield the potassium salts (analytics
below). Sulfuric acid 95% (Fischer Scientific), cerium(u) sulfate
anhydrous 99.99% (Sigma Aldrich), manganese sulfate monohy-
drate 99.9% (Sigla Aldrich), sodium sulfate decahydrate 99.0%
(Sigma Aldrich) and potassium peroxodisulfate, 2,2’-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS) were
used as received. Ultra-pure water was provided by a Milli-Q or
Evoqua Ultra Clear UV Plus water purification system. Organic
solvents were of HPLC grade.

Methods and apparatus

Purity of the compounds was evaluated using an Acquity UPLC
H-class system (Waters, Milford, USA), gradient elution of AcN:
H,O0 solvent system containing 0.025% HCOOH acidic additive
(1 pL injection, Waters Acquity C18 column 1.7 pm,
2.1 x 50 mm, Part No. 186002350) and was found to be
>99%. For the quantification of the degree of BPS and BMPS
degradation, the same instrument and method were used.
Pulse radiolysis experiments were carried out with the 2 MeV
Febetron 705 accelerator of ETH, which has a pulse-width of
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approximately 50 ns."”'® Absorbed doses were determined by KSCN
dosimetry, based on G = 0.635 pmol J ' and g7, =7580 M ' em™ %
The dose is measured in Gray, where 1 Gy = 1 J kg'* or in
water ~1 J L', Typically, a 10% uncertainty is associated with
the dose. The identity of the oxidizing cation radicals were evaluated
using ABTS (E° (ABTS®* /ABTS®") = 0.68 V).""*° The formation of
ABTS was monitored at one of its absorbance maxima, 650 nm,
where only ABTS® ™~ absorbs with e5 = 13000 M~ ' ecm™ > Pulse
radiolysis experiments were carried out at constant ionic strength of
I ~ 0.33 M, with exception of an experiment at pH = 1 where
I ~ 0.42 M. For continuous radiolysis, samples were exposed to
138 Gy/h ®°Co y-radiation at the irradiation facility of PSI (Gamma-
cell 220, Atomic Energy of Canada Limited). Steady-state y-radiolysis
experiments were carried out at an ionic strength of approximately
1 M. All samples were air saturated because the setup currently does
not allow for experiments with deaerated samples.

Results and discussion
Pulse radiolysis experiments

Aqueous solutions of BMPS and BPS were one-electron oxidised
by HO® or SO,* radicals and the reactions were followed by
time-resolved UV-Vis spectrometry. These highly oxidising radi-
cals were produced via pulse radiolysis. Briefly, free radical
chemistry is initiated when a dilute aqueous solution contain-
ing the compound of interest is exposed to nanosecond pulses
of ionising irradiation. Water radiolysis by ionising radiation
produces primary species, HO® (45%), H®* (10%) and e,q
(45%), with known yields: G(HO®) = G(e,q ) = 0.28 pmol J*
and G(H*) = 0.06 pmol J~ %, reaction (1), at neutral pH.">™*
These yields are also correct for dilute aqueous solutions. In
N,O-saturated aqueous solutions (24.8 mM at 20 °C) e,q  can
be converted to HO® via reaction (2), thus increasing the yield to
G(HO®) = 0.56 umol J "' Both HO®* and H*® react with
aromatic compounds (Ar) with near diffusion-limited rates.
This leads to the formation of hydroxycyclohexadienyl and
cyclohexadienyl radicals,>®*** HO-adducts and H-adducts,
respectively (reactions (4) and (5)). In low pH solutions cation
radicals are formed indirectly through acid-catalysed water
elimination according to reaction (6).>' Alternatively, cation
radicals are also formed directly via the reaction of SO,*”,
produced in pulse irradiated S,05>  solution by its reaction
with e,q, reaction (7).'* The reaction with HO®, reaction (4),
can be supressed by scavenging it with +BuOH, according to
reaction (8)."

Ar + HO® — (Ar---OH)* (4)

Ar + H* > (Ar---H)* (5)

(Ar---OH)* + H' 5 Ar*" + H,0 (6)

Ar +SO,*” — Ar*" + S0, (7)

HO® + C(CH3);0H — H,0 + *CH,C(CH;),0H  (8)

If an argon-saturated solution of 10 mM BMPS, 100 mM K,S,04
and 10 mM H,SO, is pulse irradiated, we observe the build-up

This journal is © the Owner Societies 2022
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Fig. 2 Top: Transient absorption spectra 5 ps after the pulse (dose 12-32 Gy),
obtained from time-resolved absorbance readings, normalized to 1 Gy, mea-
sured in argon-saturated solutions that contained 10 mM BMPS, 0.1 M K,S,0g
and 10 MM H,504. é450nm =~ 3 % 10> M~ cm™, see details in ESI.+ Bottom: pH-
dependence of absorbance at 1 = 450 nm, 5 ps after the pulse, measured
in argon-saturated solutions that contained 10 mM BMPS, 0.1 M K,S,0g at
pH= 1-7. The absorbances were corrected for the competitive reaction e, +
H* — He, see the ESI,f for details of yields correction.

of an absorption with a maximum at 450 nm (Fig. 2 top).
Under these conditions mainly HO®* (Ggo-y = 0.28) and
SO4*” (Gsoa"—) = 0.224) are formed and dominate the system
initiating electron transfer with BMPS. In the absence of BMPS
no such product is formed. Addition of 900 mM #BuOH to the
solution above decreased this absorbance by ~60%, confirm-
ing the successful scavenging of HO® (reaction (8), Fig. S1,
ESI{). Fig. 2 bottom shows the pH dependence of the absor-
bance at 450 nm. Under the assumption that the larger absorp-
tion at low pH can be attributed mainly to BMPS®*", the data
align well with the notion of a pK, of 2-3, as for anisole.*®

The cation radical can be observed at 450 nm

We then pulse-irradiated the argon-saturated solution of
10 mM BMPS, 100 mM K,S,0g and 10 mM H,SO, in the
presence of 1.5 mM Ce(m), which is a weak reductant (E° =
+1.44 V),** Fig. 3. The absorbance decrease at 450 nm was
clearly accelerated, reaction (9), which indicates that the
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Fig. 3 Pseudo-first-order decay of BMPS** in the absence (grey) and
presence (black) of 1.5 mM Ce(m) in argon-saturated solutions that con-
tained 10 mM BMPS, 100 mM K5S,0g, 10 mM H,SO4 and 0 or 0.75 mM
Ce,(SOy)3 (recorded at 25 °C). Dose: 16-32 Gy, note that there is a ~10%
error associated with the dose. Inset: Pseudo-first-order rate constants for
the reaction of the species formed at 450 nm of 10 mM BMPS
(red diamonds) with 0—-5 mM Ce(i) as a function of concentration. Data
were taken at room temperature in irradiated (dose of ca. 9-28 Gy) argon
saturated 100 mM K,S,0g solutions that contained 10 mM H,SO, and
900 mM t-BuOH.

observed species is indeed a strong oxidant, in agreement with
the tentative assignment of this band to BMPS*".

BMPS*" + Ce(m) — BMPS + Ce(v) 9)

The rate constant for reaction (9), ko, was obtained by pulse
radiolysis of an argon-saturated solution of 10 mM BMPS,
0-5 mM Ce(m), 100 mM K,S,05, 10 mM H,SO, and 900 mM
t-BuOH. A rate constant of ks = (5.1 + 0.3) x 10° M ' s ' was
derived from the slope of the plot kops vs. [Ce()], where kops is
the pseudo first-order rate constant associated with the
observed absorption decay at 450 nm (Fig. 3 inset).

As an additional control, ABTS was used as a redox indicator.
While its electrode potential is only E°(ABTS® /ABTS®") =
0.68 V,*° as compared to E°(BMPS**/BMPS) > 1.44 V (oxidation
of Ce(m), see above) and to aliphatic carbon centred radicals
E”(RzC*, H'/R;C-H) 2 1V at pH 7. From a thermodynamic
point of view, therefore, one might expect both cation radicals
and cyclohexadienyl radicals to oxidise ABTS. However, Wol-
fenden and Willson showed that aliphatic carbon-centred
radicals do not react with ABTS." Formation of the ABTS-
radicals is, therefore, a suggestive hint to the presence of cation
radicals, reaction (10). Pulse radiolysis of N,O-saturated solu-
tions of 10 mM BMPS, 0.5 mM ABTS, 300 mM NaClO, and
10 mM H,SO, resulted in a fast absorbance build-up at 650 nm,
a wavelength where only ABTS® ™ absorbs (Fig. 4).

BMPS*" + ABTS — BMPS + ABTS®" (10)

i Equilibrium constants for RS* + R;CH — RSH + R;C® are around 0.1 for
stabilized carbon centred radicals.*® As E°/(RS*, H'/RS-H) ~ 1V at pH 7, the value
for carbon centred radicals is expected to be slightly higher.
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Fig. 4 Redox titration performed in N,O-saturated solution containing
10 mM BMPS, 0.5 mM ABTS, 300 mM NaClO4 and 10 mM H,SO4.

Evaluated at 650 nm (blue circles) by performing a first order fit on the
dataset (black line), kops = 8 x 10% s %

From a first order fit to the dataset a pseudo-first order rate
constant of kops = 8 x 10° s™! was obtained, therefore k;, ~
1.6 x 10° M~ ' s, In line with the assumption that predomi-
nantly cation radicals react with ABTS we found the yield at this
wavelength to decrease with increasing pH (data not shown). At
low pH the reaction was nearly quantitative (see ESLT for
details).

Stability assessment by product analysis

We initially claimed that degradation of one-electron oxidised
aromatic groups was pH-dependent and can be affected by
electron-donating or withdrawing groups. Therefore, we com-
pared the oxidative stability of BMPS and its non-methoxylated
parent compound, BPS, at different pH values. Air saturated
solutions of 1 mM BMPS at pH = 0 (1 M H,SO,) or pH =5 (5 uM
H,S0,), containing either no Ce(m) and no H,O, or, alterna-
tively, 0.01 mM Ce(m) and 1 mM H,0,, were irradiated
with y-radiation from a ®°Co source to form *OH radicals by
the radiolysis of water. In contrast to the pulse radiolysis
experiments, the solutions were air-saturated and contained
approximately 200 uM O,. The degree of degradation was
quantified by UPLC-UV.

Observation of a chain reaction. As can been seen in Fig. 5
bottom, for BMPS the degradation was strongly accelerated at
higher pH. If all HO® radicals were to react with BMPS, in case
of a stoichiometric yield, all measurement points would fall
onto the grey line. Measurements below that line, i.e. substoi-
chiometric turnover, indicate presence of competition reac-
tions. Measurements above that line require presence of a
chain reaction. This is observed at pH = 5, where more than
one equivalent of BMPS was consumed per oxidising radical.
Because of the efficient reactant consumption, the relative
degradation yield decreased significantly at increased oxidant
levels (Fig. 5 bottom). It appears that oxygen strongly promotes
degradation under these conditions. The reducing cyclohexa-
dienyl radicals are likely to react with oxygen, reaction (11).>°

This journal is © the Owner Societies 2022
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Fig. 5 Top: Degree of degradation of air-saturated solutions of 1 mM
BMPS or 1 mM BPS as a function of the total amount of formed HO® at
pH = 0 in the absence (green circles and black diamonds) or presence of
0.01 mM Ce(in) and 1 mM H,O, (blue triangles and red squares). Bottom: At
pH = 5 in the absence of Ce(n) and H,O, (blue circles and orange
diamonds), the data for BPS at pH = 0 is shown as reference (black
diamonds). At pH = 5 ionic strength was adjusted with 0.333 M Na,SOyg4.

Ar(-OH)* + O, — Ar(-OH)(-0,)* — products (11)
The peroxyl radical intermediate in reaction (11) is a reactive
oxidative species and possibly responsible for the superstoi-
chiometric turnover found (Fig. 5 bottom). As stated above,
cation radicals can be repaired by simple one electron
reduction, whereas the hydroxycyclohexadienyl radicals cannot
(Scheme 1). One-electron oxidation leads to the hydroxylated
product, one-electron reduction to a reactive cyclohexadiene
(Scheme 1).

pH - dependence of degradation. At pH = 5 the degradation
yields of 1 mM BPS were similar to those of BMPS (Fig. 5
bottom). Both compounds were more stable at pH = 0 (Fig. 5
top, black diamonds (BPS) and green circles (BMPS)). However,
the ratios (degradation at pH = 5)/(degradation at pH = 0) are
very different. For BPS, we observed a value of approx. 1.6, for
BMPS the value was around 5. Equilibrium (6) may be the key
for a detailed explanation of our data. If indeed pKe(BMPS*") ~
2, then at pH = 0 around 99% of the one-electron oxidised
species are present as cation radicals, BMPS®*", and 1% as

This journal is © the Owner Societies 2022
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cyclohexadienyl radicals, (BMPS.--OH)*. With the electron
donating methoxy group lacking, pKes(BPS*") is expected to be
clearly lower than pKs(BMPS*") ~ 2. In other words, there is a
significant percentage of radicals in the more vulnerable
hydroxycyclohexadienyl form even at pH = 0. In consequence
we observe that at pH = 0 BPS is significantly less protected
from degradation than BMPS and there is an increased
degradation at pH = 5 for both BPS and BMPS.

When 10 uM Ce(m) and 1 mM H,O, were added to the
solutions of 1 mM BMPS or 1 mM BPS at pH = 0, the degrada-
tion was suppressed even more (Fig. 5 top, red squares (BPS)
and blue triangles (BMPS)). This supports the notion of the
formation of a strongly oxidising BMPS®" or BPS®" that can be
repaired by a mediocre reductant like Ce(m) (Fig. 4 and
reaction (9)).

With the highest irradiation doses, we observed more
repaired BMPS (80 uM less degradation than the control) than
there was added Ce(m) (10 uM). We explain this in terms of
reaction (12), where Ce(wv) is reduced back to Ce(ur) by H,0,.§

Ce(v) + H,0, — Ce(m) + HOO®* + H" (12)

We cannot provide experimental data for pKe(BPS®"). There is,
however, an indication of a value of <0. Decrease of the
pH from 5 to 0 only moderately protects BPS from degradation
(Fig. 5). Under the assumption that degradation proceeds
mainly via hydroxycyclohexadienyl radicals, turnover rates
should be proportional to their respective concentration. Then
at pH = pK, the ratio (degradation at pH = 5)/(degradation at
pH = 0) should be 2. The observed value of 1.6 is smaller than
that, indicating pK,(BPS*") < 0.

At pH = 5, with BPS and with BMPS, we observed no decrease
in the degree of degradation upon addition of both Ce(m) and
H,0, (Fig. S2, ESIf). This is only possible if reaction (9)
becomes negligible and, therefore the concentration of BMPS®*”
and BPS*" must be low. This further supports that the pK, of
both cation radicals is below 3.

Control experiments at pH = 0 showed increased degrada-
tion if only Ce(m) was added. Likewise, increased degradation
was also observed if only H,O, was added. Therefore, we
assume to observe catalytic repair via reactions (9) and (12).
In preparative chemistry, nucleophilic radical attack is a known
mechanism.”® To produce near quantitative yield, an oxidative
transition metal is added to the reaction in order to oxidise the
formed intermediate cyclohexadienyl radicals because the lat-
ter are good reductants. Rate constants of upto 3 x 10° M ' s™*
are reported, which is practically diffusion controlled.>” An
analogous mechanism may be operative in our experiments
in the presence of Ce(ur) and absence of H,0, at pH = 0. Ce(wv)
produced via reaction (9) may facilitate the production of
unstable phenols.

§ E°(HO®, H'/H,0) = 2.7 V, E°(HOO*, H'/H,0,) = 1.5 V,*! the electrode potential
E°'(Ce(v)/H", Ce(m)) in water is strongly dependent on the electrolyte, 1.3-1.7 V.*?
Given that reactions (9) and (12) are one-sided, hydroperoxyl radicals will not
oxidise the aromatic structures used here.
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Conclusion

We successfully demonstrated that an electron-donating group
indeed increased the pK, of an aromatic cation radical. Corre-
spondingly, degradation was slowed down if the equilibrium
was more on the side of the cation radical. Application of a
suitable reductant to the cation radical further lowered the
yield of degradation.

Reaction of SO,*~ and HO® with BMPS leads to the for-
mation of a species with an absorption maximum at 450 nm
(Fig. 2). The absorption is pH-dependent (Fig. 2. inset) and can
be quenched by the one-electron reductants ABTS and Ce(m)
(Fig. 3 and 4)."*** We therefore assigned it to the cation radical
BMPS*", which is in a protolysis equilibrium with hydroxycy-
clohexadienyl radical (equilibrium (6)). The ®°Co experiments
indicated that the degree of degradation under oxidizing con-
ditions is conditional, at a given pH, to the pK, of the aromatic
compound, BMPS or BPS in this study (Fig. 5).

In the treatments of wastewater rich in aromatic com-
pounds, a high degradation yield is required.”® Our results
show that by establishing a pH well above the pK, of the
associated protonation equilibria this objective can be
achieved, in analogy to the results presented in Fig. 5.

In the presence of the weak reductant Ce(m) the degree of
degradation could be favorably altered (Fig. 5). We unambigu-
ously proved that repair of the oxidized cation radical of both
BPS and BMPS is possible, according to reaction (9). BPS is the
monomer analogous compound of a-methylstyrene sulfonate-
based proton exchange fuel cell membranes.®>?° Our findings
have implications for the judicious development of fuel cell
membranes: for the first time, catalytic repair of aromatic
cation radicals by the combination of a transition metal and
hydrogen peroxide has been experimentally demonstrated.

The presence of acid-stable electron-donating groups in
combination with catalytic repair is a viable synthetic strategy
to improve membrane durability.
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