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Abstract

Aromatic amines are relevant aquatic organic contaminants whose photochemical
transformation is affected by dissolved organic matter (DOM). The goal of this study is to
elucidate the underlying mechanism of the inhibitory effect of DOM on such reactions. The
selected model aromatic amine, 4-(dimethylamino)benzonitrile (DMABN), was submitted to
laser flash photolysis in the presence and absence of various model photosensitizers. The
produced radical cation (DMABN™") was observed to react with several phenols and different
types of DOM on a time scale of ~100 us. The determined second-order rate constants for the
quenching of DMABN'* by phenols were in the range of (1.4 —26) x 10 M! s™! and increased
with increasing electron donor character of the aromatic ring substituent. For DOM, quenching
rate constants increased with the phenolic content of the DOM. These results indicate the
reduction of DMABN™" to re-form its parent compound as the basic reaction governing the
inhibitory effect. In addition, the photosensitized oxidation of the sulfonamide antibiotic
sulfadiazine (SDZ) was studied. The observed radical intermediate of SDZ was quenched by
4-methoxyphenol less effectively than DMABN™, which was attributed to the lower reduction

potential of this radical compared to DMABN™".
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Introduction

Aromatic amines are a class of compounds often present as contaminants in the aquatic
environment.!* Under sunlight irradiation they can undergo both direct and indirect
phototransformation,>!° the latter process being sensitized by dissolved organic matter
(DOM).!! Excited triplet states of DOM (*DOM?*) are the reactive intermediates formed upon
DOM photoirradiation and are hypothesized to be mainly responsible for the DOM-
photosensitized transformation of aromatic amines.!> > The initiation of the transformation
was attributed to a one-electron transfer from the aromatic amine to *DOM*, which was

assumed to generate the corresponding aminyl radical cation.” 417

Besides acting as a photosensitizer, DOM can also inhibit the indirect phototransformation of
some classes of organic contaminants, in particular aromatic amines.” This inhibition, initially
observed for the phototransformation of target contaminants induced by the excited triplet
states of model aromatic ketones, has been the subject of extensive studies in our research
group during the last decade.” '* 1720 It was postulated that the inhibition, measured as a
gradually decreasing transformation rate of the target contaminant with increasing DOM
concentration, originates from the reduction of oxidized intermediates of the target contaminant
by electron-donating (also named antioxidant) moieties of the DOM.” '® The latter can be
quantified using electrochemical methods as electron donating capacity (EDC),?! a parameter
that was found to be strongly correlated with the magnitude of the inhibitory effect.?’ In the
case of aromatic amines, the oxidized intermediates subject to reduction are hypothesized to

be the corresponding aminyl radicals or radical cations.

While numerous steady-state irradiation studies have been performed to characterize the
inhibitory effect of DOM and model phenolic antioxidants on the photosensitized

transformation of contaminants, the direct observation of the transient radical species formed
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upon oxidation of the contaminant by ’DOM?* and their reaction with DOM is still limited. The
quenching kinetics of the tryptophanyl radical cation, formed through photoionization of
tryptophan under acidic conditions (pH 3), was measured using phenolic compounds and a
fulvic acid as quenchers.!> Analogous experiments were performed for several diphenylamine
radicals, produced by photosensitized one-electron oxidation of some fenamate-type drugs,
using ascorbic acid as a quencher,? and for the quenching of the mefenamic acid radical by
sesamol.?® In a more recent study, the radical formed by one-electron oxidation of adenine by
the sulfate radical and subsequent deprotonation was observed to react with catechol and three
different purines regenerating adenine.?* These radical kinetics data were used for an improved

understanding of the abatement of mixtures of contaminants in advanced oxidation processes.

The goal of the present study is to measure the kinetics of the reaction of a model aniline radical
cation with phenols and DOM. This is expected to provide an important basis to understand
and quantify the inhibitory effect of DOM on the photosensitized transformation of the parent
aniline in surface waters. The radical cation of 4-(dimethylamino)benzonitrile (DMABN),
DMABN™, was selected for this investigation. DMABN"" was produced by laser flash
excitation through direct photoionization or photosensitized oxidation of DMABN, as detailed
in a preceding study.? Its decay kinetics in the presence of various concentrations of some
phenols and a few types of DOM were measured. An additional investigation was performed
to characterize the kinetic behavior of the radical intermediate formed during the

photosensitized transformation of the sulfonamide antibiotic sulfadiazine (SDZ).

Experimental Section

Chemicals and Solutions. All chemicals were commercially available and used as received.

A complete list of chemicals is given in the Supporting Information (SI, Text S1). All
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experiments were performed in phosphate-buffered water (2 mM total phosphate
concentration, final pH 7.74 except when otherwise stated) using stock solutions prepared in
water, except for photosensitizers. Stock solutions of the photosensitizers
I-naphthaldehyde (1-NA) and 2-acetonaphthone (2-AN) were made in acetonitrile (MeCN)
because of the limited solubility of these compounds in water. The concentration of the co-
solvent MeCN in sample solutions containing 1-NA or 2-NA did not exceed 1% (v/v). The
water used in the experiments was obtained from an Aqua Osmotic 02A purification system.
Suwannee River fulvic acid (SRFA, catalogue number 1S101F), Suwannee River humic acid
(SRHA, 1S101H) and Pony Lake fulvic acid (PLFA, 1R109F) were obtained from the
International Humic Substances Society (IHSS, St. Paul, Minnesota). Some relevant data
regarding their chemical composition as well as optical and electrochemical properties are
collected in the SI, Table S1. Stock solutions of the fulvic and humic acids were prepared at
concentrations of 50—100 mgc L~!. The carbon content of the first stock solutions of each humic
substance was quantified using a total organic carbon (TOC) analyzer as described below. The
concentration of subsequent stock solutions was quantified by spectrophotometry using the
specific absorption coefficients (SUVA) determined for the first stock solutions at the
wavelengths of 240, 260 and 280 nm (see SI, Table S1). Spectrophotometric determinations
were performed after dilution of the stock solutions with unbuffered ultrapure water to reach a

nominal concentration of =5 mgc L™!.

A natural water sample was collected on November 14™ 2014, near the outlet of Etang de la
Gruére (EG) (47.2376N, 7.0494 E), a small pond (surface area =~80°000 m?) surrounded by
timbers and boggy wetlands. The EG water sample was filtered on a pre-washed 0.45 um pore
size cellulose nitrate filter and stored at 4 °C in the dark. The filtrate had a DOM concentration
of 22.8 mgc L' (measured using the TOC analyzer) and a pH of 7.7 (see ref 17 for full

characteristics of the water).
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Laser Flash Photolysis Experiments. Nanosecond laser flash photolysis experiments using
pulses of < 170 ps duration from a Nd:YAG laser were conducted as detailed elsewhere.?® The
observation wavelengths of the different transient species are given in the SI, Table S2.
Absorbance values of the studied solutions were usually adjusted to 0.5 — 0.8 (for a 1 cm optical
path length) at the excitation wavelength. Solutions were either naturally aerated or purged
using a gentle stream of N>O for 15 minutes prior to measurements. Absorption spectra of the
photolyzed solutions were measured regularly between laser flashes to test for possible
photodegradation of the solution components using the hereafter mentioned diode-array

spectrophotometer. Experiments were conducted in an air-conditioned room at a temperature

of 21 £1 °C.

Kinetic Analyses. The kinetic traces for the decay of DMABN™" and the intermediate radical
formed upon oxidation of SDZ were analyzed using the software Kintecus©?¢ and the kinetic
models given in the SI (Texts S2 and S3, Tables S3 and S6 for DMABN'" and Text S7 and
Table S9 for the SDZ radical). First-order decay rate constants of the excited triplet states of
the studied photosensitizers were determined by fitting their decay traces to single exponential
decay model functions using the software Flash Fit v. 0.11. Second-order rate constants for
triplet state quenching by various phenols or SDZ were obtained as the slope of linear
regression lines of the above first-order rate constants, determined for different quencher

concentrations, versus the concentration of the quencher.

Analytical Instrumentation. Electronic absorption spectra in the ultraviolet (UV) and visible
(Vis) range were measured on an Agilent Cary 100 UV-Vis or an Agilent 8654 diode-array
spectrophotometer. A BNC pHTestr 10 pH meter equipped with a calibrated glass electrode or
an equivalent Eutech Instruments pH600 was used to measure pH. The total organic carbon
concentrations of the humic substances stock solutions and of EG water were measured as non-

purgeable organic carbon, after appropriate dilution, sample acidification and online purging



142 toremove inorganic carbon, using a Shimadzu TOC-L CSH total organic carbon analyzer (limit

143 of quantification 0.5 mgc L', accuracy 0.2 mgc L', measuring range 0.5 — 30 mgc L™).
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Results and Discussion

Radical Cation of 4-(Dimethylamino)benzonitrile (DMABN), DMABN™. Kinetics of the
Quenching of DMABN"" by Phenols as Model Antioxidants. Using the previously developed
laser flash photolysis procedures,” DMABN™ was generated either by direct photoionization

(eq 1) or by triplet-photosensitized oxidation (eqs 2—3).

DMABN + v — DMABN" + ¢4 )
Sens + hv — 'Sens* — *Sens* (2)
3Sens* + DMABN — DMABN™" + Sens™™ 3)

In these reaction equations, Sens is a photosensitizer, 'Sens* and *Sens* are its excited singlet
and triplet states, respectively, and Sens™ is its radical anion resulting through the electron
transfer from DMABN to 3Sens*. The two different methods of producing DMABN'* were
applied to check the reliability of second-order quenching rate constants obtained for some
phenols. The photosensitizer method was preferred because it not only mimics the formation
route of DMABN"" in the aquatic environment, but also has the technical advantage that the
excitation pulse (at a wavelength of 355 nm) is weakly absorbed by the phenolic quenchers or
DOM, thus reducing the possible impact of side reactions. Moreover, the direct photoionization
method (excitation wavelength of 266 nm) could not be applied when using DOM as a
quencher due to excessive absorption of the laser pulse by DOM. The kinetics of the quenching
of DMABN™" by several phenols (R-PhOH) (eq 4), was studied in aqueous solutions
containing an individual phenol at variable concentrations by recording kinetic traces at the

observation wavelength of 500 nm, corresponding to the absorption maximum of DMABN'",

DMABN' + R-PhOH — DMABN + R-PhO" + H" (4)
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In eq 4, we considered the product of the one-electron oxidation of the phenol to be its phenoxyl
radical (R-PhO"), being aware that the corresponding phenoxyl radical cation (R—PhOH"",
typical pKa. values < 0 27 ), which is not observable on the time scale of the present
experiments due to fast deprotonation, might be the primary reaction product. Figure 1
displays, as an example, a series of transient absorption traces showing the quenching of
DMABN™ by 4-methoxyphenol: DMABN™" was formed through 1-NA-photosensitized
oxidation of DMABN. This particular photosensitizer was selected for this study because of
the high second-order rate constant for the reaction of its excited triplet state, >1-NA*, with
DMABN?’® and the limited reactivity of °I-NA* with the employed phenolic quenchers (with
the only exception of 4-methoxyphenol, see below). The traces were measured at an
observation wavelength of 500 nm for various concentrations of 4-methoxyphenol in the range
of 0 — 3 x 10 M, while the concentration of DMABN was 5.0 x 10* M. A visual inspection
of the decay traces reveals a steady acceleration of the decay with increasing concentration of
4-methoxyphenol. We previously studied decays without added quencher in detail and found
that they approximately followed second-order kinetics, which was mainly attributed to the
reaction of DMABN"" with the superoxide radical anion.>> To take account of these kinetic
features, which preclude the use of exponential decay functions to correctly obtain second-
order quenching rate constants, the analysis of the decay traces was performed using kinetic
modeling (for details, see the Experimental Section and Text S2 and Table S3, SI). The signal
at early delay times after the laser pulse (< 1 us) contains not only the contribution of
DMABN", but also the one of 31-NA*, while the contributions of the radical anion of 1-NA,
i.e., 1-NA™, and the 4-methoxyphenoxyl radical (and also of any other phenoxyl radicals
produced from the phenols studied here) are negligible at this wavelength. To eliminate
interference by 31-NA*, only data for time delays > 6 us after the laser pulse were considered

to extract the decay parameters of DMABN' (SI, Text S2). For each experimental run, second-

10
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order quenching rate constants of DMABN'" by a given phenol (R—PhOH) employed at a given
concentration were obtained by the described kinetic modeling procedure (see SI, Tables S4
and S5 for the whole set of data). The average values of the second-order rate constants for the

quenching of DMABN"" by R—PhOH, termed as kg';ﬁ’BN.J, r_phon- are presented in Table 1

(see footnote d).

A series of DMABN"" quenching experiments using a reduced set of phenols were also
performed employing direct photoionization of DMABN (eq 1). The detailed results of these

experiments, evaluated by applying the kinetic modeling described in the SI (Text S3 and Table

q.exp

S6), are presented in the SI (Table S7), and the determined average values of k\/\on+ r_phon

are provided in Table 1 (see footnote e). These values were found to agree well with those

determined using the photosensitized oxidation of DMABN.

[4-Methoxyphenol]
/ uM

— 0

0.8 — 33

—— 66

100

3 150

€ 0.6 200

E —F— 250

~ — 300
3 04l
0.2 4

0 T T T T T T T T ]
0 10 20 30 40 50

Time/10°%s

11



204

205

206

207

208

209

210

211

Figure 1. Quenching of DMABN"" by 4-methoxyphenol, as shown by the kinetic traces
(excitation 4 = 355 nm; observation 4 = 500 nm) observed during laser flash photolysis of
aerated aqueous solutions containing 1-naphthaldehyde (3.0 x 10* M), DMABN (5.0 x 10*
M) and an increasing concentration of 4-methoxyphenol in the range of
0 —3 x 10* M at pH 7.74 (2 mM phosphate buffer). The transient differential absorbance data
(AA4) were smoothed using adjacent averaging with 50 data points (corresponding to 5 x 108

s) and each kinetic trace was normalized to its differential absorbance maximum (A4 max).
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Table 1. Second-order rate constants for the quenching of DMABN"* and the excited

triplet state of 1-naphthaldehyde (1-NA) by several phenols and types of DOM (pH 7.74).

0 a q,exp b q,exp c

Phenol sub- Eox kDMABN'+,R—PhOH k 31—NA* R-PhOH
stituent (R) /'V vs. SHE /108 M- ! /108 M 7!
4-OCHj3; -1.23 17+2,926+8°¢ 39+7
4-OCHj;

na.’ 23+ 14 8+3
(D20)
3-OH n.a. 32+13,74.14+04° 1.2+03
4-CHj -1.38 1.7+0449 0.7+0.5
4-(CH;);C -1.46 1.4+0449 0.7+04
none -1.50 1.6+0.6,Y2.1£0.2°¢ 0.5+0.2
none (D;0) n.a 0.5+0.2¢ <0.5¢

h q,exp b q,exp i q,eXp c
DOM EDC kDMABN'+,DOM kDMABN'+,EDM k 31-NA*,DOM
-1
/ pmole- mgc /10° L mgc™ s /1M s /107 L mole s

SRHA 7.01 82+1.14 11.7+1.6 4.8+24
SRFA 5.437 49+099 89+1.7 3.6+2.4
PLFA 2.29 1.6+049 70+1.7 11+8
Etang de la

n.a. 4.1+1.5¢ n.a. 84+72
QGrueére

13
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¢ Set equal to the negative value of the standard one-electron reduction potential for the couple
R—PhOH"*/R-PhOH from Ref. ?%; unit: V vs. standard hydrogen electrode (SHE).  Second-
order rate constant for the quenching of DMABN"" by R—PhOH or DOM (mean + standard
deviation) obtained by averaging the constants from individual decay traces according to SI,
Tables S4, S5, or S7. © Second-order rate constant for the quenching of the excited triplet state
of 1-naphthaldehyde by R—PhOH or DOM (mean + 95% confidence interval) obtained from
decay traces measured at Aobs = 600 nm and the methods described in the Experimental Section.
4 Values obtained by I1-naphthaldehyde photosensitized formation of DMABN™*
(355 nm laser excitation, aerated solution). ¢ Values obtained by direct photoionization of
DMABN (266 nm laser excitation, NoO-purged solution)./ n.a.: not available. ¢ Value too low
for quantification. ” Electron donating capacity (EDC) calculated using data from ref 2! and

carbon content from ref 3. ? Ratio between kP and EDC.’ EDC value for the SRFA

DMABN+,DOM

(IT) isolate was used.

The obtained kg’lfj;g’BN.Jr‘R_Ph o values (see Table 1) vary by about an order of magnitude among

the studied phenols. At the higher end, 4-methoxyphenol exhibits a second-order rate constant
of 2 x 10° M~! 57!, which may be considered as nearly diffusion controlled. At the lower end,
phenol and the two alkyl-substituted phenols have very similar second-order rate constants, on
average ~1.6 x 108 M~! s~!, while resorcinol shows an intermediate value. Since the reaction

of DMABN™ with phenols is postulated to involve an electron transfer from the phenols to

kq,eXp

pMmaBN+ R_phon and the standard one-

DMABN™ (eq 4), a positive correlation between

electron oxidation potential (EQ,) of the phenols is expected. When inspecting the values of
EQ, for the non-dissociated phenols given in Table 1, it can be deduced that there is no

significant influence of EJ, on the second-order rate constants of phenol and the alkyl-

14



239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

substituted phenols. However, a large increase in the second-order rate constants occurs when
EQ, increases from -1.38 to -1.23 V vs. standard hydrogen electrode (SHE) (the EY, values for
4-methylphenol and 4-methoxyphenol, respectively). The negative value of the standard one-
electron reduction potential of DMABN (1.30 = 0.07 V vs. SHE, taken as the average of two
values recently estimated from excited triplet quenching data using a Rehm-Weller
relationship),” falls near the middle of the range in which the jump in second-order rate

constant occurs. Consequently, a pure electron transfer reaction of the type:
DMABN"" + R-PhOH — DMABN + R—-PhOH"" (5)

would be exergonic for 4-methoxyphenol, thus explaining the nearly diffusion-controlled rate
constant, but endergonic for the three other phenols at the lower end of the reactivity scale, also

in line with the determined second-order rate constants for these phenols.

For 4-methoxyphenol and phenol the effect of deuteration of the phenolic group was evaluated
using heavy water (D20) as a solvent to obtain possible indications about the mechanism of
their reaction with DMABN'". The deuterium isotope effect, i.e., kg’EXp /

MABN* R-PhOH

kq:exp
DMABN'* R-PhOD’

obtained from the values given in Table 1 is near unity (0.7) for
4-methoxyphenol and ~3.2 for phenol. These different values are in line with a pure one-
electron transfer mechanism in the first case, and the involvement of a proton transfer in the

rate determining step of the reaction in the second case, supporting a proton-coupled electron

transfer mechanism.>!

One important side-reaction that may affect the formation of DMABN'* by *Sens*, in particular
by *1-NA*, is the quenching of these excited triplet states by phenols (or DOM, vide infra).
This process can on the one hand reduce the formation rate of DMABN"" and on the other hand

lead to the formation of reaction intermediates (specifically, phenoxyl radicals), possibly

15
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complicating the determination of the rate constants for DMABN™. Phenoxyl radicals are

known to be formed in high yields during quenching of *Sens*,?%: 32 according to eq 6.
3Sens* + R-PhOH — *Sens™ + R-PhO" + H* (6)

For several phenols, *Sens* second-order quenching rate constants have been measured for
three aromatic ketones?® and methylene blue'® as photosensitizers. For the set of phenols used
in the present study, we determined the second-order *1-NA* quenching rate constants (see
Table 1) employing the phenols in the same concentration ranges as detailed in Table S4 (SI).
These second-order rate constants fit the trends of triplet state reductive quenching by
phenols.?’ However, they are higher than the ones determined for the excited triplet state of
2-acetonaphthone,?® which indicates that the latter should have a slightly lower reduction
potential than *1-NA*, although the values that can be deduced from literature are the same
(i.e., 1.34 V vs. SHE). While 4-methoxyphenol exhibits a high second-order rate constant
near the diffusion-controlled limit and close to the one previously determined for DMABN
(3.4 x 10° M! s71)2° the other phenols possess second-order quenching rate constants
< 1.2 x 108 M! s7!. Despite these relatively low values, at the higher concentrations of the
phenols used in the DMABN'* quenching experiments (i.e., up to 4 x 10~> M), the phenols may
compete significantly with DMABN for reaction with *1-NA*. For this reason, not only the
reaction of DMABN with *1-NA*, but also the reaction of the phenols with *1-NA* (see eqs 3
and 6, respectively) was included in the kinetic model to obtain quenching rate constants of

DMABN"" (see SI, Table S3).

Product Formation during the Reaction of DMABN'" with Phenol. The expected primary
products of this reaction (eq 4) on the applied experimental time scale are the parent compound
(DMABN) and the phenoxyl radical derived from the selected phenol. Figure 2 illustrates the

formation of the phenoxyl radical by laser flash photolysis (4 =355 nm) of solutions containing

16
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2-acetonaphthone (2-AN) or 1-NA as photosensitizers and phenol in the absence or presence
of DMABN. Excitation of 2-AN or 1-NA in the presence of phenol yields their excited triplet
states, with absorption maxima at =440 nm (Figure 2A) and =510 nm (Figure 2C),
respectively.”> The evolution of the triplet state spectra in the presence of phenol is almost
identical compared to a solution containing the photosensitizers alone,? reflecting the very low
triplet quenching rate constants by phenol (3.3 x 10’ M~ s7! for 32-AN*?° and 5 x 10’ M~! 5!
for *1-NA*, see Table 1). The only found difference consist in the appearance of weak
absorption features in the wavelength range of 390 — 460 nm at longer delay times after the
laser pulse. In Figure 2C, two peaks can be clearly distinguished in this wavelength range. The
first peak, at =400 nm, can be assigned to the absorption of the phenoxyl radical, PhO" 3% 3
The origin of the second peak, at ~430 nm, is uncertain. In view of the sub-micromolar
concentration of PhO’, coupling of two phenoxyl radicals can be excluded on the time scale of
107 s, which leaves an adduct of the type PhOH-PhO" as a possible candidate. Such radical
adducts have been proposed to occur in very acidic solution.** In addition, an absorption band
in the same spectral region was also observed (but not discussed) in a study involving the
formation of PhO".% Furthermore, the absorption of the 4-phenoxyphenoxyl radical also

matches the ~430 nm peak,*® supporting our suggested adduct formation.

In the transient absorption spectra of a solution containing one of the photosensitizers, together
with phenol and DMABN (Figure 2B, D), the excited triplet state absorption band decreases
more rapidly than in the absence of DMABN. Moreover, the characteristic absorption of
DMABN"" with a maximum at ~500 nm becomes clearly visible at ~1 ps delay time. At
intermediate time delays a transient absorption with maximum at ~420 nm is visible (Figure
2D). This is caused by the radical anion of 1-NA, which is formed concomitantly with

DMABN" (see eq 3) and disappears within < 10 us due to scavenging by oxygen (to form 1-

17
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NA and superoxide). The corresponding radical anion of 2-AN in Figure 2B is less visible
owing to the strong superposition of its absorption band with the one of 32-AN*.25 At the
longest time delays (12 — 15 ps) the DMABN™" signal has almost disappeared and only the
absorption features attributed to the phenoxyl radical remain. These bands have a much higher
intensity than those detected in the absence of DMABN (Figures 2A, C), demonstrating the
oxidation of phenol by DMABN'" to yield PhO" as described by eq 4. Interestingly, an
additional weak shoulder at ~450 nm and 15 us time delay is visible in Figure 2D, which might

also be due to phenoxyl radical adducts of the type discussed above.
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Figure 2. Transient absorption spectra following 355 nm laser pulse excitation of aqueous
solutions containing: (A) 2-Acetonaphthone (2-AN) and phenol; (B) 2-AN, DMABN, and
phenol; (C) 1-Naphthaldehyde (1-NA) and phenol; (D) 1-NA, DMABN, and phenol.

Concentration of the components: 5.0 x 10* M for 2-AN, phenol, and DMABN; 3.0x 104 M
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for 1-NA. All solutions contained ~1% (v/v) MeCN and were buffered at pH 7.74 (2 mM

phosphate). Spectral data were smoothed by adjacent averaging over 20 data points (=10 nm).

Kinetics of the Quenching of DMABN™" by DOM. Similar to experiments with phenols, the
decay of DMABN"" formed through 1-NA photosensitization was accelerated by the presence

of DOM (Figure 3). Second-order rate constants for the quenching of DMABN"™ by DOM

(kg’l\e,;fBN.Jr pom> Table 1) were obtained using kinetic modeling (see SI, Text S2 and Table S3),

analogously as for quenching by phenols. Considering the chemical complexity of DOM
solutions, the quality of fits was satisfactory despite some deviations for low DOM
concentrations (see SI, Figure S2). It is noteworthy that quenching of *1-NA* by DOM in the

concentration range used in this study is negligible, wherefore no adverse effect of this reaction

on the determination of kX¢*P

pMagn-+ poym 1S €xpected. This can be deduced from the determined

kq,obs

second-order triplet quenching rate constants (k3 1—NA* DOM’

Table 1), which are low and in

agreement with the triplet quenching results obtained for other photosensitizers.’” Values of

LEXP
DMABN*,DOM

were found to lie in the range of (1.6 — 8.2) x 10°mgc™' L s!. To our knowledge,
the only published second-order rate constant for an analogous reaction was determined for the

quenching of the tryptophan radical cation by SRFA at pH 3'> and determined as (1.1 £ 0.2) x

q.exp

10*mgc! Ls™!, i.e., =2.2 times higher than kDMABN.+ SRFA"

. . q,exp . . . .
For solutions of the DOM isolates, kDM ABN™* . DOM values increased with increasing electron

donating capacity (EDC) of these materials. The observed trend concurs with one of the main
hypotheses regarding the inhibitory effect of DOM on excited triplet induced oxidations. This
hypothesis postulates the reduction of oxidation intermediates, in the present case DMABN'",
by antioxidant moieties of the DOM. For the natural water from Etang de la Gruére (for which

no EDC value is available) the second-order quenching rate constant falls between the
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corresponding values for SRFA and PLFA (Table 1). Electron-donating moieties (EDMs) in
the DOM are expected to play a central role in determining the reactivity of DOM towards

DMABN"'. Therefore, it is useful to define a second-order rate constant expressing the

kq:exp

reactivity in terms of EDMs. This rate constant, k), ABN™ EDM?

was approximated by dividing

kg’;[)g’BN.Jr‘D om 0V the EDC of each specific DOM, being aware that EDC values may be higher

than predicted by a 1:1 stoichiometry with electron donating phenolic moieties.’® The
corresponding values (in units of M~!s™!, see the third column in Table 1) are significantly
different among the three DOM extracts and increase in the order PLFA < SRFA < SRHA,
which may indicate that the strength of the EDMs (i.e., their ability to donate electrons) in each
DOM increases in the same order. Moreover, the reactivity of EDMs towards DMABN"" is
comprised in the range spanned by the model phenols (upper part of Table 1), being closer to

the one of 4-methoxylphenol than the one of phenol and the alkyl-substituted phenols. These

q,€xp

relatively high values of kg b+ epm

might be partly related to the higher fraction, at pH

7.74, of the deprotonated form in the phenolic moieties of the DOM as a consequence of their
lower average pK,>® compared to the phenols investigated here. In view of the relatively high
reactivity of EDMs compared to model phenols, a possible reduced access of DMABN' to
EDMs, caused by steric hindrance or limited diffusivity of DMABN'" in the vicinity of

complex DOM molecules or aggregates, does not appear to be relevant.
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Figure 3. Quenching of DMABN"" by Suwannee River fulvic acid (SRFA), as shown by the
kinetic traces (excitation 4 = 355 nm; observation 4 = 500 nm) observed during laser flash
photolysis of aerated aqueous solutions containing 1-naphthaldehyde (3.0 x 10* M), DMABN
(50 x 10* M) and an increasing concentration of SRFA in the range of
0 — 25 mgc L~!. The transient differential absorbance data (A4) were smoothed using adjacent
averaging with 50 data points (corresponding to 5 x 10® s) and each kinetic trace was

normalized to its differential absorbance maximum (A4 max).

Relationship between DMABN™" Second-Order Quenching Rate Constants and the Inhibitory
Effect of Phenols and DOM on the Phototransformation of DMABN. The observed reactivity
of DMABN'" with various phenols and DOM is per se an important piece of evidence that the

reduction of DMABN"" by these electron-donating compounds may be associated with their
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inhibitory effect on the photosensitized transformation of DMABN.!7 We briefly recall the
simplest kinetic model used to explain this inhibitory effect, consisting in the formation of a
reaction intermediate (probably DMABN'" in this case), which can either react to yield
transformation products of DMABN or undergo reduction by electron-donating compounds (a
phenol or antioxidant moieties of DOM), thus reforming DMABN. The competition between
reduction and transformation of DMABN™" leads to a decreased phototransformation rate of
DMABN compared to the case in the absence of antioxidants. The relevant kinetic constants

obtained in the present and a previous study?’ are the first-order rate constant for the decay of

DMABN"" in the absence of quenchers, kg‘lgl apn+ » and the second-order rate constants for the

quenching of DMABN™ by phenols or DOM, k\°0 o oo or kpei® 0. Assuming

that DMABN'" is the key intermediate for the inhibitory effect, the following relationships can

be derived:
_ 1,40 q,exp
[R-PhOH], /2 = kpyapn+/KpmaBN+ RPhOH )
_ 1,40 q,exp
[DOM], /, = kpmaen+/Kpmaen+ pom ®)

where [R-PhOH]i2 and [DOM]i» are the concentrations of a given phenol or DOM,
respectively, needed to reduce the first-order phototransformation rate constant of DMABN by
50% compared to the case in the absence of R-PhOH or DOM (the derivation of these

equations is provided in refs 7, 14, 18). Using the rate constants given in Table 1 and the

previously determined estimates of kg’lsl apn+s 1€ (48£12)x10° s and 3.5+ 1.4) x 10° 57!
from direct photoionization and photosensitized oxidation of DMABN, respectively,?® the
following values can be obtained by applying eqs 7 or 8: [PhOH]1» = (23 = 6) uM, (22 £ 12)
uM; [PLFA]i2= (3.0 £ 1.1) mgc L', (2.2 £ 1.0) mgc L™!; [SRFA]12 = (0.98 + 0.30) mgc L,

(0.7 £ 0.3) mgc L', For the fulvic acids there is a reasonable agreement with the values
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obtained from steady-state irradiations ([PLFAJi2 = (3.2 + 1.2) mgc L'; [SRFA]i» = (1.5 +
0.4) mgc L™1),'7 but [PhOH]1 > for the steady-state irradiation value, i.e. (3.7 £ 1.2) uM, is by
a factor of =6 lower than estimated using eq 7. The reason for this discrepancy is not understood

at the moment.

Sulfadiazine. Several studies have shown that the triplet-induced oxidation of this sulfonamide
antibiotic is inhibited by DOM and model phenolic antioxidants.” '* ' To elucidate the
mechanism of the inhibitory effect for SDZ, analogous experiments as for DMABN were

carried out.

In a first step, for the excited triplet state of several photosensitizers the quenching induced by

SDZ was investigated with the aim of determining the corresponding second-order rate

q,exp

constants, k 3Sens* SDZ”

and subsequently estimate the one-electron standard oxidation potential

of SDZ (see the SI, Text S4). In this study, we focus on the anionic species of sulfadiazine,

SDZ-, which is the prevalent species at pH 7.74 (pKa = 6.4).° The measurement of k%‘gzis* -

for a set of photosensitizers with triplet-state reduction potential (E4) in the range of 1.26 —

1.71 V vs. SHE yielded values in the range of 2.9 x 10’ M s to 2.8 x 10° M s! (see SI,

q,€xp

3Sens* SDZ values were

q,exp . . . 0%
Table S8). k 3Sens* SDZ increased nonlinearly with E 4. Moreover, k

kq’EXP

consistently lower than the corresponding 3Sens’ DMABN

values. Assuming a reductive

quenching of the excited triplet states by SDZ™ in analogy to DMABN (see eq 3), the second-
order rate constant data were fitted using the Rehm-Weller relationship for one-electron
transfer reactions (SI, eq S1 and Figure S6),% yielding EJ.4(SDZ*/SDZ™) = 1.28 £ 0.20 V vs.

SHE, where SDZ" represents the primary radical resulting from one-electron oxidation of
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SDZ~. Despite the large uncertainty, this value is very close to the value of 1.30 £ 0.07 V vs.

SHE for E2, ;(DMABN"* /DMABN) determined in a preceding study.?

In a second step, we characterized the species involved in the reductive quenching of the
excited triplet state of 1-NA by SDZ (see SI, Text S5 and Figure S7). The reaction of SDZ with
the excited triplet state of two photosensitizers produced a broad transient absorption spectrum
centered at =430 nm attributed to SDZ™, the radical resulting from deprotonation of SDZ’
according to a previous quantum chemical computation study.*’ This transient species decayed

with a first-order rate constant of (1.7 — 2) x10° s™.

Finally, the observation of the reaction of SDZ'~ with various phenols and DOM isolates was
attempted, but successful only for the case of 4-methoxyphenol, for which second-order rate
constants of (1.0 £ 0.2) x 103 M! s! for an aqueous solution and (8 £ 3) x 10’ M s! for a D,O
solution were determined (see SI, Texts S6 and S7, Tables S9 and S10, and Figure S8). The
lack of deuterium isotope effect suggests a one-electron transfer mechanism without
involvement of the phenolic proton for this reaction. The significantly lower reactivity of SDZ™
compared to DMABN'" supports the assignment of this species, which is the product of the
deprotonation of SDZ" and has consequently a lower one-electron reduction potential than
SDZ’ and DMABN'". The failure to detect a quenching of SDZ"~ by the other selected phenols
or DOM is probably due to the low absorption signal of the SDZ"~. Furthermore, in the case of
the phenols, the second-order rate constants are expected to be lower than the quantification

limit of *10” M™! s™! for the used experimental conditions.

Despite the low reactivity of SDZ'~ with phenols (and probably DOM) compared to DMABN™,
the triplet-induced transformation of SDZ under steady-state irradiation has been shown in

several studies to be subject to a relevant inhibition by phenols or DOM,!'* 1 4! with
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[R — PhOH], /, values of similar magnitude as for DMABN.!” Considering eqs 7 and 8, one
can conclude that similar [R — PhOH], /, values for SDZ and DMABN can only be obtained if
the relaxation constant of SDZ™, k‘sj]’)OZ-_, is much slower than for DMABN™". Since the first-
order relaxation rate constants for DMABN"" and SDZ'~ determined by LFP are in the same

order of magnitude, we hypothesize that LFP probably overestimates the value of k‘sjl’)OZ-_ .

Environmental Implications

In the present study, we were able to measure the reaction kinetics of DMABN™", an example
of aromatic aminyl radical cations, with various model phenols and different types of DOM.
The positive correlation of the observed DMABN'* second-order quenching rate constants with
the oxidation potentials of the model phenols and the electron donating capacity of DOM
strongly suggests that DMABN™ is reduced to its parent compound, DMABN. These
observations reinforce the hypothesis put forward in a previous papet’ that the inhibitory effect
of DOM on the photosensitized transformation of certain aquatic contaminants, in particular
aromatic amines, may be due to the reduction of oxidized intermediates of these contaminants
by antioxidant moieties in the DOM. Notably, the relevance of the inhibitory effect of DOM is
not restricted to aquatic photochemistry, but may extend to a variety of reactions induced by
oxidizing radicals, as recently demonstrated for the oxidative transformation of various anilines

and sulfonamide antibiotics by the sulfate radical.*?

A more stringent test of the validity of the model describing the inhibitory effect consists in
utilizing the rate constants obtained from the kinetic studies of the radical cation (in the present
case DMABN'™) to calculate the extent of the inhibitory effect and comparing predicted and
experimental values.!” As discussed above, the prediction was successful for DOM, but

overestimated by a factor of =6 [PhOH]1.2, the central parameter describing the inhibitory effect
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of phenol. This discrepancy is not massive in view of the errors affecting the determination of
the various kinetic constants by laser flash photolysis and steady-state irradiation, but could
indicate that side-reactions of DMABN"" not considered in the simple kinetic model may
influence the inhibitory effect. In a recent study of the inhibitory effect of DOM on oxidations
induced by the sulfate radical,** 5 — 7 times lower [DOM]12 values were determined for the
transformation of the sulfonamide antibiotic sulfamethoxazole compared to the values obtained
for triplet-induced oxidation.'® This difference was attributed to possible side-reactions caused
by the superoxide radical anion in triplet-induced oxidations. These observations call for a
detailed examination of the role of superoxide, and possibly further transient reducing species

formed under irradiation of DOM, in aquatic photochemistry.*

The modest results obtained in the present study for sulfadiazine preclude a prediction of the
inhibitory effect on its photosensitized transformation, because the rate constants of the
corresponding intermediate radical are missing. The example of sulfadiazine demonstrates that
laser flash photolysis is not always a suitable tool to understand and predict the inhibitory effect
of phenols and DOM on the indirect phototransformation of relevant aquatic contaminants.
Future developments in the field of quantum chemical computations** might provide

alternative methods to reach this objective.

Associated content
Supporting Information.

The Supporting Information is available free of charge on the ACS Publications website at

Details on chemicals, organic matter isolates, and a natural water sample; laser flash

photolysis parameters; additional text sections, tables and figures regarding the
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determination of quenching rate constants for the radicals of DMABN and SDZ and

for the excited triplet states of photosensitizers
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