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Abstract 

 

Dissolved organic matter (DOM) can act as a photosensitizer and an inhibitor in the phototransformation of several nitrogen-
containing organic contaminants in surface waters. The present study was performed to select a probe molecule that is suitable to 
measure these antagonistic properties of DOM. Out of nine studied nitrogen-containing aromatic compounds, 4-cyanoaniline, N,N-
dimethyl-4-cyanoaniline (DMABN), sotalol (a ɴ-blocker) and sulfadiazine (a sulfonamide antibiotic) exhibited a marked photosensi-
tized transformation that could be substantially inhibited by addition of phenol as a model antioxidant. The photosensitized trans-
formation of DMABN, the selected probe compound, was characterized in detail under UV-A and visible irradiation (  > 320 nm) to 
avoid direct phototransformation. Low reactivity of DMABN with singlet oxygen was found (second-order rate constant <2107 M-

1s-1). Typically at least 85% of the reactivity of DMABN could be inhibited by DOM or the model antioxidant phenol. The photosensi-
tized transformation of DMABN mainly proceeded (>72%) through demethylation yielding N-methyl-4-cyanoaniline and formal-
dehyde as primary products. In solutions of standard DOM extracts and their mixtures the phototransformation rate constant of 
DMABN was shown to vary non-linearly with DOM concentration. Model equations describing the dependence of such rate cons-
tants on DOM and model antioxidant concentrations were successfully used to fit experimental data.   
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2.1 Introduction 
 

Contaminants with electron-rich moieties in their molecular structure are susceptible to light-induced oxidation reac-
tions in the aquatic environment. Experimental evidence accumulated during the last two decades points at excited triplet states of 
the dissolved organic matter (DOM) as key photooxidants responsible for these reactions. The contaminants that have been shown 
so far to react with excited triplet DOM (3DOM*) and presumably undergo oxidative transformation comprise many compounds 
with phenolic or aniline moieties. They include phenols with simple electron-donating substituents,1 bisphenol A,2 phenolic phy-
toestrogens,3, 4 ring- or N-substituted anilines,5, 6 sulfonamide antibiotics,6-8 aminopyrimidine antibiotics,9, 10 phenylurea 
herbicides,11 and further pesticides.12 Model photosensitizers were used to mimick DOM chromophores that can generate oxidizing 
3DOM* upon photoexcitation, and laser flash photolysis studies with such photosensitizers were performed to further clarify the 
nature of the reaction between oxidizing 3DOM* and various substrates in aqueous solution.13-15 Second-order rate constants for 
the quenching of the excited triplet state of selected aromatic ketones by a series of substituted phenols were rationalized in terms 
of a one-electron transfer.13 An analogous conclusion was drawn for the quenching of excited triplet methylene blue by substituted 
anilines.15 However, the latter triplet state appeared to react through a proton-coupled electron transfer with substituted 
phenols.15 

The radicals formed after the initial oxidation step, such as aniline radical cations, are relatively strong one-electron oxidants (stan-
dard reduction potentials of у1.0ц0.2 V vs. NHE for a series of para-substituted aniline radical cations16). Nevertheless they may 
lose a proton, which leads to a significant loss in oxidative strength. The radical cations or their deprotonated counterparts can 
further react to yield stable transformation products, as can be deduced from the observed depletion of parent compound in pho-
toirradiated samples (see the aforementioned examples of contaminants). It has been postulated that oxidation intermediates of 
the substrate, but primarily the radical cations, may react with electron-rich moieties in the DOM, leading to reformation of the 
substrate.6 This hypothesis was put forward to explain the decrease in depletion rate constants observed for several aromatic 
contaminants and model compounds, particularly those containing aromatic amino groups, in steady-state irradiation experi-
ments.6, 17 This effect has been referred to as “inhibition of triplet-induced oxidation (or transformation)” and shown to also occur 
in model systems in which DOM had been replaced by phenols, either unsubstituted or bearing electron-donating substituents.18 
Recently, for partially oxidized humic substances a good correlation was found between the electron donating capacity (EDC) and 
the inhibitory effect on triplet-induced oxidation,19 which corroborates the idea that antioxidant moieties of the DOM, in particular 
phenolic components, are responsible for the inhibition of triplet-induced oxidation. 

The concept of inhibition of transformation as described above has been used to date to understand and describe the rates of 
direct and indirect phototransformations in surface waters-like conditions.20, 21 The present study was conceived to further develop 
the application of this concept to DOM-induced indirect phototransformations in surface waters. We primarily aimed at selecting a 
model compound that may be employed as a probe to assess the inhibition of triplet-induced oxidation in natural waters. In the 
first part of the study, several organic compounds were photoirradiated in aqueous solutions containing DOM, with or without the 
addition of phenol as an antioxidant, to evaluate their suitability as model compounds. One of these compounds, namely N,N-
dimethyl-4-cyanoaniline (abbreviated as DMABN from the alternative name 4-dimethylaminobenzonitrile) was selected and further 
investigated to characterize its direct and indirect phototransformation pathways. These investigations included the assessment of 
the role of singlet oxygen in the indirect phototransformation, the identification of the main reaction products as well as the mea-
surements of the phototransformation rate constants of DMABN in aqueous solutions of DOM mixtures and surface water mix-
tures. 

2.2 Materials and methods 

2.2.1 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 S2.1. All solutions were made in ultrapure water (resistivity 18.2 M cm) obtained from a Barnstead Nanopure® purifica-
tion system. Stock solutions of target compounds (у500 M) were kept in the dark at 4 °C. Suwannee River fulvic acid (SRFA, cata-
logue number 1S101F) and Pony Lake fulvic acid (PLFA, 1R109F) were purchased from the International Humic Substances Society 
(IHSS, St. Paul, Minnesota). Stock solutions of the fulvic acids were prepared at a concentration of у50 mgC L-1. The concentration of 
the first stock solutions of PLFA and SRFA was quantified by total organic carbon (TOC) analysis, while the concentration of 
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subsequent stock solutions was determined spectrophotometrically using the first two stock solutions as references. Full characte-
ristics of the fulvic acids are given in the SI, Table S2.1 and Figure S2.1. 

2.2.2 Natural Waters 
Natural water samples were taken on November 18th, 2014 from the outlet of Lake Greifensee (GW) (47.3727 N, 8.6557 E), a small 
eutrophic lake in northern Switzerland described in detail elsewhere,22 and on November 14th, 2014 near the outlet of Etang de la 
Gruère (EG) (47.2376 N, 7.0494 E), a small pond surrounded by timbers and boggy wetland (surface area ~30’000 m2). Waters were 
filtered on pre-washed 0.45 μm pore size cellulose nitrate filters and stored in the dark at 4 °C. GW had a rather low DOM concen-
tration (3.3 mgC L-1) and pH 8.3, while EG was high in DOM concentration (22.8 mgC L-1) with a pH of 7.7 (see SI, Table S2.2 and 
Figure S2.2 for more physicochemical parameters). 

2.2.3 Irradiation Experiments  
Irradiations were performed using either a solar simulator (Heraeus model Suntest CPS+) or a merry-go-round photoreactor (DEMA 
model 125, Hans Mangels, Bornheim-Roisdorf, Germany) equipped with a medium-pressure mercury lamp and a borosilicate glass 
cooling jacket. A detailed description of the irradiation equipment is available elsewhere.1, 23, 24 The merry-go-round photoreactor 
(see sketch in the SI, Figure S2.3) was operated using two different setups. For irradiations of solutions containing DOM as a photo-
sensitizer, a Heraeus Noblelight medium-pressure Hg lamp, model TQ 718, operated at 500 W, and a 0.15 M sodium nitrate filter 
solution were used, whereby irradiation wavelengths <320 nm were cut-off. Experiments with rose Bengal (RB) as a photosensitizer 
were done using a Heraeus Noblelight medium pressure Hg lamp, model TQ 150, operated at 150 W and a filter solution containing 
0.25 M sodium nitrate and 0.05 M sodium nitrite, whereby irradiation wavelengths <370 nm were cut-off. In addition, for the latter 
experiments the cooling jacket was wrapped with two stainless steel wire cloths to reduce irradiance by a factor of у6. The spectral 
distributions of the light sources in the wavelength range of 250450 nm (see SI, Figure S2.4) were measured using a calibrated 
spectroradiometer system model ILT950-UV (International Light Technologies, Peabody, MA, U.S.A.). The photon fluence rate, 
measured by chemical actinometry using an aqueous solution of p-nitroanisole (10 M) and pyridine (600 M) according to a well-
established procedure25 (see SI, Text S2.2 and Table S2.3), was determined to be 165 (ц15%) μE m-2 s-1 for the solar simulator in the 
290400 nm range. This value is representative for conditions found at the surface of a natural water at midday of a clear-sky day 
between summer and autumn at 40° N latitude.20 

Aqueous samples containing 5 M of a single target compound, variable concentrations of DOM and, except for natural waters, 5 
mM phosphate buffer (final solution pH 8.0) were irradiated at 25ц1 °C in glass-stoppered quartz tubes (internal diameter 15 mm, 
external diameter 18 mm). The presence and concentration of additional components, such as phenol and individual photosensiti-
zers or scavengers, is specified when discussing the results of the corresponding experiments. In the experiments using a mixture of 
GW and EG waters, the pH of GW was adjusted to the pH of EG using small amounts of hydrochloric acid (0.03M). Aliquot samples 
of 400 L were taken at regular time intervals during the irradiation experiments. 

2.2.4 Analytical Instrumentation 
Total organic carbon analyses of solutions and water samples were done using a Shimadzu TOC-L CSH total organic carbon (TOC) 
analyzer. The concentration of target compounds (including furfuryl alcohol), phenol and the reaction product 
N-methyl-4-cyanoaniline were determined using high-performance liquid chromatography (HPLC). A complete description of the 
HPLC system and methods is given in the SI, Text S2.3 and Table S2.4. Electronic absorption spectra were recorded using an Agilent 
Cary 100 UV-Vis spectrophotometer. A Metrohm model 632 pH meter equipped with a Thermo scientific pH electrode (model 
Orion 8115SC) and a Metrohm model 712 conductometer were employed to measure pH and conductivity, respectively. Formal-
dehyde was quantified using the Hantzsch colorimetric titration method 26, 27 following the experimental details given in the SI, Text 
S2.4. 

2.2.5 Determination of Rate Constants  

Pseudo-first-order phototransformation rate constants, obs
TCk  (s-1), for a given target compound (TC) were obtained by linear regres-

sion of its natural logarithmic relative residual concentration over irradiation time t, according to the following relationship: 

 tk
TC
TC obs

TC
t 








0][
][

ln . (2.1) 
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For merry-go-round irradiation experiments these rate constants were corrected for light screening caused by DOM, as described in 
the SI, Text S2.5. In the case of experiments performed in the presence of high phenol concentration, excited triplet quenching by 
phenol was included in the correction as described in the SI, Text S2.6. Rate constants for experiments conducted using RB as a 
photosensitizer were calculated according to the special procedure described in the SI, Text S2.7, which takes partial degradation of 

RB during irradiation into account. All corrected rate constants are termed as cobs
TCk

, . All data fits to non-linear model equations 

were performed using the software Origin, version 8.0 (Origin Lab) by applying the Levenberg-Marquardt minimization algorithm. 

2.3 Results and Discussion 

2.3.1 Screening Study on Selected Compounds Using Simulated Sunlight. 
Selection of Compounds. Nine compounds (for chemical structures see SI, Figure S2.6) were selected to perform the first, explorato-
ry part of the study. The compounds were chosen among possible candidates satisfying the following conditions: (1) Triplet-induced 
oxidation was known or expected to play a substantial role in their transformation under sunlight in surface waters; (2) Inhibition of 
triplet-induced oxidation by DOM or model antioxidants was known or expected. The first criterion applies to many actual organic 
contaminants and model compounds that are prone to oxidation (e.g., phenol and aniline derivatives, see Introduction section for a 
more detailed list) and for which the direct phototransformation is of minor relevance. The second criterion mainly applies to aro-
matic amines. Five of the selected compounds were substituted anilines: 4-Cyanoaniline, 4-N,N-dimethylcyanoaniline (both model 
compounds) and 4-aminobenzoic acid (a sunscreen agent), and in addition the two sulfonamide antibiotics sulfadiazine and sulfa-
dimethoxine. Two aminopyrimidine derivatives used as antibiotics, namely trimethoprim and ormethoprim were also selected as 
representatives of heteroaromatic amines. Finally, the two ɴ-blockers propranolol (a 2-naphthol derivative) and sotalol (a sulfona-
mide derivative) were selected to check if naphthol and sulfonamide functionalities also undergo inhibition of triplet-induced 
oxidation by DOM. 

Phototransformation Experiments. The phototransformation kinetics of each selected compound dissolved in buffered ultrapure 
water, in slightly diluted natural water (GW 90%/ultrapure water 10% (vol/vol)), and in PLFA or SRFA solutions (5 mgC L-1, pH8) was 
studied under simulated sunlight. For each compound, four additional samples of the same composition as aforementioned but 
amended with phenol (10 μM final concentration) were also investigated to assess a possible inhibition of transformation caused 
by this model antioxidant. Pseudo-first-order phototransformation rate constants for all compounds and solution compositions are 
represented in Figure 2.1. Rate constants for phototransformation in ultrapure water solution, which was assumed to represent 
direct phototransformation, were lower than overall phototransformation rate constants in the presence of DOM for many of the 
studied compounds. The electronic absorption spectra of the compounds (see SI, Figure S2.6) significantly overlap with the emis-
sion spectrum of the solar simulator (see SI, Figure S2.4). Values of the direct phototransformation quantum yields, determined as 
described elsewhere,20 are displayed in Figure 2.1 and collected together with the phototransformation rate constants in Table S2.6 
of the SI. They are generally on the order of 10-3 mol einstein-1 except for sotalol, which has by far the highest value of about 0.2 
mol einstein-1. This explains why, although the absorption spectrum of sotalol has a very small overlap with the spectrum of the 
solar simulator, its direct phototransformation rate constant was rather high. 

The presence of DOM affected in most cases the phototransformation rate constants in comparison to buffered pure water solu-
tions, except for 4-aminobenzoic acid, for which no significant effect was observed. However, the effect depended strongly on the 
type of DOM. In PLFA solutions and lake water (GW), a substantial increase in phototransformation rate constants with respect to 
ultrapure water was often observed. For SRFA such an increase was less prominent, and in some cases (sotalol, DMABN) even a 
decrease of the rate constant was observed. 
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Figure 2.1. Phototransformation rate constants of the investigated compounds under simulated sunlight ( > 290 nm). Bar colors 
designation (from left to right): Red for ultrapure water (UW, the quantum yield for direct phototransformation is given above the 
bar), green for Pony Lake fulvic acid (PLFA, 5.0 mgC L-1), magenta for Suwannee River fulvic acid (SRFA, 5.0 mgC L-1), and blue for 
90% (vol) lake Greifensee water (GW, 3.0 mgC L-1). Fully colored and hatched bars represent data from experiments conducted in 
the absence and presence of 10 μM phenol (PhOH), respectively. Error bars represent standard errors obtained from linear regres-
sion. Note the scale magnification on the right y-axis of the diagram for the compounds with lower photoreactivity. 

Addition of phenol caused a marked reduction in phototransformation rate constants in PLFA and GW solution for the following 
compounds: sotalol, DMABN, sulfadiazine, 4-cyanoaniline and trimethoprim. In SRFA solution, addition of phenol caused a less 
important reduction in the photodegradation rate constants of these four compounds. A clear reduction of direct phototransfor-
mation rate constants (UW results) was observed only for sotalol and DMABN. A compound-specific discussion of the results from 
Figure 2.1 is given in the following. 

Propranolol. This readily photoreactive -blocker undergoes both direct 28, 29 and indirect phototransformation,30 the latter proba-
bly due to 3DOM*.30 The rather small reduction of photoreactivity observed upon phenol addition makes it a weak indicator of the 
inhibitory effect. Moreover, the positive charge present on the protonated amino group at circumneutral pH (pKa = 9.5 31) favors 
the association of propranolol with DOM due to electrostatic attraction, and this could complicate its use as a model compound. 

Sotalol. The photoreactivity pattern of sotalol is peculiar, because almost no photosensitization by PLFA could be observed, while 
SRFA strongly reduced the phototransformation rate constant with respect to UW. In contrast, an important enhancement of the 
rate constant was observed for GW, but the reason of this effect is unclear. This complex behavior hinders the use of sotalol as a 
model compound. The strong reduction of the phototransformation rate constants observed upon phenol addition indicates a 
possible role of DOM as an inhibitor, which should be considered in future studies on the phototransformation of sotalol. 

DMABN. This compound exhibits the highest phototransformation rate constants among the investigated compounds in UW and 
PLFA solutions. The addition of phenol causes an important inhibitory effect, which is more pronounced in PLFA and GW solution 
than in SRFA solution. This behavior is similar to the one already observed for sulfadiazine and for sulfamethoxazole (for the latter 
compound regarding irradiation performed under UV-A) and extensively discussed in terms of the differential photosensitizing and 
inhibitory properties of the various DOMs.20 Thus, DMABN appears to be a favorable model compound. 

Sulfadiazine. The present results on this sulfonamide antibiotic are in agreement with data from previous studies,6, 18, 20 which show 
the potential of this compound as a probe for the photosensitizing and inhibitory effects of DOM. 

4-Cyanoaniline. The photoreactivity pattern of 4-cyanoaniline, including the effect of phenol addition, is similar to DMABN, its N,N-
dimethylated derivative, but the absolute phototransformation rate constants are smaller by a factor of у4. Because of a less effi-
cient phototransformation, it is less adequate than DMABN as a model compound. 

Sulfadimethoxine. The phototransformation of sulfadimethoxine is enhanced at variable extents by the presence of DOM, in 
agreement with a previous study.8 However, addition of phenol leads to a small reduction in phototransformation in the presence 
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of DOM, while a small increase is observed for UW solution. This small and ambiguous effect of phenol as well as the relatively slow 
phototransformation hinder the use of sulfadimethoxine as a convenient model compound. 

4-Aminobenzoic acid. The direct phototransformation of this aniline appears to be the dominant mechanism. The absence of signi-
ficant inhibition upon phenol addition makes this compound inadequate for the sake of the present study. 

Ormetoprim. Indirect phototransformation appeared to be dominant in PLFA and SRFA solutions, but no inhibition effect upon 
phenol addition could be observed for this antibiotic, Due to the high structural similarity to trimethoprim, we refer to the follo-
wing discussion regarding the possible phototransformation mechanisms. 

Trimethoprim. The photoreactivity of trimethoprim, which is very low in UW, is highly enhanced by DOM, and the inhibitory effect 
of phenol is important. However, the rate constants are quite low. Previous experiments performed using the model photosensiti-
zers 4-carboxybenzophenone (CBBP) and 2-acetonaphthone (2AN) 6, 17 showed that trimethoprim was highly reactive with triplet 
CBBP, which has a high one-electron reduction potential (1.83 V vs. NHE, calculated from data given elsewhere 32) but reacted very 
slowly in the presence of 2AN, for which the reduction potential was calculated to be much lower (1.34 V vs. NHE). The low photo-
reactivity of trimethoprim, which is the main drawback against its use as a model compound, may thus be rationalized considering 
that 3DOM* has an intermediate reduction potential compared to the excited triplet states of the model ketones. 

Final Selection. Based on the aforementioned considerations we selected DMABN as the best-suited probe compound to be em-
ployed to explore the dual role of DOM as a photosensitizer and inhibitor of triplet-induced phototransformations. The main advan-
tages of DMABN with respect to the other studied compounds are related to (a) a fast phototransformation and (b) an important 
inhibitory effect of phenol on the phototransformation. All potential probe compounds except trimethoprim (which was considered 
to be unsuited as a probe compound) exhibited a relatively important direct phototransformation under simulated sunlight. This 
drawback may be eliminated by using alternative UV irradiation conditions (ʄ>320 nm) which reduce the absorption rates by the 
probe compound itself. As will be shown in the following sub-sections, merry-go-round irradiation conditions with ʄ>320 nm turned 
out to be very appropriate for investigating DMABN. A further advantage of DMABN is its relatively simple molecular structure with 
absence of electric charge at circumneutral pH, and existing information about transient excited and radical species,33 which are 
expected to facilitate mechanistic studies. 

2.3.2 Characterization of the Indirect Phototransformation of DMABN in the Presence of 
DOM. 

Photoirradiation of sample solutions was performed in this part of the study using the merry-go-round photoreactor setup with 
emission wavelength > 320 nm, a setup that has proven valuable in a number of previous studies.1, 14, 20 

Estimation of the contribution of singlet oxygen and hydroxyl radical to the photosensitized transformation of DMABN. A high se-
lectivity for a direct oxidation reaction by 3DOM* is a basic condition that a model compound should fulfill within the objective of 
the present study. Therefore, it is central to characterize and quantify possible photoinduced side reactions of DMABN in the pre-
sence of DOM. An important photooxidant that is always present during DOM photosensitization is singlet (molecular) oxygen (1g), 
a reactive oxygen species that gives rise to photooxidations and photooxygenations of organic compounds in a highly selective 
manner.34 The contribution of singlet oxygen to the phototransformation of DMABN was estimated by performing various irradia-
tion experiments (see Table 2.1) comprising the addition of a selective singlet oxygen quencher (sodium azide, NaN3), the use of 
heavy water as a solvent to increase the steady-state concentration of singlet oxygen by an order of magnitude,35 the application of 
RB as a selective photosensitizer for the production of singlet oxygen,36 and the use of furfuryl alcohol as a selective singlet oxygen 
probe compound.37 For a detailed discussion of the rate constants given in Table 2.1 we refer to the SI, Text S2.10. Overall, the rate 
constants for the phototransformation of DMABN are only marginally affected by the presence of singlet oxygen quenchers or 
enhancers, even in the presence of RB as the photosensitizer. The maximum second-order rate constant for the reaction of DMABN 
with singlet oxygen was estimated to be 1.9107 M-1 s-1 (from H2O experiments) or 1.3106 M-1 s-1 (from D2O experiments). Also, 
the fractional contribution of singlet oxygen to the transformation of DMABN photosensitized by PLFA (5 mgC L-1) was estimated to 
be lower than 5%. Additional experiments using 2-propanol (10 mM) as a hydroxyl radical scavenger confirmed that this reactive 
species had a negligible contribution to the transformation of DMABN in PLFA solutions. 



Ch
ap

te
r 2

 

20
  

Ta
bl

e 
2.

1.
 P

ho
to

tr
an

sf
or

m
at

io
n 

ra
te

 c
on

st
an

ts
 o

f D
M

AB
N

 a
nd

 fu
rf

ur
yl

 a
lc

oh
ol

 (F
FA

) r
el

ev
an

t t
o 

th
e 

ch
ar

ac
te

riz
at

io
n 

of
 th

e 
im

pa
ct

 o
f s

in
gl

et
 o

xy
ge

n 
on

 th
e 

ph
ot

os
en

sit
ize

d 
tr

an
sf

or
m

at
io

n 
of

 D
M

AB
N

. 

So
lu

tio
n 

co
m

po
ne

nt
s a  

c
ob
s

D
M
AB
N

k
,

 (1
0-4

 s-1
) b  

  
c

ob
s

FF
A

k
,

 (1
0-4

 s-1
) b  

   
   

   
   

 [1 O
2]

ss
 (1

0-1
2  M

) c  

H 2
O

 
D 2

O
 

H 2
O

 
D 2

O
 

H 2
O

 
D 2

O
 

no
ne

 d  
0.

14
ц0

.0
3 

n.
d.

 e  
<0

.0
5 

n.
d.

 
<0

.0
4 

n.
d.

 

N
aN

3 d,
 f  

0.
99

ц0
.0

8 
n.

d.
 

n.
d.

 
n.

d.
 

n.
d.

 
n.

d.
 

PL
FA

 d  
5.

9ц
0.

6 
6.

3ц
0.

6 
1.

9ц
0.

2 
18

.8
ц1

.2
 

1.
6ц

0.
2 

22
.7
ц1

.5
 

PL
FA

, N
aN

3 d  
4.

5ц
0.

7 
5.

1ц
0.

9 
1.

1ц
0.

4 
1.

1ц
0.

4 
0.

9ц
0.

4 
1.

4ц
0.

5 

Ro
se

 B
en

ga
l (

RB
) g,

 h
 

1.
80

ц0
.1

1 
1.

92
ц0

.1
7 

11
.6
ц0

.4
 

12
5ц

30
 

9.
7ц

0.
3 

15
0ц

36
 

RB
, N

aN
3 g

, h
 

2.
08

ц0
.1

8 
1.

30
ц0

.1
7 

0.
95

ц0
.1

9 
0.

96
ц0

.2
 

0.
79

ц0
.1

6 
1.

2ц
0.

3 

 N
ot

es
: 

a  In
 a

dd
iti

on
 to

 D
M

AB
N

 ([
DM

AB
N

] 0
=5

.0
 

M
), 

FF
A 

([F
FA

] 0
=5

.0
 

M
) a

nd
 p

ho
sp

ha
te

 (5
.0

 m
M

, p
H 

8.
0)

. I
ni

tia
l c

on
ce

nt
ra

tio
ns

 o
f f

ur
th

er
 c

om
po

ne
nt

s:
 [P

LF
A]

0=
5.

0 
m

g C
 L

-1
; [

RB
] 0

=2
.0

 
M

; [
N

aN
3]

0=
10

.0
 m

M
. 

b  N
o 

co
rr

ec
tio

n 
pe

rf
or

m
ed

 fo
r t

he
 c

on
st

an
ts

 g
iv

en
 in

 th
e 

fir
st

 tw
o 

ro
w

s.
 

c  S
te

ad
y-

st
at

e 
co

nc
en

tr
at

io
n 

of
 si

ng
le

t o
xy

ge
n 

de
te

rm
in

ed
 a

s 
r

O
FF
A

c
ob
s

FF
A
k

k
2

1 ,
,

/
 (s

ee
 te

xt
 fo

r d
et

ai
ls)

. 

d  Ir
ra

di
at

io
n 

se
tu

p 
w

ith
 5

00
 W

 M
P 

Hg
 la

m
p 

an
d 

fil
te

r s
ol

ut
io

n 
fo

r 
>3

20
 n

m
. 

e 
n.

d.
: n

ot
 d

et
er

m
in

ed
. 

f  S
ol

ut
io

n 
di

d 
no

t c
on

ta
in

 F
FA

. 
g  Ir

ra
di

at
io

n 
se

tu
p 

w
ith

 1
50

 W
 M

P 
Hg

 la
m

p,
 fi

lte
r s

ol
ut

io
n 

fo
r 

>3
80

 n
m

 a
nd

 st
ee

l w
ire

 c
lo

th
 fi

lte
r. 

h  A
ll 

ra
te

 c
on

st
an

ts
 c

or
re

ct
ed

 fo
r t

he
 p

ho
to

de
gr

ad
at

io
n 

RB
 d

ur
in

g 
irr

ad
ia

tio
n 

(s
ee

 S
I, 

Te
xt

 S
2.

7)
. 



Chapter 2 

21 
 

Photosensitization and inhibition by fulvic acids, and DOM concentration dependence. Figure 2.2 shows the dependence of the 
phototransformation rate constant of DMABN on DOM concentration. Direct phototransformation was drastically reduced with 
respect to the solar simulator setup, and photosensitization by DOM was dominant for [DOM]>у0.2 mgC L-1. Overall a steady, non-
linear increase in rate constant with increasing DOM concentration for both fulvic acids is apparent, while at low DOM concentra-
tion (<1.0 mgC L-1) a linear relationship is observed (see inset in Figure 2.2). The dependence of the rate constants on DOM concen-
tration is similar to that of sulfadiazine in PLFA solutions20 and of tryptophan in solutions of various humic substances.21 This beha-
vior was interpreted in terms of the antagonistic photosensitizing and inhibitory effects of DOM on 3DOM*-induced transformation 
of the target compounds. 

 

Figure 2.2. Effect of DOM concentration (Pony Lake fulvic acid (PLFA, black squares); Suwannee River fulvic acid (SRFA, black 
triangles)) on the corrected pseudo-first-order phototransformation rate constant of DMABN (5 μM initial concentration). Results 
obtained from merry-go-round photoreactor experiments (>320 nm). Lines are non-linear fits to equation 2.2. Error bars repre-
sent 95% confidence intervals obtained from linear regression. Inset: enlarged view for low DOM concentrations (ч1.0 mgC L-1) with 
linear regression lines. 

To analyze the rate constant data from Figure 2.2, a two-channel reaction model for inhibition of triplet-induced oxidation 17 was 
extended to include photosensitization by DOM. The derivation of the kinetic equations for such an extended model is given in 
detail the SI, Text S2.8. The resulting pseudo-first-order rate constant for the photosensitized transformation, sens

TCk , is described by 

equation 2.2, where the first term on the right-hand side, [DOM], accounts for a photosensitization directly proportional to the 
DOM concentration, and the fractional term accounts for inhibition. 

        
    2/1

2/1

DOMDOM1
1DOMDOM1DOM)DOM(





fk sensTC   (2.2) 

In equation 2.2,  is a proportionality factor that accounts for photoinduced formation of 3DOM*, deactivation of 3DOM* and its 
reaction with the target compound, f is the fraction of photosensitized reaction intermediates susceptible to inhibition by DOM,17 
and [DOM]1/2 is the concentration of DOM required to achieve half of the maximum rate constant reduction obtainable by inhibi-
tion. According to equation 2.2, two limiting cases for sens

TCk  are possible: (a) At low DOM concentration ([DOM]<<[DOM]1/2), the 



Chapter 2 

22 
 

fraction in equation 2.2 becomes unity and the rate constant reduces the mere photosensitization term, as given by equation 2.3. 
(b) At high DOM concentration ([DOM]>>[DOM]1/2), equation 2.4 is obtained. 

  DOMsens
TCk  (2.3) 

     fk sensTC  121 DOMDOM /   (2.4) 

Interestingly, for 100% formation of intermediates susceptible to inhibition (i.e., f=1) equation 2.4 reduces to the constant term 
[DOM]1/2, whereas in all other cases an asymptotic linear increase with increasing DOM concentrations is predicted with (1-f) as 
slope. 

To fit the data in Figure 2.2, the corrected phototransformation rate constant was assumed to consist of the contributions from 
direct ( dir

TCk ) and indirect ( sens
TCk ) phototransformation, as given by equation 2.5. 

 sens
TC

dir
TC

cobs
TC kkk ,  (2.5) 

Equations 2.2 and 2.3, with the addition of a constant offset accounting for dir
TCk , were used to fit the whole rate constant data and 

the data for [DOM]ч1.0 mgC L-1, respectively. The assumption of a constant dir
TCk  is not strictly valid, because dir

TCk  is probably also 

affected by DOM inhibition (see the effect of phenol shown in Figure 2.1), but is an acceptable approximation considering the very 
small value of dir

TCk . As demonstrated by the trend lines in Figure 2.2 and the numerical results collected in Table 2.1, both equa-

tions provided good fits. 
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Photosensitization and inhibition in solutions with mixed DOMs and in natural water mixtures. In surface freshwaters the composi-
tion of DOM is often the result of mixing of waters containing DOM from differing sources. To show exemplarily how such mixing 
processes may affect the inhibitory properties of DOM, irradiation experiments were performed utilizing a fixed concentration of 
primarily photosensitizing and weakly inhibitory DOM, and variable concentrations of weakly photosensitizing and strongly inhibi-
tory DOM. PLFA and the DOM in GW were employed as the mainly photosensitizing (and poorly inhibitory) DOMs, according to the 
results of previous studies.17-19 To be noted is the mainly autochtonous origin of these materials, which correlates with their relati-
vely low specific absorption coefficient (SUVA254, measured at the wavelength of 254 nm, see SI, Tables S2.1 and S2.2). SRFA and 
the DOM in EG were selected as strongly inhibitory DOM due to their primarily allochtonous origin. Both exhibit higher specific 
absorption coefficient than PLFA and the DOM in GW, indicating higher aromaticity. 

 

Figure 2.3. Pseudo-first-order phototransformation rate constants of DMABN in (a) solutions containing 0 mgC L-1 (black triangles, 
same data as in Figure 2.2) or 5 mgC L-1 (red circles) of Pony Lake fulvic acid (PLFA) and varying concentrations of Suwannee River 
fulvic acid (SRFA), and (b) solutions containing a constant volumetric fraction of GW (0% (black stars) or 68.5% (red circles), the 
latter corresponding to 2.26 mgC L-1), varying volumetric fractions of EG and ultrapure water (the remaining volumetric fraction to 
give 100%). Results obtained from merry-go-round photoreactor experiments ( >320 nm). Lines are non-linear fits to equation 2.2 
(black) and equation 2.6 (red). Error bars represent 95% confidence intervals from linear regressions (equation 2.1). 

Figure 2.3 shows that an increase in concentration of strongly inhibiting DOM leads to a decrease in the rate constant for the pho-
totransformation of DMABN. The complete rate constant equation describing photosensitizing and inhibitory effects in a mixture of 
two different DOMs (derived in analogy to equation 2.2, see SI, Text S2.9) can be formulated as: 

                    
        2/1222/111

2/1222/111
221121 DOMDOMDOMDOM1

1DOMDOMDOMDOM1
DOMDOM)DOM,DOM(





f

k sensTC   (2.6) 

Analogous equations can be derived for a higher number of differing DOMs (see SI, Text S2.9, equation S2.20). Rate constant data 
for solutions containing PLFA (൙DOM1) and SRFA (൙DOM2) (Figure 2.3a, red circles) were fit to equation 2.6 with the fixed parame-
ters [PLFA]=5 mgC L-1, 1 and 2 (from the fittings to equation 2.2, see Table 2.1), the three fitting parameters [PLFA]1/2, [SRFA]1/2 
and f, and [SRFA] as the independent variable. The fit was excellent and the obtained values of the fitting parameters (See Table 
2.1) were in good agreement with those obtained from single DOM series (Figure 2.2). Attempts to extract reasonably accurate 
fitting parameters from the data of the natural water mixtures failed, probably due to the restricted range of studied DOM concen-
trations and the low rate constants. However, qualitative trends are similar as observed for the PLFA/SRFA mixtures. Note that in 
the absence of a mutual inhibitory effect, the phototransformation rate constants would be additive, and a steady increase would 
be expected. Such a scenario (with no inhibition) was tested for mixtures of GW and EG by using furfuryl alcohol (FFA) as a target 
compound. FFA is known to undergo photosensitized oxygenation by singlet molecular oxygen, and its phototransformation should 
only reflect the photosensitizing properties of DOM, while inhibitory effects should be absent. The observed linear and identical 
increases (with the same slope) of the phototransformation rate constant of FFA in the presence and absence of GW fully con-
firmed the expectations (see SI, Figure S2.7). 
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Inhibitory effect of phenol as a model antioxidant. Phenolic compounds have been shown to cause inhibition of triplet-induced 
oxidations analogously to DOM and have therefore been used as model inhibitors.18, 20 To further characterize the inhibitory pro-
cess in the indirect phototransformation of DMABN, phenol was employed at variable concentrations to inhibit transformation of 
DMABN photosensitized by 5.0 mgC L-1 of PLFA (see Figure 2.4). 

 

Figure 2.4. Corrected and normalized pseudo-first-order rate constants for the transformation of DMABN photosensitized by Pony 
Lake fulvic acid (PLFA, 5.0 mgC L-1) and their dependence on the concentration of added phenol (PhOH, green diamonds) and mono-
deuterated phenol (PhOD, open red diamonds). PhOD experiments were performed in D2O solutions (D atom fraction of ~94%). 
Results obtained from merry-go-round photoreactor experiments ( >320 nm). The rate constants were corrected for quenching of 
3PLFA* by phenol (see SI, Text S2.6). For comparison, the net inhibitory effect of Suwannee River fulvic acid (SRFA) in terms of con-
centration of available electrons (see text for calculations) is also shown. Lines are non-linear fits to equation 2.7 (phenol data) or 
equation 2.6 modified by subtracting term 2.8 (SRFA data, see text). Error bars represents 95% confidence interval from linear 
regressions (equation 2.1). 

The rate constants for DMABN phototransformation decreased nonlinearly with increasing phenol concentration, approaching a 
reduction of about 60% at 100 M phenol. Note that the rate constants displayed in Figure 2.4 were corrected for quenching of 
3PLFA* by phenol, which was measured using furfuryl alcohol as a probe compound and the methods described in the SI, Text S2.6. 
The effect of adding deuterated phenol (experiments performed in D2O) was the same as for phenol. This constitutes an important 
piece of evidence that the reduction of the oxidation intermediate of DMABN, probably the DMABN + radical cation, does not in-
volve a hydrogen atom abstraction from the phenolic functional group in the rate-determining reaction step. The data of the phe-
nol series (with phenol (PhOH) or its mono-deuterated form (PhOD)) from Figure 2.4 fitted well to equation 2.7, which was derived 
from equation 2.6 by setting PLFA൙DOM1 and substituting DOM2 with PhOH (or PhOD). Since phenol has no photosensitizing effect, 
2=0. 

            
        2/12/1

2/12/1
1 PhOHPhOHPLFAPLFA1

1PhOHPhOHPLFAPLFA1PFLA)PhOHPLFA,(





fk sensTC   (2.7) 

Among the obtained fitting parameters, collected in Table 2.1, [PLFA]1/2 values were very similar to the fitting of PLFA only data 
(Figure 2.2, equation 2.2). To compare quantitatively the inhibitory effect of phenol and antioxidant moieties in SRFA, the concen-
tration of the latter antioxidant moieties was calculated by multiplying the electron donating capacity (EDC) of SRFA with its con-
centration. The published EDC value for pH 7 and an oxidizing potential of Eh=+0.73 V,38 i.e., 2.848 mmole- gSRFA

-1 (corresponding to 
5.47 mole- mgC

-1, considering the carbon content of SRFA given in the same reference) was used for this purpose. The obtained 
average [SRFA]1/2EDC value (у8.2 mole- L

-1) is about twice as large as [PhOH]1/2, indicating an overall lower reactivity of the phe-
nolic moieties of SRFA compared to phenol. Figure 2.4 also shows, for comparison with the phenol data, the rate constants from 
Figure 2.3 corrected by subtracting the following term, which quantifies the contribution of SRFA to the photosensitized transfor-
mation of DMABN: 
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            
        2/1222/111

2/1222/111
22 DOMDOMDOMDOM1

1DOMDOMDOMDOM1
DOM


 f

  (2.8) 

These corrected rate constants, represented by the blue triangles in Figure 2.4, show a similar trend as the lines describing the 
inhibitory effect of phenol. At low concentrations, the inhibitory effect of SRFA appears to be less important than for PhOH/PhOD, 
which is reflected in the higher [SRFA]1/2EDC value than [PhOH]1/2 as discussed above. At higher concentrations, SRFA seems to be 
at least as an efficient inhibitor as phenol, which may be related to the higher value of f obtained for the fittings regarding SRFA. An 
accurate quantitative comparison appears to be difficult due to the uncertainty of the various parameters used in the model. Ove-
rall, one can affirm that [SRFA]1/2EDC is of the same order of magnitude as [PhOH]1/2. This confirms the conclusions of a similar 
comparison performed using sulfonamide data18 and concurs with the antioxidant hypothesis as the cause of inhibition for the 
photosensitized transformation of DMABN. 

Characterization of product formation. The main peak appearing in the HPLC chromatograms (see SI, Figure S2.8) during the photo-
transformation of DMABN was identified as its mono-demethylated derivative, 4-methylaminobenzonitrile (MABN), by comparison 
of its HPLC retention time and UV absorption spectra with those of commercially available MABN. The kinetics of DMABN depletion 
and MABN formation during irradiation in the presence of PLFA or RB as photosensitizers are shown in Figure 2.5. The efficiency of 
formation of MABN from DMABN transformation (moles of MABN formed per mole of DMABN consumed), expressed as the se-
lectivity factor , can be estimated by assuming the following system of reactions (see also SI, Scheme S2.3), which considers the 
transformation of DMABN to either MABN (equation 2.9) or other products (equation 2.10) in a first step, and transformation of 
MABN to further products (equation 2.11). 

 MABNDMABN  1k  (2.9) 

 1
)1( productsDMABN 1    k  (2.10) 

 2productsMABN  2k  (2.11) 

As shown in the SI, Text S2.13, the kinetics of MABN in a solution initially containing DMABN as the only target compound can be 
described by the following equation: 

      tktk ee
kk

k
21

12

1  


 0DMABNMABN  (2.12) 

The pseudo-first-order rate constants k1 and k2 for the phototransformation of DMABN and MABN, respectively, were determined 
in two separate experiments initially containing 5.0 M of DMABN (see data in Figure 2.5) or MABN (see SI, Figure S2.9). The se-
lectivity factor  was obtained by fitting the [MABN] data (Figure 2.5) to equation 2.12 ( was the only fitting parameter). For the 
kinetic experiments illustrated in Figure 2.5,  values of 72ц4% and 81ц2% were obtained for the PLFA and RB systems, respectively. 
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Figure 2.5. Phototransformation kinetics of DMABN (5.0 M initial concentration) and concomitant N-methyl-4-cyanoaniline 
(MABN) formation in the presence of (a) 5mgC L-1 PLFA and (b) 5 M RB (time axis scale corrected to account for RB photo-
bleaching, see SI, Text S2.7). Results obtained from merry-go-round photoreactor experiments with (a) >320 nm, and (b) >370 
nm. Green triangles represent the sum of DMABN and MABN. Black lines represent non-linear fits to a first-order rate law. Red 
lines represent non-linear fits to equation 2.12. In (b) blue triangles represent formaldehyde concentration. 

The loss of the methyl group upon photosensitized transformation can be rationalized in terms of the reaction mechanisms pre-
sented in Scheme 2.1. Derivatives of the N,N-dimethylaniline radical cation, such as DMABN +, are known to tautomerize to yield a 
carbon-centered radical,39 which can then deprotonate and react with oxygen to form a peroxyl radical.40 The latter releases supe-
roxide and the so formed imine is hydrolyzed yielding the demethylated aniline and formaldehyde. The formation of formaldehyde 
was confirmed in the present irradiation experiments using RB as a photosensitizer (Figure 2.5b). Though the mechanism predicts 
1:1 formation of MABN and formaldehyde, the concentration of the latter after 30% and 50% transformation of DMABN was higher 
than the concentration of MABN. This is probably due to the transformation of MABN yielding 4-cyanoaniline and formaldehyde. 

 

 

Scheme 2.1. Proposed main reaction pathway for the transformation of DMABN photosensitized by DOM. 

Because  values are lower than unity (by 1030%), a fraction of DMABN is expected to react through another, still unknown reac-
tion pathway compared to Scheme 2.1. It has to be noted that  has a different meaning from f, which is the fraction of DMABN 
molecules that can be inhibited in their transformation by the presence of antioxidants. The fact that  and f values are similar does 
not imply that the non-inhibiting reaction channel corresponds to the process yielding reaction products other than MABN.
Supplementary experiments performed with PLFA as the photosensitizer (conditions as for the data in Figure 2.5) with the addition 
of phenol as an antioxidant revealed that the selectivity factor  remained constant in the phenol concentration range of 050 M 
(see SI, Table S2.7). This result concurs with the assumption that antioxidants are exclusively involved in the reduction of DMABN + 
to the parent compound and do not affect the subsequent reactions.

2.4 Environmental implications 
The previously developed two-channel model accounting for partial inhibition of triplet-induced oxidation17 was employed suc-
cessfully in this study to describe the photosensitized transformation kinetics of DMABN in aqueous solutions containing binary 
mixtures of DOM. Equation 2.6 could be useful in the prediction of rate constants for the photosensitized transformation of aroma-
tic amine contaminants in surface waters that are affected by organic matter input from various origins. Taking the binary mixture 
of PLFA and SRFA as characterized in this study as an example, one can construct surface plots as shown in Figure 2.6a. In addition 
to the features already discussed for two-dimensional plots (Figures 2.2 and 2.3), Figure 2.6a also comprises contour lines, which 
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indicate that a given value of rate constant corresponds to a set of different concentrations of both DOMs. It can be seen that, 
moving on a contour line from left to right, the concentration of PLFA is only slightly reduced, while there is a big change in SRFA 
concentration. A situation corresponding to such a scenario was possibly observed for the phototransformation rate constant of 
sulfadiazine in water samples taken along the course of a river.20 In that study, only a little increase in sulfadiazine phototransfor-
mation rate constant was observed in going from a low DOC pristine water near the source of the river to an increasingly wastewa-
ter-impacted river water with higher DOC. An alternative graphical representation of the same data displayed in Figure 2.6a, is 
shown in Figure 2.6b, in which the fraction X1=[DOM1]/([DOM1]+[DOM2]) of a the first DOM in the mixture (0чX1ч1) and the total 
DOM concentration DOC=[DOM1]+[DOM2] were chosen as the independent variables (see SI, Text S2.14). For a given constant 
fraction X1, dependencies of sens

TCk  vs. DOC have a similar curved shape as and are between the two lines shown in Figure 2.2. 

Moreover, for a constant DOC and varying X1, convex lines connecting the two extremes in reactivity are observed. We envisage the 
application of the present concept and graphs to estimate the variability in photoreactivity of compounds such as DMABN (i.e., 
those affected by DOM-induced photosensitization and inhibition) in surface waters strongly impacted by wastewater effluents 
from varying degrees of wastewater treatment. However, we would like to point out that the considerations made in this section 
are restricted to DOM-photosensitized transformations following the sensitization and inhibition models applied in this study. In 
case of important direct phototransformation or other photosensitized reaction channels, as recently addressed by McNeill and 
coworkers,21 a more comprehensive approach has to be adopted. 

 

Figure 2.6. Surface plots representing the DOM-concentration dependence of the rate constant ( sim
TCk ) for the transformation of a 

target contaminant photosensitized and inhibited by a binary mixture of DOM (PLFA and SRFA). Parameter values for PLFA and 
SRFA determined in this study for DMABN (see Table 2.1, third line) were applied. (a) Representation of equation 2.6, where con-

tour lines (for fixed sim
TCk  values) are given on the surface plot and shown as projections on the x-y plane; (b) Representation of 

equation S2.34 (see text and SI, Text S2.14). 
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Text S2.1. List of chemicals 

a) Target compounds: Ormetoprim (Dr. Ehrenstorfer, 99%), trimethoprim (Sigma, 99%), sulfadimethoxine (Fluka, 98.5%), sulfadia-
zine (Sigma, 99%), propranolol hydrochloride (Sigma-Aldrich, 99%), sotalol, 4-Cyanoaniline (Fluka, 97%), N-methyl-4-cyanoaniline 
(MABN, from the alternative name 4-methylaminobenzonitrile) (Sigma-Aldrich, 97%), N,N-dimethyl-4-cyanoaniline (DMABN, from 
the alternative name 4-dimethylaminobenzonitrile) (Aldrich, 98%), 4-aminobenzoic acid (Sigma, 99%). 

b) Other compounds: Phenol (Fluka, 99%), isopropanol (Fisher Scientific, HPLC grade), p-nitroanisole (Aldrich, 97%), pyridine (Al-
drich, 99%), sodium azide (Aldrich, 99.99%), phosphoric acid (H3PO4, Fluka, analytical grade, 85%), sodium dihydrogen phosphate 
mono-hydrate (NaH2PO4ͻH2O; Merck, analytical grade, 99%), disodium hydrogen phosphate di-hydrate (Na2HPO4ͻ2H2O; Merck, 
analytical grade, 99.5%), hydrochloric acid (HCl; Merck, analytical grade, 32%), sodium nitrate (NaNO3; Merck, analytical grade, 
99.5%), sodium nitrite (NaNO2; Sigma-Aldrich, analytical grade, 99%), acetonitrile (Acros Organics, HPLC grade), heavy water (D2O; 
Aldrich, minimum 99.9%D), formaldehyde (Sigma-Aldrich, 36.6-38% in H2O with 10-15% methanol), acetylacetone (Sigma-Aldrich, 
99%), acetic acid (Sigma-Aldrich, 99.7%), ammonium acetate (Fluka, 98%), furfuryl alcohol (Aldrich, 99%), atrazine (Sigma-Aldrich, 
98.8%), rose Bengal (Aldrich, 95%). 

 

 

Table S2.1. Characteristics of the used fulvic acids from the International Humic Substances Society (IHSS). 

 Elemental compositiona 
(mass %) 

Acidic functional groupsb Electron donating 
capacity (EDC)c 

 C H O N S Carboxyl 
(meq gC

-1) 
Phenolic 

(meq gC
-1) (μmole- gHS

-1) 
Pony Lake Fulvic 
Acid (1R109F) 52.47 5.39 31.38 6.51 3.03 Not available Not available 1203 ±29 

Suwannee River Fulvic Acid 
(1S101F) 52.44 4.31 42.2 0.72 0.44 11.44 2.91 2848 ±85d 

 Electronic absorption spectral parameters 

 SUVA254 e 
(L mgC

-1 m-1) 
S300-600 f 
(nm-1) 

Pony Lake Fulvic 
Acid (1R109F) 2.5 0.0158 

Suwannee River Fulvic Acid 
(1S101F) 3.9 0.0156 

a From the IHSS website: http://www.humicsubstances.org/elements.html, accessed on the 23 February 2015. 
b Determined by titration.1 
c From Ref. 2, measured using a potential step of 0.71V at pH 7. 
d Data for another batch of Suwannee River fulvic acid (catalogue number 2S101F). 
e Specific absorption coefficient at =254 nm. 
f Spectral slope, i.e., negative exponential constant from single-exponential fitting of the absorption spectrum, determined in the 
wavelength range of 300600 nm. 
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Table S2.2. Characteristics of the used natural waters. 

 

 pH a Conductivity b 
(μS cm-1) 

Alkalinity c 
(mmol L-1) 

Ammonium d 
(μgN L-1) 

Nitrite 
e 

(μgN L-

1) 

Nitrate 
f 

(mgN L-

1) 

D N g 
(mgN 
L-1) 

DOC h 
(mgC 
L-1) 

Lake Greifensee (GW), 
collected on 18.11.2014 8.31 408 3.93 97 25.6 0.9 1.4 3.3 

Etang de la Gruère (EG), 
collected on 14.11.2014 7.71 97 0.93 150 6.2 0.8 0.7 22.8 

 Electronic absorption spectral parameters 

 SUVA254 j 
(L mgC

-1 m-1) 
S300-600 k 
(nm-1) 

Lake Greifensee (GW), collected on 18.11.2014 2.2 0.0189 
Etang de la Gruère (EG), collected on 14.11.2014 5.0 0.0138 

 

a Measured using a Metrohm pH meter (model 632) equipped with a Thermo Scientific pH electrode (model Orion 8115SC). 
b Measured using a Metrohm 712 conductometer. 
c Measured using a Metrohm 809 Titrando equipped with a Metrohm pH electrode (model Unitrode 6.0258.010). 
d Measured colorimetrically using Berthelot reaction and a Varian Cary 50 Bio spectrophotometer. 
e Measured colorimetrically using Griess reaction and a Varian Cary 50 Bio spectrophotometer. 
f After drying of the water sample, nitrate was reacted in a sulfuric acid solution with sodium salicylate to nitrosalicylic acid, which 
was then determined colorimetrically in alkaline solution using on a Varian Cary 50 Bio spectrophotometer. 
g Dissolved Nitrogen, measured using a Shimadzu TOC V-CPH TNM-1 analyzer. 
h Dissolved Organic Carbon, measured using a Shimadzu TOC L-CSH analyzer. 
j Specific absorption coefficient at =254 nm. 
k Spectral slope, i.e., negative exponential constant from single-exponential fitting of the absorption spectrum, determined in the 
  wavelength range of 300600 nm. 
 

  



Supporting information for Chapter 2 

 

34 
 

 

 

Figure S2.1. UV-visible absorption spectra of Pony Lake (green) and Suwannee River (red) fulvic acids, both measured at a concen-
tration of 5 mgC L-1 in phosphate-buffered pH 8.0 solution and an optical path length of 1 cm. The solar spectral photon irradiance 
at Air Mass 1.5 (global tilt, calculated using ASTM G173-03 standard & SMART v2.92 data) is also shown. 

 

 

 

Figure S2.2. UV-visible absorption spectra of the waters used in this study (undiluted, at natural pH). Black: Lake Greifensee water, 
red: Etang de la Gruère water; optical path length of 1 cm.  
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Figure S2.3. Sketch of the merry-go-round photoreactor. Adapted from Ref. 3, courtesy of Rani Bakkour. 
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Figure S2.4. Photon irradiance spectra of: (A) The used TQ 718 medium pressure mercury lamp in the Pyrex® glass cooling jacket, 
and (B) the solar simulator, both measured employing the ILT950-UV spectroradiometer. 

 

 

 

Text S2.2. Chemical actinometry and photon fluence rate 

The photon fluence rate for irradiations performed using the solar simulator was calculated according to the method employed in 
Ref. 4, using equation S2.1: 

௣ ͼܧ  (290 െ 400݊݉) = ௞೛,ುಿಲଶ.ଷ଴ଷ ఃುಿಲ σ (௙೛,ഊ ఌುಿಲ,ഊ)రబబ೙೘ഊసమవబ  (S2.1) 

Where ܧ௣ ͼ is the photon fluence rate in the interval 290400nm (einstein m-2 s-1), kp,PNA is the observed phototransformation rate 
constant of p-nitroanisole (PNA) (s-1), PNA is the quantum yield of the PNA/Pyridine system (  = 0.44[Pyr] + 0.00028), assumed to 
be wavelength independent, fp,ʄ is the normalized emission spectrum of the lamp, and ɸPNA,ʄ is the molar absorption coefficient of 
PNA at the wavelength ʄ (m2 mol-1). 

The photon fluence rate of the merry-go-round photoreactor (medium pressure Hg lamp with filter) was calculated similarly, but 
using the wavelength range of 334436 nm (see Table S2.3). 
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Table S2.3. Irradiance and molar extinction coefficient used for the medium pressure Hg lamp system 

 

 

Text S2.3. HPLC analytical methods 

Concentrations of the compounds in aqueous samples were determined by high-performance liquid chromatography (HPLC) using 
an Agilent 1100 HPLC chromatograph equipped with a quaternary low-pressure mixing gradient pump, a diode array detector and 
an Agilent 1200 fluorescent detector or an analogous Dionex 3000 Ultimate system). Chromatographic separation was done using a 
Nacalai Tesque column, model Cosmosil 5C18-MS-II, with 5 μm particle size, 3 mm internal diameter an 100 mm length. Isocratic 
conditions were generally employed, except for the quantification of rose Bengal (RB), for which a gradient elution method was 
used. Details of the elution methods used are given in Table S2.4. 

Wavelength (nm) Normalized 
 Irradiance 

0.15M NaNO3 filter solu-
tion  

Transmittance 
(2.5cm path length) 

Normalized Irradiance 
with NaNO3 filter  

f  

PNA 
(m2 mol-1) 

296.7 0.0003 0.0002 -  
302.3 0.001 0.0001 -  
312.9 0.021 0.0008 -  
334.2 0.011 0.568 0.006 854 
365.4 0.365 0.992 0.374 221 
390.6 0.002 0.992 0.002 29 
404.7-407.8 0.204 0.994 0.209 6 
435.8 0.396 0.996 0.408 4 
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Text S2.4. Hantzsch colorimetric method 

Detection of formaldehyde (CH2O) was done using the Hantzsch colorimetric method.5 The reagent used was composed of 2 M 
ammonium acetate, 0.05 M acetic acid and 0.02 M acetylacetone. Five mL of reagent was mixed with 5 mL of sample, whereafter 
the mixture was kept in a water bath at 50 °C in the dark for 30 minutes. Subsequently, a UV-visible spectrum of the mixture was 
measured in a quartz cell of 5 cm optical path length. The concentration of formaldehyde was determined using a calibration line, 
using the absorbance at ʄ=412nm to measure the amount of formed diacetyldihydrolutidine. The molar absorption coefficient of 
diacetyldihydrolutidine at ʄ=412 nm was calculated to be 7590±150 M-1 cm-1 using formaldehyde standards, in accordance to litera-
ture values (7700,5 75306). Alternatively, another reagent composed of 0.2 mL acetylacetone, 3 mL acetic acid and 25 g ammonium 
acetate completed to 100 mL with water was used.6 Applying this method, 2 mL of reagent was mixed with 5 mL of sample. The 
rest of the procedure is identical to the description above. This method was more sensitive as the dilution of the sample was lower. 

Control experiments were done to detect interferences from rose Bengal or DMABN and showed no interferences of DMABN on 
formaldehyde measurements. Rose Bengal photodegradation products show to slightly absorb light at the detection wavelength, 
and the measured absorbance was corrected for this effect using control experiments. Thereby the correction takes into account 
both formaldehyde formation during rose Bengal photodegradation and the light absorbance of rose Bengal photoproducts. 

 

Text S2.5. Light screening correction 

The procedure described in Ref. 7 was taken as the basis for the calculations of the light screening factor. Such a procedure, which 
assumes the direction of light from the lamp to be horizontal and to enter the sample quartz tube in the plane of its cross-section, 
is acceptable for relatively small screening effect corrections as occurring in the previous study.7 Since in the present study higher 
concentrations of DOM were used, a more realistic model to calculate the light screening factor was used which considered light 
entering the sample tube from various angles according to the geometry of the reactor (see Figure S2.5). The geometrical parame-
ters that have been considered are the height of the lamp, the average height of the sample solution in the tube, and the relative 
vertical and horizontal position of the lamp and sample tube, respectively. These parameters had the following values: 

- Horizontal distance between the centers of the lamp and the sample tubes = 62 mm; 

- Height of the lamp = 90 mm 

- Average height of the sample solution in the tube  = 109 mm (assuming 7 sample withdrawals during the experiment) 

- Vertical height difference between the top of the lamp and the average top of the solution = 38 mm. 

Additionally, the average internal radius of the sample tubes was: r = 7.4 mm. 

Assuming that the lamp is virtually immersed in a water bath, thus neglecting any refractive index effect on the light beams, the 
lamp was considered as an array of point-sources of equal intensity. Integrating over the height of the lamp and the height of the 
solution in the sample tube and weighting the differential contributions with a factor inversely proportional to the square of the 
distance L between the point source and the center of the sample tube at the considered height, the average path length of light 
through the sample solution was calculated to be by a factor of 1.19 higher than for a horizontal direction of incident light. The 
screening factor was then calculated according to Ref. 7, with the modification that the path length of light in each sector of the 
tube considered for the integration was multiplied by 1.19. 
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Figure S2.5. Geometrical sketch of the lamp and sample quartz tube in the merry-go-round photoreactor. 

 

 

Table S2.5. Light attenuation of the fulvic acids or the natural waters. 

  Attenuation (%)   
Type of DOM 1 mgC/L 5 mgC/L 20 mgC/L 
PLFA 0.77 3.76 13.86 
SRFA 1.23 5.94 20.91 
PLFA 5mgC/L +SRFA 4.92 9.35 23.49 

Natural water Water fraction: 30% 70% 90% 

GW 0.4 1.1 1.6 

Natural water Water fraction: 10% 20% 30% 

EG 4.6 8.8 12.8 
GW 68.5% + EG 5.7 9.9 13.8 
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Text S2.6. Determination of the quenching effect of phenol on 3PLFA* 

To quantify the quenching of 3PLFA* by phenol (PhOH), the steady-state concentration of singlet oxygen,  ss2
1O , was used. The 

latter is related to the pseudo-first-order transformation rate constant of furfuryl alcohol (FFA), sens
FFAk , according to eq. S2.2. 

   t
FFAO

sens
FFA

ss k
k

,
2

1

2
1

O   (S2.2) 

Where t
FFAOk ,2

1  is the second-order rate constant for the transformation of FFA induced by singlet oxygen. Thereby it was assu-

med that  ss2
1O  was proportional to the steady-state concentration of the precursor excited triplet states of PLFA,  ss*3 PLFA , 

and that quenching of singlet oxygen by PhOH was negligible, which is a safe assumption in view of the low rate constants for this 
reaction.8 The correction of the rate constants sens

DMABNk  for the transformation of DMABN photosensitized by 3PLFA* was then per-

formed as follows (eq. S2.3). 

      
    

 
  PhOH

PhOH no
PhOHO

PhOH noO

2
1

2
1

sens
FFA

sens
FFAsens

DMABN
ss

sssens
DMABN

sens
DMABN k

kkkcorrectedk    (S2.3) 

For the [PhOH] values for which sens
FFAk  had not been determined, interpolation was done using equation S2.4, which is based on 

the kinetic treatment given in Ref. 9. 

       PhOH
PhOH noPhOH




A
Akk sens

FFA
sens
FFA

  (S2.4) 

Where the parameter A was determined to be (1.5±0.5)×10-4 M. For the maximum PhOH concentration used (100 M), the de-
crease in  ss*3 PLFA  caused by quenching with phenol was calculated to be 40% with respect to solutions with no phenol added. 
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Text S2.7. Correction method to account for rose Bengal (RB) photodegradation 

As RB was photodegraded during irradiation, causing a reduction of its photosensitizing effect, kinetic data were corrected to ac-
count for the decrease in RB concentration during the kinetic runs. We made the assumption that the photosensitizing effect of RB 
photodegradation products was negligible. 

The photodegradation of RB followed first-order kinetics (eq. S2.5) with the corresponding photodegradation rate constant , 
which depends on irradiation and other experimental conditions. This rate constant was determined for each experiment in which 
RB was used as a photosensitizer. 

     te  0RBRB  (S2.5) 

For the transformation of a target compound TC photosensitized by RB eq. S2.6 holds. 

      TCRBTC sens
TCkdt

d
  (S2.6) 

In the case of no degradation of RB, [RB] remains constant and equal to its initial concentration, [RB]0. Eq. S2.6 can thus be inte-
grated to yield eq. S2.7: 

  
    tk sensTC

t
0

0

RB
TC
TCln   (S2.7) 

In the case of RB photodegradation, its concentration as well as   RBsens
TCk  vary. Direct proportionality between   RBsens

TCk  and 

[RB] is assumed. Substituting eq. S2.5 into eq. S2.6 one obtains: 

       tsens
TC ek

dt
d  TCRBTC

0
 (S2.8) 

Rearranging eq. S2.8 one obtains eq. S2.9, which can be integrated to give eq. S2.10. 

  
     dtekd tsens

TC
 0RB

TC
TC  (S2.9) 

 

 
    



t
sens
TC

t ek









 1RB
TC
TCln 0

0  (S2.10) 

Using a transformed time 

tet



1'

 one obtains equation S2.11, which can directly be used to extract   0RBsens
TCk  as a fitting 

parameter from the kinetic data. 

 

 
     'RB
TC
TCln 0

0

' tk sensTC
t 








 (S2.11) 
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(Figure S2.6: Continued on the next page) 
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Figure S2.6. UV-visible absorption spectra and structures of the investigated compounds (25 μM) in 5 mM phosphate buffer. Note 
that the buffer slightly absorbs light at wavelengths below 220 nm. Color codes for the spectra: Black for pH 6, red for pH 7, blue for 
pH 8 and green for pH 9. 
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Text S2.8. Derivation of equation 2.2  

Equation 2.2 can be derived from the kinetic model represented in Scheme S2.1. 

 

Scheme S2.1. A target contaminant TC reacts with 3DOM* to give (1) an intermediate TC'
a, subject to inhibitory effect by DOM, or 

(2) an intermediate TC'b, not affected by DOM. Of the total reacted TC, a fraction f forms TC'a while the remaining fraction (1-f) 
forms TC'b. The intermediate TC’

a, will either further react (first-order rate constant ka,ox) to give an oxidation product TCa,ox, or be 
reduced back by DOM to the parent compounds TC (second-order rate constant ka,red,DOM). The intermediate TC'b will further react 
to give an oxidation product TCb,ox (scheme adapted from Ref. 7). 

A kinetic equation was previously derived for the rate constant for the photosensitized transformation of TC (eq. S14 in Ref. 7), 
which can be rewritten as eq. S2.12 substituting P with TC and 3Sens* with 3DOM*. 

        












 )1(

DOM
TCDOMTC

,,,

,*3
*3 f

kk
fk

k
dt
d

DOMredaoxa

oxa
DOM

 (S2.12) 

Where 
*3DOMk  is the average second-order rate constant for the transformation of TC by 3DOM*. The corresponding pseudo-first-

order rate constant of the photosensitized transformation of TC by DOM, including inhibition by DOM, can be expressed as: 

     












 )1(

DOM
DOM

,,,

,*3
*3 f

kk
fk

kk
DOMredaoxa

oxa
DOM

sens
TC

 (S2.13) 

We now introduce a factor  to express the proportionality between  *3 DOM*3DOMk  and [DOM] (eq. S2.14). 

    DOMDOM*3
*3 DOMk  (S2.14) 

This factor  accounts for the formation of 3DOM* from DOM and includes all parameters related to light intensity and its absorp-
tion by DOM, and formation quantum yield of 3DOM*. Combining eqs. S2.13 and S2.14 one obtains: 

     












 )1(

DOM
DOM

,,,
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kk
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DOMredaoxa

oxasens
TC   (S2.15) 

Which can be further rearranged to: 

      












 )1(

DOM/1
DOM

,,,

f
kk
fk

oxaDOMreda

sens
TC   (S2.16) 

As in Ref. 7 we introduce the concept of [DOM]1/2 (= DOMredaoxa kk ,,, / ), which is the concentration of DOM needed to halve the 

production of TCa,ox from TC'a. Substituting 
DOMredaoxa kk ,,, /  in eq. S2.16 and making a further rearrangement one obtains eq. S2.17, 

which corresponds to eq. 2.2. 
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        
    













2/1

2/1

DOM/DOM1
1DOM/DOM1DOM fk sensTC   (S2.17) 

 

 

Text S2.9. Derivation of equation 2.6 

Scheme S2.1 was modified to take into account photosensitization and inhibition by two different kinds of DOM, namely DOM1 and 
DOM2 (see Scheme S2.2). 

 

Scheme S2.2. Extension of Scheme S2.1 to include two types of DOM, DOM1 and DOM2, present in solution as an ideal mixture (i.e., 
without any mutual interaction). All symbols are identical or defined analogously as in Scheme S2.1. 

In the case of two distinct DOMs, DOM1 and DOM2, respectively, both the photosensitizing and inhibitory effects contain the con-
tribution of both DOMs. Therefore, equation S2.12 can be adapted accordingly to this principle to yield eq. S2.18. 
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  (S2.18) 

Proceeding as in the preceding section, one can substitute  *
1

3 DOM*
1

3DOMk with  11 DOM  and  *
2

3
*
2

3 DOMk DOM
 with

 22 DOM , as well as 
1,,, / DOMredaoxa kk  with   2/11DOM  and 

2,,, / DOMredaoxa kk  with   2/12DOM . After the same type of rearran-

gements as in the previous section, one obtains for the pseudo-first-order rate constant sens
TCk  eq. S2.19, which corresponds to eq. 

2.6. 
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f
k sensTC   (S2.19) 

Analogously, one can extend the treatment to consider N distinct types of DOM, DOMi, with i=1N, to obtain eq. S2.20: 
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Figure S2.7. FFA phototransformation rate constant in mixtures of GW and EG. Black circles: FFA phototransformation in EG; Red 
circles FFA phototransformation in mixtures of GW (68.5%) + EG. For comparison DMABN phototransformation rate constant are 
also presents (black triangles in EG, red triangle in mixtures of GW + EG). Error bars represents 95% confidence intervals from the 
regression lines. 

 

 

Text S2.10. Detailed discussion of the experimental results concerning the role of singlet oxygen in the phototransformation of 
DMABN. 

The most indicative results were obtained by using D2O as an alternative solvent. The predicted factor of increase in singlet oxygen 
lifetime (and therefore in the steady-state concentration of singlet oxygen, [1O2]ss, at equal production rate) for 95% D-atom molar 
fraction is 8.3 (see SI, Text S2.12). Pseudo-first-order rate constants for transformation of FFA ( obs

FFAk ) photosensitized by PLFA and 

RB were by a factor of 10.0 and 10.8, respectively, higher in D2O than in H2O, confirming the suitability of FFA as a selective singlet 
oxygen probe compound. In contrast to the results obtained for FFA, no significant increase in transformation rate constants for 
DMABN was observed in D2O compared to H2O for both photosensitizers, which concurs with a negligible reactivity of singlet oxy-
gen with DMABN in these systems. The use of sodium azide as a singlet oxygen quencher yielded mixed results. With RB as a pho-
tosensitizer, a very strong reduction in obs

FFAk  was observed both in H2O (-92%) and D2O (-99.2%) upon addition of 10 mM NaN3, 

which agrees with reductions estimated using published quenching rate constant values. However, with PLFA as a photosensitizer 
reductions in obs

FFAk  were only -42% in H2O and -94% in D2O. This reduced apparent effectiveness of azide as a singlet oxygen quen-

cher might arise from reaction of FFA with reactive species other than singlet oxygen (e.g., 3PLFA* or the azide radical), analogously 
as suggested by Al Housari and coworkers.10 The comparatively small reductions observed in obs

DMABNk  upon azide addition (for the 

system with RB in H2O an increase was even observed) are also supportive of a minor role of singlet oxygen in DMABN phototrans-
formation, which is probably mainly caused by the excited triplet state of RB. The reductions in obs

DMABNk  observed with these sys-

tems might arise from excited triplet state quenching by azide, which has been shown to occur for several excited triplet photosen-
sitizers.11 To be mentioned here is the accelerated transformation of DMABN in the absence of photosensitizers upon addition of 
azide, which could originate from quenching of 3DMABN* by azide and consequent formation of the azide radical, which would then 
react with DMABN. 

From the results of experiments using RB as a photosensitizer (Table 2.2, fifth row) it is possible to calculate a maximum second-
order rate constant for the reaction of singlet oxygen with DMABN. For doing this, we make the safe assumption that the pseudo-
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first-order contribution of singlet oxygen to the transformation of DMABN does not exceed obs
DMABNk . Using the second-order rate 

constants for the reaction of singlet oxygen with FFA (1.2×108 M-1 s-1 in H2O12 and 8.3107 M-1 s-1 in D2O13) one can calculate the 
steady-state concentrations of singlet oxygen during the experiments (see Table 2.2), and from this the maximum rate constants 
for DMABN are obtained: 1.9107 M-1 s-1 in H2O and 1.3106 M-1 s-1 in D2O. Finally, the maximum pseudo-first-order rate constants 
in the PLFA system are obtained by multiplying these second-order rate constants with the corresponding [1O2]ss values (Table 2.2, 
third row): 3.010-5 s-1 for both H2O and D2O, corresponding to a fraction of 5.0% for H2O and 4.7% for D2O of obs

DMABNk . Considering 

that in D2O the contribution of singlet oxygen is magnified by about a factor of 8 with respect to H2O, the contribution of singlet 
oxygen to the transformation of DMABN is probably on the order of 1% or less. 

 

Text S2.11. Quantification of the hydroxyl radical (ͻOH) scavenging effect of isopropanol and the singlet oxygen (1O2) quenching 
effect of azide (as NaN3) 

To calculate the scavenging effect of isopropanol on ͻOH, the assumption was made that the disappearance of ͻOH was only due to 
reaction with PLFA, DMABN or isopropanol at their initial concentrations (therefore neglecting reactions with species possibly 
formed during irradiation, such as hydrogen peroxide). 

The second-order rate constants for the reaction of ͻOH with each of these compounds are: 1.9109 M-1s-1 for isopropanol,14 
~3104 L mgC

-1 s-1 for fulvic acids,15 and ~5109 M-1s-1 for DMABN (crude assumption). 

In a system with 5 mgC/L PLFA, the fractional decrease D in ͻOH concentration was calculated to be ~92% in the presence of 10 mM 
isopropanol using equation S2.21: 
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Where  i, Qq
QOH i

k 
 is the contribution of the scavenger Qi to the pseudo-first-order scavenging rate constant of ͻOH and q

QOH i
k ,

 is 

the second-order rate constant for the reaction of ͻOH with Qi. 

To calculate the quenching effect of NaN3 on 1O2, the decay rate constant (s-1) of 1O2 in the presence of NaN3 was calculated accor-
ding to the Stern-Volmer equation, neglecting any quenching contribution by other components in solution: 
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Where 0,

2
1
d
Ok  is the first-order decay rate constant due to the solvent and amounts to 2.4×105 s-1 for H2O and 1.8×104 s-1 for D2O,16 

and q
NaNOk 32

1 ,
 is the second-order rate constant for 1O2 quenching by azide, amounting to 2.3×106 M-1 s-1 in H2O17 and 3×106 M-1 s-1 

in D2O.18 The fractional decrease in 1O2 steady-state concentration due to the presence of 10 mM NaN3 was calculated to be 90.2% 
in H2O and 99.4% in D2O. 

 

Text S2.12. Calculation of the 1O2 concentration enhancement factor of D2O 

The decay rate constant of 1O2 in an H2O/D2O mixture in the absence of quenchers was calculated using the aforementioned decay 
rate constants for the pure solvents (see Text S2.11) using the following linear equation:19 
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Where X is the molar fraction of each solvent (H2O or D2O). 
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Since the steady-state concentration of 1O2 is inversely proportional to 0,

2
1
d
Ok , one obtains the following relationship for the enhan-

cement factor EF: 
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For the actual mixtures with D2O-enriched water used in the experiments, i.e., with OHX 2
=0.05 and ODX 2

=0.95, the calculated 

increase in 1O2 steady-state concentration for the mixture with respect to pure H2O was by a factor of 8.25 (i.e., EF=8.25). 

 

 

Text S2.13. Derivation of equation 2.12 

The photosensitized transformation of DMABN and follow-up reactions can be represented as in Scheme S2.3. 

 

Scheme S2.3. Scheme of a consecutive reaction with a selectivity parameter . DMABN (A) is transformed with a reaction rate 
constant k1 and a selectivity  to MABN (B), the rest of reacting DMABN (1- ) is transformed to other reaction products (D). MABN 
(B) is also subject to triplet-DOM induced phototransformation with a rate constant k2 to give further oxidation products (C). 

The differential equations describing the kinetics of A and B are as follows: 
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Integration of equation S2.25 yields eq. S2.27. 
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Substituting eq. S2.27 into eq. S2.26 one obtains: 
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This differential equation can be integrated by the usual integrating factor method (as for the classical type of consecutive first-
order reactions without selectivity parameter, see for instance Ref. 20) to yield eq. S2.29, which is equivalent to eq. 2.12.
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Figure S2.8. Typical HPLC chromatogram showing peaks corresponding to N-methyl-4-cyanoaniline (MABN, retention time 2.3 min) 
and N,N-dimethyl-4-cyanoaniline (DMABN, retention time 3.3 min). Insets: UV-visible absorption spectra for each peak. The peak at 
time 1 min correspond to the injection peak containing the fast eluting DOM. Analytical method as given in Table S2.4. Sample from 
an irradiation experiment of an aqueous solution containing 5 μM DMABN, 5 mgC L-1 Pony Lake fulvic acid and 5 mM phosphate 
buffer (pH 8), 20 minutes irradiation time under medium-pressure Hg lamp in the merry-go-round photoreactor equipped with a 
Pyrex cooling jacket and a 0.15 M NaNO3 solution filter. 
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Figure S2.9. Determination of the pseudo-first-order phototransformation rate constant of N-methyl-4-cyanoaniline (MABN) in the 
presence of 5 mgC L-1 Pony Lake fulvic acid (PLFA, black squares) or 5 μM rose Bengal (red circles). 

 

 

Table S2.7. Selectivity of the demethylation of N,N-dimethyl-4-cyanoaniline as function of phenol concentration in the presence of 
5mgC L-1 Pony Lake fulvic acid. 

 

 Phenol (μM) 

 0 2 10 50 

Selectivity 72 ±4 % 78 ±3 % 78 ±2 % 75.3 ±1.3 % 
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Text S2.14. Transformation of variables for an alternative form of equation 2.6  

As mentioned in the main paper, it may be useful to represent sens
TCk , for a mixture of two different DOMs (DOM1 and DOM2), as a 

function of the total DOM concentration and the fraction of one of the DOMs. We define the new variables as follows: 

 DOC=[DOM1]+[DOM2] (S2.30) 
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Now we express [DOM1] and [DOM2] using the new variables: 

   11DOM XDOC   (S2.32) 

    12 1DOM XDOC   (S2.33) 

Substituting eqs. S2.32 and S2.33 into eq. 2.6 one obtains eq. S2.34, which is represented in the 3D plot of Figure 2.6B. 
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Abstract 

Aromatic amines are aquatic contaminants for which phototransformation in surface waters can be induced by excited triplet 
states of dissolved organic matter (3DOM*). The first reaction step is assumed to consist of a one-electron oxidation process of the 
amine to produce its radical cation. In this paper, we present laser flash photolysis investigations aimed at characterizing the pho-
toinduced, aqueous phase one-electron oxidation of 4-dimethylaminobenzonitrile (DMABN) as a representative of this contami-
nant class. The production of the radical cation of DMABN (DMABNͻ+) after direct photoexcitation of DMABN at 266 nm was con-
firmed by comparison with previous experimental results. Moreover, the formation of DMABNͻ+ was shown to occur after reaction 
of several excited triplet photosensitizers (carbonyl compounds) with DMABN. Second-order rate constants for the quenching of 
the excited triplet states by DMABN were determined to fall in the range of 0.035×109 M1 s1, and their variations were inter-
preted in terms of electron transfer theory using a Rehm-Weller relationship. The decay kinetics of DMABNͻ+ was studied under 
various oxygen concentrations, pHs and excitation conditions. After an initial fast decay, a slower first-order decay component with 
lifetime values in the range of 25125 μs was observed. Kinetic modelling was used to assess the main reactions contributing to the 
decay of DMABNͻ+ in aerated solutions. Besides the reaction with the superoxide radical anion (O2

ͻ), H-atom shift with subsequent 
deprotonation and demethylation were suggested to be the main reactions governing the decay kinetics of DMABNͻ+. 
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3.1 Introduction 
Aromatic amines constitute an important class of organic contaminants present in wastewaters and natural waters.1-4 

One of the major pathways contributing to their degradation in the aquatic environment is phototransformation induced by sun-
light.5-9 Besides direct phototransformation following absorption of sunlight by the contaminant, aromatic amines are subject to 
transformation photosensitized by dissolved organic matter (DOM). The latter is a complex mixture of cross-linked organic com-
pounds derived from the degradation of higher plants or from microbial metabolic activity and ubiquitously present in natural 
waters.10-13 Upon photoirradiation, the chromophoric components of DOM are promoted to their excited singlet states and subse-
quently excited triplet states (3DOM*), which are likely to be the key reactive intermediates in the photosensitized transformation 
of aromatic amines in surface waters.8, 14, 15 The initial reaction step in the photosensitized transformation is assumed to be an 
electron transfer from an aromatic amine to 3DOM*.16 This can be inferred from the abundant bibliography on the photoreduction 
of excited triplet carbonyls by amines,17 arguments on the energetics of the redox reactions between substituted anilines and 
excited triplet aromatic ketones in aqueous solution,14 and recent results on the quenching of excited triplet methylene blue by 
substituted anilines.15 Formation of a radical cation of the aromatic amine, a primary product of such an electron transfer reaction, 
is expected. 

Studies performed during the last decade in our research group have revealed another important effect of DOM on the photosensi-
tized transformation of anilines, which consists in reducing the rates of transformation. Reduction of transformation intermediates 
of the anilines by electron-donating (also called antioxidant) moieties of the DOM was hypothesized to cause such an inhibition of 
transformation, and various pieces of evidence have been presented to support this hypothesis.7 14, 18-20 

The effects of DOM on the overall phototransformation rates of substituted anilines are now fairly well understood. However very 
little is known about the nature and fate of the intermediates produced after the first oxidation step. The main goal of the present 
study is to characterize the aqueous solution kinetics of such intermediates derived from a model aniline. We selected N,N-
dimethyl-4-cyanoaniline (abbreviated as DMABN from the alternative name 4-dimethylaminobenzonitrile) for various reasons. 
Firstly, DMABN was used in a preceding steady-state photolysis kinetic study as a probe compound to assess photosensitized trans-
formation rates of aromatic amines and analogous compounds that undergo DOM-induced inhibition of oxidation in surface wa-
ters.20 Secondly, the results of this study showed that the DOM-photosensitized transformation of DMABN very likely proceeds by 
direct reaction between DMABN and 3DOM*, whereby singlet oxygen plays a negligible role. Thirdly, DMABN has a doubly substi-
tuted aniline functionality, making its radical cation, (DMABNͻ+) more stable than the analogous species with singly substituted or 
unsubstituted aniline functionalities, which undergo efficient deprotonation. The relative stability of DMABNͻ+ is expected to pro-
vide favorable conditions for its direct observation in time-resolved experiments. 

DMABN is the archetypal representative of aromatic compounds bearing both an electron-donating and an electron accepting 
group and exhibiting a dual fluorescence as well as excited-state charge separation in fluid solutions.21, 22 The excited singlet state 
characteristics and dynamics of such compounds, in particular DMABN, have been a hot research topic in ultrafast spectroscopy for 
a few decades.21, 23-26 Nevertheless, information about the photophysics and photochemistry of DMABN on a microsecond or longer 
timescale is limited. The transient absorption spectrum observed in the microsecond regime after laser flash photolysis (LFP) of an 
aqueous solution of DMABN was interpreted as the superposition of various species. These included the excited triplet state of 
DMABN (3DMABN*, absorption maximum centered at 400 nm and a secondary broad band with maximum at у600 nm27), the 
hydrated electron (݁ୟ୯ି, very broad absorption centered at у720 nm), and DMABNͻ+ (absorption maximum at у500 nm). While 
3DMABN* is formed through intersystem crossing from the lowest excited singlet state of DMABN (1DMABN*, see Equation 3.1) 
with substantial quantum yields (the value of 0.55 was determined for an ethanol solution27), ݁ୟ୯ି and DMABNͻ+ were apparently 
formed through photoionization of DMABN (Equation 3.2). The photoionization of DMABN was found to be a wavelength-
dependent process mainly occurring at irradiation wavelength of <280 nm. This indicated that photoionization did not involve 
1DMABN* but some higher excited states of DMABN.27-29 

 DMABN +   1DMABN*  3DMABN* (3.1) 

 DMABN +h   DMABNͻ+ + ݁௔௤ି  (3.2) 

The formation of DMABNͻ+ was implicitly assumed, but not directly observed, in a study on the reduction of excited triplet methy-
lene blue by several aromatic amines.30 DMABNͻ+ is believed to be the main species formed in natural waters upon oxidation of 
DMABN by 3DOM*.20 
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The present study focuses on DMABNͻ+ formation and on the characterization of its aqueous solution kinetics under LFP conditions. 
Modelling of the decay kinetics of DMABNͻ+ was also performed to evaluate its main reaction pathways. To form DMABNͻ+, direct 
photoexcitation and photosensitized oxidation of DMABN were employed. This allowed a useful intercomparison of the results 
obtained by these two independent methods. 

3.2 Experimental Section 

3.2.1 Chemicals and Solutions 
All chemicals were commercially available and used as received. A complete list of chemicals is given in the Supplementary Infor-
mation (SI). Water used for all experiments was obtained from an Aqua Osmotic 02A purification system. All sample solutions, 
made by diluting stock solutions of the reagents, were buffered using 2 mM phosphate (total concentration) at pH 8.0, except 
when otherwise mentioned. Stock solutions were made in water except for the photosensitizers 3-methoxyacetophenone, 1-
naphthaldehyde, 2-acetonaphthone and 1-acetonaphthone, for which acetonitrile (MeCN) was used as a solvent due to the limited 
solubility of these compounds in water. The concentration of the cosolvent MeCN in the sample solutions did not exceed 10% (v/v). 

3.2.2 Laser Flash Photolysis (LFP) Setup 
Nanosecond LFP experiments were conducted using a 4 × 1 × 1 cm quartz cuvette containing the sample solution and laser pulses 
of the second, third or fourth harmonic from a Nd:YAG laser (EKSPLA, model SL334). The LFP setup was operated in a right-angle 
arrangement of the pump and probe beams. The laser pulses (pulse energies of 190210 mJ at  = 532 nm, 150180 mJ at  = 355 
nm, and 7090 mJ at  = 266 nm; duration ч170 ps) were dispersed on the 4 cm side of the cell using a cylindrical concave lens. 
Transient absorption spectra were recorded using an ICCD camera (Andor iStar, model DH740i-18U-03) with an overpulsed xenon 
arc lamp as a source of the probe light. Kinetic traces were recorded using the software TekScope on a Tektronix digital phosphor 
oscilloscope (model DPO7104C) at a single wavelength in the 400670 nm wavelength window (see SI Table S3.3 for the wave-
length used in the measurement of each particular transient) with a monochromator using a Hamamatsu photomultiplier tube 
R928. Absorbance values of the sample solutions were usually adjusted to 0.50.8 (for a 1-cm optical path length) at the excitation 
wavelength. Solutions were purged with a gentle stream of oxygen or N2O for 15 minutes prior to measurements, naturally aerated 
or degassed by applying three freeze-pump-thaw cycles under reduced pressure (8 Pa). For the determination of second-order 
quenching rate constants, nominal equilibrium concentration of dissolved gases for an ambient temperature of 21 °C and atmos-
pheric pressure of 99 kPa were assumed. These correspond to 2.8010-4 M and 1.3310-4 M for dissolved oxygen in aerated and O2-
purged solution, respectively, and to 2.710-2 M for dissolved N2O. Electronic absorption spectra of the sample solutions were 
measured regularly between laser flashes to test for possible photodegradation of the solution components using the later des-
cribed diode-array spectrophotometer. Experiments were conducted in an air-conditioned room at an ambient temperature of 
21±1 °C. 

3.2.3 Kinetic Analysis 
The kinetic traces were generally fitted to single or multiple exponential decay model functions using the software Flash Fit v. 0.11. 
In the case of second-order kinetics fits, the corresponding differential equations were solved using the software Matlab, and the 
Levenberg-Marquard algorithm was applied to determine the best-fit parameters. The uncertainty of the first-order rate constants 
given in the tables is expressed as 95% confidence interval and was calculated using the values of at least triplicate measurements. 

3.2.4 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 equiva-
lent Eutech Instruments pH600 was used to measure pH. 

3.2.5 Kinetic Modelling 
The software Kintecus© was employed to model the decay kinetics of DMABNͻ+.31 Briefly, this software solves the system of diffe-
rential equations derived from the chemical reaction equations for the chemical system under study using a set of known reaction 
rate constants and initial concentrations of the chemical species involved. The output comprises the time course of the concentra-
tion of each considered species. The systems of reaction equations and corresponding rate constants used in the present study are 
described in the SI, Texts S3.1 and S3.2.   
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3.3 Results and Discussion 

3.3.1 Direct Photoexcitation of 4-(Dimethylamino)benzonitrile (DMABN) 
Direct photoexcitation of DMABN using laser pulses of 266 nm wavelength produced transient absorption spectra that are repre-
sented in Figure 3.1. A short-lived transient with a broad absorption band at 600700 nm wavelength is evident at 560 ns delay 
times in aerated and oxygen-purged solutions, while less apparent in N2O-purged solution. This transient can be safely assigned to ݁ୟ୯ ି , which is known to react with dissolved oxygen and N2O at diffusion-controlled rates.29 After the decay of the ݁ୟ୯ି signal, two 
broad transient bands are apparent in all three solutions. The first of these bands has an absorption maximum at у400 nm and 
decays completely after 800 ns, while the second band has an absorption maximum at у500 nm and is especially apparent at long 
delay times (up to 5 μs). These components can be attributed to the excited triplet state of DMABN (3DMABN*) and to the radical 
cation of DMABN (DMABNͻ+), respectively.27 The decay kinetics of the three key species, namely ݁ୟ୯ି , 3DMABN* and DMABNͻ+, is 
described in more detail below. 

 

Figure 3.1. Transient absorption spectra obtained upon 266 nm laser flash photolysis of (A) DMABN (83 μM) in aerated solution, (B) 
DMABN (83 μM) in oxygen-purged solution, and (C) DMABN (133 μM) in N2O-purged solution. The spectra were recorded in the 
time range of 5 ns to 5 μs after the laser pulse (see legend) using a 5-ns integration window. All measurements were performed in 
pH 8.0 phosphate-buffered aqueous solutions. 

3.3.1.1 Excited Triplet DMABN (3DMABN*) 

The decay kinetics of 3DMABN*, measured at the wavelength of 400 nm, was of first order except for degassed solution and exhibi-
ted varying decay rate constants (see Table 3.1) depending on the concentration of dissolved gases. In degassed solution the first-
order deactivation rate constant of 3DMABN*, corresponding the rate constant that would be observed at infinite dilution of this 
species, was determined by applying a kinetic model which included a second-order component to consider triplettriplet annihila-
tion (see SI, Text S3.8). The first-order deactivation rate constant for aerated and oxygen-purged solution was greatly enhanced 
with respect to degassed solution and nearly proportional to oxygen concentration. From a three-point linear regression a second-
order rate constant for quenching of 3DMABN* by oxygen of у4.3  109 M1 s1 was obtained. The deactivation of 3DMABN* in the 
presence or absence of oxygen can be rationalized in terms of the processes described by Equations 3.39, whereby unimolecular 
deactivation (including contributions by the solvent, Equations 3.35) and triplettriplet annihilation are dominant in degassed 
solution, while quenching by oxygen (Equations 3.79) is largely prevalent in aerated or oxygen-purged solution. A distinction of 
the processes within the groups of equations 3.35 and 3.79 is not possible in the frame of this study. However, the processes of 
reactive deactivation (Equation 3.5) and reactive quenching by oxygen (Equation 3.9) should have minor importance in view of the 
small quantum yield (1.3103) observed for the direct phototransformation of DMABN under steady-state illumination in aerated 
solution.20 

 3DMABN*  DMABN + h  (phosphorescence) (3.3) 

 3DMABN*  DMABN  (intersystem crossing) (3.4) 

 3DMABN*  Products (reactive deactivation)  (3.5) 

 3DMABN* +3DMABN*   1DMABN* + DMABN (triplet-triplet annihilation)  (3.6) 
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 3DMABN* +O2  DMABN +1O2 (energy transfer) (3.7) 

 3DMABN* +O2  DMABN +O2 (excitation energy loss) (3.8) 

 3DMABN* +O2  Products (reactive quenching) (3.9) 

N2O, used to scavenge ݁ୟ୯ି (see the next sub-section), also contributed to the quenching of 3DMABN* (Table 3.1 and Equation 3.10), 
with a second-order rate constant that was estimated to be у2.4×107 M1 s1. 

 3DMABN* +N2O  DMABN + N2O (excitation energy loss) (3.10) 

Moreover, the addition of CCl4 was tested as a possible method to increase the formation rate of DMABNͻ+ (the central transient in 
this study) according to Equation 3.11.32 A concentration of 3 mM CCl4 in aerated solution contributed to an increase in the deacti-
vation rate constant of 3DMABN* by 7.5105 s1, yielding a second-order rate constant for quenching by CCl4 of у2.5×108 M1 s1. 
The effect of CCl4-addition on quenching of 3DMABN* and DMABNͻ+ formation yield was much lower than previously observed for 
an MeCN solution, which means that this method did not turn out to be convenient to increase the strength of the DMABNͻ+ tran-
sient signal. 

 3DMABN* +CCl4  DMABNͻ+ + CCl4
ͻ- (reductive quenching) (3.11) 

Table 3.1. Fitted first-order rate constants kd for the deactivation of the main transient species formed upon 266 nm laser flash 
photolysis of aqueous DMABN (pH 8.0). The rate constants for DMABNͻ+ deactivation obtained from kinetic modelling (kd,sim) are 
also shown. 

Dissolved gases 

3DMABN* 
kd

 

 105 s-1 

 ିࢗࢇࢋ
kd

  

 106 s-1 

DMABN + 

kd
   

104 s-1 

Sim. DMABN + 

kd,sim
  

 104 s-1 

O2 (1.33 mM) a 59.2 ±0.5 20 ±0.4 3.9 ±0.6 1.03 

O2 (0.28 mM) b 18.2 ±0.2 n.m. c 2.18 ±0.05 0.933 

N2O (0.027M) d 6.47 ±0.02 n.m. c 1.24 ±0.07 0.5 

None e 1.07 ±0.70 f 1.8 ±0.3 0.8 ±0.2 0.5 
 

Notes: aO2-purged solution, [DMABN]0=83 μM; bAerated solution, [DMABN]0=133 μM; cn.m.: not measured; dN2O-purged solution, 
[DMABN]0=133 μM; eDegassed solution, [DMABN]0=133 μM; fDetermined by non-exponential fitting as described in the SI, Text 
S3.8. 

3.3.1.2 Hydrated Electron (݁ୟ୯ି) 

Upon LFP of DMABN in oxygenated aqueous solution, the absorption corresponding to ݁ୟ୯ି decayed following first-order kinetics 
with a rate constant that was proportional to oxygen concentration. The calculated second-order rate constant for this reaction 
was (1.5±0.3)×1010 M1 s1, in good agreement with the known rate constant for the reaction of ݁ୟ୯ି with oxygen (1.9×1010 M1 s1) 
to yield the superoxide radical anion (O2

ͻ, Equation 3.12).29  

 ݁௔௤ି +O2  O2
ͻ (3.12) 

In degassed solution, the decay of ݁ୟ୯ି also followed first-order kinetics but was an order of magnitude slower than that in oxyge-
nated solution. It is proposed to be controlled by the reaction of ݁ୟ୯ି with DMABN. This assumption is backed by the high second-
order rate constants known for the reaction of ݁ୟ୯ି with compounds similar to DMABN, such as benzonitrile (1.9×1010 M1 s1) and 
p-methylbenzonitrile (1.4×1010 M1 s1).29 A comparison of the calculated pseudo-first-order rate constant for the reaction of ݁ୟ୯ି 
with DMABN (estimated second-order rate constant of 1.4×1010 M1 s1), with solvent or buffer components (H+, OH, H2O, Na+, 
H2PO4

 and HPO4
2) and with ݁ୟ୯ି itself (all rate constant values from Ref. 29), confirmed that the main decay pathway of ݁ୟ୯ି in 

degassed solutions should be its reaction with DMABN. 
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In N2O-purged solution, the signal corresponding to ݁ୟ୯ି was not detected on the microsecond time scale (see Figure 3.1C) due to 
fast scavenging by N2O, which is known to lead to the formation of the hydroxyl radical and elementary nitrogen (Equation 3.13).33, 

34 Under the employed experimental conditions, the pseudo-first-order decay rate constant of ݁ୟ୯ି was estimated to be у2.5×108 s-1. 

 ݁௔௤ି +N2O +H2O  N2 + ͻOH +OH (3.13) 

 

3.3.1.3 Radical Cation of DMABN (DMABN +) 

The decay of DMABNͻ+ was found to follow first-order kinetics and to take place on a much longer time scale (lifetimes in the range 
of 25125 s) than the decay of the other species (see Table 3.1). The decay rate constants were determined by fitting the kinetic 
traces neglecting the data up to a delay time after the laser pulse of 39 μs, thus avoiding inclusion of the shorter-lived transients 
(i.e., ݁ୟ୯ି and 3DMABN*). An example of such a fitting is given in the SI, Figure S3.8. The decay rate constants (Table 3.1) varied as a 
function of the dissolved gases, being higher in oxygenated or aerated solution than those in N2O-purged or degassed solutions. 
Various reactions may be hypothesized to contribute to the decay of DMABNͻ+ in oxygen-containing solutions, whereby 
bimolecular reactions with ݁ୟ୯ି or O2

ͻ (Equations 3.14 and 3.15) should at first glance yield a second-order kinetic component, 
because ݁ୟ୯ି, and in O2-containing solution O2

ͻ, are formed in nearly equimolar amounts as DMABNͻ+ upon LFP of DMABN. 

 DMABNͻ+ +݁௔௤ି   DMABN (3.14) 

 DMABNͻ+ +O2
ͻ DMABN +O2 (3.15) 

The results of kinetic model calculations (Figure 3.2) for aerated or O2-purged solution indicate that (1) the decay of ݁ୟ୯ି is very fast 
and dominated by its reaction with O2 (Equation 3.12), meaning that ݁ୟ୯ି does not contribute directly to the decay of DMABNͻ+, and 
(2) the concentration of O2

ͻ, after the initial rise due to the scavenging of ݁ୟ୯ି by O2, remains almost constant, contrary to the 
simple expectation that it should decay as fast as DMABNͻ+. This almost constant O2

ͻ concentration agrees well with the observed 
first-order deacy of DMABNͻ+ and can be rationalized in terms of additional O2

ͻ production during the transformation of DMABNͻ+ 
to yield the N-demethylated product 4-(methylamino)benzonitrile (MABN). Such a reaction sequence considers an H-atom shift in 
DMABNͻ+ to yield a carbon-centered radical (abbreviated as DMABNrͻ) on one of the methyl groups upon deprotonation (Equation 
3.16),35 followed by production of O2

ͻ after reaction with oxygen, finally yielding formaldehyde and MABN (see SI, Model S3.1 and 
Table S3.1). It is in line with the proposed reaction scheme for the photosensitized conversion of DMABN to MABN. Further, kinetic 
model calculations indicate that for N2O-purged and degassed solutions the decay of DMABNͻ+ is entirely due to its deprotonation, 
giving a decay rate constant directly proportional to the deprotonation rate constant. For oxygenated and aerated conditions the 
model calculations indicate a faster DMABNͻ+ decay, which is controlled by both deprotonation and reaction with O2

ͻ. 

  (3.16) 

 

Figure 3.2. Kinetic modelling of the transient species formed upon 266 nm laser pulse excitation of an aerated solution of DMABN 
(A) on a microsecond time scale and (B) on a millisecond time scale. Considered species: DMABNͻ+, ݁ୟ୯ି, O2

ͻ and MABN. Starting 
reactant concentrations: [DMABNͻ+] = [݁ୟ୯ି] = 2 μM, [O2] = 2.8×104 M, [MABN] = 0 μM, pH 8. Starting concentrations of the 
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transients were set to approximately match the maximum experimental concentration of DMABNͻ+ determined at a delay time of 
2μs  after the laser pulse. 

3.3.1.4 pH Effect 

To obtain additional hints about the reactions contributing to the decay of 3DMABN* and DMABNͻ+, their first-order rate constants 
were investigated in aerated and N2O-purged solutions by varying the pH. For 3DMABN*, the deactivation rate constant was not 
affected by pH in the range of 4.47.8 (Figure 3.3A), while in N2O-purged solution, it was pH-dependent with a marked increase at 
pH 7.8 compared to the lower pH range. We do not have an explanation for such a pH-dependent quenching of 3DMABN* by N2O. 
For DMABNͻ+, the decay rate constant increased with pH (same range as above) in both aerated and N2O-purged solution (Figure 
3.3B). However, the observed increase is rather steady, with the absence of inflection points as in the case of protonation equili-
bria, and limited, with a maximum of +46% in aerated solution. This makes it difficult to assign the pH dependence to a well-defined 
reaction contributing to the decay of DMABNͻ+. Kinetic modelling calculations do not catch the full extent of the effects but indicate 
that for O2-containing solutions the main factor responsible for the pH effect is the O2

ͻ concentration, being lower at low pH due 
to its protonation reaction to the HO2

ͻ radical (pKa.= 4.8).36 This lower O2
ͻ concentration may decrease the recombination reaction 

between DMABNͻ+ and O2
ͻ (Equation 3.15) thus prolonging the DMABNͻ+ lifetime. For N2O-purged solutions, the calculations 

indicate a stable DMABNͻ+ lifetime between pH 6 and 8, and an increase of the lifetime in lower pH region, possibly due to protona-
tion of the carbon-centered radical DMABNrͻ (the reverse reaction of Equation 3.16). However, we think that the accuracy of the 
kinetic model for O2-free solutions is limited due to the lack of information on the fate of DMABNrͻ under these conditions. 

 

Figure 3.3. Effect of pH on the first-order rate constants for the decay of (A) 3DMABN* and (B) DMABNͻ+, for aerated (black sym-
bols) and N2O ventilated solutions (red symbols). Modelled rate constants for DMABNͻ+ are shown as filled circles. 

3.3.2 Photosensitized Formation of DMABN + 

Several photosensitizers were used as a means to oxidize DMABN to DMABNͻ+. Upon irradiation of a photosensitizer (Sens) its 
excited triplet state (3Sens*) is formed following intersystem crossing from the excited singlet states (Equation 3.17). 3Sens* can act 
in certain cases as a powerful oxidant. Especially aromatic ketones and quinones possess standard one-electron reduction poten-
tials (ܧ୰ୣୢ଴כ (3Sens*/Sensͻ)) that are comparable to those of the strongest radical oxidants. 37 The oxidation reaction of DMABN by 
3Sens* is expected to produce DMABNͻ+ as well as the radical anion of the photosensitizer (Sensͻ) within the lifetime of 3Sens* 
(Equation 3.18). Besides the unimolecular and bimolecular deactivation processes that were listed for 3DMABN* (Equations 3.39), 
oxidizing 3Sens* are expected to undergo the following additional reactions with DMABN: Excitation energy loss (Equation 3.19) 
and triplettriplet energy transfer from 3Sens* to DMABN (Equation 3.20). Both reactions 3.18 and 3.19 have been observed during 
the quenching of excited triplet methylene blue by DMABN in methanol solution with a ratio of 1:3 between electron transfer and 
physical quenching.30 While we are not aware of any method that could be used to maximize the yield of DMABNͻ formation 
during quenching (i.e., the ratio of the relative rate constants of reactions 3.18 and 3.19), the energy transfer reaction (Equation 
3.20), and consequently the formation of 3DMABN*, can be suppressed by choosing photosensitizers with a lower triplet energy 
than DMABN. 

 Sens +   1Sens*  3Sens*  (3.17) 

 3Sens* +DMABN  Sensͻ + DMABNͻ+ (oxidative quenching) (3.18) 



Chapter 3 

63 
 

 3Sens* +DMABN  Sens + DMABN (excitation energy loss) (3.19) 

 3Sens* +DMABN  Sens + 3DMABN* (triplet-triplet energy transfer) (3.20) 

To avoid direct excitation of DMABN, the 355 nm and 532 nm excitation wavelengths of the laser were used to selectively produce 
3Sens*. The sensitizers were selected to cover a range of one-electron oxidation potentials that could be used to estimate the 
oxidation potential of DMABN in aqueous solution (presently unknown). Moreover, practical aspects, such as the aqueous solubility 
of the photosensitizers and the feasibility of their selective excitation were considered.  

3.3.2.1 Transient Absorption Spectra 

To disentangle the spectra of 3Sens*, Sensͻ and DMABNͻ+ present after LFP of solutions containing a given photosensitizer and 
DMABN, and to select suitable observation wavelength for the kinetic measurements, the following procedure was applied: (1) 
Generation of the 3Sens* from a buffered solution of the photosensitizer alone; (2) Generation of 3Sens*, and subsequently Sensͻ, 
from a buffered solution containing the photosensitizer and triethanolamine (TEA. Note: The radicals formed from the oxidation of 
TEA absorb only outside of the considered spectral range 38); (3) Production of the three species 3Sens*, Sensͻ and DMABNͻ+ in a 
buffered solution of the photosensitizer and DMABN. An illustrative example of this procedure using 
2-acetonaphthone (2-AN) as a model photosensitizer, chosen owing to the clear separation of the absorption bands of the various 
transients, is shown in Figure 3.4. The transient absorption spectrum of the excited triplet state of 2-AN (32-AN*) has a main band 
centered at у440 nm and a secondary band at у380 nm (Figure 3.4A), while the spectrum of the radical anion of 2-AN (2ANͻ) over-
laps partly with that of 32-AN* but has its maximum absorption at у400 nm (Figure 3.4B). The spectra shown in Figure 3.4C contain 
a dominating superposition of 32-AN* and 2-ANͻ at short delay times (up to у500 ns) after the laser pulse, but at longer delay 
times a band centered at у500 nm clearly emerged. This was assigned to DMABNͻ+ based on its similarities to the spectra of 
DMABNͻ+ observed from direct photoexcitation of DMABN in this work (Figure 3.1) and in other studies.27, 32 Note that the pre-
sence of oxygen is beneficial to the observation of DMABNͻ+, because it accelerates the decay of Sensͻ (in this case 2-ANͻ) accor-
ding to Equation 3.21, leaving DMABNͻ+ as the only absorbing species in the considered spectral range at long delay times. 

 Sensͻ + O2  Sens + O2
ͻ (3.21) 

The transient absorption spectra shown in Figure 3.4 were utilized to evaluate the optimal observation wavelength to be used for 
the measurement of kinetic traces and the determination of decay rate constants of the various species. Figure 3.4D displays an 
example of Stern-Volmer plot used in the determination of second-order rate constants for the quenching of 32-AN* by DMABN. 
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Figure 3.4. AC: Transient absorption spectra following 355 nm laser pulse excitation of: (A) 2-Acetonaphthone (2-AN, 500 μM); (B) 
2-AN (500 μM) and triethanolamine (TEA, 10 mM); (C) 2-AN (500 μM) and DMABN (500 μM). All solutions in pH 8.0 aerated water 
containing 0.9% (v/v) acetonitrile. (D) A Stern-Volmer plot of the first-order decay rate constant of the triplet state of 2-AN (obtai-
ned at the observation wavelength of 520 nm) vs. DMABN concentration. Error bars represent 95% confidence intervals from at 
least quadruplicate measurements. Spectra were recorded in the time range from 20 ns to 50 s after the laser pulse using a 5-ns 
integration window. 

3.3.2.2 Quenching of Excited Triplet Photosensitizers by DMABN 

For photosensitizers having oxidizing excited triplet states, quenching rate constants can be used as an indicator of the efficacy in 
producing the oxidized substrate. For the sake of DMABNͻ+ production at sufficiently high concentration to allow an accurate eva-
luation of its decay kinetics, high 3Sens* second-order quenching rate constants are advantageous. Under these conditions the 
oxidation potential of DMABN, currently unknown in aqueous solution, can be estimated as is shown below. Table 3.2 collects the 
second-order quenching rate constants obtained in this study for six photosensitizers exhibiting ܧ୰ୣୢ଴כ  values in the range of 
1.261.86 V vs. standard hydrogen electrode (SHE). The quenching rate constants vary over about two orders of magnitude and 
increase non-linearly with increasing  ܧ୰ୣୢ଴כ . Literature values of the triplet energies of the photosensitizers are also collected in 
Table 3.2 to evaluate the possibility of energy transfer as a side-reaction (Equation 3.20). Only 3-methoxyacetophenone has a tri-
plet energy that is higher than that one of DMABN (3.14 eV),39 but no evidence for the formation of 3DMABN* could be found in 
transient absorption spectra using this photosensitizer. For all other photosensitizers energy transfer can be excluded a priori. 

Table 3.2. Ground-state reduction potentials (ܧ୰ୣୢ଴ ), triplet-state reduction potentials (ܧ୰ୣୢ଴כ ), triplet energies (ܧ୘) and measured 
second-order triplet quenching rate constants by DMABN (݇ଷୗୣ୬ୱכ,ୈ୑୅୆୒୯ ) for the studied photosensitizers. 

Notes: aStandard one-electron reduction potentials of the photosensitizers in their electronic ground state (ܧ୰ୣୢ଴ ) and excited triplet 
state (ܧ୰ୣୢ଴כ ) as well as triplet energies (ܧ୘) obtained from Ref. 37 unless otherwise noted; bMeasured in aerated aqueous solution at 
pH 8.0. Errors represent 95% confidence intervals obtained from the linear regression lines (Stern-Volmer plots); cFrom Ref. 39; 
dSolutions containing 10% (v/v) acetonitrile; eSolutions containing у1% (v/v) acetonitrile. 

In the following we analyze the rate constants for triplet quenching by DMABN in the frame of electron transfer theory, and more 
precisely by using the Rehm-Weller relationship (equation 3.22).40-42 
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  (3.22) 

The parameters are defined as follows: kd is the diffusion-controlled second-order reaction rate constant, Kd =kd/kd is the equili-
brium constant for the formation of the encounter complex, Z is the universal collision frequency factor, R is the universal gas cons-
tant, T is the absolute temperature, ʄ is the reorganization energy, and ȟ୰ୣܩ୲଴   is the standard molar free energy change of the 
electron transfer reaction, i.e., the standard molar free energy difference between successor complex and precursor complex, 
which was approximated using Equation 3.23. 

       /SensSens/DMABNDMABN *3*0
red

0
red

0
etr EEFG  (3.23) 

Photosensitizer (Sens) E°'red
 a E°'*red

 a ET
 a kq

3Sens*,DMABN 
b

  V vs. SHE  V vs. SHE  eV  109 M-1  s-1

9,10-Anthraquinone-1,5-disulfonate -0.5 1.86 2.36 5.02 ±0.16
3-Methoxyacetophenone -1.43 c 1.71 c 3.14 c 4.0 ±0.2 d

Thionine -0.25 1.45 1.70 4.6 ±0.3
1-Naphthaldehyde c -1.11 1.34 2.45 3.4 ±0.3 e

2-Acetonaphthone c -1.25 1.34 2.59 0.21 ±0.03 e

1-Acetonaphthone c -1.26 1.26 2.52 0.031 ±0.017 e
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For the fittings of the quenching rate constant data to Equation 3.23 was inserted in Equation 3.22, and ܧ୰ୣୢ଴כ (3Sens*/Sensͻ) was 
used as the x-variable while ܧ୰ୣୢ଴ (DMABNͻ+/DMABN) was employed as a fit parameter, whereby a similar procedure as in Ref. 43 
was applied, keeping the ratio kd/(Kd×Z) fixed at 0.1. The fit parameters were ܧ୰ୣୢ଴ (DMABNͻ+/DMABN) and , while kd was fixed at 
5.0109 M1 s1.  Fits to the Rehm-Weller equation are represented in Figure 3.5, whereby fits with various fixed values of ʄ are also 
shown. The best fit to the Rehm-Weller equation gives a value of 0 kJ/mol for ʄ, but uncertainty in the fitting parameters are large 
due to the limited number of data points. Using a fixed value of ʄ=20 kJ mol-1 (a value which was obtained for the quenching of 
excited triplet methylene blue by a series of substituted anilines 15) also yields a reasonably good fit yielding ܧ୰ୣୢ଴ (DMABNͻ+/DMABN) =1.33±0.08 V vs. SHE (used as the only fitting parameter). This value is slightly higher (by 0.14 V) than a 
crude estimation obtained by adding the difference between the oxidation potentials of 4-cyanoaniline (1.32 V)45 and aniline (1.00 
V)45 to the oxidation potential of N,N-dimethylaniline (0.87 V),46 all measured in aqueous solution. Note that the value determined 
in MeCN for ܧ୰ୣୢ଴ (DMABNͻ+/DMABN) is 1.11 V,44 which is significantly lower than our estimated value in water obtained from the 
Rehm-Weller fitting. 

 

Figure 3.5. Measured second-order rate constant for the quenching of excited triplet photosensitizers by DMABN (݇ଷ౏౛౤౩כ,ీ౉ఽాొ୯ ) 

(black squares) plotted on a logarithmic scale against  ܧ୰ୣୢ଴כ (3Sens*/Sensͻ), the one-electron reduction potential of the excited 
triplet photosensitizers. The lines represent fits to the Rehm-Weller model with reorganization energy ( ) values as given in the 
legend. The fitting procedure is explained in the text. Errors bars represent 95% confidence intervals obtained from Stern-Volmer 
plots (see Figures 3.4D and S3.7). 

3.3.2.3 Factors Controlling the Decay of DMABN + 

Figure 3.6A shows the dependence of the pseudo-first-order decay rate constant of DMABNͻ+ on the concentration (or "effective 
concentration", see definition below) of 1-naphthaldehyde (1-NA), which was used as a photosensitizer. Experimental details on 
the determination of these constants are given in the SI, Text S3.7. In the present series of experiments, the concentration of 1-NA 
was varied in the range of 50300 μM, and additionally the laser pulse intensity was decreased by means of metal-grid filters for an 
experimental series conducted at 50 μM 1-NA concentration. The "effective concentration" of 1-NA was thus calculated by mul-
tiplying the concentration of 50 μM by the transmittance of the filter. Assuming a constant laser pulse energy over the whole expe-
rimental series, concentration and "effective concentration" should be directly proportional to the "initial" concentration of 31-NA* 
(the concentration of 31-NA* formed by the laser pulse). It is apparent from Figure 3.6A that the decay rate constant of DMABNͻ+ 
increases non-linearly with the concentration and the "effective concentration" of 1-NA, and thus with the "initial" concentration of 
31-NA*. 
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To further elucidate the reactions controlling the decay of DMABNͻ+ under the conditions of photosensitization, kinetic modelling 
was employed. In addition to the reactions discussed in sub-section 3.1.3., DMABNͻ+ can be assumed to undergo a one-electron 
reduction by Sensͻ (Equation 3.24). 

 DMABNͻ+ +Sensͻ  DMABN +Sens (3.24) 

This reaction is expected to be nearly diffusion-controlled, but in aerated solution it would be overruled by the fast reaction bet-
ween DMABNͻ+ and O2

ͻ (Equation 3.15) at relatively short delay times (>у3 μs) after the laser pulse, because Sensͻ should be 
scavenged by oxygen for most photosensitizers to give O2

ͻ (Equation 3.21). Kinetic modelling was performed according to the 
details given in the SI, Model S3.2 and Table S3.2 and confirmed this qualitative evaluation. The results of the kinetic modelling 
provide values of the rate constant for the decay of DMABNͻ+ that are comparable to those determined experimentally (see Figure 
3.6A). Using modelling, a larger range of the initial 31-NA* concentration than that experimentally available is accessible, which 
suggests that the decay constant of DMABNͻ+ is further reduced for small concentrations of 31-NA*. Further details of the mo-
delling results indicate that the reaction of O2

ͻ with DMABNͻ+ (Equation 3.15) is the dominant pathway for the disappearance of 
DMABNͻ+ for an 31-AN* starting concentration above 2 μM, while for lower starting concentrations the deprotonation reaction 
(Equation 3.16) dominates (see Figure 3.6B to 3.6D).  

 

Figure 3.6. (A) Measured first-order decay rate constant of DMABNͻ+ (black open diamonds) vs. the concentration or "effective 
concentration" of 1-naphthaldehyde (1-NA) (see text for explanations). The values obtained from kinetic modelling are also shown 
as a blue line, which is plotted vs. the initial 31-NA* concentration (upper x-axis). Errors bars represent 95% confidence interval 
from the mean of at least triplicates measurements. (BD) Kinetic modelling results showing the concentration time course of: 31-
NA*, DMABNͻ+, O2ͻ, the radical anion of 1-NA (1-NAͻ) and 4-(methylamino)benzonitrile (MABN). Modelling calculations per-
formed with varying initial 31-NA* concentration: (B) 20 μM, (C) 2 μM, and (D) 100 nM. All measurements or kinetic model calcula-
tions were obtained for aerated solution at pH 8. 

3.4 Conclusions 
This study focused on the decay kinetics of the radical cation of DMABN (DMABNͻ+), which was produced upon direct and sensiti-
zed laser flash excitation in aqueous solution. The lifetime of DMABNͻ+ appeared to be limited by H-atom shift and subsequent 
deprotonation in oxygen-free solution, with a decay rate constant estimated to be on the order of у5103 s1. In the presence of 
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dissolved oxygen, the decay of DMABNͻ+ was also significantly affected by its reaction with the superoxide radical anion (O2
ͻ), 

leading to the reformation of DMABN. However, we expect that this reaction should be negligible for irradiation conditions occur-
ring in the aquatic environment because of the very low concentration O2

ͻ (1012109 M)47 found under these conditions. The 
reaction of DMABNͻ+ with dissolved organic matter, an important natural water component, will be the subject of a follow-up study 
intended to assess the phototransformation rates of DMABN and analogous aquatic contaminants in surface waters. 
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Text S3.1. List of Chemicals 

4-(Dimethylamino)benzonitrile (DMABN, Aldrich, 98%), NaH2PO4ͻ2H2O (Lachner, 100%), Na2HPO4ͻ12H2O (Lachner, 99.3%), H3PO4 
(Lachema, 85%), NaNO2 (Lachema, 98%), acetonitrile (Sigma Aldrich, HPLC grade), triethanolamine (TEA, Sigma, 99%), CCl4 (Sigma, 
99%), O2 (Siad, technical 2.5), N2O (Siad, 99.99%). 

Photosensitizers: 9,10-Anthraquinone-1,5-disulfonate (AQdS, ABCR 98%), 2-acetonaphthone (2-AN, Sigma-Aldrich, 99%), 1-
acetonaphthone (1-AN, Sigma-Aldrich, 97%), 1-naphthaldehyde (1-NA, Aldrich, 95%), thionine acetate salt (THI, Sigma, for micros-
copy), 3-methoxyacetophenone (3-MA, Fluka 97%). 
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Model S3.1. Kinetic modelling of the decay of hydrated electron and radical cation of DMABN (DMABNͻ+) for various conditions 
regarding dissolved gases (O2, N2O, degassed) and pH values. 

Model compilation 

The kinetic modelling was performed using the software Kintecus1. The following concentrations were used: 

[DMABN] = 133μM;  

Starting concentration of [DMABNͻ+] and [݁ୟ୯ି] (hydrated electron) = 2μM 

For O2-purged solution: [O2] = 1.23 mM 

For aerated solution: [O2] = 258 μM 

For N2O-purged solution: [N2O] = 27 mM 

The concentration of [H2PO4
-] and [HPO4

2] was adjusted to the given pH using the pKa value of 7.21 and [H2PO4
] + [HPO4

2] = 2 
mM. The rate constants for acidbase speciation were calculated from the corresponding pKa using a rate constant for the protona-
tion reaction of 5×109 M1 s1. 

The concentration of [H+] and [OH] were calculated from the pH and fixed as constants during the calculations. 

The modeled decay rate constants were retrieved from the Kintecus model results by fitting ln(c/cstart) vs time. The fittings were 
performed excluding the initial part of the decay to avoid incorporating fast second-order kinetic components, and using cstart = 
0.5×c0, where c0 is the concentration of a given species at the beginning of the kinetic model calculation. 

Model explanations 

The starting concentration of [DMABNͻ+] and of the hydrated electron [݁ୟ୯ି] were chosen according to the initial transient absorp-
tion of the laser flash photolysis experiments. In aerated or O2-purged solution, the main decay pathway for ݁ୟ୯ି is its reaction with 
oxygen to form the superoxide radical anion (O2

ͻ, equation A1). The relative importance of a particular reaction was assessed by 
inserting dummy reaction products in the equations (e.g. for Equation A1, one could insert such a dummy reaction product X by 
writing the equation as: ݁ୟ୯ି + O2 ==> O2

ͻ +X), and monitoring the formation of this dummy product (which was not subject to any 
other reaction). 

In experiments with degassed solutions the main decay pathway for the hydrated electron is most probably its reaction with 
DMABN to form a radical anion of DMABN (Equation A9). 2 The fate of such a radical is not known to our knowledge. The reactivity 
of the hydrated electron with water or with constituents of the buffer was of minor importance in our system (Equations A4A8; 
A10A12). 

The fate of the radical cation of DMABN (DMABNͻ+) is either reaction with the superoxide radical anion (Equation A13) or the hy-
drated electron (Equation A2) to give back the parent compound DMABN, or deprotonation (Equation A14) followed by reaction 
with oxygen and elimination of superoxide radical anion yielding an imine intermediate (equation A16) that will undergo hydrolysis 
yielding the demethylated product of DMABN, 4-(methylamino)benzonitrile (MABN). This set of reactions (Equations A14; A16 and 
A17) was written to mimic the photodegradation pathway of DMABN in aerated solution.3 For degassed solutions, the phototrans-
formation pathway of DMABN is not known, and Equation A18 was written to reflect the observed disappearance of DMABNͻ+ in 
these experiments. 

In the presence of oxygen, the reaction of DMABNͻ+ with O2
ͻ (Equation A13) was found to be more important than its reaction 

with ݁ୟ୯ି (Equation A2). The former reaction could explain the longer observed lifetime of DMABNͻ+ at lower pH, for which the 
concentration of O2

ͻ is lowered by its protonation (Equation A20) and disproportionation (Equation A23). 
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Table S3.1. Proposed kinetic model following the direct photoionization of DMABN 

 

  

No Reaction Rate constant Comment  Ref. 

Hydrated electron (ܙି܉ࢋ) reactions 

A1 ݁ୟ୯ି+ O2 ==> O2
ͻ- 2×1010 (M-1 s-1)  4 

A2 ݁ୟ୯ି+DMABNͻ+ ==> DMABN 1×1010 (M-1 s-1) Estimation  

A3 ݁ୟ୯ି +N2O ==> OHͻ +N2+OH- 9.1×109 (M-1 s-1)  5 

A4 ݁ୟ୯ି +e- ==> H2 + 2 OH- 5.5×109 (M-1 s-1)  6 

A5 ݁ୟ୯ି +Na+ ==> Na 2×104 (M-1 s-1)  6 

A6 ݁ୟ୯ି +H+ ==> Hͻ 2.3×1010 (M-1 s-1)  6 

A7 ݁ୟ୯ି +Hͻ ==> H2 +OH- 2.5×1010 (M-1 s-1)  6 

A8 ݁ୟ୯ି + OHͻ ==> OH- 3×1010 (M-1 s-1)  6 

A9 ݁ୟ୯ି +DMABN ==> DMABNͻ- 1.4×1010 (M-1 s-1) Value for 4-methyl-
benzonitrile 

6 

A10 ݁ୟ୯ି +H2O ==> Hͻ + OH- 20 (M-1 s-1)  6 

A11 ݁ୟ୯ି +H2PO4
- ==> Hͻ +HPO4

2- 1.9×107 (M-1 s-1)  6 

A12 ݁ୟ୯ି + HPO4
2- ==> Hͻ +PO4

3- 1.4×105 (M-1 s-1)  6 

DMABN  reactions 

A13 DMABN+ͻ +O2
ͻ- ==> DMABN+O2 3×109 (M-1 s-1) Estimation  

A14 DMABN+ͻ ==> DMABNrͻ +H+ 5×103 (s-1) Estimation  

A15 DMABNrͻ +H+ ==> DMABNͻ+ 5×109 (M-1 s-1) Estimation  

A16 DMABNrͻ +O2 ==> DMABNim +O2
ͻ- 5×109 (M-1 s-1) Estimation  

A17 DMABNim +H2O ==> MABN +H2CO +H+ 1×109 (M-1 s-1) Estimation  

A18 DMABNrͻ ==> MABN 3×105 (s-1) Reaction added for degassed 
and N2O-purged solutions  

Other reactions 

A19 Hͻ +OHͻ ==> H2O 7×109 (M-1 s-1)  6 

A20 O2
-ͻ +H+ ==> HO2

ͻ 5×109 (M-1 s-1) From pKa  4.8 4 

A21 HO2
ͻ ==> O2

ͻ- +H+ 7.5×104 (s-1)  4 

A22 HO2
ͻ + HO2

ͻ ==> H2O2 +O2 8.3×105 (M-1 s-1)  4 

A23 HO2
ͻ +O2

ͻ- ==> HO2
- +O2 9.7×107 (M-1 s-1)  4 

A24 H2O2 ==> HO2
- + H+ 1.2×10-2 (s-1) From  pKa  11.62 7 

A25 HO2
- +H+ ==> H2O2 5×109 (M-1 s-1)  7 

A26 DMABN +OHͻ ==> DMABNOH 5×109 (M-1 s-1) Estimation  
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Model S3.2. Kinetic modelling to determine the lifetime of the radical cation of DMABN (DMABNͻ+) formed through photosensitiza-
tion using 1-naphthaldehyde (1-NA) 

Model compilation 

The modelling was performed using the software Kintecus1. The following conditions were used: 

[DMABN] = 500μM; [O2] = 280 μM; [H+] = 10 nM; [OH-] = 1 μM.  

The rate constant for deprotonation reactions were calculated from the acid-base equilibrium constants using a rate constant for 
the protonation reaction of 5×109 M1 s1. 

The modeled decay rate constants were retrieved from the Kintecus model results by fitting ln(c/cstart) vs time. The fittings were 
performed excluding the initial part of the decay to avoid incorporating fast second-order kinetic components, and using cstart = 
0.5×c0, where c0 is the concentration of a given species at the beginning of the kinetic model calculation. 

Model explanations 

The decay of the triplet state of 1-NA (31-NA*) is dominated in the model by its reaction with DMABN (Equation B1), with a non-
negligible (21%) contribution of quenching by O2 (Equation B2).  

As the fraction of 31-NA* undergoing quenching by DMABN through energy loss (Equation 3.19 in the main paper) is not known, 
Equation B1 was written by neglecting this deactivation channel of 31-NA* and assuming that the rate constants for quenching of 
31-NA* by DMABN and for reactive quenching leading to DMABNͻ+ formation are identical. 

Similarly, the model does not take into account other deactivation pathways for 31-NA* such as triplettriplet annihilation and the 
various unimolecular deactivation channels, but these should be negligible under the present experimental conditions. 

Regarding the quenching of 31-NA* by O2, no distinction between the energy transfer pathway yielding 1O2 and the energy loss 
pathway was done, because 1O2 is not expected to react with any of the relevant species in solution. Moreover, a possible reactive 
quenching (leading to the transformation of 1-NA) was neglected. 

The decay of the radical cation of DMABN (DMABNͻ+) is affected by its two reactions with the radical anion of 1-NA (1-NAͻ) and 
O2

ͻ (Equations B5 and B6) and by its deprotonation (Equation B7). The relative importance of these three reactions depends on 
the starting 31-NA* concentration: For [31-NA*] > 2 μM the reduction reactions to recover DMABN were dominant, whereas for [31-
NA*] < 2 μM the deprotonation reaction, finally leading to the formation of MABN, prevailed. Moreover, the reaction between 
DMABNͻ+ and O2

ͻ was always more important for the fate of DMABNͻ+ than its reaction with 1-NAͻ. 

The modelling results also showed that the decay of O2
ͻ was almost exclusively due to its reaction with DMABNͻ+ (Equation B6), 

whereas the protonation and disproportionation reactions of O2
ͻ (Equations B11 and B14) played only a minor role. 
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Table S3.2. Proposed kinetic model for the influence of the starting concentration of the triplet state of 1-naphthaldehyde (31-NA*) 
on the lifetime of the radical cation of DMABN (DMABNͻ+) 

  

 

 

  

No Reaction Rate constant Comment  Ref. 

Triplet state of 1-Naphthaldehyde decay and singlet oxygen  

B1 31-NA* +DMABN ==> DMABNͻ+ +1-NAͻ- 3.4×109 (M-1 s-1) This paper  

B2 31-NA +O2 ==> 1-NA + products 1.8×109 (M-1 s-1) Estimation from  
31-NA* lifetime  

B3 (not used)    

B4 1-NAͻ- +O2 ==> 1-NA +O2
ͻ- 3.4×109 (M-1 s-1) Estimation  

Recombination reactions of DMABN + 

B5 DMABNͻ+ +1-NAͻ- ==> DMABN +1-NA 4×109 (M-1 s-1) Estimation  

B6 DMABNͻ+ +O2
ͻ- ==> DMABN +O2 3×109 (M-1 s-1) Estimation  

Decay reactions of  DMABN  

B7 DMABNͻ+ ==> DMABNrͻ +H+ 5×103 (s-1) Estimation  

B8 DMABNrͻ +H+ ==> DMABNͻ+ 5×109 (M-1 s-1) Estimation  

B9 DMABNrͻ +O2 ==> DMABNim +O2
ͻ- 5×109 (M-1 s-1) Estimation  

B10 DMABNim +H2O ==> MABN +H2CO +H+ 1×109 (M-1 s-1) Estimation  

Other reactions 

B11 O2
ͻ- +H+ ==> HO2

ͻ 5×109 (M-1 s-1) From  pKa   4.8 4 

B12 HO2
ͻ ==> O2

ͻ- +H+ 7.5×104 (s-1)  4 

B13 HO2
ͻ + HO2

ͻ ==> H2O2 +O2 8.3×105 (M-1 s-1)  4 

B14 HO2
ͻ +O2

ͻ- ==> HO2
- +O2 9.7×107 (M-1 s-1)  4 

B15 H2O2 ==> HO2
- + H+ 1.2×10-2 (s-1) From  pKa  11.62 7 

B16 HO2
- +H+ ==> H2O2 5×109 (M-1 s-1)   
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Figure S3.1. Spectral molar absorption coefficients of the photosensitizers used during the experiments, measured in pH 8 phos-
phate-buffered aqueous solution (containing small amount of acetonitrile as a co-solvent in the case of 1-naphthaldehyde (0.6% 
v/v) and 3-methoxyacetophenone (10% v/v)). 
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Table S3.3. Observation wavelengths used in LFP kinetic measurements to determine the decay rate constants of transient species. 

 

 

 

 

 

  

Transient Species Observation wavelength (nm) 

Excitation Wavelength 266nm 
3DMABN* 400 & 600 

DMABNͻ+ 500  

Hydrated electron ( ݁௔௤ି) 600 & 700 

Excitation Wavelength 355 or 532 nm 

DMABNͻ+ 500 & 520 

9,10-Anthraquinone-1,5-disulfonate triplet (3AQdS*) 420 & 470 

9,10-Anthraquinone-1,5-disulfonate radical anion (AQdSͻ-) 500 

2-Acetonaphthone triplet (32-AN*) 440 

2-Acetonaphthone radical anion (2-ANͻ-) 400 

1-Naphthaldehyde triplet (31-NA*) 600 

1-Naphthaldehyde radical anion (1-NAͻ-) 400 

3-Methoxyacetophenone triplet (33-MOAP*) 400 

Thionine triplet (3THI*) 670 

Thionine radical anion (THIͻ-) 400 

1-Acetonaphthone triplet (31-AN*) 500 
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Figure S3.2. Transient absorption spectra following a 355nm laser pulse in pH 8 aerated conditions of solutions containing: (A) 1-
Naphthaldehyde (1-NA, 300 μM). (B) 1-NA (300 μM) + triethanolamine (TEA, 10 mM). (C) 1-NA 300 μM + DMABN (500 μM). 

 

Text S3.2. Transient species observed in the 1-naphthaldehyde (1-NA) system 

The absorption spectrum of triplet 1-NA (31-NA*) has a broad maximum centered at у500 nm (Figure S3.2.A). 8, 9 A band centered 
at the у420 nm can be attributed to the radical anion of 1-NA (Figure S3.2.B). The DMABNͻ+ band can be observed at у500 nm on a 
long timescale in the 1-NA + DMABN system (Figure S3.2.C). 
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Figure S3.3. Transient absorption spectra following 355 nm laser pulse excitation in pH 8 aerated conditions of solutions containing: 
(A) 1-Acetonaphthone (1-AN, 250 μM). (B) 1-AN (250 μM) + DMABN (500μM). 

 

Text S3.3. Transient species observed in the 1-acetonaphthone (1-AN) system 

The absorption spectrum of triplet 1-AN (31-AN*) has a maximum centered at у500 nm (Figure S3.3.A). No additional species were 
observable in the 1-AN + DMABN system (Figure S3.3.B), probably because of the low reactivity of DMABN towards 31-AN*. 
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Figure S3.4. Transient absorption spectra following 355 nm laser pulse excitation in pH 8 aerated conditions of solutions containing: 
(A) 9,10-Anthraquinone-1,5-disulfonate (AQdS, 1 mM). (B) AQdS (1 mM) + NaNO2 (10 mM). (C) AQdS (1 mM) + DMABN (400 μM). 

 

Text S3.4. Transient species observed in the 9,10-anthraquinone-1,5-disulfonate (AQdS) system 

The absorption spectrum of triplet AQdS (3AQdS*) exhibits a maximum at у400 nm (Figure S3.4.A). The radical anion of AQdS 
(AQdSͻ) was produced by electron transfer from nitrite to 3AQdS* and shows an absorption band centered at у520 nm (Figure 
S3.4.B). 10  

The absorption spectrum of DMABNͻ+ overlaps with the one of AQdSͻ (Figure S3.4.C), making the AQdS system unpractical for the 
measurement of DMABNͻ+. 
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Figure S3.5. Transient absorption spectra following 532 nm laser pulse excitation in pH 8 aerated conditions of solutions containing: 
(A) Thionine (THI, 35 μM). (B) THI (35 μM) + TEA (10 mM). (C) THI (35 μM) + DMABN (500 μM). 

 

Text S3.5. Transient species observed in the thionine (THI) system 

Upon LFP of a thionine solution, the triplet its triplet absorption spectrum as well as a bleaching of its ground-state absorption can 
be observed (Figure S3.5.A), since THI absorbs light across the whole observation spectral window (Figure S3.1).Therefore, the 
observed traces are differential spectra. In the presence of triethanolamine (TEA), the radical anion of THI can be observed with an 
absorption band at у400 nm (Figure S3.5.B). DMABNͻ+ can be observed on a long timescale in the THI + DMABN system (Figure 
S3.5.C). 
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Figure S3.6. Transient absorption spectra following 355 nm laser pulse excitation in pH 8 aerated conditions of solutions containing: 
(A) 3-Methoxyacetophenone (3-MOAP, 10 mM). (B) 3-MOAP (10 mM) + TEA (10 mM). The solutions contain 10% (v/v) acetonitrile 
as co-solvent. 

 

Text S3.6. Transient species observed in the 3-methoxyacetophenone (3-MOAP) system 

The absorption spectrum of triplet 3-MOAP (33-MOAP*) exhibits a maximum at у400 nm and a shoulder at у440 nm (Figure S3.6.A). 
11 The spectrum of the radical anion of 3-MOAP overlaps with the one of the triplet with an absorption centered at 420 nm. (Figure 
S3.6.B). 
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Figure S3.7. Stern-Volmer plots used for the determination of the second-order rate constant for the quenching of excited triplet 
photosensitizers by DMABN (see Table 3.2 in the main paper). (A) 1-Acetonaphthone (1 mM); (B) 3-Methoxyacetophenone (10 mM, 
with 10% (v/v) acetonitrile as a co-solvent); (C) Thionine (50 μM); (D) 9,10-Anthraquinone-1,5-disulfonate (1 mM). (E) 1-
Naphthaldehyde (300 μM, with 0.6% (v/v) acetonitrile as a co-solvent). All measurements were done in aerated pH 8 phosphate-
buffered solutions. 
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Figure S3.8. Kinetic trace obtained upon 266 nm laser flash excitation (at time t = 0 ms) of DMABN (133 μM) under N2O-ventilated 
conditions in pH 8 phosphate-buffered aqueous solution. Wavelength of detection: 500 nm. The fitting was performed neglecting 
the first 9 μs using the software FlashFit. 

 

 

Text S3.7. Method to determine the pseudo-first-order decay rate constant of DMABNͻ+ formed by photosensitization using 1-
naphthaldehyde (1-NA). 

The kinetic traces at ʄ = 500 nm were used for this determination. As the absorption signal at this wavelength consists of a super-
position of the absorption signals 31-NA* and DMABNͻ+, the deconvolution of the two signal was done according to the following 
method: (A) The 31-NA* decay constant was determined separately at ʄ=600nm where DMABNͻ+ signal is absent. For [1-NA]  50 
ʅM the 3Sens* decay constants were determined by fitting the kinetic traces at  = 600 nm; For 1-NA "effective concentration" <50 
μM, the 3Sens* decay was no longer measurable due to a too weak signal and the decay constant was fixed at 1.2×106 s1 (the 
mean value of the measurements at higher 1-NA concentration that does not to vary with 1-NA concentration). (B) The kinetic 
traces at ʄ=500 nm were then fitted to extract DMABNͻ+ decay constants using a double exponential model function, whereby one 
of the exponential decay constants was fixed at the value corresponding to the 3Sens* decay determined under (A). 
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Text S3.8. Kinetic model used to fit the measured decay curves of 3DMABN*, DMABNͻ+ and ݁ୟ୯ି in degassed solution 

Reaction equations (with corresponding rate constants given on the right): 

  (A) 3DMABN* ї DMABN  k0 

  (B) 3DMABN* + 3DMABN* ї DMABN + 1DMABN*  kTT 

 (C) ݁ୟ୯ି + DMABN ї DMABNͻ  ke– 

  (D) DMABNͻ+ + DMABNͻ ї 2 DMABN  kredox 

 (E) 1DMABN* ї 3DMABN* kisc 

 (F) 1DMABN* ї DMABN kf + kic 

 (G) DMABNͻ+ ї products kRAD 

Differential equations for the concentrations of 3DMABN*, ݁ୟ୯ି and DMABNͻ+: 

 dcT/dt= –k0*cT – (2  isc)*kTT*cT
2 (S3.1) 

 dce–/dt= –ke–*ce–*cDMABN (S3.2) 

 dcRAD/dt= –kRAD*cRAD (S3.3) 

To describe the fate of the various transient species formed upon LFP of DMABN in degassed solution, we constructed a kinetic 
model based on processes A to G. Thereby, it is important to note that the excited singlet state of DMABN (1DMABN*) decays much 
faster than all other transient species. Equation S3.1 represents the differential rate equation for the deactivation of the excited 
triplet state of DMABN (3DMABN*, concentration defined as cT), consisting of a unimolecular decay (Process A, with rate constant 
k0) and a triplet–triplet annihilation process (Process B, with rate constant kTT). The coefficient of the second-order member, i.e. (2 
 isc), takes the reformation of 3DMABN* through intersystem crossing from 1DMABN* (which is a product of triplet–triplet annihi-
lation) into account, whereby isc = kisc /(kf + kic +  kisc) is the intersystem crossing quantum yield (from 1DMABN*). isc is not known 
for aqueous solutions at room temperature, but was determined to be 0.80 and 0.55 in n-hexane and ethanol solutions, respective-
ly.12 The differential rate laws for the hydrated electron (݁ୟ୯ି) (Process C, with rate constant ke–) and the cation radical of DMABN 
(DMABNͻ+) (Process D, with rate constant kRAD) are given in Equations S3.2 and S3.3, where ce– and cRAD are the concentrations of ݁ୟ୯ି and DMABNͻ+, respectively. The concentration of DMABN in the electronic ground state was considered to be constant (cDMABN 

= 90 M) during the reaction time, as we considered that cDMABN was not significantly changing after excitation. The concentrations 
of 3DMABN* and DMABNͻ+ obtained from minimization were about two orders of magnitude smaller (cT= 1.77 M; cRAD= 0.63 M) 
than cDMABN. Therefore, we approximated the quenching of solvated electrons by ground-state DMABN (C, ke–) as a pseudo first 
order process.  

To determine the rate constants of the individual deactivation processes of the transients (k0, kTT, ke–, kRAD), absorbance kinetic 
traces of laser flash-excited DMABN (c = 90 M) in degassed aqueous solutions were measured at 400, 500 and 600 nm, where the 
absorption of three transients, 3DMABN*, ݁ୟ୯ି, and DMABNͻ+ contributed to the kinetic traces. Note that the ground state of 
DMABN does not absorb at wavelengths longer than 360 nm. 

The most accurate estimates of the rate constants were obtained by the global fit of the differential rate equations (Equations 
S3.1о3) to three kinetic traces at 400, 500 and 600 nm measured under otherwise identical experimental conditions (see an 
example in Figure S3.9). For the fit of each kinetic trace, the initial concentrations of 3DMABN*, ݁ୟ୯ି and DMABNͻ+ were set as initial 
estimates: The concentration of 3DMABN* was calculated from the absorbance at 400 nm, the concentration of DMABNͻ+ was 
estimated from the absorbance at 500 nm and the concentration of ݁ୟ୯ି was set equal to the concentration of DMABNͻ+. The cor-
responding molar absorption coefficients of transients were taken from literature (see Table S3.4). The first-order (k0; kRAD); pseu-
do-first-order (ke–) and second-order (kTT) rate constants obtained from the minimization of three sets of kinetic traces are sum-
marized in Table S3.5. 
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Table S3.4. Molar absorption coefficients applied for the estimates of the initial concentrations of the transient species for the 
global fit.  

 
extinction coefficient / M-1 cm-1 Initial  

concentration / M 400nm 500nm 600nm ݁ୟ୯ି a 2000 5200 12500 8.95×10-7 
3DMABN* (in EtOH) b 9000 3800 4000 1.77×10-6 

DMABNͻ+ b 1000 7800 0 6.32×10-7 

     
Note: afrom Ref. 6 , bfrom Ref. 12  

 

 

Table S3.5. Rate constants of the studied transients obtained from three independent measurements by applying the global fitting 
procedure described above. 

k0 / s-1 (2 isc)×kTT / M-1 s-1 ke- / M-1 s-1 kRAD /s-1 

(3.57±0.17) ×104 (3.2±0.6) ×109 (9.7±1.1) ×109 (5.33±0.99) ×103 
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Figure S3.9. Fits of the kinetic traces measured at: (a) 400 nm, (b) 500 nm and (c) 600 nm. 
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Abstract 

Aromatic amines are compounds often found in aquatic environments that are susceptible to oxidative phototransformation in-
duced by dissolved organic matter (DOM). This reaction is mainly attributed to electron transfer from the aromatic amine to excit-
ed triplet states of DOM (3DOM*) to produce a radical cation of the amine. The resulting radical cation intermediate can undergo 
reduction to the parent amine, and this is believed to be the reason for the inhibition of excited triplet-induced oxidation caused by 
DOM or model phenolic antioxidants. To provide new evidence for these reaction steps we present in this paper a laser flash pho-
tolysis investigation of the photosensitized oxidation of N,N-dimethyl-4-cyanoaniline (DMABN). The produced radical cation 
(DMABNͻ+) was observed to react with several phenols and different types of DOM on a time scale of up to hundred microseconds. 
The determined second-order rate constants for the quenching of DMABNͻ+ by phenols increased with increasing electron-
donating strength of the aromatic ring substituent, reaching values close to the diffusion-controlled limit for 4-methoxyphenol. For 
DOM, such rate constants were proportional to the electron donating capacity of the DOM. The oxidation of sulfadiazine brought 
about by excited triplet state of a series of aromatic ketones was also investigated and found to proceed by electron transfer, yield-
ing a radical cation intermediate. This radical was shown to react with 4-methoxyphenol, suggesting a similar reaction mechanism 
as for the reduction of DMABNͻ+. 

 

 

  



Chapter 4 

91 
 

4.1 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, 1-9 the latter process being sensitized by dissolved or-
ganic matter (DOM). 10 Excited triplet states of DOM (3DOM*) are the reactive intermediate formed upon DOM photoirradiation 
that are believed to be mainly responsible for the DOM-photosensitized transformation of such aromatic amines. The initiation of 
the transformation is attributed to a one-electron transfer from the aromatic amine to 3DOM*, which generates the corresponding 
aminyl radical cation. 11-13 

Besides acting as a photosensitizer, DOM can also inhibit the indirect phototransformation of some classes of organic contami-
nants, in particular aromatic amines. 7 This inhibition, observed as a slowing down of the phototransformation upon increase in 
DOM concentration, has been the subject of extensive studies in our research group during the last ten years. 14-16 It was postulated 
that the inhibition originates from the reduction of oxidation intermediates of the target organic contaminant, formed upon reac-
tion of the contaminant with 3DOM*, by electron-donating (also named antioxidant) moieties of the DOM. In the case of aromatic 
amines, such oxidation intermediates are probably identical with the corresponding aminyl radicals or radical cations. 

While extensive work has been done to characterize the inhibitory effect of DOM and model phenolic antioxidants on the photo-
sensitized transformation of contaminants under steady-state irradiation, the direct observation of the transient radical species 
formed upon oxidation of the contaminant by 3DOM* and their reaction with DOM is still outstanding. To our knowledge, the only 
case of direct observation of a radical formed by direct photoionization and reacting with DOM is described in a recent study by 
McNeill and coworkers,11 who investigated the tryptophanyl radical cation reacting at pH 3 with DOM and a few phenolic antioxi-
dants. The goal of the present study is to show that analogous reactions of DOM and phenols can occur with aniline radical cations 
at neutral pH after photosensitized oxidation of selected anilines. The radical cation of N,N-dimethyl-4-cyanoaniline (DMABN) was 
selected as the main radical species subject of this study. This radical cation was produced by laser flash excitation through direct 
photoionization or photosensitized oxidation of DMABN, as detailed in a preceding study. 17 Its decay kinetics in the presence of 
various concentrations of a few types of DOM and some phenols, was measured. A similar, but limited investigation was also per-
formed using the radical cation of sulfadiazine, a sulfonamide antibiotic. 

4.2 Experimental Section 

4.2.1 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 S4.1). All experiments were done in phosphate-buffered water (2 mM total phosphate concentration, final pH 8.0 except 
when otherwise mentioned) using stock solutions prepared in water except for most photosensitizers. Stock solutions of  
3-methoxyacetophenone, 1-naphthaldehyde, 2-acetonaphthone and 1-acetonaphthone were made in acetonitrile (MeCN) because 
of the limited solubility of these compounds in water. The concentration of the cosolvent MeCN in the sample solutions did not 
exceed 10% (v/v) and do not affect the experiments. The water used in the experiments was obtained from a Aqua Osmotic 02A 
purification system. Suwannee river fulvic acid (SRFA, catalogue number 1S101F), Suwannee river humic acid (SRHA, 1S101H), Pony 
lake fulvic acid (PLFA, 1R109F) were purchased from the International Humic Substances Society (IHSS, St. Paul, Minnesota), stock 
solutions of the fulvic and humic acids were prepared at concentrations of 50100 mgC/L, the carbon content of the first stock 
solution was quantified by a total organic carbon (TOC) analyzer, while the concentration of subsequent stock solutions were quan-
tified spectrophotometrically using the first solutions as references. Please refer to the SI for the full characteristics of the fulvic and 
humic acids. 

Natural water was collected on November 14th 2014, near the outlet of Etang de la Gruère (EG) (47.2376N, 7.0494 E), a small pound 
(area у80’000m2) surrounded by timbers and boggy wetlands.  EG water was filtered on pre-washed 0.45μM pore size cellulose 
nitrate filter and stored at 4ȗ in the dark. It has a high DOM concentration of 22.8 mgC/L and a pH of 7.7 (see Ref. 13 for full charac-
teristics of the water). 

4.2.2 Laser Flash Photolysis (LFP) Setup 
Nanosecond LFP experiments using pulses of ч170 ps duration from a Nd:YAG laser were conducted as detailed elsewhere.17 The 
observation wavelengths of the different transient species are given in the SI, Table S4.2. Absorbance values of the sample solu-
tions were usually adjusted to 0.50.8 (for 1 cm optical path length) at the excitation wavelength. Solutions were sparged using a 
gentle stream of N2O for 15 minutes prior to measurements or naturally aerated. Electronic absorption spectra of the sample solu-
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tions were measured regularly in-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 an ambient 
temperature of 21±1 °C. 

4.2.3 Kinetic Analyses 
The kinetic traces were mainly fitted to single or multiple exponential decay model functions using the software Flash Fit v. 0.11. 
The statistical errors of the first-order rate constants given in the tables are expressed as 95% confidence intervals and were calcu-
lated using the values of at least triplicate measurements. 

4.2.4 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 equiva-
lent Eutech Instruments pH600 was used to measure pH. The total organic carbon of the humic and fulvic acids solutions and of EG 
water were measured on a Shimadzu TOC-L CSH total organic carbon analyzer. 

4.3 Results and Discussion 

4.3.1 Radical Cation of N,N-Dimethyl-4-cyanoaniline (DMABN), DMABN  

4.3.1.1 Kinetics of the Reaction between DMABN  and Phenols as Model Antioxidants 
Using the LFP methods developed recently, the radical cation of DMABN (DMABNͻ+) was generated either by direct photoionization 
(eq. 4.1) or by triplet-photosensitized oxidation (eqs. 4.23). 17 Kinetic traces corresponding to the absorption of DMABNͻ+ were 
recorded for solutions containing various concentrations of one of the selected phenols, and the first-order rate constants for the 
decay of DMABNͻ+ were determined for the direct photoionization experiments (Fig. 4.1A) and for the triplet photosensitization 
experiments (Fig. 4.1B). These rate constants are plotted in Figure 4.1 versus the concentration of the various phenols. A linear 
increase with increasing concentrations of the phenols can be observed for the decay rate constant of DMABNͻ+. Therefore, a 
Stern-Volmer analysis was used to obtain  ݇DMABNȈ൅,����q  , the second-order rate constant for the quenching reaction between 

DMABNͻ+ and the phenols (eq. 4.4), using the following equation:  ݇DMABNȈ൅obs  = ݇DMABNȈ൅0 ൅  ݇DMABNȈ൅,����q  [����], where  ݇DMABNȈ൅obs   is the observed first-order decay rate constant of DMABNͻ+ in the presence of phenol and  ݇DMABNͻ+
0  is the analogous 

rate constant in the absence of phenol. 
Fig. 4.1B was constructed neglecting the data with low or no phenol concentration to ensure that the used phenol was the main 
quencher in the reaction. It can be observed that the accuracy of the obtained results is higher for photosensitization experiments 
(Fig. 4.1B, coefficient of determination R2 of 0.96-0.995) than for direct photoionization experiments (Fig. 4.1A, coefficient of de-
termination R2 of 0.35-0.86), which is probably due to the relatively low efficiency of the photoionization process at the employed 
excitation wavelength, resulting in the generation of weak transient signals. 

DMABN +hʆ DMABNͻ+ +e- (4.1) 

Sens +hʆ  1Sens*  3Sens* (4.2) 

3Sens* +DMABN  DMABNͻ+ +Sensͻ  (4.3) 

DMABNͻ+ +Phenol  DMABN +Phenolͻ+  (4.4) 

The ݇DMABNȈ൅,����q    values obtained in the direct photoionization system show similar trends as the ones obtained in the triplet 

photosensitization system, with higher rate constants for electron-rich phenols (Table 4.1). However, the values obtained for the 
direct photoionization system were systematically higher by a factor у2 than the others. Following this comparison between the 
two systems, the direct photoionization system was not used for further experiments but is presented here as a proof of the validi-
ty of the photosensitized system. 

Figure 4.1C shows a Hammett plot of  ݇DMABNȈ൅,����q   values from Fig. 4.1B vs the Hammett substituent descriptor + (often used in 

the case of oxidation of a substrate)18, 19 of the corresponding phenols. The Hammett plot shows a good linearity and a linear re-
gression analysis of these data yields a slope (the so-called "reaction constant")  of 2.0±0.6. 
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Figure 4.1. (A) Stern-Volmer plot for the reaction between the radical cation of 4-(dimethylamino)benzonitrile (DMABNͻ+), obtained 
by photoionization (266-nm laser pulse), and several phenols. (B) Stern-Volmer plot for the reaction between DMABNͻ+, obtained 
by 300μM 1-naphthaldehyde photosensitization of 500μM DMABN (355nm laser pulse) and several phenols. (C) Decadic logarithm 
of the second-order rate constant for the quenching reaction of DMABNͻ+ by phenols (݇DMABNͻ+,PhOH

q  ) obtained in the photosensi-

tized system vs the electrophilic substituent descriptor + from Ref. 18. Errors bars represent 95% confidence intervals obtained 
from the mean of at least triplicate measurments. (A) and (B), errors on the slopes represent 95% confidence intervals from linear 
regressions, (C) errors on the slope and intercept represent standard error obtained from linear regression. 

Table 4.1. Measured second-order rate constant for the quenching reaction of DMABNͻ+ by several phenols (݇DMABNͻ+,PhOH
q  ) or 

DOM (݇DMABNͻ+,DOM
q  ) obtained in aqueous solutions at pH8 either by direct photoionization of DMABN or by triplet photosensitiza-

tion using 1-naphthaldehyde. 

 

+ (para) a 

݇DMABNͻ+,PhOH
q   

Direct photoionization 
(108 M1  s1) b 

݇DMABNͻ+,PhOH
q   

Photosensitized experiments 
(108 M1  s1) c 

4-Methoxyphenol -0.778 46 ±9 21.3 ±0.2 

Resorcinol  1.9 ±0.8 1.34 ±0.14 

p-Cresol -0.311  1.07 ±0.04 

p-Tertbutylphenol -0.256  0.72 ±0.05 

Phenol 0 1.1 ±0.7 0.55 ±0.04 

 

EDC  (μMe- mgC-1) d 

݇DMABNͻ+,DOM
q   

 (103 L mgC1 s1) c 

SRFA (I) 2848 e 2.9 ±0.4 

PLFA 1203 0.76 ±0.16 

SRHA 3684 5.6 ±0.5 

Etang de la Gruère  1.1 ±0.4 

 

Notes: a Electrophilic substituent constants from Ref. 18; b 266 nm laser excitation wavelength, 133 μM DMABN in N2O-purged 
solution; c 355nm laser excitation wavelength, 1-naphthaldehyde 300μM + DMABN 500μM under aerated condition. d electron 
donating capacity (EDC) calculated using data from Ref. 20 and carbon content given on www.humicsubstances.org accessed on 
14.03.2016; e EDC of SRFA (II), The EDC of SRFA (I) and SRFA (II) are nearly identical.21 
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4.3.1.2 Second-Order Rate Constants for the Reaction of DMABN  with DOM 
Similarly as for phenols, the decay of DMABNͻ+ produced by 1-NA photosensitization (eq.4.3) is accelerated by the presence of 
DOM (Fig.4.2). The first-order rate constants for the decay of DMABNͻ+ were determined and a linear increase in rate constant with 
increasing concentration of the DOM can be observed. Therefore, as for the phenols a Stern-Volmer analysis was used to obtain the 
second-order rate constant for the reaction of DMABNͻ+ with DOM (݇DMABNͻ+,DOM

q  ). The various types of investigated DOM includ-

ed a few commercially available fulvic and humic acid extracts and the DOM of a natural water (used without extraction). For the 
extracts, ݇DMABNͻ+,DOM

q   values resulted to be proportional to the electron donating capacity (EDC) of these materials (Table 4.1).  

Interestingly the quenching rate constant value for the natural water (Étang de la Gruère, EG) falls between the corresponding 
values for SRFA (of almost pure allochthonous origin) and PLFA (of almost pure autochthonous origin). This probably reflects the 
provenance of the DOM of EG water, from both autochthonous (algal and bacterial derived) and allochthonous (from the degrada-
tion of plants) sources. 

The rate constant obtained for SRFA, (2.9±0.4)×103 L mgC
-1 s-1, is lower by a factor of 4 than the value of the rate constant for the 

quenching of the radical cation of tryptophan by SRFA obtained at pH3 in a previous study, i.e. (1.1±0.2)×104 mgC
-1 L s-1. 11 This 

difference is hard to explain, since one would expect DMABNͻ+ (one-electron oxidation potential of у1.3 V vs. SHE) 17 to be a 
stronger oxidant than the tryptophanyl radical cation (oxidation potential of 1.0 V), 11 and SRFA should be a better electron donor 
at pH 8 than at pH 3. Thus for DMABNͻ+ a higher rate constant for quenching by SRFA would be expected than for the tryptophanyl 
radical cation. 

 

Figure 4.2. Stern-Volmer plot for the reaction between DMABNͻ+ obtained by 1-naphthaldehyde photosensitization (355nm laser 
pulse) with Suwannee River or Pony Lake fulvic acids (SRFA or PLFA, respectively), Suwannee River humic acid (SRHA), and Étang de 
la Gruère water (EG). 

 

4.3.1.3 Deuterium Isotope Effect on the Rate Constants for the Quenching of DMABN  by Phenols 
Two alternatives should be considered for the mechanism of the reaction between the phenols and DMABNͻ+: hydrogen atom 
transfer or electron transfer. To test the two alternatives, the measurement of the deuterium isotope effect was employed. Deu-
teration of the phenolic hydrogen, which undergoes a rapid proton exchange with water, was implemented by using D2O as the 
solvent.22 The second-order rate constants in D2O, ݇DMABNͻ+,PhOD

q  , were determined to be (3.3 ±0.4)×107 M1 s1 for phenol and 

(1.36 ±0.19)×109 M1 s1, resulting in isotope effect (݇DMABNͻ+,PhOH
q ݇DMABNͻ+,PhOD

qൗ  ) values of 1.66 and 1.57, respectively. These 

relatively small values tend to exclude a H atom abstraction mechanism, suggesting either a pure electron transfer or a proton-
coupled electron transfer mechanism.22 
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4.3.1.4 Phenoxyl Radical Formation  
The detection of a phenoxyl radical formed during the reaction of DMABNͻ+ with phenols (eq. 4.4) would be a further evidence for 
the postulated reaction. 

It as to be noted that the radical cation of a given phenol (PhOHͻ+) is the postulated primary product of the reaction of DMABNͻ+ 

with the phenol (eq. 4.4), but it cannot be observed with the experimental methods of the present study due to its very fast depro-
tonation (pKa <0)23 yielding the corresponding phenoxyl radical (PhOͻ, eq. 4.5). This radical can in turn be observed on the timescale 
used. 

 PhOHͻ+  PhOͻ +H+ (4.5) 

A solution containing a photosensitizer, DMABN, and a phenol generates relatively complex transient signals upon LFP, and an 
unambiguous observation of a phenoxyl radical is not evident. To pursue this goal, 2-acetonaphthone (2-AN) was selected as a 
photosensitizer and the unsubstituted phenol was chosen as the quencher of DMABNͻ+ (Fig. 4.3). Thereby, the possible side-
reaction consisting in the formation of the phenoxyl radical from the oxidation of phenol by excited triplet 2-AN (eq. 4.6) has to be 
considered. 

 32-AN* +PhOH   2-ANHͻ +PhOͻ (4.6) 

An unambiguous production of PhOͻ following oxidation of phenol by DMABNͻ+ (eq. 4.4 and 4.5) could be shown by performing 
four different LFP experiments presented in the following list (letters designing each item correspond to the panels in Fig. 4.3). 

(A) The excited triplet state of 2-AN (32-AN*) is generated as the only observable transient from a solution containing 500 μM 2-AN 
(Fig. 4.3A). 32-AN* has an absorption spectrum with a maximum at у440 nm, in accordance with previous studies. 24, 25 Its first-
order decay rate constant measured in aerated solution, (7.54±0.16)×105 s-1, is similar to a previously determined value 
(6.44±0.12)×105  
s-1. 26 The singlet state of 2-AN is not observed in this system due to its very fast decay to the triplet sate. 

(B) Upon addition of 500 μM DMABN to the solution containing 2-AN (Fig. 4.3B), DMABNͻ+ is produced through oxidation of 
DMABN by 32-AN* (eq. 4.7) with a second-order rate constant of (2.1±0.3)×108 M-1 s-1. 17 The radical anion of 2-AN (2-ANͻ-) is not 
clearly visible under these conditions, because its main absorption band in the observation windows (centered at у410 nm) is large-
ly hidden by the 32-AN* spectrum. 17 

 32-AN* +DMABN 2-ANͻ- +DMABNͻ+  (4.7) 

(C) To quantify the production of the phenoxyl radical formed in the side-reaction of 32-AN* with phenol (eq. 4.6), measurements 
were performed with a solution of 2-AN and phenol alone (Fig. 4.3C). The second-order rate constant for the quenching of 32-AN* 
by phenol was determined to be (4.2±1.7)×107 M-1 s-1, in accordance with the value of (3.3±1.3)×107 M-1 s-1 from a previous study. 26 
The phenoxyl radical exhibits a weak absorption band at у420 nm. 27 

(D) The transient signal after LFP of a solution containing all three components, namely 2-AN, DMABN and PhOH obviously exhibits 
the most complex features (Fig. 4.3D). At time t=0 only the signal attributed to 32-AN* is present, and upon 32-AN* decay one ob-
serve the apparition of the signals of DMABNͻ+ and PhOͻ. The DMABNͻ+ signal decays faster than the PhOͻ signal, leaving only the 
PhOͻ signal for longer measuring times. The signal corresponding to PhOͻ is much more important in this system than observed in 
system C (fig. 4.3C). Overall, this is an important piece of evidence showing the production of PhOͻ from the reaction of PhOH with 
DMABNͻ+ (eq. 4.4). 
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Figure 4.3. Transient absorption spectra following 355nm irradiation of: (A) 2-Acetonaphthone (2-AN) 500μM; (B) 2-AN 500 μM and 
4-dimethylaminobenzonitril (DMABN) 500μM; (C) 2-AN 500 μM and Phenol 500μM; (D) 2-AN 500 μM + DMABN 500μM +Phenol 
500μM. All measurements in aqueous solutions containing у1% (v/v) MeCN at pH 8. 

 

4.3.1.5 Comparison of the Inhibitory Effect of Phenol and Fulvic Acids in Steady-State Irradiation and 
LFP Experiments 

It is possible to compare the measurment of the inhibitory effect obtained in steady-state experiments ([DOM]1/2 and [PhOH]1/2, see 
Table 2.1) 7, 13, 14 with the second-order rate constants for the reaction between DMABNͻ+ and PhOH or fulvic acids 
(݇DMABNȈ൅,����q  or  ݇DMABNȈ൅,D�Mq  ) and of the first-order decay rate constant of DMABNͻ+ (݇DMABNȈ൅d  ), both obtained by LFP. 

The parameters obtained in steady-state experiments ([PhOH]1/2 or [DOM]1/2) are the concentrations of phenol or DOM needed to 
reduce the phototransformation rate by 50%. They can be expressed as: 7 

[����]1/2 = ݇DMABNȈ൅d /݇DMABNȈ൅,����q    

and  [D�M]1/2 = ݇DMABNȈ൅d /݇DMABNȈ൅,D�Mq
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Table 4.2. Comparison between the inhibitory effect observed in steady-state experiments and the LFP measurements. Errors 
represent 95% confidence interval obtained from non-linear fittings (steady-state experiments) or of Stern-Volmer plots (LFP exper-
iments). 

 Steady-state experiments LFP experiments 

 [DOM]1/2 or [PhOH]1/2 =kd/kq  a kq
DMABNͻ+,PhOH or k

q
DMABNͻ+,DOM 

b kd/kq
 
c 

PLFA 3.2 ±1.2 (mgC L-1) (0.76 ±0.16) ×103 (mgC-1 s-1 L) 6.6 ±1.9 (mgC L-1) 

SRFA 1.5 ±0.4 (mgC L-1) (2.9 ±0.4) ×103 (mgC-1 s-1 L) 1.7 ±0.4 (mgC L-1) 

PhOH 3.7 ±1.2 (μM) (5.5 ±0.4) ×107 (M-1 s-1) 91 ±19 (μM) 

PhOD d 4.4 ±0.6 (μM) (3.3 ±0.4) ×107 (M-1 s-1) 152 ±35 (μM) 

Notes: aFrom Table 2.1, see text for the definition of kd and kq, bsecond-order rate constant for the quenching of DMABNͻ+ by PhOH 
from Table 4.1, obtained in the 31-NA* photosensitized system. cusing a value of (5±1)×103 s-1 for kd

. 
d Mono-deuterated phenol, 

resulting from proton exchange in the solvent D2O. 

The values for [PLFA]1/2 and [SRFA]1/2 obtained in the steady-state experiments and in the LFP experiments are similar in the two 
systems. On the contrary, the values for [PhOH]1/2 and [PhOD]1/2 differ by a factor у30 in the two systems. One explanation of this 
difference would be that phenol has additional effects in steady-state experiments. For example, one could envisage a second 
inhibitory effect of phenol on the deprotonated form of DMABNͻ+ (DMABNrͻ, eqs. 4.8-9). This deprotonated form is believed to be 
the first step in the phototransformation of DMABNͻ+. 13 This explanation does not agree well with the absence of important kinetic 
isotopic effect that would be expected for a H atom transfer, and one should expect this effect to be of minor importance, if occur-
ring at all. 

 DMABNͻ+  DMABNrͻ   (4.8) 

 DMABNrͻ +PhOH  DMABN +PhOͻ (4.9) 

Another possible explanation is an overestimation of the parameters [PhOH]1/2 and [PhOD]1/2 by the fitting procedure in the steady-
state experiments, as it was observed that such fitting procedures are prone to relatively important errors. 14  

One of the estimation parameter in the LFP experiments is the disappearance constant kd of DMABNͻ+. kd was estimated to be 
around (5±1)×103 s-1 but the measurement of the constant were seen to be sensitive to the presence of the superoxide radical 
anion (O2

ͻ-) and to the starting concentration of the photosensitizer. 17 From the FAs measurements, kd seems to be well estimated, 
but the FAs screen part of the light at the irradiation wavelength (absorbance = 0.5 for PLFA and 0.2 for SRFA at the maximum used 
concentrations) and that could have led to an overestimation of kd.  

The last parameter that could lead to the observed discrepancy in the estimation of [PhOH]1/2 and [PhOD]1/2 in the two systems is 
the second-order rate constant measurement. It was postulated in the LFP measurements that O2

ͻ- is interfering in the estimation 
of kd by recombining with DMABNͻ+ (eq. 4.10) 17 and one could expect also such interference in the measurement of 

kq
DMABNͻ+,PhOH if phenol is influencing O2

ͻ- concentration. Such an influence could be a recombination reaction between the phe-
noxyl radical produced by the reaction of PhOH with DMABNͻ+ (eq. 4.4) or O2

ͻ- (eq.4.11). Such reactions occur with a high rate 

constants (kq
PhOͻ,O2ͻ- = 2×109 M-1 s-1) 28 and could lead to an underestimation of the second-order rate constant kq

DMABNͻ+,PhOH. 

 DMABNͻ+ + O2
ͻ-  DMABN +O2 (4.10) 

 PhOͻ + O2
ͻ-  PhO- +O2

 (4.11) 

4.3.2 Sulfadiazine 

4.3.2.1 Quenching of Excited Triplet Photosensitizers (3Sens*) by Sulfadiazine (SD) 
Contaminants can react with 3Sens* through energy transfer (eq. 4.12), electron transfer (eq. 4.13) or physical quenching (eq. 4.14). 
The energy transfer reaction can be avoided by choosing photosensitizers with a lower triplet energy than the target contaminants, 
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in the case of sulfadiazine (SD), the triplet state of SD (3SD*) has an energy of 3.02V, 29 higher than the triplet energy of the photo-
sensitizers used except for 3-Methoxyacetophenone (see Table 4.3), thus excluding the energy transfer reaction from all other 
photosensitizers to SD. 

3Sens* + SD  Sens + 3SD* (4.12) 

3Sens* + SD  Sensͻ- + SDͻ+ (4.13) 

3Sens* + SD Sens + SD (4.14) 

 

 

Figure 4.4. Structure of sulfadiazine, pKa value from Ref. 6  

The pKa of SD is 6.4±0.6, therefore only a small fraction (3%) of the SD will be present as the neutral form (Fig.4.4). Towards oxida-
tion by triplet photosensitizer the deprotonated form is expected to be more reactive  than the neutral form of SD (one electron 
oxidation potential estimated by quantum chemical calculation of 1.1V for the deprotonated form vs 1.3 V for the neutral form 30), 
which can therefore be neglected in this work. Using the value of 1.1V for the one electron oxidation potential of SD and the value 
from Table 4.3 for the reduction potential of the photosensitizers in their triplet state (E°’*red), the electron transfer reaction can 
be calculated to be exergonic for any of the photosensitizers used in this study. 

Table 4.3. Second-order rate constants for the quenching of excited triplet photosensitizers (3Sens*) by sulfadiazine (SD) in aerated 
aqueous solution at pH 8.0. 

Photosensitizer (Sens)  
E°’*red Triplet energy kq

3Sens*,SD 
(V vs SHE) a eV a (109 M-1  s-1) e  

3-Methoxyacetophenone b 1.71 d 3.14 d 2.22 ±0.13  
Thionine 1.45 1.70 2.84 ±0.10  
1-Naphthaldehyde c 1.34 2.45 0.90 ±0.04  
2-Acetonaphthone c 1.34 2.59 0.102 ±0.017 
1-Acetonaphthone c 1.26 2.52 0.029 ± 0.004  

 

Notes: a Standard one electron reduction potentials of the photosensitizers in their excited triplet state (E°'*red) except if other-
wise mentioned from Ref. 31, b Solutions containing 10% (v/v) MeCN as co-solvent. c Solutions containing у1% (v/v) MeCN. d from 
Ref.32, e Errors represent 95% confidence intervals obtained from the linear regression lines (Stern-Volmer plots). 

 

4.3.2.2 Electron Transfer Fitting
The second-order rate constants for triplet quenching by SD (kq

3Sens*,SD) follow the extent of the reaction exergonicity, with higher 
reaction rate constants for the photosensitizers with a high one electron reduction potential in their triplet state (table 4.3). The 
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electron transfer reaction can be modelled through the electron transfer reaction theory using the Rehm-Weller relationship (eq. 
4.15): 33-35 
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  (4.15) 

Where kd is the diffusion-controlled second-order rate constant, Kd =kd/k-d is the equilibrium constant for the formation of the 
encounter complex. Z is the universal collision frequency factor, ȴrG°et is the standard molar free energy change of the electron 
transfer reaction, i.e., the standard molar free energy difference between successor complex and precursor complex, ʄ is the reor-
ganization energy, R is the universal gas constant and T the absolute temperature. 

The fitting procedure was done similarly as in Refs. 17, 26 using a value of 0.1 for the ratio kd/(Kd×Z) and setting ȴG°et = ȴG°et,calc + 
ɷȴGȗ to take into account the uncertainties in the calculated one electron oxidation potential of SD. ȴG°et,calc was calculated using 
the E°’red* for the photosensitizers (table 4.3) and using the calculated value of 1.1V for the oxidation potential of SD. 30 The fit 
parameters were ɷȴGȗ and ʄ, and a fixed value of 5×109 M-1 s-1 was used for kd. The best fit to the rate-constant data gives for ʄ 
26.6 kJ/mol and for ɷȴGȗ 21.7kJ. This ʄ value is in the lower end of the value usually observed but similar to the one found in the 
quenching of the triplet state of methylene blue by aromatic amines 12 and for the triplet state of the same set of photosensitizers 
used in this study and DMABN. 17 Fits with more typical value for ʄ of 40 and 50 kJ give values for ɷȴGȗ of 13.7 and 4.3 kJ, respec-
tively and fit the data points reasonably well. 

 

Figure 4.5. Measured second-order rate constant for the quenching of excited triplet photosensitizers by sulfadiazine (݇ଷ౏౛౤౩כ,౏ీ୯ ) 

(black triangles), in a logarithmic representation. The lines represent fits to the Rehm-Weller model with reorganization energy ( ) 
values as given in the legend. The fitting procedure is explained in the text. Errors bars represent 95% confidence interval obtained 
from Stern-Volmer plots. 

4.3.2.3 The Sulfadiazine Radical Cation (SD ) 
To select an appropriate detection wavelength for the generated radical of sulfadiazine (SDͻ+) and to assign with certitude the 
observed spectra, the same procedure as described in Ref.17 was used: (A) generation of the 3Sens* from a solution of the photo-
sensitizer alone. (B) Generation of the 3Sens* and by reaction of the 3Sens* with triethanolamine (TEA) of the Sensͻ- (the radical 
formed from the triplet oxidation of TEA do not absorbs in the observation windows). (C) Generation of the 3Sens* and by reaction 
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with the 3Sens* of Sensͻ- and of SDͻ+. This procedure was applied with two photosensitizers, 1-Naphthaldehyde (1-NA) and 3-
Methoxyacetophenone (3-MOAP), to have an improved reliability in the assignment of the absorption band of SDͻ+. 

For the 1-NA system, the transients observed are (Fig. 4.6A-C): (A) Upon irradiation of a 1-NA solution, 31-NA* is generated, which 
absorbs in the 520nm area and has a decay rate constant of (5.11±0.04)×105 s-1. The triplet spectra match those found in previous 
studies. 24, 36 (B) Upon irradiation of a solution of 1-NA + TEA, in addition to 31-NA*, a second longer-lived species that can be at-
tributed to 1-NAͻ- and has an absorbance centered at 420nm. (C) Upon irradiation of a solution of 1-NA + SD, both 31-NA* and 1-
NAͻ- are produced in this system and a third transient species with a long-lived absorbance in the 420-500 nm range can be at-
tributed to the radical cation of SD (SDͻ+). 

The bands in the 3-MOAP system can be attributed similarly, with 33-MOAP* absorbing in the 380-500nm (Fig. 4.6D) which matches 
literature data. 32 The spectrum of 3-MOAPͻ- overlaps with the 33-MOAP* spectrum but has an absorbance maxima at у420nm (Fig. 
4.6E) and the spectrum of SDͻ+ is visible in the system with 3-MOAP + SD (Fig. 4.6F) alongside the spectra of 33-MOAP* and 3-
MOAPͻ- with an absorption spectrum similar as in the 1-NA system.  

The decay rate constant of SDͻ+ was seen to be of (4.5±1.3)×103 s-1 in a 300μM 1-NA +300μM SD system and of (6.1±0.3)×103 s-1 in a 
10mM 3-MOAP +300μM SD system, using 450nm as detection wavelength. 

 

Figure 4.6. Transient spectra obtained upon LFP of sparged aqueous solutions at pH 8 of: (A) 1-Naphthaldehyde (1-NA) 300μM; (B) 
1-NA 300μM + triethanolamine (TEA) 10mM; (C) 1-NA 300μM + Sulfadiazine (SD) 3mM; (D) 3-Methoxyacetophenone (3-MOAP) 
10mM; (E) 3-MOAP 10mM + TEA 10mM; (F) 3-MOAP + SD 4.4mM. Solutions A, B and C in the presence of у0.5% (v/v) MeCN as a 
co-solvent. Solutions D, E and F in the presence of у10% (v/v) MeCN as a co-solvent. 
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4.3.2.4 Second-Order Rate Constants for the Reaction of SD  with Phenols in H2O and D2O 
The measurements of the second-order rate constants for the quenching of SDͻ+ by the same set of phenols and DOM previously 
used in the DMABN system failed except for 4-methoxyphenol for which the rate constant was determined to be (1.18±0.10)×108  
M-1 s-1 (see the corresponding Stern-Volmer plot in Fig. 4.7). 

The failure to measure the rate constants with the other phenols or DOM was probably due to both the low intensity of the signal 
of SDͻ+ on the one hand, and the expected low second-order rate constants for the other phenols.  

Measurement of the second-order quenching rate constant kq
4-methoxyphenol,SDͻ+ in D2O where the acidic proton of phenol is ex-

changed for a deuterium atom, shows a very small kinetic isotopic effect (kH/kD = 1.04), indicating that the reaction is occurring by 
electron transfer. 

 

Figure 4.7. Stern-Volmer plot of the first-order decay rate constant of the observed radical of sulfadiazine (obtained by 31-
naphthaldehyde* sensitization and measured at the observation wavelength of 450 nm) vs the 4-methoxyphenol concentration in 
H2O (black) and D2O (blue). Error bars represent 95% confidence intervals from at least triplicate measurements. Composition of 
the solvent for the D2O experiments: 85% (v/v) D2O, 5% H2O, 10% MeCN. 

 

4.3.2.5 Alternative Reaction Scheme 
An explanation for the relatively low rate constant observed between 4-methoxyphenol and SDͻ+ could be that the radical cation is 
in equilibrium with its deprotonated from, having a calculated pKa of 6.3 (scheme 4.1). 30 The water based protonation rate would 
be too low at pH 8 to allow for the equilibrium but the buffer could assists the protonation, making it fast enough to be in equilibri-
um. If this hypothesis is correct, the measured radical would not be SDͻ+ but its deprotonated form and the measured rate constant 
should be corrected by the relative fraction of the two radicals, this would lead to a second-order rate constant between SDͻ+ and 
phenol closer to a diffusion controlled reaction. 
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Scheme 4.1. Proposed reaction scheme for the sulfadiazine (SD) system with the radical cation in equilibrium with its deprotonated 
form. 

4.4 Environmental Implications 
This study provides further evidence that the inhibitory effects of DOM on the phototransformation of aromatic amines can pro-
ceed by reduction of the amines radical cation. This inhibition reaction was seen to proceed with model phenolic antioxidants by 
electron transfer and to be proportional to their Hammett ʍ+ coefficient. This suggests that the inhibitory effect could be more 
important at higher pH, phenolates being better electron donors than phenols. With DOM isolates, the extend of the inhibition 
reaction was seen to be proportional to the EDC of the DOM, the DOMs with the higher EDC reacting the faster with the radical 
cation. The inhibitory effect of a whole water (EG) was seen to be intermediates to the one of two fulvic acid isolate that where 
chosen as end-members representatives of DOM of autochthonous (PLFA) and allochthonous (SRFA) sources, indicating that this 
intermediate reactivity was related to the DOM provenance of this whole water.  

The comparison of the rate constants measured by LFP and the indicators for the inhibition obtained through steady-state ex-
periements shows that there is a good correspondence between the two set of results in the case of DOMs. This indicates that the 
LFP measurments allow for a good prediction of the inhibitory effect. 
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Text S4.1: List of Chemicals: 

Dimethylaminobenzonitrile (DMABN, Aldrich, 98%), Sulfadiazine (SD, Sigma, 99%), NaH2PO4ͻ2H2O (Lachner, 100%), 
Na2HPO4ͻ12H2O (Lachner, 99.3%), H3PO4 (Lachema, 85%), Acetonitrile (Sigma Aldrich, HPLC grade), triethanolamine (TEA, Sigma, 
99%), O2 (Siad, technical 2.5), N2O (Siad, 99.99%), heavy water (D2O; Aldrich, minimum 99.9%D). 

Photosensitizers: Anthraquinone-1,5-disulfonate (AQdS, ABCR 98%), 2-Acetonaphthone (2-AN, Sigma-Aldrich, 99%), 1-
Acetonaphthone (1-AN, Sigma-Aldrich, 97%), 1-Naphthaldehyde (1-NA, Aldrich, 95%), Thionin acetate salt (THI, Sigma, for micros-
copy), 3-Methoxyacetophenone (3-MA, Fluka 97%)  

Phenols: 4-methoxyphenol (Fluka, 99%), Resorcinol (Merck, 99%), p-Cresol (Sigma-Aldrich, 99%), p-Tertbutylphenol (Koch, 99%), 
Phenol (Sigma-Aldrich, 99%)  
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Table S4.2. Observation wavelengths used in laser flash photolysis for kinetic measurements of transient species. 

 

 

 

 

 

 

 

  

Species Observation wavelength (nm) 

Excitation Wavelength 266nm 
3DMABN* 400 & 600 

DMABNͻ+ 500  

Hydrated electron (e-) 600 & 700 

PhOͻ 400 

4-MethoxyPhOͻ 400 

Resorcinolͻ 400 

Excitation Wavelength 355 or 532 nm 

DMABNͻ+ 500 & 520 

SDͻ+ 450 

2-Acetonaphthone triplet (32-AN*) 440 

2-Acetonaphthone radical anion (2-ANͻ-) 400 

1-Naphthaldehyde triplet (31-NA*) 600 

1-Naphthaldehyde radical anion (1-NAͻ-) 400 

3-Methoxyacetophenone triplet (33-MOAP*) 400 

Thionine triplet (3THI*) 670 

Thionine radical anion (THIͻ-) 400 

1-Acetonaphthone triplet (31-AN*) 500 

Phenoxyl radical (PhOͻ) 400 

4-Methoxyphenoxyl radical (4-MeO-PhOͻ) 400 

3-Hydroxyphenoxyl radical (3-OH-PhOͻ) 400 

4-tert-Butylphenoxyl radical (4-t-Bu-PhOͻ) 400 

4-Methylphenoxyl radical (4-Me-PhOͻ) 400 
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General Conclusions and Outlook 
 

Photoinduced transformations are an important removal pathway for organic contaminants in surface waters, and dissolved organ-
ic matter (DOM) often plays a significant role in this context. In addition to acting as a photosensitizer, DOM can also inhibit the 
indirect phototransformation of specific classes of compounds, in particular of anilines, which were in the focus of this PhD thesis. 

The inhibitory effect of DOM on the photosensitized transformation of contaminants was characterized in this thesis using N,N-
dimethyl-4-cyanoaniline (DMABN) as the main model compound. Investigations performed using steady-state photoirradiation and 
laser flash photolysis confirm the reaction scheme postulated in previous studies and consisting of the following reaction steps: A 
one-electron oxidation of the target compound (in this case DMABN) by triplet DOM (3DOM*) results in the formation of a radical 
cation of the target compound (DMABNͻ+), which subsequently either transforms to non-radical products or reacts with antioxidant 
moieties of DOM or a model antioxidant. During the latter reaction, the radical cation is reduced back to its parent compound. In 
steady-state experiments the inhibitory effect was seen to be proportional to the electron donating capacity (EDC) of the studied 
DOMs, a relation that was analogous to the one observed by the laser flash photolysis for the second-order rate constant of the 
reaction between DMABNͻ+ and DOM. DOM standard solutions and natural waters yielded comparable results. DOM from alloch-
thonous sources had a higher inhibitory strength than DOM from autochthonous sources, an observation that can help understand-
ing the phototransformation properties of a given aquatic system. Kinetic equations were developed that allow the prediction of 
phototransformation rates of anilines (and analogous contaminants undergoing DOM-induced inhibition of transformation) in 
mixtures of DOMs of various origin. 

Up-to-date experimental methods were used to investigate the susceptibility of a compound towards the inhibitory effect. The 
available experimental results, including the ones produced in this thesis, indicate that at least two factors control the magnitude of 
the inhibitory effect: (A) the rate constant for the reaction between the formed radical cation and the antioxidant. (B) the lifetime 
of the formed radical cation. Both rate constants can be obtained experimentally with sophisticated experimental and theoretical 
approach. It would be desirable to develop quantum chemical computation methods to obtain such rate constants for the formed 
radical cation and ultimately predict the inhibitory effect on the phototransformation of specific organic contaminants.  

While the inhibitory effect of DOM on the phototransformation of anilines is now well described by this thesis, other classes of 
contaminants, for instance electron-poor phenols, would deserve further investigations. Phenols are known to react with 3DOM* 
by electron or by hydrogen atom transfer to give a phenoxyl radical. The inhibitory effect on such radicals can be envisaged to 
occur either through electron transfer or through hydrogen atom transfer reaction. Such a study could also be useful in under-
standing the role of phenolic moieties in DOM: When oxidized, the electron-poor phenolic moieties will tend to be reduced by the 
electron-rich phenolic moieties. 

A related subject that is up to now far less studied is the inhibitory effect of DOM on the direct phototransformation of organic 
contaminants. This topic has practical implications in the field of UV treatment of water to remove contaminants. Quantum yields 
for direct phototransformation, usually measured in buffered pure water, may not be applicable in natural water matrices due to 
the inhibitory effect of DOM. The current knowledge on the inhibitory effect occurring during indirect phototransformation is ex-
pected to be decisive for understanding such effects on direct phototransformation and predicting more realistic phototransfor-
mation rates for a great variety of organic contaminants in engineered UV-based water treatment systems. 

The knowledge acquired in this study about the effect of DOM on the indirect phototransformation of contaminants could be used, 
in combination with the aforementioned inhibitory effect of DOM on the direct phototransformation of contaminants, to develop 
predictive tools for the assessment of the fate of contaminants in sunlit surface waters. This would lead to a better prediction of 
the influence of DOM on the phototransformation of these contaminants in the aquatic environment. 
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