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 2 

Abstract 23 

Aromatic amines are aquatic contaminants for which phototransformation in surface waters can 24 

be induced by excited triplet states of dissolved organic matter (3DOM*). The first reaction step is 25 

assumed to consist of a one-electron oxidation process of the amine to produce its radical cation. 26 

In this paper, we present laser flash photolysis investigations aimed at characterizing the 27 

photoinduced, aqueous phase one-electron oxidation of 4-(dimethylamino)benzonitrile (DMABN) 28 

as a representative of this contaminant class. The production of the radical cation of DMABN 29 

(DMABN•+) after direct photoexcitation of DMABN at 266 nm was confirmed in accord with 30 

previous experimental results. Moreover, DMABN•+ was shown to be produced from the reactions 31 

of several excited triplet photosensitizers (carbonyl compounds) with DMABN. Second-order rate 32 

constants for the quenching of the excited triplet states by DMABN were determined to fall in the 33 

range of 3 × 107 − 5 × 109 M−1 s−1, and their variation was interpreted in terms of electron transfer 34 

theory using a Rehm-Weller relationship. The decay kinetics of DMABN•+ in the presence of 35 

oxygen was dominated by a second-order component attributed to its reaction with the superoxide 36 

radical anion (O2
•−). The first-order rate constant for the transformation of DMABN•+ leading to 37 

photodegradation of DMABN was estimated not to exceed ≈5 × 103 s−1. 38 

  39 
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1. Introduction 40 

Aromatic amines constitute an important class of organic contaminants present in wastewaters and 41 

natural waters.1-4 One of the major pathways contributing to their abatement in the aquatic 42 

environment is phototransformation induced by sunlight.5-9 Besides direct phototransformation 43 

following absorption of sunlight by the contaminant, aromatic amines are subject to transformation 44 

photosensitized by dissolved organic matter (DOM). The latter is a complex mixture of cross-45 

linked organic compounds derived from the degradation of higher plants or from microbial 46 

metabolic activity and ubiquitously present in natural waters.10-13 Upon photoirradiation, the 47 

chromophoric components of DOM are promoted to their excited singlet states and subsequently 48 

excited triplet states (3DOM*), which are likely to be the key reactive intermediates in the 49 

photosensitized transformation of aromatic amines in surface waters.8, 14, 15 The initial reaction step 50 

in the photosensitized transformation is assumed to be an electron transfer from an aromatic amine 51 

to 3DOM*.16 This can be inferred from the abundant studies on the photoreduction of excited triplet 52 

carbonyls by amines,17 arguments on the energetics of the redox reactions between substituted 53 

anilines and excited triplet states of aromatic ketones in aqueous solution,14 and recent results on 54 

the quenching of the excited triplet state of methylene blue by substituted anilines.15 Formation of 55 

a radical cation of the aromatic amine, a primary product of such an electron transfer reaction, is 56 

expected. 57 

Studies performed during the last decade in our research group have revealed another important 58 

effect of DOM on the photosensitized transformation of anilines, which consists in reducing the 59 

rates of transformation. Reduction of transformation intermediates of the anilines by electron-60 

donating (also called antioxidant) moieties of the DOM leading to reformation of the parent 61 
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compound was hypothesized to cause such an inhibition of transformation. Various pieces of 62 

evidence have been presented to support this hypothesis.7, 14, 18-20 63 

The effects of DOM on the overall phototransformation rates of substituted anilines are now fairly 64 

well understood. However, very little is known about the nature and fate of the intermediates 65 

produced after the first oxidation step. The main goal of the present study is to characterize the 66 

kinetics of such intermediates derived from a model aniline in aqueous solutions. We selected 4-67 

(dimethylamino)benzonitrile (DMABN, see Chart 1; DMABN can be named alternatively  68 

N,N-dimethyl-4-cyanoaniline20) for various reasons. Firstly, DMABN was used in a preceding 69 

steady-state photolysis kinetic study as a model compound to assess photosensitized 70 

transformation rates of aromatic amines and analogous compounds that undergo DOM-induced 71 

inhibition of oxidation in surface waters.20 Secondly, the results of that study showed that the 72 

DOM-photosensitized transformation of DMABN very likely proceeds by direct reaction between 73 

DMABN and 3DOM*, whereby singlet oxygen plays a negligible role. Thirdly, the two methyl 74 

substituents on the aniline group of DMABN make its radical cation (DMABN•+, see Chart 1) 75 

more resistant to deprotonation than the radical cations of anilines bearing no or only one 76 

substituent on the aniline group. Therefore, the relative stability of DMABN•+ is expected to 77 

provide favorable conditions for its direct observation in time-resolved experiments. 78 

 79 

 80 

 81 

 82 

Chart 1. Structure of 4-(dimethylamino)benzonitrile (DMABN) and its radical cation (DMABN•+). 83 
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DMABN is the archetypal representative of aromatic compounds bearing both an electron-84 

donating and an electron-accepting groups and exhibiting a dual fluorescence as well as excited-85 

state charge separation in solutions.21, 22 The excited singlet state characteristics and dynamics of 86 

such compounds, in particular DMABN, have been a hot research topic in ultrafast spectroscopy 87 

for a few decades.21, 23-26 Nevertheless, information about the photophysics and photochemistry of 88 

DMABN on a microsecond or longer timescale is limited. The transient absorption spectrum 89 

observed on the microsecond scale after laser flash photolysis (LFP) of an aqueous solution of 90 

DMABN was interpreted as the superposition of various species:27 these include the excited triplet 91 

state of DMABN (3DMABN*, absorption maximum centered at 400 nm and a secondary broad 92 

band with a maximum at ≈600 nm27), the hydrated electron ( , very broad absorption centered 93 

at ≈720 nm), and DMABN•+ (absorption maximum at ≈500 nm). While 3DMABN* is formed 94 

through intersystem crossing from the lowest excited singlet state of DMABN (1DMABN*, see 95 

Equation 1) with substantial quantum yields (a value of 0.55 was determined for an ethanol 96 

solution27),  and DMABN•+ were formed through photoionization of DMABN (Equation 2). 97 

The photoionization of DMABN was found to be an excitation wavelength-dependent process 98 

mainly occurring at irradiation wavelengths of <280 nm. This indicated that photoionization did 99 

not involve 1DMABN* but some higher excited states of DMABN.27-29 100 

DMABN +hν → 1DMABN* → 3DMABN*   (1) 101 

DMABN +hν → DMABN•+ +    (2) 102 

The formation of DMABN•+ was implicitly assumed, but not directly observed, in a study on the 103 

reduction of excited triplet methylene blue by several aromatic amines.30 DMABN•+ is believed to 104 

be the main species formed in natural waters upon oxidation of DMABN by 3DOM*.20 105 

−
aqe

−
aqe

−
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The present study focuses on DMABN•+ formation and the description of its kinetics measured by 106 

LFP in aqueous solution. To form DMABN•+, direct photoexcitation and photosensitized oxidation 107 

of DMABN were employed. Simulations of the decay kinetics of DMABN•+ based on systems of 108 

reaction equations were also performed to evaluate its main reaction pathways. The results of these 109 

simulations were validated by comparison with experimental data. 110 

 111 

2. Experimental section 112 

2.1. Chemicals and solutions 113 

All chemicals were commercially available and used as received. A complete list of chemicals is 114 

given in the Electronic Supplementary Information (ESI), Text S1. Water used for all experiments 115 

was obtained from an Aqua Osmotic 02A purification system. All sample solutions, made by 116 

diluting stock solutions of the reagents, were buffered using 2 × 10-3 M phosphate (total 117 

concentration) at pH 8.0, except when otherwise mentioned. Stock solutions were made in water 118 

except for the photosensitizers 3-methoxyacetophenone, 1-naphthaldehyde, 2-acetonaphthone and 119 

1-acetonaphthone, for which acetonitrile (MeCN) was used as a cosolvent due to the limited 120 

solubility of these compounds in water. The concentration of MeCN in the sample solutions did 121 

not exceed 10% (v/v). 122 

2.2. Laser flash photolysis (LFP) apparatus 123 

Nanosecond LFP experiments were conducted using a 4 × 1 × 1 cm quartz cuvette containing the 124 

sample solution and laser pulses of the second, third or fourth harmonic frequency from a Nd:YAG 125 

laser (EKSPLA, model SL334). The LFP setup was operated in a perpendicular arrangement of 126 

the pump and probe beams. The laser pulses (pulse energies of 190−210 mJ at λ = 532 nm, 150−180 127 
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mJ at λ = 355 nm, and 70−90 mJ at λ = 266 nm; duration ≤170 ps) were dispersed on the 4-cm side 128 

of the cell using a cylindrical concave lens. Transient absorption spectra were recorded using an 129 

ICCD camera (Andor iStar, model DH740i-18U-03) with an overpulsed xenon arc lamp as a 130 

source of the probe light. Cut-off filters (480, 400, 380, 320 or 305 nm) were applied routinely to 131 

prevent the samples from unnecessary irradiation from the xenon lamp. The filtered light of the 132 

xenon lamp did not create transient spectra. Kinetic traces were recorded using the software 133 

TekScope on a Tektronix digital phosphor oscilloscope (model DPO7104C) at a single wavelength 134 

in the range of 400−670 nm (see ESI, Table S1 for the detection wavelength used in the 135 

measurement of each particular transient) with a monochromator using a Hamamatsu 136 

photomultiplier tube R928. Absorbance values of the sample solutions were usually adjusted to 137 

0.5−0.8 (for a 1-cm optical path length) at the excitation wavelength. Samples were naturally 138 

aerated or degassed by applying three freeze-pump-thaw cycles under reduced pressure (8 Pa) or 139 

purged with a gentle stream of oxygen or N2O for 15 minutes prior to measurements. For the 140 

determination of second-order quenching rate constants, nominal equilibrium concentration of 141 

dissolved gases for an ambient temperature of 21 °C and atmospheric pressure of 99 kPa were 142 

assumed. These correspond to 2.80 × 10−4 M and 1.33 × 10−3 M for dissolved oxygen in aerated 143 

and O2-purged solution, respectively, and to 2.7 × 10−2 M for dissolved N2O. Absorption spectra 144 

of the sample solutions were measured regularly between laser flashes to test for possible 145 

photodegradation of the solution components using the later described diode-array 146 

spectrophotometer. Experiments were conducted in an air-conditioned room at the temperature of 147 

21±1 °C. 148 

2.3 Kinetic analyses 149 
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The kinetic traces were generally fitted by single or multiple exponential decay functions using 150 

the software Flash Fit v. 0.11. In the case of second-order kinetics, the corresponding differential 151 

equations were solved using the software Matlab with the Levenberg-Marquard minimization 152 

algorithm or, alternatively, the software Kintecus© and applying the systems of equations and 153 

corresponding rate constants described in the ESI, Texts S2 and S3 and Tables S2 and S3. The 154 

observed rate constants, determined from single-exponential fitting of experimental data, are 155 

denoted in this paper with an additional superscript “obs”, while the second-order rate constants 156 

obtained from fitting of experimental data or from observed first-order rate constants are denoted 157 

with an additional superscript “exp”. The uncertainties of the rate constants given in the tables are 158 

expressed as 95% confidence intervals and were calculated using the values of at least three 159 

independent measurements. 160 

2.4. Analytical instrumentation 161 

Absorption spectra in the ultraviolet (UV) and visible (Vis) range were measured on an Agilent 162 

Cary 100 UV-Vis or an Agilent 8654 diode-array spectrophotometer. A BNC pHTestr 10 pH meter 163 

equipped with a calibrated glass electrode or an equivalent Eutech Instruments pH600 was used to 164 

measure the pH. 165 

2.5 Kinetic models and simulations 166 

The software Kintecus© was employed to simulate the buildup and decay kinetics of DMABN•+ 167 

and various relevant species occurring in DMABN-containing solutions after the short laser flash 168 

excitation.31 Briefly, this software solves the system of differential equations derived from the 169 

chemical reaction equations for the system under study (i.e., the kinetic model), using a set of 170 

known reaction rate constants and initial concentrations of the species involved. The output 171 
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comprises the time course of the concentrations of each considered species. The systems of 172 

reaction equations and corresponding rate constants used in the present study are described in the 173 

ESI, Texts S2 and S3 and Tables S2 and S3. 174 

 175 

3. Results and discussion 176 

3.1. Direct excitation of 4-(dimethylamino)benzonitrile (DMABN) 177 

Direct excitation of DMABN using laser pulses of 266 nm wavelength resulted in transient 178 

absorption spectra that are represented in Figure 1. A short-lived transient with a broad absorption 179 

band at 600−700 nm is evident at 5−60 ns delay times after excitation in aerated and oxygen-180 

purged solutions (Figures 1A and 1B), while it is less apparent in an N2O-purged solution (Figure 181 

1C). This transient can be assigned to , which is known to react with dissolved oxygen and N2O 182 

at diffusion-controlled rates.29 The quenching of  is more efficient in N2O- than in O2-purged 183 

solution because of the higher saturation concentration of N2O compared to O2 (vide infra). After 184 

the decay of , two broad bands are apparent at all measured conditions. The first of these bands 185 

has an absorption maximum at λ ≈400 nm and its absorbance is strongly reduced 800 ns after the 186 

excitation, while the second band has an absorption maximum at λ ≈500 nm and is especially 187 

discernible at long delay times (up to 5 µs) after the laser pulse. These species can be attributed to 188 

the excited triplet state of DMABN (3DMABN*) and to the radical cation of DMABN 189 

(DMABN•+), respectively.27 The kinetics of the three key species, namely , 3DMABN* and 190 

DMABN•+, are described in more detail below. 191 

  192 
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 201 

Figure 1. Transient absorption spectra obtained upon 266 nm laser flash photolysis of (A) 202 

DMABN (83 µM) in aerated solution, (B) DMABN (83 µM) in oxygen-purged solution, and (C) 203 

DMABN (133 µM) in N2O-purged solution. The spectra were recorded in the time range of 5 ns 204 

to 5 µs after the laser pulse (see legend) using a 5-ns integration window, and data were smoothed 205 

by adjacent averaging over 20 data points (≈10 nm). All measurements were performed in pH 8.0 206 

phosphate-buffered aqueous solutions. 207 

 208 

3.1.1. Excited triplet state of DMABN (3DMABN*) 209 

The observed decay kinetics of 3DMABN*, measured at 400 nm, was first order except for 210 

degassed solution and exhibited varying decay rate constants (see Table 1) depending on the 211 
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concentration of dissolved gases. In degassed solution, the first-order deactivation rate constant of 212 

3DMABN*, corresponding to the rate constant of the spontaneous decay of the triplet state, was 213 

determined to be (3.92 ± 0.12) × 104 s−1 by fitting the measured data with a kinetic model that 214 

included a second-order kinetic component to consider triplet−triplet annihilation (see ESI, Text 215 

S4). The determined decay rate constants in the presence of dissolved O2 or N2O were at least an 216 

order of magnitude higher than this value, and second-order rate constants for the quenching of 217 

3DMABN* by these two dissolved gases were obtained as given in Table 1. The deactivation of 218 

3DMABN* in the presence or absence of oxygen can be rationalized in terms of the processes 219 

described by Equations 3−9, whereby unimolecular deactivation (including contributions by the 220 

solvent, Equations 3−5) and triplet−triplet annihilation are dominant in degassed solution, while 221 

quenching by oxygen (Equations 7−9) is largely prevalent in aerated or oxygen-purged solution. 222 

A distinction of the processes within the groups of equations 3−5 and 7−9 is not possible in the 223 

frame of this study. However, we propose that the processes of reactive deactivation (Equation 5) 224 

and reactive quenching by oxygen (Equation 9) should have minor importance in view of the small 225 

quantum yield (1.3 × 10−3) observed for the direct phototransformation of DMABN under steady-226 

state irradiation in aerated solution.20 227 

3DMABN* → DMABN + hν  (phosphorescence)  (3) 228 

3DMABN* → DMABN  (non-radiative decay)  (4) 229 

3DMABN* → Products  (reactive deactivation)  (5) 230 

3DMABN* + 3DMABN* → 1DMABN* +DMABN  231 

  (triplet−triplet annihilation)  (6) 232 

3DMABN* +O2 → DMABN +1O2 (energy transfer)  (7) 233 
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3DMABN* +O2 → DMABN +O2 (excitation energy loss)  (8) 234 

3DMABN* +O2 → Products  (reactive quenching)  (9) 235 

N2O, used to scavenge  (see the next sub-section) and not known as an excited triplet state 236 

quencher, also contributed to the quenching of 3DMABN* (described by Equation 10), although 237 

at a much lower rate than O2. 238 

3DMABN* + N2O → DMABN + N2O            (excitation energy loss)  (10) 239 

 240 

Chart 2. Relevant processes involving the excited triplet state of DMABN (3DMABN*). 241 

Numbers correspond to the reaction equations listed in the text. 242 

−
aqe
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Table 1. Kinetic parameters determined for the deactivation of the main transient species formed during 266 nm laser flash photolysis 243 

of aqueous DMABN at pH 8.0 in the presence of various dissolved gases. 244 

 245 
Notes: a Observed first-order decay rate constants obtained by single-exponential fitting of the kinetic traces at λobs = 400 nm, unless 246 
where noted; b Second-order quenching rate constants calculated by dividing the difference of the observed first-order decay rate 247 
constants in the presence and absence of dissolved gas by the nominal gas concentration; c Observed first-order decay rate constants 248 
obtained by single-exponential fitting of the kinetic traces at λobs = 600 nm; d Second-order decay rate constant obtained from mixed 249 
first- and second-order fitting from the kinetic traces at λobs = 500 nm; e n.a.: not applicable; f Estimated as described in the text;  250 
g Observed first-order decay rate constant obtained by single-exponential fitting of the kinetic traces at λobs = 500 nm; h From ESI, Table 251 
S5, see text and ESI, Text S4 for the methods used for its determination; i Second-order rate constant for triplet-triplet annihilation from 252 
ESI, Table S5, see text and ESI, Text S4 for the methods used for its determination. 253 

Transient 
species 

→ 
3DMABN*  DMABN•+ 

 

↓Dissolved gases 
𝑘𝑘 DMABN∗3

d,obs  a 
/ 106 s−1 

𝑘𝑘 DMABN∗,X3
q,exp  b 

/ 109 M−1 s−1 
𝑘𝑘𝑒𝑒aq

−
d,obs c 

/ 107 s−1 
𝑘𝑘𝑒𝑒aq

− ,X
q,exp b 

/ 1010 M−1 s−1 
𝑘𝑘DMABN∙+,O2∙−

q,exp  d 
/ 109 M−1 s−1 

𝑘𝑘DMABN∙+
d,obs   

/ 104 s−1 

O2 (1.33 mM) 5.0 ± 0.2 3.7 1.7 ± 0.1 1.3 9.4 ± 0.2 n.a. e 

O2 (0.28 mM) 1.70 ± 0.02 5.9 0.70 ± 0.06 2.5 8.1 ± 0.5 n.a. 

N2O (0.027 M) 0.647 ± 0.002 0.024 > 20 f > 0.74 f n.a. 1.24 ± 0.07 g 

none (degassed) 0.039 ± 0.001 h 0.59 ± 0.02 i n.a. n.a. n.a. 0.48 ± 0.12 h 

−
aqe
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 254 
3.1.2. Hydrated electron ( ) 255 

Upon LFP of DMABN in oxygenated aqueous solutions, the absorption corresponding to  256 

decayed by first-order kinetics with determined rate constants as given in Table 1. The derived 257 

second-order rate constants for the quenching of  by O2 (Table 1) are in good agreement with 258 

the literature value (1.9 × 1010 M−1 s−1) for the reaction of  with oxygen to yield the superoxide 259 

radical anion (O2
•−, Equation 11).29 260 

 + O2 → O2
•−          (11) 261 

In degassed solution, the decay of  was assumed to be dominated by its reaction with DMABN, 262 

and the aforementioned fitting procedure (ESI, Text S4) yielded a second-order rate constant value 263 

of 1.05 × 1010 M−1 s−1 (ESI, Table S6). This value, which is close to the diffusion-controlled limit, 264 

is similar to the ones observed for the reaction of  with other analogous compounds, such as 265 

benzonitrile (1.9 × 1010 M−1 s−1) and p-methylbenzonitrile (1.4 × 1010 M−1 s−1).29 Other reactions 266 

of  with buffer solution components (H+, OH−, H2O, Na+, H2PO4− and HPO4
2−), with  itself, 267 

and with DMABN•+ were estimated to be negligible. 268 

In N2O-purged solution, the signal corresponding to  was not clearly detected even on a 269 

nanosecond time scale (see Figure 1C) due to fast scavenging by N2O, which is known to lead to 270 

the formation of the hydroxyl radical and elementary nitrogen (Equation 12).32, 33 Considering that 271 

5 ns after the laser pulse < 37% of the absorbance signal at 600 nm is present if compared with an 272 

aerated solution (Figure 1), the second-order rate constant for the reaction of  with N2O 273 

−
aqe

−
aqe

−
aqe

−
aqe

−
aqe

−
aqe

−
aqe

−
aqe −

aqe

−
aqe

−
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(Equation 12) can be estimated as >7.4 × 109 M−1 s−1, which agrees well with the selected value of 274 

9.1 × 109 M−1 s−1 reported in the literature.29 275 

 + N2O +H2O → N2 + •OH +OH−  (12) 276 

The very reactive hydroxyl radical, formed according to Equation 12, is expected to be completely 277 

scavenged by DMABN leading to the formation of intermediate products. These products are 278 

assumed not to be observable in the visible wavelength range and not to significantly interact with 279 

the other relevant transient species under the present experimental conditions. 280 

 281 

3.1.3. Radical cation of DMABN (DMABN•+) 282 

The decay of DMABN•+ in oxygen-containing solution was best fitted using a second-order kinetic 283 

component. In these solutions, the transient absorption traces measured at 500 nm were fitted 284 

using, in addition to the mentioned second-order component, two exponential functions with fixed 285 

decay constants to account for the observed first-order decay of 3DMABN* and , which have 286 

a small but still significant absorption at the detection wavelength. An example of such a fitting is 287 

given in the ESI, Figure S2. The obtained second-order rate constants (Table 1) were assigned to 288 

the reaction of DMABN•+ (formed concomitantly with  according to Equation 2) with O2
•−, 289 

which is the product of the reaction of  with molecular oxygen (Equation 11), see Equation 13. 290 

DMABN•+ + O2
•− → DMABN + O2  (13) 291 

This assignment is based on the fact that, once formed,  is scavenged by O2 on the sub-292 

microsecond time scale and, consequently, its reaction with DMABN•+ (Equation 14) does not 293 

−
aqe

−
aqe

−
aqe

−
aqe

−
aqe
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significantly contribute to the decay of the latter (see also kinetic simulations in the ESI, Figure 294 

S3). 295 

DMABN•+ +  → DMABN   (14) 296 

A further postulated reaction is the transformation of DMABN•+ to yield the N-demethylated 297 

product 4-(methylamino)benzonitrile (MABN).34 The proposed reaction sequence (Equation 15) 298 

considers an H-atom shift in DMABN•+ to produce an intermediate carbon-centered radical cation 299 

(abbreviated as DMABNr•+), which then deprotonates to give the radical DMABNr•. 300 

   (15) 301 

       DMABN•+                           DMABNr•+                          DMABNr• 302 

In degassed solution, application of the aforementioned fitting procedure that is described in the 303 

ESI, Text S5 yielded a first-order rate constant of ≈0.5 × 104 s−1 (see Table 1), which we assign to 304 

the transformation of DMABN•+ (Equation 15). In N2O-purged solution, the decay of DMABN•+ 305 

fitted well first-order kinetics with a rate constant that was ≈2.6 times larger than the one 306 

determined in degassed solution (see Table 1). This first-order decay concurs with the expectation 307 

that DMABN•+ cannot undergo second-order reactions with  (which is scavenged by N2O) or 308 

O2
•− (which cannot be formed under these solution conditions). 309 

  310 

−
aqe

−
aqe
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3.1.4. pH Effect 311 

The decay kinetics of 3DMABN* and DMABN•+ was studied in aerated and N2O-purged solutions 312 

at various pH values, with the aim of getting additional information about the processes involved. 313 

The results of the fittings, performed as described in the previous sub-sections, are gathered in the 314 

ESI, Table S6. For 3DMABN*, the deactivation rate constant in aerated solution was not 315 

significantly affected by pH in the range of 4.5−7.7 (average ± standard deviation: (1.75 ± 0.04) × 316 

106 s−1), while in N2O-purged solution it was pH-dependent with an increase by a factor of ≈2 at 317 

pH 7.7 compared to the lower pH range. We tentatively attribute this increase related to the 318 

quenching of 3DMABN* by N2O to an effect of the used phosphate buffer, with HPO4
2˗ being the 319 

dominant species at pH 7.7, while at the lower investigated pH values H2PO4
˗ is predominant. For 320 

DMABN•+ in aerated solutions, the obtained second-order rate constant values were invariable in 321 

the pH range of 5.4−7.7 ((7.7 ± 0.4) × 109 M−1 s−1), but the value at pH 4.5 was significantly lower 322 

(4.0 ± 0.2) × 109 M−1 s−1). This concurs with a major change in speciation of O2
•−, which is mainly 323 

protonated to its conjugated acid, the hydroperoxyl radical (HO2
•), at pH 4.4 (note: the pKa of HO2

• 324 

is 4.8).35 The reduction in rate constant is plausible, because HO2
• is a weaker electron donor than 325 

O2
•−. For DMABN•+ in N2O-purged solutions, the obtained first-order rate constant values vary by 326 

only ±15% in the pH range of 4.5−7.7, which let us conclude that the transformation of DMABN•+ 327 

is not affected by protonation reactions in this pH range. 328 

 329 

  330 
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3.2. Photosensitized formation of DMABN•+ 331 

Several photosensitizers were used as a means to oxidize DMABN to DMABN•+. Upon excitation 332 

of a photosensitizer (Sens) its excited triplet state (3Sens*) is formed through intersystem crossing 333 

from the excited singlet states (Equation 16). 3Sens* can act in certain cases as a powerful oxidant. 334 

Especially aromatic ketones and quinones possess standard one-electron reduction potentials, 335 

, that can be in the range of 1.8−2.4 V vs. standard hydrogen electrode (SHE) 336 

and are thus comparable to those of the strongest radical oxidants.36, 37 The oxidation reaction of 337 

DMABN by 3Sens* is expected to produce DMABN•+ as well as the radical anion of the 338 

photosensitizer (Sens•−) within the lifetime of 3Sens* (Equation 17). Besides the unimolecular and 339 

bimolecular deactivation processes that were listed for 3DMABN* (Equations 3−9), oxidizing 340 

3Sens* are expected to undergo the following additional reactions with DMABN: Excitation 341 

energy loss (Equation 18) and triplet−triplet energy transfer from 3Sens* to DMABN (Equation 342 

20). Both reactions 17 and 18 have been observed during the quenching of excited triplet 343 

methylene blue by DMABN in methanol solution with a ratio of 1:3 between electron transfer and 344 

physical quenching.30 While we are not aware of any method that could be used to maximize the 345 

yield of DMABN•+ formation during quenching, the energy transfer reaction (Equation 19), and 346 

consequently the formation of 3DMABN*, can be suppressed by choosing photosensitizers with a 347 

lower triplet energy than DMABN. 348 

Sens +hν → 1Sens* → 3Sens*    (16) 349 

3Sens* +DMABN → Sens•− + DMABN•+ (oxidative quenching)  (17) 350 

3Sens* +DMABN → Sens + DMABN (excitation energy loss)  (18) 351 

3Sens* +DMABN → Sens + 3DMABN* (triplet−triplet energy transfer)  (19) 352 

( )−•/SensSens*3*0
redE
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To avoid direct excitation of DMABN, the 355 nm and 532 nm excitation wavelengths of the laser 353 

were used to selectively produce 3Sens*. The sensitizers were selected to significantly absorb light 354 

at one of these excitation wavelengths (see the electronic absorption spectra in the ESI, Figure S4) 355 

and to cover a range of one-electron reduction potentials that could be used to estimate the 356 

oxidation potential of DMABN in aqueous solution (presently unknown). Moreover, practical 357 

aspects, such as the aqueous solubility of the photosensitizers and the feasibility of their selective 358 

excitation were considered. 359 

3.2.1. Transient absorption spectra 360 

To disentangle the spectra of 3Sens*, Sens•− and DMABN•+ present after LFP of solutions 361 

containing a given photosensitizer and DMABN, and to select suitable observation wavelengths 362 

for the kinetic measurements, the following procedure was applied: (1) Generation of the 3Sens* 363 

from a buffered solution of the photosensitizer alone; (2) generation of 3Sens*, and subsequently 364 

Sens•−, from a buffered solution containing the photosensitizer and triethanolamine (TEA. Note: 365 

the radicals formed by the oxidation of TEA absorb outside of the considered spectral range38); (3) 366 

production of the three species, i.e., 3Sens*, Sens•− and DMABN•+, in a buffered solution of the 367 

photosensitizer and DMABN. Figure 2 shows an illustrative example of this procedure using 2-368 

acetonaphthone (2-AN) as a model photosensitizer (for a collection of transient absorption spectra 369 

for the other photosensitizers, see the ESI, Texts S5−S9 and Figures S5−S9). The transient 370 

absorption spectrum of the excited triplet state of 2-AN (32-AN*) has a maximum at λ ≈440 nm 371 

(Figure 2A), while the spectrum of the radical anion of 2-AN (2AN•−) overlaps partly with that of 372 

32-AN* but has its maximum absorption at λ ≈400 nm (Figure 2B). The transient absorption 373 

spectra shown in Figure 2C contain a dominating superposition of 32-AN* and 2-AN•− at short 374 
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delay times (up to ≈500 ns) after the laser pulse, but at longer delay times a band centered at ≈500 375 

nm clearly emerged. This was assigned to DMABN•+ based on its similarities to the spectra of 376 

DMABN•+ observed from direct photoexcitation of DMABN in this study (Figure 1) and in 377 

previous studies.27, 39 Note that the presence of oxygen is beneficial to the observation of 378 

DMABN•+, because it accelerates the decay of Sens•− (in this case 2-AN•−) according to Equation 379 

20, leaving DMABN•+ as the only absorbing species in the considered spectral range at long delay 380 

times. 381 

Sens•− + O2 → Sens + O2
•−    (20) 382 

The transient absorption spectra shown in Figure 2 were utilized to evaluate the optimal 383 

observation wavelength to be used for the measurement of kinetic traces and the determination of 384 

decay rate constants of the various species. Figure 2D displays an example of a linear regression 385 

plot of deactivation rate constants of 32-AN* determined at various DMABN concentrations, 386 

which was used to determine the second-order rate constant for the quenching of 32-AN* by 387 

DMABN. 388 

  389 
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 390 

Figure 2. A−C: Transient absorption spectra following 355 nm laser pulse excitation of: 391 

(A) 2-Acetonaphthone (2-AN, 5 × 10-4 M); (B) 2-AN (5 × 10-4 M) and triethanolamine (TEA, 392 

1 × 10-2 M); (C) 2-AN (5 × 10-4 M) and DMABN (5 × 10-4 M). Spectra were recorded in the time 393 

range from 20 ns to 50 µs after the laser pulse using a 5-ns integration window. Spectral data were 394 

smoothed by adjacent averaging over 20 data points (≈10 nm). All samples (pH 8.0) were made in 395 

aerated water containing 0.9% (v/v) MeCN. (D) A plot of the determined first-order decay rate 396 

constant of the triplet state of 2-AN (obtained at the observation wavelength of 520 nm) vs. the 397 

DMABN concentration. Error bars represent 95% confidence intervals from at least quadruplicate 398 

measurements. 399 

  400 
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3.2.2. Quenching of the excited triplet state of photosensitizers by DMABN 401 

For photosensitizers having oxidizing excited triplet states, quenching rate constants can be used 402 

as an indicator of the efficacy in producing the oxidized substrate. To produce DMABN•+ at 403 

sufficiently high concentration for an accurate evaluation of its decay kinetics, high 3Sens* second-404 

order quenching rate constants are advantageous. Table 2 collects the second-order quenching rate 405 

constants obtained in this study for six photosensitizers exhibiting  values in the range of 406 

1.26−1.86 V vs. SHE. The corresponding linear regression plots are given in Figure 4D for 2-AN 407 

and in the ESI, Figure S9 for the other photosensitizers. The quenching rate constants vary over 408 

about two orders of magnitude and increase non-linearly with increasing . Literature values 409 

of the triplet state energies of the photosensitizers are also collected in Table 3 to evaluate the 410 

possibility of energy transfer as a side-reaction (Equation 20). Only  411 

3-methoxyacetophenone (ET = 3.14 eV)40 has a higher triplet state energy than DMABN (2.81 412 

eV)27, but no evidence for the formation of 3DMABN* could be found in the measured transient 413 

absorption spectra with this photosensitizer. For all other photosensitizers energy transfer can be 414 

excluded a priori. 415 

  416 

*0
redE

*0
redE
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Table 2. Ground-state reduction potentials ( ), triplet-state reduction potentials ( ), triplet 417 

state energies ( ) and determined second-order rate constants of triplet state quenching by 418 

DMABN ( ) for the studied photosensitizers 419 

 420 

Notes: aStandard one-electron reduction potentials of the photosensitizers in their electronic 421 

ground state ( ) and excited triplet state ( ) as well as triplet state energies ( ) obtained 422 

from Ref. 36 unless otherwise noted; bMeasured in aerated aqueous solution at pH 8.0. Errors 423 

represent 95% confidence intervals obtained from the linear regression lines; cFrom Ref. 40; 424 

dSolutions containing 10% (v/v) MeCN; eSolutions containing ≈1% (v/v) MeCN. 425 

In the following we analyze the rate constants for triplet state quenching by DMABN, kq, in the 426 

frame of electron transfer theory, more precisely by using the Rehm-Weller relationship (Equation 427 

21).41-43 428 

0
redE *0

redE

TE

obsq,
DMABN,Sens*3k

0
redE *0

redE TE

Photosensitizer  a  a  a  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 

0
redE *0

redE TE
obsq,

DMABN,Sens*3k
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   (21) 429 

The parameters are defined as follows: kd and k−d are the rate constants for the formation and 430 

separation of the precursor complex, respectively, Kd =kd/k−d is the equilibrium constant for the 431 

precursor complex formation, Z is the universal collision frequency factor, R is the universal gas 432 

constant, T is the absolute temperature, λ is the reorganization energy, and  is the standard 433 

molar free energy change of the electron transfer reaction, i.e., the standard molar free energy 434 

difference between successor complex and precursor complex, which was approximated using 435 

Equation 22. 436 

    (22) 437 

To fit the determined second-order rate constants for quenching of 3Sens* by DMABN, Equation 438 

22 was inserted in Equation 21, and  was used as the independent variable 439 

while  was a fitting parameter. A similar procedure as in Ref. 44 was 440 

applied, keeping the ratio kd/(Kd×Z) fixed at 0.1. λ was used as an additional fitting parameter, 441 

while kd was fixed at 5.0 × 109 M−1 s−1. Fits to the Rehm-Weller model are represented in Figure 442 

3, whereby fits with various fixed values of λ are also shown. The fit to the Rehm-Weller model 443 

with two fitting parameters gave values of 0 kJ mol−1 for λ and 1.32 ± 0.04 V vs. SHE for 444 

. Using a fixed value of λ = 20 kJ mol−1 (a value which was obtained 445 

for the quenching of the excited triplet state of methylene blue by a series of substituted anilines 446 

15) also yields a reasonably good fit with   = 1.28 ± 0.08 V vs. SHE 447 
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(used as the only fitting parameter). Both values are significantly higher (by 0.13 and 0.09 V, 448 

respectively) than a crude estimate of 1.19 V obtained by adding the difference between the 449 

oxidation potentials of 4-cyanoaniline (1.32 V)45 and aniline (1.00 V)45 to the oxidation potential 450 

of N,N-dimethylaniline (0.87 V),46 all measured in aqueous solution. Note that a value of 1.11 V 451 

for  was determined in MeCN solution,47 which is even lower than the 452 

aforementioned crude estimate. 453 

 454 

 455 

 456 

 457 

 458 

 459 

Figure 3. Determined second-order rate constants for the quenching of excited triplet states of 460 

photosensitizers by DMABN ( ) (black squares) plotted on a logarithmic scale against 461 

, the one-electron reduction potential of the excited triplet states of the 462 

photosensitizers. The lines represent fits to the Rehm-Weller model with reorganization energy (λ) 463 

values as given in the legend. The fitting procedure is explained in the text. Error bars represent 464 

95% confidence intervals obtained from plots of triplet state decay rate constants against DMABN 465 

concentration (see Figures 2D and S7). 466 
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3.2.3. Decay kinetics of DMABN•+ 467 

The DMABN•+ decay kinetics was studied at various "initial" DMABN•+ concentrations with the 468 

main aim of evaluating the relative importance of first- and second-order kinetic processes. A 469 

series of experiments was conducted at constant DMABN concentration (5 × 10-4 M) using 1-470 

naphthaldehyde (1-NA) as the photosensitizer. Thereby, the "initial" concentration of 31-NA* 471 

(measured ≈10 ns after the laser pulse) was tuned by varying the concentration of 1-NA in the 472 

range of 5 × 10-5 − 3 × 10-4 M, and additionally by varying the laser pulse intensity using metal-473 

grid filters (experiments conducted at [1-NA] = 5 × 10-5 M). The transient absorbance change data 474 

were first analyzed using conventional second-order kinetic plots as detailed in the ESI, Text 10, 475 

Figure S11 and Table S7. Especially at the high 1-NA concentrations, and consequently at the high 476 

"initial" 31-NA* and DMABN•+ concentrations, this simple kinetic analysis yielded consistent 477 

values for the second-order rate constant, which was assigned to the reaction of DMABN•+ with 478 

O2
•− (Equation 13). With decreasing initial concentration of the considered transient species, 479 

deviation from the simple second-order kinetic model became increasingly apparent, which was 480 

interpreted as an increasing impact of the transformation of DMABN•+ (Equation 15) on its decay. 481 

Kinetic simulations, performed according to the details given in the ESI, Text S3 and Table S3 482 

and displayed in Figure S12, supported this hypothesis. Moreover, these simulations revealed that 483 

the concentrations of DMABN•+ and O2
•− at a given time point are generally different, meaning 484 

that the condition to apply the simple second-order kinetic model are not fulfilled. Therefore, a 485 

complete analysis in terms of differential equations representing the kinetic system is required for 486 

an adequate evaluation of the DMABN•+ decay data. 487 
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Data fitting was performed using Kintecus© and the kinetic model presented in the ESI, Text S3 488 

and Table S3. For the fittings, the initial concentration of the excited triplet state of 1-NA, [31-489 

NA*]0, was estimated using the procedure described in the ESI, Table S7 and employed as a fixed 490 

parameter, while the molar absorption coefficient of DMABN•+, the second-order rate constant for 491 

the reaction between DMABN•+ and O2
•−, 𝑘𝑘DMABN∙+,O2∙−

q,exp , and the first-order rate constant for the 492 

transformation of DMABN•+ (see Equation 15), 𝑘𝑘DMABN∙+
d,obs , were used as fitting parameters. Figure 493 

4 shows that the fittings were able to accurately describe the experimental kinetic traces, however 494 

the obtained best-fit parameters varied depending on the estimated [31-NA*]0 (see ESI, Table S8). 495 

With decreasing [31-NA*]0 (from 63 to 1.9 µM), fitted 𝑘𝑘DMABN∙+,O2∙−
q,exp  values steadily increased from 496 

5.2 × 109 to 1.2 × 1010 M˗1 s˗1, while the fitted values of the molar absorption coefficient of 497 

DMABN•+ increased from ≈2400 M˗1 cm˗1 to values in the rather narrow range of ≈3500 − 3800 498 

M˗1 cm˗1 for [31-NA*]0 ≤ 14 µM. For the third fitting parameter, 𝑘𝑘DMABN∙+
d,obs , it was not possible to 499 

obtain a reliable estimate (the lower limit of 100 s˗1 that was set as a constraint in the fitting 500 

procedure was attained for most decays). The only successful estimation, obtained for [31-NA*]0 501 

= 1.92 μM, yielded a value of (1.2 ± 0.5) × 103 s−1, which is much lower than the estimate of 502 

𝑘𝑘DMABN∙+
d,obs  obtained from direct photoexcitation experiments in degassed solution (see Table 1). 503 

A preferred value of 𝑘𝑘DMABN∙+,O2∙−
q,exp  = (5.2 ± 0.4) × 109 M−1 s−1 (mean ± s. d.) was calculated by 504 

averaging the values obtained at the two highest [31-NA*]0. This was done considering the fact 505 

that at these [31-NA*]0 values the reaction between DMABN•+ and O2
•− largely dominates the 506 

decay of DMABN•+, while at lower [31-NA*]0 values the increasing importance of the first-order 507 

decay process of DMABN•+ is expected to bias the determination of 𝑘𝑘DMABN∙+,O2∙−
q,exp . The preferred 508 
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value of 𝑘𝑘DMABN∙+,O2∙−
q,exp  is significantly lower than the value obtained by the second-order fittings 509 

((1.6 ± 0.1) ×1010 M-1 s-1, see ESI, Text S10 and Table S7) and the values obtained from the direct 510 

photoexcitation experiments in the presence of air and oxygen ((8.1 ± 0.5) and (9.4 ± 0.2) ×109 M-511 

1 s-1, respectively, see Table 1). The difference to the latter values might be due to the different 512 

assumptions adopted when performing the various types of fittings. Using this value of 5.2 × 109 513 

M−1 s−1 as fixed input parameter for 𝑘𝑘DMABN∙+,O2∙−
q,exp , a two-parameters fitting of the [31-NA*]0 = 1.92 514 

μM data was performed, which yielded a value of (3.5 ± 1.4) × 103 s−1 for the first-order 515 

transformation of DMABN•+. This value is not far from (4.8 ± 1.2) × 103 s−1, the value obtained 516 

from direct photoexcitation of DMABN in degassed solutions (see Table 1). To our knowledge, 517 

this represents the first estimation of a deprotonation rate constant for an N,N-dimethylaniline 518 

radical cation in aqueous solution. Previous studies on such radical cations performed using 519 

organic solvents and acetate as a proton acceptor48, 49 support the assignment of this rate constant 520 

to a deprotonation reaction as illustrated by Equation 15. 521 
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 522 

Figure 4. Decay traces of DMABN•+ (red lines, observation wavelength 500 nm) formed by laser 523 

flash excitation of 1-Naphthaldehyde (1-NA) at 355 nm. Experiments were performed with 524 

constant [DMABN]0 = 5 × 10-4 M and various [1-NA]0 and metal grid filters (see text). Black 525 

curves represent fits performed using Kintecus© as described in the text. Panels A−C contain decay 526 

traces measured at different initial concentrations of 31-NA*, [31-NA*]0, estimated as given in the 527 

ESI, Table S7. The obtained fit parameters are collected in the ESI, Table S8. 528 

 529 

  530 
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4. Conclusions 531 

This study focused on the formation and decay of the radical cation of DMABN, DMABN•+, which 532 

was produced in aqueous solution by laser flash excitation of either DMABN or a photosensitizer 533 

inducing the oxidation of DMABN. DMABN•+, with a maximum absorption at a wavelength of 534 

≈500 nm, was the longest-lived transient intermediate observed in the visible spectral range, and 535 

was detected in a time delay range extending over several 100 µs. The photosensitized formation 536 

of DMABN•+ was found to be efficient using sensitizers with estimated triplet-state standard one-537 

electron reduction potential of >≈1.34 V vs. SHE, and for these sensitizers a rate constant for the 538 

quenching of their excited triplet state by DMABN of >3 × 109 M−1 s−1 was observed. On the 539 

nanosecond time scale, the primary by-products of DMABN•+ formed upon laser flash photolysis 540 

of DMABN and of a sensitizer (Sens) were the hydrated electron, , and the radical anion of the 541 

sensitizer, Sens•−, respectively. In aerated solution, these species reacted with molecular oxygen 542 

with half-lifetimes of ≈100 ns and ≈0.7 − 2 µs, respectively, to yield the superoxide radical anion 543 

(O2
•−, not monitored in this study). In oxygen-containing solution under the LFP conditions of this 544 

study, the deactivation of DMABN•+ appeared to be dominated by its reaction with O2
•−, leading 545 

to the reformation of DMABN. For steady-state irradiation conditions as typical for sunlit surface 546 

waters, where much lower concentrations of O2
•− were detected (10−12−10−9 M)50, the reaction with 547 

O2
•− should be negligible. From direct photoexcitation experiments performed in degassed solution 548 

as well as photosensitization experiments, the first-order transformation of DMABN•+ , which was 549 

primarily assigned to its deprotonation, may be estimated to take place with rate constants not 550 

exceeding ≈5×103 s−1. The reaction of DMABN•+ with dissolved organic matter, an important 551 

−
aqe
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natural water component, will be the subject of a follow-up study intended to assess the 552 

phototransformation rates of DMABN and analogous aquatic contaminants in surface waters. 553 
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