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Phototransformation of anthraquinone-2-sulphonate in aqueous solution 

Andrea Bedini,a Elisa De Laurentiis,a Babita Sur,a,b Valter Maurino,a Claudio Minero,a Marcello 
Brigante,*c,d Gilles Mailhotc,d and Davide Vione*a,e 
 

Anthraquinone-2-sulphonate (AQ2S) is a triplet sensitiser that has recently been used to model the 5 

photoreactivity of chromophoric dissolved organic matter (CDOM). We show that the photolysis 
quantum yield of AQ2S under UVA irradiation varies from (3.4±0.2)⋅10−3 at µM AQ2S levels to 
(1.8±0.1)⋅10−2 at 3 mM AQ2S (µ±σ). This trend is consistent with a combination of direct 
phototransformation and transformation sensitised by a photogenerated reactive species. In both cases a 
transient water adduct of AQ2S would be involved. Depending on the initial quinone concentration, the 10 

adduct could undergo transformation, give back ground-state AQ2S or react with it. The prevalence of the 
latter process at high AQ2S concentration would account for the increased values of the photolysis 
quantum yield. When using AQ2S as a triplet sensitiser, one should not exceed an initial concentration of 
0.1 mM. Under the latter conditions the sensitised process is negligible compared to the direct photolysis, 
providing a simpler system to be studied, and the photolysis quantum yield is independent of the initial 15 

AQ2S concentration. This paper also shows, by adoption of density functional theory calculations, that 
the triplet state of AQ2S has most of the spin density localised on C=O, in analogy with other photoactive 
quinones, which accounts for the oxidising character of the triplet state that tends to be reduced to a 
semiquinone radical. 

Introduction 20 

Sunlight can induce important transformation reactions of organic 
and inorganic compounds in the environment, some of which take 
place by direct photolysis. The indirect or sensitised reactions can 
also be very important, especially for the transformation of 
substrates that do not absorb sunlight or that undergo limited or 25 

negligible direct photolysis.1-3  
 Photosensitised reactions are the consequence of radiation 
absorption by photoactive compounds and proceed via the 
formation of transient species. Examples of such transients are 
reactive radicals (e.g. •OH and CO3

−•), singlet oxygen and excited 30 

triplet states.4-6 The triplet states of some organic compounds, 
such as aromatic carbonyls and quinones, are able to sensitise the 
transformation of organic and inorganic molecules in aqueous 
solution by transfer of energy, electrons or hydrogen atoms.7-9 A 
major issue is that the naturally occurring photosensitisers are 35 

still poorly characterised and their structures have only partially 
been elucidated. For this reason, it is very common to use single 
photoactive compounds as proxies to simulate the reactivity of 
natural photosensitisers that occur in surface waters (as 
components of the chromophoric dissolved organic matter, 40 

CDOM), in soil and in airborne particles. Aromatic carbonyls and 
quinones have been very often used as proxies because of their 
likely structural similarity with the naturally occurring 
photoactive compounds.10,11 
 We have recently proposed the use of anthraquinone-2-45 

sulphonate (AQ2S) for the quantification of the reaction rate 
constants between organic pollutants and excited triplet states.12-

14 The study of such a reactivity is very important for the 
modelling and the assessment of pollutant transformation 
photosensitised by CDOM.2,5,10,13 The use of AQ2S in laboratory 50 

studies offers various advantages: its triplet state does not 
produce either •OH or 1O2, thereby avoiding major interferences; 
the quantum yield of triplet formation is known and the molecule 

is easily studied by laser flash photolysis, which provides useful 
input data for a quantitative assessment of the reaction 55 

kinetics.15,16 A potential drawback of AQ2S is that its triplet state 
produces two additional transients, of which one is rather 
unreactive (with the partial exception of reaction with nitrite)12 
while the other shows some reactivity.15,16 It has been shown that 
the triplet state is considerably more reactive than the other 60 

transients toward Fe2+, N3
−, nitrite, furfuryl alcohol, benzene and 

nitrobenzene in circumneutral solution.12,16 An important issue is 
that the scavenging of triplet AQ2S by these compounds would 
inhibit the formation of additional transients and decrease the 
importance of the reactions they are involved into. A key 65 

exception to the above framework is represented by ground-state 
AQ2S, which is unreactive toward triplet AQ2S but reacts with 
one of the transients.15,16 
 A proper use of AQ2S as model photosensitiser requires a 
rationale for the choice of the reaction conditions (e.g. the initial 70 

AQ2S concentration in kinetic competition studies). Important 
indications can be obtained by characterising the AQ2S triplet 
state and related species with flash photolysis techniques and 
steady irradiation. The present paper is aimed at providing the 
missing pieces of information to that purpose. The full 75 

comprehension of the reaction kinetics of light-excited AQ2S is 
in fact very important for the interpretation of experimental data 
of photosensitised transformation. Moreover, to our knowledge 
no computational study is available for the characterisation of the 
AQ2S triplet state (AQ2S T1). To fill the gap, this work uses 80 

quantum chemistry calculations to support and widen the 
experimental understanding of AQ2S photochemistry. 

Experimental 

Reagents and materials 

Antraquinone-2-sulfonic acid, sodium salt (purity grade 97%), 85 

NaOH (99%) and H3PO4 (85%) were purchased from Aldrich, 
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tetrabutylammonium bromide (99%) from Fluka, 2-propanol 
(gradient grade) from VWR Int., methanol (gradient grade) from 
Carlo Erba (Milano, Italy). All reagents were used as received, 
without further purification. Water used was of Milli-Q quality. 

Irradiation experiments 5 

Irradiation was carried out in Pyrex glass cells (4.0 cm diameter, 
2.3 cm height), containing 5 mL of magnetically stirred solution. 
The adopted radiation source was a Philips TLK 05 UVA lamp, 
with emission maximum at 365 nm. Lamp irradiance reached the 
cells mainly from the top. The incident photon flux in solution, 10 

actinometrically determined with the ferrioxalate method,17,18 was 
2.1⋅10−5 Einstein L−1 s−1. The incident UV irradiance (290-400 
nm) on top of the solutions was 28±2 W m−2, measured with a 
CO.FO.ME.GRA. (Milan, Italy) power meter. 
 The emission spectrum of the lamp was measured with an 15 

Ocean Optics SD 2000 CCD spectrophotometer (calibrated with 
an Ocean Optics DH-2000-CAL source). The absorption 
spectrum (molar absorption coefficient) of AQ2S was taken with 
a Varian Cary 100 Scan UV-Vis spectrophotometer. Addition of 
2-propanol at concentration values up to 1 M (vide infra) did not 20 

modify the AQ2S absorption spectrum. Lamp and AQ2S spectra 
are reported in the Electronic Supplementary Information 
(hereafter ESI), Figure ESI-1. 
 After irradiation, the solutions were analysed by High 
Performance Liquid Chromatography coupled with UV detection 25 

(HPLC-UV), adopting a Merck-Hitachi chromatograph equipped 
with autosampler (model AS2000), two pumps (model L6000 and 
L6200) for high-pressure gradients and a UV detector (model 
L4200). The column used was a RP-C18 LichroCART (Merck, 
length 125 mm, diameter 4 mm), packed with LiChrospher 100 30 

RP-18 (5 µm diameter). Elution was carried out with a 40:60 
mixture of methanol and TBA/H3PO4 in water (5 mM TBA = 
tetrabutylammonium bromide, pH 2.8), at a flow rate of 1.0 mL 
min−1. Under these conditions the column dead time was 0.90 
min and the AQ2S retention time was 12.4 min. The injection 35 

volume was varied in the range of 10-100 µL and detection was 
carried out at 260 or 330 nm, depending on the initial 
concentration of AQ2S. 

Monitoring of AQ2S hydroxyderivatives 

To detect AQ2S hydroxyderivatives (α and β), solutions after 40 

irradiation were adjusted to pH 12 with NaOH to have the target 
compounds in their deprotonated form. Absorbance was 
measured at 475 and 491 nm with the Varian Cary 100 Scan UV-
Vis spectrophotometer. Deprotonated α-hydroxyAQ2S absorbs 
radiation at 491 nm (ε = 5.65⋅103 M−1 cm−1), while deprotonated 45 

β-hydroxyAQ2S absorbs significantly at both 475 nm (ε = 
3.60⋅103 M−1 cm−1) and 491 nm (ε = 3.40⋅103 M−1 cm−1).19 

Radiation absorption calculations 

Assume p°(λ) as the incident spectral photon flux density in 
solution and εAQ2S(λ) as the molar absorption coefficient of AQ2S 50 

(see Figure ESI-1). The figure also shows that p°(λ) and εAQ2S(λ) 
overlap in the 300-400 nm wavelength region. According to the 
Beer-Lambert law, the photon flux absorbed by AQ2S (Pa

AQ2S) 
can be expressed as follows: 

 λλ λε

λ

dpP
SAQbSAQ

a
SAQ ]101[)( ]2[)(2 2−−°= ∫   (1) 55 

Equation (1) was integrated numerically by means of the FigP 
software package (Biosoft, UK). 

Kinetic data treatment 

The time evolution of AQ2S under irradiation was fitted with 
pseudo-first order equations of the form [AQ2S]t = [AQ2S]o e

−k t, 60 

where [AQ2S]t is the concentration of AQ2S at the time t, 
[AQ2S]o its initial concentration and k the pseudo-first order rate 
constant of AQ2S transformation. The initial transformation rate 
of AQ2S is RAQ2S = k [AQ2S]o. The error bounds associated to 
the rate data (µ±σ) were derived from the corresponding error on 65 

k, which in turn depends on the scattering of the experimental 
data points around the fit curve (intra-series variability). The 
reproducibility of repeated runs (inter-series variability) was 
around 10-15%. 

Laser flash photolysis experiments 70 

Laser flash photolysis (LFP) experiments were carried out using 
the third harmonic (λexc = 355 nm with an energy of ~ 45 
mJ/pulse) of a Quanta Ray GCR 130-01 Nd:YAG laser system 
instrument, disposed on a right-angle geometry with respect to 
the monitoring light beam. Individual cuvette samples (3 mL 75 

volume) were used for a maximum of two consecutive laser 
shots. The transient absorbance at the pre-selected wavelength 
was monitored by a detection system consisting of a pulsed xenon 
lamp (150 W), monochromator and a photomultiplier (1P28). A 
spectrometer control unit was used for synchronising the pulsed 80 

light source and programmable shutters with the laser output. The 
signal from the photomultiplier was digitised by a programmable 
digital oscilloscope (HP54522A). A 32 bits RISC-processor 
kinetic spectrometer workstation was used to analyse the digitised 
signal. 85 

 Stock solutions of AQ2S and 2-propanol were previously 
prepared in Milli-Q water and were mixed to obtain the desired 
concentration just before each experiment. The three transient 
species formed upon excitation of AQ2S (here indicated as AQ2S 
T1, B and C) were monitored at 380, 520 and 600 nm, 90 

respectively, as previously reported.16 The second-order reaction 
rate constants with 2-propanol were determined from the 
regression lines of the logarithm decay constants against the 
alcohol concentration. All experiments were performed at 
ambient temperature (295 ± 2 K) in aerated solution, using Milli-95 

Q water (pH 6.5) as the solvent. 
 

Computational methods 

Geometry optimisations were performed in the gas phase and 
were confirmed by analytical calculation of frequencies.20 For 100 

each species, the gas-phase optimised structures were determined 
by gradient procedures 21 within the Density Functional Theory 
(DFT) 22 with the B3LYP hybrid functional.23 The latter performs 
well with polycyclic aromatic systems and their functionalised 
derivatives such as the anthraquinones.24-27 The polarised 6-105 

311G(d,p) basis set was used in all the calculations 28,29 and the 
nature of the stationary points was confirmed by analytical 
calculation of vibrational frequencies.18 Finally, the energy values 
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obtained in the gas-phase calculations were refined taking the 
solvent effect into account, through single-point calculations at 
the PCM (Polarised Continuum Method) level.30 
 The AQ2S excitation spectrum and its energy levels have been 
computed within the Time-Dependent Density Functional Theory 5 

(TDDFT),31 using the hybrid functional and basis set described 
above. A number of 30 singlet and 30 triplet states with their 
related oscillator strengths were computed, starting from ground-
state geometry. Only electronic transitions with an oscillator 
strength value (f) higher than 0.1 were explored. Solvent effects 10 

on the electronic structure and the excited states of AQ2S were 
investigated using the TDDFT theory, coupled with the PCM 
model in its non-equilibrium formulation for the calculation of 
excited state properties, ignoring the weak modifications in 
ground-state geometry induced by the solvent.32 15 

 The electronic distribution and localisation of the singlet 
excited states were visualised using the electron density 
difference maps (EDDMs).33,34 All molecular calculations were 
carried out with the GAUSSIAN 03W suite of programs.35 
GaussSum, release version 1.05, was used for EDDM 20 

calculations and for the simulation of the UV-VIS spectrum.36 
The GaussView program was used to visualise optimised 
structures and spin distributions. 

Results and discussion 

Quantum mechanical calculations of the AQ2S triplet state 25 

The gas-phase optimised structure of AQ2S in its ground state 
(S0) is reported in Figure ESI-2. Preliminary calculations (both 
geometry optimisation and TDDFT studies) were performed on 
the AQ2S molecule without the sodium counter-ion. However, 
the results did not match with the experimental data, in particular 30 

as far as the UV-VIS spectra are concerned. Therefore, all the 
following calculations have taken the Na+ counter-ion into 
account. The obtained structure was compared to the XRD data 
collected by Gamage.37 Calculations slightly overestimated the 
sulphur-oxygen distances (by 0.016 Å), but all the remaining 35 

bond lengths were within 0.002 Å of the experimental ones. 
Therefore, the computed molecular structure can be considered as 
a sufficiently good model for the real one. 
 The lower-lying triplet (T1) state shows some structural 
modifications compared to S0: increased C=O bond length, 40 

shrinking of the central ring, lengthening of one of the S-O bonds 
(see ESI). Figure 1 reports the total spin density surface of AQ2S 
T1 and shows two main areas where the spin density is higher. 
The strongest one is centred on one carbonyl group, the other on 
the atoms that allow the resonance of unpaired electrons on the 45 

aromatic skeleton of the molecule, including the other carbonyl 
group. In the former case, the high spin density is localised on the 
unoccupied π* system of C=O, in analogy with the carbon 
monoxide molecule in its lower lying triplet state.11 In contrast, 
the sulphonate group and the hydrogen atoms exhibit negligible 50 

spin density. The spin density distribution of AQ2S T1 is very 
similar to that of other photoactive anthraquinones in their triplet 
state, while poorly reactive quinones show most of the triplet-
state spin density on the aromatic skeleton.11 It can thus be 
hypothesised that the C=O spin density of AQ2S T1 is closely 55 

linked to its photoreactivity, which should involve oxidation of 

other molecules and reduction of AQ2S T1 to a semiquinone 
radical.38 This conclusion is supported by the length of the high-
spin density C=O bond in AQ2S T1 (see ESI), which is consistent 
with an incipient >C–O• system that can be found in the 60 

semiquinone radical. 

 

Fig. 1 Spin density surface of AQ2S in its T1 state (isovalue = 0.02).  

The TDDFT calculation was performed on the AQ2S gas-phase 
optimised geometry, to understand the behaviour of excited 65 

AQ2S and explore the nature and position of its energy levels. 
TDDFT calculations of the energy levels took the solvent effects 
into account within the PCM method. It can be observed that all 
the transitions from S0 to the triplet states are forbidden for 
multiplicity rules, and that their oscillator strength is zero. 70 

Calculated absorption properties for AQ2S in aqueous solution 
are reported in Table ESI-1, where only transitions with an 
oscillator strength higher than 0.1 are considered and compared 
with the experimental results. Calculations are in very good 
agreement with experimental data, as can be seen from Figure 2 75 

that shows a good match between experimental and simulated 
UV-VIS spectra for AQ2S in aqueous solution. 
 Figure 3 is a graphical representation of the excitation 
processes. It includes some EDDM (electron density difference 
maps), referred to singlet states reached by transitions with 80 

oscillator strength higher than 0.1, and all the energy levels of 
singlet and triplet states calculated in the TDDFT simulation. 
Each band appearing in the AQ2S UV-VIS spectrum can be 
assigned to a particular transition, using Braude notation.39 
Around 200 nm one finds π → π* transitions of aromatic skeleton 85 

bonds (E bands, S0 → S28, S0 → S22, S0 → S19). The band at 255 
nm represents a π → π* transition of the aromatic system (K 
band, S0 → S10), characterised by strong molar absorption 
coefficient. The shoulder at 286 nm is supposed to be a benzenoid 
band (B band, S0 → S7) whose fine structure is lost in the polar 90 

solvent. The weaker but environmentally significant band centred 
at 333 nm can be assigned to a n → π* transition (R band, S0 → 
S4). 
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Fig. 2 Experimental (solid) and simulated (dashed) UV-Vis spectra 
of AQ2S in aqueous solution. The simulated curve was obtained 
employing GaussSum 1.05. The oscillator strength (right Y axis) is 
reported as solid bars. 5 
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Fig. 3 Selected singlet and triplet excited states of AQ2S with their 
respective electron density difference maps (EDDMs), obtained using the 
program GaussSum 1.05 (sky blue indicates an increase in charge density, 
violet indicates a decrease). All major components and their relative 10 

weight were taken into consideration for each transition. 

A reviewer’s remark concerned the likely importance of 
transitions S0 → S1 (403 nm) and S0 → S2 (367 nm). Although 
weaker than S0 → S3 or S0 → S4, they would extend the 
absorbance of AQ2S right into the visible range and would 15 

produce a weak band. Such a band, which may have been 
experimentally detected (personal communication by anonymous 
reviewer), could be of interest for some applications. 

Laser flash photolysis experiments 

The excited triplet state of AQ2S (AQ2S T1) is formed upon 20 

radiation absorption followed by inter-system crossing (quantum 
yield ΦT = 0.18 40). AQ2S T1 evolves upon reaction with H2O to 
form two transients, indicated in the literature as B and C.15,16 
Figure ESI-3 reports the traces of the evolution of the absorbance 
at 380 nm (AQ2S T1), 520 nm (B) and 600 nm (C), clearly 25 

showing that B and C are formed while AQ2S T1 decays. The 
two species B and C have variously been termed as water adducts 
of ground-state AQ2S 15 or water exciplexes of triplet AQ2S.41 
Triplet AQ2S forms various charge-transfer complexes 

(exciplexes) with oxidisable compounds, which have partial ion-30 

couple nature and absorption spectra that are very close to that of 
AQ2S radical anion (AQ2S−•).42 The latter has two clear 
absorption maxima at 400 and 500 nm and no absorption above 
550 nm,43 differently from B and C that have an absorption band 
at 600 nm and no peak at 400 nm.16 Based on these important 35 

differences, it is hardly likely for B and C to be water exciplexes. 
They should rather be considered as adducts between ground-
state AQ2S and water. 
 As far as the structure of B and C is concerned, it should be 
considered that laser irradiation of anthraquinone-2,6-40 

disulphonate (AQ26DS) has yielded the same number of 
transients as AQ2S,44 with absorption spectra that closely match 
those of AQ2S T1, B, C, AQ2S−• and AQ2SH•, 
respectively.15,16,43,44 The structure of the AQ26DS transients that 
spectrally correspond to B and C has been studied by time-45 

resolved resonance Raman spectroscopy,45 and two water adducts 
have been identified. The former, corresponding to B, has the 
water molecule interacting with the oxygen atom of one of the 
two C=O groups. In the latter, corresponding to C, the water 
molecule interacts with one of the side aromatic rings, quite away 50 

from the sulphonate group.45 The very good match between the 
absorption spectra of the intermediates of AQ26DS and AQ2S 
strongly suggests that B is a water adduct where H2O hydrogen is 
attached to the C=O oxygen, while C is a water adduct where 
H2O is attached to the side ring via the oxygen atom. 55 

 We have adopted 2-propanol as probe molecule to study the 
triplet state of AQ2S. In addition to being a well-known •OH 
scavenger (which is not applicable to the present case), 2-
propanol is also an effective quencher of excited states. Its use is 
compatible with both laser flash photolysis measurements and 60 

steady irradiation experiments. It has for instance been used to 
probe the reactivity of 1-nitronaphthalene as triplet sensitiser in 
both steady irradiation experiments and flash photolysis runs.46 It 
is thus possible to use 2-propanol to test hypotheses on triplet 
reactivity, and to check whether they fit into a consistent 65 

framework. 
 In the determination of the first-order rate constants kA, kB and 
kC, following the decay of AQ2S T1, B and C at 380, 520 and 600 
nm, respectively, a correct choice of the time intervals where to 
fit the flash photolysis traces can avoid the risk of biases due to 70 

spectral overlap.15 In the case of AQ2S T1 there is potential 
interference from B and C because they rise while the triplet 
decays, but at 380 nm the spectral interference is minimised.16 
Moreover, Figure ESI-3 shows that between 0.1 and 0.3 µs the 
absorbance values of B and C vary very little, which further 75 

reduces the possibility of interference in this time interval. The 
rise and decay of C monitored at 600 nm could be biased by B 
soon after the pulse. However, spectral interference by B would 
be minimised between 0.4 and 1.0 µs, where the absorbance of B 
is about constant (see Figure ESI-3). This is due to the fact that kB 80 

< 10−2 kC. AQ2S T1 would not interfere with C, because it does 
not absorb significantly at 600 nm. Finally, the slow decay of B 
can easily be fitted over a longer time scale (> 6 µs), starting after 
the practically complete decay of both AQ2S T1 and C. 
 Figure 4 shows the trend of the pseudo-first order rate 85 

constants for the decay of AQ2S T1, B and C (kA, kB and kC, 
respectively) as a function of the concentration of 2-propanol, 
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upon laser irradiation of 0.1 mM AQ2S. In the absence of the 
alcohol, from repeated laser shots one finds kA = (5.8±0.2)⋅106 
s−1, kB = (2.3±0.1)⋅104 s−1 and kC = (3.1±0.1)⋅106 s−1 at 380, 520 
and 600 nm, respectively. From Figure 4 one gets that B is 
unreactive toward 2-propanol, while AQ2S T1 and C react 5 

significantly. Indeed, the Pearson test returned significant 
correlation for both kA vs. [2-propanol] (p < 0.001) and kC vs. [2-
propanol] (p = 0.04). 

 

Fig. 4 Effect of 2-propanol concentration on the first-order decay 10 

constants of the species related to AQ2S T1. The LFP experiments (355 
nm, 45 mJ) were carried out in aerated solution at 295 ± 2 K and pH 6.5, 
in the presence of 0.1 mM AQ2S. Fit lines are dashed, 95% confidence 
bands of the fits are dotted. The error bars represent ±σ. 

From the slopes of the lines kA vs. [2-propanol] and kC vs. [2-15 

propanol] one obtains the second-order reaction rate constants of 
AQ2S T1 and C with the alcohol, the respective values of which 
are (4.99±0.30)⋅106 M−1 s−1 and (7.99±2.66)⋅105 M−1 s−1. Note the 
higher reactivity with 2-propanol of AQ2S T1 compared to C, a 
feature that is often observed with irradiated AQ2S in the 20 

presence of organic and inorganic compounds.12,16 
 The transient species AQ2S T1 and C are oxidising agents,12 
thus the reaction with 2-propanol would oxidise the alcohol and 
yield the reduced form of AQ2S. The reactions between 
irradiated quinones and 2-propanol proceed by hydrogen 25 

transfer,47 thus AQ2SH• would be produced. The acid-base 
equilibrium AQ2SH•/AQ2S−• has pKa ≈ 3.5,43 and under the 
conditions adopted in this study (pH 6.5) there could be 
deprotonation of AQ2SH• to the radical anion AQ2S−•. The latter 
species has two absorption maxima at 400 and 500 nm.43 30 

Interestingly, two absorption bands at these wavelengths were 
detected in our experiments in the presence of 2-propanol 
(Figures ESI-4, ESI-5).  
 Figure 5 reports two transient absorption spectra obtained in 
the absence and in the presence of 0.4 M 2-propanol, as well as 35 

their difference. The difference spectrum has two absorption 
maxima at 400 and 500 nm, consistently with the spectrum of 
AQ2S−•.43 The detection of AQ2S−• under the adopted conditions 
suggests that deprotonation of AQ2SH• would be much faster 
than the other decay processes of either AQ2SH• or AQ2S−•. 40 

 

Fig. 5 Absorption spectra of the transient species formed by laser 
pulse irradiation of 0.1 mM AQ2S, 0.195 µs after the pulse (355 nm, 45 
mJ), in the absence (A) and in the presence (B) of 0.4 M 2-propanol. The 
difference between the two spectra (B-A) is also reported. The 45 

experiments were carried out in aerated solution at 295 ± 2 K and pH 6.5. 

Photolysis quantum yield of AQ2S as a function of its 
concentration, under steady irradiation conditions 

The transformation of AQ2S upon UVA irradiation was studied 
in the concentration range of 1 µM – 3 mM, at pH 6 in aerated 50 

solution. Under the adopted conditions, AQ2S followed a pseudo-
first order decay with a half-life time in the range of 100-170 
min. The photolysis quantum yield was calculated as ΦAQ2S = 
RAQ2S Pa,AQ2S

−1, where RAQ2S is the initial transformation rate of 
AQ2S (disappearance of the substrate) and Pa,AQ2S is its initial 55 

absorbed photon flux. The trend of ΦAQ2S vs. the initial AQ2S 
concentration is reported in Figure 6.  

 

Fig. 6 Multi-wavelength photolysis quantum yield of AQ2S as a 
function of its initial concentration, under UVA irradiation at pH 6. The 60 

dashed curve is the data fit with equation (2), while the 95% confidence 
bands are dotted. Note the exponential scale of the X-axis. 

One can see that ΦAQ2S is almost independent of AQ2S for 
concentration values below 0.1 mM, and that it increases with 
increasing AQ2S for higher values. This trend is consistent with a 65 

significant reaction between excited and ground-state AQ2S at 
high concentration.48 Literature data clearly suggest that C is the 
only excited AQ2S species that is able to react with ground-state 
AQ2S.15,16 
 Based on the literature and on our laser flash photolysis results, 70 

a reactivity scenario can be depicted for the system under study. 
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Radiation absorption by ground-state AQ2S (AQ2S S0) followed 
by inter-system crossing gives AQ2S T1, which reacts with water 
to yield B and C. Reaction of AQ2S T1 with water is faster than 
either reaction with O2 or internal conversion to the ground 
state.15 B would be slowly converted back to AQ2S S0. C could 5 

give back AQ2S S0, undergo other transformation processes or 
react with AQ2S S0.

15,16 In the latter reaction, C would be 
reduced and AQ2S S0 oxidised.16,38 The reduced species AQ2Sred 
(most likely AQ2S−• under the adopted pH 6) would react with 
dissolved O2 to yield back AQ2S S0 plus O2

−•.15,38 The above 10 

pathways are depicted in Scheme 1a. 
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Scheme 1. Proposed reaction schemes of AQ2S alone (a), of AQ2S + 2-15 

propanol at low AQ2S (b) and of AQ2S + 2-propanol at high AQ2S (c). 
From the schemes (a), (b) and (c), upon application of the steady-state 
approximation to AQ2S T1, B, C and AQ2Sred, one obtains equations (2), 
(3) and (4), respectively. In the scheme, the first-order rate constants are 
in italic, the second-order ones are in bold. 2-prop = 2-propanol. 20 

Note that AQ2S T1 is formed with quantum yield ΦT = 0.18.40 
The quantum yields for the formation of B and C are ΦB = ΦT kA1 
kA

−1 = 0.16 and ΦC = ΦT kA2 kA
−1 = 0.02.15,16,40 Figure 6 shows 

that the quantum yield ΦAQ2S tends to 0.02 at high AQ2S 

concentration, thus it is CSAQShighAQ Φ≈Φ 2)2(lim . This 25 

behaviour is in very good agreement with the processes shown in 
Scheme 1a, because at sufficiently high AQ2S the whole of C 
would be scavenged by ground-state AQ2S. 

 In this context, to explain the ΦAQ2S trend reported in Figure 6 
it is essential to assume that C is able to give back AQ2S at some 30 

extent (with rate constant kC1, see Scheme 1), in agreement with 
literature suggestions.15 From the processes depicted in Scheme 
1a and by applying the steady-state approximation to the 
transients AQ2S T1, B, C and AQ2Sred, one gets the following 
expression for ΦAQ2S: 35 

 
]2['
]2['22

2 SAQkk

SAQkk

k

k

C

C
T

A

A
SAQ +
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Assuming kA = 5.8⋅106 s−1 and kC = 3.1⋅106 s−1 as per our laser 
flash photolysis results and ΦT = 0.18,40 the fit of the Figure 6 
data with equation (2) yielded kA2 = (6.9±0.1)⋅105 s−1, kC2 = 
(5.2±0.3)⋅105 s−1 and k’ = (4±1)⋅109 M−1 s−1. The value of kA2 40 

obtained by numerical fit is in excellent agreement with literature 
reports,15 while no previous measurement of kC2 could be found 
in the literature. The fact that kC2 kC

−1 = 0.17±0.01 implies that 
over 80% C would evolve back into AQ2S S0 at low AQ2S 
concentration. The reaction between C and AQ2S S0 at high 45 

concentration would enhance the quantum yield of AQ2S 
photolysis. As far as k’ is concerned, our result compares very 
well with recent findings based on laser flash photolysis 
measurements.16 

Formation of AQ2S hydroxyderivatives 50 

It has long been known that α- and β-hydroxyAQ2S are formed 
upon AQ2S irradiation,19 and more recent studies could only 
confirm that the hydroxyderivatives are the only important AQ2S 
phototransformation intermediates in aqueous solution.38 Scheme 
1a suggests that AQ2S derivatives could be formed by further 55 

evolution of both C and AQ2Sox. The process involving C would 
likely prevail at low AQ2S, that involving AQ2Sox at high AQ2S. 
Considering that C would be a water adduct of AQ2S where the 
water molecule interacts with the lateral ring, the formation of 
AQ2S hydroxyderivatives upon transformation of C is quite 60 

reasonable. Also reasonable is the formation of 
hydroxyderivatives upon reaction between AQ2Sox and water. 
Figure ESI-6 reports the time trend of the absorbance at 475 and 
491 nm of AQ2S solutions (initial concentration 10 µM and 2 
mM, respectively), adjusted after irradiation to pH 12 with 65 

NaOH. At these wavelength values, AQ2S does not absorb 
radiation but the deprotonated hydroxyderivatives do.19 

 Irradiation of 10 µM AQ2S gave practically identical 
absorbance values at both wavelengths, while in the case of 2 
mM AQ2S the absorbance at 475 nm was 10-20% higher than 70 

that at 491 nm. This means that a higher fraction of β-
hydroxyAQ2S compared to α-hydroxyAQ2S was formed with 2 
mM AQ2S than with 10 µM AQ2S. Such a small but detectable 
difference is compatible with the occurrence of two different 
AQ2S transformation processes, as hypothesised in Scheme 1a: 75 

evolution of the ring water-adduct C into more stable compounds 
at low AQ2S, and transformation of AQ2Sox at high AQ2S. 

Effect of 2-propanol on AQ2S phototransformation 

Figure 7 reports the trends of RAQ2S as a function of the 
concentration of 2-propanol, for 20 µM (8a) and 3 mM (8b) 80 

initial AQ2S. It can be seen that in both cases, the addition of 2-
propanol decreases the AQ2S transformation rate. 
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 At 20 µM AQ2S, the substrate concentration is too low for the 
reaction between C and ground-state AQ2S to be significant. 
Therefore, C would either give back AQ2S (kC1) or be 
transformed (kC2). The laser flash photolysis results (Figure 4) 
suggest that 2-propanol would scavenge both AQ2S T1 and C, 5 

with respective rate constants k” ≅ 5.0⋅106 M−1 s−1 and k’” ≅ 
8.0⋅105 M−1 s−1. It is also suggested that AQ2S T1 and C oxidise 
2-propanol and undergo reduction to AQ2S−• (Figure 5). To 
further support this assumption, we detected acetone (a typical 
oxidation by-product of 2-propanol 46) upon irradiation of AQ2S 10 

and 2-propanol (data not shown). 
 

 

 

Fig. 7 a) Effect of the initial concentration of 2-propanol on the 15 

phototransformation rate of 20 µM AQ2S. b) Effect of the initial 
concentration of 2-propanol on the phototransformation rate of 3 mM 
AQ2S. UVA irradiation and pH 6 in both cases.  
The dashed curves are the fit of the experimental data, with equation (3) 
and (4) for Figure 7a and 7b, respectively. The dotted curves are the 95% 20 

confidence bands of the fit. 

With 20 µM AQ2S and 2-propanol the kinetic system reported in 
Scheme 1b applies, which upon application of the steady-state 
approximation to AQ2S T1, B, C, and AQ2Sred yields the 
following equation for RAQ2S (2-Pr = 2-Propanol): 25 
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The fit of the experimental data with equation (3), assuming ΦT = 
0.18,40 kA = 5.8⋅106 s−1, kC = 3.1⋅106 s−1, kA2 = 6.9⋅105 s−1, kC2 = 
5.2⋅105 s−1, k” = 5.0⋅106 M−1 s−1 and k’” = 8.0⋅105 M−1 s−1 (all 30 

values except ΦT are based on results from this work), is reported 
in Figure 7a. Note that Pa was the only fit variable of equation (3) 
to the experimental data of Figure 7a, while all the other 

quantities were kept fixed at the values reported above. The fit 
yielded Pa = (4.6±0.1)⋅10−7 Einstein L−1 s−1, which is in very good 35 

agreement with the calculated value 

∫
−−°=

λ

λε λλ dpP SAQb

a
SAQ ]2[)(2101[)(  = 4.5⋅10−7 Einstein L−1 s−1. 

 With 3 mM AQ2S, the reaction between C and ground-state 
AQ2S should also be taken into account (Scheme 1c). By 
applying the steady-state approximation to AQ2S T1, B, C, and 40 

AQ2Sred one obtains the following equation: 

Pr])2[]2[(Pr])2[(

])2[( 22
2 −′′′+′+−′′+

′+⋅Φ=
kSAQkkkk

SAQkkk
PR
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With the numerical values reported above and k’ = 4⋅109 M−1 s−1 
one can fit the experimental data of Figure 7b with equation (4). 
With Pa as the only fit variable, one obtains Pa = (1.1±0.2)⋅10−5 45 

Einstein L−1 s−1, in good agreement with the calculated value 

∫
−−°=

λ

λε λλ dpP
SAQb

a
SAQ ]2[)(2101[)(  = 1.3⋅10−5 Einstein L−1 

s−1. It should be underlined that the fit of the experimental data of 
Figure 7 with equations (3, 4) was carried out with Pa as the only 
fit variable, and Pa was also independently assessed by means of 50 

radiation absorption calculations. All the other constants were 
kept fixed at the values obtained in this work from laser flash 
photolysis measures, or from the previous fit with equation (2) of 
the experimental data of Figure 6. A literature value was adopted 
for ΦT and kept fixed. Therefore, there is an overall consistency 55 

between laser flash photolysis data and the experimental results 
of Figures 6 and 7. 
 The agreement between the experimental data (Figures 6, 7) 
and the equations derived from the kinetic systems shown in 
Scheme 1 suggests that the water adduct C would play a key role 60 

in the photoinduced transformation of AQ2S. The latter would 
proceed by combination of direct photolysis and transformation 
sensitised by C. The direct photolysis would prevail at low 
AQ2S, where the main process is expected to be the 
transformation of C to give AQ2S hydroxyderivatives. At high 65 

AQ2S, the key process would be the reaction between C and 
ground-state AQ2S. The AQ2S hydroxyderivatives would be 
major transformation intermediates in this case as well, but a 
higher fraction of β-hydroxyAQ2S vs. α-hydroxyAQ2S would be 
produced compared to the former case of low AQ2S 70 

concentration. 
 Table 1 summarises the numerical values of the Scheme 1 
kinetic parameters that were used to describe the photochemistry 
of AQ2S under circumneutral conditions, which are 
representative of most surface waters. 75 
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Table 1 Kinetic parameters (see Scheme 1) that describe the 
experimental data reported in Figures 6 and 7. The values of kA1 and kC1 
were obtained by difference (kA - kA2 and kC – kC2, respectively) as 
reported in the table. “LFP” = laser flash photolysis; “fit” means 
numerical fit of the results of steady irradiation experiments. 5 

Kinetic parameter Numerical value Reference 
ΦT, unitless 0.18 40 
kA, s−1 (5.8±0.2)⋅106 This work, LFP 
kA1, s

−1 (5.1±0.2)⋅106 This work, difference 
kA2, s

−1 (6.9±0.1)⋅105 15 and this work, fit 
kB, s−1 (2.3±0.1)⋅104 This work, LFP 
kC, s−1 (3.1±0.1)⋅106 This work, LFP 
kC1, s

−1 (2.6±0.1)⋅106 This work, difference 
kC2, s

−1 (5.2±0.3)⋅105 This work, fit 
k′, M−1 s−1 (4±1)⋅109 16 and this work, fit 
k", M−1 s−1 (5.0±0.3)⋅106 This work, LFP 
k"′′′′, M−−−−1 s−−−−1 (8.0±2.7)⋅105 This work, LFP 

Conclusions 

The triplet state AQ2S T1 is characterised by a high spin density 
localised on the C=O group, which in the case of quinones is 
connected with significant photochemical reactivity. Such a 
finding supports evidence that AQ2S T1 reacts with dissolved 10 

molecules by electron or H abstraction, which would produce a 
semiquinone radical. 
 The quantum yield of AQ2S phototransformation, ΦAQ2S is 
independent of AQ2S up to a concentration of about 0.1 mM. 
Above 0.1 mM AQ2S, ΦAQ2S significantly increases with 15 

increasing AQ2S concentration. The comparison and the 
agreement between experimental data and the results of kinetic 
modelling suggest that a water adduct of AQ2S, indicated here as 
C, would play a key role in AQ2S phototransformation. At low 
AQ2S, C would partly give back AQ2S and partly undergo 20 

transformation while at high AQ2S, C would mainly react with 
the ground-state substrate in a redox process. This reaction would 
cause a net AQ2S transformation and, by inhibiting the 
deactivation of C to AQ2S, would account for the enhancement 
of ΦAQ2S at high substrate concentration. The proposed scenario 25 

is supported by the extent of inhibition by 2-propanol of the 
phototransformation of AQ2S at both low and high substrate 
concentration.  
 Fewer photoinduced processes are operational in the more 
dilute AQ2S solutions ([AQ2S] ≤ 0.1 mM), where ΦAQ2S is also 30 

independent of [AQ2S]. Therefore, AQ2S as triplet sensitiser 
should be used at low concentration (≤ 0.1 mM) to avoid the 
additional complications that arise in more concentrated 
solutions, including the effect of [AQ2S] on the kinetics of AQ2S 
T1 quenching. 35 
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