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Phototransformation of anthraquinone-2-sulphonate in aqueous solution

Andrea Bedini,? Elisa De Laurentiis® Babita Sur,*® Valter Maurino? Claudio Minero?® Marcello
Brigante*“® Gilles Mailhot®® and Davide Vione*?®

s Anthraquinone-2-sulphonate (AQ2S) is a triplet #é3&s that has recently been used to model the
photoreactivity of chromophoric dissolved organiattar (CDOM). We show that the photolysis
quantum yield of AQ2S under UVA irradiation varfesm (3.4:0.2)10° at uM AQ2S levels to
(1.8£0.1)Y1072 at 3 mM AQ2S (o). This trend is consistent with a combination inéck
phototransformation and transformation sensitised photogenerated reactive species. In both eases

10 transient water adduct of AQ2S would be involvedpBnding on the initial quinone concentration, the
adduct could undergo transformation, give back gdestate AQ2S or react with it. The prevalencehef t
latter process at high AQ2S concentration woulaantfor the increased values of the photolysis
quantum yield. When using AQ2S as a triplet seswitione should not exceed an initial concentraifon
0.1 mM. Under the latter conditions the sensitisegtess is negligible compared to the direct plysts)

15 providing a simpler system to be studied, and ti@qlysis quantum yield is independent of the aiti
AQ2S concentration. This paper also shows, by adlof density functional theory calculations, that
the triplet state of AQ2S has most of the spin dgtscalised on C=0, in analogy with other photozet
quinones, which accounts for the oxidising charaatehe triplet state that tends to be reduced to
semiquinone radical.

is easily studied by laser flash photolysis, whicbvides useful
2 I ntroduction ssinput data for a quantitative assessment of thecticea
kinetics?>'® A potential drawback of AQ2S is that its tripléate
produces two additional transients, of which one rasher
unreactive (with the partial exception of reactioith nitrite)*?
while the other shows some reactiVity® It has been shown that
eo the triplet state is considerably more reactiventlihe other
transients toward B& Nj7, nitrite, furfuryl alcohol, benzene and
nitrobenzene in circumneutral solutitrt® An important issue is
that the scavenging of triplet AQ2S by these comaisuwould
inhibit the formation of additional transients adécrease the
es importance of the reactions they are involved inf.key
exception to the above framework is representedrbynd-state
"AQ2S, which is unreactive toward triplet AQ2S baacts with
one of the transientg®
A proper use of AQ2S as model photosensitiser iregjLa
7o rationale for the choice of the reaction conditidéag.the initial
AQ2S concentration in kinetic competition studielshportant
indications can be obtained by characterising tl@23. triplet
state and related species with flash photolysisiniegies and
steady irradiation. The present paper is aimedra¥iging the
7s missing pieces of information to that purpose. Thdl
comprehension of the reaction kinetics of lightiteadt AQ2S is
in fact very important for the interpretation ofpeximental data
of photosensitised transformation. Moreover, to koowledge
no computational study is available for the chamasation of the
s0 AQ2S triplet state (AQ2S {J. To fill the gap, this work uses
guantum chemistry calculations to support and widae
experimental understanding of AQ2S photochemistry.

Sunlight can induce important transformation reatiof organic
and inorganic compounds in the environment, sonvehidh take
place by direct photolysis. The indirect or sessiti reactions can
also be very important, especially for the transifation of

25 substrates that do not absorb sunlight or that ngodiémited or
negligible direct photolysis®

Photosensitised reactions are the consequencedidtion
absorption by photoactive compounds and proceid the
formation of transient species. Examples of suandients are

30 reactive radicalse(g."OH and CQ™), singlet oxygen and excited
triplet state$:® The triplet states of some organic compounds
such as aromatic carbonyls and quinones, are alslerisitise the
transformation of organic and inorganic moleculesagueous
solution by transfer of energy, electrons or hyerogtoms:® A

3s major issue is that the naturally occurring photsgiesers are
still poorly characterised and their structuresehawly partially
been elucidated. For this reason, it is very commoonse single
photoactive compounds as proxies to simulate thetikéty of
natural photosensitisers that occur in surface nwatéas

40 components of the chromophoric dissolved organictena
CDOM), in soil and in airborne particles. Aromatariconyls and
quinones have been very often used as proxies beautheir
likely structural similarity with the naturally ogoing
photoactive compound§*

4 We have recently proposed the use of anthraquilene
sulphonate (AQ2S) for the quantification of the ctean rate
constants between organic pollutants and exciiptétrstates?

1 The study of such a reactivity is very importaor fthe
modelling and the assessment of pollutant transiton

so photosensitised by CDOKF:’** The use of AQ2S in laboratory Reagentsand materials

studies offers various advantages: its triplet estdbes not Antraquinone-2-sulfonic acid, sodium salt (puritiage 97%),

. o 1, T . . A
produce eltherQH or Qz, thereby §v0|.d|ng major interferences; NaOH (99%) and kPO, (85%) were purchased from Aldrich,
the quantum vyield of triplet formation is known athé molecule
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tetrabutylammonium bromide (99%) from Fluka, 2-@opl
(gradient grade) from VWR Int., methanol (gradieradg) from
Carlo Erba (Milano, Italy). All reagents were usexiraceived,
without further purification. Water used was of M quality.

Irradiation experiments

Irradiation was carried out in Pyrex glass cell® (@m diameter,
2.3 cm height), containing 5 mL of magneticallyrstil solution.
The adopted radiation source was a Philips TLK GAUamp,

with emission maximum at 365 nm. Lamp irradianached the
cells mainly from the top. The incident photon flunxsolution,
actinometrically determined with the ferrioxalatethod'"® was

55 PaAQZS :J. po(A)[1_10—£AQ25()|)b[AQZS]] di
A

1)

Equation (1) was integrated numerically by meanshef FigP
software package (Biosoft, UK).

Kinetic data treatment

The time evolution of AQ2S under irradiation watefi with

s pseudo-first order equations of the foyQ2S}, = [AQ2S], €™,

where [AQ2S] is the concentration of AQ2S at the time t,
[AQ2S], its initial concentration ankl the pseudo-first order rate
constant of AQ2S transformation. The initial traorefation rate

2.110° Einstein [ . The incident UV irradiance (290-400 Of AQ2S isRagzs = k [AQ2S]. The error bounds associated to
nm) on top of the solutions was £BW ni%, measured with a © the rate datayfto) were derived from the corresponding error on

CO.FO.ME.GRA. (Milan, Italy) power meter.
The emission spectrum of the lamp was measured ait
Ocean Optics SD 2000 CCD spectrophotometer (calithnaten

k, which in turn depends on the scattering of thpeerental
data points around the fit curve (intra-series atatity). The
reproducibility of repeated runs (inter-series &hility) was

an Ocean Optics DH-2000-CAL source). The absorption&round 10-15%.

spectrum (molar absorption coefficient) of AQ2S weeen with
a Varian Cary 100 Scan UV-Vis spectrophotometer.ithatd of
2-propanol at concentration values up to 1\idi¢ infrg) did not
modify the AQ2S absorption spectrum. Lamp and AG@E&ctra
are reported in the Electronic Supplementary Infdiom
(hereafter ESI), Figure ESI-1.

After irradiation, the solutions were analysed bligh
Performance Liquid Chromatography coupled with Uedton
(HPLC-UV), adopting a Merck-Hitachi chromatogragugpped
with autosampler (model AS2000), two pumps (modQ@0 and
L6200) for high-pressure gradients and a UV dete@aodel

70 Laser flash photolysis experiments

Laser flash photolysis (LFP) experiments were edrout using
the third harmonic A, = 355 nm with an energy of ~ 45
mJ/pulse) of a Quanta Ray GCR 130-01 Nd:YAG laseresyst
instrument, disposed on a right-angle geometry wétpect to

75 the monitoring light beam. Individual cuvette sae®l(3 mL

volume) were used for a maximum of two consecutaser
shots. The transient absorbance at the pre-seleedlength
was monitored by a detection system consistingmflsed xenon
lamp (150 W), monochromator and a photomultipliEPZ8). A

L4200). The column used was a RP-C18 LichroCART (Merck spectrometer control unit was used for synchrogisire pulsed

length 125 mm, diameter 4 mm), packed with LiChresph00

RP-18 (5um diameter). Elution was carried out with a 40:60

mixture of methanol and TBAARO, in water (5 mM TBA =
tetrabutylammonium bromide, pH 2.8), at a flow rafel.0 mL

light source and programmable shutters with therlastput. The
signal from the photomultiplier was digitised by@grammable
digital oscilloscope (HP54522A). A 32 bits RISC-pesor
kinetic spectrometer workstation was used to aedlys digitised

min™’. Under these conditions the column dead time was 0 % Signal-

min and the AQ2S retention time was 12.4 min. Tijection

volume was varied in the range of 10-300 and detection was
carried out at 260 or 330 nm, depending on theialnit

concentration of AQ2S.
M onitoring of AQ2S hydroxyderivatives

To detect AQ2S hydroxyderivatives (and B), solutions after
irradiation were adjusted to pH 12 with NaOH to édlve target

Stock solutions of AQ2S and 2-propanol were presip
prepared in Milli-Q water and were mixed to obtée desired
concentration just before each experiment. Theethransient
species formed upon excitation of AQ2S (here inditas AQ2S

0T, B and C) were monitored at 380, 520 and 600 nm,

respectively, as previously report®dThe second-order reaction
rate constants with 2-propanol were determined frime
regression lines of the logarithm decay constamgaingt the

compounds in their deprotonated form. Absorbances wa alcohol concentration. All experiments were perfedm at

measured at 475 and 491 nm with the Varian CarySdah UV-

Vis spectrophotometer. DeprotonateehydroxyAQ2S absorbs
radiation at 491 nme(= 5.6910° M~* cmiY), while deprotonated

B-hydroxyAQ2S absorbs significantly at both 475 nm <
3.6010° Mt cmi?) and 491 nmg(= 3.40103 Mt cmh).2°

Radiation absorption calculations

95 ambient temperature (295 + 2 K) in aerated solytising Milli-

Q water (pH 6.5) as the solvent.

Computational methods

Geometry optimisations were performed in the gaasphand

1o were confirmed by analytical calculation of frequies® For

Assumep°(\) as the incident spectral photon flux density in each species, the gas-phase optimised structuresdetermined

solution andsageg(A) as the molar absorption coefficient of AQ2S

(see Figure ESI-1). The figure also shows figk) andé&ages(A)
overlap in the 300-400 nm wavelength region. Acoaydo the
Beer-Lambert law, the photon flux absorbed by AQPSES
can be expressed as follows:

by gradient procedured within the Density Functional Theory
(DFT) 2 with the B3LYP hybrid functiona® The latter performs
well with polycyclic aromatic systems and their dtinnalised

105 derivatives such as the anthraquino#@$. The polarised 6-

311G(d,p) basis set was used in all the calculafiofi and the
nature of the stationary points was confirmed blgital
calculation of vibrational frequencié&$Finally, the energy values

3



obtained in the gas-phase calculations were refiagkthg the
solvent effect into account, through single-poiatcalations at
the PCM (Polarised Continuum Method) le¥el.

other molecules and reduction of AQ2$ 6 a semiquinone
radical® This conclusion is supported by the length ofhifgh-
spin density C=0 bond in AQ2S Tsee ESI), which is consistent

The AQ2S excitation spectrum and its energy leliale been « with an incipient >C-O system that can be found in the

s computed within the Time-Dependent Density Funaidrheory

semiquinone radical.

(TDDFT),* using the hybrid functional and basis set desdribe

above. A number of 30 singlet and 30 triplet statéh their
related oscillator strengths were computed, staftom ground-
state geometry. Only electronic transitions with ascillator

10 strength valuef) higher than 0.1 were explored. Solvent effects

on the electronic structure and the excited stafe5Q2S were
investigated using the TDDFT theory, coupled witie PCM
model in its non-equilibrium formulation for thelcalation of
excited state properties, ignoring the weak modiftms in
15 ground-state geometry induced by the solvént.
The electronic distribution and localisation ofetlsinglet
excited states were visualised using the electr@amsitly

difference maps (EDDMs}* All molecular calculations were

carried out with the GAUSSIAN 03W suite of prograths
20 GaussSuin release version 1.05, was used for
calculations and for the simulation of the UV-VIBestrum:®

The GaussView program was used to visualise optimised

structures and spin distributions.

Results and discussion
25 Quantum mechanical calculations of the AQ2Striplet state

The gas-phase optimised structure of AQ2S in itaugd state
(Sp) is reported in Figure ESI-2. Preliminary calcidas (both
geometry optimisation and TDDFT studies) were pentx on
the AQ2S molecule without the sodium counter-iomwdver,
a0 the results did not match with the experimentahdat particular
as far as the UV-VIS spectra are concerned. Thexefal the
following calculations have taken the Naounter-ion into
account. The obtained structure was compared tXR2 data

collected by Gamag®&. Calculations slightly overestimated th

ss sulphur-oxygen distances (by 0.016 A), but all teenaining
bond lengths were within 0.002 A of the experimerndnes.

Therefore, the computed molecular structure cacobsidered as

a sufficiently good model for the real one.

The lower-lying triplet (T) state shows some structural
40 modifications compared to gSincreased C=0 bond length,

shrinking of the central ring, lengthening of orféle S-O bonds
(see ESI). Figure 1 reports the total spin dersityace of AQ2S
T, and shows two main areas where the spin densityglser.
The strongest one is centred on one carbonyl grigpother on
4s the atoms that allow the resonance of unpairedrelex on the
aromatic skeleton of the molecule, including thkeotcarbonyl
group. In the former case, the high spin densitgdalised on the

EDDM

e

=)

Fig. 1 Spin density surface of AQ2S in its State (isovalue = 0.02).
The TDDFT calculation was performed on the AQ2S-pjaase
es optimised geometry, to understand the behaviourexidited
AQ2S and explore the nature and position of itsrgndevels.
TDDFT calculations of the energy levels took thévent effects
into account within the PCM method. It can be obsérihat all
the transitions from Sto the triplet states are forbidden for
7o multiplicity rules, and that their oscillator stggth is zero.
Calculated absorption properties for AQ2S in aquesalation
are reported in Table ESI-1, where only transitiowigh an
oscillator strength higher than 0.1 are considened compared
with the experimental results. Calculations are @ryvgood
75 agreement with experimental data, as can be seen Figure 2
that shows a good match between experimental andlated
UV-VIS spectra for AQ2S in aqueous solution.
Figure 3 is a graphical representation of the takion
processes. It includes some EDDM (electron derdifference
so maps), referred to singlet states reached by transi with
oscillator strength higher than 0.1, and all thergnp levels of
singlet and triplet states calculated in the TDDsifulation.
Each band appearing in the AQ2S UV-VIS spectrum ban
assigned to a particular transition, using Braudeation®
ss Around 200 nm one finds — 7* transitions of aromatic skeleton
bonds (E bands,;S- S & - S0 S — Sig)- The band at 255
nm represents a — w* transition of the aromatic system (K
band, § - S0, characterised by strong molar absorption
coefficient. The shoulder at 286 nm is supposdukta benzenoid
% band (B band, §- S;) whose fine structure is lost in the polar
solvent. The weaker but environmentally significeahd centred
at 333 nm can be assigned to ant* transition (R band, $—
S4).

unoccupiedn* system of C=0, in analogy with the carbon

monoxide molecule in its lower lying triplet stateln contrast,
so the sulphonate group and the hydrogen atoms exhdgjligible
spin density. The spin density distribution of AQZSis very
similar to that of other photoactive anthraquinometheir triplet
state, while poorly reactive quinones show mosthef triplet-
state spin density on the aromatic skeléfoit can thus be
ss hypothesised that the C=0 spin density of AQ2SisTclosely
linked to its photoreactivity, which should involeidation of

4
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Fig. 2 Experimental (solid) and simulated (dashed) UV-$figectra

of AQ2S in aqueous solution. The simulated curves vabtained

30 (exciplexes) with oxidisable compounds, which hpeetial ion-
couple nature and absorption spectra that areclesg to that of
AQ2S radical anion (AQZY.*? The latter has two clear
absorption maxima at 400 and 500 nm and no absaorptbove
550 nm® differently from B and C that have an absorptioncban

ssat 600 nm and no peak at 400 HfhBased on these important
differences, it is hardly likely for B and C to betesaexciplexes.
They should rather be considered as adducts betgemmd-
state AQ2S and water.

As far as the structure of B and C is concernedhauld be

s considered that laser irradiation of anthraquin@rée-
disulphonate (AQ26DS) has yielded the same numbler o
transients as AQ2%,with absorption spectra that closely match
those of AQ2S T B, C, AQ2S and AQ2SH,
respectively>®4# The structure of the AQ26DS transients that

employing GaussSum 1.05The oscillator strength (right Y axis) is ss spectrally correspond to B and C has been studiedinbg-

5 reported as solid bars.
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Fig. 3 Selected singlet and triplet excited states of AQ2B their

respective electron density difference maps (EDDMbJ)ained using the
program GaussSum 1.05 (sky blue indicates an isereacharge density,

10 violet indicates a decrease). All major componesmtsl their relative
weight were taken into consideration for each fitans

A reviewer's remark concerned the likely importancé

transitions $ - S; (403 nm) and §— S, (367 nm). Although

weaker than & - S or § - S, they would extend the
1s absorbance of AQ2S right into the visible range awmlild

resolved resonance Raman spectrosédppd two water adducts
have been identified. The former, correspondingBfohas the
water molecule interacting with the oxygen atomoog of the
two C=0O groups. In the latter, corresponding to & wmater

so molecule interacts with one of the side aromatigsj quite away
from the sulphonate grodp.The very good match between the
absorption spectra of the intermediates of AQ26D8 AQ2S
strongly suggests that B is a water adduct whef iydrogen is
attached to the C=0 oxygen, while C is a water adintre

ss H,O is attached to the side rimga the oxygen atom.

We have adopted 2-propanol as probe moleculeuty she
triplet state of AQ2S. In addition to being a watlewn *OH
scavenger (which is not applicable to the presase) 2-
propanol is also an effective quencher of excitates. Its use is

so compatible with both laser flash photolysis measienats and
steady irradiation experiments. It has for instabeen used to
probe the reactivity of 1-nitronaphthalene as étigensitiser in
both steady irradiation experiments and flash digsi® runs® It
is thus possible to use 2-propanol to test hypethem triplet

es reactivity, and to check whether they fit into ansistent
framework.

In the determination of the first-order rate canssk,, kg and
ke, following the decay of AQ2S,TB and C at 380, 520 and 600
nm, respectively, a correct choice of the timeridés where to

70 fit the flash photolysis traces can avoid the $kiases due to
spectral overlap® In the case of AQ2S ;Tthere is potential
interference from B and C because they rise while ttipdet
decays, but at 380 nm the spectral interferenamifgmised™®

produce a weak band. Such a band, which may haee be Moreover, Figure ESI-3 shows that between 0.1 aBdu@ the

experimentally detected (personal communicatiorathgnymous
reviewer), could be of interest for some appliaaio

Laser flash photolysis experiments

20 The excited triplet state of AQ2S (AQ2S)Tis formed upon

75 absorbance values of B and C vary very little, whiatther
reduces the possibility of interference in thisdiimterval. The
rise and decay of C monitored at 600 nm could lsdd by B
soon after the pulse. However, spectral interfexdme B would
be minimised between 0.4 and 1.0 ps, where therladasce of B

radiation absorption followed by inter-system ciogs(quantum 4 js about constant (see Figure ESI-3). This is dutbe fact thakg

yield @ = 0.18%). AQ2S T, evolves upon reaction with,B to
form two transients, indicated in the literature Basand C***°
Figure ESI-3 reports the traces of the evolutiothefabsorbance

< 102 k.. AQ2S T, would not interfere with C, because it does
not absorb significantly at 600 nm. Finally, theveldecay of B
can easily be fitted over a longer time scale (¥»s§ starting after

2sat 380 nm (AQ2S i), 520 nm (B) and 600 nm (C), clearly the practically complete decay of both AQ2Safid C.

showing that B and C are formed while AQ2$ decays. The 4

two species B and C have variously been termed a3 adtlucts
of ground-state AQ2%® or water exciplexes of triplet AQZS.
Triplet AQ2S forms various charge-transfer

Figure 4 shows the trend of the pseudo-first ordste
constants for the decay of AQ2S, B and C K, ks and kc,
respectively) as a function of the concentration2gfropanol,

compiexe

5



upon laser irradiation of 0.1 mM AQ2S. In the aliewnf the
alcohol, from repeated laser shots one fikgss (5.8:0.2)10°
st ks = (2.3:0.1)20* st andke = (3.1+0.1)10° st at 380, 520
and 600 nm, respectively. From Figure 4 one getd B is

s unreactive toward 2-propanol, while AQ2S, &nd C react
significantly. Indeed, the Pearson test returnegniicant
correlation for bothk, vs.[2-propanol] (p < 0.001) ankt vs.[2-
propanol] (p = 0.04).

First order rate constants

2—Propanol, M

10 Fig. 4
constants of the species related to AQ2SThe LFP experiments (355
nm, 45 mJ) were carried out in aerated solutio29&t + 2 K and pH 6.5,
in the presence of 0.1 mM AQ2S. Fit lines are ddsB&% confidence
bands of the fits are dotted. The error bars reptas.

] 0.195 us
030 3 0.4 M 2-prop (B
0.25 ] T
o ] ;
2 o209 . I
© ] Z. AN B AL N
Q 1 Seesl teLannie N
o 0.5 £ No 2-prop (A) ~
» 1 = Seo
a 1.
< o.10
0.05 3 Difference
] (B—A)
0 -
T r r . 1 Tt r T 7T
350 400 450 500
Wavelength, nm
Fig.5 Absorption spectra of the transient species forrogdaser

pulse irradiation of 0.1 mM AQ2S, 0.195 us aftex gulse (355 nm, 45
mJ), in the absence (A) and in the presence (B)bdM 2-propanol. The

45 difference between the two spectra (B-A) is alsported. The

experiments were carried out in aerated solutid®2fat+ 2 K and pH 6.5.

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

The transformation of AQ2S upon UVA irradiation watsidied

Effect of 2-propanol concentration on the firsterdiecay % IN the concentration range of 1 uM — 3 mM, at pith Gerated

solution. Under the adopted conditions, AQ2S folldva pseudo-
first order decay with a half-life time in the rangf 100-170
min. The photolysis quantum yield was calculatedd@ag,s =
Ragzs Pa,AQZS'l, whereRaqs is the initial transformation rate of

ss AQ2S (disappearance of the substrate) Bpggs is its initial

15s From the slopes of the lindg vs. [2-propanol] andkc vs. [2-
propanol] one obtains the second-order reactian qahstants of
AQ2S T, and C with the alcohol, the respective values atlwh
are (4.920.3010° Mt st and (7.922.66)10° M* s. Note the
higher reactivity with 2-propanol of AQ2S, Tompared to C, a

20 feature that is often observed with irradiated AQRS the
presence of organic and inorganic compoufds.

The transient species AQ2S and C are oxidising agerits,
thus the reaction with 2-propanol would oxidise #eohol and
yield the reduced form of AQ2S. The reactions betwe

»sirradiated quinones and 2-propanol proceed by igeiro
transfer’’ thus AQ2SH would be produced. The acid-base
equilibrium AQ2SH/AQ2S™ has pK = 3.5/ and under the
conditions adopted in this study (pH 6.5) there Idobe
deprotonation of AQ2SHo the radical anion AQZS The latter

20 species has two absorption maxima at 400 and 500 nm
Interestingly, two absorption bands at these wangles were
detected in our experiments in the presence of opagnol
(Figures ESI-4, ESI-5).

Figure 5 reports two transient absorption specbtained in

s the absence and in the presence of 0.4 M 2-propasoklell as
their difference. The difference spectrum has tvixsoaption
maxima at 400 and 500 nm, consistently with thectspe of

absorbed photon flux. The trend @fq,s vs. the initial AQ2S
concentration is reported in Figure 6.

0.020

0.015
& 1
&% 0.010
0.005

oL — —
107® 107° 1074 0.001 0.01
[AQ2S], M
Fig. 6 Multi-wavelength photolysis quantum yield of AQ2S a

0 function of its initial concentration, under UVAradiation at pH 6. The

dashed curve is the data fit with equation (2),levtiie 95% confidence
bands are dotted. Note the exponential scale ofta®s.

One can see tha®,g,s is almost independent of AQ2S for
concentration values below 0.1 mM, and that it éases with

AQ2S™.® The detection of AQZS under the adopted conditions,, increasing AQ2S for higher values. This trend issistent with a

suggests that deprotonation of AQZSWiould be much faster
40 than the other decay processes of either AQ2Z8AQ2S".

70

significant reaction between excited and grountesfsQ2S at
high concentratiof® Literature data clearly suggest that C is the
only excited AQ2S species that is able to readh wibund-state
AQ2s 1516

Based on the literature and on our laser flashqgiysis results,
a reactivity scenario can be depicted for the syatader study.



Radiation absorption by ground-state AQ2S (AQ3Bf@lowed
by inter-system crossing gives AQ2$ Which reacts with water
to yield B and C. Reaction of AQ2S With water is faster than

In this context, to explain th@ag,s trend reported in Figure 6
30 it is essential to assume that C is able to givé B&@g2S at some
extent (with rate constaht,, see Scheme 1), in agreement with

either reaction with © or internal conversion to the ground literature suggestions.From the processes depicted in Scheme

s state’® B would be slowly converted back to AQ2§ § could

la and by applying the steady-state approximationthe

give back AQ2S & undergo other transformation processes ortransients AQ2S T B, C and AQ23, one gets the following
react with AQ2S &' In the latter reaction, C would bess expression fo@ag,s

reduced and AQ2S,®xidised'®*® The reduced species AQ2S

(most likely AQ2S’ under the adopted pH 6) would react with

w dissolved @ to yield back AQ2S &plus Q~.>*® The above
pathways are depicted in Scheme 1la.

3) Ast
hv\CDT Pa
ke
AQ2$T1 - ke
ke, products
AQ2S,K'
02 (07"). ko, AQ2Sed Astoxﬁ“» Product
b) AQZS
hV‘q)T Pa
AQ2ST1
© ﬂc 2
2-prop) Product
k" 2-prop,
e
02 (-0"), ko,
AQ2Sred
0 AQZS
hv‘cbrﬁ ket
AstTl{
2-prop Products
k" AQ2S.K'
02 (-07) ko o b
R0 AQ2Sox roduct

AQ2Sed

15 Scheme 1. Proposed reaction schemes of AQ2S al@eof AQ2S + 2-
propanol at low AQ2%b) and of AQ2S + 2-propanol at high AQZ2S.
From the schemes (a), (b) and (c), upon applicatiothe steady-state

approximation to AQ2S 1T B, C and AQ2g, one obtains equations (2),

Kay , +K'[AQ29]
k, ' k.+k[AQ2S]

Assumingk, = 5.810° s* andke = 3.110° s as per our laser
flash photolysis results an@; = 0.18% the fit of the Figure 6
data with equation (2) yieldels, = (6.90.1)10° s, ke, =

20 (5.2£0.3Y10° st andk = (4+1)0° M* s, The value ofka,
obtained by numerical fit is in excellent agreemsith literature
reportst® while no previous measurementlef could be found
in the literature. The fact thét, ke = 0.170.01 implies that
over 80% C would evolve back into AQ2S% &t low AQ2S

4s concentration. The reaction between C and AQZ3SatShigh
concentration would enhance the quantum yield of28Q
photolysis. As far a&’ is concerned, our result compares very
well with recent findings based on laser flash physis
measurement$.

D poos = @)

so Formation of AQ2S hydroxyderivatives

It has long been known theat and-hydroxyAQ2S are formed
upon AQ2S irradiatio® and more recent studies could only
confirm that the hydroxyderivatives are the onlypartant AQ2S
phototransformation intermediates in aqueous smidfi Scheme
ss 1a suggests that AQ2S derivatives could be formedulther
evolution of both C and AQ2g The process involving C would
likely prevail at low AQ2S, that involving AQ2gat high AQ2S.
Considering that C would be a water adduct of AQ2&revtthe
water molecule interacts with the lateral ring, tbhemation of
s0 AQ2S hydroxyderivatives upon transformation of C gsite
reasonable. Also reasonable is the formation
hydroxyderivatives upon reaction between AQ28nd water.
Figure ESI-6 reports the time trend of the absarbaat 475 and
491 nm of AQ2S solutions (initial concentration i® and 2
6s MM, respectively), adjusted after irradiation to @2 with
NaOH. At these wavelength values, AQ2S does nobrabs
radiation but the deprotonated hydroxyderivatives°d
Irradiation of 10 pM AQ2S gave practically idetic
absorbance values at both wavelengths, while incte= of 2
70 mM AQ2S the absorbance at 475 nm was 10-20% hititear
that at 491 nm. This means that a higher fractidnfe

of

(3) and (4), respectively. In the scheme, the-firsier rate constants are  hydroxyAQ2S compared ta-hydroxyAQ2S was formed with 2

20 in italic, the second-order ones are in bold. 2spr®-propanol.

Note that AQ2S Tis formed with quantum yiel@?; = 0.18%°
The quantum yields for the formation of B and C @e= @ kay
kat = 0.16 and@c = @ kap ka ™t = 0.022584° Figure 6 shows

that the quantum yield®,q,s tends to 0.02 at high AQ2S

25 concentration, thus it iSIim(highAQZS)CDAQZqu)C' This

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

mM AQ2S than with 10 pM AQ2S. Such a small but distlele
difference is compatible with the occurrence of tdifferent

75 AQ2S transformation processes, as hypothesisecthierge la:
evolution of the ring water-adduct C into more statbmpounds
at low AQ2S, and transformation of AQZ%t high AQ2S.

Effect of 2-propanol on AQ2S phototransformation

Figure 7 reports the trends dRgs as a function of the

so concentration of 2-propanol, for 20 uM (8a) and 81 r(8b)
initial AQ2S. It can be seen that in both cases,atidition of 2-
propanol decreases the AQ2S transformation rate.



At 20 uM AQ?2S, the substrate concentration islévo for the
reaction between C and ground-state AQ2S to be fisigni.
Therefore, C would either give back AQ2%c§ or be

transformed K,). The laser flash photolysis results (Figure 4) P, =

s suggest that 2-propanol would scavenge both AQgﬁn‘d C,
with respective rate constankd O 5.000° M s? andk” O
8.010° Mt s, It is also suggested that AQ2% ahd C oxidise
2-propanol and undergo reduction to AQ2%Figure 5). To
further support this assumption, we detected aeefantypical

10 oxidation by-product of 2-propan8i) upon irradiation of AQ2S
and 2-propanol (data not shown).
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15 Fig. 7 a) Effect of the initial concentration of 2-propanoh the

phototransformation rate of 20 pM AQ28) Effect of the initial
concentration of 2-propanol on the phototransfoiomatate of 3 mM
AQ2S. UVA irradiation and pH 6 in both cases.

The dashed curves are the fit of the experimerdtd,dvith equation (3)

20 and (4) for Figure 7a and 7b, respectively. Theedbturves are the 95%

confidence bands of the fit.

With 20 uM AQ2S and 2-propanol the kinetic syst@parted in

Scheme 1b applies, which upon application of tleadt-state

approximation to AQ2S T B, C, and AQ23,y vields the
25 following equation folRaq,s (2-Pr = 2-Propanol):

kA2 kC2

T a (3)
e, 7K 2-Pr) ( +K°[2-P1)

RAQZS =P,

The fit of the experimental data with equation éB;sumingahr =
0.18/° kA =5.810° s, ke = 3.1AC° s, kyy = 6.910° S, ke =
2 5.210° s?, k* = 5. 0E|Lo6 M st andk” = 8.000° M s 1 (all

quantities were kept fixed at the values reportedva. The fit
s yieldedP, = (4.6:0.1)10 Einstein L' s, which is in very good
agreement with the calculated value
[ p(A) [L- 10 e P18l g = 4.5107 Einstein ' s™*
A

With 3 mM AQZ2S, the reaction between C and groumatks

AQ2S should also be taken into account (Scheme Rg).

w0 applying the steady-state approximation to AQ2SH; C, and
AQ2S.q0ne obtains the following equation:

Kpo (Koo +K'TAQ2S])

. @)
T (ky +K"[2=Pr]) (k. +K'[AQ2S] +Kk"[2-Pr])

=0.P

RAQZS

With the numerical values reported above &nd 4010° M* st
one can fit the experimental data of Figure 7b weitfuation (4).
s With P, as the only fit variable, one obtaiffg = (1.1+0.2)107°
Einstein L s, in good agreement with the calculated value
P, :J‘p"(,]) [1-10 e WPIAQ2S ) = 1.910° Einstein L*

s 1. It should be underlined that the fit of the expmmntal data of
Figure 7 with equations (3, 4) was carried out ViAthas the only
so fit variable, andP, was also independently assessed by means of
radiation absorption calculations. All the othemstants were
kept fixed at the values obtained in this work fréeser flash
photolysis measures, or from the previous fit vatiuation (2) of
the experimental data of Figure 6. A literatureuealvas adopted
ss for @ and kept fixed. Therefore, there is an overallsistency
between laser flash photolysis data and the exjeatiah results
of Figures 6 and 7.
The agreement between the experimental data @396y 7)
and the equations derived from the kinetic systemswn in
s0 Scheme 1 suggests that the water adduct C woujdapkay role
in the photoinduced transformation of AQ2S. Theelatvould
proceed by combination of direct photolysis andhdfarmation
sensitised by C. The direct photolysis would preai low
AQ2S, where the main process is expected to be
es transformation of C to give AQ2S hydroxyderivatives high
AQ2S, the key process would be the reaction betw@esnd
ground-state AQ2S. The AQ2S hydroxyderivatives woblke
major transformation intermediates in this casewa#l, but a
higher fraction of3-hydroxyAQ2Svs. a-hydroxyAQ2S would be
7o produced compared to the former case of low AQ2S
concentration.
Table 1 summarises the numerical values of theei®ehl
kinetic parameters that were used to describe tioéopghemistry
of AQ2S under circumneutral conditions, which are
75 representative of most surface waters.

the

values excepdir are based on results from this work), is reported

in Figure 7a. Note th&, was the only fit variable of equation (3)

to the experimental data of Figure 7a, while alé thther

8



Tablel Kinetic parameters (see Scheme 1) that descrite th
experimental data reported in Figures 6 and 7.vEthges ofkx; andke;
were obtained by differenceka( - ka2 and ke — kco, respectively) as
reported in the table. “LFP” = laser flash phot@dys‘fit” means
numerical fit of the results of steady irradiatiEexperiments.

&

Kinetic parameter  Numerical value  Reference 50
@r, unitless 0.18 40
ka, s* (5.8:0.2)10°  This work, LFP
Kap, S* (5.1+0.2)1¢°  This work, difference
Kno, S (6.9:0.1)Y1C° 15 and this work, fit
kg, st (2.3:0.1)10*  This work, LFP
ke, st (3.1x0.1)20°  This work, LFP .
kew St (2.6£0.1)2C°  This work, difference
keo St (5.2+0.3)1C°  This work, fit
k,Mts?t (4£1)n0’° 16 and this work, fit
k', M7ts? (5.0:0.3Y2C°  This work, LFP
k' Mgt (8.0£2.7Y10°  This work, LFP %
Conclusions

The triplet state AQ2S {Tis characterised by a high spin densitys
localised on the C=0O group, which in the case ohguoés is
connected with significant photochemical reactivitguch a
finding supports evidence that AQ2S feacts with dissolved
molecules by electron or H abstraction, which woptdduce a 7
semiquinone radical.

The quantum yield of AQ2S phototransformatioB,q,s is
independent of AQ2S up to a concentration of atblitmM.
Above 0.1 mM AQ2S, @aqs significantly increases with 4
increasing AQ2S concentration. The comparison ahd t
agreement between experimental data and the resukmetic
modelling suggest that a water adduct of AQ2S cagid here as
C, would play a key role in AQ2S phototransformatiéwm low
AQ2S, C would partly give back AQ2S and partly umger
transformation while at high AQ2S, C would mainhace with
the ground-state substrate in a redox process.réagion would
cause a net AQ2S transformation and, by inhibititg
deactivation of C to AQ2S, would account for the amtement
of @aqos at high substrate concentration. The proposedasicen
is supported by the extent of inhibition by 2-prophof the
phototransformation of AQ2S at both low and higtbsttate
concentration.

Fewer photoinduced processes are operational ennibre
dilute AQ2S solutions ([AQ2SF 0.1 mM), where®@,q,s is also
independent of [AQ2S]. Therefore, AQ2S as triplehstiser
should be used at low concentraticn .1 mM) to avoid the *
additional complications that arise in more conet
solutions, including the effect of [AQ2S] on tha&tics of AQ2S
T; quenching.
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