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The photochemistry of anthraquinone-2-sulphonat®@Z8) was studied as a function of pH,
combining laser flash photolysis and steady-stataliation experiments, with the additional help
of a computational study of energy levels. Two ofithe three transient species produced upon
irradiation of AQ2S can be involved into the degridn of dissolved molecules, and also AQ2S in
its ground state is degraded. The reactive transiare less stable but often more reactive under
acidic conditions, which modulates the pH trendhsf photodegradation of the adopted organic
substrates (furfuryl alcohol, benzene, nitrobenzefbe ability of the excited states of irradiated
AQZ2S to simulate the reactivity of singlet oxygegmon degradation of furfuryl alcohol, and that of
the hydroxyl radical by producing phenol from bemeecan have important consequences.
Furfuryl alcohol and benzene are widely adoptedprmolecules for the respective quantification
of singlet oxygen and the hydroxyl radical in maygtems, among which are the natural waters
under irradiation. This study shows that the irgezhce of AQ2S on singlet oxygen determination
would be higher in acidic or basic than in circumtral conditions, while in the case of the
hydroxyl radical the interference would increaséhwpH. Processes analogous to the studied ones
could account for the interference of coloured digsd organic matter on the quantification of
singlet oxygen, observed in previous studies.

Introduction electrons from the ground state to the first extignglet
state, from which an inter-system crossing couladuocto

ssyield the first excited triplet state. The latteropess is
particularly favoured in the case of the anthraguies. Their
excited triplet states are relatively strong oxigarand can
extract electrons or hydrogen atoms from other alisx
molecules or transfer them enerdy These processes, along

eo With the occurrence of anthraquinones in surfaced an
atmospheric waters and on atmospheric airbornégbes{>°
make these compounds a potentially important claés
photosensitisers in the environment.
The water-soluble anthraquinone-2-sulphonate (AQ23n

es important model compound for the reactivity of tipginones
in the aqueous solution. Accordingly, a number tfdges
have been dedicated to its photophysics and phetoigtry.

Photochemical reactions are important pathways tloe

transformation of naturally occurring compoundsedl as of

man-made xenobiotics in surface and atmospheriensaThe

photoinduced transformation of a dissolved moleada be

induced by the direct photolysis, which occurs Het
absorption of sunlight causes a chemical bond teakr
However, also the dissolved compounds that do hsbib

radiation can be transformed upon reaction witsrant

species, which are produced upon irradiation ofsbealled

photosensitisers or photoinducers. The latter (fgaialoured

dissolved organic matter (CDOM), nitrate, nitriteydrogen

peroxide, and Fe species) absorb sunlight and p®mdis a
consequence reactive transients that can be inddiv® the

degrad.ation of the dissolved moleculésThe transients can A remarkable feature of AQ2S is that its exciteiplat state
be for instance the hydroxyl@H) and the carbonate (GO)

. . : . has an hydroxylating power, which was initiallyrditited to
?gg::ll:s(,cstl)rgll\jt_ro)x%gerﬂoz), and the excited triplet states Ofm the photogeneration 6fOH upon oxidation of water. There
1)

| ¢ ¢ CDOM i bably th i it ensued a long-lasting controversy about the postyikfior

nh sturace't.wa erts for | tls proba y N mgézl_:mpmda excited AQ2S to actually form the hydroxyl radidal the
photosensitiser: 1L 1S Tor instance a major souy ,an aqueous solutiof*® but recent evidence seriously questioned
as a consequence of gOthat is produced bYOH + CG;“” or o . ) . . .

_ 78 ) . ) the possibility that freeOH is being formed in the system in

HCO;™."° Light-excited CDOM can also produce ¢Ovia a - 9 . - .

. . L . 7 significant amount® However, irradiated AQ2S is able to
minor pathway, upon direct oxidation of the carb@nanion,

simulate the formation of OH in the presence of probe
and it is practically the only source &, and obviously of P P

CDOM T.° Alth h the chemical struct ¢ dissolved molecules for the hydroxyl radical (benzene, nigobene,
L rough the chemical structure ot diSSOWVed 1o, i acidf Therefore, it could be a major interferent for
organic matter is still poorly understood, it isotlght that

fi bonv<® and qui d Id Cf the determination of OH. A better understanding of the
aromafic carbony’s - and quinones would account for an- | photochemistry of AQ2S would help the comprehensibthe
important part of CDOM photochemistry. Quinones iaréact

ossible role of the excited states of CDOM as rietén
remarkably photoactive compounds that are abldsod UV Poss! xet g

d visib| diati Sunliaht ab " " ¢ agents in the quantification 6DH. Moreover, considering
and visible radiation. sunfight absorption causesmnotion o that irradiated CDOM is able to interfere with the



measurement of0,,2! it is also of interest to study the The pseudo-first order degradation rate constaot a certain

reactivity of AQ2S excited states with furfuryl alwl (FFA), speciesi at a given wavelength was derived by fitting the
a widely used probe molecule for singlet oxygéft. absorbance vs. time data with = A, exp(k; t), whereA is
The purpose of the present paper is to study tleguiysics e the absorbance at the tinteand A, the initial absorbance.
and photochemistry of AQ2S as a function of pH,hwi Because of the elevated number of data points, eter
particular interest in the pH-dependent lifetimetloé excited  derived from the scattering of the experimentaladatound
states, and their ability to induce the degradatidnsome the fitting curve was very low of = 0.1-1%). The
probe molecules. The latter were chosen for theicufiar reproducibility of repeated runs was within 5-15V%a. derive
reactivity with the excited states of AQ2S and/or their use e the second-order reaction rate constint of the transient
10 to measure the occurrence of definite transientduminated species with the quenchex, it was plottedk; vs.[x] and the
natural waters. A possible application concerns taeent value ofk x was determined as the line slokg = k; [X] 1
finding that the formation rate ofOH upon irradiation of (with error +o, obtained from the scattering of the
lakewater (measured by the hydroxylation of ben}eise  experimental data around the fitting line).
considerably higher under acidic compared with raut
15 conditions, and that the photochemistry of CDOM Vdoplay
a major role in the phenomenéhThe present study aims at Irradiation was carried out in Pyrex glass cellsO(4m
elucidating the photochemical behaviour, as a fiomcof pH, diameter, 2.3 cm height), containing 5 mL of magradty
of a molecule that has an analogy with the phoiwact stirred solution. The adopted irradiation devicesveaset of 5
moieties of CDOM. It would also help assessingpbeential ~ Philips TL KO5 UVA lamps (emission maximum at 3661n
20 for CDOM excited states to interfere with the dateration of s The UV irradiance that reached the top of the sohg was 60
reactive transients such as the hydroxyl radical ainglet W m™, measured with a CO.FO.ME.GRA. (Milan, ltaly)

3

70 Steady-stateirradiation experiments

oxygen, and the effect of pH on such a process. power meter and corresponding to 4187 einstein ! s™.
Figure 1 shows the emission spectrum of the lam@asured
Experimentaj with an Ocean Optics SD 2000 CCD spectrophotomeied,

) sothe absorption spectra (molar absorption coeffignof

All the adopted reagents were of analytical gradd awere AQ2S at different pH values, taken with a VariannCa00

s used as received, without further purification. Wfatvas of Scan UV-Vis spectrophotometer. It is apparent thiaé

Milli-Q quality. pH was measured with a Metrohm cloimed absorption spectrum of the compound does not chavige

glass electrode, connected to a Metrohm 713 pH-mete pH, coherently with the absence of acid-base efidiwithin
the studied pH range.

@

Laser flash photolysis experiments (L FP) 8

Transient absorption experiments were carried ont @

E

s hanosecond flash photolysis spectrometer from Aggbli _ I " : [ 1.0x10°¢ -

. . . 1 . —Ha t -
Photophysics. The third harmonic (355 nm, 30mJ plilsed  E * R :g: 14 ,'lllTL K05 lamp ﬁ _ '»
Nd:YAG laser (Quanta Ray GCR 130-1, flash time ofi® T aoxiol l( ~~~~~ pH 3.3 ) AN H [ o.8x107¢ T,

. . . . N OXx — - 3
was used as the excitation light source in a raigle 3 __g: o0 / \\ heool : =
geometry with respect to the monitoring light bedrhe laser “' 30x10° ] / \ "{ H [ 06x10° %

ssirradiated a quartz cell of internal dimension 1Mm 10 mm - \\G“’Zs ! \I'}. i b S
x 35 mm (lengthx width x height). Transient species & 2ox10t ] | / \\ HT777 0 oaxto® %

. . - b =)
produced by the pulsed laser beam were monitorethdégns a I/ \ H : =
of time-resolved absorption spectroscopy, using 0® W : 1ox10¢ J— Y, \\H L o.2x107 §
Xenon arc lamp as the light source, and a LKS 6@ai®n s \ ! " ! %

. . N [

10 system from Applied Photophysics. A spectrometentaa = ol . “*f’/(’r\l\ =l a
unit was used for synchronising the pulsed lightrse and 250 300 350 400 450 E
programmable shutters with the laser output. Thie &oused Wavelength, nm
the high-voltage power supply for the photomuligpli The Figure 1. Molar absorption coefficients of AQ2S as a funetaf pH,
signal from the photomultiplier was digitised by a natural or adjusted by addition of HGI@&Emission spectrum of the

ss programmable digital oscilloscope (HP54522A). A Bis adopted UVA lamp (emission maximum at 365 nm).

RISC-processor kinetic spectrometer workstation wsed to
analyse the digitised signal.
The stock solutions of AQ2S with or without additiof

quencher were prepared just prior t.o the LFP expents and chromatograph equipped with autosampler (model AS20
sowere stored in the dark. All experiments were penfed at

in th p | two pumps (model L6000 and L6200) for high-pressure
room Femperaturtle In the rangg 293-298 K and, un egsssgradients and a UV detector (model L4200). The smwsed
otherwise stated, in aerated solutions.

h . . identified he bakithei was a RP-C18 LichroCART (Merck, length 125 mm, déhen
;’_ﬁe trans:jents jngles were | elntl '€ gn t € ba Id (;: 4 mm), packed with LiChrospher 100 RP-18uff diameter).
Ifferent degradation time scales, and monitoredt Elution was carried out with a mixture of acetoihtrand

ss wavelength of maximum absorption or at the wavelkng TBA/H:PO, in water (5 mM TBA = tetrabutylammonium
where the interference of other species was minimal

90 After irradiation, the solutions were analysed byighd
Performance Liquid Chromatography coupled with UV
detection  (HPLC-UV), adopting a  Merck-Hitachi
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bromide, pH 2.8), at a flow rate of 1.0 mL rminUnder these polarized 6-311G(d,p) basis set was used in all the
conditions the column dead time was 0.90 min. Défg  calculations’*** Finally, the energy values obtained in the
elution conditions were adopted for different sysse In the gas-phase calculations have been refined taking astount
case of AQ2S + bhenzene, it was adopted a 30:70umaxdf e the solvent effect through single-point calculatoat the
CH3CN:(TBA+H3PQ,), with detection at 210 nm. Under these SCIPCM (Self-Consistent Isodensity Polaris&bntinuum
conditions the retention times were (min): pher®lrf, AQ2S Method) level® For the gas-phase simulation, zero-point
(12.4), benzene (15.4). In the case of AQ2S + FEAyas energy corrections to the electronic energy valwese
adopted the following gradient of GEN:(TBA+H3;POy): derived from the thermochemical section of a fragye
10:90 for 4 min, then 40:60 up to 12.5 min, andkbtaxthe s calculation output. Such values and corrections ewer
initial conditions for 9 min. The detection wavetgh was employed to compute the thermodynamic propertiesoohe
220 nm, the retention times (min): FFA (3.3), AQ@4.6). reactions involving AQ2S in its triplet state. Fibre liquid-
For AQ2S + nitrobenzene it was used the followimgdjent phase simulation, only the electronic energy wasdusecause
of CHsCN:(TBA+H3PQ,): 15:85 for 8 min, then 30:70 for 17 only single-point calculations were carried out.| Ahe
min, and back to the initial conditions for 5 mifThe 7 molecular calculations were performed with the G/AJISN
detection wavelength was 264 nm, the retention girgmain): 03W programs suité®
nitrobenzene (19.7), AQ2S (23.8).
The time trend of the degradation of AQ2S, FFA and Results and discussion
nitrobenzene was fitted with equations of the fobm= C,
exp(—k t), whereC, is substrate concentration at the tim€g,
the initial concentration, andk the pseudo-first order The excitation of AQ2S with a 355 nm laser pulselgs three
degradation rate constant. The initial degradataie isR = k s different transient species (A, B and €)The species A has
C,- The time evolution of phenol formation from beneewvas an absorption band in the 350-500 nm range, witlagimum
fitted with C'; = C’, [1-exp(X’ t)], where C’; is phenol at 380 nm; it is formed just after the pulse andlengoes
concentration at the time €', the initial concentration of decay within some hundreds ns. The species B arareC
benzene, anl’ the pseudo-first order formation rate constant formed while A disappears, consistently with thigirmation
of phenol. The initial rate of phenol formationeispressed by s from A. B absorbs at 400-550 nm and at around 660 n
R’ =k’ C’,. The reported errors on the rates) represent the decaying within some tens pus. C absorbs at 600 and, its
scattering of the experimental data around thenfittcurve decay time scale is within some hundreds ns lila of A.
(intra-series variability). The reproducibility oépeated runs  The relevant absorption spectra under differenetsvales are
(inter-series variability) was around 10%. No réactwas reported in the Supplementary Information (FiguiESI1-
detected between AQ2S and the substrates in the dad s ESI4). To maximise selectivity, the monitoring of B and C
negligible transformation of the substrates was eobsd was carried out at 380, 520 and 600 nm, respegtivel
without AQ2S at the adopted irradiation time scales We could confirm previous resultf that the pseudo-first
The average quantum yields of phototransformation o order decay rate constantg, iz and k are unaffected by O
photoformation were calculated by dividing the esponding  (they do no vary within oxygen-free, normally aemctand
reaction rates for the photon flux absorbed by AQRS%*.  « oxygen-saturated solutions). The rate constants/stoone pH
The latter was calculated as trend: k and k decrease with increasing pHg kncreases
paAozs :I p°()l)Eﬂl—lO_EAQZSM)MAQZS]]d)I % where p°(1) is with pH (see Supplementary Information, Figure ESIbhe
y! study of the evolution of kat low pH was made difficult by
the incident spectral photon flux density (lamp ssion fast disappearance. Another difficulty that is ceated with
spectrum, see Figure 1kagos(A) the molar absorption o the study of C at acidic pH is that A disappearsen@pidly
coefficient of AQ2S (Figure 1), b = 0.4 cm the @pli path ~ under those conditions, possibly because of an tihil
length inside the cylindrical Pyrex cells used feme  transformation pathway that would be in competitiith the
irradiation experiments (thickness of the irradésmlution), ~ formation of C.
and [AQ2S] = k1073 M. The pH trend of B has been attributed to a fasttiea with
100 OH™.Y In a similar way, A and C could react with Ht has
been reported thatckincreases with [AQ2SY and in fact we
A computational study was carried out for the pblsi observed a linear increase of kom 2x10° to 3x10° s™* while
reaction between radiation-excited AQ2S and wateyield [AQ2S] varied from 0.1 to 0.3 mM. The constarg then
the hydroxyl radical. Geometry optimisations in tgeund  reached a plateau for higher [AQ2S] (see Suppleargnt
state (§) of AQ2S and of all the species involved in thes Information, Figure ESI6). The linear increase cae
relevant reaction were performed in the gas phasel  attributed to a reaction between C and ground-sA@es™
confirmed by analytical calculation of the vibrata Within such a scenario, our data allow the caldafatof a
frequencie€® For AQ2S, also an optimisation of its lowest- second-order rate constant of (48520x10° M™ s™
energy triplet state ¢J was carried out. For each molecular between C and AQ2S. There is also no indicationaof
species, the gas-phase optimised structures wessnti@ed 1w significant effect of pH on that reaction. Accordip, the
by gradient procedure®® within the Density Functional faster disappearance of C under acidic conditicarsnot be
Theory (DFT)* and the B3LYP hybrid functiondf. The  accounted for by a faster reaction with groundesta@2s.

Reactivity of the excited states

Computational methods

4



The results reported so far have been rationaliseder the
hypothesis that A is the first triplet state of ARRAQ2S T),
while B and C would be two different exciplexesweén the
triplet state and kD.!” The apparent lack of reactivity of A

It is quite interesting that some transient speoiee excited
AQ2S are able to directly react with molecules (FBAdium
azide) that are usually adopted as probes or sgevefO,.

Such a behaviour provides potential for interfeertte lack

s toward QG or AQ2S could be accounted for by the presence @fof reactivity of either A, B or C with oxygen makehke

a faster reaction between A and water to yield B &n This
hypothesis is consistent with our data and willre®ined as
the basis for further discussion.
We have found that sodium azide and’Fendergo selective
wreaction with A, showing second-order rate constaot
4.4x10° Mt st at pH 6.2 and of 2210° Mt s at pH 3.5,
respectively (see Supplementary Information, Figu®7). In
contrast, no reaction with B or C could be detectearfuryl
alcohol (FFA) is able to react with both A and @.the case

production of'O, from AQ2S under irradiation very unlikely.
A similar study as for FFA was also carried out time

presence of nitrobenzene and benzene (see Figuté8- E
ESI11, which report k and k as a function of the

a0 concentration of the two substrates at different yeiues).

The results show that both nitrobenzene (NBz) aedzBne
react with A, and that the second-order rate consti genzene
and k ng, are higher at low pH. It is alsg kisz < Ka genzene<
Ka rra at all the studied pH values. Benzene and NBz aio n

15 of A the second-order rate constant with FFA ighie range 4 appear to react with C at neutral or slightly acigH, while
of (4.0-5.7x10° M™* s, depending on pH (see Figure 2), some evidence of reactivity could be obtained at pH

while for C it varies from 3.410®° M s at pH 6.2 to
1.3x10° M~ s at pH 4.0 (Figure 3).

; 1B PH 62 kapra = (4.6+£0.2)x10% M~! 7!
3.0x10° 1 A pH 4.0 kppra = (4.0£0.2)x10° M7' s~
| © pH 2.0 kpgpa = (5.7£0.3)x10° M7' 7!
] .®
- 2.0x107 4 e
7 1 LR
& /’Q— E’===::a
=~ Q- JPrL2 ¥
1.0x107 ¢ UL
i _‘:E==‘
3 A:::”
| ]
0 T T T T T T T
0 0.001 0.002 0.003

Furfuryl alcohol, M

20 Figure 2. Pseudo-first order degradation rate constantefrdmsient
species A, produced upon irradiation of 0.1 mM AQ&Sa function of
the concentration of added FFA. The pH was adjusyealddition of
HCIO,. The reported values of k- are derived from the slopes of the
relevant lines (kera = ka [FFA] ™). Laser pulse: 30 mJ, 355 nm.

1.0x107 -
0.8x107 )
7 ] _—"’/‘
< 06x107 4 A
- ]
S 1a-- 8
< 0.4x107 -
1 O----- a
{Oo----- Tg---"" in}
0.2x107
T D pH 62 kepra = (3.4£0.8)x10° M! s
. A pH 4.0 kepra = (1.320.2)x10° M™' 5™
90 fpoor—ov—r—vT—--—T— ,
0 0.001 0.002 0.003

Furfuryl alcohol, M

Figure 3. Pseudo-first order degradation rate constantefrémsient
species C, produced upon irradiation of 0.1 mM AQ&Sa function of
the concentration of added FFA. The pH was adjusyeaiddition of
HCIO,. The reported values of k- are derived from the slopes of the
30 relevant lines (Kera = ke [FFA]™). Laser pulse: 30 mJ, 355 nm.
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Interestingly, the excited states of AQ2S (mainlyirAthis
case) are able to react with molecules (benzend\®®) that
are currently adopted for the determination"®H, which

so leads to potential interferences.

Computational study of the reaction between excited AQ2S
and water

The available literature data indicate that theicald OH is
not the main reactive species that takes part ¢opttocesses

ss involving AQ2S as a photosensitisér® However, it would

still be possible that the hydroxyl radical is puaéd in small
amount, and partially contributes to the observelaviour of
the "OH probe molecules in the presence of AQ2S under
irradiation. To further understand the reactivitytbe AQ2S

so molecule in its first excited triplet ¢J state, it was carried out

a simple energy evaluation of the active speciest twre
supposed to be generated in the oxidising photoa&m
processes. The approach consisted in computindiffezence
between the sum of the energies of the productsthat of

s the reagents. These calculations do not allow shienation of

energetic reaction barriers, but they permit theedwination
of the most likely fate of the substrate that reagith AQ2S
T;. In particular, we are interested in studying #islity of
AQ2S T, to form"OH from water. The thermodynamic of the

o relevant reaction (1) was evaluated by analysing two

possible pathways of hydrogen abstractionyfHand single
electron transfer (SET), respectively reactionsg2dl (3).

AQ2S Ty + H,O - AQ2S4+ P (1)

In reaction (1), AQ23, identifies a reduced AQ2S species

7ssuch as AQ2SH (hydrogenated on one of the two oxygen

atoms of the carbonyl groups) or AQ2%radical anion):
AQ2S T, + H,O - AQ2SH +°OH 2)
AQ2S T, + H,O - AQ2S™ + H,0" - AQ2S™ +'OH + H" (3)

Results point out that both reactions are endotherfor Haps

s (reaction 2) values ar®E = 11.87 kcal mol andAE = 9.48

kcal morl'?, respectively for gas and liquid phase. About SET
(reaction 3), energy values are even more endoficefhi =
179.65 kcal mott andAE = 72.56 kcal mat, respectively for
gas and liquid phase), despite the strong stakibisaof the

5



charged species in the dielectric represented byatjueous The laser flash photolysis (LFP) results suggeat @ should
solution. The elevated values dE, even in the most ssbe the reactive species responsible for the degmadaf
favourable case of reaction (2) in solution, suggbsat the  AQ2S, thus the pH trend of Figure 4 could reflebet
photogeneration ofOH from AQ2S T and water could not reactivity of C. The decrease of the AQ2S degradatiate
s Occur to a significant extent. The present datacamapatible below pH 4 could be the consequence of the vetydasay of
with the results of previous experiments, accordimgvhich C under those pH conditions (see Figure ESI5)atfacidic
the degradation of phenol upon irradiation of AQ&&s not s pH, C were consumed by a pathway such as the oeautith
involve "OH.'° It can therefore be excluded that the decay of H*, there could be less C available for the degradatf
B and C (possible exciplexes between AQ2Sand HO, AQ2S. The LFP data also suggest that the reactate r
10 which could be intermediates of reactions 2 anthRgs place  constant between C and AQ2S does not vary sigmifiga
through the formation ofOH. with pH, and the predicted outcome is, thereforelearease
By comparison of reactions (2) and (3), it is ne#ible that ssof the AQ2S degradation rate with decreasing pHe TRKP
AQ2S™ is the conjugate base of AQ25HAssume the results are thus in agreement with the steady iatamh
deprotonation of AQ2SHinto AQ2S™: experiments.
Figure 5 shows the transformation rates of 0.1 mivfufryl
alcohol (FFA) and of 1 mM AQ2S, upon UVA irradiatiolt
Calculation results indicate that reaction (4) kre taqueous * should be noted that FFA has pK9.55" thus the FFA rates

solution hasAE = 41.64 kcal mof, which suggests that the &t PH 10-11 are referred to the furfurylate thaprebably

" AQ2SH + H,0 - AQ2S™ + H,0" @)

reactants are more stable than the products. Ithixefore, more labile.
very likely that AQ2SH behaves as a very weak acid. T, 75x107 ] [ z
20 Results of steady-stateirradiation = ] C 25x107 ;
The degradation of AQ2S when it is irradiated aldfids ‘§ ] [ 2.0x1072 '%
consistent with the reaction between ground-sta@@® and 5.0x10°77 1 =
one of the transient species produced upon AQ2&limtion 3 F 1.5x107
(in particular, that indicated as C in this work)gure 4 shows  § J ¥ S 5
» the pH trend of the degradation rate of 1 mM AQRSth the & 25x107 1 p oo g
exception of pH >10, the rate is about constantr averery 5 o } [ 0.5x1072 §
wide interval (down to pH 4), and decreases consioly at = (pK, = 9.55) s
pH < 4. The Figure also reports the quantum yiéig,s = w 0 . . . . 0 e
Rateoos (PA%?9 ™, where B*??°= 2.6x10°® Einstein L' s™. 0 2 4 6 8 o2
pH
_ 5.0x107 1 - Figure5. Initial degradation rate of 0.1 mM FFA and of 1 ni®2S
'w 1 g 65 upon UVA irradiatior_1, as mnction of pH adjusted upon agdition of
S L ox10-7 ] } [ 502 E HCIO, or NaOH. Irradiation time was up toll h. The riyhaxis reports
s 1 b [ 3 the average photodegradation quantum yields, cknllash; = Rate
s Y S W 5 (P9 (i = AQ2S or FFA).
- 3.0x107 } % % }%% [ £
2 1 / [ 1:0x107 = The LFP data suggest that FFA can react with botm4 C.
§ 2.0x10°7 3 *}% E o Under the adopted steady irradiation conditionse th
:-; ] [ oseion? g degradation rate of FFA is higher under acidic canep with
; 1.0x10°7 L 3 circumneutral pH. For instance, the degradatioe &t FFA
P ] 2 increases from 158,07 M s at pH 6 to 2.8107 M s at pH
< o . . . . . 0 & 4,10 3.%107 M s? at pH 2 (Figure 5). Interestingly, the
0 2 4 6 8 10 12 7s reaction rate constant between FFA and C as detexnby

0 pH LFP also increases considerably between pH 6 atadcund
Figure 4. Initial degradation rate of 1 mM AQ2S upon UVAaidiation, 3.8 times, see Figure 3). Note that both grountkesfQ2S
ﬁfni mg&on of PE‘ ?r?{leJ:Srtig?wtu\l(oC;r;iz(igg:rrt]sotfhﬂgfeN;%?dc;rergrdeigg(t)ign and H would compete with FFA for the reaction with C.

ptolh. i ;
ikl o AQZS, Calcumed B Rtoas (P However, he LEP data indicate that the reactian canstant
relevant pH interval. Moreover, because of the cifigf H',
the first-order rate constant of C degradation wiolod about
double at pH 4 compared with pH 6 (see Supplemgntar
Information, Figure ESI5). This is to be compareidhwthe

s 3.8-fold increase of the rate constant between BRA C in
the same pH interval: a higher fraction of C isrdfere
expected to react with FFA at pH 4 compared withGHlso
note that the reaction rate constant between A BRA is
increased by almost 50% between pH 4 and 2 (sear¢ig).

s The quantum yield values thus calculated are orgeroof
magnitude or more lower than the quantum yieldoofrfation
of AQ2S T, upon irradiation of AQ2%%*° The most likely
explanation is that only a fraction of the photogexied
reactive species would be involved into the transfation

40 processes under the adopted experimental conditithns
conversion of A into C is not quantitative, and tleaction
between C and AQ2S would be in competition with esth
processes of C transformation.
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Therefore, A might contribute somewhat to the iasexd
degradation rate of FFA at low pH, but under suchditions
also the competitive reaction between A and wbuld be
faster. The higher reactivity of both A and C todd&FA at
low pH could be accounted for by the fact that theited
AQ2S has an oxidising natut&!® and its reduction would
yield the semiquinone radical (AQ29tbr its conjugate base

Moreover, at pH 2 the reaction between C and bemzeyuld
be in competition with the fast disappearance op@ssibly
because of reaction with '"HAs a consequence, a limited
amount of C would be available to react with berezahpH 2.
so Comparison between Figures ESI8 and ESI9 suggésis t
benzene would mainly undergo transformation upactien
with A. Interestingly, K genzeneiS higher at low pH (about

(AQ2S™ + H". The occurrence of the former would be 40% higher at pH 2 compared with pH 6), but alse th

favoured under acidic conditions. The fact thatctem (4) is
endothermic suggests that at low pH the photoredaxtions
could be favoured because they yield AQ2Swhich is the
most stable intermediate.

pseudo-first order transformation rate constantAofs 2-3

ss times higher at pH 2 than at pH 6 (Figures ESI5 &%d8).
Overall, at pH 2 there would be less A available fhe
reaction with benzene, compared with pH 6.

The degradation of FFA in the presence of AQ2S unde Figure 7 shows the degradation rates of 0.1 mMobinzene

irradiation is interesting because FFA is usuallppted as a

(NBz) and of 1 mM AQ2S upon UVA irradiation. The

probe molecule for0,.2% In the system under study, as degradation of NBz is quite slow, making it thedeeeactive

significant formation ofO, is highly unlikely given the lack
of reactivity between A, B or C and molecular oxgge
Furthermore, it has been shown th@k plays no role in the
degradation of phenol in the presence of irradiaA€RS
The degradation of FFA would thus represent anrfetence,
if the alcohol is used as a probe to meas@xein systems that
contain AQ2S or compounds with similar behavioureTata
reported in Figure 5 suggest that such an intenf@evould

be more important under acidic or basic compareth wi

circumneutral conditions. Similar processes coultbgibly
take place in the environment. In fact, a non-rgble
fraction of FFA degradation upon irradiation of eivwater
could be caused by reactive species derived frossadved

organic matter (possibly the excited triplet stateEhese
processes could complicate the quantificatiod@f by using
FFA as a probe molecufé.
Figure 6 shows the degradation rate of 1 mM AQ28 tue
formation rate of phenol from 0.1 mM benzene, upHwA
irradiation. Both rates decrease with decreasing pH
T«n o
-7 >
S 5.0x10 ] '2
) 1 f{ E
S 40x107 AQ2S 7 [asxioz 2
. ] ! ©
S 30x107 . %%% 3 % g
& 5 - 1.0x1072 5
g 1 ¢# 3
< 2.0x1077 | ;! 5
5 ! a
g 1 / - 0.5x1072
E  1.0x107 / =)
5 i / Phenol + Benzene _g 5
=z 1 ° - e
B ol epragBB ST T, °
2 0 2 4 6 8 10 12 o
o

pH
Figure 6. Initial degradation rate of 1 mM AQ2S and initiaimation
rate of phenol from 0.1 mM benzene, upon UVA iredithin, as a function
of pH adjusted with HCIQor NaOH. Irradiation time was up to 1 h. The
right Y axis reports the average photodegradatieamtum yields,
calculated a®; = Rate (P, %™ (i = AQ2S or Phenol).

Interestingly, the LFP data indicate that dg.s has a
negligible pH trend, while little or no reactiontbeen C and
benzene is observed in the pH interval 4-6. A nati-malue

substrate toward irradiated AQ2S among the testeds.o
Interestingly, the phototransformation rates arethie order
FFA > Benzene- Phenol > Nitrobenzene, which reflects the
reactivity of the substrates with A {kran > Kagenzene >

s Kangz), and the fact that FFA is considerably more rivact
than either benzene or nitrobenzene toward C.
The rate of NBz degradation is slightly higher undasic
compared with acidic conditions, thus the pH treesembles
that of benzene but it is less marked. A reasonakidanation

70 is the fact that kns, undergoes a higher increase at low pH
than k genzene(Figures ESI8 and ESI10).
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Figure 7. Initial degradation rate of 0.1 mM nitrobenzen®@\and of 1
mM AQ2S upon UVA irradiation, as a function of pHjasted upon
addition of HCIQ or NaOH. Irradiation time was up to 2 h. Note the
break in the Y-axis. The right Y axis reports terage photodegradation
quantum yields, calculated &% = Rate (P/%*9™ (i = AQ2S or NBz).
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a

Irradiated AQ2S is an interfering agent in the detieation of
‘OH by means of nitrobenzene and benzene as probe
molecules® The present study suggests that the main reason
for the interference is the reactivity of nitrobene and
benzene with the excited triplet state (A) of AQ2S.
Interestingly, the extent of the interference woluhdrease
with pH because A undergoes faster transformatiodeu
s acidic conditions (possibly because of the reactioth H",
which competes with benzene or NBz for the consiummpof
A).
The comparison between Figures 5, 6 and 7 shovisuhder
similar conditions, the formation rate of phenadrfr benzene

80

of K¢ senzeneCan be observed at pH 2 (Figure ESI9), but it ig and the transformation rate of NBz are much loviamt the

quite low when compared with, for instancec s

transformation rate of FFA. Although the interfecenof

7



irradiated AQ2S ornOH measurement would be considerably observed pH trend of benzene hydroxylation by iiatet
lower in absolute terms than fd®,, it should be considered natural waters reflects the photoreactivity of CDO&Active
that the formation rate ofOH upon irradiation of natural e moieties (including the quinones), rather than thetual
waters is typically much lower compared with th&t'@®, or availability of free "OH. Further investigations will be
the excited triplet states of coloured dissolvedyamic required to understand to what extent the pH trestaserved
matter>?? Accordingly, AQ2S or similar compounds are in the present study are peculiar to the photockemiof
potential interferents for the determination of h6®OH and AQZ2S, and therefore how much AQ2S is representatfube
'0, in irradiated natural waters. es photoactive moieties of CDOM. However, the hydratidn
of benzene by irradiated CDOM is not necessarilolaing
CDOM T,. A reasonable alternative explanation is that the
dissolved organic matter is involved into photo-teen
reactions, initiated by Fe(lll) complexes with onga
wligands® which yield "OH when irradiated and have
maximum efficiency under acidic conditioffs.

&)

Conclusions

10 AQ2S is a photosensitiser that is able to induee ittdirect
photolysis of other molecules when irradiated. Tinadiation
of AQ2S in the UVA range yields three transient®aps,
here indicated as A, B and C. The species A isljite be
AQ2S T, while B and C could be two exciplexes between

1sAQ2S T, and HO.Y" The results of laser flash photolysis
experiments suggest a lack of reactivity betweensiecies B Financial support by PNRA — Progetto Antartide, INMter-
and other dissolved compounds, with the possibleeption University Consortium, MIUR-PRIN 2007 (2007L8Y4NB,
of theion OH. Among the tested solutes, some of them areArea 02, project n. 36), and Universita di TorindRicerca
able to react selectively gN Fé&*) or almost selectively Locale is gratefully acknowledged. The work of PR

20 (benzene, nitrobenzene) with A. Additionally, graustate  Torino was supported by a Marie Curie International
AQ2S appears to react with C only, and FFA readth Woth Incoming Fellowship (lIF), under the FP7-PEOPLE
A and C. The transient species A and C are leddestander ~ programme (contract n° PIIF-GA-2008-219350, project
acidic conditions, and therefore less available ifiedirect s PHOTONIT). The authors thank Blaise Pascal University for
photolysis reactions, but they could also be m@active at  the financial support provided for 1 month visit BV in

25 low pH. A major issue that governs the pH trendsolbstrate LPMM laboratory.
photodegradation in the presence of irradiated AQ2&ns to
be the reactivity with C and the pH dependence Of Kstrate
FFA is degraded faster at acidic pH. Coherently,siécond-
order rate constant with C increases under acididitions,

o more than the overall rate constant of C degradatiothe
same pH interval. AQ2S, benzene and nitrobenzere
undergo slower degradation at acidic pH. At the same,
these compounds either show very limited reactitatyard C
(such as benzene and nitrobenzene), or react wikutGhe

35 reactivity is almost independent of pH (such as Q2
Irradiated AQ2S is hardly able to produ@@H or 'O, but it
can induce the transformation of molecules thatcangently 1
adopted as probes for the hydroxyl radical (benzene
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