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Abstract

The nitroderivatives of polycyclic aromatic hydrdoans are potentially important photosensitisers
in the atmospheric condensed phase. Here we shatnttia triplet state of 1-nitronaphthalene
(*1NN*) is able to directly react with phenol, caugiits transformation upon irradiation of 1NN in
aqueous solution. Additional but less importantcesses of phenol degradation are reactions with
"OH and'0,, both photogenerated by irradiated 1NN. Dihydraglenyls and phenoxyphenols
were detected as main phenol transformation intdiates, likely formed by dimerisation of
phenoxy radicals that would be produced upon phemaation by*1NN*. Very interestingly,
irradiation with 1NN shifted the fluorescence peakphenol (EX/Em = 220-230/280-320 nm and
250-275/280-320 nm, with EX/Em = excitation and &siun wavelengths) to a region that overlaps
with “M-like” fulvic substances (Ex/Em = 250-300/3300 nm). Moreover, at longer irradiation
times a further peak appeared (ExXEm = 300-450481+1m), which is in the region of HULIS
fluorescence. Irradiated material was also able photoproduce 'O, thus showing
photosensitisation properties. Therefore, compouwith fluorescence properties that closely
resemble those of HULIS (they would be identifiesl lHULIS by fluorescence if present in
environmental samples) can be formed upon trigassised transformation of phenol by 1NN.

Keywords. photoinduced transformation; singlet oxygen; pkgmadical; kinetic modelling.



1. Introduction

Photosensitised reactions involving phenolic cormasuin the atmospheric condensed phase have
recently gained considerable attention, as a patesdurce of humic-like substances (HULIS) (Net
et al., 2010 and 2011). HULIS are secondary atmarspleonstituents (El Haddad et al., 2011) and
account for an important fraction of the organiadosel mass (Decesari et al., 2001). They
significantly absorb sunlight, especially at shomavelengths (Hoffer et al., 2006), and would play
an important atmospheric role as cloud condensatictei (Dinar et al., 2007; Wex et al., 2008).

Phenolic compounds may occur in the atmosphereriagfy pollutants because of biomass
burning (Kuo et al., 2011; Shakya et al., 2011).s&sondary pollutants, they derive fro@H-
induced oxidation of aromatic hydrocarbons emittgdcombustion processes (Volkamer et al.,
2002). Among the hypothesised pathways of HULISnf&tion, one involves oxidation of phenols
to phenoxy radicals (Net et al., 2011), which yiplienol dimers upon dimerisation and H-atom
rearrangement (Neta and Grodkowski, 2005; Sun.e@10). Dimers can follow similar reaction
pathways until higher oligomers are formed (Netlgt2010).

Atmospheric photosensitisers include a wide ranfyjeoonpounds with different structures.
Common functionalities are aromatic carbonyls idolg benzophenone-like compounds,
antraquinones and aromatic nitroderivatives (Jantrabal., 2009; Maurino et al., 2011). Brigante
et al. (2010) have shown that 1-nitronaphthalemMéN(lis a potentially important photosensitiser,
which forms a very reactive triplet staf@XIN*) with high vield.

Interestingly, photosensitised processes in gad-sgstems usually need; @r the reaction to
proceed (Net et al., 2009 and 2010; Nieto-Gligokoes al., 2010; Styler et al., 2009 and 2011),
while Oz is not required in aqueous systems (Maddigapu. e@l1; Maurino et al., 2011). The
difference might be due to far easier contact attants in aqueous solution.

We here investigate the transformation of phendaalution (proxy of the atmospheric aqueous
phase), photosensitised by INN. The reaction watiest by laser flash photolysis (LFP) to assess
the reactivity of’ LINN* toward dissolved species. Moreover, steadgdiation experiments were
carried out and a kinetic model developed to accdanresults. Key input data for the kinetic
model were obtained by LFP. The potential for phéa@ct as HULIS precursor under the studied
conditions was assessed by identification of itsnnphototransformation intermediates. Moreover,
fluorescence spectroscopy (excitation-emission irjaEEM; Muller et al., 2008) was used to
monitor a possible shift of fluorescence bands tft® HULIS region as irradiation progressed.
Photogeneration of singlet oxygeiDg), by material formed upon prolonged irradiatiorpbénol +
1NN, was assessed with furfuryl alcohol (FFA)@s probe.

2. Experimental section

2.1. Laser flash photolysis experiments. A Nd:YAG laser system instrument (Quanta Ray GCR
130-01) operated at 355 nm (third harmonic) withidgl energies of 60 mJ (the single pulse was



~9 ns in duration) was used to study the reactiomelving the excited state of INNINN¥).
Individual cuvette samples (3 mL volume) were ugeda maximum of two consecutive laser
shots. The transient absorbance at the pre-seleeteelength was monitored by a detection system
consisting of a pulsed xenon lamp (150 W), monactator and photomultiplier (1P28). A
spectrometer control unit was used for synchrogighe pulsed light source and programmable
shutters with the laser output. The signal fromghetomultiplier was digitised by a programmable
digital oscilloscope (HP54522A) and analysed by &i8s RISC-processor workstation.

Solutions were prepared in Milli-Q water and st#pilwas regularly checked by UV
spectroscopy. The decay HNN* and the formation of the radical anion (LN)\were monitored
at 620 and 380 nm. The pseudo-first order decaygamth constants were obtained by fitting the
absorbances. time data with single or double exponential edquregi The error was calculated from
the scattering of experimental data around thiifittion. Experiments were performed at ambient
temperature (295+2 °K) on air-equilibrated solusion

2.2. Irradiation experiments. The samples (5 mL total volume) were placed intandyical Pyrex
glass cells (4.0 cm diameter, 2.3 cm height) clositd a lateral screw cap, and were magnetically
stirred during irradiation. Irradiation was carriedt under a Philips TLK 05 UVA lamp, with
emission maximum at 365 nm. The incident radiateached the cells mainly from the top, and the
optical path length of the solution whs= 0.4 cm. The lamp irradiance between 300 andr0
was 2@2 W m?, measured with a power meter by CO.FO.ME.GRA. &lillitaly). The incident
photon flux ((1.&0.2)10° Einstein ! s™*) was actinometrically determined using the feraiaxe
method (Kuhn et al., 2004), taking into account #sorption spectrum of Fe{@)s> and the
variation with wavelength of the quantum yield & Fgeneration (Albinet et al., 2010a).

Figure 1 reports the spectral photon flux densigrarradiated solutiongf(A)), measured with
an Ocean Optics SD 2000 CCD spectrophotometer andatised to the actinometry results, also
taking Pyrex transmittance into account. The Figals® reports the absorption spectrum of 1NN
(&inn(A)), measured with a Varian Cary 100 Scan UV-Vistpphotometer.

2.3. Liquid chromatography deter minations. After irradiation the solutions were allowed taoto
for 10-15 min under refrigeration, to minimise wdlaation of 1NN. Analysis was then carried out
by High Performance Liquid Chromatography coupleéthwV-Vis detection (HPLC-UV). The
adopted Merck-Hitachi instrument was equipped WAB2000A autosampler (10QL sample
volume), L-6200 and L-6000 pumps for high-pressgradients, Merck LiChroCART RP-C18
column packed with LiChrospher 100 RP-18 (125 mh6 mmx 5 um particle diameter), and L-
4200 UV-Vis detector (detection wavelength 220 nisgcratic elution was carried out with 60:40
CH;OH: aqueous kPO, (pH 2.8), at 1.0 mL mitt flow rate. The retention time of phenol was 2.5
min, that of INN 11.2 min, column dead time 0.90hnfFA analysis was performed using an
HPLC system (Waters Alliance) equipped with a diedey detector and a C18 Zorbax column



(Agilent, 15 mmx 4.6 mmx 5 pum). The isocratic eluent was 15:85 {OHl:H,O (1:1000 formic
acid) at 1.0 mL mift flow rate. The retention time of FFA (detecte@2® nm) was 6.5 min.

2.4. Fluorescence measurements. A Varian Cary Eclipse fluorescence spectrofluotenewvas
used, adopting a 10 nm bandpass on both excitatidremission. Fluorescence excitation-emission
matrix (EMM) was obtained at 5 nm intervals for gatton wavelengths from 200 to 500 nm and
emission from 220 to 600 nm. Identification of flascent constituents in water samples was
performed on the basis of literature data, usiegniain contours to identify fluorescence peaks.

2.5. Kinetic data treatment. The time evolution data of 1NN and phenol wereditwith pseudo-
first order equations of the fornC{C, ™) = e™*” whereC; is the concentration of the substrate
(INN or phenol) at time, C, its initial concentration, and (fit variable) the pseudo-first order
degradation rate constant. The initial transfororatiate iR = k G,. Errors ork were derived from

the scattering of experimental data around eacbufite. The reported errors &(u+o) largely
depended oR errors, because errors Gg (derived from calibration curves) were much lowdre
reproducibility of repeated runs was around 10-16%&ome cases the experimental rate data were
fitted with rather complex equations having onevétiable. The error associated to such variable
depended both on data scattering around the fdtimm and on incertitude of constant parameters,
which was taken into account with error propagatides.

2.6. ldentification of transformation intermediates. Intermediate identification was carried out
with gas chromatography interfaced with mass spewtry (GC-MS). Aqueous solutions after
irradiation (salted with NaCl and acidified with HCwere extracted with 3 mL GCi&l,,
dehumidified with anhydrous N8O, and evaporated to dryness. Each sample was recctest
with 100 uL CHCI,. The solution was transferred into a vial and atgd into a capillary gas
chromatograph (Agilent 6890) coupled with a magscspmeter (Agilent 5973 inert). The injection
system used was a Gerstel CIS4 PTV. Initial inggctiemperature was 40 °C, programmed at 5
°Cls; final temperature was 320 °C, held for 9 niihe injection volume was 2 pL in the splitless
mode. The capillary column used was a HP-5MS, 3025 mmx 0.25 pm film thickness. Initial
column temperature was 40 °C and was increasedbRCImin to 300 °C. The carrier gas was
ultrapure He (flow 1.0 mL mir}; SIAD, Bergamo, ltaly). The ionisation source wemkin the
electronic impact (El) mode and the mass spectenvedrked in the Scan mode from 44 to 450
Th. Identification of spectra was performed witk Wiley 7n library (Agilent Part No. G1035B).



3. Results and Discussion
3.1. Laser flash photolysis (L FP) experiments

LFP runs were carried out to study the reactionveen®*1NN* and phenol. Figure 2 reports the
absorption spectra obtained, 65 ns after the lpgkse, upon 355-nm flash photolysis of 0.1 mM
INN (1), of 0.1 mM 1NN + 1 mM phenol (2), as wed the difference spectrum ((2)-(1)). The
difference spectrum shows a maximum at 380 nm, eviweth phenoxy radical (phenoxyl) and
INN™ have absorption peaks (Gadosy et al., 1999; Bieganal., 2010). Such a finding suggests
formation of at least one of the two species. H@rethe formation oé.g. phenoxyl from phenol
would imply a one-electron reduction ifNN*, which would yield 1NN" as well (Gérner, 2008).
The transientINN* could react with both phenol and ground-stH¥, in addition to reacting
with O, to yield 'O, (Brigante et al., 2010). Figure 3a shows the trefithe pseudo-first order rate

constant of INN* disappearancek, .. ), as a function of phenol concentration. The Stéoimer

approach (Laws and Contino, 1992) yiekis, . =k [Pheno] + k;’lNN*, where k

31NN*, Phenol 31NN*, Phenol

is the second-order reaction rate constant betiié¢N* and phenol, and:, . is the pseudo-first

order rate constant ofLNN* disappearance in the absence of phenol. Toerethe value of
Ks e prengg C@N DE Obtained as the slope of the kag, . vs.[Phenol] (Figure 3a). Linear data fit

; _ -1 1
yieldedk,, . .= (4.50.1010° M s™.
Figure 3b shows the trend &

e VS-[INN], which suggests that some reaction woulcetak
place betweedlNN* and 1NN ground state. It is, =k

e = Koo ooy ANNT K3+ from which the
second-order rate constant betwé@hNN* and 1NN s yne 1) €@N be determined as the line

slope. One getk = (7.10.9Y20° M~ ™. From the line interceptc, . = (4.9%:0.50y10°

31INN%INN
s ') one can estimate,@oncentration (Brigante et al., 2010). The resglfio,] = 0.25:0.03 mM is
quite reasonable for an aqueous solution in comtdhtthe atmosphere.

3.2. Steady irradiation experiments

3.2.1. Irradiation of 1NN alone

Solutions containing 0.1 mM 1NN were irradiatedtla natural pH1 6, in presence of air and
under nitrogen atmosphere. The relevant transfoomat rates of 1NN were
Ay = (631 095 [10° M s™ and Rz, = (983+ 118)[10° M s™. There is evidence that around
10% of the direct phototransformation of 0.1 mM 1MNNthe presence of air is accounted for by
photogeneratetOH, probably produced upon water oxidation (Sualgt2011). The same process

would most likely take place under nitrogen, ane pinotochemical formation rate @H by 0.1
mM 1NN under the adopted irradiation conditions teche RN = (63+ 09)(10™° M s™.

Considering that INN would scavenge practically giilbtogeneratedOH, the rate of 1NN
transformation by OH would be equal tdQl(’jD‘ Therefore, the rates of 1NN transformation not
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involving "OH would be(R)., = (5.681.04Y10° M s™ and (Rl )y, = (9.261.27Y10° M s™

under air and B respectively. When th@H pathway is not considered, the following proesss
would account for the transformation of irradiatédN (ISC: inter-system crossing®,, ..:

Fournier et al., 199k;: this work;ks: Brigante et al., 201&%;: Rodgers and Snowden, 1982):

AINN O ™FF - 31INN* [, = 063] 1)
31INN* - 1NN k2] 2)
3INN* _ Products K] 3
31INN* + 1NN - INN" + 1NN [ks = (7.20.910° Mt s (4)
3INN* + O, » 1NN +'0O, [ks = (1.95:0.05Y10° M s} (5)
INN" +0O, - INN+ Q" [Ke] (6)
0, . O, k; = (2.5:0.5)10° s} 7)
1NN +'0, — Products Ke] (8)

Brigante et al. (2010) determin&grks+k[ILNN] = (8.0+0.1)10" s*. Reaction (3) would contribute
to the transformation of 1NN. In presence of a@aation (4) is expected to take part in 1NN
disappearance, because of the likely evolutionMK™ into transformation intermediates, while
1NN~ would be recycled back to 1NN by oxygen. Underogieén atmosphere, the most likely
pathway after reaction (4) (in analogy with the debur of anthraquinone-2-sulphonate; Maurino
et al., 2008) is recombination between ITNAhd 1NN to give back 1NN, producing a null cycle.

Although *OH photoproduction plays some role in the transtdiom of 1NN, the fraction of
31NN+ that would be involved ifOH generation is negligible (Sur et al., 2011).sThiso means
that only a minor fraction ofLNN* would be involved into 1NN degradation, thenander giving
back 1NNvia some process. For this reasO®H production was not considered among the
significant *INN* sinks in steady-state calculations GNIN*]. Under N» atmosphere, 1NN
transformation would be most likely accounted fgrrbactions (1-4) followed by recombination
between 1NN and 1NN". In air-equilibrated solutions, reactions (1-8)ulbapply.

The fact that 1NN transformation is faster under &ailmosphere than in air-equilibrated
solutions, despite the INN+ 1NN~ recombination without € would be accounted for by the
effective scavenging ofLNN* by O, in reaction (5) (Brigante et al., 2010). The psxgields'O,
that contributes to 1NN transformation (reaction),(®&ut most’O, would actually undergo
inactivation in reaction (7). Because,]J@10.3 mM, as per its solubility in air-equilibratedlutions
and [INN] = 0.1 mM, the rate of reaction (5) wolle[] 8 times higher than that of reaction (4).
Reaction (5) would act as a very effective quengtprocess forLNN*, inhibiting reactions (3)

and (4) and decreasing 1NN transformation rateempresence of oxygen.

The formation rate of°*INN* can be calculated asR, . =P, P, where

PN = j p°(A) (L-10 “mWPENNDY g3 = (2 5+0.3)10°° Einstein L' s * with b = 0.4 cm and [INN] =
A

0.1 mM. Values ofp°(A) and &nn(A) are reported in Figure 1. By applying the stesidye



approximation to*1NN* in the reaction system relevant to nitrogemagphere, one gets

k L . -
4 =R, 3 : thaR, . =@, P™=(@16+02)00°Ms™
(Riwn)n, ™ ok + K, [INN] Considering thaR,, . LA 16+ 0210 S
and (Ryy)y, = (9.26:1.27Y10° M s (from irradiation experiments), one obtaitks =
(4.6+1.310° s .

In the presence of air, by applying the steadyestaproximation t61NN* and*O, one gets:

Kok, + Kk [INN] + ke [O,] [INN]
NN (K, + K, + K, [INN] + K [O,]) (K, + k; [INN])

( I:{NN )air = R3 (9)

where (R, )., = (5.681.04Y10° M s™. With the valueks = (4.6:1.3)Y10° s * obtained above, one

getsks = (8.13.5)010° M s as the reaction rate constant between 1NN '&ad Under such
circumstances, only0.3% 'O, would be involved into 1NN transformation in rdant (8), the
remainder undergoing thermal inactivation in reacii7).

3.2.2. Irradiation of 1NN with phenol (air-equiliared solutions)
Figure 4 reports the trends of the initial transfation rates of INNR,,,, ) and phenol R,...;), as

a function of phenol concentration. The direct phgatis of phenol was negligible when it was
irradiated alone. The Figure shows that phenolbitdithe transformation of 1NN, which suggests
that the two compounds compete for one or mordixeaspecies. In the presence of air, irradiation
of INN + phenol (PhOH) would involve reactions (1{8us the following, where PHQs the
phenoxy radical (Machado and Boule, 1995; Markletl®96). The constamd, was obtained by
LFP (Figure 3a) ank 3 is reported by Martire et al. (1993):

3INN* + PhOH - 1NN + PhO + H* [kio = (4.5:0.1)10° M~* s°1] (10)
PhO - PhOH ki (11)
PhO - Products K12 (12)
PhOH +'O, - Products K13 = (1.3:0.3)10° M s7] (13)

Reactions (11, 12) are pseudo-first order approtiansa of more complex processes. Rationale for
the approximation is to obtain manageable solutairignetic equations. For instance, reaction (11)
would most likely involve PhD+ O, (the latter produced in reaction (6)) to give batienol
(Mack and Bolton, 1999; Vione et al., 2011). Forimalusion of Q™" in the reaction system would
introduce quadratic terms, which would prevent sofuof the already complex kinetic equations.

Phenol and 1NN would compete folOH, which is photogenerated by 1NN with
RN = (63£09)[10™ M s™ as estimated before. The reaction rate constaitiis @H of phenol

and INN arek.., = (1.4:0.1y10°°M™ s™ (Buxton et al., 1988) ané. = (8.2:0.4Y10
M~ s (Sur et al., 2011). The kinetic system made upafations (1-8) and (10-13), pli@H-
related processes qualitatively predicts inhibitiop phenol of 1NN phototransformation, as

OH INN
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actually observed (Figure 4). However, the relevaitulations overestimate the effect of phenol
concentration on 1NN degradation rate: experimesdtd show that inhibition of 1NN degradation
by phenol is significantly lower than predicted.eTkey point is that reaction (10) transforms
31INN* into 1NN, which is recycled back to 1NN by,@n reaction (6). In this way, tHdNN*-
assisted transformation of 1NN upon reactions $334,is inhibited. To account for experimental
data, one should assume that a fractioof 1NN reacts with phenol-derived species to produce

transformation intermediates, instead of giving khatNN. By applying the steady-state
approximation t6OH, *1NN* and'O,, one gets the following expressions Ry, andR,, .

Ry = (ks +a'k,[Phenol) (k; +k; [INN] + k;;[Phenol) + ksk[O,] [INN] | o K-on s [INN]
MR (K, + kg + K, [INN] + kg [O,] + ky[ Pheno]) (k, + k, [INN]) " K.y preng PENO] + K. [INN]
(14)
R, =R, LK (K *kp) " K[ Phenol (k; +k, [INN] + ks [PhenoD)] + k; k[O;][Pheno] |
N (ky + K K, [INN] + ks [O,] + ko[ Phenol) (k; + ks [INN] + k,s[Phenol) (15)
LNN k'OH Ph I[Phenol
+ R ,Pnenol
OH k [Pheno] +k. [INN]

*OH,Phenol OH INN

The fit with equation (14) of theR,, data reported in Figure 4, with as the only floating

variable, yieldeda = (1.51.3Y10°. This means that <0.3% of 1NNwould evolve into
transformation intermediates, the remainder beeuwyaled back to 1NN by oxygen. The fit with
equation (15) of ther,, ., data of Figure 4, with = kio (ki1 + ki)™ as the only floating variable
yielded B = (6.83.4)Y102 This means thak10% PhO would evolve into transformation
intermediates, the remainder yielding back phereadtion 11).

The good agreement between experimental data adélmcedictions (Figure 4) suggests that
both 1NN and phenol would undergo transformati@*1NN*, 'O, and'OH. The scavenging of
31NN* by phenol (reaction 10) would account for mosphenol sensitised transformation, and it
would inhibit the degradation of 1INN. The lattesuis applies because over 99% of INN
produced in reaction (10) would be recycled backNN by G. In the absence of reaction (10),
31NN* would be involved in 1NN transformatiasia reactions (3,4,5,8).

3.3. Transformation inter mediates

Several important transformation intermediates leénol could be detected by GC-MS. Figure 5
shows their mass spectra and reports comparisdnliiary spectra (match >90%). The relevant
intermediates are 2- and 4-phenoxyphenol, 1,1'dhtwybiphenyl, and 4,4’-dihydroxybiphenyl.

These compounds would arise upon dimerisation @ R@&opalan and Savage 1994; Platz et al.,
1998; Neta and Grodkowski, 2005), produced in readtl0). The dimerisation rate is expected to
increase with increasing phenol concentration (Mauet al., 2008) and, coherently, GC-MS peaks
of intermediates were considerably higher at 1 niintat 0.1 mM phenol. Note that such
concentration values are somewhat higher thanetveld of phenolic compounds in fog water (up

9



to 30 uM, Harrison et al., 2005), but they arehea tange of concentrations that phenols can reach
in dew water (Polkowska et al., 2008) or in paegcirom biomass burning (Vicente et al., 2012).

Considering that most of the electron density o®Ptvould be localised at the oxygen atom
and at theortho andpara carbon atoms of the ring (Fehir and McCusker, 200@ structure of the
identified intermediates can be easily accounted The phenoxyphenols would be formed by
addition of the O atom of PH@o the electron-richi.g., 2- and 4-) ring positions of another PhO
The dihydroxybiphenyls would result from an additiprocess, involving the #2 and #4 ring C
atoms of PhQ Further H-atom rearrangement would then yielddéiected intermediates.

No transformation intermediates of 1NN were detdcteossible explanations are instability
preventing accumulation, poor extraction byJ/CH, or non-amenability by GC.

3.4. Fluor escence measur ements

The variation of fluorescence intensity of solusampon irradiation was studied by means of the
Excitation-Emission Matrix (EEM) technique. Prelmary experiments (data not shown) indicated
that 1NN has no fluorescence. Figure 6 reportsEBM spectra of(a) 0.1 mM 1NN + 0.1 mM
phenol before irradiation (fluorescence is accodirite by phenol);(b) 0.1 mM 1NN + 0.1 mM
phenol after 10 min irradiatiorf¢c) 0.1 mM 1NN + 0.1 mM phenol after 4 h irradiati@md(d) 0.1
mM 4-phenoxyphenol without irradiation. Irradiatioh phenol and 1NN shifted the fluorescence
emission maximum froml 300 nm to 330-400 nm (Figure 6b). Upon prolongeadiation (4 h) a
further, small fluorescence peak appeared at EXEB00-450/400-450 nm (Figure 6c¢).

The fluorescence peak of Figure 6b partially oyelavith fluorescence emission by 4-
phenoxyphenol (Figure 6d), a transformation intetise detected in the studied system (see
section 3.3), but the fluorescence maximum at ExE®75/350 nm does not. Substances with
Ex/Em = 250-300/330-400 nm would be classified Mslike” fulvic acids (Parlanti et al., 2000;
Mostofa et al., 2011). Moreover, the interval Ex/ErB00-450/400-450 nm (Figure 6¢) is right into
the range of atmospheric humic-like substances (SY[(Muller et al., 2008). Fluorescence data
suggest that irradiation of phenol, in the presesfcéNN as photosensitiser, induces formation of
compounds that would be classified as “M-like” fighacids and HULIS if found in environmental
samples (Muller et al., 2008; Mostofa et al., 20TT)e fluorescence of this material only partially
overlaps with that of phenol dimer, suggesting tadtitional and more important fluorescent
compounds are being formed. Interestingly, theigsed phototransformation of 4-phenoxyphenol
is known to produce higher oligomers, such as phestoamers (Net et al.,, 2010). Moreover,
HULIS formation from phenols might be an import@nbcess in the atmosphere, where phenolic
compounds arising from wood burning are quite comifkao et al., 2011; Shakya et al., 2011).
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3.5. Formation of singlet oxygen by theirradiated system 1NN + phenal

Figure 7 reports the time evolution of 1NN, pheant two fluorescence contours, monitored at
ExX/Em = 275/375 nm (fulvic-like) and Ex/Em = 330%44m (HULIS), upon irradiation of 0.1 mM
1NN and 60 uM phenol. After 8 h irradiation, pheaald 1NN practically disappeared and “fulvic-
like” fluorescence reached a plateau (intensity0~A3J.). Fluorescence intensity was remarkably
stable in the plateau region, with almost no chaagéast up to 24 h irradiation. The second
fluorescence signal, attributed to HULIS, peakedratund 3 h irradiation (intensity ~ 95 A.U.).
The insert of Figure 7 reports the trends up to irddiation, showing very fast increase of the
“fulvic-like” signal.

The material formed after 8 h irradiation was addglly studied for photochemical properties,
in particular concerning the ability to produt@®,. Therefore, 10 pM FFA was added'&s probe
to the irradiated system, and FFA degradation wasitored. Figure 8 reports the time trend of 10
KM FFA when irradiated alone (direct photolysifiedl circles), and when it was added to solutions
that initially contained 0.1 mM 1NN (empty circles)d 0.1 mM 1NN + 60 uM phenol (triangles).
The latter two solutions were both irradiated foih &efore the FFA spike. The rationale for
irradiating FFA alone, or spiked to pre-irradiateldN (blank experiments), was to assess direct
FFA photolysis and photochemical activity of possibNN photointermediates. Indeed, irradiated
1NN is an effectivé'O, source (Brigante et al., 2010), and its (unidedjf intermediates might
produce singlet oxygen as well. Note that irradatof 1NN or FFA alone yielded no fluorescent
compounds. Moreover, phenol alone does not abdmtea300 nm, and it did not undergo direct
photolysis nor showed fluorescence variation upgadiation. It was also unable to sensitise FFA
transformation.

When FFA was spiked to pre-irradiated 1NN + pherisldegradation rate was considerably
higher compared to blank experiments. Thereforgurei 8 suggests that the material formed upon
irradiation of phenol + 1NN induced photochemicabquction of'O,, in addition to showing
fluorescence properties analogous to “M-like” faleicids and HULIS.

4. Conclusions

The triplet state of 1NN reacts with phenol, wittter constank = (4.50.1)20° Mt st

31NN, Phenol
The reaction gives phenoxyphenols and dihydroxydmgts, coherently with a primary process that
would likely produce 1NN and the phenoxy radical, PhQNote that<10% PhO is expected to
undergo dimerisation, the remainder giving backngheipon reaction witte.g. O,"". Moreover,
1NN would be mostly (>99%) recycled back to 1NN by @ety. Experimental data are accounted
for by a kinetic model made up of reactions (1-8) &10-13), plus$OH formation by>1NN* and
<0.3% transformation of 1NN into intermediates. The majority of phenol woulgl tbansformed
by *1NN*, while ‘OH and'O, would play a less important role. Phenol inhiltits transformation
of 1NN, because the two substrates compete fotioeawith *1NN*, O, and’OH.

11



A non-irradiated solution containing phenol and 1Bidws the typical fluorescence emission
of phenol. Irradiation causes a red shift of flismence excitation and emission wavelengths, from
EX/Em = 220-230/280-320 nm and 250-275/280-320 phertol), to EX/Em = 250-300/330-400
nm and Ex/Em = 300-450/400-450 nm (contours dedecteon irradiation). Compounds with
Ex/Em = 250-300/330-400 nm would be identified Btlike” fulvic substances in environmental
samples, while EX’Em = 300-450/400-450 nm is inftherescence range of HULIS. This means
that the relevant compounds would be identifiedH& IS if found in environmental samples,
based on their fluorescence properties. Anotherasting finding is that the irradiated material is
able to photochemically produd®,, thereby showing photosensitisation propertiee pbtential
atmospheric importance of the studied reactionsupgported by the fact that both nitroaromatics
and phenols are primary and/or secondary atmosplmailutants, derived from combustion
processes. The present work also suggests that fitieléscence would be an extremely useful
tool to assess the photochemical formation of hdikéand fulvic-like substances.

An issue that deserves further investigation death the comparison between humic (or
humic-like) substances in the atmosphesesurface waters. As far as the latter compartneent
concerned, photosensitisers such as quinones anthic carbonyls can be found in humic and
fulvic acids and account for a considerable fractad their photoactivity (Cory and McKnight,
2005; Canonica et al., 2005; Jammoul et al., 200&yrino et al., 2011). There is evidence that
atmospheric photosensitisers are less active thasetfound in surface waters (Albinet et al.,
2010b; De Laurentiis et al., 2012). The findingehezported that material with HULIS properties
can producéO, when irradiated might give some hints about HUpI®toactivity, and could be
scope for further research.
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Figure 2. Absorption spectra of transient species formec$&after the laser pulse (355 nm, 60
mJ), upon flash photolysis of air-equilibrated simins containing: (1) 0.1 mM 1NN; (2)
0.1 mM 1NN + 1 mM phenol. The difference spectri{#)-(1)) is also reported.
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Figure 6. Excitation-Emission Matrix (EEM) fluorescence spacf: (a) 0.1 mM 1NN + 0.1 mM
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