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PHOTOCHEMICAL AND PHOTOSENSITISED REACTIONS
INVOLVING 1-NITRONAPHTHALENE AND NITRITE IN AQUEOUS
SOLUTION

Pratap Reddy Maddigapu,® Claudio Minero,® Valter Maurino,® Davide Vione*®® Marcello Brigante,*°*
s Tiffany Charbouillot,“* Mohamed Sarakha®® and Gilles Mailhot®®

The excited triplet state of INNINN) is able to oxidise nitrite tdNO,, with a second-order rate
constant that varies from (3.56.11x10® M™* s (u+o) at pH 2.0 to (3.360.28x10° Mt st at
pH 6.5. The polychromatic quantum yield '®fO, photogeneration by 1NN in neutral solution is
10 Do N 2 (5.741.5)10° [NO, ] / {(3.4£0.3)10° [NO, ]+6.0010%} in the wavelength interval of
300-440 nm. Irradiated 1NN is also able to prodi@el, with a polychromatic quantum yield
®. otV = (3.42+0.42)x107. In the presence of 1NN and NZHNO, under irradiation, excited
1NN (probably its triplet state) would react witRO, to yield two dinitronaphthalene isomers,
15DNN and 18DNN. The photonitration of 1NN is maxim around pH 3.5. At higher pH the
1s formation rate ofNO, by photolysis of N§G/HNO, would be lower, because the photolysis of
nitrite is less efficient than that of HNOAt lower pH, the reaction betwe&hNN and'NO, is
probably replaced by other processes (invoheng *1NN-H") that do not yield the
dinitronaphthalenes.

INN in the presence of nitrite, a major photochexhsource
I ntroduction of 'NO, in solution?® Particular interest is focused on the

. . . . photoinduced formation of the dinitronaphthalens. this
20 1-N|trona1p2hthale_ne (ANN) is a gepotoxm a_tmosPhe”s% purpose, it was adopted a combination of laser hflas
pollutant'? that is frequently detected in urban Aidespite photolysis runs and steady-state irradiation expenits.
its fast degradation by direct photoly$%The main sources

of 1NN are the direct emission upon combustion psses
and the atmospheric nitration of naphthal&h&he very fast

2»s photolysis of 1NN (half-life time of less than 1 ih the
atmosphere)® would make its long-range transport very
unlikely. However, significant amounts of 1NN (aoti2NN) 1-Nitronaphthalene (1NN, purity grade 99%), 1,3-
have been detected in the Antarctic airborne paldie e dinitronaphthalene (13DNN, 98%), 1,5-dinitronapHhéme
matter? While the long-range transport from the continents (15DNN, 99%), 1,8-dinitronaphthalene (18DNN, 98%),

sowould be excluded, a possible explanation is the-gmase phenol (>99%), 2-nitrophenol (98%) and 4-nitrophieno
nitration of naphthalene (probably byO; + "NO,), followed (>99%) were purchased from Aldrich, Nab@>97%) and
by partitioning of the nitronaphthalenes on thetigkes at the ~ (NH4).Ce(NG;)s (98%) from Carlo Erba, acetonitrile
low temperatures of the Antarctith. Various s (LiChrosolv gradient grade), 2-propanol (LiChrosgadient
dinitronaphthalenes have also been detected oraitherne  grade), benzene (for gas chromatography), HQI®%) and

ss particles in the Antarctica, which is consistenttiwia H;PO, (85%) from VWR Int. All reagents were used as
condensed-phase nitration process that takes piasieu.’ received, without further purification. TheMNnOOH was

The nitration of the nitroaromatic compounds is an Synthesised following the procedure of Brater.

interesting issue; in the case of the formation Z#-
dinitrophenaol, it has been shown that the reactakes place

« between the excited mononitrophenols daN@,.'* The case Two different lamp set-ups were used for the iragitin
of excited 1NN is potentially very interesting basa of the  experiments: a set of three 40 W Philips TL KO5 Ulafps,
elevated quantum yield for the formation of theiteat triplet with emission maximum at 365 nm, and one 100 W ip4il
state, 1INN.***®* Moreover, the chemistry ofINN is of  TL 01 lamp with emission maximum at 313 nm. The ples
interest because this species is able to oxidisehttlogenide + (5 mL total volume) were placed into cylindrical ey glass

s anions to the corresponding radical species, angré@uce  cells (4.0 cm diameter, 2.3 cm height) closed véthateral
"OH via photoinduced generation 05'QHO," and probably  screw cap, and were magnetically stirred duringdration.
via water oxidatior*** The photosensitised processes in the The incident radiation reached the cells mainlynfrthe top,
atmospheric aqueous phase and on particles hawmtigc  ang the optical path length of the solution was®4-cm. The
gained interest because of the role they play i® th photon flux incident into the solutions was actiretnically

s atmospheric processing of humic-like SUbStaﬁe"éé' determined using the ferrioxalate method, by takintp
This work studies the photochemical reactions thatlve account the absorption spectrum of Fa9Q:>~ and the

Experimental

Reagents and materials

7o Irradiation experiments



variation with wavelength of the quantum yield o&*F The time evolution data of 1NN were fitted with pse-first
generatiort® If one knows, as a function of the wavelength, order equations of the for@ = C, exp (-k t), where Gis the
the fraction of radiation absorbed by FeQg);>", the quantum ¢ concentration of 1NN at the time t, @s initial concentration,
yield of F€* photoproduction and the shape of the lamp and k the pseudo-first order degradation rate @ristThe
s spectrum Yide infra), it is possible to use the measured initial transformation rate of INN iRatgnn = k Co. The time
formation rate of F& to fix the value of the incident spectral €volution of the intermediates (15DNN and 18DNN nfro
photon flux densityp°(1). The photon flux p :Jp°(A)dA 1NN, phenol from benzene, 2- and 4-nitrophenol figmenol)
o) sowas fitted withC’; = k| C, (K — k%) ™ [exp(st) —expk’
was 4.410°° Einstein It s for the TL KOS5 and 3.210° t)], where C;{ is the concentration of the intermediate at the
Einstein €% for the TL 01 lamp. In both callses the time t, G the initial concentration of the substrat§,dnd K,

. L . the pseudo-first order formation and transformaticate
wirradiation temperature was around 383K. Figure 1 reports

o ) constants of the intermediate, respectively, ah’g the
the emission spectra of the adopted lamps, measwitdan ss pseudo-first order transformation rate constant thie

Ocean Optics SD 2000 CCD spectrophotometer andgpsirate. The initial formation rate of the intediate is
normalised to the actinometry results. The Figuse aeports Rate = k', C,. The reported errors on the rates were derived

the absorption spectra of INN, nitrite and HN@ken with @ from the scattering of the experimental data arotiedfitting
1s Varian Cary 100 Scan UV-Vis spectrophotometer. curve, and represepttc. The reproducibility of repeated runs
so was around 10-15%.

T 5.0x10° [ 80x107%,, Radiation absor ption calculations
o T
T 4.0x10° ] - L2 Assume a dissolved species A with concentratanand
= [ eox10 © molar absorption coefficiergs(A1), which is irradiated under a
E, 3.0x10° 4 [ é lamp with incident spectral photon flux denspy(/1), in a
-3‘—:’ - 4.0x107 2 es Solution of optical path length. The spectral photon flux
§z.0x1o= 1. I = density absorbed by A at the wavelength is
P '_2.0“0_75 pi(A) = p°(,|)[[11—10‘EAWbCA] . The all-wavelength photon
© 1.0x10° L <=
a .

5 i a flux absorbed by A isp/ =I pA(A) dA .
s - 0 s A

500

300 If the solution contains two light-absorbing spegié and B,

Wavelength, nm nthe absorbances are additive but the absorbed phibue

] o N densitiespy(1) (i = A or B) are not. However, at each
Figure 1. Emission spectra (spectr_al phojcon_ flux def_‘s!“ﬁ(ﬂ)) wavelengthA the ratio of the spectral photon flux densities
of the adopteq Iamps (.TL KOS.Wlth emission mammunjhe would be equal to the ratio of the respective abances*

20 UVA, TL 01 with emission maximum in the UVB). Absaign )

spectra of 1NN, nitrite and nitrous acid. Therefore,p,(4) = pa’(A) Aa(1) [As(A)] ™, where Ax(4) =
75 £a(A) b G and Ag(A) = &(1) b G. It would also be,A(A) =
Pa"'(A) An(A) A, where

Analytical determinations P (A) = p°(A) {L-10""™) is the total spectral photon

After irradiation the solutions were allowed to téor 10-15  flux  density atz)Asorbgd. by ~the  solution, and
2s min under refrigeration, to minimise the volatilim of 1NN Amt()'):éAA(")*'AB(A)' A similar expression would also hold
and, when applicable, that of benzene. Analysis wemn ©fOr Pa'(4). For the absorbed photon flux one gets
carried out by High Performance Liquid Chromatodgmap P, :j p.(A)dA . wherei=AorB.
coupled with UV-Vis detection (HPLC-UV). The adogdte y)
Merck-Hitachi instrument was equipped with AS2000A | oo fiash photolysis experiments
30 autosampler (10QuL sample volume), L-6200 and L-6000
pumps for high-pressure gradients, Merck LiChro&®tC18 A Nd:YAG laser system instrument (Quanta Ray GCR-13
column packed with LiChrospher 100 RP-18 (125 mm.6  01) operated at 355 nm (third harmonic) with typieaergies
mm x 5 pm), and L-4200 UV-Vis detector (detectionss of 60 mJ (the single pulse was ~9 ns in duratioa} wsed to
wavelength 220 nm). The adopted gradient of investigate the photosensitised reaction betweenettrited
s CHzCN:aqueous kPO, (pH 2.8) was the following: 40:60 for sState of INN and nitrite in aqueous solution asiracfion of
10 min, then to 60:40 in 1 min and keep for 8 ntiack to the ~ PH. Individual cuvette samples (3 mL volume) weeed for
initial conditions in 1 min and keep for 8 min. Wian eluent @ maximum of two consecutive laser shots. The tears
flow rate of 1.0 mL mii' the retention times were (min): absorbance at the pre-selected wavelength was arediby a
phenol (2.55), 4-nitrophenol (3.20), 2-nitrophen@.15),  detection system consisting of a pulsed xenon I&b30 W),
wbenzene (8.20), 18DNN (9.06), 15DNN (14.05), 13DNN monochromator and a photomultiplier (1P28). A spatieter
(16.50), 1NN (17.65). The column dead time was 0v90. control unit was used for synchronising the puldaht
source and programmable shutters with the lasgruiufThe

Kinetictreatment of the data os signal from the photomultiplier was digitised by a
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programmable digital oscilloscope (HP54522A). A Bis
RISC-processor kinetic spectrometer workstation wsed to
analyse the digitised signal.
Solutions of both 1NN and NaNQvere prepared in Milli-
s Q water and their stability was regularly checkgdneans of
UV spectroscopy. The decay of the triplet state 106N
(®(1NN) and the formation of the radical anion (I1NNwere
monitored at 620 and 380 nm, respectively. The gedirst
order decay and growth constants were obtainedttiydg the

45

50

10 absorbancerss. time data with single or double exponential

equations. The error was calculated asfibm the fit of the
experimental data; all the experiments were peréarnat
ambient temperature (295 + 2 K) in aerated solution

Results

15 Laser flash photolysis experiments

Figure 2 shows the transient absorption spectrdymed upon
LFP excitation (355 nm, 65 mJ) of INN (5%10M) and NQ~
(2x10° M) solution at pH 6.5. Immediately after the lapeise
(41 ns), the spectrum ofINN appears with two intense

20 absorptions peaks at 620 and 400 nm, in agreemét w

previously reported studié$At 0.9 ps, after complete relaxation
of the triplet state it can be observed a new sedoand centred
at 380 nm, which can be attributed mainly to INR Moreover
we noticed that, in the absence of nitrite iong thaximum
25 absorbance reached at 380 nmggAwas about 10 times lower

than the correspondingsf of >LNN. Conversely, in the presence

of nitrite, the two absorbance values were simildris finding
provides evidence that the addition of nitrite erdes the
formation of INN".

30
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Figure 2. Transient absorption spectra obtained after 355
excitation of 5x10° M 1NN and 2x10° M NO,” in aqueous
solution, at pH 6.5 and T = 295+2 K.

35
Figure 3A displays the absorbance*»NN monitored at 620
nm, in the presence of different nitrite concentmatvalues at
pH 6.5. It is shown thatlNN is quantitatively quenched by
nitrite and that its pseudo-first order decay cansincreases

wfrom ~ 6.0x10 s to 3.5x10 s in pure water and in the
presence of 10 mM N£, respectively (see insert in Figure
2A). Regarding the absorbance trend followed at 330
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reported in Figure 3B, it is interesting to noteeth
enhancement of the formation rate in the preserigatote.
The fast triplet state quenching by nitrite ion$ieh leads, to
our knowledge, mainly to the formation of 1NN is
compatible with the electron-transfer reaction ¢temn 1)
betweer?1NN and nitrite to yieldNO,.
31NN + NO,” -~ 1INN” +°NO, (1)

Unfortunately we have not been able to directlyedetNO,

because of its low molar absorption coefficietiyfnmn= 201
Mtcem?).2
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Figure 3. Transient profiles obtained following LFP (355 n®g,
mJ) of INN (5x10° M) in aerated solutior{A) Decay at 620 nm
corresponding to the triplet state of INKLNIN) in pure water

NPand with different concentrations of NO Insert: pseudo-first

order decay constant 8NN followed at 620 nm, in the presence
of variable [NQ']. (B) Growth curve of the transient absorbance
at 380 nm in the presence of three [NQalues.
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Figure 4. Bimolecular rate constants for the quenchingIN

(kalNN,NOZ’) as a function of pH, in aerated aqueous soluwdiof

= 295+2 K, in the presence of NO pH was adjusted with
HCIO,. The dotted vertical line shows the ptf HNO,. %

An additional effect of nitrite/HN@would be their ability
to absorb laser radiation at 355 nm, thereby coimgewith
1NN for the incident photons. To account for thifeet, we
investigated the variation of tf&NN absorbance soon after
formation as a function of nitrite concentrationdéferent pH
values. The corresponding “screen” effect of nétrdn 1NN
excitation has been estimated to be linearly depetdn the
concentration of nitrite/nitrous acid. For instanes¢ pH 6.5
the absorbance ofINN was decreased by 25+5 % in the
presence of 10 mM N£O, compared with pure water.
Nevertheless, the competition for irradiance betwaedrite
and 1NN does not modify the obtained pseudo-finsteo
decay constants, which are not dependent on thketrstate
concentration.

Experimental data like those reported in Figurell®dwed
us to determine the bimolecular rate constants tloe
quenching offINN by nitrite (Figure 4). The corresponding
trends with [NQ] of the pseudo-first order rate constants of
3INN are reported in Figure ESI1 in the Electronic
Supplementary Information (hereafter ESI). The Hecalar
rate constantis,, - decreased from (3.36+0.28)xAM™*

st at pH 6.5 to (3.56+0.11)xfav™* st at pH 2.0, showing
that the reactivity o 1NN towards nitrite/HN® decreases
significantly with pH.

At pH 3.5 and 5.0, the rate constants for the gherg of
31NN were surprisingly lower than those of formatiofhthe
transient monitored at 380 nm. This difference donbt be
explained on the basis of the electron transferctiea
reported before (reaction 1). Martins and co-woskét

reported that pH plays a central role in the elewtiransfer

reactions from halide ions t31NN, via formation of a
protonated triplet state*NN-H"). The specieSINN-H' is
considerably more reactive thddNN towarde.g. halides'®
and a similar effect can also be expected withiteitHNO,.
However, as reported in a previous study thg piC1NN-H"
is ~0.66 in water/ethanol solutidfand it is difficult to figure

65

70

75

out how this species could be able to affect thgldt state

4s reactivity at pH 5. We can argue that part of 86 8m signal

could be attributed to the formation, in additiantNN", of

unidentified transient species. If this is the catbe kinetic
analysis of the 380 nm signal would be next to isgible and
no definite conclusion could be derived. Therefothe

following discussion will only be based on the pidrtd of the
bimolecular rate constant betweiNN and nitrite, reported
in Figure 4.

Generation of *"NO, by irradiated INN

Steady irradiation was carried out to test the hlgpsis that
the reaction betweedlNN and nitrite, observed by LFP,
really yields’NO,. Phenol nitration into 2- and 4-nitrophenol
was adopted as a probe reaction for the nitrogexidé
radical, which is a rather effective nitrating agér phenolic
compounds in the aqueous solutfd’® Irradiation took place
under the TL 01 lamp, with the purpose of achievingore
efficient excitation of 1NN compared to nitrite {fabugh the
two absorption spectra are quite similar in thernd¥d range,
see Figure 1).

Figure 5 reports the time evolution of 2- and #aphenol
(2NP, 4NP) upon irradiation of 0.1 mM 1NN, 1 mM miod,
and 10 mM NaN@ The Figure also reports by comparison
the time trend of the nitrophenols upon irradiatminphenol
and NaNQ, without 1NN (in which caséNO, is formed by
reactions 2,3f® The significant enhancement of phenol
nitration by 1NN is consistent with the formatioh ‘dNO,
upon reaction (1) betweéd NN and nitrite.

NO,” + v + H -~ "NO + "OH )
NO, + ‘OH - "NO, + OH [ks= 1.0x10°° Mt sY] (3)

2.5x1075
{0, Phenol + 1NN + NaNO, NP
] m,a Phenol + NaNO, a _.---o
2.0x1075
= 1 Pt
2 15x107 --"m A oA
S ] .- aNe
o _ o
& 1.0x1075 4 - A
s ] S
Z 1 s
osx10%d 7
1.7 N
1 /«l',_—_-_l‘_‘_'_‘_.' _________________ SRt EEEEEE
I = — B AN
Y 50 100 150 200 250

Irradiation time, min

Figure 5. Time evolution of nitrophenols upon irradiation@f
mM 1NN, 1 mM phenol and 10 mM NaN@open symbols), and
of 1 mM phenol + 10 mM NaN£(solid symbols). Irradiation
under the TL 01 lamp, at pH 6.5 and in aeratedtiswiu

The formation after 4 h irradiation @20 uM 2NP and 4NP,
with pK, 0 7.2 could potentially decrease the solution pH to

ssaround 5.7. Such a pH change was not observed, eowe



probably because of the contemporary consumptiohl’oin
reaction (2).

It is also possible to calculate a lower limit fdhe
polychromatic quantum yield 6NO, generation by 1NN, under

Therefore, TA was used as chemical probe to asHess

photoformation of OH during irradiation of INN. TA (4.0 x

10 M) was irradiated in the presence of 1NN (3.5 <°1N)
eoin aerated and argon-saturated solution. The iatamh

s the hypothesis that allNO, reacts with phenol and that the wavelength was set to 365 nm (by using a 1000W Xdamp

nitration yield of phenol byNO; is unity. In the studied system it
is BN = 3.4x%107 Einstein [* s and BY°* = 1.68107

coupled with a monochromatic system). From the
experimental results (see Figure 6), a 3-times aB=® of

Einstein L* s*. By comparison, 10 mM nitrite alone absorbs photoformed OH moles was estimated in the absence of

1.87107 Einstein L' s*. The overall formation rate of the two
10 nitrophenols with INN + nitrite is (6£0.9x10° M s, to be
compared with (9:80.9x10%° M s in the presence of nitrite
alone. The processes induced by nitrite alone woaidribute to
the formation of the nitrophenols also in the systontaining
INN, and the corresponding reaction rate is expedtte be
15 proportional to the photon flux absorbed by nitridecordingly,
the contribution of nitrite photolysis to phenotration would be
slightly lower in the presence of 1NN + NCthan with NQ~
alone. Given these premises, the reaction (1) twexcited
INN and nitrite in the studied system is expecteadntribute
2 Ratgp™N = (5.81.0x10° M s to nitrophenol formation,
which corresponds to a polychromatic quantum yiejg"" =
Ratgp™™ (P,MNMT = (1.70.3x102 That would be the lower
limit for the polychromatic quantum yield @O, production by
AINN under irradiation,®.yo2 ", in the presence of 10 mM
25 nitrite. The LFP results (see insert in Figure 250 suggest that
10 mM nitrite is able to completely quenébNN. Under such
circumstances, practically afLNN would react with N@ to
yield "NO,, and @.yo,"" would be independent of [NQ. In
contrast, at very low [N@] the reaction with nitrite would

20 scaveng€lNN to a lesser extent, ablyoz " would be directly

proportional to [NQ]. Based on these considerations and on the ° 9 . . .

fact that the first-order decay constandiIN without nitrite is
6.0x1C s, while the second-order rate constant betwdéiN
and NG is (3.36+0.28)x19M™ s at pH 6.5, one would get the

s following trend for @.yo "N vs. [NGQ T

OB, > @)

9 _
474031023 (3;361 028) (10 [Ncg>2] ]
60010° + (336+ 028)10° [NO; |

Generation of "OH by irradiated INN

w0 Brigante and coworkerS have shown that excited 1NN could
produce’OH upon oxidation of water. Moreover, the authors

suggested that the reaction of 1NIWith oxygen leads to the
formation of the superoxide radical anion,(, following
reaction (5). The radical O (pKa = 4.88) could undergo

4s dismutation to generate hydrogen peroxide (readdijonvith a
second-order rate constant of 9.7%¥107! s at pH 6.5%°
H,0, could then be photolysed {®H under the irradiation
conditions used in this workA (= 300 nm).

INN™ + O, = INN + Q™
O;" + HG' + HO =2 0, + HO, + OH

®)
6

50

A preliminary experiment was performed in orderstgoport
this hypothesis. Terephthalic acid (TA) reacts wit@H
ss leading to the formation of 2-hydroxyterephthalicica
(TAOH), quantifiable via the fluorescence technidlie

6

6s 0Xygen, under which conditions reaction (5) woul@ b
strongly inhibited. Such a result suggests thahlmpbcesses
(oxidation of water and photolysis of photogenedat$0,)
may account for the formation 0®H in the studied system.

However, additional experiments will be requiredurther

ntest the hypothesis, including the quantificationf o

photogenerated }D,.

7x1010

6x1010 4

5x1010 4

4x10-10 -

3x10-10 -

OH moles

Argon
2x1010 4 g

1020 -

10 20 30 40

irradiation time, min

75 Figure 6. Time evolution of photoformedOH moles upon
monochromatic irradiation (365 nm) of 3.5%¥(M 1NN +
4.0x10* M TA, in aerated and argon-saturated solutiong Th
experiments were performed at pH 6.5 and T = 29842

80

Figure 7 reports the time evolution of phenol upwadiation

of 0.1 mM 1NN + 4 mM benzene, in aerated solutiorer

the TL 01 lamp. The formation of phenol from beneéas a

suitable probe reaction to determine the generatate of

ss 'OH from irradiated 1NN, as well as the relevant
polychromatic quantum vyiel® To further test the actual
formation of"OH, the time evolution of phenol was monitored
upon addition of 0.1 M 2-propanol. The initial foation rate
of phenol upon irradiation of 0.1 mM 1NN + 4 mM lzeme

90 Was Ropenot= (1.470.08%107° M s, In the presence of 2-
propanol the rate was decreased to (5M033x107 M s™.
Based on the reaction rate constants of benzene 2and
propanol with'OH,*® competition for the hydroxyl radical
between 4 mM benzene and 0.1 M 2-propanol shoutdedse

ssthe phenol formation rate to (2.60.11x10' M s
Therefore, there is a residuapRp,= (3.06:0.64x10* M s*
that cannot be accounted for by reaction Widiid. A possible
explanation could be the direct benzene oxidatipiINN: a



similar effect has already been observed in thesqgiree of 10 o)
anthraquinone-2-sulphonate under irradiation, whiglso 2 2
forms a reactive triplet staf.Under this hypothesis, in the 3
presence of 1NN + benzene under irradiation then&iion INN

INN
s rate of phenol that could be accounted for by ieachetween
benzene and’OH would be R’ = Rppenol = Renopr = " NO,, H
(1.17+0.14%107° M s,
NO,*, *OH

1.2x107 - (1NN" + H*==1NNH?*)
1.0x10'°—: Scheme 1. Proposed reaction pathways and formation of
] reactive species taking place after radiation afson by
= 0.8x107° ] 1NN + benzene INN.
S osxto™® ] 45
S ]
= ]
& o.ax107® ] A Photonitration of INN
0.2x10-% ] ” First of all, no nitration of 1NN was detected hetpresence
1 INN + benzene + 2—propanol pf H!\IQZ in the dark gr qf .(NthCE%(Nstes: HNO; under
0 e — irradiation, the latter yieldingNO3 + "NO,.™
o 50 100 150 o Figure 8 reports the pH trend of the initial treorsation
10 Irradiation time, min rate of 0.1 mM 1NN and of the initial formation eat of

15DNN and 18DNN, upon irradiation with 1 mM NaBO
under the TL KO5 lamps. The pH was adjusted by thaldiof
HCIO,. Note that 13DNN was not detected under the adbpte
ss irradiation conditions. Some pH increase (up touaib 7.5)
was observed upon irradiation of the samples aht#taral pH
15 (pH 6), possibly because of ldonsumption in reaction (2). In
contrast, the pH variation upon irradiation of teamples
Note that the radicdlOH could also react with 1NN and the acidified with HCIQ, was negligible.
rate constant is not reported. However, even inchge of a « Figure 8 also shows that the nitration of 1NN iA®DNN
diffusion-controlled reaction, the hydroxyl scavarmgby 0.1 and 18DNN takes place with low yield and is maximum
20 mM 1NN compared to 4 mM benzene would introdudégo around pH 3.5. This is an unusual finding considgrhat, in
error that is within the range of experimental iritade. The most cases, the photonitration processes closdlgwothe
reaction between benzene a@H yields phenol with a yield acid-base equilibrium between nitrous acid anditeitwith a
of around 95%° Therefore, the formation rate 6OH by e flexus around pH 3.3 (the pKof HNO,).* Therefore,

Figure 7. Time evolution of phenol upon irradiation of 0.1
mM 1NN + 4 mM benzene, and of 0.1 mM 1NN + 4 mM
benzene + 0.1 M 2-propanol, under the TL 01 lampHat6.5
and in aerated solution.

irradiated 1NN can be expressed Rgy = R’ (0.95)" = photonitration is usually more effective under acid
25 (1.23:0.15x107° M s1, conditions**#3* Because of its unusual features, the nitration
The photon flux absorbed by INN is pathway of 1NN was further studied.

= 3.60<107 Einstein ! s?, The addition of 0.1 M 2-propanol 4®H scavenger was
70 able to inhibit significantly the formation of 18N and

wherep°(4) is the lamp spectral photon flux density reaching 15DNN at pH 3.5 (see Figure ESI2).
the solution (see Figure 1) amfdnn(4) = &nn(4) b [INN],
swith b = 0.4 cm and [INN] = 1X10* M. Therefore, the
polychromatic quantum yield 60OH photogeneration by 1NN
under irradiation is @.op™"N = Ry (PN =
(3.42+0.42)x107™.
Interestingly, in the presence of nitrite the s "OH
3s generated by 1NN under irradiation could react witB,” and
contribute to the photoproduction dfO,. Scheme 1 reports
the main processes involving 1NN, after radiatibisaption,
in the presence of 4D, nitrite and oxygen.

P = [ pe(A) [ -10" M) dA
A
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2.5x1077 1 ©y-MNOOH + HNG, + 2 H = Mn?* +°'NO, + 2 H,O  (9)
'.'m ~ ] In contrast, the dinitronaphthalenes were deteetbdn the
- 20x10 _ 1NN system 1NN +y-MnOOH + HNQ, was UVA irradiated,
4 1 suggesting that eith€i) nitration involves excited rather than
oS 1.5x1077 4 18DNN, rate-10° ground-state 1NN, ofii) it is necessary that reactions (2, 7)
E_ 1 4s produce’OH for 1NN to be nitrated.
§ 1.0x10~7 4 Scheme 2 shows the nitration pathways of INN'®K +
© 1 . . . .
o 15DNN, rate-10° NO, .or NO, alone) that would be compatible with the
® ] . experimental data reported so far.
S 0.5x1077 +
= ]

1 A G 50
0 L '5‘:"~7;'#—'—'—:—' LIS AL L B R LR | NO, NO, % NO, NO,

0 1 2 ;H 4 5 6 L{}%m(%;ogm@@

Figure 8. Initial transformation rate of 1NN and initial
formation rates of 15DNN and 18DNN upon UVA irratidm @) | on
in aerated solution of 0.1 mM 1NN and 1 mM Naj)@s a No,

function of pH, adjusted by addition of HCJO O | o idiced intermediates
HO No» NO
on £ IO o
HO

Scheme 2. Possible photonitration pathways of 1NN.

Discussion

Photonitration of INN

The transformation rate of INN with HNMO, under %

irradiation was higher at low pH. A similar trendasvalso ) )
observed for the rate of the direct phototransfaiomof ~ L8DNN and 15DNN was observed in deoxygenated swiuti

1NN, although the transformation of the substrassviaster (N2 atmosphere, see Figure ESI4). A nitration pathwet
in the presence of HNENO, (see Figure ESI3). In the involves "OH + "NO, would be inhibited by oxygen, which
absence of nitrite it has been shown that the dewag eo wWould shift the reaction toward the formation of
constant of INN is higher at low pH, because of the ©Xygenated/hydroxylated compounds (see pathway irfa)
formation of protonatedLNN-H" that undergoes faster decay Sc¢heme 1). In contrast, a nitration process diyeictvolving
compared to®1NN.15% In the presence of nitrite/HNO ‘NO, would require oxygen in the second step to absadt-

(PKannoz = 3.3 %), photolysis of these species to yisldH  atom (see pathway (b) in Scheme 1). o
could enhance the transformation of INN. Note thee ¢ 1herefore, the inhibition of 1NN photonitration der N,

photolysis of HNQ (reaction 7) is considerably more efficient &tmosphere is consistent with pathway (b), an.ohttration of
that that of nitrité®® which could contribute to the faster ©€xCited 1NN (probably’INN) would involve "NO, alone.

transformation of 1NN at pH 3 compared to pH 6.5ofher Interestingly, a similar conclusion has been redcfm the
process that would contribute to the transformatbaNN is ~ Nitration of the mononitrophenofs. The second-order rate

the reaction betweeALNN and nitrite/HNQ. This process ™ constant betweeiNO, and the excited triplet states of the
would be more important at higher pH (see Figure 4) mononitrophenols has been estimated, asT09M™ s for

2-nitrophenol and 5810" M s for 4-nitrophenof®

Interestingly, a significant decrease of the formatof both

+ 5 +° =0. . . . .
HNO, + v NO OH [®7=0.35] ) Generation of "NO, by 1NN and nitrite/nitrous acid under
As far as the inhibition of 1NN photonitration byp2opanol irradiation

is concerned (Figure ESI2), the scavenging’©H by the
alcohol would inhibit the formation of the nitraginagent
‘NO, upon irradiation of nitrite/HN® (see reactions

75 It was shown before that the photonitration of 1MNuld
involve "NO,. The generation ofNO, in the studied system

2,3,7,8)® can take place by the following processes (seer@et®): (1)
B oxidation of nitrite/nitrous acid by the OH radicals
HNO, + 'OH - ‘NO, + H,0 [kg = 2.6x10°M™ 5] (8) photogenerated by their photolysis (reactions 283;7(2)

The effect of 2-propanol on the formation of thé® oxidation of nitrite/nitrous acid byOH photogenerated by
- 3 . . . . iy . .
dinitronaphthalenes is compatible withO, being involved at lNNt’_ (3) flreclz %mdatlontofl n|tr|tzl.?|trous a.(tzl.(iytf'll\!g
some level into the nitration of 1NN. Interestinglyo (rehact |onh )'.t naer ldneutra lcon ||oqs, n! ”He ngh
formation of the dinitronaphthalenes was observedthe (photo)c elmls ry wou. S rongy prevail over HAl N
guantum vyield of reaction (2) varies from 0.07 bel800 nm

presence ofy-MnOOH + HNG, in the dark. The Mn . L
(hydnoxide in acidic solution is able to oxidiseNB, to to 0.025 above 350 nAi.In the studied systems nitrite was
irradiated in the presence of 1NN, which also absor

‘NO,¥

8



radiation and can yieldNO, with a polychromatic quantum s decrease under acidic conditions (see Figure 4)s tHNG,

yield @.,0 "N that is described by equation (4).

presence of 1 mM nitrite and 0.1 mM 1NN under theKD5
lamp, it is RY°% = 3.76<107 Einstein L' s and RN =
56.88x10° Einstein L' st
polychromatic photolysis quantum yield of nitriteder the
adopted lamp is 0.038,which gives RoN°% = 1.3x108 M
s L. Nitrite is expected to be the main scavengeiGiH in the
system, thus it would also beR,'°% = 1.3x108 M s,

10

NO, *
hv
_—
ISC

Scheme 3. Processes leading tblO, formation in the studied
system. Numbers are referred to th&lO, generation
15 pathways as described in the text.

This is to be compared WitR.yo2 ™" = @.por N PN >
(1.0£0.4)x107 M s (from equation 4, with [N@] = 107

20 M). Finally, "NO, could also be produced upon oxidation of ,ch as bromide (7. 5+O 2)x40M ™!

nitrite by "OH, photogenerated by1NN. Considering that
nitrite would scavenge almost all the photogeneatra@H, the

formation rate of NO, via this pathway would be equal to the

INN — INN P INN _
a

formation rate of OH by 31NN (R.on4 D.on

2 (2.4+0.3)x10° M s1). By comparing the three pathways it

can be seen that the oxidation of nitrite iNN would play

the main role toward the formation ‘dO,. The photolysis of

nitrite would be less important, while the contriion of "OH

generated by 31NN would be minor. Note that
w0 photoproduction of 'NO, by 1NN + NO,” would not
necessarily enhance 1NN photonitration. Indeedhéf latter
process involveSINN + ‘NO,, the scavenging ofINN by
nitrite would decrease the steady-stateNIN], which would
compensate for the parallélO, generation.

The use of polychromatic photolysis quantum yidleksds
to unavoidable approximations. However, in this ecdbe
differences between the estimated rates of k@, generation
processes are equal to or higher than one ordevaghitude.
Therefore, the approximations in the rate estimatesld not
wobe able to bias the conclusions concerning the

comparison.

Under acidic conditions, in the presence of 0.1 NN +

1 mM HNG, it would be B'™N°% = 7.6x1077 Einstein L s7¢,

P,NN = 6.8x10°° Einstein ! s, and ®.o4 9% = 0.35%
s Therefore, one obtains.§;"N°% = 2.7107 M s*. Nitrous

35

the

In the photolysis could be the main source’NO, at pH< 3.

Figure 8 shows that the formation of the
dinitronaphthalenes is maximum at pH 3.5. At highkl, the

A reasonable value for the formation of"NO, would be decreased because the photolysis

ss of nitrite is less efficient compared to that of BN That
would inhibit the photonitration of 1NN. Moreovethe
steady-state*LNN] is expected to decrease with increasing
pH, because the reaction rate constant betwd&N and
nitrite increases with pH (Figure 4). As far as 1NN

s photonitration (probably involving®INN + °NO,) is
concerned, the scavenging ofLNN by nitrite would
compensate for the generation’dO, by the same reaction.

At low pH values, the nitration pathways mightrhedified

by the presence of the protonated triplet stat&N-H".*4*®

es TO account for the inhibition of 1NN photonitratidelow pH
3.5, one has to consider that nitration is probahiyolving
reaction betweerfINN and‘NO,, and that botl’1INN and
31NN-H" would likely react with'NO,. Under the hypothesis
that only the reaction ofNO, with 1NN produces the

7o dinitronaphthalenes, fLNN-H* reacts with’ NO, much faster
than 1NN, depletion of NO, without production of 15DNN
or 18DNN could be operational in the presencéINN-H".
As a consequence, the formation rate of
dinitronaphthalenes would be decreased.

the

75 Atmospheric significance

The triplet state of 1NN is able to react with @ate constant
(1.95+0.05)x18 M s1) 5 but also with dissolved anions
s 1 and nitrite
((3.36+0.28)x18 M s at pH 6.5) (this work) (see Scheme
s0 1). In aerated solution the concentration gfdan be around
0.3 mM, bromide can reach up to 20 pM in sea-salosol*°
nitrite up to 4 pM in rairf* and up to 60 pM in fod?® (pH
around 6-6.5 in both cases). With 4 uM nitrite ahd cited
O, and bromide levels, 95% 31NN would be scavenged by
85 O, and 2-3% each by bromide and nitrite. In contr&StuM
nitrite would scavenge around 25% ®fNN. These data
suggest that nitrite could be an important scavemgé1NN
in fog water in polluted areas. The reaction woaddtribute
to the transformation of 1NN and would yi€lNO, that is a
% nitrating agent in the aqueous phasé?

It is also possible to compare the formation ©H and of
*NO, by ®INN. The former process has quantum yi®lgy O
3.4x10% and a lower limit foxb. o, is given by equation (4).
The polychromatic quantum yield values are appratéed but

os they can be useful to have a rough comparison letvibe
two processes. From the values®fyy and ®.yo, it can be
foreseen that [N®] > 4 pM would ensure a prevalence of

raté N, generation over that 6DH in the presence of excited

INN. An even lower [N@] would be sufficient if the

100 quantum yield of NO, generation is higher than foreseen by

equation (4), but a 4 uM nitrite level is well withthe range
of fog waters*? and is also significant for rainwater in
polluted area$*

acid would be the mainOH scavenger in the system, thus

R.no2 V9% = 2.7x1077 M s™X. Note that the photoproduction of Condusions

‘NO, by HNG, is much more efficient compared to that by

nitrite. The generation ofNO, by ®1INN is expected to s The excited triplet state of INNINN) is able to oxidise

9
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nitrite to "NO,. The second-order rate constarnnk nox 1
varies from (3.56+0.11)xf0 M s at pH 2.0 to
(3.36t0.28%x10° Mt st at pH 6.5. The polychromatic ®
quantum yield of' NO, photogeneration by 1NN in neutral
solution, ®.y0,"N, is described by equation (4) and is valid in 2
the wavelength interval of 300-440 nm. In neutralusion,
the oxidation of nitrite by1NN is a competitivéNO, source
compared to the photolysis of nitrite. IrradiatelNL is also
able to produce’OH via oxidation of water and/or via 3
reactions (5) and (6) followed by the photolysidhD,, with
a polychromatic quantum vyiel®.q ™" = (3.42:0.42)x10™*

65

70

between 300 and 440 nm. The irradiation of INN et ¢
presence of nitrite yields the dinitronaphthalersoniers
15DNN and 18DNN, and the photonitration pathwaliksly
to involve reaction between excited 1NN (possitiiN) and 755

‘NO,. The photonitration of 1NN is maximum around p13.3.
At higher pH the formation rate ofNO, would be lower
because the photolysis of nitrite is less efficieampared to 4
that of HNG. Moreover, the production 6NO, by 31NN +
nitrite (reaction 1) could not enhance photoniatbecause
of the parallel scavenging 1NN, which is likely involved
into the nitration process. At lower pH, the reantbetween
®1NN and’'NO, is probably replaced by other processes(
reaction betweef1NN-H" and ‘NO,) that do not yield the
dinitronaphthalenes.

Overall, nitrite can be an important scavengefliN at
the tens uM [N@] levels that can be found in fog water in
polluted areas

80

Acknowledgements

DV, VM and CM acknowledge financial support by PNRA¢
Progetto Antartide and MIUR-PRIN 2007 (2007L8Y4NB, 10
Area 02, project n°36). The work of PRM in Torincasv
supported by a Marie Curie International Incoming
Fellowship (IIF), under the FP7-PEOPLE programme 11
(contract n° PIIF-GA-2008-219350, project PHOTONIT)
MB, TC and GM acknowledge the support of the INSNRS
through the projects LEFE-CHAT and ORE BEAM and ;5
Conseil Regional d’Auvergne for PhD grant providedrC.

105

13
Notes and refer ences

110

@ Dipartimento di Chimica Analitica, Universita doflino, Via P. Giuria 14

5, 10125 Torino, Italy. http://www.chimicadellambie.unito.it
Fax: +39-011-6707615; Tel: +39-011-6707838; E-mail:
davide.vione@unito.it

® Centro Interdipartimentale NatRisk, UniversitaTdirino, Via Leonardo
da Vinci 44, 10095 Grugliasco (TO), Italy.

¢ Clermont Université, Université Blaise Pascal, bedtoire de
Photochimie Moléculaire et Macromoléculaire, BP 484F-63000,
Clermont-Ferrand, France. E-mail: marcello.briga@@iniv-
bpclermont.fr

4 CNRS, UMR 6505, Laboratoire de Photochimie Mokdicelet
Macromoléculaire, F-63177 Aubiére, France.

115

15

120 16

T Electronic Supplementary Information (ESI) avaida [pH trend of
1NN transformation rate, effects of 2-propanol amdygen on the
photonitration of 1NN]. See DOI:10.1039/b000000x/

17

125

10

A. Delgado Rodriguez, R. Ortiz Marttelo, U. Gr&. Villalobos
Pietrini and S. Gomez Arroyo, Genotoxic activity of
environmentally important polycyclic aromatic hydasbons and
their nitro derivatives in the wing spot test @frosophila
melanogasterMutat. Res.—Genet. Toxicol995,341, 235-247.

R. R. Dihl, M. S. Bereta, V. S. do Amaral, M.hibeann, M. L.
Reguly and H. H. R. de Andrade, Nitropolycyclic raatic
hydrocarbons are inducers of mitotic homologousmdgination in
the wing-spot test ofDrosophila melanogastey Food Chem.
Toxicol, 2008,46, 2344-2348.

M. Dimashki, S. Harrad and R. M. Harrison, Measwents of nitro-
PAH in the atmospheres of two citiestmos. Environ.2000,34,
2459-2469.

R. Atkinson, S. M. Aschmann, J. Arey, B. Ziekasand D.
Schuetzle, Gas-phase atmospheric chemistry ofr@rgiphthalene
and 2-nitronaphthalene and 1,4-naphthoquinétimos. Environ.
1989,23, 2679-2690.

A. Feilberg, R. M. Kamens, M. R. Strommen and Nielsen,
Modeling the formation, decay, and partitioning sgmivolatile
nitro-polycyclic aromatic hydrocarbons (nitronapditines) in the
atmosphereAtmos. Environ.1999,33, 1231-1243.

N. Nishino, R. Atkinson and J. Arey, Formatiohnitro products
from the gas-phase OH radical-initiated reactiorfs tauene,
naphthalene, and biphenyl: Effect of NO concerdrgtEnviron.
Sci. Techno).2008,42, 9203-9209.

N. V. Heeb, P. Schmid, M. Kohler, E. Gujer, Menfiegg, D.
Wenger, A. Wichser, A. Ulrich, U. Gfeller, P. Hoyey, K. Zeyer,
L. Emmenegger, J. L. Petermann, J. Czerwinski, dsiMann, M.
Kasper and A. Mayer, Impact of low- and high-oxidat diesel
particulate filters on genotoxic exhaust constitagBnviron. Sci.
Technol, 2010,44, 1078-1084.

P. T. Phousongphouang and J. Arey, Rate cosstint the
photolysis of the nitronaphthalenes and methylnaghthalenes].
Photochem. Photobiol. A: Chen2003,157, 301-309.

M. Vincenti, V. Maurino, C. Minero and E. Pelétt, Detection of
nitro-substituted polycyclic aromatic hydrocarbanghe Antarctic
airborne particulatdntern. J. Environ. Anal. Chen001,79, 257-
272.

C. Minero, V. Maurino, D. Borghesi, E. Pelizzeind D. Vione, D.,
An overview of possible processes able to accoumt the
occurrence of nitro-PAHs in Antarctic particulate atter,
Microchem. J.2010,96, 213-217.

D. Vione, V. Maurino, C. Minero and E. PelizgetAqueous
atmospheric chemistry: Formation of 2,4-dinitropblerupon
nitration of 2-nitrophenol and 4-nitrophenol in wibn, Environ.
Sci. Techno).2005,39, 7921-7931.

J. S. Zugazagoitia, C. X. Almora-Diaz and JorReUltrafast
intersystem crossing in 1-nitronaphthalene. An @rpental and
computational study]. Phys. Chem.,2008,112, 358-365.

J. S. Zugazagoitia, S. Collado-Fregoso, E.l&aPMedina and J.
Peon, Relaxation in the triplet manifold of 1-nitegphthalene
observed by transient absorption spectroscdpyhys. Chem. ,A
2009,113, 805-810.

L. J. A. Martins, M. M. M. M. Fernandez, T. Bemp, S. J.
Formosinho and J. S. Branco, Interaction of hadide pseudohalide
lons with the triplet state of 1-nitronaphthaleB&ect of acidity: a
flash photolysis studyJ). Chem. Soc. Faraday Trans991,87,
3617-3624.

M. Brigante, T. Charbouillot, D. Vione and G. althot,
Photochemistry of 1-nitronaphthalene: A potent@irse of singlet
oxygen and radical species in atmospheric waleRhys. Chem. A
2010,114, 2830-2836.

S. Net, L. Nieto-Gligorovski, S. Gligorovski, Bemime-Rousell, S.
Barbati, Y. G. Lazarou and H. Wortham, Heterogesebght-
induced ozone processing on the organic coatintiseiatmosphere,
Atmos. Environ.2009,43, 1683-1692.

I. Grgic, L. I. Nieto-Gligorovski, B. Temime-Rssel, S. Gligorovski
and H. Wortham, Light induced multiphase chemistrgas-phase
ozone on aqueous pyruvic and oxalic acigbBys. Chem. Chem.
Phys, 2010,12, 698-707.



18 J. Mack and J. R. Bolton, Photochemistry ofiteitand nitrate in

aqueous solution: a review, Photochem. Photobiol. A: Chem.

1999,128, 1-13.

19
5 2, 2nd ed., Academic Press, NY, London, 1963.

20 H.J. Kuhn, S. E. Braslavsky and R. Schmidgr@ieal actinometry,
Pure Appl. Chem2004,76, 2105-2146.
A. Treinin and E. Hayon, Absorption spectra egattion kinetics of
NO,, N,Os and NO, in aqueous solutiord. Am. Chem. Sqcl970,
92,5831-5828.
S. Chiron, C. Minero and D. Vione, Occurrencé 24-
dichlorophenol and of 2,4-dichloro-6-nitrophenol the Rhone
River Delta (Southern Francegnviron. Sci. Technqgl.2007,41,
3127-3133.
S. Chiron, L. Comoretto, E. Rinaldi, V. Maurjr®. Minero and D.
Vione, Pesticide by-products in the Rhone deltaufsern France).
The case of 4-chloro-2-methylphenol and of its auérivative,
Chemosphere2009,74, 599-604.
S. E. Braslavsky, Glossary of terms used intdnemistry %
Edition (IUPAC Recommendations 2008)re Appl. Chem2007,
79, 293-465.
25 A. E. Martell, R. M. Smith and R. J. Motekait@xitically selected
stability constants of metal complexes databassjore4.Q 1997.
B. H. J. Bielski, D. E. Cabelli, R. L. Arudi and M. Ross,
Reactivity of HQ/O,™ radicals in aqueous solutiod, Phys. Chem.
Ref. Data 1985,14, 1041-110.
X. Fang, G. Mark and C. von Sonntag, OH radfoamnation by
ultrasound in aqueous solutions .1. The chemistigedying the
terephthalate dosimeteyjtrason. Sonochem1996,3, 57-63.
K. Takeda, H. Takedoi, S. Yamaji, K. Ohta and $akugawa,
Determination of hydroxyl radical photoproducticates in natural
waters,Anal. Sci, 2004,20, 153-158.
G. V. Buxton, C. L. Greenstock, W. P. Helmaml an B. Ross,
Critical review of rate constants for reactionshgtirated electron,
hydrogen atoms and hydroxyl radical®OK/O") in aqueous
solution,J. Phys. Chem. Ref. Dath988,17, 513-886.
30 D. Vione, M. Ponzo, D. Bagnus, V. Maurino, C.nglio, M. E.
Carlotti, Comparison of different probe moleculesr fthe
quantification of hydroxyl radicals in aqueous s, Environ.
Chem. Lett.2010,8, 95-100.
H. Herrmann, M. Exner and R. Zellner, The apon spectrum of

21

10

22

15 23

24

20

26
25

27

30 28

29

35

40
31

the nitrate ‘NO;) radical in aqueous solutioBer. Bunsenges. Phys.

Chem, 1991,95, 598-604.
D. Vione, V. Maurino, C. Minero and E. PelizzeNitration and
photonitration of naphthalene in aqueous systefmjiron. Sci.
Technol, 2005,39, 1101-1110.
D. Vione, C. Minero, F. Housari and S. Chird?hotoinduced
transformation  processes of 2,4-dichlorophenol arj6-
dichlorophenol on nitrate irradiatio@hemosphere2007,69, 1548-
1554,
C. Minero, F. Bono, F. Rubertelli, D. Pavino, Maurino, E.
Pelizzetti and D. Vione, On the effect of pH in matic
photonitration upon nitrate photolys@hemosphere2007,66, 650-
656.
55 35 W. Trotter and A. C. Testa, Photoreduction aiittenaphthalene by
protonation in the excited statk,Phys. Chem1970,74, 845-847.
36 T. Arakaki, T. Miyake, T. Hirakawa, H. Sakugav dependent
photoformation of hydroxyl radical and absorbandeaqueous-
phase N(lll) (HNQ and NQ), Environ. Sci. Technql.1999,33,
2561-2565.
D. Vione, V. Maurino, C. Minero and E. PelizgzgPhenol nitration
upon oxidation of nitrite by Mn(lll,IV) (hydr)oxidg Chemosphere
2004,55, 941-949.
D. Vione, V. Maurino, C. Minero, M. Duncianu, ROlariu, C.
Arsene, M. Sarakha and G. Mailhot, Assessing taesformation
kinetics of 2-and 4-nitrophenol in the atmospheripieous phase.
Implications for the distribution of both nitroisens in the
atmosphereAtmos. Environ.2009,43, 2321-2327.
M. Fischer and P. Warneck, Photodecompositibmitite and
undissociated nitrous acid in aqueous solutibnPhys. Chem.
1996,100, 18749-18756.

32
45

33

50
34

60
37

38

65

39

70

G. Brauer (Ed.}landbook of preparative inorganic chemistry, Volzs

40 M. Neal, C. Neal, H. Wickham, S. Harman, Detaation of
bromide, chloride, fluoride, nitrate and sulphatey bon
chromatography: comparisons of methodologies forfali, cloud
water and river waters at the Plynlimon catchmerfitmid-Wales,
Hydrol. Earth Syst. S¢i2007,11, 294-300.

41 A. Albinet, C. Minero, D. Vione, Photochemicaéngration of
reactive species upon irradiation of rainwater: INdne
photoactivity of dissolved organic matt&ci. Total Environ.2010,
408, 3367-3373.

42 C. Anastasio, K. G. McGregor, Chemistry of focatevs in
California's Central Valley: 1. In situ photoforrmat of hydroxyl
radical and singlet molecular oxygefstmos. Environ.2001, 35,
1079-1089.

80

11



