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The 355 nm and 266 nm nanosecond laser flash photolysis of the mixed aqueous solution of naphthalene (Np) and nitrous acid (HNO2)
ere performed to investigate the photo-initiated microscopic reactions in this binary component system. Following the 355 nm laser flash,
NO2 was readily photolyzed to NO and OH, and the latter fragment added to the Np ring to form the Np–OH adduct at the rate constant of

1.1± 0.1)× 1010 M−1 s−1. Following the 266 nm laser flash, Np was populated first to its lowest excited singlet state (S1) and then to its lowest
xcited triplet state (T1) via intersystem crossing. Np(S1) and Np(T1) both formed the [Np···HNO2]* exciplex with HNO2, and the fast dissociation
f this exciplex again produced the Np–OH adduct. The second-order quenching rate constants of Np(S1) and Np(T1) by HNO2 were measured to
e (6.0± 0.2)× 109 M−1 s−1 and (4.8± 0.2)× 109 M−1 s−1, respectively. It was very interesting to conclude that although both the 355 nm and the
66 nm irradiation of the mixed aqueous solution of Np and HNO2 produced the Np–OH adduct, the mechanisms leading to this species varied
ssentially for the two cases. This work suggested an unexpected way of releasing OH by HNO2 other than its direct photolysis, namely via forming
xciplex with the excited Np (and possibly other polycyclic aromatic hydrocarbons, PAHs) in the environment.

2005 Elsevier B.V. All rights reserved.
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. Introduction

The absorption of nitrous acid (HNO2) towards the
90–400 nm sunlight followed by an immediate release of OH
as first reported by Cox [1]. Photolysis of HNO2 was identi-
ed as one of the most important sources of OH with a quantum
ield of near unity in the atmosphere [2,3]. There were also some
eports on the aqueous photochemistry of HNO2 [4–6], suggest-
ng a similar photolysis process but a much lower quantum yield
f OH than that in the gas phase. Admittedly, the photochemistry
f HNO2 in the environment was studied in a relatively thorough
nd complete manner that left few new fields to be cultivated.

∗ Corresponding authors. Tel.: +86 21 6564 2293/2030;
ax: +86 21 6564 3849.

E-mail addresses: oybboy@yahoo.com.cn, fdesi@fudan.edu.cn (H. Hou).

The reactions of OH with the atmospheric organic pollu-
tants in either the gas phase or the aqueous droplets constitute
one of the major removal pathways of these substances [2,3].
The gas-phase electrophilic adduct of OH to the aromatic rings
has been subjected to long and persistent researches and was
recently reviewed by Atkinson and Arey [7]. The liquid-phase
OH reactions with the aromatic substrates benefited a lot from
the development of the pulse radiolysis technique [8]. The prod-
uct, namely the OH adducts generally possess strong absorptions
above 300 nm, which facilitates the probing of these intermedi-
ates using the UV–vis analyzing light source. The OH-initiated
oxidations result in the hydroxylation and ring cleavage of the
aromatic compounds.

We have previously studied the 355 nm laser flash photolysis
of the aqueous solution of HNO2. The transient absorption of
the photolysis fragment OH radical was snapped immediately
after the laser pulse [9]. This provides an alternative generation

010-6030/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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method of OH radicals for laboratory researches besides the
pulse radiolysis or the photolysis of H2O2.

When naphthalene was coexistent with HNO2 in the solution,
OH added to the naphthalene (Np) ring readily and led to the
formation of the Np–OH adduct [8]. Np was transparent towards
the 355 nm laser, so the radical reactions in this case were solely
triggered by the photolysis of HNO2. Questions and interests
thus arose, i.e. what would happen if the photochemical reactions
were provoked by the excitation of Np instead of HNO2.

In this paper, we selectively excited HNO2 and Np using
the 355 nm and the 266 nm light, i.e. the third and the fourth
harmonic of the Nd:YAG laser and through this means sep-
arately investigated the Np-initiated and the HNO2-initiated
photochemical reactions in the mixed aqueous solution of Np
and HNO2. What really intrigued us was that although the reac-
tion mechanisms differed dramatically, the Np–OH adduct was
formed in both cases. The reaction mechanisms leading to the
formation of the Np–OH adduct in both the 266 nm and the
355 nm irradiation cases were postulated, as presented in the
main text.

2. Experimental

The components of the laser flash photolysis instrument have
been introduced elsewhere [9]. Besides, the 266 nm output has
an FWHM of 5 ns and a maximum output of 70 mJ pulse−1. The
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Fig. 1. The ground-state UV absorption spectra of 1.5× 10−4 M Np and
7× 10−3 M HNO2 in the aqueous phase at pH 1.5.

the mixed aqueous solution of Np and HNO2 was exactly the
sum of those of the individual Np and HNO2 solutions.

3.2. Three hundred and fifty-five nanometer laser flash
photolysis of the mixed aqueous solution of Np and HNO2

HNO2 was the only absorber in the 355 nm excitation mode
and dissociated readily to form OH and NO at a quantum yield
of 0.25± 0.03 [9]. When Np was added into the solution, the for-
mation of the Np–OH adduct was observed in the 290–400 nm
probing region [10]. The addition of excessive efficient OH
scavengers, e.g. ethanol or iso-propanol strongly suppressed the
formation of this adduct. Therefore the “free” OH radical from
the photolysis of HNO2 was exactly the precursor of the Np–OH
adduct. It should be mentioned that HNO2 competitively scav-
enged OH radical against Np as well. The reaction sequence was
summarized in Scheme 1 (355 nm irradiation).

Based on Scheme 1, the pseudo-first-order growth rate con-
stant, i.e. kobs, of the Np–OH adduct at its absorption peak
(λmax = 320 nm) should equal to k2× [Np] + k3× [HNO2]. By
fixing [Np] at 1.2× 10−4 M and varying [HNO2], we got a linear
plot of kobs against [HNO2], as shown in Fig. 2. The intercept and
slope of the line correspond to k2× [Np] and k3, respectively. k2
and k3 were then derived to be (1.1± 0.1)× 1010 M−1 s−1 and
(8.5± 1.0)× 108 M−1 s−1, respectively.
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ypical laser pulse energy applied in the 266 nm irradiation case
as 4.8± 0.2 mJ.
Naphthalene, NaNO2 and HClO4 were of analytical grade.

he water was triply distilled. pH of the sample solutions was
djusted to be 1.5 by adding HClO4 to make more than 98.5%
O2
− exist in the form of HNO2 [9]. Unless specially addressed,

ll of the sample solutions were deoxygenated through 30 min
igorous bubbling of >99.999% N2.

The experiments were carried out under flow conditions with
sample temperature of 20± 2 ◦C.

. Results and discussion

.1. Ground-state UV absorptions of Np and HNO2 in the
queous phase

The ground-state UV absorption spectra of Np
1.5× 10−4 M) and HNO2 (7× 10−3 M) in the aqueous
hase were shown in Fig. 1. Np exhibited strong �*←�
bsorptions in the 260–320 nm region, while HNO2 exhibit
*← n absorptions in the 300–400 nm. The molar extinction
oefficients (ε) of Np at 266 nm and of HNO2 at 355 nm were
140 M−1 cm−1 and 41.7 M−1 cm−1, respectively. It was also
lear from Fig. 1 that the absorptions of Np at 355 nm and
f HNO2 at 266 nm were both negligible. This assures the
selective” excitation of one specific solute at 355 nm and
66 nm, respectively.

We should note that the UV absorption of Np was not affected
y the acidity of the solution. Moreover, Np (1–2× 10−4 M) and
NO2 (2–300× 10−4 M) did not form any ground-state com-
lexes based on the fact that the UV–vis absorption spectrum of
The value of kOH+Np from this work agreed quite well with
he results of Zevos and Sehested [11] and Roder et al. [12],
iz. 1.2× 1010 M−1 s−1. This implied diffusion-controlled elec-
rophilic attack of OH to the Np ring and was quite reasonable
hen considering a parallel one by OH to the benzene ring [13].
The reports on kOH+HNO2 in the aqueous phase were scarce,

owever. To the best of our knowledge, only one value, viz.
.0× 109 M−1 s−1 was reported by Rettich through a steady-

Scheme 1.
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state irradiation study in 1978 [14]. Clearly, our value agreed
quite well with that of Rettich despite the different experiment
methods applied. The other value commonly employed in the
liquid-phase studies [4,6] was 2.8× 109 M−1 s−1, which was
not measured independently but was borrowed from the gas-
phase report by Jenkin and Cox [15]. Therefore, the latter value
was subject to more uncertainties since the presence of solvent
molecules may affect the rate of the acid hydrogen abstractions
by OH radical remarkably.

For a further check of kOH+HNO2 , we turned to the other sys-
tem where competition kinetics of OH between Cl− and HNO2
was built. Cl− was well known to capture OH in acidic solutions
[16]. In this case, [Cl−] was fixed to be 1.0× 10−2 M and pH to
be 1.5. By plotting the pseudo-first-order growth rate constant of
Cl2•− at 340 nm against [HNO2], we derived another value, i.e.
(9.6± 0.9)× 108 M−1 s−1, for k2 (see Fig. 2). This approximates
the one we got in the Np + HNO2 system. An averaged rate con-
stants, (9.0± 0.5)× 108 M−1 s−1 was recommended here for the
rate constant of the OH + HNO2→H2O + NO2 reaction in the
aqueous phase.

By comparison of the rate constants of the hydrogen abstrac-
tion from HNO2 by OH, SO4

•− (1.6× 108 M−1 s−1 [17]) and
NO3 (8.0× 106 M−1 s−1 [18]), we observed declining abstrac-
tion capacity as OH > SO4

•− > NO3. This trend was similar to
that of the hydrogen abstraction from alcohols by these oxida-
tive radicals and again implied that OH radical was among them
t
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Fig. 3. Transient absorption spectra recorded at t = 1 �s after the laser flash
photolysis of aqueous solution containing 1.5× 10−4 M Np and 1× 10−3 M
HNO2. The “obtruding” tip at λ = 310 nm reflected the remaining Np+ in the
solution, see Section 3.3.3 for detailed analysis.

dominant absorber changed from HNO2 in the 355 nm case to
Np in the 266 nm one.

Fig. 3 showed the transient absorption spectra recorded at
t = 1 �s after the 266 nm laser flash photolysis of the mixed
aqueous solution of 1.5× 10−4 M Np and 1× 10−3 M HNO2. It
attracted our intense interests in respect that despite some minor
differences, the spectra resembled that of the Np–OH adduct to
a striking extent [11,12].

In the meanwhile, two uncertainties remained unresolved as
following:

(1) Was the intermediate in Fig. 3 the real Np–OH adduct?
(2) What was the precursor of the intermediate in Fig. 3? Both

the excited Np and the Np radical cation (Np+) were gen-
erated in the laser pulses (Section 3.3.2), but which one of
them was responsible for the new intermediate?

To elucidate these problems, we made detailed spectral and
kinetic analysis in Sections 3.3.2–3.3.4.

3.3.2. Elementary photochemical processes that populate
the lowest excited singlet and triplet Np, together with the
photoionization that leads to Np+

It was widely acknowledged that excitation of the �*←�
absorption band of the polycyclic aromatic hydrocarbons
(
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he most powerful hydrogen abstraction agent.

.3. Two hundred and sixty-six nanometer laser flash
hotolysis of the mixed aqueous solution of Np and HNO2

.3.1. Production of unidentified intermediate in the
66 nm laser flash photolysis of the mixed aqueous solution
f Np and HNO2

Following the 355 nm laser flash photolysis studies, we
oved our focuses further to the 266 nm irradiation case. The

ig. 2. Determination of the rate constant of the reaction OH + HNO2→
O2 + H2O in the aqueous phase using either Np or Cl− as the competitive
H scavenger against HNO2. k2,Np and k2,Cl− represent the slope of the two

ines. For details, see Section 3.2.
PAHs) first leads to the population of the higher excited sin-
let states (Sn). Then a fast internal conversion (IC) process
ccurs on the time scale of picosecond and degenerates the
n state to S1. S1 thereafter converts to T1 via intersystem
rossing (ISC) that usually occurs on the time scale of ns∼�s
19].

For Np, the Sn→S1 transition was so fast that we could not
robe Np(Sn) directly using the ns spectrometer. Therefore, the
ntermediate we snapped immediately after the laser pulse can
nly be Np(S1). Strong fluorescence with τ = (43± 4) ns was
bserved in the 300–400 nm region. This corresponded to the
1→S0 transition [20]. Accompanying this transition was the



B. Ouyang et al. / Journal of Photochemistry and Photobiology A: Chemistry 181 (2006) 348–356 351

Fig. 4. Growth curve (A) of the transient absorption of Np(T1) at 412 nm and
decay curve (B) of the fluorescence of Np(S1) at 320 nm recorded following the
266 nm laser flash photolysis of 1.5× 10−4 M aqueous solution of Np. Clearly
they proceeded at synchronous paces. t0 denotes the end of the laser pulse when
the Np(S1) absorption was recorded and t1 was the time point when the Np(T1)
absorption was recorded. The excitation laser pulse energy was 4.8± 0.2 mJ.

S1→T1 process. Due to a larger molar extinction coefficient
of Np(T1) as compared with that of Np(S1) at 410 nm, the tran-
sient absorption curve was appearing as a growth one, as shown
in Fig. 4. The growth rate agreed quite well with that of the fluo-
rescence decay, which again supported its assignment to Np(T1).
The whole process was summarized in reaction ((R.4)–(R.6)).

Np(S0)+ hν→ Np(Sn)
fast IC(≈ps)−→ Np(S1) (R.4)

Np(S1)
IC−→Np(S0)+ hνf (R.5)

Np(S1)
ISC−→Np(T1) (R.6)

According to Grabner et al., the molar extinction coefficient
of Np(T1) at 412 nm was εNp(T1),412 nm = 10, 050 M−1 cm−1

and the ISC quantum yield was ΦS1→T1 = 0.789 [20]. On this
basis, the molar extinction coefficient of Np(S1), εNp(S1),λ, at λ

can be derived using expression (7).

εNp(S1),λ = ANp(S1),λ ·ΦS1→T1 · εNp(T1),412 nm

ANp(T1),412 nm
(7)

ANp(S1),λ was the transient absorbance of Np(S1) recorded
at t0, i.e. the time point at which the laser pulse ended and
ANp(T1),412 nm was the transient absorbance of Np(T1) recorded
at t1, the time point at which the Np(S1)→Np(T1) intersystem
crossing finished (Fig. 4). The absorption spectra of Np(S1) and
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Fig. 5. The transient absorption spectra of Np(S1) and Np(T1) in aqueous solu-
tion.

and εmax,Np(S1) changes fiercely, the quotient of two values was
always constant, i.e. near 2. This phenomenon needs to be sub-
jected to further theoretical analysis.

Besides the population of the excited Np, photoionization
occurs inevitably. Earlier investigation by Steeken et al. pro-
posed the ionization to be a bi-photon process [23], but the
more recent examination by Vialaton et al. revealed that it could
also proceed via the single-photon process with a corresponding
quantum yield of 0.02 [24]. The two channels were incorporated
in reaction (R.8).

Np + (n)hν→ Np+, n= 1, 2 (R.8)

Since the absorptions of Np+ and Np(T1) overlap, Steenken
et al. used O2 to quench the latter species and thus got the “pure”
absorption spectra of Np+ [23]. We followed this method in order
to record the Np+ signal. Owing to a much smaller quantum yield
of Np+ than that of Np(T1), the peak transient absorbance of Np+

was remarkably lower than that of Np(T1), i.e. 5× 10−3 versus
1.9× 10−1. We should note that the excitation laser energy per
pulse was kept constant at 4.8 mJ when recording Np(T1) and
Np+. The absorption spectrum of Np+ we recorded in the aque-
ous phase agreed quite well with that of Steenken et al. [23] and
was thus not included in this paper.

3.3.3. Quenching of Np(T1) by HNO2 with Np–OH adduct
f

t
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p(T1) were shown in Fig. 5. The one of Np(T1) in the aqueous
hase has been reported previously [20], but the one of Np(S1) in
his phase is not available in the literature. Similar to that of the
round-state Np, the absorption spectra of Np(S1) and Np(T1)
ere not affected by the acidity of the solution either.
There were actually some reports on the absorption spectra

f Np(S1) and Np(T1) in different solvents, most of which being
rganic ones [20–22]. Interestingly, although the solvent prop-
rties may vary dramatically and as a consequence εmax,Np(T1)
ormed
When HNO2 was added into the aqueous solution of Np,

he decay of the transient absorption of Np(T1) at 412 nm was
emarkably accelerated. Linear correlation was confirmed when
lotting the pseudo-first-order decay rates of the Np(T1) absorp-
ion against [HNO2], as illustrated in Fig. 6. By reading the slope
f the line, we derived the quenching rate constant of Np(T1) by
NO2 to be kNp(T1)+HNO2 = (4.8± 0.2)× 109 M−1 s−1.
In contrast with the O2 quenching of Np(T1) where a nearly

00% physical quenching was met [25,26], the HNO2 quench-
ng clearly exhibited a chemical quenching property, since new
ntermediate emerged in theλ < 400 nm region immediately after
he Np(T1) disappeared, as already stated in Section 3.3.1.
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Fig. 6. Acceleration of the decay of the 412 nm Np(T1) absorption by adding
HNO2. Inset: linear dependence of the pseudo-first-order decay rate of the
Np(T1) absorption on [HNO2].

Although Np+ was inevitably involved (but surely in a minor
role) in the 266 nm photochemical processes, the new interme-
diate was by no means the reaction product of Np+ with H2O,
Np or HNO2. The reasons were listed as follows:

(1) Np+ decayed very slowly in aqueous solution at pH 1.5.
Fig. 7 was the decay curve of Np+ at λmax = 310 nm. Accord-
ing to Steenken et al., Np+ disappears in water via reaction
with H2O and Np [23]. Therefore, it was reasonable to fit the
Np+ decay in Fig. 7 with a single exponential decay function
since [Np] and [H2O]� [Np+]. This yielded the first-order
rate constant kobs = 2.9× 104 s−1. On this ground, the reac-
tion of Np+ with H2O and Np was too slow to account for
the new intermediate, whose growth was generally finished
within 10 �s.

(2) Np+ reacts with OH− at k = 2.4× 108 M−1 s−1 [23]. But
note that the pH was fixed at 1.5. As a result the [OH−] was
too low (<10−12 M) to react with Np+ significantly.

F
p
n

Fig. 8. Growth curve of the new intermediate at 320 nm (A) and the “scaled
(/10)” decay curve of Np(T1) at 412 nm (B), following the laser flash photolysis
of 1.5× 10−4 M Np and 1× 10−3 M HNO2 aqueous solution.

(3) SO4
•− oxidized Np readily to Np+ via direct electron

transfer [23]. After the 266 nm laser flash photolysis
of air-saturated solution containing 0.1 M K2S2O8 and
5× 10−5 M Np (at pH 1.5), the formation of Np+ was very
easily observed. By gradually adding HNO2 into the solu-
tion, the decay rate of Np+ was indeed accelerated, with
a second-order rate constant of (1.4± 0.3)× 108 M−1 s−1.
If the new intermediate indeed stemmed from the reaction
Np+ + HNO2, its growth rate should correspond well with
the decay of Np+. This was not true, however, because
the second-order growth rate constant of the intermedi-
ate against [HNO2] was found to be on the order of
109 M−1 s−1, which obviously exceeded the Np+ + HNO2
rate constant.

Fig. 8 shows the “scaled (/10)” decay of the Np(T1) absorp-
tion at 412 nm and the growth of the new intermediate at 320 nm
following the laser flash photolysis of the aqueous solution con-
taining 1.5× 10−4 M Np and 1× 10−3 M HNO2. Clearly they
were proceeding synchronously. We carefully chose 320 nm to
monitor the new intermediate because the absorption of Np+

at this wavelength could be neglected [23]. It was worthy of
noting that as [HNO2] varied, both the growth and the decay
rates changed correspondingly but were always kept in the same
paces. This indicated that the new intermediate did come from
t
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ig. 7. The decay curve of Np+ at 310 nm following the 266 nm laser flash
hotolysis of O2-saturated 1.5× 10−4 M aqueous solution of Np. It should be
oted that Np(T1) has disappeared in very early stages (0–1 �s).
he reaction Np(T1) + HNO2.
Fig. 3 was the transient absorption spectra we recorded at

= 1 �s after the laser flash photolysis of the aqueous solu-
ion containing 1.5× 10−4 M Np and 1× 10−3 M HNO2. At
his time point, Np(T1) disappeared completely (see Fig. 6), but
wing to a much slower reaction rate between Np+ and HNO2,
0% Np+ stayed in the solution at t = 1 �s. This was further
videnced by the small “obtruding” tip at λ = 310 nm, i.e. the
bsorption peak of Np+, in Fig. 3.

By subtracting the “known” absorption of Np+ from Fig. 3,
ew transient absorption spectra was acquired, which was shown
n Fig. 9. Co-plotted were the absorption spectra of the Np–OH
dduct reported by different authors, virtually using different
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Fig. 9. Transient absorption spectra derived from Fig. 3 after the subtraction of
the Np+ absorption. Co-plotted was the absorption spectra of the Np–OH adduct
reported by different authors using different OH sources (pulse radiolysis or
photolysis of HNO2).

methods. Note that for comparison purpose, the absorbance
was adjusted to a same peak height at 320 nm. The strong
resemblance between the spectra in Fig. 9 suggested that the
new intermediate from the reaction of Np(T1) + HNO2 may be
assigned to the Np–OH adduct.

To make this assignment more convincing, we examined the
reactivity of this intermediate towards O2 and HNO2:

(1) The decay of the new species (monitored at 320 nm) was
enhanced by the presence of O2, as shown in Fig. 10. The
second-order reaction rate constant of this species with O2
was determined to be (5.2± 0.6)× 108 M−1 s−1, in excel-
lent agreement with the one of the Np–OH + O2 reaction,
(5.0± 0.5)× 108 M−1 s−1, as reported by Roder et al. [12].

(2) The decay of the new species was also enhanced by increas-
ing [HNO2]. This was similar to the 355 nm irradiation
case, where the increase of [HNO2] could accelerate the
decay of the Np–OH adduct. Moreover, HNO2 reacted

F
d

with the intermediate (in the 266 nm case) at the rate
constant of (7.5± 1.5)× 107 M−1 s−1, very close to the
(9.0± 2.0)× 107 M−1 s−1 for the HNO2 + Np–OH reaction
derived in the 355 nm case.

To summarize, both the transient absorption spectra and the
reactivity of the new species towards O2 and HNO2 agreed well
with those of the Np–OH adduct. This convinced us that this
species was exactly the Np–OH adduct.

3.3.4. Quenching of Np(S1) by HNO2 with Np–OH again
formed

In the absence of quenchers, Np(S1) decayed at
k0 = 2.3× 107 s−1 and emitted strong fluorescence in the
300–400 nm region [19]. The decay of the fluorescence was
quickened by adding [HNO2]. The linear relationship between
the decay rate of the fluorescence and [HNO2] suggested that
HNO2 was capable of quenching Np(S1) as well, as suggested
in Fig. 11. The rate constant for the reaction of Np(S1) + HNO2
was derived to be (6.0± 0.2)× 109 M−1 s−1 by reading the
slope of kobs against [HNO2].

When [HNO2] was low, e.g. ≤1× 10−3 M, Np(S1) disap-
peared mainly via ISC process to Np(T1). As long as [HNO2]
was higher than 1× 10−2 M, however, the HNO2 quenching pro-
c
t
t
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c
c
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ig. 10. Linear correlation of the pseudo-first-order decay rate of the interme-
iate against [O2].
ess overwhelmed the ISC process and would thus strongly cut
he production of Np(T1). By this virtue, it was possible for us
o examine the Np(S1) + HNO2 reaction separately.

To this end, the aqueous solution of 1.5× 10−4 M
p + 2× 10−2 M HNO2 was photolyzed. Fig. 12 shows the

ransient absorption curve recorded at λ = 290 nm. We did not
hoose 320 nm because of the interference of the strong fluores-
ence of Np(S1) at this wavelength. Note that new intermediate
ppeared immediately after the Np(S1) vanished, suggesting
hat its growth was directly connected with the Np(S1) + HNO2
eaction. Similarly, by subtracting the Np+ absorption from the
pectrum, the Np–OH absorption again emerged.

ig. 11. Acceleration of the decay of the 320 nm fluorescence by adding HNO2.
nset: linear dependence of the pseudo-first-order decay rate of the fluorescence
n [HNO2].
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Fig. 12. Transient absorption curve recorded at λ = 290 nm after the laser flash
photolysis of the aqueous solution containing 1.5× 10−4 M Np and 2× 10−2 M
HNO2.

It was difficult to directly monitor the synchronous grow
and decay processes, because the absorption band of the
Np–OH adduct overlapped seriously with the fluorescence
region. This cast some uncertainties on the reaction mechanism
of Np(S1) + HNO2, admittedly, as will be discussed in Section
3.4.

3.3.5. The formation efficiencies (f) of the Np–OH adduct
from the Np(T1) or Np(S1) + HNO2 reactions

Define the formation efficiency of the Np–OH adduct from
Np(T1) and Np(S1) as f T1 and f S1 , respectively. Here, f T1 =
(cNp−OH)/(cT1 ) and f S1 = (cNp−OH)/(cS1 ), where cNp–OH was
the amount of Np–OH adduct formed from the quenching of
Np(T1) or Np(S1) by HNO2, while cT1 and cS1 were the amount
of the Np(S1) and Np(T1) consumed.

cNp–OH and cT1 were easy to calculate via (9) and (10).

cNp–OH = ANp–OH,320 nm

εNp–OH,320 nm × l
(9)

cT1 =
ANp(T1),412 nm

εNp(T1),412 nm × l
(10)

ANp–OH,320 nm and ANp(T1),412 nm were the peak transient
absorbance of the Np–OH adduct at 320 nm and of Np(T1)
a
t
3
1
p

c

t

3.4. Formation mechanism of the Np–OH adduct in the
266 nm irradiation case

We first exclude Scheme 2 (266 nm irradiation) from consid-
eration, where the Np–OH adduct was assumed to arise from
the 266 nm photolysis of the ground-state complex between Np
and HNO2.

The exclusion was based on the following evidences:

(1) There was no sign of the formation of any ground-state com-
plex between Np and HNO2, since the UV–vis absorption
spectra of the mixed aqueous solution of Np and HNO2 were
exactly the sum of the absorption spectra of Np and HNO2
recorded individually.

(2) If equilibrium (E.12) does stand, we would expect an
increase of the amount of the ground-state complex
[Np···HNO2] when raising the concentration of either Np
or HNO2. This would, according to Scheme 2, ultimately
lead to an elevated production of the Np–OH adduct. Never-
theless, as we varied [HNO2] in the range of 2× 10−4 M to
2× 10−2 M, the yield of the Np–OH adduct remained rela-
tively unchanged, again in contradiction with Scheme 2.

(3) According to Scheme 2, the growth rate of the Np–OH
adduct should always be equal to k14, no matter the [HNO2]
fluctuated or not. This conflicted with the experimental

c

(

(

t 412 nm, respectively. εNp–OH,320 nm and εNp(T1),412 nm were
he molar extinction coefficients of the Np–OH adduct at
20 nm and of Np(T1) at 412 nm, i.e. 8200 M−1 cm−1 [11] and
0,050 M−1 cm−1 [20], respectively. l is the analyzing optical
ath length, 0.65 cm.

cS1 was derived via (11) where ΦISC was 0.786 [20].

Np(S1) = cNp(T1)

ΦISC
(11)

By following the above procedures, f T1 and f S1 were derived
o be 0.15± 0.01 and 0.11± 0.02, respectively.
results, since the growth rate of the Np–OH adduct was
found to be strongly dependent on [HNO2]. For details, see
Sections 3.3.3–3.3.4 and Fig. 8.

Secondly, we exclude Scheme 3 (266 nm irradiation) from
onsideration.

The exclusion was based on the following evidences:

1) The addition of excessive “free” OH scavengers, e.g. ethanol
or iso-propanol (0.02–0.2 M) exerted no influence on the
production of the Np–OH adduct, indicating that virtually no
“free” OH radicals were formed. This obviously contradicts
with (R.16) in Scheme 3, where the release of “free” OH
radical was expected.

2) HNO2 was in itself an effective free OH quencher (see
(R.3)) and would competitively scavenged OH against Np.
Since the total amount of OH was fixed (because the laser

Scheme 2.

Scheme 3.



B. Ouyang et al. / Journal of Photochemistry and Photobiology A: Chemistry 181 (2006) 348–356 355

Scheme 4.

energy was fixed), the increase of [HNO2] should there-
fore decrease the production of the Np–OH adduct. This
was again negated by experiments, since [HNO2] up to
2× 10−2 M (i.e. 100 times as large as [Np]) did not sup-
press the formation of the Np–OH adduct at all.

(3) The building of the Np–OH adduct, according to Scheme 3,
was subjected to three steps. This would clearly lead to
very complicated formation kinetics for Np–OH. Neverthe-
less, we found that the building rate of the Np–OH adduct
was constantly exhibiting a simple linear correlation against
[HNO2], and furthermore, was always synchronous with the
decay of Np(T1) or Np(S1).

We may summarize the two striking characteristics that go
with the formation of the Np–OH adduct in the 266 nm irradia-
tion case as follows.

In the first place, no free OH was formed, indicating that the
OH group transfer from HNO2 to Np must have occurred inside
a complex. Since it was not a ground-state one (as stated vide
supra), the complex should bear an excited property.

In the second place, the formation of the Np–OH adduct was
always synchronous with the decay of Np(T1) or Np(S1) as if the
complex were “bypassed”. As is well known that for the reaction

sequence A
ka−→B

kb−→C, if the growth rate of final product C
coincided well with the decay rate of the starting agent A, we
w
w

S

w

w
l
(
t

N
t
N
fl
f
a

o
t
k
e
p
s

The formation efficiency of the Np–OH adduct was 0.11 and
0.15 for Np(S1) and Np(T1), respectively. Both of the values fall
far below unity. Other process, e.g. non-radiative relaxation that
leads to the recovery of the parent molecules, must be competing
with the dissociation of the exciplex that leads to the production
of the Np–OH adduct, as shown in (R.19).

(R.19)

3.5. Atmospheric implications

Np was ubiquitous in the environment and was among all
of the PAHs homologues the most soluble [27] and also the
most abundant species in the atmospheric aqueous droplets [28].
Moreover, it may act as a model representative of the PAHs
family based on the similarity of molecular and photochemical
properties between the homologues.

Photolysis of HNO2 as a potential OH source in the droplets
may contribute to the removal of Np. This conclusion was ver-
ified again in this work through the 355 nm irradiation of the
mixed aqueous solution of Np + HNO2, where the diffusion-
c
T
r

N
f
s
r
I
O
c
N
n
a
o
d
b

N
r

4

p
N
t

a
o
t

ould expect kb� ka. This implied that as soon as the complex
as formed, it dissociated very quickly.
To put it more explicitly, we sum up the reaction sequence in

cheme 4 (266 nm irradiation).
The definition of “�” was to some extent vague. To specify,

e define it as “five times larger”.
In the Np(T1) quenching case, the [HNO2]max applied

as 2× 10−3 M and k17 = 4.8× 109 M−1 s−1. A lower
imit was therefore determined for k18, i.e. 5× 107 s−1

5× k17× [HNO2]max). This gave an upper limit for the life-
ime of the [Np(T1)···HNO2]* exciplex, namely 20 ns.

The Np(S1) quenching case was more complicated than the
p(T1) one. It was difficult to directly monitor the growth of

he Np–OH adduct on the ground of the serious overlaps of the
p–OH absorptions with both the Np(S1) absorptions and its
uorescence emissions. But anyway, the Np–OH adduct was
ormed within 25 ns, as shown in Fig. 12. This value provides
n upper limit for the lifetime of the [Np(S1)···HNO2] exciplex.

The quick dissociation of the exciplex renders the encounter
f Np* and HNO2 (R.17) the rate-limiting step in the forma-
ion of the Np–OH adduct. Elevation of [HNO2] would raise
17× [HNO2] and may shift the rate-limiting step from the
ncounter to the dissociation of exciplex. Therefore, the exci-
lex would accumulate and may possibly be observed by a faster
pectroscopy, e.g. the picosecond one.
ontrolled addition of the OH to the Np ring was observed.
his, on the other hand, was far from being the only OH-induced

emoval pathway of Np by HNO2 in the environment.
As shown in Section 3.3, the excited Np, whatever Np(T1) or

p(S1) it may be, is capable of abstracting OH from HNO2 via
orming short-lived exciplex. Since Np absorbs the λ > 290 nm
unlight (Fig. 1) and thereafter transits to the excited states, this
eaction can surely occur in the real tropospheric environment.
t was even more important to address that unlike the “free”
H addition pathway in the 355 nm case where the other effi-

ient OH quenchers can effectively suppress the formation of the
p–OH adduct, the exciplex pathway in the 266 nm case was
ot sensitive to the presence of OH quenchers at all. This liber-
tes Np from the vigorous competition towards OH against the
ther organic or inorganic free OH scavengers dissolved in the
roplets and ensures the latter exciplex pathway be monopolized
y Np.

It was not clear yet that whether the aqueous-phase reaction
p* + HNO2 extends to the gas phase or not. Further works are

equired to dispel this uncertainty.

. Conclusions

In this work, we examined the 355 nm and 266 nm laser flash
hotolysis of the mixed aqueous solution of Np + HNO2. The
p–OH adduct was generated in both cases, but virtually via

otally different mechanisms.
Under the 355 nm irradiation, HNO2 was the only dominant

bsorber and was photolyzed to release OH with a quantum yield
f 0.25. The OH radical thus formed added to the Np ring readily
o form the Np–OH adduct.
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Under the 266 nm irradiation, Np replaced HNO2 as the
primary absorber and was excited to its S1 and T1 state via
electronic transition. The Np(S1) and Np(T1) both abstracted
OH from HNO2, which resulted again in the formation of the
Np–OH adduct. It was further confirmed that the OH abstrac-
tion occurred exactly within a short-lived exciplex which, once
formed, dissociated very quickly (>5× 107 s−1).

The above reactions bear potential atmospheric implications
because both Np and HNO2 universally exist in real environment
and more importantly, both of them are capable of absorbing the
λ > 290 nm sunlight that available in the troposphere.
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