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Radical species derived from phenalenone: characterization
and role of upper excited states�
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Abstract

The reactivity of triplet phenalenone (PN) towards typical H- and electron-donors is characterized by means of nanosecond laser
flash-photolysis. H-abstraction from tributylstannane occurs with a rate constant of ca. 5×105 M−1 s−1. From the activation energy for this
reaction, an upper limit for theT2−T1 energy gap is calculated as 9±1 kJ mol−1 in nonpolar solvents, consistent with the solvent-insensitive
high ΦT value in phenalenone. Triplet phenalenone also reacts via photoinduced electron transfer with 1,4-diazabicyclo[2.2.2]octane
(DABCO) with rate constant close to the diffusional control limit. The spectrum of the solvated free radical anion of phenalenone has a
maximum at 440 nm in acetonitrile.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Phenalenone (also called perinaphthenone, PN,Fig. 1)
is a universal reference for sensitization of singlet oxygen,
O2(a1�g), widely used in photochemistry and photobiology.
It is soluble in a large variety of solvents and its quantum
yield for singlet oxygen production,Φ�, is close to unity
in most solvents investigated so far ranging from water to
cyclohexane[1–3].

PN is present in the environment as atmospheric and
water pollutant[4,5], and some plants produce secondary
metabolites containing its skeleton[6–10]. Its photodynamic
activity and that of its derivatives has been demonstrated
[5,11], and it has recently been used as standard for singlet
oxygen-mediated damage to DNA[12,13]. Despite the fact
that PN is an extremely good singlet oxygen photosensitizer,
its small size and planarity suggests that it might bind to
biomolecules, e.g. DNA, whereby direct photoreaction be-
tween excited PN and the substrate could take place. PN is
able to abstract hydrogen from deoxygenated alcoholic sol-
vents [14–16], although with a quantum yield of only ca.
0.05[17]. On the other hand, PN is also able to participate in
photoinduced electron transfer reactions[14]. Despite these
reports on PN’s photochemistry, little information in known
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about the intermediate species involved. Furthermore, the
lowest triplet state of PN is��∗ character in polar and
non-polar solvents[1,18], which is generally considered to
be far less reactive than ann�∗ state towards H-abstraction
[19]. Thus, it appears of interest to characterize the radical
species produced in such reactions and to examine in greater
detail the reactivity of photoexcited PN towards typical H-
and electron-donors. Herein, we present the results of a laser
flash-photolysis study on the ability of triplet PN to react
via H-abstraction or photoinduced electron transfer to yield
the ketyl radical and the radical anion, respectively.

2. Experimental

PN, tributylstannane (Bu3SnH) and 1,4-diazabicyclo-
[2.2.2]octane (DABCO) were purchased from Aldrich, and
the former was recrystallized from methanol. Solvents were
from SDS (spectrosol quality) and used as received, except
for acetonitrile, which was dried with 3 Å molecular sieves.
Transient absorption experiments in the UV-Vis region were
carried out using a home-built apparatus. In this instrument,
the third harmonic of a pulsed Continuum Surelite Nd:YAG
laser was used to irradiate the sample (λ = 355 nm, 5 ns
pulsewidth, 1–5 mJ per pulse, 8 mm beam diameter). The
absorbance changes were probed at right angles by a CW
Xe lamp (PTI, 75 W) and a Hamamatsu R928 photomul-
tiplier. Spectral discrimination was obtained placing a PTI
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Fig. 1. Molecular structure of PN.

101 monochromator between sample and detector. The de-
tector output was fed to a Lecroy 9410 digital oscilloscope,
and acquired by a PC computer for storage and analysis.
Temperature in the cuvette was regulated by a circulating
water bath. Ground-state UV-Vis absorption spectra were
recorded using a Varian Cary 4E spectrophotometer.

3. Results and discussion

Laser irradiation of PN in oxygen-free benzene yields
monoexponentially-decaying transients of lifetime ca. 40�s,
which are quenched when air is let into the system. This
lifetime is close to that previously reported for3PN (38±
3�s) and the transient spectrum (Fig. 2) agrees well with
the triplet-minus-singlet (T−S) difference absorption spec-
trum of PN deduced from previously published triplet and
ground-state absorption spectra[1]. We thus, assign the tran-
sient inFig. 2 to the triplet state of PN.

Photoexcitation of PN in 2-propanol solutions yields
biexponentially-decaying transients (Fig. 3). The shorter-
lived component has a lifetime of 40± 5�s and its spec-
trum matches the T−S spectrum inFig. 2. The longer-lived
component has a lifetime exceeding the time window of
our set-up (ca. 5 ms), and its spectrum shows bleaching and
absorption bands in regions where the triplet PN shows
the opposite behavior, i.e. at 395 and 425 nm, respectively
(Fig. 3, insets). Due to the H-donating ability of the solvent,
we assign these new bands to the ketyl radical of PN. This
spectrum is consistent with that measured by conventional
steady state spectrophotometry in ethanol immediately af-
ter laser irradiation, which showed a maximum at around

Fig. 2. Transient difference absorption spectrum of PN (60�M) in
argon-saturated benzene, immediately after the laser pulse.Inset: signal
at 350 nm.

Fig. 3. Transient difference absorption spectra of PN (60�M) in
2-propanol after 3�s (�) and 200�s (�). Insets: signals at 395 and
425 nm. At 395 nm the triplet shows positive absorption while the persis-
tent ketyl radical shows bleaching. At 425 nm the situation is reversed.

350 nm[17]. A similar behavior is found in water and in
toluene, although the ketyl radical is formed to a lesser
extent in these solvents.

In order to kinetically characterize the H-abstraction
reaction, Bu3SnH, a very efficient H-donor, was used.
The addition of increasing amounts of this compound in
deaereated benzene solutions increased the3PN decay rate.
Concomitantly, the appearance of a new species with the PN
ketyl radical’s spectrum could be clearly observed. From a
Stern–Volmer plot (Fig. 4a), the rate constant for this re-
action is calculated askq = (4.9 ± 0.4) 105 M−1 s−1. This
value is in accordance with other rate constants known for
the reaction of��∗ triplet aromatic ketones with the same
H-donor. For instance, the rate constant for acylnaphthalene
is 1× 105–2× 105 M−1 s−1 [19].

The temperature dependence of this reaction was also in-
vestigated. In a 70 mM Bu3SnH solution the lifetime of3PN
decreases when the temperature increases, while in the ab-
sence of the H-donor it remains unaffected in the temperature
range studied (Fig. 4b). The pseudofirst-order rate constant
for H-abstraction from3PN (kH = kq [Bu3SnH]) was calcu-
lated with the equationkH = kT − kT(0), wherekT(0) and
kT are the rate constants for triplet decay in the absence and

Fig. 4. (a) Stern–Volmer plot for3PN deactivation by Bu3SnH in
oxygen-free benzene at room temperature (kT measured at 500 nm). (b)
Arrhenius plot forkT(0) (�) and kH (�) (seeSection 3in the text).
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Fig. 5. Transient absorption spectra of PN (30�M) in the presence of
DABCO (1 mM) in argon-saturated acetonitrile after 1�s (�) and 137�s
(�). Insets: (a) first- and (b) second-order kinetics fit to the decay at
440 nm over the first 20�s.

in the presence of H-donor, respectively. From the slope of
the Arrhenius plot forkH, an activation energyEH

a (ππ∗) =
9±1 kJ mol−1 was calculated. For similar aromatic ketones
with closely-lying��∗ andn�∗ excited states, H-abstraction
is usually assumed to proceed mostly from the thermally
populated more reactive uppern�∗ state[19]. The activation
energy can be thus related to the energy gap between the two
triplets and the activation energy of the upper, more reactive,
n�∗ state asEH

a (ππ∗) = EH
a (nπ∗)+ [ET(nπ∗)−ET(ππ∗)]

[20]. Assuming in our case that the presence of the H-donor
does not perturb the triplet energy levels, the measured ac-
tivation energy,EH

a (ππ∗), sets an upper limit value for the
energy gap between the two triplets. The 9 kJ mol−1 value
encountered is in agreement with that for other aromatic
ketones, e.g. 10–13 kJ mol−1 for p-anisyl alkyl ketones in
nonpolar solvents[20,21]. Since T1 (��∗) of PN lies at
185 kJ mol−1 [2,22], the small energy difference between
the two triplets confirms the hypothesis thatT2 (n�∗) in PN
lies belowS1 (288 kJ mol−1), thus explaining its fast inter-
system crossing and highΦT [1]. Moreover, the energy gap
betweenS1 andT2 is so large that it is unlikely that the two
states reverse their energy, e.g., by increasing solvent polar-
ity. Therefore,ΦT ≈ 1 should be expected in all solvents,
as experimentally observed[1].

To produce the PN radical anion, PN was irradiated in
the presence of the electron donor DABCO in oxygen-free
acetonitrile. Within 1�s after the laser pulse, a transient
species with a main absorption band at 440 nm was ob-
served (Fig. 5). This band does not appear in the spectrum
of 3PN nor in that of the ketyl radical. The radical cation of
DABCO is also ruled out since it absorbs weakly at around
460–480 nm[23–25]. Thus, we tentatively assign the band
at 440 nm to the radical anion of PN. At longer timescales, a
spectrum that resembles that of PN’s ketyl radical appears,
formed presumably by proton abstraction by the radical an-
ion as reported for other aromatic ketones such as benzophe-
none[26,27]. The proton is thought to come from residual
humidity of the solvent or from ground-state DABCO. In
fact, meticulous drying of the solvent reduced the ampli-

tude of the longer-lived component, though it did not com-
pletely disappear. Second-order decay models fitted the data
fairly well (Fig. 5, insets), consistent with radical ion recom-
bination. Proton abstraction, although present, contributed
only marginally to the decay kinetics as judged from the
second-order plot.

In order to unveil the spectrum of the radical cation of
DABCO, we performed the experiment in air-saturated so-
lutions to selectively quench the PN radical anion by oxy-
gen, a method already used by other authors[25,28]. In this
case, the signal at 440 nm decayed with a first-order kinet-
ics with time constant of ca. 300 ns, much faster than in
oxygen-free solutions, which further supports its assignment
to the radical anion of PN. Additionally, a slower compo-
nent with a weak broad absorption band from 400 to 550 nm
was present, which matches very well the reported radical
cation of DABCO[24,25]. The lifetime of this long-lived
transient was 120–140�s.

Quenching of3PN by DABCO occurred with a rate
constant approaching the diffusion control limit, i.e.kq =
3.0×109 M−1 s−1, typical of exergonic bimolecular electron
transfer reactions[29]. This is consistent with our estimate
of the driving force for this reaction,�rG

0 = −30 kJ mol−1,
calculated using the Rehm–WellerEq. (1) [29]:

�rG
0 = F [E(D·+/D) − E(A/A ·−)] − �E00 − NAe2

4πaεrε0

(1)

where E(D·+/D) and E(A/A ·−) are the oxidation and re-
duction potentials of donor and acceptor, respectively (0.57
[30] and−1.1 V versus SCE in this case),�E00 is the en-
ergy of the triplet state (185 kJ mol−1) [2,22], anda is the
donor–acceptor distance (typically 4 Å).

4. Conclusions

The kinetics of photochemical production and the differ-
ence absorption spectrum of the ketyl and anion radicals of
PN have been characterized. H-abstraction by triplet PN oc-
curs with an activation energy of 9 kJ mol−1, consistent with
a small energy gap between then�∗ and the lower-lying
��∗ triplet states. This explains the highΦT in PN as well
as its insensitivity to solvent polarity.
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