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The photophysical and photochemical properties of dipyridil[3,2-a:2′3′-c]phenazine, dppz, were investigated in homogeneous solution by time-
esolved and steady-state photochemical techniques. Irradiation of dppz in CH3OH, CH3CN or CH2Cl2 induced short-lived fluorescence with
lifetime, τ ≤20 ns. Different emission quantum yields were determined when dppz was irradiated at 350 nm, φLUM ≤2.5× 10−4, and when it
as irradiated at ∼400 nm, 3.2× 10−3≤φLUM≤ 2× 10−2. Reactions of the luminescent excited states with electron donors, TEOA or TEA, and

ncapacity for an inefficient H atom abstraction from 2-propanol suggested that they were ��* excited states. Long-lived transient absorption
pectra with lifetimes in the microsecond time domain were associated with adducts of the ground and excited states. The dppz radical, product of
he excited state electron transfer reactions, and the product of the reduction of dppz by pulse radiolytically generated e−sol have the same UV–vis
pectrum. Their spectrum differs, however, with the spectrum of the radicals from the electrochemically reduced dppz. The photophysical and
hotochemical results are attributed to low-lying ��* excited states of dppz.

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

The photochemistry and photophysics of transition metal co-
rdination complexes with the ligand dipyridil[3,2-a:2′3′-c]phe-
azine, dppz, has recently received considerable attention [1–5].

∗ Corresponding authors.
E-mail addresses: mfeliz@inifta.unlp.edu.ar (M.R. Feliz),

erraudi.1@nd.edu (G. Ferraudi).

Some of the interest in this compound has been motivated
by the intercalation of the dppz and its complexes in DNA and
the differences between the photophysical and photochemical
properties of free and intercalated dppz [1–6]. Metal to ligand
charge transfer excited states are the excited states of the lowest
energy in complexes where the electrochemical potentials of
M(III)/M(II) couples, e.g., M = Ru, Os, or M(II)/M(I)couples,
e.g., M = Re, are not very positive [7–14]. Also long-lived triplet
excited states centered in the dppz ligand have been observed
when the complexes are irradiated in absorption bands of the
optical metal to ligand charge transfer transitions or in higher
energy bands assigned to �–�* electronic transitions centered
in the dppz [3,5].

In the electrochemical reduction of the coordinated dppz, the
added electron can be localized in different sectors of the ligand
[15,16]. These sectors have been theoretically identified as an
antibonding orbital, b1(phz), placed in the phenazine region and
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two orbitals, b1(�) and a2(�), localized in the bipyridinic region
of the ligand. The former orbital is generically described as “the
redox orbital” while the latter orbitals are denominated “optical
orbitals”. In this work we have investigated the photophysical
and photochemical properties of the dppz in different solvents
by steady-state and time-resolved techniques.

2. Experimental

The experiments described herein were conducted with solu-
tions kept at room temperature. Specific experimental proce-
dures are described next.

2.1. Flash photochemical procedures

Absorbance changes, �A, occurring on a time scale longer
than 10 ns were investigated with a flash photolysis apparatus
described elsewhere [9–11]. In these experiments, 10 ns flashes
of 351 nm light were generated with a Lambda Physik SLL-200
excimer laser. The energy of the laser flash was attenuated to
values equal to or less than 20 mJ/pulse by absorbing some of
the laser light in a filter solution of Ni(ClO4)2 having the desired
optical transmittance, T = It/I0 where I0 and It are, respectively
the intensities of the light arriving to and transmitted from the
filter solution. The transmittance, T = 10−A, was routinely calcu-
lated by using the spectrophotometrically measured absorbance,
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Eq. (1) was used for the calculation of the quantum yield of
emission, φLUM, by using solutions of a reference compound
with a known quantum yield of emission, φ(ref)LUM

φ(dppz)LUM =
Idppz

Iref

Aref

Adppz

(
ndppz

nref

)2

φ(ref)LUM. (1)

In Eq. (1), ndppz and nref are the refractive indexes of the
optically diluted solutions of the dppz and reference compounds,
i.e., solutions with Aref and Adppz <0.1. A solution of Rhodamine
B in ethanol was used as a reference with φ(ref)LUM = 0.69. The
areas under the emission spectra of dppz and Rhodamine B were
used as a relative measure of the respective intensities of the
luminescence, Idppz and Iref [18].

Steady-state irradiations of dppz deaerated solutions were
carried out with light from a 350 nm Rayonet lamp. The solutions
for these experiments were placed in dual reaction cell with 1
and 0.2 cm optical paths. The cell was described elsewhere in the
literature [20]. Concentrations of dppz, [dppz]≥ 1.0× 10−4 M,
were used in the side with 1 cm optical path in order to absorb
all the incident light during the photolysis. The optical changes
induced by the irradiation were investigated with the solution
displaced to the chamber with a 0.2 cm optical path. Light inten-
sities, 1× 10−3≥ I0≥ 1× 10−4 Einstein dm−3 min−1, were
measured with Parker’s actinometer [19].
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, of the filter solution. A right angle configuration was used for
he pump and the probe beams. Concentrations of the dppz were
djusted to provide homogeneous concentrations of photogen-
rated intermediates over the optical path, l = 1 cm, of the probe
eam. To satisfy this optical condition, solutions were made with
n absorbance equal to or less than 0.8 over the 0.2 cm optical
ath of the pump.

A CPA-2010 1 kHz Amplified Ti:Sapphire Laser System
rom Clark MXR and software from Ultrafast Systems were
sed for the observation of transient absorption spectra and the
tudy of reaction kinetics in an fs to 1.6 ps time domain. The
ash photolysis apparatus provides 775, 387 or 258 nm laser
ulses for excitation with a pulse width of 150 fs. Data points
an be collected at intervals equal to or longer than 10 fs. A slow
ut constant flow of the solutions through a 2 mm cuvette was
aintained during the photochemical experiments.
Time-resolved fluorescence experiments were carried out

ith a PTI flash fluorescence instrument [9]. The excitation light
as provided by a N2 laser (λem = 337 nm, ca. 2 mJ/pulse and
00 ps bandwidth at half height). All the solutions used in the
hotochemical work were deaerated for 30 min with streams of
ltrahigh-purity N2 before and during the irradiations.

.2. Steady-state irradiations

The luminescence of the compounds was investigated in
spectrofluorometer, Perkin-Elmer LS 50B, by procedures

eported elsewhere [9,17]. The spectra were corrected for dif-
erences in instrumental response and light scattering. Solutions
ere deaerated with ultrahigh-purity N2 in a gas-tight apparatus
efore recording the spectra.
.3. Electrochemical measurements

A potentiostat PAR Model 173 with an interface module
76A and a Model 175 Universal Programmer were used for
he dc and ac voltammetries [21–24]. Acetonitrile, Merck ‘Sec-
Solv’, was dried further over activated alumina for several days.
he procedure was found to be suitable for electrochemistry in

he 1.5 to +0.6 V potential range. Bu4NPF6 was dried at 110 ◦C
or at least 24 h. Platinum discs, polished to a mirror finish, were
sed as working electrodes. Potentials were measured against
n Ag/AgCl/KClsat electrode and are quoted with respect to
he Fc/Fc+ couple. Oxygen was removed by bubbling purified

2 for at least 30 min prior to each experiment. Spectroelectro-
hemical measurements were made by modulating the electrode
otential at 11 Hz around the potential of the appropriate CV
ave. Reflected light with the spectroscopic information was
emodulated with a lock-in amplifier. Diffraction orders higher
han unity were eliminated with optical filters. The spectrum
as calculated with the relationship, �R/R≡−�A, where R is

he reflectance at the observation wavelength, λob, and A the
bsorbance. Measurements in the entire spectral region were
ade by maintaining the value of R constant. To fulfill this con-

ition, a feedback circuit maintained a constant current through
he photomultiplier.

.4. Pulse-radiolytic procedures

Pulse radiolysis experiments were carried out with a model
B-8/16-1S electron linear accelerator. The instrument and com-
uterized data collection for time-resolved UV–vis spectroscopy
nd reaction kinetics have been described elsewhere in the
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literature [25,26]. Thiocyanate dosimetry was carried out at
the beginning of each experimental session. The details of the
dosimetry have been reported elsewhere [25–30]. The procedure
is based on the concentration of (SCN)2

− radicals generated by
the electron pulse in a N2O saturated 10−2 M SCN− solution. In
the procedure, the calculations were made with G = 6.13 and an
extinction coefficient, ε = 7.58× 103 M−1 cm−1 at 472 nm, for
the (SCN)2

− radicals [25,27]. In general, the experiments were
carried out with doses that in N2 saturated aqueous solutions
resulted in (2.0± 0.1)× 10−6 to (6.0± 0.3)× 10−6 M concen-
trations of e−sol. In these experiments, solutions were prepared
by the procedure indicated above for the photochemical exper-
iments. The liquids were deaerated with streams of the O2-free
gas, N2 or N2O, that was required for the experiment. In order to
radiolyze a fresh sample with each pulse, an appropriate flow of
the solution through the reaction cell was maintained during the
experiment. Other conditions used for the time-resolved spec-
troscopy of the reaction intermediates or in the investigation of
the reaction kinetics are given in Section 3. Radiolyses with ion-
izing radiation of CH3OH and CH3OH/H2O mixtures have been
reported elsewhere in the literature [27–29]. These studies have
shown that pulse radiolysis can be used as a convenient source
of e−sol and CH2OH• radicals, Scheme 1.

Since e−sol and CH2OH• have large reduction potentials,
i.e., −2.8 V versus NHE for e−sol and −0.92 V versus NHE for
CH OHOH•, they have been used for the reduction of coordina-
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Furthermore, the 1H NMR spectra of the samples used for the
photochemical work indicated that they were free of major impu-
rities which could have affected the experimental results. The
250 MHz dppz’s 1H NMR in CD3CN, exhibited the following
resonances: H (standard solvent signal) 9.597 (H3, dd), 9.203
(H1, dd), 8.366 (H4, dd), 8.004 (H5, dd), and 7.867 (H2, dd)
with the proton numbering given in Section 1. To verify that
the results of the photophysical experiments were not affected
by impurities that remained undetected with the previous anal-
yses, samples of the dppz, already purified by recrystallization
according to the literature procedure, was sublimated under vac-
uum, i.e., ∼0.2 g sublimated at ∼443 K under a pressure of
∼0.027 Torr. The pale yellow material and the material purified
only by recrystallization showed the same UV–vis spectrum and
insignificant differences in their photophysical properties.

Other materials were reagent grade and used without further
purification.

3. Results

3.1. UV–vis absorption spectroscopy

The UV–vis spectrum of dppz agreed with the literature spec-
trum [31–33]. It obeys the Beer’s law in protic and aprotic
solvents when the concentration of dppz is equal to or less than
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ion complexes and for the study of electron transfer reactions.
he yield of e−sol in CH3OH (G≈ 1.1) [27], is about one third
f the G-value in the radiolysis of H2O (G≈ 2.8) [29]. In solu-
ions where e−sol was scavenged with N2O, the CH2OH• radical
ppears to be the predominant product (yield > 90%) of the reac-
ion between CH3OH and O•−.

.5. Materials

The dppz and 1,10-phenanthroline-5,6,-dione were prepared
y a literature procedure [31,32]. The melting point, the UV–vis
pectrum and the half-wave potential of the dppz/dppz− cou-
le, E1/2 =−1.19 V versus Ag/AgCl/KClsat, were all in good
greement with those communicated in literature reports [33].

Scheme 1.
× 10−4 M. No oligomers are formed under these experimen-
al conditions. Only small differences were observed between
he UV–vis spectrum of dppz in various solvents, i.e., CH2Cl2,
H3CN or CH3OH. Such small changes are expected for the
edium effects on the n�* and ��* electronic transitions and

hey cannot be attributed to the displacement of a chemical equi-
ibrium between species. About 13 spectroscopic features can
e discerned in the spectrum between 200 and 400 nm. Vibronic
tructure is seen between 340 and 380 nm in the first intense
and.

.2. Luminescence

The emission spectrum exhibited a dependence on the con-
entration of dppz, Fig. 1a. Since the dependence of the
bsorbance on dppz concentration obeys the Beer’s law, the
ffect of the dppz concentration on the luminescence was adjudi-
ated to an excited state process. That the process was a reaction
etween the excited state and the ground state of dppz was
stablished in a time-resolved investigation of the luminescence.
hese experimental observations are described elsewhere in this
ork. The dppz’s emission spectrum also exhibited a depen-
ence on excitation wavelength, λexc, Fig. 1b. To investigate the
ependence of the emission on λexc, 10−5 to 10−4 M solutions
f dppz, i.e., concentrations that make the absorbance∼0.1 in a
cm optical path at λexc, were irradiated at several wavelengths,

.e., λexc = 350, 380, 400 and 420 nm.
In the absorption spectrum of dppz, the wavelengths 350 and

80 nm correspond to a shoulder in a complex band while the
avelengths 400 and 420 nm correspond to the higher energy

ide of the same band. A maxima at ∼466 nm and a shoulder at
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Fig. 1. Emission spectra of 1.1× 10−4 M dppz in CH2Cl2. (a) Dependence of the
emission spectrum on the dppz concentration. (b) Dependence of the spectrum
on excitation wavelength. The wavelength of the excitation, λexc, is indicated
in the figure. The spectra in (a) and (b) are normalized to the intensity of light
absorbed by dppz at the wavelength of excitation.

∼538 nm can be seen in the emission spectrum of dppz when
λexc = 400 or 420 nm. By contrast, the maximum is at ∼457 nm
in the emission spectrum when λexc = 350 or 380 nm. The two
bands have a considerable overlap when the emission of dppz
was investigated in CH2Cl2. Two different sources of the lumi-
nescence account for these experimental observations and for
the dependence of the excitation spectrum on the monitoring
wavelength, λob. Large differences were observed between the
excitation spectra recorded, respectively, with λob = 450 and
510 nm, i.e., near the maxima of the two bands in the emis-
sion spectrum, Fig. 2. In relative terms, the emission at 510 nm
is more intense when dppz is irradiated in the shoulder at 420 nm
than at λexc ≤380 nm. The order of intensities is reversed when
the luminescence is monitored at 450 nm. Luminescence quan-
tum yields for the 350 or 400 nm irradiation of dppz in different
media are presented in Table 1. They reveal that irradiation at
400 nm induces a more intense emission than the irradiation
at 350 nm.The effect of proximate ��* and n�* excited states
has been discussed in the literature in connection with the pho-
tophysics of the azines [34–37]. On this basis, when dppz is
irradiated at 400 nm the solvent dependence of the emission

Fig. 2. Excitation spectrum of 10−4 M dppz in CH2Cl2. The emission was mon-
itored at λob = 450 nm (a) and λob = 510 nm (b).

quantum yield can be associated with a luminescent lowest lying
��* excited state which has a neighboring n�* excited state
positioned at a higher energy. The values of the emission quan-
tum yield measured when dppz was irradiated at λexc = 350 nm
show the reverse order of the quantum yields obtained when
the irradiation was carried out at λexc = 400 nm. This reverse
order suggests a more efficient deactivation of the emissive ��*
excited state by the n�* excited state.

Flash irradiation, λexc = 337 nm, of 9.0× 10−5 M dppz in a
variety of solvents, i.e., CH2Cl2, CH3CN or CH3OH, induced
a short-lived luminescence with a biphasic decay. One com-
ponent, τ ≤2.0 ns, was convoluted with the laser pulse. The
other component was fitted to an exponential with a life-
time, 17.0≤ τ≤ 20.0 ns, that was independent of the monitor-
ing wavelength and did not change when solutions of dppz
were acidified with HCH3SO3, Table 1. There is, however,
a linear dependence of the reciprocal of the lifetime on the
dppz concentration consistent with the dependence of the emis-
sion spectrum on dppz concentration. Self-quenching of the
luminescence’s long-lived component with a rate constant,

Table 1
Photophysical properties of dppz as a function of solvent and excitation
wavelength

Solvent τLUM (ns)a φLUM Acid concentration

C
C

C

i

λob = 530 nm λexc = 350 nm λexc = 400 nm

H2Cl2 18.8 2.5× 10−4 3.2× 10−3 b

H3CN 16.2 2.3× 10−4 1.2× 10−2 b

18.4 10−4 M CH3SO3H
20.0 >1 M CH3SO3H

H3OH 1.9× 10−4 1.8× 10−2 b

a Lifetimes calculated from traces recorded in the PTI flash fluorescence
nstrument. Solutions containing 9.0× 10−5 M dppz were irradiated at 337 nm.

b No acid added.
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Fig. 3. Transient spectra observed in flash photolysis experiments. (a) Excited
state transient spectra recorded with 2 ps and 450 ps delays from the 387 nm laser
flash irradiation of 10−4 M dppz in CH3CN. (b) Excited state transient spectra
recorded with different delays from the 351 nm laser flash irradiation of 10−4 M
dppz in CH3CN.

kq = (4.5± 1.5)× 1011 M−1 s−1, accounts for both experimen-
tal observations. Therefore, the self-quenching processes will
have an effect on the experimental observations when the con-
centrations of dppz are equal to or larger than 2× 10−5 M, a
concentration where 15% of the excited state is quenched by the
ground state.

3.3. Time-resolved UV–vis absorption spectroscopy of
transient species

As could be expected from the previously recounted experi-
mental observations, flash irradiated solutions of dppz exhibited
spectral changes in the fs to 1.6 ns time range. Traces recorded,
λexc = 387 nm, in this time domain showed a decay of the prompt
generated absorbance with a lifetime, τ ≈7.5 ps, Fig. 3a. Due to
the time scale of the observation, the process with τ≈7.5 ps must
be assigned to intersystem crossing processes of prompt gener-
ated singlet states into longer-lived triplet states. This obser-
vation is in accordance with an earlier communication in the

Fig. 4. Dependence on the dppz concentration of the rate constant for the decay
of the transient spectrum, (©) and left axis. The decay was observed on a time
scale 300 ps < t < 100 ns. The dependence of the relative yield of product formed
in this decay of the spectrum, (�), is plotted against the right axis. Yields of
product were evaluated at 300 ns, i.e., more than five time the lifetime of the
excited states, after the laser irradiation. In these experiments, solutions of dppz
in CH3CN were irradiated at 351 nm.

literature [38]. A subsequent slower decay of the absorbance
with a lifetime, τ ≥2 ns, was beyond the time domain accessible
to the instrument. However, the difference spectrum recorded
300 ps after the irradiation was the same observed in at ∼20 ns
time domain in another instrument with a slower time response.
It can be assigned to excited states giving rise to the 17–20 ns
emission.

In addition to the transient spectrum with 17–20 ns lifetime,
the transient spectra of longer-lived species were recorded in
a 1–60 �s time domain when solutions containing 2× 10−5 to
2× 10−4 M dppz in CH3CN were flash irradiated at 351 nm,
Fig. 3b. The transient spectra recorded with delays equal to or
longer than 102 ns, i.e., five times longer than the lifetime of the
luminescence, exhibited maxima at 390, 460 and 550 nm and a
biphasic decay. To verify that these long-lived transients were
products of the reaction between the triplet states and the dppz
ground state, the lifetime of the excited state and the yield of
products were measured as a function of the dppz concentra-
tion, Fig. 4. A relative quantum yield of the transient species
was calculated when the 460 nm absorbance change, �A460,
recorded 300 ns after the laser irradiation, was divided by the
absorbed intensity of the laser light, Iab/I0, relative to the inten-
sity of the incident laser light. This absorbed intensity was,
Iab/I0 = (1− 10−A351 ), where A351 is the absorbance of the
dppz solution at 351 nm. The relative measure of the quantum
yield of the transient species exhibited a linear dependence on
t
e

p
t
d
a
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he dppz concentration as it is expected for the reaction of an
xcited state with the ground state.

In accordance with the quenching of the luminescence, the
roducts of this reaction are formed in less than a 100 ns and
hey disappear in 102 �s with a complex kinetics. The biphasic
ecay of the long-lived products was investigated at 460 nm as
function of the dppz concentration. In the range of dppz con-

entration from 2× 10−5 to 2× 10−4 M, the biphasic decay of
he transient spectrum exhibited the kinetics expected for two
onsecutive reactions that are kinetically of a first order and a
econd order. Indeed, oscillographic traces obtained from flash
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photolysis experiments with a 2× 10−5 M dppz solution showed
deviations from an exponential, �A0 exp(−kT× t), where �A0,
is the absorbance change 300 ns after the laser irradiation and
kT = (2.5± 0.3)× 105 s−1. The deviations from the exponential
decay became more pronounced with an increasing concen-
tration of dppz. When 2× 10−4 M dppz was flash photolysis
irradiated, the dependence of the reciprocal of the flash induced
change in the 460 nm absorbance, 1/�A460 on time was almost
linear, i.e., it approached close to a rate law with a second
order on reactant concentration. The ratio of the rate constant to
the extinction coefficient, 2k3/�ε = 1.0× 106 cm s−1, was cal-
culated from the plot of 1/�A460 versus t. Values of 2k3/�ε and
kT were also calculated from a nonlinear squares fitting of the
oscillographic traces by Eq. (2).

�Aλ(t)

�Aλ(0)
= exp(−kTt)+ �ε

�ε∗
k2kTt2 + �ε

�ε∗

×
(
−2

3

�Aλ(0)

�ε∗
k2

2k3 + 1

6
k2k

2
T

)
t3. (2)

Eq. (3) is an analytical expression of the absorbance change
when a photogenerated species R*, with an extinction coeffi-
cient ε*, forms transient products, P1 and P2, whose extinction
coefficients are, respectively, ε1 and ε2, Eqs. (3)–(5).
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Fig. 5. Transient spectra (a) recorded with different delays from the 351 nm laser
flash irradiation of 1.2× 10−4 M dppz and 0.93 M TEOA in CH3CN. In (b) the
spectrum recorded when 1.0× 10−4 M dppz in CH3OH is reduced by e−sol, (�),
and the spectrum, (–), of the dppz•− radical generated when 3.0× 10−4 M dppz
in CH3CN is reduced over a Pt working electrode modulated between −1500
and−600 mV at 11 Hz. A Ag/AgCl electrode was used as a reference electrode.
The angle of incidence of the probe is 45◦ and the support electrolyte is 0.1 M
Bu4NPF6.

undergoes some inefficient redox processes with the excited
states. A similarly inefficient reaction between electronically
excited phenazine and 2-propanol has been communicated else-
where in the literature [39].

In contrast to the poor reactivity with 2-propanol, the tran-
sient with λmax = 460, 550 nm readily reacted with 9.3× 10−1 M
TEOA. The decay of the reaction with 2-propoanol is kinet-
ically of a second order on the product’s concentration, i.e.,
plots of 1/�A versus t were linear. A ratio of the rate con-
stant to the extinction coefficient, 2.5× 104 cm s−1, was cal-
culated from the slope of 1/�A400 versus t, where �A400 is
the absorbance change at 400 nm. The expected product of the
reaction is the protonated radical dppzH•. Protonation of the
radical is proposed in accordance with the strong base character
of the pyridinyl radicals [40,41]. However, pronounced differ-
ences were seen between the spectrum of the transient product
and the spectrum of the electrochemically generated dppz•−
radical, Fig. 5a and b. In Fig. 5b, the spectrum of the dppzH•
radical obtained by the spectroelectrochemical technique is in
excellent agreement with the literature spectrum [42]. To con-
firm the nature of the species observed in the already described
flash photolysis experiments, dppz in methanol was reduced with
pulse-radiolytically generated e−sol. This product and the reaction
product generated in the flash irradiation of dppz in the pres-
ence of TEOA exhibited the same spectrum, Fig. 5b. The redox
potentials of the CH O/CH OH• and dppz/dppz•− show that
t
G
n
a
N

−→R∗−→R (3)

∗ k2−→P1 + P2 (4)

1 + P2
2k3−→R (5)

In Eq. (2), �Aλ(0) and �Aλ(t) are the photoinduced
bsorbance changes at the observation wavelength λ. They
ave been, measured, respectively at the beginning of the
eaction and at an instant t. Other parameters in Eq. (2)
re the relative extinction coefficients, �ε* = ε*− εA and �

= ε1 + ε2− 2εA where εA is the extinction coefficient of A and
T = k1 + k2. The values of 2k3/�ε and kT, calculated with Eq.
2), 2k3/�ε = 2× 106 cm s−1 at 460 nm and kT = 2.1× 105 s−1,
greed with those reported above for the limiting kinetics.

Similar transient spectra were recorded in the 351 nm pho-
olysis of 2.5× 10−5 M dppz in CH2Cl2. A displacement of the

aximum∼10 nm toward the red and a marginally slower decay
inetics were the differences between the transients generated
n CH2Cl2 and CH3CN.

.4. Scavenging of transient species

One characteristic reaction of n�* excited states is the
bstraction of H atoms from primary and secondary alco-
ols. However, the spectra and decay kinetics of the tran-
ients observed when 1.2× 10−4 M dppz and 9.3× 10−1 M
-propanol in CH3CN were irradiated at 351 nm were the same
f those transients generated in the absence of 2-propanol. It
ust be concluded that the abstraction of hydrogen from 2-

ropanol by n�* excited states of dppz is an inefficient process.
he continuous dppz photolysis has also shown that 2-propanol
2 2
he reduction of the dppz by CH2OH• has a Gibs free energy,

0 > 0. In accordance with the endoergonicity of the reaction,
o transient spectrum indicative of a reaction between CH2OH•
nd dppz was observed in pulse radiolysis experiments with
2O-saturated solutions of dppz. The spectroscopic differences
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Fig. 6. Stern–Volmer plot for the quenching of the dppz emission by TEA. The
solutions, 2× 10−5 M dppz and a given concentration of TEA in CH3CN were
irradiated at λexc = 350 nm.

between the electrochemically and photochemically generated
radicals are accounted for the formation of adducts, (dppz)2H•,
when the concentration of dppz is equal to or larger than 10−3 M.
Indeed, the spectrum of the pulse-radiolytically generated radi-
cal approaches the spectrum of the electrochemically generated
radical as the concentration of dppz is increased in accordance
to Eq. (6) (G. Ruiz, G. Ferraudi, in preparation).

dppz
e−+H+−→ dppzH•

+dppz
�
−dppz

(dppz)2H• (6)

3.5. Quenching of the luminescence

In steady-state irradiations of 2× 10−5 M dppz in CH3CN,
the quenching of the luminescence with 0.8 to 10−2 M
2,2′,2′′nitrilotriethane, TEA, in CH3CN also supported the fact
that two different excited states were the sources of the dppz
luminescence. The data in a Stern–Volmer plot drawn for
the quenching of the dppz luminescence when λexc = 350 nm
had to be fitted to two lines with slopes KSV,1 = 4.3 M−1 and
KSV,2 = 3 M−1, Fig. 6. Since no changes were observed in the
UV–vis spectrum of dppz in the mentioned range of TEA con-
centration, formation of a ground state adduct between TEA
and dppz cannot be responsible for the decreasing intensity of
the dppz luminescence with TEA concentration. Also, the low
c
p
T
T

The lifetime of the luminescence and time-resolved absorp-
tion spectroscopy, τ = 16.2 ns, induced when dppz is irradiated
in CH3CN, Table 1, can be combined with KSV,1 = 4.3 M−1

to give a quenching rate constant for the reaction with TEA,
kq = KSV,1/τ = 2.6× 108 M−1 s−1. A reason for the smaller value
of the Stern–Volmer constant, KSV,2 = 3 M−1, for the second
component of the Stern–Volmer plot reason is that the quenched
excited state undergoes a relaxation to the ground state with
a lifetime τ = 7.5 ps. Because the lifetime is shorter than the
time response of our flash fluorescence instrument, the emission
from this excited state was convoluted with the laser pulse in our
flash-fluorescence experiments. It was detected, however, in our
time-resolved spectroscopy, i.e., experiments in a time domain
of fs to ns. This excited state must be quenched, therefore, with a
diffusion controlled rate, i.e., kq = KSV,2/τ = 4.0× 1011 M−1 s−1.

4. Discussion

A comparison between the UV–vis absorption spectra
of the dppz and the related compound, dipyridil[3,4-b:2′,3′-
c]phenazine, reveal some of their common spectral features.
In the spectrum of dipyridil[3,4-b:2′,3′-c]phenazine, theoret-
ical calculations predicted a low intensity band at ∼470 nm
corresponding to the 1(n�*)←S0 transition [43]. This opti-
cal transition appears, however, at a shorter wavelength, i.e.,
438.6 nm, in the spectrum of dipyridil[3,4-b:2′,3′-c]phenazine.
T
c
c
t

F
s
w
o
c
a
i
t
b
a
e
t
e
a
e

c
i
d
i
v
s
t
d
t
l

oncentration of dppz prevented the formation of scavengeable
roducts of the reaction between excited and ground state dppz.
he two quenching regimes must be assigned to reactions of
EA with two different excited states.
he first intense band in the spectrum of dipyridil[3,4-b:2′,3′-
]phenazine has been assigned to a 1(��*)←S0 transition and
orrelates with the first intense and structured band in the spec-
rum of dppz.

The features of the emission and excitation spectra of dppz,
igs. 1 and 2, must be rationalized on the basis of two isolated
ources of the luminescence. Species in a thermal equilibrium
ith dppz, i.e., ground state adducts and/or high concentrations
f impurities functioning as different sources of the lumines-
ence can be discounted. They were undetected in the 1H NMR
nd UV–vis spectra and no significant differences were observed
n the spectroscopy and photophysics of dppz samples subjected
o different purification procedures. The sources have, therefore,
een ascribed to two different manifolds of excited states. In
ddition, products formed of the reaction between electronically
xcited dppz and ground state dppz have much longer lifetimes
han the lifetimes of the luminescence. If they are electronically
xcited adducts, i.e., excimers, their luminescence must have
small quantum yield that prevented their observation in our

xperiments.
The irradiation of dppz at λexc = 350 nm induces lumines-

ence with 10 to 100 times smaller quantum yields than the
rradiation at 400 nm, Table 1. Moreover, the solvent depen-
ence of the luminescence quantum yield when λexc = 350 nm
s the one expected when a fluorescent 1��* is partially con-
erted to a n�* excited state or the n�* excited state is itself the
ource of the phosphorescence [34–37]. The low efficiency of
he reaction between the excited states of dppz with 2-propanol
oes not support, however, the latter proposition. By contrast
o the irradiation of dppz at 350 nm, the quantum yield of the
uminescence induced when dppz is irradiated at 400 nm has the
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Fig. 7. Jablonski diagram for the radiationless and radiative relaxation of excited states populated when dppz is irradiated, respectively, at λexc ∼400 nm and λexc

∼350 nm. It shows upper 1(��*) excited states being depopulated by a 3(n�*). The reaction of the long-lived escited state with the ground state of dppz has not been
included in the diagram.

dependence on solvent polarity usually associated with a fluo-
rescent 1��*. These arguments are graphically represented in
the Jablonski diagram in Fig. 7. In Fig. 7a the diagram shows a
1(n�*)0 deactivating the 1(��*)� excited state and undergoing
a non-radiative decay to the ground state. In this manifold of
excited states, the fluorescence quantum yield is small, φLUM
∼10−4, because the 1(��*)� populated with 350 nm photons is
partially converted to the 3(n�*)0 with or without participation
of the 1(n�*)0. In the other manifold, Fig. 7b, the population
of the 1(��∗)′ν with 400 nm photons induces luminescence with
a larger quantum yield, φLUM ∼10−2. It is tempting to ascribe
the origins of the (��∗)′ν and (��*)� manifolds to different �*
orbitals of the dppz as is the case in the photphysics of transition
metal complexes of dppz.

Since 3(��∗)′ν and 1(��*)0 disappear with the lifetime of the
dppz’s luminescence, i.e., τ ≤20 ns, they cannot be related to the
long-lived transient UV–vis spectra shown in Fig. 3b.The depen-
dence of the yield on dppz concentration and the autoquenching
of the luminescence indicate that the spectra in Fig. 3b must be
associated with products of the reaction between the electroni-
cally excited dppz and ground state dppz. In addition, the spectra
at times t >1 �s has a strong resemblance with the spectrum
of the dppz•− radical. A mechanism, Eqs. (4)–(6), consistent
with these observations and the kinetics of spectrum decay may
involve the formation of an excimer, Eqs. (7)–(12).

d

d

d

d

(

d

w
i

solvent. The rate constants k2 and 2k3, Eqs. (11) and (12), are
similar to those defined in Eqs. (4) and (5). In order to account
for the experimental observations, the (dppz)2* spectrum must
be first observed at ∼300 ns as in Fig. 3b and the spectra at
a time longer than t >1 �s must be a combination of the pro-
tonated dipyridil[3,2-a:2′3′-c]phenazininyl and cation radical
species spectra.

Electronically excited dppz, dppz*, reacts inefficiently with
2-propanol and efficiently with TEA and TEOA. Although, these
processes must occur via electron transfer or H-abstraction reac-
tions, the former mechanism is in better agreement with the
assignment of the transient spectra in Fig. 3a to 1(��*)1 and
3(��∗)′1 excited states. The n�* excited states shown in Fig. 7
are expected to be too short-lived and/or devoid of the energy
necessary to drive an H-abstraction reaction from secondary or
primary alcohols. A similar photobehavior of the lowest lying
n�* excited states in azines and phthalocyanines has been com-
municated in literature reports [34–37,44]. In addition to the
lack of a proper electronic distribution for an H-abstraction in
the 1(��*)1 and 3(��∗)′1 excited states, these excited states are
devoid of the energy necessary for the H-abstraction. Based
on the electrochemical potential, E0∼−1.0 V versus NHE, for
the dppz/dppz•− couple and a photonic energy of ∼200 kJ/mol
for the 0–0 transition, the ��* excited states must have a
marginal excess energy over the ∼100 kJ/mole required for the
H-abstraction from 2-propanol. Therefore, the H-abstraction
f
a
t
w
a
t
o
∼
a
a
p
a
t
b

ppz
hν,φ−→dppz∗ (7)

ppz∗ → dppz (8)

ppz∗ → dppz+ hν′ (9)

ppz ∗ dppz−→(dppz)∗2 (10)

dppz)∗2
k2′+H+−→ dppzH• + O•+ (11)

ppzH• + O•+
2k3′−H+−→ dppz+ O (12)

Eqs. (8)–(10) occur on the time scale of the luminescence
ith an overall rate constant kT ≈2× 105 s−1, Eq. (2), and O•+

n Eqs. (11) and (12) can be dppz•+ and/or a radical from the
rom 2-propanol by the ��* excited states is expected to be
slow and inefficient process. The point has been shown in

he flash photolysis experiments with dppz and in literature on
orks with phenazine [39]. The thermochemical restrictions

re less stringent when the redox process involves an elec-
ron transfer between reactants. Indeed, the reduction potential
f the electronically excited dppz couple dppz*/dppz•− is E0

1.0 V versus NHE, when the energy of the 0–0 transition is
dded to the reduction potential of the ground state couple. In
ccordance with the Marcus–Jortner theory, the dppz* reduction
otential is large enough for outer sphere electron transfers with
small reorganization energy, i.e., one whose largest contribu-

ion is provided by the work terms. On this basis, the reaction
etween dppz* and 2-propanol, E0 ≈0.90 V versus NHE for the
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(CH3)2(C•)OH/(CH3)2CHOH couple has a small driving force
whereas TEOA, E0≈0.82 V versus NHE for the TEOA•+/TEOA
couple, has the driving force necessary to overcome the reorga-
nization energy.
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