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Abstract

The photophysical properties of the Zn salt of octaethylcorrphycene (compound 1) and the doubly protonated
octaethylcorrphycene (compound 2) were determined in benzene solutions. Fluorescence spectra and fluorescence
quantum yields of @F (1)=0.03 +0.02 and &F (2) =0.06 + 0.02 were measured. The triplet—triplet absorption
spectra were obtained by means of flash-photolysis experiments. The triplet quantum yield values @7 (1) =0.79 +
0.08 and @T (2) = 0.82 + 0.08 were obtained by using laser-induced optoacoustic spectroscopy. The quantum yield of
singlet molecular oxygen generation in air-saturated solutions, @, (1) =0.55 £ 0.07 and &, (2) =0.38 +0.05, were
also measured using time resolved NIR luminescence. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

The transfer of electronic energy to molecular
oxygen from the triplet states of large molecules
leading to formation of singlet molecular oxygen,
O,('Ap), is of biomedical interest for the initiation
of tissue damage in photodynamic therapy of
tumors (PDT). Several porphyrins and por-
phycenes have been found to be appropriate for
their use in PDT [1].
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tire).

Corrphycenes, molecules with close structural
similarity to their isomers, porphyrins and por-
phycenes, were recently synthesized. Their poten-
tial use as sensitizers for PDT requires the
knowledge of their photophysical properties. Pre-
vious work in this direction indicates that cor-
rphycenes meet a priori criteria to be considered
for this purpose [2].

The recent availability of the Zn salt of oc-
taethylcorrphycene (compound 1) and of the dou-
bly protonated octaethylcorrphycene (compound
2) allows us to study the photophysics of these
compounds. In this paper we report the excited-
state properties of molecules 1 and 2, as well as
the transfer of electronic energy to molecular oxy-
gen, in benzene solutions (Scheme 1).
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2. Experimental

Compounds 1 and 2 were synthesized by the
group of Professor Emanuel Vogel (Cologne).
Rhodamine B, Zn-tetraphenylporphyrine
(ZnTPP) and 2-hydroxy benzophenone were used
as supplied from Aldrich. Ethanol and benzene
were from Merck.

Ground-state absorption spectra were recorded
with a Cary 3 computer-controlled spectrophoto-
meter. Fluorescence emission spectra were
recorded on a SLM 4800C Aminco spec-
trofluorimeter (excitation-wavelength = 355 nm),
using N,-saturated solutions of matched ab-
sorbances (0.050 + 0.002) of compounds 1 and 2
in benzene, and the reference rhodamine B in
ethanol (@,_0.65) [3]. The comparison of the
areas of the complete fluorescence spectra of 1
and 2 with that of the reference yielded the (&g
values.

2.1. Triplet measurements by flash photolysis

Triplet—triplet (T—T) absorption of compounds
1 and 2 were obtained through flash-photolysis
(FP) experiments with optical detection. N,-satu-
rated benzene solutions were excited with the
third harmonic (1 = 355 nm) of a Nd:YAG laser
(Spectron SL 800, 8 ns pulsewidth). The compara-
tive method was employed to determine the
product Ag,e, P+ (triplet minus ground-state ab-
sorption coefficient times intersystem crossing
quantum yield) [4]. The dependence of the tran-
sient absorbance extrapolated to zero-time (A,)
on the laser energy was determined at (1, = 460
nm for 1 and 2 and the reference ZnTPP

)
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Scheme 1.

(AP 6.2 x10° M~! cm~") [5,6]. The ab-
sorbance of sample and reference solutions at the
excitation wavelength (455 = 0.150)were matched
within + 0.002.

2.2, LIOAS experiments

Laser induced optoacoustic spectroscopy
(LIOAS) was used for the determination of the
product @& E;. The excitation source was the
third harmonic of a Nd:YAG laser (Surelite II,
Continuum, 7 ns fwhm pulse). The pressure wave
was monitored with a piezoelectric ceramic detec-
tor characterized by a resolution time of 1 ps [7].
The excitation energy was attenuated using two
polarizers and measured with a pyroelectric detec-
tor (RjP-76, Laser Precision) using a calibrated
quartz glass as beam-splitter. All experiments
were carried out in the linear-energy-dependent
range. The amplitude of the acoustic signal (H)
was used to determine the prompt heat response
of the system. The amplified acoustic signals were
processed and stored by a digital oscilloscope
(TDS 540, Tektronix). 2-Hydroxybenzophenone
(2HOB) was used as the calorimetric reference {8].
All the experiments were performed in N,-satu-
rated solutions, at absorbances in the range 0.08 -
0.20.

2.3. Time-resolved NIR luminescence

Quantum vyields of singlet molecular oxygen
[O,('A,)] generation (P, ,were determined using
time-resolved near infrared luminescence with the
same excitation as described above for LIOAS.

The luminescence emerging from the cuvette
passed through a filter combination (a cut-off at
1050 nm plus an interference filter at 1270 + 50
nm) and was collected with a germanium diode
(Judson 116 8Sp, 5 mm diameter) placed at a
right angle to the excitation beam. The signals
were stored in a PC and the decays fitted with a
single-exponential decay function.

In order to obtain &, the phosphorescence
amplitude extrapolated to zero time (/) (deter-
mined at various laser pulse energies, E,,) was
compared to the value of the energy-dependent I,
value for anthracene (&, =0.66 in benzene) [9]
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Fig. 1. UV-visible absorption spectra of compounds 1 and 2 in
benzene. The value of the absorption maxima and the absorp-
tion coefficients are: 435 nm (e=315x 10° M~ 'em—1); 560
nm (¢=25x10> M~! cm~!); 596 nm (¢=6.8 x 10> M !
em~ ') for compound 1; and 423 nm (¢=210 x 10> M~!
cm~'); 512 nm (e=165%x10> M~! em™1); 561 nm (¢=
62x10°M~1em—1); 577 nm (=79 x 10° M~ ' cm— 1) and
632 nm (¢=2.9 x 10> M~ ! cm —!) for compound 2.
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Fig. 2. Emission spectra of N,-saturated benzene solutions of:
1.5 pM compound 1 and 1.6 uM compound 2. A, = 355 nm.
The emission maxima are 652 and 634 nm for compounds 1
and 2, respectively.

used as the reference. Comparison of the slopes of
the linear plots I, versus E,, of solutions of
sample and reference under the same conditions

(i.e. air-saturated solutions of matched ab-
sorbances in the same solvent; A,s5_0.5) afforded
the (@ values).

3. Results

3.1. Ground-state absorption and fluorescence
spectroscopy

The UV-visible ground-state absorption and
the emission spectra of compounds 1 and 2 in
benzene are shown in (Figs. 1 and 2), respectively.

3.2, Triplet-state properties

The T-T absorption spectra of compounds 1
and 2 (Fig. 3) show a maximum at 460 nm. The
decay of the 460 nm transient absorbance was in
each case monoexponential with 7 _(54 + 3) us
and (14 + 2) ps, for compounds 1 and 2, respec-
tively.(Fig. 3)

The zero-time absorbances at the wavelength of
the T-T absorption maximum of ZnTPP, 1 and
2, were linear functions of the laser-pulse energy,
E,.. Using the literature data for ZnTPP (vide
supra) the slopes of the straight lines (Fig. 3),

0.08 T

0.06

1
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Fig. 3. Triplet—triplet absorption spectra of compound 1 (A)
and compound 2 (@). Inset: laser energy dependence of the
zero-time transient absorbance for compound 1 (A), com-
pound 2 (@), and for reference compound ZnTPP (O).
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Fig. 4. Ratio H/E,, versus (110 ~“) for the reference and for
compounds 1 and 2, as indicated.

inset yielded the values Ay @1 =(2.71+0.2) x
10* and (10+1)x 10> M~'em~! for 1 and 2,
respectively.

Estimated values of A, for compounds 1 and
2 were determined by using the bleaching at 560
and 510 nm, respectively, and assuming that the
triplet-states do not absorb at this wavelength
(bleaching region, see Fig. 3). Bleaching recovery
measurements at wavelengths closer to the maxi-
mum of the Soret bands were precluded due to
self-absorption of the analysing beam. The com-
parison of the slopes of the linear plots of (4, vs
E,, at 460 and 560 nm along with the products
Agyg @1 afford the value of &= (0.46 + 0.05) for
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Fig. 5. Laser energy dependence of the extrapolated zero-time
amplitude for the time-resolved 02(‘Ag) phosphorescence sig-
nal for: anthracene (1), compound 1 (A).

1 and (0.44 £ 0.05) for 2. Should the triplet-states
of 1 and 2 absorb at 560 and 510 nm, respectively,
then the T values would be lower limits.

For transients living longer than the LIOAS
experimental window (which is the case of the
triplet-states since their lifetime was > 10 ps for
both compounds), the amplitude (H) of the first
LIOAS signal deflection is related to the laser
energy, E,,, and to 4 by Eq. (1) [8].
H=kaoFE,(1-10"4) (1)
in which k is a proportionality constant involving
geometrical parameters and thermoelastic proper-
ties of the solvent, and (is the fraction of absorbed
energy dissipated as heat within the integration
time of the experiment. At different absorbances
linear plots of H versus E,, were obtained for
N,-saturated benzene solutions of compounds 1,
2, and 2-HOB. The ratio of the slopes of the
straight lines obtained for H/E,, versus (1-10~4)
(Fig. 4), ields the same value of « =0.62 +0.02
for both compounds. This value is used for the
calculation of the energy stored by the triplet-
states (vide infra).

3.3. 0,('4,) generation

The O,('A,) lifetime in benzene was 7, = 32 +4
us when using anthracene as sensitizer in excellent
agreement with the reported lifetime in this sol-
vent [9]. The same value, within experimental
error, was obtained for compounds 1 and 2 as
sensitizers. From the slopes of the energy-depen-
dent zero-time emission amplitudes (Fig. 5) and
the literature data for anthracene &,=0.61 %+
0.07, the values of @, =0.5540.07 and 0.38 +
0.05 are obtained for compounds 1 and 2,
respectively (Table 1).

4. Discussion

On account of the heavy atomic effect of Zn in
compound 1, a @ value lower than that obtained
for the neutral octaethylcorrphycene [2] should be
expected. However, the large error bars involved
with the measurement of low fluorescence quan-
tum yields (Table 1) precluded an accurate
comparison.
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We here observe monoexponential decays of
the triplet-states of compounds 1 and 2 in ben-
zene. However, a biexponential decay was re-
ported [2] for the triplet-states of the neutral
octaethylcorrphycene in toluene. Hydrogen ab-
straction from the methyl group of toluene could
account for this discrepancy.

The & values obtained by FP for compounds 1
and 2 under the assumption that the triplet-states
do not absorb in the bleaching region (vide supra)
are lower than those obtained for &,. This be-
haviour could arise from O,('A,) generation
through fluorescence quenching by O,(Z )
which is produced only if the energy gap between
the singlet and triplet-states, Eg_,> E (the energy
content of singlet molecular oxygen =92 kJ
mol ~ 1) [10].

The excited singlet level of compounds 1 and 2
(Es=191 kJ mol~"' for both compounds) was
determined from the crossing of the absorption
and fluorescence spectra. The triplet-state content
of the neutral octaethylcorrphycene molecule in
iodopropane was estimated to be about 149 kJ
mol~! [2]. By taking a similar value of E; for
compounds 1 and 2 (a reasonable assumption in
view of the structural similarity of the com-
pounds), the energy gap Es  would be about 42
kJ mol ~' < Eand the fluorescence quenching by
0, (Z,.) leading to O,('A,) should be discarded.
In that case, the @1 values obtained by FP should
be taken as lower limits due to possible triplet
absorption in the bleaching recovery region and
the more reliable values of @, obtained from the
LIOAS data should be used [11].

Table 1
Photophysical properties of compounds 1 and 2

Compound 1 Compound 2
E, (k] mol~'y® 191 +9 191+9
o° 0.03 +0.02 0.06 + 0.02
@,.° 0.79 + 0.08 0.82 +0.08
[ 0.55+0.07 0.38 £ 0.05

* Determined from the crossing of the absorption and emis-
sion spectra.

® Measured in N,-saturated solutions.

¢ Estimated value from LIOAS experiments assuming for E
the value determined for the neutral corphycene [2].

The energy balance Eq. (2) was used to evaluate
D

E‘exc(1 - 0() = dsf(Ef) + ¢TET (2)

-xc 18 the excitation energy per mole of
photons and (E;) is the mean fluorescence energy.
By using the values of a and &, (E) determined in
this work, it is obtained @ Er=(117+7) kJ
mol ~! and &1 Er = (122 4+ 2) kJ mol~! for com-
pounds 1 and 2, respectively. With E =149 kJ
mol ~! as for the neutral octaethylcorrphycene [2],
triplet yields of 0.79 +0.08 and 0.82 + 0.08, re-
spectively, are obtained. These values are close to
that determined for the neutral octaethylcor-
rphycene, as expected from the structural similar-
ity of the three compounds [2]. These results
together with the ¢,values, obtained in air-satu-
rated solutions indicate a relatively poor triplet-
to-oxygen energy transfer process  with
S, =(= @,/P;) values of 0.69 and 0.46 for com-
pounds 1 and 2, respectively. A low S,value is
also obtained for the neutral octaethylcor-
rphycene (S, = 0.48/0.9 = 0.53) [2] in toluene.

The products A Op=(2.7+0.2) x 10* and
(10+ 1) x 10* M~ 'cm ! for compounds 1 and 2,
obtained from FP measurements along with the
@1 values determined by LIOAS yield Ay =
(3.4+0.4) x 10* and (1.24+0.2) x 10* M~ ecm !
for both compounds, respectively (Table 1).

Thus, compounds 1 and 2 fulfil some of the a
priori criteria — under in vitro conditions in
liquid solution — given as prerequisites for dyes
to qualify as agents suited for photodynamic tu-
mor therapy [12,13].

where E
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