
Abstract. Absorption and fluorescence spectra and quan-
tum yields of fluorescence and singlet oxygen generation
were studied in air-saturated solutions of a newly synthes-
ised dye, tetra (1,1,4,4-tetramethyl-6,7-tetralino)porphyrazi-
ne (TMTP), in benzene. Photophysical properties of TMTP
are similar to those of previously studied tetra(4-tert-butyl)
phthalocyanine (TBPc). However, the TMTP absorption
and fluorescence bands are shifted to the longer wavelengths
compared with those of TBPc. The laser-induced generation
of singlet molecular oxygen 1O2 in TMTP solutions caused
strong singlet oxygen-sensitised delayed fluorescence of the
dye. The efficiency of singlet-oxygen-sensitised formation of
excited TMTP molecules is two times higher than that of
TBPc. It is shown that TMTP can serve as an efficient
luminescence sensor of singlet oxygen.

1. Introduction
It is known that upon dye-photosensitised generation of the
1Dg singlet state of molecular oxygen 1O2 in air-saturated
solutions, the short-wavelength emission is observed in the
600 ^ 800 nm region along with the IR phosphorescence at
l � 1270 nm corresponding to the transition of O2 mole-
cules from the singlet to the ground state [1 ^ 5]. The decay
kinetics of the short-wavelength emission and the depend-
ence of its intensity on the excitation intensity suggest that
two 1O2 molecules are responsible for emission of one
photon.

Spectral studies showed that the nature of the short-wave-
length emission depends substantially on photophysical
properties of dyes and oxygen. In dye solutions with the major
fluorescence band located at l4 600 nm, this emission is
mainly related to dimers (dimols) (1O2)2. In dye solutions
with the major fluorescence band located at l5 700 nm,
the emission spectrum coincided with the fluorescence
spectrum of the dye; i.e., singlet-oxygen-sensitised delayed
fluorescence (SOSDF) of the dye was observed [1 ^ 5].

The SOSDF quantum efficiency varied within eight
orders of magnitude, depending on the nature of the dye.
The most intense SOSDF was observed in solutions of
some phthalocyanines and naphthalocyanines [3 ^ 9]. Solu-
tions of tetra(4-tert-butyl)phthalocyanine (TBPc) have been
studied most thoroughly. The SOSDF quantum yield in
TBPc solutions reached 0.2 ^ 0.4, which exceeds the quantum
yields of the 1O2 phosphorescence by 2 ^ 4 orders of magni-
tude [8, 9]. Therefore the detection of SOSDF can be
considered a promising method for studying 1O2 in chemical
systems, and a search for novel dyes capable of efficient
SOSDF becomes very important.

This work is a continuation of a series of previous pub-
lications devoted to the analysis of SOSDF of various dyes
[3 ^ 6, 8 ^12]. The goal of this paper was to study a new
compound, tetra(1,1,4,4-tetramethyl-6,7-tetralino)porphyra-
zine (TMTP), synthesised at the Research Institute of
Organic Intermediates and Dyes. The structural formula of
TMTP is shown in Fig. 1. This compound is a derivative
of phthalocyanine containing symmetrical aliphatic 1,1,4,4-
tetramethylcyclohexane moieties in benzene rings. The terti-
ary carbon atoms of these moieties, like the tert-butyl groups
of previously studied TBPc increase the solubility of TMTP in
organic solvents. In contrast to TBPc, representing a mixture
of isomers with different arrangement of tert-butyl groups,
which complicates the interpretation of the data obtained
by using TBPc, TMTP is an individual compound that
does not have isomers. In addition, the introduction of

AAKrasnovskyJr ANBach Institute of Biochemistry,RussianAcademy
of Sciences, Leninski|̄ pr. 33, 117071 Moscow, Russia
C Schweitzer, H Leismann, C Tanielian Laboratoire de Photochimie,
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Figure 1. Structural formula of tetra(1,1,4,4-tetramethyl-6,7-tetralino)-
porphyrazine.



tetramethylcyclohexane moieties does not change the true
D2h symmetry of phthalocyanine,whereas in TBPc the symme-
try is only inherent in its chromophore group, being distorted
by the substituents.

2. Materials and methods
Absorption and luminescence measurements of samples
were performed in a rectangular 4 mm� 10 mm quartz
cell. The absorption spectra of dye solutions were recorded
with a Uvikon 930 spectrofluorimeter (Kontron Instruments,
Milan, Italy). The fluorescence and fluorescence excitation
spectra were measured with a Perkin Elmer LS50 spectro-
fluorimeter (England).

Phosphorescence of singlet oxygen at l � 1270 nm was
detected with an Edinburgh Analytical Instruments setup
(Edinburgh, Scotland). Phosphorescence was excited by the
third harmonic (355 nm) of a Nd:YAG laser (Continuum
Minilite, USA). The laser pulse energy was 0.9 mJ, the pulse
repetition rate was 10 Hz, the pulse duration was 4 ns, the
laser beam diameter was 3 mm and the energy density of
laser radiation was 13 mJ cmÿ2. Phosphorescence was
detected with an EO-817 cryogenic germanium photodetector
(North Coast Corporation, Santa Clara, California, USA)
cooled by liquid nitrogen at an angle of 908 to a laser beam
through a cut-off light filter transmitting light at l > 1100
nm. The maximum transmission of the filter was 50%.

The delayed fluorescence was measured with the same
setup through a cut-off filter transmitting at l > 630 nm.
The analogue signal of the photodetector was fed to a digital
storage oscilloscope (Tektronix Tekscope) and then processed
by a PC with software from the Edinburgh Analytical Instru-
ments and also an Excel spread-sheet. The luminescence
decays measured upon pulsed laser excitation were detected
by accumulation and averaging signals over 20 ^100 laser
pulses. The time resolution was a few microseconds.

The dyes TMTP and TBPc synthesised by the methods
described in Refs [13, 14] were kindly provided by S A
Mikhalenko and L I Solov'yova. Benzene, tetraphenylpor-
phyrin and phenalenone were purchased from Aldrich
Chemical Company (Milwaukee, Wisconsin, USA).

3. Results and discussion
3.1 Absorption and fluorescence spectra
Absorption spectra of TBPc and TMTP in benzene are com-
pared in Fig. 2. The strongest absorption bands are located
at l � 699 nm for TBPc and at l � 711 nm for TMTP.These
bands are known to correspond to Qy transitions in dye
molecules [15]. The molar extinction coefficients at the max-
ima of these bands are 1.76105 mole litreÿ1 cmÿ1 for TBPc
[13] and 2.56105 mole litreÿ1 cmÿ1 for TMTP [14]. The Qx

bands at l � 663 nm for TBPc and at l � 676 nm for TMTP
are weaker by �20%.

The fluorescence spectra are shown in Fig. 3. To avoid
reabsorption of fluorescence by dye molecules, the measure-
ments were performed in solutions where the absobance in
the maxima of the Qy bands did not exceed 0.05. The most
intense fluorescence bands are located at l � 703 and
l � 715 nm for TBPc and TMTP, respectively. At longer
wavelengths, vibrational peaks are observed at l � 740 and
l � 770 nm for TBPc and at l � 755 and 810 nm for
TMTP. At shorter wavelengths, weak bands are observed
at l � 670 nm in TBPc solutions (see also Refs [3 ^ 5, 8])

and at l � 680 nm in solutions of TMTP. Note that the
short-wavelength band of the TMTP fluorescence is appreci-
ably stronger (Fig. 3).

The excitation spectra of all fluorescence bands did not
differ, within the experimental errors, from the absorption
spectra of the dyes. Comparison of Figs 2 and 3 indicates
that the most intense fluorescence band of TMTP is shifted
by 4 nm to the red compared with its long-wavelength
absorption band. No mirror symmetry between the fluores-
cence and absorption spectra is observed. These data show
that fluorescence spectra of the dyes correspond to their elec-
tronic Qy transitions, whereas the Qx transitions do not
participate in the fluorescence emission.

3.2 The fluorescence quantum yield cf
In these experiments, fluorescence was excited from the nar-
row side of a cell and detected at an angle of 908 to the
excitation beam. Using Excel, we calculated the fluorescence
intensity as an area under the fluorescence spectra corrected
for the spectral sensitivity of the spectrofluorimeter. The
relative values of gf were determined by exciting
fluorescence into the dye absorption bands at
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Figure 2. Absorption spectra of tetra(1,1,4,4-tetramethyl-6,7-tetralino)-
porphyrazine ( 1 ) and tetra(4-tert-butyl)phthalocyanine ( 2 ) in benzene at
room temperature.
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Figure 3. Fluorescence spectra of tetra(1,1,4,4-tetramethyl-6,7-tetralino)-
porphyrazine ( 1 ) and tetra(4-tert-butyl)phthalocyanine ( 2 ) in benzene at
room temperature.
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l � 600ÿ 700 nm. To avoid reabsorption, we used dye sol-
utions whose absorbance at the maxima of the Qy bands did
not exceed 0.08.

We found that the fluorescence quantum yield of TMTP
coincided, within an accuracy of �10%, with that of TBPc,
which is 0.7 ^ 0.77 [16 ^18].

3.3 Quantum yields cD of singlet oxygen generation
We studied solutions of TBPc, TMTP, tetraphenylporphyrin
(TPP), and phenalenone (PN). Phosphorescence was excited
in a layer 4 mm in thickness. The absorbance of the solutions
at the wavelength of laser radiation (l � 355 nm) was 0.20 ^
0.24. This corresponded to concentrations *10, 7, 50, and
50 mmol litreÿ1 for TBPc, TMTP, TPP, and PN, respectively.
The decay time of the 1O2 phosphorescence excited by laser
pulses was 30 ms (Fig. 4), which corresponds to the lifetime
of singlet oxygen in benzene.

The relative quantum yields of singlet oxygen generation
were determined by using the standard method of comparing
the relative initial intensities of 1O2 phosphorescence after the
laser pulse, which were normalised to the number of photons
that were absorbed during this pulse by dye molecules [19].
The data are presented in Table 1. As a reference compound,
we used PN, which is known to generate singlet oxygen with
the quantum yield close to unity [20]. One can see from
Table 1 that the values of gD obtained for TPP and TBPc
are in agreement with those measured earlier. For TMTP,
the quantum yield of singlet generation has never been meas-
ured. Table 1 shows that it is close to gD for TBPc.

3.4 Singlet oxygen sensitised delayed fluorescence of dyes
As mentioned above, TBPc has a unique ability to emit
SOSDF when singlet oxygen is generated in TBPc solutions.
We found that TMTP showed the same ability. SOSDF was
detected through the cut-off filter transmitting light at
l > 630 nm. Because SOSDF was much stronger than
phosphorescence, an additional neutral filter that reduced

delayed fluorescence by a factor of 50 was placed in front
of the photodetector. In this case, the 1O2 phosphorescence
was not detected and only SOSDF was observed.

The decay kinetics of SOSDF was exponential (Fig. 4)
with the decay time being two times shorter than that of phos-
phorescence of singlet oxygen, in accordance with previous
data [3 ^ 6]. This reflects the fact that SOSDF appears due
to consecutive processes resulting in the accumulation of
the energy of two singlet oxygen molecules by one dye mol-
ecule [6, 10]. A detailed analysis of the SOSDF mechanism
is beyond the scope of this paper. Modern concepts of this
mechanism are presented in Refs [7 ^12, 26] (see also referen-
cies therein).

To compare efficiencies of singlet-oxygen sensitised exci-
tation of dye molecules inTBPc andTMTP solutions,we used
the previously proposed coefficient a [12]:

a � �I 0
df=I

0
ph�kr

gf � 1O2�0�Dye� ,

where I 0
df and I 0

ph are initial intensities of SOSDF and
phosphorescence of 1O2 obtained by extrapolation of the
luminescence decays to the zero time; kr is the rate of 1O2
radiative deactivation; �1O2�0 is the singlet oxygen concen-
tration just after a laser pulse and [Dye] is the dye
concentration. Photosensitisers of the 1O2 generation were
the same dyes that emitted SOSDF or phenalenone. The
absorbance of the photosensitisers in the solutions at the
wavelength of laser radiation (l � 355 nm) was 0:22� 0:02.

Because all the measurements were performed only in
benzene, the values of kr were the same in all experiments.
The concentration of molecular oxygen, which, as was shown
earlier, efficiently quenches delayed fluorescence [7, 12, 26],
was also constant in all the experiments. As we noted above,
gf is the same for solutions of TBPc and TMTP. Therefore,
we ignored parameters kr and gf and the oxygen concentra-
tion in calculations of relative values of a. Because it is
known that I 0

ph � kr�1O2�0, we used relative values of I 0
ph

instead of relative concentrations of �1O2�0. The data
obtained are presented in Table 2. One can see that, irre-
spective of the type of photosensitiser, the coefficient a is
approximately two times higher in TMTP solutions than
in solutions of TBPc.

4. Conclusions
Thus photophysical properties of TMTP are similar to those
of TBPc. However, the absorption and fluorescence bands of
TMTP that correspond to the Qy transition are somewhat
shifted to the red. TMTP exhibits intense fluorescence,
generates singlet oxygen, and also emits intense SOSDF.

2

1

0 20 40 60 80
Time

�
ms

0.05

0.10

0.15

Luminescence intensity (rel. units)

Figure 4. Decays of singlet oxygen phosphorescence photosensitised by
tetra(1,1,4,4-tetramethyl-6,7-tetralino)porphyrazine in air-saturated ben-
zene (1 ) and of singlet-oxygen-sensitised delayed fluorescence of this dye
in the same solution ( 2 ) after laser pulse excitation.The decays are norma-
lised to the initial luminescence intensity. Curves ( 1 ) and ( 2 ) are obtained
by averaging over 50 and 10 laser pulses, respectively.

Table 1. Experimentally measured and given in the literature quantum
yields of laser-induced generation of singlet oxygen by dyes.

Photosensitiser Experimental data Literature data

gD (rel. units) gD (absolute values)

PN 1.0 0.95 ± 1.0 [20]

TPP 0.74 0.65 ± 0.80 [17, 18, 20 ± 24]

TBPc 0.20 0.17 ± 0.27 [4, 5, 17, 18, 20, 25]

TMTP 0.18 ±
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