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Laser-Induced Optoacoustics Combined with Near-Infrared Emission. An Alternative
Approach for the Determination of Intersystem Crossing Quantum Yields Applied to
Porphycenest
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Buenos Aires, 1428 Buenos Aires, Argentina (Received: January 3, 1990)

An approach was developed to determine triplet quantum yields,   , which overcomes most of the difficulties usually encountered
in flash photolysis studies of triplet states. The combined application of near-IR emission and optoacoustics yields    values
which are independent of the absorption properties of the triplets. Thus, the triplet energies derived from near-IR phosphorescence
spectra together with the values of the heat stored by the triplets determined from optoacoustic experiments afforded   
= 0.3 ± 0.1 for porphycene (PO) and 0.4 ± 0.1 for its tetra-n-propyl derivative (TPrPO). Several calorimetric references
for optoacoustic measurements in the red region were tested. The    values, combined with flash photolysis data, yielded
accurate triplet- minus ground-state absorption coefficients. The quantum yields for singlet molecular oxygen production
determined by time-resolved phosphorescence were    = 0.34 ± 0.05 for PO and 0.36 · 0.03 for TPrPO which implies an

efficiency near unity for 02(' 8) production upon collision of the triplet states of the porphycenes with ground-state 02.

Introduction
In this work we report an approach developed for the study of

triplet-state properties that overcomes difficulties usually found
in the complete conversion and sensitization procedures.1 In
particular, excitation with short laser pulses using the complete
conversion method with flash photolysis leads to uncertainties for
substances with relatively long fluorescence lifetimes.* 12 With the
sensitization method a usual problem is the overlapping of spectra
of sensitizer and quencher which may introduce large uncertainties.
An additional problem arising specially with triplets of low energy
content is the determination of such values (£T) due to (i) the
up to recently low sensitivity of detectors in the near-IR region
and (ii) the lack of sensitizers with known low Ej which could
allow the energy evaluation from quenching experiments.3 The
availability of germanium detectors makes possible the mea-
surement of emission spectra in the near-IR region. The use of
such detectors is now common practice in singlet molecular oxygen
[02(1 8)] research (e.g„ ref 4).

Time-resolved photothermal methods (e.g., laser-induced
thermal tensing or optoacoustics), on the other hand, yield accurate
values of total heat stored by triplet states (or other short-lived
species, like radicals, isomers, etc.) after pulsed excitation.5 These
results, in conjunction with the £T values, can be used to determine
quantum yields of production of the triplets.5

The approach we present now is based on the derivation of the
triplet energy content from the phosphorescence spectrum, the
calculation of    from optoacoustic experiments, and finally the
calculation of the triplet- minus ground-state molar absorption
coefficient (AeT) from the comparative method with flash pho-
tolysis.

We have applied this procedure to benzene and toluene solutions
of porphycene (PO) and its 2,7,12,17-tetra-n-propyl derivative
(TPrPO), structural isomers of the porphyrins, which have been
synthesized by Vogel and co-workers for the first time in 1986.6·7
Some photophysical properties of porphycenes have been reported
in a previous publication from our laboratory8 and by other re-
search groups.9·10 For the case of PO the first estimate of the
intersystem crossing quantum yield,   ,8 was affected by one of
the problems mentioned above since its long singlet lifetime (10
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de Sarriá and MPI für Strahlenchemie, 1988, and from the Dissertation by
R.M.N., Universidad de Buenos Aires. This work has been presented in part
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ns) could prevent complete conversion to the triplet within the
20-ns duration of the excitation ruby laser pulse. Should the
conditions for the complete conversion not be fulfilled, the value
of  <  would be a lower limit" yielding, in turn, a too high   .

Since for highly fluorescent substances the optoacoustic results
strongly depend on the value of the fluorescence quantum yield,
 [, this magnitude was redetermined by steady-state thermal
leasing. This method is particularly appropriate for the deter-
mination of    in the red region of the spectrum where standards
are not easily available.12 In addition, the quantum yield for
02(’ 8) production,   , was determined for the two porphycenes
in benzene, from the analysis of the time-resolved phosphorescence
of 02(> 8).
Materials and Methods

A. Materials. Porphycenes (PO and TPrPO) were synthesized
and purified as previously described.6,7 Cobalt(II)-/neso-tetra-
phenylporphyrin (CoTPP) was purchased from Porphyrin Products
(Logan, UT). Dodecaprene-j3-carotene (DDC) was kindly pro-
vided by Dr.  . E. Kella (Hoffmann-La Roche A.G., Basel,
Switzerland). meso-Tetraphenylporphyrin (H2TPP) and zinc-
(Il)-tetraphenylporphyrin (ZnTPP) were synthesized and purified
according to known procedures.13"15 Solvents were either ana-

(1) Bensasson, R.; Land, E. J. Trans. Faraday Soc. 1971, 67, 1904.
(2) Bensasson, R.; Goldschmidt, C. R.; Land, E. J.; Truscott, T. G. Pho-

tochem. Photobiol. 1978, 28, 277.
(3) Báckstróm, H. L.; Sandros, K. Acta Chem. Scand. 1958, 12, 823.
(4) Hurst, J. R.; McDonald, J. D.; Schuster, G. B. J. Am. Chem. Soc.

1982, 104, 2065.
(5) Braslavsky, S, E.; Heihoff, K. In Handbook of Organic Photochem-

istry·, Scaiano, J. C., Ed.; CRC Press: Boca Raton, FL, 1989; pp 327-356.
(6) Vogel, E.; Kocher, M.; Schmickler, H.; Lex, J. Angew. Chem. 1986,

98, 262; Angew. Chem., Int. Ed. Engl. 1986, 25, 257.
(7) Vogel, E.; Balci, M.; Pramod, K.; Koch, P.; Lex, J.; Ermer, O. Angew.

Chem. 1987, 99,_ 909; Angew. Chem., Int. Ed. Engl. 1987, 26, 928.
(8) Aramendia, P. F.; Redmond, R. W.; Nonell, S.; Schuster, W.; Bras-

lavsky, S. E.; Schaffner, K.; Vogel, E. Photochem. Photobiol. 1986,44, 555.
(9) Ofir, H.; Regev, A.; Levanon, H.; Vogel, E.; Kocher, M.; Balci, M. J.

Phys. Chem. 1987, 91, 2686.
(10) Levanon, H.; Toporowicz, M.; Ofir, H.; Fessenden, R. W.; Das, P.

K.; Vogel, E.; Kócher, M.; Pramod, K. J. Phys. Chem. 1988, 92, 2429.
(11) Hug, G. L.; Carmichael, I. J. Photochem. 1985, 31, 179.
(12) Magde, D.; Brannon, J. H.; Cremers, T. L.; Olmsted, J. J. Phys.

Chem. 1979, 83, 696.
(13) Adler, A. D.; Longo, F. R.; Finarelli, J. D.; Goldmacher, J.; Assour,

J.; Korsakoff, L. J. Org. Chem. 1967, 32, 476.
(14) Fajer, J.; Borg, D. C; Forman, A.; Dolphin, D.; Felton, R. H. J. Am.

Chem. Soc. 1970, 92, 3451.
(15) Barnett, G. H.; Hudson, M. F.; Smith, K. M. J. Chem. Soc., Perkin

Trans. 1 1975, 1401.
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Figure 1. Scheme of the near-lR steady-state emission spectrometer.

lytical grade (Merck Uvasol) or Sintorgan (Argentina) freshly
distilled.

B. Methods. 1. Steady-State Thermal Lensing. The appa-
ratus was similar to the one described by Magde and co-workers.12
Benzene solutions of the porphycenes and of H2TPP (the refer-
ence) were excited with a 1-mW He-Ne laser (Melles-Griot) at
633 nm. The samples were deaerated by bubbling argon. Ab-
sorbances at 633 nm were measured on a Cary 2300 spectro-
photometer with a precision of 0.0003 absorbance unit.

2. Near-IR Steady-State Luminescence. The home-built
emission spectrophotometer is depicted in Figure 1. The excitation
light from a 450-W Xe lamp was filtered by 3 cm of water, a KG5,
and a 455-nm cutoff filter (Schott-Mainz) and focused on the
sample. This was contained in a 1-cm2 fluorescence quarz cuvette
which was placed as close as possible to the entrance slit of a

high-intensity monochromator (Applied Photophysics //3.4,
bandwidth 19 nm) provided with a 785-nm cutoff filter at the exit
slit and an IR grating blazed at 1000 nm. The emitted light was
detected by a Ge photodiode (Judson J16 8Sp, 5-mm diameter),
thus allowing spectra measurements in the wavelength range
800-1800 nm. After preamplification (Judson 700 preamplifier),
lock-in amplification (EG&G Princeton Applied Research 186A
lock-in amplifier) with synchronized chopping (Chopper Bentham
218) of the excitation light at 40 Hz was used to improve the
signal-to-noise ratio. The output signal of the lock-in amplifier
was fed into a computer (Commodore CBM 4016), which also
synchronously governed the stepper motor of the monochromator.
The emission of 02(' 8) with Xmax at 1270 nm and zinc(II)-
phthalocyanine phosphorescence with Xmax at 1090 nm16 served
for wavelength calibration. Emission spectra were recorded at
room temperature.

J. Laser-Induced Optoacoustics {LIOAS). The experimental
setup has been described previously.5·17 Argon-saturated benzene
solutions of the porphycenes were excited at room temperature
with the 15-ns pulse of either the second harmonic of a Nd:YAG
(532 nm) or a dye laser (rhodamine 6G, X = 558 nm) pumped
by it. The beam was focused on the cuvette to a diameter cor-

responding to an effective acoustic transit time, i.e., the time
required for the acoustic wave to traverse the laser beam diameter,
of ca. 100 ns. The sound wave was detected with a ceramic
Pb-Zr-Ti detector. Air-saturated solutions of I2, CoTPP, and
DDC and argon-saturated solutions of ZnTPP served as calori-
metric references.

4. Flash Photolysis. The apparatus has been already de-
scribed.18·19 The comparative method was used to obtain the
product    <  for both porphycenes in degassed toluene solutions.2
H2TPP in toluene (   = 0.82,20    450 = 50000 M_1 cm-121 was
the reference for PO (Xexc = 560 nm, Xobs = 390 nm).8 ZnTPP

(16) Vincett, P. S.; Voigt, E. M.; Rieckhoff, K. E. J. Chem. Phys. 1971,
55, 4131.

(17) Heihoff, K.; Braslavsky, S. E. Chem, Phys. Lett. 1986, 131, 183.
(18) Aramendia, P. F.; Ruzsicska, B. P.; Braslavsky, S. E.; Schaffner, K.

Biochemistry 1987, 26, 1418..
(19) Krieg, M.; Aramendia, P. F.; Braslavsky, S. E.; Schaffner, K. Pho-

tochem. Photobiol. 1988, 47, 305.
(20) Dzhagarov, B. M. Opt. Spectrosc. 1970, 28, 33.
(21) Pekkarinen, L.; Linschitz, H. J. Am. Chem. Soc. 1960, 82, 2407.

TABLE I: Photophysical Parameters for Porphycene (PO) and Its
2,7,12,17-Tetra-n -propyl Derivative (TPrPO) in Benzene

this work ref 8

PO TPrPO PO TPrPO

 , 0.44 ±
0.06

0.38 ±
0.06

0.36 ± 0.05 0.32 ± 0.05

£T, kJ mol"1 121 ± 2 124 ± 2

   0.3 ± 0.1 0.4 ± 0.1 0.4 ± 0.1

£<TmaY M"1 s"1 (2.2 ± 0.6)
X 104

(2.1 ± 0.6)
X 104

>1.6 X 104

k02, M"1 s"1 (3.5 ± 0.4)
X 109

(2.9 ± 0.3)
X 109

"390 and 395 nm for PO and TPrPO, respectively.

in toluene (   = 0.88,21 AeT470 = 73 000 M"1 cm"1) was the
reference for TPrPO (Xexc = 532 nm, Xobs = 395 nm). Sample
and reference had absorbances of ca. 0.1, matched within 0.002
absorbance unit at the excitation wavelength.

5. Near-Infrared Time-Resolved Phosphorescene {Time-Re-
solved Phosphorescence Detection, TRPD). A full description
of the experimental setup has been given elsewhere.22 The so-
lutions were excited either at 355 nm (Nd:YAG frequency tripled)
or at 600 nm (rhodamine B pumped with the frequency-doubled
Nd:YAG frequency at 532 nm). The phosphrescence from 02-
(! 8) arising from aerated solutions of the sensitizers upon pulsed
laser excitation was monitored at X > 1050 nm (silicon cutoff filter,
Glen Greston, 2 mm thick) and at 90° from the excitation. The
detection was by a Ge diode similar to that described in a previous
section but with a different home-built amplifier before the
transient recorder Gould Biomation 4500. The    values were
obtained by comparing the amplitudes of the phosphorescence,
extrapolated to t = 0 (70) induced by the porphycenes, with those
induced by reference compounds. For better accuracy the slopes
of the linear plots of 70 vs the energy of the laser pulse, E\, were

compared for sample and reference.

Results and Discussion
Determination of by Steady-State Thermal Lensing. The

steady-state thermal lensing method was used for the measurement
of absolute values of    in benzene. The refractive index change
caused by the heat evolved due to the radiationless processes after
absorption of the incident CW laser beam turns the solution into
a divergent lens which defocuses the beam. The method can be
used to evaluate total (fluorescence plus phosphorescence) lu-
minescence yields also for the case of substances producing triplet
states. The radiationless decay of these states will be detected
as heat due to the long time constant of the measurement. The
thermal lensing signal,  , was registered as the change of irra-
diation at the beam center relative to the stationary value.   is
proportional to the fraction of absorbed power dissipated as heat
(Ah).23 i-e.

  = *Ah (1)

where A: is a factor containing thermoelastic properties of the
solvent and instrumental and geometrical parameters. The
measurement of   for the sample and for a nonfluorescent reference
which transforms all the absorbed energy to heat allows the
evaluation of the luminescence yield of the unknown, provided
that the laser excitation power, the solvent, and geometrical ar-

rangement are the same for sample and reference.23 The
fluorescence emission spectrum of the sample must also be known.
Nevertheless, it is not essential that the reference is nonfluorescent.
The energy balance can be carried out in the same way when both
substances are fluorescent, and this leads to eq 2 which is derived

  $ = {v\/<Vfs))[l - (1 -  ,r<^>/«/,)(«·/«')] (2)

in the Appendix. The derivation assumes that the phosphorescence
quantum yield,    «    (vide infra). In this equation the su-

(22) Valduga, G.; Nonell, S.; Reddi, E.; Jori, G.; Braslavsky, S. E. Pho-
tochem. Photobiol. 1988, 48, 1.

(23) Brannon, J. H.; Magde, D. J. Phys. Chem. 1978, 82, 705.
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Figure 2. Thermal lensing signal vs the fraction of light absorbed by
argon-saturated benzene solutions of (·) H2TPP, ( ) TPrPO, and (O)
PO. Xexc = 633 nm.

Wavelength / nm

Figure 3. (A) Near-infrared steady-state emission spectra from a bro-
mobenzene solution of PO as described, Xcxc > 455 nm. (B) Difference
between both spectra in (A).

perscripts s and r refer to sample (porphycenes) and reference
(H2TPP), respectively, v\ is the laser frequency (15803 cm"1), (vj)
are the respective mean fluorescence frequencies ((ef) is 14980
cm"1 for H2TPP24 and 15 500 cm"1 for PO and TPrPO), ifr =

0.04 for H2TPP,20 and m is the slope of the graph of   vs Za
= 1

-   "·4. The results are plotted in Figure 2. At   > 0.4 deviations
from the linear behavior were observed. Therefore, we restricted
our measurements to the lower absorbance range. The slopes of
the graphs in Figure 2 render, through eq 2, if = 0.44 ± 0.06
for PO and 0.38 ± 0.06 for TPrPO. Previously reported values,
which are somewhat lower (0.36 and 0.32, respectively),8 are not
significantly different. This implies that iP < 0.1 in both cases,
and it is therefore valid to take the mean as the most likely value
for if. This yields if = 0.40 ± 0.06 for PO and 0.35 ± 0.06 for
TPrPO. These values are higher than those typically displayed
by the related porphyrins (<ca. 0.15 in aromatic solvents25"27).

Determination of ET by Near-IR Steady-State Emission.
Figure 3 shows the emission spectra obtained for the same solution
of porphycene in bromobenzene when it was either air saturated
or freeze-pump-thaw degassed. Phosphorescence was observed
in bromobenzene but not in benzene. The difference between the

(24) Harriman, A. J. Chem. Soc., Faraday Trans. 2 1981, 77, 1281.
(25) Seybold, P. G.; Gouterman, N. J. Mol. Spectrosc. 1969, 31, 1.

(26) Gradyushko, A. T.; Tsvirko,  . P. Opt. Spectrosc. 1971, 31, 291.
(27) Darwent, J. R.; Douglas, P.; Harriman, A.; Porter, G.; Richoux, M.

C. Coord. Chem. Rev. 1982, 44, 83.
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Figure 4. Energy-normalized optoacoustic signal maxima vs the fraction
of light absorbed for the various argon-saturated benzene solutions of
samples and references, as indicated. Xexc = 532 nm.

two spectra shows the oxygen phosphorescence with a maximum
at 1270 nm and the emission of porphycene triplet with two
maxima at 990 ± 10 and 1160 ± 10 nm. This latter spectrum
is totally quenched by oxygen. The 02('Ág) phosphorescence
quantum yield is smaller than 10"3 in solvents where its lifetime
is relatively short28 (<100 µß; e.g., bromobenzene4). The PO
phosphorescence area is roughly of the same magnitude as the
02(> 8) phosphorescence area which gives an upper limit value
for the phosphorescence yield for PO of iP ca. 10"3. This supports
the assumption of a negligible iP made on evaluation of the
steady-state thermal lensing data for the determination of the
fluorescence quantum yield.

The triplet energy (Ej) was taken from the maximum of the
first vibrational band in the spectrum to be 121 ± 2 kJ mol"1 for
PO (Figure 3) and 124 ± 2 kJ mol"1 for TPrPO (spectrum not
shown). This choice is based on the similarity of triplet-, sin-
glet-excited-, and singlet-ground-state configurations as supported
by the identity of the vibrational spacing in the fluorescence and
phosphorescence spectra, in conjunction with the mirror image
and small Stokes shift in the fluorescence spectra.8 The energy
difference between the maxima in the phosphorescence spectrum
is 17 ± 2 kJ mol"1 (ca. 1400 cm"1), which compares well with the
16.3 kJ mol"1 obtained for the vibrational spacing in the
fluorescence emission spectrum.8 Thus, the 0-0 band coincides
practically with the position of the highest energy maximum. This
criterion was also adopted by Herkstroeter et al. to assign triplet
energies to a series of compounds.29 The triplet energies of the
porphycenes lie ca. 20 kJ mol"1 below those of most free-base
porphyrins.27·30

Determination of iT by LIOAS. Calorimetric References.
Laser-induced optoacoustic spectroscopy was used to determine
the heat stored by the triplet state (iT£T, vide infra) produced
in deaerated solutions.

The voltage amplitude of the first signal deflection H is related
to the laser pulse energy E\ and to A by the equation5,17·31

H = *«£,( 1
- 10"-4) (3)

(28) Losev, A. P.; Byteva, 1. M.; Gurinovitch, G. P. Chem. Phys. Lett.
1988, 143, 127.

(29) Herkstroeter, W. G.; Lamola, A. A.; Hammond, G. S. J. Am. Chem.
Soc. 1964, 86, 4537.

(30) Becker, R. S.; Allison, J. B. J. Phys. Chem. 1963, 67, 2662.
(31) Patel, C. K.; Tam, A. C. Rev. Mod. Phys. 1981, 53, 517.
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£j (a.u.)
Figure 5. T-S absorbance difference immediately after the 15-ns laser
pulse at 532 nm vs the pulse energy, E\, for argon-saturated toluene
solutions of (O) ZnTPP (Xok = 470 nm) and ( ) TPrPO (Xobs = 395
nm).

where K is a proportionality constant involving geometrical pa-
rameters and thermoelastic properties of the solvent and a is the
fraction of the absorbed energy released as heat within the effective
acoustic transit time, 100 ns in our case. K is eliminated by
measuring H under identical conditions for the sample and for
a reference with known a (typically a = l32). A more accurate
procedure consists in measuring the energy dependence of H for
sample and reference at various A. From the ratio of the slopes
of H/E\ vs 1

- 10"·4 for sample and reference, the ratio «sampie/^ref
is obtained (see Figure 4). We have used CoTPP (   = 1,   
< 15 ps33), DDC (assumed to have a quantum yield of internal
conversion of 1, and rs « 100 ns, in accordance with the pho-
tophysical behavior of the parent 0-carotene34), I2,35 and ZnTPP
(   = 0.88,    = 153.5 kJ mol'* 1, rT » 100 ns,    = 0.04, and
E¡ = 198.8 kJ mol'127) as calorimetric references. CoTPP, DDC,
and I2 have a = 1 at X„c = 532 nm due to their photophysical
properties and to the short effective acoustic transit time used (100
ns, see Methods section). ZnTPP stores part of the absorbed
energy in its triplet state (=  £ ), and thus it should give a =

0.336 at Xexc = 558 nm, calculated from the energy balance
equation (4), with <£f) = h(vf) and £cxc the molar exciting energy.

£exc = £exca +   <£,> +   £  (4)

Figure 4 shows the results obtained at = 532 nm with CoTPP
and DDC. Both references display the same slope, which supports
the assumption that DDC has a = 1 under our experimental
conditions, and thus validates the use of DDC as a good calori-
metric reference. With I2 and ZnTPP the results (not shown)
lie well within the experimental error of those with the other two
references. The numbers given are the average of data obtained
with all four calorimetric references for each porphycene.

Making use of eq 4 and the    and £T values obtained as
described in the previous sections,    = 0.3 ± 0.1 for PO and 0.4
± 0.1 for TPrPO are derived. These yields are significantly lower
than those of the free-base porphyrins (typically >0.827). The
value for PO is slightly lower than the previous 0.4s based, as

already discussed, on a too low value for  «  calculated from the
application of the complete conversion method in flash photolysis
using a 20-ns pulse which is too short compared with the
fluorescence lifetime.11 However, the newly determined    value
is still within the relatively large experimental error of the previous
measurements.

(32) Braslavsky, S. E.; Ellul, R. M.; Weiss, R. G.; Al-Ekabi, H.; Schaffner,
K. Tetrahedron 1983, 39, 1909.

(33) Krasnovsky, A. A.; Egorov, S. Y.; Nasarova, O. V.; Yartsev, E. I.;
Ponomarev, G. V. Stud. Biophys. 1988, 124, 123, and references therein.

(34) Bensasson, R. V.; Land, E. J.; Truscott, T. G. Flash Photolysis and
Pulse Radiolysis. Contributions to the Chemistry of Biology and Medicine·,
Pergamon Press: Oxford, 1983.

(35) Tam, A. C; Patel, C. K. N.; Kerl, R. J. Opt. Lett. 1979, 4, 81.

400 500 600

 /nm
Figure 6. T-S absorbance difference spectrum for TPrPO in toluene.
Xcxc — 532 nm.

Determination of AeT by Laser Flash Photolysis. Only new
data for TPrPO are reported here. For PO the values measured
in ref 8 of the product    «  at 390 nm are reinterpreted on the
basis of the new    obtained in this work (see above).

The absorbance difference at a particular wavelength after the
laser pulse is represented as a function of the pulse energy in Figure
5 for TPrPO and for ZnTPP used as reference for the comparative
method.2 From the ratio of the slopes and with the values for
ZnTPP given in the Materials and Methods section, a value  « 395
= (2.1 ± 0.6) X 104 M"1 cm"1 for TPrPO is obtained. The value
for PO turns to be  < 390 = (2.2 ± 0.6) X 104 M"1 cm'1, somewhat
higher than our previous    390 = 1.6 X 104 M"1 cm"1.8 Both
values correspond to the maximum in the T-S difference ab-
sorption spectrum which is quantitatively shown for TPrPO in
Figure 6. The spectrum in toluene is identical with the one

reported in ref 10 in benzene on a relative scale. This justifies
the combination of fluorescence and optoacoustic data obtained
in benzene with T-T absorption data obtained in toluene.

The position of the maximum in the T-S difference abosorption
spectra is slightly red-shifted from the blue absorption band. This
feature is similar to the observation with porphyrins. The decays
of triplet PO and TPrPO were strictly monoexponential with
lifetimes rT = 200 and 270 ps, respectively. Oxygen quenched
these species. Upon air saturation of the solutions the lifetimes
observed were robs = 150 and 190 ns for PO and TPrPO, re-

spectively. By use of the value 1.91 X 10'3 M for the oxygen
concentration,36 the rate constant for oxygen quenching of the
triplet states results A0¡

= 3.5 X 109 M'1 s'1 for PO and 2.9 X
109 M"1 s'1 for TPrPO. These values are close to 1/9 of the
diffusional value (3 X 1010 M"1 s"1 in benzene37). Similar values
have been reported for kq for porphyrin triplets38""44 and for tr—tr*
low-energy aromatic triplet states.45"50 In such cases the efficiency
of 02(' 8) production resulting from the collision event between

(36) Murov, S. L. In Handbook of Photochemistry·, Marcel Dekker: New
York, 1973; p 89.

(37) Ware, W. R. J. Phys. Chem. 1962, 66, 455.
(38) Dzhagorov, B. M.; Salokhiddinov, K. L; Bondarev, S. L. Biofizika

1978, 23, 762.
(39) Dzhagarov, B. M.; Salokhiddinov, K. I. Opt. Spectrosc. 1981, 51, 841.
(40) Chantrell, S. J.; McAuliffe, C. A.; Munn, R. W.; Pratt, A. C.; Land,

E. J. J. Chem. Soc., Faraday Trans. I 1977, 73, 858.
(41) Sinclair, R. S.; Tail, D.; Truscott, T. G. J. Chem. Soc., Faraday Trans

1 1980, 76, 417.
(42) Lafferty, J.; Truscott, T. G. J. Chem. Soc., Chem. Commun. 1978,

51.
(43) Reddi, E.; Jori, G.; Rodgers, M. A. J.; Spikes, J. D. Pholochem.

Photobiol. 1983, 38, 639.
(44) Murgia, S. M.; Pasqua, A.; Poletti, A. Photobiochem. Photobiophys.

1982, 4, 329.
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Figure 7. Dependence of the 02(' 8) emission signal extrapolated to t
= 0, /0, on the pulse energy, £), for air-saturated benzene solutions of
samples and references as indicated. Xe,c = 600 nm.

02(3 .") and the triplet state (SA =   /  ) is usually close to
unity.*5

Determination of    by TRPD. Time-resolved 02(' 8)
phosphorescence detection at   > 1050 nm was used to determine
   in benzene for both porphycenes.

Oxygen-saturated solutions containing sensitizer concentration
in the range 1-10 µ  were irradiated either at 354 or at 600 nm.
Anthracene (   = 0.68 at 354 nm45) and       (   = 0.7351)
at 600 nm were used as standards. The lifetime of the emission,
  = 31 ± 3 ms, in benzene corresponded to the value of the lifetime
of 02('Ag) in this solvent, as reported in the literature.4 The energy
dependence of the emission intensity at t = 0, /0, is shown in Figure
7 for PO, TPrPO, and ZnTPP. The values of    (0.34 ± 0.05
for PO and 0.36 ± 0.03 for TPrPO) were independent of the
excitation wavelength, and no difference was found between
benzene and toluene. The SA =   /   values for the porphycenes
are thus calculated to be 1.1 ± 0.1 for PO and 1.0 ± 0.1 for
TPrPO, in line with the values obtained for  - * low-energy
aromatic triplets.45 Formation of 02(^g+) can be ruled out in
the case of the porphycenes since its energy (157 kJ mol"152) is
higher than their triplet energies. Formation of 02(* 8) via the
porphycene singlet state can also be excluded since the energy
gap between the first excited singlet and the triplet state is lower
than 94.2 kJ mol"1, the 02(’ 8) energy content.

For PO and TPrPO the sum    +    is 0.7 ± 0.2 and 0.8 ±
0.2, respectively, which leaves 0.3 for PO and 0.2 for TPrPO as
internal conversion yields. These values are similar to those
calculated for free-base porphyrins after addition of the
fluorescence and triplet quantum yields.25 Thus, in free-base
porphycenes, relative to free-base porphyrins, the lower    is
compensated for by a higher    rather than by a higher internal
conversion yield. The slightly lower internal conversion yield for
TPrPO can be rationalized in terms of the steric hindrance in-
troduced by the substituents on the possible rapid cis-trans
isomerization of the exocyclic double bond acting as acceptor mode
for the internal conversion.

Conclusions
The approach developed in this work combining room-tem-

perature fluorescence and phosphorescence data with a photo-
calorimetric method, i.e., laser-induced optoacoustics (LIOAS),
is of wide application, specially for substances for which high
absorption in the 320-400-nm range, low triplet energy, and long

(51) Rossbroich, G.; Garcia, N. A.; Braslavsky, S. E. J. Photochem. 1985,
31, 37.

(52) Kearns, D. R. Chem. Rev. 1971, 71, 395.

fluorescence lifetime prevent the use of other techniques to obtain
triplet parameters. Several of the substances studied as possible
sensitizers in the photodynamic treatment of malignant tissues
exhibit such properties. The approach we present is thus specially
suited for these substances. Furthermore, the combination of
methods is quite straightforward and the results are precise.

The near-IR steady-state phosphorescence spectrophotometer
built on the basis of the Ge detection and lock-in amplification
proved to be very sensitive, allowing the determination of triplet
spectra of low-energy triplet states at room temperature.

For the case of porphycenes the present approach has not
brought major differences with respect to the results obtained with
other methods.8 This just confirms the general validity of our

approach.
As far as the porphycenes, when compared to the porphyrins,

they display larger absorption bands in the red region, higher
fluorescence yields, lower   , and consequently lower   .
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Appendix
The energy balance equation used by Magde and co-workers12,23

to obtain    from steady-state thermal lens signal may be extended
by a simple procedure to the case in which the reference is
fluorescent.

The global energy conservation equation is

A = A + A + Ah + A (A1)

where 1, t, f, th, and p subscripts designate incident laser,
transmitted, fluorescence, thermal power, and phosphorescence.
Assuming the phosphorescence component to be of minor im-
portance, the fluorescence quantum yield    can be expressed as
follows

A/W
(A - A)/"i (A2)

where (v{) and vl are mean fluorescence and laser frequency,
respectively. The fraction of light absorbed is

/» = 1
-   ""4 =

A-A
A

A + Ah

A (A3)

Replacing eq A3 in eq A2 and solving for    in eq 1, eq A4 results:

Ah = taAO - ífWA,) (A4)
The ratio of eq A4 applied to sample (s) and reference (r) is equal
to the ratio of 0 for sample and reference measured in the same
solvent, at identical temperature and geometry.

0; =
W (1 ~    (   )  )

0s íasAs (i - $?W)/v\)
(A5

Taking into account that under our conditions the laser power
is identical for sample and reference, and introducing the mag-
nitude m = 0/i'a (the slope of the linear relation between 0 and
ia), eq 2 of the text is obtained for   .
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