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Abstract

Flash photolysis and photoacoustic calorimetry were used to measure the energy-transfer rates and singlet oxygen quantum yie
originated by the triplet states of halogenated tetrakisphenylporphyrins and related chlorins in aerated toluene. Theighlorns (
660 nm. ~ 3 x 10* M~1cm™1) have long-lived triplet states (>1i%) in the absence of molecular oxygen, and in its presence the singlet
oxygen production quantum yields of the 2-chloro and 2,6-dichlorophenyl derivatives88r& 0.05 and 098+ 0.02, respectively. The
high absorptivity in the red, the photostability and the efficiency of these chlorins in producing singlet oxygen suggests a ground for the
development of better sensitisers for photodynamic therapy. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction Improved tumour photosensitisers have been actively
pursued. The new generation photosensitisers include halo-
The synthesis and photochemical characterisation of genated porphyrins, [1] chlorins [15] and phthalocyanines
porphyrins and other tetrapyrrolic macrocycles has been[16] some of them have been accepted by WHO [12].
actively pursued in recent years [1-4]. This type of com- A major shortcoming of the porphyrins is their weak
pounds serves to harvest light in natural and synthetic de-absorption in the red. However, taking into account that the
vices, and their use in molecular electronics [5,6], catalysis penetration depth of light in mammalian tissues increases by
[7] and photodynamic therapy (PDT) [8—11], has attracted a factor of about 2 going from 630 to 800 nm [9], it is advan-
much interest. tageous to reduce the porphyrin to the corresponding chlorin
An important landmark in the development of PDT sen- or bacteriochlorin which absorb further into the red. Bon-
sitisers was the approval of Photofrin, in 1993, for the nett et al. [3,11,15] developed hydroxyphenyl-substituted
treatment of certain cancers [12]. Photofrin is a commer- porphyrins, chlorins and bacteriochlorins with remarkable
cial preparation of haematoporphyrin derivative (HpD) and tumour photonecrosis activity.
fulfils, to some extent, the criteria for a good sensitiser.  Better PDT sensitisers should retain the convenient chem-
However, it is a complex and variable mixture including ical properties of porphyrins, such as easy synthesis and
monomers, dimers and oligomers of porphyrins that may isolation, photostability and efficient energy transfer to the
aggregate to different extents in different environment with ground state of molecular oxygen. Chlorins are good candi-
resultant alterations in biological efficacy. Furthermore, ap- dates because they are relatively stable in solution and ab-
preciable amounts of HpD are retained in the skin, causing sorb 10 times more light in the phototerapeutic window than
skin sensitivity for some weeks following treatment [13]. the corresponding porphyrins. Bacteriochlorins are another
Finally, the lowest energy wavelength maximum (Band I) of possibility but they were reported as relatively unstable in
HpD occurs at 630 nm with a modest extinction coefficient solution [11,17]. The development of new methods for chlo-
(ca. 3000 M1cm=1 for the monomer and slightly lower rins synthesis and isolation is therefore crucial in this filed.
for the aggregates) [14]. At present, the vast majority of chlorins are produced by
addition reactions on ring D of porphyrins or starting from
"+ Corresponding author. substituted pyrroles, using complex synthetic process, giv-

1also at Escola Superior de Ciancias e Tecnologia, Universidade ING generally poor yields and complex mixtures of products
Cablica Portuguesa, 3500 Viseu (Portugal). [18,19].
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TDFPC ToCPC TDCPC

Fig. 1. Porphyrins and chlorins studied in this paper. TDFPP, 5,10,15,20-tetrakis(2,6-difluorophenyl)porpb@i®, B,10,15,20-tetrakis(2-chloro-
phenyl)porphyrin; TDCPP, 5,10,15,20-tetrakis(2,6-dichlorophenyl)porphyrin; TDFPC, 5,10,15,20-tetrakis(2,6-difluorophenyl)cb@®i@; %,10,15,20-
tetrakis(2-chlorophenyl)chlorin; TDCPC, 5,10,15,20-tetrakis(2,6-chlorophenyl)chlorin.

We describe in this paper a strategy allowing the prepa- ments. Absorption spectra were recorded with Shimadzu
ration of chlorins in a single step in high yields and from UV-2100 spectrophotometer. Fluorescence and phospho-
simple porphyrins also prepared in one step. The method isrescence spectra were measured with a Spex Fluorolog 3
applied to the synthesis of 5,10,15,20-tetrakisphenylchlorins spectrophotometer, with correction for the wavelength de-
having chlorine and fluorine atoms in tloetho positions. pendence of the detection system (RCA C31034 photomul-
These chlorins are shown in Fig. 1, together with the por- tiplier and the 1934D3 module for phosphorimetry). Flash
phyrins from where they were synthesised. The isolation photolysis employed an Applied Photophysics LKS.60
and full characterisation of these chlorins are reported. laser flash photolysis spectrometer, with a Spectra-Physics
We investigated their photophysical and photochemical Quanta-Ray GCR-130 Nd:YAG laser and a Hewlett-Packard
properties using flash photolysis and time-resolved photoa- Infinium Oscilloscope (1 MS); the samples were irradi-
coustic calorimetry (PAC), and measured triplet lifetimes, ated with the second-harmonic of the laser and the monitor-
energy-transfer rates and singlet oxygen quantum yieldsing white light was produced by a 150 W pulsed Xe lamp;
(@ A). These chlorins were selected because we recentlythe detection of the transient spectra in the 200-850 nm

showed that halogenated metalloporphyrins hée~ 1 range was made with Hamamatsu 1P28 and R928 photo-
[1]. To the best of our knowledge, the halogenated chlorins multipliers.
reported in this work are novel compounds. Time-resolved PAC measurements were performed in a

homemade apparatus following the front-face irradiation de-
sign described by Arnaut et al. [20] and discussed in detalil

2. Experimental elsewhere [1,21,22]. Briefly, we use a PT} Mser (model
PL2300) working at a frequency of 2Hz to pump a PTI
2.1. Instrumentation dye laser (model PL202) and irradiate the solutions flown

through a 0.11 mm photoacoustic cell. The energy of the N
1H NMR spectra were recorded on 300 MHz Bruker-AMX laser is 1 mJ/pulse, and the energy of the dye laser is about
spectrometer. Mass spectra were obtained on a VG autospebalf of that value. The photoacoustic waves are detected
and elemental analysis on EA1108-CHNS-0 Fisons Instru- by a 2.25MHz Panametrics transducer (model A106S),
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pre-amplified (Panametrics ultrasonic pre-amplifier, model (FAB): m/z = 760 (molecular ion); g4H24N4Fg: calcd. C
5676), captured by a digital storage oscilloscope (Tektronix 69.47, H 3.18, N 7.37; found C 69.89, H 3.98, N 7.78.
DSA601, 1 GSs!, two channels) and transferred to acom-  5,10,15,20-Tetrakis(2-chlorophenyl)chlorin. Yield: 51%;
puter for analysis. Porphyrins and chlorins were irradiated *H NMR (300 MHz, CDCb): § = 8.45 (d, 2H,J = 4.9 Hz),
at 421 nm using Mn-TPP as calorimetric reference. Additi- 8.28 (s, 2H), 8.09 (d, 2HJ = 4.9Hz), 7.98-7.95 (m,
onally, the chlorins were also irradiated at thg (@-0) 4H), 7.80-7.56 (m, 12H), 4.12 (s, 4H}1.40 (s, 2H); MS
band (ca. 660 nm) using azulene as calorimetric reference. (FAB): m/z = 750-758 (Cl isotopes for molecular ion);
Fluorescence quantum yields were measured according taC44H28N4Cls: calcd. C 70.04, H 3.74, N 7.43; found C
published procedures [1,23]. Fluorescence excitation spectras0.12, H 3.69, N 7.44.
were obtained for all the porphyrins and chlorins and agreed  5,10,15,20-Tetrakis(2,6-dichlorophenyl)chlorin.  Yield:
well with the corresponding absorption spectra. The phos- 28%;H NMR (300 MHz, CDCb): § = 8.46 (d, 2H,J =
phorescence studies were conducted in toluene at liquid ni-4.7 Hz), 8.27 (s, 2H), 8.09 (d, 2H] = 4.7 Hz), 7.81-7.71
trogen temperature. The solutions were carefully de-aerated(m, 8H), 7.65—-7.56 (m, 4H), 4.10 (s, 4H%1.32 (s, 2H);
with N2 previously saturated in toluene. The excitation was MS (FAB): m/z = 888-898 (Cl isotopes for molecular
in the Soret band. ion); CagH24N4Clg: calcd. C 59.23, H 2.71, N 6.28; found
Flash photolysis of air- and Nsaturated solutions with  C 59.40, H 2.79, N 6.17.
absorbance between 0.2 and 0.4 at the Soret band employed
the second harmonic of the Nd:YAG laser (532 nm, 80 mJ,
8 ns fwhm). Triplet—triplet absorption spectra were obtained 3. Results
for all porphyrins and chlorins. Their decays at 320 and
460 nm were followed in the presence and absence or air3.1. Synthesis
and fitted with one exponential.
Aromatic mesesubstituted porphyrins were prepared by
condensation of appropriate aromatic aldehydes with pyrrole
in nitrobenzene/acetic acid using the method of Gonsalves

All solvents and reagents (Aldrich) were purified by et al. [24]. The porphyrins were then reduced with diimide

standard methods before used. The chloroform used in theUSIng Whitlock’s method [25], performing innovations in

tive thin | h t h tralised with the reaction conditions and isolation method (Fig. 2). The
preparative thin fayer chromatography was neutralised With ¢ 5rins were synthesised by reduction of porphyrins with
neutral active alumina.

The porphyrins employed in these studies were syn- diimide (prophyrin/diimide 1/8) generated in situ by at
thesised according to the procedures described elsewherOnce aadition op-toluenesulphonylhydrazine anc&0s,

SN , %singa-picoline as solvent. The reaction was monitored by
g{;ﬁggb:?ﬁ;&iraﬂensatlon Is in agreement with the de- UV-Vis spectroscopy. When the typical absorption band

. . . f bacteriochlori b & 150 bout 65% of
General chlorine synthesisThe porphyrin (0.1 mmol) of bacteriochlorins was observes 750 nm) abou 00

. ) ._the corresponding chlorins was measured by UV-Vis. No
and sodium carbo.na}te (22 mg, .0'16 mol) were dissolved in significant differences related to the structural differences
50 ml of freshly distilleda-picoline, and the temperature

: i : on the porphyrin skeleton were found on the reactivity. Iso-
ra|sec_i to 12_0C: A solution ofp-toluenesulphonylhydrazine lated yields of 45, 51 and 28% were obtained for 5,10,15,
also in a-picoline (10ml, 0.08 M) was added to the re-

action mixture. The reaction was followed by UV—Vis 20-tetrakis(2,6-difluorophenyl)chlorin, 5,10,15,20-tetrakis-

: ) (2-chlorophenyl)chlorin and 5,10,15,20-tetrakis(2,6-chloro-
spectroscopy and the temperature raised until the absorp-

. . . . phenyl)chlorin, respectively. The poor yield obtained for
tion band at 750 nm (typical of bacteriochlorins) could be the TDCPC originated on its poor solubility and consequent
detected. After cooling, 50 ml of water was added and the ...

o . . difficult work up.
precipitate filtrated. The product was chromatographed in
silica thick layer, using chloroformfhexane (1/1). The
layer corresponding to the chlorine was recovered, the silica
was washed with chloroform and the chlorine recrystallised
from chloroformh-hexane. Yields and characterisation are
presented below.

2.2. Materials and synthesis

3.2. Photophysics and photochemistry

We show in Fig. 3 the absorption spectra of porphyrins
and the corresponding chlorins. The free-base porphyrins
have the characteristic spectra of the etio type. The chlorins
have a strong absorvance in the red withygyx ~ 650 nm.

2.3. Characterisation We obtained the absorption coefficients of the bands from
the Beer—Lambert law using solutions with concentrations

5,10,15, 20- Tetrakis(2, 6- difluorophenyl)chlorin. Yield: in the 104-107 M range, Table 1.

45%;H NMR (300 MHz, CDCb): § = 8.63 (d, 2H,J = Fig. 3 also shows the fluorescence spectra of free-base por-
4.8Hz), 8.44 (s, 2H), 8.29 (d, 2H] = 4.8Hz), 7.77-7.62 phyrins and chlorins. All spectra show the Q(0-0) and Q(0-1)
(m, 4H), 7.34-7.29 (m, 8H), 4.25 (s, 4H}1.42 (s, 2H); MS emission bands typical of porphyrins [26]. The Stokes shift



150 M. Pineiro et al./Journal of Photochemistry and Photobiology A: Chemistry 138 (2001) 147-157

R R
| \ 0 Nitrobenzene/Acetic Acid p-toluenesulphonylhydrazine
+ R —» R R > R R
| A K;CO3 A
H
Cl, Cl
R= ’ 4@ or
F Cl

Fig. 2. General procedure of porphyrin synthesis and reduction to chlorins.

of these compounds is very small and the spectroscopic en-able to detect the phosphorescence of the halogenated por-
ergies, calculated from the intersection of the normalised phyrins and chlorins reported in this study.

absorption and fluorescence spectra of th€0D) band, Porphyrin and chlorin triplet lifetimes in toluene solu-
are nearly identical to the relaxed energies of the singlet tions were measured by flash photolysis in the presence of
state. Table 1 presents the position of the bands, Stokesair- and in N-saturated solutions, Table 2. The triplet life-
shifts, lowest excited singlet energigss) and the fluores-  times in Nv-saturated solutions are limited by insufficient
cence quantum yieldsdE). We were unable to detect TPP  de-aeration and by the diffusion of,Onto the solutions.
phosphorescence at 77 K with our phosphorimeter. The lit- However, the values measured under our experimental con-

erature registers a phosphorescence quantum yiefgh of ditions are sufficiently long not to introduce significant er-
4 x 107° [27]. Interestingly, we obtained a nice phospho- rors in the determination of energy-transfer rates and singlet
rescence spectrum of 9-fluorenofgp = 3 x 10~°) with oxygen quantum yields. A typical triplet—triplet absorption

a maximum at 572 nm. Admittedly, the sensitivity of our spectrum and its decay are shown in Fig. 4(a) and (b),
equipment decreases from 572 to 800 nm. We were also unrespectively, using TDCPC as example. The triplet-triplet

Table 1
Absorption and luminescence data of porphyrins and chlorins in de-aerated toluene solutions

Absorption fmax (M), ¢ (M~tcm1)) Fluorescence. (nm) Stokes shift (cm!) Es (kcalmoll) &f

B(0-0) Q,(1-0) Q,(0-0) Q:(1-0) Q:(0-0) Q(0-0) Q(0-1)
TDFPC 410, 1.34E5 510, 1.11E4 536, 3.92E3 601, 4.40E3 655, 3.99E4 658 719 69.61 .60+4309 0124+ 0.026
ToCPC 418, 1.20E5 515, 1.17E4 539, 5.46E3 602, 4.15E3 655, 3.89E4 657 718 46.47 .66+4304 0089+ 0.018
TDCPC 418, 7.82E4 513, 7.46E3 540, 2.61E3 604, 2.02E3 660, 2.58E4 661 706 22.92 3614301 0049+ 0.022
TDFPP 416, 2.80E5 509, 2.11E4 539, 2.72E3 587, 5.89E3 655, 5.28E3 657 713 46.47 .64+835 0069+ 0.015
ToCPP 418, 3.14E5 512, 2.13E4 541, 4.99E3 588, 6.49E3 655, 7.09E3 657 716 46.47 .66+40304 0023+ 0.007
TDCPP 418, 1.18E5 513, 7.08E3 540, 3.70E3 589, 3.30E3 660, 2.05E3 661 719 22.92 .33+4832 0005+ 0.002

Table 2
Triplet lifetimes and quantum yields in toluene measured by flash photolysis and photoacoustic calorimetry, re$pectively
tT(N2) (ps) rr(air) (ns) kq x 1079 #1(N2) $2(air) DA P (A =655

M-1s D (» = 421nm) (» = 421nm) (» = 421nm) or 660 nm)

TDFPC 5.0 305t £ 4.7 180+ 0.03 04936+ 0.020 Q01454+ 0.007 085+ 0.03 088+ 0.04

ToCPC 6.1 35B8+38 157+ 0.02 05019+ 0.016 01364+ 0.007 092+ 0.04 089+ 0.05

TDCPC 8.2 397 £5.8 141+ 0.02 05134+ 0.026 Q01375+ 0.003 Q93+ 0.05 098+ 0.02

TDFPP 16.6 495+ 2.2 112+ 0.01 05242+ 0.015 01534+ 0.006 084+ 0.04

ToCPP 11.6 492 + 35 112+ 0.01 04903+ 0.020 01837+ 0.004 Q94+ 0.06

TDCPP 16.5 64D + 10.3 0.86+0.02 05827+ 0.021 Q0090+ 0.005 098+ 0.04

aThe uncertainties of PAC experiments were calculated for a 95% confidence level; the valp@gf is a lower limit, because some residual O
may remain in solution after Npurging.
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Fig. 3. Absorption and fluorescence emission spectra of porphyrins (solid lines) and their corresponding chlorins (dashed lines). The alestigption sp
were normalised to 1.0 at their respective Soret band. The fluorescence spectra (dotted lines) were scaled to the same quantity of light absorbed.
TDFPP and TDFPC; (b) @CPP and ®CPC; (c) TDCPP and TPCPC.
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Fig. 4. (a) Triplet-triplet absorption spectrum of TDCPC and (b) analysis of its decay at 460 nm. The chlorin was irradiated at 532 nm. The decay wa:
fitted with a single exponential.

absorption spectra of the other halogenated chlorinsare identical. Thus, we conclude that azulene is a suit-
closely resemble that of Fig. 4, with maxima at 340 and able photoacoustic reference for studies in the 500-700 nm
450 nm. range.

Time-resolved PAC measurements with irradiation at  PAC followed our protocol for PAC measurements [1,21].
421 nm employed Mn-TPP as calorimetric reference. Ata given laser intensity, we acquire and average 100 acous-
Mn-TPP absorption at 650 or 655nm is too weak for a tic waves of the calorimetric reference (T-wave), and repeat
convenient photoacoustic reference. Azulene (longest wave-this procedure until four sets of consistent T-waves are ob-
length absorption maximum at 575nm) has a singlet-statetained. Then, we do the same for a porphyrin or chlorine
lifetime of 7ps, a fluorescence quantum yield from the solution with the same absorptivity as the reference solution
S, state of about 1P [28] and was previously used as at the irradiation wavelength, and obtain four sets of waves
calorimetric reference in polar solvents [29]. We tested the (E-wave), each one of them being the average of 100 acous-
linearity of the calorimetric response of azulene with the tic waves. We repeat this procedure one more time with the
laser intensity and fraction of light absorbed against that pure solvent (toluene) to obtain four sets of the background
of Mn-TPP andp-carotene at 500 nm and found that they signal (O-wave). Fig. 5 shows typical raw data obtained in
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Fig. 5. Acoustic waves acquired in PAC experiments. T-wave: azulene (the calorimetric reference) in toluengsyithn.35 in a 1cm cell; E-wave:
TDCPC in toluene withAggp = 0.35 in a 1cm cell; O-wave: pure toluene. Irradiation at 660 nm of aerated toluene solutions, without filters. Average of
100 waves in each case.

a photoacoustic experiment. The acoustic wave generatecE-wave is the modulated response of the transducer to pres-
in the irradiated solution travels across the front-face quartz sure changes that approach its ringing frequency. In order
mirror and reaches the transducer Ls7after the laser flash.  to extract information on the lifetime and magnitude of the
This is in agreement with the velocity of sound in quartz, processes that modulate the transducer response and lead to
5.90 x 10° cm/s, and the thickness of the mirror, 1cm. The E-wave, we must deconvolute the E-wave using the T-wave
first step of the data analysis consists in multiplying the and a kinetic model.
O-waves by the fraction of light absorbed by the reference  The kinetic scheme employed to deconvolute the photoa-
(or sample) solution in the photoacoustic cell, in order to coustic waves measured in this work is presented in Fig. 7.
obtain the true background signals that affect the T- and The first process measured by PAC is the formation of the
E-waves. Then, a pair of T- and E-waves is corrected for the triplet state of the sensitiser and the second one is its decay.
background signal, by subtracting a scaled O-wave, and nor-Thus, we have two-sequential decays, each one described by
malised. The same procedure is repeated for the other three lifetime (tj) and a fraction of energy released in that life-
sets of waves. The analysis of the experimental results istime (¢;). In principle, the deconvolution can fit these four
based on the four independent sets of background-correctegparameters. However, we reduce the number of adjustable
T- and E-waves measured at the same laser intensity. Fig. Gparameters using the singlet state lifetimes of our porphyrins
illustrates normalised and background-corrected waves ob-(15.1 ns for TDFPP, 2.2 ns foroCPP and 0.22 ns for TD-
tained in this work. The laser intensity is changed by in- CPP [2]) and setting; = 1 ns for chlorins. Our deconvolu-
terposing a filter with transmission in the 30—-100% range, tion of the acoustic waves uses the Marquardt’s algorithm
and four new concordant sets of T-, E- and O-waves are ac-to fit ¢1, ¢2 andz2 [30,31]. This method has been described
quired. Each PAC experiment consists in the acquisition of in detail and extensively tested [1,21,22,32]. Although the
four sets of T-, E- and O-waves at four different laser inten- waves of N-saturated solutions were fitted with three ad-
sities, each one of them resulting from 100 laser shots. At justable parameterg{, ¢», t2), the triplet lifetime exceeds
least two PAC experiments were made at each laser line forthe time resolution of the 2.25 MHz transducer employed in
each porphyrin or chlorin. these photoacoustic studies and gives a meaningless frac-
The calorimetric reference transforms into heat all the tion of energy released>(N2). The only value of interest
excitation energy in a time shorter than the time resolution in these studies ig1. We work at low laser intensities and
of the pressure transducer. Thus, the T-wave is the trans-unfocused laser beams to minimise biphotonic processes,
ducer response to an “instantaneous” heat deposition. Thebut they may still occur and contribute to the prompt heat
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Fig. 6. Normalised and background-corrected T- and E-waves, obtained from the waves shown in Fig. 5. The normalisation factor is the reciprocal of th

largest absolute value of the T-wave. The C-wave was obtained convoluting the T-wave with two-sequential exponential decays otlitetihres
and t; = 393 ns and fractions of heat releage= 0.1312 andg, = 0.0626. Res= E-wave— C-wave.

0,('Ap)

fast decay
T1 ¢1

So

slow decay
)

fast decay
T1 ¢1

a) b)

Fig. 7. Photoinduced processes: (a) in the absence and (b) in the presence of molecular oxygen. Full lines: radioactive processes; dashédriess: radi
processesAE; represents the relaxation energy of the ground-state species formed radiatively from the lowest excited singlet state.
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Fig. 8. Laser intensity studies of the heat released in PAC experiments, under the conditions of Fig. 5. The transmittances refer to filterstinterposed
attenuate the laser intensity. The circles correspond to the heat not released in the fast decay (i.e., the energy stored in the triplet), andesdeire meas
Nz-saturated solutions. The squares represent the heat released in the formation of singlet oxygen in air-saturated solutions. Open symbadls and das
lines correspond to irradiation at 421 nm and closed symbols and full lines refer to irradiation and 660 nm.

release. This can be assessed comparing the valugs of 4. Discussion
obtained at different laser intensities. A typical laser inten-
sity study is shown in Fig. 8. If significant laser intensity The absorption and emission characteristics of free-base
dependence is observed, the valuepgfhas to be extrap-  porphyrins and their derivatives are well known [26,33-36].
olated to zero laser intensity. The values ¢f reported The effect of peripheral substitution on the optical pro-
in Table 2 were corrected for their eventual laser intensity perties of many free-base and metallated porphyrins was
dependence. recently reviewed [2]. We observed the expected increase
In air-saturated solutiong,(air) is associated with trans-  in absorbance of the \Q0-0) with the reduction of D ring.
fer of energy from the triplet state of the sensitiser to molec- TDFPC and BCPC absorptions at 655 nm and the TDCPC
ular oxygen (Fig. 7(b)). Its decay timeg, is established in  absorption at 660 nm are enhanced relative to the corre-
flash photolysis experiments using air-saturated solutionssponding porphyrins. Halogenation @tho position of the
and kept invariable in the deconvolution of the photoacous- phenyl ring leads to fluorescence quenching. This is as-
tic waves, together withr1. Thus, in air-saturated solutions  signed to an increase in the intersystem crossing rate due to
only ¢1 and¢» are adjusted to reproduce the E-wave from a heavy-atom effect. Chlorins are slightly more fluorescent
the T-wave and the two-sequential decays model. The dif- than porphyrins.
ferences between the values ¢f obtained in N- and The triplet lifetimes are much shorter in air-saturated than
air-saturated solutions are not statistically significant. The in N»-saturated toluene solutions. Table 2 presents the rate
quality of the results can be assessed comparing each caleonstants for singlet oxygen formation estimated from the
culated wave (C-wave) with the corresponding E-wave. concentration of molecular oxygen in air-saturated solutions
This is shown in Fig. 6. In Table 2 we present the thermal ([O2] = 1.81x 10~3M) and the lifetimes measured at room
energy released in the first and second decays measuretemperature. The oxygen quenching rate constants approach
by PAC. kit = 3.4 x 10°M~1s71, as expected for exothermic en-
The absorption of the solutions did not change with their ergy transfers.
irradiation, indicating that the sensitisers did not decom- The fast thermal energy release, associated withis
pose appreciably during flash photolysis or photoacoustic due to the formation of the relaxed State, followed by the
experiments. formation of the triplet state (quantum yiedely) and by the
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internal conversion to the ground state (quantum yiglg).
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5. Conclusions

The ground-state species formed by fluorescence (quantum

yield @) also relaxes in this time window and contributes
to the thermal energy releasedrin These contributions are
shown in Fig. 7 and can be formulated as [1]

Epvgr=(Epy — Es) + (Es — ET)P7
+Es®c + AEPF (1)

Developing this expression and considering gt = 1 —
&1 — PfF, We obtain

PTET = (1 — ¢1) Eny — PFE max (2
whereE, max is the energy at the maximum fluorescence in-

tensity, E,max = Es — AE;. The triplet quantum yield can
only be determined if the triplet energy is known. As men-

Chlorinated chlorins store sufficient electronic energy
for a sufficiently long time to sensitise the formation of
singlet oxygen with unit efficiency. Their absorptivities at
640nm are ca. 10 times larger than those of porphyrins
and HpD. Moreover, they are photostable and do not react
with singlet oxygen in the time scale of our photoacoustic
experiments ({.s). Thus, from the photochemical point of
view, chlorinated chlorins are interesting PDT sensitisers.
These chlorins do not have the solubility required for PDT
experiments, but there are suitable templates for the intro-
duction of hydroxyl and sulphonamide or sulphonic ester
substituents that may modulate their solubility. Work along
these lines is in progress in our laboratory.
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