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Abstnu'l

Slructiiral ami opiical properties as well as photopiiysieal ami pliotoelieinieal parameters ( exeiteil S, ami I', state lifetimes at 77 К and m 
the presence of O,. in solution at 243 K; efiieieneies o f singlet oxygen, 'Aj,, generation) are presented for porphyrins and ehlorins with potential 
lor the ІМУГ o f eaneer: ehlorin />,, and its triniethyl ester, ehlorin e„ and its Na, and К i s.ilts, piirpiirm-1S and its mononiethylester, 5,11), 15.20- 
tetrakist 3-methoxyphenyl )porphyrin I'l'I’I’M ), 5,10,15,2t)-tetiakisl 2,4-dilUioro-,J-methoxyi)henyl Iporphyrin t'l'I’l’Ml-) and CJa'IlM’ in dif
ferent solvents I ethanol, toluene, pyridine and buffer pi I 7 .4) at 77-31)0 K. It has been shosvn that for monomeric ehlorin c,,, chlorin i>,, and 
Its derivatives the photo|)hysical parameters are similar, as follows: lluorescenee lifetimes r, in the presence o f oxygen are 3 .2 —t.5 ns at 
243 K; lluorescenee i|uanlum yields Ф, vary from 0.1 to 0.2 depending on the solvent; phosphoreseenee i|uantum yields i/j, are o f the order 
10 I'l slate lifetimes t, = 1.5 -2 .0  ms at 77 К and 250-340  ns at 243 К in the presence o f f ) . .

By use of the direct kinetic measurement of singlet oxygen emission at 1.27 /am on laser excitation the t|iiantum yiekls o f 'Л̂ . generation 
by ehlorins have been measurei.1: = t).35-0.bS. In this case values of (/i, and </>д ilepend strongly on the solvent, probably because of the
torm.ition of aggregates. Гог T l’l’M, ТІ’І’МГ and Cia-TI’l’ the г/ід values measiirei.1 are higher ( 0 .S 7 -0 .4 S ) ami are explained by the higher 
iiUersystem crossing S, -* T | quantum yields.

К(’уног(1.\: Pfirphyrins; Chlorins; PhoiosL*iisiii/crs; PDT

I. Iiitroductioi)

In the last liecade there has been inereasing interest in the 
use of porphyrins ;ind ehlorins as photosensiti/ers for selee- 
tive and elTeetive destruetion of animtil and human malignant 
tumours I 1-14 I. Photosensiti/.ation w'ith different tetrapyr- 
role eompounds has been shown to be an elTteienl process for 
the killing of cancerous and bacterial cells. It has been sug
gested that singlet oxygen, produced hy energy transfer from 
the sensiti/er triplet state to molecular oxygen, is the cyto
toxic agent active in phototherapy in malignant tissues in 
vivo 14,15.161.

This developing medical application has stimulated a 
search for photosensiti/ers which are more effective than the 
previously used haematoporphyrin derivatives and related

* Corresponding authnr.

compounds I 3-7 I. 'I'hc new, ‘’socond-gcncralitni” ріюю- 
sensiti/.ers must fulfil a number of criteria if they are to act 
efiieiently [7 |.  In addition to meeting the biological re
quirements, which appear to be best satisfied by a balance of 
hydrophobic and hydrophilic eharaeteristies, the photosen- 
siti/.er should have strong absorption in the red region of the 
visible spectrum. This criterion arises because, owing to 
lower scattering and to weak absorption by natural ehromo- 
phores. red light penetrates tissue much better than do the 
other parts of the visible spectrum. Erom a photopiiysieal 
point of view, photosensiti/.ers for this application also need 
to have a high intersystem crtissing probability, leading to 
effective population of the triplet state, coupled with an efli- 
eient generation of singlet oxygen.

There is consequently considerable current interest in the 
synthesis and application of “ new generation" photosensi
ti/.ers based on various molecules containing a tetrapynrole
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unit with increased red absorption, such as phthalocyanincs 
[3.9], chlorins and purpurins [3-7,9-11], naphthalopor- 
phyrins [17], and bacteriochlorins [11,18]. In this context, 
it should be noted that the choice and optimization of new 
tetrapyrrolc-bascd photosensitizers is facilitated by the inves
tigation of their photophysical and photochemical parameters 
in homogeneous solution as the first step. In addition, it is 
interesting to analyse the behaviour of their properties in 
solvents of different nature to control possible aggregation 
effects which can influence the photodynamic efficiency 
dramatically.

In the work reported here, optical, photophysical and pho
tochemical parameters of purpurin-18 (P I8) and chlorin p,, 
(Chi p,,) and their derivatives as well as of some tetraphen- 
ylporphyrins arc presented. The main emphasis is directed to 
the comparative analysis of the values obtained for new com
pounds in different solvents with the analogous parameters 
known for Chi Cf,.

2. Materials and methods

2. /. Materials

Chlorophyll a has been isolated from plant materials by 
well-known tnethods [19] and has been converted ehemi- 
eally into PIS and Chi c,. or Chi and their derivatives 
with different substituents [20]. 'Піе synthesis of the tetra- 
phenylporphyrin derivatives 5,10, l5,20-tetrakis( 3-methoxy- 
phenyl)porphyrin (TPPM) and 5,10,l5,20-tetrakis(2,4- 
dilluoro-3-methoxyphenyl)porphyrin (TPPMF) has been 
earried out using methods ba.sed on those described elsewhere 
[21]. The compounds have been characterized by the use of 
electronic and 'Н nuclear magnetic resonance spectroscopy 
and by mass spectrometry. The structural formulae of the 
eompounds, and the abbreviations used here, are given in 
Fig. I.

All solvents (ethanol, toluene, pyridine, isopropanol, die
thyl ester (speetroscopie grade)) have been used without 
further purification. The experimental results have been 
obtained at ambient temperature or at 77 K. in some eases.

2.2. Spectral and kinetic nieasurements

Electronic absorption spectra were recorded on Beckman 
5270 and Specord M40 spectrophotometers. ТЪе photo.sen- 
sitizer lluoreseence lifetime t, was measured using a PRA- 
3000 pulse fluorometcr operating in the single-photon 
counting mode.

Corrected fluorescence and phosphorescence spectra as 
well as fluorescence and phosphorescence exeitation spectra 
were recorded on a laboratory spectral luminescent set-up, 
equipped with a personal computer. The operating speetral 
region was from 200 nm to 1ІСЮ nm, and the exciting light 
sources were xenon and tungsten lamps or an argon laser. For 
better signal-to-noisc ratio the experimental set-up was

equipped with a thermocooling system for the photomulti
plier ( FEU-83 or FEU- КЮ). The rcproducability of the sys
tem is 5%, the accuracy of emission quantum yield 
measurements is ЪЧс-1Чс for (/», > 0.1, and the limit of emis
sion quantum yield <Д, measured is 10 The apparatus has 
been described in detail [ 22 ]. The emission quantum yields 
of the compounds under investigation were determined by 
the relative method [23]. Tetraphenylporphyrin in toluene 
(ф, =0.09 at 293 K) was used as a standard [43]. Quantum 
yields of phosphorescence were estimated by comparison 
with the fluorescence quantum yields of the same compound.

The kinetics of triplet-triplet absorption was studied on a 
standard laboratory flash photolysis set-up vvith a time reso
lution of |()-^ s [24-26].

2.J. Siiiitlet oxygen laser Jhioronietry

Spectra, kinetics and quantum yields of singlet oxygen 
emission were obtained using a laboratory experimental set
up, de.scribed in detail in Refs. ] 26-28]. The samples were 
excited by the pulses of the second harmonic of an AIG:Nd'' 
la.ser (Л = 532 ntii) or ruby laser ( Л = 347 nm) with a dura
tion of 20-30 ns and an energy density of 0.3-3.0 mJ cm \  
'I'he probing of induced absorption was performed by a fila
ment lamp. The recording was carried out by a germanium 
photodiode or a photomultiplier tube and by a digital oscil- 
loseope conneeted witli a personal computer. The separate 
determination of quantum yield of the sensitized produc
tion of singlet oxygen is not trivial.

Usually (Дд values are determined relative to each other or 
to sensitizers with a known yield, 'fhe determination of the 
quantum yield of photosensitized formation of singlet oxygen 
(O^f'Aj.)) based on using standard compounds with well- 
documented ф^ values in different solvents has been 
described in detail [29]. In contrast with methods ba.sed on 
the photochemictil oxidation of the substrate ] 17,30] we used 
the direct spectral kinetic method for the measurement of 
singlet oxygen IR emission (Л = 1.27 ^ші). In thisctise uncer
tainties in the quantitative estimation of the role of singlet 
oxygen in the photochemical oxidation of the substrate are 
excluded. In this respect we consider th;it our method [iro- 
vides more accurate values of the quantum yields of singlet 
oxygen formation.

The main procedure for the determination of the quantum 
yield (/)д of singlet oxygen formation may be presented as 
follows. When the compound under consideration and the 
standard were in the same solvent the value of (Дд ' for the 
compound was determined by the relative method, i.e. by the 
comparison of the emission intensity of singlet oxygen, pho
tosensitized by the compound under investigation (intensity 
/ , ) and by the standard (intensity /„):

I s _  I 0 m

where is the quantum yield of singlet oxygen formation 
for the standard, and )3, = I — IO” ' and Д, = I — 10“ ”" arc the
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HC=CH, CH,

c,H.

CH,

Chi eg: R=H 

Chi eg K3 : R=K

C,H,

H,

Chi pg: R=H

Chi Рб-(ОМе)з: R=CH3

TPPM: Ri=0CH3, R2 =H 

TPPMF: Рі=ОСНз, R,=F

R:

P18: R=H

P18-0Me; Р=СНз
Fig. I. The structural formulae and acronyms of the purpurins, chlorins and letraphcnylporphyrins studied here

absorbed exciting light portions at excitation wavelength for 
the investigated and standard compounds respectively. /, and 
/„ values were obtained for no less than 30 laser puLses and 
then were averaged and extrapolated to the maximal pulse 
intensity.

Oxygen concentrations at ambient conditions in the sol
vents being used, and dielectric constant e values were taken 
from Refs. [26,31 ]. Various compounds were used as stan
dards: (i) chlorophyll a (f/>̂ ‘* = 0.6 [26]) and octacthylpor- 
phyrin (f/»̂ ’̂ = 0.75 [32]) in toluene solutions; (ii) 
methylene blue (гД '̂’ = 0.52 [33]) in ethanol; (iii) Chi e,, 
( гАд" = 0-74 [ 341) in pyridine, in all cases solution absorb
ance at the excitation wavelength was not higher than 0.2 at 
a path length of 10 mm. The relative error of the ф^' deter
mination did not exceed 10%-15%.

The experimental set-up described permitted us to measure 
T| values for the compounds of interest in liquid solutions at 
293 К in the presence of molecular oxygen as well. The 
corresponding values of singlet and triplet state quenching 
rate constants by molecular oxygen were calculated by using 
oxygen solubility data and physicochemical properties of sol
vents from Ref. [31].

The following formulae were used.
(i) For the rate constant kj of triplet state quenching by 

molecular oxygen,

(7-r) - ' - ( r / ) - '
10,]

( 2 )

where Xr" and Xj arc triplet lifetimes of the compound under 
consideration in liquid solution in the absence and the pres-
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ence respectively of oxygen and [O^] is the dissolved molec
ular oxygen concentration. As a rule in calculations of ky the 
value of ( Tj’) “ ' is neglected because of Xj'’»  Tj  (over 2-3 
orders of magnitude).

(ii) For the rate constant k̂  of singlet state quenching by 
molecular oxveen.

it.=
( x , ) - ' - ( x ; ’)

[O,]
(3)

where r / ’ and are singlet (fluorescent) lifetimes of the 
compound of interest in liquid solution in the absence and 
the presence respectively of oxygen. The relative error in the 
measurements is estimated to be ±37c for x,, ±5% for Tj  
and ±  l07c-l2Vc for k̂  and kj.

3. Results and discussion

3.1. Singiel and triplet parameters

It is convenient to separate and di.scuss the results of our 
investigation by presenting them in three different parts: (i) 
purpurins, (ii) chlorins and (iii) tetraphenylporphyrins.

Figs. 2 and 3 show the absorption and corrected lumines
cence (duorescence and phosphorescence) spectra of some 
representatives of these three groups of the compounds. The 
results of the study of their photophysical parameters arc 
summarized in Table I.

3. /. /. Purpurins
PI8 in ethanol is characterized by a long-wavelength 

absorption band at 7(X) nm which is attributed to a QTO.O) 
electronic transition (35|. The maximum of the Soret band 
is observed at 408 nm (sec Fig. 2(;i)). The ratioz\(Soret)/ 
Л (Q,) = 2.7 rellects a situation which is typical for tetrapyr- 
rolc compounds with hydrogenated pyrrole rings (36). Table 
1 shows that when the solvent is changed to toluene and 
pyridine the absorption spectra of PI 8 arc red shifted by 4-7 
nm. In all solvents the weak vibronic structure of the first 
electronic Q,(0,0) transition is observed. In addition, a sig
nificant band at 547 nm manifests itself in contrast to the low 
intensity band for various ' ‘normal’’ chlorins in this region. 
According to our polarized fluorescence measurements for 
chlorins this band belongs to the second 0,(0,0) electronic 
transition [36|. The energy of this transition is almost inde
pendent of the substituents and the solvent and does not 
change with temperature decrease down to 77 K.

The fluorescence spectrum of P18 (Fig. 2 (a ) ) is roughly^ 
the mirror image of the long-wavelength region of the absorp
tion spectrum and is characterized by weak vibrational struc
ture. This means that, on excitation, the structural changes of 
P I8 are quite small and the Frank-Condon principle, which 
determines the form of the absorption band, is applicable to 
the emission proces.ses for this molecule.

The fluorescence quantum yield гД, of PI8 is strongly 
dependent on the solvent, changing from 0.08 in ethanol to

f'ig. 2. Лікофііоп (.spectra I; 24.1 K) ami corrected lliioresccncc (spectra 
2; 24.1 K) and phosphorescence (spectra .1; 77 K) spectra of (a) I'IX in 
pyridine atid (b) Chi/'„and (c) Chi <•„ in ethanol,

I), Ituin

700 900 1000
X, nm

Fig. 3. Absorption (spectra I; 293 K) and corrected fluorescence (spectra 
2; 243 K) and phosphorescence (spectra 3; 77 K) spectra of (a) TPPM and 
(b) TPPMF in toluene.

0.13 in pyridine. Nevertheless the fluorcseence lifetime x, 
remains practically constant in all solvents (see Table 1). If 
one takes into account that the solubility of PI8 in ethanol 
and toluene is significantly lower than that in pyridine, this
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Table I
Speetral luminescent parameters of chlorins. purpurins and tetraphenylporphyrin denvatives

Compound Solvent
( cm ' ‘ )

Ф, at 
293 К

at
293 К
( ns)

<h|, at 
77 К
( :« 10 ')

Гр at 
77 К 
(ms)Absorbance 

at 293 К
Fluorescence
at 293 К

Fluorescence 
at 77 К

Phosphorescence 
at 77 К

Chi Toluene 674 683 680 910 3720 0.19 3 8 0 75 1.1
Chi /V Elhiinol 6Ы 672 670 808 3790 0 10 3.2 1.0 12
Chle, Ethanol 66,7 668 664 886 3770 0 13 4,4 0 0 1 6
(C hIfJN a, Ethanol 663 668 666 888 3750 0.15 4 3 1 2 1 4
(Chi Ethanol 664 670 665 900 3020 0,12 4 5 1 0 1 2
Chi Buffer, pH 7 4 656 664 0,17 3.3
Chi Buffer. pH 7 4 6.54 662 0 18 7
(Chi t-^)Nui Buffer. pH 7.4 654 662 0 22 7
(C h IfjK , Buffer. pH 7,4 656 662 0.16 ,3 6
PUS Ethanol 700 712 O.OOS 2 4

Toluene 704 711 0,08 2.6
Pyndine 707 714 712 930 3200 0,1 3 2,6 2 9 17

PIS-Mc Toluene 702 710 700 917 3200 (111 2 2,8 1 8
TPP Toluene 64S 653 645 850 3860 0,00 10 7 6 7 5 8
IPPM Toluene 64 S 652 W5 858 3850 0 08 0 7 s 5 3
ТРРМГ Toluene 645 w x <>l() 840 3720 0045 10 () 5 5 7.2

observation tiiay be due to the partial aggregation of IMS in 
ethanol and toluene at 293 K. Fhe same situation eannot be 
exeluded iti ethanoUelher mixtures used in Ref. | 37 ] for the 
same eompounds. It should be noted that for chlorins and 
chlorophyll-type molecules aggregation tloes not signili- 
cantly change the spectral properties of solutions in some 
cases but tloes lead to lluorescence c|uenching 13S,39|. In 
our ease, at 77 К the lluorescence of I’ IS in ethanol and 
toluene decreases by about 100 times. So, we stress that for 
PIS aggregation effects must be taken into consitleration 
when using different solvents.

In this regard, PlS-Me, having a higher solubility than 
PIS, is charaeteri/ed by the same parameters of lluorescence 
in toluene as for PIS in pyridine ( see 'I'able 1 ). So, PI S-Me 
may be considered as a potential sensiti/.er for PDT purposes. 
Below we discuss its eflicieney of singlet oxygen generation.

Finally, weak phosphoreseence of PIS in pyridine and of 
PlS-Me in toluene has been observed at 77 К (see Table 1 
and Fig. 2 (a)) .  The assignment of this emission to PIS or 
PI S-Me has been established by the coincidence of the phos
phorescence excitation spectra with the absorption spectra of 
the corresponding eompounds. Phosphorescent data permit
ted us to estimate directly the energy of the triplet states.

3 ./.2. Chlorins
Comparison of F'igs. 2( a) and 2(b) shows that on moving 

from PIS (or PlS-Me) to Chi /?,, (or Chi /;,,-(Me),) the 
Q^(0,0) band in the absorption spectrum shifts to the short- 
wavelength region by 36 nm. The vibrational structure of the 
first QT0,0) electronic transition practically disappears. The 
intensity ratio A(Soret)//\[Q,(0,0) | is approximately the 
same as for PIS. However, the relative intensity of the 
Q,(0,0) transition is drastically decreased and its position 
must be at 530 nm, according to polarized fluorescence meas
urements on Chi Cf, [ 361.

The lluorescence spectrum of Chi /),, is essentially a single 
band (see Fig, 2(b)). As one can see from Table 1 the 
lluoreseenee quantum yield of Chi p,, in ethanol is lower by 
1.5-2.0 times in comparison with the analogous values meas
ured for chlorins in different systems | .3-1,36,4 0 | . As with 
PI S ( see Section 3.1.1) we believe that the decrease in </,, in 
ethanol is connected with the partial aggregation of the jiig- 
ment which is due to the low solubility of this compound. 
F'or Chi /),,-Mci which has a better solubility in ethanol and 
toluene in eontparison with Chi p,„ the lluoreseenee quantum 
yield is near 0.2 (see Table 1).

A noteworthy feature of Chi /;,,-Ме , is that its absorption 
Q,(0,0) band maximum in non-polar solvents (A,,,.,, = 674 
nm) coincides with a generation line of the Kr laser. This 
feature makes Chi /),,-Mci an attractive possibility for Р1УГ 
when using laser excitation.

The phosphoreseence parameters ol' Clil /r,,-Me, ( ф̂ ,, 
see Table 1) as well as the S,-T, energy gap seem to be 
typical for chlorins |36). Their energetic charaeteristics 
resemble the corresponding values of pheophytin 6 | 4 1 | .

A speetral pokiri/.ed study of Chi e,, and its energetics has 
been performed |36] in which a glassy matrix of diethyl 
ether-petroleum ether ( 1:1) at 77 К has been used. In addi
tion. the photodynamic action of this compound in several 
systems has been investigated [ 3,34 ]. Here we compare these 
data with present results (Table 1). The ex|x'rimental data 
known for Chi e,, (see Fig. 2 ( e ) ) and observed for its deriv
atives in this investigation are comprehensively compared 
with spectral energetic eharaeteristies and photosensitization 
eflieiency for Chi /?,, and Chi /;,,-Ме,.

The experimental results given in 'fable 1 and in Fig. 2 
lead to a number of conclusions. 'Піе spectral, energetic and 
kinetic charaeteristics of luminescence of Chi e,,. its salts 
((Chi e,,)Na, and (Chi e,,)K,) and Chi />,, and Chi p,,-Me,
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are rather similar. Structural changes (here, the introduction 
of ionic or ester peripheral substituents) have only a small 
influence on the photophysics of the compounds being inves
tigated. This conclusion agrees with the conclusions pre
sented in Ref. [35]. However, the nature of the solvent may 
influence the state of the pigment molecules. In some cases 
(especially, for ethanol) it leads to aggregation effects. In 
other cases (for buffer solutions; sec Table 1) spectral shifts 
of absorption and luminescence bands arc observed without 
noticeable aggregation phenomena. The last observation for 
Chi €(, is mentioned in Refs. [34,40,42] and is attributed to 
changes in dielectric constant in the medium surrounding the 
chromophore.

J. 1.3. Tetraphenylporphyrin derivatives
As will be shown below, TPPM (with methoxy substitu

tion) and TPPMF (with additional 2,4-dil1uoro substitution. 
Fig. 1) arc of interest in PDT owing to their high efficiency 
of singlet oxygen fomiation. Tliis led us to compare their 
spectral and luminescence parameters, given in Fig. 3 and 
Table 1, with data for various halogen-substituted TPP com
pounds 143-461. It must be noted that the spectral parameters 
of TPPM practically coincide with those for TPP. At ec|ual 
intensities of the lluoreseenee vibronie Q((), I) bands, the 
electronic 0(0 ,0) band intensity for l'PPM is 1.4 times lower 
than the corresponding band intensity for TPP. Furthermore, 
photophysieal properties of TPPM (ф,, x,, and r,,) do not 
differ considerably from the same values for TPP. So, the 
introduction of OMe groups at the meta position of the phenyl 
rings does not markedly influence the тг electronic system of 
the main chromophore. The changes in electronic spectra 
when moving from TPP to TPPM are in a good agreement 
with our previous results [ 451, which have shown that para- 
methoxy substitution, and lluoro substitution at the meta and 
ortho positions of the phenyl ring, resulted in a noticeable 
weakening of the intensity of the long-wavelength transition 
Q(0,0) band in the absorption spectrum. It should be noted 
that the weakening of the intensities of the Q,(0,0) and 
Qj(0,0) bands in absorption ( “ phyllo-type spectrum” ) has 
been observed previously [43,45]. The observed spectral 
features in this ca.se have been attributed to the sterie inter
action of the halogen atom with the pyrrole ring. This leads, 
on the one hand, to increased diflieulty in the rotation of the 
benzene rings around the -C -C -  bond and, on the other hand, 
to an increase in the energy of the highest occupied molecular 
orbital a,u (for symmetry group Дц,)-

The same situation is ob.served in fluoro-substituted 
TPPMF (.see Fig. 3(b)) where the intensity of the long- 
wavelength Q(0,0) band decreases almost fourfold relative 
to TPP. As a result, the lluoreseenee quantum yield ofTPPMF 
is half that for TPP at the same fluorescence probability. We 
suppose that the decrease in fluorescence effieieney is due to 
the absolute deerease in the Q(0,0) transition intensity.

The experimental results obtained for TPPMF show that 
the ineorporation of fluorine atoms at para and ortho posi

tions of the phenyl ring does not cause a change in the inter
system crossing probabilities. However, it has been shown 
that para-C\ substitution in TPP reduees the phosphorescence 
liletirne and increases the phosphorescence quantum yield 
[451. Thus in the case ofTPPMF one should assume that the 
phenyl rings are rotated by a large angle (about 60°) relative 
to the 7x electronic maeroeyele and do not take an effective 
part in conjugation.

3.2. Interaction with molecular o.xygen

3.2.1. Chlorins and their derivatives
Table 2 summarizes the main results obtained for the com

pounds under consideration when interacting with molecular 
oxygen. The rate constants and of singlet and triplet 
state quenching by molecular oxygen for Chi in ethanol 
are practically the same as the corresponding values for Chi 
e,,. It should be mentioned that the rate constants for the.se 
compounds are practically the same as the diffusionally con
trolled values of A\,,, in this solvent. At the saTiie time the 
experimental ratio (3 = k, /C  = 0.22 for these two compounds 
in ethanol is notiee'ably higher than the spin statistical factor 
,(,'i = 1 /9, taking into account the spin states of sensitizer mol
ecule and molecular oxygen. The last fact may be explained 
by the inclusion, in the quenching of T states by molecular 
oxygen, of the other spin states of the collision complex {k, J  
which are not connected with singlet oxygen generation. For 
instance, the following process may occur:

,ц’ 'Aiiiir
'М, -t- '0 , '■ ’M, ' 0.1

' M „ - - ’o,|
A jix

'M„+ ’o , (4)

where g, = 1/3 is the spin statistical factor, is the diffu
sion rate constant, and kj,., is the rate eonsttmt of complex 
dissociation.

However, the high values of the singlet oxygen generation 
quantum yield as well as the observed non-dependence of </)̂  
and the rate constant k, of triplet state quenching on the 
medium polarity for Chi ty, (ethanol, toluene; see Table 2) 
do not support such a possibility. The same situation has been 
ob.served for ehlorophyll-typc molecules [26] and has been 
explained as a result of the increasing probability k, of the 
spin-forbidden transition between triplet and singlet states of 
the eollision complex:

’ [ 'М ,- • - ’O. 'M„ 'O A 'A J l (5)

It should be stressed that such a transition is spin forbidden 
and is not generally ob.served for aromatic molecules. The 
energy gap between the sensitizer T, state and the oxygen 
'Ag state is not so large for chlorophyll-type molecules. 
Hence, this transition is characterized by a higher value of 
the Franek-Condon factor which leads to an increase in the 
non-radiative transition probability. Moreover, in this case 
the existence of a low-lying charge transfer state, which may 
also influenee k ,̂ is not excluded. On salt formation (from 
Chi e,, to (Chi e,,)K, or (Chi e^INa,) we do not observe



Table 2
Pholophysical properties and parameters of interaction of the compounds with molecular oxygen
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Compound SoKenl Tt
(ns)

kyX 10 "  
( M ' s - ' )

k,y. 10"'' 
(M ' s ')

<t>\

Chi Ethanol 290 2.1 9.4 0 22 0,65 ± 0  06
Toluene 255 0.61 +0,06

(Chi f„)Na, Ethanol 305 2.0 0.68 + 0 06
(Chi Ethanol 260 2,3 9.3 0 24 0.68 ±0.06
Chi r . Ethanol 255 2.4 9.9 0 24 0 60 ±0.06

Pyndino 0.35 ± 0  05
Chlp,-M e, Ethanol 0,69 + 0 06

Toluene 0 65 ±0.06
Pyridine 0.79 ±0,07

PI8 Ethanol 195 3.1 0 45 + 0 10
Toluene 250 0 70 ± 0.07
pyridine 0 75 + 0 07

I’l8-Mc Ethanol 0 55 + 0  10
Toluene 0,73 + 0.07
Pyndine 0,80 + 008

TPP Toluene " 400 14 11.0 0.127 0 68 + 0,06
GaTPP Ethanol 0 95 + 0,05

pyridine 0.85 + 0 08
Toluene " .545 1.05 0 85 +008
Acetonitrile ^ 6X5 0 9 0 98 +0.02

TPPM Toluene 300 1 85 15.8 0.117 0,87 +008
TPPMP Toluene ,390 14 12.7 0.112 0 87 + 008

“Taken from Refs 125,321.
" The.se values have been determiiied hy E.l Saguti and В M D/hagarov

noticeable changes in rate constants i ,  and ky, but only a 
slight increase (about 5% ) in the singlet oxygen generation 
quantum yield. Л small increase in the ratio/d = 0.24 for (Chi 

in this ease may be eonneeted with the lowering of the 
energy of its 'I', level, 'llie ptisition of the phosplwreseence 
maximum t>f this compound and the shortening t)f its ( see 
'I'able 1) support sueh an explanation.

It must be noted that Chi is eharaeteri/.ed by a lower 
solubility in comparison with Chi e,, in the solvents being 
used. For instanee, Chi Pf, has a small solubility in pyridine 
and it is searcely soluble in toluene. However, in ethanol, 
where its solubility is relatively high, the photophysieal par
ameters of this compound (k^, ky, ф^) are practically the 
same as the analogous parameters of Chi e,, (sec Table 2). In 
this connection, the low value of the singlet oxygen genera
tion quantum yield for Chi p,, in pyridine ( =  0.35 ± 0.05) 
may be attributed to its low solubility and to aggregation 
effects.

In contrast to Chi p,„ the ester Chi /;,,-Mcj has a rather 
good solubility in all the solvents used and is eharaeteri/.ed 
by higher ф^ values in corresponding media compared with 
Chi and Chi (by approximately 5%-\07r). For the 
purposes of singlet oxygen generation, Chi p,,-Mey exhibits 
the best activity of this group of compounds.

3.2.2. Purpttrins
As mentioned above the use of a long-wavelength band of 

the sensitizer is desirable because of the better tissue penetra
tion of exciting light in x ivo. Purpurin and its analogues may

be considered as promising candidates in this respect. The 
bathochromic shift of the long-wavelength absorption band 
of PI8 and P18-Me (see Fable 1) in comparison with Chi 
i'l, reveals a noticeable lowering of the energies of their S, 
levels. In accordance with well-known photophysieal corre
lations one would expect the simultaneous lowering of the T, 
levels and an increase in the probabilities of non-radiative 
T | —*S|| transitions resulting in a diminishing of quantum 
elTicieney of singlet oxygen generation by these molecules.

Nevertheless Table 1 shows that the triplet lifetimes r,, of 
P I8 and P18-Me at 77 К ( T|, = 1.8 X 10 ' s) are similar to 
the corresponding values for ehlorins. This means that, on 
the one hand, the purpurins being investigated are not ehar- 
acteri/.ed by higher values of the non-radiative intersysiem 
crossing T, probability k,,. On the other hand, the long 
triplet lifetimes of these compounds facilitate the high prob
ability of diffusional collision of P18 and P18-Me triplet 
molecules with oxygen saturated solutions. It must be noted 
that in liquid solution the small value for P18 T[-and the high 
rate constant к у (see Table 2) points to the high quenching 
efficiency of the compound by molecular oxygen. In addition, 
the high values of quantum yields of singlet oxygen genera
tion by P I8 in pyridine and toluene resemble the same sen
sitizers for Chi Pf,-Mcj. Table 2 shows also that, under the 
same conditions, the reduced derivative of PI8, P18-Me, 
exhibits a slightly higher (by 57c-6%) value of , and from 
this point of view PI8-Mc might be a better potential pho- 
tosensiti/.er for cancer therapy than PI 8. However, in ethanol 
we obtained lower values of the singlet oxygen generation
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quantum yield ( =0.45-0.55) for PI8 and P18-Me. A.s 
discussed earlier, this effect may be due to the low solubility 
of these compounds in solution and consequent aggregation 
phenomena.

3.2.J. Tetraphenylporphyrin derivatives
Let us consider the third group of the compounds being 

investigated (TPPM. and GaTPP). Various derivatives of 
TPP have been investigated and used widely as photosensi
tizers of singlet o.xygen [47—19]. It has been shown that the 
photophysical pri'perties and the efficiency of singlet o.xygen 
depletion depend strongly on the nature of the central metal 
ion and the character of the peripheral substituents. For 
instance, for halogen-substituted TPP derivatives (para-Fj. 
-Clj. -Brj and -Ij) [32] increasing the atomic number (Z) 
of the halogen atom the value becomes larger, being 
0.65 ±0.06 for TPP(/wm-Fj) up to 0.97 +0.03 for 
TPP(/wr</-Ij). This effect is explained by the strengthening 
of spin-orbital interaction according to the heavy atom per- 
turbtition in the sensiti/er molecule. In addition, it has been 
esttiblished that t/>̂ depends not only on the Z value but is 
sensitive to the position of the htilogen in the phenyl ring 
rehitivc to 77 generated system of [lorphyrin molecule, being 
0.71 for TPP(/;am-CI)„ 0.S2 for TPP(//icm-CI)., and 0.S4 
for 1'PP(r7/Y/io-CIMoreover, in the same group of eom- 
pounds the f'l vtilues decretise. 'fhis elTect h;is been related 
to the incretise in porphyrin oxidtition potential and the 
decretise in the contribution of donor-tieeeptor interactions 
in the quenching process. Finally, it h;is been founti that 
incorportiting the electron donor timino group (NIL) in the 
mesa position of the porphyrin molecule increases ;ind 
values whereas the electron acceptor mc'.v«-nitro group ( NO.) 
reduces singlet o.xygen genertition quantum yields j 32 j.

'faking into account the results outlined above we c;in 
analyse the experimental data summarized in 'fable 2, It is 
seen that the incorportition of the electron donor methoxy 
group OCH, in the meta positions of the phenyl rings of the 
'I'PP molecule (in the case o f 'ГРРМ) results in the increase 
in rate constants and t,- as well as incretising the </'л value. 
Incorporation of the electron acceptor Ftitoms in 'ГРРМ (giv
ing TPPMF) is accompanied by a siiKill decrease in the 
and f'r whereas the value scarcely changes. The same 
inlluenee of F atoms on ф^ values has been noted earlier 
[32]. 'fhis effect may be related to a relatively smtill heavy 
atom perturbation (Z = 9 for F atom). For the compounds of 
interest the observed dependence of quenching rate constants 
on the sensitizer oxidation potential may be considered as 
supporting a quenching ineehanism due to a donor-acceptor 
interaction ]50].

Table I shows that the incorporation of the electron-donat
ing -OCH, group into TPP (to give TPPM) results in the 
shortening of 7p at 77 K. whereas the incorporation of elec
tron-attracting F atoms (to give to TPPMF) leads to longer 
Tp values again. The analogous situation has been observed 
earlier [29] and has been connected with the change in local

electron density on the central nitrogen atoms and the corre
sponding change in the .N-H vibrations.

GaTPP is characterized by high solubility and appreciable 
photochemical stability. The experimental results show that, 
in accordance with “ the heavy atom effect” , GaTPP has a 
relatively high quantum yield of generation ( Ф  ̂ = 0.85
0.98) in all solvents being used. This compound is an effec
tive sensitizer of singlet oxygen.

The direct estimation shows that for TPPM and TPPMF 
the ratio /3 = kp/f\ in toluene (see Table 2) is close to the 
spin statistical factor gi = I /9. 'This fact, together with the 
high values of ф^. indicates that the quenching of the triplet 
states of these compounds occurs by the mechanism of singlet 
o.xygen generation exclusively:

'М, + '0 . ' [ 'M l - '0 :

' М „ - ' 0 4 ' Д , ) ' M „ + ' 0 , ( ' A j

4. Coneliisions

The results of the comprehensive study of optical ami pho
tophysical p;ir;imeters of the compounds under consideratiint 
;is well as the dettiiled meclumisms of their interaction with 
molecular o.xygen letid to the following conclusions.
( I ) 'File qutmtum yield of the photosensitized genertition 

of singlet oxygen by Chi p,, in etluinol coincides with 
the stime ptirameler for Chi e,,.

(2) 'Fhe singlet oxygen formation qiKintum yield <Aa I*”' 
chlorinsami purpurinsdoes not ;ippe;ir to depend mark
edly on medium pohirity. 'I'he decrease in and <Ал 
values in some ctises is presumed to be due to the low 
solubility of the cotnpounds ;md corresponding tiggrc- 
gation effects.

(3) Esters of Chi p„ and PI8 (Chi A,-Me, and PI8-Me 
respectively), having higher solubility in comptirison 
with the parent acids, are eharacterizetl by slightly 
higher ф^ values (by about 5‘7r-l0%). I bis property, 
combined with strong absorption bands in the red 
region (660-700 nm), makes these molecules poten
tial ctmdidates for biological photosensitization.

(4) For 'ГРРМ, 'I'PPMF and Ga'FPP photophysical prop
erties depend strongly on the nature of substituents, 
;ind these compounds are highly effective photosensi
tizers of molecular o.xygen in solution.
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