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1. Introduction

ABSTRACT

A comparative study of the reliability of methods used for the determination of singlet oxygen
was carried out. The water iodide method, as well as the methods using 9,10-dimethylanthracene
(DMA) and 1,3-diphenylisobenzofuran (DPIBF) in dimethylformamide (DMF) solutions, was used for
the detection of singlet oxygen '0, production in eight phthalocyanine photosensitizers. The iodide
method is not only selective for the determination of '0, but can also be used for the determi-
nation of other oxygen species. In addition, the results of the iodide method are affected by a
possible formation of phthalocyanine dimers and by post-irradiation reactions. On the other hand,
both the methods using indicators in DMF are highly selective for the determination of '0,. The
quantum yield of the singlet oxygen production was determined for eight phthalocyanine deriva-
tives; the following sequence was obtained: 5~4>7 ~2~ 8 (standard)>6>3~1, where 5 represents
the ammonium salt of disulphonated zinc phthalocyanine, 4 sulphonated zinc phthalocyanine [(3-
diethylammonium)-propylsulphonamide] citrate, 7 tetrakis(trimethylammonium)zinc phthalocyanine
tetraiodide, 2 tetrakis(N-methylpyridinium-3-oxy)zinc phthalocyanine tetraiodide, 8 zinc phthalocya-
nine, 6 sodium salt of disulphonated aluminum phthalocyanine, 3 sulphonated aluminum phthalocyanine
[(N-2-hydroxyethyl)aminoethylsulphonamide] and 1 tetra-methylenepyridinium chloride of hydroxya-
luminum phthalocyanine.

© 2009 Elsevier B.V. All rights reserved.

Type II processes

Phthalocyanine compounds are important photosensitizers
used in photodynamic therapy (PDT) [1]. The photodynamic
activity is utilized not only in cancer treatment [2] but also in
inactivation of bacteria [3], viruses [4] and yeasts [5]. A combined
application of photosensitizers and light of appropriate wavelength
is a new trend in the inactivation of microorganisms.

The mechanism of photosensitization reactions was described
in Refs. [6-8]. Absorption of light of appropriate wavelength results
in the excitation of photosensitizers (1Sen*). After that a triplet
state (3Sen*) of the photosensitizer (Sens) is activated by inter-
system crossing and consecutive reactions occur according to the
following scheme:
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In the Type I process, 3Sen* interacts with another molecule
(e.g. solvent) and transfer of electron (Sens*~) or hydrogen atom
(SensH*) occurs. The process usually involves the production of rad-
icals or ion-radicals which undergo further reactions with some
present substances [9]. In the reaction with oxygen a superoxide
radical [10-13] is formed which can disproportionate to hydrogen
peroxide or react further.

In the Type II process, the photosensitizer in the triplet state
(3Sen*) interacts with diatomic oxygen, energy transfer from the
photosensitizer to triplet oxygen occurs and singlet oxygen (10,)
formed [14]. The triplet state of photosensitizer is often quenched
by a very fast reaction. A less frequent case of the Type II process
(less than 1%) is an electron transfer leading to superoxide radi-
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Table 1
Chemical structures of phthalocyanines.
Compound M R! R2 R3, R*
ins i _ N+ _ LN
cr Cr ClF
—0 —0 —0
N N\ A
2 zn ¢ Nvchs ¢ “NcH, ¢ “NncHs
o —/ =4
I I I§
3 AIOH 5037N3+ SOzNHCHchchzNHCHchon H
4 Zn SOsH SO,NHCH,CH,;NH*(C,Hs), citrate™ H
5 Zn SO3~NH4* SO3~NH4* H
6 AIOH SO;~Na* SO;~Na* H
7 Zn N*(CH3 )31~ N*(CH3)31~ N*(CH3 )31~
8 Zn H H H

cals (05°7) [10-13]. Nevertheless, superoxide radicals are formed
predominantly by Type I process. Singlet oxygen as a very reac-
tive compound is able to react with biomolecules. The quantum
yield of singlet oxygen production strongly depends on the type of
photosensitizer.

The aim of this work is to compare the efficiency of the
production of singlet oxygen in eight phthalocyanine pho-
tosensitizers which, in preliminary experiments, proved
efficient antimicrobial effects. Antimicrobial PDT proceeds
usually in aqueous media and hence a method of the
measurement of 10, production was determined in this
medium.

The iodide method was developed by Mosinger [15] for the
measurement of 10, production generated by sulfo-derivatives
of porphyrin. The sensitivity of the method was 10 times
higher than the commonly used photobleaching of 4-nitroso-N,N-
dimethylaniline (RNO) [16]. So far the iodide method has not been
used for the measurement of the production of 10, generated by
the irradiation of phthalocyanines up to now. Another method,
using 9,10-dimethylanthracene (DMA) method, utilizes nonaque-
ous medium, dimethylformamide (DMF) [17]. Both methods were
also modified by adding some additives affecting the production
of singlet oxygen. In the third method, 1,3-diphenylisobenzofuran
(DPIBF) in DMF was used [18]. Zinc phthalocyanine was chosen as
a standard, having the quantum yield of singlet oxygen production
@=0.56[19].

2. Materials and methods
2.1. Photosensitizers

Phthalocyanine (Pc) photosensitizers used in this study are pre-
sented in Table 1. They were synthesized and purified by the
methods published elsewhere [20-25]. Their structure and purity
were confirmed by thin layer chromatography, elemental analysis
and UV-vis spectroscopy (Scheme 1).

2.1.1. Other chemicals

Solvents, DMF, methanol and propan-1-ol (PrOH) were used
as received from Penta (Czech republic). The indicators, DMA and
DPIBF, potassium iodide, ammonium molybdate and sodium azide,
were purchased from Aldrich.

2.2. Chemical methods for singlet oxygen determination

2.2.1. Theiodide method [15]
The method is based on the reaction of 10, (generated by laser
excitation of phthalocyanine) with iodide in the presence of ammo-

Scheme 1. Phthalocyanine photosensitizers (M = central metal ion).

CH, CH4
1
-
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Scheme 2. The photobleaching reaction of DMA with 10,.

nium molybdate. The reaction proceeds by the following multistep
mechanism [26]:

10, (1 - = B9

0,("Ay) + T —> 1000 —> IO0OH

IOOH + 1° —> HOOl;, —> I, T HO;
1", H,0

I, ¥ HO, ——> I3 + Hy0, + OH
Under weakly acidic conditions (buffer pH =6.2), in the presence
of ammonium molybdate as a catalyst, another reaction step takes
place:
H0, + 21

+2H" —/> 1, + 2H,0

b, + I° — I

The amount of triiodide anion is directly proportional to the
10, production. The reaction of iodine with iodide is a diffusion-
controlled reaction (k=4 x 1011 1mol-1s-1) [27] which can be
spectrometrically monitored at 351 nm (the triiodide anion band).

2.2.2. The DMA method

The process is based on the quenching of DMA by !0,
exclusively, in the chemical reaction [28,29] yielding 9,10-
dimethyl-9,10-dihydro-9,10-epidioxyanthracene (Scheme 2).
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Scheme 3. The photobleaching reaction of DPIBF with 10,.

The reaction is not affected by consecutive processes; the result-
ing endo-peroxide is stable under measurement conditions. The
quenching reaction is fast; the rate constant in benzene solution
is ~3 x 10191 mol~1s-1 [28] — the value close to those existing in
diffusion-controlled processes. The photobleaching rate of DMA is
directly proportional to the amount of '0, production and can be
monitored spectrometrically at 381 nm.

2.2.3. The DPIBF method

The reaction is based on the photobleaching of DPIBF with sin-
glet oxygen giving 1,2-dibenzoylbenzene [30,31] as a stable final
product (Scheme 3).

The photooxidation of DPIBF proceeds through trans-annular
peroxide [32] which rearranges to 1,2-dibenzoylbenzene. The rate
constant for the quenching of DPIBF is about 7 x 108 Imol~1s~!
[30]. The photobleaching of DPIBF is directly proportional to the
amount of 10, generated by the irradiation of photosensitizers. The
photobleaching of the indicator is monitored spectrometrically at
417 nm.

2.3. Measurement conditions

2.3.1. Theiodide method

Iodide reagent: A mixture of 6.81 g potassium dihydrogenphos-
phate, 2 mg ammonium molybdate, 19.92 g potassium iodide and
8.6 ml 1M NaOH was diluted in 11 of distilled water.

An appropriate quantity of the tested phthalocyanine deriva-
tive was dissolved in the iodide reagent to give the concentration
of 4mgl-1. Then 2 ml of the resulting solution was put in a 1cm
quartz cuvette (3 ml) with a magnetic stirrer and irradiated with red
laser light (40 mW, A =670 nm). The distance between the cuvette
and laser light source was 0.5 cm. The laser light doses were in the
range of 0.3-5] cm~2, depending on the phthalocyanine derivative.
The spectrum of the solution was measured immediately after the
irradiation and the absorbance of triiodide at 351 nm was recorded.
For each measurement ca. 10 light doses were used to reach the
absorbance of potassium triiodide about 1.9-2.0.

2.3.2. The DMA method

The procedure is the same as with the iodide reagent, except
that the tested compounds were dissolved in DMF. The concentra-
tion of the compounds in DMF was 4mg1-! for nearly all of them
except 5 and 8. The concentrations of the compounds 5 and 8 were
kept at the level of 1 mg 1~ due to their high molar absorption coef-
ficients. A sufficient amount (~0.05 ml) of the concentrated freshly
prepared solution of DMA in DMF was added to the solution of
2 ml of photosensitizer in a cuvette, to get the initial absorbance of
DMA solution at 381 nm equal to ca. 1.7-1.9. The laser light doses
used were smaller ranging between 0.32 and 1] cm~2. For each
measurement about 10 light doses were necessary to decrease the
absorbance of DMA solution to ca. 0.2-0.3.

2.3.3. The DPIBF method

The procedure is the same as in the case of DMA method. A
sufficient volume (~0.05 ml) of the concentrated freshly prepared
solution of DPIBF in DMF was added to the 2 ml solution of the
photosensitizer in a cuvette, to get an initial DPIBF absorbance of

Table 2
Spectral characteristics of phthalocyanines 1-8 in DMF.

Compound Amax (Nm) g (Imol-'cm1)
1 680 94500
2 677 119000
3 679 60500
4 678 72500
5 675 205000
6 680 150000
7 714 69000
8 674 312500

about 0.9. The laser light doses used were smaller than in the DMA
method and amounted to 0.01-0.1] cm~2. The power of the laser
light was reduced to 10 mW. For every measurement about 10 light
doses were used to decrease the absorbance of the indicator to ca.
0.1-0.2.

2.3.4. Determination of molar absorption coefficients

Fresh DMF solutions of the compounds under study were pre-
pared and their VIS spectra were measured. The Amax values
were estimated and the corresponding absorbances were recorded.
Extinction coefficients ¢ were calculated from the Lambert-Beer
law. The obtained values are summarized in Table 2.

3. Results and discussion

3.1. Measurement of the quantum yield of singlet oxygen
production by the iodide method

3.1.1. Standard iodide method

The production of singlet oxygen was measured by the standard
iodide method for compounds 1-6; compounds 7 and 8 were not
measured due to their insufficient solubility in the reagent.

In Fig. 1 is shown typical VIS spectrum of phthalocyanine (com-
pound 6,4 mgl-1)in the iodide reagent without irradiation and the
same afterirradiation with laser light. From the graph it follows that

©
Q
=
<
=]
g
<=
<
-0.2 A (nm)
Fig. 1. The dependence of absorbance of compound 6 (4 mg1-')in the iodide reagent

on the illumination doses (0], 1] and 2 x 1], respectively).
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Fig.2. The dependence of absorbance of potassium triiodide on the irradiation doses
for compounds 3-5 at4mgl-! in the standard iodide reagent (pH 6.2). The numbers
in the figure refer to the numbers of compounds as listed in Table 1.

phthalocyanine has low absorbance at the measured wavelength
(351 nm) and in this way does not affect measurements.

The dependences of the absorbance of potassium triiodide solu-
tion on the irradiation doses for compounds 3-5 are shown in Fig. 2.
The dependences are linear; the correlation coefficients (R?) of the
linear regression for all the compounds are greater than 0.993.

The slopes of the plots kops (J-') were calculated from the
dependences of the absorbance of KI3 on the irradiation doses. The
slopes were corrected for the unit absorbance of phthalocyanines
at 670nm (Amax of the used laser light) according to the relation
k=kons/Ag70, Where kg, is the observed slope in the dependence of
potassium triiodide absorbance on the dose (Fig. 2) and Ag7¢ is the
absorbance of the phthalocyanine in the iodide reagent at 670 nm.
The k values are shown in Table 3.

3.1.2. Dimerization of the compounds

Two approaches to suppress a possible dimerization of phthalo-
cyanine derivatives during the measurements were used. It is well
known that the dimerization can be reduced by increasing pH value
to the alkaline range [33]. Another possibility is the addition of a
suitable solvent [34].

3.1.2.1. Effect of increasing pH. The iodide reagent was prepared in
a similar way as in the standard iodide method; the pH value was
increased to 8.0. The obtained results are summarized in Table 3.
For compounds 3 and 6 no distinct change in the k values were
observed, for most other compounds (1, 2, 4) k decreased signifi-
cantly. The reason for the decrease may lie in the fact that cationic
phthalocyanines 1, 2 and 4 are sensitive to higher pH and a par-
tial decomposition may occur. On the other hand, compound 5 was
found to be more effective photosensitizer at higher pH value. In
this case, the increase of pH of iodide reagent suppressed the dimer-

Table 3

Slopes k calculated from the dependences of absorbance at 351 nm of potassium
triiodide on laser light dose at pH 6.2 and pH 8.0, respectively, corrected for the unit
absorbance of phthalocyanine compounds at 670 nm.

Compound Iodide reagent pH 6.2 lodide reagent pH 8.0
Slope k (J-1) Slope k (J-1)
1 1.562 1.137
2 0471 0.138
3 2.879 2.752
4 0.123 0.075
5 0.363 0.526
6 1.746 1.676

Production of 0, decreased in the order 3>6>1>2>5>4.

Corrected values of & (J™)

0 . , g ;
0 10 20 30 40 50

Addition of suitable solvent (vol. %)

Fig. 3. The effect of the addition of methanol (MeOH), propan-1-ol (PrOH) and DMF
to the iodide reagent on the corrected k (J-!) values for the compound 3.

ization of this compound and higher amount of generated singlet
oxygen was found.

Afurtherincrease in pH of the reagent to 11.0 adversely affected
the formation of potassium triiodide.

3.1.2.2. Effect of addition of suitable solvents. Addition of some alco-
hols, such as methanol or propan-1-ol, as well as other protic
solvent DMF, decreases the dimerization constant. Alcohol is less
polar than water and has weaker hydrophobic interactions with
phthalocyanines and thus, can provide some screening against the
dimerization [35].

Certain amounts of suitable solvents (methanol, propan-1-
ol or DMF) were added to the iodide reagent. Experiments
were performed with compounds 1, 3 and 6 (4mgl-1). Several
iodide reagents with different amounts (10-40 vol.%) of methanol,
propan-1-ol or DMF were prepared. The observed slopes k cor-
rected for the unit absorbance at 670nm for compound 3 are
presented in Fig. 3 and for compound 1 in Fig. 4. The data for com-
pound 6 are not shown as the dependences of k values are the same
as for compound 3.

From the results presented in Figs. 3 and 4 it follows that addi-
tion of various solvents significantly affects the k values. The effect
varies for three compounds measured. For compound 1 the slopes
k first increase with the increasing amount of the added methanol
or DMF and then significantly decrease. The increase is more effi-
cient after the addition of methanol, whereas the decrease is more

—— PrOH

Corrected values of k (J-1)

0 T T T T 1
0 10 20 30 40 50

Addition of suitable solvent (vol. %)

Fig. 4. The effect of the addition of methanol (MeOH), propan-1-ol (PrOH) and DMF
to the iodide reagent on the corrected k (J-!) values for the compound 1.
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Table 4
Dimerization extent D; of compounds 1-6 in the iodide reagent with or without
30vol.% propan-1-ol.

Compound D, without PrOH Dy, with 30 vol.% PrOH
1 249 15.70
2 0.95 1.68
3 247 6.24
4 0.86 2.63
5 0.90 412
6 6.33 8.07

efficient after the addition of DMF. For compounds 3 and 6 only a
decrease was found. From Fig. 3 it follows that the decrease of k is
larger for the additions of propan-1-ol and DMF than for methanol.

From these results it is evident that the addition of solvent to
the iodide reagent has two effects. The positive effect is the sup-
pression of the dimerization of phthalocyanines which leads to an
increase of singlet oxygen production. The lifetime of singlet oxy-
genin methanolisabout 7 ws[36]. This value is about 3 times higher
than that in water. For propan-1-ol the exact value has not been
found but we suppose that the value is similar (5-8 js). The nega-
tive effect (expressed by the decrease of the k value) of the use of
the solvents is probably not caused by quenching of singlet oxy-
gen. It is most likely caused by steric effects of added solvents and
it increases with the increasing size of solvent molecules.

The negative effect prevails for phthalocyanines bearing neutral
or anionic moieties such as compound 3. The positive effect asserts
only for smaller additions of used solvents (till 10%) in the case of
cationic phthalocyanine 1.

3.1.2.3. Dimerization of compounds. Further studies were oriented
on dimerization of the studied phthalocyanines. The extent of
dimerization can be described by D, value [37]:

D, = A)\max
r— /47’
A =630nm

where A, ., is the absorbance measured at Amax of phthalocyanine
and Aj -g30nm 1S that measured at 630 nm (corresponding to the
dimer). The ratio D; is low when a high concentration of dimers is
present. D; increases with decreasing amount of dimers in solution.

To compare the extent of dimerization, the spectra of freshly
prepared solutions of compounds 1-6 in the iodide reagent or the
reagent containing 30vol.% of propan-1-ol were recorded in the
wavelength range 600-690 nm and the values D; were calculated.
The obtained results are shown in Table 4.

It follows from Table 4 that the dimerization occurred to some
extent in all the compounds studied. The dimerization corresponds
with the results mentioned in Table 3, where compounds 2, 4 and
5 showed low production of 10, in the iodide reagent due to the
presence of dimers.

3.1.3. Post-irradiation reaction

In the measurements of the singlet oxygen production by the
standard iodide method it was found that the formation of potas-
sium triiodide continued for ca. 15 min after the end of irradiation.
Therefore, this phenomenon was studied. The post-irradiation
reaction was observed with nearly all the tested compounds. A
typical dependence of an increase of absorbance after the end of
irradiation is illustrated in Fig. 5 for the compound 6. The reac-
tion is of a first-order with the half-time being 146s. For the
same reaction without ammonium molybdate it was found that
the half-time increased to 386 s. Ammonium molybdate catalyzed
the post-irradiation reaction.

The post-irradiation reaction was also observed when the iodide
reagent containing propan-1-ol was used. The reaction was much
faster, the estimated half-time decreased to 17 s. The extent of the

- ....
1.9 g
184 ....
H
moo
g
=
n
< W without MoA
<
0O with MoA
0 5 10 15 20

Time after the end of illumination (min)

Fig. 5. The time dependence of absorbance of potassium triiodide solution after
the end of illumination of compound 6 (4mgl-', laser light dose 2]Jcm~2) in the
presence or absence of ammonium molybdate.

post-irradiation reaction was much smaller than that in the stan-
dard iodide reagent.

From Fig. 5 and the short lifetime of singlet oxygen in solutions
(microseconds) it can be deduced that singlet oxygen could not act
as the oxidizing agent during the post-irradiation reaction.

In further experiments we added NaN3 (which is known as a
selective quenching agent for 10, [38]) to iodide reagents. The
production of potassium triiodide was measured for compound 1
partly in the standard iodide reagent containing 0.01 M NaN3 and
partly in the iodide reagent containing 30 vol.% of propan-1-ol and
0.01 M NaNjs. It was found that the values of k decreased in both
cases to about 10% of their original values. The non-zero slopes
indicate that also some other reactive oxygen species, which are
not quenched by the action of NaN3, are generated by irradiation
of phthalocyanines. In addition, the post-irradiation reaction with
similar kinetics occurred in the presence of NaNs. This proved that
NaN3 had no effect on the post-irradiation reaction.

From these results we deduced that H,0O, could be the most
probable species causing the post-irradiation reaction. Thus, sev-
eral model experiments with addition of H, O, to the iodide reagent
were performed. The kinetics of the reaction with 6 x 10> M H,0,
in the iodide reagent, in the iodide reagent containing 30 vol.% of
propan-1-ol and in the iodide reagent with 0.01 M NaN3 were stud-
ied. The time dependences of absorbances are shown in Fig. 6.

It follows from Fig. 6 that the reaction of H,0, with iodide has
the same half-time as the post-irradiation reaction. The addition
of NaNj3 to the iodide reagent had no effect on the kinetics of this

1.8 1 o o u]
u] "]
1.6 659000 E | B
. n®
E 12 | Ol-,pH=62
= P i# 0 I-, pH=6.2 + 30 % PrOH
Z 08 {m W I, pH=6.2+0.01 MNaN3
0.6 oM
04 M
02
0+ T T T T T T T d
0 2 4 6 8 10 12 14 16

Time (min)

Fig. 6. The time dependence of absorbance of potassium triiodide for the reaction
of H,0, with the iodide reagent.
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Fig.7. The effect of NaN3 on the DMA photobleaching by the action of singlet oxygen
generated by irradiation of phthalocyanine 6 in DMF.

reaction. With the addition of propan-1-ol the reaction was much
faster. These indirect proofs confirmed the presence of H,0, in the
reaction mixture during irradiation of phthalocyanines with laser
light. Direct determination of H,O, was not successful due to its
very low concentration.

3.2. Measurement of the quantum yields of singlet oxygen using
the DMA and DPIBF methods in DMF

The singlet oxygen production was measured in DMF in the
presence of the indicators DMA or DPIBF. A typical kinetics of pho-
tobleaching of DMA in DMF is shown in Fig. 7.

The photobleaching is a first-order process. Half-times (71)
of the decays of indicator were determined. The obtained half-
times were corrected for the unit absorbance of phthalocyanines
at 670 nm (Ag7o) according to the relation rf‘/’gr = Ty x Ag70. The
quantum yields were related to the standard - compound 8
(@=0.56) [19] - by the relation: ®ps = QDs(tf/’;r(s)/rf/’;r(Ps)), where
@ps is the quantum yield of phthalocyanine compounds 1-7, @

is the quantum yield of the standard (compound 8), I]C‘/’gr(s) is the
corr(PS)

1/2 is the corrected
half-time for the phthalocyanine compounds 1-7.

The corrected half-times for compounds 1-8 determined using
DMA and DPIBF are summarized in Table 5. It was found that
the decomposition of both indicators was negligible (71, ~2h)
compared with that in the presence of 10, generated by phthalo-
cyanines 1-8. Note that the decomposition of the photosensitizers
by the action of laser light was very low.

corrected half-time for the standard and t

Table 5
Corrected half-times tlc‘;;" (s) of photobleaching of indicators (DMA or DPIBF) in
DMF and obtained quantum yields ®ps in the presence of compounds 1-8 (at 1 or

4mgl).

Compound DMA method DPIBF method

e () Brs o (s) Brs
1 14.31 0.19 5411 0.19
2 4.542 0.61 1.797 0.57
3 13.04 0.21 5.577 0.18
4 3.610 0.76 1.276 0.80
5 3.321 0.83 1.293 0.79
6 9.251 0.30 3.590 0.28
7 6.105 0.45 1.750 0.58
8 4.930 0.56 1.825 0.56

Contrary to the iodide method, no post-irradiation reaction was observed.

2
1.8
1.6
1.4
1.2

0.8

A (416 nm)

W without NaN3
[0 0.01M NaN3

0.6

|
|
|
041 m
O T T T T T T 1
0 100 200 300 400 500 600
Total irradiation time (s)

Fig. 8. The effect of NaN3; on the DPIBF photobleaching by the action of singlet
oxygen generated by irradiation of phthalocyanine 6 in DMF.

Next, the influence of NaN3 on the kinetics of photobleaching of
the indicators was studied. A typical effect on the kinetics for both
indicators is shown in Figs. 7 and 8.

The addition of NaN3 to the indicators had a pronounced effect
on the method of 10, determination: the half-times of all the com-
pounds decreased at least 50 times. This confirmed our previous
results obtained by the iodide method where also a decrease in the
slopes was observed.

The addition of 0.01% H, O, to the DMA solution had only a negli-
gible effect on the decomposition of indicator by the action of laser
light. Hence, the method using DMA is very selective for the deter-
mination of 10, production. A similar selectivity was found also for
DPIBF indicator.

3.3. Comparison of all methods

The order of the efficiency of the singlet oxygen production
using phthalocyanines determined by the standard iodide method
is 3>6>1>2>5>4. However, the results are affected by the for-
mation of dimers and by post-irradiation reaction. It was found
that the dimerization can be suppressed by the addition of a cer-
tain amount of other solvent to the iodide reagent. The optimum
amount of used solvent depended on the type of the studied com-
pound. For this reason the iodide method is not reliable for the
determination of singlet oxygen production.

The quantum yields obtained by two methods in DMF are nearly
the same. These methods are very selective for the determination
of singlet oxygen. However, the sensitivity of the DMA method is
about 10-fold lower than that of the DPIBF method.

3.4. Antimicrobial activity

The phthalocyanine compounds 1-7 were tested against bac-
teria Staphylococcus aureus 5887, Escherichia coli 5276 and yeast
Candida albicans. The most effective phthalocyanine against all
tested microorganisms was compound 1 where low singlet oxygen
production was found. From this result it follows that correlation
between singlet oxygen production and antimicrobial activity is not
simple and another factors (binding to the bacteria membranes)
take place.

Further details about antimicrobial activity for phthalocyanines
1-7 will be included in a subsequent article.

4. Conclusions

Photodynamic activity based on the singlet oxygen production
was compared for eight phthalocyanine photosensitizers. Three
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chemical methods - the iodide, DMA and DPIBF methods - were
used for the singlet oxygen determination. The results obtained
by the iodide method are considerably affected by dimerization
of phthalocyanines and also by the post-irradiation reaction (due
to the presence of other reactive oxygen species after the irradia-
tion like hydrogen peroxide, which was proved indirectly by model
reactions). Therefore, one can conclude that the iodide method is
not reliable for the determination of singlet oxygen quantum yield
for phthalocyanine derivatives.

The addition of solvents (methanol, propan-1-ol or DMF) to the
iodide reagent to suppress the dimerization and increase singlet
oxygen production, showed also a negative effect, which led to
an decrease in singlet oxygen production. The negative effect was
likely caused by the steric effects of molecules of the added solvents.
The effect correlates with the size of the solvent molecules, the most
prominent effect was found for DMF. The effect of the addition of
used solvents was not the same for all phthalocyanine compounds
under study, owing to the different levels of their solvatation.

Both methods using DMF as solvent are highly selective for
the singlet oxygen determination (no post-irradiation reaction
occurs) and the values of quantum yields determined by both
DMA and DPIBF methods are nearly the same. The order of
the photodynamic activity of the studied phthalocyanines deter-
mined from the singlet oxygen production is 5~4>7~2~8
(standard)>6>3~1, where 5 represents the ammonium salt of
disulphonated zinc phthalocyanine, 4 sulphonated zinc phthalo-
cyanine [(3-diethylammonium)-propylsulphon-amide] citrate, 7
tetrakis(trimethylammonium)zinc phthalocyanine tetraiodide, 2
tetrakis(N-methylpyridinium-3-oxy)zinc phthalocyanine tetraio-
dide, 8 zinc phthalocyanine, 6 sodium salt of disulphonated
aluminum phthalocyanine, 3 sulphonated aluminum phthalocya-
nine [(N-2-hydroxyethyl)aminoethylsulphonamide] and 1 tetra-
methylenepyridinium chloride of hydroxyaluminum phthalocya-
nine.
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