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Light-induced aggregation of cationic porphyrins
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Abstract

The formation of ion-pairs between cationic porphyrins (5,10,15,20-tetrakis(N-methylpyridinium-4-yl)porphyrin (TMPyP), metallocomplexes
Zn(II)TMPyP, Pd(II)TMPyP, Au(III)TMPyP, 5,10,15,20-tetrakis(�-[trimethylphosphonium]-p-tolyl)porphyrin, 5,10,15,20-tetrakis(�-pyridinio-p-
tolyl)porphyrin) and triiodide anion leads to an extensive porphyrin aggregation in neutral aqueous solutions. Triiodide counteranion can be
produced in situ by a photochemical reaction of cationic porphyrin sensitizers with oxygen in the presence of I− since photoproduced singlet
oxygen 1O2 oxidizes I− to I3

−. The subsequent aggregation of the porphyrin/I3
− ion-pairs causes fast quenching of the porphyrin triplet states and
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onsequently restricts the formation of 1O2. As a result, the formation of 1O2 is stopped at a critical concentration of photoproduced triiodide. The
resence of calf thymus DNA, cyclodextrin, or calixarene forming supramolecular assemblies with porphyrin and/or I3

− prevents the formation of
on-pairs with I3

− and preserves the effective production of 1O2 by porphyrins. Aggregation is also eliminated at higher temperatures. Porphyrin
n(IV)TMPyP does not aggregate probably because of two axial ligands and preserves its photosensitizing ability.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Photosensitized reactions are implicated in many areas such
s photodynamic therapy of cancer or atherosclerosis [1–3], pho-
odynamic inactivation of pathogenic microorganisms [4], blood
isinfection [5], degradation of polymers [6] and sun-light acti-
ated insecticides and pesticides [7]. The photodynamic effect
ests in the oxidative damage of biological material by reactive
orms of oxygen generated by sensitized reactions. The pho-
odynamically active species is predominantly singlet oxygen

2(1�g) generated in situ by energy transfer from an excited
ensitizer to an oxygen molecule. Appropriate chemical and

Abbreviations: �CD, �-cyclodextrin; TMPyP, 5,10,15,20-tetrakis(N-
ethylpyridinium-4-yl)porphyrin; Zn(II)TMPyP, Zn(II) 5,10,15,20-tetrakis(N-
ethylpyridinium-4-yl)porphyrin; Pd(II)TMPyP, Pd(II) 5,10,15,20-tetrakis(N-
ethylpyridinium-4-yl)porphyrin; Au(III)TMPyP, Au(III) 5,10,15,20-tetrakis

N-methylpyridinium-4-yl)porphyrin; Sn(IV)TMPyP, Sn(IV) 5,10,15,20-tetrak-
s(N-methylpyridinium-4-yl)porphyrin; TPPS, 5,10,15,20-tetrakis(4-sulfonato-
henyl)porphyrin; TTPP, 5,10,15,20-tetrakis(�-[trimethylphosphonium]-p-tol-
l)porphyrin; TTPPy, 5,10,15,20-tetrakis(�-pyridinio-p-tolyl)porphyrin
∗ Corresponding author. Tel.: +420 221 951 255; fax: +420 221 951 253.

photophysical properties of a sensitizer such as spectral charac-
teristics, fluorescence, photochemical stability and reasonable
quantum yields of singlet oxygen formation Φ� are prerequi-
sites for effective photodynamic action. Some of water-soluble
porphyrins are sensitizers with high Φ� [8,9] having poten-
tial applications in biology and medicine [10]. The tendency
of porphyrins to aggregate is not desirable since photodynamic
efficiency decreases as a result of the poor or absent ability of
dimer and higher aggregates to produce 1O2 [11]. Binding of
porphyrin sensitizers to biopolymers and/or transporting carri-
ers is a subject of recent studies since the binding can cause
changes of physico-chemical and photophysical properties and
can avoid the aggregation [10,12].

Cationic porphyrins have attracted considerable attention as
effective photodynamic sensitizers [13]. Due to their binding
affinity towards nucleic acids, these porphyrins can selectively
photocleave DNA [14,15], inhibit telomerases [16,17] and serve
as vehicles for oligonucleotide delivery to tumors [18]. The
photoinactivation of extremely resistant bacteria [19] and antivi-
ral activity [20] were also reported. One of the most studied
cationic porphyrin is 5,10,15,20-tetrakis(N-methylpyridinium-
E-mail address: mosinger@natur.cuni.cz (J. Mosinger). 4-yl)porphyrin (TMPyP) (Scheme 1). Three binding modes have
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been described for the interaction of TMPyP with DNA: (i)
intercalation, (ii) outside groove binding, and (iii) outside bind-
ing with porphyrin self-stacking [21–23]. External binding and
ion-pairing was observed for interaction with cyclodextrins and
calixarenes, respectively [10,24].

Recently, the important role of counteranions was reported
in acid-induced aggregation of tetrapyridylporphyrins in organic
solvents. The protonated species and resulting aggregates exhibit
spectroscopic features that are markedly influences by nature of
the counteranions [25]. In contrast to other cationic porphyrins
TMPyP is reported to be monomeric in organic and aqueous
solutions over the extended concentration range (<10−4 M) even
at high ionic strength as shown by detailed UV–vis, fluorescence
and NMR experiments [26–29]. As proposed the delocalized
positive charges on the porphyrin periphery are responsible for
electrostatic repulsion between the porphyrin units. The repul-
sion forces hinder the formation of dimers and higher aggre-
gates. Herein we report aggregation behavior of seven cationic
porphyrin and metalloporphyrin sensitizers including TMPyP
induced by photogenerated I3

− via oxidation of I− by pho-
tosensitized 1O2 in aqueous solutions. We also demonstrate
the consequence of light-induced aggregation on photochem-
ical behavior of porphyrins. In addition we show the importance
of a carrier/target on the monomerization of cationic porphyrins
and production of 1O2.
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I2 and KI solutions keeping the concentration of KI at least at
100 mol excess. All solutions of I2, I− and I3

− were kept in
darkness.

2.2. Methods

The UV–vis absorption spectra were measured on a Uni-
cam 340 and on a Varian Cary IE spectrophotometer using 10
or 1 mm quartz cells. Resonance light-scattering (RLS) experi-
ments were performed on a Perkin-Elmer LS 50B luminescence
spectrometer using simultaneous scans of excitation and emis-
sion monochromators ranging from 300–700 nm. Laser flash
photolysis experiments were performed with a Lambda Physik
FL 3002 dye laser (417 nm, output energy 1–3 mJ/pulse, pulse
width ∼28 ns). The time profiles of the porphyrin triplet states
were probed at 460 nm using a 250 W Xe lamp equipped with
a pulse unit and a R928 photomultiplier. All experiments were
performed in deionized water at 22 ◦C unless otherwise stated.

The singlet oxygen formation was followed using the iodide
method [34,35]. The amount of photoproduced I3

− is directly
proportional to the concentration of 1O2 that is produced dur-
ing continuous irradiation. Two milliliters of a detection solu-
tion (0.1 M KI, 10 �M (NH4)2MoO4, 0.02 M phosphate buffer,
pH 6.2) containing porphyrin were placed into a thermostatted
10 mm quartz cell (22 ◦C) and irradiated by a 5 mW He–Ne laser
(543 nm) or by a 300 W stabilized halogen lamp. The solution
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. Experimental details

.1. Chemicals

A tetratosylate salt of TMPyP, �-cyclodextrin (�CD), calf
hymus DNA (all from Fluka), Zn(II)TMPyP tetrachloride,
d(II)TMPyP tetrachloride, Au(III)TMPyP pentachloride and
n(IV)TMPyP hexachloride (all Porphyrin Systems), iodide
nd other inorganic salts (all Aldrich) were used as received
Scheme 1). The synthesis and characterization of 5,10,15,20-
etrakis(4-sulfonatophenyl)porphyrin (TPPS) [30], 5,10,15,20-
etrakis(�-[trimethylphosphonium]-p-tolyl)porphyrin tetrabro-
ide salt (TTPP) and 5,10,15,20-tetrakis(�-pyridinio-p-

olyl)porphyrin tetrabromide salt (TTPPy) [31,32] were pre-
ented elsewhere (Scheme 1). Calix[4]arene-p-tetrasulfonate
as synthesized by direct sulfonation of calix[4]arene and puri-
ed [33]. Aqueous solutions of I3

− were prepared by mixing

Scheme 1. Molecular structures of studied porphyrins.
as stirred during irradiation. The absorbance at the excitation
avelength of 543 nm was kept below 0.1 to eliminate inner
lter effects due to self-absorption of light by porphyrins. The

ncreasing absorbance of the I3
− band was recorded at 351 nm

nd compared with a blank solution of the same composition
ept in the dark.

. Results and discussion

.1. Aggregation in aqueous solutions

The solutions of TMPyP were investigated up to 1 × 10−4 M
n the absence and presence of 0.1 M KF, KCl, KBr and KNO3
o increase ionic strength. No changes of the absorption and
uorescence spectra of TMPyP were observed. Thus, our exper-

ments confirmed that TMPyP remains monomeric in aqueous
olutions [26–29]. Surprisingly, considerable hypochromicity
nd broadening of the porphyrin Soret band, increased tur-
idity and deviations from the linearity of the Lambert–Beer
lots are observed in the presence of 0.1 M KI after the solu-
ion is exposed to the daylight while no changes proceed in the
ark. Since TMPyP is an sensitizer producing 1O2 with quan-
um yields Φ� ranging from 0.58 to 0.9 [9,36,37], all other
xperiments were performed under controlled irradiation condi-
ions and concentration of dissolved oxygen. In an oxygen-free
olution the hypochromicity does not appear (Fig. 1a), how-
ver, it is immediately induced after admitting oxygen as shown
y decreasing absorption of the TMPyP Soret band at 422 nm
ε422 = 2.2 × 105 M−1 cm−1 in the monomer state) (Fig. 1b). To
ummarize, the described spectral changes occur only in the
imultaneous presence of KI, oxygen and light.
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Fig. 1. Absorbance changes of 5 × 10−6 M TMPyP in 0.1 M KI recorded at
422 nm in the absence of oxygen (a) and after saturation by air (b) during con-
tinuous irradiation by a 5 mW He–Ne laser.

Beside TMPyP we tested corresponding metalloporphyrins
Zn(II)TMPyP, Pd(II)TMPyP, Au(III)TMPyP, Sn(IV)TMPyP
and other cationic porphyrins TTPP and TTPPy (Scheme 1).
Except for Sn(IV)TMPyP all studied cationic porphyrins exhibit
above described spectral changes.

3.2. Mechanism of self-aggregation

In general, aggregation of cationic porphyrins is accompanied
by spectral changes in their absorption and fluorescence spectra.
The Soret bands of face-to-face (H-type) and edge-to-edge (J-
type) aggregates are blue-shifted and red-shifted, respectively
[26,38–40]. In the presented case a considerable broadening of
the absorption bands with no characteristic spectral features and
diminishing intensity of the emission spectra indicate nonspe-
cific aggregates. Nonspecific aggregates are formed by more
hydrophobic tetrapyridinium porphyrins [26] and in the case of
TMPyP by surfactant-induced effects [39]. Our findings can be
explained by extensive porphyrin aggregation occurring under
irradiation of air-saturated aqueous solutions in the presence of
I−. No iodide-induced aggregation of cationic porphyrins has
been reported so far.

Continuous irradiation of porphyrin air-saturated solutions in
the presence of I− leads to the increasing concentration of pho-
toproduced I3

− having the absorption bands at 287 and 351 nm
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Fig. 2. UV–vis spectra of air-saturated porphyrin solutions in the presence of
0.1 M KI before (a) and after 2 min irradiation by a 300 W halogen lamp (b): (A)
5 × 10−6 M TMPyP; (B) 8 × 10−6 M ZnTMPyP; (C) 4 × 10−6 M SnTMPyP;
insets: corresponding RLS spectra.

signifying again the important role of I3
− for the aggregation

process.
On the contrary, photoproduction of I3

− by Sn(IV)TMPyP
has no effect on the molecular state as documented by UV–vis

F
H
a
4
(B) Concentration of I3

− produced by irradiation of optically matched solutions
(A543 nm = 0.1) of TMPyP (a) and TPPS (b) in air-saturated 0.02 M phosphate
buffer, pH 6.2, 0.1 M KI, 10 �M (NH4)2MoO4.
Figs. 2 and 3B). Generation of certain concentration of I3
Fig. 3B-a) is accompanied by a remarkable hypochromicity of
he Soret band (Fig. 3A-b) and increased background due to light
cattering on aggregate particles indicating a close relationship
etween I3

− and porphyrin aggregation (Fig. 2A and B). The
ormation of extended electronically coupled aggregates dur-
ng irradiation was also evidenced using RLS experiments. This
echnique allows identification of extended aggregate species
ven at low concentrations since the amount of scattered light is
irectly proportional to the volume of particles and monomeric
olecules and small oligomers show no enhanced scattering

26,41]. The RLS spectra shown in Fig. 2A and B (insets) reveal
road peaks at 520 nm. It indicates that the size of aggregates is
arge enough to scatter light and a presumable contribution of
-aggregate structures. In the absence of light and/or dissolved
xygen, I3

− is not produced and aggregation does not occur
ig. 3. (A) Absorption changes of the Soret bands during irradiation by a 5 mW
e–Ne laser: 7 × 10−6 M TMPyP recorded at 422 nm in D2O (a), H2O (b)

nd in H2O in the presence of 0.1 M NaN3 (c), 7 × 10−6 M TPPS recorded at
12 nm in D2O (d), H2O (e) and in H2O in the presence of 0.1 M NaN3 (f).
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and RLS spectra (Fig. 2C). The absorption spectra of I3
−

and Sn(IV)TMPyP overlap with no indication of any spectral
changes ascribed to aggregation. The observed minimum at
420 nm in RLS (Fig. 2C, inset) is due to self-absorption. The
results confirm that Sn(IV)TMPyP remains monomeric. Most
probably two axial ligands on the central atom hinder the aggre-
gation process.

Triiodide I3
− is produced by photooxidation of I− by 1O2

[42]:

Porph + hν → 1Porph → 3Porph

(excitation, intersystem crossing) (1)

3Porph + 3O2 → Porph + O2(1�g)

(energy transfer to oxygen) (2)

1O2 + I− + H2O −→
−OH−IOOH

I−−→I2 + HO2
−

I−,H2O−→ I3
− + H2O2 + OH− (3)

H2O2 + 2I− + 2H+ −→
−2H2O

I2
I−−→I3

− (4)

The importance of 1O for the formation of I − and consequently
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Fig. 4. Quenching of the triplet states of TMPyP recorded in oxygen-free water
(a) by oxygen (b, air-saturated) and by 1 × 10−3 M I− (c). Trace (d) belongs to
aggregates formed by the addition of 2.5 × 10−4 M I3

−/0.1 M KI to a TMPyP
solution in air-saturated water. The concentration of TMPyP was 4 × 10−6 M.

sipation of absorbed energy and, therefore, no 1O2 is formed
(Fig. 4d).

In water TMPyP photobleaches using a high fluence rate of
150 mW/cm2 [44]. In contrast, photobleaching of porphyrins in
our experiments can be excluded. (i) In a typical experiment
solutions were irradiated by low intensity light. No spectral
changes were observed in the absence of oxygen and iodide
indicating that porphyrins are photostable under our irradiation
conditions. (ii) Photobleaching via the singlet oxygen route can
be excluded as no spectral changes are observed in the only pres-
ence of oxygen. Similarly, iodide itself does not photobleach
studied porphyrins. In the presence of both iodide and oxygen
produced 1O2 interacts predominantly with I− since its con-
centration is much higher than that of porphyrins (e.g. 10−1

to 10−4 M I− versus 2–8 × 10−6 M porphyrin). (iii) In most
cases photobleaching reactions are irreversible; however, the
presented spectral changes are fully reversible as documented
in Section 3.3.

The effect of I3
− on porphyrin aggregation was further con-

firmed by adding aliquots of a I3
− solution. Immediate aggrega-

tion of TMPyP occurs (Fig. 5A-b). The appearance of broad RLS
features in Fig. 5A-g clearly shows the contribution of extended
aggregates. At larger concentrations of TMPyP (above 10−5 M),
aggregation is followed by the instant formation of a dark brown
voluminous precipitate. Aggregation is reversible since upon
h
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f
(
p
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(
g
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2 3
or porphyrin aggregation was further tested in D2O and using
inglet oxygen quencher NaN3. A marked acceleration of the for-
ation of I3

− and aggregation of TMPyP (Fig. 3A-a and b) fully
orresponds to a higher efficiency of 1O2 to oxidize I− to I3

− in
2O since the lifetime of 1O2 is much longer in D2O (∼60 �s)

han in H2O (∼4 �s) [43]. In air-saturated solution containing
aN3, no production of I3

− and no porphyrin aggregation were
bserved (Fig. 3A-c) since NaN3 efficiently quenches 1O2 [43].
o aggregation or photobleaching of TPPS proceeds under the

ame conditions (Fig. 3A-d–f) signifying the importance of the
harge on the porphyrin periphery.

The concentration of photoproduced I3
− is proportional to

he sensitized concentration of 1O2 [34,35]. This is documented
y linear increase of the concentration of I3

− produced by TPPS
uring continuous irradiation (Fig. 3B-b). There is no indication
f aggregation or photobleaching of TPPS. On the contrary, dur-
ng irradiation of an optically matched solution of TMPyP the
ormation rate of I3

− slows down as the aggregation process
roceeds (cf. Fig. 3A-b and B-a). Finally, the concentration of
3
− reaches a constant value. It indicates that the formation of

O2 stops at a critical concentration of I3
− causing the complete

ggregation of TMPyP.
The behavior of the porphyrin triplet states was verified using

ime-resolved transient spectroscopy (Fig. 4). The triplet states
f TMPyP (Fig. 4a, oxygen-free solution) are quenched by oxy-
en to form 1O2 (Eq. (2)) as documented by the trace in Fig. 4b.
he triplet states are competitively quenched by I− itself (cf.
ig. 4b and c), however, the presence of I− does not stop quench-

ng by oxygen, the formation of 1O2 and consequently oxidation
f I− to I3

− (Figs. 2 and 3). In contrast, porphyrin triiodide
ggregates do not have long-living triplet states due to fast dis-
eating a solution the spectral features of monomeric porphyrin
eappears (Fig. 5A-a) (see Section 3.3). Similar behavior was
bserved for all tested porphyrins except for Sn(IV)TMPyP
Fig. 5B).

The exposure of a TMPyP solution to iodine vapors induces
ast aggregation/precipitation only in the presence of KI
Fig. 6A). The band of I3

− is generated, the Soret band of TMPyP
ractically disappears and the spectral background increases
s a result of an increased scattering on aggregate particles.
n the absence of KI, only a slight aggregation occurs as the
isproportionation reaction of iodine to I− is a slow process
Fig. 6B). These results again confirm that the observed aggre-
ation process occurs only when I3

− is photoproduced or added
o a solution.
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Fig. 5. (A) Absorption spectra of 6 × 10−6 M TMPyP in H2O (a) and after
addition of 2.4 × 10−5 M I3

−/0.1 M KI at 10, 20, 30, 40, 60 ◦C (b–f). Inset:
corresponding RLS spectra at 23 ◦C (g), 40 ◦C (h) and 60 ◦C (i). (B) Absorption
spectra of 1 × 10−5 M Pd(II)TMyP before (a) and after addition of 2.4 × 10−5 M
I3

−/0.1 M KI (b) at 22 ◦C.

Titration curves were constructed by adding I3
− to a TMPyP

solution whose concentration was kept constant. Using micro-
molar concentrations of TMPyP titrations reveal that the overall
stoichiometry between TMPyP and I3

− is 1:4 (Fig. 7). The same
stoichiometry was also determined by elemental analysis of the
voluminous precipitate obtained by adding large excess of I3

−.
The observations suggest ion-pairing between TMPyP and I3

−.
Four positive charges located on the porphyrin periphery inter-

F
a

Fig. 7. Titration of 2.8 × 10−5 M TMPyP by I3
− in 0.1 M KI. After reaching

1.1 × 10−4 M I3
− the concentration of free (unbound) I3

− grows linearly. Arrow
indicates the stoichiometry of TMPyP/I3

−.

act with four I3
− leading to the uncharged nonpolar species (Eq.

(5)). Titrations of higher concentrations of TMPyP (10−4 M,
22 ◦C) also indicate the consecutive stoichiometries 1:1 and 1:2:

TMPyP + 4I3
− � TMPyP-(I3

−)4

(aggregation/precipitation) (5)

Aggregation induced by I3
− is not only limited to TMPyP.

Except for Sn(IV)TMPyP all other tested metalloporphyrins
Zn(II)TMPyP, Pd(II)TMPyP, Au(III)TMPyP aggregate. Por-
phyrins TTPP and TTPPy have positively charged substituents
separated from the porphyrin ring by the methylene spacers,
preventing the delocalization of the positive charge within the
tetraphenylporphyrin �-electron system by a direct coupling.
The photophysical properties are similar to those of TMPyP,
however, these porphyrins are more prone to self-aggregate
[38]. Similarly to TMPyP, photoproduction of I3

− leads to the
extended aggregation of TTPP and TTPPy. These results doc-
ument that triiodide-induced aggregation is not affected by the
localization of the positive charges.

The cationic porphyrin/I− systems are effective sensitizers of
1O2 losing their sensitizing ability during irradiation. The com-
pensation of the positive charges by the large lipophilic, easily
polarizable I3

−, in contrast to other loosely bound counterions,
compensates electrostatic repulsion between neighboring por-
phyrin units and causes low solubility of the uncharged ion-pairs.
T
T
r
t

3

d

3

p
a
(

ig. 6. Absorption spectra of 10−5 M TMPyP in H2O in the presence (A) and
bsence (B) of 0.03 M KI before (b) and after (a) exposure to iodine vapors.
he importance of ion-pairing is confirmed by experiments with
PPS having four peripheral anionic sulfonates. Electrostatic

epulsion between sulfonates and I3
− does not allow aggrega-

ion (Fig. 3).

.3. Factors influencing self-aggregation

Based on detailed result analysis the extent of aggregation
epends on the following factors.

.3.1. Temperature
Aggregate structures can be monomerized at higher tem-

eratures [38]. Similarly, the Soret band of TMPyP reappears
fter heating a solution of porphyrin/I3

− aggregates to 60 ± 2 ◦C
Fig. 5A). The appearance of monomeric TMPyP is accompa-



288 J. Mosinger et al. / Journal of Photochemistry and Photobiology A: Chemistry 181 (2006) 283–289

Fig. 8. Deaggregation of porphyrin/I3
− aggregates (2 × 10−6 M

TMPyP/1.7 × 10−5 M I3
−/0.1 M KI) using 0–0.5 M KCl at room tem-

perature. Arrows show spectral changes with increasing concentration of
KCl.

nied by growing concentration of free I3
− (absorption bands at

287 and 351 nm). After cooled to laboratory temperature aggre-
gation again proceeds. Aggregation/deaggregation cycles can be
repeated with no indication of any porphyrin degradation. Lower
extent of aggregation at elevated temperatures is confirmed by
RLS by decreasing intensity of scattered light (Fig. 5A, inset).
At 60 ◦C no enhanced scattering is observed, which is consistent
with the fact that only the monomer is present.

3.3.2. Concentration, time and pH
Higher concentrations of porphyrins or I− (i.e. of photo-

produced I3
−) increase the extent of aggregation. Aggregation

is a time-dependent process and its extent increases in time.
The amount of aggregates rapidly drops at pH below 1.4, the
value matching pKa of TMPyP. It implicates that protonation of
the porphyrin ring prevents the formation of aggregates due to
increased electrostatic repulsion between the porphyrin units.

3.3.3. Indifferent ions
The excess of indifferent ions prevents aggrega-

tion/precipitation of porphyrins. This is an opposite effect
than expected since water-soluble porphyrins aggregate at
increased ionic strength [10,31,38]. As an example, no aggre-
gation occurs in a solution containing TMPyP, I3

− and 0.5 M
KCl (Fig. 8). If the concentration of Cl− is comparable to
t −
c
f

3

m
i

3

q
U
e
a

Fig. 9. Absorption spectra of 4 × 10−6 M TMPyP (a), after the addition of
1.7 × 10−5 M I3

−/0.1 M KI (b), and after subsequent addition of 4 × 10−4 M
�CD (c). 0.02 M phosphate buffer, pH 7.0.

such as calf thymus DNA. Cyclodextrin �CD forms inclusion
complexes with I3

− [45] and anionic porphyrins [46] while
cationic TMPyP is bound to the cyclodextrin external surface
[10]. Fig. 9 illustrates the effect of �CD on the absorption spec-
trum of TMPyP/I3

− aggregates. The addition of �CD resulted
in an enhancement of the porphyrin monomer absorbance and a
bathochromic shift of the I3

− band from 351 to 359 nm indicat-
ing the inclusion of I3

− into the cyclodextrin cavity (Fig. 9b and
c). Thus, I3

− is encapsulated in the �CD cavity and TMPyP does
not aggregate (Fig. 9a and c). As a result, the photosensitizing
properties of TMPyP are restored to the original characteristics.
Triiodide aggregates of other studied porphyrins behave simi-
larly. Since calix[4]arene-p-tetrasulfonate forms a 1:1 complex
with TMPyP, the porphyrin and I3

− are separated each other and
no aggregation occurs. In this case, however, the photophysical
properties of the TMPyP-calix[4]arene-p-tetrasulfonate com-
plex differ from those of TMPyP [24].

The addition of DNA also causes monomerization of
TMPyP/I3

− aggregates (Fig. 10). Aggregates can be removed
by centrifugation giving the neat spectrum of free I3

− (Fig. 10c).
DNA has a strong monomerization effect and I3

− captured
within aggregate species is released to a solution (Fig. 10d).
The red shift of the TMPyP Soret band from 422 to 436 nm
(Fig. 10a and d) indicates binding of TMPyP to double stranded

F
e
s
b

hat of I3 substantial aggregation takes place. Evidently, the
ompetition between counteranions I3

− and Cl− is responsible
or porphyrin monomerization.

.3.4. Solvent
Aggregation occurs in aqueous solutions. The addition of

ethanol or ethanol up to 60% v/v leads to a gradual monomer-
zation of aggregates.

.3.5. Competitive binding
To obtain an idea how to control aggregation and conse-

uently the photophysical properties of studied porphyrins, the
V–vis and fluorescence features were examined in the pres-

nce of macrocyclic compounds having an internal cavity such
s �CD and calix[4]arene-p-tetrasulfonate, and biopolymers,
ig. 10. Absorption spectra of 4 × 10−6 M TMPyP in the absence (a) and pres-
nce of 8 × 10−4 M I3

− (b). The same solution after centrifugation (c) and after
ubsequent addition of 3.4 × 10−5 M calf thymus DNA (d). 0.02 M phosphate
uffer, pH 7.0.
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DNA as TMPyP intercalates predominantly at GC base pairs
and is bound in grooves at AT base pair rich sequences [21–23].

The presented results reveal that monomerization of cationic
porphyrins can be achieved by the addition of competitive
binders such as cyclodextrin, calix[4]arene and nucleic acids.
These non-covalent interactions affect a photosensitized con-
centration of 1O2 and all processes that involve 1O2.

4. Conclusion

The studied cationic porphyrin sensitizers bearing pyridinium
or phosphonium groups on the periphery are predominantly
monomeric in aqueous solutions. However, in the simultaneous
presence of iodide, oxygen and light the extensive aggregation
occurs. The aggregation is mediated by photogenerated coun-
teranion I3

−, which is produced by oxidation of I− by 1O2
photosensitized by porphyrins. Since the triplet states within
aggregates are quenched by fast relaxation processes, no 1O2 is
produced after reaching a critical concentration of I3

−. In other
words, we present a switch-off photochemical reaction that can
be utilized in porphyrin aggregation/deaggregation processes
and in applications requiring 1O2. We also demonstrate the
importance of the shielding effect of molecular carriers against
aggregation of cationic sensitizers in an environment causing
aggregation/photoaggregation. The molecular carriers, such as
cyclodextrin or calixarene, form non-covalent supramolecular
c
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