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ABSTRACT: The aggregation behavior, binding to DNA and photophysical properties of meso-tetratolylporphyrins
substituted with two (P2), three (P3) and four (P4) pyridinium groups were studied using UV–visible and transient
spectroscopy, resonance light scattering, circular dichroism and time-resolved luminescence of singlet oxygen. In
aqueous solutions porphyrins P2–P4 were present as monomers and aggregates of H- and J-type. The concentration
ratio of monomer to aggregates was controlled by the number of cationic substituents, by ionic strength and by
temperature. Porphyrin P4 was predominantly monomeric and was externally bound to calf thymus DNA with a
binding constant of 1.2� 106

M
�1. Porphyrins P3 and P2 self-assembled on the DNA backbone to form chiral

assemblies not affecting the duplex melting point. The lifetimes of the triplet states of monomeric P3 and P4 increased
after binding to DNA; however, this did not prevent the formation of singlet oxygen, 1O2. Copyright # 2004
John Wiley & Sons, Ltd.
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INTRODUCTION

Cationic porphyrins have attracted considerable attention
owing to their binding affinity to nucleic acids1 and their
ability to cleave DNA selectively,2 to inhibit human
telomerases3 and serve as vehicles for oligonucleotide
delivery to tumors.4 The photoinduced action of porphyr-
ins is usually connected with the production of singlet
oxygen,5 a very reactive species that is able to oxidize G-
rich sequences of nucleic acids.6 Porphyrin derivatives,
depending on their structure and coordinated metal,
including axial ligands, display different preferences
not only for particular binding modes, but also for
different DNA sequences. In general, three binding
models have been described for the interaction of cationic
porphyrins with DNA:7 (i) intercalation, (ii) outside groove
binding and (iii) outside binding with self-stacking.
The last mode leads to the formation of organized helical
porphyrin structures on the DNA template.8–10 The
rational functionalization of the porphyrin peri-
phery renders derivatives of a different charge, size
and hydrophobicity. The interest in porphyrins bearing
polar–lipophilic substituents or substituents with low

polarizability stems from the fact that such substituents
can facilitate the transport of the porphyrin molecule
through biological membranes.11,12 However, lipophilic
substituents cause the porphyrins to aggregate in aqueous
solutions. Before any potential application of such por-
phyrins could be considered, the aggregation behavior
must be addressed.

Aggregation of porphyrins in aqueous solution both
with and without the presence of multipoint templates
such as nucleic acids has an enormous impact on the
ability of porphyrins to generate singlet oxygen and to
cleave nucleic acids. The coupling of transition dipole
moments of strongly absorbing porphyrin derivatives
results in dramatic perturbations to the electronic spectra
of aggregates.13 The nomenclature distinguishes H-
aggregates with blue-shifted and J-aggregates with red-
shifted Soret bands in which the monomer transition
dipoles are perpendicular and parallel to the line con-
necting neighboring molecule centers, respectively.
Strongly coupled J-aggregates with delocalized excitonic
states are especially interesting because they may possess
optical properties such as superradiance.14 Most atten-
tion has been focused on the aggregation of anionic
5,10,15,20-tetrakis(4-sulfonatophenyl)porphyrin forming
J-aggregates in aqueous solution at low pHs and high
ionic strength.15 On the other hand, tetracationic
5,10,15,20-tetrakis(N-methylpyridinium-4-yl)porphyrin
(TMPyP) exists as a monomer in water even at low pH
and in the presence of concentrated inorganic salts.16 It
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3, 182 23 Prague 8, Czech Republic.
E-mail: kubat@jh-inst.cas.cz.
Contract/grant sponsor: Grant agency of the Czech Republic;
Contract/grant numbers: 203/01/0634; 203/02/0420; 203/04/0426.



has been proposed that the positive charges at the peri-
phery of TMPyP delocalized over the porphyrin ring
result in electrostatic repulsive forces, thereby preventing
aggregate formation.17 By way of contrast, other cationic
porphyrins aggregate spontaneously in neutral aqueous
solutions forming various types of aggregates.18,19

The properties of tetracationic porphyrins have been
studied in detail,17,18,20–22 whereas little consideration
has been devoted to porphyrins bearing two or three
cationic substituents.23 In this paper, we report the
properties of peripherally substituted tetratolylporphyrins
P2–P4 with two, three or four pyridinium groups (Fig. 1),
including aggregation of porphyrins, photophysical prop-
erties and complexation with DNA. The pyridinium
moieties of these cationic porphyrins are separated
from the porphyrin ring by methylene spacers, preventing
the delocalization of the positive charge within the
porphyrin �-electron system by direct coupling. The
positive charges of these cationic porphyrins can impact
the charge distribution of the porphyrin ring through
inductive effects only. Therefore, monomeric P2–P4 can
be expected to display similar photophysical properties,
but with considerable differences in self-aggregation and
complexation towards DNA. Here we show that the
number of charged peripheral substituents effectively
controls hydrophobic/electrostatic forces and the nature
of porphyrin aggregates and porphyrin–DNA forms.

EXPERIMENTAL

Materials

The syntheses of 5,15-bis(�-[pyridinium]-4-tolyl)-10,20-
bis(4-tolyl)porphyrin (P2), 5,10,15-tris(�-[pyridinium]-
4-tolyl)-20-(4-tolyl)porphyrin (P3) and 5,10,15,20-
tetrakis(�-[pyridinium]-4-tolyl)porphyrin (P4) bromide
salts (Fig. 1) have been described previously.19,21

Stock solutions were prepared in methanol (300–
500mM) where porphyrins are in monomeric form.
5,10,15,20-Tetrakis(4-sulfonatophenyl)porphyrin tetra-
sodium salt (TPPS), (Aldrich), 5,10,15,20-tetrakis(N-
methylpyridinium-4-yl)porphyrin tetra-4-tosylate salt
(TMPyP), (Aldrich), calf thymus double-stranded DNA
(Sigma) and D2O (98%) were used as received. The
concentration of DNA, calculated in base pairs, was

determined from UV spectra using "260 of 1.31�
104

M
�1 cm�1.24 Experiments were performed in air-

saturated 20 mM phosphate buffer (pH 7.0) at tempera-
tures in the range 20–90 �C; the ionic strength was
adjusted by the addition of NaCl.

Spectral measurements

All UV–visible absorption spectra were recorded using a
Perkin-Elmer Lambda 19 spectrophotometer. The aggre-
gation and binding were evaluated using spectral changes
in the corresponding Soret bands at different DNA (in
base pairs) to porphyrin molar concentration ratios R.
Absorbance titrations were conducted by adding a con-
centrated stock solution of DNA directly to a porphyrin
solution (1.0–5.0mM) in a 10 mm cuvette. All measure-
ments were corrected for dilution caused by the volume
of added solution. Binding experiments were performed
in solutions containing 20 mM phosphate buffer (pH 7.0)
and 100 mM NaCl at 25 or 37 �C. Melting curves were
recorded at 258 nm in 20 mM phosphate buffer (pH 7.0) with
50 mM NaCl using the heating rate of 0.5 �C min�1. The
conditions used for thermal experiments were a compro-
mise to obtain suitable aggregation/deaggregation behavior
of porphyrins at higher temperatures, binding of porphyrin
aggregates at the DNA surface, monomerization/
self-association of porphyrins on the DNA exterior and
to minimize stabilization of the DNA duplex by ionic
strength. Resonance light-scattering (RLS) experiments
were performed on a Perkin-Elmer LS 50B luminescence
spectrophotometer using simultaneous scans of excita-
tion and emission monochromators through a range 300–
600 nm. Induced circular dichroism (CD) spectra were
measured on a Jobin Yvon-Spex CD 6 instrument.

Laser flash photolysis experiments were performed
with a Lambda Physik FL 3002 dye laser (414–424 nm,
output 0.05–5 mJ per pulse, pulse width �28 ns). The
transient spectra were measured within 300–600 nm on a
laser kinetic spectrometer (Applied Photophysics, UK).
The time profiles of the triplet state decay were recorded
at 460 nm using a 250 W Xe lamp equipped with a pulse
unit and an R928 photomultiplier (Hamamatsu). The
samples were saturated by air or by oxygen, where
appropriate, and oxygen was removed from the solution
by argon purging. In argon-saturated solutions decay
curves were averaged using 10–500 single traces to
decrease the noise level. Measurements were performed
with different porphyrin concentrations (4.0–5.6 mM) and
the standard deviation presented in Table 1 was obtained
by statistical treatment of independent experiments.
Time-resolved near-infrared luminescence of singlet oxy-
gen O2 (1�g) at 1270 nm was monitored with a Ge diode
(Judson J16–8SP, USA) in conjunction with a 1270 nm
interference filter. The quantum yields of singlet oxygen,
��, were estimated by the comparative method using
TPPS as a standard [��¼ 0.63 (ref. 25)] at an excitation

Figure 1. Molecular structures of porphyrins P2, P3 and P4
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energy of 350mJ. In this energy region, the intensity of a
luminescence signal is proportional to the incident en-
ergy. Optically matched solutions at an excitation wave-
length of 308 nm (A308¼ 0.100� 0.002) were prepared in
an aqueous solution containing 50% D2O to increase the
singlet oxygen lifetime.

RESULTS AND DISCUSSION

Aggregation in aqueous solution

A detailed description of the behavior of porphyrins in
aqueous solutions is a prerequisite for understanding the
nature of the interaction of porphyrins with nucleic acids.
Porphyrins P2–P4 (Fig. 1) were monomeric in methanol
and showed typical porphyrin UV–visible spectra with
the Soret band at 414 nm and molar absorption coeffi-
cients "414 of (3.9� 0.1)� 105, (4.2� 0.1)� 105

and (4.0� 0.2)� 105
M
�1 cm�1 for P2, P3 and P4,

respectively.
Porphyrin P4, the most hydrophilic compound, was

monomeric in buffer with 0.1 M NaCl, as indicated by the
validity of the Lambert–Beer law and the narrow Soret
band at 414 nm [Fig. 2(a)]. As the hydrophobicity of the

molecule increases in the series P4<P3<P2, the spectral
behavior of P2 and P3 in aqueous solutions was more
complex. Porphyrins P2 and P3 were soluble in water, but
a splitting of the Soret band, some hypochromicity and
deviations from the Lambert–Beer law pointed to exten-
sive aggregation [Fig. 2(b), (c)]. The degree of aggrega-
tion was strongly increased at higher ionic strength
(controlled by adding NaCl) and decreased at higher
temperature. The UV–visible spectra of P3 show that at
high ionic strength an intensive band at 438 nm appeared
compared with a solution of low ionic strength [cf. Figs.
2(b) and 3(a)]. Complete deaggregation was observed at
higher temperatures as demonstrated by Fig. 4(a), where
the absorption band at 438 nm disappeared at 70 �C.
Considering the positive charge located at the porphyrin
periphery and the facilitation of aggregation by increas-
ing ionic strength, electrostatic interactions are evidently
a significant factor in stabilizing porphyrin aggregates
due to neutralization of the high positive charge density
of the aggregate. In addition, the hydrophobic forces26

could also be important, especially in the case of dica-
tionic P2.

The Kasha theory, i.e. the exciton coupling model in its
simple exciton point-dipole form, can be useful for the
prediction of a structure of porphyrin aggregates.13,27,28

A blue-shifted Soret band is indicative of a face-to-
face arrangement of the porphyrin units assigned as H-
aggregate while a parallel arrangement of the porphyrin
units leads to a red shift of the Soret band. These aggre-
gates are termed J-aggregates. The energy levels of both
types of aggregates are schematically presented in Fig. 5.

In order to specify the respective aggregate forms, the
Soret bands were analyzed as demonstrated in detail in
Fig. 4 and made practical in Figs 2 and 4. The Soret bands
can be characterized by a Voigtian profile in the tempe-
rature region from �250 to 25 �C.29 The Voigtian profile
is a convolution of a natural Lorentzian bandwidth with a
Gaussian part containing a temperature-dependent com-
ponent that is more significant at higher temperatures.
Hence the Soret bands of P2–P4 at temperatures between

Figure 2. UV--visible spectra: Soret region of monomeric P4
(a), partially monomeric P3 (b), highly aggregated P2 (c) and
of P4 monomer bound to DNA, R¼ 78 (d) in 20 mM phos-
phate buffer (pH 7.0), 0.1 M NaCl, 22 �C, porphyrin concen-
tration 3.2 mM

Figure 3. UV–visible absorption (a) (dashed line) and RLS (b)
(solid line) spectra of P3 (2.0 mM) in 20 mM phosphate buffer
(pH 7.0), 0.8 M NaCl, 22 �C
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20 and 80 �C were analyzed by a combination of Gaus-
sian functions. The Soret band of the monomer [Figs 2(a)
and 4(a)] consists of two bands centered at 399 and
414 nm; a weak shoulder at 399 nm is of vibronic origin.30

Evidently the position is not affected by the number of

peripheral substituents. The envelopes of the spectra were
generally analyzed with up to five Gaussians in order to
obtain satisfactory fits [Fig. 4(b)]. These fits were com-
posed of two bands of the monomer (399, 414 nm), a
blue-shifted band of H-aggregate (403 nm) and two bands
at 424 and 438 nm attributed to two major populations of
J-aggregates. In general, J-aggregates are characterized
by sharp absorption bands relative to the monomer band,
a result of exciton delocalization over a number of
monomer units.31 In accordance with this, both bands at
424 nm (J1) and 438 nm (J2) are sharper than the mono-
mer band at 414 nm [Fig. 4(b)]. The sharp band at 438 nm
in particular indicates a narrow distribution of the local
stacking structural arrangement within the J2-aggregate.
The positions of the respective Soret bands are the same
for P2–P4 (Figs 2 and 4), indicating that the number of
cationic substituents does not influence the energy levels
of the porphyrin moiety. The observed energy transitions
are depicted schematically in Fig. 5.

The aggregation number can be qualitatively estimated
using RLS experiments and usually exceeding thousands
of porphyrin units.32 The method is convenient because
the amount of scattered light is directly proportional to
the volume of particles and monomeric molecules and
small oligomers show no enhanced scattering.9,32 The
RLS peak at 445 nm [Fig. 3(b)] indicated an enhancement
of the scattered light intensity due to the presence of
extended J-aggregates [Fig. 3(a)]. It also revealed that H-
aggregate and J1-aggregate consist of a significantly
lower number of porphyrin units (Fig. 5).

Photophysical properties

The photophysical properties of P2–P4 are summarized
in Table 1. Transient triplet–triplet spectra had broad
absorption maxima at 450–460 nm, which are typical
for porphyrins.21 The lifetime of the triplet states was

Figure 4. Soret region of monomeric P3 (3.0 mM) recorded
at 70 �C (a) and of aggregates formed after cooling to 22 �C
(b). The individual sub-bands were fitted by a combination of
Gaussian functions in wavenumber units (1/�). Experiments
were carried out in 20 mM phosphate buffer (pH 7.0), 0.5 M

NaCl

Figure 5. Energy level scheme of splitting of the Soret bands due to dimer and aggregate formation; only allowed transitions
are shown
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>400ms. The triplet states were quenched by molecular
oxygen with a bimolecular rate constant, kq, of the order
of 109

M
�1 s� 1, yielding 1O2. Hence the lifetime of the

triplet states in air-saturated aqueous solutions was
about 2 ms.

Since photosensitized reactions are mostly mediated
by 1O2, the quantum yield of singlet oxygen formation,
��, produced by sensitizers is an important photophysical
quantity. The �� values were found to be 0.42 and 0.59
for P3 and P4 in water, respectively. These values are
closely comparable to those of porphyrin sensitizers.33 In
contradiction, P2 did not produce singlet oxygen (��<
0.01). This can be explained by extensive aggregation of
P2 (see earlier). Exciton coupling between stacked por-
phyrin units causes fast relaxation of the excited states.
This highly competitive process reduces considerably the
formation of the triplet states and consequently of 1O2 as
reported for aggregated porphyrins.34 We also attribute
the lower �� of P3 to a contribution of aggregates,
although a low concentration of P3 (�0.4mM) in pure
water was used to minimize aggregation effects.

Binding to DNA and consequences
to photophysics

Porphyrins were titrated with aliquots of a DNA solution
and the corresponding spectral features in UV–visible
spectra were recorded as a function of R (molar concen-
tration ratio of DNA in base pairs to porphyrin). The Q
bands in the visible region underwent minor changes;
however, the Soret bands exhibited changes that per-
mitted monitoring of the interaction of porphyrins with
DNA.

The Soret band of P4 underwent a red shift from 414 to
421 nm with 40% hypochromicity after adding a stock
solution of DNA [cf. Fig. 2(a) and (d)]. Since P4 is
monomeric, the observed spectral perturbations are due
to the association of P4 with DNA. The recorded data
were cast into the McGhee–von Hippel binding model

and the resultant binding constant of (1.2� 0.2)�
106

M
�1 (Ref. 21) was closely comparable to those

reported for other cationic porphyrins.10 The exclusion
parameter obtained of 8.1, which describes the number of
base pairs removed by the binding, and a small red shift
of the Soret band indicate that P4 is bound externally to
the DNA surface.21 The induced CD spectra can further
corroborate the binding mode. The sign of the induced
CD depends on the relative orientation of the transition
dipole moment of a binder relative to that of the DNA
bases.35 As a rule, intercalative binding of the porphyrin
chromophore with degenerate in-plane polarization of �–
� transitions induces a negative CD signal in the Soret
region, whereas external (groove) binding induces a
positive signal.7,10,36,37 The observed induced single
positive band [Fig. 6(a)] indicates that P4 has a strong
interaction with the bases of DNA and it is accordance
with groove-bound porphyrin. Then, the planes of bound
P4 are oriented at angles of roughly 45� with respect to
the axis of DNA.36 The specific binding configuration
depends on the porphyrin loading since the position of
the band is affected by R.21 Intercalation of P4 between
base pairs of the DNA matrix is evidently excluded owing
to steric obstacles imposed by the bulky peripheral
substituents.

Monomeric P3 bearing three pyridinium substituents
showed the absorption band at 421 nm after binding to
DNA (cf. spectra in Fig. 7, dashed lines). The large
hypochromicity suggests considerable perturbation of
the porphyrin � system due to the association with
DNA. At high excess of DNA (R> 40) the amount of
H- and J-aggregates was reduced, as indicated by a strong
decrease in the absorbances at 403 and 438 nm conco-
mitant with an increase in the absorbance of bound
monomeric P3 at 421 nm [Fig. 7(b)]. The rate of this
deaggregation process was controlled by the DNA con-
centration (i.e. by amount of negatively charged binding

Table 1. Triplet states of P4–P2 (4.0–5.6 mM) in solution and
after binding to DNA (R¼ 110): the lifetimes in air-saturated
and oxygen-free buffer �T (20 mM phosphate buffer, pH 7.0,
0.1 M NaCl) and the quantum yields of singlet oxygen ��

[D2O—H2O (1:1)]

�T (ms)

Compound Air Argon ��

P4 2.0� 0.1 591� 40 0.59
P3 2.6� 0.2 467� 37 0.42
P2 2.1� 0.9 434� 90 <0.01a

P4–DNA 12.2� 0.2b — —
P3–DNA 17.1� 0.3b — —

a No signal owing to extensive porphyrin aggregation.
b Biexponential quenching kinetics; the faster process corresponds to free
porphyrin, which is in the equilibrium with the bound molecules (slower
process).

Figure 6. Induced CD spectra of P4 (a) (R¼ 25, 0.1 M NaCl,
signal multiplied five times), P3 (b) (R¼126, buffer) and P3
(c) (R¼126, 0.33 M NaCl) in the presence of DNA. Experi-
ments were performed in 20 mM phosphate buffer (pH 7.1),
22 �C
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sites) and by ionic strength, since a high concentration of
ions can shield the positive charge of aggregates and
stabilize them. The binding-induced changes in the UV–
visible spectra [Fig. 7(b)] were accompanied by intensive
RLS profiles, confirming the formation of extended
porphyrin assemblies on the DNA surface. The interac-
tion of P3 with DNA also induced a bisignate CD
spectrum with �" near the maximum of the absorption
band of bound P3 [Fig. 6(b)]. The positive band appeared
at 409 nm (�"¼ 77 M

�1 cm�1) and the negative band at
435 nm (�"¼�114 M

�1 cm�1). The porphyrin moiety is
planar and symmetrical and does not possess natural
optical activity, hence the induced chirality is due only
to binding of P3 to DNA, a right-handed template. Such
strong exciton coupling in the porphyrin Soret region is
generally taken as evidence of groove binding or external
stacking.35 The intensity of the bisignate signal increased
considerably at high ionic strength with a positive band at
412 nm (�"¼ 281 M

�1 cm�1) and a negative band at
436 nm (�"¼�430 M

�1 cm�1) [Fig. 6(c)]. The intensity
was further increased in solutions with a large porphyrin
loading (R< 10). The presented dependence of the UV–
visible, RLS and induced CD spectra on ionic strength
and R indicates that P3 forms highly ordered extended
assemblies on the DNA surface. Porphyrin–porphyrin
interactions give rise to conservative signals, attributed
to self-stacked porphyrin units oriented roughly perpen-
dicular to the helix axis as originally proposed by Carvlin

et al.38 The DNA exterior acts as a template, which
imposes structural packing of the porphyrin molecules
to chiral assemblies. In addition, the UV–visible spectra
indicate that P3 is bound also as a monomer; however,
this form is not clearly resolved in the CD spectra
because of strong overlapping features, making the re-
solution into the respective contributions impossible.

Surprisingly, at small R the contribution of aggregates
was increased, as evidenced by decreasing absorbance of
P3 monomer at 414 nm and increasing absorbance at
438 nm [Fig. 7(a)]. This effect was evident at low ionic
strength and R< 10, where concentration of P3 is com-
parable to that of DNA base pairs. The DNA-induced
assembling was also observed by adding DNA to a
solution of exclusively monomeric P3, i.e. at low ionic
strength (cf. Fig. 8(a) and (b)] or at increased temperature
(37 �C). These observations confirm the importance of
cationic porphyrin–anionic matrix electrostatic interac-
tions. The repulsion forces between positively charged
substituents of P3 are compensated by attraction of the
porphyrin units to the negatively charged DNA backbone.
This effect is similar to that observed in solutions with
high ionic strength where ions shield the positive charge
of the pyridinium substituents resulting in the formation
of aggregates.

Porphyrin P2 is more hydrophobic than P3. As P2 was
extensively aggregated in aqueous solutions, P2 formed
predominantly extended assemblies on the DNA surface
whereas the formation of bound monomer occurred very
slowly.

The effects of deposited porphyrins on thermal dena-
turation of calf thymus DNA were studied by UV melting
experiments (Fig. 8, inset). Whereas bound P3 was
monomerized at temperatures near Tm [Fig. 8(c)], P2

remained predominantly self-assembled, as indicated by

Figure 7. Changes in the Soret region of 1.0 mM P3 with
increasing concentration of DNA: (a) formation of J-aggre-
gates, R¼ 0 (dashed line), 2, 7 and 13; (b) binding to DNA at
R¼ 13, 43 and 182 (R¼ 182, 120 min standing: dashed
line). Arrows designate spectral changes due to increasing
concentration of DNA. Experiments were carried out in
20 mM phosphate buffer (pH 7.0), 0.1 M NaCl, 22 �C

Figure 8. Absorption spectra of P3 (2mM) in 20 mM phos-
phate buffer (pH 7.0), 50 mM NaCl, 25 �C (a), after addition
of DNA (107 mM) at 25 �C (b) and after heating to 88 �C (c).
Inset: Temperature dependent absorbance changes moni-
tored at 258 nm: (d) 58 mM calf thymus DNA; (e) 58 mM calf
thymus DNA, 2mM P3; (f) 56 mM calf thymus DNA, 3.4 mM

TMPyP
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spectral features of the porphyrin Soret bands. The
spectra also indicated that both porphyrins were still
bound to DNA [Fig. 8(c)]. We found that neither por-
phyrin influenced the melting profiles of DNA and the
melting temperatures Tm. The Tm values in the presence
(R¼ 18–29) and absence of porphyrins varied from 81 to
82 �C [Fig. 8(d) and (e)]. Under the same conditions,
TMPyP, which intercalates between G–C base pairs,
increased Tm to 83 �C [Fig. 8(f)]. The increase in Tm

reflects stabilization of the double helix due to intercala-
tion of the porphyrin moiety, which is in accordance with
previous results.1,37 Evidently, the outside binding and
outside binding with self-stacking modes do not contri-
bute to the thermal stability of double helical DNA.

In air-saturated aqueous solutions, the triplet states of
P2–P4 monomers were quenched by oxygen according to
first-order kinetics (monoexponential) with a lifetime of
�2 ms (Table 1). In contrast, after binding to DNA, the
triplet states decayed with biexponential kinetics char-
acterized by two lifetimes. The lifetime of the faster
process was coincident with oxygen quenching of free
(unbound) porphyrin. The slower process was attributed
to quenching of the triplet states of bound monomers
(Table 1). The contribution of the respective processes
varied according to the equilibrium molar ratio of free to
DNA-bound monomer. The binding to DNA caused a
marked increase in the triplet state lifetime, indicating the
localization of the porphyrin molecules in a region with
lower oxygen accessibility than in solution. The lifetimes
of 17.1ms (P3) and 12.2ms (P4) in aerated solutions are
comparable to those recorded for externally bound ca-
tionic porphyrins.23,39,40 For comparison, the triplet state
lifetimes of intercalated porphyrins are extended to 60 ms
owing to the protection of excited porphyrin molecules
by the nucleic acid duplex. Because bound P2 exists
predominantly in the form of highly extended assemblies
the formation of the triplet states was completely sup-
pressed (see earlier).

As pointed out earlier, collisional quenching of the
triplet states of porphyrin monomers by dissolved oxygen
leads to 1O2. The rise in the local concentration of 1O2 is
governed by the rate of triplet state quenching by oxygen.
Because the triplet states of bound P3 and P4 are
quenched more slowly than excited porphyrins in solu-
tion, the rates of formation and decay of 1O2 became
comparable, as follows from time-resolved luminescence
experiments. Evidently, both P3 and P4 produced 1O2

effectively also after external binding to DNA. This is in
accordance with the fact that �� is usually little affected
by binding sensitizers to nucleic acids.39,40

CONCLUSION

Porphyrins P2 and P3 aggregate considerably in aqueous
solutions whereas P4 remains monomeric and produces
1O2 even at high ionic strength. Both H- and J-aggregates

were resolved and characterized. The most hydrophilic
porphyrin P4 is bound externally to the DNA backbone
predominantly as a monomer. On the other hand, P2 and
P3 form extended chiral assemblies on the DNA exterior.
Nucleic acids with negatively charged phosphate groups
shield repulsion forces between the porphyrin units that
spontaneously assemble into helical assemblies depo-
sited on the DNA surface. The helicity of the DNA
backbone is imparted to the porphyrin assembly, resulting
in induced chirality. Nucleic acids also facilitate the
formation of J-aggregates when the concentrations of
DNA in base pairs and porphyrin are comparable. The
lifetimes of the triplet states of monomeric P3 and P4

increase after binding, however, this does not prevent the
formation of 1O2.
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