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1. Introduction

Noncovalent intermolecular interactions play a dominant role in
molecular recognition phenomena. In this respect, calixarenes have
received considerable attention and have been applied in diverse
areas such as catalysis, enzyme mimics, host–guest chemistry,
selective ion transport, and sensors due to their complex abili-
ties, conformational flexibility, and reactivity [1]. Calixarenes are
used as potential building blocks for construction of supramolec-
ular assemblies with suitable guest molecules like porphyrins.
Depending on a guest molecule, different types of interactions are
involved (ionic, cation–�, hydrogen bonding, hydrophobic, etc.).
para-Sulfonato-calix[4]arene (CLX) (Fig. 1) has the advantage of
being highly water-soluble while keeping the bowl-shaped con-
formation with hydrophilic upper and lower rims separated by a
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calix[4]arene; CLXSO2, sulfonylcalix[4]arene; AFM, atomic force microscopy; RLS,
resonance light scattering; DLS, dynamic light scattering; SLS, static light scattering.
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inkages between phenolic units and of the cationic substituents on the por-
of interaction and photophysical parameters of porphyrin/calixarene com-
ethylpyridinium-2-yl)porphyrin (TMPyP2) forms stable complexes with
hiacalix[4]arene and sulfonylcalix[4]arene of the 1:1 stoichiometry with
6, (9.3 ± 0.9) × 105 and (8.3 ± 0.8) × 104 M−1, respectively. We suggest that
let states of TMPyP2 involves fast electron transfer between excited singlet

d phenolates. Surprisingly, both 5,10,15,20-tetrakis(N-methylpyridinium-
,10,15,20-tetrakis(4-trimethylammoniophenyl)porphyrin (TMAPP) behave
xarenes nonspecific extended self-assemblies with a random arrangement
med as confirmed by UV–vis, fluorescence spectroscopy, AFM, fluores-
attering techniques. The TMPyP4/calix[4]arene system is the exception
a molecular complex with the 1:1 stoichiometry. The complex is quickly

-assembly at higher TMPyP4 concentrations.
© 2008 Elsevier B.V. All rights reserved.

hydrophobic mid-region. This combination is suited for binding of
various molecules like trimethylanilinium [2,3], tetramethylammo-
nium [4], different macrocycles [5], amino acids, oligopeptides and

acetylcholine with practical consequences for biological applica-
tions [6]. The binding process is mostly driven by enthalpy resulting
mainly from the tight inclusion of the nonpolar part of a guest
into the hydrophobic cavity of calixarene, and also by a favorable
entropy gain due to desolvation of the charged groups upon ionic
interaction. The sulfonate groups of calixarene can serve as anchor-
ing points for positively charged guests and stabilize a complex.

Tetrasulfonated thiacalix[4]arenes (CLXS) and sulfonyl-
calix[4]arenes (CLXSO2) (Fig. 1) belong to a family of water-soluble
calixarenes with a shape apparently homologous with that of
calixarenes [7,8]. Sulfur-containing bridges impose changes in
electronic and structural characteristics resulting in a wider cavity,
lower electron density, and higher flexibility when compared
with the methylene-linked cavity of calix[4]arene. The thia- and
sulfonyl-analogues have higher complexation ability toward some
organic molecules and metal ions in a solution owing to higher
acidity of the phenolic OH groups and to the ligation of the bridging
sulfur-containing groups.

Optical and photoactive properties predetermine porphyrins as
efficient photosensitizers in many artificial light-harvesting sys-
tems [9]. Supramolecular architectures based on porphyrins, in

http://www.sciencedirect.com/science/journal/10106030
mailto:pavel.kubat@jh-inst.cas.cz
mailto:lang@iic.cas.cz
dx.doi.org/10.1016/j.jphotochem.2008.02.010
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Fig. 1. Structure of p

which interacting components are preorganized via non-covalent
linkages, are particularly appealing since they open the way
to a new rational synthesis of porphyrin arrays and functional
systems with specific photophysical, optical, binding or mag-
netic properties. In this respect, calixarenes bearing negative
charge (e.g., sulfonate groups) are potentially versatile synthons
in aqueous solutions because they attract multicationic por-
phyrins primarily by ionic interactions. Such binding is usually
accompanied by electronic interactions between the components
leading to a change of overall photophysical properties [10]. Thus,
the photoinduced electron transfer occurring between CLX and
5,10,15,20-tetrakis(N-methylpyridinium-4-yl)porphyrin (TMPyP4)
was suggested [11]. Tetracationic Zn(II) porphyrins and tetraanionic
sulfonated calix[4]arenes assemble into cage-like complexes and
can serve as a model of the heme-protein active site [12,13]. The
modulation of the structure and stoichiometry of multi-porphyrin
species was achieved by a rational combination of sulfonated
calix[4]arene with cationic TMPyP4 and its metallocomplexes
[14–16]. This assembling leads to the formation of stable porphyrin
self-aggregates in aqueous solution with a well-defined and tun-
able stoichiometry. The molecular organization of TMPyP4 in films
is also characterized by the well-defined structure [17].

In this paper the structure and properties of por-
phyrin/calixarene complexes were modified by introducing
different calixarene linkages between the phenolic units and/or
porphyrin peripheral substituents. We show that the subtle fron-
tier between a single complex and extended self-assemblies is
controlled by the type of porphyrin and/or sulfonated calixarene.
2. Materials and methods

2.1. Chemicals

The tetratosylate salts of 5,10,15,20-tetrakis(N-methylpyridi-
nium-4-yl) porphyrin (TMPyP4), 5,10,15,20-tetrakis(4-trimethyl-
ammoniophenyl)porphyrin (TMAPP, both Aldrich) and 5,10,15,20-
tetrakis(N-methylpyridinium-2-yl)porphyrin (TMPyP2, Porphyrin
Systems, Germany) were used as received. Calix[4]arene-p-
tetrasulfonate (CLX) [18], thiacalix[4]arene-p-tetrasulfonate (CLXS)
[19] and sulfonylcalix[4]arene-p-tetrasulfonate (CLXSO2) [20] were
prepared according to the previously published procedures.

2.2. Absorption spectroscopy

The UV–vis absorption spectra were recorded using a
PerkinElmer Lambda 19 and PerkinElmer Lambda 35 spectrome-
ters. All experiments were conducted in 20 mM phosphate buffer
(pH 7.0 ± 0.1) by adding aliquots of stock solutions at room temper-
ature (25 ◦C). The affinity of porphyrins towards calixarenes was
otobiology A: Chemistry 198 (2008) 18–25 19

rins and calixarenes.

deduced mainly from the changes of the porphyrin Soret absorp-
tion bands. The shape and location of the Soret band are extremely
sensitive to the changes in the microenvironment of the porphyrin
moiety and enable better characterization of porphyrin structures
than the Q-bands and/or fluorescence emission spectra. The titra-
tion data over the entire spectra were analyzed to obtain globally
optimized parameters by singular value decomposition and non-
linear regression modeling using the Specfit program (Spectrum
Software Associates, Inc.). The stoichiometry of TMPyP2 complexes
was determined by the Job method of continuous variations.

2.3. Steady-state fluorescence and resonance light scattering
(RLS)

The fluorescence and RLS spectra were measured on a
PerkinElmer LS 50B luminescence spectrophotometer. All fluores-
cence emission spectra were corrected for the characteristics of the
detection monochromator and photomultiplier using the fluores-
cence standards. The samples were excited at the Qy(1,0) absorption
band (∼520 nm) because it is less influenced by binding than the
Soret band. The fluorescence quantum yields were estimated by the
comparative method using solutions with matching absorbances
at the excitation wavelength. The RLS experiments were conducted
using simultaneous scans of the excitation and emission monochro-
mators through the range of 300–600 nm.

2.4. Time-resolved fluorescence
The fluorescence decay curves were recorded on a 5000U
Single Photon Counting setup (IBH, Glasgow, UK) using an IBH
laser diode NanoLED-440L (440 nm peak wavelength, pulse width
<200 ps, 1 MHz maximum repetition rate) and a cooled Hamamatsu
R3809U-50 microchannel plate photomultiplier. The curves were
recorded at a maximum of the steady-state emission spectrum of
individual systems. Additionally, a 500 nm cutoff filter was used to
eliminate scattered light. The data were collected in 2048 channels
(0.052 ns per channel) till the peak value reached 10,000 counts.
The decay curves were fitted to multiexponential functions (one,
two or three exponential components were used) using the iterative
reconvolution procedure of the IBH DAS6 software.

2.5. Laser flash photolysis

Laser flash photolysis experiments were performed using
a Lambda Physik FL 3002 dye laser (412–440 nm, output
0.05–3 mJ/pulse, pulse width 28 ns). The transient spectra
(300–800 nm) were recorded using a laser kinetic spectrometer LKS
20 (Applied Photophysics, UK). The time profiles of the triplet state
decay were recorded at 460–480 nm using 250 W Xe lamp equipped
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providing 80 ps pulses at 40 MHz repetition rate, dichroic mirror
505DRLP, long-pass filter LP500 (Omega Optical), water immersion
20 P. Kubát et al. / Journal of Photochemistry a

with a pulse unit, and a R928 photomultiplier (Hamamatsu). The
lifetimes of the porphyrin triplet states (�T) were obtained by sin-
gle exponential fitting to decay curves measured in argon-saturated
solutions. The quantum yields of the triplet states (˚T) were esti-
mated by the comparative method in air-saturated solutions that
were adjusted to the same absorbance at the excitation wavelength.

2.6. Dynamic light scattering (DLS) and static light scattering
(SLS)
The light scattering setup (ALV, Langen, Germany) consisted of
a 633 nm He–Ne laser, an ALV CGS/8F goniometer, an ALV High QE
APD detector and an ALV 5000/EPP multibit, multitau autocorre-
lator. Details on the SLS and DLS measurements of the aqueous
solutions containing porphyrins are given elsewhere [21]. Solutions
were prepared by adding of (i) 5 �L and (ii) 50 �L of 600 �M cal-
ixarene solutions into 1 mL of carefully filtered phosphate buffer
(pH 7.1) in Eppendorf tubes. After it, 15 �L of 200 �M porphyrin
solutions were added that corresponds to the porphyrin/calixarene
molar ratios of 1:1 (3 �M each component) and 1:10. Finally, the
prepared solutions were carefully poured immediately before the
measurement into LS glass cells and were measured (i) 10 min and
(ii) 24 h after mixing. The solutions of pure components and of
higher concentrations of TMPyP4 and CLX (the molar ratio of 2:2,
6 �M each component) were also measured.

2.7. Microscopic techniques

Porphyrin/calixarene self-aggregates in the solid state were
imaged by atomic force microscopy (Nanoscope IIIa, Veeco, USA)

Fig. 2. The Soret band of 3.5 �M TMPyP2 (a) in the presence of 57 �M CLX (b), 46 �M
CLXS (c) and 30 �M CLXSO2 (d). 20 mM phosphate buffer, pH 7.1.
otobiology A: Chemistry 198 (2008) 18–25

in a tapping mode. The samples were prepared by drop casting
(20–50 �L) onto the basal plane of a mica substrate. The droplet
was removed after 60 s and the substrate was dried in ambient air.

Fluorescence lifetime imaging (FLIM) measurements were car-
ried out on an inverted epifluorescence confocal microscope
MicroTime 200 (Picoquant, Germany). We used configuration con-
taining a pulsed diode laser (LDH-P-C-405, 405 nm, Picoquant)
objective (1.2 NA, 60×) (Olympus), and detector PDM SPAD (MPD,
USA). A module Picoharp 300 (Picoquant, Germany) recorded the
photon events in a TTTR mode enabling the reconstruction of the
lifetime histogram for each pixel [22]. In order to minimize the pile-
up effects low power of 1.5 �W at the back aperture of the objective
was chosen.

3. Results

Porphyrins TMPyP2, TMPyP4 and TMAPP (Fig. 1) stay
monomeric in aqueous solutions as documented by literature data
[11,23–26] and by respective absorption spectra with the narrow
and intense Soret bands of the molar absorption coefficients above
2 × 105 M−1 cm−1 (Figs. 2–4).

3.1. Interaction of TMPyP2 with calixarenes

The addition of calixarenes to an aqueous solution of TMPyP2
results in a hypochromicity (6% for CLX, 20% for CLXS and CLXSO2)

Fig. 3. The Soret band of 4.9 �M TMPyP4 (a) in the presence of 92 �M CLX (b), 69 �M
CLXS (c) and 55 �M CLXSO2 (d). 20 mM phosphate buffer, pH 7.1.
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Fig. 4. The Soret band of 2.0 �M TMAPP (a) in the presence of 57 �M CLX (b), 46 �M
CLXS (c) and 30 �M CLXSO2 (d). 20 mM phosphate buffer, pH 7.1.

and a small red shift (3 nm for CLX and CLXSO2, 5 nm for CLXS)
of the original Soret band (Fig. 2) with the appearance of a well-
defined isosbestic point in the Soret region. It indicates binding
of TMPyP2 with studied calixarenes. The results of light scatter-

Table 1
Photophysical properties of porphyrins (3 �M) in the absence and presence of calixarene

System Fluorescence

�max (nm) �F (ns)

TMPyP2/– 642, 708 14.5a (13.8b)
TMPyP2/CLX 642, 708 12.0, 0.85d

TMPyP2/CLXS 642, 708 14.0, 1.4d

TMPyP2/CLXSO2 642, 708 13.9a

TMPyP4/– 712h 5.1a (6.0b, 4.9e)
TMPyP4/CLX 712h 4.4, 1.7d

TMPyP4/CLXS 712h 4.7, 0.83d

TMPyP4/CLXSO2 715h 5.0, 0.80d

TMAPP/– 647, 705 9.3a (9.3f)
TMAPP/CLX 654, 709 8.3, 2.1, 0.63g

TMAPP/CLXS 655, 709 6.3, 2.1, 0.57g

TMAPP/CLXSO2 649, 705 9.3, 1,5, 0.54g

Maxima of fluorescence emission bands �max, fluorescence quantum yields ˚F, fluorescenc
yields of the triplet states ˚T. Literature values are added in parentheses.

a Single exponential decay.
b Ref. [23].
c Relative values; ˚T of TMPyP2 is taken to be 1.00.
d Best fitted by the two exponential function.
e Ref. [11].
f Ref. [24].
g Best fitted by the three exponential function.
h Broad band with a shoulder at about 670 nm.
otobiology A: Chemistry 198 (2008) 18–25 21

ing measurements (RLS, SLS and DLS) exclude self-aggregation
of TMPyP2 and/or of TMPyP2/calixarene complexes. The binding
constants extracted from the UV–vis titration experiments can
provide further insight into the properties of formed complexes.
The binding isotherms of TMPyP2/CLX exhibit a sharp saturation
beyond the molar concentration ratio TMPyP2:CLX = 1:1 indicating
high affinity of TMPyP2 towards CLX expressed by a binding con-
stant above 106 M−1. The titration data of the TMPyP2/CLXS and
TMPyP2/CLXSO2 pairs were submitted to a singular value decom-
position procedure using a global analysis routine. The results
indicate the contribution of two spectral eigenvectors correspond-
ing to unbound TMPyP2 and TMPyP2/calixarene complex. These
results together with the maxima of the Job plots at the mole
fraction of 0.5 confirm the 1:1 stoichiometry of the complexes.
The least-squares fit of the data, assuming the 1:1 complexa-
tion model, gives the binding constants Kb = (9.3 ± 0.9) × 105 and
(8.3 ± 0.8) × 104 M−1 for CLXS and CLXSO2, respectively.

Binding of calixarenes was also evidenced by fluorescence

emission spectroscopy. The calixarene addition is accompanied by
a reduction of the fluorescence quantum yields (Table 1) whereas
the features of the fluorescence spectra are not changed. The
fluorescence of TMPyP2 decays monoexponentially with a lifetime
of 14.5 ns (Table 1). In the presence of equimolar CLX or CLXS
the decay curves are best characterized by two lifetimes around
13 and 1 ns. The result reflects the equilibrium of two porphyrin
species in the solution. The long-lived component belongs to
unbound TMPyP2 while the 1 ns component can be assigned to
TMPyP2/calixarene complexes. The short lifetime of the complex
is in accordance with quenching of fluorescence emission upon
binding of TMPyP2. Calixarene CLXSO2 has a minor effect on fluo-
rescence decay kinetics that can be explained by a low contribution
of the bound porphyrin (∼17%).

Whereas the features of the triplet–triplet absorption spectra of
TMPyP2 are not changed upon addition of CLX, CLXS and CLXSO2,
the amplitudes of the triplet state signals decrease, i.e. the quan-
tum yields of the triplet states (˚T) are reduced (Table 1). The ˚T
values related to TMPyP2 itself are equivalent to those of ˚F and evi-
dently reflect fast quenching of the excited singlet states as shown
above.

s (3 �M) measured in 20 mM phosphate buffer, pH 7.1

Triplet states

˚F �T (�s) ˚T

(0.086b) 610 (1160b) 1.00c

0.021 37 0.29c

0.038 30 0.45c

0.069 103 0.79c

(0.047b) 150 (170b) (0.89e)
0.032 88 0.53 (0.57)e

0.016 150 0.22
0.016 120 0.50

(0.070f) 470 (540f) (0.80f)
0.011 310 0.27
0.015 370 0.22
0.025 370 0.33

e lifetimes �F, lifetimes of the triplet states �T in oxygen-free solution, and quantum
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Fig. 6. Time-resolved absorbance changes at 460 nm (a) and 440 nm (b and c) after
excitation by a 425 nm laser pulse in air-saturated 20 mM phosphate buffer, pH 7.1.
3 �M TMPyP2 and 300 �M CLX, average of 200 traces.

particles with RH close to 300 nm are created immediately after
component mixing.

Both CLXS and CLXSO2 cause large hypochromicity and broad-
ening of the Soret band of TMPyP4 (Fig. 3c and d). The Soret
band is red-shifted by 9 nm in the presence of CLXS while CLXSO2
practically does affect the band position. The spectral changes
are accompanied by the decrease of the fluorescence emission
intensity and can be explained by the formation of TMPyP4/CLXS
or TMPyP4/CLXSO2 aggregates as it is further corroborated by
light scattering measurements (see below). The fluorescence decay
Fig. 5. Dependence of the rate constants of TMPyP2 triplet states deactivation
on calixarene concentration of CLX (a), CLXS (b) and CLXSO2 (c). The traces were
recorded at 460 nm in argon-saturated phosphate buffer, pH 7.0, excitation at
425 nm, fixed TMPyP2 concentration (6.0 �M), concentration of calixarenes varies
from 0 to 30 �M.

In addition, an increasing concentration of calixarenes leads to
a shortening of the triplet state lifetimes while the corresponding
decay curves remain purely monoexponential (Fig. 5). This behav-
ior points to an additional quenching process of the collisional
origin that directly includes the porphyrin triplet states. A smaller
quenching effect of CLXSO2 (Fig. 5c) is given by a low binding
constant of TMPyP2/CLXSO2 complex (see above).

The extensive search for identification of a photoproduced tran-
sient turned to be unsuccessful in the presence of CLXS and CLXSO2.
A possible explanation is that the transient lifetime is too short to
be measured by our laser flash photolysis set-up and/or that its
respective absorption band overlaps with the absorption band of
the porphyrin triplet states. In contrast, we found small absorp-
tion signals that can be attributed to a new transient in the region
440–480 nm of the TMPyP2/CLX system (molar ratio 1:8 and more).
Absorption of the transient recorded at 440 nm (Fig. 6b), where the
contributions of triplet state absorption and ground state bleach-
ing are cancelled off, rises with a comparable rate constant to that
of the TMPyP2 triplet states decay (Fig. 6a). The transient decays
monoexponentially and its lifetime is 1.8 ms regardless of CLX con-
centration (Fig. 6c). The transient is not observed after saturation a

solution with oxygen.

3.2. Interaction of TMPyP4 with calixarenes

We have already shown that TMPyP4 forms the 1:1 com-
plex with CLX characterized by the binding constant of
(6.4 ± 0.9) × 105 M−1 [11]. Similarly to TMPyP2, binding is accom-
panied by a shift of the Soret band (Fig. 3b), and by quenching of
both singlet and triplet states (Table 1). The dilute TMPyP4/CLX (1:1,
3 �M each component) solutions scatter light only weakly (Table 2)
and the corresponding resonance light scattering (RLS) profiles are
equivalent to those of the pure solvent (Fig. 7a) indicating that
the particle fraction due to self-assembling of both components
is very low if any. The scattering intensity increases about three
times after 24 h standing in dark while the same system with 10-
fold molar excess of CLX (1:10) behaves as a pure solvent. These
results document a slow formation of TMPyP4/CLX self-assemblies
under certain concentration conditions. To address this point we
studied more concentrated solutions. Indeed, double concentrated
solutions of TMPyP4/CLX (6 �M each component) exhibit a pro-
nounced light scattering intensity due to extensive aggregation as
curves are characterized by two lifetimes; the component around
5 ns belongs to unbound TMPyP4 and the short-lived component is

Table 2
Light scattering characterization of porphyrin/calixarene assemblies in freshly pre-
pared aqueous solutions (10 min after mixing)

System R RH (nm) ILS (a.u.)a R RH (nm) ILS (a.u.)a

TMPyP2/CLX 1:1 – 1 1:10 – 1
TMPyP2/CLXS 1:1 – 2 1:10 – 1
TMPyP2/CLXSO2 1:1 – 3 1:10 – 1

TMPyP4/CLX 1:1 127 6 1:10 – 1
TMPyP4/CLX 2:2 287 419 – – –
TMPyP4/CLXS 1:1 430 283 1:10 282 405
TMPyP4/CLXSO2 1:1 473 240 1:10 496 507

TMAPP/CLX 1:1 611 160 1:10 646 154
TMAPP/CLXS 1:1 596 525 1:10 591 260
TMAPP/CLXSO2 1:1 510 319 1:10 583 204

Porphyrin/calixarene molar ratio R, hydrodynamic radii RH, and intensity of light-
scattering ILS. Measured in 20 mM phosphate buffer, pH 7.1.

a Extrapolated value to the zero scattering angle; the ILS value for pure aqueous
solutions is ca. 1 a.u.
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Fig. 7. RLS spectra of 3.0 �M TMPyP4 in the presence of 37 �M CLX (a), CLXS (b) and
CLXSO2 (c, dashed line). 20 mM phosphate buffer.

due to a combined effect of binding and calixarene-induced assem-
bling. While the ˚T values decrease, the lifetimes of the triplet
states remain nearly unaffected.

The RLS technique allows for the identification of extended
aggregated species even at low concentrations as aggregates with
observable RLS contain a large number of electronically interact-
ing monomer units [27]. The large RLS signals appear in the Soret
region that is typical for the presence of large assemblies (Fig. 7b
and c). Also light scattering measurements reveal a significant frac-
tion of multimolecular assemblies. The hydrodynamic radii, RH,
and the intensities of light-scattering signals are listed in Table 2.
The size of relatively large particles is practically unaffected by the
ratio of the components and by the linkage of phenyls within cal-
ixarene molecules. The radii RH increase several times after 24 h
aging of the solutions. The importance of the component charges
for the particle formation is evidenced by experiments at pH < 1
where no assembling occurs. Under these conditions porphyrin
pyrrole nitrogens are protonated and repulsion between the por-
phyrin molecules overcomes attraction forces between porphyrin
and calixarene. Evidently, different binding behavior of TMPyP2 and
TMPyP4 towards calixarenes is affected by the location of methyl
groups in the peripheral pyridinium substituents.

3.3. Interaction of TMAPP with calixarenes
The absorption spectra of TMAPP undergo marked changes in
the presence of calixarenes. Strong hypochromicity and splitting of
the Soret band to two peaks located around 403 and 420 nm and
an increased absorption between 420 and 460 nm reveal extensive
porphyrin assembling (Fig. 4). The similar absorption features were
observed in aqueous solutions of TMAPP in the presence of inor-
ganic salts [28,29]. These changes indicate self-stacking of TMAPP
to higher aggregates. At molar ratios TMAPP/calixarene close to one,
the presence of the TMAPP monomer can be still identified in the
absorption spectra. Assembling is also documented by RLS and light
scattering measurements. The RLS spectra, with a negative signal
centered at 412 nm due to residual monomer self-absorption, are
very intensive (Fig. 8). Light scattering experiments point to large
particles with radii between 500 and 600 nm (Table 2). After 24 h
the radii increase above 1000 nm. Because the radii of aggregates
are fairly high, the Guinier condition (Rgq � 1, where Rg is the radius
of gyration, and q is the magnitude of the scattering vector) is not
probably fulfilled for all measured scattering angles. Assuming the
validity of the Guinier rule, the obtained ratio Rg/RH is in the range
0.8–1.0. For comparison, the monodisperse hard spheres have the
Rg/RH value of 0.778.
otobiology A: Chemistry 198 (2008) 18–25 23

Fig. 8. RLS spectra of 2.4 �M TMAPP in the absence (a) and presence of 2.5 �M (b)
and 37.5 �M CLXSO2 (c, dashed line). 20 mM phosphate buffer.

The concomitant effect of assembling is fluorescence quenching
and the fact that fluorescence decay curves are best characterized
by three components; one of them has lifetime below 1 ns (Table 1).
In addition, the ˚T values are significantly decreased (Table 1).

3.4. Characterization of self-assemblies by microscopic techniques

The particles were deposited on fresh mica surfaces and stud-
ied by AFM. In accordance with the above-described spectral
and light scattering measurements, the solutions of TMPyP2 with
CLX, CLXS or CLXSO2, and TMPyP4 with CLX did not contain any
nanostructures. The AFM images show isolated spherical particles
of TMPyP4 (Fig. 9a) and oval particles of extensively assembled
TMAPP (Fig. 9b). The measurement is complicated by the fact that
all particles are very soft. The TMPyP4/CLXSO2 system produces
nanostructures with the diameters and heights ranging from 6
to 60 nm and 0.3 to 4.2 nm, respectively. The particles deposited
from highly aggregated TMAPP/CLXS solutions are bigger having
the diameter between 50 and 120 nm and the height about 1.5 nm.
The measured sizes indicate that the particles flatten and collapse
upon adsorption on the surface.

The spherical shape of porphyrin/calixarene assemblies is con-
firmed by the fluorescence imaging (Fig. 10a and b). The diameter
of deposited particles is around 1 �m that is the size comparable
with that obtained from light-scattering experiments. The fluores-

cence lifetimes of the porphyrin molecules embedded in assemblies
are below 1 ns (Fig. 10c). Note, that the fluorescence lifetime of
unbound TMPyP4 is 5.1 ns.

4. Discussion

The positive charges at the periphery of TMPyP4, TMPyP2 and
TMAPP are responsible for electrostatic repulsive forces between
porphyrin molecules preventing porphyrin aggregation in aque-
ous solutions [11,23–26]. However, it has been shown that the
porphyrins self-aggregate strongly, provided that electrostatic
repulsion of their peripheral groups is cancelled by complexation
with hydrophobic or large counteranions [30,31] including sul-
fonated calixarenes [11,17].

The differences in interactions of the TMPyP2 and TMPyP4 posi-
tional isomers with calixarenes could be explained by steric effects
and electron-accepting effects of pyridinium substituents includ-
ing both inductive and mesomeric contributions [32]. From the
structural point of view, the pyridinium substituents in TMPyP2
are sterically hindered by the porphyrin pyrrole rings whereas
in TMPyP4 a lower degree of steric hindrance causes that the
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struc
m.
Fig. 9. Tapping mode AFM image (upper part) and line analysis (lower part) of nano
TMAPP and 29 �M CLXS (b) on mica substrate. Incubation time 1 h, area 1 �m × 1 �
substituents rotate relatively freely. All these factors contribute
to differences between TMPyP2 that forms 1:1 complexes, and
TMPyP4 that self-aggregate after binding with calixarenes. Rein-
houdt and co-workers [12] described the formation of a cage-like
complex between zinc(II) 5,10,15,20-tetrakis(N-methylpyridinium-
3-yl)porphyrin and tetrasulfonated calix[4]arenes. The porphyrin
moiety sits atop the calixarene upper rim due to a complementary
charge distribution of both interacting components as the posi-
tive charges fit the size of the sulfonated calix[4]arene rim. The
studied TMPyP2 complexes can be of a similar cage-like struc-
ture. It is possible that the extent of size matching of opposite
charges affects the binding affinity of TMPyP2 towards CLX, CLXS
and CLXSO2. In this respect, the binding constants decreasing in
the order CLX > CLXS > CLXSO2 indicate that TMPyP2 fits the sul-
fonated rim of CLX considerably better than that of CLXSO2. A
wider and more flexible cavity of CLXS and CLXSO2 results prob-
ably in worse matching of TMPyP2 and the calixarene sulfonated
rim. We cannot preclude a contribution of a binding mode where

Fig. 10. Fluorescence intensity image of self-assemblies of TMPyP4 and CLXSO2 on a quar
of determined fluorescence lifetimes (c). The corresponding Gaussian distribution fit yiel
tures formed by drop casting of 4.0 �M TMPyP4 and 40 �M CLXSO2 (a) and 3.7 �M
TMPyP2 is attracted to the phenolate lower rim and other stoi-
chiometries especially at molar excess of one of the component.
However, we have no spectral indications of the stoichiometries
different from 1:1. Similar arguments can explain lower affinity of
TMPyP4 towards CLX when compared with TMPyP2. The positive
charges TMPyP4 are more distant from each other than those of
TMPyP2 and probably do not fit the negative charges on the upper
calixarene rim so well.

The featureless Soret bands (Fig. 3c and d) and large RLS
intensities (Fig. 7) of TMPyP4 solutions together with the parti-
cle formation show extensive self-assemblies in the presence of
CLXS and CLXSO2. The ability to form self-assemblies increases
in the order CLX < CLXS < CLXSO2 (Table 2). The acidity of phe-
nolic OH groups increases in the same order [33]. Hence, both
CLX and CLXS are pentaanions at pH 7.0 because the sulfonic
groups attached to the upper rim and one phenolic group disso-
ciate, and more acidic CLXSO2 is mainly octaanion. The increasing
charge of the calix[4]arene unit is not fully compensated by one

tz substrate (a), fluorescence intensity along the marked line (b) and the histogram
ds the average lifetime of 0.39 ± 0.08 ns.
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TMPyP4 molecule and this fact in conjunction with the effects of
the pyridinium substituents causes the attachment of additional
porphyrin and calix[4]arene molecules to form relatively large self-
assemblies.

The tendency to form self-assemblies differs from that of
TMPyP4/tetrasulfonated calix[4]arene system bearing carboxylic
functions instead of the phenolate groups at the lower rim [14–16].
The originally formed supramolecular complex 1:4 with each of the
methylpyridinium substituents oriented into the sulfonated upper
rim undergoes further self-assembling depending on solution
parameters. It leads to the formation of a series of discrete com-
plexes having well-defined and tunable stoichiometries derived
from the piling the porphyrin units above and below the plane of
the central 1:4 porphyrin/calixarene complex to ultimately give a
7:4 TMPyP4/calix[4]arene complex. Evidently, the different binding
modes are affected by the calix[4]arene structure.

The Soret bands of TMPyP4 and TMAPP assemblies do not exhibit
distinct absorption features typical for organized structures such
as are H- and J-aggregates [34]. Evidently, binding of the rela-
tively large calixarene molecules prevents the organization of the
monomer units into a closely interacting arrangement. Increased
hydrophobicity along with more distant positive charges on the
peripheral substituents of TMAPP can be responsible for a low ten-
dency of TMAPP to form a discrete complex with calixarenes.

The formation of extended aggregates and/or binding of various
molecules or structures have an enormous impact on photophysical
properties and on the photosensitizing ability of porphyrins [10].
The fluorescence and triplet states quantum yields of aggregates
are more than one order of magnitude lower than those of the cor-
responding monomeric porphyrins due to competitive relaxation
processes [35]. In accordance with it, the formation of TMPyP4 and
TMAPP assemblies is accompanied by strong decrease of fluores-
cence and triplet states amplitudes.

The fluorescence quantum yields and lifetimes of TMPyP2 in
the calix[4]arene complex are effectively quenched indicating a
competitive non-radiative process occurring within the complex.
In addition, a shortening of the triplet state lifetimes points to a
collisional quenching process that directly includes the porphyrin
triplet states. In search for a possible quenching mechanism we
exclude the energy transfer from excited singlet porphyrin to cal-
ixarenes. It would by a highly energetically unfavorable process
because the calixarene excited singlet states are above the por-
phyrin S2 states. On the other hand, electron transfer from the
excited singlet states and triplet states of isomeric TMPyP4 to phe-

nolates of CLX is an exothermic process and it is thermodynamically
feasible [11]. To our best knowledge no data on redox couples
of TMPyP2 are available, so we cannot estimate the thermody-
namics of the electron transfer pathway in this case. We suggest
that quenching of TMPyP2 involves fast electron transfer between
excited singlet and triplet porphyrin states and phenolates. Our
effort to detect a conceivable electron transfer product, i.e. ion pair
TMPyP2−·/PhO·, was successful in the TMPyP2/CLX system. The rel-
atively long-lived transient is observed within 440–500 nm i.e., in
the spectral region typical for phenoxyl radicals [36] and anion-
radicals of porphyrins [37].

In summary, we have designed nine porphyrin/calixarene sys-
tems with different porphyrin substituents and/or calix[4]arene
linkages to extend the possibilities of noncovalent syntheses of
multi-porphyrin assemblies. These variations lead to different
behavior strongly depending on the type of porphyrin substituents.
The steady-state and time-resolved study of TMPyP4 and TMAPP
after binding to calixarenes in solution reveals the formation of
extended assemblies, in which nonradiative decay channels effec-
tively quench the excited singlet and triplet states. Porphyrin
TMPyP2 forms the stoichiometrically well-defined complexes with

[

[
[
[
[

[

[

[
[
[

[
[

[

[

[
[
[

otobiology A: Chemistry 198 (2008) 18–25 25

all calixarenes. The binding constants decrease in the series
CLX > CLXS > CLXSO2 and we have suggested that it reflects the
extent of size matching of opposite charge densities on the inter-
acting pairs.
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Procházka, V. Král, J. Phys. Chem. B 111 (2007) 4539–4546.
22] P. Kapusta, M. Wahl, A. Benda, M. Hof, J. Enderlein, J. Fluoresc. 17 (2007) 43–48.
23] K. Kalyanasundaram, Inorg. Chem. 23 (1984) 2453–2459.
24] K. Kalyanasundaram, J. Chem. Soc., Faraday Trans. 2 (79) (1983) 1365–1374.
25] K. Kano, H. Minamizono, T. Kitae, S. Negi, J. Phys. Chem. A. 101 (1997) 6118–

6124.
26] R.F. Pasternack, P.R. Huber, P. Boyd, G. Engasser, L. Francesconi, E. Gibbs, P.

Fasella, G.C. Venturo, L. de C. Hinds, J. Am. Chem. Soc. 94 (1972) 4511–4517.
27] P.J. Collings, E.J. Gibbs, T.E. Starr, O. Vafek, C. Yee, L.A. Pomerance, R.F. Pasternack,

J. Phys. Chem. B 103 (1999) 8474–8481.
28] K. Kano, M. Takei, S. Hashimoto, J. Phys. Chem. 94 (1990) 2181–2187.
29] D.W. Dixon, V. Steullet, J. Inorg. Biochem. 69 (1998) 25–32.
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