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bstract

In aqueous solutions of thallium(III) and 5,10,15,20-tetrakis(4-sulphonatophenyl)porphyrin a kinetically labile metalloporphyrin of composition
:1 (TlIIIP3−) is formed in a moderately fast bimolecular reaction (k = 270 M−1 s−1). The formation constant of this sitting-atop (SAT) complex is
ather high (K′ = 9.5× 106 M−1 at pH 6), due to the not too large size (compared to the core of the ligand) and the three-fold positive charge of
l(III). The strong coordinative bond is manifested in the large shifts of the emission and absorption bands of the porphyrin. The directions of these
hifts characteristically depend on the structure of the metalloporphyrin, making the identification of the sitting-atop type unambiguous. Compared
o the corresponding values of the free-base porphyrin, the dramatically diminished fluorescence quantum efficiency of TlIIIP3− (Qfl = 0.00079
ersus 0.075) can be accounted for by the heavy-atom effect and the distortion to saddle shape. Both Soret- and Q-band irradiations of the TlIIIP3−

omplex lead to the degradation of the porphyrin with quantum yields of (1–3)× 10−5 magnitude in both aerated and argon-saturated solutions.

he primary photochemical step in this process is ligand-to-metal-charge-transfer reaction followed by the detachment of the reduced metal center.
he latter step is favoured by the out-of-plane position of the metal in the case of SAT complexes. Subsequent to the demetallation, an irreversible

ing-opening of the oxidized porphyrin takes place. The results on the photolysis of the TlIIIP3− complex confirm that the overall reaction is a
our-electron process. Reversible dissociation of the TlIIIP3− complex also occurs upon irradiation.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Porphyrin complexes constitute one of the most important
roups of compounds in biochemistry, due to their central role
n photosynthesis, oxygen transport and biological redox pro-
esses [1–5]. Within this group special properties characterize
he so-called sitting-atop (SAT) metalloporphyrins [6–8]. Such
structure is formed each time during the incorporation of the
etal center, when in the intermediate state the two pyrrolic

rotons remain yet on the porphyrin [6]. We designate this inter-
ediate complexes as i-SAT. If the ionic radius of the metal
enter is too large, so that it is not able to fit coplanar into the core
f the ligand even after the deprotonation, it is located above the
orphyrin plane [7,8], distorting it. The symmetry of this struc-
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ure (C2, C4 or Cs) is lower than that of the free-base porphyrin
D2h) and a regular, coplanar metalloporphyrin (D4h) as well.
n these finally formed, stable SAT complexes (designated as
-SAT) the metal center fits into the core of the porphyrin ligand
o an extent enough to push out the two protons from the diag-
nally situated pyrrolic nitrogens [9,10]. Thus, protons cannot
lay any role in the structural distortion of an s-SAT complex.
he shorter-lived i-SAT complexes containing both metal ion
nd pyrrolic protons are formed during the preparation of normal
etalloporphyrins too [6,11]. Notably, i-SAT complexes were

ot detected so far in aqueous systems because of their very short
ife-time [11]. In the cases of i-SAT metalloporphyrins, mostly
ith metal center of smaller size, the splitting of both the N H

nd the N M bond can occur because the latter one is rather

eak as a consequence of the insufficient overlap between the

lectron orbitals of the metal ion and the neighbouring nitrogen
toms. This can be one of the reasons of the hindered forma-
ion of normal (coplanar) metalloporphyrins. However, metal

mailto:otto@vegic.vein.hu
dx.doi.org/10.1016/j.jphotochem.2006.07.003
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composition as proved later. Probably only one chloride ligand
can remain on the metal center in axial position, while on the
other side of the distorted metalloporhpyrin can weekly coordi-
nate nothing but a water molecule [9] (Fig. 1).
Z. Valicsek, O. Horváth / Journal of Photochem

ons of larger size (forming s-SAT complexes), as softer Pear-
on acids, can bind more strongly to all four pyrrolic nitrogens
f softer basicity. Thus, larger metal ions such as Hg2+, Cd2+

r Pb2+ can catalyse the formation of normal metalloporphyrins
ia coordination to the ligand. Then the distorted structure of
he porphyrin increases the accessibility of one, diagonally situ-
ted pyrrol–nitrogen pair from the other side of the ligand plane
12–17]. Moreover, the out-of-plane position promotes the for-
ation of bi- and tri-nuclear sandwich complexes [18–21]. Due

o this special coordination and kinetic lability, the photoinduced
orphyrin ligand to metal charge transfer (LMCT) becomes
ore efficient for s-SAT metalloporphyrins, establishing their

tilization in photocatalytic cycles [22,23].
Among the complexes of metal ions with a radius exceed-

ng the critical 80 pm value, mercury(II) [13,15,24], thallium(I,
II) [9,10,25,26] and lead(II) [8,27] porphyrins have been thor-
ughly studied as the most typical examples of the s-SAT metal-
oporphyrins. The out-of-plane position of these metal ions has
een proved with X-ray analyses. The effects of such a structure
an also be studied by other analytical methods. NMR spec-
roscopy proved to be an efficient method for thallium with 1/2
ucleon spin, mainly because its ions with +3 charge form 1:1
orphyrin complexes (TlIIIPorphyrin) [9,10], while the compo-
ition of metalloporphyrins with its metal ions of a single positive
harge is 2:1 (Tl2IPorphyrin) [25,26]. Nevertheless, the possibil-
ties offered by their special photochemical behavior due to the
AT coordination have not been recognized yet, and their forma-

ion kinetics and equilibrium have been scarcely investigated.
The aim of our work, in the frame of a systematic investigation

f the photophysics and photochemistry of water-soluble, stable
itting-atop (s-SAT) metalloporphyrins, was to study the for-
ation and photoinduced behavior of thallium(III) 5,10,15,20-

etrakis(4-sulphonatophenyl)porphyrin.

. Experimental

.1. Reagents and solutions

For preparation of solutions, analytical grade reagents (tetra-
odium 5,10,15,20-tetrakis(4-sulphonatophenyl)porphyrin
Na4(H2TPPS)·12H2O), Sigma–Aldrich), TlIII(ClO4)3·3H2O
nd NaCl were dissolved in deionized, double-distilled
ater purified with Millipore Milli-Q system. Oxygen-free

xperiments were carried out by bubbling argon through
he reaction solution for 45 min prior to the irradiation.
he solutions containing metalloporphyrin were prepared
ell (at least 1 day) before the photophysical and photo-

hemical experiments so that the complex equilibration was
nsured. The actual concentrations of the stock solutions
repared were checked spectrophotometrically, using the molar
bsorptions of the reagents at characteristic wavelengths;
(413 nm) = 4.66× 105 M−1 cm−1 for H2TPPS4− (abbre-
iated as H2P4−) [24]. ε(246 nm) = 15850 M−1 cm−1 for tetra-

hlorothallate(III) complexes in 1 M NaCl solution. This rather
igh chloride concentration hinders the hydrolysis of the
hallium(III) ion and keeps the ionic strength at 1 M. The pH of
he solutions was adjusted to pH≈ 6, using KOH.

F
p

nd Photobiology A: Chemistry 186 (2007) 1–7

.2. Instruments and procedures

Absorption spectra were measured on a GBC 911/A UV–vis
nd on a Specord S100 diode array spectrometer. Emission
nd excitation spectra were recorded on a Perkin-Elmer LS50B
pectrofluorimeter. Rhodamine-B and Ru(bpy)3Cl2 were used
s references for correction of the detector sensitivity and for
etermination of the fluorescence quantum yields [28,29]. For
ontinuous irradiations an AMKO LTI photolysis equipment
containing a 200-W Xe–Hg-lamp and a monochromator) was
pplied. Light intensity was determined by ferrioxalate actinom-
try and frequently checked by a thermopile. Quartz cuvettes of
and 5 cm pathlength were utilized as reaction vessels. Dur-

ng the irradiations the reaction mixtures were continuously
omogenized by magnetic stirring. The spectral change was con-
inuously followed by using fiber optics coupled with the diode
rray spectrometer controlled by a PC. All measurements were
arried out at room temperature. The experimental results were
rocessed and evaluated by MS Excel programs on PCs.

. Results and discussion

.1. Absorption spectra and equilibrium

In order to avoid strong hydrolysis, thallium(III) ions
ad to be converted into water-soluble complexes. Chloride
ons proved to be appropriate ligands for this purpose; at
elatively high concentration (1 M) they form mainly tetra-
hlorothallate(III) complexes. Moreover, 5,10,15,20-tetrakis(4-
ulphonatophenyl)porphyrin anion is able to displace chloride
ons from the coordinative sphere of Tl(III) with [Xe]4f145d10

lectron configuration, leading to a porphyrin complex with 1:1
ig. 1. The structure of water-soluble 5,10,15,20-tetrakis(4-sulphonato-
henyl)porphyrin.
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Fig. 2. Spectrophotometric titration of 3.0× 10−7 M H2P4− with thallium(III)
in the concentration range (0–9.0)× 10−7 M. The bold line peaking at higher
wavelengths represents the calculated spectrum of TlIIIP3−.
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ig. 3. The Q-bands of the TlIIIP3− complex compared to those of the free-base
orphyrin.

For study of kinetically labile complexes mostly ligand excess
s used. In the case of metalloporphyrins, however, generally

etal ions are applied in excess, especially for spectrophotomet-
ic measurements, partly because of the extremely high molar
bsorbances (at the Soret-bands) of the porphyrins.

Deviating from the normal (coplanar) metalloporphyrins, the
ormation of kinetically labile SAT complexes is an equilibrial
rocess. It can be followed spectrophotometrically because the
bsorption and emission bands assigned to ligand-centered elec-
ron transitions undergo considerable shift and intensity change
pon binding metal ions.

As a consequence of the coordination of thallium(III) ion, a
athochrome shift of the Soret-band (350–500 nm, Fig. 2) and
ypsochrome shift of the longest-wavelength Q-band (in the
egion of 500–700 nm, Fig. 3) can be observed.

Moreover, in the latter region the thallium(III) porphyrin

isplays only two intense absorption bands, while the cor-
esponding spectrum of the free-base porphyrin shows four
eaks because of the effect of hydrogens situated diagonally on
yrrolic nitrogens. The molar absorbances of both the Soret- and

f

k

able 1
haracteristic absorption data of H2P4− and TlIIIP3−

H2P4−

oret-band λ in nm (ε in M−1 cm−1) 413 (4.66× 105)
(1,0) transition λ in nm (ε in M−1 cm−1) Qy: 516 (16700)
(0,0) transition λ in nm (ε in M−1 cm−1) Qy: 553 (8150)
nd Photobiology A: Chemistry 186 (2007) 1–7 3

he Q-bands of the metalloporphyrin are higher than the corre-
ponding values for the free-base porphyrin (Table 1). According
o our earlier observations [30–33], this type of spectral prop-
rties is unambiguously characteristic for SAT complexes, con-
rming the expectations based on the size of Tl(III).

At 10−6 M porphyrin concentration addition of stoichiomet-
ic amount of thallium(III) proved to be enough for quantitative
ormation of the metalloporphyrin, i.e., for the total conversion
f the free-base porphyrin to the s-SAT complex. This phe-
omenon confirmed the 1:1 composition and indicated a rather
igh formation constant. Thus, determination of the equilibrium
onstant can be realized at least one order of magnitude lower
orphyrin concentration:

TlIIICl4]
− + H2P4− K←→ [(Cl)TlIIIP]

4− + 2H+ + 3Cl− (1)

′ = K

[H+]2[Cl−]3 =
[TlIIIP]

[Tl3+][H2P]
(2)

1 = [TlIIIP]

[H2P]+ [TlIIIP]
= K′[Tl3+]

1+K′[Tl3+]
(3)

λ = φ0εH2P,λ + φ1εTlIIIP,λ =
εH2P,λ +K′[Tl3+]εTlIIIP,λ

1+K′[Tl3+]
(4)

here K′ is the apparent stability constant, [H2P], [Tl3+], and
TlIIIP] are the actual concentrations of the free-base porphyrin,
he free thallium(III) (as chloro complexes), and the thallium(III)
orphyrin, respectively; φ0 and φ1 are the partial molar fractions
f the different porphyrin forms {0 = free-base, 1 = complex},
i,λ is the corresponding molar absorbance at λ wavelength.

Eq. (4) expresses the average molar absorbance of the por-
hyrin species (free-base and complexed). During the evalu-
tion of the average molar absorbance versus [Tl3+] data, an
terative least-square procedure (based on Eq. (4)) was used
o find the best fitting values of K′ and ε(TlIIIP, λ) parame-
ers. Due to the significant band shifts, as a consequence of
he strong coordination bond, absorbances in the range of both
oret- and Q-bands were used for such an evaluation giving
′ = (9.5± 0.8)× 106 M−1.

.2. Formation kinetics

The overall reaction for the formation of the thallium(III)
orphyrin proved to be of second-order kinetics, i.e., first order

or each reagent species (Eq. (5)):

+t = 1

cTl3+ − cH2P
ln

cH2P(cTl3+ − [TlIIIP])

cTl3+ (cH2P − [TlIIIP])
(5)

TlIIIP3−

428 (5.73× 105)
Qx: 579 (7290) 562 (21100)
Qx: 633 (4250) 603 (10800)
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Table 2
Characteristic emission data of free-base and thallium(III) porphyrins

H2P4− TlIIIP3−

S1-fluorescence λ in nm 647 703 611 663
Quantum yield 0.0753a (0.0624a from Qy, 0.0562b from Soret) 7.94× 10−4 (2.24× 10−4 from Soret)
φIC (to Qx) 0.828 (from Qy), 0.746 (from Soret) 0.282 (from Soret)
Stokes-shift (cm−1) 342 217
S2-fluorescence λ (nm) 474 482
S −1
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tokes-shift (cm ) 3116

a Rhodamine-B was used as a reference for determination of the fluorescence
b Ru(bpy)3Cl2 was used as a reference at Soret-band excitations [29].

−t = ln
[TlIIIP]0

[TlIIIP]
(6)

′ = k+
k−
= (270± 20) M−1 s−1

(2.8± 0.3)× 10−5 s−1
(7)

otably, subsequent to the encounter of the reagent species, after
he formation of the intermediate SAT complex, detachments of
he protons from the porphyrin and those of the chloro ligands
rom the chlorothallate(III) complexes take place, but these pro-
esses must be faster than the previous step (i.e., the formation
f the i-SAT complex), especially in aqueous solution [11]. Nev-
rtheless, the rate constant for the formation of the thallium(III)
orphyrin (k+ = 270± 20 M−1 s−1) is therefore lower than that
bserved for the formation of the corresponding mercury(II) por-
hyrin (790± 60 M−1 s−1) [34], because in the previous case the
orphyrin reagent must truly displace the monodentate chloro
igands from the coordinative sphere of the thallium(III) ion.
ence, the saturation character, which is typical for equilibrial

eactions, i.e., the sigmoidal shape of the partial molar fraction
ersus time curve can be hardly observed in this case (Fig. 4).

This is also a consequence of the rather low rate con-
tant for the dissociation of thallium(III) porphyrin (Eq. (6),
− = (2.8± 0.3)× 10−5 s−1), which was determined by a dilu-
ion method. This value of k− was measured in neutral solution
ontaining 1 M chloride. Notably, under these circumstances,
he attack of chloride or rather hydrogen ions cannot play any

ole in the dissociation of the porphyrin complex. Consequently,
he apparent stability constant (K′) can be simply expressed as
he ratio of the rate constants for the forward and backward reac-
ions (Eq. (7)).

ig. 4. Formation kinetics of thallium(III) porphyrin (�) at 1.7× 10−6 M free-
ase porphyrin (�) and 5.0× 10−6 M thallium(III) ion initial concentrations.

Q
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F
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tum yield at Q-band excitations [28].

.3. Emission spectra

The first singlet excited state (S1 from Qx absorption) of
ree-base porphyrin produces relatively intense fluorescence (the
uantum yield of which is 0.08 [35]), but this emission can also
e realized by excitation to the second (S2 from Soret absorption)
r to another first singlet excited state (S′1 from Qy absorption
n the case of free-base porphyrin having two different polar-
zation dipole moments, in the x and y directions, due to the
ydrogen atoms on the pyrrolic nitrogens) through internal con-
ersion (Table 2).

The energy of the emitted photons increases, i.e., hyp-
ochrome effect on the fluorescence from S1 state occurs
pon coordination of thallium(III) ion (Fig. 5). Moreover,
he S1(0,0)→S0(1,0) transition becomes more effective than
1(0,0)→S0(0,0), indicating a larger difference in the nuclear
eometries of the ground- and excited-states. This is mani-
ested in the Stokes-shift, which provides information about
he structural change (e.g., about the extent of the distortion)
ccuring upon excitation. Thallium(III) 5,10,15,20-tetrakis(4-
ulphonatophenyl)porphyrin displays lower Stokes-shift than
he free-base porphyrin does, indicating that the previous species
s more distorted in the ground state, i.e., its excitation results in
smaller change in the nuclear geometry.

Notably, the hydrogen atoms in the core of the free-base
orphyrin cease the degeneration of the lowest unoccupied
olecular orbital (LUMO eg→Qx + Qy [36]), resulting in four

-bands (Fig. 3), while most metalloporphyrins show only two

ntense bands in the same region, due to the degeneration of the
UMO. This phenomenon may affect the difference between the
tokes-shifts of SAT metalloporphyrins [30,31,33]. Addition-

ig. 5. S1-fluorescence spectrum of the free-base and thallium(III) porphyrins.
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t
by the study of the photochemistry of mercury(II) 5,10,15,20-
tetrakis(4-sulphonatophenyl)porphyrin that four electrons orig-
inate from the oxidation of one porphyrin-skeleton in the pho-
tolyses of s-SAT metalloporphyrins [31]. These results are in
ig. 6. S1-fluorescence (λex = 428 nm) and excitation (λem = 611 and 663 nm)
pectra of the thallium(III) porphyrin.

lly, a more significant contribution to these spectral effects may
e attributed to different types of ring-distortion: for example
ercury(II) 5,10,15,20-tetrakis(4-sulphonatophenyl)porphyrin

HgIIP4−) has a dome-shape [31,33], whereas the correspond-
ng thallium(III) complex must have a more distorted, probably
saddle-shaped, structure, which is manifested in a diminished
uorescence intensity 30 times lower than that displayed by
gIIP4− (0.00079 versus 0.024 [31,33]). The thallium(III) por-
hyrin has a lower Stokes-shift than the free-base porphyrin
Table 2), while the mercury(II) complex has a larger one
388 cm−1 [31]). This indicates that the ground-state struc-
ure of the thallium(III) porphyrin is rather similar to the first
xcited-state saddle-distorted one, while the ground state of the
ercury(II) porphyrin has a strongly different dome-shape.
Besides the distortion to saddle-shape induced by the coordi-

ated thallium(III) ion, its heavy-atom effect can also contribute
o the two orders of magnitude decrease in the fluorescence
ntensity of the SAT complex compared to that of the free-base
orphyrin. As a result of the previous effects, in the case of the
etalloporphyrin, intersystem crossing becomes more efficient

han internal conversion and fluorescence (Table 2).
The excitation spectra show (Fig. 6) that two emission bands

riginate from the same electronically excited state. These are
ssigned to transitions to different vibronic states of the (elec-
ronic) ground state.

Fluorescence from the second excited singlet state (S2) can
e scarcely observed [37]. Nevertheless, this type of emission
as also detected for both the Tl(III) complex and the free-base
orphyrin. Regarding the S2-fluorescences, the relation between
he corresponding Stokes-shifts of these two species is similar
o that of the S1-fluorescences (Table 2).

.4. Photochemical activity

According to our observations [30–33], subsequent to the
hotoinitiated charge transfer from the delocalized �-system
f the porphyrin ligand to the metal center (LMCT), a much
ore efficient back electron transfer from the metal to the

igand (MLCT) takes place at normal (coplanar) metallopor-
hyrins than at SAT complexes. The out-of-plane position of

he metal ion, combined with its decreased positive charge and,
hus, increased size, due to its reduction, strongly weakens
he coordinative bond. Hence, the detachment of the reduced

etal occurs much more probably than in the case of a nor-
S
s

ig. 7. Sequential spectra from Soret-band photolysis of solution containing
× 10−6 M porphyrin and thallium(III) (�=1 cm).

al metalloporphyrin. Moreover, the hindered back electron
ransfer (MLCT) promotes a further oxidation of the ligand,
esulting in the cleavage of the porphyrin ring. According to
ur expectation, Soret-band irradiation of both air-saturated and
eoxygenated solutions of thallium(III) 5,10,15,20-tetrakis(4-
ulphonatophenyl)porphyrin leads to the degradation of the
omplex, confirming its SAT character. Deviating from the SAT
etalloporphyrins studied so far, the relatively high stability

onstant of this Tl(III) complex made us possible to carry out its
hotolysis in a solution containing porphyrin and thallium(III)
t the same concentration (3× 10−6 M), i.e., in stoichiometric
atio (1:1). Even if no excess of Tl(III) was in this solution,
ost of the porphyrin ligands (85%) and, thus, the metal ions

xisted as metalloporphyrin. Upon irradiation of this solution
at the Soret-band) a decrease of the absorption of the complex
as observed, accompanied with the gradual increase of another
eak (at 413 nm) assigned to the free-base porphyrin (Fig. 7).

On the basis of the absorption changes and the correspond-
ng extinction coefficients, the concentration of the free-base
orphyrin released is somewhat higher than half of the complex
isappeared. This phenomenon indicates that a photoinduced
MCT step is followed by thermal electron transfers, reducing
ltogether two Tl(III) ions to Tl(I) on account of the oxidative
egradation of one porphyrin (Scheme 1). The products of this
eactions are open-chain dioxo-tetrapyrrol derivatives.

Therefore, upon degradation of one macrocyclic ligand,
nother one is released as free-base porphyrin. This observa-
ion provides further evidence for our earlier conclusion drawn
cheme 1. Photoinduced reactions of thallium(III) 5,10,15,20-tetrakis(4-
ulphonatophenyl)porphyrin.
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Table 3
Photochemical quantum yields for the degradation of the thallium(III) porphyrin
(Φ× 105) at different excitation wavelengths in air-saturated and deoxygenated
solutions

Air-saturated Argon-saturated
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[4] M.D. Lim, I.M. Lorkovic, P.C. Ford, J. Inorg. Biochem. 99 (2005) 151.
oret-band (429 nm) 2.79 1.45
-band (562 nm) 1.49 2.68

ccordance with those observed for the photo-oxygenation of
hallium(I) [25] and magnesium(II) meso-tetraphenylporphyrin
38], moreover for the chemical oxidation of zinc(II) meso-
etraphenylporphyrin [39], giving open-chain benzoylbilitriene
bilinone) by a way of a mechanism involving only one oxygen
olecule.
Since the concentration of the ligand released exceeds half

f the complex disappeared, photodissociation also occurs
Scheme 1), similarly to the case of mercury(II) porphyrin [31].

hile at stoichiometric concentrations of the porphyrin and the
hallium(III) ions 35% of the total quantum yield was the effi-
iency of the photodissociation, no dissociation was observed
t fivefold excess of metal ion, i.e., it was entirely depressed
hrough the complex equilibrium.

However, only Soret-band irradiation induces this reversible
hotodissociation. Excitation in the Q-region results in simply
hotodegradation, which is valid for all s-SAT metallo-(mono-)
orphyrins we studied so far [30–33]. This means that the
epulsive potential surface of the state responsible for the
issociation is energetically close to that of the second excited
tates (Soret-absorption→S2, T2), because the potential
urfaces of the first excited states (Q-absorption→S1, T1) do
ot overlap with the repulsive one. Interestingly, deoxygenation
akes opposite effects on the photolyses in these two different
bsorption regions (Table 3).

These results suggest that this thallium(III) porphyrin in
riplet-2 state (formed via intersystem crossing subsequent to
oret-band excitation) can react with dissolved oxygen, which
nly quenches the triplet-1 state of the complex (formed via Q-
xcitation followed by ISC). The latter interaction diminishes
he efficiency of the LMCT process.

The quantum yields for the photoredox degradation of the
hallium(III) porphyrin are one order of magnitude less than
hose observed in the case of the corresponding thallium(I) com-
lex under similar conditions [30]. These results indicate that the
edox potential of the metal center cannot be the determining fac-
or in this process, even if photoinduced LMCT is its initial step.
therwise, the porphyrin complex of the much more oxidative

hallium(III) ion should undergo a more efficient photoinduced
egradation. Instead, the size of the metal center plays crucial
ole in this respect, basically determining the structure and the
inetic lability of the s-SAT metalloporphyrin. The coordina-
ion bond between a larger metal ion in out-of-plane position
nd the porphyrin is much weaker than for a smaller metal cen-

er located closer to the core of the porphyrin. This conclusion is
upported by the values of the formation equilibrium constants
nd the ionic radii. The equilibrium constant for the complex
f the thallium(III) ion of 95 pm radius is 9.5× 106 M−1, while
nd Photobiology A: Chemistry 186 (2007) 1–7

= 3.5× 103 M−2 in the case of thallium(I) of 147 pm radius
30]. Larger ionic size results in not only lower thermodynamic
tability, but higher kinetic lability as well. The latter property
s very important for the detachment of the reduced metal sub-
equent to the LMCT step.

. Conclusion

The thallium(III) 5,10,15,20-tetrakis(4-sulphonato-phenyl)
orphyrin as a SAT metalloporphyrin is formed in equilibrial
eaction of the metal ion and the free-base porphyrin. This reac-
ion is much faster than the formation of normal (coplanar)
omplexes. For monitoring the formation of this metallopor-
hyrin, the shifts of the characteristic bands (compared to those
f the free-base porphyrin) in the electronic spectra can be used.
he directions of these shifts characteristic for SAT complexes
re opposite to those observed in the case of normal metallopor-
hyrins, both for the Soret- and Q-bands in the absorption spectra
nd for the emission bands in the S1-fluorescence spectra. The
pectral behavior of this thallium(III) porphyrin confirms the
eneral validity of our earlier observations regarding other SAT
etalloporphyrins.
The significant decrease in the intensity of S1-fluorescence

rom the porphyrin upon coordination of thallium(III) is a result
f the heavy-atom effect and the distortion to saddle shape as
ell. Also the out-of-plane position of thallium(III) induces the

ncrease in the photoredox activity of the metalloporphyrin com-
ared to that of the free ligand. In the case of a SAT structure,
hotodissociation also occurs upon Soret-band excitation.

Consequently, the spectral, equilibrial, kinetic and pho-
ochemical features of thallium(III) 5,10,15,20-tetrakis(4-
ulphonatophenyl)porphyrin efficiently contribute to our results
n the basis of which we are able to more undoubtedly distin-
uish the SAT metalloporphyrins of distorted structure from the
ormal (coplanar) complexes. This may be especially important
f the size of the metal center is in the transition range (70–90 pm
adius). Similar studies with water-soluble cadmium(II) and
ead(II) porphyrins are in progress.
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31] O. Horváth, Z. Valicsek, A. Vogler, Inorg. Chem. Commun. 7 (2004) 854.
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