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1. Introduction

ABSTRACT

Bismuth(IlI) ion forms Kkinetically labile complexes with the 5,10,15,20-tetrakis(4-
sulfonatophenyl)porphyrin ~ anion  (H,TSPP*~) and the 5,10,15,20-tetrakis(1-methyl-4-
pyridinium)porphyrin cation (H,TMPyP#'), the formation constants of which are 3.54 x 10*M-!
and 1.62 x 103 M, respectively (at pH=6). In these complexes, the metal center, due to its large
ionic radius (103 pm), is located out of the ligand plane, distorting it. Accordingly, the absorption and
fluorescence spectra of these coordination compounds display special properties characteristic of the
so-called sitting-atop (SAT) or out-of-plane (OOP) porphyrin complexes. The shifts of the absorption
bands upon metalation indicate that the structural distortion results in stronger perturbation on the S;-
than on the S;-states of the porphyrin ligand. Metalation significantly decreases the lifetime and the
quantum yield of the fluorescence from the S; excited state. The relatively rare S,-fluorescence can also
be detected for these metalloporphyrins. Quantum chemical calculations (DFT and TDDFT) confirm the
considerable OOP displacement of the Bi(Ill) center (88 pm) and the typical tendencies of the band-shifts.
Differing from the normal (in-plane) metalloporphyrins, excitation of these bismuth(Ill) porphyrins
leads to an irreversible ligand-to-metal charge transfer (LMCT) followed by the opening of the porphyrin
ring, which is also typical of SAT complexes. The quantum yields of this photoinduced redox reaction
are significantly higher for the anionic than for the cationic complex, due to the stronger Lewis-basicity
of H,TSPP#-. In the mechanism of the reaction between these free-base porphyrins and bismuth(III)
ions formation of a longer-lived intermediate was observed. In the case of the cationic porphyrin also
the photochemistry of this intermediate could be studied; deviating from the photoinduced behavior
of the final product metalloporphyrins, excitation of this intermediate results in predominantly the
dissociation to the initial porphyrin ligand and metal ion, indicating a relatively weak coordination bond
and significantly distorted structure.

© 2011 Elsevier B.V. All rights reserved.

coplanar metalloporphyrins (Dy;, ), in which the metal center fits
into the ligand cavity. The rate of formation of in-plane (or normal)

Metalloporphyrins play key roles in several biochemical pro-
cesses, such as photosynthesis and oxygen transport as well as
in various redox reactions [1-8]. Within this important group of
compounds the so-called out-of-plane (OOP) or sitting-atop (SAT)
metalloporphyrins are characterized by special properties [9-12]
originating from the non-planar structure caused by, first of all,
the size of the metal center. In these complexes, the ionic radius
(>80-90 pm) of the metal center is too large to fit into the cavity of
the ligand, hence it is located above the porphyrin plane, distort-
ing it. The symmetry of this structure is lower (generally C4,-C1)
than that of both the free-base porphyrin (D,y) and the regular,

* Corresponding author. Tel.: +36 88 624 159; fax: +36 88 624 548.
E-mail addresses: valicsek@vegic.uni-pannon.hu (Z. Valicsek),
otto@vegic.uni-pannon.hu (0. Horvath), pkatal5@gmail.com (K. Patonay).

1010-6030/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.jphotochem.2011.10.011

metalloporphyrins is much slower than that of the OOP complexes
because of the rigidity of porphyrins. Larger metal ions such as
Pb2*, Hg?*, or Cd?*, however, can catalyse the formation of normal
metalloporphyrins via generation of OOP complex intermediates
[13-18]. In these species the distortion caused by the out-of-plane
location of the larger metal center makes two diagonal pyrrolic
nitrogens more accessible to another metal ion, even with smaller
ionic radius, on the other side of the porphyrin ligand [19].

Deviating from the normal (coplanar) metalloporphyrins, the
SAT complexes, on account of their distorted structure and kinetic
lability, display special photochemical properties, such as pho-
toinduced charge transfer from the porphyrin ligand to the metal
center, leading to irreversible ring opening of the ligand and disso-
ciation on excitation at both the Soret- and the Q-bands [20]. The
absorption and emission features of these complexes also signifi-
cantly differ from those of the in-plane metalloporphyrins.
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The photoinduced behavior of normal metalloporphyrins have
been thoroughly studied for several decades, while the investiga-
tion of OOP complexes started in this respect only in the past 8-10
years. The size of bismuth(III) with an ionic radius of 103 pm [21] is
favorable for the formation of OOP metalloporphyrins. Accordingly,
several studies have been published regarding such complexes
of bismuth(Ill) with various hydrophobic porphyrins. The 1:1
complexes with simple porphyrin ligands (such as octaethyl or
tetratolyl porphyrins) proved to be Kkinetically labile [22-29],
similarly to the corresponding dimers in which the monomers
are connected with two axially coordinated halogen bridges [25].
Thus, for medical applications in radio-immunotherapy, Boitrel
and coworkers prepared special porphyrin derivatives functional-
ized with pendant arms (pickets) terminated with various groups
of oxygen donor atoms [26,30-33] or with a strap with a hanging
carboxylate group [34-36] in order to hinder the demetalization of
these metalloporphyrins. The main Soret-band of the hydrophobic
bismuth(IIl) porphyrins display a strong red shift compared to that
of the corresponding free base. Its wavelength is in the range of
457-479 nm, depending on the substituents of the porphyrin ring
and the axial ligands. The out-of-plane displacement of the metal
center in the crystal structure was found to be 107-131 pm, the
larger distances in this range belong to complexes with various
axial ligands [24-26,30,31,36]. These values are in accordance with
those determined for bismuth(Ill) phthalocyanines (112-115pm
[37], 149 pm [38]).

These types of metalloporphyrins displaying such a large
red shift were called hyperporphyrins by Gouterman [24],
especially if the metal ion is a p-field element then p-type
hyperporphyrins. Gouterman’s definition was applied for the
complexes the electronic spectrum of which in the visible
region could not be described by his 4 MO-model [39]. Since
specially substituted free-base porphyrins (such as protonated
meso-(dimethylaminophenyl)porphyrins) display similar spectral
phenomena, his interpretation had to be modified [40]. Eventually,
the request for the re-interpretation of hyperporphyrins was born
on the basis of the highly distorted structure of these porphyrins
showing strong red shifts [41].

Probably due to the difficulty caused by the strong inclina-
tion of Bi3* to hydrolyse, the only water-soluble bismuth(III)
porphyrin has been prepared so far with 5,10,15,20-tetrakis(1-
methyl-4-pyridinium)porphyrin; the complex displayed a 465-nm
Soret-band [42], which also suggests a significant OOP displace-
ment. In spite of the numerous papers on bismuth(IIl) porphyrins,
photochemical features of these complexes have not been inves-
tigated yet, neither in organic nor in aqueous systems. Only
a hydrophobic tetrapyrrole complex of bismuth(Ill), with the
porphyrin-like triphenyl corrole, was studied quite recently in
structural and photochemical points of view [43]. Its irradiation
led to the oxidation of the metal center.

On the basis of the precedents in this topic, the aim of our
work, in the frame of a systematic investigation of the pho-
tophysics and photochemistry of water-soluble, sitting-atop
metalloporphyrins, was to study the formation and mainly
the photoinduced behavior of the bismuth(Ill) complexes with
5,10,15,20-tetrakis(4-sulfonatophenyl)porphyrin and 5,10,15,20-
tetrakis(1-methyl-4-pyridinium)porphyrin, an anionic and a
cationic ligand (Fig. 1). The effects of the charge and the molecular
structure on the formation, photophysical and photochemical
properties were also examined in this work.

2. Experimental
2.1. Reagents and solutions

Analytical grade
sulfonatophenyl)porphyrin

tetrasodium 5,10,15,20-tetrakis(4-
(Na4H,TSPP-12H,0), 5,10,15,

Ar
H,TSPP+
Ar Ar
—\ ®
Ar = N—CH
\ / ’
H,TMPyP*
Ar

Fig. 1. Structures of 5,10,15,20-tetrakis(4-sulfonatophenyl)porphyrin (H,TSPP4-)
and 5,10,15,20-tetrakis(1-methyl-4-pyridinium)porphyrin (H, TMPyP**).

20-tetrakis(1-methyl-4-pyridinium)porphyrin  tetra(p-toluene-
sulfonate) (H,TMPyP tetratosylate salt) and Bi(NOs3)s3-5H,0
(Sigma-Aldrich) were used for the experiments. The solvent was
double-distilled water purified with Millipore Milli-Q system.
Oxygen-free experiments were carried out by argon-bubbling
and the Schlenk technique prior to the irradiation. The solutions
containing metalloporphyrin were prepared well (at least 1 day)
before the photophysical and photochemical experiments so
that the onset of complex equilibration was ensured. The actual
concentrations of the porphyrin stock solutions prepared were
checked spectrophotometrically, using the molar absorptions of
the reagents at characteristic wavelengths. The pH of each solution
was adjusted to 6 by application of acetate buffer, also keeping
the ionic strength at constant value of 1 M. It is worth mentioning
that the acetate buffer was utilized also to avoid hydrolysis of
Bi(Ill) ions. Too low a pH could not be applied because H, TSPP*- is
protonated at pH =5 (pK3 =4.99, pK4 =4.76 [44]). Since bismuth(III)
ions are strongly prone to hydrolysis, a rather high concentration
of buffer was used (1 M).

2.2. Instruments and procedures

The absorption spectra were recorded and the photometric
titrations were monitored using a Specord S-100 and a Specord
S-600 diode array spectrophotometer. For the measurement of flu-
orescence spectra a Perkin ELMER LS 50-B and a Horiba JobinYvon
Fluoromax-4 spectrofluorimeter were applied. The latter equip-
ment supplemented with a time-correlated single-photon counting
(TCSPC) accessory was utilized for determination of fluores-
cence lifetimes, too. Rhodamine-B and Ru(bpy)s;Cl, were used as
references for correction of the detector sensitivity and for determi-
nation of the fluorescence quantum yields [45,46]. Each compound
studied was excited at the wavelength of its absorption maximum.
Luminescence spectra were corrected for detector sensitivity. For
the elimination of the potential reabsorption effects in the detec-
tion of luminescence low concentration and a holder for solid
samples were applied. In this case, the emitted light beam arrives
from the surface of the cell to the detector. Moreover, because of the
small Stokes-shifts and the disturbing effect of the (Rayleigh and)
Raman scattering, the spectrum analyses were carefully carried out
by fitting Gaussian and Lorentzian curves in MS Excel.

For continuous irradiations an AMKO LTI photolysis equip-
ment (containing a 200-W Xe-Hg-lamp and a monochromator)
was applied [47]. Incident light intensity was determined with a
thermopile calibrated by ferrioxalate actinometry [48,49]. Quartz
cuvettes of 1 and 5 cm pathlength were utilized as reaction vessels.
During the irradiations the reaction mixtures were continuously
homogenized by magnetic stirring. All measurements were carried
out atroom-temperature. The experimental results were processed
and evaluated by MS Excel programs on PCs.
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Fig. 2. Spectral changes during the reaction of 1.08 x 10-® M H,TSPP*- and
3.00 x 10~* M Bi3* in the presence of 1 M acetate buffer (pH~ 6, [=1cm). Insert: par-
tial molar fractions vs. time plots for the free base (H,TSPP*-, 4 ), the intermediate
(i-BiTSPP3-, A ), and the final complex (BiTSPP3-, ).

2.3. Electronic structure calculations

Electronic structure calculations involved molecular geometry
optimization and the determination of vertical electron excitation
energies. For both purposes we applied density functional theory,
in particular, the B3LYP combination of functionals [50-52], and
time-dependent density functional. In the geometry optimizations
we used the Hay-Wadt valence double-zeta (LANL2DZ) basis set
[53-55] in which the influence of the inner-shell electrons on the
valence shell is described using effective core potentials (ECP) for
Bi. During our previous tests we found that the sulfonato-phenyl
substituent has a negligible effect on the coordination site, thus
in the present calculations we modeled H,TSPP*~ and H, TMPyP4*
with unsubstituted porphin, HyP. All calculations were performed
using the Gaussian 03 suite of programs [56].

3. Results and discussion
3.1. Formation and absorption spectra

Kinetically labile complexes are mostly examined in the excess
of the ligand. In the case of metalloporphyrins, however, metal
ions are applied generally in excess, especially for spectrophoto-
metric measurements, partly because of the extremely high molar
absorbances (mainly at the Soret-bands) of the porphyrins. The
formation of kinetically labile OOP complexes, deviating from the
coplanar (normal) metalloporphyrins, is an equilibrium process.
It can be spectrophotometrically monitored because the absorp-
tion and emission bands assigned to ligand-centered electron
transitions undergo significant shift and intensity change upon
coordination of metal ions.

As Fig. 2 displays in the case of the anionic porphyrin, in the
reaction of the bismuth(Ill) ion with the free-base porphyrin the
formation of an intermediate can be observed. Disappearance of
the characteristic Soret-band of H,TSPP*~ at 413 nm is accompa-
nied by the temporary appearance of a new band at 465 nm. The
decay of this intermediate leads to the formation of the final com-
plex, indicated by the gradual increase of the band at 421 nm. This
wavelength fully agrees with that of the Soret-band of the corre-
sponding 1:1 complexes with Hg(II), Hg(I), TI(III), Fe(Il) and Cd(II)
ions [57-63], suggesting that, similarly to these metalloporphyrins,
an OOP or SAT complex was formed. As the insert in Fig. 2 shows,
the decay of the intermediate in the case of the anionic porphyrin is
rather fast, thus the formation of the final complex took place from
the beginning of the reaction.

In the case of the cationic porphyrin the decay of the inter-
mediate, i.e., the formation of the final complex is much slower
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Fig. 3. Spectral changes during the reaction of 2.97 x 106 M H,TMPyP** and
3.36 x 10~% M Bi3* in the presence of 0.01 M acetate buffer (pH~4,[=1cm, At=1s).

than for the anionic complex, probably as a consequence of the
positive charge on the ligand repulsing the metal ions. Besides,
the lower Lewis-basicity of the cationic porphyrin diminishes the
driving force of the coordination. Since, for the same reason, the
protonation constants of H,TMPyP*" (pK3 =1.8, pK4 =0.7 [64]) are
much lower than those of H,TSPP#-, a lower pH can also be used
in this system. Thus, decreasing the concentration of the buffer and
keeping the concentration of bismuth(III) constant (3 x 10-4 M), pH
was decreased to 4, which was favorable for the accumulation of
the intermediate. Hence, accumulation of the intermediate can be
reached in this case as it is demonstrated in Fig. 3. Under these
circumstances the lifetime of the intermediate formed was about
2 h, during which its photophysical and photochemical properties
could also be studied. It is worth mentioning that the absorp-
tion spectrum of the intermediate with both anionic and cationic
ligands is very similar to those of the hydrophobic metallopor-
phyrins published. The large red shift of the Soret-band is indicative
of a significantly distorted structure caused by the considerable
out-of-place displacement of the metal center. A similar absorp-
tion spectrum was observed for the bismuth(IIl) complex with the
cationic porphyrin [42], indicating that under the circumstances
applied in that work such an intermediate-type species was formed
(but this type does not originate from the pyrrol-protons in water,
rather probably from the potential axial ligands, as OH~ or Ac™,
which may dissociate to give the end-product complex).

The formation and disappearance of the intermediate observed
with both porphyrins applied in this study can be taken into account
by Egs. (1) and (2), where H,P is the abbreviation for the free-base
porphyrin, i-BilllP for the intermediate, and Bill'P for the final, end-
product complex (the charges are omitted).

Bi3* + HyP « i-Bi'lP + 2H* (1)
i-Bi'"'P « Bi'lP (2)

Eq. (3) describes the overall equilibrium for the formation of the
final complex, no matter if it is formed directly or via intermediate.

Bi** +H,P « Bi"'P + 2H* (3)

The overall formation constant (K) can be written for this
equilibrium. However, we have determined the apparent stabil-
ity constant (K') because the measurements were carried out at an
unvaried pH of 6 (Egs. (4)-(6)).

oo kK __[Bi"P]
TP [BiPYI[HP

(4)

[Bi"'P] K'[Bi**]

= = 5
YT H P+ [BI"P] 1+ K/[BCT] )
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Fig. 4. Molar absorption spectra of the anionic (A) and cationic (B) metallopor-
phyrins (BiTSPP3~ and BiTMPyP>*), intermediates (i-BiTSPP3~ and i-BiTMPyP5*),
and the corresponding free-bases (H,TSPP*~ and H,TMPyP*") in the range of the
Soret-bands.

enp + K'[Bi*T e

1+K'[Bi*]

Bi'llp, 2.
PoEuyp, + P1Egmp ;= (6)

¢o and ¢ are the partial molar fractions of the different por-
phyrin forms {0 = free-base, 1 =complex}, ¢;,, is the corresponding
molar absorbance at A wavelength. Eq. (6) expresses the average
molar absorbance of the porphyrin species (free-base and com-
plexed). During the evaluation of the average molar absorbance
vs. [Bi3*] data, an iterative least-square procedure (based on Eq.
(6)) was used to find the best fitting values of K’ and &(Bi''P,
)) parameters. Due to the significant band-shifts, as a conse-
quence of the strong coordination bond, absorbances in the range
of both Soret- and Q-bands were used for such an evaluation
giving K'=3.54x 10*M~! for BiTSPP3~ and 1.62x 103M-! for
BiTMPyP>* at pH=6. The formation constant for the anionic com-
plex is more than one order of magnitude higher than that for
the cationic complex, indicating that the negative charge (—4)
enhances the Lewis-basicity of the porphyrin ligand, resulting
in a more stable coordination compound than in the case of
the positively charged ligand of reduced basicity. The absolute
values of the equilibrium constants indicate that the thermody-
namic stability of these complexes is not really high. Compared
the value of K’ for BiTSPP3~ to that for the corresponding com-
plex of mercury(Il), HgTSPP#~ (K’ =8.82 x 10° M~ [57]), the latter
is one order of magnitude higher, although the ionic radius of
Hg2* is 103pm [21], i.e., about the same as that of Bi3*. In
this case the difference may be attributed to the softer Pearson-
acidity of the mercury(ll) ion better fitting to the also softer
pyrrol-nitrogens.

The molar absorption spectra of the anionic and cationic por-
phyrins (the intermediate, the final metalloporphyrins, and the
corresponding free bases) are displayed in Figs. 4 and 5 for the
Soret- and Q-bands, respectively. The corresponding characteristic
absorption data are summarized in Tables 1 and 2.
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Fig. 5. Molar absorption spectra of the anionic (A) and cationic (B) metallopor-
phyrins (BiTSPP3~ and BiTMPyP>*), intermediates (i-BiTSPP3~ and i-BiTMPyP5*), and
the corresponding free-bases (H,TSPP4~ and H,TMPyP#*) in the range of the Q-
bands. The dotted lines represent the average energy Q,(0,0) and Q,(0,0) of free-base
porphyrins.

The band-shifts refer to the Soret- or B(0,0) and the Q(0,0)
transitions, where the first number in parentheses indicates the
vibrational quantum number of the excited (the S, and S; states,
respectively), the second that of the ground electronic state [65,66].
The determination of the magnitude of the red shift is com-
plicated because the presence of pyrrol-hydrogens in free-base
porphyrin reduces the symmetry (D4, — Dyp) and splits the Q-
band (Q — Qx +Qy)[67], hence there are generally five bands in this
spectral region of free-base-, in contrast to three in those of metal-
loporphyrins [68] (Table 2). According to Gouterman’s suggestion
[39], the shift was calculated with respect to the average energy of
the Qx(0,0) and Qy(0,0) bands of the free-base porphyrin.

As a consequence of the coordination of bismuth(III) ion, both
the Soret-bands (at 350-500 nm) and the Q-bands (at 500-700 nm)
are red-shifted in the case of both water-soluble porphyrins.
The molar absorbances of the main Soret- and Q-bands of the
metalloporphyrins (B(0,0) and Q(1,0)) are higher than the cor-
responding values for the free-base porphyrin. According to our
earlier observations [20,57,58,60-63,69] this type of spectral fea-
tures is unambiguously characteristic for OOP or SAT complexes,
confirming the expectations based on the size (103 pm ionic radius)
of Bi(Ill). The absolute values of the molar absorbances are higher
for the anionic porphyrins than for the corresponding cationic ones
in the cases of the free-base as well as the metalloporphyrins.

Besides, the difference of both the charge and the structure
between the two ionic porphyrins results in significant red shifts
of the main bands in the case of H,TMPyP#* compared to those of
H,TSPP*-. These red shifts can also be observed in the comparison
of the anionic and cationic metalloporphyrins too (Tables 1 and 2).
The red shift of absorption in heavy-metal porphyrins can be
attributed to that the metal orbitals are closer in energy to the
antibonding 7* molecular orbitals (lowest unoccupied molecular
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Table 1

Characteristic data of the absorption spectra of the anionic (A) and cationic (B) metalloporphyrins (BiTSPP3~ and BiTMPyP°*), intermediates (i-BiTSPP3~ and i-BiTMPyP>*),
and the corresponding free-bases (H, TSPP4~ and H,TMPyP**) in the range of the Soret-bands.

Species H,TSPP4-b BiTSPP3- i-BiTSPP3- H, TMPyP4* BiTMPyPS* i-BiITMPyP>*
A {B(1,0)}/nm 395 405 426 395 400 426
emax {B(1,0)}/10*M~! cm~! 8.09 7.26 6.12 5.33 4.14 3.01
AGauss{B(1,0)}/nm 396 407 427 397 404 431
€Gauss{B(1,0)}/10* M~ cm™! 8.13 8.69 5.57 5.30 4.07 2.94
12{B(1,0)}/cm~! 1149 1063 1854 1582 2117 2004
f{B(1,0)} 0.361 0.357 0.399 0.324 0.333 0.228
v{B(1,0)}/cm™! 1090 875 1915 1539 1841 1839
A{B(0,0)}/nm 413 421 466 422 437 468
emax{B(0,0)}/10° M~ cm™! 4.66 6.44 2.63 2.26 235 1.64
AGauss {B(0,0)}/nm 414 422 465 422 437 468
£Gauss{B(0,0)}/10° M~ cm™! 4.45 6.18 2.52 2.20 2.28 1.59
w12{B(0,0)}/cm" 785 625 997 1380 1629 974
f{B(0,0)} 1.35 1.49 0.971 117 1.44 0.598
B-shift (metalation)/cm~! - —457 —2669 - -766 —2296
B-shift (substitution)/cm! - - - —492 —800 -119

2 A, measured wavelength; Acauss, wavelength from spectrum analysis; w12, halfwidth; f, oscillator strength; v, energy of vibronic origin or overtone.

b From Ref. [53].

orbitals, LUMOs) than to the binding 7 orbitals (highest occupied
molecular orbital, HOMO) of porphyrin, so that the perturbation
they cause decreases the energy of the LUMOs more than that of
the HOMO, resulting in the bathochromic effect of 77r* transitions.
Besides, the structural change of the macrocyclic ligand, due to
the interaction with the metal center of large ionic radius, may
also contribute to this spectral property. Regarding the final com-
plexes, metalation of the cationic porphyrin causes larger red shifts
than that of the anionic porphyrin, indicating a more significant
structural change and electronic perturbation in the previous case.

The main bands of the intermediate metalloporphyrins (i-
BiTSPP3- and i-BiTMPyP>*) display very strong red shifts compared
even to those of the corresponding end-product metalloporphyrins
(BiTSPP3~ and BiTMPyP>*, respectively). These dramatic shifts can
be attributed to a considerable distortion of the porphyrin plane,
a much more significant than that in the final complexes. This

Table 2

suggests that in the intermediates the metal center is located at
larger distance out of the ligand plane, resulting in a higher dome-
distortion (and probably a superposing ruffled-distortion similarly
to lead(Il)-porphyrins [10]) of the ligand. Interestingly, the wave-
lengths of the main Soret- and Q-bands of the cationic intermediate
hardly differ from those of the anionic one, deviating from the
observation in the case of the end-product metalloporphyrins. This
phenomenon suggests that for the intermediate complexes the
energies of the electronic transitions are determined by rather
the metal-ligand interaction than the effects of the ionic sub-
stituents, i.e., the electronic and mainly the steric, distorting effect
of the bismuth(IIl) center is the predominant factor in this respect.
This conclusion is in accordance with the observation that the
absorption spectrum of the hydrophobic bismuth(Ill) porphyrins
[25-36] are very similar to those of the water-soluble intermedi-
ate complexes. Apparently, in hydrophobic systems these types of

Characteristic data of the absorption spectra of the anionic (A) and cationic (B) metalloporphyrins (BiTSPP3~ and BiTMPyP%*), intermediates (i-BiTSPP>~ and i-BiTMPyP>*),

and the corresponding free-bases (H,TSPP*~ and H,TMPyP#*) in the range of the Q-bands (for notations see Table 1).

Species H,TSPP4- yP H, TSPP4- xb BiTSPP3- i-BiTSPP3~ H,TMPyP** y H, TMPyP** x BiTMPyP>* i- BITMPyP>*
A{Q(2,0)}/nm 490 519 562 490 520 555
emax{Q(2,0)}/M~Tcm™! 3347 3236 7197 3720 4312 4258
AGauss{Q(2,0)}/nm 489 522 546 488 520 555
£Gauss{Q(2,0)}/M~Tcm™! 3167 3419 12,300 3486 4483 3717
12{Q(2,0)}/cm~! 1121 1000 1840 1080 1552 1321
f{Q(2,0)} 0.0137 0.0255 0.0875 0.0145 0.0269 0.019
v{Q(2,0)}/cm™! 1080 1145 1517 1205 1458 1179
A{Q(1,0)}/nm 516 579 556 595 519 586 564 594
emax{Q(1,0)}/M~Tcm™! 16,657 6669 22,928 17,209 15,012 6337 19,615 11,906
AGauss{Q(1,0)}/nm 517 582 555 595 519 586 563 594
£Gauss{Q(1,0)}/M~'cm! 16,062 6155 22,031 15,368 14,799 6026 18,804 11,522
®12{Q(1,0)}/cm~! 827 846 861 1027 1016 949 1060 958
f{Q(1,0)} 0.0513 0.0201 0.0733 0.061 0.0581 0.0221 0.0771 0.0427
v{Q(1,0)}/cm™! 1180 1385 1219 1246 1197 1466 1458 1179
A{Q(0,0)}/nm 553 633 596 643 556 644 608 639
£max{Q(0,0)}/M~'cm™! 6985 3980 9008 18,075 5507 1483 6400 6496
AGauss{Q(0,0)}/nm 550 633 596 643 553 642 607 640
£Gauss{Q(0,0)}/M~'cm! 6433 3676 8887 17,369 4949 1405 6027 6291
®12{Q(0,0)}/cm~! 830 727 628 1019 866 961 922 848
f{Q(0,0)} 0.0206 0.0103 0.0216 0.0684 0.0166 0.0052 0.0215 0.0206
B-Q energy gap/cm~! 7174 6920 5939 6841 6438 5752
Q-shift (metalation)/cm~1 2 - - -203 -1434 - - -362 -1207
Q-shift (substitution)/cm! - - - - -103 -213 -317 68
&(Bmax)/€(Qmax) 28 28.1 14.5 15.1 12 13.8
fB)IIQ) 14.7 154 6.3 129 141 10

2 Compared to the average of the free-base’s Q,(0,0) and Q,(0,0) bands.

b From Ref. [53].
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metalloporphyrins are the end-products of metalation of free-base
porphyrins. This phenomenon may be attributed to the apprecia-
ble coordination ability or the polarizing effect of water molecules,
which can promote the complex to overcome the kinetic energy
barrier toward the more stable structure, in which the metal center
is located closer to the ligand plane. Notably, not only the signif-
icant red shift of the main Soret- and Q-bands are characteristic
of these intermediates, but their molar absorbances too, which are
considerably lower even than those of the corresponding free-base
porphyrins (Tables 1 and 2). This may be also the consequence of
the strongly distorted structure.

As a consequence of intensity borrowing, the vibrational fine
structure, the transitions to higher vibrational levels of the excited
electronic states also appear in the electronic spectra of porphyrins
[70,71]. The frequencies of the vibronic origins {B(1,0) and Q(1,0)
bands }and their potential overtones {Q(2,0)} for the porphyrins
studied in this work (v in Tables 1 and 2) were determined by
spectrum analysis (more accurately than taken directly from the
measured spectra). The tendecies of the frequencies of the vibronic
origins, overtones obtained for the free-base-, the intermediate,
and the final metalloporphyrins are the same as those observed
for the main bands (B(0,0) and Q(0,0)). The energy gap between
the B(0,0)- and Q(0,0)-bands decreases upon metalation, mod-
erately for the final and more significantly for the intermediate
metalloporphyrins for both the anionic and the cationic complexes
(Tables 1 and 2). This tendency indicates that the structural distor-
tionresults in stronger perturbation on the S,- than on the S; -states
of the porphyrin ligand. This effect is clearly manifested in the val-
ues of f{B)/f(Q) ratios for the intermediate complexes (Table 2).

3.2. Emission

Both the anionic and the cationic complexes of bismuth(III) dis-
play appreciable fluorescence upon excitation at the Soret- or the
Q-bands. The fluorescence spectra of BiTSPP3~ and BiTMPyP>* are
compared to those of the corresponding free-base porphyrin in
Fig. 6. The characteristic data for the S;-fluorescence of the met-
alloporphyrins studied and those of the corresponding free bases
are summarized in Table 3.

Fig. 6 shows, coordination of the metal ion to the porphyrin
ligand results in a strong blue shift of the emission bands and
a significant decrease of the fluorescence intensity (i.e. quantum
yield).

The hypsochromic effect in the fluorescence, i.e., the shift of the
(0,0) band (by 500-1000 cm~!, Table 3), is in contrast with the red
shift in the absorption. Notably, this blue shift-red shift anomaly
is virtual, because the absorption shift is referred to the average
of Qy(0,0)- and Qx(0,0)-bands of the free-base ligand, while the
emission derives not from a hypothetical average level, but from
the energetically lower Sq4-state (populated in Qx(0,0) absorption)
[63].

Both phenomena suggest that the structure of the originally
flat (free-base) ligand is distorted in these metalloporphyrins. The
reduction of the quantum yield is especially conspicuous in the
case of the anionic complex (from 0.075 to 0.019), which can be
attributed to the stronger interaction between the ligand and the
metal center, due to the higher Lewis-basicity of H,TSPP4~ com-
pared to that of H,TMPyP*". Nevertheless, metalation significantly
diminishes the quantum yield also in the case of the cationic por-
phyrin (from 0.030 to 0.019).

Similar tendencies of the band-shifts and quantum yields were
observed in the fluorescence of typical OOP metalloporphyrins
such as Hg(II)TSPP4-, (Hg(I), ), TSPP2-, Cd(I1)TSPP4-, TI(I), TSPP4~
or Fe(I)TSPP*~ [57-63,69]. This feature, in accordance with the
characteristics of the absorption spectra, confirms that BiTSPP3~
and BiTMPyP3* are of sitting-atop or out-of-plane type. Notably,
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Fig. 6. S;-fluorescence spectra of the anionic (A) and cationic (B) metalloporphyrins
(BiTSPP3~ and BiTMPyP>*) compared to the corresponding free-bases (H, TSPP*~ and
H,TMPyP*") upon excitation at their absorption maxima or the isosbestic point in
the titrations spectral series, respectively.

this is the first case that typical SAT fluorescence was observed for
a cationic metalloporphyrin. In order to prove that both the Soret-
and the Q-band excitation leads to the fluorescence, the excitation
spectra of the metalloporphyrins studied were also determined.
The monitoring wavelength was that of the longer-wavelength
band at each complex. The spectra obtained (Fig. S1) exactly agree
with the corresponding absorption spectra, clearly indicating that
these emissions unambiguously originate from the excited states
of these metalloporphyrins.

Metalation of the anionic porphyrin slightly increases the
S;-Stokes-shift (360cm~! vs. 376cm~1), similarly to the cor-
responding complexes of mercury(ll) and cadmium(Il) [58,63],
while for the cationic porphyrin a significant enhancement (from
398cm~! to 651 cm™1) can be observed, indicating that the geo-
metrical change (nonplanar distortion) between the ground and the
Si-excited states considerably increases in the latter case. Accord-
ingly, the blue shift of the S1(0,0) emission band upon metalation
is much larger for the anionic than for the cationic porphyrins
(941 cm~! vs. 534 cm~1), while the red shifts of the corresponding
absorption bands display the opposite tendency (Table 2).

Since excitation at both the Soret- and the Q-bands leads to the
same emission spectrum in the 550-800-nm range, the fluores-
cence takes place from the same excited state (S7), i.e., excitation
to the S, state is followed by an efficient internal conversion to the
S; state. The efficiency of the IC can be determined from the fluo-
rescence quantum yields measured at the Soret- and the Q-bands
(Table 3). The values of &|c are about 0.7-0.8, metalation causes a
moderate decrease for the anionic, while anincrease for the cationic
porphyrin. The significant decrease of the quantum yield and the
S1 excited-state lifetime upon metalation is predominantly the
result of the more efficient nonradiative decay. For both the anionic
and the cationic porphyrins the lifetime of the S; excited state is
about 3 times longer for the free base than for the corresponding
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Table 3
Characteristic Sy -fluorescence data of the anionic (A) and cationic (B) metalloporphyrins (BiTSPP3~ and BiTMPyP>*) and those of the corresponding free-bases (H,TSPP4~ and
Ho TMPyP#+).2
Species: H,TSPP*- P BiTSPP3- H, TMPyP4* BiTMPyP>*
Transition: $1(0,0) $1(0,1) $1(0,2) $1(0,0) S1(0,1) $1(0,2) S1(0,1) $1(0,2) $1(0,0) $1(0,1) $1(0,2)
A{S1(0,i)}/nm 647 705 780 609 657 714 712 789.375 636 672 730
Imax(0,i)/Imax(0,0) - 0.712 0.0527 - 0.945 1.66 0317 - 0.862 0.1446
12{51(0,i)}/cm~! 828 1065 1005 874 925 1070 1342 1373 1042 1091 1065
¢{S1(0,i)}/102 3.81 3.49 0.243 0.924 0.924 1.78 0.347 0.936 0.845 0.139
v{S1(0,i)}/cm™! - 1197 1342 - 1197 1206 1151 1370 - 1042 1013
S;-Stokes/cm~! 360 376 398 651
S;-shift (metalation)/cm~! - 941 - 534
S1-shift (substitution)/cm~! - - -279 —685
¢(S1)/102 7.53 (6.24°) 1.94 2.95(2.309) 1.92
@(S1-B)/102 5.62 1.34 2.03 1.47
¢(1C) 0.746 (0.828¢) 0.690 0.687 (0.779°) 0.767
7(S1)/ns 10.03 3.18 5.20 1.38
kr(S1)/106 571 7.51 6.09 5.68 13.9
knr(S1)/107 571 9.22 30.8 18.7 71.2
k(Strickler-Berg)/106 s~ 8.15 324 8.63 34.2

2 @P(S1-B)=¢(ICS; — S1) x ¢(S1) and kr(S1)=¢(S1)/7(S1).
b From Ref. [53]
¢ From Qy-state.

metalloporphyrin (10ns vs. 3.2ns and 5.2ns vs. 1.4ns, respec-
tively). The nonradiative decay is about 3.5-4 times faster for the
metalloporphyrins than for the corresponding free bases. In spite
of the similar factors in the change of the lifetime and the rate
constant of the nonradiative decay for both types of porphyrins
upon metalation, the decrease of the quantum yield is about 0.26
times for the anionic, while 0.65 times for the cationic porphyrins.
This effect may be attributed to the much weaker interaction (i.e.,
coordination bond) between the metal center and the positively
charged ligand of lower Lewis-basicity. However, if the quantum
yield decreases only to 65%, but the lifetime to 26% for the cationic
complex, then the fluorescence rate constants must increase: to
246%; in contrast with the anionic porphyrin, in which ks, slightly
decreases (to 81%). These radiative rate constants were also esti-
mated with the Strickler-Berg equation [72]. The values obtained
in this way reasonably agree with those derived from the lifetime
and quantum yield data for the free bases, but they are significantly
higher for the metalloporphyrins (Table 3). Apparently, the equa-
tion is not really able to calculate with the effect of the nonradiative
decay’s significant increase, therefore its measure may be involved
in the calculated radiative rate constant.

In the case of arylated porphyrins the fluorescence from the
Sp-state shows arelatively rare peculiarity: its spectrum is antisym-
metric with respect to that of the absorption [73]. This phenomenon
may be accounted for the extension of delocalization by the twist-
ing of aryl substituents to closer to the porphyrin plane, causing
an alternating excited state [74]. For distorted porphyrins such
as HgTSPP*~ and CATSPP*- smaller fluorescence vs. absorption
spectral antisymmetry was observed [58,63]. This feature may be
attributed to a smaller magnitude of such structural change because
in these cases the dihedral angle of the meso-aryl groups is smaller
already in the ground-state than in planar porphyrins. Similar ten-
dencies can be observed for the bismuth(Ill) porphyrins in our
study.

From Table 3, for HyTSPP*~ Iax(0,1)/Imax(0,0) is 0.71 in flu-
orescence, while it would be 0.6 if the spectrum were totally
antisymmetric to the absorption one from Table 2. The same num-
bers are 1.66 and 0.23, respectively, for H,TMPyP**, 0.94 and 0.39
for BiTSPP4-, and 0.86 and 0.33 for BiTMPyP>*. The data indicate
that not even the cationic free base displays such an antisymmetry,
maybe due to slight twisting of the pyridine planes.

Beside the relatively strong emission in the range of
600-800nm, a weak fluorescence was also observed at
400-520 nm upon excitation at the Soret-band for both BiTSPP3~

and BiTMPyP>*. Fig. 7 displays these emission bands of both
bismuth(Ill) porphyrins compared to those of the correspond-
ing free bases. On the basis of their high energy and very low
intensity, these emission bands can be assigned to the Sg < S,
transition. This kind of fluorescence is scarcely detected but it
was also seen for the hydrophobic Zn(II)TPP and H,TPP species
(H,TPP is tetraphenylporphyrin) [75], as well as for water-soluble
TI(II)TSPP3-, Fe(I)TSPP*~ and H,TSPP*- [60,62]. It is worth
mentioning that Raman scattering may disturb the detection of
this weak emission. However, the previous one can be easily
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Fig. 7. S,-fluorescence spectra of the anionic (A) and cationic (B) metalloporphyrins
(BiTSPP3~ and BiTMPyP>*) compared to the corresponding free-bases (H, TSPP*~ and
H,TMPyP**) upon excitation at the Soret-bands. (Raman scattering has been filtered
out.)
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Table 4
Characteristic S,-fluorescence data of the anionic (A) and cationic (B) metalloporphyrins (BiTSPP3~ and BiTMPyP>*) and those of the corresponding free-bases (H,TSPP*4~ and
H, TMPyP#*).
Species: H,TSPP* BiTSPP3? H, TMPyP#* BiTMPyP>*
Transition: S2(0,0) S2(0,1) S2(0,0) S2(0,1) S2(0,0) S2(0,1) S2(0,0) S2(0,1)
A{S2(0,i)}/nm 441 489 427 451 458 486 459 486
Imax(0,)/Imax(0,0) - 0.242 - 0.148 - 0.282 - 0.405
®12{S2(0,i)}/cm~! 1703 1633 1047 793 1173 860 1693 893
¢{S2(0,i)}/103 5.09 1.18 71.0 7.97 6.32 1.30 16.4 3.51
v{S2(0,i)}/cm~! - 2200 - 1232 - 1285 - 1204
S,-Stokes/cm~! 1502 308 1824 1118
S,-S; energy gap/cm~! 7219 6989 6658 5970
AE(B-Q-S,-S; gap)/cm™! —-45 -69 183 467
S,-shift (metallation)/cm~! - 738 - —-60
S,-shift (substitution)/cm~! - - -813 —1610
#(S2)/1073 6.27 79.0 7.62 19.9
ke(Strickler-Berg)/10° s~ 1.06 1.36 0.879 1.06
7(S2)/fs? (58.9) (580) (86.7) (187)

2 Estimated by the Strickler-Berg-equation.

distinguished because its wavelength changes with that of the
excitation. The characteristic data for the S,-fluorescence of the
metalloporphyrins studied and those of the corresponding free
bases are summarized in Table 4.

The quantum yields of the emission from the S, excited state
are extremely low (in the range of 10-°-104), two orders of
magnitude lower than those for the Sg < S; fluorescence. These
values are in good accordance with that determined for H,TPP
(Ps, =8.25 x 1074 [75]). These small quantum yields can be, at
least partly, attributed to the very short lifetime of the S, excited
state. Since our TCSPC system was capable for measuring lifetimes
as low as about 100 ps, the Strickler-Berg equation [72] was applied
for estimation of zs, . As the values of 7s, of in Table 4 indicate they
are several hundreds of fs, in accordance with the very low quantum
yields.

While in the case of BiTSPP3~ an appreciable blue shift of the
S, emission bands can be observed, compared to those of the cor-
responding free-base porphyrin, metalation of HyTMPyP** hardly
changes the energy of these bands. A similar phenomenon is man-
ifested in the values of the S,-Stokes-shifts (Table 4); coordination
of the bismuth(III) ion to the anionic porphyrin dramatically dimin-
ishes the Stokes-shift from 1502 cm~! to 308 cm~!, whereas in the
case of the cationic porphyrin it results a change from 1824 cm™!
to 1118 cm! (Fig. S2). This phenomenon indicates that metalation
of HTSPP4- increases the rigidity of the porphyrin ring, decreas-
ing the structural change between ground state and the S, excited
state. For the cationic system this effect is less pronounced, prob-
ably due to the weaker coordination bond as a consquence of the
lower Lewis-basicity of the porphyrin ligand. This interpretation
is confirmed by the relation of the fluorescence quantum yields.
Metalation of the free-base porphyrins significantly increases the
values of Ps,, as a consequence of the increased rigidity. In the
case of the anionic porphyrins the enhancement is about one order
of magnitude (6.25 x 1073 — 7.9 x 10~4), while for BITMPyP>* the
corresponding values are only ~2.5 times higher than those of the
free base (7.62 x 107> — 1.99 x 10~4).

The intermediates did not show any fluorescence, neither upon
excitation at the Soret- nor at the Q-bands. This observation indi-
cates that their structure is highly distorted, too, as it is also
suggested by the large red shift of their Soret-band, hence their
excited states decays via efficient IC and, possibly, ISC, as well as
photochemical reactions.

3.3. Primary photochemistry

The normal (in-plane) metalloporphyrins do not undergo effi-
cient photoinduced ligand-to-metal charge-transfer reactions as a

consequence of their kinetically stable, planar structure. The OOP
complexes, however, display a typical photoredox chemistry char-
acterized by irreversible photodegradation of the porphyrin ligand
[20,58,59,62,63]. This photochemical behavior is caused by the
efficient separation of the reduced metal center and the oxidized
macrocycle following the LMCT reaction, which finally leads to
irreversible ring cleavage of the ligand, giving open-chain dioxo-
tetrapyrrol derivatives, bilindions. The irradiations were carried out
at both the Soret- and the Q-bands, in aerated as well as argon-
saturated systems. As Fig. 8 displays, the photoredox degradation
of the ligand is accompanied by a less efficient dissociation to the
free base and the bismuth(Ill) ion. The quantum yields obtained
for the photochemical reactions of the porphyrins in this work are
summarized in Table 5.

Inaccordance with our earlier observations [20,57,58,63,69], the
free-base porphyrins do not show any measurable change upon
irradiation at the Q-bands, and only very slight degradation at the
Soret-band excitation in both air-saturated and deaerated solu-
tions.

Irradiation of BiTSPP3~ at the Soret-band results in the decrease
of the absorption at the characteristic bands, indicating an irre-
versible degradation of the complex, the quantum yield of which
is two orders of magnitude higher than that of the free base in
the aerated system. This phenomenon, similarly to other 1:1 OOP
complexes [57,60,63], indicates that the metal center of relatively
large ionic radius promotes the photoinduced LMCT followed by an
efficient charge separation.
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Fig. 8. Spectral changes during the Soret-band irradiation of the anionic final
complex formed in the reaction of 1.03 x 10-M H,TSPP*~ and 1.00 x 10~ M
Bi** in the presence of 1M acetate buffer in deoxygenated solution (pH=6,
Ip(421nm)=1.44x10->M photon/s, I=1cm). Insert: concentration vs. time plots
for the complex (BiTSPP3-, # ) and the free base released (H,TSPP*-, ).



Z. Valicsek et al. / Journal of Photochemistry and Photobiology A: Chemistry 226 (2011) 23-35 31

Table 5

The photochemical quantum yields of the free-base and bismuth(III) porphyrins in air-saturated and deoxygenated solution.?
Species H,TSPP*- BiTSPP3- i-BiTSPP3~ H, TMPyP** BiTMPyP>* i-BiTMPyP>*
@(B)[10> 0.60 35.1 2290P 6.9 11.2 932
% dissocation - 5% 99%b - 4% 100%
®(B-Ar)/10-> 0.33 31.0 0.64 2.8 1445
% dissocation - 6% - 7% 100%
d(Q)/103 - 63.0 - 22 94.8
% dissocation - - - - 96%
®(Q-Ar)/10° - 59.3 - 1.4 121

% dissocation - -

- - 93%

2 @(B) and @(Q) are the overall photochemical quantum yields observed in Soret- and Q-band photolysis, and “% dissociation” denotes the photoinduced dissociation of

the metal center fraction of the overall quantum yield.

b These data are strong estimations on the basis of the small partial molar fraction of i-BiTSPP3- in the solution.

Photoinduced degradation at Soret-band irradiation of
H,TMPyP** is one order of magnitude more efficient than
that of H,TSPP4- because of the higher efficiency of the cationic
porphyrin to form singlet oxygen. After deoxygenation, the photo-
chemical quantum yields of both free-base porphyrins are similarly
large. However, deviating from the anionic metalloporphyrin, the
quantum yield for the photoinduced degradation of BiTMPyP>*
is less than 2 times higher than those for the photolysis of free
bases at the Soret-bands. This phenomenon can be interpreted by
the lower Lewis-basicity of the cationic ligand, diminishing the
efficiency of the LMCT process.

Besides the LMCT process, dissociation of the final complexes
(to the free base and the metal center) was also observed, but with
a small fraction (about 4-7%) of the overall quantum yield. Irra-
diation of these bismuth(IIl) porphyrins at the Q-bands resulted
exclusively in redox degradation, although with (about 2 times)
higher quantum yields than those observed for Soret-band excita-
tion. This phenomenon suggests that the S, excited state of these
complexes undergoes more efficient energy dissipation processes
than their S; excited state does, and following the internal con-
version the photoredox process finally originates from this latter
one. The absence of oxygen hardly affected the overall quantum
yields for the reactions of the anionic final at both Soret- and Q-
band irradiations, indicating that dissolved O, does not efficently
react with the excited-state porphyrins in these systems, proba-
bly due to the short lifetimes. Similar tendencies were observed
for the photoinduced behavior of the corresponding OOP com-
plex of mercury(Ill) and cadmium(II) [58,63]. In the case of the
cationic complex, the effect of deoxygenation originates from the
above-mentioned higher efficiency for the sensitization of oxygen
to change its spin multiplicity.

Asindicated in Section 3.1, the intermediate state of the cationic
bismuth(IIl) porphyrin could be kept for several hours, thus, its
photolysis was also carried out. Deviating from the photochemical
behavior of the final OOP complexes, in the case of this interme-
diate, upon Soret-band irradiation the degradation of the ligand
was insignificant (only the ~0.1% of the overall photochemical
quantum yield), while upon Q-band irradiation this reaction rep-
resented already 4-7% of the whole process. No acceleration of
the formation of the final complex was observed upon irradia-
tion. Instead, an efficient dissociation to the free-base porphyrin
and the metal ion took place as shown in Fig. 9. The decrease
of the Soret-band absorption of the intermediate at 468 nm was
accompanied by the simultaneous increase of the corresponding
absorption of the free base at 422 nm. This phenomenon indicates
that in the intermediate the metal-ligand bond is much weaker
than in the final complex, hence excitation promotes the break of
this bond rather than an LMCT process. Of course, the transfor-
mation to the final complex, as a thermal reaction, could also be
observed (Fig. 9).

For a quantitative evaluation of the spectral change both the
photoinduced and the dark reactions were taken into consider-
ation. Using the molar absorption spectra of the free base, the
intermediate, and the final complex, the actual concentration of
each of these species could be determined from the overall spec-
tra of the solution recorded after different periods of irradiation.
The evaluation of these data confirmed that, as mentioned above,
dissociation was the only photoinduced reaction that apprecia-
bly affected the concentration change of the intermediate. Its
simultaneous formation from the free base and Bi** and trans-
formation to the final complex, as thermal reactions, were taken
into account. The quantum yield determined in this way for the
photoinduced dissociation (@=9.4 x 10-3) is about two orders of
magnitude higher than that for the photoredox degradation of
the final complex. A similar value was obtained for the photoin-
duced dissociation of the axial hydroxo ligand from the anionic
cadmium(Il) porphyrin and its brominated derivative [63]. This
suggests that the coordination bond between the Bi3* ion and
the cationic porphyrin is similarly weak as that between the axial
hydroxo ligand and the Cd2* center. In the case of the shorter-lived
anionic intermediate just an estimation of the quantum yield for the
dissociation could be made, its order of magnitude is in accordance
with that for the anionic complex, confirming the interpretation
above.

Q-band irradiation also led to the dissociation of the cationic
intermediate, but with one order of magnitude lower efficiency
than that for the Soret-band excitation. This phenomenon can be
attributed to the significantly lower energy of the Q-bands. Thus, a
slight degradation can compete with the dissociation in this case.
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Fig. 9. Spectral changes during the Soret-band irradiation of the cationic inter-
mediate formed in the reaction of 8.43 x 10-7 M H,TMPyP*" and 2.99 x 10~ M
Bi3* in the presence of 0.01 M acetate buffer in air-saturated solution (pH~4
Ip(470nm)=2.88 x 10~7 M photon/s, [=1cm). Insert: concentration vs. time plots
for the intermediate (i-BiTMPyP>*, A ), the released free base (H,TMPyP** # ), and
the formed final complex (BiTMPyP>*, ll ).
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Deoxygenation significantly increased the quantum yield at both
the Soret- and the Q-band irradiation. This observation may be
accounted for the quenching effect of the dissolved oxygen. This
suggests that a longer-lived triplet state may also play role in the
dissociation process.

3.4. Electronic structure calculations

The main purpose of our electronic structure calculations is
to reveal the geometrical structure of the 1:1 bismuth(Ill) por-
phyrins (without any axial ligand (BiP), with chloride (Cl-BiP),
hydroxide (HO-BiP) or acetate (Ac-BiP) in axial position). The data
obtained are compared to those of the free-base porphyrin and its
deprotonated form determined earlier [58,59], in order to detect
whether there is a correlation between the features of geome-
try, the electronic spectrum and the photochemical behavior. In
the calculations we used a model in which the sulfonato-phenyl
or the methyl-pyridinium substituents of the porphyrin ligand,
present in our experiments, were omitted. We expect that the
out-of-plane distortion of the ligand, influenced mainly by the
interaction and relative size of the cavity and the metal ion, can
be correctly described with this model. In the case of the corre-
sponding mercury(Il) complexes, exploratory calculations with the
tetraphenyl-porphyrin ligand indicate that the structure and spec-
tra of HgTPP do not significantly differ from those of HgP [58].
Perspective representation of the calculated geometry of BiP is
shown in Fig. 10.

The insertion of the Bi3* ion into the porphyrin causes a signifi-
cant distortion of the macrocycle. Listed in Table 6 are the calculated
geometrical parameters related to the size of the cavity and the
geometrical distortion of the macrocycle obtained for the ligand
(and its deprotonated form) and the 1:1 bismuth(Ill) porphyrins.
The parameters presented are: d(N-N), the distance between
diagonally located N atoms, i.e. the size of the cavity; doop, the dis-
tance between the metal ion and the plane of the four N atoms
(designated as N4-plane), which is a measure of the magnitude of
protrusion of the Bi3* ion from the ligand; dyome, domedness, which
we defined as the distance between the plane of the four N atoms
and that of the 3 carbon atoms, which characterizes the magnitude
of the distortion of the macrocycle [58]. This last measure of dis-
tortion is closely related to the doming angle proposed by Ricciardi
et al. [76] for the same purpose (distortion angle). In the case of
CI-BiP, HO-BiP, and Ac-BiP the distance of the metal center and
the axial ligand is also given (d(M-axial)).

The B3LYP/LANL2DZ calculations reproduced the Dy, structure
as the most stable structure of free-base porphyrin, and, in agree-
ment with the expectation, Dy, symmetry for the deprotonated
species (P2) [58,59]. The fourfold symmetry is inherited by the
BiP complex. As expected, in bismuth(III) porphyrins the metal ion
protrudes from the plane of the ligand the magnitude of which

Fig. 10. The structure of the 1:1 bismuth(Ill) porphin calculated at the
B3LYP/LANL2DZ level of theory (side- and top views).

depends on the composition. The appealing explanation for this is
that the diameter of Bi3* (206 pm) is too large to fit coplanar into
the cavity of the porphyrin ring. In the BiP complex the distance
of Bi3* from the N atoms is 226 pm, which bond length in a planar
arrangement would push apart the N atoms to almost 452 pm, from
the 420 pm characterizing the deprotonated porphyrin. However,
on the contrary, due to the lifting the Bi3* ion out of the plane of
the N atoms the high strain is released so that the diagonal N-N
distance can be as small as 416 pm, which is even shorter than that
for P2-. At the same time, the Bi3* ion and the four N atoms form
a pyramid, which induces the distortion of the plane of C, carbon
tier and through it the rest of the macrocycle. The protrusion of the
metal center from the Ny-plane is 88 pm. These results are simi-
lar to those obtained for the HgP complex [58], but, interestingly,
in that case, dgop Was only 55 pm, and, accordingly, the diagonal
N-N distance was 436 pm, although the radius of Hg2* (102 pm)
is about the same as that of Bi3* (103 pm). This phenomenon indi-
cates that HgZ*, probably due to its empty s orbital, has a stronger
interaction with the porphyrin ligand, leading to a deeper insertion

Table 6

Calculated structural data of the unsubstituted free base (H,P), its deprotonated form (P?~) and the bismuth(IIl) porphin without and with potential axial ligands.?
Species H,P P2 BiP* (C1)BiP (Ac)BiP (HO)BiP
Symmetry Dan Dy Cay CiP P CiP
d(Bi-N)/pm 102¢ - 226 234 235 239
d(N-N)/pm 407,425 420 416 419 418 419
d(OOP)/pm - - 88 104 108 116
d(dome)/pm - - 38 37 40 39
d(M-axial)/pm - - - 274 253 210
§(N-Co—Cm—Ca)/® 0 0 6.23 6.59 6.81 6.97

2 d(N-N)is the distance between diagonally located pyrrol-nitrogens, i.e., the size of cavity; d(OOP) is the distance of the metal center from the coordination cavity; d(dome)
is the domedness, i.e., the measure of dome distorsion: the distance between the plane of the pyrrol-nitrogens and that of the B-carbon atoms; the 8 N-Cy-Cn-Cy ) dihedral

angle is another measure of the distortion.

b This C; symmetry is very close to Cs because the orientation of the axial ligands is not totally perpendicular to the plane of pyrrol-nitrogens.

¢ d(H-N).
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Table 7

Calculated absorption data of the unsubstituted free base (H,P), its deprotonated form (P?~) and the bismuth(IIl) porphin.
Species H,P p2- BiP*
Transition-symmetry: y=Bau x=Biy Eu E
A(B)/nm 357 378 390 394
f(B) 0.579 0.356 1.33 0.741
B-shift/cm~! - - —1551 -1836
A(Q)/nm 511 553 606 540
flQ) 0.00030 0.00240 0.0492 0.00320
Q-shift/cm~! - - —2296 —286

The shifts were calculated from the average of y and x transitions of the free-base porphin; fis the oscillator strength.

into the cavity of the ligand, moderately pushing apart the N atoms.
The 88-pm out-of-plane distance for BiP is in accordance with that
obtained for a bismuth(III) corrole (105 pm) also by DFT calculation
[43] because the corrole ring is one methylidine bridge smaller than
the porphin ring.

The macrocycle distortion from the planar structure is char-
acterized by dgome Values of about 38 pm for the bismuth(IIl)
porphyrins, similarly to the HgP complex (40 pm [58]). Apparently
the axial ligands do not appeciably influence this value, although
they significantly enhance the out-of-plane distance (104 pm with
Cl—, 108 pm with Ac~, and 116 pm with HO~), in accordance with
our earlier results regarding the water-soluble cadmium(Il) por-
phyrins [63], and with the solid state structures of hydrophobic
bismuth(Ill) porphyrins [24,26,30,31,36]. In our calculations on
other typical 1:1 out-of-plane complexes we obtained very similar
domedness [20,58,59]. As the spectral, photophysical and photo-
chemical properties of several OOP porphyrins are very similar,
it would be reasonable to assume that the common property, the
doming is the source of the common properties.

We also calculated electronic spectra, using the TD-DFT method,
for a better understanding the role of the macrocycle distortion
(Table 7). The band assignment can be performed based on the
observation that the energy of the mm transitions of 'E, sym-
metry in Dy, structures increases in the series: (1) Q-, (2) B- or
Soret-, (3) N-, (4) L- and (5) M-band [77]. The symmetry of tran-
sitions can change if the geometry of the molecule is distorted
[78]. The Soret- and the Q-bands, according to our calculations (in
agreement with the literature, see e.g. refs. [76,79], and our ear-
lier experiences [58,63]) were not found to be pure one-electron
excitations but mixtures of them, often with several one-electron
excitations between molecular orbitals outside from the frontier
4 MO-models [80] superposed with comparable weight, mainly at
the Soret-bands (Tables S1-S3). Also the results of calculation indi-
cate the reduced symmetry (D, ) in free-base porphyrin due to the
effect of the diagonally located H atoms on the pyrrolic nitrogens.
Hence both the Soret- and the Q-bands split as seen in Table 7,
although experimentally the previous is not visible, which sug-
gests that the S,-state is non-degenerate. Nevertheless, it is worth
mentioning that the wavelengths obtained by B3LYP/LANL2DZ cal-
culations are closer to the experimental ones than those given
earlier by MO5 calculations [58]. Besides, the Soret-band for the
deprotonated free-base (P2~) obtained by our present calculations
displays a significant red shift, in accordance with the expecta-
tions, while the results of the former (MO05) calculations indicated a
blue shift. The Q-bands show red shift by both calculations. The red
shifts obtained for the deprotonated porphyrin can be interpreted
by the increase of aromatization (compared to H,P with two diag-
onally placed protonated pyrrols) as a consequence of the same
participation of all four pyrrol-nitrogens in the delocalization.

Similarly to the experimentally observed tendency
(Tables 1 and 2), for the bismuth(Ill) porphyrin the calculated
bands (both Soret- and Q-) are red-shifted compared to those of
the free-base porphyrin, but to a lesser extent than in the case

of P2~ (Table 7). This suggests, in accordance with our earlier
observations [58], that in an out-of-plane complex the electronic
properties of macrocycle approach that of P2~. This phenomenon
confirms that the distortion of the porphyrin plane is not the
only factor responsible for the common spectral behavior of
out-of-plane porphyrins.

4. Conclusion

The bismuth(Ill) ion forms kinetically labile complexes with
water-soluble H,TSPP#~ and H,TMPyP** porphyrins through inter-
mediate metalloporphyrins. The final complexes display the typical
spectral properties and photoinduced behavior of out-of-plane
metalloporphyrins in accordance with the quantum chemical cal-
culations regarding the structure and the electronic spectra of
these species. The tendencies of the effects of the ligand charge
on the photophysical and photochemical properties of these com-
plexes can be interpreted by the different Lewis-basicities of the
porphyrins. The spectral and photoinduced features of the interme-
diates suggest that the metal-ligand coordination bond is weaker
in these species than in the corresponding final complexes, and the
distortion of porphyrin is probably higher. The shifts of the absorp-
tion bands upon metalation indicate that the structural distortion
results in stronger perturbation on the S,- than on the S;-states
of the porphyrin ligand, a phenomenon which is also more pro-
nounced for the intermediate complexes. These results contribute
to the exploration and interpretation of the effects of the ionic
substituents on the porphyrin ligands in the respect of the pho-
tophysical and photochemical behavior of OOP metalloporphyrins.
Further studies on the formation and decay kinetics of the interme-
diate bismuth(III) porphyrin complexes are in progress to elucidate
the role of the charge of the ligand and the structure in these pro-
cesses.
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