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Spectral investigations of some µ-oxo-dimer complexes of trivalent

metals (Mn, Fe) with two different ligands: tetraphenylporphyrin and

tetranaphthylporphyrin (TNP), and fullerene (C60 and C70) complexes with

µ-oxobis[5,10,15,20-tetraarylporphyrinatometal (III)] (TXP-M)2O dimer,

where M = Fe, Mn and X = phenyl or naphthyl, are presented. Discus-

sion of the main electronic and vibrational bands observed in the UV-Vis-IR

and Raman spectra of both classes of fullerene–porphyrin systems is given.

Experimental data are completed with the quantum chemical calculations of

MnTNP+ component.

PACS numbers: 33.20.–t, 33.20.Ea, 33.20.Fb, 33.20.Kf, 33.20.Tp,

36.40.–c, 31.15.Ar, 33.15.Bh

1. Introduction

Recently, many studies have been focused on synthetic donor and acceptor
arrays with well-defined architectures to develop artificial photosynthetic systems,
new catalysts, and other systems applicable in molecular electronics and nanotech-
nology.

The unique shape of the fullerenes C60 and C70 combined with their dis-
tinct physical properties make them good candidates for preparation of large,
supramolecular aggregates [1–4]. On the other hand, porphyrins with their elec-
tronic absorption properties have been widely used as electron-donating species in
photoactive molecular dyads [5–8]. The porphyrins and fullerenes molecules are
spontaneously attracted in solution to each other. Such supramolecular aggregates
can be exploited to produce ordered arrays of interleaved porphyrins and fullerenes.
This arrangement identifies the fullerene–porphyrin interaction as a structure-
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-defined element. Due to the presence of a metal into the inner porphyrin ring and
oxygen binding the two porphyrinic macrocycles or porphyrin µ-oxo-dimers play
an essential role in various catalytic processes [9]. For an enhanced understanding
of the chromophore interaction between fullerenes and various porphyrin-derived
dyes we have performed spectral studies of selected porphyrin µ-oxo-dimers and
their complexes with fullerenes, using both experimental and theoretical meth-
ods. These experimental data supplemented with ab initio calculations should be
important instructions for design and preparation of the solar energy converters.

2. Experimental

The µ-oxo-dimer complexes of trivalent metals (Mn, Fe) with two different
ligands: tetraphenylporphyrin (TPP) and tetranaphthylporphyrin (TNP) have
similar structures; for one of them the structure is shown in Fig. 1. Above

Fig. 1. Structure of the µ-oxo-dimer of trivalent iron (Fe) with TPP ligand.

mentioned µ-oxo-dimers as well as the fullerene (C60 and C70) complexes with
µ-oxobis[5,10,15,20-tetraarylporphyrinatoiron (III)] (TXP-Fe)2O dimer, where X
= phenyl or naphthyl, and µ-oxobis[5,10,15,20-tetraarylporphyrinatomanganese
(III)] (TXP-Mn)2O dimer, where aryl is phenyl or naphthyl, are chosen for spec-
tral investigations. The fullerene-µ-oxo-dimer complexes have isolated packing of
fullerenes in which fullerene molecule is embraced in a pocket built by porphyrins.
Molecular configurations of the chromophore molecules and complexes are pre-
sented and discussed. The configuration and spectral properties of porphyrin-
-derived chromophore-fullerene adducts are also given.

The Fe µ-oxo-dimer porphyrin was obtained by the typical method. After
dissolving 0.5 g TPPFeCl3 in 60 ml CHCl3 (1 hour reflux), 50 ml 25% KOH
solution was added. The subsequent separation was used in order to purify the
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organic compound layer (in CHCl3) by chromatography (twice) on alumina column
and eluted with chloroform. The first layer migrated is the FeTPPCl compound.
The second corresponds to the (TPP-Fe)2-O compound. The collected amount
of (TPP-Fe)2-O, as the main product, is concentrated through distillation. A
dark-brown precipitate was obtained. This method is followed for (TPP-Fe)2-O,
(TNP-Fe)2-O and (TTP-Fe)2-O. The same synthesis method is suitable for the Mn
compounds; the manganese µ-oxo-dimer porphyrins was not reported in literature
until now. The product consists in a green-brown powder.

The crystals of (TXP-Fe)2·C60 complex were obtained by slow evapora-
tion of toluene solution containing 20 mg of C60 and 38 mg of (TPP-Fe)2-O
(1:1 molar ratio) under argon during a week (yield 90%). The composition of
(TXP-Fe)2·C60 was determined from the X-ray diffraction on a single crystal.
Similar recipe has been used for (TXP-Fe)2·C70 complexes.

The electronic and vibrational spectra of some µ-oxo-dimer complexes of
trivalent metals (Mn, Fe) with two different ligands: TPP and TNP, and fullerene
(C60 and C70) complexes with µ-oxobis[5,10,15,20-tetraarylporphyrinatometal
(III)] (MTXP)2O dimer, where M = Fe, Mn and X = phenyl or naphthyl, were
investigated at room temperature, in the KBr pellets containing dispersed com-
pounds. The spectra were recorded in the range between 200 and 3500 nm
with Perkin Elmer UV-Vis-NIR Lambda 19 spectrometer and in the range 400–
7500 cm−1 with FT-IR Bruker Equinox 55 spectrometer. The room temper-
ature Raman spectra of the crystals were collected with a Horiba Jobin Yvon
LabRam HR800 spectrometer and appropriate microscope with excitation beam
(λex = 633 nm) from the He–Ne laser and λex = 488 nm from the Ar laser. The
power of the beam at the sample was less than 1 mW to avoid damages of the
sample.

The initial optimization of the molecular geometry and normal vibrational
modes calculation for MnTNP+ cation was performed using ab initio Hartree–Fock
method with standard basis set STO-3G (Gaussian 03W [10] package); electron
excitations were calculated with the Hartree–Fock time-dependent self-consistent
field method (TD-SCF) with the same standard basis set. Because the investi-
gated molecules are very big, the calculations are extremely difficult and time
consuming; moreover, the iron atom in some of the measured materials addition-
ally complicates the calculations. It is necessary to mention that our attempts to
use the density functional theory (DFT) and semi-empirical methods like Austin
Model 1 (AM1) or parameterized model number 3 (PM3) were unsuccessful. Some
mode description was made by visual inspection of the individual modes using the
GaussView program. The normal modes assignment was performed based on the
experimental and theoretical data.

3. Results and discussion
Electronic absorption spectra of the fullerene (C60 or C70) complexes of

µ-oxo-dimer of Fe with tetraphenylporphyrin ((TPP-Fe)2O-C60/70), µ-oxo-dimer
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(TPP-Fe)2-O and fullerenes C60 and C70 are shown in Fig. 2. The spectrum
of (TPP-Fe)2-O is dominated by broad, complex band centered at 432 nm and
several weaker bands observed at about 546, 320, 285, and 242 nm. The former
band should be assigned to B band also called Soret band. This band is typical
of porphyrin dyes and corresponds to a strong transition from the ground state
of the second excited state S0 → S2; it appears usually between 380 and 460 nm.
For the same central metal, their position depends on the porphyrinic ligand, and
of the substituents placed in meso-position of the macrocycle (phenyl, naphtyl,
tolyl) [11]. The Soret band shows doublet structure in porphyrin dimers [12]. The
band adequate to the Soret one predominates over remaining absorption bands
of (TPP-Fe)2O-C60 and (TPP-Fe)2O-C70 complexes; the bands of the fullerenes
are scarcely detectable. The main spectral change after the fullerene complexes
formation is a decrease in the short-wave component of the broad band. The
spectra of the fullerenes C60 and C70, shown also in both Figs. 2 and 3, are
dominated by the bands at 264, 340, and about 450 nm for the former and at
245, 281, 391, 523, and 577 nm for the later, respectively. Similar bands have
been observed and assigned to appropriate dipole-allowed electronic transitions by
Leach et al. [13].

Fig. 2. Electronic absorption spectra of fullerene (C60 and C70) complexes of µ-oxo-

-dimer of Fe with tetraphenylporphyrin (TPP-Fe)2O-C60/70, µ-oxo-dimer (TPP-Fe)2-O

and fullerenes C60 and C70.

Experimental electron absorption spectra of fullerene C60 and C70 complexes
of µ-oxo-dimer of Mn with tetranaphthylporphyrin (TNP-Mn)2O-C60/70, µ-oxo-
-dimer (TNP-Mn)2-O and fullerenes C60 and C70 are shown in Fig. 3. The spec-
trum of (TNP-Mn)2O-C60 contains the bands at 261, 337, 379, 419, 487, 591, and
631 nm; only the bands at 261, 337, and 487 nm are relatively strong and well
separated. The bands at 261 and 337 nm correspond to C60 dipole-allowed elec-
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Fig. 3. Electronic absorption spectra of fullerene C60 and C70 complexes of µ-oxo-

-dimer of Mn with tetranaphthylporphyrin (TNP-Mn)2O-C60/70, µ-oxo-dimer

(TNP-Mn)2-O and fullerenes C60 and C70. In the inset experimental spectrum of

(TNP-Mn)2-O and calculated excitations of cation are shown.

tronic transitions usually observed at 264 and 340 nm, respectively, but the band
at 487 nm is assigned to µ-oxo-dimer’s band at 488 nm. Hypsochromic shifts of the
fullerene bands by 3 nm and small bathochromic shift of the µ-oxo-dimer band tes-
tify to charge transfer after the complex formation. Similar effect can be observed
for (TNP-Mn)2O-C70 complex. The bands assigned to C70 are registered at 283
and 385 nm and to the µ-oxo-dimer — at 489 nm. Some bands in many fullerene
complexes and adducts are strongly blue-shifted and broadened as well, e.g. in
the bis-linked TTF-fullerene derivatives [14, 15], perylenediimide-fullerene dyad
[16], fullerene-modified porphyrin dyad [11], and meso,meso-linked oligoporphyrin
bearing one or two fullerene moieties [17].

In order to interpret observed electronic bands of (TNP-Mn)2-O, quantum
chemical calculations of excited states of MnTNP+ cation were performed with
TD-SCF using the standard basis set STO-3G. In the inset of Fig. 3, the ex-
perimental spectrum of (TNP-Mn)2-O and calculated excitations of MnTNP+

cation are shown. The simulated excitations assigned to the Soret band are lo-
cated between 400 and 450 nm. The correspondence of experimental and cal-
culated excitations is acceptable for such complicated molecule as µ-oxo-dimer
(TNP-Mn)2-O is.

Infrared absorption spectra of the fullerene complexes with various µ-oxo-
-dimers were recorded in the large spectral range, but only for the range from
400 to 1500 cm−1, are presented in Fig. 4. In this range, the most interest-
ing vibrational features occur. The typical IR spectra evolution is shown for
(TNP-Mn)2O-C60 and (TNP-Mn)2O-C70 complexes; as references, the spectra of
µ-oxo-dimer (TNP-Mn)2-O and fullerenes C60 and C70 are also shown. The spec-
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tra of both complexes are dominated by vibrational bands of the µ-oxo-dimer.
The distinct band 1460 cm−1 is assigned to C=C vibrations, the band 1250 cm−1

with weak, supplementary bands between 1170 and 1350 cm−1 are attributed to
C–H in-plane bending vibrations, the same attribution is suggested for broad and
complex bands in the range 1000 to 1150 cm−1. In fact, an unusual shape of the
band is rather strange but the µ-oxo-dimer containing two tetranaphtylporphyri-
natomanganese rings chemically bonded by metal–oxygen–metal bond is a very big
and complex molecule, which displays several C–H in- and out-of-plane vibrations
of various molecular fragments of Mn-porphyrin, phenyl and naphthyl groups. All
these vibrations overlap in the range under discussion. Similar effect has been ob-
served by us for much smaller meso,meso-linked oligoporphyrin bearing one or two
fullerene moieties [17]. The strong and broad bands below 900 cm−1 are probably
dominated by overlapping of out of plane C–H deformations of the cycles.

Fig. 4. Vibrational absorption spectra of fullerene C60 and C70 complexes of µ-oxo-

-dimer of Mn with TNP; pristine µ-oxo-dimer and respective fullerenes are added for

comparison.

All above mentioned vibrations are observed in very similar form and at
nearly the same frequencies in the complexes with the fullerenes. Of course, the
lines typical of C60 or C70 fullerenes are detectable at the same frequencies as
for pristine fullerenes. Thus, the vibrational spectrum of the complexes is a su-
perposition of the spectral characteristics of both fullerene and µ-oxo-dimer. The
small, nearly undetectable shifts of band frequencies suggest that charge trans-
fer between the species forming the investigated complexes is very small. Thus,
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TABLE

Description of the calculated Raman lines of the MnTNP+ cation.

Indication Raman Approximate description

of the line shift

[cm−1]

1 255 out of plane deformation

2a 357 in plane Mn–N stretching and naphthalene groups deformation

2 406 in plane Mn–N stretching and C=C stretching

2b 449 out of plane deformation

3 560 in plane N–Mn–N bending and naphthalene groups deformation

4 650 out of plane deformation and naphthalene groups deformation

5 736 mainly naphthalene groups deformation

755

758

6 839 out of plane C–H bending (all C–H bonds) and out of plane

deformation842

851

7 887 out of plane C–H bending (C–H bonds in naphthalene groups

only)936

968

8 1000 in plane C–C=C bending (center) and C–H bending (naphtha-

lene groups)

9 1033 in plane C–H bending (center) and out of plane C–H bending

(naphthalene groups)

10 1151 in plane Mn–N stretching (symmetrical) and out of plane C–H

bending

11 1239 in plane C–H bending (center only)

1240

12 1332 in plane Mn–N stretching and in plane C–H bending (center)

the complexes of fullerenes with selected µ-oxo-dimers are of van der Waals type.
Contrary to these and similar molecular complexes, the formation of chemically
bonded fullerene-porphyrin dyad usually causes important changes in the elec-
tron distribution on the porphyrin moiety. This effect dramatically affects the
vibrational force constants, and as a result, the frequencies and line widths of the
porphyrin moiety bands [17].

Raman scattering spectra, because of different selection rules, give comple-
mentary information on normal vibrations observed in the IR. This is why we have
recorded the Raman spectra of the fullerene C60 and C70 complexes of µ-oxo-dimer
of Mn with TNP and adequate µ-oxo-dimer, excited with λex = 488 nm (Fig. 5).
The spectra are dominated by the Raman lines of the µ-oxo-dimer though the
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Fig. 5. Raman scattering spectra of fullerene C60 and C70 complexes of µ-oxo-dimer

of Mn with TNP together with the respective µ-oxo-dimer, excited with λex = 488 nm.

Fig. 6. Experimental Raman spectrum of (MnTNP)2O and calculated spectrum of the

respective cation (see Table for the calculated Raman lines description).

weak lines of the fullerenes are detectable. Analysis of the spectra of two fullerene
complexes confirms our conclusions from the infrared studies that they are su-
perposition of the spectra of both moieties of the complex. The intensities of
the Raman lines strongly depend on the wavelength of the exciting light. De-
tailed analysis of the spectra of fullerene C70 complex of µ-oxo-dimer of Mn for
λex = 488 nm and 633 nm confirms above conclusion.

Experimental Raman spectrum of (MnTNP)2O and calculated spectrum of
adequate cation are shown in Fig. 6. An assignment of the main vibrational
bands of the cation was made taking into consideration the experimental data
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and results of the normal mode analysis. Description of the Raman lines of the
cation is collected in Table. These data enable us to assign the observed bands of
µ-oxo-dimer of Mn as well as other investigated spectra.

4. Conclusion

It was stated that charge redistribution occurs in both fullerene and por-
phyrin moieties upon formation of the fullerene-µ-oxo-dimer complexes. This
effect is mainly observed as detectable shifts and/or small broadening of both
electronic and vibrational bands in comparison with respective free µ-oxo-dimers
and fullerenes features. More detailed spectral studies go on.
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