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Abstract

Herein we present the first Mn–K edge EXAFS spectra recorded for manganese(III)porphyrin catalysts containing [Mn{T(4-N-
MePy)P}(L)n]5+ (where L = oxygenated or nitrogenated axial ligands,n = 1 or 2) grafted onto modified silica-surfaces with propylim-
idazole, IPG (3), sulfonatophenyl, SiSO3− (4), and both, SiSO3−IPG (5), where T(4-N-MePy)P is the ligand 5,10,15,20-tetra(4-N-
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ethylpyridyl)porphyrinate. From the data analysis and the refinement results, we have obtained the following structural in
oncerning to the coordination environment around the Mn(III) ion: four Mn–N at 2.00Å and two Mn–N/Oaxial at 2.26Å for 3; four Mn–N
t 2.03Å and two Mn–Oaxial at 2.27Å for 4, and four Mn–N at 2.02̊A and two Mn–N/Oaxial at 2.28Å for 5. Correlations of EXAFS data wi
V–vis spectra pattern and other properties such as colors of the materials allowed distinguishing between materials3, 4 and5. Materials4
nd5 belong to the same category, which involves ionic complex–support interaction. Furthermore, there are evidences for the co
f the imidazolic ligand to the manganese(III) ion in3 and5 from qualitative analysis of XANES data. In the case of the catalyst5, bearing
oth sulfonate and imidazole as functional groups, we have suggested that the nature of the [Mn{T(4-N-MePy)P}(L)n]5+–support interactio

s predominantly of ionic character, even though the existence of Mn–imidazole bonds can be detected.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Immobilization of metalloporphyrins to solid matrixes,
uch as silica[1] and chemically modified silica surfaces
2], zeolites[3] or organic polymers[4] have been carried
ut, preferentially, with the aim of obtaining more efficient
atalytic systems for oxidations catalyzed by these metal
omplexes, which mimic the action of heme-enzymes (perox-
dases[5] and cytochrome P450[6]). This immobilization of

etalloporphyrins to solid supports can influence the chem-
stry of these catalytic systems since the support provides
n environment of reaction and can lead to site-isolation of

∗ Corresponding authors. Tel.: +55 16 602 3716; fax: +55 16 633 8151.
E-mail address: iamamoto@usp.br (Y. Iamamoto).

the catalyst. Furthermore, the solid support provides a h
stability for the catalyst and possibility of recovery and re

In spite of these advantages supplied by the solid sup
and potential applications in the industrial field, there
lack regarding the structural characterization of immobil
metalloporphyrins, namely, a higher understanding a
the coordination environment of the metal ion, wh
would require information at molecular and atomic lev
Lindsay Smith and co-workers[7] studied, by UV–vis
spectroscopy, resonance Raman and electron parama
resonance (EPR), the coordination environment ar
central Fe in the materials constituted by the Fe-porph
[Fe(TPFP)(L)n]+ and [Fe(TDCPP)(L)n]+ [8] coordinatively
bound to imidazole and pyridine groups on organic polym
(polystyrene imidazole and polyvinylpyridine) and
surface of silica (propylimidazole and butylpyridine). Th

381-1169/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2005.07.039
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obtained evidence that Fe-porphyrins on the flexible organic
polymers are all low-spin six-coordinate Fe(II) species
and on the rigid chemically modified silica surfaces the
Fe-porphyrins are five-coordinate and high spin.

All Mn(III)porphyrins are paramagnetic but they have an
even number of unpaired electrons and hence their EPR is
difficult to measure. Raman can distinguish various coor-
dination environments for porphyrin complexes but cannot
give accurate parameters. Moreover, spectral changes in the
UV–vis spectrum caused by the coordination of ligands
such as imidazole or pyridine are often subtle, thus most
of the times they cannot be distinguished with reliance in
the spectra of complexes immobilized in/on rigid solids,
since the solid can raise some distortion or different inter-
actions with the molecule of the metal-complex leading to
some changes in the UV–vis spectrum[1b]. These proper-
ties make difficult a study of characterization at atomic-level
for supported Mn(III)porphyrins, which have been reported
as very efficient catalysts in several oxidation reactions
by single oxygen donors, such as iodosylbenzene[1a,9],
KHSO5 [4a,10]or H2O2 [11]. In this sense, X-ray absorp-
tion spectroscopy (XAS) is a promising technique to char-
acterize these Mn(III)complex-catalysts since it is a local
structure probe, which can provide information about coor-
dination number, bond length and oxidation state of the
metal ion and does not require the presence of long-range
o such
a row-

ing interest on the structure–activity correlation of cata-
lysts containing immobilized Mn(III)porphyrin complexes,
only few studies have used XAS technique to investigate
Mn-porphyrin systems[12–15]. In the case of the materi-
als prepared by the incorporation of MnTPP halides into
a NAFION matrix, which consist of a perfluorinated poly-
mer bearing sulfonate groups, Mn–K EXAFS (extended
X-ray absorption fine structure) was useful to demonstrate
the nature of the Mn(III)TPP–matrix interactions[13]. The
stability of iron and copper complexes of the cationic por-
phyrin used in our studies has also been investigated by
XAS techniques when immobilized on montmorillonite clay
[16].

In this paper, we report EXAFS studies of the catalyst-
materials [Mn{T(4-N-MePy)P}(L)]-IPG (3) [Mn{T(4-N-
MePy)P}(L)2]-SiSO3 (4) and [Mn{T(4-N-MePy)P}(L)]-
SiSO3 (IPG) (5), which consist of the cationic com-
plex [Mn{T(4-N-MePy)P}(L)2]5+ supported on modified
silica IPG, SiSO3− and SiSO3− (IPG) (Fig. 1), in
order to address the nature of the interaction between
Mn(III)porphyrin and solid support and the coordination
environment around the Mn(III) ion. In order to help the anal-
ysis of the supported catalysts, a previous characterization,
by UV–vis, as well as EXAFS of the unsupported com-
plexes [Mn{T(4-N-MePy)P}(L)n]Cl5 (1) and [Mn{T(4-N-
MePy)P}(imidazole) ]Cl (2) have been carried out. Accord-
i uch
a

rder, allowing the analysis of non-crystalline samples,
s silica-based materials. However, in spite of the g
Fig. 1. [Mn{T(4-N-MePy)P}]5+ and suppo
2 4
ng to our knowledge, this is the first work focusing on s
pproach to this class of materials. The complex [Mn{T(4-
rts IPG, SiSO3− and SiSO3
− (IPG).
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N-MePy)P}(H2O)2]5+ was chosen mainly since its crystallo-
graphic structure has been established[17].

2. Experimental

2.1. Reagents and materials

The precursor porphyrin T(4-N-MePy)PH2 was purchased
from Midcentury. All solvents and reagents were of com-
mercial grade unless otherwise stated and were purchased
from Merck, Aldrich and Mallinckrodt. Solvents were used
as received.

2.1.1. Preparation of the complexes [Mn{T(4-N-
MePy)P}(L)2]Cl5 and [Mn{T(4-N-MePy)P}
(imidazole)2]Cl4
2.1.1.1. [Mn{T(4-N-MePy)P}(L)2]Cl5 (1). Manganese ins-
ertion into T(4-N-MePy)PH2 was reached by heating the
free-base porphyrin and MnCl2·4H2O at reflux in H2O
according methodology described by Adler et al.[18]. At
the end of the reaction, Mn porphyrin obtained was sepa-
rated by precipitation through the addition of NH4PF6 to
the solution. Mn(III)porphyrin was converted to the chlo-
ride complex using a Dowex 1× 2–400, 2% cross-linking,
200–400 dry mesh ion exchange resin (Aldrich) with HO
a
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2.2. Instrumental

2.2.1. UV–vis spectra
UV–vis spectra were recorded on a Hewlett-Packard 8453

Diode Array UV–vis spectrophotometer. In the case of sup-
ported Mn(III)porphyrins, spectra were recorded in a 2 mm
path length quartz cell, with the supported catalyst in a sus-
pension of CCl4. The “blank” was recorded previously and
consisted of a support/CCl4 suspension.

2.2.2. EXAFS data collection and analysis
The experiments were carried out on the XAS beam-line

at the National Synchrotron Light Laboratory (LNLS). The
operating current was between 200 and 100 mA (1.2 GeV).
The line was equipped with a Si(2 2 0) double-crystal
monochromators. The X-ray energy was calibrated using a
Mn foil (6540 eV). The samples were obtained as fine power
and packed into∼1 mm sample holders between KAPTON
foils. Data were collected in the fluorescence mode with a
15-element Ge solid state X-ray fluorescence detector[19].
The two unsupported complexes were analysed using thin
samples to reduce the self-absorption effects. The absorption
was related with the fluorescence signal divided by the inci-
dent beam (A = F/I0). Three and two scans were obtained for
the catalyst and reference samples, respectively. Each scan
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2
s eluent. The Mn(III)porphyrin obtained (λmax= 464 nm

n water in the UV–vis spectrum; 65% yield) gave o
pot by TLC on alumina (methanol as eluent). Anal. Ca
44H36N8Cl5Mn·13H2O: C, 46.22; H, 5.48; N, 9.80. Foun
, 46.53; H, 5.70; N, 9.64.

.1.1.2. [Mn{T(4-N-MePy)P}(imidazole)2](PF6)5 (2).
wo-fold excess of imidazole was added to a solutio
Mn{T(4-N-MePy)P}(L)2](PF6)4 in MeCN that was kep
nder reflux for 7 h. The solvent was evaporated till dryn
λmax= 468 nm in water in the UV–vis spectrum).

.1.2. Solid supports
The solid supports IPG, SiSO3− and SiSO3− (IPG)

Fig. 1) were obtained and characterized previou
11b].

.1.3. Preparation of supported
anganese(III)porphyrins
Mn(III)porphyrins bound to the solid supports we

btained by stirring a solution of Mn(III)porphyrin
ethanol with a suspension of support for about 30 min.

esulting catalysts [Mn{T(4-N-MePy)P}(L)n]-supports wer
ashed with methanol in a Soxhlet extractor overnigh

emove unbound and weakly bound Mn(III)porphyrin. T
olids were dried for 3 h at 100◦C. The loadings were quan
ed by measuring the amount of unloaded Mn(III)porphy
n the solvent washings, by UV–vis spectroscopy and
ated values 7.0–7.5�mol/g of support for the three sol
aterials.
onsisted of a set of multiple spectra and their averages
sed for the analysis. The data reduction was carried out

he program WinXAS 1.2[20] on a Pentium PC. To smoo
hese spectra the Golay–Savitzky algorithm was empl
etween 6440 and 7100 eV. A linear fit to points before
bsorption edge was subtracted, and the data were norm

o absorption amplitude of unity at the edge by extrapola
f a second-order polynomial fit to data till 7085 eV. The d
ere transformed to a function of the wave vectork, where
= [(E − E0)2me/h2]1/2. The Fourier transform of thek-space
ata gave peaks atR-space (pseudo-radial distance). Thk-
pace data were truncated at∼2.00 and∼10.8Å−1 due a
race concentration of iron in the samples and because
pectra presented a low signal:noise ratio at higherk values
he FEFF 7.0[21] input files (seeSupporting Informatio
1) for the calculation of the backscattering amplitudeF(k),
haseδ(k) and the photoelectron pathλ were generated b
KATOMS [22] given a set of crystallographic coordina
f the complexes [MnT(4-N-MePy)P}(H2O)2]Cl5 [17] and

Mn(TPP)(Py)Cl][23].
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The simulation and refinement of the data were perfor
ollowing the XAS Eq.(1). During the refinement of th
rst coordination shell single scatterings the Debye–W
actorsσ2 were set between 0.001 and 0.008, the Mn–Np dis-
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tancesR were constrained using the values of known XRD
structures, whereas the coordination numberN, the axial lig-
and distance and theS2

0 factor were fixed. Usually, depending
on the data quality, this technique allows estimating struc-
tural parameters with errors around 0.01–0.02 for interatomic
distances and 5–20% for coordination numbers[24]. The
complete fitting results and details on correlation and con-
strains are presented asSupporting Information (S2 to S6).
The refinement profiles were expressed in terms of optimiza-
tion curves (R factor versusχ2

ν (CHI reduced)) whereR, the
goodness-of-fit, is given as in Eq.(2) andχ2

ν is defined in Eq.
(3):

R =
∑N

i=1

∣∣yexp(i) − ytheo(i)
∣∣∑N

i=1

∣∣yexp(i)
∣∣ × 100 (2)

χ2
ν = 1

(Ni − np)σ2

N∑
i=1

[yexp(i) − ytheo(i)] (3)

3. Results and discussion

3.1. Characterizations of unsupported
Mn(III)porphyrins [Mn{T(4-N-MePy)P}(L)2]Cl5 (1)
and [Mn{T(4-N-MePy)P}(imidazole)2]Cl4 (2) by
E
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minimum of χ2
ν. The fitting results for the five-coordinate

complex are given asSupport Information (S2). The dis-
tance for this Mn–Laxial bond is close to the Mn–Cl dis-
tance in [Mn(TPP)(Cl)(py)][23]. However, the use of its
XRD structure to simulate and to refine the first coordination
shell of this complex, did not afford good results (data not
shown). Theoretically, it is possible to distinguish between
O and Cl [25a], however as the resolutions of our exper-
imental data are around�R ≥ 0.2Å, these two shells will
be not resolvable. Therefore, it can be suggested that both
Cl− and H2O are present as axial ligands, with an elon-
gated distance due to the effects of the electronic structure of
six-coordinate Mn(III)porphyrins[26]. For the unsupported
complex2, the same approach gave Mn–N distance at 1.99Å
and Mn–Laxial at 2.40Å. The structure of [Mn(TPP)(Cl)(py)]
was considered for the refinement, but the fit using the crys-
tallographic data of [Mn{T(4-N-MePy)P}(H2O)2]5+, having
a six-coordinate structure, gave lowerR factor andχ2

ν values
by 6.4 and 14%, respectively. In the case of a five-coordinate
environment, theR factor was reduced only by 3.5%, while
theχ2

ν value increased by 11% (seeSupport Information S2
and S3).

3.2. Characterizations of supported Mn(III)porphyrins
by UV–vis spectroscopy

up-
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S 0 2.524

S 0 0

2O)2]C
l], from
XAFS spectroscopy

Complexes1 and 2 were analysed by EXAFS befo
heir immobilization on the solid supports. This charac
zation has been performed in order to help the analys
he supported catalysts and the results are shown inFig. 2
nd Table 1. In order to determine the structural param

ers, refinements were carried out for five- and six-coord
tructures, while the attenuation factorS2

0 was kept as 0.8
r 1.0. The bond lengths were selected according to the
ization profiles,R factor andχ2

ν curves as a function of th
istance between the manganese ion and2 collected in the flu
rescence mode. The interatomic distances are in Angs

For the unsupported complex1, the Mn–Naveragedistance
btained was 1.99̊A. The five-coordinate and six-coordina
ts using the structure of [Mn{T(4-N-MePy)P}(H2O)2]5+

esulted in very closeR values, however the minimum ne
.48Å for the six-coordinate complex coincides with

able 1
XAFS fitting results for the first coordination sphere in the complexe1 a

Mn–N Mn–N/Oaxial N E0 (eV)

ample1a 1.99 2.48 6 6552.1
σ2 (Å2) 0.0054 0.008
�E0 (eV) −1.91 −3

ample2b 1.99 2.40 6 6551.4
σ2 (Å2) 0.0044 0.008
�E0 (eV) 0.6 3

a XRD structural parameters used from the complex [Mn{T(4-N-Py)P}(H
b XRD structural parameters used from the complex [Mn(TPP)(Py)C
As previously mentioned, the characterization of s
orted Mn(III)porphyrins by UV–vis spectroscopy provid
s a first approach, reliable information about the p
nce of the Mn(III)porphyrin on the supports due to
haracteristic spectrum of these complexes[27]. The elec
ronic spectra of the solid materials3, 4 and5 are shown in
ig. 3.

A more detailed comparison of the three spectra inFig. 3
ndicates the B and C spectra are very similar, and spectr
hows a slightly different pattern. From this consideration
ased on the studies of Maclean et al.[28], who describe
tudies of UV–vis for the material [Mn(TPP)]-Nafion a
rgued that a decrease in the value ofR (a ratio betwee
and V, here at 468 nm, and VI, here at 404 nm) is ind

ive of an increase in the six-coordination trend. The va
f this ratio estimated for the supported catalysts are

ollowing: [Mn{T(4-N-MePy)P}]-IPG (r = 2.1), [Mn{T(4-

factor S2
0 χ2

ν �k (Å−1) �R (Å)

.1331 0.85 274.87 2.1611–10.848 0.983–

.1167 0.85 504.76 2.063–11.0 0.7–2.5

l5, from Ref.[17].
Ref.[23].
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Fig. 2. Fourier transformk3 (modulus + imaginary part) with the refined simulations for the first coordination shells (open circles, theoretical; solid lines,
experimental) and the refinement profiles (black circles,χ2

ν , open squares,R factor) with parameters given inTable 1: (a) Mn(III)porphyrin complex without
imidazole (1) and (b) Mn(III)porphyrin complex + imidazole (2).

N-MePy)P}]-SiSO3 (r = 1.9) and [Mn{T(4-N-MePy)P}]-
SiSO3 (IPG) (r = 1.7). Therefore, UV–vis study can suggest
that materials4 and 5 should have the Mn six-coordinate,
while 3, which does not contain anionic sulfonate groups on
this surface, should have Mn ion, although six-coordinate,
one imidazole as fifth ligand and probably the sixth weakly
coordinated solvent ligand such as MeOH. The similarities
between the UV–vis spectra of materials4 and5 can be under-
stood if it is considered the involvement of same Mn–support
ionic interactions and complexes geometry (Fig. 5). Other
properties also confirm such similarities, for instance,4 and
5 have the same color (reddish brown), whereas3 is greenish
brown. Also, as we will see through EXAFS data, the bond
distances for both,4 and5 are too close.

3.3. Characterizations of supported Mn(III)porphyrins
by EXAFS spectroscopy

The last step of the work, and the main target of it,
was the analysis by EXAFS of the supported catalysts
(Mn(III)porphyrins on modified silica surfaces) in order to
understand the coordination environment around the central
Mn(III) ion present in the solid materials.

Comparing the FTs,χ(k) × k3 versusR (Å) shown in
Figs. 2 and 4, a subtle similarity is observed between
the spectra of [Mn{T(4-N-MePy)P}(L)]-IPG, [Mn{T(4-N-
MePy)P}(L)]-SiSO3 (IPG) and unsupported complex2 in the
region of the second coordination sphere single-scattering
and multiple-scattering, while the spectra of [Mn{T(4-N-
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Fig. 3. UV–vis spectra of: (A) [Mn{T(4-N-MePy)P}]-IPG,3, (B) [Mn{T(4-
N-MePy)P}]-SiSO3 (IPG), 5 and (C) [Mn{T(4-N-MePy)P}]-SiSO3, 4 as a
suspension of CCl4.

MePy)P}(L)2]-SiSO3 and unsupported complex1 are closely
related.

These results suggested that in the materials3 and5 the
Mn(III)porphyrin is bound to the matrix through the nitrogen
of the imidazole ring of the silica-support. On the other hand,
the EXAFS analysis suggests that in4 the Mn(III)complex is
bound to the silica-support by ionic interactions, with the two
axial positions occupied by oxygen atoms. In order to confirm
this hypothesis, the refinement of the first shell was carried
out applying the same approach used for the unsupported

complexes. The FT peaks related to the contributions of the
first coordination shells were simulated using the atomic
coordinates of the two six-coordinate complexes mentioned
before. Keeping the axial ligand distance, the coordination
number and the attenuation factorS2

0 fixed, each refinement
was carried out for a given Mn–Laxial distance by varying the
Debye–Waller factor, the Mn–N distances andE0 parame-
ters during the fit. The refinement results are displayed in the
form of optimization profiles (R factor versusχ2

ν as depicted
in Fig. 5). The refinement results for the first coordination
spheres are shown inTable 2. It is worth pointing out that
the differences inχ2

ν values are related mainly to the con-
centration of the sample, since in the unsupported complexes
the concentration of manganese is higher than in the catalyst
materials, what results in higher values ofχ2

ν for the unsup-
ported samples.

From the XRD structure of [Mn(TPP)(Py)Cl] the dis-
tances Mn–Naverage, Mn–Naxial and Mn–Cl are 2.01, 2.44 and
2.467Å, respectively[23]. In the structure of the [Mn{T(4-
N-MePy)P}(H2O)2]Cl5 the Mn–Naverage distance is 2.01Å
and the Mn–O is 2.22̊A [17]. Initially, the refinement of
the parameters for the materials3 and 5 were performed
using the XRD coordinates of the [Mn(TPP)(Py)Cl] without
Cl− as the sixth ligand. In the case of3, the six-coordinate
model gave the deepest minimum at 2.26Å with R factor
o om-
p lts
f

F
r
t

3
ig. 4. Fourier-transformedk (modulus + imaginary part) with the refined sim
efined shells (middle panel) and EXAFS× k3 signals with parameters given inTa
heoretical; solid lines, experimental).
f 17% that is 18% lower than for the five-coordinate c
lex (Support Information S4). However, the best fit resu

or 5 were obtained with the XRD parameters of [Mn{T(4-
ulations for the first coordination shells (top panel), back-transforms of the
ble 2. (a) IPG (3), (b) SiSO3

− (4) and (c) SiSO3− (IPG) (5) (open circles,
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N-MePy)P}(H2O)2]Cl5, decreasing theR factor andχ2
ν by

33 and 22%, respectively. Comparing the fits with coor-
dination numbers 5 and 6, it was observed that the six-
coordinate structure reduced theR factor by 27% (seeSupport
Information S6). The similarity between the Mn–Naveragedis-
tances, 2.03̊A for 4 and 2.02Å for 5, that are longer than the
average distances found in six-coordinate Mn(III)porphyrins,
is an indication that the SiSO3− bearing supports leads to a
distortion of the porphyrin ring. The difference of±0.02Å
between the Mn–Laxial distances for3–5 is in the range
of typical systematic error in EXAFS analysis[24]. Even
though is not possible to distinguish the origin of the oxy-
gen atom by this EXAFS analysis, this Mn–O distance is
found in the structure of [Mn(TPP)(H2O)2]ClO4 [29]. The
solvent used for the immobilization of the complex on to the
matrix surface was MeOH, then its presence as axial ligand

cannot be ruled out, since in the reported XRD structure of
[Mn(TPP)N3(CH3OH)] the Mn–O distance is 2.329̊A [30].
As pointed by Maclean et al.[13], the competition between
the oxygen atoms from the support and from the solvent for
the axial positions should not be excluded, although in our
examples the anionic ligands will interact, most likely, with
the cationic functional groups of the porphyrin ring.

In the case of4, the material covered only with sulfonate
groups, the best fitting result (R = 18.30%) was achieved con-
sidering that the Mn(III) coordination environment is formed
by six atoms, while setting a five-coordinate model increased
this agreement factor by 36% (seeSupport Information S5).
The addition of Cl− as axial ligand did not improve the
refinement (data not shown). If these results are compared
with those from the previous section, the main differences in
the structural parameters, Mn–Naverageat 1.99Å with longer

F
a

ig. 5. Optimization profiles of the refined simulations for the first coordinat
nd, (c) SiSO3− (IPG) (5).
ion shells whose parameters are given inTable 2: (a) IPG, (3), (b) SiSO3
− (4),
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Table 2
EXAFS fitting results for the first coordination sphere in the supported catalysts3–5 collected in the fluorescence mode

Mn–N Mn–N/Oaxial N E0 (eV) R factor S2
0 χ2

ν �k (Å−1) �R (Å)

Sample3a 2.00 2.26 6 6551.5 0.1710 0.85 34.052 2.0892–10.852 0.7172–2.444
σ2 (Å2) 0.0055 0.0023
�E0 (eV) 1.03 1.96

Sample4b 2.03 2.27 6 6552.6 0.1830 1.0 6.0854 2.154–10.865 0.7172–2.474
σ2 (Å2) 0.008 0.008
�E0 (eV) 1.7117 −3

Sample5b 2.02 2.28 6 6552.6 0.1670 1.0 5.57 2.1335–10.80 0.728–2.40
σ2 (Å2) 0.0066 0.008
�E0 (eV) 0.1234 −3

The interatomic distances are in Angstrom.
a XRD structural parameters used from the complex [Mn(TPP)(Py)Cl], from Ref.[23].
b XRD structural parameters used from the complex [Mn{T(4-N-Py)P}(H2O)2]Cl5, from Ref.[17].

M–Laxial distances, suggest that the immobilization of the
cationic Mn(III)porphyrin complex leads to a distortion of
its structure.

The qualitative analysis of the XANES data (Support
Information S7) points to the presence of the coordinated
imidazole ring for the materials3 and5, since it is known
that this region of the XAS spectra is more sensitive to the
multiple scattering than the short-range EXAFS structures
[25]. The multiple scattering effects from the Mn–imidazole
bond should be the reason for the characteristics signals
[31] observed in the higher energy part of the spectra of3
and5.

According to the previous considerations, some other
properties, such as the UV–vis studies, colors of these mate-
rials and their resistance against leaching when washed with
methanol in a Soxhlet system, also point for the kind of
Mn(III)porphyrin–support interaction in these materials. For
instance,4 and 5 have the same color (reddish brown),
whereas3 is greenish brown. In addition,4 and5 undergo
1 and 2% of leaching when washed with methanol in Soxhlet
extractor for∼8 h, while3 presents 5% of leaching under the
same conditions[11b]. Therefore, these characteristics put
the materials4 and5 at a same category since they suggest
that in both the Mn(III)porphyrin–support interaction occurs
rather by ionic binding through positive charges present on
the N-methylpyridyl groups of the Mn(III)complex and the
n nt on
t ould
b
M -
s tive
b and
M

4

at-
t tance

of these materials during Soxhlet extractions, allowed us to
address the kind of interaction between the cationic [Mn{T(4-
N-MePy)P}(L)n]5+ and the solid supports IPG (3), SiSO3

−
(4) and SiSO3− (IPG) (5). In [Mn{T(4-N-MePy)P}(L)]-IPG
(3), the Mn(III)porphyrin is bound to the support by coordi-
native bonding between imidazole groups and the Mn(III),
characterized by greenish-brown color and its corresponding
UV–vis spectrum. Conversely, [Mn{T(4-N-MePy)P}(L)2]-
SiSO3 (4) and [Mn{T(4-N-MePy)P}(L)]-SiSO3 (IPG) (5) are
reddish-brown and, in addition, present very similar UV–vis
spectra. The Mn(III)porphyrin–support interaction occurs by
ionic interactions, through the positive charges of the 4-N-
methylpyridyl moieties and the sulfonatophenyl residues of
the support. In the case of [Mn{T(4-N-MePy)P}(L)]–SiSO3
(IPG) (5) the predominant Mn(III)porphyrin–support inter-
action is ionic, but, in addition, there are also molecules of
[Mn{T(4-N-MePy)P}(L)]5+ that are coordinated to the imi-
dazole from the support. Furthermore, it is possible to infer
that the Mn–Naveragedistances from 1.99̊A for unsupported
Mn(III)porphyrins 1 and2, 2.00Å for the catalyst3 going
to 2.03Å for 4 and 2.02Å for 5, can be interpreted as the
presence of distortions in the porphyrin ring systems in these
last ones, due to the ionic nature of the interaction with the
supports.

We expect to extent this EXAFS study to other
M cat-
a ida-
z s of
h

A

rom
X n-
c ug-
g rom
C ully
a

egative charges of the sulfonatophenyl groups prese
he solid support and in both the coordination number sh
e the same. On the other hand, in the solid [Mn{T(4-N-
ePy)P}(L)n]-IPG 3 the immobilization Mn(III)porphyrin

upport is mainly due to the interaction via coordina
inding of the imidazole groups present on the support
n(III) complex.

. Conclusions

The correlation of the XAS data with UV–vis spectra p
ern and some properties such as color and the resis
n(III)porphyrin catalysts prepared in our lab, whose
lytic profiles showed a remarkable influence of the im
ole coordination on the selectivity of oxidation reaction
ydrocarbons by simple oxygen atom donors.
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Appendix A. Supplementary data

Supplementary data associated with this article can be
found, in the online version, at 10.1016/j.molcata.2005.
07.039.
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