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Synthesis and Characterization of Magnesium-Aluminum Layered Double
Hydroxides Containing (Tetrasulfonated porphyrin)cobalt
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We report the synthesis and characterization of a magne-
sium-aluminum layered double hydroxide (LDH) containing
[5,10,15,20-tetrakis(4-sulfonatophenyl)porphyrinato]cobalt(i)
(CoTPhsP) by two routes: (i) CoTPhsP intercalation by struc-
ture reconstruction of the calcined pristine LDH [Mg, gAl-
(CoTPhsP);,¢] and (ii) adsorption of the CoTPhsP on the exter-
nal surfaces of the noncalcined pristine LDH [Mgs;oAl-
(CoTPhsP),4s]. The intercalation and adsorption of CoTPhsP
in the LDHs were evaluated using different techniques, such
as X-ray diffraction, thermogravimetry, scanning electronic
microscopy, and surface area and porosity analysis. Further
characterization by electron spin resonance and UV/Vis
spectroscopy showed that the CoTPhsP molecules adsorbed
and intercalated in the LDHs are present as two predominant
species: the complex formed with molecular oxygen
(CoTPhsP-0O,) and the corresponding deoxy monomeric spe-
cies (CoTPhsP). The stability and reactivity of the CoTPhsP

immobilized in the LDHs were evaluated in the presence of
hydrogen peroxide solution. CoTPhsP in homogeneous con-
ditions is deactivated by molecular aggregation and/or oxi-
dative self-destruction in the presence of H,O,. On the other
hand, CoTPhsP stability and reactivity were improved when
adsorbed and intercalated in the LDHs. Mg3 ¢Al(CoTPhsP)qs
is more active than Mg, gAl(CoTPhsP);,; in the decomposition
of hydrogen peroxide to H,O and O,. A porosity analysis car-
ried out by N, adsorption-desorption experiments for the in-
tercalated material exhibited a type-IV isotherm characteris-
tic of nonmicroporous materials. Hence, the CoTPhsP mole-
cules located in the LDH galleries are not acessible to the
H,0O,, while the metal centers in the Mg3 (Al(CoTPhsP),qs
sample are more available, which may explain the enhanced
reactivity.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

Introduction

The intercalation of guest species in crystalline layered
host matrices is considered to be a versatile synthetic
method for the synthesis of nanostructured hybrid materi-
als. The intercalated materials are particularly attractive be-
cause different synthetic approaches provide routes to tune
the material properties by mediating the chemical composi-
tion of the host matrices and the intercalated species.'-?]

Among two-dimensional matrices, layered double hy-
droxides (LDHs) have been found to be an interesting sys-
tem for intercalation of different species.>¥ The LDH com-
position is represented by the general formula [M" ,)-
MM (OH)5](A"™)/,»zH>0, where A"~ is the interlayer anion
and M'" and M are di- and trivalent metals, respectively,
located in the positively charged brucite-like layers.’] LDHs
with different compositions can be synthesized by varying
the nature of M", M™ and A”. This versatility has al-
lowed the isolation of LDH materials with varied function-
alities, including their use as catalysts,! reinforced fillers in
organic polymers,l’! ion-exchangers for environmental re-
mediation,®! and, more recently, as drug® and gene carri-
ers.[1%
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Synthetic metalloporphyrins are a well-known class of
macrocyclic complexes that have been widely studied as cat-
alysts for organic reactions based on their selective activity
in catalyzed oxidations by heme enzymes such as, for exam-
ple, cytochrome P-450 and peroxidases.! !l However, the re-
activity of many synthetic metalloporphyrins is greatly re-
duced due to their molecular aggregation or oxidative self-
destruction in the reaction media. In the presence of hydro-
gen peroxide these porphyrins are used for catalytic oxi-
dation during important organic conversions due to the for-
mation of a high-valent oxometal-porphyrin active com-
plex.['! Nevertheless, synthetic metalloporphyrins can lead
to the undesired homolytic cleavage of H,O, with genera-
tion of hydroxyl radical (Fenton-type reaction), which is a
strong, nonselective oxidant of organic substrates and can
decompose the metalloporphyrin.!'?!

In order to overcome these disadvantages, synthetic
metalloporphyrins have been immobilized in different inor-
ganic and organic host networks.'3! In addition to the im-
proved stability and reactivity of the metalloporphyrin cata-
lyst, the immobilization in host matrices has been pointed
out as an interesting route for their “heterogenization”, fa-
cilitating the catalyst separation and recovery from the final
reaction mixture.['4]

Sulfonated and carboxylated metalloporphyrins interca-
lated into LDHs have been prepared by several synthetic
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routes, with various M2 and M3* ions and molar ratios in
the LDH composition, and also with different transition
metals in the porphyrin core.l'>2? Furthermore, nonmetall-
ated anionic porphyrins have also been used to prepare in-
tercalated LDHs.[2325 These nanostructured hybrid materi-
als have shown interesting properties as catalysts in organic
conversions,[!>18:191 gensitizers in photochemical assembl-
ies,['% and asymmetric charge-carriers for the development
of solar-energy conversion devices.[*]

We report in this work the synthesis of magnesium-alu-
minum LDHs containing [5,10,15,20-tetrakis(4-sulfonato-
phenyl)porphyrinato]cobalt(t1) (CoTPhsP) through two
synthetic routes: (i) the structure reconstruction of the cal-
cined Mg; gAl(OH)g ((CO3)o.5°xH,O pristine LDH in the
presence of the anionic porphyrin (reconstruction method);
(i1) adsorption of the anionic metalloporphyrin onto the ex-
ternal surfaces of the pristine LDH (Figure 1). To the best
of our knowledge this is the first report regarding the syn-
thesis and characterization of CoTPhsP adsorbed in a mag-
nesium-aluminum LDH and its successful intercalation into
the inorganic matrix by the reconstruction method. The iso-
lated materials were characterized by X-ray diffraction
(XRD), surface area and porosity analysis, thermogravime-
try (TGA), scanning electronic microscopy (SEM), electron
spin resonance (ESR), and infrared (IR) and electronic
(UV/Vis) spectroscopy. In addition, the stability and lon-
gevity of the immobilized porphyrins (adsorbed and in-
tercalated in the LDHs) were evaluated in the presence of
hydrogen peroxide.
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Figure 1. Schematic representation of CoTPhsP (a), Mg; (Al-CO5
LDH (b) and idealized immobilization of CoTPhsP in the LDHs
through adsorption (carbonate ions located between the layers are
omitted for clarity) (c) or intercalation (d).

Results and Discussion

Materials Characterization

A typical XRD pattern was found for Mg; (Al-COj3 pre-
pared by coprecipitation (a profile similar to those pre-
sented by hydrotalcite-like compounds): sharp and symmet-

1578 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ric peaks related to 00/ reflections and broad and less sym-
metric peaks related to Okl reflections (Figure 2a). The
peaks were indexed in a hexagonal cell with rhombohedral
symmetry, where ¢, = 23.4 A and ay = 3.06 A. From the ¢,
parameter, which corresponds to three times the distance
between adjacent layers, an interlayer distance of 7.80 A
could be calculated, which is typical for hydrotalcite-like
materials containing carbonate anions.!*!
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Figure 2. XRD patterns of Mg; ¢Al-COj3 (a), Mgz 0Al(CoTPhsP), 4
(b), and Mg, sAl(CoTPhsP);, (¢).

In relation to Mgz (Al(CoTPhsP),4s which contains the
CoTPhsP adsorbed on the LDH external surfaces, the
XRD pattern is identical to the Mg;,Al-CO3 precursor
(Figure 2b). This result shows, as expected, that the anionic
porphyrin is not ion-exchanged with carbonate anions in
the LDH.

The intercalated material isolated from the synthesis of
Mg, sAl(CoTPhsP);,, shows an XRD pattern different from
the Mg; ¢Al-COj3 precursor: a lower crystallinity and new
peaks observed in the 20 range 2.5-20° (Figure 2c¢).

Considering the same crystalline system used to assign
the LDH precursor peaks, we find cell dimensions of ¢y =
70.2 A and a, = 3.06 A. The former corresponds to an
interlayer distance of 23.4 A. By comparing the interlayer
distance between Mg; (Al-CO3; and Mg, sAl(CoTPhsP);,,
one observes that the porphyrin incorporation expands the
LDH layers by 15.6 A. Moreover, by subtracting the LDH
layer thickness (4.8 A) from the interlayer distance, the gal-
lery height of Mg, sAl(CoTPhsP);, is found to be equal to
18.6 A, which is similar to the dimensions of the metallo-
porphyrin molecular plane (ca. 18 18 A).23! These results
indicate that CoTPhsP has been successfully intercalated in
a perpendicular orientation to the LDH layers. Such a per-
pendicular arrangement has been observed for LDHs in-
tercalated with anionic metalloporphyrins!!®?% and non-
metallated anionic porphyrins,>*2°! using different syn-
thetic methods.

Characterization by infrared spectroscopy indicates that
CoTPhsP has been intercalated intact into the LDH. The
IR spectra (not shown) of both neat and intercalated por-
phyrin exhibit similar characteristic absorption bands: 854,
885, and 1003 cm ™! (C—H pyrrole bending); 1290, 1348, and
1392cm™!' (C-N stretching); 1495 and 1563 cm™! (C-C
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phenyl and pyrrole stretching, respectively); 1038, 1126, and
1186 cm™ (sulfonic groups).’ In the IR spectra of
Mg, sAl(CoTPhsP);,;, we noticed some changes in the rela-
tive band intensities at 1330-1400 cm™!. In this region, the
minor changes are attributed to the carbonate ions present
in the LDH interlayer (v vibrational mode of CO5%").?8l
The hydroxide anion may also be present in the material,
as it is formed in the LDH interlayer when using the recon-
stitution method®”! during the CoTPhsP intercalation pro-
cedure. Hence, it is possible that Mg, sAl(CoTPhsP);,, con-
tains, in addition to the porphyrin, hydroxide anions co-
intercalated.

We have reported in a previous work that the intercal-
ation of macrocyclic species in LDHs can lead to compos-
ites with an appreciable thermal stability.*”] Moreover, the
guest localization in the LDH results in materials with dis-
tinct thermal behavior. Similar results were found with the
LDH containing intercalated CoTPhsP, according to the
thermogravimetric curves of the samples shown in Figure 3.
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Figure 3. TGA (solid line) and DTG (dotted line) curves for
CoTPhsP (sodium salt) (a), Mgz (Al-COs3 (b), Mg; (Al(CoTPhsP), 4
(c), and Mg, gAl(CoTPhsP);,, (d).

The TG analysis of CoTPhsP shows a considerable ther-
mal stability of the porphyrin (Figure 3a). A weight loss up
to about 200 °C corresponds to the loss of hydration water.

(a)

The porphyrin decomposition seems to occur in two steps.
The first step is observed at about 490 °C and the second
one starts at about 625 °C, with the main weight loss occur-
ring at 815 °C. Figure 3b shows the TG curve for the LDH
carbonate. The first step of weight loss (up to 210 °C) is
ascribed to the water release and the second one (above
300 °C) to the LDH dehydroxylation and decarbonation, as
discussed previously.?!]

The thermal behavior of Mgz (Al(CoTPhsP),ys up to
around 600 °C can be interpreted as an overlap of TG
curves for neat CoTPhsP and Mg; (Al-CO5 (Figure 3c).
Nevertheless, the weight loss observed for CoTPhsP above
625 °C is not present in the TG curve of the adsorbed
CoTPhsP. The thermal behavior of Mg, sAl(CoTPhsP);,,
shows a higher stability towards decomposition of both the
LDH matrix and CoTPhsP (Figure 3d). The dehydroxyla-
tion and decarbonation events seem to occur at about
330 °C, whereas the Mg; Al-CO3; LDH precursor decom-
poses at about 300 °C. The weight losses starting at 520 and
850°C seem to be related to the decomposition of
CoTPhsP, which suggests a higher stability than for neat
CoTPhsP.

Textural characterization was performed by surface area
and porosity measurements. Mg; (Al-CO5 shows a surface
area of 86 m?>g!. For Mg, sAl(CoTPhsP);,, the surface
area of 34 m?>g ! indicates that no micropores have been
produced in the intercalation product as a substantial in-
crease in the surface area compared to the LDH precursor
would be expected if microporosity was present. This as-
sumption was confirmed by N, adsorption-desorption iso-
therms of the sample. Mg, sAl(CoTPhsP);,, exhibits type-
IV isotherms (not shown) characteristic of nonmicroporous
materials with a hysteresis loop indicating interparticle me-
soporosity, according to the ITUPAC classification.?? We
have previously observed similar results from the material
isolated after intercalation of (phthalocyanine)Cu'! tetrasul-
fonate in the same LDH Mg; (Al precursor.’Y Mg, (Al-
(CoTPhsP), 4, shows a surface area of 106 m?>g!. This in-
crease in the surface area related to the Mg; ¢Al-CO5 does
not, however, indicate microporosity in the material. As de-
scribed before, the interlayer space is occupied by the car-
bonate ions whereas CoTPhsP molecules are adsorbed on
the external surface of the LDH.

Scanning electron micrographs obtained from the sam-
ples revealed a different morphology in the LDH after
CoTPhsP intercalation by the reconstruction method (Fig-
ure 4). The SEM image of Mg; (Al-COj5 presents a typical

Figure 4. SEM images of Mg;Al-CO5 (10 000X) (a) and Mg, sAl(CoTPhsP);,,; with different magnifications: 2000%x (b) and 10 000% (c).
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morphology expected for synthetic hydrotalcite-like com-
pounds, with round particles of plate-like shapes (Fig-
ure 4a).

The adsorption of CoTPhsP on the external surface of
the LDH layers results in a higher aggregation of the par-
ticles, which present the same morphology as observed for
the LDH Mg; (Al-CO5; (SEM image not shown). On the
other hand, the intercalation of CoTPhsP into the LDH
shows a distinct morphology (Figure 4b and Figure 4c). In
the SEM images of Mg, sAl(CoTPhsP);,, we observed a
new phase with stick-like particles, and also particles with
a plate-like shape.

Information about the electronic properties of free and
immobilized CoTPhsP in the LDHs was obtained by re-
cording the ESR and UV/Vis spectra of the samples. Fig-
ure 5 shows the UV/Vis spectra for CoTPhsP in different
solutions.

425
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Figure 5. UV/Vis absorption spectra of 2 mmolL™! CoTPhsP in
aqueous solution (dashed line), in 90% DMF/10% water solution
(solid line), and the latter solution after the addition of sodium
dithionite (dotted line). Further details are provided in the text.
The feature indicated by an asterisk is an instrument artifact.

The UV/Vis spectrum of CoTPhsP in aqueous solution
shows the characteristic bands for metalloporphyrins,
dominated by m-m* transitions, located at 425 nm (Soret
band) and 540 and 580 nm (Q bands).’3! The presence of
N,N-dimethylformamide (DMF), a coordinating solvent,
results in a decrease in the intensity of both Soret and Q
bands, accompanied by a small red shift (ca. 5nm). The
ESR spectra for 2 mmol L™ CoTPhsP solutions were re-
corded for the assignment of the porphyrin species. An
aqueous solution of this metalloporphyrin is ESR-silent, as
previously reported in the literature.> The ESR spectrum
of CoTPhsP in 90% DMEF/10% water is shown in Fig-
ure 6a.

CoTPhsP is a low-spin Co™! complex with the single un-
paired electron in the d.- orbital pointing out of the porphy-
rin plane.?> This configuration makes the unpaired elec-
tron very sensitive to changes in the axial coordination of
the metal ion, which makes the ESR technique useful for
studying Co"—porphyrins.3*31 According to the litera-
ture, 3436391 CoTPhsP in water does not give an ESR signal

1580 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. ESR spectra, recorded at 77 K, of 2 mmol L™! CoTPhsP
in 90% DMF/10% water solution (a) and after addition of sodium
dithionite (b). Further details are provided in the text.

due to aggregation of the metalloporphyrin molecules and/
or formation of a diamagnetic p-peroxo complex with mol-
ecular oxygen (CoTPhsP-O,-CoTPhsP). The addition of
DMF causes deaggregation, resulting in a solution contain-
ing the monomeric species of the CoTPhsP. The resulting
ESR spectra, as reported by de Bolfo et al.,'** should pres-
ent a characteristic signal with g = 2.040 (4, =
95x10%cm ') and g, = 2410 (4, = 43x10%cm ™). In
addition to the CoTPhsP monomeric species, a second ESR
signal may be observed due to the complex formed by the
metalloporphyrin with molecular oxygen (Co'TPhsP-O,)
with g; = 2.088 (4; = 22x10*cm™), g, = 1.998 (4, =
8x10*cm™), and g3 = 1.997 (45 = 16x10*cm™"). The
CoTPhsP-O, complex has also been detected for other co-
balt—porphyrins.[33-3 The structure of this complex is also
represented by Co'TPhsP-O, (superoxo complex) be-
cause the low values of hyperfine coupling in the ESR sug-
gest that the unpaired electron resides primarily on the oxy-
gen molecule.?”]

As shown in Figure 6a, the ESR spectrum for CoTPhsP
in 90% DMF/10% water solution shows a signal at around
3300 G with g; = 2.090 (4, = 21.7x10*cm™") and g5 =
1.997 (45 = 15.8x10*cm™") (g, factor and A, unresolved
in the spectrum). This signal is attributed to the CoTPhsP—
O, complex as the g factor and hyperfine-coupling values
are in agreement with those reported by de Bolfo et al.’4
However, the monomeric ESR signal is not present in the
spectrum of the CoTPhsP in solution. According to
de Bolfo et al., a solid sample of CoTPhsP stored for a long
time in air gives rise to an ESR spectrum showing only
the CoTPhsP-O, signal, even when this stored sample was
dissolved in aqueous solution containing different organic
solvents.**! Indeed, the CoTPhsP sample used in the pres-
ent study was stored for more than six months without pro-
tection from atmospheric air. In an attempt to record the
ESR spectra of the monomeric species, oxygen was removed
from the 2 mmol L' CoTPhsP solution in 90% DMF/10%
water solution by adding a small amount of sodium dithio-
nite. Indeed, the ESR spectrum (Figure 6b) of this solution
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did not show the CoTPhsP-O, signal and a new one ap-
peared, which is related to the monomeric species, with g
= 2.029 (4, = 91.2x10*cm™) and g, = 2455 (4, =
52x10%cm™!). The UV/Vis spectrum of this deoxygenated
CoTPhsP solution shows Soret and Q bands at 415 and
532 nm, respectively, with a blue shift in comparison to the
spectrum for the solution containing the CoTPhsP-O,
complex (Figure 5).

Based on the ESR spectra recorded for free CoTPhsP,
we suggest that the UV/Vis absorption bands at 425 and
540 nm for the metalloporphyrin in aqueous solution can
be assigned to the CoTPhsP-O,-CoTPhsP complex,
whereas in 90% DMF/10% water solution, the bands at 431
and 545 can be assigned to the CoTPhsP-O, complex. The
bands observed at 415 and 532 nm, after addition of so-
dium dithionite to the latter solution, can be attributed to
the CoTPhsP monomeric species. In light of these findings,
Mg; oAl(CoTPhsP),4s and Mg, gAl(CoTPhsP);,,, were next
examined by recording the UV/Vis (Figure 7) and ESR
spectra (Figure 8) of these samples.
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Figure 7. UV/Vis absorption spectra for Mg, sAl(CoTPhsP);,, (a)
and Mg; gAl(CoTPhsP),4 (b) solid samples dispersed in deionized
water (dotted line) and 90% DMF/10% water solution (solid line).

The UV/Vis spectra for Mg; (Al(CoTPhsP),q,
Mg, sAl(CoTPhsP);,, dispersed in deionized water and 90%
DMF/10% water solution show a prominent broadening
and a shoulder at around 410 nm in relation to neat
CoTPhsP in the same solvents (Figure 5), although the
Soret and Q band positions remain unchanged. Further-
more, the Soret band peak intensity decreases in relation to
the Q band peak. Similar spectral profiles have also been
observed in the electronic spectra of sulfonated metallopor-
phyrins!!7-19-211 and nonmetallated sulfonated porphyrins
intercalated in different LDHs,?*?* which were ascribed to
the aggregation of the porphyrin.*%#1 However, consider-
ing the ESR and UV/Vis spectra recorded for CoTPhsP in
deionized water and in DMF/water solutions, we suggest
that this broadening and the shoulder around 410 nm for
the Soret band in Mg; (Al(CoTPhsP),ys and Mg, gAl-
(CoTPhsP);,,, are related to the different CoTPhsP species
present in the LDHs. The main absorption bands are re-
lated to the CoTPhsP-O, complex (for dispersion in DMF/
water) or the CoTPhsP-O,—-CoTPhsP species (for disper-
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Figure 8. Powder ESR spectra, recorded at 77 K, of CoTPhsP (so-
dium salt) (a), Mgz ¢Al(CoTPhsP),qs (b), and Mg, sAl(CoTPhsP);,,
(©).

sion in water). The shoulder around 415 nm is due to the
presence of monomeric species isolated in Mgz (Al-
(CoTPhsP), 4, and Mg, sAl(CoTPhsP);,.. Indeed, these spe-
cies were found in the powder ESR spectra for Mg; (Al-
(CoTPhsP),4s and Mg, sAl(CoTPhsP);,. (Figure 8).

The ESR spectrum of CoTPhsP immobilized in the
LDHs shows a resonance around 3300 G which is similar
to that observed for neat CoTPhsP. As discussed before, this
ESR signal is characteristic of the CoTPhsP-O, complex.
Furthermore, a signal related to the monomeric species was
also observed. The ESR spectrum of Mg, sAl(CoTPhsP);,
shows a more resolved signal for this species with g = 2.043
(4 = 90.5x10%*cm') and g, = 2458 (4, =
52.6x10*cm™!), in good agreement with the values found
for CoTPhsP monomeric species in DMF/water solution,
as reported by de Bolfo et al.**l A narrow resonance at g
=~ 2.00 has also been observed for other cobalt-porphyrins
and attributed to a free-radical speciest*®! or impurities.344%]
Comparing the relative intensities of the monomeric species
and CoTPhsP-O, complex signals, Mg, sAl(CoTPhsP);,
contains more CoTPhsP molecules in the monomeric form
than the corresponding dioxygen complex. In contrast, the
latter species is predominant in MgzAl(CoTPhsP), ..

The reactivity of the CoTPhsP complex in solution, in-
tercalated, or adsorbed in the LDH was examined for the
decomposition of hydrogen peroxide. Experimental curves
of the oxygen released against time are given in Figure 9.

The curve of oxygen evolved obtained at 30 °C and pH
= 9.60 (borate-buffered solution) shows a negligible reactiv-
ity for Mgz oAl-CO5 (Figure 9a). The curve for CoTPhsP in
homogeneous conditions reveals an oxygen release of
100 uL after 10 min, corresponding to 64% of the H,O,
used. Under heterogeneous conditions Mg, sAl(CoTPhsP);,
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Figure 9. Experimental curves of oxygen released against time for
hydrogen peroxide decomposition in the presence of CoTPhsP
aqueous solution, Mgz (Al-CO;, Mgz oAl(CoTPhsP),q,, and
Mg, sAl(CoTPhsP);,, at 30 °C and pH = 9.60 (a) and 7.80 (b).
Other conditions: 13.8 pumol of H,0O, and 3.62 umol of CoTPhsP
(a); 14.7 umol of H,0, and 7.50 pmol of CoTPhsP (b); final vol-
ume of 3.00 mL in borate-buffered solution.

was more active, converting 79% (123 uL) of the H,O,. In a
second run, we obtained kinetic curves at pH = 7.80 (borate-
buffered solution) and 30 °C (Figure 9b). Both CoTPhsP in
homogeneous solution and Mg, sAl(CoTPhsP);,, converted
about 36% (ca. 60 pL) of the H,O, used. The kinetic curve
for Mg; gAl(CoTPhsP),4 is given in Figure 9b. As can be
seen, this sample shows the best activity when compared to
CoTPhsP in homogeneous conditions or intercalated into
the LDH, converting about 69% (113 pL) of the H,O,.

In both pH = 9.60 and 7.80 buffered solution tests, the
H,0, decomposition reaction in the first minutes was faster
in the presence of CoTPhsP in homogeneous conditions
than Mg, sAl(CoTPhsP);,.. After this initial time, the
CoTPhsP in solution was deactivated whereas the reaction
for intercalated CoTPhsP proceeded. Furthermore, and dif-
ferent from Mg, gAl(CoTPhsP);,, behavior, the H,O, de-
composition reaction in the presence of Mg (Al(Co-
TPhsP),4s was faster than the CoTPhsP in solution even
during the first few minutes of reaction. Finally, one expects
a constant value of the released oxygen content after the
maximum conversion, indicating the end of the reaction.
However, we noticed a depletion of the oxygen evolved in
the reaction with the CoTPhsP in homogeneous conditions.

It is well known that natural porphyrins undergo oxidat-
ive degradation by peroxides in the meso position.[*3] The
second generation of metalloporphyrin catalysts repre-
sented by meso-substituted porphyrins is considered less lia-
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ble to oxidative degradation.[''l Nevertheless, our results
indicate that CoTPhsP may be oxidized during the H,O,
decomposition reaction. This finding was corroborated by
the UV/Vis spectra obtained from the homogeneous cata-
lyst before and after the reaction. The spectrum (not
shown) reveals a lower absorption intensity of the Soret
band after the reaction. Another possibility for the oxygen
depletion is the formation of an inactive p-oxo complex
(CoTPhsP-O-CoTPhsP) in the course of the H,O, decom-
position reaction.[''l Considering these paths for CoTPhsP
deactivation in the presence of H,O,, it is evident that the
metalloporphyrin stability is improved when immobilized in
the LDHs. In consequence, the CoTPhsP reactivity is fur-
ther enhanced.

In relation to the different reactivities observed between
Mg, sAl(CoTPhsP),,, and Mgz oAl(CoTPhsP),4, we con-
sider that the CoTPhsP molecules intercalated in the LDH
galleries cannot participate in the H,O, decomposition be-
cause the intercalation compound is not microporous (N,
adsorption-desorption isotherm). The active sites should
therefore be the CoTPhsP molecules intercalated near the
edge sites of the LDH galleries. However, the most impor-
tant active sites are those located on the external surfaces
of the LDH. The CoTPhsP molecules adsorbed on these
sites are readily accessible for the H,O, decomposition reac-
tion. We have also observed this enhanced activity for
(phthalocyanine)iron(1n) tetrasulfonate adsorbed in Mg, Al-
CO; LDHs (x = 2, 3, and 4) in the oxidation of catechol.*#
This feature explains the better reactivity observed for
Mg; oAl(CoTPhsP), 4, which contains more available active
sites than Mg, sAl(CoTPhsP);,,. Moreover, the adsorbed
CoTPhsP shows a higher specific surface area (106 m>g!)
than the intercalated material (34 m?>g'), which further en-
hances the reactivity of CoTPhsP in the former.

These findings suggest the use of (tetrasulfonated por-
phyrin)cobalt immobilized in LDHs as heterogeneous cata-
lysts for the conversion of organic substrates, using H,O,
as oxidant. This system is capable of decomposing H,O,
(catalase route), but oxidation reactions can be performed
by stepwise addition of the oxidant to the system, which
minimizes the H,O, decomposition.*! Additionally, per-
oxidation can be predominant or facilitated in the presence
of an oxidizable substrate. The porphyrin immobilization in
the LDH prevents rapid catalyst deactivation in the pres-
ence of the oxidant and provides easy catalyst recovery and
re-use.

Conclusions

CoTPhsP has been successfully intercalated and ad-
sorbed in Mg; (Al-CO; LDH. Infrared spectroscopy indi-
cates that the metalloporphyrin structure is intact after its
intercalation and adsorption in the LDHs. The intercal-
ation of CoTPhsP into the LDH changes the crystallinity,
thermal stability, and morphology of the resultant materials
substantially in relation to the LDH-COj5 precursor. The
surface area and porosity analysis suggest that the material
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containing the metalloporphyrin intercalated in LDH has
no microporous structure. UV/Vis and electron spin reso-
nance spectroscopy show that the metalloporphyrin immo-
bilized in the LDHs is mainly present in two different
forms: the complex formed with molecular oxygen
(CoTPhsP-0O,) and the monomeric form (without the di-
oxygen coordinated).

CoTPhsP is more active and stable in the presence of
hydrogen peroxide when the metalloporphyrin is interca-
lated or adsorbed in the LDHs. The metalloporphyrin ad-
sorbed on the external surfaces of the LDH shows a higher
reactivity than the intercalated LDH due to the greater
number of active sites available in the former material.
Studies involving these materials are underway to test their
performance as catalysts for the oxidation of phenols.

Experimental Section

Materials: The reagents Mg(NO;),:6H,0, Al(NO;);*9H,0, and
Na,CO; were obtained from Aldrich. NaOH was obtained from
Merck and 35% H,0, (w/w) from Peroxidos do Brasil Ltda. (Tetra-
sulfonated porphyrin)Co" was supplied by Mid Century. All rea-
gents were used as received.

Mg; 0Al-CO3: The layered precursor containing carbonate ions
with an Mg>*/AI** molar ratio of 3 was prepared by co-precipi-
tation of stoichiometric amounts of Mg?* and Al** in the presence
of CO5% at pH = 10.0, as described elsewhere.[*) Chemical analysis
confirmed the expected Mg?*/AI** molar ratio of 3.0 and the water
content, measured by TGA, of 3.2 H,O molecules per AI** cation,
which gives the following composition: [MgzoAl(OH)g]-
(CO3)0.53.2H,0.

Mg, sAl(CoTPhsP);,: The intercalation of CoTPhsP into the LDH
was conducted as follows: Mgs (Al-CO5 (1.0 g, 3.1 mmol) was cal-
cined at 500 °C in air for 4 h; the mixed-metal oxide formed by the
thermal decomposition of the LDH was suspended in CoTPhsP
solution (130 mL, 4 mmol L") using previously decarbonated de-
ionized water, in a Teflon cup. The system was kept in a stainless-
steel reactor at 80-85 °C under autogenous pressure for 8 d. The
solid was isolated by centrifuging and then washed with decarbon-
ated water until a colorless supernatant was observed. The solid
was dried in a desiccator under vacuum with silica gel as drying
agent. The following data were found from chemical analysis (C,
H, N): C 15.3, H 4.47, N 1.22. Metal analysis indicated Mg>*/AI**
and Co?*/AIP* molar ratios of 2.80 and 0.09, respectively. The
water content measured by TGA was equal to 3.2 H,O molecules
per AI’* cation. The intercalated material contains 231 pmol of
CoTPhsP per gram of material.

Mg; oAl(CoTPhsP),4: The CoTPhsP was adsorbed on the external
surface of Mg;(Al-CO;3 by suspending it (1.0 g, 3.1 mmol) in
CoTPhsP aqueous solution (150 mL, 4 mmol L '). The suspension
was stirred at 80 °C for about 45 h. The sample was washed and
dried as described for the intercalated material. Chemical analysis
showed that the adsorbed material contains 107 pmol of CoTPhsP
per gram of material.

Characterization Techniques: Powder XRD patterns of samples
were recorded with a Rigaku diffractometer model Miniflex using
Cu-K, radiation (1.541 A, 30 kV and 15 mA) and a step of 0.03°.

Specific area data (BET-N, method) were determined with a
Quantachrome model Quantasorb sorption system after heating

Eur. J. Inorg. Chem. 2005, 1577-1584 www.eurjic.org

the samples at 200 °C under nitrogen gas flow for 2 h. Porosity
analysis was determined from N, adsorption-desorption isotherms
at liquid nitrogen temperature using a Micromeritics Asap 2010
instrument. Samples were heated at 200 °C under vacuum for 2 h
before analysis. Scanning electron micrographs were recorded with
an LEO 4401 instrument using samples sputter-coated with carbon.

Elemental analysis (C, H, N) was performed with a Perkin—Elmer
model 2400 analyzer. Magnesium, aluminum and cobalt contents
in the LDH samples were determined with a Spectro Analytical
Instruments ICP emission spectrometer. Thermogravimetric analy-
sis (TGA) was carried out with a Shimadzu TGA-50 instrument
under synthetic air (flow rate = 50 mLmin ') at a heating rate of
10 °Cmin! up to 900 °C.

FT-IR spectra of samples in KBr matrix were recorded with a MI-
DAC model PRS-INT series 192 spectrometer or a Perkin—Elmer
model 1750 spectrometer, in the range 4000-400 cm™!. UV/Vis
spectra were recorded with a Shimadzu model UV-2401PC spectro-
photometer. For spectral acquisition of CoTPhsP solutions at high
concentration (> 0.1 mmol L"), an aliquot of the solution (5 pL)
was placed between two 1.25-mm-thick quartz rectangular win-
dows (45%12.5 mm) and firmly fastened together in a holder for
cells with detachable windows. Solid samples were dispersed in de-
ionized water or water/DMF mixtures and the spectra recorded
with the same spectrophotometer equipped with an integration
sphere. ESR experiments were conducted with a Bruker ER 200D-
SRC instrument, operating at X-band (ca. 9.5 GHz), and using
DPPH (o,a-diphenyl-B-picrylhydrazyl) for calibration. Instrumen-
tal standard conditions for the measurements were: frequency =
9.48 GHz, microwave power = 20 mW, modulation frequency =
100 kHz, modulation amplitude = 15 G, at liquid nitrogen tem-
perature (77 K).

Reactivity Tests with Hydrogen Peroxide: The reactivity and sta-
bility of the CoTPhsP in homogeneous conditions and immobilized
in the LDHs towards hydrogen peroxide decomposition were evalu-
ated by monitoring the released molecular dioxygen with a War-
burg apparatus from B. Brown, model V-85, at a constant tempera-
ture (30 °C). The experiments were carried out at two different pHs
in borate-buffered solutions (12.5 mmol L "). In the first run at pH
= 9.60, CoTPhsP (0.30 mL of a 12.5 mmolL"! solution), Mg;Al-
CO; (8.1 mg), and Mg, sAl(CoTPhsP);,, (16.9 mg) were added to
hydrogen peroxide (2.70 mL of a 5.12 mmolL ! solution). In the
second run at pH = 7.80, CoTPhsP (0.30 mL of a 25.0 mmol L'
solution), Mg, sAl(CoTPhsP);,, (34.7 mg) or Mgs (Al(CoTPhsP), g
(70.3 mg) were added to hydrogen peroxide (2.70mL of a
5.44 mmol L! solution). Borate-buffered solution was used to com-
plete the volume to 3.00 mL under the heterogeneous conditions.
Each experiment was conducted in duplicate and the amounts of
CoTPhsP were the same for both homogeneous and heterogeneous
conditions. In order to certify that leaching of CoTPhsP was not
taking place under the heterogeneous conditions, at the end of the
tests, samples were taken and filtered through 0.22 pm disposable
filters (Millipore). UV/Vis spectra of the filtered solutions were reg-
istered to check for the presence of free CoTPhsP, which was nega-
tive for all runs.
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