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Abstract. The intercalation of meso-tetrapyridylporphyrins into hydrated vanadium(V) pentoxide has
been studied using X-ray diffraction; FTIR, electronic and Mdssbauer spectroscopy; cyclic voltamme-
try and spectroelectrochemistry. The intercalation compound containing iron tetrapyridylporphyrin
exhibits pronounced electrocatalytical activity in the reduction of molecular dioxygen, reflecting an
enhanced reactivity of the catalyst in a confined medium.
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1. Introduction

Vanadium pentoxide films have been extensively investigated in regard to their
conducting and electrochromic properties [1-16]. The hydrated oxide can be gen-
erated by a number of procedures, exhibiting a bidimensional structure with an
interlamellar distance of 1.155 nm [17, 18] suitable for the intercalation of many
inorganic, organic and polymeric species [19-32]. In this work we report the syn-
thesis, characterization and electrochemical properties of new intercalation com-
pounds obtained by the inclusion of meso-tetrapyridylporphyrins into vanadium
oxide xerogels. These guest molecules exhibit a planar porphyrin ring with four
pyridine groups in the meso position, as illustrated in Figure 1, and are of great
interest from the point of view of their catalytical properties in a confined medium.

* Author for correspondence.
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Fig. 1. meso-tetrapyridylporphyrin.

2. Experimental

Polyvanadic acid was prepared by ion exchange of sodium metavanadate (Alfa
Ventron) as reported in the literature [33, 34]. The films were obtained by the slow
evaporation of the polyvanadic acid gel on a glass plate at room temperature. The
composition, based on X-ray fluorescence and thermal analysis, was consistent
wiht V,05 - H,0, where x = 1.9 — 2.5. Meso-tetra(4-pyridyl)porphyrin (TPyP)
and meso-tetra(4-pyridyl)porphyrin iron(IIT) chloride, [FeTPyP]Cl, were kindly
supplied by Professor K. Araki. The intercalation compounds were obtained by
treating the vanadium pentoxide films (35 mg) with small portions of a 3 mL
solution containing 10 mg of the porphyrin dissolved into 0.01 M HCl, and allowing
the solvent to evaporate, in a repetitive way. After a week, the films were washed
with nanopure water and with acetone. The solids were dried at 60°C, exhibiting
a metallic, dark blue color. The samples employed in this work gave the following
analysis: (V205)1(TPyP)g.075(H20)0.38, C, 14.5; N, 3.53; H, 1.59, V,0s, 77.4%:;
caled. C/IN, 5.0, found, C/N, 4.9. (V205)1 (FeTPyP)g 025(H20)0.48, C, 4.94; N, 1.17,
H, 1.75, Fe, 1.50, V,0s, 86.6%, calcd. C/N, 5.0, found, C/N, 5.0.

Cyclic voltammetry was carried out using a Princeton Applied Research model
173 potentiostat, and a model 175 universal programmer. The conventional three
electrode arrangement was used, consisting of a glassy carbon or a platinum disc
working electrode, a platinum wire auxiliary electrode and a reference electrode of
Ag/AgNOs; (0.010 M) in acetonitrile or of Ag/AgCl (1.00 M KCl) in aqueous solu-
tion. Ring-disc voltammograms were obtained using a Pine/Eg&G model 366 bipo-
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tentiostat and a model 636 rotating electrode accessory. Spectro-electrochemical
measurements were performed using the potentiostat attached to a Guided Wave,
model 260 fiber optics instrument, or a Hewlett-Packard model 8452-A diode-array
spectrophotometer. FT-IR spectra were recorded on a Bohmem, model DA3 instru-
ment equiped with a reflectance accessory. X-ray diffraction data were recorded on
a Philips, model PW 1370 instrument, or on a Rigaku-Geigerflex instrument, using
CuK 1 emission lines (0.154 nm). Mossbauer spectra were recorded on a Wissel
instrument, at room temperature, using a 37Co(Rh) source, and metallic iron for
calibration.

3. Results and Discussion
3,1. X-RAY DIFFRACTION

Typical X-ray diffraction patterns for the vanadium pentoxide matrix, and of the
intercalation compounds with TPyP and FeTPyP are shown in Figure 2. The
diffraction patterns are consistent with a lamelar structure, where the interplanar
distance in the V,Os matrix and in the TPyP and FeTPyP intercalation compounds
are 1.18 £ 0.02, 1.26 £ 0.02 and 1.40 £ 0.03 nm, respectively. These values are
smaller than the molecular radii of the TPyP and FeTPyP species, which can be
estimated as 1.6 nm based on the crystallographic distances of related porphyrins.
Therefore, the intercalation of the porphyrins should occur with the molecular
plane nearly parallel to the V,O5 planes. Presumably, the porphyrins are replacing
the water molecules in the interlamellar space, leading to small changes in the
interplanar distances.

In the attempt to estimate the thickness (D) and the disorder factor (K) of the
films, we have employed the modified Scherrer equation [35],

B cos 8/XA=1/D+ K’ sin 8/

where 3 is the half bandwidth, € is the diffraction angle and A is the X-ray
wavelength. The calculated values of D and K’ for the vanadium pentoxide matrix
and for the TPyP and FeTPyP intercalation compounds were 9.5 nm, 0.03; 7.3 nm,
0.03; and 10 nm, 0.13, respectively. Therefore, the crystallinity decreases in the
following order: V05 matrix = VoOs—TPyP > V,05-FeTPyP. The crystallinity
is not exclusively related to the amount of the porphyrin in the matrix, since the
diffractogram of the sample containing 19.6% TPyP (Figure 2.B) is much more
defined than that of the sample containing 7.8% FeTPyP (Figure 2.C).

3.2. FTIR SPECTRA

The FTIR spectra of the intercalation compounds, in the range of 2000—-800 cm ™!,
are shown in Figure 3. In this range, the vanadium pentoxide matrix exhibits a
very weak band at 1650 cm™! ascribed to the §(OH) vibrational modes of the
water molecules, and two broad bands at 1005 and 760 cm™~! ascribed to ¥(VO)
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Fig. 2. Cu K, X-Ray diffraction patterns of the hydrated vanadium pentoxide matrix (A),
and the corresponding intercalation compounds with TPyP (B) and FeTPyP (C).

and §(VOV) vibrational modes, respectively. The vibrational peaks of the TPyP
compound (Figure 3.A) correlates with those of pure TPyP (shown in parentheses):
1632 (1593) v(CC py), 1600 (1558) v(CC), 1536 (1540) v(CC), 1496 (1470)
v(CN), 1424 (1400) »(CC), 1350 (1350) v(CN), 1257 (1255) v(CH), 1088 (1080)
6(CH), 1036 (1001) 6(CH), 1016 (970) 5(NH). A good correlation of the vibrational
peaks for the FeTPyP compound (Figure 3.B) is also observed with respect to the
pure FeTPyP species (shown in parentheses): 1628 (1625) v(CC py), 1608 (1605)
v(CC), 1529 (1518) v(CC), 1504 (1495) v(CN), 1372 (1350) v(CN), 1344 (1330)
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v(CN), 1208 (1200) 6(CH), 1032 (1015) §(CH), 1016 (1000) 6(CH), 842 (840)
7(CH), 802 (790) 7(CH). The tentative assignment was based on the infrared
spectra of substituted tetraphenylporphins [36]. In general, the vibrational peaks
of the FeTPyP compound are less sensitive to the matrix interactions, indicating a
weaker interaction of the porphyrin with the vanadium pentoxide lattice, or with
the intercalated water molecules. As a matter of fact the TPyP molecule exhibits
two IN-pyrrole atoms available for hydrogen bonding, favoring its intercalation in
the interlamellar structure.

3.3. CYCLIC VOLTAMMETRY AND SPECTROELECTROCHEMISTRY

The TPyP and FeTPyP intercalation compounds exhibit very broad waves in the
range of 0 to 1 V vs SHE, in acetonitrile solutions, as shown in Figure 4, ascribed
to the VV/IV redox pair in at least two non-equivalent sites in the vanadium oxide
matrix. In the case of the FeTPyP compound there is an additional shoulder at
0.4 V, which can be tentatively ascribed to the Fe"/I redox couple. This value is
higher than the typical E° of the iron porphyrins in aqueous solution, suggesting
that acetonitrile is coordinated to the metal ion.

The electronic spectra of the intercalation compounds, recorded at several
applied potentials, are shown in Figure 5. The electronic spectrum of the matrix (not
shown in Figure 5) in the oxidized form (e.g. at £ = 0.9 V) exhibits only a broad
band at 380 nm ascribed to a charge-transfer transition within the vanadium(V)-
oxide groups. In the reduced form (e.g. at £ = 0 V) there is a decrease of the
charge-transfer band at 380 nm, and an increase of a broad band in the 650—800 nm,
ascribed to the ligand field transitions within the V(IV)-oxide chromophore [34].
As one can see in Figure 5, the absorption bands of the vanadium pentoxide matrix
appear as base line fluctuations in the spectra of the intercalation compounds; in
contrast, the typical absorptions of the porphyrin species are quite evident.

The TPyP compound in the oxidized form (0.9 V) exhibits a strong composite
band at 420 nm, involving the vanadium(V)-oxide CT transition and the porphyrin
Soret transition. The less intense bands at 650, 595 nm, and at 563, 524 nm are
characteristic of the Qoo and Q19, or o and § doublets, for the porphyrin free
base. When the porphyrin is doubly protonated or metallated, the symmetry is
increased and these four bands collapse into two bands, as in the case of the
FeTPyP species (Figure 5.B). Therefore, one can conclude that the TPyP species
are present as the free base, intercalated into the vanadium pentoxide matrix. The
hydrogen bonding with the two N-pyrrole atoms would not allow the four protons
to adopt equivalent positions within the porphyrin cavity, in contrast to the doubly
protonated porphyrins. The reduction of the matrix (e.g. at £ = —0.10 V) removes
the contribution of the vanadium(V)-oxide CT band around 380 nm, leaving intact
the Soret and the Qoo and Q19 bands and giving rise to the weak, broad, ligand
field absorptions above 700 nm.
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Fig. 3. Reflectance FTIR spectra (1000 scans), of TPyP (A) and FeTPyP (B) intercalated
into vanadium pentoxide films.
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Fig. 4. Cyclic voltammograms of the TPyP (A) and FeTPyP (B) vanadium pentoxide
intercalation films on platinum electrodes, at 100 mV s~}, in acetonitrile containing 0.1 M
LiClOs.
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Fig. 5. Electronic spectra of the TPyP (A) and FeTPyP (B) vanadium pentoxide intercalation
films on platinum electrodes, at several applied potentials, in acetonitrile containing 0.1 M
LiClO;.

The FeTPyP compound in the oxidized form (E = 0.9 V) exhibits a broad
band at 440 nm, involving the vanadium(V)-oxide CT transition and the porphyrin
Soret transition. In this case, the presence of a Fe(IIl)-porphyrin is responsible
for a bathochromic shift of the Soret band and for the less defined profile for
the Quo and Qg bands. When the intercalation compound is in the reduced form
(E = —0.15 V) there is an increase in the absorption band at 430 nm, in spite
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Fig. 6. Mossbauer spectrum of the FeTPyP vanadium pentoxide intercalation compound at
room temperature (reference = metallic iron).

of the removal of the contribution of the vanadium(V)-oxide band in this region.
The observed increased is due to the fact that the the Soret band is stronger in the
case of the Fe(II)-porphyrins. The hypsochromic shift is also consistent with the
spectroscopic behavior of the Fe(Il)-porphyrins. In the reduced form, the Qgo and
()10 bands are very well defined, at 572 and 534 nm.

3.4. MOSSBAUER SPECTRA

The Mossbauer spectrum of the FeTPyP intercalation compound is shown in Fig-
ure 6. Despite accumulating data for 2 days the spectrum is still rather noisy, but the
main signal can be fitted by a doublet exhibiting a bandwidth of 0.20 4+ 0.01 mm
s~!, an isomer shift (IS) of 0.1040.02 mm s~?, and a quadrupole splitting (QS) of
0.56 +0.03 mm s~ . This signal is typical of iron complexes in an axial symmetry,
such as in the case of the iron porphyrins.

It is known that the FeTPyP species can form dimeric p-oxo bridged species
[37] exhibiting IS = 0.34 mm s~! and QS = 0.60 mm s~ '. However, in the case of
the FeTPyP intercalation compound, the formation of a dimeric species would lead
to a great increase in the interlamellar distance, and this hypothesis can be ruled
out.
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According to the literature [37], monomeric high-spin iron(Ill) porphyrins
exhibit IS values in the range of 0.2 to 0.5 mms~!, and QS values in the range of 0.6
to 1.1 mm s~!, while monomeric low-spin iron(IIT) porphyrins exhibit IS values in
the range of 0.10to 0.25 mm s ! and QS values in the range of 1.25t02.30 mm s~ ..
The monomeric intermediate spin (S = 3/2) iron(IIl) porphyrins exhibit IS values
around 0.3 mm s~' and QS values around 3 mm s~!. The Mossbauer parameters
of the FeTPyP intercalation compound do not coincide with any of the monomeric
iron(IIT) porphyrins, but approach the data for the dimeric species. We presume
that the FeTPyP are interacting with the V¥—-O or VIV=0 bonds, forming Fe-O-V
bridging units, similar to those found in the dimeric (FeTPyP),0 species. This type
of interaction would explain the unusual Mdssbauer parameters observed for the

FeTPyP intercalation compound.

3.5. ELECTROCATALYTICAL ACTIVITY

The vanadium pentoxide films exhibit only a very weak electrochemical activity,
around —0.5 V, in the presence of a saturated dioxygen aqueous solution. In contrast,
the FeTPyP intercalation compound exhibits a strong catalytical wave at —-0.35V,
as shown in Figure 7, ascribed to the reduction of dioxygen. This wave disappears
when dioxygen is replaced by dinitrogen or argon, and is sensitive to the amount
of dissolved dioxygen. There is a linear dependence of the catalytic peak currents
versus the square root of the scan rates, indicating that the process is controlled by
the diffusion of the dioxygen molecules to the electrode.

In order to elucidate the nature of the electrochemical process, we carried out
an experiment, under identical conditions employed in cyclic voltammetry, using
a rotating ring-disc electrode, as shown in Figure 7.B. The platinum ring was kept
at +1.4 V, while the potentials of the glassy carbon disc electrode were scanned
from +0.2 to 0.7 V. A strong current was observed at the disc electrode at E; /,
= —0.35 V, coinciding with the cyclic voltammograms. In contrast, practically no
additional current was detected in the ring electrode, indicating that H,O, was
not released in the electrocatalytical process. Therefore, according to the rotating
ring-disc experiments, the electrochemical reduction of dioxygen proceeds within
the vanadium oxide-FeTPyP intercalation compound by a four electron transfer
mechanism, forming water.

4. Conclusions

The intercalation of meso-tetrapyridylporphyrins into hydrated vanadium(V) pen-
toxide leads to new electrochemically active materials, exhibiting electrochromic
and electrocatalytical properties. The orientation and thickness of TPyP in hydrated
vanadium oxide is consistent with a parallel intercalation of the porphyrin, and can
be compared with those observed in smectite clays [38].
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Fig. 7. (A) Cyclic voltammograms of the FeTPyP vanadium pentoxide intercalation film,
in aqueous solution containing 1.0 M KClI, phosphate buffer (0.025 M), pH 6.8, under an
argon atmosphere (dotted lines) and an oxygen atmosphere at several scan rates, and (B) the

corresponding rotating ring-disc voltammograms at 10 mV s~! and 500 rpm.
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The high efficiency of the intercalated Fe-TPyP compound in the dioxygen
reduction involves a net four electron transfer process and can be ascribed to the
confinement of the catalyst within an electron rich environment, represented by the
reduced matrix. The confinement is expected to facilitate the complete reduction of
dioxygen, since the eventual intermediate species, such as H,O,, would be rapidly
reduced in the interior of the intercalated compound, before being released from
the matrix.
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