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a b s t r a c t

A novel heterogenized FeR4P–SiO2 shows enhanced catalytic efficiency for PCP conversion vs. the homo-
geneous FeR4P catalyst. The heterogenized FeR4P–SiO2 catalyst is highly recyclable in the presence of
imidazole in solution. EPR and DR-UV–Vis data provide direct evidence that high-valent iron species
[R4P+�FeIV@O] are formed in the heterogenized FeR4P–SiO2 system. The electron spin density of the a1u

cation radical (Por+�) is mainly localised on the tetrapyrole frame, and this results in the observed weak
magnetic coupling between the S = 1 oxo-ferryl moiety (FeIV@O) and the S

0
= 1/2 porphyrin cation radical

(Por+�). A catalytic cycle mechanism is suggested. Accordingly, the reduction in [R4P+�FeIV@O] can proceed
via a substrate molecule, in a one electron-transfer, thus producing [R4PFeIV] plus a radical entity derived
from the substrate. Then, a second electron-transfer to [R4PFeIV] leads to the regeneration of the initial
R4PFeIII state. This second electron can originate from either a substrate molecule or a radical substrate
species.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

Highly chlorinated phenols, such as pentachlorophenol (PCP),
have been listed as a priority pollutant by the US Environmental
Protection Agency [1] and by European regulatory authorities [2].
Chlorophenols are introduced into the environment as a result of
various man-made activities. Because of their broad spectrum of
antimicrobial properties, chlorophenols find wide use in pesticides,
disinfectants, fungicides, herbicides, insecticides, wood preserva-
tives and many other products. They can are also be present in pa-
per-mill wastes. Although production and use of chlorinated
phenols has been banned in several countries [3], chlorophenols
– including PCP – are still found in many parts of the world [3,4].
The toxicity and resistance to degradation of chlorophenols in-
crease with the number of halogen substituents [5], a property
shared by all chlorinated organic compounds [5]. Thus, due to their
resistance to microbial degradation, chlorinated phenols persist for
decades in the environment [6]; therefore, efficient catalytic tech-
nologies are needed.
ll rights reserved.
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Among the competing technologies, oxidative catalysis has
been proven very promising. Biological methods suffer from slow
rates and limits at high concentrations of pollutants which might
become toxic for the biological organisms [7–9]. Advanced oxida-
tion processes such as Fenton and photo-Fenton [2,10–13], photol-
ysis [2,13], ozonation [2,13,14] and photocatalysis [2,15,16] have
been widely used for the decomposition of chlorophenols. Non-
heme and heme iron enzymes, as well as synthetic iron catalysts
are known to oxidise a range of substrates [17–21]. In addition,
in the literature of biomimetic degradation of chlorophenols, met-
aloporphyrin derivative catalysts, mainly Fe-porphyrins [22–24],
as well as Mn-porphyrins [25–27] and Co-porphyrins [28] have
been used. Fe-porphyrins are far more efficient compared to Mn-
and Co-porphyrins [27]. Non-heme iron catalysts were also used,
but to a lesser extend [29,30]. Meunier and co-workers used iron
tetrasulfophthalocyanine – one of the best water soluble catalysts
reported so far – for the catalytic decomposition of TCP and PCP
[22]. A highly efficient non-heme iron catalyst for degradation of
chlorophenols was reported by Collins and co-workers [30]. Fuku-
shima et al. studied the influence of humic substances on the re-
moval of PCP and the products of the reaction catalyzed by an
iron-porphyrin complex [31,32]. In most of these cases, hydrogen
peroxide (H2O2) or potassium monopersulfate (KHSO5) has been
used as primary oxidants. Recently, we have shown that an
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iron-porphyrin complex bearing 2,6-di-tert-butylphenols at each
meso-aryl position of the porphyrin ring (herein called FeR4P,
where R = di-ButPhen) is very efficient catalyst for PCP degradation
in homogeneous phase [33].

An integrated technological design of an efficient catalyst re-
quires among the key-features to be (i) protection against oxida-
tive deactivation due to the rapid self-oxidation [34,35] and (ii)
easy recyclability of the catalyst. In heme–iron systems it is gener-
ally accepted that increased stability toward oxidative self-
destruction, preventing the catalyst deactivation, arises from a
combination of electron-withdrawing polar effects in combination
with steric hindrance of bulky substituents [36–38]. Thus, the oxi-
dative stability of metallo-tetra-aryl-porphyrins benefits by the
presence of substituents on the porphyrin ring [39]. For example,
the tetrakis(2,6-dichloro- and 2,6-dibromo-phenyl) porphyrins
bearing bulky substituents on the ortho-positions of the aryl
groups [39] have been shown to be effective and robust catalysts
[36–38]. Recently, we have shown that FeR4P – bearing bulky di-
tert-butylphenols at each meso-aryl position – can function catalyt-
ically under strong oxidative conditions [33].

Immobilization of the catalyst onto a suitable support has also
been suggested to further increase its stability toward the oxidant
[40] and to prohibit oxidative degradation by bimolecular interac-
tion [41,42]. Inorganic supports are generally preferred vs. organic
supports, because they are more robust and more efficient in pre-
venting catalyst deactivation caused by dimerization (e.g. forma-
tion of l-oxo dimmers) [43]. Immobilization is also advantageous
in industrial processes, since it facilitates both catalyst separation
and recycling and also by diminishing effluent contamination
[21]. Immobilization on a suitable support also ensures that only
monomeric complexes are responsible for the degradation of the
substrate. This can potentially lead to some substrate shape-selec-
tivity, because of specific interactions of the substrates with the
inorganic matrix [21]. Thus, immobilization of a Fe-porphyrin cat-
alyst onto a solid inorganic support can provide significant advan-
tages which are in some respects analogous to the influence of the
polypeptide chain on hemeproteins [44] e.g. arising from the steric
and electronic effects of the support. We, and other research
groups, have already made a great deal of efforts on the heteroge-
neous catalysis, and the results show that they are more efficient
than the non-supported catalysts [41,45,46].

In the present work, we present a detailed catalytic and spectro-
scopic study of a heterogenized catalyst prepared by covalent
immobilisation of the iron-porphyrin complex FeR4P on SiO2. Our
data show that the heterogenized catalyst FeR4P–SiO2 is very effi-
cient on the decomposition of PCP. In Fe-porphyrin catalysts, a key
reaction-intermediate participating in the catalytic conversion of
organic substrates is a high-valent Fe(IV) oxo-porphyrin cation
radical complex ([FeIV@O Por+�]) [33,47,48]. However, direct obser-
vation of this active specie in heterogenized catalytic systems has
not yet been achieved. Herein, we present the first example of a
high-valent Fe(IV) oxo-porphyrin cation radical complex ([FeIV@O
Por+�]) trapped for the heterogenized FeR4P–SiO2 catalyst. This elu-
sive oxidative intermediate specie was studied with UV–Vis and
EPR spectroscopy.

In summary, the aims of the present work were (a) to study the
catalytic efficiency of the heterogeneous FeR4P–SiO2 for decompo-
sition of PCP, (b) to optimise the catalytic conditions for yield and
recyclability, (c) to study the catalytic active intermediates of the
iron centre.
2. Experimental

All solvents and reagents were of commercial grade unless
otherwise stated and were purchased from Merck and Aldrich.
2.1. Metalloporphyrin

The catalyst FeR4P was synthesized as described previously
[49,50] and purified by silica gel column chromatography using
CHCl3, 80% CHCl3 and 20% hexane as the eluting solvents [49,50].

2.2. Immobilization

Immobilization of the metalloporphyrin FeR4P was performed
on silica modified by imidazole-3-(glycidyloxypropyl). Detailed
description of the procedure used can be found in Refs. [51,52].
In brief: 3-(glycidyloxypropyl)-trimethoxysilane (3 mmol;
0.663 ml) was added to a stirred solution of imidazole (3 mmol;
0.204 g) in 50 ml of toluene. The resulting mixture was heated at
80 �C for 24 h, and after drying, commercial SiO2 (1.5 g) and EtOH
(5 ml) were added. Then, the reaction mixture was stirred at 80 �C
for 24 h, producing the modified [imidazole-3-(glycidyloxypro-
pyl)–SiO2] (herein called IGOPS). The imidazole-functionalized sil-
ica (IGOPS) was collected by filtration in vacuum, washed with
EtOH and (CH3)2O and dried for 12 h. The loading ratio [imidaz-
ole-3-(glycidyloxypropyl)]: [IGOPS] achieved was 20% [w:w],
determined by thermogravimetric and elemental analysis. The
metalloporphyrin (FeR4P) ligation to IGOPS was achieved by stir-
ring a CH2Cl2 solution of a known amount of metalloporphyrin into
a suspension of IGOPS for 24 h. The powder supported catalyst
(FeR4P–SiO2) was washed with CH2Cl2 – to remove unbound and
weakly bound porphyrin – and dried for 3 h at 60 �C. The loadings
were quantified by measuring (UV–Vis) the amount of unloaded
metalloporphyrin or by measuring the iron by Atomic Absorption
Spectrometry in a Perkin–Elmer A700 GFAAS.

2.3. UV–Vis spectroscopy

Light absorbance spectra in the ultraviolet–visible region (190–
900 nm) were recorded by using a double-beam Perkin–Elmer
Lambda-35 UV–Vis spectrophotometer using 10-mm quartz cells.
Diffuse-Reflectance (DR) UV–Vis spectra were recorded using a
Perkin–Elmer Micro-DRS system. The system provides excellent
S/N for sample quantities 5–10 mg.

2.4. EPR spectroscopy

Electron Paramagnetic Resonance (EPR) spectra were recorded
using a Brucker ER200D spectrometer at liquid N2 temperatures,
equipped with an Agilent 5310A frequency counter. The spectrom-
eter was running under a home-made software based on LabView
[33].

2.5. HPLC analysis

Quantitative HPLC determinations for PCP were performed
using a Dionex P680 HPLC chromatograph equipped with a Dionex
1024 Diode Array Detector. The column used was Acclaim C18
5 lV, 120 Å, 4.6 � 250 mm and was thermostated at 23 �C. The
HPLC mobile phase was a mixture of an aqueous (Milli-Q) solution
of 0.8% H3PO4 and acetonitrile (15/85 v/v) with a flow rate of 1 ml/
min. Under this experimental setup, PCP was measured at 7.5 min
retention time and at 210 nm.

2.6. Samples for studies of reaction intermediates: UV–Vis sample
preparation

The liquid samples were prepared in 10-mm quartz cells. A typ-
ical reaction mixture contained 2.965 ml of acetonitrile (CH3CN),
5 ll of 6 mM FeR4P stock solution in CH2Cl2 (i.e. 10 lM), 15 ll of
20 mM imidazole i.e. [Cat:Imid] = 1/10 and 10 lM of NaIO4 (i.e.



Table 1
Oxidation of PCP by NaIO4 catalyzed by homogeneous FeR4P and heterogenized
FeR4P–SiO2.

Run % PCP/oxidant* % Cat/PCP % Cat/Imid** % PCP Conversion

20 min 2.5 h 24 h

Heterogeneous FeR4P–SiO2 system
1 12.5 10 – 20 100 –
2 12.5 10 50 24 100 –
3 12.5 10 10 26 100 –
4 12.5 1 50 7 50 100

Homogeneous FeR4P system
5 12.5 10 – 1.5 7 26
6 12.5 10 10 3.5 10 30

*Oxidant = NaIO4, **Imid = imidazole.
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Fig. 1. Catalytic decomposition of PCP by the FeR4P–SiO2/NaIO4 system. The
reactions were performed in a 3:1 mixture of CH3CN:H2O. Conditions: [Cat:PCP:ox-
idant] = [1:10:125]. (j) run 1 (see Table 1) with NaIO4, (s) as in run 1 without
oxidant (reference reaction).
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1 equiv. of NaIO4 with respect to the FeR4P complex). In all sam-
ples, appropriate volumes of Milli-Q water were added to a final ra-
tio [CH3CN:H2O] of [100:1]. The oxidation of the solid samples was
performed by the addition of small amount (i.e. 5 ll) of 10 lM
NaIO4 aqueous CH3CN (1:1 v/v) stock solution to the surface of
the powder sample. This method applied for the oxidation of the
solid catalyst can not be used for quantitative analysis; however,
it allows the observation of active intermediates as it will be shown
in Section 3.4.1.

2.7. EPR sample preparation

All EPR samples were prepared in quartz tubes of 5-mm internal
diameter. Appropriate volumes of 60 mM imidazole aqueous stock
solution were added (a) in 90 ll of 6 mM homogeneous FeR4P solu-
tion in CH2Cl2 and (b) in 54 ll of CH2Cl2 containing 5 mg of the het-
erogenized FeR4P–SiO2 complex (i.e. the corresponding
concentration of was FeR4P 1 mM) – so that the final ratio [cata-
lyst:imidazole] was [1:10] – followed by incubation for 30 min.
For the oxidation of the samples, NaIO4 was used as oxidant. The
two samples (homogeneous FeR4P and heterogenized FeR4P–
SiO2) were oxidised by the addition of appropriate volumes of
280 mM NaIO4 aqueous stock solution, so that the final [NaIO4]
was 28 mM, followed by incubation for 30 min. The solution po-
tential measured at the beginning of the reaction was 250–
270 mV. In the present work, all measurements were taken using
the following conditions unless otherwise mentioned: liquid nitro-
gen (77 K) or helium (4.2 K) temperature, 100 kHz modulation fre-
quency, 10 G modulation amplitude and 10 dB microwave power.

2.8. Catalytic procedures

All reactions were performed in test tubes of 4 ml equipped
with a magnetic stirrer at room temperature. A typical reaction
mixture contained 187.5 lM PCP (100 ll of a 3.75 mM acetonitrile
stock solution), 18.7 lM of the catalyst (0.0032 g of the immobi-
lized or 970 ll of a 38.5 lM acetonitrile stock solution of the
homogeneous catalyst i.e. catalyst: substrate ratio = 10%),
2.34 mM of the oxidant (23.4 ll of a 200 mM NaIO4 aqueous stock
solution i.e. 12.5 equiv. of oxidant with respect to the substrate),
187 lM or 37.5 lM ll of imidazole as co-catalyst (37.4 ll and
7.5 ll, respectively, of 10 mM aqueous stock solution i.e. 10 or
2 equiv., respectively, of imidazole with respect to the catalyst).
For all reactions tested, the appropriate volumes of acetonitrile
and Milli-Q water were added, so that the final volume of the reac-
tion was 2 ml, and the ratio acetonitrile:H2O equals to 3:1, v:v, un-
less otherwise mentioned. We selected this solvent mixture
(acetonitrile:H2O 3:1), because FeR4P is only soluble in non-polar
solvents. Acetonitrile was also used as co-solvent to solubilize
the hydrophobic PCP. In all cases, the oxidant was the last reagent
added. The quantification of PCP by HPLC was based on comparison
with standards.

2.9. Recycling of the catalyst

After the first use of the catalyst, the solid phase catalyst was
separated by centrifugation; then, the catalyst was washed exten-
sively using acetonitrile according to the following procedure: 3 ml
of acetonitrile was added to the catalyst and was magnetically stir-
red for 10 min. The mixture was centrifuged, and the solvent was
removed. This procedure was repeated three times. Finally, the re-
mained solvent was evaporated, and the dried powder was col-
lected. No mechanical treatment was used to dry the powder
catalyst. EPR spectra were collected after the procedure described
above to quantify the presence of the Fe-centres on the recycled
catalyst.
3. Results and discussion

3.1. Catalytic decomposition of PCP

Catalytic PCP conversion data by the heterogenized SiO2–FeR4P/
NaIO4 system studied in a mixture of CH3CN:H2O (3:1 v/v) are
shown in Table 1.

According to Table 1, for [catalyst:PCP:NaIO4] = [1:10:125]
within 2.5 h at room temperature, PCP was 100% converted by
the heterogeneous system (run 1). For comparison, within 2.5 h
at room temperature, the homogeneous FeR4P catalyst was able
to convert only a 7% of PCP (Table 1, run 5). Increase in the [cata-
lyst:PCP] ratio to [1:100] resulted to a 50% and 100% decomposi-
tion of the substrate within 2.5 and 24 h, respectively, by the
heterogenized catalyst (Table 1, run 4).

Control experiments were run as follows: a control reaction
using SiO2–IGOPS e.g. with no FeR4P porphyrin, resulted in zero
PCP conversion (data not shown). In both heterogeneous and
homogeneous FeR4P catalytic systems, no conversion of PCP was
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Table 2
Oxidation of PCP by NaIO4 catalyzed by the heterogenized iron(III) porphyrin (FeR4P–
SiO2). Initial concentrations: [FeR4P] = 18.7 lM, [PCP] = 187.5 lM, [NaIO4] = 2.34 mM.

Run [Imid] (lM) PCP conversion (%)

20 min 2.5 h 24 h

1 1st use – 20 100 100
2nd use – 7 55 88
3rd use – 4 18 69
Total PCP converted 31 173 257

2 1st use 37.5 24 100 100
2nd use 37.5 11 100 100
3rd use 37.5 5 22 86
Total PCP converted 40 222 286

3 1st use 187 26 100 100
2nd use 187 18 100 100
3rd use 187 7 27 98
Total PCP converted 51 227 298

Reference reactions
No catalyst 187 – – –
No oxidant 187 – – –
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observed within 24 h, when no chemical oxidant was added to the
reaction mixture (Fig. 1). The kinetics of the catalytic reaction in
Fig. 1 shows a complex pattern, which cannot fit by a single kinetic
term. EPR spectroscopy provides evidence for some degree of cat-
alyst degradation via the formation of the ‘‘free” FeIII signal at
g = 4.3 [33]. Using this information, under the conditions of
Fig. 1, �5% of the catalyst was degraded.

3.1.1. Effect of imidazole on PCP conversion
When imidazole was used at a ratio of 10:1 with respect to the

homogeneous catalyst, [Imid:FeR4P] = [10:1], the catalytic decom-
position of PCP was increased by 14% within a period of 24 h, see
Fig. 2B. In striking contrast, imidazole had a much smaller effect
on the decomposition of PCP by the heterogenized FeR4P–SiO2 cat-
alyst, Fig. 2A. More particularly, as shown in Fig. 2A, imidazole en-
hanced slightly the rate PCP of decomposition only at the
beginning of the reaction, i.e. at 20 min. However, imidazole had
no effect at longer reactions times, i.e. 2.5 h. The data in Fig. 2A
and B reveal that imidazole in solution is enhancing the catalytic
activity of FeR4P only in the homogeneous phase [33]. The heterog-
enized FeR4P–SiO2 has a high efficiency which is only marginally
benefited by dissolved imidazole.

As we show in the following (Section 3.3.1), in the heteroge-
nized system, an imidazole is coordinating the Fe-centre i.e. via
the imidazole-functionalized silica (IGOPS) moiety, therefore
boosting the catalytic efficiency of the FeR4P–SiO2 with no need
for added imidazole in solution.

In addition, it is possible that surface-bound imidazoles, not
coordinated by FeR4P centres, might influence the catalytic activity
of the heterogenized catalyst. Our data show that 2.9 mmoles of
unbound imidazole exists per gram of FeR4P–SiO2 material.
According to the data for the homogeneous FeR4P [see also [33]],
imidazoles in solution – not coordinated to the FeR4P – play a
cocatalytic role in the catalysis of PCP. In this context, it might be
considered that surface-bound imidazoles in the near vicinity of
surface FeR4P centres might play a ‘‘cocatalytic” role in the cata-
lytic activity of the heterogenized catalyst. This issue is further
analysed in Section 3.2.1 in the discussion of recyclability experi-
ments discussed in the following.

3.2. Recycling of the FeR4P–SiO2 catalyst

To evaluate the stability of the catalyst, recycling experiments
were carried out, and the results are summarised in Table 2. For
each new cycle, the catalyst was separated from the reaction
mixture, washed extensively, dried and re-used under the same
experimental conditions. Fig. 3 shows 3D plots of the effect of [cat-
alyst:imidazole] ratio (X-axes) and the catalyst re-uses (Y-axes) on
the conversion of PCP (Z-axes).

According to Table 2 and Fig. 3, when no imidazole was used, a
gradual decrease in the catalytic activity was observed upon recy-
cling the catalyst. For example, at reaction time 2.5 h, the conver-
sion of PCP achieved was 100%, 55% and 18%, respectively, for the
1st, 2nd and 3rd use of the catalyst under the conditions of run 1
(Fig. 3B, Table 2). However, when imidazole was used as co-cata-
lyst, PCP conversion remained high, see Fig. 3 and Table 2.

More particularly, after 2.5 h, the FeR4P–SiO2 catalyst retained
high (100%) catalytic activity on the 1st and 2nd usage when imid-
azole was used as co-catalyst, (Fig. 3B, runs 2 and 3). On its 3rd
usage within 2.5 h, the efficiency of the catalyst showed some de-
crease; however, the catalytic efficiency was fully retained after
24 h. More specifically, within 2.5 h (24 h) 22 (86)% and 27 (98)%
of PCP was decomposed in the 3rd re-use, runs 2 and 3, respec-
tively (compare Fig. 3B and C).

The loss of the catalyst material due to separation and cleaning
process was carefully estimated to be less than 6.2% after the 3rd
use relative to the initial material, based on the weight of the
catalyst. Therefore, the loss of the catalyst-mass after every use is
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estimated to be on average �3%. Hence, mass-loss would explain
only a small decrease in the catalytic activity after each usage. This
shows that the relatively high decrease in catalytic activity upon
re-use of the catalyst, observed when no imidazole was added
(Fig. 3, run 1), is not due to mass-loss. Instead, deactivation of
the FeR4P–SiO2 catalyst may occur in the absence of added imidaz-
ole in solution.

EPR spectra, collected after each use of the catalyst, revealed
that after the 3rd use of the catalyst with no imidazole present, in-
creased amounts of non-specific high-spin FeIII signal at g 4.3 were
developed (data not shown). The g 4.3 signal indicates that the iron
was detached from the R4 porphyrin frame. Thus, after the repeti-
tive use of catalysts, described in Fig. 3, the kinetics gets more com-
plex involving the intermediate steps as well as catalyst
degradation to an increasing degree.

Overall, the present EPR and catalytic data demonstrate that in
the absence of added imidazole, deactivation of the recycled
FeR4P–SiO2 catalyst may occur under the catalytic conditions
tested herein via reactions which destroy the active FeR4P complex
releasing FeIII ions.
3.2.1. Effect of imidazole on the recyclability of FeR4P–SiO2

According to Table 2 and Fig. 3, imidazole has a remarkable ben-
eficial effect on the stability, as well as on the efficiency of the
FeR4P–SiO2/NaIO4 system for PCP decomposition. This can be easily
observed at the third usage of the catalyst at t 24 h (Fig. 3C), where
a progressive increase in the catalytic activity is observed with
increasing imidazole concentration.

Overall, the present data reveal an intriguing phenomenon:
although imidazole does not improve the catalytic performance
at the first usage of the catalyst, the presence of imidazole is oblig-
atory for further re-use of the catalyst in order to achieve complete
decomposition of PCP (Fig. 3C). In the presence of imidazole,
remarkable reusability and efficiency are achieved for the FeR4P–
SiO2 catalyst.

It is possible that surface-bound imidazoles, not bound by FeR4P
centres, might play some cocatalytic role in the catalytic activity of
the heterogenized catalyst. In this respect, progressive loss of these
surface-bound imidazoles – during the repetitive catalytic cycles –
might be related to the observed loss of catalytic activity of the re-
used FeR4P–SiO2 catalyst. This bears pertinence to the observation
that imidazole added in the catalytic solution can act as a co-cata-
lyst e.g. counter-balancing the role of lost surface-bound imida-
zoles. This mechanism also explains the observation that added
imidazole in solution is required only after the repetitive uses of
the FeR4P–SiO2 catalyst.
3.3. Catalytic active intermediates: EPR study of the high-spin FeIII

(S = 5/2) to low-spin FeIII (S = 1/2) conversion

Fig. 4 shows low-temperature (77 K) EPR spectra of the homo-
geneous (spectra (a) and (e)), the heterogeneous (spectrum (d))
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Fig. 4. Low-temperature EPR spectra (a) for the homogeneous FeR4P catalyst in
CH2Cl2, (b) for FeR4P incubated with IGOPS in CH2Cl2 for t = 3 h, and (c) for FeR4P
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to the homogeneous SiO2–FeR4P incubated in CH2Cl2 for 30 min in the presence of
10 equiv. of imidazole vs. FeR4P.

Table 3
EPR spectral parameters of the low-spin species in FeR4P–SiO4.

Specie gx gy gz D/k V/D

LSa 2.89 2.29 1.55 3.20 0.63
LSb 2.71 2.21 1.52 3.15 0.68
LSc 2.58 2.0 1.82 5.50 0.59
FeR4P[Imid]2 2.86 2.0 1.56 3.01 0.67
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and the homogeneous adsorbed on IGOPS–SiO2 (spectra (b) and
(c)). Spectrum (a) corresponds to the homogeneous (FeR4P) cata-
lyst in CH2Cl2. The EPR spectrum is characterized by an axial EPR
signal with g-values gx = 6.13, gy = 5.77, gz = 1.99 [33], typical for
high-spin (HS) FeIII-porphyrin complexes (S = 5/2) [33]. Spectrum
(e) corresponds to the homogeneous FeR4P catalyst incubated for
30 min with 10 equiv. of imidazole with respect to the iron-por-
phyrin complex.

The three-line pattern in spectrum (e) is characteristic of rhom-
bically distorted FeIII at the low-spin (LS) state (S = 1/2). As shown
recently [33], the rhombic g-values (gx = 2.86, gy = 2.3, gz = 1.56) are
typical for two axially coordinated imidazoles. This EPR signal is
demonstrating that in the homogeneous FeR4P complex, the pres-
ence of 10 equiv. of imidazole (vs. FeR4P) converts all the Fe-cen-
tres from the high-spin (S = 5/2) to the low-spin FeIII (S = 1/2)
state [33].

On going to the heterogenized SiO2–FeR4P powder, spectrum
(d) in Fig. 4, we observe that the EPR spectrum is characterized
by a small HS FeIII fraction (S = 5/2) and a broad derivative signal
centered at 3000 G with a line-width of 1000 G. In order to under-
stand the nature of this broad signal, the interaction of homoge-
neous FeR4P complex with imidazole-functionalized silica
(IGOPS) was studied in detail by monitoring the time evolution
of the EPR signals, during the preparation of the heterogeneous cat-
alyst (FeR4P–SiO2) in CH2Cl2.

3.3.1. Formation of the FeR4P–SiO2 complex in CH2Cl2
The EPR spectra (b) and (c) in Fig. 4 show the interaction of

FeR4P with IGOPS in CH2Cl2 after 3 h (b) and 24 h (c). At short reac-
tion times t < 10 min, the EPR spectrum is identical to spectrum (a)
in Fig. 4 (data not shown). This is the EPR spectrum of FeR4P in
solution before to get attached on the IGOPS. After 3 h, the interac-
tion of FeR4P with IGOPS in CH2Cl2 results in formation of LS FeIII

(S = 1/2) signals at the expense of the HS signals, see spectrum
(b). After 24 h, only 20% of the FeR4P centres were remaining in
the high-spin FeIII state i.e. see spectrum (c). We have carefully ver-
ified that simple adsorption of FeR4P on SiO2 does not affect the HS
signals, and no low-spin EPR signals were generated (data not
shown). This demonstrates that IGOPS is responsible for the con-
version of the iron to the LS state, observed in spectra (b) and (c).
Analysis of the EPR spectra in Figs. 4 reveals that at least three dif-
ferent LS FeIII species (herein called LSa, LSb, LSc) can be resolved in
the EPR spectra (b) and (c) for FeR4P plus IGOPS. The g-values as
well as the rhombicity (V/D) and tetragonality (D/k) parameters
[33,53] of the observed LS FeIII species are listed in Table 3. This
shows that coordination of the iron by the imidazole ring of IGOPS
can adopt more than one conformation relative to the porphyrin
ring [53]. Prolonged incubation of the FeR4P plus IGOPS sample
(i.e. 24 h) leads to a broader EPR spectrum (spectrum (c)). The g-va-
lue distribution results in progressively broader EPR signals for the
low-spin iron centres. Taking all these observations together, we
consider that the broad derivative EPR signal of the heterogeneous
FeR4P–SiO4 in the powder sample, spectrum (d), reflects a distribu-
tion of LS FeIII (S = 1/2) EPR signals. The data show that (i) g-value
heterogeneity e.g. due to different orientation of the FeR4P com-
plex with respect to the plane of the axial coordinated imidazole
molecule [53] and (ii) line broadening from magnetic interactions
between nearby paramagnetic centres is responsible for the severe
line broadening of the low-spin FeIII EPR signals in the FeR4P–SiO4

powder.
Importantly, the data in Fig. 4 show that in the FeR4P–SiO4 pow-

der, the iron centres have been converted to the low-spin state
with no need for additional imidazole. Using the EPR spectra (a)
and (e), we estimate that for the heterogeneous FeR4P–SiO2 sam-
ple, spectrum (d) corresponds to a HS/LS ratio of 20% and 80%,
respectively. As a control, incubation of the heterogeneous
FeR4P–SiO2 powder with 10 equiv. of imidazole in CH2Cl2 did not
cause any changes on the features of the EPR spectrum (data no
shown).
3.4. Catalytic active intermediates: formation of the [FeIV@O Por+�]
state for the heterogeneous SiO2–FeR4P catalyst

The formation of high oxidation states of the Fe-centres was
monitored by EPR and UV–Vis spectroscopy.
3.4.1. UV–Vis spectroscopy
Fig. 5A presents Diffuse-Reflectance UV–Vis spectra for powder

heterogenized FeR4P–SiO2 catalyst. The band at 424 nm corre-
sponds to the Soret band of the iron-porphyrin complex immobi-
lized on silica [54] (Fig. 5A solid line). Upon the addition of 5 ll
of 10 lM NaIO4 aqueous solution, the Soret band began to de-
crease, and a new well-defined peak at the visible area was gener-
ated at 665 nm (Fig. 5A dashed line).

For comparison, the solid line in Fig. 5B shows the absorption
spectrum of the homogeneous complex FeR4P incubated with
10 equiv. of imidazole for 10 min (solid line). Upon oxidation with
1 equiv. of NaIO4, the color of the solution turned to green, the Sor-
et band decreased, and a peak at 665 nm appeared (Fig. 5B dashed
line). All these changes in the visible spectra of both samples are
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characteristic for the formation of an oxo-FeIV porphyrin p-cation
radical specie (ferryl porphyrin p-cation radical, (FeIV@O Por+�)
[54–57]. The green color is characteristic of the FeIV@O Por+� specie
[33,58–60]. Accordingly, in the oxidised heterogeneous FeR4P–SiO2

catalyst, the transient signal at 665 nm is assigned to the FeIV@O
Por+� specie.

In both heterogeneous and homogeneous samples, the transient
band at 665 nm decreased gradually, the rate of decrease being fas-
ter for increased concentrations of NaIO4 (data not shown). To the
best of our knowledge, this is the first experimental observation of
the FeIV@O Por+� specie in heterogenized Fe-catalyst with UV–Vis
spectroscopy.

Fujii and co-workers [57] showed, that among other factors, the
axial ligand influences the electronic properties to Fe-porphyrins
which resemble Compound I of peroxidases and catalases [57]. In
[57], it was shown that the band at around 650 nm may be a good
comparative marker of the electron donor ability of the axial li-
gand. In this context, imidazole was found to be among the most
drastic electron donor ligands [57] in model Fe-porphyrin com-
plexes. The data in Fig. 5 show that for both the homogeneous
FeR4P and the heterogeneous FeR4P–SiO2 catalyst, the band at
665 nm is developed by the formation of FeIV@O Por+� state.
Accordingly, the UV–Vis data show that in both systems, the elec-
tron donor ability of the axial imidazoles should be comparable.
Otherwise stated, the electron donor ability of the imidazole of
the IGOPS in the FeR4P–SiO2 catalyst is comparable to the electron
donor ability of the axial imidazole in the FeR4P in solution. As sug-
gested in [57,61], the effect of the axial ligand is correlated with
the electronic state (a1u or a2u) of the porphyrin p-cation radical
in the FeIV@O Por+� state. In porphyrins forming an a1u state i.e. like
FeR4P [33], axial imidazole accelerates the formation of FeIV@O
Por+� state as well as oxo-transfer to the substrate during the cata-
lytic cycle [57,62]. This issue was further clarified herein by using
EPR spectroscopy.

3.4.2. EPR spectroscopy
As described in Section 3.3.1, the EPR spectra of the heteroge-

nized catalyst contained mainly low-spin FeIII. Oxidation of the
FeR4P–SiO2 sample with 28 mM NaIO4 resulted in a gradual de-
crease in the FeIII signals. After incubation for 15 min with NaIO4,
they became undetectable. Importantly, after 25 min, a new EPR
signal developed consisted by a broad signal at g � 3.68 and a
sharp feature near g 2, see Fig. 6 spectrum (b). In a similar way,
in the homogeneous FeR4P complex, within 15 min after the addi-
tion of oxidant (28 mM NaIO4), the low-spin EPR signal was zeroed,
with a concomitant development of a broad signal at g � 3.41 and a
sharp feature at g 2, see Fig. 6 spectrum (d). All these changes in the
EPR spectra of both samples bear relevance to previously reported
EPR spectra of heme enzymes [63–67] or model Fe-porphyrin sys-
tems [68,69] under comparable conditions and are characteristic
for the formation of a ferryl porphyrin p-cation radical specie
(FeIV@O Por+�).

The data in Fig. 6b show the first example of a [R4P+�FeIV@O] oxi-
dation state observed for a heterogenized iron-porphyrin system.
The EPR spectral characteristics of the [R4P+�FeIV@O] in both the
homogeneous and the heterogeneous catalysts can be attributed
to a system of two weakly coupled electron spins. The interaction
of the two electron spins is derived from a S = 1 oxo-ferryl moiety
(FeIV@O) magnetically coupled with a S

0
= 1/2 porphyrin cation rad-

ical (Por+�) [63–71]. This interaction corresponds to porphyrins
forming an a1u state [57]. In the a1u state, the electron spin density
of the cation radical (Por+�) is mainly localised on the tetrapyrole
frame, and this results in the observed weak magnetic coupling be-
tween the S = 1 oxo-ferryl moiety (FeIV@O) and the S

0
= 1/2 porphy-

rin cation radical (Por+�).
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As analysed previously [57,72], for oxoiron (IV) porphyrin com-
plexes, two unpaired electrons in the dp orbitals of ferryl (FeIV@O)
iron i.e. the dxz and dyz delocalise into the imidazole p-orbital e.g.
the highest occupied p-orbital of the imidazole [57,72]. On the
other hand, the spin of the p-orbital of the porphyrin cation radical
(Por+�), for symmetry reasons, could be transferred to the sigma (r)
orbital of the axial imidazole via the unoccupied d2

z orbital of the
ferryl (FeIV@O) iron. In a1u radical complexes, like the [R4P+�FeIV@O]
in Fig. 6, weak coupling between the spins of porphyrin cation rad-
ical (Por+�) and the ferryl (FeIV@O) iron results in small spin-trans-
fer to the axial imidazole.

The coupling between the spins of porphyrin cation radical
(Por+�) and the ferryl (FeIV@O) iron can be quantified from the
EPR signals as follows: the magnetic coupling is determined by
both exchange and dipolar terms [64,67]. This coupling scheme
was first proposed to explain the EPR signal centered at g � 2 for
Horseradish Peroxidase Compound I [64]. Since then, analogous
EPR spectra were discovered and interpreted analogously in Lignin
Peroxidase [63] and Chloroperoxidase [66] as well as in synthetic
systems [57,68,69] and recently for the homogeneous
[R4P+�FeIV@O] oxidation state [33].

The EPR signals can be interpreted by assuming a weakly cou-
pled pair of spin s FeIV@O (S = 1) and Por+� (S

0
= 1/2). The coupling

is assumed to be a weak exchange interaction J [64,67,71]. Within
the formalism of the weakly coupled (S = 1 and S

0
= 1/2) system, the

[FeIV@O Por+�] is characterized by three Kramer’s doublets sepa-
rated by energy gaps which are mainly determined by the value
of D, that is the zero-field splitting of the S = 1 state of FeIV@O
[56,64,67]. Since for the ferryl porphyrin centre, D is expected to
be greater than zero [56,64,67,71], a value for g? that is greater
than gjj results from ferromagnetic coupling [67,71].

g? > gjj J > 0 ðferromagnetic couplingÞ

The value of geff
? is determined by the exchange interaction with the

ferryl moiety (S = 1). To a first approximation [67,71]

geff
jj � ge

geff
? � ge þ 2gFe

? ðJ=DÞ
ð1Þ

where gFe
? is associated with the isolated [FeIV@O]II moiety and can

be taken equal to 2.25 [73], and J/D is the ratio of exchange coupling
to the zero-field splitting parameter of [FeIV@O]II. Using Eq. (1) and
the g-values of the heterogeneous and homogeneous sample from
the EPR spectra (b) and (d) in Fig. 6, respectively, it follows

jJj
D
¼ 0:37 ð2Þ

for the heterogeneous catalyst (FeR4P–SiO2) and

jJj
D
¼ 0:31 ð3Þ

for the homogeneous catalyst (FeR4P) with J > 0, i.e. ferromagnetic
coupling.

For both samples, the observed |J|/D values are similar to those
reported by Fujii et al. for their a1u radical state of TMTMP–iron-
porphyrin complexes with axial imidazole [57,71]. A detailed anal-
ysis of the spin Hamiltonian parameters based on for the temper-
ature dependence of the EPR signals e.g. as described in [33] gives
J = +5.2 K and D = 16.7 K for the homogeneous catalyst. In the het-
erogeneous catalyst, D = 16.7 K, J = +6.2 K. In general, both the ratio
J/D as well as the J values show little change between the homoge-
neous [R4P+�FeIV@O] and the heterogeneous SiO2–[R4P+�FeIV@O]
state.

If we take into account that the small changes can be accounted
for by differences in IGOPS (in the heterogenized catalyst) vs. imid-
azole (in the homogeneous) coordination, as shown in Section
3.3.1., this leads to the important conclusion that the SiO2 matrix
does not perturb the [R4P+�FeIV@O] state. Overall, the detailed com-
parison of the EPR data for the homogeneous vs. the heterogeneous
catalyst shows that the SiO2 matrix does not perturb the [FeIIIR4P]
or the [R4P+�FeIV@O] state. Structurally, this can be attributed to the
long chain of the IGOPS which holds the immobilized FeR4P mole-
cules remotely from the SiO2 surface. This important conclusion
shows that the improved catalytic performance in not due to
changes induced by the SiO2 matrix.

3.5. Catalytic-mechanistic considerations

The oxidation of FeIIIR4P by NaIO4, which is an efficient oxygen
atom donor, generates the active oxidant for PCP degradation.
Based on our spectroscopic data, in both systems (homogeneous
and heterogeneous), this active intermediate was identified as an
oxo-FeIV porphyrin p-cation radical [R4P+�FeIV@O] [33], similar to
Compound I of heme enzymes.

Fig. 7 shows possible pathways for the reduction in the high-va-
lent specie formed, together with the corresponding EPR spectrum
for each step observed during the catalytic cycle of the catalyst. At
the beginning of the suggested mechanism, PCP molecules are con-
sidered to be in their protonated PCPAOH form. During the cata-
lytic cycle, see steps B and C in Fig. 7, PCP is deprotonated by the
active [FeIV@O Por+�] or [FeIV@O Por] intermediates i.e. generating
a transient PCP radical. According to our data, two alternative
paths may be suggested for the reduction in this high-valent spe-
cie, see Fig. 7:

(i) As described by step B in Fig. 7, the reduction in
[R4P+�FeIV@O] can proceed via a substrate molecule, in a
one electron-transfer, thus producing [R4PFeIV] (Compound
II) plus a radical entity derived from the substrate. Then, a
second electron-transfer to [R4PFeIV] leads to the regenera-
tion of the initial R4PFeIII state. This second electron can orig-
inate from either a substrate molecule (step C) or a radical
substrate species (step D). In Fig. 7, the suggested catalytic
cycle A–B–C for our system bears strong relevance to the
catalytic cycle suggested by Fukushima et al. [32]. However,
in the present work, the active intermediate specie of the
catalyst responsible for the catalytic PCP oxidation was
observed and identified experimentally, while no direct evi-
dence was provided for the catalytic [Fe(III)-porphyrin/
KHSO5] system used for the oxidation of PCP in Ref. [32].
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(ii) Alternatively, the oxo-FeIV porphyrin cation radical specie
[R4P+�FeIV@O] is able to transfer the oxygen atom on a suit-
able substrate molecule i.e., an olefinic double bond, by a
two electron-transfer step, see step E in Fig. 7. This would
regenerate the initial R4PFeIII state via step E [52]. However,
recently, it has been shown that the oxidative transforma-
tion of chlorinated phenols by chloroperoxidase involves
two consecutive one-electron steps from the two forms
[FeIV@O Por+�] (Compound I) and [FeIV@O Por] (Compound
II) rather than a single two-electron oxidation [74]. Based
on the structural relationship between our system and the
one in Ref. [74] as well as their application on the same sub-
strate, it may be suggested that the first path (i) is more
likely to take place in the present study.
3.6. Structure–catalytic function relationship

Our catalytic experiments have shown that the catalytic activity
of the homogeneous catalyst for the decomposition of PCP is en-
hanced in the presence of imidazole as additive. The increase in
the catalytic performance of the homogeneous system in the pres-
ence of imidazole can be attributed to the axial ligation of imidaz-
ole playing the role of the proximal His residue in enzymes. In
contrary, the heterogenized FeR4P–SiO4 catalyst has been shown
to be independent of imidazole as an additive in solution. This is
because (a) the attachment of FeIIIR4P on silica e.g. IGOPS was per-
formed with an imidazole spacer through the formation of a Fe–
Nimidazole coordination bond (b) surface-bound imidazoles, not
coordinated by FeR4P centres, might play a cocatalytic role. This
treatment benefits the obtained heterogeneous FeIIIR4P–SiO2/NaIO4

system with the advantage of the axial imidazole ligation produc-
ing a heterogeneous system independent on the external imidazole
addition. Moreover, the SiO2 matrix does not perturb the [FeIIIR4P]
or the [R4P+�FeIV@O] state, which can be attributed to the long
chain of the IGOPS. By comparing the two systems, it can be seen
that the heterogenized catalyst is more efficient and rapid on the
catalytic decomposition of PCP. Furthermore, it is highly reusable.
This can be attributed to the resistance against the oxidative
destruction due to the inorganic support. The immobilization of
the FeR4P catalyst through the axial ligation of an imidazole mole-
cule and the enhanced resistance against oxidative destruction re-
sult in the rapid and complete conversion of PCP by the
heterogeneous FeIIIR4P/NaIO4 system.
4. Conclusions

The heterogenized FeR4P–SiO2 shows enhanced catalytic effi-
ciency for PCP conversion vs. the homogeneous Fe R4P catalyst.
The heterogenized FeR4P–SiO2 catalyst is highly recyclable in the
presence of imidazole in solution.

In both the homogeneous and the heterogeneous FeR4P cata-
lysts, our EPR and DR-UV–Vis data provide direct evidence that
high-valent iron species [R4P+�FeIV@O] are formed. This is the first
literature report the detection of high-valent iron species in heter-
ogenized iron-porphyrin catalyst. In the active state a1u state of the
Por+� the electron spin density of the cation radical (Por+�) is mainly
localised on the tetrapyrole frame, and this results in the observed
weak magnetic coupling between the S = 1 oxo-ferryl moiety
(FeIV@O) and the S

0
= 1/2 porphyrin cation radical (Por+�).

EPR data for the homogeneous vs. the heterogeneous catalyst
show that the SiO2 matrix does not perturb the [FeIIIR4P] or the
[R4P+�FeIV@O] state. Structurally, this can be attributed to the long
chain of the IGOPS which holds the immobilized FeR4P molecules
remotely from the SiO2 surface.
A catalytic cycle mechanism is suggested. Accordingly, the
reduction in [R4P+�FeIV@O] can proceed via a substrate molecule,
in a one electron-transfer, thus producing [R4PFeIV] plus a radical
entity derived from the substrate. Then, a second electron-transfer
to [R4PFeIV] leads to the regeneration of the initial R4PFeIII state.
This second electron can originate from either a substrate molecule
or a radical substrate species.
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