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Abstract

The optimised conditions for preparation of ironporphyrin (FeP)-template trapped silica obtained by the sol-gel
process are analysed by fractional factorial design. The FeP iron 5,10,15,20-tetrakis(pentafluorophenyl)-porphyrin
(FeTFPPCI), iron 5,10,15,20-tetrakis(2,6-dichlorophenyl-3-sulphonatophenyl)-porphyrin (FeTDCSPP(Na),Cl), iron
5,10,15,20-tetrakis-p-carboxyphenylporphyrin (FeTCPP(Na),Cl) and iron 5,10,15,20-tetrakis-p-methylpyridilporphy-
rin (FeTMPyP(Cl),) were used. Pyridine or 4-phenylimidazole was used as template. Scanning electron microscopy
(SEM) shows that the use of different porphyrins and conditions in the preparation of xerogel produce different product
morphologies. The prepared materials have surface areas, between 300 and 1000 m?/g. The electron paramagnetic
resonance spectra of trapped materials have characteristic signal of Fe™ high spin, the presence of porphyrin species in
a rhombic symmetry and porphyrin aggregates were also observed. © 2001 Elsevier Science B.V. All rights reserved.

1. Introduction

One of the most recent application of the sol-
gel method is the preparation of hybrid organic—
inorganic materials which consist of polymers or
organic molecules included in inorganic oxide
networks [1]. The sol-gel process has been studied
in the search for suitable matrices for catalyst
immobilisation. In general, immobilisation meth-
ods include physical entrapment, covalent binding,
or surface adsorption.

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

Hybrid materials containing the metalloporph-
yrin chemically bounded to the matrix through
covalent bonds are proved to act as an efficient
catalyst in oxidation reactions [2-7], even though
their preparations are tedious. An easier possibility
to obtain these materials in mild conditions is the
inclusion of metalloporphyrins into porous silica
by mixing the porphyrin precursor with a sol-gel
colloid. After gelation, the organic molecules are
entrapped in the porous matrix without covalent
bond between the organic and inorganic frag-
ments. The final material can be then used as
catalyst in oxidation reactions, mimicking cyto-
chrome P-450 [8].

The reaction to create a gel is complex and in-
volves many variables; it has made the design and

0022-3093/01/$ - see front matter © 2001 Elsevier Science B.V. All rights reserved.
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control of xerogel properties an intricate task. The
mechanism of entrapment of catalysts or organic
molecules on the silica matrix is not yet fully un-
derstood [9] and manipulations of the key pa-
rameters of the glass formation process is of
particular importance to investigate guest—host
interactions, and to some extent, to control them.
In fact, the degree of leaching of the entrapped
molecule from the host matrix is strictly connected
with the nano- and micro-structure of the final
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AQf AQN CHsCI

F F

FeTFPPCI FeTMPyP(Cl)s5

Cl SO3Na

Cl
FeTDCSPP(Na)4Cl FeTCPP(Na)4ClI

Fig. 1. Ironporphyrins.

material (the relative size of the pores), and in
consequence with the parameters which affect the
rates of hydrolysis and condensation of alkoxisi-
lane precursors. The importance of these variables
in the xerogel process can be identified and ana-
lysed by fractional factorial design, which enables
the efficient screening of variables, with a reduced
number of experiments.

In this paper, we describe the optimised condi-
tions for preparation of ironporphyrin (FeP)-
template trapped silica (FePD-template) obtained
by the sol-gel process. The following FeP were
used: FeTFPPCl, FeTDCSPP(Na),Cl, FeT-
CPP(Na),Cl and FeTMPyP(Cl); (Fig. 1). Pyridine
or 4-phenylimidazole was used as template. Some
of the variables that affect the loading of FeP on
xerogel were identified and the magnitude of these
variables that maximise the loading of FeP on
xerogel were established through a chemometric
approach. The studied variables were explored
through a fractional factorial design in two levels,
25-1 type, generating 16 total experiments for each
FeP [10].

2. Experimental
2.1. Fractional factorial design

The investigated variables in this paper were
solvent volume (4), water volume (B), reaction
time (C), gelation temperature (D) and template
(E). The choice of these variables was made con-
sidering the chemical characteristic of FeP systems
(i.e., solvent was chosen considering FeP solubil-
ity, acid pH cause FeP demetallation and difficult
template coordination, temperature maximum was
kept at 120°C to avoid the rapid loose of reagents).
The quantity of FeP and the choice of template
(pyridine or 4-phenylimidazole) was based on
previous works on supported FeP [11] and hybrid
materials containing FeP [3-7]. All experiments
were performed at 65% (+5%) relative air humid-
ity. The alkoxide TEOS was chosen because it is
one of the most studied sol-gel precursor [12], its
availability and low cost. The chosen variables
were explored through a fractional factorial design
in two levels, 2°°! type, generating 16 total
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experiments for each FeP. The levels of the vari-
ables and the factorial design utilised are shown in
Table 1 [10,13]. The fractional factorial design
shown in Table 1 is a fractional factorial design
with resolution 5, designated by 2;7!. In this kind
of factorial design the main effects are mixed only
with the interactions of four factors, whereas the
interactions of two factors are mixed with the in-
teractions of three factors. Therefore, it is possible
to suppose that interaction effects of three or more
factors are insignificant to analyse only the main
effects and the interaction effects of two factors
[14]. The number of experiments was intentionally
reduced in this study and we could not apply the
principal component analysis (PCA) [15-20] to
identify the relative influence of variables in the
process. However we could identify some impor-
tant variables estimating the effects of the factorial
design on loadings. The calculation of the effects
was obtained using a fractional factorial design
program, written in Delphi® [21].

2.2. Metalloporphyrins
5,10,15,20-Tetrakis(2,6-dichlorophenyl-3-sulfon-
atophenyl)-porphyrin (H,TDCSPP(Na,)) and 5,

10,15,20-tetrakis(pentafluororophenyl)-porphyrin
(H,TFPP) preparation and iron insertion were

Table 1

performed as described before [22-24]. Iron 5,10,
15,20-tetrakis-p-carboxyphenylporphyrin (FeTCPP
(Na),Cl) and iron 5,10,15,20-tetrakis-p-methyl-
pyridilporphyrin (FeTMPyP(Cl),) were purchased
from Midcentury.

2.3. Preparation of FeP trapped sol-gel materials

Initially the silica sol was prepared by stirring
the solvent (ethanol or methanol), 3.0 ml of TEOS
and water during 2 h, in the amounts given in
Table 1. The FeP (3.0 mg) and 1 x 10~* moles of
template (pyridine or 4-phenylimidazole) were
then added. The resulting solution was stirred for 3
or 9 days and allowed to stand under cover at 25°C
or 120°C. The mixture becomes viscous and xe-
rogels within 24 h when at 120°C and within ~30
days when at 25°C, with a glassy aspect. The at-
tained solid was ground and washed with metha-
nol. The amount of FeP leached from silica
material was quantified by measuring the FeP in
the combined washings through ultraviolet—visible
(UV-vis) spectroscopy.

The continuous-wave electron paramagnetic res-
onance (EPR) spectra of solids were performed
using a commercial X-band spectrometer (Bruker
Elexsys line E-580) equipped with standard
rectangular cavity. Temperature at ~4 K was

25-1_ fractional factorial design for to estimate the effects and factor levels: solvent, volume, water volume, reaction time, temperature

and template®

Experiment Solvent volume (ml) Water volume (ml) Reaction time (h) Temperature (°C) Template
1 10 0.5 72 25 Pyridine
2 20 0.5 72 25 4-phim
3 10 3.0 72 25 4-phim
4 20 3.0 72 25 Pyridine
5 10 0.5 216 25 4-phim
6 20 0.5 216 25 Pyridine
7 10 3.0 216 25 Pyridine
8 20 3.0 216 25 4-phim
9 10 0.5 72 120 4-phim

10 20 0.5 72 120 Pyridine

11 10 3.0 72 120 Pyridine

12 20 3.0 72 120 4-phim

13 10 0.5 216 120 Pyridine

14 20 0.5 216 120 4-phim

15 10 3.0 216 120 4-phim

16 20 3.0 216 120 Pyridine

#4-phim = 4-phenylimidazole.
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controlled using a low temperature accessory
(Helitran Oxford Systems). The EPR spectra of
materials were recorded after adding 0.040-0.070 g
of the dry material to an EPR quartz tube.

UV-visible spectra of solids were recorded in a
UV-vis  spectrophotometer  (Hewlett-Packard
8453, Diode Array). The spectra of solids in sus-
pension were recorded in a 2.0 mm path length
cell. A better quality of spectra was obtained using
dichloromethane (DCM) as solvent, where the
suspension was prepared.

Specific surface area was determined by the
BET method from nitrogen adsorption data using
a Physical Adsorption Analyser Micrometrics
AccSorb 2100 E [25].

Scanning electron microscopy (SEM) of FeP
trapped materials were performed on a digital
scanning microscope (DSM) (960 Zeiss).

Table 2

3. Results

The FeP used in this study are presented in Fig. 1.
FePD was prepared by the addition of a known
quantity of FeP to a silica sol. After drying, the
loading of FeP on silica was determined through
repetitive washing of the attained material with
methanol and the amount of leached FeP in the
combined washings where measured by UV-vis
spectroscopy. The effects of fractional factorial de-
sign on loadings obtained using FeTFPPCI, FeT-
CPP(Na),Cland FeTDCSPP(Na),Cl are presented
on Table 2, where [, represents the effect of variable
x (x =4 (solvent volume), B (water volume), C
(reaction time), D (gelation temperature) and E
(template)) on the loading of FeP on xerogel. /,,
[, > 0, maximise the loading of FeP on xerogel,
while /, < 0 minimise the loading of FeP on xerogel.

Effects of fractional factorial design on loadings obtained using FeTFPPCIl, FeTCPP(Na),Cl and FeTDCSPP(Na),Cl

Contrasts (effects) FeTFPPCI + 0.4

FeTCPP(Na),Cl + 0.5

FeTDCSPP(Na),Cl £ 0.5

1y 0.8 -0.37 0.32
g -2.3 -2.1 -10.0
le -2.5 -4.7 -1.3
Ip 5.0 6.7 12.0
g -4.8 4.5 12.7
Ly 1.4 -1.6 —-0.65
Lic 0.08 0.31 -2.8
Lip 1.05 1.4 2.1
Lyg -0.9 -0.8 -0.4
Igc -0.8 14 1.1
lgp -0.03 -0.6 -5.2
Ige 1.3 -0.3 -7.0
lep -2.0 -2.8 -2.3
leg -2.0 -3.5 -2.6
Ipe -2.3 -3.9 9.2
Table 3

Properties of ironporphryrins trapped silica: loading of FeP, surface area, pore radius and pore volume

Material Experiment Loading UV-vis Surface area Pore radius Pore volume
(mglg) £ 5 (nm) £ 1 (m*/g) + 10 (nm) £ 1 (1073 em¥/g A) £ 5
FeTFPP-py 11 22 434 691 2.1 70
FeTDCSPP-py 11 1.7 424 303 3.0 80
FeTCPP-py 11 17.7 420 389 15.6 15
FeTMPy-py 11 4.73 435 430 2.0 42
FeTMPy-4phim 14 343 435 508 1.5 38
FeTFPP-py 13 1.6 435 988 1.8 88
FeTDCSPP-4phim 9 7.6 430 327 1.9 26
FeTCPP-4phim 14 5.9 420 578 15.2 15
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Fig. 2. EPR spectra of silica trapped containing FeTFPP:
(a) FePD-pyridine loading 2.2 mg/g. (b) FePD-4-phenylimi-
dazole loading 9.4 mg/g. (¢) FePD-4-phenylimidazole loading
14.5 mg/g.

The UV-vis data, surface area and porosity
relative to some of the prepared FePD materials
are shown in Table 3. All UV-vis spectra of FePD
contain the corresponding Soret band of homo-
geneous FeP [26].

EPR of FeTFPP trapped materials were mea-
sured. We observed the presence of Fe'' with
typical g value at ~6 (Fig. 2), the presence of a
signal at g = 4.3 due to various species of FeP in a
rhombic symmetry [27,28] and a signal in the re-
gions of 0.1500-0.3500 T of the spectra.

Fig. 3 shows the scanning electron micrographs
of the prepared materials.

4. Discussion

To mimic cytochrome P450 and be useful as
catalyst, trapped FeP prepared by sol-gel method
should have catalytic activities and selectivities
which are comparable to that of FeP in solution or
supported by more traditional methods such as
anchored on silica surface [11]. Usually, it is ob-
served that anchored FeP show maximum cata-
Iytic activity when the FeP is in its Fe! high spin
state (spin = 3/2), with its sixth coordination site
available for the oxidising agent [29,11]. In addi-
tion, good catalytic yields have been reported us-
ing the loading of FeP on matrix between 5 to 20
mg/g [2,3,11,30]. It was observed before by us that

the amount of FeP loaded on silica can induce the
formation of FeP aggregates with spin states other
than 3/2, leading to low oxidation reaction yields
[31].

The sol-gel preparation conditions are of im-
portance for FeP entrapment. We already ob-
served before that no FeP would be entrapped on
silica for some conditions used [3-7]. Only
FeTMPyP(Cl), remained entrapped in the silica
in all preparation conditions used and its loading
varied between 3 to 34 mg/g. The presence of
cationic groups in the FeTMPyP(Cl); is responsi-
ble for the entrapment observed. For FeTFPP,
FeTDCSPP(Na),Cl and FeTCPP(Na),Cl the
loading of FeP on silica varied from 2 to 20 mg/g
and the results obtained for all the contrasts on the
loading for each FeP (effects for a fractional fac-
torial design) are shown in the Table 3.

The variables that have the largest affect on the
range studied for FeTFPPCl and FeTCPP(Na),Cl
loading (Table 3, bold) are water volume (B), re-
action time (C), temperature (D) and template (E).
Only water volume (B) does not present interac-
tion effect with other variables and was analysed
isolated (/p). The variables, reaction time (C),
temperature (D) and template (E), present inter-
action effects of two factors and were analysed in
simultaneously (I¢p, Ick, {pg). The conclusion fol-
lows: (i) larger water volumes affects negatively
FeTFPPCI and FeTDCSPP(Na),Cl loadings; (ii)
higher temperature maximise FeP loading, how-
ever this effect will be increased when the sol-gel
mixture is stirred during 72 h; (iii) higher tem-
perature maximise FeP loading, however this
effect will be increased when pyridine is used as
template; (iv) FeP loading is larger when pyri-
dine is used as template instead of 4-phenylimi-
dazole, however this effect will be minimised
when the gelation temperature is 120°C; (v) FeP
loading is larger when pyridine is used as tem-
plate instead of 4-phenylimidazole — however this
effect will be minimised when the sol-gel mixture
is stirred during 72 h. In general, to maximise
FeP loading on xerogel, the sol-gel process
should be carried out volumes of water 220.5 ml,
temperature 120°C, using pyridine as template
and reaction time of 72 h. On the range evalu-
ated, solvent volume is not a significant variable.
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Fig. 3. SEM images of silica trapped with: (a) FeTDCSPP prepared at 120°C. (b) FeTDCSPP prepared at 25°C. (c) FeTCPP prepared
at 120°C. (d) FeTFPP prepared at 120°C.
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These results are valid only in the range of
variables studied and the extrapolation to other
situations not explored experimentally is not
possible.

Identical analysis was carried out for FeT-
DCSPP(Na),Cl loading. To maximise FeP loading
on xerogel, the sol-gel process should be carried
out in volumes of water =0.5 ml, temperature
120°C, using 4-phenylimidazole as template. Sol-
vent volume and reaction time are not significant
variables on the range evaluated.

UV-vis spectra of FePD-template samples had
characteristic pattern of the corresponding FeP in
solution [5], indicating that the structure of FeP
was preserved in the xerogel matrix (Table 1). The
Soret band of all FePD-pyridine and 4-pheny-
limidazole is similar to that of Fe"'P in solution
[26].

The analysis by EPR spectroscopy (Fig. 2)
shows that even though for FeTFPPCI on experi-
ment 11 the loading of FeP on silica was only 2.2
mg/g, the attained material presents only Fe'"" high
spin (spin = 3/2) with g, ~6 and g ~2 (Fig.
2(a)) [27,28]. The presence of a larger concentra-
tion of FeTFPPCI in the matrix to the formation
of porphyrin aggregates, evidenced by the presence
of a characteristic signal of zero field energy
(Fig. 2(b)) [32,33] or a broad signal in the region of
0.1500-0.3500 T of the EPR spectra (Fig. 2(c)). We
also observe the presence of porphyrin species in a
rhombic symmetry, with g ~ 4.3 [27,28] (Fig. 2(b)
and (c)). In general, we observed that entrapped
FeTFPPCl with rhombic distortion (with EPR
signal at g ~4.3) are formed when the sol con-
taining the porphyrin is stirred during 216 h. Even
though the loading of porphyrin FeTMPyP(Cl);
in the attained samples varied from 3.0 to 34.0
mg/g, the EPR spectra of all samples are that of
Fe"'P high spin state. EPR spectra of all other
prepared materials containing FeTDCSPP(Na),Cl
and FeTCPP(Na),Cl shows a small amount of
Fe' is in high spin state, with typical g value at ~6
[27,28]. A broad signal in the region of 0.1500-
0.3500 T of the EPR spectra observed is attributed
to Fe-Fe coupling. These are due the entrapment
of porphyrin aggregates formed during the prep-
aration of sol-gel. It is well known that charged
metalloporphyrins can form these aggregates

through electrostatic interaction [34,35]. The in-
teraction between the charges in the porphyrin
ring and the solid matrix can also promote a
rhombic distortion of the porphyrin ring and we
observe a signal at g ~ 4.3. Experiment 6 and 13
are the best conditions to prepare entrapped
FeTDCSPP(Na),Cl, once in these conditions we
do not observe the formation of aggregates or FeP
with rhombic distortion. For FeTCPP(Na),Cl all
conditions lead to the formation of aggregates or
FeP with rhombic distortion.

SEM micrographs of silica materials loaded
with FeP are presented on Fig. 3. SEM micro-
graphs of silica trapped with FeTDCSPP(Na),Cl
prepared under distinct conditions show that
higher gelation temperatures (120°C) create po-
rous structures of silicon particles irregularly as-
sembled/aggregated (Fig. 3(a)). When gelation is
carried out at room temperature the material is
composed of an aggregate of larger granules (Fig.
3(b)). Silica trapped with FeTDCSPP(Na),Cl (Fig.
3(c)), FeTCPP(Na),Cl and FeTMPyP(Cl), have
heterogeneous porous and spongy structure of the
silica particles. SEM image of silica loaded with
FeTFPPCl (Fig. 3(d)) has a smooth surface,
composed of a homogeneous aggregate of gran-
ules.

The porosity and surface properties of trapped
materials containing the larger quantity of FeP
were determined using nitrogen adsorption
according to the BET method. The surface area,
pore volume and average pore diameter of these
trapped silica are presented in Table 1. The pre-
pared materials have surface areas, between 300
and 1000 m?/g, and pore volumes vary according
to the type of FeP and conditions used in the
preparation of these materials. The samples
containing FeTFPPCI have a type IV isotherm
pattern, according to the BDDT classification [25],
indicating a larger population of pore sizes
between 1.5 and 100 nm. The isotherm of xerogels
containing FeTDCSPP(Na),Cl, FeTCPP(Na),Cl
or FeTMPyP(Cl); has a type II isotherm. The
hysteresis loop of all materials is type H, accord-
ing to IUPAC classification [36], normally attrib-
uted to the existence of pore cavities larger in
diameter than the openings (throats) leading into
them (ink-bottle pores).
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5. Conclusion

In the present research it was shown that the
structure and morphology of organic—inorganic
hybrid materials containing FeP differ, depending
on the kind of porphyrin used and the xerogel
preparation conditions. The chemometric studies
presented here allowed us to produce the FeP
trapped materials. The use of different FeP and
conditions in the preparation of xerogel lead to
different product morphologies. Only FeT-
MPyP(Cl), remained entrapped in the silica in all
preparation conditions due the presence of cat-
ionic groups in this FeP.

In general, the negatively charged porphyrins
FeTDCSPP(Na),Cl and FeTCPP(Na),Cl are en-
trapped in their aggregated form. Furthermore,
the charged groups present in the porphyrin ring
can interact with the silica structure, producing a
rhombic distortion of the FeP ring. To avoid ag-
gregation and rhombic distortion, the better con-
dition for the entrapment of the non-charged
FeTFPP is that where a smaller loading of por-
phyrin remains in the matrix.
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