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ABSTRACT
New materials porphyrinosilica and metalloporphyrinosilica template have been obtained by a sol-gel pro-
cessing where functionalyzed porphyrins and metalloporphyrins "building blocks" were assembled into a
three-dimensional silicate network. The optimized conditions for preparation of these materials are revised.
The monomer precursors porphyrinopropylsilyl and metalloporphyrinopropylsilyl preparation reactions and
subsequent one pot sol-gel processing with tetraethoxysilane are discussed. In the case of metalloporphyrins
the nitrogen base coordinates to the central metal and acts as a template in the molecular imprinting tech-
nigue. UV-visible absorption spectroscopy, thermogravimetric analysis, electron paramagnetic resonance,
nuclear magnetic spectra, infrared spectra, luminescence spectra, surface area and electron spectroscopy
imaging of the materials are used to characterize the prepared materials. The catalytic activities of these
metalloporphyrinosilica- template are compared.

Key words. metalloporphyrin silica, sol-gel, catalysis, hybrid material.

INTRODUCTION and the structure of the precursor as well as the ex-

. . gerimental conditions (solvent, concentration, tem-
Developments in the last decades in sol-gel metho . . S

perature, etc), which may influence the kinetics of

resulted in new ceramic materials with high purity, . .
. . ...~ hydrolysis and the polycondensation steps are prob-
unique structures, microstructures and compositions

. lyi tant t itial. 1992). Th
(Brinker & Scherer 1990, Shehal. 1992, Buckley al:eﬁngai;:t p;r{\:/lvr;e sfrs igogﬁgjonsgjné the (\e/ar
& Greenblatt 1994, Corriu & Leclercq 1996). The 9 y y otprep

explosion of literature in this interdisciplinary field lous forms of resulting materials as monoliths, thin
P P y ilms, powders and fibers (Livage 1994, Avnir 1995)
led to the statement of a new area known as “sol-ge

. y . . o pen many applications in optics, photonics, sensors
science” and the physical and chemical principles ofO .
I phys! ica’ princip and coatings (Mark 1995, Daetal. 1994).

I-gel ing h ibed (Brink
sol-gel processing have been described (Brinker & = . o 1aces obtained by the mild sol-gel

h 1 . Th li hol [ I
Scherer 1990) e solid morphology is probab yprocessing may provide a good host matrix for en-

the result of several directing factors. The nature L N
zymes and others proteins immobilization. The ma-

- jor advantages of encapsulated proteins are close
Correspondence to: i i .
Yassuko lamamoto, iamamoto@usp.br control of the reaction medium and conditions, pre-
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vention of chemical degradation, cost- effective re-Isilyl species (Fig. 1, species 2) are formed and
cycling of the protein, and enhanced biomolecularthen hydrolysed and condensed with TEOS through
stability (Daveet al. 1994, Gill & Ballesteros 1998, a sol-gel processing.
Husinget al. 1999).

New materials have been “engineered” atMONOMER PRECURSORS
molecular I.evel assembl?ng mglecular sized bu”d'The reaction between reacti; groups present
ing blocks into a three-dimensional network (Shea

hi h hti : in the porphyrin ring (Fig. 1, speciel with 3-
etal. 199_2)' In this approach porphyrins or mEEta'aminopropyltriethoxysilane (APTES) or with 3-
loporphyrins (MPM = 2H*, Feé¢t or Mn3t) can be

. i - isocyanatopropyl-triethoxysilane (IPTES) in the
inserted into silicate network. .
case ofla, allows the preparation of the monomer
Several systems based on'"Feand Mr" -

hri ated with diff precursors porphyrinopropylsilyl (Fig. 1, species
porphyrins associate W',t . ifferent oxygen atomz)l During this process, urea, amide, sulfonamide
donors are able to mimic cytochrome P450-

q q ior 1992 or amine linkages are formed. The solvent and tem-
epen ent. mpnooxygenases (Meunier 1 o Manberature of reactions are determined by the reactivity
suy & Battioni 1994, Groves & Han 1995, Lindsay

ith 1994, | al 1994. Assis & Lind of Ry in the porphyrin ring and the kind of linkage
Sm?t 994, lamamotetal. 1994, Assis & Lindsay formed. For example, -S£&I or -COCI groups are
Smith 1998, Prado-Mansat al. 1999). In order to

lective P-450 model I very reactive and do not require high temperatures
construct a selective P- model, a hew class 0{0 form the corresponding sulfonamide or amide

hybrid organic-inorganic material, the metallo- bond when the porphyrins react with APTES(
porphyrinosilica (MPS), have been prepared by a2c) and DCM can be used as solvent, while nucle-

sgl-gel Process, where the. MI,D is part of the ma- qu. o nstitution of the p-F atoms in the aromatic
trix (Battioni et al. 1996, Ciuffiet al. 1999). A

. i _ring (2d) requires higher temperatures (Batti@hi
convenient system can be created using the hybl’l%l 1996) and DMF should be used as solvent. It
material MPS (M = F&" or Mn®") where the M . '

. di dto N-substituted i b B is important that no APTES group remains unre-
'_s cgor ;Inaizgéoc_'s; sgutiggn;rogﬁn bases( atélcted in the mixture to avoid additional isolation
tioni et al. , Clutiiet al. ). The base can and purification step of monomer speckesPyri-

actas atemplate molecule in the molecular Imprlnt'dine is the most effective nitrogen base to catalyze

Ing technique, creating a polymeric substance O onomer formation (Sacco 1999). The formation

taining specific binding sites as receptor in enzy.meOf the monomeg species can be confirmed through
models (MPS-template). Thus, the molecular im-

o ] i IR spectra, where we can observe the characteristic
printing technique can lead to the formation of mate-

A o . stretching of urea, amide and sulfonamide groups
rials containing molecular cavities regularly spaced

: , . (Biazzottoet al. 1999).
generating heterogeneous catalysts with specific mi-

crostructural properties, such as porosity and surfac§
OL-GEL PROCESSING
area (Bystronet al. 1993).
These new materials, with specific surface areal he sol-gel polymerization process involves the hy-
and controlled microstructural properties, can cat-drolysis of monomerg and TEOS in the presence

alyze shape-selective hydroxylation of alkanes (BatOf water to the corresponding silanols, which then
tioni et al. 1996). condense with each other to generate siloxane bonds

(Sheaet al. 1992). In this process, pyridine or N-
substituted nitrogen base in excess act as a base cata-
SYNTHESES OF PORPHYRINOSILICA AND lyst, while HCl acts as an acid catalyst. The mixture
METALLOPORPHYRINOSILICA . .
becomes viscous and gels within two days when HCI
These syntheses were carried out by a one-pot reaor imidazole are used as catalyst and within fourteen
tion, where monomer precursors porphyrinopropy-days when pyridine or N-substituted nitrogen base
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Fig. 1 — Synthesis of MPS. Template(=x
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are used as catalyst. The evaporation of the solver{HCI or NH4OH 1M). Q peaks represents a qua-
leads to adry solid MB(M =2H*, Fé& orMn3t)3  ternary oxygen tetrahedron and the superscripts de-
(xerogel). During the transformation to the xerogelnote the numbers of alkoxide or Si-OH groups that
state, most of the liquid in the pores has evaporatetiave reacted to form Si-O-Si linkages (Suratwala
(Brinker & Scherer 1990), and the collapse of theet al. 1998). The chemical shifts of the Q peaks
pores leads to a considerable shrinkage. The xerowere identified by their relative positions and by as-
gel formed is in generat10% of both the original signed peak values from the literature (Engelhardt &
volume and weight. The amount of porphyrin that Michel 1987). The?*Si NMR spectrum of3a syn-
did not polymerize was determined through UV-Vis thesized using EtOH/HCI condition shows only
spectra of the combined washing liquids of xerogelspeaks G with chemical shift in -102.6 ppm and
3. Porphyrin loading ont8 varied between 1% and Q*in-112.7 ppm; also in DMF/NOH condition
18% (m/m). shows only G (-97.2 ppm) and &(-106.4 ppm).
The one-pot procedure used to obtain these&uantitative analysis of the Q species is elaborate.
MPS involves mild conditions and does not require The raw data from the CP technique reveal that the
the monomer isolation. The procedure related inratio Q*/Q? is 0.37 for3a using DMF/NH,OH and
literature to prepare the MPmaterial (Battioniet ~ 0.54 using EtOH/HCI indicating for this last condi-
al. 1996) involves the treatment of the resulting tion a greater degree of polycondensation and extent
polysilylsesquioxanes with HF in order to isolate the of network formation (Biazzottet al. 1999).
monomer porphyrinotrifluorosilane. We observed
that the use of HF in preparations of perhalogenated METALLOPORPHYRINOSILICA PROPERTIES
FeP mo.nome.r precursor led to the destruction Otl'he MPS (whee M = Fé-
porphyrin, while the use of MnP yielded the metal
free porphyrin.

or Mn®t+) material ex-
hibits the characteristic pattern of the corresponding
metalloporphyrin in solution in their diverse oxida-
tion states, indicating that the structure of MP were

PORPHYRINOSILICA PROPERTIES : :
preserved in the xerogel matrix.

ABSORPTION AND LUMINESCENCE SPECTROSCOPY

These methods are carried out to verify the properFEPS(3)-TEMPLATE

ties of the free-base porphyrins after its grafting intoyv.vis spectroscopy of FeP provides information
the silica. The absorption spectra of theB$3a-C  on the spin and oxidation state of the iron atom from
are corresponding to those porphyringR8 1a-c  the Soret peak (typically near 400 nm) and the less
in solution, with the Soret bands in the same regionjntensex and 8 bands (between 500 and 700 nm).
The emission spectra of thePS have bands at 650 Although the Soret peaks of FeP present in &R

nm and 715 nm, also similar to those porphyrins intemplate were clearly visible, the and 8 bands
solution. These results indicate that the porphyrincould not be assigned, due the presence of UV-Vis
rings were not modified during the polymer prepa-silica bands. The Soret band of FBc and 3d)-
ration confirming that their properties have been repyridine and FeB(3c and 3d)-4-phenylimidazole
tained and the porphyrin are really present in thegre similar to that of FBP in solution. EPR spectra
silica matrix (Biazzottcet al. 1999, Biazzott@tal.  shows that in the Fe®3d)-pyridine, Fé! is in high
submitted). spin state, with typical g value at 6 (Palmer 1974),
while in general, in the FeB¥3)-N- substituted ni-
trogen base the Ieis in the hexacoordinated, low-
This technigue was used to examine the degree ddpin state, with g components at 2.9, 2.3 and 1.8.
network condensation in #PS 3a, prepared with Template removal of FeER3)-N-substituted nitro-
different solvents (EtOH or DMF) and catalysts gen base can be achieved through Soxhlet extraction

CP MAS 29S1 NMR SPECTROSCOPY
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using dichloromethane acidified with HCI (Ciuéi  hybrid materials with different surface area (Table
al. 1999). The EPR spectra of the iron(lll) por- I). All MP Stemplate exhibit specific surface area
phyrinosilica after template removal is typical of between 19 and 6742/g.
high-spin Fe(lll) species, with components at g =
5.9 and 2.0. ELECTRON SPECTROSCOPY IMAGE (ESI)

UV-Vis  spectra of - FeB(3d)-imidazole 1, g technique gives the elemental distribution

presents Soret pand r?d shnfted when Compareldmaging (Cardoset al. 1998) and was used to study
to that of F&'P in solution. It is documented that

. ; o ) the solid morphology of Mn8(3c)-4-phenylimi-
with some I|gand_s as |m|daque, the reduction Ofdazole (Saccoet al. submitted) and Fe®3d)-
Fe''P to a low spin hexacoordinated'fecan oc- o o ) :

his | pyridine (Ciuffi et al. submitted). The image of
::]ur (Tsang &hiav:;yer 1990). -I: 1S Ir;rg]”) compiex MnPS(3c)-4-phenylimidazole reveals the presence
ave a red shifted Soret peak (Coakt@l. 1995), ¢ .\ calline particles, while for Fe®ad)-pyridine
as is observed in our F&RBd)-imidazole sample.

) o . ] presents a non crystalline microstructure. In both
Besides that, Fe®3d)-imidazole is EPR silent, as

. dfor FkP o (Pal 1974). Th materials, silicon and manganese are uniformly dis-
Is expected for species (Paimer ). There- tributed in the network, as expected for covalently

duction of iron in FeB(3d)-imidazole is favored by bounded metalloporphyrinosilica
the electron-withdrawing pentafluorophenyl groups '

(Cookeet al. 1995). CATALYTIC ACTIVITY OF MPS-TEMPLATE

MNPS(3)-TEMPLATE The catalytic activity of MnB-template were com-

. pared with that of FeBtemplate (Table I). All MPS
The presenfze of Soret band of MnP is Clearcan catalyze the epoxidation of cyclooctene, using
in the UV-Vis spectra of all MnB(S)-tempIat.e._ PhlO as oxygen donor. The system generates a high-
MnPS(3c)-template presents the S_oret band S'm'larvalent metal-oxo porphyrin complex. This metal-
to that of the parent MAP solution in the presence

¢ | hile in M g | h oxo porphyrin complex species can mimic the cat-
of template, while in MnB(3d)-template the Soret alytic activity of cytochrome P450, which transfer

peak are blue shifted when compared with thethe oxygen atom to an organic substrate. In gen-

corresponding MHP' solution in the presence of eral the reactions were completed after 24 hours

template. The region where the Soret peaks 0]:/vith high yields. The lower catalytic activity of

MnPS(3d)-template appear (between 414 and 426MnPS(Sd)-tempIate is due to the reduction of M@

nm) is very similar to that of MihP (Ozetteet al.

998 hat th i complexes to MhP complexes, caused by the pres-
1 ,)' we arguejt atthe MnTFPP in the preserllc%nce of a high concentration of nitrogen bases in
of nitrogen base in excess leads to the formatio

" The xerogel preparation. No leaching of MP from
of Mn"P cqmplex as was observed before for theMPS 3c and3d was observed during the epoxida-
corresponding FeP complex (Coodteal. 1995). tion reactions, confirmed by the UV-Vis spectrum of

EPR spectra of MPS(3c)-template, present a the filtered reaction mixture. When the filtrate was

sharp s_lgnalgg = 2.006. This S|gn§I has been as- used in the second oxidation (without catalyst) fur-
signed in the literature to the dangling bonds of the S .

} ) . . ther epoxidation was negligible. In the cyclooctene
radical sites present in the xerogel. The-Si- rad- I .
icalsi 4 bv breaki «Si bond epoxidation no correlation between the surface area
Ical sites are created by breaking weak-Si bonds or solid morphology of MPS and the catalytic activ-
(Dhaset al. 1998). .

ity was observed.

The catalytic activities of MB 3c and3d were
compared to the respective MP in solution in the
The preparation of M8by sol-gel process using the (Z)-cyclooctene epoxidation (Table I). The rate of
molecular imprinting technique allowed us to obtain epoxidation with homogeneous MP is faster than

SURFACE AREA
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TABLE |
Catalytic activity of MePS-template in the oxidation of

(Z)-cyclooctene using Phl O as oxygen donor

Catalyst Porphyrin Surface Area)] Cyclooctene
Loading (m/m) (m?/g) oxide yield (%)
1 hour 24 hour
Mn(TDCSQG,CIPP)CY — — 70 70
MnPS(3c)-Py* 18 66 35 96
MnPS(3c)-4-Phind 5 674 20 69
Mn(TFPP)Ch — — 84 84
MnPS(3d)-Py’ 3 132 0 34
MnPS(3d)-4-Phin? 2 159 7 30
FePS(3c)-Py* 9 19 97 100
FePS(3c)-4-Phintf 9 85 13 100
Fe(TFPP)C — — 89 89
FePS(3d)-Py’ 3 142 43 85
FePS(3d)-4-Phin? 2 141 14 50

4(Sacco, 1999) an@(Ciuffi et al., submitted). Py. = pyridine. 4-Phim. = 4-phenylimidazole.

that obtained with MB systems. It was observed Up to now, with MFS-template studied was not ob-
before that the epoxidation of (Z)- cyclooctene wasserved surface area or solid morphology effect on
ten times faster in FeP homogeneous system than ithe catalytic activity. The MB-template show the
the modified silica supported system (Lindsay Smithadvantage that no MP leach from matrix. The use of
1994). The difference in reactions rates can be atthese new materials as catalysts is very promising.
tributed to the presence of the silica matrix, which

makes difficult the approach of the substrate to the ACKNOWLEDGEMENTS
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