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Porphyrins are a group of organic heterocyclic macromolecules, composed of four
modified pyrrole subunits interconnected at their a carbon atoms via methine bridges.
This unique and significant group of compounds has a special relationship with inorgan-
ic clay minerals, which are hydrous aluminium phyllosilicates. Clay minerals, known to
be typical layered materials, act as unique hosts for porphyrin molecules or their precur-
sor materials. When the porphyrin compound enters between the layers of a clay, it can
orient horizontally, diagonally, or perpendicularly. Cation-exchanged clay can provide
the acidity required for the formation of porphyrins from its precursor molecules without
the need for other auxiliary factors such as heating. Clays are also capable of facilitating
the incorporation of various metals into the porphyrin ring to form a metalloporphyrin.
The properties of these metalloporphyrin clay complexes have been studied extensively.
Modern applications of such clay-porphyrin materials include their use as heterogeneous
catalysts for oxidation and polymerization reactions in the synthesis of new materials.
These heterogeneous catalysts have a wide range of uses in vital sectors, such as food
manufacturing, pharmaceuticals, and the chemical industry. Additionally, clay-porphyrin
systems are employed in constructing various types of self-assembling artificial photo-
synthesis systems.
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photophysical, and photochemical capabilities,
making them potential candidates for disease treat-

Introduction

Porphyrin molecules are a widely utilized bio-
chemical moiety with applications in materials sci-
ence, sensing, and pharmaceutical chemistry. These
molecules are large aromatic units, approximately
flat with a regular and rigid structure'. The bare
molecule is referred to as porphine, and when the
periphery of the ring is substituted, the substituted
porphines are called porphyrins®. The porphine moi-
ety is capable of bonding with a wide range of sub-
stituents by bonding through external carbons in the
f- and meso-positions on the ring (Fig. 1)*. Porphy-
rins containing iron atoms at their centers are vital
to life on Earth, playing a variety of roles, including
oxygen storage and transport, and are found in nu-
merous enzymes and vitamins®. Related macrocy-
cles containing magnesium, known as chlorophylls,
are involved in photosynthesis in both the bacterial
and plant kingdoms®. Synthetic porphyrins and
metalloporphyrins exhibit remarkable biological,
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ment’. Additionally, they can be used in biological
imaging®, molecular photovoltaics’, photocatalytic®,
nonlinear optics’, and many other industrial and an-
alytical applications.

Clay minerals are predominantly fine-grained
natural materials with particle sizes of < 2 pum .
They essentially consist of two-dimensional arrays
of silicon-oxygen tetrahedra and two-dimensional
arrays of aluminium- or magnesium-oxygen-hy-
droxyl octahedra. A unit layer is defined as the
combination of one or two tetrahedral sheets with
an octahedral sheet, while a unit cell refers to the
repeated structural elements contained within one
unit layer. Within the unit layers, the two-dimen-
sionally repeating unit cells are aligned parallel to
each other. The basal or c-spacing is the distance
between a plane in one layer and the corresponding
plane in the adjacent layer. The combination of one
tetrahedral and one octahedral sheet forms what are
known as two-layer minerals or 1:1 type minerals
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Fig. 1— Structure of (a) Porphine, (b) Tetraphenyl porphyrin

(Fig. 2). In 2:1 type minerals, the octahedral sheet is
sandwiched between two tetrahedral sheets, form-
ing what are called three-layer minerals (Fig. 3)'.

The relationships and interactions between por-
phyrins and minerals (rocks) have been the subject
of ongoing research since the work of Treibs'?. The
debate concerning the origin of porphyrin pigments
in petroleum, as well as the origin of petroleum it-
self, has focused on whether their source is plant or
animal. These porphyrins are derived from precur-
sor pigments found in the source material and play
an active role in the formation of crude oil from its
source, biogenic material'®. The role of clay miner-
als in the degradation of chlorophyll to a homolo-
gous series of porphyrins, comparable to those
found in petroleum, has also been studied'. It has
been demonstrated that a single porphyrin can gen-
erate a sequence of porphyrins by simulating geo-
chemical conditions critical in the production of
petroleum'. The production of porphyrins from
simple environmental molecules in the presence of
clay minerals is not well understood, and has been
the focus of limited research'*'®. It was found that
the acidity of the clay surface has a substantial im-
pact on its catalytic properties towards organic mol-
ecules®.

This review focuses on the roles of clay in the
formation of both porphyrin from its raw materials,
and metalloporphyrin through the interaction of
porphyrin with various exchangeable cations pres-
ent in the clay. The modern applications of this pro-
cess will also be reviewed.
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Fig. 2 — Schematic presentation of a two-layer clay mineral
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Fig. 3 — Schematic presentation of a three-layer clay mineral

Porphyrin synthesis on clays

The first attempt to synthesize porphyrin using
a clay surface as a catalyst was reported in 1978 by
Cady and Pinnavaia®. Later, in 1983, other re-
searchers conducted similar experiments, reacting
equimolar amounts of pyrrole and benzaldehyde in
the presence of clay samples saturated with various
cations. The product from these reactions, porpho-
dimethine, is an intermediate compound on the
route to porphyrin formation?"?, Using montmoril-
lonite clay K10, meso-tetraalkylporphyrins have
been synthesized in high yields from aliphatic alde-
hydes and pyrrole. The nanometer-sized porous
structures of K10 montmorillonite were found to be
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ideal for polymerization-cyclization condensations
of aldehyde and pyrrole'®. Additionally, the synthe-
sis of porphyrins from pyrrole condensed with alde-
hydes, was facilitated by solid acids such as K10
montmorillonite. The relative amount of the desired
mixed porphyrin can be maximized by combining
the use of two different aldehydes, A and B, with
unequal, statistical quantities of A and B*. It was
found that K10 montmorillonite is more effective
than traditional homogeneous acids like BF, ether-
ate at catalyzing the synthesis of alkylporphyrin de-
rivatives from aliphatic aldehydes and pyrroles®. A
group of porphyrins and pyrromethanes has also
been prepared using K10 montmorillonite clay cat-
alyzed with various acids (p-TsOH, BF, Et O). The
naturally occurring clay proved to be an effective
reagent for such synthesis®.

Recently, we reported on the reactions of five
different aldehydes with pyrrole in the presence of
montmorillonite and kaolinite clay samples saturat-
ed with Fe(I1I), Cu(II), Cd(II), Co(1l), Zn(II), Ni(II),
and Na(]I) cations. The aldehydes used were 1-naph-
thaldehyde, cinnamaldehyde, phenylacetaldehyde,
salicylaldehyde, and 4-carboxybenzaldehyde. The
initial appearance of a pink color, representing the
start of porphyrin generation, was shown to depend
on the acidity of the cation in the clay’s exchanged
sites, as well as on the cation exchange capacity.
The intermediate compound, generated in the mont-
morillonite interlayer as well as on the surface, was
oxidized to porphyrin when desorbed from the clay
surface by adding chloroform to the solid samples.
In contrast, in the presence of kaolinite clay, the in-
termediate compound formed only on the surface?’.

Adsorption of porphyrins on clays

The interactions of porphyrins (and other natu-
rally occurring macrocycles) with clays have been
studied extensively to understand both the reactions
involved and their potential roles in ancient and
modern biospheres*® . The adsorption of commer-
cial K-Cu chlorophyllin by a montmorillonite clay
sample saturated with various exchangeable ions
was investigated. The organic anions were adsorbed
on the surfaces, whilst K* cations displaced most of
the exchangeable cations. The samples adsorbed the
chlorophyllin components selectively and in vary-
ing amounts, depending on the exchangeable cat-
ions of the clay®®. Another study showed that the
nature of the acidity of the clay changed following
adsorption of the chlorophyll molecule, believed to
be adsorbed as a protonated species®. The adsorp-
tion of protoporphyrin IX, and hematoporphyrin by
kaolinite and a Ca-montmorillonite in aqueous solu-
tions buffered at pH 4 and 9 was investigated. At

pH 9, both kaolinite and montmorillonite showed
equivalent saturation of sites by porphyrins in their
anionic forms. The largest discrepancies in adsorp-
tion isotherms were related to variances in clay ex-
change capacities®. The adsorption of two meso-
substituted porphyrins, meso-tetraphenylporphyrin
(TPP) and meso-tetra(4-pyridyl)porphyrin (TPyP),
on cation-exchanged montmorillonite revealed that
TPP was protonated during adsorption, while the
behavior of TPyP depended on water content’'.
Studies on the adsorption of TPP with selected cat-
ions on the interlamellar surfaces of montmorillon-
ite clay revealed that strongly acidic cations, such
as Fe’" and VO*, react quantitatively with the por-
phyrin free base TPP to generate the protonated di-
cation TPPH,*. In contrast, weakly acidic cations
like Na"and Mg?" on the exchanged sites yield only
a trace of the TPPH,* species®. A similar study re-
vealed that both TPP and TPyP compounds undergo
protonation regardless of the exchange cation pres-
ent on the montmorillonite, but the TPP was ad-
sorbed in smaller amounts than TPyP*2. The chlo-
ride salts of tetrakis(I-methyl-4-pyridiniumyl)
porphyrin (TMPyP) and tetrakis(/V, N, N-trimeth-
yl-4-aniliniumyl)porphyrin  were ion-exchanged
into the interlayer space of montmorillonite, hec-
torite, and fluorhectorite. The porphyrins were
diprotonated although a portion remained in the
form of a free base. The tetrakis(N, N, N-trimeth-
yl-4-aniliniumyl)porphyrin was partially metallated
during the reaction with Cu-montmorillonite*. The
Soret band (the strong band at approximately 400
nm) of the compound shifted to longer wave-
lengths®**. The TMPyP adsorption on montmorillon-
ite revealed the presence of both protonated and
non-protonated species of the compound on the
clay®>. Raman and UV-visible spectroscopies were
used to investigate the interaction of the water-solu-
ble 5,10,15,20-tetrakis(I-methyl-4-pyridyl)-21H,23H-
porphine with several 2:1 phyllosilicates. Raman
results supported the presence of at least two por-
phyrin species, protonated porphyrin and a more
planar non-protonated porphyrin*®. Smectite clays
intercalated with tetrakis(1-methyl-4-pyridinio)por-
phyrin were found to be thermally stable up to 600
°C?37. Adsorption of the dicationic porphyrins, cis-
and trans-bis(N-methylpyridinium-4-yl)diphenyl
porphyrins on montmorillonite led to significant
changes in their spectra but preserved the photoac-
tivity of the compounds. These changes could be
linked to two phenomena: structural changes in the
porphyrin molecules (flattening) and molecular ag-
gregation®®. It was found that the average intermo-
lecular distance between tetrakis(1-methylpyridini-
um-4-yl)porphyrin molecules on the synthetic
saponite surface could be controlled, depending on
the charge density of the saponite as indicated by
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the porphyrin absorption maxima®. A study of the
spectrum features of meso-tetrakis(N-methylpyri-
dinium-4-yl)porphyrin adsorbed on clay with vari-
ous layer charges revealed that the spectral changes
could be explained in terms of structural alterations
(flattening, protonation), as well as molecular ag-
gregation®’. The adsorption behavior of protonated
species of 5,10-diphenyl-15,20-di(4-pyridyl)por-
phyrin on the surface of saponite clay was studied
in aqueous solution at pH 1. It was found that the
compound absorbed on the clay surface without ag-
gregation*!. Dichroic wave guide spectroscopy was
used to examine the relationship between the maxi-
mum absorption wavelength (4_ ) and the adsorp-
tion orientation angle (Q, ) of tetra(N-methyl-4-pyr-
idinium)porphyrin derivatives adsorbed on clay
nanosheet monolayer film prepared by the Lang-
muir-Blodgett method. It was found that each por-
phyrin 4 was red shifted as a result of adsorption
on the nanosheets*. Using a precise, reproducible,
and simple absorption measurement method,
5,10,15,20-tetrakis(1-methylpyridinium-4-yl)por-
phyrin adsorption on perovskite-type nanosheet can
be evaluated even at very low absorbance in the or-
der of 0.001 . The adsorbed 4+ charged cationic
porphyrins on an artificially synthesized clay were
investigated. It was found that porphyrin molecules
adsorbed with high density (without aggregation)
on the clay sheet, neutralizing all minus charges on
the clay surface. An efficient energy transfer be-
tween various porphyrins was induced on the clay
surface*®.

The orientation of the porphyrin molecule
when it is present with clay has attracted special at-
tention. An X-ray diffraction study suggested a flat
orientation of the tetramethylpyridylporphyrins
TMPyP molecule on the clay*, with the cationic
TMPy groups nearly perpendicular to the plane of
the porphine*’. Cationic porphyrins were intercalat-
ed within the interlayer spaces of nano-layered clay
by repeated freeze-thaw cycles. The compounds
were found to be rigidly packed parallel to the clay
layer*s. The adsorption of the porphyrin compounds
tetrakis(1-methylpyridinium-4-yl)porphyrin and
tetrakis(1-methylpyridinium-3-yl)porphyrin on clay
was studied. The orientation of both compounds on
the clay monolayers was found to be parallel and
tilted with respect to the clay surface, depending on
the solution used®. By creating a new technique for
sample preparation conditions, cationic porphyrin
was successfully intercalated into a transparent clay
membrane. When the solvent for the porphyrin pen-
etration process was water:ethanol = 1:2 (v:v), high
density intercalation of porphyrin into the clay
membrane was accomplished. The porphyrin orien-
tations in the clay layers were nearly parallel to the
clay nanosheet as a monolayer®. In contrast, it was

found that cationic porphyrins with flexible w-am-
monioalkyl side chains could be quantitatively
ion-exchanged into the interlamellar spaces of
montmorillonite, saponite, and hectorite clay sam-
ples without protonation to the porphin ring. The
porphin ring was found to be positioned upright
rather than parallel to the clay surface’'. A thermo-
dynamic analysis of the dicationic porphyrin orien-
tation on the clay surface revealed that the entropy
component sustained the parallel orientation of the
porphyrin primarily, while the enthalpy term stabi-
lized the tilted orientation®. It was found that por-
phyrin molecules could exhibit two forms of orien-
tation, tilted and parallel, toward a surface of silicate
nanosheet in a mixture of water and dimethylforma-
mide solvent™.

Studies on the photochemical energy transfer
of cationic porphyrins on an anionic type clay sur-
face indicated that the loading level of porphyrin
had a considerable effect on the efficiency of ener-
gy transfer and excited-state quenching in the ab-
sence of energy transfer. Both energy transfer effi-
ciency and excited-state quenching increased as the
loading level increased®. According to a PV-ATR
study, the multicationic porphyrin molecules on the
clay sheets in water were oriented roughly parallel
(<5°) to the clay surface®. It was found that the
structure of porphyrin assembly on the clay can be
effectively controlled using the electrostatic host—
guest interaction. Almost 100 % efficiency of the
energy-transfer reaction was achieved as a typical
example for an artificial light-harvesting system.
When 4+ charged cationic porphyrins adsorbed on
an anionic clay were studied with time-resolved flu-
orescence and steady-state spectroscopy, the ab-
sorption spectra revealed no interaction between the
porphyrin transition moments on the clay surface.
Even with minimal porphyrin loading, an effective
energy transfer pathway from donor to acceptor
porphyrin was observed on the clay surface®.

We have reported that during the adsorption of
the free base water-soluble tetra(p-sulphophenyl)
porphyrin on Fe(Il), Fe(Ill), Cu(ll), Co(II), Ni(Il),
Zn(Il), CdI), Sn(IV) and UO," metal ion-ex-
changed montmorillonites, SAT metal-porphyrin
complexes of the cations had formed (SAT indicates
sitting atop, i.e., the metal is above the porphyrin
plane). The incorporation of the metal ion on/into/
with the porphyrin ring followed the order: Cu(Il) >
Zn(I1) > Co(11) > Fe(II) > Ni(Il) > Cd(II) > Fe(II)
> Sn(IV) > UO,*". The porphyrin was found to be
adsorbed only on the external surface of montmoril-
lonite, but could be intercalated in the presence of
sodium ions in solution to open the clay lattice®.

We also investigated the adsorption of me-
so-tetra-p-tolylporphyrin and meso-tetra-naphthyl-
porphyrin on montmorillonite, and found that the



J. H. Hassen and J. Silver, The Unique Structure—Activity Relationship

..., Chem. Biochem. Eng. 0., 38 (2) 111-123 (2024) 115

two compounds tend to be more planar on the clay
surface. The metal-exchanged ion in the clay is in-
corporated into the porphyrin rings when the por-
phyrin molecules react with montmorillonite satu-
rated with the metal ion of an appropriate size to fit
into the porphyrin compound ring, such as Cu(IT)*.
The metallation process occurred in a solvent that
was miscible with water, allowing the hydrated
sphere of the metal ion to penetrate the montmoril-
lonite interlamellar layers®®. We suggested that me-
so-tetra-naphthylporphyrin (where the meso substit-
uent is less free to rotate) cannot penetrate the
interlamellar spacing of the clays®”. The effects of
porphyrin structure on the complex formation be-
havior with clay have also been studied by oth-
ers®®®,  The zwitterionic porphyrin [4-(2-car-
boxyethyl)pyridinio], when adsorped on the clay
surface, formed a three-dimensional structure by
electrostatic interactions on the clay surface be-
tween porphyrins®'. The adsorption behavior of me-
so-tetra(4-N, N, N-trimethylanilinium)porphyrin onto
sodium montmorillonite clay revealed that at low/
high pH, the compound adsorbs in a monolayer
fashion, but at slightly acidic/neutral pH, the com-
pound may rearrange on the surface and/or form
aggregates®?. Absorption, steady-state, and time-re-
solved fluorescence spectroscopies were used to in-
vestigate the interaction of tetra cationic porphyrin,
5,10,15,20-tetrakis(N-methylpyridinium-4-yl)por-
phyrin, with clays in aqueous dispersions®. The ad-
sorption process led to significant changes in the
spectral properties of the porphyrins®.

Adsorption of metalloporphyrins on clays

An early attempt to study the adsorption of a
metalloporphyrin complex (hemin) on clays dates
back to the early seventies®. Since then, there has
been ongoing interest to study the behavior of
metalloporphyrins and their complexes when they
are adsorbed on the surface of clay or between its
layers. Additionally, the behavior of the metal with-
in the porphyrin ring and the extent of its stability
inside the ring during the reaction with clays has
aroused much interest® . Studies using UV/visible
and luminescence spectroscopy on the adsorption of
Sn(IV)TPyP (meso-tetrapyridylporphyrin) on sodi-
um hectorite revealed that the complex demetallates
to the dication TPyP upon dehydration of the clay.
The process was found to be reversible®. It was
found that stable metalloporphyrins like Sn(IV)TPP
can be adsorbed without demetallation while in the
presence of sufficient water. In contrast, complexes
like Fe(III)TPP are demetallated during adsorp-
tion’!. On the other hand, water-soluble porphyrin
complexes of Cu(Il) and Fe(Ill), tetrakis(N-meth-
ylpyridyl)porphyrin, and tetrakis(N, N, N-trimeth-

ylanilinium)porphyrin were intercalated in the
Ca(II) montmorillonite interlayer without demetal-
lation upon adsorption®. A study on the stability of
metal-porphyrins on clays found that vanadyl and
nickel porphyrin complexes were the most stable,
while Mg porphyrin was unstable in contact with
the clay®. When the Co(Il) meso tetrakis(1-methyl-
4-pyridyl)porphyrin complex reacted with montmo-
rillonite, it intercalated into the interlayer without
demetallation®’, adopting a flat orientation relative
to the host layers®. Other researchers have reported
that Fe(III) and Co(II) porphyrin complexes are sta-
ble when reacting with montmorillonite and fluor-
hectorite clays®. The transition probabilities and
fluorescence quantum yields of mono-, tri-, and
penta-cationic antimony(V) porphyrin derivatives
showed a tendency to increase upon complex for-
mation with clay®®. The flattening of the meso sub-
stituent with respect to the plane of the porphyrin
ring was experimentally verified as the mechanism
causing the distinctive absorption spectral shifts of
porphyrin complexes upon adsorption on the clay
surface®. On anionic saponite, 3+ charged subpor-
phyrin derivatives with m- and p-methylpyridinium
as meso aryl substituents were adsorbed. Despite
the dense introduction of dye molecules onto the
solid surface, their fluorescence properties on the
saponite surface were not only maintained but also
significantly improved™. The porphyrin complexes
Fe(Il)tetraphenylporphyrin chloride, Fe(Ill)tetra-
naphthylporphyrin, p-oxo-bis[tetraphenylporphyrin-
iron(II)], p-oxo-bis[tetranaphthylporphyriniron(I11)],
Sn(I'V)tetraphenylporphyrin chloride, and Sn(IV)
tetra-naphthylporphyrin were adsorbed onto mont-
morillonite clay”, with all the complexes absorbed
onto the clay without demetallation. The only pro-
cess that occurred is that the dimeric form of iron
complexes transformed to the monomeric form’'.
In a saponite clay layer intercalated with a polyflu-
orinated surfactant, tetra-(4-sulfonatophenyl)por-
phyrinatotin(IV) aggregated efficiently, while no
aggregation was found in a hydrocarbon-type sur-
factant-clay hybrid environment’. Even in a poly-
fluorinated environment, germanium(IV) porphy-
rins remained monomers’™. A red shift of the Soret
band was observed after the adsorption and interca-
lation of 1+ charged cationic dihydroxo(tetraphen-
ylporphyrinato)antimony(V) bromide into an artifi-
cially synthesized smectite clay. The hydroxo group
as an axial ligand resulted in successful intercala-
tion”. The same result was observed during the ad-
sorption of 2+ charged cationic [3-(trimethylammo-
nio)propoxo(methoxo)(tetraphenylporphyrinato)
antimony(V)]. The ammonium cationic part on the
axial ligand led to the effective non-aggregated in-
tercalation into the clay™. The water-soluble porphyrin
(tetra(4-sulfonatophenyl)porphyrinatoantimony(V)
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co-intercalated with polyfluorinated surfactant/clay
hybrid microstructures, demonstrating distinct spec-
trum alterations”. A synthetic clay and cationic tet-
raphenylporphyrinatoantimony(V) bromide with
varied axial ligands were used to synthesize novel
metalloporphyrin-clay composites. It was found
that the axial ligand structure might control not only
crystal structure formation but also adsorption be-
haviors with aggregation or non-aggregation onto
clay sheets’. Using a glass plate modified with am-
monium cation, tetraphenylporphyrinatoantimony(V)
complex (SbTPP) adsorbed cation-exchangeable
smectite nano clay sheets films were prepared. The
surface state of the glass plate substantially influ-
enced the dispersibility of SbTPP-adsorbed smectite
sheets. The fluorescence images emitted from the
films revealed that the porphyrin had adsorbed onto
clay sheets without aggregation”’.

Applications of clay-porphyrin system

The growing interest in intercalation com-
pounds is driven by the host-guest interactions that
alter the chemical, catalytic, electrical, and optical
properties of guest components. Porphyrins and
metalloporphyrin complexes can perform redox ca-
talysis under ambient conditions’™. Intercalation of
cationic metalloporphyrins into clay results in
metalloporphyrin-loaded clay catalysts with higher
selectivity and enhanced catalytic activity”. These
heterogeneous catalysts offer a wide range of appli-
cations in vital sectors like food manufacturing,
pharmaceuticals, and the chemical industry.

Much research has been devoted to developing
technologies for producing chemicals through oxi-
dation processes. A significant challenge in cataly-
sis is finding novel heterogeneous catalysts and/or
alternative oxidants to improve reaction selectivity
toward targeted products®. It has been shown that
using a clay-porphyrin combination is a novel way
to control the photochemical characteristics of por-
phyrins®!, providing a unique environment for pho-
tochemical reactions®>. Photochemical electron
transfer reactions were observed during the reaction
of cationic porphyrins and anionic clay**°. Studies
on the behavior of complex formation between syn-
thetic saponite clay and cationic porphyrin have
shown that the average intermolecular distance be-
tween the porphyrin molecules on the clay surface
can be controlled. This finding is crucial for devel-
oping photochemical reaction systems, such as en-
ergy transfer in complexes®. Studies using photo-
chemical energy transfer reactions on anionic clays
onto which two different porphyrin molecules had
been adsorped, showed moderate energy transfer
reactions, concluding that strongly fixed dye assem-

blies on the clay mineral surfaces suppress dye ag-
gregation and segregation. Such surfaces are par-
ticularly promising for constructing effective
photochemical reaction systems®. It has been estab-
lished that an excited guest molecule densely ad-
sorbed on a solid surface is quenched by unfavor-
able interactions between the guest molecules,
making photochemical reactions such as electron
and energy transfers less efficient compared to those
in homogeneous systems. The mechanism of the
unfavorable quenching process of dye molecules on
a clay surface for photochemical energy transfer
was systematically investigated using a series of
porphyrin derivatives. It was found that the quench-
ing rate constants of excited guest dye molecules,
determined by time-resolved fluorescence measure-
ments, correlated well with the strengths of Cou-
lombic interaction between host and guest®’. A
strong Coulombic interaction is expected to sup-
press the mobility and collision frequency of guest
molecules on the clay surface, suggesting that guest
molecule collisions are the origin of unfavorable
quenching for photochemical reactions on the clay
surface®”. Working with this principle, the authors
suggested it should be possible to construct efficient
photochemical reaction systems without a quench-
ing process, such as efficient energy transfers to-
ward an artificial light-harvesting system®”. In fact,
the authors had already achieved almost 100 % en-
ergy transfer by suppressing the quenching process
on the clay surface in an earlier paper®® reporting
that the porphyrin compounds tetrakis(1-methylpyr-
idinium-3-yl)porphyrin and tetrakis(1-methylpyri-
dinium-4-yl)porphyrin were the more suitable por-
phyrins for achieving a quantitative energy transfer
reaction®. On an anionic clay surface, the same
group of researchers studied an excited energy
transfer process from tetrakis(1-methylpyridini-
um-2-yl) porphyrin to tetrakis(1-methylpyridini-
um-4-yl) porphyrin®. They reported that both the
energy transfer efficiency and quenching efficiency
increased as the compound loadings increased. The
major factor lowering the energy transfer efficiency
was the self-quenching of the donor porphyrin on
the clay surface®.

A supported Mn-porphyrin catalyst was pre-
pared by immobilizing Mn[meso-tetra (4-N-meth-
ylpyridiniumyl)porphyrin]CIl** on montmorillonite.
This catalyst demonstrated efficiency for alkene ep-
oxidation and alkane hydroxylation by PhlO, with a
higher ability to oxidize alkanes, particularly short
linear alkanes®. Fe(IIT) and Mn(IIl) cationic por-
phyrins were adsorbed on the surface of montmoril-
lonite clay platelet crystals. The concentration of
the porphyrin immobilized in the clay, as well as
variables like the metal ion species in the porphy-
rins, the choice of solvent, and the concentration of
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the iodosyl benzene oxidant, all had an impact on
the catalytic activity of the intercalated complexes
for the oxidation of alkane. The catalytic oxidation
of cyclohexane by iodosylbenzene showed good se-
lectivity for cyclohexanol rather than cyclohexa-
none’’. Manganese meso-tetrakis(tetramethylpyri-
dinio)porphyrin pentaacetate has been shown to be
an effective immobilized catalyst for the oxidation
of monomeric and dimeric lignin model compounds
by hydrogen peroxide. It can oxidize both phenolic
and non-phenolic models, producing side-chain ox-
idation and cleavage products®. A clay-Mn porphy-
rin complex proved to be a stable, recyclable, and
efficient catalyst for the H O, catalyzed oxidation of
various lignins and representative lignin model
compounds in an environmentally acceptable man-
ner”. The anionic iron(IIl) porphyrin: 5,10,15,20-te-
trakis(2,6-difluoro-3-sulfonatophenyl)porphyrina-
toiron(II) chloride, was immobilized using silanized
kaolinite as a novel inorganic support. After one
hour, this system proved to be an efficient and high-
ly selective catalyst for cyclooctene epoxidation (97
% cyclooctene oxide) and cyclohexane hydroxyl-
ation (90 % cyclohexanol)®®. Kaolinite clay has
been functionalized with a meso-tetrakis(pentafluo-
rophenyl)porphinatoiron(Ill) complex through puri-
fying the natural clay by dispersion—sedimentation,
expanded by insertion of dimethyl sulfoxide, and
functionalized with amino groups by substitution of
dimethyl sulfoxide with ethanolamine. These pre-
ceding steps allowed clay functionalization with the
porphyrin complex, leading to a layered material.
The functionalized clay’s catalytic activity was as-
sessed in the epoxidation of cyclooctene, with per-
fect selectivity for the epoxide (100 % epoxide
yield), and the ketonization of cyclohexane, with
cyclohexanone as the primary product®. In photo-
catalytic aerobic oxidation of cyclohexene catalyzed
by 5,10,15,20-tetrakis(pentafluorophenyl)porphy-
riniron(I1I) chloride under visible light irradiation,
the coexistence of hydrotalcite clay was found to
enhance the selectivity for cyclohexene oxide dra-
matically®®. An anionic iron(IlI) porphyrin was im-
mobilized on a sol-gel synthesized aluminosilicate,
and employed as a catalyst in the oxidation of or-
ganic substrates. The catalytic activity of the im-
mobilized iron(IIl) porphyrin in the oxidation of
cyclooctene, cyclohexane, and n-heptane was inves-
tigated using iodosylbenzene as the oxygen donor.
This system showed promise for effective and se-
lective oxidation processes’’. The immobilization of
two different cationic manganese porphyrins
[Mn(T4MPyP)]Ac5 and [Mn(BrT3MPyP)ICIl, on
magnetite Fe O, coated with silica and on nano-
tubes of raw halloysiteis, were utilized in the 30 %
hydrogen peroxide bleaching reaction of the dye
“brilliant green”. The systems exhibited distinctive

catalytic activity®®. Intercalating cationic me-
so-tetrakis(1-ethyl-3-pyridinio)porphyrinato cobalt
complex with the substituents of the quaternary am-
monium salt of heterocyclic amine into a montmo-
rillonite interlayer enabled the formation of a com-
posite material. This composite demonstrated
maximum catalytic activity, preferentially produc-
ing 1,2-epoxycyclohexane when isobutyraldehyde
was present. Montmorillonite contributed to the sta-
bilization of the porphyrin cobalt complex and
played a role in accelerating oxidation by activating
oxygen molecules by constructing a three-dimen-
sional reaction field regulated by electrostatic inter-
action with guest molecules”. A cationic iron(IIT)
porphyrin was immobilized into the nanotubes/na-
noscrolls of natural halloysite. The catalytic activity
of iodosylbenzene as an oxygen donor was tested in
the oxidation of cyclooctene, cyclohexane, and
n-heptane. These unique immobilized catalysts have
proven promising for selective oxidation process-
es'®. Using a simple cation exchange method, three
types of Co porphyrin complexes with different
porphyrin ring substituents and nonionic or cationic
structures were intercalated into lithium taeniolite.
The intercalated catalysts were used in the oxidative
cleavage of isoeugenol to vanillin using molecular
oxygen as the only oxidant, and the reaction pro-
ceeded efficiently at mild reaction conditions''.
Catalyzed by cationic cobalt meso-tetrakis (1-meth-
yl-4-pyridyl) metalloporphyrins immobilized in
montmorillonite interlayers, a very efficient aerobic
oxidation of alcohols to carbonyl compounds was
achieved'®. Manganese meso-tetrakis-(1-methyl-4-
pyridyl) immobilized into montmorillonite also
showed good activity and selectivity for the aerobic
epoxidation of olefins under ambient conditions,
yielding more than 90 % epoxides'®. Meso-tetra-
(2,6-dichloro-3-sulfonatophenyl)porphyrinateMn(I1I)
chloride immobilized on kaolinite and montmoril-
lonite exhibited catalytic activity several times
greater than the free catalyst in solution toward the
oxidative coupling reaction of a phenolic monomer,
(the latter is commonly found in the humified natu-
ral organic matter that is ubiquitous in the environ-
ment)!*,

Metakaolinite and metahalloysite were formed
by calcining raw clay minerals kaolinite and hal-
loysite at specified temperatures and times. The re-
sultant materials were used as supports for anionic
Fe(Ill) porphyrin, and it was found that only
metahalloysite was adequate for Fe(IIl) porphyrin
immobilization. The catalytic activity of metahal-
loysite-supported Fe(Ill) porphyrin was tested in
heterogeneous oxidation processes using iodosyl-
benzene as the oxidant and cyclooctene, cyclohex-
ane, or n-heptane as the substrate, yielding high
product yields for all substrates'®. The effective ad-
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sorption of a 5,10,15,20-tetrakis(4-carboxyphenyl)
porphyrin from acidic solution in methanol by
Cloisite 30B monotallow bis(hydroxyethyl)ammo-
nium-modified montmorillonite clay yielded a new
form of hybrid photosensitizer. The obtained mate-
rial has been found to be an excellent photosensitiz-
er for the oxidation of phenol in aqueous solution
when exposed to visible light!'® Fe(Ill) me-
so-tetrakis(tetracarboxyphenyl)porphinato has been
used to functionalize kaolinite. In the epoxidation
of cis cyclooctene, the catalyst exhibited full selec-
tivity for the epoxide. The recovered catalysts were
used as antibacterial agents against diverse bacteria,
with activity comparable to commercial drugs such
as streptomycin'®’. Biomimetic iron porphyrin het-
erogeneous catalysts have been developed by graft-
ing Fe(Ill) 5,10,15,20-tetrakis(4-hydroxyphenyl)
porphyrin  onto  3-chloropropyltrimethoxysilane
functionalized kaolinite, and tested for the epoxida-
tion of (Z)-cyclooctene and oxidation of cyclohex-
ane using iodosylbenzene as an oxygen donor. The
system showed good catalytic activity®’. Kaolinite
modified with tris(hydroxymethyl)aminomethane
and reacted with 5,10,15,20-tetrakis(4-sulfona-
tophenyl)manganese(Ill) porphyrinate was synthe-
sized as a material for application in caprolactone
(e-Cl) polymerization. The study demonstrated that
chemical modification of kaolinite followed by
metalloporphyrin adsorption is an essential ap-
proach for producing initiator catalysts for polymer-
ization processes in the synthesis of new materi-
als!®. An artificial photosynthesis system model
consisting of a photochemical reaction system with
a light harvesting function was constructed on a
clay nanosheet using a metalloporphyrin as a photo-
catalyst and a subporphyrin as a photoantenna. The
metalloporphyrin photocatalyst catalyzed the photo-
chemical conversion of cyclohexene by exciting
both the subporphyrin photoantenna and itself. The
results could be useful in the development of vari-
ous types of artificial photosynthesis systems based
on self-assembly of the subcomponents'®. Saponite
and a cationic porphyrin were employed as an an-
ionic inorganic nanosheet and an adsorbing dye (an
energy acceptor) on the clay surface. Through si-
lane coupling, the edge of saponite was modified by
pyrene, an energy donor. The adsorption distribu-
tion of the cationic porphyrin dye on the nanosheet
surface was studied using Forster resonance energy
transfer (FRET). As the efficiency of FRET depends
on the distance between the energy donor and the
acceptor, it was demonstrated that FRET can be
used as a molecular ruler to estimate the distribu-
tion of dye molecules on the clay surface'"’.
Adsorption of 5,10,15-triphenyl-20-mono(/N-
methyl-4-pyridyl)porphyrin on clay revealed that
the compound adsorbed with the porphyrin ring

parallel to the clay surface. The compound’s fluo-
rescence was severely quenched as its adsorption
density increased'!'. A smectite clay and a met-
al-free  meso-tetra(4-carboxyl  phenyl)porphyrin
were used to modify carbon paste electrodes and
then employed for the simultaneous electrochemical
detection of tyrosine, dopamine, and acetamino-
phen. The developed sensors were used to deter-
mine the concentration of acetaminophen in a phar-
maceutical ~ preparation and  simultaneously
dopamine, acetaminophen, and tyrosine in human
urine''?. Tetra(p-sulfonatophenyl)porphinatomanga-
nese(Ill) anions were intercalated perpendicularly
into the interlayer spaces of Mg-Al-layered double
hydroxide clay, and employed as a catalyst for the
oxidation of 2,4,6-trichlorophenol’™.  Tron(III)-
tetrakis(N-methylpyridinium-4-yl)porphyrin, a bio-
mimetic catalyst, was intercalated into montmoril-
lonite and pillared clay. Its catalytic activity for the
decolorization of Acid Orange 7 in the absence and
presence of humic acid, a major component of
wastewater, were compared. These results indicated
that the pillared clay is a more suitable support for
the Fe(Ill)porphyrin catalyst than montmorillon-
ite™.

The adsorption of four porphyrin compounds
on flat clay surfaces was used to investigate photo-
chemical energy transfer. It was found that the rela-
tive orientation change between dyes could regulate
energy transfer efficiency. The key element influ-
encing energy transfer efficiency was the change in
orientation factor and spectral overlap factor. This
approach could be used to make photo-functional
materials like chromic and light-harvesting sys-
tems'!®. A porphyrin/viologen monolayer on an an-
ionic synthetic saponite showed fluorescent behav-
ior when studied using steady-state and time-resolved
fluorescence spectroscopy. It was shown that the
structure of the dye had a strong influence on segre-
gation behavior, and that an efficient electron trans-
fer system may be built on the clay surface'*. The
cationic porphyrin complex p-meso-tetra(4-pyridyl)
porphyrinatecobalt(Il) tetrakis[bis(bipyridine)(chlo-
rido)ruthenium(Il) was intercalated into smectite
clay. The intercalated porphyrin was used to modify
glassy carbon electrodes, which were successfully
used to determine acetaminophen and tyrosine si-
multaneously. The composite displayed good com-
patibility and stability, high selectivity and sensitiv-
ity Studies on the adsorption and photochemical
behavior of Pt(Il) meso-tetra(N-methyl-4-pyridini-
um)porphyrin on saponite clay revealed that ad-
sorption on the clay surface increased complex
phosphorescence compared to that in water''®. New
hybrid nanomaterials composed of 5,10,15,20-te-
trakis(3,4-dimethoxyphenyl)porphyrin encapsulated
in silica matrices were prepared. This system was
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found to be of scientific interest due to the prospect
of its use in high-density optical data storage''’. Su-
mecton clay as a host material was reacted with
Pt(II) and Pd(II) porphyrins as guest materials.
These materials displayed unique oxygen sensing
properties'8. It has been found that an anionic clay
nanosheet, along with Zn-porphyrin, and a neutral
aromatic molecule contained within a cationic or-
ganic cavitand, undergoes an effective energy trans-
fer reaction'”. From a study on the reaction of tetra
cationic porphyrazine with clay, a novel strategy to
create efficient photochemical reaction systems and
photodevices was proposed!?’. A photochemical ox-
ygenation reaction was conducted on cyclohexane
using a clay surface sensitized by two types of
Ru(IT) porphyrin complexes'?'. A transparent hybrid
film composed of cationic magnesium porphyrin
and clay was developed via intercalation of magne-
sium porphyrin into clay film without aggregation.
It was found that the chromic behavior of the film
depended on relative humidity'??. Steady-state and
time-resolved fluorescence studies have been used
to reveal that the adsorption distribution of a di-cat-
ionic porphyrin on a clay surface is not uniform'>.

Conclusion

Clay minerals, due to their layered structures,
serve as useful and special hosts for porphyrins or
the substances that synthesize them. When porphy-
rin complexes enter between the layers of clay, they
can orient horizontally, diagonally, or perpendicu-
larly. Cation-exchanged clays can provide the nec-
essary acidity for porphyrin synthesis from raw ma-
terials, without the need for auxiliary factors such
as heating. They also facilitate the incorporation of
various metals into the porphyrin ring, forming
complexes. The process is straightforward if the
metal ion is the appropriate size to fit in the center
of the porphyrin ring, such as Cu(Il). Porphyrin in-
tercalation in clays results in a wide range of por-
phyrin-loaded clay catalysts with enhanced selectiv-
ity and catalytic activity. These heterogeneous
catalysts have diverse applications in vital sectors,
such as food processing, pharmaceuticals, and the
chemical industry.
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