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In the formation of porphyrin, at least one step is acid-catalyzed. Cation-exchanged
clay was found to be able to provide the acidity needed in the formation of porphodimethine (an intermediate step in the route of porphyrin formation), from the reaction of
pyrrole and aldehyde in water. Five different aldehydes were reacted with pyrrole in
water in the presence of montmorillonite MMT and kaolinite KLT clays saturated with
Fe(III), Cu(II), Cd(II), Co(II), Zn(II), Ni(II), and Na(I) cations. The initial appearance of
a pink color, which indicates the beginning of the porphyrin formation, depends on the
acidity of the cation in the exchanged sites of the clay, also on the cation exchange capacity of the clay. The intermediate compound was found to be formed in the montmorillonite interlayer in addition to the surface, and oxidized to porphyrin when desorbed
from the clay surface by chloroform. In the presence of kaolinite, the intermediate compound formed only on the surface. The results were monitored using visible absorption
spectra, diffuse reflectance spectra, and X-ray diffraction.
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Introduction
Adsorbents play a prominent role in chemistry,
and various types of adsorbents are explored1. Activated charcoal has a major role in adsorption of pollutant materials2, toxic substances, and drugs3–6.
Likewise, clays have received great attention in adsorbing many organic matters7 through chemical or
physical processes. The adsorption of porphyrins on
clays has received special attention due to the special importance of this pigment. The argument on
the origin of the porphyrin pigments found in petroleum, and petroleum origin, has focused on the fact
that their origin is plant or animal. These porphyrins
came from precursor pigments present in the source
material. They play an active role in the development
of crude oil from its source, the biogenic material8.
The role of the clay minerals in the degradation of
chlorophyll to a homologous series of porphyrins,
similar to that found in petroleum has been studied9.
The generation of a series of porphyrins via the use
of simulated geochemical conditions known to be
important in the generation of petroleum has been
conducted from single porphyrin10. The formation
of porphyrins from simple molecules available in
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the environment in the presence of clay minerals is
not clearly understood, and only a few studies appeared in the literature concern the subject11–13. The
clay surface acidity has a great impact on achieving
significant organic transformations14. The adsorption of porphyrins on clay minerals has been widely
studied15–17. It was found that in the clay-porphyrin
complexes formed by the reaction of synthetic clay
and cationic porphyrins, the Soret bands of the compound were shifted to longer wavelengths compared
to those in water, due to the parallel orientation of
the molecule18. UV-Vis absorption study showed
that porphyrins adsorption on nanoclay platelets resulted in the flattening of meso-groups substituted
on the molecule19. An experiment concerning the
adsorption of the zwitterionic porphyrin (tetrakis
{4-(2-carboxyethyl)pyridinio}porphyrin (TPyCP))
showed that the compound is able to form a three-dimensional structure by electrostatic interactions on
the clay surface between porphyrins20. It was found
that when the compound 5,10-diphenyl-15,20-di(4pyridyl)porphyrin adsorbed on saponite clay at pH
1, the Soret band slightly shifted to longer wavelength21. Researchers suggested that metalloporphyrin ions have the ability to be intercalated in the
interlayer of MMT perpendicularly, diagonally and
horizontally22. The results from XRD and absorp-
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tion spectra showed that the intercalation of cationic
porphyrin into clay interlayer was found to be parallel to the clay nanosheet23. Similar investigation
on spectral behavior of meso-tetrakis(N-methyl
pyridinium-4-yl) porphyrin on montmorillonite
showed that the change in spectra of such compound is due to flattening, protonation, and aggregation of the compound24. The absorption and emission spectra of some subporphyrin derivatives
adsorbed on saponite clay exhibited strong shifts
due to the molecule flattening on the clay sheet25. It
was found that the parallel orientation of the porphyrin molecule was stabilized by the entropy term,
while the tilted orientation was stabilized by enthalpy term26. When the iron(III)-tetrakis(N-methylpyridinium-4-yl)porphyrin complex was adsorbed on
MMT, the resulting structure had catalytic properties for decolorization of Acid Orange 727. Also, the
intercalation of the complex μ-meso-tetra(4-pyridyl)
porphyrinatecobalt(II) tetrakis[bis(bipyridine)(chlorido)ruthenium(II) into smectite interlayer yield a
structure used to modify glassy carbon electrodes,
in order to be used in the simultaneous determination of some organic compounds28. The aim of the
present work was to investigate the formation of
porphyrins in the presence of MMT and KLT clays
saturated with various cations, and to study the effect of different substituents on the four meso-positions (from the corresponding aldehyde) on the
properties of the clays.

Materials and methods
The clay samples were Wyoming MMT has the
composition (Na,Ca)0.33(Al,Mg)2(Si4O10)(OH)2·nH2O,
obtained from Podmore and Sons Ltd, and the KLT
sample called Black Pool has the composition
Al2O3.2SiO2·2H2O, was obtained from Ward’s
Natural Science Establishment. The chemicals used
in this research were of analytical grade obtained
from Sigma-Aldrich Company. The diffuse re
flectance spectra of the solid samples were recorded
on Unicam SP. 700 spectrophotometer in the
30000–14000 cm–1 range. The visible absorption
spectra of the solutions were recorded on Perkin-Elmer Lambda 5 UV/Vis and Beckman DU-7 spectrophotometers. The X-ray diffraction patterns for the
solid samples were recorded on a Philips diffractometer using CuKa radiation.
Reactions of pyrrole and aldehydes in the
presence of cation-exchanged MMT and KLT clays

Five different aldehydes, known as l-naphthaldehyde, cinnamaldehyde, phenylacetaldehyde, salicylaldehyde, and 4-carboxy benzaldehyde were
reacted separately with pyrrole in water in the pres-

ence of MMT and KLT clays saturated with the cations Fe(III), Cu(II), Cd(II), Co(II), Zn(II), Ni(II),
and Na(I). In each separated experiment, 0.2 mL
pyrrole was reacted with equimolar amounts of aldehyde in a flask containing 3 g of the exchanged
clay in 100 mL distilled water. The reactions were
allowed to proceed with stirring under air and at
room temperature for 24 hours. After filtration and
washing with distilled water, the purple slurries
were air-dried.

Results and discussion
The initial point at which a change in the color
of the slurries is observed, depends on the cation
exchange capacity and on the metal cation present
in the exchange site of the clay. The reactions of
pyrrole and the aldehydes in the presence of Fe(III)
MMT exhibited an immediate change in the color
of the slurries from grey to pink. Whereas, in the
presence of Fe(III) KLT, the change in the initial
color took about 30 minutes longer. If the Cu(II),
Cd(II), Co(II), Zn(II), Ni(II), and Na(I) ions were
the exchangeable cations of MMT, the color change
took longer than Fe(III) MMT, and varied from one
ion to another depending on the acidity of the exchangeable cation. The exchanged KLT samples
needed longer to exhibit a change in color. In the
case of Na(I) KLT sample, the process needed a
drop of acid to catalyze the reaction.
The reaction pathway of porphyrin formation
involves the formation of porphyrinogen in the first
stage. The porphyrinogen then oxidizes, through
porphomethine and porphodimethine, to porphyrin
as shown in Fig. 1. Porphyrins can also be reduced
to phlorins, porphomethines or porphyrinogens. The
process depends on the activity of the reducing agent29.
The mechanism of the meso-tetrasubstituted
porphyrin30 involves pyrrole condensation with aldehyde to give carbinol I, which undergoes oxidation to aroylpyrrole II. Aroylpyrrole condensation
with another molecule of pyrrole gives carbinol III,
which then undergoes dehydration and reduction to
dipyrromethane IV. Dipyrromethane condensation
with a further molecule of aldehyde gives carbinol
V. Carbinol V oxidation gives aryoldipyrromethane
VI. The condensation of two molecules of this
aroyldipyrromethane VI gives γ-dihydroxyporphyrinogen VII, which loses two molecules of water to
produce porphodimethine intermediate VIII. The
intermediate VIII rearrangement leads to chlorin IX
or oxidation to porphyrin X.
In the formation of porphyrin, at least one step
is acid catalyzed31, and since cation exchanged clays
are able to provide this acidic environment, previous researchers have utilized clays as catalysts in
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F i g . 1 – Mechanism of porphyrin formation

the formation of tetraphenylporphodimethine (TPPDM) from the reaction of pyrrole and benzaldehyde in water12. The presence of a strongly acidic
hydrated cation such as Fe(III)32, in the exchange
sites of the clay, initiates the reaction faster than
that carried out in the presence of a weak acidic cation such as Na(I). The reaction in the presence of
KLT is slower than that with MMT, even if Fe(III)
is the exchangeable cation, presumably due to the
low cation exchange capacity of KLT, which is
about 10 meq 100 g–1 in comparison to that of MMT
which is 70 meq 100 g–1 33.
In the presence of MMT or KLT saturated with
various cations, the reaction between pyrrole and
the five different aldehydes, under atmospheric oxygen, resulted in the formation of a porphyrin intermediate which absorbs near 500 nm. Other researchers34 observed a similar band near 500 nm
during the oxidation of the colorless uroporphyrinogen to uroporphyrin. They assigned porphomethine

and porphodimethine structures to this intermediate.
In our research, porphodimethine structures were
assigned to the compounds obtained during the reaction between pyrrole and the different aldehydes
in the presence of MMT and KLT clays saturated
with various cations. The aldehydes used are given
in Table 1, along with the names of the intermediate
compounds obtained, in which the four meso-positions α, β, γ, and δ carry the residue from the corresponding aryl aldehyde.
Ta b l e 1 – Aldehydes used and the corresponding intermediate compounds formed
Aldehyde

Intermediate compound

1- Naphthaldehyde

meso-tetranaphthylporphodimethine

Cinnamaldehyde

meso-tetracinnamylporphodimethine

Phenylacetaldehyde

meso- tetraphenylacetylporphodimethin

Salicylaldehyde

meso-tetrasalicylporphodimethine

4-Carboxybenzaldehyde meso-tetracarboxyphenylporphodimethine
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Wavenumber (cm-1)

F i g . 2 – Diffuse reflectance spectra of (1) Ni(II) MMT reacted with pyrrole and 4-carboxyrenzaldehyde, (2) Fe(III) MMT
reacted with pyrrole and l-naphthaldehyde, (3) Fe(III) MMT
reacted with pyrrole and cinnamaldehyde

Adsorption

The visible absorption spectra of all the clay
samples suspended in water, self-supporting films
and the diffuse reflectance spectra, showed a band
near 500 nm indicating the formation of the porphodimethine, which is an intermediate compound on
route to porphyrin. Fig. 2 shows the diffuse reflectance spectra of some of the powder samples. The
visible absorption spectra of the powder suspensions in chloroform, in which the chloroform causes
desorption of the compounds from the clay, showed
the appearance of a small band near 415 nm. This
band was assigned to porphyrin, which indicated
rapid oxidation of some of the intermediate compounds to porphyrin after desorption. Fig. 3 shows
the spectra of the suspensions in chloroform after
less than 5 minutes.
The positions of the bands, assigned to the intermediate, and the band of the porphyrin (oxidized
intermediate) after desorption in chloroform, are
given in Table 2. From the spectra of the samples
suspended in water, the self-supporting films, and
the diffused reflectance spectra, which indicate the
real environment of the compounds on the clay surface or the interlayer, it is clear that the intermediate
compound in the adsorbed state is a cationic form
of porphodimethine structure due to the similarity
of the absorption spectra of this intermediate with
that reported35 during the formation of TPPH in acetic acid. This intermediate undergoes oxidation to
porphyrin upon desorption from the clay.
Oxidation of the intermediate compounds of all
the samples was completed when these solutions
were left under air and at room temperature overnight (Fig. 4). Some of the visible absorption spectra
of the samples showed bands near 450 nm together
with the Soret band of the oxidized intermediate
and the band near 500 nm. This band near 450 nm
is assigned to diprotonated porphyrin. The acid catalyzed oxidation of porphyrinogen is assumed to be
a free radical in nature, and the catalysis is a function of the protonation of pyrrolic nitrogen36.
In the presence of the clay, it was observed that
the intermediate meso-tetraphenylporphodimethine
(TPPDM) could be found under the same conditions in the absence of oxygen37. This led researchers to suggest that porphyrinogen oxidation also
takes a free radical pathway. When a hydrogen atom
is removed from the methylene bridge carbon, a
resonance stabilized radical is generated. An oxidized dipyrromethane unit is then formed by protonation of pyrrolic nitrogen, followed by the loss
of another hydrogen atom. This process is repeated
a second time to give the intermediate compound.
The clay acts as a stabilizer to the cationic interme-

Reflectance

Visible absorption and diffuse
reflectance spectra

Wavenumber (cm-1)

F i g . 3 – Visible absorption spectra of (1) Fe(III) MMT reacted with pyrrole and 1-naphthaldehyde, (2) Zn(II) MMT reacted
with pyrrole and salicylaldehyde, (3) Ni(II) MMT reacted with
pyrrole and 4-carboxybenzaldehyde. The spectra were taken as
suspensions in chloroform after less than 5 minutes.

diate, as shown in the spectra of the suspensions in
water, self-supporting film, and the diffuse reflectance spectra, which reveal the real environment of
the compound on the clay.
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Ta b l e 2 – Position of the bands in nm in the visible absorption spectra of the intermediate compounds suspended in chloroform
after less than 5 minutes
Mn+ MMT

1-Naphthaldehyde

Cinnamaldehyde

Phenylacetaldehyde

Salicylaldehyde

4-Carboxybenzaldehyde

Fe(III)

414, 512

415, 510

414, 510

417, 510

416, 510

Cu(II)

415, 509

417, 505

414, 512

414, 519

418, 513

Cd(II)

511

416, 512

416, 505

416, 513

420, 509

Zn(II)

418, 507

416, 506

415, 507

414, 526

416, 504

Co(II)

416, 511

415, 509

416, 508

418, 513

414, 523

Ni(II)

414, 504

420, 511

414, 512

418, 511

410, 526

Na(I)

418, 510

418, 507

418, 503

420, 508

416, 510

Ta b l e 3 – Basal spacing of MMT samples reacted with pyrrole and different aldehydes
Samples

The Basal spacing in Å
Air dried

120 °C

375 °C

EG

13

12.6

9.6

17

Fe(III) MMT + pyrrole + phenylacetaldehyde

16.2

18.4

15.8

18.8

Ni(II) MMT + pyrrole + 4-carboxybenzaldehyde

16.1

16.1

14.3

17.7

Fe(III) MMT + pyrrole + 1-naphthaldehyde

18.4

18.1

16.4

19.6

Adsorption

MMT

Wavenumber (cm-1)

F i g . 4 – Visible absorption spectra of (1) Cd(II) MMT reacted with pyrrole and cinnamaldehyde, (2) Zn(II) MMT reacted
with pyrrole and salicylaldehyde, (3) Ni(II) MMT reacted with
pyrrole and phenylacetaldehyde, (4) Fe(III) MMT reacted with
pyrrole and l-naphthaldehyde, (5) Co(Il) MMT reacted with
pyrrole and 4-carooxybenzaldehyde. The spectra were taken as
suspensions in chloroform after 24 hours.

X-ray powder diffraction

The X-ray diffraction patterns of the powdered
samples of MMT saturated with different cations,
which were used in the synthesis of the porphodimethines showed a basal spacing of 15.8 Å for

Fe(III) MMT reacted with pyrrole and phenylacetaldehyde, 14.3 Å for Ni(II) MMT reacted with pyrrole, and 4-carboxybenzaldehyde and 16.4 Å for
Fe(III) MMT reacted with pyrrole and 1-naphthaldehyde, after drying at 375 °C. MMT gives a basal
spacing of 9.6 Å, when no molecules are between
the unit layers. The 14.3 Å basal spacing of the
Ni(II) MMT sample indicates an interlayer separation of 4.7 Å, which is the approximate thickness of
the porphyrin molecule38. This reveals that the porphyrin molecule lies parallel to the MMT layers,
though it does not give proof of the relative position
of the phenyl rings. The Fe(III) MMT sample reacted with pyrrole and l-naphthaldehyde showed an
interlayer separation of 6.8 Å, which indicated that
the naphthalene ring lies almost perpendicular to
MMT layers. The air-dried Fe(III) MMT sample,
reacted with pyrrole and phenylacetaldehyde,
showed two peaks corresponding to a different basal spacing, also a diffuse diffraction with asymmetrical peaks was obtained, which indicated a different interstratification of the layers by porphyrin. On
heating, or after ethylene glycol (EG) treatment, the
sample showed a uniform peak. That is because the
treatment with EG opens all the layers to 17 Å and
heat treatment closes all the layers down uniformly.
The basal spacing of the sample, after different
treatments, are listed in Table 3.
On treatment with EG, the original MMT sample swelled to 17 Å, while the sample containing
the intermediate showed a higher basal spacing, as
shown in Table 3. The X-ray diffraction patterns of
the KLT samples, which also showed the formation
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F i g . 5 – Schematic presentation of the orientation of the porphyrin molecule in MMT interlayer

F i g . 6 – Schematic presentation of the orientation of the
naphthalene groups in the MMT interlayer

of the intermediate, indicated no change in the basal
spacing. This suggests that only the KLT surface
catalyzes the formation of porphyrin. Thus, the process is slower than that of MMT, in which both the
interlayer and the surface catalyze the porphyrin
formation, as the compound is able to enter into the
interlayer, and also it is in contact with the surface.
Fig. 5 shows a schematic presentation of the orientation of the porphyrin molecule in the MMT interlayer. Fig. 6 shows how the naphthalene ring lies
perpendicular to the layers when pyrrole reacts with
1-naphthaldehyde in the presence of cation-exchanged clay.

References

Conclusions
Cation-exchanged clays are able to provide the
acidity needed in the porphyrin formation from the
reaction of pyrrole and aldehyde in water. The initial appearance of a pink color, which indicates the
initial point of porphyrin formation, depends on the
acidity of the cation in the exchange sites, also on
the cation exchange capacity of the clay. The compound formed is a porphodimethine, which is an
intermediate step in the route of porphyrin formation. This compound is oxidized to porphyrin when
desorbed from the clay surface by chloroform. A
free radical acid-catalyzed mechanism was proposed for the formation of the intermediate. This
intermediate compound formed in the interlayer of
MMT in addition to the surface, while in the presence of KLT it formed on the surface only.

1. Crosson, G. S., Crosson, K. M., Thorpe, S., MacPherson, L.,
Murdock, M., Smith, B., Activated carbon and clay minerals
for the sorptive removal of denatonium ions from denatonium benzoate solutions, J. Water Res. Prot. 6 (2014) 793.
doi: https://doi.org/10.4236/jwarp.2014.68075
2. Hassen, J. H., Baqer, A. A., Kareem, N. K., Zaeen, A. Y.,
Biochemical study on the removal of water impurities using
modified activated carbon, Res. J. Pharm. Tech. 13 (2020)
1790.
doi: https://doi.org/10.5958/0974-360X.2020.00322.4
3. Hassen, J. H., Ayfan, A. H., Farhan, Y. M., Spectroscopic
evaluation of activated charcoal as a poison antidote for gliclazide drug, Asian J. Pharm. Clin. Res. 11 (2018) 140.
doi: https://doi.org/10.22159/ajpcr.2018.v11i3.23054
4. Hassen, J. H., Farhan, Y. M., Ayfan, A. H., Comparative
study of levocetirizine elimination by pristine and potassium permanganate modified activated charcoal, Int. J.
Pharm. Sci. Res. 9 (2018) 5155.
doi: https://doi.org/10.13040/IJPSR.0975-8232.9(12).5155-60
5. Bernal, V., Erto, A., Giraldo, L., Moreno-Piraján, J. C.,
Effect of solution pH on the adsorption of paracetamol on
chemically modified activated carbons, Molecules 22
(2017) 1032.
doi: https://doi.org/10.3390/molecules22071032
6. Hassen, J. H., Ferhan, M. S., Ayfan, A. H., Fexofenadine
adsorption by activated charcoal impregnated with hydrogen peroxide, Iraqi J. Sci. 61 (2020) 1245.
doi: https://doi.org/10.24996/ijs.2020.61.6.1
7. Hassen, J. H., Montmorillonite nanoclay interaction with
2-aminophenol and 2-nitrophenol, Res. J. Pharm. Tech. 12
(2019) 2828.
doi: https://doi.org/10.5958/0974-360X.2019.00476.1
8. Hodgson, G. W., Baker, B. L., Peake E., Geochemistry of
Porphyrins, in Nagy, B. and Colombo, U. (Eds.), Fundamental Aspects of Petroleum Geochemistry, Elsevier,
Amsterdam, 1967, pp 177–260.

J. H. Hassen, and J. Silver, Chemisorption Role of Clay Surfaces in the Synthesis…, Chem. Biochem. Eng. Q., 36 (1) 17–23 (2022)

9. Hodgson, G. W., Hitchon, B., Primary degradation of chlorophyll under simulated petroleum source rock sedimentation conditions, Am. Assoc. Pet. Geol. Bull. 43 (1959) 2481.
doi: https://doi.org/10.1306/0BDA5EC7-16BD-11D78645000102C1865D
10. Casagrande, D. J., Hodgson, G. W., Geochemical simulation evidence for the generation of homologous decarboxylated porphyrins, Nat. Phys. Sci. 233 (1974) 123.
doi: https://doi.org/10.1038/physci233123a0
11. Jackson, A. H., Pandey, R. K., Rao, K. R. N., Roberts, E.,
Reactions on solid supports part II: A convenient method
for synthesis of pyrromethanes using a montmorillonite
clay as catalyst, Tetrahedron Lett. 26 (1985) 793.
doi: https://doi.org/10.1016/S0040-4039(00)89139-X
12. Cornelis, A., Laszlo, P., Pennetreau, P., Some organic syntheses with clay-supported reagents, Clay Miner. 18 (1983) 437.
doi: https://doi.org/10.1180/claymin.1983.018.4.09
13. Onaka, M., Shinoda, T., Izumi, Y., Nolan, E., Porphyrin synthesis in clay nanospaces, Chem. Lett. 22 (1993) 117.
doi: https://doi.org/10.1246/cl.1993.117
14. Reddy, C. R., Bhat, Y. S., Nagendrappa, G., Jai Prakash, B.
S., Bronsted and Lewis acidity of modified montmorillonite
clay catalysts determined by FT-IR spectroscopy, Catal.
Today 141 (2009) 157.
doi: https://doi.org/10.1016/j.cattod.2008.04.004
15. Hassen, J. H., Silver, J., Montmorillonite surface as a catalyst for the formation of SAT metal tetra(p- sulphophenyl)
porphyrins, J. Teknol. 82 (2020) 1.
doi: https://doi.org/10.11113/jurnalteknologi.v82.14564
16. Dias, P. M., de Faria, D. L., Constantino, V. R., Clay-porphyrin systems: Spectroscopic evidence of TMPyP protonation, non-planar distortion and meso substituent rotation,
Clays Clay Miner. 53 (2005) 361.
doi: https://doi.org/10.1346/CCMN.2005.0530404
17. Takagi, S., Eguchi, M., Tryk, D. A., Inoue, H., Light-harvesting energy transfer and subsequent electron transfer of
cationic porphyrin complex on clay surface, Langmuir 4
(2006) 1406.
doi: https://doi.org/10.1021/la052911y
18. Takagi, S., Shimada, T., Eguchi, M., Yui, T., Yoshida, H.,
Tryk, D. A., Inoue H., High-density adsorption of cationic
porphyrins on clay layer surfaces without aggregation: The
size-matching effect, Langmuir 18 (2002) 2265.
doi: https://doi.org/10.1021/la011524v
19. Banik, S., Bhattacharjee, J., Hussain, S. A., Bhattacharjee,
D., Clay induced aggregation of a tetra-cationic metalloporphyrin in layer by layer self assembled film, J. Phys. Chem.
Solids 87 (2015) 128.
doi: https://doi.org/10.1016/j.jpcs.2015.08.008
20. Eyama, T., Yogo, Y., Fujimura, T., Tsukamoto, T., Masui, D.,
Shimada, T., Tachibana, H., Inoue, H., Takagi, S., Adsorption and stacking behavior of zwitterionic porphyrin on the
clay surface, Clay Miner. 47 (2012) 243.
doi: https://doi.org/10.1180/claymin. 2012.047.2.07
21. Eguchi, M., Tsukamoto, T., Ohtani, Y., Shimada, T., Takagi,
S., The adsorption behavior of protonated cationic porphyrin on the clay surface, Clay Sci. 17 (2013) 31.
doi: https://doi.org/10.11362/jcssjclayscience.17.2_31
22. Zyoud, A., Jondi, W., Mansour, W., Khan, M., Hilal, H. S.,
Modes of tetra(4-pyridyl)porphyrinatomanganese(III) ion
intercalation inside natural clays, Chem. Cent. J. 10 (2016) 1.
doi: https://doi.org/10.1186/s13065-016-0153-4
23. Fujimura, T., Shimada, T., Hamatani, S., Onodera, S.,
Sasai, R., Inoue, H., Takagi, S., High density intercalation
of porphyrin into transparent clay membrane without aggregation, Langmuir 29 (2013) 5060.
doi: https://doi.org/10.1021/la4003737

23

24. Ceklovsky, A., Bohac, P., Czímerova, A., Spectral behaviour
of TMPyP/layered silicate hybrid nanomaterials in aqueous
dispersions of reduced-charge montmorillonites, Appl. Clay
Sci. 126 (2016) 68.
doi: https://doi.org/10.1016/j.clay.2016.03.004
25. Tsukamoto, T., Shimada, T., Takagi, S., Photophysical properties and adsorption behaviors of novel tri-cationic
boron(III) subporphyrin on anionic clay surface, ACS Appl.
Mater. Inter. 8 (2016) 7522.
doi: https://doi.org/10.1021/acsami.5b11988
26. Eguchi, M., Shimada, T., Tryk, D. A., Inoue, H., Takagi, S.,
Role of hydrophobic interaction in controlling the orientation of dicationic porphyrins on solid surfaces, J. Phy.
Chem. C. 117 (2013) 9245.
doi: https://doi.org/10.1021/jp400645d
27. Nishimoto, R., Zhu, Q., Miyamoto, T., Sato, T., Tu, X., Aneksampan, A., Fukushima, M., Monopersulfate oxidation of
Acid Orange 7 with an iron(III)-tetrakis(N-methylpyridinium-4-yl)porphyrin intercalated into the layers of montmorillonite and pillared clay, J. Mol. Catal. A: Chem. 396
(2015) 84.
doi: https://doi.org/10.1016/j.molcata.2014.09.035
28. Kemmegne-Mbouguen, J. C., Toma, H. E., Araki, K., Constantino, V. R. L., Ngameni, E., Angnes, L., Simultaneous
determination of acetaminophen and tyrosine using a glassy
carbon electrode modified with a tetraruthenated cobalt(II)
porphyrin intercalated into a smectite clay, Microchim. Act.
183 (2016) 3243.
doi: https://doi.org/10.1007/s00604-016-1985-2
29. Mauzerall, D., The Porphyrinogens, in Dolphin D. (Ed.),
The Porphyrins, Vol. II, Structure and Synthesis, Part B,
Academic Press, New York, 1978, pp. 91–101.
30. Shy, H., Mackin, P., Orvieto, A. S., Gharbharan, D., Peterson, G. R., Bampos, N., Hamilton, T. D., The two-step
mechanochemical synthesis of porphyrins, Faraday Discuss. 170 (2014) 59.
doi: https://doi.org/10.1039/C3FD00140G
31. Fagadar-Cosma, E., Enache, C., Vlascici, D., Fagadar-Cosma, G., Mihaele, V., Bazylak, G., Novel nanomaterials based on 5,10,15,20-tetrakis(3,4-dimethoxyphenyl)
-21H,23H-porphyrin entrapped in silica matrices, Mater.
Res. Bull. 44 (2009) 2186.
doi: https://doi.org/10.1016/j.materresbull.2009.08.010
32. Huheey, J. E., Inorganic Chemistry: Principles of Structure
and Reactivity, Harper and Row, New York, 1972, 737 p.
33. Van Olphen, H., An Introduction to Clay Colloid Chemistry, Interscience, New York, 1963. 301 p.
34. Mauzerall, D., Granick, S., Porphyrin biosynthesis in erythrocytes III. Uroporphyrinogen and its decarboxylase, J.
Biol. Chem. 232 (1958) 1141.
doi: https://doi.org/10.1016/S0021-9258(19)77427-4
35. Lindsey, J. S., The Synthesis of Meso-Substituted Porphyrins, in by Montanari, F. and Casella, L. (Eds.), Metalloporphyrins Catalyzed Oxidations. Catalysis by Metal Complexes, Springer, Dordrech, 1994, pp 49-86.
36. Dolphin, D., Porphyrinogens and porphodimethenes, intermediates in the synthesis of meso-tetraphenylporphins from
pyrroles and benzaldehyde, J. Heterocycl. Chem. 7 (1970)
275.
doi: https://doi.org/10.1002/JHET. 5570070205
37. Cady, S. S., Pinnavaia, T. J., Porphyrin intercalation in
mica-type silicates, Inorg. Chem. 17 (1978) 1501.
38. Falk, J. E., Porphyrins and Metalloporphyrins, Elsevier,
Amsterdam, 1964, 266 p.

