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Introduction

The interest in the chemistry of porphyrins is continuously growing due to their

multifunctional character. This class of compounds is particularly versatile, being involved in a

multitude of applications, such as: the development of optical sensors [1,2], fluorescence [3,4],

potentiometric [5] and also in expanding the range of corrosion inhibitors [6], of catalysts and

photosensitive substances useful in medicine, optical detection and medical imaging [7,8].

B

meso

meso ﬁ

meso

meso B

Figure 1. Molecular structure of porphyrin-base.
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Porphyrins exhibit thermal and chemical stability and the optical and electronic properties
of porphyrins can be modified by the function of grafted substituents on the macrocycle [9].

A highly exploitable feature of porphyrins is their ability to be used as building blocks in
the formation of supramolecular aggregates, because they possess the capacity of both self-
assembly and self-organization [10].

In the case of this doctoral thesis, it was proposed to obtain new structures of meso-
substituted porphyrins, both unmetallated and metallated because the optoelectronic properties and
detection sensitivity can be improved both by introducing a carefully selected metal ion inside the
porphyrinic macrocycle, and by grafting peripheral substituents that change the hydrophilic-
hydrophobic balance of the newly created tetrapyrrole structures [10]. Since meso-substituted
porphyrins are not found in nature, their synthesis and applications in various fields are of great
interest for research. Original aspects both from the point of view of porphyrin chemistry and
application potential are brought by the hetero-trimeric structures, designed so that the constituent
porphyrin molecules potentiate the desired properties.

Obtaining new hybrid nanomaterials based on porphyrins, made in partnership with
nanoparticles of different metals (CuNPs, PtNPs, Pt@CuNPs, AuNPs) and incorporated in a non-
toxic organic polymer (k-carrageenan) or by combining with pseudo-binary oxides represents basis
for the formulation of new sensors or the creation of new corrosion inhibitors.

The original aspects of the doctoral thesis are presented in the Schemel.



Optical sensor
for the detection
Mn?*ions

Composite
materials based
on porphyrins and

biocompatible
polymers
(k-carrageenan) 4

Corrosion inhibitors
for steel protection
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and pseudo-binary
oxides

/ ABEAB,
porphyrin-
base

Porphyrin
hetero-

Potentiometric
sensor for citrate
detection

Hibrid
nanomaterials

#/ based on porphyrins Y

and simple colloids
PtNPs, CuNPs,
and small
Pt@CuNPs

trimer

Optical sensor for
the detection
of uric acid

for the detection/
capture of CO,

Fluorimetric
sensor for
the detection
of toluidine blue

Scheme 1. The main innovative aspects and obtained results of the doctoral thesis.

Research objectives:

The main and specific objectives of the doctoral thesis are intended to increase the level
of knowledge in the chemistry of porphyrins and to identify technically and medically relevant
applications:

« The design, synthesis and complete physical-chemical characterization of novel
structures of porphyrin-bases and metalloporphyrins, as well as hetero-porphyrin
trimers
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» Obtaining new structure of mixed-substituted AsB porphyrins-bases: 5-(methyl-4-
benzoate)-10,15,20-tris-(4-methyl-phenyl)-porphyrin and 5-(4-carboxy-phenyl)-
10,15,20-tris-(4-methyl-phenyl)-porphyrin as well as A;B, 5,10-(4-carboxy-phenyl)-
15,20-(4-phenoxy-phenyl)-porphyrin (cis);

* Obtaining metalloporphyrin: Pt(l1)-carboxy-phenyl-tris-(phenoxy-phenyl)-porphyrin

» The new hetero-trimeric structure (Pt-allyloxy-PP-TSPP), obtained by combining a
water-soluble  porphyrin  (5,10,15,20-tetra-(4-sulfonato-phenyl)-porphyrin) and a
metalloporphyrin (Pt(11)-5,10,15,20-tetra-(4-allyloxy-phenyl)-porphyrin);

Obtaining hybrid nanomaterials based on porphyrins, realized in partnership with
copper nanoparticles (CuNPs), platinum nanoparticles (PtNPs) and mixed
nanoparticles with Cu core and Pt shell (Pt@CuNPs)

The realization of multifunctional composite materials based on biocompatible organic
polymer (k-carrageenan) and a functionalized porphyrin with a COOH group: 5-(4-
carboxy-phenyl)-10,15,20-tris-(4-methyl-phenyl)- porphyrin (5-COOH-3MPP).

e Functionalization with gold nanoparticles (AuNPs) of the hybrid material (5-
COOH-3MPP-k-carrageenan) to enhance the optical properties.

Complete physical-chemical characterization by structural, optical and morphological
methods of the newly obtained structures and materials.

e Performing TLC, HPLC, FT-IR, UV-Vis, fluorescence, tH-NMR and *C-NMR,
mass MS (ESI+), AFM microscopy studies.

Original corrosion inhibitor systems based on alternative thin layers formed by
porphyrins and pseudobinary oxides and their use for steel corrosion inhibition.

e The development of appropriate materials for the formation of thin films by drop-
casting and laser techniques (MAPLE and PLD) that exhibit steel corrosion
inhibition properties;

e Study by atomic force microscopy (AFM) of the specific self-aggregation
properties of porphyrins (5-(4-carboxy-phenyl)-10,15,20-tris(4-methyl-phenyl)-
porphyrin; 5,10-(4-carboxy-phenyl)-15,20-(4-phenoxy-phenyl)-porphyrin; 5,15-
(4-carboxy-phenyl)-10,20-phenyl-porphyrin), as well as on the capacity of some
pseudo-binary oxides (MnTa2Oe) to uniformly cover the steel surface, producing

physical barriers against the action of aggressive environments;



Study of the effects induced by the number and position of the carboxyl groups
grafted on the porphyrinic heterocycle on the corrosion inhibition efficiency,
performed by electrochemical methods;

Identifying and validating the mechanisms of corrosion inhibition.

% Applications of new porphyrin structures and their hybrid materials for obtaining new,

more efficient optical, fluorometric and potentiometric sensors

Creation of a fluorimetric sensor based on the Pt-allyloxyPP-TSPP hetero-trimer
for the detection of toluidine blue - a scientific priority;

lon-selective membrane sensor based on Pt(11)-5-(4-carboxyphenyl)-10,15,20-
tris-(4-phenoxy-phenyl)-porphyrin used as ionophore to detect citrate anion by
potentiometric method;

Optical and fluorimetric sensor based on a composite material obtained between
(5-COOH-3MPP) and k-carrageenan for the detection/capture of CO2, the first
reported to work efficiently under normal conditions;

Optical sensor based on three-component nanomaterial porphyrin-k-
carrageenan-AuNPs to recognize and quantify Mn?* ions;

Sensors on complementary concentration domains for the detection of uric acid
using inorganic-organic hybrid nanomaterials obtained by complexing a
symmetrical amino-substituted porphyrin with simple or mixed colloidal metallic
nanoparticles: PtNPs, CuNPs or Pt@CuNPs.

Original experimental results and discussion

Chapters 3-8 of the doctoral thesis present the experimental studies carried out in

order to obtain and fully characterize the new porphyrinic derivatives as well as their
applications and their hybrid nanomaterials in the creation of new sensors for the detection
of citrate ion (Chapter 1V), toluidine blue (Chapter V) Mn?" ion (Chapter VI), uric acid
(Chapter VII). Of great impact and aligned with current trends is the creation of a
porphyrin-k-carrageenan composite material capable of recognizing, detecting and
capturing CO2 in normal atmospheric conditions (Chapter VI). The development of

materials capable to form thin films, deposited on the surface of different steels by drop-
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casting and laser techniques (MAPLE and PLD), which demonstrated steel corrosion
inhibition properties are detailed in Chapter VIII.

Chapter 3 presents the preparation of new structures of mixed substituted AsB
porphyrins:  5-(methyl-4-benzoate)-10,15,20-tris-(4-methyl-phenyl)-porphyrin  which  was
subsequently hydrolyzed to 5-(4-carboxy-phenyl)-10,15,20-tris-(4-methyl-phenyl)-porphyrin
and  AB2,  5,10-(4-carboxy-phenyl)-15,20-(4-phenoxy-phenyl)-porphyrins ~ (cis) by
multicomponent Adler-Longo type reactions between two differently substituted benzaldehydes
and pyrrole. A new hetero-trimer structure and a new Pt(Il)-metalloporphyrin structure were also
reported in this chapter.

The compounds obtained (Figure 2, a-c) were purified and fully characterized by the
following physico-chemical techniques: TLC chromatography and by the HPLC technique, mass
spectroscopy MS (ESI+), *H-NMR, *C-NMR, FT-IR, UV-Vis.

Figure 2. Chemical structures of 5-(4-methyl-benzoate)-10,15,20-tris-(4-methyl-phenyl)-
porphyrin (a); 5-(4-carboxy-phenyl)-10,15,20- of tris(4-methyl-phenyl)-porphyrin (b) and 5,10-
(4-carboxy-phenyl)-15,20-(4-phenoxy-phenyl)-porphyrin (c).

As can be seen in Figure 2, a pair of porphyrins was obtained: the methyl ester (Figure 2
a) respectively the mono-substituted porphyrin with the functional group —COOH (Figure 2 b),
whose H-NMR spectra are comparatively discussed below.

The 'H-NMR spectrum of compound 5-(4-methyl-benzoate)-10,15,20-tris-(4-methyl-
phenyl)-porphyrin (Figure 3) completely justify the structure. The unshielded S-pyrrolic protons
resonate in the range 8.91 - 8.79 ppm; the ortho-phenyl protons and the corresponding meta-phenyl
protons from methyl-benzoate substituent appear as two doublets in the 8.47 - 8.45 ppm interval
and respectively as between 8.34 and 8.32 ppm; the two doublets located at 8.13 - 8.11 ppm
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interval and between 7.59 to 7.57 ppm range are assigned to ortho-phenyl protons and respectively
meta-phenyl protons from the tolyl group; the equivalent aliphatic protons of -OCHs substituent
resonate as singlet signal at 4.13 ppm; the protons belonging to the -CHs groups are also equivalent
and appear as singlet at 2.73 ppm. The internal -NH protons are distinctively placed at —2.74 ppm,

due to intense shielding, caused by the second generated magnetic field.
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Figure 3. 'H-NMR spectrum of 5-(4-methyl-benzoate)-10,15,20-tris-(4-methyl-phenyl)-
porphyrin in CDCls.

The *H-NMR spectrum of the compound 5-(4-carboxy-phenyl)-10,15,20-tetra-(4-methyl-
phenyl)-porphyrin (Figure 4) presents the characteristic signals confirming the structure of the
hydrolyzed compound. It can be observed that the singlet signal specific for the three protons of
the -OCHs group found in the ester at 4.13 ppm is no longer present, fact that confirms the
hydrolysis of the ester to carboxylic acid. The six equivalent g-pyrrolic protons, which are
unshielded, resonate as a doublet in the range 8.89-8.78 ppm and the other two equivalent g-

pyrrolic protons in the AsB structure presented a singlet signal at 8.712 ppm; ortho-phenyl protons
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from benzoic acid showed signal in the range 8.493-8.479 ppm and the meta-phenyl protons from
benzoic acid stand out in the range 8.357-8.377 ppm; ortho-phenyl protons from the tolyl group
give a signal in the range 8.119-8.091 ppm; the meta-phenyl protons of the tolyl group is highlight
in the range 7.574-7.555 ppm. Protons of groups — CHs show a chemical displacement at 2.712
ppm, as a singlet signal, for the 9 equivalent protons; internal protons from the porphyrin cycle —
NH give singlet signal at —2.771 ppm because they are strongly shielded.
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Figure 4. 'H-NMR spectrum in CDClI; of 5-(4-carboxy-phenyl ) -10,15,20-tris-(4-methyl-
phenyl)-porphyrin.

The metalloporphyrin  Pt(ll)-carboxy-phenyl-tris-(phenoxy-phenyl)-porphyrin ~ was
obtained by the direct metalation reaction using bis(benzonitrile)platinum(Il) chloride
(PtCI2(PhCN)z2) in excess (Figure 5). The structure of the obtained compound was confirmed by
nuclear magnetic resonance spectra 'H-NMR, ¥C-NMR and by the compared vibrational-
rotational FT-IR spectra.

13



P{CI,(PhCN),
CH3;COONa
0 COOH —»Qo COOH
an me

Figure 5. Reaction to obtain Pt(ll)-carboxy-phenyl-tris-(phenoxy-phenyl)-porphyrin (Pt(11)-
COOH-TPOPP).
The generation of metalloporphyrin was monitored by UV-Vis spectroscopy (Figure 6).
During metalation, the Soret band suffer both a hipsochromic effect and a blue shifting effect from

224 nm to 406 nm. It can be noticed that the number of Q bands also decreases.
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Figure 6. UV-Vis monitoring of the metalation process of a COOH-TPOPP during the
preparation of Pt(11)-COOH-TPOPP. Detail of the Q bands for the intermediate and final
products during the reaction.

The FT-IR spectrum (Figure 7), confirms the full metalation of the free-base porphyrin. In
the spectrum of Pt-COOH-TPOPP, the peak assigned to internal N-H bonds vibration, located at
3316 cm!in the porphyrin base spectrum, does no longer exists. Comparing the FT-IR spectra of
the two compounds, the COOH-TPOPP porphyrin [11] and its Pt-metalloporphyrin, evidentiates
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some common features [12-17]: 2897-2916 cm™! (vc.n), 1677-1684 cm™! (vCOO4s), 1595-1592
cmt (ve=c), 1481 cm™ (vc o c and ve=n), 1234 cm™! (v and 8ar C-O-C), 1163 cm ! (Sn-1), 1105-
1113 cm ™ (vc-0), 793 cm! (yc-n pyrrole).
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Figure 7. Overlapped FT-IR spectra of COOH-TPOPP and Pt(11)-COOH-TPOPP in KBr

pellets.

The *H-NMR spectrum of Pt(11)-COOH-TPOPP is represented in Figure 8 and has the
main signals, as follows: 8.84-8.83 ppm (d, 8H, S-pyrrole), 8.11-8.09 ppm (d, 8H, 2,6-phenyl),
7.81-7.79 ppm (d, 8H, 3,5-phenyl), 7.75-7.72 ppm (t, 3H, 4*-phenyl), 7.58-7.55 ppm (t, 6H,
3*,5*-phenyl), 7.36-7.34 ppm (d, 6H, 2*,6*-phenyl).
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Figure 8. *H-NMR magnetic resonance spectrum of Pt(11)-COOH-TPOPP in CDCls.

From the need to make new sensitive substances, with appropriate structures, conformation
and interaction capacity, for the detection of anions/cations, the design for a new type of porphyrin
hetero-trimer was thought by the direct combination of two different porphyrin molecules [18,19].

The hetero-trimer (Pt-allyloxy-PP-TSPP) combined the properties of a metallated
porphyrin, Pt(11)-5,10,15,20-tetrakis-(4-allyloxyphenyl)-porphyrin (Pt-allyloxyPP), and of two
molecules of a water-soluble porphyrin, 5,10,15,20-tetrakis(4-sulfonatophenyl)-porphyrin
(TSPP). TSPP molecules were axially bonded via oxygen atoms to the platinum atom in the centre
of Pt-allyloxyPP molecule. Pt-allyloxy-PP-TSPP was completely characterized by H-NMR,
UV-Vis, FT-IR spectroscopy to prove the structure and by fluorescence.
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Figure 9. Chemical structures for (a) Pt(I1)-5,10,15,20-tetrakis-(4-allyloxyphenyl)-porphyrin
(Pt-allyloxyPP); (b) 5,10,15,20-tetrakis(4-sulfonatophenyl)-porphyrin (TSPP); and (c) Proposed
structure of the Pt-allyloxyPP-TSPP hetero-trimer, optimized with PyMOLMolecular Graphics

System.

A comparison of the FT-IR spectra of the Pt-allyloxyPP-TSPP hetero-trimer (Figure 10)
with the initial porphyrins, put into evidence the new peaks located at 490 cm™! and 549.5 cm™!
(blue circles in Figure 10) assigned to the newly created Pt—O bond and representing its bending

vibration.
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Figure 10. Overlapped FT-IR spectra for TSPP, Pt-allyloxyPP, and the Pt-allyloxyPP-TSPP
hetero-trimer, as KBr pellets. The new generated bonds are marked in blue circles.

Chapters 4 and 5 present applications of the new porphyrin structures to obtain
new, more efficient, fluorimetric and potentiometric sensors.

In chapter 5, it is reported the priority in development of a fluorimetric sensor for
toluidine blue exploiting the exceptional emission properties of the hetero-trimer Pt-allyloxyPP-
TSPP, due to the synergistic effect achieved between the two porphyrin components of the new
system.

The following applications are mentioned as notable results:

The fluorimetric sensor, based on hetero-trimer was capable to detect toluidine blue in the
concentration domain of 1.9x107°— 6.39x10-> M, with an excellent sensitivity and precision, due
to enhanced emission properties and multiple acidic binding sites.

The domain is biologically relevant for the remained toxicity after monitoring cells by
imagistic methods.
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Figure 11. Emission spectra recorded during the addition of toluidine blue to the acidified
solution (pH= 2) of Pt-allyloxyPP-TSPP hetero-trimer in DMSO (a) and the linear dependence
between the emission intensity measured at 617 nm of the hetero-trimer in DMSO and toluidine

blue concentration.

Colorimetric changes (yellow to greenish blue) of the Pt-allyloxy-TSPP hetero-trimer
solution before and after contact to TB in visible (Figure 12 a) and, respectively, under ultraviolet
excitation (Figure 12 b) were notified, so that a new way is opened for colorimetric detection.

,>
\ 4+TB 1
\
(@) (b)

Figure 12. Photographic images of the Pt-allyloxy-TSPP trimer before and after exposure
to TB, (a) in visible light and (b) under ultraviolet irradiation at 254 nm.

The mechanism for TB detection (Figure 13) was elucidated after using the program
PyMOL molecular graphics system and based on appropriated distances and spatial geometries.
Three main interactions explain the mechanism of detection: Columbian forces (orange bonds);

hydrogen bonds (green bonds) and n-r interaction (yellow bonds).
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Figure 13. Proposed mechanism for TB detection using hetero-trimer as sensitive material.
Atom color coding follows standard CPK rules: carbon-black, oxygen-red, nitrogen-blue, sul-
fur-yellow, platinum-dark blue, hydrogen-white.

The fluorescent sensor for the detection of toluidine blue is the first designed to test
concentrations of the dye intensively used in medical imaging, because a concentration level
greater than 50 uM of TB produces carcinogenic effects in any cell type.

The research results were published in I1SI Chemosensors journal: Lascu A, Epuran C,
Fratilescu |, Birdeanu M, Halip L, Fagadar-Cosma E. Porphyrin Hetero-Trimer Involving a
Hydrophilic and a Hydrophobic Structure with Application in the Fluorecent Detection of
Toluidine Blue. Chemosensors, 2022; 10 (11) 481.
https://doi.org/10.3390/chemosensors10110481 (Fl= 4229).

Another notable result is the realization of a new type of citrate-selective potentiometric
sensor, using Pt(Il)-carboxy-phenyl-tris-(phenoxy-phenyl)-porphyrin as ionophore in the
formulation of polyvinyl chloride (PVC) membranes differently plasticized with: o-
nitrophenyloctyl ether (NPOE), dioctyl phthalate (DOP) and dioctyl sebacate (DOS). The
performance of each sensor was tested by measuring its potential in the concentration decade from
107%-10"' M in ten different solutions of anions: F~, Br, I, ClO4s~, SCN",NO2 ", NOs, Citrate®",
Sal™, Acetate”. The PVC membrane plasticized with dioctylsebacate (DOS), was the best one for
desingning the citrate-selective sensor, that precisely functioned in the concentration domain of
5 x 107-1 x 10! M citrate. The Nernstian slope (19.73 mV/decade), the very- good selectivity

of the membrane towards a set of interfering anions and a five weeks lifetime recommend this
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sensor for quantitative determination of citrate from synthetic samples and food supplements

(magnesium citrate, calcium citrate and magnesium citrate in tablet form).
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Figure 14. The potentiometric response of sensor to different anions (a); potentiometric response
of sensor to citrate ion (b).

The mechanism of recognition is based on the interactions between the porphyrin and the

citrate anions, which implies manly the platinum atom located in the core of the porphyrin

molecule. The three possible ways to bind citrate are: w-anion interactions (orange in Figure 15),

7 — w interactions (green in Figure 15) and Colombian interactions (yellow in Figure 15),

Figure 15. Representation of possible interactions between citrate ion and Pt(I1)-COOH-TPOPP,
used as an ionophore.

The results of the study were published in the journal ISI Chemosensors: Vlascici, D.;
Lascu, A.; Fratilescu, I.; Anghel, D.; Epuran, C.; Birdeanu, M.; Chiriac, V.; Fagadar-Cosma, E.
Asymmetric Pt(I1)-Porphyrin Incorporated in a PVC lon-Selective Membrane for the
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Potentiometric Detection of Citrate. Chemosensors, 2023, 11, 108.
https://doi.org/10.3390/chemosensors11020108.

In Chapter 6, the current performances of using different materials to detect/capture
carbon dioxide are presented. For this purpose, the following materials (5-COOH-3MPP)-k-
carrageenan and 5-COOH-3MPP-k- carrageenan functionalized with AuNPs (5-COOH-3MPP)-k-
carrageenan-AuNPs) have been used and the functionality of the composite material complexed
with AuNPs was extended for the detection of toxic Mn?* ions.

A very small quantity of the composite material (5-COOH-3MPP)-k-carrageenan (1 g) can
capture 6.97 mmol CO». This result is among the best performances reported till now in the

literature, presenting the amazing advantage of working under normal conditions.
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Figure 16. Overlapped emission spectra of the composite material after exposure to CO». The
linear dependence between the emission intensity of the (5-COOH-3MPP)-k-carrageenan
composite material (measured at 660 nm) and the CO2 concentration (10 mL/min flow), in a
humid environment.

AFM investigation of the composite material (5-COOH-3MPP)-k-carrageenan deposited
from DMF-water mixture on silica plates, have been performed (Figure 17 a) before treatment
with CO; and reveals a random porous surface with mountain type aggregates (height distribution
6.70-13.2 nm). After treatment with CO,, the AFM images of 5-COOH-3MPP-k-carrageenan
composite material (Figure 17 b) show larger aggregates, confirming the hypothesis. That CO-
was incorporated into the gel voids. The most important aspect is the self-organization into parallel

rows of columns.

22



Deflection - Scan forward §

-

Deflection range Line fit 22.4 nm

(b)

Figure 17. The 2D and 3D AFM images of (5-COOH-3MPP)-k-carrageenan composite material
(a) and (5-COOH-3MPP)-k-carrageenan composite material after capturing CO> gas, in liquid
DMF-water mixture (b).

In the permanent search to discover multifunctional materials, the detection of Mn?* ions
is another application of the same material, after functionalization with AuNPs. The cuantification
of excess manganese in polluted water sources or in humans is important in prevention of toxicity
diseases, such as manganism. By UV-Vis spectrometry, the porphyrin-k-carrageenan-AuNPs
complex nanomaterial precisely detected Mn?* ions in solution in the concentration domain from
4.56x107° M t0 9.39x107° M (5-11 mg/L).
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Figure 18. Overlapped UV-Vis spectra of Mn?* detection using (5-COOH-3MPP)-k-
carrageenan-AuNPs hybrid material, in DMF/water and the Linear dependence between the
intensity of absorption of (5-COOH-3MPP)-k-carrageenan-AuNPs hybrid material measured at
659 nm and the Mn?* ion concentration.

The presented study was selected Cover Article by the journal ISI Chemosensors:

Epuran C.; Fratilescu I.; Macsim A.-M.; Lascu A.; lanasi C.; Birdeanu M.; Fagadar-Cosma E.
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Excellent Cooperation between Carboxyl-Substituted Porphyrins, k-Carrageenan and AuNPs for
Extended Application in CO2 Capture and Manganese lon Detection. Chemosensors, 2022, 10(4),
133. https://doi.org/10.3390/chemosensors10040133. (FI= 4229).

In Chapter 7 the main purpose was to realize a new sensor for optically detection of uric
acid from biological samples, by using as sensitive materials: hybrid nanomaterials consisting in
5,10,15,20-tetrakis(4-amino-phenyl)-porphyrin  (TAmMPP) alone or complexed with copper
nanoparticles (CuNPs), platinum nanoparticles (PtNPs), or mixed type (Pt@CuNPs) for improving
the detection range.

The hybrid material generated by complexation of porphyrin with PtNPs (TAmMPP-PtNPSs)
gave the best performance for uric acid detection domain 6.1958x107¢ — 1.5763x10~> M. The
sensor proved its selectivity even in the presence of 100-times more concentrations of the
interference species (glucose (Glu), ascorbic acid (AA), NaCl, KCI, CHsCOONa, MgS0O., KI,

lactic acid (LA), sodium salicylate (SS)) that are usually present in human body.
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Figure 19. Superimposed UV-Vis spectra of the TAmMPP-PtNPs complex during the
addition of uric acid (a); linear dependence between the absorption intensity of the TAMPP-
PtNPs hybrid material and the concentration of uric acid (b).

All materials described in this work can be successfuly used for the detection of uric acid
for human monitoring in a complementary range between 0.582x107% — 1.5763x107°> M UA
concentrations (Figure 20). The trace detection was realized by TAmMPP alone (a LOF of 0.28 uM
UA).
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Figure 20. The range of uric acid detection covered by the TAmPP-containing materials used in
this study.

The results were published and selected as a Feature Paper in the journal I1SI Processes:
Epuran, C.; Fratilescu, I.;Anghel, D.; Birdeanu, M.; Orha, C.; Fagadar-Cosma, E. A Comparison
of Uric Acid Optical Detection Using as Sensitive Materials an Amino-Substituted Porphyrin and
Its Nanomaterials with CuNPs, PtNPs and Pt@CuNPs. Processes, 2021, 9 (11), 2072.
https://doi.org/10.3390/pr9112072.

Chapter 8 presents the development of new corrosion inhibitors based on sandwich-type

layered films on the surface of steel electrodes. The layers contained MnTaz0s, and two different
substituted porphyrin derivatives, namely: 5-(4-carboxy-phenyl)-10,15,20-tris(4-methyl-phenyl)-
porphyrin and its ester 5-(4-methyl-benzoate)-10,15,20-tris(4-methyl-phenyl)-porphyrin, which
are novel compounds. The electrochemical measurements for all different order of depositing
materials (Figure 21) evidenced in all cases an efficiency of corrosion inhibition from 65.6 to
83.7%, that depends on the type of the porphyrin and its first or second position on the steel.

The best performance (83.7%) was realized by the MAPLE/PLD laser deposition of 5-(4-
carboxy-phenyl)-10,15,20-tris(4-methyl-phenyl)-porphyrin/MnTa.Oe (h), justified by the physical

mechanism of adsorbing and blocking the acid towards the surface of steel electrodes.
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Figure 21. Tafel parameters for the investigated steel electrodes (protected and unprotected) and
Tafel polarization curves recorded in 0.1 M HCI medium for the studied thin films: OL bars
W1.4043; a) MnTa20e¢(h); b) 5-(4-carboxy-phenyl)-10,15,20-tris(4-methyl-phenyl)-porphyrin; c)
5-(4-methyl-benzoate)-10,15,20-tris (4-methyl-phenyl)-porphyrin; d) 5-(4-carboxy-phenyl)-
10,15,20-tris (4-methyl-phenyl)-porphyrin / MnTa20e(h); €) MnTa20s (h) / 5-(4-carboxy-
phenyl)-10,15,20-tris (4-methyl-phenyl)-porphyrin; f) 5-(4-methyl-benzoate)-10,15,20-tris (4-
methyl-phenyl)-porphyrin/ MnTa20s (h); g) MnTaz0e(h) / 5-(4-methyl-benzoate)-10,15,20-tris
(4-methyl-phenyl)-porphyrin.

The superior result of the porphyrin functionalized with COOH is illustrated in the SEM
image (Figure 22) representing the perpendicular section of the steel electrode covered with 5-(4-
carboxy-phenyl)-10,15,20-tris(4-methyl-phenyl)-porphyrin/MnTazOs (h). It is obvious that the
coverage is adherent and has uniform thickness (between 20 and 30 microns).

Figure 22. SEM image of the vertical section of the steel electrode coated with 5-(4-
carboxy-phenyl)-10,15,20-tris(4-methyl-phenyl)-porphyrin/MnTa2Oe(h).
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In the case of double substitution with COOH groups, an important effect that has been
studied is brought about by the position of the two COOH groups (cis or trans) on the porphyrinic
cycle. The best performance in corrosion inhibition of 91.76% was exhibited by the steel protected
with a double layer, firstly covered with 5,15-(4-carboxy-phenyl)-10,20-bisphenyl-porphyrin and
secondly with MnTazOs. The porphyrin with a smaller steric hindrance 5,15-(4-carboxy-phenyl)-
10,20-bisphenyl-porphyrin, can generate much more uniform supramolecular aggregates due to
the presence in trans of two COOH groups. The trans -COOH porphyrin is acting better than the
porphyrin with the COOH groups in cis vicinal position, that has large voids in its covered surface.
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Figure 23. AFM images showing better coverage realized by trans 5,15-(4-carboxy-
phenyl)10,20-bisphenyl-porphyrin (a) in comparison with cis structure, 5,10-(4-carboxy-phenyl)-
15,20-(4phenoxy-phenyl)-porphyrin (b).

This study was part of the activities of the Project PN-111-P2-2.1-PED-2019-0487, 528
PED/2020 CERAPOR-CORR, "Ceramic / porphyrin hybrid materials deposited as single or
sandwich layers by the PLD technique for corrosion inhibition of steels in acid environment",
in whose team | was a member, having a specific role throughout the duration of the project.
The results of the project were published in the ISI indexed works:

e Birdeanu, M.; Epuran, C.; Fratilescu, I.; Fagadar-Cosma, E. Structured Thin Films Based
on Synergistic Effects of MnTa206 Oxide and bis-Carboxy-phenyl-substituted
Porphyrins, Capable to Inhibit Steel Corrosion. Processes 2021, 9, 1890.
https://doi.org/10.3390/pr911189.

27


https://doi.org/10.3390/pr911189

e Birdeanu, M.; Fratilescu, I.; Epuran, C.; Murariu, A.C.; Socol, G.; Fagadar-Cosma, E.
Efficient Decrease in Corrosion of Steel in 0.1 M HCI Medium Realized by a Coating with
Thin Layers of MnTa206 and Porphyrins Using Suitable Laser-Type Approaches.
Nanomaterials 2022, 12, 1118. https://doi.org/10.3390/nan012071118.

General conclusions

This thesis brings as novel elements the obtaining and fully characterization of new
porphyrinic structures: porphyrins-bases, metalloporphyrins and a hetero-trimer type compound.
Their various applications towards the realization of new more efficient fluorometric,
potentiometric and optical sensors and identification of inhibitors suited for corrosion protection
were the second main objective of this thesis.

The novel porphyrin structures of type AsB and A:B: that were obtained by the
multicomponent Adler-Longo method and fully characterized, are:

= 5-(methyl-4-benzoate)-10,15,20-tris-(4-methyl-phenyl)-porphyrin;
= 5-(4-carboxy-phenyl)-10,15,20-tris-(4-methyl-phenyl)-porphyrin;
= 5-(4-carboxy-phenyl)-10,15,20-tris-(4-phenoxy-phenyl)-porphyrin;
= 5,10-(4-carboxy-phenyl)-15,20-(4-phenoxy-phenyl)-porphyrin (cis).

The obtained structure were characterized by TLC, MS, UV-Vis, *H-NMR **C-NMR and
FT-IR.

The new structure of a hetero-trimer, Pt-allyloxyPP-TSPP, was obtained by binding two
molecules of 5,10,15,20-tetra-(4-sulfonato-phenyl)-porphyrin (TSPP) to one molecule of Pt(ll)-
5,10,15,20-tetra-(4-allyloxy-phenyl)-porphyrin (Pt-allyloxy-PP), and proved its capacity to
fluorimetrically detect toluidine blue in trace.

The new porphyrinic hetero-trimer (Pt-allyloxyPP-TSPP) detected toluidine blue in the
linear concentration range 1.9x107°— 6.39x107> M with a relevant detection limit of 1.4 uM for
biological investigations. This study highlights the development of the first fluorescent sensor
for toluidine blue (TB), designed specifically for testing trace concentrations in medical
samples, as concentrations greater than 50 uM of TB are known to produce carcinogenic effects
in any cell type. This achievement will allow monitoring remaining toxic dyes after imagistic

tests.
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Another successful approach was the use of Pt(11)-5-(4-carboxy-phenyl)-10,15,20-tris-(4-
phenoxy-phenyl)-porphyrin as ionophore in PVC plasticized with dioctyl sebacate (DOS), with
the purpose to obtain a potentiometric sensor capable of detecting citrate anion (important for
pharmaceutical and food monitoring). The potentiometric response was linear in the range of
5x1077—1x10"! M citrate, with a Nernstian response and a detection limit of 3x10~7 M with great
stability in time (five weeks).

A third objective of this work was to obtain hybrid or composite materials that due to their
synergistic behaviour might potentiate different optical or chemical properties of the incorporated
porphyrins.

Thus, the composite material (5-COOH-3MPP)-k-carrageenan has been shown to be
sensitive to CO; (recognition and quantification by both UV-Vis and fluorescence spectroscopy)
and is able to capture 6.97 mmol CO2 / 1 g of material adsorbent, being rated among the best
absorbent materials reported in the specialized literature, with the mention that it worked simply
and safely, under normal conditions.

The same composite material, this time functionalized with gold nanoparticles
(porphyrin-k-carrageenan-AuNPs) detected by spectroscopic methods Mn?* ions in solution,
with high precision (99.62%) in the concentration range from 4.56x107° M to 9.39x10 > M (5 +
11 mg/L). This sensor can be used for manganism disease monitoring.

Another class of new inorganic-organic hybrid nanomaterials were obtained by
complexing a symmetrical amino-substituted porphyrin (5,10,15,20-tetrakis-(4-amino-phenyl)-
porphyrin, (TAmMPP)) with mixed colloidal metal nanoparticles: PtNPs, CuNPs or Pt@CuNPs
with the aim of achieving materials capable to bind and recognize uric acid. All synthesized hybrid
materials have been applied to complementary detect uric acid (UA) in human fluids in a
concentration range between 0.582x107% — 1.5763x107> M UA. The complexation of porphyrin
with metal nanoparticles such as CuNPs, PtNPs or mixed nanoparticles with Cu core and Pt shell
(Pt@CuNPs) increased the detection range, shifting it to higher concentrations.

Another direction of research presented in this thesis is the development of materials based
on porphyrins and pseudo-binary oxide MnTaz0s, that can be deposited as double layered thin
films on carbon-steel and have corrosion inhibition properties.

The capacity of 5-( 4-carboxy-phenyl)-10,15,20-tris-(4-methyl-phenyl)-porphyrin, grafted
with a -COOH functional group (providing better hydrophilicity and enabling the creation of
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extended hydrogen bonds) performed better corrosion inhibition capacity (IE= 83.7%) than its
ester, 5-(4-methyl-benzoate)-10,15,20-tris(4-methyl-phenyl)-porphyrin (IE= 68.13%), when both
were deposited by the same method, in the same order on the steel surface.

The best corrosion inhibition efficiency of 91.76% was realized by the steel coated with a
mixed layer consisting of 5,15-(4-carboxy-phenyl)-10,20-phenyl-porphyrin/ MnTa20s (S),
deposited by the drop-casting method , due to the trans conformation of the porphyrin, that confers
better self-assembling properties. The lowest value of the inhibition efficiency (IE= 60.40%) was
recorded for the monolayer of pseudo-binary oxide MnTa2Os deposited by the drop-casting

method, proving the importance of the porphyrinic component in the composition of the films.
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