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Abstract
Porphyrins are a class of naturally occurring intensely colored compounds (ranging in color from red to violet) with a macrocyclic
structure. Both as free base and containing a central metal (metalloporphyrins), they have found various applications in pharmaceu-
tical and medical fields. One of the most important properties of these compounds is represented by their tunable properties, given
the various metals and substituents that can be employed. The present study dealt with the investigation, by means of computational
chemistry, of the energetic and geometric properties of a series of proposed Dy(III)-porphyrins. The influence of various substituents
grafted off the porphyrinmacrocycle is discussed as a function of the calculated properties, like the frontiermolecular orbitals energies,
molecular area and volume, polarizability, and polar surface area.
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1. Introduction

Metalloporphyrins are molecules consisting of a porphyrin ring coordinated with a metal ion, especially a transition
metal. The porphyrin structure is represented by four pyrrole rings connected by methyne bridges.

Metalloporphyrins are being investigated as drug carriers, particularly in cancer treatment, due to their unique
properties and their potential for targeted drug delivery [1]. They can be incorporated into various nanomaterials, like
metal–organic frameworks or nanogels, or used as building blocks for drug delivery systems, leading to a controlled
release and enhanced therapeutic efficacy [1]. Themain advantages of this class of compounds are their biocompatibility,
making them suitable for biomedical applications, and their adjustable properties. Themetal ion and porphyrin structure
can be modified to tailor the properties of the metalloporphyrin for specific drug delivery needs [2].

A literature survey showed various applications for various substituted metalloporphyrins. Tin-containing metal-
loporphyrins have been investigated as a potential treatment of neonatal hyperbilirubinemia. They act as inhibitors of
the enzyme heme oxygenase, which is responsible for breaking down heme and producing bilirubin. By inhibiting this
enzyme, metalloporphyrins can reduce the amount of bilirubin produced, potentially alleviating the severity of hyper-
bilirubinemia [3, 4].

Molecular imprinting polymerswith porphyrins and iron(II)porphyrins have been successfully used for the selective
binding of hemoglobin [5]. The synthesized porphyrins were substituted with 4-allyloxyphenyl residues on the methine
bridges.

Metalloporphyrins (metal range: Ca-Zn) were investigated as possible drug carriers for fluorouracil by computa-
tional chemistrymethods. The results showed that the highest affinity was obtained for Ti-porphyrin [6]. Manganese(III)
porphyrin complexes have been synthesized and characterized; their antibacterial, antifungal, and antioxidant activity
has been investigated [7]. They were effective inhibitors of the Gram-positive strains S. aureus and B. cereus; also, they
present an enhanced sensitivity towards C. krusei, sensitivity that increases for the metalloporphyrins compared to the
free porphyrins [7].
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Another series of free-base porphyrins and metalloporphyrins have been synthesized and evaluated for possible
antitumor activity [8]. Good results have been obtained for the free porphyrins and Zn-porphyrins; the positive influence
of the substituents has been emphasized for benzene substituted with electron-attracting groups [8].

Metalloporphyrins substituted with benzenesulfonic acid have been synthesized and characterized; metallopor-
phyrins of three lanthanides (Pr, Eu, and Ce) have been obtained [9]. The porosity and magnetic properties of these
compounds make them suitable for gas storage, catalysis, and sensing applications.

Another study investigates the influence of the energy levels of lanthanide ions on the luminescence properties of
metalloporphyrins [10]. Specifically, the presence and position of f-orbital energy levels relative to the porphyrin’s singlet
(S1) and triplet (T1) excited states dictate whether energy transfer occurs, affecting the type and intensity of luminescence
observed [8]. The ability tomodify the luminescence properties ofmetalloporphyrins by selecting specific lanthanide ions
with specific energy levels is valuable for developing materials with desired optical properties for various applications,
including bioimaging and sensing. According to the authors, the choice of lanthanide ion energy levels is important for
designing and synthesizing metalloporphyrins with specific optic characteristics.

Another study [11] presents the applications of metalloporphyrins in diagnostic imaging, including MRI (metallo-
porphyrins can be designed to enhance contrast in MRI scans, improving the visibility of tumors and other tissues); fluo-
rescence imaging (porphyrins can be used as fluorescent probes for bio-imaging applications, enabling the visualization
of specific cellular targets); or PET, SPECT, and CT. Porphyrin derivatives can be radiolabeled with various isotopes for
use in Positron Emission Tomography (PET), Single-Photon Emission Computed Tomography (SPECT), and Computed
Tomography (CT) imaging.

The use of specific nanomaterials in drug delivery systems has significantly advanced cancer therapy by improving
both the efficiency and delivery of therapeutic agents. Thesematerials, including nanoparticles, liposomes, and nanogels,
have properties such as enhanced drug solubility, protection from degradation, and targeted delivery to tumoral tissues,
minimizing side effects on healthy cells. Metal–organic frameworks based on porphyrin can entrap a range of therapeutic
agents, resulting in the application of these materials for drug delivery in cancer therapy [12].

The present study aims to investigate the electronic, geometric, and steric properties of 10 Dy(III)-porphyrins, with
the general structure depicted in Figure 1:
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Compound ID: 1 2 3 4 5 6 7 8 9 10 

Substituent A: -H -CH3 -F -CH2F -Cl -CH2Cl -NH2 -CH2NH2 -OH -CH2OH 

Figure 1. General structure of the investigated metalloporphyrins (M = Dy(III)).

Apreviouswork [13] has dealtwith the evaluation of some substitutedporphyrinswith fluorine, hydroxyl, aminoethyl,
and hydroxyethyl groups as possible photosensitizers. In this regard, the same substituents have been chosen for our
study involving the characterization of dysprosium porphyrins.

2. Materials and Methods

2.1. Computational Details

Themolecular structures ofDy-porphyrin complexes (compounds 1–10)were initially optimized bymolecularmechanics
methods using the Universal Force Field (UFF) implemented in Spartan 14 software (Wavefunction, Inc., Irvine, CA,
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USA) [14]. The obtained geometries were subsequently refined by Density Functional Theory (DFT) calculations [14], at
the EDF2/6-31+G(d) level of theory using the above-mentioned software package. All calculations were performed in the
gas phase, without using symmetry any restrictions. Standard convergence thresholds (maximum displacement < 0.005
Å; maximum gradient < 0.002 Hartree/Bohr) were used for geometry optimizations. Vibrational frequency analyses
were conducted in order to confirm that all optimized structures matched true minima (no imaginary frequencies).

The visualization of the frontier molecular orbitals HOMO and LUMO, as well as the extraction of computed elec-
tronic parameters (orbital energies, HOMO–LUMO gap, dipole moment, and polarizability), was also performed by
means of Spartan 14. Steric parameters such as molecular surface area, molecular volume, ovality, and polar surface
area, were also computed with the same software by using built-in descriptors. The measurement of bond lengths be-
tween dysprosium and the nitrogen atoms of the porphyrin structures have been performed by using Chem3D software
(PerkinElmer Informatics).

3. Results and Discussions

The optimized geometries of the investigated series of compounds have been employed for the calculation of the energetic
parameters like the total energy per atom and the HOMO–LUMO gap.

The results presented in Table 1 summarize the values of the total energy/atom calculated for the metallopor-
phyrins.

Table 1. Total energy/atom (EDF2/6-31+G(d)).

Compound General formula Total energy/atom (a.u.)

1 C20H12DyN4 −27.737

2 C24H20DyN4 −24.152

3 C20H8DyN4F4 −38.461

4 C24H16DyN4F4 −32.249

5 C20H8DyN4Cl4 −77.425

6 C24H16DyN4Cl4 −61.670

7 C20H16DyN8 −27.726

8 C24H24DyN8 −24.643

9 C20H12DyN4O4 −32.367

10 C24H20DyN4O4 −28.003

The analysis of the calculated energies/atom shows that the grafted methylene group on the methyne bridges (com-
pounds 2, 4, 6, 8, and 10) leads to a decrease in the stability of the proposed metalloporphyrin structures. The afore-
mentioned results also suggest that the presence of a halogen atom (especially chlorine) increases the stability of the
compounds. The lowest values were obtained for the methyl-substituted Dy-porphyrin (2), followed by the one substi-
tuted with the aminomethyl group (8).

The influence of the substituents on the investigated metalloporphyrins has also been evaluated by means of the
HOMO-LUMO gap. The energy difference between the frontier molecular orbitals is considered a good indicator of
the stability/reactivity of a compound: larger HOMO-LUMO gaps suggest an increased stability, while smaller HOMO-
LUMO gaps are correlated with enhanced reactivity.

The obtained values of the frontiermolecular orbitals, togetherwith the calculatedHOMO-LUMOgaps, are depicted
in Table 2.

According to these results, all the investigatedmetalloporphyrins are characterized by lower stability. The presence
of the substituents strongly influences the value obtained. In general, the presence of -X group on the methyne bridges
leads to the obtained of slightly higher HOMO-LUMO gaps, compared to the ones that also have a methylene group, -
CH2X. A single exception occurred, regarding the unsubstituted Dy-porphyrin 1, that is characterized by a smaller energy
gap of the frontier molecular orbitals compared to the methyl-substituted structure 2.
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Table 2. Frontier molecular orbitals energies, together with the calculated HOMO-LUMO gap (EDF2/6-31+G(d)).

Compound HOMO energy (eV) LUMO energy (eV) HOMO-LUMO gap (eV)

1 −15.82 −15.58 0.24

2 −15.15 −14.60 0.55

3 −16.33 −15.67 0.66

4 −15.90 −15.33 0.57

5 −15.72 −15.06 0.66

6 −15.35 −14.80 0.55

7 −15.06 −13.61 1.45

8 −14.43 −14.07 0.36

9 −15.70 −14.60 1.10

10 −15.10 −14.53 0.57

The visualization of HOMO (Highest Occupied Molecular Orbital) and LUMO (Lowest Unoccupied Molecular Or-
bital) is a key parameter for organic compounds, helping to understand and predict the stability, reactivity, and electronic
properties of a molecule. In the field of drug design and pharmaceutical applications, the distribution of the HOMO and
LUMOorbitals offer insights regarding the potential interaction sites with biological targets, together with the evaluation
of the stability and reactivity of the compounds.

Graphical representation of the frontier molecular orbitals HOMO and LUMO has been performed. The results
are presented in Figure 2, Figure 3, Figure 4 and Figure 5 and outline some differences among the studied Dy-
porphyrins.

According to the results illustrated inFigure 2,Figure 3,Figure 4 andFigure 5, the same pattern is encountered
in the distribution of theHOMOorbitals for the compounds 1, 2, 3, 5, 7, and9 (the unsubstituted porphyrin and the ones
with CH3, F, NH2, and OH grafted on the methyne bridge). For these compounds, the HOMO orbitals appear localized
mostly on the pyrrole rings. Instead, the porphyrins4,6,8, and 10 (substitutedwith CH2Xgroups) show that theHOMO
orbitals are also localized on the methyne group and on the grafted CH2X moiety. As exception, the porphyrins 7 and
8 (substituted with amino and methyamino groups) are characterized by a lesser delocalization of the HOMO orbitals
(on two of the four substituents). This situation is correlated to the lowest values of the HOMO energy computed for
compounds 7 and 8, as depicted in Table 2. Instead, the LUMO orbitals are mostly localized on the four methyne
bridges and, to a small extent, on the substituents (excepting the compounds 4 and 6, substituted with CH2F and CH2Cl,
respectively). The results of LUMO energies presented inTable 2 show the lower values calculated for compounds 7–10,
the ones substituted with amino and hydroxyl groups.

  
HOMO orbitals of compound 1 LUMO orbitals of compound 1 

Figure 2. Graphic representation of the frontier molecular orbitals of compound 1.
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HOMO orbitals of compound 2 LUMO orbitals of compound 2 

  

HOMO orbitals of compound 3 LUMO orbitals of compound 3 

  

HOMO orbitals of compound 4 LUMO orbitals of compound 4 

Figure 3. Graphic representation of the frontier molecular orbitals of compounds 2–4.

Journal of Experimental Pharmacology and Toxicology 2025, 2 5 of 11

https://j-pharmacol-tox-exp.com/
https://doi.org/10.6425/022025jept002
https://j-pharmacol-tox-exp.com/
https://doi.org/10.6425/022025jept002
https://j-pharmacol-tox-exp.com/
https://doi.org/10.6425/022025jept002


https://j-pharmacol-tox-exp.com/ https://doi.org/10.6425/022025jept002https://j-pharmacol-tox-exp.com/ https://doi.org/10.6425/022025jept002https://j-pharmacol-tox-exp.com/ https://doi.org/10.6425/022025jept002

  

HOMO orbitals of compound 5 LUMO orbitals of compound 5 

  

HOMO orbitals of compound 6 LUMO orbitals of compound 6 

  

HOMO orbitals of compound 7 LUMO orbitals of compound 7 

Figure 4. Graphic representation of the frontier molecular orbitals of compounds 5–7.
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HOMO orbitals of compound 8 LUMO orbitals of compound 8 

  

HOMO orbitals of compound 9 LUMO orbitals of compound 9 

  

HOMO orbitals of compound 10 LUMO orbitals of compound 10 

Figure 5. Graphic representation of the frontier molecular orbitals of compounds 8–10.

The steric and geometric properties of the proposed Dy-porphyrins have also been calculated (Table 3). Steric
properties like the molecular surface and volume provide a way to visualize the shape and size of molecules, aiding in
understanding their overall structure. They are also used in virtual screening of potential drug candidates, assessing
surface similarity and complementarity to target molecules.
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Table 3. Steric parameters of the compounds (EDF2/6-31+G(d)).

Compound Molecular area (Å2) Molecular volume (Å3) Ovality

1 329.54 327.16 1.44

2 393.78 398.20 1.50

3 352.03 347.15 1.47

4 416.14 417.11 1.54

5 383.86 381.99 1.51

6 460.53 455.34 1.61

7 373.54 369.21 1.50

8 450.77 442.91 1.60

9 360.67 356.94 1.48

10 432.76 428.44 1.57

The analysis of these parameters shows, as expected, larger values for the -CH2X-substituted compounds (compared
to the X-substituted ones). Larger values for these parameters have been obtained for chloromethyl- (6), aminomethyl-
(8), and hydroxymethyl- (10) Dy-porphyrins. The same compounds—6, 8, and 10—are characterized by the highest
ovality, a steric parameter that measures the deviation from the spherical shape of a compound.

Polar surface area (PSA) is a molecular descriptor employed in medicinal chemistry, especially for predicting how
well a molecule will pass through cell membranes. It represents the combined surface area of all polar atoms (mainly
oxygen and nitrogen, including their attached hydrogen atoms) within a molecule [15]. PSA is a key parameter for as-
sessing a drug’s ability to be absorbed; molecules with a PSA above 140 Å2 generally have poor membrane permeability,
making them less likely to be absorbed effectively [16]. For molecules to cross the blood–brain barrier, a PSA below 60
Å2 is generally preferred [16]. Polarizability represents the tendency of a molecule’s electron cloud to distort in response
to an electric field. This distortion results in an induced electric dipole moment. The degree of polarizability is strongly
influenced by the number of electrons and the size of the molecule. It also plays a key role in determining the strength
of intermolecular interactions.

The results depicted in Table 4 show that the polar surface area of the investigated compounds is found to be
within the range 17–120 Å2. A significant increase is obtained for compounds 7–10, the ones that bear hydroxyl and
amino groups.

Table 4. Polar surface area (PSA), dipole moment, and polarizability of the Dy-porphyrins (EDF2/6-31+G(d)).

Compound Polar surface area (Å2) Dipole moment (D) Polarizability

1 17.667 2.16 67.86

2 17.825 3.29 73.55

3 18.290 8.12 69.38

4 17.838 12.39 75.08

5 17.877 7.56 72.21

6 18.452 10.04 78.19

7 107.692 4.82 70.98

8 118.338 8.66 77.20

9 90.246 4.39 70.07

10 98.811 11.95 76.00

The analysis of the influence of substituents on the geometric properties of the Dy-porphyrins also dealt with the
lengthmeasurements of the Dy-N bonds. The results are depicted inTable 5, while the numbering of the atoms involved
is presented in Figure 6.
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Table 5. Bond lengths for N(sp3)-Dy (atoms N1 and N3) and N(sp2)-Dy (atoms N2 and N4).

Compound d(N1-Dy) (Å) d(N2-Dy) (Å) d(N3-Dy) (Å) d(N4-Dy) (Å)

1 2.408 2.398 2.398 2.398

2 2.403 2.399 2.401 2.399

3 2.440 2.425 2.431 2.425

4 2.406 2.399 2.402 2.399

5 2.407 2.398 2.401 2.398

6 2.442 2.427 2.430 2.427

7 2.436 2.421 2.437 2.422

8 2.439 2.426 2.431 2.426

9 2.440 2.422 2.440 2.422

10 2.407 2.399 2.402 2.399

1 2

34

N N

N N

Dy
3+ AA

A

A

Figure 6. General structure of the Dy-porphyrins.

Also, taking into account the non-planar structure of the Dy-porphyrins (see the side-view depicted in Figure 7),
the values of the angles formed by the nitrogen atoms and dysprosium have been determined.

 

 

 

Figure 7. Side-view of the unsubstituted Dy-porphyrin 1 (similar for all the compounds within the series).

4. Conclusions

The present study analyzed the geometric and electronic properties of some Dy-porphyrins, substituted with various
groups. The results showed that, according to the computed HOMO-LUMO gap, the most stable are compounds 7 and 9,
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the porphyrins bearing amino and hydroxyl groups. The above-mentioned compounds are characterized by bond lengths
of approximately 2.44 Å for Dy-N(sp3) and 2.42 Å for Dy-N(sp2).

Considering the calculated energy per atom of the compounds within the series, the substitution with atoms leads
to an increase in this parameter, together with the increase in the atomic number of the substituting atoms. The highest
values have been obtained for chlorine -Cl, followed by fluorine –F, hydroxyl –OH, and amino –NH2. The presence of
the CH2 group in compounds 4, 6, 8, and 10 leads to a decrease in the total energy.

The frontier molecular orbital energies HOMO and LUMO are correlated with their symmetrical or unsymmetrical
distribution (see compounds 7 and 8).

According to the general structure of the investigated Dy-porphyrins depicted in Figure 7 and to the results pre-
sented inTable 6, most of the proposed structures are characterized by the values of the angles between the sp3 nitrogen
atoms and Dy of ~125◦, while the values of the angles between the sp2 nitrogen atoms and Dy are close to ~131◦.

Table 6. Values of the angles N-Dy-N.

Compound �(N1−Dy−N3) (◦) �(N2−Dy−N4) (◦)
1 121.93 130.62

2 122.30 131.39

3 126.58 130.33

4 121.53 131.35

5 125.57 130.42

6 125.34 130.92

7 125.36 131.35

8 125.18 131.13

9 125.92 130.69

10 121.62 131.04
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