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Abstract: Porphyrin is an important molecule with diverse applications. Similarly, tin compounds are
important with applications ranging from industries to biological fields. When tin forms a complex with
porphyrin, the resulting hybrid complex is expected to show diverse structural features with potential
applications. In fact, tetraethyl phorpyrinatotin is water soluble and possesses anti-cancer activity. Here,
we have studied the electronic and geometric structural features and spectroscopic properties of the
different tin(IV)porphyrins of the type [SnPX_] where P = porphyrin; X = F (1), CI (2), Br (3), | (4)
were optimized using the DFT method at BP86/TZVP level. The DFT computed molecular geometries,
'H, B¢, and **°Sn nuclear magnetic resonance (NMR) spectroscopy chemical shift values and reactive
descriptors are in good agreement with experimentally known or related molecules.
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1. Introduction

Tin is an essential element known to humans well before and exhibits diverse structural
features. Being an important part of photosynthesis, porphyrin moiety exhibits diverse
applications. Tin-Porphyrins are hybrid complexes consisting of both tin substrate and
porphyrin ring. An excellent review on tin porphyrins covering the years before 2004 is
provided by D. P. Arnold. [1-3]. These tin porphyrins show a wide range of applications, from
catalysis, biological activities like photodynamic therapy (PDT) for the treatment of cancer and
even for AIDS, material chemistry, catalytic and photocatalytic activities including the splitting
of water to produce hydrogen, DNA binding ability for cancer research and gene technology,
treatment of neonatal hyperbilirubinemia, etc. [4-8]. Tin(IV) porphyrins are known to be more
stable than tin(I1) porphyrins [9]. Tin (I1) porphyrins easily and quickly undergo oxidative
addition in solution and air to form tin(I\V) porphyrins. The tin(1V) porphyrin complexes can
be readily prepared and are stable enough under acidic conditions. The geometry around these
six-coordinate Sn(l1V) compounds is octahedral with two trans-axial ligands. Different anions
are substituted in these trans-axial positions for new tin(IV) porphyrin derivatives. Tin(IV)
porphyrin derivatives containing more than one porphyrin ring can also be synthesized due to
the exophilic nature of the tin center [1]. The spectral and electrochemical properties of various
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Sn(1V) were studied, and their studies showed that the properties are sensitive to the nature of
substituent present at the meso-position [10]. The B-brominated tin(IV) porphyrins are found
to be used as potential photosensitizers for medical and energy applications [11]. Only very
few computational studies are known for tin porphyrin compounds. Recent studies show that
tin porphyrins can act as molecular electrocatalysts for proton reduction reactions [5]. Chloro-
substituted Tin(1v) porphyrin SnTPPC is an example of an effective photosensitizer during
photocatalytic proton reduction, which in turn proceeds through two mechanisms: reductive
mechanism and oxidative quenching mechanism [12]. Tin-porphyrin complexes are also
known for life-forming molecules like amino acids, especially with L-proline [13]. Though
there are many experimental studies and biological applications of tin porphyrin compounds,
theoretical studies to investigate their behavior at the molecular level are scarce. Time-
dependent density functional theory calculations have been employed to characterize the inter-
macrocycle interactions introduced when two tin(I\V) porphyrins are axially covalently bonded
via an ethynyl linker, which can be used in a solar light harvesting system [14]. Density
functional theory (DFT) calculations are used to predict the atomic structure and dynamics [15]
accurately.

Human aging and many diseases are mainly related to oxidative stress. Superoxide
dismutase (SOD) mimicking artificial enzymes has been the star of anti-oxidation in recent
years. Among the different metalloporphyrins engineered to act as novel SOC-mimics, Sn-
porphyrins (Sn-TCPP) succeed in flowing (unusually highly catalytic activity) towards
catalyzing the disproportionation of superoxide radicals (‘O2") anions due to H202 and O2. This
is due to the Sn(IV)/Sn(Il) transition at (Sn-TCPP) meso-tetra(4-carboxy phenyl)porphine. This
shows the way Sn porphyrin-based nano enzymes would be a potent alternative for natural
SODs [16]. Tin-porphyrins have also proven to be successful in the chemoprevention of
neonatal jaundice, i.e., the prevention of neonatal hyperbilirubinemia [17].

As the green chemistry techniques are highly receiving attention from the research
community, environmentally benign techniques are used to synthesize tetra(4-
methylpyridiniumyl) and tetra (4-pyridyl)porphyrinato Sn(IV) complexes and the 4-
methylpyridinimyl derivative is water soluble and tetra(4-pyridyl) derivative is water insoluble.
This reaction proceeds with water as a solvent at room temperature [18]. Sn-porphyrins treated
with polyethylene glycol (PEG) form hydrogel polymers, which are highly important due to
pH-responsive fluorescence [19].

Computational chemistry tools like DFT methods are being successfully used to study
the structural features of biologically important molecules at the molecular level. Here, we have
studied the electronic, geometric structural features and spectroscopic properties of the
different tin(1V)porphyrins of the type [SnPXz] where P = porphin; X = F (1), CI (2), Br (3), |
(4) were optimized using the DFT method at BP86/TZVP level, to get the more stable products
with diverse applications.

Scheme 1. Schematic representation of the molecules studied [SnPX3] where P = porphyrin; X = F (1), Cl (2),
Br (3), 1 (4).
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2. Computational Details

Computational chemistry has been used to characterize newly designed compounds and
already reported compounds lacking complete structural characterization [20]. All the Density
Functional Theory calculations were carried out using the ORCA program developed by F.
Neese and co-workers [21]. The Vosko-Wilk-Nusair parameterization was used for the local
density approximation (LDA) with gradient corrections for exchange (Becke88) and
correlation (Perdew86) [22-25]. TZVP (triple zeta valance with polarization function) basis set
was used for all the molecules. In all the calculations, TightSCF convergence criteria were used
[26]. Optimized geometries were checked using the following frequency calculations in order
to ensure that the obtained geometry is the minimum [27, 28]. Further, the DFT-optimized
geometries were used to calculate the NMR parameters like shielding constants, chemical
shifts, etc., with the help of the EPRNMR module, which is available in the ORCA software
[29]. Tetramethylsilane (TMS) was used as a reference for the calculation of *H and **C NMR
chemical shift values, whereas tetramethyltin was used as a reference for the '°Sn NMR
chemical shifts [30, 31]. The reactivity descriptors like chemical potential (u), hardness (n),
softness (S), and electrophilicity (o) are computed using the HOMO and LUMO energies with
the following expressions. Chemical potential (1) = ELumo + Homo/2; Hardness (1) = ELumo -
Homo/2; Softness (S) = 1/ n; Electrophilicity (w) = p%2I); The DFT computed global reactivity
descriptors are already proved to be successful in predicting the reactivities of the compounds
studied and being used to describe the reactive sites of these important clusters [32].

3. Results and Discussion

Porphyrins and metalloporphyrins are important molecular units that play a vital role
in the life cycle. Tin porphyrins are important molecules having potential applications in
different fields, viz., photodynamic therapy (PDT) for the treatment of cancer and even for
AIDS [9, 10], catalytic and photocatalytic activities, including the splitting of water to produce
hydrogen[33], DNA binding ability for cancer research and gene technology and other
biological applications[34], treatment of neonatal hyperbilirubinemia[35, 36], etc. Though
there are many experimental studies with material and biological applications of tin porphyrins,
theoretical studies to investigate their behavior at the molecular level are scarce. Computational
tools are being practiced by chemists to address the complete study of the existing reactions,
modeling the new compounds, and designing new routes for synthesizing new compounds. The
interesting results obtained from the DFT calculations on the geometrical structure, electronic
structure, bonding analysis, and thermal stability of the tin(IV)porphyrins of the type SnPX2
[where P = porphyrin; X = F (1), CI (2), Br (3), | (4)] from our computations are discussed
below.

3.1. Geometrical structure.

The DFT-optimized geometries at BP86/TZVP level for the tin(1\V)porphyrins SnPF2
(1), SnPClI2 (2), SnPBr2 (3), and SnPI2 (4) studied are provided in Figure 1. The DFT-optimized
metrical parameters like bond lengths and bond angles are provided in Table 1. The synthesis
and characterization of tin(IV)porphyrins with halogen ligands is an important area of tin
porphyrin chemistry. Since tin, in nature, can form a variety of compounds using reductive
elimination, these compounds can be used in many fields, especially in developing metal-
organic frameworks. The DFT-optimized geometries of SnPF2 (1), SnPCI2 (2), SnPBr2 (3), and
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SnPl2 (4) resulted in octahedral geometry as expected, and the nitrogen atoms occupy
equatorial positions. The halogen atoms in these molecules occupy the axial positions. The tin
atom lies in the middle of the porphyrin plane and connects the four nitrogen atoms of the
porphyrin and two oxygen atoms of the halogen atoms. The DFT computed bond parameters
for the compounds SnPF2 (1), SnPCl2 (2), SnPBr2 (3), and SnPI2 (4) are in good agreement
with those of the experimental values obtained from X-ray crystallography. The DFT-
computed values are given in Tables 1 to 4. The DFT computed Sn-N bond distance of 2.13 A
for nitrogen atoms in all the compounds is very close to the experimental values of the 2.06 A
obtained for the tetraphenyl derivative. The DFT-computed Sn-Halogen bond lengths in
compounds 1-4 also agree with the experimental values for similar compounds. The
tinchloride-porphyrin complex, when mixed with poly(3-hydroxybutyrate), which is an
electrospun ultrathin fiber, enhances the properties of the polymeric fiber [37].
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Figure 1. DFT (BP86/TZVP) Optimized Geometry for the compound (1) SnPF; (2) SnPCly; (3) SnPBry; (4)

SnP|2.
3.2. Bonding and stability.

The DFT computed energies of the HOMO, LUMO, and the energy gap ELumo-Homo
are listed in Table 3. The DFT computed energy gap ELumo-Homo value of 2.0 eV for SnPF;
(1) confirms the more stable nature of compound (1) when compared to that of chloro, bromo,
and iodo compound (2-4). The DFT computed ELumo-Homo values confirm the stability of
compound 1 at room temperature and the formation of clusters 2, 3, and 4 at low temperatures,
suggesting their possible formation in the laboratories—the frontier molecular orbital of the
compounds studied at DFT level.

Table 1. DFT computed metrical parameters of the compounds SnPF, (1), SnPCl, (2), SnPBr; (3), and SnPlI;
(4), and the experimental values of tetraphenyl derivative are in square brackets.

Atoms Sn37 -N5 Sn37 — N6 Sn37 — N7 Sn37 — N8 Sn37 — X38 Sn37 — X39
Bond || 2:129[2.064] | 2.129[2.064] | 2.129[2.064] | 2.129[2.064] | 2.016[L964] | 2.016[1964]

Longth |2 2.130 2.130 2.130 2.130 2477 2.482
E 2132 2132 2132 2132 2.646 2.646
4 2133 2133 2133 2.133 2.891 2.891

Atoms | N5-Sn37-N6 | N7-Sn37-N8 | N5-Sn37-X39 | N6-Sn37-X39 | N7-Sn37-X38 | N8-Sn37—X39
Bond 1L 90.00 90.00 90.00 90.00 90.00 90.00
Aggle 2 90.02 89.99 90.09 89.94 89.91 90.05
o L3 90.00 90.00 90.00 90.00 89.99 90.00
4 90.00 90.00 90.00 90.00 90.00 90.00
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The Mayer bond analysis (MBA) describes the number of bonds and the various types
of bonds present between two atoms, as shown in Table 2. The Sn-N bond orders are ranging
from 0.39 to 0.69. The strong Sn-N bonding interaction is exhibited by compound (2) with a
bond order value of 0.69, followed by compound (1) with a bond order of 0.42. Compounds
(3) and (4) also show considerable Sn-N bonding with bond order 0.40. The Sn-halogen (X)
bond orders are ranging from 0.70 to 1.36. The bond order between the Sn-1 is 1.36 in (4),
which shows the strongest interaction among the four with 2.89 A bond length, followed by a
Sn-Br bond order of 1.17 in (3). The bond strength gradually increases from Fto | (F < Cl <
Br <1). This proves that the nature of the Sn-X depends on the electronegativities of the halogen

atoms.

Table 2. DFT computed Mayer bond order (MBO) analysis of the compounds SnPF; (1), SnPCl; (2), SnPBr;
(3), and SnPl; (4).

S.No Sn37 -N5| Sn37-N6| Sn37 - N7 | Sn37-N8§ Sn37-X3§ Sn37 - X39
1 0.4239 0.4242 0.4235 0.4250 0.7075 0.7078
2 0.6948 0.6948 0.6944 0.6957 0.9342 0.9344
3 0.3968 0.3974 0.3965 0.3974 1.1738 1.1739
4 0.3978 0.3983 0.3975 0.3984 1.3678 1.3679

The above details prove that the ‘N’ atoms from the porphyrins are more closely
attached to the central metal atom ‘Sn’ than the halogens (F, Cl, Br, I).

3.3. Electronic structure.

By using Koopmann’s theorem, DFT calculations were made to calculate the electronic
properties of the tin(IV)porphyrins, like ionization potential, electron affinity, absolute
hardness, chemical potential, and electrophilicity. The values of HOMO and LUMO energies
are displayed in Table 3. lonization potential is the negative of the HOMO energy value, and
electronic affinity is the negative of the LUMO energy value. The high value of HOMO shows
the electron-donating ability of an appropriate molecule of the low empty molecular orbital.
The DFT computed Exomo values of -5.5 to -3.6 V show the highest electron donating ability
for 1-4. The LUMO-HOMO energy gap is an important parameter as a function of the reactivity
of the clusters. The ELumo-Homo increases, and the reactivity of the molecule decreases. The
low value of ELumo-Homo suggests the reactive nature of the compound (4). From the ELumo-
Homo Vvalues, the increasing reactivity of the compounds is in the order 1 <2 < 3 < 4. The
hardness values are the index of stability of the molecule, and the DFT computed hardness
values suggest stability increase in the order 1 > 2 > 3 > 4 for the tin(IV)porphyrins studied.
Hardness values also confirm the more stable nature of the tin(1\V)porphyrin (1).

Table 3. DFT computed Eumo-Homo energies (eV), chemical potential, hardness, softness, electrophilicity,
ionization potential, and electron affinity for the compounds SnPF; (1), SnPCl; (2), SnPBr; (3) and SnPl; (4).

Compound 1 2 3 4
HOMO -5.5358 -5.5495 -5.5428 -5.3596
LUMO -3.5764 -3.6621 -3.6951 -3.7473
ELumo - Homo 1.9594 1.8874 1.8477 1.6123
Chemical potential (1) -4.5561 -4.6058 -4.6189 -4.5534
Hardness (I]) 0.9797 0.9437 0.9238 0.8061
Softness (S) 1.0238 1.0596 1.0824 1.2405
Electrophilicity (GD) 10.5940 10.0094 11.5469 12.8603
lonization potential (eV) 5.5358 5.5495 5.5428 5.3596
Electron Affinity (eV) 3.5764 3.6621 3.6951 3.7473
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The DFT computed electrophilicity (o) values suggest the most electrophilic nature for
the compounds ranging from 12.7 eV (4) to 10.0 eV (2).The FMO pictures are shown in Figure
2. The HOMO of the molecules is mainly from the porphyrin ring in the case of SnPF2 (1),
SnPCl2 (2), and SnPBr2 (3), but the HOMO of the compound SnPl2 (4) is mainly from the
unpaired electrons of iodine. HOMO-1 orbital of compound (3) also mainly comes from the
unpaired electrons of bromine. Thus the different arrangements of the HOMO and HOMO-1
orbitals for the compounds 1-4 lead to the different reactivity of these compounds towards
other reagents. Tin orbitals are not involved in the HOMO, LUMO, HOMO-1, and LUMO+1
of compounds 1-4. In the HOMO-1 orbitals, a significant contribution is from the porphyrin
ring in compounds 1 and 2. Meanwhile, there is a significant contribution from halogen atoms,
viz., bromine and iodine, in compounds 3 and 4.

LUMO+1

LUMO

HOMO

HOMO-1

Figure 2. Frontiers molecular orbitals (FMO) obtained from DFT (BP86/TZVP) calculations for the compound
(1) SnPF; (2) SnPCly; (3) SnPBry; (4) SnPla.

3.4. NMR spectroscopic properties.

Computational chemistry tools like DFT methods are being routinely used by chemists
to aid their experimental findings. DFT calculations have already proved to be successful in
calculating the shielding constants, chemical shifts, and contributions from paramagnetic and
diamagnetic parts towards the total magnetic properties of the molecules. Here, we have
computed the H, 3C, and **sn NMR chemical shift values for the compounds and compared
them with the standard experimental values of the similar compound tetraphenylporphyrin

Table 4. The DFT (BP86/TZVP) computed *H NMR chemical shift values are close to those
https://nanobioletters.com/ 6 of 10
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of the experimental values of the tetraphenyl derivative. Though the value for beta H of
compound 2 is not available for the tetraphenyl derivative, it resonates around +9.4 ppm, which
is closer to the values (9.14 ppm) obtained for a similar compound [38]. The DFT computed
13C NMR values are in close agreement with those of the experimentally observed **C NMR
chemical shift values of the tetraphenyl derivative. The three different types of carbon atoms
in the porphyrin ring resonate around 111.31 ppm, 153.56 ppm, and 139.52 ppm, which are all
closer to the experimental values.

Table 4. DFT computed 'H, *3C, and *°Sn NMR chemical shifts (8) for the molecule SnPCI; (2).

S No. Type of Atoms Chemical Shift (6 ppm)

DFT Exp.*

1 BH 9.365 Ua
meso H 10.288 9.24

C1 111.31 Ua

13C C2 153.559 Ua

C3 139.518 Ua

119 Sn -58.716 Ua

*Exp. Values corresponding to tetraphenyl derivative.

Spectroscopy plays an important role in the understanding of the mechanisms of
metalloporphyrins. Tin porphyrins as molecular catalysts for artificial photosynthesis [39] have
also been reported. The formation of graphene oxide-linked tin(I\V)porphyrins is also
synthesized and confirmed through NMR spectra, which plays an important role in
catalysis[40]. The DFT computed the °Sn NMR chemical shifts for the compound (2) are
provided in Table 4. The DFT (BP86/TZVP) computed °Sn NMR chemical shift value of
-58.7 ppm is lower when compared to that of the tetraphenyl derivative, though it is not
advisable to compare. But the signal at upfield is in agreement with our expectations. DFT also
predicts the reasonable chemical shift values for the compounds that are not available
experimentally, but they can be compared with similar-type compounds, which can aid some
ideas in understanding that molecule.

4. Conclusions

The tin(IV)porphyrins SnPF2 (1), SnPCI2 (2), SnPBr2 (3), and SnPl2 (4) are studied by
using the DFT (BP86/TZVP) methods to get more insight into their molecular structural
features. From the theoretical investigation, the following conclusions are made.

The DFT (BP86/TZVP) optimized molecular structures result in minima in the potential
energy surface, and the bond parameters are in agreement with those of a similar compound
with tetraphenylporphyrinato derivative.

The HOMO, LUMO energies, and the ELumo-Homo computed by the DFT method at
BP86/TZVP level confirm the possible existence and the stability of the modeled
tin(IV)porphyrin dihalides 1-4.

The DFT computed conceptual density functional values suggest the increasing
stability order of the tin(IV)porphyrin dihalides as 4 < 3 < 2 < 1. They also suggest the more
stable nature of the chloro (2) and fluoro (1) derivatives when compared to those of bromo (3)
and iodo (4) compounds.

Bonding analysis of the frontier molecular orbitals suggests that in the HOMO, the
delocalization of the electrons and orbital contribution from the porphyrin ring in compounds
1-3, whereas HOMO of compound 4 is mainly from the halogen atom.
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The Mayer bond analysis (MBA) predicts that the compounds (1 & 2) have bond order

values of 0.4239, 0.6948 at Sn-N bonds. Also, the Sn-X bonds have better bonding interaction
in compounds (3 & 4) with 1.1739 and 1.3679 bond orders.

DFT (BP86/TZVP) computed *H, *C, and 1°Sn NMR chemical shift values are in good

agreement with those of the related similar tetraphenylporphyrinato compound. The '°Sn
chemical shift value of -58.72 ppm at upfield is in accordance with the highly shielded tin
environment.
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