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ABSTRACT

Porphyrin-based compounds have good electronic and optical properties, which can be
beneficial for use in optoelectronics. In this paper, the electronic and optical properties of porphyrin,
PAI, and PMg were studied using the DFT and TD-DFT methods. The HOMO-LUMO analysis
showed that the energy gap decreased significantly for the modified compounds. Among the modified
compounds, PMg showed the lowest energy gap and the highest flexibility. The DOS analysis showed
that the density of states increased near the Fermi level for the modified compounds, especially
PMg.The TD-DFT analysis showed that the transition energy for the porphyrin compound was weak,
with =489.27 nm and f = 0.0075. For the PMg compound, the transition energy was strong, with

=458.11 nm and f = 0.6480, which indicated a highly allowed transition. The results showed that
the PMg compound performed well in the electronic and optical properties, which makes it a good

candidate for use in optoelectronics and lasers.
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INTRODUCTION

Notably, structures based on porphyrins
have shown promising results over the last few
years owing to their electronic structure and
photophysical properties. Porphyrins have shown
a highly delocalized structure that enables efficient
electron transfer and light-matter interactions. Such
properties of porphyrins have shown promising

results for potential application in the development
of optoelectronic devices, solar cells, sensors, and
laser-based structures. Furthermore, the potential
for modifying the electronic structure of porphyrins
has shown promising results for the development of
advanced functional structures with unique optical
properties'2.

One of the most promising strategies for
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enhancing the performance of porphyrin-based
structures is the incorporation of metal ions within the
core of the macrocyclic structure. Such modifications
have shown promising results for enhancing
the electronic structure of the porphyrin-based
structures by reducing the HOMO-LUMO bandgap.

Furthermore, the incorporation of metal
ions within the porphyrin-based structures has also
shown promising results for enhancing the electronic
state of the structures. Such modifications are critical
for assessing the optical absorption characteristics
of the structures, which are critical for developing
photonic and laser-based structures®*®

In this regard, various computational
techniques such as density functional theory
(DFT) and time-dependent DFT (TD-DFT) have
shown promising results for playing a critical role
in the understanding of the electronic and optical
properties of molecular structures. DFT calculations
have shown promising results for accurately
determining the frontier molecular orbitals and global
reactivity descriptors of molecules. Furthermore, TD-
DFT calculations have shown promising results for
accurately determining the electronic properties of
molecules. Moreover, density of states calculations
has shown promising results for a precise evaluation
of the electronic properties of molecules by analyzing
the molecular orbitals of the molecules”®.

In the present work, a systematic analysis
has been carried out to understand the effect of
structural modification on the electronic and optical
properties of the porphyrin-based compounds. For
the purpose of the present work, three structures of
the porphyrin-based compounds were considered
for the analysis: pristine porphyrin, PAl, and PMg.
DFT and TD-DFT calculations were carried out to
understand the frontier molecular orbitals of the
compounds, global reactivity descriptors of the
compounds, orbital distribution of the compounds,
density of states of the compounds, and UV-Vis
absorption characteristics of the compounds.
Emphasis was placed on understanding the
relationship between the electronic properties of the
compounds and their optical properties®°.

From the results obtained in the present
work, it is clearly understood that structural
modification plays a critical role in determining

the electronic properties of the porphyrin-based
compounds. For instance, it is clearly understood
from the present work that the addition of magnesium
to the porphyrin-based compounds plays a critical
role in increasing the electronic excitation probability
of the compounds and enables the compounds to
be used for optical and related applications such as
lasers.

Computational Methods

In all guantum chemical computations, the
Gaussian 16 program is employed. In the quantum
chemical computations of the molecular structure
of porphyrin, PAI, and PMg, the DFT method is
employed to fully optimize the molecular structures
of the compounds without any symmetry constraint
12 In the quantum chemical computations of the
molecular structures of the compounds, the B3LYP
functional is employed. In addition, the 6-31G(d,p)
basis set is employed for all the atoms of the
molecules. Furthermore, the effective core potential
is employed for all the metal atoms of the molecules.

Frequency computations are carried out
for all the optimized structures of the compounds
by the same method as before to prove that all
the optimized structures are true minima on the
potential energy surface of the molecule by not
having imaginary frequency values on their IR
spectra, which are calculated during the optimization
process. Furthermore, the calculation of the frontier
molecular orbitals of the compounds is done to
obtain the values of the HOMO and LUMO orbitals
of the molecules. Using the values of the HOMO
and LUMO orbitals of the molecules, some global
descriptors of reactivity are calculated. These global
descriptors of reactivity are IP, EA, electronegativity,
chemical potential, global hardness, softness, and
electrophilicity values by using the values of the
HOMO and LUMO orbitals of the molecules by
Koopmans' theorem.

The electronic excitation properties have
also been calculated using the time-dependent
density functional theory method. The calculations
have been carried out using the same level of
theory used for the calculation of the compounds'
ground state. The lowest excited singlet state
has been calculated for the compounds under
investigation. The excitation energy, wavelength, and
oscillator strength have also been calculated for the
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compounds. The results obtained have been used
to calculate the UV-Vis spectrum of the compounds
under investigation. In order to achieve a deeper
understanding of the electronic properties of the
compounds under investigation, the density of states
calculation has been carried out using the Materials
Studio program.

The DOS plots have been calculated for
the compounds under investigation. The analysis
of the electronic state distribution has also been
carried out for the compounds under investigation.
The effect of the modification of the structure on the
electronic density at the Fermi level has also been
understood for the compounds under investigation.
In all the calculations carried out in this work,
GaussView has been used for the visualization of
the molecular orbitals and the electronic distribution
of the compounds under investigation. The results
obtained have shown that they will be used for
the analysis of the electronic properties of the
compounds under investigation. The calculations
carried out in this work have enabled a detailed
understanding of the electronic properties of the
compounds under investigation.

RESULTS AND DISCUSSION

Global Reactivity Analysis

The electronic structure of the
aforementioned systems was examined based on
the FMO theory, while the aforementioned theory
refers to the use of the energy levels of the HOMO
and LUMO orbitals for the calculation of some of the
most important global descriptors of the chemical
reactivity of the system, i.e., IP, EA, electronegativity,
chemical potential, global hardness, softness, and
electrophilicity®5.

Based on the electronic structure of the
aforementioned system, the following conclusions
can be drawn: The HOMO level is the lowest, i.e., the
energy level of the HOMO orbital is the lowest, equal
t0 -0.26955 a.u., while the energy level of the LUMO
orbital is relatively deep, equal to -0.03633 a.u. As a
result, the energy gap between the aforementioned
orbitals is large, i.e., E = 0.23322 a.u. Therefore,
it is concluded that the aforementioned system
possesses the highest IP = 0.26955 a.u. and
electronegativity = 0.15294 a.u., thus having a strong
tendency to maintain the electronic density of the

system and avoid any possible electron transfer.
Additionally, the high value of global hardness, i.e.,

= 0.11661 a.u., and the relatively low value of
softness, i.e., S =4.2878 a.u., of the aforementioned
system indicate the high electronic stability of
the aforementioned system and the low chemical
reactivity of the system.

Finally, the relatively high value of the
electrophilicity index, i.e., = 0.1003 a.u., of the
aforementioned system indicates the moderate
ability of the aforementioned system to attract an
electron under appropriate conditions (Table 1).
On the contrary, PAl has a high energy level of
HOMO equal to -0.07731 a.u., a positive energy
level of LUMO equal to 0.03136 a.u., and a large
decrement in the bandgap E = 0.10867 a.u. The
decrement in the bandgap is related to the high
values of the electronic flexibilities and the high
degree of susceptibility to the charge redistribution
of electrons. The low ionization potential of PAl,
equal to 0.07731 a.u., and low negative affinity of
PAl, equal to -0.03136 a.u., indicate a low degree
of stability related to the additional electron. The
low electronegativity of PAl, equal to 0.02298
a.u., indicates a low degree of attraction related to
electrons.

The low hardness of PAI, equal to 0.05434
a.u., and high softness of PAI, equal to 9.2022 a.u.,
indicate a high degree of reactivity and electronic
polarization related to the porphyrin system. The
low electrophilicity index of PAI, equal to 0.0049
a.u., indicates a low degree of PAIl system activity
related to the acceptance of electrons. Likewise, the
electronic properties of the PMg system were found
to be intermediate between the electronic properties
of the porphyrin and PAI systems. The HOMO level
of the PMg system was found to be -0.11866 a.u.,
while the LUMO level of the PMg system was found
to be -0.01244 a.u. This resulted in the lowest band
gap energy among the studied systems, i.e., E
= 0.10622 a.u., indicating the highest degree of
electronic delocalization. The IP of the PMg system
was found to be 0.11866 a.u., while the EA of the
PMg system was found to be 0.01244 a.u., indicating
the balanced ability of the PMg system to donate and
accept electrons.

The PMg system was found to possess
the lowest hardness, i.e., = 0.05311 a.u., and the
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highest softness, i.e., S =9.4144 a.u., indicating the
highest degree of electronic flexibility and reactivity.
The value of the parameter of the PMg system
was found to be 0.0405 a.u., which is greater than
the PAI system and less than the porphyrin system.
The order of electronic reactivity of the studied
compounds is as follows:

PMg > PAI > Porphyrin,

where PMg is the most reactive and electronically

soft compound, and porphyrin is the most stable and
hardest compound. From the results obtained in the
present work, it is evident that the inclusion of a metal
has a significant impact in controlling the electronic
properties of the porphyrin structure, thus allowing
a certain degree of control over the reactivity and
stability of the compound by merely adjusting the
energies of the frontier orbitals.

Table 1. Computed frontier molecular orbital energies and global reactivity descriptors for the
Porphyrin, PAIl, and PMg.

Comp. EHOMO ELUMO AE IP EA % H n S ®
(a.u.) (a.u.) (a.u.)

Por- -0.26955 -0.03633 0.23322 0.26955 0.03633 0.15294 -0.15294 0.11661 4.2878  0.1003

phyrin

PAI -0.07731 0.03136 0.10867 0.07731 -0.03136 0.02298 -0.02298 0.05434 9.2022 0.0049

PMg -0.11866 -0.01244 0.10622 0.11866 0.01244 0.06555 -0.06555 0.05311 9.4144  (0.0405

Frontier Molecular Orbital Distribution Analysis

The spatial distribution of the frontier
molecular orbitals also provides additional
information concerning the electronic properties
of the investigated compounds, apart from the
energy level data. As illustrated in Figure 1, for the
pristine compound, it is observed that the densities
of both the HOMO and LUMO molecular orbitals are
delocalized across the whole conjugated structure
of the macrocycle. The delocalization of w-electrons
across the whole structure is a characteristic feature
of a highly symmetric electronic structure, where
both molecular orbitals are equally distributed across
the whole porphyrin ring'®¢'".

In the PAI system, significant differences are
observed concerning the spatial distribution of both
the HOMO and LUMO molecular orbital densities.
Specifically, whereas the HOMO density is partially
localized across specific areas of the macrocycle,
the LUMO density is also asymmetrically distributed
across the whole structure of the macrocycle. The
presence of "hot spots" of a higher concentration
of electrons indicates a higher degree of electronic
polarization for the PAIl system, as evidenced by
the calculated descriptors of the energy gap and
softness.

However, for the case of PMg, a more
significant change in the electron density distribution
is observed. Thus, for the case of PMg, it was found
that the HOMO is localized in the coordination area

of the central metal and the adjacent nitrogen atoms,
while the LUMO is localized in different parts of the
macrocycle. Such a high degree of delocalization
and the flow of electrons in a specific direction
contribute to a decrease in the band gap and an
increase in reactivity.

Analysis of the distribution of the molecular
orbitals of the studied systems has shown the
appropriateness of the previously obtained electronic
descriptors. The change in the electronic structure
of the porphyrin macrocycle in the presence of a
metal atom has been proved. The transition from
a completely delocalized state to a more polarized
state is characteristic of the PAl and PMg systems.
Among the studied systems, PMg is the most
suitable for the flow of charges due to the high degree
of localization of the HOMO and LUMO orbitals and
the high degree of electronic polarization.

3 X
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Fig- 1: Frontier molecular orbitals of the
Porphyrin, PAI, and PMg.
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Density of States (DOS) Analysis

The electronic structure of the studied
systems was also investigated through density
of states analysis, in order to obtain a complete
understanding of the results. Based on the above,
it is obvious that, as depicted in Figure 2, the DOS
plots indicate the differences in the electronic
structure of the Porphyrin, PAl, and PMg systems &

In the case of the pristine Porphyrin
system, it is obvious that the DOS plot indicates
the presence of a relatively well-defined energy
gap around the Fermi level, along with the relatively
clear distinction between the occupied and virtual
orbitals. The occupied orbitals are packed relatively
densely in the region of the energy distribution
below -8 eV, while the virtual orbitals exist above
the energy gap, presenting relatively small overlap.
The above electronic structure reveals the presence
of a relatively stable configuration, along with the
relatively small number of accessible states. The
above statement is verified based on the relatively
high HOMO-LUMO gap and the chemical hardness
of the Porphyrin molecule.

In the case of the PAI system, it is obvious
that the energy distribution is relatively compressed,
especially in comparison to the Porphyrin molecule.
In the region around the frontier of the energy
distribution, it is obvious that the relatively small
energy gap exists between the occupied and virtual
orbitals. The DOS plots indicate the presence
of relatively high peaks around the Fermi level,
along with the relatively small distances between
them. The above statement reveals the presence
of a relatively high density of accessible states. In
addition, it is obvious that the DOS plots for the alpha
and beta spins are relatively similar to each other,
indicating the absence of magnetic contributions
in the system under investigation. Similarily, for the
PMg system, the band gap is reduced, as the peaks
are closer to each other on the DOS plot compared
to the porphyrin system.

Regarding the occupied and unoccupied
states, it is obvious that a degree of convergence
occurs between them. Moreover, from the figure 2,
itis obvious that the intensity of the peaks is high for
the PMg system compared to the porphyrin system.
This is an indication of a degree of improvement
observed in the electronic properties of the system.

From the DOS plot of the porphyrin-based systems,
it is obvious that the metal has a crucial role to
play in modifying the electronic properties of the
porphyrin-based system by increasing the density
of states in the frontier region and by reducing the
band gap between the HOMO and LUMO orbitals.
The electronic accessibility of the porphyrin-based
systems is as follows:

PMg ~ PAI >> Porphyrin

Both systems have been able to display improved
electronic properties and reactivity compared to the
original porphyrin-based system.

" [} _I_

Fig- 2: Total density of states (DOS) plot of the
Porphyrin, PAl, and PMg by TD-DFT calculations

Optical Transition Analysis

The TD-DFT results presented in Table 2 clearly
indicate the differences in the electronic excitation
characteristics for the studied systems. In the case
of the pristine porphyrin molecule, the results clearly
indicate the presence of the main absorption band at
489.27 nm with an extremely low oscillator strength
(f = 0.0075). The low oscillator strength clearly
indicates the weak allowed nature of the = w®*
transition, showing low probability for the electronic
excitation process'2°. Such low probability might
be related to the large HOMO-LUMO gap of the
porphyrin molecule.

For the PAI molecule, the presence of the
main absorption band at around 500 nm with almost
the same oscillator strength, i.e., around 0.007,
clearly shows the slightly improved probability for
the electronic excitation process. Although some
improvement has been made by modifying the
structure of the porphyrin molecule, the overall
results for the PAI molecule clearly indicate the low
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to moderate probability for the electronic excitation
process.

The results for the PMg molecule clearly
indicate the improved probability for the electronic
excitation process by showing the high oscillator
strength for the @ ®* transition, i.e., f = 0.6480,
for the main absorption band at 458.11 nm. Such
improved probability for the electronic excitation
process clearly shows the high efficiency of the PMg

molecule for the electronic excitation process
(Figure 3).

The order of the oscillator strength clearly
shows the relative efficiency of the electronic
excitation process for the studied molecules, i.e.,
PMg > PAI > Porphyrin, indicating the importance of
the metal incorporation for the porphyrin molecule,
making it the most efficient molecule for the
electronic excitation process.

Table 2: Optical properties of Porphyrin, PAl, and PMg

Comp. Amax (nm) Energy (eV) fmax Nature of Remark
transition
Porphyrin 489.27 2.5341 0.0075 T — ¥ weak transition
PAI ~500 ~2.48 ~0.007 n— 7t weak moderate
PMg 458.11 2.7064 0.6480 n— 7t strong transition
S —— -
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Fig- 3: Simulated UV-Vis spectrum of the Porphyrin, PAIl, and PMg
obtained from TD-DFT calculations.
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CONCLUSION

In the present research work, the electronic
and optical properties of the porphyrin, PAl, and
PMg compounds have been studied by using the
DFT and TD-DFT methods. The results obtained
from the present research work show that the
structural modifications have a significant impact
on the electronic and optical properties of the
porphyrin structure. The HOMO-LUMO analysis
of the compounds was also performed, and it
was observed that the HOMO-LUMO gap of the
compounds is decreased compared to the porphyrin
structure. Among the compounds studied in the
present research work, it was observed that the PMg
compound has the least HOMO-LUMO gap, i.e., the
compound is highly electronically flexible.

The DOS analysis of the compounds was
also performed, and it was observed that the density
of the electronic states of the compounds is higher
compared to the porphyrin structure. The TD-DFT
analysis of the compounds was also performed, and
it was observed that the porphyrin structure has a
weak optical transition with very low intensity, while
the PMg compound has a strong optical transition
with high intensity in the visible region of the
electromagnetic spectrum at 458.11 nm, i.e., 0.6480.
The PAl compound showed intermediate results;i.e.,
the compound showed improvement in the intensity
of the optical transition. It was concluded from the
present research work that the incorporation of the
metals has a significant impact on the electronic and
optical properties of the porphyrin structure. Among
the compounds studied in the present research work,

it was observed that the PMg compound is highly
effective for optoelectronic and laser devices.
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