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Density Functional Theory Study of the Effect of Mono-Halogen Substitution on
the Electronic and Non-Linear Optical Properties of Porphyrin

ABSTRACT

Porphyrin is an organic macrocycle compound, with a chemical formular (C20H14N4). it act as
important components in various technological application like solar cell, due to their flexibility and
low production cost. In this work, DFT and TD-DFT were used to investigate the molecular geometry,
HOMO-LUMO energy gap, global chemical indices, thermodynamic properties, non-linear optical
properties, IR frequencies and IR intensities, open circuit voltage and UV-Vis spectrum of parent and
substituted porphyrin molecules were calculated and noted. All the computations were performed by
using Gaussian 03 package. Our result for the bond lengths indicates that the strongest bond was found
in chloroporphyrin molecule with value of 1.0771(A) and the highest bend ‘angles was found to be
130.93°. The calculated value of HOMO-LUMO energy gap shows that porphyrin will be more stable
by the substitution of fluoride atom with HOMO-LUMO energy gap of 5.5865eV. The value of energy
gap for parent porphyrin molecule (2.8885) eV was found.to be very closer to the reported value of
(2.920) eV. It was found that the zero point vibrational energy reduces, while the entropy and specific
heat capacity of the molecules rises, due to the effect of the substitutions. The non-linear optical
properties calculations shows that, the first-order hyperpolarizability (B8;..) values turn out to be ten
times than that of the prototype urea (0.3728 x10~2* esu) molecule, which is commonly used for the
comparison of NLO properties with other materials. The computed frequencies and intensities result
shows that fluoroporphyrin has slightly higher peak values of frequencies with corresponding
intensities than the rest of the substituted porphyrin molecules. The open circuit voltage ranges from
2.0206-4.1568eV in the case of high. LUMO.and 0.9465-3.0828eV in the case of low LUMO, this
value can be applied to organic solar cell. The UV-VIS spectrum, shows that due to the solvent effect
there was an increase in the excitation energy and then slight increase in oscillator strength. Our
finding shows that the hybrid halogenated compound may be utilized as an application in sensor and
solar cells.
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1.0 INTRODUCTION

Organic semiconductor materials have attracted the interest of some scientist in the world, due to their
strong stability, peak carrier mobility and better efficiency in terms of lifetime manufacturing cost as
well as the outcome performance of organic electronic materials such as organic thin film transistor
(OTFTs), organic solar cell, photo-detectors, gas sensors and so on (Ziyang et al., 2020). These n-
functional systems, have optoelectronic properties that land themselves in applications such as solar
cells, sensors (Menke and Holmes, 2014), nanolasers (Wang et al., 2007), organic field-effect
transistors (OFETS) (Gao et al., 2013; Beaujuge and Fréchet, 2011) and organic light-emitting diode
(OLEDs) (kulkarni et al., 2004; Burroughes et al., 1990).

Porphyrins are tetrapyrolic macrocycles with m-conjugated electronic system. that.are- common in
nature and have various technological applications. Porphyrin and its derivatives is widely studied
compound that commonly exist in haemoglobin, chlorophyll and petroporphyrin (Ammar and Badran ,
2019). Due to their huge m-conjugation, porphyrins have powerful - absorption in UV and visible
region forming coloured compound (Bhaskar et al., 2020).-In addition, the large n-conjugated system
is responsible for many properties and show potential application in various fields (Kumer, 2017).
Porphyrins and their derivatives have been studied using a range of computational approaches,

according to literature review of theoretical modelling of Porphrins.

A survey by Shubina (2020) recorded these computational strategies, which ranged from linear
combination of atomic orbitals (LCAO), molecular mechanics, semi-empirical methods, through self-
consistent field method (SCF) in the ‘earlier literature, to the modern day methods which include
molecular dynamics (MD), density functional theory (DFT), configuration interaction(Cl), and
coupled cluster (CC),”methods. Among the numerous computational techniques utilized, recent
literature is flooded with DFT calculations of molecular Porphyrin and its derivatives primarily to
understand their frontier orbital configuration, electron occupancy, charge transfer, and excited state
properties. The DFT functionals used to study the porphyrin complexes include all the rungs of the
“Jacob’s Ladder” with variable approximations (Bhaskar et al, 2020).

In 2010, Leonardo et al, reported the investigation of theoretical study of structure and non-linear
optical properties of Zn(1r) porphyrin adsorbed on carbon nanotubes. The structure and stability of a
series of porphyrin-nanotube complexes (Znp-SWNT, H, P-SWNT,ZnP-pp-SWNT and H, P-pp-
SWNT) and first order hyperpolarizability were computed using DFT and a couple—perturbed-HF
approach. The presence of Zn(u) contributes significantly to the complex stability, and push-pull
substituents further enhance the stability. Porphyrin and SWNT interact through the potential energy

surfaces, five stable arrangement (m1-m5) were found in the position of porphyrin ring along the tube
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axis. Intermoleculer distances increased as porphyrin approached extremities of the tube (from ml-
m5), resulting in less durable complexes. Were H,P-pp-SWNT and ZnP-pp-SWNT had highest first
hyperpolarizability around 100x10~3%esu~tcm®. The adsoption on the tube surface raises the p value
by ~40% compared to the free porphyrin H,P-pp and ZnP-pp. their result thus suggest the porphyrin

SWNT nanocomposites may be consider as a possible system for utilize NLO application.

Moreover, Giovanelli et al (2017) reported the electronic structure of tetra(4-amino phenyl)porphyrin
studied by photoemission, UV-Vis spectroscopy and density functional theory. By using-direct and
inverse photoemission as well as comparison to DFT computation, the valence and.the cenduction
band of thin films of tetra(4-amino phenyl) are examined. The measured electronic transport energy
gap (E=1.85eV) between the highest occupied moleculer orbital (HOMO) and lowest unoccupied
(LUMO) in TAPP is found to be significantly reduced with respect to TPP. Furthermore, the HOMO-
LUMO electrical transport gap was shown to decrease with electron-doner amino functionalization,
and the HOMO to HOMO-1 energy separation was observed to.growin a manner that is compatible
with an orbital destabilizing process. These results, together with TD-DFT computations, were utilized
to examine how the UV-Vis spectrum changed when an amino was substituted. This finding shows

that photoemission could be used in addition to other-tools to address the molecular optical problem.

Recently, in 2019, Ammar and Badran examine the effect of CO adsorption on properties of transition
metal doped porphyrin:a DFT and TD-DFT study. They found that the structural, electrical and optical
properties of transition metal doped poerphyrin as well as the effect of CO-adsorption on TM@P. The
P and TM@P; TM=Mn, Fe, Co, Ni, Cu,;and Zn molecules are planar. and the CO molecule prefers to
interconnected with P and TM@P through its carbon head. Thus, it is not advised to employ TM@P
complexes as an electrochemical CO gas sensor. Certain TM-doped porphyrin (Mn@P, Co@P, Fe@p)
are optically sensitive to. CO gas according to the result of the TD-DFT calculation.

Very Recently, in 2021, Badran et al., investigated the DFT and TD-DFT studies of halogen
adsorption on cobalt-doped porphyrin: Effect of the external electric field. It was reported that the
DFT and TD-DFT calculation where employed to examine the adsorption of halogen atoms (F, Cl,
and Br) on cobalt doped porphyrin (CoP) as well as the impact of an external static electric field on the
adsorption and the UV-Vis spectra. Indication shows that the Co-doping increases the stability of
porphyrin, widens the HOMO-LUMO gap (Eg) to 3.11eV. There is slightly increase in the dipole
moment to 0.015 Debye and converts the porphyrin from optically UV active into visibly active
material. The NBO atomic charges suggest that the halogen is interacted because of the charge transfer
mechanism. In the investigated result of Badran et al., UV-Vis is calculated but IR spectra, NLO and

thermodynamic properties was not reported.



Although a lot of progess has been made in developing semiconductor materials and there is more
research to be done. In this work, The study of the effects of mono-halogen on substitution on the
electronic and non-linear optical properties of porphyrin was reported using DFT and TD-DFT
methods. To the best of our knowledge Work on mono-halogen (bromine, chlorine, fluorine) effect of
the optimized parameter, NLO properties thermodynamic properties, IR spectra and open circuit
voltage of parent and substituted halogenated porphyrin molecule have not been investigated and
reported.

1c: Chloroporphyrin molecule 1d: Fluoroporphyrin molecule

Figurel: Optimized structure of Parent Porphyrin and substituted porphyrin molecule




2.1 DENSITY FUNCTIONAL THEORY

Density functional theory (DFT) is a computational quantum mechanical modelling method used in
physics, chemistry and materials science to investigate the electronic structure or nuclear structure
(principally the ground state) of many-body systems, in particular atoms, molecules; and the
condensed phases. Using this theory, the properties of a many-electron system can be determined by
using functionals, i.e. functions of another function, which in this case is the spatially dependent
electron density. Hence the name density functional theory comes from the use of functionals of the
electron density. DFT is among the most popular and versatile methods available in condensed-matter
physics, computational physics, and computational chemistry. DFT has been very popular for

calculations in solid-state physics since the 1970s.

However, DFT was not considered accurate enough for calculations in quantum chemistry until the
1990s, when the approximations used in the theory were greatly refined to better model the exchange
and correlation interactions. Computational costs are relatively low when compared to traditional
methods. Although density functional theory has its roots in the Thomas—Fermi model for the
electronic structure of materials, DFT was first put on a firm theoretical footing by Walter Kohn and
Pierre Hohenberg.in the framework of the two Hohenberg—Kohn theorems (H-K)(Hohenberg 1964).
The original:H-K theorems held only for nondegenerate ground states in the absence of a magnetic

field, although they have since been generalized to encompass these (levy et al., 1979).

2.1 Global Chemical Reactivity Descriptors (GCRD)

Global reactivity descriptors such as chemical potential, chemical hardness-softness, electronegativity
and electrophilicity index are useful quantities in predicting and understanding global chemical
reactivity trends. The ionization potential (IP) and electron affinities (EA) of the studied molecules are
computed by using Koopmans approximation as (Roy, 2018):
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IP = —=Epomo 1)
EA = —Eiymo (2)

The energy gap E,can be obtained from the relation;

Ey = Erymo — Enomo = IP — EA (3)
The chemical hardness (1) is expressed in terms of IP and EA by (Babaji et al., 2016);
N = (Erumo — Enomo)/2 = (IP — EA)/2 4)
And softness is given by (Babaji et al., 2016);
=1
s=- (5)
The chemical potential is given by (Khan et al., 2017);
u=-9 (6)
The electronegativity is given by (Khan et al., 2017);
__IP+EA
x== (7)

The electrophilictity index is a measure of energy lowering.due to maximal electron flow between
donor and acceptor. Electrophilictity index (w) is expressed as(Khan et al., 2017; Srivastava et al.,
2014);

u?

w=Y (8)

2n

2.3 Non-Linear Optical Properties

In order to gain an insight into thewstudy of non-linear optical properties (NLO) of porphyrin
molecule; the dipole moment (W); polarizability («), anisotropic polarizability (Aa), and

hyperpolarizability (5 and y)were computed at DFT/B3LYP using 6-311++G (d, p) basis set.
For molecular systems; dipole moment can be obtained from (Khan et al., 2017);

Heor = [UZ + 5 + uZ]? (9)
Where g, py.and p, are the components of dipole moment in x, y and z coordinates.

Electric dipole polarizability is given by (Haider et al., 2015);

a=—-2E (10)

OF,0F),

Where E is the electric field, F is the induced dipole moment, while a and b are coordinates of x, y and

Z

The mean polarizability is calculated using (Khan et al., 2017);



<q>= g (ayx + ayy + az) (11)
Where the a,., ay, and a,, quantities are known as principal values of polarizability tensor.
The anisotropic polarizability is given by (Khan et al., 2017);
Ao =272 [(ayy — yy)? + (@yy = Qz)* + (Azz = r)? + 60Z]" (12)
The first hyperpolarizability is defined as (Abdulaziz et al., 2019);

,8 = [(,Bxxx + ,Bxyy + ,[))xzz)2 + (,Byyy + ,Byzz + lgyxx)2 + (Bzzz+,82xx+ﬁzyy)2]1/2 (13)

The second order hyperpolarizability is given by (Haider et al., 2015);

1
Yy = 5 [yxxxx + Yyyyy + Vizzz T Z(Vxxyy * Vaxzz T yyyzz)] (14)

2.4 Open-Circuit Voltage (Voc)

The maximum open-circuit voltage (Voc) is an important characteristic that can be calculated
theoretically by the difference between highest occupied molecular orbital (HOMO) and the lowest
unoccupied moleculer orbital (LUMO). The value of Voc has been calculated from the expression
(Shuwa et al., 2021)

VOC: EDOTIOT' _ EACCthOT _ 0.3 (15)

Homo Lumo

3.0 COMPUTATIONAL METHOD

All the calculations were carried out at the level of Density Functional Theory (DFT), with B3LYP
(Chengteh and Weitao, 1988) and using 6-311++G (d, p) basis set. Gaussian 03 package was used as a
computational tool (Frisch et al., 2004). All the parameters were fully allowed to relax and each of the
calculations reached an optimized geometry which corresponds to a minimum energy. At first step, the
procedure calculated the optimized geometries; this was repeated until the moderate energy geometry
was acquired. The-optimized geometries were then used to determine the HUMO, LUMO energy
values from where the energy band gap (E,) and global chemical index parameters was obtained. At
the same.level of theory, dipole moment (u.,.), Electric dipole polarizability (), mean polarizability
(<e>), anisotropic polarizability (Aa), hyperpolarizability (5 and y), entropy (S) and the specific heat
capacity (C,) of the investigated molecules were also computed using the same optimized geometries.
The IR frequencies were determined, and the force constants for all the normal modes of the molecule.
For IR spectra calculations, the optimized molecule produced through geometry optimization is used

as the beginning of frequency calculation, and then frequency start by calculating the energy of the



input structure, it then calculated the frequencies for the structure of the molecules. The spectra were

interpreted using IRPal 2.0 version software.

4.0 RESULTS AND DISCUSSION
4.1 Optimized Parameters

The bond length is the measurable distance joining two atoms covalently bonded together. The
smaller the bond lengths the higher the bond energy (Suzuki et al., 2006).. Selected values of bond
lengths and bond angles of the studied molecules are listed in Tables-1a-c. “The result shows that the
lowest value obtained was 1.0771(A) in chloroporphyrin molecule. Although, when compared with
the results of the parent molecule, the bond lengths in chleroporphyrin‘molecule tends to be a little
smaller which suggests that chloroporphyrin has the strongest bond energy than the rest of the

substituted mono halogen molecules.

The bond angle is the mid-point angle joining the orbitals of the central atom containing the bonding
electron pairs in the molecule, expressed in degrees’(Mason and Brady, 2007). From Table 1b, the
results of the substituted molecules show some‘small changes in the bond lengths. Likewise from
Table 1c, the substitution of halogen atoms shows a slight increment in the bond angles of the studied
molecules. From the results, the values obtained in chloroporphyrin are a bit higher than the one
obtained in the other substituted molecules.

Table 1a: Selected Bond Lengths (A) and Bond angles of the Optimized Structure of Parent Porphyrin
molecule using B3LYP/ 6-311++G (d, p) Basis Sets.

Bond Lengths (A) Bond Angle (%)
R(1,2) 1.3731 A(1,2,6) 106.2606
R(2,6) 1.4365 A(2,13) 110.6293
R(8,14) 1.0835 AQ3,1,4) 117.3793
R(10,18) 1.4577 A(9,5,11) 114.4380
R(20,28) 1.0794 A(30,26,32) 1185421

Table 1b:  Selected Bond Lengths (A) of the Optimized Structure of Substituted Porphyrin

Molecules.
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Bond Lengths (A) | Bromoporphyrin Chloroporphyrin | Bond lengths (A) | Fluoroporphyrin
R(2,6) 1.3730 1.3734 R(2,6) 1.3851
R(2,8) 1.3780 1.3763 R(7,11) 1.3791
R(4,17) 1.3598 1.3606 R(10,18) 1.4181

R(12,14) 1.3700 1.3701 R(15,21) 1.4040
R(24,37) 1.0809 1.0771 R(23,37) 1.0863

Table 1c: Selected Bond Angles (°) of the Optimized Structure of Substituted Porphyrin Malecule

Bond Angles (*) | Bromoporphyrin | Chloroporphyrin | Bond Angles (°) | ‘Fluoroporphyrin
A(6,2,8) 111.0252 110.5185 A(6,2,12) 107:0791
A(8,2,27) 116.8602 117.7339 A(10,8;13) 117.8508
A(17,4,19) 106.2362 105.9617 A(18,20,19) 120.2206
A(13,8,15) 130.5345 129.7984 A(24,23,37) 120.0117
A(19,21,20) 130.5434 130.9380 A(30,17,32) 109.0511

4.2 Frontier Molecular Orbital

The values of the HOMO-LUMO energy gap.of the parent and substituted Porphyrin are presented in

Table 2. It is revealed that, compounds:with higher HOMO-LUMO energy gap tend to be more stable
than the one with lower energy band gap (Srivastava et al., 2014). And also, the lower the energy band
gap, the easier for an electronto be emitted to the ground state (Hasan, 2013). The results obtained in
Table 2 show that fluoroporphyrin has the highest value of energy band gap of about 5.5865eV, follow
by chloroporphyrin and then bromoporphyrin molecule with 4.1037eV and 3.9563eV respectively.
This shows that fluoroporphyrin molecule has highest kinetic stability than the other substituted
molecules. The result obtained for energy band gap in the parent molecule (2.88eV) was found to be in
agreement with theoretical and experimental values of 2.9eV (Badran et al., 2021).

Table 2: Calculated HOMO, LUMO, Energy gap in (eV), lonization Potential and Electron Affinity
of the Optimized Structure of substituted porphyrin Molecules

Molecules IP(eV) | EA (V) | Egomo(eV) | ELumo (€V) | Egap (EV) Previous work
(Badran et al., 2021)

Parentporphyrin | 5.5465 | 2.6580 -5.5465 -2.6580 2.8885 2.920




Bromoporphyrin | 6.7713 | 2.8150 -6.7713 -2.8150 3.9563
Chloroporphyrin | 6.9043 | 2.8005 -6.9043 -2.8005 4.1037
Fluoroporphyrin | 7.6828 | 2.0963 -7.6828 -2.0963 5.5865

The lonization potential (IP) and electron affinity (EA) are important parameters that can be
determined to acquire or release an electron (Kumer et al., 2017). The IPs and EAs are also presented
in Table 2. From the results obtained, it is observed that fluoroporphyrin has.the highest value of
ionization potential as well as lowest value of electron affinities than the other substituted Porphyrin

molecules.
4.3 Global Chemical Reactivity Descriptors (GCRD)

GCR parameters of molecules (that is hardness (), softness (f), chemical potential (u),
electronegativity (¥) and electrophilicity index (w)) of the parent Porphyrin and its substituted
molecules are reported in Tables 3 using molecular orbital energy. Chemical hardness is said to
increase with the increase in the HOMO-LUMO energy gap. A molecule with higher chemical
hardness is said to be more stable and less reactive. As seen in Table 3, fluoroporphyrin with a slightly
higher value of chemical hardness of 2.7932 eV 'is-considered to be harder and more stable than the
rest of the substituted molecules, followed by chloroporphyrin and then bromoporphyrin with
chemical hardness 2.0519 eV and 1.9781eV respectively.

Table 3: Global Chemical Indices of the Optimized Structure of the Substituted Porphyrin

Molecules
Molecules n (eV) f(eV) X(eV) u(ev) w(eV)
Parent porphyrin 1.4442 0.6924 4.1022 -4.1022 5.8260
Bromoporphyrin 1.9781 0.5055 4.7931 -4.7931 5.8070
Chloroporphyrin 2.0519 0.4873 4.8524 -4.8524 5.7375
Fluoroporphyrin 2.7932 0.3580 4.8895 -4.8895 4.2795
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4.4 Thermodynamic Properties

The thermodynamic parameters presented in Tables 4 such as predicted total energy (E), electronic,
translational, rotational, vibrational, zero-point vibrational energy (ZPVE), entropy (S), molar heat
capacity (Cy), and rotational constant for both parent and substituted porphyrin molecules were
calculated at constant temperature and pressure of about 298.1K and latm respectively. The analysis
of thermodynamic parameters is important to predict the outcome of a chemical reaction. Our findings
show that substitution of fluorine improves the molar heat capacity (Cy), entropy (S) and-zero-point
vibrational energy (ZPVE) of the Porphyrin than the other substituted molecules. By analysing the
results obtained the variation of thermodynamic properties changes slightly due.to the effect of the
substitutions. Therefore, we conclude that the substitutions have influence on the thermodynamic
properties of the molecules. The results affirm that these substituted molecules:have high chemical
reactivity and thermal resistivity than the parent Porphyrin due to the increase in their kinetic energy.

Table 4: Thermodynamic properties of the optimized structure of parent porphyrin and substituted

porphyrin molecules

Molecules Parentporphyrin | Bromoporphyrin | Chloroporphyrin | Flouroporphyrin

Position Cv S Cv S Cv S Cv S
Electronic 0 0 0 0 0 0 0 0
Translational 2981 (42474 2981 |43.760 |[2.981 |43.401 |2981 |43.260
Rotational 2981 33241 |2981 |36.056 |[2981 |35351 |2981 |35.184
Vibrational 65.930 | 37.351 |70.146 | 60.531 |[69.900 |58.981 |71.181 | 72.925
Total 71.892 1| 130.264 | 76.107 | 140.347 | 75.861 | 137.734 | 77.143 | 151.368
Rotational 0.2787, 0.25216, | 0.27264, 0.11749, | 0.25358, 0.19263, | 0.35468, 0.14284,
constants (GHz) 0.13238 0.08211 0.10947 0.12495
ZPVE(Kcal/Mol) | 184.20397 177.82499 178.20885 178.73674

4.5 Non-Linear Optical Properties

As NLO active materials find applications in telecommunications, and potential applications in
modern technologies, Non-linear optics plays a key role in the current demand in global research. To

understand the relationships between molecular structure and nonlinear optical properties, the mean,
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anisotropic, first and second-order hyperpolarizabilities of Porphyrin and its substituted molecules

were calculated and presented in Table 5.

It was observed that, there is an increase in the values of total dipole moments (u;,) due to the present
of the substitutions. The total dipole moment, (a,,;) of the substituted molecules increases in the
order of bromoporphyrin<chloroporphyrin<fluoroporphyrin. The significant increase in the dipole
moments of the substituted molecules leads to our belief that they are polar materials. From the result
obtained for the first order hyperpolarizability in Table 5, it was found that the”wvalue of
fluoroporphyrin molecule (3.6605x 1073%) is about ten times than that of the prototype urea.
However, substituting the parent molecule with halogen atoms (bromine, chlorine and fluorine) we
realized that its first-order hyperpolarizability () values turn out to be larger than that of the prototype
urea (0.3728 x10~3° esu), which is commonly used for the comparison of NLO properties with other
materials. Given the foregoing, we conclude that substitution of Porphyrin.with halogens placed it in
another field of application in the linear and nonlinear optics. This implies that the presence of the

substitutions improved the NLO properties under study.

Table 5: Non-Linear Optical Properties of Parent'and Substituted Porphyrin molecules

Parameters Porphyrin Bromoporphyrin Chloroporphyrin Fluoroporphyrin
leor (Debye) 2.2642 22711 4.3485 6.5795
(Aror) * 107 2%esu 18.7706 21.6926 20.6421 22.2280
(Aa)> 10~ 2*esu 13.0331 36.7094 34.8168 58.4567
Brot % 1073%su 0.0958 1.5515 0.7197 3.6605
Yeor X 1073%esu 1.5099 2.1953 1.9962 2.2686

4.6 Open circuit voltage (V,.)

The differences between the HOMO and the LUMO of the electron determines the open-circuit
voltage of an organic solar cell, taking into account the energy lost during the production of photo
charges (Kumer, 2017). The value of open- circuit voltage has been calculated using equation (15). In
addition, low LUMO of the n-conjugated compounds and a high LUMO of the acceptor of the electron
(PC71BM, PC61BM) increase the value of I/, which contributes a high efficiency of the solar cells
(Maria et. al., 2019). The theoretical values of the open circuit voltage Voc of the studied molecules
range from 2.0206 to 4.1568 eV in the case of PC61BM and 0.9465 to 3.0828¢V in the case of
12




PC71BM as shown in Table 6. These values are sufficient for a possible efficient electron injection

into LUMO of the acceptor.

Table 6: Calculated values of Open Circuit VVoltage (V,.)

Molecule Eyomo (V) | Erymo (€V) Voc (8V) Voc (eV)
PCes1BM PC:BM
Porphyrin -5.5465 -2.6580 2.0206 0.9465
Bromoporphyrin -6.7713 -2.8150 3.2453 2.1713
Chloroporphyrin -6.9043 -2.8005 3.3783 2.3043
Fluoroporphyrin -7.6828 -2.0963 4.1568 3.0828
PCes1BM (Bourass et al., 2016) —5.985 —3.226 TR folaialakoial
PC71:BM (Bourass et al., 2016) —6.000 —4.300 lokalaiolel folaialakoial

4.7 IR Intensities

The main idea of frequency analysis is to getvibrational modes attached with precise molecular
structures of the studied compound (Hamm et al., 1998). Fig. 2 shows the graphical representation of
the calculated vibrational<frequencies and intensities of the Porphyrin and substituted halogen
molecules. The graphs‘show that there is a slight increase in the peak values of frequencies for the
titled molecule due-to.the effect of the substitutions. From the graphs, the most intense frequency for
bromoporphyrin is 3338.8617 cm~! with corresponding intensities of 145.4988 km/mol. At this
frequency, S (broad) dimer OH, W-NH stretch, S broad and Ar O-H bonded were observed. For
chloroporphyrin the most intense frequency is 812.4277 cm™! with corresponding intensities of
161.9785 km/mol. At this frequency, S=CH out of plane, S, C-CL stretch, M, C-H out of plane, S
(broad) and N-H wag amines was observed. While, for fluoroporphyrin, the most intense frequency is
at 1628.7166cm 1 with corresponding intensities of 163.4209 km/mol. At this frequency, S, N-H out
of plane, S, NH2 in plane bend, S, Ar-CH = CH-R and C=N were observed. Comparing the graphs
presented, chloroporphyrin has slightly higher peak values of frequencies with corresponding
intensities than the rest of the molecules. IRPAL 2.0 was used to interpret these frequencies (Wolf,
2010).
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48 U V-Visible spectrum

UV-Vis spectrum is due to the reflectance spectroscopy in part of the ultraviolet, adjacent to the
visible regions of the electromagnetic spectrum. It serves as the foundation for analysing various
compounds such as organic, inorganic and bio-molecules. How a new material absorbs energy in
relation to the solar spectrum is a crucial consideration for use in photovoltaic materials (Shuwa et al,
2021). In this study, the UV-Vis spectrum was calculated from the optimized geometry of the studied
molecule using TD-DFT at the B3LYP/6-311++G (d,p) level of theory. The UV - Vis spectrum was
presented as oscillator strength against excitation energy as shown in Figures 3(a) and 3(b), Gaussview
5.0 was used to plot the spectrum. The transition state, wavelength, excitation energy and-oscillation
strength are listed in Table 7 using four different solvents: Methanol, Chloroform, Toluene and
Chlorobenzene. The result shows that due to the solvent effect there was an increase in the excitation
energy and then slight increase in oscillator strength. The excitation-energy was in the range of
2.2914-3.2525 nm while the oscillator strength was found to.be within 0.0014-1.0279 in parent
molecule, likewise in the halogen molecules, methanol was found to have the highest excitation
energy in a halogens molecule while toluene has the highest excitation energy in parent molecule. It

was observed that the lowest value of the excitation energy gives highest value of wave length.

Table 7: Wavelength (nm) , Excitation energy (eV) and Oscillator strength of Bromoporphyrin and

chloroporphyrin.molecule

Bromoporphyrin Chloroporphyrin
Solvent | Transition "\wavelength | Excitation | Oscillator | Wavelength | Excitat Oscillator
state A (nm) energy | strength A (nm) ion strength
(eV) energy
(eV)
So =5, 531.34 2.3334 0.1603 553.45 2.2402 0.1962
Chloroform
So= S, 490.68 2.5268 0.0048 504.81 2.4561 0.0094
Sog— S; 400.12 3.0987 0.0459 401.62 3.0871 0.5007
So— S 532.49 2.3284 0.1722 554.97 2.2341 0.2096
Chloro So— S, 490.93 2.5255 0.0049 505.17 2.4543 0.0101
benzene ¢ "o 1 399,59 31028 | 00674 | 40279 |3.0782 0.5815
So— S 529.75 2.3404 0.1475 551.79 2.2469 0.1822
Methanol So— S, 490.35 2.5285 0.0048 504.80 2.4561 0.0077
So— S5 395.64 3.1337 0.0401 397.53 3.1189 0.4780
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Toluene

So— S 531.72 2.5262 0.1634 553.67 2.2393 0.1992
So— S, 490.80 2.5262 0.0047 504.60 2.4571 0.0104
So = S5 403.19 3.0751 0.0430 403.87 3.0699 0.4743

Table 8: Wavelength (nm), Excitation energy (eV) and Oscillator strength of Porphyrin and Fluoroporphyrin

molecule
Porphyrin Eluoroporphyrin

Transition | Wavelength | Excitation | Oscillator | Wavelen |, Excitati Oscillator

Solvent state A (nm) e?:\r/g)y strength gt;(nm) enzrgy strength
(eV)

So— 51 531.34 2.3334 0.1603 368.06 3.3686 0.0271
Chloroform ¢ "6 | 490.68 25268 | 0.0048 |-85522 | 3.4904 0.0698
So = S5 400.12 3.0987 0.0459 319.93 3.8754 0.0080
So— S, 538.22 2.3036 0.0018 369.04 3.3596 0.0280
Chloro So— S, 520.22 2.3833 0.0025 355.95 3.4832 0.0723
benzene ¢ ¢ 390.32 31765, | 1.0279 | 319.70 | 3.8781 0.0079
So— 51 534.65 2.3190 0.0014 373.50 3.3195 0.0241
Methanol So—= S, 518.75 2.3900 0.0022 358.89 3.4546 0.0652
So = S3 381.20 3.2525 0.8912 319.00 3.8867 0.0057
So 2.5, 541.07 2.2914 0.0015 362.04 3.4246 0.0300
Toluene So— S, 520.98 2.3798 0.0024 351.39 3.5284 0.0710
So.— S3 391.79 3.1645 0.9512 321.07 3.8616 0.0113
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Figure 3(b): UV-Visible Spectrum of Chloroporphyrin Molecules
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5. CONCLUSION

In summary, the optimized parameters, electronic properties, thermodynamic parameters, non-linear
optical properties, and vibrational frequencies of parent porphyrin and its substituted molecules have
been investigated. Our main aim was to study the effect of halogen atom substitution-(bromine,
chlorine, and fluorine) on the structure of porphyrin. The results obtained shows that substitution of
fluorine to the titled molecule improves the strength of its bond energy. The HOMO-LUMO energy
gap calculations demonstrate that porphyrin has higher stability by substitution of fluorine atom. On
the other hand, the thermodynamic properties shows that the effect of the substitution improved the
chemical reactivity and thermal resistivity of the molecule. In the frequencies and intensities
computations, it was found that the most intense frequency was 812.4277c¢m=1 in chloroporphyrin
molecule. Moreover, the NLO results shows that halogen atoms (bromine, chlorine and fluorine)
exhibits more interesting properties such as high dipole moments-and first-order hyperpolarizability
(B). The open circuit voltage was found to be 3.1885eV, this value can be applied to organic solar
cell. The UV-VIS spectrum, the excitation energy-are foundto be (529.75-532.49, 551.79-554.97)eV
and the oscillator strength are found to be. (0.1475-0.1722, 0.1822-0.2096). On the whole, we
conclude that the substituted molecules are good candidates for applications in NLO materials,

renewable energy, and emerging technologies.
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