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Entropy analysis of nickel(ll)
porphyrins network via curve
fitting techniques
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Nickel(ll) porphyrins typically adopt a square planar coordination geometry, with the nickel atom
located at the center of the porphyrin ring and the coordinating atoms arranged in a square plane.
The additional atoms or groups coordinated to the nickel atom in nickel(ll) porphyrins are called
ligands. Porphyrins have been investigated as potential agents for imaging and treating cancer due
to their ability to selectively bind to tumor cells and be used as sensors for a variety of analytes.
Nickel(ll) porphyrins are relatively stable compounds, with high thermal and chemical stability. They
can be stored in a solid state or in solution without significant degradation. In this study, we compute
several connectivity indices, such as general Randi’c, hyper Zagreb, and redefined Zagreb indices,
based on the degrees of vertices of the chemical graph of nickel porphyrins. Then, we compute the
entropy and heat of formation NiP production, among other physical parameters. Using MATLAB,
we fit curves between various indices and the thermodynamic properties parameters, notably the
heat of formation and entropy, using various linearity- and non-linearity-based approaches. The
method’s effectiveness is evaluated using R?, the sum of squared errors, and root mean square error.
We also provide visual representations of these indexes. These mathematical frameworks might offer
a mechanism to investigate the thermodynamical characteristics of NiP’s chemical structure under
various circumstances, which will help us understand the connection between system dimensions and
these metrics.

Transition metal (TM) porphyrins are widely used in a variety of technological applications, including sensors,
pigment applications, cancer therapy, synthetic photosynthesis, nonlinear optics, and nanomaterials, as a result
of their special features'. Their value for catalysis and biological significance is directly tied to this interest. The
coordination characteristics and conformational flexibility of porphyrins have been extensively used over the past
ten years in the quest for potential porphyrin isomers that can provide enhanced functionality in particular tech-
nological applications®. The nitrogen-confused porphyrins (NCPs), a unique and promising class of porphyrins
with enhanced capabilities for application as acid catalysts and anion/cation sensors, are one such significant class
of porphyrins®. The chemical structure, physical characteristics, and coordination properties of these porphyrin
isomers are significantly different from those of the parent porphyrins. Such structures are great candidates for
use in photodynamic therapy because of their effective singlet-oxygen sensitization®.

The information content of complex networks® and graphs based on Shannon’s entropy® work was first stud-
ied by researchers in the late 1990s. In discrete mathematics, computer science, information theory, statistics,
chemistry, biology, and other domains, a large range of quantitative methods for studying complex networks have
been developed”®. For instance, graph entropy measurements have been extensively employed in the fields of
mathematical chemistry, biology, and computer science to characterize the structure of graph-based systems**°.
To measure the structural complexity of graphs, the idea of graph entropy, created by Rashevsky'! and Trucco,
has been employed'?. Chemical indices are valuable resources for researching various physico-chemical char-
acteristics of molecules without having to perform several tests. Quantitative structure-activity relationships
(QSAR) are used in the study of drugs to understand the chemical properties using mathematical calculations!*!.
The entropy of a graph was first described as an information-theoretic property by Mowshowitz'>. Here, the
complexity is clear. As stated by Shannon, uncertainty and information are two sides of the coin: a reduction
in uncertainty is the same as the reception of a certain amount of information. Distinguished researchers have
developed numerous techniques for efficiently computing structural descriptors, aimed at optimizing computa-
tional efficiency. Among these techniques, the polynomial representation of structural descriptors has garnered
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significant attention and widespread acceptance in the scientific literature'®!”. Entropy has emerged as a com-

prehensive and overarching concept across a wide spectrum of disciplines, spanning from logic and biology to
physics and engineering. It serves as the link between the ideas of randomness and uncertainty, connecting them
with physical processes that are viewed as channels for the transformation of information'®.

The visible-light-induced photo redox catalyst nickel(II) tetraphenyl porphyrin (NiTPP) is given as a reliable,
affordable, and effective catalyst. Recently, it was demonstrated that a library of Ni(II) ligand-to-ligand charge
transfer complexes has useful features as photosensitizers, but their use in conventional photoredox catalysis is
still unexplored'*?. Porphyrins have a wide range of applications in various fields, including: Porphyrins have
been investigated as potential agents for imaging and treating cancer due to their ability to selectively bind to
tumor cells. They are also used in photodynamic therapy (PDT), a treatment method that uses light-sensitive
compounds to destroy cancer cells*'. Porphyrins and their derivatives have been widely studied as catalysts in
organic chemistry, with applications in hydrogenation, oxidation, and cycloaddition reactions. Porphyrins have
been used as sensors for a variety of analytes, including metal ions, pH, and gases?’. Porphyrins have been used for
the detection and removal of heavy metal ions from contaminated water?’. Porphyrins have been used as natural
pigments in plant breeding and as a growth regulator in crops®’. Porphyrins have applications in biotechnology
such as biosensors, bioimaging, and biocatalysis®.

Several well-known topological indices, or the values that help characterize a structure’s topological proper-
ties after it has been replicated, are used to calculate a structure’s degree-based entropy. Zhdanov examined the
chemical processes involving organic compounds using entropy values®®. Chen?” first defined the entropy of an
edge-weighted graph in 2014. The information entropy is defined as:

1
Ep(n) =log(l) = £ > _ Fidp(aibi) log ¢ (aiby) (1)
i=1

In Eq. (1) n. is the edge set, 1, is the vertex set, and ¢ (ab) is the edge weight of the edge (ab) inn and n = NiP be
a molecular graph of Nickel Porphyrin and logarithm to be presumed to be based 10.

Structure of nickel(ll) porphyrins

Nickel(IT) porphyrins are a class of coordination complexes composed of a central nickel atom coordinated to
four nitrogen atoms of a porphyrin ring and two additional atoms or groups®. These compounds are known for
their stability, strong absorption in the visible region of the electromagnetic spectrum, and potential applications
in catalytic and biomedical fields. They have been studied as catalysts in a variety of organic reactions, such as
hydrogenation, oxidation, and cycloaddition reactions. In addition, they have been investigated as potential
agents for imaging and treating cancer due to their ability to selectively bind to tumor cells. The additional atoms
or groups coordinated to the nickel atom in nickel(II) porphyrins are called ligands. The ligands can vary depend-
ing on the synthesis method and the specific compound. Common ligands include water, chloride, and various
organic groups. Nickel(II) porphyrins have strong absorption in the visible region of the electromagnetic
spectrum, with the absorption maximum typically around 400 nm. This property is due to the porphyrin ring
and is used in applications such as imaging and photodynamic therapy*”. Nickel(II) porphyrins have a low-spin
electron configuration and have no unpaired electrons, so they have no net magnetic moment. Porphyrins and
similar tetrapyrrolic macrocycles are found abundantly in nature and serve vital roles across a diverse range of
disciplines, spanning from medicine to materials science. These compounds, particularly their metal complexes
known as metalloporphyrins, serve as essential active centers in numerous enzymes®.

Since Kusterover® initially postulated the porphyrin macrocyclic structure a century ago, study in the area has
increased significantly, leading to a massive body of literature that is still growing quickly. To give you an idea, the
“Handbook of Porphyrin Science” series,*® which was started in 2010, currently consists of 44 volumes and 214
chapters. The use of X-ray crystallography (including synchrotron) and neutron crystallography to determine
the crystal structures of porphyrins has greatly aided the development to date. Currently, the Cambridge Struc-
tural Database has far more than 4000 porphyrin crystal structures (CSD)*.. The structure of the Ni-metallated
version, which has an interlayer spacing of 3.347 and Ni that is coplanar with the macrocycle, is otherwise com-
parable to that of Porphyrins. Using nanoelectrodes, Yoon*? assessed the electrical conductivity of two varieties
of porphyrin wires. One type included 48 Ni(II) porphyrin moieties in directly meso-meso-connected Ni(II)
porphyrin arrays. Because of the orthogonal arrangement of these arrays, consecutive porphyrins are aligned
along the chain at right angles to one another. By using X-ray diffraction and a combination of single-crystal
and solution resonance Raman studies, the structure of nickel(II) [Ni(P)] has been identified. Both resonance
Raman spectroscopy and X-ray diffraction are approaches that are effective for examining porphyrin structure.

Methodology

Firstly, we find the degree of all types of vertices for the structure of nickel(II) porphyrins like we have three
types of vertices: degree 2,3 and 4 and then we formulate general formulas for [m, n] dimensions and by utilizing
these provided formulas in Table 1 we can compute vertices for any cell and by using same method we calculate
the edge partition of nickel(II) porphyrins is shown in Table 3 and we have 4 types of edge partitions. The order
and size of nickel(II) porphyrins for [m, n] is 37mn + 6m + 6nand 48mn + 6m + 6n respectively. Furthermore,
degree-based topological indices that are mentioned in Table 2 are computed for nth cell of nickel(II) porphyrins
and entropy for these calculated indices by using Table 3 and explain it with numerical and graphical representa-
tion. And after that, we built-in function in MATLAB is used to create models between the Heat of Formation
and each information entropy because it provides the lowest RMSE value, which indicates the best match.
The Numerical Integrity of fit for entropy versus indices of Ni(II) porphyrins is depicted in Table 8. The unit
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(dy) Frequency Set of vertices
dy 16mn +6m+6n |2
ds 20mn 3
dy mn 4

Table 1. Vertex partition of the Ni(II) porphyrins.

Topological indices @ (imn)
The general Randi¢ index Ry = 1, —1, %, %m (p(m) x p(n))*
The atom bound connectivity index ABC** P(m) x¢(m—2
@ (m)x¢(n)
The geometric arithmetic index GA** 29 Gm) x§(n)
¢ (m)+¢(n)
The first Zagreb index M*** (p(m) + ¢ (n)
The second Zagreb index M;* (¢ (m) x ¢p(n)
The hyper Zagreb index H*! (¢ (m) x ¢(m))*
The forgotten index F*2 (p(m)? + ¢ (n)?)
: 33 dm)xp(n) 3
The augmented Zagreb index AZT (Gomtsan—z)
. 34 ¢ (m)+¢ (n)
The first redefined Zagreb index ReZG FICECI0]
i 34 @ (m)x¢(n)
The second redefined Zagreb index ReZG» IR I0]
The third redefined Zagreb index ReZG3** (¢ (m) x ¢(n))(¢d(m) + ¢(n))

Table 2. Topological characteristics and the edge’s (mn) weight are shown together.

structure of nickel(II) porphyrins (NiP) is shown in Fig. 1 and for more details about the structure of NiP(II)
see the Figs. 2 and 3.

Using Table 3 and Equation the Randic® and corresponding entropy fora = 1, —1, %, %l is:
Computation of degree based indices and entropy of nickel(ll) porphyrins [m,n]
The Randi¢ index and Randic entropy for Ni(ll) porphyrins
Using Tables 2, 3 and Eq. (1) the Randic index?® and corresponding entropy is:

Ry (NiP) = (8mn + 6m + 6n) x (4)* + (16mn) x (6)* + (20mn) x (9)* + (4mn) x (12)¢

Figure 1. Unit structure of nickel(II) porphyrins [m = 1, n = 1].
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Figure 3. The structure of nickel(II) porphyrins [m = 3, n = 3].

(2,2) 8mn+ 6m+ 6m | E;
2,3) 16mn E;
(3,3) 20mn E;
(3,4) 4mn E,

Table 3. Edge partition of the Ni(II) porphyrins.
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Ry (NiP) =356mn + 24m + 24n

8 6m + 6n) log[4]* 16mn) log[61°
Er, (NiP) =log[356mn + 24m + 24n] — (8mn + 6m + 6n) log[4]* (16mn) log[6]
(356mn + 24m + 24n) (356mn + 24m + 24n)
(20mn) log[9]9 (4mn) log[lZ]12
(356mn + 24m + 24n) (356mn + 24m + 24n)
oa=-1
R_1(NiP) =7.2222222222mn + 1.5m + 1.5n
;1
(8mn + 6m + 6n) log {(4)( 4 >}
E NiP) =log[7.2222222222 1.5 1.5n] —
Ry (NiP) =log] mn - 1.5m + 1.5n] (7.2222222222mn + 1.5m + 1.5n)
(<) (5')
(16mn)log | (6)\ ¢ (20mn) log | (9H\ °
(7.2222222222mn+ 1.5m + 1.5n)  (7.2222222222mn + 1.5m + 1.5n)
-1
(4mn) log {(12)( 2 )}
B (7.2222222222mn + 1.5m + 1.5n)
1
o = 2
R% (NiP) =129.0482424mn + 12m + 12n
()
(8mn + 6m + 6n) log | (4)\ ?
Eg, (NiP) =1 129.0482424 12 12n] —
&y (NiP) =log] i L2m 120 = o 0a82aadmn + 12m + 12n)
() (%)
(16mn)log | (6)\ * (20mn) log | (9)\ *
(129.0482424mn + 12m + 12n)  (129.0482424mn + 12m + 12n)
()
(4mn) log {(12) 2 ]
(129.0482424mn + 12m + 12n)
a ==L

2
R%l (NiP) =18.35333985mn + 3.0m + 3.0n

(8mn + 6m + 6n) log {(4)ﬁ}

Eg_, (NiP) =log[18.35333985mn + 3.0m + 3.0n] —
Ry (NiP) =log] ] (18.35333985mn + 3.0m + 3.0n)

(16mn) log [(6)27715} (20mn) log {(9)%}

© (18.35333985mn + 3.0m + 3.0n)  (18.35333985mn + 3.0m + 3.0n)

(4mn) log {(12) %]

 (18.35333985mn + 3.0m + 3.0n)

The atom bond connectivity index and atom bond connectivity entropy for Ni(ll) porphyrins
By using Tables 2, 3 and Eq. (1) the Atom bond connectivity index*** and corresponding entropy is:
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ABC(NiP) =40.01062533mn + 4.242640687m + 4.242640687n
Eapc(NiP) =log [40.01062533mn + 4.242640687m + 4.242640687n]

)( =)

42
(8mn + 6m + 6n) log ( =

©40.01062533mn + 4.242640687m + 4.242640687n

—

©40.01062533mn + 4.242640687m + 4.242640687n

comng | (/57) )

©40.01062533mn + 4.242640687m + 4.242640687n

(4mn) log (\/@) (\/@)

©40.01062533mn + 4.242640687m + 4.242640687n

The geometric arithmetic index and geometric arithmetic entropy for Ni(ll) porphyrins
By using Tables 2, 3 and Eq. (1) the Geometric Arithmetic index**** and corresponding entropy is:

GA(NiP) =36.70648944mn + 6m + 6n

(8mn + 6m + 6n)log | ( =%~

(zﬁ)(%)]

Eca(NiP) =log[36.70648944mn + 6m + 6n] —
Ga(NiP) =log] +6m + 6nl 36.70648944mn + 6m + 6n

(16mn) log {(2?)(25)} ] (20mn)log [(zf)(zf)]

36.70648944mn +6m+46n  36.70648944mn + 6m + 6n
2J/12 (2 1212)
1
(4mn) log (T)

36.70648944mn + 6m + 6n

The first Zagreb index and first Zagreb entropy for Ni(ll) porphyrins
By using Tables 2, 3 and Eq. (1) the first Zagreb index?**° and corresponding entropy is:

M, (NiP) =260mn + 24m + 24n

8 6m + 6n) log[4]* 16mn) log[51°
By, (NiP) = log[260mn + 24m + 24n] — (8mn + 6m + 6n) log[4]* (16mn) log[5]
(260mn + 24m + 24n) (260mn + 24m + 24n)
(20mmn) log[6]° (4mn) log[7]”

© (356mn + 24m + 24n)  (260mn + 24m + 24n)

The second Zagreb index and second Zagreb entropy for Ni(ll) porphyrins
By using Tables 2, 3 and Eq. (1) the second Zagreb index® and corresponding entropy is:

M, (NiP) =356mn + 24m + 24n

8 6m + 6n) log[4]* 16mn) log[61°
Eag, (NiP) = log[356mn + 24m + 24n] — om+6m+ 6mlogldl - (16mn) log[6]
(356mn + 24m + 24n) (356mn + 24m + 24n)
(20mn) log[9]° (4mn) log[12]'?

 (356mn + 24m + 24n)  (356mn + 24m + 24n)

The Hyper Zagreb index and Hyper Zagreb entropy for Ni(ll) porphyrins
By using Tables 2, 3 and Eq. (1) the Hyper Zagreb index! and corresponding entropy is:

Scientific Reports |

(2023) 13:17317 | https://doi.org/10.1038/s41598-023-44000-1 nature portfolio



www.nature.com/scientificreports/

HM (NiP) =1444mn + 96m + 96n

8 6m + 6n) log[16]6 16mn) log[25]%°
Erant (NiP) = log{1444mn + 96m + 96n] — (8mn 4-6m - 6n)log[16]™  (16mn) log[25]
(1444mn + 96m + 96n) (1444mn 4+ 96m + 96n)
(20mn) log[36]36 (4mn) log[49]49

T (1444mn + 96m + 96n)  (1444mn + 96m + 96n)

The forgotten index and forgotten entropy for Ni(ll) porphyrins
By using Tables 2, 3 and Eq. (1) the Forgotten index** and corresponding entropy is:

F(NiP) =732mn + 48m + 48n

8 6m + 6n) log[8]® 16mn) log[13]'3
Er(NiP) =log[732mn + 48m + 48n] — (8mn 4 6m 4 6n)log[8]°  (16mn)log[13]
(732mn + 48m + 48n) (732mn + 48m + 48n)
(20mn) log[18]'3 (4mn) log[25]%

©(732mn + 48m + 48n)  (732mn + 48m + 48n)

The augmented Zagreb index and augmented Zagreb entropy for Ni(ll) porphyrins
By using Tables 2, 3 and Eq. (1) the Augmented Zagreb index®® and corresponding entropy is:

AZI(NiP) =167.41928863mn -+ 48m + 48n
(8mn + 6m + 6n) log[(5)(5)]
(167.41928863mn + 48m + 48n)
(20mn) lo (@) (%)
(16mn) log[8]® 8| Ves

(167.41928863mn + 48m + 48n) (167.41928863mn + 48m + 48n)

(%)

(4mn) log {(@) 125 ]

125

Eaz1(NiP) =log[167.41928863mn + 48m + 48n] —

(167.41928863mn + 48m + 48n)

The first redefined Zagreb index and first redefined Zagreb entropy for Ni(ll) porphyrins
By using Tables 2, 3 and Eq. (1) the first redefined Zagreb index* and corresponding entropy is:

ReZG1(NiP) =37mn + 6m + 6n

(8mn + 6m + 6n) log {(%)(%)} (16mn) log {(%)(%)}

Erezy (NGP) =log[37mn + 6m + 6u] - (37mn + 6m + 6n) © (37mn + 6m + 6n)
(20mn) log {(g)(g)} (4mn) log {(%)(%)]
 (37mn+6m+6n)  (37mn+ 6m+ 6n)

The second redefined Zagreb index and second redefined Zagreb entropy for Ni(ll) porphyrins
By using Tables 2, 3 and Eq. (1) the second redefined Zagreb index** and corresponding entropy is:

ReZG,(NiP) =64.0571428571mn + 6m + 6n

4
(8mn + 6m + 6n) log {(%) (4)}
ERezG, (NiP) =1og[64.0571428571mn + 6m + 6n] —

(64.0571428571mn + 6m + 6n)

(%) ;)

(16mn) log {(g) > ] (20mn) log {(%) 6 }

(64.0571428571mn + 6m + 6n)  (64.0571428571mn + 6m + 6n)
(4mn) log {(¥)(¥)}

 (64.0571428571mn + 6m + 6n)

The third redefined Zagreb index and third redefined Zagreb entropy for Ni(ll) porphyrins
By using Tables 2, 3 and Eq. (1) the third redefined Zagreb index** and corresponding entropy is:
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ReZG3(NiP) =2024mn + 96m + 96n

. (8mn + 6m + 6n) log[16]'6 (16mmn) log[301%°
E NiP) =log[2024 96 96n] — —
RezG; (NiP) = log[2024mn + 96m +96n] (2024mn + 96m + 96n)  (2024mn + 96m + 96n)
(20mn) log[54]54 (4mn) log[84]84

T (2024mn + 96m + 961)  (2024mn + 96m + 96n)

Numerical and graphical representation of computed results

In this section, we represent the numerical and graphical representation of the computed results. In Table 4
we represent the numerical results and in Figs. 4, 5, 6, 7 we represent the graphical comparison of the Randi¢
entropies for different values of (@ = 1, —1, % and %1).

Table 5 shows the numerical results and in Figs. 8, 9, 10 and 11 we represent the graphical comparison of
EaBc, EGa, Em, and Ejp, entropies. The numerical results for Eppg, Ep and E4z; entropies are depicted in Table 6,
and graphical comparisons are shown in Figs. 12, 13 and 14 and Table 7 shows the numerical results of redefined
Zagreb entropies and graphical comparisons are shown in Figs. 15,16 and 17.

We have examined degree-based molecular descriptors for the nickel(II) porphyrins Network. The Randic
index has a strong correlation with a variety of physicochemical characteristics of alkanes, including chromato-
graphic retention times, surface area, vapor pressure, and boiling temperature variables in the Antonie equation.
The atom-bond connectivity (ABC) index proves highly effective in calculating the strain energy of molecules
through correlation. A good quantitative structural property relationship (QSPR) model is created when the
temperature of alkane production is described by using the ABC index with a high correlation coefficient (r =
0.9970). Moreover, the geometric arithmetic index is a stronger correlation coefficient across a range of physico-
chemical parameters for octanes. Zagreb indices have been utilized to investigate complexity and hetero systems.
These indices are also applied for constructing multilinear regression models and are instrumental in studies
related to Quantitative Structure-Property Relationship (QSPR) and Quantitative Structure-Activity Relationship
(QSAR)**. The Forgotten index has demonstrated associations with numerous chemical attributes of molecules.
The Augmented Zagreb index proves to be more effective in correlating with the measurement of strain energy

[m, n] Eg, Er_, |Egr, Er_,
[1,1] 4.0270 | 4.0287 |4.1146 | 0.94287
[2,2] 5.3148 |5.3110 |5.3881 |2.1561
[3,3] 6.0910 | 6.0856 |6.1585 | 2.9026
[4, 4] 6.6488 | 6.6425 | 6.7131 | 3.4441
[5,5] 7.0842 | 7.0776 | 7.1468 | 3.8695
[6, 6] 7.4416 |7.4347 |7.5029 |4.2203
(7,71 7.7446 |7.7377 |7.8050 | 4.5183
[8, 8] 8.0083 | 8.0008 | 8.0676 |4.7776
[9,9] 8.2404 |8.2330 | 8.2996 | 5.0072
[10, 10] 8.4484 | 8.4413 | 8.5073 | 5.2130

Table 4. Numerical comparison of Eg,, Er_,, Er, and Eg _,.
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Figure 4. Graphically representation of Eg,.
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e

in molecules. Additionally, the Balaban index exhibits greater predictive capability compared to the predictive
capacity of the Randic index. The above calculation provides numerical representations of the entropy that are
calculated using these degree-based topological indices in Tables 4, 5, 6, 7 and graphical representations in Figs. 4,
5,6,7,8,9,10,11, 12,13, 14, 15, 16 and 17. As depicted in Figures, the values of these indices are directly propor-
tional to the values of [m, n], where [m, n] is plotted along the x-axes, and the resulting entropy is plotted along
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[m, n] Eapc | Eca Em, En,

[1,1] 4.0898 | 3.8932 | 4.0770 | 4.0270
2,2] 53712 |5.1491 |53596 |5.3148
[3,3] 6.1446 |5.9125 |6.1336 | 6.0910
[4, 4] 6.7008 | 6.4632 | 6.6900 | 6.6488
[5,5] 7.1353 | 6.8944 | 7.1247 | 7.0842
[6, 6] 7.4921 |7.2489 |7.4816 |7.4416
[7,7] 7.7947 | 7.5498 | 7.7842 | 7.7446
[8, 8] 8.0575 |7.8114 | 8.0473 | 8.0083
[9,9] 8.2897 | 8.0426 |8.2792 | 8.2404
[10, 10] 8.4976 | 8.2498 | 8.4873 | 8.4484

Table 5. Numerical comparison of Expc, Ega, En, and Epy,.
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Figure 8. Graphically representation of E4pc.
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Figure 9. Graphically representation of Ega.

[8,8] [9,91 [10,10]

the y-axes. These graphs reveal the differences between each entropy for these topological indices for a specific
structure. The computational outcomes underscore that the estimates of degree-based indices are significantly
influenced by the values of m and #, or in other words, by the molecular structure.
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Figure 10. Graphically representation of Ejy,.
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Figure 11. Graphically representation of Ejy,.

[m, n] Eum | Er Eaz1

[1,1] 4.0273 | 4.0274 | 1.5964
[2,2] 5.3157 |5.3163 | 2.0096
[3,3] 6.0922 | 6.0929 |2.4036
[4, 4] 6.6494 | 6.6507 | 2.7468
[5,5] 7.0853 | 7.0863 | 3.0450
[6, 6] 7.4428 | 7.4440 | 3.3069
[7,7] 7.7461 | 7.7466 | 3.5397
8, 8] 8.0098 | 8.0107 |3.7494
[9,9] 8.2406 | 8.2435 | 3.9393
[10, 10] 8.4503 | 8.4519 |4.1131

Table 6. Numerical comparison of Exar, EF and Eaz;.

Rational curve fitting between heat of formation and entropy of their corresponding
indices

In this part, we explain the ideas of Information Entropy and Heat of Formation (Enthalpy) of nickel(II) porphy-
rins (NiP). The standard molar enthalpy (HoF) of Porphyrins is +629.8 kjmole™!. The following is a mathematical
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Figure 12. Graphically representation of Eg.
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Figure 13. Graphically representation of E.
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Figure 14. Graphically representation of E4 1.

Scientific Reports|  (2023) 13:17317 | https://doi.org/10.1038/s41598-023-44000-1 nature portfolio



www.nature.com/scientificreports/

8.5
8l ]
751 1

7t 4

6.5 4

Entropy

6 4

55 1

5F 4

45 .

4 I I I I I I
[1.1] [2,2] [3,3] [4.4] [5,5] [6.6] [7.7] [8.8] [9,91 [10,10]

[m.n]

Figure 15. Graphically representation of Egezg,.

[m, n] ERezG, | ERezG, | ERezG;
[1,1] 4.0774 | 4.0770 | 3.9505
[2,2] 5.3590 |5.3592 |5.2482
[3,3] 6.1326 | 6.1332 |6.0280
[4, 4] 6.6889 | 6.6894 |6.5874
[5,5] 7.1234 | 7.1241 | 7.0246
[6, 6] 7.4803 | 7.4808 |7.3825
17,7] 7.7829 | 7.7837 | 7.6863
[8, 8] 8.0457 | 8.0465 | 7.9505
[9,9] 8.2781 | 8.2788 | 8.1838
[10,10] |8.4861 |8.4869 |8.3908

Table 7. Numerical comparison of ErezG,» ErezG, and ErezGs.
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Figure 16. Graphically representation of Eg.zG,.

formula to determine Heat of Formation (HOF) for various formula units:

Standard Molar HOF )
HOF = x Formula Units
Avogadro’'s Number
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Figure 17. Graphically representation of Egezg,.

Entropie’s Fit — type | SSE R?> | RMSE

Eg, (NiP) rat43 0.013010 |1 0.080641
Eg_, (NiP) rat43 0.022160 |1 0.105300
Eg, (NiP) rat43 0.005942 |1 0.054510
Er_, (NiP) rat52 0.004039 |1 0.044940
Erpe (NiP) | rat32 0002442 |1 | 0.024710
Egg, (NiP) ratd3 0.008907 |1 | 0.066730
ERM, (NiP) rat44 0.182200 |1 0.426800
Ery, (NiP) | rat43 0029830 |1 |0.122100
Epypy(NiP) | ratad 0761800 |1 | 0.872800
Eg,. (NiP) rat43 0.066450 |1 0.182300
ER,,; (NiP) rat42 0.541700 |1 0.424900
ERRe7G1 (NiP) rat43 0.011340 |1 0.075290
ERquyo, (NiP) | rat32 0001656 |1 | 0.020350
ERquse, (NiP) | rat32 0056020 |1 | 0.118300

Table 8. Goodness of fit for HoF versus entropy of indices for nickel(II) porphyrins.

Based on the characteristics of its chemical graph structure, this could offer us an effective technique to compre-
hend the molecular structure of Ni(II) porphyrins. The rational built-in function in MATLAB is used to create
models between the Heat of Formation and each information entropy because it provides the lowest RMSE value,
which indicates the best match. The Numerical Integrity of fit for entropy versus indices of Ni(II) porphyrins
is depicted in Table 8. Enthalpy is a property or state function that resembles energy as a result, it has the same

dimensions as energy and is measured in joules or ergs.

HoF(R,) =

P1RD* + p2(R1)? + p3(R1)? + pa(Ry) + ps

R+ q1(R1)? + q2(R) + g3

pj cI 9 C1
j=1 1293 (—2.692¢ + 07,2.692¢ + 07) | 480.1 (—1.087e + 07,1.087¢ + 07)
j=2 —6650 (—1.298e + 08,1.298¢ + 08) | —1.154e + 04 | (—2.524¢ + 08,2.523¢ + 08)
j=3 —1.648¢ + 04 | (—4.351e + 08,4.351e + 08) |6.972¢ + 04 (—=1.507e + 09, 1.507¢ + 09)

j=4 |2431e+05

(—5.456€ + 09, 5.456¢ + 09)

j=5 —4.891e + 05

(—1.076e + 10, 1.076¢ + 10)

Table 9. Rational curve fitting of HoF versus Eg,.
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Where mean 6.9049 and standard deviation 1.4121 are used to normalize the R; and coefficient (with 95% con-

fidence bounds) are given in Table 9 and graphical representation in Fig. 18.

PLR_D* + p2(R_1)® 4 p3(R_1)* + pa(R_1) + ps
R+ R D*+q2(R1) + g3

Where mean 6.8993 and standard deviation 1.4096 are used to normalize the R_1 and coefficient (with 95%
confidence bounds) are given in Table 10 graphical representation in Fig. 19.

HoF(R_;) = 3)

171(1’1%)4 4—1’2(1’1%)3 +P3(R%)2 +P4(R%) +ps
(R%)3 + q1(R%)2 + 112(R%) +qs3

HoF(R,) = (4)

Where mean 6.9703 and standard deviation 1.4035 are used to normalize the R and coefficient (with 95% con-
fidence bounds) are given in Table 11 graphical representation in Fig. 20.

PrR=1)° +pa(R1)* +p3s(R=1)® + pa(R1)® + ps(Ro1) + pe
(Ro)? + q1(Ro1) + g2

HoF(R-1) = (5)

Where mean 3.7052 and standard deviation 1.3669 are used to normalize the R -1 and coefficient (with 95%
2
confidence bounds) are given in Table 12 and graphical representation in Fig. 21.

P1(ABC)? + p2(ABC)? + p3(ABC) + p4
(ABC)* + q1(ABC) + g2

HoF(ABC) = (6)

Where mean 6.9573 and standard deviation 1.4080 are used to normalize the ABC and coefficient (with 95%
confidence bounds) are given in Table 13 and graphical representation in Fig. 22.

pj cI 9 @
j=1 4677 (—1.511e 4+ 07,1.512¢ +07) | —40.73 (—3.703e + 04, 3.695¢ + 04)
j=2 —8.093¢ + 04 | (—2.616¢ + 08,2.615¢ + 08) | —1188 (—4.797e + 06,4.795¢ + 06)

j=3 5.644e + 05 (—1.824e + 09,1.825¢ + 09) |1.796e + 04 | (—6.139¢ + 07, 6.143e + 07)
j=4 —1.786e + 06 | (—5.774e 4 09,5.771e + 09)
j=5 2.147e + 06 (—6.934¢ + 09, 6.939 + 09)

Table 10. Rational curve fitting of HoF versus Eg_,.

?j [ g 1
j=1 2019 (—1.081e + 07, 1.081e +07) | 257.1 (—1.561¢ + 06, 1.562¢ + 06)
j=2 |—2605¢+04 |(—1385¢+08,1.385¢ + 08) | —6914 (—3.923¢ + 07,3.922¢ + 07)

j=3 1.453e + 05 (=7.675e 4+ 08,7.678¢ + 08) | 4.526e + 04 | (—2.514e + 08,2.515¢ + 08)
j=4 —3.514e + 05 | (—1.838e + 09, 1.837e + 09)
j=5 3.11le + 05 (—1.601e + 09,1.601e + 09)

Table 11. Rational curve fitting of HoF versus Eg ,.
2

pj a 9j a
j=1 |3092 (—3.589¢ + 06,3.589¢ +06) | —1049 | (=1.191e+ 07, L.19le +07)
j=2 |-4228 (~5.174¢ + 06,5.174¢ +06) | 9421 | (—1.079% + 08, 1.07% + 08)
j=3 |2928 (~3.497¢ + 07,3.497¢ + 07)
j=4 |L186e+04 [(—1333¢+ 08,1334+ 08)
j=5 |6663 (~7.902e + 07,7.903¢ + 07)
j=6 |1592e+04 [(~1.813¢+08,1814e+ 08)

Table 12. Rational curve fitting of HoF versus Eg _,.
z
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i CI qi CI

j=1 |2646 |(20.58,32.34) —22.03 | (—22.48,—21.57)
j=2 |—2834 |(—3633,-2036) |1249 |(119.9,129.9)
j=3 |1189 | (8059,1573)
j=4 |—1718 |(—2340,—1095)

Table 13. Rational curve fitting of HoF versus E4pc.

pj CI qj cl

j=1 192.1 (—1.849e + 07,1.849¢ + 07) | 487.7 (—6.063¢ + 07,6.063¢ + 07)
j=2 1.46e + 04 (—1.784e + 09,1.784¢ + 09) | —1.117e + 04 |(—1.344e + 09, 1.344¢ + 09)
j=3 —1.689¢ + 05 | (—2.03e + 10,2.03e 4 10) 6.447e + 04 (—=7.667e + 09,7.667¢ + 09)
j=4 7.279e + 05 (—8.692¢ + 10, 8.693¢ + 10)
j=5 —1.061le + 06 | (—1.263¢ + 11,1.263e + 11)

Table 14. Rational curve fitting of HoF versus Ega.

P1(GAY* + pr(GA)® + p3(GA)* + p4(GA) + ps
(GA)? + q1(GA)? + q2(GA) + g3

HoF(GA) = (7)

Where mean 6.7215 and standard deviation 1.3927 are used to normalize the GA and coefficient (with 95%
confidence bounds) are given in Table 14 and graphical representation in Fig. 23.

P1(MD* + p2(M1)? + p3(M1)? + pa(M1) + ps

HoF(My) =
o) = T i (M) + 42 (M) + g3 (M) + g1

(8)

Where mean 6.9465 and standard deviation 1.4087 are used to normalize the M; and coefficient (with 95%

confidence bounds) and given in Table 15 and graphical representation in Fig. 24.

P1(M)* + pa(M)? + p3(M2)* + pa(M3) + ps
(M2)3 + q1(M2)? + q2(M3) + g3

Where mean 6.9049 and standard deviation 1.4121 are used to normalize the M, and coefficient (with 95%
confidence bounds) are given in Table 16 and graphical representation in Fig. 25.

HoF(M,) = )

pj CI qj CI

j=1 101.1 (—4.217e 4+ 06,4.217¢ + 06) | —17.34 | (—4.485¢ + 08, 4.485¢ + 08)
j=2 —641.6 | (—4.549¢ + 10,4.549¢ + 10) | 48.03 (=7.937e +09,7.937¢ + 09)
j=3 |1071 (—3.065¢ + 11,3.065¢ + 11) | 2753 | (—2.424¢e + 10,2.424¢ + 10)
j=4 595.4 (—=5.978¢ +11,5.978¢ + 11) | 128.1 (=1.177e + 11,1.177e 4+ 11)
j=5 203.7 (—6.494¢ + 10, 6.494¢ + 10)

Table 15. Rational curve fitting of HoF versus Ejy,.

pj CI qj CI
j=1 |-106.8 (—5.435¢ + 05,5.433¢ + 05) | 67.49 (—4.125e + 05,4.127¢ + 05)
j=2 13899 (—1.814e + 07,1.814e + 07) |—1761 (—8.728e + 06, 8.724¢ + 06)

j=3 |—3.296¢+04 |(—1.502¢+ 08,1.501¢+08) |1.018¢+ 04 |(—4.735¢ + 07,4.737¢ + 07)
j=4 |1.187e+05 |(—5.35¢+ 08,5.352¢ + 08)
j=5 |—1.523¢+05 |(—6.813¢+ 08,6.81¢ -+ 08)

Table 16. Rational curve fitting of HoF versus Ejy,.

(2023) 13:17317 | https://doi.org/10.1038/s41598-023-44000-1 nature portfolio

Scientific Reports |



www.nature.com/scientificreports/

i CI g CI

j=1 |66.7 (—5.88¢ + 06,5.88¢ +06) | —16.66 | (—1.612¢ + 09,1.612¢ + 09)
j=2 |—3298 [(—1.078+11,1.078¢ + 11) |42.03 | (—2.725¢ + 10,2.725¢ + 10)
j=3 |409.8 [(—5.609 + 11,5.609 + 11) |269.6 | (—7.381e + 10,7.381¢ + 10)
j=4 |2734 |(=7.972e+11,7.972¢ +11) |88.98 | (—4.256¢ + 11,4.256¢ + 11)
j=5 |1106 | (—2.952¢ + 11,2.952¢ + 11)

Table 17. Rational curve fitting of HoF versus Ep.

p1(HM)* + py(HM)? + p3(HM)? + pa(HM) + ps
(HM)* + g1 (HM)? 4+ q2(HM)? + q3(HM) + q4

HoF(HM) = (10)

Where mean 6.9059 and standard deviation 1.4124 are used to normalize the HM and coeflicient (with 95%

confidence bounds) are given in Table 17 and graphical representation in Fig. 26.

PLE)* + pa(F)’ + p3(F)* + pa(F) + ps
(F)* + q1(F)? + q2(F) + g5

Where mean 6.9070 and standard deviation 1.4129 are used to normalize the F and coefficient (with 95% confi-
dence bounds) are given in Table 18 and graphical representation in Fig. 27.

HoF(F) = (11)

4 3 2
HoF(AZI) = P1LAZD" + pa(AZD)” + p3(AZD)” + pa(AZI) + ps 12)
(AZD? + q1(AZI) + >

Where mean 3.0450 and standard deviation 0.8447 are used to normalize the AZI and coefficient (with 95%
confidence bounds) are given in Table 19 and graphical representation in Fig. 28.

i CI qj CI
j=1 289 (—1.608e + 06, 1.609¢ + 06) | 81.54 (—6.42e 4 05,6.421e + 05)
j=2 —3816 (—2.111e + 07,2.11e + 07) —2118 (—1.394e 4 07, 1.394e + 07)

j=3 |2759+04 |(—1.549 + 08,1.549¢ + 08) |1.25% + 04 |(—7.84e + 07,7.843¢ + 07)
j=4 |—957¢+04 |(—544le+ 08,5439 -+ 08)
j=5 |1343¢+05 |(—7.729¢+ 08,7.731e + 08)

Table 18. Rational curve fitting of HoF versus Er.

?j I 4 I

j=1 |1152 (—3.346e + 08, 3.346¢ + 08) | —2154 (—6.123¢ + 08, 6.122¢ + 08)
j=2 3.43% + 04 (—9.792e + 09,9.792e + 09) | 1.432¢ 4+ 04 | (—4.081e + 09,4.081e + 09)
j=3 |—2185+04 |[(—6.211e+09,6.211¢ + 09)
j=4 |-8269 (—2.385¢ + 09, 2.385¢ + 09)
j=5 |—2839%+04 |(—8.082¢+09,8.082¢ + 09)

Table 19. Rational curve fitting of HoF versus E4z;.

pj a 9j a

j=1 |4871 |[(—5.667,103.1) |—23.97 |(—28.56,—19.37)
j=2 |-5548 |(~1260,150.7) | 1457 | (95.87,195.5)
j=3 |2390 | (—865.4,5646)

j=4 —3511 | (—8591,1570)

j=5

Table 20. Rational curve fitting of HoF versus Egezg,.
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P1(ReZG1)* + p2(ReZG1)* + p3(ReZG1) + pa

HoF(ReZGy) =
OF (ReZG) (ReZG1)? + q1(ReZGy) + 42

(13)

Where mean 6.9454 and standard deviation 1.4082 are used to normalize the ReZG; and coefficient (with 95%
confidence bounds) are given in Table 20 and graphical representation in Fig. 29.

P1(ReZGy)? + p2(ReZGy)? + p3(ReZGy) + py

HoF(ReZGy) = (ReZG2)? + q1(ReZGy) + ¢ (14)
; 1 4 1
j=1 25.98 (21.24, 30.73) —21.95 |(—22.31,—21.58)
j=2 |-2765 |(—340.8,—212.1) | 1241 |(120.1,128.1)
i= 1155 | (847, 1463)
j=4 |-1661 |(—2161,—1162)

Table 21. Rational curve fitting of HoF versus Eg.zg,.
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Figure 19. Heat of formation (HoF) versus Eg , of nickel(II) porphyrins.
2

Pj CI qj CI

j=1 25.98 (21.24, 30.73) —21.95 |(—22.31,—21.58)
j=2 —276.5 |(—340.8,—-212.1) |124.1 (120.1, 128.1)
j=3 1155 (847, 1463)
j=4 |—1661 |(—2161,—1162)

Table 22. Rational curve fitting of HoF versus ErezG,.
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Figure 20. Heat of formation (HoF) versus Eg, of nickel(II) porphyrins.
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Figure 21. Heat of formation (HoF) versus Eg _, of nickel(II) porphyrins.
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Figure 22. Heat of formation (HoF) versus E4pc of nickel(I) porphyrins.
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Figure 23. Heat of formation (HoF) versus Ega of nickel(II) porphyrins.
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Figure 24. Heat of formation (HoF) versus Ejy, of nickel(II) porphyrins.
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Figure 25. Heat of formation (HoF) versus Ejy, of nickel(II) porphyrins.
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Figure 27. Heat of formation (HoF) versus Er of nickel(II) porphyrins.
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Figure 29. Heat of formation (HoF) versus Eg.z, of nickel(II) porphyrins.
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Figure 30. Heat of formation (HoF) versus Eg.zg, of nickel(II) porphyrins.
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Figure 31. Heat of formation (HoF) versus Eg.g, of nickel(II) porphyrins.
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Where mean 6.9460 and standard deviation 1.4086 are used to normalize the ReZG, and coefficient (with 95%
confidence bounds) are given in Table 21 and graphical representation in Fig. 30.

p1(ReZG3)? + pa(ReZG3)? + p3(ReZGs3) + py
(ReZG3)? + q1(ReZG3) + q2

HoF(ReZG3) = (15)

Where mean 6.8433 and standard deviation 1.4179 are used to normalize the ReZGs and coeflicient (with 95%
confidence bounds) are given in Table 22 and graphical representation in Fig. 31.

Curve fitting of entropy and topological indices can provide insight into the relationship between the struc-
tural characteristics of a compound and its thermodynamic and topological properties. This can be useful for
predicting the properties of new compounds, understanding the behavior of known compounds, and guiding
the design of new materials with desired properties. The heat of formation stands as one of the fundamental
physicochemical properties inherent to substances and molecules. We look at the relationship between the heat
of formation and the degree-based topological indices (along with their respective entropies) for the nickel(II)
porphyrins Network’s corresponding crystal structure. A mathematical connection between the heat of formation
and the indices (entropies) is depicted in the data or analysis Tables 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20,
21 and 22. The above tables and graphs in the study provide both numerical data and graphical representations
that show how the heat of formation is correlated with degree-based topological indices(entropies).

Conclusion

First, we calculate numerical values for various degree-based topological indices, and next by using the Shanon
entropy formula, we calculated entropies by using these indices. After that, we determined the entropy’s graphi-
cal behavior using MATLAB and calculated numerical values using Maple. Utilizing MATLAB software, the
rational fitting approach was used since it offered the lowest root mean squared error or sum of squared error of
all the built-in methods. The findings provide a thorough explanation of the Ni(II) porphyrins crystal structure
and demonstrate a strong link between system dimensions and a variety of properties. This research can be used
as a theoretical tool to support more effective essential alterations for certain usages by understanding how the
characteristics of (NiP) are affected by its shape.

Data availability
All data generated or analyzed during this study are included in this published article.

Received: 30 June 2023; Accepted: 3 October 2023
Published online: 12 October 2023

References
. Kadish, K., Guilard, R. & Smith, K. M. (Eds.) The Porphyrin Handbook: Phthalocyanines: Properties and Materials, Elsevier (2012).
. Senge, M. O. & Sergeeva, N. N. Metamorphosis of tetrapyrrole macrocycles. Angew. Chem. Int. Ed. 45, 7492-7495 (2006).
. Harvey, ]. D. & Ziegler, C. J. Developments in the metal chemistry of N-confused porphyrin. Coord. Chem. Rev. 247, 1-19 (2003).
. Fukuchi, M., Takegoshi, K., Ishizuka, T. & Furuta, H. 15N solid-NMR and X-ray diffraction studies of N-confused porphyrins.
Magn. Reson. Chem. 45, S56-S60 (2007).
5. Tag El Din, E. S. M. et al. Some novel results involving prototypical computation of Zagreb polynomials and indices for SiO — 4
embedded in a chain of silicates. Molecules 28, 201 (2022).
6. E. M. Rogers & T. W. Valente, A history of information theory in communication research’ In Between communication and
information (pp. 35-56), Routledge (2017).
7. Liu, J. B., Arockiaraj, M., Arulperumjothi, M. & Prabhu, S. Distance-based and bond additive topological indices of certain repur-
posed antiviral drug compounds tested for treating COVID-19. Int. J. Quantum Chem. 121, 26617 (2021).
8. Liu, J. B,, Wang, S., Wang, C. & Hayat, S. Further results on computation of topological indices of certain networks. IET Control.
Theory Appl. 11, 2065-2071 (2017).
9. Liu, J. B,, Gao, W, Siddiqui, M. K. & Farahani, M. R. Computing three topological indices for Titania nanotubes TiO,[m, n]. AKCE
Int. J. Graphs Comb. 13, 255-260 (2016).
10. Liu, J. B. et al. Topological indices of m — th chain silicate graphs. Mathematics 7, 42 (2019).
11. Alam, A., Ghani, M. U., Kamran, M., Shazib Hameed, M., Hussain Khan R. & Baig, A. Q. Degree-Based Entropy for a Non-Kekulean
Benzenoid Graph, J. Math, 2022.
12. Chu, Y. M., Khan, A. R., Ghani, M. U,, Ghaffar A. & Inc, M. Computation of zagreb polynomials and zagreb indices for benzenoid
triangular and hourglass system, Polycycl. Aromat. Compd., 1-10 (2022).
13. Ghani, M. U, Sultan, E, El Sayed, M., Cancan, M. & Ali, S. SiO4 characterization in a chain and Cs Hs embedded in a Non-kekulean
structure for Kulli Temperature indices (2022).
14. Zhang, Y. E, Ghani, M. U,, Sultan, F, Inc, M. & Cancan, M. Connecting SiO; in silicate and silicate chain networks to compute
kulli temperature indices. Molecules 27, 7533 (2022).
15. Mowshowitz, A. Entropy and the complexity of graphs: I. An index of the relative complexity of a graph. Bull. Math. Biophys. 30,
175-204 (1968).
16. Ghani, M. U,, Inc, M., Sultan, E, Cancan, M. & Houwe, A. Computation of Zagreb polynomial and indices for silicate network
and silicate chain network. J. Math (2023).
17. Ghani, M. U,, Alj, S., Imran, M., Karamti, H., Sultan, F & Almusawa, M. Y. Hex-derived molecular descriptors via generalised
valency-based entropies. IEEE Access (2023).
18. Anand, K. & Bianconi, G. Entropy measures for networks: Toward an information theory of complex topologies. Phys. Rev. E. 80,
045102 (2009).
19. Ding, W. et al. Bifunctional photocatalysts for enantioselective aerobic oxidation of B-ketoesters. J. Am. Chem. Soc. 139, 63-66
(2017).
20. Cameron, L. A,, Ziller, ]. W. & Heyduk, A. F. Near-IR absorbing donor-acceptor ligand-to-ligand charge-transfer complexes of
nickel (IT) Chem. Sci. J. 7, 1807-1814 (2016).
21. Marker, S. C. Photophysical and Biological Investigations of Rhenium-Based Anticancer Agents. Cornell University (2020).

W N

Scientific Reports |

(2023) 13:17317 | https://doi.org/10.1038/s41598-023-44000-1 nature portfolio



www.nature.com/scientificreports/

22. Ozbek, O., Isildak, O. & Berkel, C. The use of porphyrins in potentiometric sensors as ionophores. J. Incl. Phenom. Macrocycl.
Chem. 98, 1-9 (2020).

23. M. R. Hamblin & G. Jori, (Eds.) Photodynamic inactivation of microbial pathogens: Medical and environmental applications.
Royal Society of Chemistry (2015).

24. Liu, Q. et al.NiO nanoparticles modified with 5, 10, 15, 20-tetrakis (4-carboxyl pheyl)-porphyrin: promising peroxidase mimetics
for H, O, and glucose detection. Biosens. Bioelectron. 64, 147-153 (2015).

25. Xiaobo, Z., Xiaowei, H. & Povey, M. Non-invasive sensing for food reassurance. Analyst 141, 1587-1610 (2016).

26. Sabirov, D. S. Information entropy of mixing molecules and its application to molecular ensembles and chemical reactions. Comput.
Theor. Chem. 1187, 112933 (2020).

27. Chen, Z., Dehmer, M. & Shi, Y. A note on distance-based graph entropies. Entropy 16, 5416-5427 (2014).

28. Randic, M. Characterization of molecular branching. J. Am. Chem. Soc. 97, 6609-6615 (1975).

29. Gutman, L, Ru I¢, B., Trinajsti¢, N. & Wilcox, C. E Jr. Graph theory and molecular orbitals, XII. Acyclic polyenes. J. Chem. Phys.
62, 3399-3405 (1975).

30. Gutman, I. & Das, K. C. The first Zagreb index 30 years after. MATCH Commun. Math. Comput. Chem. 50, 83-92 (2004).

31. Shirdel, G. H., Rezapour, H. & Sayadi, A. M. The hyper-Zagreb index of graph operations (2013), 213-220.

32. Furtula, B. & Gutman, I. A forgotten topological index. J. Math. Chem. 53, 1184-1190 (2015).

33. Xu, P, Azeem, M., Izhar, M. M., Shah, S. M., Binyamin, M. A. & Aslam, A. On topological descriptors of certain metal-organic
frameworks. J. Chem. 1-12 (2020).

34. Azeem, M., Aslam, A., Igbal, Z., Binyamin, M. A. & Gao, W. Topological aspects of 2D structures of trans-Pd (NH,) S lattice and
a metal-organic superlattice. Arab. J. Chem. 14, 102963 (2021).

35. Gu, J. et al. Porphyrin-based framework materials for energy conversion. Nano Res. Energy 1, €9120009 (2022).

36. Keyhaniyan, M., Shiri, A., Eshghi, H. & Khojastehnezhad, A. Synthesis, characterization and first application of covalently immo-
bilized nickel-porphyrin on graphene oxide for Suzuki cross-coupling reaction. New J. Chem. 42, 19433-19441 (2018).

37. Igbal, Z., Chen, J., Chen, Z. & Huang, M. Phthalocyanine-biomolecule conjugated photosensitizers for targeted photodynamic
therapy and imaging. Curr. Drug Metab. 16, 816-832 (2015).

38. White, H. B. Math literacy. Biochem. Mol. Biol. Educ. 32, 410-411 (2004).

39. Kiister, W. Beitrage zur Kenntnis des Bilirubins und Héamins (1912).

40. Nemykin, V. N., Chen, P, Solntsev, P. V., Purcell, A. A. & Kadish, K. M. Characterization of the unusual metal-free, zinc, chloroin-
dium, and ferrocenylindium 5, 10, 15, 20-tetra ferrocenyl porphyrin anion-radicals by spectroelectrochemical, DFT, and TDDFT
approaches. J. Porphyr. Phthalocyanines 16, 793-801 (2012).

41. Moghadam, P. Z. et al. Development of a Cambridge Structural Database subset, a collection of metal-organic frameworks for
past, present, and future. Chem. Mat. 29, 2618-2625 (2017).

42. Sedghi, G. et al. Comparison of the conductance of three types of porphyrin-based molecular wires, 8, meso, B-fused tapes, meso-
butadiyne-linked, and twisted meso-meso-linked oligomers. Adv. Mater. 24, 653-657 (2012).

43. Rajasekharaiah, G. V. & Murthy, U. P. Hyper-Zagreb indices of graphs and its applications. J. Algebr. Comb. Discret. Struct. Appl.
8,9-22 (2021).

44. Janezi¢, D., Milicevi¢, A., Nikoli¢é, S., Trinajsti¢, N. & Vukicevié, D. Zagreb indices: Extension to weighted graphs representing
molecules containing heteroatoms. Croat. Chem. Acta. 80, 541-545 (2007).

Acknowledgements

Muhammad Talha Farooq is supported by Petchra Pra Jom Klao Ph.D. Research Scholarship from King Mong-
kut’s University of Technology Thonburi (25/2565). Pawaton Kaemawichanurat has been funded by National
Research Council of Thailand (NRCT) and King Mongkut’s University of Technology Thonburi (N42A660926).

Author contributions
M.T.E: wrote the main manuscript text, conceptualization, methodology, T.].: use software for graphical repre-
sentation. Pawaton Kaemawichanurat: writing—reviewing and editing, supervision.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to PX.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:17317 | https://doi.org/10.1038/s41598-023-44000-1 nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Entropy analysis of nickel(II) porphyrins network via curve fitting techniques
	Structure of nickel(II) porphyrins
	Methodology
	Computation of degree based indices and entropy of nickel(II) porphyrins [m,n]
	The Randi index and Randi entropy for Ni(II) porphyrins
	The atom bond connectivity index and atom bond connectivity entropy for Ni(II) porphyrins
	The geometric arithmetic index and geometric arithmetic entropy for Ni(II) porphyrins
	The first Zagreb index and first Zagreb entropy for Ni(II) porphyrins
	The second Zagreb index and second Zagreb entropy for Ni(II) porphyrins
	The Hyper Zagreb index and Hyper Zagreb entropy for Ni(II) porphyrins
	The forgotten index and forgotten entropy for Ni(II) porphyrins
	The augmented Zagreb index and augmented Zagreb entropy for Ni(II) porphyrins
	The first redefined Zagreb index and first redefined Zagreb entropy for Ni(II) porphyrins
	The second redefined Zagreb index and second redefined Zagreb entropy for Ni(II) porphyrins
	The third redefined Zagreb index and third redefined Zagreb entropy for Ni(II) porphyrins

	Numerical and graphical representation of computed results
	Rational curve fitting between heat of formation and entropy of their corresponding indices
	Conclusion
	References
	Acknowledgements


