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In this article, a quantitative structure-property relationship is performed for the prediction of six physico-chemical properties of 16 alkaloid structures using three different types of degree-based topological indices. Chemical structures are considered as graphs, where elements are taken as vertices and bounds between them are taken as edges. We defined two new degree-based topological indices, namely, the “modified harmonic index” and the “advanced harmonic index,” to analyze and examine the properties of alkaloids. The topological indices and experimental values act as the inputs of linear and quadratic regression models. The correlation values and p-values for all the indices are significant which describe the validity and usefulness of the results. The outcomes determined in this article assist pharmacists and chemists in studying the structures of alkaloids for use in daily life, agriculture, pharmacy, and industries. The study of chemical structures with the help of molecular descriptors and regression models is a theoretical method that saves time and money.
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1 INTRODUCTION
Alkaloids are a large group of organic compounds found in nature and have structures that contain nitrogen atoms. They are odorless, colorless, crystalline liquids with a yellowish tint and commonly have a bitter flavor. Plants are the major sources of alkaloids, which have been used as medicines for hundreds of years. The agricultural industry relies heavily on alkaloids for herbicides and pesticides. They have a wide range of physiological effects on animals and humans.
Galantamine is used to treat the symptoms of Alzheimer’s disease, which is a brain disease that slowly destroys memory as well as the ability to think, learn, communicate, and manage daily activities. Salsoline is a drug that is used as an antihypertensive because it crystallizes in alcohol solutions. The fruit of the Piper nigrum (black pepper) plant yields piperine. It has numerous pharmacological effects and numerous health benefits, particularly against chronic diseases like insulin resistance reduction, anti-inflammatory effects, and hepatic steatosis improvement. Lycorine hydrochloride is one of many derivatives of lycorine used in cancer research. Tomatoes, potatoes, and the tobacco plant all contain nicotine. It is a stimulant that is used to treat smoking addiction because it speeds up the transmission of messages between the brain and body. The coffee plant is the main source of caffeine, which is used to treat headaches, improve athletic performance, improve mental alertness, and treat obesity. To study the role of alkaloids in production of different disease drugs see [1, 2].
Alkaloids are toxic and addictive, and can cause serious illness if used without supervision. Itching, nausea, vomiting, and mild gastrointestinal disturbances are the mild toxic effects. Chronic effects include psychosis, paralysis, teratogenicity, arrhythmias, and sudden death. Coniine is an alkaloid that causes respiratory arrest and is referred to as the “killer of Socrates.” Tropane can cause mydriasis, mouth dryness, thirst, diarrhea, confusion, hallucinations, ataxia, convulsions, and respiratory failure-related death. To study the toxic effects of alkaloids on human and other organism’s health see [3].
The topological index is a function that converts molecular structures into structural descriptors expressed as numerical indices. Topological indices should be interpreted structurally, have a good correlation with at least one property, be locally defined, be independent of other descriptors, be simple, have a correct size dependence, and change slowly as structures change. A set of parameters known as chemical descriptors are calculated for the chemical compound under study [4]. Topological indices fall into one of five distinct subcategories: degree, distance, mixed, matching, and eigenvalue. This article discusses degree-related indices for sixteen commonly used alkaloid structures. The idea of a topological index was given by Harry Wiener in 1947 to calculate the boiling points of alkanes [5]. This index was a distance-related index that proved to be a bridge between chemistry and mathematics. After some years, degree-related indices such as the Zagreb and Randic indices are introduced. The degree-related indices are the most useful and successful indices, especially to understand the chemical structures [6]. Quantitative structure-property relationship (QSPR) models are used in chemistry to predict the properties of chemical compounds based on their molecular structure. These models use mathematical equations or algorithms to correlate the structure of molecules with their physical, chemical, or biological properties. QSPR models offer valuable insights into compounds’s properties without extensive experimental testing, saving time and resources in areas like drug discovery, environmental studies, and material science. They can help predict the biological activity, toxicity, and pharmacokinetic properties of new compounds, assess the environmental fate of chemicals, predict the properties of polymers, solvents, and catalysts, and support regulatory decisions. In short, QSPR models accelerate the design and development of new compounds and materials while minimizing the need for costly and time-consuming experimental testing. For more information about QSPR models and their results, see [7–10].
The correlation coefficient (r) between physico-chemical properties and topological indices is used to determine if a topological index can be used to predict the behavior of a chemical compound. The topological indices with r greater than 0.8 are very useful in QSPR and QSAR analysis. A large number of articles have been written on the significance of the degree-related indices using the statistical approach. This work motivated us to study the degree-related indices and alkaloid structures. In recent times, Zhang et al. made a study on the QSPR analysis of malaria medications in which nine medications were taken into consideration for the regression analysis of six physicochemical properties [11]. Fozia et al. analyze the nine drugs of cardiovascular disease by using eight definitions of degree-related indices [12]. The QSPR modeling of drugs came to the conclusion that the ABC index, which has a correlation of 0.984, is used to approximate molar volume, the R index is useful for measuring molar refractivity, with correlations of 0.990, and the GA index is used to predict the polarity of cardiovascular drugs, with a correlation of 0.988. Gnanaraj et al. studied the ten commonly used painkillers with the help of degree-related indices and different regression models [13]. The effectiveness of the TIs is examined by different regression models, such as linear and quadratic, used for understanding the structures of alkaloids. Abid et al. studied the medicines used for the treatment of lyme disease [14]. The QSAR modeling of the statistical data of lyme drugs show that there is a strong relationship between experimental and estimated values of the medicines. Parveen et al. studied the rheumatoid arthritis treatment medicines by applying degree-related indices and statistical analysis [15].
This article consists of six sections. Section 1 has information about the alkaloids and basic formulae used for computations. Section 2 provides an explanation of the working procedure and methods. Section 3 contains experimental and estimated values of the alkaloids’ structures. An example to explain the way of calculating topological indices is also discussed in this section. All the statistical work is done in Section 4. This section contains detailed information about the linear and quadratic models. Section 5 has a discussion of results, their importance and applications. The conclusion and future work are explained in Section 6. The references related to the article are mentioned at the end of the article.
1.1 Fundamental definitions and brief literature review
Let [image: image] = (E, F, V) be a graph representing the two-dimensional structures of alkaloids, where E[image: image] is the collection of edges, V[image: image] is the collection of vertices, and the set of faces is denoted by F[image: image]. All the graphs are hoop-less, simple, planar, and connected. If e is one of the edges that surround the face, the face f is incident to edge e. In a similar manner, if h is at the end of one of those incident edges, a face f in G is incident to a vertex h. The degree of a vertex h is the number of edges attached to it, represented by Φh. An edge “e” is formed by the connection of two nodes. The neighborhood sum degree of a vertex h is the sum of the degrees of all the vertices attached to h. It is represented as Sh. The atoms of the structures of alkaloids are represented by nodes, and bonds by edges.
In 2020, Jamil et al. introduced the concept of the face index to understand the characteristics of benzenoid hydrocarbons [16]. He studied 21 benzene derivative structures with the help of the face index. He calculated the boiling point and π-electron energy of benzene derivatives with the face index using multilinear regression. The boiling point and π-electron energy were already calculated with the help of different degree-related indices, but FI gave the maximum correlation with the structures. The FI is basically related to the shape and geometry of structures. The π-electron energies give r = 0.9933 and r = 0.9996 for linear and multivariate correlation, respectively. The linear and multivariate correlations between FI and the boiling point of benzene derivatives are r = 0.9886 and r = 0.9985. The FI show a very high correlation and a very low percentage of error for determining the boiling point and pi electron energies of benzenoid hydrocarbons. A face f ∈ F(G) is incident to an edge e ∈ E(G) if e is one of those edges which surrounds the face. Similarly, a face f ∈ F(G) is incident to a vertex h in G if h is at the end of one of those incident edges. The face index is determined by using degree of the vertex “h” incident on the face f of a graph. The mathematical definition of face index is:
[image: image]
where v ∼ f represents the incidency of the vertex h with the face f.
After 1 year, Ding et al. studied the characteristics and features of the regular hexagonal lattices and nanotubes [17]. The structures of nanotubes are extremely useful in technology today. The face index is used for the analysis of polycyclic compounds such as silicon and honeycomb networks [18].
The neighborhood face index is introduced by explaining the significance of the face index. In the case of FI, the degree of the vertices is counted, and in NFI, the sum of degrees of vertices is counted. The mathematical definition of NFI is:
[image: image]
where h ∼ f represents the incidency of the vertex h with the face f. In 1972, Gutman and Trinajstic proposed a formula to investigate the effect of total π-electron energy on a molecule’s structure called the first Zagreb index [19]. The sum of the squares of the vertex degrees Φh and Φk of vertices h and k in [image: image] is known as the M1 index. Gutman et al. proposed the second Zagreb index, M2, in 1975 to study the molecular structure of acyclic polyenes [20]. The mathematical definitions of M-indices are given below.
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The M-indices are the most widely used and powerful topological indices for understanding the structures of a large number of chemical and non-chemical graphs. A large number of articles have been written on M-indices. In 2018, Gutman et al. analyzed and examined the work done by the M-indices. He investigated the seven distinct Zagreb indices; leap, reduced, coindices, banhatti, reformulated, sigma, and generalized Zagreb indices that exist [21].
In 2019, Mondal et al. proposed the concept of neighborhood topological indices to examine the properties of octane isomers [22]. He introduced a new approach to calculating all the old indices in a different way. He used the linear regression model and neighborhood indices to estimate the physical parameters of octane isomers. The neighborhood Zagreb indices are computed as:
[image: image]
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The neighborhood sum indices proved to be very effective in studying the different properties of the chemical structures. In the same year, Modal et al. studied the graphene and the line graph of the graphene with the help of these indices [23]. The neighborhood sum degree indices are very powerful. In 2022, Chamua et al. studied the polycyclic aromatic hydrocarbons using these indices and obtained a valid and significant correlation [24].
In 1987, Fajtlowicz proposed the idea of the harmonic index in computer science to study different networks [25]. In 2012, Zhong introduced this concept in chemistry [26]. He investigated the minimum and maximum values of the H-index for the tree graphs. He also studied simple and connected graphs in general, using the H-index. The mathematical definition of H-index is:
[image: image]
The harmonic index has lots of implications in different fields like computer science, group theory, chemistry, and pharmacy. Shao et al. make use of the H-index and regression analysis to examine the characteristics of cancer treatments [27].
In 2019, Verma et al. proposed the neighborhood harmonic index to examine the bismuth tri-iodide graphs [28]. The neighborhood sum-degree harmonic index proposed by inspiring from harmonic index has high values of correlation with different chemical compounds. The neighborhood harmonic index is abbreviated as NH[image: image] and defined as:
[image: image]
We introduced the two unique indices inspired by the harmonic index. The formula that has the square root of the sum and product of edge degrees is called the modified harmonic index (MHI), and the formula that has the sum of the square root of degrees is called the advanced harmonic index (AHI). These indices show a strong relationship with the chemical structures of alkaloids. The mathematical definitions of the MH and AH indices are:
[image: image]
[image: image]
Arockiaraj et al. (2023) recently introduced the concept of hybrid indices and applied it on the famous classical degree-based topological indices to understand the properties of polycyclic aromatic hydrocarbons [29]. For more information and deep analysis of different topological indices see [30, 32–34]. Arockiaraj et al. [31] recently studied the properties of blood cancer drugs with the help of different types of topological indices and statistical tools.
2 METHOD AND MATERIAL USED FOR COMPUTATIONS
This article has two kinds of computations: the calculation of topological indices and statistical analysis. All the descriptors are of an additive nature, meaning that results are obtained by adding the terms. The indices, namely, [image: image], [image: image], [image: image], [image: image], [image: image], and [image: image], are computed by using the vertex segment technique and the edge partition technique. The [image: image], [image: image], [image: image], and [image: image] are determined by using the neighborhood sum degree technique. In the neighborhood sum degree technique, the degrees of the vertices are added up and used in formulae. The computations are done by scientific calculations and verified by Matlab. The experimental values of the alkaloid structures and the two-dimensional structures are taken from Chemspider. The topological indices and experimental values of the alkaloids act as inputs to the regression models. The SPSS software performs all statistical calculations; regression-related calculations can also be performed with Microsoft Excel. The procedure of determining the properties of the alkaloids with the help of topological indices and a regression model is described in Figure 1, given below.
• Find the vertex degrees, neighborhood degrees and divide the edges of all the alkaloids structures according to the edge partitions.
• Put the values of all the edge partitions into the formulae of the degree-related topological indices and collected the experimental values of the properties of alkaloid structures by ChemSpider.
• The experimental values and estimated values are the inputs of the linear and quadratic regression models.
• Analysis the relationship between experimental values and estimated values by the help of SPSS.
• The molecular descriptors with good correlations are significant and non-significant values are not useful to describe the properties of alkaloid structure. Apply other indices to get a good correlation for these not-significant values, such as logP and melting point.
[image: Figure 1]FIGURE 1 | Procedure to estimate the properties of alkaloids.
3 DETERMINATION OF BASIC RESULTS FOR ALKALOIDS
This section is divided into two subsections that discuss the experimental and estimated values of the alkaloid structures. The first part discusses the six parameters of alkaloids structures, their units, and their importance. The second part of the deal has the estimated values. The values of topological indices are the predictive values of the physical parameters of alkaloids. There are hundreds of indices that have been introduced till now, but only those indices called the predicting values whose correlation is very strong.
3.1 Experimental values for properties of alkaloids
There are six characteristics of all the alkaloids’ structures that are estimated with the help of different molecular descriptors. There are several types of alkaloids found in nature, but only 16 are examined with the help of topological indices and regression models. The 16 alkaloids given in Figure 2, namely, galantamine, salsoline, piperine, lycorine, nicotine, caffeine, reserpine, colchicine, emetine, physostigmine, vohimbine, vincamine, tropolone, phennylethylamine, aporphine, and indolizidine, are used to be analyzed by the QSPR modeling. The chemicals that are extracted from plants, called alkaloids, have multi-dimensional structures in real life, but we study the two-dimensional graphs. The unit of molar weight used in this manuscript is g/mol. It is clear from Table 1 that reserpine has the highest values of molar weight and tropolone has the lowest values of molar weight. All the structures and data about drugs are taken from ChemSpider, a reliable source for chemical information. The molecular structures of alkaloids are given in Figure 2.
[image: Figure 2]FIGURE 2 | Structures of alkaloids.
TABLE 1 | Physicochemical properties of alkaloids.
[image: Table 1]The molar weight of the chemicals describe the simpler and complex nature of the structures. The molar wight has sharp values but other five properties such as boiling point, flash point, enthalpy of vaporization, molar refractivity and molar volume do not have sharp values. Their values are different on the different places so a range or predicted values of these parameters are used. The boiling point is the temperature at which a liquid boils and turns into vapor. The unit of BP is degrees Celsius, and colchicine has maximum values of BP BP(726 ± 60). Out of all the selected alkaloids, colchicine has the highest FP values. The flash point is the lowest temperature (in degrees Celsius) at which a liquid in a test vessel produces enough vapor to combine with the air at its surface to ignite. The unit of EV, MR and MV are kJ/mol, cm3 and cm3, respectively. The units of parameters do not effect the correlation but must be same for all chemical structures.
3.2 Estimated values for properties of alkaloids
There are three types of degree-related indices studied in this manuscript to get a suitable and perfect correlation with the parameters of alkaloids. The face index and neighborhood degree face index are related to the overall degrees of face in a structure. It involves the outer degree of the face and the inner degree of the face. There are a total of nine faces of different degrees present in alkaloid structures. The degrees of faces are f12, f13, f14, f15, f16, f17, f18, f19 and an external face f∞. There are 23 possible faces of neighborhood degrees are f25, f28, f29, f31, f32, f33, f34, f35, f36, f37, f40, f41, f42, f43, f44, f45, f46, f47, f49, f52, f55 and one external face f∞. The numerical descriptors such as [image: image], [image: image], H[image: image], MH[image: image], and AH[image: image] are calculated by using the simple edge division technique. There are eight total possible edge bundles of alkaloid structures given below. The maximum vertex degree is 4, and the minimum vertex degree is 1. The set of edge bundles is:
[image: image]
The numerical descriptors such as; [image: image], [image: image], and NH[image: image] are neighborhood degree-based indices. The possibility of edge parcels for neighborhood degrees is much greater than simple edge partition. There are a total of 32 edge parcels of alkaloids according to the neighborhood degree. The maximum neighborhood degree is 10, and the minimum neighborhood degree is 2. The set of neighborhood degree edges is represented by S[image: image].
[image: image]
The face index of a graph G is determined by the vertex’s incidence on the faces. The term h ∼ f means the vertex h is incident on the face f. In face index, first we count and mention all the degrees of the vertices in the graph, and then count the internal and external degrees of the faces of the graph. The face index in a detailed way is determined below for the structure of naphthalene. Here f∞ is the external degree computed by adding all the degrees of vertices in outer layer of the graph. The face index values are mentioned on the structure of naphthalene is Figure 3.
[image: image]
[image: Figure 3]FIGURE 3 | Face index of Naphthalene.
The computations of three type of indices for the 16 structures of alkaloids are very lengthy, so only the resultant values of the topological indices are mentioned in Table 2. Galanthamine is the first structure on the list of alkaloids. We apply some index formulae to the structure of galanthamine to clarify the concepts related to face index, neighborhood face index, simple edge partition, neighborhood edge partition, and the newly introduced modified harmonic index.
TABLE 2 | Estimated values of the physicochemical parameters of alkaloids.
[image: Table 2]The face index of galanthamine is computed as:
[image: image]
The neighborhood degree face index for galanthamine is calculated as follows:
[image: image]
There are 24 edges and 21 vertices in the chemical structure of galanthamine. The edges galanthamine structure can be divided into seven packets such as; |E(1,2)| = 1, |E(2,3)| = 11, |E(3,1)| = 2, |E(4,2)| = 2, |E(4,3)| = 2, |E(3,3)| = 3, |E(2,2)| = 3. The harmonic index for galanthamine is determined as:
[image: image]
The newly introduced modified harmonic index is based on the simple degree edge partition and can be determined as:
[image: image]
The neighborhood partition of edges is basically the sum of incident degree on a vertex. There are 16 parcels of edges with the respective frequencies are; |S(2,4)| = 1, |S(5,3)| = 2, |S(4,7)| = 1, |S(6,8)| = 3, |S(5,6)| = 2, |S(5,5)| = 2, |S(6,7)| = 1, |S(7,5)| = 2, |S(5,6)| = 2, |S(5,5)| = 1, |S(7,8)| = 1, |S(8,10)| = 1, |S(7,10)| = 1, |S(6,10)| = 2, |S(8,10)| = 1 and |S(10,10)| = 1. The neighborhood harmonic index is calculated as:
[image: image]
The neighborhood partition of edges is basically the sum of incident degree on a vertex. There are 16 parcels of edges with the respective frequencies are; |S(2,4)| = 1, |S(5,3)| = 2, |S(4,7)| = 1, |S(6,8)| = 3, |S(5,6)| = 2, |S(5,5)| = 2, |S(6,7)| = 1, |S(7,5)| = 2, |S(5,6)| = 2, |S(5,5)| = 1, |S(7,8)| = 1, |S(8,10)| = 1, |S(7,10)| = 1, |S(6,10)| = 2, |S(8,10)| = 1 and |S(10,10)| = 1. The neighborhood harmonic index is calculated as:
All the topological indices given in Table 2 are calculated in the similar manner as describe in the example mentioned above.
4 STATISTICAL COMPUTATIONS
This section discusses all the statistical computations used in this manuscript. There are two regression equations used for the desired and accurate results of the alkaloids. The simple linear regression equation compares the data according to the straight line. The quadratic regression involves the square of the dependent variable, so compare the data with the parabolic curve. If the coefficient of the square term becomes zero, then the quadratic equation of regression converts into a linear one. A straight line is used in linear regression models, whereas a curved line is used in logistic and nonlinear regression models. The regression equations are given in the first part of this section, and parameters related to the statistical computations are discussed in the second part of this section.
4.1 Linear and quadratic regressions
A simple linear regression determines the interaction of two quantitative variables. It uses a linear equation to quantitatively describe the relationship between the unknown or dependent variable and the known or independent variable. A statistical method called quadratic regression is used to find the parabola equation that best fits a set of data. A quadratic equation depicted on a scatter plot takes the form of a concave or convex “U” shape. The equations of regression used in computations are defined as follows:
[image: image]
[image: image]
where Y is dependent or response and X is representing the independent variable. The term “a” is the constant of the linear and quadratic regressions. The term bn (n = 1,2) are coefficients of regression. The quadratic regression is also called the polynomial regression of degree two. The number of coefficients bn varies with the power of the independent variable X. The term Y stands for the properties of the alkaloid structures and X stands for the simple degree and neighborhood degree related topological indices. All the equations of the both regression are discussed for the ten degree related TIs. The equations of the regression are given in parallel for a better comparison of the data. The statistical computation is done using SPSS software. It is clear from the equations given below that the values of the coefficient of X2 are approximately zero. The small values of coefficients of X2 describe that no scatter plot is “U” shaped. The values of the slopes and intercepts are negative as well as positive for all six properties of the alkaloid structures.
4.1.1 Face index F[image: image]
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4.1.2 Neighborhood face index NF[image: image]
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4.1.3 First Zagreb index [image: image]
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4.1.4 Neighborhood first Zagreb index [image: image]
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4.1.5 Second Zagreb index [image: image]
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4.1.6 Neighborhood second Zagreb index [image: image]
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4.1.7 Harmonic index H[image: image]
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4.1.8 Neighborhood harmonic index NH[image: image]
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4.1.9 Modified harmonic index MH[image: image]
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4.1.10 Advanced harmonic index AH[image: image]
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4.2 Statistical parameters
The significance, importance, and variations of each statistical parameter in relation to the T-indices are discussed in this section. There are five parameters related to statistics that are used to indicate the importance of computations. A population’s size is typically referred to by the parameter N. 16 alkaloid structures are used, and the sample size is the same for all alkaloid properties. Two tests, the p-test and the F-test, are used to test the null hypothesis. The p-value is the least significant point at which the null hypothesis would be rejected, and a higher p-value means a greater chance that the experiment will fail. If the values of p are zero, then it is an ideal significant value. The range of p values varies from 0 to 1. It is clear from the tables given below that all the values of p are less than 0.001≅0. The p-test is significant if p ≤ 0.05 but in this manuscript, the p values for all the computations are lower than 0.001, which is evidence of a significant experiment. There are ten indices applied to six properties of alkaloid structures. The eight indices that are already defined are great indices with very low p values, but two indices introduced in this article, namely, the modified harmonic index and the advanced harmonic index, also have significant p values. A positive sign for experiment selection is an F-test score greater than 2.5. F values can be anything from 0 to an infinitely large number. The range of F-test values for the face index is 23.1705–81.3911, given in Table 3. The values of the F-test for the NF-index vary from 14.2701 to 82.3884, which is much higher and more significant than the 2.5 given in Table 4. In both, linear and quadratic regression the maximum and minimum values of F for first Zagreb indices are 26.2429–622.0212 given in Table 5. It is clear from Tables 3–12 that no topological index show less value than 2.5 that represents all TI are significant according to F-test.
TABLE 3 | Statistical parameters of linear and quadratic QSPR model for F[image: image].
[image: Table 3]TABLE 4 | Statistical parameters of linear and quadratic QSPR model for NF[image: image].
[image: Table 4]TABLE 5 | Statistical parameters of linear and quadratic QSPR model for [image: image]
[image: Table 5]TABLE 6 | Statistical parameters of linear and quadratic QSPR model for [image: image].
[image: Table 6]TABLE 7 | Statistical parameters of linear and quadratic QSPR model for [image: image].
[image: Table 7]TABLE 8 | Statistical parameters of linear and quadratic QSPR model for [image: image].
[image: Table 8]TABLE 9 | Statistical parameters of linear and quadratic QSPR model for H[image: image].
[image: Table 9]TABLE 10 | Statistical parameters of linear and quadratic QSPR model for NH[image: image].
[image: Table 10]TABLE 11 | Statistical parameters of linear and quadratic QSPR model for MH[image: image].
[image: Table 11]TABLE 12 | Statistical parameters of linear and quadratic QSPR model AH[image: image].
[image: Table 12]The parameters rl, Fl, pl, rq, Fq, pq represent the correlation coefficient, F-test and p-test values of the linear as well as the quadratic regression respectively. A correlation coefficient is a number that describes the relationship between two quantities and is represented by r. The values of r lie between −1 and 1. The values of r may be negative and positive according to the nature of the relationship between two quantities. The number r near zero shows no relation and near −1 or 1 is a very strong correlation. There are six properties of the alkaloid structures are examined with the help of statistical tools but no correlation value is less than 0.6. It can be observed from Tables 3–12 almost the correlation values between TIs and properties of alkaloids are greater than 0.8. The correlation between flash point and face index in quadratic regression is only the low correlation r = 0.6638. There is no index in linear and quadratic regression that shows the inverse relationship with negative values of the correlation coefficient.
4.3 Graphical analysis for curvilinear regression
Linear and quadratic regression models have different curves. We applied two regression models to get good, suitable, and significant results. It is clear from Tables 3–12 that the results of quadratic regression are higher and more beneficial in studying the properties of alkaloids. A number of articles have been written on the same pattern, using more than two regression models. The use of two regression models tells us which is better and also gives the computational comparison. Using multiple regression models in an article enhances analysis robustness, reliability, and depth, enabling researchers to explore diverse data aspects and draw more comprehensive conclusions. The linear regression model is good, but the quadratic model has more relevance without results for alkaloid structures. Quadratic models are useful for capturing complex relationships in real-world data, allowing for curved relationships, and detecting nonlinearity. They improve model fit, leading to more accurate predictions and a better understanding of underlying phenomena. Quadratic models also capture curvature, providing a more nuanced interpretation. They can also identify threshold effects, which are crucial in fields like economics and environmental science.The graphs of all six properties, such as molar weight, boiling point, enthalpy of vaporization, flash point, molar refractivity, and molar volume, are given in Figures 4–9. The regression models of all properties are described with the first Zagreb index. The QSPR analysis of all the numerical descriptors is done in the same way. In every graph, the relationship is significant, but quadratic regression seems to be more suited to estimating the properties of alkaloids.
[image: Figure 4]FIGURE 4 | Linear vs. quadratic regression for molar weight.
[image: Figure 5]FIGURE 5 | Linear vs. quadratic regression for boiling point.
[image: Figure 6]FIGURE 6 | Linear vs. quadratic regression for flash point.
[image: Figure 7]FIGURE 7 | Linear vs. quadratic regression for enthalpy of vaporization.
[image: Figure 8]FIGURE 8 | Linear vs. quadratic regression for molar refractivity.
[image: Figure 9]FIGURE 9 | Linear vs. quadratic regression for molar volume.
5 DISCUSSION AND COMPARATIVE ANALYSIS
It is possible to derive a number of results for the given degree-based topological indices by examining the data in Tables 3–12.
• The first index, the face index, has suitable values for the correlation. The correlation ranges for FI are 0.9212–0.9669. The results of correlations are obtained from both types of regression models. The FI has the highest values of the association with a molar weight of 0.9669 and the lowest values with an EV of 0.9212. The FI is a recent index but gives excellent predictions of the chemical compounds, especially the rang-shaped structures. The FI is new, so not much work is done on it. It is clear from Table 3 that r is greater than 0.9, which describes the significance of the FI in the QSPR modeling.
• The QSPR analysis of the neighborhood sum degree face (NFI) index demonstrates that the NF-index is a successful technique for predicting the molar volume and molar weight of alkaloids, with correlation coefficient values of r = 0.9171 and 0.9632. The range of the correlation for linear regression varies from 0.8596 to 0.9514. The range of quadratic regression correlations changes from 0.8627 to 0.9632. The examination of Table 4 reveals that both regression models show good correlations, but the quadratic one is more predictable and strong.
• The QSPR study of the first Zagreb index demonstrates that the M1 index outperforms face indices in terms of predictive power. According to Table 5, the quadratic regression model’s correlation coefficients for the M1 index with alkaloids’ molar weight, boiling point, molar refractions, flash point, and molar volume are all fairly good, with r values of 0.9924, 0.9135, 0.9877, 0.9097, and 0.9622, respectively. The correlation range for the M1 index in the linear regression ranges from 0.8855 to 0.9889.
• Gutman is the first to discuss the significance of the M2 index in determining the π-electron energy. In comparison to the M1 index, the correlation between the M2 index and the properties of alkaloids is slightly weaker, as shown in Table 7. The M2 index has the strongest correlation with an alkaloid’s boiling point, with a quadratic regression value of 0.9091.
• The neighborhood version of M-indices is a relatively new method for comprehending the molecular structures of various chemicals. In the QSPR study, it was discovered that the predicting power of the NM-indices for the physical properties of alkaloids was comparable to that of the NF-index. The correlation coefficient has values between 0.8678 and 0.9781. As can be seen in Table 6, the molar weight correlation is strong and positive, with r = 0.9781. As a result, alkaloids’ properties can be approximated by using NM-indices.
• The harmonic index is a simple index that is easy to calculate. At first, it did not get much attention, but over time, it was used to get information about the structures of many drugs. With correlation coefficients of r = 0.9821, 0.9856, and 0.98, respectively, Table 9 demonstrates that the H-index is a useful tool for predicting the molar weight, molar volume, and molar volume of alkaloids. The correlation range for quadratic regression is 0.8515–0.9821, whereas the correlation range for linear regression is 0.8505–0.9748.
• The modified harmonic index is the most suitable and efficient index for comprehending alkaloids’ properties. The QSPR study in Table 11 reveals that the predicting power of the MH-index is very high compared to other degree-based topological indices. For the linear regression, the correlation coefficient of the MH-index with the physical properties of alkaloids is between 0.89 and 0.998, while for the quadratic regression, it is between 0.9130 and 0.9982. In addition, the molar refractivity (0.9966) and molar weight (0.9982) have extremely high r values for the MH-index. As a result, the QSPR study demonstrates that the MH-index is an amazing tool for predicting alkaloids’ physical properties. The fact that this index has the highest correlation values with each of the six properties of alkaloids in both the linear and quadratic cases is what makes it stand out the most.
• For the purpose of analyzing the structures of alkaloids, the advanced harmonic index is introduced. For the linear regression, the AH-index has a correlation greater than or equal to 0.9 for three parameters: the molar weight (0.9695), the molar refractivity (0.9658), and the molar volume (0.9422). As an alternative to the experimental values, the relationship between the AH-index and all physical parameters is very strong and direct. The calculations uncovered that this recently presented index is powerful and beneficial for concentrating on alkaloid structures.
The aim of this manuscript is to investigate the six properties of the alkaloid structures without doing any lab experiments. The experimental values are already defined and are very time-consuming, costly, and difficult to calculate. In recent years, a large number of articles have been published on the significance of numerical descriptors and statistical techniques. A large number of medicinal structures are explored and examined with the help of different types of indices and different types of regression. To calculate the relationship between experimental and approximate results, the linear regression model is mostly used because it gives the highest value of the relationship. Here we mention some results similar to our work to show the validity and significance of computations. Abid et al. analyzed the lyme drugs with the help of degree-based indices and a linear regression model, and their results are given in Table 13. Diabetes is one of the most common and fatal diseases today. The results of the correlation for the first Zagreb index, the second Zagreb index, and the harmonic index are given in Table 13 for the study of four parameters: molar volume, flash point, boiling point, and molar refractivity. All the correlations of the indices for the alkaloids are higher than 0.8. The correlations for the diabetes drugs are also greater than 0.8, which describes the selection of suitable indices given in Table 13.
TABLE 13 | Comparison of results with literature.
[image: Table 13]For more applications of the QSPR model method and topological indices see [35–38].
6 CONCLUSION
In this article, we analyze six properties of the chemical structures called alkaloids with the help of topological indices and regression models. In QSPR studies, old and new indices are useful for predicting the characteristics of alkaloids. All the TIs have positive values for the correlation, which means there is a direct relationship between all the topological indices and the six properties of alkaloids. The novel indices defined in this manuscript have a strong correlation with all six properties of alkaloids. It is important to note that the newly defined modified harmonic index has the highest values of correlation with all properties of alkaloids and has a preference over other indices. The linear and quadratic regression models are used to get suitable results. All the correlation values are above 0.8, and p values less than 0.001 are considered experimentally useful. The quadratic regression model is more efficient for studying alkaloid structures. The logarithmic and exponential regression models cannot be used because of low and nonsignificant correlation values. Alkaloids are important chemicals that are used to make drugs and other medicines. Therefore, chemists can use the results derived in this article to study alkaloids for a variety of purposes. We work on different topological indices to estimate the properties of the alkaloids, but only include those descriptors that show a significant relationship with the properties of the alkaloids. The outcomes derived from the topological indices are the estimated values, which may be significant or not. The validity of the molecular descriptors is checked with the help of statistical tools.
The characteristics of alkaloids structures, such as melting point, density, logP, and surface tension, cannot be estimated with the help of the indices used in this manuscript because of low correlation coefficients. Mathematicians may not be able to decide on the values they obtain for various chemical compounds because chemists have not published the range of topological indices online. A large number of molecular descriptors have been defined, but still, some properties of the complicated structures cannot be described with the help of the QSPR model method. This means that mathematicians may not be able to determine whether the compounds the researchers selected will be the subject of future research.
In the future, might come up with some new indices to learn about different structures, such as the structures of medicines used to treat high blood pressure.
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