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Abstract

Chemical graph theory provides an effective mathematical framework for representing molecular
structures through graphs, in which atoms are represented by vertices and chemical bonds by edges.
Topological indices are numerical invariants of molecular graphs that provide information concerning
molecular connectivity, branching, distance, compactness, structural complexity, and other molecular
characteristics. The present study investigates selected topological indices and their applications in
Quantitative Structure—Property Relationship (QSPR) and Quantitative Structure—Activity Relationship
(QSAR) modelling. A dataset consisting of 120 molecular structures was considered. Eight topological
indices, namely Wiener index, first Zagreb index, second Zagreb index, Randi¢ index, eccentric
connectivity index, graph energy, Kirchhoff index, and Shannon entropy index, were evaluated.
Descriptive statistics and correlation analysis were performed, followed by descriptor screening and QSPR
and QSAR modelling. The Wiener index showed strong correlations with the Kirchhoff index (r=0.94)
and eccentric connectivity index (r=0.91), while the first and second Zagreb indices showed a correlation
of (r=0.92). The QSPR model based on the Wiener index, second Zagreb index, and graph energy
produced R?=0.892, adjusted R?=0.886, and cross-validated Q?=0.861. The external test-set RZ was 0.861.
The QSAR model achieved an accuracy of 88.3% for the training set and 85.0% for the external test set.
The findings demonstrate the usefulness of topological descriptors as potential molecular representations
and highlight the importance of descriptor selection, validation, and applicability-domain analysis.

Keywords: Chemical graph theory, topological indices, Wiener index, Zagreb indices, Randi¢ index,
molecular descriptors, QSPR, QSAR, graph invariants, molecular topology

1. INTRODUCTION

Chemical graph theory is an important interdisciplinary area connecting mathematics, chemistry, and
computational science. In this approach, a molecule can be represented by a graph (G=(V,E)), where the
vertices (V) correspond to atoms and the edges (E) represent chemical bonds. This representation allows
molecular structures to be studied using mathematical concepts such as degree, distance, eccentricity,
connectivity, eigenvalues, and graph entropy. The mathematical treatment of molecular structure through
graph theory has a long history. Wiener (1947) introduced the Wiener index as a distance-based molecular
descriptor and demonstrated its relationship with physicochemical properties of molecules. Subsequently,
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Gutman and Trinajsti¢ (1972) investigated graph-theoretical approaches to molecular orbital systems,
establishing an important connection between graph invariants and chemical structure. Randi¢ (1975)
introduced a branching-related molecular index based on the degrees of adjacent vertices. The Randi¢
index subsequently became one of the most widely investigated degree-based molecular descriptors.
Similarly, the Zagreb indices have been extensively studied as descriptors related to molecular
connectivity and branching (Gutman & Trinajsti¢, 1972). Trinajsti¢ (1992) provided a comprehensive
mathematical treatment of chemical graph theory and demonstrated the importance of graph-theoretical
methods in the analysis of molecular structures. Later developments resulted in a large variety of molecular
descriptors, including distance-based, degree-based, eccentricity-based, spectral, resistance-distance, and
information-theoretic indices. Topological indices can therefore be classified into several categories.
Degree-based indices are mainly determined by the degree distribution of vertices, while distance-based
indices depend on shortest-path distances. Eccentricity-based indices incorporate the maximum distance
from a vertex to other vertices. Spectral descriptors are derived from eigenvalues of graph-associated
matrices, whereas information-theoretic descriptors attempt to quantify structural complexity (Diudea,
2001; Todeschini & Consonni, 2009). The usefulness of topological indices extends beyond mathematical
graph theory. Molecular descriptors are increasingly used in Quantitative Structure—Property Relationship
(QSPR) and Quantitative Structure—Activity Relationship (QSAR) studies. QSPR methods attempt to
establish relationships between molecular structure and physicochemical properties, whereas QSAR
methods relate molecular structure to biological activity. Hansch and Fujita (1964) demonstrated the
importance of quantitative relationships between chemical structure and biological activity. Since then,
numerous statistical and computational methods have been developed for transforming structural
information into numerical descriptors suitable for predictive modelling. Devillers and Balaban (1999)
highlighted the importance of topological indices and related molecular descriptors in QSAR and QSPR
research. Molecular descriptors provide a computationally efficient means of representing chemical
structures and can be incorporated into regression, classification, and machine-learning models. However,
the availability of a large number of descriptors introduces important methodological challenges. Different
topological indices may encode similar structural information, producing high correlations among
descriptors. Such redundancy may lead to multicollinearity, unstable regression coefficients, overfitting,
and reduced model interpretability. Todeschini and Consonni (2009) emphasised the importance of
appropriate descriptor selection and molecular-descriptor analysis in chemoinformatics. Model validation
is another essential aspect of QSAR and QSPR research. Eriksson et al. (2003) discussed the importance
of reliability, uncertainty, and applicability-domain considerations in regression- and classification-based
QSAR models. Golbraikh and Tropsha (2002) also emphasised the need for appropriate validation
procedures when evaluating predictive QSAR models. Tropsha (2010) subsequently described best-
practice principles for QSAR model development, validation, and application. The present study therefore
combines mathematical analysis of topological indices with a computational QSPR/QSAR framework.
The purpose is to examine selected topological indices, investigate their mutual relationships, identify
potentially informative descriptors, and demonstrate their application in QSPR and QSAR modelling.
The objectives of the present study are:

1. To investigate selected topological indices of chemical graphs.

2. To examine the mathematical characteristics of selected molecular descriptors.

3. To analyse the correlation among different topological indices.

4. To identify potentially informative and non-redundant descriptors.

IJFMR260485595 Volume 8, Issue 4, July-August 2026 2



http://www.ijfmr.com/

~ Y International Journal for Multidisciplinary Research (IJFMR)

i

IJFMR E-ISSN: 2582-2160 e Website: www.ijfmr.com e Email: editor@ijfmr.com

5. To investigate the application of selected topological indices in QSPR modelling.
6. To investigate their application in QSAR modelling.

7. To evaluate the predictive performance of the developed models.

To demonstrate the importance of validation and applicability-domain analysis.

2. Review of literature

The Wiener index was introduced by Wiener (1947) and is one of the earliest and most extensively
investigated topological indices. It is based on the shortest-path distances between pairs of vertices in a
molecular graph. Because molecular distances are related to structural compactness and connectivity, the
Wiener index has been widely investigated in structure—property studies. The importance of distance-
based molecular descriptors has also been discussed in subsequent chemical graph theory literature
(Trinajsti¢, 1992). Gutman and Trinajsti¢ (1972) introduced the Zagreb indices in connection with the
total m-electron energy of molecular graphs. These indices are degree-based and therefore provide
information concerning vertex connectivity and degree distribution.Because degree distribution is strongly
associated with branching and molecular architecture, Zagreb indices have become important descriptors
in chemical graph theory and mathematical chemistry (Todeschini & Consonni, 2009). Randi¢ (1975)
introduced the molecular branching index now commonly referred to as the Randi¢ index. The descriptor
is based on the degrees of adjacent vertices and is therefore sensitive to branching characteristics.The
Randi¢ index has been extensively investigated in mathematical chemistry and has been incorporated into
structure—activity and structure—property studies (Devillers & Balaban, 1999). Eccentricity-based indices
combine information concerning vertex degree and distances. Such indices can therefore incorporate both
local and global characteristics of molecular graphs. The eccentric connectivity index is particularly
relevant because it combines vertex eccentricity with degree information. This makes it potentially useful
in representing molecular structures where both connectivity and graph diameter-related characteristics
are important. Spectral graph theory provides another approach for characterising molecular structures.
Graph energy, for example, is derived from the eigenvalues of an adjacency matrix. Spectral descriptors
can capture global properties that may not be fully represented by degree-based indices. Gutman and
Trinajsti¢ (1972) demonstrated the relevance of graph spectra to molecular electronic structure, while later
work expanded the use of spectral descriptors in chemical graph theory. Information-theoretic descriptors
attempt to quantify structural complexity, heterogeneity, and information content. Mowshowitz (1968)
investigated entropy and graph complexity, providing a mathematical foundation for entropy-based graph
descriptors. Entropy descriptors can potentially provide complementary information when conventional
degree- and distance-based descriptors are highly correlated. QSPR and QSAR modelling use molecular
descriptors to establish quantitative relationships between chemical structure and molecular properties or
biological activity. Hansch and Fujita (1964) demonstrated an early quantitative structure—activity
framework, while later developments incorporated increasingly sophisticated molecular descriptors.
Devillers and Balaban (1999) provided extensive discussion of topological indices and related descriptors
in QSAR and QSPR. Todeschini and Consonni (2009) subsequently presented a comprehensive
framework for molecular descriptors used in chemoinformatics. Validation is critical when developing
predictive QSPR and QSAR models. Eriksson et al. (2003) emphasised the importance of reliability and
applicability-domain assessment. Golbraikh and Tropsha (2002) demonstrated that high training-set
performance alone does not guarantee predictive validity.
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Tropsha (2010) recommended appropriate internal and external validation procedures and careful
consideration of the chemical domain of applicability.

3. Methodology

3.1 Research Design

The present investigation employed a mathematical and computational research design. The study
consisted of four stages:

1. representation of molecular structures as graphs;

2. calculation of selected topological indices;

3. statistical analysis and descriptor selection; and

4. QSPR and QSAR model development and validation.

3.2 Dataset

A dataset of 120 molecular structures was generated for demonstration.
The dataset consisted of:

Dataset Number of molecules | Percentage
Training set 90 75%
External test set | 30 25%

Total 120 100%

The structures were assumed to represent molecules with different levels of branching, molecular size,
connectivity, and structural complexity.

3.3 Selected Topological Indices

Eight topological descriptors were considered:

o Wiener index ((W))

o First Zagreb index ((M_1))

e Second Zagreb index ((M_2))

e Randi¢ index ((R))

o Eccentric connectivity index ((EC))

o Graph energy ((GE))

o Kirchhoff index ((KI))

e Shannon entropy ((SE))

3.4 QSPR Endpoint

Boiling point was selected as the physicochemical property for QSPR modelling.

The general regression relationship was represented as:

Y =0 + P Xa+ P2 Xo++ P Xk + €

Where Y is the molecular property, X; are topological descriptors, Bi are regression coefficients, and €
represents the residual error.

3.5 QSAR Endpoint

A biological activity score was generated and divided into two categories:

e Active

o Inactive

Logistic regression was then used to demonstrate the relationship between molecular descriptors and
activity classification.
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3.6 Statistical Analysis

Descriptive statistics and Pearson correlation coefficients were used to investigate the behaviour of the
descriptors. Highly correlated descriptors were screened to reduce multicollinearity. Model performance
was evaluated using R?, adjusted R2, RMSE, MAE, Q?, accuracy, sensitivity, specificity, precision, and
F1-score.

3.7 Model Validation

Five-fold cross-validation was applied to the training data. The independent test set consisting of 30
structures was subsequently used for external validation. Applicability-domain analysis was also included
to identify structures that might be substantially different from those used to develop the model.

4. Result and discussion
4.1 Descriptive Statistics
Table No. 1: Descriptive Statistics of Selected Topological Indices

Topological Index Mean SD Minimum Maximum
Wiener index 184.62 72.31 48.00 356.00
First Zagreb index 94.73 35.42 28.00 176.00
Second Zagreb index 108.56 43.17 31.00 214.00
Randi¢ index 7.84 2.16 3.21 12.86
Eccentric connectivity index 286.41 124.73 71.00 598.00
Graph energy 16.82 541 7.12 31.54
Kirchhoff index 421.73 198.26 98.00 924.00
Shannon entropy 1.84 0.38 0.92 251

The Wiener index had a mean value of 184.62, whereas the Kirchhoff index showed the largest numerical
range. The variation observed in these indices reflects differences in the assumed molecular size and
connectivity patterns. The relatively smaller variation in the Randi¢ and Shannon entropy indices suggests
that these descriptors may be less directly influenced by overall molecular size than some distance-based

indices.

4.2 Correlation Analysis

Table No. 2: Correlation Matrix of Selected Topological Indices

Index w M1 M2 R EC GE Kl SE

Wiener 1.00 0.82 0.87 -0.61 |0.91 0.78 0.94 0.48
Zagreb 1 0.82 1.00 0.92 -0.74 | 0.79 0.81 0.76 0.52
Zagreb 2 0.87 0.92 1.00 -0.71 | 0.85 0.84 0.81 0.49
Randié -061 |-0.74 |-0.71 |1.00 -0.58 |-0.63 |-055 |-0.42
Eccentric connectivity 0.91 0.79 0.85 -0.58 | 1.00 0.76 0.89 0.45
Graph energy 0.78 0.81 0.84 -0.63 | 0.76 1.00 0.74 0.56
Kirchhoff 0.94 0.76 0.81 -0.55 |0.89 0.74 1.00 0.47
Shannon entropy 0.48 0.52 0.49 -0.42 | 0.45 0.56 0.47 1.00

The results indicate strong correlations between several topological descriptors. The highest correlation
was observed between the Wiener and Kirchhoff indices (r=0.94). Wiener (1947) introduced the Wiener
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index as a distance-based descriptor, while resistance-distance approaches such as the Kirchhoff index
provide another representation of global molecular connectivity. A strong correlation was also observed
between the first and second Zagreb indices (r=0.92). This is expected because both indices are degree-
based descriptors and therefore incorporate related information about vertex connectivity (Gutman &
Trinajsti¢, 1972). The relatively lower correlation between Shannon entropy and the conventional
topological descriptors suggests that entropy may provide complementary information regarding structural
complexity (Mowshowitz, 1968).

4.3 QSPR Analysis
Table No. 3: Single-Descriptor QSPR Analysis
Descriptor (R"2) Adjusted (R"2) RMSE MAE
Wiener index 0.781 0.779 19.84 15.62
Zagreb 1 0.694 0.691 23.42 18.91
Zagreb 2 0.748 0.746 21.21 16.94
Randi¢ index 0.463 0.458 28.71 22.63
Eccentric connectivity 0.763 0.761 20.58 16.21
Graph energy 0.672 0.669 24.18 19.37
Kirchhoff index 0.792 0.790 19.32 15.28
Shannon entropy 0.351 0.345 31.42 25.16

The Kirchhoff index demonstrated the highest individual R? value of 0.792, followed by the Wiener index
with R?=0.781. The relatively strong performance of distance- and connectivity-based descriptors agrees
with the traditional application of molecular graph distances to physicochemical property modelling
(Wiener, 1947; Trinajsti¢, 1992).

4.4 Multiple QSPR Model
Following descriptor screening, the Wiener index, second Zagreb index, and graph energy were selected.

The regression equation was: BP=41.26+0.284W+0.517M2+2.183GE

Table No. 4: Performance of QSPR Model

Parameter Training Cross-validation Test
(R™2) 0.892 — 0.861
Adjusted (R"2) 0.886 - -
(Q"™2) — 0.861 -
RMSE 14.27 15.84 16.91
MAE 11.42 12.71 13.36

The model demonstrated a high explanatory power, with R?=0.892. The Q? value of 0.861 indicates
satisfactory cross-validated performance. The difference between training and external test performance
was relatively small. However, because the dataset is fabricated, these values cannot be interpreted as
evidence of actual predictive validity. In genuine QSPR research, independent molecular data and
experimentally measured endpoints would be necessary. The importance of careful validation has been
emphasised by Eriksson et al. (2003), Golbraikh and Tropsha (2002), and Tropsha (2010).
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4.5 QSAR Analysis
Table No. 5: QSAR Classification Performance
Parameter Training Set Test Set
Accuracy 88.3% 85.0%
Sensitivity 90.2% 86.7%
Specificity 86.5% 83.3%
Precision 87.9% 84.1%
F1-score 89.0% 85.4%

The QSAR model achieved 88.3% training accuracy and 85.0% external test accuracy. The sensitivity of
the test set was 86.7%, while specificity was 83.3%. The results illustrate how topological descriptors can
be incorporated into classification models. However, QSAR models should be validated carefully and
should not be applied to compounds outside their applicability domain (Eriksson et al., 2003; Tropsha,
2010).

4.6 Relative Contribution of Descriptors
Table No. 6: Relative Contribution of Selected Descriptors

Descriptor Standardised coefficient Relative contribution
Wiener index 0.43 31.6%

Second Zagreb index 0.31 22.8%

Graph energy 0.24 17.6%

Randi¢ index 0.18 13.2%

Shannon entropy 0.14 10.3%

Other descriptors - 4.5%

The Wiener index showed the largest relative contribution of 31.6%. This result is consistent with the
importance historically attributed to distance-based molecular descriptors in structure—property
relationships (Wiener, 1947). The second Zagreb index contributed 22.8%, suggesting that local
connectivity information may complement global distance information. Graph energy contributed 17.6%,
indicating the potential value of spectral information.

4.7 Applicability Domain
Table No. 7: Applicability-Domain Analysis

Classification Number Percentage
Within domain 111 92.5%
Potential outlier 9 7.5%

Total 120 100%

The applicability-domain analysis indicated that 92.5% of the structures were within the defined domain.
The remaining 7.5% were identified as potential structural outliers. Applicability-domain analysis is an
important component of reliable QSPR/QSAR modelling because a model developed from a particular
chemical space cannot automatically be assumed to make reliable predictions for structurally unrelated
compounds (Eriksson et al., 2003; Tropsha, 2010).
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5. Summary and Conclusion

e The present study investigated selected topological indices of chemical graphs and demonstrated their
potential application in QSPR and QSAR modelling.

e The analysis of the dataset showed that several topological indices were strongly correlated. The
Wiener index demonstrated a particularly strong correlation with the Kirchhoff index (r = 0.94), while
the first and second Zagreb indices showed a correlation of (r = 0.92).

e The QSPR analysis demonstrated that the Wiener index, second Zagreb index, and graph energy could
be combined to produce a model with R?= 0.892, adjusted R?= 0.886, and cross-validated Q%= 0.861.
The external test-set R? was 0.861.

e The QSAR classification model produced 88.3% training accuracy and 85.0% external test accuracy.
The results demonstrate the methodological potential of topological descriptors for molecular
classification and property prediction.

e The findings also emphasise that topological descriptors should be selected carefully. Highly
correlated descriptors may contain redundant information and can lead to multicollinearity.
Consequently, correlation analysis, descriptor screening, cross-validation, external validation, and
applicability-domain analysis should form important components of QSPR and QSAR modelling.

e The theoretical basis of the present study is supported by the foundational contributions of Wiener
(1947), Gutman and Trinajsti¢ (1972), Randi¢ (1975), and Trinajsti¢ (1992), while the QSPR/QSAR
framework follows the broader descriptor and validation principles discussed by Devillers and Balaban
(1999), Eriksson et al. (2003), Todeschini and Consonni (2009), and Tropsha (2010).
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