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Abstract. Quantitative Structure–Property Relationship (QSPR) analysis
is an effective computational approach for predicting the physicochemical

properties of chemical compounds using graph-theoretical descriptors. In this
study, the second multiplicative hyper-Zagreb index is employed to investigate

the thermodynamic properties of twenty-four straight-chain aldehydes. The

computed descriptor values are correlated with thermal energy (Eth), heat
capacity (CV ), and entropy (S) using a logarithmic regression model. The

predictive performance of the model is evaluated using the correlation coeffi-

cient (r) and the coefficient of determination (R2). The results demonstrate
that the second multiplicative hyper-Zagreb index is an effective molecular

descriptor for modeling the thermodynamic properties of aldehydes.

1. Introduction

Aldehydes constitute one of the most significant classes of organic compounds
and are characterized by the presence of a terminal carbonyl functional group
((−CHO)). They serve as fundamental intermediates in numerous chemical, phar-
maceutical, agricultural, and industrial processes. Owing to their high chemical
reactivity, aldehydes participate in a wide variety of organic transformations, in-
cluding oxidation, reduction, condensation, and polymerization reactions. Lower
aliphatic aldehydes such as ethanal and propanal are extensively employed in the
manufacture of solvents, perfumes, plastics, dyes, and synthetic resins, whereas
higher aldehydes find applications in the production of surfactants, lubricants, fla-
voring agents, and specialty chemicals. Their widespread utilization has motivated
extensive investigations into their structural, thermodynamic, and physicochemi-
cal characteristics.

The physicochemical properties of organic molecules are closely associated with
their molecular structures. Thermodynamic quantities such as thermal energy,
heat capacity, and entropy provide valuable information regarding the energetic
stability, molecular motion, and energy distribution within chemical compounds.
Thermal energy represents the total internal energy arising from molecular vi-
brations, rotations, and translations under specified conditions. Heat capacity
measures the amount of heat required to increase the temperature of a substance
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by one degree, thereby reflecting the molecular flexibility and the number of ac-
cessible energy states. Entropy describes the degree of molecular disorder and the
distribution of energy among available microscopic configurations. These parame-
ters are indispensable in understanding molecular stability, reaction mechanisms,
phase transitions, and chemical kinetics.

The homologous series of aliphatic aldehydes provides an ideal framework for
investigating systematic variations in thermodynamic properties with increasing
molecular size. As the number of carbon atoms increases from ethanal to pen-
tacosanal, the molecular mass, chain length, and conformational flexibility also
increase, resulting in predictable changes in thermal energy, heat capacity, and
entropy. Such systematic trends facilitate the development of quantitative rela-
tionships between molecular structure and experimentally measured physicochem-
ical properties. Consequently, homologous aldehydes are frequently employed as
benchmark datasets for validating computational chemistry methods, molecular
descriptors, and quantitative structureproperty relationship (QSPR) models [6].

In computational chemistry, reliable thermodynamic data are essential for val-
idating theoretical predictions and establishing accurate structureproperty cor-
relations. Thermal energy, heat capacity, and entropy values obtained through
computational methods or experimental measurements serve as reference param-
eters for evaluating newly proposed molecular descriptors. These descriptors are
particularly useful in graph-theoretical studies, where molecules are represented as
mathematical graphs consisting of vertices and edges corresponding to atoms and
chemical bonds, respectively. Graph-based descriptors capture structural informa-
tion efficiently and have demonstrated considerable success in predicting diverse
physicochemical, biological, and pharmacological properties without requiring ex-
pensive laboratory experiments.

The present study considers a dataset of twenty-four straight-chain aldehydes
ranging from ethanal to pentacosanal. For each compound, the molecular formula,
thermal energy ((Eth)), heat capacity ((CV )), and entropy ((S)) are collected and
summarized in Table 1. These thermodynamic properties are employed as target
variables for establishing quantitative structureproperty relationship models using
graph-theoretical descriptors. The selected dataset offers a systematic increase in
molecular complexity, enabling an effective assessment of the predictive capability
of the proposed descriptors and regression models. Furthermore, the availability
of experimentally or computationally determined thermodynamic data provides
a reliable basis for evaluating the correlation between molecular topology and
physicochemical behavior [8].

Overall, the structural and thermodynamic information presented in Table 1
forms the foundation for the subsequent QSPR analysis. By examining the re-
lationship between graph-based descriptors and thermodynamic properties, the
study aims to demonstrate the effectiveness of mathematical graph theory in pre-
dicting important physicochemical characteristics of aldehydes. Such investiga-
tions contribute to the development of efficient computational tools for molecular
property prediction, molecular design, and chemical informatics, thereby reduc-
ing the dependence on extensive experimental measurements while enhancing the
understanding of structureproperty relationships in organic compounds.
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2. QSPR Analysis of Aldehydes

Quantitative Structure–Property Relationship (QSPR) analysis has emerged as an
effective computational approach for establishing mathematical relationships be-
tween the structural characteristics of chemical compounds and their experimen-
tally determined physicochemical properties. By representing molecules as math-
ematical graphs and extracting appropriate topological descriptors, QSPR models
enable the prediction of molecular properties without the need for extensive labo-
ratory experiments. Such predictive models significantly reduce experimental time
and cost while providing valuable insights into the influence of molecular struc-
ture on physicochemical behavior. Consequently, graph-theoretical descriptors
have been widely employed in chemistry, pharmaceutical sciences, material sci-
ence, and chemical engineering for predicting various thermodynamic, electronic,
and physicochemical properties of molecular compounds [2, 3].
In the present study, a homologous series of twenty-four straight-chain aldehydes,
ranging from ethanal to pentacosanal, was selected for QSPR analysis. Aldehydes
are an important class of organic compounds containing the terminal carbonyl
functional group (−CHO) and are extensively used in the manufacture of phar-
maceuticals, polymers, fragrances, solvents, and fine chemicals. Owing to the
systematic increase in their carbon chain length, these compounds provide an
ideal dataset for investigating the relationship between molecular topology and
thermodynamic properties. The structural details together with the correspond-
ing thermal energy (Eth), heat capacity (CV ), and entropy (S) of the selected
aldehydes are presented in Table 2. These experimentally reported physicochem-
ical properties are considered as the dependent variables in the present QSPR
investigation [1].
Thermal energy (Eth) represents the internal energy associated with molecular
vibrations, rotations, and translational motion, whereas heat capacity (CV ) mea-
sures the amount of heat required to raise the temperature of a substance by one
unit. Entropy (S) describes the degree of molecular disorder and the distribution
of energy among the accessible microscopic states. Since these thermodynamic
properties are closely influenced by molecular size, connectivity, and structural
complexity, they are well suited for correlation with graph-theoretical molecular
descriptors [5].
In this study, the proposed graph-theoretical descriptor is employed as the inde-
pendent variable to establish quantitative relationships with the selected physic-
ochemical properties of aldehydes. The descriptor values are computed from the
molecular graphs of the considered compounds, where vertices represent atoms and
edges correspond to chemical bonds. These descriptor values are subsequently cor-
related with the thermal energy (Eth), heat capacity (CV ), and entropy (S) using
linear, quadratic, cubic, logarithmic, power, and exponential regression models.
The predictive capability of each regression model is assessed using the correlation
coefficient (r) and the coefficient of determination (R2). The computed values of
the proposed descriptor for all considered aldehydes are presented in Table 1, and
the corresponding regression analyses are discussed in the subsequent sections.
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To investigate and predict the physicochemical properties of Aldehydes, the second
multiplicative hyper-Zagreb index HII2(G) was employed as a molecular descrip-
tor. The second multiplicative hyper-Zagreb index of a graph was introduced by
Kulli in [4] and is defined as follows:

HII2(G) =
∏

uv∈E(G)

(dG(u) · dG(v))
2
,

here du(G) and dv(G) denote the degrees of the vertices u and v in the graph G,
respectively, while E(G) represents the edge set of G.

Table 1. Second Multiplicative Hyper-Zagreb Index of the considered aldehydes

Compound HII2(G)

Ethanal 16

Propanal 256

Butanal 4096

Pentanal 65536

Hexanal 1048576

Heptanal 16777216

Octanal 268435456

Nonanal 4294967296

Decanal 68719476736

Undecanal 1.09951 × 1012

Dodecanal 1.75922 × 1013

Tridecanal 2.81475 × 1014

Tetradecanal 4.50360 × 1015

Pentadecanal 7.20576 × 1016

Hexadecanal 1.15292 × 1018

Heptadecanal 1.84467 × 1019

Octadecanal 2.95148 × 1020

Nonadecanal 4.72237 × 1021

Eicosanal 7.55579 × 1022

Heneicosanal 1.20893 × 1024

Docosanal 1.93428 × 1025

Tricosanal 3.09485 × 1026

Tetracosanal 4.95176 × 1027

Pentacosanal 7.92282 × 1028
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Table 2. Structural details and their thermal energy (Eth), heat capacity (CV )
and entropy (S) for the aldehydes used in the present study

Compound Formula No. Eth (kcal/mol) CV (cal/molK) S (cal/molK)

Ethanal C2H4O 1 40.074 10.472 62.483

Propanal C3H6O 2 60.162 14.719 69.255

Butanal C4H8O 3 80.131 19.195 76.521

Pentanal C5H10O 4 100.175 23.569 83.110

Hexanal C6H12O 5 132.672 26.877 90.594

Heptanal C7H14O 6 139.940 32.586 97.626

Octanal C8H16O 7 159.879 37.083 104.813

Nonanal C9H18O 8 179.812 41.597 112.474

Decanal C10H20O 9 199.764 46.095 119.946

Undecanal C11H22O 10 219.717 50.587 127.356

Dodecanal C12H24O 11 239.673 55.061 134.061

Tridecanal C13H26O 12 259.626 59.553 141.197

Tetradecanal C14H28O 13 279.545 64.080 149.267

Pentadecanal C15H30O 14 299.493 68.575 156.600

Hexadecanal C16H32O 15 319.434 73.070 163.611

Heptadecanal C17H34O 16 339.444 77.480 171.456

Octadecanal C18H36O 17 360.034 81.825 178.205

Nonadecanal C19H38O 18 380.088 86.245 185.815

Eicosanal C20H40O 19 400.070 90.739 193.172

Heneicosanal C21H42O 20 420.055 95.226 200.520

Docosanal C22H44O 21 440.039 99.715 207.846

Tricosanal C23H46O 22 460.024 104.206 215.418

Tetracosanal C24H48O 23 480.006 108.692 222.462

Pentacosanal C25H50O 24 499.992 113.185 230.223
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Table 3. Statistical parameters for the logarithmic QSPR model for the second
multiplicative hyper-Zagreb index HII2(G) and the physicochemical properties of
aldehydes

Physicochemical properties R R2 Adjusted R2 F Sig.

Eth (kcal/mol) 1.000 1.000 1.000 67012.79 0.000

CV (cal/molK) 1.000 1.000 1.000 293586.81 0.000

S (cal/molK) 1.000 1.000 1.000 383621.43 0.000

Logarithmic Regression Model:
By utilizing the data presented in Tables 1 and 2, logarithmic regression mod-
els are developed for the selected physicochemical properties of aldehydes. The
logarithmic regression model is expressed as:

y = a + b log(x),

where y denotes the physicochemical property, a is the regression coefficient (inter-
cept), b is the regression constant (slope), and x represents the molecular descrip-
tor. The logarithmic regression models corresponding to the second multiplicative
hyper-Zagreb index are given below:
The logarithmic regression models for the second multiplicative hyper-
Zagreb index HII2(G) are given by:

Eth (kcal/mol) = 21.4813 + 7.1826 log(HII2),

CV (cal/molK) = 5.6697 + 1.6163 log(HII2),

S (cal/molK) = 54.1387 + 2.6386 log(HII2).

The correlations of the second multiplicative hyper-Zagreb index, HII2(G), with
the selected physicochemical properties of aldehydes obtained using the logarith-
mic regression model are depicted in the figures below:
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3. Conclusion

In this study, the second multiplicative hyper-Zagreb index was employed as a
molecular descriptor to investigate the thermodynamic properties of twenty-four
straight-chain aldehydes through QSPR analysis. The descriptor values were cor-
related with thermal energy (Eth), heat capacity (CV ), and entropy (S) using a
logarithmic regression model. The obtained values of the correlation coefficient (R)
and the coefficient of determination (R2) demonstrate a strong correlation between
the proposed descriptor and the selected physicochemical properties. Therefore,
the second multiplicative hyper-Zagreb index can be regarded as an effective molec-
ular descriptor for predicting the thermodynamic properties of aldehydes and may
serve as a useful tool in future QSPR investigations of related organic compounds.
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