
CARPATHIAN J. MATH.
Volume 40 (2024), No. 3,
Pages 607-622

Online version at https://www.carpathian.cunbm.utcluj.ro/

Print Edition: ISSN 1584 - 2851; Online Edition: ISSN 1843 - 4401

DOI: https://doi.org/10.37193/CJM.2024.03.04

Robust mathematical models of structure and quantitative
structure-property relationship studies of alkyl halides

ZOIŢA BERINDE and CLAUDIA BUTEAN

ABSTRACT. A QSPR (Quantitative Structure-Property Relationship) model links mathematically various
physicochemical properties with the structure of a molecule. Establishing such quantitative relationships is
of great technological importance as in this way one can predict the properties of new untested molecules by
means of a linear or nonlinear equation that expresses a certain property as an explicit function of one or more
independent variables. These functional relationships (usually called QSPR models) are obtained by perform-
ing specific QSPR studies on a class of similar compounds whose properties have been already determined and
were appropriately correlated to their molecular structures.

In this study we are interested to determine the best QSPR models for the normal boiling point (bp) and
molar refraction (mr) of 64 alkyl halides by using the topological index ZEP , the structural parameter (Hd)
and the number of carbon atoms (N ) as predictor variables. In order to validate the developed models with
respect to the goodness-of-fit, robustness and predictive ability for the two properties considered in the class of
alkyl halides, external validation, cross-validation (leave-one-out) and randomization (y-randomization) were
performed. The obtained results have shown that the three descriptors above could be efficiently used for
modelling and predicting the normal boiling points and molar refractions of the considered class of compounds.

1. INTRODUCTION

By a QSPR (Quantitative Structure-Property Relationship) study it is possible to link
mathematically various physicochemical properties with the structure of a molecule. Sim-
ilarly, a QSAR (Quantitative Structure-Activity Relationship) enables scientists to deter-
mine a mathematical expression that optimally links a biological activity with the struc-
ture of a chemical compound, see Kier and Hall [30], Trinajstić [46], [47], Balaban et al.
[2], [3], Diudea and Ivanciuc [21], Berinde [7], Diudea et al. [22], Engel and Gasteiger [24].
From the technological point of view it is of great importance to find such quantitative
relationships (QSPR, QSAR) as in this way one can predict the properties of new untested
molecules by means of a linear or nonlinear functional expression that involves one or
more variables.

Such a functional relationship (usually called a QSPR / QSAR model) is obtained by per-
forming specific QSPR / QSAR studies on a class of similar compounds whose properties
have been already determined and then correlated to their molecular structures.

The mathematical modelling of the relationship between the structure of a chemical
compound and its physicochemical properties or biological activities represents the main
object of molecular topology, constituted as an interdisciplinary branch of graph theory,
applied in the study of chemical structures, with important applications in chemistry,
biochemistry, and in the pharmaceutical industry.

This mathematical modelling process goes through three stages:
(1) Modelling the chemical structure with the help of molecular graphs;
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(2) Representation of molecular graphs by a matrix, a number, a string of numbers or
a polynomial etc., that allows to obtain topological descriptors/indices (TI);

(3) Using topological indices to find quantitative mathematical relationships structure-
property (QSPR) or biological structure-activity (QSAR).

The most used mathematical tools for constructing QSPR /QSAR models are the Linear
Regression Method and the Least Squares Method. There is a rich literature on both QSPR
and QSAR studies for various properties / activities and by using several topological
indices as independent variables.

For example, some linear and non-linear simple regression models were proposed in
Berinde [8] for the boiling point and molar refraction in a small set (16-18 compounds) of
alkyl halides, by using a single structural descriptor, the ZEP index. For the boiling point
(bp), the following six QSPR equations, with the best value of the correlation coefficient
r = 0.977, were obtained in Berinde [8]:

bp = −101.32922 + 9.8283528 · ZEP ; r = 0.950; s = 12.02 (N = 18)

bp = −144.22333 + 17.938117 · ZEP 0.5 ∗ lnZEP ; r = 0.951; s = 11.96 (N = 18)

bp = −111.74676 + 10.264089 · ZEP ; r = 0.967; s = 10.17 (N = 17)

bp = −112.88149 + 10.253969 · ZEP ; r = 0.977; s = 8.7 (N = 16)

bp =

(
26.217166− 109.79589 · lnZEP

ZEP

)2

; r = 0.968; s = 9.9 (N = 17)

ln(bp) = 6.0654915− 135.92523 · ZEP−1.5; r = 0.977; s = 8.5 (N = 18)

For the molar refraction (mr), five QSPR equations were also obtained in [8], with the best
value of the correlation coefficient r = 0.98:

mr = −2.3500175 + 1.5734065 · ZEP ; r = 0.970; s = 1.8 (N = 17)

mr = 75.493286− 22479.109 · lnZEP

ZEP 2
+

48761.419

ZEP 2
; r = 0.970; s = 1.7 (N = 17)

mr = 5.0938819− 11.422281 · lnZEP

ZEP
; r = 0.970; s = 1.7 (N = 17)

mr = −2.8525349 + 1.5850079 · ZEP ; r = 0.980; s = 1.5 (N = 17)

1

mr
= 0.010392272 + 3.180691 · lnZEP

ZEP 2
; r = 0.980; s = 1.51 (N = 16).

Several QSPR studies for the normal boiling points were also performed for various
classes of compounds:

• Balaban et al. [2] correlated the normal boiling points at normal pressure of 532
halogenated alkanes C1-C4 with various molecular connectivity indices due to
Balaban, Randić and Kier and Hall, see Berinde [15] for their definition;

• Duchowicz et al. [23] used DRAGON5 evaluation software to select the best
molecular descriptors from a set of more than thousand of rigid molecular de-
scriptors in order to predict the normal boiling points of 200 organic molecules;

• Gharagheizi et al. [27] proposed a comprehensive, reliable, and predictive model
using a large dataset of pure chemical compounds;

• Arjmand and Shafiei [1] predicted the normal boiling points and enthalpy of va-
porizations of alcohols and phenols;

• Dai et al. [20] predicted separately the normal boiling points for 80 alkanes, 65
unsaturated hydrocarbons and 70 alcohols;
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• Sola et al. [44] developed QSPR models for the prediction of the normal boiling
point of organic compounds (and also of the critical temperature and the critical
pressure);

• for other related contributions for various classes of compounds, see also Balaban
et al. [3], Basak et al. [5], Carlton [18], Ivanciuc et al. [29], Öberg [36], Sanghvi and
Yalkowsky [43], Wei [49] and some of the papers cited there.

Except for the paper by Berinde [8], it appears that no other study has dealt with the
prediction of boiling points and / or molar refractivity of alkyl halides. Instead, some
other properties were studied for this class of compounds or for related ones:

• Xu et al [50] obtained QSPR models for sub-cooled liquid vapor pressures (lg pL),
n-octanol/water partition coefficient (lg Kow) and aqueous solubilities (lg Sw, L)
of halogenated anisoles;

• Gajewicz et al. [25] derived QSPR models for the logarithmic values of the sub-
cooled liquid vapor pressure (log pL) for a large set of polychlorinated and poly-
brominated congeners of benzenes, biphenyls, dibenzo-p-dioxins, dibenzofurans,
diphenyl ethers and naphthalenes;

• Lu et al. [34] proposed a robust model for estimating thermal conductivity of
liquid alkyl halides;

In the present paper we are interested to fill this gap and determine the best QSPS
models for the normal boiling point (bp) and molar refraction (mr) for a significantly larger
class of 64 alkyl halides, by using as independent variables the topological index ZEP ,
the structural parameter (Hd) and the number of carbon atoms (N ) as predictor variables.
To derive the models we use the simple and multiple linear regression.

We have considered a class of alkyl halides with linear and branched chain of carbon
atoms containing 3 to 10 carbon atoms.

2. PRELIMINARIES

Halogenated compounds represent a class of organic compounds with very diverse
structures that depend on the nature of the halogen, the number of halogen atoms in the
molecule, the nature of the hydrocarbon radical to which the halogen is bonded and the
position of the halogen atoms in the chain. All these factors influence both the length and
strength of the carbon-halogen chemical bond and the physical and chemical properties
of these compounds. The nature of the hydrocarbon radical divides halogenated com-
pounds into three different subclasses as to chemical behaviour and uses: alkyl halides, in
which the halogen is bonded to an sp3 hybridised saturated carbon atom, vinyl halides,
in which the halogen is bonded to an sp2 hybridised carbon atom of a double bond and
aryl halides, in which the halogen bonds to a carbon atom of an aromatic nucleus.

Halogenated compounds are used in many different fields of activity: medicine, cos-
metics, agriculture, dye industry, refrigeration industry, polymer industry. For example,
vinyl chloride is a monomer of polyvinyl chloride, a polymer with very good mechani-
cal and chemical resistance being one of the most used plastics, 2-chlorobutadiene is the
monomer used to obtain artificial rubber, tetrafluoroethene is the monomer of Teflon,
etc. Halogenated compounds are also of major importance for organic synthesis, being
very important reaction intermediates. Some of the small-molecule halogenated com-
pounds are used as solvents in synthesis, analysis laboratories and in industry: chloro-
form, methylene chloride, trichloroethene, etc. There are halogenated compounds used
as alkylating agents, with applications in cancer chemotherapy.



610 Z. Berinde et al.

Halogenated compounds are generally toxic. The use of halogenated compounds, es-
pecially pesticides (insecticides, herbicides, fungicides), raises environmental pollution
problems as a result of their high stability to hydrolysis and resistance to biological, pho-
tolytic and chemical degradation. Due to their low solubility in water and high solubility
in lipids, halogenated compounds accumulate in living organisms lipid stores, causing
chronic ecotoxicity Gajewicz et al. [25], Xu et al. [50]. Freons, small chlorinated and chlo-
rinated compounds of methane, used as propellant fluids in the form of aerosols, have
negative effects by destroying the ozone layer Gajewicz et al. [25].

The physical, chemical and biological properties of halogenated compounds are in-
fluenced by the nature of the C − X bond. The carbon-halogen bond is formed by the
interpenetration of a p orbital of the halogen atom with a bonding orbital of a carbon
atom (sp3 in saturated compounds or sp2 in unsaturated or aromatic ones). The volume
of the orbitals of halogen atoms increases with increasing atomic volume of the element
in the order F < Cl < Br < I . Due to the small volume of the carbon hybrid orbitals,
the degree of interpenetration with halogen p orbitals decreases as their volume increases.
Consequently, the C − X interatomic distances increase and the bond energies decrease
as the halogen order number increases. In unsaturated or aromatic halogenated com-
pounds, the non-participating electrons of the halogen atoms interact with neighbouring
π electrons giving rise to structures in which the carbon-halogen bond is partially double
and shorter than in aliphatic halogens due to both p−π conjugation and sp2 hybridization
of the atom of carbon.

If we consider the chemical structures Ci: C1, C2, C3,..., Cn and the observed values
of a certain property P denoted by yi: y1, y2, y3, ..., yn, in QSPR / QSAR studies, we are
interested in the development of a relationship between these properties and a descriptor
of the respective structures. The linear regression equation is written as follows:

(2.1) ŷi = yi,calc = a+

m∑
j=1

bjxij , i = 1, 2, ..., n,

where

• a is a constant that is generally not assigned a physico-chemical meaning;
• bj is the slope of the regression line, which is called the regression coefficient,
j = 1, 2, ...,m;

• xij are independent variables also called predictor variables or explanatory vari-
ables, i.e., structural descriptors or topological indices that encode the structure of
the compound Ci and condition the value of the measured property yi;

• yi are the observed values of the property P , also called the dependent variable.

The number m of independent variables indicates the type of regression, i.e., simple
regression (n = 1) or multiple regression (n ≥ 2).

The value of the constant a and the values of the regression coefficients bj from the re-
gression equation (2.1) are calculated by using the least squares method Beslau et al. [17].
According to this method, the condition is imposed so that between the observed values
of the physico-chemical property or the biological activity, y and the values y calculated
with equation (2.1), should be at a maximum compliance, a fact which is expressed by the
property:

(2.2) SS =

m∑
i=1

(yi − ŷi)
2 =

m∑
i=1

yi −
a+

m∑
j=1

bjxij

2

= minimum,
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where SS represents the sum of squares of the deviations of the values ycalc to the ob-
served valuesyi.

The difference between the observed property values and the calculated ones is called
residual or error:

resti := yi,obs − yi,calc.

The function represented by equation (2.2) has a minimum when the partial derivatives
with respect to a and bj , respectively, are equal to zero. By equating with zero the partial
derivatives with respect to a, b1, b2, ..., bn one obtains a system of equations from which
the parameters a, b1, b2, ..., bn are determined.

The use of the regression equation as a QSPR/QSAR model is primarily conditioned by
the quality of the statistical indicators: correlation coefficient, determination coefficient,
standard deviation, Fisher F statistics, t-Student statistics etc., while the predictive value
of the model is tested by applying different methods and techniques of internal validation
and external validation.

The aim of this study is to develop statistical models with high goodness-of-fit, robust-
ness and predictive ability for the boiling point and molar refraction of alkyl halides with
Cl, Br and I. In order to as much as possible structural properties related to the degree of
branching of chemical bonds, the hybridization state of the carbon atoms and the halides
specificity, we used the topologic index ZEP as a main structural descriptor. ZEP is cal-
culated by means of the notion of weighted electronic distance, introduced in [7] and have
been successfully used as an independent variable to derive QSPR models for various
classes of chemical compounds, see [7]-[16].

3. MOLECULAR GRAPHS AND TOPOLOGICAL INDICES

3.1. Modelling the structure of alkyl halides using molecular graphs.
In general, a chemical compound is represented by a connected, non-oriented graph

G = (V,E), where V = {v1, v2, v3, . . . , xn} is the set of vertices or nodes (atoms), and
E = {e1, e2, e3, . . . , em} is the set of edges or arcs (chemical bonds between atoms).

The set E consists of non-oriented pairs e = (vi, vj), called edges. Between any two
atoms (nodes) there is at least one chain. Graphs that represent chemical structures are
called chemical or molecular graphs. A basic characteristic of molecular graphs is that the
degree of a node is at most equal to 4. In particular, the molecular graph of chemical
compounds containing hetero-atoms is a marked graph.

Figure 1 shows five molecular graphs with five vertices and five edges representing the
following compounds: 2-methylbutane (graph G(a), G(b)), 2-bromobutane (G1), 1-iodo-
2-methylpropane (G2) and 2-chlorobutane (G3).

Br Cl

8 8 8
17.66

5 55

8

9 9

11.66

G1 G2 G3
1  2

3
4

5

8
8 I

32.595
G(a) G(b)  

FIGURE 1. Molecualar graphs
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The numbering and order of the vertices are entered, together with the topological
distance between the vertices, in graph G(a) from Figure 1, but these are the same for
graphs G(b), G1, G2 and G3. In the graphs marked G(b), G1 −G3, we labelled edges with
the weighted electronic distance, wed(i, j), a concept introduced in Berinde [7].

The weighted electronic distance, wed (i, j), is defined for each edge between two adjacent
vertices in the graph, as:

(3.3) wed (i, j) =
1

bij
·
Z ′
i + Z ′

j

vi · vj
,

where
• vi is the degree of vertex i,
• Z ′

i = Zi · vi,
• Zi denotes the order number of atom i,
• bij takes the values 1, 2, 3 and 1.5 for a single bond, a double bond, a triple bond

and an aromatic bond, respectively.
Z ′
i represents a local vertex invariant (LOVI) in the molecular graph, while w.e.d.(i, j)

represents a local edge invariant (LOEI). The edge of graph is weighted with wed (weighted
electronic distance).

For the most common bonds in alkyl halides, we calculated the values of w.e.d.(i, j),
which are given in Table 1.

TABLE 1. Values of wed for common single bonds in alkyl halides

Bond wed Bond wed Bond wed
types types types

H3C − CH2 9 CH2 − F 10.5 CH2 − I 32.5
H3C − CH 8 CH − F 9 CH-I 23.66
H3C − C 7.5 C-F 8.25 C-I 19.25

CH2C − CH2 6 CH2 − Cl 14.5 H2C = CH 2.5
CH2 − CH 5 CH − Cl 11.66 H2C = C 2.25
CH2 − C 4.5 C − Cl 10.25 HC = CH 2
CH − CH 4 CH2 −Br 23.5 HC = C 1.75
CH − C 3.5 CH −Br 17.66 C = C 1.5
C − C 3 C −Br 14.75 C = C 1

So, the weighted electronic distances for the edges in the graph G(b) in Figure 1 are:
wed(1, 2) = 8, wed(2, 3) = 5, wed(3, 4) = 9, and wed(2, 5) = 8.

The weighted electronic distance was used for the development of topological indices,
which in turn are used for constructing QSPR / QSAR models of physico-chemical prop-
erties and biological activities.

3.2. Matrix representation of molecular graphs.
The adjacency matrix is the same for all compounds presented in Figure 1, i.e.,

A(G(a)) = A(G(b)) = A(G1) = A(G2) = A(G3) =


0 1 0 0 0
1 0 1 0 1
0 1 0 1 0
0 0 1 0 0
0 1 0 0 0
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By replacing the usual topological distances in the adjacency matrix by the weighted
electron distances, we obtain the so called weighted electron connectivity matrix, denoted by
CEP , which is an important source of topological indices, see Berinde [7].

In contrast to the case of adjacency matrix, which is the same for all structures in Figure
1, the CEP matrices corresponding to the same graphs are different from each other:

CEP (G(b)) =


0 8 0 0 0
8 0 5 0 8
0 5 0 9 0
0 0 9 0 0
0 8 0 0 0

 ;CEP (G1) =


0 8 0 0 0
8 0 5 0 17.66
0 5 0 9 0
0 0 9 0 0
0 17.66 0 0 0

 ;

CEP (G2) =


0 8 0 0 0
8 0 5 0 8
0 5 0 32.5 0
0 0 32.5 0 0
0 8 0 0 0

 ;CEP (G3) =


0 8 0 0 0
8 0 5 0 11.6
0 5 0 9 0
0 0 9 0 0
0 11.6 0 0 0


The sum of all entries on the ith row in the CEP matrix is denoted by SEPi:

(3.4) SEPi =

n∑
j=1

[CEP ]ij , i = 1, 2, ..., n.

3.3. The definition of the molecular descriptors.
The structural parameter Hd

To quantify the distances between the heteroatom and the other atoms in the graph, we
introduced the structural parameter Hd, see Berinde [10], defined by the formula:

(3.5) Hd =
1

n

n∑
i=1

di,

where
• n represents the number of carbon atoms in the molecular graph;
• di represents the topological distance between the heteroatom and the atom i.

The structural parameter Hd can be calculated directly from the hydrogen-suppressed
molecular graph or from the adiacency matrix.

The calculation technique of structural parameter Hd is illustrated in Figure 2 for the
hydrogen-suppressed graph 1-bromo-2-methylpropane (G2).
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FIGURE 2. Calculation of Hd for graph G2
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We used the structural parameter Hd together the topological index ZEP as indepen-
dent variables in multiple linear regression to develop quantitative structure-property
model for estimating the normal boiling points and molar refractivity of alkyl halides.

The molecular topological index ZEP

The molecular topological index ZEP introduced by Berinde [7] is defined as:

(3.6) ZEP =

n∑
i=1

SEP
1
2
i =

n∑
i=1

 n∑
j=1

wed(i, j)

 1
2

,

where wed(i, j) is the weighted electronic distance defined by (3.3).

3.4. Steps in the computation of the ZEP index for a molecular graph.
Below we indicate the steps in the computation of the ZEP index for a molecular graph

representing the skeleton of 2-bromobutane (G1).

1. The labelling vertices in the hydrogen-suppressed molecular graph:
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2. Calculation of weighted electronic distances for edges:

wed12 =
1× 6 + 3× 6

1× 3
= 8, wed23 =

3× 6 + 2× 6

3× 2
= 5,

wed34 =
2× 6 + 1× 6

2× 1
= 9, wed25 =

3× 6 + 1× 35

3× 1
= 17.66.

3. Labelling the edges in the hydrogen-suppressed molecular graph:
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4. The adjacency matrix and CEP matrix of graph (G1):

A(G1) =


0 1 0 0 0
1 0 1 0 1
0 1 0 1 0
0 0 1 0 0
0 1 0 0 0

 ;CEP (G1) =


0 8 0 0 0
8 0 5 0 17.66
0 5 0 9 0
0 0 9 0 0
0 17.66 0 0 0


5. The computation of ZEP index of graph G1

ZEP (G1) = 81/2 + 30.661/2 + 141/2 + 91/2 + 17.661/2 = 20.616.
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TABLE 2. The training set: the Hd parameter, the ZEP indices of alkyl
halides and their boiling points (bp) and molar refraction (mr)

No. compound N Hd ZEP bp (◦ C) bp (◦ C) mr mr
exp. calc. exp. calc

1 1-Cl-propane 3 2.000 15.208 48.2 56.08 20.56 20.63
2 1-Br-propane 3 2.000 17.152 74.3 83.3 23.98 24.71
3 1-I-propane 3 2.000 18.778 104.5 106.1 28.64 28.13
4 2-Cl-propane 3 1.667 14.322 38.7 43.6 20.95 20.57
5 2-Br-propane 3 1.667 15.660 62.5 62.4 23.36 23.37
6 2-I-propane 3 1.667 16.818 89.5 78.6 28.61 25.81
7 1-Cl-butane 4 2.500 18.672 79.2 80.4 25.67 25.22
8 1-Br-butane 4 2.500 20.616 103.6 107.6 28.72 29.29
9 1-I-butane 4 2.500 22.242 130.5 130.4 33.61 32.71

10 2-Cl-butane 4 2.000 17.950 70.8 70.3 25.63 26.38
11 2-Br-butane 4 2.000 19.309 91.2 89.3 28.64 29.23
12 2-I-butane 4 2.000 20.488 118.0 105.8 33.51 31.72
13 1-Cl-2-methylpropane 4 2.250 18.463 69.5 77.5 25.61 26.12
14 1-Br-2-methylpropane 4 2.250 20.425 92.2 104.9 28.67 30.23
15 1-I-2-methylpropane 4 2.250 22.064 123.4 127.9 33.725 33.67
16 2-Cl-2-methylpropane 4 1.750 17.140 53.0 58.9 25.46 26.03
17 2-Br-2-methylpropane 4 1.750 18.159 73.3 73.2 28.18 28.17
18 2-I-2-methylpropane 4 1.750 19.065 97.0 85.9 33.17 30.07
19 1-Cl-pentane 5 3.000 22.037 106.4 104.7 30.54 29.80
20 1-Br-pentane 5 3.000 24.080 132.0 131.9 33.27 33.87
21 1-I-pentane 5 3.000 25.706 156.0 154.7 38.06 37.28
22 2-Cl-pentane 5 2.400 21.398 94.3 94.3 30.32 31.47
23 2-Br-pentane 5 2.400 22.757 114.3 113.4 33.12 34.32
24 2-I-opentane 5 2.400 23.936 138.2 129.9 37.87 36.79
25 3-Cl-pentane 5 2.200 21.552 97.3 96.5 30.43 32.86
26 3-Br-pentane 5 2.200 22.944 116.5 116.0 33.18 35.78
27 3-I-pentane 5 2.200 24.149 141.4 132.9 37.93 38.31
28 1-Cl-hexane 6 3.500 25.601 130.2 129.0 34.47 34.37
29 1-Br-hexane 6 3.500 27.544 156.4 156.2 37.92 38.45
30 1-I-hexane 6 3.500 29.171 179.5 179.0 42.58 41.86
31 1-Cl-heptane 7 4.000 29.065 158.3 153.3 39.01 38.95
32 1-Br-heptane 7 4.000 31.008 184.6 180.6 42.64 43.02
33 1-I-heptane 7 4.000 32.635 206.0 203.4 47.05 46.44
34 1-CL-octane 8 4.500 32.529 179.0 177.6 43.71 43.53
35 1-Br-octane 8 4.500 34.473 207.8 204.9 47.13 47.60
36 1-I-heptane 8 4.500 36.099 227.5 227.7 51.88 51.01
37 1-Cl-octane 9 5.000 35.993 203.5 202.0 48.30 48.11
38 1-Br-nonane 9 5.000 37.936 226.6 229.2 51.82 52.18
39 1-I-nonane 9 5.000 39.563 248.3 252.0 56.16 55.59
40 1-Cl-decane 10 5.500 39.457 226.0 226.3 52.91 52.68
41 1-Br-decane 10 5.500 41.400 251.5 253.5 56.44 56.76
42 1-I-nodecane 10 5.500 43.027 268.2 276.3 59.98 60.17

4. QSPR MODELS FOR NORMAL BOILING POINT AND MOLAR REFRACTION

4.1. The dependent and independent variables used in the study.
The physicochemical properties of alkyl halides selected in this study were: molar re-

fraction (or molar refractivity), denoted by mr and boiling point, denoted by bp. Experi-
mental data sets for these properties are obtained from literature: Kier and Hall [30], Lide
[32], [51], and are listed in Tables 2 and 3, along with the name of the compounds.

The data set comprises 64 alkyl halides including clorohalides, bromohalides and iodohalides.
The data set was randomly divided into two subsets, called the training set, with 42

compounds used to obtain the QSPR equation (Table 2) and the validation set with 22
compounds used for external validation (Table 3).
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Thus we calculated for each of the 64 halogenated compounds, the topological index
ZEP and the structural parameter Hd. These values can be found in Tables 2 and 3. ZEP
index and the structural parameter Hd were then used as independent variables in simple
and multiple linear regression to construct structure-property QSPR models.

The SPSS version 20 software package was used to obtain the regression equation.

4.2. QSPR equations.

Using the simple and multiple linear regression method as a statistical tool for develop-
ing reliable QSPR models, the following linear model was obtained, in which the molec-
ular descriptors ZEP, Hd and N (the number of carbon atoms), were used as independent
variables:

Regression equation and statistical parameters for monovariable correlation of boiling
points with the ZEP index are shown below:

(4.7) bp = −55.607 + 7.575 · ZEP

N = 42; R = 0.983; R2 = 0.967; R2
adj = 0.966; s = 11.2; F = 1175.069; sig = 0.000.

The statistical results of equation (4.7) show that ZEP index have good correlation
with boiling points in terms of the coefficient of determination, the standard error and the
Fisher statistic value. A plot of the boiling points values versus the values of ZEP index,
shows a direct linear correlation (Figure 4).

FIGURE 3. Plot of boiling points of alkyl halides versus topological index

Regression equation and statistical parameters for two-variable correlation of boiling
points with the ZEP index and the structural parameter, Hd are shown below:

(4.8) bp = −72.581 + 10.840 · ZEP − 21.587 ·Hd

N = 42; R = 0.988; R2 = 0.977; R2
adj = 0.975; s = 9.6; F = 814.484; sig = 0.000.

Regression equation and statistical parameters for two-variable correlation of boiling
points, with the ZEP index and the number of carbon atoms, N are shown below:
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(4.9) bp = −84.350 + 14.012 · ZEP − 24.219 ·N
N = 42; R = 0.996; R2 = 0.992; R2

adj = 0.992; Q2
ext = 0.991;

s = 5.4; F = 2572.637; R2
CV = 0.9898; sig = 0.000.

These QSPR models present high values correlation coefficient (R > 0.98) Fisher-ratio
statistics. The best statistical results show the model (4.9), where it was used the combi-
nation of ZEP index and the number of carbon atoms, N . The boiling points calculated
by equation (4.9) are listed in Table 3.

FIGURE 4. Plot of predicted versus experimental values of alkyl halides
boiling points

Regression equation and statistical parameters for monovariable correlation of molar
refraction (mr) with the ZEP index are shown below:

(4.10) mr = 3.715 + 1.285 · ZEP

N = 42; R = 0.984; R2 = 0.969; R2
adj = 0.968; s = 1.8; F = 1229.977; sig = 0.000

The statistical results of equation (4.10) shows that the ZEP index have good correla-
tion with molar refraction in terms of the coefficient of determination, the standard error
and the Fisher statistic value. A plot of the molar refraction values versus ZEP index,
shows a direct linear correlation (Figure 5).

Regression equation and statistical parameters for two-variable correlation of molar
refraction with the ZEP index and the number of carbon atoms, N , are shown below:

(4.11) mr = 0.946 + 1.905 · ZEP − 2.333 ·N
N = 42; R = 0.988; R2 = 0.977; R2

adj = 0.976; s = 1.62; F = 817.893; sig = 0.000

The regression equation and statistical parameters for two-variable correlation of molar
refraction with the ZEP index and the structural parameter, Hd, are shown below:
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(4.12) mr = −0.510 + 2.097 · ZEP − 5.374 ·Hd

N = 42; R = 0.995; R2 = 0.989; R2
adj = 0.989; Q2

ext = 0.990; s = 1.1;

F = 1768.212; R2
CV = 0.9875; sig = 0.000

FIGURE 5. Plot of molar refraction versus ZEP index for alkyl halides

These QSPR models present high values correlation coefficient (R > 0.98) Fisher-ratio
statistics. The best statistical results show the model 9, where it was used the combination
of ZEP index and the structural parameter, Hd. The molar refraction values calculated
by equation (4.12) are listed in Table 3.

FIGURE 6. Plot of experimental versus predicted values of molar refraction
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TABLE 3. The external validation set - the Hd parameter, the ZEP index
of alkyl halides and their boiling points (bp) and molar refraction (mr)

No. compound Hd N ZEP bp(◦ C) bp(◦ C) mr mr
obs. calc. obs. calc.

1 2-cloro-3-methylbutane 2.200 5 21.518 95.4 96.1 30.3 32.78
2 1-bromo-2-methylbutane 2.600 5 23.999 131.2 130.8 33.2 35.83
3 1-cloro-3-methylpentane 3.166 6 25.465 128.5 127.1 34.30 35.86
4 2-clorohexane 2.833 6 24.863 121.0 118.7 34.70 36.39
5 2-cloro-2-methylpentane 2.333 6 24.246 112.4 110.1 34.60 37.79
6 2-cloro-3-methylpentane 2.500 6 24.800 117.5 117.8 34.65 38.05
7 3-cloro-2-methylpentane 2.333 6 24.831 118.6 118.3 34.62 39.01
8 2-bromo-2-methylpentane 2.333 6 25.284 133.1 124.6 37.30 39.96
9 3-iodohexane 2.500 6 27.597 164.5 157.1 42.60 43.92

10 2-cloroheptane 3.286 7 28.327 145.0 143.0 39.10 41.22
11 2-bromo-2-methylhexan 2.714 7 28.748 156.6 148.9 42.20 45.18
12 3-iodoheptane 2.857 7 31.061 187.2 181.3 47.10 49.26
13 1-cloro-3-methylheptane 4.000 8 32.377 173.4 175.6 43.70 45.87
14 2-clorooctane 3.750 8 31.791 169.1 167.4 43.90 45.99
15 2-cloro-2-methylheptane 3.125 8 31.175 161.9 158.7 43.80 48.06
16 1-bromo-2-methylheptane 3.875 8 34.375 198.8 203.6 47.00 50.73
17 3-iodooctane 3.250 8 34.525 211.2 205.7 52.00 54.41
18 3-iodo-2-methylheptane 2.875 8 34.362 207.3 203.4 51.90 56.08
19 2-clorononane 4.222 9 35.255 195.5 191.7 48.30 50.71
20 3-iodononane 3.666 9 37.989 232.4 230.0 56.50 59.44
21 2-clorodecane 4.700 10 38.719 216.7 216.0 52.90 55.41
22 2-cloro-2-methyldecane 4.454 11 41.567 233.6 231.7 58.10 62.70

4.3. Validation of the QSPR models.

The robustness of the QSPR models (4.9) and (4.12) as well as their internal predictive
ability were evaluated by R2

CV - cross validation coefficient based on leave-one-out (LOO),
external validation coefficient Q2

ext and y-randomization test, see Topliss and Costello
[45], Tropsha et al. [48].

Y -randomization test was performed 10 times. In each y-randomization run, R2
yi < 0.2,

which shows that the good results in our original model are not due to a chance correlation
or structural dependency of the training set.

TABLE 4. Ten y-randomizations for PLS model on data set

Randomization R2
yi

Randomization R2
yi

(boiling point) (molar refraction)
1 0.111 1 0.011
2 0.103 2 0.008
3 0.005 3 0.024
4 0.097 4 0.012
5 0.034 5 0.083
6 0.039 6 0.014
7 0.095 7 0.033
8 0.032 8 0.108
9 0.076 9 0.019

10 0.053 10 0.060
maximum value 0.111 maximum value 0.108

average 0.0635 average 0.0372
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5. CONCLUSIONS

In this study, various QSPR mathematical models have been developed to predict the
normal boiling point and the molar refractivity of a larger set of alkyl halides by using
multilinear regression methods based on the following topological descriptors: the ZEP
topological index (based on the weighted electronic distances), the structural parameter
Hd, and the number of carbon atoms (N ) as independent variables.

These quantitative relationships are of great technological importance since, based on
them, one can predict the properties of new untested molecules by means of QSPR func-
tional expression obtained, and were obtained by performing specific QSPR studies on
a class of similar compounds whose properties have been already determined and were
appropriately correlated to their molecular structures.

We determined three QSPR models for the normal boiling point (bp), the best of them
being given by (4.9), with R = 0.996 and s = 5.4.

For the study of molar refraction (mr) we developed three QSPR models, of which the
best one is given by (4.12), with R = 0.995 and s = 1.1.

We have validated the developed models with respect to the goodness-of-fit, robust-
ness and predictive ability for the two properties considered in the class of alkyl halides,
external validation, cross-validation (leave-one-out) and randomization (y-randomization)
were used.

The obtained results have shown that the three descriptors (ZEP , Hd and N ) could
be efficiently used for modelling and predicting the the normal boiling points and molar
refractions of the considered class of compounds.

For other related developments that could be approached by means of the tools used
in the current paper, we refer to Baumann and Baumann [6], Consonni et al. [19], Ghosh
et al. Ghosh, Kiralj and Ferreira [31], Liu and Long [33], Padrón et al. [37], Pogliani [38],
Roy et al. [39], [40], Rücker et al. [42].
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