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Abstract

Structural descriptors derived from the molecular graph are widely used in developing QSPR and QSAR models,
in chemical database searching, drug design, toxicology, virtual screening of combinatorial libraries, similarity
and diversity assessment. As a consequence of the significant interest in defining additional structural descriptors
for QSPR and QSAR models, we present new molecular descriptors computed from the reverse Wiener RW and
reciprocal reverse Wiener RRW matrices. The graph structural descriptors computed with the distance D,
reciprocal distance RD, RW, and RRW matrices are used to develop quantitative structure—property models for
the boiling temperature, molar heat capacity, standard Gibbs energy of formation, vaporization enthalpy,
refractive index, and density of 134 alkanes Cs—Cj.

Keywords. QSAR, quantitative structure—activity relationships; QSPR, quantitative structure—property
relationships; molecular matrices; structural descriptors; topological indices.

1 INTRODUCTION

The physical, chemical, and biological properties of chemical compounds are ultimately
determined by the molecular structure. Quantitative structure—property relationships (QSPR) and
quantitative  structure—activity relationships (QSAR) models represent well established
computational tools for the molecular design of new compounds with desired properties. All QSPR
and QSAR models are statistically—based and designed to extract the maximum information from

experimental data on compounds of known structure. All structure—property equations use atomic,
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bond, and molecular descriptors; these structural descriptors are numbers obtained from the
chemical structure with the aid of various mathematical formulas or algorithms. The most efficient
software used in QSPR or QSAR studies integrate the computation of structural descriptors with the
generation of structure—property models [1,2]. Several programs from this category, such as
ADAPT [3], OASIS [4,5], PRECLAYV [6], SciQSAR [7], and CODESSA [8-10], were used with
success in developing a large number of QSPR and QSAR models. These programs compute more
than one thousand structural descriptors from five classes: constitutional, graph theoretic and
topological indices, geometrical, electrostatic, quantum—chemical, and grid (field) descriptors.
Using statistical methods, such as multilinear regression, PCA, PLS, or neural networks, the best
descriptors are selected in the final structure—property model. A survey of the QSPR and QSAR
models developed with the above programs shows that molecular graph descriptors and topological
indices are used with success to model various properties, and demonstrates that they are valuable
descriptors of chemical structure [11-27]. The interest of developing new graph descriptors for
organic compounds revived in recent years, when topological indices found new applications in
similarity and diversity assessment, database mining, and in the virtual screening of combinatorial
libraries [28-30].

A molecular graph descriptor or topological index (TI) is a numerical representation of the
molecular structure derived from the corresponding molecular graph; they are used with success as
structural descriptors for pattern recognition, qualitative and quantitative structure—property models,
or to measure the molecular similarity and diversity. The graph description of a molecule contains
information on the atom—atom connectivity in the molecule, and encodes the size, shape, and
branching features that determine the molecular properties; molecular graph descriptors represent
valuable descriptors that complement (and not substitute) the structural information encoded in
other classes of descriptors (constitutional, geometric, electrostatic, quantum, or field descriptors).
Molecular graphs are non—directed chemical graphs that represent, in different conventions,
molecules. Usually, only non-hydrogen atoms are taken into account in molecular graphs. In
molecular graphs, vertexes correspond to atoms and edges represent covalent bonds between atoms,
while geometrical features of molecules, such as bond lengths or bond angles, are not considered.
Because TIs are global descriptors of the molecular graph, they do not contain explicit information
regarding the number of functional groups, pharmacophores, volume, surface area, interatomic
distances, stereochemistry, charge distribution, orbital energy, or electrostatic potential; such

information must be provided by other structural descriptors.

Molecular matrices, encoding in various ways the topological information, are an important
source of structural descriptors for QSPR and QSAR models [31]. A large number of molecular
matrices were defined in the chemical literature, such as the adjacency A, distance D, reciprocal
distance RD [32], distance—path D, [33,34], distance—delta D, [33,34], reciprocal distance—path
RD,, [33,34], resistance distance matrix Q [35], electrical conductance [36], detour A [37], detour—
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distance A-D [37], edge Szeged Sz. [38—41], path Szeged Sz, [38—41], reciprocal Szeged RSz,
[38-41], edge Cluyj Cje [42], path Cluyj Cj, [42], distance—valency Dval [43,44], distance
complement DC [45], reverse Wiener RW [46], complementary distance CD [47], and reciprocal
complementary distance RCD [47] matrices. Certain features of the chemical structure that are
encoded in an implicit form in the molecular graph are represented explicitly in molecular matrices;

however, molecular matrices are not structural invariants, unless a canonical form is calculated.

In the present study we define new structural descriptors based on the recently introduced
reverse Wiener RW [46] matrix and its reciprocal matrix RRW. The scope of this paper is to
evaluate in QSPR models the topological indices derived from four molecular matrices, namely
distance D, reciprocal distance RD, reverse Wiener RW, and reciprocal reverse Wiener RRW.
Structural descriptors computed with these four molecular matrices are used to develop structure—
property models for the normal boiling temperature, molar heat capacity, standard Gibbs energy of

formation, vaporization enthalpy, refractive index, and density of 134 alkanes C¢—Co.

2 MATERIALS AND METHODS

2.1 The Reverse Wiener Matrix and Related Molecular Matrices

For simple molecular graphs, representing alkanes or cycloalkanes, the value of the ij—th element
in the distance matrix D is equal to the number of bonds between two graph vertices v; and v; on the
shortest path between them. In this way, the more distant two vertices, the larger the corresponding
element in the distance matrix. Therefore, the largest contribution to the numerical value of the
structural descriptors computed from the distance matrix arises from pairs of distant vertices, such
as in the Wiener index W [11,12,16]. In four recently introduced molecular matrices, namely the
reciprocal distance RD [32], distance complement DC [45], complementary distance CD [47], and
the reverse Wiener RW [46] matrices, the value of the matrix elements corresponding to pairs of
vertices decreases when the distance between the vertices increases. In this section we present the

definition of RW, the new reciprocal reverse Wiener matrix RRW, and several related matrices.

The diameter dmax 0f a graph is the largest topological distance between any two vertices v; and

vj, 1. €. the largest d;; value in the distance matrix:

Amax = max{d,-j, Vi, Vj € V(G), Vi # Vj} (1)

The reverse Wiener matrix RW = RW(G) of a graph G with N vertices is the square NxN
symmetric matrix whose elements are obtained by subtracting from dn.c €ach dj value in the

distance matrix [46]:

d ~[D], if i+#]
[Rw]ff:{ 0 i i=j (2)
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where [D];; is the ij—th element of the distance matrix D which is equal to the graph distance
between vertices v; and v;.. An example for the computation of the reverse Wiener matrix is

presented for the molecular graph of 1—ethyl-2—methylcyclopropane 1.

The first step is represented by the computation of the distance matrix D(1):

D(1)
3

AN N B W —

NN === O
—_ W N = O =N
N WO — —

W= O NN =
2O = WWNWL
S B~ WM = DN

Using the definition of the reverse Wiener matrix from Eq. (2) one obtains the reverse Wiener
matrix RW(1):

RW(1)
1 2 3 45 6
10 3 3 3 2 2
213 0 3 21 3
313 302 1 2
413 2 2 0 3 1
5021130 0
6|2 3 21 0 0

From the above example one can recognize a property of the reverse Wiener matrix, i.e. the
matrix elements that correspond to dnax in the distance matrix D have zero values in RW, such as
RW(1)s¢ and RW(1)g 5.

The reciprocal reverse Wiener matrix RRW = RRW(G) of a molecular graph G with N vertices
is the square NXN symmetric matrix with real elements (rational numbers) defined with the
elements of the RW matrix:

0 if [RW(G)]U. =0
[RRW(G)], =1 1/[RW(G)], if i% ] 3)
[RW(G)], if i=]

The application of the above formula gives the reciprocal reverse Wiener matrix RRW(1) from the
elements of RW(1):
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RRW(1)
1 2 3 4 5 6
0 13 13 13 12 12
13 0 1312 1 13
13 13 0 12 1 12
13 12 12 0 13 1
12 1 1 13 0 0
12 13 12 1 0 0

AN DN B~ W —

Recently we have defined a matrix related to RW, the complementary distance matrix. The
complementary distance matrix CD = CD(G) of a graph G with N vertices is the square NXN
symmetric matrix whose elements are defined as [47]:

d,. +d. —[D], if i#j
[CD], ={ '

4
0 if i= )

where [D]; is the ij—th element of the distance matrix D which is equal to the graph distance
between vertices v; and v;, and dni, is the minimum distance between two distinct graph vertices

(equal to 1 for alkanes and cycloalkanes):

dmin = Min{dy, vi, v; € V(G), vi # v;} (5)

It can be observed that for alkanes and cycloalkanes all entries in the complementary distance

matrix CD are higher by 1 than those in the reverse Wiener matrix RW.

The reciprocal complementary distance matrix RCD = RCD(G) of a molecular graph G with N
vertices is the square NXN symmetric matrix with real elements (rational numbers) defined with the
equation [47]:

L/[CD(G)], if i#)

[CD@G), if i=) ©

[RCD(G)], = {
Another matrix that has a certain similarity with RW and CD is the distance complement matrix
introduced by Randi¢ [45]. The distance complement matrix DC = DC(G) of a graph G with N

vertices is the square NN symmetric matrix whose elements are defined as:

N-[D], if i%j
[ch:{ 0 if i=j )

2.2 Structural Descriptors Derived From The Reverse Wiener Matrix

The molecular graph operators were recently introduced as an extension of topological indices; a
graph operator uses a mathematical equation to compute a family of related molecular graph
descriptors with different molecular matrices and various sets of parameters for atoms and bonds
[48—-52]. The use of molecular graph operators introduces a systematization of topological indices

by putting together all descriptors computed with the same mathematical formula or algorithm. As a
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consequence, when new molecular matrices are introduced there is no need to invent new names
and symbols for the topological indices derived from them; the notation of graph operators is simple
and general, and can accommodate new matrices, weighting schemes, and any parameter used in
the definition of a family of topological indices. In this section we present molecular graph
operators that we use to compute the structural descriptors. Because the graph operators are newly
introduced, we present several examples for the computation of the structural descriptors used in the
QSPR models from this paper.

Characteristic Polynomial Operator. The characteristic polynomial operator Ch(M) =
Ch(M,G x) of the molecular matrix M = M(G) is defined with the following equation [51]:

N
Ch(M, G, x) =det(xI-M) = > ¢ x"™ (8)

n=0
where I is the unit matrix of order N and ¢, is the n—th coefficient of the characteristic polynomial
Ch(M). The characteristic polynomial of 1-ethyl-2—methylcyclopropane 1 computed from the RW

and RRW matrices are:

Ch(RW,1) =x° — 77x* — 368x° — 397x* + 684x + 1196
Ch(RRW,1) = x° - 4.91667x" — 4.12963x” + 0.61883x” + 0.98045x + 0.16459

Hosoya Operator. The Hosoya operator Ho(M) = Ho(M,G) is defined as the sum of the
absolute values of the coefficients ¢, of the characteristic polynomial of the matrix M [50]:

Ho(M) = e, ©)

For alkanes and if M is the adjacency matrix A the Ho operator is identical with the Hosoya
index Z [12]. The Hosoya indices of 1-ethyl-2—methylcyclopropane 1 computed from the RW and
RRW matrices are Ho(RW,1) = 2723 and Ho(RRW,1) = 11.81016.

Spectral Operators. The matrix spectrum operator Sp(M,G) = {x;, i = 1, 2, ..., N} represents the
eigenvalues of a matrix M or the roots of the characteristic polynomial Ch(M,G,x), Ch(M,G,x) =0
[51]. The spectral operators MinSp(M,G) and MaxSp(M,G) are equal to the minimum and

maximum values of Sp(M,G), respectively:
MinSp(M,G) = min{Sp(M,G)} (10)
MaxSp(M,G) = max{Sp(M,G)} (11)

Structural descriptors derived from these operators were used with good results to develop QSPR
models for the normal boiling temperature, heat of vaporization, molar refraction, molar volume,
critical pressure, critical temperature, and surface tension of alkanes, to estimate the boiling points
of acyclic compounds containing oxygen or sulfur atoms, to model the boiling temperature, molar
heat capacity, standard Gibbs energy of formation, vaporization enthalpy, refractive index, and

density of alkanes, and to predict the retention index of alkylphenols [51]. The spectra of the
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molecular graph 1 computed from the RW and RRW matrices are:

Sp(RW,1) = {-3.45421,-3.37619, -3.11578, -2.16500, 1.42233, 10.68885}
Sp(RRW,1) = {-1.40631,-1.01528, —0.33187, -0.27460, 0.50044, 2.52762}

Wiener Operator. The Wiener operator Wi(M) = Wi(M,G) of a molecular graph G with N

vertices is computed from the symmetric NN molecular matrix M = M(G) [51]:

N N
Wi(M,G) =3 > [M(G)]; (12)

i=1 j=i
The Wiener operator Wi(M) is an extension of the topological index W introduced by Wiener for
alkanes [11], and extended to cycloalkanes by Hosoya [12]. While W is computed from the distance
matrix, the Wiener operator Wi(M) can be applied to any molecular matrix, derived either from the
molecular graph or from the three—dimensional structure of a chemical compound. From the
definition of the reverse Wiener matrix from Eq. (2) and the formula of the Wiener operator, a

simple relationship is revealed between the Wiener indices Wi(D) and Wi(RW):

Wi(RW, G)—ld _N(N -1)- Wi(D,G) (13)

A similar relationship exists between the Wiener indices computed from the distance and the
complementary distance matrices, namely Wi(D) and Wi(CD):

Wi(CD,G) :—(d )N(N —1)— Wi(D,G) (14)

max mm

For alkanes and cycloalkanes, when dn;, = 1, one obtains a simple relationship between the

Wiener indices computed from the reverse Wiener and the complementary distance matrices:

Wi(CD,G) = lN(N 1) + Wi(RW, G) (15)

From the molecular matrices RW and RRW of molecule 1 one obtains Wi(RW,1) = 31 and
Wi(RRW,1)=17.5.

Hyper—Wiener Operator. The hyper—Wiener operator HyWi(M) = HyWi(M,G) of a molecular
graph G with N vertices is computed from the symmetric NxN molecular matrix M = M(G) [51]:

HyWi(M, G)——ZZ([M] +[M, (16)

i=l j=i
The hyper—Wiener index WW was defined for alkanes by Randi¢ [53] and extended to
cycloalkanes by Klein, Lukovits, and Gutman [54]. Diudea proposed an alternative method for
computing the hyper—Wiener from the distance—path matrix D, [33]. Equation (16) extends the
computation of the hyper—Wiener indices to molecular graph matrices or matrices derived from the

three—dimensional molecular structure. The molecular matrices RW and RRW of 1—ethyl-2—

473
BioCHEM Press http://www.biochempress.com



QSPR Evaluation of Structural Descriptors Derived from the Distance and Reverse Wiener Matrices
Internet Electronic Journal of Molecular Design 2002, 1, 467-487

methylcyclopropane give HyWi(RW,1) = 54 and HyWi(RRW,1) = 6.20833.

Vertex Sum Operator. In a molecular graph G with N vertices, the vertex sum operator for the
vertex v, VS(M,G),, is defined as the sum of the elements in the column i, or row i, of the

molecular matrix M [51]:

N N
VS(M,G), =2 [M], = > [M], (17)
JAl j=1
Using the above equation for the molecular matrices RW and RRW of molecule 1 one obtains

the following vertex sum vectors:
VS(RW,1)= {13, 12,11, 11, 7, 8}
VS(RRW,1) = {2.00000, 2.50000, 2.66667, 2.66667, 2.83333, 2.33333}
Ivanciuc—Balaban Operator. Using the formula for Balaban’s index J [14], the Ivanciuc—
Balaban operator of a graph G, IB(M) = IB(M,G), of the symmetric NN molecular matrix M =
M(G) is [15]:

IBM,G) =1 > (vsomy, xvsew) ) (18)
ptl ¢ <E(G)

where VS(M); and VS(M), denote the vertex sums of the two adjacent vertices v; and v; that are
incident with an edge e;; in the molecular graph G, M is the number of edges in the molecular graph,
u is the cyclomatic number (the number of cycles in the graph, p = M — N + 1, where N is the
number of atoms the molecular graph), and the summation goes over all edges from the edge set
E(G). The application of formula (18) to the vertex sum vector VS(RW,1) gives the value of the
Ivanciuc—Balaban index IB(RW,1):

IB(RW,1) =4[(13-12) "+ (12-11) "2+ (13- 11) "2+ (13- 1) 2+ (1 1-7) 2 + (12-8) *] = 1.65112

Analogously, from the reciprocal reverse Wiener matrix RRW(1) one obtains IB(RRW,1) =
7.43514.

Information Theoretic Operators U, V, X, and Y. The indices U, V, X, and Y for information
on distances are computed from the elements of the distance matrix of the molecular graph [55],
and these TIs provided good results both for structure discrimination and in structure—property
models [56]. Because new graph matrices were defined in recent years, it is possible to extend the
definition of these four indices for all molecular matrices M. We have recently introduced four
information—theory operators that can be applied to a matrix with integer value elements, such as
the distance matrix D, or to a matrix with real value elements, such as the reciprocal distance matrix
RD. The graph vertex operators VUinf(M,G), VVinf(M,G), VXinf(M,G), and VYinf(M,G) apply
the information theory equations to the non—zero elements of the molecular matrix M that

correspond to a vertex v; [57]:

474
Bi1oCHEM Press http://www.biochempress.com



O. Ivanciuc, T. Ivanciuc, and A. T. Balaban
Internet Electronic Journal of Molecular Design 2002, 1, 467-487

. _ ~ . [M], [M];

VUinf (M), = _jz_; VSO, log, vg o), (19)
VVinf (M), = VS(M),log,VS(M), — VUinf (M), (20)
VXinf (M), = VS(M) log,VS(M), — VYinf (M), 1)

VYinf(M), = Y_[M], log,[M], (22)

J=1

where M is a molecular graph matrix, VS(M); represents the vertex sum of the vertex v;, and the
summations in equations (19) and (22) are done for the non—zero elements of the molecular matrix
M, [M]; # 0. For a general dense molecular graph matrix M, the matrix elements [M]; may have
values lower than 1, giving negative terms for certain vertex structural descriptors computed with
the graph vertex operators VUinf(M,G), VVinf(M,G), VXinf(M,G), and VYinf(M,G). The
Randi¢-like formula used in the case of the indices U, V, X, and Y is therefore replaced by the

following equation:
(xy)_l/2 ifxy >0

fx,py)= ~ (‘xy‘)im iy <0

(23)

The operators U(M), V(M), X(M), and Y(M), representing information on matrix elements, are

computed with the equations:

UM,G)= % E%;) f(VUinf(M),, VUinf(M) ) (24)
vim,¢)=2 ;;(ZG:) f(VVinf(M),,VVinf(M) ) (25)
X(M,G) = ﬁl E%:) £ (VXinf(M),, VXinf(M) ) (26)
Y(M,G)= ll E(EG:) f(VYinf(M),, VYinf(M),) 27)

The values of the local invariants VUinf, VVinf, VXinf, and VYinf, computed for all vertices in

the molecular graph 1 from the reverse Wiener matrix are:

VUinf(RW,1) = {2.29547, 2.22957, 2.23127, 2.23127, 1.84237, 1.90564}
VVinf(RW,1) = {45.81025, 40.78998, 35.82248, 35.82248, 17.80911, 22.09436}
VXinf(RW,1) = {29.84105, 26.75489, 24.54397, 24.54397, 12.89660, 15.24511}
VYinf(RW,1) = {18.26466, 16.26466, 13.50978, 13.50978, 6.75489, 8.75489}

The above vertex invariants give the molecular information indices: U(RW,1) = 8.25738,
V(RW,1) = 0.51470, X(RW,1) = 0.76211, Y(RW.1) = 1.32385. For the reciprocal reverse Wiener

matrix one obtains the following values for the four vectors of local invariants:
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VUinf(RRW,1) = {2.29248, 2.15591, 2.18628, 2.18628, 1.86544, 1.87739}
VVinf(RRW,1) = {-0.29248, 1.14891, 1.58716, 1.58716, 2.39165, 0.97486}
VXinf(RRW,1) = {4.58496, 5.38978, 5.83007, 5.83007, 5.28541, 4.38057}
VYinf(RRW,1) = {-2.58496, —2.08496, —2.05664, —2.05664, —1.02832, —1.52832}

As explained above, certain vertex invariants may have negative values, such is observed for
VVinf(RRW,1) and VYinf(RRW,1); in these cases the modification of the Randi¢-like formula
(23) is necessary to compute the four molecular information indices: U(RRW,1) = 8.38802,
V(RRW,1) =-7.38540, X(RRW,1) =3.45701, Y(RRW,1) = 9.08672.

2.3 Structure—Property Models

Data. The QSPR models were developed for a data set consisting of 134 alkanes between C¢ and
Cyo, for the following six physical properties [58]: t, boiling temperature at normal pressure (°C);
C,, molar heat capacity at 300 K (J K™ mol™); AfG®3 (g), standard Gibbs energy of formation in
the gas phase at 300 K (kJ mol_l); AvapH300, vaporization enthalpy at 300 K (kJ mol_l); nDzs’
refractive index at 25 °C; p, density at 25 °C (kg m_3). The value of the refractive index of 2,2,3,3—
tetramethylbutane is missing, while the reported density of this compound, 821.70 kg m™, is too
high when compared with the density of similar alkanes and it was not considered in the
computation of the density QSPR models. As it is known, there are 142 constitutional isomers for
these alkanes, but data for all six properties are missing for the following eight of them: n—hexane,
n—-nonane, n—decane, 2-methylnonane, 3—methylnonane, 4-methylnonane, 5—-methylnonane, 3—

ethyl-2,4—dimethylhexane.

Molecular matrices. Molecular matrices represent an important source of structural descriptors
computed from molecular graphs. Usually, a small set of matrices is used to characterize the
molecular topology, namely the adjacency, the distance, and sometimes, the Laplacian matrix. The
structural descriptors defined on molecular matrices, with the exception of the Hosoya index, were
computed from the following four graph matrices: distance D, reciprocal distance RD, reverse
Wiener RW, and reciprocal reverse Wiener RRW matrices. In previous studies we have pointed
that the Hosoya indices for certain molecular matrices can have too large values to be useful as
structural descriptors in QSPR and QSAR models [51]. In this study the Hosoya indices were
computed from the adjacency A, RD, and RRW matrices.

Structural descriptors. The 45 structural descriptors used in the QSPR study are: (1) molecular
weight, MW; (2) five Kier and Hall connectivity indices Ox, lx, zx, 3Xp, 3xc [59,60]; (3) three
Hosoya indices Ho(M); (4) four Wiener indices computed with the Wiener operator Wi(M); (5)
four hyper—Wiener indices computed with the hyper—Wiener operator HyWi(M); (6) eight spectral
operators MinSp(M) and MaxSp(M); (7) four Ivanciuc—Balaban indices IB(M); (8) sixteen
information—theory indices U(M), V(M), X(M), and Y(M).

QSPR model. The QSPR models were obtained by selecting the best combination of structural
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descriptors that correspond to certain conditions. This algorithm starts from the set of 45 structural
descriptors and develops QSPR models by applying the following steps: (1) All one—parameter
correlation equations are computed. All descriptors with a correlation coefficient greater than a
threshold, |rmin| > 0.15, are selected for further use. (2) Multiple linear regression (MLR) regression
equations are computed with all possible groups of k descriptors selected in step (1) that are not
significantly correlated. Two descriptors are considered to be not significantly correlated if their
intercorrelation coefficient ; is lower than a threshold, |r;| < 0.8. The most significant ten MLR

equations are reported. (3) Step (2) is performed for £ from 2 to 4.

For all six alkane properties the best results are obtained with MLR models containing three
structural descriptors, when a maximum is identified for the values of the Fisher test F. Due to this

finding, only these QSPR equations are presented in the next section.

3 RESULTS AND DISCUSSION

Normal boiling temperature. In Table 1 we present the coefficients, confidence interval,
structural descriptors, and statistical indices for the best ten MLR equations with three independent

variables that model the alkane boiling temperature.

Table 1. Coefficients, confidence interval, structural descriptors SD; (i = 1-3), and statistical indices for the best ten
MLR equations with three independent variables that model the alkane boiling temperature at normal pressure, t, (°C).
The MLR equations have the general form: t, = ag + @;SD; + @,SD; + a;SD;.

Eq do a SD1 ay SD2 as SD3 r S F

1 ~1.4678x10° 8.833 3Xp 4.548x10  MaxSp(RD) 6.535 V(RD) 0.9939 2.97 34953
+8.22 +0.495 +2.55 +0.366

2 —7.561x10 1.1880 MW  1.2531x10 3Xp 2.753 V(RD) 0.9926 3.25 2912.8
+4.64 +0.0729 +0.769 +0.169

3 —8.387x10 1.811x10 O 1.3691x10 3Xp 4.863 V(RD) 0.9925 3.27 2869.5
+5.18 +1.12 +0.846 +0.300

4 3471x10  LI313x10 Y, 6.176  HyWi(RD) 4568 V(RD) 0.9923 3.33 2767.0
+2.18 +0.712 +0.389 +0.287

5 —8.799x10  1.2424%10 3xp 2.165x10  MaxSp(RD) 2.009x10 X(RD) 0.9921 3.36 2726.1
+5.58 +0.788 +1.37 +1.27

6 -2.216x10 1.2379 MW  1.5319x10 3Xp -3.911x10 V(D) 0.9920 3.40 2661.9
+1.42 +0.0794 +0.983 +2.51

7 —2.830x10  1.1275x10 3Xp 4.825 Wi(RD) 4495 V(RD) 0.9918 3.43 2609.3
+1.83 +0.731 +0.313 +0.291

8 —6.611x10 3.943x10 v 5.009 7y 1.0221x10 3Xp 0.9915 3.50 2508.0
+4.37 +2.61 +0.331 +0.676

9 —8.468x10  1.1345x10 3Xp 1.632x10 IB(D) 2.612x10 X(RD) 0.9914 3.51 2491.0
+5.62 +0.752 +1.08 +1.73

10 -3.823%10 1.2469 MW 1.511x10 3Xp —6.650  Y(D) 0.9910 3.59 2376.8
+2.59 +0.0847 +1.03 +0.452

The best MLR equation with two independent variables, with » = 0.9939, s = 2.97, F = 3495.3,
contains the connectivity index 3Xp, the maximum eigenvalue MaxSp(RD), and the information

index V(RD) computed with the reciprocal distance matrix. In this equation, the index 3xp
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represents the weighted contribution of butane-like subgraphs and is a measure of molecular
branching, MaxSp(RD) is mainly a shape descriptor free from size contribution, and V(RD) is an
information index related to the size of the elements in the RD matrix. Out of the 14 descriptors in
Table 1 computed from molecular matrices, 11 are derived from the reciprocal distance matrix RD
and 3 from the distance matrix D. All ten QSPR equations from Table 1 contain the connectivity
index * %p- Other important descriptors for the modeling of alkane boiling temperature are V(RD)
selected in 5 equations, MW selected in 3 equations, MaxSp(RD) and X(RD) selected in 2
equations each. The QSPR models from Table 1 do not contain structural descriptors computed
from the reverse Wiener RW and reciprocal reverse Wiener RRW matrices, showing that these
indices are not important in modeling this property. One of the most widely used topological index
in QSPR models, mainly for boiling temperature, is the Wiener index Wi(D); however, this index is
missing from the equations reported in Table 1, indicating that the new graph descriptors
MaxSp(RD) and V(RD) are able to offer better structure—property models.

Molar heat capacity. The best ten QSPR models with three independent variables that model

the alkane molar heat capacity are presented in Table 2.

Table 2. Coefficients, confidence interval, structural descriptors SD; (i = 1-3), and statistical indices for the best ten
MLR equations with three independent variables that model the alkane molar heat capacity at 300 K, C, (J K™ mol™).
The MLR equations have the general form: C, = aq + @;SD; + a,SD, + a;SD;.

Eq ap a SD] a SD2 as SD3 r S F

11 7.053 1.660 MW 3.083x107 Ho(RRW) —4.472x10"" Y(RRW) 0.9883 3.92 18174
+0.548  +0.129 +0.00239 +0.0347

12 3.389 1.769 MW 5.295 MinSp(RRW) —1.1624 X(RRW) 0.9883 3.92 1816.4
+0.263  +0.137 +0.411 +0.0903

13 10194  1.738 MW 4711107 MinSp(D) 3.913 MinSp(RRW) 0.9882 3.94 1800.5
+0.0795 +£0.136 +0.0368 +0.305

14 8784  1.595 MW 5.091x10"  Wi(RRW) 5.094 MinSp(RRW) 0.9881 3.95 1788.9
+0.687  +£0.125 +0.0398 +0.399

15 1.0493x10 3.038x10 MaxSp(RD) 5.361 IB(RD) —2.194x10"" Y(RRW) 0.9881 3.95 1787.6
+0.821 +2.38 +0.420 +0.0172

16 1.0910x10% 9.474x10 MinSp(RD) 4.136x10 MaxSp(RD) 4.560 IB(RD) 0.9881 3.96 1782.1
+8.55 +7.43 +3.24 +0.358

17 —6.334x107" 1778 MW  4.822 MinSp(RRW) —3.218x10"  IB(RRW) 0.9880 3.96 1778.3
+0.0497  £0.140 +0.378 +0.0253

18 —1.422 4.022x10 Y 8.293 x 5.391 IB(D) 0.9880 3.96 1777.4
+0.112 +3.16 +0.651 +0.423

19 4419 1.736 MW 1496 MinSp(RW) 4236 MinSp(RRW) 0.9880 3.96 1774.9
+0.347  +0.136 +0.118 +0.333

20 1.2091x10 4.673x10 "y 8.059 2 -1.794 V(RD) 0.9880 3.96 1774.9
+0.950 +3.67 +0.633 +0.141

The first QSPR model, with » = 0.9883, s = 3.92, F = 1817.4, contains as descriptors the
molecular weight MW, the Hosoya index Ho(RRW), and the information—theoretic index
Y(RRW). In modeling this property the RRW matrix, defined in this paper, gives topological
indices with a better correlational power than those derived from the distance matrix D, which until

recently was the main source of graph invariants. In the set of ten equations from Table 2, MW and
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MinSp(RRW) appear 6 times each, while 'y, %y, Y(RRW), MaxSp(RD), and IB(RD) appear 2
times each. The majority of TIs are computed from the reciprocal matrices RRW and RD, namely
11 and 6 descriptors, respectively, while only one descriptor is derived from the reverse Wiener
matrix, namely MinSp(RW). The QSPR models from Table 2 indicate that TIs derived from the
RRW and RW matrices are important descriptors in QSPR of alkane molar heat capacity, giving
better correlations than those obtained from the D and RD matrices. The size descriptor MW is
highly significant in this models, while connectivity indices have a small importance in modeling
alkane molar heat capacity.

Standard Gibbs energy of formation. In Table 3 we give the best ten QSPR models with three
structural descriptors that model the alkane standard Gibbs energy of formation. The best MLR
equation, with » = 0.9564, s = 4.35, F = 464.6, contains the Ivanciuc—Balaban indices IB(D) and
IB(RW), and the information—theoretic descriptor V(RD).

Table 3. Coefficients, confidence interval, structural descriptors SD; (i = 1-3), and statistical indices for the best ten
MLR equations with three independent variables that model the alkane standard Gibbs energy of formation in the gas
phase at 300 K, A{G°; (g) (kJ mol’l). The MLR equations have the general form: A{G®399 = ap + a;SD; + a,SD, +
a3SD3.

Eq ao ay SD] a SD2 as SD3 r S F

21 —1463x10°  3.118%10 1B(D) 3.688 IB(RW) 4.809 V(RD) 0.9564 435 464.6
+22.5 +4.79 +0.566 +0.738

22 —1.420x10? 6010 MinSp(RRW)  3234x10  IB(D) 4.180 V(RD) 0.9548 4.42 447.5
+22.2 +0.940 +5.06 +0.654

23 —1.343x10°  4.089x10° Ho(RRW)  3257x10  IB(D) 4.172 V(RD) 0.9531 4.51 429.6
+21.4 +0.00653 +5.20 +0.666

24 —1.538x10°  3.426%10 IB(D) 4915 V(RD) 637  X(RW) 09530 4.51 428.8
+24.6 +5.48 +0.786 +1.02

25 —1.395x10°  4.231x10 IB(D) 4833  V(RD) —1.479 Y(RD) 0.9528 4.52 427.2
+22.3 +6.78 +0.774 +0.237

26 —1.027x10>  3.851x10 IB(D)  1333x10 X(RD) -3.05 Y(RD) 0.9510 4.60 410.2
+16.8 +6.29 +2.18 +0.524

27 —6.62x10 2.387 MaxSp(D) 3.988x10 IB(D) —4.219 Y(RD) 0.9502 4.64 403.0
+10.9 +0.394 +6.58 +0.696

28  —4.707x10 —7.34 x ~1.841x10" Wi(RW)  7.96 HyWi(RD) 0.9501 4.64 402.4
+7.77 +1.21 +0.0304 +1.31

29 —1.720x10° —1.804x10" Ho(A)  4.098x10  IB(D) 5.829 V(RD) 0.9497 4.66 398.8
+28.5 +0.0299 +6.79 +0.966

30 -1.659x107 4.186x10 IB(D) -1.328 IB(RD) 6.09 V(RD) 0.9497 4.66 398.2
+27.5 +6.94 +0.220 +1.01

A comparison of the statistical indices 7, s, and F show that all equations from Table 3 are
similar from a statistical point of view, although they are obtained with different sets of structural
descriptors. This happens because QSPR and QSAR equations establish a statistical (and not causal)
mathematical relationship between a set of structural descriptors and a physical, chemical, or
biological property. Whenever these models are generated from a large set of descriptors, one
obtains a group of statistically equivalent QSPR and QSAR equations that contain different

structural descriptors. These similar statistical models offer information on the important structural
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descriptors that determine the investigated property. An analysis of the TIs from Table 3 shows that
structural descriptors computed with the RW and RRW matrices are significant parameters for
modeling the alkane standard Gibbs energy of formation, because each of the first four QSPR
models contain one descriptor computed with these matrices. Overall, 13 descriptors are computed
from RD, 10 from D, 3 from RW, and 2 from RRW. The structural descriptors IB, V, and Y
computed from the distance and reciprocal distance matrices were selected with a higher frequency:
IB(D) 9 times, V(RD) 7 times, and Y(RD) 3 times. This result clearly indicates the superiority of
the new generation topological indices, represented by the Ivanciuc—Balaban and information

theoretic operators, over those computed with simpler mathematical operators.

Vaporization enthalpy. The best ten QSPR models with three topological indices that model the
alkane vaporization enthalpy are presented in Table 4. The first equation, with » = 0.9895, s = 0.63,
F = 2033.4, contains the spectral descriptor MaxSp(RD), and the information—theoretic indices
V(RD) and X(RW).

Table 4. Coefficients, confidence interval, structural descriptors SD; (i = 1-3), and statistical indices for the best ten
MLR equations with three independent variables that model the alkane vaporization enthalpy at 300 K, A,Hz00 (kJ
mol’l). The MLR equations have the general form: Ay,yHso0 = ao + @1SD; + a,SD, + a;3SDs.

Eq 7N a SD] ar SD2 as SD3 r S F

31 _1.0177x10 6.610 MaxSp(RD) 1.684 V(RD) 7.131x10 " X(RW) 0.9895 0.63 2033.4
+0.747 +0.485 +0.124 +0.0523

32 -9.285 6.380 MaxSp(RD) 3.112x10™" IB(RW) 1.677 V(RD) 0.9895 0.63 2023.4
+0.683 +0.469 +0.0229 +0.123

33 -9.938 6.641 MaxSp(RD) 1.675 V(RD) 7.098x10"" V(RW) 0.9894 0.63 2016.0
+0.733 +0.490 +0.124 +0.0523

34 -8.565 6.069 MaxSp(RD) 4.962x10" MaxSp(RRW) 1.660 V(RD) 0.9894 0.63 2008.3
+0.633 +0.448 +0.0367 +0.123

35 -9.063 1.0304 > 4918 IB(D) 2.234 V(RD) 0.9893 0.63 1999.2
+0.671 +0.0763 +0.364 +0.165

36 7328 9.207x102 HyWi(RRW) 5981  MaxSp(RD) 1.636 V(RD) 0.9893 0.63 1996.6
+0.543 +0.00682 +0.443 +0.121

37 -9.505 6.661 MaxSp(RD) 1.652 V(RD) 1.390x10"" Y(RW) 0.9893 0.64 1985.0
+0.706 +0.495 +0.123 +0.0103

38 -9.704 —3.571x10" 3Xp 7.248 MaxSp(RD) 1.555 V(RD) 0.9891 0.64 1959.3
+0.726 +0.0267 +0.542 +0.116

39 -3.535  1.279x10"" MW 2.366 IB(D) 1.422 V(RD) 0.9889 0.65 1916.6
+0.267 +0.00967 +0.179 +0.108

40 -8.325 1.752x10"" x 6.501 MaxSp(RD) 1.581 V(RD) 0.9888 0.65 1906.2
+0.631 +0.0133 +0.493 +0.120

Several structural descriptors computed from the reverse Wiener and reciprocal reverse Wiener
matrices are present in these structure—property models, such as X(RW), IB(RW), V(RW),
MaxSp(RW), HyWi(RRW), and Y(RW). This finding demonstrates that although all four matrices
are computed from graph distances, the novel RW and RRW matrices reflect some structural
features that are absent from the D and RD matrices. All QSPR equations from Table 4 contain the
information index V(RD), while the maximum eigenvalue of the RD matrix, MaxSp(RD), was

selected in eight models. The structural descriptors computed from the reciprocal distance matrix
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were selected with a higher frequency: RD 18 times, RW 4 times, D and RRW twice each.

Refractive index. In Table 5 we present the best ten MLR equations with three structural
descriptors that model the alkane refractive index. The first MLR equation has good statistical
indices, » = 0.9840, s = 0.0025, F = 1309.4, and contains a connectivity index, 3Xp, the Ivanciuc—

Balaban index computed from the distance matrix, IB(D), and the information index X(D).

Table 5. Coefficients, confidence interval, structural descriptors SD; (i = 1-3), and statistical indices for the best ten
MLR equations with three independent variables that model the alkane refractive index at 25 °C, np”. The MLR
equations have the general form: np> = ay + a,SD; + a,SD, + a;SD;.

Eq aop a SD] a SD2 as SD3 r S F

41 1377 8563x10° ¥y, 3.545x107 IB(D) -9.069x10 X(D) 0.9840 0.0025 1309.4
£0.126  +0.000783 +0.00324 +0.00830

42 1.285 9.145x10° %y, 2.254x10° MaxSp(RD)  8.335x107 V(RD) 0.9799 0.0027 1039.8
+0.132  +0.000939 +0.00231 +0.000086

43 1306 1.000x107° 3 2.368x10° MaxSp(RD) -1.521x107 X(D) 0.9799 0.0027 1039.5
+0.134  +0.00103 +0.00243 +0.00156

44 1291 4317x10° 1y 8.742x10° o 1.922x107  MaxSp(RD) 0.9790 0.0028 990.1
+0.136  +0.000454 +0.000920 +0.00202

45 1277 6.604x10° 3y, -2.641x10° v.  2.888x107 MaxSp(RD) 0.9788 0.0028 982.1
+0.135  +0.000697 +0.000279 +0.00305

46 1292 9.51x10° 3y, 1.991x107 MaxSp(RD)  2.328x10° X(RD) 0.9788 0.0028 982.0
£0.136  +0.00101 +0.00211 +0.000246

47 1308 6.416x10* MW  1.110x107 o —6.673x107 Wi(RW) 0.9787 0.0028 976.5
+0.139  +0.000068 +0.00118 +0.000007

48 1.287 9.230x10° %y, 2.250x10° MaxSp(RD) -1.451x10° MinSp(RW) 0.9783 0.0029 960.4
+0.138  +0.000986 +0.00240 +0.000155

49 1299  9.44x10° 3y 1.886x10° MaxSp(RD)  6.930x10° IB(RD) 0.9781 0.0029 951.8
+0.139  +0.00101 +0.00202 +0.000074

50 1298 9.60x10° 3y 3.665x10*  MaxSp(D) 1.961x10° MaxSp(RD) 0.9780 0.0029 946.8
£0.140  +0.00103 +0.000039 +0.00211

Although obtained with different sets of structural descriptors, all QSPR models are similar from

a statistical point of view. Two structural descriptors computed from the reverse Wiener matrix RW
were selected in the ten MLR equations, namely Wi(RW) and MinSp(RW). All QSPR equations
from this table contain the connectivity index * Ap> While the maximum eigenvalue of the reciprocal
distance matrix, MaxSp(RD), appears in seven equations; this shows the importance of the
weighted count of butane—like subgraphs, represented by 3Xp, and of the spectral index MaxSp, a
shape index free from size contribution, in modeling the alkane refractive index.

Density. The best ten MLR equations with three topological indices that model the alkane
density are presented in Table 6. The first QSPR model, with » = 0.9902, s = 3.73, F = 2156.0,
contains the same descriptors from Eq. (41) from Table 5, namely ° *p>» IB(D), and X(D). There is a
significant similarity between the descriptors selected for the alkane refractive index and density
QSPR models. An inspection of the QSPR models from Tables 5 and 6 reveals that the following
equations have identical structural descriptors: Eqgs. (41) and (51); Egs. (42) and (55); Egs. (43) and
(60); Egs. (44) and (58); Egs. (45) and (54).
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Table 6. Coefficients, confidence interval, structural descriptors SD; (i = 1-3), and statistical indices for the best ten
MLR equations with three independent variables that model the alkane density at 25 °C, p (kg m~). The MLR
equations have the general form: p = a, + a,SD; + a,SD, + a;SD;.

Eq ap a SD] ay SD2 as SD3 r S F

51 6.553x10* 1.922x10 3Xp 6.289%10 IB(D) ~1.563x10? X(D) 0.9902 3.73 2156.0
+46.7 +1.37 +4.48 +11.1

52 5.973x10* 2.079x10 3Xp 5.288%10 IB(D) -1.153x10? V(D) 0.9895 3.85 2020.3
+43.9 +1.53 +3.89 +8.49

53 4.619x10? -8.326 ZX 1.257x10 SXp 6.424x10 MaxSp(RD) 0.9862 4.42 1520.9
+39.2 +0.707 +1.07 +5.45

54 4.828x10* 1.613x10 3Xp -5.192 3Xc 5.128x10  MaxSp(RD) 0.9861 4.44 1510.2
+41.1 +1.37 +0.442 +4.37

55 5.004x10* 2.093x10 3Xp 3.942x10  MaxSp(RD) 1.330 V(RD) 09851 4.59 1411.3
+44.1 +1.84 +3.47 +0.117

56 4.630x10* 1.486x10 3Xp 4.494%10 IB(D) 6.418 V(RD) 0.9850 4.60 1403.5
+40.9 +1.31 +3.97 +0.567

57 5.268x10* 2.237x10 3Xp 4.018x10 MaxSp(RD) -1.979x10 V(D) 0.9847 4.64 1375.5
+47.0 +2.00 +3.59 +1.77

58 5.110x10? 7.053 'X 2.029%x10 SXp 3.394x10 MaxSp(RD) 0.9846 4.66 1365.0
+45.8 +0.632 +1.82 +3.04

59 5.202x10* 2.254x10 3Xp 3.988x10 MaxSp(RD) -3.507 Y(D) 0.9846 4.67 1359.7
+46.7 +2.02 +3.58 +0.315

60  5.327x10* 2.213x10 3Xp 4.130x10  MaxSp(RD) -2.251x10 X(D) 09845 4.67 1357.0
+47.9 +1.99 +3.71 +2.02

All QSPR equations from Table 6 contain the connectivity index 3Xp, and the maximum
eigenvalue MaxSp(RD) appears in seven equations. Seven models contain an information—theory
index computed mainly from the distance matrix D, and the Ivanciuc—Balaban index IB(D) is
present in three equations. We have to mention that the graph descriptors computed from the
reverse Wiener RW and reciprocal reverse Wiener RRW matrices were not selected in the QSPR
models from Table 6, showing that these structural descriptors are not very important for the
modeling of the alkane density.

Frequency of matrices and descriptors in QSPR models. The scope of this paper is to
evaluate the correlational ability of structural descriptors derived from two new matrices, the
reverse Wiener RW and reciprocal reverse Wiener RRW matrices. QSAR and QSPR models
developed with topological indices used mainly two types of descriptors, namely the Kier and Hall
connectivity indices and the Wiener index W (denoted in this paper Wi(D)). New molecular
descriptors were recently introduced with the aid of graph operators, such as Hosoya Ho(M),
Wiener Wi(M), hyper—Wiener HyWi(M), minimum matrix eigenvalue MinSp(M), maximum
matrix eigenvalue MaxSp(M), Ivanciuc—Balaban IB(M), information—theory U(M), V(M), X(M),
and Y(M); in the above operators M represents a molecular matrix. We have used all these
operators with the aim to evaluate the utility of the graph descriptors from the new generation. Four
molecular matrices were employed in the computation of TIs, namely distance D, reciprocal
distance RD, reverse Wiener RW, and reciprocal reverse Wiener RRW matrices; previously, TIs
were computed mainly from D, and this comparison can assess the value of the newly introduced

matrices. For each alkane property we have reported in Tables 1-6 the best ten QSPR models,
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demonstrating that all six properties can be modeled with the set of 45 structural descriptors.
However, each property is best modeled by a particular combination of molecular descriptors,
indicating that the QSAR and QSPR modeling needs descriptors that cover the diversity of the
chemical space. All QSAR and QSPR equations represent statistical models, and their results have
to be interpreted as statistical (and not causal) relationships. In this respect, a trend observed from a
set of QSPR equations, as we have obtained from the QSPR models presented in Tables 1-6, is
more significant than the conclusions obtained from a single equation, even the “best” one. It is
clear that, for the same property, with a different data base of chemical compounds or other
combination of structural descriptors the “best” statistical model can significantly change. The
existence of several QSPR models of comparable statistical quality whenever the models are
generated from a large set of descriptors is clearly demonstrated in this study, but this problem was
not considered in previous QSPR studies, and usually only the “best” model was reported. In
general, for the same database, one can find several combinations of descriptors that provide models
with similar statistical indices; owing to the errors in the experimental data that are modeled, small
statistical differences between QSPR equations are not significant.

Table 7. Frequency of the structural descriptors, operators, and molecular matrices in the
QSPR models reported in Tables 1-6.

Descriptor ty Gy AG®300  AvapHs00 np> P Total
MW 3 6 0 1 1 0 11
Oy 1 0 0 0 0 1
v 1 2 0 0 1 1 5
x 1 2 1 2 1 7
% 10 0 0 1 10 10 31
e 0 0 0 0 1 1 2
Wi 1 1 1 0 1 0 4
HyWi 1 0 1 1 0 0 3
Ho 0 1 2 0 0 0 3
MinSp 0 8 1 0 1 0 10
MaxSp 2 2 1 9 9 7 30
IB 1 4 11 3 2 3 24
1) 0 0 0 0 0 0 0
A% 6 1 7 11 1 4 30
X 2 1 2 1 3 2 11
Y 1 2 3 1 0 1 8
Matrix

A 0 0 1 0 0 0 1
D 3 2 10 2 4 8 29
RD 11 6 13 18 11 9 68
RW 0 1 4 2 0 10
RRW 0 11 2 2 0 0 15

An inspection of the QSPR models reported in Tables 1-6 reveals that some descriptors appear
with a greater frequency, while others are rarely present in these equations. In order to obtain an
indication of the importance of each descriptor in modeling the six alkane properties, for each set of
QSPR models we have computed the counts of each descriptor type; these frequencies are presented

in Table 7, together with the counts for each matrix type. Overall, the size descriptor MW appears
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in 11 equations, mainly for C, and tp, indicating that for the remaining four properties the molecular
size is incorporated into other structural descriptors. From the group of connectivity indices, all five
indices were selected in the QSPR models, with 3xp appearing more frequently (31 equations)
mainly for ty, np>, and p. The connectivity index 3xp is followed by %y (7 equations) and 'y (5
equations). This results suggests the importance of y indices in modeling the six alkane properties,
and that subgraph—counting descriptors cannot be substituted with global molecular descriptors
computed with graph operators. Maximum matrix eigenvalue descriptors MaxSp, were selected in
30 equations, mainly for AyapHs300, nDzs, and p. The related descriptors representing the minimum
matrix eigenvalue MinSp was chosen with a lower frequency, in only 10 models, principally for C,,.
Equally important is the information—theory operator V that depends on the magnitude of matrix
elements; V was selected in 30 equations, mainly for Ay,pH3z00, AfG°300, and t,. Two other
information—theory descriptors were found important, namely X (11 selections) and Y (8

selections), in contrast with U that was not chosen in the QSPR equations from Tables 1-6.

The Ivanciuc—Balaban indices IB, present for 24 times, are mainly useful in modeling A¢{G®3¢9
and C,. An unexpected result is the absence of the original Wiener index Wi(D), although this index
was extensively used in developing QSAR and QSPR models. This finding suggests that the
structural descriptors from the new generation, computed with graph operators from a large number
of molecular matrices, have superior correlational abilities and explore new dimensions of the
chemical structural space. Three indices computed with the Wiener operator Wi were selected,
namely Wi(RD), Wi(RW), and Wi(RRW), in a total of four equations. The related indices
computed with the hyper—Wiener operator HyWi were selected in 3 equations, and represent
descriptors computed from the reciprocal matrices, namely HyWi(RD) and HyWi(RRW). Hosoya
indices computed from matrices A and RRW were selected in 3 equations, for the computation of
Cp and A¢G®300. The counts for the molecular matrices show that reciprocal matrices are more
frequently selected than the original matrices, since RD was selected 68 times and D 29 times,
while RRW was selected 15 times and RW 10 times. It is clear that D and RD matrices are more
often selected than the newly introduced RW and RRW matrices, but descriptors computed from
these latter two matrices give the best models for C,, A{G°00, and AyipH3e0. This finding
demonstrates that although all four matrices are computed from graph distances, the novel RW and

RRW matrices reflect some structural features that are absent from the D and RD matrices.

4 CONCLUSIONS

Molecular graph indices represent valuable structural descriptors that can be used with success in
developing QSPR and QSAR models; in such structure—property studies, graph descriptors can be
used in conjunction with other classes of structural descriptors, such as constitutional, geometrical,

electrostatic, and quantum descriptors. In addition to the two well-known books by Kier and Hall
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[59,60], several more recent books and monographs in encyclopedias have been published on
topological molecular descriptors and QSAR [61-67]. In the present study we have investigated two
new molecular matrices derived from graph distances, namely the reverse Wiener RW and
reciprocal reverse Wiener RRW matrices. Structural descriptors computed with these two matrices
were used to develop QSPR models for six alkane properties: normal boiling temperature, molar
heat capacity, standard Gibbs energy of formation, vaporization enthalpy, refractive index, and
density. For the generation of the QSPR models we have used a selection of the most used
molecular graph descriptors: molecular weight, MW; connectivity indices %, 'y, *x, 3Xp, e
Hosoya indices Ho(M); Wiener indices Wi(M); hyper—Wiener indices HyWi(M); minimum matrix
eigenvalue MinSp(M); maximum matrix eigenvalue MaxSp(M); Ivanciuc—Balaban indices IB(M);
information—theoretic operators U(M), V(M), X(M), and Y(M). The results obtained show that all
six alkane properties can be modeled with multilinear regression equations with three independent
variables, but each property requires a particular combination of molecular descriptors. Structural
descriptors computed from the novel matrices RW and RRW are included in the best QSPR models
for C,, AfG®300, and AyapHzg0. Although until recently the distance matrix was the main source of
graph invariants, our results demonstrate that RW and RRW matrices can generate valuable
molecular descriptors. We have also demonstrated that the new generation of structural descriptors,
computed with the graph operators MaxSp, V, IB, X, and MinSp, have better correlational abilities
compared to the classical Wiener index, which used to be the main descriptor in structure—property
studies. Another interesting conclusion is the high importance of subgraph—counting descriptors,
represented by the Kier and Hall connectivity indices y. Especially ° Ap> representing the weighted

contribution of butane—like subgraphs, was found essential in modeling ty, np>, and p.
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