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Abstract 

In order to accomplish further refinement over the TAU formalism in the valence electron mobile (VEM) 
environment, some of the basic parameters introduced in the TAU scheme have been redefined and novel 
formalism of extended topochemical atom (ETA) indices has been presented. Apart from considering size, 
shape, branching and functionality contributions of a molecular graph, the ETA formalism also determines 
contributions of specific vertices or positions within common substructures of molecular graph towards total 
functionality. To explore utility of the newly developed ETA descriptors, toxicity of substituted phenols (n = 50) 
against Tetrahymena pyriformis was taken as the model data set. Principal component factor analysis was 
employed as the data–preprocessing step to select appropriate descriptors, which are devoid of collinearities, for 
the subsequent regression analyses. Statistical quality of the multivariate relations was judged by the parameters 
such as predicted variance (Q2), explained variance (Ra

2), correlation coefficient (R), variance ratio (F), predicted 
residual sum of squares (PRESS), etc. Multiple regression of the response variable (toxicity) with combination of 
ETA descriptors (up to five or six independent variables) using least square method generated statistically robust 
equations that could predict (up to 94.5%) and explain (up to 95%) the variance to a significant extent. Final 
relations were subjected to leave–10%–out cross–validation, which shows Q2 value of about 93%. The results 
suggest that the toxicity of substituted phenols increases with increase in molecular bulk (which showing 
parabolic relation, there exists an optimum size), branching and number of substitutions in the phenol nucleus. 
Again, presence of electronegative atoms in the substituent positions increases toxicity. Further, requirements of 
electronic features for the meta and para substituents were also found out. The study further shows the 
importance of the phenolic –OH group for the toxicity. Statistically robust relations generated in the study 
suggest that ETA indices merit further assessment to prove their utility in modeling studies. 
Keywords. QSAR; quantitative structure–activity relationships; QSPR; quantitative structure–property 
relationships; structural descriptor; topological index; molecular graph; toxicity prediction; phenol toxicity; 
Tetrahymena pyriformis.
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1 INTRODUCTION 

The goal of any medicinal chemist has been to design and synthesize novel pharmacologically 
active molecules with reduced toxicity. Trial and error screening can no longer be relied upon as 
such process is costly and time consuming. Quantitative structure–activity/property/toxicity 
relationship (QSAR/QSPR/QSTR) techniques increase the probability of success and reduce time 
and cost involvement in drug discovery process [1,2]. 

Biological activity of drug molecules results from their specific interactions with receptor sites 
using intermolecular physicochemical forces [2–4]. The magnitude and type of such interactions are 
in turn dependent on structural features of drug compounds. Exploration of relation of biological 
activity with physicochemical properties or structural descriptors of drugs helps in identifying 
mechanistic features of drug action apart from optimization of drug structures for getting better 
analogues.

A long–standing goal in chemistry was to represent chemical structure in numerical form. 
Topological indices have been developed by scientists in pursuit of this goal [5]. These descriptors 
encode chemical information about structural environment of atoms, bonds, branching, 
unsaturation, heteroatom variation, cyclicity, aromatic nature, etc [6,7]. The descriptors are 
formulated in graph theoretic approach considering connection table of the vertices (e.g., molecular 
connectivity indices, Gordon–Scantelbury index, etc.) or distance matrix (Wiener index, kappa 
shape index, electrotopological state atom index, etc.) [8]. Apart from these, centric topological 
indices (based on the sequences of numbers obtained by pruning an acyclic graph towards its center, 
e.g., Balaban centric indices) and indices based on information theory (e.g., redundancy index, 
molecular negentropy, etc.) have been reported [8]. 

Despite simplicity of most of the topological descriptors, they have proved to contain a great 
quantity of chemical information [9,10]. Recent advances in the development and applications of 
graph–theoretic descriptors in physical chemistry and pharmaceutical sciences indicate that this 
approach is an important alternative to physicochemical parameters in QSPR/QSAR models, 
maintaining both statistical and physical meaning. These indices not only contain information on 
molecular topological features, but also on nature of atoms or bonds as well as electronic features of 
molecules as a whole. However, since most of the topological descriptors are global ones, they do 
not contain explicit information regarding number of functionality, pharmacophore, interatomic 
distance, charge distribution, stereochemistry or electrostatic potential [11]. Nevertheless, as 
different structural aspects are decoded by different indices, a rich database of topological indices 
may be helpful in exploring QSAR/QSPR [7,12–21] and classifying chemical compounds for a 
target property/activity [22–24]. 

In late eighties, TAU descriptors were reported [25,26] and claimed to have diagnostic power to 
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unveil specific contributions of functionality, branching, shape and size factors to biological activity 
or physicochemical parameters. Later, a number of papers have been published in support of the 
claim [27–33]. In the present paper, we are redefining some of the basic parameters introduced in 
TAU scheme and presenting a new formalism for calculation of Extended Topochemical Atom 
(ETA) indices to fill some of the lacunae present in the TAU scheme. 

2 MATERIALS AND METHODS

TAU descriptors were developed in the valence electron mobile (VEM) environment [25,26], 
where a vertex in the molecular graph is considered to be composed of a core and a valence 
electronic environment. The core environment, identified as , is defined by the ratio of the number 
of core electrons to the number of valence electrons, i.e.:

V

V

Z Z
Z

(1)

In Eq. (1), Z and Zv represent atomic number and valence electron number respectively. 
Obviously, 1/  roughly corresponds to the strength of the positive field of the atomic core. 

In TAU scheme, valence electronic environment is partitioned into two components, localized 
(VEL) and mobile (VEM). The bond with hydrogen in the graph theoretic method changes into a 
self–loop which implies that the pair of electrons forming a covalent bond with a hydrogen atom is 
predominantly enjoyed by the atom to which it is bonded. Again, in the TAU scheme it is assumed 
that an atom enjoys besides its own, fifty percent of the other electron in a sigma bond with a non–
hydrogen atom. Further, –bond and  bond are given unequal weights. The mobile valence 
electronic environment, identified as , is defined as: 

 = 8 – (2h + 1.5  + 2l) (2)

When unsaturation is present,  is defined as: 
0.5 2 (3)

In Eqs. (2) and (3), the notations , h, l and  represent the numbers of sigma bonds (other than 
hydrogen), hydrogen atoms, loan pair of electrons and  bonds associated with the atom in that 
order.

VEM vertex weight Vi of the vertex i is defined as i/ i. The composite topochemical index (T)
for the molecular graph is defined as: 

0.5

ij i j
i j i j

T E VV (4)

In Eq. (4), Eij stands for VEM edge weight of the edge formed by ith and jth vertices. VEM edge 
weight of an edge incident on a heteroatom is assigned a negative value. Apart from defining 
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functionality and branching contributions, TAU scheme uses vertex count (NV) as the bulk 
parameter and NP, NY and NX (number of primary, tertiary and quaternary carbons) as the shape 
parameters. However, lacunae are found in some aspects of the TAU formalism. It is observed that 
the  values of different atoms increase disproportionately with increase in atomic number (Table 
1). Again, VEM vertex count of a vertex in a sigma bond with another atom of similar 
electronegativity should have different value than that bonded to an atom of different 
electronegativity. Moreover, differentiation must be made among double bonds of different types 
(ordinary alkenes or alkynes, conjugated system, aromatic system, etc.) Further, functionality 
contribution should be found out at the atomic level or fragmental basis which may be used for 
determination of pharmacophore fragment. To implement all these, we are redefining the basic 
parameters of the TAU scheme and introducing the novel ETA formalism. 

Table 1. Uncorrected van der Waals volume (Vw),  and  values of common atoms in organic compounds 
Atom Vw (102 Å2) a

H 0.056 0.00 0.00 
C 0.206 0.50 0.50 
N 0.141 0.40 0.40 
O 0.115 0.33 0.33 
F 0.115 0.29 0.29 
S 0.244 1.67 0.835 

Cl (ali) 0.206 1.43 0.715 
Cl (aro) 0.244 1.43 0.715 
Br (ali) 0.244 4.00 1.333 
Br (aro) 0.287 4.00 1.333 
I (ali) 0.335 6.57 1.6425 
I (aro) 0.388 6.57 1.6425 

a Ref. [34] 

We define core count of a non–hydrogen vertex [ ] as: 

1.
1

v

v

z z
z PN

(5)

In Eq. (5), PN stands for period number. Hydrogen atom being considered as reference,  for 
hydrogen is taken to be zero. Table 1 shows that  values of different atoms (which are commonly 
found in organic compounds) have high correlation (r = 0.946) with (uncorrected) van der Waals 
volume [34] and the relation is statistically better than that shown by  (r = 0.898). Thus,  values 
of all non–hydrogen atoms of a molecule (instead of vertex count NV) may be taken as a gross 
measurement of molecular bulk. 

Again, in periodic table, electronegativity increases in a period as one goes to the right hand side 
(i.e., as number of valence electron increases) and it decreases as one goes to higher period (i.e., as 
size increases). Here, we define a term  as a measure of electronegativity in the following manner: 

0.3 VZ (6)
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Table 2 shows that  has good correlation (r = 0.937) with Pauling’s electronegativity scale 
(EN).

Table 2. Pauling electronegativity (EN) and  values of common (neutral) atoms in organic compounds 
Atom EN PN

H 2.1 0.3 1 
C 2.5 0.7 2 
N 3.0 1.1 2 
O 3.5 1.47 2 
F 4.0 1.81 2 
P 2.1 0.5 3 
S 2.5 0.965 3 
Cl 3.0 1.385 3 
Br 2.8 0.767 4 
I 2.5 0.4575 5 

Again, instead of NP, NY and NX used in the TAU scheme, ( )p/ , ( )Y/  and ( )X/  can 
be used as the shape parameters. ( )p, ( )Y and ( )X stand for summation of  values of the 
vertices that are joined to one, three and four other non-hydrogen vertices respectively in the 
molecular graph. 

For calculation of VEM count , contribution of a sigma bond (x) between two atoms of similar 
electronegativity (  0.3) is considered to be 0.5 and for sigma bond between two atoms of 
different electronegativity (  0.3) it is considered to be 0.75. In the TAU scheme, contribution of 
all sigma bonds to VEM count was 0.5. Again, in case of  bonds, contributions (y) are considered 
depending on the type of the double bond: (a) for  bond between two atoms of similar 
electronegativity ( 0.3), y is taken to be 1; (b) for  bond between two atoms of different 
electronegativity ( 0.3) or for conjugated (non–aromatic)  system, y is considered to be 1.5; (c)
for aromatic  system, y is taken as 2. In the TAU scheme, contribution of all kinds of  bonds was 
2. Thus  of the ETA scheme is defined as: 

x y (7)

In the above equation,  is a correction factor of value 0.5 per atom with loan pair of electrons 
capable of resonance with aromatic ring (e.g., nitrogen of aniline, oxygen of phenol, etc.).

 can be split into two parts, s (sigma contribution to VEM count) and ns (non–sigma 
contribution to VEM count) which may be defined as below: 

s x (8)

ns y (9)

For a given part (substructure) of a molecular graph, s and ns may be calculated considering 
all bonds (sigma bonds for the former and  bonds and lone pair of electrons for the latter) in the 
substructure. /

s (defined as [ s]/NV) may be taken as a relative measure of number of 
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electronegative atoms in the substructure while /
ns (defined as [ ns]/NV) may be taken as a 

relative measure of electron–richness (unsaturation) of the substructure. 

VEM vertex count i of the ith vertex in a molecular graph is defined as: 

i
i

i
(10)

In the above equation, i stands for  value for the ith vertex and i stands for VEM count 
considering all bonds connected to the atom and lone pair of electrons (if any). 

Finally, we define the composite index  in the following manner: 
0.5

i j
2

i j ijr
(11)

In Eq. (11), both bonded and non–bonded interactions have been considered. rij stands for the 
topological distance between ith atom and jth atom. Thus, in addition to the local topology, global 
topology is also included in the formalism. Again, when all heteroatoms in the molecular graph are 
replaced by carbon and multiple bonds are replaced by single bond, corresponding molecular graph 
may be considered as the reference alkane and the corresponding composite index value is 
designated as R. Considering functionality as the presence of heteroatoms (atoms other than carbon 
or hydrogen) and multiple bonds, functionality index F may be calculated as R – . To avoid 
dependence of functionality on vertex count or bulk, we define another term /

F as F/NV. Again, 
we can determine contribution of a particular position or vertex (within the common substructure in 
the congeneric series) to functionality in the following manner: 

0.5

i j
2[ ]i

j i ijr
(12)

In Eq. (12), [ ]i stands for contribution of the ith vertex to . Similarly, contribution of the ith

vertex [ R]i to R can be computed. Contribution of the ith vertex [ F]i to functionality may be 
defined as [ R]i –[ ]i. To avoid dependence of this value on NV, a related term [ /

F]i is defined as 
[ F]i/NV. Again, when only bonded interactions are considered (rij = 1), the corresponding 
composite index may be written as local.

0.5
i j

, 1
( )

ij

local

i j r
(13)

In the similar way, R
local for the corresponding reference alkane may also be calculated. R

local

value is similar to TR of reference alkane in the TAU scheme. Local functionality contribution 
(without considering global topology), F

local, may be calculated as R
local – local.

For calculation of branching, consideration of the local topology is sufficient. Branching is 
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calculated with respect to  value of the corresponding normal alkane (straight chain compound of 
same vertex count obtained from the reference alkane), N

local, which may be conveniently 
calculated (for compounds with NV  3) as: 

1.414 ( 3)0.5local
N VN (14)

The branching index B can be calculated as N
local – R

local + 0.086NR, where NR stands for the 
number of rings in the molecular graph of the reference alkane. The NR term in the branching index 
expression represents a correction factor for cyclicity. To calculate branching contribution in 
comparison to the molecular size, another term /

B is defined as B/NV. Calculation of different 
indices is illustrated taking example of 4–chlorophenol in Table 3. 

Table 3. Calculations of ETA parameters: example of 4–cholorophenol 

OH

Cl

4-Chlorophenol Reference alkane Normal alkane

1

3
4

5
6

7

8

2 2

1

3
4

5

6

7

8

 4–Chlorophenol Reference alkane 
Vertex 1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8 

i 0.5 0.5 0.5 0.5 0.5 0.5 0.33 0.72 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 
[ s]i 1.75 1 1 1.75 1 1 0.75 0.75 1.5 1 1 1.5 1 1 0.5 0.5 
[ ns]i 2 2 2 2 2 2 0.5 0.5 0 0 0 0 0 0 0 0 

i 3.75 3 3 3.75 3 3 1.25 1.25 1.5 1 1 1.5 1 1 0.5 0.5 
i 0.13 0.17 0.17 0.13 0.17 0.17 0.26 0.57 0.33 0.5 0.5 0.33 0.5 0.5 1 1 

[ ]i 0.75 0.74 0.75 0.82 0.75 0.74 0.66 0.94 – – – – – – – – 
[ R]i – – – – – – – – 2.06 2.12 2.12 2.06 2.12 2.12 2.10 2.10 
[ /

F]i 0.16 0.17 0.17 0.16 0.17 0.17 0.18 0.15 – – – – – – – – 
3.074 – 

R – 8.392 
/
F 0.665 – 

local 1.395 – 
R

local – 3.786 
F

local 2.392 – 
N

local – 3.914 
/
B 0.027 – 

4.045 – 
[ ]p 1.045 – 

In the present communication, utility of the ETA parameters has been demonstrated through a 
QSAR study taking toxicity (pC) against Tetrahymena pyriformis for a set of 50 substituted phenols 
(taken from Ref. [35]) as model data set (Table 4). The common atoms of the molecules are 
numbered 1 through 7 (as shown in Table 3). 
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Table 4. Observed, calculated and predicted toxicity of substituted phenols against Tetrahymena pyriformis
No Compound name Toxicity against Tetrahymena pyriformis

  Obs a Calc b Res b Pred b Pres b Calc c Res c Pred c Pres c

1 Phenol –0.431 –0.464 0.033 –0.470 0.039 –0.430 –0.001 –0.430 –0.001
2 2,6–Difluorophenol 0.396 0.350 0.046 0.338 0.058 0.383 0.013 0.379 0.017
3 2–Fluorophenol 0.248 –0.052 0.300 –0.092 0.340 –0.019 0.267 –0.062 0.310
4 4–Fluorophenol 0.017 0.139 –0.122 0.164 –0.147 0.094 –0.077 0.110 –0.934
5 3–Fluorophenol 0.473 0.278 0.195 0.236 0.237 0.299 0.174 0.262 0.211
6 4–Methylphenol –0.192 –0.092 –0.100 –0.084 –0.108 –0.075 –0.117 –0.066 –0.126
7 3–Methylphenol –0.062 –0.092 0.030 –0.094 0.032 –0.075 0.013 –0.076 0.014
8 2–Chlorophenol 0.277 0.252 0.025 0.249 0.028 0.271 0.006 0.271 0.006
9 2–Bromophenol 0.504 0.463 0.041 0.461 0.043 0.456 0.048 0.453 0.051

10 4–Chlorophenol 0.545 0.442 0.103 0.430 0.115 0.384 0.161 0.363 0.182
11 3–Ethylphenol 0.229 0.251 –0.022 0.252 –0.023 0.252 –0.023 0.253 –0.024
12 2–Ethylphenol 0.176 0.251 –0.075 0.254 –0.078 0.252 –0.076 0.256 –0.080
13 4–Bromophenol 0.681 0.654 0.027 0.650 0.031 0.770 –0.089 0.778 –0.097
14 2,3–Dimethylphenol 0.122 0.251 –0.129 0.256 –0.134 0.252 –0.130 0.258 –0.136
15 2,4–Dimethylphenol 0.128 0.251 –0.123 0.256 –0.128 0.252 –0.124 0.258 –0.130
16 2,5–Dimethylphenol 0.009 0.251 –0.242 0.262 –0.253 0.252 –0.243 0.263 –0.254
17 3,4–Dimethylphenol 0.122 0.251 –0.129 0.256 –0.134 0.252 –0.130 0.258 –0.136
18 3,5–Dimethylphenol 0.113 0.251 –0.138 0.257 –0.144 0.252 –0.139 0.259 –0.146
19 3–Chloro–4–fluorophenol 0.842 1.160 –0.318 1.224 –0.382 1.090 –0.248 1.145 –0.303
20 2–Chloro–5–methylphenol 0.640 0.582 0.058 0.578 0.062 0.587 0.053 0.583 0.057
21 4–Iodophenol 0.854 0.840 0.014 0.838 0.016 0.948 –0.094 0.956 –0.102
22 3–Iodophenol 1.118 0.979 0.139 0.946 0.172 1.154 –0.036 1.159 –0.041
23 2–Isopropylphenol 0.803 0.565 0.238 0.553 0.250 0.553 0.250 0.541 0.262
24 3–Isopropylphenol 0.609 0.565 0.044 0.563 0.046 0.553 0.056 0.550 0.059
25 4–Isopropylphenol 0.473 0.565 –0.092 0.569 –0.096 0.553 –0.080 0.557 –0.084
26 2,5–Dichlorophenol 1.128 1.238 –0.110 1.255 –0.127 1.235 –0.107 1.252 –0.124
27 2,3–Dichlorophenol 1.271 1.238 0.033 1.232 0.038 1.235 0.036 1.229 0.042
28 4–Chloro–2–methylphenol 0.700 0.773 –0.073 0.778 –0.078 0.700 0.000 0.700 0.000
29 4–Chloro–3–methylphenol 0.795 0.773 0.022 0.771 0.024 0.700 0.095 0.691 0.104
30 2,4–Dichlorophenol 1.036 1.099 –0.063 1.106 –0.070 1.029 0.007 1.029 0.007
31 3–tert–Butylphenol 0.730 0.850 –0.120 0.858 –0.128 0.827 –0.097 0.833 –0.103
32 4–tert–Butylphenol 0.913 0.850 0.063 0.846 0.067 0.827 0.086 0.821 0.092
33 3,5–Dichlorophenol 1.562 1.568 –0.006 1.573 –0.106 1.553 0.009 1.546 0.016
34 2–Phenylphenol 1.094 1.334 –0.240 1.361 –0.267 1.292 –0.198 1.315 –0.221
35 2,4–Dibromophenol 1.403 1.376 0.027 1.373 0.030 1.463 –0.060 1.469 –0.066
36 2,3,6–Trimethylphenol 0.418 0.565 –0.147 0.572 –0.154 0.553 –0.135 0.560 –0.142
37 3,4,5–Trimethylphenol 0.930 0.565 0.365 0.547 0.383 0.553 0.377 0.534 0.396
38 2,4,6–Trimethylphenol 1.695 1.696 –0.001 1.697 –0.002 1.620 0.075 1.597 0.098
39 4–Chloro–3,5–dimethylphenol 1.203 1.074 0.129 1.066 0.137 0.989 0.214 0.972 0.231
40 4–Bromo–2,6–dichlorophenol 1.779 1.806 –0.027 1.810 –0.031 1.911 –0.132 1.954 –0.175
41 2,4,5–Trichlorophenol 2.100 2.026 0.074 2.008 0.092 1.938 0.162 1.904 0.196
42 4–Bromo–6–chloro–2–methylphenol 1.277 1.513 –0.236 1.532 –0.255 1.612 –0.335 1.649 –0.372
43 4–Bromo–2,6–dimethylphenol 1.278 1.215 0.063 1.207 0.071 1.308 –0.030 1.311 –0.033
44 2,4,6–Tribromophenol 2.050 1.894 0.156 1.870 0.180 1.964 0.086 1.953 0.097
45 2–tert–Butyl–4–methylphenol 1.297 1.107 0.190 1.089 0.208 1.073 0.224 1.052 0.245
46 4–Chloro–2–isopropyl–5–methylphenol 1.862 1.591 0.271 1.568 0.294 1.485 0.377 1.449 0.413
47 6–tert–Butyl–2,4–dimethylphenol 1.245 1.334 –0.089 1.344 –0.099 1.292 –0.047 1.298 –0.053
48 2,6–Diphenylphenol 2.113 2.097 0.016 2.079 0.034 2.040 0.073 1.962 0.151
49 2,4–Dibromo–6–phenylphenol 2.207 2.254 –0.047 2.285 –0.078 2.319 –0.112 2.390 –0.183
50 2,6–Di–tert–butyl–4–methylphenol 1.788 1.845 –0.057 1.856 –0.068 1.788 0.000 1.788 0.000

Obs = Observed, Calc = Calculated, Pred = Predicted, Res = Residual = Obs – Calc, Pres = Predicted residual = Obs – 
Pred 
a Ref. [35], b according to Eq. (27), c according to Eq. (28) 
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Table 5. Definitions of different ETA parameters used in exploring QSAR of toxicity of substituted phenols 
Parameter Definition 

Sum of  values of all non–hydrogen vertices of a molecule 
[ ]P Sum of  values of all non–hydrogen vertices each of which is joined to only one other non–hydrogen 

vertex of the molecule 
Ne Number of atoms in the substituent positions of the phenol nucleus which have  values larger than 1 
NV Vertex count (excluding hydrogen) 
N Total number of atoms (including hydrogen) 
[ /N]sub Sum of /N values of all atoms (including hydrogen) in substituent positions of phenol nucleus 
[Ne]o Number of atoms in the ortho substituent positions of the phenol nucleus which have  values larger than 1 
[Ne]m Number of atoms in the meta substituent positions of the phenol nucleus which have  values larger than 1 
[Ne]p Number of atoms in the para substituent position of the phenol nucleus which have  values larger than 1 
[ /

ns]o Sum of /
ns values of two ortho positions; /

ns is defined as [ ns]/Nv for non–hydrogen substituent; in 
case, hydrogen is present in the substituent position, the value for that position is taken as zero 

[ /
ns]m Sum of /

ns values of two meta positions; /
ns is defined as [ ns]/Nv for non–hydrogen substituent; in 

case, hydrogen is present in the substituent position, the value for that position is taken as zero 
[ /

ns]p Sum of /
ns values of para position; /

ns is defined as [ ns]/Nv for non–hydrogen substituent; in case, 
hydrogen is present in the substituent position, the value for that position is taken as zero 

[ /
s]o Sum of /

s values of two ortho positions; /
s is defined as [ s]/Nv for non–hydrogen substituent; in 

case, hydrogen is present in the substituent position, the value for that position is taken as zero 
[ /

s]m Sum of /
s values of two meta positions; /

s is defined as [ s]/Nv for non–hydrogen substituent; in 
case, hydrogen is present in the substituent position, the value for that position is taken as zero 

[ /
s]p Sum of /

s values of para position; /
s is defined as [ s]/Nv for non–hydrogen substituent; in case, 

hydrogen is present in the substituent position, the value for that position is taken as zero 
/
B = /

B/NV
/
F = /

F/NV

[ /
F]i Contribution of the position i to /

F value 

Different ETA descriptors calculated for the phenol derivatives are defined in Table 5. Factor 
analysis has been performed as the data preprocessing step for identification of important 
descriptors for the subsequent multiple regression analysis [36,37]. For this purpose, the data matrix 
consisting of the descriptors has been divided into two parts, and each part, along with toxicity 
values, has been subjected to principal component factor analysis using STATISTICA software 
[38]. The principal objectives of factor analysis are to display multidimensional data in a space of 
lower dimensionality with minimal loss of information and to extract basic features behind the data 
with ultimate goal of interpretation and / or prediction. The factors were extracted by principal 
component method and then rotated by VARIMAX rotation to obtain Thurston's simple structure. 
Only factors describing  5% of the total variance were considered. The analyses were carried out 
based on the following postulates: (a) only variables with non–zero loadings in such factors where 
biological activity also has non–zero loading are important in explaining variance of the activity; (b)
only variables with non–zero loadings in different factors may be combined in regression equations; 
(c) the factor pattern indicates whether in the parameter space the biological activity can be 
explained in a satisfactory manner; if not, a different set of variables are to be chosen. 

The calculations of , R, F, B and contributions of different vertices to F were done, using 
distance matrix and VEM vertex counts as inputs, by the GW–BASIC programs KRETA1 and 
KRETA2 developed by one of the authors [39]. The regression analyses were carried out using a 
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program RRR98 [39]. 

The statistical quality of the equations [40] was judged by the parameters like explained variance
(Ra

2, i.e., adjusted R2), correlation coefficient (r or R), standard error of estimate (s), average of 
absolute values of the residuals (AVRES), variance ratio (F) at specified degrees of freedom (df),
95% confidence intervals of the regression coefficients, leave–one–out cross–validation R2 (Q2)
[41], predicted residual sum of squares (PRESS) [41], standard deviation based on PRESS (SPRESS)
[6], standard deviation of error of prediction (SDEP) [6] and average absolute predicted residual 
(Presav). PRESS (leave–one–out) statistics [6,41] were calculated using the programs KRPRES1 and 
KRPRES2 [39]. All the accepted equations have regression constants and F ratios significant at 95% 
and 99% levels respectively, if not stated otherwise. A compound was considered as an outlier if the 
residual is more than twice the standard error of estimate for a particular equation. Finally, leave–
many–out cross–validation was applied on the final equations. 

3 RESULTS AND DISCUSSION 

The calculated values of different ETA descriptors as defined in Table 5 are given in Tables 6–8. 
The results of the principal component factor analyses are given in Tables 9 and 10. 

Table 9 shows that the data matrix [A] composed of 18 variables (including response variable 
pC) can be explained to the extent of 96.6% by 7 factors. Biological activity (pC) is highly loaded 
with factor 3 which is in turn loaded in the parameters  and [ ]2. Other factors with which 
biological activity is moderately loaded are factor 6 (highly loaded in [ ]P and [ ]P/ ), factor 
2 (highly loaded in [Ne]m and [ /

ns]m ), factor 4 (highly loaded in [Ne]p, [ /
s]p and [ /

ns]p ), factor 
1 (highly loaded in B and /

B) and factor 5 (highly loaded in Ne, [Ne]o, [ /
s]o and [ /N]sub).

The size parameter  can singularly explain 67.6% and predict 64.5% of the variance of 
toxicity of phenols. The relation is further improved when parabolic relation of  is used. 

0.440( 0.087) 1.374( 0.454)pC
2 2 250, 0.645, 0.676, 0.682, 0.826, 0.379, 103.0( 1, 48),

0.301, 7.691, 0.392, 0.400, Pr 0.317
a

PRESS av

n q r r r s F df
AVRES PRESS SDEP S es

(15)

21.398( 0.503) 0.079( 0.041)[ ] 4.082( 1.461)pC
2 2 250, 0.737, 0.749, 0.759, 0.871, 0.333, 74.1( 2, 47),

0.263, 5.703, 0.338, 0.348, Pr 0.276
a

PRESS av

n Q R R R s F df
AVRES PRESS SDEP S es

(16)

The 95% confidence intervals of the regression coefficients are shown within parentheses. Eq. 
(16) suggests that toxicity of phenols is highly dependent on bulk: toxicity increases as molecular 
size increases, however it decreases after some critical value of size. 
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Table 6. Different ETA descriptors for substituted phenols – part I 
No Compound name Descriptors 

[ ]p [ /
s]o [ /

s]m [ /
s]p [ /

ns]o [ /
ns]m [ /

ns]p

1 Phenol 3.3300 0.3300 0.00 0.00 0.00 0.00 0.00 0.00 
2 2,6–Difluorophenol 3.9100 0.9100 1.50 0.00 0.00 1.00 0.00 0.00 
3 2–Fluorophenol 3.6200 0.6200 0.75 0.00 0.00 0.50 0.00 0.00 
4 4–Fluorophenol 3.6200 0.6200 0.00 0.00 0.75 0.00 0.00 0.50 
5 3–Fluorophenol 3.6200 0.6200 0.00 0.75 0.00 0.00 0.50 0.00 
6 4–Methylphenol 3.8300 0.8300 0.00 0.00 0.50 0.00 0.00 0.00 
7 3–Methylphenol 3.8300 0.8300 0.00 0.50 0.00 0.00 0.00 0.00 
8 2–Chlorophenol 4.0450 1.0450 0.75 0.00 0.00 0.50 0.00 0.00 
9 2–Bromophenol 4.6630 1.6630 0.50 0.00 0.00 0.50 0.00 0.00 
10 4–Chlorophenol 4.0450 1.0450 0.00 0.00 0.75 0.00 0.00 0.50 
11 3–Ethylphenol 4.3300 0.8300 0.00 0.50 0.00 0.00 0.00 0.00 
12 2–Ethylphenol 4.3300 0.8300 0.50 0.00 0.00 0.00 0.00 0.00 
13 4–Bromophenol 4.6630 1.6630 0.00 0.00 0.50 0.00 0.00 0.50 
14 2,3–Dimethylphenol 4.3300 1.3300 0.50 0.50 0.00 0.00 0.00 0.00 
15 2,4–Dimethylphenol 4.3300 1.3300 0.50 0.00 0.50 0.00 0.00 0.00 
16 2,5–Dimethylphenol 4.3300 1.3300 0.50 0.50 0.00 0.00 0.00 0.00 
17 3,4–Dimethylphenol 4.3300 1.3300 0.00 0.50 0.50 0.00 0.00 0.00 
18 3,5–Dimethylphenol 4.3300 1.3300 0.00 1.00 0.00 0.00 0.00 0.00 
19 3–Chloro–4–fluorophenol 4.3350 1.3350 0.00 0.75 0.75 0.00 0.50 0.50 
20 2–Chloro–5–methylphenol 4.5450 1.5450 0.75 0.50 0.00 0.50 0.00 0.00 
21 4–Iodophenol 4.9725 1.9725 0.00 0.00 0.50 0.00 0.00 0.50 
22 3–Iodophenol 4.9725 1.9725 0.00 0.50 0.00 0.00 0.50 0.00 
23 2–Isopropylphenol 4.8300 1.3300 0.50 0.00 0.00 0.00 0.00 0.00 
24 3–Isopropylphenol 4.8300 1.3300 0.00 0.50 0.00 0.00 0.00 0.00 
25 4–Isopropylphenol 4.8300 1.3300 0.00 0.00 0.50 0.00 0.00 0.00 
26 2,5–Dichlorophenol 4.7600 1.7600 0.75 0.75 0.00 0.50 0.50 0.00 
27 2,3–Dichlorophenol 4.7600 1.7600 0.75 0.75 0.00 0.50 0.50 0.00 
28 4–Chloro–2–methylphenol 4.5450 1.5450 0.50 0.00 0.75 0.00 0.00 0.50 
29 4–Chloro–3–methylphenol 4.5450 1.5450 0.00 0.50 0.75 0.00 0.00 0.50 
30 2,4–Dichlorophenol 4.7600 1.7600 0.75 0.00 0.75 0.50 0.00 0.50 
31 3–tert–Butylphenol 5.3300 1.8300 0.00 0.50 0.00 0.00 0.00 0.00 
32 4–tert–Butylphenol 5.3300 1.8300 0.00 0.00 0.50 0.00 0.00 0.00 
33 3,5–Dichlorophenol 4.7600 1.7600 0.00 1.50 0.00 0.00 1.00 0.00 
34 2–Phenylphenol 6.3300 0.3300 0.50 0.00 0.00 1.00 0.00 0.00 
35 2,4–Dibromophenol 5.9960 2.9960 0.50 0.00 0.50 0.50 0.00 0.50 
36 2,3,6–Trimethylphenol 4.8300 1.8300 1.00 0.50 0.00 0.00 0.00 0.00 
37 3,4,5–Trimethylphenol 4.8300 1.8300 0.00 1.00 0.50 0.00 0.00 0.00 
38 2,4,6–Trimethylphenol 5.4750 2.4750 1.50 0.00 0.75 1.00 0.00 0.50 
39 4–Chloro–3,5–dimethylphenol 5.0450 2.0450 0.00 1.00 0.75 0.00 0.00 0.50 
40 4–Bromo–2,6–dichlorophenol 6.0930 3.0930 1.50 0.00 0.50 1.00 0.00 0.50 
41 2,4,5–Trichlorophenol 5.4750 2.4750 0.75 0.75 0.75 0.50 0.50 0.50 
42 4–Bromo–6–chloro–2–methylphenol 5.8780 2.8780 1.25 0.00 0.50 0.50 0.00 0.50 
43 4–Bromo–2,6–dimethylphenol 5.6630 2.6630 1.00 0.00 0.50 0.00 0.00 0.50 
44 2,4,6–Tribromophenol 7.3290 4.3290 1.00 0.00 0.50 1.00 0.00 0.50 
45 2–tert–Butyl–4–methylphenol 5.8300 2.3300 0.50 0.00 0.50 0.00 0.00 0.00 
46 4–Chloro–2–isopropyl–5–methylphenol 6.0450 2.5450 0.50 0.50 0.75 0.00 0.00 0.50 
47 6–tert–Butyl–2,4–dimethylphenol 6.3300 2.8300 1.00 0.00 0.50 0.00 0.00 0.00 
48 2,6–Diphenylphenol 9.3300 0.3300 1.00 0.00 0.00 2.00 0.00 0.00 
49 2,4–Dibromo–6–phenylphenol 8.9960 2.9960 1.00 0.00 0.50 1.50 0.00 0.50 
50 2,6–Di–tert–butyl–4–methylphenol 7.8300 2.8300 1.00 0.00 0.50 0.00 0.00 0.00 
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Table 7. Different ETA descriptors for substituted phenols – part II 
No Compound name Descriptors 
  Ne [ N]sub [Ne]o [Ne]m [Ne]p R B

1 Phenol 0 0.3000 0 0 0 2.2007 6.6258 0.0153 
2 2,6–Difluorophenol 2 0.9040 2 0 0 3.3587 10.4897 0.0319 
3 2–Fluorophenol 1 0.6020 1 0 0 2.7572 8.4719 0.0246 
4 4–Fluorophenol 1 0.6020 0 0 1 2.7338 8.3923 0.0267 
5 3–Fluorophenol 1 0.6020 0 1 0 2.7429 8.4234 0.0267 
6 4–Methylphenol 0 0.3500 0 0 0 3.4090 8.3923 0.0267 
7 3–Methylphenol 0 0.3500 0 0 0 3.4299 8.4234 0.0267 
8 2–Chlorophenol 1 0.5170 1 0 0 2.6059 8.4719 0.0246 
9 2–Bromophenol 0 0.3934 0 0 0 3.6662 8.4719 0.0246 
10 4–Chlorophenol 1 0.5170 0 0 1 3.0744 8.3923 0.0267 
11 3–Ethylphenol 0 0.3727 0 0 0 4.6030 9.9264 0.0195 
12 2–Ethylphenol 0 0.3727 0 0 0 4.6482 9.9960 0.0176 
13 4–Bromophenol 0 0.3934 0 0 0 3.6027 8.3923 0.0267 
14 2,3–Dimethylphenol 0 0.3727 0 0 0 4.9966 10.4897 0.0319 
15 2,4–Dimethylphenol 0 0.3727 0 0 0 4.9019 10.4101 0.0337 
16 2,5–Dimethylphenol 0 0.3727 0 0 0 4.8779 10.4101 0.0337 
17 3,4–Dimethylphenol 0 0.3727 0 0 0 4.9420 10.4101 0.0337 
18 3,5–Dimethylphenol 0 0.3727 0 0 0 4.8893 10.3928 0.0356 
19 3–Chloro–4–fluorophenol 2 0.8190 0 1 1 3.7190 10.4101 0.0337 
20 2–Chloro–5–methylphenol 1 0.4856 1 0 0 4.4779 10.4101 0.0337 
21 4–Iodophenol 0 0.3315 0 0 0 3.7619 8.3923 0.0267 
22 3–Iodophenol 0 0.3315 0 0 0 3.7891 8.4234 0.0267 
23 2–Isopropylphenol 0 0.3857 0 0 0 6.2863 12.1184 0.0287 
24 3–Isopropylphenol 0 0.3857 0 0 0 6.2236 12.0177 0.0304 
25 4–Isopropylphenol 0 0.3857 0 0 0 6.1820 11.9494 0.0304 
26 2,5–Dichlorophenol 2 0.7340 1 1 0 4.1011 10.4101 0.0337 
27 2,3–Dichlorophenol 2 0.7340 1 1 0 4.1621 10.4897 0.0319 
28 4–Chloro–2–methylphenol 1 0.4856 0 0 1 4.5048 10.4101 0.0337 
29 4–Chloro–3–methylphenol 1 0.4856 0 0 1 4.5238 10.4101 0.0337 
30 2,4–Dichlorophenol 2 0.7340 1 0 1 4.1094 10.4101 0.0337 
31 3–tert–Butylphenol 0 0.3941 0 0 0 8.3106 14.6211 0.0457 
32 4–tert–Butylphenol 0 0.3941 0 0 0 8.2558 14.5291 0.0457 
33 3,5–Dichlorophenol 2 0.7340 0 2 0 4.1004 10.3928 0.0356 
34 2–Phenylphenol 0 0.4600 0 0 0 5.7317 16.5167 0.0162 
35 2,4–Dibromophenol 0 0.4868 0 0 0 5.3784 10.4101 0.0337 
36 2,3,6–Trimethylphenol 0 0.3857 0 0 0 6.6746 12.6481 0.0377 
37 3,4,5–Trimethylphenol 0 0.3857 0 0 0 6.7051 12.5996 0.0394 
38 2,4,6–Trimethylphenol 3 0.9510 2 0 1 5.2663 12.5996 0.0394 
39 4–Chloro–3,5–dimethylphenol 1 0.4714 0 0 1 6.2033 12.5996 0.0394 
40 4–Bromo–2,6–dichlorophenol 2 0.8274 2 0 0 5.9396 12.5996 0.0394 
41 2,4,5–Trichlorophenol 3 0.9510 1 1 1 5.2564 12.5685 0.0394 
42 4–Bromo–6–chloro–2–methylphenol 1 0.5440 1 0 0 6.4077 12.5996 0.0394 
43 4–Bromo–2,6–dimethylphenol 0 0.4152 0 0 0 6.8929 12.5996 0.0394 
44 2,4,6–Tribromophenol 0 0.5802 0 0 0 7.4643 12.5996 0.0394 
45 2–tert–Butyl–4–methylphenol 0 0.4000 0 0 0 10.2882 17.0936 0.0494 
46 4–Chloro–2–isopropyl–5–methylphenol 1 0.4579 0 0 1 9.4086 16.6730 0.0403 
47 6–tert–Butyl–2,4–dimethylphenol 0 0.4043 0 0 0 12.4685 19.6823 0.0525 
48 2,6–Diphenylphenol 0 0.4920 0 0 0 10.0956 28.6451 0.0166 
49 2,4–Dibromo–6–phenylphenol 0 0.5223 0 0 0 9.8976 21.5126 0.0272 
50 2,6–Di–tert–butyl–4–methylphenol 0 0.4125 0 0 0 19.2745 27.7274 0.0607 
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Table 8. Different ETA descriptors for substituted phenols – part III 
No Compound name Descriptors 

F [ F]1 [ F]2 [ F]3 [ F]4 [ F]5 [ F]6 [ 'F]7

1 Phenol 0.6322 0.1789 0.1835 0.1769 0.1728 0.1769 0.1835 0.1918 
2 2,6–Difluorophenol 0.7923 0.1706 0.1671 0.1692 0.1640 0.1692 0.1671 0.1929 
3 2–Fluorophenol 0.7143 0.1742 0.1750 0.1775 0.1678 0.1677 0.1772 0.1924 
4 4–Fluorophenol 0.7073 0.1666 0.1772 0.1775 0.1677 0.1775 0.1772 0.1832 
5 3–Fluorophenol 0.7101 0.1696 0.1832 0.1705 0.1738 0.1715 0.1734 0.1868 
6 4–Methylphenol 0.6229 0.1605 0.1680 0.1635 0.1400 0.1635 0.1680 0.1764 
7 3–Methylphenol 0.6242 0.1614 0.1693 0.1428 0.1599 0.1623 0.1666 0.1782 
8 2–Chlorophenol 0.7332 0.1769 0.1803 0.1804 0.1698 0.1692 0.1792 0.1949 
9 2–Bromophenol 0.6007 0.1583 0.1398 0.1596 0.1560 0.1589 0.1654 0.1776 
10 4–Chlorophenol 0.6647 0.1635 0.1725 0.1704 0.1552 0.1704 0.1725 0.1797 
11 3–Ethylphenol 0.5915 0.1470 0.1567 0.1315 0.1483 0.1493 0.1523 0.1653 
12 2–Ethylphenol 0.5942 0.1482 0.1353 0.1516 0.1461 0.1472 0.1544 0.1690 
13 4–Bromophenol 0.5987 0.1587 0.1654 0.1596 0.1327 0.1596 0.1654 0.1744 
14 2,3–Dimethylphenol 0.6103 0.1481 0.1347 0.1309 0.1488 0.1496 0.1547 0.1701 
15 2,4–Dimethylphenol 0.6120 0.1473 0.1346 0.1531 0.1283 0.1507 0.1560 0.1684 
16 2,5–Dimethylphenol 0.6147 0.1481 0.1339 0.1520 0.1488 0.1301 0.1571 0.1701 
17 3,4–Dimethylphenol 0.6076 0.1470 0.1571 0.1309 0.1285 0.1520 0.1547 0.1660 
18 3,5–Dimethylphenol 0.6115 0.1477 0.1558 0.1308 0.1499 0.1308 0.1558 0.1677 
19 3–Chloro–4–fluorophenol 0.7435 0.1560 0.1714 0.1562 0.1592 0.1684 0.1658 0.1759 
20 2–Chloro–5–methylphenol 0.6591 0.1536 0.1479 0.1581 0.1528 0.1328 0.1611 0.1751 
21 4–Iodophenol 0.5788 0.1573 0.1632 0.1564 0.1267 0.1564 0.1632 0.1728 
22 3–Iodophenol 0.5793 0.1571 0.1621 0.1295 0.1527 0.1575 0.1630 0.1737 
23 2–Isopropylphenol 0.5832 0.1391 0.1292 0.1444 0.1376 0.1375 0.1451 0.1622 
24 3–Isopropylphenol 0.5794 0.1367 0.1490 0.1257 0.1415 0.1406 0.1420 0.1569 
25 4–Isopropylphenol 0.5767 0.1346 0.1451 0.1444 0.1235 0.1444 0.1451 0.1532 
26 2,5–Dichlorophenol 0.7010 0.1571 0.1505 0.1621 0.1589 0.1466 0.1672 0.1788 
27 2,3–Dichlorophenol 0.7031 0.1571 0.1545 0.1506 0.1589 0.1566 0.1616 0.1788 
28 4–Chloro–2–methylphenol 0.6561 0.1500 0.1383 0.1592 0.1422 0.1568 0.1600 0.1714 
29 4–Chloro–3–methylphenol 0.6540 0.1496 0.1611 0.1366 0.1426 0.1581 0.1587 0.1690 
30 2,4–Dichlorophenol 0.7001 0.1555 0.1522 0.1654 0.1458 0.1598 0.1640 0.1764 
31 3–tert–Butylphenol 0.5737 0.1286 0.1435 0.1219 0.1366 0.1339 0.1340 0.1506 
32 4–tert–Butylphenol 0.5703 0.1259 0.1380 0.1393 0.1199 0.1393 0.1380 0.1459 
33 3,5–Dichlorophenol 0.6992 0.1549 0.1649 0.1483 0.1621 0.1483 0.1649 0.1751 
34 2–Phenylphenol 0.8296 0.1261 0.1272 0.1339 0.1238 0.1206 0.1296 0.1495 
35 2,4–Dibromophenol 0.5591 0.1426 0.1259 0.1461 0.1196 0.1455 0.1513 0.1637 
36 2,3,6–Trimethylphenol 0.5973 0.1375 0.1247 0.1207 0.1399 0.1416 0.1240 0.1635 
37 3,4,5–Trimethylphenol 0.5895 0.1361 0.1462 0.1213 0.1192 0.1213 0.1462 0.1578 
38 2,4,6–Trimethylphenol 0.7333 0.1490 0.1441 0.1563 0.1383 0.1563 0.1441 0.1738 
39 4–Chloro–3,5–dimethylphenol 0.6396 0.1385 0.1498 0.1264 0.1326 0.1264 0.1598 0.1605 
40 4–Bromo–2,6–dichlorophenol 0.6660 0.1453 0.1390 0.1476 0.1197 0.1476 0.1390 0.1695 
41 2,4,5–Trichlorophenol 0.7312 0.1470 0.1426 0.1584 0.1403 0.1411 0.1600 0.1705 
42 4–Bromo–6–chloro–2–methylphenol 0.6192 0.1403 0.1260 0.1421 0.1164 0.1450 0.1358 0.1650 
43 4–Bromo–2,6–dimethylphenol 0.5707 0.1354 0.1226 0.1395 0.1131 0.1395 0.1226 0.1605 
44 2,4,6–Tribromophenol 0.5135 0.1298 0.1148 0.1347 0.1092 0.1347 0.1148 0.1552 
45 2–tert–Butyl–4–methylphenol 0.5671 0.1238 0.1175 0.1335 0.1059 0.1249 0.1315 0.1500 
46 4–Chloro–2–isopropyl–5–

methylphenol 
0.6054 0.1238 0.1157 0.1357 0.1165 0.1097 0.1347 0.1500 

47 6–tert–Butyl–2,4–dimethylphenol 0.5549 0.1175 0.1048 0.1206 0.1004 0.1269 0.1111 0.1465 
48 2,6–Diphenylphenol 0.9763 0.1067 0.1029 0.1089 0.1058 0.1089 0.1029 0.1339 
49 2,4–Dibromo–6–phenylphenol 0.7743 0.1114 0.0957 0.1096 0.0919 0.1208 0.1123 0.1383 
50 2,6–Di–tert–butyl–4–methylphenol 0.5283 0.1054 0.0975 0.1120 0.0888 0.1120 0.0975 0.1367 
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Table 9. Factor loadings of the variables (data matrix [A]) after VARIMAX rotation 
Variable Factor 1 Factor 2 Factor 3 Factor 4 Factor 5 Factor 6 Factor 7 Communality 
pC 0.219 –0.248 0.780 0.237 0.197 0.365 –0.029 0.947 

0.215 0.082 0.952 0.009 –0.041 0.173 0.065 0.995 
[ ]2 0.163 0.087 0.971 –0.005 –0.047 0.079 0.076 0.991 
[  ]p 0.334 0.004 0.365 0.150 0.088 0.840 0.034 0.982 
[  ]p/ 0.388 –0.051 0.089 0.175 0.123 0.881 –0.041 0.985 
Ne 0.025 –0.463 –0.081 0.415 0.764 –0.002 –0.113 0.991 
[Ne]o –0.008 0.015 –0.043 –0.008 0.972 0.096 0.019 0.957 
[Ne]m 0.008 –0.972 –0.027 –0.012 0.124 –0.012 –0.108 0.973 
[Ne]p 0.059 –0.055 –0.089 0.927 0.158 –0.129 –0.166 0.942 
[ /

ns]o –0.286 0.091 0.751 –0.067 0.540 –0.084 0.053 0.960 
[ /

ns]m –0.041 –0.971 –0.027 –0.053 0.071 0.042 –0.123 0.970 
[ /

ns]p –0.179 0.054 0.176 0.823 0.120 0.429 0.084 0.948 
[ N]sub 0.005 –0.444 0.120 0.328 0.801 0.024 –0.008 0.962 
[ /

s]o 0.170 0.188 0.425 –0.135 0.731 0.222 0.223 0.895 
[ /

s]m 0.075 –0.564 –0.168 –0.061 –0.104 0.029 –0.786 0.985 
[ /

s]p 0.258 0.088 0.061 0.868 –0.036 0.245 0.184 0.926 
B 0.900 0.045 0.360 0.032 –0.017 0.216 0.015 0.990 
B 0.881 –0.021 0.047 0.106 0.066 0.427 –0.071 0.982 

%Variance 0.122 0.153 0.198 0.151 0.174 0.123 0.044 0.966 

Table 10. Factor loadings of the variables (data matrix [B]) after VARIMAX rotation 
Variable Factor 1 Factor 2 Factor 3 Factor 4 Factor 5 Communality 
pC 0.389 –0.449 –0.745 –0.166 –0.033 0.937 
[  ]p 0.316 0.208 –0.892 –0.191 0.062 0.979 
[  ]p/ 0.122 0.362 –0.871 –0.271 –0.045 0.980 

0.785 –0.053 –0.167 –0.557 0.119 0.971 
R 0.770 –0.458 –0.085 –0.409 0.095 0.986 
F 0.498 –0.858 0.054 –0.075 0.031 0.993 
/
F –0.221 –0.949 0.149 0.086 –0.027 0.979 

[ /
F]1 –0.934 0.135 0.197 0.227 0.016 0.982 

[ /
F]2 –0.847 0.112 0.337 0.133 –0.205 0.904 

[ /
F]3 –0.880 0.009 0.096 0.097 0.385 0.941 

[ /
F]4 –0.838 0.023 0.375 0.153 –0.222 0.916 

[ /
F]5 –0.857 0.144 0.175 0.183 0.201 0.860 

[ /
F]6 –0.884 0.150 0.255 0.223 –0.113 0.931 

[ /
F]7 –0.950 0.092 0.131 0.160 0.040 0.955 

B .0537 0.056 –0.316 –0.778 0.038 0.998 
/
B 0.270 0.281 –0.454 –0.775 –0.087 0.966 

F
local 0.320 –0.917 0.098 0.175 0.011 0.983 

%Variance 0.454 0.190 0.171 0.122 0.020 0.957 

Again, when  is used along with the shape parameter [ ]P/ , an equation with 77.2% 
explained variance and 75.4% predicted variance is obtained. 

0.385( 0.077) 1.885( 0.821)[ ] / 1.712( 0.408)PpC
2 2 250, 0.754, 0.772, 0.781, 0.884, 0.318, 84.0( 2, 47),

0.250, 5.326, 0.326, 0.337, Pr 0.267
a

PRESS av

n Q R R R s F df
AVRES PRESS SDEP S es

(17)
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Positive coefficient of [ ]P/  in Eq. (17) suggests that toxicity increases as branching and 
number of substitutions in the phenol nucleus increase. 

On inclusion of the parameter Ne in Eq. (16), explained variance rises to 91.7% and predicted 
variance rises to 91.0%. 

21.237( 0.290) 0.063( 0.024)[ ] 0.312( 0.064) 3.891( 1.607)epC N
2 2 250, 0.910, 0.917, 0.923, 0.960, 0.191, 182.6( 3, 46),

0.155, 1.959, 0.198, 0.206, Pr 0.168
a

PRESS av

n Q R R R s F df
AVRES PRESS SDEP S es

(18)

Positive coefficient of Ne in Eq. (18) suggests that presence of electronegative atoms in the 
substituent positions increase toxicity. When [ /N]sub is used instead of Ne in Eq. (18), statistical 
quality of the resultant relation is slightly inferior. 

21.305( 0.326) 0.072( 0.026)[ ] 1.469( 0.362)[ / ]
4.535( 1.811)

subpC N

2 2 250, 0.885, 0.895, 0.902, 0.950, 0.215, 140.9( 3, 46),
0.168, 2.486, 0.223, 0.232, Pr 0.181

a

PRESS av

n Q R R R s F df
AVRES PRESS SDEP S es

(19)

However, it reconfirms that presence of electronegative atoms in the substituent positions 
increases toxicity. If [Ne]o is used in Eq. (18) instead of Ne, considerable decrease in statistical 
quality occurs. 

21.315( 0.457) 0.071( 0.037)[ ] 0.258( 0.152)[ ] 3.934( 2.529)e opC N
2 2 250, 0.783, 0.795, 0.808, 0.899, 0.301, 64.4( 3, 46),

0.232, 4.713, 0.307, 0.320, Pr 0.249
a

PRESS av

n Q R R R s F df
AVRES PRESS SDEP S es

(20)

On inclusion of shape parameter [ ]P/  in Eqs. (18) and (19), statistical quality of the 
relations improves further: 

20.952( 0.416) 0.041( 0.033)[ ] 0.661( 0.708)[ ] /

0.298( 0.064) 3.246( 2.298)
p

e

pC
N

2 2 250, 0.914, 0.922, 0.928, 0.963, 0.186, 145.4( 4, 45),
0.147, 1.863, 0.193, 0.203, Pr 0.162

a

PRESS av

n Q R R R s F df
AVRES PRESS SDEP S es

(21)

20.983( 0.470) 0.047( 0.037)[ ] 0.740( 0.796)[ ] /

1.394( 0.362)[ / ] 3.780( 2.598)
p

sub

pC

N
2 2 250, 0.885, 0.901, 0.909, 0.953, 0.209, 112.3( 4, 45),

0.162, 2.489, 0.223, 0.235, Pr 0.182
a

PRESS av

n Q R R R s F df
AVRES PRESS SDEP S es

(22)

The regression coefficients of [ ]p/  in Eqs. (21) and (22) are significant at 90% level. When 
[ /

ns]m is incorporated in Eqs. (21) and (22), further increase in statistical quality is observed. 
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2

ns

0.959( 0.360) 0.042( 0.028)[ ] 0.661( 0.612)[ ] /

0.238( 0.063) 0.507( 0.253)[ ] 3.278( 1.988)
p

e m

pC

N
2 2 250, 0.936, 0.942, 0.948, 0.973, 0.161, 159.1( 5, 44),

0.124, 1.381, 0.166, 0.177, Pr 0.138
a

PRESS av

n Q R R R s F df
AVRES PRESS SDEP S es

(23)

2

ns

0.982( 0.403) 0.046( 0.032)[ ] 0.726( 0.682)[ ] /

1.068( 0.348)[ / ] 0.577( 0.279)[ ] 3.688( 2.230)
p

sub m

pC

N
2 2 250, 0.918, 0.927, 0.935, 0.967, 0.179, 126.1( 5, 44),

0.134, 1.778, 0.189, 0.201, Pr 0.153
a

PRESS av

n Q R R R s F df
AVRES PRESS SDEP S es

(24)

Positive coefficient of [ /
ns]m in Eqs. (23) and (24) suggests that such meta substituents which 

have high /
ns values are conducive to the toxicity. 

When [Ne]o is used in Eq. (23) instead of Ne, considerable decrease in statistical quality occurs. 
2

ns

0.917( 0.469) 0.039( 0.037)[ ] 0.828( 0.795)[ ] /

0.218( 0.108)[ ] 0.948( 0.290)[ ] 3.130( 2.587)
p

e o m

pC

N
2 2 250, 0.894, 0.901, 0.911, 0.955, 0.209, 90.2( 5, 44),

0.159, 2.304, 0.215, 0.229, Pr 0.177
a

PRESS av

n Q R R R s F df
AVRES PRESS SDEP S es

(25)

Using [Ne]m instead of [ /
ns]m in Eq. (25), a statistically comparable relation is generated: 

20.925( 0.478) 0.040( 0.038)[ ] 0.882( 0.810)[ ] /

0.206( 0.111)[ ] 0.484( 0.154)[ ] 3.154( 2.640)
p

e o e m

pC
N N

2 2 250, 0.889, 0.897, 0.907, 0.953, 0.214, 86.3( 5, 44),
0.163, 2.409, 0.219, 0.234, Pr 0.182

a

PRESS av

n Q R R R s F df
AVRES PRESS SDEP S es

(26)

Thus, electronegative atoms in meta substitutions are conductive to the toxicity. Again, using 
[ /

ns]p or [Ne]p as descriptor for electronic property of the para substituents, the following relations 
are obtained: 

2

/
ns

1.155( 0.232) 0.058( 0.019)[ ] 0.193( 0.066)

0.660( 0.250)[ ] 0.381( 0.216)[ ] 3.671( 1.284)
e

m ns p

pC N

2 2 250, 0.945, 0.950, 0.955, 0.977, 0.149, 186.3( 5, 44),
0.108, 1.199, 0.155, 0.165, Pr 0.120

a

PRESS av

n Q R R R s F df
AVRES PRESS SDEP S es

(27)

2

ns ns

1.097( 0.248) 0.054( 0.020)[ ] 0.202( 0.081)[ ]

1.040( 0.220)[ ] 0.629( 0.200)[ ] 3.484( 1.369)
e o

m p

pC N

2 2 250, 0.936, 0.943, 0.949, 0.974, 0.159, 163.3( 5, 44),
0.115, 1.392, 0.167, 0.178, Pr 0.130

a

PRESS av

n Q R R R s F df
AVRES PRESS SDEP S es

(28)
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ns ns

0.414( 0.045) 0.930( 0.532)[ ] / 0.194( 0.094)[ ]

1.013( 0.253)[ ] 0.557( 0.246)[ ] 1.784( 0.296)
p e o

pm

pC N

2 2 250, 0.916, 0.926, 0.933, 0.966, 0.181, 123.2( 5, 44),
0.130, 1.824, 0.191, 0.204, Pr 0.146

a

PRESS av

n Q R R R s F df
AVRES PRESS SDEP S es

(29)

ns ns

0.428( 0.042) 1.103( 0.485)[ ] / 0.195( 0.074)

0.616( 0.283)[ ] 0.274( 0.258)[ ] 1.893( 0.280)
p e

m p

pC N

2 2 250, 0.929, 0.937, 0.943, 0.971, 0.167, 145.9( 5, 44),
0.122, 1.550, 0.176, 0.188, Pr 0.137

a

PRESS av

n Q R R R s F df
AVRES PRESS SDEP S es

(30)

20.955( 0.370) 0.041( 0.029)[ ] 0.708( 0.630)[ ] /

0.191( 0.086)[ ] 0.469( 0.119)[ ] 0.330( 0.120)[ ] 3.278( 2.044)
p

e o e m e p

pC
N N N

2 2 250, 0.932, 0.938, 0.946, 0.973, 0.165, 125.4( 6, 43),
0.121, 1.473, 0.172, 0.185, Pr 0.138

a

PRESS av

n Q R R R s F df
AVRES PRESS SDEP S es

(31)

Among the above relations, Eq. (27) shows maximum statistical quality: it can explain 95.0% 
and predict 94.5% of the variance of the toxicity. However, from Table 9 it is observed that factor 4 
has high loading in the variables [ /

ns]p and [Ne]p. Again, Ne has also considerable loading in 
factor 4. Thus, Eq. (27) is not considered as the best equation (because it contains the terms [ /

ns]p

and Ne, both of which are considerably loaded with factor 4); instead of this, Eq. (28), which is next 
in quality, is considered as the best one. Optimum  values calculated from Eqs. (27) and (28) are 
9.957 and 10.157 respectively. 2–Flurophenol (3), 3–chloro–4–flurophenol (19) and 3,4,5–
trimethylphenol (37) act as outliers for Eq. (27), while 3,4,5–trimethylphenol (37), 4–bromo–6–
chloro–2–methylphenol (42) and 4–chloro–2–isopropyl–5–methylphenol (46) act as outliers for Eq. 
(28). Positive coefficients of [ /

ns]p and [Ne]p in Eqs. (27)–(31) suggest that such para substituents 
which have high /

ns values or electronegative atoms are conducive to the toxicity. 

When /
B is used instead of ]P/  as shape parameter, the following equations are obtained: 

/0.430( 0.048) 9.423( 6.259) 0.175( 0.083)

0.729( 0.311)[ ] 0.506( 0.264)[ ] 1.892( 0.330)
B e

ns m ns p

pC N

2 2 250, 0.906, 0.923, 0.930, 0.965, 0.185, 117.8( 5, 44),
0.141, 2.031, 0.202, 0.215, Pr 0.163

a

PRESS av

n Q R R R s F df
AVRES PRESS SDEP S es

(32)

/

ns

0.404( 0.049) 10.612( 6.579) 0.691( 0.422)[ / ]

0.825( 0.319)[ ] 0.591( 0.270)[ ] 2.059( 0.398)
B sub

ns m p

pC N

2 2 250, 0.896, 0.913, 0.922, 0.960, 0.196, 103.6( 5, 44),
0.145, 2.259, 0.213, 0.227, Pr 0.167

a

PRESS av

n Q R R R s F df
AVRES PRESS SDEP S es

(33)
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/0.458( 0.054) 8.512( 7.475) 0.224( 0.113)[ ]
0.476( 0.160)[ ] 0.350( 0.161)[ ] 1.945( 0.378)

B e o

e m e p

pC N
N N

2 2 250, 0.864, 0.890, 0.901, 0.949, 0.221, 79.9( 5, 44),
0.167, 2.944, 0.243, 0.259, Pr 0.193

a

PRESS av

n Q R R R s F df
AVRES PRESS SDEP S es

(34)

/

/

0.375( 0.055) 10.286( 6.905) 0.183( 0.144)[ ]

1.144( 0.284)[ ] 0.777( 0.251)[ ] 1.699( 0.375)

B s o

m ns pns

pC

2 2 250, 0.889, 0.905, 0.915, 0.957, 0.205, 94.7( 5, 44),
0.157, 2.397, 0.219, 0.233, Pr 0.178

a

PRESS av

n Q R R R s F df
AVRES PRESS SDEP S es

(35)

/

ns

0.414( 0.046) 10.259( 6.134) 0.205( 0.094)[ ]

1.065( 0.253)[ ] 0.714( 0.227)[ ] 1.851( 0.315)
B e o

ns m p

pC N

2 2 250, 0.912, 0.924, 0.932, 0.965, 0.183, 120.7( 5, 44),
0.136, 1.911, 0.196, 0.208, Pr 0.155

a

PRESS av

n Q R R R s F df
AVRES PRESS SDEP S es

(36)

Positive coefficients of /
B in Eqs. (32)–(36) suggest that toxicity increase with increase in 

branching.

Table 10 shows that the data matrix [B] composed of 17 variables (including response variable 
pC) can be explained to the extent of 95.7% by 5 factors. Biological activity (pC) is highly loaded 
with factor 3 which has in turn high loading in [ ]P and [ ]P/ . Apart from this, pC has 
significant loadings with factor 2 (highly loaded in F, /

F and F
local) and factor 1 (highly loaded in 

, R, [ /
F]1, [ /

F]2, [ /
F]3, [ /

F]4, [ /
F]5, [ /

F]6 and [ /
F]7). When R, /

F and [ ]P/  are used as 
predictor variables, the resultant equation can explain 80.5% and predict 77.7% of the variance. 

/
R F p0.069( 0.020) 3.857( 1.218) /

3.883( 1.006)

pC

2 2 250, 0.777, 0.805, 0.817, 0.904, 0.294, 68.3( 3, 46),
0.234, 4.836, 0.311, 0.324, Pr 0.258

a

PRESS av

n Q R R R s F df
AVRES PRESS SDEP S es

(37)

Eq. (37) suggests that toxicity increases with increase in the value of composite index for 
reference alkane ( R) and functionality contribution ( /

F) apart of branching. When R is replaced 
by functionality values of individual positions of phenol nucleus, the best two relations are obtained 
with [ /

F]1 and [ /
F]7:

/
118.415( 4.884)[ ] 4.978( 1.105)

4.248( 0.835)[ ] / 1.060( 1.138)
F F

p

pC

2 2 250, 0.809, 0.823, 0.834, 0.913, 0.280, 76.9( 3, 46),
0.219, 4.144, 0.288, 0.300, Pr 0.237

a

PRESS av

n Q R R R s F df
AVRES PRESS SDEP S es

(38)
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The intercept of Eq. (38) is significant at the 90% level. 

723.309( 3.708)[ ] 5.135( 0.843) 4.404( 0.627)[ /F F p
pC

2 2 250, 0.825, 0.836, 0.842, 0.918, 0.270, 249.6( 3, 47),
0.214, 3.795, 0.276, 0.287, Pr 0.226

a

PRESS av

n Q R R R s F df
AVRES PRESS SDEP S es

(39)

Defining a new term [ /
F]1+7 as the sum of [ /

F]1 and [ /
F]7, the following relation is obtained: 

1 711.189( 1.839)[ ] 4.700( 0.803) 4.064( 0.618)[ ] /F F ppC
2 2 250, 0.817, 0.827, 0.834, 0.913, 0.277, 236.6( 3, 47),

0.215, 3.976, 0.282, 0.294, Pr 0.227
a

PRESS av

n Q R R R s F df
AVRES PRESS SDEP S es

(40)

The intercept terms of Eqs. (39) and (40) are insignificant and thus have been set to zero. Eq. 
(40) suggests that functionality contributions of atoms 1 and 7 are important which actually implies 
importance of the phenolic –OH group. 

Table 11. Results of leave–10%–out cross–validation applied on Eqs. (27) and (28). Model equation, pC = ixi + . Q2

denotes cross–validated R2. Average Pres means average of absolute values of predicted residuals. 
Statistics

Eq. Number of cycles Average regression coefficients 
(standard deviations) Q2

(Average Pres) 

(27) 10 a
1.153 (0.031)  –0.057 (0.002) [ ]2

+0.193 (0.005) Ne + 0.662 (0.046) [ /
ns]m

+0.383 (0.034) [ /
ns]p –3.669 (0.093) 

0.939 
(0.115) 

(28) 10 a
1.097 (0.043)  –0.054 (0.004) [ ]2

+0.203 (0.013) [Ne]o + 1.041 (0.035) [ /
ns]m

+0.632 (0.034) [ /
ns]p –3.484 (0.122) 

0.930 
(0.125) 

a Compounds were deleted in 10 cycles in the following manner: (1, 11, 21,....41), (2, 12,
22,....42),..., (10, 20, 30,....50)

In the QSAR study made by Hall and Vaughn [35] on the present biological activity data set 
using electrotopological state atom index and kappa shape index, the best equation involved four 
descriptor variables (with one insignificant coefficient at 95% level), and showed correlation 
coefficient (r) of 0.96 and cross–validation r (rPRESS) of 0.90. However, in the present study we 
could get a relation Eq. (18) with correlation coefficient of 0.960 using only three predictor 
variables and all significant coefficients. Eqs. (21), (23), (24), (27)–(32) and (36) are statistically 
better than the equation reported in reference [35]. Considering statistical quality of the equations, 
Eqs. (27) and (28) are considered as the best two equations describing the toxicity of phenols. The 
calculated and predicted values according to Eqs. (27) and (28) are shown in Table 4. Leave–10%–
out cross–validation (Table 11) applied on these two equations show robustness of the relations. 
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4 CONCLUSIONS

The study shows that toxicity of phenols increase with increase in bulk and branching. Again, 
presence of electronegative atoms in substituent positions increase toxicity. Further, meta and para
substituents with higher /

ns values are conducive to the toxicity. Toxicity values also increase 
with increase in R and /

F values. Functionality contribution of phenolic O and adjacent aromatic 
carbon show specific importance of the phenolic –OH group to the toxicity. It appears that acidity 
of phenols is an important factor for toxicity: presence of electronegative atoms in the substituent 
positions actually enhances acidity and thereby increases the toxicity. 

In the present study, ETA indices could explore the important chemical information contributing 
to the toxicity of phenols and the relations generated could predict the activity of the compounds to 
a satisfactory extent (explained variance up to 95.0%, predicted variance up to 94.5%). Leave–
10%–out cross–validation applied on the final equations show robustness of the relations. Thus, 
these indices deserve more extensive work on diverse biological activities and physicochemical 
properties of diverse categories of compounds to prove their utility on QSAR/QSPR research. 
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