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The distance-based topological indices viz Wiener (W)-, Szeged (Sz)-, Padmakar-
Ivan (PI)- and Sadhana (Sd)-indices have been used for estimating aromatic stabili-
ties as well as % benzene character of polyacenes and helicenes. Excellent models are
obtained in combined set and there was no need to split the data set into polyacenes
and helicenes. The newly introduced Sd index was found the best index among all the
four indices used. In bi-parametric modeling with the combination of the Sd index with
the PI index yielded excellent results. The results are discussed critically on the basis of
variety of statistical parameters.
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1. Introduction

Of late Trinajstic and Randic have predicted aromatic stabilities of polyac-
enes and helicenes using conjugate circuits model [1]. These benzenoid hydrocar-
bons have a common molecular formula CyHy46)/2 but differ structurally in
the mode of annelation. Polyacenes are linearly para-annelated benzenoids while
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helicenes are angularly ortho-annelated benzenoids having helical symmetries.
Our interest in these classes of benzenoids is due to their considerable difference
in physical, chemical, and biological properties [2,3]. Furthermore their chem-
istry is still very much of interest to synthetic chemists environmental chem-
ists, cancer research chemists, theoretical chemists, analytical chemists, structural
chemists, etc [4-27]. It is because of these properties that we have undertaken
the present investigation of estimating aromatic stabilities as well as % ben-
zene character of polyacenes and helicenes (table 1). The main objective of our
work is that aromatic stabilities of these compounds are responsible for the exhi-
bition of their physicochemical properties as well as biological activities. Fur-
thermore, other theoretical methods of the estimation of aromatic stabilities are
cumbersome and time consuming. Here, we present the method for the estima-
tion of aromatic stabilities of polyacenes and helicenes using four distance-based
topological indices viz Wiener (W) [28],- Szeged (Sz) [29-32],- Padmakar-Ivan
(PI)[33-35] - and Sadhana (Sd)-indices [36]. The choice of these indices being: W
index is the first and widely used index, while other three are the modifications
of the W index for cyclic compounds. It is worthy to mention that Sz index is
introduced by Gutman and coworkers [29-32] as a modification of W index for
cyclic graph. For acyclic graphs (trees) Sz index coincides with W index. In view
of this, Khadikar [33,34] and Jaiswal and Khadikar [35] proposed yet another
W-like index viz PI index. Unlike Sz index, PI index is different for acyclic and
cyclic compounds. In these sense PI index can be considered as the modification
of Sz index. The Sd [36] index is useful only for cyclic compounds and was dis-
covered by Khadikar while computing PI index.
The work in this paper is presented under two different headings:

(1) Topological estimation of normalized resonance energy (NRE), and
(i1)) Topological estimation of % benzene character (% BC).

Consequently, we have used the earlier reported NRE and % BC [1]. In esti-
mating these parameters we have used maximum-R? method and adopted step-
wise regression analysis [37-40].

2.  Result and discussion
2.1. Topological estimation of NRE

The set of polyacenes and helicenes is the same as used before [1] (table 1).
The adopted resonance energy (RE) and NRE are presented in table 2. This
table 1 also records the calculated values of W, Sz, PI, and Sd indices.

It is worthy to mention that the RE is given by the following expression:

RE = 1/KX R, Ry, (1)
n



PV. Khadikar et al. | Modeling of resonance energy and benzene character 435

Table 1. Structural details of polyacenes and helicenes.

where, R, represents the number of R, circuits for a given value of n. However,
in order avoid the size effect, the RE is normalized:

NRE = RE/N, (2)
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Table 2
Values molecular resonance energy (RE) normalized molecular resonance energy (NRE), % benzene
character (% BC) of polyacenes and helicenes along with topological indices (W, Sz, PI, Sd).

Compd no. h RE(ev) NRE(ev) % BC W Sz PI Sd
l. 1 0.809 0.145 100 27 54 24 12
2. 2 1.323 0.133 91 109 243 96 44
3. 3 1.975 0.141 97 271 632 218 96
4. 3 1.600 0.114 79 279 656 216 96
S. 4 2.540 0.141 80 529 1253 384 168
6. 4 1.780 0.099 68 569 1381 384 168
7. 5 3.126 0.142 96 899 2138 612 260
8. 5 1.904 0.087 60 1011 2506 600 260
9. 7 3.728 0.143 99 2039 4828 1206 504

10. 6 1.991 0.076 53 1637 4119 864 372

11. 8 4.321 0.144 90 2841 6697 1578 656

12. 7 2.056 0.069 47 2419 6308 1176 504

13. 9 4911 0.144 99 3819 8918 2000 828

14. 8 2.106 0.062 43 3569 9161 1536 656

where NRE stands for RE per m-electron, while N is the number of 7 elec-
trons in the conjugated molecules.

A perusal of table 2 shows that RE values for polyacenes increases with
the size of the molecule. However, gradually this increase in RE slows down and
reaches to the asymptotic value &~ 2.512. The NRE values of polyacenes decrease
steadily from benzene to octacenes. The situation is quite different with helic-
enes, which are predicted to be of high aromatic stability. The aromatic stability
is so high in helicenes that the considerable steric interaction pushing the over-
lapping terminal rings apart cannot harm the molecule. A given helicene in com-
parison to the energies of isomeric polyacenes is always a more stable system.
Generally, a benzenoid system with ortho- annelated rings are always more sta-
ble than the corresponding system with para-annelated rings [1].

A perusal of table 2 shows that NRE values of helicenes remain rather
higher aromatic with the increase in the size.

A preliminary regression analysis indicated that no mono-parametric regres-
sion is possible for modeling NRE. Thus, one should try multiple regression
analysis for obtaining statistically significant model for modeling NRE. Before
a multivariate analysis is undertaken it is convenient to normalize the data in
certain ways in order to make the detection of significant correlations easier.
Normally, it is sufficient to pre-process the data by means of auto-scaling and
mean-centering the variables. Auto scaling gives each variable unit variance and
hence the same chance to contribute to a calculated model, while mean scaling
facilitates interpretation. This can be achieved by obtaining correlation matrix.
Such a correlation matrix obtained in the present case is shown in table 3.
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Table 3

Correlation matrix for the inter-correlation of structural descriptors and their correlation with the
activity.

h

h 1.000 RE(ev) NRE(ev) %BC ' Sz PI Sd

RE(ev) 0.778 1.000

NRE(ev) —0.266 0.375 1.000

%BC —0.289 0.333 0.974 1.000

W 0.956 0.695 —0.273 —0.277 1.000

Sz 0.950 0.651 —0.328 —0.332 0.998 1.000

PI 0.976 0.795 —0.169 —0.179 0.987 0.976 1.000

Sd 0.978 0.784 —0.189 —0.199 0.989 0.979 0.999 1.000

The correlation matrix (table 3) indices that the topological indices used are
linearly correlated (i.e. are auto-correlated) and that none of the four topological
indices correlate significantly with NRE indicating once again that mono-para-
metric models are not adequate for modeling the NRE. In view of this we have
used the maximum-R? improvement method to derive predictive models. This
method finds the “best” one variable model, the “best” two variable models and
so forth for the prediction of NRE. Several models (combination of topological

Table 4

Statistical parameters and qualities of correlation for estimating NRE.
Model Topological indices Se R RZA F
(i) Mono-parametric modeling
1. w 0.0319 —0.2721 — 0.959
2. Sz 0.0313 —0.3273 - 1.448
3. PI 0.0327 —0.1681 — 0.349
4. Sd 0.0326 —0.1882 — 0.441
(ii) bi-parametric modeling
5. W, Sz 0.0179 0.8561 0.6844 15.096
6. W, PI 0.0216 0.6721 0.3521 4.532
7. W, Sd 0.0276 0.6851 0.2509 3.177
8. Sz, P1 0.0226 0.7569 0.4952 7.376
9. PI, Sd 0.0138 0.9171 0.8122 29.189
(iii) tri-parametric modeling
10. W, Sz, P1 0.0186 0.8588 0.6587 9.363
11. W, PI, Sd 0.0143 0.9198 0.7999 18.320
12. Sz, P1, Sd 0.0143 0.9191 0.7982 18.137

W = Wiener index; Sz = Szeged index; PI = Padmakr-Ivan index; Sd = Sadhana index; Se = Stan-
dered error of estimation; R = Multiple correlation coefficient; R2A = adjusted RZ; F = Fisher sta-
tistics.
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Table 5
Comparison of estimated biological activity NRE(ev) with their observed values.
NRE(ev)

S.N. Actual Pred. Res. Pred. Res. Pred. Res.
1. 0.145 0.149 —0.004 0.146 —0.001 0.146 —0.001
2. 0.133 0.138 —0.005 0.136 —0.003 0.136 —0.003
3. 0.141 0.131 0.010 0.130 0.011 0.130 0.011
4. 0.114 0.126 —0.012 0.126 —0.012 0.126 —0.012
S. 0.141 0.114 0.027 0.116 0.025 0.116 0.025
6. 0.099 0.114 —0.015 0.115 —0.016 0.115 -0.016
7. 0.142 0.125 0.017 0.127 0.015 0.127 0.015
8. 0.087 0.101 —0.014 0.103 —0.016 0.102 —0.015
9. 0.143 0.133 0.010 0.135 0.008 0.135 0.008

10. 0.076 0.086 —0.010 0.088 —0.012 0.088 —0.012

11. 0.144 0.142 0.002 0.143 0.001 0.142 0.002

12. 0.069 0.071 —0.002 0.072 —0.003 0.071 —0.002

13. 0.144 0.154 —0.010 0.152 —0.008 0.153 —0.009

14. 0.062 0.056 0.006 0.051 0.011 0.052 0.010

indices) were examined to identity combinations of the used topological indices
with good predicted capacity. The results are given in table 4.

The data presented in table 4 indicate that among the bi-parametric mod-
eling attempted, the bi-parametric model containing PI and Sd indices as the
correlating parameters yielded excellent model:

NRE = 0.1596 + 0.0020(%2.7370 x 10~*)PI — 0.0049(%6.5914 x 10~%)Sd,
n=14, Se=0.0138, R=09171, R?A=0.8122, F =29.019. (3)

The positive coefficient of PI index in this equation (3) indicates that
NRE increases with increase in the magnitude of PI index. While the negative
coefficient of Sd is probably due to its high collinearity with PI index. This prob-
lem is discussed in details in following section.

The perusal of table 4 also shows that there is only slight improvement in
the statistics as we go for tri-parametric modeling. In view of this we have con-
fined to the above model (equation (3)) only. Using this model we have calcu-
lated NRE values for the entire set of 14 compounds and compared them with
the observed NRE. Such a comparison is shown in table 5, which shows that
the estimated NRE are very close to their observed values. A careful observa-
tion of this table 5 shows that the residue (i.e. difference between observed and
estimated NRE) for the compound 5 is high (0.027) as compared to other 13
compounds. Upon deletion of this compound 5 from the regression procedure
there was a tremendous improvement is the statistics to the extent that now
R increases from 0.9171 to 0.9480 and the slandered error of estimation (Se)
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Table 6

Statistical parameters and quality of correlation for estimating % benzene character.
Model Topological indices Se R RZA F
(i) Mono-parametric modeling
13. w 20.7531 —0.2767 - 0.995
14. Sz 20.3740 —0.3317 - 1.483
15. PI 21.2512 —0.1781 - 0.395
16. Sd 21.1655 —0.1988 - 0.494
(ii) bi-parametric modeling
17. W, Sz 11.7272 0.8542 0.6806 14.848
18. W, PI 17.2634 0.6436 0.3078 3.890
19. W, Sd 18.5078 0.5716 0.2044 2.670
20. Sz, P1 15.2849 0.7354 0.4573 6.478
21. PI, Sd 7.4370 0.9441 0.8713 45.097
22. Sz, Sd 16.1543 0.6979 0.3939 5.224
(iii) tri-parametric modeling
23. W, Sz, P1 7.7991 0.9441 0.8587 27.338
24. Sz, PI, Sd 7.7966 0.9441 0.8588 27.358
25. W, PI, Sd 7.7991 0.9441 0.8587 27.338

For the parameters used see the footnote of table 4.

decreases from 0.0138 to 0.0113. This improvement model is found as below:

NRE = 0.1563 + 0.0021(£2.2442 x 10~%)PI — 0.0050(£5.4031 x 10™%) Sd,
n=13 Se=0.0113, R=09480, R>A=0.8784, F =44337. (4)

Comparison of equations (3) and (4) indicates that the coefficient of both
PI and Sd terms remains almost constant. This means that the models are quite
stable and the chosen correlating parameters (PI, Sd ) are the most appropriate
parameters.

In order to confirm our results we have estimated NRE using (equation
(4)) and compared them with the observed NRE. The correlation of observed
and estimated NRE gave predictive correlation coefficient (Rf)re 4) of the order of
0.8981 (R = 0.9477) indicating that the proposed model has excellent predictive
power too (figure 1).

2.2. Topological estimation of % benzene character

We now discuss the topological estimation of % benzene character using the
same set of topological indices and follow simple as well as multiple regression
analysis. The results of such modelings are are given in table 6.

Before discussing the results it is interesting to comment on % benzene
character of polyacenes and helicenes used. It is estimated using the following
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Figure 1. Correlation of observed and estimated NRE using model (1), i.e. bi-parametric modeling
containing PI and Sd indices are correlating parameters.

expression:

NRE lecul
% benzene character (BC) = NRE ((n;;)ne(:;:)) x 100. %)
z

This parameter is used for the reason that some people believe that the only
truly aromatic compound is benzene. The above equation (5) is a measure of the
benzene character of a given polyacene or helicene. It may also serve as a finer
classification within an isomeric class of aromatic molecules. A perusal of table
2 shows that % BC for polyacene rapidly decrease and thus follows the decrease
in the stability of polyacenes with the size.

From table 6, we observed that the results obtained are more or less simi-
lar to those obtained in the estimation of NRE. Here also, no mono-parametric
correlations are possible to estimate both NRE and % BC and that tremen-
dous improved in the statistic occured as we go to bi-parametric regression,
while there is no further improvement in statistics while attempting tri-paramet-
ric regression analysis. Also, that here too the best model is the bi-parametric
model containing PI and Sd as the correlating parameters. This model is found
as below:

% BC = 107.3098 + 1.3688(0.1474)PT — 3.3115(%0.3551)Sd,
n=14, Se=74370, R =09441, R*A=0.8715, F =45.097. (6)

Thus, similar model is resulted for modeling % BC also. We have estimated
% BC using this model (equation (6)) and compared with the observed % BC.
This comparison is shown in table 7. The residue i.e. difference between observed
and estimated % BC shows that the estimated % BC are very close to their
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Table 7
Comparison of estimated biological activity %BC with their observed values.
%BC

S.N. Actual Pred. Res. Pred. Res. Pred. Res.

1 100 100.424 —0.424 100.254 —0.254 100.791 —0.791

2 91 93.012 —2.012 92915 —1.915 93.212 —2.212

3 97 87.811 9.189 87.790 9.210 87.854 9.146

4. 79 85.073 —6.073 85.057 —6.057 85.096 —6.096

5. 80 76.609 3.391 76.686 3.314 76.427 3.573

6 68 76.609 —8.609 76.661 —8.661 76.485 —8.485

7 96 84.044 11.956 84.142 11.858 83.862 12.138

8. 60 67.618 —7.618 67.707 —7.707 67.417 —7.417

9. 99 89.123 9.877 89.232 9.768 88.930 10.070
10. 53 58.102 —5.102 58.174 -5.174 57.932 —4.932
11. 90 94.980 —4.980 95.028 —5.028 94.898 —4.898
12. 47 48.059 —1.059 48.081 —1.081 48.070 —1.070
13. 99 103.048 —4.048 102.979 —3.979 103.156 —4.156
14. 43 37.490 5.510 37.295 5.705 37.871 5.129

observed values. However, compared to other compounds, the compound 7 has
slightly large residue. Deleting this compound 7 from the regression procedure
yielded much-improved model:

% BC = 105.7682 + 1.3531(%0.1337) PI — 3.2723(40.3220)Sd,
n=13 Se=6.7297, R=0951, R?A=09141, F =53.238.(7)

In obtaining this model, we observed that R is increased from 0.9441 to
0.9561 and Se decreased from 7.4370 to 6.7297.

Using this improved model (equation (7)) we have estimated % BC and
compared with their observed values. Then, we have correlated observed and
estimated % BC for obtaining using predictive correlation coefficient Rf,red,
which found as 0.9141 (R = 0.9561). This indicates that the proposed model has

excellent predictive power also (figure 2).

3. Comments on co-linearity defect

The correlation matrix (table 3) has indicated that all the four topologi-
cal indices are highly linearly correlated. This means that a model containing
any combination of these indices will suffer from the defect due to co linear-
ity. Thus, the proposed models for estimating NRE and % BC appears to suffer
from the defect due to co-linearity. The change in sign of PI/Sd further supports
the occurrence of collinearity defect. Statistically such models are not considered
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Figure 2. Correlation of observed and estimated % BC using model (1), i.e. bi-parametric modeling
containing PI and Sd indices are correlating parameters.

good. However, Randic (MR) has thoroughly investigated such a problem and
proposed that one can use model containing highly linearly topological indices
safely for modeling the activity. According to Randic [41,42] under certain situa-
tions even highly correlated descriptors could be retained in the model. We will,
therefore, used Randic [41,42] recommendations in the present case also. Ran-
dic stated that if a descriptor strongly correlates with another descriptor already
used in a regression, such a descriptor in most studies should be discarded. For
example 'y and 2x,! x often strongly correlate and in many structure—prop-
erty—activity studies 2y has been discarded. This is not theoretically justified and
despite the widespread practice should be stopped. Although two highly corre-
lated descriptors overall depict the same features of molecular structure, it is
important to recognize that even highly interrelated descriptors differ in some
other structural traits. The difference between them may be relatively small but
nevertheless very important for structure—property regression.

The criteria for inclusion or exclusion of descriptors should not be based
on parallelism between descriptors even if overwhelming, but should be based
on whether the part in which two descriptors disagree is or is not relevant for
the characterization of the property considered. If the part in which the sec-
ond descriptor differ from the first, regardless of how small it is, is relevant for
the property under consideration, then the descriptor should be included. Ran-
dic further stated that the selection of descriptors to be used in structure—prop-
erty—activity studies should not be delegated solely to computers [41,42] although
statistical criteria will continue to be useful for preliminary screening of de-
scriptors taken from a large pool. Often in an automated selection of descrip-
tors, a descriptor will be discarded because it is highly correlated with another
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descriptor already selected. But what is important is not whether two descriptors
parallel one another, i.e. duplicates much of the same structural information, but
whether they are complementary in those parts that are important for structure—
property—activity correlations. Hence, the residual of the correlation between two
descriptors should be examined and kept or discarded depending on how well
it can improve the correlation based on already selected descriptors. In view of
Randic [41,42], recommendations and the fact that PI and Sz indices have differ-
ent information contents, these highly correlated descriptors can be retained in
the proposed models.

At this stage, it is worth mentioning that problems caused by co-linear-
ity; and how to deal with them, continue to be of prime concern to theoreti-
cal statistician. From a decision maker’s viewpoint, one should be aware of that
co-linearity can (and usually does) exist and recognize the basic problems it
can cause. Some of the most obvious problems and indications of severe multi-
colinearity are:

(1) Incorrect signs on the coefficient.

(2) A change in the values of the previous coefficient when a new variable
is added to the model.

(3) Change to insignificant of a previously significant variable when a new
variable is added to the model.

(4) An increase in the standard error of the estimate when a variable is
added to the model.

In the present case none of the correlating variables have their coefficients
smaller than the respective standard error.

4. Experimental

4.1. NRE and % BC

We have adopted NRE as well as % BC from our earlier work [1].

4.2. Topological indices

All the four topological (W, Sz, PI, and Sd) indices were calculated from
the completely hydrogen-suppressed molecular graphs of polyacenes and helic-
enes. The calculations of these indices are well documented in the literature and
thus, they are not given here. However, below we give the expressions used for
their calculations:
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(a) Wiener index (W):

(i) Polyacenes: 1/3[16h> + 36h> + 26h + 3], (8)
(ii) Helicenes: 1/3[84> + 27h> — 26h + 27). )

(b) Szeged index (Sz):

(i) Polyacenes: 1/3[44h> + 72h* + 43h + 3], (10)
(ii) Helicenes: 1/3[164> 4+ 204h> — 157h + 99). (11)

(¢) Padmakar-Ivan index (PI):

(1) Polyacenes: 2417, (12)
(ii) Helicenes: 25h° — 3h + 2. (13)
(d) Sadhana index (Sd):
(1) Polyacenes: 2h(5h + 1). (14)
(i1) Helicenes: 2h(5h + 1). (15)

These indices were calculated either by using the software of Lukovits or
that of Sisodia

4.3. Regression analysis

Regression analysis was made using maximum-R? method following step-
wise regression analysis. This is done using Regress-1program of Lukovits.

5.  Conclusions

The results and discussion made above indicated that we can use distance-
based topological indices such as W, Sz, PI, and Sd for modeling, monitoring
and estimated NRE and % BC and thus the aromatic stabilities of polyacenes
and helicenes. Even though these classes of compounds differ in their properties
there is no need to deal them as a separate class of compounds. This is probably
due to the fact that out of the four topological indices used only Sd index has
a common expression for the calculation of Sd of polyacenes and helicenes. The
results also indicate that though in both the cases excellent models are obtained,
the methodology used by us gives slightly better results for modeling % BC.

We will like to comment that although the number of data point avail-
able was probably too small to make meaningful regression analysis, the correla-
tion attempted by us gave excellent results. Consequently, we conclude that our
approach should be viewed as a viable additional new technique in the growing
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armory of data-reduction techniques applicable to multi cyclic systems. To con-
clude, it we stressed that the correlating ability of the technique we have intro-
duced is confined to benzenoid system, such as polyacenes and helicenes. The
long-term goal to obtaining correlation, which should place polyacenes and he-
licenes on a single curve, is to some extent, fulfilled.
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