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Abstract

:

Benzenoid hydrocarbons have regular structures, attracting the opportunity to test the structural descriptors of their series. In the present study, we compared information entropy, Wiener indices, topological efficiencies, topological roundness, and symmetries of oligoacenes, phenacenes, and helicenes. We found and discussed the mismatches between the descriptors and the symmetry of benzenoids. Among the studied series, helicenes demonstrate the parity effect when the information entropy and topological roundness form saw-like functions depending on the number of the member, odd or even. According to our quantum chemical calculations, this parity effect has no consequences for such molecular properties as molecular polarizability and frontier molecular orbital energies. Further, we demonstrated that the changes in the structural descriptors upon the chemical reactions of benzenoids could be used for the numerical description of chemical processes. Interestingly, the view of the information entropy reaction profile is similar to the energy profiles of chemical reactions. Herewith, the intermediate chemical compounds have higher information entropy values compared with the initial and final compounds, which reminisce the activation barrier.
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1. Introduction


Polycyclic aromatic hydrocarbons (PAHs) are a wide class of carbon-rich compounds widespread in natural media such as heavy oil fractions [1,2,3], coal [4,5,6], products of incomplete fuel combustion [7,8], astrophysical environments [6,9,10,11,12], etc. Molecules of typical polycyclic aromatic hydrocarbons are constructed only with the condensed benzene rings [13]. Oligoacenes, phenacenes, and helicenes represent benzenoid hydrocarbons with regular structures (Figure 1). The structural, molecular, chemical, and physical properties of benzenoids strongly depend on the condensation pattern [13,14,15,16,17,18,19,20,21,22,23,24]; therefore, their properties are usually studied contextually with the chemical structure. For example, the mean polarizability of phenacenes increases linearly with the growth of the molecular size, whereas oligoacenes show quadratic growth [20,22]. A ‘kinked’ condensation pattern is more preferable thermodynamically than a linear one [23,24], i.e., phenacenes are more stable compounds than oligoacenes, according to the total energy criterion.



Our studies focus on fullerenes and nanostructures composed with fullerene building blocks [25,26,27,28,29,30,31,32,33,34,35,36]. Such nanostructures possess tunable topology, and we succeeded in rationalizing their properties using structural descriptors: distances [25,26,27], cage volumes [28,29,32], topological roundness [30,31,32], Wiener index [30,31,32], and information entropy [31,33,34,35,36]. For example, topological roundness well correlates with the stability of isomeric isolated-pentagon-rule fullerenes [30], whereas mean polarizability correlates with the geometric estimates rather than the topological ones in the case of endofullerenes [29] and multicage fullerene derivatives [25,26,27].



Studying the relations, we found that the calculated indices are valuable in their own right, especially when the correlations between the structural descriptor and the geometric or chemical parameters are characteristic for the considered class of molecular objects [31]. In this case, the numerical estimates could be used for the automated classification of the chemical objects [37]. The latter seems important for designing databases, digital twins of molecular objects, and related computational tasks.



Previously, we have found parity effects in the triad ‘rotational symmetry number–information entropy–extreme topological roundness’ for zigzag-shaped nano-aggregates (C60)n that makes them computationally distinguishable from linear (C60)n [31]. In continuation of this work, we perform a comparative study of oligoacenes, phenacenes, and helicenes. These benzenoid PAHs have regular carbon skeletons, which could be topologically represented as six-ring chains. Additionally, we exemplify the applicability of our approach to other benzenoid hydrocarbons composed with the benzene rings without condensation.




2. Computational Details


We treat the title PAH molecules under the two complement approaches below. The first one, information theoretic, focuses on atom types, and the second one, topological, deals with chemical bonds. Herewith, we apply both approaches to the molecules, omitting the hydrogen atoms (this omission is conventional [38,39,40]).



2.1. Information Entropy Calculations


According to the approach [40,41,42,43,44], we represent the carbon skeleton of the molecule as the set of N1 atoms of the first type, N2 atoms of the second type, and Nn atoms of the n-th type, where n is the number of atom types and Σ Nj is the total number of carbon atoms in the molecule. Information entropy (h) of the PAH molecule is introduced as a sum of the logarithms of the weights of each atom type (Nj/Σ Nj):


  h = −   ∑   j = 1  n     N j      ∑   j = 1  n   N j      log  2     N j      ∑   j = 1  n   N j     



(1)







Note that:


    ∑   j = 1  n     N j      ∑   j = 1  n   N j    = 1  



(2)







Discriminating atoms by atom types is based on their positions in the molecular graph. The details of calculating information entropies of molecular graphs can be found in previous works [40,41,42,43,44]. In general, information entropy characterizes the structural complexity of the chemical object represented as the subsets of atoms. The information entropy of carbon skeletons depends on the number of the constituting atoms and symmetry (the factors increasing and reducing the h values, respectively).



The following designation of partitions is used in our works: (number of atom types) × (number of atoms within the type). The application of the approach to the title molecules is explained in Section 3.2.




2.2. Calculations of Topologial Descriptors


Previously, we have found important links between the topology and the geometry of several stable chemical systems, including all-carbon molecules (fullerenes). For example, the combined role of topological roundness and geometrical sphericity have been reported to favor the stability of the isolated pentagon isomers of the C84 fullerene [30]. Adopting a topological view, one may also rank the molecules in terms of their inherent topological compactness by computing the most celebrated graph descriptor, the Wiener index, whose role in selecting stable molecules has also been established in several numerical tests with noticeable results [45,46,47]. Here, we just mention the non-trivial case of the C66 fullerene, another all-carbon molecule, whose isomers have non-isolated pentagons. The combined effect of topological compactness and roundness immediately indicates the C66 (C2v) molecule as the best candidate among the series of 4478 C66 isomers for producing stable Sc2@C66 endo clusters (this result agrees with the experiment) [48]. This elegant and fast computational method is worth applying to the benzenoid PAHs.



Chemical graphs for oligoacene O(N) and phenacene P(N) lattices with N carbon atoms are built starting from the translationally invariant unit cells UO and UP shown in Figure 2. The lattices correspond to chemical graphs with N nodes.



UO and UP contain, respectively, four and eight sites (circles) with maximum valence (degree) equal to δ = 3. For large N, the PAHs form 1D lattices (polymers) by adding an increasing number L of the unit cells along the horizontal axis. Hence, the number of atoms is N = 4L for oligoacenes and N = 8L for phenacenes. Due to the peculiar selection of the unit cells (Figure 2), the number of edges (chemical bonds) denoted by B is B = 5N/4 − 2 in both cases.



The Wiener index W(N) [49] is defined as the half-sum of all dij chemical distances in the graph with    d  i j   ≤ M  ( N )  ,   where M(N) is the graph diameter (the longest distance in the graph connecting a pair of atoms):


  W  ( N )  =   ∑   j > i = 1  N   d  i j   =   ∑   i = 1  N   w i   



(3)







In Equation (3), wi designates the contributions to W(N) from vertex (atom) i. The nodes most compactly embedded in the graphs are, by definition, the topologically most stable vertices having the lowest wi values. We therefore indicate with    w _  = min  {   w i   }    and    w ¯  = max  {   w i   }    for introducing related invariants efficient in comparing graphs of similar structure and size. The term ‘similar’ should be considered here as an acceptable approximation, because the structures under study all consist of benzenoid rings arranged in chains (1D lattices). The two graph descriptors are the topological efficiency ρ and extreme topological efficiency ρE (or topological roundness):


  ρ =  W  N  w _     



(4)






   ρ E  =   w ¯      w _     



(5)




whose ability to detect stable chemical systems has been extensively tested and compared with ab initio techniques [30,48,50,51], even for selected PAH molecules [52].



The intimate connection between the topology and the chemical structure is made more evident when the strong influence on W(N) exerted by the dimensionality D of the chemical system is considered. Original conjecture [53] holds in all tested cases so far and shows the key influence of system dimensionality D on graph connectivity in the large N limit:


   W  ( N )  ≅  N s      for   N →   ∞   



(6)






  s =   2 D + 1  D  = 2 + 1 / D  



(7)







Chemically, for large N we scale in D = 1 from molecules to polymers, s = 3 and:


  W  ( N )  = a  N 3  + b  N 3  + c N + d  



(8)







Rational coefficients a, b, c, and d specify a given graph (see Section 3.3). Cubic closed forms for the Wiener index for polymers were originally proposed in the 1980 seminal article [54], but the general link with D (Equations (6) and (7)) was discovered only in 2010 [53,55].



For D = 1, our investigations show some other dimensionality-related properties, namely the asymptotic limits for the topological efficiency indices:


   ρ  ( N )  ≅  4 3      and    ρ E   ( N )  ≅ 2     for   N →   ∞   



(9)







Even more intriguing is the asymptotic equivalence in 1D of the topological efficiency ρ and the ration between the Wiener index W of the open graph and its counterpart WC computed for the same periodically closed graph:


   ρ  ( N )  ≅ W  ( N )  /  W C   ( N )        for   N →   ∞   



(10)







Additional features of our topological approach, including the role of graph dimensionality in determining W, is presented in [56].




2.3. Auxiliary Quantum Chemical Calculations


Trying to find the correspondence between the regularities in structural and molecular properties, we performed the auxiliary quantum chemical computations of helicenes. We did not scrutinize a wide set of properties, focusing on those which are the most sensitive to the changes in the chemical structure: mean polarizability (α) and energies of highest occupied and lowest unoccupied orbitals (EHOMO and ELUMO).



The quantum chemical computations were performed with two density functional theory methods. The first one—PBE/3ζ (program PRIRODA [57,58])—was chosen due to our good experience of its use for studying carbon-rich molecules; it reliably describes the mean polarizabilities, structural, and thermochemical properties of PAHs [20,21,22]). Unfortunately, we found (see Section 4.1) that this method provided negative values for ELUMO, which indicated an instability of the molecules and corresponded to the case with an ambiguous interpretation [59]. Therefore, based on the previous relevant studies [60,61,62], we recalculated the orbital energies with the ωB97X-D3/6-311G(d,p) method (GAUSSIAN program package [63]). The use of the latter DFT method corrected the situation and the ELUMO values became positive.



The quantum chemical study of helicenes was performed using standard computational protocols [58,63]. All structures were optimized without the restrictions on symmetry. The calculated hessians associated with the molecules contained no imaginary frequency that proved the correspondence of the found structures to the minima of potential energy surfaces. Mean polarizabilities were calculated in terms of the finite field approach [20,21,22]. Cartesian coordinates of the optimized molecular geometries can be found in Supplementary Materials.



Note that quantum chemical calculations corresponded to the helicene molecules, whereas only carbon skeletons were treated in the topological and information entropy calculations.





3. Results


3.1. Symmetry Trends in the Series of Regular Benzenoid PAHs


We analyzed the geometries of the benzenoid molecules previously optimized with relevant DFT methods [20,21,22,23,24]. It is important that the exact optimized geometries differ depending on the used method, but the symmetries are reproduced by different quantum chemical methods. All the molecules under study are symmetric. In the oligoacene and helicene series, the symmetry remains constant, being, respectively, D2h and C2 for all members. This means that all oligoacene and helicene molecules have the rotational symmetry numbers (σ) equal to four and two, respectively.



In the case of the phenacene series, there is a symmetry alternation: the odd members are C2v-symmetry molecules as the even ones have a lower symmetry, viz. C2. This alternation is not decisive for the rotational symmetry number: σ(C2v) = σ(C2) = 2.



Note that we assign symmetry point groups D2h, C2, C2v, and C2 to all members of the oligoacene, helicene and odd and even phenacenes with one reservation that symmetry reduction may take place in the case of the higher members of these series (e.g., due to the Jahn–Teller effect [64]).




3.2. Information Entropy in the Series of Regular Benzenoid PAHs


We omit hydrogen atoms in the benzenoid molecules and treat carbon skeletons. The examples of their dividing over atom types are shown in Figure 3, where we intentionally dissect odd and even members from the studied benzenoid series (because we are looking for differences between them).



Note that the numbers of the carbon atoms (N) and the benzene rings (R) in the studied PAH molecules are connected with the simple relation: N = 4R + 2. The chemical structure is regularly changed with the molecular size within each hydrocarbon series, so we can obtain analytical expressions between N (or R) and information entropies (Table 1). These expressions are deduced from the definition (Equation (1)) after simplifications that account for the partition patterns of the molecules. The corresponding plots are shown in Figure 4.



Expectedly, the h values increase with the molecular size in each benzenoid series (Figure 4). In the case of the isomers (the molecules with the same N), the lowest h values correspond to the oligoacene molecules having much higher symmetry than their counterparts. This agrees with the general trend of lower information entropy for more symmetric molecular species [33]. There are no other worth-mentioning features for dependence h = f(N) of oligoacenes. This trend is quite common (Figure 4).



A more complicated situation is observed in the case of the phenacenes and helicenes. In spite of the symmetry alternations C2v–C2 for odd–even members, the partitions of odd and even phenacenes coincide (Figure 4).



As mentioned above, all helicene molecules have a C2 symmetry. However, the partitions differ for even and odd members of the series. This is due to the way the symmetry axis is placed in the molecule. We illustrate it in the example of the first members of the helicene family (Figure 5). In the case of the even helicene, we distinguish one ‘central’ carbon–carbon bond lying on the C2 symmetry axis. Thus, the two carbon atoms are inequivalent and make up two different atom types. The remaining atoms of this molecule are divided over the atom types populated with two items. Odd helicenes are more homogeneous in the aspect of partition. For their molecules, the C2 symmetry axis passes through the middles of two central bonds, so that all atoms of the molecule are grouped in twos. This more homogeneous partition leads to lower information entropy values. The difference in the partition of odd and even members explains the saw-like plot h = f(N) for the helicene series.



Since the partitions of odd helicenes and phenacenes coincide, they have equal h values, being indistinguishable in terms of information entropy only.




3.3. Topological Indices in the Series of Regular Benzenoid PAHs


Table 2 shows the characteristic topological invariants for the title chemical systems. It is noteworthy that all distance-based invariants are represented as closed forms, with helicenes showing the invariant   w _  , whose value is sensible to the parity of the number of six-rings present in the molecule. This parity dependence is mathematically expressed with k coefficient in the corresponding polynomials. As these coefficients are constant, their contributions to the resulting invariant   w _   values become smaller with increasing molecular size. In other words, parity effect is smoothed when N → ∞.



3.3.1. Topological Stability in Terms of Molecular Compactness


The present topological calculations of the Wiener index for the selected benzenoid series show that helicenes have lower W values. Hence, they keep more compact structures than their isomers from other series (Figure 6). This is consistent with the geometrical size of the molecules that decreases from oligoacenes to helicenes. Curve (c) of Figure 6 provides clear evidence of the fact that, over a certain size (N ≈ 26 that corresponds to six benzene rings in the molecule), the helicene mesh has a more compact structure. The remaining curves of Figure 6 (a,b) show that the oligoacene and phenacene series behave very closely in terms of compactness W(N).




3.3.2. Topological Stability of Helicenes in Terms of Molecular Roundness


Topological simulations allow a deeper view into the helicene structure. The plot of the topological roundness versus the molecular size of helicenes is shown in Figure 7. The plot has local minima corresponding to the odd members of the series. This is consistent with the information entropy calculations. Thus, both indices show parity alternations.



The selection of peculiar sizes for helicenes is a typical topological phenomenon arising from the topological long-distance connectivity of the helicene pattern and has been reported in the literature for structures with D = 2 such as the graphene ribbons and the 1-pentagon nanocone [65].





3.4. Toward the Use of Strucutral Descriptors for Chemical Reaction Series of PAHs


In this section, we demonstrate the applicability of our approach to other benzenoids, e.g., having non-condensed benzene rings. For this purpose, we have studied a series of the related PAH molecules, which are intermediates of the hexaphenylbenzene conversion to hexa-peri-benzocoronene via a stepwise Scholl reaction (Table 3 and Figure 8). These compounds have been previously studied experimentally and theoretically [66,67]. The mentioned reaction series is accompanied with the planarization of the benzenoid substrate and the increasing number of the condensed benzene rings.



The partitions of the molecules and the calculated information entropies are shown in Table 3. The information entropies of the initial benzenoid and the product of its condensation are equal, whereas the h values of the intermediate products are higher (Figure 9). We can propose the analogy between this case and the potential energy plot that connects the initial and final states of the reaction system. In both cases, the system should overcome the barrier. In the case of the energy reaction profiles, we call it the activation barrier. In the present work, we similarly consider the information entropy barrier. It could be associated with the necessity of some structural disorder when a molecular system converts from one stable state to another. In the aspect of the information theory, it means that moving the system from one informationally stable state to another, its information capacity must be temporarily increased. Note that, previously, we found similar barriers on the information entropy plots for the dendrimer molecules with incomplete shells, which are intermediates between the ‘closed-shell’ dendrimers [68].



We observe a completely different picture in the case of the topological invariants for the structures associated with the hexaphenylbenzene → … → hexa-peri-benzocoronene conversion (Table 4). As found, W and ρ are better suitable for discriminating molecules in this series. The descriptors are minimal for the most compact structure C42H18 (the product of the reaction). Thus, all considered topological descriptors decrease upon the successive Scholl reactions of hexaphenylbenzene; this decrease is linear (Figure 10). No extremal points are found on the way from C42H30 to C42H18. The linear dependence reflects the regular stitching between the benzene rings forming the planar graphene-like structure. As a consequence, the descriptors correlate with the hydrogen contents in this PAH series as each additional bond is formed due to the elimination of two hydrogen atoms.





4. Discussion


4.1. Relevance of Parity Effects to Molecular Properties


We continue the series of works on the reliability of structural descriptors applied to carbon-rich molecules. Our interest in topological and information theoretic indices is due to their digital application rather than their physicochemical one. In this regard, the indices are expected to facilitate navigating chemical space and to reduce central processing unit time.



In the present work, we found the unusual behavior of size-dependences of information entropy (h) and Wiener-based topological indices (ρ and ρE) for helicenes, viz. the alternation for odd and even members of the series. Herewith, in the case of oligoacehenes and phenacenes, no parity effects are observed, and functions h = f(N), ρ = f(N), and ρE = f(N) monotonously ascend. The variance between the indices and the symmetry estimates should be highlighted. Indeed, all helicene molecules have the same symmetry (C2), but the corresponding functions ρ = f(N) and ρE = f(N) manifest parity effects. At the same time, the symmetries of the phenacenes alternate (C2v versus C2), which is not reflected by the structural descriptors. Possibly, the difference in the symmetries is too small to be caught by the indices. In addition, the effects on the topological structure caused by the closure of the benzenoid chains will be further investigated.



On the other hand, the indices are a more precise descriptive tool compared with the symmetry point group of the molecule, because they consider the inequivalent atoms (h) or bonds (W, ρ, and ρE). A deep and more fundamental question remains outside the scope of this work: when should the symmetry estimates correlate with the structural descriptors and when should they not? We formulate this question, because previously we have found good correlations between rotational symmetry numbers, information entropy, and topological roundness within the fullerene oligomers family [31].



Another question we formulate: if we observe the alternation in the structural descriptors, should we expect a similar behavior for any measurable/computable properties of the compounds? We have calculated their mean polarizabilities and frontier orbital energies with the PBE/3ζ and ωB97X-D3/6-311G(d,p) methods (Figure 11). As follows from the illustration, there are no odd–even alternations of the suggested properties depending on the number of the compound in the series. Previously, we have not found such correlations in the case of the fullerene compounds (C60)n [31]. Hence, it seems that the mentioned correlations are not mandatory.



We will try to continue the search for the link between the parity effects in the structural descriptors and the molecular parameters. Here, we note that the first ones are mathematical constructs aimed to facilitate the perception and digital description of the chemical structures. The found correlations between the chemical structure (molecular size or number of homologs in the series) and the structural descriptors (topological roundness or information entropy) may or may not have the consequences in the realm of the measurable molecular properties. The last sentence is our conjecture that requires more cases to be confirmed.




4.2. Information Entropy and Reaction Path


The other finding to be discussed is that the conversion of the nonplanar hexaphenylbenzene into hexa-peri-benzocoronene is accompanied with the increase in the information entropy for the intermediate benzenoid structures and further going down (Figure 9). The picture is very reminiscent of the sections of the potential energy surfaces (PES), where the energy maximum between the reactants and products correspond to the transition state. Note that, in the present study, we deal with the intermediate molecules not the transition states. Additionally, PESs are continual functions, whereas information entropy vs. reaction coordinate path correspond to the discrete one. Nevertheless, the similarity of PES plots and information entropy path is striking. This is the second time we meet such a plot (see also [68]) and we will develop the concept of information entropy path.



In the case of the studied topological indices, there are no such analogies. The indices monotonously increase, indicating that the molecular system (hexaphenylbenzene) goes to a more bonded state (hexa-peri-benzocoronene) (Table 4). We think that the last finding could be interesting for the numerical description of the chemical structures and their reactions, focusing on the structural descriptors instead of the energies or thermodynamic parameters (see, e.g., [69,70]).





5. Conclusions


We have studied the dependences of a number of structural descriptors on the molecular size for benzenoid hydrocarbons: oligoacenes, phenacenes, and helicenes. The most interesting results have been obtained for the helicene series demonstrating a parity effect, viz. saw-like dependences of the information entropy/roundness on the number of the homolog in the series. We have found no correlations of this ‘structural’ parity with the selected molecular parameters (mean polarizabilities and HOMO/LUMO energies). In the cases of phenacenes and helicenes, there is a mismatch between the structural descriptors and the symmetry. The symmetries of the molecules in the phenacene series alternate depending on the homolog number, but the information entropy does not catch the alternation, because the partitions of the odd and even homologs of the set coincide; vice versa, the symmetry remains the same for all compounds of the helicenes series, but the structural diversity and, consequently, the information entropy and topological indices differ for the odd and even homologs’ structural diversity.



The changes in the structural descriptors upon the reactions of benzenoinds have been studied. In the case of the information entropy, the plot reminisces the energy profiles of chemical reactions.
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Figure 1. Benzenoid PAHs under study: addition patterns (left) and chemical models of the isomers with four benzene rings (right). Note that oligoacene and phenacene molecules are planar, whereas helicenes are not. 
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Figure 2. Oligoacenes (top) and phenacenes (bottom) described as linear 1D graphs: carbon atoms correspond to the graph nodes. Nodes forming the unit cells are shown as circles. The selected unit cells are capable to build the lattices by translations only. 
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Figure 3. Partition of the exemplifying benzenoid molecules over atom types (designated with italic Latin letters): tetracene (a), pentacene (b), chrysene (c), benzochrysene (d), [4]helicene (e), and [5]helicene (f). Herewith, compounds (a,c,e) are even members of the corresponding series; (b,d,f) are odd members. 
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Figure 4. Dependence of information entropy (h) on the molecular size. Black, blue, and red colors correspond to oligoacenes, phenacenes, and helicenes, respectively. 
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Figure 5. The [4]helicene (a) and [5]helicene (b) molecules with the C2 symmetry axes. 
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Figure 6. Wiener index cubic polynomials for oligoacenes (a), phenacenes (b), and helicenes (c) as functions of the size (N). 






Figure 6. Wiener index cubic polynomials for oligoacenes (a), phenacenes (b), and helicenes (c) as functions of the size (N).



[image: Carbon 08 00042 g006]







[image: Carbon 08 00042 g007 550] 





Figure 7. Topological roundness (a) and topological efficiency (b) in the helicene series. 
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Figure 8. Initial, intermediate, and final benzenoids of the hexaphenylbenzene conversion to hexa-peri-coronene. 
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Figure 9. The information entropy changes upon the stepwise conversion of hexaphenylbenzene to hexa-peri-coronene. 
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Figure 10. Linear correlation between the Wiener index and the topological efficiency for the benzenoids formed upon the stepwise conversion of hexaphenylbenzene to hexa-peri-coronene. 
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Figure 11. Size dependences for the frontier molecular orbital energies (a,b) and mean polarizability (c). The EHOMO and ELUMO values have been computed with the PBE/3ζ and ωB97X-D3/6-311G(d,p) methods (red and blue circles, respectively). The mean polarizabilities are obtained with PBE/3ζ. Numerical data associated with the plot can be found in the Supplementary information. 
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Table 1. Analytical expressions for partitions and information entropies of the studied benzenoids.
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	Parameter
	Oligoacenes
	Phenacenes and

Odd Helicenes
	Even Helicenes





	Partition
	   1 × 2 +   N − 2  4  × 4   
	    N 2  × 2   
	   2 × 1 +   N − 2  2  × 2   



	Expression h = f(N)
	     log  2  N −   2 N − 2  N    
	     log  2  N −   2 N − 2  N    
	     log  2  N −   N − 2  N    



	Expression h = f(R)
	     log  2   (  2 R + 1  )  −   2 R   2 R + 1     
	     log  2   (  2 R + 1  )    
	     log  2   (  2 R + 1  )  −  1  2 R + 1     
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Table 2. Analytical expressions for topological invariants of the studied benzenoids.
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	Index
	Oligoacenes
	Phenacenes
	Helicenes





	W(N)
	      N 3  + 3  N 2  + 2 N   12     
	      N 3  + 50 N − 144   12     
	      N 3  + 30  N 2  − 184 N + 456   24     



	   w _   
	      N 2  + 4 N   16     
	      N 2  + 32   16     
	     N 2  + 20 N + k   32    ,

k = −28 for odd members;

k = −12 for even members



	   w ¯   
	      N 2  + 8  8    
	      N 2  + 24  8    
	      N 2  + 24 N − 140   16     



	   ρ  ( N )    
	    W  ( N )    N    w  min  ( N )      ≈  4 3    for large N
	    W  ( N )    N    w  min  ( N )      ≈  4 3    for large N
	    W  ( N )    N    w  min  ( N )      ≈  4 3    for large N



	    ρ E   ( N )    
	     w  max  ( N )       w  min  ( N )      ≈ 2   for large N
	     w  max  ( N )       w  min  ( N )      ≈ 2   for large N
	     w  max  ( N )       w  min  ( N )      ≈ 2   for large N
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Table 3. Partitions and information entropies of the benzenoid molecules of Figure 8.
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	Molecule
	Parition of the Carbon Skeleton
	Number of Benzene Rings (R)
	Information Entropy (h)





	C42H30
	3 × 6 + 2 × 12
	7
	2.236



	C42H28
	13 × 2 + 4 × 4
	8
	4.011



	C42H26
	6 × 1 + 14 × 2+ 2 × 4
	9
	4.345



	C42H24
	2 × 4 + 17 × 2
	10
	4.202



	C42H22
	6 × 1 + 18 × 2
	11
	4.535



	C42H20
	21 × 2
	12
	4.392



	C42H18
	3 × 6 + 2 × 12
	13
	2.236










[image: Table] 





Table 4. Topological invariants of the benzenoid molecules shown in Figure 8.
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	Molecule
	Wiener Index (W)
	Topological Efficiency (ρ)
	Topological Roundness (ρE)





	C42H30
	4725
	1.4706
	1.9020



	C42H28
	4653
	1.4482
	1.9020



	C42H26
	4563
	1.4202
	1.9020



	C42H24
	4473
	1.3922
	1.9020



	C42H22
	4383
	1.3641
	1.9020



	C42H20
	4293
	1.3361
	1.7451



	C42H18
	4185
	1.3025
	1.5882
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