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Abstract. Linear and zigzag polyacene series have been the subject of numerous studies because of their 
contrasting electronic and stability characteristics. The correlation of the properties of these series is  
examined in regard to their number of Dewar resonance structures (DS). Since resonance-theoretic  
methods require algorithms for determining the number of Dewar resonance structures (DS), recursion 
equations for calculating DS for these series are presented for the first time. Excellent correlations  
between DS and the absorption p-band, ionization energies, Hückel HOMO, Aihara’s reduced HOMO-
LUMO gap, topological resonance energy (TRE), aromatic stabilization energy (ASE), and the Klein and 
Randić innate degree of freedom are presented and rationalized. (doi: 10.5562/cca2292)  

Keywords: Dewar resonance structures, recursion equations, benzenoid hydrocarbons, polyacenes, reso-
nance energies 

 
INTRODUCTION 

The matching polynomial (also, called acyclic polyno-
mial) is useful for determining topological resonance 
energy1,2 (TRE), the number of Kekulé resonance struc-
tures, and the number of Dewar resonance structures3 
(DS) of polycyclic conjugated hydrocarbons (PAH). 
Dewar structures consist of long bond (or excited) reso-
nance structures that play a role in elucidating molecular 
reactivity, spin density, magnetic susceptibility, and 
electric conductance.4 While the coefficients of the 
characteristic polynomial can be computed by summing 
all the Sachs graphs, the coefficients of the matching 
polynomial are computed by summing all the Sachs 
graphs not having cyclic components. Thus, the match-
ing polynomial is considered to be the reference poly-
nomial of the hypothetical acyclic reference structure 
devoid of cyclic contributions against which the charac-
teristic polynomial of a cyclic/polycyclic structure can 
be compared for purposes of determining resonance 
energy. The sum of the coefficients of the matching 
polynomial without regard to their negative signs is 
defined as the topological index Z by Hosoya.5 

Given this broad utility of the matching polynomi-
al, we seek facile ways to determine it for molecular 
graphs corresponding to conjugated polycyclic hydro-
carbons. In addition, the number of Dewar resonance 
structures is a measure of the triplet excited state energy 

for conjugated hydrocarbons and can be determined 
from the last two coefficients in the matching polyno-
mial. It was shown by Linus Pauling that when essen-
tially single bonds are present in a conjugated system, 
one must also employ Dewar resonance structures in 
addition to Kekulé resonance structures to determine 
bond lengths of essentially single bonds.6 Subsequently, 
Seitz, Klein, Schmalz, and Garcia-Bach suggested that 
consideration of other structures besides Kekulé  
structures might be warranted in their study of electro-
nic excitation, implying Dewar resonance structures.7 
Thus, enumeration of Dewar resonance structures needs 
suitable computational algorithms. 

Hosoya and coworkers showed8 that the infinite 
linear polyacene had a zero band gap whereas the infi-
nite zigzag polyacene had a HMO band gap of HOMO–
LUMO = 0.7639 β. In regard to topological resonance 
energy (TRE), linear and zigzag polyacene isomers were 
compared to their cyclo-counterparts by Aihara.9 A 
comparison of the aromaticity of the linear and zigzag 
polyacenes was performed by the HOMA method.10 By 
the topological measure of stability (TMS), the infinite 
zigzag polyacene is two times more stable than the 
infinite linear polyacene.11 As an example chrysene has 
a TMS = 0.7292 and we calculated that triphenylene has 
a TMS = 0.7778 indicating it is more stable than is 
chrysene. Linear polyacenes all have only one Clar 
sextet whereas the zizag polyacenes have an increasing 
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number of Clar sextets as they increase in length leading 
to their increasing stability with increasing length.12 
 A para-delocalization index in six-membered rings as a 
criterion for aromaticity uses Dewar resonance struc-
tures restricted to hexagonal rings. It is illustrated with 
anthracene and phenanthrene in Scheme 2 in a paper by 
Solà and coworkers.13 Various properties for the linear 
and zigzag polyacenes with up to five rings were  
studied by Wiberg.14 In comparing linear acenes and 
phenacenes up to ten rings using natural orbital occupa-
tions, it was found that the linear acenes eventually 
became biradicals whereas phenacenes showed no  
indication of biradical character in this regime.15 Since 
linear (or just acenes) and zigzag (or phenacenes) 
polyacenes have been the subject of a number of  
comparative studies because of their contrasting stabili-
ties, we will present our study of how changes in DS 
correlates with various properties of these polycyclic 
aromatic hydrocarbons. 

 

RESULTS AND DISCUSSION 

The matching polynomial data of Hosoya and cowork-
ers represents the most comprehensive source for all 
benzenoid hydrocarbons having up to seven rings.16 In 
addition, Hosoya and Ohkami presented an operator 
technique for deriving recursion formulas for both the 
characteristic and matching polynomials of selected 
polyacene series, including the linear and zigzag 
benzenoid hydrocarbons.17 A computer program to 
obtain the matching polynomial can be obtained from 
the work of Ramaraj and Balasubramanian.18 
 
Theory 

One can obtain the number of Dewar resonance  
structures for PAHs from the last two coefficients 
[aN−2

ac and aN
ac, i.e., the (N − 2nd) and Nth terms] of the 

matching (acyclic) polynomials by using the following 
equation:3,19  

ac ac ac
2 2| +( / 2) | | | ( / 2)N N NDS a N a a N    K  (1) 

The number of Kekulé resonance structures (K) is 
a measure of the singlet state energy of a molecule and 
the number of Dewar resonance structures is a measure 
of its triplet state energy. The closeness of energy of the 
triplet state to the singlet state is called diradical charac-
ter of the molecule; singlet / triplet bistable molecules 
undergo facile thermal spin inversion between these two 
states and have a high percentage of diradical character, 
though a distinct valence-bond depiction can be written 
for them. We define diradical (or biradical) character by 
the following equation:19 

BiRadChar BRC = 0.03 / ( 0.03 )DS + DS K  (2) 

which is the weighted number of Dewar resonance 
structures divided by the total number of resonance 
structures of both types.19 Equation (2) is based on Pau-
ling’s weighting factor of 0.03, i.e., a Dewar resonance 
structure carries only 3 % the relative importance as 
does a Kekulé resonace structure. BRC is a measure of 
the triplet contribution to the closed shell ground state 
of a PAH. 

TRE represents stabilization energy due to solely 
cyclic π–contribution which is in regard to π–binding 
energy of a graph-theoretically defined polyene refer-
ence; the first quantity is obtained from the characteris-
tic polynomial and the second is obtained from the 
matching polynomial.1,2 The %TRE is defined as 100 
times the TRE divided by the total binding energy of the 
polyene reference. TRE is an extensive property (natu-
rally increases as molecular size increases) and %TRE is 
an intensive property.20 Thus, the latter is used when 
comparing polycyclic aromatic molecules of different 
sizes. TRE and %TRE are standard measures of  
aromatic stabilization energy (ASE) and the reduced 
HOMO-LUMO gap is a measure of reactivity of the 
molecule. Microsoft Excel 2010 includes tools for plot-
ting regression analysis per various functions and we 
selected the ones with the best correlation coefficients to 
give Figures 1−16. 
 
Number of Dewar Resonance Structures versus  
Various Properties 

Solution of the homogeneous Fibonacci recursion equa-
tion by standard methods gives the following equation 
for the number of Kekulé resonance structures (Kr) of 
the phenacene series: 

 
 

(3 5)(2 5) (1 5) / 2

(3 5)(2 5) (1 5) / 2

1.17082039325 1.61803398875

0.17082039325 0.61803398875

r

r

r

r

r

     

    





K

 (3) 

Note the last the term in equation (3), 
0.17082039325[−0.61803398875]r, alternates in sign 
and becomes insignificant for r > 5; it approaches  
a limit of zero as the number of rings (r) increases  
infinitely. For example, for r = 13 and 14, we get  
K13 = 609.999672131 – 3.27869028686 × 10−4 = 
609.999344262 and K14 = 987.000202635 + 
2.02634203587 × 10−4 = 987.000405269; note that one 
rounds up to the nearest integer when the last term is  
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negative and rounds down when it is positive. Clearly 
one would need a supercomputer to get the exact integer  
numbers of 610 and 987, respectively, rather than a 
using a calculator to 10 significant figures. Because of 
this, we prefer to minimize the calculation effort with-
out loss of accuracy by using the following truncated 
equation for r > 5: 

 1.17082 1.618034
r

r K  (4) 

Using equation (4) gives K13 = 609.999522384 
and K14 = 986.9999672 which are rounded to the nearest 
integers of 610 and 987, respectively. 

Equations (5) and (6) (also Figure 1) present  
recursion equations that we derived for the linear acene 
and zigzag phenacene series, respectively: 

1 2 33 3 2 3,

number of linear acene rings
r r r rDS DS DS DS r

r
      


 (5) 

 
1 2 3 43 2

1.4223 1.618034 , 5 for phenacene

r r r r r

r

DS DS DS DS DS

r

       


 (6) 

For example, for r = 13 and 14 equation (6) gives 
DS13 = 3 × 23060 – 2 × 12853 − 7081 + 3845 + 741.02 
= 40979.02 and DS14 = 3 × 40979 – 2×23060 – 12853 + 
7081 + 1198.997 = 72243.997, respectively; note that 
for r = odd number one rounds down the resulting DS 
value to the nearest integer and for r = even number one 

rounds up to the nearest integer. In this way equation (6) 
always gives accurate DS values for the phenacene 
series. From equations (5) and (6), it is evident that for 
the linear acenes one needs to know the DS values for 
the preceding three members and for the zigzag 
phenacenes one needs the DS values for the preceding 

short axis polarization 

DS = 4 for bisallyl substructure with two sextets 

Figure 2. Number of Dewar resonance structures (DS) versus
λp (nm) for the linear polyacenes.  

λp = 188.23 ln(DS) − 378.1
R² = 0.9787
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   DS = 0          DS = 3               DS = 16  DS = 48       DS = 110            DS = 215 

DSr = 3DSr−1 − 3DSr−2 + DSr–3 + 2r + 3, r = number of linear acene rings  
 

   phenanthrene                  chrysene   picene   fulminene 
DS = 47               DS = 117             DS = 259    DS = 538            DS = 1067 

DS = 1067, 2050, 3845, 7081, 12853, 23060, 40979, ...; Kr = 1.17082(1.618034)r 

DSr = 3DSr−1 − 2DSr−2 − DSr−3 + DSr−4 + 1.4223(1.618034)r, r > 5 

Figure 1. Recursion equations for the number of Dewar resonance structures for the linear and zigzag polyacenes. The linear
polyacenes requires one to know the DS values for the preceding three members of the series and for the zigzag polyacenes one
needs to know the DS values for the preceding four members. 
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four members. Except for the anthracene and 
phenanthrene pair of isomers, the DS values for the 
phenacene isomers are larger than for the linear acenes. 
Most of the plots presented in this work start with 
anthracene and phenanthrene which can be regarded as 
the most straightforward representative members of the 
straight (linear) and kinked (zigzag) benzenoid 
polyacenes, respectively. Naphthalene could be regard-
ed as the smallest member of both the linear and zigzag 
polyacene series, but as a rule the smallest member of a 
series is frequently the most anomalous. 

Since the number of Dewar resonance structures is 
a measure of its triplet state energy and it is known that 
the electronic transition from the HOMO to the LUMO 
corresponds to the p-band in the UV spectrum, we plot 
DS versus λp in Figures 2 and 3 for the linear acenes and 
the phenacenes, respectively.21 The p-band in the UV 
spectrum arises from polarization along the short axis of 
these molecules. Figure 2 shows an example with 
naphthacene which shows that many of the Dewar  
resonance structures are favored due generation of an 

additional sextet; in the electronic polarization of the 
zigzag phenacenes the number of sextets either remains 
unchanged or is reduced by one. The equation for the 
zigzag polyacenes in the Figure 3 gives λp = 281 nm for 
naphthalene which is close to its experimental value of 
λp = 285 nm; the equation in Figure 2 for the linear 
polyacenes gives no agreement for naphthalene. Similar 
plots versus ionization energies (IEs) are given in  
Figures 4 and 5. Other things being equal, the greater 
number of Dewar resonance structures, the easier it 
should be to remove an electron because long range spin 
pairing between two electrons is weaker than short 
range spin pairing between adjacent electrons. Both 
Figures 4 and 5 show that as the number of Dewar reso-
nance structures increases in the given series, the IE 
progressively decreases. For the linear polyacene series 
many of the Dewar resonance structures lead to increas-
es in the number of sextets whereas for the zigzag 
polyacenes all the Dewar resonance structures lead to a 
decrease in the number of sextets. This explains why the 
IE for the latter series is larger than for the former  
series. Wiberg found that the radical cations formed by 
ionization have the positive charge mainly located at the 
π-orbitals with the highest bond order.14 Phenacene 
isomers compared with the linear acenes generally have 
higher bond orders. The IEs were obtained from the 
National Standard Reference Data System.22 Using the 
equations in Figures 4−5 for the linear and zigzag 
polyacenes gives IE = 7.98 and 8.30 eV, respectively, 
for naphthalene (experimental IE = 8.15 eV). Figures 
2−5 all have logarithm relationships with the zigzag 
polyacenes having slightly less favorable correlations 
coefficients (R2). 

The HOMO data in Figures 6−7 were obtained 
from two primary sources.9,23 The best correlation for 
the linear polyacenes was given by the power equation 
shown in Figure 6. As anticipated, the HOMO data in 
Figure 6 for the linear polyacenes approaches zero with 
increasing number of rings which coincides with  

Figure 3. Number of Dewar resonance structures (DS) versus
λp (nm) for zigzag polyacenes.  

λp = 17.728 ln(DS) + 231.84
R² = 0.9685
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Figure 4. Number of Dewar resonance structures (DS) versus
ionization energies (eV) of the linear polyacenes.  

IE = −0.5 ln(DS) + 9.364
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Figure 5. Number of Dewar resonance structures (DS) versus
ionization energies (eV) of zigzag polyacenes.  
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increasing DS values. No equivalently good correlation 
for the zigzag polyacenes was found against their DS 
values; only a correlation of R2 = 0.85 was obtained. 
However, the zigzag polyacenes were found to give the 
best correlation against their biradical character 
(BRC).19 In the plot of BRC versus HOMO, the zigzag 
phenacenes in Figure 7 appears to approach the Hosoya 
calculated limit HOMO value of 0.382 β as the number 
of rings increases;8 actually for BRC = 1.0 Figure 7 
gives HOMO = 0.36 β as a limit value. Alternatively, if 
we plot the HOMO data23 against the inverse of the 
number of phenacene rings (r−1) or against DS−1, the 
extrapolated values of 0.355 β and 0.394 β, respectively, 
are obtained. Finally, a plot of the HOMO data23 for 
linear polyacenes (L) versus the HOMO for the zigzag 
polyacenes (Z) gives the extrapolated value of  
HOMO = 0.392 β for the infinite zigzag polyacene  
at the HOMO = 0 value for the infinite linear polyacene 
(Z = 0.1626L2 + 0.4344L + 0.3925). 

Reduced HOMO-LUMO gap is defined as the 
HOMO-LUMO energy separation of a molecule  

(determined from the characteristic polynomial) divided 
by that of the hypothetical polyene reference which  
is devoid of cyclic contributions (determined from  
the matching polynomial) and is a measure of kinetic 
stability.24 The contrasting difference in reactivity  
(kinetic stability) of the linear acenes versus the 
phenacenes is emphasized by the plots (Figures 8 and 9) 
of the number of Dewar resonance structures versus the 
reduced HOMO-LUMO gap index of Aihara.24 If the 
reduced HOMO-LUMO gap index is < 1.3, then the 
PAH is chemically very reactive. Starting with benzene 
all total resonant sextet benzenoids have reduced  
HOMO-LUMO gap index > 1.93. This index shows that 
the reactivity of the linear acenes increases and for the 
phenacenes the reactivity decreases with increasing 
number of rings and DS number. 

By comparison, the TRE for the linear acenes and 
zigzag phenacenes9 both increases with increasing num-
ber of rings and the number of Dewar resonance struc-
tures as shown in Figures 10 and 11, respectively, but 
the latter increases faster presumably because all linear 

Figure 6. Number of Dewar resonance structures (DS) versus
HOMO (β) of linear polyacenes.  
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Figure 7. Biradical character (BRC) versus HOMO (β) for
zigzag polyacenes.  
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Figure 8. Number of Dewar resonance structures (DS) versus
reduced HOMO-LUMO gap for linear polyacenes.  
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Figure 9. Number of Dewar resonance structures (DS) versus
reduced HOMO-LUMO gap for zigzag polyacenes.  
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acenes only have one resonant sextet while the number 
of resonant sextets progressively increases with every 
other added ring in the phenacenes. According to 
Aihara,24 reduced HOMO-LUMO gap index < 1.0 indi-
cates that the HOMO of the molecule contributes to the 
decrease in topological resonance energy; this occurs 
for nonacene which has a reduced HOMO-LUMO gap 
index of 0.996 and for longer linear acenes. The linear 
acenes in Figure 10 have a power plot equation and the 
phenacenes in Figure 11 have a logarithmic equation. 
For an additive property, one should use an additive 
invariant or the logarithm of a multiplicative invariant 
and DS is a multiplicative invariant. This suggests that 
for the zigzag phenacenes their increasing number of 
sextets makes a stronger additive contribution to TRE 
compared to the linear acenes having only one sextet. In 
addition, for longer linear acenes their decreasing  
HOMO contributes to the decrease in their topological 
resonance energy. From another viewpoint, the vertical 
bonds on the end of a linear acene or between two  
adjacent rings has a low π-bond order of K−1, where 

K = r + 1, i.e., these vertical bond orders decrease  
approaching zero as the number of rings (r) increase. 
Thus, adding another four-carbon diene fragment to this 
vertical end bond of a linear acene leads to relatively 
little additional stabilization.14 Whereas, the bond be-
tween two rings of a phenacene approaches a π-bond 
order of 0.61803 and addition of a four-carbon diene 
fragment to form another adjacent ring with this higher 
bond order will gain significantly more in electron delo-
calization and associated stabilization. 

The plots in Figures 12−13 show the correlation 
between the DS values and aromatic stabilization energy 
(ASE) per π-electron (i.e., ASEPE) for the linear and 
zigzag polyacenes, respectively.  The ASE values were 
computed using the Cohen and Benson group additivity 
method based on calorimetric data.25 These ASE values 
were determined as the difference between the group 
additivity values for the aromatic system and those for 
the olefinic reference.10 Neither of these plots extrapo-
lates well to naphthalene (ASEPE = 2.61) or benzene 
(ASEPE = 3.49). 

Figure 10. Number of Dewar resonance structures (DS) versus
TRE (β) for linear polyacenes.  
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Figure 11. Number of Dewar resonance structures (DS)
versus TRE for zigzag polyacenes.  
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Figure 12. Number of Dewar resonance structures (DS) versus
ASEPE (kcal mol−1) for linear polyacenes.  
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Figure 13. Number of Dewar resonance structures (DS) versus
ASE (kcal mol−1) per π-electron for zigzag polyacene. 
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Figures 14−15 give plots of DS versus innate  
degree of freedom26 for the linear and zigzag 
polyacenes. For each Kekulé structure of a given  
molecular graph, there is assigned a number correspond-
ing to the smallest number of placements of double 
bonds such that there is only one way that the placement 
of the remaining double bonds can occur. These num-
bers for each Kekulé structure depiction are summed to 
give what is called the degree of freedom of the parent 
graph. The degree of freedom for all the linear 
polyacenes is simply equal to the number of Kekulé 
resonance structures (K = r  + 1). The degree of freedom 
all the zigzag polyacenes was determined by Klein and 
Randić to be an additive invariant that is equal to the 
number of disjoint conjugated 6-circuits (Figure 15).26  
Their conclusion was that the degree of freedom of 
zigzag polyacenes measures graphical characteristics 
distinct from Clar’s resonance-theoretic ideas. Compar-
ing the highly correlative plots (R2 = 1) in Figures 
14−15 shows distinctively different equations that are 
supportive of this conclusion. 

In general, the Kekulé-structure-based model 
works well for small to moderate sized PAHs. Figure 16 
gives a plot of [(DS / K)linear / (DS / K)zigzag] against the 
number of rings which shows that the contribution of 
the triplet state (as measured by DS) relative to the 
ground state (as measured by K) for the linear acenes is 
larger and grow faster than for the zigzag phenacenes. 
For example, [(DS / K)linear / (DS / K)zigzag] = 1.277 for  
r = 3 and [(DS / K)linear / (DS / K)zigzag] = 6.249 for r = 15. 
This explains that from the valence-bond point of view, 
the more reactive properties of the linear acenes. All 
linear acenes have two mobile Fries 6-circuits whereas 
all zigzag phenacenes can have Fries 6-circuits in every 
ring at once. 
 
Chrysene Anomaly 

Both the ab initio calculated (HF/6-31G**) and experi-
mental ∆Ho

f values for chrysene suggest that it is more 
stable than its the total resonant sextet isomer, 
triphenylene.27−29 Herndon and coworkers attributed this  
anomaly as arising from a T-effect (opposing bay  
regions S3S3 through a single hexagonal ring). 
Triphenylene has three S3S3 pairs = 3T and chrysene has 
none, thus leading to additional ‘steric’ destabilization 
of triphenylene. Perylene and benzo[e]pyrene both have 
one S3S3 pair = 1T. In the determination of their  
topological measure of stability (TMS), Ciesielski and 
coworkers subtract out the total number of cis-butadiene 
units associated with bay regions in a given Kekulé 
structure whereas the Herndon and coworker’s T-effect 
has the additional requirement that they be located pair-
wise on the same ring. Herndon and coworkers attribute 
this T-effect to additional ‘steric’ destabilization but an 
isolated S3 which corresponds to a bay region does not 
lead to any steric effect or destabilization. In this work, 
it is evident by inspection of the plots in Figures 3, 7, 
and 9 that chrysene deviates significantly from the 
curve. While deleting phenanthrene from Figure 3 does 

Figure 14. Number of Dewar resonance structures (DS) versus
innate degree of freedom (FL) for linear polyacenes.  
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versus innate degree of freedom (FL) for zigzag polyacenes.  
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Figure 16. . Number of Rings (r) versus [(DS / K)linear /
(DS / K)zigzag].  
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lead to some improvement, deleting only chrysene from 
all these plots leads to the best overall improvement in 
their correlations (R2). To explain this result of remov-
ing chrysene from the plots in Figures 3, 7, and 9, we 
note that HOMO is involved in both Figures 7 and 9. If 
we plot the HOMO versus Eπ (β) for the five C18H12 
isomers of chrysene (HOMO = 0.5201 β and Eπ = 
25.1922 β), chrysene again deviates significantly from 
the curve. Plotting only the four isomers of chrysene 
gave the equation Eπ = 3.1455(HOMO)3 − 
5.3642(HOMO)2 + 3.755(HOMO) + 24.209 (R² = 1); 
solution of this equation using HOMO = 0.5201 β gives 
Eπ = 25.1535 β for chrysene.  Alternatively, the inverse 
equation HOMO = − 4.6483(Eπ)3 + 351.25(Eπ)2 − 
8846.1(Eπ) + 74251.284 (R² = 1) gives HOMO = 0.5716 
β for chrysene using Eπ = 25.1922 β. Thus, our regres-
sion analysis shows that the HOMO and Eπ of chrysene 
also appears to be anomalous just like its enthalpy of 
formation. Among other thermochemical perspectives, 
Slayden and Liebman discussed the chrysene anomaly 
without any definitive resolution except that the  
sole experimental measurement of chrysene is  
questionable.30 

 
CONCLUSION 

Kekulé based resonance theory works well for small to 
moderate sized benzenoids because a Dewar resonance 
structure is only 3 % as important as a Kekulé resonance 
structure3,6 and in many extended series both change in 
parallel to each other, though at different rates. Howev-
er, improvement of the Kekulé based resonance theory 
can be achieved by augmenting it with the number of 
Dewar resonance structures, especially for systems with 
essentially fixed single or double bonds and having one 
of very few Kekulé structures.31  In certain circums-
tances, knowing a select number of Dewar resonance 
structures is important in the calculation of special 
properties, like electric conductance and para-
delocalization index.4,13 Graphene and related π systems 
have been touted as having electro-optical properties 
with the potential to revolutionize engineering, compu-
ting and electronics. For example, polycyclic aromatic 
hydrocarbons with open-shell ground state (singlet or 
triplet biradical) have the potential to be nanoscale re-
placements for electronically bistable devices already in 
use for information storage.32 Pentacene is currently 
being used in field effect transistors. 
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