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Abstract
Naphthalene, (Aromatic stabilization Energy; ASE, 50-60 kcal/mol) polyacenes and

graphene are considered aromatic. Existing models for polyacenes predict a linearly
increasing ASE and give little insights into their high reactivity and decreasing stability.
Graphene’s aromaticity has been studied earlier qualitatively suggesting alternate Clar’'s
sextet and two-electrons per ring, but ASE estimates have not been reported yet. In
this paper, various Heat of Hydrogenation (HoH) and isodesmic schemes have been
proposed and compared for the estimation of naphthalene ASE. Results show that HoH
schemes are simple to design, are equivalent to isodesmic schemes, and unconjugated
unsaturated reference systems predict ASE values in agreement with literature reports.
Partially aromatic reference systems underestimate ASE. HoH schemes require
calculations for a smaller number of structures, and offer scope for experimental
validation, and involve enthalpy differences. Polyacene (X-axis extensions of benzene)
ASE estimates (using HoH scheme) correlate well with experimental instability data and
offer new physical insights explaining the absence of arbitrarily larger polyacenes.
ASEs extrapolated from quadratic and logarithmic regression models have been used to
estimate the largest polyacene with limiting ASE values. ASE values for Pyrene (Y-axis
extension of benzene) and higher analogues (here called pyrene-vertacenes) are
estimated using HoH schemes. Further truncated graphene models and graphene are
approximated as combinations of polyacene and pyrene-vertacene units. First ever
ASE and molecular sizes (22-255 nM) estimates predict nanometer size ranges for flat
graphene in agreement with recent experiments and offer new physical insights. These
ASE and size estimates for graphene may prove useful in the design of novel energy

(hydrogen) storage, electronic and material science applications.
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1 INTRODUCTION

The concepts of aromatic compounds and aromaticity are of paramount importance in
chemical research. According to Google Scholar: 1,290,000 and 88,400 articles have
been published which contain the terms ‘aromatic compounds’ and ‘aromaticity’. This
highlights the significance of and interest in these concepts. Figure 1 shows a historical
data on the number of articles published in this area. Since the discovery of benzene
the term “aromatic compound” soon began to appear in the scientific literature, but the
concept of “aromaticity” emerged ~40 years later (Figure 1) as more compounds with
similar features were isolated or made. After World-War Il both concepts received an

increased interest from the chemical and other scientific communities.

Erich Huckel (in 1938) successfully used quantum mechanics to formulate the criteria
for classifying aromatic and non-aromatic compounds.® This criteria known as Hickel's
rule, states that a compound is aromatic only if it contains (4n + 2) 1 electrons in a
conjugated ring system, where n is a positive integer.? In 1964, Clar proposed Clar's
sextet rule which states that in polycyclic aromatic hydrocarbons (PAH), the resonance
structure with the highest number of aromatic sextets, is the most important structure
contributing to the properties of the molecule.> The concept of T electron delocalization
as a major factor responsible for aromatic properties of compounds like benzene has
been questioned and the role of C-C o bond framework in forcing a symmetrical
structure and the 1T electron delocalization has been put forward by Sason Shaik and
other groups.*

Contrary to the other key chemical concepts, e.g. nucleophilicity, electronegativity,
Lewis acidity/basicity, van der Waals radii, redox-potential; ‘aromaticity’ is not an
observable quantity and thus cannot be precisely measured.>®78° As a result,
aromaticity is always defined in reference to a non-aromatic compound or a system.1°
For benzene, the difference in the expected Heat of Hydrogenation (HoH) of
hypothetical cyclohexatriene (derived from the HoH for cyclohexene,) and the
experimental HoH of benzene can be approximated as Aromatic Stabilization Energy
(ASE, Equation 1 and Equation 2).
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Figure 1. Number of papers, containing the concept of “aromatic compounds” and “aromaticity”, published since the
discovery of benzene.

Alternatively, HoH for cyclohexatriene can be estimated from the HoH for 1,3-
cyclohexadiene or 1,4-cyclohexadiene as shown in Equation 1 and Equation 2.
cyclohexene + H, — cyclohexane (AH1)
1,3 — cyclohexadiene + 2H, — cyclohexane (AH2)
1,4 — cyclohexadiene + 2H, — cyclohexane (AH3)
benzene + 3H, — cyclohexane (AH4)

Equation 1. The heat of hydrogenation for cyclohexene, cyclohexadienes, and benzene.

Aromatic stabilization energy (ASE) for benzene is then estimated using following
equations.



ASE1 = 3 * (AH1) — (AH4)
ASE2 =3/2 x (AH2) — (AH4)
ASE3 =3/2 « (AH3) — (AH4)

Equation 2. Aromatic stabilization energy (ASE) for benzene using heats of hydrogenation for cyclohexene, cyclohexadienes,
benzenes and the hypothetical cyclohexatriene.

Beckhaus et al. have suggested an ASE value of -35.7 kcal/mol using ASE1 in Equation
2.1 Using Mallon et al.’s HoH value for 1,3-cyclohexadiene (-53.63 kcal/mol), we get
ASE2 = -31.35 kcal/mol.'? For 1,4-cyclohexadiene, Roth et al. have reported HoH = -
55.69 kcal/mol and using it as a reference gives an ASE3 of -34.43 kcal/mol.*® This
suggests that using unconjugated unsaturated systems gives values in close agreement
with those estimated from mono-cycloalkenes. Thus unconjugated unsaturated
systems are more suitable for the estimation of ASE (via HOHSs) since they lack partial

stabilization present in conjugated reference compounds.

Many indices and measures have been proposed in the past for estimating relative
aromaticity and are discussed in detail in excellent reviews elsewhere.88-10.14-16 Briefly,
most of the geometric parameters depend on the fact that carbon-carbon bond lengths
in aromatic compounds are intermediate between those of singly and doubly bonded
carbons. Amongst the geometric indices developed till date, Harmonic Oscillator Model
of Aromaticity (HOMA), is considered most suitable for predicting aromaticity of many
hydrocarbon cycles, and heterocycles.>'617  Applying the HOMA parameter and its
variants for estimating relative aromaticity of PAH presents some difficulties. Multiple
HOMA values for each ring are often quoted in the literature and may depend on the
theory and basis set used.!’® Magnetic criteria in the form of NMR chemical shifts,
magnetic susceptibility exaltation, cyclic current density analysis and nucleus-
independent chemical shift (NICS), have been used to gain insights into the aromaticity

of a variety of compounds.14”

The concept of aromaticity has been used in explaining the physical, chemical and
recently biological properties of many compounds and materials. Many protein
structures are stabilized via aromatic T — cation interactions.'®® Recent findings have

shown that modified carbon nanotubes (hydroxyl and amino substituted) adsorb organic



environmental pollutants and may help in pollution control.?® Relative contents of
aromatic compounds like naphthalenes, phenanthrenes, and dibenzothiophenes are
used as maturity indicators in sedimentary rocks and crude oils.?* A variety of
aromaticity descriptors have been applied in drug design to enhance the drug-like
properties (ligand efficiency and optimize ADMET properties) of small organic
compounds.??> Aromaticity indices have also be used as molecular descriptors for
prediction of optical properties of 9,10- Anthraquinone derivatives in ethanol solution.??
Additionally, a new domain in aromaticity research has emerged from recent findings of
aromatic compounds in the interstellar medium. Combinations of laboratory
spectroscopy and radio astronomy are being used in the detection of these
compounds.?* The existence (or viability) of some aromatic compounds and the
absence of others, can be linked to the structure, reactivity, stability, and aromaticity in
these systems in free space, which can be deduced from calculated or experimental
ASEs. Thus quantifying aromaticity especially for larger PAH is vital in getting deeper
insights into such problems and applications.

Naphthalene has diverse applications ranging from pharmaceutical industry to material
sciences. It is mainly used as a precursor to synthesize other molecules and is a well-
known household fumigant. Naphthalene diimide based polymer acceptor in solar cells
deliver high performance owing to the electron transportability.?> Naphthalene is toxic
and may cause acute hemolytic anemia.?® Naphthalene is reported to have a larger
total aromatic stabilization than benzene but is considered less aromatic than benzene
with respect to aromatic stabilization per ring (Naphthalene ASE = 51-60 < 2 * 36
kcal/mol). Varying Naphthalene ASE estimates are given in the literature using different
computational methods.”102728 The consensus ASE value for benzene (~36 kcal/mol
from both experimental and theoretical methods) is well known in the literature, but
naphthalene ASE value is debatable and awaits further experimental validation.
Schleyer and Pihlhofer have made recommendations for the estimation of ASEs for
benzene and naphthalene derivatives.?®  They also proposed a hierarchy of
homodesmotic reactions for better prediction of thermochemical properties while
accounting of various atom, bond, and hybridization types, and minimizing complexity in

the reference systems.?®30 Even though calculation of ASE of naphthalene has been



attempted, only a limited number of isodesmic schemes have been tested so far (Figure
2).31  Considering the better performance of unconjugated reference system for
benzene shown above, differences in ring size and strain, these schemes are probably
not the best choice. Naphthalene ASE estimates based on number of ring 1 electrons
are in close agreement with calculations (ASE/mr-electron = 6; Benzene 6 * 6 = 36,
naphthalene 6 * 10 = 60 kcal/mol).

0.0 — L0 -0

Figure 2. Isodesmic schemes for the estimation of ASE of acenes reported by Schleyer et al.3! For naphthalene n = 5.

Anthracene is also known to follow similar trends in aromatic stabilization i.e. calculated
ASE value estimates are less than those extrapolated from the number of fused
benzene rings and in better agreement with values based on per electron contributions.®
Experimental studies on higher analogs of benzene; like tetracene, pentacene,
hexacene and heptacenes show that these are unstable and require special conditions
(low-temperature matrix isolation) or derivatization for stabilization and isolation.32-3431
For larger polyacenes trends in ASE have not been studied in depth but various
estimates up to heptacene show (in disagreement with experiments) increasing ASE
values and aromaticity.>?” Thus physical chemical (especially thermochemical) insights
into the quantitative trends in aromaticity for polyacenes are missing in the literature.

Graphene (a fused 2D polymer of benzene), on the other hand, is relatively stable, has
unique physical and chemical properties. Its isolation as the 2D material was awarded
physics Nobel prize in 2010, triggered an extensive interest and research in this
technology sphere.3536.37.38.39,.404142  |n these works, the importance of graphene
aromaticity in determining bandgap, polarizability, optoelectrical, conductivity, electron
confinement and other properties resonates. Graphene-based nanotechnology has
also been extensively tested for diagnosis, therapeutic and targeted drug delivery
applications.?® Many groups have explored the aromatic character of graphene and
truncated graphene models, mostly suggesting that two sets of Clar’s sextets can be

overlaid to explain its aromaticity.*#° Each benzene ring in graphene has been



proposed to retain two electrons thus satisfying Hiickel’s rule of aromaticity (n = 0).%°
Thus the aromatic character in graphene is not yet completely understood. Most of
these studies attempt to understand and extrapolate aromaticity of graphene
gualitatively using electronic, magnetic or geometrical properties (cited above) and
estimates of graphene ASE, thermochemical insights into its stability and reactivity are
missing in the literature. Structural studies have found that graphene sheets are not
perfectly flat, have corrugations and tend to fold or bend beyond a few hundred
nanometers.*344  Most of the studies cited above don’t directly explain this fact.
Graphene and metal-graphene complexes have been studied for their hydrogen storage
capacity and as potential energy storage materials.*® Formation of hydrogenated
graphene (graphane) and its potential for energy storage and electro-optical
applications has been reported.*® Estimates of ASE for graphene, truncated graphene
models and derivatized or doped graphene may prove valuable in the prediction of
stability, viability and design of novel graphene-based materials for technological and

energy (hydrogen) storage applications.

In this paper, aromatic stabilization energy (ASE) of naphthalene has been estimated
using two methods i) Heat of Hydrogenation (HoH) schemes and ii) Isodesmic
schemes. Estimated ASE values are then compared and different levels of theory are
evaluated for accuracy. The best suitable scheme is then applied for estimating the
ASE of polyacenes, Y-axis extensions of benzene (here called pyrene-vertacenes) and
small truncated graphene models. Using these findings potential ASE and size

estimates for planar graphene are presented and discussed.

2. METHODOLOGY
The structures were drawn using ChemAxon’s MarvinSketch 18.3.0 and mol files were

converted into GAMESS##8 inputs using wxMacMolPIt.*®  Quantum chemical
calculations involving geometry optimization and vibrational frequency analysis were
performed on these structures using HF and DFT (B3LYP functional) level and different
basis sets 6-31G(d), 6-311+G(d,p), TZV. High-level G3MP2 and CCSDT calculations
were also performed to assess the accuracy of different methods. For larger

polyacenes and pyrene-vertacenes (Figure 4 and Figure 5), their partially saturated and



fully saturated analogues, calculations were performed at the HF/6-31G(d) level since it
was the least demanding method and showed an excellent correlation with the CCSDT
data for naphthalene ASE schemes. All structures were confirmed as ground states (no
negative vibrational frequencies) by performing Hessian (frequency) calculations at the
end of geometry optimization steps in GAMESS. All trans configurations were used for
all partially unsaturated and fully saturated structures used for estimating ASE values.
Highest possible symmetry point group was used during all calculations used for ASE
estimations of polyacenes, pyrene-vertacenes and truncated graphene models. The
energies were modified using zero-point corrections scaled by factors of 0.9135, and
0.9806 for HF and DFT calculations respectively.®%%! Recent studies on coronenes
have shown that HF and DFT methods are able to predict correct geometry and
frequencies for PAH containing up to 54 carbon atoms.?> The largest polyacene
(dodecacene) studied in this work has 50 carbons, while the largest pyrene-vertacene
has 56 carbon atoms. Although for some calculations reported in this work, low positive
frequencies were observed, none of the structures gave negative frequencies when

using highest symmetry point group.



3. Results and Discussions
The ASE in naphthalene, in spite of containing two fused benzene rings, is not twice

that of benzene. Different estimates for ASE (50-60 kcal/mol) based on isodesmic
reactions, group additivity concepts exist in the literature and scarcity of thermochemical
data for validation has been cited as a major hurdle.>*32” The heat of Hydrogenation
(HoH) has been used historically to estimate Benzene’'s ASE and also appears in
textbook descriptions of its aromaticity.>>* In spite of the conceptual simplicity, lack of
conjugational effects (especially in unconjugated reference systems e.g. ASE3 in
Equation 2), possible cancellation of any correlational effects, computational advantage
over isodesmic schemes, and most importantly possibility for experimental validation,
HoH schemes have remained neglected for naphthalene and higher PAH ASE
estimations. In the following subsections, different HoH and isodesmic schemes for

naphthalene ASE estimation are proposed and compared.

3.1. Heat of Hydrogenation (HoH) schemes for Naphthalene ASE estimation.
The heat of Hydrogenation (HoH) is the enthalpy of hydrogenation reaction for alkenes.

According to this scheme, HoH for a hypothetical unconjugated cyclohexatriene is
extrapolated from corresponding HoH of unsaturated non-aromatic compounds like
cyclohexene, or 1,3-cyclohexadiene. As mentioned in the introduction benzene ASE
value derived from 1,4-cyclohexadiene closely agree with a value derived from
cyclohexene. Thus all possibilities for mono, di, tri, and tetra-unsaturated decaline
reference systems were considered for naphthalene ASE estimation. This helped in
analyzing the effect of different types of reference system on the ASE values predicted
using HoH schemes shown in Table 1. Figure 3 shows a representative HoH scheme 16,

used for naphthalene ASE prediction.



H2

+5H2 Hi H

Naphthalene ASE = (5/3 * DH2) - DH1

Figure 3. A representative HoH scheme 16 used for estimating ASE value for naphthalene.

ASE values predicted with mono-unsaturated reference systems are between -50 and -
82 (average across all methods: -65.17) kcal/mol. For di, tri and tetra-unsaturated
reference systems the values are -25-74 (average -61.70), -29-70 (average -55.81) and
-29-62 (average -41.53) kcal/mol respectively. Moreover the tri-unsaturated and
unconjugated reference systems shown in rows 15, 16, and 17 of Table 1, gave ASE
values of -54.74, -63.32, and -61.70 kcal/mol respectively at HF/6-31G(d) level. The
average for tri-unsaturated unconjugated schemes (59.91 kcal/mol) is in excellent
agreement with average at CCSDT level (-59.35 kcal/mol), per 1T electron estimates,
and with literature values reported earlier. In comparison the average ASE estimates at
HF/6-31G(d) level for partially conjugated tri-unsaturated schemes 11, 12, 13 and 14
are about 3 kcal/mol higher than at CCSDT level (51.83 kcal/mol) and in disagreement
from the widely accepted 60 kcal/mol. This suggests that the tri-unsaturated
unconjugated reference systems are the best for estimating naphthalene ASE. Average
ASE values for different type of reference systems at each level are given in the Table
S3 (see supporting information word file). As the schemes 10, 23 and 24 in Table 1 for
tri and tetra-unsaturated reference systems, containing aromatic benzene rings, gave
unusually low ASE values, these were excluded from this analysis. Thus partially

aromatic reference systems are not suitable for estimation of ASE values in PAH.

3.2. Isodesmic schemes for Naphthalene ASE estimation.
As mentioned in the introduction isodesmic schemes have been used earlier for

estimating the ASE of benzene, naphthalene and other polyacenes. Most of these
methods used monocyclic reference systems and thus may give less accurate

predictions especially for PAH beyond naphthalene. Isodesmic scheme for naphthalene



(n = 5) shown in Figure 2 predicts an ASE values of 65.74 kcal/mol at HF/6-31G(d) level.
While the ASE value predicted using unconjugated reference system (1,4-
cyclohexadiene) and similar isodesmic equation (60.48 kcal/mol), not considered by
Schleyer3%5, is in close agreement with HoH schemes using unconjugated unsaturated
systems. This again highlights the benefit of using unconjugated unsaturated reference

systems.

Although for benzene there are only three possible set of reference systems (one mono
and two di-unsatutrated), for naphthalene and larger PAH the number of different but
almost equivalent reference systems increases rapidly. Thus the effect of the type of
reference system on the predicted ASE values was analyzed for naphthalene using

isodesmic schemes shown in Table 2.

A careful analysis of the data at HF/6-31G(d), which has excellent correlation with
CCSDT values, shows that partially aromatic reference systems (schemes 11, 12 and
13 in Table 2), give poor estimates of ASE (average -25.47 kcal/mol). While conjugated
reference systems (schemes 4, 5, 6; average ASE = -56.38 kcal/mol, and 14, 15, 16;
average ASE = -56.54 kcal/mol) give descent estimates of ASE. Schemes 7, 8, 9 and
10 containing a mix of conjugated and unconjugated systems give better estimates of
naphthalene ASE. Schemes 17, 18, and 19 containing all unconjugated systems also
give estimates of ASE in close agreement with HoH schemes (Table 2).

3.3.  Comparison of different Naphthalene ASE estimates
Analysis of the ASE values derived using HoH and isodesmic schemes shows that

partially aromatic reference systems are not suitable for estimating aromaticity of
naphthalene (and possibly other PAH). Average values for the mono, di, tri and tetra-
unsaturated systems show that HoH and isodesmic schemes are almost equivalent to
each other. The unconjugated reference systems consistently give values in close
agreement with that of literature reports. HoH schemes have some advantages
especially relevant to larger PAH. For example to estimate ASE using the unconjugated
reference system (HoH scheme 15) optimization and frequency calculations for only
three hydrocarbons (the unsaturated reference system, naphthalene, and decalene) are

required (excluding the computationally inexpensive dihydrogen). Whereas with



isodesmic schemes, using equivalent unconjugated reference system, calculations on
five hydrocarbons are required. For anthracene, and tetracene a similar isodesmic
scheme will require calculations for 5, and 6 hydrocarbon structures, while using HoH
scheme of similar accuracy calculations for only 3 structures are required (each with 14
and 18 carbons respectively). Thus isodesmic schemes are computationally expensive

for ASE estimation especially for larger PAH.

Additionally, isodesmic schemes give ASE as enthalpies of hypothetical reactions and
hence are less likely to be verified experimentally. Moreover designing isodesmic
schemes for higher PAH is non-trivial considering the large number of possible
combination of possible reference structures with close agreement between predicted
ASE values. Additionally, isodesmic schemes have been shown to incur errors,
especially while modeling thermochemical properties for larger hydrocarbons.® To
estimate accurate enthalpies for such reactions requires computationally expensive
treatment of electron-electron correlations. ASE estimates from HoH schemes, which
are easy to design, require calculations on only 3 hydrocarbon structures, involve
differences of enthalpy for two reactions (Equation 1 and Equation 2), and may lead to
cancellation of electron-correlation errors. Thus for estimating ASE values for larger

PAH, HoH schemes become the obvious preferred choice.



Table 1. Naphthalene aromatic stabilization energies (ASE) obtained from HoH schemes and corresponding reference unsaturated compounds (at HF-TZV, DFT-
B3LYP/TZV, G3MP2 and CCSDT levels).

ASE based on HoH schemes

Reference

S.No unsaturated

compound
HF/6-31G(d) HF/TZV B3LYP/TZV CCSsDT G3MP2
1 OO , -50.81 -54.86 -54.32 -52.33 -58.26
2 C@ -78.84 -80.25 -81.77 -72.84 -72.11
3 Q:j . -66.35 -66.93 -68.97 -63.96 -63.12
4 C@ -54.64 -56.53 -54.95 -53.02 -54.34
5 C@ ; -53.08 -55.60 -56.00 -54.60 -55.12




6 @ -62.45 -64.23 -65.59 -60.38 -61.29
7 @ -67.80 -69.05 -71.54 -64.68 -64.03
8 @ -66.46 -67.28 -69.98 -63.58 -62.83
9 m -68.23 -68.91 -70.25 -66.23 -65.55
10 Q@ -2.07 -1.60 -2.30 -2.32 -3.43
11 C@ -52.71 -54.59 -51.91 -49.72 -50.72
12 @@ -66.42 -67.33 -66.70 -63.35 -63.06




13 @O -53.85 -55.30 -52.72 -49.68 -49.59
14 Q@ -45.89 -48.55 -46.60 -44.59 -44.68
15 CO -54.72 -56.93 -57.99 -56.24 -55.10
16 Q@ -63.32 -65.01 -66.60 -61.52 -61.20
17 C@ -61.70 -63.36 -65.18 -60.28 -59.94
18 @O -55.44 -57.45 -57.67 -53.62 -53.37
19 -44.48 -47.30 -45.23 -43.65 -42.47




20 -59.07 -60.53 -59.13 -55.41 -54.85
21 -47.11 -48.84 -44.38 -42.91 -42.48
22 -55.27 -56.44 -52.87 -50.54 -49.84
23 -13.52 -13.64 -13.81 -12.83 -13.28
24 -16.63 -16.75 -17.69 -17.46 -17.07




Table 2. Isodesmic schemes and corresponding aromatic stabilization energies obtained at HF-TZV, B3LYP/TZV, CCSDT, G3MP2 level.

S. No. Isodesmic schemes HF-TZV | B3LYP/TZV | CCSDT | G3MP2
1| (:O - *4@ -66.93 | -68.97 | -63.96 | -63.12
2 | C@ - ”C@ 8025 | -81.77 | -72.84 | -72.11
3 | s OO - ”OO 5486 | -54.32 | -52.33 | -58.26
4 | O@ O@ ”Oi) .58.61 | -57.75 | -55.21 | -56.09
5 | ° @C@ - OO 6127 | 6031 | -56.99 | -57.89




6 5619 | -54.82 | -52.89 | -55.12
7 ©©C© ' @ - E:O 60.90 | -60.73 | -57.62 | -58.21
8 OG@ ' Oij - @ 6537 | 6538 | -61.09 | -61.79
9 OO@ " C[j - @ 6557 | -66.33 | -61.21 | -61.29
10 OQ@ ' @ - Oij 6622 | -66.43 | -62.27 | -62.38
11 C© @ OO - @ 2290 | 2311 | -22.33 | -25.37
12 @ @ Oij - CO 2798 | 2860 | -26.43 | -28.14




00

13 2532 | -26.04 | -24.65 | -26.34
14 @ @ @ CO 5677 | -54.65 | -52.81 | -55.22
15 @ O:) Oj OO 6185 | -60.14 | -56.91 | -57.99
16 @ OO O@ (:O 5919 | -57.58 | -55.14 | -56.19
17 6508 | -6577 | -63.35 | -63.51
18 5851 | -59.45 | -57.00 | -57.33
19 5610 | -5652 | -54.68 | -56.37




000 — CO- 00

20 -21.88 21.91 -20.73 | -22.27
21 O@ * CO -26.96 -27.40 -24.83 | -25.04
22 (:O * C(j -24.30 -24.84 -23.06 | -23.24




3.4. ASE in polyacenes, and Y-axis extensions of benzene (vertacenes),
Graphene can be thought of as a benzene extended in both X and Y directions to give

the well-known two-dimensional honeycomb structure (Figure 4 and Figure 5).3° But the
trends in ASE of benzene homologous series on the X-axis i.e. naphthalene (50-60),
anthracene (~80), tetracene (naphthacene), pentacene and higher polyacenes are still
debated in the literature and not clearly understood. Additionally it is not clear whether
the ASE per 1 electron remains the same, increases or decreases as one moves from
benzene, naphthalene, to pyrene and to higher analogs formed from the addition of

benzene units on the Y-axis (here called vertacenes Figure 5).

Naphthalene ASE analysis discussed above showed that HF/6-31G(d) method has
excellent correlations (r = 0.996, 0.994, Table S1) with B3LYP/TZV and high accuracy
CCSDT/6-31G(d) methods respectively. Thus, in this study HF/6-31G(d) level
calculations were performed to estimate ASE values of PAH larger than naphthalene.
Although isodesmic schemes with unconjugated reference systems give ASE estimates
in close agreement with literature reports, it is non-trivial to find the best isodesmic
schemes for anthracene and higher polyacenes. This is due to larger combinatorial
possibilities of equivalent unconjugated reference systems. Thus isodesmic schemes
(similar to those used here for naphthalene) are not suitable for estimating ASE of larger
polyacenes and vertacenes. Isodesmic schemes for polyacene ASE estimation
proposed by Schelyer (Figure 2) uses conjugated 1,3-cyclohexadiene reference system
and does not account for strain induced by different number of fused rings. ASE
(resonance energy) values reported using this scheme increase linearly (y =-23.579*x-
11.129, x = # of rings, R2 = 0.9991, n = 7) with the polyacene size and are not in
agreement with experimental instability of such systems towards addition

reactions.3132:33

HoH schemes, on the other hand, represent a relatively better choice for estimation of
ASE for polyacenes. As seen in Table 1, the unconjugated reference system with
maximum double bonds (three for naphthalene) is one of the best choices for estimating
ASE. Within such reference systems, scheme 15, with double bonds between the fused

carbons and at the periphery is the best choice. Schemes similar to 15 are easy to



design for higher polyacenes. Additionally these systems retain high (C2H) symmetry
thus reduce ring, angle strain, do not contain chiral centers (thus avoiding cis-trans
effects) and offer scope to estimate ASE for larger polyacenes due to increased
computational speed.

Figure 4 shows the structures of polyacenes up to dodecacene for which ASE values
were predicted with HoH schemes. ASE values predicted using HoH schemes at HF/6-
31G(d) level are shown in Table 3. The ASE value predicted for benzene is in excellent
agreement with the experimental value extrapolated using HoH scheme, Equation 1 and
Equation 2. Naphthalene ASE value is also in close agreement with the literature
values.3! Residuals for the quadratic regression model (Table 3) for ASE prediction are
within expected experimental errors. Using HoH schemes and the quadratic model for
anthracene onwards predict significantly lower ASE values than those reported by
Schleyer et al. and other references. Thus HoH schemes predict ASE values in line
with experimental findings, offer physical and thermochemical insights into polyacene
instability.3232 Using quadratic relationship between number of rings and ASE values
(Table 3) one estimates that the ASE will reach a maximum value of -157 kcal/mol near x
= 18, i.e. octadecacene. The quadratic model further predicts that ASE should rather
(strangely) decrease beyond octadecacene becoming -14, zero and positive (anti-
aromatic) for polyacene with 37, 38 and higher number of fused benzene rings
respectively. This model contradicts with the Huckel’s rule for higher PAH (above
octadecacene), literature understanding on polyacenes, aromatic compounds and is
likely to be an artifact/limitation of the quadratic model. Nevertheless, as mentioned
earlier the quadratic regression model agrees with the experimental findings about
instability of higher polyacenes in general and will be tested further in our future studies
on aromaticity. At present our computational resources prevent us from further
exploring this strange finding on still higher PAH. The logarithmic regression model
(with lower correlation, Table 3) estimates a limiting value of 90 fused benzene rings
(ASE = -224 kcal/mol) where differences in ASE falls below 0.5 kcal/mol (typical
accuracy of thermochemical experiments). Unlike the quadratic model, logarithmic

regression model doesn’'t contradict Huckel's rule, literature understanding on



polyacenes and aromatic compounds, nor predicts strange decrease in ASE or

antiaromatic character of higher polyacene derivatives. A linear model based on this

data has lower correlation than the quadratic model (better than logarithmic model), but

incorrectly predicts ASE values to increase with number of fused rings.

Table 3. Polyacene ASE values are calculated using HoH schemes (Figure 4). ASE per ring and residuals from the predicted
values based on the best fit quadratic relationships are shown.

Residuals | Residuals

Polyacene | # of rings (x) ASE estimated ASE per for for

with HoH Scheme ring guadratic | Logarithmic

model model

Benzene 1 -34.71 -34.71 4.85 0.49
Naphthalene 2 -54.74 -27.37 -1.79 451
Anthracene 3 -68.72 -22.91 -3.19 6.07
Tetracene 4 -79.94 -19.98 -2.63 6.25
Pentacene 5 -89.67 -17.93 -1.39 5.60
Hexacene 6 -98.41 -16.40 0.04 4.25
Heptacene 7 -106.61 -15.23 1.20 232
Octacene 8 -114.46 -14.31 1.90 0.01
Nonacene 9 -122.00 -13.56 2.10 263
Decacene 10 -129.31 -12.93 1.74 567
Undecacene 11 -136.59 -12.42 0.59 11.12
Dodecacene 12 -145.91 -12.16 -3.39 -10.26

ASE = 0.4027*x"2 - 14.595*x - 25.37; R2 = 0.9945: Quadratic model

ASE =-9.3595*x — 37.586, R2 = 0.9776: Linear model
ASE = -44.4*In(x) -24.453, R2 = 0.9673: Logarithmic model.
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Figure 4. Polyacenes depicted as X-axis extension analogs of Benzene. Aromaticity in polyacenes is known to concentrate near
the center and decrease along this series, but it is not known if it reaches a limiting value or not. Polyacene ASE was estimated
with HoH schemes using differences in the enthalpy of hydrogenation reactions for the polyacene and corresponding
unconjugated reference system (exemplified here for naphthalene). Reference compounds had trans configuration at the
saturated chiral carbon aotmes.

Thus extending benzene on the X-axis does not lead to a linear increase in ASE and
stability. Rather according to quadratic regression model the ASE is likely to reach a
maximum value of -157 kcal/mol in polyacenes containing 18 linearly fused benzene
rings. While the logarithmic model predicts ASE to reach limiting value of -224 kcal/mol

for polyacene with 90 fused benzene rings. Nevertheless, longer graphene models and



graphene itself (possessing simultaneous Y-axis extensions) are known to be stable.
Thus it is very interesting to investigate the effect of Y-axis extensions of benzene on

the ASE and aromaticity and ultimately that of graphene.

Benzene Y-axis extension gives
Pyrene-Vertacenes

O Pyrene ASE = (8/4 DH2) - DH1

(1) _om
O \

Benzene (13) (14) (15) (16) (17) (18) (19)

Figure 5. Benzene vertical (Y-axis) extension gives structures which are here called pyrene-vertacenes. Such analogous series of
aromatic structures and trends in their aromaticity have not been considered in the literature so far. All chiral carbon atoms in
partially saturated and fully saturated compounds had trans configuration and highest possible symmetry was employed during
geometry optimization.

Figure 5 shows the structures of pyrene as a Y-axis extension of benzene and similar
higher analogues, here called as pyrene-vertacenes (13-19) in analogy with
polyacenes. The unconjugated unsaturated reference system and corresponding
equation employed for estimating pyrene-vertacene ASE is exemplified in Figure 5. Table
4 shows the ASE values for pyrene-vertacenes (14-19) calculated with HoH schemes.
Both the quadratic and linear regression models have similar correlations, residuals and
thus fit the data in Table 4 equally well. But predictions for larger systems differ
significantly between these models. The quadratic model predicts ASE to reach a
maximum of 1,622 kcal/mol at around 32 layers of benzene in the pyrene-vertacenes.



Due to the natural behavior of quadratic models, ASE is predicted to decrease beyond

this and become zero for pyrene-vertacenes containing 62-65 layers of benzene (refer

Figure 5). The linear model, on the other hand, predicts no such limiting value and ASE

is predicted to increase by ~ 92 kcal/mol for each higher analogue of pyrene-vertacene.

The logarithmic model with lower correlation predicts a much larger limiting value of 627

benzene layer (and an ASE -1,948 kcal/mol). For larger pyrene-vertacenes expected

differences in ASE with an increase in the size of the aromatic system are likely to fall

below experimental error limits.

Since the correlation for logarithmic model is lower

(than quadratic, and linear models) and residuals are large, the predictions for larger

pyrene-vertacenes should be considered as suggestive ones.

Table 4. ASE calculated at HF/6-31G(d) level using HoH schemes for Y-axis extensions of benzene ring.

# of Structures in ASE Residuals for Residuals for Residuals for
Benzene Layers Figure 5 Quadratic model linear model logarithmic model
1 Benzene | -34.71 10.72 1.21 86.91
2 | 13(pyrene) | -119.77 -6.85 8.57 -43.25
3 14 | -210.41 -15.45 10.35 -78.51
4 15 | -319.86 -1.83 -6.67 -58.38
5 16 | -431.14 17.03 -25.52 -16.39
6 17 | -495.69 -7.43 2.35 -8.45
7 18 | -603.51 14.78 -13.04 51.50
8 19 | -660.13 -10.80 22.76 66.67

y =1.7032x% - 107.75x + 82.06, R? = 0.997: Quadratic model
y =-92.426x + 56.511, R? = 0.995: Linear model
y =-310.5In(x) + 52.2, R = 0.926: Logarithmic model.




3.5. ASE predictions for truncated graphene models and graphene
Graphene and truncated graphene models can be approximated as multiple layers of

polyacenes fused with each other. Alternatively larger PAH systems may be considered
as a combination of pyrene-vertacenes and different polyacenes (exemplified as A, B

and C in Figure 6).

Figure 7 shows the structures for which ASE values were calculated using unsaturated
unconjugated HoH schemes similar to those shown in Figure 4 and Figure 5 for
polyacenes and pyrene-vertacenes. Table 6 shows ASE values calculated for
truncated graphene models shown in Figure 6. Approximation A and B, show large %
errors in estimation of ASE values. Approximation A consistently under predicts the
ASE values, suggesting that it is not suitable for estimating ASE values resulting from
Y-axis pyrene extensions. Thus large truncated graphene models, PAH and graphene
cannot be approximated as simple layers of polyacenes kept one over the other.
Approximation B includes rotated pyrene-vertacene structures, and overestimates ASE
values. ASE values extrapolated using approximation C in Figure 6 have lowest %
error from those calculated with HoH schemes. Inclusion of one pyrene-vertacene unit
reduces the error in ASE prediction significantly. ASE values predicted using HoH
schemes and approximation C are similar, P (0.05) = 0.493, while those predicted with
approximation A and B are significantly different, P = 0.038 and 0.002 respectively.
Therefore approximation C can be used to estimate ASE values for truncated graphene

models and graphene.
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Figure 6. Truncated Graphene models approximated as A) Polyacene layers fused to each other, B) combination of maximum
possible number of pyrene units (red, green and blue) and smaller polyacenes and C) One pyrene unit and laterally fused
tetracenes.



Table 5. ASE values for truncated graphene models (shown in Figure 6) calculated using HoH schemes and predicted
(extrapolated) using approximations shown in Figure 6.

Calculated ASE predicted with approximation models shown in Figure 6
Graphene ASE with
models HoH A % error B % error C % error
Schemes
Naphthalene-
25482 | -217.39 117.22 | -294.29 13.41| -297.98 14.48
pyrene
Anthracene- 31111 | -249.54 22467 | -428.05 2732 | -337.16 7.73
pyrene
Tetracene- 363.71 | -277.74 30.95 | -439.26 1720 | -369.32 1.52
pyrene
Pentacene- -414.03 | -303.42 36.45 | -503.73 17.81| -388.77 -6.50
pyrene
Hexacene- -463.08 | -327.67 4132 | -577.50 19.81 | -415.00 -11.59
pyrene




Naphthalene Pyrene Naphthalene-pyrene

Hexacene

Pyrene Hexacene-pyrene

Figure 7. Truncated graphene models approximated as formed by the addition of polyacene and vertacene (pyrene) units (see C
in Figure 6).

The ASE values for larger graphene models are therefore expected to depend on the
relative components of X and Y-axis extensions present in the system. Thus ASE
values for graphene models and graphene have been approximated using models
discussed in section 3.4. A combination of quadratic models build for polyacene and
pyrene-vertacenes suggests that a planar PAH with 37 fused benzene rings on the X-
axis and about 62 pyrene-vertacene units on Y-axis will have little aromatic stabilization
and is likely to be unstable. This compound is expected to have nanoparticle
dimensions approximately 92.5 A X 255 A (9.25 nM X 25.5 nM, Table 6). (These

estimates are based on the assumption that addition of each fused benzene ring



increases the size of the PAH by 2.5 A on the X-axis and each additional pyrene unit on
the Y-axis extends the molecule by approximately 4.11 A). The logarithmic models
predict the possibility of much larger PAH with maximum possible ASE value (Table 6).
These are expected to contain 90 fused benzene rings on the X-axis and about 627
pyrene-vertacene units giving a nanometer sized graphene (~ 22.5 nM X 257.5 nM).
Using approximation C in Figure 6, such a system is expected to have a large ASE value
with an approximate upper bound of approximately -1,241,556 (-224*90 — 1948*627)

kcal/mol.

Combinations of quadratic and logarithmic models predict lower limiting ASE values for
comparable molecular sizes. Quadratic and logarithmic models based on polyacenes
and pyrene-vertacenes respectively predicts a limiting ASE value of -1,947 kcal/mol for
a PAH containing 37 fused benzene ring and 627 pyrene-vertacene units. Such a
graphene molecule is expected to have dimensions ~ 92.5 nM X 257.5 nM (Table 6).
While logarithmic and quadratic models for polyacene and pyrene-vertacenes
respectively predicts a limiting ASE value of -224*90 = -20,160 kcal/mol for a polycyclic
aromatic hydrocarbon containing 90 fused benzene ring and 62 pyrene-vertacene units
and ~ 225 nM X 255 nM size. These estimates are also based on approximation C

shown in Figure 6.

Since the linear models for polyacenes are unable to predict known decrease in ASE
with increase in molecular size, they are expected to give unrealistically high predictions
for graphene (Table 6). But the linear model (Table 4) for pyrene-vertacenes can be used
to make extrapolations to graphene and suggest that Y-axis extensions are not likely
cause a decrease in ASE with increase in molecular size (no limits on ASE values in
Table 6). This hints that a graphene structure with arbitrarily large Y-axis extensions
might be suitable for energy (hydrogen) storage applications. Likewise graphene
structures with longer polyacene components may be suitable for electron transport and
electronics applications. This finding is in concordance with an anisotropic behavior
observed earlier in graphene and offers physical chemical insights into the

phenomenon.®’



These predictions of ASE and molecular size are approximations for isolated PAH.
Extrapolation to larger graphene models, derivatized graphene and graphene prepared
using different methodologies and/or adsorbed on solid supports should be performed
cautiously since such processes are known to significantly alter the electronic, physical
and chemical properties.®® Nevertheless these estimates for graphene sheet size are
close to those found experimentally by Ishii et al*®* and Meyer et al.** Our results
suggest that extension in either X or Y-axis (except for linear regression model) for
planar PAH beyond these limits may not to lead to an increase in ASE. Sheet bending
(corrugated graphene), formation of spherical or cylindrical nano structures is known to
lead to additional stabilization.>%8° These limiting ASE values and dimensions for planar
PAH offer new physical insights and possible explanations for the absence of arbitrarily
large (or infinite planar) graphene, formation of carbon nanotubes, and other structures

reported earlier.44.61.58.52



Table 6. Polyacenes, Vertacenes (pyrene-vertacenes) and graphene limiting ASE values, molecular size and dimensions predicted using models shown in Table 3 and Table 4.

Model/PAH

Limiting ASE (kcal/mol) and molecular size (nM)

Extrapolated Graphene ASE and molecular

dimension
Polyacenes Vertacenes Model : : : :
Quadratic Logarithmic Linear
(Veratcenes) (Vertacenes) (Vertacenes)
_ = 0 kcal/mol for PAH | _ -1.947 keal/mol No limits on
Quadratic 157 and 9.25 1,622 and 132 Quadratic of dimensions 9.25 X ’ Y-axis
(Polyacenes) and 92.5 X 257.5 .
25.5 extensions.
- -20,160 kcal/mol for kc:ll;rlrﬁlélflo’rsgiH No limits on
Logarithmic 224 and 22.5 | 1,948 and 2575 | C9&MhMIC | oAy of dimensions nottor Y-axis
(Polyacenes) 995 X 255 of dimensions exteNnsions
22.5 X 257. '
No limits ;
Linear (disagrees with No limits Linear

experiments)

(Polyacenes)

Potentially incorrect predictions




4. Conclusions

Novel heat of hydrogenation (HoH) and isodesmic schemes have been proposed for the
estimation of aromatic stabilization energy (ASE) in naphthalene. Comparison with
values reported in the literature showed that schemes involving unconjugated
unsaturated reference systems are best suited for ASE estimation. Conjugated and
partially aromatic reference systems give reasonable and wrong ASE estimates
respectively. Reference systems with unconjugated unsaturation at fused and terminal
carbons (similar to row 15 in Table 1) offer advantages over isodesmic schemes and
have been used for estimating ASE for polyacenes and Y-axis extensions of benzene
(pyrene-vertacenes). These ASE estimates are in agreement with the known instability
of higher polyacenes. Quadratic and logarithmic models show excellent correlations for
the ASE data calculated using HoH schemes and correctly predict a decrease in ASE
with increase in molecular size. For pyrene-vertacenes quadratic model predicts a
limiting ASE value while an equivalent linear model predicts linear increase in ASE with
molecular size. Simple approximations of truncated graphene models as combination
of pyrene-vertacene and polyacene units make accurate ASE estimates for larger PAH.
Graphene ASE extrapolations, reported for the first time, estimate limiting nanometer
size ranges, offer new physical chemical (thermochemical) insights, and are consistent
with recent reports on experimental graphene sizes. The predicted ASE and heats of
hydrogenations represent first ever estimates for larger PAH, truncated graphene
models and graphene. Predictions tentatively suggest that graphene based materials
with larger polyacene fraction might be suitable for electronic applications. Whereas, for
energy (hydrogen) storage applications graphene based materials with larger vertacene

proportion may prove useful.
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