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Abstract

The bonding patterns in coronene are complicated and controversial. Among the
different proposed descriptions, the two most representative are those generated by
Clar's aromatic 1r-sextet and Adaptative Natural Density Partitioning (AdNDP)
models. The chapter 1 reports the detailed quantum-chemical calculations at the
density functional theory level to evaluate the model that gives a better
representation of coronene. In addition, the analysis of the molecular structure of
coronene, quantification of the aromaticity using various local aromaticity descriptors
and assessment of the Diels-Alder reactivity with cyclopentadiene have been carried
out. It has been concluded that Clar's m-sextet model provides the representation of

coronene that better describes the physicochemical behaviour of this molecule.

The recent studies show that properties of coronene could be tuned by
isoelectronic substitution procedures. Thus, the effect of single, double and triple BN
pair substitution on the aromaticity and stability of coronene is investigated in
Chapter 2. The nucleus-independent chemical shift (NICS)-based method, has been
used for its aromaticity assessment. The study reveals that the positional isomers
with adjacently placed BN units are the most stable structure. Charge separation and
different bond strength together play an important role in rationalizing the relative
stability trends. The aromatic character of all BN substituted rings decreases w.r.t
unsubstituted coronene except in case of triple BN pair substitution in inner ring,
where the NICSz;(1) values of outer rings increase. It is found that depending upon
the position of BN pairs, the HOMO-LUMO gap of coronene could be modulated.
Thus, it is proposed to study the opto-electronic properties of these molecules.



Chapter 1

Is coronene better described by Clar's aromatic m-sextet model or
by the ADNDP representation?

[1.1] Introduction

Aromaticity is one of the most distinguished concepts in physical organic
chemistry. It is crucial for understanding the geometry, stability, spectroscopy, and
chemical reactivity of a considerable number of molecules.t In 1931, Huickel laid the
stepping stone by proposing the acclaimed Huckel's 4n + 2 rule to identify
aromaticity in annulenes.? Since the applications of Hiickel’'s 4n + 2 rule were limited
to monocyclic conjugated systems, several trials were performed to generalize this
rule to polycyclic systems. Amidst them, one of the most prominent model was Clar's
aromatic m-sextet rule,® which claims that the Kekulé structure with the largest
number of disjoint aromatic 1r-sextets, i.e. the so-called Clar valence structure, is the
one that offers the best description of benzenoid polycyclic aromatic hydrocarbons
(PAHSs). This model was extended by Glidewell and Lloyd# to polycyclic conjugated
hydrocarbons having rings with any even number of carbon atoms in their
structure.® Several studies among the years provided support to Clar's 1-sextet
model.6 More recently, Zubarev and Boldyrev! developed the Adaptative Natural
Density Partitioning (AdNDP) method as an improvement of the Natural Bond Orbital
(NBO)2 analysis. In the AANDP approach, the charge density is partitioned into n-
center 2-electron bonds (nc-2e) with the highest possible degree of localization of
electron pairs. In this manner, ANDP recovers both Lewis bonding elements (1c-2e
and 2c-2e objects, corresponding to the core electrons and lone pairs, and 2c-2e
bonds) and delocalized bonding elements, which are associated with the concepts of
multicenter bonding and aromaticity. AANDP is a very efficient and visual method to
analyse molecular orbital-based wave functions. This method has successfully
described the chemical bonding patterns in several molecular clusters with many
delocalized bonds providing interesting information and deep insight.2 Interestingly,

for PAHs that can be described with a unique Clar valence structure (for instance,
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phenanthrene, triphenylene, or circumcoronene), the description of the chemical
bonding given by Clar’s mr-sextet model and the AANDP approach coincide.2 On the
contrary, for PAHs described by a combination of several Clar valence structures (for
instance, naphthalene, anthracene, or coronene), the two representations disagree.
The discrepancy is attributed to the fact that the ADNDP analysis looks for the most
compact single structure that can be used to define chemical bonding in a certain
compound whereas Clar's 1-sextet model uses a resonant description of the

chemical bond.1°

Hexabenzobenzene or coronene (C2s4Hi2) is one of the PAHs in which the
chemical bonding pattern described by Clar and AANDP modelsi® differ. This
benzenoid PAH with applications in materials chemistry,tX comprises six benzene
rings annelated to a benzene core and represents a basic graphene fragment. It is
found naturally as a mineral called carpathite and is produced in hydrocracking
petroleum-refining process.i2 Although initially it was considered coronene as a
superaromatic compound,® it is now widely accepted that it is not.}* In fact, the
aromatic stabilization energy (ASE) of coronene per 1r-electron was found to be
significantly lower than that of pyrene that, in turn, is much lower than that of
benzene. Coronene structure can be represented by 20 covalent resonance
structures, two of them having three 11-sextets and Dsn symmetry (structures 1 and 2
in Figure 1.1). The Clar valence structure, which is a combination of the two Dasn
resonant structures with three tr-sextets, has Den symmetry with three 1-sextets that
can migrate into the adjacent rings (structure I, Figure 1.1). Therefore, one can
consider that each outer ring of coronene has half a T-sextet, whereas no 1r-sextet is
located in the inner ‘empty ring’. On the other hand, according to the AdNDP
model,’? the 108 valence electrons of coronene are distributed in 30 2c-2e C-C
bonds, 12 2c-2e C-H bonds, six 2c-2e 1 bonds, three 6¢-2e 1 bonds, and three 24c-
2e 1 bonds (structure I, Figure 1.1). In the AANDP representation, the 1r-system
coronene is reminiscent to that of the Bis™ species,> an aromatic Wankel motori®

with double-aromaticity in two concentric-systems.



Figure 1.1. (a) The two out of 20 covalent resonant structures of coronene having
three 1T-sextets (b) The two different representations of coronene molecule according
to the Clar (1) and AANDP (lI) models.
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The estimated local properties of coronene differ considerably depending on
which representation one considers. For instance, bond C1-C2 should be in
between intermediate and double bond somewhat closer to double bond in Clar’s
representation, whereas it should have slightly more than double bond character in
the ADNDP model. Similarly, the aromaticity of the outer ring A (Figure 1.1) should
be larger than that of the inner ring B in the Clar model and the other way round
according to the AANDP representation. In the present work, we investigate the best-
suited model between Clar’s aromatic 1r-sextet and AANDP forms for representing
coronene. To this end, we have analysed the molecular structure, aromaticity, and

reactivity of coronene as compared to that of naphthalene and phenanthrene. We
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agree with Kutzelnigg who said:*’ “Understanding without models is impossible.
However, a model is useful, only if one understands its scope and limitations.” In this
sense, we think it is worth to look for possible shortages of these models keeping in
mind that models are just intrinsically deficient approximations to reality and that
there is no perfect model. However, when comparing different models the degree of
approximation to reality can be different and it is relevant to know which is the model
that better approaches it and, consequently, is more useful. As Dewar wrote:18 “the
only criterion of a model is usefulness, not its “truth™. In the current study, a rational
attempt has been made in order to conclude the foremost representation between

the Clar’s and the AANDP models of coronene.

[1.2] Computational Details

All considered geometries were optimized using hybrid density functional
theory (DFT) with the M06-2X%2 and B3LYPZ methods in conjunction with the cc-
pVTZ Dunning type basis set.2t Grimme”s-D3 dispersion correction2 with the Becke-
Johnson (BJ) dampingZ was included in all B3LYP calculations. These two
functionals perform quite well for the predicting relative energies of polycyclic
aromatic hydrocarbons.2* Harmonic vibrational frequencies were performed to
characterize the nature of stationary points and to obtain enthalpies and Gibbs
energies. The reported minima and transition states structures exhibited zero and
one imaginary frequencies, respectively. All geometry optimizations and frequency
calculations were carried out using the Gaussian 09 set of programs.2 Following
previous recommendations,2® the local aromaticity in the systems considered was
studied using several aromaticity indices like the geometric-basedZ’ harmonic model
of aromaticity (HOMA),28 the electronic-based? para-delocalization index (PDI),¢
aromatic fluctuation index (FLU),2t Giambiagi’s index (ling),22 and multicentre index
(MCI),% and the magnetic-based32 nucleus-independent chemical shift (NICS).3
The NICS was evaluated using the regular GIAO method22 on probing ghost atoms
at the ring centres and to 1.0 A away from the ring centre following the perpendicular
of the molecular plane. We also performed NICS-XY-scans.33¢ 36 These scans can

distinguish the global (current along the perimeter of whole molecule) and local
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(current inside each circuit) currents in 1T-conjugated polycyclics. The NICS-XY-
scans were recorded using NICSz; values at 1.7 A above the molecular plane at the
MO06-2X/cc-pVTZ computational level. As to the aromaticity indices calculated, the
aromaticity of a given ring increases when HOMA, PDI, ling, and MCI increase and
FLU and NICS decrease. All electronic indices of aromaticity were obtained with the
ESI-3D program3!: 37 using overlaps of molecular orbitals generated by the AIMALL

program2g and calculated with the Atoms-in-Molecules atomic partition.=2

[1.2.1] Definition of Aromaticity:
Schleyer and coworkers proposed the following definition:

"Aromaticity is a manifestation of electron delocalization in closed circuits, either in
two or in three dimensions. Since it is not an observable property, aromaticity is
measured from its multiple manifestations. The most common aromaticity descriptors
are those based on structural parameters, energetic criteria, magnetic properties,
reactivity indices, or electron delocalization measures. Herein, we have briefly

explained the various aromatic descriptors.

[1.2.2] Structure-based aromatic descriptors — HOMA:

The structural aromaticity descriptors are based on the idea that the tendency toward
bond length equalization and the symmetry of the ring are important manifestations
of aromaticity. Among the most common structural-based measures, the harmonic
oscillator model of aromaticity (HOMA) index?® defined by Kruszewski and Krygowski
has proven to be one of the most effective structural indicators of aromaticity:

HOMA = 1 =31 (Rop — R;)? (1.1)

where n is the number of bonds considered and a is an empirical constant (for C- C,
C-N, C-O, and N-N bonds a=257.7, 93.5, 157.4, and 130.3, respectively) fixed to
give HOMA= 0 for a model nonaromatic system and HOMA=1 for a system with all
bonds equal to an optimal value Ropt, assumed to be achieved for fully aromatic
systems. R; stands for the running bond length. The HOMA value can be
decomposed into the energetic (EN) and geometric (GEO) contributions according to

the next relation: 164

HOMA = 1—EN = GEO = 1 — a(Ryyy = R)? - =Xi(R - R))* (12
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The GEO contribution measures the decrease or increase in bond length alternation
while the EN term takes into account the lengthening/shortening of the mean bond

lengths of the ring.

[1.2.3] Electron delocalization based aromatic descriptors — ESI:

First, the para-delocalization index (PDI), is local aromatic indicator, derived from
delocalization index (DI) as structured in the AIM theory of Bader. The PDI is an
average measurement of electron delocalization among three para-related positions
exist in a 6-MR ring. Let us assume that the ring structure consists of n atoms which
is defined by the string4 = [A1, A2, . . ., An], where each element is ordered according
to the connectivity of the atoms in the ring. According to definition, the PDI of a six

membered ring is given by:

PDI(A) = 6(A1,A4)+6(A§,A5)+6(A3,A6) w3

It is found worthy when it comes to polycyclic system like PAHSs, fullerenes or
nanotubes. However, the PDI is confined to six members ring by definition and we
cannot evaluate it for ring structure having lone-pairs containing atoms. To improve
this theory, two years later, Matito, Duran, and Sola (MDS)3° proposed a new
methodology, the aromatic fluctuation index, FLU which is applicable to any ring
size. The key idea behind FLU indicator is that the aromaticity is not only related to
electron sharing but also with the atomic delocalization of 1r-electron. Hence, it
accounts for the consistency of electron delocalization along the ring and its electron
sharing difference between the adjacent atoms with respect to aromatic reference,

and it is given by:

FLUG) = 100 () (At

where Ao=An, dref(4;, A;_,) is taken from an aromatic molecule, for example, for C-
C bonds, benzene is considered as reference and the atomic delocalization is

defined as:

6(A;) = Xaga; 6(Ai Ap), (1.5)

11



And « is a general function to make sure that the first term in the equation (1.4) is

always greater or equal to 1,

{10040 > 5y

1.6
~1 8(A;) < 6(Ai-1) 19

The FLU value close to O signifies the system is aromatic and it increases as the
system becomes non-aromatic. This aromatic descriptor is heavily related to the

reference and hence it cannot be employed to investigate reactivity.

[1.3] Results and Discussion

Figure 1.2 illustrates the Clar and AANDP representations of naphthalene and
phenanthrene and the Clar model of pyrene. The latter PAH has a unique Clar
valence structure and, therefore, it is likely that AANDP provides the same
description as the Clar model. Naphthalene, phenanthrene, and pyrene can be
considered fragments of coronene with different bonding patterns. We will compare
the molecular structure, aromaticity, and reactivity of these fragments with those of
coronene to discuss whether coronene is better described by Clar or ADNDP
representations. We will focus our comparisons on naphthalene and phenanthrene.
The results of pyrene, having a similar bonding pattern as phenanthrene are given in

the Supporting Information (SI).

This section is organized as follows. First, we discuss the molecular structure
of coronene, second, we analyse the local aromaticity of the inner and outer ring of

coronene, and, finally, we study the reactivity of coronene in Diels-Alder reactions.

8 1
7 Sa 2 I
6
4a
5 4
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Figure 1.2 (a) The Clar representation of naphthalene, (b) the ANDP model of
naphthalene, (c) the representation of phenanthrene according to ADNDP and Clar

models, and (d) the Clar representation of pyrene.

a. The molecular structure of coronene.
Root-mean-square deviations (RMSDs) of theoretical bond lengths for the two
distinct DFT levels with respect to experimental values of Figure 1.3 indicate similar
accuracy for the M06-2X/cc-pVTZ (RMSD = 0.060 A) and B3LYP/cc-pVTZ (RMSD =

0.062 A) levels of theory
2
R -R
AL exp

We have decided to focus our comments on the M06-2X/cc-pVTZ results and move
the B3LYP/cc-pVTZ results to the SI. The conclusions extracted from the B3LYP/cc-

1
RMSD = |—
n

N ™M=

| (1.7)

pVTZ results are the same as those derived from the M06-2X/cc-pVTZ calculations.
Figure 1.3 gives the bond lengths of naphthalene, phenanthrene, pyrene, and
coronene. According to the AdDNP representation, the short outer C1-C2 bond
(Figure 1) in coronene has a bond order of 2.1 (2c-2e o bond, 2c-2e 1 bond, and
three 24c-2e 1 bonds; for these latter we consider the three electron pairs equally
distributed among the 30 bonds of coronene). On the contrary, the Clar description
considers that the bond order of the C1-C2 bond in coronene is 1.75. Figure 1.3
shows that the C9—-C10 double bond in phenanthrene (1.348 A, exp. 1.341 A%l) has
a shorter bond length than the C1-C2 bond of coronene (1.362 A, exp. 1.357 A%2).
Clar’'s description conforms better this experimental observation. Moreover, the long
outer C2—C2a bond in coronene should have a bond order of 1.1 and 1.25 according
to the AANDP and Clar models. Similarly, the bond order of the central C2a!-C4at
bond in coronene is 1.6 and 1.25 in the AANPD and Clar representations,
respectively. And the spoke C2al-C2a predicted bond orders are 1.1 and 1.5 in the
AdANDP and Clar description. Therefore, ADNDP predicts the central C2a!-C4at
bond (1.421 A, exp. 1.424 A) to be shorter that the spoke C2al-C2a bond (1.408 A,

13



exp. 1.416 A), whereas Clar's model indicates the contrary. Experimental values
favour the expectation of Clar’'s model. In addition, Clar's model predicts similar bond
lengths for the long outer C2—C2a bond (1.419 A, exp. 1.420 A) and the central
C2al-C4al bond (1.421 A, exp. 1.424 A) as found experimentally, whereas AADNDP
indicates shorter central than outer bond length. Finally, the fact that the spoke
C2al-C2a bond of coronene (1.408 A, exp. 1.416 A) is closer to the C4-C4a of
naphthalene (1.415 A, exp. 1.425 A) than to the C8a—C9 of phenanthrene (1.434 A,
exp. 1.450 A) supports the conclusion that, geometrically, the outer rings of
coronene are more similar to the rings of naphthalene than to the central ring of

phenanthrene, thus favouring Clar’s representation.

1400 —===/" (] 464)

(1386) 17374
(1399)
(b)
1366
1.362
(1.357)

1.419
1.419
(1.420)

(c) (d)

Figure 1.3. B3LYP/cc-pVTZ, MO06-2X/cc-pVTZ (in italics), and experimental (in
parentheses) bond lengths (in A) of (a) naphthalene (experimental values from ref.40

14



a), (b) phenanthrene (experimental values from ref.40 b), (c) pyrene (experimental
values from ref.41), and (d) coronene (experimental values averaged considering Deh

symmetry from ref.42).

b. The local aromaticity of coronene.

In the AANDP model, the inner ring of coronene is expected to be more
aromatic than outer ring. On the contrary, Clar's 1r-sextet scheme suggests the local
aromaticity of the outer ring to be larger than that of the inner ring. Table 1.1 collects
FLU, PDI, MCI, ling, NICS(1)zz, and HOMA values of the investigated PAHs. All
indices agree indicating that the outer ring A is more aromatic than the inner ring B.
HOMA is the index showing the smallest difference between the two rings. In
addition, HOMA is the only index that considers ring B of coronene more aromatic
than that of phenanthrene. These results seems to indicate that HOMA
overestimates the aromaticity of ring B of coronene. On the other hand, NICS(1)z is
the indicator providing the largest dissimilarity between rings A and B of coronene.
As it is well-known, in fused polycyclic conjugated hydrocarbons, NICS measure is
affected by the couplings between induced magnetic fields generated by adjacent
rings.22 In fact, it has been already suggested that the NICS value of the inner ring of
coronene is underestimated and it should be more negative.’® We also calculated
the NICS-X-scan for the different species (see Fig. 1.1 for coronene and Fig. S2 for
the rest of species studied). Results of the NICS-X-scan also points out that the
outer ring is the most aromatic in coronene. Not only the indices used in this work,
but also other indices used in previous works like NICS(0),2° NICS(1),° NICS(0)z,1¢
NICS(0)mzz,%> SSE, BOIA,* as well as FLU, PDI, and MCI calculated with the Huickel
molecular orbital method® point in the same direction. In addition, the topography of
the molecular electrostatic potential of coronene?’ strongly support the Clar's model
that describes the innermost ring of coronene as an ‘empty ring’. The only index that
gives a large aromaticity for the central ring is the extra cyclic resonance energy
(ECRE) that indicates the inner ring of coronene to have similar aromaticity than
benzene.%> In summary, the outer ring of coronene is more aromatic than the inner
ring and this result is in accordance with Clar's model prediction. This conclusion
agrees with Scanning Tunnelling Microscope (STM) images that show coronene as a

hollow ring like structure with a circular protrusion for the outer rings of coronene and
15



a small depression for the central ‘empty ring’.#¢ Finally, all indices in Table 1.1
except NICS(1)zz, consider that the aromaticity of the outer ring of coronene is closer
to that of the ring of naphthalene than to that of the outer ring of phenanthrene and
that the aromaticity of the inner ring in coronene is similar (but somewhat lower

except in the case of HOMA) to that of the central ring in phenanthrene.

Figure 1.4 M06-2X/cc-pVTZ NICS-X-scan of coronene performed at a height of 1.7

A. The scheme of the considered axis is shown next to the NICS plot.
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Table 1.1. M06-2X/cc-pVTZ values of PDI, MCI, and liing (in electrons), FLU, HOMA,
and NICS (in ppm) for the investigated PAHSs (see Figures 1.1 and 1.2 for ring
labels).

Indices Ring Naphthalene Phenanthrene  Coronene
PDI A 0.076 0.083 0.055
B 0.047 0.030
FLU A 0.010 0.005 0.013
B 0.022 0.020
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MCI A 0.038 0.047 0.024
B 0.017 0.011

lring A 0.027 0.033 0.018

B 0.013 0.009

HOMA A 0.830 0.917 0.808
B 0.519 0.716

NICS(1). A —30.42 —30.50 —32.42
B —20.85 —6.46

The ring currents of coronene were computed in previous works using
different approximations.® 4° These studies showed the presence of a diamagnetic
ring current in the [18]annulene periphery and a weak paramagnetic ring current in
the central six-membered ring. This pattern of ring currents was interpreted as the
result of a combination of diamagnetic local ring currents in all six-membered rings.®
14 This combination also explains the lack of radial currents. Moreover, considering
the intensity of the outer rings being two or three times stronger than that of the inner
ring, the observed global pattern of counter-rotating strong rim and weak hub
currents in coronene is perfectly reproduced.® * A more intense diamagnetic local
ring current in the outer rings concurs with the larger aromaticity attributed to these
rings as compared to the inner ring by all indices of aromaticity. This picture of local
ring currents is analogous to that derived from the Clar's model. In the AANDP
representation, we have a 61 (i.e, 4n+2) inner circuit with three 6¢-2e 1T bonds and
another 611 circuit in the periphery with three 24c-2e 11 bonds. Since the two circuits
have 611 electrons, one should observe two (inner and outer) diamagnetic ring

currents.

In summary, many descriptors of aromaticity points out that the outer rings of
coronene are more aromatic than the central ring. In addition, the ring currents show
a diamagnetic ring current in the [18]annulene rim and a weak paramagnetic ring
current in the [6]annulene inner perimeter. These observations are more in line with

expectations from Clar’'s model than from the ADNDP representation.
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c. The reactivity of coronene.

In this last section, we study the Diels-Alder (DA) reaction between the
analysed PAHs and cyclopentadiene. We calculated the endo and exo approaches
for the DA, although in Table 2 we gather only the results for the thermochemistry
and kinetics of the exo approach, which is the most favourable approach for most of
the systems studied. However, the results of the endo approach are also provided in
the SI. The DA reaction has been studied on the C1-C2 bond of coronene, the C9-
C10 bond of phenanthrene, and the C1-C2 bond of naphthalene. As before, we
consider that the reactivity of the C1-C2 bond in coronene has to be more similar to
that of C9—C10 bond in phenanthrene if the ADDNP representation is followed and to
that of C1-C2 bond of naphthalene according to the Clar description.

Table 1.2. M06-2X/cc-pVTZ values of reaction energies and energy barriers for the
investigated PAHs. Enthalpies and Gibbs energies in kcal mol2.

Compound Bonds? AH; AG: AH* AG*

Naphthalene C1-C2 1.00 14.57 30.62 35.65
Phenanthrene | C9-C10 -3.78 10.15 27.93 32.32
Coronene C3-C4 0.35 13.29 30.53 35.02

a Labels of C atoms in Figures 1.1 and 1.2.

Values of Table 1.2 indicate that the most and least reactive bonds are those
of phenanthrene and naphthalene, respectively. The reaction energy and energy
barriers of the C1-C2 bond in coronene differ by less than 0.7 kcal mol* from those
of the C1-C2 bond of naphthalene, whereas differences are larger than 2.5 kcal mol-
1 when compared to those of the C9-C10 bond in phenanthrene. Hence, this
reactivity analysis shows coronene being more ‘naphthalene-like’ than
‘Phenanthrene-like’, thus emphasizing Clar's model as a prime representation of

coronene. Finally, results in Table 1.2 clearly show that coronene cannot undergo
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Diels-Alder reactions in the C1-C2 bond because of the high barrier and endergonic

nature of the reaction.

As a whole, analysis of the molecular structure, aromaticity, and reactivity
indicates that the Clar representation of coronene describes better its bonding
pattern than the AJANDP model. This view is also supported by ring currents
calculations and STM images of coronene. We attribute the failure of ADNDP to
provide a better representation of coronene to the fact that ADNDP by construction
looks for the single most compact description avoiding a resonant description of the
chemical bond. We argue that PAHs that are described in Clar’s 1r-sextet model with
Clar valence structures having T-migrating sextets, are not well-represented by a
single structure. In fact, if threshold for acceptance of 2c-2e bonds in the ADNDP
analysis is reduced to 1.55 e, the ANDP method recovers a Kekulé structure like 1
in Figure 1.1.2° It is likely that if resonance were introduced in AANDP analysis, the
result would be a combination of structures 1 and 2 in Figure 1.1, i.e., the same
representation given by Clar's theory. Finally, although we consider that, for
coronene, the representation given by Clar's method is better than that provided by
the ADNDP approach, it is important to emphasize that Clar's model is restricted to

benzenoid PAHs, whereas ADNDP can be applied to any chemical system.

[1.4] Conclusions

The representation of the bonding pattern in coronene is complicated and
controversial. In the present work, we compare the descriptions of this molecule
given by Clar's 1-sextet model and the Adaptative Natural Density Partitioning
(AdDNDP) method, the aim being to find the best representation of the bonding in
coronene. To this end, we analyse the molecular structure, the local aromaticity, and
the local chemical reactivity of coronene as a dienophile in a Diels-Alder reaction
with cyclopentadiene. Keeping in mind that any model of the bonding pattern is
intrinsically deficient as it makes approximations, the results obtained favour the Clar
representation as the best suited to describe the chemical bond in coronene. We
attribute the possible origin of the shortcoming of AANDP when applied to coronene
to the need of including resonant structures in the description of this molecule.
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Chapter 2

Modulation of structure, stability and aromaticity on step-wise BN
pair substitution to coronene

[2.1] Introduction

The heteroatom substitution of carbon atoms in graphene is an effective way to
modulate its properties and applications.®® Due to presence of heteroatoms,
delocalized bonding picture and aromaticity are distorted.2t This engineers the
energy of the frontier bands and give rise to several interesting properties in
graphene. The PAHs are subsets of this extended system, where the delocalization
of the tr-electron density influence much of its chemistry. The aromatic analysis of
coronene, as shown in the previous chapter, gives an overview of the 1r-electron
framework present in coronene and its reactivity towards diene. In this chapter, we
further confirm the aromatic characteristics of coronene and the most probable
representation of the C-C double bonds using the criterion of heteroatom
substitution. One of the prominent strategy to substitute the C=C bonds is with the
isoelectronic BN pairs, which modulate the chemical properties leaving the geometry
almost unaltered.22 Though the electronegativities of B and N differs from carbon, the
average value along the BN bond almost coincides with that of the C-C bond. Let us
begin with the smallest aromatic ring, benzene to understand the effect of BN
substitution on its electronic structure. The substitution of the C-C bonds with BN
pairs reduces the electronic delocalization throughout the framework due to the
localized bonding in BN pair. Thus the HOMO-LUMO gap is altered depending upon
the number of C-C bonds substituted with BN. While the mono BN substitution
reduces the gap, in borazine the gap is increased w.r.t benzene.2® Although for
benzene the tuning of HOMO-LUMO gap do not found to bring much alternation its
properties, but the idea influenced the study of effect of BN substitution in higher
PAHs. Several such entities are attempted to synthesize from viable starting
materials. The ones realized experimentally are 1,2-BN naphthalene®* 1,2-8,7-bis BN
anthracenes, 9,10-BN phenanthrenes,> 4,5-9,10-bis BN pyrene and 1,5,9-Triaza-

2,6,10-triphenlyboracoronene2t etc. Position of the BN units in the carbocyclic rings
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alters the properties of the systems largely. The 9,10-BN phenanthrene is observed
to exhibit distinct photophysical properties with respect to the “internalized BN
substituted phenanthrene.®’ Recently, in year 2014, Pie and co-workers have advent
with double BN substituted coronene which shows a significant increase in the
charge mobility. Lately, in year 2015, Pie and co-worker have further synthesized the
three BN embedded coronene molecule as a model structure of BN-doped graphene
and have asserted the opening in bandgap and modulation in electronic properties.
Most recently, in year 2017, Dosso et al. has successfully synthesized®® a coronene
molecule which consists of "borazine-like inner" ring. However, the trend in the
stability order of the corresponding isomers of these BN-substituted PAHs is not
understood in details. Here, we have made a step forward in understanding the
perturbation of the chemistry of coronene upon substitution with BN. We have
studied the relative stability of the coronene entity by stepwise substitution of C-C
bond with BN unit upto three steps. We start our investigation by computing the
stability of the singly substituted BN-coronene and further extend to double and triple
BN pair substitution. An analogy is built to understand the parameters, which define
the stability and aromaticity of these systems. The substitution of a single C-C pairs
with BN unit confirms that the positional isomer with adjacent B and N atoms are
energetically more preferred. The effect of bond strength for the different bonds like
C-N, C-B and N-B play a significant role in determining the stability trends of
positional isomers. Whereas in the double and triple BN pair substituted isomers,
charge separation also renders a support to rationalize the stability trends of
positional isomers. The NICSz(1) values calculated at the approximate ring centers
are used to characterize the aromatic nature of positional isomers acquired after BN
substitution to coronene. The position of the BN units are found to tune the HOMO-
LUMO gap of coronene. Thus these BN-substituted coronene molecules might show

interesting opto-electronic properties.

[2.2] Computational Details

All the computations were carried out using Gaussian 09 package.?® The
structures were optimized at M06/cc-pvTZ level of theory.2221 Harmonic vibrational
frequencies were calculated to characterize the nature of stationary points. The

reported structures attained energy minima on their corresponding potential energy
22



surfaces (PES). For the aromaticity evaluation, the NICSz(1)3#%® has been
calculated using the regular GIAO method at the centre of each of the rings ranging
from 0.0 A to 3.0 A distances along the perpendicular axis to the molecular plane.
NICS is defined as the negative value of the absolute shielding computed at a ring
center or at some other interesting point of the system, for instance 1 A above the
ring center. Rings with large negative NICS values are considered aromatic. The

more negative the NICS values, the more aromatic the rings are.

[2.3] Results and discussions

The Figure 1 shows the naming scheme used for representing the positional isomers
obtained after substitution of the carbon atoms in coronene with B and N atoms. The
carbon atoms in the outer ring are numbered from 1 to 18 whereas the inner ring
atoms are numbered form 19 to 24. The isomers are denoted as n-aza,m-
boracoronene, where n and m represents the carbon atoms which are substituted
with boron and nitrogen atoms respectively. We start our investigation by analysing
the possibilities of mono BN substituted coronene and further extend to double and

triple BN pair substitution in step-wise manner.

[2.3.1] Mono BN pair substitution:

The substitution of single carbon atoms in the outer ring with B and N atoms
give rise to total 31 positional isomers. When the position of the N atom is kept fixed
at C1 (Fig. 1b) and the other carbon atoms in the outer ring are replaced with boron
atoms, seventeen positional isomers are obtained. Another set of nine isomers are
formed while keeping the N atom at one of the ring junctions of the outer ring, (i.e.
C13, Fig 1b) and replacement of the other carbon atoms in the same ring with B
atom. The Table A1 (Appendix) gives the relative energy (kcal/mol) difference of all
the positional isomers obtained here. We found that the substitution of adjacent
carbon atoms with boron and nitrogen atoms are more stable than those isomers
where B and N atoms are far apart. In the similar way, the substitution of the carbon

atoms in the inner ring would give few more positional isomers. But we restricted to
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substitution of adjacent carbon atoms only. The relative energy values for these
isomers are also given in Table A1 (Appendix). This is obvious that the adjacently
placed B and N would provide the maximum stability due to the electrostatic charge
separation between the B and N atoms. Unlike the C-C pair, the B-N pair is better
understood as dipolar unit B>-N°*, where the boron atom gets slight negative
charges and N atom is slightly positive charged. Thus as the distance between this
two opposite poles is increased the electrostatic interaction is decreased, leading to
the decrease in stability of the isomers. However, the adjacent position of the B and
N atoms do not provide equal stability to the positional isomers. The Figure (2 I-V)
shows the five most stable isomers with their relative gibbs energy (kcal/mol) and the

corresponding ring NICSzz(1) values.

1(a)

Figure 2.1(a) Schematic representation of Coronene where different rings are
designated in capital alphabets from A to G; 1(b) The numbering scheme of carbon

atoms in the inner and outer rings of coronene.

The computations show that the isomer designated as 1-aza,2-boracoronene with
boron and nitrogen atoms at terminal position in the outer ring is the most stable
structure, whereas the isomer 19-aza,20-boracoronene with B and N atoms in the
inner ring is less stable by 21.9 kcal/mol. The replacement of the carbon atoms in the
ring junctions in both the inner and the outer rings also reduces the stability of the
isomers. However, the boron atom substitution is slightly more favourable at the ring
junction than the nitrogen atom. Thus the substitution of C13 (Figure 2-II) with B and
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N at C1 is the second most stable isomer. All the isomers with N placed at the ring
junctions such as C13 or C19, are comparatively less stable w.r.t. the 1l-aza,2-
boracoronene and Figure 2-1), irrespective of the position of boron atom. The
HOMO-LUMO separation of the five most stable positional isomers with mono BN
substitution is also reported. Compared to unsubstituted coronene, the HOMO-
LUMO differences increases for 2-lll and 2-1V, whereas it decreases for the other
three isomers. The aromaticity of the coronene ring undergo a significant change on
substituting BN pairs to C=C bonds. The effect of the substitution on NICSz(1) is
shown in Figure (2-1). The NICSz(1) of the ring containing the BN pair gets
decreased w.r.t to unsubstituted coronene. Aromaticity of the rings gets reduced to a
greater extent when N or B occupies ring junction position C19 as seen for isomer 2-
Il and 2-V. NICSzz(1) value at the approximate center of the inner most ring

becomes 7.14 ppm for 2-1ll, and for 2-1V, the value reduces to -1.40 ppm.

(2-1V) 18.7 (2-V) 19.6 (2-vD

Figure 2.2 Schematic representation of five most stable mono BN pair substituted
coronene with their relative gibbs energy at the bottom in kcal/mol. The number

inside the ring represent the NICSz;(1) values (in ppm) corresponding rings. Figure
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(2-)- 1l-aza,2-boracoronene; (2-1I) - 1l-aza,13-boracoronene; (2-1ll) - 19-aza,13-
boracoronene; (2-1V) - 13-aza,19-boracoronene; (2-V) - 13-aza,1-boracoronene; (2-

VI) - unsubstituted coronene

In order to rationalize the relative stability of these positional isomers, the nbo
charges on the carbon atoms of un-substituted coronene molecule (2-VI) is evaluted.
The relatively stability for the substitution of the carbon atoms by the heteroatoms
with different electro-negativities could be understood by using Gimarc’s rule.%8
According to this, an electronegative atom or group prefers to replace a site of higher
electron density, whereas an electropositive atom prefers a site with low electron
density. The Figure 3a shows the NBO charge distribution of unsubstituted
coronene. The carbon atom at the terminal position carries the highest negative
charge whereas at the ring junction it exhibits lower negative charges. Thus the
isomer with N at the terminal position i.e. C1. and boron at the ring junction i.e C13
would be the most stable. This explains the instability of the isomers 2-IlI, 2-1V and 2-
V, where the presence of N at the ring junction reduces the delocalization of the
electron density of the rings and the NICS values at the hexagonal ring centres
reduce. But the relative stability of 2-1 vs 2-1l could not be justified using the rule.
Thus, the different bond strength values are considered to determine the relative
stabilities of these two positional isomers. Table 1 shows the bond energy values for
the different bonds and the number of different types of bonds in the five most stable
isomers of mono-substituted BN coronene. On comparing the two most stable
isomers, 1-aza,2-boracoronene and 1-aza,13-boracoronene, the major differences in
the number of C-H vs B-H, C=C vs B=C, C-N vs B-N and C=N vs B=N bonds are
found. The B-H bond in isomer 2-1 is replaced by C-H group in isomer 2-1l. This
imparts a stabilization of 5.45 kcal to the isomer 2-II, whereas modification of C=C to
B=C imparts a destabilization of around 1.54 kcal to this isomer. However, the
stability of the C=N vs B=N compared to C-N vs B-N determines the relative stability.

HN—CH, + H3;N—BH; ——» HoN—CH3; t+HaN—BH,
AG=-19.34 kcal/mol
Here a near-isodesmic equation is shown to compare the stability of these bonds,

sine relevant values for these bonds are not found in the literature. The stability of
C=N is around twice as compared to C-N (Table 2.1). Despite, the AG for the

reaction is exothermic by 19.34 kcal/mol.
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This indicates that the relative stability of B=N vs B-N is much higher than the
C=N vs C-N. Thus, though the replacement of C-N to C=N in isomer 2-1I would
enhance its stability, the presence of B-N bond compared to B=N in isomer 2-|

reduces its overall stability.

Table 2.1: The relative energy (kcal/mol), HOMO-LUMO gap (kcal/mol) and different
types of bonds present in the five most isomers of single BN substituted coronene.
The HOMO-LUMO gap for coronene is 101.3 kcal/mol. The bond energy values are
taken from standard Inorganic text book.>°

isomers 2-1 2-1l 2-111 2-1V 2-V
R.E. (kcal/mol) 0.0 11.9 14.6 18.7 19.6
HUMO-LUMO gap (kcal/mol) 925 79.8 99.3 100.7 79.6
Bond
Bond Types Energy No. of Bond types present in isomers
(kcal/mol)

C-H 98.3 10 11 12 12 11

B-H 93 1 0 0 0 1

N-H 92 1 1 0 0 0

B-N - 0 1 0 0 1

B=N - 1 0 1 1 0

C-C 82.6 16 16 14 14 16

Cc=C 144 11 10 11 11 10

B-C 89.0 1 1 2 2 0

B=C * 0 1 0 0 1

N-C 72.8 1 0 2 2 1

N=C 147 0 1 0 0 1

* See Appendix A4:
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Figure 2.3: The calculated NBO charges for Coronene.

[2.3.2] Double pair BN substitution:

The structures and the stability of positional isomers obtained from double BN
pairs substitution to coronene is investigated. The relative gibbs energies (kcal/mol)
of five most stable isomers with respect to the minimum energy structure is reported
in Figure 2.4 and remaining ones are provided in Table A2 (Appendix). The most
stable isomers of mono-BN substituted coronene is taken to substitute the different
C-C bonds with BN consecutively in the inner and the outer rings of coronene to
obtain the double BN pair substituted coronene. This provides total twenty-four

positional isomers.

H H

(41D 1.4

=rl=}
=+l

B
Z SN SN

N
-13.58 || -13.69
B

(4-1IV) 6.3 (4-VI) 59.0

Figure 2.4 Schematic representation of five most stable double BN pair substituted
coronene with their relative gibbs energy at the bottom in kcal/mol. The number

inside the ring represent the NICSzz(1) values (in ppm) corresponding rings. Figure
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(4-) - 1,12-aza,2,13-boracoronene; (4-1l) - 1,19-aza,2,13-boracoronene; (4-11l) -
2,13-aza,1,19-boracoronene; (4-IV) - 2,13-aza,l1,14-boracoronene; (4-V) - 2,13-

aza,l,12-boracoronene; (4-VI) — 19,22-aza,13,16-boracoronene

Among all the isomers the most stable positional isomer, 1,12-aza,2,13-
boracoronene (Figure 4-I), consists of adjacent BN pairs with two nitrogen and one
boron at terminal position and the other boron at ring junction. The movement of one
of the nitrogen atoms from terminal position i.e, C12 to the inner ring i.e. C19 (isomer
1,19-aza,2,13-boracoronene, Figure 4-Il) stability reduces by 1.4 kcal/mol. The
stability is also reduced by interchanging the positions of B and N atoms in isomers
4-1 and 4-ll, giving rise to isomers 4-lll and 4-V. The isomer (4-1V) obtained after
shifting one of the boron atoms in the isomer 4-1 from C13 to C14 (the ring junction)
the stability is reduced by 6.3 kcal/mol. Figure 4-VI represents the experimentally
synthesized di-BN substituted coronene which is less stable by 59.0 kcal w.r.t the
most stable isomer 4-I. It is due to the non-adjacent position of the BN pairs. The
HOMO-LUMO gap for the five most stable isomers varies within the range of 77.7 to
95.3 kcal/mol. The experimental isomer 3-VI has the HOMO-LUMO separation of
around 98.3 kcal/mol. Thus the position of the BN pairs would enable to tune the
HOMO-LUMO separation of the molecule, without affecting the stability of the
system to a greater extent. The Figure 4 shows the NICSzz(1) values for the most
stable five double BN pair substituted isomers. In these cases, the aromaticity of the
rings containing the BN pairs reduces. The NICSzz(1) values for the inner hexagonal
ring becomes antiaromatic for the isomers 3-Il and 3-11l. Whereas for the other three
isomers, the aromaticity of the inner ring increases w.r.t the most stable mono-
substituted BN isomer (2-I).

N
0227 Y9788 s
e, 0214 375453

0064 -0.063 0323
0163 0009 0028  -0:142

0182 0014  -0.024 -0.189
< T9oss 0002 0026

0176  -0.049 9177\
¢ -0:168 -0:163

| J
29

(a)



Figure 2.5: The calculated NBO charges for 1-aza,2-boracoronene (2-I).

The charge distribution analysis of the most stable mono-BN pair substituted
coronene (2-1) shown in Figure 2.5, reveals the relative stability order of the di-
substituted BN coronene isomers. The carbon atom C13, placed next to the nitrogen
atom has the highest partial positive charges suitable for the position of boron atoms
whereas two carbon atoms C12 and C14 has the highest negative charges suitable
for the nitrogen atom. This give rise to the two possibilities isomers 4-1 and 4-IV.
However, the relative stability of the previous one is greater, due to the involved
bond strengths of the different types of bonds present in the two isomers. In the
previous isomer one N-H bond is converted to C-H bond, favouring the latter
structure by 6.3 kcal. But the replacement of C-C bond to N-C destabilizes the latter
structure by 9.8 kcal. In addition, the number of B=N vs B-N bonds are also
responsible for reducing the relative stability of the isomer 4-1V. In the isomer 4-1V,
one B=N and two B-N bonds are present, whereas the isomer 4-I has one B-N and
two B=N bonds.

Table 2.2: The relative energy (kcal/mol), HOMO-LUMO gap (kcal/mol) and different
types of bonds present in the five most isomers of double BN substituted coronene.
The HOMO-LUMO gap for experimentally known di-BN substituted coronene is 98.3

kcal/mol. The bond energy values are taken from standard Inorganic text book.>°

isomers 4- 4-11 4-Il1 4-1vV 4-V

R.E. (kcal/mol) 0.0 14 3.8 6.3 8.9

HUMO-LUMO gap (kcal/mol)  77.7 94.6 95.3 79.3 78.0

Bond
Bond Types Energy No. of Bond types present in isomers
(kcal/mol)

C-H 98.3 9 10 10 10 9
B-H 93 1 1 1 1 2
N-H 92 2 1 1 1 1
B-N - 1 1 1 2 2
B=N - 2 2 2 1 1
C-C 82.6 15 13 13 14 15
Cc=C 144 9 10 10 9 9
B-C 89.0 1 2 2 1 0
B=C * 1 0 0 1 1
N-C 72.8 0 2 2 1 1
N=C 147 1 0 0 1 1
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* See Appendix A4

[2.3.3] Triple pair BN substitution:

The positional isomers of triple BN pairs substitution is derived by addition of another
BN pair in different positions of the inner and outer ring of the most stable double BN
pair substituted structures. In this way 37 unique positional isomers are found, out of
which the five most stable isomers are shown in Figure. 2.6. The relative stabilities of
all the positional isomers are given in Table A3 (Appendix). The global minimum
isomer, 1,14,19-aza,2,13,20-boracoronene (6-1), comprises of a borazine-like ring in
the outer ring of the coronene molecule. However, when a similar arrangement of the
BN pairs are made in the inner ring as isomer 6-V, the stability is reduced by 23.8
kcal/mol. The second most stable structure is 2,3,13-aza,1,4,14-boracoronene (6-I1),
obtained from 4-1V, by substituting the terminal C-C unit in the next ring. Other two
isomers 6-lll and 6-V are obtained when the most stable double BN substituted
isomer is provided with another BN unit in the inner and the outer ring respectively.
For both the isomers the relative stabilities are less than 6-1. The structure 6-VI
represents the experimentally reported structure with three BN pairs by Wang at el.
which is 15.7 kcal higher in energy w.r.t the most stable structure 6-1. In the triply BN
substituted coronene isomers, 6-VI has the highest value for HOMO-LUMO gap of
around 108.5 kcal/mol. The most stable isomers 6-1 shows a gap of around 94.5
kcal/mol, slightly less than that of the experimental structure. For the other isomers,
the gap varies from 70.6 to 94.5 kcal/mol. As an indicator of the aromaticity, the
NICSz(1) values shows a similar trend as seen for the single and double BN
substituted isomers. The values are found to be less for the rings containing the BN
pairs in comparison to those rings without any BN pairs. The NICSzz(1) values for
the inner rings shows aromaticity for the isomers 6-1l, 6-1V and 6-V. In other cases,
the NICSzz(1) values are either positive (isomer 6-I) or negative with very less
magnitudes (isomer 6-Ill and 6-VI).
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Figure 2.6 Schematic representation of five most stable triple BN pair substituted
coronene with their relative gibbs energy at the bottom in kcal/mol. The number
inside the ring represent the NICSzz(1) values (in ppm) corresponding rings. Figure
(6-1) - 1,14,19-aza,2,13,20-boracoronene; (6-1) - 2,3,13-aza,1,4,14-boracoronene;
(6-1n - 1,12,19-aza,2,13,24-boracoronene; (6-IvV) - 19,21,23-aza,20,22,24-
boracoronene; (6-V) - 1,12,14-aza,2,3,13-boracoronene; (6-VI) - 3,7,11-aza,4,8,12-

boracoronen
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In order to rationalize the relative stability, the NBO charges of the most stable
doubly substituted BN isomer is evaluated and shown in Figure 2.7. The charge
distribution exhibits that C20 and C14 position carry the highest partial positive and
negative charges respectively. This observation provides us an idea that C14 and
C20 position is the most suitable place for boron and nitrogen atom substitution. The
corresponding substitution leads to the global minimum structure with borazine ring
in the outer ring of the coronene designated as the 6-l1 isomer. The bond energy
values shown in Table 2.3 further justify the stability ordering of the isomers. The
isomer 6-1 has the maximum number of C-H and B=N bonds compared to other
isomers, which imparts a higher stability to this isomer compared to the other

isomers.
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Figure 2.7: The calculated NBO charges for (4-I).

Table 2.3: The relative energy (kcal/mol), HOMO-LUMO gap (kcal/mol) and different
types of bonds present in the five most isomers of triple BN substituted coronene.
The HOMO-LUMO gap for experimentally known tri-BN substituted coronene is
108.5 kcal/mol. The bond energy values are taken from standard Inorganic text
book.>?
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isomers 6-l o-l o-l1l o-1VvV 6-V

R.E. (kcal/mol) 0.0 13.1 19.7 23.8 25.9
HUMO-LUMO gap (kcal/mol) 945 81.0 874 82.8 70.6
Bond
Bond Types Energy No. of Bond types present in isomers
(kcal/mol)
C-H 98.3 10 8 9 12 8
B-H 93 1 2 1 0 2
N-H 92 1 2 2 0 2
B-N - 0 1 1 3 2
B=N - 3 2 2 0 1
C-C 82.6 11 13 14 12 14
Cc=C 144 9 8 8 6 7
B-C 89.0 1 1 1 0 0
B=C * 1 1 1 3 2
N-C 72.8 1 1 1 0 0
N=C 147 1 1 1 3 2

* See Appendix A4

[2.4] Conclusion

The effect of single, double and triple BN pairs substitution on coronene molecule is
studies. The most stable single BN pair substituted corresponds to the structure with
B and N atoms present at the terminal position of the outer ring in coronene (1-
aza,2-boracoronene). The stability of the positional isomers reduces as the
substitution is made in the inner ring. In case of double BN substitution, the most
stable positional isomer consists of two adjacently placed BN pairs among which the
N atoms and one B atom are placed at the terminal position whereas another B atom
at the ring junction (1,12-aza,2,13-boracoronene). The boron atom prefers to be at
ring junction and nitrogen atom at the terminal position of the outer ring. Stability of
the positional isomers decrease when substitution is done inside the inner ring. The
most stable positional isomer for triple BN substituted coronene system contains
borazine-like ring in the outer ring. The charge separation and the different bond
strength like C-B, N-C, B-N play the crucial role to determine the relative stabilities of
different positional isomers. Substitution of the C-C bond with BN pair decreases the

aromaticity of all the outer rings as seen from the calculated the NICSz;(1) values at
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the approximate ring centers of the six membered rings. However, for the inner
hexagonal ring the NICSzz(1) values do not show a simple trend. The values varies
from the negative magnitudes to positive ones. The HOMO-LUMO gap also shows
great variations in their magnitudes depending upon the position of the B and N
atoms in the rings. In comparison to the experimental structures, the isomers
reported in this study are more stable and have reasonable separations of the
HOMO and LUMO orbitals. Thus these molecules might behave as suitable

materials with superior opto-electronic properties.

[2.5] Future Direction

In our present report, the investigation is made up to triple BN pair substitution which
need to be further extended for four BN units replacement. There is no idea about
the relation of aromaticity and stability is obtained from NICS(1)zz calculations,
hence, the aromaticity assessment using electronic based aromatic indices is to be

evaluated.
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Supporting Information

Table S1. B3LYP-D3(BJ)/cc-pVTZ values of reaction energies and energy barriers
for the investigated PAHSs. Enthalpies and Gibbs energies in kcal mol™.

Compound Bonds®  AH: AG:  AH* AG*

Naphthalene exo C1-C2 9.61 23.76 33.86 39.78

Phenanthrene exo | C9-C10 5.10 19.70 31.36 37.22

Pyrene exo C9-C10 4.90 18.60 31.13 36.53

Coronene exo C3-C4 9.59 2259 33.82 38.95

Naphthalene endo | C1-C2 9.75 23.90 34.64 39.65

Phenanthrene endo | C9-C10 5.38 19.22 31.98 36.87

Pyrene endo C9-C10 4.49 18.12 32.84 37.10

Coronene endo C3-C4 9.27 22.09 37.33 41.18

Table S2. M06-2X/cc-pVTZ values of reaction energies and energy barriers for the

investigated PAHs. Enthalpies and Gibbs energies in kcal mol2.
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Compound Bonds®  AH: AG:  AHf AG*
Naphthalene endo Cl-C2 1.09 14.65 31.24 35.70
Phenanthrene endo |C9-C10 -4.32 9.48 2852 32.48
Pyrene endo C9-C10 -5.25 8.37 2833 3249
Coronene endo C3-C4 -0.12 1251 33.82 36.80
Pyrene exo C9-C10 -4.69 8.96 27.71 33.03

Table S3. BALYP-D3(BJ)/cc-pVTZ and M06-2x/cc-pVTZ values of PDI, MCI, and
lring (in electrons), FLU, HOMA, and NICS (in ppm) for the pyrene molecule (see

Figure 1.2 for ring labels).

Indices Ring B3LYP-D3(BJ)/cc-pVTZ | MO06-2X/cc-pVTZ
PDI 0.070 0.072
0.044 0.043
FLU A 0.007 0.006
0.020 0.021
MCI 0.035 0.037
0.018 0.017
lring 0.026 0.026
0.014 0.014
HOMA 0.886 0.886
0.629 0.629
NICS(1): -36.23 -37.46
-16.88 -18.42
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Appendix

Table Al: Relative gibbs energies of the positional isomers obtained by the
substitution of two carbon atoms with boron and nitrogen atoms.

Positional Isomers Relative  Energy
(kcal/mol)
1-aza,2-boracoronene 0.00
1-aza,13- 11.87
boracoronene
19-aza,13- 14.63
boracoronene
13-aza,19- 18.70
boracoronene
13-aza,l1- 19.55
boracoronene
19-aza,20- 21.92
boracoronene
1-aza,14- 37.03
boracoronene
1-aza,11- 40.16
boracoronene
13-aza,14- 40.77
boracoronene
1-aza,3-boracoronene 41.31
l-aza,15- 41.44
boracoronene
1-aza,12- 43.59
boracoronene
13-aza,2- 45.42
boracoronene
1-aza,6-boracoronene 46.08
1-aza,18- 47.19
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boracoronene
1-aza,5-boracoronene 47.62
1l-aza,17- 48.93
boracoronene
13-aza,4- 49.50
boracoronene
1-aza,10- 50.44
boracoronene
1-aza,16- 51.93
boracoronene
1-aza,9-boracoronene 52.55
1-aza,5-boracoronene 53.28
1-aza,7-boracoronene 53.76
13-aza,16- 53.76
boracoronene
13-aza,15- 54.34
boracoronene
13-aza,3- 55.70
boracoronene
1-aza,8-boracoronene 56.34
19-aza,21- 56.36
boracoronene
19-aza,22- 56.58
boracoronene
13-aza,5- 57.13
boracoronene
13-aza,6- 59.58
boracoronene

Table A2: Relative gibbs energies of the positional isomers obtained by two BN pair
substitution to coronene.

Positional Isomers Rel&t(i:\;el/nligle;rgy
. 1,12-aza,2,13-boracoronene 0.00
\ 1,19-aza,2,13-boracoronene 1.38
\ 2,13-aza,1,19-boracoronene 3.83
. 2,13-aza,1,14-boracoronene 6.31
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\ 2,13-aza,1,12-boracoronene 8.90
\ 1,5-aza,2,6-boracoronene 9.42
\ 1,9-aza,2,10-boracoronene 9.42
\ 1,6-aza,2,5-boracoronene 10.87
\ 1,19-aza,13,20-boracoronene 10.91
\ 1,10-aza,2,9-boracoronene 11.13
\ 1,8-aza,2,7-boracoronene 11.24
\ 1,7-aza,2,8-boracoronene 12.20
\ 1,11-aza,2,12-boracoronene 12.57
\ 14,19-aza,13,20-boracoronene 14.32
\ 1,4-aza,2,15-boracoronene 17.49
\ 13,20-aza,1,19-boracoronene 18.31
\ 19,21-aza,13,20-boracoronene 22.65
1,5-aza,2,15-boracoronene 24 28
1,6-aza,2,16-boracoronene 25 39

‘ 19,21-aza,20,22-boracoronene 25.47
13,20-aza,19,21-boracoronene 26.45

\ 1,15-aza,2,4-boracoronene 30.86
1,16-aza,2,6-boracoronene 31.26
1,15-aza,2,5-boracoronene 32 86

Table A3: Relative gibbs energies of the positional isomers obtained by the triple BN
pair substitution to coronene.

\ Positional Isomers Relative Gibbs Energy (kcal/mol)
1,14,19-aza,2,13,20-boracoronene 0.00
| 2,3,13-aza,1,4,14-boracoronene 13.11
\ 1,12,19-aza,2,13,24-boracoronene 19.72
\ 19,21,23-aza,20,22,24-boracoronene 23.75
| 1,12,14-aza,2,3,13-boracoronene 25.89
| 1,9,12-aza,2,10,13-boracoronene 26.03
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\ 1,5,12-aza,2,6,13-boracoronene 29.62
\ 1,6,12-aza,2,5,13-boracoronene 31.55
| 1,10,12-aza,2,9,13-boracoronene 32.21
\ 1,8,12-aza,2,7,13-boracoronene 33.74
| 1,3,12-aza,2,4,13-boracoronene 35.33
\ 1,4,12-aza,2,3,13-boracoronene 35.49
\ 1,7,12-aza,2,8,13-boracoronene 35.69
| 1,4,12-aza,2,13,15-boracoronene 36.15
\ 1,12,19-aza,2,13,20-boracoronene 36.96
| 1,8,12-aza,2,13,17-boracoronene 38.70
\ 1,7,12-aza,2,13,16-boracoronene 41.66
‘ 1,12,16-aza,2,7,13-boracoronene 46.10
\ 1,5,12-aza,2,13,15-boracoronene 47.74
| 1,6,12-aza,2,13,16-boracoronene 47.84
\ 1,12,17-aza,2,8,13-boracoronene 48.87
\ 1,5,12-aza,2,6,13-boracoronene 49.18
\ 1,12,15-aza,2,4,13-boracoronene 50.30
\ 1,12,21-aza,2,13,22-boracoronene 51.02
| 1,12,20-aza,2,13,21-boracoronene 51.30
\ 1,12,23-aza,2,13,22-boracoronene 51.89
\ 1,12,22-aza,2,13,23-boracoronene 52.42
\ 1,12,21-aza,2,13,20-boracoronene 52.64
| 1,12,23-aza,2,13,24-boracoronene 53.43
\ 1,12,16-aza,2,6,13-boracoronene 53.64
\ 1,12,19-aza,2,13,24-boracoronene 54.41
\ 1,12,18-aza,2,10,13-boracoronene 55.08
\ 1,12,15-aza,2,5,13-boracoronene 55.42
\ 1,12,15-aza,2,13,24-boracoronene 57.18
\ 1,12,22-aza,2,13,21-boracoronene 57.37
\ 1,12,24-aza,2,6,23-boracoronene 59.41
\ 1,12,17-aza,2,9,13-boracoronene 59.56
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The relative stability of C=C w.r.t B=C is around 1.54 kcal calculated theoretically

using isodesmic equation

H H H
\C=C + Hy 3 ,«CH—CH

H H H H
H H H /H
c—=pg +t Hh— CH—BH
H H H H
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