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Abstract

Phenanthrene is an even alternant aromatic hydrocarbon. In adjacent positions simultaneously boron and nitrogen
doped phenanthrene and some of their derivatives have found some technological applications. In the present
study, isomers of phenanthrene perturbed as mentioned above have been considered within the restrictions of
density functional theory at the level of B3LYP/6-311++G(d,p) level. All the isomeric structures presently
considered are thermally favored and electronically stable at the standard states. Various structural and quantum
chemical data have been collected and discussed, including UV-VIS spectra. Also the NICS (0) data have been
obtained for the isomers.

1. Introduction

Aromatic systems having cyclic conjugation of m-electrons provide ample possibilities in science and
technology. In the classical theory, the presence of Clar's sextet(s) [1] in aromatic structures allows emergence
of some localized double bonds. Phenanthrene is one of those structures having two Clar's sextets and one
localized double bond [2]. Although, phenanthrene anthracene etc., are interesting structures from many points
of views some centric perturbations [3-5] make them more interesting and in some cases very potential
compounds to be used technologically. The boron and nitrogen replacement of carbon atoms (centric
perturbation) in benzene m-system results in borazine. The Pauling electro negativities of carbon, boron and
nitrogen atoms are 2.6, 2.0 and 3.0, respectively [6]. Borazine, (also known as borazole, B;H¢N;) is
an inorganic compound which possesses, the alternate three BH units and three NH wunits. The
compound is isostructural and isoelectronic with benzene. The electron deficiency on the boron atom and the

lone pair on nitrogen favor alternative mesomeric structures for borazine.

Polycyclic aromatic hydrocarbons (PAHs) with boron—nitrogen (BN) moieties have attracted tremendous

interest due to their intriguing electronic and optoelectronic properties [7].

Due to its similarities to benzene, there have been a number of computational and experimental analyses of
borazine's aromaticity. The number of pi-electrons in borazine obeys the 4n + 2 rule, and the B-N bond lengths
are equal, which suggests the compound may be aromatic. The electronegativity difference between boron and
nitrogen, however, creates an unequal sharing of charge which results in bonds with greater ionic character, and
thus it is expected to have poorer delocalization of electrons than the all-carbon analog. Borazine, with
a standard enthalpy change of formation A¢H of =531 kJ/mol, is thermally very stable [8].

As mentioned above, BN-embedded aromatic compounds have attracted great attention due to their

fascinating properties resulted from the replacement of CC unit with isoelectronic BN unit in aromatics [9]. A
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centric perturbation by an electronegative atom at suitable sites of a m-system which is isoconjugate with an
alternant hydrocarbon lowers both the HOMO and LUMO energy levels of the isoelectronic system [3-5].

The stability and aromaticity of benzene, naphthalene, anthracene, tetracene, pentacene and their BN-
analogs have been evaluated using density functional theory [10]. Enhanced stability has been found when B
and N-atoms are adjacent to each other.

Boron-doped carbon materials have been experimentally and theoretically investigated from different
perspectives, not only as anode materials for Li-ion batteries, but also towards other potential applications, such
as high-temperature oxidation protectors for carbon/carbon (C/C) composites. Recently, heteroatom substitution
into carbon materials has been addressed as a novel method for the enhancement of Li-ion capacities of carbon
anodes. Many heteroatom-substituted carbon materials have been examined from experimental [11,12] and
theoretical [13,14] viewpoints. BN- and B-doped systems attract most intense interest. The former are
isoelectronic with the carbon precursors, while the latter are electron-deficient structures expected to be
effective electron acceptors.

Tadjer et al., investigated boron—nitrogen- and boron-substituted anthracene and -phenanthrenes in order to
developed models for doped carbon-based materials [15]. All-boron analogues of anthracene and phenanthrene
was the interest of Sergeeva et al., [16]. Solid-state and solution phase reactivity of 10-hydroxy-10,9
boroxophenanthrene was studied by Philp et al., [17]. Lischka et al., investigated the biradicaloid nature of
acenes by chemical doping with boron and nitrogen [18]. Wang et al., summarized the recent advances in

boron - containing acenes [19].

Tunable properties and flexibility have made organic m-conjugated systems attractive targets for
applications in organic light emitting diodes (OLEDs), [20,21] organic photovoltaics (OPVs), [22,23] and
organic field-effect transistors (OFETs) [24,26].

Chen et al., reviewed the multiple-boron—nitrogen (multi-BN) doped m-conjugated systems for optoelectronics
[27].

In the present study phenanthrene structure has been subjected to bicentric perturbations (BN unit), in such
a way that at least one of the heteroatoms is at the fusion points of the rings with the exception of structure-1
(see Figure 1), and the perturbed structures have been treated in the realm of density functional theory to
investigate the various quantum chemical properties.

2. Method of Calculations

In the present study, all the initial optimizations of the structures leading to energy minima have been
achieved first by using MM2 method which is then followed by semi empirical PM3 self consistent fields
molecular orbital method [28-30]. Afterwards, the structure optimizations have been achieved within the
framework of Hartree-Fock and finally by using density functional theory (DFT) at the level of B3LYP/6-
311++G(d,p) [31,32]. Note that the exchange term of B3LYP consists of hybrid Hartree-Fock and local spin
density (LSD) exchange functions with Becke’s gradient correlation to LSD exchange [33]. The correlation
term of B3LYP consists of the Vosko, Wilk, Nusair (VWN3) local correlation functional [34] and Lee, Yang,
Parr (LYP) correlation correction functional [35]. In the present study, the normal mode analysis for each
structure yielded no imaginary frequencies for the 3N—6 vibrational degrees of freedom, where N is the number
of atoms in the system. This search has indicated that the structure of each molecule considered corresponds to
at least a local minimum on the potential energy surface. Furthermore, all the bond lengths have been
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thoroughly searched in order to find out whether any bond cleavage occurred or not during the geometry
optimization process. All these computations were performed by using SPARTAN 06 [36]. Whereas the
nucleus-independent chemical shift, NICS(0), calculations have been performed by using Gaussian 03 program
[37].

3. Results and Discussion

Presently, boron and nitrogen bicentric perturbations carried out at the fusion points of rings-B and C of
phenanthrene. Figure 1 shows labeling of the three rings in the isomers considered.

Inner periphery

Outer periphery

Figure 1. Labeling of the rings in the isomers considered.

Figure 2 shows the optimized structures and the direction of the dipole moment vectors of the isomers
considered. As seen in the figure, in each structure either boron or nitrogen atom occupies the fusion points of

Figure 2. Optimized structures of the isomers considered.
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the rings (B and C-rings). The other heteroatom of BN unit resides at the adjacent peripheral position. In
structures-2 and 3 both of the heteroatoms occupy the fusion points whereas in the others only boron or nitrogen
atom is at the fusion point. The direction of the dipole moment vector varies from structure to structure in the
isomers. The dipole moment provides a measure of the extent to which charge distributed in a molecule. The
magnitude of the dipole moment also depends on the extent to which charge is separated. All these factors
dictate the magnitudes and the direction of the resultant dipole moments.

Table 1 displays some of the standard thermo chemical formation data of the isomers considered. The data
reveal that the standard heat of formation (H®) values of all the isomers are exothermic and they are favored

according to their G° values.

Table 1. Some thermo chemical properties of the isomers considered.

Isomer  Atom at the fusion H° S° (J/mol®) G°
point(s)
1 C -1425435.295 390.50 -1425551.721
2 N, B -1425387.920 391.86 -1425504.753
3 B,N -1425372.266 391.53 -1425489.002
4 B -1425410.769 392.56 -1425527.813
5 N -1425349.952 390.18 -1425466.286
6 B -1425370.097 392.29 -1425487.059
7 N -1425324.508 390.39 -1425440.905
8 B -1425403.541 392.42 -1425520.543
9 N -1425357.135 390.19 -1425473.472

Energies in kJ/mol.

The algebraic order of H® and G° values is 1<4<8<2<3<6<9<5<7. Hence, simultaneous BN perturbation on
adjacent sites decreases H° and G° depending on where the perturbation occurs. Comparing the values of
structures-2 and 3 in which the same type of perturbation (BN) exists but topologically at different fusion sites
(see Figure 1), one observes that boron in the inner periphery (structure-2) results more negative values. The
data reveals that boron at the fusion point stabilizes (more exothermic and more favorable values) the structure

better than nitrogen atom.

Table 2 shows some energies of the isomers considered where E, ZPE and E stand for the total electronic
energy, zero point vibrational energy and the corrected total electronic energy, respectively. According to the
data, they are all electronically stable structures. The stability order is 7<5<9<6<3<2<8<4<1. Hence, compared
to phenanthrene molecule, BN perturbation destabilizes the structure at different extents depending on the fine
topology of the perturbation site. Since octet hole of the boron atom is filled with the lone pair of the nitrogen
atom, m-electron population of the ring should be less compared to the other ring which is unperturbed.
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Table 2. Some energies of the isomers considered.

Isomer  Atom at the fusion E ZPE Ec
point(s)
1 C -1425950.42 501.92 -1425448.50
2 BN -1425904.14 503.06 -1425401.08
3 BN -1425887.90 502.28 -1425385.62
4 B -1425928.37 504.25 -1425424.12
5 N -1425862.37 499.23 -1425363.14
6 B -1425887.12 503.64 -1425383.48
7 N -1425836.56 498.88 -1425337.68
8 B -1425921.17 504.20 -1425416.97
9 N -1425870.06 499.77 -1425370.29

Energies in kJ/mol.

Table 3 shows some calculated properties of the isomers presently considered. Note that a net dipole
moment which is the vector sum of individual bond dipoles are a function of bond charges (charges on the
atoms linked by the bond considered) and the bond distance. The order of dipole moments is
1<2<3<5<4<8<9<6<7.

The polarizability is defined according to a multivariable formula [36] which is the functions of van der
Waals volume and hardness, respectively. The later one is dictated by energies of the highest occupied (HOMO)
and the lowest unoccupied (LUMO) molecular orbitals [36]. Consequently, the polarizability order becomes
1<3<2=8<4<9<5<6<7.

Table 3. Some properties of the isomers presently considered.

Isomer Area (A2  Volume PSA Ovality Cv Polarizability Dipole

(A3) (A?) (J/mol°) (debye)
1 207.81 201.25 10.243 1.25 145.03 56.57 1.00
2 209.71 202.75 0.494 1.26 144.05 56.72 1.45
3 207.75 202.18 0.539 1.25 144.98 56.70 1.49
4 209.28 201.35 10.399 1.26 144.62 56.80 2.26
5 207.74 202.32 0.569 1.25 144.84 56.89 2.25
6 207.88 201.05 10.673 1.25 145.30 56.90 3.23
7 207.98 202.48 0.516 1.25 145.14 57.02 3.30
8 207.91 201.07 10.711 1.25 145.00 56.72 2.42
9 208.32 202.56 0.517 1.25 144.75 56.87 2.49

Earthline J. Chem. Sci. Vol. 12 No. 1 (2025), 47-64



52 Lemi Tiirker

The calculated area and volume values of the isomers change from one isomer to the other but close to each

other. Ovalities or Cv values are almost the same. Variations in the polarizabilities occur in a small range.

Figure 3 shows the exposed areas of the atoms in the isomers considered (Hydrogens omitted). They are
sensitive to electronic and topological changes. When the boron atom is on the periphery of the system, its

exposed area is about 18-21 A2but at the fusion points is 10-12 A2,
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Figure 3. The exposed areas of the atoms in the isomers considered (Hydrogens omitted).

It is worth mentioning that the polar surface area (PSA) is defined as the amount of molecular surface area
arising from polar atoms (N,O) together with their attached hydrogen atoms. Although these compounds are
isomeric, their PSA values differ from each other meaning that the same kind of atoms might be influenced by
electronic factors differently at different positions. Note that presently structures 2, 3, 5, 7 and 9 have
comparatively much smaller PSA values than the others. All imply that fine (structural and electronic) topology
of the isomers are implicitly but highly influential on magnitudes of the PSA values.

Figure 4 shows the ESP charges on atoms of the isomers considered. Note that the ESP charges are
obtained by the program based on a numerical method that generates charges that reproduce the electrostatic
potential field from the entire wavefunction [36]. The figure indicates that in all the cases, except isomers 7 and
9, the boron atom is positively charged. On the other hand, the nitrogen atom is positively charged in isomers
2,3,7 and 9 but negatively charged in the cases of isomers 1, 4, 5, 6 and 8. Of these negative charge acquired
nitrogen atoms, only the one in isomer-5 resides on the fusion point. The direction of the dipole moment vector
in this isomer is such that some electron population from ring-B and/or carbon atoms adjacent to the nitrogen is
pulled towards the nitrogen atom because of its neighbor boron atom (see Figure 2).
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Figure 4. The ESP charges on atoms of the isomers considered.

Electrostatic potential is the energy of interaction of a positive charge with a molecule. It represents a
balance between repulsive interactions involving the positively charged nuclei and attractive interactions
involving the negatively charged electrons.

Figure 5 stands for the electrostatic potential maps of the isomers where negative potential regions reside on
red/reddish and positive ones on blue/bluish parts of the maps. Electrostatic potential map paints the value of

Earthline J. Chem. Sci. Vol. 12 No. 1 (2025), 47-64
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Figure 5. The electrostatic potential maps of the isomers.

electrostatic potential onto an electron density surface. Structure-6 possesses a highly intense negative potential
region on the periphery of ring-C. Also structure-7 has a less intense small negative potential region in ring-A
around carbon atom next to the boron atom. Probably some electron population accumulates there and thus the
tip point of the dipole moment vector aims at there as in the case of structure-7 (see ring-C of it). Some positive
potential exist, in varying strengths, around the peripheries of the isomers.

The local ionization potential maps of the isomers are shown in Figure 6, where conventionally red/reddish
regions (if any exists) on the density surface indicate areas from which electron removal is relatively easy,
meaning that they are subject to electrophilic attack. It is worth remembering that the local ionization potential
map is a graph of the value of the local ionization potential on an isodensity surface corresponding to a van der
Waals surface.

The LUMO maps of the isomers are shown in Figure 7. Note that a LUMO map displays the absolute value
of the LUMO on the electron density surface. The blue color (if any exists) stands for the maximum value of the
LUMO and the red colored region, associates with the minimum value. Note that the LUMO and NEXTLUMO
are the major orbitals directing the molecule towards of the attack of nucleophiles [36]. Positions where the
greatest LUMO coefficient exists is the most vulnerable site in nucleophilic reactions.

| 2

(8]
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Figure 7. The LUMO maps of the isomers.
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Figure 8 shows the bond densities of the isomers considered. The bond density contains fewer electrons in

total and demarks atomic connectivity.

Figure 8. The bond densities of the isomers considered.

In the figure the perturbation effect of boron atom in every case is clearly discernable.

Table 4 lists the HOMO, LUMO energies and the interfrontier molecular orbital energy gap, Aeg, values

(Ae=gLumo-€nomo) of the isomers considered.

Table 4. The HOMO, LUMO energies and Ae values of the isomers considered.

Isomer  Atom at the fusion HOMO LUMO Ag
point(s)
1 C -592.91 -134.04 458.87
2 BN -581.99 -133.85 448.14
3 BN -591.77 -152.94 438.83
4 B -543.00 -171.10 371.90
5 N -543.81 -178.52 365.29
6 B -527.92 -209.43 318.49
7 N -503.97 -186.74 317.23
8 B -562.69 -171.18 391.51
9 N -547.56 -165.59 381.97

Energies in kJ/mol.
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The order of the HOMO energies is 1<3<2<8<9<5<4<6<7 whereas the LUMO energies follow the order of
6<7<5<8<4<9<3<1<2. Consequently, the order of Ag values is 1>2>3>8>9>4>5>6>7. Note that phenanthrene
is an even alternant hydrocarbon and nitrogen and boron at the starred positions should have opposite effects on
the HOMO and LUMO energy levels [3,4]. The overall effect is dictated by intriguing topological and
electronic factors.

Figure 9 displays the HOMO and LUMO patterns of the isomers considered. As it is evident from the figure
all the HOMO and LUMO orbitals of the isomers possess n-symmetry and mostly are localized on two adjacent
atoms only.

Earthline J. Chem. Sci. Vol. 12 No. 1 (2025), 47-64
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Figure 9. The HOMO and LUMO patterns of the isomers considered.

The calculated UV-VIS spectra (TDDFT) of the isomers are shown in Figure 10. As seen in the figure,
going from isomer 1-3 the spectra are characterized with an emerging shoulder. In the cases of 4-7, the shoulder

becomes a very discernable peak accompanied by a bathochromic effect [5,39]. Then, in isomers-8 and 9 the
peaks are observable but a hypsochromic effect is observed [5,40].

Calculated

Calculated

Calculated

UV/Vis Spectrum
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Figure 10. The calculated UV-VIS spectra (TDDFT) of the isomers considered.
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Table 5 lists the calculated A, values (nm) of the isomers considered.

Table 5. The calculated A, values (nm) of the isomers considered.

1 2 3 4 5 6 7 8 9

231.62 233.76  234.68 250.17 249.14 257.13 270.37 248.02 247.13
24570 25229  243.11 277.07 269.05 297.99 37459 25477 262.84
293.96 259.05 335.80 346.18 361.16 313.18 323.25

380.11 340.25

Table 6 displays “nucleus-independent chemical shift” NICS(0) values of the rings of the isomers
considered. The calculated data so far have piled in the literature [41-52], have indicated that negative NICS
values are associated with aromaticity. On the contrary, positive NICS values are associated with
antiaromaticity while small NICS values are indicative of non-aromaticity. The data reveal that, with the
exception of isomers-6 and 7, the NICS value of Ring-A is more negative than the respective value of either of
the other rings. Also for those isomers, the NICS value of ring-C is more negative than the value of ring-B.
Namely, in general (keeping the exceptional ones aside) the NICS values of the rings follow the algebraic order
of A<C<B. Note that compared to carbocyclic analogs, any perturbation in the cyclic conjugation somewhat
disturbs the homogeneity of the conjugation present (thus the Clar’s sextet is affected).

Table 6. NICS(0) values of the rings of the isomers considered.

Rings
Isomer Atom at the A B C
fusion point(s)
1 C * -1.6540 -6.3295
2 BN -8.0112 -3.3258 -5.3131
3 BN -9.2204 -3.4225 -5.0957
4 B -7.8559 -1.7584 -6.6555
5 N -8.3780 -0.8765 -6.0617
6 B -6.3422 -7.9994 -6.8210
7 N -6.4661 -7.3019 -4.9707
8 B -7.8777 -1.9343 -6.5855
9 N -7.6320 -1.0631 -6.1173

See Figures 1 and 2 for the rings and structures. BN: The perturbations occur
at the fusion points of rings B and C. *: Failure occurred in the calculation.

4. Conclusion

In the present computational study, isomers of simultaneously boron and nitrogen-doped in adjacent
positions of phenanthrene are considered within the restrictions of density functional theory and the applied
basis set. In the vacuum conditions, all of them are characterized with exothermic heat of formations and
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favorable Gibbs free energy of formation values and they are all electronically stable. All the HOMO and
LUMO orbitals of the isomers possess m-symmetry and mostly localized on two adjacent atoms only. The
perturbations in general raise up the HOMO but lower the LUMO energies as compared to the respective values
of the parent phenanthrene system, depending on the localization of the perturbations. Thus the interfrontier
molecular orbital gaps exhibit structural variations irregularly. Consequently, the UV-VIS spectra show
bathochromic and hypsochromic shifts relatively among the isomers considered. The NICS values of the rings
follow the algebraic order of A<C<B among the isomers. All the information presented here are ready for
tailoring of scientists and engineers for special purposes of technological demands.
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