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Abstract  
 

 

The current study focuses on the impact of BN doping on the first singlet/triplet excited-states of simple BN-doped 

polyaromatic hydrocarbons. Our results, obtained on BN-phenanthrenes and other PHs, demonstrate that the BN-

doping effect on the first single and triplet excited states of the parental hydrocarbon heavily depends on the electron 

delocalization between the carbon atoms being replaced. Specifically, it is revealed that dramatic changes occur when 

single CC-bonds of low-electron-delocalization are replaced. On the other hand, the replacement of CC-bonds of 

higher electron-delocalization, such as aromatic and/or double-CC-bonds, results in  weaker and in some cases 

negligible excited state variations.  
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Introduction  
BN-doped polycyclic aromatic hydrocarbons (PAHs)[1–5] are a class of organic heteroaromatic 

compounds that contain boron-nitrogen (B-N) units fused into their framework. These compounds have 

been of interest for their unique physical and chemical properties, which differ from their all-carbon 

counterparts. BN-doped hydrocarbons can be synthesized by replacing one or more carbon-carbon (CC) 

bonds in a hydrocarbon with a B-N unit. This substitution can affect the electronic structure, optical, and 

electrochemical properties of the resulting compound. Therefore, by replacing one or more CC bonds in a 

simple polyaromatic hydrocarbon (PAH) with polarized boron-nitrogen (B-N) units, it is possible to create 

a new “chemical space”[6] of BN-doped isosteres. This approach provides a method for creating diversity 

through varying the locations of doping sites and orientations of BN units offering alternative routes to 

engineer novel organic compounds with unique physical and chemical properties for various technological 

applications. Such application might involve  optoelectronics[7–9], energy[10], and materials science.[6] 

In particular, such species have been considered for applications in organic solar cells[7,11] of improved 

energy conversion efficiency. 

One of the key factors in this realm is the effect of BN doping on the excited states of simple aromatic 

species, which refers to the energy levels generated by the absorption of light or other forms of 

electromagnetic radiation. Understanding the excited-state properties of these compounds is crucial for the 

design and development of new molecules with tailored physical and chemical properties for various 

technological applications. Despite the intense synthetic activity in this subject, little work has been 

dedicated to the systematic investigation on the excited states of simple BN-doped aromatic hydrocarbons. 

Most of the reported studies deal with the investigation of HOMO-LUMO gaps [12,13] and ionization 

energies[14] which provide only indirect qualitative insights about BN doping effects on the excited state 

quantum transitions in aromatic hydrocarbons.  

In this letter, we provide a systematic study on the vertical and adiabatic excited states of BN-doped 

phenanthrenes paying particular attention to bonding and electron delocalization. Phenanthrene (C14H10), 

frequently used in organic chemistry as a modular building block, is a reference planar polycyclic aromatic 

hydrocarbon (PAH) consisting of three fused benzene rings in a linear arrangement.. What is interesting 

about this molecule is that it comprises all common types of bonding (i.e. single, aromatic, and double 

bonds). This feature is very convenient for structure-property studies because it allows us to directly 

compare the effect of BN doping on these bonds. So far, out of the sixteen possible   BN doped 
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phenanthrenes, six have been synthesized and studied with respect to their electronic structure and optical 

properties (see ref [15] and references therein). The properties of the remaining eleven possible BN doped 

phenanthrenes are practically unknown. 

To study the effect of BN-substitution of the excited states of BN-doped phenanthrenes we considered the 

following quantities:  

𝑆1
𝐴,𝑉 = 𝛦excited state singlet

A,V − 𝐸ground state(1) 

𝑇1
𝐴,𝑉 = 𝛦excited state triplet

A,V − 𝐸ground state(2) 

∆𝑆1
𝐴,𝑉 = 𝑆1

𝐴,𝑉(BN) − 𝑆1
𝐴,𝑉(Phen)    (3) 

∆𝑇1
𝐴,𝑉 = 𝑇1

𝐴,𝑉(BN) − 𝑇1
𝐴,𝑉(Phen)    (4) 

In the above equations 𝐸ground state stands for the ground state singlet electronic energy of each system, 

while 𝛦excited state singlet
A  and 𝛦excited state triplet

A  represent the electronic molecular energies of the first 

singlet and triplet state, computed in the singlet equilibrium nuclear geometries of each system. On the 

other hand, 𝛦excited state singlet
V  and  𝛦excited state triplet

V   stand for the electronic energy of the first singlet 

and triplet excited states in their equilibrium geometries. Therefore,  𝑆1
𝐴 (𝑇1

𝐴)  and 𝑆1
𝑉 (𝑇1

𝑉)  are the 

adiabatic, and vertical singlet (triplet) excitation energies of each system, respectively.  ∆𝑆1
𝐴,𝑉

 and ∆𝑇1
𝐴,𝑉

 

are the difference between 𝑆1
𝐴,𝑉  (𝑇1

𝐴,𝑉) excitation energies of the BN doped species and the corresponding 

quantities of pristine phenanthrene. The later quantities will serve here as a measure of the BN-doping 

impact on the excited state properties of pristine phenanthrene. In brief, large absolute values of  ∆𝑆1
𝐴,𝑉

 and 

∆𝑇1
𝐴,𝑉

  should denote a significant impact on the excited states of BN doping. Also, positive values of  

∆𝑆1
𝐴,𝑉

 and ∆𝑇1
𝐴,𝑉

  correspond to species featuring larger 𝑆1
𝐴,𝑉and  𝑇1

𝐴,𝑉   excitation energies than 

phenanthrene and vice versa. It is important to stress here that the aim of this letter is not to reproduce 

experimental data or to provide reference excited state energies of the studied systems, but to conclude to 

handy structure property correlations that can be utilized in synthesis of BN doped PAHs with distinct 

photophysical properties.   

Our work is organized as follows. First, we revisit the bonding of pristine phenanthrene focusing on 

electron delocalization in rings and between CC bonds. To accomplish this task, we relied on calculations 

of six-center delocalization indices (6cDIs) accounting for the multicenter electron delocalization. As it will 

be shown in the following pages, this sort of analysis is of essential importance to rationalize the doping 

effects on the exited state of these BN-doped species. In the second part of this work, we discuss the 
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difference between the vertical and adiabatic excited states of all possible monosubstituted BN-

phenanthrenes and the parental all-carbon hydrocarbon. Lastly, we examine the robustness of the property 

correlations found in the reference molecule of phenanthrene to other polyaromatic hydrocarbons of various 

bonding patterns and sizes. 

 

Computational details 
All computations presented in this work have been carried out with the GAUSSIAN 16[16] suite of 

programs. To determine molecular equilibrium geometries, we relied on the post-Hartree-Fock coupled 

cluster singles and doubles (CCSD) approximation and two DFT functionals PBE0 and B3LYP. We also 

utilized the range-separated version of the latter hybrid functional designed to address limitations in the 

case of charge-transfer excited states, namely, CAM-B3LYP[17]. Singlet excited state energy calculations 

in this study were performed using the equation of motion coupled-cluster method (EOM-CCSD)[18] and 

time-dependent density functional theory (TD-DFT)[19] with the previously mentioned DFT functionals. 

The first triplet state of all molecules has been computed with open shell DFT (UDFT) and CCSD (UCCSD) 

approximations. The reliability of the CCSD closed shell computations been assessed by carrying out the 

so-called T1 diagnostic introduced by Lee and Taylor [20] as a measure of the importance of higher-order 

excitations (e.g., triple and quadruple excitations) and of the importance of non-dynamical electron 

correlation in the CC wavefunction. In all closed-shell systems investigated here, the obtained T1 

diagnostics were found to be lower than 0.02. Depending on the method we used for the calculation of the 

properties of interest we used the appropriate basis set. In short, all computations using Density Functional 

Theory (DFT) have been carried out with the 6-311G(d,p) basis sets. On the other hand, (EOM)CCSD 

calculations have been performed using the cc-pVDZ correlation consistent basis sets. This applies to both 

adiabatic and vertical excitations. For the latter vertical transitions, the aug-cc-pVDZ basis set was 

additionally utilized. This was done to gain some insight into the potential impact of the basis set on (EOM)-

CCSD calculations. Furthermore, we carried out computations of intrinsic polarizability density 

distributions and electron delocalization. The term "intrinsic" atomic polarizability refers to the contribution 

of a specific atom within a molecule to its overall molecular polarizability. Two authors of this study in a 

series of articles (see refs [21–23] and references therein) demonstrated the feasibility of visualizing 

intrinsic atomic polarizabilities as density-like representations using atomic partitioning schemes, such as 

the Fractional-Occupation-Hirsfeld-Iterative (FOHI) [24,25] method, which takes into account the actual 

electron density of the molecule. In the case of (poly)aromatic hydrocarbons, these visual representations 

accurately reproduce the corresponding superposed Clar’s formulas[26]. Finally, we calculated the electron 

delocalization indices between bonds and within doped and all carbon six-member rings. For this task, we 
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computed two (2cDIs) and six-center delocalization indices (6cDIs) accounting for the multicenter electron 

delocalization and aromaticity[27] via a QTAIM-based scheme[28] via the Generalized Population 

Analysis (GPA).[29] The Fortran implementation program is available in the public repository 

https://github.com/nom05/ndeloc under GPL3 license.[30] 

Results and Discussion 

We begin our analysis with Figure 1a, illustrating the FOHI two- and six-center electron delocalization 

indices for pristine phenanthrene, along with mean intrinsic polarizability positive densities (MIP+) mapped 

onto its molecular plane. In the same figure, we also show the FOHI atomic charges of each atom computed 

at the same level of theory. The nuclear equilibrium geometry of pristine phenanthrene has been obtained 

via geometry optimization at the CCSD/cc-pVDZ level of theory. The respective reference structural are 

given in supporting material together with the rest of the molecules considered (Table S5). 

The six-center-electron (6cDI) delocalization indices, displayed at the center of carbon rings A and B, 

confirm earlier studies[31,32]  suggesting that phenanthrene is composed of two symmetry-equivalent 

carbon rings (marked with the letter A) with a high degree of electron delocalization (5.6·10-3 au) and a 

hexagon (marked as B) of significantly smaller electron delocalization (1.8·10-3 au). In terms of Clar's 

theory of aromaticity, hexagons A and B should be considered as aromatic and non-aromatic sextets, 

respectively. Therefore, phenanthrene can be described as a planar biphenyl molecule with its two aromatic 

sextets bridged by a double bond formed between carbon atoms 9 and 10. The nature of the aforementioned 

bond is demonstrated through the calculated FOHI two-center delocalization indices (2cDI). The 

computations reveal that the (9,10) carbon-carbon (CC) bond exhibits the highest 2cDI, reaching an 

approximate value of 1.7 au. On the contrary, the (4b,4a) CC bond has the lowest 2cDI, which is close to 

one. This characteristic is typically found in single CC bonds. In the context of the two aromatic hexagons 

in phenanthrene, there's a significant disparity in the calculated 2cDIs for the bonds that form symmetry-

equivalent hexagons A and B. Specifically, the highest 2cDIs are predicted to occur between carbon atoms 

(4,3)/(6,5) and (1,2)/(7,8). In contrast, the lowest 2cDI is observed between (4a, 4) and (4b, 5).  

The MIP+ densities representing the local variation in the polarizability of the electron cloud of a molecule 

[33] validates the picture obtained by the computed 6cDIs and 2cDIs. As seen, the less delocalized hexagon 

B exhibits a discontinuous distribution of MIP+ densities, with the highest values localized in the vicinity 

(9,10) carbon-carbon bond. In contrast, the two symmetry-equivalent carbon rings feature diffuse MIP+ 

densities distributed between all of their six atoms. Furthermore, it is seen that the distribution of the MIP+ 

densities within the aromatic rings is less homogeneous than those obtained for the reference molecule of 

https://github.com/nom05/ndeloc
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benzene[26] or larger structures of planar polyaromatic carbons such as graphene flakes[34,35]. The 

observed deviation aligns very well with the different electron delocalization of the CC bonds forming the 

two aromatic sextets of phenanthrene. 

Figure 1b illustrates the structures of all sixteen BN doped phenanthrene, selected FOHI atomic charges, 

scalar dipole moments, and the corresponding vector directions. A first glance quickly suggests that BN 

doping brings significant changes in the direction and the magnitude of the dipole moment with respect to 

the free phenanthrene molecule which belongs to the C2v point group of symmetry, with the C2 symmetry 

axis passing from the center of its molecular plane (see dotted lines in Figure 1b). In all cases, the molecular 

dipole moments of the doped species are quasi-parallel to the axis of the BN bond pointing from the boron 

to the nitrogen atom. The changes brought by the BN substitution on the dipole moment magnitude of 

phenanthrene are massive compared to the permanent dipole moment of pristine phenanthrene (0.015 

Debye at the same level of theory). The most polar BN phenanthrene isosteres are BN(4a,4b) and BN(8a,9)/ 

BN(9,8a) bearing dipole moments lying higher than 3.0 Debye. In these species, the BN unit replaces CC 

bonds of small electron delocalization. On the other hand, the weakest polar molecule is BN(9,10), in which 

the BN unit replaced the bridging double CC bond. Furthermore, the FOHI atomic charges reveal that the 

position of the nitrogen atoms is of great importance for their charges. The smallest negative atomic charges 

are observed in species in which the nitrogen atom, in addition to boron, is bonded to two carbon atoms. 

This is because the nitrogen atom is surrounded by two carbon atoms, closer in electronegativity than boron 

and hydrogen. For this reason, nitrogen is not able to withdraw sufficient electrons. Conversely, a more 

substantial negative charge is predicted when N is bonded to one H atom and one carbon, as expected 

according to Pauling's electronegativity scale. Lastly, the positive atomic charges on B atoms exhibit 

smaller variations with respect to their position in the molecular framework than those observed in N.  
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Figure 1. a) (Left) atom numbering of phenanthrene (used for the nomenclature of the considered systems in Figure 1b), FOHI 2-

center electron delocalization indices (underscored values) representing the delocalization of the electron density between two 

atoms. Numbers on each hexagon are the 6-center delocalization indices representing the electron delocalization in rings. Numbers 

in italics are the FOHI atomic charges on each heavy atom. (Right) Mapped surface representing the mean dipole positive 

polarizability densities (MIP+) of phenanthrenes within the limits of each carbon ring. Red/Blue contours represent high/low MIP+ 

densities. All computations have been performed at the B3LYP/6-311G(d,p) level of theory. b) Molecular structures of all BN 

doped phenanthrenes, dipole moment vectors, and scalar dipole moment values given in Debye, FOHI atomic charges on selected 

atoms, and 6-center-delocalization indices (numbers of large fonts). Dotted lines in the first row correspond to the dipole moment 

axis of the pristine molecule of phenanthrene (μ=0.05 Debye). Numbers in the green background correspond to 2-center-

delocalization indices of the incorporated BN bond. Electron density partitioning computations have been performed on CCSD/cc-

pVDZ equilibrium nuclear geometries with the B3LYP/6-311G(d,p) functional.  Dipole moment vectors and scalar dipole moment 

values have been computed with the B3LYP/6-311+G(d,p) method applied on  equilibrium nuclear geometries obtained at the same 

level of theory. In the representation of the dipole moment vectors, we adopted the notation used in physics, hence the dipole 

moment vector points from (-) to (+). All FOHI 2-center electron delocalization indices are in au, while the 6cDIs are in au and 

multiplied by 103. 
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Figure 2. MIP+ densities of selected BN doped phenanthrenes computed at the B3LYP/6-311G(d,p) level of theory applied on 

CCSD/cc-pVDZ optimized geometries.  For the sake of comparison, we have also plotted the corresponding densities of the free 

molecules of benzene and azaborine. 
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Turning our attention to the character of the incorporated BN unit, we see that all BN bonds feature smaller 

electron delocalization indices with respect to the corresponding CC bonds of pure phenanthrene. The 

lowest indices of the BN bonds are spotted when the BN unit replaces a CC bond of low electron 

delocalization and vice-versa. This is an interesting effect because it implies that the bonding of the 

incorporated BN unit carries traces of the CC bond character that has been replaced. For instance, the 

highest electron delocalization between B and N atoms is spotted in BN(9,10), in which the BN unit 

replaced the double bond of its parental molecule. The 6cDIs shown at the center of each hexagon of the 

doped species suggest BN doping on a single bond (cases BN(8a,9)/(9,8a) and BN(4a,4b)) decreases the 

ring electron delocalization of both aromatic sextets of phenanthrene. On the other hand, BN doping on the 

double CC bond bridging the two aromatic hexagons (case BN(9,10)) increases the electron delocalization 

in both aromatic sides of the phenanthrene. For the rest of BN isosteres in which the BN units replace 

“aromatic” CC bonds, we see that BN doping drastically decreases the electron delocalization of the doped 

ring. At the same time, some minor changes are also triggered in the electron delocalization of the non-

doped ring. The most substantial decrease occurs when the BN unit replaces most delocalized bonds in their 

pristine counterpart, namely, (1,2)/(2,1) and (3,4)/4,3). Hence, reducing the delocalization in these bonds 

via BN substitution impacts the delocalization of the whole ring. A visual representation of how the BN 

unit affects the most electron-delocalized parts of the molecules in terms of MIP+ densities is illustrated in 

Figure 2. It is evident that there is a notable differentiation between MIP+ densities located in aromatic 

rings near a BN unit, with respect to the bonding properties of the substituted CC bond. The observation 

suggests that when BN takes the place of an aromatic bond with low electron delocalization, the MIP+ 

densities surrounding the boron atoms become disrupted. Conversely, this effect is less noticeable or non-

existent in the scenario where an aromatic CC bond with higher 2cDIs, is replaced. Finally, we performed 

a brief stability test between all BN doped phenanthrenes we considered in this study. The results obtained 

(refer to Table S6 of supporting material) indicate that the most stable isomer is BN(9,10), which also 

exhibits the greatest electron delocalization in its rings. Conversely, the least stable isomers are BN(8a,9) 

and BN(4a,4b). According to the B3LYP/6-311G(d,p) level of theory, these are found to be 26 and 22.4 

kcal/mol higher in energy, respectively. The electron delocalization within the rings of these two isomers 

is less intense than in the remaining BN-doped phenanthrenes considered in this study. This finding is 

consistent with the general trend in chemistry where aromaticity serves as an indicator of stability in organic 

molecules. 
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Figure 3. Variation of ∆𝑆1
𝐴,𝑉

 and ∆𝑇1
𝐴,𝑉

energy differences computed with the CCSD/cc-pVDZ, (CAM-) B3LYP/6-311G(d,p) 

methods. All values correspond to equilibrium nuclear geometries obtained at the corresponding levels of theory. Numbers on each 

plot correspond to (EOM)CCSD/(aug)-cc-pVDZ  ∆𝑆1
𝐴,𝑉

 and ∆𝑇1
𝐴,𝑉

 values.  

Figure 3 shows the variation of the quantities defined in eq. (1)-(4) as a function of boron nitrogen doping 

site computed at various levels of theory. A first glance readily suggests that the effect of BN doping on the 

low-lying excited states of phenanthrene heavily depends on the doping site in terms of size and sign. On 

the other hand, the orientation of the BN unit has a minor influence on the computed ∆𝑆1
𝑉,𝐴

 and ∆𝑇1
𝑉,𝐴

 

values. This is evident from the orientational isomers BN(1,2)/(2,1) and BN(2,3)/(3,2), which possess 

similar absolute CCSD ∆𝑆1
𝑉,𝐴

 and ∆𝑇1
𝑉,𝐴

 values.  The corresponding excited state energy differences are 

listed in Table I. A  brief analysis of each transition, by means of natural transition orbitals is given in 

supporting material. In the majority of cases the transition between ground and first singlet, triplet energies 

can be sufficiently described by transitions between the respective highest(lowest) occupied(unoccupied) 
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molecular orbitals (HOMO and LUMO). Finally, if we compare the vertical and adiabatic energy 

differences, it becomes evident that ∆𝑆1
𝑉~∆𝑆1

𝐴
. This observation might prove especially useful for 

investigations focusing on singlet fission processes.[32,33] 

The largest absolute ∆𝑆1
𝑉,𝐴

 and ∆𝑇1
𝑉,𝐴

differences are observed in species BN(8a,9)/(9,8a) and BN(4a,4b). 

Depending on the level of approximation applied, the obtained differences vary from 0.8 to 1.0 eV for either 

the singlet or triplet vertical excitation energies. Similar energy changes are observed in the case of the 

adiabatic differences between the ground and the first singlet and triplet states. On the other hand, the 

smallest ∆𝑆1
𝑉  and ∆𝑇1

𝑉  absolute values at the CCSD level of theory are predicted for isosteres 

BN(1,2)/(2,1) BN(3,4)/(4,3) BN(1a, 10). At the respective levels of theory, we obtained  ∆𝑆1
𝑉 and ∆𝑇1

𝑉 

differences below the threshold of 0.05 eV. Therefore, no significant changes in the singlet and triplet 

energies of the parental phenanthrene should be expected if BN doping is applied in these bonds. See, for 

instance, the CCSD values obtained for BN(2,1) and BN(4,3). Lastly, our computations predict that BN 

doping brings intermediate changes on their vertical singlet and triplet excited states for the remaining 

isosteres of phenanthrene. At the CCSD level of theory, the observed changes may vary between 0.1 and 

0.35 eV.  

Regarding the performance of the methods used, we observe that the CCSD approximation, the most 

accurate method employed in this study, produces the smallest ∆𝑆1
𝑉  and ∆𝑇1

𝑉  values compared to the 

conventional DFT functionals we considered. On the other hand, the less expensive CAM- and B3LYP/6-

311G(d,p) methods yield somewhat overestimated differences with respect to the CCSD/(aug)-cc-pVDZ 

results but  successfully predict the relevant signs. For the cases in which the singlet and triplet energy 

differences between the doped phenanthrenes and their pristine counterpart lie close to zero, it would be 

difficult to determine the exact sign of ∆𝑆1
𝑉,𝐴

 and ∆𝑇1
𝑉,𝐴

 quantities. For this task, higher levels of 

approximation and richer basis sets are required, a task that is beyond the scope of this article which focuses 

on relative trends. Finally, we computed ∆𝑇1
𝑉 quantities within the EOM-CCSD/cc-pVDZ level of theory. 

The obtained results reproduced very well those depicted in Figure 2, which have been obtained from the 

difference in energy between the ground state singlet and the energy of the triplet state computed at the 

equilibrium geometry of the singlet.   
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Table I. Vertical and adiabatic singlet and triplet excitation energies computed at various levels of theory. All energy 

values are given in eV.  

 𝑆1
𝑉  𝑆1

𝐴 𝑇1
𝑉 𝑇1

𝐴 

Molecule B3La CAMb EOMc B3L CAM EOM B3L CAM CCd B3L CAM CC 

Phenanthrenee 3.99 4.35 4.18 3.86 4.18 4.00 2.88 2.64 3.02 2.77 2.84 2.87 

BN(1,2) 3.91 4.26 4.21 3.75 4.06 4.02 2.77 2.60 2.99 2.59 2.67 2.73 

BN(2,1) 3.84 4.21 4.18 3.66 3.99 3.98 2.74 2.57 2.95 2.57 2.66 2.72 

BN(2,3) 3.57 3.93 4.00 3.4 3.70 3.76 2.38 2.23 2.64 2.24 2.29 2.36 

BN(3,2) 3.65 4.01 4.11 3.45 3.75 3.84 2.39 2.22 2.64 2.25 2.29 2.36 

BN(3,4) 3.93 4.03 4.21 3.77 4.10 4.01 2.87 2.67 3.05 2.80 2.92 2.99 

BN(4,3) 3.89 4.26 4.18 3.72 4.06 3.99 2.81 2.63 3.01 2.73 2.85 2.93 

BN(4,4a) 3.59 3.95 4.07 3.37 3.69 3.82 2.40 2.26 2.69 2.16 2.17 2.25 

BN(4a,4) 3.48 3.85 3.92 3.25 3.6 3.65 2.39 2.27 2.68 2.16 2.16 2.24 

BN(1,10a) 3.71 4.09 4.11 3.46 3.87 3.87 2.65 2.50 2.88 2.46 2.48 2.56 

BN(10,a1) 3.61 3.98 3.98 3.35 3.77 3.73 2.64 2.56 2.90 2.45 2.48 2.53 

BN(8,a9) 3.05 3.34 3.32 2.73 3.17 3.12 1.94 1.83 2.25 1.82 1.74 1.80 

BN(9,8a) 3.12 3.38 3.42 2.92 3.20 3.23 1.90 1.74 2.19 1.79 1.70 1.76 

BN(4a,10a) 4.04 4.46 4.5 3.82 4.25 4.31 3.04 2.91 3.31 2.77 2.91 2.93 

BN(10a,4a) 4.10 4.51 4.48 3.88 4.30 4.29 3.10 2.96 3.32 2.84 2.94 2.92 

BN(4a,4b) 3.19 3.41 3.34 2.95 3.29 3.19 2.21 2.13 2.51 2.10 2.07 2.08 

BN(9,10) 4.21 4.57 4.42 4.06 4.36 4.25 3.21 3.03 3.34 3.07 3.19 3.19 

 

 

 

 

 

 

 

 

 
a B3LYP/6-311G(d,p) 
b CAM-B3LYP/6-311G(d,p) 
c EOM-CCSD/cc-pVDZ 
d UCCSD/cc-pVDZ 
e Exp 𝑆1

𝐴 3.63 eV[39], Theoretical 𝑆1
𝑉  MP2/CC2/aug-cc-pVDZ 3.97 eV[40]   
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A careful comparison of the values listed in Table I reveals that the largest absolute ∆𝑆1
𝑉,𝐴

 and 

∆𝑇1
𝑉,𝐴

differences are observed in species BN(8a,9)/(9,8a) and BN(4a,4b). Depending on the level of 

approximation applied, the obtained differences vary from 0.8 to 1.0 eV for either the singlet or triplet 

vertical excitation energies. Similar changes are observed in the case of the adiabatic energy differences 

between the ground and the first singlet and triplet states. On the other hand, the smallest ∆𝑆1
𝑉 and ∆𝑇1

𝑉 

absolute values at the CCSD level of theory are predicted for isosteres BN(1,2)/(2,1) BN(3,4)/(4,3) BN(1a, 

10). At the respective levels of theory, we obtained  ∆𝑆1
𝑉 and ∆𝑇1

𝑉 differences below the threshold of 0.05 

eV. Therefore, no significant changes in the singlet and triplet energies of the parental phenanthrene should 

be expected if BN doping is applied in these bonds of the parental all-carbon aromatic hydrocarbon.  

After the above comparative analysis let us now revisit the bond delocalization data displayed in Figure 

1a and contrast them to the results obtained for ∆𝑆1
𝑉,𝐴

 and ∆𝑇1
𝑉,𝐴

. It is revealed that the largest ∆𝑆1
𝑉 and 

∆𝑇1
𝑉  differences occur when the BN unit is incorporated in bonds of small 2cDIs, namely, bonds 

(8a,9)/(9,8a) and (4a,4b). In striking contrast, the replacement of bonds belonging to aromatic sextets as 

the latter have been confirmed by the computed 6cDIs, deliver considerably smaller changes. See for 

instance the, ∆𝑆1
𝑉 and ∆𝑇1

𝑉 of species in which the BN unit replaces bonds (1,2) and (3,4) belonging to the 

one of the two equivalent aromatic sextets of phenanthrene. These bonds are the ones identified with the 

higher electron delocalization within each aromatic sextet.  The performed excited state computations 

clearly suggest that BN doping in these bonds brings negligible changes on the first singlet and triplet 

excitation energies compared to the parental pristine molecule.  

A deeper analysis of the obtained exited state outcomes reveals a correlation between electron 

delocalization in bonds and excitation energies, albeit partially, in species where one of their aromatic bonds 

has been substituted with a BN unit. Compare for instance, species BN(1,2) and BN(2,3) in which the BN 

units have replaced phenanthrene’s aromatic bonds (1,2)/(2cDI=1.54e) and (2,3)/(2cDI=1.41e). In accord 

with above trend, the CCSD approximation predicts that |∆𝑆1
𝑉[BN(1,2)]| is about 0.15 eV smaller than 

|∆𝑆1
𝑉[BN(2,3)]|, while |∆𝑇1

𝑉[BN(1,2)]| is about 0.35 eV smaller than |∆𝑇1
𝑉[BN(2,3)]. Hence, for this pair of 

structures BN incorporation on less delocalized CC bonds brings larger ∆𝑆1
𝑉 and ∆𝑇1

𝑉 energy differences 

than BN doping on a CC bond of high electron delocalization degree. A similar trend holds for species 

BN(10a,1)  and BN(1,10a) in which phenanthrene’s substituted bond is less delocalized than bonds (1,2) 

and (2,3). On the other hand, this correlation does not hold if we compare  BN(10a,1)/(1,10a) with 

BN(2,3)/(3,2). In this case, the more delocalized bond is the one that brings a larger effect on the respective 

energy differences. A comparable discrepancy is observed in the case of the aromatic bond (4a,10a), with 



 

15 
 

its 2cDI (1.24e) being very close to the one computed for bond (10a,1) (1.23e), which in classical organic 

chemistry is considered single. A similar variation is found when comparing bonds (10a,1) and (2,3). The 

absence of a direct correlation in this case implies that additional effects should be considered to completely 

elucidate the correlation between the effect of BN doping on the excited states of phenanthrene and the 

character of the replaced CC bond. For instance, we refined the bonding analysis by determining the 2cDIs 

based on the density of the π-orbitals (2πcDI). The obtained results suggested that bond (4a,10a) features a 

2cπDI value of 0.34e, while the corresponding quantity for bond (10a,10) is only 0.24e. On the other hand, 

2cDIs for bonds (10a,1) and (2,3) are found to be almost equal (~0.30). In the latter case, one should 

consider possible mesomeric effects stemming from interactions with rest of the molecule that can be also 

vary depending on the position of the N and boron atoms that could play a role in the observed deviations. 

For example, we see that the BN incorporation at positions (2,3)/(3,2) equally decreases the delocalization 

in rings A and B, regardless of the orientation of the BN unit. This is not the case for the replacement of 

bond (10a,1), as different BN orientations result in different 6cDIs  between these two rings. Lastly, we 

have also conducted further analysis on the energy difference between the first singlet and first triplet 

excited states. Our findings suggest that that BN doping in phenanthrene does not bring significant changes 

to the energy differences between the S1 and T1 states. The triplet and singlet excited states are separated 

by considerable energy differences, often exceeding 1 eV, implying a reduced probability of singlet triplet 

interactions. On the other hand no clear correlation between electron delocalization and energy differences 

between the S1 and T1 states was detected.  

Up to this point, our computations on BN doped phenanthrenes indicated that the effect of BN doping on 

its vertical and adiabatic excited state energies can be intuitively predicted under the condition that the BN 

unit replaces bonds of significant differences in electron delocalization. To test the robustness of the 

revealed relationship between the excitation energies of the singlet excited states and bonding, we 

performed the following computational experiment. We selected six different BN aromatic hydrocarbons 

(Figure 4) with varying sizes and bonding patterns and replaced their single, aromatic, and double bonds 

with BN units. We predicted the bond character in each case based on conventional principles of Clar's 

theory of aromaticity. For instance, the molecule of pyrene is equivalent to phenanthrene, featuring two 

aromatic and non-aromatic rings and one and two single and double CC bonds, respectively. Meanwhile, 

perylene can be seen as a naphthalene dimer connected by two single bonds. Hexabenzocoronene is a 

“claromatic”[38] planar polyaromatic molecule belonging to the family of nanographenes in which the π-

electrons are localized in π-sextets, separated by non-aromatic rings. The geometries of these trial systems 

have been optimized at B3LYP/6-311G(d,p) level of theory and the respective vertical singlet quantum 

transitions have been obtained by TD-B3LYP computations using the same basis set. The energy 
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differences depicted in Figure 4 confirm that the substitution of a single CC bond with a BN delivers larger 

∆𝑆1
𝑉 differences between the parent molecule and the replacement of an aromatic double bond. 

 

Figure 4. |∆𝑆1
𝑉| of six different BN doped aromatic hydrocarbons, as a function of the CC bond character that has been replaced 

by the BN unit. All values have been computed at the TD-B3LYP/6-311G(d,p) level of theory applied on equilibrium nuclear 

geometries obtained at the same level of theory. Energy differences are given in eV. Carbon hexagons highlighted with green rings 

correspond to aromatic sextets. In the case of phenanthrene we have included also substituted single bonds of opposite BN 

orientations, for the rest of the systems solely on BN orientations has been considered.     

Summary 
In this study, we have investigated the impact of incorporating boron-nitrogen (BN) units into 

polyaromatic hydrocarbons on their excited-state properties. Our results show that BN doping in positions 

of substantially weak electron delocalization (such as single bonds) leads to larger differences in the first 

singlet and triplet excitation energies than the pristine molecule. However, when the BN unit replaces 

double bonds or bonds belonging to aromatic sextets of high electron delocalization, less pronounced 

changes in the first singlet and triplet excitation energies are delivered. We have also observed a partial 

correlation between electron delocalization in bonds and excitation energies in species where one of their 

aromatic bonds has been substituted with a BN unit. Our findings provide valuable insights for designing 

and developing BN-doped polyaromatic hydrocarbons with customized photophysical properties. 
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