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Electronic structure of boron-doped finite graphene sheets: unrestricted DFT and 
complete active space calculations

Ana E. Torres, Reyes Flores, Lioudmila Fomina and Serguei Fomine

Instituto de Investigaciones en Materiales, Universidad Nacional Autónoma de México, Coyoacán, Mexico

ABSTRACT
B3LYP and complete active space methods were applied to study graphene nanoribbons (GNRs) doped 
with boron atoms. The restricted B3LYP solutions were found to be unstable in all but two cases, and 
the complete active space calculations prove the multiconfigurational character of the ground state 
contributing with two most important configurations. The exception is the structure c4 where the system 
has single reference ground state in spite of the instability of the restricted wavefunction.
The distance between dopant atoms, their mutual position and their location within the nanoribbon 
impact the relative stability of doped nanoribbons. B doping does not modify the ionisation potentials 
of doped GNRs. However, it notably increases the electron affinity of the core-doped nanoribbons. The 
doping also has a notable impact on the reorganisation energy of the nanoribbons. The reorganisation 
energy of B-doped GNRs is higher than the corresponding reorganisation energy of pristine and nitrogen-
doped GNRs.
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1.  Introduction

Recently, graphene has been widely explored due to its unique 
physical and electronic properties, since it could be one of the most 
promising materials to use in electronic devices.[1,2] It is the study 
on graphene and related bidimensional systems that attracted 
attention to the area of graphene nanoribbons and nanoflakes. The 
graphene nanoribbons (GNRs) represent graphene fragments of 
nanometric size. Unlike graphene, GNRs have a band gap, which 
allows for multiple applications in the field electronics.[3] It has 
been suggested that the structures fabricated from GNRs would 
become important elements for nanoelectronics. Nowadays, these 
structures have been prepared and they were found to have higher 
electron mobilities compared to graphene.[4–6]

The geometric parameters and chemical composition of 
GNRs were found to play an important role in determining their 
properties. Therefore, the doping allows one to tune the graphene 
electronic properties and their energy gap, similar to that in the 
silicon-based technology.[7] One of the most common methods 
is the substitutional doping, when heteroatoms such as boron or 
nitrogen replace some of the carbon atoms of the sp2 lattice of 
graphene. As it has been recently discovered, GNRs possess mul-
ticonfigurational character of the ground state, showing strong 
polyradicalic character in some cases.[8] This fact put in doubt 
the applicability of single reference methods for the study of 
GNRs and related systems.

A very similar situation holds for the nitrogen-doped GNR.
[9] N-doped GNRs also show a multireference ground state 
(singlet or triplet) independently on the type of nitrogen atom 
(pyridinic or graphitic). The separation of dopant atoms affects 

the nature of the ground state. GNRs where graphitic dopants are 
well separated have closed-shell singlet ground state. It should be 
noted that the use of single reference methods strongly underes-
timates ionisation potentials (IP) of pristine or N-doped GNRs 
as compared to complete active space (CAS) calculations. [9]

Boron has one electron less than carbon and two electron less 
than nitrogen, and it is thought to produce p-type defects.[10] 
However, like nitrogen, a different position of the dopant in GNR 
will produce a defect with different electronic nature (Figure 1).

As seen, the doping in the core produces defects with no 
shared π-electrons at all, while the doping in the edge generates 
a doping site with one shared π-electron.

There are numerous publications both experimental and 
theoretical describing the synthesis and electronic properties 
of B-doped GNRs. Experimental data reveal that boron doping 
decreases the energies of graphene bands.[11] Calculations at 
DFT level suggested that nanostructures containing both boron 
and nitrogen dopant atoms are half metals.[12] Nevertheless, 
the half-metallicity in extended systems could be an artefact, 
since it has been shown that the exact treatment of the electron 
correlation,[13] is able to cancel it. The vast majority of the the-
oretical calculations on B-doped GNRs has been done within 
the framework of periodic boundary conditions or closed-shell 
DFT; however, it is very important to use more rigorous theoret-
ical treatment for the study of B-doped GNRs to obtain deeper 
insight into their electronic structure. The goal of this paper was 
to study B-doped GNRs using CAS and broken symmetry (BS) 
dispersion-corrected DFT methods and compare the results with 
the existing experimental and also theoretical data.

mailto:fomine@unam.mx
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The hole (λ+) and the electron reorganisation energies (λ−) of 
the GNRs were calculated using the following equations:

where En, E+ and E− are the energies of the neutral, cationic and 
anionic species in their lowest energy geometries. E+

n
 and En

+
 are 

the energies of the neutral and cationic species with the geome-
tries of the cationic and neutral species, respectively.

3.  Results and discussion

The relative energies of different electronic states calculated 
for boron-doped graphene nanoribbons are shown in Tables 1  
and 2. The stability test performed for restricted B3LYP solutions 
detected triplet instability for all but c5 and c7 neutral species; 
therefore, ‘polyradicalic’ states (PRS) with the multiplicity 1 were 
also calculated using BS UB3LYP. UDFT produces unphysical 
spin densities since unrestricted Hamiltonian does not commute 
with S2 operator. However, due to the nature of BS unrestricted 
wavefunction, it describes better multireference systems than 
restricted one does. In agreement with the variational principle, 
the unrestricted wavefunction is a better approximation to the 
exact solution since it corresponds to the lower energy state.

As seen from Table 1, the energetic stability of the edge-doped 
B-GNRs generally increases with the separation between boron 
atoms at DFT level, for both restricted and unrestricted solutions. 
The difference between the most stable (e5) and the less stable 
system (e1) is close to 10 kcal/mol. The ground state is singlet 
for all edge-doped systems at DFT level, although triplet and sin-
glet states are almost degenerated at DFT level. CAS calculations 
indicate that e5 is the most stable isomer out of all edge-doped 
systems, in agreement with DFT; however, CAS predicts triplet 
ground state for e2 and e4, and also indicating that e4 is the less 
stable isomer.

There is no clear dependence of the system stability on the 
separation between dopant atoms for the core-doped systems 
(Table 2). According to DFT, the most stable core-doped isomer 
is c1 and the less stable is c6. However, the separation between 
doping atoms affects the nature of the ground state of B-GNRs. 
As seen, systems c7 and c5, with the most separated boron atoms 
have stable closed-shell wavefunctions, producing closed-shell 
singlet ground state. This phenomenon has already been observed 
for nitrogen-doped GNR.[9]

According to DFT, the ground state for all core-doped 
B-GNRs is singlet except for c2. However, singlet and triplet 
states are almost degenerated at DFT level. The only exceptions 
are the systems c5 and c7, with closed-shell singlet states. The 
results of DFT and CAS calculations agree on that c1 is the most 
stable isomer. Both methods DFT and CAS predict triplet ground 
state for c2 isomer. Therefore, DFT and CAS show a reason-
able agreement between the relative energies of B-GNRs and 
the nature of the ground state. It is noteworthy that the calcu-
lated CAS single-point energies depend notably on the choice 
of the method used for the geometry optimisation in the case of 
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2.  Computational details

The geometry of the pristine and boron-doped (GNR)-type 
structures was optimised at D3-B3LYP [14] level of theory as 
implemented in Turbomole 7.0 [15] with the Dunning’s cor-
relation consistent cc-pVDZ basis set.[16] The geometry opti-
misations were performed with spin restricted methods for the 
singlet electronic states, while in the case of the triplet states, the 
unrestricted DFT method was employed.

The SCF triplet stability test was carried for the closed-shell 
singlet solution. Thus, as an alternative to the restricted DFT 
approach, in the case of triplet instability, the molecular geometry 
was reoptimised within the framework of the broken symmetry 
unrestricted method (BS-UB3LYP).

In order to explore the multiconfigurational character of the 
ground state of the analysed molecules, a single-point energy 
CAS calculation was run at B3LYP-optimised geometries of the 
corresponding electronic multiplicity. The Pople’s 6-31G (d) 5d 
basis set was assigned to all atoms.[17] The chosen active space 
consisted of 10 electrons in 10 orbitals which included relevant 
orbital interactions for these kinds of systems as π-orbitals of the 
conjugated systems and the p-orbital of boron. These multiref-
erence calculations were carried out with Gaussian 09 rev. D.01 
program package.[18]

To study the boron-doping effect, it has been selected a rectan-
gular graphene nanoribbon type structure of size m × n (where 
m and n are the number of fused benzene rings which define 
the width and length of the structure, respectively). This struc-
ture corresponds to a (R4, 6) rectangular graphene nanoribbon. 
According to a previous research, the ground state of analogue 
systems has shown an important multiconfigurational charac-
ter,[9] with only moderate polyradicalic character since the most 
important contributions to the CAS wavefunction correspond 
to closed-shell singlet configurations.

With the aim to explore the boron-doping effect, 2 atoms of 
boron were incorporated into the pristine structure. This corre-
sponds to ~1.6% atom. It must be mentioned that similar struc-
tures have already been synthesised experimentally.[4]

The doping sites for boron were chosen to cover maximum 
number of non-equivalent positions and to match the position 
of nitrogen-doped systems from our previous work to allow 
the direct comparison of nitrogen- and boron-doped systems. 
Moreover, the effect of the separation between doping sites has 
been additionally studied, which was found to be very important 
for N-doped GNRs (Figure 2).[9]

Figure 1. Different types of boron defects in graphene.
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Figure 2. (Colour online) B-GNRs studied structures; edge doped (e1-e5) and core doped (c1-c5, a, and i).

Table 1. Relative electronic energies calculated for B-GNRs doped in the edges (kcal mol−1). RB3LYP/cc-pVDZ optimised closed-shell singlet (S0), UB3LYP/cc-pVDZ broken 
symmetry polyradicalic (PRS) and triplet (T) states. CAS(10,10)/6–31G(d) single-point relative energies estimated for the corresponding DFT-optimised geometries

aReference state for DFT energy.
bReference state for CAS energy.

B3LYP CAS(10,10)

GNR S0 PRS T S0 PRS T
e1 26.75 9.05 9.10 11.42 21.79 21.79
e2 23.99 6.35 6.40 9.38 2.29 2.20
e3 21.88 4.36 4.41 17.90 9.45 14.82
e4 22.77 5.09 5.14 19.02 15.23 14.82
e5 16.66 0.00a 0.01 0.00b 28.07 28.03

Table 2. Relative electronic energies calculated for B-GNRs doped in the core (kcal mol−1). RB3LYP/cc-pVDZ optimised closed-shell singlet (S0), UB3LYP/cc-pVDZ broken 
symmetry polyradicalic (PRS) and triplet (T) states. CAS(10,10)/6–31G(d) single-point relative energies estimated for the corresponding DFT-optimised geometries

aReference state for DFT energy.
bReference state for CAS energy.

B3LYP CAS

Structure S0 PRS T S0 PRS T
c1 17.68 0.00a 0.00 9.14 0.00b 7.51
c2 33.37 24.23 17.06 69.25 69.98 59.92
c3 24.08 7.39 7.43 27.86 28.12 33.24
c4 15.70 14.62 15.79 59.56 50.31 67.45
c5 9.68 – 12.99 21.93 – 38.12
c6 38.66 21.40 21.81 69.43 42.72 42.35
c7 11.95 – 19.02 41.91 – 42.20
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with restricted S0 state as the reference state (4.43 eV). However, 
it is very well known that IPs of conjugation systems decrease 
systematically with its size.

Therefore, the employment of a restricted S0 electronic state 
as the reference state for the ionisation potential underestimates 
the IP for pristine GNR. It is been shown earlier [8] that BS 
unrestricted B3LYP generates IP’s values near these obtained 
with CAS technique that have errors for conjugated hydrocar-
bons of solely few tenths of eV above experimental values.[20] 
Considering this, it looks that UB3LYP offers reasonable estima-
tion of IP in spite of large spin contamination in the neutral state. 
This has been well proven for N-doped GNRs.[9]

The edge doping generates chemically equivalent doping sites 
for B and N dopants, everyone sharing one π-electron with the 
GNR π-electron system. The additional lone pair of nitrogen 
is orthogonal to the GNR plane (pyridine nitrogen), thus not 
interacting with π-electron cloud. The core doping produces 
chemically different sites for nitrogen and boron. Boron has no 
π-electrons at all to share, providing only empty p-orbital, while 
nitrogen shares 2p electrons with the π-electron system of GNR. 
This difference leads to the p-type doping for the edge-doped 
N-GNRs and n-type doping for core-doped N-GNRs.[9] As seen 
from Table 5, for the systems c6, c1 and c7 where both B-GNR 
and N-GNR IP’s and EA’s data are available, the IPs of N-GNRs 
are notably lower than those of B-GNRs reflecting the effect of 
the lone electron pair which increases the electron repulsion. The 

singlets, restricted or BS unrestricted method. This difference can 
achieve 26 kcal/mol (isomer c6, Table 2). In the most, but not all 
the cases, the use of BS unrestricted optimised geometry leads 
to the lower energies at CAS single-point energy calculation for 
the singlet state and, therefore, it is thought that BS unrestricted 
method generally delivers better molecular geometry.

The multiconfigurational character of the ground states can 
be reviewed examining the CI expansion coefficients of the CAS 
wavefunction. They are shown in Table 3

Table 3 depictures squared CI expansion coefficients for the most 
important configurations in B-GNRs at CAS(10,10)/6-31G(d) level 
of theory for the closed-shell singlet (S0), the polyradicalic state 
(PRS) and the triplet (T) using B3LYP/cc-pVDZ optimised geom-
etries. As seen from Table 3, the pristine and most of the doped 
GNRs singlet states have notable multiconfigurational character. 
On the other hand, the triplet states are all single reference states 
due to the smaller amount of static correlation of triplets. Singlet 
states of c4, c5 and c7 are the single reference ones as seen from the 
large squared CI expansion coefficients for principal configurations. 
C5 and c7, systems with larger separation between boron atoms, 
have a stable closed-shell wavefunction and as a consequence single 
reference singlet ground state. The same situation has also been 
observed for N-doped GNRs [9] where systems with large separa-
tion between doping centres have single reference singlet ground 
state. C4, however, has an unstable closed-shell singlet wavefunction 
with <S2> expectation value of 0.91 for unrestricted BS singlet B3LYP 
solution, suggesting that triplet instability is not always an indica-
tion of the multiconfigurational character of the electronic state  
(Table 4). However,<S2> expectation value for c4 is still the lowest 
one out of all other doped systems possessing a multiconfigura-
tional singlet state.

Triplet states show only moderate spin contamination in all 
cases and especially for c5 and c7. Table 5 shows calculated (IP’s) 
and electron affinities (EA’s) of B-GNRs.

As seen, when PRS state is taken as reference state, IPs are 
higher and EAs are lower compared to S0 taken as a reference. 
This is due to lower energy of PRS state compared to S0 one. 
Unfortunately, no experimental data are available for IP’s of 
GNRs. The only possible comparison can be done with graphene 
work function (4.3 eV).[19] Actually, the graphene work function 
is very similar to the calculated IP for pristine GNR estimated 

Table 3. Squared CI expansion coefficients for dominant configurations in GNRs at CAS(10,10)/6–31G(d) level of theory for closed-shell singlet (S0), polyradicalic state 
(PRS) and triplet using B3LYP/cc-pVDZ optimised geometries.

aRB3LYP solution is stable.

S0 PRS Triplet

GNR 2222200000  2222020000 2222200000 2222020000 2222aa0000
pristine 0.420 0.420 0.420 0.420 0.884
e1 0.242 0.382a 0.449 0.449 0.897
e2 0.422 0.420 0.423 0.423 0.845
e3 0.446 0.443a 0.437 0.435 0.909
e4 0.437 0.438 0.403 0.404 0.909
e5 0.430 0.470 0.472 0.471 0.943
c1 0.437 0.436 0.328 0.328 0.871
c2 0.192 0.194a 0.869 0.017a 0.897
c3 0.431 0.432a 0.00 0.013a 0.900
c4 0.924 0.010 0.906 0.000 0.936
c5 0.842 0.000 –a –a 0.900
c6 0.452 0.434a 0.424 0.426 0.860
c7 0.823 – –a –a 0.845

Table 4. <S2> expectation values for polyradicalic (PRS), triplet state (T), cationic 
(C) and anionic (A) species at the B3LYP/cc-pVDZ level.

aRB3LYP solution is stable.

Structure PRS T C A
Pristine 2.11 0.80 0.78
e1 1.12 2.11 0.81 0.79
e2 1.12 2.11 0.81 0.79
e3 1.12 2.11 0.81 0.79
e4 1.12 2.11 0.81 0.79
e5 1.10 2.10 0.79 1.10
c1 1.11 2.12 0.81 1.86
c2 1.79 2.52 1.13 1.83
c3 1.11 2.11 0.80 1.85
c4 0.91 2.42 0.77 0.81
c5 –a 2.05 0.76 0.80
c6 1.51 2.34 1.29 1.86
c7 –a 2.07 0.78 0.92
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mechanism is operational.[5] However, for smaller systems, all 
experimental data point to hopping mechanism.[28] Table 6 
summarises calculated λ+ and λ− for pristine and doped GNRs.

Although we were unable to find any experimental data on 
reorganisation energy of pristine or doped GNRs, we believe 
that the reorganisation energy of pristine GNR is less than 
0.1 eV. The best DFT method to calculate the reorganisation 
energies of organic conjugated systems was found to be B3LYP.
[29,30]

It has been demonstrated that restricted B3LYP delivers 
unphysical values for the reorganisation energies of GNRs. 
UB3LYP method, on the other hand, gives physically meaning-
ful results.[8] Only for systems c5 and c7, the data of RB3LYP 
were used since these systems have a closed-shell ground state. 
As seen from Table 6, all doped systems have notably higher 
reorganisation energies compared to pristine GNR. A similar 
situation has been observed for N-doped GNRs, although, in 
general, the reorganisation energies for both electrons and holes 
are lower for N-doped systems compared to B-doped ones. The 
difference between N-GNRs and B-GNRs reorganisation ener-
gies is related to different C-B and C-N bond strengths. C-N 
bond energy is higher compared to C-B one,[31] thus provid-
ing more rigidity to N-GNRs compared to B-GNRs that could 
lead to lower reorganisation energies for N-GNRs. There is no 
clear difference between the electron and the hole reorganisation 

same mechanism is responsible for lower EAs of the core-doped 
N-GNRs compared to B-GNRs.

Unlike N-GNR, in the case of B-GNR, there are no clear dif-
ferences in IPs between the edge and the core-doped systems; 
moreover, for the systems where boron atoms are not very 
far from each other, IPs are similar to these of pristine GNR  
(Table 5).

While the core-doped systems have their IPs close to the edge 
doped and pristine GNR, they show notably higher EAs due to 
the presence of a vacant p-orbital on B atoms. Thus, for c2, EA 
is almost 1 eV higher compared to pristine GNR. The presence 
of empty p-orbitals on B atoms in the core-doped B-GNRs also 
notably increase the EAs of B-GNRs compared to N-GNRs.[9]

The difference between the core- and the edge-doped B-GNR 
is also reflected in the variation of the natural charges for boron 
atoms between neutral and charged species at DFT level (Table 5). 
As seen from Table 5, B defects generally have a significantly 
higher fraction of delocalised extra electron of the anion radi-
cals in core-doped systems compared to the edge-doped ones. 
These data indicate that core doping with boron atoms results 
in p-doped materials in agreement with [10].

A vital task within the understanding of the conductivity of 
the doped GNRs is to characterise the structural factors essential 
in the charge transfer rates. It has been shown that the solid-state 
hole mobility in arylamines [21] and conjugated oligomers [22] 
is determined by the reorganisation energy. When isolated mol-
ecule shows low internal reorganisation energy, the solid-state 
charge carrier mobility (when combined with strong electronic 
coupling) normally is high. This is important point for the fab-
rication of the highly efficient electronic devices. It is known 
that the majority of organic semiconductors have their internal 
reorganisation energies larger than 0.1 eV.[23] It is noteworthy 
that, although a few p-type organic semiconductors have been 
reported with internal reorganisation energies (λ+) of less than 
0.1 eV, only limited number of π-type acceptors shows electron 
reorganisation energies (λ−) of less than 0.1 eV.[24] Fullerene 
C60 is one of them with reorganisation energy of (0.060 eV).

The reorganisation energy depends on the size of the conju-
gated system, decreasing with its extension. Thus, triphenylene 
has reorganisation energy of 0.18  eV, coronene 0.13  eV and 
hexa-peri-hexabenzocoronene 0.1 eV.[25–27]

The charge transport mechanism in GNRs also depends on 
its size. Thus, in the case of large GNR (40 nm wide), the ballistic 

Table 5. Adiabatic ionisation potentials (IP) and electron affinities (EA) obtained at B3LYP/ cc-pVDZ theory level (eV) using closed-shell singlet (S0) and polyradicalic (PRS) 
states. The difference of natural charges for boron atoms between cationic and neutral (Δ+) and anionic and neutral (Δ−) states at UB3LYP/cc-pVDZ level of theory.

aCorresponding N-doped GNR [9].

Structure IP (S0) IP (PRS) EA (S0) EA (PRS) Δ+ Δ−

Pristine 4.43 5.19 −2.90 −2.13 – –
e1 4.39 5.16 −2.89 −2.12 0.024 −0.021
e2 4.41 5.17 −2.90 −2.14 0.020 −0.017
e3 4.34 5.10 −2.84 −2.08 0.042 −0.035
e4 4.42 5.19 −2.93 −2.16 0.018 −0.012
e5 4.10 4.82 −2.62 −1.90 0.117 −0.083
c1 4.46 (3.96)a 5.23 (4.74)a −3.31 (2.84)a −2.54 (2.06)a 0.018 −0.194
c2 4.52 4.91 −3.02 −3.02 0.010 −0.050
c3 4.44 5.16 −3.65 −2.93 0.003 −0.110
c4 4.99 5.03 −2.90 −2.86 −0.041 −0.047
c5 4.91 – −2.83 – 0.086 −0.021
c6 4.43 (3.54)a 5.18 (4.27)a −3.68 (2.82)a −2.94 (2.08)a 0.043 −0.038
c7 5.20 (4.55)a – −2.81 (2.10)a – 0.003 0.018

Table 6. Reorganisation energies for electrons (λ–) and holes (λ+) (eV) estimated 
using the UB3LYP method.

aSCF not converged.
bRB3LYP reference state was used.

Structure λ– λ+
Pristine 0.020 0.021
e1 0.0350 0.0325
e2 0.0366 0.0339
e3 0.0324 0.0383
e4 0.0381 0.0360
e5 0.0286 0.0371
a 0.0830 0.1172
c1 0.0582 0.0356
c2  – a  – a

c3 0.0884 0.0449
c4 0.0448 0.0274
c5 0.0347b 0.0819b

c6 0.0830 0.1172
c7 0.0403b 0.0670b
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energies for B-GNRs; however, they clearly depend on the loca-
tion of the doping sites. Thus, the edge-doped systems have lower 
reorganisation energies than the core ones. This is related to 
the fact that in the edge-doped systems, B atoms have only two 
neighbouring carbons atoms unlike core doping where there are 
three of them. Therefore, edge defects affect less the electronic 
structure and the reorganisation energies of GNRs compared 
to the core ones.

Similar to N-GNRs, the largest reorganisation energies for 
the core-doped B-GNRs are those with meta mutual position of 
dopant atoms (structure c6). We observed no clear dependence 
of the reorganisation energies on the separation distance between 
doping centres.

4.  Conclusions

The relative stability of B-GNRs is connected with the mutual 
position of the dopant atoms and also the position of N atoms 
within the nanoribbon. Both methods DFT and CAS agree on 
the lowest energy isomers which are e5 and c1 for the edge- and 
core-doped systems, respectively. Doping influences the mul-
tireference character of B-GNR. Thus, for the models c4, c5 and 
c7 where boron atoms are well separated from each other, the 
ground state is single reference even though c4 shows instability 
of the closed-shell state.

In spite of the significant multiconfigurational character 
detected for the majority of the singlet ground states, B-GNRs 
only exhibited two dominant closed-shell singlet configurations. 
All triplets are single reference ground states since static correla-
tion is less important for triplets compared to singlets.

Core-doped systems have their IPs close to the edge-doped 
and pristine GNR; however, they show notably higher EAs due 
to the presence of vacant p-orbital on B atoms. The presence 
of the empty p-orbitals on B atoms in the core-doped B-GNRs 
also notably increases EAs of B-GNRs compared to N-GNRs 
confirming p-type doping for the core-doped systems.

The doping changes the reorganisation energy of B-GNRs, 
being always higher than the reorganisation energies for pris-
tine- and N-doped GNRs. Moreover, the core-doped GNRs have 
higher reorganisation energies compared to the edge-doped ones.
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