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Although diamondoids are broadly studied for their fundamental properties and applications, the

boron-nitride-based diamondoids are scarcely explored. Here we predict the stability, electronic
structure, and optical absorption spectra of six boron-nitride (BN) diamondoids with first-principles
methods based on pseudopotential density functional theory and many-body perturbation meth-
ods implemented with real-space formalism. We find four of them are thermodynamically stable
at room temperature, while B;gNgH,4 and BgN4H;¢ show thermodynamic instability in molecu-
lar dynamics simulations. With the GW approximation, we predicted the ionization energies and
electron affinities of BN-diamondoids and find the evolution of the electronic structure with size
does not follow the same trend as diamondoids, owing to the unbalanced numbers of boron and
nitrogen atoms. We show strong photoabsorption of BN-triamantane and BN-adamantane in the
infrared and visible range and analyze the features of low-energy absorption by examining the

DOI: 10.7T039/XXXXXXXXXX

www.rsc.org/journalname

characteristics of related orbitals.

1 Introduction

Carbon is the fourth most abundant element of the universe and
forms diverse types of materials with unusual and technologically
important properties. As the nearest neighbors of carbon on the
periodic table, boron and nitrogen together constitute many ma-
terials that are isoelectronic and structurally akin to carbon-based
materials. Some well-studied examples include cubic boron ni-
tride, boron nitride nanotubesy, and borazine, which resemble
diamond, carbon nanotubes, and benzene in structures, respec-
tively.

Diamondoids are hydrocarbons where carbon atoms are
bonded as diamond-like cages and hydrogen atoms passivate the
surfaces of carbon cages.
(such as functionalized diamondoids) are of interest owing to
their potential applications in bio-technologies, florescent de-
vices®, and electron emitters#, The simple structures, high ther-
mal stability, and the experimental techniques for isolating dia-
mondoids with the desired shape and size make them ideal model
systems® for studying nanoparticles. Because of the similarity
between bulk diamond and cubic boron nitride, it is reasonable
to expect the existence of stable BN-diamondoids (BN = boron
nitride), which have the same diamond-like cages but with car-
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bon replaced by boron and nitrogen. In fact, cyclotriborazane
B3N3H\, is a stable ring-shaped molecule which can be regarded
as a segment of the diamond-like cage®. However, the boron ni-
tride analogs of adamantane and higher diamondoids have not
been discovered in nature or synthesized experimentally. Al-
though BN-diamondoids have been proposed and theoretically
studied”, the thermodynamic stability and excited-state propet-
ties of BN-diamondoids remain to be thoroughly understood with
more advanced first-principles methods and confirmed by experi-
ments.

Here we present a comprehensive study on the stability, elec-
tronic structure, and optical properties of several lower boron-
nitride diamondoids, including BN-adamantane, BN-diamantane,
BN-triamantane, and BN-[121]tetramantane, using the state-of-
art first-principles methods based on pseudopotential density
functional theory, the GW approximation, and Bethe-Salpeter
equation (BSE). Our study predicts the evolution of electronic
structures and optical properties of BN-diamondoids with size
and contrasts the differences between them and carbon-based di-
amondoids.

2 Computational methods

The ground-state properties of BN-diamondoids are calculated
with first-principles computational methods based on density
functional theory (DFT) and ab-initio pseudopotentials. DFT cal-
culations are carried out with PARSEC®, which solves Kohn-Sham
equations by expressing related functions, e.g. potential and
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wave functions, in real space. As implemented in PARSEC, we
use a spherical boundary with radius R to model confined systems
and set wave functions beyond the boundary to be zero. For struc-
tural relaxation, we use a small grid spacing of 0.2 Bohr in order
to converge forces and total energies. R is set to 20 a.u. for BN-
adamantane, 24 a.u. for BN-diamantane and BN-triamantane,
and 27 a.u. for BN-tetramantane. For calculations of excited-state
properties using GW approximation and Bethe-Salpeter equa-
tion, a larger grid spacing of 0.3 Bohr and smaller R are used
to ensures both affordable computational costs and converged
results. Ion potentials are treated with norm-conserving pseu-
dopotentials® with the Kleinman-Bylander separable form1Y and
the exchange-correlation effects are described using the Perdew-
Burke-Ernzerhof functionalll. We optimize the structures of all
molecules so that the residual force on each atom is less than
5% 10~3 Ry/Bohr.

The ionization energies and electron affinities of BN-
diamondoids are predicted with the GW approximation imple-
mented in the NanoGW packagel2. Specifically, we use the full-
frequency "one-shot" GW approximation, where the Green’s func-
tion G(r,r’; ®) is constructed with Kohn-Sham states but not up-
dated, and the frequency dependence of dielectric screening ef-
fects are treated explicitly, i.e., without plasmon-pole approxima-
tions. Optical absorption cross-sections are calculated by solving
the Bethe-Salpeter equations12.13,

We briefly review the formulation of the GW approximation
implemented in the NanoGW package. Our GW calculations of
quasiparticle energy are carried out in two steps. In the first
step, we construct the polarizability operator II(r,r’;E), which
describes the electronic screening effects. The polarizability oper-
ator is given by a summation over eigenmodes2

=2Lp(r) i0+} 6

where 07 is a positive infinitesimal number and the amplitude
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where ¢,,(r) and €, are Kohn-Sham states and energy, respectively.
And {wy, X}, } in Eq.[2]and[T]are the eigenpairs of eigenvalue prob-
lem defined by the Casida’s equation141>
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With the polarizability I1(r,r’; E), we proceed to evaluate the ma-
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where V., = ¥, Ky (557 )1/2X3.. In the one-shot GW approxi-

mation, the quasiparticle energy of state j is given by
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where (o) should be evaluated at @ = EjGw. Since Eq.[6|is a non-
linear equation, we solve it with the Newton-Raphson method.
There are two major cutoff parameters which should be carefully
converged in our calculations. The first is the radius R of the
spherical boundary. The importance of converging the GW cal-
culation with R were discussed in previous work®17, The other
important cutoff parameter is the number of states included in
the GW calculations, which has also been discussed extensively in
literature 1018 In principle, one should include an infinite num-
ber of unoccupied states to solve the Casida’s equation (Eq.
and evaluate the summation in Eq.[6] However, for practical cal-
culations, we truncate both the matrices in the Casida’s equation
and the summation over states by including a finite number of
states. Here we denote the number of states included in a GW
calculation N, and the energy corresponding to the highest state
Ey. To speed up the convergence of (j|X|;’) with respect to N, we
use the static-remainder approach1212.

3 Results and Discussion

3.1 Structures and Stability
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Fig. 1 lllustrations of molecular structures of BN-diamondoids.

Size and shape are the main factors affecting the electronic
and optical properties of nanosized carbon materials. But for
BN-diamondoids, stoichiometry is also important, i.e., the differ-
ence between the number of boron atoms and nitrogen atoms
also affects their properties. For example, there are same num-
bers of boron and nitrogen atoms in BN-diamantane and BN-
tetramantane, and they are isoelectronic to the corresponding
diamondoids. However, the number of boron atoms and nitro-
gen atoms are different by two in both BN-triamantane and BN-
adamantane. Therefore BN-triamantane and BN-adamantane are

This journal is © The Royal Society of Chemistry [year]
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Table 1 Comparison between the calculated atomization energies E“
of diamondoids and BN-diamondoids. For reference, the experimental
atomization energy of adamantane is shown in the bracket.

. . EX . . EX
Diamondoid (keal/mol) BN-diamondoid (keal/mol)
CioHjs 2713.1 BgN,H g 2246.9

(2688.0520) B4NgH¢ 2267.3

Ci4Hao 3654.7 B7N7Hy 3157.0
CigHag 4594.3 B1oNgHa4 3882.9
B8N10H24 3909.8

C22H23 5542.5 B][N]]Hzg 4763.5

not isoelectronic to their carbon-based counterparts. For con-
venience, we call B4yNgH;¢ as BN-adamantane, which contains
two more nitrogen atoms than boron atoms, and BgN4H;¢ BN-
adamantane-iso. A similar naming convention also applies to
BN-triamantane (i.e. BgNjgoHy4) and BN-triamantane-iso (i.e.
B1oNgHaq).

The relaxed structures of BN-diamondoids are similar to those
of diamondoids, as shown in Figure Nevertheless, close ex-
aminations of their structures reveal small distortions of boron
and nitrogen atoms. These distortions lower the symmetry
of BN-diamondoids. The boron-nitrogen bond lengths of BN-
diamondoids range from 1.49 to 1.66 angstrom with an average
of 1.55 angstrom, slightly smaller than that of cubic boron ni-
tride. For reference, we provided the structural models of six
BN-diamondoids in the supplementary material.

As a measure of the strength of bonds, we compute the atom-
ization energy of BN-diamondoids defined as

E“(B,Ny,Hy) = nE'"" (B) +mE'" (N) + sE'" (H) — E'" (B,N,,H,) (7)

where E% denotes atomization energy and E'” denotes total en-
ergy. The calculated atomization energy of adamantane agrees
well with the experimental value??, as shown in Table [1} In
general, we find the atomization energy E% of BN-diamondoids
is smaller than corresponding diamondoids by about 8 percent,
suggesting BN-diamondoids are less stable than diamondoids. To
crosscheck our results, we also conducted the same calculations
of atomization energies with the plane-wave based code Quan-
tum Espresso“!22/ and obtain the same conclusion. This obser-
vation is different from previous workZ, which uses relative to-
tal energy to compare the stability of diamondoids and corre-
sponding BN-diamondoids. Our work, however, uses the atom-
ization energy to gauge the strength of the chemical bonds in
these systems. Moreover, by comparing the atomization energies,
we infer BN-adamantane (BN-triamantane) is more stable than
BN-adamantane-iso (BN-triamantane-iso).

For further assessments of the thermodynamic stability of BN-
diamondoids, we perform molecular dynamics (MD) simulations
for all six BN-diamondoids. All the systems are modeled in a
canonical ensemble. The temperature is controlled around 300 K
with the Langevin thermostat and the time step is set to a small
value 10 a.u. (= 0.242 fs) in order to account for the fast motion
of hydrogen atoms. The friction coefficient for Langevin dynam-
ics is set to 10~ a.u and a small grid spacing 0.2 Bohr is used for

This journal is © The Royal Society of Chemistry [year]
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converged calculations of forces. Both BN-adamantane-iso and
BN-triamantane-iso demonstrate structural instability by showing
that hydrogen atoms are detached from some boron atoms within
1 ps. The other four molecules studied in this work do not show
structural instability in our MD simulations. These findings also
support that BN-adamantane-iso (BN-triamantane-iso) is less sta-
ble than BN-adamantane (BN-triamantane).

3.2 Electronic Structure and Optical Absorption Spectra
From the DFT-PBE calculations, we find interesting differences
between the electronic structure of BN-diamondoids and di-
For example, although most BN-diamondoids
we investigated here have a non-magnetic ground state, BN-
admantane-iso BgN4H;¢ and BN-triamantane-iso B;gNgH,4 have
spin-polarization of 2up (2 Bohr magneton) at ground state. The
small HOMO-LUMO gap of ~ 0.2 eV given by DFT calculations
also indicates the high chemical reactivity of them. Moreover, we
find there is a singlet ground-state with similar total energy if we
manually constrain the total spin to zero and relax the system.

amondoids.
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Fig. 2 Comparison between the electron density of states (DOS) of BN-
adamantane-iso, BN-adamantane, and adamantane. The energy of high-
est occupied state is set to zero. The degeneracy of some states is lifted
owing to the low-symmetry relaxed structure used here.

The ’unusual’ spin polarization can be explained qualitatively
by comparing the DOS of BN-diamondoids with diamondoids
and considering the shell model of superatoms or nanocrystals.
If we consider carbon-based adamantane as a close-shell super-
atom, then BN-adamantane-iso lacks 2 electrons from close-shell
electron configuration. Therefore, it should have a 2 Bohr mag-
neton ground state according to the Hund’s rule, and the ex-
change splitting is ~ 0.5 eV, as shown in the top panel of Fig-
ure [2l On the other hand, BN-adamantane has two more elec-
trons than the close-shell configuration. Since two extra elec-
trons happen to fill an s-like subshell, BN-adamantane doesn’t
have spin polarizations at the ground state. This is also reflected
in the DOS of BN-adamantane B4NgH, as shown in the mid-
dle panel of Figure where we recognize the states of BN-
adamantane below -5.0 eV as the filled electron shell that are
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qualitatively similar to the occupied states of admantane, and the
HOMO as the s-like subshell. The shell model of nanocrystals
also support our previous observation on atomization energies
E¥(BgN4H ) < E“(B4NgH\g), since B4NgH,¢ has a filled subshell
while BgN4H;¢ has an unfilled subshell. Similarly, the same ar-
gument also applies to BN-triamantane-iso and BN-triamantane.
Moreover, BN-diamantane and BN-tetramantane are isoelectronic
to their carbon-based counterparts. We consider them as close-
shell systems, which obviously have no spin polarizations at the
ground state. Detailed comparison between the density of states
of the other four stable BN-diamondoids and the related diamon-
doids are provided in the supplementary material.

Full-frequency GYW? calculations are conducted for the vertical
ionization potentials (IP) and electron affinities (EA) of four BN-
diamondoids (1e B4N6H16, B7N7H20, B8N10H24, and B11N11H28)
and the corresponding diamondoids. Based on the DFT cal-
culations, both BN-adamantane-iso and BN-triamantane-iso are
highly reactive with small gaps, and MD simulations also demon-
strate their thermodynamic instability. Therefore we don’t con-
sider their GW quasiparticle energies in this work.

We emphasize the cutoff parameters R and Ey should be care-
fully chosen to obtain converged results. The convergence speed
of GW self-energy matrix elements (j|X(E)|j) with respect to R
and Ey sensitively depend on the characters of orbitals |j). For
example, Figure 3| shows how the computed electron affinity and
ionization potential of BN-diamantane change with respect to
convergence parameters R and Ey. As compared to EA, the IP
of BN-diamantane converges faster with respect to R. We can
see R = 14 a.u. is good enough to converge the ionization poten-
tial of BN-diamantane, while the electron affinity requires R = 18
a.u to converge. On the other hand, IP converges much slower
with respect to Ey. Even Ey = 80 €V is not sufficient to ensure
the convergence of ionization potential within 0.1 €V. Fully con-
verging both EA and IP at the same time requires at least R = 18
a.u. and Ey > 80 €V, which requires significant computational
resources to accomplish. Following previous work1®, we extrap-
olate the converged GW quasiparticle energies by fitting ECW (V)
calculated with different number of bands N with the relation
EW(N) = EOV (o) + 3, where ECY () is the converged en-
ergy, and ¢; and c; are fitting parameters.

In Table[2] we compare the calculated ionization potentials and
electron affinities of BN-diamondoids with those of diamondoids.
For diamondoids, we find that the calculated ionization poten-
tials agree with experimental values very well. BN-diamondoids
have smaller ionization energies compared to the correspond-
ing diamondoids with the same number of atoms. In particu-
lar, BN-adamantane and BN-triamantane have small ionization
potentials of less than 4.0 eV. The calculated electron affini-
ties of diamondoids are all negative, which agree with previ-
ous reports®, while all BN-diamondoids studied here have pos-
itive electron affinities. Because of the quantum confinement ef-
fects, HOMO-LUMO gaps of diamondoids decrease monotonously
as the size of molecules increase. In contrast, the evolution of
the electronic structure of BN-diamondoids does not follow the
same trend as carbon-based diamondoids. For example, BN-
admantane and BN-triamantane have smaller HOMO-LUMO gaps

4| Journal Name, [year], [vol.],1
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Fig. 3 lonization potential and electron affinity of BN-diamantane calcu-
lated with different parameters are shown to illustrate the convergence
of GW results. Here different curves correspond to calculations with dif-
ferent R, and each curve shows the change of GW quasiparticle energy

than BN-diamantane and BN-tetramantane. In fact, we find the
HOMO-LUMO gaps of BN-adamantane, BN-triamantane, and BN-
[121]tetramantane are even smaller than the band gap of cu-
bic boron nitride, 6.4 eV23. The small electronic gap of BN-
adamantane and BN-triamantane can be simply explained by the
fact that they have two extra electrons than the close-shell config-
uration, as we discussed previously. However, the small electronic
gap of BN-[121]tetramantane is unexpected.

By solving the Bethe-Salpeter equation, we obtained the en-
ergy and wave functions of excitonic states, from which the pho-
toabsorption spectra are calculated with a Gaussian broadening
of 0.1 eV. In Figure 4] we plot the absorption spectra of four BN-
diamondoids, and also marked the HOMO-LUMO gaps E, and
the lowest exciton energy Egp " (i.e., the optical gap) with ar-
rows. As expected, the excitonic effects are strong due to the
week screening in nanosized BN-diamondoids. The binding en-
ergy of the lowest exciton in BN-diamondoids have similar mag-
nitude (2.0 ~ 3.0 €V) as those of carbon diamondoids2®. The ab-
sorption cross-section spectra of four BN-diamondoids share few
similarities and are highly dependent on their shapes and sizes.
For BN-adamantane and BN-triamantane, the photoabsorption is
strong around E = 1.0 €V, which suggests potential applications
such as photovoltaic devices working in the infrared and visi-
ble ranges. The absorption becomes weaker when photon energy
ranges from 3 eV to 6 eV. Differently, the low-energy absorption

This journal is © The Royal Society of Chemistry [year]
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Table 2 lonization potential, electron affinity, and HOMO-LUMO energy gap of BN-diamondoids and diamondoids calculated with GW approximation.
The experimental ionization energies of diamondoids are also presented for reference.

Molecule IP (eV) | Expt. IP (eV) | EA (eV) | HOMO-LUMO gap (eV)
BN-admantane 3.77 - 0.78 2.99
BN-diamantane 8.69 - 0.44 8.25
BN-triamantane 3.39 - 1.03 2.36
BN-[121]tetramantane 6.92 - 1.43 5.49
Adamantane 9.48 | 9.2340.1224 | -0.59 10.07
Diamantane 9.18 | 8.80+0.06%% | -0.50 9.68
triamantane 8.75 | 8.574+0.08%% | -0.48 9.23
[121]tetramantane 8.62 8.232> -0.40 9.02
sitions that contribute most to the lowest two excitons of each
6l BN-adamantane J 6l BN-diamantane BN-diamondoid.

Table 3 Transitions that contribute most to the lowest-energy and the
second lowest-energy excitonic states. H-1 stands for the states right
below highest occupied molecule orbital (HOMO), and L+i means the i-th
orbital higher than the lowest unoccupied molecule orbital (LUMO). The
percentages in the brackets are the weights of transitions, i.e. |X5,|?, in
excitonic states.

IS
T

N
T

Absorption Cross section (Arb. Unit)

o

The second lowest
exciton

The lowest
exciton

Molecule
BN-triamantane i 6l

o
T

ESN
T

N

o

Absorption Cross section (Arb. Unit)

E (eV) E (eV)

Fig. 4 Photoabsorption cross-section of BN-diamondoids calculated by
solving BSE. HOMO-LUMO energy gap E, and the lowest exciton energy
Eg" are marked with red and blue arrows respectively.

of BN-diamantane and BN-tetramantane is significantly quenched
and absorption cross section increases slowly as photon energy
goes higher. The insets of Figure[dshow the magnified plots of the
low-energy absorption cross-section spectra of BN-diamantane
and BN-[121]tetramantane. For BN-[121]tetramantane, we can
see the oscillator strength of the lowest excitations are smaller
than excitations in 4 ~ 8 €V range by nearly two orders of magni-
tude.

To understand why low-energy absorption spectra are
markedly different between BN-diamondoids, we examine the
characteristics of the lowest-energy excitons. As the Bethe-
Salpeter equation is solved with the Tamm-Dancoff approxima-
13

tion'*?, excitonic state |S) can be written as a linear combination

of products of hole state |v) and electron state |c)
1S) = Y. x5 ) ) ®
cv

where the coefficients X3, satisfy the normalization condition
Y. |X5|? =1 and tell us which single particle transition |v) — |c)
mainly contributes to a exciton |S). Table |[3| presents the tran-

This journal is © The Royal Society of Chemistry [year]

BN-adamantane

H— L+2 (59%)
H— L+1 (12%)
H — L+4 (13%)

H— L (37%)
H— L+3 (31%)
H — L+2 (14%)

BN-diamantane

H— L (93%)

H-1 — L (91%)

BN-triamantane

H— L (82%)
H— L+4 (12%)

H— L+2 (82%)
H— L+5 (11%)

BN-tetramantane

H — L (97%)

H-1 — L (94%)

For BN-[121]tetramantane, 97 percent of the lowest excitonic
state consists of the transition from HOMO to LUMO and 94 per-
cent of the second lowest excitonic state consists of the transi-
tion from HOMO-1 to LUMO, therefore we focus on these three
orbitals. The projected density of state (PDOS) in Figure [5| (d)
shows that both HOMO-1 and HOMO of BN-[121]tetramantane
mainly has characters of nitrogen p, boron p, and hydrogen s
orbitals, and LUMO mainly has the characters of nitrogen p, ni-
trogen s, and hydrogen s orbitals. At first sight, the transition
from HOMO to LUMO seems to be dipole-allowed according to
our analysis of PDOS. However, if we plot orbitals in real space,
as shown in Figure [5| (d), one can easily see both HOMO-1 and
HOMO are localized at the lower end of BN-tetramantane, while
LUMO is more delocalized and mainly located at the opposite end
of the molecule. As a consequence, the spatial overlap between
HOMO and LUMO is small, and therefore the oscillator strength
l{c|B|v)|? (B is Cartesian coordinates x, y, or z) is suppressed,
which explains the weak absorption of BN-[121]tetramantane at
low-energy range. Similarly, the two lowest energy excitons of
BN-diamantane are mainly composed of transitions from HOMO
or HOMO-1 to LUMO, and the overlap between related orbitals
are also very small, as shown in Figure [5| (b). Therefore the os-
cillator strength corresponding to the lowest-energy exciton of
BN-diamantane are small.

On the other hand, the low-energy excitons of BN-admantane
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Fig. 5 Projected density of states and the illustration of molecule orbitals of (a) BN-adamantane, (b) BN-diamantane, (c) triamantane, and (d) BN-
[121]tetramantane. The yellow isosurface include more than 80 percent charge density of each orbital.

and BN-triamantane are composed of transitions from HOMO to
a few low-energy unoccupied states. For example, the lowest two
excitonic states of BN-adamantane are mainly composed of transi-
tions from HOMO to LUMO ~ LUMO+S5 (i.e., ranging from LUMO
to the fifth state higher than LUMO), as shown in Table [3] Fig-
ure [5] (a) shows related orbitals in real space and demonstrates
substantial spatial overlap between HOMO and the lowest five un-
occupied states. Such large orbital overlaps explain the large low-
energy absorption cross-section observed in BN-adamantane. And
we mention the same argument also applies to BN-triamantane,
as show in Figure[5] (c).

4 Conclusions

In summary, the stability, electronic structure and optical proper-
ties of BN-diamondoids are predicted with first-principles meth-
ods. Compared to diamondoids, BN-diamondoids have smaller
atomization energies, demonstrating that BN-diamondoids have
weaker bonds between the atoms and are less stable than dia-
mondoids. Molecular dynamics simulations show that except for
BN-adamantane-iso and BN-triamantane-iso, the other four BN-
diamondoids, i.e., B4N6H16, B7N7H20, B8N10H24, and B] 1N11H23,
are thermodynamically stable at room temperature. The ion-
ization potential, electron affinity, and the HOMO-LUMO gap
of BN-diamondoids are calculated with the GW approximation
and compared with diamondoids. We observe that the change
of gap of BN-diamondoids doesn’t follow the common decreas-
ing trend as nanoparticle size increases. In particular, the
HOMO-LUMO gaps of BN-adamantane, BN-triamantane, and BN-
[121]tetramantane are smaller than the band gap of cubic boron
nitride. Finally, we calculate the absorption cross-section spec-

6| Journal Name, [year], [voI.],1

tra of BN-diamondoids by solving the Bethe-Salpeter equation
and find they are highly dependent on the size and shapes of
BN-diamondoids. The low-energy absorption cross-section of BN-
diamantane and BN-tetramantane is highly suppressed as com-
pared to BN-adamantane and BN-triamantane. This observation
is explained by analyzing the spatial overlaps between related
electron and hole orbitals.
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