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ABSTRACT: A new kind of nonmetallic atom-doped boron cluster is described herein Paya S ﬁK :w
theoretically. When a phosphorus atom is added to the B}, motif and loses an electron, a novel 45 5 » = “‘;\‘;“{ L ‘;,,,
598, '

B,, cage is obtained, composed of two B; rings at both ends and one By ring in the middle, PSR I
forming a triangular bifrustum. Interestingly, this B, cage is formed by three B, units joined — *° *Pl ;E,i
together from three directions at an angle of 120°. When two P atoms are added to the B, motif, J‘) - M
this novel By, cage is also obtained, and two P atoms are attached to the B; rings at both ends of 44 & op  AAR
the triangular bifrustum, forming a triangular bipyramid (Johnson solid). Amazingly, the global *;* # ‘i 5
minimums of neutral, monocationic, and monoanionic P,B,,"%~ have the same cage structure i 1 ) [ Bie cage PaBiz
with a Dy, symmetry; this is the smallest boron cage with the same structure. The P atom has five ) v 2 5, —eI
valence electrons, according to adaptive natural density partitioning bonding analyses of cage ~ J°, & 4, <% _i)
PB,," and P,B,,, in addition to one lone pair, the other three electrons of the P atom combine % # 2 SN L, .;\}»
with an electron of each B atom on the B; ring to form three 2c—2e ¢ bonds and form three J,J ,‘ ,‘pr‘ 225298, X fw

electron sharing bonds with B atoms through covalent interactions, stabilizing the B,, cage. The
calculated photoelectron spectra can be compared with future experimental values and provide a theoretical basis for the
identification and confirmation of P,B;,” (n = 1-2).

1. INTRODUCTION (La;B,s~, Sc3Bsy LisBj,, Ta,By, and TasBj,”).* ¢ From
these studies, we know that the electron transfer from

The structures and characteristics of clusters, which are unique
electropositive elements can cause structural transition from

aggregates of two or more atoms joined by ionic, metallic, or

covalent bonds, differ from those of bulk materials. The cluster one shape to another and that the interaction between dopant
study has gained popularity in the field of physical chemistry. atoms and boron cages is almost electrostatic in nature. A
The multicenter bond property is present in pure boron recent study showed that four Be atoms can induce B, to
clusters made up of boron atom with three valence electrons become an Archimedean sphere,27 through the covalent
and anionic B,” (n < 38) exhibit planar or quasi-planar interaction of the Be atom with the B atoms. However, the
forms,"” and small (n < 16) cationic or neutral boron clusters characteristic of these cage structures is that both the dopants
exhibit quasi-planar or planar forms.” The ground-breaking and B atoms are integral parts of the cage surface. In other
discovery of borospherene® B,,~ in 2014 sparked a plethora of words, the addition of these dopants does not induce a
boron cluster research studies.””” The fundamental unit that separate boron cage structure, in which the dopants are either
formed the two-dimensional borophene that was synthesized embedded or externally attached to the boron cage. The
experimentally in 2015 was a B, cluster.'” Interestingly, a question now is whether nonmetallic elements can also cause,
hydrogenated B; cluster turned out to be the fundamental such dramatic structural changes in small or medium-sized
structural unit in the experimental synthesis of borophene boron clusters, and in particular whether they can induce cage-
crystal forlm, which was produced in 2021 and comparable to type boron clusters? However, there has not been as much
graphene. research on boron clusters doped with nonmetallic atoms.**~*

Recently, the geometrical configuration and characteristics Previous studies have shown that nonmetallic elements do not

of boron clusters doped with metal atoms have been the
primary focus of research.””™>' The insertion of metal atoms
has the ability to regulate the boron cluster’s geometrical
configuration, which in turn modifies the cluster’s chemical and
physical characteristics. Although it is difficult for small or
medium size (n < 20) pure boron clusters to form cage
structures, the addition of metal atoms can cause dramatic
structural changes in boron clusters, resulting in the formation
of boron cage. For example, transition or alkali metal atoms
doping can adjust the boron clusters to the cage structure

induce a unique cage structure. Can nonmetallic dopants
induce a separate B, cage structure for a typical B;, motif?
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Figure 1. Structures of P atom-doped boron clusters PB,,"’%~. (a) PB,, C; (b) PB;,~ Cg; and (c) PB,,* Cj,.
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Figure 2. Structures of double P atom-doped boron clusters P,B,,*%~. (a) P,B,, Dy; (b) P,B;,” Dy; and (c) P,B,,* Dy,

Herein, the study of P-atom-doped boron clusters will fill the
vacancy of doped boron clusters in this respect. We present the
novel B, cage doped by P atoms, in which P atoms are no
longer integral parts of the cage surface, but are attached to the
cage. The By, framework is a perfect hollow cage in the shape
of a triangular bifrustum and represents a brand new geometric
structure.

2. COMPUTATIONAL DETAILS

Using the particle swarm optimization (CALYPSO) program,
geometrical configuration searches of P atom-doped boron
clusters P,B,,"%~ (n = 1-2) were carried out.”* CALYPSO is
a highly effective cluster geometrical configuration search
approach that has been used to boron clusters or doped boron
clusters.”>*® For the preliminary geometric configuration
search, the PBE0/3-21G level was employed. PSO procedures
generated 70% of the structures in each generation, while the
remaining 30% were formed randomly. When the number of
phosphorus atoms is equal to 1, nearly 2000 isomers are
generated for each cluster. When the number of phosphorus
atom is equal to 2, nearly 3000 isomers generated for each
cluster.

Low-energy structures of each cluster were then fully
optimized at the PBE0/6-311+G(d) and TPSSh/def2-TZVP
levels.>”™* To obtain more accurate relative energies,
CCSD(T)*" calculations [CCSD(T)/6-311+G(d)//PBE0/6-
311+G(d)] with the optimized PBEO geometries were
performed for the collected isomers. After the geometry
optimizations, harmonic frequency analyses and electronic
structure analyses were carried out at the PBE0/6-311+G(d)
level. The PBE0/6-311+G(d) is reliable calculation level for
the boron cluster,'”*"**~* specifically, computational [at the
PBE0/6-311+G(d) level] photoelectron spectrum of the B~
is in excellent agreement with the experimental data.* So, the

PBE0/6-311+G(d) level serves as the calculation method for
the research in this paper. Gaussian 16 software was used for
all calculations.” Multiwfn 3.8 code*® in combination with
VMD* were used to perform relevant analyses and isosurface
map drawings.

3. RESULTS AND DISCUSSION

3.1. Structures and Electronic Properties. Figures S1—
S6 display five low-energy structures of P atoms doped boron
clusters P,B,"~ (n = 1-2), while Figure 1 and 2 display the
lowest energy structures of P,B;,"’%'~ (n = 1-2). According to
previous theoretical and experimental investigations, planar or
quasi-planar geometrical configurations are exhibited in small
(n < 16) neutral, cationic, and monoanionic boron clusters. It
can be seen in Figure 1 and the calculation results that after
adding one P atom, the lowest energy structures of PB,”~
have a skeleton of pure boron clusters, B;,”7; one P atom is
connected to two boron atoms of the pure boron clusters B,
and B, One particular case to point out is PB,,", as shown
in Figure S7, while the DFT and MP2 methods favor the cage
structure, the CCSD(T) method favors the quasi-planar
structure. Previous theoretical studies indicate that the quasi-
planar structure for B,,” is the global minimum,” at the DFT
and CCSD methods, the quasi-planar structure has lower
energy than the cage structure. However, experimental and
theoretical studies reveal the existence of cage-like and quasi-
planar configurations for B,,™.* Similarly, it is possible to find
the cage structure and quasi-planar structure of PB,,"
experimentally. Because a large number of studies have
shown that B, with single-atom doping have a quasi-planar
structure or half-sandwich structure, a novel cage structure is
obtained in this study; this paper will highlight the cage
structure, so only the cage structure PB," is discussed in the
following analysis. Boron is electron deficient, and small (n <

https://doi.org/10.1021/acsomega.3c06002
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Figure 3. Regulation of boron clusters by one and two P atoms.

16) neutral, monocationic, and monoanionic pure boron
clusters have difficulty in forming cages. As can be seen in
Figure 3, one P atom doping can cause the cationic cluster
PB)," to a novel cage structure with a C;, symmetry, the B,
cage is composed of two Bj rings at both ends and one By ring
in the middle, and is just a triangular bifrustum. Amazingly, as
shown in Figure 3, this B}, cage is formed by three B, units
joined together in three directions at an angle of 120°
Interestingly, the addition of two P atoms can adjust the quasi-
planar pure boron clusters Bj,””~ and produce triangular
bipyramid (Johnson solids) clusters P,B;,"*~, and the lowest
energy structures of neutral, monocationic, and monoanionic
clusters P,B,,"/%~ are exactly based on the structure of PB,,",
and each P atom is attached to a B; ring at either end of the
triangular bifrustum. P,B,,*’%'~ exhibit a high symmetry of D5,
The smallest reported cage boron clusters (Li;B,, Ta;B;,7,
and Be,B,,")**™*” exhibit a characteristic that dopants and B
atoms are integral parts of the cage surface and are adjusted by
multiple metal atoms. Here, a nonmetallic P atom can adjust a
separate B, cage, where the P atom is not an integral part of
the cage surface. In addition, in the existing studies on boron
clusters or doped boron clusters, there is no case of a global
minimum of neutral, monocationic, and monoanionic clusters
showing the same cage structure at the same time. Here, two P
atom-doped B, clusters P,B,,"%" just fill this vacancy.
Geometrical parameters of P,B;,"”%~ are shown in Figure
S8.P,B,,"”~ has four different types of B—B bonds and a type
of B—P bond. While the B—B bond lengths are in a range of
1.57—2.02 A, similar to B—B bond lengths of B, (1.57—1.74
A); however, the B—B bond lengths (1.95—2.02 A) of
P,B,”” on the B, ring at both ends of the triangular
bifrustum are much longer than the B—B bond length (1.62 A)
at the corresponding position of B,. Furthermore, the P—B
bond lengths of P,B,,"’%~ are about 1.89—1.92 A (see Figure
S8). As can be seen in Figure 2, two P atoms are located at
opposite ends of the molecule and the distance between the

two P atoms is just a measure of the length of the molecule. As
can be seen in Figure S8, the P—P distances of P,B,,* are
mainly in the range of 0.57—0.58 nm, and these clusters show
promise for future applications in single-molecule devices
because the two P atoms are at the two ends of the molecule,
which can be employed as a bridge connecting gold electrodes
in a molecular device.

The lowest harmonic frequency analysis confirmed that
these lowest energy structures are indeed stable (no imaginary
frequency). Molecular dynamics (MD) simulations were
carried out with an extended Lagrangian MDs trajectory
method that employs atom-centered basis functions and
density matrix propagation*®*’ at 400 K. Each simulation
ran for 3 ps with a step size of 0.5 fs from the equilibrium
global minimum structure. As shown in Figure S9, the small
root mean square deviation (RMSD) values in a range of 0.15
A are maintained in all trajectories, suggesting that no
isomerization or other structural alterations occur in a
simulation of 3 ps and showing that cage structures of PB;,"
and P,B;,"”~ are dynamically stable.

For the closed-shell cluster, the HOMO—-LUMO energy
gaps of PB|,", PB},7, and P,B}, are 3.63, 2.71, and 3.51 eV,
respectively. For open-shell clusters, the a-HOMO—-LUMO
and f-HOMO-LUMO energy gaps vary within the range of
2.16—4.23 eV. Figure S10 shows the selected canonical
molecular orbitals (CMOs) for P,B;,”%~. Figure S10a
shows the HOMO and LUMO diagrams of P,B;,. HOMO is
contributed by phosphorus atoms and adjacent boron atoms,
and LUMO is contributed by six boron atoms in the middle of
the triangular bipyramid. Figure S10b shows the CMOs of
P,B,,*. The a-HOMO of P,B,,* and the HOMO of P,B,, have
the same isosurface diagrams because the HOMO orbital of
P,B}, becomes the single occupied a-HOMO of P,B," after
losing an electron from the HOMO orbital of P,B,. Similarly,
the a-HOMO of P,B,,", the f-LUMO of P,B;," and the
HOMO of P,B;, have the same isosurface diagrams because
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Figure 4. Bonding patterns of PB},*. The occupation numbers (ONs) are indicated and the yellow ball represents P atoms.

P,B," adds an electron that occupies the f-LUMO of P,B,,"
and a-HOMO of P,B,,", and -LUMO of P,B;," combines
into the HOMO of P,B,. Similar analyses can also be applied
to PB,;,” and P,B,,. The calculation results show that both
HOMO and LUMO of P,B,, are nondegenerate orbitals, this
also prevents P,B;, from lowering the symmetry due to the
Jahn—Teller distortion after gaining or losing an electron;
therefore, neutral, monocationic, and monoanionic P,B,,"%~
exhibit a Dj;, symmetry.

With the adaptive natural density partitioning (AdNDP)
method, we discussed the chemical bonding of closed-shell
clusters in order to gain a deeper understanding of the stability
of P,B,,*"’~ (n = 1-2). For PB," (Figure 4), there are one
lone pair on the P atom, three 2c—2e ¢ bonds filling with the
B—P bonds, six 3c—2e ¢ bonds distributed around six Bj
triangles around the side of the triangular bifrustum, one 3¢c—
2e o bond distributed around the Bj; triangle at the bottom of
the triangular bifrustum, and three 4c—2e o bonds distributed
symmetrically around the side of the triangular bifrustum (the
side without the P atom), three 5c—2e & bonds distributed
inside the triangular bifrustum, and three Sc—2e ¢ bonds
distributed on the side surface of the triangular bifrustum in
areas not filled by other bonds. Overall, three 2c—2e B—P
bonds, seven 3c—2e B—B bonds, three 4c—2e ¢ bonds, and
three Sc—2e ¢ bonds cover the edges and side surface of the
PB,," construction, which renders stability to the PB;,*, and
three Sc—2e o bonds distribute inside the molecule, which
enhances the stability of PB,,". For P,B,, (Figure 5), two lone
pairs are on the P atoms and six 2c—2e ¢ bonds are on the B—
P bonds. First, six 2c—2e ¢ bonds and six 4c—2e ¢ bonds fill
with edges of a triangular bipyramid, which establishes stability
to the P,B;, cluster. Then, six Sc—2e ¢ bonds cover the entire
side of triangular bifrustum, which renders stability to the
P,B,, cluster. Finally, three Sc—2e o bonds distribute inside the
triangular bifrustum, which enhances the stability of P,B,.
Similar analysis can also be applied to PB;,” (Figure 6). The P
atom has five valence electrons, according to the above
AdNDP bonding analyses of cage PB}," and P,B,,, in addition
to one lone pair, the other three electrons of the P atom
combine with an electron of each B atom on the B; ring to
form three 2c—2e o bonds, and form three electron sharing

2x1c-2e
ON=1.9252 |¢|

-

3x5¢c-2e G bonds
ON=1.9440 ||

6x2¢-2¢  © bonds
ON=1.8479e|

6x4c-2e G bonds
ON=1.9806|¢|

3x5¢c-2¢  © bonds
ON=1.9376e|

3x5¢c-2e © bonds
ON=1.8600 |e|

Figure S. Bonding patterns of P,B;,. The ONs are indicated and the
yellow ball represents P atoms.

bonds with B atoms through covalent interactions, stabilizing
the B), cage. In addition, these delocalized 7 and o bonds of
PB,,* and P,B,, indicate that the delocalized electron clouds
distribute nearly equally throughout the molecule and
effectively lessen the intramolecular electrostatic repulsion to
some extent in the system, which is crucial to the stability.
According to AINDP investigations, the quasi-planar PB,,”
has 17 ¢ bonds and three # bonds, which surprisingly follow
the 4m + 2 Hiickel rule for ¢ and 7 aromaticity. However, the
cage PB)," and P,B;, clusters possess 19 ¢ bonds and 21 &
bonds, respectively, which do not satisfy the spherical
aromaticity [2(n + 1)* rule].

The spin density isosurface diagrams of open-shell clusters
are displayed in Figure S11. The distribution of single
electrons, or unpaired electrons, in the 3D space can be seen
through spin density isosurface diagrams. a electrons are
represented by green isosurface diagrams and f electrons by
blue isosurface diagrams. For PB,, the unpaired electrons are
almost all a electrons, just a tiny percentage of the unpaired
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Figure 6. Bonding patterns of PB;,”. The ONs are indicated and the
yellow ball represents P atoms.

electrons are f# electrons. Partial a electrons are distributed on
the B atoms, and partial a electrons are distributed on the P
atom. For P,B,,", unpaired a electrons are distributed on the P
atom and B atoms adjacent to phosphorus atoms; there are no
unpaired f electrons. For P,B,,”, unpaired—electrons are
distributed on the six B atoms in the middle of the triangular
bipyramid. Furthermore, the spin density isosurface diagram of
P,B,,", a-HOMO of P,B,,*, and HOMO of P,B,, have the
same isosurface morphology because the HOMO orbital of
P,B}, becomes the single occupied a-HOMO of P,B," after
losing an electron from the HOMO orbital of P,B,,. Similarly,
the spin density isosurface diagram of P,B,,”, the a-HOMO of
P,B,,”, and the LUMO of P,B,, have the same isosurface
morphology because P,B;, adds an electron occupying the
LUMO of P,B,,, becoming the single-occupying a-HOMO of
P,B,,". It is anticipated that these spin characteristics will yield
intriguing magnetic properties, which may also lead to
molecular device applications. Furthermore, the spin density
partially reflects the adsorption or chemical processes. The
unpaired electrons of these clusters are mostly  electrons. B or
P atoms with a single electrons can pair with free radicals or
small molecules that have « single electrons, which is
promising to form new covalent bonds.

3.2. Reactivity. The clusters show excellent properties in
chemical reactions and chemical adsorption. Therefore, in
chemical reactions or catalytic processes, predicting the active
sites of electrophilic or nucleophilic reactions is significant in
terms of theory and practicality aspects. The visualization of
nucleophilic and electrophilic reactive sites can be predicted
using the orbital-weighted dual descriptor.’® Sites prone to
nucleophilic reactions are represented by green isosurface
maps in Figure 7, while sites prone to electrophilic reactions
are represented by blue isosurface maps. Figure 7a shows that
blue isosurface maps appear above the P atoms and B atoms
adjacent to P atoms, which further reflects that two ends of the
triangular bipyramid are most vulnerable to an electrophilic
attack or, equivalently, the regions more nucleophilic. On the
other hand, Figure 7a shows that green isosurface maps appear
above the six B atoms in the middle of the triangular
bipyramid, which further reflects that the six B atoms are most
vulnerable to a nucleophilic attack, or equivalently, the regions
are more electrophilic. Figure 7a also shows that the green
isosurface maps of three B atoms are fatter than that of the
other three B atoms, which indicates that the possibility of
nucleophilic reaction is higher. PB}," and P,B}, have the same
B,, cage, and Figure 7a,b also shows some of the same active
site characteristics. However, due to the absence of a P atom in
PB,,", PB,,", and P,B,, have different active site characteristics,
such as the three boron atoms in the middle of the triangular
bipyramid changing from the nucleophilic reaction site to the
electrophilic reaction site. Figure 7c shows that only blue
isosurface maps appear above the P atom, which further
reflects that the P atom is most vulnerable to an electrophilic
attack. Although there are both green and blue isosurface maps
distributed on the boron atoms of PB,,”, they have obvious
characteristics. Electrophilic reactions are more likely to occur
when attacking from the molecular plane. Attacking from the
direction perpendicular to the molecular plane, nucleophilic
reactions are more likely to occur. Average local ionization
energy (ALIE)*"** and local electron attachment energy
(LEAE)>’ can be used to predict preferential reactive sites. As
a comparison, we employ the ALIE and LEAE to analyze the
cluster system above. The ALIE- and LEAE-mapped molecular
van der Waals surface are shown in Figure S12. According to
the comparative analysis (the detailed conclusion is shown in
Figure S12), it can be seen that orbital-weighted dual
descriptor analysis is reasonable and has the advantage of
describing electrophilic and nucleophilic reaction sites
simultaneously.

3.3. Photoelectron Spectra. Boron cluster geometrical
configuration can be proved and identified by theoretical
calculations combined with photoelectron spectroscopy.””>*

side

top
(a)

(b)

(©

Figure 7. Orbital-weighted dual descriptor isograms; the isovalue is set to 0.001. (a) P,B,,, (b) PB},", and (c) PB,,™.
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Using the time-dependent DFT approach, we calculated the
vertical detachment energies (VDEs) and simulated the
photoelectron spectra of P,B;,~ (n = 1-2).""" The
photoelectron spectra of P,B;,” (n = 1-2) are shown in
Figure 8. According to the photoelectron spectra, P,B;,” has

(@)

(b) “

1 2 3 4 5 6 7
Binding energy/eV

Figure 8. Calculated photoelectron spectra. (a) PB;,”, and (b)
P,Bj,"

the biggest energy gap (about 1.90 eV) between the first and
second bands and the lowest first VDE. We will concentrate on
the bands at the low binding energy side of photoelectron
spectra because the first few bands were utilized to identify the
geometrical configuration of boron clusters.”>* These photo-
electron spectra’s first peaks are derived from the calculated
ground-state VDEs of PB,” and P,B,™ at 3.59 and 2.39 eV,
respectively. The calculated ground-state VDE of closed-shell
PB,,” originates from the detachment of the electron from the
molecular orbital (HOMO). For open-shell P,B;,”, the
calculated ground-state VDE of P,B;,” derives from the
electrons being detached from the molecular orbital a-HOMO.
The second calculated VDE at 4.30 eV, which results from
separating the electrons from HOMO — 1, is the source of the
second peak of PB,”. The third calculated VDE at 4.67 €V,
which results from separating the electrons from HOMO — 2,
is where the third peak of PB;,” originates. The second peak of
P,B,,” comes from the second VDE at 4.29 eV, which
originates from the electrons being detached from S-HOMO.
Furthermore, the peaks with larger binding energy derive from
the electrons being detached from lower molecular orbitals.
P,B,,” (n = 1—2) contain distinct spectral features, as shown
in Figure 8, particularly distinct spectral bands at the low
binding energy side. Important information for the identi-
fication of P,B;,” (n = 1-2) is provided by these features.

4. CONCLUSIONS

The conclusions of the study are mainly summarized in the
following aspects. (1) One and two P atoms doping can cause
the B, motif to the smallest B;, cage, composed of two B;
rings at both ends and one B¢ ring in the middle, forming a
triangular bifrustum, and the P atom is attached to the Bj; ring.
(2) The neutral, monocationic, and monoanionic clusters
P,B,,"%~ exhibit a high symmetry of Dy, showing the same
cage structure at the same time reported until now. (3)
According to AANDP bonding analyses of cage PB," and

P,B,,, one P atom can combine with three B atoms to form
three electron sharing bonds through covalent interactions,
stabilizing the B, cage. (4) The electronic and geometric
properties of these clusters are promising to provide a
theoretical basis for applications in the chemical reaction and
single-molecule device. (5) Photoelectron spectra of P,B;,” (n
= 1-2) have different spectral bands at the low binding energy
side that can be compared with future experimental values.
This research enriches a new database of geometrical structures
of doped boron clusters.
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