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Abstract We have systematically explored and investigated
the geometrical structures, stability, growth pattern, bonding
character, and potential energy surface (PES) of the possible
isomers of each cluster for planar BnP (n=1∼7) at the CCSD
(T)/6-311+;G(d)//B3LYP/6-311+G(d) level. A large number
of planar structures for the possible isomers of BnP (n=1∼7)
and transition states are located. Isomers 1a∼7a of BnP are
the lowest-energy structures and 2a, 4a, as well as 6a are
more stable than their neighbors. For the lowest-energy
structures (1a∼7a) of BnP, P atom lies at the apex and tends
to form two B-P bonds with boron atoms. They exhibit
planar zigzag growth feature or approximately spherical-like
growth pattern. Results from molecular orbital analysis
demonstrate that the formation of the delocalized π MOs
and the σ-radial and σ-tangential MOs plays a critical role in
stabilizing the structures of lowest-energy isomers (2a∼7a)
of BnP. Importantly, isomers 3a, 3c, 3d, 4a, 4b, 5b, and 5c of
BnP are stable both thermodynamically and kinetically at the
CCSD(T)/6-311+G(d)// B3LYP/6-311+G(d) level and de-
tectable in laboratory, which is valuable for further experi-
mental studies of BnP.

Keywords Cluster . DFT. Isomerization . Potential energy
surfaces (PES) . Stability

Introduction

The geometries, electronic structures, and stability of clusters,
especially for mixed III–V group clusters, have received
considerable attention in theoretical and experimental studies
[1–17] in recent years.

Boron clusters and doped boron clusters have attracted
much interest both theoretically and experimentally [18–21],
partly because of the desire of understanding how structures
and physical properties evolve from atom to the bulk phase
and partly because of the potential applications of cluster-
based materials in different fields [22–48]. The equilibrium
geometries and atomization energies for the ground states of
B2∼B4 and B6 have been reported at the MP4/6-31G(d) level
by Whiteside [47]. Boustani investigated the geometry and
electronic structures of Bn (n≤14) clusters based on quantum-
chemical methods [35]. Yang et al. studied the geometries,
potential energy curves, and spectroscopic dissociation ener-
gies of ground and low-lying electronic states of B2 and B2

+

using the ab initio quadratic CI calculation and 6-311G basis
sets [49]. The neutral and anionic structures of B3 and B4 have
been investigated using photoelectron spectroscopy and ab
initio calculations by Zhai et al. [24]. The structure and
stability of Bn (n=5, 6, 7) have been systematically studied by
Li and Ma based on the MP2 and density functional theory
(DFT) methods, respectively [40, 41, 50]. B8 clusters were
investigated by Li and coworkers based on the MP2 and DFT
methods [51]. Interestingly, experimental and computational
studies revealed that small pure boron clusters tend to form
planar or quasi-planar structures.

It is well known that BP compound is refractory
semiconductor and of considerable interest in solid state
physics. The investigations on the geometrical growth feature
and bonding nature in small clusters of technologically
important material are interesting and challenging. So far,
there have been some reports about P-doped boron clusters.
Linguerri et al. carried out large scale ab initio calculations on
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the photoelectron spectra, dipole moments, spectroscopic
constants, infrared, and UV radioactive transition probabil-
ities of boron monophosphide and its negative ion [52]. The
geometry, harmonic vibrational frequencies, electronic struc-
tures, and stability of the isomers of (BP)n (n=2∼4) clusters
have been explored by Qu et al. using the DFT technique.
Results demonstrated that the ground state structures of BnPn
(n=2, 3) clusters are similar to those of their corresponding
BnNn (n=2, 3) counterparts [53]. However, there is no report
about isomeric mechanisms of BnP. In the current work, we
perform systematical research to explore the geometrical
structures, stability, growth pattern, bonding character, and
potential energy surface(PES) of the possible isomers for
planar BnP (n=1∼7) at the CCSD(T)/6-311+G(d)// B3LYP/
6-311+G(d) level. The lowest-energy structures of BnP
exhibit planar zigzag growth feature or approximately
spherical-like growth pattern. Results from NBO and
molecular orbital analyses reveal that the formation of the
delocalized π MOs, and the σ-radial and σ-tangential MOs
contributes largely for the stabilization of lowest-energy
isomers (2a∼7a) of BnP. It is interesting to find that isomers
3a, 3c, 3d, 4a, 4b, 5b, and 5c of BnP are stable both
thermodynamically and kinetically at the CCSD(T)/6-311+G
(d)// B3LYP/6-311+G(d) level, which is promising for their
future observation in laboratory or in interstellar space.

Computational methods

Initial structures of the BnP (n=1∼7) clusters are optimized at
the B3LYP [54] /6-311+G(d) level. The vibrational frequency
analysis is performed at the same level to examine whether
the optimized structures are stable. In order to gain insights
into the relative stability of BnP clusters, binding energy,
fragmentation energy, and second-order difference of total
energies are estimated. Then, in order to examine the
isomerization of singlet B3P, triplet B3P, double B4P, quartet
B4P, and triplet B5P, transition states are searched at the
B3LYP/6-311+G(d) level followed by energy calibration at
the CCSD(T)/6-311+G(d) level. For the transition states, the
intrinsic reaction coordinate (IRC) computations are carried
out at the B3LYP/6-311+G(d) level to examine whether they
connect the related isomers. All computations are carried out
using the GAUSSIAN 09 program package [55].

Results and discussion

79 optimized structures of BnP (n=1∼7) and 23 transition
states are shown in Fig. 1 and Fig. SI-1 (in the supporting
information), respectively. The lowest-energy structures
of BnP (n=1∼7) are 1a, 2a, 3a, 4a, 5a, 6a, 7a also shown
in Fig. 1. The relative energies of the possible isomers of

BnP (n=1∼7) and transition states are listed in Tables 1
and 2, respectively, at the B3LYP/6-311+G(d) and CCSD
(T)/6-311+G(d) levels. Vibrational frequency analysis in
Tables SI-1 to SI-3 demonstrates that the geometries of
the isomers shown in Fig. 1 and Table 1 are stable at the
B3LYP/6-311+G(d) level. It is noted that the strongest IR
peaks for lowest-energy isomers (1a∼7a) of BnP are 954,
398, 593, 1311, 1377, 1237, and 1431 cm-1, respectively.
The peaks with the frequency range of 1310∼1450 cm-1

may correspond to the stretching vibrations of B-B bonds
while the peak of 954 cm-1 may be caused by the
stretching vibrations of B-P bond. The peaks in 390∼
600 cm-1 are attributed to the in-plane bending vibrations
of B-B-B and B-P-B.

Equilibrium geometry, bonding character, and stability

BP and B2P: As shown in Fig. 1, the ground state (1a) of BP
is a linear structure with triplet state 3Π in C∞V. Another low-
lying isomer (1b) with 1Σ is 8.0 and 7.8 kcal·mol-1 higher
than the ground state of BP at the CCSD(T)/6-311+G(d) and
CCSD(T)/6-311++G(3df,2pd) levels, respectively, which is
consistent with the results from Linguerri [52]. It is found that
the lowest-energy structure (2a) of B2P is the 2A’ state in Cs

and has two B-P and one B-B bond lengths of 1.998, 1.723,
and 1.525Å, respectively. The linear isomer 2b with the 2Σ
state in C∞V is 13.0 kcal·mol-1 higher than the ground state of
B2P. 2c has the isosceles triangular structure (C2V,

4B2) with
25.4 kcal·mol-1 higher than 2a. The structure of 2d with the
4Σ state in C∞V is similar to that of 2b. Isomer 2e has an
isosceles triangular structure (C2V,

4B1) with 72.1 kcal·mol-1

higher than 2a, which can be obtained by lengthening the B-B
bond of isomer 2c.

B3P: The lowest-energy structure (3a) with the 1A1 state in
C2V for B3P exhibits planar rhombus structure. The isomer 3b
(C2V,

1A1) can be obtained by lengthening the central B-B
bond of 3a, which is energetically less favorable by 7.4 and
7.4 kcal·mol-1 than 3a at the CCSD(T)/6-311+G(d) and
CCSD(T)/6-311++G(3df,2pd) levels, respectively. Isomer 3c
with planar rhombus geometry is 11.9 kcal·mol-1 higher than
3a. 3d (C2V,

3B2) exhibits fan-like geometry. For isomer 3e-3j,
the P atom tends to bond with one B atom. Among these
isomers, 3g is a linear structure with 47.4 kcal·mol-1 higher
than 3a; 3e is a bent structure which is only 3.8 kcal·mol-1

lower than 3g; 3g and 3f are nearly isoenergetic. 3k is also a
bent isomer with higher energy.

B4P: Twenty low-lying isomers are located for B4P as
shown in Fig. 1. The lowest-energy structure 4a with the 2A”

state in Cs can be derived by capping a boron atom to B-B
bond at the top right corner of 3a. The geometry of 4b is
similar to that of 4a and it lies 29.7 kcal·mol-1 above 4a. 4c∼
4s isomers have higher energy. It is interesting to find that
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there are one (for 4f, 4k, 4m, 4n, 4o, and 4p), two (for 4a∼4e,
4h, and 4s), three (for 4i, 4j, 4q, 4r, and 4r’), and four B-P
bonds (for 4g and 4l) between P atom and B atoms.

B5P: In the case of B5P, low-lying isomers are obtained
as shown in Fig. 1 (they are marked as 5a∼5u in the order

of energy increasing). 5a with the 1A’ state in Cs can be
derived through capping a boron atom to the B-B bond at
the bottom right corner of 4a. It is a planar six-membered
ring containing one three-membered boron ring and one
four-membered boron ring. 5b∼5u isomers have higher

Fig. 1 Optimized geometries
of the possible isomers of
planar BnP(n=1∼7) at the
B3LYP/6-311+G(d) level. The
Arabic numbers are used to
display the number of boron
atoms in isomers. The point
groups and electronic states are
represented in parenthesis. The
orange and pink bls account for
phosphorus and boron atoms,
respectively
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energy. It is found that there are five bonds between P and
B atoms for 5l and 5o.

B6P and B7P: The lowest-energy structure 6a with the
2A’ state in Cs can be obtained by capping a boron atom to
B-B bond at the top right corner of 5a. 6b is 7.3 and
7.7 kcal·mol-1 higher than 6a at the CCSD(T)/6-311+G(d)
and CCSD(T)/6-311++G(3df,2pd) levels, respectively. Other
isomers (6c∼6q) have higher energy. For B7P, three isomers
are located. 7a can be generated by capping a boron atom to
B-B bond at the bottom right corner of 6a. 7b and 7c are
14.8 and 19.7 kcal·mol-1 higher that of 7a, respectively.
Locating other possible isomers of B7P is in progress.

It is interesting to note from the above discussion that the
lowest-energy structures of BnP (n=1∼7) exhibit zigzag
planar growth pattern, or approximately spherical-like
pattern. As demonstrated in Fig. 2, the binding energies
per atom for the lowest-energy structures BnP (n=1∼7)
decrease with N-1/3 (N=n+1), suggesting the spherical-like
cluster growth pattern [56].

The relative stability of clusters can be predicted by
estimating the average binding energy and fragmentation
energy. The average binding energy per atom for BnP can be
defined by the following formula: Eb(n) = [nE(B)+E(P)-E
(BnP)]/(n+1), where E(B), E(P), and E(BnP) represent the

Fig. 1 (continued)
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total energies of the most stable B atom, P atom, and BnP
cluster, respectively. It can be seen from Fig. 3a that the
binding energy gradually increases with n, that is, the stability
of clusters increases during clusters grow up. The fragmen-
tation energy can be estimated based on the following
formula: EF (n) = E(Bn-1P)+E(B) – E(BnP), where E(B), E
(Bn-1P), and E(BnP) represent the total energies of the most

stable B atom, Bn-1P, and BnP clusters, respectively. The size
dependence of the fragmentation energy is shown in Fig. 3b.
As shown in Fig. 3b, the local maxima of EF (n) appear at n=
2, 4, and 6, which implies that B2P, B4P, and B6P clusters are
more stable than their neighbors. In cluster physics, the
second-order difference of total energy, Δ2E (n) = E (n+1)+E
(n-1)-2E (n) is a sensitive quantity that reflects the relative

Table 1 Relative energies (kcalmol-1) of low-energy isomers of BnP (n=1-7) at the B3LYP/6-311+G(d) and CCSD(T)/6-311+G(d) levels

Cluster Isomer ΔE 1
a ΔE 2

b Cluster Isomer ΔE 1
a ΔE 2

b Cluster Isomer ΔE 1
a ΔE 2

b Cluster Isomer ΔE 1
a ΔE 2

b Cluster Isomer ΔE 1
a ΔE 2

b

BP 1ac 0.0 0.0 3k 71.4 69.4 4q 111.2 120.0 5n 75.8 84.4 6j 52.3 52.8

1bc 16.2 8.0 B4P 4a 0.0 0.0 4r 118.1 121.5 5o 82.7 84.4 6 k 60.4 54.2

B2P 2a 0.0 0.0 4b 26.8 29.7 4r’ 116.8 125.2 5p 85.2 90.4 6 l 52.5 54.3

2b 10.7 13.0 4c 53.3 39.4 4s 121.3 131.9 5q 78.5 91.6 6 m 29.0 57.2

2c 26.3 25.4 4d 36.9 41.2 B5P 5a 0.0 0.0 5r 77.5 94.4 6n 56.6 62.3

2d 44.4 50.7 4e 76.6 50.0 5b 9.3 12.5 5 s 90.9 97.5 6o 61.2 63.7

2e 69.9 72.7 4f 55.4 54.3 5c 22.6 19.5 5t 68.8 111.2 6p 48.5 76.6

B3P 3ac 0.0 0.0 4g 53.7 54.7 5d 16.9 20.4 5u 82.4 111.5 6q 71.4 94.7

3bc 12.8 7.4 4h 57.4 54.8 5e 35.8 40.7 B6P 6 ac 0.0 0.0 B7P 7a 0.0 0.0

3c 6.4 11.9 4i 58.3 56.8 5f 37.3 43.3 6bc 8.8 7.3 7b 9.5 14.8

3d 18.0 24.5 4j 54.0 57.4 5g 47.8 50.0 6c 12.0 12.4 7c 14.8 19.7

3e 34.9 43.6 4k 53.8 57.7 5h 52.0 50.1 6d 42.2 38.1

3f 44.4 47.3 4l 79.8 61.1 5i 61.8 55.3 6e 38.8 42.4

3g 34.2 47.4 4m 53.0 67.1 5j 63.5 60.8 6f 43.1 44.6

3h 49.6 48.5 4n 46.8 68.7 5k 67.3 65.8 6 g 45.7 45.1

3i 37.7 55.1 4o 62.3 106.5 5l 82.7 73.9 6 h 43.8 45.7

3j 65.9 63.4 4p 61.5 116.1 5m 51.5 75.2 6i 43.3 49.7

aΔE 1 represents the relative energy at the B3LYP/6-311+G(d) level with zero point energy correction
bΔE 2 represents the relative energy at the CCSD(T)/6-311+G(d) level
c Isomer 1a, 3a ,and 6a are 7.8, 7.4 and 7.7 kcalmol-1 lower in energy than isomer 1b,3b, and 6b at the CCSD(T)/ 6-311++G (3df,2pd) level, respectively

Cluster isomer B3LYPb CCSD(T) Cluster isomer B3LYPb CCSD(T)

B3P(s
c) TS3b/3a 13.5 13.3 TS4i/4o 75.7 78.2

TS3f/3b 44.8 47.5 TS4c/4o 78.8 84.6

TS3a/3h 50.4 47.8 TS4p/4o 66.4 115.5

TS3j/3b 75.7 50.5 B4P(q
c) TS4b/4d 36.9 41.3

TS3h/3f 53.3 51.4 TS4b/4n 49.8 57.9

TS3j/3h 67.0 64.8 TS4j/4g 55.3 58.2

TS3k/3b 71.5 70.2 TS4k/4j 59.0 64.9

TS3k/3j 73.9 71.6 TS4s/4r 121.0 130.3

B3P(t
c) TS3c/3i 39.1 44.9 TS4j/4r 128.2 131.3

TS3c/3d 37.1 45.5 B5P(t
c) TS5b/5d 31.2 36.0

TS3g/3e 38.3 49.6 TS5b/5e 42.0 48.5

TS3c/3e 43.9 53.1 TS5d/5g 49.7 54.8

B4P(d
c) TS4a/4c 40.7 47.8 TS5e/5m 57.5 69.7

TS4i/4l 63.2 61.3 TS5b/5t 67.7 76.6

TS4a/4i 65.7 63.7 TS5g/5o 85.6 86.9

TS4h/4i 71.3 72.3 TS5n/5p 85.0 95.5

TS4a/4h 57.2 77.7

Table 2 Relative energies
(kcalmol-1) of transition states
of B3P, B4P, and B5P at the
B3LYP/6-311+G(d) and CCSD
(T)/ 6-311+G(d) levelsa

a The relative energies at the dif-
ferent levels displayed are
referenced isomers 3a, 3b, 4a, 4b
and 5b.
b The zero-point vibrational ener-
gy is included.
c The letters s, t, d and q represent
singlet, triplet, doublet, and quartet
states.
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stability of clusters [57]. Here E (n+1), E (n-1), and E (n)
represtent the total energies of Bn+1P, Bn-1P and BnP clusters,
respectively. Figure 3c shows the second-order difference of
total energy, Δ2E(n), as a function of n. The peaks at n=2, 4,
and 6 suggest that these clusters possess relatively higher
stability, which is consistent with the results obtained from
Fig. 3b.

Figure SI-2 in supporting information represents some
occupied molecular orbitals for 1a∼7a isomers of BnP (n=
1∼7). As shown in Fig. SI-2, MO 7 of 1a is σ molecular
orbital while MO 9 and MO 11 are Π molecular orbitals. In
order to examine the bonding nature for the lowest-energy
isomers of BnP, NBO analysis is performed. The Wiberg
bond indix (WBI) [58] of B-P bond for isomer 1a is 2.02.
For 5a, the average WBI of bonds between circumjacent
boron and phosphorus atoms is 1.30, illustrating that there is
a delocalized Π bond in isomer 5a, which is in agreement
with MO 17 of isomer 5a in Fig. SI-2. In addition, there
exist σ-radial MO15 and σ-tangential MO14 for 3a [18, 59].
It is worth noting from Fig. SI-2 that for 2a∼7a, the
delocalized π MOs(MO11 of 2a, Mo13 of 3a, Mo18 and
MO17 of 4a, MO20 and MO17 of 5a, MO22 and MO18 of
6a, MO24 and MO20 of 7a), σ-radial MOs (MO15 of 3a
and MO17 of 4a), σ-tangential MOs(MO13 of 2a and
MO14 of 3a) play important roles in formation of isomers
2a∼7a of BnP.

Mulliken population analysis demonstrates that there is
significant charge transfer between P and B atoms, and
charge always transfers from P atom to B atoms, which
may be attributed to their geometrical and electronic
structures. Figure 4 reveals that the charge on P atom
increases with n increasing. The positive charge on P atom
increases more rapidly for n=1∼4 compared to that for n=
5∼7. Clearly, the electronegativities (2.04 for B and 2.19
for P) of B and P atoms are close. Although the positive
charge on P in 7a is relatively larger (∼0.7e), this charge
transfers from P to several B atoms. Therefore, B-P bond
still have the character of covalent bond in 7a.

Isomerization and stability

The structural details of the located 23 transition states are
ignored for simplicity. For the singlet isomers of B3P, six
transition states are located and their structures are shown
in Fig. SI-1 and Fig. 5. Since the kinetic stability of an
isomer is controlled by the smallest barrier energy, the
isomer 3a is important due to its relatively higher
conversion barrier (13.3 kcal·mol-1 for 3a→3b) as shown
in Fig. 5. Meanwhile, its inversed barrier (3b→3a) is
5.9 kcalmol-1, which is why 3a is more favored in kinetic
stability than 3b. In addition, 3f and 3k are less stable due to
their smaller inversed conversion barriers (0.2 for 3f→3b
and 0.8 kcal·mol-1 for 3 k→3b at the CCSD(T)/6-311+G(d)
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level) as shown in Fig. 5. It is not difficult to note from
Fig. 6 that isomers 3c and 3d have relatively higher kinetic
stability since the conversion barriers are 33.0 (3c→3i) and
21.0 kcal·mol-1 (3d→3c), respectively. Isomers 3e, 3g, and
3i have the lower kinetic stability compared with isomers 3c
and 3d. Isomer 3g needs smaller isomerization energy
(2.2 kcal·mol-1) to transfer into isomer 3e. Isomer 3e can
be converted into isomers 3c and 3g through two isomeri-
zation channels with the energy barriers of 9.5 and
6.0 kcal·mol-1, respectively.

In the case of doublet B4P, five transition states are
obtained. As shown in Fig. 7, from the isomerization
processes described on the PES, some isomers can easily be
converted to the stable isomers via overcoming small energy

barriers. These isomers are expected to have little importance
in the experimental research. The lowest-energy isomer 4a
and the high-lying species 4h are interesting since their
isomerization barriers (47.8, 22.9, and 17.5 kcal·mol-1 for
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Fig. 4 Size dependence of atomic charge on P atom for the lowest-
energy structures of BnP

Fig. 5 Schematic potential energy surface of singlet B3P at the CCSD
(T)/6-311+G(d)//B3LYP/6-311+G(d) level

Fig. 6 Schematic potential energy surface of triplet B3P at the CCSD
(T)/6-311+G(d)//B3LYP/6-311+G(d) level

Fig. 7 Schematic potential energy surface of doublet B4P at the
CCSD(T)/6-311+G(d)//B3LYP/6-311+G(d) level

J Mol Model (2011) 17:1007–1016 1013



4a→4c 4h→4a and 4h→4i, respectively) are relatively
higher. 4a with lower energy and higher conversion barrier
can exist in experiment and the interstellar space. The
remaining doublet isomers have much lower kinetic stability
because of their higher energy or small conversion barriers.
As represented in Fig. 7, the least energy barrier is
8.4 kcal·mol-1 (4c→4a). For quartet B4P, four transition
states are located as shown in Fig. 8. It is noted that only
isomer 4b is of interest with considerable kinetic stability on
the PES and its isomerization barrier is 11.6 kcal·mol-1 (4b→
4d). The remaining isomers are less stable due to their small
conversion barriers. As shown in Fig. 8, at the CCSD(T)/6-
311+G(d)// B3LYP/6-311+G(d) level, the lowest isomeriza-
tion barriers of isomers 4b, 4d, 4g, 4j, 4k and 4r are 0.1
(4d→4b), 3.5 (4g→4j), 0.8 (4j→4g), 7.2 (4k→4j), and
9.8 kcal·mol-1 (4r→4j), respectively.

Figure 9 presents the PES of triplet B5P. As shown in
Fig. 9, two low-lying isomers 5b and 5d are of interest with
considerable kinetic stability and they have higher kinetic
stability (23.5 (5b→5d), 15.6 (5d→5b),and 34.4 kcal·mol-1

(5d→5g) ). The remaining triplet B5P are kinetically
unstable. The smaller isomerization barriers are 7.8 (5e→
5b), 4.8 (5g→5d), 2.5 (5o→5g), 11.1 (5n→5p) and
5.1 kcal·mol-1 (5p→5n), respectively.

Comparison with pure boron clusters
and some boron-rich clusters

According to the lowest-energy structures of BnP (n=1∼7)
shown in Fig. 1, it is interesting that these structures are very
similar to pure boron clusters obtained from previous studies
[24, 27, 29, 34, 40, 41]. Some of the lowest-energy
structures of BnP (n=1∼7) can be obtained through
replacing one boron atom of pure boron clusters using P
atom. For example, the structures of isomers 1a, 2a, 3a, 4a
and 5a are similar to those of pure boron clusters (a, b, c, e, g
in Fig. 1) calculated using periodic DFT Program by
Drummond et al. [60]. Isomer 2a, 3a, and 4a can be
obtained by replacing one terminal B atom of B3, B4 and B5

clusters [34] using P atom. Isomer 5a can form from the XIII
structure [28] located at B3LYP/6-311+g(d) level by replac-
ing one terminal B atom using P atom. For the lowest-energy
structures (1a∼7a) of planar BnP, P atom lies at the apex and
P atom tends to form two B-P bonds with boron atoms,
which are similar to the lowest-energy structures BnC
clusters [61]. Feng et al. [22] have performed research about

Fig. 8 Schematic potential energy surface of quartet B4P at the CCSD
(T)/6-311+G (d)//B3LYP/6-311+G(d) level

Fig. 9 Schematic potential energy surface of triplet B5P at the CCSD
(T)/6-311+G(d)//B3LYP/6-311+G(d) level
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Al-doped boron clusters. They obtained some three-
dimensional structures. Interestingly, the structure of isomer
3a for BnP is close to that of the third low-energy isomer of
AlB3 [22] with planar rhombic structure. Yang et al. [23]
have studied the structures and electronic properties of FeBn

(n=1∼10). They obtained a lot of geometries and these
clusters tend to form three-dimensional geometries. Among
these geometries, 4b, 5d and 7b exhibit zigzag geometries
and Fe atoms lie at the apexes of the structures.

Conclusions

The equilibrium geometries, stabilities, and potential energy
surfaces of possible isomers of BnP (n=1∼7) clusters are
theoretically investigated at the CCSD(T)/6-311+G(d)//
B3LYP/6-311+G(d) level. The main contributions are as
follows: (i) the lowest-energy structures (1a∼7a) of BnP are
located. The results of the fragmentation energy and the
second-order difference of total energy demonstrate that 2a,
4a, and 6a are more stable than their neighbors; (ii) the
lowest-energy structures of BnP (n=1∼7) clusters exhibit
zigzag planar growth pattern, or approximately spherical-
like growth pattern. For the lowest-energy structures (1a∼
7a) of BnP, P atom lies at the apex and P atom appears to
form two B-P bonds with boron atoms, which are similar to
those of the lowest-energy structures of BnC clusters; (iii)
the delocalized π MOs, σ-radial and σ-tangential MOs
contribute largely for the stabilization of isomers 2a∼7a of
BnP; (iv) the seven isomers 3a, 3c, 3d, 4a, 4b, 5b, and 5c
of BnP are stable both thermodynamically and kinetically,
which implies that these isomers are detectable in further
experiment.
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