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Abstract We perform a systematical investigation on the
geometry, thermodynamic/kinetic stability, and bonding na-
ture of low-lying isomers of B, Pt (n=1-6) at the CCSD(T)/
[6-311+G(d)/LanL2DZ]//B3LYP/[6-311+G(d)/LanL2DZ]
level. The most stable isomers of B, Pt (n=1-6) adopt planar
or quasi-planar structure. B,Pt (n=2-5) clusters can be gener-
ated by capping a Pt atom on the B-B edge of pure boron
clusters. However, For BgPt with non-planar structure, a sin-
gle doped Pt atom significantly affects the shape of the host
boron cluster. The dopant of the Pt atom can improve the
stability of pure boron clusters. The valence molecular orbital
(VMO), electron localization function (ELF), and Mayer bond
order (MBO) are applied to gain insight into the bonding
nature of B,Pt (n=2-6) isomers. The aromaticity for some
isomers of B, Pt (n=2-6) is analyzed and discussed in terms
of VMO, ELF, adaptive natural density partitioning (AdNDP),
and nucleus-independent chemical shift (NICS) analyses.
Results obtained from the energy and cluster decomposition
analyses demonstrate that B,Pt and B4Pt exhibits as highly
stable. Importantly, some isomers of B, Pt (n=2-5) are stable
both thermodynamically and kinetically, which are observable
in future experiment.
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Introduction

It is well known that clusters have been considered a bridge
between atoms (or molecules) and bulk, so the studies on
clusters are very important for nanotechnological applications
in the future. Because their unique physical and chemical
properties such as structural, electronic, thermodynamic, and
kinetic properties are not well understood, they are still the
objects of intense research [1-5]. The ab initio methods and
the density functional theory (DFT) [6, 7] have been regarded
as powerful tools for predicting structures and properties of
clusters, which can speed up experimental studies.

Recently, B, clusters have been the topics of many exper-
imental and theoretical studies because of the practical appli-
cations of boron and its chemical compound in the aerospace
industry, electronic devices, and superconduction [8—10].
Very recently, much attention has been devoted to the inves-
tigations of the metal-doped boron clusters for their theoretical
and practical values in many fields. For example, Chaudhari
et al. used the B3LYP/LANL2DZ and B3LYP/SDD methods
to analyze the lowest spin state, electron affinities, ionization
potentials, and binding energies for X-B (X=La, Hf, Ta, W,
Re, Os, Ir, Pt, Au, Hg), respectively [11]. The electronic
structures of Ag, Au, and Cu doped-boron clusters [12—15]
have been studied based on different theoretical methods. For
Zr-doped boron clusters, Wang and coworkers [16] have
found that dopant of the Zr atom can improve the stability of
the pure boron clusters and the magic numbers of stability are
3,7, 10 for the ZrB,, (n=1-12) clusters. Wu [17] reported that
the most stable isomers of ScB,(n=1-12) have planar or quasi-
planar structure when #<6, while from n>7, the ground state
isomers favor nest-like structure. For the stability of the
ScB,(n=1-12) clusters, the magic numbers are n=3, 7, 8, 9,
and 11. Furthermore, the geometries, stabilities, electronic
properties, and magnetism of FeB (n=1-10) clusters were
systematically studied by DFT [18] method, and it is favorable
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that the Fe atom locates at the surface, not at the center of the
cluster. Each of some transition-metal-doped boron clusters
[19-24] consists of a peripheral ring and one planar
hypercoordinated metal atom. Many structures of optimized
FeBg, CoBg, and FeBy [24] neutral and charged clusters have
local Dgp, and Do, minima, but they are not the most stable
isomers. Their aromaticities were discussed based on NICS at
B3LYP/6-311G* and GIAO/B3LYP/6-311G* levels. Yan
et al. [25] studied the stabilities of MB,, (M=Y, Zr, Nb, Mo,
Tc, Ru, n<8) clusters. They found YB,, ZrB;, NbBg, MoBg,
TcBg, RuBg clusters possess relatively higher stabilities. Bs,
and metal-poly-boron isomers MB5, [26] (M=Li, Na, K, Be,
Ca) are optimized using the B3LYP/6-31G(d) theoretical level
followed by vibrational frequency and NBO analyses. Wang
et al. [27] investigate the feasibility of bare and metal-coated
boron buckyballs Bgy with M=Li, Na, K, Be, Mg, Ca, Sc, Ti,
and V for hydrogen storage.

Despite the existing studies of metal-doped boron clusters
[11-28] as mentioned above, there is a lack of systematic
reporting on kinetic stability of metal-doped boron clusters,
which can reveal the possibilities of detecting them in future
experiment. On the other hand, since the potential energy
surface becomes very complicated as the total number of
cluster atoms increases, to reveal the kinetic stability of
metal-doped boron clusters is important and challenging. In
the current work, first, we comprehensively located the geo-
metrical structures of low-lying isomers for B,,Pt (n=1-6) at
the CCSD(T)/[6-311+G(d)/LanL2DZ]//B3LYP/[6-311+G(d)/
LanL.2DZ] level. Then, we focused on the analyses on
thermodynamic/kinetic stability of the low-lying isomers of
B, Pt (n=1-6) clusters. Finally, the bonding character of B, Pt
(n=1-6) isomers is examined and revealed. This work will
provide a systematical insight into the structure and stability of
B,Pt (n=1-6) clusters for future experimental studies.

Computational details

In the current work, in order to examine and investigate the
geometrical structures and potential energy surfaces (PESs) of
B, Pt (n=1-6) isomers, both randomized algorithms and ex-
haustive search method [29, 30] are applied to located possi-
ble isomers of B,Pt (n=1-6) clusters with two different spin
multiplicities (doublet and quartet states for BPt, BsPt, and
BsPt clusters, and singlet and triplet states for B,Pt, B4Pt, and
BgPt). The LanlL.2dz [31-33] pseudopotential is used for Pt
atom, and 6-311+G(d) [34, 35] for boron atom. The low-lying
isomers are optimized at the B3LYP/[6-311+G(d)/LanL.2DZ]
level [36—40]. The vibrational frequency analysis is carried
out at the same level to examine whether the optimized
structures are local minima or transition states. On the other
hand, in order to analyze and examine the isomerization
processes of the low-lying isomers of B,Pt (#=2-5), transition
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states are searched at the B3LYP/[6-311+G(d)/LanL.2DZ] lev-
el. The energy calibration for optimized geometries of isomers
and transition states is performed at the CCSD(T)/[6-311+
G(d)/LanL2DZ] level to acquire more accurate energies.
Finally, for the transition states, the intrinsic reaction coordi-
nate (IRC) computations are carried out at the B3LYP/[6-311+
G(d)/LanL2DZ] level to examine whether they connect the
related isomers. Additionally, in order to examine the
reliability of calculated results at the CCSD/[6-311+
G(d)/LanL2DZ]//B3LYP/[6-311+G(d)/LanL2DZ] level,
we also optimized all possible planar isomers at the
MP2/[aug-cc-pVDZ/anL2DZ] level and calibrated their en-
ergies at the CCSD/[aug-cc-pVDZ/LanL2DZ]/MP2/[aug-cc-
pVDZ/LanL.2DZ] level. All calculations are carried out in the
Gaussian 09 program package [41].

Results and discussion

Figures 1 and 2 show the optimized geometries of B,Pt
(n=1-6) isomers and transition states (BPt, B;Pt, and BsPt
clusters with doublet and quartet states, and B,Pt and B4Pt
with singlet and triplet states) respectively. The relative ener-
gies of the lower-energy isomers of B, Pt (n=1-6) and transi-
tion states are listed in Tables 1 and 2, respectively, at the
B3LYP/[6-311+G(d)/LanL2DZ] and CCSD/[6-311+G(d)/
LanL.2DZ] levels for comparison. Briefly, alphabetical orders
(such as a, b, c...) are used to represent the number of boron
atoms and arab numbers are arranged in the order of energy
increasing at the CCSD(T)/[6-311+G(d)/LanL2DZ]//B3LYP/
[6-311+G(d)/LanL2DZ] level (For simplicity, it is marked as
CCSD/B3LYP level hereunder).

Geometry and thermodynamic stability

For all possible isomers of BPt, two BPt isomers are al
(Coowe 2) and a2 (Cooy, *Y) with doublet and quartet states,
respectively, as shown in Fig. 1. The ground state of BPt is a
linear isomer with B-Pt bond length of 1.781 A, which is close
to previous theoretical result [11] (1.809 A at the B3LYP/
LanL2DZ level). Isomer a2 is 65.7 and 72.5 kcal'mol " higher
than the ground state al at the B3LYP and CCSD levels,
respectively.

As shown in Fig. 1, the lowest-energy isomer of B,Pt, bl
(C2v "Ay), has similar structure to those of Bs [42] and Pt;
[43] with an isosceles triangle. The B-Pt and B-B bond lengths
inblare 1.574 A and 1.184 A, respectively. The triplet isomer
b2 (Cay A,) with analogous structure to bl is 28.7 and
36.2 kcal'mol " higher than b1 in energy at the B3LYP
and CCSD levels, respectively. Isomers b3 (C.y 'Y)
and b4(C.,, *Y) with the relative energies (37.5 and
43.8 keal'mol ' at the CCSD level) have B-B-Pt linear struc-
ture. To examine the reliability of calculated results at the
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Fig. 1 The optimized geometries of lower-energy isomers for B,Pt (n=1-6) at the B3LYP/[6-311+G(d)/LanL2DZ] level. Point groups and electronic
states are represented in parentheses. The blue and pink balls account for platinum and boron atoms, respectively

CCSD/[6-311+G(d)/LanL2DZ]//B3LYP/[6-311+G(d)/
LanL.2DZ] level, we also optimized all possible planar iso-
mers at the MP2/[aug-cc-pVDZ/LanL.2DZ] level and calibrate
their energies at the CCSD/[aug-cc-pVDZ/LanL.2DZ]//MP2/
[aug-cc-pVDZ/ LanL.2DZ] level. Figure SI-1 shows the struc-
tures of isomers for B,Pt at the B3LYP/[6-311+G(d)/
LanL.2DZ] and MP2/[aug-cc-pVDZ/anL.2DZ] levels, respec-
tively. Obviously, the geometrical patterns, bond lengths, and
bond angles for isomers of B,Pt are similar at the B3LYP/[6-
311+G(d)/LanL2DZ] and MP2/[aug-cc-pVDZ/anL.2DZ]
levels.

In the case of B3Pt, the geometries of 14 low-lying isomers
(c1~c14) of B3Pt are represented in Fig. 1. The lowest energy

structure of B;Pt is ¢1(C,y, A;) with B-Pt and B-B bond
lengths of 1.184 A and 1.512 A, respectively. Isomer ¢l can
be generated by substituting the three Pt atoms of Pt, cluster
with three B atoms [43] and is similar to the lowest-energy
isomers of AlBj [44], SrB; [16], and ScB3 [17] or the fourth
low-energy isomer of BsFe [18] in the structure. ¢1 has B-Pt-B
and B-B-B isosceles triangles. The structure of ¢2(Cay'A,)
with two symmetrical B-Pt-B triangles is 17.4 and
18.8 kcal'mol™' higher than the ground state ¢l at the
B3LYP and CCSD levels, respectively. ¢2 and ¢l possess
different inner bonds (B-Pt bond in ¢2 and B-B bond in cl).
The quartet isomer ¢3(Cy,*A"’) has similar geometry to ¢l
with 22.7 kcal-mol " higher than the ground state c1 in energy
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Fig. 1 (continued)

at the CCSD/[6-311+G(d)/LanL2DZ] level. ¢4 (Cz\,*A,) has
planar rhombic geometry with Pt-B and B-B bond lengths of
1.934 and 1.613 A, respectively, and the B-Pt-B angle of
60.1°. The lowest energy state of B, [42] and B;C [45] is
similar to ¢4 in structure. The Pt-B-B-B linear isomers ¢5
(Coor *Y) and €9 (Cooyy 2Y) are 28.6 and 39.6 kcal-mol '
higher in energy than ¢l at the CCSD level, respectively. c6
(& 2B2) possesses a similar structure to c4. Isomers ¢7, c10,
and c12 have similar geometries with one three-membered
ring and one exocyclic chain. The quartet ¢ll is similar to
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d19(Cy,’A;)  d20(C,,°A"")

doublet ¢13 with nonlinear structure. The spatial structure ¢8
(spin multiplicity=2) and ¢14 (spin multiplicity=4) with one
boron atom locating above the B-B-Pt three-ring plane are
higher in energy than c¢1 by 49.4 and 58.6 kcal'mol ',
respectively.

As for B4Pt, as shown in Fig. 1, dl(Cs’lA') is the most
stable isomer of B4Pt with one BPtB three-membered ring and
two BBB three-membered rings, which can be viewed as
attaching one Pt atom to B, [42] with an inner B-B bond. It
is interesting to note that all MB, (M=Sc, Al, and C) [17, 44,
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Fig. 1 (continued)

45] isomers prefer the structure of d1. d2(C;, 3A’) has a similar
structure to d1. Both d3(C,, *A’) and d4(C,,,'A;) include
five-membered monocyclic structure. It is noted that the rela-
tive energies of singlet d4 and d5 are the 37.4 and
37.4 kcal'mol ! at the CCSD level, respectively, suggesting
that they are almost isoenergetic. d6, d13, d16, d19, and d21
have one four-membered ring and one exocyclic chain.
Isomers d7(Csy,>By) and d8(Cs,3A') contain a five-
membered ring, while d7 has a tetra-coordinated Pt atom.
The pyramid isomers d9 and d12 with different spin multiplic-
ities include one Pt atom located at the top of B-B-B-B plane.
The non—planar structures of d10, d11, d22, d24, and d25 can
be ascribed to exocyclic chains. The triplet d14 has similar
structure to singlet d7 with one tetra-coordinated Pt atom. Each
of d15, d20, and d23 has one three-membered ring and one
exocyclic chain. The d17(va,3Z) with BBBBPt linear

d39(C,,°A"") d40(C;,,'Ay)

structure is 69.2 kcal'mol " higher than the most stable isomer
(d1) at the CCSD/[6-311+G(d)/LanL2DZ] level. Isomers d29-
d41 have higher relative energy than other isomers of B4Pt
(>100 kcal'mol ' at the CCSD level) as shown in Table 1.
The geometries of 33 low-lying isomers of BsPt are pre-
sented in Fig. 1. The most stable isomer of BsPt, el(Cs,zA’),
can be obtained by attaching one Pt atom to Bs [42] with the
B-B inner bond. The second lower-energy €2(C,,2A’) with
one BPtB three-membered ring and three BBB three-
membered rings is 7.2 kcal-‘mol " higher than el. The doublet
e3 with a six-membered ring is 12.4 kcal-mol " higher than
the ground state at the CCSD level. The e4 has a pyramid
structure similar to ScBs [17] and MoBs [25]. €5, €7, €8, el2,
el3, el5, el6, el8, e21, and e22, have ring structures, in
which €8, el2, el5, el8, e21, and e22 possess quasi-planar
structure. The isomer e6 (Cy,2A"") is distorted to non—planar
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Fig. 1 (continued)

structure. The quartet el4 has the pyramid structure. The
structure of €25 includes two triangles, the remaining isomers
have one ring and one exocyclic chain except €33. e33 with a
linear PtBBBBB structure of 67.0 and 79.7 kcal-mol " higher
than the lowest-energy isomer of BsPt at the B3LYP and
CCSD levels, respectively.

With respect to B¢Pt, as shown in Fig. 1, the most stable
isomer (f1) of BgPt adopts qusi-planar structure, which can be
viewed as substituting a circumferential B atom of the most
stable B, [42] with a Pt atom and has analogous structure to
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ScBe [17]. £2is 3.3 and 3.2 kcal'mol ! higher than the lowest-
energy isomer (f1) at the CCSD/[6-311+G(d)/LanL2DZ] and
CCSD/[6-311++G(3df,2p)/LanL2DZ] levels, respectively,
suggesting that fl and f2 are almost isoenergetic. Isomers f2,
f3, £5, and f18 have quasi-planar structure. f4(C,,>A") pos-
sesses one BPtB three-membered ring and four BBB three-
membered rings, which can be obtained by capping a boron
atom on B-B edge at the right corner of el and is similar to the
most stable planar isomer of BgFe [18]. f6 contains four BBB
three-membered rings with 1.9 kcal'mol ' higher than f4 at
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Fig. 1 (continued)

the CCSD level. Clearly, f4 and f6 with cyclic structure are
almost isoenergetic. Isomers 7, f10, f11, f12, 13, 19, and 27
adopt a similar seven-membered ring structure and different
inner bonds. Isomer f8 with C,, symmetry possesses a plati-
num atom locating above the plane six-membered boron ring.
For planar isomers 19, f15, f16, £23, £25 and 40, they include
one ring and one exocyclic chain. f14 (Cy,'A’) has a similar
geometry to f4 with relative energy 28.3 kcal-mol . In addi-
tion, f17 is similar to f5 in structure. The remaining isomers
have three-dimensional framework.

f3(C,,'A)

°1ly 49

f4(C,’'A")

f7(C,,°A"") 8 (Cav,' A1)
o’y I1s
> r /ﬂ/
f11(C,,’A") f12(C,,’A")
2P @2
Q/fj/ J—‘f—‘—J
9
f15(C,,'A") f16(C,,°A")

Vi sl

It is interesting to note from Fig. 1 that the lowest-energy
geometries of B, Pt (n=2-5) clusters exhibit planar polycyclic
geometry, in which the numbers of triangles increase with
increasing n. BPt has linear structure while the ground state
isomer of B¢Pt adopts quasi—planar structure. Moreover, the
lowest-energy isomers of B,Pt (n=2-5) can be generating by
capping a Pt atom on B-B edge of B,, (n=). Additionally, B,Pt
(n=1-6) isomers with lower spin states are lower in energy
than corresponding isomers with higher spin states. The ener-
gy differences between lowest-energy isomer and second
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Fig. 1 (continued)

lower-energy isomer for B,Pt (n=1-4) are relatively larger as
shown in Table 1.

In order to analyze and examine the relative stability [46] of
B, Pt (n=1-6) clusters, the binding energy per atom (BE),
incremental binding energy (IBE), and second order energy
difference (A’E) are analyzed. As shown in Fig. 3, the binding
energies per atom of the B,,Pt clusters are significantly larger
than those of the pure B, clusters, which reveal that the doped
Pt atom significantly improves the stability of the B,, clusters
and in agreement with the results from B,Zr [16] and B, Al
[44]. Figures 4(a)-(c) demonstrate that B,Pt and B4Pt have
relatively larger BE, IBE, and A’E values, suggesting their
high stability. The HOMO-LUMO gaps, adiabatic ionization
energy (AIP), and adiabatic electron affinity (AEA) for B,Pt
clusters are shown in Fig. 4(d) and (e), respectively. Clearly,
B,Pt and B4Pt possess relatively larger HOMO-LUMO gaps
and AIP values, and smaller AEA values, which confirms that
B,Pt and B4Pt exhibit higher stability. For further revealing
the stability of B, Pt clusters, we analyze all the possible
decompositions of the lowest energy planar structure at the
B3LYP and CCSD levels. The relative decomposition
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energies of those structures are summarized in Table 3. The
most likely decomposition reactions can be expressed by:

B,Pt—B, Pt + B
B,Pt—B,_; + BPt

As shown in Table 3, for decomposition reactions B, Pt—
B,.iPt+B and B, Pt— B, ;+BPt, B4Pt has the largest decom-
position energies (122.6 and 122.7 kcal'mol™), suggesting
that B4Pt is highly stable. The results obtained from Fig. 4
and Table 3 reveal that B,Pt and B4Pt have high stability and
may be magic clusters.

Isomerization and kinetic stability

Based on the planar isomers of B,Pt (n=2-5), the 52 transition
states (one for triplet B,Pt, four for doublet B;Pt, five for
quartet B;Pt, seven for singlet B4Pt, seven for triplet B4Pt,
15 for doublet BsPt, and 13 for quartet BsPt) of B,Pt (n=2-5)
at the B3LYP level are located and represented in Fig. 2. Here,
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Fig. 2 The optimized structures of transition states for B, Pt (n=1-6) at the B3LYP/[6-311+G(d)/LanL2DZ] level. Point groups and electronic states are
represented in parentheses. The blue and pink balls account for platinum and boron atoms, respectively

the structure details of transition states are not discussed for
simplicity. In order to investigate the kinetic stability of B,Pt
(n=2-5) isomers, various isomerization processes are exam-
ined and explored. In current calculations, the dissociation
transition states are not searched since the relative energies
of all possible dissociation fragments are relatively higher
compared to lowest-energy isomers (>86 kcal'mol ™) at the
CCSD/B3LYP level as displayed in Table SI-1. Thus, the
smallest conversion energy barriers are applied to reveal the
kinetic stability of isomers for B, Pt (n=2-5) clusters.

For triplet states of B,Pt, only one transition state is located
as shown in Fig. 2. The PES of singlet B,Pt is simple, which is
not displayed here. Isomers b2 and b4 are kinetically stable
since their conversion barriers (b2—b4) and (b4—b2) are
57.4 and 49.8 kcal'mol "' at the CCSD(T) level, respectively.

The potential energy surface (PES) of doublet B3Pt at the
CCSD(T)/B3LYP level is represented in Fig. 5. As shown in
Fig. 5, isomers ¢l (35.9 kcal'mol™! for e1—¢7), ¢2
(11.7 keal'mol ™" for ¢2—¢3), ¢5 (19.0 kcal'mol ' for ¢5—
¢3), ¢9 (11.4 kcal'mol " for ¢9—¢7), are highly kinetically

@ Springer
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Fig. 2 (continued)

stable since their barrier energies are larger than 10 kcal'mol .
¢3, ¢7, 10, and c11 with conversion barriers of 9.4 (¢3— ¢2),
1.0 (¢7—cl), 2.3 (¢10—¢2), 0.8 (c11—¢10) kcal'mol " are
kinetically unstable. We do not obtain transition states about
isomers ¢4, ¢6, ¢12, and ¢13. Owing to the three-dimensional
structures of ¢8 and c14, their transition states are not consid-
ered in the current work. It is interesting to find that some
isomer pairs (¢3/¢5 and ¢7/¢9) have two isomerization chan-
nels. The most stable isomer ¢l can be transferred into ¢7
(with a three-membered ring and one exocyclic chain) and ¢9
(with a linear structure) through different isomerization chan-
nels. The conversion process (¢2— ¢3) via TSc2/¢3 is accom-
panied by breaking an inner B-Pt bond and forming an inner

@ Springer

B-B bond. During the conversion process (¢2—¢10) via
TSc2/c10, the B-Pt bond is broken. ¢10 and c¢ll can be
transformed into each other via TSc10/c11.

For singlet B4Pt, the PES at the CCSD(T)/B3LYP level is
displayed in Fig. 6. As represented in Fig. 6, the smallest
conversation barriers of d1 and d5 are 47.1 (d1—d4) and
14.2 (d5—d1) kcal'mol ', respectively, resulting in the high
kinetic stability of them. d4, d6, d33, and d34 are kinetically
unstable since their smallest isomerization barriers are less than
10 keal'mol ™' (9.7 (d4—d1), 7.4 (d6—d1), 1.5 (d33—d34),
and 1.0 (d34—d33) kcal'mol ', respectively). Additionally,
there are not transition states located about d14, d21, and
d29. The ground state (d1) of B4Pt can be transformed into
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Fig. 2 (continued)

d4 through three direct isomerization channels. The structure of
TSd1/d4(I) is similar to d4 with the relative energy of
47.1 keal'mol™" at the CCSD(T) level as shown in Table 2.
TSd1/d4(IT) and TSd1/d4(III) have similar structures with a
four-membered ring and one exocyclic chain. Moreover, d1
(with one B-Pt-B triangle and two B-B-B triangles) can is
transferred into d5 (with one B-B-B triangle and one exocyclic
chain) and d6 (with one four-membered ring and one exocyclic
chain) via two different isomerization channels, respectively,
which include the breaking of B-Pt bond. Isomer d4 with five-
membered ring structure is difficult to convert into d6 owing to
the high conversion barrier of 29.6 kcal'mol " at the CCSD(T)
level. It is due to the fact that the conversion is realized through
the breaking of B-Pt bond and the forming of B-B bond.
Clearly, B-Pt bond is significantly stronger than B-B bond.
However, it is easier for d33 to transfer into d34 with a
low conversion barrier of 1.5 kcal'mol !, which may be as-
cribed to that the structures of d33 and TSd33/34 are similar.

The PES of triplet B4Pt is shown in Fig. 7. d7 (d7—d16
conversion), d15 (d15—d7 conversion), d19 (d19—d20
conversion), and d20 (d20— d19 conversion) are kinetically
stable with corresponding isomerization barriers of 28.5, 23.1,
11.0, and 10.6 kcal'mol ', respectively. The lowest barriers of
the remaining isomers (d2, d3, d8, and d16) are 6.9 (d2—
d3), 2.1 (d3—d2), 3.2 (d8—d3), and 0.1 (d16—d7)
kcal-mol !, leading to being kinetically unstable. The transi-
tion states about d13, d17, and d23 are not located in this
work. d2/d3 converting into TSd2/d3(I) needs to break/form

a B-B bond with conversation barrier of 6.9/2.1 kcal'mol .
TSd2/d3(II) with a butterfly-like structure is different from
TSd2/d3(). Isomer d3 can be transferred into TSd3/d8,
which is accompanied by breaking B-B bond and forming
B-Pt bond and another B-B bond. It is interesting to note that
the conversion barrier (0.1 kcal'mol ' for d16—d7) of d16 is
significantly smaller than that (28.5 kcal‘mol ' for d7— d16)
of d7, which is possibly due to the similar structures of d16
and TSd7/d16. Isomer d7 can be transferred into three iso-
mers d3, d15, and d16 through different isomerization chan-
nels, respectively. d19 (with four-membered ring and one
exocyclic chain) needs to break one B-B bond to isomerize
into d20 (with one three-membered ring and one exocyclic
chain) through TSd19/d20.

Figure 8 illustrates the PES of doublet BsPt at the
CCSD/B3LYP level. Isomers el (el —e2), €25 (e25—el)
and e33 (e33—e9) with isomerization barriers of 15.8, 16.4,
and 10.8 kcal-mol ', respectively, are stable kinetically while
isomer €2 (e2—e3), €3 (e3—e2), €9 (e9—e2), el0 (el0—
ell), ell (ell —el0), and el3 (e13—e3) are unstable kinet-
ically with isomerization barriers of 7.5, 2.3, 5.3,2.9, 2.9, and
5.5 keal'mol ', respectively. The transition states about iso-
mers el2, el7, €20, e22, €27 and e31 were not located in the
current work. The ground state of el can be transferred into
ell through three direct isomerization channels. The corre-
sponding barriers from ell to el are 10.3, 13.8, and
28.6 keal'mol ™, respectively, suggesting that ell is difficult
to transfer into el. Interestingly, ell is similar to TSel/e11(I)

@ Springer
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Table 1 The relative energies (kcal-mol™") of lower-energy isomers for B,Pt (n=1-6) at the different theoretical levels

Clusters Isomers AE! AE! Clusters Isomers AE! AE! Clusters Isomers AE! AE!

BPt al 0 0 d26 87.3 96.0 €30 76.6 72.4
a2 65.7 72.5 d27 120.4 97.7 e3l1 70.5 75.1

B,Pt bl 0 0 d28 101.7 98.1 e32 78.4 78.8
b2 28.7 36.2 d29 94.2 100.0 €33 67.0 79.7
b3 272 37.5 d30 108.5 102.5 BgPt f1 0 0
b4 30.9 43.8 d31 115.6 102.7 2 9.7 33

B;Pt cl 0 0 d32 128.8 105.0 3 7.8 10.4
c2 17.4 18.8 d33 136.4 108.4 4 52 11.0
c3 20.1 22.7 d34 1337 108.9 f5 12.3 11.6
c4 28.5 25.8 d3s 125.5 109.1 f6 13.9 12.9
c5 22.6 28.6 d36 115.0 112.5 7 14.5 18.6
c6 34.7 33.7 d37 118.9 1154 8 27.1 19.5
c7 33.6 34.9 d3s 131.9 118.5 9 12.0 19.6
c8 39.0 494 d39 128.6 119.5 f10 12.8 20.0
c9 31.7 39.4 d40 138.9 133.7 f11 16.2 20.5
clo 355 39.7 d41 166.9 135.5 f12 20.0 24.6
cll 44.1 414 BsPt el 0 0 f13 9.0 253
cl2 36.9 431 e2 6.8 72 f14 27.8 28.3
cl3 56.9 57.4 e3 14.6 12.4 f15 27.4 25.6
cl4 59.8 58.6 e4 30.4 24.3 f16 22.9 29.3

B4Pt d1 0 0 e5 374 353 17 36.0 30.1
d2 244 29.1 eb 40.5 37.5 f18 33.0 30.6
d3 30.0 339 e7 41.1 39.7 f19 27.1 31.1
d4 37.6 374 e8 414 41.0 20 33.7 32.0
ds 38.0 37.4 e9 333 422 21 29.3 322
d6 41.3 40.5 el0 554 47.1 22 39.8 32.6
d7 425 40.7 ell 54.0 47.1 23 334 329
ds 423 41.6 el2 62.3 48.7 24 32.4 33.1
d9 452 44.8 el3 533 49.0 25 27.2 343
d1o 58.0 48.1 eld 56.5 49.2 26 32.6 34.8
dil 58.3 50.0 el5 50.6 49.5 27 45.0 355
di2 58.2 60.8 el6 522 51.2 28 39.5 36.0
di3 44.6 61.0 el7 55.2 52.3 29 38.7 36.1
di4 70.8 61.5 el8 53.1 55.0 30 28.1 36.8
di1s 69.0 67.9 el9 59.8 57.6 31 53.7 374
d1é 65.7 69.1 €20 74.1 58.4 32 49.1 47.1
d17 56.1 69.2 e2l 65.0 60.6 33 60.6 48.5
dis 80.2 70.3 e22 80.4 61.3 34 41.0 50.1
d19 73.4 74.0 e23 59.4 61.4 35 56.1 50.4
d20 68.2 74.4 e24 58.9 61.6 36 36.7 51.0
d21 84.1 79.0 e25 69.3 62.3 37 51.0 53.0
d22 83.2 81.4 €26 70.9 66.1 38 67.2 53.0
d23 73.7 81.6 e27 69.8 69.5 39 63.0 54.5
d24 96.0 82.5 e28 67.8 71.2 40 52.6 55.1
d25 94.2 83.6 €29 77.3 72.2

"The relative energies with zero-point energy correction at the B3LYP/6-311+G(d)/LanL.2DZ] level
T The relative energies at the CCSD(T)/6-311+G(d)/LanL2DZ]}//B3LYP/6-311+G(d)/LanL2DZ] level
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Table 2 Relative energies

(kcal-mol ") of transition states Clusters Species B3LYP* CCSD  Clusters Species B3LYP*  CCSD
for lower-energy isomers of B,Pt
(n=2-5) at the B3LYP/6-311+ Bth(tb) TSb2/b4 85.8 93.6 TSel/el1(III) 79.1 75.7
G(dyLanL2DZ] and CCSD(T)/6-  B;Pt(d®)  TScl/c7 32.9 35.9 TSel/e25 80.1 78.3
311+G(d)/LanL2DZ] levels TSe¢7/c9(I) 49.6 50.8 TSe9/e25 85.6 86.3
TScl/c9 42.8 53.0 TSe9/e33(1) 74.1 90.5
TSc7/c9(1IT) 49.4 63.1 TSe9/e33(1I) 74.9 108.3
BiPt(q®)  TSc2/c3 27.5 21.1 BsPi(q®)  TSe7/el6(l) 535 56.4
TSc2/c10 36.2 42.0 TSe7/e16(11) 71.0 67.3
TSc10/c11 45.0 42.0 TSe7/e29(1) 62.3 72.7
TSc3/c5(1) 38.1 47.5 TSe24/e28 68.2 73.6
TSe3/e5(I) 42.8 53.8 TSe29/e30(I) 82.4 76.0
B4Pt(sb) TSd1/d4(I) 52.5 47.1 TSe5/e7 76.7 76.7
B4Pt(tb) TSd1/d6 49.7 47.9 TSe5/e30 86.1 78.2
TSd1/d5 49.5 51.6 TSe23/e28(I) 81.2 81.3
TSd4/d6 92.7 67.0 TSe23/e28(1I) 853 87.8
TSd1/d4(11) 78.2 724 TSe7/e29(11) 96.2 88.3
TSd1/d4(11T) 81.8 78.6 TSe7/e32 91.5 94.5
TSd33/d34 138.6 109.9 TSe29/e30(1I) 100.7 95.6
BsPt(d®)  TSd2/d3(D) 335 36.0 TSe23/e28(I)  123.1 114.8
TSd3/d8 45.7 439
TSd7/d16 70.4 69.2
TSd3/d7 64.5 69.4
TSd2/d3(1IT) 72.1 73.7
TSd19/d20 77.1 85.0
TSd7/d15 95.4 91.0
TSe2/e3 16.1 14.7
TSel/e2(I) 14.7 15.8
TSel/e2(IT) 414 44.0
TSe2/e9 39.4 47.5
TSelO/elll) 562 50.0
* The zero-point vibrational ener- TSel0O/elll) 584 524
gy is included TSe3/el3 58.7 54.8
° The letters s, t, d, and q represent TSel/el1(I) 60.0 574
singlet, triplet, doublet, and quar- TSel/el1(IT) 61.6 60.9
tet states, respectively
5 and TSel/ell(II) in structure. ell can be transferred into
—=—B Pt TSel/el1(IIT) by breaking of B-B bond, which may lead to
—u=B, higher conversion barrier than those of the other two conver-
E 4t " sion processes. The most stable el of BsPt can be directly
o _— — converted into €2 by two different isomerization channels with
E -—" — the conversion barriers of 15.8 and 44.0 kcal-mol ™', respective-
% 3 ly. The conversion barriers of (e2— TSe2/e3) and (e3— TSe2/
w e3) are 7.5 and 2.3 kcal'mol ', respectively. It is due to the fact
o 21 that the conversion process (e2— TSe2/e3) needs to break the
inner B-B bond, while the conversion process (e3— TSe2/e3)
needs to form two inner B-B bonds. The conversion process
1 é é zi é é (el > TSel/e25) includes the breaking of two B-B bonds while
n in the conversion process (€25— TSel/e25), e25 and TSel/

Fig. 3 The binding energy per atom versus n for the lowest-energy

isomers of B,Pt and B,, clusters (n=2-6)

e25 are similar in structure, leading to that the first barrier
(e1—TSel/e25, 78.7 kcal'mol ") is larger than the second

@ Springer
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Fig. 4 The binding energy per 5.5
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barrier (€25— TSel/e25, 16.4 kcal'mol ). Additionally, there
are two transition states for isomer pair e10/e11.

Table 3 Dissociation energies (kcal mol™") of the clusters B,Pt (n=1-6)
at the CCSD(T)/[6-311+G(d)/LanL2DZ]//B3LYP/[6-311+G(d)/
LanL.2DZ] level

B, N(n=1~6) clusters B,Pt— B, Pt+B B,Pt—B,.;+BPt

BPt (C.or,”Y) - -
ByPt (C2,'Y) 93.7 -
B3Pt (Csy,2A1) 86.3 120.3
B,Pt (Cg,'A") 122.7 122.6
BsPt (C,,2A) 102.4 1112
BePt (Cs,°A") 94.9 103.0

@ Springer

Figure 9 demonstrates the PES of quartet BsPt at the
CCSD/B3LYP level. Isomers e5, €7, €23, e24, and e32 have
relatively highly kinetic stability with the smallest conversion
energy barriers of 41.4 (eS, e5—€7), 16.7 (e7, e7—¢16), 19.9
(€23, e23—€28), 12.2 (e24, e24—¢€28), and 15.7 (¢32, e32—
e7) kcal'mol ', respectively. The remaining isomers 16
(el6—¢€7), €28 (e28—e24), €29 (e29—e27), and e30
(e30—€29) are unstable kinetically with the isomerization
barriers 5.2, 2.4, 0.5, and 3.6 kcal'mol !, respectively. There
are not transition states about e19 in the current calculations.
The most stable isomer (e5) of quartet BsPt can be converted
into €7 and €30 via two different conversion paths with the
conversion barriers of 41.4 and 42.9 kcal-mol ™', respectively.
e7 with a six-membered ring can be directly converted into
isomers e5, el6, 29, and e32 through different conversion
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Fig. 5 Schematic potential
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paths, in which there are six transition states (TSe5/e7, TSe7/
el6(1), TSe7/e16(11), TSe7/e29(1), TSe7/ €29(II), and TSe7/
e32). Among these conversion processes, €7, TSe7/e16(I),
TSe7/e16(1I), and el6 have a similar six-membered ring
structure, but they have different inner bonds. Similarly, there
are two direct conversion channels between €29 and e30.e7
(with cyclic structure) can be isomerized into e32 (with a four-
membered ring and one exocyclic chain), which needs to
overcome the high conversion barrier of 54.8 kcal'mol ' at
the CCSD/B3LYP level due to the significant structural dif-
ference between them. Furthermore, there are three transition
states for isomer pair e23/e28, and all of these conversion

energy barriers are >10 kcal'‘mol ', revealing that the conver-
sion e23—e28 is difficult. It is easier for €28 to convert into
€24 with barrier energy of 2.4 kcal'mol™’, which can be
attributed to the structural similarity of TSe24/e28 and e28.

Bonding character

In order to analyze the bonding nature of B,Pt (n=1-6) clus-
ters, the valence molecular orbitals of some planar isomers of
B,Pt (n=1-6) are selected and shown in Fig. SI-2. Figure SI-2
demonstrates o-tangential MOs (MO8 for b1, MO17 for d1,
MOI1 for d33, and MOI12 for f17), o-radial MOs (MO9 of

Fig. 6 Schematic potential A  AE (kcal/mol)
energy surface of singlet B4Pt at
the [CCSD(T)/6-311+G(d)/
LanL2DZ}//[B3LYP/6-311+G(d)/ 1100 - d33 _TSd33/a34 d34
. — T T~
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Fig. 7 Schematic potential 4 AE (kcal/mol)
energy surface of triplet B4Pt at
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d14, and MO9 of d33), and delocalized 7t molecular orbitals
(MO11, MO10, MO8, MO7 for al, MOL11, and MO9 for b1,
MO17, MO16, MO14, and MO11 for ¢1, MO18, MO16, and
MO13 for d1, MO18, MO16, and MO13 for d6, MO19,
MO13, and MO12 for d14, MO19, MO14, and MO13 for
d33, M0O20, MO17, and MOL15 for el, MO21, MO20, and
MO16 for f17, MO22, MO18, and MO17 for 24), which
suggests that the stability of B,Pt (n=1-6) isomers is
attributed to the interactions of the o-tangential, o-radial, and
delocalized 7t MOs.
In order to further reveal the bonding nature of the most
stable isomers of B,Pt, the electronic structure and bonding

character of clusters are examined by the analyses of the
electron localization function (ELF) [47] and Mayer bond
order (MBO) [48]. To avoid the effects of diffuse function
[49], the bond orders are calculated at the B3LYP/[6-311+
G(d) /LanL.2DZ] level. The ELF values within 0—1 are repre-
sented in Fig. SI-3. Moreover, the MBOs of the most stable of
B, Pt (n=2-5) are shown in Fig. SI-4. It is noted that the three-
center bond order of b1 with B-Pt-B three-membered cycle is
0.132, indicating that the interactions among the three atoms
are rather weak since the largest MBO value of 3c—2¢ is less
than 0.3 [50]. Besides, as shown in Fig. SI-3, the localized
electron distribution of B-Pt is longer and narrower than that
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Fig. 9 Schematic potential 4
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of B-B, which is in agreement with the MBO results (B-Pt
(1.574) and B-B (1.184)). The two three-center bonds in the
lowest-energy isomer of B;Pt with C,, symmetry are
0.633(B-B-B) and 0.134 (B-Pt-B), respectively, which is con-
sistent with the results from Fig. SI-3. For d1, there are three
three-center bonds, among which the largest MBO value of
3¢—2e (B-B-B) is 0.209. The two-center MBOs in the outer
cycle are 0.891-1.491, in agreement with the result of six
delocalized 7t MOs in Fig. SI-3 and the results of Fig. SI-3,
which suggests that there exists a delocalized 7t bond in
the cycle of d1. Similarly, there are 7t bonding interactions
in isomers el.

As shown in Fig. SI-2, d1 (0-MO for MO17 and 7t-MOs
for MO18, MO16, and MO13), d14 (c-MO for MO9 and
n-MOs for MO19,MO13, Mol12), and f17 (0-MO for
MO12, n-MOs for MO21, M0O20, and MO16) have o
and 7t doubly aromatic according to Hiickel (4n+2) rule.
Furthermore, isomers d6, d33, el, and 24 may exhibit
m-aromatic since they have six 7t electrons, respectively.
The isomer d33 (o-MOs for MO11 and MO9, and t-MOs
for MO19, MO14, and MO13) possesses 7-aromaticity and o-
antiaromaticity. The numbers of 7t electrons for isomers al
and b1 are 8 and 4, respectively, which may make them
m-antiaromatic based on Hiickel 4n rule. In order to
confirm the aromaticity of those isomers, the adaptive
natural density partitioning (AdNDP) method [51] is
used to study electronic structure of cluster systems
(Fig. 10 and Fig. SI-5). Since the AANDP method can
be applied to closed-shell systems only, we analyze and
confirm the aromaticity of d1, d14, d33, f17, and {24 in
terms of ANDP method. As shown in Fig. 10, d1, the

5x2c-2e o-bond

sge®

3c-2e m-bond

4c-2e m-bond

5c-2e n-bond

5c-2e 6-bond

Fig. 10 The AdNDP localization results for the lower-energy isomers
(d1) of B4Pt
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Fig. 11 ELF,/ELF; plot for
some isomers of B4Pt and B4Pt at
the B3LYP/6-311+G(d) level
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most stable structure of B4Pt, contains two lone pairs on
Pt, five 2¢-2e o-bonds, one 3c-2e 7-bond, one 4c-2e 7t-
bond, one 5c-2e 7-bond, and one 5c-2e o-bond, among
which there are six delocalized 7t electrons and two
delocalized o electrons, satisfying with Hiickel’s aromat-
ic rule of (4n+2) electrons. Figure 11 illustrates that for
d1, ELF,. and ELF, values are 0.932 and 0.733, respec-
tively, which reveals double aromaticity of dl1. As
shown in Fig. SI-5, for isomers d14 (three 3c-2e 7-bonds
and one 5c-2e o-bond) and d33 (two 3c-2e 7t-bonds, one Sc-
2¢ mt-bond, two 3c-2e o-bonds, and two 4c-2e o-bonds), both
of them have m-aromaticity and o-antiaromaticity, which are
consistent with the results of ELF,; and ELF ; as represented in
Fig. 11. Similarly, f17 and 24 have 7-aromaticity in terms of
the analyses of ANDP and ELF as shown in Fig. SI-5 and
Fig. 11. Additionally, the results of NICS and NICSzz [52] at
the GIAO [53] -B3LYP/[6-311+G(d)/LanL.2DZ] level also
confirm their 7t-aromaticity. Isomers d1, d14, and f17 exhibit
o and 7t doubly aromatic.

Conclusions

Many low-lying B, Pt (n=1-6) isomers are located and char-
acterized at the CCSD/B3LYP level. B, Pt (n=2-5) clusters can
be viewed as capping a Pt atom on the B-B edge of pure boron
clusters. BPt has linear structure while the ground state isomer
of B¢Pt adopts quasi—planar structure. Platinum doping into
boron clusters can enhance the stability of pure boron clusters.
The stability of B,,Pt (n=1-6) clusters can be ascribed to the
interactions of delocalized 7t, o-radial, and o-tangential MOs.
The results obtained from the binding energies per atom,
incremental binding energies, second order energy differ-
ences, and cluster decomposition analyses reveal the high
stability of B,Pt and B4Pt. The delocalized 7, o-radial, and
o-tangential MOs play critical roles in formation of the
lowest-energy isomers of B,Pt. Interestingly, isomers d1,
d14, and f17 possess o and 7t doubly aromaticity, which is
certified by valence molecular orbital and other (ELF,
AdNDP, and NICS) analyses. The isomers b2, ¢l, ¢2, dl,
and el are stable both thermodynamically and kinetically,
revealing that they are detectable in experiment. Importantly,
the results from thermodynamic/kinetic stability and bonding
character suggest that B,Pt B4Pt may be magic clusters. The
above results can motivate future experiments about B,Pt
clusters.
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