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Abstract We investigate the molecular and electronic

structure and thermochemical properties of the cationic

boron clusters Bn
? with n = 2–20, using both MO and DFT

methods. Several functionals are used along with the MP2,

G3, G3B3, G4, and CCSD(T)/CBS methods. The latter is

the high accuracy reference. While the TPSS, TPSSh,

PW91, PB86, and PBE functionals show results compara-

ble to high-accuracy MO methods, both BLYP and B3LYP

functionals are not accurate enough for three-dimensional

(3D) structures. A negligible difference is observed

between the B3LYP, MP2, and CCSD(T) geometries. A

transition between 2D and 3D structures occurs for this

series at the B16
?–B19

? sizes. While smaller clusters Bn
?

with n B 15 are planar or quasi-planar, a structural com-

petition takes place in the intermediate sizes of B16–19
? . The

B20
? cation has a 3D tubular shape. The standard heats of

formation are determined and used to evaluate the cluster

stability. The average binding energy tends to increase with

increasing size toward a limit. All closed-shell species Bn
?

has an aromatic character, but an enhanced stability is

found for B5
? and B13

? whose aromaticity and electron

delocalization are analyzed using the LOL technique.

Keywords Boron clusters � Boron cations �
Heats of formation � Thermochemical parameters �
Aromaticity � Electron delocalization

1 Introduction

Boron-based clusters continue to be a subject of consid-

erable theoretical and experimental interests. Extensive

investigations have been performed on small boron clusters

using various theoretical and experimental methods [1–25].

While there is a good agreement for the electronic structure

and chemical properties of small boron clusters Bn with

n B 13 in the recent literature [26, 27], those of the larger

clusters are still a matter of controversy [11, 19, 28, 29].

Such a discrepancy almost arises from the fact that the

computational methods used in previous studies differ

much from each other. For instance, most of the recent

studies on small boron clusters were performed using the

density functional theory (DFT), but with a variety of

functionals [27]. Although many theoretical predictions

based on the popular hybrid B3LYP functional were found

in good agreement with available experimental results [27],

it has been claimed in other reports that this functional is

not reliable for boron clusters. Based on calculated results

for the twenty-atom clusters B20
0/-, An et al. [30] argued that

the PBE0 functional behaves better than the B3LYP, as

compared to the perturbation theory (MP4) and coupled-

cluster (CCSD(T)) results. Pan et al. [31] also claimed that

the B3LYP functional is not reliable for relative energies of

three-dimensional structures. The latter authors reported

that the PBE, TPSS, and TPSSh functionals provide ener-

getic parameters for B-compounds more comparable to the

CCSD(T) counterparts. More recently, Li et al. [32] reex-

amined the structures of B20 using the molecular orbital
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(MO) methods at the CCSD(T)/6-311G(d)//MP2/6-

311G(d) level along with eight different density function-

als, including the BLYP, B3LYP, PBE, PBE0, TPSS,

TPSSh, mPW1PW91, and M06-2X. Their calculated

results pointed out that the relative energies of B20 isomers

obtained from PBE and TPSS functionals are closer to the

CCSD(T) values than those obtained from other function-

als. In this context, a calibration of the accuracy of various

computational methods, in particular of the less popular

density functionals, needs to be done carefully.

The cationic boron clusters have been the subject of

several experimental investigations. For instance, Anderson

et al. [1, 2] performed experimental investigations on small

cationic boron clusters Bn
? (n = 2–13) using the absolute

collision-induced dissociation (CID) technique. Measure-

ments of fragment appearance potentials and fragmentation

branching ratios were carried out, and the obtained data

were analyzed to interpret the stabilities of the ionic clusters

along with the ionization energies (IEs) of the correspond-

ing neutrals. Recently, a combined experimental and theo-

retical study on larger cationic boron clusters Bn
? with

n = 12–25 was also carried out by Oger et al. [28]. In

this report, the collision cross sections of the low-lying

isomers Bn
? were obtained by using DFT calculations and

compared to the experimental data based on ion mobility

spectrometry.

According to our best knowledge, while a number of

theoretical studies on small cationic clusters Bn
? with

n = 2–14 were carried out [33–47], investigations on the

larger clusters are rather limited [28, 29]. Moreover, as

stated above, the identity of the global minima of Bn
?

clusters (being the most stable isomeric forms) remains a

matter of debate. Let us mention the cationic B6
? cluster

as a case in point. At the MP2/6-311G(d) level, Li et al.

[43] found that the B6
? ion exhibits a C2h

2Bg global

minimum. Using DFT methods, Ma et al. [44] indicated

instead a high symmetry D2h
2B1u structure to be the most

stable isomer for B6
?. While Ray et al. [33] subsequently

claimed that the global minimum B6
? is a square pyramid,

a perfect hexagonal structure was reported as its lowest-

energy isomer by Niu et al. [35]. Another C2 structure was

also indicated to be the most stable B6
? isomer by Kato

et al. [34]. Similar stories can be told for other sizes such

as B5
?, B7

?, B8
?, B9

?, and B13
? [33–35, 38, 39, 45–47].

More interestingly perhaps is the fact that the transition

between 2D and 3D structures has been assumed to occur

at the cation B16
? following a combined experimental and

theoretical study by Oger et al. [28]. Accordingly, the

cationic clusters Bn
? with n = 17–25 were found to pos-

sess tubular structures, similar to the tubular B20 [11],

while the B16
? has a caged form. However, a recent report

by Boustani et al. [29] pointed out that the B19
? ion has

rather a 3D pyramid structure. These discrepancies,

typical of the boron conundrum, require the identity of the

molecular structures of the Bn
? clusters to be reliably

established.

We recently performed the theoretical investigations of

thermochemical properties and electronic structures of

small boron clusters Bn (n = 2–13) in both neutral and

anionic states [17, 18, 26], and of the larger neutral clusters

Bn with n up to 20 [20] using high-accuracy molecular

orbital G3B3 and CCSD(T)/CBS methods. Our theoretical

predictions are in good agreement with the available

experimental results. In addition, our calculated results

allowed different aspects of their bonding and growth

pattern to be understood. Some non-classical types of

bonding and aromaticity have been discovered [20].

Motivated by the above reasons, we now continue our

investigations on the cationic boron clusters Bn
? with

n = 2–20. The calibration of computational methods used

is done carefully by using various methods, including MP2,

G3, G4, CCSD(T), and CBS, and seven different density

functionals. Thermochemical properties are determined

using the G3B3 and CCSD(T)/CBS methods.

2 Computational methods

All quantum chemical calculations are carried out using the

Gaussian 03 [48] and Molpro 2008 [49] suites of programs.

The initial search for all possible lower-lying isomers of

each of the Bn
? clusters considered is performed using a

stochastic search algorithm that was implemented by us

[50]. Firstly, the possible structures of each of the clusters

Bn
? are generated by a random kick method and then rap-

idly optimized at the B3LYP/6-31G level [51]. In this

search procedure, the minimum and maximum distances

between atoms are limited to 1.5 and 9 Å, respectively.

Geometries of the stationary points located and their har-

monic vibrational frequencies are further refined using the

B3LYP functional, initial part of the composite G3B3

approach [52], for the series of small clusters Bn
? with

n = 2–13. For the series of larger sizes of n = 14–20,

geometry optimizations and vibrational calculations are

performed using the B3LYP [53–55] and PBE [56] func-

tionals in conjugation with the 6-311?G(d) basis set [57].

Their single-point electronic energies are subsequently

calculated using the coupled-cluster CCSD(T) theory [58]

at their B3LYP optimized geometries.

In order to obtain more accurate energetic values, the

electronic energies of the global minima are calculated

using the coupled-cluster CCSD(T) theory at the complete

basis set limit (CBS) for the small sizes of n = 2–8, and

the composite G3B3 technique for all Bn
? clusters consid-

ered (with n = 2–20). Geometrical parameters are also

fully optimized at the coupled-cluster CCSD(T) theory for

Page 2 of 15 Theor Chem Acc (2012) 131:1241
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the small sizes of n = 2–8, in conjunction with the corre-

lation-consistent aug-cc-pVTZ basis set.

A detailed description for the CCSD(T)/CBS approach

is found elsewhere [26, 59–61]. Briefly, the single-point

electronic energies are calculated by using the restricted/

unrestricted coupled-cluster R/UCCSD(T) formalism [62–

64] and extrapolated to the complete basis set limit (CBS)

based on the correlation-consistent aug-cc-pVnZ (n = D,

T, and Q) basis sets [65, 66]. The CCSD(T) energies are

then extrapolated to the CBS limit energies using expres-

sion (1) [67]:

EðxÞ ¼ ACBS þ B exp½�ðx� 1Þ� þ C exp ½�ðx� 1Þ�2 ð1Þ

where x = 2, 3, and 4 for the aug-cc-pVnZ basis sets with

n = D, T, and Q, respectively.

The zero-point energies (ZPE) are calculated from har-

monic vibrational frequencies at either the CCSD(T)/aug-

cc-pVTZ or the MP2/aug-cc-pVTZ level. Additional

smaller corrections are included in the evaluation of total

atomization energies (TAE). Core-valence corrections

(DECV) are obtained at the CCSD(T)/cc-pwCVTZ level

[68, 69]. Douglas–Kroll–Hess (DKH) scalar relativistic

corrections (DEDKH–SR), which account for changes in the

relativistic contributions to the total energies of the mole-

cule and the constituent atoms, are calculated using

the spin-free, one-electron DKH Hamiltonian [70–73].

DEDKH-SR is defined as the difference in the atomization

energy between the results obtained from basis sets

recontracted for DKH calculations and the atomization

energy obtained with the normal valence basis set of the

same quality. The DKH calculations are obtained as the

differences of the results from the CCSD(T)/cc-pVTZ and

the CCSD(T)/cc-pVTZ-DK levels of theory. Finally, a

spin–orbit (SO) correction of 0.03 kcal/mol for the B-atom

obtained from the excitation energies of Moore [74] is

used. The total atomization energy (RD0 or TAE) of a

compound is given by (2):

RD0 ¼ DEelecðCBSÞ þ DECV þ DEDKH�SR þ DESO

� DEZPE ð2Þ

By combining our computed RD0 values from either the

CBS or G3B3 calculations, with the known heat of

formation at 0 K for the element B, we can derive the

heats (enthalpies) of formation DfH� values at 0 K for the

molecules in the gas phase. In this work, we use the value

of DfH�(B) = 135.1 ± 0.2 kcal/mol [75], and the rationale

for this selection was discussed in our previous work [26,

76–78]. The heats of formation at 298 K are obtained by

following the usual thermochemical procedures [79]. The

calculated heats of formation at 0 K are used to evaluate

the ionization energies and other energetic quantities.

In a further step to evaluate the accuracy of the com-

putational approaches used, the relative energies of B6

isomers are calculated using a series of different methods,

including the MP2, G3 [80], G3B3 [52], G4 [81],

CCSD(T)/CBS, and seven different density functional

including BLYP [54, 82], B3LYP [41], TPSS [83], TPSSh

[84, 85], PBE [56], BP86 [86], and PW91 [87]. The B6 is

chosen as a sample for calibration because of two reasons:

first, there exist several stable isomers B6, including the

planar, quasi-planar, and three-dimensional structures as

shown in Fig. 1. Second, it is simply due to the fact that B6

is small enough to allow the demanding methods such as

CCSD(T)/CBS to be performed within our computational

resources.

3 Results and discussion

3.1 Evaluation of computational methods

The relative energies of B6 isomers obtained from various

methods are given in Table 1, while the illustrating plots

are shown in Fig. 2. There is a consistency between high-

accuracy theoretical methods such as G3, G3B3, G4,

CCSD(T)/aug-cc-pVTZ, and CCSD(T)/CBS (Fig. 2a). The

relative energies obtained from the simpler MP2 method

are much different as compared to those obtained from the

above methods. The MP2 method tends to favor three-

dimensional (3D) caged structures. Figure 2a shows that

the MP2 relative energies of 3D structures II and III are

much lower than those obtained from CCSD(T) and other

methods, while the MP2 relative energies of two-dimen-

sional (2D) structures IV, V, and VI become considerably

higher.

Interestingly, all density functionals considered present

the energy values approximately close for planar or quasi-

planar closed-shell structures, that are also in good agree-

ment with the relevant CCSD(T)/CBS values. However, for

3D structures, the B3LYP and BLYP results turn out to be

less accurate as compared to other functionals, relative to

the CBS values. Opposite to the MP2, the two latter

Fig. 1 Shapes of the lower-lying isomers of B6
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functionals do not favor 3D structures as shown in Fig. 2b.

These observations agree well with the recent reports [30–

32]. In addition, the relative energies of open-shell species

obtained from DFT methods are smaller than the corre-

sponding CCSD(T)/CBS values.

In order to evaluate further the accuracy of the methods

used, electronic energies of the isomers are further calcu-

lated using the CCSD(T) method with the B3LYP, MP2,

and CCSD(T) optimized geometries. The results plotted in

Fig. 2c point out that there is a remarkably good agreement

between the CCSD(T) values with three different geome-

tries. Thus, we can conclude that the use of geometries of

isomers optimized by different methods induce a negligible

difference in their relative energies. The difference in rel-

ative energies is mainly due to the electronic energies of

the methods used.

3.2 Shape of the low-lying isomers of cationic Bn
?

clusters

Shapes, relative energies, number of imaginary frequen-

cies, symmetry point group, and electronic states of lower-

lying isomers Bn
? are depicted in Figs. 3, 4, and 5.

B2
?, B3

?, and B4
? Our calculated results agree well with

the earlier reports [33–39, 88] that the structures 2.1 (D?h,
2P

g
?), 3.1 (D3h, 1A1

0), and 4.1 (D2h, 2Ag) are the global

minima of B2
?, B3

?, and B4
?, respectively. These

structures have almost the same shapes as their neutral

counterparts.

B5
? As stated above, there is a controversy about the

global minimum of B5
?. Anderson et al. [2] and Ray et al.

[33] reported that the most stable isomer of B5
? is a tri-

gonal bipyramid structure 5.2. Subsequent studies are in

agreement with each other that the B5
? ion possesses a C2v

structure 5.1, being distorted form of high symmetry D5h

[27, 34, 40, 42]. Our calculated results concur with the

latter results. 5.1 can thus be established as the lowest-

energy isomer of B5
?, while 5.2 is found to be 51.4 kcal/

mol less stable than the 5.1.

B6
? As discussed above, due to the use of different the-

oretical methods, there is also a discrepancy in the results

for the global minimum B6
? reported in the literature. Let

us briefly mention again the reported results. At the MP2/6-

311G(d) level, Li et al. [43] showed that the B6
? exhibits

the C2h
2Bg global minimum 6.3. Using DFT calculations,

Ma et al. [44] and Rica et al. [40] indicated the high

symmetry D2h
2B1u structure 6.1 to be the most stable

isomer for B6
?. While Ray et al. [33] claimed that the B6

?

global minimum is a square pyramid structure 6.4, a perfect

hexagonal structure was reported by Niu et al. [35] as the

most stable isomer. Two other structures, including a

capped pentagonal 6.2 and a C2 structure, were also sug-

gested to be the most stable isomers of B6
? by Hanley et al.

[2] and Kato et al. [34], respectively.

Table 1 Relative energies (kcal/mol) of the low-lying isomers B6 obtained at various computational methods

Method I II III IV V VI

CBSa 0.0 40.8 37.9 7.7 10.2 56.7

G3 0.0 36.3 36.4 5.8 6.1 50.0

G3B3 0.0 38.0 36.4 6.2 6.4 50.2

G4 0.0 35.9 34.4 8.9 9.0 52.7

MP2/6-311?G(d) 0.0 23.8 18.6 11.6 17.9 57.9

CCSD(T)/aug-cc-pVTZ 0.0 41.2 38.3 5.9 8.2 53.0

CCSD(T)/6-311?G(d) 0.0 41.3 38.5 3.8 5.8 48.5

CCSD(T)/MP2b 0.0 36.9 38.5 4.2 6.3 48.5

CCSDT/B3LYPc 0.0 41.2 38.6 3.8 6.4 48.4

B3LYP/6-311?G(d)d 2.7 59.2 43.3 0.0 9.2 63.2

BLYP/6-311?G(d) 5.2 54.3 41.3 0.0 6.0 55.3

TPSS/6-311?G(d) 2.1 45.1 27.8 0.0 11.3 64.2

TPSSh/6-311?G(d) 1.4 47.7 29.3 0.0 13.1 67.5

PBE/6-311?G(d) 0.0 39.8 24.4 0.7 9.6 62.8

PW91/6-311?G(d) 0.6 42.1 26.7 0.0 9.2 62.5

BP86/6-311?G(d) 1.2 44.2 29.5 0.0 8.3 60.0

a CBS energy calculated from the CCSD(T)/aug-cc-pVnZ energies (n = D, T, Q) with the CCSD(T)/aug-cc-pVTZ geometries
b CCSD(T) single-point energy calculated at the MP2 geometries with the 6-311?G(d) basis set
c CCSD(T) single-point energy calculated at the B3LYP geometries with the 6-311?G(d) basis set
d DFT energy values included the zero-point energies (ZPEs)
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To gain additional insights, we reexamine the energies

of all above structures using both G3B3 and CCSD(T)/aug-

cc-pVTZ methods. Our calculations point out that the two

structures 6.1 (D2h
2B1u) and 6.2 (Cs

2A0), which is a dis-

torted form of the neutral B6, are almost degenerate in

energy (Fig. 3). The energy difference between them

amounts to only 0.7 and 1.0 kcal/mol at the G3B3 and

CCSD(T) levels of theory, respectively. The C2h
2Bg

structure 6.3 is only a transition state with one imaginary

frequency connecting 6.1, and a relative energy of 7.8 kcal/

mol at the CCSD(T) level (5.7 kcal/mol at G3B3). 6.4 that

was reported to be the global minimum by Ray et al. [33]

was also located, but it is now found to be much less stable

with a relative energy of 27.7 kcal/mol.

B7
? Our calculations concur with the recent reports [34,

36, 38, 39] that the C6v
1A1 structure 7.1 is the global

minimum of B7
?. Although another structure with bipyr-

amid pentagonal shape was reported as the B7
? global

minimum, it turns out to be much less stable.

B8
? The C2v

2B1 structure 8.1 is indicated to be the most

stable isomer for B8
? in many previous reports [36, 38–

40]. Other electronic state (C2v
2A2) was reported by Kato

et al. [34] at the MP4(SDTQ)/3-21G level. Interestingly,

our calculations at the full CCSD(T)/aug-cc-pVTZ level

showed that both electronic states are located having nearly

the same energy content. Consequently, 8.1 is the most

stable isomer of B8
? in both electronic states 2B1 and 2A2

that are apparently the two stabilized states by a Jahn–

Teller distortion of a higher symmetry form.

B9
? Two different structures were reported as the global

minimum of B9
?. While Boustani [38] and Ricca and

Bauschlicher [39, 40] found that the Cs
1A0 structure 9.1 is

the most stable B9
? isomer, Kato et al. [34] showed another

minimum 9.3. Our G3B3 calculations indicate that the B9
?

global minimum is actually the Cs
1A0 structure 9.1. While

the high-spin D8h
3A1g structure 9.2 is the next isomer, 9.3

is found to be 17.7 kcal/mol less stable than 9.1.

B10
?, B11

?, and B12
? Our calculations reveal that 10.1

(C2v, 2A1), 11.1 (Cs
1A0), and 12.1 (Cs,

2A0) are the global

minima of B10
?, B11

?, and B12
?, respectively (Fig. 3).

These findings agree well with previous reports [38, 40].

B13
? The cationic cluster B13

? has been examined

extensively in the literature. Anderson et al. [2]. proposed a

filled icosahedron. A three-dimensional Cs structure was

reported by Kawai and Weare [45] to be the most stable

isomer. A distorted form of the elongated structure B13 was

reported for B13
? by Boustani [38]. In another way, Ricca

and Bauschlicher [40], Schleyer et al. [46], and Fowler and

Ugalde [47] found that the global minimum of B13
? is a C2v

1A1 structure that is similar to its neutral. Our theoretical

predictions lend a support for the assignment that the C2v

13.1 structure is the most stable isomer. The other C2v

structure 13.2 is very close in energy to 13.1, but it is only

transition state with one imaginary frequency, whereas the

Cs
1A0 structure 13.3 is located at 15.8 kcal/mol (Fig. 3).

Fig. 2 The curves of relative energies (kcal/mol) of the lower-lying

B6 isomers obtained using various computational methods
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The high stability of B13
? was interpreted from a MO

correlation diagram [18].

B14
? and B15

? The Bn
? systems with n C 14 have

received less attention as compared to the smaller sizes. At

all levels considered, our predictions concur to earlier

studies [38, 40] that the C2v
2A1 14.1 and Cs

1A’ 15.1

structures are the most stable forms of B14
? and B15

?,

respectively (Fig. 4).

B16
? Using the TPSS/def2-TZVPP level, Oger et al. [28]

reported that the most stable isomer of B16
? is a caged form

with C2v symmetry 16.2. Two structures, including an

elongated form 16.1 (C2h
2Au) and a tubular form 16.3 (D4,

2B1), are the next isomers with relative energies of 0.07 and

0.09 eV, respectively. Our BPE/6-311?G(d) results show

that 16.3 is the lowest-energy isomer that is 2.3 and

6.9 kcal/mol more stable than 16.1 and 16.2, respectively.

However, B3LYP/6-311?G(d) results point out an opposite

trend that 16.1 is the most stable isomer. At this level of

theory, 16.2 and 16.3 are found now to be 24.9 and 3.1 kcal/

mol less stable than 16.1, respectively. Due to the difference

arising from the methods employed, we further perform

CCSD(T) calculations on these structures. Interestingly, our

CCSD(T) results show that both structures 16.1 and 16.2 are

almost degenerate with the same content in energy and

3.9 kcal/mol more stable than 16.3. Consequently, we

conclude that both structures 16.1 and 16.2 can be regarded

as the degenerate lowest-energy isomers of B16
? (Fig. 4).

Fig. 3 Shapes, electronic

states, number of imaginary

frequencies (NImag), and

relative energy (DE, kcal/mol)

of the low-lying isomers Bn
?

with n = 2–13. The DE values

obtained at the G3B3 approach.

The values in square bracket are

obtained at the CCSD(T)/aug-

cc-pVTZ level
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B17
? Our B3LYP/6-311?G(d) results show that two

structures, including a tubular form 17.1 and an elongated

17.2, are almost degenerate with an energy difference

of 1.6 kcal/mol in favor of 17.2. However, PBE/6-

311?G(d) calculations show an opposite ordering that 17.1

is the most stable isomer and 8.0 kcal/mol more stable than

17.2. At the higher G3B3 and CCSD(T)/6-311G(d)//

B3LYP/6-311?G(d) levels, 17.1 also turns out to be the

most stable isomer as showed in Fig. 4. Thus, we conclude

that B17
? exhibits a C2

1A global minimum 17.1. This

prediction also agrees with the earlier study by Oger et al.

[28]. The C1
1A structure 17.3 is the next isomer with

relative energy of 5.1 kcal/mol, while 3D structure 17.4

(C2v, 1A1) is much less stable, as compared to other forms.

B18
? There is an interesting competition in energy

between 2D and 3D structures for the B18
? species. Based

on DFT calculations using two functionals B3LYP and

PBE, the tubular structure 18.1 is the most stable isomer

(Fig. 5). The next isomer is the quasi-planar structure 18.2

with relative energy of 5.6 and 8.7 kcal/mol at the PBE/

6-311?G(d) and B3LYP/6-311?G(d) levels, respectively.

However, this energy gap is decreased to 1.1 kcal/mol at

the CCSD(T)/6-311G(d) level. Accordingly, both struc-

tures 18.1 and 18.2 are established as the lowest-energy

isomers of B18
?.

18.3 is a distorted form of the neutral global minimum

B18 and becomes the next isomer with 7.7 kcal/mol higher

than 18.1. Two other quasi-planar structures 18.4 and 18.5

are also found to be stable with relative energies of 12.0

and 15.6 kcal/mol, respectively.

B19
? There is a controversy over the identity of the B19

?

global minimum. At the TPSSh/def2-TZVPP level, Oger

et al. [28] reported that the most stable isomer of B19
? is a

tubular form 19.2, but it is only 0.09 eV more stable than

19.1. Based on LDA results, Boustani et al. [29] recently

showed that a 3D pyramid structure 19.8 is rather the most

stable isomer for this size. In this context, we reexamine its

structures using several computational methods, including

three functionals B3LYP, PBE, and TPSS, and both G3B3

and CCSD(T) methods (Fig. 5). While the B3LYP and

TPSS functionals provide the same trend that 19.1 is more

stable but with a small energy separation of *2.0 kcal/

mol, both structures actually have the same energy content

Fig. 4 Shapes, electronic

states, number of imaginary

frequencies (NImag), and

relative energy (DE, kcal/mol)

of the low-lying isomers Bn
?

with n = 14–17. The DE values

obtained at the CCSD(T)/

6-311G//B3LYP/

6-311?G(d) level. The values in

square bracket are obtained at

the PBE/6-311?G(d) level. The

values in parentheses are

obtained at the B3LYP/6-

311?G(d) level
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by PBE calculations. At higher levels, CCSD(T) results

point out that 19.1 is the global minimum, being 7.5 kcal/

mol more stable than 19.2. G3B3 calculations also provide

the same prediction. G3B3 energies indicate a difference of

6.3 kcal/mol in favor of 19.1. Consequently, we conclude

that the planar structure 19.1 is the global minimum of

B19
?.

It is surprising that while some other planar isomers

19.3–19.7 are found to be quite low in energy, the 3D

pyramid structure 19.8 is much less stable, in contrast to

the recent LDA results. This discrepancy can be understood

by the fact that the LDA method is not suitable for treat-

ment of boron clusters.

B20
? Our calculations concur with previous report that

the 3D tubular structure 20.1 is the most stable isomer for

B20
?. Although some other isomers are also located, they

are much less stable, being at least 36.0 kcal/mol higher in

energy.

Generally, a structural transition in going from two-

dimensional to three-dimensional forms is found to occur

for this series at the B16
?–B19

? sizes. While smaller Bn
?

species with n B 15 are planar or quasi-planar, a structural

competition becomes effective within the intermediate

sizes of B16–19
? . The B20

? is clearly characterized as a 3D

tubular structure. Compared to the neutral and anionic

counterparts whose shapes were previously reported [27],

it seems that while addition of one excess electron tends

to extend the planar feature of anionic clusters, detach-

ment of one electron from the neutrals turns out to

increase the three-dimensional structural feature of cat-

ionic clusters Bn
?.

3.3 Energetic and thermochemical properties

While the different components obtained in the CBS pro-

tocol for evaluating total atomization energies (RD0) of the

Bn
? cations are given in Table 2, the corresponding heats of

Fig. 5 Shapes, electronic

states, number of imaginary

frequencies (NImag), and

relative energy (DE, kcal/mol)

of the low-lying isomers Bn
?

with n = 18–20. The DE values

obtained at the CCSD(T)/6-

311G(d)//B3LYP/6-

311?G(d) level. The values in

square bracket are obtained at

the PBE/6-311?G(d) level. The

values in parentheses are

obtained at the B3LYP/6-

311 ? G(d) level
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formation at 0 and 298 K calculated from the CBS and

G3B3 energies are summarized in Table 3. Adiabatic

ionization energies (IEs) of the neutral clusters are calcu-

lated as the difference between heats of formation of

neutral and cationic clusters at the same computational

methods, and the results are shown in Table 4.

The heats of formation of neutral boron clusters Bn are

taken from our previous reports [20, 26]. At the first glance,

Table 2 CCSD(T)/CBS total atomization energies (RD0, TAE, kcal/mol) for the cationic Bn
? clusters (n = 1–8) and the different components

Structure DCBSa DEZPE
b DECV

c DESR
d DESO

e RD0

TAE (0 K)

B2
? (2P

g
?) -146.82 0.62 -0.52 0.03 0.06 -147.88

B3
? (1A1

0) -31.05 4.30 1.51 -0.13 0.09 -33.88

B4
? (2Ag) 90.77 6.98 3.39 -0.26 0.12 87.03

B5
? (1A1) 230.26 9.13 4.10 -0.27 0.15 225.10

B6
? (2B1u) 326.39 11.33 5.25 -0.36 0.18 320.13

B6
? (2A0) 327.26 12.62 5.89 -0.43 0.18 320.27

B7
? (1A1) 480.34 16.50 7.25 -0.50 0.21 470.80

B8
? (2A2) 600.21 16.87 8.26 -0.55 0.24 591.29

a Extrapolated by using Eq. (1) with the aVDZ, aVTZ, and aVQZ basis sets
b Zero-point energies taken from the CCSD(T) harmonic frequencies for small clusters Bn

? (n = 2–6) and the MP2 harmonic frequencies for

larger clusters Bn
? (n = 7–8)

c Core-valence corrections obtained with the aug-cc-pwCVTZ basis sets at the optimized CCSD(T) geometries
d Scalar relativistic correction based on a CCSD(T)-DK/cc-pVTZ-DK calculation and is expressed relative to the CCSD(T) result without the

DK correction
e Correction due to the incorrect treatment of the atomic asymptotes as an average of spin multiplets. Values based on C. Moore’s Tables, Ref.

[74]

Table 3 Heats of formation at 0 K [DfH (0 K)] and 298 K [DfH (298 K)] (kcal/mol) and average binding energies (Eb, eV) of the lowest-lying

isomers Bn
? obtained using G3B3 and CCSD(T)/CBS approaches

Structure Label DfH (0 K) DfH (298 K) Eb

CBS G3B3 CBS G3B3 G3B3

B2
? (2P

g
?) 2.1 418.1 421.6 419.8 423.1 0.84

B3
? (1A1

0) 3.2 439.2 437.6 440.8 439.2 2.28

B4
? (2Ag) 4.1 453.4 454.2 455.3 456.1 2.99

B5
? (1A1) 5.1 450.4 449.7 452.4 452.4 3.60

B6
? (2B1u) 6.1 490.5 489.6 492.6 492.2 3.69

B6
? (2A0) 6.2 490.3 490.3 492.1 492.2 3.69

B7
? (1A1) 7.1 474.9 474.0 476.6 475.8 4.10

B8
? (2A2) 8.1 489.5 486.4 491.7 489.2 4.25

B9
? (1A0) 9.1 – 506.9 – 509.4 4.33

B10
? (2B1) 10.1 – 511.2 – 513.6 4.47

B11
? (1A0) 11.1 – 517.9 – 520.9 4.57

B12
? (2A) 12.1 – 538.8 – 541.6 4.60

B13
? (1A1) 13.1 – 535.1 – 538.6 4.71

B14
? (2A1) 14.1 – 567.6 – 570.6 4.69

B15
? (1A1) 15.1 – 577.2 – 581.2 4.74

B16
? (2Au) 16.1 – 605.9 – 609.8 4.73

B17
? (1A) 17.1 – 614.2 – 617.5 4.78

B17
? (1A) 17.2 – 622.4 – 626.7 –

B17
? (1A) 17.3 – 621.1 – 625.3 –

B18
? (2Bg) 18.1 – 628.8 – 632.4 4.80

B19
? (1A0) 19.1 – 641.8 – 645.8 4.83

B20
? (2B) 20.1 – 646.4 – 649.9 4.87
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there are small differences between heats of formation

obtained from CCSD(T)/CBS and G3B3 energies. The

largest difference is found to be 3.5 kcal/mol for diatomic

B2
?, while the others vary in the range of 0.7–3.1 kcal/mol.

Similar observations were also found in our earlier reports

on the neutral and anionic boron clusters Bn
0/-. Conse-

quently, the heats of formation of the larger sizes Bn with

n C 9 are only calculated using the composite G3B3

method.

The adiabatic ionization energies (IE) of the clusters Bn

are calculated from the heats of formation of neutrals and

corresponding cations obtained from both G3B3 and

CCSD(T)/CBS approaches. The results are given in

Table 4, together with some previous theoretical predic-

tions and available experimental values. Small differences

between the G3B3 and CBS values can again be noticed.

Compared to the earlier theoretical predictions, the present

G3B3 results reveal a better agreement with the avail-

able experimental data. While the IE values obtained by

Boustani et al. [21] are systematically smaller than our

calculated results, the MP4 values reported in Ref. [40] are

much different. This discrepancy is due to the fact that the

structures located in Ref. [40] differ significantly from our

present structures, as discussed in a preceding section.

3.4 Relative stability of clusters

The relative stability of the Bn
? clusters can be approached by

using energetic parameters such as the average binding

energy (Eb) and second-order difference in total energies

(D2E). These energetic properties can be defined as follows:

Eb Bþn
� �

¼ ½ n� 1ð ÞE Bð Þ þ E Bþð Þ � E Bþn
� �

�=n ð3Þ

D2E Bþn
� �

¼ E Bþn�1

� �
þ E Bþnþ1

� �
� 2E Bþn

� �
ð4Þ

where E(B), E(B?) and E(Bn
?) are the total energies of

B-atom, cation B?, and Bn
? cluster obtained at the G3B3

approach, respectively.

While the plots of these energetic parameters are dis-

played in Fig. 6, together with those of their corresponding

neutrals for the purpose of comparison, the calculated

values are given in Table 3. The average binding energy

(Eb) of cationic clusters Bn
? uniformly increases with

increasing size of clusters (Fig. 6a). Similar to the trend of

neutrals Bn, the highest Eb value is found for the B20
?

cation. The Eb values of smaller cationic clusters Bn
?

(n B 6) are slightly smaller than those of corresponding

neutral Bn. However, at larger sizes in both cationic and

neutral states, the Eb values are approximately close to

Table 4 Adiabatic ionization energies (IEa, eV) of boron clusters Bn obtained using G3B3 and CBS approaches

Ion structure Neutral structure G3B3 CBS B3LYPa MP4b Exptlc

B2
? (2P

g
?) B2 (D?h, 3P

g
-) 9.41 9.20 8.734 6.813 10.4 10.3

B3
? (1A1

0) B3 (D3h, 2A1
0) 9.87 9.93 9.199 8.960 9.70 14.0

B4
? (2Ag) B4 (D2h, 1Ag) 9.86 9.92 9.813 14.390 9.80 11.8

B5
? (1A1) B5 (C2v, 2B2) 8.45 8.62 9.430 7.240 8.10 7.8

B6
? (2A0) B6 (C5v, 1A1) 8.89 9.15 8.439 8.841 7.80 9.1

B6
? (2B1u) B6 (C2h, 3Au) 8.59 8.82

B7
? (1A1) B7 (C2v, 2B2) 8.13 8.36 7.955

B8
? (2A2) B8 (D7h, 3A2

0) 8.72 8.97 8.625

B9
? (1A0) B9 (C2v, 2A1) 8.46 8.112

B10
? (2B1) B10 (C2h, 1Ag) 8.61 8.685

B11
? (1A0) B11 (C2v, 2B2) 8.01 7.993

B12
? (2A) B12 (C3v, 1A1) 8.91 8.684

B13
? (1A1) B13 (Cs,

2A00) 7.24 7.941

B14
? (2A1) B14 (C2v, 1A1) 8.11

B15
? (1A1) B15 (C1, 2A) 7.39

B16
? (2Au) B16 (C2h, 1Ag) 8.07

B17
? (1A) B17 (C1, 2A) 7.55

B18
? (2Bg) B18 (C3v, 1A1) 8.05

B19
? (1A) B19 (Cs,

2A0) 7.38

B20
? (2B) B20 (D10d, 1A1g) 7.53

a Theoretical values at the B3LYP/6-311?G(d) level obtained from Ref. [21]
b Theoretical values at the MP4/3-21G(d) level obtained from Ref. [21]
c Experimental values obtained from Ref. [2]
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each other. In the cases of n C 13, the Eb values of cations

Bn
? becomes even larger than those of the neutral Bn.

The second-order difference in total energy (D2E) can be

considered as a measure of relative stability of clusters.

Accordingly, a high value of D2E indicates a higher sta-

bility of the size as compared to its two left and right

neighbors. From Fig. 6b, a consistent odd–even oscillation

is easily found for the curves of D2E. The closed-shell

systems with an odd number of B-atoms for cation Bn
?

(with even number of B-atoms for neutral Bn) reveal local

maximum peaks. Interestingly, the D2E plot of cationic

clusters Bn
? shows the enhanced peaks at n = 5 and 13,

while the closed-shell systems B9
? and B19

? correspond to

local minimum peaks. These observations are consistent

with experimental results of mass spectroscopy previously

reported that the B5
? and B13

? are enhanced stability

systems with high intensity peaks, whereas the low inten-

sity peaks were found at sizes of n = 9 and 19 [2].

3.5 Dissociation energies (De)

In order to probe further the thermodynamic stability, the

dissociation energies (De) for various fragmentation chan-

nels of the clusters are considered.

The dissociation energies for the channels Bn
? ?

Bn–m
? ? Bm with 1 B m B n is defined in Eq. (3) where

DfH
0 (Bn) and DfH

0 (Bn
?) are the heats of formation at 0 K

of the Bn and Bn
? clusters, respectively:

De Bþn
� �

¼ Df H
0 Bþn�m

� �
þ Df H

0 Bmð Þ � Df H
0 Bþn
� �

ð5Þ

The smaller De values are found for either the fragmentation

channel Bn
? ? Bn-1 ? B? or Bn

? ? Bn-1
? ? B (cf. Table 5).

This indicates that a Bn
? cluster tends to decompose to form

either smaller clusters Bn-1 plus the B? radical or smaller

cations Bn-1
? plus the B-atom. Both fragmentation channels are

competitive. Additionally, an odd–oven oscillation can be

found for the plots of two these fragment channels (Fig. 7). The

closed-shell systems Bn
? with odd number of B-atoms reveal

maximum local peaks. An exception is also found for B9
?

whose De value is smaller than that of its two open-shell

neighbors. This exception is consistent with the above

discussions for the lower stability of B9
?.

More interestingly is perhaps the finding that the De

values for the fragmentation channel Bn
? ? Bn-1 ? B?

are smaller than those for the channel Bn
? ? Bn-1

? ? B in

the cases of small clusters Bn
? with n B 11 (cf. Fig. 7).

However, for larger sizes of n C 14, an opposite trend can

be found that the latter channel is more favored. These

observations are consistent with our Eb predictions that the

binding energy of large clusters Bn
? (n C 13) are higher as

compared to those of their corresponding neutral species.

3.6 Electron delocalization and aromaticity of cationic

clusters Bn
?

Aromaticity is no doubt one of the most interesting features

of small boron clusters. Possessing planar structures, these

boron clusters were characterized as highly aromatic sys-

tems, on the basis of various indices such as nucleus-

independent chemical shift (NICS), electron localization

function (ELF), resonance energy (RE), the presence of

ring current induced by an external magnetic field, and the

classical Hückel rule of (4 N ? 2) valence electrons, etc…
[8–10, 27]. In recent reports [20, 26], we found that all

small boron clusters Bn with n B 20 have an aromatic

character, irrespective of their numbers of valence

electrons.

Fig. 6 Average binding energy (Eb, eV) and second-order difference

in total energy (D2E, eV) of the Bn
? clusters using the composite

G3B3 method. The Eb and D2E values of neutral boron cluster Bn

(n = 2–20) obtained from Refs. [20] and [26]
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In this present work, we perform an evaluation of aro-

maticity of closed-shell clusters Bn
? using the NICS indices

[89]. Accordingly, a compound could be regarded as aro-

matic when it shows negative NICS values at the ghost

atoms placed on its structure. In an opposite direction, a

compound is anti-aromatic when its related NICS values

are positive. The NICS indices are commonly used to

evaluate the aromatic features of planar cycles in the lit-

erature [8–10, 27]. Recently, it was also found to be

effective for evaluating the aromaticity of three-dimen-

sional tubular structure B2n with n = 8–12 [90]. In this

context, the NICS values of cationic boron clusters are

calculated at the central positions of the global minimum

structures and also at the positions of 1.0 Å on the out-

plane z axis. Table 6 shows that all closed-shell species Bn
?

have an aromatic character with negative NICS values.

The electron localization of Bn
? clusters can now be

probed further by an analysis of the localized orbital

locator (LOL) [91] for the enhanced stability clusters B5
?

Table 5 Dissociation energies (De eV) for various fragmentation channels of cationic boron clusters Bn
? obtained using G3B3 calculations

n De (1) De (2) De (3) De (4) De (5) De (6) De (7) De (8) De (9) De (10)

2 1.67 1.67

3 5.16 3.99 3.99 5.16

4 5.14 7.45 3.50 3.50 7.45 5.14

5 6.05 8.34 7.88 4.42 4.42 7.88 8.34 6.05

6 4.13 7.33 6.85 6.88 3.92 3.92 6.88 6.85 7.33 4.13

7 6.53 7.82 8.24 8.26 8.78 5.91 8.78 8.26 8.24 7.82

8 5.32 9.01 7.51 8.44 8.94 5.43 9.56 8.94 8.44 7.51

9 4.97 7.44 8.35 7.35 8.77 4.49 8.72 9.36 8.77 7.35

10 5.67 7.79 7.49 8.90 8.39 5.45 8.49 9.23 9.90 8.39

11 5.57 8.39 7.73 7.93 9.82 5.19 9.34 8.89 9.66 9.41

12 4.95 7.67 7.72 7.56 8.24 5.17 8.48 9.14 8.71 8.56

13 6.02 8.12 8.06 8.61 8.94 5.34 9.52 9.33 10.01 8.67

14 4.45 7.62 6.95 7.39 8.42 5.45 8.12 8.81 8.64 8.41

15 5.44 7.05 7.43 7.26 8.19 5.57 9.21 8.40 9.11 8.03

16 4.61 7.21 6.03 6.92 7.24 5.46 8.51 8.67 7.87 7.67

17 5.50 7.26 7.08 6.40 7.78 5.66 9.28 8.85 9.02 7.32

18 5.23 7.88 6.86 7.18 6.99 5.91 9.21 9.35 8.93 8.20

19 5.29 7.67 7.54 7.03 7.83 5.48 9.53 9.34 9.50 8.17

20 5.66 8.10 7.70 8.07 8.05 6.52 9.46 10.03 9.86 9.11

(1) Bn
? ? B ? Bn-1

? ; (2) Bn
? ? B2 ? Bn-2

? ; (3) Bn
? ? B3 ? Bn-3

? ; (4) Bn
? ? B4 ? Bn-4

? ; (5) Bn
? ? B5 ? Bn-5

? ; (6) Bn
? ? B? ? Bn-1; (7)

Bn
? ? B2

? ? Bn-2; (8) Bn
? ? B3

? ? Bn-3; (9) Bn
? ? B4

? ? Bn-4; (10) Bn
? ? B5

? ? Bn-5

Table 6 NICS values of closed-shell Bn
? cations obtained at the

B3LYP/6-311?G(d) level

Structures NICS (0,0) NICS(0,1)

B3
? (1A1

0) -66.3 -17.4

B5
? (1A1) -36.2 -18.8

B7
? (1A1) -36.7 -23.1

B9
? (1A0) -23.9 -12.2

B11
? (1A0) -33.2 -20.5

B13
? (1A1) -17.2 -20.1

B15
? (1A1) -10.2 -5.9

B17
? (1A) -34.7 -27.2

B19
? (1A) -14.6 -12.0

Fig. 7 Dissociation energy (De) of the Bn
? clusters using the G3B3

method
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and B13
?. The LOL technique was proposed by Schmider

and Becke [91] and is defined as follows:

LOL ¼ 1

1þ s
D0

ð6Þ

where s is the local kinetic energy, D0 is the kinetic energy

in the uniform electron gas.

Consequently, high LOL values are associated with slow

electrons that are characteristic of localized electrons such

as electrons located in bonds or lone pairs and vice versa.

Recently, the LOL indices have been effectively applied

for analysis of electron delocalization of organic com-

pounds [92, 93] and also the B20 cluster [20].

Our analysis of canonical molecular orbital (CMO)

showed that seven valence MOs of B5
? are divided into

two sets. The first set includes five MOs (HOMO-2,

HOMO-3, HOMO-4, HOMO-5, and HOMO-6) that are

responsible for five two-electron (2e)–two-center (2c)

bonds between B-atoms. The two remaining MOs,

including p-MO (HOMO-1) and r-MO (HOMO) (Fig. 8a)

are globally delocalized, and thus responsible for aroma-

ticity of the B5
?. The LOL plots for B5

? (Fig. 8b) reveal an

internal consistence with our CMO analysis. Green-colored

contractors of the first set of MOs are distributed on the

B–B bonds and contribute to five 2e-2c bonds. Interest-

ingly, the r-LOL (in red domains) and p-LOL (in blue

domains) show the contractors that are delocalized over the

entire system, and thus responsible for aromaticity of B5
?.

Similar observations are found for B13
? as shown in

Fig. 9. Nineteen valence MOs can be divided into three

sets. The first set of three p-MOs (HOMO-2, HOMO-3, and

HOMO-8) and the second set of three r-MOs (HOMO,

HOMO-1, and HOMO-4) are globally delocalized, while

the third set of remaining MOs are responsible for the B–B

bonds of outer rings [18]. The LOL plots in Fig. 9b

emphasize that the red-colored contractors of r-LOL and

blue-colored contractors of p-LOL are delocalized glob-

ally, and thereby make the B13
? cation aromatic.

4 Concluding remarks

In this study, we attempt to approach the boron conundrum

in performing theoretical investigations on molecular

structures and thermochemical properties of the cationic

boron clusters Bn
? with n = 2–20. Indeed, for these sys-

tems, inconsistent results on their structures and energies

constitute a typical characteristic of the current literature.

In establishing the global minima, we use a stochastic

search method along with high-accuracy quantum chemical

calculations. The performance of computational methods is

evaluated by using CCSD(T)/CBS energies as standard

references. The following important points emerge from

the calculated results:

1. There is a consistency between high-accuracy compu-

tational methods such as G3, G3B3, G4, and

CCSD(T)/CBS.

2. For planar and quasi-planar structures, the relative

energies obtained from seven different density func-

tionals including B3LYP, BLYP, TPSS, TPSSh,

PW91, PB86, and PBE are close to each other and
Fig. 8 a Selected MOs of the B5

? (C2v) and b LOL isosurfaces of the

B5
? (C2v) at the LOL values of 0.67 7 0.80

Fig. 9 a Selected MOs of the B13
? (C2v) and b LOL isosurfaces of

the B13
? (C2v) at the LOL values of 0.67 7 0.80
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can be compared to the CCSD(T)/CBS values. While

the BLYP and B3LYP functionals are apparently less

accurate for three-dimensional structures, the MP2

method is not reliable for boron clusters.

3. Single-point electronic energies obtained from

CCSD(T) calculations with the MP2 and B3LYP

geometries agree well with the CCSD(T)/CBS values

based on CCSD(T) geometries. Differences in geom-

etries between the B3LYP, MP2, and CCSD(T) meth-

ods induce negligible variations in relative energies.

4. A structural transition is found to occur in going from

two-dimensional to three-dimensional forms for this

series at the B16
?–B19

? sizes. While smaller Bn
?

clusters with n B 15 are planar or quasi-planar, a

structural competition becomes effective within the

intermediate sizes of B16–19
? . The cation B20

? is clearly

characterized as a 3D tubular structure.

5. We determine a reliable and consistent set of standard

heats of formation for the cationic boron clusters that

are missing up to now. The adiabatic ionization

energies can thereby be predicted. The average binding

energy tends to increase with increasing size toward a

certain limit. Enhanced stability is found for closed-

shell systems B5
? and B13

?; and

6. Finally, all closed-shell species Bn
? have an aromatic

character with negative NICS values. The electron

delocalization of the enhanced stability systems B5
?

and B13
? are analyzed by using the LOL index.
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