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The potential energy surfaces (PES) of a series of gold–boron

clusters with formula AunB (n 5 1–8) and AumB2 (m 5 1–7)

have been explored using a modified stochastic search algo-

rithm. Despite the complexity of the PES of these clusters,

there are well-defined growth patterns. The bonding of these

clusters is analyzed using the adaptive natural density parti-

tioning and the natural bonding orbital analyses. Reactivity is

studied in terms of the molecular electrostatic potential. VC
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Introduction

Gold clusters are important due to the potential applications

in medicine, catalysis, and plasmonic materials.[1] Considering

that gold is an inert solid, one of the most attractive proper-

ties of the gold clusters is its capability to be reactive.[2] For

example, gold clusters are able to catalyze the CO oxidation.[3]

Considerable efforts have been devoted to explain the factors

that contribute to the extraordinary catalytic activity of gold

clusters, including the relationship between structure and reac-

tivity.[1g,4] In particular, theoretical studies of small gold clus-

ters indicate that up to nine gold atoms, the planar structures

are the most stable ones.[5,6] Between nine and 16 atoms,

both two-dimentional (2D) and three-dimentional (3D) can

coexist. After 16 gold atoms, the 3D arrangements are prevai-

ling.[5m,7,8] The reactivity of these clusters is related to the

structure; thus, 2D gold clusters could react different to their

3D congeners. For this reason, the correct structural characteri-

zation of gold clusters is critical.

Doping a gold cluster can induce modifications into its

structure and properties.[9] Particularly, gold–boron clusters

caught our attention because in principle no drastic structural

changes respect to the pure gold clusters were reported.[9f ]

However, photoelectron spectroscopic studies indicate an

opposite behavior. Recently, two of us reported that the struc-

tures of AunB (n 5 2–8) clusters[9f ] are mainly planar and better

electron donors than pure gold clusters, being the B atoms

the active sites. So, there is a reactivity increase of the gold

clusters due to the presence of a boron atom. However, the

number of candidates used for the global minimum search

was quite limited. So, it is required to expand or improve the

way of doing the potential energy surfaces (PES) analysis.

Herein, we explore in detail the PES of the AunB (n 5 1–8)

and AumB2 (m 5 1–7) clusters using a modified stochastic

search algorithm. The bonding of these clusters is analyzed

using the adaptive natural density partitioning (AdNDP)[10]

and the natural bonding orbital[11] analyses. Reactivity is

studied in terms of the molecular electrostatic potential. Our

computations show that such gold–boron clusters have com-

plex PESs, with several structures having similar stability and

probably different reactivity, but there are well-defined

growth patterns.

Computational Details

A modified Kick heuristic called Bilatu[12] is used to explore

in detail the PES of the first two spin multiplicities of the

title systems. This procedure starts with the random genera-

tion of the atomic positions using the Mersenne twister

algorithm.[13] The selected structures must achieve three

conditions:

1. All the atomic positions are located into a sphere of

radius R, where R is the sum of the covalent radii of all

the atoms.

2. The distance between any pair of atoms must be longer

than the sum of their covalent radii.

3. Each atom should be connected at least to one

atom. Such condition is achieved using the Laplacian

matrix.
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Given a graph G with n vertices, its Laplacian matrix L is

defined as: L 5 D – A, where D is the degree matrix and A is

the adjacency matrix. D is a diagonal matrix, which contains

information about the coordination number of each atom. An

adjacency matrix is a means of representing which vertices of

a graph are adjacent to which other vertices. The adjacency

matrix is a square matrix whose elements are given by:

Aij5
1 if the atom i is connected to atom j

0 otherwise

( )

In a chemical sense, it represents a connectivity matrix. Fig-

ure 1 depicts an example of a labeled molecular graph and its

corresponding Laplacian matrix.

The number of times zero appears as an eigenvalue in the

Laplacian is the number of connected components in the

graph. In our particular case, all the atoms in the initial struc-

tures should be connected, that is, if more than one zero

appears as eigenvalues in the Laplacian matrix then the struc-

ture is removed.

If these three conditions are satisfied then the structure is

optimized. For each atom into the cluster, 100 structures are

proposed. For instance, 800 different structures are initially

generated for Au7B.

A geometrical comparison among all the optimized struc-

tures is performed to select the different candidates for the

final geometry optimization at a higher level of theory. In our

case, the preoptimization is done at the PBE0/LANL2DZ[14]

level and the final reoptimization and characterization at the

PBE0/def2-TZVP[4a,15] level. All computations are carried out

using Gaussian 09 program.[16]

The chemical bond is analyzed in terms of the AdNDP

method,[10] recently developed and implemented by Zubarev

and Boldyrev. The AdNDP approach leads to partitioning of

the charge density into elements with the lowest possible

number of atomic centers per electron pair: n-center-two-elec-

tron (nc–2e) bonds, including core electrons, lone pairs, 2c–2e

bonds, and so on. AdNDP accepts only those bonding elements

whose occupation numbers (ON) exceed the specified threshold

values, which are usually chosen to be close to 2.00 |e|.

Structures of AunB (n 5 1–8)

Local minima of the AunB (n 5 1–5) clusters found within 15

kcal/mol above the global minimum structure are shown in

Figure 2. Local minima higher in energy were also located, but

they are not included in the discussion. Only one minimum in

the selected range is present for clusters up to three gold

atoms. In the case of Au4B and Au5B, there are three and two

local minima, respectively. Note that low spin states are favored.

Li and Li have analyzed in detail the first four clusters of this

series via B3LYP/SDD computations.[17] The global minimum

structures computed at the PBE0/def2-TZVP are in agreement

to those computed at the B3LYP/SDD level. Previously, a planar

C2v structure (Au4B_4) was suggested as the lowest lying iso-

mer at the B3LYP/LANL2DZ level,[9f ] but the smallest frequency

computed at that level was only 7 cm21. Au4B_4 is higher in

energy than the lowest lying structure reported here; the rela-

tive energy of Au4B_4 with respect to the global minimum is

12.2 kcal/mol at the PBE0/def2-TZVP level. At the B3LYP/

LANL2DZ level, Au4B_4 is also less stable than Au4B_1 by 9.5

kcal/mol. Actually there are two structures lower in energy

than Au4B_4 (See Fig. 2). Following the imaginary frequency,

Au4B_4 converged to the global minimum. Our computations

show that Au4B adopts a D2d structure in agreement with the

results of Li et al.[17]

For Au5B, there are no planar structures in a range of 15

kcal/mol. The global minimum form is a C4v square-based

Figure 1. An example of a labeled graph and its Laplacian matrix.
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pyramid (Au5B_1) with a pentacoordinate boron atom. The

AuAB bond lengths (2.00 and 2.11 Å for the apical and equa-

torial bonds, respectively) are longer than those found for

the smaller clusters. The most stable planar form (Au5B_3),

suggested as the global minimum by Romero et al., is 16.9

kcal/mol less stable than the lowest lying structure found

here.[9f ] Note that the structures in Figure 2 were not consid-

ered by Romero et al. as candidates, since in that study the

construction of initial candidates was done substituting one

gold atom by boron. Due to the planarity of gold clusters,

the resulting structures of gold–boron clusters were also

planar.

Figure 3 depicts nine different isomers for Au6B, both planar

and 3D. In a previous report, the structure labeled as Au6B_3

was classified as the ground state.[9f ] According to the results

reported here, this is 6.9 kcal/mol less stable than the most

stable structure. The global minimum is the result of a gold

atom interacting to the square-based pyramid of Au5B_1.

The optimized structures of Au7B are reported in Figure 4.

There are eight different geometries in a range of 15 kcal/mol.

The most obvious form derived from the interaction of two

gold atoms with Au5B_1 (Au7B_2) is not the global minimum.

The ground state is a planar structure, resulting from the addi-

tion of a gold atom to Au6B_3 around the boron to form a

planar tetracoordinate boron atom (Au7B_1). This is the same

ground state reported before by Romero et al. Notice that the

relative energy between the two first isomers of Au7B is less

than 3 kcal/mol. So, both structures could be detected

experimentally.

Figure 5 depicts 20 isomers found for Au8B again in a range

of 15 kcal/mol. Structures Au8B_1, Au8B_3, Au8B_8, Au8B_9, and

Au8B_11 are derived from the Au7B_1 skeleton, where an extra

gold atom interacts in different positions. Note that the most

stable form possesses a pentacoordinate boron atom (Au8B_1).

The planar structure labeled as Au8B_5 was reported before as

the ground state, but it is 8.9 kcal/mol less stable than Au8B_1.

The structural evolution from Au4B to Au8B can be under-

stood by looking similarities into their geometries. For the 3D

structures, Au4B_1 or Au4B_2 plus one gold atom gives

Au5B_1. One extra gold atom generates Au6B_1. This 3D form

is similar to Au7B_2, but this is not the global minimum for

such stoichiometry. The core structure of Au4B is maintained

in Au8B_2, but it is 6.8 kcal/mol less stable than the corre-

sponding ground state. Conversely, if we follow the growth

pattern of planar structures starting from Au3B, it is possible

to obtain Au4B_3, Au5B_3, Au6B_3, Au7B_1, and, finally,

Au8B_4. In summary, 3D arrangements dominate the AunB

(n 5 4–8) stoichiometries.

Structures of AumB2 (m 5 1–7)

Now, let us discuss about the structural changes induced by the

insertion of one additional boron atom. Figure 6 summarizes the

results for AumB2 with m 5 1–7. Figures 1-SI to 4-SI contain

the local minima found in the range of 15 kcal/mol for each stoi-

chiometry. Every structure in Figure 6 has a BAB bond. Actually,

in the selected range of energy, there is not a local minimum

without a BAB bond. This is expected because the BAB bond

dissociation energy is around 3 eV whilst the AuAAu bond dis-

sociation energy is only 2.3 eV. Quite recently, Castro et al.

reported a similar behavior for B2P5 clusters, where all the local

minima in a range of 20 kcal/mol show a BAB bond.[18]

In 2010, Yao et al. reported a detailed structural analysis of

the AumB2 (m 5 1, 3, 5).[19] In our case, the global minima for

these three stoichiometries are the same. The ground state for

AuB2 corresponds to a quartet state with a linear structure

Figure 2. Isomers of the AunB (n 5 1–4) clusters in a range of 15 kcal/mol respect to the corresponding global minimum. The energy differences (in brack-

ets) include the zero point energy correction.
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Figure 4. Isomers of the Au7B clusters in a range of 15 kcal/mol respect to the corresponding global minimum. The energy differences (in brackets) include

the zero point energy correction. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 3. Isomers of the Au6B clusters in a range of 15 kcal/mol respect to the corresponding global minimum. The energy differences (in brackets) include

the zero point energy correction. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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(AuB2_1). Au2B2 also adopts a linear form with a triplet state

configuration. This is opposite to the small AunB clusters,

where the low spin forms dominate. In the rest of the studied

AumB2 clusters, low spin states are favored.

Clearly, the 3D structures are more stable than the planar

ones for the AumB2 (m 5 4–7) clusters. Except Au6B2, the boron

atoms are tetracoordinated. Au6B2 has an exceptional structure

with a pentacoordinate boron atom. A pentacoordinate boron

atom is also found in Au5B2_2, which is only 0.4 kcal/mol less

stable than the corresponding global minimum. In the case of

Au5B2, obviously both isomers could be detected experimen-

tally. So, the substitution of two gold atoms by boron changes

drastically the structure of the original gold clusters. Con-

versely, the BAB bond will survive independently of the num-

ber of gold atoms that form the cluster.

Bonding Analysis

Gold (2.54) is more electronegative than boron (2.04) due to

relativistic effects.[20] This is the reason why in the AuB dimer,

Figure 5. Isomers of the Au8B clusters in a range of 15 kcal/mol respect to the corresponding global minimum. The energy differences (in brackets) include

the zero point energy correction. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Au has a negative charge (20.25 |e|). In Au2B or bigger clus-

ters, one expects also a positive charge on the boron atom.

However, Figure 1-SI shows that this is not the case. In all the

title clusters, boron has a negative charge (between 20.08

and 21.61 |e|), while the gold atoms bonded to boron are

positively charged (0.04–0.45 |e|). The gold atoms out of the

first coordination sphere have a negligible negative charge,

except in Au6B2 (q(Au) 5 20.21 |e|). The natural population

analysis (NPA) charges documents the ionic bonding character

of the gold–boron clusters, which has a strong repercussion in

their reactivity (vide infra).

The case of AuB is intriguing. The AuAB bond length is

1.924 Å. This value is shorter than the average AuAB bond dis-

tance (2.039 Å). Li and Li suggested the presence of a triple

Figure 6. Global minimum structures of the AumB2 (m 5 1–7) clusters. [Color figure can be viewed in the online issue, which is available at wileyonlineli-

brary.com.]

Figure 7. Bonds and lone pairs recovered by the AdNDP analysis for AuB. ON is the occupation number. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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bond, exclusively based on the distance.[17] However, the

Wiberg bond index (WBI)[21] is only 1.30, indicating the pres-

ence of a single (perhaps a double) bond. To give an answer

to this puzzle, a series of AdNDP computations were done. In

the case of AuB, we consider not only the valence electrons in

the analysis, the five electrons of boron, and the last 16 elec-

trons of gold are also included in the computations (Fig. 7).

Only one 2c-2e r-bonding is found with an ON of 1.99 |e|. The

other two valence electrons of boron are located as a lone

pair. The electrostatic potential of AuB shows a negative

region around the boron atom, supporting also the presence

of a lone pair. These evidences support the existence of a

short BAAu r-bond in AuB.

For the rest of the AuAB clusters, AuAB WBIs show the

AuAB bond order ranges from 0.37 for Au6B2 to 1.30 for AuB

(see Supporting Information Figure 5-SI), indicating a signifi-

cant AuAB bonding interactions. The total WBI of the boron

atoms goes from 1.44 for AuB2 to 4.05 for Au5B, which implies

the octet rule is not violated despite the hypercoordination in

AunB (n 5 5–8) and Au6B2. Note that the total WBI of gold

atoms does not exceed the value of 2.

Unfortunately, the AdNDP analysis is available only for closed-

shell systems. Nevertheless, Figure 8 summarizes the AdNDP

results for Au3B, Au5B, Au7B, Au4B2, and Au6B2. The bonding pat-

tern in Au3B, revealed by the AdNDP analysis, shows the presence

of three 2c-2e AuAB r-bonds, similar to that in borane.[22] In

Figure 8. Bonds recovered by the AdNDP analysis for Au3B, Au5B, Au7B, Au4B2, and Au6B2. ON is the occupation number. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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AuB5, there is a 2c-2e AuAB r-bond and four 3c-2e AuABAAu

r-bonds, explaining why the apical AuAB bond length (2.005 Å)

is shorter than the axial ones (2.111 Å). Despite boron atom is

pentacoordinate, given the boron preference to form multicenter

bonds, it does violate the octet rule, and thus, it should be classi-

fied as a hypercoordinate atom. Au7B possesses a planar tetra-

coordinate boron atom, where boron is bounded to the

peripheral atoms via two 2c-2e AuAB r-bonds and one 3c-2e

AuABAAu r-bond. Evidently, the former AuAB distance (2.020 Å)

is shorter than the multicenter contact (2.086 Å). The gold frag-

ment in Au7B is stabilized by two 3c-2e r-bond.

In Au4B2, the BAB bond is a single bond. While the AuAB

bonds located parallel to the boron dimer are also 2c-2e

r-bonds, the bridged gold atoms are linked to the boron frag-

ment via two 3c-2e BAAuAB r-bonds. The bonding situation

in Au6B2 is slightly different to Au4B2, because part of the elec-

tron density involved into the BAB bond is donated to form a

3c-2e BAAuAB interaction, clarifying why the BAB distance in

Au6B2 (1.698 Å) is considerably longer than that computed in

Au4B2 (1.586 Å). Finally, Au4B2 is the only one with a single

AuAAu bond (2.551 Å).

Reactivity

The electrostatic potential has been used extensively as a local

index of chemical reactivity. Location of positive and negative

regions of this function has been used to identify the sites of

nucleophilic and electrophilic attack, respectively.[23] It is par-

ticularly effective in relation to noncovalent interactions and

early stages of chemical processes that involve bond formation

and/or charge transfer. The substitution of one gold atom by

boron modifies drastically the structure and reactivity. The

electrostatic potential isosurfaces show that negative regions

are accumulated around the boron fragments (see Fig. 9). This

is more evident in the AumB2 clusters. So, in the case of a CO

oxidation, one can anticipate that carbon will interact with the

boron fragment and oxygen with the gold skeleton.

Summary and Outlook

Our computations indicate that the global minimum of AunB

(n 5 1–8) and AumB2 (m 5 1–7) clusters do not have the same

geometry as pure gold clusters. The substitution of one gold

atom by boron modifies drastically the structure and reactivity.

Figure 9. Electrostatic Potential Isosurfaces (|MEP| 5 0.02 au) for the global minimum structures of AunB (n 5 1, 8) and AumB2 (m 5 1, 7) clusters. [Color fig-

ure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

FULL PAPERWWW.C-CHEM.ORG

Journal of Computational Chemistry 2014, 35, 2288–2296 2295

http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/


Nevertheless, there are well-defined growth patterns. It is quite

interesting that some structures have planar hypercoordinate

boron atoms. The bond of these mixed clusters is explained

via the presence of multicenter bonds. The electrostatic poten-

tial isosurfaces show that negative regions are accumulated

around the boron fragments. So, in the case of a CO oxidation,

one can anticipate that carbon will interact with the boron

fragment and oxygen with the gold skeleton. These results are

important for future applications and to improve the under-

standing of the extraordinary catalytic properties of gold

nanostructures.
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