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We performed coupled-cluster calculations to determine the intermolecular interaction energy between two 
TiAu4 clusters. Our ab initio calculations predict that the binding energy is 2.89 eV, which is somewhat larger 
than the known binding energy of 2.0 eV for TiH4-TiH4. The intermolecular binding energy is relatively high, 
despite TiAu4 having all the attributes of a magic cluster. The favorable orbital interaction between occupied 
Au(6s) and unoccupied Ti(3d) orbitals leads to the strong dimeric interaction for TiAu4-TiAu4.
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Introduction

Magic clusters are characterized by low electron affinity, 
high ionization potential and enhanced stability. Their 
unwillingness to either accept or donate an electron makes 
them relatively inert, and two magic clusters would be 
expected to interact weakly via a van der Waals-like mech
anism.1,2 For magic cluster, the presence of closed electronic 
shells alone may not be a sufficient criterion for determining 
its suitability as a building block of cluster-assembled 
materials.3 Thus, the investigation of dimer formation of 
magic clusters is important in the context of novel 
materials.4 Ghanty et al.5 using ab initio calculations showed 
that (TiAu4)2 has very strong dimeric interaction, although 
TiAu4 has all the attributes of a magic cluster, i.e., ionization 
potential of 9.73 eV, electron affinity of 0.63 eV, and 
HOMO-LUMO gap of 3.24 eV The Becke three parameter 
Lee-Yang-Parr (B3LYP)6,7 and Moller-Plesset second-order 
perturbation theory (MP2)8 methods were employed in that 
study. Ghanty and co-workers5 concluded from their MP2 
calculations that the interaction energy of 7.04 eV between 
the magic clusters is unusually large, although the B3LYP 
interaction energy is only 2.16 eV. However, Han9 demon
strated that the MP2 interactions are exaggerated due to 
neglection of the basis set superposition error (BSSE).

We note that the B3LYP (1.88 eV) and MP2 (4.63 eV) 
results9 are still different even the values are stabilization 
energies taking into consideration BSSE and fragment 
relaxation. This dimeric system may be a real challenge for 
quantum chemistry, as the ten transition-metal atoms intro
duce large amounts of dynamic correlation, that are not well 
described by low-level wavefunction methods such as 
MP2.10 In the present study, we recalculated the interaction 
energies between the clusters using the theory of high-level 
coupled-cluster levels, i.e., coupled-cluster singles, doubles, 
and perturbative triples [CCSD(T)].11

Computation Details

A large basis CCSD(T) calculation on a species with ten 
transition metal atoms is too difficult to perform except with 
small basis sets. To solve this problem, we employed an 
“additive” approach, which rests on the fact that higher- 
order electron correlation effects tend to be very insensitive 
to improvements in the basis.12-14

CCSD(T) est/large Basisll
=CCSD(T)/BasisI + [MP2/BasisII - MP2/BasisI]

The stabilization energy (AE)15-17 was obtained as

A E = EOB 气 AB )-EaB 气4 )-E^ 气 B)+E：el (A) +E》(B) 

where E^el(A ) = EAb(A)-E：A(A ) and Erel(B) = EAB(B) 一 
E%(B) are the fragmentation relaxation energies that 
correspond to the energy penalty for distorting from their 
isolated geometries to the geometries of the complex. In the 
formula, the electronic energy of a molecular system M, at 
geometry G, computed with basis set a is defined as 
Eq(M). We used three different size of basis sets: Basis1 - 
(^s7p6d1f)/[6s5p3d1f] for Ti18 and (8s7p6d)/[6s5p3이 for 
Au,19 Basis2 - (8s7p6d1f)/[6s5p3d1f\ for Ti18 and (8s7p6d2f)/ 
[6s5p3d2f for Au,19 and Basis3 - all-electron (21s16p9d3f2g)/ 
[7s8p6d3f2g] for Ti20,21 and (^s7p6d3f2g)/[6s5p3d3f2g] for 
Au.19 The number of valence electrons is 12 for Ti and 19 for 
Au in the relativistic effective core potential (RECP) calcu- 
lations.18,19 Stationary points were characterized as local 
minima by calculating the energy second derivatives. All the 
calculations were performed with the Gaussian03 package.22 
All occupied and virtual orbitals were included at all levels 
of the theory.

Results and Discussion

The optimized structure (TiAu4)2 is shown in Figure 1.
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Figure 1. D》d Optimized structures of T12AU8.

Figure 2. Cs Optimized structures of 典氏.

Table 2. The interactrion energies (in eV) computed at the SVWN, 
PW91, and B3LYP levels of theory for TiH4-TiH4

The gross geometrical features of the individual clusters are 
retained in the dimer.5 The stabilization energies computed 
at the density functional theory (DFT) and ab initio levels of 
theory are summarized in Table 1. The effectiveness of the 
basis set extension is quite different in wavefunction-based 
theories and density-based theories. The convergence with 
respect to the basis set size is much faster with the density
based methods than with the post-Hartree-Fock methods 
such as MP2. This has already been found before in other 
comparative studies.23-25 It follows from the fact in the DFT 
approach the orbitals are only needed to construct the 
density.

For practical reason, the coupled-cluster calculations were 
performed with BasisL It is worth noting that the CCSD(T) 
energy of 1.66 eV is much less than the MP2 energy of 4.01 
eV, indicating that the MP2 value is overestimated for the 
system. It is well known that local density approximation 
(LDA) suffers from a problem of overbinding.26 We tested a 
LDA functional, Slater exchange and Vosko-Wilk-Nusair 
correlation (SVWN),27,28 for TiAu4-TiAu4 (see Table 1) and 
obtained 4.43-4.61 eV, comparable to the MP2 values and 
supporting the overestimation of MP2 method for the system. 
The extension of basis sets increases the stabilization ener
gies at the MP2 level, and the estimated CCSD(T)/Basis3 
value is 2.89 eV. The intermolecular binding energy is 
relatively high, despite TiAu4 having all the attributes of a 
magic cluster.5 As shown in Table 1, the Perdew-Wang91 
(PW91)29 results are in good agreement with the CCSD(T) 
est value, while the B3LYP values are very underestimated.

Since gold can behave like hydrogen,30 we compared the 
binding energies of (TiAu4)2 with that of (TiH4)2. The most

Table 1. The stabilization energies (in eV) computed at the SVWN, 
PW91, B3LYP, MP2, CCSD, and CCSD(T) levels of theory for 
TiAu4-TiAu4. The values in italic are estimated values (see text)

“The interaction energies without BSSE correction. The BSSE is small in 
the DFT calculations, See Reference 9. “The MP2 optimized geometries 
were used.

SVWNa PW91a B3LYPa MP2 CCSD4 CCSD(T)4
Basis1 4.46 2.84 2.07 4.01 1.18 1.66
Basis2 4.61 2.88 2.05 4.65 1.82 2.30
Basis3 4.43 2.72 1.88 5.24 2.41 2.89

“The MP2 optimized geometries were used. The TZVP and TZVPf) 
basis sets were employed for the MP2 and CCSD(T) calculations, 
respectively. Reference 31.

SVWN PW91 B3LYP MP2a CCSD(T)a
Binding energy 3.28 2.16 1.49 2.03 2.00

stable form is H2Ti(^-H)3TiH3, as depicted in Figure 2.31 The 
SVWN, PW91, and B3LYP binding energies for (TiH4)2 are 
listed in Table 2, along with the reported MP2 and CCSD(T)// 
MP2 results.31 The basis sets (8sl^p6d1f)/\6s5p3d1f\ for Ti20 
and (4s1p)/\2s1p\ for H32 were used. The TiAu4-TiAu4 

binding energy is 0.89 eV larger than that for TiH4-TiH4 

(2.00 eV). Similarly to the case of (TiAu4)2, the PW91 result 
agrees considerably better with the CCSD(T) value for 
(TiH4)2, while the B3LYP value is underestimated. For Au2, 
the PW91 functional provides a Au-Au binding energy (2.28 
eV) for Au2 close to the experimental data33 of 2.31 eV, 
whereas the B3LYP functional gives a much smaller value 
(1.93 eV). These results show that PW91 is a practical and 
efficient method of choice for determining the binding 
energies of similar systems.

Let us now examine the origin of the strong dimeric 
interaction for TiAu4. In Table 3, the results of the fragment
based energy decomposition34 of the dimeric interaction are 
presented for TiAu4-TiAu4 and TiH4-TiH4. The DFT calcu
lations on the binding energies have been performed with the

Table 3. Energy decomposition (in eV) for the TiAu4-TiAu4 and 
TiH4-TiH4 binding energies

(TiAu4)2 (TiH4)2

AE -2.80 -2.25
△Edef +0.70 +1.09
△Esteric +5.87 +1.95
△Epauli +22.99 +7.77
△Eelast -17.12 -5.82
△Eg -9.37 -5.29

A1 -4.13
A2 -0.50
B1 -2.37a
B2 -2.37a

aThe degenerated B1 and B2 values correspond to the polarization orbital 
interaction.
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Figure 3. Main occupied-unoccupied contributions of the irreduci
ble representations to the stabilizing orbital-interaction energy for 
TiAu4-TiAu4: (a) occupied orbitals and (b) unoccupied orbitals.

ADF2005 package.35 This program allows us to consider 
relativistic effects by means of the zero order regular ap
proximation (ZORA) approach. The bond energy can be 
decomposed into contributions from three terms:

AE = AEdef + AEsteric + AEoi

The deformation energy (AEdef) is the energy necessary to 
deform the bonding moieties from their respective isolated 
equilibrium geometries into the geometries they assume in 
the bound complex. The steric energy (AEsteric) is the sum of 
two terms, one corresponding to the electrostatic interaction 
(AEelst) between the fragments and the other to the Pauli 
repulsion energy (AEpauli). AEsteric should not be confused 
with the loosely defined steric interaction between sub
stituents in a molecule. The orbital interaction energy (AEoi) 
is the energy due to the attractive interactions between 
occupied orbitals of one fragment and empty orbitals of the 
other fragment, as well as between the occupied and empty 
orbitals within a given fragment (polarization). AEoi can be 
decomposed into orbital contributions from each irreducible 
representation of the interacting system. The steric term is 
usually repulsive at the equilibrium distance because the 
repulsive component AEpauli dominates, such as in this work, 
and it is more repulsive for the TiAu4-TiAu4 interaction than 
for TiH4-TiH4. The favorable interaction mainly originates 
from the orbital interaction between occupied Au(6s) and 
unoccupied Ti(3 d^ y2, 3dXz, 3%z) orbitals, as shown in 
Figure 3. The 5d orbital contribution of Au is found to be 
minor.

Conclusions

We performed coupled-cluster calculations to determine 
the intermolecular interaction energy between two TiAu4 

clusters. Our ab initio calculations predict that the binding 
energy is 2.89 eV, which is somewhat larger than the known 
binding energy of 2.0 eV for TiH4-TiH4. PW91 is a practical 
and efficient method of choice for determining the binding 
energies of similar systems. The intermolecular binding 
energy is relatively high, despite TiAu4 having all the attri
butes of a magic cluster. Energy decomposition analysis 
shows that the favorable orbital interaction between occupi
ed Au(6s) and unoccupied Ti(3d) orbitals leads to the strong 
dimeric interaction for TiAu4-TiAu4.
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