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The effects of spin contamination errors in the optimized geometry of oxygen-adsorbed Au cluster model
systems were examined by using broken symmetry geometry optimization (BS-opt) and an approximate
spin-projected broken symmetry geometry optimization (AP-opt) method combined with the hybrid
density functional (B3LYP) method. The AP-opt method effectively eliminated spin contamination errors
from the BS-opt calculations of optimized geometry and energy of Au,-O, (n=1, 2 and 13) model
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1. Introduction

In recent years, environmental catalysts have attracted interest
due to increased social demands for pollutant control. Au is a
promising material for environmental catalysis as it exhibits
unique catalytic properties at low temperatures [1-4].

In previous work, we observed that CO strongly adsorbed onto
the surface of Au clusters [5]. This raised the possibility that a key
factor enabling the catalytic oxidation reaction with Au catalysts
was the activation of O, molecules [6]. Recently, Tsukuda found
that Au nanoclusters stabilized by poly(N-vinyl-2-pyrrolidone)
[PVP; (CsHgON),], abbreviated as Au:PVP, can selectively oxidize p-
hydroxybenzyl alcohol into the corresponding aldehyde in water
without degradation [7,8]. In this work, the control of cluster size,
such the ability to prepare sub-nanometer clusters, becomes much
more important since the size effect on the catalytic activity of Au
cluster catalysts is significant. It is also well known that the
electronic states of such clusters are not band structures but are
discrete molecular orbital structures. Additionally, very small
clusters can often have open-shell electronic states.

Recently, the broken symmetry density functional theory (BS
DFT) method has been successfully applied to various metallo-
proteins containing transition metals [9]. The broken symmetry
method can approximately involve the static correlation correction
related to bond dissociation by o and 3 electrons into two different
orbitals, namely the different orbitals for different spins (DODS)
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approach. Therefore, BS DFT calculations employ both dynamic
and non-dynamic (static) correlation effect at lower computational
costs than other ab initio methods such as MRMP2 and CASPT2. It
is, however, well known that the BS procedure causes a crucial
problem called the spin contamination error, where a solution in
an open shell low spin (LS) state is contaminated by higher spin
states [10,11,16]. Due to this error, it can be presumed that
calculated characteristics for the LS state will be affected by those
of the higher spin states. Yamaguchi et al. have proposed an
approximate spin-projection (AP) method in order to eliminate the
spin contamination error from the total energy of the BS LS state
[12,13].

In previous papers, our group proposed a geometry optimiza-
tion procedure based on the AP method, called the AP-opt method
[14,15]. By using AP-opt, one can optimize structures without
introducing spin contamination error. In this paper, we discuss the
application of the AP-opt method to Au,-0, (n =1, 2 and 13) model
systems, since the calculated geometries and energies of these
model systems by BS DFT are known to contain large spin
contamination errors.

2. Theoretical background of AP-opt method and
computational details

The AP procedure proposed by Yamaguchi et al. introduces a
Heisenberg Hamiltonian [17,18] to eliminate spin contamination
error:

A= 23 JuSeo. )
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Fig. 1. Calculated structures of model clusters: (a) Au-0,, (b) Au,-05 type I, (c) Au,-0, type II, and (d) Au;3-0,.

where S, and S, are spin operators for spin sites a and b, and J is an
effective exchange integral. By using the simple approximations
that the spin contamination in a high spin (HS) state is negligible
and the spin densities of each spin site of the low spin state are
equal to those of the HS state, a spin-projected total energy of the
BS LS state can be derived as follows:
Efbes = s — PELS,

(2)

where
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Generally speaking, the spin contamination error of the lowest spin
state (e.g. the singlet state) is mainly derived from the lowest
higher spin state (e.g. the triplet state). Our previous work
demonstrated that the projected energies, such as an excitation
energy, for the lowest spin state BS calculation results calculated
by the approximate spin-projection method were in good
agreement with experimental results [10]. Therefore, we pre-
sumed that the approximate spin-projection method was also
applicable to the geometry optimization in the BS calculations. The
gradient of E3ps, which is necessary for the geometry optimiza-
tion, is given in the AP procedure as follows [14,15]:

Gipps (R) = 7815&\55];{5(1?)
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It is difficult to calculate the derivative of o because it contains (§2 ).
By introducing the simple approximation that the spin contam-
ination is negligible for the HS state, however, it can be reduced as
follows:
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Our group has proposed a numerical fitting procedure to obtain an
approximate function of 3(S )5s/0R, which makes it possible to

obtain the term Ow(R)/OR [14,15,19]. The accuracy of this
numerical approach was evaluated in the previous papers
[14,15]. Using the AP-opt method, we successfully removed the
spin contamination in all cases examined. Therefore, the calculated
(5%) values coincided exactly with the theoretical values for the
spin multiplicities handled. Our AP optimization was carried out
using a custom-made program.

Unrestricted hybrid DFT (UB3LYP) calculations were carried out
for model clusters. The model systems examined are depicted in
Fig. 1. The LANL2DZ basis set was used for Au atoms and the 6-
31+G* basis set was used for O atoms in O, molecules. All
geometries of Au-O, and Au,-O, model systems were fully
optimized with C; symmetry. The Au;3-0, model cluster was
partially optimized with C; symmetry using the UB3LYP method,
where the geometry of the Au;s cluster was fixed. In the geometry
optimization calculations for Au,-0, and Au;3-0, models, several
initial structures were used in order to search for their most stable
optimized geometries. The Mulliken charges of each atom were
calculated by Mulliken population analysis. All calculations were
carried out by the Gaussian03 program [20].

3. Results and discussion

The ground sates of isolated Au atoms and O, molecules are
doublet and triplet, respectively, and the calculated spin state of
Au-0, model is doublet. The obtained <Sz> of the Au-0, model by
the broken symmetry geometry optimization (BS-opt) by B3LYP
was 1.4509, while the exact (S?) value is 0.75. This demonstrates
the large spin contamination error present in the Au-0, model
system. On the other hand, there was no spin contamination error
in the resulting (S?) values for isolated Au atoms or O, molecules.
Therefore, the O-0 bond length of isolated O, calculated by BS-opt
B3LYP method involved no spin contamination error. The results of
BS-opt calculations using B3LYP are summarized in Table 1. The
binding energy between Au and O, by BS-opt was 1.55 kcal/mol.
The 0-0 bond length became slightly longer than that of the 0-0O

Table 1
Calculation results for Au-O, by BS-opt and AP-opt B3LYP methods.

BS-opt B3LYP AP-opt B3LYP Difference®

R(Au-0)° 2.447 2.359 —0.088
R(O-0)° 1230 1237 +0.007
A(Au-0-0)© 119.50 119.33 —0.168
Binding energy 1.55 3.76 +2.21

2 Difference between BS-opt and AP-opt results.
b Bond distance in A.

¢ Angle in degrees.

4 Binding energy in kcal/mol.
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Table 2
Calculation results for neutral, cationic, and anionic Au,-0, models by BS-opt B3LYP method.
Spin state Energy*® (8% Spin density (charge density) Eod®
Aul Au2 01 02

Au,0, Triplet —421.278239 2.0108 0.07(—0.09) 0.01(0.00) 0.90(—0.01) 1.02(—0.10) 272

Auy0," Doublet —420.939755 1.7305 —0.45(0.45) —0.42(0.30) 0.80(0.03) 1.07(0.22) 7.76

Au,0, Doublet —421.385619 0.7649 —0.04(—0.40) —0.02(—0.07) 0.44(—0.32) 0.61(—0.20) 23.3

Au, Singlet —270.948416 0.0000 0.00(0.00) 0.00(0.00) - - -

Auy* Doublet —270.601929 0.7598 0.50(0.50) 0.50(0.50) - - -

Au, Doublet —271.022951 0.7563 0.50(—0.50) 0.50(—0.50) = = =

0, Triplet —150.325484 2.0089 - - 1.00(0.00) 1.00(0.00) -

¢ Total energy in a.u.
b Adsorption energy in kcal/mol.

Table 3 ) - of Au-O, were greatly changed by the elimination of spin

Optimized geometries for the Aup-0, and Au, -0, models by BS-opt. contamination error from the results of BS-opt calculations. For
Auy-0, Au, -0, small organic molecules, such as CH; radical, we have confirmed
BS-opt BS-opt the validity of the AP-opt method. However, it is currently difficult

to carry out accurate ab initio symmetry-adapted methods, such as

Rl 2.566 2.625 CASPT2. The comparison of optimized geometries of Au-0, from

Eggl:)())a) ?'ggg ﬂfé AP-opt B3LYP to those obtained from an accurate ab initio

A(Au-Au-0)° 17976 17721 symmetry-adapted method is the next task. . .

A(Au-0-0)° 120.94 116.42 Next, Au,-0,, Au,*-0,, and Au, -0, models were investigated

D(Au-Au-0-0)° 47.04 —178.65 by BS-opt B3LYP. The results are summarized in Tables 2-5, and

2 Distance in A.
b Angle in degrees.
¢ Dihedral angle in degrees.

bond length in isolated O,, as the O-O distance in isolated O,
calculated by B3LYP method was 1.215A. The results of our
approximate spin-projected broken symmetry geometry optimi-
zation (AP-opt) calculation using B3LYP are also summarized in
Table 1. The binding energy calculated by AP-opt B3LYP was larger
than that calculated by BS-opt B3LYP, as the binding energy
between Au and O, by AP-opt B3LYP was 3.76 kcal/mol. The
optimized bond length between Au and O from AP-opt was shorter
than that obtained by BS-opt, while the optimized O-0 distance in
the Au-0, model by AP-opt was longer than that found by BS-opt.
Therefore, both the adsorption energy and the optimized geometry

Fig. 1. The ground spin states of isolated Au,, Au,®, and Au,~
clusters are singlet, doublet, and doublet, respectively. The ground
spin states of Auy-0,, Au, -0, and Au, -0, model systems were
determined to be triplet, doublet, and doublet, respectively. The
obtained optimized geometries of Au,-0,, Au, -0,, and Au, -0,
models had similar geometries. As the spin state of Au, was singlet,
Au, had a closed shell electronic state. Therefore, the binding
energy of Au,-0-, is the lowest of the three models examined. The
schematic structure is depicted in Fig. 1(b) and the detailed
geometric parameters are summarized in Tables 3 and 5. The
Mulliken population analyses for Au,-0, and Au, -0, models
summarized in Table 2 show that the spin density was localized on
the O, molecule. This indicates that the spin densities on Au,™ in
the Au, -0, model system vanished, although isolated Au, ™~ and
0, have open-shell electronic states. This is due to charge transfer

Table 4
Calculation results for the Au, -0, model by BS-opt and AP-opt B3LYP.
Model Method (spin state) BS-opt (doublet) BS-opt (quartet) AP-opt (doublet)
Total energy? (S?) Total energy? (5% Total energy?
Au, -0, Type 1 —420.939755 1.7305 —420.939147 3.7671 —420.939846
Type Il ~420.938393 1.5873 —420.931834 3.7663 ~420.940913
¢ Total energy in a.u.
Table 5
Optimized geometries and binding energies for the Au,"-0, model by BS-opt and AP-opt B3LYP.
Type 1 Type 11
BS-opt AP-opt Variation® BS-opt AP-opt Variation®
R(Au-Au)® 2.692 2.691 —0.001 2.691 2.684 —0.007
R(Au—O)b 2.405 2.404 —0.001 2.448 2.409 —0.039
R(0-0)° 1.213 1.212 —0.001 1.211 1.209 —0.002
A(Au-Au-0)° 170.42 168.22 —2.20 110.23 103.82 —6.43
A(Au-0-0)° 125.52 126.28 +0.76 117.21 115.54 -1.67
D(Au—Au—O—O)d 0.33 0.92 +0.59 180.0 180.0 0.00
Binding energy® 7.66 7.85 +0.19 7.02 8.77 +1.75

2 Difference between the results of BS-opt and AP-opt.

b Distance in A.

€ Angle in degrees.

d Dihedral angle in degrees.
¢ Binding energy in kcal/mol.
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Table 6
Calculation results for the Au;3-O, model by BS-opt and AP-opt B3LYP.

Spin state Total energy? (5% R(Au-0)° R(0-0)° A(Au-0-0)° Binding energy*
BS-opt 0, Triplet —150.325484 2.0089 - 1.215 - -
Auqs Sextet —1761.379416 8.7625 - - - -
Auy3-0; Quartet —1911.709034 5.4547 2.419 1.239 119.9 2.59
AP-opt Auy3-0, Quartet —1911.710673 - 2.365 1.252 119.4 3.65

@ Total energy in a.u.

b Length in A.

¢ Angle in degrees.

4 Binding energy in kcal/mol.

Table 7
Calculation results for the Au;3-0, model by BS-opt B3LYP.

Spin density (charge density)

A o1 02
Auy50; 0.248(—0.577) ~0.832(0.005) ~0.932(—0.014)
Atz 0.371(-0.621) - -

2 The Au atom directly bound to O, molecule.

from Au,~ to O, in the Au, -0, model system. Furthermore, the
Mulliken population analysis for Au,*-0, model determined that
the spin densities on both Au,” and O, in the Au, -0, model
system were retained. Therefore, the spin contamination error in
the Au,-0, and Au, -0, models was negligible, as the deviation of
calculated (S?) values from exact values was very small. On the
other hand, the calculation results for the Au,*-0, model
contained large spin contamination error, as the calculated (5)
value was 1.731. Therefore, the AP-opt calculation was applied to
the Au,*-0, model, and AP-opt B3LYP results are displayed in
Fig. 1, Tables 4 and 5. Two stable structures (types I and II) with
doublet spin state, shown in Fig. 1, were obtained. As mentioned
previously, the calculation results suggest that the most stable
doublet structure calculated by the BS-opt method was the type |
structure depicted in Fig. 1(b). However, we found that the type Il
structure displayed in Fig. 1(c) was the most stable doublet
structure according to AP-opt. The elimination of the spin
contamination error from the BS-opt calculations for the model
systems is important for theoretical investigation of the char-
acteristics of model systems containing open shell precious metal
clusters, and the AP-opt method effectively eliminated the spin
contamination error from the obtained broken symmetry wave-
function and the calculated energy.

Finally, the Au;3-0, model system was investigated. The
results are summarized in Tables 6 and 7. The calculated (5%) value
of Au;3-0, by BS-opt contained a large spin contamination error,
as the (S?) value of the Au;3-O, model system is 5.4547.
Additionally, there are localized spins on Au atoms directly
bound to O, molecules, and O atoms in O, molecules, within the
Auq3-0, system, as shown in Table 7. Therefore, AP-opt was
applied to the Au;3-0, model system. Comparing with the results
of BS-opt and AP-opt methods, elimination of the spin contam-
ination from the BS-opt calculation shortened the Au-0 bond and
lengthened the O-O bond. The binding energy between Au;3 and
0, calculated by AP-opt was larger than that calculated by BS-opt.
This tendency is similar to those of the Au-0, and Au, -0, model
systems. Consequently, we conclude that the AP-opt method is
indispensable for the detailed investigation of open shell cluster
model catalysts. Additionally, the AP-opt method is applicable to
other model systems containing open shell precious metal
clusters.

4. Conclusion

The present theoretical calculations have provided the follow-
ing interpretations of the interaction between oxygen molecules
and small Au clusters.

(1) Both adsorption energies and optimized geometries for model
systems containing Au clusters were greatly changed by the
elimination of spin contamination error from BS-opt calcula-
tion results.

(2) The AP-opt method effectively eliminated the spin contamina-
tion from the obtained broken symmetry geometry and the
calculated energy.

(3) The AP-opt method is indispensable for the detailed investiga-
tion of open shell cluster model systems.
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