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The equilibrium geometric structures, relative stabilities, electronic stabilities, and electronic and mag-
netic properties of the Au,C and Au,.; (n=1-9) clusters are systematically investigated using density
functional theory (DFT) with hyper-generalized gradient approximation (GGA). The optimized geome-
tries show that one Au atom added to the Au,_;C cluster is the dominant growth pattern for the Au,C
clusters. In contrast to the pure gold clusters, the Au,C clusters are most stable in a quasi-planar or

geJI’;"OlrdS: three-dimensional (3D) structure because the C dopant induces the local non-planarity, with exceptions
c:rbocn"'Ster of the Aug gC clusters who have 2D structures. The analysis of the relative and electronic stabilities reveals

that the Au,C and Aug clusters are the most stable in the series of studied clusters, respectively. In addi-
tion, a natural bond orbital (NBO) analysis shows that the charges in the Au,C clusters transfer from the
Au,, host to the C atom. Moreover, the Au and C atoms interact with each other mostly via covalent bond
rather than ionic bond, which can be confirmed through the average ionic character of the Au-C bond.
Meanwhile, the charges mainly transfer between 2s and 2p orbitals within the C atom, and among 5d,
6s, and 6p orbitals within the Au atom for the Au,C clusters. As for the magnetic properties of the
Au,C clusters, the total magnetic moments are 1 pip for n = odd clusters, with the total magnetic moments
mainly locating on the C atoms for Au;39C and on the Au, host for Aus;C clusters. However, the total
magnetic moments of the Au,C clusters are zero for n =even clusters. Simultaneously, the magnetic
moments mainly locate on the 2p orbital within the C atom and on the 5d, 6s orbitals within the Au atom.

© 2016 Elsevier B.V. All rights reserved.
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Density functional theory

1. Introduction are stronger than the M-M ones, since under this circumstances,

the structures of the M, host will be changed a lot [19-26]. Due

Atom clusters, as a new phase of matter, intermediate in size
between separate atoms and bulk materials, and thus possess
unique physical and chemical properties. One of the most extraor-
dinary examples is the gold clusters, which play a central role in
molecular electronic devices, catalysis, probe for biological diag-
nostics, etc. [1-18], while the bulk gold is normally ignored
because of its chemical inertness. In addition, the electronic prop-
erties of atom clusters highly depend on their composition, size,
shape, and valence state. All these parameters can be controlled
and manipulated by doping a pure cluster M, with one or more
guest atoms X. It is specially effective when the M-X interactions
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to the significant role in catalysis and nanotechnology, the gold
clusters have been and continued to become an increasingly inter-
esting topic of research from both fundamental and practical view-
points. So far there have been a large amount of experimental and
theoretical studies on the pure gold clusters with impurity atom X
[27-37], and the most common are the transition metal impurities.
In addition, as for the number of the dopant atoms, the single-
doped situation predominates compared to the double-doped even
triple-doped situation. All the cases mentioned above have been
simply introduced in our previous investigation [38].

As for the situation of the C atom as the dopant, in summary,
there are only a few studies. Pal et al. proved that all the lowest-
energy structures of XAuy (X=C, Si, Ge, and Sn) clusters are the
tetrahedron configuration [19]. Subsequently, a density functional
theory (DFT) study shows that the lowest-energy structures of
Au;6C 10 clusters [39] are similar to those of Au;gGe~ and Au;gSn™~
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clusters [40], in which there are no dangling Au-X (X =C, Ge, and
Sn) units. Another DFT study shows that an octahedral structure
is predicted to be the global minimum of the gold-plated diamond,
CsAuid, and may compete with the icosahedral shape for its catio-
nic and neutral counterparts [41]. In 2009, Zaleski-Ejgierd and
Pyykko performed the bonding analysis for the simple aurocarbons
[42], CAug, CAu,, CoAuy, CoAug, and CsAug, using DFT and the sec-
ond-order Meller-Plesset perturbation theory (MP2). In addition,
multiple-bond character can exist between Au and C atoms such
as Cl,AuCH [43], AuCH3 [44,45], AuC" [46], CIAuCH; [47], ClIAuC
[48], etc. Recently Wang et al. have probed the nature of the
gold-carbon bonding in gold-alkynyl complexes [47], LAu-CCH™!
(L=Cl, I, and CCH), in which the Au-C bond is to be one of the
strongest Au-ligand bond as far as we know. In a DFT study on
the structural pattern for CAu,” (n=1,3,5) and GCAu,
(n=2,4,6) dicarbon aurides [49], as clusters size increases, gold
atoms serve as terminals and bridges in small dicarbon aurides,
and form triangles when the number of gold atoms reaches four,
additionally the H/Au analogy has been extended to H/Aus analogy
in this work. In 2014, the AuC, «— AuC; transition was investigated
by Wang et al. using photoelectron spectroscopy (PES) and high-
resolution PE imaging [50]. And the results show that the experi-
mental spectrum is consistent with the bent AuC; structure that
is excited to a neutral state with a small or no change in Au-C-C
bond angle and a ~0.08 A change in the Au-C bond length. Due
to the sp® hybridization of carbon atom, it maybe lead to large con-
figuration change of gold cluster when the carbon atom interact
with gold cluster. This will give us a good guide to discover and
design novel material. Majumder and Kandalam have also proven
that when gold clusters are doped with impurity elements possess-
ing p electrons, the whole structure would prefer a three-dimen-
sional (3D) configuration because of the sp> hybridization [20].
So, choosing the C-doped gold cluster maybe greatly change the
catalytic performance of gold cluster.

Because there are relatively rare studies on the C-doped Au
clusters, the present work will focus on the Au,,C (n = 1-9) clusters.
The geometric constructions, relative stabilities, electronic stabili-
ties, and electronic and magnetic properties have been investi-
gated using DFT methods. The goal of this work is to investigate
the Au-C interactions and to understand the growth mechanisms
of the gold-carbon nanomaterials, as well as to get an insight into
the influence of the valence state on the structures and physico-
chemical properties.

2. Theoretical methods

The calculations are performed in three steps. First we used our
modified Basin-Hopping (BH) algorithm [38,51-53] coupled with
DFT in the DMol® software package [54] to search the potential
energy surfaces of the Au,C (n=1-9) clusters at the BLYP/DNP
(DNP is the abbreviation of double-numerical polarized basis set)
level of theory. Previous studies have indicated that the BLYP func-
tional can reasonably describe the structure properties of carbon-
gold system [47,49,50,55-58]. After the BH global search program,
we chose a few tens of low-energy isomers for each size from sev-
eral hundred searched structures. Then we ran the second step
(optimization) implemented in the Gaussian 09 software package
[59], in which the generalized gradient approximation (GGA) in
the Perdew-Burke-Ernzerhof (PBE) functional form is used. All
the low-lying structures are optimized at the PBE/6-31+G* level
of theory, with the CRENBL effective core potential (ECP) plus cor-
responding basis set for Au atom. Next we selected a few low-lying
isomers for further optimization at the PBEO/aug-cc-pVDZ (AVDZ,
AVDZ is the valence double zeta polarization diffuse basis set) level
of theory. In order to verify the stability of each isomer, we

calculated the harmonic vibrational frequency using the Gaussian
09 program at the same theoretical level with the optimization.
If an imaginary vibrational mode appears, a relaxation along the
coordinates of the imaginary vibrational mode will be performed
until the true minimum is actually obtained. Moreover, the analy-
sis of the harmonic vibrational frequency allows us to estimate the
zero-point vibrational energy (ZPE) correction for every structure,
so, all the energies in this work include the ZPE correction. Then
we carried out the last step, single-point energy calculation, at
the PBEO/aug-cc-pVTZ (AVTZ, AVTZ is the valence triple zeta polar-
ization diffuse basis set) level of theory in Gaussian 09.

In the Au,C clusters, the Au atoms account for a significant pro-
portion compared to the C atom, so we can consider that the basis
set of the Au atom is more critical for the accuracy of theoretical
calculation. The PBEO functional and CRENBL basis set can reason-
ably describe the structure and electron properties of gold cluster
by previous studies [60-64]. We also test the reliabilities of differ-
ent functionals for the optimization and single-point energy calcu-
lations, and it turns out that the PBEO functional and CRENBL basis
set is better than other functionals and basis set. The correspond-
ing results are shown in Table S1. Thus, we select the PBEO/CRENBL
group (AVDZ for the C atom) for optimization and PBEO/CRENBL
(AVTZ for the C atom) group for the single-point energy calculation
in the present work. Although it is difficult to confirm that we have
achieved the most stable structures for the Au,C (n=1-9) clusters
due to the lack of other theoretical and experimental data, we have
performed an extensive search to the best of our ability.

3. Results and discussion

In order to investigate the effects of C dopant on pure gold clus-
ters, we first performed some optimization and energy calculations
on pure gold clusters, Au,.; (n=1-9), by using the same software,
method, and basis set as in the Au,C clusters. Only the lowest-
energy structures of each size are chosen and shown in Figs. 1
and 2, and a few low-energy isomers are listed in Table S2. It is
worth noting that the lowest-energy structures of Au,.; (n=1-9)
cluster system are in great agreement with the previous results
[20,22,28,65-71]. The averaged atomic binding energies, Ey(n),
attachment energies, AE(n), second-order difference of energies,
AE(n), vertical ionization potential, VIP, vertical electron affinity,
VEA, chemical hardness, #, and the highest occupied-lowest unoc-
cupied molecular orbital (HOMO-LUMO) gaps of pure gold clusters
are also calculated and compared with the corresponding values
of the Au,C (n=1-9) clusters. In addition, to provide effective
guidelines for future experimental studies, we also calculated
the vibrational frequencies for the lowest-energy structures of
Au,,C (n =1-9) clusters, which are listed in Table S3.

3.1. Structures

The lowest-energy structures of Au,C and Au,.; (n=1-5) clus-
ters along with a few low-lying isomers for doped gold clusters are
listed in Fig. 1. The corresponding structures of Au,C and Au,.q
(n =6-9) clusters are shown in Fig. 2. According to the total energy
from low to high, the low-lying isomers are designated by na, nb,
nc, nd, ne, and nf, where n stands for the number of Au atoms in
the clusters. At the same time, the symmetries and relative ener-
gies with respect to each of the corresponding global minimum
are also presented in Figs. 1 and 2. In addition, the electronic ener-
gies for the lowest-energy structures of the Au,,C (n = 1-9) clusters
are listed in Table S4, including the zero-point vibrational energies.

3.1.1. Structures of Au,C (n=1-9) clusters
The ground-state geometry of the AuC and Au,C cluster are linear
(1a, Fig. 1) and isosceles triangle (2a, Fig. 1) structure with Cp,
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Fig. 1. Lowest-energy structures of Au,C and Aup.; (n = 1-5) clusters and a few low-lying isomers for doped clusters at the PBEO/AVTZ//PBEO/AVDZ level of theory. The first
number represents the cluster size, n, and the data after the comma represent the geometry symmetries and the relative energies (zero-point vibrational energies included in
eV) with respect to the ground state isomers for Au,C (n=1-5) clusters.
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Fig. 2. Lowest-energy structures of Au,C and Au,.; (n = 6-9) clusters and a few low-lying isomers for doped clusters at the PBEO/AVTZ//PBEO/AVDZ level of theory. The first
number represents the cluster size, n, and the data after the comma represent the geometry symmetries and the relative energies (zero-point vibrational energies included in
eV) with respect to the ground state isomers for Au,C (n = 6-9) clusters.

symmetry, respectively. For the AusC cluster, a quasi-planar structure bonding of Au and C atoms, which will be discussed in Section 3
(3a, Fig. 1) is found to be the global minimum with the same Au-C by using the average ionic character of Au-C bond. Isomer 3a can
bondlength of 1.94 A, which is similar to the lowest-energy struc- be taken as Isomer 2a with another Au atom binding with the C atom.
tures of the AusSi [26] and AusV [72] clusters. The reason for such In the case of AuyC cluster, a distorted tetrahedron configura-
non-planar structure in the Au,C cluster is the directional covalent tion (44, Fig. 1) is proven to be the global minimum with the same
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Au-C bond length of 1.97 A, which can be described as Isomer 3a
after another Au atom connecting to the C atom. Among the stable
isomers of the AusC cluster, an isomer (5a, Fig. 1) with C; symme-
try is proven to be the ground state, which derives from Isomer 4a
with another Au atom top-capped. In addition, another derivative
of Isomer 4a is Isomer 5b (Fig. 1) with only 0.028 eV higher in
energy than Isomer 5a, and the small energy difference between
these two isomers implies that a possible exchange of energy sta-
bility will appear at higher temperature or at a different theoretical
level. If the Aus cluster is top-capped with a C atom, a new struc-
ture (5e, Fig. 1) will come into being, which can also be obtained
by adding an Au atom to the edge of Isomer 4e, or by replacing
an Au atom in the Aug cluster with a C atom. In addition, Isomer
5e is similar to the fourth most stable isomer of the AgsC cluster
[23]. Finally, from Fig. 1, we can see that a few isomers of AusC
cluster are found to be stable with very small energy difference,
suggesting the existence of multiple nearly degenerate local mini-
mums in the potential energy surface. The lowest-energy structure
of the AugC cluster can be seen as a subunit of Isomer 5e with the
sixth Au atom connecting to the C atom, which has surprisingly
planar configuration.

In our search for the global minimum of the Au,C cluster, we
find that the global minimum is a quasi-planar structure, in which
the dopant atom is fourfold coordinated, and can derive from Iso-
mer 6a (Fig. 2) by an added-Au atom connecting to the C atom. A
planar structure (8a, Fig. 2) is found to be the most preferred struc-
ture for the AugC cluster with the C atom occupying the triply coor-
dination site, and can be looked upon as Isomer 7c or 7d (Fig. 2)
after another Au atom connecting to the C or Au atoms, respec-
tively. Certainly, it can also derive from the Aug cluster by a dan-
gling C-Au unit replacing one of the top Au atoms. As for the
AugC cluster, the global minimum (93, Fig. 2) is non-planar, which
can be visualized as Isomer 8a with an added-Au atom binding
with the C atom.

Combining Figs. 1 and 2, we can gain some important informa-
tion about the most stable Au,C and Au,.; (n = 1-9) clusters which
is summarized as follows:

(i) The most stable structures of Au,.; (n = 1-9) clusters are pla-
nar at least up to n=9, and the preference for planar structure is
attributed to the strong relativistic effects [73-77], which enhance
the s—d hybridization by stabilizing the 6s orbital and destabilizing
the 5d orbital of the Au atom. The equilibrium geometries of C-
doped Au clusters favor three-dimensional (3D) configuration for
n =4 and 5; quasi-2D configuration for n =3, 7, and 9; 2D configu-
ration for n=6 and 8; and, as expected, 1D for Au;C and 2D for
Au,C cluster. The C atom has four valence electrons and tends to
bonding with four Au atoms, resulting in the 3D configuration with
C occupying the fourfold coordination site, such as AuyC and AusC
clusters. As for the Au;C and AugC clusters, similarly, the C atom
occupies the fourfold coordination site, but the overall structures
prefer for the quasi-2D configuration. This is because all the Au
atoms that are not directly binding with the C atom remain the pla-
nar configuration, and that the extent of deviation from 2D config-
uration for the overall structure is smaller than that for the Au,C
and AusC clusters. It is surprising that the AugC and AugC clusters
have planar structures with the C atoms occupying the triply
coordinated sites, which is different from the AugC~ and AugC™
clusters [38].

(ii) The lowest-energy structures of Au,C clusters are different
from those of Au,.; clusters, suggesting that the C dopant has sig-
nificant influence on the structures of pure gold clusters. Further-
more, the C atom induces the local non-planarity while the rest
of the structure continues to grow in a planar mode, which leads
to an overall quasi-2D or 3D structure. In addition, compared with
a C atom added to the Au, cluster or a C atom replacing one Au

atom in the Au,.cluster, an Au atom added to the Au,_;C cluster
is the dominant growth pattern for Au,C clusters.

(iii) Intuitively, the structures of Au, clusters differ from those
of their anionic counterparts, implying that the valence state exerts
an effect on the structures of pure gold clusters. In addition, the
structures of the Au,C clusters are similar to those of the Au,C™
clusters, except for some fine distinctions about bondlength, bond
angle, and symmetry. Thus the degree of similarity between the
Au,,C and previously investigated Au,C™~ clusters [38] is larger than
that between the Au, and Au,~ clusters, hinting that the valence
state exerts a smaller effect on the C-doped gold clusters than on
the pure gold clusters.

3.1.2. Compositions of HOMO

To gain insight on the geometric characteristics of these Au,C
clusters, the contributions of 5d, 6s, 6p orbitals of Au and 2s, 2p
orbitals of C atoms to the HOMOs of Au,,C (n=1-9) clusters have
been calculated based on the natural bond orbital (NBO) analysis
[78,79] in Gaussian 09. The corresponding values and histograms
are shown in Table S5 and Fig. 3, respectively. For the Au atom,
the 5d and 6s orbitals account for a large proportion of the HOMO,
while the contribution of 6p orbital can be ignored, suggesting that
the s—d orbital interaction exists in the Au atom and thus supports
the relativistic effects. In addition, the contributions of 6s orbitals
are larger than those of 5d orbitals to the HOMOs of Au,,C clusters
except for the HOMO of AuC in a-spin (up) and the HOMOs of AugC
and AugC in a-spin (up) and B-spin (down), implying that there
exists significant s orbital character of Au atom in the frontier orbi-
tals of C-doped Au clusters. As for the C atom, the 2p orbital takes
up a big percentage of the HOMO with the ignored contribution of
2s orbital. To sum up, the HOMOs of Au,C (n = 1-9) clusters mainly
consist of the 5d, 6s orbitals of Au and 2p orbital of the C atom,
which demonstrates that the chemical properties of Au,,C clusters
are dominated by these three orbitals. As stated above, the gold
clusters are doped with impurity elements possessing p electrons
would prefer a 3D configuration because of the sp* hybridization.
We find that the C atom in the Au,sC, AusC and AugC clusters (in
Figs. 1 and 2) form fourfold coordination site, and the percentage
contribution of 6s orbitals of Au atom is always larger than the
2p orbitals of C atom to the highest occupied molecular orbital
(HOMO). In contrast, the C atom occupies the triply coordinated
site in the Au,C, AusC, AugC, Au,C, and AugC cluster (in Figs. 1
and 2), and forms a quasi-planar structure with the percentage
contribution of 6s orbitals of Au atom, which is smaller than the
2p orbitals of C atom to the HOMO. So, the C-doped gold cluster
maybe easily forms a 3D configuration when the percentage con-
tribution of 6s orbitals of Au atom is larger than the 2p orbitals
of C atom to the HOMO. The effects of the C atom on the stabilities

HC2p HC2s @ Au6p W Au6s [ AuSd

Percentage compositions of HOMO(%)

o 1,3 2 3,0 38 4 50 58 6

Cluster size n

70 78 8 90a 98

Fig. 3. Contributions (%) of 5d, 6s, 6p orbitals of Au atoms and 2s, 2p orbitals of C
atoms to the highest occupied molecular orbital (HOMO) of Au,,C (n = 1-9) clusters.
In addition, n, o is for the a-spin Au,C (n=1, 3, 5, 7, and 9) clusters, and n, B is for
the B-spin Au,C (n=1, 3,5, 7, and 9) clusters. The corresponding values are listed in
Table S5.
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and electronic and magnetic properties of pure gold clusters will be
further discussed below.

3.2. Relative stabilities (thermodynamic stabilities)

To study the effects of C dopant on the relative stabilities
(namely, thermodynamic stabilities) of pure gold clusters, the
average atomic binding energies, Ey(n), Au attachment energies,
AauE(n), C attachment energies, AcE(n), and the second-order dif-
ference of energies, AyE(n), for the lowest-energy structures of
the Au,C and Au,.; (n=1-9) clusters are calculated. The corre-
sponding values and curves of the Au,C (n=1-9) clusters are
shown in Table S4 and Fig. 4. In addition, the dissociation channels
are also analyzed and shown in Fig. 5.

3.2.1. Ep, AE, A;E
For the Au,C clusters, Ey(n), AauE(n), AcE(n), and AyE(n) are
defined as follows:

E(C) + nE(Au) — E(Au,C)

Ey(n) = T (1)
AnE(n) = E(Au,_1C) + E(Au) — E(Au,C) 2)
AcE(n) = E(Auy) + E(C) — E(Au,C) (3)

A:E(n) = [E(Aup_1C) + E(Au) — E(AU,C)] — [E(AunC) + E(Au) — E(Atp,1C)]
= E(Auy_1C) + E(Aup, 1 C) — 2E(Au,C) (4)

where E(Au), E(C), E(Auy,), E(Au,_;C), E(Au,C), and E(Au,.,C) denote
the total energies of the corresponding atoms and clusters including
zero-point vibrational energies. For the Au, clusters, the equation
form of Ep(n), AauE(n), and A,E(n) are the same as the above defini-
tion without C atom.

The Ep(n), AauE(n), AcE(n), and A,E(n) values for the lowest-
energy structures of the Au,C and Au,.; (n=1-9) clusters against
the number of Au atoms in clusters are plotted in Fig. 4. In Fig. 4
(a), the average atomic binding energies of the Au,C clusters are
larger than those of the corresponding Au,, clusters, suggesting that
the addition of the C atom results in the integral improvement of
the relative stabilities for the pure gold clusters. This is in line
with the higher bond strength (shorter bond length) of Au-C than
Au-Au bond. The enhanced-stability effect of the C atom is most
outstanding between Au, and Au,C clusters, whose binding energies
are 0.98 eV and 7.20 eV, respectively. The average atomic binding
energies of the Au,C clusters monotonously decrease with increas-
ing size, while the binding energies of the Au, clusters increase
smoothly with the cluster size, n, going through a maximum of
1.69eV at n=6, and then following an odd-even alternation
phenomenon in the little scope. No matter whether the average
atomic binding energies of Au,C and Aup.; (n=1-9) clusters
increase, they display a convergent tendency close to a limit. This
means the larger the clusters, the smaller the enhanced-stability
effect of C dopant, and this is in accordance with the doping ratio
of C atom decreasing with the increasing size for the Au,,C clusters.

As it is well known, in cluster physics, the attachment energies
and the second-order difference of energies are sensitive quantities
for the relative stabilities. The attachment energies of Au or C atom
on the specific cluster size are on behalf of the ability towards sin-
gle-atom dissociation. The corresponding attachment energy
curves as a function of the number of Au atoms in clusters are
shown in Fig. 4(b). It is clear that the interaction of C atom with
the Au, clusters is energetically more preferential than the Au
atom with Au,_; or Au,_;C clusters. That is to say, the dissociation
of C atom from Au,,C clusters requires more energy than that of Au
atom from Au,,C or Au, clusters because the attachment energies of
C are larger than those of Au, which reiterates the Au-C bond is
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Fig. 4. Size dependence of the (a) average atomic binding energies of Au,,C (black)
and Au, (red) clusters, Ex(n), (b) Au attachment energies of Au,C (black) and Au,
(red) clusters (C attachment energies, AcE(n), of Au,C clusters marked with the
filled triangles (magenta)), Aa,E(n), and (c) the second-order difference energies of
Au,C (black) and Au, (red) clusters, A;E(n). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

stronger than the Au-Au bond. Au attachment energies on both
Au,C and Au, clusters depict a parity alternation trend, with
n-even clusters having larger values than the adjacent n-odd ones
excluding the AuC cluster. The odd-even alternation phenomenon
can be explained by the electron pairing effect. As for the AuC clus-
ter, the Au attachment energy is far greater than those of Au,C
(n=2-9) clusters, which is in good agreement with the average
Au-C bond lengths and Wiberg bond indices (WBI) [80-82] of
Au,C (n=1-9) clusters in Table S4. The AuC cluster has the
smallest Au-C bond length (1.87 A) and the largest WBI (1.458)
in the full Au,C series, implying that the interaction of Au and C
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atoms in AuC cluster is strongest, thus, there is no doubt that the
AuC cluster has the largest attachment energy in spite of the odd
number of electrons. Combined with Fig.4(a), we can see that
the C dopant can considerably enhance overall thermodynamic
stabilities of pure gold clusters.

In addition, we also compared the Au attachment energies of
Au,, and Au,C clusters, and the results show that the dissociation
of Au from Au,C clusters requires more energies than that from
Au,, clusters for n =2, 3, 4, 7, and 9. However, this trend is reversed
forn=5, 6, and 8. For n =2, 3, and 4, the C atom binds with all the
Au atoms in the corresponding clusters, and the dissociation of Au
atom needs the rupture of Au-C bond, thus, there is no question of
the higher energies for the dissociation of Au atom from these Au,,C
clusters. As for the Au,C and AugC clusters, in which the C atoms
occupy the fourfold coordination site, the dissociation of Au atom
also needs to break Au-C bond, and this is due to that the C atoms
are triply coordinated in the dissociative products (AugC and AugC).
Finally, the C attachment energy curve increases with increasing
size and reaches maximum of 21.02 eV at the Au,C cluster, and
then presents an odd-even parity effect in range of n = 5-9. Hence,
the AuyC is the most stable cluster as for the C dissociation process.

The thermodynamic stability order in a series of clusters can
also been demonstrated more definitely by the second-order dif-
ference of energies, A,E(n), which can be construed as the differ-
ence between the Au attachment energies of the Au,C and
Au,.1C clusters, as shown in Eq. (4) [83]. The corresponding curves
as a function of the number of Au atoms in both Au,,C and Au, clus-
ters are shown in Fig. 4(c). Both curves for these two kinds of clus-
ters exhibit a clear odd-even oscillation with n-even clusters being
more stable than the nearby n-odd ones. Moreover, the Au,C and
Aug clusters have the largest A,E(n) values in corresponding series
of clusters, suggesting that these two clusters are most stable from
the point of relative stabilities and can be considered as the magic
clusters. Particularly, the surprising stability [84] of Aug cluster can
be further explained based on the structural planarity and six delo-
calized electrons being a magic number for the 2D systems.

Combined with Fig.4(a)-(c), we can conclude that the
enhanced-stability effect is more prominent for the situation of
the dissociation of C atom than that of Au atom. As for the dissoci-
ation of Au atom, the incorporation of the C atom even decreases
the thermodynamic stabilities of the Ausgg clusters. Because of
their highest A,E(n) values, the AuyC and Aug clusters can be con-
sidered as magic numbers in their respective series.

3.2.2. Dissociation channel

The dissociation energies for all the possible channels based on
the most stable structures of the Au,C (n=1-9) clusters are also
calculated and exhibited in Fig. 5. All seven possible dissociation
channels are listed in the following equations:

Au,C — Au,_;C+ Au (DN1)
Au,C — Au, ,C+ Au, (DN2)
Au,C — Au,_3C + Aus (DN3)
Au,C — Au, +C (DN4)
Au,C — Au,_; + AuC (DN5)
Au,C — Au,_; + Au,C (DNG6)
Au,C — Au,_3 + AusC (DN7)

It can be seen from Fig. 5 that the dissociation energies of
channel DN4 is far larger than those of the other channels, DNx
(x =2-7), that is to say, it needs more energies for the C atom to
be dissociated from the Au,C (n=1-9) clusters than the other
atoms or units. In fact, the dissociation energies of DN4 are the C
attachment energies. The change of dissociation energies of
channel DN4 can be understood by their structure information.
In general, the dissociation energies are proportional to the num-
ber of Au-C bond, which the number of Au-C bond increase from
AuC to AuuC (in Fig. 1). So, the dissociation energies reach the max-
imum value at AuyC cluster for channel DN4. For the lowest-energy
structure of Au,,C (n = 3-9) clusters, the AusC and Au,C cluster can
be seen as a basic unite when the n > 4. The dissociation energies of
Au,C (n=5-9) clusters decrease with the added Au atom because
the added Au atom can weaken the interaction of Au-C bond in
the AusC or AuyC cluster. So, the dissociation energies of channel
DN4 firstly increase from n=1 to n=4, and then decrease from
n=>5ton=9 in Table S4. The dissociation energies of DNx (x # 4)
is very close, and the corresponding values for DN1 is the lowest
except for the defect at n=6, where the dissociation energy of
Au atom is larger than that of Au, unit. In general, the loss of the
gold atom is the dominant dissociation pathway, with the Au atom
and Au,_;C clusters as the main fragments.

3.3. Electronic stabilities (chemical stabilities)

To gain an insight into the influences of the C atom on the
electronic stabilities (namely, chemical stabilities) of pure gold
clusters, the VIP, VEA, #, and HOMO-LUMO gaps for the lowest-
energy structures of Au,C and Au,.; (n=1-9) clusters are calcu-
lated. The values of the Au,C (n=1-9) clusters are shown in
Table S4, and the corresponding curves with the number of Au
atoms in cluster are plotted in Figs. 6 and 7.

3.3.1. VIP, VEA, ¢
For the Au,C clusters, VIP, VEA, and 7 are defined as follows:

VIP(n) = E(Au,C)™ — E(Au,C) (8)
VEA(n) = E(Au,C) — E(Au,C)~ 9)

VIP(n) — VEA(n)
2

where E(Au,C)*, E(Au,C)~, and E(Au,C) denote the total energies of
the corresponding cationic, anionic, and neutral species based on
the neutral geometries of the Au,C clusters. For the Au, clusters,
VIP, VEA, and 7 are defined as follows:

n(Au,C) = (10)
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VIP(n) = E(Au,)" — E(Auy) (11)
VEA(n) = E(Auy) — E(Au,)” (12)
n(Auy) — VIPO) - VEA(n) a3

where E(Au,,)", E(Au,,)", and E(Au,) denote the total energies of the
corresponding cationic, anionic, and neutral species based on the
neutral geometries of the Au, clusters.

The VIP, VEA, and 7 values for the lowest-energy structures of
Au,,C and Au,.q (n=1-9) clusters against the number of Au atoms
in clusters are plotted in Fig. 6. The VIP is calculated as the energy
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Fig. 7. Size dependence of the HOMO-LUMO gaps for the lowest-energy structures
of Au,C and Au,.q (n=1-9) clusters.

difference between the cationic and neutral species based on the
global minimum of the neutral geometry, namely, the energies
required to remove one electron from the neutral structure with-
out any structural relaxation. The larger the VIP, the deeper the
HOMO energy level, which results in higher chemical stability or
less reactivity. It can be seen from Fig. 6(a) that the VIP’s depen-
dence on the cluster size shows a parity alternation trend with lar-
ger VIP values for the n-even Au,C and Au, clusters than the
corresponding n-odd ones, implying that it is more difficult for
the n-even Au,C and Au,, clusters to lose an electron than the cor-
responding n-odd neighbors. This behavior can be explained by the
electron pairing effect. Furthermore, the overall behaviors of the
VIP curves for these two kinds of clusters as a function of the num-
ber of Au atoms have a nature of oscillatory decline with increasing
cluster size except for the Aus and Auy clusters. The first two max-
imums for both Au,C and Au,, clusters appear at Au,C & Au,C, and
Au, & Aug clusters, respectively. So, we can say that these four clus-
ters are relatively more stable than the other ones from the point of
the ability to remove one electron. It is worthwhile noting that the
VIP values of the Au,C clusters are larger than those of Au, clusters
for n=3,4,7,and 9, while the result is just the reverse for n =2, 5,
6, and 8, which illustrates that the influences of the C atom on the
chemical stabilities of pure gold clusters do not play a consistently
enhancing or weakening role with different size.

VEA is another indicator for the evaluation of the chemical sta-
bility, which is defined as the energy difference between the neu-
tral and anionic species based on the global minimum of neutral
geometry. A smaller VEA value means that less energy is released
to charge the neutral cluster with an extra electron. From Fig. 6
(b), we realize that the VEA values for both Au,C and Au,, clusters
exhibit an odd-even alternation phenomenon with n-even Au,C
and Au, clusters having smaller values than the corresponding
adjacent n-odd ones with two exceptions of AusC and Aus clusters.
Moreover, the overall trends for these two kinds of clusters are
quivering upward with the increasing cluster size. There exist sev-
eral relatively smaller values on the VEA curves, such as AusC,
AuyC, Aus, Au,, and Aug clusters, suggesting that these five clusters
are relatively more stable chemically than the other sizes. In addi-
tion, the doped C atom can enhance the electronic stabilities of Auy,
Aug, and Aug clusters due to the smaller VEA values, while the C
atom reduces the electronic stabilities of the Au, clusters for
n=2, 3,5, 6, and 8. In order to understand the ability of gaining
and losing electron of Au,C (n=1-9) clusters, we also calculate
the adiabatic ionization potential (AIP) and adiabatic electron
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affinity (AEA) of Au,C (n = 1-9) clusters (in Table 1). The AIP is cal-
culated as the energy difference between the cationic and neutral
species based on their global minimum on the potential energy
surface (PES), namely, the energies required to remove one elec-
tron from the neutral structure with structural relaxation. Table 1
shows a parity alternation trend with larger AIP values for the
n-even Au,C clusters than the corresponding n-odd ones, implying
that it is more difficult for the n-even Au,,C clusters to lose an elec-
tron than the corresponding n-odd neighbors. AEA is defined as the
energy difference between the neutral and anionic species based
on their global minimum on the PES. The value of AEA also shows
an odd-even alternation phenomenon with n-even Au,C clusters
having smaller values than the corresponding adjacent n-odd ones
with two exceptions of AuC clusters in Table 1. A smaller AEA value
means that it is easy to gain an extra electron. So, Table 1 shows
the Au,C clusters for n = even are more easily to gain an electron
than the corresponding n = odd neighbors. The natural population
analysis (NPA) can provide a reasonable explanation for the local-
ization of natural charge in clusters, and we calculate the natural
atomic charge population of C atom for Au,C and Au,C™ (n=1-9)
clusters in Table 1. As shown in Table 1, the atomic charges of C
atom are negative for Au,C (n=1-9) clusters and Au,C™ (n=3-9)
clusters except for Au,C~ (n=1,2) clusters, indicating that the
charges in the corresponding clusters mainly transfer from the
Au,,~ host to the C atom owing to the larger electronegativity of
C than that of Au. The average Au-C bond length of Au,C (n=1-
9) clusters is small than the Au,C™ (n=1-9) clusters. The reason
maybe is that the transfer amount of electron of the Au,C
(n=1-9) clusters from the Au,” host is less than Au,C (n=1-9)
clusters with an extra electron for Au,C~ (n=1-9) clusters. This
will weaken the interaction of Au-C bond and increase the distance
of Au-C bond in the Au,,C™ (n =1-9) clusters.

In the frame of DFT, according to the principle of maximum
hardness (PMH) [85,86], absolute chemical hardness, #, of the
equilibrium state of an electronic system is rigorously defined as
the second derivative of the total energy (E) with respect to the
number of electrons (N),

1 82E> 1<au)
n=5-] =53y (14)
2(31\12 Ve 2\0N)

where u is the electronic chemical potential (constant through the
system), and V(r) is the potential acting on an electron at r due to
the nuclear attraction plus such other external forces as may be pre-
sent. In addition, in the case of molecular orbital theory, the Koop-
mans’ theorem [87] regards the VIP and VEA as the opposite
number of the eigenvalues of the HOMO and LUMO. However, the
theorem is not fit for species with a negligible HOMO-LUMO energy
gap or when it is required to consider the influence of other orbitals

Table 1

The compare of natural population analysis (NPA) of C atoms in the lowest-energy
structure of Au,C and Au,C~ (n=1-9) clusters; the adiabatic ionization potential
(AIP) and adiabatic electron affinity (AEA) of Au,C (n = 1-9) clusters.

Cluster size NPA (Au,C)* NPA (Au,C)° AIP (eV) AEA (eV)
n=1 —0.085 -0.817 8.938 0.639
n=2 —0.396 —-0.859 7.809 2.004
n=3 -1.014 -1.169 7.056 2.310
n=4 -1.627 —-1.604 7.551 1.953
n=5 -1.435 -1.543 6.561 3.277
n=6 -0.823 -1.106 7.486 2.525
n=7 -1.361 -1.657 6.950 3.081
n=8 —0.808 —1.060 7.364 2.696
n=9 —1.348 -1.621 6.885 3.323

2 NPA is obtained from the NBO analysis in Gaussian 09.
b The lowest-energy structures are obtained from Ref. [38].

including the HOMO and LUMO. On the basis of a finite-difference
approximation and the above Koopmans' theorem, the chemical
hardness is simplified and shown in Eqgs. (10) and (13).

The chemical hardness for the lowest-energy structures of the
Au,C and Au, clusters are calculated and plotted in Fig. 6(c). It is
easy to be found that the # curves for both Au,C and Au, clusters
present a similar odd-even alternation phenomenon with n-even
Au,C and Au, clusters being more stable than the adjacent n-odd
ones. And the overall trends for these two kinds of clusters are
declining with oscillation except for the Auy cluster. It is worth
mentioning that the Au,C, AuyC, Au,, and Aug clusters have higher
chemical hardness than the others, hinting that these four clusters
are more stable chemically from a comprehensive perspective of
the abilities to lose and obtain an electron. Thus, these four clusters
can also be called the “hard molecule” because of their higher
chemical hardness. In addition, the chemical hardness of Au,C
clusters is larger than that of the corresponding Au, clusters for
n=3, 4, 7, and 9, suggesting that the addition of the C atom
enhances the chemical stabilities of these pure gold clusters, on
the contrary, the C atom decreases the chemical stabilities of the
Au,, Aus, Aug, and Aug clusters.

3.3.2. HOMO-LUMO gap

The electronic stabilities of the Au,C and Au, clusters can also
be discussed in another electronic quantity called HOMO-LUMO
gap, which reflects the ability for electrons to jump from the high-
est occupied to the lowest unoccupied molecular orbital, as well as
the ability for molecule to participate in the chemical reactions to a
certain extent. A large gap value stands for a high chemical stabil-
ity. The corresponding gaps for Au,C and Au,, clusters are plotted in
Fig. 7. The gap’s dependences on the cluster size for these two
kinds of clusters present an oscillation between the clusters with
even and odd electrons. To be specific, the n-even Au,C and Au,
clusters have higher gaps, namely, higher chemical stabilities, than
n-odd ones. The gap curves reach relatively large values at Au,C,
AuyC, Au,, and Aug clusters, revealing that these four clusters are
relatively more stable than the other sizes. The introduction of
the C atom improves the chemical stabilities of the Aus 4579 clus-
ters, in particular, the enhanced-stability effect is most outstanding
for the unit of Auy and AuyC clusters. In contrast, there is negative
enhanced-stability effect for the Au, g clusters after the addition
of the C atom.

In the present work, it must be mentioned that although all the
energy parameters of VIP, VEA, #, and the HOMO-LUMO gap can
serve as the indicators for the chemical stabilities, they reflect
the stabilities of different aspects. To be specific, VIP characterizes
the ability for the neutral species to lose an electron, VEA describes
the ability to obtain an electron, and the HOMO-LUMO gap reflects
the ability for an electron to jump from the HOMO to the LUMO.
Thus, it is not necessary for these energy parameters to possess a
consistent conclusion about the chemical stabilities. But for the
Au,C and Au.q (n = 1-9) clusters in this work, we can draw a con-
firm conclusion that the Au,C, Au,C, Au,, and Aug clusters are rel-
atively more stable chemically than the other sizes. At last,
combining an analysis of the relative and electronic stabilities,
we think the Au,sC and Aug clusters can be regarded as the building
blocks of the novel material because of their higher relative and
electronic stabilities.

3.4. Electronic and magnetic properties

In order to understand the electronic and magnetic properties
of the Au,C and Au,.; (n=1-9) clusters, the detailed natural pop-
ulation analysis (NPA), natural electronic configuration (NEC), and
magnetic moments for the lowest-energy structures are discussed
based on the NBO analysis [78,79] in Gaussian 09.



58 X.-F. Hou et al. / Chemical Physics 472 (2016) 50-60

3.4.1. Electronic properties

The charges of 5d, 6s, 6p orbitals of Au atoms and 2s, 2p orbitals
of C atoms, along with the atomic charges of C atoms for the global
minimums of the Au,C and Au,.; (n=1-9) clusters are shown in
Table S6. The charges on the C atoms in the Au,C clusters are neg-
ative, indicating that the charges in the corresponding clusters
transfer from the Au, host to the C atom due to the larger elec-
tronegativity of C (2.55) than that of Au (2.4). To analyze the bond-
ing property between Au and C atoms, we also calculated the
average ionic character of Au-C bond for each kind of clusters
based on the NBO analysis, and the ionicity of the Au-C bond is
defined as follows:

2
CzAu — CC
Cau +C2

lauc =

(15)

where Ca, and Cc denote the polarization coefficients of Au and C
atoms, respectively. The average ionicity of Au-C bond in the Au,C
(n=1-9) clusters are 11.99%, 29.93%, 26.62%, 38.14%, 38.03%,
42.21%, 38.59%, 40.64%, and 34.08%, respectively, all of which are
less than 50%. So, Au and C atoms interact with each other mostly
via covalent bond rather than ionic bond, which can also be con-
firmed through the difference in electronegativity, Agn. Covalently
bonded interactions will exist in clusters if Agy<1.7, and
Agn = 0.15 for Au,C clusters.

In order to further understand the charge transfer, the internal
charge populations of C and Au atoms are also considered by NEC
analysis. As for the free Au and C atoms, the distributions of valence
electrons are 5d'%6s" and 2s22p?, respectively. We first consider the
charge population in Au atom of the pure gold clusters. As shown in
Table S6, the 5d and 6s orbitals lose 0.050-0.121 and 0.015-0.064
electrons, respectively, and the 6p orbital gains a certain amount
of charge ranging from 0.020 to 0.176. Moreover, a more detailed
analysis reveals that the 5d orbital serves as the major contributor
for the charge transfer. It is worth noting that the 6s orbitals of Au,
and Aus clusters receives 0.030 and 0.003 electrons, respectively,
which differs from the other sizes of gold clusters. When the C atom
is introduced into the pure gold clusters, the NEC analysis exhibits
that the 2s orbital loses 0.090-0.510 electrons, while the 2p orbital
receives 0.150-2.060 electrons, with the 3s and 3p orbitals gaining
negligible charges. With regard to the internal charge transfer in the
Au atom of the Au,C clusters, the NEC analysis shows that the
charge transfer occurs from 5d and 6s orbitals to 6p orbital with a
certain amount of electrons. What is noteworthy to say is that the
6s orbitals of Au;C and Au,C clusters receives 0.320 and 0.160 elec-
trons, respectively, which differs from the other C-doped gold clus-
ters. Similar to the case of the pure gold clusters, the 5d orbital is the
major contributor for the charge transfer. In addition, due to the
incorporation of the C atom, the electron populations of the 5d,
6s, and 6p orbitals of the Au atom have been changed. More specif-
ically, the charges of 5d orbital decrease after the addition of the C
atom. As for the 6s and 6p orbitals, the corresponding charges
change little and there is not obvious trend of increase or decrease
being observed.

3.4.2. Magnetic properties

We also analyzed the magnetic properties for the lowest-energy
structures of the Au,C and Au,.; (n = 1-9) clusters. The total mag-
netic moments for these two kinds of clusters, and the local mag-
netic moments on the C atom are shown in Table S7 and plotted in
Fig. 8. The total magnetic moment’s dependence on the cluster size
exhibits a clear odd-even oscillation. Moreover, both doped and
pure gold clusters with even-number valence electrons have null
magnetic moment owing to an equal number of spin-up and
spin-down occupied valence states. However, for the odd ones,
the total magnetic moments for these clusters are less than but
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Fig. 8. Size dependence of the total magnetic moments for the lowest-energy
structures of Au,C and Au,.; (n = 1-9) clusters, and the local magnetic moments on
the C atoms in the corresponding Au,C (n = 1-9) clusters.

close to 1 pg, which is because that the contributions of excited
states to the electron spin magnetic moment are not taken into
account. In addition, the magnetic moments on the C atoms of
the Au,C clusters also demonstrate the odd-even alternation phe-
nomenon, with the local magnetic moments of zero for the n-even
clusters. For the n-odd ones, the magnetic moments on the C atoms
decrease and then increase, with the minimal value at the AusC
clusters. Additionally, the total magnetic moments of the Au,C
(n=o0dd) clusters are largely located on the C atoms for the AuC,
AusC, and AugC clusters while on the Au, host for the AusC and
Au,C clusters.

Furthermore, Table S7 displays the magnetic moments of 5d, 6s,
6p orbitals of Au atoms and 2s, 2p orbitals of the C atoms for the
Au,C and Aup.; (n=1-9) clusters. The local magnetic moments
of the C atom mostly concentrate upon 2p orbital, whereas the
5d and 6s orbitals play a big part in the magnetic moments of
the Au atoms in the Au,C clusters. And the distribution of the mag-
netic moment within the Au atom reflects the s-d orbital
hybridization from another perspective, which roots in the
so-called relativistic effects.

4. Conclusions

The geometric constructions, relative stabilities, electronic sta-
bilities, and electronic and magnetic properties of the Au,C and
AU, (n=1-9) clusters have been investigated using hyper-GGA
in PBEO functional form in the Gaussian 09 software package. All
the results are summarized as follows:

1. One Au atom added to the Au,_;C cluster is the dominant
growth pattern for Au,C clusters. The most stable structures
of Au,.; clusters are planar at least up to n=9. The C dopant
induces the local non-planarity and results in an over-all
quasi-2D or 3D configuration. Thus, the C atom can vary the
ground-state structures of the pure gold clusters. In addition,
the valence state exerts a smaller effect on the structures of
C-doped gold clusters than on the pure gold clusters. An analy-
sis on the percentage compositions of the HOMOs of the Au,,C
clusters demonstrates that the chemical properties of the C-
doped Au clusters are dominated by 5d, 6s orbitals of Au and
2p orbital of the C atom.

2. The higher atomic binding energies of Au,C over Au, (n=1-9)
clusters reflect that the addition of the C atom can improve
the integral relative stabilities of the pure gold clusters, and
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the enhanced-stability effect is more prominent for the situa-
tion of the dissociation of C atom than that of the Au atom. As
for the dissociation of Au atom, the incorporation of the C atom
even decreases the thermodynamic stabilities of the Ausgg
clusters. Because of their highest A,E(n) values, the AusC and
Aug clusters can be considered as magic numbers in their
respective series. The study on the dissociation channels of
the Au,C (n=1-9) clusters indicates that the loss of the Au
atom is the dominant dissociation pathway, with the Au atom
and Au,_+C clusters as the main fragments.

3. The electronic stabilities of the Au,C and Au,.; (n=1-9) clus-
ters are discussed based on the energy parameters of VIP,
VEA, 7, and the HOMO-LUMO gap. And we can draw a confirm
conclusion that the Au,C, AuyC, Au,, and Aug clusters are rela-
tively more stable chemically than the other sizes. Through a
comprehensive consideration of the relative and electronic sta-
bilities, we can conclude that the Au,C and Aug clusters can be
regarded as the magic clusters.

4. The electronic and magnetic properties for the lowest-energy
structures of the Au,C and Au,. (n = 1-9) clusters are discussed
based on the NBO analysis. The NPA shows that the charges in
the Au,C clusters transfer from the Au, host to the C atom.
The Au and C atoms interact with each other mostly via cova-
lent bond rather than ionic bond. In addition, the NEC analysis
indicates that the charges transfer from 2s orbital to the 2p
orbital in the C atom and from the 5d, 6s orbitals to the 6p orbi-
tal in the Au atom of the Au,C clusters, with the 5d orbital serv-
ing as the major contributor for the charge transfer. The
situation in the Au,.; clusters is similar to that in the Au,C clus-
ters. The total magnetic moments of the Au,,C and Au, (n = odd)
clusters are less than but close to 1 g, with the total magnetic
moments of the Au,,C (n = odd) clusters mainly locating on the C
atoms for Auy 3C and on the Au, host for n =5 and 9. However,
the total magnetic moments of the Au,C and Au, (n=even)
clusters are zero. In addition, the magnetic moments of the
Au atoms in Au,C and Au, (n=odd) clusters mainly focus on
the 5d and 6s orbitals. As for the C atom, the magnetic moments
mostly concentrate upon the 2p orbital.
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