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ABSTRACT

We introduce relativistic density functional theory (DFT) calculations on the gold cluster complexes
(cluster-molecule-cluster) Aus-S-ChH2n-S™-Aug’ (n=2-5). The structural, electronic and relativistic
(ZORA) Bader's quantum theory of atoms in. molecules (QTAIM) properties of the two lowest-energy
complex isomers were computed as a function of the alkanedithiol size (n). The lowest-energy isomer
is a triplet spin state independently of the complex size. According to QTAIM, the Au-Au and S-Au
bonds are classified as closed shell (non-covalent) type. The HOMO-LUMO gap of the cluster
complexes showsa zigzag behavior typical of gold nanoclusters with respect to the size of the

alkanedithiol chain (n).
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I. INTRODUCTION

Molecular electronics will be a commercial technology as long as every part of a circuit (wire,
capacitor, inductor, battery, etc.) can be constructed with one or few molecules. [1-3] Molecular logic
gates, rectifiers, transistors, motors, etc., could be then obtained from these building blocks. [3]
Research on this interesting and challenging topic is ongoing. [1-5] As being made from one or few
molecules, these molecular devices might lose their stability as an isolated entity (or their properties
might change drastically) when interacting with the other devices and/or different environments. Thus
they must be well characterized and tested in vivo. Currently, it is not always feasible to experimentally
control them and measuring their properties due mainly to'their nanometric size and/or weak bonding.
[3-5] As in other research fields, computational simulations can be important tools for the

characterization of these molecular devices.

Using a single molecule as a wire (conductor) has been the research topic of many experimental and
theoretical works. [4-18] The system lead-molecule-lead has been theoretically modeled as cluster-
molecule-cluster to: 1) make the calculations easier, 2) model part of the lead-cluster-molecule-cluster-
lead array, and 3) estimate the use of the (cluster-molecule-cluster), (n>1) as the potential wire itself.
[19-23] A dithiol linking two gold clusters (like the systems studied here) has been previously studied
[19-22, 24-30] due to the special properties of gold nanoclusters and its preferential bonding with sulfur
in self-assembled-monolayers and passivated gold nanoclusters by thiols. [31-32] The chemical
bonding between sulfur and gold plays an important role as bridge between the organic and the

“metallic” part. Yet, the precise nature of the chemical bonding between gold and sulfur in these



systems remains as a question to be answered. [31-33] This paper aims to shed some light on this

direction.

In this work, we performed relativistic unrestricted Kohn-Sham DFT calculations for computing the
structural, electronic, and QT AIM properties of the two lowest-energy isomers of the cluster complexes
(see Figure 1 below) Aus-S-C,Hz,-S-Auy' (n=2-5). These properties are analyzed as a function of the
size of the alkanedithiols (number of carbon atoms) in-the-complex. QTAIM analysis was performed
for both computing the atomic properties and determining the chemical bonding mainly at the gold-
thiol interface. The change on the alkanedithiol (gold cluster) properties (e.g. charge) in-the-complex
with respect to the corresponding properties as an isolated molecule (gold cluster) was determined. One
can thus quantitatively determine the influence of the “metallic” part (gold nanoclusters) on the organic
part (alkanedithiol) properties in-the-complex and vice versa. It is worth mentioning that until recently
the QTAIM properties had only been computed within the Bader's original non-relativistic formulation.
[34] Recently, however, the scalar relativistic zeroth-order regular approximation (ZORA) extension of
QTAIM was introduced [35] and computationally implemented/tested by us. [36] As for other
properties, relativistic effects on the QT AIM properties are important for heavy atoms (like gold). [36]
The QTAIM properties reported in this work for the cluster complexes Aus-S-CrH2n-S-Aus’ were
computed at the relativistic ZORA level of theory (by the first time as far as we know for these
systems). The remainder of the article is organized as follows: The computational details are introduced

in Sec. I1. Our results and conclusions are shared in Secs. I11 and IV, respectively.

I COMPUTATIONAL DETAILS
All calculations were performed with the Amsterdam Density Functional (ADF 2014) package. [37-39]

A partial search the potential energy surface (PES) of the complexes Au4-S-ChH2n-S™-Au,' for each size



(n=2-5) was carried out. A family of at least 7 different nuclear geometries of each cluster complex
were constructed to be used as initial structures in the geometry optimizations considering two different
spin states (M=2S+1=1,3) in each case. The optimized structures of the isolated alkanedithiol (n=2-5)
and two isomers (planar diamond and tetrahedral geometry) of Au, (see Figure 1 below) were used to
construct the starting geometries for the complex optimizations changing the relative position of one
gold atom of the Au,s isomer and the sulfur atom in the thiols. The two lowest-energy isomers of each
complexes Aus-S-C,Hz.-S'-Auy' (n=2-5) obtained via this process are reported here..The geometries
were fully optimized at the relativistic ZORA unrestricted DFT level of theory (ZORA-U-DFT),
considering a convergence threshold for the energy gradients with respect to the nuclear coordinates
equal to 10 Hartree/angstrom without using any molecular symmetry restriction. For the two lowest
energy isomers of each complex size, n=2-5, (see Figure 1), an all-electron self consistent field (SCF)
single point (SP) ZORA DFT calculation followed by a QTAIM calculation was performed at the
optimized geometry. The relativistic ZORA-QTAIM calculations were performed using our ultrafast
method as implemented in ADF [40-42]. For both geometry optimization and SP calculations, the
(generalized-gradient-approximation) Perdew-Burke-Ernzerhof (PBE) [43] functional and a triple-¢
polarized Slater (TZP) basis set were used. [37-39] For the geometry optimization, the 1s-4f core has
been kept frozen (FC) for Au atoms. Unless otherwise stated, the ADF default setting for the SCF,

geometry optimization, and QTAIM property calculation procedure were used. [37-42]

111 RESULTS AND DISCUSSION

A. Structural Properties

Figure 1 shows the optimized structure of the two lowest-energy isomers for each cluster complex size
(n=2-5) along with the lowest-energy structure (planar diamond) of the isolated Au, , and the C,H4S,H>

as a representative Aus cluster and alkanedithiol. In order to understand the scope of our



approximations, let us first compare our data with previous calculations are available. There is a
consensus on the planar diamond (trapezoid) as the lowest-energy structure of Au, (see Figure 1(a)).
From Figure 1 we can see that average Au-Au bond distance obtained at our level of theory (UPBE-
TZP-ZORA-FC) for Au4 is equal to 2.7006A, which is good agreement with the one reported by Basch
and Ratner (2.7324A, at the UB3LYP-SKBJ-relativistic pseudopotential level) and Fernandez et al.
(2.69A, at the PBE-DZ-relativistic pseudopotential level), which represent a 1.1% and 0.4% difference,
respectively, with respect to our value. [20,44] The S-H and S-C bond distance in isolated C,H4S;H-
(see Figure 1(a)) computed by us are equal to 1.359A and 1.848A, respectively, whichare also in good
agreement with the corresponding values reported by Basch and Ratner (1.362A and 1.855A), which
represent a 0.2% and 0.4% difference, respectively. [20] As for the cluster complexes, as far as we
know, there is only previous data for the complex Aus-S-C,H4<S'-Aus’ (n=2), which was reported by
Basch and Ratner. The two lowest-energy isomers of Aus-S-C;H;-S'-Au,’ found by us (see Figure 1(b))
are basically those reported by them. However, they reported the Isomer 1 in the spin state M=1
(singlet) while we found that this state is 0.1eV higher in energy than the state M=3 (triplet). Actually
we found that the spin state M=3 is the lowest energy state for each isomer in all cases, which can be
seen in Figure 1(b)-(f). Only the properties of these lowest-energy (triplet) isomers are reported here.
The type of bonding between sulfur and gold atoms (S-Au(i)) in these isomers (n=2, Figure 1(b)) is
depicted in the diagram of Figure 2(i). Sulfur is bonded to two gold atoms of different bond distance
(2.43A and 2.37A). As can be seen in Figure 1(b) (see also Table 3), differences between the
equivalent “large” bonds (2.43A) attached to both sides (Aus and Auyg) is in the 3" decimal place for
both isomers; differences between “short” bonds are also in the 3™ decimal except for the bond
attached to Au, of Isomer 1, for which the difference is in the 2" decimal place with respect to all other
equivalent short bonds (see also Table 2). As can be seen in Figure 1(b), the S-C and S-C' bond

distances are different in Isomer 1 (1.861A and 1.859A, respectively) and equal in Isomer 2 (1.861A).



The maximum difference between our bond distance value (Isomer 1) and the corresponding ones
reported by Basch and Ratner is equal to 2.4% (with respect to their M=3 isomer for which the S-C and
S-C' bond distances are different). [20] Thus our data obtained (at the U-PBE-TZP-ZORA level of

theory) is in relatively good agreement with previous calculations. [20]

The optimized structure of the two lowest-energy isomers for the larger cluster complexes (n=3-5) can
be seen in Figure 1(c)-(e), which show a more interesting variety of the sulfur-gold bonding. The
diagram of the bonding types between sulfur and gold can be seen in Figure 2. Isomer 1 of the complex
Auy-S-C3Hg-S-Auy’ (n=3) exhibit the S-Au(i) bonding in the left side (Aus ) and the S-Au(ii) in the
right side (Auy’) (see Figure 1(c)). The left side bonding S-Au(i) is similar to one discussed above for
Aus-S-CyH4-S-Aus' (n=2). The main differences between isomers 1 for n=2 and n=3 are: i) the Au-S-C
angle which is sharper (99°) for the complex Aus-S-CsHg-S'-Auy' (n=3) than the one (104.3%) for Aus-
S-CoH4-S-Aug' (n=2); ii) the S-Au short (large) bond is abit longer, 0.06A, (shorter, 0.018A) in Au,-S-
CsHe-S™-Auy' (n=3) than the corresponding ones in Auy-S-C,H4-S-Aus’ (n=2), which can be seen
clearly from Figure 1(b)-(c) (see also Table 3). The right hand side bonding is of the type S-Au(ii) in
Isomer 1 of Aus-S-C3He-S-Auy’ (N=3), where Aug' is in a tetrahedral geometry (see Figure 1(c)). In this
bonding type sulfur forms only one bond with gold. The bond distance of the S-Au bond is equal to
2.288A, which is shorter than the double bond (2.372A) of the S-Au(ii) type. A similar type of bond
has been reported for anion benzene dithiol (2.366A) and alkene dithiols (2.389A) but not for neutral
complex (see Reference 21). From Figure 1(d), notice that for Isomer 2 of Au4-S-C4Hs-S-Auy' (n=4),
the S-Au bonding is of the same type S-Au(ii) for both sides (both Au, and Aus' have tetrahedral
geometry) with almost the same bond distance (2.27A and 2.271A, respectively). This structure is
interesting since it is quite similar to the structure of an isolated alkane (see Figure 1(a)) where each

ending hydrogen atom is replaced by one Au, nanoparticle (superatom). The Au-S-C angle for this S-



Au(ii) bond is about 105° in all cases (see Figure 1(c)-(f)). The third different type of S-Au bonding
(iii) can been seen in Isomer 2 of the complex Aus-S-CsHio-S'-Aus’ (n=5) (see Figure 1(e)). Sulfur
forms also only one bond with Au (in Aus), however, Au, in this case has planar diamond (trapezoid)
geometry. The gold atom that participates in the S-Au(iii) bond is one on the trapezoid minor axis. The
S-Au bond distance is equal to 2.277A for this S-Au(iii) bonding. Notice that the S-Au bond formed
with Aug' is of the S-Au(ii) type with the shortest S-Au bond distance (2.269A). Isomer 2 of Aus-S-
CsHe-S™-Auy' (n=3) is a special case (see Figure 1(c)). Interestingly, in this complex although sulfur (S)
is bonded to two gold atoms of Aus (planar diamond) via almost equivalent double bonds (2.32A and
2.37A), its bond with carbon is broken forming a thiolate (see Figure 2(iv)). The Bader charge of this
sulfur atom is equal to -0.254a.u. (see Table 3 below and the related discussion). The carbon atom that
was bonded to S now gets bounded to one gold atom on the minor axis of the trapezoid Au4 nanocluster
(see Figure 1(c)) making the bridge between the alkane chain and Au,4 nanocluster. The C-Au bond

distance and C-Au-S angle are equal to 2.108A and 947, respectively (see next subsection).

B. QTAIM (Bader) Properties

Figure 3 shows the molecular graphs of the cluster complexes (b)-(e) along with the ones for isolated
Aus and CyH4S;H, (a). These are the corresponding molecular graphs for the structures shown in
Figure 1. Tables 1-3 show the bond information for the isolated systems (Aus and C,H4S;H>) and the
cluster complexes.”According to QTAIM, there is a bond critical point (BCP) of the electron density
between any pair of chemically bonded atoms in a molecule (cluster or solid). [34] A general and
interesting trend we found for the S-Au(i) bonding type (see Figure 2) is that there is not a chemical
bond between the two gold atoms that participate in it, since there is not a BCP between such Au atoms
(see Figure 3(b)-(e)). Thus, according to QTAIM, when sulfur gets bonded to two gold atoms via a S-

Au(i) bonding type, the original bond between these two Au atoms, which can be seen is predicted by



the existence of a BCP in isolated Au, (see Figure 3(a)), is broken. However, notice that the standard
software molecule viewer used to get the 3-dimensional structure of the complexes in Figure 1(b)-(e)
put a stick between these pair of Au atoms, which is based solely on distance criteria and should not be
mistaken for a bond unless an electronic structure analysis confirms the existence of a bond1. As can be
seen from Figure 1(b)-(e), the Au-Au distance between these two Au atoms linked to S is greater than
3A. This distance is greater than the average first neighbour distance reported for gold nanoclusters
which is typically in the range 2.6-2.84A (see for instance Figure 1(a)), it is even greater than the
average first neighbour distance in bulk gold (2.88A). [45-46] From Figure 3(b)-(e), we can also see
that these two Au atoms involved in the S-Au(i) bonding type are also linked to another Au atom in
Aus. Thus these three Au atoms along with S form a ring which is confirmed by the existence of a ring

critical point (RCP) as can be seen in green in Figure 3(b)-(e).

Table 3 shows the bond information for the S-Au interface organized according to the bonding
classification of Figure 2. Notice that there is general correlation between the bonding type and the
bond information (charge, 2,7*p and bond distance R). Equivalent S-Au bonds have (approximattely)
the same bond information independently of the size of the cluster complex (see Table 3). In the S-
Au(i) bonding type, S (Au) gets negativelly (positivelly) charged forming an electrostatic dipole
moment. This dipole is-greater for the shorter bond as could be expected, the positive charge of Au is
almost one order of magnitud greater in the shorter bond (~0.1a.u) than in larger bond (~ 0.037a.u. in

average). There is an exception to this rule which happens for Isomer 1 of Aug-S-C3Hg-S-Auy', in

which sulfur has a small positive charge (0.01a.u.) and gold a negative charge (-0.041a.u) (see Table 3).
The reason of this exception is because, interestingly, in this system S gets also bonded to the S', that is,

a S-S' bond is formed which is predicted by the BCP between S and S' (see Figure 3(c)). The bond

1 The molecule viewer software usually use a purely geometric criterion putting a stick between two particular type of
atoms if the distance between them is in a specific interval.
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distance for this S-S' bond is equal to 2.731A (see Table 2) which is actually in the range (2.729A-
2.886A) of the theoretical values reported for the S-S bond inHoS\SH»*[47].2 In S-Au(ii) bonding

type, S and Au form also a dipole moment but S gets a larger negative charge (~ -0.1a.u) and Au a
smaller charge (~ 0.09a.u) with respect to the shorter bond of S-Au(i) bonding type. The bond
information is similar for all bond in this S-Au(ii) bonding type except for the S'-Au’ bond in which S'

is the one that is involved in the S-S' bond in Isomer 1 of Auy-S-C3Hg-S™-Auy' (see Figure 3(c) and

Table 3). The S-Au bond distance in S-Au(ii) bonding type is in the range 2.269-2.288A which is
shorter than the shortest bond distance (2.320A) of the S-Au bonds in S-Au(i) bonding type (see Table
3). In the contrary, the density value at the corresponing BCP of the S-Au bond in S-Au(ii) is greater
that any corresponing value of the S-Au(i) bonding type. All these S-Au bonds are formed between

sulfur and one atom in Aug in its tetrahedral geometry (see Figures 1 and 3), which forms a closed

geometrical region as predicted by the existence of a cage critical point (CCP, in blue in Figure 3(c)-
(e)). The S-Au bond in the S-Au(iii) bonding type ‘has bond information quite similar to the short S-Au
bond of S-Au(i) bonding type and, as expected, a bond distance (2.277A), p and its Laplacian values,
similar to the one of the S-Au(ii) bonding type (in both bonding types sulfur forms only one bond with

Au, see Figure 2-3). As for the S-Au bond in the S-Au(iv) bonding type (Isomer 2 of Auy-S-CgHg-S'-
Auy' ), in which the S-C bond is broken (see Figures 1(c), 2(iv), 3(c)) the charge of S (-0.25) is quite

larger than in all other S-Au bonds. In this case, as discussed above, one ending carbon atom of the

alkane chain is bonded to one Au of Auy as predicted for the corresponding BCP. The C-Au bond

distance is equal to 2.3A which is similar to the theoretical value reported (2.01A) for C-Au bonds in

the systems Au20vNB and Au20vNB3 (NB: nitrobenzene). [48]

2 Notice that the molecule viewer software in this case does not put an stick to represent the S-S' bond in Figure 1 (see
also footnote 1).



From Tables 1-2, notice that the value of the electron density () is less than 0.065a.u. and its
Laplacian is positive (7?p = 0), at the BCP of all Au-Au bonds. The positive value of the Laplacian at
the BCP's indicates a depletion of the density. Thus, according to QTAIM, the Au-Au bond is a closed

shell (non-covalent) type in both isolated Auy and in any cluster complex. The Laplacian electron

density at the BCP for the S-Au bond is also positive. Thus, in principle, the S-Au bonds are also
closed shell type. However, it is expected that these S-Au bonds have also some ‘electrostatic character
due to the dipole moment formed between S and Au (see Bader charges in Table 3 and related
discussion above), which was predicted before by Pakiari and Jamshidi [49]. According to the values of
the density p and its Laplacian at the corresponding S-Au BCPs (see Table 3 and the discussion above),
which are in agreement previous calculations [49], the S-Au(i) has the highest bond softening degree of
these four bonding types, [50] which means that it is the weakest bond. The S-Au(ii) bonding type has
the lowest bond softening degree, which means that this type of bond is the strongest one. [50] The

bond softening degree for bonding types (iv) and (iii) are between these two limits.

C. Electronic Properties

Table 4 shows some electronic properties of the cluster complexes along with the ones for the isolated
systems. As we can see from Table 4, the two isomers for the complex Aus-S-C,H;-S™-Aug’ (n=2) are
quasi-degenerated in energy. Their difference in energy is equal to 0.001eV. It is worth mentioning that
we performed additional geometry optimizations for these two isomers considering a convergence
threshold for the energy gradients with respect to the nuclear coordinates equal to 107
Hartree/angstrom. However, the small difference in energy (0.001) between these isomers holds. After

a structural analysis we concluded that they are actually two different isomers with almost the same
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energy. Figure 4 shows the dependence of the HOMO-LUMO gap (Eni) with respect to the number of
carbon atoms in the alkane chain (n) in the cluster complex. As we can see from Figure 4, Ey. shows a
zigzag behavior typical for nanoclusters particularly for gold nanoclusters. The value of the HOMO-
LUMO gap is between 0.5 and 1.2 eV, which is also the typical values of small gold nanoclusters, like
for isolated Aug for which E =0.99eV (see Table 4). [45-46] In the contrary, the HOMO-LUMO gap
of the isolated alkanedithiols grows quasi-steadily with n from 4.38eV (n=2) to (4.78eV) as can be seen
from Table 4. Notice the large value of Ey. for these organic molecules. Thus we could conclude that
the cluster complexes Aus-S-CyH2,-S-Auy’ (n=2-5) as a whole behave like nanoclusters rather than
organic molecules, at least as the HOMO-LUMO gap concerns (the part that is “growing” in the cluster

complexes is the organic part though).

IV CONCLUSIONS

We have performed relativistic unrestricted Kohn-Sham DFT calculations for computing the structural,
electronic, and QTAIM properties of the two lowest-energy isomers of the cluster complexes Aug-S-
CnH2n-S-Auy' (n=2-5). These properties-are analyzed as a function of the size of the alkanedithiols
(number of carbon atoms) in-the-complex. We found three types of bonding between sulfur and gold in
these complexes in partial agreement with previous calculations. According to QTAIM, it was
determined that the S-Au bonds can be classified as closed shell interaction. It was determined that the
carbon in the alkane chain can form a bond with a gold atom in the Au, nanocluster. The dependence of
the HOMO-LUMO gap with respect to the number of carbon atoms in-the-complex (n) shows a zigzag
behavior typical of gold nanoclusters. Thus the complex as a whole might behave like a nano “particle”

better than a molecule.
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FIGURES

Figure 1. Optimized structures of the lowest-energy isomers of (a) isolated systems (C,HsS;H; and
Aug) and cluster complexes Aus-S-CqiHan-S'-Aus’ for (b) n=2, (c) n=3, (d) n=4, and (e) n=5 carbon
atoms. The bond distances are shown in angstroms (A) and angles in degrees. The energies (eV) are
also shown.
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Figure 2. Types of bonding between S-C,H,-S" (n=2-5) molecule and gold clusters (Au, and Au,")
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Figure 3. Molecular graphs for the structures shown in Figure 1. Nuclear critical points (NCP), bond
critical points (BCP), and ring critical points (RCP) are in grey, red and green, respectively.
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Figure 4. HOMO-LUMO gap (Enp) of the cluster complexes Auy-S-CH3,-S™-Au," as a function of the
number of carbon atoms in the alkane chain (n) for Isomer 1 group (solid line) and Isomer 2 group
(dotted line).

1.2 -
Isomer1 ——
Isomer2 ------
1k \ 2
\
\
\
s
‘\
3 \
I 08r , ¢ \‘\ |
Ll \ 7
‘\ ’Il \
\ / N
\ 4 b3
0-6 B \\ \ -
y N
\ X
‘\
X
0.4 - -

19



TABLES

Table 1. Bond information for the isolated Aus nanocluster (planar diamond) and C;H4S2H>,

Values of the electron density (), its Laplacian (7Zp) at the corresponding bond critical point (BCP in
red in Figure 3(a)) are shown in a.u.. The bond distance Re is also shown (in A). Bader charges (a.u.)
are shown in parenthesis.

AU4

V2 p(r
Interaction p(r) ) R.

Aul (-0.140) - Au2 (0.138) | 0.055 0.129 2.713
Aul (-0.140) - Au3 (0.140) | 0.055 0.128 2.716
Au-Au' | Au2 (0.138) - Au3 (0.140) | 0.060 0.153 2.650
Au3 (0.140) - Au4 (-0.138) | 0.055 0.129 2.713
Au2 (0.138) -Au4 (-0.138) | 0.055 0.129 2.711

HS-C,H,-S'H'
V2 p(r
Interaction p(r) ) Re
c-C C1 (-0.027) -C2 (-0.027) 0.238 0.494 1.523
s-C S1 (-0.026) -C1 (-0.027) 0.162 0.186 1.848
S'2 (-0.026) -C2 (-0.027) 0.162 0.186 1.848
S-H S1 (-0.026) -H1 (-0.018) 0.201 0.469 1.359
S'2 (-0.026) -H2 (-0.018) 0.201 0.469 1.359
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Table 2. Bond information for the cluster comlexes complexes Aus-S-C,H2,-S'-Aus’ (n=2-5). Values of the electron density (g), its
Laplacian (VZp) at the corresponding bond critical point (BCP in red in Figure 3(b)-(e)) are shown in a.u.. The bond distance R; is also
shown (in A). Bader charges (a.u.) are shown in parenthesis. The bond information for the S-Au interface can be seen in Table 3.
AU4-S-C3H6-S"AU'4

Interaction

Au-Au’

AU4-S-C2H4-S"AU'4

ISOMER 1 ISOMER 2 ISOMER 1 ISOMER 2
pr) V¢ R p) V* R pr) V' Re p) V*  Re
p(r) p(r) p(r) p(r)
Aul (- 0.054 0.129 2.718 Aul (- 0.062 0.135 2.644 Aul(- 0.055 0.130 2.711 Aul 0.055 0.133 2.710
0.121) - 0.117) - 0.135) - (0.095)
Au2 Au2 Au2 - Au3
(0.01) (0.108) (0.022) -
0.038)
Aul (- 0.062 0.136 2.642 Aul(- 0.054 0.129 2.715 Aul (- 0.061 0.134 2.651 Au3(- 0.056 0.135 2.695
0.121) - 0.117) - 0.135) - 0.038)
Au3 Au3 (- Au3 - Au2
(0.118) 0.007) (0.116) (-
0.100)
Au2 0.048 0.118 2.776 Au2 0.048 0.118 2.777 Au2 0.058 0.138 2.679 Au2 (- 0.059 0.127 2.673
(0.01) - (0.108) - (0.022) 0.100)
Au3 Au3 (- -Au4 (- - Aud
(0.118) 0.007) 0.041) (0.255)
Au2 0.057 0.137 2.691 Au3 (- 0.057 '0.137 2.689 Au2 0.051 0.128 2.744 Au3(- 0.051 0.117 2.774
(0.01) - 0.007) - (0.022) 0.038)
Au4 Au4 -Au3 - Aud
(0.036) (0.043) (0.116) (0.255)
Au'5 0.057 0.137 2.689 Au'5 0.057 0.137 2.689 Au5 0.049 0.108 2.776 Au'6 0.062 0.135 2.645
(0.042) (0.039) - (0.103) (0.102)
- Au'7 AU'7 (- -Au'6 (- - Au'7
(0.000) 0.003) 0.028) (-
0.129)
AU'6 0.048 0.117 2.788 Au'6 0.048 0.118 2.777 Au6(- 0.047 0.110 2.799 Au7(- 0.054 0.129 2.716
(0.102) (0.108) - 0.028) - 0.129)
- Au'7 Au'7 (- AU'7 (- - Au'8s
(0.000) 0.003) 0.019) (-
0.003)
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C-C

S-C

Others

Au'7
(0.000)
- Au'8
(-0.114)

AU'6
(0.102)
- Au'8
(-0.114)

0.054 0.130 2.713 Au7 (-

0.062 0.135 2.644

0.239

0.158

0.159

0.499

0.167

0.169

1.520

1.861

1.859

0.003) -
Au'8 (-
0.118)

Au'6
(0.108) -
Au'8 (-
0.118)

0.054 0.129 2.715

0.062 0.135 2.644

0.239

0.158

0.158

0.498

0.167

0.167
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1.520

1.861

1.861

Au'7 (-
0.019) -
Au'8 (-
0.019)

AU'6 (-
0.028) -
Au'8 (-
0.019)

AuU'5
(0.103)
-Au'8 (-
0.019)
AuU'5
(0.103)
-Au'7 (-
0.019)
C1(-
0.044) -
Cc2
(0.031)
Cc2
(0.031)
-C3 (-
0.063)
S1
(0.010)
-C1(-
0.044)
S2 (-
0.082) -
C3 (-
0.063)
S1
(0.010)

0.046

0.053

0.053

0.047

0.238

0.238

0.159

0.160

0.042

0.107

0.127

0.116

0.106

0.491

0.492

0.172

0.173

0.065

2.815

2.732

2.731

2.803

1.523

1.524

1.861

1.856

2.731

AU'6
(0.202)
- Au'8
(-
0.003)
AuU'5
(0.035)
- Au'8
(-
0.003)

c2
(0.043)
-C3 (-
0.043)
C1(-
0.087)
-C2
(0.043)
S2 (-
0.073)
-C3 (-
0.043)

Au4
(0.255)

0.048 0.118 2.776

0.057 0.137 2.689

0.229

0.239

0.160

0.114

0.449

0.498

0.173

0.086

1.538

1.517

1.856

2.108



Interaction
Au-AU'

AU4-S-C4H8-S'-AU'4
ISOMER 1

Aul (-
0.010) -
Au2 (-
0.126)

Aul (-
0.010) -
Au3
(0.031)

Au2 (-
0.126) -
Aud
(0.103)
Au3
(0.031)
-Au2 (-
0.126)
Au's
(0.035)
-AU'7 (-
0.002)
AU'6
(0.099)
-AU'7 (-
0.002)

Au'6

(0.099)
-Au'8

p(r)

0.054

0.062

0.057

0.048

0.057

0.048

0.062

VZ
p(r)
0.129

0.135

0.137

0.117

0.137

0.116

0.135

Re

2.715

2.645

2.689

2.783

2.689

2.785

2.644

ISOMER 2

Aul (-
0.073)-
Au2

(0.000)

Aul (-
0.073)-
Aud

(0.099)

Aul (-
0.073)-
Au3
(0.065)
Au3
(0.065)-
Aud
(0.099)
Au3
(0.065)-
Au?2
(0.000)
Au2
(0.000)-
Aud
(0.099)

AU'6
(0.093)-
AU'S (-

p(r)

0.052

0.045

0.043

0.052

0.056

0.050

0.046

V2
p(r)
0.122

0.102

0.099

0.112

0.135

0.109

0.104
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2.747

2.820

2.861

2.746

2.702

2.766

2.805

-82 (-
0.082)

ISOMER 1

Aul (-
0.125) -
Au2 (-
0.017)

Aul (-
0.125) -
Au3
(0.115)

Au2 (-
0.017) -
Au3

(0.115)
Au2 (-
0.017) -
Au4

(0.024)
Au'7 (-
0.013) -
AuU'6

(0.116)
AU'7 (-
0.013) -
Au'8 (-
0.123)

AU'6
(0.116)-
AU'S (-

p(r)

0.054

0.062

0.048

0.057

0.048

0.054

0.062

VZ
o(r)
0.129

0.136

0.117

0.137

0.116

0.128

0.136

-C1(-
0.087)

AU4-S-C5H10-S"AU'4
ISOMER 2

R.

2.718

2.643

2.781

2.689

2.784

2.720

2.642

Aul
(0.019)
-Au2

0.086)
Aul
(0.019)
-Au3

(-
0.081)
Au2 (-
0.086)
-Au4
(0.139)
Au3 (-
0.081)
-Au4
(0.139)
Aul
(0.019)
-Au4
(0.139)
Au'b
(0.084)
-Au'6
(-
0.043)
Au'b
(0.084)
-Au'7

p(r)

0.061

0.061

0.050

0.050

0.052

0.046

0.052

VZ
p(r)
0.151

0.151

0.114

0.114

0.113

0.104

0.112

2.650

2.648

2.764

2.763

2.739

2.806

2.745



Cc-C

(-0.125)
Au'8 (-
0.125) -
Au'7 (-
0.002)

Cl (-
0.051) -
c2
(0.027)
C2
(0.027)
-C3
(0.028)
C3
(0.028)
-C4 (-
0.042)

0.054 0.129 2.716

0.236

0.230

0.236

0.484

0.458

0.483

1.527

1.537

1.527

0.045)
Au'6
(0.093) -
Au'7 (-
0.026)

AuU'6
(0.093) -
Au'5
(0.067)

AuU'5
(0.067) -
AU'7 (-
0.026)
Au'5
(0.067) -
Au'8 (-
0.045)
AU'7 (-
0.026) -
Au'8 (-
0.045)
Cl¢(-
0.047) -
C2
(0.046)
C2
(0.046) -
C3
(0.044)
C3
(0.044) -
C4 (-
0.052)

0.049

0.052

0.055

0.054

0.041

0.236

0.231

0.236

0.108

0.111

0.132

0.128

0.095

0.484

0.462

0.484
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2.778

2.749

2.715

2.725

2.882

1.527

1.536

1.527

0.123)
Au'b
(0.030)
-Au'7 (-
0.013)

Cl (-
0.057) -
C2
(0.038)
C2
(0.038)
-C3
(0.032)
Cc3
(0.032)
-C4
(0.026)
C4

0.057 0.137 2.690

0.237

0.235

0.235

0.237

0.488

0.482

0.482

1.525

1.530

1.530

1.525

(0.076)
AuU'5
(0.084)
- Au'8

0.035)
AuU'6

(-
0.043)
-Au'7
(0.076)
AU'6 (-
0.043)-
Au'8 (-
0.035)
Au'8 (-
0.035)-
Au'7
(0.076)

C1(-
0.062)
-C2
(0.030)
c2
(0.030)
-C3
(0.016)
C3
(0.016)
-C4
(0.038)
C4

0.049

0.054

0.041

0.054

0.236

0.235

0.235

0.235

0.109

0.130

0.095

0.130

0.484

0.483

0.482

2.774

2.720

2.880

2.721

1.528

1.530

1.530

1.529



S-C

0.160

0.160

0.175

0.174
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1.854

1.854

(0.026)
-C5 (-
0.042)
S1(-
0.084) -
Cl(-
0.057)
S2 (-
0.106) -
C5 (-
0.042)

0.158

0.159

0.488

0.169

0.170

1.862

1.861

(0.038) 0.481

-C5 (-

0.042)

S1(- 0161 - 1.851
0.063)- 0.179

C1(-

0.062)

S2(- 0159 - 1.857
0.141) 0.172

-C5 (-

0.042)



Table 3. The same bond information as shown in Table 2 for the S-Au bonds separated according to the bonding classification of Figure 2.
The S-Au bonds of the S-Au(i) bonding type are divided into two sets: short and large bonds.

Types of
bonding Optimized structures of the V2 o(r
between S-Au lowest-energy Bader Charges p() ) R,
Au3 (0.118) - S1 (-
ISOMER | 0.092) 0.090 0.161 2.380
1 Au'6 (0.102) - S'2 (-
o 0.101) 0.090 0.159 2.378
AllgS-CHe-S-AUy Au2 (0.108) - S1 (-
ISOMER | 0.088) 0.090 0.159 2.377
2 Au'6 (0.108) - S'2 (-
0.093) 0.090 0.159 2.377
ISOMER
. L 1 Au3 (0.116) - S1(0.010) | 0.091 0.170 2.372
i - Short bond Auy-S-C3Hg-S'-Au'y ISOMER | A6 (0.102) - 2 (-
2 0.073) 0.090 0.159 2.378
Au3 (0.031) - S1(-
A ISOMER | 0.079) 0.090 0.158 2.379
Als-S-CoHe-S-AUy 1 AU'6 (0.099) -S'2 (-
0.088) 0.090 0.158 2.380
Au3 (0.115) - S1 (-
. A | ISOMER | 0.084) 0.090 0.159 2.378
AlaS-Cobhio-S-AU'y 1 AU'6 (0.116) - S'2 (-
0.106) 0.090 0.159 2.377
Au4 (0.036) - S1 (-
ISOMER | 0.092) 0.081 0.142 2.433
. Coa 1 AuU'5 (0.042) - S2 (-
I-Largebond | Aus-S-CoHi-S-Au's 0.101() )52 0.080 0.142 2.439
ISOMER | Au4 (0.043) - S1 (-
2 0.088) 0.080 0.143 2.437
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Au'5 (0.039) - S'2 (-

0.093) 0080 0142 2.439
ISOMER | Au4 (-0.041) - S1
et coa 1 (0.010) 0073 0116 2.493
AUeS-CsHeS-AUs SoMER | Au'5 (0.035) - S2 (-
2 0.073) 0081 0142 2.431
Au4 (0.103) - SL (-
.| 1SOMER | 0.079) 0082 0142 2.430
Al-S-CaHg-S™-Al’y 1 Au'5 (0.035) -S2 (-
0.088) 0081 0142 2.431
ISOMER | Au4 (0.024) - S1 (-
D 1 0.084) 0082 0141 2.430
AlsS-CoHioS-Al's AU'S (0.030) - S2 (-
0.106) 0082 0141 2.429
< . | 1SOMER | AU5 (0.103)-S2 (-
AlsS-CoHe-S=AUs | 4 0.082) 0.106 0.184 2.288
Au4 (0.099) - S1(-0.153) | 0.110  0.165 2.270
) .| ISOMER
i Aus-S-CaHs-S-AUs | AU'6 (0.093) - S2 (-
0.140) 0110 0165 2.271
ISOMER | Au'5 (0.084) -S2 (-
Au-S-CoHio-S-Au'y | 2 0.141) 0110 0.166 2.269
- ISOMER
AU-S-CoHio-S-AU'y | 2 Au4 (0.139) -S1 (-0.063) | 0.109 0.180 2.277
Aul (0.095) - S1 (-
. .. | 1soMER | 0.254) 0098 0130 2.320
v Alls-S-CoHe-S-Als 2 Aud (0.255) - S1 (-
0.254) 0091 0118 2.370
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Table 4. Total (E), HOMO (E_HOMO), LUMO (E_LUMO) and HOMO-LUMO gap energies in eV.

E Enomo ELumo HOMO-LUMO
MOLECULE ISOMER (eV) (Hartee) (Hartee) gap (eV)
=2 1 0.000 -0.221 -0.180 1.12
2 0.001 -0.223 -0.180 1.16
n=3 1 0.000 -0.208 -0.170 1.04
Auy-S-CrHap-S'- 2 0.128 -0.207 -0.191 0.44
AlU's(m=3) =4 1 0.000 -0.219 -0.176 1.17
2 1.534 -0.204 -0.171 0.89
=5 1 0.000 -0.217 -0.174 1.20
2 0.996 -0.204 -0.186 0.51
n=2 - - -0.210 -0.049 4.38
HS-CH2,-S'H! n=3 - - -0.209 -0.040 4.59
M=1) n=4 - - -0.209 -0.033 4.79
n=5 - - -0.207 -0.032 4.78
Aus M=1 Trapezoid 0.000 -0.208 -0.172 0.99
M=3 0.428
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Graphical abstract

Au,-S-CsH,-S'-Au,' isomer

Optimized structure

Au'6
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Theoretical study of cluster complexes Aus-S-C,Hj,-S'-Auy'

The Au-Au and S-S interactions in Aus-S-C,H2.-S'-Auy' are closed shell
HOMO-LUMO gap has a zigzag behavior with respect to the number of carbon
atoms in the complexes Aus-S-C,H2-S'-Auy’



