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ABSTRACT 

Theoretical calculations were correlated to elucidate the interface interaction between thiol groups of host-guest systems and gold cluster. The 1-octanethiol 
molecule acts as guest into α-cyclodextrin host to form a supramolecular complex in which is stabilizing gold clusters. The intermolecular interaction and the 
vibrational frequencies nature between a host-guest system and gold cluster were elucidated by a theoretical point of view at the MP2, SCS-MP2, and PBE-D3 
methods. It is showing a van der Waals interaction and a good vibrational frequencies correlation. 
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1. INTRODUCTION 

The properties of nanomaterials arise mainly from particle size, their shape, 
chemical functionalization and interparticle organization. These features, in 
particular the interface nanoparticle with supramolecular complexes is a 
fascinating perspective which offers them new capabilities and functionalities 
[1,2]. In this regard, nanoparticles and supramolecular complexes (host–guest 
systems) have attracted interests for applications in molecular sensing, [3] drug 
delivery [4], catalysis [5] and removal of pollutants for environmental 
remediation, [6] because these materials achieve an efficient response at 
molecular level [7]. Several experimental works have pointed out the 
importance to develop host-guest systems with nanoparticles in a solid state to 
achieve practical applications [8-12]. They mentioned that when change the 
surrounding medium from solution to solid surface arise to switch and function 
including direct observation, connection with functional devices and 
enablement of sequential actions. One type of nano-system used to succeed 
these materials is gold nanoparticles (AuNPs) on solid surfaces. Gold is an inert 
metal, but at the “Nano” dimension it exhibits outstanding catalytic effects for 
important chemical transformations, [13] Plasmon bands [14], as well as their 
wide applications for nanostructured and biological technologies [15]. In this 
sense, the particle size related to chemical reactivity, inter-particle separation 
associated with the chemical environment are key factors that are involved in 
these applications.   

Many techniques have been developed for directing the self-assembly of 
nanoparticles into ordered aggregates to achieve these features [16-19], Ghosh 
et al., [20] reported that the self-assembly of nanoparticles has been of high 
interest to science because it provides effective building blocks for several 
applications. These assemblies present exciting possibilities as inter-particle 
separation, particle size, and particle stoichiometry may be individually 
manipulated to produce macroscopic solids. Creating an ordered arrangement 
requires a controlled self-assembly: examples include polymer surfaces [21], 
inorganic substrates [22-24] and single atomic monolayers [25,26]. Sada and 
co-workers [27] showed the first example of an anisotropic decoration of 
AuNPs onto the L-cystine single crystal. Further, there are reported an ordered 
hexagonal arrangement of metal nanoparticles (Au, Ag, Cu), controlled by self-
assembly on thiol (-SH) and amine (-NH2) groups of guest molecules 
embedded in cyclodextrins (CD) host [28,29]. 

Salvarezza et al., [30] have mentioned the importance of knowledge of 
interface structure and the nature of the S-Au bond in molecular electronics and 
device fabrication. They reported that the self-assembled monolayers (SAMs) 
of alkanethiols on gold are key elements for building many systems and devices 
with applications in the wide field of nanotechnology. Also, there have been 
studies that suggest a non-dissociative adsorption [31,32]. In this sense, is 
known that its interaction is an oxidative addition, when Au surface site is 
bonding to R-S- through a covalent bond between them, in solution phase [33].  
Gold exhibits a strong affinity for sulfur and the formation of the Au-S-R bond 
is feasible with a bond strength of 145-220 kJ/mol [34-37].  From a  theoretical 

point of view, understanding the interaction between a molecule and a 
nanoparticle is important for the study of various adsorption processes such as 
heterogeneous catalysis and monolayers on surfaces [38,39]. Accurate 
electronic structure calculation methods have become available. The 
interaction potentials of a molecule on metal are well known. The potential at 
short ranges, near the energy minimum is dominated by orbital interactions, i.e 
Pauli repulsion and covalent bonding, which require a quantum description. 
[40]. At longer distances, the main contribution came from electrostatic, 
induction and dispersion (van der Waals) interactions [41]. 

The adsorption of thiol compounds has been investigated on the Au (111) 
surface using density functional methods under the framework of the PBE 
(Perdew-Burke-Ernzerhof), TPSS (Tao−Perdew−Staroverov−Scuseria) and 
B3LYP (Becke, three-parameter, Lee-Yang-Parr) functionals [41]. The Au 
(111) surface was modeled using a finite-sized cluster (from Au3-26) truncated
from the surface as well as a periodic slab consisting of 100 atoms [42-44]. The 
results reveal that the preferential adsorption site differs for the cluster models 
and slab approaches. The directional nature of the Au-S bond and influence of 
the back bond of the terminal sulfur atom are found to play key roles in the
adsorption geometry. The adsorption energies suggest that the binding energies 
for the cluster models are weaker (van der Waals interaction) than the slab
when the thiol is neutral. Moreover, in last years, it has emerged dispersion
correlation to DFT (called DFT-D3) elaborated by Grimme and co-workers,
which with good results for complexes [45,46] and SAMs interactions [47,48]. 
In this respect, our group has studied interactions between Au compounds and
chalcogenides ones [49-53], which results are according with ones obtained by 
post-Hartree-Fock methodologies. Therefore, the DFT-D3 methodology is a
good alternative to describe this kind of compounds using a low computational
cost. To characterize this interaction and the chemical structure of above
mentioned systems from the experimental point of view, the spectroscopic
techniques offer a very important set of tools, since light provides a charge less 
and massless probe. Nonetheless, Raman Spectroscopy studies were missing
so far in this kind of system. Two important advantages have been achieved for 
the use of Raman over infrared spectroscopy in the study of such S-H
interactions: (i) the high intrinsic intensity of the Raman S-H stretching band
and (ii) the virtual absence of spectral interference from other functional group 
vibrations in the Raman 2400-2700 cm-1 interval [54,55].

The others complexes studied have been the α-CD/C8H17SH and α-
CD/C8H17SH/AuNPs [53,56]. In the region 250-700 cm-1, bands for the 
inclusion complex were observed at 357, 435, 480, 525, 580, 600 and 613 cm-

1. The first band at 357 cm-1 was assigned to δC-S bending. However, when
the supramolecular complex interacts to gold, this band shifts from 357 cm-1 to 
347cm-1, showing a weakening of the C-S bond. This shift is due to the
interaction between S and Au, evidenced by the stretching band at 312 cm-1.
The C-S stretching mode was observed at 525 cm-1 for both α-CD/C8H17SH
and α-CD/C8H17SH/AuNPs.
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The authors conclude that the Au-S junction could be an intermolecular 
interaction rather than a covalent bond with an oxidative addition.  The bands 
at 580, 600 and 613 cm-1 were shifted to lower wavenumber than pure complex, 
which is attributed to a weakening of the S-H bond upon interaction with gold. 
The S-H stretching mode has been previously assigned to the band in the 2550-
2580 cm-1 region [57]. The thiol group of 2α-CD/C8H17SH possesses a weak 
intensity band at 2573 cm-1, attributed to moderated hydrogen bonded. The 
thiol stretching vibration, in a virtual absence of intermolecular hydrogen 
bonding, is evidenced at 2578 cm-1, meaning that there is a slight shift to lower 
wavenumber. This behavior could be due to the S atom acting as a donor as 
well a change in the gauche/trans configuration of the thiol in the inclusion 
compound. Moreover, a broad weak intensity band around 2580 cm-1 assigned 
to the S-H stretching vibration was observed for 2α-CD/C8H17SH/AuNPs. The 
authors of the work conclude that sulphur is weakly hydrogen bonded, when is 
interacting to AuNPs. The thiol group shows a red shifting due to hydrogen 
bond acting as a donor (S-HꞏꞏꞏO) in presence of α-CD or acceptor (S-
HꞏꞏꞏAuNPs) when interacting to Au as a result polar interactions showing a 
shift of electron density from donor hydrogen toward its covalently bonded 
sulphur, yielding δ-S-Hδ+ partial charge separation. 

Here we report, the theoretical elucidation of Au-S interaction on the interface 
between a solid supramolecular complex and gold cluster. Specifically, we 
achieve the description of chemical structure and interaction between 2α-
cyclodextrin/1-octanethiol (2α-CD/C8H17SH) and gold cluster (Au4) by means 
of vibrational frequency and interaction energies theoretical calculations. The 
Ab initio (HF, MP2, SCS-MP2) and PBE-D3 theoretical studies were carried 
out in order to provide a more detailed description and some insights of the Au-
SH interaction. 

2. MATERIALS AND METHODS

Gaussian 16 package [58] has been used at the Hartree-Fock (HF), second-
order Møller-Plesset perturbation theory (MP2) and SCS-MP2 (Spin-
Component-Scaled) levels. Also, Turbomole v7.0 package [59]. has been used 
for the PBE-D3 functional [60,61] that representation to electronic density of 
the system. The D3 correction for the DFT energy, described for Grimme et 
al., [40,45] was employed for the representation of the dispersion phenomena 
[46,62]. The following basis sets and pseudopotentials (PP) were used: the 19-
valence electron (VE) quasirelativistic pseudopotential (PP) was employed for 
gold [63]. Two f-type polarization functions for Au atoms were employed. The 
f orbitals are necessary for a correct description of the intermolecular 
interactions, as it was demonstrated previously for various metals [64,65]. 
Sulphur and carbon atoms were also treated by Stuttgart pseudopotentials [66], 
including only the valence electrons for each atom. The double-zeta basis sets 
were used, augmented by d-type polarization functions; for the H atom, a triple-
zeta plus one p-type polarization functions [67]. 

The experimental compound (2α-CD/C8H17SH/AuNP) was modeled using 
simplified systems; C8H17SH-[Au]4, C8H17S--[Au]4, 2α-CD/C8H17SH-[Au]4 
(PBE-D3 only) and 2α-CD/C8H17SH (PBE-D3 only), according to 
experimental results [53,56]. We consider the two most important crystal 
planes, which were (111) and (200) to build the tip of theoretical Au cluster.  
According to this, the interaction of thiol group is with only one gold atom, 
corresponding to the (200) crystal plane, which is interacting with another 3 
gold atoms from the (111) plane with an fcc packing. There are several 
theoretical works that describe the formation of small clusters [68] and the Au4 
cluster [69]. We have used the small Au4 cluster to represent AuNPs because 
we can adequately described the interaction of a gold atom with C8H17SH.  The 
main idea is to represent the interaction of a gold atom with the thiol. We have 
not included the cyclodextrins in models when using post-Hartree-Fock 
methodologies, due to size and the computational cost involved these levels of 
theories. To represent the complete complex, we have used the method at the 
PBE-D3 level. Thiolated structures were optimized on the gold cluster at HF, 
MP2, SCS-MP2, and PBE-D3 levels.  

The counterpoise correction for the basis-set superposition error (BSSE) was 
used for the interaction energies calculated [70,71]. The geometry of the model, 
for each one of the methods mentioned above, was fully optimized. Although 
it is known that the MP2 approximation exaggerates the attractive interactions, 
this method gives a good indication of the existence of some kind of interaction 
[72,73]. Moreover, in order to properly quantify the Au-S interaction, we have 
used a modified version of the MP2 method. The method, termed SCS-MP2 
(Spin-Component-Scaled) [74,75], is based on a partitioning of the correlation 
energy into contributions from antiparallel-(αβ) and parallel-spin (αα, ββ) pairs 
of electrons. This SCS-MP2 method has been used in closed-shell gold cluster 
and closed-shell Au(I) molecule models with results close to the CCSD(T) ones 
[76]. We estimate the interaction energy at the SCS-MP2 level using the 
equilibrium geometry of the clusters obtained at the MP2 level.    

The vibrational frequencies and force constants were computed by determining 
the second derivatives of the energy with respect to the Cartesian nuclear 
coordinates from the equilibrium geometry of each model at MP2 and PBE-D3 
levels as appropriate. In particular, our attention was focused on the Au-S 
stretching and S-H vibrational frequencies.

3. RESULTS AND DISCUSSION

The models are divided into two sets:  C8H17SH-[Au]4 and 2α-CD/C8H17SH-
[Au]4 (see Fig. 1 (a) and (b)) which are neutral; and C8H17S--[Au]4 and 2α-
CD/C8H17S--[Au]4, where the thiol is anionic. The theoretical results showed 
that the different structural parameters change substantially when they are 
compared at the HF, MP2 and PBE-D3 levels (see Table 1). The Au-S distances 
and Au-S-C angles are significantly shortened for the MP2 and PBE-D3 
methods. This provides an idea of the contribution of the electronic correlation 
to the intermolecular contacts for these clusters. Since it has been suggested 
that gold-sulfur attraction is primarily a correlation effect [77,78], the HF 
calculations provide a convenient way of turning off the attraction. 

Table 1. Main geometric parameters of the systems. Distances in pm and 
angles in degrees. 

System M ethod  AuS SH  SC CH  AuSC H CS H SAu 

C8H 17SH -[Au]4 H F 246.9 133.7 184.8 109.1 107.9 106.2 102.7 

M P2 228.5 135.6 186.1 110.1 101.9 105.9 100.1 
PBE-D 3 234.7 136.4 186.1 109.5 108.4 108.0 100.6 

C8H 17S--[Au]4 H F 238.9  183.6 109.2 104.9 108.6  
M P2 225.9  185.2 110.1 99.1 108.2  
PBE-D 3 230.3  185.0 109.8 106.0 108.7  

2α-CD /C8H 17SH -[Au]4 PBE-D 3 236.0 138.0 185.1 109.6 113.0 108.0 103.2 

2α-CD /C8H 17S--[Au]4 PBE-D 3 232.3  184.3 109.5 112.5 107.8  

The C8H17SH interact with the gold cluster surface adopting an Au top-site 
conformation, where the S atom was located over one Au atom. The resulting 
S–Au bond was completely normal to the surface with a length of between 
246.9 and 228.5 pm from HF to MP2, respectively, with value intermedio by 
PBP-D3. Thus, it is possible to infer that the bond distances are similar pointing 
out that the nature of the methods on the conformation of the model or the HS–
Au bond distance. All the obtained conformations are in agreement with 
previously reported S–Au bond distances and conformations for alkanethiols 
[79].  

When we used the complete model, 2α-CD/C8H17SH-[Au]4, at the PBE-D3 
level the geometry is maintained without changing the geometric parameters 
except for the AuS and SH distances that are slightly lengthened. On the other 
hands, the anionic C8H17SH is used the AuS distance reduced the magnitude all 
methods due to the ionic effect of the organic molecule by deprotonating the 
thiol group. This effect will have a substantial change in the magnitudes of the 
interaction energies. 
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Figure 1. Optimized structures of pure 2-CD/C8H17SH and interacting to Au 
cluster (a and b) in balls and sticks model. 

The thiol with and without proton is compared binding to gold, hence, we have 
carried out a comparative study of the S–Au bond strength between neutral and 
deprotonated sulfur models systems in their anionic form with a detailed 
description of the nature of this interaction. There is a strong change in the 
gold-sulfur distance and interaction energy when going from HF to MP2 or 
DFT-D3. Thus, interaction in the neutral models is dominated by van der Waals 
forces. See Table 2. For the anionic thiol models, the gold-sulfur distance at the 
HF level is slightly higher than the MP2 and PBE-D3 levels and the energies 
are in the range of ionic interactions. However, the methods generate different 
energies, related to dispersion-type van der Waals interactions with charge 
transfer. The SCS-MP2 method confirms that the Au-S interaction energy is 
21-27% lower than MP2, for the models used. Our results revealed that the SH–
gold interaction is mainly dispersive where the interaction energies range
between 51 and 154 kJ/mol (see Table 2). The anionic S–gold interaction
increases due to a strong charge transfer character, depicting interaction
energies in the range of 247 to 397 kJ/mol, respectively. These results suggest
that for the anionic models the binding strength can be tailored according to the 
electron–donor capabilities of the ligand. 

Table 2. Optimized Au-C8H17SH and Au-C8H17S- distances (pm), Re, for the 
system at the HF, MP2, SCS-MP2 and PBE-D3 levels. Interaction energy 
V(Re) in kJ/mol. 

System M ethod Au-S V(Re) 

C8H 17SH -[Au]4 H F 246.9 -51.3 
M P2 228.5 -113.9 
SCS-M P2 228.5 -93.9 
PBE-D3 234.7 -153.9 

C8H 17S--[Au]4 H F 238.9 -247.0 
M P2 225.9 -343.2 
SCS-M P2 225.9 -319.4 
PBE-D3 230.3 -392.2 

2α-CD /C8H 17SH -[Au]4 PBE-D3 236.0 -151.6 

2α-CD /C8H 17S--[Au]4 PBE-D3 232.8 -396.5 

In order to confirm the effect of the neutral and anionic charge of the 1-
octanethiol, we have performed a charge analysis. The charges obtained on the 
natural bond orbital (NBO) population on Au, S, H and C are shown in Table 
3. It is easier to understand the ionic effects on the model when thiols have an
anionic charge. However, a smaller charge is found at gold and sulphur in
neutral models. The total charge on the gold and sulphur is of opposite sign, 
which permits a few ionic interactions. Moreover, the separation of charges is
in agreement to the Raman spectroscopy results in the experimental [56]: δ-S-
Hδ+ for the C8H17SH into an -CD host.

Table 3. NBO Charge on Au, S, H and C in the models C8H17SH-Au4 and 
C8H17S--Au4 at MP2 and DFT-D3 levels. 

System M ethod Au4 Aua S H  C

Au4 M P2 0.000 -0.543
PBE-D 3 0.000 +0.222

C8H 17SH M P2  -0.049 +0.111 -0.484 
PBE-D 3 -0.064 +0.122 -0.476 

C8H 17S- M P2  -0.748 -0.495 
PBE-D 3 -0.719 -0.504 

C8H 17SH -[Au]4 M P2 -
0.261 

-0.092 -0.069 +0.163 -0.461 

PBE-D 3 -0.205 +0.223 +0.044 +0.156 -0.473 

C8H 17S--[Au]4 M P2 -
0.492 

-0.068 -0.393 -0.482 

PBE-D 3 -
0.566 

+0.227 -0.308 -0.497 

2α-CD /C8H 17SH -[Au]4 PBE-D 3 -0.220 +0.252 +0.027 +0.187 -0.505 

2α-CD /C8H 17S--[Au]4 PBE-D 3 -0.612 +0.234 -0.356 -0.534 
aGold atom interaction with S. 

Finally, we have carried out frequency calculations on models at the MP2 and 
PBE-D3 levels for the ground state. Figure 2 is showing the Au-S, S-H and 
S-H vibrational modes calculated by MP2 level. Table 4 shows these three
frequencies for MP2 and PBE-D3 methodologies, correlated to experimental
data. Furthermore, for models there are two S-H frequencies which are
modified by interaction with the gold cluster when compared to free thiols. If
we compare the theoretical and experimental results, the frequencies Au-S at
303 cm-1 and S-H at 651 cm-1 for PBE-D3 and the same modes for MP2 at
358 cm-1 and 636 cm-1 are in good agreement to the evidenced by Raman
spectroscopy.

Figure 2. The three vibrations for thiol group, the amplitudes are exaggerated 
to illustrate the motion. 

In addition, using model 2α-CD/C8H17SH-[Au]4 at the PBE-D3, we found a S-
H stretching mode at 2366 cm-1. This value differed significantly from the 
experimental value at 2580 cm-1 [53,56]. This discrepancy may be explained in 
terms of a change in the guest chemical environment when this is interacting 
to Au4 cluster. In addition, the chemical environment of the guest is changing 
due to the presence of the α-CD host, resulting in a shift to lower wavenumbers 
attributed to a weakening of chemical bonds. In this sense, the thiol group acts 
as hydrogen donor upon interaction with the gold cluster [80]. 
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Table 4. Calculated harmonic frequencies (cm-1) for the models proposed 
systems. In parenthesis is the force constant (mdyne/Å). 

System M ethod ν(S-Au) v(S-H) ν(S-H)

C8H 17SH M P2  836 (0.531) 2824 (4.879) 
PBE-D 3 699 (0.587) 2592 (4.116) 
Exp[54] 655 2740

C8H 17SH -[Au]4 M P2 358 (0.932) 636 (0.263) 2734 (4.571) 
PBE-D 3 303 (0.221) 675 (0.928) 2548 (3.977) 

2α-CD /C8H 17SH  M P2 644 (0.501) 2622 (4.003) 
PBE-D 3 663 (0.526) 2519 (4.120) 
Exp[57] 613 2573

2α-CD /C8H 17SH -[Au]4 PBE-D 3 303 (0.220) 651 (0.492) 2366 (3.439) 

2α-CD /C8H 17SH -[AuN P] Exp [56] 312 605 2580

4. CONCLUSIONS 

This work provides new insights into the rational design and characterization 
of solid materials by a theoretical point of view. The Au-S interaction in the 
interface and an exhaustive chemical structure of a solid phase material was 
described by ab-initio and DFT calculations.  The self-assembly is mediated by 
–SH functional groups, located outside the host-guest complex, evidenced
through Au-S and S-H vibrational modes. Theoretical calculations allow for
determination of the magnitude of the Au-S interaction, where the correlation
energy plays an important role in the system stability. The theoretical results
confirm that van der Waals forces predominate in the neutral systems. The
estimated vibrational frequencies for Au-S and S-H are in good agreement with 
results obtained by vibrational and Raman spectroscopy. As a perspective,
these results suggest the importance of knowing in detail the interface of Au-S
systems in the solid phase for the development of new highly efficient materials 
in practical applications. 
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