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Based on first principles density functional calculations we have studied the ef-
fect of ligand attachment on eight atom gold clusters of two-dimensional (2D)
and three-dimensional (3D) geometries. Recent experimental synthesis of this
magic numbered cluster using glutathione [Muhammed et al., Nano Res. 1,
333 (2008)] has instigated this investigation. We have chosen ethyl mercap-
tan (CH3-CH2SH) as the ligand which is the simplified form of glutathione
(HO2CCH2NHCOCH(NH2)-CH2CH2CONHCH(CO2H)-CH2

I. INTRODUCTION

Nanoclusters are systems of profound research interest since they offer a plethora of applications
in various fields such as nanocatalysis, biomedical sciences and in nanotechnology industry in
general.1, 2 Though several investigations have been conducted to understand the properties of these
clusters, several challenges still remain. It is well known that at the nanoscale, the properties
of clusters not only deviate significantly from their bulk behavior but they also exhibit strong
dependence on the size and the atomic arrangement of the cluster. This in turn affects the nature of
the bonds formed when these clusters interact with other compounds as often is the case when they
are used in e.g., catalysis.3 Detailed understanding of the structural evolution of nano clusters and
their electronic properties is thus extremely important.

Among various metallic nanoclusters, Au nanoclusters particularly have received a lot of at-
tention due to a highly promising and reliable utilization owing to their long term stability, easy
synthesis and favorable chemical modifications.4–6 They have also gathered a lot of interest as system
of choice in nanoscale electronics.7 The properties exhibited by the gold clusters are found to be
extremely sensitive to the size, structure and dimension of the cluster. This led to extensive research
to determine the size N at which the 3D geometries become energetically more favorable over the 2D
geometries. Several experimental and theoretical studies have predicted this number to fall in a range
from 6 to 13.8–20 For anionic and cationic gold clusters the 2D-3D transitions are observed to occur
at N = 13 and N = 8, respectively. Theoretical calculations for neutral clusters have predicted the
transition to occur at six,8 seven,9, 10 eight11, 12 as well as in the range from 11-15 atom clusters.13–20

It has been anticipated that the different methods and models adopted to determine the cluster size
at which the 2D-3D transition takes place can possibly be one of the reasons for the large spread in
the obtained results (from 6-15). Gold clusters are reported to retain their planar structures to cluster
sizes larger compared to Ag and Cu clusters which remain planar upto 7 atom cluster sizes only.21

This has been anticipated to occur due to the relativistic effect in gold which results in a strong
sd-hybridization leading to a delocalization of the d-electrons over the volume of the cluster which
in turn produces a stronger d-d interaction of neighboring Au atoms.21

SH). We have ana-
lyzed the energetics, sd -hybridization, density of states and charge density
distri- butions of the bare and ligand-capped clusters. Our findings indicate that
attachment of ethyl mercaptan ligands on eight atom gold clusters enhances the
stability ofplanar 2D geometries over 3D like structure.
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However, the clusters observed in experiments are prepared in ligand-resolved solution. This
makes the comparison of theoretical models with experimental observations less obvious. In recent
years, the consensus is developed that the ligands known as “passivators”, originally employed
to check the growth of the clusters which otherwise would grow to large sizes, appear to play a
more active role in terms of determining the structure of the cluster primarily by influencing the
surface geometry through a change of surface chemistry. This has lead to several theoretical studies
involving cluster together with ligands. Using first-principles calculations, Häkkinen et al.22 explored
the electronic structure properties of passivated Au38(SCH3)24 and showed a complex spatial charge
distribution where mostly charge transfer occurred between the surface gold atoms and the sulfur
atoms of the thiols attached to the surface. It was also shown in theoretical studies23–27 that different
kinds of ligands have different effects on the electronic structure of the clusters and the interaction
of the ligand molecules with the clusters give a detailed picture of the nature of the bonds between
gold and the ligand molecules. Considering small Au atoms, particularly those falling in the range of
crossover transition between 2D-like to 3D-like geometry theoretical studies have been carried out
for 11-atom and 13-atom clusters.24, 25 The studies indicate that the structure of small gold clusters
are altered substantially in the presence of ligands, in the sense the planar geometries predicted by
calculations for bare clusters were found to be stabilized in 3D-like geometries upon ligation. The
rational for the stabilization of markedly different geometries were traced to Au-ligand covalency.

Recently, 8 atom Au-cluster has been synthesized by the process of ligand etching with
glutathione,28 which to the best of our knowledge is the smallest Au cluster that has been syn-
thesized. Eight atom clusters can be termed as so called ‘magic numbered’ clusters since the number
‘eight’ falls among the number of valence electrons i.e., 2, 8, 18, 32....2(m + 1)2, m being an integer,
that can complete the electronic shell filling. An experimental structural analysis has not yet been
done for 8-atom clusters which have also been predicted by several studies to be a possible case for
2D-3D crossover.

In the present study based on first principles density functional theory (DFT) calculations, we
investigate the effect of ligand capping on the results of the earlier studies on the stabilization of
2D and 3D geometries. Note that the nature of ligand capping on the eight atom cluster can not
be anticipated based on earlier predicted results on different sized clusters,24, 25 since the Au-ligand
covalency is expected to depend on the details of the considered bare cluster geometry as well as
on nature of ligand. For our study we chose as ligand ethyl merceptan (CH3-CH2SH) which bears
similarity to the sulfur chain of glutathione (HO2CCH2NHCOCH(NH2)CH2CH2CONHCH(CO2H)-
CH2SH) but is much smaller in size. This termination is based on previous studies where they showed
that the length of a ligand chain do not alter the properties of the ligand-cluster complex.29–31 We
have studied the variance of properties of Au8 clusters in 2D and 3D geometries with and without the
presence of the chosen ligand molecule. Properties reported here include density of states (DOS),
charge densities of the highest and lowest occupied molecular levels (HOMO and LUMO), ionization
potentials, electron affinities, sd-hybridization and bonding charge densities.

II. COMPUTATIONAL METHODS

The ab initio DFT calculations reported in this paper were performed using the PWscf (plane
wave self consistent field) code of the QUANTUM ESPRESSO distribution.32, 33 The wavefunctions
in this code are expanded in a basis consisting of plane waves. An energy cut-off of 680 eV chosen for
the wavefunctions was found to be sufficient to converge the binding energies. Spin-orbit coupling
was shown to increase the values of binding energies of all clusters. But the relative stability between
different structures was not altered significantly from calculations without spin-orbit coupling. We
have thus used scalar relativistic ultrasoft pseudopotentials34 to approximate the interactions between
ion cores and valence electrons of individual Au atoms. We have used LDA parametrized by Perdew
and Zunger35 to treat exchange and correlation in all our calculations. We checked that using
Perdew-Burke-Ernzerhof Generalized Gradient Approximation (PBE-GGA)36 instead of LDA does
not affect the trend of results (see results presented in Table I for details). The inter-periodic image
distance was maintained at ∼8 Å for all systems. Thomas-Fermi smearing technique with a smearing
factor of 0.04 eV was used for obtaining the density of states (DOS) and projected DOS. The different



TABLE I. Binding energies EB (in eV/atom) of bare clusters (B) and the interaction energies EI (in eV/ligand) of the
ligand capped clusters (WL). The HOMO-LUMO energy gap Eg (in eV) is also listed. The numbers within the brackets for
EB (B)/EI (WL) indicate results obtained using PBE-GGA.

Structure EB (B)/EI (WL) Eg

Star(B) 2.78 (2.06) 1.17
Hex(B) 2.77 (2.02) 0.77
3D(B) 2.77 (2.03) 2.01
Star(WL) 0.88 (0.31) 1.41
Hex(WL) 1.16 (0.49) 1.34
3D(WL) 0.98 (0.33) 1.18

structures in 2D and 3D geometries corresponding to the Au8 isomers were optimized where all the
atoms were allowed to relax according to the Hellmann-Feynman forces. For optimization of the
structures an energy convergence of 1.36 × 10−7 eV and force convergence of 0.02 eV/Å (on each
atom) was used. Since we are dealing with molecular calculations, all results corresponded to �

point simulations.
The binding energy EB per atom for the clusters is defined as:

EB = −{ E Au8 − 8 × E Au

8
}, (1)

where EAu8 is the total energy of the Au8 cluster, EAu is the energy of an isolated Au atom, and 8 is
the number of atoms. The interaction energy EI of the ligand molecules with the various isomers of
Au8 clusters is defined as:

NLig × EI = E(Au8+NLig) − E Au8 + NLig × ELig, (2)

where EAu8+NLig is the total energy of the Au8 cluster with NLig number of ligands attached and ELig

is the total energy of the ligand. The ionization potentials (IP) and the electron affinities (EA) have
been calculated as:

I P = EN−1 − EN , (3)

E A = EN − EN+1, (4)

where EN−1, EN+1 and EN are the total energies of the anionic, cationic and neutral clusters
respectively. For vertical IPs and EAs, the total energies were obtained at the optimized coordinates
of the neutral cluster with a difference in the number of electrons and for adiabatic IPs and EAs, the
geometries were relaxed. We have calculated the hybridization between the s and d states according
to Ref [15]:

Hsd =
occ.∑

i=1

8∑

I=1

wI
i,swI

i,d , (5)

where wI
i,s and wI

i,d are the squares of the projections of the i-th Kohn-Sham orbital onto the s and
d spherical harmonics respectively, centred on the I-th atom integrated over a sphere whose radius
is equal to half the nearest neighbor bond distances of the cluster.

III. RESULTS

A. Structural stability of bare clusters

We have considered all possible 2D minimum energy configurations of Au8 atom cluster
available in literature (see top panel of Fig. 1). The structures were then optimized and the binding
energies EB’s were calculated and average bond lengths were obtained. In accordance with previously
reported results13, 15–18, 37 we find the edge-bridged rhombus (star) structure (left most figure in the
top panel of Fig. 1) to be the most stable of the 2D structures (EB = 2.78 eV/atom). The EB of



FIG. 1. (Color online) Top panel: 2D structures of Au cluster and their corresponding binding energies in eV/atom. The first
and second structures, from left, are referred to as the ‘star’ and ‘hex’ cluster, respectively. Middle panel : The structural
optimization of the star cluster with one ligand chain attached to atom 4 (corner atom) at 1st, 10th, 19th and final ionic steps
(sequentially ordered from left to right). Bottom panel: Ligand capped cluster configurations. From left to right: four double
ligand chains attached to the four top atoms of the star cluster, six ligand chains attached to selective atoms of the hex cluster
and the 3D cluster capped by three double ligand chains.

the triangle-capped hexagonal (hex) structure (second figure from left in the top panel of Fig. 1)
is 0.01 eV/atom less compared to the star structure making the two structures energetically close.
The EB’s of the structures, shown in third and fourth figures from left in top panel of Fig. 1, are
much lower (2.72 and 2.64 eV/atom, respectively) making them lesser stable structures compared
to star and hex. Based on the strength of the binding energies we, therefore, find the star and
hex structures form the most stable isomers. Most studies have found these two species to be
the most stable configurations of the 2D planar Au8 clusters irrespective of the choice of basis
sets, exchange-correlation functionals and pseudopotentials.12, 16–18 Among the 3D isomers, DFT
calculations predict the bicapped distorted octahedron to be most stable.8, 9, 12, 16, 17 This is the only
3D structure on which we have performed all calculations and the effect of ligand-attachment is
investigated for the two 2D structures (star and hex) and this 3D structure. One may argue that upon
ligand attachment some other high energy structure may become more stable. While one cannot rule
out such possibility, it is beyond the capability of our computational effort to explore all possible
excited structures. Our study, in this context, should be considered as specific case study considering
only the low energy bare Au structures, and not as a study to predict the most stable capped Au
structure.

B. Properties of ligand-capped clusters

1. Selective attachment of ligand chains

In order to study the properties of ligand-capped clusters, one needs to know the amount of
coverage by ligands (i.e., the number of ligands to be attached) as well as the sites where the ligands



prefer to be attached. Unfortunately both the above information are not known accurately from
experiments. We therefore first report the results of our study on the site selective attachment of the
ligand molecules on the chosen isomers.

The star structure has two sets of nonequivalent points, the corners of the square (points marked
1,2,3,4 in figures shown in the middle panel of Fig. 1) and the vertices of the triangles (points marked
5,6,7,8 in figures shown in the middle panel of Fig. 1). The atom seated at position 4 (and similarly
for the atoms at points 1,2 and 3) we refer to as the ‘corner’ site. The ‘top’ site is referred to an atom
seated on position 5 (and similarly for atoms at points 6,7 and 8). We attach a single ligand molecule
to an atom seated on position 4. Upon optimizing the structure where a single ligand chain is attached
to the corner, it is seen that eventually as the minimum energy configuration is approached the ligand
molecule detaches itself from the corner atom and clings to the adjacent top atom (see figures shown
in the middle panel of Fig. 1). A single ligand chain was attached to a top atom (in position 6) which
has two nearest neighbors (1 and 2) and it had remained attached without breaking away. These two
observations indicate that a gold atom in a cluster having four or more number of nearest neighbor
(NN) bonds is less likely to attach a ligand. We next check the probability of top Au atom to attach
more than one ligand chain. We have chosen the initial Au-S bond length to be 2.38 Å which was
obtained by Häkkinen and co-workers26 and lies in the range predicted38 by Jadzinsky et al.. The
initial S-Au-S angle before optimization is chosen to be 1600 which lies in the range 1550-1750

suggested in Ref. 38. For the star structure we attach two single chains only to the top atoms since
the (corner) atoms with four NNs rule out the possibility of attaching even one ligand. The optimized
structure represents a stable configuration with both the chains remaining attached to the top atoms
and the structure also does not break off. The angle between S-Au-S becomes 111.020 and the Au-S
bond lengths increase to 2.47 Å. This leads to the ligand capped structure displayed in the left most
corner of bottom panel of Fig. 1. If we try to attach a third ligand chain to the top atom, then the
structure breaks off indicating that a Au atom can attach a maximum of two ligand chains.

The hex structure is less symmetric than the star structure and also has a comparatively lesser
number of dangling bonds. Only the atom at the top of the triangle (marked as 1 in the middle figure
in the bottom panel of Fig. 1) has two NNs and one can attach a double chain of ligands. The two
atoms in the next row (marked as 2 and 3) has four NNs and following the argument from the star
structure we do not attach any ligands to these atoms. The other four atoms (marked as 4, 5, 6 and 7)
have three NNs and we have attached a single chain of ligand to each of these four atoms. Attaching
two ligand chains to these four atoms resulted in an unstable structure possibly due to close spacing
of ligands leading to ligand-ligand interaction. The central atom (marked as 8) has five NNs and
therefore does not attach any ligand. This leads to the six ligand-capped hex structure, as shown in
the central figure in the bottom panel of Fig. 1.

Finally we decide the ligand-capped configuration of the 3D structure shown in the right most
corner of the bottom panel of Fig. 1. There are four atoms, corresponding to points 2, 3, 7 and 8
in the figure which have three NNs, and the other four atoms at points 1, 4, 5 and 6 in the figure
have more than three NNs. Out of the former four atoms, the position of the 7th atom does not favor
attaching any ligand. For the other three atoms (at 2, 3 and 8) we have attached two ligand chains.
This structure was found to be stable under optimization. Note that compared to the hex structure
this structure allows for three coordinated Au atoms to attach two ligands. This is possibly caused by
the specialty of the chosen 3D geometry and the chosen three coordinated atoms which are separated
by an average distance of 4.38 Å (compared to hex structure for which separation of 3 coordinated
Au atoms is 2.62 Å) leading to much loose packing of ligand chains and hence less ligand-ligand
interaction.

We next compare the DOS, HOMO-LUMO charge densities and the IPs and EAs of the bare
and ligand protected clusters for the three sets, namely set 1: bare star and ligand-capped star, set 2:
bare hex and ligand-capped hex, and set 3: bare 3D and ligand capped 3D.

2. Energetics

The interaction energies of the eight-ligand capped star, six-ligand capped hex and six-ligand
capped 3D clusters obtained from Eqn. (2) are listed in Table I. The binding energies corresponding



TABLE II. Adiabatic and vertical ionization potential (AIP, VIP) and electron affinity (AEA, VEA) (in eV) of the bare (B)
and ligated (WL) star, hex and 3D clusters.

Structure VIP AIP VEA AEA

Star(B) 5.67 5.59 3.23 3.29
Star(WL) 2.78 2.65 0.62 0.63
Hex(B) 5.33 5.31 3.37 3.41
Hex(WL) 3.93 3.55 1.28 1.49
3D(B) 5.55 5.54 2.44 2.68
3D(WL) 4.02 3.70 1.60 1.83

to the bare clusters are also listed in Table I. The numbers within the brackets correspond to
results obtained with PBE-GGA. The binding energies of the bare 2D hex and the 3D cluster are
found to be equal within LDA. Calculating the interaction energies following Eqn. (2) of the 2D
hex and 3D structure after attaching six ligands to these two structures shows that EI of the 2D
structure is greater than that of the 3D structure by 0.18 eV per ethyl mercaptan chain. Since
both the clusters have equal number of ligands attached to them their interaction energies may be
compared. We may therefore conclude that the ligand attachment enhances the stability of the 2D
hex structure over the chosen 3D structure. Similar trend is observed in the results obtained using
PBE-GGA. We then calculated the first adiabatic and vertical ionization potentials and electron
affinities for the bare and ligand protected clusters using Eqns. (3) and (4). The vertical IPs and
EAs correspond to the calculations with a difference in electron count keeping the structure same
between the two calculations. The adiabatic IPs and EAs on the other hand are obtained by allowing
the structures to undergo optimization. This relaxation lowers the IPs and increases the EAs (see
Table II) irrespective of bare or ligand-capped clusters. Upon ligand attachment, the IPs and EAs
decrease significantly indicating that the ligand protected clusters are more stable compared to their
respective bare partners.22 For the 2D star cluster the VIPs (AIPs) decrease by 2.89 eV (2.94 eV).
The EAs of both adiabatic as well as vertical star-ligated clusters reduce by 2.61 eV compared to
the bare cluster. Ligand-capped hex cluster also shows a decrease in IPs and EAs which though is
not as strong as for the star cluster (IPs decrease by ∼ 1.4-1.8 eV and EAs decrease by ∼ 2 eV)
possibly due to lesser number of ligand attachments. For the 3D cluster the VIP (AIP) and VEA
(AEA) decrease by 1.5 (1.8) eV and 0.84 (0.85) eV. The reduction in EA for the 3D cluster is
much weaker compared to the 2D clusters indicating that although for all the three cases the
ligands passivate the clusters, this passivation is stronger for the 2D clusters compared to the 3D
structure.

3. sd - hybridization

The relative stability of the respective clusters can be compared calculating the sd-hybridization
index according to Eqn. (5). The indices obtained for the bare star, hex and the 3D clusters are found
to be 1.98, 2.10 and 1.75, respectively. The sd-hybridization is found to be stronger in the 2D
configurations than 3D cluster considered here, indicating that our calculation shows sustained
planarity of bare eight atom Au clusters as a consequence of the relativistic effects of Au.21, 25

Based on a theoretical study on the effect of phosphine ligand attachment to six-atom octahedral
Au-clusters it was suggested that ligands further increase the stability of the clusters by enhancing
the hybridization of the valence bands of the Au-atoms.39 However, a contradictory finding was
reported from an X-ray photoelectron spectroscopy study on ligated 11 atom Au clusters. Their
findings indicated that the magnitude of hybridization between the s and d orbitals of the Au atoms
protected by ligands is weakened when the complex is formed.40 We calculated the sd-hybridization
index for the ligand attached clusters from which we obtained the sd-hybridization indices as 1.24,
1.48 and 1.16 for the star, hex and 3D clusters respectively, showing a decrease of the effective
hybridization index in agreement with the experimental study.40 The values however indicate that



FIG. 2. DOS plotted as a function of E-EH O M O for the systems corresponding to the clusters shown in Fig. 1. From top to
bottom, the DOS corresponds to bare 3D, ligated 3D, bare hex, ligated hex, bare star and ligated star, respectively.

even though the sd-hybridization has decreased, the trend remains the same for the bare and ligated
clusters.

4. Density of states

The density of states (DOS) of the six systems (three bare and their corresponding ligand
capped configurations) shown in Fig. 2 reveal certain important features regarding the stability of
the clusters, with and without ligands. Firstly the appearance of extra states in the DOS for the
ligand capped clusters contributed by the ligand atoms is evident. S-s states (marked in the fifth
panel from top) appear in the ligated clusters at the energy range from -18 eV to -12 eV. This feature
finds similarity with the results obtained from theoretical calculations on 38 atom Au-cluster capped
by SCH3 ligands.22 Secondly, the DOS of the ligand capped star, hex and 3D structures show that
close to the HOMO energy level, there is a significant mixing of the S-p and Au-d orbitals, which
is a very crucial factor in determining the stability of the ligated clusters. The d-orbitals of the Au
atoms mix with the p-orbitals of the S atom, the extent of overlap depending on the structure of
the cluster and orientation of the ligand chain. C-p orbitals also overlap with Au-d and S-p, but
it is a comparatively weaker interaction. Finally, the energy gap Eg between the highest occupied
and the lowest unoccupied molecular orbitals (HOMO-LUMO) increases (decreases) for the 2D
(3D) clusters when ligands are attached. For the star cluster the energy gap increases by 0.23 eV
on attaching eight ligand chains to four Au atoms. For the hexagonal cluster, this gap increases
by 0.57 eV suggesting that attaching ligands enhances the stability of the gold clusters in the 2D
configurations. For the 3D configuration lowering of the gap by 0.84 eV occurs when six ligands
are attached to it indicating that attaching ligands does not cater to stabilizing the cluster in a
higher dimension. The energy gaps Eg between the HOMO and LUMO levels are quoted in the
last column of Table I. The charge density plots presented in the following section accounts for this
behavior.

5. HOMO-LUMO charge densities

The HOMO-LUMO charge density plots (Fig. 3) give us some insight into the behavior of
the energy gap and stability of the clusters with and without ligands in 2D and 3D geometries. The



FIG. 3. (Color online) HOMO and LUMO charge density distributions at one-third the maximum of bare and ligand protected
star (panels A), hex (panels B) and 3D (panels C) clusters.

HOMO of the bare star cluster shows pronounced d-character (dx2−y2 ) on the four atoms at the corners
of the square and a faint d-character (dxy) on the top atoms. This nature remains unchanged upon the
attachment of ligands. Similar feature is observed for the hex cluster, where only the central atom
of the hexagon shows dx2−y2 -character and the charge density associated with the HOMO remains
more or less unaltered when ligands are attached. For the 3D configuration, the HOMO states at
the atoms 2, 3 and 8 where ligands are attached disappear; on atom 7 it still remains. The LUMO
charge densities show a significant variation upon ligation. The charge density of LUMO of the
bare star cluster shows sd-hybridized orbitals at the four top atoms. Upon attachment of ligands,
the LUMO-charge densities move from the Au atoms to the ligand chains. The edge atoms of the
hex cluster which in bare condition show accumulation of sd-hybridized charge density similarly
get rid of the accumulated charge upon ligand attachment by shifting them to the ligand chains. The
atoms where ligand is not attached, the sd-hybridization character is retained though weakened a
bit. For the bare 3D structure, the LUMO charge density shows sd-hybridized nature on four atoms.
A significant difference appears in the LUMO charge density distribution of the ligated 3D cluster.
It is interesting to note that in this case the charge density does not move from the Au atoms to the
ligand chains. Instead it has moved to the central atoms of the cluster. This explains of the lowering
of the energy gap Eg in case of ligand capped 3D clusters as discussed in the previous section.



FIG. 4. (Color online) Charge density difference plots at one-third the maximum value of star (a) hex (b) and 3D (c)
ligand-protected clusters. Red (dark) and cyan (light) represent charge accumulated and depleted regions.

The energetics of the ligand capped clusters are therefore mostly governed by the LUMO charge
densities, the movement of which in the presence of ligands results in an increase (or decrease) of
the energy gap (Fig. 2).

6. Bonding charge densities

In order to study the bonding nature of the ligand chains with the Au atoms, we plot the bonding
charge densities or the charge density differences. To obtain the charge density difference (ρdi f f ),
we first calculate the charge density of the ligand-cluster complex (ρcomplex ). Then using the same
supercell we calculate the charge densities of individual ligands (ρligand (i), i = ligand number)
and the bare cluster (ρcluster ). The charge density difference is then obtained by subtracting these
individual ligand charge densities and the bare cluster charge density from the charge density of the
ligand-cluster complex:

ρdi f f = ρcomplex − (ρcluster +
nlig∑

i=1

ρligand (i)) (6)

Fig. 4 shows such charge density plots, in which red (dark shade) and cyan (light shade) regions
denote charge accumulated and charge-depleted regions respectively. These plots reveal an important
aspect regarding the charge-accumulated regions. Charge transfer from the Au-Au bonds to the Au-S
bonds results in a strong covalent bond between the Au and S atoms. The eight ligand protected
star cluster shows that there is strong charge accumulation in the Au-S bonds as well as in the S-S
bridges. The six-ligand protected hex cluster shows that the charge lost from the Au and S atoms
accumulate at the centre of the bond between Au and S atoms. This accumulation is stronger for the



2D hex system than the 3D structure (Fig. 4(b) and 4(c)) supporting the enhanced stability of the 2D
systems over the 3D.

IV. SUMMARY

We have carried out first principles DFT calculations on the effect of ligand attachment to
8-atom Au-clusters. We chose to focus on 8-atom clusters since (i) it was a suggested number for
a probable 2D-3D transition for bare clusters and (ii) it has been synthesized experimentally.28

We have chosen the ligand molecule to be ethyl mercaptan which is similar to the sulfur tail of
glutathione, the ligand which was used for the synthesis of the 8-atom clusters. We have analyzed
the site-selective attachment of ligand chains which we show to depend on the coordination as well
as the specificities of the geometry giving rise to ligand-ligand interactions. The relative stability of
the bare and ligated clusters are studied based on binding and interaction energies, sd-hybridization,
DOS, HOMO-LUMO charge distributions and charge density differences. Considering the chosen
geometries, our studies indicate that for 8 atom clusters, attachment of ethyl mercaptan ligands
increases the stability of the 2D like geometries over that of the 3D like geometries. The above
obtained trend is rather different from previously reported theoretical studies on ligated 11 and 13
atom clusters which predict stabilization of 3D-like geometry over 2D-like geometry upon ligation.
The difference in the predicted trend between ligated 8-atom cluster in the present study and that
for ligated 11 and 13 atom clusters corroborates the fact that structure and bonding in small clusters
crucially depend on their size. In particular the metal-ligand covalency, which is the primary cause
of the difference in geometrical properties between ligated and bare clusters, depends on the nature
of the local environment of the Au atom in the bare cluster in which the ligand has been attached or
in other words the geometry of the bare cluster and also on the nature of the ligand, as been stressed
in several studies.24–26 Experimentally it remains to be seen whether eight atom clusters of gold
prefer a planar geometry over 3D in the presence of ligands.

Finally, in the actual experimental scenario, the solvent molecules are also present. The solvent
molecules, though, interact with the tail part of the ligands leaving the cluster-ligand interaction
unperturbed, as the later interaction involves only the head part of the ligand.41, 42 This also forms the
rational for the present study in terms of considering the simplified form of ligand with shortened tail
part. Our study in this respect forms a first step towards a thorough understanding of the experimental
realization. Considering our obtained cluster-ligand geometry, in the next step one may construct
geometries with the full long tail structure of the ligand, introduce the ligand-solvent molecule
interaction, possibly modeled through classical force field, which would control the dispersibility of
the ligand-stabilized nanoparticles.
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5 P. Pyykkö, Nature Nanotechnology 2, 273 (2007).
6 M-C. Daniel, D. Astruc, Chem. Rev. 104, 293 (2004).
7 S. Creager et al., J. Am. Chem. Soc. 121, 1059 (1999).
8 Y. Dong, M. Springborg, Eur. Phys. J. D. 43, 15 (2007).
9 J. Wang, G. Wang, G. Zhao, J. Phys. Rev. B. 66, 035418 (2002).

10 P. K. Jain, Struc. Chem. 16, 421 (2005).
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