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NANOCRYSTAL 
OF GOLD

Our object of interest
From the bottom to the top

Introduction
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Unsolved problems in nanoparticles science: 

1. What does control the growth of nanoparticles?

2. How do ligands adsorb on nanoparticles?

3. How do nanoparticles interact? 

4. How can we control the assembly of nanoparticles?

5. How do some nanoparticles catalyze reactions?

6. How nanoparticles can be used in applications?

1. Introduction
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Why do we use classical methods?

DFT for 
clusters

Periodic
DFT for 
surfaces

Domain of 
atomistic simulations
with force fields

2 nm ~ 1000 atoms
5 nm ~ 10000 atoms
10 nm ~ 50000 atoms

Nanocrystals between 3 and 10 nm cannot 
be studied by quantum chemical methods. 

2. Simulation method



6

2. Simulation method

Natomos-Gromacs: acceleration of simulations
- Simulations limited to nanocrystal diameter of 5 nm in literature.
- Nanocrystals between 4 and 10 nm in many experiments.
- Our simulations: nanocrystals until 10 nm never reached before. 

Natomos Gromacs
Home-made Monte Carlo &
Molecular Dynamics code 

Public Molecular Dynamics code
massive parallel computing

Analysis of results

NATOMOS GROMACS

NATOMOS

• Definition of configuration
• Parameterization of 

force field Up to 400x faster simulations
MD simulations

Simulation methods

2. Simulation method



71: Ulman. Chemical Reviews 1996. 96. 1533–1554.
2: Lennox et al. Chemistry – A European Journal 1996. 2. 359–363. 

Why can we put more ligands on a nanocrystal surface ?

Au(111) planar surface1

21.4 Å2/thiol
Au nanocrystal2

15.2 - 17.2 Å2/thiol 

From which size does a nanocrystal behaves like the bulk material?

How do ligands adsorb on nanoparticles?

3. Thiols adsorption simulations 
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3. Thiol adsorption simulations - icosahedron 

VIDEO
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Octahedron vs Cube

cubeoctahedron

versus

1. T. Djebaili, J. Richardi*, A. Abel et M. Marchi, J. Phys. Chem. C 117, 17791 (2013)
2. T. Djebaili, J. Richardi*, A. Abel et M. Marchi, J. Phys. Chem. C 119, 21146 (2015) 
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• Good agreement with experimental data by mass spectroscopy1, thermogravimetry2

and TEM,

• Small difference between cube and octahedron,

• The surface coverage slightly depends on the thiol chain length.

octahedron cube

Average area per thiol 

3. Thiols adsorption simulations

1. Läemmerhofer et al. ACS Nano 2013. 7. 1129–1136 
2. Hostetler et al. Langmuir 1998, 14, 17–30.
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• Two different molecular 
organizations on the facet 
center & edges.

Octahedron (111) facets Cube (100) facets

• occupation of new sites on 
the edges

Thiol headgroup organization

What is the origin of the lower area per thiol? – It’s the edges, stupid!

edge sites

Hexagonal SAM

Zigzag SAM

Square SAM

3. Thiols adsorption simulations

4f- hollow 
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FCC
Body Centered Cubic Face Centered Cubic

BCC

4. Nanocrystals in superlattices

Simulation of BCC and FCC superlattices

How do nanoparticles interact? 
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2.7 nm / hexadecanethiol

Method : evolution of potential energy with Nanocrystal-Nanocrystal distance

Smaller nanocrystal distance in BCC

• Lattice type: structure with the lowest energy.
• Optimal Nanocrystal-Nanocrystal distance.

Simulation results :

4. Nanocrystals in superlattices
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• Excellent agreement with OCM theory. OPM theory by Landman is wrong.

• This shows the importance of many-body interactions.

• The smaller Nanocrystal-Nanocrystal distance in BCC can be confirmed. 

Evolution of the nanocrystal distance with ligand length

4. Nanocrystals in superlattices

NC-NC distance 
measurement 
error : ± 0.2%
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5. DFT calculations of gold nanoclusters 

Ab initio calculations
Software: Quantum espresso
DFT: PBE (GGA functional)
Pseudopotentials: Ultrasoft

Quantum theory of an atom in molecule (QTAIM)

Energy, geometry and physical criteria for bond breaking

Optimized geometries
Relative energies

Critical points analysis
(Bond, ring, cage)

Partial charges per atom

Generation of density file: 
Gaussian09, 

PBE/mod-LANL2DZ1 

Topological Analysis
AIMStudio

Au20 Pyramid Au(111) Au(100)

Methods for gold clusters and periodic surfaces

1 . Muniz-Miranda, F., Menziani, M. C., & Pedone, A. (2014). Assessment of exchange-correlation functionals in reproducing the structure 
and optical gap of organic-protected gold nanoclusters. The Journal of Physical Chemistry C, 118(14), 7532-7544.
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5. DFT calculations of gold nanoclusters 

Example: Au20-Methyl thiolate

For larger Nanocrystals: 
Use these informations to improve Reax force fields

for diffusion of gold atoms and Au-Au / Au-S bond breaking

Green:  bond critical points

No critical point
Bond breaking

SCH3

Au20 pyramid

Bond deformation
2.67 à 3.25 Å

Most stable isomer
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5. Conclusions
• How do ligands adsorb on nanoparticles?

• We reproduce experimental surface coverage.

• Edges are the origin of different surface coverage for nanocrystals..

• A new molecular organization on the edges.

• Bond breaking due to thiolate adsorption

• How do nanoparticles interact? 

• We reproduce experimental distances.

• Distances are related to many body interactions. 
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Perspectives

• Analysis of dynamic & structural properties of ligands : 
§ ligand diffusion.
§ tilt angle.
§ frequency of trans conformations.

• Improve force fields.
• New materials (Ag, Pt, Co, Cu).
• Addition of solvent (e.g: hexane).

• Simulation of non ideal truncated NCs shapes.
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Perspectives

Self-assembled monolayers Cluster

448 NATURE CHEMISTRY | VOL 4 | JUNE 2012 | www.nature.com/naturechemistry

by several groups have enabled high-quality synthesis of a few par-
ticularly stable ‘magic’ compounds in the size range 1–3 nm, and a 
few have by now been determined up to molecular precision; these 
include Au20(SR)16 (ref. 63), Au25(SR)18 (refs 64–67), Au38(SR)24 (refs 
68, 69), Au40(SR)24 (ref. 70), Au68(SR)34 (ref. 71), Au102(SR)44 (ref. 72), 
and compounds around 144 Au atoms and 60 thiolates68,73,74. Various 
thiolates have been successfully used for synthesis, including water-
soluble glutathione and para mercaptobenzoic acid and organic-
soluble alkylthiolates and phenylethanethiolates. "e Au25, Au38 and 
Au102 clusters are notable in this series because their total atomic 
structure has been determined from X-ray crystallography, open-
ing the door to detailed theoretical analysis of the surface-covalent 
gold–sulfur bond and the electronic and geometric factors underly-
ing the stability of these speci#c compounds.

It is now well established that the gold–sulfur interface in these 
clusters consists of oligomeric RS(AuSR)n units just like in the 
case of thiolate SAMs discussed above. "is has revolutionized 
the understanding of the internal atomic structure of these sys-
tems and rede#ned the concepts of the ‘metal core’ and the ‘pas-
sivating ligand layer’. At variance with early theoretical models 
that considered an atomically smooth Au–S interface and compact 
Au cores75,76, Au atoms at the centre of the particle and in the thi-
olate layer are now considered to be in two distinct chemical states 
(metallic and oxidized). In fact, a more transparent way to write 

the molecular formula of the clusters is according to the ‘divide 
and protect’ notation77 as follows: Au25(SR)18  = Au13[RS(AuSR)2]6; 
Au38(SR)24  = Au23(RSAuSR)3[RS(AuSR)2]6; Au102(SR)44  = 
Au79(RSAuSR)19[RS(AuSR)2]2 (Figs 5, 6, 7f,g). In addition, a struc-
tural model has been proposed78 for the Au144(SR)60 cluster that gives 
a good match with the measured powder X-ray di$raction data. "e 
model consists of a 114-atom gold core protected by 30 RSAuSR 
units (Fig. 6d–g). A similar model was recently proposed for mixed 
gold–silver Au144–xAgx(SR)60 clusters79.

Because the neutral RS(AuSR)n units can be considered as radi-
cals, simple electron-counting rules have been established that can 
successfully explain the electronic stability, that is, the origin of dis-
crete HOMO–LUMO gaps in the electronic structure of thiolate-
passivated clusters10,80–82.

Chiral recognition and response
Chirality (‘handedness’) in the structure of matter is a fascinating 
property that has important consequences over a wide range of phe-
nomena, properties and response of matter, relevant in the #elds 
of physics, chemistry and life sciences83. Complex biological self-
assembly processes are rooted in enantiospeci#c molecular interac-
tions at the nanometre scale. Consequently it has been important 
to investigate the origins of enantiospeci#c molecular recognition 
to gain understanding of the underlying mechanisms that could be 

a b

c d e

f g

Figure 5 | Analysis of the single-crystal X-ray structure of para-mercaptobenzoic acid (p-MBA) protected cluster, Au102(p-MBA)44. a, Space-filling and  
b, ball-and-stick representations. c,d, Two views of the 40-atom surface of the Au79 core, together with the passivating Au23(p-MBA)44 mantle. The formally 
oxidized Au(i) atoms in the mantle are depicted by the smaller orange spheres. The ‘structure defects’ at the core–mantle interface (two Au atoms with 
two Au–S bonds, and a long RS–(AuSR)2 unit) are highlighted. e, Close-up of the protecting RS–(AuSR)x unit with x = 1,2. f,g, Two views of the Au79 core, 
which has an approximate symmetry of D5h. Au: orange; S: yellow; C: grey; O: red; H: white. Reproduced with permission from ref. 80, © 2008 NAS.
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Au(111) and could be the key structural component in the SAM 
formation, in line with a model suggested from DFT computa-
tions51. !is requires the existence of easily available Au adatoms on 
Au(111) during SAM formation, which is consistent with observa-
tions of li"ing of the ‘herringbone’ (22 ×  √3) reconstruction and 
formation of surface vacancy islands (‘etch pits’). Together these 
processes can be estimated to release enough adatoms for the gold–
thiolate complex formation.

STM evidence of RS–Au–SR complexes on Au(111) at low thi-
olate coverage. Recent STM studies on low-coverage striped phases 
of methyl- and phenylthiolates on Au(111)52–55 have greatly changed 
the understanding of the atomic structure of the Au(111)/SR inter-
face. !ese experiments have consistently shown formation of RS–
Au–SR complexes (R = CH3 or R = Ph) (Fig. 3). In these complexes, 
the central Au atom is linearly coordinated by surface-parallel bonds 
to the two thiolates, bridging two Au atoms underneath in the &rst 
surface layer, and the sulfurs adopt Au on-top sites. It is instructive 
to think the local electronic structure of the sulfur as being of sp3 
type where the electrons participate in four di'erent kinds of inter-
actions: with the R group, with the two non-equivalent Au atoms 
(Au in the complex and Au in the surface layer) and in a lone-pair 
orbital. !is special bonding motif creates a chiral centre at the sul-
fur, so the thiolate ends of the RS–Au–SR complex can be classi&ed 
as R- and S-enantiomers (Fig.  3f,g). Any single thiolate–gold–thi-
olate complex includes sulfur atoms of either the same type (R,R 
or S,S), creating a thiolate–gold–thiolate trans-isomer, or an (R,S) 
pair, creating a cis-isomer. DFT computations yield cis- and trans-
complexes as thermodynamically almost equivalent, as the di'er-
ence in the adsorption energy is only of the order of 0.1  eV. !e 
calculated activation barrier for cis–trans switching is around 0.5 eV 
for low-coverage conditions where the switching is not a'ected by 
interactions from nearby RS–Au–SR complexes. !e low activation 
barrier implies facile cis–trans isomerization at typical temperatures 
(200–300 K) where thiolate-SAMs are formed. Both isomers are also 
typically found in the STM images of low- or intermediate-coverage 
phases (Fig. 3a). A weak attraction has been calculated for adjacent 
trans-complexes; also, the steric repulsion is minimized if adjacent 
complexes are both either in (R,R) or (S,S) trans-con&guration. !ese 
two factors drive the self-assembly of the ‘stripes’ at low coverage.

Intermediate and full-monolayer thiolate coverage. At present 
it is not clear how the striped phase of methylthiolates transfers to 
intermediate coverage or full-monolayer SAMs. It is reasonable to 
expect that the facile cis–trans isomerization of RS–Au–SR units, 
their mobility, steric interactions and possible other gold–sulfur 
bonding motifs may all play a role. STM images have shown tetra-
meric units assembled from RS–Au–SR complexes at intermediate 
coverage, and coexistence of one-dimensional stripes with (3 × 4) 
and (3 × 4√3)  phases at high coverage54,55. It is possible to construct 
a full monolayer coverage with c(4 × 2) superstructure consisting 
only of trans-or cis-RS–Au–SR units without any disorder (Fig. 4a). 
DFT computations have shown that an ordered structure, consist-
ing of two non-equivalent cis-RS–Au–SR units per unit cell (struc-
ture 9 in Fig. 4a), is energetically preferred over the ‘standard model’ 
(monothiolate bridge-site binding) or any models involving other 
adatom–thiolate complexes or Au surface vacancies56. !is struc-
tural model also minimizes the calculated surface Gibbs free energy 
when the thiolate adsorption is modelled from a &ctitious reservoir 
of disul&des at a given temperature and pressure6.

STM gives a local view on the structure of individual adsorb-
ates or adsorbate complexes on the surface, o'ering many possibili-
ties for direct comparison to DFT computations. Practically all the 
other experimental surface-sensitive techniques average informa-
tion over a large surface area, making comparison to calculations 
more challenging. Interesting progress has been recently achieved 
in comparing DFT computations and measurements for the Au(4f) 
photoelectron binding energies, speci&cally the computed surface 
core-level shi"s (SCLS) from various structural models to experi-
mental SCLS data on methylthiolate-SAMs57–59. !e observed 
binding energies of Au(4f) electrons in the surface region give infor-
mation about the local coordination structure and ‘oxidation state’ 
of gold atoms in the surface/interface region. Clean Au(111) surface 
has been shown to exhibit a surface SCLS component of –0.34 eV 
with respect to bulk gold atoms58. On adsorption of methylthiolates 
up to the full (3 × √3R30°) monolayer coverage, the surface compo-
nent changes to –0.22 eV, and an additional component at +0.34 eV 
shows up (Fig. 4b). Based on this, the observation was initially inter-
preted as supporting the adatom–monothiolate adsorption model 
(structure 2 in Fig. 4a) where the shi" at +0.34 eV arises from the Au 
adatoms supporting the monothiolate58. A subsequent DFT study 
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Figure 3 | STM images and atomistic interpretation of the structure of the low-coverage striped phase of methylthiolates CH3S on Au(111). a, The 
self-assembled striped patterns are formed by heating a gold crystal pre-dosed with dimethyldisulfide above 200 K for about 10 min. b,d, Close-up 
image of a pair of trans-CH3S–Au–SCH3 complexes and its atomistic model. c,e, Corresponding image of a cis–trans pair. f,g, DFT-optimized structures of 
the (R,R)-trans (part f) and (R,S)-cis (part g) complexes. The R-configuration of the chiral sulfur centre is defined in the following order of the sp3-type 
directions: the lone electron pair, CH3, surface Au atom, Au atom in the complex. Figure reproduced with permission from ref. 55, © 2009 ACS.
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1. Häkkinen, H. Nature Chemistry, 2012, 4, 443-455.
2. Jadzinsky et al. Science 2007 318, 430–433. 
3. Cossaro, A. et al. Science 2008 321, 943–946. 

𝐴 𝑟𝑒𝑣𝑜𝑙𝑢𝑡𝑖𝑜𝑛𝑎𝑟𝑦 𝑓𝑖𝑛𝑑𝑖𝑛𝑔 ∶ 𝑆 − 𝐴𝑢 − 𝑆 lines on gold.
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Perspectives

We need better interaction models including polarizability:
• Polarization > 20 % of binding energies for molecules on gold. 
• important charge transfer of -0.33 e between silver and thiolates 

Li, A.; Piquemal, J. P.; Richardi, J.; Calatayud, M. Butanethiol adsorption and 
dissociation on Ag (111): A periodic DFT study. Surf. Sci., 2016, 646, 247-252

Current interaction models do not give these S-AU-S lines.

Clusters nanoparticles surfaces
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Interaction model

CH3 CH2 S

e/kB[K] s[Å] e/kB[K] s[Å] e/kB[K] s[Å]

Pool et al. JPC 2007 108 3.76 56 3.96 126 4.45

Hautman et al. JCP 1989 88.1 3.905 59.4 3.905 200 4.25

Siepmann et al. Langmuir 1993 88.1 3.905 59.4 3.905 200 4.97

Lal et al. JPC 2004 98 3.75 46 3.95 126 4.45

Lubna et al. JPC 2005 98 3.75 46 3.95 232 3.62

Intramolecular interaction parameters

𝑈!"#$% = 𝑈&'"( + 𝑈&)"( + 𝑈#'$*!'" (Dubbeldam et al. JPC. B 2004)

Intermolecular interaction parameters

𝑈!"#$% = 𝑈"&"'(&")$) = 𝑈*+ = 4𝜀!,
𝜎!,
𝑟!,

-.

−
𝜎!,
𝑟!,

/

6. Perspectives
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Planar surface Hautman et al. Pool et al. Siepmann et al. Experiment

Au(100) 19.9 ± 0.6 21.0 ± 0.6 25.1 ± 0.8 20.61

Au(111) 20.7 ± 0.6 21.2 ± 0.6 22.3 ± 0.7 21.41

Simulation of planar Au(111) & Au(100) surfaces for three models

Pool et al. → closest to experimental results.
1: Strong et al. Langmuir 1988, 4, 546–558.

Hautman et al. Pool et al. Siepmann et al.

Different 
molecular 

organization(100)

(111)

6. Perspectives



sSS = 4.45 Å
sSS = 4.25 Å

sSS = 4.97 Å

Simulation of Nanocrystals for three models

Siepmann model works for Au(111) surfaces, 
Will it also work for nanocrystals with Au(111) facets? NO

No change of surface coverage with Siepmann model
Second zig-zag organization disappears on edges.
Interaction models have to be carefully tested.

sSS = 4.45 Å
sSS = 4.25 Å
sSS = 4.97 Å
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→ due to larger facets for octahedral NCs. 

Frequency of hexagonal SAMs

How can we explain the difference between octahedral & icosahedral 
for NCs < 5 nm ? 

3. Thiols adsorption simulations - octahedron  vs icosahedron  
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• Same constant 𝑅0# on the facets edges (facet angle effect).
• 𝑅0# in the facets centers stabilizes around 6 for octahedral NC > 2 nm, and for 
icosahedral NC > 5 nm.

icosahedronoctahedron

Ratio between adsorption sites and adsorbed thiols 𝑅9:

3. Thiols adsorption simulations - octahedron  vs icosahedron  
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For cube NCs: 

•Slow convergence compared to octahedral & 
icosahedral NCS.

•Limited accuracy for dodecanethiol results, 
even after 600 ns.

octahedron cube

Time evolution of thiol adsorption on 7 nm NCs

3. Thiols adsorption simulations - octahedron  vs cube
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4. Nanocrystals in superlattices

BCC or FCC ?

l = ⁄2𝐿 𝑑;<

Transition FCC → BCC for λ > 1.0

𝐿: ligand chain length

𝑑12: NC diameter

In experiments1 : transition FCC → BCC for λ = 0.8

Approximation 

↓

neglect of entropy
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4. Nanocrystals in superlattices

BCC or FCC ?

Where does the transition from FCC to BCC come from?

FCC BCC

8 first neighbors
14 second neighbors

12 first neighbors
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4. Nanocrystals in superlattices

BCC or FCC ?

𝐷"""

𝐿𝑑+,

(𝑫𝒏𝒏𝒏−𝒅𝑵𝑪) − 𝟐𝑳 ≤ 𝟎

𝐷""
𝐷"""Second neighbor contact (BCC)

1: Landman et al. Faraday Discuss. 2004. 125. 1

Idea in the literature1 : 

For BCC, the coating of the second 

neighbors can touch when l > 0.8

𝐷!!! =
2
3
𝐷!!

Where does the transition from FCC to BCC come from?
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4. Nanocrystals in superlattices

BCC or FCC ?

Second neighbor contact

Strong second neighbor contact → BCC.

bu
ta

ne
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2. Simulation method

Gromacs simulations converge more rapidly than Natomos

Energy (KJ.mol-1) Time for 3x106 steps

Natomos Gromacs Natomos
1 CPU

Gromacs
10 CPU

Ratio

N
C

si
ze 2 

nm

C4 -5995.60 -5994.33 250 min 15 min 15
C16 -6646.44 -7012.62 1070 min 40 min 25

5 
nm

 C4 -45921.97 -45783.20 60 h 2.1 h 30
C16 -55703,76 -56391.90 250 h 3.2 h 80

Acceleration of 
simulation time by 
a factor up to 400

-58000
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-50500
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Time evolution of thiol adsorption on 7 nm NCs

• Time evolution of thiol adsorption depends on the thiol chain length.

• Adsorption convergence is very slow for hexadecanethiol even after 600 ns      
→ no further simulations.

3. Thiol adsorption simulations - icosahedron 

Is the simulation time sufficiently long ?

Thiol adorption simulation 
error : ± 1%
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Number of adsorbed thiol molecules

3. Thiols adsorption simulations - icosahedron 

• the number of adsorbed thiols depends only slightly on the alkane chain length.

• In good agreement with simulation results in the literature1 (same interaction 
model). 

1: Schapotschnikow et al. J. Chem. Phys. 2009. 131.
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Ratio between adsorption sites and adsorbed thiols 

Positions of SH groups on a nanocrystal facet

• Total 𝑅0# < 6 (value for planar Au(111) surface).

3. Thiols adsorption simulations - icosahedron 

• 𝑅*# = number of adsorption sites / number of adsorbed thiols.

• 𝑅*# = 6 for planar Au(111) surface.  Will we find 𝑅*#= 6?

flat Au(111) surface
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• Similar results for octahedral & icosahedral NCs.

icosahedronoctahedron

Average area per thiol 

3. Thiols adsorption simulations - octahedron  vs icosahedron  
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icosahedronoctahedron

Frequency of hexagonal SAMs 

Octahedral NCs reach behaviour of Au(111) for smaller nanocrystals.

At a given nanocrystal size, the facets are larger. 

3. Thiols adsorption simulations - octahedron  vs icosahedron  



Square SAM frequencies confirm the same molecular organization on (100) facet 
center & edges.

octahedron cube

Frequency of hexagonal & square SAM

3. Thiols adsorption simulations - octahedron  vs cube
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• Octahedron : 3f- hollow & shifted bridge adsorption site.
• Cubes : mainly 4f- hollow adsorption site: Slow saturation due to edge sites.

icosahedronoctahedron

Adsorption sites : occupation frequencies

3f- hollow bridgeon-top

Edge sites 4f- hollow 

bridgeon-top

3. Thiols adsorption simulations - octahedron  vs cube


