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Première Année - Cycle d’intégration 
 UE 1C002 – P2 – 2017/2018 

Chimie des solutions et structures des cristaux 

NOM :        Prénom :   

Section : 

Groupe : 

CONTRÔLE CONTINU N°1 - Structure des cristaux  (30 min) 
Calculatrice non programmable autorisée, documents et téléphones portables interdits. 

Autour de l’élément fer 
Données :  

Masses molaires : MFe = 55,845 g.mol-1 ; MN = 14,007 g.mol-1 
Constante d’Avogadro NA = 6,022.1023 mol-1 
Rayons atomiques : RFe = 126 pm ; RN = 74 pm 

Le fer (Fe) est susceptible de cristalliser sous différentes formes selon les conditions de température 
et de pression. Une partie du diagramme P-T du fer pur est représenté sur la figure 1. 

1. Sachant que le numéro atomique de l’élément fer est 26, écrire la configuration électronique d’un 
atome de fer dans son état fondamental. En déduire à quel bloc du tableau périodique il appartient. 

                                  

 

 

2. En déduire les propriétés de Fe(s). Pour ceci, cocher les bonnes réponses. Note : Cette question 
est tirée de l’exercice supplémentaire S1 (p16 de votre poly) 
 

Liaison : Conductivité : Aspect : 

� covalente � excellente � incolore 

� ionique � moyenne � brillant 

� métallique � faible � coloré 
 

3. Sur la figure 1, les mailles cristallines des variétés allotropique Feα, Feγ et Feδ sont 
schématiquement représentées.  Un de ces 3 allotropes correspond à une structure compacte. 
Lequel ? Vous préciserez le système cristallin, le mode de réseau ainsi que le motif cristallin 
correspondants. Que dire de la compacité de la structure ? Et de la coordinence des atomes de 
Fe ? 
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Nanoparticles?

Nanoparticles are particles (typically crystals of inorganic elements) 
for which the largest characteristic dimension is around  1-100 nm 
(1nm=10-9 m= 0,000000001 m)
Nanocrystals correspond to well crystallized Nanoparticles

100 µm=0,1 nm

Atoms that form spherical 
nanocrystal core

10 µm

Red blood cell

They are sticky little 
things that adhere to 
anything (including 
each other)
Remedy: coat them 
with ligands
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Nanoparticles can be classified into different classes based on their 
properties, shapes or sizes. The different groups include fullerenes, 
metal NPs, ceramic NPs, and polymeric NPs..

Classification of nanoparticles?

(Swinehart, 1962). These techniques give information about
the absorption, reflectance, luminescence and phosphorescence
properties of NPs. It is widely known that NPs especially
metallic and semiconductor NPs possess different colors and
therefore, best harmonized for photo-related applications.
So, it is always interesting to know the value of absorption
and reflectance of these materials to understand the basic
mechanism for each application. Ultraviolet–visible (UV–
Vis), photoluminescence (PL) and the null ellipsometer are
the well-known optical instruments, which can be used to
study the optical properties of NPs materials.

The UV/vis- diffuse reflectance spectrometer (DRS) is a
fully equipped device which can be used to measure the optical
absorption, transmittance and reflectance. The former two are
supplementary to each other while the latter (DRS) is a special
technique use for sold samples mostly. The method is excep-
tionally acceptable for the determination of bandgaps of NPs
and other nanomaterials. Bandgap of materials is very impor-
tant to conclude about the photoactivity and conductance of
the material. The carbon nanodot-carbon nitride (C3N4) was
found to be a metal free water splitting photocatalyst. The
photo ability of this material is directly correlated to the band-
gap value of 2.74–2.77 eV, which was calculated using UV–Vis
spectroscopy (Liu et al., 2015a, 2015b). Similarly, this tech-
nique also use to see the absorption shift in case of doping,
composite formation or heterostructure NPs materials. Peng
et al. synthesis MMT, LaFeO3 and LaFeO3/MMT nanocom-
posites and studied variation in their electromagnetic radia-
tions absorption through UV–vis DRS to reconnoiter their
optical characteristics. The strong red shift observed in case
of nanocomposite as compared to pristine MMT and LaFeO3

NPs. LaFeO3 and LaFeO3/MMT displayed rather broad

absorption band from 400 to 620 nm, showing decrease in their
bandgap. This property makes these catalysts considerable for
solar light driven photocatalysis (Peng et al., 2016).

In addition to UV, PL also considers valuable technique to
study the optical properties of the photoactive NPs and other
nanomaterials. This technique offers additional information
about the absorption or emission capacity of the materials
and their effect on the overall excitation time of photoexcitons.
Thus, it provides significant information about the charge
recombination and half-life of the excited materials in their
conductance band, which are useful for all photo related and
imaging applications. The PL spectrum can be recorded as
emission or absorbance depending on the nature of study.
Fig. 11 shows a typical PL spectrum of pristine and modified
ZnO NPs. It is evident from this figure that pristine ZnO
NPs show high PL intensity as compared to CdS modified
ZnO NPs. The gold embedded CdS/Au/ZnO composite shows
the lowest intensity. This quenching from pure ZnO to CdS/
Au/ZnO can be attributed to the decrease in the rate of charge
recombination and larger lifetime of photoexcitons in the latter
case (Yu et al., 2013). In addition, this technique is successfully
used to determine the thickness of layer (Lin et al., 2015), dop-
ing quantity of (Gupta et al., 2013; Pal et al., 2012) material
and defects/oxygen vacancies determination (Torchynska
et al., 2016) of NPs.

Similarly, Wan et al. determined the values of refractive
index and extinction coefficient for hollow gold NPs (HG-
NPs) via spectroscopic ellipsometry. They prepared a series
of HG-NPs, with different morphologies and plasmonic prop-
erties and the optical constants were calculated. The values
were compared with the optical constant values of solid gold
NPs, which gave good indication to use these materials in

Figure 8 TEM images of different form of gold NPs, synthesized by different techniques (Khlebtsov and Dykman, 2011, 2010a, 2010b).

920 I. Khan et al.

Au NPsFullerene= NPs Mesoporous silica NPs
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Self-organization of nanoparticles ?

NP organization correspond to a process where components of the system

acquire non-random spatial distribution with respect to each other and the

boundaries of the system (N.A. Kotov)

The NP organization can be due to direct specific interaction, collective effects,

and/or occur indirectly through their environment

Due to the proliferation of nanoparticle synthesis techniques, the study and

design of nanoparticle self-assembly has become widespread

Kotov, N.A. Europhysics Letters. 119 (6): 66008. 



Chemical synthesis of 
Nanoparticles
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64 Cinétique de Nucléation-croissance

Figure 4.1 – A gauche : la coupe de Lycurgus, on note le changement de couleur induit par la
direction de l’éclairage. A droite : sols de Faraday exposé dans son laboratoire.

Benjamin Richters suggera même que la couleur des solutions colloı̈dales dépendait de la taille
des particules en suspension : les solutions roses et violettes étaient supposées contenir de pe-
tites particules, tandis que les solutions jaunes seraient composées de particules plus grosses.
C’est en 1857 que Faraday [17] mit au point la première synthèse contrôlée de colloı̈des d’or.
En réduisant une solution aqueuse de chloroaurate (AuCl�4 ) par du phosphore solubilisé dans
du disulfure de carbone, il est parvenu à obtenir des particules d’or dont la taille pouvait être
contrôlée par les conditions expérimentales. Il a également observé que la couleur de films
minces de particules variait en fonction de la compression mécanique subie.

4.1.2 Propriétés optiques

La propriété la plus frappante des solutions colloı̈dales d’or est leur couleur intense qui
varie entre le rouge et le jaune. L’or étant un métal conducteur, les électrons sont libres de
mouvement au sein des particules mais ils y sont confinés. Ce confinement donne lieu à des
propriétés optiques qu’on ne retrouve pas dans le cas des métaux massifs. La théorie de Mie qui
consiste en la résolution des équations de Maxwell en géométrie sphérique permet de montrer
que la section efficace d’absorption d’une sphère métallique de rayon R est donnée par [134] :

�(!) =
9!✏

3/2
m

c

4⇡R
3

3
✏2

(✏1 + 2✏m)2 + (✏2)2
(4.1)

où ! est la pulsation de l’onde incidente, c la vitesse de la lumière, ✏m la constante diélectrique
du milieu entourant la particule, ✏ = ✏1 + i✏2 la constante diélectrique complexe du métal.
La partie imaginaire de la constante diélectrique, ✏2, varie peu dans le domaine UV-Visible,

64

1857 first controlled synthesis of gold colloids from 
the reduction of AuCl4- by phosphorous solubilized in 
carbon disulfide (CS2) by Faraday
The color of the colloidal solution is appeared to be 
related to the particle size.

Nanoparticles synthesis

Faraday solutions 
exposed in his laboratory

M. Faraday, Philos.trans.R.Soc.London, 1857, 147, 145

1951 Turkevitch introduces the most popular synthesis 
of Au NPs by using citrate reduction of Au(III) from 
HAuCl4 salt in water.
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Stabilizing Metallic Nanoparticles

by placing them in an inert environment an inorganic matrix or

inorganic capping materials – figure 8

polymer

Figure 9 . Steric stabilization of 
nanostructured metal colloids 

[Helmut Boennemann –
Eur.J.Inorg.Chem.2001]

Figure 8. Electrostatic stabilization of metal colloid particles. Attractive van 
der Waals forces are outweighed by repulsive electrostatic forces between 
adsorbed ions and associated counterions at moderate interparticle separation
[Gunter Schmid ‐ Clusters and Colloids, VCH, 1994]

by adding surface-protecting reagents organic ligands – figure 9

16

Nanoparticle stabilization

Electrostatic
repulsion

Steric repulsion
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Nanoparticle Characterization

Particle
Area

Electron microscopy
X-ray diffraction
HR-SEM
Magnetic measurements
UV-vis spectroscopy

Particle
Size

Surface state 
composition

XPS, SIMS
EXAFS, Mossbauer

Surface
structure 

composition
topography

SEM, TEM, 
STEM, EELS, 
EDS,  XRD, 
LEED

IR, UV-vis, ESR, NMR, Raman



11

28 
 

 
 

Figure 6: approches d'élaboration des nanoparticules 

 

5.1. Synthèse des nanoparticules par approche «top-down» 

Partant d¶un matériau massif, elle consiste à transformer ce dernier en petites particules de 

taille nanométrique. Dans ce cas, les nanoparticules sont principalement fabriquées par 

réduction de taille des fragments de métaux ou d¶oxydes métalliques. Comme exemple, on 

peut citer : 

 

 

Atomes

Agrégats

Nanoparticules

Poudre

Matériauxmassif

Approche «ascendante » Bottom- up

Approche «descendante » Top- down
Top down approach

Bottom-up approach

Bulk material

Powder

Nanoparticles

Clusters

Atoms

Nanoparticle synthesis:
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Bottom-up approach

Physical methods: 
High production of nanoparticles
drastic experimental conditions, ultra-
high vacuum
Limited concerning the control of NP 
size and shape

Chemical methods: well control of the 
size, shape and composition of the 
nanoparticles
A large number of parameters can be 
adjusted (Temperature, Concentration 
and nature of reactants etc)

Nanoparticle synthesis:



Formation Mechanism of metallic nanoparticles in solution: 
Lamer Diagram

Preparing monodisperse NPs 
require  a single temporally short 

nucleation event followed by 
slower growth on the existing 

nuclei

Schematic illustration of the nucleation and growth process of 
nanocrystals in solution

13V.K. Lamer, R.H. Dinegar, J. Am. Chem. Soc. 72 (1950), 4847—4854

146 H. You, J. Fang

Figure 1 LaMer curve describing three stages of metal
nanocrystal formation in solution system. Stage I: atom pro-
ducing, stage II: nucleation, and stage III: seed formation and
growth.
Reproduced with permission from Ref. [1]. Copyright (1950)
American Chemical Society.

applications require the construction of metallic materials
at the nanometer scale or even on an atomic level with pre-
cisely controlled chemical composition, morphology (size
and shape), topography and atomic structure (e.g., crys-
tallinity). Among the different methods for a controlled
preparation of metal nanoparticles, the chemical synthesis
in a solution system is the most intensely studied approach
because of its intrinsic advantages, e.g., the easy control,
low cost, high yield, narrow size distribution, and the pos-
sibility to easily assemble the synthesized nanoparticle into
superlattices. In the last 20 years, with the growing ability
of scientists to more precisely control the morphology and
uniformity of metal nanocrystals, solution synthesis meth-
ods have emerged as a powerful approach for the reliable
preparation of high-quality metal nanocrystals in quanti-
ties suitable for a meaningful study of their shape—property
relationships.

For many years, the control of the morphology of col-
loidal metal nanocrystals has been mainly understood by
adopting atom-mediated nucleation and growth theory, in
which atoms are the basic building blocks for the nuclea-
tion and growth. Such nucleation and growth processes can
therefore be described by referring to the evolution of the
atomic concentration over time, as illustrated by the so-
called LaMer curve, which was firstly established by LaMer
and Dinegar [1]. The nucleation and growth process of col-
loidal metal nanocrystals described by the LaMer curve can
be divided into three stages: atom production, nucleation
from atoms aggregation, and nanocrystal growth from atoms
addition, as illustrated in Fig. 1. In the first stage, metallic
atoms are produced either through a reduction of metallic
ions with reducing reagents or the thermal decomposition
of organometallic compounds. Once the atomic concentra-
tion exceeds the point of supersaturation (Cnu

min), in the
second stage, the atoms start to aggregate to form sta-
ble small clusters (i.e., nuclei) via self- (or homogeneous)
nucleation. Afterwards, the concentration of atoms quickly

drops below the minimum supersaturation level (Cnu
min) and

no additional nucleation events will occur. Then, in the
third stage, the size of the nuclei gradually increases due
to the continuous addition of metal atoms. In this stage,
once a cluster has grown past a certain critical size, the
activation energy for structural fluctuation will become so
high that the cluster eventually becomes locked into a
well-defined structure. This critical point marks the birth
of a seed [2]. This seed further grows to form the final
nanocrystal through the addition of metal atoms until the
concentration decreases to Cs (solubility concentration of
nanocrystals).

In the past decades, a series of theories have been
developed to describe the nucleation and growth of col-
loidal metal nanocrystals beyond the different stages
of the LaMer curve. Because atoms are considered the
basic building blocks for the nucleation and growth of
nanoparticles in these models, these theories can be
classified as atom-mediated nucleation and growth mod-
els. For the nucleation stage, several theories such as
burst (or homogeneous) nucleation, heterogeneous nuclea-
tion, and second nucleation theories have been proposed
[3—5]. A variety of processes, e.g., reaction-limited growth,
diffusion-limited growth, Ostwald ripening, digestive ripen-
ing, Finke—Watzky-type two-step growth, size focusing and
defocusing, have been observed to occur during the growth
stage [6—12].

Based on these nucleation and growth theories, some
mechanisms for controlling the morphology of solution-
synthesized metal nanocrystals have been developed. The
proposed mechanisms focused on different thermodynamic
or kinetic parameters which may change the atomic behav-
ior during the nucleation or growth stages [13]. For example,
the shape or morphology of metallic nanocrystals is often
related to the intrinsic structure of the nuclei, which can be
tuned by changing the thermodynamic or kinetic parameters
in the nucleation stage (such as the atomic supersaturation
concentration) [2,4,12,13]. In addition, other parameters,
e.g., the energy barrier for atom diffusion on the crystal
surface, the diffusion route of the atoms in the vicinity of
the reaction interface, as well as the surface energy, all
significantly affect the growth process of colloidal metal
nanocrystals [2,10,12—15].

However, beyond the LaMer curve, many new phenomena
have been observed associated with the formation of col-
loidal metal nanocrystals, which cannot be explained by the
theories based on atom-mediated growth. For example, in
the nucleation and seed formation stage, the number of
small nanoclusters may abruptly decrease with a sudden
increase in size [16,17]. In situ observations have shown
that small nanoclusters may merge and reshape to form
single-crystalline nanoparticles [18,19]. During the growth
stage, the nanoparticles may also agglomerate and then
grow to form polycrystalline or mesocrystalline mesoparti-
cles [20—23]. Thus, a new nucleation and growth model,
in which nanoparticle or cluster is considered as building
units for the nanocrystals, has been developed to describe
these new phenomena. In order to make a distinction, in this
review, the atom-mediated nucleation and growth described
by typical LaMer curve is defined as ‘‘classical’’ model, and
the nucleation and growth considered nanoparticle or clus-
ter as basic building blocks are defined as a ‘‘non-classical’’
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Nucleation Growth

Time

Nucleation and growth 
speeds similar: Vn ≈Vg

=> Large size 
distribution

Chemical synthesis of nanoparticles
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Vn ≫>Vg

=> Narrow size 
distribution

Chemical synthesis of nanoparticles
Nucleation Growth

Time
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metal atoms to a nucleus. This picture can be complicated by
the introduction of other processes such as oxidative etching.
In the following sections, we elaborate on the roles these
factors play in determining the internal structure of a seed.

3.1. Thermodynamic Control

When a reaction is under thermodynamic control, the
greatest proportion of the most stable product will be
produced. To approximate the most stable product, the
formation of single-crystal seeds can be considered in the
context of Wulff!s theorem, which attempts to minimize the
total interfacial free energy of a system with a given volume.
The interfacial free energy, g, can be defined as the energy
required for creating a unit area of “new” surface [Eq. (1)]
where G is the free energy and A is the surface area.

g ¼
!
@G
@A

"

ni ,T,P
ð1Þ

For a newly formed seed, crystal
symmetry is broken due to missing
bonds at the surface, causing the
surface atoms to be attracted
toward the interior. A restoring
force is needed to pull the surface
atoms back to their original posi-
tions. Using this simple model (i.e.,
an ideal surface), the interfacial
free energy is given by Equation (2)
where Nb is the number of broken
bonds, e is the bond strength, and 1a

is the density of surface atoms.[50]

g ¼ 1
2 Nb e 1a ð2Þ

For an fcc structure with a
lattice constant of a, the surface
energies of the low-index crystallo-
graphic facets that typically encase
nanocrystals can be estimated as:
g{100} = 4(e/a2), g{110} = 4.24(e/a2),
and g{111} = 3.36(e/a2), resulting in
the energetic sequence of g{111} <
g{100} < g{110}. This sequence implies
that a single-crystal seed should
take an octahedral or tetrahedral
shape in order to maximize the
expression of {111} facets and min-
imize the total surface energy. Both
shapes, however, have larger sur-
face areas than a cube of the same
volume. As a result, single-crystal
seeds are expected to exist as
truncated octahedrons (or Wulff
polyhedrons) enclosed by a mix of
{111} and {100} facets. This shape

has a nearly spherical profile and thus the smallest surface
area to minimize the total interfacial free energy. Such seeds
have been observed experimentally in the syntheses of a
number of metal nanocrystals.

In addition to these single-crystal seeds, singly and
multiply twinned seeds containing at least one twin defect—
a single atomic layer in the form of a (111) mirror plane—
have been observed under the same reaction conditions.[51] As
discussed in the introduction, there are a number of factors
that can contribute to this observation. Similar to a single
crystal, the surface of a singly twinned seed tends to be
enclosed by a mix of {111} and {100} facets to lower the total
interfacial free energy. For a multiply twinned seed, the strain
energy caused by twin defects will greatly increase as the seed
grows in size. For example, a five-fold twinned, decahedral
seed can be considered as an assembly of five single-crystal,
tetrahedral units sharing a common edge (Figure 6a).[51] Each
tetrahedron has two sides in contact with a neighbor through
{111} twin planes. Since the theoretical angle between two
{111} planes of a tetrahedron is 70.538, five tetrahedrons
joined with {111} twin planes will leave a gap of 7.358, which

Figure 5. Reaction pathways that lead to fcc metal nanocrystals having different shapes. First, a
precursor is reduced or decomposed to form the nuclei (small clusters). Once the nuclei have grown
past a certain size, they become seeds with a single-crystal, singly twinned, or multiply twinned
structure. If stacking faults are introduced, then plate-like seeds will be formed. The green, orange,
and purple colors represent the {100}, {111}, and {110} facets, respectively. Twin planes are
delineated in the drawing with red lines. The parameter R is defined as the ratio between the growth
rates along the h100i and h111i directions (modified with permission from ref. [26], copyright 2007
Wiley-VCH).

Metal Nanocrystals
Angewandte

Chemie

67Angew. Chem. Int. Ed. 2009, 48, 60 – 103 ! 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

Correlation between different types of seeds and the final 
nanocrystals shape of an fcc metals

R=ratio between the growth 
rates along the (100) and (111) 
directions

Y. Xia, Angew. Chem. Int. Ed., 48, 60 (2009)



Microemulsion technique
NPs: Au, Ag, Cu, Ni, Pt, Ag2S, CuS, CdS etc

Liquid-liquid phase transfer
NPs: Au, Ag, Pt, Pd,  CoPt…

Metallic/ organometallic  salt reduction
NPs: Au, Ag, Cu

Sol-gel synthesis
NPs : ZnO, SnO2, Fe2O3, TIO2, SIO2…

Polyol synthesis
NPs: Cu, Ag, Pt,Pd,  CoPt, ZnO, Cu2O…

Chemical vapor synthesis
NPs: CoO, SiO2, ZnO, Fe2O3…

Organometallic decomposition
NPs: Co, Pt, Ag…
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Main Chemical Methods for NPs synthesis
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Phase diagram of the system 
AOT/water/isooctane

100%
isooctane
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Microemulsion technique



Synthesis of silver nanocrystals in reverse micelles
H2O

alkane

Tensio-actif

✿ After adsorption of the ligands the 
nanocrystals can be collected as powder or 
dispersed in organic solvent
✿These hybrid organic/inorganic system 
are stables in time.

A. Taleb ; C. Petit; M.P. Pileni,  Chem Mater. 9, 950-959; (1997) A. Courty, I. Lisiecki and M.P. Pileni, J.Chem.Phys, 116, 8074 (2002) 

Hydrazine
100% NaAOT

40% NaAOT
60% AgAOT

docedanethiols
Washing by ethanol

Mean diameter D= 5.0 nm
Size distribution 13%

40 nm
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L. Motte, F. Billoudet and M.P. Pileni  J. Phys. Chem., 99, 16425, (1995)

Size control of nanoparticles via the 
micelle size
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6 nm

Water pool diameter
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Ag2S NPs

Water content : W = [H2O]/[AOT]



Silver
3nm<D<7nm

Copper
2nm<D<10nm

Cadmium sulfide
2nm<D<4nm

Silver sulfide
2nm<D<10nm

cobalt
4nm<D<10nm

Various Ferrites
Fe2O3, FexCoyO4, FexCoy 

ZnzO4,

3nm<D<10nm

Various nanocrystals made by microemulsion 
technique

20 nm 50 nm

50 nm

50 nm 50 nm

Reverse Micelles
Normal Micelles

Gold
4nm<D<6nm
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0.1
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M.P.Pileni et al.  Langmuir 17, 7476 (2001)

Reverse micelles
Interdigitated 
Reverse Micelles

« Supra » Aggregates Lamellar phases-interconnected cylinders

Interconnected cylinders
32nm 32nm

32nm

32nm

32nm

shape control
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Liquid-liquid phase transfer synthesis: Au NPs 

M. Brust et al. J. Chem. Soc. Chem. Com. 801 (1994)

Brust method: A method for synthesizing gold nanoparticles from HAuCl4 in
non-aqueous solution (e.g. toluene), using tetraoctylammonium bromide as a
phase-transfer catalyst and sodium borohydride to reduce Au(III) to Au(0).



Liquid-liquid phase transfer synthesis: Pt nanoparticles

M. Brust et al.J. Chem. Soc. Chem. Com. 801 (1994)

PtCl6(TDA)2 

water 

Toluene 

Addition of the 

coating agent, 

(alkylamine) 

!"#$%&'"%()(
!"#$%&'"%())(

*'$+%,-#.( /"#012( 341",$-#.(

56'"(

Dnp around 2nm

A. Demortiere and C. Petit, Langmuir, 2007, 23, 857524

Transfer agent:
Tetrakis (decyl) ammonium bromide (TDAB)



Liquid-liquid Phase transfer method: shape 
controlled

C. Salzemann et al. Langmuir, 2012, 28, 4835-4841.Demortière A. et al. Analytical & Bioanalytical Chemistry, 2010, 397, 1485

!"#$%&'()*
+%'&()",$*

-#.,%'&()",$*
!"#$%&'()*
-#.(/**

-#.(*

01112*

01332*

01332*

Spherical nanoparticles

Nanocubes
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The borohydride ion spontaneously hydrolyzes in aqueous solution to give 
hydrogen as follows:

bath is kept under stirring for one night, then the nanocrystals are
extracted following the procedure described above. The final solution
contains the coated C12NH2-nanoparticles in toluene.
2.3. Environmental Effect. The synthesis of Pt/Pd NCs has been

performed either under oxygen (air flow) or in the absence of oxygen
(in a glovebox), under hydrogen atmosphere or under N2 flow. In this
last case, degassed solutions are used.
Hydrogen is naturally produced by the chemical reduction. To

perform the reaction under saturated H2 atmosphere, a closed screw
cap with three ports is used and the reducing and capping agents are
injected through a silicone septum. In order to see the influence of
hydrogen atmosphere on the nanoparticles, we performed the same
syntheses with open screw cap and by bubbling N2 into the chemical
bath, during and after the reduction, to drive out the hydrogen formed.
The same procedure is used for oxygen except that the syntheses are
made in open air under air flow.

3. RESULTS AND DISCUSSION
Reducing metallic salt by NaBH4 is a well-known method to
produce hydrogen. The borohydride ion spontaneously hydro-
lyzes in aqueous solution to give hydrogen as follows:

+ → +− −BH 2H O BO 4H4 2 2 2

This reaction is rather slow in pure water;21 however, the
presence of metal salts can catalyze or participate in this
decomposition yielding the formation of metallic particles.22

This last process is considerably faster.21 The chemistry of the
borohydride reduction of metal ions has been found to be quite
complex, and the nature of the products depends on the
experimental conditions,23 but in any case, H2 is one of the
products of the reaction. Indeed, there are at least 4 mol of H2
formed from 1 mol of NaBH4, which in turn could produce, in
a closed vessel, a high pressure of hydrogen.24 It is known that

H2 strongly interacts with noble metal as platinum and
palladium. This is one of the driving forces of their use in
catalysis and notably for fuel cells.10,11 Thus, we must ask
ourselves about the influence of H2, produced during the
reaction, on the structure of the metallic NCs formed from
colloidal chemistry (shape, size, and so forth). For that, we
develop a synthetic procedure, which allows us to focus on the
role of the dissolved gas on the morphology of platinum and
palladium NCs. It has been previously reported that synthesis
of cubic platinum NCs could not be achieved from colloidal
systems in the open air.16Continuously bubbling air (i.e., 20%
of O2) or nitrogen (under glovebox) in the chemical bath, using
an open vessel, allows us to drive out the hydrogen formed
during the reaction and then to compare the role of these two
gases. In a second step, operating under nitrogen glovebox and
working with degassed solutions in closed vessels allows us to
investigate, by comparison, the specific role of H2.

3.1. Synthesis of Platinum NCs in Open Air. Metallic
nanocrystals can be synthesized considering two procedures
(Figure 1): the capping agent (dodecylamine C12NH2) is added
either before (procedure I, Figure 1A) or one hour after (i.e.,
the ripening step) the addition of the reducing agent
(procedure II, Figure 1B). Figure 2 shows the coated Pt NCs
obtained after extraction and their redispersion in toluene.
They are synthesized in open air under oxygen flow. Faceted Pt
NCs characterized by a diameter of 1.8± 0.3 nm are obtained
from procedure I (Figure 2A and inset; Table1). Differently, in
procedure II, where the capping agent is added one hour after
the reduction, wormlike particles having the same cross-
sectional diameter of 1.8± 0.3 nm are observed (Figure 2B,
Table1). This is surprising, because in the liquid−liquid phase
transfer synthesis, adding the capping agent after the reducing

Table 1. Size and Size Distribution of Extracted Pt and Pd NCs Obtained from Procedure I and Procedure II in the Presence of
O2 and H2

Pt Pd

Air H2 Air H2

Proc I 1.8± 0.3 nm 2.3 ± 0.3 nm 1.9 ± 0.3 nm 3.0 ± 0.4 nm
Proc II 1.8± 0.3 nm 3.2 ± 0.5 nm 5.2 ± 0.9 nm 2.4 ± 0.5 nm

Figure 3. TEM and High Resolution TEM of seeds obtained after one hour of reduction, just before the addition of the capping agent. Pt seeds
obtained in open air under oxygen flow (A) and under Hydrogen (glovebox) (B) and Pd seeds obtained in open air under oxygen flow (C) and
under Hydrogen (glovebox) (D).

Langmuir Article

dx.doi.org/10.1021/la205023z | Langmuir 2012, 28, 4835−48414837
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High temperature synthesis: polyol process 

CoxPt100-x

Pt(acac)2 Co(oleate)2

Solvent
1-octadecene  

Oleic acid
(ligands)

Oleylamine
D
N2

Reflux

PolyolCo52Pt48 Co32Pt68

Reduction of Pt(acac)2 and Co(oleate)2
by 1,2 hexadecanediol

F. Kameche, Phys. Chem. Chem. Phys., 2015, 17, 28162

T=317°C

The mixture is refluxed during 
30 min and then cooled to 
room temperature

2.5 nm 2.9 nm

Synthesis of CoPt
nanoalloys



The particle size of the iron oxide nanocrystals (between 6 and 22 nm 
in diameter) is controlled by using various solvents with different 
boiling points

27A. Ngo et al. Phys. Chem. Chem. Phys., 2013, 15, 10666, R. Breitwieser et al. Small 2016, 12, 2, 220

Thermal decomposition
Synthesis of iron oxide

nanoparticles

Iron(oleate) 3 
+ Oleic acid  dissolved in 

organic solvent 
T=b.p of the solvent
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R-M(PPh3)n

Reduction of organometallic salt 

T=100°C D= 10.7 ± 0.7 nm 

T=100°C D= 5 ± 0.3 nm 

Cu NPs

Ag NPs

Au NPs

+ ligands
(alkylamine/alka

nethiols)

T=100°C T=50°C

A .Andrieux-Ledier, PhD thesis 2012 ; A .Andrieux-Ledier, B. Tremblay and A. Courty, JP, 117,14850 (2013)

A. Courty et col, Nanoscale, 2015, 7, 3189-3195;N. Goubet et al. 
J.P.C.lett. 5, 2011, 417



Reduction of organometallic salt: size control

10.7 nm (7%) 9.7 nm (8%) 3.5 nm (11%)

16:1                           Molar ratio of DDA to copper 8:1

100°C 80°C 50°C

8.7 nm (8%)

T 100°C
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Copper nanoparticles coated with dodecylamine



80°C50°C T100°C

The nature of the amine ligand influences the final size and shape of the CuNPs

7.4 nm (9%)

Courty et col, Nanoscale, 2015, 7, 3189-3195, Goubet et al. J.P.C.lett. 5, 2011, 417

Reduction of organometallic salt: size and  shape control

Copper nanoparticles coated with oleylamine
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Seed mediated growth : towards core –shell nanoparticles

Seed-mediated growth of Au@Ag NPs

1.4µM AuNPs
in  2 ml 
toluene 

150 µl (11mM ) silver oleylamine complex
(Ag(OLA)n) 

90 °C, 5 Hours

Ag(Shell)

Au

20 nm

D=5.1±0.4 nm
σ=7.8 %

Diameter (nm)

Co
un

ts

Bright Field
silver
gold

EELS
silver
gold

Dark Field
silver
gold

S. Lee1,, H. Portalès1, M. Waals2, J. Margueritat3, A.Courty1 submitted (2018)



Self-organizations or 
Nanoparticles at 2D and 3D

32



Where does this idea of self-organization?

From the nature!!

The color of the opal comes from the Bragg diffraction of the light by a regular network of silica particles
with 100-500 nm in diameter .

33

SEM image of silica NPs neatly arranged in 
natural opal

W.Li et al. Materials Chemistry and Physics 116 (2009) 164–168
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How to assemble Nanoparticles?
Self-assembly of nanoparticles to superlattices



Self-organization: influence of the size polydispersity

20 nm 20 nm

11 nm

g-Fe2O3

Co-precipitation Thermal décomposition

s = 6%s = 25%

Dr Anh-tu Nhgo (2013)
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Self-organization of nanoparticles: interparticle interaction

Different type of interactions govern the organization:

1) Van der Waals interaction (attractive)

2) Steric interaction (repulsive)
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which the interaction potential (Utotal) can be quantitatively 
estimated as the combined contributions from vdW attraction 
potential (UvdW) and steric repulsion potential (Usteric), 

U U Utotal vdW steric= +  (1)

Using Hamaker’s derivation,[39] the van der Waals interaction 
can be estimated between a pair of nanospheres with diameter 
(dcore) and nearest neighbor core-to-core distance (dNN), 
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where A is the Hamaker constant that depends on the polari-
zability of nanoparticle and surrounding medium. The steric 
repulsion depends on both ligand-solvent and ligand-ligand 
interactions.[40] In a good solvent, Usteric can be calculated by 
employing de Gennes’ expression,[41]
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where h0 is the ligand brush thickness and σ is the diameter 
of the circular footprint occupied by a single ligand on the  

nanoparticle surface. The total interaction 
potential is a balance between van der Waals 
and steric hindrance potentials, depending on 
the various parameters in Equations (2) and 
(3), including the diameter and composition of 
nanoparticle, as well as the length and confor-
mation of soft ligands. In addition, other types 
of forces can also influence superlattice forma-
tion, such as electrostatic attraction/repulsion 
between surface-charged particles,[42] perma-
nent magnetic moments between semicon-
ducting nanoparticles[10,43] and Watson-Crick 
base-pairing interaction from DNA-capped 
nanoparticles.[2,44–47] It is important to have 
these forces considered carefully when 
designing nanoparticle superlattices.

2.2. Entropic Spring Model

The soft ligand-based superlattices usually 
formed in a drying-mediated self-assembly 
process, in which Cheng et al. proposed the 
entropic spring model.[48] In a drying-medi-
ated self-assembly of organically-capped nan-
oparticles, their organic corona must deform 
dynamically during dewetting process due 
to surface tensions. Using single stranded 
DNA (ssDNA) capped gold nanoparticles as 
a model system (Figure 2a), two dimension-
less groups, the softness, χ and deformation 
parameter, λ were defined, 

2 /0h dcoreχ =  (4)
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where dcore is the diameter of nanospheres and dNN is nearest 
neighbor core-to-core distance of nanospheres. With this defini-
tion, the typical softness for ssDNA-capped gold nanoparticles 
is between 0.6 and 5.1, which is a much wider range than that 
for alkyl-capped nanoparticles (0.3–0.8). For the typical polysty-
rene-capped gold nanoparticles reported recently,[49] the soft-
ness value can be achieved with a value between 1.6 and 2.5 
using commercially available thiolated polystyrenes.

DNA molecules can form a brush like layer on highly curved 
nanoparticle surfaces – a situation similar to 2D solid surface 
but follow a different scaling law. Based on the two dimension-
less groups defined, an entropic spring model could be derived 
by assuming organic capping ligands as molecular springs and 
applying brush polymer theory,[50]
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where b is the Kuhn length, kB is the Boltzmann constant, T is 
temperature, γ is scaling constant (including excluded volume 
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Figure 1. Schematic summary of various nanoparticle superlattices assembled from libraries 
of soft-ligand capped nanocrystals using molecule-based, DNA-based and polymer-based 
assemblies. Reproduced with permission.[10–12,18,20,21,79,120,133,135,138,144,171–177] Copyright 1998, 
2001, 2006, 2007, 2009, 2010, 2011, 2013, Nature Publishing Group. Copyright 2008, 2011, 
2014, American Chemical Society. Copyright 2010, 2013, John Wiley and Sons. Copyright 2006, 
The American Association for the Advancement of Science.
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which the interaction potential (Utotal) can be quantitatively 
estimated as the combined contributions from vdW attraction 
potential (UvdW) and steric repulsion potential (Usteric), 

U U Utotal vdW steric= +  (1)

Using Hamaker’s derivation,[39] the van der Waals interaction 
can be estimated between a pair of nanospheres with diameter 
(dcore) and nearest neighbor core-to-core distance (dNN), 
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where A is the Hamaker constant that depends on the polari-
zability of nanoparticle and surrounding medium. The steric 
repulsion depends on both ligand-solvent and ligand-ligand 
interactions.[40] In a good solvent, Usteric can be calculated by 
employing de Gennes’ expression,[41]
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where h0 is the ligand brush thickness and σ is the diameter 
of the circular footprint occupied by a single ligand on the  

nanoparticle surface. The total interaction 
potential is a balance between van der Waals 
and steric hindrance potentials, depending on 
the various parameters in Equations (2) and 
(3), including the diameter and composition of 
nanoparticle, as well as the length and confor-
mation of soft ligands. In addition, other types 
of forces can also influence superlattice forma-
tion, such as electrostatic attraction/repulsion 
between surface-charged particles,[42] perma-
nent magnetic moments between semicon-
ducting nanoparticles[10,43] and Watson-Crick 
base-pairing interaction from DNA-capped 
nanoparticles.[2,44–47] It is important to have 
these forces considered carefully when 
designing nanoparticle superlattices.

2.2. Entropic Spring Model

The soft ligand-based superlattices usually 
formed in a drying-mediated self-assembly 
process, in which Cheng et al. proposed the 
entropic spring model.[48] In a drying-medi-
ated self-assembly of organically-capped nan-
oparticles, their organic corona must deform 
dynamically during dewetting process due 
to surface tensions. Using single stranded 
DNA (ssDNA) capped gold nanoparticles as 
a model system (Figure 2a), two dimension-
less groups, the softness, χ and deformation 
parameter, λ were defined, 
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where dcore is the diameter of nanospheres and dNN is nearest 
neighbor core-to-core distance of nanospheres. With this defini-
tion, the typical softness for ssDNA-capped gold nanoparticles 
is between 0.6 and 5.1, which is a much wider range than that 
for alkyl-capped nanoparticles (0.3–0.8). For the typical polysty-
rene-capped gold nanoparticles reported recently,[49] the soft-
ness value can be achieved with a value between 1.6 and 2.5 
using commercially available thiolated polystyrenes.

DNA molecules can form a brush like layer on highly curved 
nanoparticle surfaces – a situation similar to 2D solid surface 
but follow a different scaling law. Based on the two dimension-
less groups defined, an entropic spring model could be derived 
by assuming organic capping ligands as molecular springs and 
applying brush polymer theory,[50]
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where b is the Kuhn length, kB is the Boltzmann constant, T is 
temperature, γ is scaling constant (including excluded volume 
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Figure 1. Schematic summary of various nanoparticle superlattices assembled from libraries 
of soft-ligand capped nanocrystals using molecule-based, DNA-based and polymer-based 
assemblies. Reproduced with permission.[10–12,18,20,21,79,120,133,135,138,144,171–177] Copyright 1998, 
2001, 2006, 2007, 2009, 2010, 2011, 2013, Nature Publishing Group. Copyright 2008, 2011, 
2014, American Chemical Society. Copyright 2010, 2013, John Wiley and Sons. Copyright 2006, 
The American Association for the Advancement of Science.

where A is the Hamaker constant that depends on the
polarizability of nanoparticle and surrounding medium.
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which the interaction potential (Utotal) can be quantitatively 
estimated as the combined contributions from vdW attraction 
potential (UvdW) and steric repulsion potential (Usteric), 

U U Utotal vdW steric= +  (1)

Using Hamaker’s derivation,[39] the van der Waals interaction 
can be estimated between a pair of nanospheres with diameter 
(dcore) and nearest neighbor core-to-core distance (dNN), 
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where A is the Hamaker constant that depends on the polari-
zability of nanoparticle and surrounding medium. The steric 
repulsion depends on both ligand-solvent and ligand-ligand 
interactions.[40] In a good solvent, Usteric can be calculated by 
employing de Gennes’ expression,[41]
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where h0 is the ligand brush thickness and σ is the diameter 
of the circular footprint occupied by a single ligand on the  

nanoparticle surface. The total interaction 
potential is a balance between van der Waals 
and steric hindrance potentials, depending on 
the various parameters in Equations (2) and 
(3), including the diameter and composition of 
nanoparticle, as well as the length and confor-
mation of soft ligands. In addition, other types 
of forces can also influence superlattice forma-
tion, such as electrostatic attraction/repulsion 
between surface-charged particles,[42] perma-
nent magnetic moments between semicon-
ducting nanoparticles[10,43] and Watson-Crick 
base-pairing interaction from DNA-capped 
nanoparticles.[2,44–47] It is important to have 
these forces considered carefully when 
designing nanoparticle superlattices.
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formed in a drying-mediated self-assembly 
process, in which Cheng et al. proposed the 
entropic spring model.[48] In a drying-medi-
ated self-assembly of organically-capped nan-
oparticles, their organic corona must deform 
dynamically during dewetting process due 
to surface tensions. Using single stranded 
DNA (ssDNA) capped gold nanoparticles as 
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parameter, λ were defined, 
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where dcore is the diameter of nanospheres and dNN is nearest 
neighbor core-to-core distance of nanospheres. With this defini-
tion, the typical softness for ssDNA-capped gold nanoparticles 
is between 0.6 and 5.1, which is a much wider range than that 
for alkyl-capped nanoparticles (0.3–0.8). For the typical polysty-
rene-capped gold nanoparticles reported recently,[49] the soft-
ness value can be achieved with a value between 1.6 and 2.5 
using commercially available thiolated polystyrenes.

DNA molecules can form a brush like layer on highly curved 
nanoparticle surfaces – a situation similar to 2D solid surface 
but follow a different scaling law. Based on the two dimension-
less groups defined, an entropic spring model could be derived 
by assuming organic capping ligands as molecular springs and 
applying brush polymer theory,[50]
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where b is the Kuhn length, kB is the Boltzmann constant, T is 
temperature, γ is scaling constant (including excluded volume 
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Figure 1. Schematic summary of various nanoparticle superlattices assembled from libraries 
of soft-ligand capped nanocrystals using molecule-based, DNA-based and polymer-based 
assemblies. Reproduced with permission.[10–12,18,20,21,79,120,133,135,138,144,171–177] Copyright 1998, 
2001, 2006, 2007, 2009, 2010, 2011, 2013, Nature Publishing Group. Copyright 2008, 2011, 
2014, American Chemical Society. Copyright 2010, 2013, John Wiley and Sons. Copyright 2006, 
The American Association for the Advancement of Science.
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effects), f is the applied force and σ is the grafting density of 
ligand. This equation predicts that the deformation parameter 
is solely dependent on the particle softness when the applied 
force is constant and solely dependent on the applied force 
when the particle softness is fixed.

This model was proved by using Synchrotron-based small-
angle X-ray scattering (SAXS) which enabled real-time moni-
toring dynamic crystallization process of ssDNA-capped gold 
nanoparticles (Figure 2b). The full picture of temporal process 
was revealed by monitoring the entire self-assembly process. 
The softness, χ, could be estimated from dynamic light scat-
tering (giving overall dimensions) and transmission electron 
microscopy (giving core size). The deformation parameter, 
λ, could be estimated from the value of nearest neighboring 
spacing, dNN which could be calculated from Synchrotron-
based SAXS pattern. It appears that the model is generic, 
applicable to alkyl-capped gold nanoparticles and stretched 
DNA-nanoparticle superlattices, and anisotropic nanowire 
assemblies.[51,52]

2.3. Complementary Contact Model

The above two theory models can be used to explain well the 
thermodynamics and kinetics of drying-mediated self-assembly 
of organically-capped inorganic nanoparticles. Departing from 
this, DNA can serve as a unique programmable ligand due to 
their unique Watson-Crick base-pairing interactions, leading 
to a number of interesting superlattice structures.[7,53] In gen-
eral, multiple forces exist between DNA-capped nanoparticles, 
including Watson-Crick base pairing forces, pi-pi stacking 
interactions, van der Waals (vdWs) attractions, and electro-
static repulsive forces. The latter two often play a negligible 
role, especially when long DNA ligand is used. Hence, under 
aqueous buffered environments, DNA base-pairing forces play 
a critical role in superlattice growth, which could be controlled 
by ionic strength and/or annealing temperature.[45]

A complementary contact model (CCM) was proposed for 
DNA-based nanoparticle superlattice growth in aqueous buff-
ered conditions.[7] In this model, complementary DNA sticky 

Adv. Sci. 2018 , 5 , 1700179

Figure 2. Design principles to soft-ligand based nanoparticle superlattices. a) Scheme for the deformation of soft-corona nanoparticles in soft-crys-
tallization. b) Probing of soft crystallization using in situ SAXS demonstrates the continuous deformation of corona. Reproduced with permission.[48]  
c) Scheme of DNA-capped hydrodynamic nanoparticle in complementary contact model. The spherical cap represent overlapped portion of corona with 
adjacent nanoparticle. d) Illustration of design rule (3) that nanoparticles with same hydrodynamic size form similar superlattice structure. e) Phase 
diagram shows predictable superlattice structure by controlling core size and DNA ligand ratio. Each coloured domain denotes the specific superlat-
tice structure. The dots represent the superlattice obtain in experimental. Reproduced with permission.[7] Copyright 2011, Nature Publishing Group.
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Self-organization of nanoparticles: interparticle interactions 
and solvent effects

P. C. Ohara, D. V. Leff, J. R. Heath, and W. M. Gelbart. Phys. Rev. Lett., 75(19) :3466–3469,1995.

N. Goubet, J. Richardi, P.A. Albouy, and M.P. Pileni. Adv. Funct. Mater., 21(14) :2693–2704, 2011.

The van der Waals interactions, which are attractive, are highly dependent 
on the size of the interacting nanoparticles.



Self-organization of nanoparticles: solvent effects

2nm CoPt nanoalloys deposited on amorphous carbon TEM grid, 
coated by dodecylamine and dispersed in :
(A)Hexane (Tboiling = 68°C; viscosity = 0.3 mPa.s )
(B) 1-Phenyl-octane (Tboiling = 261°C; viscosity  = 1.5 mPa.s )
(C)Toluene (Tboiling= 111°C, viscosity =0.6 mPa.s )

Ø The high viscosity of phenyl-octane hinders the diffusion of the NC at the surface in 
addition to the interdigitation between the ligands chains

Ø With toluene (a bad solvent of the capping chains) the inter-particles interactions are 
more attractive than in hexane yielding some aggregation in solution
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Self-organization of nanoparticles: steric interaction effect

Control of the interparticle distance between 
gold nanoparticles by tuning the alkyl chain 

lenght

Modulation of interaction potential by 
varying the alkyl chain length of coating agent 

of 10 nm maghemite NPs

Y. Lalatonne, J. Richardi, and M. P. Pileni.. Nat. Mater. 3(2) :121–125, 2004. J. E. Martin, J. P. Wilcoxon, J. Odinek, and P. Provencio.. J. Phys. Chem. B,
104(40) :9475–9486, 2000.



Hexane

Toluene
AgC10
5nm  

AgC12
5nm 

Hexane

Toluene

T = 50° C

2 to 10 µm

20 
to 100 µm

~ 2 µm

5 
to 50 µm

40A.Courty et coll, Chem Mater 2016,  DOI: 10.1021/acs.chemmater.6b01374

Self-organization of nanoparticles: interparticle 
interaction and solvent effects
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63 nm 63 nm

HOPG
2D hexagonal network

Amorphous carbon 

Ø Change in the compactness of the film due to a 
change of the wettability of the substrate. 

Ø The hydrophobicity of the substrates increases with 
its roughness.

Solvent hexane

5nm AgC12 NCs

Self-organization of nanoparticles: substrate effects

M.P. Pileni, Y. Lalatone, D. Ingert, I. Lisiecki and A. Courty, Faraday Discussion, 125, 251- (2004).



Self-organization of nanoparticles: interparticle interaction 
effects

2nm CoPt nanoalloys

HOPG

Ø This decrease in the ordering compared to assemblies of AgNCs
is due to a decrease in the interaction  energy with the size of the 
NCs
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TBAB

Ø The presence of PPh3 in hexane 
leads to an attraction between 
the nanocrystals which is 
favorable for SL growth in 
solution. In toluene the 
interaction potential becomes 
even more attractive

NO3Ag(PPh3) +   

Calculation from a Flory-type model of the interaction potential between silver NCs

Self organization of nanoparticles: role of the solvent and by 
products

A.Courty et coll, Chem Mater 2016,  DOI: 10.1021/acs.chemmater.6b01374

ring with sharp diffraction spots (Figure 7A,B) stemming from
the silver nanocrystals building the superlattices that are
oriented differently with respect to one another inside the 3D
assembly. This can be explained by the fact that the crystalline
structure of the silver NCs corresponds to a mixture of fcc and
multiply twinned nanocrystals (Figure S2). No specific
interaction between NC facets is thus expected.50

To understand why we have homogeneous SL growth in
hexane in contrast to previous theoretical predictions,24 we
have studied the influence of reaction products coming from
the synthesis process on the interaction potential between silver
nanocrystals. According to the literature, impurities can indeed
influence the mode of crystal growth of silver.17,18 The first
reaction product to consider is triphenylphosphine (PPh3),
which comes from the decomposition of the metallic precursor
during the NC synthesis. We have indeed shown in a previous
article that PPh3 could play the role of ligand but was replaced
by thiols during the NC growth.42 Furthermore, by UV−visible
and infrared spectroscopies, we have shown that at the end of
the synthesis there remained very little triphenylphosphine
adsorbed on the NC surface. The triphenylphosphine having
been replaced by the thiol is free in the colloidal solution. PPh3
is indeed soluble in both hexane and toluene as solvent.51,52

We have thus calculated from a Flory-type model the
interaction potential between the silver NCs in the function of
the PPh3 amount adsorbed on the NC surface or dispersed in
solution.24 The interaction potential was defined as the sum of
the van der Waals attraction between the metallic cores of the
particles, the free energy of mixing of the ligands, and the elastic
compression of the ligands. The equations were taken from ref
53 and were recently successfully used to understand the self-
assembly of gold nanocrystals.24,53 The details of the interaction
parameters are given in the Supporting Information.
The calculated interaction potentials for different solvents,

hexane, toluene, and a mixture of toluene or hexane with
triphenylphosphine, are reported in Figure 8. We observe
clearly that the interaction between silver nanocrystals coated
with dodecanethiol in pure hexane is purely repulsive, whereas
it is attractive in toluene. Similar results were obtained for
decanethiol (see Figure S3). This result excludes homogeneous
growth of SLs in pure hexane.
Figure 8 also shows that the presence of PPh3 in hexane

solution may lead to an attraction between the nanocrystals,
which is favorable for SL growth in solution. In toluene, the

interaction potential becomes even more attractive. This is
explained by the large Hildebrand parameter of the
triphenylphosphine. However, attraction in hexane occurs
only at very high concentration of PPh3 in the solvent.
Nevertheless, the solvent evaporation induces an increase of
PPh3 concentration at the interface where the nucleation of the
SLs could initially take place. To verify that the very small
amount of PPh3 adsorbed on the nanocrystal surface does not
influence the nanocrystal organization, we have also calculated
the interaction potential between silver nanocrystals as a
function of the amount of PPh3 adsorbed. Figure S4 shows
clearly that the interaction potential in hexane becomes
attractive for ratios between PPh3 and thiols higher than 50%.
Furthermore, the interaction potential in toluene becomes
repulsive for such a ratio (Figure S5). These results confirm
that only PPh3 dispersed in the solvent may explain the
modification of the SL growth mode observed in this work.
To confirm experimentally the role of triphenylphosphine on

the SL growth mode, we washed the colloidal solution with
acetone (see Experimental Section) to remove all triphenyl-
phosphine. The solubility of PPh3 in acetone is indeed nine
times higher than in ethanol.51 The NCs after washing by
acetone are then dispersed in hexane. After deposition of the
new solution through method 1, SEM images show uniform 3D
films of a few μm covering most of the substrate (Figure 9A,B).
The visible cracks are due to evaporation of the solvent. The
SAXRD pattern (Figure S6A) corresponds to diffraction from a
uniaxially oriented assembly of fcc superlattices with the [111]
axis of each superlattice being perpendicular to the substrate.
These observations are in agreement with a heterogeneous
layer-by-layer growth.21 The solution of silver NCs washed by
acetone is thereafter evaporated, and the NCs are dispersed in a
saturated PPh3 hexane solution. After deposition of the new
solution through the same method 2, the SEM images again
show the formation of single well-shaped superlattices (Figure
9C,D). The SAXRD pattern shows rings attributed to randomly
misoriented SLs (Figure S6B). These experiments were
repeated reproducibly several times.
Similar experiments were performed by using deposition

method 1, which combines TEM and energy-dispersive X-ray
spectroscopy (EDS) measurements to obtain quantitative
information on the chemical composition of the deposition
(Figure 10). We again observe that the SL growth is clearly
directed by the concentration of PPh3 in the solvent. A

Figure 7. Nanobeam electron diffraction from a 3D superlattice made
of silver nanocrystals (6 nm in diameter and coated by
dodecanethiols). (A) Experimental electron diffraction pattern from
the superlattice cross section in Figure 4B. (B) Inverted electron
diffraction pattern from the silver nanocrystal in the superlattice
exhibiting diffuse rings with spots (left). Simulated diffraction pattern
for silver structure with the most intense (111) ring (right) matching
perfectly the experimental diffraction pattern. (C) Diffraction around
the (00) spot (marked with the orange rectangle in A) stemming from
the superlattice arrangement of the individual silver nanocrystals,
consistent with observation along the [101] zone axis in an fcc crystal.

Figure 8. Interaction potential between two silver nanocrystals (5 nm
in diameter) coated by dodecanethiols in different solvents (toluene,
hexane, and mixtures of hexane or toluene and phosphine). All
potentials are calculated at 25 °C.

Chemistry of Materials Article

DOI: 10.1021/acs.chemmater.6b01374
Chem. Mater. XXXX, XXX, XXX−XXX
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addition of 
saturated
PPh3 
hexane 
solution

AgC12 NPs
washed by 
acetone and 
dispersed in 
pure  hexane 
solution (No 
more PPh3)

Ag5nmC12

A.Courty et coll, Chem Mater 2016,  DOI: 10.1021/acs.chemmater.6b01374

Self organization of nanoparticles: role of the solvent 
and by products
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Self-Organization : Influence of the NP morphology &crystallinity

truncated 
octahedron cuboctahedron decahedron icosahedron

single domain NCs multiply twinned particles

The NP morphology, which depends on crystallinity, can influence the ability of NPs to interact
with neighboring NPs and to self-assemble in close-packed superlattices

Ø Larger facets in single domain NCs compared to those in MTPs

Ø Larger facets è stronger NP-NP interactions 



46Y. Wan, H. Portalès, N. Goubet, A. Mermet and M.P. Pileni Nano Research 6, 611-618 (2013)

200 μm

Colloidal solution of
Au tetradecanethiol-coated NCs

evaporated in a beaker

deposition and self-organization
of nanocrystals on a Si wafer

5 μm

truncated-
tetrahedral

colloidal
crystals

5 μm

nanocrystal film 
with irregular 

outlines

-300     -200      -100         0         100       200       300-300 -200 -100 0 100 200 300

˚

˚

˚

˚

Raman shift (GHz)

In
te

ns
ity

 (a
rb

itr
ar

y 
un

its
)

-300 -200 -100 0 100 200 300

˚

˚

˚

˚

-300     -200      -100         0         100       200       300
Raman shift (GHz)

In
te

ns
ity

 (a
rb

itr
ar

y 
un

its
)

single domain NCs

mono- and polycrystalline NCs

Self-Organization : Influence of the NP crystallinity
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Self-Organization : Influence of the NP crystallinity

20 nm

20 nm

20 nm
Polycrystals (PC)single crystals (SC) 

High resolution optical microscopies for studying the formation 
of Ag superlattices

Collaboration with the ITODYS laboratory F.Kanoufi, C.Combellas J.F Lemineur



Self-Organization : Influence of the NP shape
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Assemblies of Pt nanoparticles

Face centered cubic  3D arrangement Simple cubic  3D arrangement

Truncated nanocubes nanocubes



5 
nm

Face centered cubic  3D superlattices Simple cubic 3D superlattices

Self-Organization : Influence of the NP shape

Chan H. et al. ACS Nano  (2012) 6 , 4203

Truncated nanocubes nanocubes
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Assembly methods

Anticapillary tweezer

Nanocrystal solution

TEM grid

Nanocrystal solution

TEM Grid
paper

HOPG substrate

Water circulation at 
a controlled 
temperature

N2
N2

Nanoalloys for fundamental energy to application, (2013), Ed. by F. Calvo CNRS and University of Lyon, France, Elsevier,. H. Brune, A. 
Courty, C. Petit, V. Repain
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Fabrication of colloidal crystals
Made of ferrite NPs 12.7 nm in diameter
by a co-evaporation method «bad solvent»

5 µm
100 nm

Ø Well-facetted fcc colloidal
crystals of size reaching 2.4 
µm, with various
morphologies including
triangles and  hexagons

Assembly methods

A-T Ngo, S. Costanzoa, P-A Albouy, V. Russier, S. Nakamae, J. Richardi,, I. Lisiecki Colloids and Surfaces A 560 (2019) 270–277 
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Crystalline structure of nanocrystal 3D organizations
Self-assembled colloidal NPs can reprint the same structure as colloidal atoms

BCC

FCC

HC

In blue the planes of highest 
density in lattices

Typical SAXRD patterns
Obtained in the case of Ag NP 

superlattices
Typical sphere packing

A.I.Henry, A.Courty, P.A.Albouy, J.Israelashivili, and M.P. Pileni Nanoletters 8, 2000 (2008)
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1700179 (16 of 22) © 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Adv. Sci. 2018 , 5 , 1700179

Figure 9. a) Different crystal lattice structures obtained using DNA ligands. By varying the DNA length, sequence, nanoparticle size and number of 
cores, a variety of different crystal structures can be obtained. Reproduced with permission.[7] Copyright 2011, Nature Publishing Group. b) Assembly of 
nanoparticles on vertex of the tetrahedral origami cage with/without an additional nanoparticle, leading to the formation of f.c.c and diamond lattices. 
Reproduced with permission.[164] Copyright 2016, The American Association for the Advancement of Science. c) Transmutable nanoparticles and their 
activation pathways. Reproduced with permission.[168] Copyright 2016, The American Association for the Advancement of Science.
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Tuning of the crystalline structure of Nanoparticle 3D 
organizations

A.I. Henry, et al  Nanoletters 8, 2000 (2008) A.Courty, J.Phys.ChemC., 1114,3719, 2115, (2010). A. Courty, et al. 
Chem.Mater, 23, 4186-4192 (2011). 
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Self-Organization : periodical arrangement of nanocrystals of different 
nature and/or size (Binary nanocrystals superlattices, BNSLs)

Two important parameters can determine the 
possibility of formation of BNSLs with A and B 
components differing by their size: 

• The size ratio g = RB/RA  with RA > RB
• The stoichiometry x = nB/(nA+nB). 

For capped nanoparticle with length L of the 
hydrocarbon chain: 

gL =(RB+LB)/(RA+LA). 
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AlB2NaCl

a
.

100 nm

NP1 NP2
Concentration

(5x10-7 M)
Effective size 

ratio 
(NP2/NP1)

Structure

Fe2O3 (12.4nm, C12)

Au(4.6nm, C12) 1:4 

0.46 NaCl+AlB2

Fe2O3 (11.4nm, C18) 0.49 AlB2

Fe2O3 (7.9nm, C18) 0.66 NaZn13

NaZn1
3
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AlB
2

b
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100 
nm

Self-organization: Control of crystalline structure with different 
effective size ratio (Fe2O3-Au)

S. Lee, A. Ngo, I.Lisiecki and A. Courty, to be published
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zoom
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Self-organization: 3D BNSLs of NaZn13 structure (Fe2O3-Au)
Long range organisation confirmed by HR-SEM

S. Lee, A. Ngo, I.Lisiecki and A. Courty, to be published
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Self-organization of core-shell Ag@Pt and Ag@Pd NPs

Ag Pt Pd

S. Hadaoui, Y. Yinan, S.Salzemann and A. Courty, to be published
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Electro-catalytic activity of core-shell Ag@Pt NP 3D organizations

voltammetry	(50mV/s)	of	proton	reduction	on	Ag@Pt2	SCs.

SCs appear to be active for the electro-catalytic reduction of H+

Collaboration between Monaris and ITODYS laboratories: C.Combellas A.Courty S.Hadaoui, F.Kanoufi nJ.F.leminuer, C.Salzemann (2019)

H2g
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Self-oragnized nanocrystals are stable during annealing while they
coalesce when isolated

50nm

50nm

25nm

Ta: 300°C

I. Lisiecki, S.Turner, S.Balls, M.P.Pileni and G.Van Tendeloo. Chem. Mat.,  21, 2335  (2009)

Air annealing of cobalt nanocrystals
Effect of the organization
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Modulation of the magnetic interaction by the control of magnetic dipolar 
interaction in the mesostructure of the BNSL

g-Fe2O3@OA / Mo132@DODA

SAXS

Ø structuring effect of the POMs.
SAXS

Ø decrease of the 
blocking
temperature of 
10%. (decrease
of dipolar
interaction)

R. Breitwieser, et al.. Small, Wiley-VCH Verlag, 2016, 12 (2), pp.220-228. 
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Conclusions

Colloidal chemistry is a powerful and versatile tool for synthesizing 

inorganic nanocrystals of controlled size, composition and shape.

Nanocrystals are elementary bricks allowing the construction of 

more elaborate materials by 2D and 3D self-assembly

These colloidal supercrystal have intrinsic 

properties that allow new physical 

properties to be considered
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