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Introduction

Self-organization of entities into two-dimensional (2D) or three-dimensional (3D)
materials, forming highly ordered structures such as atoms in bulk materials, cati-
ons and anions in salts, and organic molecules in biological materials, is rather
basic. For instance, the gem opal assembled from silica spheres with a closely packed
locally periodic structure under moderate compression in geology; the crystal of the
tobacco mosaic virus in biological systems. When referring to science and technol-
ogy, self-organization with a multitude of tunable parameters, such as the types of
building blocks, the assembly driving force as well as potential applications of these
assembled architectures, has attracted a broad interest among countless chemists,
biologists, and physicists. Hence, self-assembly of objects into ordered functional
superstructures is a universal process and a prevalent topic in science.

In this book, we concentrate our efforts on self-assemblies of metal nanocrystals.
The nanocrystal size is in the range from 2 to 13nm. To keep their integrities, these
metal nanocrystals are coated with various organic molecules. The size distribution
of the nanocrystals used here is rather low. Nanocrystals are dispersed in solution.
The produced colloidal solution is optically clear and colored. The difference
between nanoparticles and nanocrystals is related to the crystallinity of the core.
Hence, the core of nanoparticles is amorphous, whereas that of nanocrystals is crys-
talline. This latter term does not take into account the ordering mode of atoms in the
core (single domain or polycrystal). The crystalline structures of nanocrystals called
nanocrystallinity permit to differentiate between single domain and polycrystal but
not the crystalline phase. As matter of fact, single domain is a generic name and
corresponds to various crystalline phases such as face-centered-cubic (fcc),
hexagonal-close-packed (hcp), and body-centered-cubic (bcc) structures. For Co
nanocrystals, the e-phase exists at the nanoscale. Either by slow solvent evaporation
of the colloidal solution or by keeping it under saturated solvent atmosphere (the
solvent needs to be a bad solvent for the alkyl chains), nanocrystals tend to self-
assemble either as films or as aggregates. A careful characterization shows that both
films and aggregates are usually assembled in 3D superlattices called colloidal crys-
tals, supercrystals, or supracrystals. When the distribution of nanocrystals is random
without regular order, the films and aggregates are considered as amorphous.
All over these chapters, the building blocks of 3D superlattices are in the size range

xiii
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between 5 and 10 nm. Similar crystalline structures are obtained in nature. However,
the particle sizes (most of the cases ferrite) are in the range of micrometers. In
Chapter 1, syntheses of nanocrystals with low size distribution are described.
Chapter 2 shows some properties of nanocrystals differing by their nanocrystallin-
ity. It has not been possible to control the nanocrystallinity of all the metal nanocrys-
tals studied. This is due to the techniques used (soft chemistry) to produce
nanocrystals. Here, we concentrate on the final structures of Co nanocrystals sub-
jected to oxygen and differing by size and nanocrystallinity. Such diffusion processes
in metal have been largely studied with bulk metal and nowadays at the nanoscale.
This process is called nano-Kinkerdall effect. Hence, with e-phase, whatever be the
nanocrystal size, CoO hollow nanocrystals are produced. With amorphous, fcc, and
hcp Co nanocrystals, various final structures are produced such as Co oxide (CoO),
shell or yolk/shell structures with CoO shell, and CoO hollow structures, whereas
the Co cores keep the crystalline structure they had before oxygen treatment. Some
physical properties of metal nanocrystals differing by their nanocrystallinities are
described: the localized surface plasmon resonance of Au nanocrystals and the
acoustic breathing mode of Au and Co nanocrystals do not depend on the nanocrys-
tallinity. Conversely, the fundamental quadrupolar mode of single-domain Au
nanocrystals split, whereas the polycrystalline counterpart does not. Such splitting
will be used all over the book chapters as a tool to identify a large collection of
nanocrystals differing by their nanocrystallinities. In Chapter 3, the various assem-
blies obtained by solvent evaporation of Au colloidal solution are described. It is
shown that the coating agents, the nanocrystal size, solvent vapor pressure, and
temperature play key roles in the final crystalline structures and in the interparticle
distances of the 3D superlattices. Chapter 4 shows that by keeping the colloidal
solution under solvent saturation during several days, simultaneous crystal growth
process takes place: a 3D superlattice film at the solvent-air interface and shaped 3D
superlattices precipitated are produced. Such simultaneous 3D superlatticesgrowth
processes are produced if the solvent of the colloidal solution has to have a large
surface tension as the air-solvent interface and be a bad solvent for the alkyl chain
used as coating agent. Very surprisingly, in Chapter 5, it is shown that crystalline
structure of colloidal crystals keeps the memory, after evaporation, of the solvent
used to disperse Ag nanocrystals. Hence, by tuning the solvent used to disperse
nanocrystals, coating agents of nanocrystals, and temperature of solvent evapora-
tion, i.e. solvent volatility, various crystalline structures such as fcc, bee, and hep can
also be tuned. Finally, keeping the colloidal solution under solvent saturation dur-
ing several days, simultaneous crystal growth process takes place: a 3D superlattice
film at the solvent-air interface and shaped 3D superlattices precipitated are pro-
duced, which will be discussed in Chapter 4. To produce such segregation, the sol-
vent of the colloidal solution has to have a large surface tension as the air-solvent
interface and be a bad solvent for the alkyl chain used as coating agent. Chapter 6
shows that, by slow solvent evaporation of a magnetic colloidal solutions under
magnetic field, long superimposed cylinders with a very regular structure are
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produced when the applied field is parallel to the substrate. Such mesoscopic struc-
tures are obtained when the distance between nanocrystals is very short. The con-
trol of interparticle distance between nanocrystals through the coating agent
permits the control of the mesoscopic structure from superimposed cylinders to
undulated films. When the applied field is perpendicular to the substrate, dots and
labyrinths are produced. The difference between these two last structures is related
to the size distribution of nanocrystals, i.e. with nanocrystal ordering: With highly
ordered structures, dots are produced, whereas labyrinths are obtained with build-
ing blocks having a large size distribution. This is attributed to the fact that the stiff-
nesses of 3D superlattices are larger than amorphous mesoscopic structure. This
was confirmed by the mechanical properties described in Chapter 12. Chapter 7
shows that by using nanocrystals having two well-defined sizes, their assemblies,
governed by hard sphere interactions, favor the formation of a very large variety of
3D superlattice crystalline structures such as NaCl, AlB,, NaZn,3, and Laves phase
(MgZn,, MgCu,, MgNi,) structures. However, either through ligand exchange of the
coating agent used to coat the nanocrystals, by using ferromagnetic nanocrystals, or
by adding surfactant molecules, quasi-3D superlattices are produced. The driving
force involved in the formation of quasi-3D superlattices remains an open question.
Furthermore, the nanocrystallinity of nanocrystals involved in binary systems and
the relative amount of small and large nanocrystals also play a role in the final struc-
ture. In some experimental conditions, 3D superlattices characterized by very stable
vicinal surfaces are produced. Very surprisingly, Chapters 8 and 9 show analogies
between atomic crystals and 3D superlattices. The atoms are replaced by (uncom-
pressible) nanocrystals and atomic bonds by coating agents (carbon chains) that act
like mechanical springs holding together the nanocrystals. These analogies are
observed in the crystal growth processes, magnetic responses as well as vibrational
processes. Hence, similar crystalline structures are obtained with 3D superlattices
and atomic crystals. Furthermore, nanocrystals breath coherently in a 3D superlat-
tice as atoms in a nanocrystal. Longitudinal propagation waves are observed in thin
3D superlattice film deposition on a substrate as well as thin atomic crystals grown
on a wafer. Chapter 10 points out the importance of the coating agents on the
nanocrystal ability to self-assemble in 3D superlattices and on their stabilities.
Chapters 11 and 12 point out many of intrinsic properties due to the nanocrystal
ordering in 3D superlattices. Hence, mild annealing of an assembly of nanocrystals
induces epitaxial growth of triangular single atomic crystals. Their sizes are directly
correlated to the coherence length of the nanocrystal assemblies. Furthermore,
electronic transport properties through very thick 3D superlattices are observed by
scanning tunneling microscopy and spectroscopy at 5K. The mechanism of such
unexpected process remains an open question. The magnetic properties governed
by dipolar interactions are pointed out. The mechanical properties of 3D superlat-
tices depend on their growth processes, the crystalline structure of nanocrystals
used as building blocks, and the material used (Co, Au, Ag nanocrystals). In
Chapter 13, we describe cracks of nanocrystal films as observed in nature, paintings,
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etc. It is shown that, in the range of few nanometers to centimeters, the surface of
the cracks linearly depends on the thickness of the film. This is probably similar in
nature and paintings but difficult to search. Finally, from Chapters 14 to 16, it is
demonstrated that assemblies of hydrophobic nanocrystals dispersed in aqueous
solution are characterized by specific properties. The optical properties of Au 3D
superlattices show both collective modes related to the 3D superlattice size and the
fingerprint of nanocrystals used as building blocks. Such latter properties are also
described in Chapter 12 where Coulomb blockage of isolated nanocrystals is
observed in a 3D superlattice. These new suprastructures of either Au or ferrite
nanocrystals behave as universal nanoheaters. Such behavior opens a new research
area. In the presence of cancer cells, these suprastructures are internalized keeping
the nanocrystal assemblies. This also opens a new research area. As a matter of fact,
we can expect collective properties in cancer cells. The first example is shown by
studying the photothermal properties of suprastructures internalized in cancer
cells. Such property is not limited to cells. Veal tendon can be burnt by laser irradia-
tion of 3D superlattices deposited on it.

Obviously, these metallic 3D superlattices are a new generation of materials in
their infancy and many new intrinsic properties will be discovered in the future.
The analogy between 3D superlattices and atomic crystals (Chapters 8 and 9)
allows us to claim that other specific properties will be discovered in a large num-
ber of research are as involving energy release, catalysis, properties of transport,
biomedicine, etc. As already observed in some cases, the scaling laws in 3D super-
lattices with respect to atomic crystals will have to be revisited. This claim is
strongly supported by some results presented here such as (i) The possibility of
identifying, as in Nature, a bipyramidal morphology as an intermediate in the
growth process of truncated to triangular tetrahedral assemblies (Chapter 8). (ii)
The speed of sound through 3D superlattices is very low compared to that meas-
ured in atomic crystals (Chapter 9). (iii) The frequency of the respiration process of
nanocrystals in 3D superlattices is greater than that of atoms in nanocrystals.
(iv) Very thick 3D superlattices (up to 5 pm) can be surprisingly imaged by STM
and their electronic properties studied (Chapter 11). (v) Large single crystals of
triangular atoms are produced by soft annealing of 3D superlattices obtained under
ultra high vacuum (UHV) (Chapter 11), etc.
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Syntheses of Metal Nanocrystals

Metal nanocrystals have been extensively developed over this last two decades.
Here, we will focus on spherical metal nanocrystals. We study the most important
factors [1] involved to control size, size distribution, composition, and crystalline
structure called nanocrystallinity. However, other parameters could emerge in
the future.

1.1 Nanocrystal Growth Processes and Control of Size
and Distribution

The nanocrystal growth processes with control of size and size distribution have
been largely studied over these past decade [1-18]. LaMer developed a theoretical
model of hydrosols nucleation and growth processes [19, 20]. Ostwald observed that
the atomic mobility by transfer matter from small to larger particles reduces the free
energy associated with the particle/matrix interfacial area. This is called Ostwald
ripening. These models have been experimented for nanoparticles/nanocrystals.
The nucleation process is where nuclei (seeds) acts as templates for crystal growth.
Homogeneous nucleation occurs when nuclei form uniformly throughout the par-
ent phase, whereas heterogeneous nucleation forms at structural inhomogeneities
(container surfaces, impurities, grain boundaries, dislocations). In liquid phase,
heterogeneities occur much easier since a stable nucleating surface is already pre-
sent. The growth of nanoparticles depends on the surface reaction and the mono-
mer’s diffusion to the surface. In many cases, the same synthesis does not produce
the same final size and shape (see below). This phenomenon may be attributed to
either the presence of some impurities, additives present in a very low concentra-
tion in the reactants, or sequence of reactants inducing heterogeneous nucleation.
The latter is due to the changes on the growth mechanism that markedly differs
with seed size and/or internal crystallinity. Consequently, various chemical meth-
ods have been developed to control the size and shape of these nanocrystals by
changing the preparative conditions such as the kind and/or the amount of protect-
ing agent.

Metal Nano 3D Superlattices: Synthesis, Properties, and Applications, First Edition.
Marie-Paule Pileni. © 2023 WILEY-VCH GmbH. Published 2023 by WILEY-VCH GmbH.



2

1 Syntheses of Metal Nanocrystals

Coating agents are needed to keep the integrity of nanocrystals. However, in real-
ity as shown below, ligands have a vital role not only in influencing the size and size
distribution of the nanocrystals but also, more importantly, in defining their
interaction/interface with the environment. The ligand-mediated nanocrystal syn-
thesis is still an open question. Actually, the role of nanocrystal/ligand differs with
the metal ion and the organic ligand used. Hence, the ligand and metal nature are
key parameters. At this point, we can mention the strength of ligand-nanocrystal
surface interaction and the labile nature of the ligands either in the free or complex
forms with the formation of clusters that it is produced with the nanocrystal con-
stituents. The most used coating agents are surfactants. Here, we will concentrate to
surfactant molecules. For most of the studies, the head polar groups are either thiol
(SH), amine (NH,), or carboxylic (COOH) groups, whereas the alkyl chains are
either alkane or oleic groups. In most of the cases, size selection processes are
needed to produce nanocrystals with low size distribution. Carboxyl acid is cova-
lently bound with Co and Fe atoms [21, 22]; thiol derivatives are “quasi” covalently
bound to Au atoms, whereas it is lesser than Ag ones [23]. Conversely, amine
groups [24] are weakly bound to most of the metallic atoms (Figure 1.1).

To control the size distribution, the digestive ripening permits to convert polydis-
persed to uniform nanocrystals: the first step is to break the nanocrystal large size
distribution into ligand/metal complexes by ligand addition, then isolate the ligand-
stabilized nanocrystals, and finally heat, at high boiling point, the solvent of the
dispersed nanocrystals in the presence of ligand [25-27]. Then, the control in size
and size distribution, based on van der Waals or dipolar forces, can be reached by
size selection procedure. By mixing bad and good solvents for the coating agents, as
obtained with polymers [28], the bad solvent for the alkyl chains induces precipitate
of the largest nanocrystals, leaving the smaller nanocrystals in solution. After cen-
trifugation, the precipitate is dissolved with a good solvent for the alkyl chains,

Figure 1.1 Various —
coating agents used to
coat nanocrystals: (a) oley
group (C13H3¢X) and (b)
alkyl chains (Cq;H35X). X is
the head polar group:

X = SH thiol derivatives, @)

X = COOH acid derivatives, X
and X =NH; amine
derivatives. /

(b)




1.2 Crystalline Structure of Metal Nanocrystals

leading to a homogeneous clear solution, and again a bad solvent is added inducing
a new precipitate. Similarly, the supernatant solvent is evaporated, and the same
procedure as the precipitate is proceeded. Such process is repeated several times
before reaching a sufficient low size distribution (<10%) and consequently to be
able to self-assemble in 2D or 3D superlattices. A rather large number of mixed sol-
vents is used to size select nanocrystals: the solvent/nonsolvent pairs for the coating
agent, e.g. hexane/ethanol, heptane/ethanol, chloroform/ethanol, chloroform/
methanol, and pyridine/hexane, are usually used. Ligands, considered as capping/
passivating agents, play a major role in the control of nanocrystal size and is far
from only providing stability to the nanocrystal against aggregation.

With the most used syntheses to produce well-defined metal nanocrystals with a
very low size distribution, several procedures are used: reverse micelles, inorganic
chemical reaction, hot injection processes, and thermal decomposition. They are
based on chemical reduction of the metal ion by various reducing agents such as
hydrazine, sodium borohydride (NaBH,), citrate, and glycol. The control of
nanocrystal size depends on (i) the relative concentrations of the reactants, (ii) the
coating agent concentration, (iii) the structure of the coating agent, (iv) the relative
amount of reactant and that of the coating agent (the higher the stabilizer agent
compared with reactants, the smaller nuclei formed and consequently smaller
nanocrystal size), and (v) the mixture of two coating agents (one binds tightly to the
nanocrystal surface hindering growth, and the other less tightly bound favors the
rapid growth).

1.2 Crystalline Structure of Metal Nanocrystals

Generally, the nanocrystal size is determined by the number of atoms produced and
consequently by the number of the nanoparticles formed depending on the kinetics of
nucleation and growth processes. The nanocrystal crystalline structure called nanocrys-
tallinity is determined by the competition between the kinetics of structural transfor-
mation of the nanoparticles and that of delivering separation between nucleation/
growth processes (e.g. a burst of nucleation) and diffusion-controlled growth [29-34].

1.2.1 Co Nanocrystals

Cobalt has three nearly isoenergetic crystal structures (Figure 1.2): hexagonal close-
packed (hcp), face-centered cubic (fcc), and epsilon (g). Bulk cobalt displays two
stable phases of hcp and fcc at ambient pressure. At the nanoscale, it can possess the
epsilon phase with a complex cubic primitive structure, which is similar to that of
p-manganese, with a unit cell parameter of 6.097 A [35]. This metastable crystal
structure (e phase) can be transformed to hcp or fcc structure by annealing the sam-
ple at a suitable temperature [36]. Due to its relatively smaller magnetocrystalline
anisotropy constant (K. ~1.5x10° Jm™), e-structure is widely known as a softer
magnetic material, compared with the hcp and fcc phases.

3
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Figure 1.2  Crystalline structures of Co nanocrystals (a) hcp, (b) fcc,and (c) e-phase.

1.2.2 Au,Ag, and Cu Nanocrystals

At the atomic level, the densest possible packing of four spheres is a tetrahedron
[29, 37-39]. At the earliest stages of growth of a solid, the atoms reorganized into
a completely new structure each time an atom is added. For fcc materials, the
nanocrystals considered as compact packing of spheres are cuboctahedra, decahe-
dra, and icosahedra (Figure 1.3). The surface of a cuboctahedral nanocrystals con-
sisted of eight (111) planes and six (100) planes with closed atomic shells and
represents the most stable form. The defined number of atoms resulted exclusively
from the geometric arrangements and cannot be explained by the electronic shell
model. The decahedra and icosahedra are structures with fivefold symmetry and
are called multiple-twinned particles (MTPs). In fact, decahedral nanocrystals con-
sisted of five deformed tetrahedral subunits twinned by their {111} planes, whereas
icosahedral clusters originated from the twinning of 20, (111) faces, deformed tet-
rahedral subunits.

Single crystals Polycrystals

Truncated

octahedra Decahedra

Cubooctahedra
Icosahedra

Figure 1.3 Various shapes of fcc nanocrystal arrangements.
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1.3 Various Techniques Used to Produce Metal
Nanocrystals and Control Their Sizes and Distribution

A very large number of techniques have been used to produce nanocrystals, with
very low size distribution. Significant advantages of methodologies using high-
boiling-point solvents and organometallic precursors in the presence or absence of
surfactants favor the control of nanoparticles size and improve the crystalline struc-
ture of the nanocrystals [11, 33, 40].

1.3.1 Reverse Micelles

Reverse micelles [2, 17, 41-48] are well known water-in-oil droplets stabilized by
surfactants [49]. The best surfactant providing uniform droplets is sodium bis(2-
ethylhexyl)sulfosuccinate, Na(AOT), called Aerosol OT. The amount of water con-
trols the droplet size (Figure 1.4a). The average droplet diameter increases linearly
with the water content, w, defined as w =[H,0]/[AOT]. By collisions these droplets
exchange their water contents and form again two independent droplets
(Figure 1.4b). This process is used to produce nanosized material by either chemical
reduction of metal ions or coprecipitation reactions. At low water content, the num-
ber of water molecules per surfactant is too small to hydrate the counterions and the
head polar groups. This induces strong interactions between water molecules and
the head polar groups. The water molecules are then considered as “bound water.”

L X
X (AOT),
oé:Ji X = Co, Cu

Figure 1.4 (a) Control the size of the droplet with the amount of water with Na
bis(2-ethylhexyl)sulfosuccinate, Na(AOT). Similar behavior is observed with Ag(AOT).
(b) Exchange process by collision between two droplets to favor chemical reaction.
(c) Reverse micelles from functionalized surfactant Co and Cu (tetra (2-ethylhexyl)
sulfosuccinate), X(AOT),. (d) Mixed micelles.
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An increase of the water content induces a progressive appearance of “free” water
molecules in the center of the droplets, whereas some of water molecules remain
bound to the interface. With Na(AOT), the bulk water phase is reached around
w =10. To produce metal nanocrystals without any oxide formation, the metal ions
have to be in environment of bound water molecules and not into the bulk phase,
i.e. they have to be located at the oil-water interface of the droplets. This explains
why we synthesized functionalized surfactants X,(AOT), with n =1 or 2, i.e. the
sodium ions of AOT are replaced by metallic ones (Figure 1.4c). With X,(AOT),,
reverse micelles are formed to produce reverse micelles, but the amount of water
inside reverse micelles is limited (w # 5) [42]. To provide a control of the droplet size
by the water content, we used mixed micelles, Na(AOT), X,(AOT),. In such condi-
tion, the size of the droplet remains controlled by the amount of water molecules
involved in the formation of reverse micelles that can then play the role of template
(Figure 1.4d).

To synthesize amorphous Co nanoparticles, mixed micelles [Co(AOT),/Na(AOT)]
are used. Sodium borohydride (NaBH,) added to the micellar solution reduces the
cobalt ions. Immediately after NaBH, addition, the color of the micellar solution
changes from pink to black, indicating the formation of colloidal Co nanoparticles.
Coating agents with carboxylic as head group dodecanoic acid molecules added to
the colloidal solution induce a chemical bond between the oxygen of carboxyl group
and the Co atoms located at the interface. The coated Co nanoparticles are then
washed and centrifuged several times with ethanol to remove all the AOT sur-
factant. Moreover, the black powder obtained is dispersed in hexane, and the col-
loidal solution is isotropic. Size selection process as described above takes place to
produce Co nanoparticles with a ~10% size distribution. The entire synthesis is car-
ried out in an N, glove box using de-oxygenated solvents to prevent nanoparticle
oxidation. The ratios of [NaBH,4]/[Co(AOT),] and [Na(AOT)]/[Co(AOT),] control
the nanoparticle size. In contrary to others, the nanoparticles are amorphous. The
average diameter and size distribution evolve from 4 to 9nm and 9% to 13%, respec-
tively (Figure 1.5a). The relative ratio between Na(AOT) and Co(AOT), controls the
nanoparticle size. By annealing process, under an inert atmosphere, the crystalline
structure of Co nanoparticles is improved, and a transition from amorphous to
single-domain hcp structure takes place [47, 48]. The annealing process does not
significantly affect the nanocrystal diameter and its size distribution.

Amorphous Co nanoparticles deposited on the TEM grid are annealed under
inert gas, 60 minutes at 250 °C. During such process, as shown in Figure 1.6, a transi-
tion of the crystalline Co nanoparticles from amorphous to single-domain hcp
phase takes place. Note the hcp nanocrystal size increases compared with the cor-
responding amorphous counterparts. This is due to hcp lattice fringes. Hence, the
crystallinity of Co nanoparticles is controlled by keeping the other parameters con-
stant as size and surface coating. The control of amorphous Co nanoparticle size is
obtained by mixing Na(AOT) with Co(AOT), [50].

To produce Ag nanocrystals by using reverse micelles, a colloidal solution of
Na(AOT) and Ag(AOT) is mixed with Na(AOT) reverse micelles containing hydra-
zine [51]. The nanocrystals are extracted from the micellar solution and then are
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Figure 1.5 (a) Increase in the size of Co nanoparticles with controlling R, w,and the
relative amount of Co(AQT),. (b) Reduction of mixed reverse micelles of Ag(AOT)/
Na(AOT) (6/4) by hydrazine with w =2. By controlling the ratio R = [Ag(AOT)]/[hydrazine]
from 4 to 0.7,the Ag nanocrystal sizes are (a) 4, (b) 5, (c) 6,and (d) 7nm, respectively.

Figure 1.6 Schematic illustration with high-resolution TEM (HRTEM) images of the
evolution process of 7.2-nm Co nanocrystals: (@) amorphous Co nanoparticles, (b) hcp Co
with large domains, (c) and (d) very large domains, (e) small hcp single crystals, (f) hcp
single crystals with stacking faults,and (g) hcp single crystals. The scale bar is
3nm.Source: Yang et al.[48]/American Chemical Society.
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subjected to the ethanol/hexane wash cycles. Changing the water content and the
ratios of [Ag(AOT)]/[hydrazine] and [Ag(AOT)]/[Na(AOT)] controls the Ag
nanocrystal from 4 to 7.3nm (Figure 1.5b).

1.3.2 Inorganic Chemical Reaction to Produce Au and Ag
Nanocrystals

1.3.2.1 Synthesis of Au Nanocrystals Differing by Their Diameters
Au nanocrystals are synthesized by revisiting the Stucky method [51-54]: two solu-
tions (A) and (B) are mixed under nitrogen protection. (A) is a preheated solution of
chlorotriphenylphosphine Au(I) dissolved in toluene containing dodecanethiol,
and (B) is amine-borane complex dissolved in toluene. The ratio of the volume of
A/B controls the size of the nanocrystals from 7.8 to 5.8 nm. To decrease the size
from 5.1 to 4 nm, the solution B is replaced by tert-butylamine and ammonia borane
complexes, respectively (Figure 1.7). For simplicity, details on the synthesis to con-
trol the nanocrystal size are given in Table 1.1.

Let us consider 5-nm Au nanocrystals: at the end of an organometallic synthesis,
a drop of Au nanocrystals dispersed in toluene is deposited on TEM grid. The dark-
field TEM image (Figure 1.8) shows homogeneous or inhomogeneous contrasts cor-
responding to single and polycrystalline nanocrystals, respectively. After analyzing

Figure 1.7 TEM image and corresponding histograms of 4 (a), 5 (b), 7 (c),and 8 nm (d)
obtained by deposition of a drop of colloidal solution of Au nanocrystals coated with
dodecanethiol and dispersed in toluene .Source: Goubet et al. [55]/JOHN WILEY &
SONS, INC.
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Table 1.1 Experimental conditions to produce Au nanocrystals differing by their average
diameters.

Diameters (nm) 4.3 5.1 5.8 7.2 7.8
o (%) 9 7 8 6 6
Vidoe (1) 500 500 500 125 125
Npo 2.5 5 5 5 10
S Et/TO TO TO TO TO

Solutions A and B are 0.25 mmol of chlorotriphenylphosphine Au(I) and tert-butylamine borane
complex dissolved in 25 ml toluene, respectively. D, s, Vioc, Npo, S, Eth, and To are the Au
nanocrystal diameter, size distribution, the volume of dodecanethiol in 25 ml solution, the amount
in mmol in 2 ml of solution, solvent, ethanol, and toluene, respectively.

Single crystals

. Cubooctahedra

Multiply-twinned
particles

Decahedra

Truncated
octahedra Icosahedra

Figure 1.8 Bright- and dark-field TEM image of 5.1-nm Au nanocrystals with
homogeneous (single-domain) and heterogeneous (polycrystal) contrasts. Source:
Portalés et al. [56]/American Chemical Society.
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the conical dark-field TEM images over a total population of 2000 nanocrystals, the
amount of single-crystalline nanocrystals is found to be approximately 30% of the
full population. The major portion (65%) is composed of MTPs and/or polycrystals,
while 5% is poorly twinned nanocrystals. On increasing the Au nanocrystals size,
the amount of single domain markedly decreases.

In Chapter 4, we describe nanocrystal segregation processes with the formation
of interfacial and precipitate 3D superlattices by subjecting colloidal solution to
toluene-saturated atmosphere after keeping during seven days. Both interfacial and
precipitate 3D superlattices are characterized by single-domain 5-nm Au nanocrys-
tals, whereas the corresponding polycrystalline phase remains in solution [54]. This
crystalline selection process makes possible to select 5-nm single-domain and poly-
crystalline nanocrystals. The growth of the seeds is induced in a solution of Au-
oleylamine complex, produced by mixing HAuCl, in pure oleylamine [57]. After
dissolution, the solution is yellow colored and freshly used. Then, colloidal solu-
tions of either single-domain (Figure 1.9a) or polycrystalline (Figure 1.9f) 5-nm
nanocrystals are mixed with the Au-oleylamine complex solution, and the volume
is completed with toluene. The seeded growth takes place at fixed temperature.
During a few hours, Au-oleylamine complex is slowly reduced on the seeds.
Adjusting the gold complex concentration can control the resulting nanocrystal size.
After reaction, the nanocrystals are washed with ethanol and redispersed in chloroform.

Step 1 Step 2 Step 3
Synthesis of nanocrystallinity ~ Crystallinity segregation Seeded growth
mixture

. 20 nm
bt L Ly ST

Figure 1.9 (a) A schematic image showing the formation of Au nanocrystals with
tunable size and nanocrystallinity. The polycrystalline nanocrystals are represented in
red,and single-domain nanocrystals in blue with straight lines. (b—e) TEM images of
NPs synthesized using polycrystalline seeds: (b) 5.6, (c) 6.8, (d) 9.6,and (e) 12.7 nm. (f-i)
TEM images of NPs synthesized using single-domain seeds: (f) 5.9,(g) 6.7, (h) 9.6,and (i)
13.2nm. The scale bars are 20 nm. Source: Goubet et al. [57]/Royal Society of Chemistry.
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Figure 1.10 Typical mean diameter of single-domain (blue squares) and polycrystalline
(red circles) nanocrystals as a function of gold complex concentration during the seeded
growth. Source: Goubet et al. [57]/Royal Society of Chemistry.

Hence, the control of nanocrystal size from 5 to 13nm is obtained with either
single-domain (Figure 1.9b-e) and polycrystalline (Figure 1.9f-i) nanocrystals.

Figure 1.10 shows the increase in the seed growth that is rather fast for polycrys-
talline nanocrystals compared with the corresponding single nanocrystals. By tun-
ing the Au-oleylamine concentration, the control of mean diameter can be reduced
to 0.5nm.

1.3.2.2 Synthesis of 5-nm Polycrystalline Silver Nanocrystals

Same procedure as described above is developed [51]. The precursor chlorotriphe-
nylphosphine gold(I) is replaced by its Ag counterparts [chlorotris(triphenyl-
phosphine) silver]. A solution of this precursor is mixed with dodecanethiol. A
solution of tert-butylamine borane complex at 0.17M is then added for the reduc-
tion. After few hours, some small particles (<2nm) start to appear in the solution
and progressively. After leaving the solution to stir overnight, nanocrystals with the
diameter of 5.1 nm having very narrow size distribution are obtained (Figure 1.11).

1.3.3 Thermal Decomposition

The thermal decomposition process has been well developed to produce a rather large
number of metal and metal oxide nanoparticles [18, 36, 59]. Hence, cobalt carbonyl
(Co,(CO)y) is dissolved in dioctylamine in the presence of oleic acid to produce fcc Co
nanocrystals (Figure 1.12). By adjusting the ligand concentration and decomposition
temperature, the multidomain fcc Co nanocrystals having a diameter of 5-10nm with
a rather low size distribution (from 7% to 10%) are produced.
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Diameter (nm)

Figure 1.11 HRTEM characterization of silver MTPs. HRTEM image and size distribution
histogram of multiply twinned 5.1 nm Ag nanocrystals. Inserts: The size distribution
histogram is determined from over 500 silver nanocrystals from the colloidal solution
used and power spectrum as typically obtained from a silver icosahedron oriented along
the fivefold axis. Source: Portalés et al. [58].

Coy, (311)

Co,, (220)

Figure 1.12 HRTEM (a, b) and TEM (c) images and electron diffraction pattern (d) of fcc
Co nanocrystals produced as described above. Engineering the magnetic dipolar
interactions in three-dimensional binary supracrystals via mesoscale alloying.

Source: Yang et al. [60]/John Wiley & Sons.
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1.3.4 Hot Injection

This method is based in injection of a cool solution of precursor molecules into hot
liquid [4, 35, 61-63]. The injection leads to the instantaneous formation of seeds. The
decrease of solvent temperature prevents the formation of new nuclei. The reactant
container is a suspension of reasonably rather homogeneous nuclei together with con-
siderable amounts of precursors. To slow the growth of the existing nuclei without any
new nucleation, the solution is heated below the corresponding injection temperature.
The omnipresent ligand molecules slow down the growth considerably by coordinat-
ing the surface atoms, thus forming a steric barrier for reactants. The slow growth at
relatively high temperatures allows the nanocrystals to anneal and to form nearly
single-domain lattices at the same distance as those of the bulk phase. At the end of
the syntheses, size selection takes place by the addition of a non-solvent to reach low
size distribution. The ligands remain attached to the surface atoms, and the suspen-
sions are sterically stabilized. The nanocrystal size increases with temperature to
which the nuclei grow. Note that another approach is a rapid injection in hot water of
the reactants [64].

Single-domain e-phase Co nanocrystals are produced by hot injection: a mixture
of trioctylphosphine oxide (TOPO), oleic acid, and (1,2-dichlorobenzene) DCB is
heated to under flowing nitrogen. Co,(CO);s dissolved in DCB is quickly injected in
the solution under vigorously stirring. The rapid injection of the cobalt complex into
hot organic solution can minimize the nucleation stage, inducing burst nucleation
of Co monomers. The solution is held at high temperature and then cooled down to
room temperature. The as-prepared nanocrystals are isolated by adding anhydrous
ethanol. Comparison of bright- and dark-field images of homogeneous dark or
bright nanocrystals (Figure 1.13a,b) indicates the formation of single-domain
nanocrystals (Figure 1.13). The high-resolution TEM image and the diffraction pat-
tern (Figure 1.13c,d) confirms the formation of single domain of e-phase Co
nanocrystals. The number of nuclei formed in the hot injection synthesis of e-Co
nanocrystals depends more on temperature kinetics after the injection than on the
injection itself [65]. This indicates a faster recovery of temperature after injection
leading to smaller-sized nanocrystals. The size of Co nanocrystals is tuned, from 5
to 10nm, by adjusting both concentration of oleic acid and temperature.

This hot injection method is used to produce Ag nanocrystals coated with
oleylamine (C;3-NH;) and dodecylamine (C;,-NH,). Briefly, AgNO; and dodecane
diol are separately dissolved in o-dichlorobenzene (DCB). These solutions are called
A and B, respectively, for simplicity. A is rapidly injected into a hot B solution. The
mixture reacts in few minutes. The solution is then cooled down to room tempera-
ture. With oleylamine (C;3-NH,), this procedure produces the Ag nanocrystal size
from 2.2 to 7nm, (Figure 1.14). The change of the nanocrystals is obtained by chang-
ing the relative ratio of AgNO; and oleylamine. For larger nanocrystal size (from 8
to 13nm), oleylamine-coated nanocrystals are prepared following a modified one-
pot method as described elsewhere [8].

Hence, this procedure permits to control the nanocrystal size from 2 to 13nm. The
TEM images in Figure 1.14 clearly show that the nanocrystals, regardless of their size,
are well arranged in a two-dimensional hexagonal close-packed array. This is typical of

13
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Figure 1.13 High-resolution of TEM images of 7.6-nm e-phase Co nanocrystals, long
range TEM images bright (b) and conical dark field (c), high-resolution TEM image of
isolatednanocrystal (d),and corresponding electron diffraction pattern (e). The e-phase
Co nanocrystals are produced with OA/TOPO= 2.4.

% (d) % #usey
()::’.‘ 3

Figure 1.14 TEM images and high-resolution TEM of oleylamine-coated silver NCs
produced by either hot injection (a-c) or one-pot method (d, e): (a) 2.2, (b) 4.1, (c) 5.9, (d)
8.7,and (e) 12.9nm.

nanocrystals with low size distribution (typically below 10%). Note that these nanocrys-
tals are obtained without any post-synthesis size selection process or size-focusing rip-
ening process. This is, from the best of our knowledge, the first report of Ag nanocrystal
preparation with such a low size distribution. High-resolution TEM images of the
nanocrystals reveal that all nanocrystals are MTPs with icosahedral morphologies.
Replacing oleylamine (C;3-NH,) by dodecylamine (C;,-NH,), which is a similar
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2nm Oleylamine 13 nm
< >
NH.

3nm Dodecylamine 7 nm

AU A A SH 2 nm Dodecanthiol 7J.p nm

SH

m 23 nm Hexadecanethiol 8nm
L4 >

Figure 1.15 Average size of Ag nanocrystals produced by the same procedure and
coated with various coating agents.

-NH,-terminated coating agent with a shorter alkyl chain, stable Ag nanocrystals are
produced. In this case, the size of the dodecanethiol-coated Ag nanocrystals is con-
trolled from 3.0 to 6.3nm. Again, the size distribution of these nanocrystals is kept
below 10% without the need of size segregation procedures. Such hot injection process
cannot be used for the preparation of alkanethiol-coated Ag nanocrystals since AgNO3
cannot be dissolved in DCB in the presence of -SH-terminated coating agent. When a
mixture of AgNO; and dodecanethiol (C;,—SH) is injected into hot solutions contain-
ing polyols, small nanocrystals with large size distribution are produced. Hence, to
obtain Ag nanocrystals having similar sizes with a new coating agent such as alka-
nethiol, the ligand exchange process from nanocrystals coated with oleylamine is
used. The colloidal solution of Ag nanocrystals coated with oleylamine is mixed with
a small amount of C;,-SH; the mixture is kept under vigorous stirring. Hence, this
method is highly powerful to control the size and size distribution (<10%) without any
other complementary processes to reduce the size distribution. However, the size
range of nanocrystals depends on the coating agent (Figure 1.15).

1.4 An Example to Show the Importance of the
Reactant Sequence to Produce Nanocrystals

Here, we will show how the sequence of reactants plays a key factor in the final size
of Au nanocrystals [13]. By revisited Brust method [66, 67] to produce Au nanocrys-
tals coated with dodecanethiol, the coating agent is added to the reactant
(HAuCl,-3H,0) either before or after the chemical reduction. The addition of C;,—
SH before the chemical reduction induces the formation of polymeric Au(I) thiolate
species. At the end of the synthesis, rather small single-domain nanocrystals with an
average diameter of 1.5nm and a size distribution of 25% are produced (Figure 1.16a).
When C;,-SH is added at the end of the synthesis, 3.5-nm MTP nanocrystals with
20% size distribution are obtained (Figure 1.16b). Hence, the size of the nanocrystals
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Figure 1.16 TEM
image of nanocrystals
produce by
dodecanethiol
addition. Before (a)
and after (b) addition
of the reducing agent.
By thermal treatments
of (a) and (b)
dispersed in toluene,
the final products are
(c) and (d),
respectively. Source:
Goubet et al. [13]/
American Chemical
Society.

is controlled by the sequence of reaction additions. These two nanocrystals (1.5 and
3.5nm) considered as seeds (I and II, respectively) are dispersed in toluene and sub-
jected to the same thermal treatment at 463K during the same period of time [68]. At
the end of the process, seed I produced very well-faceted hexagonal particles (85%)
and triangular (9%) and pentagonal (6%) Au nanocrystals (Figure 1.16¢). Thus, ther-
mal treatment of 1.5-nm cuboctahedral Au nanocrystals induces the formation of
large icosahedral particles. With 3.5nm as seed (II), 5.8-nm Au nanocrystals with 9%
size distribution are produced (Figure 1.16d). This is explained as follows: small
cuboctahedra (1.5nm) subjected to thermal treatment melt and reach a liquidlike
phase. This leads by slow cooling rate to the formation of mainly large icosahedral
particles that are the most stable Au fcc structures and the presence of small amounts
of other structures. By simulation [69, 70], it is found that crystallization of the inte-
rior and external atoms leads to an icosahedral structure. The discovery of, at equilib-
rium, the Au nanoparticles consisting of 85% icosahedral particles is explained by the
low surface energy of Au(111) surface [69]. This confirms that the kinetics of nuclea-
tion and growth in clusters play a key role in determining the structure of the
nanocrystals. The stochastic nature of nucleation explains why other shapes are pro-
duced as well. Conversely, when the seed size is larger, they no longer melt, and
migration of atoms/adatoms between nanocrystals becomes the predominant growth
and shaping mechanism [69, 71].
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1.5 N-Heterocyclic Carbene Ligands for Au
Nanocrystals Stabilization

N-Heterocyclic carbenes (NHCs) [72-80] have attracted increasing attention as neu-
tral C-ligands for nanomaterial stabilization and functionalization [81-103]. The
NHC high flexibility allows fine-tuning of steric and electronic properties and facili-
tates the introduction of functional groups at different positions [104]. The
N-substituents of the NHCs point out from both sides and are oriented toward
the metallic surface, inducing significant interactions with the metallic surface and the
neighboring ligands. Therefore, NHC structure modulations can dramatically affect
the NHC bonding mode, the surface covering and ligand packing density, and the
number of free metallic sites available for catalysis. Furthermore, the strong
o-donating properties of NHCs are expected [105], as in metal complexes [106], to
provide strong NHC-metal bonds at the surfaces. The most commonly used method
for obtaining NHCs involves deprotonation of the precursor azolium salts [105]. In
contrast to many metal-NHC complexes, free NHCs are highly sensitive to oxygen,
water, and carbon dioxide and should be handled with exclusion of air and mois-
ture. In many experimental procedures, NHCs and metal-ligated NHCs are gener-
ated in situ under inert atmosphere [72, 73]. Various synthetic methods have been
tested for the formation of metal (M) NCs stabilized by NHC ligands (M = Ir, Ag,
Au, Ru, Pd, Pt) [81-99]. Some NHC-based metal NCs have been applied in metal-
catalyzed hydrogenation reactions (M = Ir, Ru, Pd, Pt) [82, 88-90, 92, 99]. The
enhanced stability of NHC-based SAMs and NCs to oxidative treatments was
reported [100, 101].

Two new methods are proposed to produce Au nanocrystals coated with various
NHC ligands as described in Figure 1.17 [76-80]:

(i) One-phase reduction method: the control of nanocrystal size and stability is the
first major challenge when new ligands are introduced. Previous study shows
one-phase procedure to produce Au nanocrystals with triphenylphosphine
gold chloride in the presence of an excess of dodecanethiol as described in
Section 1.3.2.1 [54, 107]. Let us consider similar approach by using [(NHC)
AuCl] complexes. Ammonia-borane complex (NH;BH3) in toluene at 100°C
is used as reducing agent (Figure 1.17). The best data are obtained with 5
ligand as precursor. Au nanocrystals with an average size of 9.8 nm and a nar-
row size distribution of +6.9% are produced. However, a limited long-term
stability was observed for L5@Awu nanocrystal that precipitates from the tolu-
ene solution after 12hours. Hence, NHC can play a dual role both as a ligand
for the initial Au' species and as a stabilizing agent for the metallic NCs formed
(Figure 1.18).

17



18| 1 Syntheses of Metal Nanocrystals

c7H15
C H C.H
gl \; / 5a® CO,Et
AuCI AuCI AuCl,~ AuCl,~
Ei’ --Et 4Et N N N+ 4 N NLAUCl,”
Y \r C14H29 r Cy4Hag C14H29 CigHpg  CiaHag r Cy4Hpg
H H H
(a 2 3 4 5
CsHyy CHis C st
C.H C.H
5H11 7H1s CO,Et
N JAuCl,~ N N N N AuCl,~ :i §+AuCI4 N;AuCI[

N
S ~Et Et N ~Et LR
l./ / CMH29 - CM 29 C14H29 . CN 29 C14H29 tl/ C\AHEQ

(b) L1 L2 L3 L4 s

Figure 1.17 Structures of NHC ligands 1-5 and deprotonated ligands (L1-L5) for Au
nanocrystals. Source: Based on Refs. [76-80].
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Figure 1.19 Typical procedure for the preparation of NHC-coated Au nanocrystals
(L1-L5@AuNC) from benzimidazolium chloroaurate salts (in a glove box).



1.5 N-Heterocyclic Carbene Ligands for Au Nanocrystals Stabilization

(ii) One-pot deprotonation/reduction method: to produce Au nanocrystals coated
with various NHC ligands, a method based on deprotonation/reduction reac-
tion of chloroaurate(IIl) imidazolium salts as precursors is used. In a previous
study [91], well-defined metal-NHC complexes and air-sensitive NHC ligands
are generated in situ and not isolated. This sequence gives large Au nanocrys-
tals (16.6nm) with a wide size distribution of +49% [91]. Here, benzimidazo-
lium chloroaurate salts in which the heterocycle is functionalized by C;—Cy4
long alkyl chains are used (Figure 1.17).

All the five salts, although differing in the length and position of the alkyl chains,
are found to generate stabilized Au nanocrystals (L1-L5@Au nanocrystals) after
treatment by NaH as the base and reduction by NaBH, at 0-1°C. In brief, the syn-
thetic route is shown in Figure 1.19: the chemical reaction takes place in a glove
box. A suspension of sodium hydride in a 1:1 mixture of CH,Cl,/toluene is added to
a solution of chloroaurate benzimidazolium salt in CH,Cl,. The mixture is stirred.
A solution of NaBH, in water is added dropwise while maintaining the ice bath
temperature. After addition, the mixture is stirred at room temperature. The sol-
vents are removed under a nitrogen flow to give a dark powder. The powder is
washed with ethanol and the suspension is centrifuged. The supernatant (EtOH) is
removed. The residue is dried under a nitrogen stream to give Au nanocrystals as a
dark powder. Table 1.2 shows that the size distribution, before size selection, is very
wide. To reduce such distribution, size selection is based on a mixture of good and
bad solvents. Table 1.2 shows that nanocrystals with narrower size distributions of
9-12% could successfully. The final L1-L5@Au nanocrystals are stable for weeks as
clear purple-red colloidal solutions in toluene. By deposition of the colloidal solu-
tion, nanocrystals self-assemble in compact hexagonal network (Figure 1.20). The
nanocrystal size changes with the ligand used and evolves from 3.5 to 6nm
(Table 1.2).

Table 1.2 Summary of NHC-coated Au NC L1-L5@Au nanocrystal properties: average
diameter (d) and size distribution (s %).

Au nanocrystal Before size selection After size selection
d (nm) o (%) d (nm) o (%)
L1 Au nanocrystals 5.9 13.3 6.0 9.2
L2 Au nanocrystals 5.7 20.4 5.7 11.2
L3 Au nanocrystals 3.5 19.9 4.0 11.9
L4 Au nanocrystals 5.4 16.4 5.2 10.2

L5 Au nanocrystals 4.7 15.5 5.0 10.1
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(b)
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Figure 1.20 TEM images and insetcorresponding size distribution of Aunanocrystals
coated with various N-heterocyclic carbenes. (a) nanocrystalscoated with L1
(b), (c) nanocrystals coated with L3 (d), (e) nanocrystalscoated with L5 (f). Source: Ling

et al.

[78]/American Chemical Society. Source: (3, c,e) Ling et al. [78]/American Chemical

Society.

1.6

Conclusion

In this chapter, we described a very large number of methods to control metal
nanocrystal sizes with a rather low size distribution. This favors to self-assemble
nanocrystals in 2D and 3D superlattices. Furthermore, we find that, in some specific
cases, it has been possible to control the crystalline structures of nanoparticles
called nanocrystallinity. In the other chapters, we will discuss the importance of the
nanocrystallinity on 3D superlattices.
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Influence of the Nanoparticle Crystalline Structures
Called Nanocrystallinities on Various Properties

The chemical and physical properties related to the crystalline structure of metal
nanoparticles called nanocrystallinity have been poorly investigated up to now. This
is due to the difficulty of controlling the internal structure of nanoparticles. Some
progress in the syntheses has been achieved, enabling studies of specific chemical
and physical properties. The nanocrystallinity control received much less attention
and remains an open question.

We study properties of Au and Co nanocrystals differing by their nanocrystallini-
ties. It plays a major role in the interdiffusion processes, called nano-Kirkendall
effects, of cobalt and oxygen through the nanocrystal interface. It is demonstrated
that the nanocrystal size, nanocrystallinity, and nanocrystal environment are key
parameters in the final structures. With Au nanocrystals, keeping the same chemi-
cal environment, it is shown that the localized surface plasmon resonance is slightly
modified between monodomain and polycrystalline Au nanocrystals. The quadru-
pole vibrational modes of single-domain Au nanocrystals are split as they are degen-
erated with a polycrystalline counterpart. The elastic moduli of the 3D superlattice
are significantly larger with a single domain as building blocks than with a polycrys-
talline phase. Moreover, with Au and Co nanocrystals, the properties of the vibra-
tion dynamics show that the respiratory modes keep the same frequencies, while
the damping times change between monodomains and polycrystals.

2.1 Nano-Kirkendall

The nano-Kirkendall effect has been rather well studied [1-7]. Various techniques
are used: mild annealing of their amorphous counterparts synthesized in reverse
micelles [1, 2] produces single-domain hcp structures (Figure 2.1a,b). The corre-
sponding e-phase is obtained by hot injection process (Figure 2.1c) [8, 9]. A thermal
decomposition [6, 10] procedure produces polycrystalline fcc with well-resolved
individual crystalline domains (Figure 2.1d). The control of the nanoparticle size is
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