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 Les nanobatônnets d'or (AuNRs) suscitent un intérêt 
considérable en raison de leurs propriétés optiques particulières, 
fortement dépendantes de leur rapport d’aspect 
(longueur/épaisseur), et donc de leurs applications potentielles 
en optique et en médecine. Dans ce contexte, le développement 
de nouvelles stratégies pour la synthèse de nanobatônnets avec 
des rendements et des sélectivités élevés reste un challenge 
avec un objectif de contrôle efficace de la taille et de la 
morphologie. Parmi les différentes voies de préparation, la 
méthodologie par ensemencement est la plus utilisée, 
notamment en présence de bromure de cétyltriméthylammonium 
(CTAB), comme agent de croissance. A notre connaissance, 
peu de travaux ont été reportés dans la littérature en présence 
d’autres agents de croissance.  Dans ce contexte, nous avons 
développé une famille originale d’agents de croissance, les sels 
de N,N-diméthyl-N-cétyl-N-hydroxyalkylammonium (HAAX), 

produisant des nanobatônnets d’or avec des rendements et des 
sélectivités élevés dans l’eau. Ces tensioactifs présentant une 
bonne solubilité dans l'eau sont facilement synthétisés avec de 
bons rendements et différents paramètres structuraux peuvent 
être modulés tels que: i) la longueur de la chaîne lipophile (C12, 
C16, C18),

 
ii) la nature des contre-ions par métathèse anionique 

(X
-
 = F

-
, Cl

-
, Br

-
, I

-
, BF4

- 
et HCO3

-
),

 
et plus particulièrement iii) la 

tête polaire hydroxylée. Les nanoparticules d’or obtenues par la 
méthode d’ensemencement ont été caractérisées par 
spectroscopie Uv-vis et par Microscopie Electronique à 
Transmission, montrant l’influence du tensioactif sur la 
morphologie et la taille (dimension, rapport d’aspect). Cette 
famille de sels d’ammonium, de par sa modularité, permet 
d’accéder à différentes formes et tailles de nanoparticules d’or 
suivant l’objectif souhaité et ouvre ainsi des perspectives 
intéressantes en termes d’applications.  

 

 

 

 

 

Gold nanorods (AuNRs) have attracted great interest owing to 
their particular optical properties, strongly dependent on the 
size and aspect ratio (thickness/length), and thus their potential 
applications in optics and medicine (therapy, cancer 
diagnosis...). In this context, the development of new strategies 
for the synthesis of anisotropic nanorods with high yields and 
selectivities remains a challenge towards an effective control of 
the size and morphology. Among the different preparation 
routes, the seed mediated method is most commonly used, 
especially in the presence of cetyltrimethylammonium bromide 
(CTAB) as a growth-driving agent. To our knowledge, few works 
have been reported in the literature in presence of other growth 
driving agents. In this context, we have developed a novel 
family of growth driving agents, N,N-dimethyl-N-cetyl-N-
hydroxyalkylammonium salts (HAAX), producing gold nanorods 
with high yields and selectivities in water. These surfactants 
have good solubility in water and are easily synthesized in good 
yields and different structural parameters could be modulated 
such as : i ) the length of the lipophilic chain (C12 , C16 , C18), 
ii ) the nature of the counter ion by anionic metathesis (X

- 
= F

-
, 

Cl
-
, Br

-
, I

-
, HCO3

-
 and BF4

-
), and more particularly iii) the 

hydroxylated polar head. The gold nanoparticles obtained by 
the seed mediated method were characterized by Uv-vis 
spectroscopy and transmission electron microscopy, showing 
the influence of the surfactant on the morphology and on the 
size (aspect ratio). Thus, this family of easily tunable 
ammonium salts allows access to various shapes and sizes of 
gold nanoparticles according to the desired target and opens 
interesting perspectives in terms of applications. 
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Resumo 

Os nanobastões de ouro (AuNRs) têm atraído grande interesse devido às suas 
propriedades ópticas diferenciadas, fortemente dependentes do tamanho e da taxa 
de proporção (comprimento/largura) e, às suas potenciais aplicações em óptica e 
medicina (termoterapias, diagnósticos imediatos, diagnóstico de câncer etc.). Neste 
contexto, o desenvolvimento de novas estratégias para a síntese de nanobastões 
anisotrópicos com elevados rendimentos e seletividades contínuas a ser um desafio 
para a obtenção do controle efetivo da morfologia e do tamanho. Entre as diversas 
metodologias de preparação, o método mediado por semente é o mais utilizado, 
especialmente na presença de brometo de cetiltrimetilamônio (CTABr) como um 
agente direcionador de crescimento. Para nosso conhecimento, poucos trabalhos 
foram relatados na literatura referentes a esse sistema em presença de outros 
agentes direcionadores de crescimento. Neste contexto, foi desenvolvida uma nova 
família de agentes direcionadores de crescimento: os sais de amônio N,N-dimetil-N-
cetil-N-hidroxialquilamônio (HAAX), produzindo nanobastões de ouro com alto grau 
de rendimento e seletividade em meio aquoso. Esses surfactantes possuem uma 
boa solubilidade em água e são facilmente sintetizados com bons rendimentos e 
com diferentes parâmetros estruturais que podem ser modificados, tais como: i) o 
comprimento da cadeia lipofílica (C12, C16, C18), ii) a natureza do contra-íon 

trocado por metátese aniônica (X= F, Cl, Br, I, HCO3
 e BF4

), e de forma original, 
iii) a região polar hidroxilada. As nanopartículas de ouro obtidas pelo método 
mediado por semente foram caracterizadas por espectroscopia de UV-vis e por 
microscopia eletrônica de transmissão, que mostram a influência do surfactante 
sobre a morfologia e o tamanho (taxa de proporção) das nanopartículas de ouro. 
Assim, a modificação da estrutura dos sais de amônio dessa família permite um 
acesso a diferentes formatos e tamanhos de nanopartículas de ouro de acordo com 
a aplicação almejada. O controle do processo de crescimento gerado pela região do 
grupo polar permite a modificação dos parâmetros estruturais dos nanobastões de 
ouro e abre interessantes perspectivas em termos de aplicações. 
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Résumé 

Les nanobatônnets d'or (AuNRs) suscitent um intérêt considérable en raison de leurs 
propriétés optiques particulières, fortement dépendantes de leur rapport d’aspect 
(longueur/épaisseur), et donc de leurs applications potentielles em optique et en 
médecine. Dans ce contexte, le développement de nouvelles stratégies pour la synthèse 
de nanobatônnets avec des rendements et des sélectivités élevés reste un challenge avec 
un objectif de contrôle efficace de la taille et de la morphologie. Parmi lês différentes voies 
de préparation, la méthodologie par ensemencement est la plus utilisée, notamment en 
présence de bromure de cétyltriméthylammonium (CTABr), comme agent de croissance. 
A notre connaissance, peu de travaux ont été reportés dans la littérature en présence 
d’autres agents de croissance.  Dans ce contexte, nous avons développé une famille 
originale d’agents de croissance, les sels de N,N-diméthyl-N-cétyl-N-
hydroxyalkylammonium (HAAX), produisant des nanobatônnets d’or avec des rendements 
et des sélectivités elevés dans l’eau. Ces tensioactifs présentant une bonne solubilité dans 
l'eau sont facilement synthétisés avec de bons rendements, et différents paramètres 
structuraux peuvent être modules tels que: i) la longueur de la chaîne lipophile (C12, C16, 

C18), ii) la nature des contre-ions par métathèse anionique (X= F, Cl, Br, I, HCO3
 et 

BF4
), et plus particulièrement; iii) la tête polaire hydroxylée. Les nanoparticules d’or 

obtenues par la méthode d’ensemencement ont été caractérisées par spectroscopie Uv-
vis et par Microscopie Electronique à Transmission,  montrant l’influence du tensioactif sur 
la morphologie et la taille (dimension, rapport d’aspect) des nanoparticules d’or. Ainsi, 
cette famille de sels d’ammonium, de par sa modularité, permet d’accéder à différentes 
formes et tailles de nanoparticules d’or suivant l’application souhaitée et ouvre ainsi des 
perspectives intéressantes en termes d’applications.  
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Abstract 

The gold nanorods (AuNRs) have attracted considerable interest due to their special 
optical properties, strongly dependent on the size and aspect ratio (thickness/length), 
and thus, their potential applications in optics and medicine (therapy, cancer 
diagnosis...). In this context, the development of new strategies for the synthesis of 
anisotropic nanorods with high yields and selectivities remains a challenge towards 
an effective control of the size and morphology. Among the different preparation 
routes, the seed mediated method is most commonly used, especially in the 
presence of cetyltrimethylammonium bromide (CTABr) as a growth-driving agent. To 
our knowledge, few works have reported in the literature this system in presence of 
other growth driving agents. In this context, we have developed a novel family of 
growth driving agents, N,N-dimethyl-N-cetyl-N-hydroxyalkylammonium salts (HAAX), 
producing gold nanorods with high yields and selectivities in water. These surfactants 
have good solubility in water and are easily synthesized in good yields in presence of 
different structural parameters that can be modulated such as: i) the length of the 
lipophilic chain (C12 , C16 , C18), ii ) the nature of the counter ions by metathesis 

(X= F, Cl, Br, I, HCO3
 e BF4

), and an original way, iii) hydroxylated polar head. 
The gold nanoparticles obtained by the seed mediated method were characterized by 
UV -vis spectroscopy and transmission electron microscopy, showing the influence of 
the surfactant on the morphology and on the size (aspect ratio) of the gold 
nanoparticles. Thus, the modulation of this family of ammonium salts allows the 
access to different shapes and sizes of gold nanoparticles according to the desired 
application. The growth process control generated by the polar head groups allows 
the modulation of the structural parameters of gold nanorods and opens interesting 
perspectives in terms of applications. 
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MOTIVATION AND OBJECTIVES 

 

The interest in inorganic nanomaterials such as nanoparticles, nanowires, and 

nanotubes, comes from the fact that different and singular properties are 

reached in nanosized dimensions. The natural, predominant forces in the 

macroscopic scale such as combustion, gravity and friction lose importance in 

reduced scales to others as Brownian movement, electrostatic forces and 

quantum mechanics rules. This phenomenon promotes two important 

consequences: a surface and an electronic effect on the material surfaces that 

are responsible for all the unusual properties. However, the expression of these 

intermediate and unusual properties at this length scale is not just due to 

scaling factors, but it also depends on the morphology, size and shape 

distribution, and environment in which these particles are present. Therefore, 

these singular properties are normally assembled in a set of features that are 

dependent of a "nano effect". Furthermore, due to their dimensions, normally in 

the range of 1 to 100 nm, several nanostructures are studied, evaluated, and 

applied in the fields like catalysis, optics, electronic systems, and as similar 

biological structures (e.g., membrane cell genes, proteins, and viruses). 

Nowadays, the volume of studies dealing with these topics represents one of 

the most impressive phenomena in all scientific history. 

 Despite the advances in the preparation and application of 

nanomaterials, it is well known that nanoparticles are thermodynamically 

unstable and have a natural tendency to agglomerate or even grow. Thus, the 

preparation of high quality nanostructured materials via homogeneous and 

reproducible methodologies remains a challenge, particularly with a high control 

of the morphology, allowing to tune the material properties and their 

applications.  

Among the anisotropic particles that can be obtained, some attention is 

given to the preparation of metal nanowires and nanorods. Ultimately, these 

materials are widely used because of their optical properties: they exhibit two 

plasmon absorption bands, longitudinal and transversal, in the visible region of 

the spectrum, making them promising candidates for detecting and displaying 

information. 



 
 

 
 

As we already know, for the syntheses of gold nanorods (AuNRs), 

cetyltrimethylammonium bromide (CTABr) acts as a classical growth-driving 

agent. This type of ammonium salt is crucial to obtain a well-controlled growth 

process, blocking the long axis crystal faces {100} and/or {110} through the 

surfactant bilayer structure and thus promoting metal growth on the short-axis 

faces {111} to produce AuNRs. The cationic site of the surfactant interacts 

preferentially with lateral faces of the metal crystal structure that are less stable 

than the ends of the faces of the extremities due to the number of defects. 

Some works have been published with the aim to tune the aspect ratio of 

AuNRs, adding or modifying some synthetic parameters, such as the amount of 

the driving agent, the size of the seeds used, the effect of additives etc., 

According to previous works carried out by the group of Murphy, the nature of 

the growth-driving agents or even a mixture of these agents is essential in the 

AuNRs elongation. Thus, several studies have been done in order to improve 

reaction yields and selectivity. To our knowledge, only the cetylpyridinium 

chloride (CPyCl), possessing a larger and more anisotropic head group, has 

been proposed as a potential growth-driving agent to produce AuNRs, but multi-

shaped nanoparticles, such as nanospheres, triangles, pentagons, were 

observed. Also, binary mixtures, such as CTABr/BDACl (benzyldimethyl 

ammonium chloride), and CTABr/OTABr (octyltrimethylammonium bromide) 

were tested, but only modest improvements have been obtained. 

Considering this lack of options, we have envisaged new growth-driving 

agents for the preparation of anisotropic AuNPs in high yields and selectivity. A 

series of an original library of easily prepared N,N-dimethyl-N-cetyl-N-

(hydroxyalkyl)ammonium salts (HAAX) were tested as growth-driving agents, 

instead of the usual CTABr. These growth-driving agents, bearing hydroxyl 

groups, possess high water-solubility, as well as a good stability in a large pH 

range. 

Moreover, we have initiated catalytic and manipulation studies with the 

nanoparticles prepared in order to evaluate the potential application of these 

nanostructured systems. 
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Metallic Nanoparticles – Bibliographic Review 

 

1.0. Introduction 

The interest in inorganic nanomaterials such as nanoparticles, nanowires and 

nanotubes comes from the fact that different and singular properties are 

reached in nanosized dimensions. The natural forces predominant in the 

macroscopic scale such as combustion, gravity and friction lose importance in 

reduced scales to others as Brownian movement, electrostatic forces and 

quantum mechanics rules. This phenomenon promotes two important 

consequences: a surface and an electronic effect on the material surfaces that 

are responsible for all the unusual properties. However, the expression of these 

intermediate and unusual properties at this length scale is not just due to 

scaling factors, but it also depends on the morphology, size and shape 

distribution, and environment in which these particles are present. Therefore, 

these singular properties are normally assembled in a set of features that are 

dependent of a "nano effect". Furthermore, due to their dimensions, normally in 

the range of 1 to 100 nm, several nanostructures are applied as great 

candidates in catalysis, optics, electronic systems and as similar biological 

structures (e.g., membrane cell genes, proteins and viruses), the nanoparticles 

have been proposed for investigating biological process as well as for sensing 

and treating diseases. Nowadays, the volume of studies dealing with these 

topics represents one of the most impressive phenomena in all scientific 

history.1 

 Despite the advances in the preparation and application of 

nanomaterials, it is well known that nanoparticles are thermodynamically 

unstable and have a natural tendency to agglomerate or even grow. Thus, the 

preparation of high quality nanostructured materials via homogeneous and 

reproducible methodologies remains a challenge, particularly with a high control 

of the morphology, allowing to tune the material properties and their 

applications. 

In particular, metal and semiconductor nanomaterials have attracted the 

interest of several research groups. They exhibit unique optical and electronic 

properties which most of them are dependent of rules of the quantum 
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mechanics to be explained and understood; differently when these same 

materials are in bulk form. In the case of noble metals, when reduced to 

nanoscale, they present optical properties that are resultant from the collective 

oscillation of the electrons of the conduction band on particle surface due to the 

light-surface interaction (Figure 1). For noble metals, a resonant oscillation is 

achieved by absorption of specific photons of the visible region of the spectrum, 

leading to systems with distinct colors. This is called the “surface plasmon 

resonance” absorption. When the frequency of the incident electromagnetic 

wave is the same of the electrons on the surface, there is a strong absorption of 

the respective photon.2,6 

 

Figure 1 -  Light surface interaction on metal nanosphere. The electromagnetic field of 
the light induces a dipole oscillation of the conducting electrons along the particle 
surface.3 
 

 

 

 In 1908, Mie4 explained the origin of this phenomenon to a particle with 

radius R, which 2R is smaller than the light wavelength (λ), the extinction 

coefficient of a metallic nanoparticle can be expressed by the equation 

 

���� =
���	
� 
�

�/	

�

�′′

(�′� �
�)	 � �′′
	              eq.  1.1, 

 

Where ε is the constant dielectric of nanoparticulated materials, which in this 

case is dependent on the incident light wavelength, ε = ε'(λ) + iε''(λ), and εm is 

the constant dielectric of the medium. This equation predicts the wavelength 

where the maximum extinction will occur, in other words, when ε = -2εm. When 

this condition is reached, the electromagnetic field of the light induces a dipole 

coherent resonant oscillation for the free electrons along the particle.3 The gold 

particles, for example, may present colors from blue to red, and this 
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characteristic has been used for centuries like in stained glass windows of 

cathedrals, vases and other ornaments.5 

 On nanostructured materials, one aspect is quite important: the decrease 

in the particle size increases the surface ratio. This aspect is one of the main 

reasons of the particular physical and chemical properties of nanomaterials, and 

it makes them highly useful in the field of catalysis.6 

Small nanoparticles have an unstable surface due to the high energy and 

large curvature. When these nanoparticles are used, not only the surface 

structure and shape can change, but also their chemical nature and surface. 

Thus, it is clear that using these nanoparticles fully and effectively will depend, 

on our understanding, of their general properties and also of their surface 

properties and stability.6 

 Significant progresses have been also achieved in the last fifteen years 

focused on novel synthetic routes for anisotropic nanoparticles synthesis. 

Nowadays, deliberate nanoparticle morphological control, with high yields, and 

low dispersity is possible. Nevertheless, the understanding of the mechanisms 

involved in their formation is still unclear. 

 Also, interactions among nanoparticles are an important subject of 

research. Different approaches have been proposed to reach nanostructures 

generated by nanoparticles self-assembly. Bottom-up (chemical assembly) or 

Top-down techniques (physical assembly) make the manufacture process of 

these nanomaterials a great point for the improvement of many future 

applicationsofself-assembled nanoparticles (sensors, medical diagnostics, 

catalysis, nanoeletronics, optoelectronics, photonics etc).6,7 

 Furthermore, to tune new properties on to nanomaterials, a fine control of 

the particle surface characteristics is necessary. Usually, the nanoparticle 

surface (crystal faces exposed, kind of chemical species that surround the 

particle, quality of the crystal lattice, etc.) plays an essential role in describing 

the properties of a nanoparticle system. 

 

1.1. Methods of preparation 

The science of nanomaterials has been characterized by a huge amount of 

research activities and published studies in characterization and manipulation of 

nanostructures. The formation of nanoparticles from molecular or ionic 
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structures named crystallization is well known. The main challenge of 

nanoparticles preparation is to control the size, shape, and dispersity of the 

particles as well, in some cases, the control of the nanoparticle coating.8 

Nanoparticles can be prepared from physical or chemical methods 

according to two main approaches: i) bottom-up or ii) top-down, as illustrated in 

Figure 2. Top-down methodologies generate nanoparticles from larger particles. 

Sonolysis and nanolithography techniques are typical examples of 

thisapproach 9 , 10 Bottom-uptechniques are usually basedon wet chemical 

processes. In such cases, the nanoparticles are prepared from atomic or 

molecular precursors that interact chemically until they reach the nanometric 

desired size (and form). The obtained nanoparticles remain dispersed forming a 

homogeneous solution (colloidal dispersion).11,12 In fact, many different methods 

of metallic nanoparticle synthesis are described in the literature from complexes 

or metal salts. The reduction of these metals in solution typically occurs in the 

presence of sodium borohydride, sodium citrate, carbon monoxide, hydrogen 

and various alcohols.13 

It is worth to mentioning that this last approach can also include the 

formation of nanostructures from nanoparticles, i.e. nanoparticles can be 

arranged together; for example, by a self-assembly process, until they reach 

nanosuperstructures. 14  In this case, the nanoparticles are considered as 

versatile "building blocks".9 

 

Figure2 - Illustration of the two main approaches to provide nanomaterials.15 
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The formation of bulk or nanometer-sized materials from solutions 

inevitably involves aprecipitation/crystallization process*.Despite being a very 

common issue, the wide understanding of the precipitation process is not a 

trivial matter. Its knowledge helps to improve the control of the nanoparticles 

growth until they reach the expected size and shape. There are numerous 

books16,17 and scientific publications18,19,20,21,22that show in detail all theory 

about precipitation.Some characteristics are observed on nanoparticle formation 

from solutions: 23 

a. The products of precipitation reactions are generally not very 

soluble species which results in precipitation and formation of 

nanoparticlesunder sine qua non conditions of supersaturation by 

directly dissolving the solute at higher temperature and then 

cooling to low temperatures or by adding the necessary reactants 

to produce a supersaturated solution during the reaction.24, 25 

b. The formation of the first and smallest nanoparticles in the middle 

(nucleation process), followed by the particle growth step, are the 

two key steps in the formation of nanoparticles in a controlled 

way.26,27 

c. Secondary processes such as Ostwald ripening (crystal particles 

dissolve and redeposit onto larger crystals) and aggregation 

drastically affect the control of the size and shape of the particles 

obtained. 

 

Although the nanoparticles formation can be induced through various 

routes such as sonolysis and nanolithography, methods based on chemical 

reactions are the most common. Generally, these reactions are chosen to 

stimulate the formation of poorly soluble products to reach, rapidly, the 

maximum degree of saturation of the substance.23 Just inducing the compound 

precipitation does not guarantee that the final product is nanoparticulated and 

monodispersed. The nucleation and growth procedure also govern the particle 

size and shape inthe precipitation process. When the precipitation starts, many 

small crystallites are formed through a nucleation process, but rapidly, the 

                                                           
* Here, it is worth mentioning that the precipitation phenomenon is the formation of particles in solution 
that can be in suspension (colloidal solution) or at the bottom of the flask. 
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system tends to form larger and thermodynamically stable particles or 

aggregates.23 

 

1.1.2 Nucleation Process 

Nucleation constitutes an important and critical phase in thedynamic formation 

of nanostructures because this first step in the process of crystallization gives 

rise to the first nucleated particles which start to grow. It is essential to create 

the critical conditions for the molecules in the system come closer and give 

raise to these first nuclei. These conditions direct the reaction to a critical 

concentration of supersaturation, where the solute conditionsin the reaction is 

higher than the saturation concentration (limit solubility), are essential to be 

achieved. This state is naturally very unstable, thus inducing nucleation (Figure 

3). 

 

Figure 3 -  Scheme illustrating a supersaturation condition to begin the nucleation 
process as a function the solute concentration in the system. 
 

 

 

Considering a hypothetical chemical reaction: 

 

����(��) +  � �!(��) �� � (")   eq. 1.2 

 

As already commented, the key step to initiate the precipitation of AxByis 

its degree of supersaturation (S) in the solution, given by 

 

# =
$%$&

'()
        eq. 1.3, 
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Where aA and aB are the reactant activities of A and B, and Kps is the product 

ofsolubility of the product AxBy which can be alternatively expressed as 

 

S =
+

+,-
           eq. 1.4, 

 

Where C and Ceq are the concentrations of saturation and equilibrium of the 

product reaction, respectively. In fact, the literature often considers the 

difference of C and Ceq, ΔC = C - Ceq, as the "driving force" of the precipitation, 

due to the instability of the supersaturated solution.28 

 When the nucleation process begins under supersaturated conditions, 

there is a critical radius, R*, to particle formation. In this case, nucleated 

particles with R>R* will grow, on the other hand, nuclei particles with R<R* will 

solubilize.6,23 (Figure 4) 

The activation energy for the nucleation process of particles is expressed 

by22 

∆G ∗=
��123
∗	

4
=

56πσ78
�9	

4:	;	<=	>
              eq. 1.5, 

 

Where the term σSL is the surface tension in the solid-liquid interface, vis the 

atomic volume of solute, k is Boltzmann's constant, T is temperature, and S is 

the degree of supersaturation as defined in eq. 1.4. 

 

Figure 4 - Free global energy ΔG as function of particle radius. 
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1.1.3. Growth Process 

The growth of the nanoparticles from nuclei is also a complex event. In solution, 

after the nuclei are formed, they start to grow via atomic/ion/molecular addition 

which is basically governed by a diffusion process. When the reactant 

concentration decreases, below the critical level of supersaturation, due to the 

fast formation of the nuclei, the nucleation process stops, i.e. no new particles 

are formed. However, the particles continue to grow by molecular addition 

(Figure 5) until they reach the equilibrium concentration of the species in 

solution and the particles formed. The uniformity of size is achieved when a 

short nucleation period occurs and the nuclei formed grow simultaneously. A 

monodispersed size distribution can be obtained at this stage by a relative fast 

depletion of the reaction. Furthermore, during and after particle growth it is 

predicted that smaller particles grow faster than the larger ones, since the free 

energy driving force is greater for smaller particles.6 

 

Figure 5 - Illustration of the nanoparticles sequence formation in solution. 
 

 

 
 On the other hand, when the concentration of the reactants decreases 

(depletion) due to the particle growth, other growth process, denominated as 

Ostwald ripening, could happen. In this case, it is observed that larger particles 

continue growing and small particles become even smaller, until the point that 
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they dissolve by themselves. This phenomenon occurs due to the decrease 

insupersaturation degree (S) and decrease in the critical size of the nuclei (R*) 

which, according to Equation 1.5, each particle smaller than the critical size 

dissolves by itself. In any formation process of nanoparticles when this stage is 

reached, the particles formed will have a wide size distribution centered on two 

schemes, larger and smaller particles. On the other hand, when the growth 

process reaches this stage, monodispersed particles can be obtained if the 

reaction is extended for a sufficient time, depleting the supersaturation and 

smaller nuclei. In this case, the particle size is relatively large and could extend 

to the micrometer size.6 

Besides the growth by molecular addition that consists in a deposit of 

soluble species on the solid surface, the particles could be grown by 

aggregation among each other. After the particles reach a stable size, they 

continue to grow and combine with unstable small nuclei.6 

 Indeed, good methods of nanoparticle production must have a good 

control of all steps discussed above; high quality nanoparticles can be obtained. 

This is, in fact, an important subject of research in nanoscience and 

nanotechnology. 

 

1.2. Nanoparticles stabilization 

Nanoparticles possess a high surface energy; they are thermodynamically 

unstable and have a natural tendency to agglomerate and grow which lowers 

the total energy of the system. To avoid this uncontrolled growth of particles, 

two mechanisms of particle stabilization are normally required: (i) electrostatic 

repulsion interactions by equal electric charges between the particles and/or (ii) 

steric repulsion interactions by impediment effects and (iii) electrostatic and 

steric effects (Figure 6). Usually these conditions are achieved by addition of a 

stabilizing agent.In both cases, the nanoparticles do not aggregate due the 

presence of the stabilizing agent on the particle surface. Among these materials 

used as protecting agents, there are ionic salts, surfactants, polymers and 

organic molecules able to interact and to coat the nanoparticle surface. 11,12
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Figure 6 -  Examples of stabilization mechanisms of particles in colloidal solutions 
stabilized by (a) repel phenomenon among electric charges, (b) by steric effects, (c) 
electrostatic and steric effects. Adapted from reference 15. 
 

 

 

Depending on the nature of the stabilizing agent used, it is possible to 

precipitate, filter, dry, and re-disperse the colloidal particles without losing their 

particular characteristics. Furthermore, the protective layer plays other 

important functions which could influence individual characteristics (solubility, 

size, structure and distribution)11,12
 and could induce specific applications of the 

particles as transport agent of them in biological organisms which is a feature 

very important to the development of nanostructured drug delivery systems. 

 

1.3. Synthesis of anisotropic nanoparticles 

In the last 10 years, a huge number of synthetic procedures were developed to 

produce original nanoparticles with different shapes, sizes, compositions, 

patterns of distribution, applications etc.(Figure 7). Many research groups 

reported the synthesis of metal nanoparticles in shapes like tetrahedrons29,30, 

cubes31, prisms 32, cylinders33, stars 34, hollows35 etc. To reach each kind of 

particle, a particular method of preparation has been developed.36 

 

Figure 7 - Representative examples of anisotropic particles. A) spheres, B), rods, C) 
branched and D) polyhedral shapes. 
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The crystal growth mechanism is one of the main objects of theoretical 

study in nanoparticle formation and crystallization processes. 37  The classic 

model of the crystal shape control is based on the Gibbs-Curie-Wulff theorem 

which suggests that the size of a crystal is determined by the surface energy on 

each side or facet.38 However, it has been observed that purely thermodynamic 

arguments are not sufficient to explain the variety of nanoparticles recently 

obtained.39 Currently, two new factors are strongly considered to understand the 

mechanism of crystal growth: i) the “monomers” concentration, for example, 

metal species in the solution, and ii) the presence of growth driving agents. 

Among the possible shapes for nanoparticles, the spherical ones are the 

most thermodynamically stable forms. However, depending on the 

concentration of monomers in solution, and the crystal lattice of the nuclei 

different forms could be achieved. For example, CdSe particles with the form of 

spheres, rods and stars could be obtained according to the increasing 

“monomer” species concentration in the solution.38 

Several types of nanoclusters with a defined morphology and number of 

atoms (magic numbers) are normally detected at the nucleation step. These 

clusters have minimum chemical potentials, because they have a complete 

close shell configuration (Figure 8.) These “magical” nanocrystalline structures, 

formed during the nucleation step, play a fundamental role in the growth of 

anisotropic structures. 

 

Figure 8 -  Illustrative graph showing the relationship between the cluster size with its 
potential, b) cluster containing magic number of atoms (13, 55, 147, 309, 561 ...). 
Figure adapted from reference 38. 
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It has been established that the morphology of final nanoparticles is 

mainly determined by the number of twin defects present in the initial nuclei 

(seed particles).40 In the next step, the atoms generated from the reduction of 

the precursor get diffused to the surface of the nuclei and will deposit at active 

surface sites, forming metallic/covalent bonds with their neighbors. Adjusting 

the molar ratio between the stabilizer and precursor it is possible to modify the 

crystal planes and as consequence of this modification, each facet will grow by 

molecular addition and lead to the formation of nanostructures with distinct 

shapes.41,42,43 

As cited above, the monomers concentration has a strong influence in 

the dynamic crystal formation. It was reported in Peng’s works that nuclei of 

CdSe with well-defined facets and an extremely high monomer concentration 

induce the growing process by each facet independently, producing star 

structures. Moderate and high concentrations of the monomers in the system 

have a great contribution to lead the growth of only one facet preferred, 

producing elongated structures. Finally, at low concentrations, the low chemical 

potential of the system decreases the high potential of the particles surface, 

responsible for a more homogeneous crystal growth, producing similar spherical 

particles (Figure 9). 

 

Figure 9 - Possibilities of the growth of nanocrystals as function of the monomer 
concentration in the system. Figure adapted from reference 38 
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Two steps are required for the formation of nanoparticles. The first one is 

the nucleation process and the second one is the growth process by molecular 

addition (monomer addition) or Brownian motion (aggregation of nanocrystals). 

Additionally, after that is known a third stage denominated Ostwald ripening, 

and at this stage, after ceasing the growth of the particles by monomers 

depletion, it starts a process of atomic rearrangements which depends much of 

the time, tending to the formation of more energetically stable structures with 

low surface potential, for example, spherical nanoparticles.38
 In understanding 

this dynamic process, one can understand also the conditions required for the 

formation of the anisotropic nanoparticles depicted on Figure 9, see scheme 

presented on Figure 10. 

 
Figure 10 -  Growth stages in a defined nanocrystal as function of different 
concentrations of monomers. Monomer addition and Otswald ripening under a low 
monomer concentration. Mainly monomer addition on the facets under high 
concentration.  Figure adapted from reference 38. 
 

 

 

In addition to the factors mentioned above (such as reagent 

concentration, time, reducing agents and metal precursors), it is possible to 

control the shape and size of nanoparticles, using growth driving agents. These 

agents preferentially interact with certain planes (facets), blocking or 

compromising their growth, thus leading to the formation of anisotropic particle. 

To conclude this topic, we can mention that the formation and growth of 

nanocrystals is a highly kinetic process and due to this factor, any nanocrystal 

could have its growth process driven or stopped by changes in reaction 

conditions44  frequently requiring a systematic study of the conditions of the 

synthesis. 
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1.3.1. Seed-mediated synthesis 

Over the last 20 years, several reliable methods have been developed to 

prepare anisotropic nanostructure in good yields and size, and shape control. 

Among these methods, the seed-mediated synthesis of anisotropic 

nanoparticles is widely and commonly used in the preparation of nanoparticles 

with rod, wire, triangle, star, flower shapes, and so on. This method, indeed, 

separates the two steps required for the formation of nanoparticles (nucleation 

and growth). In other words, in one solution, only the nucleation step occurs, i.e. 

only small particles are formed, called “seeds”. These particles are added in 

another solution containing “monomers” in condition to promote the growth 

process. Indeed, the “seed-mediated” method is the most current method 

adopted. 

 

1.3.2. Polyol synthesis 

Polyol synthesis is a simple method to obtain metal nanoparticles (or alloys) of 

a range of shapes and sizes. This method is based on the reduction of soluble 

metal complexes or inorganic salt precursors by polyols (ethylene glycol, 

propylene glycol, pentane diols, glycerol etc.) at high temperatures. The relation 

between the reducing power and reaction temperature (polyols display relatively 

high boiling points) makes polyols appropriate solvents to prepare different size 

and shape metal nanoparticles. For example, after heating in presence of air, 

ethylene glycol is converted into glycolaldehyde which works as a reducing 

agent of Ag(I) precursors, leading to Ag(0) nanostructures in the presence of 

polyvinyl pyrrolidone (PVP). 

 

Figure 11 -  (a) Schematic representation of setup used for polyol synthesis.45 
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1.3.3. Biological synthesis 

Biological systems are able to prepare metallic nanoparticles and functional 

superstructures of inorganic nanomaterials such as amorphous silica, magnetite 

(magnetotactic bacteria), and calcite46. The shape control of nanomaterials in 

biological systems has been achieved either by growth in constrained 

environments such as membranes vesicles or through functional molecules 

such as polypeptides that bind specifically to inorganic crystal facets. 

Furthermore, some proteins such as ferritin, ferritin-like-protein, 

chaperonin and viruses such as cowpea chlorotic mottle virus which have 

cavities in the center have been used as template to synthesize various types of 

nanoparticles most especially that of metals.47 These routes, however, do not 

adequately address the issue of particle monodispersity and uniformity which is 

very crucial in the applications of these nanoparticles.48 

 

Figure 12 -  An illustration of the cage-shaped protein apoferritin without iron core and 
ferritin with iron core (Adapted from Iwahori and Yamashita, 2007).48

 

 

 

 

1.3.4. Hydro/solvothermal synthesis 

In hydro/solvothermal synthesis, nanoparticles are synthesized in hot 

water/solvent in an autoclave under high pressure. The water acts as a catalyst 

and occasionally as a component of solid phases. However, this method can be 

considered as solvothermal synthesis due to the possibility of using different 

solvents.49 Moreover, some additives could be associated to modify the initial 

properties of pure hydrothermal water (e.g. polymers, surfactants, acids or 

bases to equilibrate the pH, etc.). 50,51,52,53,54 
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Figure 13 -  An illustration of hydro/solvothermal instrumentation. 

 

 

1.3.5. Galvanic replacement reactions 

Galvanic replacement reactions are based on a simple method to synthesize 

nanostructured materials. Indeed, a large number of different metal 

nanostructures can be prepared based on the variation in the standard 

electrode potentials of the elements, leading to deposition of the more noble 

element and dissolution of the less noble component. This methodology is 

frequently used to prepare bimetallic nanoparticles.55 

For example, in a bimetallic interaction between Ag and Fe3O4, a thin 

shell of Au can be deposited on Ag and the Fe3O4 domain spontaneously 

dissociates. Additional Au preferentially deposits on the convex side of the NP 

while Ag dissolves preferentially from the original site of attachment to Fe3O4, 

thus, creating a void. When exposed to a mixture of O2 and Br−, the bowls 

increase their cavity size while their diameter does not change.56 

 

Figure14 -  Mechanistic studies on the formation of nanobowls by Galvanic 
replacement reactions.  
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1.3.6. Photochemical synthesis 

The reduction of metal salt precursors can also be performed by photochemical 

methods through photo-irradiation. The major advantage of this technique 

includes the reduction of the metallic precursor without using an excess of 

reducing agents. In this case, the radiation is absorbed independently of light-

absorbing solutes and products. Thus, photochemical synthesis does not 

require a specific and costly instrument. This method is similar to the 

electrochemical method and used concepts from template-assisted synthesis.57 

For example, gold nanoparticles can be synthesized by preparing a 

solution containing HAuCl4 and 1.0 mM Irgacure-2959 (1-[4-(2-

hydroxyethoxy)phenyl]-2-hydroxy-2-methyl- 1-propane-1-one) I-2959 in water. 

The HAuCl4/I-2959 samples were typically irradiated in a photoreactor with 40 

W/m2 UVA light. Samples were irradiated for a few minutes.  

 

Figure 15 -  Formation of Gold Nanoparticles by photochemical reaction 
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1.3.7. Electrochemical synthesis 

Electrochemical reduction methods are broadly used for preparing a great 

range of different and high size-selective nanoparticles, especially of noble 

metals by adjusting the current density.58  The significant advantage of this 

technique is the possibility to work at low temperatures, and the preparation of 

high-quality products. In general, experimentally, metal cations migrate to the 



18 
 

 

 

cathode in which the reduction takes place, that in the presence of suitable 

stabilizing agents,isotropic or anisotropic metal nanoparticles can be obtained. 

For example, silver nanoparticles canbe produced by electrochemical 

process in a simple two-electrode cell by using an EG&G M173 

potentiostat/galvanostat in presence of poly(N- vinylpyrrolidone) – PVP as main 

stabilizer agent.60 

 

Figure 16 -  Schematic diagram showing formation of electrochemically produced PVP-
stabilized silver clusters.59 

 

 

 

1.3.8. Template-mediated synthesis 

The template method is one of the most popular methods to produce 1D 

nanostructures with control able size and architecture. The main advantage of 

this technique is the easy fabrication (possibility to work in normal atmosphere), 

low cost, high yield, and adaptability to various type of materials.60,61,62,63 In this 

method, nanoporous materials, like polycarbonate or alumina, are used as 

templates.64,65 

For example, the template method for the synthesis of the gold nanorods 

was first introduced by Martin and co-workers. This method is based on the 

electrochemical deposition of Au in the pores of nanoporous polycarbonate or 

alumina template membranes. 
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Figure 17 - (a and b) FEG–SEM images of an alumina membrane. (c) Schematic 
representation of the successive stages during formation of gold nanorods via the 
template method. (d) TEM micrographs of gold nanorods obtained by the template 
method. 15

 

 

 

 

1.4. General aspects of physicochemical properties,  applications, and 

main characterization techniques of anisotropic nan oparticles 

As we have already discussed, it is well recognized that physical and chemical 

properties of materials can change dramatically at nanoscale. Indeed, 

nanomaterials exhibit unusual properties that are different from their bulk form 

counterpart. Thus, the properties of a specific material are characterized from 

their scale size; a critical size that are usually on the nanometer range. If the 

physical size of the material is reduced from this limit, its properties change and 

become sensitive to its architecture.66 These changes on the properties are not 

due only the size reduction, but for new aspects that are normally manifested on 

nanoscale, and are normally neglected on macroscopic scale.67,68,69,70 

In human being’s world, the gravitational and friction forces are the most 

predominated effects. Whereas, as the dimensions of the bodies decrease, the 

electrostatic force, vander Waals, Brownian movement and quantum 

mechanical aspects receive important attention. In a subatomic scale, the 

electrostatic attraction force between two protons is 1036 times greater than 

gravitational force. The gravitational force begins to dominate the bodies and 
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particles universe when exist a significant quantity of the matter that means a 

wide scale.71,72 Table 1 presents the predominant effects on materials at macro, 

micro and nanosize scales.  

 

Table 1 -  Predominant effects by scale reduction from meters to angstroms 

dimensions.67 

Unit of measure  Size similar to  Predominant effects  

Meter (m)1 m Child, bike etc gravity, friction, combustion 

Centimeter (cm)10-2 m Human thumb, coins etc. gravity, friction, combustion 

Millimeter (mm)10-3m Sugar grains etc 
gravity, friction, combustion, 

electrostatic force 

Micrometer (µm)10-6m 1/40 of an hair diameter 
Electrostatic force, Van der 

Waals, Brownian Movement 

Nanometer (nm)10-9m A line with 5 to 10 atoms 

Electrostatic force, Van der 

Waals, Brownian Movement, 

Quantum mechanics 

Angstrom (Å) 10-10m 
1 atom, 10 times the 

wavelength of the electron 
Quantum mechanics 

 

Two relevant aspects of electrostatic forces which are predominant in 

nanotechnology are the van der Waals forces and the Brownian movement. 

Most molecules are rarely symmetrical, thus, a non-uniform distribution of 

charges generates asymmetric electric fields, allowing attraction or repulsion 

among other molecules. The Brownian movement occurs in small molecules or 

particles where the gravity influence is negligible. This movement does not 

allow the molecules to remain in the same position in which they are folded, due 

to this behavior; it is a challenge, for example, the nanomanipulation. On the 

other hand, this phenomenon is one way which the nanodevices could be 

moved. Furthermore, other effects appear from the materials reduction to 

nanometric scale. The two main effects are: 

Size effects: quantum effects on the size where the normal electronic 

structure is substituted by a series of discrete electronic levels. For example, 

when magnetic nanoparticles are reduced to small dimensions, their atomic 
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structure with discrete electronic levels gives rise to new phenomena such as 

superparamagnetism, changes in optical properties, etc. 

Induced effects by the increased surface area: the increasing surface 

area of nanomaterials causes a significant increase in the reactivity, hardness, 

as well as magnetic, catalytic, and optoelectronic properties. This phenomenon 

could provide a decrease up to few tens of degrees Celsius on process 

temperature of some dispersed materials thereby reducing energy costs. 

While the size effects describe the physical properties of nanostructured 

materials, the induced effects by the increased surface area play an eminent 

role in chemical processes, especially in heterogeneous catalysis and sensors. 

The size effects could be observed using measurements of physical 

properties such as mechanical, optical, electrical and magnetic properties. 

While the induced effects could be observed by measuring the thermodynamic 

properties such as vapor pressure, specific heat, conductivity, thermal stability 

and melting point.67 

Anisotropic particles offer features and functions that are not easily 

obtained by size-tuning of spherical nanoparticles. For example, a slight change 

in particle geometry can produce great changes in the surface plasmon peak 

position of a metallic nanoparticle which can hardly be achieved in the spherical 

nanosystems through a similar change in diameter. In addition, the optical 

properties of anisotropic gold or silver nanorods (NRs) or prisms are tunable in 

the visible, near infrared (NIR), and infrared regions of the spectrum, as a 

function of their aspect ratios. Even though isotropic gold nanoparticles show 

intense surface of plasmon resonance (SPR) absorption with good absorption 

coefficient, it is weakly dependent on particle size which limits its application in 

sensing. 

 When anisotropy feature is added to the nanoparticles such as NRs or 

prisms, the SPR is not only enhanced, but also becomes strongly tunable as a 

function of aspect ratio. One reason for this is that these structures, well-

controlled in size and shape, possess different surface areas and 

crystallographic facets. Introducing anisotropy into the nanoparticles can also 

make a substantial change in their magnetic properties. The coercive field of 

ferromagnetic particles can be increased considerably by introducing shape 

anisotropy73. 
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Biocompatibility74,75large extinction, optical absorption in the near-infrared 

region (blood and tissues are relatively transparent to the radiation in this 

wavelength region)76,77 and photothermal heating capacity78,79,80,81,82,83enable 

gold NRs, for example, to be good candidates for diagnosis, and therapeutic 

medical applications.84,85,86. 

The utility of anisotropic nanomaterials in treatment of tumor cells and 

photothermal therapies to cancer diagnosis is well reported in the 

literature.76,84,85,86, 87 , 88 . Localized electric fields, originated near these 

nanoparticles, have been investigated for the chemical and biological detection 

of molecules89,90,91,92,93 and surface-enhanced Raman spectroscopy.94,95,96,97 

The strong electromagnetic fields at the anisotropic surfaces of metallic 

nanoparticles make them useful for non-linear optical applications in 

photonics98,99,100,101 as well chemical and biological detection.102 

 The anisotropy feature could be enhanced by the incorporation of lower 

dimensional nanostructures into the same or higher dimensional nanosystems. 

These systems show different properties due to the effective interaction of 

unequal domains. Another way to improve the properties and performance of 

anisotropic nanoparticles is by self-assembly process. 103 , 104  This controlled 

organization brings unusual properties that cannot be observed in an individual 

particle system, neither through the bulk form material.105,106 It is important to 

mention that the properties of assembled nanomaterials in 2 or 3D lattices 

strongly depend on their shape, surface features, charge, polarizability, 

magnetic dipole moment, mass, and other factors. The additional advantage of 

assembled nanomaterials is the interaction between the same or different 

building blocks in the system, promoting different properties, depending on the 

dimensionality as well as the nature of interaction between the building blocks. 

These systems can be called as ‘anisotropic superstructures’. 

 

Characterization Methods 

The adequate characterization of these nanomaterials is essential, since its 

properties can change dramatically with the variation of some physical and 

chemical properties. In this characterization, some parameters such as the 

particle size, area and chemical composition surface are critical. The Table 2 

summarizes the principal techniques used to determine the size, surface area, 
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and composition of the nanoparticles, as well as their morphological 

characteristics. 

 

Table 2 - Principal techniques used in the characterization of nanoparticles 

Technique  Applications/Characteristics  Ref 

X-ray diffraction (DRX) Crystal structure, particle size 107 

Dynamic light scattering (DLS) Particle size (suspension), size distribution 108 

Sedimentation by centrifugation Distribution of the particle sizes / complex 108 

Size exclusion chromatography 
Good resolution, small sample volume / 

slow 

109 

Atomic force microscopy (AFM) 
Good Resolution / 3D images, only scans 

the surface 

109 

Specific surface area (BET) 

Particle size, surface area / simple, the 

particles are considered as monodispersed 

spheres 

109 

Scanning electron microscopy 

(SEM) 

Surface morphology, particle size / good 

resolution 

108 

Transmission electron microscopy 

(TEM) 
Local structure and morphology 

109 

X-ray Spectroscopy of disperse 

energy (EDX) 

Surface composition and elemental 

mapping 

109 

X-ray Photoelectron spectroscopy  

(XPS) 
Chemical analysis of the surface 

109 

 

 

1.5. Gold Nanorods 

Among all the anisotropic metal nanoparticles that have been synthesized, gold 

nanorods (AuNRs) have attracted great attention due to the fact that these kind 

of nanoparticles can be obtain with a good morphologic control and different 

aspect ratios, allowing different properties for the same material.110 

The synthesis of gold nanorods can be accomplished in many ways. 

The main process to prepare gold nanorods relies on wet methods. These 

methods involve typical processes of growth nanoparticles. In general, the first 

step is the reduction of a metal precursor in solution, typically [AuCl4ˉ], that 

forms very small clusters in an undernanometric dimension (nucleation). Soon 

after, others Au reduced atoms join these particles, leading larger particles 
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(growth process). The agglomeration of particles and the growth control are 

prevented by the addition of stabilizing agents and driving agents that could be 

the same in many cases. The concentration of reactants, temperature, and pH, 

influence the kinetics of nucleation and growth process.  

Initially, gold nanorods were prepared by using electrochemical 

deposition, with shape control provided by alumina porous or polycarbonate 

membrane templates, in the presence of cetyltrimethylammonium bromide, 

CTABr. After that, other methods emerged as a simple, viable technique such 

as the Seed Mediated Method that consists basically on two steps: nucleation 

and growth process used to prepare AuNRs. 

One of the most interesting features of the AuNRs is the absorption 

spectrum in the Uv-vis-NIR region that presents multiple plasmon bands (one 

band for the transverse plasmon [short axis] and one band for the longitudinal 

plasmon [long axis]. The longitudinal plasmon is strongly influenced by the 

aspect ratio of the gold nanorods. These dependent properties of shape have 

frequently been taken advantage to allow sensing applications, plasmon 

enhanced spectroscopies, biomedical imaging, and photothermal therapy for 

cancer. 

Improving AuNRs performance in these applications requires AuNRs 

with specific physicochemical properties. Due to this factor, the control of the 

shape and dimensions is a focus of intense interest in nanomaterial chemistry. 

The development of the first seed-mediated growth provided, for the first time, a 

convenient, versatile, wet, chemical approach to the synthesis of gold nanorods 

(which was subsequently extended to other anisotropic shapes). Indeed, 

AuNRs based on this method can now be purchased from major chemical 

vendors. 

 

1.5.1. The seed-mediated growth to gold nanorods: general concepts 

Murphy et al., and other groups have developed a seed mediated method, a 

multi-step controlled redox reaction that is performed in room temperature 

aqueous solution. This seeded growth approach has become the model for 

almost all subsequent AuNRs syntheses. The seed-growth methodology 

involves the nucleation and the growth process, where small seed particles 

(~1.5 – 5 nm diameter) are first synthesized from gold salt reduction (HAuCl4) 
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by action of strong reducing agent to promote the reduction of Au(III) to Au (0). 

After, these seed particles are added to a growth solution that contains 

additional gold salts that are reduced from Au(III) to Au(I) by an action of a weak 

reducing agent as ascorbic acid, and a “growth driving agent”controls the final 

particle shape.111,112 The ascorbic acid is a too weak reducing agent to reduce 

the additional gold salts from Au(III) to Au(I) alone, in the growth solution and in 

a commonly reaction conditions (Figure 18).The growth driving agent classically 

used is cetyltrimethylammonium bromide (CTABr), a cationic surfactant well-

known to form rodlike micelles in water. The CTABr acts as a soft template to 

direct nanorods formation as the gold seeds grew upon further metal ion 

addition.111, 113 The CTABr has a preferentially higher packing density on the 

{110} and {100} surfaces, forming a more compact layer with respect to that on 

the {111} surfaces. All chemical features of CTABr molecule, from its alkyl chain 

length to its counter ion, are also critical to retain the ability to synthesized rods 

(Figure 19). 114,115 

The gold nanorods obtained are supported by a bilayer of CTABr on 

their surfaces116,117,118 that like a primary function are adsorbed to promote the 

growth of seed particles in a specific direction along certain faces. After the first 

addition of seed particles in the growth solution, depending on the aspect ratio 

desired, a re-addition process continues in subsequent solutions. After, shortly 

aliquot of this growth solution was added to a new growth solution, and if 

necessary, an aliquot of this second solution was added to a third growth 

solution. This three-step seeded growth approach provides gold nanorods with 

aspect ratios between 10 and 25 if stopped along the way, with average gold 

nanorods dimensions up to 1800 x 25 nm. 2,111 Although some papers discuss 

the absence of additives, the majority of the scientific studies reported the use 

of organic solvents and silver nitrate to influence the micellar packing of 

CTABr.110,113 

Critical control over the reactions conditions such as growth steps used 

in the synthesis, composition of the surfactant or cosurfactants112,119 the seed 

solution 120, the concentration and the nature of the additives 121 in the growth 

solution provides gold nanorods with different aspect ratios, good yields, 

reproducibility and specific morphologies.122,123 
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A new seeded growth procedure utilizes smaller AuNPs seeds (1.5 nm) 

stabilized with CTABr, rather than citrate, and a small amount of silver nitrate is 

added to the growth solution. The addition of silver nitrate provides short 

nanorods with low aspect ratios (2-5) AuNRs (~ 45 x 15 nm in dimension) in 

better than 90% of selectivity relative to other shapes.110,118,124 

Other growth-driving agents for AuNRs preparation such as a binary 

mixture usually in presence of CTABr as CTABr/BDACl 

(benzyldimethylammonium chloride), 125  cetylpyridinium chloride,119 or 

CTABr/OTABr (octyltrimethylammonium bromide),126 have been used with not 

always good results in terms of selectivity and yield on nanorods formation. 

Herein, this work propose as good alternative and an original family of 

surfactants easily based on hydroxylated ammonium salts as growth-driving 

agents to prepare AuNRs by the seed-mediated method in aqueous media with 

high yields and selectivity, instead of the usual CTABr. 

 

Figure 18 - Schematic illustration of the seed solution, growth solution and the 
beginning of the growth process. 
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Figure 19 -  Schematic illustration of the dissymmetric growth of gold nanorod from a 
seed particle and Au (I) ion species that are reduced to Au(0) on the surface of the 
metal particle. 127 

 

 

  

Seedparticle ~ 3.0 nm 
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Experimental Part 

 

2.0. Initial considerations 

Five groups of experiments were conducted during this thesis work : i) synthesis of gold 

nanorods in aqueous medium; ii) synthesis of hydroxylated surfactants; iii) study of the 

influence of the hydroxylated surfactants as growth-driving agents of gold nanoparticles; 

iv) evaluation of the gold nanorods in catalysis; and v) tests in self-assembly 

mechanisms with the gold nanospheres and nanorods. A huge part of the experiments 

were performed in the group Nanocatalysis and Molecular Catalysis to Fine Chemistry 

(Organométalliques: Matériaux et Catalyse team), École Nationale Supérieure de 

Chimie de Rennes. The tests in self-assembly mechanisms were performed in the 

Group of Catalysis and Chemical Reactivity of the Institute of Chemistry and 

Biotechnology, Federal University of Alagoas (GCaR/IQB/UFAL). The characterization 

of the surfactants and colloidal systems were performed in the laboratory OMC/ENSCR. 

Transmission Electron Microscopy images were obtained in the Université Pierre et 

Marie Curie. 

 

 

2.1. Materials, reagents, and solvents 

The glassware were treated with aqua regia and washed with water and 

detergentbefore use.In this work the following reagents were used, see Table 3. 

 

Table3- Reagents and solvents used in this work. 

Reagents/Solvents Origin 

HAuCl4.3H2O, 99.9% SIGMA - ALDRICH 

NaBH4, > 98% ACROS ORGANICS 

L(+)-Ascorbicacid, P.A. 99+% VETEC 

Cetyltrimethylammonium Bromide(CTABr),  99+% ACROS ORGANICS 

AgNO3, >  99% REAGEN 
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N,N-dimethyl–N-cetyl–N-(2-hydroxypropyl)ammonium 
Bromide (HEA16Br) OMC/ENSCRa 

N,N- dimethyl–N-cetyl–N-(2-hydroxyethyl)ammonium 
Chloride(HEA16Cl) OMC/ENSCRa 

N,N- dimethyl–N-cetyl–N-(2-hydroxyethyl)ammonium 
Fluoride (HEA16F) OMC/ENSCRa 

N,N- dimethyl–N-cetyl–N-(2-hydroxyethyl)ammonium Iodide 
(HEA16I) 

OMC/ENSCRa 

N,N- dimethyl–N-cetyl–N-(2-hydroxyethyl)ammonium 
Hydrogencarbonate (HEA16HCO3) 

OMC/ENSCRa 

N,N- dimethyl–N-cetyl–N-(2-hydroxyethyl)ammonium  

Tetrafluoroborate (HEA16BF4) 
OMC/ENSCRa 

N,N- dimethyl–N-octadecyl–N-(2-hydroxybutyl)ammonium 
Bromide (HEA18Br) OMC/ENSCRa 

N,N- dimethyl–N-dodecyl-N-(hydroxyethyl)ammonium 
Bromide (HEA12Br) OMC/ENSCRa 

N,N- dimethyl–N-cetyl–N-(2-hydroxypropyl)ammonium 
Bromide– (HPA16Br) OMC/ENSCRa 

N,N- dimethyl–N-cetyl–N-(2-hydroxybutyl)ammonium 
Bromide(HBA16Br) OMC/ENSCRa 

N,N- dimethyl–N-cetyl–N-(2-hydroxypropyl)ammonium 
Bromide (H2PA16Br) OMC/ENSCRa 

N,N- diethyl–N-cetyl–N-(2-hydroxyethyl)ammonium Bromide 
(HDA16Br) 

OMC/ENSCRa 

N-methyl–N-cetyl–N,N -(DiHydroxyEthyl)ammonium 
Bromide (DHEA16Br) OMC/ENSCRa 

N-cetyl–N,N -(DiHydroxyEthyl)ammonium Bromide 
(DHA16Br) OMC/ENSCRa 

N-cetyl–N,N,N –(TrisHydroxyEthyl)ammonium 
Bromide(THEA16Br) OMC/ENSCRa 

N,N- dimethyl–N-cetyl–N –Oxide Amine (NOx16) OMC/ENSCRa 

N,N- dimethyl–N-cetyl–N-methylephidrine Bromide 

(N-MeEPh12Br) 
OMC/ENSCRa 

N,N- dimethyl–N-cetyl–N-ethylammonium Bromide - 
(EA16Br) OMC/ENSCRa 

N,N- dimethyl–N-cetyl–N-propylammonium Bromide - 
(PA16Br) OMC/ENSCRa 
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N,N- dimethyl–N-cetyl–N-butylammonium Bromide – 
(BA16Br) OMC/ENSCRa 

Ethanol,96% SIGMA-ALDRICH 

Toluene, 98% SIGMA - ALDRICH 

Deionized water DEIONIZER DIRECT 
– Q3 MILLIPORE 

asynthesized in OMC/ENSCR 

 

 

2.1.1 Preparation of the Reagent Solutions  

The solution of the metal precursor HAuCl4.3H2O, tetrachloroauric acid trihydrate is 

prepared by dissolving 1.0 g of acid in 99 mL of deionized water (25.0 mM). The 

solution is submitted to a high vacuum for degassing and stocked in a Schlenck under 

inert atmosphere (argon) and under the absence of light. 

The solution of the reducing agent sodium borohydride, NaBH4, is prepared 

immediately before the use and left at low temperature (~ 10 °C).  

The surfactants were prepared as described in the literature or after adapted 

modification. A solution of all surfactants is prepared at 0.20M concentration, in 

exception of the surfactants low water-soluble (HEA16I, HEA16BF4, THEA16Br, 

NMeEph16Br…) those need a heating process to get solubilized. 

For all other reagents, it takes the necessary care to avoid contamination during 

preparation. 

 

 

2.2.Characterization techniques  

The colloidal dispersions prepared in aqueous solution were analyzed by ultraviolet 

visible spectroscopy (UV-vis), and transmission electron microscopy (TEM).The Uv-vis 

analyses are performed on a Schimadzu UV-vis 1800 spectrophotometer configured for 

baseline correction with deionized water absorption band from λ400 to 1000 nm, using 

optical glass cuvettes with an optical path of 1.0 cm. The analyses by transmission 

electron microscopy were performed on a Microscope JEOL TEM 100CXII operating at 

100kV. Samples were prepared by placing a film of the colloidal dispersion in a film 
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coated with carbon copper grid (200 mesh), at least 24 hours before analysis kept in a 

desiccator. When necessary, the images obtained by transmission electron microscopy 

were treated with the Sigma Scan program to obtain a histogram of particle size, with an 

average of 300 to 500 counts. 

The surfactants prepared were characterized by Nuclear Magnetic 

Resonance(NMR), using a BRUCKER Avance III 400 spectrometer at 400.13 MHz for 
1H and 100.61 MHz for 13C. All magnetic resonance spectra were quoted in parts per 

million (ppm) measured from tetramethylsilane (TMS) as external reference. The 

following abbreviations were used to describe peak splitting patterns when appropriate: 

s= singlet, t= triplet, m= multiplet. Coupling constants, J, were reported in hertz unit 

(Hz). All melting points were measured, using a Stuart melting point apparatus SMP3. 

The sample was added in a capillary tube that was accommodated in a heating block. 

Then, the melting process was observed with the help of bright illumination and a 

powerful magnifying glass.The CMC measurements were performed, using an 

automatic tensiometer (Krüss K100) and the DuNoüy Ring Method for air-water 

interface at 298 K. Before each experiment, the platinum ring was cleaned in a 

water/ethanol mixture and then in a blue color flame. A concentrated solution 1mg/mL 

(5 mL) was put in a conic vessel (165.7 mL) and was reduced by the addition of small 

amounts of ultrapure water. After each addition, the solution is stirred for 120 s. The 

immersion depth of the ring is 1 mm. Equilibrium surface tension was measured three 

times at 25°C for each concentration with Harkins and Jordan correction method.  

 

 

2.3. Synthesis of surfactants 

 

2.3.1. Synthesis of surfactants HEA16X 

N,N- dimethyl–N-cetyl–N-(2-hydroxypropyl)ammonium Bromide - HEA16Br 

Bromohexadecane (1.2 eq.) and N,N-dimethylethanolamine (1 eq.) were refluxed in 

absolute ethanol for 48h. Then, the solvent was removed under reduced pressure. The 

obtained solid was washed twice with diethyl ether afford a white solid with a good yield 

(92%), m.p. 207ºC,  1H NMR (400MHz, CDCl3, 25°C, TMS):  δ= 0.85 (t, J = 7 Hz, 3H), 
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1.23 (m, 24H, H-15), 1.32 (m, 2H), 1.73 (m, 2H), 3.36 (s, 6H), 3.56 (m, 2H), 3.74 (m, 

2H); 4.10 (m, 2H); 5.0 (t, J= 5.3 Hz, 1H). 13C NMR (100MHz, CDCl3, 25°C, TMS): δ= 

14.1, 22.6- 31.9, 52.1, 55.8, 65.6, 66.0 ppm.  

 

N,N- dimethyl–N-cetyl–N-(2-hydroxyethyl)ammonium chloride - HEA16Cl 

Chlorohexadecane (1.2 eq.) and N,N-dimethylethanolamine (1 eq.) were refluxed in 

absolute ethanol for 48h. Then, the solvent was removed under reduced pressure. The 

obtained solid was washed twice with diethyl ether afford a white solid with a good yield 

(92%),  m.p.: 204 ºC, 1H NMR (400MHz, CDCl3, 25°C, TMS):  δ=0.81 (t, J=7.1 Hz, 3H), 

1.18 (m, 24H), 1.27 (m, 2H), 1.67 (m, 2H), 3.30 (s, 6H), 3.48 (m, 2H), 3.48 (m, 2H), 3.65 

(m, 2H), 4.03 (m, 2H), 4.61 (m, 1H) ppm. 13C NMR (400MHz, CDCl3, 25°C, TMS): δ= 

14.09, 22.7 – 31.09, 52.0, 55.9, 65.7, 66.0 ppm. 1H NMR (400MHz, D2O, 25°C, TMS):  

δ= 0.80 (t, J= 6.8 Hz, 3H), 1.21-1.28 (m, 2H), 1.70 (m, 2H), 3.09 (s, 6H), 3.34 (m,2H), 

3.44 (m, 2H), 3.94 (m, 2H) ppm. 13C NMR (100MHz, D2O, 25°C, TMS): δ= 13.87, 22.45-

32.03, 51.55, 55.41, 65.04, 65.7, 66 ppm. 

 

2.3.2. General procedure for preparation of N,N-dimethyl-N -cetyl-N-(2-

hydroxyethyl) ammonium X salts with X= F -, I-, HCO3
-, BF4

- 

The surfactants HEA16X were prepared by ion exchange  reactions in acetone or 

methanol with HEA16Cl and the appropriate alkaline (KF, KI, NaHCO3, NaBF4) salt in a 

molar ratio of 1:1 under refluxing conditions. After reaction, the resulting mixture was 

filtered through celite and the solvent was removed to afford a white solid (exception to 

HEA16I that has a light yellow color) that did not need further purification before using for 

gold colloidal suspension synthesis. 

 

N,N- dimethyl–N-cetyl–N-(2-hydroxyethyl)ammonium fluoride - HEA16F: yield 97%, 

m.p.: 75-80ºC, 1H NMR (400MHz, CDCl3, 25°C, TMS):  δ= 0.81 (t, J = 7.1 Hz, 3H), 1.18 

(m, 24H), 1.27 (m, 2H), 1.67 (m, 2H), 3.30 (s, 6H), 3.48 (m, 2H), 3.48 (m, 2H), 3.65 (m, 

2H), 4.03 (m, 2H), 4.61 (m, 1H) ppm. 13C NMR (100MHz, CDCl3, 25°C, TMS): δ= 13.85, 

22.35-31.97, 51.48, 55.35, 65.06 ppm. RMN F19 (D2O), δ= 122.23 ppm. 
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N,N- dimethyl–N-cetyl–N-(2-hydroxyethyl)ammonium iodide - HEA16I: yield 84%, 

m.p.:176-178 °C, 1H NMR (400MHz, CDCl3, 25°C, TMS):  δ=0.85 (t, J=7.1 Hz, 3H), 1.23 

(m, 24H), 1.34 (m, 2H), 1.75 (m, 2H), 3.36 (s, 6H), 3.55 (m, 2H), 3.76 (m, 2H), 4.16 (m, 

2H)ppm. 13C NMR (100MHz, CDCl3, 25°C, TMS): 14.2, 22.7 – 31.09, 52.5, 55.8, 65.6, 

66.4 ppm. 

 

N,N- dimethyl–N-cetyl–N-(2-hydroxyethyl)ammonium hydrogen carbonate - HEA16HCO3: 

Yield 60%, m.p.: 210-215ºC. 1H NMR (400MHz, CDCl3, 25°C, TMS):  δ= 0.81 (t, J=7.1 

Hz, 3H), 1.18 (m, 24H), 1.27 (m, 2H), 1.67 (m, 2H), 3.30 (s, 6H), 3.48 (m, 2H), 3.65 (m, 

2H), 4.03 (m, 2H), 4.61 (m, 1H) ppm. 13C NMR (100MHz, CDCl3, 25°C, TMS): δ= 14.09, 

22.7 – 31.09, 52.0, 55.9, 65.7, 66.0 ppm 

 

N,N- dimethyl–N-cetyl–N-(2-hydroxyethyl)ammonium tetrafluoroborate - HEA16BF4: yield 

94%, m.p.:  114ºC. 1H NMR (400MHz, CDCl3, 25°C, TMS): δ= 0.81 (t, J=7.1 Hz, 3H), 

1.18 (m, 24H), 1.27 (m, 2H), 1.67 (m, 2H), 3.30 (s, 6H), 3.48 (m, 2H), 3.65 (m, 2H), 4.03 

(m, 2H), 4.61 (m, 1H) ppm. 13C NMR (100MHz, CDCl3, 25°C, TMS): δ= 14.09, 22.7 – 

31.09, 52.0, 55.9, 65.7, 66.0 ppm 

 

2.3.3. Synthesis of surfactants with different leng th of the chain alkyl 

Bromododecane (for HEA12Br) or Bromooctadecane (for HEA18Br) (1.2 eq.) and N,N-

dimethylethanolamine (1 eq.) were refluxed in absolute ethanol for 48h. Then, the 

solvent was removed  under reduced pressure. The obtained solid was washed twice 

with diethyl ether afford a white solid. 

 

N,N- dimethyl–N-octadecyl–N-(2-hydroxybutyl)ammoniumBromide - HEA18Br: yield 

95%,1H NMR (400MHz, CDCl3, 25°C, TMS):  δ = 0.86 (t, J = 7 Hz, 3H), 1.23 (m, 28H), 

1.33 (m, 2H), 1.73 (m, 2H), 3.24 (m, 2H), 3.30 (s, 6H), 3.54 (m, 2H); 3.97 (m, 2H); 5.0 (t, 

J = 5.3 Hz, 1H). 13C NMR (100MHz, CDCl3, 25°C, TMS): δ = 14.1, 22.8 - 31.9, 52.5, 64.8, 

65.0, 67.7 ppm. 
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N,N- dimethyl–N-dodecyl-N-(hydroxyethyl)ammoniumBromide - HEA12Br: yield 95%, 1H 

NMR (400MHz, CDCl3, 25°C, TMS):  δ = 0.86 (t, J = 7 Hz, 3H), 1.29 (m, 20H), 1.33 (m, 

2H), 1.73 (m, 2H), 3.26 (m, 2H), 3.31 (s, 6H), 3.43 (m, 2H); 3.97 (m, 2H); 5.0 (t, J = 5.3 

Hz, 1H) 13C NMR (100MHz, CDCl3, 25°C, TMS): δ = 14.1, 22.8 - 31.9, 52.5, 64.8, 65.0, 

67.7 ppm. 

  

2.3.4. Synthesis of surfactants with different pola r head group 

Bromohexadecane or Bromododecane (1.2 eq.), N,N-dimethylpropanolamine (for 

HPA16Br), N,N-dimethylbutanolamine (for HBA16Br), 1-dimethylamino-2-propanol(for 

H2PA16Br), 3-dimethylamino-1,2–propanediol (for H1,2PA16Br), 2-

dimethylaminoethanol (for HDA16Br), N-methyldiethanolamine (for HDEA16Br), N-

diethanolamine (for DHA16Br), (for 1R,2S-N-methylephedrine (for N-MeEph12Br), N,N-

dimethylethylamine (for EA16Br), N,N- dimethylhexadecylamine (for PA16Br), N,N-

dimethylbuthylamine (for BA16Br)(all of them 1eq.) were refluxed in absolute ethanol for 

48h. Then, the solvent was removed  under reduced pressure. The obtained solid was 

washed twice with diethyl ether (ethylacetate for N-MeEph12Br) afford a white solid. 

 

N,N- dimethyl–N-cetyl–N-(2-hydroxypropyl)ammoniumBromide - HPA16Br: yield 92%, 
1H NMR (400MHz, CDCl3, 25°C, TMS):  δ= 0.80 (t, J =7 Hz, 3H, H-16’), 1.22 (m, 24H, 

H-14’-H-3’), 1.29 (m, 2H- H-15’), 1.70 (m, 2H, H-2’), 1.94 (m, 2H), 3.06 (s, 6H), 3.30 

(m,2H), 3.34 (m, 2H, H-1’), 3.61 (m, 2H); 3.62 (m, 2H); 4.71 (t, J=5.3 Hz, 1H). 13C NMR 

(100MHz, CDCl3, 25°C, TMS): δ= 14.0, 22.6- 32.5, 47.5, 61.5, 62.0, 66.0 ppm 

 

N,N- dimethyl–N-cetyl–N-(2-hydroxybutyl)ammoniumBromide -HBA16Br: Yield 80%,  1H 

NMR (400MHz, CDCl3, 25°C, TMS):  δ= 0.81 (t, J = 7 Hz, 3H, H-16’), 1.22 (m, 24H, H-

14’ – H-3’), 1.31 (m, 2H – H-15’), 1.48 (m, 2H), 1.67 (m, 2H, H-2’), 1.75 (m, 2H), 3.0 (s, 

6H), 3.30 (m, 2H, H’1), 3.55 (m, 2H); 3.60 (m, 2H); 5.14 (t, J = 5.3 Hz, 1H). 13C NMR 

(100MHz, CDCl3, 25°C, TMS): δ= 14.0, 19.4, 23.1- 32.5, 47.5, 63.0, 66.0 ppm. 

 

N,N- dimethyl–N-cetyl–N-(2-hydroxypropyl)ammoniumBromide –H2PA16Br: Yield 90%. 
1H NMR (400MHz, CDCl3, 25°C, TMS):  δ= 0.96 (t, J =7 Hz, 3H, H-16’), 1.29 (m, 24H, 
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H-14’-H-3’), 1.32 (m, 2H- H-15’), 1.39 (m, 2H, H-2’), 2.38 (m, 2H), 2.27 (s, 6H), 2.63 

(m,2H), 2.36 (m, 2H, H-1’), 3.61 (m, 2H); 4.0 (t, J=5.3 Hz, 1H). 13C NMR (100MHz, 

CDCl3, 25°C, TMS): δ= 14.1, 22.8- 31.9, 54.1, 62.6, 63.8, 68.0 ppm 

 

N,N- dimethyl–N-cetyl–N-(1,2-hydroxypropyl)ammoniumBromide – H1,2PA16Br:Yield 

90%, 1H NMR (400MHz, CDCl3, 25 °C, TMS): δ= 0.85 (t, J =7 Hz, 3H, H-16’), 1.29 (m, 

24H, H-14’-H-3’), 1.31 (m, 2H- H-15’), 1.73 (m, 2H, H-2’), 3.24 (m, 2H), 3.30 (s, 6H), 

5.32 (m,1H), 3.24 (m, 2H, H-1’), 4.10 (m, 1H); 1.21 (m, 3H); 2.0 (t, J=5.3 Hz, 1H). 13C 

NMR (100MHz, CDCl3, 25 °C, TMS): δ= 14.1, 22.8- 31.9, 46.6, 58.9, 66.8, 118.8 ppm. 

 

N,N- dimethyl–N-cetyl–N-ethylammoniumBromide- EA16Br: Yield 92%, 1H NMR 

(400MHz, CDCl3, 25°C, TMS):  δ= 0.96 (t, J = 6.7 Hz, 3H, H-16’), 1.30 (m, 24H, H-14’-

H-3’), 1.33 (m, 2H- H-15’), 2.22 (m, 2H, H-2’), 2.20 (m, 2H), 2.27 (s, 6H), 2.40 (m, 2H, 

H-1’); 13C NMR (100MHz, CDCl3, 25°C, TMS): δ= 14.1, 22.8 – 31.9, 53.0, 62.5 ppm 

 

N,N- dimethyl–N-cetyl–N-propylammoniumBromide -PA16Br: Yield 92%, 1H NMR 

(400MHz, CDCl3, 25°C, TMS):  δ= 0.90 (t, J = 6.7 Hz, 3H, H-16’), 1.22 (m, 24H, H-14’-

H-3’), 1.30 (m, 2H- H-15’), 1.70 (m, 2H, H-2’), 2.21 (m, 2H), 3.05 (s, 6H), 3.20 (m,2H), 

3.24 (m, 2H, H-1’); 13C NMR (100MHz, CDCl3, 25°C, TMS): δ= 14.0, 23.1- 32.5, 66.0, 

68.0 ppm. 

 

N,N- dimethyl–N-cetyl–N-butylammoniumBromide -BA16Br:Yield 92%, 1H NMR 

(400MHz, CDCl3, 25°C, TMS):  δ= 0.96 (t, J = 6.7 Hz, 3H, H-16’), 1.29 (m, 24H, H-14’-

H-3’), 1.33 (m, 2H- H-15’), 1.39 (m, 2H, H-2’), 2.36 (m, 2H), 2.27 (s, 6H), 2.36  (m,2H), 

1.39  (m, 2H, H-1’); 13C NMR (100MHz, CDCl3, 25°C, TMS): δ= 14.0, 22.8 – 31.9, 62.3, 

53.8 ppm. 

 

N,N- diethyl–N-cetyl–N-(2-hydroxyethyl)ammoniumBromide –HDA16Br: Yield 92%,1H 

NMR (400MHz, CDCl3, 25 °C, TMS): δ= 0.96 (t, J =7 Hz, 3H, H-16’), 1.29 (m, 24H, H-

14’-H-3’), 1.33 (m, 2H- H-15’), 1.39 (m, 2H, H-2’), 2.36 (m, 2H), 2.40 (m, 4H), 2.0 (s, 
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6H), 2.42 (m,2H), 2.55 (m, 2H, H-1’), 3.63 (m, 2H); 4.0 (t, J=5.3 Hz, 1H). 13C NMR 

(100MHz, CDCl3, 25°C, TMS): δ= 14.1, 22.8- 31.9, 50.4, 57.3, 61.6, 58.0 ppm 

 

N,N- dimethyl–N-cetyl–N-methylephidrine Bromide - N-MeEPh12Br: yield 75%,  m.p.  

96ºC, 1H NMR (400MHz, CDCl3, 25°C, TMS):  δ= 0.87 (t, J =6.8 Hz, 3H), 1.16 (d, J =6.4 

Hz, 3H), 1.24-1.32 (m, 16H), 1.62-1,77 (m, 2H), 2.87 (s, 1H), 3.29 (s, 3H), 3.45 (s, 3H), 

3.49 (m,1H), 3.61 (q, J =6.4 Hz, 1H), 3.82 (td, 1H); 5.76 (d, 1H), 7.23-7.48 (m, 5H) ppm. 
13C NMR (100MHz, CDCl3, 25°C, TMS): δ= 7.3, 14.1, 22.7, 22.9- 31.9, 49.5, 49.7, 64.2, 

67.8, 72.8, 125.9, 127.6, 128.5, 141.1 ppm 

 

N-methyl–N-cetyl–N,N -(DiHydroxyEthyl)ammonium Bromide - DHEA16Br:Yield 71%,1H 

NMR (400MHz, CDCl3, 25°C, TMS):  δ= 0.96 (t, J =7 Hz, 3H, H-16’), 1.29 (m, 24H, H-

14’-H-3’), 1.33 (m, 2H- H-15’), 1.73 (m, 2H, H-2’), 3.30 (s, 3H),3.24 (m, 2H, H-1’), 3.43 

(t, J=5.3 Hz, 1H), 2.0 (m, 2H);). 13C NMR (100MHz, CDCl3, 25°C, TMS): δ= 14.1, 22.8- 

31.9, 50.3, 62.6, 65.5, 65.3ppm. 

 

N-cetyl–N,N -(DiHydroxyEthyl)ammonium Bromide - DHA16Br:Yield 80%,1H NMR 

(400MHz, CDCl3, 25°C, TMS):  δ= 0.96 (t, J =7 Hz, 3H, H-16’), 1.29 (m, 24H, H-14’-H-

3’), 1.33 (m, 2H- H-15’), 1.73 (m, 2H, H-2’), 3.24 (m, 2H, H-1’), 3.43 (t, J=5.3 Hz, 1H), 

2.0 (m, 2H);). 13C NMR (100MHz, CDCl3, 25°C, TMS): δ= 14.1, 22.8- 31.9, 50.3, 62.6, 

65.5, 65.3 ppm. 

 

2.3.5. N-cetyl–N,N,N –(TrisHydroxyEthyl)ammonium Bromide  - THEA16Br 

In a two necked flask, hexadecylamine (16.7g, 62 mmol) and bromoethanol (19.5g, 230 

mmol) were heated to reflux. Then, NaOH (8.16g, 204 mmol) in distilled water (75mL) 

was added dropwise. After 24h at reflux, the reaction mixture was cooled down and 

extracted with cloroform (3x50 mL). The organic phase was dried on MgSO4 and 

chloroform was removed. The residue was recrystallized from Et-OH-EtOAc to give the 

final product as a white powder with a moderate yield (44%), m.p.: 94-96ºC. 1H NMR 

(400MHz, DMSO-d6, 25°C, TMS) δ/ppm: 0.84 (t, J =7 Hz, 3H, H-16’), 1.17-1.32 (m, 

26H, H-15’-H-3’), 1.66-1.68(m, 2H- H-2’), 3.38-3.40 (m, 2H, H-1’), 3.48-3.50 (m, 6H, H2), 
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3.73-3.79(m, 6H, H-1), 5.44 (t, J=6 Hz, 3H, OH). 13C NMR (100MHz, DMSO-d6, 25°C, 

TMS): δ= 13.91, 21.32-31.25, 54.51, 60.13, 6.61 ppm. 

 

2.3.6. N,N- dimethyl–N-cetyl–N –Oxide Amine (NOx16)  

In a 100 mL flask fitted with a condenser and a dropping funnel, are added 2.5 mL (7.5 

mmol) of dimethylalkylamine in 10 mL of methanol. The mixture is refluxed for 1h and 

then 1.15 mL (11.25 mmol, 1.5 equiv.) of 30% hydrogen peroxide are added dropwise. 

The mixture is stirred and heated to 70 ° C with vigorous stirring for 15 h. The progress 

of the reaction is followed by TLC. The solvent is then evaporated and the product was 

frozen, dried for 24 h.The final product is a white powder with a 97% yield. 1H NMR (400 

MHz, CDCl3, 25 ° C, TMS): δ = 0.81 (t, 3H, H16 '); 1.19 (m, 24H, H15'-H4'); 1.27 (m, 

2H, H3 '); 1.79 (m, 2H, H2 '); 3.13 (s, 6H, Me); 3.20 (m, 2H, H1 '); 13C NMR (100 MHz, 

CDCl3, 25 ° C, TMS): δ = 14.09, 22.66 - 31.90, 58.21, 71.66 ppm.TLC (eluent: ethyl 

acetate) Rf = 0.74. 

 

2.4. Synthesis of gold nanoparticles in aqueous system 

To prepare AuNRs by the seed-mediated method, the process consists on preparing 

two solutions: i) the seed solution, and ii) the growth solution.  

Seed solution: In a 25 mL flask, a Au3+ solution (0.1 mL, 1% w/v) was  added to an 

aqueous solution of surfactant (7.4 mL, 0.2mol.L−1). The solution color changed to dark 

or light yellow, depending on the surfactant. Then, an ice cold solution of sodium 

borohydride (5 x 10-1 mmol, 0.6 mL, 0.01 mol.L−1) was added. The solution color 

immediately turned to brown. The system remained under stirring for 2 min. and kept at 

room temperature for at least 2 h.  

Growth Solution: In a 25 mL-flask, a Au3+ solution (0.2 mL, 1% w/v) was added to a 

surfactant solution (7.3 mL, 0.2mol.L−1). The solution color changed to dark or light 

yellow, depending on the surfactant in question. Then, silver nitrate (0.150 mL, 0.40 

mmol.L−1) was added under stirring, followed by ascorbic acid (and 0.070 mL, 0.0788 

mol.L−1). The system turned to colorless, proving the reduction of Au3+ to Au+.  

Growth process of AuNRs: 0.060 mL of seed particles was added to the growth solution 

freshly prepared. The system remained under stirring for just 10 s. Then it is allowed to 
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stand for 4 h prior to characterization to ensure the system stability. The solution 

darkens slowly between 10 to 15 min. to a dark brown colour. The solution is stocked in 

a flask under the absence of light. 

 

Figure 20 - Illustration of gold nanorods preparation via seed mediated method. 
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Results and Discussions 

 

3.0. Introduction 
As indicated on Chapter 1, Cetyltrimethylammonium bromide (CTABr) is the 

growth-driving agent classical choice for the syntheses of gold nanorods 

(AuNRs). Thisammonium salt provides a well-controlled particle growth 

process. Murphy’s group proposed that the CTABr ion-par site binds better to 

the {100} faces that exist along the length of the rods than to the {111} gold 

faces that are at the ends of the rods.1,2 This interaction blocks the long axis 

crystal faces{100} and/or {110} through the surfactant bilayer structure and thus, 

promoting metal growth on the short-axis faces {111} to produce AuNRs.3,4 

Also, it was observed, by SAXS (Small Angle X-ray Scattering) and optical 

spectroscopy, that the growth kinetic of AuNRs has an initial growth rate at the 

end of the AuNRs 5 times higher than that one on the side, but with time, both 

rates decrease exponentially.2,5 

On Figure 21 we can see a scheme illustrating the generation of AuNRs 

from seed particles, in the presence of CTABr,since the moment whenthe seed 

particles areadded in the growth solution. 

Recently, a theoretical study in Dynamic Molecular made by Meena et al. 

reported the simulation of the CTABr interaction on crystal surfaces of AuNRs. 

The innovative aspect is the inclusion of the role of surfactants, which are 

explicitly modeled. They found that on all facets of the AuNR, namely {110}, 

{100} and {111}, CTABr forms a layer of distorted cylindrical micelles where 

channels among the micelles provide the access of the ions to the surface.6 

Moreover, they observed that channels among the micelles on the {111} facets 

(i.e. on the tips of the rods) present larger channels. This can explain the origin 

of the anisotropic growth of the particles.  
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Figure 21 -Scheme illustrating the idealized formation of AuNRs from seed particles. 
 

 

 

In our first set of experiments, we prepared AuNRs in the presence of 

CTABr in order to confirm and establish our synthetic conditions, and lately, we 

have compared with our experiments, using our set of surfactants.3 

We can observe the typical Uv-vis spectrum of AuNRs obtained in the 

presence of CTABr (Figure22a). The presence of two typical absorption bands 

suggests a rod-like morphology in the colloidal dispersion. The Transmission 

Electron Microscopy (TEM) images confirm the formation of AuNRs (Figure 

22b) in which AuNRs with sizes of 40.8 x 12.4 nm (± 4.8 x 2.3 nm), aspect ratio 

of 3.3, and 90% of selectivity were observed. 

 

Figure 22. -AuNRs obtained in presence of CTABr, TEM images and Uv-vis spectrum. 

 

 

Some studies have been published with the aim to tune the aspect ratio 

of AuNRs, adding or modifying some synthetic parameters such as the amount 

of the driving agent,7,3 the size of the seeds used,8 the effect of additives9 etc. 

According to previous publications by Murphy et al., the nature of the growth-

driving agents or even a mixture of these agents is essential in the AuNRs 

elongation.10 Thus, several studies have been done in order to improve reaction 

CTABr 
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yields and selectivity, but no significant improvements have been really carried 

out. To our knowledge, only the cetylpyridinium chloride (CPyCl), possessing a 

larger and more anisotropic head group, has been proposed as a potential 

growth-driving agent to produce AuNRs, but multi-shaped nanoparticles such as 

nanospheres, triangles, pentagons, were observed.11 Also, binary mixtures such 

as CTABr/BDACl (benzyldimethyl ammonium chloride),12 and CTABr/OTABr 

(octyltrimethylammonium bromide),13 were tested, but only modest 

improvements have been obtained. 

Considering this lack of options, we envisage new growth-driving 

agentsin order to attempt anisotropic gold nanoparticles (AuNPs), more 

precisely gold nanorods (AuNRs). Thus, herein we show and discuss the results 

until now obtained. Indeed, we have developed a real alternative preparation of 

size and form-controlled AuNPs by the seed mediated growth in aqueous media 

with high yields and selectivities, using an original library of easily prepared 

N,N-dimethyl-N-cetyl-N-(hydroxyalkyl)ammonium salts (HAAX) as growth-

driving agents (Figure 23), instead of the usual CTABr. These growth-driving 

agents, bearing hydroxyl groups, possess high water-solubility, as well as a 

good stability in a large range of pH. As already mentioned, they are easily 

synthesized in an one-step, with high-yielding, by quaternarization of the amino 

alcohol with a long chain bromoalkane that can undergo anionic metathesis to 

attain different counter-ions. 

 

Figure 23 - Structure of surfactants HAAX. 
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3.1. Influence of counter-ions 

Several research groups have demonstrated that the growth process of the 

AuNRs is governed by various chemical mechanisms such as halide adlayers 

and/or surfactant bilayer structure. Based on a series of control experiments by 
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salt addition in the systems, it is now accepted that the presence of halide ions 

involves a mechanism of adsorption onto low indexed gold surfaces, i.e., Au 

{111}, Au {110}, and Au {100}, except for the fluoride ion.14,15 

On this context, we first evaluated the series of surfactant named 

HEA16X (X= F, Cl, Br, I, HCO3, BF4) as growth-driving agents in the production 

of AuNPs. The main aspect evaluated in this study was the influence of the 

counter-ion in terms of yields, size and shape control of the AuNPs produced.  

Firstly, HEA16BF4 could not be employ as driving agent due to its very 

low solubility in water. On the other hand, HEA16I displays just a poor solubility, 

i.e. this surfactant precipitates on concentrations required of our typical tests. 

Out of these two former surfactants, all display suitable solubility in water and 

could be tested. 

It is worth of mention that the first characterization to confirm AuNPs 

formation was Uv-vis absorption spectroscopy. And when gold colloidal 

solutions, containing HEA16F and HEA16Cl were analyzed by Uv-vis 

absorption spectra, they presented just one absorption band that strongly 

suggested the spherical AuNPs formed (Figure 24). This was confirmed by 

Transmission Electron Microscopy analysis. These results, indeed, were 

already expected since it is known that week interactions of the fluoride and 

chloride ions on the gold surface.16 This trend was observed also under different 

concentration of the respective surfactants, but no changes in the Uv-vis 

spectra were observed, (Figure 25).  
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Figure 24 - Transmission Electron Microscopy images of gold nanoparticles obtained 
face to surfactants with different counter-ions. Spectrum of Uv-vis for each one.a) 
AuNP@HEA16F (8.5 nm) and b) AuNP@HEA16Cl (10nm).  
 

 

 

The spherical AuNPs capped with HEA16F (8.5 nm) are smaller than 

those obtained by HEA16Cl (10 nm). Similar observations have already been 

reported by Kawasaki et al.,17 with spherical AuNPs obtained by hydrazine 

reduction in the presence of CTAF and CTACl, and it was attributed to a fast 

reduction rate, promoting the use of a fluoride salt. 

 

Figure 25 -Uv-vis spectrum of AuNP@HEA16Cl in different levels of surfactant 
concentrations: a) 0.096 mol/L and b) 0.128 mol/L in final solution. 

 

 
On the other hand, two absorption bands were observed in the Uv-vis 

absorption spectra of the colloids prepared in the presence of HEA16HCO3 

(Figure 26 b) and HEA16Br (Figure 26 a). These results suggested that rod-like 

a) b) 
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AuNPs were formed, which was lately confirmed by TEM analyses. 

This anisotropic shape tendency, observed on the later AuNPs, is 

obtained due to the specific association of the ion-par of the surfactant on the 

gold surface during the crystal growth.18 Similar tendency has already been 

observed with CTAX salts, and the interaction strength of the surfactant with the 

gold surface was associated to the measurements on the decrease of the 

frequent shift of Quartz Crystal Microbalance (QCM) in the following order: 

Br−>Cl−>F−.17,18 Thus, the fluoride and chloride anions generate weak 

interactions within the particle surface, thus disfavouring the formation of a 

stable, compact double layer of the surfactant around the growing particle, while 

the high-affinity adsorption of Br- onto Au surfaces produces anisotropic AuNRs. 

Moreover, in the synthetic method used, silver ions are also introduced into the 

reaction and thus, the influence of halides on crystal growth are more complex 

since the halides interact with the Au ions in solution and the Au surface, and 

also with the silver ions in solution. In fact, Mirkin et al.19 have found that in the 

presence of larger halides there is an increasing strength of the Au-halide 

interaction relative to the Ag-Au and Ag-halide interaction. 

In the particular case of HEA16HCO3 salt, we could presume that, by 

analogy to carboxylate anions or polycarboxylates such as citrate polyanions, 

the hydrogenocarbonate counter-ion provides an intermediate adsorption 

affinity at the growing AuNP surface, somehow between the bromide and the 

chloride ones. In fact, this must be the reason of the poor relationship between 

the two typical absorption bands observed when X= HCO3
−, which could be 

attributed to a less efficient control of the NP growth. TEM images confirm this 

hypothesis, in which peanut pod shape AuNPs were formed (Figure 26 b). 
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Figure 26 - Transmission Electron Microscopy images of gold nanoparticles obtained 
face to surfactants with different counter-ions. UV-vis spectra for each one: a) 
AuNR@HEA16Br (30 x 10 nm; aspect ratio: 3.0) and b) AuNR@HCO3 (29 x 7 nm; 
aspect ratio: 4.2).  

 

 
Finally, the use of iodide counter-ion leads to the formation of well- 

formed nanoprisms (ca. 41%) and other morphologies (spheres, penta-twinned 

crystals), as shown by TEM analyses (Figure 27 b). This counter-ion is known 

to promote the formation of nanoprisms by preferential interaction on facets of 

the gold nanocrystal which are different of those observed when bromide one is 

used.20 In this case, the binding energy follow this sequence: {111}> {110}> 

{100}21,22, and in the case of bromide the sequence is {110} ~ {100}> 

{111}23.This effect of iodide on the shape of AuNPs has already been described 

even in the presence of low concentrations of iodide impurities (< 3.0 ppm) in 

CTABr as growth-driving agent.24,25,26,27 Indeed, these gold triangular 

nanoprisms are promising materials with applications in optics and electronics,28 

and as biosensing platforms.29 
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Figure 27 - Transmission Electron Microscopy images, histograms and Uv-vis spectra 
of gold nanoparticles obtained face an iodide counter-ion in presence of surfactant 
concentration: a) 0.016 mol/L; b) 0.0032 mol/L); c and d) 0.00064 and 0.0016 mol/L, 
respectively. 
 

 
 

    

 
The uv-vis spectra of the colloids prepared with HEA16I do not present 

the characteristic absorption band of spherical or rod-like shaped AuNPs. 

Besides the strong interaction of iodide ions on the crystal faces, this surfactant 

displays a low degree of solubility in water, inducing the formation of large 

particles and instable colloidal systems. Thus, under low concentration, spheres 

and other different anisotropic NPs shapes have been obtained. In the figure 

27a and 27b, we can see a system prepared with 4x less surfactant 

concentration (0.016 mol/L) than standard conditions, leading to 82.5% of 

spherical particles and 17.5% of anisotropic forms (prisms and others shapes). 

Under conditions of 2x less surfactant concentration (0.032 mol/L), 46.5% of 

c) d) 
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spherical particles and 48.5% of other anisotropic forms are obtained. The 

remaining percentage is related to agglomeration of particles.These percentage 

values of selectivity were based on the counts of nanoparticles from the TEM 

images, considering the form desired by all shapes formed. In the figure 27c 

and 27d, we can observe the Uv-vis spectra of the system in lower 

concentrations. The inhibition of the lateral facets increases in order Cl< Br< I 

due to the different interaction forces between these counter ions and the gold 

surface. 

Finally, with this study, it is possible to observe that the presence of 

bromide ions is crucial to obtain AuNPs with rod shapes. However, just the 

surfactant labeled HEA16Br was able to lead the formation of AuNRs with good 

control in terms of form, and yields. Table 4 summarizes these former results. 

 

Table 4 - Characteristics of the gold nanorods obtained in presence of surfactants with 
different nature of counter ions. 
 

Surfactant Length (nm) Width (nm) Aspect Ratio Selectivity 

HEA16F 8.5 ± 1.0 8.5 ± 1.0 1.0 Spheres 

HEA16Cl 10 ± 1.7 10 ± 1.7 1.0 Spheres 

HEA16Br 30 ± 5.2 10 ± 1.3 3.0 Nanorods 

HEA16I 100   Prisms 

HEA16HCO3 29 ± 6.0 7 ± 2.3 4.1 Peanuts 

CTABr 40.8 ± 4.8 12.4 ± 2.3 3.3 Nanorods 

HEA16BF4 - - - - 

 

 

3.2. Influence of the alkyl chain length 

In a second set of experiments, we investigated the influence of the length of 

the lipophilic chain (C12, C16, C18) on the particle morphology, considering a 

2-hydroxylethylammonium (HEA) as polar head and bromide as counter-ion. 

Figure 28 shows the Uv-vis absorption spectra and TEM images of AuNPs as 

function of the different chain lengths for N,N-dimethyl-N-alkyl-N-

(hydroxyethyl)ammonium bromide salts (HEAnBr, with n = 12, 16, 18). 

As already observed with various CTABr analogues, carrying different 

hydrocarbon chain lengths, the size of the lipophilic chain seems to have an 

important influence also in the AuNP morphology. For example, AuNRs with the 
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highest aspect ratios can be produced when CTABr analogues with longer 

lipophilic chains are employed as growth-driving agents. With a small lipophilic 

chain (HEA12Br), the growth control seems not very efficient, leading to a 

mixture of spherical particles (∼ 10 nm) and low aspect ratio (2.4) AuNRs,with a 

selectivity of about 78% (Figure 28). In the case of HEA16Br, as previously 

discussed, the Uv-vis absorption spectrum of AuNPs presents two rod-shape 

typical absorption bands with a good correlation, suggesting the formation of 

high content of AuNRs (Figure 26). This result was confirmed by TEM analyses, 

showing rod-like particles with an aspect ratio of 3.0 (30 x 10 nm) with a high 

selectivity of 88%. Just for comparison, the aspect ratio of AuNRs obtained in 

the presence of CTABr, the aspect ratio was around 3.3 (40 x 12 nm), quite 

similar to values reported in the literature.30 

 

Figure 28 - Transmission Electron Microscopy images and Uv-vis spectra of the 
AuNRs obtained using growth-driving agents with different long alkyl chains. a) 
AuNR@HEA12Br and b), AuNR@HEA18Br. 

 

 
In the case of the hydroxyalkylammonium bearing an alkyl chain with 18 

carbons (HEA18Br), experimental difficulties were imposed, since its solubility is 

compromised due to the large hydrophobic chain. Nevertheless, under low 

concentration of the driving agent, dog-bone shape particles were produced 

(see Figure 28b). This must be probably owing to the low amount of capping 
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agents in the medium. It is also worth mentioning that without a hydroxyethyl 

substituent on nitrogen, only few anisotropic AuNPs are produced due to the 

lower water solubility of the surfactant in water. This trend has been already 

observed by Murphy et al., using CTABr analogues with different lipophilic 

chains.11 Table 5 summarizes these last results. 

 

Table 5 - Characteristics of the gold nanorods obtained in presence of surfactants with 
different length of alkyl chain 
 

Surfactant Length (nm) Width (nm) Aspect Ratio Selectivity 

HEA12Br 18.8 ± 3.4 8 ± 0.6 2.35 Nanorods 

HEA16Br 30 ± 5.2 10 ± 1.3 3.0 Nanorods 

HEA18Br 45 ± 11.6 14 ± 2.3 3.21 Nanorods 

 

 

3.3. Influenceof the length of the hydroxylated polar head 

In a third set of experiments, we evaluated three surfactants with different 

length on the hydroxylated polar head (Figure 23), i.e. HEA16Br (HEA: 

HydroxyEthylAmmonium), HPA16Br (HPA: HydroxyPropylAmmonium) and 

HBA16Br (HBA: HydroxyButyl Ammonium) were investigated as growth-driving 

agents for the production of AuNRs at constant pH (3.5), according to the 

preparation conditions. 

With this study, it was observed that whatever, the length of the 

hydroxylated polar head, the Uv-vis absorption spectra of AuNRs prepared with 

the HAA16Br series display two rod-shape typical absorption bands (Figure 29). 

This result was confirmed by TEM analyses, showing rod-like particles with 

various lengths and widths, providing modulated aspect ratios (Table 6), with 

very narrow size distribution. Higher values were achieved when the 

hydroxylated alkyl chain increased (3.0, 4.2, and 4.4 for HEA16Br, HPA16Br, 

and HBA16Br, respectively). For comparison, the aspect ratio of AuNRs 

obtained with CTABr by the same procedure is around 3.3 (40 x 12 nm), similar 

to the values reported by Murphy.30 The selectivity was determined by the TEM 

image obtained from the crude solution without any centrifugation step, in 

opposition to the results usually reported in the literature. Due to this factor, our 

samples are more representative of the whole system (Table 6).  
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Figure 29 - Transmission Electron Microscopy images and Uv-vis spectrum of a) 
AuNR@HPA16Br, and b) AuNR@HBA16Br.  

 

 

Table 6 - Characteristics of the gold nanorods obtained in presence of surfactants with 
different hydroxylated polar head 
 

Surfactant Length (nm) Width (nm) Aspect Ratio Selectivity 

HEA16Br 30 ± 5.2 10 ± 1.3 3.0 Nanorods 

HPA16Br 30.2 ± 3.0 7.2 ± 0.8 4.2 Nanorods 

HBA16Br 38.6 ± 6.4 8.8 ± 1.2 4.4 Nanorods 

 

 

3.4. Influence of the polar head group 

Surfactants with different polar head group were also prepared and tested as 

driving-growth agents (see Figure 30): H2PA16Br, H1,2PA16Br, HDA16Br, 

DHEA16Br, DHA16Br, THEA16Br, NOx16 (Nitrogen Oxide as polar head 

group), NMeEPh16Br (structure derived from N-methylephidrine as polar head 

group), EA16Br, PA16Br, and BA16Br.  
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Figure 30 - Chemical structures of the surfactants a) H2PA16Br, b) H1,2PA16Br, c) 
HDA16Br, d) DHEA16Br, e) DHA16Br, f) THEA16Br, g) NOx16,  h) NMeEPh12Br, i) 
EA16Br, j) PA16Br, and k) BA16Br. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

The branching present in the surfactant H2PA (Figure 30a) promoted the 

formation of gold nanorods with 48 x 14.4 nm (± 4.5 x 0.7 nm) and aspect ratio 

of 3.3 (Figure 31) that are longer in comparison with the system of AuNRs 

obtained in presence of HEA16Br, aspect ratio 3.0 (Figure 26a). 

 

Figure 31 -Uv-vis spectrum and TEM images of AuNR@H2PA16Br. 

 
 

The volume of the polar head group increased with the presence of the 

branched methyl group that provided a more efficient blockage of lateral facets 

of gold nanorods during their formation. Thus, the AuNRs grow mainly in length 

and consequently also in width (Figure 31). 
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The presence of two hydroxyl groups in the surfactant H1,2PA16Br 

(Figure 31b) leads to the formation of AuNRs with size of 33.6 x 8 nm (± 6.7 x 

1.8 nm ) and aspect ratio of 4.2 (Figure 32). Probably, the inadequate steric 

effect on the crystal gold facets occurs during the well rod-shape particle 

formation. Due to this, in comparison with the particles obtained with HPA16Br, 

these AuNRs does not grow very homogeneously, they grow longer and 

consequently wider (Figure 32). 

 

Figure32 -Uv-vis spectrum and TEM images of AuNR@H1,2PA16Br  

 

 

The substitution of two methyl(s) by two ethyl groups, the surfactant 

HDA16Br (Figure 30c), leads to the formation of AuNRs with size of 24 x 6.8 nm 

(± 4.5 x 0.7 nm ) and aspect ratio of 3.5. Here, the particles are longer if 

compared to those obtained in presence of HEA16Br (aspect ratio 3.0). We 

supose that the presence of the ethyl groups provided a significant hindrance 

on the lateral facets of the AuNRs during their formation. Thus, the growth of 

the AuNRs has a similar behavior to the other systems analised before in the 

presence of surfactants with a bigger polar head. In this case, the particles grow 

mainly in length and consequently also in width (Figure 33). 

 

Figure33 -Spectrum Uv-vis and TEM images of AuNR@HDA16Br 
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The nanoparticles obtained with DHEA16Br, DHA16Br and THEA16Br (Figure 

30 d, e and f respectively) have a morphology close to spherical form that is 

already expeted by the analysis of Uv-vis espectra  which is confirmed by TEM 

images (Figure 34). The presence of more than one ethanol amino group as a 

substituent increases the steric effect caused by micelle formation, making the 

interaction with the crystal weak surface . Consequently, these surfactants are 

not adequate to drive the particle growth. 

 

Figure 34 -TEM images and the Uv-vis spectra of a) AuNP@DHEA16Br, b) 

AuNP@DHA16Br and c) AuNP@THEA16Br. 

 

 

The NOx16 and NMeEph12Br are not very soluble in water, and the 

system precipitated during the preparation of the seed solution, even under 

lower concentrations and soft heating. Consequently, they can not be 

considered a comparable system with the others due to the surfactant 

precipitation. The analysis of the final growth process solution by Uv-vis 
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spectroscopy showed just one absorption band even when prepared under 

lower concentration (Figure 35) that suggest the formation of spherical 

nanoparticles. In these cases, we did not perform microscopy analysis because 

the systems do not show any selectivity to well defined anisotropic 

shapes.Table 7 summarizes all last results. 

 

Figure 35 -Uv-vis spectra of AuNP@NOx16 at a) 0.064 mol/L, and b) 0.016 mol/L; and 
AuNP@NMeEPh12Br at c) 0.016 mol/L, and d) 0.0064 mol/L, respectively. 

 

 

 
Table 7 - Characteristics of the AuNRs obtained in presence of surfactants with 
different polar head groups. 
 

Surfactant Length (nm) Width (nm) Aspect Ratio Selectivity 

H2PA16Br 48 ± 4.5 14.4 ± 0.7 3.3 nanorods 

H1,2PA16Br 33.6 ± 6.7 8 ± 1.8 4.2 nanorods 

HDA16Br 24 ± 4.5 6.8 ± 0.7 3.5 nanorods 

DHEA16Br 7.25 ± 0.57 7.25 ± 0.57 ~1 spheres, prisms, polyhedra 

DHA16Br 27.6 ±  5.5 27.6 ±  5.5 ~1 spheres 

THEA16Br 11.2 ± 2.4  11.2  ± 2.4  ~1 spheres, polyhedra 

NOx16 - - - probably spheres 

NMeEph16Br - - - probably spheres 

 

 

b) a) 

c) d) 
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3.5. Influence of the hydroxyl group 

In order to determine the influence of a hydroxyl group on the polar head of the 

surfactants on the formation of AuNRs, the non-hydroxylated surfactants N,N- 

dimethyl–N-cetyl–N-ethylammonium Bromide (EA16Br), N,N- dimethyl–N-cetyl–

N-propylammonium Bromide (PA16Br), and N,N- dimethyl–N-cetyl–N-

butylammonium Bromide (BA16Br) were prepared. The results obtained from 

their use as driving agents are shown in Figure 36 and summarized on Table 8. 

High yield of AuNRs could be attained by using EA16Br as driving agent. 

It seems like the substitution of a methyl group on the polar head of CTABr by 

an ethyl (EA16Br) did not change the anisotropic growth processes of the 

AuNRs, i.e. the driving characteristics of CTABr and EA16Br are quite similar. 

Nevertheless, when an n-propyl or an n-butyl group is present on the polar 

head, a significant modification on the mechanism of the growth process 

occurs. In the case of PA16Br several particle shapes are produced, and for 

BA16Br, AuNRs with very low aspect ratio (1.5) are obtained (indeed they are 

close isotropic shape). 

Here, it is interesting to compare the driving characteristics of the 

surfactants PA16Br with HEA16Br, and BA16Br with HPA16Br, since each set 

of surfactants presents almost the same steric hindrance, indeed one CH3 

group is substituted by an OH group. Nevertheless, many features are different, 

e.g. hydroxylated surfactants present higher solubility in water, and also display 

important growth-driving properties. It seems to be clear that the presence of 

the hydroxyl group is essential to obtain better driving properties during the 

growth processes. It suggests that the hydroxyl group allows a favorable polar 

long chain, packing through hydrogen bond thus, providing a better 

supramolecular organization and efficient protection of the lateral facets. 
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Figure 36 - Spectra of Uv-vis and TEM images of a) AuNP@EA16Br, b) 
AuNP@PA16Br, and c) AuNP@BA16Br 

 
Table 8 - Characteristics of the gold nanorods obtained in presence of non-
hydroxylated head groups. 
 
Surfactant Length (nm) Width (nm) Aspect Ratio Selectivity 

EA16Br 48.46  ± 5.28 11.39 ± 1.55 4.2 nanorods 

PA16Br - - - different polyhedrons 

BA16Br 42 ± 3.5 27 ± 1.6 1.5 nanorods 

 

 

3.6. Synthesis of high aspect ratio AuNRs 

We have used a three step seed mediated growth approach to scaling up 

AuNRs with different aspect ratios. Also, the reactions take place in water and 

room temperature (the same conditions to obtain shorter AuNRs). The process 

to prepare high aspect ratios AuNRs consisted in three steps: i) Seed solution, 

ii) First growth solution named “A”, iii) Second growth solution named “B” and iv) 

Third growth solution named “C”. All solutions are prepared in the same way of 
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the standard method, although in absence of silver ions. Figure 37 illustrate the 

whole procedure. 

After two hours, a small aliquot of the seed solution is added in the 

growth solution A. After 3 hours, the solution A has a purple color and a small 

aliquot of this growth solution A is added in the solution B. Then 3 hours, a 

solution B has a pink color and a pink precipitate in the bottom of the flask. Due 

to this precipitation, the system was stirred before taking an aliquot to add in the 

solution C. This last one, in our conditions, did not present any colour keeping 

colorless with a brown precipitate in the bottom of the flask. At this work, the 

analysis was focused on the gold nanoparticles formed in solution B. 

 

Figure 37 - Three steps to prepare high aspect ratios AuNRs 

 

 

In this set of experiments, we adopted HBA16Br as a growth-driving 

agent to provide high aspect ratio AuNRs via three growth stages, since it 

demontrated to attain AuNRs with the highest aspect ratio in the former studies. 

The morphological characteristics of the particles formed in each stage (i.e. in 

A, B and C solutions) are display in Figure 38. 
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The particles obtained in the solution "A" have polyhedral shapes, similar 

to spheres (ca. 20 nm). Here, we can observe that no AuNRs are formed on the 

first stage. It is important to remember that here no silver ions are present; but 

under the same conditions, in the presence of silver ions, AuNRs are formed on 

this stage. 

The particles obtained in the solution "B", using the particles ofsolution 

“A” as the source of seed particles, larger rod shape particles with aspect ratio 

of 13.4 (860 x 64 nm) are formed. Indeed they present higher aspect ratio and a 

higher selectivity than that found when CTABr is used as driving agent.31 

The particles in solution “C” display even higher aspect ratio (21; 1400 x 

65 nm), but lower selectivity.  

 

Figure 38 - TEM images of the solutions A, B, and C in absence of silver ions, using 

HBA16Br driving agent 

 

 

These results prompted us verify the features of the particles obtained 

with the other hydroxylated surfactants (see Figure 39). Then, under the same 

conditions of the former study, the particles obtained in solution B in presence 

HEA16Br lead to the formation of large AuNRs, with aspect ratio of 2.44 (159 x 

65 nm; see Figure 39a). When HPA16Br was employed, also large AuNRs were 

obtained in solution B, with aspect ratio of 7.4 (333 x 45 nm; see Figure 39b). 

And, finally, it is interesting to compare to the particles already presented on 

Figure 38b (and repeated on Figure 39c), in which HBA16Br was employed as 

driving agent. In this case, aspect ratio of 13.4 (860 x 64 nm). 

We can observe with this study that the growth of the AuNRs continue 

the same trend, in which the aspect ratio increase in function of the length of the 

polar head group as aleready discussed before in the session 3.3 (Influence of 
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the length of the hydroxylated polar head), even with more stages of growth and 

in the absence of silver ions.Table 9 summarizes these results. 

 

Figure 39 - TEM images of the solution B in presence of a) HEA16Br, b) HPA16Br, 
and c) HBA16Br 

 

 

Table 9 - Characteristics of the gold nanorods obtained with high aspect ratio 

Surfactant Length (nm) Width (nm) Aspect Ratio Selectivity 

HEA16Br 159±23 65 ± 5 2.4 Nanorods 

HPA16Br 333±114 45 ± 11 7.4 Nanorods 

HBA16Br 860±214 64 ± 21 13.4 Nanorods 

 

It is important to mention that when silver ions are presente in the 

reaction medium, when multiple growth sequences are proposed, disform 

particles were obtained. For example, when AuNRs prepared like that displayed 

on Figure 29b (standard reaction conditions, in the presence of silver ions, 

using HBA16Br) are added in a second growth solution with absence of silver 

ions.Particles, like shown in Figure 40, are formed. 

 

Figure 40 - TEM images of the solution B in absence of silver ions obtained from 
solution A in presence of silver ions  
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When the same AuNRs prepared, like in Figure 29b, are added in a 

second growth solution that contains silver ions, particles, like shown in Figure 

41, are formed. In fact, the a full explanation for that reason is not developed 

yet. 

 

Figure 41 - TEM images of the solution B obtained in presence of silver ions from 
solution A in presence of silver ions, too. 

 

 

 

3.7. Effect of the number of seeds 

AuNRs were also prepared employing different numbers of seed particles into 

identical growth solutions. The Figure 42 shows the UV–vis absorption spectra 

of the particles obtained after 24 h of AuNR formation. At this point, it is 

important to consider that the number of AuNRs formed is the same as the 

number of seed particles added. Thus, if we increase the amount of seed 

particles added, keeping constant the amount of Au(I) species in the solution, 

i.e. if the Au(I):seed ratio decreases, smaller particles are produced.3 

Indeed, we can see that, in presence of HEA16Br, increasing the number 

of seeds in the medium (30, 60, and 120 µL of seed solution added), the aspect 

ratio of the AuNR also increase (Figure 42a). This phenomenon can be 

observed by the bathochromic shift of the second absorption band to longer 

wavelengths that is related to increased aspect ratios. 

Now, in presence of HPA16Br and HBA16Br, we observed that 

increasing the number of seeds in the medium (30, 60, and 120 µL of seed 

solution added), the aspect ratio of the AuNR increases when 30 and 60 µL of 

seed solution are added, however decreases, i.e. an hipsochromic shift of the 
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second band is observed, when 120 µLof seed solution is added (Figure 42b 

and c, respectively). 

 

Figure 42 -Absorption spectra of the colloids containing AuNRs prepared with different 
amounts of seed particles in the reaction medium. 

 

 

 

It seems to be a trend in which surfactants that lead to AuNRs with high 

aspect ratios, like HPA16Br and HBA16Br, need a higher content of Au(I) 

species (‘‘monomers’’) in relation to the amount of seeds present, in others to 

achieve the right conditions to reach AuNRs with high aspect ratios.32,33 Indeed, 

under a low Au(I)/seed ratio, it will have a scarce amount of Au(I) to attain high 

aspect ration AuNRs. This study confirms that there is an ideal relation between 

‘‘monomers’’ and seeds in the reaction medium to achieve AuNRs with higher 

aspect ratio.3 

 

 

 

a) b) 

c) 
HBA16Br 

HPA16Br HEA16Br 
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3.8. Stability study of gold nanorods formation 

In order to spread more light on the understanding of the growth mechanism of 

AuNRs with these new series of driving agents, we carried out some kinetic Uv-

vis spectroscopic studies to compare the rate of the particle formation, during 

the first 3 hours, comparing AuNRs prepared in the presence of CTABr, 

HEA16Br, HPA16Br, or HBA16Br as growth-driving agents (Figure 43). 

 

Figure 43 -Uv-vis spectra of the colloids obtained from various growth-driving agents, 
collected during the first 3 hours of the NPs formation. 

 

 

 

Whatever the growth-driving agent employed, the main growth step for 

AuNRs seems to take less than 1 hour, and these colloids are stable at least for 

3 days without any significant changes on their Uv-vis spectra. 

Moreover, during the first stages of the particle growth, a bathochromic 

effect can be observed. In the case of CTABr and HEA16Br a hypsochromic 

shift is clearly detected (around 14 min for both).  

This behaviour suggests that the aspect ratio of the particle in formation 

decreases during its growth, since Au(I) ions can still reach the lateral facets of 

HBA16Br HPA16Br 

HEA16Br CTABr 
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the AuNRs. Thus, we can suggest that as more efficient is the protection of the 

double layer of surfactants on the lateral facets of the AuNR, the hypsochromic 

shift will be later observed in kinetic studies like presented before. 

Also, from the Uv-vis spectra, we can obtain a qualitative measurement 

of the AuNP growth rate, measuring the rate in which intensity of the second 

band increases. Thus, plotting the intensity to the second band versus time, see 

Figure 43, we can evaluate how fast the growth process is. We can observe 

that growth rate follows this sequence: HBA16Br < HPA16Br <HEA16Br 

~CTABr.* Again, we can see that HBA16Br must lead to a better coat effect 

around the particle, controlling indeed the access of the gold source on the 

particle surface, protecting even better the lateral facets of the crystal during 

growth process. 

 

Figure 44 - Intensity of the second absorption band in function of time from 0 to 60 

min, using four various growth-driving agents. 

 

 

With this whole study we can suggest that slight modifications on the 

molecular structure of the surfactant can open new approaches to the 

development of new growth-driving agents. For example, it is known that the 

presence of larger carbon chains on the polar head disfavours the formation of 

AuNRs and decreases the solubility of the surfactant in water; however,these 

chains, containing OH groups, improve not only the solubility but also 

significantly the yields of high aspect ratio AuNRs. 

                                                 
*The rates (intensity/time) are: 0.144, 0.108, 0.071, and 0.048, respectively.   
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Applications on catalysis and self-assembly studies 

 

4.0. Introduction 

Nanomaterials are important in diverse areas, from basic research to various 

technological applications such as electronics, biochemical sensors, catalysis, 

and energy. They have emerged as sustainable alternatives to conventional 

materials as robust high surface area heterogeneous catalysts, and catalyst 

supports. The nanosized particles increase the exposed surface area of the 

active component of the catalysts, thereby enhancing the contact between 

reactants and catalysts dramatically, and mimicking the homogeneous 

catalysts. 

One slope of this chapter focuses on the nanocatalysis for green-

chemistry by hydrogenation of unsaturated compounds with aqueous gold 

colloidal dispersion.1,2 The second slope is related to the surface modification, 

and self-assembling of AuNPs. 

Functionalization of AuNRs@CTABr with derivatives of thiols has been 

shown to be very regioselective for the extremities of the particles. This 

behavior has opened the possibility to link together rods in an end-to-end 

fashion way (see Figure 45).3 Indeed, AuNRs can be linked to each other in an 

end-to-end way by using cheaper thiols such as cysteine4, glutathione or 

thioalkylcarboxilic acid5 as molecular bridges. 

These assembled nanostructures may be used as the precursors for 

future nanodevices such as electromagnetic waveguides6,7, biosensing8,9, liquid 

crystal properties, and catalysts. 

 

Figure 45 - TEM images showing the selective interaction among AuNRs via end-to-
end fashion.3 
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4.0.1.Optical properties of gold nanoparticles 

Many noble metals, such as gold, and silver,display a size-dependent 

plasmonic behavior to a certain degree. However, by manipulating the 

architecture of the nanoparticles, researchers have been able to access even 

more notable plasmonic absorbance, and scattering phenomena that are simply 

not seen in spherical nanoparticles.10,11,12,13 The plasmon resonance is an 

optical phenomenon that occurs when a metallic nanoparticle of particular size 

interacts with incident photons in such a way as to confine the resonant photon 

within the dimensions of the nanoparticle.10,11,12 This induces an electron 

oscillation of the conduction band at the particle surface. Spherical AuNPs 

display just one surface plasmon resonance (SPR) that is broken when the 

particle presents different axes and vertices on the surface. When it occurs, the 

particle possesses multiple SPRs. In case of AuNRs, they possess two distinct 

SPR: a transversal SPR, corresponding to the short axis of the rod, and a 

longitudinal SPR, corresponding to the long axis (Figure 46). Like the energy of 

the SPR for spherical AuNPsis relatively constant for different core diameters, in 

other words, the λmax does not change very much, the energy of the transversal 

SPR of AuNRs does not change very much, however their longitudinal SPR 

depend strongly on their aspect ratios, and any displacement is related to this 

phenomenon.10,11,12,14 Therefore, the energy of the longitudinal SPR can be 

tuned from the middle of the visible region of the electromagnetic spectrum 

(~600 nm) to the infrared region (~1800 nm), simply by changing the aspect 

ratio of AuNR. 

 

 

 

 

 

 

 

 

 



 

 

Figure 46 - Schematic representation of plasmon absorbance in spherical rod
gold nanoparticles.15 

 

 

4.0.2. Catalytic properties

Nanoparticles have emerged 

materials with a high surface area
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active component of the catalysts, thereby enhancing the contac
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properties  

Nanoparticles have emerged as sustainable alternatives to con

high surface area as heterogeneous catalysts

supports. The nanosized particles increase the exposed surface area of the 

active component of the catalysts, thereby enhancing the contac

reactants and catalysts dramatically, and mimicking the homogeneous 

catalysts. However, their “insolubility” in reaction solvents renders them 

, under some conditions, from the reaction mixture like 

heterogeneous catalysts. Also, the activity and selectivity of nanocatalyst

be manipulated by tailoring chemical, physical properties like size, shape, 

and morphology.16 

The scientific challenge is the synthesis of specific

nanocatalysts to allow facile movement of materials in the reacting phase and 

control over morphology of nanostructures to tailor their physical
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properties. However, the rapid advancement of nanotechnology made possible 

the preparation of a variety of nanoparticles with controlled size, shape, 

morphology, and composition. 

  

4.0.3. Catalytic Hydrogenation reactions  

Gold was less studied in the field of catalysis because gold bulk is chemically 

inert and it has considered uninteresting for many years. However, ever since 

Hutchings’discovery that gold is the catalyst of choice for acetylene 

hydrochlorination17,18and Harutas’ discovery that gold nanoparticles supported 

on a certain kind of materials are very active for CO oxidation at low 

temperatures17,19,20, the study of the catalytic properties of gold nanoparticles 

has been prospering21,22. One major reason for ignoring gold catalysts for many 

years is that, in most cases, supported gold nanoparticles, prepared by 

traditional impregnation method, exceed a critical nanosized range of which the 

gold catalysts are not active. To overcome this problem, deposition-

precipitation,23 and co-precipitation24 methods have been adopted, and have 

proven effective for many oxide supports. 

 In 1970, Bond et al.25,in studying the hydro treatment of buta-1,3-diene, 

and but-2-yne, reported what would constitute the first publication, dealing with 

the use of gold in catalytic hydrogenation where the requirement of surface 

defects, and smaller AuNPs for significant activity was proposed. The catalytic 

activity of gold in hydrogen-mediated reactions is significantly lower when 

compared with conventional transition metals as Platinum, Palladium, and 

Nickel, a response that has been attributed to less effective 

activation/dissociation of H2
26,27(Figure 47). Molecular hydrogen does not 

chemisorb on bulk gold28,29, but weakly interacts at 78K, desorbing (at 125 K) 

with a desorption activation energy of 12 kJ mol-1.30 
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Figure 47 - A) Calculated energy along the minimum-energy reaction path for H2 

dissociation on the (111) surface of Ni, Cu, Pt, and Au; (B) optimized geometry for 
adsorbed H2 (I), transition state (II) and dissociated H2 (III) at the edge of a monoatomic 
row on a defective Au (111) surface. Adapted from Reference 31. 
 

 

 

The use of supports such as inorganic oxide or amorphous carbon to 

anchor Au particles can guarantee well-dispersed metal phase at the 

nanoscale. While the nature of H2–Au interactions in supported systems has not  

been well settled yet., the consensus that emerges suggests a high activation 

energy barrier for dissociative adsorption32 where uptake is dependent on Au 

coordination.33,34,35 Dissociative chemisorption of H2 appears to occur on low-

coordination Au sites, i.e. at edges (Figure 4.3) and corners.36,37,38 It has been 

demonstrated, both theoretically39 and experimentally,36,40 that H2 chemisorbs 

on defect sites, with a measurable uptake on AuNPs< 10 nm.41 Supported 

AuNPs exhibit a higher number of defects when compared with bulk gold 

form42. 

 The review of Cárdenas-Lizana et al.31 presents an interesting 

compilation of literature on gas-phase hydrogenation over Au catalysis in which 

few carried out, using colloidal nanoparticles; it just cited the hydrogenation of 

the Anthracene compound but any data is reported in the study. 

 Thus, due to this lack, we prompted to carried out hydrogenation studies 

of unsaturated compounds with colloidal gold as catalysts. 
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4.1. Colloidal gold for catalytic hydrogenation of unsaturated compounds  

For economic, ecological reasons, biphasic catalysis based on two immiscible 

liquid phases, e.g. water and hydrocarbonshave attracted increasing attention43. 

In fact, such catalytic systems offer a way to separate and recycle the catalyst 

by simple decantation or extraction. 

During the last decade, nanoparticles dispersed in liquid media44 have 

been studied45in catalytic reactions such as hydrogenation,43,46 oxidation.47,48 

These small metal particles can work efficiently ascatalyst if aggregation does 

not occur during the reaction. To prevent this phenomenon and to facilitate 

recycling, particles must be stabilized by a highly water-soluble protective 

agent. Three main methods are known toprevent colloids from aggregating in 

water: i) electrostatic stabilization with ionic species,49 ii) steric protection 

basedon the use of polymers,50and iii) electrosteric stabilization generated by 

surfactants or polyoxoanions.51 We have chosen an ionic surfactant to prepare 

and to protect the aqueous colloidal suspension of gold particles. We have 

synthesized N-alkyl-N-(2-hydroxyethyl)ammonium salts (HEA) which provide 

sufficiently hydrophilic characterto maintain the catalytic species within aqueous 

phase.52 The hydrogenation of unsaturated compounds represents an important 

industrial catalytic transformation.53 Generally, this reaction is carried out with 

heterogeneous catalysts.54 Some pure homogeneous55 or 

microheterogeneous56 systems have been reported, but they require in many, if 

not most, cases drastic conditions (high pressure and/or temperature). 

However, colloidal catalysts do give satisfactory results for unsaturated 

reduction in organic mixtures.56
 In this thesis, we show that our catalytic system 

(AuNP@HEA16Br) can efficiently catalyze the hydrogenation of unsaturated 

compounds in biphasic liquid ± liquid (water/organic phase) media at room 

temperature and under H2 pressure. We have demonstrated that surfactant-

protected colloids can be used in pure biphasic conditions with a satisfactory 

recycling process. 

 

4.1.1. Experimental description 

All catalytic tests were carried out in a close steel reactor (Figure 48) equipped 

with magnetic stirring, under room temperature, and specific reaction times. In 

general, a some amount of the gold colloidal solution freshly prepared (usually 
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unsatureated substrate 

acetophenone, leading to a solution 

is704:1). In order to keep the same volume for all catalytic

amount of distilled water was added until reach a final volume of 

the reactor is pressurized with H

organic products are extr

with Gas Chromatography. 

in the reactor for reuse tests.

 

Figure 48 –Image of the reactor employed to the hydrogenation reaction

 

4.1.2. Results and discussions

4.1.2.1. Catalytic Hydrogenation Reaction

The control of the growth process 

modulation of the structural para

perspectives in terms of applications. 

literature, these AuNRs

aromatic compounds. 

Our set of experiments

gold nanoparticles,and ii) 

nanorodsand spherical nanoparticles

Thus two different gold nanoparticles were testes, rod shape

spherical (Figure 49). 

0.0015 mmol of gold) is added in the reactor, together with the 

 (usually 1.0 mmol of toluene, anisole, styren

, leading to a solution in which the substrate:gold

In order to keep the same volume for all catalytic test

amount of distilled water was added until reach a final volume of 

pressurized with H2 (1 to 30 bars). After the reaction period, the 

organic products are extracted with diethyl ether (3x with 3 mL), and analyzed 

with Gas Chromatography. In some experiments, the colloid was reintroduced 

for reuse tests. 

Image of the reactor employed to the hydrogenation reaction

 

. Results and discussions 

Catalytic Hydrogenation Reaction 

growth process with this series of surfactants 

structural parameters of AuNRs and opens interesting 

perspectives in terms of applications. Without one unprecedented in the 

AuNRswere evaluated as catalysts for hydrogenation of 

set of experiments had twogoals: i) evaluate the catalytic activity of

ii) verify the influence of the particle morphology (gold 

pherical nanoparticles in the catalytic properties. 

Thus two different gold nanoparticles were testes, rod shape
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Figure 49 - TEM images of AuNR@HEA16Br (30 x 10 nm) and spherical 
AuNP@HEA16Br (3 nm). 
 

                         

 

With this study, as we can observe in the following tables, that both 

aqueous catalytic systems based on AuNRs or spherical AuNPs are active in 

the hydrogenation of alkenes, ketones, nitro, and aromatics compounds such as 

toluene (Figure 50), anisole (Figure 51), styrene (Figure 52), acetophenone 

(Figure 53) and nitrobenzene (Figure 54), as we can see in the following tables 

(Table 10 to 13). Of course, it is highly possible that other substrates can be 

hydrogenated.  

 

Figure 50  - Toluene hydrogenation reaction product using gold nanoparticles as 

catalysts 

 

 

 

Table 10 - Reaction conditions for toluene hydrogenation reaction using gold 
nanoparticles as catalysts (AuNRs: gold nanorods; AuNPs: gold nanospheres). 

Catalyst HEA16Br 
(mol/L) 

Au 

(mmol) 
S/Au P (bar) Time (h) Methylcyclohexane (%) 

AuNRs 0.0128 0.0015 704 30 1 100 
AuNRs 0.0128 0.0015 704 30 0.5 55 
AuNRs 0.0128 0.0015 704 10 2 100 
AuNRs 0.0128 0.0015 704 10 1 60 
AuNRs 0.0128 0.0015 704 10 0.5 20 
AuNRs 0.0128 0.0015 704 1 6   0 
AuNRs 0.0128 0.0015 704 1 20 0.1 
AuNRs 0.0128 0.0015 704 5 3 100 
AuNRs 0.0128 0.0015 704 5 2 84 
AuNPs 0.027 0.0015 704 10 2 100 
AuNPs 0.027 0.0015 704 10 1 70 

 

 

a) b) 
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Figure 51 - Anisole hydrogenation reaction products using gold nanoparticles as 
catalysts. 
 

 

 

 

 

Table 11–Reactionconditions for anisole hydrogenation reaction using gold 
nanoparticles as catalysts (AuNRs: gold nanorods; AuNPs: gold nanospheres; and A: 
Methoxy-cyclohexane; B: Cyclohexanone) 

Catalyst HEA16Br 
(mol/L) 

Au0 

(mmol) 
S/Au P 

(bar) 
Time  
(h) 

A 
(%) 

B 
 (%) 

AuNRs 0.0128 0.0015 704 1 3 1 0 
AuNRs 0.0128 0.0015 704 30 3 99 0.3 
AuNRs 0.0128 0.0015 704 10 2 53 1 
AuNRs 0.0128 0.0015 704 5 3 59 2 
AuNPs 0.027 0.0015 704 1 3 0.1 0 
AuNPs 0.027 0.0015 704 30 3 85 1 
AuNPs 0.027 0.0015 704 10 2 49 1 
AuNPs 0.027 0.0015 704 5 3 45 1 

 
 

 

Figure 52  - Styrene hydrogenation reaction products using gold nanoparticles as 

catalysts 

 

 

 

 

Table 12-  Reaction conditions for styrene hydrogenation using gold nanoparticles as 
catalysts (AuNRs: gold nanorods; AuNPs: gold nanospheres; andA:Ethyl-benzene;  B: 
Ethyl- Cyclohexane) 

Catalyst HEA16Br 
(mol/L) 

Au 

(mmol) 
S/Au P 

(bar) 
Time 
 (h) 

A 
(%) 

B 
 (%) 

AuNRs 0.0128 0.0015 704 10 2 20 80 
AuNRs 0.0128 0.0015 704 10 3 9.5 90.5 
AuNRs 0.0128 0.0015 704 10 4 0 100 
AuNPs 0.027 0.0015 704 10 2 24 76 
AuNPs 0.027 0.0015 704 10 3 13 87 
AuNPs 0.027 0.0015 704 10 4 10 90 

 
 

 

 

OCH3

AuNPs

30 bar H2, r.t., H2O, 3h
OCH3 +

O

AuNPs

10 bar H2, r.t., H2O, 4h
Et+
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Figure 53  - Acetophenone hydrogenation reaction products using gold nanoparticles 
as catalysts 

 

 

 

Table 13 - Reaction conditions for acetophenone hydrogenation using gold 
nanoparticles as catalysts (AuNRs: gold nanorods; AuNPs: gold nanospheres; 
andA:Phenylethanol;  B:Cyclohexylethanone; C: Cyclohexylethanol) 

Catalyst HEA16Br 
(mol/L) 

Au 

(mmol) 
S/Au P 

(bar) 
Time 
 (h) 

A 
(%) 

B 
 (%) 

C 
(%) 

AuNRs 0.0128 0.0015 704 1 3 0 0 0 
AuNRs 0.0128 0.0015 704 10 2 16 10 14 
AuNRs 0.0128 0.0015 704 30 3 24 16 56 
AuNRs 0.0128 0.0015 704 30 6 8 2 90 
AuNRs 0.0128 0.0015 704 30 8 4.5 0.5 95 
AuNPs 0.027 0.0015 704 1 3 0 0 0 
AuNPs 0.027 0.0015 704 10 2 8 5 7 
AuNPs 0.027 0.0015 704 30 3 20 15 55 
AuNPs 0.027 0.0015 704 30 6 18 7 73 
AuNPs 0.027 0.0015 704 30 8 10 9 78 

 
 
Figure 54  - Nitrobenzene hydrogenation reaction products using gold nanoparticles as 

catalysts 

 
Table 14 - Reaction conditions for nitrobenzene hydrogenation using gold 
nanoparticles as catalysts (AuNRs: gold nanorods; AuNPs: gold nanospheres; 
andA:Aniline;  B:Cyclohexylamine) 

Catalyst HEA16Br 
(mol/L) 

Au 

(mmol) 
S/Au P 

(bar) 
Time 
(h) 

A 
(%) 

B 
 (%) 

AuNRs 0.0128 0.0015 704 30 72 3 97 
AuNRsa 0.0580 0.0015 704 30 72 18 82 
AuNRsb 0.000 0.0015 704 30 72 7 93 
AuNRsc 0.000 0.0015 704 30 72 9 91 
AuNRs 0.0256 0.0029 352 30 72 11 89 
AuNRs 0.0450 0.0056 176 30 72 20 80 

AuNRsd 0.0450 0.0056 176 30 72 5 95 
AuNPs 0.0450 0.0028 176 15 3 100 0 
AuNPs 0.0450 0.0028 176 30 18 68 32 
AuNPs 0.0450 0.0028 176 30 72 10 90 

a Addition of more surfactant; b Elimination of the excess of surfactants by centrifugation;c Elimination of the 

surfactant and treatment with NaCl (70mmol); d addition of NaCl. (70mmol) 

AuNPs

30 bar H2, r.t., H2O, 8h

O

CH3

OH

CH3 +

O

CH3 +

OH

CH3
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For comparison, we have found that those AuNPs, whatever shape, are 

active as catalysts in hydrogenation reactions. The AuNRs have shown 

excellent catalytic activity in the process of hydrogenation of aromatic rings in all 

tests, reaching 100%conversions. Some nitrobenzene hydrogenation reactions, 

NaCl were added to the system. Interestingly, no significant change was 

observed in the analysis of the extracted products. It was also observed the 

efficiency of the AuNRs catalysts in absence of the surfactant. The AuNRs were 

centrifuged under 13500 rpm during 20 minutes to remove the excess of 

surfactant before the catalytic reaction, but no significant influence of the 

catalytic performance was detected. On the other hand, the addition of more 

surfactant in the reaction system decrease the catalytic activity, probably due to 

the hindrance of the gold surface created by the high excess of surfactant, 

avoiding the substrate interaction with the catalytic surface. 

 

4.1.2.2. Reuse of Colloidal Dispersion of AuNRs 

We have conducted the reuse tests of the nanocatalyst for toluene 

hydrogenation. After reaction, the hydrogenated products are extracted with 

ethyl ether and the aqueous colloidal dispersion of AuNPs are reused (added 

again into the reactor) with fresh quantity of substrate. In these tests, the 

conversion reaches also 100%. TEM images were obtained from the AuNRs 

before and after the first hydrogenation reaction of toluene (Figure 55). We can 

clearly see that the tips of the AuNRs are more wastage. This result suggest 

that probably the substrate interacts more on the tips that on the lateral facets of 

the rod particle. 

 

Figure 55 -  TEM images of AuNRs before and after the first hydrogenation reaction of 
toluene. 
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 4.2. Interaction among gold nanoparticles  

Gold nanoparticles in the spherical, rod shapes have different properties due to 

differences in their sizes and also in the arrangement of their atoms 

(morphology). Therefore, each one has an intrinsic, unique feature. However, 

the union of both particles can lead to a singular highly organized 

nanostructured system with more innovative properties. This interaction control 

among the particles is named self-organization or self-assembly, and can lead a 

new range of materials, and potential applications.  

Aiming to promote the self-organization among AuNPs with similar or 

distinct morphologies, we have carried out studies based on the NP surface 

modification, adding bifunctionalized compounds, bearing an anchoring and a 

linking group, in order to allow controlled interaction or associations among the 

NPs. 

 

4.2.1. Experimental description 

Materials 

AuNRs were prepared and used according chapter 2 of this work. Acetonitrile 

(99,9% HPLC, TEDIA), deionized water (DEIONIZER DIRECT – Q3 

MILLIPORE),4,4’-thyobisbenzenethyol (TIOB). All glassware was cleaned with 

aqua regia and rinsed with deionized water before each experiment. 

 

Self-assembly by homo-organization 

Initially 7.8 mL of the colloidal solution of AuNRs were centrifuged (13500 rpm, 

10 min). After that, the supernatant was removed and the precipitate was 

redispersed in water. Subsequently, it was added an equimolar amount to 

goldof TIOB in acetonitrile: water (equivalent in gold). Then different amounts of 

glutathione were added (an equimolar amount, 10x more, 10x less to gold). 

 

Characterization of the samples 

Freshly prepared solutions were analyzed by Uv-vis/Near IR (400-1000 nm, 

spectrophotometer VARIAN Cary 50),Dynamic Light Scattering (DLS,Nanotrac 

Particle Size Analyser, series S3000/S3500 from Microtrac Inc.), and 
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transmission electron microscopy (TEM, Model Tecnai 20). Some TEM images 

of the samples are still processing. 

 

4.2.2. Results and discussions 

The promotion of interparticle interactions and realization of the self-assembly 

phenomenon can be observed through various interactions of different chemical 

nature.  

Most systems described in this work occur in aqueous media. The 

presence of low water soluble connectors was a challenge to be overcome. 

Thus, it was necessary to use another solvent in which most of the connectors 

had to be sufficiently soluble. Thus, the AuNP-assembling tests were carried out 

in acetonitrile: water (4:1). 

In order to prove that this new condition is suitable to stabilize AuNPs, 

with agglomeration of precipitation of the particles, due to the presence of this 

new solvent, we havechecked the stability of the AuNRs under these conditions. 

After the characterization by UV-vis, it was possible to verify a decrease 

in the intensity of the spectrum which indicates only dilution of the process, 

without direct influence on the system like agglomeration (Figure 56). 

 
Figure 56 - UV-vis spectra of AuNRs in water and in presence of acetonitrile: water 
(4:1) 
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4.2.2.1 Homo-organization 

The literature has demonstrated the strong interaction of thiol groups (SH) with 

metallic gold surface. More recently, this chemical interaction was further 

elucidated, and the general phenomenon that occurs is the result of this 

reaction: Au(surface) + RS-H � Au(surface) + H2.
57,58 

As we added a compound bearing two thiol groups on its structure, a 

possibility of AuNRs assembling can be expected, as illustrated in Figure 57. 

 

Figure 57  - Scheme of homo-organization using the TIOB. 

 

 

 

Through the Uv-vis spectrum (Figure 58a), it is possible to observe the 

shift of the second band to the right after treatment with TIOB. This 

phenomenon can be related to the association among the AuNRs (a self-

assemblyof the particles). This phenomenon was also observed by Dynamic 

Light Scattering (DLS) that shows at least an increase of the longitudinal values 

for the AuNPs (see Figure 4.58b). 

In order to observe these interactions of particles after treatment with this 

connector (TIOB), and even other potential connectors, via TEM still in course. 

 
Figure 58 - UV-vis spectrum of gold nanorods treated with TIOB and the values of 
dynamic light scattering of the sample. 

 

 Length  
(nm)  

Width  
(nm)  

AuNRs with out 
connectors  

46 13 

AuNRs with 
connectors  

86 11 

  

a) b) 
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Final considerations 

 

In summary, a novel library of easily tunable hydroxylated ammonium 

surfactants were synthesized and used as versatile growth-driving agents of 

AuNPs. This original family provides more flexible shape templates than the 

CTABr, giving rise to AuNPs of various morphologies (rods, spheres, prisms...), 

and different sizes through the easy modulation of the capping agent (length of 

the lipophilic chain or of the polar head, and the counter-ion), with good yields 

and selectivities without size/shape selection step. The novelty concerns the 

presence of the hydroxylated group which proves to be essential to increase the 

steric hindrance on the particle surface, thus leading to the formation of rod-like 

particles of modulated aspect ratios. Further investigations on the interaction of 

the driving agent within the facets of AuNRs will constitute a breakthrough to 

better understand the influence of the hydroxyl group in the growth process. 

The kinetics of the NRs growth was studied through Uv-vis 

measurements to understand how fast these particles growth under the 

influence of the different driving agents are, as well the differences in size and 

aspect ratio observed among these agents. These promising results open new 

perspectives in the design of original growth driving agents to produce 

anisotropic gold nanoparticles with well-controlled morphologies and 

dimensions according to the desired application, in aqueous solution without 

any mixture with CTABr or addition of different additives as ions and solvents. 

  This control of the growth process generated by this series of surfactants 

allows the modulation of the structural parameters of gold nanorods and opens 

interesting perspectives in terms of applications. Unprecedented in the 

literature, these nanorods were evaluated for catalytic hydrogenation of 

aromatic compounds such as toluene, anisole, styrene, and acetophenone. 

They showed good catalytic activity in the hydrogenation of these alkenes and 

aromatics as the spherical nanoparticles. 

Another way to reach this kind of control is to functionalize the gold 

nanorods with thiol derivatives which have been shown to be regioselective for 

the extremities of the rods and total spherical surface. This behavior has 

opened the possibility to link together nanoparticles with the same or different 
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shapes such as in an end-to-end fashion way in case of rod forms. Thus, the 

main contribution of this study is to offer new possibilities of interactions of 

interparticles, favoring the preparation of materials with innovative properties. 

The results of this thesis work are promising and cover a range of 

perspectives as: i)  changing different parameters of the surfactants structures, 

and investigating their influence on the dynamic formation of these metal 

nanoparticles, ii)   performance of more catalytic tests with nanoparticles 

obtained in both shapes (rod and spheres) to define the selectivity degree of 

these colloidal dispersion as catalysts as function of their morphologies, iii)  

performance of catalytic reactions with different conditions to define the kinetic 

selectivity conversion among the products of the hydrogenation reactions, iv)  

tests of new substrates, v) syntheses of anisotropic nanoparticles with other 

metals and evaluate their catalytic activities, and vi) improvement of strategies 

to promote the interaction between particles by self-assembly process. 
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APPENDIX 

 

Synthesis conditions: 

 

Figure 22 - Synthesis conditions: 0.005 mmol de HAuCl4  (0.2 mL; 25 mmol/L); 

0.0006 mmol of AgNO3 (0.6 mL; 0.0040 mol/L); 0.0055 mmol of ascorbic acid 

(0.07 mL; 0.0788 mol/L);  0.060 mL of seed and 7.3 mL of surfactant  (0.064 

mol/L). 

 

Figure 24 - Synthesis conditions: 0.005 mmol of HAuCl4 (0.2 mL; 25 mmol/L); 

0.0006 mmol of AgNO3 (0.6 mL; 0.0040 mol/L); 0.0055 mmol of ascorbic acid 

(0.07 mL; 0.0788 mol/L);  0.060 mL of the seed solution, and 7.3 mL of the 

surfactant solution (0.064 mol/L). 

 

Figure 25 -  Synthesis conditions: 0.005 mmol de HAuCl4  (0,2 mL; 25 mmol/L); 

0.0006 mmol of AgNO3 (0.6 mL; 0.0040 mol/L); 0.0055 mmol of ascorbic acid 

(0,07 mL; 0.0788 mol/L);  0.060 mL of seed and (a) 7.3 mL of surfactant (0.096 

mol/L) and b) 7.3 mL of surfactant (0.128 mol/L). 

 

Figure 26 - Synthesis conditions: 0.005 mmol de HAuCl4 (0,2 mL; 25 mmol/L); 

0.0006 mmol of AgNO3 (0.6 mL; 0,0040 mol/L); 0.0055 mmol of ascorbic acid 

(0.07 mL; 0.0788 mol/L); 0.060 mL of seed and 7.3 mL of surfactant (0.064 

mol/L). 

 

Figure 27 - Synthesis conditions: a) 0.005 mmol de HAuCl4  (0.2 mL; 25 

mmol/L); 0.0006 mmol of AgNO3 (0.6 mL; 0.0040 mol/L); 0.0055 mmol of 

ascorbic acid (0.07 mL; 0.0788 mol/L);  0.060 mL of seed and 7.3 mL of 

surfactant  (0.016 mol/L). b) 0.005 mmol de HAuCl4  (0.2 mL; 25 mmol/L); 

0.0006 mmol of AgNO3 (0.6 mL; 0.0040 mol/L); 0.0055 mmol of ascorbic acid 

(0.07 mL; 0.0788 mol/L);  0.060 mL of seed and 7.3 mL of surfactant  (0.0032 

mol/L). c and d) 0.005 mmol de HAuCl4  (0.2 mL; 25 mmol/L); 0.0006 mmol of 

AgNO3 (0.6 mL; 0.0040 mol/L); 0.0055 mmol of ascorbic acid (0.07 mL; 0.0788 

mol/L);  0.060 mL of seed and 7.3mL of surfactant  (0.00064 ; 0.0016 mol/L, 
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respectively). 

 

Figure 28 - Synthesis conditions: a) 0.005 mmol de HAuCl4 (0.2 mL; 25 

mmol/L); 0.0006 mmol of AgNO3 (0.6 mL; 0.0040 mol/L); 0.0055 mmol of 

ascorbic acid (0.07 mL; 0.0788 mol/L); 0.060 mL of seed and 7.3mL of 

surfactant (0.064 mol/L). b) 0.005 mmol de HAuCl4  (0.2 mL; 25 mmol/L); 0.0006 

mmol of AgNO3 (0.6 mL; 0.0040 mol/L); 0.0055 mmol of ascorbic acid (0.07 mL; 

0.0788 mol/L); 0.060 mL of seed and 7.3 mL of surfactant  (0.032 mol/L). 

 

Figure 29 - Synthesis conditions: 0.005 mmol de HAuCl4  (0.2 mL; 25 mmol/L); 

0.0006 mmol of AgNO3 (0.6 mL; 0.0040 mol/L); 0.0055 mmol of ascorbic acid 

(0.07 mL; 0.0788 mol/L);  0.060 mL of seed and 7.3mL of surfactant  (0.064 

mol/L). 

 

Figure 31 - Synthesis conditions: 0.005 mmol de HAuCl4  (0.2 mL; 25 mmol/L); 

0.0006 mmol of AgNO3 (0.6 mL; 0.0040 mol/L); 0.0055 mmol of ascorbic acid 

(0.07 mL; 0.0788 mol/L);  0.060 mL of seed and 7.3 mL of surfactant  (0.064 

mol/L). 

 

Figure 32 - Synthesis conditions: 0.005 mmol de HAuCl4  (0.2 mL; 25 mmol/L); 

0.0006 mmol of AgNO3 (0.6 mL; 0.0040 mol/L); 0.0055 mmol of ascorbic acid 

(0.07 mL; 0.0788 mol/L);  0.060 mL of seed and 7.3 mL of surfactant  (0.064 

mol/L). 

 

Figure 33 - Synthesis conditions:  0.005 mmol de HAuCl4  (0.2 mL; 25 mmol/L); 

0.0006 mmol of AgNO3 (0.6 mL; 0.0040 mol/L); 0.0055 mmol of ascorbic acid 

(0.07 mL; 0.0788 mol/L);  0.060 mL of seed and 7.3 mL of surfactant  (0.064 

mol/L). 

 

Figure 34 - Synthesis conditions: 0.005 mmol de HAuCl4  (0.2 mL; 25 mmol/L); 

0.0006 mmol of AgNO3 (0.6 mL; 0.0040 mol/L); 0.0055 mmol of ascorbic acid 

(0.07 mL; 0.0788 mol/L);  0.060 mL of seed and 7.3 mL of surfactant  (0.064 

mol/L). 
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Figure 35 - Synthesis conditions: 0.005 mmol de HAuCl4 (0.2 mL; 25 mmol/L); 

0.0006 mmol of AgNO3 (0.6 mL; 0.0040 mol/L); 0.0055 mmol of ascorbic acid 

(0.07 mL; 0.0788 mol/L);  0.060 mL of seed and 7.3 mL of surfactant  NOx16: 

0.064 mol/L, and 0.016 mol/L; NMeEph16Br: 0.016 mol/L, and 0.0064 mol/L) 
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 Introduction

For centuries, the search for new materials with precise
aracteristics and applications has been one of the most
portant stimulants of technological development [1]. In
neral, to fabricate the most simple or complex device or
ject, it is essential to search for materials that exhibit the
sired physico-chemical properties for the aspired
plication. But can a particular material, with identical
emical composition and structural arrangement, display
fferent properties? The answer is yes, but this largely
pends on the dimensions of the material itself or the
mensions of the components [2,3].

Outstanding properties can arise when materials are in
e nanometric scale, but this is not only due to
mensional features, like the surface/volume ratio (very
gh for nanostructures), but it also depends on the form,
vironment, and organisation of the particles that

comprise the nanostructured material. Indeed, these
features are consequence of a ‘‘nano-effect’’, and most of
them are associated with quantum-like laws [4,5].

Metal particles, like Au, Ag, and Cu, are known to absorb
specific wavelengths of the visible spectrum when they
possess nanometric dimensions. This singular absorption
is due to the collective resonant oscillation of the electrons
of the conducting band promoted by the electric field of the
incident light at the particle surface [6,7]. This effect is
called surface plasmon resonance (SPR), and was first
elucidated by Mie in 1908 [8,9]. For that reason, for
example, the optical properties of gold nanoparticles
(AuNPs) can be significantly modified if their dimensions
are in the range of 1 to 100 nm [10,11]. Indeed, with precise
synthesis control, it is possible to prepare colloidal
solutions of AuNPs with different colours [12].

Spherical AuNPs typically display one absorption band
in the visible or near-infrared spectrum, and just one range
of these electromagnetic radiations can induce the
expected SPR (Fig. 1). On the other hand, anisotropic
nanoparticles display different absorption bands since
different SPR energies are generated [6]. Nanorods and
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A B S T R A C T

Gold nanorods (AuNRs) were obtained via a wet chemistry technique, in aqueous medium,

employing crystallisation seeds. The kinetics of formation, the aspect ratio, and the

selectivity of the particles were evaluated according to the parameters of synthesis: the

growth-driving agent, seed, and gold precursor concentrations. In 2–4 h, the rod particles

attained the expected size and shape under kinetic control, and were stable for at least 2

days. In order to obtain good quality AuNRs in good yields, without enrichment, we

suggest keeping the growth-driving agent/gold molar ratio, the AuI/seed ratio, and the

concentration of the reagents in the final solution within specific ranges. For example,

even if good molar ratios between the reagents are maintained, relatively highly

concentrated reaction solutions lead to AuNRs with lower aspect ratios. The main

properties of the prepared colloidal systems and the nanoparticles were evaluated by UV–

vis spectroscopy and transmission electron microscopy, respectively.
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anowires, for example, display two typical absorption
ands; one related to the longitudinal, and the other to the
ansversal SPR (Fig. 1) [13].

It is worth noting that one can profit from the optical
atures of AuNP-based structured systems and use

elatively simple UV–vis(-NIR) spectroscopy to evaluate
nd follow the synthetic procedures and the characteristics
f the final product [14,15].

This great versatility of colloidal systems of AuNPs, in
rms of optical properties, continues to attract the

ttention of several research groups. New synthetic
trategies to obtain specific AuNPs in high yields, for
recise applications [16,17], are frequently observed in the
odern literature [10,18,19]. In addition to studies in the

eld of photonics [20] and optics [6,21], applications of
uNPs can also be found in areas like catalysis [22], sensors
3], medical diagnosis [24,25], and tumour treatment
6,27].
Metal nanoparticles can be prepared on the bases of

hysical and chemical methods, following two main
pproaches: (i) bottom-up or (ii) top-down methodologies.
anoparticles obtained via the top-down approach are
ased on physical methods, and are normally generated
om larger particles. Sputtering [18,28,29], sonolysis [30],
nd nanolithography [31,32] are examples of techniques
ased on this practice. On the other hand, methods based
n ‘‘wet chemistry’’ follow, in general, the bottom-up
pproach. In this latter case, nanoparticles are frequently

prepared from molecular metal precursors that, after
specific chemical transformations, generate very reactive
‘‘solvated’’ metal atoms that soon interact to each other via
metal–metal bonds until they reach the size and shape of
the desired metal nanoparticle. These nanoparticles
remain, in many cases, dispersed in the liquid matrix, like
colloidal solutions [33,34].

Of all the possible metal nanoparticle shapes that can be
generated, the spherical ones are the most thermodynam-
ically stable, since, with this shape, the lowest surface
potential is achieved, and, for this reason, the particles are
easier to obtain. However, depending on the concentration
of the metal source in the solution and/or the presence of
particular chemical compounds (growth-driving agents),
other forms of nanoparticles can be obtained [35,36].
Indeed, there are a series of studies that report on the
preparation of nanoparticles of several different forms, i.e.
tetrahedral [37], cubic [38], prismatic [39], cylindrical [40],
star-like [41], hollow [42], disk [43], etc. [44].

Several research groups have focused on anisotropic
nanoparticle synthesis, especially because of their optical
properties, which are closely related to the presence of
different surface plasmons [45]. The most common
strategies used to control the shape and size of anisotropic
nanoparticles are based on wet chemistry methodologies
[46–50].

Among the range of shapes possible for AuNP, rod-like
particles are particularly well studied. In particular, many

ig. 1. (a) Illustration showing the single surface plasmon resonance on a spherical (a) and rod-like (b) gold nanoparticles, generated due to the interaction

f the particle with the electromagnetic field of the incident light. (c) and (d) are an illustration of the respective typical outline UV–vis absorption spectrum

xpected for those colloidal solutions.
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pects of AuNRs synthesis have been discussed in the
erature, especially regarding how to obtain particles
ith different sizes and shapes [2,44,51,52]. Indeed, AuNRs
n be obtained with a high level of morphological control
d different aspect ratios (the ratio between the particle
gth and width). They can also achieve dimensions of a

w nanometres to ca. 1 mm [16,44,53–55].
Different procedures can be used to obtain AuNRs [56–

], but the seed-mediated methods are the most
mmonly employed [60]. The reference works by Murphy

 al. [44,61] and El-Sayed et al. [62] showed that AuNRs
n be prepared from very small AuNPs (‘‘seeds’’ of 3 to
m in diameter), which act as nucleation sites for the

rmation of the desired particles. The seeds are added into
rowth solution, which basically contain AuI species that

n be seen as the ‘‘monomer precursors’’ that are easily
duced to Au(0) at the surface of an AuNP in the presence

 a mild reducing agent, such as ascorbic acid (AA). A small
ount of silver nitrate (AgNO3) is also added to the

owth solution. It seems to play an important role in
taining AuNRs in high yields, but its role still incites

scussion [63].
It is important to remark that, in this methodology, the

esence of a chemical species that interact with the
owing particle is essential, as it acts as a growth-driving
ent – normally surfactants, like cetyltrimethylammo-
um bromide (CTAB). The role of these molecules is not
st for particle protection, by avoiding particle agglomer-
ion, but also to allow dissymmetric particle growth
7,64–68].
In this case, dissymmetric growth is mainly due to the

ssimilar force interactions between the distinct crystal
cets of the growing particle, which display different
rface potentials [69], and the growth-driving agent. This
ds to distinct rates of facet growth, permitting the

rmation of anisotropic nanoparticles. In other words,
me facets are blocked by the growth-driving agent,
ovoking different rates of facet growth [64].
Fig. 2 illustrates, in a very simple way, the dissymme-

cal growth mechanism of AuNRs. Of course, other factors

like reaction temperature [70], seed and/or metal source
concentrations [60], and surfactant chemical structure and
concentration are variables that must be controlled for
optimal AuNR production [67,71].

Although AuNRs can currently be produced with a high
level of control, with different sizes, aspect ratios, and low
polydispersity, there are some aspects of their formation
that are not yet fully understood. It is in this context that
this study was proposed, to improve our understanding of
AuNR formation.

2. Experimental

2.1. Materials

Tetrachloroauric acid (HAuCl4�3 H2O, 99.9%, Aldrich),
sodium borohydride (NaBH4, > 98%, Acros Organics), AA
(99%, Vetec), CTAB (99%, Acros Organics) and AgNO3

(> 99%, Reagen) were used as purchased. Deionised water
(Deionizer Direct–Q3 Millipore) was used in the prepara-
tion of all aqueous solutions. All the glassware was cleaned
with aqua regia and rinsed with deionised water prior to
experiments.

2.2. Synthesis of gold nanorods

All colloidal solutions containing AuNR were prepared
from the mixture of two solutions, i.e. the seed and growth
solutions, according to seed-mediated methods, and
adapted from reference [54].

The seed solution was prepared in a 20 mL flask in which
two aqueous solutions of HAuCl4�3 H2O (5.0 mL; 0.5 mmol/
L) and CTAB (2.5 mL; 0.20 mol/L) were added. In the
sequence, an ice-cold aqueous solution of NaBH4 (0.6 mL;
0.01 mol/L) was added at one time. Immediately, the colour
changed from dark yellow to brownish. The resulting
solution was kept under gentle magnetic stirring for 2 min.
The resulting solution was used for a period of 2 h after the
preparation. This solution contained ca. 1.25 � 1014 parti-
cles of 4 nm/mL, and was used in all experiments.

. 2. Schematic illustration of the dissymmetric growth of an gold nanorods from a seed particle and AuI ion species that are reduced to Au(0) at the
rface of the metal particle.
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According to the experiment, different growth solutions
ere prepared. For example, for illustration, in a 20 mL

lass tube, three aqueous solutions of HAuCl4�3 H2O
.0 mL; 1.0 mmol/L), CTAB (2.5 mL; 0.20 mol/L), and

gNO3 (0.150 mL; 0.40 mmol/L) were added. Under
tirring, an aqueous solution of AA (0.070 mL;
.80 mmol/L) was added all at once. Immediately, the
olour changed from yellow to colourless.

Finally, the different colloids containing AuNRs were
btained by mixing appropriate quantities of seed and
rowth solutions, as well as CTAB. In a typical experiment,
e seed solution (12 mL) was added, under gentle stirring
r 10 s, into a recently prepared growth solution (7.72 mL;

.64 mmol/L of AuI species), and left undisturbed for at
ast 4 h.

.3. Characterisation

Electronic absorption spectra of the colloidal solutions
ere obtained using a Varian Model Cary 50 Scan UV-Vis/

ear-IR spectrophotometer. The setup was configured to fix
e baseline of the deionised water absorption band from

00 to 1 000 nm, using quartz cells with path length of
.0 cm. The particle size and shape analysis of the AuNRs
ere performed using a FEI-Tecnai 20 transmission electron
icroscope operating at 200 kV or a FEI–Morgani 268D

perating at 100 kV. The samples were prepared by
vaporating a thin film of nanoparticle solution on Holey
arbon or formvar-coated copper grids for at least 24 h in a
esiccator. Micrographs from transmission electron micros-
opy (TEM) were evaluated using the Sigma Scan program to
etermine the particle size distribution, measuring approx-

ately 100 nanoparticles from each sample.

. Results and discussion

The AuNRs were prepared by the seed-mediated
ethod, adapted from the method developed by Murphy

t al. [71]. As already mentioned, this method leads to high
ields of AuNRs with a high degree of size and aspect ratio
ontrol. Nevertheless, slight changes in the synthesis
onditions, for example, the quality of the water used to
repare the solutions, the amount of matter, and the
oncentration of the components, can induce significant
odifications on the features of the AuNR. For this reason,
e carried out a systematic study related to the formation

f AuNR by modifying three parameters of synthesis, i.e.

CTAB, seed, and monomer amounts in the reaction
medium. It is worth remarking that all analyses performed
here used samples on which no previous treatment has
been carried out.

3.1. Kinetic study of gold nanorods formation

In order to verify the dynamic of formation and range of
stability of the aqueous AuNR-based colloids, we carried
out a kinetic study of particle formation using UV–vis
spectroscopy; (Fig. 3). We evaluated the growth process
(AuNR formation) from the first moments until a period of
one week, taking a series of electronic absorption spectra
of samples prepared like solution B (Table 1). During this
time, the colloid displayed dynamic behaviour in terms of
colour change and colour intensity. Nevertheless, it is
possible to divide the formation process of AuNRs into
three main stages after the addition of the seed into the
growth solution:

� the period from 0 to 2 h is characterised by the time
needed for the AuNRs to form, with depletion of the AuI

source;
� from 2 to 48 h, no significant change in the colloidal

system is detected. This is the best period in which the
colloid can be manipulated and studied;
� from two days on, the main mechanism of the growth

process seems to be characterised by the occurrence of
Ostwald ripening [72], i.e. larger particles continue to
grow, while smaller ones (more unstable, with a higher
surface potential) get smaller [2].

This last process explains the significant increase in the
absorption bands. In this case, the smaller particles are a
second reservoir of gold species for the growth process.

In the first hour of particle formation, it was possible to
verify the regular growth of nanorods since the intensities
of their respective surface plasmon absortion bands
increased relatively quickly. After this stage, the intesities
of the absorption bands did not change significantly over a
period of 48 h. However, from this period on, Ostwald
ripening dictated the growth process, characterised by an
enhancement in the intensity of the plasmon absorption
bands (Fig. 3).

It was also interesting to note that, during the first 2 h of
AuNR formation, the maximum absorption of the second
band shifted to the red region of the UV–vis spectrum and

able 1

eaction conditionsa for the preparation of gold nanorods in the presence of different amounts of CTAB and some characteristics of the colloids obtained.

Sample Volume of CTAB

stock solution (mL)b

[CTAB]

(mmol/L)c

CTAB:Au

molar ratio

lmax1

(nm)

lmax2

(nm)

AuNR

length (nm)

Aspect

ratio

A 5.0 97 200 514 730 45 � 4 2.8

B 2.5 64 100 515 732 45 � 3 3.0

C 1.0 32 40 513 735 50 � 10 –

Dd 0.5 17 20 527 775 – –

a Reagent amounts employed: 5.0 mL of tetrachloroauric acid (HAuCl4�3 H2O) (1.0 mmol/), 0.150 mL of silver nitrate (AgNO3) (4.0 mmol/), 0.070 mL of

scorbic acid (80 mmol/), and 12 mL of seed solution.
b Concentration of the CTAB stock solution: 0.20 mmol/L.
c Concentration of the CTAB in the colloidal system.

d Low yield of AuNR, large amount of spherical AuNP are present.
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rned back (blue shift) to around 790 nm (maintaining
is wavelength and absorption intensity from 4 to 48 h
ter the start of the particle formation; Fig. 3). The
servation of this shift suggests that there is a significant
ange in the aspect ratio (length � width) of the particles
ring particle formation.

. Effect of the CTAB:Au molar ratio

In this study, four growth solutions containing rela-
ely low and high CTAB:Au molar ratios were prepared.

Those solutions contained different amounts of CTAB,
keeping the other component quantities constant. Into
them, the same amount of seed particles was added.
According to the method employed, the same amount of
particles must be formed in all solutions, since the same
amounts of seeds were used. The reaction conditions for
this study are summarised in Table 1.

Fig. 4 shows the electronic absorption spectra of the
colloids obtained 24 h after the addition of the seeds in the
respective growth solution. In all measurements, the
presence of two maximum absorption bands that are

. 3. Absorption spectra of the colloid containing the gold nanorods recorded from the first moments of nanorod formation until day 6 (Top). Graphics (a)

d (b) indicate the evolution of the maximum absorption intensity of the second band as a function of time, during the first 6 h and 7 days, respectively.
aphics (c) and (d) indicate the evolution of the of maximum absorption wavelength of the second band as a function of time.
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pical for colloids containing AuNRs was observed.The
esulting spectra also show different correlations between

e two absorptions bands (lmax1< lmax2), which can be
n indication of AuNR formation with different aspect
atios. Additionally, one can observe that the relative

tensity between the two maximum absorptions in each
pectrum are different. According to the optical law, the
xtinction coefficient of a metal nanoparticle is dependent
n its size, and the longitudinal section has a higher
xtinction coefficient than the transversal one [9]. Thus, a
pical UV–vis absorption spectrum of a colloid containing

igh numbers of AuNRs must have its lmax1 less intensive
an its correspondent lmax2. This was the case for samples

 and B, suggesting that we attained AuNRs in high yields.
his was not the case for samples C and D, in which other

forms of nanoparticles were present, probably the more
thermodynamically stable spherical ones.

The conclusions derived from the UV–vis absorption
spectra were corroborated by the TEM images (Fig. 4). Most
of the nanoparticles observed were rod-like and very
homogenous in samples A and B. Both samples presented
the same aspect ratio (3.0), with length and width around 45
and 15 nm, respectively (a slightly higher degree of
homogeneity was seen in sample B). As we decreased the
CTAB:Au molar ratio, as in the solutions C and D, the rod-
shape appearance was strongly affected, leading to irregular
rod-shaped particles and other different irregular forms.

Indeed, in this study, it was possible to verify that if we
carried out a synthesis with CTAB:Au molar ratios between
100 and 200, we could reach a safe range of work to obtain

ig. 4. Electronic absorption spectra of the colloids with different CTAB:Au molar ratio, obtained 24 h after rods formation. Sample A, B, C and D prepared

ith CTAB:Au molar ratio of 200, 100, 40, and 20, respectively (Top). TEM images showing the typical size and shape of the respective AuNRs obtained.

able 2

eaction conditionsa for the preparation of gold nanorods (AuNRs) in the presence of different amounts of seed particles and characteristics of the particles

btained.

Sample Seed solutionb (mL) AuI:seedc x 105 lmax1 (nm) lmax2 (nm) AuNR length (nm) Aspect ratio

E 2.4 100 516 650 56 � 3 1.7

B 12 20 511 732 45 � 3 3.0

F 60 4.0 509 784 42 � 4 3.7

G 120 2.0 509 777 54 � 4 3.6

Hc 300 0.8 511 770 – –

Ic 600 0.4 516 707 – –

a The growth solution was prepared from: 5.0 mL of AuIII (1.0 mmol/L), 2.5 mL of CTAB (0.2 mol/L), 0.150 mL of AgNO3 (4.0 mmol/L), and 0.070 mL of AA

0 mmol/L).
b Ratio of AuI species and seed particles in the reaction medium.

c Dog-bone shape AuNRs predominate.
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NRs with the same size and aspect ratio, without
nificant variations, i.e. AuNRs with a length of 45 nm
d an aspect ratio of 3.0.

. Effect of the number of seeds

AuNRs were prepared with the addition of different
mbers of seed particles into identical growth solutions
.72 mL; CTAB:Au molar ratio of 100; 0.64 mmol/L of AuI).
e respective experimental conditions adopted in this
dy are presented in Table 2, as well as some of the

respective experimental results. Fig. 5 shows the UV–vis
absorption spectra and TEM images of the particles
obtained after 24 h of AuNR formation.

At this point, it is important to consider that the number
of AuNRs formed is the same as the number of seed
particles added. Thus, if we increase the amount of seeds
added, keeping constant the amount of AuI species in the
solution, i.e. if the AuI:seed ratio decreases, smaller
particles are produced.

From the data depicted on Table 2 and Fig. 5, one can see
that solution E (2.4 mL of seed solution added) led to larger

. 5. Absorption spectra of the colloids containing gold nanorods prepared with different amounts of seed particles in the reaction medium, after 24 h.

mples B, E, F, G, H, and I were prepared with different amonts of seed particles (top). TEM images of the respective gold nanorods prepared from different
ounts of seed particles. (E) 2.4 mL; (B) 12 mL; (F) 60 mL; (G) 120 mL; (H) 300 mL; (I) 600 mL added to the growth solution.
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uNRs; however, their aspect ratios were smaller (�2.0).
deed, we can see that, until a certain level, by increasing
e number of seeds in the medium (B < F < G), the aspect

atio of the AuNR also increased. If one were to increase
ven more the number of seed particles in the growth
olution, the amount of AuI species (‘‘monomers’’)
ecomes too scarce to produce rod-shape particles with
levated aspect ratios. Furthermore, by adding more seeds

 the growth solution, more AuNRs are formed, but of a
maller size; consequently, the CTAB necessary to produce

e double layer around the particles becomes scarce. This
lso explains the production of dog-bone-shaped particles,

since, at a certain level of rod growth, the amount of CTAB
becomes insufficient to drive the preferential access of
‘‘monomers’’ at the tip of the rods during formation
[19,73,74]. This study confirms that there is an ideal
relation between ‘‘monomers’’ and seeds in the reaction
medium to achieve highly selective production of rod-like
particles, as verified in solutions and G [71].

3.4. Effect of monomer amount

In this study, we carried out two different set of
experiments in order to evaluate the influence of the

able 3

eaction conditionsa for the preparation of gold nanorods in the presence of different volumes of growth solution (0.64 mmol/L of AuI species) and

haracteristics of the particles obtained.

Sample V (mL) of AuIII

(1.0 mmol/L)

V (mL) of CTAB

(0.2 mol/L)

V (mL) of AgNO3

(4.0 mmol/L)

V of AA

(mL)

Total V (mL) AuI:seedsb

x 105

lmax1

(nm)

lmax2

(nm)

AuNR length

(nm)

Aspect

ratio

Jc 2.50 1.25 0.075 0.035 3.86 1.0 509 697 22 � 3 3.2

Gd 5.00 2.50 0.150 0.070 7.72 2.0 509 777 54 � 4 3.6

K 10.0 5.00 0.300 0.140 15.4 4.0 510 774 38 � 6 4.0

L 20.0 10.0 0.600 0.280 30.9 8.0 513 725 32 � 5 2.9

M 50.0 25.0 1.50 0.700 77.2 20 514 720 11 � 4 2.2

TAB: Cetyltrimethylammonium bromide; AgNO3: silver nitrate; AA: ascorbic acid; AuNRs: gold nanorods.
a Seed solution: 120 mL.
b Ratio of AuI species and seed particles in the reaction medium.
c Many spherical nanoparticles also present.
d TEM images, (Fig. 5).

ig. 6. Absorption spectra of the colloids containing gold nanorods prepared with different amounts of ‘‘monomers’’ in the reaction medium. All spectra

ere obtained 24 h after rod formation. Samples J, G, K, L, and M were prepared from different volumes of the growth solution (top). TEM images of gold

anorods prepared from different volumes of the growth solution (0.64 mmol/L of AuI species): (J) 2.5 mL;(K) 10 mL;(L); 20 mL;(M) 50 mL. Volume of seed
lution added: 120 mL.
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onomer’’ (AuI) amount on the production of AuNRs. In
th studies, we added the same amount of seeds into
owth solutions with different amounts of ‘‘monomers’’.

.1. Method 1

In this first set of experiments, we added the same
ount of seed solution (120 mL) into different volumes of

owth solutions with the same characteristics
.64 mmol/L of AuI species; CTAB:Au molar ratio of
0). Table 3 summarises the experimental conditions
opted and shows some experimental results. Fig. 6
ows the UV–vis absorption spectra and TEM images of
e particles obtained 24 h after AuNR formation started.
Using the reaction conditions adopted here, one can see

at AuNRs were produced in all tests, but with different
pect ratios. Again, it was possible to verify that there is an

ideal ratio between the amount of ‘‘monomers’’ and seeds
in the reaction medium to obtain rod nanoparticles with
higher aspect ratios. As expected, it is possible to observe
that as we increased the volume of the growth solution,
larger particles were obtained, but this does not mean that
the aspect ratio increased. This trend was also observed in
the previous study (compare with Fig. 5).

3.4.2. Method 2

A second set of experiments was performed in order to
keep the same amount of species as in the previous test;
however, the final volume of the colloidal solution of AuNRs,
in all cases, was the same (�8.0 mL). Table 4 summarises the
reaction conditions adopted in this study. Fig. 7 shows the
UV–vis absorption spectra and TEM images of the particles
obtained 24 h after AuNR formation started.

. 7. Absorption spectra of the colloids containing gold nanorods prepared with different amounts ‘‘monomers’’ in the reaction medium. All spectra were

tained 24 h after rod formation. Samples N, G, O, and P were prepared from growth solutions with AuI concentration of 0.32, 0.64, 1.28, and 2.56 mmol/L,
pectively. TEM images of gold nanorods obtained from samples N, O, and P. Volume of seed solution added: 120 mL.
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In this study, we determined that the concentration of
e solution employed is in fact important, since the

articles are different if the concentrations are different.
his demonstrates that diffusion effects play a role in the
article formation process. Overall, we observed that, at
igher concentrations, the particles formed were generally
rger and with a lower aspect ratio. This is a curious result.
e expected that, having the same number of particles
rmed, since the same amount of seed was added, we

hould expect that particles formed with a greater should
ave a reduced width; however, this is not the case. To
xplain such an incongruence, two events are possible: (i)
t higher concentrations, some seed particles do not
evelop or (ii) in diluted conditions, part of the ‘‘mono-
ers’’ do not have access to the surface of the growing

articles. We are carrying out additional experiments to
et more information in order to understand such
ndencies. However, we suggest that at higher concen-
ations, some seed particles are blocked by the high

oncentration of CTAB in the medium, thus, prohibiting the
evelopment of some seed particles into AuNRs. This
esults in more ‘‘monomers’’ available to those seed that do
evelop, leading to larger particles.

. Conclusion

Although the synthesis of AuNRs is already considered a
onsolidated subject, some aspects of their preparation
till generate discussion. In this work, we verified that the
ynthesis of anisotropic AuNPs via the seed-mediated
ethod is quite susceptible to the reaction conditions

dopted. Several variables, such as reagent concentrations
nd the molar ratios between them are important aspects

 be considered to tune the synthesis of the desired
articles. Different results are obtained with reactions with
e same molar ratio between the reagents, but under

ifferent concentrations. With the method of synthesis
mployed here, the desired particles were formed between

 and 4 h and were stable for around 2 days, where after
stwald ripening began to govern the growth process. To
btain good quality AuNRs in good yields, without
nrichment, we suggest keeping the growth-driving
gent/gold molar ratio between 200 and 100 and the

Nevertheless, one must take in account the concentration
of the reagents in the final solution within specific ranges.
For example, even keeping the AuI/seed particle molar
ratio at reasonable values, in relatively highly concentrated
reaction solutions, some seed particles do not develop.
However, in diluted conditions, some of the ‘‘monomers’’
do not have access to the surface of the growing particles,
since the seed particles are blocked by the high concen-
tration of CTAB in the medium.
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Gold nanorods with a relevant aspect ratio were synthesized in

high yields and good selectivities in the presence of ammonium

surfactants bearing tunable hydroxyalkylated headgroups. The

role of the OH function was demonstrated and the dynamics of

the growth process were investigated through UV-vis measure-

ments.

Among the various shapes of gold particles, nanorods (AuNRs)
have attracted great interest1 owing to their extremely attractive
surface-plasmon based optical properties,2 which render them
pertinent candidates for numerous applications in optics,3–7

medicine,8–10 with a blossom in cancer diagnosis and photo-
thermal therapy11–14 and more recently in catalysis according to
their index facets.15,16 Their tunable properties are strongly
dependent on the size, shape and aspect ratio (length/width) of
the gold particles.17 Short AuNRs with an aspect ratio between 4
and 7 scattered blue/green and yellow light, providing many
opportunities for sensing and imaging applications, whereas
longer rods (aspect ratio around 10) preferentially scattered lower-
energy orange/red light.18,19

Several reliable methods for the synthesis of gold nanoparticles
have been developed over the last half-century to achieve
decent yields and sample monodispersity.20 Among the various
methodologies,21 the seed-mediated growth approach in aqueous
solution7,22 is frequently used to produce AuNRs with diverse
aspect ratios and dimensions,7,23,24 assisted almost exclusively by
cetyltrimethylammonium bromide (CTAB) as growth driving
agent. This ammonium salt seems to be of crucial importance
for a well-controlled growth process by blocking the long axis
crystal faces through the surfactant bilayer structure and thus
promoting metal growth on the short-axis faces to produce

AuNRs.25 Many works have been carried out to efficiently tune the
aspect ratio, which could be affected by several synthetic
parameters, such as the amount of the driving agent,26,27 the size
of the crystal seeds used,28 the effect of additives.18 The influence
of the growth-driving agents is also of crucial importance in the
AuNRs elongation, according to previous works by Murphy et al.7

Thus, binary mixtures were used, such as CTAB/BDAC (benzyldi-
methyl ammonium chloride)22 with modest results in terms of
selectivity or CTAB/OTAB (octyltrimethylammonium bromide)
gelled mixed surfactant solution.29 To our knowledge, only the
cetylpyridinium chloride, possessing a larger and more anisotropic
headgroup, has previously been investigated alone as directing
agent to produce AuNRs, but unfortunately multi-shaped nano-
particles, such as nanospheres, triangles, pentagons, were
observed.30

Herein we describe a real alternative preparation of size and
form-controlled gold NPs by the seed-mediated growth in aqueous
media with high yields and selectivities, using an original library
of easily tunable N,N-dimethyl-N-cetyl-N-(hydroxyalkyl)ammonium
bromide salts (HAA16Br) as growth-driving agents (Fig. 1), instead
of the usual CTAB. These growth-driving agents, bearing hydro-
xylated polar heads and possessing a high water-solubility as well
as a good stability in a large range of pH, are easily synthesized in
a one-step high-yielding quaternarization of the
(N,N-dimethylamino)-1-alcohol with bromohexadecane (see ESI3).

aEcole Nationale Supérieure de Chimie de Rennes, CNRS, UMR 6226, 11 Allée de

Beaulieu, CS 50837, 35708 Rennes Cedex 7, France. E-mail: alain.roucoux@ensc-
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3 Electronic supplementary information (ESI) available. See DOI: 10.1039/c3ra42949k
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Fig. 1 Chemical structure of HAABr surfactants investigated as gold NPs growth
driving agents.
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In comparison with CTAB, we interestingly demonstrated the
influence of the hydroxylated headgroup on the surfactant in the
controlled growth dynamics of AuNRs.

In a first set of experiments, the three surfactants possessing a
different length on the hydroxylated polar head (Fig. 1), i.e.
HEA16Br (HEA: hydroxyethylammonium), HPA16Br (HPA: hydro-
xypropylammonium) and HBA16Br (HBA: hydroxybutylammo-
nium) were investigated as growth-driving agents of Au
nanorods. The results were compared to those obtained with the
classical cetyltrimethylammonium bromide (CTAB) under the
same experimental conditions. In this study, only the initial step of
the seed-mediated growth process was explored at constant pH
(3.5) according to the preparation’s conditions, since the second
and third steps are only used for the elongation of the preformed
nanocrystals.

Whatever the length of the hydroxylated polar head, the UV-vis
absorption spectra of AuNRs prepared with the HAA16Br series as
growth-driving agent present two typical absorption bands (Fig. 2).
This result was confirmed by transmission electron microscopy
(TEM) analyses, showing rod-like particles with various lengths
and widths providing modulated aspect ratios (Table 1), with very
narrow size distribution. Higher values were achieved when the
hydroxylated alkyl chain increased (respectively, 4.2 and 4.4 for
HPA16Br and HBA16Br vs. 3.0 for HEA16Br). For comparison, the
aspect ratio of AuNRs obtained with CTAB by the same procedure
is around 3.3 (40 6 12 nm), similar to the values reported by
Murphy.19 The selectivity was determined on the crude solution
without any centrifugation step, in opposition to the results
usually reported in the literature (Table 1).

In order to determine the influence of the hydroxyl group of the
polar head on the dynamics of rods’ formation, the PA16Br
surfactant (N,N-dimethyl-N-cetyl-N-propylammonium bromide, see

ESI3) was also evaluated and the results have to be compared with
those obtained with HEA16Br (Fig. 3). Here, we assimilated the
steric hindrance of the methyl similar to the OH group to only
compare their physicochemical supply.

TEM images showed the formation of prisms and spheres in
the case of the non-hydroxylated PA16Br surfactant as driving
agent (Fig. 2d), while nanorods were observed with the 2-hydro-
xyethylammonium HEA16Br, thus demonstrating the obvious role
of the hydroxyl in the growth process. The favorable polar long
chain packing through hydrogen bond, thus providing a better
supramolecular organization and efficient protection of the lateral
facets, could explain this phenomenon.

The polar heads have an influence on the structural parameters
and also on the selectivity of AuNRs, thus allowing a control of the
growth process and an easy modulation of the NRs features
thanks to a judicious choice of the growth driving agent, higher
aspect ratios being achieved with HBA16Br. Moreover, in contrast
to CTAB, higher quality (narrow size distributions) of AuNRs, were
obtained with hydroxylated ammonium surfactants (Table 1 and
Fig. S1–S4, ESI3). Thus, using the three hydroxylated ammonium
salts (HEA, HPA and HBA), highly homogeneous AuNRs were
produced with high selectivities (higher than 88%, without any
centrifugation step), and with various structural parameters
(length and aspect ratio), thus opening interesting opportunities
in terms of design and applications of AuNRs. Considering these
preliminary results, we suggested that the functionalized chain
may efficiently protect the lateral facets of the AuNRs in growth,
improving the selective addition of the gold source onto the {111}

Fig. 2 UV-vis absorption spectra and TEM pictures of AuNRs (a) HEA16Br, (b)
HPA16Br and (c) HBA16Br and comparison with a non-hydroxylated surfactant (d)
PA16Br.

Table 1 Main characteristics of AuNPs obtained with various growth-driving
agentsa

Driving agent Length (nm) Width (nm) Aspect ratiob Selectivityc

HEA16Br 30 ¡ 5.2 10 ¡ 1.3 3.0 88
HPA16Br 30 ¡ 3.0 7.2 ¡ 0.8 4.2 85
HBA16Br 39 ¡ 6.4 8.8 ¡ 1.2 4.4 82
CTAB 40 ¡ 4.8 12.4 ¡ 2.3 3.3 89
PA16Br Spheres; prisms — ,0.1

a Conditions: 5 6 1023 mmol HAuCl4?H2O (0.2 mL; 28 mmol L21);
6 6 1024 mmol AgNO3 (0.15 mL; 4 6 1023 mol L21); 5.5 6 1023

mmol ascorbic acid (0.07 mL; 0.0788 mol L21); 0.060 mL of seed.
b Aspect ratio (Length/Width). c Selectivity = (Number of AuNRs/
Number of AuNPs) 6 100, determined after 500 counts and
evaluated without centrifugation purification

Fig. 3 Influence of the hydroxyl group – HEA16Br vs. PA16Br.
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and {110} tip facets and thus providing a longitudinal growing
along the {110} and {100} directions.16

To understand the growth mechanism, we carried out some
kinetic studies to compare the rate of the particle formation,
during the first 3 h, comparing AuNRs prepared in the presence of
CTAB, HEA16Br, HPA16Br, or HBA16Br as surfactants (Fig. 4).
Whatever the growth-driving agent is, the AuNRs growth seems to
be attained after less than 1 h and the colloidal systems are stable
at least for 3 days, without any change based on UV-vis intensities
(Fig. S5, ESI3). Moreover, as described for CTAB, a bathochromic
effect is observed followed by a hypsochromic effect for the
surfactants in the following order: CTAB (14 min.) # HEA16Br (12
min.) , HPA16Br (23 min.). This classical and well-known
behaviour proves that the aspect ratio of the particle in formation
decreases during its growth owing to a less efficient protection of
the lateral facets. In the case of HBA16Br, only a bathochromic
shift was observed, which is unusual in the literature.

From the UV-vis spectra, we analyzed the rate in which the
intensity of the second band increases in the first 60 min. after the
beginning of the NRs’ formation (Fig. 5). On the first 20 min, we
observed that with CTAB and HEA16Br, the NRs grow rapidly and
heterogeneously. Moreover, the redistribution in size seems to be
less efficient in the case of CTAB, which could be correlated with a
broad size histogram (see width and length size distributions of
AuNR@CTAB, ESI3). With HBA, the very slow growth leads to a
better organization, suggesting that a more hindered polar head
hampers the access of the gold source on the lateral facets of the
AuNRs in development, thus achieving higher aspect ratios owing
to the polar chain packing. The HPA16Br surfactant possesses an
intermediate behaviour between HEA16Br and HBA16Br, with a
fast growth process but a good control. With CTAB, HEA16Br and
HPA16Br, the colloidal stability tends to be attained in around 20
min, but the size control seems more efficient with HPA16Br. This
could be correlated to a higher interaction of the polar head with
the particle’s surface. A similar but more pronounced tendency
was observed with HBA16Br, but in that case, the colloidal stability
was attained in a longer time (y60 min.), probably due to an
enhanced steric hindrance.

In summary, various ammonium surfactants bearing original
hydroxyalkylated headgroups were used as a new library of
versatile growth-driving agents for AuNRs in high yields and with
good selectivities, allowing an efficient control of the growth
process. The easy modulation of these ammonium salts could lead
to the formation of nanorods possessing various aspect ratios and
dimensions, according to the desired application. The novelty
concerns the presence of the hydroxylated group, which proves to
be essential to increase the steric hindrance on the particle
surface, thus leading to the formation of rods-like particles of
modulated aspect ratios. Further investigations on the interaction
of the driving agent within the facets of AuNRs will constitute a
breakthrough to better understand the influence of the hydroxyl
group in the growth process. The dynamics of the NRs growth
were studied through UV-vis measurements to understand the
differences in size and aspect ratio observed between the various
surfactants. These promising results open new perspectives in the
design of original growth driving agents to produce anisotropic

Fig. 4 UV-vis spectra of the colloids obtained from various growth-driving agents,
collected during the first 3 h of the NPs formation.
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gold nanoparticles with well-controlled dimensions. According to
the tunable surface morphology of AuNRs, their use and
investigation for new selectivities in chemical applications such
as catalysis are under way.
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Tunable hydroxylated surfactants: an efficient
toolbox towards anisotropic gold nanoparticles†

Monique Gabriella Angelo da Silva,ab Mario Roberto Meneghetti,b Audrey Denicourt-
Nowicki*a and Alain Roucoux*a
Easily tunableN,N-dimethyl-N-alkyl-N-(hydroxyalkyl)ammonium salts

have been synthesized and used as capping agents to produce size-

and shape-controlled anisotropic gold nanoparticles. The influence of

the lipophilic chain length and the counter-ion of this original library of

hydroxylated surfactants has been evaluated. From this study, various

shapes (spheres, rods, prisms) have been achieved.
Anisotropic gold nanoparticles (AuNPs) have received wide-
spread attention in the last decades, owing to their unusual
shape- and size-dependent physical and chemical properties,
including optical and electronic responses1–4 or catalytic
activity.5,6 For example, spherical AuNPs present one plasmon
absorbance of similar energies whatever the size. On the
contrary, one of the most outstanding features of gold nanorods
(AuNRs) remains the presence of two plasmon bands in the UV-
vis-NIR absorption spectrum, and more especially the longitu-
dinal plasmon which is strongly dependent of the aspect ratio.7,8

These nanomaterials, possessing shape- and size-dependent
properties, have found numerous applications in sensing,9,10

diagnostics,11 photothermal therapy for cancer.12,13 For catalytic
applications, anisotropic nanoparticles could provide a prom-
ising tool to tune the catalytic activity through the availability of
high index facets that could facilitate adsorption and surface
reactions.14–17 In that context, the optimization of the AuNPs
performances for a given application relies on the production of
AuNPs with precisely designed physico-chemical properties,
and a rigorous control of the shape (aspect ratio) and the
dimensions (length and diameter).18–21 Among the various
synthetic approaches,22 the seeded-growth methodology proved
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to be the most versatile to produce AuNPs with quite decent
yields and sample monodispersity,23,24 given rise to a vast library
of nanostructures ranging from octahedra or cubes,24,25 to
prisms26,27 or to original nanostructures with high index fac-
ets.28–30 Various surfactants, and more particularly quaternary
ammonium salts, have been used as capping agents to achieve a
good shape control over the nucleation and growth of AuNPs,
owing to their dual role. First, these compounds are efficient
capping agents, adsorbing on gold surface in a bilayer
fashion and thus avoiding undesirable agglomeration.
Secondly, they could promote specic interactions within the
particle facet, thus inuencing the growth kinetics and
thereby the morphology of nanospecies.17 Until now, cetyl-
trimethylammonium bromide (CTAB) remains the most widely
used and the inuence of several structural parameters,31 such
as the hydrophobic chain length,32,33 the counter-ion33,34 and the
impurity ions present in the cationic surfactants,27 have been
studied. To our knowledge, only a few works have been reported
to the potential impact of the surfactant head group and their
functionalisation. In 2006, Wang et al.35,36 have explored the
effect of the surfactant headgroup size on the growth of gold
nanostructures, comparing various cetyltrialkylammonium
bromides. More recently, our group reported a new family of
easily tunable N,N-dimethyl-N-cetyl-N-(hydroxyalkyl)ammo-
nium bromide salt (HAA16Br), bearing an hydroxylated polar
head with various lengths from ethoxy (HEA) to butoxy (HBA)
groups, as efficient driving agents.37 We have demonstrated that
the presence of the hydroxyl group was benecial to promote
headgroup packing at the metal surface, thus leading to the
formation of rod-like particles of tunable aspect ratios.

Herein, we extend the library of hydroxylated ammonium
salts for the production of size and shape-controlled gold NPs in
high yields and selectivities. New N,N-dimethyl-N-alkyl-N-
(hydroxyalkyl) ammonium salts (HAAX) were investigated as
capping agents in anisotropic gold nanoparticle synthesis by
the seed-mediated growth in aqueous media (Fig. 1).

In addition to the length of the polar head,37 several struc-
tural parameters have been studied, such as the length of the
RSC Adv., 2014, 4, 25875–25879 | 25875



Fig. 1 General chemical structure of N,N-dimethyl-N-alkyl-N-
(hydroxyalkyl) ammonium salts (HAAX) as NPs growth-driving agents.
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lipophilic chain (C12, C16, C18),38 (ii) the nature of the counter-
ion through an anionic metathesis reaction (X� ¼ F�, Cl�, Br�,
I�, BF4

�, HCO3
� and lactate).39,40 Based on several sets of

experiments, we report in this manuscript how to produce
anisotropic gold nanoparticles with well-controlled morphol-
ogies according to an easy chemical modication of the
surfactant and not just as an addition of the corresponding salt
in the mixture.
Results and discussion

In this study, AuNPs were synthesized by the seeded-growth
methodology in aqueous media, using N,N-dimethyl-N-alkyl-N-
(hydroxyethyl)ammonium salts (HEAX), bearing a 2-hydroxy-
ethyl polar head, various lengths for the lipophilic chain (C12 to
C18) and counter-ions (X� ¼ F�, Cl�, Br�, I�, BF4

�, HCO3
� and

lactate), as capping agents. The syntheses were performed in the
presence of silver nitrate AgNO3. The selectivity was deter-
mined, without centrifugation step, as the number of AuNPs in
a well-dened shape over the number of NPs from Trans-
mission Electron Microscopy (TEM).

In a rst set of experiments, we investigated the inuence of
the length of the lipophilic chain (C12, C16, C18) on the particle
morphology, considering a 2-hydroxylethylammonium (HEA)
polar head and a bromide as counter ion. These surfactants
were easily prepared by quaternarization of N,N-dimethyletha-
nolamine with the appropriate bromoalkane (see ESI†). The
results were compared to those obtained with the classical
cetyltrimethylammonium bromide (CTAB) under the same
preparation conditions. Fig. 2 shows the UV-vis absorption
spectra and TEM images of AuNPs prepared by the seeded-
growth method, as a function of the different chain lengths for
N,N-dimethyl-N-alkyl-N-(hydroxyethyl)ammonium bromide
salts (HEAnBr, with n ¼ 12, 16, 18).

As already observed with various CTAB analogues of various
lengths for the hydrocarbon tail, the lipophilic chain seems to
inuence the AuNPs morphology and higher aspect ratio
nanorods were produced while increasing the chain length.
With a small lipophilic chain (HEA12Br), the growth control
seems not very efficient, leading to a mixture of spherical
particles (�10 nm) and low aspect ratio (2.4) nanorods with
selectivity about 78% (Fig. 2a). In the case of HEA16Br, as
previously reported,37 the UV-vis absorption spectrum of AuNPs
presents two typical absorption bands with a good correlation,
25876 | RSC Adv., 2014, 4, 25875–25879
suggesting the formation of nanorods (Fig. 2b). This result was
conrmed by TEM analyses, showing rod-like particles with an
aspect ratio of 3.0 (30 � 10 nm) with a high selectivity of 88%.
This surfactant, possessing a higher water-solubility thanks to
the hydroxylated polar head in comparison with CTAB deriva-
tives, is easily synthesized in good yields and could be used in a
large range of concentration if needed in nanoparticles
synthesis. For comparison, the aspect ratio of AuNRs obtained
with CTAB by the same procedure is around 3.3 (40 � 12 nm),
similar to the values reported in the literature.37,41 The hydroxy-
alkylammonium bearing an alkylchain with 18 carbons
(HEA18Br) was also evaluated as directing agent, but it is diffi-
cult to compare the result, owing to the use of less concentrated
surfactant solution (see Experimental section). However, dog-
bone shape particles, which could nd promising applications,
leading to a red-shi,42 were mainly produced (Fig. 2c), probably
owing to an insufficient amount of capping agents. It is also
worth mentioning that without a hydroxyethyl substituent on
the nitrogen atom, only few anisotropic AuNPs are produced
due to the low water solubility of the capping agent. Moreover,
the aspect ratios are lower than those observed by Murphy et al.
using CTAB analogues with different lipophilic chains,32 since
only the initial step of the seed-mediated growth process was
explored in this study. To resume, the highly water-soluble
HEA16Br salt seems to be a good compromise to achieve
pertinent aspect ratios, assuming an efficient binding of AuIII

and AuI ions into the cationic micelles present in solution,43 as
well as the van der Waals stabilization of the surfactant bilayer
on gold surface owing to the interchain packing of the
hydroxylated head group, which helps the underlying nanorod
formation.32

In a second set of experiments, the inuence of the counter-
ion on the particle formation was studied, considering the role
of the counter-ions adlayers in the control over the shape
development in the growth from a crystal seed.33,44 Various
HEA16X (X� ¼ F�, Cl�, Br�, I�, BF4

�, HCO3
� and lactate),

bearing a lipophilic chain of 16 carbons and a 2-hydroxyethyl
ammonium polar head, were easily synthesized by quaternari-
zation of N,N-dimethylethanolamine with the appropriate hal-
ogenoalkane (X� ¼ Cl�, Br�, I�),45 or by anionic metathesis
from HEA16Br.40 They were evaluated as capping agents of
AuNPs, in the presence of silver nitrate. First, although these
counter-ions are original in gold nanoparticles synthesis,
HEA16BF4 and HEA16Lactate were not pertinent as capping
agents, due to their quite low water-solubility and thus their
aggregation even in more diluted concentrations. Secondly, the
colloids prepared with HEA16F and HEA16Cl displayed only
one absorption band in their respective UV-vis spectra (Fig. 3a
and b), suggesting the formation of spherical particles, as
assessed by Transmission Electron Microscopy pictures. The
spherical AuNPs capped with HEA16F (8.5 nm) are smaller than
those obtained by HEA16Cl (10 nm). Similar observations have
already been reported by Kawasaki et al.,33 with spherical AuNPs
obtained by hydrazine reduction in the presence of CTAF and
CTACl, and was attributed to a fast reduction rate promoting by
the use of a uoride salt. On the contrary, two absorption bands
were observed in the UV-vis absorption spectra of colloids
This journal is © The Royal Society of Chemistry 2014



Fig. 2 UV-vis absorption spectra and TEM images of AuNRs obtained with (a) HEA12Br (19 � 8 nm, aspect ratio of 2.4, lmax ¼ 724 nm), (b)
HEA16Br (30 � 10 nm, aspect ratio of 3.0, lmax ¼ 679.50 nm), (c) HEA18Br (45 � 14 nm, aspect ratio of 3.2, lmax ¼ 678 nm). Size and aspect ratio
were obtained after 500 counts for each sample. Scale bar ¼ 20 nm.
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synthesized from the newly HEA16HCO3 salt (Fig. 3c) as well as
HEA16Br (Fig. 2b), being consistent with the Au nanorods
observed by TEM analyses. This shape tendency of AuNPs
according to the counter-ion species may be attributed to the
adsorption affinity of the surfactant anion on gold surface
during the crystal growth.46 A similar tendency has already been
observed with CTAX salts, and was correlated with the decrease
in the frequency shi of Quartz Crystal Microbalance (QCM) in
the following order: Br� > Cl� > F�.33,46 Thus, the uoride and
chloride anions generate weak interactions within the particle
surface, thus disfavoring the formation of a stable and compact
double layer of the surfactant around the growing particle,
while the high-affinity adsorption of Br� onto Au surfaces
Fig. 3 Influence of the surfactant counter-ion on the morphology of
(spherical NPs, 8.5 nm, scale bar ¼ 100 nm), (b) HEA16Cl (spherical NPs, 1
aspect ratio ¼ 4.2, lmax ¼ 932 nm, scale bar ¼ 20 nm), (d) HEA16I (prisms
counts for each sample.

This journal is © The Royal Society of Chemistry 2014
produces anisotropic gold nanoparticles. Moreover, in the
synthetic method used, silver ions are also introduced into the
reaction, and thus the inuence of halides on crystal growth are
more complex since the halides interact with the Au ions in
solution and the gold surface, and also with the silver ions in
solution. In fact, Mirkin et al.19 have found that in the presence
of larger halides, the stability of the underpotentially deposited
silver layer decreases, owing to the increasing strength of the
Au–halide interaction relative to the Ag–Au and Ag–halide
interaction.

In the particular case of HEA16HCO3 salt, we could presume
that, by analogy to carboxylate anions or polycarboxylates, such
as citrate polyanions, the hydrogenocarbonate counter-ion
AuNPs – UV-vis absorption spectra and TEM images of (a) HEA16F
0 nm, scale bar ¼ 10 nm), (c) HEA16HCO3 (worm-like NPs, 29 � 7 nm,
NPs, scale bar ¼ 40 nm). Size and aspect ratio were obtained after 500

RSC Adv., 2014, 4, 25875–25879 | 25877
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provides an intermediate adsorption affinity at the growing NP
surface, between the bromide and the chloride ones. However, a
poor relationship between the two typical absorption bands was
observed, which could be attributed to a less efficient control of
the NPs growth, as conrmed by TEM images with the forma-
tion of peanut pod shape AuNPs (Fig. 3c).

Finally, the iodide counter-ion plays a critical role in the
growth control of Au nanocrystals, with mainly the formation of
well-formed nanoprisms (41%) as shown by TEM analyses
(Fig. 3d) even if other morphologies (spheres, penta-twinned
crystals) were observed (see ESI Fig. 7†). This counter-ion is
known to promote the formation of nanoprisms by preferential
binding to facet of gold nanocrystal with binding energies that
follows the ion polarizability (I� > Br� > Cl�) and crystal facet
({111} > {110} > {100}).47 This effect of iodide on the shape of
AuNPs have already been described with low concentrations
(<3.0 ppm) of iodide impurities present in CTAB27,48 or with the
deliberate addition of potassium iodide in the presence of
CTAB.19,44 These gold triangular nanoprisms are promising
materials with applications in optics and electronics,49 and as
biosensing platforms.50

Conclusions

In summary, a novel library of easily tunable hydroxylated
ammonium surfactants were synthesized and used as versatile
growth driving agents of AuNPs. This original family provides
more exible shape templates than the CTAB, giving rise to
AuNPs of various morphologies (rods, spheres, prisms.) and
different sizes through the easy modulation of the capping
agent (length of the lipophilic chain, or of the polar head, and
the counter-ion), with good yields and selectivities without size/
shape selection step. These promising results open new
perspectives in the design of original growth driving agents to
produce anisotropic gold nanoparticles with well-controlled
morphologies and dimensions according to the desired appli-
cation, in aqueous solution without any mixture with CTAB or
addition of different additives as ions and solvents.

Experimental section
General

Tetrachloroauric acid hydrate, HAuCl4$H2O (99.9%), sodium
borohydride, (+)-L-ascorbic acid (99%), CTAB and AgNO3 (99%)
were used as purchased, without any purication. The N,N-
dimethyl-N-alkyl-N-(hydroxyalkyl)ammonium salts (HAAX) were
synthesized and characterized by Mass and NMR spectroscopy
(data are presented in the ESI†).40,45 Distilled water was used to
prepare all solutions. UV-Vis/near-IR spectra were recorded on a
Schimadzu UV-vis 1800 spectrophotometer, using optical glass
cells with length of 1 cm. The set-up was congured to x the
baseline of distilled water absorption band from 400 to 1000
nm. TEM analyses were performed on a JEOL TEM 100CXII
electron microscope at an accelerating voltage of 100 kV. The
samples were prepared by the addition of a drop of the gold
colloidal solution on a copper grid coated with a porous carbon
lm. TEM images and determined selectivity were obtained
25878 | RSC Adv., 2014, 4, 25875–25879
from the produced gold suspension of particles without treat-
ment such as centrifugation.
Seed-mediated growth synthesis

AuNPs prepared in this study were produced by a seeded-growth
method, adapted from the protocols developed by Murphy7 and
El Sayed.23 The method consists in preparing two solutions: (i)
the seed solution and (ii) the growth solution.

Seed solution. In a 25 mL ask, 0.1 mL of an aqueous solu-
tion of HAuCl4$3H2O (0.025 mol L�1, 0.0025 mmol) was added
to a 7.4 mL aqueous solution of surfactant (0.0676 mol L�1,
0.5 mmol) (in the case of HEA18Br, a 7.4 mL aqueous solution of
surfactant (0.0337 mol L�1, 0.25 mmol) was used). Then, under
stirring, 0.6 mL of an ice-cold aqueous solution of sodium
borohydride (0.01 mol L�1, 0.006 mmol) was added. The solu-
tion color immediately turned to brown. Aer 2 min, the system
remains at least 2 h, without stirring before used.

Growth solution. In a 25 mL ask, 0.2 mL of an aqueous
solution of HAuCl4$3H2O (0.025 mol L�1, 0.005 mmol) was
added to a 7.3 mL aqueous solution of surfactant (0.0685 mol
L�1, 0.5 mmol) (except for HEA18Br, a 7.3 mL aqueous solution
of surfactant (0.0342 mol L�1, 0.25 mmol) was used). Then,
0.15 mL of an aqueous solution of silver nitrate (4 � 10�3 mol
L�1) was added under stirring, followed by ascorbic acid
(0.070 mL, 0.0788 M). The system turned to colorless, proving
the reduction of Au3+ to Au+.

Growing process. 0.060 mL of seed particles were added to
the freshly prepared growth solution. The solution is kept under
stirring for just 10 s and then allowed to stand for 4 h without
stirring prior to characterization to ensure the system stability.
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