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Abstract

Since the incorporation of gold nanoparticles (AUNPSs) in the Lycurgus cup in"the 4
century AD allowing a dichroism in reflected and transmitted light, headways paved the
path for the synthesis of AuNPs. The optical (surface plasmon resonartcejthreer
properties become siziependant for small AuNPs (quantum size effect) and can be
modulated by controlled synthesis conditions. It is this size dependence that makes
nanoparticlebased materials so attractive. But the major breakthrough in tefms o
synthesis of small AuUNPs (about 2 nm) was broughBhystin 1994. Hepublished a
biphast methodthat allowed oneo obtain alkanethiolstabilized AuNPs of reduced
dispersity Brust has extendedhis synthesisin 1995 to p-mercaptophenestabilized
AuNPs (Au/pMP) in a singlephase Both these welkstablished procedures were used to

synthesize the precursor particles we further modified in this study.

It has been shown by calculations that materials with effective negative index of
refraction(metamateals) can be obtained hiye threedimensionabrganization of metal
nanoparticles. The basic idea of this thesis is to use lay&talline dendrimers attached

to metal nanopatrticles as a vehicle to organize the latter. Therefore the goal of the thesis
wasthe preparation of small, morthsperse metal nanoparticles and the development of

a strategy to covalently bind liquictystalline dendrimers. Finally, wastested if these

new composite materials selésemble in two and three dimensions.

In this stidy, liquid-crystallinedendrimefbased gold nanopatrticles (Au/LCDs) have been
successfully prepared by ligand exchange or esterificallepending on the nature and
the prgortion of the grafted moleculdé&o-mesogen up to £dendrime), they exhibit
either mesomorphic properties or a smifjlanization behavior on surfaces at the

nanometer scale.

Concerning the synthesis, three different pathways have been used to access these new
materials:1) the direct synthesis of AuNPs using thiolated dendrons bydheenient
Brust s bi p Rpleliggnd exchangd td intrdduce thiolated dendrons or the

Dendrimerbased Gold Nanoparticles: Syntheses, Characterization arahi@aton
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OH moieties to further esteritd OOC dendrons; 3}Yhe direct esterification of HOQC
dendrons on Au/pMP.

Any of these approaches has its advantages anddcaa:And finally the esterification
of dendrons has appeared to be easy to carry out and has been the method which required
the least amount of dendrimers; a default quantity has even altovedd esterify only a

fraction of all he available functionaroups.

On the other hand, size exclusion chromatography has been used as an effective
purification in the early stages of Au/LCDs syntheses (precursor particle synthesis and
ligand exchange) and ultrafiltration in a stirred cell has been found asdtiestfand

simplest way to yield high purity final dendrimleased materials.

Concerning the characterization of these particles; eh®al mesogen as well as a first
generation cyanobiphenyl derivative esterified on Au/pMP have given rise to non
characteistic mesophases. Besides, TEM observations revealed that thgefiestation
cyanobiphenyl derivative has been able to promotecsgtinization on a surface when
used in a direct synthesis or in an exchange reactiogotsh by esterification on
Au/pMP, and in an exchange reaction sitver and palladium particlesalthough no
liquid-crystalline phase was observed for any of these compounds using polarized optical

microscopy.

In conclusion, this study has emphasized esterification (in addition to siyrgbtesis and
ligand exchange) as a valuable means to graft hqustalline dendrimers to the shell of
small particles with a low polydispersity. Even thoughly surface organization
promoted by dendrons was observed so far, an optimization of sgnplaehmeters as
well as the tuning of the LCDs could undoubtedly allow a better organization and the

opportunity to access our aim, metamaterials with their outstanding properties.
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Résumeé

Depuis l'incorporation de naparticules d'or (AuNPs) dansVasede Lycurge au
4™ sigcle aprés.<dC., ce qui permetin dichroisme ere lumiére réfléchie et transmise,
de nombreuses avancées onvert la voie a la synthésesdBuNPs. Leurs propriétés
optiques ainsi qued'autres propriétés deviennetépendantede la taille pourles AUNPs
de petitedimensionet pewent étre modulégpar des conditions de synthése contrlée
C'est cette dépendance de taille gemd ks matériaux a base de nanoparticules si
attrayans. Mais l'avancée majeure en termes syathese depetites AUNPs (environ
2nm) a étéréaliséepar Brust en 1994. Il a publié une méthode biphasiqueepumet
d'obtenirdesAuNPs de polydispersité réduite stabilis@ar desalcanethios. En 1995
Brust a étendu sa synthéaex AuNPs stabilisés par dup-mercaptopheno(Au/pMP)
mais en une seule phase. Ces deux procédures bien établies ont étésupibse

synthétiser les particulefe déparguenous avongnsuite modifiées dans cette étude.

Il a été démontré par des calculs que les matéramax unindice de réfaction
négatifeffectif (métamatériauxjpewen étre obtensipar I'organisatiortridimensionnelle
de nanoparticules métalliques. L'idée de base de cette these est d'utiliser des dendriméres
liquides cristallins attacls¢ a des nanoparticules taliques comme vecteur
d 6 o r g a deces detniere. iPar conséquent, I'objectif de la thésétéla préparation
de petitesnanoparticules métalliquesonodispersest I'élaboration d'une stratégie visant
a lier de maniére covalentikesdendriméres ligide-cristallins. Enfin,ils 6 agi t side t es

ces nouveaux matériaux composites s-assemblet en deux et trois dimensions.

Dans cette étudedes nanoparticules d'ofonctionnalisées par dedendriméres
liquide-cristallins (Au/LCD) ont été prépass avec succepar échange de ligands par
estérification eten fonction de la nature dela proportion demoléculesgreffee s ( d 6 u n
mésogene ga un dendrimére £} elles présentent soit des propriétés mésomorpbigs

un comportemerd &utoorganisatiorsurdes surfaces a I'échelle nanométrique.

En ce qui concerne la synthese, tnogesdifférentes ont été utilisés pourobtenir

ces nouveaux matériauxl) la synthése directe de AuNI@s utilisant desdendiméres

Dendrimerbased Gold Nanoparticles: Syntheses, Characterization arahi@aton
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thiol par la méthode biphasiquke Brug ; 2) | 6®change de || igands
dendrim res thiol ou | e groupemeiiGOOKDH per m
3) | 6est®ri ficatdOOHsumdas ApdP.e de dendr ons

Chacunale ces approchgmssédalesavantages elesinconvénients.Finalement
c 0 destérification de dendrorgp u i s 0 e étrela mé@wd® la @leacile a réaliser
et qui nécessitéa moindre quantitéle dendriméresyn défautde dendriméerea méme
permisde n'estérifie qu'une fraction de tous les gpms fonctionnels disponibles. D'autre
part, la chromatographie d'exclusion a été utilisée comme une purification efficace dans
les premeéres phases de synthése déLAIDs (pour lasynthése des particulde départ
et 'échangeleligands) et l'ultrafiltraions 6 e st r [@twe@hiq@e lpldstrapide ela
plus simpleproduisant les matériaudfinaux fonctionnalisés par les dendrimeres avec une

trés grande pureté.

En ce qui concerne la caractérisation de ces particuleagaogene chirdb, ainsi
qud uderivé cyanobiphenyl de premiere génération estéstié des AipMP ont donné
naissance a des mésophasescanactéristique Parailleurs, les observations TEM ont
révélé qued dérivé cyanobiphenyde premiére génération a été en mesure de promouvoir
l'auto-organisation sur une surface lorsqu'il est utilisé dans une synthese directe ou dans
une réaction d'échange durb, par estérificatiorsur des A(pMP et dans une réaction
déchange sudes particul es d§mémg simticune phatguele- pal | ac
cristalline n & été observée pour ces composés en utilisant la microsgzdpimiere

polarisée.

En conclusion, cette étudenais en avant'estérification (en plugle la synthese
directe etde | é&hangede ligands) comme un moyenrefficace pour grefer des
dendriméres liquides cristallirsur de petites particules avec une faible polydispersité.
Méme si seule une organisation de surfa®Emue par les dendromasété observée a ce
jour, une optimisation des parameétres de syntdeseNPs et un remamient ded.CDs
pourraient sans doute permettre une meilleure organisation et la ltésdibccéder a

notre objectif les métamatériaux et leurs remarquables propriétés.

Julien Boudorm University of Neuchatel 2009
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List of abbreviations

Here is a list of the abbreviations used along the manuscript. A schematic representation

of nanoparticles and ligands used for the latter is located in appendix 3 as well.

4-mdp 4-(12-mercaptododecyl)phenol

4-ppy 4-pyrrolidinopyridine

AFM Atomic force microscopy

Ar-R Aryl-R, R = halide, SH, etc.

AuNPs Gold Nanopatrticles

Col Columnar phase

Cr Crystalline or semcrystalline material

(Ci2H2sl S), Dodecyldisulfide

DEN Dendrimerencapsulated nanoparticle

dithiolane 4-methylbenzyl &1,2-dithiolan-3-yl)pentanoate

DMAP N,N-dimethylpyridin4-amine 4-(N,N-dimethylamino)pyridine

DPTS 4-(N,N-dimethylamino)pyridiniurrd-toluenesulfonate

DSC Differential scanning calorimetry

CioHasi SH Dodecanethiol, n-Dodecyl mercaptan, NDM, Lauryl mercaptan,
MercaptanC;,

CeH13i SH Hexanethiol, mercaptohexane, hexyl mercaptan, Mercaptan C

I Isotropic

MPC Monolayerprotected cluster

mud3eg (11-mercaptoundecyl)triethylene glycol

mud4eg (11-mercaptoundecyigtraethylene glycol

Dendrimerbased Gold Nanoparticles: Syntheses, Characterization arahi@aton
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N

N*

NCD
NMR
PAMAM
PEG
PhR
pMP
POM
PTSA
QSE
R-SH, G SH
RT
SAXS
SEC
SmA
STM

TEM

TGA
TOAB
TPP
UF

UV-Vis

Nematic phase

Chiral nematic phase
Nangarticlecored dendrimer

Nuclear magnetic resonance
Poly(amidoamine)

Poly(ethylene glycol)

PhenyiR, R=halide, SH, etc.
4-mercaptophenol,-iydroxythiophenol
Polarizing optical microscopy
4-methylbenzenesulfonic agig-toluenesulfonic acid
Quantum size effect

Thioalkane, alkanethiol, mercaptoalkane with &l 4.1 alkyl chain
Room temperature

Smallangle Xray scattering

Size exclusion chromatography
Smectic A phase

Scanning tunneling mioscopy
Transmission electron microscopy
Glass transition

Thermogravimetric analysis
Tetraoctylammonium bromidgs)sN*
Triphenylphosphine (PBh
Ultrafiltration

Ultraviolet-Visible spectroscopy
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Introduction

The Lycurgus Cup in reflected (left) and transmitt
light (right). The inclusion of gold (and silver) into tt
glass is responsible for the greezd dichroism.

Reproduced from the British Museur






1.1. Background

1.1.1.0Overview on gold nanoparticles: syntheses and
characterization

The Lycurgus cup is probably amongst the first examples of nanotechnology of gold
developed in the "4 century AD: it exhibits an outstanding greesd dichroism
reflected and transmitted light (see introduction title page). Roman\gtakers added

gold (and silver) when the glass was molfEine reductiorof previously dissolved silver

and gold, during hedteatmentof the glass, caused the fine dispersionsibfer-gold
nanoparticles responsible for the cdfbEaraday in 1857 described the formation of deep
red colloidal solutions ofjold by the reduction of gold chloride by phosphdfu the

last century, in 1951, Turkevich reported the way to obtain gold nanoparticles (AuNPS) in
the size range of 3P0 nm by gabilizing them in water by citrafd. But it is 1994 that
Brust publisied a biphasi methodthat allowed onéo obtain 2 nnsize particles” The

gold sals aretransferredto theorganic phase by a quaternary ammonium amethen
reduced by a borohyidie in the presence of thiolsBrust alsoextended this synthesis

1995to p-mercaptophenestabilized AuNPs in a singfghase”

For the | ast f i f t bas had gansiderable Brpactson the overaedl t h o d
field, because it allowed the facile synthesistloérmally and airstable AuNPs of
reduceddispersity and controlled siz&ince then the large number of publications
increased almost exponentially. Thus Astruc published a general review on AuNPs and
their applications five years afb.This goes along with many general publicatiBig,

reviewd"**® and a book”™ on NPs and their applicatioft&2

These particles are namBiPs as a general term and clusters when the core is of defined
(small) size (the number of atoms composing their core is determined). Besides, they can
be viewed as a setfssembled monolayer on flat surfaces -@BMs) transferred to a
fispher i c efingl bysahgalg @re BBAMs)!*3Y |n this case NPs are called

monolayerprotected clusters (MPCSJ! Furthermore AuNPs are orgafiiwrganic
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hybrids (inorganic gold core and organic thiol ligand shell) that can be easily dispersed in
an organic medium which makes them a colloidal suspension. Practicaldy,ai¢P

improperly but simpler defined as soluble in a given solvent.

AuNPs exhibit a strong absorption band in the visible region which is indeed a particle
effect since it is absent from in the individual atom as well as in the bulk. This absorption
is duea resonance of the electromagnetic field with the collective oscillation of the
conduction band electrons and is known as the surface plasmon resonance t8PR).

In addition, in this size regime AuNPs exigerce intrinsic size effects: as the size of the
particles becomes larger than individual gold atoms the electron energy levels are
(quantization) but strongly sizependent and are known as quantum size effect (&SE).

%4 Finally when particles are large, the energy levels merge into the-cprasiuous

band stucture as for the bulk solid. The optical and other properties become size
dependant for small AuNPs and can be modulated by controlled synthesis conditions. It is

this size dependence that makes nanopaitie$ed materials so attractive.

1.1.2.Ligand exchangen gold nanoparticles

The ligand exchangeeactionallows oneto preserve the sizand size disperson of the
initial particles while adding new featureBhe mechanism was detailed by Muffay
and was investigated also by many other groups exchanging thiols for ¥idls,
phosphines for thiol$*“® or even dimethylaminopyridine for thidfs!

One of the important aspects of ligand exchange is the morphology of NPs: they present
different sites (terraces, edges and verti8sjhe reactivity of which is different and
depending on the initial ligand, a complete ptagehange becomes impossible. This is

the case fothiols™!

Julien Boudorm University of Neuchatel 2009
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1.2. Dendrimer-based AuNPs

1.2.1.Dendrimersand gold nanoparticles

A wide majority of dendrimer/AuNPs combinations are realized by the inclusion of gold
into poly(amidoamine) dendrons in aqueous solutidifd! In this casedendrimers are

used as templates, NPs are generally located within the dendritic arms, and are named:
dendrimerencapsulated nanoparticles (DENSJ? dendrimergold nanocomposite§S”

. 58 dendrimepassivated®” or dendrimer protective colloid¥! Other
dendrimer/AuNPs assemblies were reported: -thiottionalized Fréchetype®?

Newkometype®® or poly(propyleneimine) (PP

Another approach which is described le tliterature presents a system made of AuNPs

as the core and dendrimers as a surrounding stabilizing medium. These hybrids are named
dendronized Au colloid§® dendrimerstabilized AuNPS® 7 or nanoparticlesored
dendrimers (NCDs® % Recently Shon reviewed the strategies used to combine AuNPs
and dendrons according to this approach: the esterification of dendrimers on
functionalized AuNPs is describ&d. ™

1.2.2.Liquid-crystaline dendrimers andgold nanoparticles

The conbination of liquidcrystals (LC) and AuNPs was mainly reported as physical
mixture of the two. Hegmann published recently a review on that {8bite as well as
many other groups actively participate in the field: some of the mixtures are obtained with
lyotropic LC4"*™ and the others with thermotropic od&sY In particular, such systems

enhanced the electrical properties of the resulting materi&t "

Another approach congssin anchoring the LC moiety directly to the Au core; the
resulting entity can be combined with LC of the same type or considered as an
independent systeF?ﬁ'g“] This was made possible by the synthesis of taildigahds
generally bearing a thiol functidtf: % 95!

However only a few of these systems are dentft® and the main studies in the LC

tethered AuNPs field caerns mesogenic ligant§: % 93 9%8. 100, 104106]

Dendrimerbased Gold Nanopatrticles: Syntheses, Characterization and Organization
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1.2.3.Seltassemby of dendrimer-containing gold nanoparticles

Particles are capable to sadsemble and this organization of NPs is driven by wetting
and by diferent forces such as capillary, dispersion or van der Waals fffc&d.
Sometimes a temperature gradient creates instabilities when the sample containing

particles is deposited on a surface; consequentlysiiaged structures are obsered.
111]

Under favorable conditions seissembly of particles in 25?4 or even 307" 108 10%
115117 can be observed. Organization of particles can also be achieved by block

copolymer!8122

Furthermore, this organization can leadnproved optical and electrical propertt&s®
87. 123l ond even a special category of material can be obtained by the 3D assembly of
small nanoparticles covered by dendrint&% 2% These materialsanexhibit a negative

index of rdractionand are callechetamaterial§2®*3”!

1.2.4.Motivation of thesis

It has been shown by calculations that metamaterials with effective negative index of
refraction can be obtained by organization of metal nariofe#>* ***! The basic idea

of this thesis is to use liquicrystalline dendrimers attached to metal nanoparticles as a
vehicle to organize the latter. Therefore the goal of the thesis was the preparation of
smdl, mono-disperse metal nanopatrticles and the development of a strategy to covalently
bind liquid-crystalline dendrimers. Finally, it should be tested if these new composite

materials selassemble in two and three dimensions.

1.3. Outline

The first chapter fothis manuscript deals with the direct synthesis of AUNPs and the
ligand exchange reaction to add functional groups into the shell efunchonal AuNPs.
Selected illustrative examples of the scientific literature are detailed to understand the

stakes bsuch reactions with AuNPs. Several points will be developed including the size

Julien Boudorm University of Neuchatel 2009
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control, the structure, purifications and
ligand exchange is concerned, the mechanism, the ability to introduce new fuitEgna

and the purifications subsequent to exchange will be detailed. At last results will be
presented showing the choices which were made in terms of direct synthesis and ligand

exchange required for the particles used in the subsequent reactions.

The seond chapter will describe the functionalization of AuNPs with dendrimers. First
the relation between AuNPs and dendrimers will be illustrated with some examples from
the literature. Then the adopted strategy consisting in the esterification of dendimns on
AuNPs will be detailed and some examples given. The following section will detail the
combination of AUNPs and liquidrystalline (LC) dendrimers, first as a mixture and
secondly when the LC dendrimers are tethered to gold. Finally the results dethptat

in coupling AuNPs and L&rystalline dendrimers will be reported for both the direct
synthesis and the ligand exchange. The purification of such compounds will be discussed

at the end.

The third chapter will address the assembly ofdgbdrimerbasel AUNPs. First it will

be the phenomenon of sel§sembly that will be described as well as all the forces
involved in this phenomenon. Then we will discuss about thedimensional and three
dimensional assembly and give some examples of wlopklymermediated assembly.
After that it will be the potential optical properties that will be presented and finally the
assembly of particles synthesized as described in the previous chapter.

In addition the manuscript includes appendices. The first one bringgraliges and

details on the size exclusion chromatography and ultrafiltration used to purify AuNPs.
The second appendix gives the characteristics of the dendrons used as well as of on the
synthesized particles. Appendix three explains the formalism edlaptthe manuscript

and depicts all ligands and NPs of this thesis. Finally, Appendix four gives details on the

calculations used to characterize the AuUNPs.

Dendrimerbased Gold Nanopatrticles: Syntheses, Characterization and Organization
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Forewords

With the aim ofalleviate the notations concerninguNPs a formalism was adopted

(detals in the Third appendix Briefly , nanoparticles widl be
followed by thename of thdigandi or ligands in the case of a mixtuaadthey will be

separ at ed by.Tae exchande iofdigandsllba denofed as the phasinus

s i g nandifially the esterification will be symbolizedbyh e r i ght Jourly b
For example: AuNPs stabilized by ligand A subsequently exchanged by ligand B on
which dendron C is esterified will be noted: Au/A+B}C.

Julien Boudorg University of Neuchéatel 2009
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Michael Faradayabout 'I...] gold: it is clear that that
metal, reduced to small dimensions by me
mechanical means, can appear of two colours
transmitted light, whatever the causd the difference
may be. The occurrence of these two states n
prepare one's minéor the other differences with
respect to colour, and the action of the metal

particleson light, which have yet to be describec

M. Faraday, The Bakerian Lecture: Experimental Relations of Gold

Other Metals) to Light?hil. Trans. R. Sdi857, 147, 145181
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2.1.1.Size control over growth of gold nanoparticle cores

Brust and ceworkers introduced a twphase method to obtain gold nanoparticles
involving the transfer o gold salt, HAuCJ, from the aqueous phase to the organic one
thanks to a phaseansfer agent (tetraoctylammonium bromid€sH:7)4N"). Then the
gold salt is reduced by borohydride salt (NaBkh the presence of an alkanethiol
(dodecanethiolaccording toSchemel. Rather small particles in the range 68Inmare
obtained in this wayunusually stable for thialerivatized metal nanoparticles that can be
handled and characterizditte simple chemical compound$.Preparation of colloidal
metals was alreadgescriled by Michael Faraday in a twahase systern aqueous gold
salts and phosphorus in carbon disulfideroducing particles with average sizes in the 6

+ 2 nm rangé®

Au'Cly (o) + (CsH 74N oy ——  Au''!Cly (CsHy7)uN" (o)
AUHIC14- (C8H17)4N+ (tol) + excess R-SH (tol) Em— [—AUI-SR-]n (t01)+ RS-SR (tol)
[-Au’-SR-1; o))" RS-SR (o) (CsH 7)4N" o1t BHy (2 ——  [(AU)(-SR),] (101

Schemel i The twostep procedure introduced by Brifsthe gold salts are transferred to the organic part
then reduced by an excess of thiols to a gofth{hlate polymer and finally Au(0) NPs are formed by
borohydride reduction. Note that in the end AuNPs are accompanied of thiols, disulfide)AC and

chlorides as remaining impurities.

The i mplementation of Blyfollevied lyrefinemerissfiheg ue wa:
technique: the goltb-thiol ratio can control thermodynamically the size of gold
nanocrystal§! In 2000, Hutchison and ewsorkers described a more versatile and
convenient synthesis of phosphistabilizedgold nanoparticlesAuNP9 giving rise to

1.5 + 0.4 nmparticles® a combinationof Br ust 6s techni que -and Sc
stabilized AuNP€! The latter avoids the cumiseme rigorously anaerobic conditions

and the use of diborane as reducing affenndeed phosphinstabilized AuNPs are
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excellent precursor$or other functionalized nanoparticle building blocks possessing

well-defined metallic core¥!

A seeding growth approach was described by Murphy asdockers wheréAuNPs with
any diameter from 5 up to 40 nm with-186% standard deviatiazan be prepared starting

from 3.5nm AuNP seeds by varying the ratio of seed to metafsalt.

Another important point influencing the size of AuNP is the nature of the stabilizing
agent. Phosphanes and thiols turned out to be excellent stabilizers due to the rather strong
Aui P bonds or evestrongerAui S bonds. These molecules allow the isolation of AUNPs

as solid materials that can be redispersed in appropriate solvents. This is not possible with
weakly binding stabilizers such as citr&teUsing mercaptosuccinic acid abgt varying

the ratio allowed Chen and Kimura to acce$8 hm wateredispersable NPY)! 11-
mercaptoundecanoic acid was also used as a protecting agent to have functional groups
for further attachment to a silica filfH! Also mixed monolayers of ligafs can stabilize
AuNPs,for exampleone with an alkane chain and the other with @i group at the tail

of thealkane chain. It was found that many paransetier influence the resulting Nize:
adsorption of polar components is largely favored becautbe gfoorer solvation of polar

tail groups in toluene compared to THF where the tail group effect is much less
pronounced In more polar solvents such as THF, a large thermodynamic control
promotes a preferential adsorption of the thiols with a longei alkgin onto theNP

surface. It appears that AuUNPs generated in polar solvents are smaller than the ones

grown in apolar solvents in the same conditiofis.

One can control theore size and composition througiareful choice of reaction
conditions during synthesis or by pasinthetic modifications such as Ostwald ripening
and sizeselective purification (e.g. fractional crystallization, gel electrophdtésid).
Despite these advances, precise control over the core size and size dispussity ee

challenge.

The advantages of all of these methads (i) good control over the particle size and
dispersity by tuningthe gold salto-ligand ratio and reaction conditioftd (i) the
possibility of introducing a variety of functionalized ligands, and (inple isolation,
cleaning, and redispersion of the particles in diffesoivents. Disadvantages are the
impurities that are introducdaly the use of surfactants and the restriction of aagrgut
the reduction in the presence of the capping ligand. The latter capab@lly

Julien Boudorm University of Neuchatel 2009
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circumvented if functional ligands are introduced by ligardhange reactions on stable
nanoparticlest® 2" However, thisapproachis generally more elaborate and still suffers

some limitationsespecially the problem of getting a complete ligand exchange.

AuNPs can also be synthesized from a solution of tetrachloroaurate in diethylene glycol
dimethyl ether (diglyme) and fumér reduction by a solution of sodium naphtalenide in
diglyme™® According to this technique, stabilizing surfactant is not required and the
resulting weakly protected nanoparticles can straightforwardly be stabilized and
functionalized by the addition of a variety of ligands.

&
@ Hrs N v

S
o—HS, s ® B coalescence
B ) ) — -H gr
Au Au S Au N

Figure 1 i Schematic illustration of speculated aeiskisted and bromide aniassisted coalescence

mechanism of dodecanethiptotected AuNPs. Taken frofiferanishi™

Teranishiet al. showed that even in the absence of air, coalescence of AUNPs is observed
due to the presence of bromide and proton acid leading to the formation of
dodecyldisulfide ((GHasi S),) from the removal of dodecanethiol 168,si SH) which

was probed byH NMR (seeFigure 1 for schematic illustration). (GH.si S}, oxidation

is not due to the presence of oxygen because the sample was strictlyefraezated,
N2-subtituted and sealed, and moreovesHzsi SH is not oxidized when AuNPs are not

present!®

Murray et al reported an extended study on the various conditions influertbing
particle core in dodecanethiohpped AuNPs (Au/GHosi SH)™ It was showed that as
more thiol is added (decreasing the Au/thiol ratio), the NPs become sthafldysing a

ratio less than 10:1 for reductant to gold yields aggregates. Alternative reductants to
borohydride such as superhydritfe, 2! amind®? or amineboran&® lead generally to
bigger particles. A faster delivery of the reductant gives birth to smaller particles with
lower dispersity*> 2Y The temperature at which the reaction occurs has areintfe on

the size dispersity with larger dispersity at higher temperé&tdergernseet al showed

a linear relation between the average size of the clusters and their preparation
temperaturé® Indeed, the formation is controlled by kinetic competitihich can also
explain the higher polydispersity at elevated temperature.

Dendrimerbased Gold Nanopatrticles: Syntheses, Characterization and Organization
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2.1.2.Structure of small thiolateprotected gold nanoparticles

DFT calculations showed that thiolgteotected gold nanoclusters, namelys&8CH;)4,
exhibit a novel structural motif comlssing of ringlike (AuSCH), units protecting a
central Aus core®® It was later confirmed by Jadzinskit al. by determiningthe
structure of Auoxp-mercaptobenzoic acig)using Xray crystallograph{?” Indeed they
found that it is composed of a gold core surrounded by staple motifs consisting of
thiolates and gold atoms that asemewhat detached from the dense gold core (see
Figure 2-C).

4 LR Al
...0.0'

Figure 21 Sulfur-gold interactions in the surface of the nanoparticle. (A) Successive shells of gold atoms
interacting with zero (yellow), e (blue), or two (magenta) sulfur atoms. Sulfur atoms are cyan. (B)
Example of two p-mercaptobenzoic acidgp-MBAS) interacting with three gold atoms in a bridge
conformation, here termed a staple motif. Gold atoms are yellow, sulfur atoms are cyan, atoyge are

red, and carbon atoms are gray. (C) Distribution of staple motifs in the surface of the nanoparticle. Staple
motifs are depicted symbolically, with gold in yellow and sulfur in cyan. Only the gold atoms on the axis of
theMarks decahedroare siown (in red). Taken fromadzinskiet al?”

Whettenet al. recently established a parallel between A$R)o and Aui14RSAu-
SR)o by comparing Xray scattering structure factér for 29 kDa thiolateprotected
clusteri and DFT computations. They found that there was an excellewf fihe
structure factor to the experimental measuremé&htsloreover it allows one to consider
that Aui44SR)o cluster may serve as an importamtermediatesize system for
investigations on how the goekllfur nanointeréice evolves from small particles with a
high-curvature Au/S interface to that of the zeowrvature Au(111)/SAM bulk

interface?®

Au144SRy wa s analyzed i n t e-c ommp loefx tnhoed e i ® u p(eS
elucidated for thiolatg@rotected clusters rewling that Aus4(SR)o accounts for the

reported optical and electrochemical properties of the 29 kDa nanoparticle. According to
SACM, AuafSRpohas 144 6 0 = 84 fAmetallicdo electrons
that it is deficient by 8 electrons frothe shell closing of 92 electrofid.
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Figure 3 i The Au,S, framework (a) of Aw(SR)" is related to the trefoil knot (c) by viewing the
connections in the framework as in part b. Au, green; S, blue; C and H, not.shaken from Jiang

etal.BY

Structurebonding considerations lead Whettet al. to propose Aw(SR)" as a
candidate for the smallest thiolated gold superatom as an octahedron core covered by
three RS(AuUSR)motifs with a unique @ axis. This structure is chiral and possesses

aurophilic interactions (seigure 3).3!

2.1.3.Purifications at issue

Concerning the puri fication of t lpbasepar t i
technique, AuNPs have to be separated from three excess reagents: the ammonium salts
from the phasdransfer, borohydde salts from the reduction and finally the excess thiol

ligand required in this synthesis (seehemel).

Purification is one of the major issues in nanoparticle syntheses. Moreover some metallic
particles are sensitive to @nd moisture and as a consequence el more difficult.

In generalAuNPs are not very sensitive to air and moisture which give the opportunity to
use various purification methods. Many of them were investigated in order to find the
more convenient @as toeasily and rapidlyaccess purified particlesuch ascolumn
chromatography, electrophoresis, size exclusion chromatography, membrane filtration,
ultrafiltration under N pressure, centrifugation, ultrafiltration by centrifugation,
fractional precipition. Other interesting methods exist but were not tested because of
setup or time issuediafiltration basd on tangential flow filtratio? and Soxhlet

extraction®

One of the first conclusions is that the purification highly depends on the nattive of
particles (polarity of the protecting shell), their size as wasllonthe compounds to be
separated from the particles (transfer agent, free alkane thiol ligand and end
functionalized analogues, dendritic ligands bearing a thiol function or not). Saimese

techniques works for the starting materials involving one particular alkane thiol ligand

Dendrimerbased Gold Nanopatrticles: Syntheses, Characterization and Organization
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(e.g. membrane filtration for Brust particles) lare totally ineffective when different
types of ligands are in the particle shell (e.g. membrane filtratidhe case of a mixed
monolayer of alkane thiol ligands and dendritic ligands bearing a thiol function in the

shell of particles).

A purification method was proposed by Schiffrin andnarkers toseparatéAuNPs from
the quaternary ammonium salt (TOA®! i used as the phase transfer reagent in the
original BrustSchiffrin two-phase synthesld: it consists in a 12 4period Soxhlet

extraction in toluene.

Hutchison and cevorkers described the use of diafiltration ($égure 4 for schematic

representation) for the purification and separation of polycispgamples of AUNPE

Figure 47 Schematic representation of the continuous diafiltresietup used by Hutchisen all*?

In our case it was found that washing cycles followed by redissolution were the most
efficient way to obtain highly pified particles from both DAB and free thiol ligands.
Nevertheless, the original precipitation with ethamol toluené! was replaced by

filtration over regeneratecellulo s e ( RC) membr anes (pofFe Si z
based membranes working as well as the RC oaftej alternatively wasimg with

equivalent volumes adlcolol and acetone (five times 100 mL of each) the particles are

finally redissolved witithe help ofn-heptane (less volatile than shorter chaimemane or

n-pentane) leaving the ionic phasansfer agent and aggregated material over the
membrane The washing cyclewvas repeatedt least twiceor until no trace of free thiol

was detected by TLC
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It was also shown that alkane thiohpped gold nanoparticles can be dissolved in
supercritical ethane in which the solubility was found to be dependent on the core

diameter thus allowing sizeeparatior®”

2.1.4.Characterization

AuNPs stabilized by chemisorbed monolayers of alkanethiolate canvestigated in
solution and in the solid phase. These materials can be dried free of solvent to form a dark
brown solid that can be +dissolved in nofpolar solvents. Their exceptional stability
suggests that they can be viewedchasster compoundsr mactomolecules The self
assembled alkanethiolate monolayers stabilizing the metal nanoparticles can be
investigated using techniques that are insufficiently sensitive to study a monolayer on a
flat surface, e.g’H and'*C NMR, elemental analysis, differeatiscanning calorimetry
(DSC), and thermogravimetry (TGAResults from such measurements, combined with
smallangle xray scattering (SAXS) data of solutions of the clusters and images from
scanning tunnelingSTM), atomic force microscopyAFM) and tranmission electron
microscopy (TEM) giving information on structure, size, shape and composition of the
AuNPs.

2.1.4.1. NMR

Murray et al. reported that higinesolution NMR spectra of cluster solutions display well
defined resonances except for the methylene grdwgpsearest to the gold interfdta.It

is well known that NMR line broadening for proteins and polymers is domndifgteheir

slow rotation in solution; the alkanethiolgieotected clusters are analogous, slowly
rotating macromolecules. Multiple factors appear to contribute to the signal
broadenind'® (a) the methynes the closest to the thiolate/Au interface are the most
densely packed and solid like, and thereby experience fast spin relaxation from dipolar
interactions. The methylenes far away from the Au core experience freedom of motion
and spin relaxations momgmilar to those of dissolved speci&s3®! This broadening
effect thus rests on the structural features of the monolayer. (b) The distribution of
chemical shifts caused by differences in the3®i binding sitgterraces, edges, vertices,
seeFigure 11) was proposed to be responsible for the substantial broadening '8€the
resonance for theiRand U-CH, groups in a solictate AUNP samplé® This effect falls

off sharply with distance from the metal core. (c) Sgm relaxation T,) broadening

Dendrimerbased Gold Nanopatrticles: Syntheses, Characterization and Organization
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depends on the rate of rotation of the cluster molecules in solatmaihfor the methyl
resonance it should vary a& ™ wherer is the average methyb-Au core center
distance. Murray observed that the width of methyl group resonances varies
systematically with coreize and presented the evidence for the quantitative importance
of T, broadening for the Au cluster NMR resonances in solutidwsd however,
practically, it was observed that the atoms the farthest away from the NP surface display

broadened signals everr fsecond generation dendross¢3.4.2.2"°)

1 3 5 7 45 1 3 1517
VR N
2 4 6 8 T T J"“ oS g % 1618
L 1N
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)
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Figure 57 **C NMR spectra of octanethiol (left) and octadecanethiol (right): (a) as dideeel, (b) on
colloidal gold in benzends, and (c) on colloidal gold in the solid state. Taken fBediaet all®

Reven reported soligtate °C NMR studies of short and long chains alkanethiols
adsorbed on AuNPs at variable temperattifén both the solution and solid state, the
resonancesf thefirst three carbons next to the sulfur headgroup disappear upon binding

to the gold, indicating a stronigteraction with the surfadseeFigure 5).

Revenet al.also reported thahe chemisorbed species on the gold panticlesurface is
most probably a thiolate, not a disulfide, given $hmilarity in the'*C chemical shifts of
the Au/SR colloids andhu(l) alkylthiolates. The interactions responsible for the line
broadening of the C1 and C2 sites are consistent Wwélpdrticles being faceted. No
evidence for a Knight shiftontribution to the C1 shift is observed. The excellent
correspondencebserved thus far, between the properties of tlalbsorbed on planar and
colloid surfaces, indicates that conclusidrssedon *C NMR studies of goldulfur

interactions irthe nanoparticle system are transferable to the planar RS¥Ats.*”!
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Figure 61 On the left: Reaction scheme of ligand addition and replacement reactions on the cluster surface.

On the right:'"H NMR spectra of (a) dodecyl sulfidmmped gold clusters in perdeuterated benzene, (b)
clusters after addition and uptake of 2 molar equiv of dodecanethiol with respect to thioether in the ligand
shell, and (c) after ligand shell replacement and release of free dodecanéthahylene quartecentered

at 2.18 and STH triplet adJtmethyleng @riplep gt ™34 ppnm dollowlirgd e c vy |
addition of excess dodecyl disulfidé-fhethylene triplet at 2.58 ppm). Both taken fretasanet al*!

Brustetalhave shown experimental |l yintacttraotsare hi ol T
still present can be premat under certain conditions and are easily characterizéti by

NMR spectroscop¥! It is demonstrated that thiols can adsorb to gold without losing
hydrogen. Dodecyl sulfideapped gold clusters have been prepared and subjected to
ligand exchange reactions in perdeuterated benzene by addition of dodecanethiol and
subsequently dodgl disulfide. It is shown byH NMR spectroscopy that dodecanethiol
molecules are readily taken up as ligands producing characteristic broad signals
correspondmetghytloe nteheand ST H protons, wi t h
found for thiol in ®lution; these signals are absent in spectra of thickpped clusters.
Addition of excess disulfide to such clusters capped with both dialkyl sulfides and thiols
leads to the appearance of sharp signals for free dialkyl sulfidmt@atithiol. Amounts

of thiols up to 50% of the ligand shell are, however, taken up by the clusters under rapid
and irreversible loss of hydrogen (illustrative scheme and NMR spectra are shown in
Figure 6).

Tonget al.repored observations opartide-size effect on NMRobservables of the most
proximal carbon to the Au surface, Clkt demonstrates that thEC NMR of the
protecting, Cilabeled octanethiol (or alkanethiol in general) ingleed a sensitive
function of the underlying particle size, th@are,is promising to be used as a powerful
microscopic probe tmvestigate in detail the effect of the quantum confinement and the

metatligand interaction*?
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Triphenylphosphineapped, 159 m gol d nan Q@RPR)LHGLE | o3 e piAmue d
foll owing Hut ¢huhdegp mapic exqnangeoeceppingdigand phosphine

with dissociated and added phosphine in dichloromethane solvent at 298 K. Remarkably,
while the 'H NMR spectrum resonances of the attached phosphine are broad,
characteristic of a range of incompletely avethgavironments, th&'P NMR spectrum
(observable only at 213 K and below) exhibits a single, narrow resonance indicating that

all of the phosphorus atoms are magnetically equiv&f@nt.

In contrastto the proton NMR spectrum of A4 exhibiting very broad peaksséhave

been observed for alkanethiolates bound to gold nanoparticles, these broad signals have
been attributed to the heterogeneity of sites presented by the nanoparticle surface and to
the slow rotation (as for proteins and other macromolecules) in@ul@onsistent with

the latter dependence @p, line width was found to increase with particle $t2k.

In striking contrast to the range of capping ligand environments indicated Hy tigIR
spectra,the Aui, Auss, and Ayo; clusters each exhibit a single phosphine resonance,
despite the fact that PRImust be bound to chemically inequivalent sites in all three
clusters Discussed by Schmid for the larger clust&¥siapid motion of the phosphine
along the particle surface was invoked. In the case of the smsitiduno evidence of

such dynamic behavior was found, although facile, fluxional motions of the metal
skeleton have been considered as a source of the phenomenon. In mixedPRRPh
clusters, the®P-*'P coupling through the gold cluster was consideregravide the
mechanism for inducing magnetic equivalence of the different sites. Evidently, the gold
cluster core provides a mechanism for producing magnetic equivalence of the phosphorus

atoms in these clustéfé!

Ligand exchange reactiongere monitored by florescence provided that a fluorophore
label is present on gold nanoparticles. Todd Emrick araaers® not only followed

place exchange reaction by NMR but also by fluorescence because thiotaited
dipyrromethene (Bdipy) dye was added to pafes by ligand exchange on pentanethiol
protected gold nanoparticles. They used primary, secondary and tertiary thiols and
demonstrate that primary thiod are more active than the corresponding secondary or
tertiary thiols thus showing that steric hindca near the thiol group significantly reduces

the reactivity in place exchange reaction

Julien Boudorm University of Neuchatel 2009



Brustdos synthesis adapted Page|31

Murray et al. describd the effects of oxidative electronic charging of the Au cores of
MPCs on NMR spectra of their monolayer ligand shells. Previously unresolired f
structure in thé’C NMR hexanethiolate methyl and C5 methylene resonances is seen in
spectra of solutions of monodisper&aiso MPCs, reflecting magnetically inequivalent
ligand sites. Incremented electrochemical incre@asgmsitive cluster core chge cause

the spectral fine structure of the methyl resonance to coalesce, becoming a single peak at
the Aug ' charge state. The spectral changes are reversible; charging back to the original
core charge state regenerates the metf@l resonance fine micture. Adding an
equimolar quantity of a Au(l) thiolate complex, to an uncharged,AMPC solution in
d>-methylene chloride causes partial spectral coalescéf@eNMR spectra of Agg

MPCs exhibit roughly comparable spectral changes upon positivecharging to the
606, O06+16, and 6+26 states. ThemabhetRalyr esul t
inequivalent sites occurs at rates of 100 to 460rates believed to baccountable by

actual exchanges of ligands betwedfedént sites on the Acorel*®

2.1.4.2. U\WVis
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Figure 71 Electronic energy levels depending on the number of bound atoms. By binding more and more
atoms together, the discrete energy levels of the atomic orbitals merge irgy kaeds (here shown for a
semi conducting material). Therefore semiconducting nanocrystals (quantum dots) can be regarded as a

hybrid between small molecules and bulk material. Taken Sohmid!*”

Being at the nanometer length scale,,(®iR), nanoparticles are in the quantwsize
regimé*® *°! (quantum size effect, QSE) where the continuous electron bands of bulk Au
becone discrete (seBigure 7). In this size regime, certain properties of the noble metal
nanoclusters, such as the conduction electron plasmon resonance (surface plasmon band,
SP band), begin to scale in a predictable fashion wath @nd state of aggregation of the

nanoclusters. The plasmon resonance of gold and silver are also sensitive to the
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surrounding environment, which enables a plasmon resonance spectroscopy of the
nanoclusters that is sensitive to the nature of the cappingpgand dispersing
medium®®? This size dependence can cause these capped metal nanoclusters to be
conducting, semiconducting and even insulating as the nanocluster size is ddtfeased.
Experimentally, small AuNPs exhibit a strong UV absorption feature which decays
approximately exponeraily into the visible, with a superimposed broad band at about

520 nm that decreases in intensity and energy with decreasing AuNP!size.

Figure 8 - Schematic of plasmon osation for a sphere, showing the displacement of the conduction

electron charge cloud relative to theclei. Taken from Schat??!

When a small spherical metallic nanoparticle is irradiated by light, the oscillating electric
field causes the conduction electrons to oscillate cohef@fitiyhis is schematically
pictured bySchatz inFigure 8. When the electron cloud is displaced relative to the
nuclei, a restoring force arises from Coulomb attraction between electrons and nuclei that
results in oscillation of the electron cloud tela to the nuclear framework. The
oscillation frequency is determined by four factors: the density of electrons, the effective
electron mass, and the shape and size of the charge distribution. The collective oscillation
of the electrons is called the dlpglasmon resonance of the particle (sometimes denoted
Adi pole particle plasmon resonanceo to dis:
in bulk metal or metal surfaces). For a metal like silver, the plasmon frequency is also
influenced by otherlectrons such as those irotbitals, and this prevents the plasmon

frequency from being easily calculated using electronic structure calculations.

Rothenberg presented a new method for estimating the size of nanoclusters from UV
visible spectroscopy andidtheory® The core/shell approach enables the estimation of
metal cluster sizes directly from the UNsible spectra, even for transitioneial
nanoclusters such as Pd that have no distinct suplasenon peak in the UVisible
region. Thus they estimated the Pd core size and the Au shell thickness directly from UV

visible spectra. The results of the simulations and fastvidWle spectrosaopy
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experiments were validated by transmission electron microscopy which remains the most

accurate.
from TEM images MG fitting
sample radius (nm) standard deviation Abs @ SPAyax R (nm) AR Spheres % Sg  Owy @ SPAyax (m?)  AuNP Conc. (M)
AuNP-1 7.0 61% 0.131 74 +6% 77.0% 1.75 1.L1E-16 22E9
AuNP-2 42 28% 0.099 3.8 —10% 97.5% 1.25 1.2 E-17 1.6 E-8
AuNP-3 5.0 42% 0.090 5.1 +2% 94.0% 2.85 3.2E-17 54E9
AuNP-4 22 2% 0.043 22 0% 94.0% 1.75 1.9E-18 43E8
AuNP-5 8.9 64% 0.233 8.9 0% 76.0% 1.30 2.2E-16 2.0E9

Table 117 Mie-Gans fitting results for AUNP solutions in water. We can notice that the difference between
experimental and calculae d rRaids i begd ow 10 Y SPARsare aespictivély the
absorbance and the molar absorptivity corresponding to the wavelength of the surface plasm@&nidand,

the standard deviation of length/width ratio. Taken from Ameneloéd 1°°

Meneghetti reported a method for the evaluation of the average size of gold nanoparticles
based on the fitting of their UVis spectraby the Mie model for spheres. The method
gives good results using a calibration of the dumping frequency of the surface plasmon
resonance and accounting for the presence ofpberical AUNP in solution by the Gans
model for spheroids. It was applied fit@e and functionalized gold nanoparticles with
diameters in the -25 nm range in various solvents. Despite the differences among
samples, they found an accuracy of about 6% on the nanoparticles averagealdizé)(

with respect to sizes measured by transmission electron microscopy (TEM). Moreover,
the fitting model provides other information not available from TEM like the
concentration of AuNP in the sample and the fraction of-ggirerical nanopatrticles,
whichis particularly useful for measuring aggregation proces¥es.

2.1.4.3. Transmissiomlectron microscopy

Transmission electron microscopeE(W) has been a potent tool in earlier investigations

of the size and shapes of alkanethictzpped AuNPS® TEM is a versatile tool that
provides not only a real space image of the atom distribution in the nanocrystal and of its
surface, but also chemical information at a spatial resolution of 1 nm or better allowing
direct identification of the chemistry atnanocrystal. For example, TEM in the Brast

al. report! led to an early estimate that the typical shape was either icosahedral or
cuboctahedral; Murragt al. reported a truncated octahedral shape for Au clusters from a
diameter of 1.3 to 5.6 nm, except for the-8@ AuNP that exhibited a cuboctahedron
shape!® The contrast is given by the electron density for this technique. Since the
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electron density is much highéor the gold core, the thiol layer will not directly be

observed.

TEM is almost always the first method used to determine the size and size distribution of
nanoparticle samples. Once a representative group of images is obtained, the next task is

to count 8 many particles as possible, ideally a few thousand, so that a representative
sample of the size and size distribution
handd met hod, tedious and wunrepr eassistedt at i v €
methodis preferable. Woehrlet al reported on the use of such softw&féso have a

fast and reliable count of nanoparticles to access the mean size and size distribution. A
subsequent calculation allows one to estimate the number of core as well as surface
atoms, assuming a spieal shape and the density of AUNPs being equal to that of bulk

gold for this approximatidfr ** (details are given ithe Fourth appendix

Representative TEM observation images aporied in the chapter entitlesssembly of

Dendrimercontaining Gold Nanoparticlesees.3).

2.1.4.4. Thermogravimetric analysis

Murray et al have shown that thermogravimetric analyses (TGA) yielded an organic
weight fraction for the clusters that is consistent with their elemental anly/s€key

also noted that mass spectra hssishow that the material thermally desorbed is
predominantly the corresponding disulfide and does not contalff'Atisual inspection
shows that the material remaining after thermolysis is essemiaiéy Au. Qualitatively,

one expects that the weight fraction of alkanethiolate in the clusters should parallel the
cluster core size, and this expectation is realized in the experimental results provided by

Murray*®!

On a very large cluster, the calculated coverage percentage {hi@date per surface Au

atom) approaches that of a flat Au(111) surface (i.e., 33%, see Whitesides for G8tails).

An analysis of results based on aséfucuboctahedral cluster gave a 66% coverage,
reflecting the combination of a large proportion of edge and vertex atoms on these
nanoparticles and their high radius of curvature; indeed a sph#is diameter covered

by tightly packed alkanethiolates ligands can achieve a maximum coverage of 43 % and
thus the presence of faces, edges and vertices significantly increases the ligand density of

a polyhedron of the same average diamiéter.
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The relationship between the core size and the TGA organic percentage can be analyzed
by two methods: a first one using TEM experimental core size determinations along with
experimental TGA results to estimate experimental coverage percentage; in a second
one, the surface areas of ideal polyhedra are divided by the surface area footprint of an
alkanethiolate ligand (0.214 ni¥ which gives for each polyhedron the nuentof
alkanethiolate chains, a calculated TGA organic and coverage percentages (assuming that
the polydispersity of the sample could bias the result of the calculation). However the
calculated TGA figures are maximal for each polyhedron because a sydimoélhg fit

of ligands on each surface is presumed.

On the one hand the calculated valud§ (2ethod) are consistent with the experimental
observations and on the other hand these latter are in a good match with the experimental
coverage determinatiofi® method)** As a consequence the first method is used as the

main way to estimate the coverage percentage of AUNPs.

2.1.4.5. Complementaryechniques

Even though the most common characterization technigughsesolution transmission

electron microscopy (HRTEM), which gives a photograph of the gold core of the
AuNPs® the core dimensions can also be determined using scanning tunneling
microscopy (STM) 2> ©1 2l scanning electron transmission microscopy (STERN),
atomicforce microscopy (AFM¥*%® smallangle Xray scattering (SAXSY> 47 Jaser
desorptioniionizati oMS) Mm% am Xy dffcactiond ket ry (L
meandiameter,d, of the cores allows an estimation of the mean number of gold atoms

Nau in the cores by calculatiofis™ * (see alsd~ourth appendix From these data, the

elemental analys, giving the Au/S ratio, allows calculation of the average number of S
ligands. This number can also be deduced fremay<photoelectron spectroscopy (XPS)

or thermogravimetric analysis (TGAF!

Astruc and Schmidodés reviews on AuNPs and r
of characterization techniques as well as detailed exafipi&s.
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2.2. Ligandexchange

Ligand exchange reaction is a simple and versatile approach applicable to a wide variety
of ligands and, importantly, maintains the small core size and narrow dispersity of their
precursor particle”! With this method, the e, functionality, and physical properties of

the ligand shell surrounding the gold nanocrystals can be tfhed.

2.2.1.Exchange of stabilizing ligands

Ligand exchange reaction on gold nanoparticles has proven to hégfacess to yield

thiol-stabilized gold clusters starting from phospkétabilized AuNP$’®!

Silsesquioxanes derivatives were also used in replacement of phosphine stabilizers on
gold leading to a better stabjl but also an increase in tlere size!” Phosphines are

also exchangeable by an ionic themntaining ligandyielding watersoluble AuNPs’”!
Chechik showed that weakly bound ligands (e.g., stiwin thiolates, amines, sulfides)

can bepartially replaced from the surface of Au nanoparticles by disulfides. The
exchange reaction showsraorder with respect to the adsorbing disulfide. Interestingly,

the two branches of the disulfide molecule do not adsorb close to each other on the

surface of Au particld®®
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Figure 91 Cartoons illustrating the ligand place exchange reactions on AUPExchange of vertice
thiolates (3) with solution thiol; (b) Exchange of edge and -eege hiolates (2) with solution thiol; (c)
Exchange of terrace thiolates (1) with solution thiol; (d) Surface migration among setideedge
thiolates; (e) Surface migration among edge (and-edge) and terrace thiolates. The gold sites are labeled

as: (1) terrace core sites, (2) edge and redge core sites; and (3) verticgtes. Taken fromHostetleret
allB!

Murray and ceworkers studied the exchange of thiols by thiols on AuliR$showed
that it is an associative reaction and that displaced thiolate becomes a thiol solution

product. Moreover disulfides and oxiddzeulfur species are not involved in the reaction.
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Clusterbound thiolate ligands differ widely in susceptibility to placehange,
presumably owing to differences in binding sites (Au core edge and vertex sites are
presumably more reactive than terraitess seerigure 9 for schematic representation).

The rate of placexchange decreases as the chain length and/or steric bulk of the initial
protecting ligand shell is increas&l. Montalti and ceworkers monitored pyrene
derivative exchange with decanetf@land found that it was consistent with Mu a y & s
s ugge s\ @ype ass&iative mechanisf: The presencef two placeexchange

kinetic processes is consistent with some degree of surface dishomogeneity, which makes
some sites more easily exchangeable than others, a feature that has already been observed
by Murray® The latter showed that not only thiolate ligands are exchanged but this
process comes along with the transiemetal (see schematic mechanisnfigure 10).
Furthermore ligand and metal exchange reactions appeared inhibited when conducted
under N which implicates the participation of an oxidized form of gold in that process

such as A(l) thiolate!®®

Bruce Lennox et al. investigated ligandexchange reactions of -(,N-
dimethylamino)pyridinecapped gold nanoparticles (DMAP AuNP) with functionalized
thiols (RSH). A simpleconvenient, and facile synthesis method has been developed. An
important feature of this method is its requirement of only very modest quantities of
excess thiol ligand. DMARAUNPS prove to be versatile precursors for both wated
organicsoluble AuNPs. DMAP is readily displaced by various functionalized thiols
ranging from mercaptocarboxylic acids to ferrocéereninated thiols. UWis
spectroscopy and transmission electron microscopy (TEM) confirm that the mean
diameter and the sizeggiersity of thanitial DMAP-AuUNPs were retained upon ligand
exchange. The RBuUNP thus prepared were efficiently purified by gel permeation
chromatography (GPC) with neither residual DMAP nor RSH detected in the final

product®¥
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Figure 101 Proposed ligand exchange reaction mechanism showing that not onigdigat metahtoms

are exchanged. Taken froBonget al®

It was previously shown by Murray and-emrkers that the reaction of ligand exchange

(i) exhibits a 1:1 stoichiometry, liberatingne thiol from the original Aumonolayer
protected clusterMPC) monolayer for every new thiolate incorporated intd(ii}; does

not involve or require participation of disulfides or oxidized sulfur species; (iii) appears to
occur at a higher rate on caerface vertices and edgeeeFigure 11); (iv) is sensitive

both kinetically and thermodynamically to cores that have been positively charged by
electron removal; (v) appears to involve an associative mechanism at leasttat shor

reaction times; and (vi) is retarded underaNd accelerated by bal§k 33 )

Vertex

Terrace-like surface

Edge

Figure 111 Scheme representing the important aspect of AuNPs surface chemistry: surfaces are not
uniform but nanocrystalline (left cuboctahedron and right truncated octahedron) thus contain a diversity of

ligand binding sites (i.e. terraces, edges and vertices)

Another kind of MPC exchange reaction involves the metainsof the core, producing
bimetallic clusters by reacting a salt of a noble metal with an MPC core of a less noble
metal, such as for example, a'/ar Pd' thiolate salt reacting with silver core MPCs.
Further, in proce@land kannlemeditsmpidengthéd i ng o
MPC size mondispersity, metals are moved between MPC cores by, as yet, poorly

defined mechanisms.
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Murray also used the annealing procedure as follolvee EtOHhexanethiolate (§H3l

SH) soluble MPCs were edissolved wih an alkanethiol (¢Hs3l SH) in a mole ratio of

ca. 1:50 (ratio of MPC cores to alkanethiol) in &€, and allowed to stir for 4a/s The
solvent was removed under rotary evaporation (without heating), and the barely dried
product was sonicated in acetordrior ca. 5 min, allowed to settle, and the solvent
decanted. The sampleas rinsed twice more with acetonitrile (which removes the thiol)
and allowed to dry in the hood. This very gentle procedure constitutestugealled an
annealing reaction. When et all* ®! also obsernv a narrowing of the dispersity of
alkanethiolatecoated MPCs, using a similar procedure but with much higher thiol
concentrations and with heating. Thus fdrey have obtained similar results using
alkanethiolate rather than thiol (thiolgbeepared initu by mixing equmolar thiol and
potassium tertiary butoxide) or another thiol such as hexanethjicbKJ. No change in
dispersity is seen when the thiol is omitted from the annealing solution. There is some
variability in the success of the annealinggadure, in terms of differences in residual
dispersity in different batches of annealed MP&Iso annealing yields a less dramatic
improvement in monodispersity when carried out on the ethasoluble fraction of
MPCs.

The kinetics of exchange of phdethanethiolate ligands (PhE) of monolayeiprotected
clusters (MPCs, average formula A{PhGS)3) by parasubstituted arylthiols pEX-

ArSH) are describedy Murray and ceworkers® 'H NMR measurements of thiol
concentrations show that the exchange reaction is initially rapid and gradually slows
almost to a standdtilThe most labile ligands, exchanging at the shortest reaction times,
are thought to be those at defect sites (edges, vertices) on the nanoparticle core surface.
The pseuddirst-order rate constants derived from the first 10% of the exchange reaction
profile vary linearly with incoming arylthiol concentration, meaning that the labile
ligands exchange in a seceadler process, which is consistent with ligand exchange
being an associative process. A linear Hammett relationship demonstrates a substituent
effect in the ligand place exchange reaction, in which the bimolecular rate constants
increase for ligands with electravithdrawing substituents (X = NGand 40H). This is
interpretedsuch thatthe more polar At bonds at the defect sites favor bondinthw

more electron deficient sulfur moieties. At longer reaction times, where ligands exchange
on nondefect (terrace) as well as defect siegure 11), the extent of ligand exchange

is higher for thiols with more electredtonaing substituents. The difference between
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shorttime kinetics and longeime pseudo equilibria is rationalized based on differences
in Au-S bonding at defect vs. nalefect MPC core sites.

Murray askedan interesting question: does core size matter inkihetics of ligand
exchanges of monolay@rotected Au cluster§? He answered by comparing the
kinetics of exchanges of phenyianethiolate ligands (Ph&) of the monolayer
protected clusters (MPCs) AJSC2Ph), and AusfSC2Phy; with p-substituted
arylthiols (-X-Ar-SH), where X = N@ Br, CH;, OCH;, and OH. Firsbrder rate
constants at 293 K for exchange of the faat25% of the ligands on the moleculi&e

Auzs MPC, measured usingH NMR, vary linearly with the incoming arythiol
concentration; ligand exchange is an overall seenddr reaction. Remarkably, the
secondorder rate constants for ligand exchange ongAare \ery close to those of
corresponding exchange reactions on the larger nanopartigig MBCs. These results
guantitatively show that the chemical reactivity of different sized nanocrystals is almost
independent of size; presumably, this is because the lafctie initial ligand exchanges

is a common kind of site, thought to be the nanocrystal vertices. Theatéts stages

of exchange (beyonda. 25%) differ for Aus and Augo cores, the latter being much
slower presumably due to its larger terriike surface atom content. The reverse
exchange reaction was studied for ;AuMPCs, where the incoming ligand is
phenylethanethiol. Remarkably, the rate constants of both forward and reverse exchanges
display identical substituent effects, which imply a aognent bonding of both incoming

and leaving ligands to the Au core in the rdétermining step, as in an associative
mechanism. X = N@gives the fastest rates, and the ratio of forward and reverse rate

constants gives an equilibrium constant @gke= 4.0 that is independent of %!

Phosphinestabilized Auy; clusters in chloroform were reacted with glutathione (GSH) in
water unde a nitrogen atmosphere. The resulting Au:SG clusters exhibit an optical
absorption spectrum similar to that of A(BG)s, which was isolated as one of the major
products from chemically prepared Au:SG clust&ffRigorous characterization confirms

that the Aus(SG)s clusters were selectively obtained on the-$0B mg scale by ligand
exchange reaction under aerobic conditions. The ligand exchange strategy offers a

practical and convenient method of synthesizing ldeal Auys clusters on a large
scale®
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Bruce Lennox and cworkers studies the exchange ofelam alkane thiols (fgi SH is

replaced by GH,si SH) and demonstrate that this exchange follows a secooef

Langmuir diffusionlimited rate(Equation 1).%?!

Aknt
o(t) =
1+ kKt
Equation 1 - Ais the final fractionhcov e r a g e, U is the fractional sur fac

andk is the rate constant
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Figure 127 Schemes showing that the trithiolate ligand prevents further exchange by thiols (on the left,
taken fromWojczykowskiet all®¥) and dithiocarbamate formed by mixing carbon disulfide and secondary

amine provides bidentate chelating moieties (on the right, takenDudoiset all®®).

Trithiolates (1,1,%ris(mercaptomethyl)undecane) were also used to stabilize and
functionalize AuNPs Kigure 12 on the left) and are claimed to be irreplaceable by
exchange reactions because of their triptatus leading to a strong bonding to the
particle surface ascribed to the chelate effect and to the space saving g€6hietrgs

also reported that dithiocarbamate ligands can be used in replacement of trioctyl
phosphine oxide (TOPO) as stabilizing agefiggre 12 on the right) on corshell
CdSe/AS nanocrystals® One might extend the nanocrystal notion to the one of
nanoparticles, e.g. AuNPs, assuming that a stronger binding is created if compared to a

singlethiolate anchorage.

Lee and ceworkers reported a study on the stability of dithiol and trithiol derivatives in
comparison with a monochelating thié¥. These particles were subjected to cyanide ions
and it appeared that while ;£SH-capped AuNPs showed the fasteste raof
decomposition, those functionalized witthe dithiol were the most resistant to
decomposition. At last, the trithiol derivative was less resistant to etching leading to that
sorting order for stability: dithiol > trithiol > thiol. Conversely, theyaddished that the

conformational order follows this decreasing trend: monothiol > dithiol > trithiol.

Scott and cavorkers probed the stability of dithiolata thiolatecapped AuNPs as well

as a mixed monolayer of boffl Subjected to oxygen and cyanide, the dithielate
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stabilized AuNPs were etched at much higher rates tha monothiolateand mixed
monolayerstabilized NPs. They came to the conclusion that strategies to increase ligand
metal interactions by incorporating more thiolate linkers into the ligand must also take
into account the packing efficiency and/or thebdity of such ligands on the metal

surface, which can make them much more prone to oxidation under ambient conditions.

2.2.2.New functionalities supplied by ligand exchange

Amide and ester coupling reactionswffunctionalized monolayeprotected gold cluster
molecules (MPCs) are an exceptionally efficient avenue to a diverse variety of
polyfunctionalized MPCs starting from a small subsetyefunctionalized materials.
Coupling reactions have been employed todpce MPCs bearing multiple copies of

different functional group!®™

As discussed earlieMurray and ceworkers studied the kinetics of exchanges dh(d

and they found ouhat for the firsistageof the ligands exchanged the chemical reactivity
would be the same independently of the size of MPCs: the initial ligand exchange takes
place at vertices. As for the rates of latter stages of exchangegtfes the cluster is, the

slower the exchange rate is because of larger telit@csurfaces on bigger clusté?d.

Besidedigand exchange reactiandirect synthesis approaches have also been employed
to prepare functionalized nanoparticles but most of these methods suffer from the
incompatibility of functionalized ligands with the reaction conditions and show a strong

dependence dhe core size on the stabilizing ligand used during synthesis.

+zHS-R o (SRlyez
pathway | +
= Cly - (SR . .
=~ HsR o ORly (x-n) PPhs o (SRyee
(PPhy),  fast PP\ slow
+ pathway Il *
.
n AuCI(PPha) . ZHER o (SR)yez n [Au(PPh;)xn] CI
side
reaction lf PPh; (free)
+
[Au(PPhs)z] *C1 ™ n [Au(PPhs)ue] CI”

Figure 13 - Proposed threstage mechanism for the ligand exchange reaction betweerml&u,-TPP

and thiols. In the initial stage, part of the phosphine ligandl $heapidly replaced in the form of
AuCI(PPh) until no more partickbound chlorides are available. This initial phase is followed by removal
of the remaining phosphine ligands either as free; RP$olution (pathway ) or through direct transfer of

PFh; to closely associated AuCI(PRifpathway II). During the final stage, the completed thiol ligand shell
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is reorganized into a more crystalline state. Although treated as separate stages, it is most likely that the

three stages overlap to a certain ext&@aken fromWoehrleet al 1*°!

James Hutchison and -weorkers exposethat igand exchange reactions of -t TPR
stabilized nanoparticled PP: triphenylphodmine) with ¥ -functionalized thiols provides

a versatile approach to functionalized,-hrd gold nanoparticles from a single precursor.
They describe the broad scope of this method and the mechanistic investigation of thiol
for-phosphine ligand exchangeshél method is convenient and practical and tolerates a
wide variety of technologically important functional groups while producing very stable
nanoparticles that essentially preserve the small core size and size dispersity of the
precursor particle. The miegnistic studies reveal a novel thhage mechanism that can

be used to control the extent of ligand exchange. During the first stage of the exchange,
AuCI(PPh) is liberated, followed by replacement of the remaining phosphine ligands as
PPh (assisted ¥ gold complexes in solution). The final stage involves completion and

reorganization of the thiddased ligand shefseeFigure 13).1*°!

James Hutchison reported the same study fog; Adusters: Ligand exchange of
phosphinestabilized undecagold precursor particles, 14Ph)sCls, with ¥-
functionalized thiols provides a convenient and general approach for the rapid preparation
of large families of thicktabilized, subnanometeddore ~ 0.8 nm) particles. The
approach permitshe rapid incorporation of specific functionality into the lstezing

ligand shell, is tolerantowards a wide range of functional groups, and provides
convenient access to new materials inaccessible by other methods. Mechanistic studies
and trapping experiments give insight into the progression of the ligand eechan
providing evidence that the core size of the phospsiakilized undecagold precursor
particles is preserved during ligand exchange. The optical properties of the thiol
stabilized nanopatrticles depend strongly on the composition of the ligand sitelh, a
series of studies suggests that this depen
the electronic structure of the particle core, as opposed to a structural change within the

nanoparticle cor€®

Back to 1998, Royce Murray and-emrkers studied the steric effects involved in the
place exchange reactfoh and the key findings regarding the steric environment of their
monolayer ligand shells are as follows) §2 reactions of¥-bromofunctionalized
MPCs indicate that selectivity and rate of reaction are jointly controlled by the steric bulk

of the incoming nucleophile and the spatial placement ofstlieomo reaction center
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within surrounding alkanethiolate diluenhains. The reaction retardation observed for
submergeds -bromo-groups may prove to be a useful effect in designing cluster materials
that perform substratgelective transformationsij X ¥ -bromofunctionalized MPCs have
reactivity comparable to that gfrimary alkyl halide monomers (RBr). This result
suggests that the utility ofy8 chemistry on MPCs will not be significantly reduced by
the matrix steric hindrance found for 2D SAMSi)(The rate of NaCNlecomposition
decreases with increasing alkanelite chain length and steric bulk. This effect levels

off for chain lengths greater than C10. Understanding chester decomposition is of
course relevant to defining the limitations on synthetic reagents that can be employed in
reactions of functionaed clusters;iy) Infrared spectroscopic studies indicate that MPC
alkanethiol ligands have a disorder in cluster solutions that approaches that of liquid
alkanes. This result is consistent with the facile solgplbase {2 reactivity observed,

and furher suggests that substantially more complex ligand structures can be
accommodated on MPCs. In sum, the results are consistent with a imghile MPC

ligand environment in which chain packing density decreases at progressively increasing
distances fromhe gold core, and provides encouraging evidence that gold MPCs have

potential as massively polyfunctional chemical reagéffts.

p-Substituted arylthiolswere exchanged frominitially phenylethanethiolatprotected
Ausg clusters and hexanethiolgpeotected Awyo clusters and the result reported by
Murray et al. showed that the introduction of new polar ligamésults in the increase of
the neafinfrared intensities. The latter asgstematically larger for thphenolates ligands

having more electron withdrawing substituehts.

Poly(ethylene glycol) (PEG) thiolate ligands, namely-EGSPEGs3 were exchanged on
PhG-SH stabilized Agg clusters byMurray et al and core size was preserved during the

exchangé®

Metal nanoparticles can even exhibit a ligliklk behavior provided that a thiol
containing ionic liquid wasised as a stabilizer. It starts from a derivative ammonium
halide and upon exchange of the halide anion for an amphiphilic sulfonate anion, the final
gold nanoparticles become ligdite at room temperature (which was also observed for

platinum, palladim and rhodium particle$)”

Special functionalities can be brought by ligand exchange, especially in introducing
hydrophilic ligands to hydrophobic nanoparticles thus creating thealssd Janus
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nanoparticles. Such particles can beepared by interfacial engineering leading to

hydrophobic surfaces and hydrophilic ones located on two separatett%ides.

One can also use fluorinated thigands to obtain totally hydrophobic particles, but in
the case of replacement on phosplstaebilized Ags, the resulting nanoparticle core
changé!®

Ligand exchange can be applied on more complex systeois & AuNPs initially
covered by a polymér poly(N-vinyl-2-pyrrolidone), PVR further replaced by thiolated
4 -@ctyloxy-4-cyanobiphenyl groups which gave monodisperse small particles while a

photochemical reduction approach led to a bimodal partictedsstribution°®!

AT

Figure 147 I I l ustrati on of 6vertex effectod -andmser hesi s

functionalized AuNPs: a) weakly hydrogbeonded systems; b) strongly hydrogemnded systems; c) ester

AuNPs. Taken from Paulirgt al*%”!

Rotello and ceworkers have reportedhdat modifying athiolate stabilizing ligand by the

simple replacement of aamide group with an ester group increased the resistarbe of
nanoparticles to cyanideduced decompositioh®” Theypr oposed t hat a 06V
accounted for the differenée decomposition ratelhey argued that when amide groups

were present, they formed strong hydrogen bonds with one amddingrthe flatter parts

of the nanopatrticle surface, leaviggps at the verticefrigure 11), which could be

exploited by cyanideons to decompose the gold come case of etchingHigure 14).

However, when ester groups wegreesent, hydrogen bonding was not possible, and the
weaker6i ntramonol ayer 6 interactionscrogsalwe ri s

nanoparticle surface, and consequently grestidility.

By altering synthesis conditions, such as different substrates and solventsgtSilon
controlled both the core size and the monolayer composition of AURNPEhe
composition of the monolayers appeared to be largely determined by thermodynamics.
The solvatiordriven thermodynamic controls of precursor ligands govern monolayer

composition of mixednonolayesprotected AuNPs generated from mixtures of
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alkanethiols and enfiinctionalized alkanethiols in toluene. Thermodynamic preferential
adsorption of longchain alkanethiolate occurs in THF. MPC formation in THF provided

better passivation reactivity of ligands during tiucleatiorgrowth-passivation process.

2.2.3.Means of purifying mixed monolayeprotected gold
nanoparticles

Size exclusion chromatography was used as a way to purify the esterified gold
nanoparticle®btained in this workindeed the difference of weight beten the AuNPs

and the esterifietb-be molecules is large enough to have a-defined separation: for
example 2 n{Cy2Hos-SH)-stabilized AuNPs (inorganic/organic ratio 80:20) is about 60
kg.mol* and a first generation thiolated cyanobiphenyl ligandatisut 1.5 kg.mét

resulting ina weight ratio close to MnpdMiiganda= 40.

\f\iﬁ%f/’
Vi

Figure 1517 Schematic diagram showing the stabilization of the solid phase of the nanoparticles due to the

presence of TOAB. Taken frovaterset al®®

One of the major problems in alkanethiol derivatized gold nanoparticles obtained with
Brust 6s b odphiraaditon anhthe alkanethiol in excess amoiints the
presence of a phasensfer agent that is retained as a persistent impurity. Indeed it was
proposed that both the quaternary ammonium ion and the bromide are incorporated within
the ligand shelcreating electrostatic interaction between partidlegure 15). Moreover

alkyl chains of both the capping agent and the tetraoctylammonium ‘JTéA interact
because of alkyl chain interdigitatif®® Bac k t o 2003 Schi ffrinds
the Soxhlet extraction with acetdttecould purify such partickebut a 12 houprocedure

does not seem to be the least toomsuming one.
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DMAP-Au NP
(water)

Method A Method B Mathod C

RSH (aq. or ethanol solution) RSH (ethanol solution) RSH (ethanol solution)
pH 10 toluene hexane or CH,Cl;

| | .

i T et _ o
+ precipitate or aqueous | . precipitate or alcoholic | . Pprecipitate or organic |
+ solution of RS-Au NP | : solution of RS-Au NP | + solution of RS-Au NP
L ' (phase-transfer)

centrifugation or centrifugation or centrifugation or
solvent removal solvent removal solvent removal |

+ purification by GPC_ & ¢ purification by GPC ¢ purification by GPC
1 (Sephadex G-25-150); 1 (Sephadex LH-20) | i (Sephadex LH-20) |

water soluble
RS-Au NP

ethanol soluble
RS-Au NP

organic soluble
RS-Au NP

Figure 161 The different synthesis ways proposed by Lenabal. and consequent purifications means

depending on the solubility of final particles. EBakfrom Ricareantet al®4

Lennoxet al. proposed different pathwayo synthesize-@\,N-dimethylamino)pyridine
protected gold nanoparticles (DMARUNP) followed by ligand exchange by thiols and
finally need to purify particle§? Size exclusion chromatography was used and
depending on the solubility of particles, gel filtration (Sephadex-T&tbfor hydrophilic
samples) or gel permeati (Sephadex LF20 for lipophilic samples) was performed (see
Figure 16).

James Hutchisoet al. reported the purification and the size separation of AuN®s
diafiltration®® (seeFigure 4). Indeed nanoparticle samples require sufficient purification
which can often be more challenging than the preparation itself, involving tedious, time
consuming, ad wasteful procedures such as extensive solvent washes and fractional
crystallization. Various standard separation/purification techniques were analyzed. A
rigorous combination of extraction with GEl, was carried out, as well as Sephadex
chromatographyand ultracentrifugation. A second approach, dialysis, has also been
compared for purification. Dialysis is advantageous due to the fact that purification can be
carried out with water alone. Despite an improvement in purity over the literature
method* these two approaches hadreodrawbacks that needed to be addressed: (1)
Extractions are not generally applicable for the removal of free ligand, especially when
the solubilities of the ligand and ligaisthbilized particle are similar. Additionally, while

the volume of organic sodnt usedhas been reduced, a more toxic halogenated solvent
has been employed. (2) ThenB nanoparticles tend to irreversibly bind to the Sephadex
chromatography support, decreasing the yield and limiting reuse of the chromatographic
material. (3) Ultracetrifugation can be difficult or impractical on larger scales and
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requires a significant time investment, increasing the time required for preparation of
nanoparticle samples to 3 days. (4) Dialysis produces a large amount of aqueous waste

and requires agnificant time investment.

After synthesis (estimated to r[é])qtheirawe arou
product is obtained by successive evaporation, suspension, filtration, washing, dissolution
stepsasdestried i n t he or i gi'nvare praisely she érgle groduztc e d u r
solution is evaporated in a rotary evaporator and then mixed in ethanol thus forming a
suspension. After the solution was kept at low temperaturelatkebrown precipitate is

fillered off and washed with ethanol. The residue iglissolved in toluene and the

procedure is repeated until the product shows no trace of free material.

Triphenylphosphingrotected AuNPs are washed with a series of solv@rgganes,
saturated sodium nitrite and a 2:3 methanol:water mixture) to remove the phase transfer
catalyst, byproducts, and unreacted starting materials. Further purifications by
precipitation from chloroform upon slow addition of pentane (typicalByfecipitations)
removed Au salts such as AuCI(RPH

In the case of diglymerotected AuNPs a standard centrifugation and redispersion was

performed to have the particles cleaH&d.

The crude pr o dphase synthisisBoroughty dvashed with diethyl ether
to remove excesg-mercaptophenol. After evaporation of the diethyl ether the material
was washed with water to remove borates and acetates, dissolved ina@ard dried
over NaSQ,.M

Aliphatic thiols with tunable length were synthesiZeyl reacting alkyl bromide with
hexamethyldisilathiane under a mild conditiamd to be used as stabilizing agent
accordi ng tpbaseBsynthasis.0As ustialvarticles prepared with these thiols
were precipitated with ethanol and were filtered over Miligfilter paper (0.5 mm pore

size)!t
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2.3. Results and discussion

The aim of this following paragraph is not to give extensive explanations on a relatively
well-known and widely used reaction but rather to bring a rapid overview on the
directions we chose in order to use the described AudiPsstarting material in
subsequent exchange or esterification reactions (both the latter are presented in the next
chapterseechapter3 LC Dendrimesfunctionalized AuUNBs

2.3.1.Direct synhesis

2.3.1.1. With alkanethiols

Gold nanoparticles were synthesized according to a modified protocol from the original
Br u =t ab lsiphasic proceduré! Experimental details are depicted in order to make

these results reproducibded as comprehensive as possible.

Typically, a 20 ml aqueous solution containing 300 mg of HAWELO (1.0 equiv., 7.62

10" mol) was mixed to an 80 mL toluene solution containing 1.416 g of TOAB (3.4
equiv., 2.59 18 mol). Thanks to the phasmnsferagent, the gold salt is transferred to

the organic phask the colorless organic phase becomes orange and the yellow aqueous
phase becomes colorlessand the aqueous phase is subsequently removed. The reaction
takes place according to the experimentakswh presented iRigure 17.

Au(lll)/water Au(lll)/toluene Au(llll/toluene Au(l)/thiolates Au(0)NPs

Tetraoctylammonium Bromide (TOAB) o N

Thioalkane R-SH CyHape1-SH, n=4-16 - Cj3H5-SH HE e

Figure 17T Sket ch of the biphasic reaction according to
to the organic phase, forms Au(l)/thiolates polymers when thi@sadded and are reduced by sodium
borohydride to vyield(C;,H,si SH)-stabilized Au(0) nanoparticles according to a nucleagi@wth

passivation mechanism.
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Once gold is transferred to the organic phase and the water phase is removed, a thioalkane
is added: 67QL of dodecanethiol (GHasi SH, 4.3 equiv., 3.28 TOmol) and was kept

for stirring vigorously until the organic phase turns from cloudy white to colorless in 10
up to 40 min, both coloration and time depending on the length of the alkane chain
(various cha lengths were tested starting from butanethiol up to hexadecanethiol). The
discoloration of the orange toluene phase reflects the reduction of Au(lll) stabilized by
the phase transfer agent into Au(l). Indeed A& polymers are formed from Au(lll)

ions and thiol RSH. This step is followed by the chemical reduction of ARI)by
346mg of a freshly prepared sodium borohydride 10 mlcolel aqueous solution (12
equiv., 9.14 18 mol/L). The solution was kept under stirring for 3 h before the raw
solution was washed thrice with 100 mL of water to stop the reaction and remove most of
the excess borohydride salts remaining in the solution. Then toluene was evaporated
under reduced pressure at a temperature that should not exceed 40°C for particle stability
reasons. The dark residue is suspended into methanol (MeOH) and kept at low
temperature in the fridge during a few hours. The suspension is then transferred onto a
filtration membrane (Sartorius regenerated cellulose membrane withpanOpdre size)

to be purified through five times alternatively 100 mL of ethanol (EtOH) followed by 100
mL of acetone to remove borohydride salts, excess thiols and thiolate salts,
tetraoctylammonium salts and gold salts. The dark powder is redissolved through the
filtration membrane with #meptane it was found after analysis that accompanying the
redissolution of particles in-heptane, TOAB partly remains on the filtration membifiane

and afterwards evaporated to perform the washing steps twice more. The dark powder,
possbly presenting a waxy aspect, is dried under high vacuum before further analyses (a
representative NMR spectrum is showrFigure 18).
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Figure 18 7 'H-NMR spectra of GH.s SH ligand (bottom) and the corgending NPs Au/GHosi SH.

The signals corresponding to the methylenes and to the methyls are considerably broadened. The 2.52 ppm
(CH>) and 1.61 (¢H,) ppm signals have disappeared and the 1.33 ppm qHeg) (€ considerably lowered

in the foot of the methgihe peak. The inset magnifies the signals from thel /g SH ligand (the 1.56

signal in both spectra corresponds to the water residue present ig) CDCI

Different syntheses were made from various chain length alkanethldlg.€SH (n = 4,

6, 8, 10 and 12) usingxactly the same reaction conditions as well as purification
methods; indeed decreasing the chain length could favor the ligand place exchange (easier
access to the particle surface) or could decrease the steric hindrance around the functional

groups (athe end of a longer alkane chain) introdugeda subsequent ligand exchange

reaction. Representative TEM images are shoviigare 19.

SNN;\) prodinzITd
m

Figure 1917 TEM micrographs of Au/¢H,.1 SH; n = 4, 6, 8, 10, 12. Image analyses revealed different
size and size distribution under the same reaction and purification conditions. (A) n = 4, 3.27 = 1.18 nm;
(B)n=6,310+1.34nm; (C)n=8, 3.14 £ 1.63 nm; (B3 0, 1.83 + 0.79 nm; (E) n = 12, 1.98 = 0.54

nm.

As noticed inFigure 19, it was found that the same reaction and purification conditions

did not lead to the same particles and size distributions. The only vagtiameter is the
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alkanethiol chain length (related to its molecular weight) and the mean diameter and size

distribution decrease when the chain length increases as a general trend.

In addition, the proportion of the organic shell expectedly increasesaibncomitantly
increasing the molecular weight) as shown by TGA analysEgure 20.

100 A = =

95 A

90 -

85 A

Weight losses (%)

80 A

75 A

70

(A) CHy-SH

(B) CgHy-SH
(C) CgH,,-SH
(D) CyHy—SH
(E) Cy,H,s-SH

400
Temperatur e

200

600
(AC)

800

Figure 20 i Thermogravimetric analyses on AuNPs capped wiitfierent chain length alkanethiols

CiHondl SH (n = 4, 6, 8, 10 and 12). The relative weight losses are attributed only to the organic shell, the

proportion of

D)n=1043=625.528

% iorg =(RE508 %.

G

wha ch6 .i 62 (%WB)y=(NBR)E. B 48 660,=E7BH6 %
12,

One can notice a different behavior between th€£group and the -C;, one. This is
mainly due to the fact that for bigger particles (> 3 nm for the€g£group) a greater
proportion of terrace site@re present with respect to the edge and vertex sites. This is

probably the reason why there are two different slopes foar@ G ((A) and (B)

respectively inFigure 20), the alkanethiols at vertices, edges antoge proximity of

them are degraded at a faster rate than those in the middle of the 111 faces.

8 ’

Moreover the temperature dependence of the weight losses indicates that the thermal

stability of the alkanethiestabilized AuUNPs increases with increasinginHength which

i s consistent

wi t;H Murrayods

observati

ons.

These results are summarizedTiable 2 and provide in particular the estimated number

of | igands

per

particl e

(i mportant i

n

the particle surfaces. One can notice the high values obtained &mdCs, the first one

t

he

being experimentally impossible and the second one being higher than the commonly

observed values. Due to the broad size distributions of the samples, these calculated
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values reflect an average of observations and the smaller particles presenting a higher
proportion of ligands are thus not considered according to a balanced average. Finally

these results will not be considered in the following lines.

Particles |Diameter(nmb Caps (NM) |

Clre\ (%)

| # atomS,yre

# atom Surface

Gy (%) fr. TGR MW(G { 1|0 #ligandye

Page|53

Ocoverage

AU/Gi SH 3.27
AU/Gji SH 3.10
AU/Gi SH 3.14
AU/C,i SH 1.83
AU/C,i SH 1.98

Table 27 Au/C,i SH comparison through the various characteristic parameterseef sizmber of atoms (#

atoms) and ligand coverage on AuNP surface. These approximations were calculated according to the

1.18
1.34
1.63
0.79
0.54

36.1
43.2
51.9
43.2
27.3

1062
905
940
186
236

388
345
354
103
125

14.10
13.52
17.67
25.53
27.51

spherical core modét and do not reflect the particle shapes.

First there are two groupss@nd G¢-Ci,, both are considerably differing by their size
and size distribution. They present more than 900 Au atoms or less than 250 atoms in

their core ad ~350 or ~100 respectively on their surface. The coverage is in the 0.7 range

which correlates with the commontyb s er v e d

Secondly, considering the size distributions, only the Sample shows distribution
lower than 30 % which seems to represent a limit for this synthesis type under the
adopted conditions. Finally this value will be considered as acceptable in the subsequent

experiments involving aliphatic chains and was decreased imppoitations with size

90.19
118.24
146.29
174.35
202.40

457

316

272
72
87

118
0.92
0.77
0.70
0.70

val ue s Hg BHEY

exclusion chromatography following a ligand exchange reac@@2or 3.4.7).

As a consequence, these results taken into account, most oyniteses involving
alkanethiols in the following experiments (for ligand exchange in particular) were done
with dodecanethiol that presents in addition multiple advantages if compared with the
other thiol analogues: due to its wide use;Hzsi SH is among theheapest thiols, it is
more convenient to handle as it is in the liquid state, it is less volatile than its shorter
analogues, and it is one of the most stablé 3RI combinations along with hexanethiol

and butanethiol (both the latter are not the mosteoient to handlée}

With a view to have a comparison point, NPs from other metals were synthesized: silver

12]

nanoparticles (AgNPs) and palladium nanoparticles (PANPs) presei@eldeme2.
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@ L @)

Scheme2 - Ag/C,H,5i SH and Pd/GH,siSH wer e synt hesized according to

basically replacing the gold salts by silver and palladium precursors respectively.

It consists in the use silver salts (Agtrifluoroacetate) and palladium salts {Ratetate)

in a modified Brustods g alédteyielded .6 90.7onmo s e d
AgNPs and 46 + 0.47 nm PdNPs. These particles were afterwards subjected to a ligand
place exchange reaction with;@Bi SH dendron and results of their assemblies on

surfaces are presentedadinapted.3.3

0]

Scheme3 - AuNPs stabilized by benzenethiol (BT), the steric bulk of which favors small particle sizes.

The aliphatic thiols were not the only ones investigated but aromatic ones (benzenethiol,
BT, seeScheme3d) seemed at first promising candidates for small particles sizes: the
higher steric hindrance of the aromatic core, if compared to the aliphatic chains, shall
promote particles with a high curvature surface, i.e.llgpaaticle diameters. On the one

hand particles have a mean diameter of 1.26 + 0.27 nm but anlargzer of aggregates
(~50nm) are also present. Due to the close proximity of the ligand to the NP surface plus
the difference of binding sites, tHel-NMR spectra displayed very broad signals and
signal multiplicity (e.g. Whetteret al™® ). The use of BT in direct synthesis was
consequently abandoned to the benef-it of

mercaptophenol (pMP).

PPh3),
AuNP

(Chm

Scheme4 1 AuNPs stabilized by triphenylphosphines to be subsequently completely exchanged by thiols,

as a source of small and nearly monodisperse AuNPs (the scale bar is 2 nm).

The last direct approach was the @meposed by Hutchisoat all® & 43 98 11%ktarting

from phosphinestabilized AuNPs (se8chemed), the phosphines being totally replaced
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by thiols in a ligand exchage reaction. This is possible because of the weaker
stabilization of AuNPs by phosphines if compared to the stbimding thiols.
Nevertheless the particles formed were not found enough stable in the following steps of
ligand exchange probably due to themall size (1.52 + 0.37 nm, s&eheme3) which

make them much more prone to oxidation due to higher curvature and concomitant less

dense packing of alkanethiols.

2.3.1.2. With . -functionalized thiols

Aliphatic as well as aromatic Hfnctionalized AuNPs were investigdtaith a view to

use them in esterification reactions.

Aodps S N A ; WYLy e b, A
) AR L
2et gals |

Figure 217 ¥-hydroxyalkanethiols and triethylene glycolalkanethiols led to NPs (AUISOH; Au/HS
C.11 OH and Au/mud3eg respectively) surrounded by availaklel groups ready for esterification. On
both sides TEM images show the large particle size distribution (left: A@K®H; and right:
Au/mud3eg).

Cs and G; alkane chains enfiinctionalized by ari OH group were investigated (see
Figure2l) . The NPs were synthesized acé&¥rding
Unfortunately, the syntheses led to rather big particles with a large size distribution (see
TEM images inFigure 21. left Au/HS C¢i OH, 2.07 £ 0.94 nm; and righAu/mud3eg,

3.39 £ 1.93 nhand some big aggregates (not shown).

Conversely, when Brustos monophasic- synth

mercaptophenol ligand (pMP), provided thia¢ ligand/Au ratio is increased, very small

particle sizes are reached (see TEM micrograpFRjinre 22).
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Figure 22 i AuNPs synthesis according ®r ust 6 s monophasic method. NPs

(Au/pMP) and yield very small particle sizes. TEM images resulting from two different batches: in the
middle NPs are 1.22 + 0.28 and on the right they are 1.00 + 0.23 nm (the scale bars are 10 nm).

Onceagain it seems that the steric hindrance helped in the access to the low particle size
and size distribution. ThieOH group does not seemingly have as much influasdehas

for the aliphatic cham (compare nofiunctionalized and endunctionalized AuNPs in

Figure 19-E and inFigure 21 respectively as well as the aliphatic and aromatic HO
functionalized AuNPs irFigure 21 and Figure 22 respectively). Hence, the need of
having endfunctionalized small AuNPs implies the use of aromatic derivatives but it

works also for aliphatic derivativeBoweveldeading to high polydispersity.

Scheme5 T Au/BT|pMP: Approach of the mixed aromatic monolayer on AuNPs from a direct synthesis.

Here BT is used as a 6diluentd molecule to | imit t h

Considerig the dendritic candidates for esterification (size (generation), steric bulk), it

was decided to the limit the available functional groups to avoid a too large number of
unreacted alcohol functions. Therefore BT ligand and pMP were used as a mixture to ru

a direct reaction; BT was introduced as 2:1 and 1:1 in the mix&ateeme5). However,

the ligands are too similar to be able to estimate the proportion of both 1H-KBR

spectrum. Indeed the incoming amounit ligands does not generally reflect the
proportion of tethered ligands on the AuNH#$e reactivity of the ligand bearing the
functional group is quite different from t

also depending on the solvent pola(é.g. Shoret all* 116},
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2.3.2.Ligand exchange

As mentioned previously (s&e2.2), the ligand exchange reaction allows one to preserve
the size and size dispersion of the initial particledevdilding new features. This is what
we realized with ligands functionalized by alcohol moieties to be used subsequently in

combination with dendrons (s&shemeb).

- /<§\/\/\/\>p - XS/\/\/\/\/\/\>p
S/VVV\NOH>q S/V\/\/\/\/\OH>Q
- /<S/\/\/\/\/\/\>p - /<S/\/\/\/\/\/\>p
<\5/\/\/\/\/\/(~0/\%30H )q <\5/\/\/\/\/\/(~0/\%40H )q

Scheme6 i Structure of AuNPs resulting from a ligand exchange reaction on initial hexaneahiol
dodecanethiestabilized AuNPs. This led tmixed-monolayer protected NPs: Aufd ;i SHEHS CyHool
OH, Au/C;H,si SHEmud3eg, Au/GHosi SHEHS CyiH,5 OH, and Au/G H,si SHtmud4eg.

After the synthesis of Au/GH,si SH as described in the first section of this result part
(see2.3.1.), HO-functionalized aliphatic alkanethiols were introduced. The example of
Au/CyHosl SHEmMud3eg is given as an illustration of the determination of ligand ratio
after the exchange reaction and purification by SephadeQ ksee Appendix 1) size

exclusion chomatography.

h,i
c-e

[ PSPPI RSP Y

Figure 23 i 'H-NMR spectra of: Au/GH.si SH (bottom, in CDG) that were subjected to a ligand
exchange reaction with mud3eg (middle, ins0D) leading to particles AukGH, sl SHy stmud3eg ; (top,
in CDCls) which ratio wa determined from the integrals of the signals under arrows. Note tHasignal

from mud3eg disappeared after ligand exchange on AuNPs and purification.
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The ligand ratio can be estimated from theNMR spectra of both the NPs and the
ligands (seeFigure 23). The following results can be extracted (see dsrond
appendi}: Au/CioHasi SH, *H NMR (400 MHz, CROD) d 3.67 (m, 8H), 3.58 (m, 4H),
3.49 (t, J = 6.5, 2H), 2.51 (t, J = 7.0, 2H),1(6n, 4H), 1.34 (s, 14H); mud3eg ligartét

NMR (400 MHz, CROD) d 3.72i 3.62 (m, 8H), 3.62 3.54 (m, 4H), 3.49 (t, J = 6.5,

2H), 2.51 (t, J = 7.0, 2H), 1.721.51 (m, 4H), 1.34 (s, 14H); Auf@,si SH+mud3egH

NMR (400 MHz, CDCJ) d 3.67 (t, J = 24.3, H), 3.45 (s, 2H), 1.58 (s, 11H), 1.26 (s,
15H), 0.88 (s, 0.85H). As a result, the top spectrunFigure 23 was integrated
according the mud3eg ligand and the integration of the methyl peak at 0.88 ppm is
differentfrom the one expected. Thus, fast calculations allow one to find a ratio of 3:7 of

Ci2H2sl SH (26 ligands) and mud3eg (61 ligands) respectively.

Scope and limitations

Gol d nanoparticles have been synthesized
usingalkanethiols. A brief study allowasheto choose dodecanethiol as ligand model for
the rest of our experiments. Although the phosphine approach was really interesting, their
small particle size made them hard to characterize (TEM) and considerablysddbesa
stability (exchange). On the other hand it was possible to introduce aliphatic or aromatic
bearing functional groupsi©H in our study) in a direct or indirect way (by ligand

exchange).

Particles that do not present functional groups will be dlsgohg the exchange reaction
to introduce dendritic ligands and particles preseritiDgl moieties will be tested during

esterification reactions with dendrimers as will be discussed in the following chapter

Julien Boudorm University of Neuchatel 2009
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3.1. AuNPs and dendrimers
coupling

Many ways to combine AuNPs and dendrimers are reported in the literature. Starting
from the simple mixture of both the AuNPs and the dendemerious strategies were

developed to have them coupled together.

Poly(amido amine) (PAMAM) dendrimers were used as templates where tetrachloroauric
acid is reduced to form AuNPdendrimer encapsulate the colloids, imparting stability to
the aqueous claidal solution. The dendrimer generation used in the synthesis controls
the size of the resultant colloiffs Chechik and Crooks reported that the flexible
dendrimers arrange themselves so as to miagithe number of Au/thiol interactioff$;
Grohn et al. showed thatower generation dendrimeisygregate when stabilizing the
metal particles formed, dendrimers of generatiegh @&n template ongold colloid per
dendrimermolecule, the size of which is walbntrolled by the number of gold atoms
added per dendrimg as well as other groups® An account fromChechik, Crookst

al. reports the synthesis, characterization and applications in metallodentritic catalysis of
such PAMAM/metal nanoparticlesamed dendrimeencapsulated (metal) nanoparticles
(DEMNSs or DENs)”® AuNPs can be extracted from the interior of PAMAM dendrimers
with the use oin-alkanethiols extractants, but a Hald excess is required to prevent
aggregation during extractidf or alternatively using a selective extraction approach in a

water/hexane biphasic systéff.

Majoral and ceworkers reported metallodendrimers that consist in dendrimers, the
periphery of which is grafted of gold clusters mainly throughAWN or RPAu
interactiond’” Schmid and Majoral showed that a thietminated ¥ generation
dendrimer (presenting 96SH groups}? in the presence of the A4PPh)..Cls cluster
results in the formation of bare Auithe dendrimer does not only remove the phosphine
and chlorine ligands but also acts as a matrix for crystal growth forming then

superstructies of Augs. ™
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Mullen and ceworkers found that polyphenylene dendrimers with thiomethyl groups act
as templates for AuNPs formatiomowever the particles have a very broad size
distribution impeding a highly ordered assenibly. They presented as well
polyphenylene, poly(propyleneimine) and PAMAM dendrimers that were used te cross

link AuNPs finally forming thin films capable of vapeensing™®' *°!

& %\eg fhey , R 2y f fo ¢
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Figure 247 Tris-silylferrocenylalkylthiol dendrons yielded gold nanopartictred dendrimers containing

up to about 200 ferrocenyl groups at the dendrimer periphery. Taker.&ioamdeet al*”?

Another approach was detailed by Astruc andvookers:tris-amidoferrocenylalkylthiol
dendronsor tris- and nonasilylferrocenylalkylthiol were subjected to a direct Brust
synthesis reaction forming mixed systems of AuNPs for electrochemistry applications

(Figure 24).1t7
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Figure 251 Nanoparticlec or ed dendri mers are obtained by Brustd

Fréchettype polyaryl ether dendritic disulfide as stabilizers. The synthesis pathways shahe left and
a 5" generation disulfide is presented on the right as an example. AdapteGdpidaset al™®!
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In 2003, Gopidast al.discussed the synthesis and characterizatiombparticlecored
dendrimers (NCDs) as a new group of dendriméfigure 25). Their conclusions
correspond to previous studies: an increasing generation of dendrimer led to a decreasing
interaction with the AuNPs surface and bessaof a large fraction of the surface area is
unpassivated, high generation NCDs are thus candidates for catalysis applitthtions.
They reported P63 NCDs catalytic activity in Heck and Siki reactiond!®!

Figure 261 On the Iét: S¢G1 structure oDligothia-type dendrimer used as a capping agent for AuNPs, the
schematic representation on AuNP is presented (in the middle) arfIENRimage showing 1.8m
particle capped by¢&1 (on the right) Takenand adapteffom D & A let@l®®

Luisa De Cola introduced Oligothia dendrimers as templates for the formation of AUNPs.
These dendritic sulfucontaining structures, according to their generation, led to different
size and stabilization of the particldsigure 26). The kind of stabilization involved is
compared to that obtained with alkanethiols with the advantage of the smaller thickness

of the shell around the particléd.

Kim et al. reported the preparation of nearly smenodispersed AuNPs i@ PAMAM
dendrimer templatbased approach to form DERS that can be extracted with the
introduction ofn-alkanethiold” Particles in the size range of2.Lnm are accessible and

the very low size distribution of 0.3 nm is reported. Magic numbers of equivalent ratios of
AuCls/dendrimers are invokede.g., [HAuUCL:[Gn-Qp] = 100) to explan these
surprising results whereas various sizes and large size distributions were usually

observed-®

First to third generation lysiAeased disulfide dendrimers were used as stabilizers to form
AuNPs accordingt o B r u sphabes protbasloas reported by Chechik and co
workers?? Interestingly the size of the resultant particles was found to decrease with the

Dendrimerbased Gold Nanoparticles: Syntheses, Characterization and Organization



72|Page LC Dendrimerfunctionalized AuNPs

increasing dendrimer generation and the opposite behavior was observed when increasing

the temperat@w during the synthesis.

Crookset al. presented GPAMAM dendrimer modified on its periphery with dodecyl
groups allowing the formation of DENs in organic solvents, toluene in this’case.

A first-generation Fréchdype thiotterminaed dendron was used in different mole ratios

of dendrimer to gold to produce AuNPs: the size was found to increase when the ratio
decreaseff” DSC study showed that the @&ndron assembled onto AuNPs did not
show the phase transition exhibited when analyzed as a free ligand.

Poly(benzyl ether) alcohol dendrons {®&®H, n = 1i 3) havebeen used as a stabilizing
medium in the preparatiarf gold nanoparticles. TheGAu nanoparticle compositese

stable and resist aggregation at room temper&Rispparently, under the same reaction
conditions (same ratios between HAygQlaBH, and G-OH), the particle size increases

with- i ncreasing generation. This resfdlt hac
presenting the opposite behavior. He concluded that the nature of the dendritic system
must play an important role in determining the characteristics of the gold core.z€he si
relationship can be explained in terms of steric effects as the much more bulky, third
generation dendritic system would be expected to pack more efficiently around a small
core with a high curvature surface, hence favoring a smaller particle sizefir§the
generation ligands can pack together more easily favoring the formation of larger
nanoparticles wth a 6flatterd surface.

A dendrimer containing a carboxylic acid core, a rigid biphenyl group, and three
perfluorinated tails served as a supraroolar template to form AuNPs after reduction of
Au(lll) with UV irradiation. A wellordered supramolecular assembly was subsequently
observed in this case’

First to second generation Newkotype dendrons (dendritic disulfide ligands) were

used to stabilize AuNPdgat he Brust 6s monophasic method.
worker$?” noticed the role of demdns on nanoparticles sizes: the nondendritic ligand
generates idefined NP, while dendritic ligands clearly exert significant control over the

particle growth process giving rise to gold cores which are not only smaller but have
much narrower size digiutions. They also note that with theses Newkaype

dendrons increasing the dendritic generation did not result in decreasing the gold core

size as reported for Lysibased dendrons earfidtand ot her §%8Upsod r es
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Chechik discussed about 1) the dendritic effect of branching with the conclusion that
larger dendrons were less effective at stabilizing the NPs because they were less packed
consequently more subjected to etching, and 2) the efféleafendritic structure where
hydrogen bonds possibly formed within the
togetherd and hence | eav e ®graaddiionitheyandticedg t o
from their studieé® >” that dendrimes with higher symmetry lead to more stable AuUNPs

most probably because of a more efficient packing of the dendrons on the surface.

G, poly(benzyl ether) hydroxyfiunctionalized dendrons were found capable of stabilizing
AuNPsBY However the result reported kljanget al. lead to a relatively wide size
distribution of these NCDs probably because of the weak stabilization of the hydroxyl

groups.

Shon and Choi presented a concise review of synthetic strategies for NCDs from metal
NPs, with an emphasis on theiugent application§? The synthesis of nanopartiele
cored dendrimers represents an important advance to the camdrgreparation of new
organized nanostructures. The most populay for the synthesis of nanopartidered
dendrimers is a directnethod using a modified Schiffrin reaction with dendrons
containing thiol or disulfide groups. The second method is an indirect methalging
two-step reactions, the synthesis of monelestabilized nanoparticles followed by the
ligand-place exchange with thiolatettndronsThirdly, a new synthetic strategy to build
dendritic architectures around a monolagestected nanoparticle using singleroulti-

step organic reactions is descdbelwo different approaches for this new synthetic
method are attempted. Convergent approatfased on a strategy in which the synthesis
of monolayeprotected nanoparticles is followed by adding dendrons on nanoparticles by
asingle coupling reaction. ilergent approach uses mestep reactions to build dendritic

architectwes around a nanoparticle core.

Ravoo highlighted endrimers a ver satil e buil dingupdl ock
nanofabrication because they combmelecular structure and nanoscale din@ms.

Moreover, dendrimers can be functionalized at themerous peripheral end groups, in

their core, along their branches, and in the voids of their intd@ros.frontier brings out

the potential of metal containing dendrimers for nanofabric&tion.

Dendrimer/AuNPs systems have applications for caocekrtargeting and imaging for
example®*!

Dendrimerbased Gold Nanopatrticles: Syntheses, Characterization and Organization
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3.2. Esterificationbetween
dendrimers andAuNPs

3.2.1.About esterification

The use of dicyclohexylcarbodiimide (DCC) as a promoter represents one of the most
versatile esterification methodBigure 27). Although ths reagent is irritant to skin and a
stoichiometric dosage or more is necessary, this procedure enjoys various advantages.
The reaction usually proceeds at room temperature, and the reaction conditions are so
mild that substrates with various functionabigps can be employed. The reaction is not
sensitive to the steric bulk of the reactants, allowing production of esters of tertiary
alcohols. As such a wide range of applications has been achieved in the fields of natural
products, peptides, nucleotides, c&¥ Alternatively to DCC, N,N&
diisopropylcarbodiimide (DIPC) can be used as both of them have greater stability and
availability compared to other carbodiimides thather decompose or polymerize.

Moreover DIPC is liquid at room temperature which makes it easier to handle.

Figure 2771 Carbodiimide DCC is used as an activaabte to form arD-acylisourea intermediate, which
offers reactivity similar to the corresponding carboxylic acid anhydride. The alcohol may be added to the

activated carboxylic acid to form the stable dicyclohexylurea (DHU) and the ester.
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Figure 287 N-Acylureas, which may be quantitatively isolated in the absence of any nucleophile, are the
side products of an acyl migration that takes place slowly. Strong nucleophiles such as amines react readily

with theO-acylisourea and therefore need no additives.

The DCC method in pure organic synthesis, however, unfortunately suffers from some
drawbacks: yields are not always high, undesirdbieylureas are occasionally formed
and reactions with alcoholsearelatively slow (se€igure 28). These drawbacks can be
overcome by addition of catalytic amounts faminopyridines. Thus the original
procedure was refined by Steglich by addir@NAN-dimethylamino)pyridine (DMAP) as

a catdyst to improve the variable yields, satisfactory only in the case of phenols and

thiophenold®® The mechanism for the reaction is suggesteegnre 29.

e I
QLN = |0
|

O o

H R'
)k R
-DMAP - H' o
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Figure 29 1 A common explanation of the DMAP acceleration suggests that DMAP, as a stronger
nucleophile than the alcohol, reacts with @@cylisourea leading to a reactive amide ("active ester"). This
intermediate cannot form intramoleculades products but reacts rapidly with alcohols. DMAP acts as an

acyl transfer reagent in this way, and subsequent reaction with the alcohol gives the ester.

In practice, the reaction with carboxylic acids, DCC and amines leads to amides without
problems, wile the addition of approximately 5 mé&b DMAP is crucial for the efficient

formation of ester§> 36!

As resultd®®! methyl orp-nitrophenyl esters of pivial and2,4,6trimethylbenzoic acisl
are obtainabletert-Butyl esters of 3/linitrobenzoic acid and glycerol tristearate can
also be prepared: these esters are not accessible without the psenimiopyridines.
However, combinations d@ért-butyl alcoholand more sterically demanding acids such as

Dendrimerbased Gold Nanopatrticles: Syntheses, Characterization and Organization
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adamantanecarboxylic acid ofphenytcyclohexan€l-carboxylic acid fail to afford the

desired esters. The mechanism of the catalyzed reaction is depiEtgdriz 30.

OO0,
. e A (-

\ C e L — P
o0

A OO

Figure 30 1 The carboxylic acid is first converted by DCC into an anhydride, which then forms an

acylpyrridinium species witp-aminopyridine (here-pyrrolidinopyridine). Nucleophilic attack on the acyl
group byR 6'@roduces the ester concomitantly with regeneratiomarhinopyridine, together with a half

quantity of RCOOH which is again subjected to the reaction with DCC.

Bronsted acids such gstoluenesufonateplTSA) allow a convenient transesterification
when used in catalytic amounts. However it was shown that the use of an equimolar
mixture of pTSA and DMAP lead to the formation df(dimethylamino)pyridiniuné-
toluenesulfonat¢DPTS) which suppress the side reaction leading to the formatiNia of

acylured™”

Back to our case, the use of these conditions appeared necessary as the -hydroxyl
functionalized particles wesynthesized were soluble in organic solvents and the
dendrimers bearing carboxylic acids involved in the esterification reaction were generally
quite bulky leading to low yields or no coupling reaction under other reaction conditions.

3.2.2. AuNPs and esterifidson

Nanoparticlecored dendrimers (NCDs) were recenfiynthesized by the reduction of
metal precursors in the presence of dendronized thiols or disutfid@s?® *!However,

this approach is somewhat pramblatic because it requires a large excess of dendronized
thiols or disulfidesgspecially for the synthesis of NCDs with a small and monodispersed
nanoparticle core. This approach also provilkde control over the nanoparticieore
dimensior?*® A more convenient and cost efficient synthetiethodology for the

synthesis of NCDs with controlled particle core size, generation, and dendritic wedge
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density ishighly desired for the basic understanding of the imiahip between structure

and properties of these new classigrid nanostructures.

Particles can be esterified to atta&iNPs to substrates and to oth&@uNPs through a
covalent network of ester bondd.

Since the reaction only takes place at the exterior of monefagézcted gold
nanoparticles, this approach can maintain an intact core size for the synthd€iD®f
with different interior layerg¢generations) and dendritic wedge densities.
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Figure 311 Synthesis pathway reported by Zubaet\al. leading about 65% of amphiphile esterified on
hydroxykterminated AuNPs (adapted frofimbarevet al*%).

Zubarev and cavorkers reported the synthesis of amphiphilic gold nanoparticles with V
shaped armé” Basically, hydroxyiterminated AuNPs are first synthesized and in
parallel, a polybutdienepoly(ethylene glycol) amphiphile bearing a carboxyl is
synthesized. Then, in the presence ofdiiSopropylcarbodiimide (DIPC) and-@N,N-
dimethylamino)pyridiniurM-toluenesulfonate (DPTS) both the particles and the
amphiphile are coupled in dichtimethane by esterification reactiofigqure 31).
According to the conditions used it was calculated that about 65% of the initial hydroxyl

groups on AuNPs were esterified within the first 2 h.

Butanethiolprotected AuNPs were sugted to a place exchange reaction with 6
mercaptohexanoic acid followed by a covalent coupling as an amide bond between the

carboxyl from the particles and amines fronf"aggneration PAMAM dendrimef$!!

Young Shon and ecworkers reported the dendritic functionalization of AuN®s11-
Mercaptoundecanoic acid/hexanethiolptetected gold clustes were synthesized
according t o fdloweds byotke ligardt glacedchange reaction. A

Dendrimerbased Gold Nanopatrticles: Syntheses, Characterization and Organization
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convergent approach ftine synthesis of nanopartietered dendrimers uses a single step
reaction that is an ester coupling reactionhgfiroxykfunctionalizel dendrons with
carboxylic acidfunctionalized gold clusters. A divergent approach, which is based on
multi-stepreactions, employs the repetition of an amide coupling reaction and a Michael

addition reaction to buil®AMAM dendriticarchitectures aroundreanoparticle core.

%g" 6,-0H, DCC, DMAP o/‘QL‘O’\/\
Qi o QTN
rd

Figure 3271 Synthesis of @NCDs by the ester coupling reaction leading to about 10% of dendrons on
AuUNPs surface. Adapted from Shon and Cfibi.

Shon et al. reported the convergent dendritic functionalization of AuNPs by an
esterificationt*® Prior to the coupling reactio®uNPs were synthesized having various
loadings of carboxyl groups, the latter being introduwdach place exchange reaction on
hexanethiolstabilized AuNPs with linercaptoundecanoic acid (MUA). The resulting
MUA AuNPs can exhibit more or less carboxybgps through the control of the volume

of the incoming MUA in the exchange reaction. These AuNPs are subsequently treated
with DCC and DMAP in THF to tether 10% of, @p to G-OH dendronsKigure 32).

Alternatively AuNPscan be @inctionalized through different techniques such as 1,3
dipolar cycloaddition reactiorisclick chemistryi providing an interesting alternative to

the esterification reactiofi"
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3.3. AuNPs and LC dendrimers

3.3.1.AuNPs and LC dendrimers mixtures

Except for the use of LC phases as templates and matrices for AUNP synthesis, the
combination between NPs and LC let glimpse the possibility of new hybrid materials for
optical and kectro-optical applications. One of the main inconvenient of these mixtures is
their longterm stability. Indeed NPs often aggregate after a short period in spite of the
LC host surrounding them. The latter is supposed to ensure solubility and miscibility.
Some selected examples of strategies which were adopted to address these problems in

the case of these mixtures are presented.

In a recent review, Hegmann highlighted the particular role liquid crystalline materials
play in the synthesis and preparatidrsize and shapaniform nanostructures, the use of
condensed liquid crystal phases for nanoparticle assembly. The interactions between
nanomaterials and liquid crystal phases leads to unique defect structures or to new and

exciting properties for the usd this materials combination in highch application¥®

Figure 3371 Left: hexanethiolateapped AuNPs mixed with hexahexylthiotriphenylene (i.e. RXH:65)
(in the middle); Right: Columnar phase observed by POM at 80 °C corresponding to a mixture of 1:3
weight ratio AUNP<_C. Taken from Kumar and Lakshminarayar&h.

Kumar reportedhe thermophysical properties of mixtures of hexanethi@appedgold
nanoparticles anchtee types of discotic liquidrystals, investigated usinrgOM, DSC
and conductivitymeasurementsndicateinclusion of AuNPsinto a matrix of triphenyl
baseddiscotic liquid crystal{seeFigure 33).1¢ 1While a minor shift in the transim
temperaturedbetween mesophasegas observedihe isotropic temperature decreases
when the amount of AuNPs increases and in additiemature of the mesophases is not

altered in these composites.
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Obtaining LGfunctionalized AuNPs would not be possbWithout the synthesis of
suitable LC ligands including in particular a thiol function allowing a strong connection
to the gold and consequently more stable compounds. Thus Katnadrreported the
synthesis of thiefunctionalized alkoxycyanobiphenyl thi various alkane chain
lengths!*® All compounds exhibit a nematic phase and variations in the alkane chain
length modify theglass transition temperature as well as the ner@isotropic

transition temperature (increase during heating and decrease during cooling).

Figure 34- POM micrographs (crossed polarizers) of the N phase taken on coolingusbbelow thelN
phase transition: (a) schlieren texturepbenylpyrimidine derivative.C1 (68°C); (b) stripe texture of the
N phase ob wt% Cy,H,5i SH-capped AuNPs (Audh LC1 (64°C); stripe texture and coexisting areas with
homeotropic alignmentc) 5 wt% Au2 in LC1 (61°C); (d) stripe pattern of the N phase of 5 wt% Au2 in
LC1 in rubbed polyimide ITO glass cdltell gap: 5 mm, no electric field applied)aken from Qi and
Hegmanri*®

Qi and Hegmann reported the mixtures of nematic liquid crystalsQNo-heptyt2-(4-
(octyloxy)phenyl)pyrimiding with CgH13 SH- and G,Hzsi SH-capped AuNPs (2.1 + 0.6
nm and 7.4 + 2.3 nm respectivel§}. Al AUNPS LC mixtures show strikingly similar
textural characteristics between untreated glass slides as well cadls coated with
polyimide alignment layers. On coolinjom the isotropic liquid phase, patterns of
birefringent stripeccur separated by areas of homeotropic alignment despitaces
commonly promoting parallel alignment of-INC molecules(Figure 34). While the
specific combination ofhe goldnanoclusters and the usedll8s produces significant
changesin the topological (defects, dipoles, and cHée particle aggregates) and
rheological properties (qualitatively increasadcosity), other properties such as phase
transition tempeaturesand phase stability are only mildly affectdeN phase transition
temperatures decreasd 1i2 °C), and the phase transitions remaharp, as was
observed earlier by Kumat al*® " The specific interactionbetween the N.Cs and
the gold colloids, the fonation oftopological defects, homeotropic anchoring of the LC

moleculesto the colloid surface, and the elastic properties of\tHeC all play integral
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roles in the spontaneous assembly of gloé&d nanoparticles into chalike aggregates

similar to othe quastspherical particles.

Qi et al.demonstratednalignment and switching mechanism in planar LC cells uNing
LC molecules withpositive value of dielectric anisotropgnd small amounts of alkyl

thiolatecappedAuNPs The threshold voltages were lowandthe dielectric constants

were higher than the values obtairiedthe pure NLCs

(b) g
e e,
C— - v

(c)

N=
C8H17O©_<\ }C7H15
N

LC1; Cr 52 (SmA 45) N 70 Iso

Figure 3571 Left: chemical structure and LC mesomorphism including phase transition temperatures (°C) of
LC1; Right:tapping mode AFM image of a 5 wt @H,3 SH AuUNPsin LC1 suspension after spaoating

and drying: (a) amplitude, (b) 3D (height profile), and (c) magnified section of imaQeeacan see an

almost even distribution of the AuNPs on the surface which is deaied by small, almost spherical
protrusiodm ( ~207 25 nm in diameter and height) that are
of Au NPs covered by the nematic LC. Taken from Qi and Heginn.

Qi and Hegmanimave shown that the alignment of nematic LCs lmanunedoy doping
them with alkyl thiolatecapped Au NPg1.6 nm GHisi SH AuNPs, 1.9 and 5.4 nm
Ci2H2sl SH AuNPs) The temperatureand concentratiodependent, and in some cases
rather sudden change of the LC alignment is governed by the different solabilitg
Au NPs initially in the isotrpic phase, but also in theematic phase itself. Hence, the
alignment of the NRlopednematics significantly depends on the order parameterdme.,
the temperature) and ordering either in the bulkamyund the NPs residing at the
interface, the concemttion, and on the sample preparation conditighiggure 35). In
principle, all phenomena discussely Qi and Hegmannreflect the level of
Ai ncomp atcertain AWNRs yndematic LC hosts. Ideallfynctiondized AuNPs
require a minimum solubility in theLC host to prevent aggregation, yet a certain
incompatibility (depending on the aboweentioned parameters) is critidal induce the
described alignment effect®i and Hegmann were not able to shibwlecorating metal
NPs wih nematic moleculesould improve the usefulness NPsas alignment materials
for LCDs becauseecentresults showedhat conventional miscibility rules betweéc
hosts and organic dopants do not strictly appBedoped nematic mixturds’
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Figure 367 AuNP s ¢ a p p(8-mercaptodctylox@iébiphenylcarbonitrilie (80OCESH) intended to

be used in LC 6solventd having the etalife cyanobiphen

However ®odby et al. reportedhuNPs coatedwith mesogenic thiols and studied the
behavior of dopediematic, smectic, and cholesteric phases, from compa@uuiisaghe

one presented ifrigure 36. In particular, the stabilizing mesogenigaaobiphenw
terminated thiols choséfl were designed to matgterfectly the chemical nature of the
liquid-crystal solvent tobe used to increase solubility and avoid the possibility of
separation as a result of chemical incompatibility of tlagticle and solventThese
nanoparticles aréound highly soluble in the liquietrystal solvents studied without the
need of sonicationgiving darkbrown solutions. They show complex thermal behavior
near to the nematic to isotropic liquid transition, but in the present case the partices are

similar sizeasthe liquid-crystal solvent molecules.

Figure 37 i V-vials containing 5CB doped withuNPs and corresponding POM images (uncrossed
polarizers). 5 wt % of AUNPs were mixed to 5CB LC: th#l G SH-capped AuNPs (Aul)/5CB mixture is

homogeneous whereas AuNPs including 100CB (Au3), to match the chemical natwd Gfsblvent, in

5CB LC aggregate after a while. Taken fromeDal?

Hegmann and cworkers have synthesized AuNPs coated kiyi;g SH on the one hand

and G:H.si SH on the other hand. After a plagechange reaction on the latter they
obtained mi x e d | ayers of a(LOkmeernaptodecylaxy- and
biphenylcarbonitrile (HS100CB). Then they subjected both the AuNPs with or without

LC ligand in their shell andjuite surprisinglyit appeared thahe structurally related CB
endcapped gold NPsvere less compatible (less miscible/dispersible) in comparison to
NPshomogeneous | y withoalkaneteials offiddferénghain lengths(see
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Figure 37 for illustrative example)At least for thesystemghey presented, myoe for all
polar nematics, or eventualbiso for many other LC/nanomaterial combinaticthey
noticedthat common conceptsf solubility and miscibility betweetwo components in
LC mixtures do not strictly applyDecorating NPs with functionaholecules such as
polar aromaticposes the risk of increasirsglf-attraction through vader Waals forces,
“1” stackingand/or dipolédipole interactionsn addition to the attractiviorces already
active betweeNPs (predominantly betweanetallic, magnetic ah ferroelectricNPs).
Unfortunatelyelectreoptic testsdid not hint at anignificant difference betwegpartly
LC and norLC decoratedPs!?

3.3.2.LCdendrimer-tethered AuNPs

Chuard et al, Dardel et al.®**® and Deschenauxet al®”! reported the LC
functionalization of fullerenes, the m@molecular organization of which can be
controlled by liquidcrystalline dendrimers. These t&apped nomimesomorphic units can

exhibit smectic, chiral nematic or columnar phases. One should notice the similarity of
shape between spherical particles arg fGllerenes thus it seems interesting to extend

the concept of fullerereored dendrimers to the one of nanoparticlesed dendrimers.

The LC moieties should transfer to the gold system but taking into account the weight of

a Ggo fullerene in relationd the one of a AuNP of comparable diameter, that is 0.72
compared to 7.96 kg/mol, i.e. an elevenfold mass has to be encapsulated and organized by
dendrimers. However, the following recent examples illustrate the possibility of

implementing such systems.

The functionalization of gold nanoparticles with liquid crystalline moieties is a rather new

field of research. To the best of our knowledge the first report on that subject (AuNPs and

LC dendrimers) dates back to 2001 where lkeda andarkers reported thsuccessful

preparation of 3xim AuNPs covered by a liquictystalline thiold er i vati ve by E
biphasic methodRigure 38, left), the purity of which is confirmed by NMR (Figure

38, middle)®®!

The final material was presented as AuNPs having a core of 920 gold atoms and 270 LC
ligands lying on the 320 Au atoms of the surroundiagNP layer: thus the coverage
reach a valwue of 92 = 0.84 which is high w
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equals 0.66 for GH,5-SH alkane chain§” According to this ligand geometry, a more

efficient packing should not be expected.
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Figure 38 7 AuNPs wer e synt hesi zed u s i-(hOgnercaptoactgloxylg e ni ¢ C
pentylcy¢ ohexyl )benzene) as stabilizing agent accordin
purity of the final material is confirmed B-NMR spectr oscopy asser-€d by th
signal of ligands on AuNPs in spectrum (b) (in the middC thermograms of (a) ligand and (b) AUNPs

(on the right). Taken from Kanayareaal®®

The free ligand exhibits a nematic and a smectic phasealimg (between 434 °C and
34-21 °C respectively) whereas the thermal behavior of AuNPs is quite different: the
functionalized system shows an enantiotropic LC behavior between 77 and 100 °C

(Figure 38, right) but no mesophaseaw identified.

Endo Heat Flow (Wig)

Figure 397 Left: Structure of the LC cyanobiphenyl thiol ligand {SH); Middle: POM of the mesophase
obtained for the free LGH ligand at 60°C; Right: DSC curve and TEMage of AuNPs after thermal
treatment (140 °C for 3 h followed by 125 °C during 4 h). Taken from'®ef.

Following this first communication, a second one appeared in 2004 where a liquid
crystalline thiol ligand, namel}é(12-mercaptododecyloxy)biphenykcarbonitrile was
successfully synthesized and used for the formation of AuNRh the size 2.7 £ 0/am

! After recalculations it was found that therrect estimation formulae are &5 (0 = 0.70with Gorg =
Yo +%y + %s) and Augod 106 (0= 0.61 =Gog = 17 %,,), the latter being less correct due to the uncertainty
about the gold percentage from elemental analyses because size distribution was not specified in the

communication from Ikedand ceworkers.
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(seeFigure 39).1°”) Moreover the particles formed exhibit a edienensional arrangement
(seechapterl.1 for a description). The LC thiol ligand showed a nematic phase between
50 and 66 °Q from DSC and POM analysésand the corresmding LGcapped AuNPs
revealed an unidentified mesophase between 110 and 130 °C (shéigaran39).

RO OR

" QOQ >
RO OR \—\—\;
SH

Figure 40 i Monothiolfunctionalized triphenylene derivative used & place exchange reaction on

hexanethiolateapped AuNPs (here R %/d;,). Taken from Kumaet al*”

After the mixture of LC triphenylene derivatives withHzsi SH-capped AuNPs (see §
3.3.7), Kumar reported the place exchange reaction of the latter with a triphenylene thiol
derivative Figure 40) in a 1:1 ratio in the final material (determined 1y NMR)."!
Unfortunatdy they do not comment on the properties of-fL@ctionalized AuNPs

compared to the simple mixture of the two.

Park and Stroud showed thathen aAuNP is coated by a thin layer of nematic liquid
crystal, thenanoparticle surface has a strong effect on dinector orientation, but,
surprisingly, this deformation cagnhance the surface plasmon splittimgey consider
three plausible liquid crystal director configurationsziero electric field: boojum pair
(northrsouth pole configuration), baseball (tétedral), and homogeneoukrom the
discrete dipole approximatiothey find that the surface plasmon splitting is largest for
the boojum pair, and this result is in good agreement with experifitefihey conclude
that there is avide range of applicationsn nanosience and nanotechnology, because
they show that optical properties of systems containing nanopartialede sensitively
controlled with the use of liquidrystals. The transmission and absorption of such
materialscould be tuned by a dc electric fielahich will alter theliquid crystal director
field, or by controlling the surfadateractions beveen metal and liquid crystal.

Yamadaet al. reported the synthesis of AuNHslly coated with discotic liquid
crystallinemolecules of hexaalkoxgubstitutel triphenylene (AUTP).°? Controlling the

molar ratio of TP disuifle (TPD) allows one to influence the mean diameter 6fTRu
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decreasing the ratio increases the size of particles; in addition the size dispersion remains

quite low in the range 0-:G.4 nm.

Figure 417 Left: LC texture of a mixire of 5CB and a chiral dopant (cholesteryl oleyl carbonate, COC);
Right: in the same LC mixture but doped by 3.4 wt % of NPs, disclination of focal conics as well as dark

regions can be noticed. Taken from Wor@eil®®

With a view to mix them with LC phases, many groups tethered LC moieties onto
AuNPs. The two main approaches are on the one hand the direct synthesis with
mesogenic thiol derivatives or alternatively ligand exchange reagtitn thiolated
mesogens. Most of them were presented in the last part 38e®: Goodby>’
Miyake [*% ® and Hegmank®®% ! used calamitic or discotic mesogens. Yet another
approach is the one that does not consist in considering the NPs among LG host a
impurities that disrupt the LC order by preventing them to align corregityie 41),%

but as independent units such as DENs or NCDs capable of inducing tinel 2D arder

in dispersed particles on the colloidal scale.

Figure 4271 Left: TEM picture of hexylthiolcovered AuNPs subjected to ligand exchange with thiolated
laterally-branched mesogens (scale bar 5 nm); Middle: POM imagéeothiolated lateralhpranched
mesogen; Right: POM image of AuNPs including the mesogens in their shell. Taken from Cseh and
Meh! [°°)

Cseh and Mehhave prepared novel nematic gold nantiplas, where the spherical
particles are covered with a monolayer laterally-branched mesogens and short
hydrocarbon chains. The materiadse chemically stable and exhibit nematic phase

behavior at roomemperaturéFigure 42).°®! They noticed that a viation in theparticles
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size and the hydrocarbon chdength modifies the onset and the rargjethe liquid
crystal phas&”
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Figure 437 Schematic representation of the nanoparticle exchange regilding mixed dodecanthiel
and 2¢ generation dendritic ligandapped AuNPs({+DT)-N) and chemical structure of theurface
protecting groupgdodecanethioDT and G dendritic ligandL) used by Donniet al. Taken from Donnio

et al®®

Donnio et al. reported AUNPs possessing a positionally ordered 3D liquid crystalline
phasein the bulk®® They aremade from dodecanethiokpped AuNPs which were then
subjected to thiolated £Gdendrons during a place exchange reactiBigufe 43).
Induction of the mesophase results from the synergy between the gold core and the non
mesogeniaendrons. These particles aksdibit ferromagnetidehaviorup to 400K and

are able to selbrganize in a 2D hexmnal array on solid substrates

Figure 44 - Schematic models of the gold string structuegsorted by Zengtal. It was found thathe unit
cell belonging to one nanoparticle is 45% shorter in the column direction but only 11% ndatevadly in

the hexagonal p6mm columnar phasdor AuNPs AuL4C6 (mesogenic and hexanethiol ligands, above

right) compared to thehombohedral R3m phase inAuNPs AuL4C12 (mesogens and dodecanethiol

ligands, above left)Taken from Zengt al’®®!

Ungar and caworkers reportedAuNPs covered with a nematic liquidrystal ligand

laterally attachediaa t hi oal kyl spacer and a thioal ka
ordering in strings jacketed by the mesogens with controllable interparticle spacing
(between 4 and 16 Ajia the combination of the spherical and Hdé moieties. The

particles form rhombohedral and columnar superlattices (hexagonal and rectangular),
which is not the usual packing modes of sph&PesMoreover the nematogenic ligand
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was found as the only possible smiof biaxiality confirmed by the Bragg diffraction
from the rectangular lattice in the AuNPs including hexanethiols, as neither the AuNPs

nor the molten alkyls have the required low symmetry.

0 SH
Q ) )
Y I O \ ] O
R0 v Q O © SH ? O O 0
HyC10. o o 0C Has

compound 1, R = CH(C,H,s),. m.p. 40 °C
compound 2, R = CH(C,H,),. Cry 60.0 Sml 64,1 SmC 69.7 SmA 73.4 Iso HaC o0 OC :Has
compound 3, R = CH(CH,)C,H, ;. Cry 75.9 [SmJ 74.9] Sml95.9 SmC 110.6 Iso “iaHas compound 4, Cry 70.1 Col,,.. 107.1 Iso CoHas

Scheme7 - Molecular structure anphase properties of mesogenic thiols usgdVojcik et al.for grafting

to gold cluster§” Cry=crystalline, Sm=smectic, Iso=isotropic, @tcolumnar hexagonal.

Woijcik et al.reported the gontaneous formatioof smectic and colummatructureshat
were observed when sphericaduNPs were functionalized with mesogenic thiols
(Scheme?). The particle ordering is stimulated by softening of the interparticle potential

and flexibility for deformation of the grag layer!"

3.4. Results and discussion

3.4.1.Direct synthesis and ligand exchange

HS—(CHy)1—CO5 [ ~cr—co,
p O~(CH2)10—O—©—COZCN p O—(CHz)m—O—@—COzCN
Compound 1 Compound 2

Scheme8 i Firstgeneration dendrons bearing a thiol or disulfide function allowing them to oatrg

direct synthesis or a place exchange reaction.

Firstgeneration poly(aryl ester) dendros functionalized with mesomorphic
cyanobiphenyl units and containieghera thiol or a disulfide groufcompounds and2

in Schemes respectively) were synthesizEY. The disulfide function (two anchor sites)
was selected to design ligands having a stronger binding constant than the thiol
derivatives (one anchor site). Mesomorphic prapsrand characteristics of compourids

and2 are presented itihe Second appendix
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Scheme91 a) Tetraoctylammonium bromide (TOAB), toluene/water (4R7J, a few min;b) compound
1, 30 min, then NaBH toluene RT, inert atmosphere, 24 h, 3%.
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Particles B

Schemel0 - a) TOAB, toluene/water (4:1)RT, a few min;b) 1-dodecanethiol, 30 min, then NagH
toluene,RT, 1 h, 30%¢x) compoundl, CH,Cl,, RT, inert atmosphere, 72 h, 50%.

The functionalization of gold nanoparticles was achieved by two alternative protocols:
1)the direct synthest&® ™! (Scheme9) and 2) the ligand exchange reactith ™
(Schemel0). From the point of view of functionalization, the direct method leads to full
coverage of the nanoparticles surface with the desirebldérivative; on the other hand,

the ligand exchange reaction allows to control the loading of the desired thiol derivative

on the gold surfacé® ™

Figure 45 - TEM micrograph showinghe 1.2-nm gold nanoparticle8 appearing as organized in evenly
spaced rows (that will be discussed in the next chapter).
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The direct synthesis leads to nanopartiélesith an average diameter of 1.2 + 0.4%m
(Figure 45). A few considerably larger particles (up to 7 nm) are visible in the TEM
image Figure 45). The ligands exchange reaction (synthesis of gold nanoparticles with
1-dodecanethiol followed by exchange ofdddecanethiol with compount) leads to
nanoparticlesB with an average diameter of 1.7 + 0.4 3hirtFigure 46). The main
advantages of the latter approach are: 1) the size of the gold nanoparticles can be

controlled (first step), and 2) the ligands ratio can lested (second step).

Figure 46 - TEM micrograph showing 1:Am gold nanoparticleB

The structure and purity of the gold nanoparticles were confirmed'Hs}NMR
spectroscopyRigure 47 andFigure 48): broadening of the peaks for the thiol derivatives
grafted on the gold surfaeaddisappearance of theH3SH signal® ™ "areproof that

the ligands are grafted onto the gold surfacer. particlesB, the relative amount of
ligand1 with respect to fdodecanethiol was estimated from the spectrum of the mixed
system (part D oFigure 48), and was found to bea. 40%. Finally, the absence of sharp

peaks indicatethe absence of free thiol in the samples.

%) Size and size distribution exe estimated from a sample 4755 particles (minimum size: 0.74 nm,

maximum size: 6.98 nm).

% Size and size distribution were estimated from a sample of 2575 particles (minimum size: 0.70 nm,

maximum size5.31 nm).
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Figure 47 - '"H-NMR spectra (in CBCl,) of compoundl (part A), and gold nanoparticlés(part B)

’ U
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Figure 48 - 'H-NMR spectra of idodecanethiol (part A, in CDg| dodecanethiestabilized gold
nanoparticlegpart B, in CDC}), compoundl (part C, in CRCI), and gold nanoparticleB (part D, in
CD,Cl,)
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Schemelli The synthesis of these particles (1&t/BT+G,CBi SH, and right:Au/C;,Hsl SHXG,CBIi' S5)
failed by ligand exchange. The possible reasons are steric bulk on the one hand and destabilization of the
gold core by the dithiol binding strategy on the other hand.

The ligand exchange with,GBi SH was tested on benzenethiol (BsIqbilized AuNPs

to yield Au/BT+G;CBi SH (seeSchemell, left). Unfortunately it did not leatb the
expected product. A possible explanation could be the combination of the BT steric bulk
t hat prevents the 0eas@BSHaand @&tecslowtincpomingh e Awu
G:CBi SH ratio in this bulky situation (the same ratio was however used in the
preparation of particle®, Scheme 10). Similarly, different attempts were made to
stabilize AuNPs with compoun® (seeAu/CioHzsi SHEGCBI S, in Schemell, right)

but even with the supposedatger binding force of the two anchoring sites if compared

to the thiol, they all failed as they lead to particles agglomeration. An explanation could
be stated as Scatt al.showed that” in contrast to what could be expectstiategies to
increase ligandnetal interactions by incorporating more thiolate linkers into lipand
mustalso take into account the packing efficiency and/or stability of such ligands on the
metal surface, which can make themuch more prone to oxidation under ambient
conditions This effect might have lead to particle miscoverage, a weakdlizgtbn
(opposed to a better anchorage) and the final growth of particles making them less soluble
finally leading to precipitation.

The compounds presented in this part were observed under POM and analyzed by DSC
but none of them exhibited a mesophasither particles including 100 % of LC ligands
(particlesA) nor those with fewer LC ligands (particl&. Therefore, in this case, it
appears that this is not only the proportion of the attached LC ligands on the particle
surface that is important forakzation of a mesophase. It is possible that the core size
(despite they are relatively low: 1.2 and &) combined with the rather elevated phase
transition temperatures of the dendrimer used did not favor mesomorphic properties.
Also, it is possiblehat the viscosity of the sample was too high, such that the formation

of a mesophase was strongly kinetically hindered.
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3.4.2. Esterification on AuNPs

Liquid-crystalline dendrimefunctionalized AuNPs were prepared through an
esterificationbetweenAuNPs bearindiydroxyl groupsn their ligand sheland mesogen
or - generation dendrimsibearing carboxylic acid groups as starting mateteddirg

to functional hybrid materialsSchemel?2).

o
AL Do e oo oo
o_\_\_\ Ho>—< >—CO —(CH,) —o—< >—co h 2

?/_@_{H © O;O—(CHz)m—O—@—COZCN
Compound 3 Compound 4

Schemel2i Mesogen (compound) and firstgeneration dendron (compoudd, both bear a carboxylic

acid function allowing them to be esterified on hydrefgrictionalized AuNPs.

The starting AuNPs are prepared according to the-estdblisked Brust proceduld

with alcoholic ed-functionalized thiolated aromatic ligands. In this manner dendrimers
bearing a carboxylic acid group can be esterified on the available hydroxyl groups onto
gold particlefSchemel3 andSchemel4).

3
Q,
CgH47,0O O O
" O
(¢]
el
Q O
o o
S Excess compound 3 S
AuNP P — AuNP Particles C

DCC, DPTS, 4-ppy s
CH,Cl, R.T., Argon, 72h \©\OH
p-n

Scheme 13 i Compound3 is esterified onpMP-stabilized AuNPs to yield particle€ where all the

available-OH groups are not esterified thus limiting the number of mesdgyjenghe AuNPs.

o So-eanro~-coi p—~p-on
,SJ@/ Default compound 4 ,SO/ o O_(CHZ)m_O_@_COZCN n
P

AuNP —— AuNP

DCC, DMAP, 4-ppy \S\©\
CH,Cl, R.T., Argon, 72h OH
p-n

Particles D

Schemel4 i Compound4 is esterified onpMP-stabilized AuNPs to yield particle® where all the

available OH groups are not esterified thus limiting the number of dendi@mghe AuNPs.
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AuNPsthatare sythesizedaccording toBrustet al. onephase methd® leadng to full
coverage of the gold core with stabilizing alkahml ligands 7 namely 4
mercaptophenolpMP). The size ofthe particlescould be modulatedia the ratio of
ligand to gold, the temperatues well asthe nature and conceation of the redcng
agent”™ On the AuNPs surface predominantlyydroxyl groupsare exposed to the
surrounding medium, which leads to rather different solubility compared to theMiee
ligand. This helps purification consideringthat pMP ligands are well soluble in
dichloromethanevhereasthe particles formedre soluble in polar solvents (especially

alcohols).
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Figure 49 - 'H-NMR spectra of4-mercaptophenol A, in CD,Cl,), 4-mercaptophenestabilized gold
nanoparticlesg, in CD;OD), compouncB (C, in CDCl,), gold nanoparticle€ (D, in CD,Cl,), compound
4 (E, in CDCE), gold nanoparticleB (F, in CDCl,)

ParticlesC (particlesD): pMP-stahlized AuUNPs are combined together with compo@nd
(compound 4) to form a new sstem made of esterified and nesterified
mercaptophenol groups as probed by NMR speciruffigure 49-D (in Figure 49-F).
Indeed a broad hump observed in the AuNP spectder thearomaticpeaks suggests
that there remain not esterifiggMP but yet it was not possible testimatethar
proportionas the global integration of the aromatic part of the spectrum corresponds to
that of compound 3 (compound 4).
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Figure 501 TEM micrographs of esterified AUNPA/pMP}G1CBi COOH)

Particles under consideration are about 1.9 nm, this corresponds to about 205 gold atoms

for the core of which about 112 liend¢he surface and considering 20 % of organic layer,

there are about 8PMP ligand per particle. Then the molecular weightcgs 50.5

kg.mol* and GCBi COOH dendron isa 1.5 kg.mof". As a consequence 80 equivalents

were used with respect to the goldpai cl e amount ; this was set
10 reactions were lead decreasing the loading by 10 % steps: the subsequent esterification
reactions were done with a default of ligand so that all the available OH functions were

not reacted. Particulary t he 640 %0 reacti on was a c
experimentally to an equivalent mass of particles and dendrons involved in the
esterification reaction. Nevertheless this decreasing in the dendron loading led to the loss

of the particle organization #tie nanoscale (see next chapter on assembly).

DCC, DPTS, 4-ppy 5/\/\/\/\/\40/\3;%)
s’\/\/\/\/\/\) CH,Cl,, R.T., Argon, 72h (m-p) Particles E
AUNP. P - @ SN
(n-m)

0,
A~~~ OH) Compound 4 0-(GHaye-0~( Y- )~ )-on
s ) AN Ko S Do e -co

J o—(CHZ)m-o—Q—COZCN /

Schemel5 - Reaction scheme of the esterification of compodn@;CBi COOH) bearing a carboxylic
acid function on AuNPs bearing a limited number of doygl functions (Au/G,H,si SHXmud3eg). The
resulting AuNPs (Particleg, Au/Cy,Hosi SHEmud3eg}GCBI COOH) have about 9% of LC moieties in

their shell.
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Figure 51 i 'H-NMR spectra of compound (bottom, in CDCl,) and compound4 esterified on
Au/CyHosl SHEmMud3eg leading to particl&s(Au/CyHosi SHEmud3eg}GCBi COOH).

It was possible in the case of particlés(Au/CioHzsi SHEMud3eg}GCBi COOH) to
estimate the number of esterified compodn@he proportions of the different ligands (in
initial particle size of 1.54 nm) are 44 %345 SH (20 ligands), 47 % mud3eg
(25ligands), an® % compound 44 ligand$

OCi2Hzs
Hz5C420, ?
Qo s

o, O\/@mC.szs

Ha5C120 :
O,

O

A AT

PPN é Compound 5 f(s/\/vvv\/to/\af”> OC1zHas
b HasC1 (m-p)
AUNP AuNP {5/\/\/\/\/\/\ -
CS/\/W\/\/(V\,}SOH> DCC, DPTS, 4-ppy o-m) OV@(
q CH,Cl, R.T., Argon, 72h s’\/\/\/\/\/(*o/\‘)S/o o .
° \©‘OC1ZH25

Scheme 16 1 Pathway of the esterification of,Golybenzylether dendrons bearing a carboxylic acid
function (Compound 5 on AuNPs bearing a limited number of hydroxyl functions. The resulting AuNPs
(Particles F) have about 17% of LC moieties in their shell.

ParticlesF: mixed monolayer of (:inercaptoundecyl)triethylene glyeqimud3eg) and
dodecanethiestabilized AUNPs are combined together with compdaital form a new
system made of esterified and pesterified mud3eg groups as probed by NMR spectrum

in Figure 52.
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Figure 52 - 'H-NMR spectra of compoun8 (bottom, in CQCl,), and AuNPsF. (top, in CQCl,) after

purification by ultrafiltration.

As a result, the top spectrum kigure 52 was integrated with respect to the signals of
compound5 ard a ratio of about 1:4 was found from the 3.41 ppm signal (mud3eg). It
corresponds to about 17 % compoundl5 ligands), 53 % mud3eg (46 ligands), and
30% CyoHosi SH (26 ligands).

In addition, many other combinations of AUNPs bearing other mesogens havediedn
but they did not led to the coupling. They either aggregated (consequently led to insoluble

compounds) or had a too low yield. Some examples are shaB3ahamel?.

AU/CyHas SHEmuUd3eg}CK35 Au/pMP}CK35
f(s’\/\/\/\/\/(*oz\top-q)m-p) QS ©0H>
(p-a)
I, o 9 -

Schemel7 7 lllustration of some targeted composites including chirgih®@sogens whose synthesis did

not work.

The chiral mesogens CK35 was successfully grafted neithiirecgthylene glycol groups
nor on the aromatic pMPs. On the other hand particles ,AH4¢ SHEmud3eg and
Au/pMP have been good precursors to carry out the esterification reaction with other
liquid-crystalline ligands. For the CK35 mesogen, the aliphatic ecidertainly less

favorable than benzoic acid (compousjdbecause the hydroxyl group of the carboxylic
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acid is a poor leaving group. It might be replaced by another nucleophilic group to form

an acyl chloride for example.

Au/pMP}G,-Perceé COOH Au/pMP}HY83
OH OCyzHzs OH
- s o :,ocQH25 - s Q. /~0,C—(CHy)—OR
3 v@io ©\ 0%02C_(CH2)9_0R
o)\©/0 o Zb—CHQ—Coz—(CHQ)m—O@—OZC%
\©\ Q 0,C—(CH,)g—OR
E]\ OC13Has O%OZC—(CHZ)Q—OR /
q
»(CHZ)G
H250120©/\O © O/\©\OC12H25 R= C02_©_0

OCiaHas

AU/PMPq BT £4G :CBi COOH

OH

o),

S

-0

S

w‘coz_(CHz)wo‘o‘O_coz
o b

o—«:Hz),o—OOCOQCN

Scheme 18 7 lllustration of the one %L and two 2° generation dendrimevased AuNPs that were

inaccessible with the esterification reaction.

It is supposed that Au/pMP}HY83 (s&themel8 top right) was not formed for similar
reasons than the CK35 did not birgchiemel?), an acyl chloride or a terminal benzoic
acid would have probably lead to that material. Concerning Au/pMHP3cec COOH
(Scheme18 top left), the fact that the carboxylic acid was directly bound to the G
dendrimer core plus its steric bulk was certainly unfavorable for the chemical reaction. It
could be compared to the results for parti¢teshere the stabilizing ligands on AuNPs

act as spacers from the Au core and thus facilitate the esterification. Finally
AU/pMP, 5|BTy 5}G1CBi COOH (Scheme 18 bottom) could not be prepared probably
because of a too low ratio of pMP to BT. Indeed it was not possible to estimate the ratio
on the particles because both ligands are too ainaihd proton resonances were too

broadened as they are very close to the Au core.

Generally speaking, the more functional groups on the particle surface the greater the
chances of esterifying dendrimers. Yet in the case of partkl¢Scheme9), a full
coverage with dendrimers has not proven to be helpful in obtaining mesomorphic
properties whereas in a lower coverage of dendrimers such behavior was observed
(Figure 53).
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Figure 5317 POM micrographs of the textures displayed by parti@e§Au/pMP}G,CBi COOH), €C1)
75°C 100x magnification,2) manual zoom in on a lighter region of the sample at°Ct&nd particle®
(Au/pMP}G;CBi COOH) (D1) 140°C 100x magnification,¥2) manual zoom in on another region of the
sample at 149 °C.

The composites resulting from the esterification reaction (partiClesnd D) were
observed under POM and displayed a distinct mesophase but of unknown neture (s
Figure 53). They could possibly be some nematic phase because dark crosses can be
distinguished (see D2 iRigure 53) and remind of the nematic phase schlieren texture.
Unfortunately these observations were not confirmed by DSC analysis as no phase
transition temperature was determined. In this case the particle Au/pMP diameters were
greater than those observed in the case of direct synthesis or ligand exchange aadd yet le
to the observation of a mesophase. Therefore the size does not seem to be the most
influential parameter (to some extent). The dendrimer for pafidteof the same nature

as those used in particl&sandB so it could be hypothesized that the ligastibilizing

the particles have a naregligible influence on the mesomorphic properties of these
hybrid compounds. For particle€, the smaller weight and architecture (laterally
branched) may have favored the formation of a mesophase obtained frommibhe sa

precursor particles (Au/pMP).

Julien Boudor University of Neuchéatel 2009



Results and discussion Page|101

3.4.3. Purification methods

3.4.3.1. Sizeexclusion chromatography

Bio-Rad BicBeads SXl and Sephadex L0 were used as a size exclusion
chromatography media to gather purified dendrigeivaized AuNPs. More details

concerning both mans are given ithe First appendix

Different techniques were used to purify the nanoparticles depending on the preparation
method. For the direct synthesis, the nanoparticles were purified by size exclusion
chromatography. Forthe exchange reaction, the nanoparticles covered with 1
dodecanethiol were purified by membrane filtration and the final materials by
ultrafiltration. In addition, the particles core size was estimated to be lowecahamm

by UV-Vis spectroscopy (nolgsmon band located at. 520nm) andfurther validated

by TEM observationsKigure 45 andFigure 46).

3.4.3.2. Ultrafiltration

Whether it is by centrifugation orJybressure, ultrafiltration (UF) seems to be a technique
only little applied as judged from the literature. However after discussions in conferences
with other people working in the field of NPs, it seems that many people tried this
technique without succesAccording to our own experience, this technique turned out to

be the most effective to cleanse the final products instead of exclusion chromatography.

Final materials made of dendrimiemctionalized AuNPs (Particles, B, C, D andE)
were subjected taltrafiltration. Indeed this technique allows one to separate particles
from unreacted dendritic ligands in a mild fashion. More information about UF is given in

theFirst appendix
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4.1. Seltassembly at stake

Forces inducing seklissembly are better understood as soon as the phenomena giving
birth to them are explained. Indeed if seffjanization appears without aputer
influence, forces are required to induce this-seffanization and it occurs only when
these forces are already present in the system. For nanometer scale objects, weak forces
(capillarity, wetting, van der Waals forces) predominate in-@gjénizaéion process.
Moreover, selorganizations are obtained from a nanopatrticle solution deposit on a flat
substrate leaving the solvent evaporate. First, pafiimigcles, particlesolvent,
particlessubstrate interactions are considered in 2D and 3D mletvimrmation.
Otherwise, the solvent in which the nanoparticles are dissolved has an influence on the
wetting issue. Indeed, when a drop is casted it is obvious that the wetting of the liquid on
the surface as well as its evaporation are going to havega m#uence on the final
structure. At a lower scale, the liquid interacts with the substrate and nanoparticles
through the capillarity forces. Finally far weaker electrostatic forces, toallml van der
Waals forces, lead to interaction when chargpécies are involved or when steric
repulsions due to the particle coating are concerned. The coating molecules form not only
a protective layer but also prevent direct contact between particles and thus particle

coalescence, they also participate to #ieforcement of the network.

The following description of the sedfssembly phenomenon mainly follows the
description of Pilenet al. as they intensively studied this field of research for silver, gold,

and other metal sulfide nanopartictd.
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4.1.1.Wetting and capillary forces

Figure54i The contact angl e d i-gasaneésolaluirgeud db eijfbaiegahd atchees (i
surface energies between the indicated interfaces): dhe tine contact angle is high, the less the spreading
i s good. The spr eadii hsh + padr acnoentbeirn e wi toh Youngos

S=29. (cosdi 1) having physical solutions only in case of partial wetting (S < 0).

Both wetting and cap#lry forces are determined by the surface tension. The whole
system tends to minimize interfacial energ
(Figure 54). The wetting state of the medium on which particles are depositesl gay

important role on particle organization.

e Partial Wetting Total  =———
6=180°" Contactangle 6=0°"

5<0 Spreading parameter 5$>0

Figure 5571 lllustration of the different cases of wetting and the associated notions of contact angle and

spreading parameter.

In the case of total wetting (spreading parameter0Sright side ofFigure 55), particles

are dispersed correctly on the surface over a large area. The deposit is homogeneous in
this case but deficiencies may appear if particle concentration is too low. At the opposite,
partial weting (S < 0, left side ofigure 55) creates a drop over the surface. While
evaporating, this latter tends to decrease its size and progressively concentrating particles
at the centre of the drop. The resulting deposit is inhomames and particles form a big

aggregate rather than a homogeneous film.
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Evaporation Evaporation

— ——

Figure 561 lllustration of capillary forces resulting from the bridge formed when the solvent evaporates
and tends to gather together particlBsis the m@rticles radius and the angle between the liquid and

particle surface at the contact point.

Let us consider particles deposited on a substrate but still surrounded by solvent. Because
of evaporation and as soon as the quantity of solvent becomes vewy liquid meniscus
is created forming a bridge between particleigfre 56). Because of the liquid surface

tension, that meniscus exerts a capillary force giveBduation 2.

F=4rRocosd

Equation 21 F is the capillary force, depending on the radius of particle R, the surface tensiaand t he
angle d between the |liquid and particl®mcKidfof ace at
hexane an®#Jnf.Korwate5 10

That force tends to gather particles and favors a compact assembly and if it becomes
predoninant it favors 3D particle network locally concentrating particles instead of
creating a film (2D) organization. Through both phenomena, any case can be imagined:
from particles spread all over the surface to localized aggregates. Hence the importance of
a good estimation of the scale of sizes of these phenomena is necessary to predict and to

explain experimental results.

4.1.2.Dispersion forces and van der Waals interactions

At the nanometer scale particles, solvent and substrate inteeadispersion forces.

These forces are due to attractive interactions at short distances between molecules and
they are described by fluctuations of their electronic densities. Indeed under thermal
agitation, the variation of the electronic density induces a moment. This moregacts

with the electronic cloud of a neighbor molecule subsequently inducing a dipole whose
fluctuations are synchronized with those of the first molecule. The induced dipoles have
the same direction and a permanent short distance attraction isshethbThese are the

so-called London interactions, arising besides the van der Waals interactions. It originates

Dendrimerbased Gold Nanopatrticles: Syntheses, Characterization and Organization
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molecule cohesion and depends on the molecule polarizability, thus depending on the
molecule number of electrenMacroscopic interaction ighe resul of the sum of any
interactionbetween pairs of molecules available in the system. This calculation takes
intrinsically into account the system geometry and potential between molecules. The
factor grouping polarizability terms and electronic diges of molecules is the smlled
Hamaker constam.> ® This constant is used to calculate the interaction energy between

particles of a given material Equation 3.

Eaw="2= +2In

Al 4R +4R2 C*-4R?
12| C*-4R* C? C?

Equation 37 Interaction energy between particles is given by van der Waals eBgigw is the Hamaker
constant,C is the particle centaio-cener distance an® the particle radius. For example A has a value

close to 3.04 18 J for two silver particles and 4.001% for two gold particles.

The Hamaker constant is also used to explain the influence of the substrate onthe self
organization ofthe nanoparticlesA medium presenting attractive interactions with
deposited particles favors the formation of extended monolayers but less compact
whereas a medium presenting repulsive interactions favors monolayers as well but also
the formation of agggates. In the case of silver nanoparticles deposited on a carbon grid,
the interactions are attracti/e” As an example particles covered by alkyls can be
considered. As soon as the length of the alkyl coaimgounding the particles decrease,

less extended monolayers are favored with a fixed distance between particles. This
distance corresponds to the length of a dodecanethiol chain, namely 1.8 nm. This means
that chains are interpenetrating in the case adedanethiol covered nanoparticles,
whereas for shorter alkanethigleated nanoparticles (decanethiol or octanethiol), chains

do not interpenetrate any more. It could be considered that the shorter the chains are, the
stronger the interaction with the strage becomes. The latter being attractive, particles
cannot easily move any more on the substrate and it explains a bigger distance between

particles, that is to say a distance longer than the length of a chain.

The steric repulsions of organic molecu(dsolated alkane chains) passivating particles
play an important role into 2D and 3D network construction. Steric repulsion potential is

given byEquation 4.

Julien Boudorm University of Neuchatel 2009
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~ ) _ e _
steric ~ 1OORU§AM0 kt ex{ (f: 2R) J
(C - 2R) Hol

l"ISAM

Equation 471 R particle radius, C distandeet ween part i cl gydhicknesndf e alkane cent e
film (18 | f oo saface eccupiededy thidls¢4lF)for dodecanethiol).

Interparticle interaction potential results from the sum of van der Waals intera@&igns (
Equation 3) and steric repulsion potential between alkane chdgsi{ Equation 4).
Particles organize as soft spheres with an effective diameter including the organic
coating. Particles selirganize povided that steric stabilization of organic molecules is

enough compensated by van der Waals interaction.

4.1.3.BénardMarangonktype instabilities

T [+8T ¢ 5y Ahole nucleates

T - Evaporation
VT t ———— - :

Thickness decreases

Figure 577 Left: Schematic illustration of the Marangoni effect due to evaporatidapted fronMaillard

et al™). A temperature gradient is created across a film ddtifelsolvent and it results in a convective

flow through the film around the particles in a hexagonal pattern of convection leading to hexagonal
arrangements of nanoparticlégight Longrange convections in the liquid film can lead to the rupture of
thelatter and a hole nucleation process appears where particles are pushed out along the hole advancing rim
(adapted fronDharaet al™Y).

The solvent evaporation process is important and is related to the solvent evaporation
velocity. Indeed, a study showed the influence of the evaporation speed of solvents on the
organization of nanopadies? ' It was showed that a drop deposit of ferrite particles
dispersed in hexane on a microscopy grid hold on by anticapillary twizers gives rise to
micrometric rings, the surrounding of which is composed by natiolgar If these
particles are dispersed in decane, what decreases considerably evaporation velocity, a
random dispersion of particles is observed without the appearance of rings. This
phenomenon was attributed to Marangoni instabilitfes these latter are related to a
gradient of surface tension in a liqguid medium generating periodic convection fluxes. A
strong evaporation rate (as in the case of hexane) favors these instabilities and the

formation of rings & representative example is givenFigure 58). Then, single holes

Dendrimerbased Gold Nanoparticles: Syntheses, Characterization and Organization
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have abnormal high local nanoparticle densities. This is explained by the convective flow
and the capillary forces which drags nanoparticles and further incrémeséscal high

density areas by the hole nucleation process during the film retraction. This phenomenon
was already observed for a wide variety of materials such as silver, silver sulfide or

cobalt!*® 12

Figure 58 i TEM micrograph of rings of 2:6m silver nanoparticles obtained from evaporation of a

hexane solution. The inset shows a magnification of the particle organization in the area of the ring. Taken

from Ref. !

4.1.4.2D and 3D nanomaterials arrangements

Spontaneous assembly of unifesize spheres in a regular network is a ursaker
phenomenon observed for objects from relatively small diameter to a relatively wide
scale: from atom (Ib cm), to molecules and macromolecules {16ém, proteins,

polymers, colloids, etc.) to opals and synthetic sphered ¢h0) and even to any

spheical object (1 up to 10 cm) like balls, fruits. The parameters from the
radiocrystallographic structure of a given substance include not only its intrinsic structure
(shape, size), its hardness, that is to say its compressibility and deformabilitygdotiteal
nature and the range of i nteractions bet wt
sphereso where the cont act bet ween spher
structures such as centered face cubic (cfc) or hexagonal compact (hcp) arke.possib

They have the highest possible compacity rate (74%) and the highest coordination
number (12). Metallic nanomaterials and semiconductors coated by organic molecules
(al kane chains) are considered as fAsoft spl

Julien Boudorg University of Neuchéatel 2009
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Figure 59 1 The parameter for the structure of an assembly of nanowedérd particles covered by

car bon

structures were observed experimentally, the higlieatl u e s

(right). Taken and adapted fronthetten™®!

of

c hai ns2Li/Bcoetiedefinad & the Ibftyfiguee. According to this parameter different

G are related

These soft spheres are characterized by a-shioge attractive potential, low symmetrical

crystallographic structures, and thus aloweo or di nat i on

par ameter

number

d kb fDcoR whereDR oy is the dmameker of the nanomaterial core

andL the thickness of the coating of alkane chakfigyre 59). According to the values

o f G end crystallegraphic structures were observed for different nanomaterial

networks such as silver, gold or palladittin}* Nevertheless these results do not take

into account the conformation of the alkane chains and the possible presence of defects on

it. Thus, it was observed that in the particular case of silver sulfide pdftites on the

one hand alkanethiol chainsy{@n.1 SH) for n < 8 do not grab on the surface of particles

due to a lgh number of defects otihe chain and on the other hand for longer chain

t

lengths (r= 14) the presence of defects at the end of the chains keep 2D organization but

prevent 3D assemblyFigure 60, left)*> When nanomaterials coated with alkane chains
self-organize in 2D hexagonal network, the interparticle distance corresponds to the
alkanechain length. It suggests an interdigitation of the chains. The best case is reached

when the alkane chain are able to compact, what strengthens the network. Finally, an

important parameter to the crystalline structure of 2D and 3D arrangements is the

naromaterial facet morphology. Indeed, the alkane chain distribution on the surface of

particles when they have facets is not uniform. An arrangement is favored in the case of a

configuration where particle crystalline faces are parallel to each hierallows a

maximum compacity effect of the chairisdgure 60, right).
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Figure 60 i Left: Schematic representation of the conformation arf@ctleof thiol derivatives with
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different alkyl chain length. Taken from Rét®. Right Schematic representationf selforganized
superlattices of sphericalA and faceted B) particles: The macroscopic properties of the NPs are
determined not only by the properties of each individual particle but by the coupling/interaction between

nanoparticles interconnected dansolated by a monolayer of thin organic molecules. Adapted from

Wang!®.

The transmission electronic microscopy (TEM) allows one to characterize the
nanoparticles and their arrangementsvigted that the film obtained is thin enough (i.e.

the stacking of a few monolayers of particles). In the case of multilayer arrangements, X
ray diffraction appears as the best technique. Vdige Xray spectroscopy (WAXS) is
directly related to the atomistructure of the nanomaterials, whereas sarajle Xray
spectroscopy (SAXS) gives access to the nanomaterial order in the 3D network. As an
example, 3D networks were obtained with-@r cobalt nanoparticles, with a low size
distribution (10%) correspmling to more than 300 layers of partidfié5A hexagonal

network is obtained in this case.

Figure 61 7 Proposed supramolecular organization of cyanobiphenyl deriveaipped fullerenes. The
formation of a smectic A phase indicates that the cyanobiphenyl units are not oriented radially gsound C
but form a cylindedlike structure with the memgenic fragments oriented upward and downward. Such a

structure favors the formation of layers. Taken fi@huard and Deschenali¥

A nonmetallic analogue to metallic particles is the fullerene whose supramolecular

organization for liquiecrystalline derivatives can be explained as follows: tkgeu@it is

Julien Boudorg University of Neuchéatel 2009
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embedded in the dendritic core whichasented parallel to the layer planes, and the
mesogenic units orient above and below the dendritic core. Interdigitation occurs from
one layer to the adjacent orfédure 61). Derivatives bearing cyanobiphenyl units gave
rise abo to supramolecular organization: the formation of a smectic A phase indicates that
the cyanobiphenyl units form a cylindiéte structure with the mesogenic fragments
oriented upward and downward. Such structures favor the formation of layers. The
mesomaphic properties of such compounds indicate that when the anisotropy is restored
around the g unit, liquid crystalline behavior takes place. This result is important taking
into account the structural analogy betweegp &d gold nanoparticles. Indeedtlb of

them can be considered as spHie, isotropic structures.

Figure 627 TEM image and size distribution of Au/poly(oxymethylphenylene) dendron (PPD) composites
(left); 2" generation of PPD is presented (middle); HRTEMg® showing AuNPs regularly aligned in the
OB direction but not in the OA one (right). Taken fridakaoet al™*®

Torigoe and cavorkers have prepared poly(oxymethylphenylene) dendron§' tf 4"
generation with a thiol group to synthesize small AuNPs with narrow size dispétsion.
Interestingly G and G led to reproducible spontaneous formation of-dmeensional

arrays on carbon films (a representative example $on Ghown inFigure 62).

&’ R=S-CH:)-SH: DA2-SH
SH :D2-SH

10 nm

Figure 631 Fréchettype G dendron with either a thiol or an alkylthiol chain terminated by a thiol function
used for AuNPs synthesis (left); on the right, first TEM picture corresponds to t#s#HB¥stem (lone SH

Dendrimerbased Gold Nanoparticles: Syntheses, Characterization and Organization
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function) while the last two images illustrates the particles arrangement ofSbiA@ne (G alkyl chain).

Taken fromKomineet al?”

Fujihara and cavorkers observed AuNPs ofemensional aangements on carbon films
provided that an alkyl chain spacer is present between the anchoring thiol function and
the 2% generation Fréchaype dendrons (DAZSH in Figure 63).2% In addition particles

are very small plus have a very narrow size distribution (1.5 #ir@)1

Yamada et al. have synthesized gold nanoparticles functionalized by hexaalkoxy
substituted triphenylene (TP) as a discotic liquid crystalline moleculé TRU?Y The
selfassembled structure of AUP could be controlled (1D or hexagonal closed packed
(hcp) structures) by the ratio of the solvent used (methtamoéne), triggered by the
extenti’ofi nttheer acti ons among the adjThegent

have presented the distinct phenomenon that the gathering status of the surrounding

organic ligands themselves in solution influences theasslémbled structure of metal

nanocores on a substrate.

-7 stacking

L
Disorder Hexagonal (hcp) Stripelike (1D)

small €<—— m-minteraction ——— large
small €<— Space between TPs on Au —> large
0/1 <— Ratio of methanol/toluene —> 3/1~2/1

Figure 6417 The possiblearrangement of AUTP depends on factors investigatéd; interaction, space

around TPs on Au, and solvent hydrophilicity (ratio of methanol/toluene). TakerShemet al %

In another report, Yamadzt al. emphasized thé-" interaction of the triphenylene (TP)
moiety they used to synthesize a series of discotic liquid particle mol&lUe stripe

like (linear 1D in row) selassembly of Au/TPs can be achieved in agirbarea due to

the formation of a column structure of TP originated from strofigstacking Figure

64). Patterns of arrangements could be changed by tuning the degréeimteraction
among TPs on adjacent AUPs to be stripdike, hcp or disorder. Changing the
hydrophilicity of the solvent lead to a strifjke arrangement of AuTP (sdegure 64),

the following points were found essential: (1) the sufficient free space around the TP
moieties, which asily allows the TP ligands on the adjacent AuNPs to intercalate. (2)
The adjustment of the solvent hydrophilicity (ratio between methanol and toluene) to

promote strongntermolecular stacking interaction of TP moieties among ARs.

Julien Boudorm University of Neuchatel 2009
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4.1.5.Mediated assembly oAuNPs

Recently, a new spotlight has been focused on block copolymers (BCPs), thoroughly
studied for nearly half a century, because of their potential use in numerous
nanotechnologies. This renewed interest is a consequence of thassssifbled

microdomairs characteristic of these materials. A recent review by Darling presents the

alignment approaches for a given polymer morpholédy.

Block copolymers result from the chemical integration of two or more monomer units in
random, alternating, or graft architecture chains. A block copolymer is comprised of
alternating segments of polymer chains synthesized using living polymerizAG&P(

RAFT, ROMP). In a living polymerization, a polymer chain is first grown while
maintaining an active end, after which a second monomer is added to grow a second
block onto the prexisting chain. If care is taken during the synthesis, the procedsecan
carried out several times to generate highly monodispersed, complex polymer
architecturd®! As an example, RB-PMMA is the short name fopolystyreneblock
poly(methyl methacrylateand it is made by first polymerizingtyrene and then
subsequently polymerizing MMA from the reactive end of the polystyrbaems; this

pol ymer is a Adiblock copolymero because i

triblocks, tetrablocks, multiblocks can be prepared.

If two polymers are blended, they will almost inevitably undergo a phase separation on
the macroscale @uthe unfavorable entropy of mixing two lengain macromolecules.
When a polymer chain is comprised of chemically connected, mutually immiscible or
incompatible segments or blocks, the polymer can undergo what is termed microphase
separation. Due to thehpsical connectivity of the two blocks, they cannot form large
phaseseparated domains, so instead the individual segmertsrgatiize into domains

with nanoscale dimensions. At certain chain lengths and volume fractions, the self
organized structures iehave welldefined 2D or 3D periodicity consisting for example

of ordered spheres, cylinders, lamellae and bicontinuous structures.

The length scale of separated domains and the architecture they adopt depends on the
molecular weight, composition, intetaans, and architecture of the segments and on the

nature of any cassembled additives, which may swell or cHirsis the systent®

The selfassembly of block copolymers films displays a marked sensitivity on the surface

properties of a substrate. This occurs because the two polymer blocks have different

Dendrimerbased Gold Nanopatrticles: Syntheses, Characterization and Organization
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wetting characteristics, and it follows from this fact that the patternergia by this
route will have a periodic modulation in their wetting properties. This contrast in surface
properties can be used quite impressively to selectively decorate blepélycoers
domains with various types of vapor deposited metals as refirtenbes and JaegEr!

This procedure begins with a BSPMMA block copolymer with blocks ratios such that

it selfassembles as dgbers of PMMA in a PS matrix. It is cast as a very thin film on a
SisN4 substrate, such that the block architecture consists of a very thin PMMA layer
wetting the substrate, a layer of PS matrix, and a monolayer of PMMA cylinders laying
parallel to the dostrate and exposed to the air interface. Therefore, the surface of the film

displays alternating stripes of PMMA (cylinders) and PS (matrix).

Figure 657 Nanoscale decoration of phaseparated RB-PMMA block copolymer film ona silicon
nitride substrate by selective wetting and accretion of a vapor deposited metals lika-gadahq silver ¢
ande) selectively in the PS phaseis as deposited) is annealedg is repeated deposition and annealithg,
is a large area anela closeup view. Scale bars are 200 nmairc and 100 nm ird ande. Taken from

Lopes and Jaeg&r’

When a small amount of metal tisermally evaporated onto this sasembled pattern,

the different wetting characteristics of the two polymer blocks will cause the metal atoms
to preferentially accrete in one of the domains. By annealing the sample above the glass
transition of the pgimer, the deposited metal can be driven exclusively in one block
(Figure 65, b andc). In the case of gold we see that even without annealing, the metal
atoms have a distinct affinity for the PS phdsgire 65a). After annealing, it is evident

that the gold has migrated exclusively to the PS domains (dark strigégure 65b

andc). Further deposition and annealing increasesgtild loading on the PS stripes,
eventually forming nanowires composed of discrete nanoparticles. In the case of silver,

metal prefers also the PS domains, but upon repeated deposition and annealing the

Julien Boudorg University of Neuchéatel 2009



Selfassembly at stake Page|123

formation of silver nanowiregan be seerfFigure 65¢), which have been found to

display metallic conductivity.

Figure 66 1 1.8nm PtNPs B) capped by a mercaptoammonium derivative) (selfassemble in
poly(isopreneblock-dimethylaminoethymethacrylate) Rb-PDMAEMA (D, Pl in circular wire bundle and
PDMAEMA in between the PI areas and amongst particles). Annealing affords a hybrid with an inverse
hexagonal morphologyE( and pyrolysis produces a mesoporousCRtomposite E). Taken fromWarren

et al®®

Warrenet al present results from the sel$sembly of block copolymers with ligand
stabilized platinum narmparticles, leading to lamellar and inverse hexagonal hybrid
mesostructures with high nanoparticle loadiigsPyrolysis ofthe inverse hexagonal
Pt/BCP hybrid produces an ordered mesoporous platoarbon nanocomposite with
open and | ar g d&iguedB8ER Rembval bfthe nanbon(leads to ordered
porous platinum mesostructsrérigure 66F). The platinurrcarbon nanocomposite has
very high electrical conductivity (400 S/cm) for an ordered mesoporous material

fabricated from block copolymer sed6sembly.

Wei and ceworkers showed that gisynthesized hydrophilic CdSeNPs and hydrophobic
AuUNPs (Au/G2Hzsi SH) can collectively selbrganize in the two distinct blocks of a-PS
b-P4VP diblock copolymer to form a highly ordered structtffe.At optimal
concentrations of the CdSeNPs and AuNPs, the binding between the P4VP blocks and the
CdSeNPs and the weak interactions between the PS blocks and the hauNRs
dispersion of the two types of NPs in their respective P4VP and PS blocks and subsequent
formation of a singlerystallinelike structure comprising P4VP/CdSe nanodomains
situated at the apexes of the tetragonal cell and a matrix filled with thieu NP

network.

Sknepnek et al considered nanoparticles and functionalized copolymers, block
copolymers with attached end groups possessing a specific affinity for nanoparticles, in
solution!®® Using molecular dynamics, they showed that nanoparticles are able to direct
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the selfassembly of the polymer/nanoparticle composite. They studied a wide range of
nanoparticle sizes and concentrations anavseldahat the nanoparticles order in a number
of distinct phases: simple cubic, layered hexagonal, hexagonal columnar, gyroid, and a
novel square columnar. They concluded that nanoparticles ordered with functionalized
block copolymers can provide a simpledaefficient tool for assembling novel materials

with nanometer scale resolution.

4.2. Tuning the optical and
electrical properties of AUNPs

4.2.1.Electrooptical properties

Nanoparticlebased materials have interesting optical and electrical properties, which are

derived from the properties of the particles as well as their organization.

Muller et al have shown that spherical gold nanoparticles behave optically like
spheroidal gold nanoparticles when embedded in anisotropic materials. Choosing an
electreoptically active medium such as a liquid crystal allows one to electrically tune the

resonances by the application of an electric f&ld.

Reznikovet al observed that dispersing low concentrations of submicron ferroelectric
particles in a nematic LC host enhances the dielectric response duekesna linear
response to the electric vectiérin a nematic. In contrast to molecular additives, these
particle dispersions substantially lower the operating voltage of LC displays and related

deviced®¥

Schmid and Simon demonstrated that the synthesis and the organization of gold
nanoparticles in 113 dimensions lead to unique electrical properties, caused by Coulomb
chaging and molecularly supported electron tran$féiThey insist on the fact that the
complex inteplay of particle size and size distribution, of constitution, symmetry,
conformation of the ligand molecules, the state of charge of the particles, and of the
embedding media and dielectric environment is not far enough understood. Therefore, the
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electricd properties need to be studied further to prove the reliability of the design

strategies they adopted.

AuNPs doped ferroelectric liquid crystal (FLC) mixture has been studied for its optical
and electreoptical properties. Fivefold increase in optical td obtained in the doped

FLC case at an applied bias of mere 0.1 V. Moreover, adding of gold nanoparticles to
FLC brings memory in the sample cell unlike the case of pure FLC. The enhanced
intrinsic field created in the sample because of AuNPs is atdbio the high tilt and
strong memory effect. The interaction of the collective electron wave oscillations in the
AuNPs with the electromagnetic wave from the incident light traversing through FLC

molecules probably leads out the observed relllts.

Evanset al have studied the electaptic response of a thin layer of liquid crystal
deposited onto gold nanorodd. For p-polarized light incident from the liquid crystal

side, theextinction peak associated with the nanorod longitudinal plasmon resonance is
completely suppressed. The peak could be recovered by applying an external electric field
parallel to the long axis of the nanorods. No extinction peak suppression is observed
when the light was incident from the nanorod side. The effect is explained by polarization

properties of liquid crystal.

Kumaret al have reported the synthesis of AUNPs fully covered with triphenylene (TP)
based discotic liquid crystal and their dispersiom a columnar matri%?
Characterizations indicate the intercalation of AUNPSs into the matrix of discotic liquid
particles. While a minor shift in the transition temperatures atserved, the nature of

the mesophases is not disturbed in these composites. They also exhibit enhanced
electrical conductivity of more than six orders of magnitude compared to the
corresponding neat triphenylene.

Khoo and coworkers modeled theoreticallpdastudied experimentally the optical
properties of gold nanoparticles dopediodecané® The refractive indices that were
measured exhibited resonances at visible wavelengths, which became more pronounced
as the volume fractionfmanoparticles was increased. The measured spectra agreed well
with the calculations based on simple Mie scattering theory. This preliminary study
shows that gold nanoparticles dispersed in fluid media are interesting materials for certain
metamaterial mperties, including tenability of the refractive index when they are
dispersed in appropriate birefringent media.
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Khoo and ceworkers also reported the dispersion of nanoparticles in a nematic liquid
crystal host medium that provides an efficient way obigleng tunable optical
metamaterials responding from the visible to the terahertz and microwave regime. As
studied in this article, these systems exhibit much larger birefringence than the nematic
host and possess suhity, zero, and even negative refrae indices with unique

reflection and transmission properti&s.

OX
3 - VR
ac field , " § re ” 3
AR Wy | fs‘\?j

Heating to Iso and
cooling to N-phase
with ac field “ON", then
field “OFF"

Figure 67 - Initial orientation and electritield-driven reorientation of the INC molecules under cell
preparation conditions, filled and cooled at fi€&F (upper section), and after heating above the clearing

point and subspient cooling to the Hhase at fieldDN (lower section). Taken fro®i et all®*”.

Hegmann and cworkers demonstrated an unprecedented dual alignment and switching
medianism in planar LC cells using nematic liqarystal(N-LC) molecules Figure 67)

with dielectric anisotropyp > 0 and small amounts of alkyl thiolatapped gold
nanocluster§” In both thermal and fieldhistory-dependent modes, the threshold
voltages were lower and theetkctric constants were higher than the values obtained for
the pure NLCs.

Electron hopping in films of nanopartiet®red dendrimers (NCDs) including 60 % of
n-generation dendrons ([{8o%» NCDs) was investigated by Shon andveorkers by
measurementsfahe currenipotential response of NCD films on interdigitated array
electrode$®® Different slopes of currefgotential responses suggested that the resistance
of NCD films increases with increasing generation of dendrons in the monolayer
surrounding a nanoparticle core. They suggestat this is probably due to the larger
nanoparticle core edegdge distance of [§o NCDs, resulting in slower electron
hopping through the films. Consequently, the resistance of films prepared fedgp[G
NCDs was higher than that of films from jlg, NCDs. These results suggest that the

Julien Boudorg University of Neuchéatel 2009



Tuning the optical ahelectrical properties of AUNPs Page|l127

electronic properties of monolayprotected nanoparticles can be further controlled by

surrounding the nanoparticle with dendrons of different generations.

4.2.2. About metamaterials

The original idea of this project wae prepare organimorganic composite materials
which exhibit a negative index of refractiofriqure 68). These are the smlled
metamaterials (MM). A promising concept for the elaboration of metamaterialsusehe

of periodic structures with periods considerably shorter than the wavelength &Flight.
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Figure 681 For a negative refractive index material tiedractedbeam occurs on the same side of the

surface nor mal as the inedidiengbi pwitHm<d. ol | owi ng Snel |l

Metamaterials & known for the microwave regime of the electromagnetic speétfum,

for which the necessary structuring of matter can be obtained by-dovap approach.
Extension towards the infrared and visible regions requires structuring at the dimensions
that are beyond the practical limits of the-ttgwn approach. This is the reasonywto
overcome this problem, a bottemp strategy was adopted for the preparation of
metamaterials operating in the visibfe.*l One way to perform that is the organization

of metal particles by incorporatingdim into liquidcrystalline matrices, i.e. randomly
dispersing coated comhell NPs in a LE® % or well-defined nanoparticles containing a
metal core and LC ligand shéff: 44!

Rockstuhl and Scharf emphasized the fact that a potential realization of such

arrangements can be envisaged by incorporating nanoparticles in mesogenic dendritic
molecules and presented an analysis of the optical properties of a MM based on closel

spaced metallic nanoparticles of small st#dsThe properties of such a medium allow

the effective permittivity to take negative values in the spectral domain. They discussed

the influences of the period and the iapéasine distances, and both parameters influence

on the effective permittivity.
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Figure 69 1 Metamaerial (MM) design: It consists of a monolayer of periodically arranged gold
nanoparticles (diamet& = 2 nm) embedded in an organic host medium as a function of the length of the
square period. The closest the particles are (a), the strongest theanefeist (b). Taken frorRockstuhl

and Scharf*.

Typical interlayer distances in sucha@ncept are about 5 nm, whereas the ilayar
spacing is given by the size of the moledfflewith the results obtained, it can be stated
that the resonant behavior of the unit cell still plays an important role at a particle size of

2 nm Figure 69), which is a prerequisite for an effective MM.

<0 Plasmon

Figure 707 Sketch of the steps to build an artificial metetamaterial. Using a noble metal such as gold

provides a large negative real part of the permittiily (<  0(g)) anmd aanoparticles made of it support

localized surface plasmons (LSP) for appropriate wavelengths(kpartf a metamaterial (MM) is made of

these nanoparticles, it becomes an effective medium having a strong Lyptresonance inhé
permittivity around t hé)).lInSase theapreddusMivgcouid bé dhapedsas & ; pa:
sphere it will support strong Mie resonances (fgd)}. Finally a material designed from these closely

packed MM spheres gives a matgtamaterial IMM) with a strong negative permeability in a domain
slightly smaller than the <w@& ypat(ep Makénhandoatlaptedhfrem Mi e r

Rockstuhlet al 14,

The concept to access artificial thh@ienensional structure is to build unit cells
(nanoparticles) surrounded by an organizing media (liguydtalline dendrimer coating)

controlling thespatial arrangement by s&fsembly with well ordered and controlled

Julien Boudorg University of Neuchéatel 2009



Results and discussion Page|l29

arrays of nanoparticles (illustrative sketchHigure 70). They consequently benefit from

a Lorentztype resonance in the permittivity at thalective plasmon frequency and may
produce resonances in the permeability possibly leading to negative refractive indices
(Figure 68).144 4%

4.3. Results and discussion

4.3.1.Marangoni instabilities observations

}) S b {
3 ‘ .

Figure 71 7 Rings of particles resulting from Marangoni instabilities concomitant with the rapid
evaporation of ChkCl, solution of particleA (Au/G,CBi SH). Images (a) and (b) show the ditfnt sizes

of rings: from a few tenth of nm to several € m.
particles are particularly emphasized close to it.

After synthesis and purification, a drop of particles is deposited on a eeobated

copper gril placed on a filter paper. The solvent is left to evaporate under the hood under

the cover of a watch glass without heating and subsequent TEM observations are made.

First observation at low magnification revealed the formation of rings of particles of
various sizes Kigure 71). The latter may result from a very thin film and/or a very low
interfacial tension leading to long wavelength Marangoni instabilftieshis appears
when the film thickness is dfhe same range as the convection fluxegure 57, left). A
long-range deformation of the surface is then generated and lead to the film rupture by a
hole nucleation processigure 57, right)*® This is obtained whatever the capping
ligand of NPsigure 72 andFigure 73).
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More complex organizations made of clgmecked structures are observed on the TEM

grid. Arrays of polygonal patterngigure 72, e and f) and/or chaotic pictureSigure

73) are seen. These structural changes are seemingly independent of the solvent used (low
polar but volatile CHCI, vs. polar MeOH) even if they depend on the evaporation rate
(provided that the evaporation is fast enough) and thus may be dhe boctease in
nanoparticle concentration and appeared to be independent of magnetic dipolar

interactions as well as shajmelependent as demonstrated by Pitral!*”!

An interesting point to notice is the assembly of particles inside and at a close proximity

of the ring boundaries. Even if none of the sample presented here is monodisperse
particles bearing the (GBI SH dendron present a distinct organization on the surface
(Figure 71andFigure 73) at the opposite of the particl
chains Figure 72).

Figure 727 Rings of AuNPs capped with,;@H,s1 SH (a and b), pMP (c), {H»:1 SH (d) and GH131 SH (e

and f) deposited from a GBI, solution (c: from methanol) on a carbooated copper grid. It can be
noticed that no particular organization of particles is observed close to the ring rim as it was the case for
particlesA in Figure 71. Note a deformation of the rings in the case of Ayigi SH (d) and even the
observation of polygoshaped patterns (a penta hexa, and a heptagone can be noticed in the middle of

(e)) magnified in (f).
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Figure 731 Crosslinked rings resulting from the evaporation of {1} of a solution of gold particles
containing GCBi SH introduced by ligand exchange ong,l8,5i SH-capped particles (AuiGHosl
SH+GCBiISH) . The dark fAwallso correspond to nanopart:.i

correspond to low particle density areas.

4.3.2. AuNPs bearing different ratios of GR;SH

Some ofthese results concerning the AuNP organization are publisheigln Chim.
Acta, 20081“% |n addition, illustrative TEM images are added in the present manuscript to

emphasize this interesting phenomenon.

AuUNPs particles including compoudd G;CBi SH) in their shell were synthesized in two
different manners: the first one lead to particles A in a direct synthesis where compound
is directly used as the stabilizing ligand; the second one results from a déigelnange
with compoundl on Au/G;Hzsi SH synthesized prior to thiS¢hemel9).

Q
- o-(CHz)m—o—Q—cozcw
AuNP  HS—(CH;)10—COy
O—(CH2)1D—O—©—COZCN
d
n
Particles A

Schemel9 i AuNPsA including 100 % of compound and AuNPsB having 40 % of cyanobiphenyl

derivativel.

Dendrimerbased Gold Nanoparticles: Syntheses, Characterization and Organization







































































































































