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In the scientific community, it is commonly used to designate structures at least
1 nm but less (often much less) than 1mm. However, semantics apart, there is
another requirement that is commonly accepted for inclusion in the 
“nanoclub”; the structure should be artificially made. Note that the word 
‘structure’ is deliberately used: macromolecules, for example, can justifiably be 
considered to be nanomaterials, yet they are not usually so classified.

NANOMATERIALS

definition

size

❖“what is so special about nanomaterials”?

UNIVERSITÀ DEGLI STUDI DI TRIESTE – Prof. Lucia Pasquato



5

❖ What properties or behavior can nanomaterials exhibit that they would
not do if they were not so small? 

NANOMATERIALS

this, another phenomenon connected with the size quantiza-

tion of semiconductor nanoparticles, but which is also depen-

dent on the very large surface area of porousnanoparticle ma-

terials is discussed: the effect of surface adsorption on optical

absorption. Nanowires and nanotubes, the subject of the final

topic, have been intensively investigated in the past several

years with potential applications in a number of devices. Here

one of these is treated—field-effect transistors (FETs) fabri-

cated from nanowires and nanotubes.

2. General Introduction to
Nanometer-Size-Determined Phenomena

Table 1 presents an overview of different size properties of

nanomaterials/structures and typical upper size scales where

they start to be exhibited. Some of these effects are common

and well-known; others more specific. They all represent ef-

fects that would not be seen in larger structures, and that are

discussed below.

2.1. Size Quantization

Size quantization is probably the best-known of the differ-

ent size-dependent properties and the one that will constitute

much of this report. Size quantization refers to changes in the

energy-level structures of materials as the material-unit (most

often a crystal) size dropsbelow a certain size. Thissize, which

can be identified with the Bohr diameter of the material, can

vary from almost 100 nm to a single nanometer or even less.

For most semiconductors, it is typically between a few nano-

meters and several tens of nanometers. For metals, it is small-

er. For gold clusters, which is one of the subjects of this Re-

port, it is approximately 1 nm (often less than 100 atoms).

Size quantization is characterized by an increase in bandgap

(blue-shift in optical spectra) and increasing separation of en-

ergy levels with decrease in crystal size. A s the energy-level

structure changes continuously with change in crystal size (in

the size-quantization regime), a material of a particular fixed

chemical composition can be made with varying and tunable

physical properties. In other words, basic material properties

are determined by the physics rather than by the chemistry of

the material.

2.2. Single-Electron Charging and Single-Charge Effects

The energy needed to add a charge to an isolated structure

is given by the charge divided by twice the capacitance. The

smaller the capacitance, the larger is this energy. I f this charg-

ing energy is not much larger than the thermal energy

(26 meV at room temperature), then it will be swamped by

the thermal energy and will not have any major effect on the

operation of a device. A lthough the capacitance of a structure

is dependent on a number of different factors, for most semi-

conductors, 26 meV represents a structure size of approxi-

mately 40 nm. Therefore only when a structure size is less

than about half this value (ca. 20 nm) will charging by a single

charge be clearly distinguishable above the background ther-

mal energy at room temperature. I t is for this reason that all

early experiments in this field were carried out at very low

temperatures: single-charge effects could then be observed

for larger structures. A very clear indication of the experimen-

tal low-temperature limit for carrying out such measurements

is given by the Call for Papers for the 190th meeting of the

Electrochemical Society in October, 1996. A Session entitled

‘Single-Electron Nanoelectronics’ included the description:

“A special focus will be on single-electron devices operating

at relatively high temperatures (4 K and beyond)” . A ctually,

by this time, room-temperature single-electron transport had

already been reported.[1,2]

Single-electron transport is important for a number of rea-

sons. There is the obvious one of allowing the clear visualiza-
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Gary Hodes was born in Belfast, N. I reland. After receiving his Ph.D. from theQueen’s Univer-

sity of Belfast in hydrogen–deuterium exchange during water electrolysis, he moved to Israel,

joining the Weizmann Institute of Science in 1972. After a couple of years in organic electro-

chemistry, he moved into the field of photoelectrochemistry. Since then, the emphasis of his work

has been on solution-deposition of semiconductor films (by electrodeposition and chemical-bath

deposition), and use of these films in photoelectrochemical and photovoltaic solar cells. In the

1980s, he branched out into nanocrystalline and quantum-dot films. His present research is on

nanocrystalline semiconductor films, with varying emphasis on deposition procedures, surface

modification of nanocrystals, and nanocrystalline solar cells.

Table 1. Different size-related phenomena. The length scales are a rough

estimation of the size below which the phenomenon can be observed

(for the last three phenomenon, typical values of the sizes—screening

lengths and ballistic transport in particular—can vary over orders of

magnitude).

Phenomenon Typical length scale

Size quantization tens of nanometers

Crystal phase tens of nanometers

Doping/defects tens of nanometers

Single-charge effects ca. 50 nm (at room temperature)

Charge depletion (screening length) ca. 100 nm

Scattering/ interference of light hundreds of nanometers

Ballistic electron transport hundreds of nanometers
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gold nanoparticles are known since ancient time, 5º - 4º millenium B.C.
(China, Egypt). We believe that ancient Egyptian  known how to prepare 
"soluble" gold and they were used these solutions as "elisir".

colloidal gold sols are used to obtain red glass 

A brief historical background

around 1600 Paracelso (1493-1541)  described the preparation of 
"aurum potable, oleum auri: quinta essentia auri" by reduction of 
acid tetrachloroauric using  an alcoholic extract of plants.

At that time medical doctors believed that "drinkable gold"
exert curative properties for several diseases.
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The roman industry of  IV century A.D., developed a sophisticated use of metal NPs, 
they were able to produce colored glass with particular optical properties.
For example the addition of Ag and Au compounds, enable to produce glass 
which appear to be   green under reflected light and red under trasmitted light. 
The famous "Licurgus cup" has been realized with this technique. 

day light (reflected light) trasmitted light

40 ppm of Au and 300 ppm of Ag

TEM image

A brief historical background
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around the half of 19th century the Italian physicist  Enrico Selmi write

a description of  "colloids“, not very different from the actual definition. 

in 1857 Michael Faraday reported the first scientific studies on preparations

of colloidal gold solutions, M. Faraday, Phil.Trans.Roy. Soc. 1857, 147, 145.

in 1861 the term "colloid" (from the greek kolla) was conied by the 

Scottish chemist Thomas Graham

Nanoparticles - hystorical background

AuCl4
reduction

on CS2

white

phosphorous

diameter of 3 ÷ 30 nm

solution of 

colloids

two phase system

UNIVERSITÀ DEGLI STUDI DI TRIESTE – Prof. Lucia Pasquato
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Milan - DuomoFlorence - Santa Croce

Nanoscale materials have different properties when compared to their bulk

counterparts!

Nanoscale Materials

UNIVERSITÀ DEGLI STUDI DI TRIESTE – Prof. Lucia Pasquato

«The kiss» by Gustav Klimt, 
1908 
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Nanoparticles - quantum dots

nanorods

0 dimensional nanomaterials:

unique properties due to

quantum confinement

and very high surface/volume ratio

1 dimensional nanomaterials:

extremely efficient

classical properties

nanowires

These ultra-long devices exhibit tremendous photothermal

properties, converting up to 90% of incident light

energy to heat. 

Nanoscale Materials

UNIVERSITÀ DEGLI STUDI DI TRIESTE – Prof. Lucia Pasquato
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Properties of Metal Nanoparticles

Optical Properties

Nanoscale Materials have different properties when

compared to their bulk counterparts!

UNIVERSITÀ DEGLI STUDI DI TRIESTE – Prof. Lucia Pasquato
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Electronic Properties

Otical properies of semiconductor NPs
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Nanoscale Materials
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Properties of Metal Nanoparticles

UNIVERSITÀ DEGLI STUDI DI TRIESTE – Prof. Lucia Pasquato

size range class major property example

< 2 nm cluster molecular- to metal-like Au11, Au28, Au39, 
Au55, Au102

2 – 10 nm catalytic particle enhanced catalytic activity tiny nanoparticles

0–300 nm plasmonic crystal surface plasmon
resonance

polyhedrons, rods, 
wires, plates
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Synthesis of metal nanoparticles

PVD (physical vapor deposition)

formation of clusters in the gas phase - Au metal as strating material 
for example, the nanoparticles are formed from bulk metal  by irradiating it with a laser beam. 

At low laser flux, the material is heated by the absorbed laser energy and evaporates

or sublimates and deposited over a solid support, under UHV condition.

es. cathodic arc deposition, sputter deposition, electron beam physical vapor deposition, laser ablation

CVD (chemical vapor deposition)  

organometallic compounds as starting material
In a typical CVD process, the wafer (substrate) is exposed to one or more volatile precursors, 

which react and/or decompose on the substrate surface to produce the desired deposit. 

Frequently, volatile by-products are also produced, which are removed by gas flow through

the reaction chamber.

critical issues: control of the NP size and dispersion, (stability under ambient 

and/or biological conditions) 

Laser Ablation is the process of removing material from a solid (or occasionally liquid) surface

by irradiating it with a laser beam. At low laser flux, the material is heated by the absorbed laser
energy and evaporates or  sublimates. At high laser flux, the material is typically converted to a
plasma. Usually, laser ablation refers to removing material with a pulsed laser, but it is possible to
ablate material with a continuous wave laser beam if the laser intensity is high enough.  

UNIVERSITÀ DEGLI STUDI DI TRIESTE – Prof. Lucia Pasquato
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12-64 nm

Reduction with sodium citrate developped by Frens in 1973: 

this is the most used method for the preparation of gold colloids.

NPs size may increases using more diluted solutions. 

J. Turkevitch, P. C. Stevenson, J. Hillier, Disc. Farady Soc. 1951, 11, 55.

COO  Na

COO  Na

OH

COO  Na

[AuCl4]

COOH

COOH

O +  CO2   +   Au(0)

Synthesis of metal nanoparticles in liquid phase

it is easy

•it requires only water

•it requires skills

•has reproducibility issues

UNIVERSITÀ DEGLI STUDI DI TRIESTE – Prof. Lucia Pasquato

J. Chem. Edu. 1999, 76, 949.
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12 nm

12-64 nm

O

HO OH

O
H OH

CH2OH

ascorbic acid

ox. O

O O

O
H OH

CH2OH

H2O
CH2OH

HO H

H OH

C O

C O

COOH

reduction of HAuCl4 with different reducing agents

CH2

HO COO

CH2

COO

COO Na

Na

Na

sodium citrate

2-5 nm         sodium borohydride (NaBH4)

UNIVERSITÀ DEGLI STUDI DI TRIESTE – Prof. Lucia Pasquato

Synthesis of metal nanoparticles in liquid phase
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the strength of the reducing agent determine the NP size

the reaction conditions are also very important in determining

the average diameter 

the size may be reduced by: increasing reductant

decreasing volume

increasing stirring

increasing temperature

UNIVERSITÀ DEGLI STUDI DI TRIESTE – Prof. Lucia Pasquato

Synthesis of metal nanoparticles in liquid phase
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the energetic maximum can be easily overtake increasing, for example, the ionic strength

or by increasing the thermal movement of the NPs.

Electrostatic stabilization: the electrical double layer

UNIVERSITÀ DEGLI STUDI DI TRIESTE – Prof. Lucia Pasquato

Synthesis of metal nanoparticles in liquid phase
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Steric stabilization

polymers, surfactants, and ligands may be used to form a protective monolayer

polymers: they should present specific groups that bound to the NPs surface 

Gold Number: quantity of polymer that stabilize 1 g of a solution of 

50 mg/L of colloidal gold against aggregation in the presence of  NaCl 1%

PVP [poly(vinylpyrrolidone)] and PVA, poly(vinyl alcohol) o

CTAB (cetyltrimethilammonium bromide)

These polymers have been used also to stabilize Pt and Ag NPs

UNIVERSITÀ DEGLI STUDI DI TRIESTE – Prof. Lucia Pasquato

Synthesis of metal nanoparticles in liquid phase
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TEM (transmission electron microscopy): give information about structure

Dimension, dispersion, shape, and composition of the metal core 

Characterization of NPs

HRTEM high resolution TEM, atomic layers distance.

XRD 

SAXS small-angle X-ray scattering (down to 1 nm)

anomalous SAXS (synchrotron radiation)

WAXS wide-angle X-ray scattering

EDX energy dispersive X-ray spectroscopy

EXAFS extended X-ray absorption fine structure

X-ray diffraction

XPS X-ray photoelectron spectroscopy 

Mössbauer spectroscopy

XANES X-ray absorption near-edge structure 

STS scanning-tunneling spectroscopy

HAADF-STEM high-angle annular dark-field imaging in the scanning electron microscope

UNIVERSITÀ DEGLI STUDI DI TRIESTE – Prof. Lucia Pasquato

BF-TEM  and ADF-STEM tomography (Bright field and annular dark field) electron 
tomography for 3D reconstruction of  nanoparticles shapes. 

EDX: energy dispersive X-Ray analysis
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Characterization of NPs

UNIVERSITÀ DEGLI STUDI DI TRIESTE – Prof. Lucia Pasquato

UV-Vis spectroscopy provides valuable information regarding shape, size, interparticle

distance and aggregation of nanoparticles.

DLS, Dynamic light scattering analysis determines the average hydrodynamic 
size and size distribution profiles of the particles in solution and , zeta potential. 

NTA, nanosight traching analysis,  NPs populations of different size are 
recognized

TGA Thermal analysis including thermogravimetric analysis 

DSC differential scanning calorimetry: can be used to analyse the amount 
of organic residues and surface melting properties of the organic coating.
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Trasmission Electron Microscope

Jeol 2010F UHR TEM/STEM electron microscope
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Trasmission Electron Microscopy

BF-TEM tomography for nanoparticles coated by PEG 1 kDa +
PNIPAM 1.2 kDa and stained with CuSO4.
Liz-Marzan L. M. et al. Chem. Commun., 2016, 52, 4278—4281.

M. Cargnello, P. Fornasiero, C. B. Murray et al. 
Science 2013, 341, 771-773.
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Trasmission Electron Microscopy

with EDX
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full-shell clusters: clusters are like onions, each atom like to complete his

coordination number

for metals the coordination number is 12

the first full-shell cluster is composed of 1+12 = 13 atoms

the shell nth includes 10n2 + 2 atoms

n shell 1 2 3 4 5 6 7 8 9 10

n. atoms

last shell

12 42 92 162 252 362 492 642 812 1002

n. total

atoms

13 55 147 309 561 923 1415 2057 2869 3871

92.3 76.4 62.6 52.4 44.9 39.2 34.8 31.2 28.3 25.8

average d (nm) 1.4 1.9 2.0 2.8 3.0 4.4 4.6

Au, Pd, Pt,

% surface

atoms

UNIVERSITÀ DEGLI STUDI DI TRIESTE – Prof. Lucia Pasquato

Synthesis of metal nanoparticles in liquid phase
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UNIVERSITÀ DEGLI STUDI DI TRIESTE – Prof. Lucia Pasquato

Synthesis of metal nanoparticles in liquid phase

decahedron icosahedron cuboctahedron

only {111} surfaces 

for particles < 5 nm for larger particles
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HAuCl4 + 2PPh3 + H2O                 Ph3PAuCl + Ph3PO + 3HCl

EtOH 

or THF

Ph3PAuCl + NaBH4 Au11(PPh3)7Cl3

EtOH 

or THF

Step 1.

Step 2.

Step 3.

Step 4.

Au11(PPh3)7Cl3 + ~30CH3(CH2)11SH                  Au11-13(PPh3)x(SC12)yClz
THF

Column chromatography to remove PPh3O, Ph3PAuCl, [CH3(CH2)11S]2

UNDECAGOLD

"undecagold" derivatives have been widely used as markers of biological

compounds and for histochemical analysis

P. A. Bartlett, B. Bauer, S. J. Singer, J. Am. Chem. Soc. 1978, 100, 5085.

F. Cariati, L. Naldini, Inorg. Chim. Acta, 1971, 5, 172.

UNIVERSITÀ DEGLI STUDI DI TRIESTE – Prof. Lucia Pasquato
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to bound thiols

it reacts with amines

H. Yang, P. A. Frey, Biochemistry, 1984, 23, 3849, 3857, 3863.

conjugates of peptide, ATP, nucleic acids, lipids, phospholipidis, carbohydrates,

antibodies, etc. have been prepared.

UNDECAGOLD

UNIVERSITÀ DEGLI STUDI DI TRIESTE – Prof. Lucia Pasquato
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Monolayer protected clusters MPCs

water Toluene

H+ AuCl4
-

Au
S

Ott4N+  Br-

Ott4N+  AuCl4
-

R

n
Aup(SR)q

H+ Br-

RSH NaBH4

MPCs OF DIFFERENT SIZE MAY BE OBTAINED USING DIFFEREN REACTION CONDITIONS:

 RATIO RSH/Au REDUCTION RATE  TEMPERATURE

UNIVERSITÀ DEGLI STUDI DI TRIESTE – Prof. Lucia Pasquato
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Au NPs synthesis

Revised View of the Two-Phase Brust-Schiffrin Au Nanoparticle Synthesis

P. J. G. Goulet, R. Bruce Lennox J. Am. Chem. Soc. 2010, 132, 9582–9584.

Y. Li, O. Zaluzhna, B. Xu, Y. Gao, J. M. Modest, Y. J. Tong  J. Am. Chem. Soc. 2011, 133, 2092–2095.
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Nanoparticles – Au140

Au140

the core

Whetten, R. L. et al. Acc. Chem. Res. 1999, 32, 397

UNIVERSITÀ DEGLI STUDI DI TRIESTE – Prof. Lucia Pasquato
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Nanoparticles – the core

UNIVERSITÀ DEGLI STUDI DI TRIESTE – Prof. Lucia Pasquato

XPS - X-ray photoelectron spectroscopy is a surface-sensitive quantitative spectroscopic technique that
measures the elemental composition at the parts per thousand range, empirical formula, chemical state and
electronic state of the elements that exist within a material. XPS spectra are obtained by irradiating a material
with a beam of X-rays while simultaneously measuring the kinetic energy and number of electrons that escape
from the top 0 to 10 nm of the material being analyzed.
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W. D. Luedtke, U. Landman J. Phys. Chem. 1996, 100, 13323; J. Phys. Chem. B 1998, 102, 6566

Au140(C12H25S)62

350 K200 K

Nanoparticles - the monolayer

UNIVERSITÀ DEGLI STUDI DI TRIESTE – Prof. Lucia Pasquato
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Science 2007, 318, 430.

Fig. 1. X-ray crystal structure determination of the Au102(p-MBA)44 nanoparticle. (A) Electron density

Map (redmesh) and atomic structure (gold atoms depicted as yellow spheres, and p-MBA shown as

framework and with small spheres [sulfur in cyan, carbon in gray, and oxygen in red]). 

Au-NPs 

UNIVERSITÀ DEGLI STUDI DI TRIESTE – Prof. Lucia Pasquato
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Structure of a thiol monolayer-protected Gold Nanoparticle 
at 1.1 Ǻ resolution

MD (m,n,p)
Fig.A: Packing of gold

atoms in the nanoparticle. (A) MD (2,1,2) 

in yellow, two 20-atom“caps” at the

poles in green, and the 13-atom 

equatorial band in blue.

UNIVERSITÀ DEGLI STUDI DI TRIESTE – Prof. Lucia Pasquato
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Structure of a thiol monolayer-protected Gold Nanoparticle 
at 1.1 Ǻ resolution

The local environments of the 13 atoms of the equatorial band.

View down the cluster 

axis of the two 

enantiomeric particles

UNIVERSITÀ DEGLI STUDI DI TRIESTE – Prof. Lucia Pasquato
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Structure of a thiol monolayer-protected Gold Nanoparticle 
at 1.1 Ǻ resolution

Successive shells of gold atoms 

interacting with zero (yellow), one 

(blue), or two (magenta) sulfur atoms. 

Sulfur atoms are cyan.

Histogram of distances from the center 

of the cluster of the different shells.

Yellow, the 49-atom MD; brown, gold 

atoms bound to one sulfur atom; blue, 

gold atoms bound to two sulfur atoms; 

cyan, sulfur atoms.

UNIVERSITÀ DEGLI STUDI DI TRIESTE – Prof. Lucia Pasquato



39

Structure of a thiol monolayer-protected Gold Nanoparticle 
at 1.1 Ǻ resolution

Example of two p-MBAs interacting 

with three gold atoms in a bridge 

conformation, here termed a staple 

motif. Gold atoms are yellow, sulfur 

atoms are cyan, oxygen atoms are 

red, and carbon atoms are gray.

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

the MD are shown (in red).

UNIVERSITÀ DEGLI STUDI DI TRIESTE – Prof. Lucia Pasquato
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Structure of a thiol monolayer-protected Gold Nanoparticle 
at 1.1 Ǻ resolution

π-π stacking interaction: A) face-to-face B) edge-to-face

UNIVERSITÀ DEGLI STUDI DI TRIESTE – Prof. Lucia Pasquato
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Structure of a thiol monolayer-protected Gold Nanoparticle 
at 1.1 Ǻ resolution

(C) S-Ph stabilization

(D) Chains of interacting p-MBAs, extending across the 

surface of the nanoparticle, indicated by a different color

for each chain.

UNIVERSITÀ DEGLI STUDI DI TRIESTE – Prof. Lucia Pasquato
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Structure of a thiol monolayer-protected Gold Nanoparticle 
at 1.1 Ǻ resolution

View of the crystal structure showing interparticle interaction mediated

throughhydrogen bonding between carboxylic acids.

UNIVERSITÀ DEGLI STUDI DI TRIESTE – Prof. Lucia Pasquato
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Structure of a thiol monolayer-protected Gold Nanoparticle 
at 1.1 Ǻ resolution

View of the crystal structure showing interparticle interactions

mediated between stacked phenyl rings.

UNIVERSITÀ DEGLI STUDI DI TRIESTE – Prof. Lucia Pasquato
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M. W. Heaven, A. Dass, P. S. White, K. M. Holt, R. W. Murray J. AM. CHEM. SOC. 2008, 130, 3754-3755

Crystal Structure of the Gold cluster [N(C8H17)4][Au25(SCH2CH2Ph)18]

UNIVERSITÀ DEGLI STUDI DI TRIESTE – Prof. Lucia Pasquato
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An ordered raft comprising Au nanoparticles of two distinct sizes with

RB/RA < 0:58. Shown are electron micrographs at low (a) and higher 

(b) magnification. c, The low-angle superlattice electron diffraction pattern obtained from

this bimodal raft structure.

Nanoparticles - spontaneous ordering

C. J. Kiely, J. Fink,M. Brust, D. Bethell,  D. J. Schiffrin, Nature, 1998, 396, 444.

Au NPs of 4.5 ± 0.8 and 7.8 ± 0.9 nm    

UNIVERSITÀ DEGLI STUDI DI TRIESTE – Prof. Lucia Pasquato
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3D alkanethiolate monolayers

A. Badia, L. Cuccia, L. Demers, F. Morin, B. R. Lennox, J. Am. Chem. Soc., 1997, 119, 2682.

UNIVERSITÀ DEGLI STUDI DI TRIESTE – Prof. Lucia Pasquato
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Figure 11. (a) (Left) TEM image of a face-centered, cubic packed, array of silver nanoparticles, passivated

with a dodecanethiolate monolayer, with a truncated octahedral morphology (see inset). (Right) 

Representation of the proposed packing of the particles via interdigitation of the bundled alkyl chains on each

face. (b) (Left) TEM image of a monolayer of self-assembled silver tetrahedra passivated with 

dodecanethiolates. The bracketed area most closely matches the proposed model. 

3D alkanethiolate monolayers

UNIVERSITÀ DEGLI STUDI DI TRIESTE – Prof. Lucia Pasquato
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Nanoparticles - characterization

TEM

UNIVERSITÀ DEGLI STUDI DI TRIESTE – Prof. Lucia Pasquato
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NANOPARTICLES - characterization

UNIVERSITÀ DEGLI STUDI DI TRIESTE – Prof. Lucia Pasquato
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NMR spectroscopy

UNIVERSITÀ DEGLI STUDI DI TRIESTE – Prof. Lucia Pasquato

1H

13C

HS
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characterization

UV-Vis spectroscopy

2.8 nm
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Core size histogram: core diameter 2.2 ± 0.4 nm

ppm

MPC-C12
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MPC-C12    - TGA AnalysisAu116(SR)50 (MW= ) 

MPC-C12

UNIVERSITÀ DEGLI STUDI DI TRIESTE – Prof. Lucia Pasquato



gold nanoparticles protected by a self-assembled organic layer

the metal core
✓ the size of the metal core determines
the optical and elctronic properties
✓ the reaction conditions enable to tune
the size, the shape and the dispersion

the self-assembled monolayer
✓ it is formed by a self-assembly process
✓ it is responsible for the stability

the solubility
the interaction with the environment
the function of the NP

UNIVERSITÀ DEGLI STUDI DI TRIESTE – Prof. Lucia Pasquato
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water soluble nanoparticles

tiopronin

glutathione

coenzyme A



UNIVERSITÀ DEGLI STUDI DI TRIESTE – Prof. Lucia Pasquato

water soluble nanoparticles
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water soluble nanoparticles

Homogeneous phase synthesis

HAuCl4 + Polyether-MPC
NaBH4

HS

MeOH/H2O

HS

O

H
N

O
O

O

The hydrocarbon chain ensures

the formation of a compact and 

tidy monolayer near the surface 

of the nanoparticle metal core

The polyether chain, even 

of  short length, ensures

MPCs  solubility in water and

polar solvents

HS

Quantitative conversion of HAuCl4

Diameter of the gold core 1.5 - 4.2 nm

Pengo, P; Polizzi, S.; Battagliarin, M.; Pasquato, L.; Scrimin, P. J. Mater. Chem. 2003, 13, 2471-2478.

Strong influence of the reduction rate
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water soluble nanoparticles

Thiolate Ligands for Synthesis of Water-Soluble Gold Clusters

C. J. Ackerson, P. D. Jadzinsky, R. D. Kornberg J. AM. CHEM. SOC. 2005, 127, 6550-6551



Indian mallow pollen grain
M. Oeggerli, http://ngm.nationalgeographic.com/
2009/12/pollen/oeggerli-photography, 2009

Cowpea Mosaic Virus
Thomas Splettstoesser
(www.scistyle.com) 

yellow fever virus
www.bianoti.com

From Nature ......

➢ Janus-like structures

Heme dimer Hydrophobin
J. Rouvinen J. Biol. Chem. 2004, 279 527.

➢ Patches-like systems

1. morphology is relevant



2. ligand packing is relevant

➢ maximize VdW interactions, and eventual
week interactions among FG 

➢ complex interfaces

➢ may prevent electrostatic repulsion among
charged FG

➢ reduced VdW interactions
➢ may offers a better protection of Au surface
➢ one «sferical» interface
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Monolayer packing

F. Stellacci et al. J. AM. CHEM. SOC. 2006, 128, 11135-11149.
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Properties of the Monolayer
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EPR Spectroscopy as a tool to investigate the monolayer properties

M. Lucarini, P. Franchi, G. F. Peduli, P. Pengo, P. Scrimin, L. Pasquato, J. Am. Chem. Soc., 2004, 126, 9326.

N
HO

O
N

HO

O

+

-

the hyperfin coupling constants a(N) and a(2Hb) are larger in polar media
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Properties of the Monolayer

k+ 7.7 109 M-1s-1

k- 1.9 106 s-1

Keq 5.683 M-1

M. Lucarini, P. Franchi, G. F. Peduli, P. Pengo, P. Scrimin, L. Pasquato, J. Am. Chem. Soc., 2004, 126, 9326.

H2O

H2O/MPC-C8-TEG

computer simulation

MPC-C8-TEG, d = 3.4 nm, s 0.7 nm

1÷2 x 10-5 M

N

O

OH

rapid exchange of the probe between the aqueous phase and the monolayer

the nitroxide group is located in a less polar environment shielded from the aqueous solvent
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Nanoparticle core diameter, nm1.6 nm
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5.3 nm

N
HO

O

2

M. Lucarini, P. Franchi, G. F. Pedulli, C. Gentilini, S. Polizzi, P. Pengo, P. Scrimin, L. Pasquato, J. Am. Chem. Soc. 2005, 127, 16384.

Keq 104.0 M-1

Keq 77.6 M-1

Keq 34.4 M-1

Monolayer packing
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Monolayer packing

NP T (K) aN (G) a2H (G) Keq (M-1)

- 300 16.25 10.14

- 340 16.22 9.80

NP-1 300 15.20 8.50 131

NP-1 340 15.35 8.46 20

NP-2 300 14.50a

15.18

8.45a

8.58

NP-2 340 15.15 8.50 320

NP-3 300 15.15 8.40 133

NP-3 340 15.40 8.48 26

NP-4 300 14.40a

15.23

8.38a

8.30

NP-4 330 14.58a

15.33

8.40a

8.33

NP-4 340 15.32 8.40 98

NP-5 300 15.25 8.35 550

NP-6b 298 15.70 9.00 77

Table 1. Spectroscopic parameters for the radical probe 

and partition equilibrium (Keq) constants.

M. Lucarini, P. Posocco, L. Pasquato et al. J. Coll. Interf. Sci. 2022, 607, 1373.
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Monolayer packing

M. Lucarini, P. Posocco, L. Pasquato et al. J. Coll. Interf. Sci. 2022, 607, 1373.
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Monolayer packing

M. Lucarini, P. Posocco, L. Pasquato et al. J. Coll. Interf. Sci. 2022, 607, 1373.

a) b)

Figure S2. a) Binding of the radical probe (in red) within NP6. Solvent is omitted for clarity, oxygen atoms are

in red and nitrogen atoms in blue, all the others atoms of the ligand are in green.

b) Radial distribution function (RDF) of nitrogen atom of the radical probe (solid line, left axis) and thiolate of 6 (dotted line, right axis)

reported from the gold surface.
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Monolayer packing

M. Lucarini, P. Posocco, L. Pasquato et al. J. Coll. Interf. Sci. 2022, 607, 1373.
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Figure S3. a) Binding of the radical probe (in red) within NP1. b) Radial distribution function (RDF) of nitrogen atom of the 

radical probe (solid line, left axis) and ligand (dotted line, right axis) reported from the gold surface. c) Normalized water 

distribution at increasing distance from the gold surface for NP1. The graphs plot the distribution of the atom (oxygen of 

water or carbon of thiols) closest to spherical surfaces (centered on the gold core and placed at increasing distances from NP 

surface) shown as a two-dimensional projection of the sphere surface (x-axis, the azimuthal angle φ; y-axis, the cosine of the 

polar angle θ). Value of 1 indicates that an oxygen atom of a water molecule is always the closest; if it is equal to 0, it indicates 

that a carbon atom of a chain is always the closest. Simplifying, red to yellow areas represent poorly hydrated zones, while 

blue areas stand for highly hydrated parts of the monolayer (at a certain distance from the gold surface). The grey shaded area 
superimposed to the ligand structure helps to identify the region of the monolayer to which the water maps refer. At distances 

lower than those considered the microenvironment is almost hydrophobic, while at higher distances it is fully hydrated and 

no major difference between the monolayers could be then detected. 

  

NP1
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Figure S4. a) Binding of the radical probe (in red) within NP3. b) Radial distribution function (RDF) of nitrogen atom of the 

radical probe (solid line, left axis) and ligand (dotted line, right axis) reported from the gold surface. c) Normalized water 

distribution at increasing distance from the gold surface for NP3. The graphs plot the distribution of the atom (oxygen of 

water or carbon of thiols) closest to spherical surfaces (centered on the gold core and placed at increasing distances from NP 

surface) shown as a two-dimensional projection of the sphere surface (x-axis, the azimuthal angle φ; y-axis, the cosine of the 

polar angle θ). Value of 1 indicates that an oxygen atom of a water molecule is always the closest; if it is equal to 0, it indicates 

that a carbon atom of a chain is always the closest. Simplifying, red to yellow areas represent poorly hydrated zones, while 

blue areas stand for highly hydrated parts of the monolayer (at a certain distance from the gold surface). The grey shaded area 

superimposed to the ligand structure helps to identify the region of the monolayer to which the water maps refer. At distances 

lower than those considered the microenvironment is almost hydrophobic, while at higher distances it is fully hydrated and 

no major difference between the monolayers could be then detected. For bundled monolayer morphologies as in NP3, red 
areas are mainly constituted by space points belonging bundles. 
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Figure S4. a) Binding of the radical probe (in red) within NP3. b) Radial distribution function (RDF) of nitrogen atom of the 

radical probe (solid line, left axis) and ligand (dotted line, right axis) reported from the gold surface. c) Normalized water 

distribution at increasing distance from the gold surface for NP3. The graphs plot the distribution of the atom (oxygen of 

water or carbon of thiols) closest to spherical surfaces (centered on the gold core and placed at increasing distances from NP 

surface) shown as a two-dimensional projection of the sphere surface (x-axis, the azimuthal angle φ; y-axis, the cosine of the 

polar angle θ). Value of 1 indicates that an oxygen atom of a water molecule is always the closest; if it is equal to 0, it indicates 

that a carbon atom of a chain is always the closest. Simplifying, red to yellow areas represent poorly hydrated zones, while 

blue areas stand for highly hydrated parts of the monolayer (at a certain distance from the gold surface). The grey shaded area 

superimposed to the ligand structure helps to identify the region of the monolayer to which the water maps refer. At distances 

lower than those considered the microenvironment is almost hydrophobic, while at higher distances it is fully hydrated and 

no major difference between the monolayers could be then detected. For bundled monolayer morphologies as in NP3, red 
areas are mainly constituted by space points belonging bundles. 
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Figure S3. a) Binding of the radical probe (in red) within NP1. b) Radial distribution function (RDF) of nitrogen atom of the 

radical probe (solid line, left axis) and ligand (dotted line, right axis) reported from the gold surface. c) Normalized water 

distribution at increasing distance from the gold surface for NP1. The graphs plot the distribution of the atom (oxygen of 

water or carbon of thiols) closest to spherical surfaces (centered on the gold core and placed at increasing distances from NP 

surface) shown as a two-dimensional projection of the sphere surface (x-axis, the azimuthal angle φ; y-axis, the cosine of the 

polar angle θ). Value of 1 indicates that an oxygen atom of a water molecule is always the closest; if it is equal to 0, it indicates 

that a carbon atom of a chain is always the closest. Simplifying, red to yellow areas represent poorly hydrated zones, while 

blue areas stand for highly hydrated parts of the monolayer (at a certain distance from the gold surface). The grey shaded area 
superimposed to the ligand structure helps to identify the region of the monolayer to which the water maps refer. At distances 

lower than those considered the microenvironment is almost hydrophobic, while at higher distances it is fully hydrated and 

no major difference between the monolayers could be then detected. 
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Monolayer packing

M. Lucarini, P. Posocco, L. Pasquato et al. J. Coll. Interf. Sci. 2022, 607, 1373.

Figure 5. a) EPR spectra of the radical probe recorded in the presence of NP4 (13.3 mg/0.1mL) at 300 K (top), 330 K (middle) and 340 K (bottom).

Stars refer to the three different radical species (see text). In red are reported the corresponding theoretical simulations; b) Binding of the radical

probe (in red) within NP4. Solvent is omitted for clarity. c) Radial distribution function (RDF) of nitrogen atom of the radical probe in the monolayer of

NP2 (solid line, left axis) and ligand 2 (dotted line, right axis) reported from the gold surface. Insert: same RDFs as in panel c), but predicted at 340 K.
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Figure 2. Cartoons illustrating how terminal chain atoms become

more available to the external environment. Left: increase of the

“horizontal” distance from the neighbors. Right: increase of the

height from the particle surface.

Figure 4. Schematic representation of the molecular-dynamics simulations.

The red thiolate represents the least crowded (left) and the

most linearly extended (right) thiolate.

Dynamics of Thiolate Chains on a Gold Nanoparticle

Monolayer packing

S. Rapino and F. Zerbetto, Small, 2007, 3, 386-388.

Au309(SC6H13)80

diametro 2.3 nm

shape: CO
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