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Introduction 

Gold nanoparticles 

Gold atom nanoclusters are discrete assemblies of gold atoms with a precise molecular 

formula. Monolayer-protected gold nanoparticles are mixtures of gold nanostructures, with 

a defined size distribution, stabilized by a protective layer of organic ligands.1 Thiolate is the 

most common functional group used to grant the adhesion of the ligands to the gold atoms 

because of the strong interaction of gold atoms with sulfur. The use of thiolate ligands hence 

allow a durable passivation of the metal surfaces, the synthesis of stable colloids and, by the 

use of multifunctional thiols, the effective grafting of desirable functional groups or 

molecules to the nanoparticle surface. Functionalized nanoparticles resulting from the use of 

multifunctional thiols are complex supramolecular systems where both the properties of the 

gold core and those of the organic monolayer can be tuned and exploited for several different 

application fields, ranging from molecular recognition and catalysis to biomedical2 

applications. Many different strategies have been developed to date for the synthesis of 

functionalized gold nanoparticles and the exact procedure which should be chosen depends 

on size, shape and final use of the colloid. In general, synthetic strategies can be 

differentiated into ǘǿƻ ŎŀǘŜƎƻǊƛŜǎΥ άǘƻǇ-Řƻǿƴέ ŀǇǇǊƻŀŎƘŜǎ ŀƴŘ άōƻǘǘƻƳ-ǳǇέ ƻƴŜǎΦ ά¢ƻǇ-

Řƻǿƴέ ƳŜǘƘƻŘƻƭƻƎƛŜǎ ŀǊŜ ōŀǎŜŘ ƻƴ ǘƘŜ Řƛǎaggregation of macroscopic metallic gold, which 

can be done in physical ways, for example with the aid of lasers or mechanical friction. These 

methodologies can only be used when strict control on shape, size and polydispersity is not 

required as they allow very limited control over the colloid properties. When precise control 

ƛǎ ƴŜŜŘŜŘ άōƻǘǘƻm-ǳǇέ ǎǘǊŀǘŜƎƛŜǎ ǎƘƻǳƭŘ ōŜ ŎƘƻǎŜƴΦ At difference with the previous ones, 

these strategies are based on the reduction of a gold precursor, usually a gold salt, in solution. 

For these reasons they are aƭǎƻ ƛƴŎƭǳŘŜŘ ƛƴ ǘƘŜ άǿŜǘ ǎȅƴǘƘŜǎŜǎέ ŎƭŀǎǎΦ The reduction reaction 

can be controlled and directed toward the desired outcome by changing several 

experimental parameters such as stoichiometry of the reactants, temperature, reducing 

power of the reductant, reactant mixing order and rate of addition, and by addition of ligands 

for gold during the reduction step. Most of these parameters are easy to control and 

reproducible synthetic strategies can be developed. Methodologies for the direct synthesis 

even of atomically-precise gold clusters are available nowadays.3 Some of the most common 

procedures, considered relevant for this work, will be illustrated in the following chapters. 
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Turkevich synthesis 

The Turkevich synthesis is one of the most popular synthetic strategy in colloid science, and 

it is usually the commonly employed one for the synthesis of gold nanoparticles with 

diameters above 8-10 nm. This strategy, which allow good control over nanoparticles size 

and reproducibility, is based on the reduction of Au(III), introduced as tetrachloroaurate, with 

citrate in hot water. The reducing agent here acts also as buffer (pH = 6.5). In the last half 

century the mechanism of the Turkevich synthesis was demonstrated to be a seed-mediated 

growth process, which can be summarized in four main steps (schematized in Figure 1). 

  

Figure 1: Summary of the Turkevich synthesis mechanism.4 

Initially, the reduction of part of the Au(III) ions leads to the formation of small gold clusters 

which subsequently grow to generate seed particles with diameters greater than 3 nm. At 

this point the formation of the seeds stops (the reasons for this will be explained later) and 

during the third and fourth steps only the growth of these species is observed. This last 

process is attributed to the reduction of the remaining ionic gold species which are 

concentrated in the electrical double layer (EDL) of the seeds. The kinetics of the growth 

process is slow in the third step but becomes faster in the following one.4 The reduction of 

gold ions on seed surface act as a size-focusing process, likely because small particles grow 

faster than large ones, creating a relatively monodisperse colloid starting from a polydisperse 

seed one. The formation of large structures has been often proposed in the past to explain 

the transient bluish color of the solution, but these have been proved not to be present at 

any time in the Turkevich synthesis. This coloration, instead, is most likely caused by a change 

of the nanoparticle electronic properties due to the attachment of gold ions in the EDL of the 

seed particles.5 As the final number of nanoparticles is equal to the number of seed particles 

initially produced, the kinetics of the reduction process is irrelevant for the final size 

determination. The formation of seeds occurs in the first half minute in a standard Turkevich 

protocol and less than 2 % of the total gold is utilized for this process. The final colloid size 
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depends on the amount of remaining unreacted gold ions and on the number of seeds 

present to which this gold will be reduced on. The number of seeds formed is influenced by 

their dimension, as larger seeds need a larger amount of gold atoms fewer of them will be 

formed and this leads to bigger final nanoparticles. The solution acidity affects the Au(III) 

complexes that constitute the gold atoms source. An increase in pH leads to chloride 

displacement forming [AuCl4-xOHx]- species. The reduction of these hydroxo-species with 

highly deprotonated citrate forms is much slower than that of [AuCl4]-. After the initial mixing 

of the tetrachloroaurate and citrate solutions, the protonation and hydrolytic equilibria are 

immediately shifted away from these two highly reactive species, but thanks to their high 

reactivity, a small amount of [AuCl4]- is reduced quickly enough during this mixing time to 

form the initial clusters, which will then evolve forming the seeds. As soon as hydroxo-species 

[AuCl4-xOHx]- are formed by tetrachloroaurate hydrolysis, gold clusters are not formed 

anymore and these hydrolyzed species can only be reduced on the surface of the already 

formed seeds, leading to their growth (step 3 and 4). The accumulation of dicarboxy acetone 

(DCA), a direct oxidation product of citrate (and a stronger reductant), will facilitate the 

deposition of Au0 from [AuCl4-xOHx]- in the growth steps. This compound is present only in 

traces during the initial steps and at these concentrations it has been proven not to affect 

seeds formation. This compound has therefore no effect on the final nanoparticle size. The 

amount of initial [AuCl4]- can be changed also by alteration of the reactant addition order. In 

an inverse method, where concentrated HAuCl4 is added to the citrate solution, the higher 

local concentration of tetrachloroaurate ions (when droplets mix with the reductant solution) 

leads to the formation of a larger number of seeds and therefore of smaller nanoparticles. 

The fortunate interplay of all these complex reactions allows the synthesis of finely tuned 

monodisperse colloids of the desired size. The concentration of citrate, as long as it is 

sufficient to ensure pH buffering, has negligible effect on the nanoparticles size. The solution 

pH, however, has a very important role on the synthesis outcome as seed-mediated growth 

can occur only in a limited pH region (Figure 2, blue region) and, as previously discussed, if 

this process is prevented then control over size and polydispersity is no longer possible. 

Temperature has a complex effect as this parameter affects the kinetics of all the occurring 

processes in solution, a change of the system thermal energy leads to a different colloid 

stability region. The temperature dependence of the Turkevich method is therefore non-

linear. Anyway, it has been observed that a size minimum is present at 60 °C. While Turkevich 

method is suitable when greater than 10 nm nanoparticles are needed, if smaller ones are 

desired then different synthetic strategies are required. 
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Figure 2: pH dependence of Turkevich synthesis; only in the blue region seed-mediated growth can occur.4 

 

Borohydride as reductant ς synthesizing smaller NPs 

By employing reductants of different strength it is possible to modify the colloid synthetic 

mechanism affecting the final nanoparticles size. A common and inexpensive strong reducing 

agent is sodium borohydride. When this compound is used for the reduction of 

tetrachloroaurate, the nanoparticles formation mechanism does not follow a seed-mediated 

process as, in this case, the reduction process of the gold precursor is so fast that it is no 

longer involved in the actual particle growth. In this situation nanoparticle growth is caused 

only by aggregation or coalescence of pre-formed nuclei.6 In tetrachloroauric acid reduction 

with sodium borohydride the nanoparticle growth process has been demonstrated to be 

based on coalescence only (Figure 3).7 

 

Figure 3: gold nanoparticle formation with borohydride as reductant.7 

With such a strong reductant, the reduction process of the metal precursor is completed in 

just a hundred of milliseconds and leads to the formation of a large number of primary 

clusters. These clusters then coalesce forming the final nanoparticles in a second and 
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separate process, which is not related to the metal reduction one.6 In this situation three 

scenarios are possible: 

i) Long-term stable nanoparticles (2-5 nm radius) are formed (as in [Ag] reduction 

with NaBH4) 

ii) Metastable nanoparticles (2-3 nm radius) are formed, which are not stable and 

slowly grow further (as in [Au] and [Pd] reduction with NaBH4) 

iii) The particles exceed the length scale of nanoparticles and precipitate (as in [Cu] 

reduction with NaBH4) 

 

Figure 4: schematics of particles growth; a) change of the stability curve; b) change of the thermal energy.6 

Using an excess of borohydride it is possible to reach a metastable state after the first 

coalescence step. The residual borohydride is however hydrolyzed within several minutes 

and this change in solution composition alters the surface chemistry of the nanoparticles, 

decreasing the colloid stability (the stability curve is changed). A second coalescent growth 

step is therefore observed. The final size of the nanoparticles and the presence of eventual 

successive coalescent steps in their formation mechanism depend on all the parameters 

which affect the stability curve of the colloid.  

 

Brust and Schiffrin synthesis 

The use of stabilizers (ligands for gold) in the synthesis such as long-chained alkylamines or 

thiols, is a great practical way to alter the colloid stability curve and to control nanoparticles 

size and shape. Brust and Schiffrin in 1994 developed a single-step protocol for the synthesis 

of small gold nanoparticles ǿƘƛŎƘ ŎŀƴΩǘ ōŜ ŀŎŎŜǎǎŜŘ ǿƛǘƘ ǘƘŜ ¢ǳǊƪŜǾƛŎƘ ǎȅƴǘƘŜǎƛǎ.8 

Tetrachloroaurate, the gold ions source, is initially transferred from aqueous solution to an 

organic phase (toluene), with the aid of tetraoctylammonium bromide as phase transfer 

agent, where is then reduced in presence of the free thiol (the stabilizer) by addition of a 

freshly prepared aqueous solution of sodium borohydride. The aqueous phase has been 
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demonstrated to act only as tetrachloroaurate and borohydride ion source and the chemical 

reactions take place in the organic one. The mechanism of the synthesis is schematized in 

Figure 5.9 The thiol, once added, acts as a reductant for [AuCl4]-: 

TOA+[AuCl4]-
(O) + 2RSH(O) ᵮ TOA+[AuCl2]-

(O) + RSSR(O) + 2HCl(W) 

The formation of polymeric [Au(I)SR]n species during the synthesis depends on the reaction 

conditions: the presence of a retained aqueous phase when the thiol is added to the reaction 

mixture favours it. 

TOA+[AuCl2]-
(O) + RSH(O) ᵮ Au(I)SR(O) + TOA+Cl-(O) + HCl(W) 

The formation of these polymeric species is also favoured when it is employed a 

concentration of thiol higher than that of [AuCl4]- (RSH/Au ratio > 2), and they can also be 

formed directly from the reduction of [AuCl4]-. 

TOA+[AuCl4]-
(O) + 3RSH(O) ᵮ Au(I)SR(O) + RSSR(O) + TOA+Cl-(O) + 3HCl(W) 

Au ions reduction by borohydride has been proven not to be an interfacial reaction, but to 

occur only in the organic phase. 

TOA+[AuCl2]-
(O) + BH4

-
(O) ᵮ Au(O) + TOA+Cl-(O) + HCl(W) + B(OH)4-

(W) 

 

Figure 5: Scheme of the Brust and Schiffrin synthesis9 

At a low thiol/gold ratio (from 1 to 3) the nanoparticles size and distribution was not affected 

by a delayed addition of the borohydride, 5 h after the preparation of the reaction mixture. 

However, at a higher thiol/gold ratio (from 4 to 8), the number of synthesized particles 

decreased progressively in the aged sample. The difference in behaviour is caused by the 

progressive consumption of gold by the formation of insoluble [Au(I)SR]n polymers, which 



 

7 
 

are no longer available for the nanoparticles formation. The size of the obtained AuNPs 

depends therefore on the employed thiol/gold ratio and on the mixing duration (which 

affects the accumulation of [Au(I)SR]n polymer). Higher concentrations of 1.0-1.5 nm 

nanoparticles were formed when low RSH/ [AuCl4]- ratios between 1 and 2 were employed.9 

Perala and Kumar demonstrated that the control over size and dispersion of the colloid is 

due to a continuous nucleation-growth-passivation mechanism (Figure 6).10 The continuous 

nucleation of AuNPs caused by the reduction of gold ions by borohydride would, in theory, 

lead to a polydisperse colloid, since nuclei continuously form and grow over the whole 

reaction time. Thanks to the presence of a passivating agent (the thiol), however, the 

nanoparticles are progressively capped as they grow, forming eventually fully capped ones, 

which are stable and do not grow anymore.  

 

Figure 6: Scheme of the Brust and Schiffrin synthesis mechanism10 

 

Figure 7: Effect of the thiol to gold ratio on the AuNPs size 
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Therefore, it is the control over the capping process which allow to control over size and 

dispersity of the colloid. It is possible to effectively change the nanoparticle size by altering 

the thiol to gold ratio, with an increase of the thiol amount leading to smaller AuNPs (Figure 

7). Depending on the nature of the ligand employed, the nanoparticles (in the 1-3 nm 

diameter range) can be purified by precipitation from appropriate solvents and are generally 

stable enough to be handled as a novel compound. As the role of the thiols is to cap the 

particles as they form, preventing further growth, it is possible also to substitute them with 

other ligands, such as disulfides, without losing the advantages of the Brust and Schiffrin 

synthesis. 

 

Two-steps methods ς decoupling gold core from organic monolayer synthesis  

As previously discussed, the Brust and Schiffrin method employs sodium borohydride for the 

gold precursor reduction, which is performed in the organic phase in the presence of the 

desired thiol. This reductant, however, is quite harsh and can be incompatible with many 

functionalized thiols (such as peptides, saccharides, or thiols bearing reducible moieties, as 

an example). This incompatibility issue can be a huge problem when the interest is not purely 

focused on the nanoparticle gold core but the synthesis of expressly designed monolayers is 

required and labile functionalities have to be included. The Brust and Schiffrin method might 

not be flexible enough for this scenario and different synthetic strategies are needed. A two-

step method has been developed in 2008 by Lay and Scrimin which enable to separate the 

gold core synthesis process from its functionalization with the desired thiols.11 In this 

procedure, a modification of the original Brust and Schiffrin one, a defined amount of di-n-

octylamine is added to the tetrachloroauric acid solution prior to the reduction step to Au0. 

This secondary amine initially reduces Au(III) to Au(I) and then, during the actual nanoparticle 

formation step with NaBH4, it binds on the cluster surface, acting as a stabilizer, and allows 

to achieve a great control over the nanoparticles size. The affinity of gold for thiols is greater 

than that for amines and therefore, by ligand exchange, the amine can be easily substituted 

with the desired thiol, forming the final desired monolayer. The amount of dioctylamine 

added, which overall acts as ŀ άǘǊŀƴǎƛŜƴǘέ ǎǘŀōƛƭƛȊŜǊΣ allows to control the nanoparticles size. 

The larger the amount of added DOA it is, the smaller and more size-focused the 

nanoparticles will be (see Figure 8). Other amines cŀƴ ŀƭǎƻ ōŜ ǳǎŜŘ ŀǎ άǘǊŀƴǎƛŜƴǘέ ƭƛƎŀƴŘǎ ŦƻǊ 

the synthesis of gold nanoparticles. A similar procedure to the previously discussed one has 

been developed in 2018 with oleylamine (OAm) in combination with tBAB as reducing 

agent.12 In this procedure core size tuning was performed controlling the reaction 
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temperature (Figure 9). Higher temperatures yielded smaller nanoparticles up to 40°C, where 

a minimum size was reached. 

 

Figure 8: relation between AuNPs size and DOA concentration.11 

 

Figure 9: core size dependence on reaction temperature with the two-steps procedure involving OAm and TBAB12 

 

Cluster mixture and Au-S bond 

Gold nanoparticles below a certain size limit show different properties than those of bulk 

metal. Plasmonic absorption, due to a resonant oscillation of the valence electrons with the 

electromagnetic field of the incident light, is the most popular. Below a certain threshold 

(around 4 nm), metal nanoparticles are no longer plasmonic and at very small sizes 

molecularly precise clusters with a characteristic shape and mass can even be found (Figure 

10 and Figure 11).13 Nanoparticles samples are usually found as mixture of nanostructures of 
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different size and shape, while at very small sizes (in the range of few nanometers) such 

colloids are composed of mixtures of atomically-precise clusters. Gold clusters can be 

considered as chemically-modified άǎǳǇŜǊŀǘƻƳǎέ as they show different and characteristic 

properties than those of larger nanoparticles, such as discrete energy levels and relative 

characteristic absorption bands.14 The notion of superatom also explain the long standing 

question about the oxidation state of the gold atoms. Indeed, to compensate the charge of 

the thiolates bound to the surface, part of the core atoms must bear a positive charge and 

ƘŀǾŜ ŀ Ҍм ƻȄȅŘŀǘƛƻƴ ǎǘŀǘŜΦ tŀǊǘ ƻŦ ǘƘŜǎŜ ŀǘƻƳǎ ŎƻƛƴŎƛŘŜ ǿƛǘƘ ǘƘŜ άǎǘŀǇƭŜǎέ ǎǘǊǳŎǘǳǊŜǎ ǿƘƛŎƘ 

we will discuss later, but the rest should belong to the core, which appears to be as a mixture 

of Au(I) and Au(0) atoms. In reality, electrons are located in the superatom orbitals and 

intermediate oxidation states are shared by all the core atoms. The  nature of gold-sulfur 

bond in these clusters have been elucidated and oligomeric structures of RS(AuSR)n units, 

where bridiging gold atoms are in the +1 oxidation state, have been proved to be present at 

the gold-sulfur interface.15 Au144(SR)60, with a core weight of 29kDa and a diameter of 1.6 nm, 

is one of the most ubiquitous gold cluster and has abundantly been synthesized and studied. 

A model has been determined for it and this species would be best described as 

Au114[RS(AuSR)30].16 This cluster shows an icosahedral symmetry (I) and has a core of 144 gold 

atoms disposed in three concentric shells of 12, 42 and 60 atoms. The 60 atoms of the outer 

shell, which is remarkably spherical (with a deviation of only 0.04Å on the 7.10Å radius), are 

protected by 30 thiols arranged in RS-Au-SR equivalent units (referred also as staple-motif) 

(Figure 12). The arrangement of these RS-Au-SR units is chiral and the cluster can be found 

as two enantiomeric isomers. 

 

Figure 10: Au clusters composition and size13 
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Figure 11: Gold clusters have different and characteristic shapes13 

 

Figure 12: d-f, The concentric 12-atom (hollow), 42-atom and 60-atom Au shells of the 144-atom gold core of 

Au144(SCH3)60 respectively; g, S-Au-S arrangement of the 30 RS-Au-SR unit covering the surface (blue) of the 114-

atom gold core; h, with all the atom shown.16 

Gold nanoparticles protecting monolayer 

Monolayer-protected gold nanoparticles as multivalent receptors 

Gold nanoparticles, or, more in general, metal nanoparticles functionalized with organic 

ligands, provide a great way to take advantage of cooperativity between the attached 

ligands. Indeed, these are kept in close proximity on the surface and organized in a dynamic 

but partially ordered arrangement. In this way, interacting groups inserted in the ligand 

structure can be considered as pre-organized for the interaction with multivalent species. 

The first example of this approach was provided by L. Pasquato and P. Scrimin who 

demonstrated that nanoparticles functionalized by mixed monolayer composed of a 

methylimidazole-terminated thiol and a neutral alkyl thiol show multivalency in the 

interaction with bis- and tris-porphyrins (Figure 13).17 The apparent binding constant of the 

tris-porphyrin 4 was three orders of magnitude greater than that of an analogue mono-
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porphyrin and the actual concentration of methylimidazole on the nanoparticle surface 

showed negligible effect on the binding. This demonstrated that the mobility of the thiol 

chains can compensate for the lack of complementarity without introducing a significative 

entropic cost. The gold core can therefore be seen as a template which allows a partial 

preorganization of the functionalities grafted through Au-S bonds. 

 

Figure 13: multivalency was demonstrated using methylimidazole functionalized nanoparticles and porphyrin 

arrays 3 and 4.17 

Another system showing multivalency was developed by V. Rotello to work as receptor for 

flavin.18 Ligands functionalized with diacyldiaminopyridine, as hydrogen-bonding donor and 

acceptor, and pyrenes, for aromatic stacking interactions, were employed for the 

functionalization of gold nanoparticles (Figure 14). The binding constant (Ka) of colloid 2 was 

323 M-1, twice of that for colloid 3 (193 M-1) where diacyldiaminopyridines were diluted in 

neutral octanethiol ligands, in absence of pyrene moieties, showing that both the two 

interactions play an important role in the flavin recognition. To explore the self-assembly of 

binding pockets on the surface of the nanoparticles a system where the two ligands 

employed for H-bonding and aromatic stacking were diluted with inactive alkyl ligands was 

synthesized (colloid 4). This receptor showed a Ka of 235 M-1, with an enhancement of 71% 

over that of colloid 3, where no pyrene was present. 
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Figure 14: receptors for flavins show multivalency18 

These results show that the monolayer is flexible and different moieties can assume the 

correct conformation to cooperate and improve the binding sites affinity for a target 

molecule. Environments with features similar to those of the organic monolayers on the 

surface of metal nanoparticles can be created with the use of surfactants. In Figure 15 the 

simulated structures of an SDS micelle and that of an Au144SR60 cluster are compared. Indeed, 

we will see later that micelle-assisted DOSY experiments have been developed making use 

of SDS micelles in a similar way to the AuNPs-assisted ones.19 However, when the system 

needs to be accurately studied and/or finely tuned, more άǊƛƎƛŘέ ŀƴŘ less dynamic structures 

such as those provided by functionalized gold nanoparticles offer a huge advantage. 

 

Figure 15: comparison between MD-simulated structures of SDS micelle (left) and Au144(SR)60 cluster 

functionalized with mercaptoundecane-1-sulfonate20 

A large variety of different ligands can be attached on the gold surface with different 

synthetic procedures. Functionalized AuNPs are currently of great interest for the 

development of supramolecular receptors.1,21 Such systems are known to form transient 

pocket-like binding sites on their surface which resemble, in some ways, the ones found in 
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proteins.22,23 Selectivity of such binding sites can be tuned by changing the structure of the 

ligands employed or by mixing different ones bearing different functionalities. Thanks to the 

simplicity provided by their self-assembly based synthetic strategy, such systems are of great 

interest for the development of both sensors and catalysts where recognition of a molecule 

(or a class of molecules of interest) is needed. NMR-chemosensing techniques are currently 

being developed using such supramolecular systems as receptors.20,24ς27 Historically, thiols 

are used for the functionalization of gold nanoparticles as the strong bond formed between 

the ligand and the gold surface allows the synthesis of stable and resilient nanostructures. 

Recently, N-heterocyclic carbenes (NHC) have also started to attract interest due to their 

even stronger interaction with the metal surface.28ς33 

 

The importance of nanoparticle size 

Gold core size has been demonstrated to significantly affect the bound ligands spatial 

arrangement and packing, on which depend both the binding properties and solvation of the 

nanoparticle ligand monolayer.34 Differences in thiol packing have been demonstrated 

through several different studies. Hydrophobic nitroxide radical 2 (Figure 16) was used as ESR 

probe to study its partition between water and the monolayer of AuNPs of different sizes 

(from 1.6 to 5.3 nm) protected with thiol 1.34 

 

Figure 16: Thiol used for the functionalization of AuNPs and hydrophobic radical used as ESR probe34 

The ratio between the concentration of the partitioned radical and that in the free state was 

found to correlate with the nanoparticles size (Figure 17) and the partition equilibrium 

constant was observed to increase decreasing the nanoparticle size (from 34.4 for 5.3 nm 

AuNPs to 104 for 1.6 nm ones), showing that the interaction with small organic molecules is 

more favoured in monolayers of smaller nanoparticles. This suggests a lower steric hindrance 

on the surface of smaller nanoparticles. Thiols that could undergo Norrish type II reaction 

were also used as a probe to study their reactivity when bound to AuNPs surface.35 This 

reaction can proceed through two different pathways, one leading to cyclization and the 

other to elimination of an alkene and a ketone (Figure 18). When these thiols were bound to 
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nanoparticles only the fragmentation pathway was observed, and a 30% decrease in the 

extent of the reaction was found increasing the size of the AuNPs from 1.7 to 4.5 nm. This 

can be explained by the fact that thiols can be located in different micro-environments inside 

a nanoparticle monolayer: in terrace regions (similar to monolayers of 2D gold surfaces) or 

in vertex sites (defects). Terrace regions are more abundant in larger nanoparticles, while in 

smaller ones the fraction of vertex sites is larger. Thiols in the latter position are less sterically 

hindered and, thanks to their increased mobility, are more likely to assume the correct 

conformation for the fragmentation reaction to occur. 

 

Figure 17: plot of the ratio between the concentration of partitioned analyte in the monolayer and that of the 

free species. HS-C8-TEG protected gold nanoparticles of 1.6 nm, 3.4 nm and 5.3 nm34 

 

Figure 18: Norrish Type II reaction mechanism.35 
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Figure 19: Norrish II type reaction used as probe for thiol reactivity on differently sized gold nanoparticles; 

reactions on smaller nanoparticles show an higher reaction yield35 

AuNPs of different sizes and functionalized with cationic thiols have been studied in detail 

through NMR experiments, following chemical shift of the cationic headgroup and T2 

relaxation rates, and by MD simulations.36 Ligands were found to be progressively more 

disordered and mobile moving from 13 nm to 1.2 nm nanoparticles, suggesting that a more 

pronounced surface curvature, characteristic of smaller gold cores, leads to less sterically 

hindered and more accessible monolayers. 

 

Chemical sensors with functionalized AuNPs 

The organic monolayer of gold nanoparticles can be conveniently exploited as platform for 

the development of chemical sensors. Several examples based on different analytical 

methods can be found in literature. Thiols bearing exposed Zn2+ complexes have been bound 

to nanoparticles and their charge exploited for the detection of small anionic molecules, 

using AuNPs functionalized with metallated triazacyclononane (with both zinc, TACN-Zn2+, 

and copper, TACN-Cu2+) the resulting sensors were able to discriminate nucleotides in water 

via fluorimetric displacement assay.37 When fluorescent probes are bound to the monolayer 

their fluorescence is quenched by the nanoparticle gold core. Then, when nucleotides are 

recognized, the probes are displaced according to their affinity and the detachment restores 

their fluorescence, which can be easily measured. The fluorescence fingerprint is related to 

the nucleotide identity (affinity for the monolayer) and to its concentration. By using two 

metals and different fluorescent probes it was possible to create a sensors array able to 

discriminate between 8 nucleotides in micromolar concentration (Figure 20). This effectively 
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demonstrates the possibility to tune the selectivity of a supramolecular detector to detect 

the desired analytes. 

 

Figure 20: supramolecular sensor for fluorimetric displacement assay of nucleotides.37 

The binding of anionic biomolecules to TACN*Zn2+-functionalized AuNPs has been 

demonstrated to be strongly affected by both ionic interactions and hydrophobicity.38 The 

introduction of a hydrophobic MANT group on ATP derivatives increased the binding 

constant of the guest more than the addition of supplementary negative charges in place of 

the hydrophobic group. The hydrophobicity of such group favours its insertion inside the 

internal hydrophobic portion of the nanoparticle monolayer increasing the affinity for this 

guest (Figure 21). This characteristic binding mode was confirmed by monitoring the change 

in chemical shift of the proton signals of MANT when from a free state it is allowed to interact 

with the nanoparticles. 

 

Figure 21: hydrophobicity plays an important role even in the recognition of charged molecules.38 
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Computer assisted monolayer design 

Even if endowed with a certain degree of structural organization, nanoparticle-coating 

monolayer remains a dynamic object, and this mobility hampers the on-demand design of 

their binding properties. To investigate monolayer behaviour and binding properties, 

molecular dynamics (MD) studies were performed on thiol-protected clusters.22,27 In one 

case, functionalized nanoparticles with thiols bearing both an internal alkyl and external 

oligoethylenglycol portion were studied for their recognition properties (Figure 22). While it 

may seems that the interaction of small molecules with such monolayers is purely driven by 

a partition of the guest between the apolar environment of the monolayer and the polar one 

of the bulk solvent, as initially suggested by Pasquato and Lucarini34, the nature of these 

interactions is actually different and much more complex. While nanoparticle 1 (in Figure 22) 

can selectively interact with salicylic acid, which is the most hydrophobic (higher 

octanol/water partition coefficient) of the analytes set, nanoparticle 2, which has an alkyl 

chain four carbons longer, can recognize both the most hydrophobic (salicylate, 3) and the 

most hydrophilic (tosylate, 6) molecules of the set without detecting the two in between. 

Computational simulations (MD) performed on 1 and on 7-10, supported by experimental 

data, showed that the superficial environment is not homogeneous and that the packing of 

the thiols strongly affects the properties of the system.22 For example, when nanoparticles 

protected with long alkyl chain (as thiols 9 and 10) are dispersed in water, the alkyl portions 

of the ligands exclude water molecules and pack together. This ligand clustering 

phenomenon induces a change in the nanoparticle shape (Figure 23), which drifts from a 

ǎǇƘŜǊƛŎŀƭ ƻƴŜ όǿƘƛŎƘ Ŏŀƴ ōŜ ƻōǎŜǊǾŜŘ ǿƛǘƘ ǘƘŜ ƳƻǊŜ άƘȅŘǊƻǇƘƛƭƛŎέ ǘƘƛƻƭ 1, bearing a shorter 

alkyl chain and an amide group) to a more irregular and elongated one (for thiols bearing 

longer aliphatic chains). The resulting thiols organization forces a fraction of the ligands to 

expose their hydrophobic moiety to the aqueous environment, disfavouring the nanosystem 

solvation. Rigidification of the monolayer and aggregation of the nanoparticles were 

confirmed by 1H-NMR spectra, where a significative broadening was observed in the signals 

of less solvated monolayers, indicating a correlation between solvation and rigidification of 

the environment. 
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Figure 22: Effect of ligand structure on nanoparticle binding and solvation properties.22 

Broadening was observed even for signals from the outermost portion of the 

oligoethylenglycol chain, providing evidence, further confirmed by DLS measurements, that 

longer alkyl chains lead to nanoparticles clustering in water dispersions. If the alkyl portion 

of the chain becomes too long or the solubilizing one too short or inadequate, aggregation is 

so severe that nanoparticles can no longer be dispersed in water (10 in Figure 23). The 

presence of an amide group between the alkyl and the OEG portions of the thiol 1 facilitates 

the intercalation of water molecules, increasing the disorder of the monolayer and allowing 

the reaching of a more homogeneous and spherical organization. When these nanosystems 

are dispersed in less polar solvents, such as chloroform, hydrophobicity plays no longer a role 

and the interaction between the internal alkyl portion of the monolayer and the solvent is 

no longer disfavoured by an entropic contribute. In these solvents the monolayer of 

nanoparticles functionalized with long alkyl chains can be permeated by the solvent 

molecules and it assumes again a homogeneous spherical conformation (see 10 in Figure 23). 

MD simulations showed that transient pockets form inside the organic monolayer and that 

the formation of such structures is compulsory for the recognition of target molecules. The 

recognition ability of the system therefore depends on the nature of the pockets the 

monolayer is able to form.22 In particular, deep an large pockets are needed for effective 

target binding, and such pockets are formed only in monolayers featuring sufficient mobility 

ŀƴŘ άŘŜŦŜŎǘǎέΣ ǊŜǎǳƭǘƛƴƎ ŦǊƻƳ ǊŜŘǳŎŜŘ ƛƴǘǊŀƳƻƭecular interactions, solvation and altered 

conformational preferences of the ligands. 
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Figure 23: MD simulation of transient binding pockets in a nanoparticle monolayer. 

 

Figure 24: MD simulation of the binding of salicylate to a transient pocket.22 

Nicely the presence of such pockets is correlated with long analytes predicted residence time 

inside a binding pocket (Figure 25), which in turn correlate well with the experimental 

recognition trend of the nanoreceptor.  

 

Figure 25: A) NOE pumping experiments of Salicylate and p-hydroxybenzoate, B) binding residence time of these 

two analytes inside the AuNPs monolayer pockets. 


