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ABSTRACT 

 

    The primary objective of this thesis research was to investigate reaction process of silver 

nanoparticle (Ag NP) and nanocluster synthesis; to develop facile and efficient way to synthesize 

small and homogeneous silver nanoparticles; to explore method to preserve particle size and size 

distribution in the post-synthesis treatment; and to synthesize atomically precise Ag nanoclusters. 

    Brust-Schiffrin Method or BSM was the most popular route for obtaining sub 5-nm 

chalcogenolate-protected metal NPs. It was generally believed that metal salts interact with 

ligands to form polymer as the precursor for NP synthesis. Lennox and co-workers, however, 

showed NMR evidence that the precursor was actually a metal-halide complex. Our group used 

Raman to provide independent confirmation for the precursor status, and proposed reaction route 

for BSM. We showed that the reversed BSM gave better control to NP sizes, and discovered 

critical role of encapsulated water inside the reverse micelle.   

    Based on the BSM method and the new progress in mechanism studies, we investigated a 

series of conditions in each of the major reaction steps using octanethiol ligand as a model 

system, modified synthetic route, and proposed reaction process. By combining modified BSM 

with low and room temperature aging, highly homogeneous Ag NPs with small sizes have been 

obtained. A series of influential factors including Ag : ligand ratio, carbon chain length, and 

temperature etc were systematically investigated. Post-synthesis treatment, particularly 
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purification process which was a key factor for particle growth after reduction, was extensively 

studied by using various kinds of precipitation solvents and considering different aspects of the 

reaction. Ag nanoclusters protected by alkanethiols were synthesized for the first time and the 

hypothesis for reaction route was proposed. 

    Our work has impacts in both reaction studies and practical applications. The effects of 

various conditions that were investigated in our work could serve as applicable model for 

optimizing ligand-protected Ag NPs and nanoclusters using BSM. The mechanism that we 

proposed will help understand the reaction process and guide the design of NP synthesis. 

Furthermore, our contribution will have potential applications in molecular electronics with 

particles possessing nicely controlled size and homogeneity. 
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CHAPTER I 

INTRODUCTION 

1.1 Background 

The pace of miniaturization in electronics industry has so far fulfilled the prophecy of the 

Moore’s Law,1 which states that the number of transistors per unit area will double every 1-2 

years. Further reduction, however, in the dimension of silicon-based integrated circuits is 

approaching its physical limit. Firstly, the oxide layer becomes no longer as insulating as its 

thickness decreases, leading to charge leakage.2 Also, the electronic band structure of silicon-

based semiconductors, on which traditional integrated circuits are designed, changes when the 

physical dimension of latter becomes small enough. Other issues such as stability, power 

consumption and increasing costs in manufacture also restrict further downsizing of silicon-

based electronics.3 

Molecular electronics has been proposed as a strong candidate to replace conventional 

electronics and has generated much interest due to its intriguing properties and applications.2, 4-5 

The behavior of electrical charge transfer has been widely studied for bulk materials. However, 

there are still relatively limited number of explorations at nanometer scale, and the knowledge in 

this area is still very limited.6 It was revealed by Bjørnholm and coworkers7 that electron transfer 

depends on the type of the chemical bond between the metal and the ligand. Conceptually, the 

nanoscale charge transfer process has been described as a so-called “donor-bridge-acceptor” 

model (Figure 1.1), in which the electrons can flow through a molecular wire or bridge between 
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donor (D) and acceptor (A).6 In this scheme, a metal or semiconductor nanoparticle (NP) may 

serve as a donor or acceptor or even bridge which interconnects electrodes.6, 8  

 

Figure 1.1 Schematic of donor-bridge-acceptor model.6 Note: a “Molecule” can include 

complex enzyme system. b Single molecule spectroscopy. c Scanning probe microscopy. 

A variety of techniques have been used to determine the electrical conductance of single 

molecules. At a small bias potential, the conductance, G, of a metal-molecular wire-metal 

junction (or the tunnel transparency) follows the formula: 

G = G0 e
-γL 

where G0 is the contact conductance, which depends on the electrode-wire end chemical 

interactions. The conductance can, in principle, be optimized by varying the anchoring 

element/group of the wire. The inverse damping length, γ, is determined by the electronic 

structure of the wire, where the damping length tends to be reduced as the energy gap of 

molecular wires becomes smaller. Lastly, the inter-electrode separation, L, which is a measure of 

the wire length, also plays a role in the conductance.9 
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Figure 1.2 Schematic view of (a) bare electrodes, (b) total system, and (c) system/molecules 

investigated.10 

Chalcogenide group elements are among the simplest model systems to serve as junctions 

between a molecular wire and metal electrode because they are able to easily connect to the 

metal by covalent bonds.11-12 Substrate–molecule contact conductance is an important property, 

especially when considering how each of its components contribute to the overall conductance.13 

The surface metallic orbitals mix with molecular orbitals of the wire’s end, contributing to the 

metal-wire contact. The metallic wavefunction extends to the molecular wire, which can be 

considered as a doping effect (Figure 1.2).8, 10, 14 Therefore, the charge transport between 

electrodes and the circuit elements is affected by the location of Fermi levels of the electrodes 

with respect to the available electronic orbitals on the molecular wire and by the energy-level 

broadening of the latter. Theoretical calculations showed that using chalcogen groups (S, Se and 

Te) as anchoring elements could lead to practical applications as molecular electronic 

components (Figure 1.3).10  
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Figure 1.3 Difference between density of states of the semi-infinite electrodes with the 

molecules in Figure 1.2.10 

Murray’s group found that alkanethiolate-protected Au nanoparticles have the potential to 

serve as nanoscale electrodes,15 and that small Au NPs show molecular-like discrete energy 

levels that are different from larger particles in Coulomb staircase experiments.16 Along this line 

of research, chalcogenolate-protected metal nanoparticles (NPs) attract intensive studies because 

of their established preparation method and theoretically predicted performance.11-12 Larger 

particles possess specific shapes, and are mostly used as catalysts or for other applications that 

require activities on specific crystal facets.17 Particles smaller than 2 nm that are composed of 

certain number of metal atoms are termed as nanoclusters, and possess unique optical and 

physiochemical properties.18 An illustration of the nanoparticle and cluster size is shown in 

Figure 1.4.19 
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Figure 1.4 Metal nanoclusters and nanocrystals.19 Scale bar = 5 nm. 

For the metal electrode, gold was extensively studied mainly due to its good stability, 

interesting electronic properties and diverse applications.20 However, silver lacks systematic 

exploration despite its interesting properties. The advantages of silver include high electrical 

conductivity, good biocompatibility, unique optical properties, and relatively low cost. There 

have been a number of studies on silver NPs in recent years, such as synthesis of dialkyl 

disulfide coated Ag NPs,21 large scale synthesis of small Ag clusters,22 synthesis of Ag NPs 

using tubular micro-reactor,23 synthesis of fluorescent Ag nanoclusters,24 self-assembly of Ag 

nanocrystals,25 phase behaviors,26 surface plasmon of ligand-free Ag NPs,27 solvation dynamics 

of Ag NPs in reverse micelles,28 spectroscopic studies,29-30 Ag NPs surface oxidation,31 

dispersibility of larger particles,32 mechanism studies33-38 and so on. However, there are still 

many unresolved challenges for Ag NPs, including the control of size and homogeneity, 

relatively poor stability in air compared to Au, and precipitation in solution. Thus, it is important 

to understand what specific properties silver NPs have, how to improve the morphology of 

synthesized particles, how would they behave under same conditions as gold NPs, and most 

importantly, what are the chemical mechanisms behind them.  
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1.2 Brust-Schiffrin Two-Phase Method (BSM)  

There are many different routes to synthesize metal nanoparticles. Brust and Schiffrin39 

synthesized the first stable and small thiolate-protected Au NPs using a simple two-phase 

method. This method was an important progress in this field. Another one-phase synthesis route 

was proposed by the same group afterwards, which simplified the reaction by using a single 

organic phase.40 Their work was modified and improved later on by other researchers and 

became the most popular route for synthesizing chalcogenolate-protected metal nanoparticles, 

and is referred to as Brust-Schiffrin Method or BSM. A general procedure of the commonly used 

two phase BSM for silver is listed as follows. 

(i) Phase transfer of a silver salt from aqueous into organic layer with tetraoctylammonium 

bromide (TOAB) serving as a phase-transfer agent: 

  AgNO3 (aq) + 2 TOAB (toluene)  [TOA][AgBr2] (toluene) + [TOA][NO3] (aq) 

(ii) Addition of thiols as protecting ligands; 

(iii) Reduction of Ag (I) to Ag (0) by adding NaBH4 aqueous solution in the presence of thiols. 

It is important to note that, different from gold which is a similar and widely studied system, 

step (ii) does not involve reduction of silver ions by thiols. So the reaction is a one-step process 

during the addition of NaBH4. 

Major advantages of this method are that it’s easy to follow, the particles can be easily stored19 

and re-dissolved,41 and that the particle size can be adjusted by changing parameters such as 

metal-ligand ratios,42-43 heat treatments,44 and applying other conditions.20 The main obstacle, on 

the other hand, is the size polydispersity of the synthesized NPs. Researchers have used many 
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methods to improve size distribution of NPs, such as fractionation,45 digestive ripening,46 size-

focusing method,19 thermodynamic control and ligand interaction,47 etc. However, there lacks a 

straightforward, reproducible, and simple size control method for Ag NPs.  

Moreover, the reaction mechanism of BSM, although intensively discussed and studied, is still 

debatable. For a long time, it was generally believed that the metal salts interact with ligands to 

form polymer species [M(I)SR]n as the precursor according to early studies.45, 48 Lennox and co-

workers,49 however, showed NMR evidence that the precursor is actually a metal-halide complex 

instead of polymer.  

 

Scheme 1.1 Proposed mechanism of BSM for synthesizing chalcogenate-protected metal 

NPs.34  

Recently, our group used Raman to provide independent confirmation that the precursor is the 

complex, and more importantly, we proposed a reverse micelle-based reaction route for BSM 

(Scheme 1.1).34 By understanding the mechanism, our designed experiments showed that the 

reversed BSM method gives better control to the NP sizes. In a follow-up study to this topic, the 

critical role of encapsulated water inside the reverse micelle structure was discovered.35 It was 

observed that the existence of water in the reverse micelles have the effect of producing smaller 
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and more homogeneous Au NPs. The encapsulated water may serve as a proton acceptor for the 

thiol protons that come from reducing higher oxidation state metal precursor to lower oxidation 

state in the case of Au. It was also discovered that thiol residuals and disulfides that are 

generated by reduction contribute to the polydispersity of synthesized Au NPs, and that choosing 

thiol or disulfide as ligands according to whether or not there is water in the precursor, will lead 

to Au NPs with narrower distribution.36  

There are still some issues to be resolved, such as the debate about the existence of reverse 

micelle structures in the precursor,50 the impact of the form of ligands (e.g. thiol versus thiolate) 

to the quality of NPs, the detailed process of how and when ligands protect initially formed metal 

cores, the validity of the observations in the case of silver comparing with gold and its detailed 

mechanisms, etc. Although gold and silver are similar and comparable in many senses, they 

usually perform different behaviors in NP synthesis, particularly when it was shown 

spectroscopically that Au and Ag NP synthesis may go through different reaction pathways for 

Te-containing ligands.33 Thus, it is crucial to study silver as a separate system in order to obtain 

small and monodisperse Ag NPs, and ultimately, understand the governing chemistry behind the 

phenomenon which could be applied to broader metal NP synthetic systems. 

1.3 Silver Nanoparticles and Nanoclusters 

There have been great amount of synthetic methods reported in literature. Each of these 

methods promoted the advancement of this field while possessing downside as well. The sections 

below give a review and criticism to the previous research efforts on which we build our work 

that will be discussed in detail in this thesis.   
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1.3.1 Phase Transfer Method 

    The most widely used method for Ag NP synthesis is the phase-transfer method, which 

involves the use of surfactants to transfer the metal salt reactant from a polar medium (e.g. water) 

to a non-polar medium (e.g. toluene), and the following reactions in the latter. The most 

dominant method is two-phase Brust-Schiffrin Method39 that has been elaborated above. 

Soon after the introduction of the original BSM, Kim et al51 synthesized dodecanethiol 

(C12SH) protected Ag NPs using both one phase and two phase BSM. Hexadecanesulfonic acid, 

instead of TOAB was used as phase-transfer agent. From comparison, the particles obtained 

from both methods had similar size around 8 nm with +/- 2 nm standard deviation. Lee et al21 

synthesized Au NPs and Ag NPs using octadecanethiol (C18SH) and octadecyl disulfide 

((C18S)2) as starting ligands and with the two-phase route. The size of Ag NPs were 6.7 nm and 

6.8 nm with similar deviation of 1.8 nm.   

In order to improve the phase-transfer process, Yang et al52 proposed a general protocol for 

various kinds of metal precursors. The protocol transfers metallic salts from aqueous phase to 

ethanol solution of dodecylamine (DDA) by forming complex, and then extract the complex to 

toluene for NP synthesis. The mechanism of this phase-transfer method is different from TOAB 

direct transfer in BSM which is based on electrostatic interaction. The formation of complex in 

the first step makes it easier for toluene to extract the precursor. 

Battocchio et al synthesized allylmercaptane (AM) protected Ag NPs using modified BSM 

without separation of water layer and investigated the local chemistry of NPs by using X-ray 

photoelectron spectroscopy (XPS) and X-ray absorption fine structure spectroscopy (XAFS).53 

Their results suggested that the inner layer of Ag NPs is composed of an Ag metallic core and 
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Ag2S shell. The outer layer is the ligands which link with the particle surface through Ag-S 

bonds (Figure 1.5 left). Figure 1.5 (middle and right) shows the chemical structures measured by 

XPS, and TEM image indicating two groups of NPs with diameters of 9 ± 3 nm and 18 ± 6 nm, 

respectively marked by circles on the top right of the image. 

  

Figure 1.5 Illustration of the synthesis of allylmercaptane (AM) protected Ag NPs (left), 

the XPS showing the chemical structures (middle), and TEM image (right) showing two 

groups of NPs with diameters of 9 nm and 18 nm, marked by circles.53  

The mechanism of metal core formation and the role of each component in the reaction were 

not well understood until the appearance of some studies in recent years by Lennox,49 Tong,33-36, 

54-55,  and Kumar,50 etc as briefly discussed previously.  

1.3.2 Single Phase Synthesis 

    The first single phase synthesis of thiol-protected NPs was reported by Brust et al in 1995, and 

was also called Brust-Schiffrin One-Phase Method.40 They used methanol as a solvent to 

dissolve starting material, aqueous NaBH4 solution as reducing agent, acetic acids for preventing 

deprotonation of p-mercaptophenol, diethyl ether for removing excess ligand and water for 
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removing borates and acetates. Their product only dissolve in alcohol, ethyl acetate and alkalines. 

The average particle sizes are 5 nm. 

After the successful synthesis of thiolate-derivatized Au NPs by Brust and Schiffrin, Murthy et 

al reported the synthesis of Ag NPs protected by dodecanethiol (C12SH) ligands.56 In their work, 

AgClO4 H2O was used as a starting material and ethanol as a solvent for both precursor and 

reductant. The average size is 3.1 +/- 0.6 nm. However, the size distribution is large as 20% and 

there were no stability, yield or reproducibility information. 

Starting from silver heptafluorobutyrate and 9-borabicyclo-[3.3.1]nonane (9-BBN) as reducing 

agent, trioctylamine (TOA) protected Ag NPs was synthesized in a single organic phase.57 The 

average sizes of the synthesized Ag NPs are 2 nm with 15% deviation. Unfortunately, due to the 

moisture sensitivity of 9-BBN, this method cannot have a broad usage.  

1.3.3 Microemulsion Method 

For this method, two microemulsions containing reactants are prepared. To start the reaction, 

microemulsions are mixed together for exchange of components. Because the reduction process 

is confined in the reverse micelle, the size of the micelle affects the size of the final product.58 

The mechanism of this method is illustrated in Scheme 1.2.58  

 

Scheme 1.2 Mechanism of using microemulsions to synthesize nanoparticles.58  
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Pileni’s group59 used sodium bis(2-ethylhexyl) sulfosuccinate (AOT) as both a source of 

micelles and protective ligands. The AgNPs were prepared by mixing Ag(AOT) and Na(AOT) 

with NaBH4. The presence of Ag(AOT) contributed to a narrower size distribution than using 

AgNO3 with Na(AOT). Kinetic experiments confirmed that there were two processes involved: 

nucleation and aggregation. The size of AOT micelles, which was characterized by SAXS, was 

determined to only have an indirect effect on the size of final NPs. The precursor, Ag4
2+, was 

stabilized when using low water content compared with greater water-to-surfactant ratio. 

Different from most currently used methods, only a small amount of NaBH4 was used. For the 

purification, water was added to extract Ag NPs from organic phase where most surfactants 

resided. It was noteworthy that no size changes were observed before and after the purification 

(Figure 1.6).  

 

Figure 1.6 TEM images of AOT-protected Ag NPs before (left) and after (right) 

purification. Scale bar: 20.8 nm. Modified from Ref 59.  

The size distribution of AOT-protected AgNPs from the above work was subsequently 

improved by using size selected precipitation (SSP). The deviation of particle size was narrowed 

from 43% to 12.5%.60 SSP is a technique to separate mixtures of copolymers and homopolymers 
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during the synthesis of sequenced copolymers, and has been used for extraction of nanoparticles 

and nanocrystals.61-62 Due to the good homogeneity of synthesized AgNPs, this method has been 

used for fabricating 2D and 3D assembly structures.60, 63  

There are relatively few reports on the microemulsion method used in Ag synthesis in recent 

years, probably due to the difficulty in controlling the final product size according to the size of 

reverse micelles. Besides, the typical size of microemulsions ranges from several tens to a few 

hundreds nanometers, and thus results in large particle sizes.  On the other hand, mechanism 

studies may gave some useful information for future directions.  

Bagwe et al64 studied the effect of intermicellar exchange rate on the size of Ag NPs. They 

adjusted intermicellar exchange rate by using different organic solvents, surfactants, and organic 

additives, and found that the limiting step is the reactant exchange between micelles. It was 

observed that fast exchange reaction (i.e. adding sodium borohydride at once) led to smaller 

particles because lots of nuclei were generated instantaneously which suppressed the following 

growth process. However, in Wai’s work with Au NPs65, slow exchange reaction (i.e. adding 

sodium borohydride drop-by-drop in an extended time period) gave smaller particles because the 

core growth was quenched by the immediately added dodecanethiol. Another finding in their 

work was that the addition of non-ionic surfactants can reduce the particle size. 

The Klan group investigated the reverse micelle model in CTAB/water/chloroform system.66 

The formation of premicellar aggregates and apparent critical micellar concentration (cmc) were 

shown by isothermal titration calorimetry (ITC) at CTAB concentration of 8 mM and 40 mM, 

respectively. They used diffusion-ordered NMR spectroscopy (DOSY) to determine the size of 

reverse micelles. Their work provided spectroscopic evidence to explain the 
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aggregation/micellization process. They confirmed the existence of reverse micelles and 

validated Eicke's association model that in a narrow concentration range, cyclic reverse micelles 

could form by structural reorganization of premicellar aggregates. This work may enable 

possible ways to control synthesized NP size. 

1.3.4 Biomolecule-Aided Synthesis 

   Ag nanoclusters protected by DNA or amino acids and synthesis induced by biomolecules have 

drawn particular interest due to their strong fluorescence.67-68 Dickson’s group69 synthesized five 

different Ag clusters emitters which were protected by single-stranded DNA. The main 

applications of this type of nanoclusters are for single biomolecule function.  

Guo et al70 synthesized water-soluble and stable denatured bovine serum albumin (dBSA) 

protein protected Ag NPs around 1 nm sizes. The success of the synthesis aided by proteins 

made it possible for biocompatible and fluorescent metal nanoclusters to be prepared under mild 

conditions and with straightforward approaches (Scheme 1.3). 

 

Scheme 1.3 Schematic of the Denatured Protein Directed Synthesis of Fluorescent Ag 

Clusters.70 
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Color tunability and electrochemiluminescence of Ag nanoclusters were studied.68 Poly-

(methacrylic acid) (PMAA) was used as the capping agent for Ag clusters. With optimized 

Ag/methacrylic acid ratio, nanoclusters showed promising monodispersity due to the fact that 

PMAA served as a stabilizer that prevent clusters from agglomeration during the synthesis 

(Figure 1.7). 

 

Figure 1.7 Ag clusters under visible (left top) and UV light (left bottom), and TEM image of 

Ag nanoclusters with 300% Ag/methacrylic acid ratio (right).68  

1.3.5 Other Methods 

   Ramanath’s group synthesized octanethiol protected Ag, Au and CdS clusters by eliminating 

the use of phase transfer agents.71 They carried out the reduction in a mixture of metallic salt 

aqueous solution and octanethiol toluene solution. Since no surfactants were added, purification 

process was unnecessary. In order to obtain small clusters, they used a high ligand-to-metal ratio 

(metal:C8SH:NaBH4 = 1:46:7.4), and slow NaBH4(aq) addition. The synthesized Ag particles 

are 2-4 nm but show only one plasmon peak around 300 nm (Figure 1.8), which is different from 
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normal range of 440-460 nm. Thus, it could possibly indicate the formation of Ag clusters. This 

work focused on thermal stability of the particles, and found that the stability of C8S-Ag was 

greater than C8S-Au under heating. 

 

Figure 1.8 UV-Visible spectra from C8S-capped Ag, Au and CdS NPs.71  

    Otero’s group deduced the formation of Ag-S bond for mercaptoacetic acid (MAA) on the 

surface of Ag colloids by monitoring the SH vibration using SERS.72  In a wide pH range, they 

found the carboxylic group (-COOH) does not dissociate into carboxylate (-COO-) until pH > 8. 

Hydrogen bonds contributed to stabilizing the monolayer comparing with the case of 

electrostatic repulsion between (-COO-). Their results showed that the –SH group was more 

favorable to react with Ag than its –COOH counterpart which could also form bond with the 

metal. To synthesize the colloids, they followed Creighton’s synthetic method73 which started 

from AgNO3 aqueous solution and used NaBH4 as reducing agent without any protecting ligands.  

Ahmad’s group synthesized high yield (98%) 5 nm Ag NPs without protecting ligands.74 

However, the particles were far from homogeneous with a closer look due to the agglomeration 

between uncovered metal surfaces. The same group synthesized unprotected silver NPs using 
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ultrasonic wave.75 Using NaBH4 and sodium citrate as reductant, the particle sizes were 10 nm 

and 3 nm, respectively. Unfortunately, both particles were not homogeneous. 

Ferric ions were used as catalysts in the synthesis of monodispersed 4-nm Ag NPs in aqueous 

system containing oleylamine (OAM) and oleic acid (OA).76 Ag+ from AgNO3 was reduced by 

OAM at high temperature which provided thermodynamic energy. At low temperature, the 

reaction did not happen unless Fe3+ was present and reduced to Fe2+ which could reduce Ag+ to 

Ag NPs. The reduction performed by OAM needed accompanying of OA, which formed metal-

oleate complexes with Fe3+ and Ag+ as claimed by the authors. However, no evidence was given, 

to confirm the existence of such complexes. The stability of OAM-Ag NPs was also not 

determined. 

Polte, Emmerling et al investigated formation mechanism of Ag and compared with Au.77 

Their Ag particles were in the size range of 5-15 nm, synthesized from NaBH4 reduction of 

AgClO4. Both unprotected and PVP protected Ag NPs were studied. They found that Ag NPs 

formation had two steps: the first was similar to that of Au NPs, and the second was the change 

of surface chemistry due to the consumption of BH4
-. The addition of PVP as a protective ligand 

made the final particles smaller. 

1.3.6 Silver Nanoclusters 

Synthesis of metal nanoclusters has generated research interests in recent years. Great amount 

of synthetic and mechanistic studies for a broad range of applications have been reported 

particularly since the discovery of Au25, which is the most stable cluster for gold. Synthesis of 

Ag clusters, however, proved to be relatively more challenging mainly due to the poor stability 
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and controllability of silver, as well as possibly different type of interactions between metal and 

ligand. 

  

Figure 1.9 Reaction process (top), corresponding color change (top photos), TEM image 

(bottom left), and UV-vis absorbance (bottom right) with PAGE separation (inset) of one-

phase synthesis of DMSA protected Ag7 clusters.78  

The first detailed mass spectrometric (MS) determination of thiolate-protected Ag nanocluster 

composition was demonstrated on meso 2,3-dimercaptosuccinic acid (DMSA) capped silver 

clusters, Ag7(DMSA)4, by Jin’s group78 (Figure 1.9 top). Ethanol solution of AgNO3 was used as 

starting material and the reduction was carried out at 0 °C. The authors stated that the use of 

ethanol was a key contributing factor to small NPs because ethanol reacted with NaBH4 slowly, 

which retarded the rapid growth of the Ag nuclei. Due to the insolubility of NPs in ethanol, the 
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product precipitated out from the solution and was collected after centrifugation. The solid NPs 

were washed by methanol. To deal with the low solubility problem, Na2CO3 was added to adjust 

the pH to 9~10 (which can transform COOH to COO- groups), so that the NPs were re-dissoluble 

in water without precipitates. The purification was evaluated by polyacrylamide gel 

electrophoresis (PAGE). The composition of the clusters was determined by electrospray 

ionization mass spectrometry (ESI-MS) to be Ag7(DMSA)4. In the TEM characterization, the Ag 

NPs rapidly agglomerate due to electron beam irradiation, so that the particles were barely seen 

(Figure 1.9, bottom left). This work was pioneering in Ag cluster synthesis. Unfortunately, this 

synthetic method was difficult to reproduce. Besides that, DMSA ligand needed to be stored at -

20C, which introduced uncertainty to the synthesis in terms of keeping the ligand from degrading 

before and during the reaction as well as the stability of the obtained clusters. However, there 

was one piece of useful information that could be helpful for Ag cluster synthesis. Unlike most 

Au clusters and other Ag clusters that were reported afterwards, this Ag7 cluster showed an 

interesting UV-vis spectrum which was composed of a major peak around 500 nm and two 

shallow humps at ~415 nm and ~625 nm (Figure 1.9, bottom right). The shape of the peak at 500 

nm was similar with normal SPR peak from larger NPs. However, NP peaks are typically 

between 440 nm and 460 nm. Thus, one should keep in mind when synthesizing small Ag 

clusters, such as Ag7, that this type of UV-vis peaks would not come from NPs.  

Based on Ag7(DMSA)4, the structures of several Ag clusters from Ag7S4
- down to AgS4

- were 

investigated using ESI-MS and MALDI-MS analysis (Figure 1.10 left).79 With increasing 

collision energy from 25 eV to 100 eV, Ag clusters were separated atom-by-atom, and clusters 

Ag6S4
- to AgS4

- were detected sequentially. Each of their structures (Figure 1.10 right) were 

calculated by DFT. 
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Figure 1.10 MS/MS spectra of [Ag7L4]2- for different collision energies (left, A: 25 eV, B: 

40 eV, C: 50 eV, D: 70 eV, E: 80 eV, F: 90 eV, G: 100 eV), and global minima for AgnS4 

by DFT calculation (right). Ag, green; S, red.79 

Pradeep et al80 synthesized H2MSA (mercaptosuccinic acid) capped Ag clusters in methanol 

and water. The low solubility of the product led to the precipitation of NPs from the solution 

right after their formation, and thus prevented them from further growth. The particles were then 

treated with interfacial etching at a moderately elevated temperature, during which an aqueous 

solution of H2MSA-Ag NPs was added to a great amount of H2MSA dissolved in organic solvent 

(toluene, carbon tetrachloride, or diethyl ether) with 48-hour-stirring. The clusters were 

determined to be Ag8(H2MSA)8 and Ag7(H2MSA)7 and the formation of the cluster mixture was 

not affected by using different organic solvents for etching. It is interesting that the fluorescence 

of clusters was only observable at low temperature and disappeared in ambient condition. Figure 

1.11 (left) shows HRTEM images of the synthesized H2MSA protected Ag NPs/clusters before 

(Figure 1.11a), and after (Figure 1.11b) the interfacial etching, and particles at the interface 
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(Figure 1.11c). Aggregates of clusters can be seen faintly in Figure 1.11b marked by circles. 

Insets of Figure 1.11a and Figure 1.11b are crude cluster samples. Figure 1.11d shows the 

fluorescence of cluster solutions. The key point was the use of interfacial etching between 

aqueous and organic phases to previously synthesized NPs. It was claimed that Ag NPs became 

smaller and changed into clusters as shown by the disappearance of the major peak and the 

appearance of 600 nm and 550 nm humps (Figure 1.11, right). However, there was no definite 

evidence to support the statement that the raw products before etching were particles. First, the 

major peak was at ~400 nm which is off the range for Ag NPs. Second, the TEM image for the 

raw products had a low contrast similar as final clusters, and was obviously lighter than the 

particles at the interface (Figure 1.11c). Thus, the state and composition of raw product before 

etching was largely unknown when investigating the etching process and mechanism. Another 

untouched issue was that how would clusters evolve if etching over a long time period, such as 

the possibility of forming smaller clusters or complete disappearance due to etching.  

  

Figure 1.11 Time-dependent HRTEM images (left) and UV-vis spectra (right) for H2MSA-

Ag NPs/clusters before (a), and after (b) interfacial etching, and particles at the interface 

(c), and the photo of Ag8 and Ag7 cluster solutions (d). Insets of (a) and (b) show photos of 

crude cluster samples.80  
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Figure 1.12 Solid state synthetic procedure (top), optical absorbance (left), and TEM image 

(middle) of Ag9(H2MSA)7 clusters.81 

Mercaptosuccinic acid was also used in a solid state route to synthesize Ag9(H2MSA)7 clusters 

with large quantities.81 These clusters possessed optical characteristics similar with Au25 and 

Au38 which were easily distinguishable from nanoparticles (Figure 1.12). The advantage of this 

method were that the absence of solvent gave better control to the reaction condition and that the 

purification step was simpler compared with wet chemical synthesis.  

   

Figure 1.13 TEM image (left), size distribution (middle), and time-dependent UV-vis (right) 

for Ag4 and Ag5 clusters.82 
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Banerjee et al82 synthesized Ag4 and Ag5 protected by dihydrolipoic acid (DHLA) for high 

sensitivity Hg2+ ion detection. In this synthesis, lipoic acid was first reduced by sodium 

borohydride to form DHLA, and then mixed with silver nitrate. Additional sodium borohydride 

was then introduced to reduce silver. The cluster showed average size of 2-3 nm observed in 

TEM images and clear cluster-type UV-vis absorption after ~1h (Figure 1.13). However, this 

work didn’t give a clear explanation for the reaction process when there was a SPR shaped peak 

appeared at 460 nm at the beginning. The Ag4 and Ag5 clusters, along with a previously reported 

different type of templated Ag2-8 clusters,83 share the same characteristic absorption at 330-360 

nm and 490-520 nm. (Also observed in our recent Ag4-7 clusters.)  

 

Figure 1.14 UV-vis (left), photo (top left), EDAX (left inset), and TEM images of as 

prepared SG-Ag25 nanoclusters.84  

A great progress was claimed by Pradeep’s group in 2012 to have successfully synthesized 

Ag25 clusters for metal ion sensing applications.84 The Ag clusters were synthesized within the 

polyacrylamide gel in a PAGE set-up using NaBH4 as reducing agent, and then extracted in an 

aqueous medium. The synthesized clusters were only slightly visible in TEM, but well 
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characterized by spectroscopic techniques (Figure 1.14). This research improved the use of sub-

nanometer Ag clusters to detect Hg2+ down to ppb level, and it could potentially be applied to 

other metals. The synthetic method used in this work was cited as a paper in revision by the same 

group. Unfortunately, the referenced paper was never published, which rendered the reliability of 

the claimed synthesis of Ag25 cluster in question.  

Tschurl’s group30 synthesized Ag clusters protected by three new thiolate ligands, 2-

phenylethanethiol (SC2H4Ph or 2-PET), 4-fluorothiophenol (SPhF or 4-FTP), and L-glutathione 

(SG or GSH). The particles were synthesized in the medium of water/methanol, THF, and water, 

respectively (Scheme 1.4). Their sizes were 2.11, 2.7 and 2.08 nm, respectively. However, the 

size distribution was not satisfactory according to TEM images. Note that since the clusters 

showed distinctive surface plasmon resonance peaks between 450-480 nm that were partially 

overlapped with 440-460 nm usually seen in nanoparticles, and no compositions were revealed 

by MS, so the term cluster that was used in this work was yet to be confirmed. 

 

Scheme 1.4 Preparation Steps of Ag@SCH2H2Ph (top) and ligands (bottom).30 
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Synthesis of Ag nanoclusters by solid state method (Scheme 1.5) was also reported by 

Pradeep’s group in 2012.85 By mixing AgNO3, PET, and NaBH4 in a mortar and grinding the 

solid powders, Ag152(PET)60 clusters were synthesized. Due to the absence of surfactants, the 

purification step was greatly simplified. The solid state method was then used to synthesize 

Ag32(SG)19 and Ag32(MPG)19 clusters.86 In addition to GSH, N-(2-mercaptopropionyl)glycine 

(MPGH) was also used as ligands and the clusters were obtained with an aging process. 

 

Scheme 1.5 Synthesis of Ag nanoclusters by solid state method.85 

A 2013 study reported the successful synthesis of a highly air-stable Ag nanoclusters.87 GSH 

and N-acetyl-L-cysteine (NALC) were used as ligands. The average size of SG-Ag and NALC-

Ag clusters were 1 nm and 2.4 nm, respectively. The synthesis was performed in an alkaline 

aqueous environment without involving phase transfer.  

Zheng’s group88 synthesized Ag14 clusters protected by a combination of two ligands. The 

composition of the cluster was determined to be Ag14(SC6H3F2)12(PPh3)8 and its crystal structure 

was found to contain an octahedral Ag6
4+ core enclosed by eight Ag+(SC6H3F2

-)2PPh3 tetrahedra. 

Following the same strategy of combining thiolate and diphosphine ligands which helped 
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stabilize Ag clusters, Ag16(DPPE)4(SC6H3F2)14 and Ag32(DPPE)5(SC6H4CF3)24 were synthesized 

where DPPE is the abbreviation for 1,2-bis(diphenylphosphino)ethane.89 

An important breakthrough in Ag cluster synthesis was the successful synthesis and 

identification of Ag44. Before realizing the molecular structure, the clusters were synthesized by 

Bakr et al90 and were called intensely and broadly absorbing nanoparticles (IBANs) due to their 

specific absorption spectrum. Since the resolution of the structure,91 this field has drawn more 

attentions. The bright point was the large scale synthesis of stable water soluble Ag44 clusters by 

Bigioni group.92 However, the reproducibility of this method and the stability were still not 

convincing. Since then, there have been more studies on Ag44 based clusters using a variety of 

ligands, and modified routes.93-95 Besides thiols, selenolate was used as well to synthesize 

[Ag44(SePh)30]
4− clusters95 as an analogue of thiol ligands with similar structure. Theoretical 

investigations have also been under way. 96-97 

Electrochemical method was also developed to generate Ag clusters. Tetrabutyl ammonium 

bromide (TBAB) coated Ag clusters were synthesized by reducing silver disc electrode. The 

formed clusters were mostly Ag8, as well as other species such as Ag3, Ag7, Ag10, and Ag11.
98 

In 2015, Bakr group synthesized Ag29 clusters protected by 1,3-benzenedithiol (BDT) and 

triphenylphosphine (TPP) ligands.99 The Ag29(BDT)12 cluster was synthesized by one-phase 

route involved only with BDT and sodium borohydride. Unfortunately, the cluster had a very 

low yield of less than 0.1% and was only stable for a couple of hours. Interestingly, this cluster 

possessed four tetrahedrally symmetric sites that could bind with phosphine ligand which was 

added during or after the reaction and formed Ag29(BDT)12(TPP)4 cluster. The TPP-containing 

cluster was more stable and could self assemble into macroscopic crystals. This work showed the 

possibility of modifying ligand of an atomically precise cluster and thus changing its properties. 
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Another Ag29 cluster, Ag29(DHLA)12 (DHLA=dihydrolipoic acid), was synthesized and its 

photoluminescence and nonlinear optical properties were studied by Antoine group 

afterwards.100 The synthetic method was based on a previous report82 which generated Ag4 and 

Ag5, and it was found that a different cluster could be formed by replacing sodium borohydride 

and NaOH with tetramethylammonium borohydride and NH4OH, respectively.  

 

Figure 1.15 UV-vis absorption (solid lines) and normalized emission (dotted lines) spectra 

of [Ag25(SPhMe2)18]- and [Au25(SPhMe2)18]- in DCM. Inset: photographs showing actual color 

of the synthesized Ag25 and Au25.
101 

Around the same time, some less used ligands were applied in the synthesis of Ag clusters,  

such as one-phase synthesis of Ag21 protected by dithiophosphate ligands (with the cluster 

molecular formula of [Ag21{S2P(OiPr)2}12](PF6))
102 and Ag35

103 were prepared and ligand 

exchange reactions between Ag35 and Ag44 were investigated.103  In a recent work, 

[Ag25(SPhMe2)18]
- was successfully synthesized by Bakr group.101 This was the first silver 

analogue that has exactly the same composition as gold clusters, i.e. [Ag25SR18]
-, in which SR = 
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thiolate. The synthesized Ag25 cluster had a similar UV-vis absorption pattern as gold while at 

different wavelengths (Figure 1.15). The stability in different solvents was studied and DMSO 

showed the least decay in 4 days (Figure 1.16).  

 

Figure 1.16 UV-vis absorption spectra of [Ag25(SPhMe2)18]- in different solvents for 

stability study.101 

Recently, a new type of Ag136 and Ag374 species protected by 4-tert-butylbenzenethiolate have 

been chemically synthesized and structurally resolved by X-ray crystallography by Zheng and 

co-workers.104 It is noteworthy that, although they were identified with atomically precise 

composition, these species showed plasmonic optical characteristics (Figure 1.17 left). These Ag 

NPs were reported to have diameters around 2-3 nm that do not come from the irradiation of 

electron beam as the case of clusters. On the other side, they were distinctive from conventional 

nanoparticles in the sense that they only contained one molecular composition rather than 
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mixture of a broad range of particles. This reported study opened a door which showed that 

atomically precise Ag species could be prepared with larger size. It could give new insights 

helpful to mechanism studies and better understanding of the formation process.  

  

Figure 1.17 UV-vis spectra (left) and TEM images (right) of Ag136 and Ag374 NPs.104 

With the fast development of Ag nanocluster synthesis especially in the recent couple of years, 

we would be able to utilize the current method and borrow the systematic studies on Au 

nanoclusters to serve as references for our goal of obtaining small and homogeneous 

alkanechacogenolate-protected Ag nanoclusters for charge transfer study in molecular 

electronics. Unfortunately, it is still a challenge to synthesize Ag nanoclusters with good control 

and assign specific atomic composition due to its relatively low stability and broad MS peaks.105 

Another area that has not been explored is that no report of any kind of alkanethiolate protected 

Ag nanoclusters has appeared so far. 
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1.4 Digestive Ripening  

Due to the size-dependent properties of nanoparticles,106 controlling the size and homogeneity 

is a prerequisite for many of their potential applications, such as in the field of biomedicine,107-108 

sensors,109 catalysis,110 energy storage,111 and so on. With the fast development of gold systems, 

a lot of size-controlling experience was borrowed for Ag NPs, which have also developed in 

recent years and been utilized in many areas including water filtration membrane,112 

nanocomposite synthetic fibers in textile industry,113 ion sensors for environmental screening,114 

catalysis,115-116 and biology.117-118  

    In the synthetic part, great emphasis has been focused on resolving the precursor and 

intermediate states and modifying the reduction route in the existed studies. However, it is also 

important to explore the post-synthesis process, especially when it is expected to improve the 

size distribution of final particles.  

Although there have been enormous efforts to control the size and homogeneity of various 

nanoparticles,119-120 this is still a challenging task especially for silver due to its chemically active 

characteristic and thus poor stability. Digestive ripening is one of the most efficient methods to 

control NP size and size distribution.46, 121-124 Generally, this process involves introducing 

excessive protecting ligand to a polydisperse NP solution and refluxing at high temperature to 

realize size narrowing to reach a stabilized state. The obtained monodisperse NPs tend to self-

assemble into close-packed hexagonal structures which are referred to as superlattices (SLs).125-

127 The superlattice structures with specific architecture would play critical roles in their potential 

applications. However, the essential criterion for its formation is the synthesis of monodisperse 

nanoparticles, and digestive ripening is a reliable method for the latter.  
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With dodecanethiol (C12SH) as a ripening agent, Lin et al.46 improved homogeneity of a 

polydisperse ligand-free Au NPs that were synthesized using small amount of 

didodecyldimethylammonium bromide (DDAB). Sorensen and Klabunde et al.128 studied chain 

length effect to alkanethiolate-protected Au NPs. Influence of higher ripening temperature was 

studied for alkanethiolate-protected Au NPs by using t-butyl toluene which has a higher boiling 

point in replace of toluene.124  

The first application of digestive ripening for metals other than gold was proposed by 

Klabunde,129 in which Ag NPs that were ripened using dodecahethiol (C12SH) had sizes of 6.6 

+/- 1 nm. It should be noted that the Ag NPs were synthesized by solvated metal atom dispersion 

(SMAD) rather than inverse micelle method. Prasad et al.123 compared size distribution between 

Ag, Au, and Pd NPs digestively ripened by dodecanethiol and dodecylamine. The particle size 

from dodecanethiol ripening showed a trend of Ag<Au<Pd, and opposite for dodecylamine. 

Comparing the ligands, dodecanethiol led to smaller particles than dodecylamine. The Ag NPs 

after dodecanethiol ripening were 4.4 +/- 0.6 nm (14%). The author used Hard Soft Acid Base 

(HSAB) to explain the trend as the chemical hardness of the metals are Ag (3.1) < Au (3.5) < Pd 

(3.8).130 

Another synthetic route was proposed in combination with ligand exchange and digestive 

ripening to obtain homogeneous AgNPs (Scheme 1.6).131 The original ligand was 

dimethyldidodecylammonium bromide (DDAB). AgNO3 powder was dispensed into toluene 

solution of DDAB, and was reduced by drop-wise addition of NaBH4 at room temperature. After 

the synthesis, dodecanethiol was added for ligand exchange. Then a digestive ripening process 

was performed at 110°C for 3h. Lastly, the NPs were transferred to a 60°C water bath. Finally, 

the smaller NPs (5.6 +/- 0.4 nm) can be obtained from the top layer of the mixture. It is 
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interesting that the biggest change in the particle sizes happen before the digestive ripening, 

which were ligand exchange and precipitation. As there has not been a promising method using 

dodecanethiol to directly protect Ag (rather than ligand exchange), we would expect that the role 

of ligands in stabilizing Ag particles is significant. 

 

Scheme 1.6 Synthesis of dodecanethiol-passivated Ag NPs.131  

Despite the above-mentioned progress in this field, there was no explanation for why one type 

of ripening agent gave smaller or more homogeneous particles over the other. Also, most of the 

work applied at fixed high amount of ligand for better capping and did not dig into variations of 

metal-ligand ratio. Furthermore, conventional digestive ripening process requires high 

temperature for a prolonged time period, which would possibly introduce unstable factors to Ag 

NPs.   

1.5 Research Purposes and Outline 

In view of the background and the challenges discussed in the previous Sections, this thesis 

focuses on three main research purposes. First, investigate optimized condition for synthesis of 

small and homogeneous Ag NPs for potential molecular electronics applications. Second, 

synthesis of Ag nanoclusters that have atomically precise composition and confirm with 
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spectroscopic evidence. Third, dig into the detailed reaction process and propose underlying 

mechanisms that govern the formation of Ag NPs and clusters.  

Alkanethiolate-protected silver nanoparticles have been synthesized using modified two-phase 

Brust-Schiffrin method. Using octanethiol (C8H17SH) as a ligand as a model system, a series of 

reaction conditions, such as reducing time, solvents for reducing agent, temperature, chemical 

addition methods etc were investigated. The synthesized Ag NPs were characterized by various 

means. This work will be described in Chapter III. 

The post-synthesis treatments, particularly purification process was found to be a key factor 

for particle growth after reduction. This process was extensively studied. Various kinds of 

precipitation solvents and different aspects were systematically investigated. The results showed 

that not only polarity of solvent influences the final product, but also functional groups have 

impact on the particle size and monodispersity. Two hypotheses with several possible reaction 

routes were proposed and tested by designing experiments. The work will be demonstrated in 

Chapter IV. 

Control of alkanethiolate-protected sub-5nm Ag NPs by using a modified BSM is proposed in 

Chapter V combining with low and room temperature aging under a range of conditions. Highly 

homogeneous Ag NPs with small sizes have been obtained. A series of influential factors 

including Ag : ligand ratio, carbon chain length, and temperature etc have been systematically 

investigated. In contrast with most literature, it is observed that Ag NPs are stable only within a 

specific Ag to ligand range after aging process. This is a new case in accordance with Bigioni’s 

observation131 while through different synthetic routes.   
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    Inspired by synthesis of Au nanoclusters, we have studied the possibility of applying current 

method and the experience in our group to obtain Ag clusters that are protected by aromatic 

ligands. We explored different synthetic routes based on modified two-phase BSM, one-phase 

BSM, and reversed BSM. The UV-Vis and TEM data showed promising results that are possibly 

indicative of successful preparation of Ag clusters and the details are in Chapter VI. 
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CHAPTER II 

SYNTHESIS AND CHARACTERIZATION METHODS 

2.1 Chemicals 

Silver nitrate (AgNO3, ACS reagent, 99+%), sodium borohydride (NaBH4, 98%), 1-

hexanethiol (C6SH, 98%), 1-octanethiol (C8SH, 98%), 1-dodecanethiol (C12SH, 98%), 2-

phenylethanethiol (SPh), polydiallyldimethylammonium chloride (PDDA), ethylene glycol (EG), 

hydrochloric acid (HCl), perchloric acid (HClO4), sulfuric acid (H2SO4, 98%), potassium 

tetrachloroplatinate (II) (K2PtCl4), cetyltrimethylammonium bromide (CTAB, 99+%), 

cetyltrimethylammonium chloride (CTAC, USP testing specifications), L-ascorbic acid (AA, 

99+%), potassium bromide (KBr), copper(II) sulfate pentahydrate (CuSO4 · 5H2O, >=99%), iron 

(III) nitrate nonahydrate (Fe(NO3)3 · 9H2O, >=98%), and methanol (MeOH, >99.9%) were 

purchased from Sigma – Aldrich and used as received. Tetra-n-octylammonium bromide (TOAB, 

98%) and potassium tetrabromoaurate (III) dihydrate (KAuBr4 · 2H2O) were from Alfa Aesar. 

Toluene (99%), acetone (histological grade), and acetonitrile (ACN) were bought from Fisher 

Chemicals. Ethanol (EtOH, 190 proof) was from Graham Company. Dimethyl formamide (DMF) 

was from Mallinckrodt Chemicals. Hydrogen tetrachloroaurate hydrate (HAuCl4, 49 wt % Au) 

was from Stem Chemicals.  

All the glassware was cleaned in sulfuric acid bath with Nochromix and washed with copious 

amount of Milli-Q water and acetone, then dried in the oven before use. All the stirring bars and 

Teflon parts were cleaned in aqua regia (3 HCl : 1 HNO3) mixture. Milli-Q water (18.2 MΩ·cm) 

was used in all experiments. While the Milli-Q water was produced with an EMD Millipore 

filtration system (EMD Millipore, Inc.) 
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2.2 Synthesis of Alkanethiolate – Protected AgNPs  

2.2.1 Traditional BSM Route 

The method used in this work was modified based on a two-phase method from the early work 

by Brust and Schiffrin.39 In a typical synthesis, one first mixes 0.5 mmole silver nitrate (0.5 mL 

aqueous solution) with 1.5 mmole TOAB in 50 mL toluene and stirs the solution till fully phase-

transferred. After the phase transfer, one removes the aqueous layer, adds corresponding thiol 

ligands to 1/5 of the solution which contains 0.1 mmole Ag+ and 0.3 mmole TOAB. The solution 

is stirred for 1 hour. Then 1 mmole sodium borohydride (NaBH4) in 1 mL ethanol solution is 

added dropwise and let the reaction proceed for 2 h. After the reaction completes, water-soluble 

residues are removed by washing the reaction solution four times with Milli-Q water. The 

solution is then filtered by vacuum in order to separate any agglomerated precipitates and the 

filtrate is collected for further purification.  

The solvent in the filtrated NP solution is evaporated using rotor-evaporator. When the solvent 

is nearly dried out, a crashing solvent (normally ethanol or acetonitrile) is added for purification. 

The dispersion is left undisturbed for overnight in the fridge. Then the product goes through 

microfiltration system and is washed by more crashing solvent. The filter cake is collected and 

dried under nitrogen environment with protection from light. The final product in the form of 

dark brown powder is stored in a glass vial under nitrogen gas environment with aluminum cover 

in the fridge. 

2.2.2 Reversed BSM Route 

    The reversed BSM is based on the same two-phase BSM39 and first proposed by Tong group.34 

The only difference is that in the reversed method, the reducing agent was added ahead of the 
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addition of any protecting ligands. The reduction begins immediately with the addition of NaBH4, 

and followed by adding ligands within 10 s.  

2.3 Synthesis of Phenylethanethiol – Protected Ag Clusters 

    As mentioned in the previous sections, comparing with the well-studied gold system, other 

metals such as silver lacks systematic exploration, which is also true for clusters. The synthetic 

method we used in this work is modified based on a previously synthesis for Au25(SC8H17)18 

nanoclusters reported by Zhu et al.132 As a similar system, we have used this method trying to 

prepare Ag clusters by applying modifications and optimizations that have been used for 

synthesizing Ag NPs. All the reactions described below are performed in a glove box filled with 

Argon. 

2.3.1 Traditional BSM Route 

In a typical two-phase synthesis, 8.5 mg silver salt (AgNO3, 0.05 mmol) is dissolved in 0.5 

mL Milli-Q water, and is mixed with 5 mL toluene solution containing 82.0 mg TOAB with 

vigorously stirring for phase-transfer. After the phase-transfer, the organic layer is collected and 

the solution is then cooled down to 0 °C in ice bath. When the temperature stabilizes, 13.3 µL 

ice-cold 2-phenylethanethiol is added to the Ag(I) solution. After 45 min stirring, 18.9 mg 

NaBH4 in 1 mL ice-cold Milli-Q water was poured into reaction quickly all at once with 

vigorously stirring. The color of the solution changes from colorless to dark brown within 1 min. 

The growth of silver clusters is allowed to proceed in ice bath for another 3 h. In some cases, the 

reaction is allowed to continue in room temperature for overnight. The crude product is washed 

with large amount of water four times. The solution is then filtered by vacuum to separate any 

agglomerated precipitates that are generated during the reduction.  
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Majority of the solvent is evaporated using rotor-evaporator. Then, a crashing solvent 

(normally ethanol or acetonitrile) is added for purification. The dispersion is left undisturbed for 

overnight in the fridge. Then the product goes through microfiltration system and is washed by 

more crashing solvent. The filter cake is collected and dried under nitrogen environment with 

protection from light. The final product in the form of dark brown powder is stored in a glass vial 

under nitrogen gas environment with aluminum cover in the fridge. 

In the one-phase syntheses, different organic solvents, such as dichloromethane and ethanol 

are tested for their ability to dissolve silver nitrate since THF is not a good solvent any more. 

Silver nitrate is still used as the silver salt, and 2-phenylethanethiol and NaBH4 as the ligand and 

reducing agent, respectively. One dissolves 8.5 mg of silver nitrate into 5 mL ethanol and cools it 

to 0 °C using an ice bath. Inside the glove box, 13.3 µL ice-cold 2-phenylethanethiol is added to 

the Ag(I) solution. After 45 min stirring, 18.9 mg NaBH4 in 1 mL ice-cold Milli-Q water was 

poured into reaction quickly all at once with vigorously stirring. The growth of silver clusters is 

allowed to proceed in ice bath for another 3 h. In some cases, the reaction is allowed to continue 

in room temperature for overnight.  

The silver nanoclusters are filtered out and re-dissolved into a tiny amount of toluene. Then, a 

filtration system with a vacuum is set up and the clusters are washed through the filter paper 

three times with ethanol and then several times with water. The product is dried on the filter 

paper in a dark environment with nitrogen gas protection.  

2.3.2 Reversed BSM Route 

    The only difference in the reversed BSM route is that in the reversed method, the reducing 

agent was added ahead of the addition of any protecting ligands. The reduction begins 
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immediately with the addition of NaBH4, and followed by adding ligands. The time between 

adding NaBH4 and ligands varies from 10 s, 30 s, 120 s, to 240 s for optimization.  

2.4 Characterization Methods 

2.4.1 UV – Vis Spectroscopy 

    The measurement was performed on an Agilent 8453 diode array UV-vis spectrometer. The 

background adjustments are made using respective solvents. Ag NPs are dissolved in toluene. 

The NP solutions are transferred to a 1 cm quartz cuvette. A typical experiment is in a 

wavelength range between 200 and 1000 nm. 

2.4.2 Transmission Electron Microscopy (TEM) 

    TEM images are taken with a JEOM 2100F and Phillips TEM at 200 kV. NP solution is drop-

casted onto a Formvar 400 copper grid and dried with aluminum cover in the hood for protection 

against light and oxygen. For solid sample, NPs are re-dissolved before being drop-casted. Size 

distributions are determined by counting a minimum of 200 particles and using ImageJ (NIH). 

2.4.3 Scanning Electron Microscopy (SEM) 

The images are taken with a Zeiss SUPRA55-VP SEM with accelerating voltage at 30 kV. NP 

solution is drop-casted onto a Formvar 400 copper grid and dried with aluminum cover in the 

hood for protection against light and oxygen. For solid sample, NPs are re-dissolved before being 

drop-casted. Size distributions are determined by counting a minimum of 200 particles and using 

ImageJ (NIH).  

 



40 

 

2.4.4 Energy Dispersive X – Ray Spectroscopy (EDS) 

    Energy-Dispersive X-ray Spectroscopy (EDS) is performed with a Zeiss SUPRA55-VP SEM 

with EDS compartment. The sample preparation is exactly same as for TEM and SEM imaging.  

2.4.5 Nuclear Magnetic Resonance (NMR) 

    Proton NMR data for solvents and precursors are taken using a 400 MHz Varian with 

MestRec acquisition system spectrometer. Proton NMR data for Ag NP solutions are recorded on 

300 MHz Bruker/Techmag DSPect spectrometer by dissolving ~0.01g of NPs in 0.8 mL of 

deuterated benzene (C6D6). The references to all the spectra are taken from standard benzene 

peak at 7.16 ppm for 1H NMR. 109Ag NMR for precursors are obtained using a 500 MHz Inova 

NMR spectrometer. For 109Ag solid-state NMR, the spectrum is obtained on a 400 MHz 

Techmag Appollo spectrometer. 

2.4.6 Raman Spectroscopy 

    The spectra were obtained using a confocal microprobe Raman system (Renishaw RM1000) 

equipped with a deep depletions CCD peltier cooled down to -70 °C . The microscope 

attachment was based on an Olympus BH2-UMA system and a 50x-long working-length 

objective (8 mm) was used. A holographic notch filter was used to filter the exciting line and two 

selective holographic gratings (1200 g/mm and 2400 g/mm) were employed with respect to the 

required spectral resolution. The exciting wavelength was 785 nm from a Renishaw Ar ion laser 

with a max power of 27 mW and a spot of ca. 3 μm on the surface. The slit and pinhole in 

experiment were 100 and 400 μm, respectively. The spectroscopy was calibrated with the peak at 

520 cm-1 of clean Si wafer. Liquid sample was measured in 5-mm NMR tube. Solid or slurry 

sample was measured on clean microscope slide. 
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2.4.7 Thermogravimetric Analysis (TGA) 

TGA is performed using a SDT Q600 instrument. The data are collected from room 

temperature up to 1000°C. The heating speed is 10 °C/min. 
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CHAPTER III 

SYNTHESIS OF ALKANETHIOLATE – PROTECTED SILVER NANOPARTICLES AND 

NANOCLUSTERS 

3.1 Introduction 

To study the charge transfer properties and for other applications, it is crucial to synthesize 

nanoparticles with both small sizes and good homogeneity. Metal nanoparticles protected by 

alkanethiols are good model systems for this purpose as discussed in Chapter I. The first two-

phase liquid-liquid synthetic method for thiol-derivatized Au nanoparticles is Brust-Schiffrin 

method (BSM).39 A similar one-phase synthesis route was developed by the same group 

afterwards, which simplified the reaction by using a single organic phase.40 This method has 

been widely used and modified for various ligand-protected metal NPs. There are many 

advantages of this method, including relatively straightforward procedure, easy storing and re-

dissolubility of the particles19, 41, and that the possibility of adjust particle size by changing 

reaction conditions.20, 42-44 In order to reduce the size polydispersity of the synthesized NPs, 

many methods have been used, such as fractionation,45 digestive ripening,46 size-focusing 

method,19 thermodynamic control and ligand interaction,47 etc and each of them have achieved 

promising results although with limitations. 

There have been a great number of synthetic methods developed to prepare small Au NPs. 

However, the research on silver is limited by the stability and reproducibility of the particles due 

to its chemical reactivity. Thus, a straightforward, reproducible, and operationally simple size 

control method for Ag NPs is in need. For the Ag NPs in our work, we started from a modified 

two-phase BSM as well as reversed BSM which switches the order of adding ligand and 
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reductant.34 Then we studied a series of different parameters in each step of the synthesis. We 

have been trying not to use any further size selection treatments after the synthesis. To achieve 

this goal, we investigated reaction conditions such as reaction time, solvent for reducing agent, 

reductant adding method, and temperature, etc.  

In this chapter, we will investigate this process focusing on two points: 1) optimization of 

reaction conditions for synthesizing small and homogeneous Ag NPs; and 2) investigation for Ag 

nanocluster formation with a modified synthetic method.  For characterizations, the most direct 

method is TEM. UV-vis is a convenient technique for a general idea of the quality of the 

particles as smaller Ag particles correlate to shorter SPR peak wavelengths.29, 133 Besides the 

relationship between NP size and peak position, we can also use the information from the 

broadness of the peaks to learn about polydispersity. Furthermore, the synthesized Ag NPs and 

their reaction process were studied by NMR, MALDI-MS, ESI-MS, and TGA.  

3.2 General Synthetic Routes of Alkanethiolate – Protected Ag NPs 

3.2.1 Traditional BSM Route 

The main procedure is shown in Scheme 3.1. The method used in this work was modified 

based on a two-phase method from the early work by Brust and Schiffrin.39 In a typical synthesis, 

one first mixes 0.5 mmole silver nitrate (0.5 mL aqueous solution) with 1.5 mmole TOAB in 50 

mL toluene and stirs the solution overnight or till fully phase-transferred. After the phase transfer, 

one removes the aqueous layer, adds corresponding thiol ligands to 1/5 of the solution which 

contains 0.1 mmole Ag+ and 0.3 mmole TOAB. The solution is stirred for 1 hour. Then 1 mmole 

sodium borohydride (NaBH4) in 1 mL ethanol solution is added dropwise in 1 min and let the 

reaction proceed for 2 h. After the reaction completes, water-soluble residues are removed by 
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washing the reaction solution four times with milli-Q water. The solution is then filtered by 

vacuum and the filtrate is collected. The solvent was evaporated using rotor-evaporator. When 

the solvent is nearly dried out, acetonitrile is added for purification. The product goes through a 

microfiltration system and the filter cake is collected and dried in nitrogen environment with 

protection from light. For the reaction optimization, change of specific conditions will be 

indicated in the context. 

 

Scheme 3.1 General procedure for Ag NP synthesis. 

3.2.2 Reversed BSM Route 

The reversed BSM was based on the same two-phase BSM39 and first proposed by Tong 

group34 in a 2011 work which designed to investigate the Au-S ligand formation step. The only 

difference is that in the reversed method, the reducing agent was added ahead of the addition of 

any protecting ligands. The reduction begins immediately with the addition of NaBH4, and 

followed by adding ligands within 10 s.  
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3.3 Investigation for Synthesis Conditions before Purification 

3.3.1 BSM vs Reversed BSM 

In traditional Brust-Schiffrin method, after the ligand was added to the organic layer of phase-

transferred precursors, the solution was stirred for 1 hour for complete mixing. Then sodium 

borohydride aqueous solution was poured into the precursor for overnight reaction. In the 

reversed BSM, NaBH4 was added first followed by adding the ligand. In the previous work that 

proposed this method,34 Au NPs possess the same size for both methods when protected by 

dodecanethiol (C12SH), but are smaller for reversed BSM when protected by diselenide and 

ditelluride ligands. The reason that Se- and Te- containing ligands behave differently could be 

attributed to the fact that they require the presence of water to break Se-Se and Te-Te bonds in 

order to get high quality particles.37 As for C12S-Ag NPs, a brief absorbance measurement was 

performed showing that both methods lead to similar UV-vis spectra,34 but no direct TEM 

comparison was carried out.  

 

Figure 3.1 Particles synthesized from BSM (a-c) and reversed (d-f) routes using different 

reaction time: (a, d) overnight, (b, e) 3 hrs and (c, f) 1 h. Scale bar: 20 nm.  

a                            b                             c 

 

 

d                            e                             f 
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    Based on previous experience from our group, octanethiol (C8SH) gives more homogeneous 

Ag NPs than other alkanethiols. Thus, we chose C8SH as ligand and used the same conditions 

for BSM and reversed method to synthesize Ag NPs for comparison. TEM images of particles 

synthesized from traditional (Figure 3.1a, b, c) and reversed BSM (Figure 3.1d, e, f) show that 

the latter generates slightly smaller particles. However, taking the standard deviation into 

account, the size difference between the two methods is not significant enough to be 

deterministic (Table 3.1). As a result, it is safe to conclude that traditional and reversed BSM do 

not show statistically obvious difference, which shows the similarity of the reaction process 

between Au and Ag.  

Image # Method Reaction time NPs sizes 

a BSM Overnight 2.74 ± 0.80 nm (29%) 

b BSM 3 hrs 2.61 ± 0.73 nm (28%) 

c BSM 1 hr 2.47 ± 0.65 nm (26%) 

d reversed Overnight 2.19 ± 0.54 nm (25%) 

e reversed 3 hrs 2.38 ± 0.72 nm (30%) 

f reversed 1 hr 2.11 ± 0.69 nm (33%) 

Table 3.1 Average size and distribution for different reaction time and synthetic routes. 

3.3.2 Reaction Time Effect 

        The reaction happens in liquid phase where each component is constantly moving and in 

dynamic equilibrium. So the surfaces of metal cores that were not fully covered by ligands may 
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contact each other, and consequently leads to possible core growth and agglomeration. Thus, it is 

important to consider the effect of reaction time to the size and homogeneity of particles.  

    In the original synthesis, the reaction was allowed to proceed for overnight. The comparison 

was carried out for both traditional and reversed method. Overnight, 3 hours, and 1 hour 

reactions were designed and the TEM images of the resulting products are shown in Figure 3.1. 

All other conditions for synthesis were kept same. Statistical data are listed in Table 3.1. The 

data give two pieces of information. 1) For BSM method, decreasing reaction time gives smaller 

size. For reversed method, no trend can be seen. 2) The size distribution is becoming slightly 

narrower for BSM and wider for reversed method as decreasing reaction time. Also, the 

distribution for BSM is narrower than reversed method in general. One should keep in mind that 

the difference is not greatly distinctive. But it definitely indicates that long reaction time is not 

necessary since it does not lead to better products, if not worse. As a result, we have chosen to 

use traditional BSM and short reaction time for further studies.  

3.3.3 Solvent for Reducing Agent 

The reducing power in our synthesis is provided by hydrogen coming from the reaction of 

sodium borohydride with the solvent. The rate of hydrogen generation varies for different 

solvents, and can have an impact to the reduction process. Water is the conventional solvent for 

dissolving NaBH4. The drawback of water is that the two-phase environment could lead to 

difficulties in reactants mixing. Since the reduction only happens at the interface between toluene 

and water, this may lead to the formation of inhomogeneous particles. To eliminate the 

disadvantage of two-phase reduction. We used methanol and ethanol as solvents for NaBH4 and 

compared the results with water. All other conditions were kept the same.  
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Figure 3.2 Photos for reactions between sodium borohydride with (a) methanol, (b) water, 

and (c) ethanol. 

The photos of the reactions are shown in Figure 3.2. NaBH4 reacts with methanol violently 

and generates hydrogen immediately when it dissolves. After the reduction, a large amount of 

black precipitates are formed. The majority of particles are insoluble and removed from the 

solution during the filtration step. Thus, the final solution is colorless and no UV-vis signals are 

visible. This can be explained as the blast of great amount of reduced Ag(0) cores which touch 

each other and grow bigger in a short time. In the meantime, free ligands in the solution are not 

able to attach to all the reduced Ag(0) surfaces because the process is too fast. So methanol is not 

suitable for reductant solvent. Water generates hydrogen slower than methanol. The white color 

in Figure 3.2b is due to the formation of small bubbles. Hydrogen generation from ethanol is a 

much milder reaction than methanol and water, and similar observation for water and ethanol 

was reported for synthesizing Ag7 cluster.78 

In TEM images for the particles obtained using the latter two solvents, nanoparticles 

synthesized using water (Figure 3.3a) as reductant solvent are larger than those from using 

ethanol (Figure 3.3b). Furthermore, statistics shows an improvement in size distribution of 17% 

(in ethanol) comparing with 26% (in water).  

a                                  b                                c 
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Figure 3.3 AgNPs synthesized using (a) water and (b) ethanol as reductant solvent pour-in 

and (c) ethanol drop-wise addition. The size deviation is improved from 26% in (a) to 17% in 

(b) and 14% in (c). Scale bars: 50 nm. 

We also mixed methanol with ethanol to control the reaction rate. However, due to the slower 

solvation of NaBH4 in ethanol than in methanol, the solution starts to generate great amount of 

bubbles immediately. This process is dominated by methanol. The post-synthesis NP solution is 

almost colorless which is similar with using methanol only. As a result, ethanol is preferable for 

synthesizing more homogeneous nanoparticles.  

3.3.4 Reducing Agent Addition Method 

When using ethanol as the solvent for sodium borohydride, the post-synthesis NP solution 

contains some black precipitates, which are much less than using methanol but not seen for water. 

This is due to the way we added the reductant. The reductant solution was poured to the Ag(I) 

precursor solution with stirring. Toluene and ethanol are readily mixable and the reaction 

happens right away, observed as the solution immediately turns black. However in the case of 

water, as long as the reduction of silver is only possible when aqueous phase contacts with the 

organic phase, it is actually not a continuous process. The dependence of inter-phase contact 

a                                   b                                   c 



50 

 

actually brings down the reduction rate. So we never see precipitates in post-synthesis solution 

from water.  

To deal with that problem, we changed our reductant addition method from pouring to a drop-

wise fashion. NaBH4 ethanol solution was added drop-by-drop to the precursor, and the color of 

solution gradually changes from colorless to brown and dark reddish brown. Upon completion of 

the reaction, no visible precipitates were present, indicating the successful control of the 

reduction time. The TEM image is shown in Figure 3.3c with the narrower size distribution of 

14%. Although the 3% improvement is not a big difference comparing with pouring, it is 

important for scale-up synthesis which requires more critical condition control and high yield. As 

a result, drop-wise addition is adopted for further work. 

3.3.5 Low Temperature Synthesis 

Tsukuda et al134 showed that temperature is the key factor in the synthesis of Au NPs and 

prepared 1.3 nm Au NPs at 0 °C. The reason for the temperature effect is that the size of particles 

is determined by the kinetic process during which there is a competition between metal core 

growth and ligand binding. The success in obtaining small NPs indicates that at low temperature, 

ligand attachment is faster than core growth. The possible collision of not fully covered NPs is 

also low. So it is reasonable to apply this mechanism to Ag NP synthesis.  

Ag NPs were synthesized at 0 °C in ice bath. The color change (corresponding with the 

reduction of Ag(I) to Ag(0) and formation of Ag NPs) was 3 times slower than the reaction at 

room temperature, supporting the assumption that the core growth and NP formation are slower 

at low temperature. In order to make sure that the growth is complete, we prolonged the reaction 

time to 4 hours. TEM images reveal that the resulting Ag NPs are smaller than those from 



51 

 

ambient condition. Figure 3.4 shows NPs that are (a) freshly synthesized (2.23 +/- 0.65 nm, 

29%), (b) after purification (3.09 +/- 0.53 nm, 17%), (c) their size distribution for (a), and (d) 

after centrifugation (2.99 +/- 0.43 nm, 14%). The particles are smaller. However, the size 

distribution is not very promising. 

 

Figure 3.4 Ag NPs synthesized at 0 °C. (a) NPs right after synthesis, (b) after crashing, (c) the 

size distribution for (a), and (d) the particles after centrifugation. Scale bars: 50 nm. 

3.3.6 High Temperature Synthesis 

Following the same logic while in the opposite direction, it is expected to investigate the 

influence of increasing temperature. At high temperature, a large amount of metal cores will 

form in a short time and have not enough time to aggregate or grow into larger particles. If the 

a                                              b                                    

c                                             d                                    
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ligand protection process is faster, small NPs will be the dominant product. The success of this 

idea depends again on which of the competing processes is faster at high temperature. 

    Synthesis was conducted at 60 °C and 80 °C. Since the reaction at high temperature is faster 

than ambient condition or 0 °C, we added the NaBH4 (ethanol) solution in one shot by pouring 

instead of drop-by-drop. Figure 3.5 shows Ag NPs synthesized at (a) 60 °C for 2h as previously 

optimized (3.38 +/- 0.46 nm), (b) 80 °C for 10 min (3.24 +/- 0.58 nm), (c) 80 °C for 2h as an 

overview, (d) 80 °C for 2h zooming the larger NP region (4.18 +/- 0.34 nm, deviation: 8%), and 

(e) 80 °C for 2h zooming the smaller NP region (1.78 +/- 0.34 nm). We could see that the 

particles synthesized at 60 °C for 2 h are comparable with those synthesized at 80 °C for 10 min 

due to the temperature effect. At 80 °C for 2 h, we got bimodal particle sizes. Smaller NPs are 

less than 2 nm.  

 

Figure 3.5 Ag NPs synthesized at (a) 60°C 2h, (b) 80°C 10 min, (c) 80°C 2h overview, (d) 

80°C 2h larger NPs region, and (e) 80°C 2h smaller NPs region. Scale bars: a, b, d, e = 20 nm, 

c = 50 nm. 

a                            b                             c  

d                                            e  
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It is noticeable that larger NPs in (d) has a very narrow distribution around 8%. This could 

mean that 1) the particle growth process stabilized at these two size groups at high temperature, 

and 2) among the two size groups, larger particles are more stable since they have much higher 

homogeneity. For comparison, reversed BSM synthesis was also performed at 80 °C but the NP 

agglomeration was so fast that all the particles precipitated out and nothing remained in the 

solution.  

3.4 Investigation for Ag Nanocluster Formation Process  

In order to further understand the competing process of Ag core formation and ligand 

protection, we used kinetic control to investigate the synthetic process. The reduction process 

starts with the formation of individual Ag atoms as Ag(I) ions meet with reducing agent. The 

Ag(0) atoms diffuse to their surrounding area in the solution and collide with each other 

instantaneously to form dimers, trimers, and so on and then grow into clusters of atoms which 

are also referred to as cores.  

The protection process as well occurs instantaneously as the ligands exist in the vicinity of 

precursor in a same solution before introducing the reducing agent. The competing process is 

illustrated in Scheme 3.2.  
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Scheme 3.2 Competing process in different concentration. Silver atoms with (a) moderate, (b) 

high, and (c) low concentration, and competition between nucleation and ligand attachment with 

(d) low and (e) high ligand ratio. 

When Ag(0) atoms and subsequent clusters with more atoms are formed, ligands diffuse in the 

solution and collide with them as a competing process. We hypothesized that under the condition 

of excessive reducing agent, higher Ag precursor concentration would lead to generation of large 

amount of Ag(0) atoms instantly. As the reaction was performed in the same environment, the 

distances between newly formed Ag(0) atoms are closer due to the high precursor concentration, 

which would favor the collision of atoms versus the protection by ligands. Thus larger NPs are 

expected. On the other hand, at lower precursor concentration, the formed Ag(0) are much less, 

and as a result, relatively far from each other. Ligands would be easier to protect NPs. Thus, we 

designed the experiment as keeping the volume of precursors constant while changing their 

concentration.   

Concentrations were calculated with the following equation.135 

t = x2 / (2D) 

(a)                          (b)                          (c)        

 

 

  (d)                                            (e)               
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where t is the time for a species to travel, i.e. the time for species to collide with each other in 

our case; x is the distance that a species travels in time t; and D is diffusion coefficient. In a 

given system, diffusion coefficient is a constant. Thus, the diffusion time can be adjusted by 

changing distance, x, which can be converted into concentration. Using the original condition of 

Ag:ligand = 1:1.5 as a comparison reference, it was calculated that, by increasing ligand 

concentration to 31 times (Ag:ligand = 1:47), t will be 10 times shorter than the time for species 

to collide in the case of original condition, and that by increasing ligand concentration to 91 

times (Ag:ligand = 1:137), t will be 20 times shorter. Thus, 31 and 91 times concentration were 

used in comparison with original Ag:ligand ratio in the following work.  

3.4.1 Ag Nanocluster Formation by Control of Ag:Ligand Ratio 

In the synthesis, original silver precursor concentration and different Ag:ligand ratios were 

used. We found that the products are affected by both the amount of thiol and reagent addition 

method. In all syntheses shown in Figure 3.6, thiol and NaBH4 were mixed first and then added 

to the Ag precursor. Mixing thiol and NaBH4 deprotonates thiol completely (vide infra). When 

using original Ag:ligand=1:1.5 ratio, we always obtained conventional particles as indicated by 

the plasma peaks (Figure 3.6i). At high ratio (91x of original recipe), the particles were obtained 

when pouring was used and clusters were generated when dropping was used (Figure 3.6j). This 

is clearly indicative of the kinetic control of the formation of Ag clusters. Leaving the NPs and 

clusters in the reaction solution for one day led to the broadening of the plasma peak and 

disappearance of the cluster peak (Figure 3.6k-l). This phenomenon shows the slowly occurring 

and long term process of the ligand etching which tears down the metal atoms. The color change 

is also suggesting the broken of the particles and clusters as brownish color becomes colorless 

(Figure 3.6f-h).  
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Figure 3.6 Photos (a-h) and UV-vis spectra (i-l) for NPs synthesized from original Ag 

concentration and using Ag:ligand=1:1.5 (a-b) and 1:137 (91x compared with original ratio, 

c-f). NaBH4 was added by either pouring (a, c, e, g) or dropping (b, d, f, h). (e) and (f) are the 

result of 2nd day from (c) and (d), (g) and (h) are after 3 weeks from (c) and (d), respectively. The 

UV-vis spectra (i-l) are corresponding with the photos as indicated by the annotations in the UV-

vis spectra. In all the syntheses shown in the figure, the thiol and NaBH4 were mixed first and 

then added to the Ag precursor. 

The TEM images of the clusters synthesized from the method mentioned above are shown in 

Figure 3.7. It is interesting that unlike NPs, the clusters have much lighter contrast, probably due 

to their loosely connected structure. Also, their shapes are not spherical but rather irregular. 

Owing to the nicely defined atomic composition of clusters, they have very homogeneous size 

distribution. The statistical data shows 2.3 +/- 0.4 nm in their diameters. 

(i)                                   (j)                                 (k)                                 (l) 

(a)                 (b)                  (c)                (d)                   (e)               (f)                 (g)               (h) 



57 

 

 

Figure 3.7 TEM of Ag clusters. Images showing (a) overview and (b) zoom-in view. 

From MALDI-MS measurement (Figure 3.8), four clusters were identified as Ag5SR4 at 

1121.4 (calculated value: 1121), Ag6SR5 at 1375.1 (calculated value: 1374), Ag7SR6 at 1627.0 

(calculated value: 1627), and Ag8SR7 at 1879.7 (calculated value: 1880), respectively, where SR 

stands for C8H17S. The bottom four spectra clearly show that the identified peaks are real signals 

rather than noise. It is noteworthy that those four cluster peaks are separated by the same 

distance correlating with a single AgSR unit, which is detached from the cluster when exposed 

under laser spot during the MALDI measurement. ESI-MS was performed for the clusters which 

showed [Ag5SR4  –  CH3]
+ at 1106.7 (calculated value: 1106), correlating with Ag5 clusters 

losing a methyl group (Figure 3.9). The disappearance of larger Ag clusters in ESI-MS could be 

attributed to two factors. 1) The high temperature (150 – 250 °C) during the ionization process 

could decompose the clusters; and 2) The ions need to pass through a small orifice to get in 

vacuum, where a lot of collisions can happen. It might induce some fragmentations as well.   

 

(a)                                                          (b)  
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Figure 3.8 MALDI-MS for Ag clusters. (a) Overview of four groups of clusters and 

individual spectrum for (b) Ag5SR4 at 1121.4, (c) Ag6SR5 at 1375.1, (d) Ag7SR6 at 1627.0, (e) 

Ag8SR7 at 1879.7, and (f) a separate repeated measurement showing that the peaks match with 

the previous result, respectively. 

 

Ag6SR5 

1375.1 

Ag5SR4 

1121.4 

Ag8SR7 

1879.7 

Ag7SR6 

1627.0 

(b)                                    (c)                                   (d)                                  (e)  

(a) 

Ag5SR4 

1121.7 

Ag6SR5 

1375.9 
Ag7SR6 

1627.8 

Ag8SR7 

1880.7 

(f) 
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Figure 3.9 ESI-MS for Ag clusters. (a) Overview of clusters and (b) zoom-in individual 

spectrum of [Ag5SR4 – CH3]
+ at 1105.7. 

Thermogravimetric analysis (TGA) for the Ag clusters from room temperature to 1000 °C 

showed a one-step decomposition at around 200 °C (Figure 3.10a). From the zoom-in view 

(Figure 3.10b), it is observed that the clusters start to decompose as low as 150 °C, which is the 

lowest operating temperature for ESI-MS. This could explain the reason of not being able to 

detect higher clusters in ESI. The weight loss of 54.2% from TGA measurement matches with 

calculated ligand weight percentage for Ag8SR7 (54%). The calculated values for Ag5SR4, 

Ag6SR5, Ag7SR6, and Au analogue Ag25SR18 are 51.8%, 52.8%, 53.5%, and 49.2%, respectively. 

Thus, the TGA result is supportive for mass spectrometry data which suggests that the main 

product composition is Ag8SR7. 

 

Figure 3.10 TGA for Ag clusters. Weight loss percentage from (a) room temperature to 

1000 °C and (b) zoom-in view. 

[Ag5(C8H17S)4  –  CH3]+ 1105.7 
(a)                                                                                       (b)   

(a)                                                   (b)   
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It was observed that both 31x and 91x of original ligand ratio were successful in generating Ag 

nanoclusters. By using in situ measurement, we were able to obtain more detailed reaction 

process information. Figure 3.11 shows the visual observation of the reaction solution at each 

measuring point. It is quite different from conventional NP synthesis in the sense that the color 

of the solution became light from 1 hour indicating that the influence of ligands started to be 

dominant and took effect in a relatively longer period. In the overnight reaction (second row), 

after addition of NaBH4 (from the second image), the color of solution became dark again, due to 

the reduction of Ag-ligand complex back into Ag NPs which contained mostly Ag(0).   

 

Figure 3.11 Photos of reaction solution for in situ measurement. Mixture of thiol and 

NaBH4 were used with 31x of the original thiol. NMR tubes show a clearer view for the color. 

The UV-vis spectra (Figure 3.12a) gives a clear turning point at 3 hour when the SPR-type 

peaks turn into cluster peaks. However, it is noteworthy that the SPR-type peaks shown in this 

synthesis are at 470-480 nm. This region is different from conventional alkanethiolate-protected 

Ag NP peak position which is typically between 430 and 460 nm. This could be an important 

indication that the generated Ag intermediate product is different from conventional Ag NPs that 
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obtained from low thiol-to-Ag ratio synthesis. Instead, this Ag species could be loosely packed 

clusters. 

 

Figure 3.12 UV-vis spectra for 1st day reaction (a) and 2nd day (b) after adding extra 

sodium borohydride to the reaction solution shown in Figure 3.11. 

The UV-vis spectrum at the 3rd hour is a combination of SPR-type peak and cluster peaks. It 

can be seen that from the 3rd hour on, the peak between 400 and 500 nm became weaker, while 

the cluster peaks in higher wavelength region became more dominant. This change is due to the 

continuous consumption of loosely packed clusters and the formation of dispersed clusters. For 

the 2nd day reaction when extra sodium borohydride was added to the reaction medium (Figure 

3.12b), the cluster peaks appeared at 1 hour which is sooner than the 1st day. The early 

appearance of cluster peaks may be due to a different interaction between silver and ligand 

which is different from the 1st day when the ligand was introduced together with reducing agent. 

The starting material of the former was phase-transferred AgNO3 enclosed in reverse micelles 

while it was degraded Ag-ligand complex for the latter, as shown by the decreased absorbance 

and the fading solution color.  

 

(a)                                                                      (b) 
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Figure 3.13 TEM images of in situ Ag cluster synthesis in the 1st day. 

Due to the agglomeration of clusters under electron beam and existence of larger particles 

before the end of reaction which was followed by filtering, we have not seen a clear trend in the 

particle size from TEM images (Figure 3.13 and 3.14). The large, random-shaped particles 

observed in the images may be the precipitates that were not separated due to the difficulty in 

washing and filtering small aliquots of the solution for making TEM sample when performing in 

situ measurements. However, it is clear that the light contrast, homogeneous, loosely packed 

clusters can be seen by TEM as early as 30 min, when the absorption showed SPR-type peak 

around 470-480 nm. This observation in TEM supported the cluster evolution analysis from UV-

vis data. 
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Figure 3.14 TEM images of in situ Ag cluster synthesis in the 2nd day. 

Proton NMR for the in situ reaction is shown in Figure 3.15. There is one noticeable move of 

the singlet peak from 2.8 to 2.6 ppm. The peak corresponds to the proton in ethanol that is used 

as the solvent for NaBH4. In the 2nd day reaction after the addition of more NaBH4, the peak 

moved downfield again (Figure 3.15i).  
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Figure 3.15 1H NMR for NP solution after start of reaction for (a) 30m, (b) 1h, (c) 2h, (d) 

3h, (e) 4h, (f) 5h, (g) 6h, (h) overnight, and continued reaction with addition of NaBH4 for (i) 

30m, (j) phase-transferred Ag precursor, (k) TOAB, (l) C8SH, respectively. 

To understand this peak, we performed another experiment using different amount of NaOH 

added to ethanol to create different basicity. The result (Figure 3.16) shows that the peak at 3.7 

ppm moved downfield as the NaOH concentration decreases. This explains the direction of the 

peak movement in the in situ experiment, indicating that the basicity of the reaction medium was 

getting lower as the reaction proceeds. 

(a) 30 min 

(b) 1 h 

(c) 2 h 

(d) 3 h 

(e) 4 h 

(f) 5 h 

(g) 6 h 

(h) 2nd day 

(i) 30 min 
 

(j) Ag precursor 

(k) TOAB 

(l) C8SH 
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Figure 3.16 1H NMR for ethanol with different amount of NaOH. 

3.4.2 Investigation of the Etching Effect 

We have obtained clusters using 31x and 91x of original thiol ratios. However, the formation 

of clusters involved with several contributions. The use of high amount of thiol led to shorter 

time for ligand to collide with metal species, while in the longer time scale, the etching process 

took effect. In order to better understand the reaction, we designed experiments to separate the 

two factors.  

 

Figure 3.17 UV-vis spectra of different time for 10x thiol synthesis. 
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We further decreased the use of thiol to 10x of the original ratio to determine 1) if this 

condition can generate clusters at all, and 2) if clusters form, when it happens. It was observed 

from UV-vis (Figure 3.17) that the typical nanoparticle peak at 460 nm remained and did not 

change into clusters at all from beginning to 6 hours. The peak height decreases due to the 

etching of NPs by the thiol. In the 2nd day, the absorption showed a single hump. It indicated that 

the amount of plasma NPs were getting less, but still in particle form rather than clusters. In the 

3rd day, the UV-vis was totally featureless. This means that the particles were not present 

anymore in the solution. From this phenomenon, it is indicative that although the 10x thiol was 

enough to etch away all the NPs, clusters did not form during this process. This result provides a 

clear evidence that etching alone was not able to form clusters. The kinetic process which 

happened shortly at the beginning of the reaction has inevitable contribution. 

 

Figure 3.18 UV-vis for conventional Ag NPs from 1:1.5 ligand ratio and subsequent 

addition of thiols. Black: fresh conventional NPs; red: after addition of 90x extra thiol for 1 h; 

blue: overnight. 

In order to further confirm the influence of the kinetic process versus ligand etching, we 

synthesized conventional plasma NPs using traditional method with 1:1.5 Ag:ligand ratio, and 
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then added 90x extra thiol to the NPs. The SPR Ag NPs degraded over time as seen in Figure 

3.18. However, the prominent SPR peak at 440 nm shows that the NPs synthesized from 

conventional method did not change into clusters. This means that, the normal plasma NPs that 

were synthesized from low thiol ratio would not turn into clusters by simply ligand etching. The 

high thiol ratio must present at the beginning of the reaction in order to generate clusters. It 

indicates that the cluster formation requires a different beginning process than conventional NPs. 

The TEM images (Figure 3.19) showed that after a prolonged period for etching, the traditional 

Ag NPs gradually lost their shapes and fused together and became “cloud”-like agglomerations, 

but not clusters.  

 

Figure 3.19 TEM images of (a, d) traditional Ag NPs, (b, e) with addition of 90x thiol after 

reaction for 2 m, and (c, f) after overnight period. 

The loosely packed clusters that were formed prior to the dispersed clusters, although different 

from conventional Ag NPs that were synthesized from low ligand-to-silver ratio, have been a 
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concern when investigating detailed reaction mechanism at the beginning stage. It is interesting 

to find a condition that Ag clusters can be formed without going through the step of loosely 

packed clusters. Thus, much lower Ag concentration was used in order to create such situation. 

In this case, 91x dilution was chosen to slow down the diffusion rate of Ag atoms while using 

91x concentrated thiol. The UV-vis spectra (Figure 3.20a, b) do not show SPR-type peaks, 

meaning there were no loosely packed clusters formed. On the other hand, there were no typical 

Ag clusters formed which would generate a series of molecular absorptions as shown in the 

previous sections. From the beginning of the reaction, the shape of the absorption remained as a 

decay curve and decreased due to etching, suggesting the possibility of Ag-ligand complex 

formation rather than specific clusters.  

  

Figure 3.20 UV-vis spectra for 1st day reaction (a) and 2nd day (b) after adding extra 

sodium borohydride to the reaction solution for 91x diluted Ag and 91x concentrated C8SH 

synthesis. 

3.4.3 Ag Nanoclusters Synthesized from Other Alkanethiol Ligands 

We have demonstrated that using the same method, hexanethiol (C6SH) can be used as ligand 

to form Ag clusters (Figure 3.21). The UV-vis peaks are typical for clusters as observed in C8SH 

(a)                                                                        (b) 
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protected clusters. The TEM images show no visible difference compared with C8SH. The 

statistics give average size of 2.5 +/- 0.4 nm.  

   

Figure 3.21 C6SH protected clusters synthesized using same method. UV-vis spectrum (a) 

and photo (inset), TEM image overview (b) and zoom-in view (c). 

However, C12SH is a little different from C8SH and C6SH. In the middle of C12SH synthesis 

(1 h), the color is normal as brown, and the UV shows clusters (Figure 3.22, black line). 

However, when finishing the 2-hour reaction and after water washing and filtering out insolubles, 

we obtained colorless solution and no UV peaks were observed. Although C12SH is slower in 

diffusion compared with shorter thiols, it turns out to be stronger in etching.  

 

Figure 3.22 C12SH protected clusters synthesized using same method. Black: 1 h; red: 2 h 

after reaction starts. 

(a)                                                        (b)                                              (c) 
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3.4.4 Synthesis without TOAB 

In order to better understand the kinetic process and to avoid the influence of TOAB, we 

designed our experiment by reversing the order of adding the reactants. In the new approach, we 

added AgNO3 (without TOAB or phase transfer) to the mixture of C8SH and NaBH4 while 

keeping other conditions constant and using 91x thiols for clusters. As the AgNO3 is not soluble 

in pure ethanol, we used water, 95% ethanol and 99% ethanol to dissolve AgNO3 for reaction. 

When using water, the reaction was extremely violent and most silver agglomerated into large 

particles and precipitated out from the solution. So the color of the solution was light and did not 

contain much particles (Figure 3.23a, d). When using 95% ethanol, the reaction was much better 

controlled. It was obvious that the plasma peak was much narrower than the former particles and 

the color of solution was darker as there was less NP loss during the reaction (Figure 3.23b,e). 

While using 99% ethanol, the particles were more homogeneous in size compared with 95% 

ethanol from TEM image (Figure 3.23c). These results showed that, although clusters were not 

formed using this method, the quality of NPs can be controlled kinetically even with the absence 

of TOAB. 
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Figure 3.23 Reversed order, TOAB-free synthesis by using (a, d) water, (b, e) 95% 

ethanol, and (c, f) 99% ethanol as solvent for AgNO3. Top row: TEM; bottom row: 

corresponding UV-vis and photos. 

3.4.5 Impacts of Thiols and Thiolates 

In most metal NP syntheses, the chemical form of the protecting ligand is not a focus of 

research. Typically, thiols were added to the metal precursor prior to the introduction of reducing 

agent with the purpose of either initial reducing precursor to a low valance state (as in Au) or 

forming a homogeneous mixture (as in Ag). Interestingly, we have noticed that when thiols 

mixed with sodium borohydride, all the thiols were deprotonated to form thiolates, as shown in 

the proton NMR in Figure 3.24. In the spectra, it is clear that the peaks at 2.2 ppm in (a) and (c) 

split into quadruplets corresponding with thiols. On the other hand, the peaks became triplets in 

(b) and (d) after adding sodium borohydride, indicating loss of protons. This change means that 

(a)                                             (b)                                             (c) 

(d)                                           (e)                                          (f) 
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at the time that Ag(I) was reduced to Ag(0), the ligand was in the form of thiolates, which 

enables us to proceed one step further to clearly understand the reaction process.  

 

Figure 3.24 1H NMR for (a) TOAB (91x diluted, same as synthesis condition but without 

Ag) + C8SH (91x concentrated), (b) with addition of NaBH4 (ethanol), (c) TOAB (original) 

+ C8SH (91x concentrated), (d) with addition of NaBH4 (ethanol), and (e) phase-

transferred Ag precursor, (f) Ag precursor with C8SH, (g) Ag precursor with C8SH and 

ethanol, (h) TOAB, and (i) C8SH, respectively. 

A few years ago, Lennox group49 showed results that disproved a previously believed notion 

that metal precursor forms polymer with ligand before reduction. Our group’s work34 clearly 

proved that idea by providing spectroscopic evidence and proposed a possible mechanism. 

However, the detailed process of how and when the ligand protects the formed metal core is still 

not resolved. The information obtained from our current NMR spectra is a definite answer to the 

form of ligand during the reaction.  

In order to investigate the effect of thiolates versus thiols in the reaction, we could use 

ascorbic acid in replacement for sodium borohydride. When ascorbic acid dissociates in our 
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experimental condition, it generates protons and decreases the pH value, thus making it more 

difficult for thiols to deprotonate. From NMR spectra (Figure 3.25), the addition of ascorbic acid 

(b) did not change the quadruplet thiol peak at 2.2 ppm. By keeping the acidity in the reaction 

environment, thiols were preserved during the NP synthesis. We have not obtained promising 

results and the reaction condition of using AA needs a series of further detailed experiments to 

figure out. However, this could be an interesting topic to look into in the future work for the 

purpose of mechanism study. 

 

Figure 3.25 1H NMR spectra of (a) C8SH and (b) addition of ascorbic acid (1:1 v/v ethanol 

with water) to (a). 

3.5 Conclusions 

    In this work, we synthesized Ag NPs protected by octanethiol. Experimental conditions 

were systematically investigated for best optimization of their size and homogeneity. Briefly, we 

found that 1) Traditional and reversed BSM did not show statistically obvious difference; 2) 

Long reaction time (i.e. overnight) was not necessary for generating Ag NPs compared with 2-

hour reaction; 3) ethanol was preferable for synthesizing more homogeneous nanoparticles; 4) 
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drop-wise addition was effective comparing with pouring in terms of avoiding precipitates 

during the reaction; 5) The low temperature synthesis generated slightly smaller particles, while 

the size distribution was not promising; 6) Synthesis at high temperature led to the formation of 

bimodal particles with high homogeneity (8%) for larger particles. Possible reaction mechanism 

and processes were discussed according to microscopic and spectroscopic data. In the process of 

investigating the NP formation, we found method to synthesize Ag nanoclusters protected by 

alkanethiols, rather than aromatic thiols for the first time. The conditions and reaction process for 

clusters were extensively studied, and it showed that particles/clusters grew through a competing 

process between ligands and silver atoms rather than saturation-crystallization process. 

The effects of various conditions to the synthesized particles that were investigated in our 

work could serve as applicable model for optimizing other ligand-protected Ag NPs and Ag 

nanoclusters using two-phase BSM route. 
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CHAPTER IV 

INVESTIGATION OF POST-SYNTHESIS TREATMENTS ON SILVER NANOPARTICLES 

4.1 Introduction 

        Alkanethiolate-protected silver nanoparticles have been synthesized using two-phase 

Brust-Schiffrin method.39 With investigations for the reduction process, a series of conditions 

have been studied and optimized to generate small and monodisperse Ag NPs. However, one of 

the most challenging issues yet to be solved in NP synthesis is that the size and homogeneity of 

freshly prepared particles would inevitably degrade. Specifically, the post-synthesis treatments 

were found to be a key factor for particle growth. The main part of these treatments is the 

purification process, i.e. the use of a less soluble solvent to precipitate out NPs from solution to 

separate excessive ligands and surfactants. In this process, the original solvent (i.e. toluene for 

two-phase BSM) is evaporated under decreased pressure. Then great amount of certain solvent is 

introduced, and the suspension is left in fridge overnight to let the NPs precipitate out from the 

solution phase. Finally, the precipitates are collected onto filter paper using a microfiltration 

system. The degradation usually leads to increase of size, broad size distribution, and irreversible 

precipitation from solution. However, there is lacking systematic and rigorous investigations to 

understand at what step and why do the NPs degrade, and how the solvents interact with NPs and 

their stabilizing ligands.  

In this chapter, the first detailed and systematic parallel comparison between different 

precipitation solvents with focus on different aspects will be discussed for octanethiolate-

protected Ag NPs in terms of their effects on particle size, homogeneity and yield, with the 

morphologies and mechanisms being discussed using microscopic and spectroscopic techniques. 
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The effects of precipitation solvent were investigated by transmission electron microscopy 

(TEM), ultraviolet-visible spectroscopy (UV-vis), and energy-dispersive x-ray spectroscopy 

(EDS).  

4.2 Post-Synthesis Treatments 

4.2.1 Drying Process 

After the synthesis, the crude products went through washing steps by using water and 

filtration. Then the solvent was removed by rotor-evaporation during which most of the toluene 

was evaporated at low pressure and nanoparticles were made almost dry with only a little solvent 

left before adding purification solvent. In this drying process, NPs should ideally have no size 

change because the excessive protecting ligands as well as TOAB had not been removed by the 

upcoming purification treatment.  

In order to break down the steps of post-synthesis treatments, it is necessary to look into the 

drying process to check if there is any size growth before purification. Thus, TEM images were 

taken for freshly synthesized crude products, after drying out the solvent and re-dissolving in 

toluene, and after purification by adding precipitating solvent, respectively (Figure 4.1). By 

comparing images and doing statistics in these three consecutive steps, we got sizes and 

distributions as 3.10 ± 0.45 nm (15%), 3.21 ± 0.6 nm (19%), and 3.50 ± 0.71 nm (20%), 

respectively. From TEM images, we can see that dried NPs are only slightly bigger than post-

reduction (freshly synthesized) particles. One reason of this could be that some areas of Ag 

surface were not fully covered by the ligand, but the presence of TOAB in the solution provided 

additional protection to stabilize the particles. So the sizes were relatively preserved. During the 

solvent drying process, inverse micelle structures from TOAB gradually broke down and cannot 
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offer protection any more. In the meantime, NPs had chance to contact each other and fuse at the 

exposed area.  

 

Figure 4.1 Ag NPs (a) right after synthesis, (b) after roto-evaporation (drying process) and 

re-dissolved, and (c) after purification. 

From comparison between Figure 4.1b and c, the size change in the purification step was more 

obvious than drying process. The size increase from b to c (9%) was 2.6 times larger than it was 

from a to b (3.5%). Yellow dashed circles show irregular shapes that still can be identified as 

coming from fusing of two or more NPs. This is a clear evidence to prove that the increase of 

sizes and broadening of distribution were not due to continued deposition of metal atoms onto 

larger particles, rather they grew by contacting each other and forming linked particles. Thus, 

purification contributed more significantly to size growth and is one of the keys to optimize the 

quality of particles. 

4.2.2 Functional Group Effect 

Ethanol is a commonly used purification solvent for most Au nanoparticles and clusters. Other 

solvents such as acetonitrile (ACN) and dimethyl sulfoxide (DMSO) have also been used for 

different cases.136 We explored acetonitrile (ACN), acetone, N, N-dimethylformamide (DMF), 

DMSO, methanol and ethanol for their purification performance. 

a                                b                                c 
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The results are shown in Figure 4.2. From an intuitive glance, one can easily tell that the 

acetonitrile purified NPs (Figure 4.2a) are better than other three cases. Homogeneous sizes 

make the NPs favorable to form hexagonal close-packed patterns which can be seen in all the 

images. Statistics from each image give sizes as 2.62 ± 0.44 nm (17%), 2.97 ± 0.39 nm (13%), 

2.98 ± 0.51 nm (17%) and 2.88 ± 0.53 nm (18%) for NPs purified with acetonitrile, acetone, 

DMF and DMSO, respectively.  

 

Figure 4.2 TEM images for C8S protected Ag NPs purified by (a) acetonitrile, (b) acetone, 

(c) DMF and (d) DMSO (insolubles have been eliminated for all samples). Scale bars: 20 nm. 

Recent study showed that the addition of methanol to the post-synthesis Au NP solution could 

lead to precipitation of big NPs, leaving smaller ones in methanol solution.137 Then the 

supernatant was collected and the procedure was repeated for size separation. This is similar with 

what we got from methanol purification in which particles were small in soluble part. However, 

a                                    b 

c                                    d 
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majority of the particles were precipitated out from solution and the yield was too low to be 

usable in further research. 

The polarity of solvents was at first considered as a possible reason for the difference in 

purification result. But if we compare methanol (D=5.1, Figure 4.3a), ethanol (D=5.2, Figure 

4.3b) and acetone (D=5.1, Figure 4.2b), their similar polarities are not able to account for the 

agglomeration shown in TEM images. The fact that the two alcohols are protic solvents may play 

a role in the process. It could be assumed that the alcohols deprotonated and generated protons, 

which would make the thiolate ligands unstable and thus led to particle growth. 

 

Figure 4.3 TEM images for C8S protected Ag NPs purified by (a) methanol and (b) ethanol. 

Scale bar: 50 nm. 

4.2.3 Carbon Chain Length Effect 

Although ethanol has been a widely used conventional precipitating solvent for Au NPs, the 

result was not promising for Ag NPs. Thus, it is natural to consider using similar alcohols that 

have different number of carbon atoms.  The idea of using longer carbon chain came from the 

assumption that smaller molecules may insert between protecting ligands, and grab the ligand 

away from the metal surface. In order to compare carbon chain length effects in the purification 

a                                              b 
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process, freshly synthesized Ag particles were precipitated using equal amount of methanol, 

ethanol, n-propanol, and n-butanol. Comparing Figure 4.4a and 4.4c with Figure 4.3a and 4.3b, 

the bimodal size distributions that are observed in methanol and ethanol are not present in 

propanol and butanol, and as a result the monodispersity is improved. However, the 

improvement is very slight and there is no obvious difference between propanol and butanol. 

This could possibly due to the similarity of polarity (both are 4.0) of propanol and butanol while 

all being protic solvents.  

 

Figure 4.4 Ag NPs crashed out using (a) n-propanol, (b) iso-propanol, (c) n-butanol, and (d) 

tert-butanol. Scale bars: 20 nm. 

On the other hand, although difference between propanol and butanol is hard to distinguish 

from TEM images, there is a visible brownish color in the solution after precipitation with 

butanol (Figure 4.5b), indicating that the NPs start to dissolve in the purification solvent rather 

a                                           b 

c                                           d 
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than precipitate as shown in the case of propanol (Figure 4.5a). Since the protective ligand has 

eight-carbon chain, the increase of the solvent chain length would induce stronger interaction 

between alcohol and thiol, and consequently promote the dissolution of particles in the solvent.  

 

Figure 4.5 Photos for Ag NP suspensions after overnight crashing with (a) n-propanol, (b) 

n-butanol, (c) iso-propanol, (d) tert-butanol, and (e) ethylene glycol. 

4.2.4 Steric Effect 

As discussed above, the thiol has a potential to interact with linear alcohol solvents, especially 

those have long chains, and leads to difficulty for separation. While using bulky molecules, this 

process could be restricted by steric effect which prevents carbon chains from getting too close 

to each other. Thus, n-propanol, iso-propanol, n-butanol, and tert-butanol were compared to 

study the shape effect. As we can see in Figure 4.4, linear propanol and butanol resulted in larger 

particles and poor distribution compared with iso-propanol and tert-butanol. Visually, the 

particles were not dissolved in iso-propanol and tert-butanol (Figure 4.5c and 4.5d) while it 

happened in the case of linear butanol. Also, the bulky alcohols contributed to good re-

dissolubility. In summary, NPs crashed from bulky solvents were smaller and more 

homogeneous than linear ones.  

 

a             b            c             d             e 
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4.2.5 Effect of Hydroxyl Group 

Alcohols that have same number of carbon but different number of hydroxyl groups were also 

explored. Comparing with ethanol (Figure 4.3b), the sizes of particles purified using ethylene 

glycol (Figure 4.6) were between the smaller and bigger regions from ethanol. The particles 

showed very nice re-dissolubility after the treatment. However, this improvement may not be 

necessarily influenced by the increase of hydroxyl group. With the addition of the solvent, NPs 

floated on top of ethylene glycol during the precipitation process, which led to poor contact 

between particles and the solvent. In order to entail complete mixing and extraction, the 

suspension was stirred constantly for over 2 hours. However, the particles could not mix with 

ethylene glycol at all as shown in Figure 4.5. It is very likely that the crashing may not happen in 

this solvent. 

 

Figure 4.6 Ag NPs crashed out using ethylene glycol. 

    The reason could be attributed to the fact that each ethylene glycol molecule possesses two 

hydroxyl groups. The excessive number of hydroxyl groups led to the formation of a great 

amount of hydrogen bonds which can be observed as an increased viscosity of the solution. Thus, 

the solvent molecules were tied with each other and were difficult to interact with nanoparticles.  
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4.2.6 Purification Time Effect 

Since the particles grew larger during purification, we investigated whether it would be 

prevented by shortening the purification time. We did overnight versus 30 min purification. 

Figure 4.7a and 4.7b show NPs purified after conventional overnight period and their 

distributions. Figure 4.7c and 4.7d show NPs purified only for 30 min. From the column graphs, 

one can see that shorter purification time correlates to narrower size distribution and smaller 

average size. This is an indication of possible exposure of particle surface area when purification 

solvents were introduced. As a result, 30 min purification time can be selected instead of 

overnight. 

 

Figure 4.7 Ag NPs after (a) overnight crashing and (c) 30 min crashing with their 

respective size distributions (b and d). 

a                                                b 

c                                                d 
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4.2.7 pH Effect 

Sufficient ligands could provide better protection to particles. However, it is possible that the 

ligands may not necessarily be able to deprotonate to form thiolates in order to protect the 

exposed metal surface. The fact that alcohols such as methanol and ethanol can be considered as 

acids138 could have negative impact on the binding of thiolates on metal surface. As a result, we 

compared the particles purified in acid and base environments.  

 

 

Figure 4.8 Ag NPs measured by (a) UV-vis, and (b, c) TEM that are crashed by (b) ethanol 

with 1 M HCl, and (c) ethanol with 1M NaOH solutions. 

Additional 1 eq molar thiols were used for the acid and base purification. The UV-vis and 

TEM images (Figure 4.8) show obvious difference between these conditions. The broad UV 

shape for acid treatment indicates poor size distribution, which was likely to be attributed to the 

a 

b                                            c 
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desorption of surface thiolates in acidic environment. On the other hand, basic environment 

yielded smaller and more homogeneous particles. The particles purified in acidic environment 

were visibly much larger and widely distributed (4.83 +/- 1.63 nm) compared with those in the 

basic environment in TEM measurement. 

4.3 Investigation for Particle Growth Process 

4.3.1 Hypotheses 

 

Scheme 4.1 Ideal purification process taking acetonitrile as an example crashing solvent. 

It is already accepted that purification process plays the most important role in particle growth. 

Different conditions have been studied to optimize the quality of final particles. To understand 

the NP growth process, the ideal purification process is illustrated in Scheme 4.1 taking 

acetonitrile as an example solvent. In this process, the particle surface was well protected by 

thiols. With the addition of large amount of purification solvent, particles precipitated out from 

the solution while still keeping the completeness of ligands. After removing the solution phase, 
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particles were dried and collected, and can be easily re-dissolved while preserving their sizes. As 

we have observed in the experimental results, however, the particles did not go through this ideal 

purification process, i.e. they neither kept their sizes nor re-dissolubility after purification. 

 

Scheme 4.2 Hypothesis 1 for post-synthesis particle growth taking acetonitrile as sample 

solvent. 

We proposed several hypotheses to explain this phenomenon. One hypothesis is that, 

assuming the particles were fully covered by ligands right after synthesis. When the purification 

solvent was added, it grabbed thiols away from the metal surface, thus making the particles 

susceptible to attack and growth (Hypothesis 1, Scheme 4.2). The second hypothesis has a 

presupposition that the freshly synthesized NPs had exposed defects on their surface, but the 

stability was maintained by TOAB (Hypothesis 2, Scheme 4.3). It contained several routes. In 

route a-b, the addition of purification solvent removed TOAB since it was weakly adsorbed on 

the surface without forming chemical bond. Then particles grew larger. After step a, we can 

remove the purification solvent immediately to avoid particle growth without full protection, and 

added extra ligand to cover the exposed surface (step c). Then added purification solvent again to 

check whether the final product was stable (route a-c-e) or not (route a-c-d). Alternatively, 

ligands can be introduced before purification. Depending on whether thiols can replace TOAB or 

not, complete surface protection will form or not, leading to either route f-h or f-g, and the 
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further steps that have been discussed above. In order to test these hypotheses and possible routes, 

experiments have been designed as follows. 

 

Scheme 4.3 Hypothesis 2 for post-synthesis particle growth taking acetonitrile as sample 

solvent. 

4.3.2 Addition of Extra Ligands before Purification 

In a parallel comparison experiment, 1 eq molar extra ligand was added to freshly synthesized 

NP solution and the mixture was stirred for 1.5 hours. Then the solution was concentrated by 

rotor-evaporation as in regular procedure. And then the crashing solvent was introduced (Figure 

4.9). It is obvious that the two procedures generated same results. Addition of thiol ahead of 

purification did not prevent the growth of NPs that was observed in conventional purification.  
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Figure 4.9 Comparison of thiol effect during the purification. (a) Normal crashing, and (b) 

addition of thiols after synthesis and before crashing. 

The result of this experiment had two implications. First, for the case that particles were fully 

covered by thiols and the purification solvent grabbed thiols away from surface, this situation 

would not take place since there were extra thiols already present prior to purification, which 

were supposed to instantaneously bind on the exposed area. Thus, Hypothesis 1 is disproved, 

meaning that 1) The freshly synthesized Ag NPs were not well protected by ligands, and 2) 

Purification solvent did not remove ligands from particle surface. Second, in Hypothesis 2 where 

defects were stabilized by TOAB, route f-h is excluded since particle growth was not prevented 

and thus route f-g is validated. This is indicative that crashing solvent was able to take over 

TOAB and rendered the particles poorly protected. 

4.3.3 Instant Removal of Purification Solvents with Addition of Extra Ligands 

Another method has been used to examine the hypotheses and to improve this situation. First, 

purification solvent was added to NPs and removed immediately to avoid any irreversible NP 

a 

b 
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growth. At this point, the NPs in the solid form were separated from TOAB and purification 

solvent. Then added extra thiols dissolved in toluene solution to re-dissolve NPs, and then added 

crashing solvent again for a conventional overnight purification. The results are shown in Figure 

4.10. The particle sizes and distribution in (B) were preserved compared to conventional 

purification in (C). The statistical graph shows a much distinguishable difference in size 

distribution that the conventional purification (C) yielded larger particles and broader 

distribution than the modified method. While the modified method followed the same statistical 

trend before the second purification. This result validates step c and e in Hypothesis 2.  

 

Figure 4.10 Ag NPs after (a) adding purification solvent and immediately remove it by 

filtration, (b) followed by addition of extra ligand and purify overnight again, and (c) 

conventional overnight purification without extra ligand addition for comparison, and (d) 

statistics for NP size for the three cases. 
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With the designed experiments and discussion for the results, we can propose the particle 

growth process as follows.  

1) There existed exposed surface on the freshly synthesized Ag NPs, which were stabilized by 

TOAB before purification. 

2) Extra ligands that were introduced before purification cannot replace TOAB on the NP 

surface.  

3) The purification solvent did not grab the ligands from the surface, instead, it removed 

surface TOAB at defect spots. 

4) The growth of particles started right away after adding the purification solvent.  

The process is depicted in the Scheme 4.4. From the investigation, we found that immediately 

removing the purification solvent with addition of extra thiols can effectively prevent growth of 

NPs in further purification.  

 

Scheme 4.4 Possible route for post-synthesis particle growth taking acetonitrile as sample 

solvent. 
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4.3.4 NP Agglomeration 

Although it is confirmed that NPs grew after purification, exact form of growth as well as its 

relationship with decreased re-dissolubility were not clear. Detailed information was given by 

TEM images (Figure 4.11a, b, d) for the precipitates that were not soluble in toluene after 

purification. The images reveals three pieces of information. 1) The precipitates were not large 

agglomerated pieces, but actually nanoparticles with relatively large sizes. Their average size 

was 12.79 ± 2.45 nm. 2) The distribution of 19% was moderate and at the same level comparing 

with soluble NPs, meaning that the growth of NPs happened all over the places and around the 

same rate. 3) Yellow circles in Figure 4.11b indicate that there occured fusion of NPs. Arrows 

show different directions in the Ag lattice structure. This is another side proof in addition to 

Figure 4.1 which shows that the particles grew by contacting each other on exposed surface, 

rather from continued deposition of smaller atoms onto larger NPs. It is noteworthy that the UV-

vis spectrum (Figure 4.11c) has two surface plasmon resonance features. The shallow hump 

around 440-470 nm correlates to smaller NPs that are remaining in the sample. This peak is very 

common for Ag clusters smaller than 5 nm. The highest SPR at 310 nm may show the feature of 

precipitated particles. The narrow shape matches well with the moderate size distribution.  
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Figure 4.11 TEM images of (a, b, d) precipitates and (c) corresponding UV-vis spectrum. 

4.4 Conclusions 

    The purification process was studied with various kinds of solvents and focused on different 

aspects to find optimal conditions. The result showed that not only polarity of solvent influenced 

the final product, but also functional groups, chain length, shapes of solvent molecules, and time 

had impact on the particle size, monodispersity and re-dissolubility. In summary, it was found 

that 1) Purification process was the most important step in particle growth; 2) Acetonitrile was 

the optimal purification solvent for Ag NPs to preserve particle size and homogeneity; 3) Longer 

carbon chain in the purification solvent molecule interacted strongly with protecting ligand and 

led to particle growth, and vice versa; 4) Solvents that have bulky molecular structures provided 

steric hindrance and led to better purification results; 5) Hydroxyl groups would negatively affect 

the purification due to the fact that excessive hydrogen bonding prevented interactions between 

a                                         b 

c                               d 
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ligands and solvents; 6) Short purification time prevented particle growth; 7) The quality of final 

product was influenced by the acidity of the purification solvent and would be benefit from basic 

environment. 

    Hypotheses for purification process have been proposed and tested by well designed 

experiments. A possible particle growth route in the purification process was determined and 

method to preserve particles was given. This work provided useful information on the method to 

preserve Ag NP growth after reduction, and promoted the understanding of the purification 

process, which is the pre-requisite for real applications. 
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CHAPTER V 

SYNTHESIS OF MONODISPERSE SILVER NANOPARTICLES BY MODIFIED AGING 

5.1 Introduction 

    Brust-Schiffrin method (BSM) is the most dominant route for synthesizing metal nanoparticles 

(NPs) that are smaller than 5 nm. The mechanism of BSM has been investigated extensively in 

recent years. A series of progress has been achieved and the picture of the reaction process is 

becoming clearer.34, 36, 55 Great emphasis has been focused on resolving the precursor and 

intermediate states in the existed studies. However, relatively less efforts have been taken to 

explore the post-synthesis aging process.  

Due to the size-dependent properties of nanoparticles,106 controlling the size and homogeneity 

is a prerequisite for many of their applications, such as in the field of biomedicine,107-108 

sensors,109 catalysis,110 energy storage,111 and so on. Gold is the most extensively studied system. 

As a close counterpart, silver NPs have also developed in recent years and have been utilized in 

many areas including water filtration membranes,112 nanocomposite synthetic fibers in textile 

industry,113 ion sensors for environmental screening,114 catalysis,115-116 and biology.117-118  

Although there have been enormous efforts to control the size and homogeneity of various 

nanoparticles,119-120 this is still a challenging task especially for silver due to its chemically active 

characteristic and thus poor stability. Digestive ripening is one of the most efficient methods to 

control NP size and size distribution.46, 121-124 Generally, this process involves introducing 

excessive protecting ligands to a polydisperse NP solution and refluxing at high temperature to 

realize size narrowing to reach a stabilized state. The obtained monodisperse NPs tend to self-
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assemble into close-packed hexagonal structures which are referred to as superlattices (SLs).125-

127 The superlattice structures with specific architecture would play critical roles in their potential 

applications. However, the essential criterion for its formation is the synthesis of monodisperse 

nanoparticles, and digestive ripening is a reliable method for the latter.  

In recent years, there have been great developments in narrowing the size distribution of 

various NPs using digestive ripening method. With dodecanethiol (C12SH) as a ripening agent, 

Lin et al.46 improved homogeneity of polydisperse ligand-free Au NPs that were synthesized 

using small amount of didodecyldimethylammonium bromide (DDAB). Sorensen and Klabunde 

et al.128 studied chain length effect to alkanethiolate-protected Au NPs. The influence of higher 

ripening temperature was studied for alkanethiolate-protected Au NPs by using t-butyl toluene 

which has a higher boiling point in replace of toluene.124 The first application of digestive 

ripening method to metals other than gold was proposed by Klabunde,129 in whose work Ag NPs 

were ripened using dodecahethiol (C12SH) and had sizes of 6.6 +/- 1 nm. It should be noted that 

the Ag NPs were synthesized by solvated metal atom dispersion (SMAD) method rather than 

widely used inverse micelle route as in our study. Prasad et al.123 compared size distribution 

between Ag, Au, and Pd NPs that were digestively ripened by dodecanethiol and dodecylamine. 

Bigioni et al.131 synthesized DDAB capped Ag NPs and used C12SH for digestive ripening 

followed by an overnight 60 °C water bath treatment. The method generated nicely distributed 

Ag NPs of 5.6 +/- 0.4 nm as supernatant and larger particles were irreversibly precipitated out 

from solution and discarded.  

Despite the above-mentioned progress in this field, there was no explanation for why one type 

of ripening agent gave smaller size or more homogeneous particles over the other. Also, most of 

the work applied an extremely high amount of ligand for better capping and did not dig into 
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variations of metal-ligand ratio. Furthermore, conventional digestive ripening process required 

high temperature for a prolonged time period, which would possibly render Ag NPs susceptible 

to being oxidized. Unfortunately, there have been no research focused on the possible structural 

or compositional change of Ag NPs after going through these harsh ripening conditions.  

    In this chapter, control of alkanethiolate-protected sub-5nm Ag NPs by using a modified BSM 

was proposed combining with room temperature (as compared to the prevailing high temperature 

process) aging under a range of different conditions. Highly homogeneous Ag NPs with small 

average sizes were successfully obtained. A series of influential factors including Ag : ligand 

ratio, carbon chain length, and temperature etc have been systematically investigated. In contrast 

with most literature, it was observed that Ag NPs were stable only within a specific Ag to ligand 

ratio range after aging process. This is a new case in accordance with Bigioni’s observation131 

which found that high Ag : ligand ratio led to less stable Ag NPs, although the particles were 

obtained through different synthetic routes. The chemical explanation for the results was also 

proposed. This study will lead to better understanding of the particle growth, and provide a 

possible new route for better control over the size and homogeneity of the Ag NPs for further 

applications.  

5.2 Experimental Section 

5.2.1 Chemicals 

    Silver nitrate (AgNO3, ACS reagent, 99+%), sodium borohydride (NaBH4, 98%), and 

octanethiol (C8H17SH, or C8SH for short) were purchased from Aldrich. Tetra-n-

octylammonium bromide (TOAB, 98%) was from Alfa Aesar. Organic solvents such as toluene, 

ethanol, methanol, acetonitrile, acetone were of analytical grade, and were used as received 



97 

 

without further purification. Milli-Q water (18.2 MΩ·cm) was used. All glassware was cleaned 

in sulfuric acid bath with Nochromix and washed with copious amount of water before use.  

5.2.2 Instrumentation 

    UV-vis spectroscopy. NPs were dissolved in toluene, and were transferred to a 1-cm quartz 

cuvette. The measurement was performed on a HP 8453 diode array UV-vis spectrometer. The 

background adjustments were made using toluene. A typical experiment was performed in a 

wavelength range between 200 and 1000 nm. 

   Transmission Electron Microscope (TEM). NP solution was drop-casted onto a Formvar 400 

copper grid and dried. For solid sample, NPs were re-dissolved in toluene before being drop-

casted. All TEM images were taken with a Phillips EM-400 TEM at 200 kV. Size distributions 

were determined by counting a minimum of 200 particles and using ImageJ (NIH). 

    Thermogravimetric Analysis (TGA). TGA was performed using a SDT Q600 instrument. 

The data were collected from room temperature up to 1000 °C. The heating speed was 10 °C/min. 

Energy-Dispersive X-ray Spectroscopy (EDX). The EDX spectrum was obtained with Zeiss 

SUPRA55-VP SEM at Georgetown Nanoscience and Microtechnology Laboratory (GNu Lab), 

Georgetown University. 

5.2.3 Synthesis of Alkanethiolate Protected Ag NPs 

The particles were synthesized based on a modified two-phase Brust-Schiffrin method (BSM). 

In a typical synthesis, one first mixed 0.5 mmole silver nitrate (0.5 mL aqueous solution) with 

1.5 mmole TOAB in 50 mL toluene and stirred the solution overnight or until fully phase-

transferred. After the phase transfer, one removed the aqueous layer, added corresponding RSH 
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ligand to 1/5 of the solution which contains 0.1 mmole Ag+ and 0.3 mmole TOAB. The solution 

was stirred for 1 hour. Then 1 mmole of sodium borohydride (NaBH4) in 1 mL ethanol solution 

was added dropwise to allow the reaction to proceed for 2 h. After the reaction completed, water 

soluble residues were removed by washing the reaction solution four times with milli-Q water. 

The solution was then filtered by vacuum and the filtrate was collected for aging. The aging was 

in 4 °C and 25 °C in a lightproof, nitrogen filled, and sealed vial with addition of 1 mL milli-Q 

water. After the aging, the solvent was evaporated using roto-evaporator. When the solvent was 

nearly dried out, acetonitrile was added for purification. The product went through a 

microfiltration system and the filter cake was collected and dried in nitrogen environment with 

protection from light. A schematic flowchart is in Scheme 5.1. For the reaction optimization, 

change of specific conditions will be indicated in the Results and Discussion. 

 

Scheme 5.1 Procedure for Ag NPs synthesis and aging in this work. 

5.3 Results and Discussions 

5.3.1 Detailed Study on C8S Protected Ag NPs 

The freshly synthesized C8SH protected Ag NPs with metal to ligand ratio of 1:1.5 had a 

polydisperse characteristic. The particles were composed of a broad range of different sizes 

(Figure 5.1A, C). After aging for 4 weeks at low temperature, the size distribution showed a 

great improvement. The aged particles had a statistical mean diameter of 3.4 nm with extremely 

narrow (7%) size deviation (Figure 5.1B, D).  
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Figure 5.1 C8S-Ag NPs (1:1.5) freshly synthesized (A), after aging for 4 weeks at low 

temperature (B), and their respective size distributions (C and D). Scale bars: 50 nm. 

The color and visual appearance of synthesized Ag NPs before aging were identical. The 

effect of different Ag : ligand ratio became obvious  after one week of aging (Figure 5.2A), when 

the low and high ligand ratios were unstable and precipitated out from the solution leading to the 

lighter color. With the aging process going on, the 1:3 ratio also appeared to be unstable while 

1:1 and 1:1.5 remained the same. The UV-visible spectra of freshly synthesized (Figure 5.2B) 

and after one week of aging (Figure 5.2D) for five different ratios showed good correlation with 

the photos. For the ratio of 1:1.5 which generated most homogeneous NPs (Figure 5.1B), the 

shift of the absorption peak showed its evolution over time. 
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Figure 5.2 C8S-Ag NPs with Ag : ligand ratios of 1:0.5, 1:1, 1:1.5, 1:3, 1:6, respectively. 

Photos for different aging time showing NP stability (A), evolution of 1:1.5 ratio with time (C), 

freshly synthesized NPs (B), and after aging for 1 week (D). 

The comparison between freshly synthesized Ag NPs and after aging with Ag : ligand ratios of 

1:0.5, 1:1, 1:3, and 1:6 are shown in Figure 5.3. Although there were some improvements in 1:1, 

1:3, and 1:6, none of them were comparable with 1:1.5 (Figure 5.1). The reason for the higher 

stability and homogeneous size at specific Ag : ligand ratios can be explained as follows. The 

ratio of Ag to thiol has to be high enough in order to protect the metal surface against 

agglomeration, while below this point the particles became unstable. On the other hand, in the 

case of high Ag : ligand ratios (e.g. 1:3 and 1:6), there were two factors to be considered: 1) The 

particles were already large when they were freshly synthesized. So they were much easier to 

agglomerate and precipitate out from the solution during the aging process. 2) The higher 

amount of thiol may form silver thiolates, which would damage the NPs and led to the formation 
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of large aggregates. The role of thiolates was like pseudohalides which could react with silver 

and precipitate out from the solution.139 Thus, for the ratios in the middle, optimal NPs were 

obtained. 

 

Figure 5.3 C8S-Ag NPs freshly synthesized (top row) and after aging (bottom row) with Ag : 

ligand ratios of 1:0.5, 1:1, 1:3, and 1:6, respectively. 

In order to better understand the different synthetic products from various Ag : ligand ratio, 

proton (Figure 5.4) and 109Ag (Figure 5.5) NMR were performed to study the precursors. The 

purpose of these experiments was to integrate and monitor the water amount and to learn about 

the status of silver in the precursor. It can be seen in Figure 5.4 that the water peak (1.88-1.89 

ppm) shifted downfield with increase of thiol. From the integration, an increased trend for the 

normalized water was observed as 1.26, 1.29, 1.38, 2.84, and 3.17 for Ag : ligand ratios of 1:0.5, 

1:1, 1:1.5, 1:3, and 1:6, respectively. However, the 1H NMR data was not conclusive to explain 

the reason for particle quality for 1:1 and 1:1.5 ratios. In 109Ag NMR (Figure 5.5), we used a 

proportional scaled 10 times concentration in C6D6 in order to increase the NMR signal due to 
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the extremely low sensitivity of silver. Solution of 9 M AgNO3 was used as reference. For the 

purpose of expedite the relaxation time, 0.1 M Fe(NO3)3 was added to Ag complex with ligand 

ratios from 1:0.5 to 1:6. It was found that the increase of the thiol has an effect of moving the 

chemical shift of the complex downfield, meaning the silver was deshielded. The Ag NMR 

served as an evidence for the previous analysis that higher amount of thiol may form silver 

thiolates, which contained Ag-S bonding. The electron-withdrawing sulfur contributed to more 

deshielded silver signal. Combining with the observed particle precipitation and poor size and 

distribution at high thiol amount, the optimal Ag : ligand ratio was rationalized.  

 

Figure 5.4 Proton NMR of Ag precursors with different Ag:C8SH ratios. 

 



103 

 

  

Figure 5.5 109Ag NMR for [TOA][AgBr2] precursor with addition of (a) 0.5, (b) 1, (c) 1.5, (d) 

3, and (e) 6 eq mol C8SH with Fe(NO3)3 present. Solvent: C6D6. 

The aging process can be illustrated in Scheme 5.2. If we divide the untreated NPs into four 

size groups, the aging can be nicely explained with the way each of these groups evolved during 

this process. First, the largest particles had a tendency to agglomerate and precipitate due to 

instability, as typically happened in most published ripening work. Second, for the group of 

particles that were not large enough to precipitate from the solution while still greater than the 

final size, they were etched by thiols as in the digestive ripening process until reaching the 

thermally stable size. Third, the smaller particles grew into the stable size via Ostward ripening 

with the consumption of the smallest particles. Lastly, the smallest particles which came from 

etching as well as from original synthesis were dedicated to the growth of the previous group of 

particles. 

 

 

(a) 
 

 
(b) 
 
 
(c) 
 
(d) 
 
 
(e) 534 

534 

531 

530 

530 



104 

 

 

Scheme 5.2 Particle evolution process during the aging. 

It is noteworthy that in a conventional digestive ripening process, there were three steps: 1) By 

adding the ligand, the raw, ligand-free particles were broken into smaller sizes, 2) The NP 

solution was purified, 3) The ligand was added again and the NP solution was heated at a high 

temperature to generate a nearly monodisperse colloid.121  

In our method, there were no additional ligands added. The only source of ligands was from 

the beginning of the reaction. The aging in this work was carried out for the particles after 

washing with water but without removing TOAB. Although the role of TOAB was still not clear 

in the post-synthesis process, is the presence of TOAB was the main reason that made it possible 

for size narrowing at room temperature and even lower.  

In order to increase the efficiency of the aging process, room temperature (25 °C) and higher 

temperature (40 °C) were applied for aging. It was noticeable that the particle size and 

homogeneity were improved after 10 days of aging (Figure 5.6C) and remained at the same level 
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after 14 days (Figure 5.6D) at room temperature, with sizes of 3.5 +/- 0.28 nm (8%) and 3.5 +/- 

0.26 nm (7%), respectively.  

 

Figure 5.6 Room temperature aging for C8S-Ag NPs. TEM images of freshly synthesized 

NPs (A), aging for 7 days (B), 10 days (C), and 14 days (D). 

The particles that were aged at 40 °C showed good homogeneity after 54 hours (Figure 5.7A). 

The absorption peak blue shifted from freshly synthesized NPs, 19 h, 36 h, and 54 h aging 

(Figure 5.7B(a)-(d)). However, the particles after aging at 40 °C were not stable under UV-vis 

measurement. A series of subsequent measurements to the same sample showed dramatically 

broadened and red shifted peaks (Figure 5.7B(e)-(j)), indicating the degradation of particles. This 

phenomenon may be due to the damage of the ligand packing on the Ag surface at high 
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temperature. As soon as the particles were exposed to the UV light, the particles agglomerated. 

Thus, elevated temperature is not an optimal choice in this study. 

 

Figure 5.7 TEM (A) and UV-vis spectra (B) of C8S-Ag NPs aged at 40 °C. The TEM image 

shows NPs after 54-hour-aging. UV-vis spectra show a blue shift with increasing aging time: 

fresh NPs (a), 19 h (b), 36 h (c), 54 h (d), and red shift with broadening as the particles exposed 

to UV measurement after 10 s (e), 20 s (f), 30 s (g), 40 s (h), 20 min (i), and 30 min (j), 

respectively. 

Thermogravimetric Analysis (TGA) (Figure 5.8) was performed for 5.25 mg C8SH protected 

Ag NPs. There was only one drop at ~180 °C in the graph meaning that alkane chains were 

removed all at once. The weight loss was 23%, indicating that  Ag took 77% of the weight of the 

particles. According to the size of the particles from TEM image, the total number of Ag atoms 

can be estimated as 1714 with 33% (566) surface atoms.18, 140-141 Thus the number of ligand is 

calculated to be 381 from TGA. The particles have 67% coverage. As our model proposed in 

Chapter IV, the Ag NPs were protected by both ligand and TOAB, thus their optimized size was 

preserved. 
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Figure 5.8 TGA of the synthesized C8S-Ag NPs with 1:1.5 Ag : ligand ratio. 

Elemental analysis by EDX was performed for C8S-Ag NPs. Sulfur and silver peaks are 

detected (Figure 5.9), having atomic ratio of 19.22% and 80.78%, respectively. The atomic ratio 

is in a good match with the TGA result, which gives 18.19% sulfur molar content (Figure 5.8).  

 

Figure 5.9 EDX spectrum and statistics of C8S-Ag NPs. 
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5.3.2 C6S Protected Ag NPs 

Other alkanethiols were also used to demonstrate the efficiency of the aging process. 

Hexanethiol (C6SH) of same ratios has also been used to synthesize Ag NPs (Figure 5.10). After 

aging at room temperature, the ratios 1:1.5 and 1:3 were found to be more stable than the rest, as 

there were no visible precipitates or color change (Figure 5.10, middle row and bottom row). It is 

noticeable that the C6SH protected Ag NPs were stable at slightly higher Ag : ligand ratio than 

C8SH protected Ag NPs, which were stable only at 1:1.5. 

 

Figure 5.10 C6S-Ag NPs fresh (A, top row), after aging for one week (middle row), and two 

weeks (bottom row) for Ag : ligand ratios 1:0.5, 1:1, 1:1.5, 1:3, and 1:6, respectively. The 

red round-end rectangle denotes stable NPs. 

All the absorption peaks of C6-Ag NPs blue shifted after aging for one week (Figure 5.11), 

except for 1:6 ratio, in which the surface plasmon resonance peak disappeared and was replaced 

by a 350 nm hump. 
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Figure 5.11 UV-vis spectra of freshly synthesized C6S-Ag NPs (top), and after aging for 1 

week (bottom) with different Ag : ligand ratio marked by colors. 

There were only minor improvements for the size of C6S-Ag NPs after one-week aging, as 

seen in TEM. It is important to keep in mind that the particles with low ratio (Figure 5.12A and 

F), although small, were mainly precipitated out from the solution, as shown in the photos 

(Figure 5.10). 
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Figure 5.12 TEM images of C6S-Ag NPs that are freshly synthesized (top row), and after 

one week of aging (bottom row) with Ag : ligand ratios of 1:0.5 (A, F), 1:1 (B, G), 1:1.5 (C, 

H), 1:3 (D, I), and 1:6 (E, J), respectively. 

After two-week aging for C6S-Ag NPs (Figure 5.13), the most stable particles (1:1.5 and 1:3) 

were still not as homogeneous as C8S-Ag NPs. This may due to the difference of the ligand 

chain length. Short carbon chain was difficult to provide sufficient protection to the particle. 

 

Figure 5.13 TEM images of C6S-Ag NPs aged for two weeks with Ag : ligand ratios of 1:1.5 

(A) and 1:3 (B), respectively. 
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5.3.3 C12S Protected Ag NPs 

Dodecanethiol (C12SH) with ratios of 1:0.5, 1:1, 1:1.5, and 1:3 has also been used to 

synthesize Ag NPs (Figure 5.14). After aging at room temperature, the ratios of 1:0.5 and 1:1 

were found to be more stable than the rest, as there were no visible color change (Figure 5.14, 

middle row and bottom row). Comparing with C6SH and C8SH, with the increase of ligand 

chain length, the particles were stable at lower Ag : ligand ratio. This was indicative that longer 

chain was capable of keeping the particles from agglomerating and precipitating out of the 

solution, even when less ligands were present. 

 

Figure 5.14 C12S-Ag NPs fresh (A, top row), after aging for one week (middle row), and 

two weeks (bottom row) for Ag : ligand ratios of 1:0.5, 1:1, 1:1.5, and 1:3, respectively. The 

red round-end rectangle denotes stable NPs. 

The absorption peaks of C12-Ag NPs blue shifted after aging for one week (Figure 5.15), 

except for 1:3 ratio, in which the surface plasmon resonance peak disappeared and was replaced 

by a 350 nm hump, similar with the case of C6SH. 
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Figure 5.15 UV-vis spectra of freshly synthesized C12-Ag NPs (top), and after aging for 1 

week (bottom) with different Ag : ligand ratio marked by colors. 

There were no clear improvements for the size or homogeneity of C12S-Ag NPs after one-

week aging, as seen in TEM (Figure 5.16). Still, it is important to keep in mind that the majority 

of particles with high ratio (Figure 5.16D and H), were precipitated out from the solution, as 

shown in the photos (Figure 5.14). 
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Figure 5.16 TEM images of C12S-Ag NPs that are freshly synthesized (top row), and after 

one week of aging (bottom row) with Ag : igand ratios of 1:0.5 (A, E), 1:1 (B, F), 1:1.5 (C, 

G), and 1:3 (D, H), respectively. 

For the C12-Ag NPs with stable ratios (1:0.5 and 1:1), the particles after two-week aging 

reach an improved homogeneity (Figure 5.17). The sizes of the particles were 3.3 +/- 0.4 nm and 

3.2 +/- 0.4 nm, respectively.  

 

Figure 5.17 TEM images of C12S-Ag NPs aged for two weeks with Ag : ligand ratios of 

1:0.5 (A) and 1:1 (B), respectively. 
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5.4 Conclusions 

    We have synthesized alkanethiolate-protected Ag NPs using a modified BSM and 

developed a new aging method to realize size narrowing. We were able to obtain highly 

monodisperse NPs with small average size. The aging process can be performed at room 

temperature and even lower, which was a great benefit for treating unstable particles such as 

silver. Interestingly, we observed in this work that the improvement of size distribution 

generated best results only within a range of Ag : ligand ratio, while increasing the use of ligand 

will negatively impact the stability of particles. This was contrary to the prevailing recognition 

for that more ligand yielded better size narrowing performance. Aside from C8SH, other 

alkanethiol ligands such as C6SH and C12SH were examined as well with the new aging method. 

A series of influencing factors were investigated and possible reaction routes were proposed 

with experimental support. The aging process was nicely explained by the evolution of four 

groups of raw particles from synthesis. Specifically, it involved following changes. 1) The group 

of largest particles easily agglomerated and precipitated from the solution due to instability, as 

widely known; 2) The second largest group of particles were etched by thiols until reaching the 

thermally stable size; 3) Smaller particles grew into the final size via Ostward ripening with the 

consumption of the smallest particles; and 4) The smallest particles dedicated to the growth of 

relatively larger particles.  

This work will greatly contribute to better understanding of the particle growth, particularly in 

the post-synthesis step, and could possibly open a new door for better control over the size and 

homogeneity of the Ag NPs for their applications. 
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CHAPTER VI 

SYNTHESIS OF 2-PHENYLETHANETHIOL - PROTECTED SILVER NANOCLUSTERS 

6.1 Introduction 

Synthesis of Au nanoclusters has generated great research interests in the recent decade. A 

series of synthetic routes and mechanistic studies for a broad range of applications have been 

reported particularly since the discovery of Au25, which was the most stable Au clusters so far. 

Synthesis of Ag clusters, however, proved to be challenging mainly due to the poor stability and 

controllability of silver. The first atomically precise Ag nanoclusters was not reported until 2009 

for meso 2,3-dimercaptosuccinic acid (DMSA) protected Ag7(DMSA)4 clusters by Wu et al78. 

Unfortunately, the synthetic method was difficult to reproduce. Starting from the synthesis of 

Ag7(DMSA)4 clusters, the structures of several Ag clusters from Ag7S4
- to AgS4

- were identified 

using ESI-MS and MALDI-MS analyses.79 With the development of synthetic methods, various 

ligand-protected Ag nanoclusters containing different number of Ag atoms have been 

synthesized, such as Ag7,
80 Ag8,

80, 98 Ag14,
88 Ag16,

89  Ag32,
86, 89  Ag44,

90-95 and Ag152.
85 Theoretical 

investigations for Ag clusters have been also carried out extensively.96-97 However, the stability 

of Ag clusters has been an issue to be resolved. 

In 2015, a great number of new Ag clusters have been synthesized and structurally determined, 

such as Ag21,
102 Ag25,

101 Ag29,
99 and Ag35

103. In order to better organize these developments in 

synthesis and structural identification, a list of Ag clusters ordered by the number of Ag atoms is 

shown in Table 6.1.  
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Ag atoms  Composition UV-vis peaks (nm) Size References 

7 Ag
7
DMSA

4
 415 (hump), 500, 625 

(hump) 

Barely seen Ref78 

7 Ag
7
(H

2
MSA)

7
 350, 550 ~ 1 nm Ref80 

8 Ag
8
(H

2
MSA)

8
 350, 550 ~ 1 nm Ref80 

Mainly 8 

(3, 7, 10, 

11)  

TBAB coated, not separated 350, 630-680 (hump) ~ 2 nm Ref98 

14 Ag14(SC6H3F2)12(PPh3)8 368, 530 (hump)  Ref88 

16 Ag16(DPPE)4(SC6H3F2)14  420 (hump), 480, ~680 

(hump) 

 Ref89 

21 
[Ag

21
{S

2
P(OiPr)

2
}

12
]

+ 

PF
6

-

 
235, 260, 381, 425, 482, 

540 (hump) 

 Ref102 

25 [Ag25(SPhMe2)18]- PPh4+ ~350, ~380, 490, 675  Ref101 

29 Ag29(BDT)12,  

Ag29(BDT)12(TPP)4 

~380 (hump), 447, 513  Ref99 

32 Ag32(SG)19, Ag32(MPG)19 420 (hump), 480, 610 

(hump) 

 Ref86 

32 Ag32(DPPE)5(SC6H4CF3)24 420 (hump), 480, 610 

(hump), 700 

 Ref89 

35 Ag35(SG)18 420, 490 

  

 Ref103 

44 N/A IBAN (386, 415, 486, 

535, 597, 641, 703, 836) 

1.3 nm by XRD, 

2.9 nm by TEM 

Ref90 

44 Ag44(4-FTP)30,  

Ag44(2-NPT)30 

IBAN 1.3 nm Ref91 

44 Ag44(MNBA)30 IBAN ~ 1 nm Ref94 

44 M4Ag44(p-MBA)30 IBAN  Ref92 

152 Ag152(SCh2Ch2Ph)60 460 ~ 2 nm Ref85 

Table 6.1 Reported Ag clusters and their protective ligands. Similar peaks that were observed 

in our work are marked red. 

Among the reported clusters, [Ag25(SPhMe2)18]
- was the first silver analogue that has exactly 

the same composition as gold clusters, i.e. [Ag25SR18]
-, in which SR represents thiolate.101 This 

progress had two implications. 1) Ag clusters could possibly exist a stable composition, although 
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it may not necessarily be Ag25, for practical applications. 2) The two systems may share some 

common formation mechanisms, and thus the synthetic method of Au might be applicable to Ag 

with modifications. 

According to the research direction mentioned above, we would be able to utilize the reported 

Ag nanocluster synthetic methods and borrow the systematic studies on Au nanoclusters to serve 

as references for our goal of obtaining small and homogeneous alkanechacogenolate-protected 

Ag nanoclusters for charge transfer study in molecular electronics. 

6.2 Synthetic Method 

In order to explore a novel method to synthesize Ag nanoclusters, we started our synthesis 

based on a method by Zhu et al.132 which resulted in stable, high yield Ag clusters. The published 

work studied the mechanisms of a two-phase Brust-Schiffrin method (BSM) while in our 

experiment, both one-phase and two-phase routes were studied with traditional and reversed 

BSM. 

Similar with Ag NP synthesis, the two-phase procedure consisted of phase transfer of silver 

from aqueous to organic phase and the reduction. In a typical synthesis, 0.4101 grams of TOAB 

was dissolved in 25 mL of toluene and 0.0425 grams of silver nitrate was dissolved in 2.5 mL of 

water. The two solutions were mixed and stirred overnight or until fully dissolved. Then, 5 mL 

of ice-cold transferred Ag solution was taken from a total of 25 mL volume. In the normal 

procedure, 13.3 microliters of 2-phenylethanethiol (PET) was added to 0.5 mL of toluene inside 

a 10 mL vial with a 2 to 20-microliter pipet. This thiol toluene solution was then added to the 

transferred Ag+ solution using a 10 mL vial. After 45 minutes of stirring, 0.0189 grams of 
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sodium borohydride was added to a 10 mL vial containing 1 mL ice-cold water. The sodium 

borohydride solution was then added to the silver ion solution for three-hour reaction.  

For the two-phase method, we also employed the reverse method in which we added the 

sodium borohydride and water solution to the transferred silver ion solution before adding the 

thiol and toluene and varied the amount of time between the addition of the reducing agent and 

the thiol. 

For one-phase method, different organic solvents, such as dichloromethane, 190-proof 

ethanol, and 200-proof ethanol were tested for their ability to dissolve silver nitrate. Silver nitrate 

was still used as the silver salt. 2-phenylethanethiol and NaBH4 were still utilized for the 

organoligand and the reducing agent, respectively, similarly to the two-phase method. Water was 

used to dissolve the NaBH4. We dissolved 0.0425 grams of silver nitrate into 25 mL of ethanol 

and cooled it to 0 °C using an ice-bath. Inside the glove box, we utilized three different methods 

of synthesis: standard, reverse, and simultaneous in terms of reducing agent addition.  

Once we allowed the reaction to proceed in the ice bath for three hours, the silver 

nanoparticles were filtered out and re-dissolved into toluene. The excessive ligands and TOAB 

were soluble in ethanol while the silver nanoparticles were not. Thus, we set up a filtration 

system with a vacuum and washed through the filter paper three times with 190-proof ethanol 

and then several times with water. The silver nanoparticles were dried on the paper in a dark 

environment.  
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6.3 Results and Discussions 

Two main variables were changed in condition optimizations. First, for the two-phase method 

of synthesis, we varied the ratio of silver-to-thiol to determine the optimal amount of each 

compound. Ag : ligand ratios of 1:1.5, 1:3, and 1:4 were tested. As shown in Figure 6.1, the 1:3 

silver-to-thiol ratio was the most optimal for silver cluster synthesis. There was a lack of a clear 

plasmon peak, and a slight shoulder on the curve around 470-490 nm suggesting the formed 

products were not particles. This overall exponential decay trend together with the position of the 

hump indicated a high possibility of the formation of Ag clusters. This result strongly correlated 

with the UV-vis spectra of meso-2,3-dimercaptosuccinic acid (DMSA) protected Ag 

nanoclusters synthesis by Zaluzhna et al (Figure 6.2d).142 The reasoning for the effects of ratio 

difference could be that a shortage of thiol would result in many silver cores that were not 

stabilized. Thus, the silver cores most likely agglomerated to larger particles and thus led to 

higher plasmon peak in the UV-vis spectra. However, it is not clear why increasing the use of 

PET did not yield better clusters. The detailed mechanism will be investigated in further studies.  

 

Figure 6.1 The UV-vis spectra of varied silver-to-thiol ratios in solution for two-phase 

procedure. 
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Figure 6.2 DMSA protected Ag nanoclusters.142 

The TEM image of PET protected Ag clusters with optimized condition and size distribution 

are shown in Figure 6.3. The average size was found to be 2.37 nm with deviation of 0.4 nm. The 

observed size was attributed from the impact of electron beam in TEM which could induce 

cluster agglomeration into larger particles.  

  

Figure 6.3 PET protected Ag nanoclusters. (a) TEM image and (b) size distribution for 200 

particles. 
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The second variable pertains to the reversed method for the two-phase synthesis: the amount 

of time between the addition of the reducing agent and thiol. As seen in Figure 6.4, after testing 

three time periods (i.e. 30, 120, and 240 s, respectively), we concluded that the most effective 

time to spend between the addition of the two compounds was 120 s. The UV-vis spectrum 

demonstrated a barely visible shoulder at a 480-nm wavelength. The reason for obtaining better 

quality in 120s could be accounted by two factors. The use of longer time after the addition of 

reducing agent would result in over growth of particles without proper ligand protection, leading 

to irreversible large size. In the opposite case, the particle growth was still at the beginning stage 

when thiol was introduced to the system, disturbing the growth process. Thus, the optimal result 

from using moderate time period suggested that allowing unprotected metal cores to grow in an 

early stage was crucial for generating clusters. Detailed mechanism and process will be 

investigated in further work. 

 

Figure 6.4 UV-vis spectra of reverse method with varied times between the additions of the 

reducing agent and thiol.  
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Figure 6.5 UV-vis spectra of simultaneous method using (a) two-phase and (b) one-phase 

method.  

Finally, for the simultaneous addition method, we found a relatively high and narrow peak 

around 480 nm, as shown in Figure 6.5 (a). This indicated the formation of a quite narrowly size 

range of conventional nanoparticles greater than 2 nanometers in core diameter. Figure 6.5 (b) 

showed the results of the simultaneous method for the one-phase synthesis of silver nanoclusters. 

The spectrum showed a high and wide peak at around 480 nm, which also indicated the 

formation of nanoparticles. The simultaneous method in two-phase route was an extreme 

(a)             
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situation of reverse method when minimizing the time difference between adding reducing agent 

and thiol. This result can be explained as analyzed above that metal cores needed a certain time 

to grow in order to get clusters. The results of the one-phase method indicated that neither the 

standard nor the simultaneous method allowed for the synthesis of small silver nanoclusters. The 

exact mechanism is still unclear and needs further study. 

  

Figure 6.6 TEM image (left) and UV-vis spectrum (right) for Ag152(PET)60 clusters 

synthesized by solid state method.85 

PET protected Ag clusters are rarely reported so far. One determined composition was found 

by Pradeep’s group for Ag152(PET)60 clusters that were prepared by solid state method.85 By 

mixing AgNO3, PET, and NaBH4 in a mortar and grinding the solid powders, Ag152(PET)60 

clusters were synthesized conveniently without using of surfactants. Unlike most cases for Au 

clusters, the Ag152 clusters showed a strong SPR-like peak around 460 nm (Figure 6.6b). It is 

interesting that the Ag152 clusters were stable for 10 days and not stable in presence of excess 

thiol. Another PET-Ag clusters were synthesized by Farrag et al30 using a one-phase wet 

chemical route in the medium of water/methanol mixture. The clusters had average size of 2.11 
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nm with large size deviation and as well showing a plasmon-like UV peak at 469 nm (Figure 

6.7b). Both reported absorption peaks fell into the same range of our synthesis. For the latter one 

by wet chemical synthesis, Ag : ligand ratios were chosen as 1:0.75, which was much lower 

compared w our ratio of 1:3. The difference in the Ag : ligand ratio may be a contributor to the 

absorption peak shape. Compared with literature, the Ag clusters that we synthesized showed 

better homogeneity observed by TEM. 

  

Figure 6.7 TEM image (left) and UV-vis spectrum (right, black curve) for PET protected 

Ag clusters.30  

6.4 Conclusions 

    In this chapter, we synthesized PET protected Ag nanoclusters using different methods. 

Experimental conditions were investigated to improve quality of clusters. It was found that one-

phase synthesis could not generate PET protected Ag clusters. When using two-phase synthesis, 

traditional route with Ag:ligand ratio of 1:3 and reverse route with time difference of 120 s were 

successful in obtaining Ag clusters. The characterizations were confirmed by similar work that 
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were published.85, 30 The methods reported in this chapter provide possible routes for Ag cluster 

synthesis. The proposed method in our work demonstrated that the BSM could be applied to 

synthesize Ag clusters with modified condition, and provided a new way of generating Ag 

clusters by using reversed BSM.132 Furthermore, our method obtained particles with better 

homogeneity compared with other PET protected Ag clusters.30 The obtained products could be 

used in the further work such as ligand exchange, mechanistic study, and charge transfer in 

molecular electronics. 
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CONCLUDING REMARKS 

Alkanethiolate-protected metal nanoparticles (NPs) have the potential to serve as nanoscale 

electrodes, and that small NPs show molecular-like discrete energy levels that are different from 

larger particles. Thus, alkanethiolate-protected metal NPs attracted intensive studies because of 

their established preparation method and theoretically predicted performance. Silver, compared 

with gold, lacks systematic exploration despite its interesting properties. The advantages of silver 

include high electrical conductivity, good biocompatibility, unique optical properties, and 

relatively low cost. Unfortunately, the synthesis of small and homogeneous thiolate-protected 

silver nanoparticles and nanoclusters has been one of the most challenging difficulties in the size 

group below 5 nm. Some progress have been achieved with several aromatic thiols used as 

protective ligands in recent years. However, there were still no reported high quality silver 

nanoparticles or nanoclusters protected by alkanethiolate ligands, which were predicted to 

possess promising characteristics for molecular electronics application. The main obstacles were 

due to the less stability of silver as well as the weak steric protection effects from linear ligand 

structures. 

This research was aimed to investigate reaction process of silver nanoparticle and nanocluster 

synthesis; to develop facile and efficient way to synthesize small and homogeneous silver 

nanoparticles; to explore method to preserve particle size and size distribution in the post-

synthesis treatment; and to synthesize atomically precise Ag nanoclusters. The contributions of 

this research to the nanomaterials and particle chemistry can be summarized as follows: 

Synthesis of small and homogeneous Ag NPs with optimized conditions. Using octanethiol as a 

ligand as a model system, we investigated a series of conditions in each of the major reaction 
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steps. The intermediate species and products were characterized by various spectroscopic and 

microscopic techniques. Possible reaction process was proposed with supports by experimental 

data. Specifically, we found that 1) Traditional and reversed BSM did not show statistically 

obvious difference; 2) Long reaction time (i.e. overnight) was not necessary for generating Ag 

NPs compared with 2-hour reaction; 3) ethanol was preferable for synthesizing more 

homogeneous nanoparticles; 4) drop-wise addition was effective comparing with pouring in 

terms of avoiding precipitates during the reaction; 5) The low temperature synthesis generated 

slightly smaller particles, while the size distribution was not promising; 6) Synthesis at high 

temperature led to the formation of bimodal particles with high homogeneity (8%) for larger 

particles. The effects of various conditions to the synthesized particles that were investigated in 

our work could serve as applicable model for optimizing other ligand-protected Ag NPs.  

Synthesis of Ag nanoclusters protected by alkanethiolate ligands. We developed a method to 

synthesize Ag nanoclusters protected by alkanethiols, rather than aromatic thiols for the first time 

in the field of metal nanocluster synthesis. The conditions and reaction process for clusters were 

extensively studied, and it showed that clusters grew through a competing process between 

ligands and silver atoms rather than saturation-crystallization process. With the successful 

formation of Ag nanoclusters demonstrated by optical absorption, MALDI-MS, ESI-MS, TGA, 

and TEM as side proof, we also promoted understanding of the cluster formation process, which 

will be beneficial to researchers in synthetic field and practical applications.  

    Post-synthesis treatment for the Ag NPs. Post-synthesis treatments, particularly purification 

process was found to be a key factor for particle growth after reduction and remained as a 

difficulty that hindered the application of Ag NPs. This process was extensively studied by using 

various kinds of precipitation solvents and considering different aspects of the reaction. 
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Hypothesis for reaction routes was proposed and confirmed. Particularly, it was found that 1) 

Purification process was the most important step in particle growth; 2) Acetonitrile was the 

optimal purification solvent for Ag NPs to preserve particle size and homogeneity; 3) Longer 

carbon chain in the purification solvent molecule interacted strongly with protecting ligand and 

led to particle growth, and vice versa; 4) Solvents that have bulky molecular structures provided 

steric hindrance and led to better purification results; 5) Hydroxyl groups would negatively affect 

the purification due to the fact that excessive hydrogen bonding prevented interactions between 

ligands and solvents; 6) Short purification time prevented particle growth; 7) The quality of final 

product was influenced by the acidity of the purification solvent and would be benefit from basic 

environment. This work provided useful information on the method to preserve Ag NP growth 

after reduction, and promoted the understanding of the purification process, which is the pre-

requisite for real applications. 

    Size distribution improvement for Ag NPs by modified aging process. Control of 

monodisperse alkanethiolate-protected sub-5nm Ag NPs was proposed. By combining modified 

BSM with low and room temperature aging under a range of conditions, highly homogeneous Ag 

NPs with small sizes were obtained. A series of influential factors including Ag : ligand ratio, 

carbon chain length, and temperature etc were systematically investigated. The aging process 

was nicely explained by the evolution of four groups of raw particles from synthesis. Specifically, 

it involved following changes. 1) The group of largest particles easily agglomerated and 

precipitated from the solution due to instability, as widely known; 2) The second largest group of 

particles were etched by thiols until reaching the thermally stable size; 3) Smaller particles grew 

into the final size via Ostward ripening with the consumption of the smallest particles; and 4) 

The smallest particles dedicated to the growth of relatively larger particles. Aside from C8SH, 
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other alkanethiol ligands such as C6SH and C12SH were examined as well with the new aging 

method. This work will greatly contribute to better understanding of the particle growth, and 

could possibly open a new door for better control over the size and homogeneity of the Ag NPs 

for their applications. 

Synthesis of aromatic ligand protected Ag nanoclusters. Inspired by synthesis of Au 

nanoclusters, we applied current method and the experience in our group to obtain Ag clusters 

that are protected by aromatic ligands. Experimental conditions were investigated to improve 

quality of clusters. It was found that one-phase synthesis could not generate PET protected Ag 

clusters. When using two-phase synthesis, traditional route with Ag : ligand ratio of 1:3 and 

reverse route with time difference of 120 s were successful in obtaining Ag clusters. The 

characterizations were confirmed by similar work that were published. The proposed method in 

our work demonstrated that the BSM could be applied to synthesize Ag clusters with modified 

condition, and provided a new way of generating Ag clusters by using reversed BSM. 

Furthermore, our method obtained particles with better homogeneity compared with other PET 

protected Ag clusters. The obtained products could be used in the other work such as ligand 

exchange, mechanistic study, and charge transfer. 

With the above mentioned conclusions and impacts, the next challenging steps and future 

work could be proposed as follows: 1) The application of our method to synthesize small and 

homogeneous alkaneselenolate and alkanetelluride ligand protected Ag NPs and even more 

ligand and metal systems; 2) Further kinetic investigations in single particle/cluster scale by 

using in situ electrochemically connected spectroscopies; 3) Improvement of the stability of the 

clusters; 4) Fabrication of self-assembled nanoparticle and nanocluster monolayer, and charge-

transfer studies for molecular electronics applications. 
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