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ABSTRACT 
  

The size, shape and structure of the materials determines its properties in any scale. 

When the size of the material reaches nanometer scale, it shows a strikingly different 

property from the bulk. Monodisperse metal nanoparticles are highly desired due to its 

unique properties which can be explored for targeted applications. The nanoparticles with 

size less than 3 nm, atomically precise metal nanoparticles can be achieved, whereas 

nanoparticles in 3-100 nm range are monodisperse in size but not atomically monodisperse. 

Thiolate protected gold nanoparticles size less than 3 nm forms highly stable atomically 

precise compounds with distinct number of gold atoms and thiolate ligands, represented by 

Aun(SR)m, which are referred as gold nanomolecules (Au NMs). Au NMs have unique physical 

and chemical properties which are dependent on “n” and “m”. The overall composition and 

resulting properties of Au NMs are dictated by the type of capping ligand.  Currently based 

on the type of capping ligand, Au NMs are classified into three main categories, aliphatic, 

aromatic, and bulky thiolate Au NMs. These distinct categories form unique series of Au NMs 

represented as aliphatic, aromatic, and bulky Au NMs series. However, recent discoveries on 

various aromatic thiol protected Au NMs reveals that these Au NMs deviate from aromatic 

series when size become large. Meanwhile, core size conversion brought a unique synthesis 

route of inter-converting between these three series with comparable sizes. This 

dissertation focuses on studying the ligand effects on Au NM using core size conversion on 

new Au NMs with previously studied thiols and previously studied Au NMs with new thiols, 



iii 

 

and by closely comparing the structures with same structural arrangements. 

Chapter 2 of this dissertation focuses on the first core size conversion of plasmonic 

Au NMs and its reaction pathway using MALDI-MS, ESI-MS, and UV-visible spectroscopy. 

Chapter 3 of this dissertation details the process in which digestive ripening synthesis 

method yields atomically precise Au NMs. In this work, the unique series achieved using 

Brust synthesis method is also achieved through digestive ripening method which was 

confirmed using MALDI-MS, ESI-MS, and UV-visible spectroscopy. 

Chapter 4 of this dissertation introduces the crystallographic structure determination 

of p-methyl benzene thiolated Au36(PMBT)24 nanomolecule and details the ligand effects on 

Au36(SR)24 structure using all four reported crystal structures.  

In Chapter 5, we took a turn and explored a different metal, Palladium. In this chapter, 

the dissertation focuses on discovery and synthetic protocol development of atomically 

precise palladium nanoclusters using phenyl ethane thiol.  

Chapter 6 of this dissertation explains the vital nature of size exclusion 

chromatography (SEC) in our works and focuses on the effect of column length in SEC using 

tert-Butyl thiol protected Au NMs. 

Chapter 7 of this dissertation details original research proposal and investigation into 

the ligand effect by employing core size conversion of Au144(SR)60 with three aromatic thiols, 

where the para position is substituted with methyl, ethyl, and iso-propyl groups respectively. 
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1 
 

CHAPTER 1 

INTRODUCTION  

 

1.1 Gold Nanoparticles 

A nanoparticle is defined as a “nano-object with all three external dimensions in the 

nanoscale, whose longest and shortest axes do not differ significantly, with a significant 

difference typically being a factor of at least 3.” Nanoscale refers to scale between 1 to 100 

nm.1 The science and study of matter at the nanoscale that deals with understanding their 

size and structure-dependent properties is called Nanoscience. Nanotechnology is the 

fabrication of these materials for enhanced properties. Gold, a precious metal is considered 

as one of the most noble metals due to its inert nature. Its atomic number is 79 and the atomic 

mass is 196.96 amu. The electronic configuration of gold is:  

Au = [Xe] 4f14 5d10 6s1

Metallic gold does not react with most of the chemicals and atmospheric oxygen 

contributing to its inert nature. It can have six oxidation states from -1 to +5, however +1 

and +3 charge states are the common ones. Gold was recognized as a sign of wealth and 

power from early civilization until last century. Any currency by a country’s central bank 

should be backed by gold, which is called the gold standard, until June 5, 1933, when the 

United States went off the gold standard. In modern world, gold is used in various advanced 
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techniques due to its unique physical and chemical properties. The nanosized metal particles 

attract huge interest in catalysis, optics and drug delivery because of its remarkable 

difference in physical and chemical properties from their respective bulk metals.2  The usage 

of gold nanoparticles leads back to 4th Century AD. The Lycurgus cup with unusual optical 

effects shown in Figure 1.1 is an extraordinary example of roman cut glass which has colloids 

of different metal nanoparticles.3 The Lycurgus cup displays a deep wine-red color in the 

transmitted light, while it exhibits an opaque pea-green color in reflected light. The 

Transmission Electron Microscopy (TEM) analysis of the cup showed the presence of 

gold/silver alloy nanoparticle of about 7-10 nm size. The dichroic effect of the cup is due to 

these alloy metal nanoparticles as suggested by Brill, the gold nanoparticles are responsible 

for the red transmission and the silver for green reflection.3-5 Prime examples of ancient 

colloids are further seen in the stained glass windows in the cathedral of Notre Dame and in 

the paint of ceramics from the Italian renaissance.5 In the 18th century, gold colloids were 

first recognized by Michael Faraday and Thomas Graham.5  Many colloid gold nanoparticles 

Figure 1.1. Lycurgus cup from 4th century A.D. The glass is stained with gold nanoparticles. 
(Source: http://www.britishmuseum.org).  
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are not stable and usually decompose, therefore research since then and up to now has 

looked at focusing down the size of the colloids into nanoparticles and improving their 

stability, in order to harness and understand their unique properties.  Research to date has 

been able to create gold nanoparticles which range from 1-100nm.6  Currently, Gold 

Nanoparticles (Au NPs) are used in wide range of fields like optics, nanomedicine, catalysis, 

solar cells, and imaging.  

 

1.1 Gold Nanomolecules 

Monodisperse nanoparticles are required to study its physical and chemical 

characteristics. Typically, size distribution of Au NPs above 3 nm were characterized using 

transmission electron microscopy (TEM). However, in atomic scale one nanometer (nm) 

difference provides a difference of hundreds of atoms. Therefore, the size monodispersity is 

very different from atomic monodispersity.  Thiolate protected Au NPs, whose size is less 

than 3 nm, provide atomically precise (± 0 atoms) Au NPs with distinct number of gold atoms 

Figure 1.2. Thiolate protected series of Au NMs reported to date in two systems. (a) 1-100 nm 
size range with 1-3 nm containing nanomolecules (±0 atoms) and 3-100 nm containing 
nanoparticles where size dispersity has been achieved but still variation of ±1000 atoms exist. (b) 
TBBT series 
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and thiolated ligands (Figure 1.2). This special class of atomically precise Au NPs, with 

molecular formulas [Aun(SR)m] is called gold nanomolecules (Au NMs).  Pioneering work by 

Brust et al. in two phase synthesis of thiolate derivatized gold nanoparticles, initiated the 

intense interest in thiolate protected Au NPs.7 The major development reported by Whetten 

with the help of mass spectrometry proved that atomically precise compounds which termed 

as molecular like gold nanocrystals, can be isolated and studied.8-9 A breakthrough report by 

Jadinsky et al. through determination of the total structure of Au102(S-C6H4-COOH)44 using 

single crystal X-ray Diffraction (ScXRD)10 and highly studied Au25(SCH2CH2Ph)18 structure 

determination by Murray group,11 provided clarity and insight into the intricate structural 

arrangement of metal-ligand self-assembly interface. This atomic level revelation brought a 

high tide into the field by subsequent report of several crystal structures by various types of 

thiolated ligands revealing several new kernels. 

Extensive research on thiolate protected Au NMs by various groups resulted in wide range 

of Au NMs protected by different thiols.12-16 These results reveal that ligand steric and 

electronics dictate the core structure and composition of the resulting Au NMs. Therefore, 

each ligand forms a unique series of Au NMs with discrete number of Au atoms and thiolate 

ligands.  For instance, an alkane thiolate protected Au NMs series comprises of Au25(SR)18, 

Au38(SR)24, Au67(SR)35, Au137(SR)46, Au144(SR)60, Au329(SR)84, Au~500(SR)~120, and 

Au~940±20(SR)~160±4. 15, 17-19 Au NMs have several interesting properties such as their stability, 

dispersion in solution, ability to remain stable in a dried powder state for years, and unique 

optical properties which are highly applicable in catalysis, sensors, and medicine. 12, 20-30 
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1.2 Experimental approach 

1.2.1 Synthesis. The two-phase Brust-Schiffrin method that utilizes water and 

organic (toluene) solvents, is the most commonly used method for the synthesis of thiolate 

protected Au NMs.7 The composition of NM, and core size can be manipulated by tuning the 

gold to thiol ratio, different reducing agents, reaction conditions like temperature, time, 

stirring rate etc., type of solvent and importantly type of thiolated ligand. 

Typically, gold salt (chloroauric acid, HAuCl4.3H2O) dissolved in distilled water and 

tetraoctylammonium bromide (ToABr) dissolved in toluene are mixed in a Round Bottom 

Flask (RBF) with stirring. Here, ToABr helps in phase transferring the gold salt to organic 

phase followed by removal of aqueous layer (1.1 and 1.2).  

 

Then a specified amount of thiol is added to the organic phase with continued stirring. 

In this step, Au3+ was reduced to Au1+ in the presence of thiol which then gradually forms 

(Au(SR))n) polymer (1.3). This reaction is then reduced with sodium borohydride (NaBH4) 

to form a black colored solution. Here, BH4
¯ reduces Au1+ to Au0 resulting in Aum(SR)n crude 

nanoclusters with various size(1.4).  

 

The resulting crude mixture is dried under reduced pressure and purified by washing 

with copious amounts of water and methanol. The crude mixture is then thermochemically 

etched with excess thiol to obtain thermodynamically stable nanomolecules.31 The etched 

products is washed with methanol to remove excess thiols and byproducts. The etched 
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product are then extracted using suitable solvent such as: toluene, THF, ACN, and DCM. 

Typically, these Au NMs are dried and stored in refrigerator for long shelf life.  

 The two-phase Brust-Schiffrin method has also been modified to one-phase where 

polar solvents, such as tetrahydrofuran (THF) and methanol, are usually used for preparing 

Au NPs excluding the necessity of phase transfer agent ToABr.32 In some cases, ToABr is used 

to narrow the size distribution of resulting product.33  

1.2.2 Isolation and Purification: Thermochemically etched product contains two or 

more stable Au NMs. Therefore, further isolation steps are needed to separate those species. 

We majorly use two techniques: solvent fractionation and size exclusion chromatography. 

1.2.2.1 Solvent fractionation:  The difference in solubility of Au NMs is used in solvent 

fractionation to isolate Au NMs. Solubility of the Au NMs differ because of various factors. 

One of the main factors is size. Smaller size Au NMs is polar in nature and therefore soluble 

in polar solvents like acetonitrile and acetone. As the size increases, the nature changes to 

non-polar and is soluble in less polar solvents like toluene, dichloromethane (DCM), and THF.  

For example, Au23(S-tBu)16 and Au25(SCH2CH2Ph)18 are soluble in acetonitrile while other 

nanomolecules such as Au30(S-tBu)18 and Au144(SCH2CH2Ph)60, which are generally 

synthesized in conjunction respectively, are not soluble in acetonitrile. In solvent 

fractionation, a polydisperse product was dissolved in an organic solvent such as toluene, 

DCM, or THF. To this solution, a non-solvent like methanol is added in incremental amounts. 

As the polarity of the solution was gradually increased with addition of non-solvent like 

methanol or acetonitrile, the larger sizes precipitate first followed by smaller ones.  An 

optimum concentration of the polydisperse mixture was used to achieve better separation. 

A highly concentrated solution would lead to poor separation, whereas dilute solutions 



7 
 

would require large volumes of acetonitrile or methanol. Typically, 100 mg of a polydisperse 

product was dissolved in 0.2-1 mL of the solvent. The non-solvent was then gradually added 

using a micro-pipette in small quantities (typically in multiples of 100 μL). Once the 

precipitate was observed, the vial was centrifuged to separate the precipitate (insoluble 

portion) from the supernatant (soluble portion). The fractions were then analyzed by MS to 

determine their composition. 

1.2.2.2 Size Exclusion Chromatography (SEC): SEC is another most used method for 

separation of Au NMs. SEC separates the particles based on the hydrodynamic volume. The 

mixture of various sizes particles in mobile phase is eluted through a stationary bed 

consisting of SEC beads, where smaller-sized compounds travel through the pores in the 

beads and take a longer path to elute and larger sizes take a shorter path and elute faster 

through the larger pores or spaces between the beads. For our compounds, we use glass 

column with fritted disc filled with Bio-beads S-X1 as the stationary phase, and THF 

stabilized with BHT as the mobile phase. The Bio-Beads are made of neutral, porous styrene 

divinylbenzene copolymers. It needs to be soaked in mobile phase.34-35 In a typical SEC 

preparation, about 100 g of the solid beads were soaked in ∼0.5 L THF-BHT in a 1 L beaker 

topped with a lid to prevent solvent evaporation. The beads were soaked for at least 6 hours, 

preferably overnight. The beads expand in volume during this time. After sufficient soaking, 

the slurry of swollen beads was then packed in the column. The slurry was slowly loaded 

through the top side of the column with the stopcock open and the excess solvent to avoid 

any air bubbles. The excess THF elutes out as the beads settle and pack in the column. The 

column was packed with beads until the final level of the bed was ∼4 inches from the top. 

Once the beads were completely packed, the stopcock was closed. It is important to make 
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sure that the column never runs out of the solvent to avoid drying of the beads. The SEC bed 

expands in volume when it is idle. Therefore, before loading any samples, the solvent above 

the bed level was eluted until the bed reaches a constant height. After the settled bed was 

flat and constant in height, the solvent above the bed was eluted to the level of the bed. The 

dissolved sample was taken in a 9” pasteur pipette and loaded carefully (drop by drop), 

spreading it across the surface as a thin layer. Then fresh mobile phase was added to allow 

the loaded the sample to enter the bed. The shape of the band was maintained flat by adding 

the solvent uniformly. The overloading of product would cause bleeding and reduce the 

separation.  The samples are collected based on the band formed during elution and analyzed 

using mass spectrometry. This method can be repeated in many cases to accomplish the 

desired purity.36  

1.3 Ligand exchange and core size conversion 

Ligand exchange is a conversion method in which a pure Au NM is treated with an 

incoming ligand with elevated temperature. If the incoming ligand has similar steric and 

electronic property as the original ligand, the incoming ligand replaces the original ligand 

while maintaining the original core size. If the incoming ligand has different steric and 

electronic property, replacement of the original ligand with incoming ligand makes the gold 

core unstable and converts to the nearby stable size. The second conversion is known as core 

size conversion or transformation.37-42 The core size conversion can be monitored using 

mass spectrometry like MALDI-MS & ESI-MS, and through UV-visible spectroscopy. Core size 

conversion can also be used to convert easily attainable pure Au NM in one ligand to a 

difficult to isolate Au NM in a different ligand of comparable size. Ligand exchange was first 

used in Au25(SR)18 along with the reported importance of ESI-MS.43 The small change in mass 
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cannot be observed through any other normal electron microscopy or MALDI-MS. The high-

resolution ESI-MS was required to monitor and manipulate the ligand exchange process.43 

The introduction of aromatic thiols brings a new set of Au NMs. Then, core size conversion 

plays a vital role by transforming aliphatic thiol protected Au NMs to aromatic thiol 

protected Au NMs of different number of Au atoms. In core size conversion, the reaction 

starts with normal ligand exchange. After certain exchanges, the Au core became unstable, 

and the Au core starts to convert. Then the Au core goes into stable Au NMs protected 

completely by new incoming ligand.39-42  

1.4 Structure 

 The general structure of a gold thiolate NM consists of several layers: the innermost 

layer is an Au core, with surrounding Au shell(s) and an outer Au shell protected by the sulfur 

end of the ligand.  The outer layer of the nanostructure is composed of staple motifs of (SR-

Figure 1.3.  Crystal structure of Au
25

(SCH
2
CH

2
Ph)

18
. Showing the core and staple arrangement of the 

structure. 
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Au-SR)n which protect and cap the structure. There are a variety of staples motifs which can 

be arranged in several ways on the nanostructure.  Common arrangements observed 

included:  monomeric staple which is a motif consisting of SR-Au-SR, a dimeric which is SR-

Au-SR-Au-SR, and trimeric SR-Au-SR-Au-SR-Au-SR.  Several structures also have bridging 

thiols where the ligand is directly attached to the core (or outermost shell). Figure 1.3 shows 

the crystal structure model of Au25(SCH2CH2Ph)18 as an example; the core of this structure 

(red) consists of a Au13 icosahedral core, surrounded by 12 Au atoms in staple formation, 

making up a total of six dimeric staples surrounding the core.  

 

1.5 Characterization Techniques 

The purified Au NMs would be then analyzed by several analytical techniques to 

obtain information regarding their mass, composition, structure, optical and electronic 

properties. The stability and amenability of Au NMs eases characterizing using some kind of 

analytical techniques like MALDI-MS. The unambiguous data obtained from these analytical 

techniques gives complete understanding of the structure and properties of Au NMs.  

1.5.1 Mass Spectrometry: Molecular weight, from which the atomic composition of the 

molecules can be obtained, is characterized using mass spectrometry. The introduction of 

mass spectrometry brought multitudes of advancement in the fields of biology and 

chemistry. Mass spectrometry provides mass spectrum which is a plot of ion abundance 

versus mass-to-charge ratio (m/z). In 1996, Prof. Whettens’ pioneering work on 

characterizing gold nanoclusters using Laser desorption ionization mass spectrometry (LDI-

MS) made mass spectrometry reliable an analytical tool for characterizing metal 

nanoclusters.9  
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MALDI-MS and ESI-MS are the two most commonly used mass spectrometry tools 

utilized for Au NMs characterization to date. MALDI-TOF-MS (matrix assisted laser 

desorption ionization-time of flight mass spectrometer) is used in order to make 

compositional assignments, determine purity and monodispersity of NMs.44-45 ESI-MS is a 

softer ionization technique with little to no fragmentation and higher sensitivity which 

makes it a key component for compositional analysis based on the mass to charge ratio and 

isotopic distributions.44, 46  

1.5.1.1 MALDI-MS: In 1987, Kochi Tanaka and coworkers used combined cobalt 

nanoparticles in glycerol as a matrix to analyze mass spectrometry of larger biomolecules 

(~34 kDa). This method reduced the fragmentation from normal LDI-MS.47 In 2008, Dass 

and coworkers have extensively studied the Au NMs in MALDI-MS using different matrices 

including sinapinic acid (SA), 4′-hydroxyazobenzene-2-carboxylic acid (HABA), universal 

MALDI Matrix and trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene] 

malononitrile (DCTB).48 In this work, they have identified that MALDI-MS methodology 

based on DCTB matrix, facilitates the determination of complete molecular ion 

determination without fragmentation. Since then, DCTB matrix became the go to matrix in 

the field. As the sizes increase, MS analysis becomes challenging due to the resolution limit 

of the TOF tube. Thus, when compared to the smaller Au NMs (Au25), Au144(SR)60 shows 

broad MALDI-MS signal. Both instrument resolution at high mass and laser induced 

fragmentation result in peak broadening. Thus, an alternative soft ionization technique is 

required to overcome the laser induced fragmentation and detect the intact molecular ions 

for large gold nanoparticles analysis. 

 1.5.1.2  ESI-MS: ESI-MS is a softer ionization technique compared to MALDI-MS and 
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produces intact molecular ions without fragmentation in most cases. Initially, the atomic 

composition of various glutathione protected gold clusters were determined using ESI-MS 

by Tsukuda and coworkers. 49-52 Then isotopically resolved ESI-MS data of Au25(SC2H4Ph)18 

cluster that exactly matched the simulated spectra, brought out the importance of ESI-MS in 

the field.43  Many recent reports have used ESI-MS for the compositional assignment of Au 

NMs. 

 ESI involves three major steps from samples in solution to gas phase ions entering 

the mass spectra.  

i. Formation of tiny, charged droplets at electrospray capillary due to high voltage 

applied at the capillary.  

ii.  Solvent evaporation due to elevated source temperature and stream of dry N2 gas 

pressure.  

iii.   Charged gas phase ions ejection from the charged droplet into the mass spectra. The 

Waters Synapt XS instrument in our lab has a quadrupole time-of-flight mass analyzer 

(QTOF); the charged gas phase ion enters the mass analyzer providing high resolution mass 

spectrometry data. 

The advantage of the ESI process is the generation of multiply charged ions. It allows the 

analysis of large molecules and improves the sensitivity. However, multiply charge ions 

observed in the ESI does not reflect the actual charge state of the gold nanoparticles in the 

solution. It depends on the charge accumulation in the droplet and charge modification by 

the electrochemical process. 

1.5.2 UV-visible Spectroscopy: Next to mass spectrometry, UV-visible spectroscopy 

is commonly used to characterize Au NMs. Au NMs < 2 nm exhibit molecular-like optical 
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absorption feature due to the HOMO-LUMO gap in its molecular orbitals. On the other hand, 

when the size becomes larger the HOMO-LUMO gap becomes smaller, at one point the gap 

closes up and eventually becomes a single band. Therefore, larger Au NMs exhibit surface 

plasmon resonance, which is the collective oscillation of the conduction band electrons in 

response to the incident radiation.  Gold nanoparticles in this size range exhibit a surface 

plasmon resonance at 500-550 nm. UV-visible experiments are generally carried out in 

toluene, THF, or DCM.  Generally, the 300-1100 nm wavelength region is examined for the 

electronic properties of nanomolecules.  

1.5.3 Low Temperature UV-visible spectroscopy. Normal UV-visible generate 

preliminary electronic transition features. However, fine electronic transitions can be 

observed in low temperature UV-visible spectroscopy studies. This is accomplished using a 

specialized cryostat which is used in place of a traditional UV stage. Normally, the sample 

dissolved in a suitable solvent (typically 2-methyltetrahydrofuran) has been cooled using a 

cryostat to liquid nitrogen temperature of 77 K. At 77 K the molecules within the samples 

have negligible rotational and vibrational transitions and only electronic transitions are 

being facilitated.  Therefore, absorbance peaks and valleys are amplified and more resolved. 

1.5.4 Single Crystal X-ray Diffraction.   Mass spectrometry allows formulating the 

Au NMs and its composition, while atomic arrangement remains unsolved. To understand 

the atomic arrangement, we need the total structural arrangement data. Single crystal X-ray 

diffraction (ScXRD) has been used to determine the total structure and is crucial in the 

determination of the atomic structures of Au NMs. When X-ray interacts with the crystal, it 

will diffract into directions. The angles and intensities of these diffracted X-rays will be 

measured to produce a 3D image of the density of electrons, which reflect the average 
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positions of atoms in the crystal. Essential information on physical and electronic properties 

can also be obtained through ScXRD.  

The process of obtaining a ScXRD data includes growing crystals, crystal screening, 

data collection, refinement, and structure fitting.  Among these steps growing a robust single 

crystal suitable for X-ray diffraction is the most challenging step.   

i. Crystallization setup: Several crystallization techniques are available depending on 

the molecular size and its crystallization property. In our lab, we use three types of 

crystallization technique. First, solvent diffusion method. In this method the Au NMs are 

dissolved in a suitable solvent like toluene or DCM to which a non-solvent like acetonitrile 

or ethanol is vapor diffused over time in a closed system. Second, layering method. In this 

method, the Au NMs are dissolved in suitable solvent which is layered with non-solvent in a 

closed system where the non-solvent can diffuse through the liquid phase. Third, 

evaporation method. In this method, Au NMs dissolved in a suitable solvent are allowed to 

evaporate slowly in a partial open system. Depending on the conditions, crystals may grow 

or precipitate out. If precipitated, depending on the nature of the precipitation, other 

crystallization conditions and solvents will be attempted. 

ii. Crystal screening: The crystal setups are usually kept for a week depending on how 

fast the crystal or precipitate is forming. Then the setup is viewed under a microscope. A 

good crystal should be large enough, pure in composition, and should be of high quality 

(without imperfections, multi-crystals, or twinning). The selection of good crystal is crucial.  

iii. Crystal mounting and data collection: Selected crystal is attached to the tip of a 

MiTeGen MicroMount. Then the crystal is mounted in a stream of cold nitrogen at 100 K and 
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centered in the X-ray beam manually with the aid of a video camera. After initial scans, the 

data collection is started with suitable exposure time and angles. 

iv.   Data refinement and fitting: The collected data are indexed and refined using 

CrysAlisPro. Here, diffraction patterns obtained from different orientations of the crystal are 

converted into a three-dimensional electron density model using a method called Fourier 

transform. Olex2 software package is used for final data fitting.
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CHAPTER 2 

CORE SIZE CONVERSION OF Au329(SCH2CH2Ph)84 TO 

Au279(SPh‑tBu)84 NANOMOLECULES  

 
*Part of the text and figures in this chapter reprinted (adapted) with permission from: Core size conversion of 
Au329(SCH2CH2Ph)84 to Au279(SPh‑tBu)84 Senthil Kumar Eswaramoorthy, Naga Arjun Sakthivel and Amala Dass* 
J. Phys. Chem. C, 2019, 123 (14), pp 9634–9639, Copyright 2019 American Chemical Society. 
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2.1 Abstract 

Here, we report the core-size conversion of Au329(SCH2CH2Ph)84 to Au279(SPh‑tBu)84 

plasmonic nanomolecules.  The mass spectrometric studies have revealed unprecedented 

reaction pathway for the Au329 to Au279 core-size conversion reaction via three steps. First, 

ligand exchange with the 4-tert-butylbenzenethiolate occurs, followed by simultaneous 

ligand exchange and core-size conversion progressing with loss of one Au atom after another 

and finally, reaches completion with full ligand exchange on Au279.  Typically, a core-size 
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conversion occurs in nanomolecules which have molecular like nature with different sizes 

having different electronic and structural properties.  In this case for the first time, both the 

reactant and the product possess plasmonic behavior and bulk face-centered cubic (FCC) 

structures. Also, this is the first report to study the core-size transformation involving a 

difference of 50 metal atom but identical 84 ligand count. 

 

2.2 Introduction 

Gold NMs, Synthesis of thiolate protected stable molecules of gold with molecular and 

metallic properties are highly pursued for various practical applications.9, 33, 53-54 These 

molecules of gold, also known as gold nanomolecules (Au NMs) can be synthesized via 

bottom-up, direct synthetic protocols followed by post-synthetic treatment or top-down 

approach involving core size conversion of one stable Au NM to another.53 As discussed 

earlier in introduction, the direct synthesis of Au NMs results in a polydisperse product, 

which produces a mixture of stable sizes upon thermochemical treatment (or etching) 

requiring purification to obtain pure Au NMs.8 Meanwhile, ligand exchange or place 

exchange reactions on Au NMs have been shown to functionalize Au NMs with new ligand 

shell or to make new sizes via core-size conversion and tune the properties.55-62 The core-

size conversion is dictated by the ligand being employed in the reaction and each ligand has 

a unique series of discrete stable sizes with distinct structure and property.14, 53  

Samples with high purity are desired for various structural and property studies and 

application development. Core-size conversion of Au NMs by ligand exchange with different 

ligands have proven to be a unique way to make pure Au NMs exclusively in high yields.63 It 

is also referred to as ligand exchange induced size/structural transformation (LEIST).64 It 
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has been shown to circumvent the need for demanding purification processes in obtaining 

pure Au NMs in high yields, for example: Au30, Au36, and Au133.39, 65-68 Sequential etching of a 

crude samples with different types of ligands has been shown to produce pure, stable Au 

NMs. Sequential etching differs from core-size transformation in that the ligands employed 

in the sequential etching process are of same class that support the Au NM size of interest 

without inducing core-size conversion while destabilizing other sizes , thus yielding the 

desired Au NMs in high purity. For example: pure Au36 has been obtained in high yield by 

sequential etching of a polydisperse phenylethanethiolate (PC2) protected gold nanocluster 

crude mixture with thiophenol and 4-tert-butylbenzenethiol (TBBT).67  

Significant progress has been made towards understanding the transformational and 

controlled ligand exchange chemistry in Au NMs with Au < 50 atoms.53, 62, 69-71 

Transformation from one stable size to another provides access to an entirely new set of 

properties than the precursor Au NMs whereas controlled ligand exchange retains the core-

structure but tunes the electronic property. For example, Au38(SC2H4Ph)24 with thiophenol 

forms Au36 and Au38 under thermodynamic and kinetically controlled reactions, 

respectively.72 The thermodynamic product73 (Au36) has entirely different atomic and 

electronic structure with higher band gap than the precursor whereas the kinetic product72  

(Au38) has similar atomic structure and optical features to the starting NM. In some cases, 

interconversion between two stable sizes has been observed as well.65, 74 Recently, new 

branches of core-conversion reactions such as oxidation induced core-size conversion75 and 

fusion of Au25 to Au38 without any co-reactant76 have been demonstrated.  

To date, only little information is known on the transformational chemistry of Au NMs 

with Au > ~100 atoms and plasmonic nanocrystals. Au99, Au102, Au103, and Au133 are the four 



19 
 

larger Au NMs that have been synthesized via core-conversion method.38-39, 68, 77-78 However, 

the core-conversion on the plasmonic regime has not been studied in detail. In that 

plasmonic nanocrystal regime, smallest thiolate protected metallic gold nanocrystal, 

Faradaurate Au279(TBBT)84 has been recently reported.33, 79-81 Au279 has been obtained by 

direct synthesis33 and sequential etching81 of a polydisperse phenylethanethiolate protected 

gold nanocluster crude mixture with phenylethanethiol followed by 4-tert-

butylbenzenylthiol and core-conversion with TBBT. 

As discussed earlier, each ligand type forms a unique series. The aliphatic 

phenylethanethiol (PC2) thiolate protected Au NMs series have been studied over two 

decades, but these aliphatic systems are difficult to crystallize.9, 82-83 The introduction of rigid 

and bulky thiolated ligands such as TBBT favors the single crystal growth.84 In recent times, 

aromatic-TBBT protected Au NMs series are widely studied and all the sizes in the TBBT 

series have been crystallographically resolved.14 Au279 is the largest crystal structure of 

thiolate protected Au NMs reported to date.33 The core size conversion of highly stable, 

molecule-like Au NMs in aliphatic thiolate series with TBBT provides stable sizes in TBBT 

series (Au25 to Au28, Au38 to Au36 and Au144 to Au133).64 However, the core-conversion beyond 

34 kDa especially on the plasmonic regime has not been studied in detail. In this work we 

have investigated the core-size conversion reaction of Au329(SC2H4Ph)84, the next stable size 

in aliphatic thiolate protected series of Au NMs17, 54 to Au279(TBBT)84 by electrospray 

ionization (ESI) and matrix assisted laser desorption ionization (MALDI) mass spectrometry 

and absorption spectroscopy. 
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2.3 Results and Discussion 

 The Au329 plasmonic Au NMs are synthesized using two phase Brust method and 

isolated using SEC. The detailed synthesis is explained in experimental section. 

2.3.1 Core size conversion.  Figure 2.1 reveals the reaction progress through by 

MALDI-MS, where Au329 (input) is converted into Au279 after six days of reaction with TBBT 

at 80 °C. The dot and dash-dot-dot vertical lines corresponds to the molecular mass of Au329 

and Au279. Due to fragmentation under laser beam, only mass distribution of the Au NMS was 

seen in MALDI-MS. The multiple charge state peaks especially 2+ can be observed in MALDI-

MS spectra, but they are less intense than the molecular ion peak mass due to fragmentation 

under the laser beam. The 2+ charge state peaks (indicated using *) are shown in Figure 2.1. 

The MALDI-MS of Au329 reveals the 1+ and 2+ peaks at ~73 kDa and ~36.5 kDa, respectively 

Figure 2.1. MALDI mass spectra of the starting material Au
329

(SCH
2
CH

2
Ph)

84
 and its 

transformation to Au
279

(SPh-tBu)
84

 on reacting with TBBT at 80 ⁰C over 6 days. The dot and dash-

dot-dot vertical lines corresponds to the molecular mass of Au
329

 and Au
279

, respectively. * 

Indicates the 2+ charge state of respective nanomolecules.  
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(Figure 2.1). After 2 days of reaction, two new peaks were observed at ~64.5 kDa and ~32.5 

kDa corresponding to 1+ and 2+ charge states of Au279 respectively, indicating the onset of 

Au329 to Au279 core-size conversion. Also, the peak maxima of Au329 have moved from ~73 

kDa to ~70 kDa due to the core-size conversion. When the reaction reaches 4 days, sample 

reveals that the ~64.5 kDa peak becoming prominent and ~70 kDa peak intensity becoming 

less prominent as the reaction proceeds (Figure 2.1). The complete core-size conversion to 

Au279 was observed after 6 days of reaction with only (1+ and 2+) peaks corresponding to 

Au279 observed in the MALDI-MS spectra (Figure 2.1).  

ESI-MS was employed to further study the core-size conversion reaction in detail. 

Figure 2.2 shows the ESI mass spectra of the starting material (Au329) and the final product 

(Au279). Au329 has a molecular weight of 76,329 Da and it was observed in 3+, 4+, and 5+ 

charge state peaks at 25,546 Da (3 Cs adducts), 19,182 Da (4 Cs adducts), and 15,267 Da 

respectively (Figure 2.2). The final product Au279, has a molecular weight of 68,836 Da and it 

Figure 2.2. ESI-MS of Au
329

(SCH
2
CH

2
Ph)

84
 transforming to Au

279
(SPh-tBu)

84
 upon reacting with 

TBBT at 80 ⁰C for 6 Days.  
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ionized in 3+ and 4+ charge states with peaks at 22,944 Da and 17,208 Da, respectively. The 

core-size conversion reaction was completed after 6 days, and it was evidenced by both ESI 

and MALDI mass spectra.  

2.3.2 Revealing 3 stages of conversion through ESI-MS. The Au329(PC2S)84 to 

Au279(TBBT)84 reaction proceeds in three stages, first ligand exchange with TBBT occurs, 

followed by simultaneous core-size conversion and ligand exchange reaction, and finally 

reaction reaches completion with complete ligand exchange by TBBT ligands. Figure 2.3 

reveals the ESI-MS data of the 3+ charge state in 22 – 28 kDa m/z range for a 2-day reaction 

sample. Intriguingly, the thiolate ligands on the monolayer count remains 84 throughout. It 

is worth noting that, mass spectrometry of larger nanomolecules is difficult and as the ligand 

exchange and/or core-size conversion reactions are performed on large nanomolecules, 

Figure 2.3. ESI-MS spectra of a 3+ peak in 2 days reaction sample showing the occurrence of ligand 
exchange and core-size conversion simultaneously. The peak assignment of 288, 301, 311, 329, 336 

Au atoms has 84 TBBT ligands and 3 Cs
+
 adducts with it. Inset is in 22.5 – 23.1 kDa range to reveal 

the Au
279

 formation (indicated by red peak with an arrow). Full spectrum is provided in the Figure 

S1.1. 
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analyzing the reaction progress becomes increasingly difficult. The Cs+ ions are used to 

facilitate better ionization of the sample. The mass difference between PC2S (137.22 Da) and 

TBBT ligands (165.27 Da) is 28.06 Da. Therefore, a 3+ charge state peak corresponding to 

the ligand exchange reaction would have an envelope of peaks with mass difference of 9.3 

Da. Additionally, changes in the number of gold atoms during core-size conversion and 

varying Cs+ adduct formation poses another challenge in analyzing the data. The 

compositions for the intermediate samples were assigned based on the multiple charge state 

peaks and in some cases, there are close overlap between two possible combinations and the 

probable assignments have been included in this report.  

Figure 2.3 reports the ESI-MS data for 2-day sample in the 3+ charge state region of 

22 – 28 kDa and inset shows the 22.5- 23.1 kDa range to reveal the core-size conversion and 

ligand exchange reaction proceeding simultaneously. In the first stage, Au329(PC2S)84 

undergoes ligand exchange to form Au329(TBBT)84 with few un-exchanged PC2S ligands. The 

Au329(TBBT)84 composition is metastable, and the reaction proceeds to core-conversion 

phase leading to another metastable size after well-known (329,84) composition up to 

Au336(TBBT)84 with increments of one Au atom, i.e., 329, 330, 331, …, 336 (Figure 2.3). The 

second stage starts at second day where MALDI-MS data for 2-day sample (Figure 2.1) also 

corroborates the formation of Au279 core and Figure 2.3 inset shows envelope of peaks and 

the fully exchanged Au279(TBBT)84
3+

 at 22,945 Da (red peak indicated by an arrow). The inset 

has about 8 envelopes of peaks and their exact mass are listed in Table S1.1. The peaks 

indicated in red to the left of Au279(TBBT)84
3+ have a m/z difference of 66 Da corresponding 

to one Au atom and its composition is Au278(TBBT)84
3+. Similarly, the adjacent mass 

difference between the red peaks is 66 Da corresponding to one Au atom and their 
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compositions are   Au277(TBBT)84
3+,   Au276(TBBT)84

3+,   and Au275(TBBT)84
3+. The envelope of 

blue peaks adjacent to red peaks corresponds to unexchanged PC2S ligands with ~9 Da 

difference. 

In final stage, the core-size conversion to stable Au279(TBBT)84 occurs (Figure 2.4). 

After 4 days of reaction only a few unexchanged PC2S ligands are observed near the 

molecular peak (Figure 2.4, olive 

spectra). The Au279(TBBT)84 

then resolves to be the 

prominent stable compound and 

Au278(TBBT)84
3+ and   

Au277(TBBT)84
3+ peaks were also 

observed but not as significant 

as 2 or 4-day samples.  The Au278, 

Au277 and Au276 are intermediate 

which are stable for a certain 

period and eventually they 

converge towards Au279 as the 

reaction progresses. Similar 

phenomena with one Au atom 

difference during core-size 

conversion of larger 

nanomolecules has been observed as a kinetic product in the transformation Au144 of Au133 

where Au132(TBBT)52 was present during intermediate samples and goes down in intensity 

Figure 2.4. Electrospray ionization mass zoom in spectra 
of the intermediates, showing the ligand exchange and 
conversion.  
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with time and negligible towards the end.39 

 

2.3.3 Optical Spectroscopy. The molecule-like nanomolecular core-size conversion 

involves striking changes in 

optical properties between the 

starting material and product.53 

Absorption spectroscopy was 

performed to study how the 

optical property of plasmonic 

nanomolecules would be affected 

by the core-size conversion 

reaction. The optical property of 

the starting material (Au329) and 

the product (Au279) are 

compared in Figure 2.5. The blue 

curve in Figure 2.5 corresponds 

to Au329. The UV-visible 

absorption spectrum of Au329 has 

a plasmonic band centered ~495 

nm and upon transformation to Au279 by reacting with TBBT, the product also exhibits a SPR 

band, however, it is red shifted to ~510 nm. It worth nothing that, despite the loss of 50 Au 

atoms, the molecule is still plasmonic and the manifestation of SPR on 279 has been 

attributed to the presence of phenyl rings.79 

Figure 2.5. UV-visible absorption spectrum of final 
material Au

279
(SPh-tBu)

84
 nanomolecules in toluene in 

comparison with the starting material 
Au

329
(SCH2CH2Ph)

84
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2.4 Experimental 

2.4.1 Materials. Tetrachloroauric (III) acid (HAuCl4
.3H2O,>99% metal basis, Aldrich), 

Sodium borohydride (NaBH4, 99%), 4-tert-butylbenzenethiol (TCI, 99%), 

phenylethylmercaptan, (Sigma-Aldrich), cesium acetate (Acros, 99%), anhydrous ethyl 

alcohol (Acros, 99.5%), and trans-2-[3[(4-tertbutyl-phenyl)-2-methyl-2-propenylidene] 

malononitrile (DCTB matrix) (Fluka ≥ 99%). HPLC grade solvents such as tetrahydrofuran, 

toluene, methanol, butylated hydroxytoluene stabilized tetrahydrofuran were obtained from 

Fisher Scientific. All the materials were used as received.  

2.4.2 Synthesis. The core-conversion of Au329(SCH2CH2Ph)84 to Au279(SPh‑tBu)84 was 

performed in two primary steps: namely Au329 synthesis and core-conversion of Au329 to 

Au279. First, Au329(SCH2CH2Ph)84 was synthesized by slightly modifying the previously 

reported method. Au329(SCH2CH2Ph)84 preparation was carried out in three steps. First, 

crude nanoparticles were synthesized which contain polydisperse gold nanoparticles with 

metastable sizes. Then thermochemical treatment was done on the crude sample to narrow 

down the size and to remove the metastable clusters. Then, Au329(SCH2CH2Ph)84 was isolated 

using size exclusion chromatography. Finally, Au329(SCH2CH2Ph)84 was subjected to ligand 

exchange with TBBT, and it undergoes core-size conversion to form Au279(SPh‑tBu)84. 

Step 1: Au329 synthesis. HAuCl4.3H2O (0.1 g) was dissolved in distilled water (10 ml) 

and TOABr (0.15 g) was dissolved in toluene (10 ml) separately. They were mixed together 

in a 100 ml round bottom flask under stirring (500 rpm). The mixture was stirred for 30 min. 

The organic layer was separated and placed in an ice bath for 30 min. Then, 70 µL of 

phenylethanethiol (Au:thiol = 1:2) was added and the reaction was allowed to stir for 1 hr. 
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The reaction mixture was then reduced by rapidly adding 0.1 g NaBH4 (Au:NaBH4 = 1:10) 

dissolved in 5 ml of ice-cold water. The solution changes to black color indicating the 

formation of nanoparticles. The stirring was continued for about 24 hr. The organic phase 

was then separated, and rotary evaporated to remove the solvent. The crude product was 

washed with methanol and water mixture (3-4 times) to remove excess thiol and 

byproducts. The crude product was dissolved in toluene and etched with excess 

phenylethanethiol (60 mg crude product, 0.5 ml toluene and 0.5 ml of thiol) for ~3 days at 

80 °C. Then, the etched product was rotary evaporated to remove the solvent and washed 

with methanol to remove excess thiol. Finally, Au329(SCH2CH2Ph)84 was isolated by size 

exclusion chromatography. 

Step 2: In this step, Au329(SCH2CH2Ph)84 dissolved in toluene was subjected to ligand 

exchange with tert-butylbenzene thiol for 6 days at 80 °C. In this reaction, for 1 mg of starting 

NM 10 µL of toluene and 10 µL of thiol was used. The transformation of Au329(SCH2CH2Ph)84 

to Au279(SPh‑tBu)84 was monitored by MALDI and ESI mass spectrometry.  

2.4.3 Instrumentation. The MALDI spectra were acquired from Voyager DE PRO 

MALDI-TOF-MS instrument with DCTB matrix. Electrospray ionization mass spectra (ESI-

MS) were collected from Waters Synapt Q-TOF HDMS with THF as the solvent. Baseline 

correction for Au329 ESI-MS spectra was done by polynomial fitting (Figure 2.2). The cesium 

acetate was used to facilitate the ionization of nanomolecules with multiple charge states. 

The UV-visible absorption spectra were measured using a Shimadzu UV-1601 

spectrophotometer. 
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2.5 Conclusions 

  In summary, we have studied the core-size conversion of Au329 to Au279 by using 

MALDI and ESI mass spectrometry, and UV-visible absorption spectroscopy. The core-size 

conversion takes place in three steps, first ligand exchange, then ligand exchange and core-

size conversion occur simultaneously and finally reaction completion with complete ligand 

exchange by exogenous ligands. The mass spectrometric results have revealed the 

unprecedented reaction pathway involving ligand exchange and core-size conversion with 

loss of one gold atom after another, retaining a constant 84 ligand monolayer count. The 

optical absorption studies have shown that both the starting material and the product are 

plasmonic as reported.79  
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CHAPTER 3 

DIGESTIVE RIPENING YIELDS ATOMICALLY 

PRECISE GOLD NANOMOLECULES 
 
*Part of the text and figures in this chapter are reprinted (adapted) with permission from: Eswaramoorthy, S. K.; 
Dass, A., Digestive ripening yields atomically precise Au nanomolecules. New J. Chem. 2021, 45 (43), 20241-
20248; Copyright 2021, New Journal of Chemistry 
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3.1 Abstract 

Digestive Ripening (DR) is a synthetic method where a polydisperse colloid of metal 

nanoparticles upon refluxing with free ligand in high boiling point solvent gives size 

monodisperse nanoparticles. Brust synthesis is known to form atomically monodisperse 

thiolate protected gold nanoparticles also known as gold nanomolecules (Au NMs). Unlike 

Brust method which gives smaller 1-3 nm atomically precise nanomolecules, DR has been 

used only for the synthesis of large >5 nm nanoparticles with good size monodispersity. In 

thiolate protected gold nanoparticle Brust synthesis, first the yellow-colored phase 
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transferred Au(III) solution is converted to colorless Au(I) mixture by adding thiol in certain 

molar ratio which forms Au-SR. The mixture is then reduced using reducing agent to form 

black colored Au NMs. Whereas in DR, while using the same primary chemicals, the two steps 

were reversed: the mixture was reduced before the addition of thiol.  Here we show that in 

DR adding thiol after 2 minutes of reduction gives larger 5 nm particles as reported, whereas 

adding thiol in 30 seconds after reduction results in smaller < 2 nm particles. By pursuing 

this reaction time and formation of smaller nanoparticles, in this work for the first time we 

report, DR yields atomically precise Au25(SR)18 and Au144(SR)60 NMs. This is reported using 

two aliphatic thiols: hexanethiol and dodecanethiol as the protecting ligand. DR was also 

repeated using an aromatic thiol, 4-tert-butyl benzene thiol (TBBT) which yields Au279(SR)84 

NMs consistent with the Brust method. Thereby establishing both DR and Brust method 

leads to the formation of atomically precise Au NMs, regardless of the order of thiol addition 

and reaction steps. 

 

3.2 Introduction 

The nanosized metal particles attract huge interest in catalysis, optics, and drug 

delivery because of its remarkable difference in physical and chemical properties from the 

respective bulk metals.2 The nanosized metal particles usage dates back to 4th Century AD, 

the Lycurgus cup.3 It has unusual optical effects due to the presence of gold and silver 

nanoparticles. The size of the particle determines its properties. The catalytic property of 

noble metals is enhanced when their size is reduced to the nanoscale.85-86 Currently, the 

synthesis of highly monodisperse metal nanoparticles (NPs) is an attracting field. The size-

controlled synthesis of NPs is achieved by manipulating the synthetic conditions. 87-88 
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The research of monolayer thiol protected gold nanoparticles (Au NPs) has developed 

significantly after the introduction of the Brust7 method. It is a two-phase synthesis 

(water/toluene) which was later tuned to form atomically monodisperse nanoparticles, also 

called gold nanomolecules (Au NMs).8-11 The first major development in the field was tuning 

the method forming monodisperse Au nanoclusters evidenced by  mass spectrometric 

studies reported by R.L Whetten et al.9 The next major development, was the crystal 

structure determination of Au102(p-MBA)44 and Au25(SCH2CH2Ph)18 proving the atomically 

monodisperse nature beyond any doubt.10-11 Later, many other crystal structures have been 

reported, especially using bulky ligands such as 4-tert-butylbenzene thiol (TBBT)33, 40, 68 and 

tert-butyl thiol.89-91 Various sizes of NMs protected by different thiolate ligands were 

obtained by introducing some modifications in the Brust method. But, the basic 3 steps are 

the same in every Brust method, (i) phase transfer, (ii) addition of thiol, and (iii) reduction 

using a reducing agent.7-11, 92 In most cases, the basic steps forming the crude mixture involve 

an etching process to obtain stable sizes. 93 

Ostwald ripening, a diffusion-controlled crystal growth process used for the 

formation of nanoparticle was proposed in the early to mid-20th Century. In a supersaturated 

solution, a small change like concentration fluctuation produces a nucleus of a new solid 

phase which leads to the formation of the nuclei until the degree of supersaturation becomes 

minimum.94 Then coalescence occurs in a way that the particles which have a size larger than 

critical size will incorporate smaller size particles and grow. The theory of Ostwald ripening 

was introduced in the work of  Lifshitz and Slyozof95  and further advanced by the work of 

Wagner,96 together called LSW theory.  

Digestive ripening (DR) which is also known as inverse Ostwald ripening, involves 
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the etching or dissolution of large NPs into smaller, more stable NPs in the presence of excess 

capping ligands at a high temperature.97-99 DR is one of the commonly used method for 

synthesizing various sizes of nanoparticles with size monodispersity in different transition 

metals.99-101 Various factors affecting the monodispersity and property of the product 

nanoparticle have been widely studied for this method.99-105 DR method is also used to 

synthesize monolayer thiol protected Au NPs. But the synthesis of atomically monodisperse 

nanoparticles using the DR method is not yet achieved. In this report we demonstrate in DR 

using Transmission Electron Microscopy (TEM), adding thiol after 2 minutes of reduction 

gives larger 5 nm particles as reported, whereas adding thiol in 30 seconds after reduction 

results in smaller < 2 nm particles. Thereby, we report (i) atomic precision can be achieved 

in DR by reducing timing (time difference) between reduction of mixture and addition of 

thiol. (ii)  DR yields atomically precise Au25(SR)18 and Au144(SR)60 NMs. This is reported using 

two aliphatic thiols: hexanethiol and dodecanethiol as the protecting ligand consistent with 

reported Au NMs from Brust method.11, 48, 106 DR was also repeated using an aromatic thiol, 

TBBT, which yields Au279(SR)84 NMs.33 It is consistent with the reported Au NMs from Brust 

method. Mass spectrometric analysis confirms the atomic precision. (iii) The switching of 

phase transfer agent to ToABr in DR brings all the same chemicals (reactants) used for DR 

and Brust method, but the steps are different. Especially step two and three mentioned 

earlier in the Brust method were reversed in DR, but both pathways lead to the formation of 

atomically precise Au NMs. 

 

3.3 Results and Discussion 

The step-by-step synthetic procedure comparison of Brust and DR methods is shown 
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in Scheme 3.1. The important difference appears at a distinctive step (highlighted using blue 

and red box), where the reduction of the mixture and addition of thiol are exchanged.  The 

comparative color change happening in the reactants at each step was evident in the scheme. 

Brust synthesis method was already known to form atomically precise Au NMs whereas DR 

is known to form size monodisperse Au NPs (not atomically monodisperse). Here, DR also 

leads to the formation of atomically precise Au NMs, using the reported synthetic protocol, 

which provides the unprecedented results explained below.   

3.3.1 Formation of atomically precise small nanoparticles in DR. The DR synthesis 

was done as mentioned in Scheme 3.1. Briefly, the Au salt was dissolved in toluene using a 

phase transfer agent, followed by reduction, and then the addition of capping ligand to the 

mixture. See the experimental section for more details. Normally in DR after reduction of the 

mixture the reaction is continued to completion before adding thiol. In Brust method the 

thiol was already present while reducing the mixture. Here, in DR to obtain smaller gold 

nanoparticles, we noticed that the timing between the reduction of mixture and addition of 

Scheme 3.1. Synthetic procedure of Brust synthesis method yielding Nanocrystal gold molecules 
which was reported in 1994 and 1996 directly compared with Digestive Ripening yielding gold 
nanomolecules reported in this work. 
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thiol is crucial. Therefore, addition of thiol was done in two-time differences, soon after the 

reduction (30 seconds) and after some time (2 minutes). Transmission Electron Microscopy 

(TEM) image (Figure 3.1a) of 30-seconds DR product shows particles less than 5 nm in size 

and its size distribution analysis done by measuring the size of 600 particles provides 1.1 ± 

0.3 nm (Figure 3.1c). the size distribution was measured using standard deviation. TEM 

image of 2-minute DR product (Figure 3.1b) shows comparatively larger monodisperse 

d 

b a 

c 

30 seconds 2 minutes 

1.1 ± 0.3 nm 5 ± 0.6 nm 

Figure 3.1. Addition of thiol after 30 seconds of reduction, a) TEM image and c) size distribution 

plot of its product (UV-visible spectra in the inset). Addition of thiol after 2 minutes of reduction 

b) TEM image and d) size distribution plot of its product (UV-visible spectra in the inset). 
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spheres and its size distribution based on 400 particles provides 5 ± 0.6 nm (Figure 3.1d). 

The particle size drastically dropped from 5 nm (Figure 3.1d) to 1.1 nm when reducing the 

timing from 2 minutes to 30 seconds. UV-visible spectra of 2 minutes product shown in the 

inset of Figure 3.1d has a prominent plasmonic band centered at ~500 nm whereas the 

plasmonic feature diminished to a small band in 30 seconds sample (Figure 3.1c inset). This 

UV-visible spectrum comparison further confirms the drastic drop in size of resulting 

product by reducing the timing. The addition of capping agent (thiol) soon after reducing the 

mixture (30 seconds) stops the aggregation of Au into a larger nanoparticle and leads to the 

formation of particle in Au nanomolecule regime (1 to 2 nm).15, 107 Further refluxing of the 

mixture brings all the metastable Au nanoclusters into more stable atomic precise Au NMs.  

3.3.2 DR yields Au NMs with aliphatic thiols. The DR product was then analyzed in 

Matrix Assisted Laser Desorption Time of Flight (MALDI-MS) mass spectrometry using the 

DCTB matrix.48 The low and high laser intensity MALDI-MS data exhibits various sizes in the 

product. In high laser intensity, the nanoclusters tend to fragment, but higher laser fluence 

is needed to ionize all the sizes present in the product. The high laser data of hexanethiol 

protected Au NMs product in Figure 3.2a illustrates the presence of two kinds of size 

distribution in the product, namely at 7 and 30 kDa. The broad 30 kDa peak represents that 

it has two sizes in it. The higher laser pulse also tends to remove the loosely bound surface 

ligands. Therefore, the mass is only the core mass which consists of gold atoms only. The 

laser influence in MALDI-MS tends to give characteristic fragmentation of Au4(SR)4 for small 

NMs.72 The exact mass with high accuracy can be determined with Electrospray Ionization 

Mass Spectrometry (ESI-MS). The ESI-MS spectrum in Figure 3.2b predominantly shows 

three sizes of nanoclusters, namely Au25(SR)18, Au137(SR)56, and Au144(SR)60. The Au25(SR)18 
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corresponds to the 7 kDa and Au137(SR)56, and Au144(SR)60 corresponds to the 30 kDa species 

in MALDI-MS (Figure 3.2a). In Figure 3.2b, 17,698 Da and 11,799 Da peaks are observed, 

representing 2+ and 3+ charge peaks of Au144(SR)60 which has a molecular weight of 35,397 

Da. Similarly, 2+ and 3+ charge state of Au137(SR)56 peaks are observed at 16,774 Da and 

11,183 Da. The 1+ charge state of Au25(SR)18, 7,034 Da is also observed in Figure 3.2b. The 

same synthesis protocol is repeated in another aliphatic thiol, dodecanethiol. The same three 

sizes are observed in dodecanethiol as shown in Figure S3.1. Figure S3.1a shows the MALDI-

MS spectra of dodecanethiol protected nanoclusters synthesized using the DR method. The 

high laser data reveals the formation of two sizes, one around 7 kDa and a broad peak at 32 

kDa. The low laser data on Figure S3.1a shows the peak of Au25(SR)18, the adjacent peak is 

characteristic MALDI fragmentation showing loss of Au4(SR)4. ESI-MS data on Figure S3.1b 

Figure 3.2. Mass spectrum of the digestive ripening synthesis product showing atomically precise 

nanomolecules protected by hexanethiol. (a) MALDI-MS data of digestive ripening synthesis 

product showing high (green) and low (black) laser. (b) ESI-MS data of the same product showing 

the presence of Au
144

(SR)
60

, Au
137

(SR)
54

 and Au
25

(SR)
18

 species.  

DR yields Au NMs 

a 

C
6
H

13
SH 

b 
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showing a 1+ charge state of Au25(SR)18 confirms the same. The broad peak in 32 kDa of 

MALDI-MS has two species which is confirmed by its respective ESI-MS spectra in Figure 

S3.1b. The two species are Au144(SR)60 (3+ and 4+ charge state peaks marked in Figure S3.1b) 

and Au137(SR)56 (3+ charge state peak marked in Figure S3.1b). From the extensive research 

in thiolate protected nanoclusters, the linear chain aliphatic thiol makes a unique series 

(Au25(SR)18, Au38(SR)24, Au137(SR)56, Au144(SR)60) from the Brust method of synthesis.15, 107-

108 The same series containing Au25(SR)18, Au137(SR)56 and Au144(SR)60 is observed in this 

work using the DR method. 

Figure S3.2 shows the optical property of the Au NMs protected by hexanethiol and 

dodecanethiol. The Au144(SR)60 and Au137(SR)54 do not have prominent optical features in 

the UV-visible region.106, 109 But as in Figure S3.3, both spectra exhibit a small plasmonic 

resonance feature at ~500 nm. It indicates the presence of larger species in the plasmonic 

range in small amounts. 

3.3.3 DR yielding Au NMs using non-linear chain thiol (TBBT).  The same synthesis 

protocol was used but with a different thiol as a capping agent, 4-tert-butylbenzenethiol 

(TBBT). Unlike linear chain thiols, the sulfur atom is attached to a phenyl ring in TBBT. 

Additionally, it has a tertiary group attached to the para position of the phenyl ring. This 

gives different electronic, steric and π- π ligand interaction properties to the product NMs.13 

As a result, it gives a whole different series of gold NMs.13-14 This series is called an aromatic 

series as sulfur is directly attached to the phenyl ring whereas the linear chain series is called 

an aliphatic series. The difference is well explained in our previous work.13 Figure 3.3a is the 

MALDI-MS spectrum data of TBBT protected gold NMs, shows a peak ~62.5 kDa at low laser 

influence (black) corresponding to Au279(SR)84 species. High laser influence shows the same 
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species but only gold core mass ~55 kDa, due to the removal of surface ligands. ESI spectrum 

in Figure 3.3b shows 3+ (22,945 Da), 4+ (17,209 Da) and 5+ (13,767 Da) of Au279(SR)84 

species. 

3.3.4 Isolation of pure Au NMS using Size Exclusion Chromatography (SEC). DR 

gives a mixture of Au NMs sizes. SEC is one of the best methods available for isolation of Au 

NMs based on the size.34-35 Here, SEC is used to isolate pure Au NMs from final DR product 

containing mixture of sizes. The size separated and purified DR samples can then be 

compared with previously reported Brust method using similar purification techniques. 10-

11, 33, 48, 89-91, 106, 109-110 Figure S3.3b and S3.4b shows the SEC column during the last stage of 

separation. Both images (Figure S3.3b and S3.4b) have two nicely separated bands, first at 

the bottom, a black band with 30 kDa species having majorly Au144(SR)60 and a second, 

Figure 3.3. Mass spectrum confirming the repeatability of the digestive ripening yielding 

atomically precise gold nanomolecules with rigid secondary ligand (TBBT) where S is directly 

attached to phenyl ring. (a) High (green) and low (black) laser intensity MALDI-MS of the digestive 

ripened product. (b) ESI-MS of the digestive ripened product showing 3+, 4+ and 5+ of Au
279

(SR)
84

. 

DR yields Au NMs 
TBBT 

b a 
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reddish brown band on the top is pure Au25(SR)18. SEC isolated MALDI-MS data of 

hexanethiol protected Au NMs shown in Figure S3.5a, and corresponding ESI-MS data shown 

in Figure S3.5b, top red spectra showing only 30 kDa peak in MALDI and 3+ peak of 

Au144(SR)60 and Au137(SR)54 confirms the isolation of 30 kDa species. Similarly, bottom black 

spectra showing Au25(SR)18 peak in MALDI-MS data and 1+ peak of Au25(SR)18 in ESI-MS data 

confirms the isolation of Au25(SR)18. UV-visible spectrum (Figure S3.3a, red) of the isolated 

Au144(SR)60 exhibits no distinctly observed peaks but minor peaks at ~510 nm and ~700 nm. 

It is consistent with the previously reported works and confirms the purity.106, 110 Similarly, 

UV-visible spectrum of Au25(SR)18 (Figure S3.3a, black) showing well defined peaks at 400, 

450, and 670 nm and slight shoulder peaks at ~575 and ~815 nm as previously reported.51, 

107-108  

Likewise, Figure S3.6 exhibits the isolation of 30 kDa and 8 kDa species of 

dodecanethiol protected Au NMs using MALDI-MS and ESI-MS. Figure S3.4a confirms the 

purity of isolation through UV-visible spectra.106, 108, 110 These results using two different 

ligands (hexanethiol and dodecanethiol) confirm that DR synthesis produces atomically 

monodisperse nanomolecules that match with previously reported Brust synthesis.106, 108, 110  

3.3.5 Mass Spectrometry result comparison of two methods. two-phase Brust is the 

commonly used synthesis method for atomically precise Au NMs. The dodecanethiol 

protected NMs are synthesized using Brust method as mentioned in the experiment section. 

The comparison of the MALDI mass spectrum between two syntheses as in Fig. S3.7 shows 

that they both have 2 distinct peaks at 7 and 32 kDa. Their corresponding ESI-MS data 

comparison shown in Figure 3.4, depicts the 3+ charge state of Au144(SR)60 (13,482 Da) and 

Au137(SR)54 (12,754 Da). Figure 3.4 also shows 1+ charge state of Au25(SR)18 (8,549 Da) in 
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both methods. This confirms that final product in both methods have three Au NMs, namely 

Au144(SR)60, Au137(SR)54 and Au25(SR)18.11, 43, 48 Therefore these results suggest that DR and 

Brust leads to same product despite their pathway. The SEC purified DR synthesis product 

shown in Figure S3.3 to S3.6 is consistent with the purest form of these sizes has already 

been reported and studied in Brust method.10-11, 33, 48, 89-91, 106, 109-110 Various conditions with 

different molar ratios are used to synthesis various sizes of same thiolate protected cores. 15, 

19 This forms the unique series of gold and thiolate protected NMs. The synthesis method 

used in this paper also gave three sizes which form a part of the unique series.13 The recent 

publication of Au~2000(SR)~290 provided the largest nanoclusters using Brust method as ~3.8 

nm19 which is smaller than the normal sizes reported in the DR method.97, 99-101 

3.3.6 The step-by-step comparison of the synthetic procedure of Brust and DR 

method shown in Scheme 3.1. The important difference between the two methods is 

Figure 3.4. ESI Mass spectrum comparison of dodecanethiol protected atomically precise 

nanoparticle synthesized using Digestive Ripening (top) and Brust (bottom) method. (* is Cs
+
 

adduct.) 



41 
 

highlighted (red and blue box with arrows). Scheme 3.1 highlights the change in the color of 

the products inside each reaction flask. 

The formation of these nanoclusters is based on a hypothesis from the Brust 

method,7-8, 111-112 which was developed based on the color change at every step. Similar 

Brust-like synthesis in the formation of thiolate protected Ag nanocrystals is also 

reported.113 In the reported hypothesis, ToABr was used as a phase transfer agent to transfer 

the Au3+ gold salt to organic phase. Here the color is reddish orange (2nd image in top of 

Scheme 1) representing 3+ charge state, Au3+. Then the introduction of thiol reduces the 3+ 

charge state to 1+ forming an Aun(SR)m complex, representing the gradual color change from 

reddish orange to colorless (3rd image in top of Scheme 1). Followed by reduction using 

sodium borohydride produced stable nanoparticles, with an Au(0) core, as indicated by the 

black color (Scheme 3.1 rightmost image on top), with a neutral charge state in the core Au 

atoms. The thermochemical treatment of this obtained crude product converts all the meta-

stable products into highly stable ones. As mentioned in Scheme 1, the major change in DR 

from Brust is inter-changed steps between the reduction of the mixture (blue highlighted) 

and the addition of thiol (red highlighted). Experimental data backed up by above mass 

spectrometry results shows that regardless of the change in thiol addition and borohydride 

reduction steps, both DR and Brust synthesis give the same products. However, the DR 

procedure contradicts the above mentioned hypothesis as there is no involvement of thiol at 

the reduction step whereas the hypothesis involves formation of Aun(SR)m polymer before 

reduction. 

On the other hand, Tong and coworkers reported mechanistic studies on the Brust 

method, where they argue that even though thiol was added before reduction, Au-S bond is 



42 
 

not formed until the reduction step. They also argue that instead of formation of Aun(SR)m 

complex, Au forms a complex with ToABr.114-118 Meanwhile, some one-phase Brust synthesis 

does not include phase transfer agent in its synthesis process which could not be explained 

by Tong and coworkers mechanistic study.16, 119 

3.3.7 Difference between 2 methods. As mentioned earlier, synthesis of nanoclusters 

using the Brust method was highly monodisperse as confirmed by mass spectrometry and 

single-crystal XRD, also by their optical properties.12, 120 Whereas the DR are used only for 

synthesizing nanoparticles which are not atomically monodisperse (only size 

monodisperse).100, 102-103 However, the above results from three different thiols confirm that 

through DR, atomically precision is achievable. A keen observation suggests that the 

precursors used in both methods are the same with one difference, DR uses 

didodecyldimethylammonium bromide (DDAB) as a phase transfer agent whereas the Brust 

method uses Tetraoctyl Ammonium Bromide (ToABr). Another difference is that the crude 

product was etched at 80 °C in Brust synthesis, but in DR the product was refluxed (~115 

°C). Temperature is known to affect the formation of Au NMs.121 Here, the Brust synthesis 

and DR are optimized to obtain the reported Au NMS. A prolonged refluxing results in 

decomposition of products.121 

 To eliminate the influence of ta different phase transfer agent, the DR method was 

repeated the same with a change of phase transfer agent to ToABr. The results are shown in 

Figure S3.9 using hexanethiol protected Au NMs. The MALDI spectrum in Figure S3.9a 

reveals the presence of a broad peak around 30 kDa with a small peak around 7 kDa and 

some high mass peaks, like the same hexanethiol protected Au NMs synthesized using DDAB 

shown in Figure 3.2a. The 30 kDa peaks exactly match with the MALDI spectrum in Figure 
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3.1a explaining the presence of Au137(SR)54 and Au144(SR)60 species, also 7 kDa species 

corresponding to Au25(SR)18 like Figure 3.2a. These Au144(SR)60 and Au137(SR)54 species are 

confirmed by ESI-MS spectra in Figure S3.9b, where 2+ and 3+ of both Au144(SR)60 and 

Au137(SR)54 were observed. These observations proved that the change in the phase transfer 

agent in DR has no impact on the formation of the Au NMs. ToABr affects a little in the relative 

amounts of the various sizes of Au NMs, but eventually, it leads to the formation of same Au 

NMs. Therefore, by keeping all chemicals same, both DR and Brust synthesis give the same 

products, regardless of the change in thiol addition and borohydride reduction steps.  

 

3.4 Experimental  

3.4.1 Materials. Hydrogen tetrachloroaurate(III) trihydrate (HAuCl4.3H2O) (Alfa 

Aesar, 99.99%), Tetraoctylammonium bromide (ToABr)  (Aldrich, 98%), 

Didodecyldimethylammonium bromide (DDAB)(Acros, 99%), Sodium borohydride (NaBH4, 

99%), 4-tert-butylbenzenethiol (TBBT)(TCI, 99%), 1-Dodecanethiol (Acros, 98%), 1-

Hexanethiol (Aldrich), Cesium acetate (Acros, 99%), and trans-2-[3[(4-tertbutyl-phenyl)-2-

methyl-2 propenylidene]malononitrile (DCTB matrix) (Fluka ≥ 99%). HPLC grade solvents 

such as tetrahydrofuran, toluene, and methanol were obtained from Fisher Scientific. All the 

materials were used as received.  

3.4.2 Synthesis. The synthesis was done based on previous report.100 The synthesis 

method comprises 2 parts. First, the didodecyldimethylammonium bromide (DDAB) (110 

mg) was dissolved in toluene. Then HAuCl4.3H2O (40 mg) was added to the above solution 

and transferred to a Round Bottom Flask (RBF). Typically, HAuCl4.3H2O does not dissolve in 

toluene, but using DDAB as a phase transfer agent, it can be dissolved in toluene.  The 
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solution was stirred for 15 minutes to get thorough mixing. The mixture was then reduced 

by NaBH4 (18 mg) in water, which was indicated by the solution turning black. After 30 

seconds, hexanethiol (0.43 mL) (Au:thiol = 1:30) was added rapidly, and the solution was 

stirred for 1 hour. The same thiol ratio maintained in reaction with other two thiols. Second, 

the RBF was connected to a refluxing condenser and refluxed for 18 hours. Finally, the 

refluxing was stopped, and the temperature was allowed to reach room temperature. The 

solution was rotary evaporated to remove the excess solvent.  The resulting product was 

washed with methanol and water mixture (3-4 times) to remove excess thiol and by-

products. The same method was repeated by only changing the phase transfer agent to 

ToABr for comparison with the Brust method. 

The Brust synthesis was carried by small changes in Brust7 two-phase synthesis. First, 

ToABr (0.14 g) was dissolved in toluene (7.5 ml) in an RBF. Then HAuCl4.3H2O (0.1 g) was 

dissolved in distilled water (10 ml) and added to the toluene solution. The mixture was 

stirred for 30 minutes. The colour of the organic phase changed to bright orange, indicating 

phase transfer was complete. Water was discarded. The whole setup was transferred to an 

ice bath and stirring continued for 30 minutes.  120 µL of 1-dodecanethiol (Au: thiol = 1:2) 

was added and stirring continued for 30 minutes. The solution turned white. The mixture 

was reduced by NaBH4 (0.1 mg) in 5 ml ice-cold water; immediately the colour changed to 

black. The solution was further stirred for 3 hours. Then the solvent was removed from the 

product and washed with the water-methanol mixture for 3 times, and the resulting crude 

product was separated. The crude product was redistributed in toluene (1 ml) with an excess 

amount of 1-dodecanethiol and etched at 80 °C for 2 days. The resulting product was washed 

with the water-methanol mixture, and the final product was obtained. 
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3.4.3 Instrumentation. Matrix assisted laser desorption time-of-flight (MALDI-TOF) 

mass spectrometry was used to acquire mass spectra with DCTB matrix on a Voyager DE 

PRO mass spectrometry. Compositional analysis was performed with electrospray ionization 

mass spectra (ESI-MS), collected from Waters Synapt HDMS using THF as the solvent.  

 

3.5 Conclusions 

In conclusion, this study reveals that digestive ripening can yield atomically precise 

Au NMs. The atomic precision is achieved by reducing the time difference between reduction 

of the mixture and addition of thiol. The consistency of this process was confirmed using 

three different thiols. Two aliphatic thiols give Au25(SR)18, Au137(SR)54, and Au144(SR)60, a 

series of Au NMs with a distinct number of gold and thiolate ligands. Structurally rigid third 

ligand TBBT, where the sulfur atom is directly attached to the phenyl ring, gives Au279(SR)84, 

an entirely different series of Au NMs. The comparison of the digestive ripening results with 

the Brust method infers that despite major changes in the procedure, both methods lead to 

the formation of Au NMs. The aliphatic and aromatic series of Au NMs identified in the Brust 

method is also seen in the DR method. These new findings opened a new path from the long-

believed mechanism of the Brust method. This paves a way for future work on a study of the 

underlying mechanism for the formation of Au NMs, which should satisfy both pathways. 

The DR result using ToABr eliminates the influence of any difference in the chemicals and 

reiterates that Brust and DR yield the same Au NMs despite the difference in their pathways. 
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CHAPTER 4 

 X-RAY CRYSTAL STRUCTURE OF Au36(SPh-pCH3)24 

NANOMOLECULE AND EFFECT OF LIGANDS ON THE 

Au36(SR)24 STRUCTURE 
 

Author Contributions  

 Senthil Kumar Eswaramoorthy and Vigneshraja Ganeshraj developed the synthetic 

protocol and conducted mass spectrometric analysis. Vigneshraja crystalized and solved 

structure. Senthil Kumar finalized the structure, conducted structure comparison, and wrote 

the manuscript. Amala Dass assisted in experimental design, data analysis, and edited the 

manuscript. 

 

4.1 Abstract 

Thiolate protected gold nanomolecules (Au NMs) are known for thier robust nature, 

high stability, and wide application. In Au NMs, based on ligand stereochemistry and 

electronics, each ligand forms a unique series with discrete sizes. 4-tert-Butylbenzenethiol 

(TBBT) protected Au NMs has a long well-established series notably Au133(SR)52 and 

Au279(SR)84 in larger size.  Whereas in para-methylbenzenethiol (PMBT), Au246(SPh-pCH3)80 

and Au130(SPh-pCH3)50 were reported with crystal structures. After the reported structure 

of Au36(SR)24 protected by aromatic ligands like TBBT, thiophenol, and by a non-aromatic 

cyclopentanethiol, it is crucial to know what forms in PMBT in the similar size range, through 
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which the effect of ligand in this size range can be studied? To answer the question, we report 

the crystal structure of Au36(SPh-pCH3)24 NM, having 28 core Au atoms with four 

interpenetrating cuboctahedra in an FCC arrangement similar to previously reported 

Au36(SR)24 structure. The composition is independently verified using mass spectrometry, 

also the optical spectroscopy confirms the molecular nature. The structure is compared with 

three previously reported structures by overlaying all four structures on top of each other. 

This reveals a trend confirmed by the individual atomic bond distance comparison of same 

four structures. 

 

4.2 Introduction 

Au NMs are ultrasmall (<2 nm) nanoparticles with specific number of gold atoms and 

thiolate protected ligands.9, 20, 122 Their unique optical and electrochemical properties leads 

to  a vast range of applications in optics12, 20-21, nanomedicine22, sensors23, gene delivery24, 

therapeutics25-26, targeted drug delivery27-28, electro-catalysis29 and solar cells30. Recent 

developments in high resolution mass spectrometry help in characterizing Au NMs precisely 

with isotopic resolution. Total structure determination of Au NMs using single crystal X-ray 

diffraction (ScXRD) has revolutionized the field, by providing an utmost compositional 

clarity and absolute three dimensional structural arrangements of metal and ligand atoms.10-

11 It also reveals that the structure has a central and/or core of Au(0) atoms with a compact 

geometry, surrounded by bridging thiols and monomeric (-SR-Au-SR-) and/or dimeric (-SR-

Au-SR-Au-SR-) staples.10-11 

Extensive research on thiolate protected Au NMs by various groups resulted in wide 

range of Au NMs protected by different thiols.12-13-26 These Au NMs have a unique property, 
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showing molecular behavior in small size and transforming to metallic behavior when 

growing bigger. This evolution in size can be probed by their optical and electrochemical 

properties.20, 110, 123 Small molecular like behavior Au NMs show a discrete electronic 

transition, whereas large metallic behavior exhibits optical plasmon band around 500-530 

nm.73, 110, 119, 124 The ligand steric and electronics dictate the core structure and composition 

of the resulting Au NMs. For instance, in aliphatic thiolated Au NMs like ultra-small 

Au25(SCH2CH2Ph)18
125 and Au38(SCH2CH2Ph)24

126 are the most stable species in the 1-1.4 nm 

size range. Whereas in bulky thiolated Au NMs, like Au30(S-tBu)18 and Au30S(S-tBu)18 comes 

in the similar 1-1.4 nm size range. 89-90, 119 The core size conversion between the Au NMs 37, 

39, 41, 65-66 and extensive study of ligand effects points out that the bulkiness of the ligands has 

a major effect on the NM composition along with their capability as electron donor and π-π 

interaction.13 The ligand effect become more nuanced when it comes to aromatic ligands as 

4-tert-butylbenzenethiol (TBBT) and para-methylbenzenethiol (PMBT) form completely 

different series of Au NMs, despite their only difference being the substitution in para 

position. In above 100 Au atoms range, it is well-established that TBBT forms Au133(SR)52, 

Au191(SR)66 and Au279(SR)84 whereas PMBT forms Au130(SR)50 and Au246(SR)80, confirmed 

using crystal structures.33, 84, 127-129 Also, TBBT forms Au102(SR)44 and PMBT forms 

Au99(SR)42, confirmed using Electrospray Ionization Mass Spectrometry (ESI-MS) near 100 

Au atoms range.38, 130  

Structure determination using SCXRD of Au36(SR)24 with 4-tert-butylbenzene thiolate 

revealed an intriguing core with 28 Au atom in a FCC arrangement.40 This intriguing 

structure become more interesting after discovery of Au36(SC5H9)24 and Au36(SPh)24.73, 131 

Despite their differences the non-aromatic cyclopentane thiol (C5H9S), simple aromatic 
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thiophenol (SPh) and tert-butyl-substituted aromatic TBBT all form similar structures with 

28 Au atom cores in an FCC arrangement, covered by 4 dimeric staples and 12 bridging thiols. 

This contrasts with the trend where the slight difference between TBBT and PMBT forms a 

complete different Au NM composition for sizes above 100 Au atoms. Therefore, it is 

important to know whether PMBT forms Au36(SR)24 or a different composition. If it forms 

the same Au36(SR)24 composition, how does the structure compare to the previously 

reported Au36(SR)24 structures? To answer these questions, we successfully synthesized, 

isolated, crystalized and solved the crystal structure of Au36(SPh-pCH3)24 NM and we 

compared all four reported Au36(SR)24 structures, including Au36(SPh-pCH3)24, by overlaying 

the four structures on top of each other and by comparing individual Au-Au bond distances 

of the four structures. The position of the -CH3 group also plays an important role in 

formation of resultant compound. When the position of the -CH3 group is the ortho position 

it forms Au40(o-MBT)24 NM.132 The Au40(o-MBT)24 structure comprises Au25 kernel protected 

by six monomeric and three trimeric staples, which is completely different from the 

Au36(SR)24 NM structure. It is important to note that alloys Au36-xCux(m-MBT)24
133 and Au36-

xAgx(SPh-tBu)24  
134-135 also have similar structures to Au36(SR)24. The alkynyl protected 

Au36(PhC≡C)24 has FCC type Au28 kernel similar to Au36(SR)24 NMs, but with shorter Au-Au 

bond lengths.136 Whereas the reported Au36(SCH2Ph-tBu)8Cl20
137

 structure is entirely 

different comprised of Au14 kernel covered by a pair of pentameric (Au5(SCl5)) and 

hexameric (Au6(S3Cl4)) staples. The thiolate protected Au36(SR)24 NMs have comparable 

optical absorption bands, whereas change in ligand, like chlorine, alkyne or selenolates, 

results in different optical behavior,40, 73, 131, 136-139 showing they have different optical and 

HOMO-LUMO energy gaps.  
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Herein, we report the crystal structure of Au36(SPh-pCH3)24. The synthesis is 

monitored using MALDI-MS. The final composition and purity are confirmed using MALDI-

MS and ESI-MS. The distortion between four reported Au36(SR)24 structures is studied by 

overlaying the four structures on top of each other and by comparing individual Au-Au bond 

distances of the four structures. 

 

4.4 Results and Discussion  

 Au36(SPh-pCH3)24 was synthesized and purified as mentioned in experimental section 

in large quantities. Briefly, HAuCl4 was phase transferred to toluene phase using ToABr and 

then reacted with PMBT thiol. After letting it react for 30 minutes, the whole mixture was 

reduced using NaBH4 forming crude product. The crude product was then etched, and SEC-

purified to attain pure Au36(SPh-pCH3)24 NMs. 

4.4.1 Mass Spectrometry. The whole synthesis process was monitored using MALDI-

MS. The MALDI-MS data of the crude product (Figure S4.1a) has a broad peak explained by 

the presence of many meta-stable species. The etched product has mostly Au36(SPh-pCH3)24 

with some higher sizes. SEC on etched products gave good separation where visible bands 

are seen during elution (Figure S4.1b); the top green band corresponds to the pure Au36(SPh-

pCH3)24. Final pure Au36(SPh-pCH3)24 composition and purity were verified by combination 

of MALDI-MS and ESI-MS. Figure 4.1b shows MALDI-MS with sharp peak at 9924 Da 

corresponding to Au36(SR)23 mass. Our previous report shows that fragmentation of 

Au36(SR)24 sample is inevitable in MALDI-MS and specifically it fragments to form Au36(SR)23. 

The next intense peak at 8644 Da corresponds to Au32(SR)19 with well-known Au4(SR)4 

fragmentation. ESI-MS data shown in Figure 4.1a contains two major peaks at 10180 Da and 
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5157 Da corresponding to 1+ with one Cs adducts and 2+ with two Cs adduct of Au36(SPh-

pCH3)24 respectively. MALDI-MS and ESI-MS reiterates the purity and composition of 

Au36(SPh-pCH3)24. 

4.4.2 Optical Spectroscopy. UV-visible spectra (Figure 4.2) at normal room 

temperature shows two distinct features at ~565 nm and ~377 nm. Low temperature UV-

visible data is measured in 2-methyltetrahydrofuran solvent to find the electronic transition 

by reducing the rotational and vibrational energies and reveals the fine features of the 

absorption spectrum. In 78 K low temperature UV-visible data, the feature at ~565 nm 

become more prominent but contains no shifts or splits, whereas the feature at ~377 nm in 

room temperature splits into five distinct features at 320, 348, 377, 410 and 430 nm 

respectively at 78 K (Figure S4.2). The influence of the rigid Au28 kernel is expressed in the 

visible region feature (~565 nm), which shows no splitting in low temperature spectrum. In 

contrast, the UV region feature (~377 nm) is influenced by the more flexible third layer 

Figure 4.1. Mass spectra of isolated Au
36

(SPh-pCH
3
)

24 
Nanomolecule (a) ESI-MS of the isolated pure 

Au
36

(SPh-pCH
3
)

24 
NM showing the 1+ and 2+ of the Cs adduct peak, because Au

36
(SPh-pCH

3
)

24 
NM 

is neutral therefore Cs is needed to enhance the ionization of the NM.
 
(b) MALDI-MS of the same 

NM showing the fragmented peaks due to laser intensity.   

a b 
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containing dimeric staples and bridging 

ligands which results in five fine features 

by reducing its rotational and vibrational 

motions when reducing the temperature 

to 78 K.  

4.4.3 Crystal structure. The 

Au36(SPh-pCH3)24 crystal structure was 

solved in P-1 space group with 

R1=0.0818. Figure 4.3 shows the overall 

structure of Au36(SPh-pCH3)24. The 

structure consists of four central atoms 

which are arranged in tetragonal fashion 

(Figure 4.3a), surrounded by 24 Au 

atoms. They combined to form an Au28 

core in an FCC arrangement (Figure 4.3b). 

The 28-atom core made up of 4 interpenetrating cuboctahedra merges at four tetrahedron 

central atoms. Note that the four central Au atoms only have Au-Au bonds with the 

surrounding 24 Au atoms.  This Au28 kernel is enclosed by 12 bridging PMBT thiolate groups. 

The Au28 kernel is also surrounded by four dimeric staples (-SR-Au-SR-Au-SR-) arranged in 

an orthogonal fashion (Figure 4.3c). The Au28 core rotated at 90 degrees horizontally (Figure 

S4.3 top) and vertically (Figure S4.3 bottom) shown with attached 4 dimeric staples on right 

side of the Figure S4.3, clearly explains the arrangement of the entire structure.  

Figure 4.2. UV-visible absorption spectra of 
Au

36
(SPh-pCH

3
)

24. 
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4.4.4 Ligand effect on Au36(SR)24 structure. Previously, three Au36(SR)24 crystal 

structures are reported having the same FCC type core structure with four dimeric staples.40, 

73, 131  Those other three crystal structures incorporated the ligands cyclopentane thiol 

(SC5H9), thiophenol (SPh), and TBBT(SPh-tBu). Including the current Au36(SPh-pCH3)24 

crystal structure, in total four crystal structures having the same structure are known, with 

the only difference bringing the protecting thiolated ligands. All four crystal structures have 

the same type of D2d symmetry with the Au28 core arranged in four interpenetrating 

cuboctahedra fashion. If we overlay all four structures together, we find that all 36 positions 

in all four structures do not come exactly on top of each other, in other words, do not fit 

perfectly. But a trend is identified in comparing these four structures. It is shown in Figure 

Figure 4.3. Crystal structure of Au
36

(SPh-pCH
3
)

24
: (a) Au

4
 tetrahedron central atoms; (b) Au

28
 

truncated FCC core; (c) Core with 4 dimeric staples and 8 bridging ligands; (d) Total structure of 
Au

36
(SPh-pCH

3
)

24
. 

a b 

c 

d 
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4.4, where Au atoms of all four structures are overlayed together. The Au4 tetrahedron 

central atoms (Figure 4.4a) overlay explains that the central four atoms almost come on top 

of each other. Then, the second shell, which has 24 Au atoms, (Figure 4.4b) overlay, showing 

that the perfect match in 4 central atoms cannot be extrapolated towards the second shell. 

The second shell shows a visible (Figure 4.4b) difference in atomic positions of all 24 Au 

atoms. Therefore, it is evident from Figure 4.4b that the mismatching which was not seen in 

central atoms clearly emerged in second shell. Note that all 24 atoms in the second shell have 

one Au-S bond. If we move towards the outer shell which has four dimeric staples, the 

differences become more prominent (Figure 4.4c) and matching becomes less. Note that the 

staples are only bonded to core Au atoms through sulfur. 

Figure 4.4. Overlay of Au
36

(SR)
24

 crystal structures protected with four different thiolated ligands 

(SPh-tBu, SPh, SC
5
H

9
, SPh-pCH

3
) showing different thiolate protected Au atoms in different color 

for comparison :
 
(a) Overlay of  Au

4
 tetrahedron central atoms of four crystal structures which 

matches very well with minute difference; (b) Overlay of Au
28

 truncated FCC core without 4 

central atoms where most of the positions not match well each other; (c) Overlay of dimeric 
staples of the all 4 crystal structures where distortions becomes more prominent. 
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The bond distance comparison of Au-Au and Au-S bonds of all 4 structures 

corroborates the trend. The individual Au-Au bond distance comparison of four central 

atoms (Figure S4.4a) shows that bond distance is between 2.9 and 3.0 Å, with the biggest 

difference being 0.1 Å. Meanwhile, Au-Au bond distance comparison of 24 core atoms (Figure 

S4.4b) shows that biggest bond distance difference is 0.2 Å, and the comparison of core-

staple Au bond distances (Figure S4.4c) shows the biggest difference is 0.4 Å. The Au-S bond 

distance comparison shown in Figure S4.5 explains that the distances between Au and staple 

sulfur show more deviations than between Au and bridging sulfur, especially cyclopentane, 

which shows more deviations in some atomic positions.  

Therefore, it is evident that central four atoms without any Au-S have small to no 

distortions, followed by Au24 second shell, with each atom having one Au-S bond, having 

Figure 4.5. Comparison of the UV-vis-NIR absorption spectra of 4 Au
36

(SR)
24 

NMs. (SR=SPh-

pCH
3
(violet), SPh(Green), SPh-tBu(Blue) and SC

5
H

9
 (Orange)) 
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some distortions and finally staple Au atoms attached to two sulfur atoms having the most 

distortions of all.  The comparison of the optical spectra of the four Au36(SR)24 NMs shown 

in Figure 4.5 shows that all four NMs have 2 features, one in visible and another in UV region. 

There is subtle difference in the green visible region providing a feature in between ~560 to 

~570 nm. This feature is influenced by the Au28 kernel which has little impact from ligands. 

The UV region peak shows small deviations between the three NMs with aromatic ligands; 

however, the non-aromatic cyclopentanethiol peak blue shifts from the rest. The peak at ~375 

nm for the three aromatic NMs blue shifted 30 nm to ~345 nm in the case of 

cyclopentanethiol, exposing the electronic property difference that arose from the non-

aromatic ring.  

 

4.3 Experimental  

4.3.1 Materials. Hydrogen tetrachloroaurate(III) (HAuCl4.3H2O), sodium boroydride 

(NaBH4, 99%), p-toluene thiol (TCI America, 99%), cesium acetate (Acros, 99%), 

tertaoctylammonium bromide (TOABr) (Acros) and trans-2-[3[(4-tertbutyl-phenyl)-2-

methyl-2-propenylidene]-malononitrile (DCTB matrix) (Fluka, ≥99%) were used. High 

performance liquid chromatography grade solvents such as toluene, methanol, methylene 

chloride (DCM), acetonitrile, 2-methyltetrahydrofuran and butylated hydroxytoluene-

stabilized tetrahydrofuran (THF-BHT) were obtained from Fisher Scientific. All the materials 

were used as received. Biorad BioBeads S-X1 were packed in an 18-inch column and used 

for size exclusion chromatography (SEC).  

4.3.2 Synthesis. Au36(SPh-pCH3)24 was synthesized in three steps. It is the modified 

synthetic protocol of our previous report.54 (i) Synthesis of crude mixture which gave 
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polydisperse mixture of nanomolecules, (ii) Thermochemical treatment of the crude mixture 

and (iii) Isolation and purification of the product. The mass of the crude and etched products 

was monitored using MALDI-MS with DCTB matrix. 

Step 1: Crude synthesis. 0.8 mmol of HAuCl4.3H2O was dissolved in 10 ml of H2O and 

mixed with 0.9 mmol of ToABr in toluene for 15 min at 1200 rpm. Then 5 mmol of para 

methyl benzene thiol (PMBT) was added to the reaction mixture and allowed to react for 30 

min. It formed a turbid white solution. Finally, 10 mmol of NaBH4 in 4 ml of H2O was added 

and reaction was continued for about 15 min which resulted in the reduction of gold with 

intense black color. It was then rotary evaporated to remove the solvent and a black residue 

was obtained. This residue was washed with methanol and water mixture multiple times 

(3X) to remove the excess thiol present in the crude mixture. The crude mixture was then 

extracted using DCM leaving the decomposed particles behind.  

Step 2: Thermochemical treatment (Etching).  The synthesized polydisperse crude 

mixture was etched with excess thiol (PMBT) at 80 ˚C for 2 hours. Higher mass species 

underwent core size conversion to form Au36(SPh-pCH3)24 and other stable species. 

Step 3: Purification. The thermochemically treated product was washed with 

methanol to remove the excess thiol present in it. Then the product was separated using size 

exclusion chromatography (SEC) to obtain pure Au36(SPh-pCH3)24.35 

4.3.3 Crystallization and ScXRD analysis. 0.5 mg of the purified product of 

Au36(SPh-pCH3)24 from SEC was taken and dissolved in 0.5 mL of toluene. Vapor Diffusion 

was carried out with toluene as solvent and acetonitrile as non-solvent. After ~5-7 days, 

crystal growth in several sites at the bottom of the vial was identified. A suitable crystal was 

kept at 150 K on a D8 goniostat equipped with a Bruker PHOTON-II detector in Beamline 
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11.3.1 at the Advanced Light Source (Lawrence Berkley National Laboratory) using 

synchrotron radiation tuned to = 0.7749A°. For data collection, 2-s frames were measured 

in shutterless mode at 0.5° intervals of ω. The data frames were collected using the program 

APEX3 and processed using the SAINT routine within APEX3. The data were corrected for 

absorption and beam corrections were based on the multi-scan technique as implemented 

in SADABS. In Olex2,140 the structure was solved with the olex2.solve141 structure solution 

program using Charge Flipping and refined with the olex2.refine142 refinement package 

using Gauss-Newton minimization.  

4.3.5 Instrumentation. Matrix assisted laser desorption time-of-flight (MALDI-TOF) 

mass spectra were acquired using DCTB matrix44 on a Voyager DE PRO mass spectrometer. 

Compositional analysis was performed with electrospray ionization mass spectra (ESI-MS) 

collected from Waters Synapt HDMS using THF as the solvent. The UV-visible absorption 

spectra were measured using a Shimadzu UV-1601 spectrophotometer. Temperature-

dependent UV−vis-NIR absorption measurements were collected with an UV−visible−NIR 

Cary 5000 and JANIS VNF100 low-temperature cryostat using 2-methyltetrahydrofuran as 

the solvent, and a Lakeshore Cyotronics temperature controller was used for temperature-

dependent absorption measurements 

 

4.5 Conclusions 

In summary, we have synthesized and isolated stable Au36(SPh-pCH3)24 and its crystal 

structure is revealed using single crystal X-ray crystallography. Similar to previously 

reported Au36(SR)24 structures, Au36(SPh-pCH3)24 has FCC type Au28 core structure with four 

dimeric staples. The composition of the NM is confirmed using ESI-MS and MALDI-MS. In 
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addition to known features at ~565 and ~377 nm, low temperature UV-visible spectroscopy 

brings out five fine features in the UV range. The overlay of crystal structures and 

comparison of individual atomic Au-Au and Au-S bond distances of the known four 

Au36(SR)24 NMs, reveals that mismatching is minimum at the center of the and increases 

while moving to the surface.  
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CHAPTER 5 

ATOMICALLY PRECISE PALLADIUM 

NANOCLUSTERS WITH 21 AND 38 PALLADIUM 

ATOMS PROTECTED BY PHENYL ETHANE THIOL 
 

*Part of the text and figures in this chapter are reprinted (adapted) with permission from: Eswaramoorthy, S. K.; 
Dass, A., Atomically Precise Palladium Nanoclusters with 21 and 38 Pd Atoms Protected by Phenylethanethiol. J. 
Phys. Chem. C 2022, 126 (1), 444-450; Copyright 2022, American Chemical Society.  
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5.1 Abstract  

 Monolayer thiolate protected nanoclusters (MPCs) are extensively studied due to 

their distinctive properties. The achievement of atomic precision in MPCs, especially in gold 

MPCs through mass spectrometry, leads to detailed and accurate study of thier properties. 

The total structure determination through ScXRD of gold and silver MPCs revolutionized the 

field by providing structural arrangement in atomic level. Synthesizing MPCs with other 

metals like palladium (Pd) to study and compare properties is tedious and complex. In one 
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end, larger size monodisperse Pd nanoparticles (NPs) were synthesized and studied for 

various catalytic properties. Meanwhile, on the other end, a small molecule tiara-like Pd-

thiolate complex was reported. But the atomic precise Pd MPCs in the middle and their 

detailed studies are not yet explored. Here, we report synthesis and identification of 

atomically precise phenylethanethiol protected Pd21(SCH2CH2Ph)18 and 

Pd38(SCH2CH2Ph)21S2 Pd nanoclusters. The size distribution is confirmed using MALDI-MS, 

and ESI-MS confirms the composition through isotopically resolved peaks. X-ray 

photoelectron spectroscopy (XPS) spectra elucidate the cluster formation. 

 

5.2 Introduction 

Monolayer thiolate protected nanoclusters (MPCs) composed of metal cores with 

sizes ranging from tens to thousands of atoms have been extensively studied in recent years 

due to their distinguishing optical, electronic, and catalytic properties.20, 122-123 In thiolate 

protected metal nanoclusters atomic precision is achieved through thermochemical etching 

especially in gold nanoclusters.8-9, 20, 143 These ultra-small metal nanoclusters have distinct 

properties compared to larger nanoparticles due to quantum size effects which lead to a 

wide range of applications in catalysis, sensing, energy and solar cells.30, 144-147 

In early stages, high resolution electron microscopy (HREM) was used to study gold 

nanoparticles (Au NPs), but smaller clusters suffered from beam damage. However, the 

introduction of mass spectrometry in characterizing Au NPs changed the course of the field. 

In the beginning, Laser Desorption Ionization Mass Spectrometry (LDI-MS) combined with 

HREM elucidated the discovery of quantitatively separable gold nanocrystals.8-9, 20, 123, 143, 148-

150 Then,  Matrix Assisted LDI-MS with time of flight (MALDI-TOF-MS) gave better mass 
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spectra with minimal fragmentation.151-153 Later by choosing the suitable matrix and by 

using threshold laser intensity, fragment free molecular peaks were achieved in MALDI-

MS.48   

The introduction of electrospray ionization mass spectrometry (ESI-MS)154-155 on 

MPCs results in ionization of intact cores with no fragmentation.156 Especially for gold MPCs, 

the soft ionization technique ESI-MS, provided the MPC compositions with atomic 

precision.43 Initially, atomic composition of various glutathione-protected gold clusters was 

determined using ESI-MS by Tsukuda and co-workers.49-52 Then highly popular 

Au25(SC2H4Ph)18 was determined with the help of polyethylene glycol (PEG) by the Murray 

group.156 Finally, isotopically resolved ESI-MS of the same Au25(SC2H4Ph)18 cluster exactly 

matched the simulated spectra, confirming the atomic precision beyond any doubt.43 Later, 

the total structure of Au25(SC2H4Ph)18, determined using single crystal X-ray diffraction 

(ScXRD) provided the exact number of gold atoms and thiolate ligands, as previously 

determined using ESI-MS.11  

In noble metal MPCs, gold MPCs were the most studied and well-established systems, 

followed by silver MPCs. 157-163 Recently, a few studies on copper MPCs were reported.164-165 

The study of other metals, particularly with thiolate protected clusters, is minimal. Palladium 

(Pd) metal is known for its high catalytic activity in both homogeneous and heterogeneous 

catalysis.166-167 The 2010 Noble Prize in chemistry awarded for Pd catalyzed cross couplings 

in organic synthesis, shows the importance of Pd in catalysis.168 The Suzuki coupling, one of 

the coupling reactions for which The Noble Prize was awarded, uses Pd salts or 

organopalladium complexes. Meanwhile, 11-mercaptoundecanoic acid-covered Pd NPs can 

be reused for several times for the same Suzuki coupling reaction.169 
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Lawrence F. Dahl and Evgueni G. Mednikov explored in detail the formation of Pd 

nanoclusters with carbonyl/phosphine ligands (Pdn(CO)x(PR3)y).170-171 There are about 19 

distinct Pd core geometries, having core Pd atoms ranging from 10 to 165, that have been 

isolated and their total structures were determined using ScXRD. The Pd forms a highly 

condensed carbonyl/phosphine ligand nanocluster that exhibits unprecedented geometrical 

diversity of icosahedral or closed cubic/ hexagonal closed packing-based metal core 

geometries. The largest cluster has a platinum centered four shell 165 atom Pd-Pt cluster 

[(μ12-Pt)Pd164−xPtx(CO)72(PPh3)20 (x ~ 7)] protected by 72 carbonyl and 20 phosphine 

ligands with pseudo icosahedron geometry.171 It is important to note that these Pd 

nanoclusters are only stable in inert conditions. While the relatively weak metal-metal and 

metal-CO bonds lead to a large number of Pdn(CO)x(PR3)y clusters with structural 

diversity,170 the weaker bonds result in unstable compounds and are therefore not well 

studied  when compared with thiolated Au nanoclusters.  

On the other hand, Pd nanoparticles protected by thiolated ligands form a good 

candidate for various catalysis. The thiolate protected Pd NPs showed excellent catalytic 

activity in the Heck reaction.168 In a study of catalytic hydrogenation, an n-alkanethiol self-

assembled monolayer (SAM) coating on Pd surface improved the selectivity of 1-

epoxybutane formation from 1-epoxy-3-butene from 11 to 94%.172  

An understanding of thiolate protected Pd NPs is needed to explore more important 

features. But it has a prerequisite, a correct description of chemical composition and surface 

structural arrangement of these Pd NPs. In one end, Pd NPs characterized using 

Transmission Electron Microscopy (TEM) were reported. The TEM data provided only size 

distribution, where 1 nm difference is equal to difference of atoms in hundreds. In the other 
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end, tiara-like Pd complexes with formula (Pdn(SR)2n) where n= 2 to 20, were reported with 

atomic precision, and some were reported with ScXRD structures. But these are not Pd 

nanoclusters having metal core and surface ligands. Various water and organic soluble small 

Pd NPs have been studied like Rongchao Jin et  al.’s work on Pd13–17(SR)18–22 (R=Ph-tBu),173 

Martin M.F. Choi and collaborators’ work on a series of water soluble N-acetyl-L-cysteine 

protected ultrasmall Pd NPs,174 and Tatsuya Tsukuda et al.’s work on a range of Pdn(SR)m 

clusters (5≤n≤60) with m~0.6n,175 reported using MALDI-MS characterization.173-175 

However, due to its hard ionization, MALDI-MS could only provide an approximate 

composition of metal atoms and protecting ligands.151-153, 173-175 Therefore, to fulfill the 

prerequisite and eventually allow the tweaking of the properties of thiolate protected Pd 

NPs, atomically precise Pd MPCs need to be synthesized and identified first. ESI-MS is one of 

the main tools to identify the atomic precision which leads to the determination of chemical 

composition. 

In this work, we report atomically precise palladium nanoclusters with 21 and 38 Pd 

atoms protected by phenylethanethiol confirmed using isotopically resolved ESI-MS. MALDI-

MS confirms their size distribution and UV-visible spectra confirm their molecular nature.  

 

5.3 Results and Discussion  

 The Pd nanoclusters are synthesized using modified method of two phase Brust 

synthesis.7 The step by step synthesis process is explained in the experimental section. 

5.3.1 Mass spectrometry. In general, the identification of nanoclusters (NCs) other 

than Au NCs with mass spectrometry is a challenge. However, building on the experience 

gained by our group to obtain mass spectrometry data on difficult larger Au NCs, we were 
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able to obtain ESI-MS data of the atomically precise Pd NCs shown in Figure 5.1. As 

mentioned in the experimental section, the first part of synthesis provides crude product 

which was then reacted with excess thiol at elevated temperature to obtain etched product 

with narrow size distribution. The etched product was purified using size exclusion 

chromatography (SEC).  

Figure 5.2 shows the MALDI-MS spectra of selected SEC fractions. A photograph of 

the SEC column is shown on the right in Figure 5.2. The SEC column has two major bands, 

yellow and dark bands. Fraction 8 (F08) represents the yellow band and fraction 4 (F04) 

represents the dark band. Their corresponding MALDI-MS spectra in positive mode is shown 

Figure 5.1. Electrospray Ionization Mass spectra (ESI-MS) of Size Exclusion Chromatography 
(SEC) purified product of Pd nanoclusters protected by phenylethanethiol (PC2) showing 2 
products, Pd

21
(SR)

18
 and Pd

38
(SR)

21
S

2
.  * Represents less intense peak at 5844 Da. 

* 
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on the left side. The top spectrum corresponding to the yellow band shows many sharp peaks 

below 5 kDa. The sharp peaks represent the atomic precision of the NCs, in other words, 

these NCs are precise enough to ionize and show up in ESI-MS. MALDI-MS is a hard ionization 

technique. The sample is bombarded with laser to ablate the sample and get the spectra. So, 

the NCs tend to fragment in MALDI-MS, which corresponds to the multiple peaks in the top 

spectra. In comparison, ESI-MS is a soft ionization technique which is more important to 

identify the molecular mass of the NCs. The bottom spectrum corresponds to the dark bank 

showing a broad peak from 4 to 14 kDa.  Since this is a broad beak with less mass precise, 

this dark band is not ionizing in the ESI-MS.  

 The ESI-MS in positive mode of SEC-purified product as shown in Figure 5.1, has two 

major peaks, which are identified as 4700 Da and 6989 Da. An expanded view of these two 

peaks is shown in Figure 5.1(inset). The NCs are formed with a metal core that is protected 

by thiolate ligands. These NCs have a precise number of metal and ligand count, PdxSRy 

where x and y represent the number of Pd atoms and ligands respectively in the NC. In some 

cases, sulfur atoms alone can bond with the metal core without a ligand chain and can be 

denoted as PdxSRySz.90 The NC at 4700 Da is identified as Pd21(SCH2CH2Ph)18 and 6989 Da is 

identified as Pd38(SCH2CH2Ph)21S2. Figure 5.1 (inset) shows an expanded view of the major 

peaks revealing the isotopic distribution of these two NCs. The bottom spectrum of Figure 

5.1a is an expanded view of Figure 5.1 at 4700 Da range to show the isotopic distribution of 

NC. The isotopomer splitting showing (Figure 5.1a & 5.1b) mass differences of 1 Da suggests 

that these peaks correspond to the 1+ charge state of the respective Pd NCs. The top 

spectrum of Figure 5.1a is a calculated spectrum of Pd21(SCH2CH2Ph)18 with isotopically 

resolved peaks. The exact match between the experimental and theoretical spectra confirms 
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the composition, that the NC has 21 Pd atoms protected by 18 thiolate ligands. Likewise, in 

Figure 5.1b, the top spectrum is a calculated spectrum of Pd38(SCH2CH2Ph)21S2 and the 

bottom spectrum is an expanded view of Figure 5.1 at 6989 Da range. The isotopic matching 

of theoretical and experimental spectra confirms the assigned chemical composition. The 

less intense peak at 5844 Da is not isotopically resolved to exactly assign the peak. The 

closest match of the 5844 Da peak is Pd34(SCH2CH2Ph)16S. Previously reported studies on 

thiolate protected larger Pd NCs and thiolate Self Assembled Monolayer (SAM) on 2D Pd 

surface suggest that the formation of a Pd-S interlayer between the core and thiolate ligands 

adds stability.176-178 

5.3.2 Optical Spectroscopy. The UV-visible spectrum, Figure 5.3 corresponds to the 

final SEC purified yellow band product. The inset of Figure 5.3 shows the photograph of the 

SEC purified yellow band sample in toluene. The UV-visible spectrum rises from ~600 nm 

and shows two distinct features, ~414 and ~322 nm. These two features are close to the  

Figure 5.2. Matrix assisted Laser Desorption Ionization Mass spectra (MALDI-MS) of Size Exclusion 
Chromatography (SEC) products, in that, the top spectra correspond to the yellow band which has 
low mass products. The bottom spectra come from the dark band which has high mass products 
compared to the yellow band. 
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reported Pd6(SC12H25)12 complex.174, 179-180 

The ESI-MS comparison of fractions 8, 9 and 

10 (Figure S5.1) shows that most of the 

smaller complexes eluted in the latter 

fractions (F09 & F10) and a minute amount 

remains in fraction 8. In the seminal work of 

Negishi et al., on 1 nm Pd clusters, similar 

optical spectra were reported.175 Though they 

observed features of the Pd6(SR)12 complex, 

based on several factors they ascribe that a 

significant portion of the spectrum was 

contributed by Pdn(SR)m clusters. Similarly, 

based on the ESI-MS data (Figure S5.1), XPS 

data (Figure 5.4, S5.2 & S5.3) and SEC 

separation technique, we can ascribe that a 

significant portion of our spectrum is from the Pd NCs.175 

 5.3.3 X-ray Photoelectron Spectrum. The full survey X-ray Photoelectron Spectrum 

(XPS) of SEC purified Pd NCs (yellow band) with the main core level lines is presented in 

Figure 5.4. Here, spectral features corresponding to palladium (Pd), sulfur (S), and carbon 

(C) are detected. The XPS spectrum is calibrated using C 1s photoemission at 285 eV. XPS 

features of all elements of the clusters with their photoelectron shell identification are shown 

in Figure 5.4 and their high-resolution core-level spectra are shown in Figure S5.2. The high-

resolution Pd core-level photoemission spectra (Figure 5.4(inset)) show two peaks: 342.6 

Figure 5.3. Ultraviolet and visible (UV-

visible) spectra of Size Exclusion 

Chromatography (SEC) purified product of 

Pd nanoclusters protected by Phenyl 

ethanethiol (PC2) in toluene. Blue dash-dot 

line represents the baseline. 
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and 337.3 eV, which have been assigned as Pd 3d3/2 and Pd 3d5/2 from Pd clusters. The Pd 

3d5/2 peak position at 337.3 eV is located between Pd metal (335.1 eV) and Pd(II) in PdCl2 

(338 eV).181-183 The observation of these features for these clusters is qualitatively 

interpreted based on XPS studies on gold nanoclusters.50, 184-186 In these studies a monotonic 

shift of a Au(4f7/2) peak is observed due to two components: “final state effect” arising from 

inner Au core atoms and “initial state effect” arising from surface Au atoms.50, 184-188 Similarly, 

these two components could contribute to the shift of Pd(3d5/2 and 3d3/2) peaks for the Pd 

NCs reported here. Due to the smaller sizes of these Pd NCs, the shift could most probably be 

influenced by the “initial state effect”. The comparison of Pd 3d core level spectra of dark and 

yellow bands (Figure S5.3) shows similar binding energy, which further confirms the the 

presence of monotonic shift in thiolate protected Pd NCs. Another important observation is 

Figure 5.4. X-ray photoelectron spectroscopy (XPS) spectrum of SEC purified product of Pd 

nanoclusters protected by Phenyl ethanethiol. Inset, high-resolution spectrum focused on Pd 3d 

region. 
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the absence of satellite peaks. The good match of the observed spectra with preliminary data 

fitting (blue dotted line in Figure 5.4(inset)) and the absence of satellite peaks eliminates the 

possibility of other charge states of Pd being present in the sample.181-182, 189-190 

 

5.4 Experimental 

5.3.1 Materials. Palladium (II) Chloride 99.9% (metal basis) Pd 59.0% (Alfa Aesar), 

tetra-n-octylammonium bromide (ToABr, Acros, 99%), Hydrochloric Acid (ACS grade) 

(VWR), Sodium borohydride (Acros, 99%), phenylethanemercaptan, (Sigma-Aldrich), and 

trans-2-[3[(4-tertbutyl- phenyl)-2-methyl-2-propenylidene]malononitrile (DCTB matrix) 

(Fluka≥99%) were used as received. HPLC grade solvents such as tetrahydrofuran, toluene, 

methanol, butylated hydroxytoluene stabilized tetrahydrofuran (THF-BHT) and acetonitrile 

were obtained from Fisher Scientific. Bio-Rad-SX1 beads (BioRad) were used for size 

exclusion chromatography. 

5.3.2 Synthesis. The Pd nanoclusters were synthesized based on a modified synthetic 

protocol reported in literature.7, 191 In this procedure, first, a crude product was synthesized 

based on Brust two phase synthesis.7 Then the crude product was thermochemically treated 

with elevated temperature and finally the pure product was isolated using Size Exclusion 

Chromatography (SEC).35 

Crude Synthesis: Palladium chloride (PdCl2) (0.1 g) was dissolved in 0.366 mL of 

concentrated hydrochloric acid and 1.5 mL of H2O.  ToABr (0.47 g) was dissolved in 5 mL of 

toluene separately. They are both mixed in a 100 mL round bottom flask under stirring at 

500 rpm. The mixture was allowed to stir for 15 min. When phase transfer was completed, 

the organic layer was separated and 57 mL of phenylethanethiol (PC2) (Pd: Thiol = 1:0.75) 
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was added. Then the reaction between gold and thiol was allowed to proceed for 1 hour with 

the same stirring rate. At this point, the reaction was reduced by rapidly adding 0.2 g NaBH4 

(Pd: NaBH4 = 1:10) dissolved in 5 mL of ice-cold water. The solution changed to black color 

indicating the formation of nanoclusters. The stirring was continued for about 18 hours. 

Then, the resulting products in the organic phase was separated, and rotary evaporated to 

remove excess solvent. Finally, the product was washed with excess methanol-water mixture 

to obtain the crude product.  

Etching and SEC: The washed crude product ~130 mg, was thermochemically treated 

(etched) at 70 °C with 2.5 mL of toluene and 2.5 mL of excess PC2 thiol for 24 hours. The 

etched product was rotary evaporated and washed with methanol and water mixture to 

remove all the byproducts. The final step was to isolate the different sizes of the product 

using SEC. When the etched product was passed through the SEC column, two differentiable 

bands (yellow and dark) were seen. These two bands represent two completely different 

products with a significant mass difference. The reported Pd nanoclusters were obtained 

from the yellow band. 

5.3.3 Instrumentation. MALDI mass spectra were acquired using Voyager-De PRO 

MALDI-time of flight mass spectrometry using DCTB48 matrix. ESI mass spectra were 

collected using Waters Synapt XS instrument, with tetrahydrofuran as solvent. UV−visible 

absorption spectra were collected using a Shimadzu UV-1601 instrument, and samples were 

dissolved in toluene. 
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5.5 Conclusions  

In summary, we demonstrated the two phase Brust synthesis can be utilized to 

synthesize atomically precise Pd NCs. The composition of new Pd NCs is Pd21(SCH2CH2Ph)18 

and Pd38(SCH2CH2Ph)21S2. These compositions are unequivocally confirmed by isotopically 

resolved ESI-MS. The size distribution is confirmed using MALDI-MS. The XPS spectrum 

corroborates the cluster formation and the size of these Pd NCs. 
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CHAPTER 6 

SIZE EXCLUSION CHROMATOGRAPHY: EFFECT OF 

COLUMN LENGTH 
 
*Part of the text and figures in this chapter are reprinted (adapted) with permission from: Sakthivel, N. A.; Jupally, 
V. R.; Eswaramoorthy, S. K.; Wijesinghe, K. H.; Nimmala, P. R.; Kumara, C.; Rambukwella, M.; Jones, T.; Dass, A., Size 
Exclusion Chromatography: An Indispensable Tool for the Isolation of Monodisperse Gold Nanomolecules. Anal. 
Chem. 2021, 93 (8), 3987-3996; Copyright 2021, American Chemical Society.  
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6.1 Abstract 

Atomically precise gold nanomolecules (Au NMs) are needed in high purity to 

understand their properties clearly and to develop applications using them. Unfortunately, 

we observe polydisperse product with a mixture of core-sizes in any synthetic path. 

Therefore, the product requires post synthetic separation techniques to obtain pure Au NMs. 

Methods like solvent extraction and Liquid Chromatography have their limitations. Size 

exclusion chromatography (SEC) is a versatile and indispensable tool used for separating 

nanomolecules and nanoparticles. Our group has used SEC for more than past 5 years and 

demonstrated the importance of SEC during the course of research by various group 
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members.Here, my work focuses on expanding that research and studying the effect of 

column length in SEC using tert-butylthiol protected Au NMs. 

 

6.2 Introduction 

Gold nanomolecules (Au NMs also known as nanocrystals, nanoclusters) are 

atomically precise ultra-small thiolate protected gold nanoparticles.9-11, 55, 192 Au NM 

preparation involves a two-step protocol. The first step involves preparation of a crude 

product following a two-phase (Brust-Schiffrin) method193 or a single phase method (using 

THF/methanol as the solvent). The crude product is polydisperse in nature, consisting of a 

mixture of sizes. The second step involves thermochemical treatment of the product at an 

elevated temperature in presence of an excess amount of ligand. The thermochemical 

treatment is also referred to etching.8 The etching step results in a product with narrowed 

size distribution, where the products are atomically precise and thermodynamically stable. 

The availability of such precise compounds54 has enabled us to understand the structure and 

property evolution in the ultrasmall size range of 1 to 3 nm.128 The research interest in Au 

NMs is growing exponentially due to their high stability54, unique optical20, 83, 147 and 

electronic properties20, 123, 143, 192, 194-198 with potential applications in biomedicine, catalysis, 

etc.199-201 

To understand their fundamental properties, highly pure Au NMs need to be isolated 

from the mixture. Therefore, the use of separation techniques becomes unavoidable. 

Separation techniques such as solvent fractionation54, 202, high pressure liquid 

chromatography (HPLC)82, 203-208, size exclusion chromatography (SEC)34, 109, 209-212 and 

preparative thin layer chromatography (PTLC)213 have been widely employed in isolating 
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pure Au NMs. Whetten et al. employed solvent fractionation for isolating organosoluble Au 

NMs in their seminal work.9 The HPLC of organosoluble thiolate capped Au NMs has been 

explored widely.82, 203-208 The separation takes place based on varying intermolecular 

interaction between the analyte and the stationary phase. 82, 203-207 However, it is challenging 

to process tens of milligrams of the product using HPLC. The PTLC213 technique has also been 

used to isolate Au NMs. In the case of PTLC, a significant amount of human interaction is 

involved with spotting the sample, plate development and then recovering each separated 

species from the plate (by scrapping and further processing). In some cases, column 

chromatography (CC) has also been employed (using alumina or silica beads) in the 

separation of AuNMs.123, 214 Gel electrophoresis (and various chromatographic methods) 

have also been used in the case of water soluble thiolate ligand protected (Au and Ag) 

nanomolecules.215-218 

SEC was originally developed for separations of proteins, lipids, fatty acids, lipophilic 

polymers and polycyclic aromatic compounds.219-221 The separation by SEC is based on the 

hydrodynamic volume (size) of the nanomolecules.34 The smaller sized compounds travel 

through the pores in the beads and take a longer path to elute. The larger sizes take a shorter 

path and elute faster through the larger pores or spaces between the beads. Thus, the larger 

nanomolecules elute first and the smaller nanomolecules elute later. In literature, majority 

of the work employing SEC for separation of nanomolecules (or nanoparticles) has used 

HPLC instruments with a commercial SEC column and different types of detectors.209-212 The 

use of sophisticated instruments severely limits the quantity of product that can be 

separated per run. Our group has demonstrated the versatility and indispensable nature of 

the gravity flow SEC technique to isolate the organosoluble thiolate ligand capped Au NMs 
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and elucidated the following: the control and ease of separation offered by SEC compared to 

solvent fractionation, separation of a wide range of sizes (a crude nanoparticle mixture 

ranging from ~5 to ~200 kDa),  separation of closely sized Au NMs (Au137(SR)56 from a 

mixture of Au329(SR)84, Au144(SR)60, Au137(SR)56 and Au130(SR)50), and separation of Au NMs 

protected by different ligands (phenylethanethiolate, thiophenolate, 4-tert-

butylbenzenethiolate, tert-butyl thiolate).35 In continuation, this work focuses on the effect 

of column length in SEC using tert-butylthiol protected Au NMs. 

 

6.4 Results & Discussion 

SEC can be used for separation of various ligand products in a various size range. The 

pure NM is obtained by doing multiple SEC cycles. After completion of the first SEC, the 

fractions having similar sized Au NMs based on MALDI data are combined, and a second SEC 

Table 6.1. SEC column parameters 

The column dimensions are shown in (A), and three column images are shown in (B). 
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was done. Likewise, the process is repeated until final pure product was obtained. The 

number of SEC cycles is based on the input mixture and its size composition. We use 3 sizes 

of column based on their length (short, medium, and long) for our SEC. The parameters of 

the column are given in Table 6.1. The loading mass for the column was determined by 

column size. The interaction of mobile phase (sample solution) with stationary phase 

(beads) is high for smaller size of NMs as they go through the beads and take longer paths; 

meanwhile, larger size particles have less interaction and take shorter path around the 

beads. As a result, the larger sizes elute first, followed by next size, and smaller ones elute 

last. The resolution of separation should increase as the length of the column increases, 

because the sample mixture interacts with increased volume of beads. 

To illustrate the separation of Au NMs based on their mass in different sized columns, 

we have used a mixture of Au30(S-tBu)18 (7514 Da), Au46(S-tBu)24 (11200 Da) and Au65(S-

tBu)29 (15389 Da) as the loading sample (herein after denoted as Au30, Au46 and Au65, 

respectively). This mixture was synthesized following the published literature.16 SEC was 

done in short and medium length columns using THF stabilized with BHT, as eluent. In the 

short column, 19 mg of the sample mixture, dissolved in 300 µL THF stabilized with BHT, 

was loaded as a thin band. The valve was completely open and mobile phase was allowed to 

flow in gravity without any external pressure. The obtained flow rate for the short column 

was 1.3 mL/min.  Figure S6.1 clearly shows the separation of the species when it flows 

through the column. The left most photo was taken just after loading the column, which 

shows a thin loaded layer in the start. As we move towards right in Figure S6.1, the band 

expands as the Au NMs separate when flowing through the column. The right most photo 

(57-min), right before fraction collection, shows the maximum expanded band for the short 
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column.  It shows a green color band at the top followed by dark brown color band at the 

middle and ending with light brown color. The final light brown color is the diluted color of 

the middle dark color band. The first fraction was collected 57 minutes after loading the 

sample. In total 12 fractions were collected. Each fraction was collected for 75 seconds 

(~1.62 mL of eluted sample) and named as F1, F2 etc.  

For the medium column, 25 mg of sample was dissolved in 500 µL THF stabilized with 

BHT and loaded as mentioned before. In medium column, fully open gravity flow gave 1.05 

Figure 6.1. SEC of tert-butyl thiolate protected Au NMs etched product containing Au
30

(SR)
18

 

(7514 Da), Au
46

(SR)
24

 (11200 Da) and Au
65

(SR)
29

 (15389 Da). MALDI-MS showing different 

fractions collected during SEC using (a) short and (b) medium columns with elution time in 
minutes and fraction numbers.  

a 
b 
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mL/min flowrate. The Figure S6.2 is a pictorial display of the separation of Au NMs species 

through the medium column. Similar to Figure S6.1, the left most photo is taken just after 

loading the column. As we move towards right the interaction time of the sample increases 

along with its flow through the column. The elution time of the medium column increased to 

~5.5 hour which is 5.5 times more than the short column (~1 hour) and length of medium 

column is ~2.5 times longer than sort column. The longer column length with increasing 

interactions between mobile and stationary phase results in more expansion of the bands in 

the medium column during elution. As seen in Figure S6.2 the band expands slowly in the 

first 1.5 to 2 hour of elution. Then it expands well towards 3 hour and continues to expand 

up to end at 5.5 hour. In the medium column it took 330 minutes to elute the first fraction. 

The final right most photo at 330 minute shows the completely expanded band. As per the 

colored band, the medium column shows 2 bands, green and dark brown, similar to short 

column. But the band is well expanded in medium column. It almost separated two bands 

with very little mixing whereas the short column had more mixing of bands.  Altogether, 27 

fractions were collected. Fractions 1-10 were collected for 120 seconds each (~2.1 mL), 

fractions 11-10 were collected for 210 seconds each (~3.68 mL) and fractions 16-27 were 

collected for 190 seconds each (3.32 mL).  

The collected fractions from the SEC of short and medium columns were analyzed by 

MALDI-MS, and shown in Figure 6.1 (for the clarity, the spectra of odd numbered fractions 

of medium column are plotted). The etched product shows the presences of Au30 with a high 

intense peak and Au46 and Au65 peaks minorly. In the short column fractions, F2-4 has Au65, 

F5-6 has both Au65 and Au46, F7-8 has both Au46 and Au30 and F9-12 has Au30. A fraction with 

major or pure Au46 was not obtained in the short column. In the medium column F5-11 has 
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Au65, F13-15 have Au65 and Au46, F17-19 has Au46, F21-23 have Au46 and Au30 and F25-27 

has Au30. The elution time for the first fraction going from short column to medium column, 

increased from 57 min to 330 min. Unlike the short column, we were able to get fractions 

containing Au46 as a major species using the medium column. The increase in length of the 

column improves the resolution, where the entire elution window from first fraction to the 

last is 12 min for short column and 70 min for the medium column. The green colored Au30 

NM elutes last and could be visually distinguished to be collected as a pure fraction. Pure 

Au46 and Au65 could also be obtained by repeating a few SEC cycles using fractions having 

same size distribution.  

  

6.3 Experimental 

6.3.1 Materials. Hydrogen tetrachloroaurate(III) (HAuCl4 .3H2O) (Alfa Aesar, ACS 

grade), Tetraoctylammonium bromide (Sigma-Aldrich, 98%), Sodium borohydride (Acros, 

99%), thiophenol (Acros, 99%), tert-butylthiol (Sigma-Aldrich, 99%), anhydrous ethyl 

alcohol (Acros, 99.5%) and trans-2-[3[(4-tertbutylphenyl)-2-methyl-2-propenylidene] 

malononitrile (DCTB matrix) (Fluka ≥99%) were purchased from Aldrich. HPLC grade 

solvents such as tetrahydrofuran, toluene, methanol, THF-BHT and acetonitrile were 

obtained from Fisher Scientific. Bio-Beads S-X1 support resin (styrene divinylbenzene beads, 

mesh size – 200-400, cross-linkage - 1%, bead size – 40–80 µm, exclusion range – 600–

14,000 Da) was obtained from Bio-Rad Laboratories. 

6.3.2 Synthesis. tert-Butylthiolate protected Au NMs were prepared following the 

reported protocols.16 
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6.3.3 Instrumentation. Matrix assisted laser desorption time-of-flight (MALDI-TOF) 

mass spectra were acquired using DCTB matrix44 on a Voyager DE PRO mass spectrometer. 

Compositional analysis was performed with electrospray ionization mass spectra (ESI-MS) 

collected from Waters Synapt HDMS using THF as the solvent.  

6.3.4 Size exclusion chromatography. Normally, three different lengths were used 

in our research. They are named short (~61 cm), medium (~150 cm) and long (~200 cm) 

based on their length (Table 6.1. In this work, short and medium column is used to show the 

column effect. First, the beads were soaked with THF-BHT for at least 6 hrs, preferably 

overnight. The beads expand in volume during this time. After sufficient soaking, the slurry 

of swollen beads was then packed in the column. The columns for SEC were ordered from 

Chemglass, teflon stopcock, coarse fritted disc, and beaded top. The slurry was slowly loaded 

through the top side of the column with the stopcock open and excess solvent to avoid any 

air bubbles. The excess THF elutes out as the beads settle and pack in the column. The column 

was packed with beads until the final level of the bed was ~4 inches from the top.  Once the 

beads are completely packed, the stopcock was closed. It is important to make sure that the 

column never runs out of solvent to avoid drying of the beads.  

Sample preparation. Polydisperse product to be separated was dissolved in THF - 

BHT and centrifuged at 4000 rpm for 3 to 4 min to precipitate any insoluble material. 

Supernatant was separated, dried, and weighed for loading on the SEC columns.  

Loading and elution. The SEC bed expands in volume when it is idle. Therefore, the 

solvent above the bed level was eluted until the bed reached a constant height. The bed 

surface was made flat by stirring it with a glass rod/pipette during this process. After the 

settled bed was flat and constant in height, the solvent above the bed was eluted to the level 
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of the bed. The dissolved sample was taken in a 9” pasteur pipette and loaded carefully (drop 

by drop), spreading it across the surface as a thin disk (layer). The loading step is crucial for 

good separation. Then fresh mobile phase was added to allow the loaded sample to enter the 

bed. The solvent was added evenly on the surface of the thin band drop by drop using a 

pasteur pipette in circular motion. The shape of the band was maintained flat by adding the 

solvent uniformly. Elution time varies significantly based on the size of the AuNM and the 

column dimension. Elution times listed in Table 6.1 were the representative time recorded 

from elution of various products (different size range, ligands, and composition). The 

stopcock was closed after all the product was eluted. Fractions collected from SEC were then 

analyzed by mass spectrometry to determine the composition. The fractions were washed 

with excess methanol after rotary evaporation to remove the residual BHT for storage or 

crystallization of the desired product. 

 

6.5 Conclusions  

 SEC was known to separate Au NMS better than any other technique in large 

quantity with large size range. In this work, when the mixture of Au30, Au46, and Au65 eluted 

through short and the medium columns, the Au30 and Au65 pure products were isolated in 

both short and medium columns. However, the isolation of Au46 from Au30 and Au65 was 

obtained only in medium column. In summary, the resolution of separation can be improved 

by increasing the column length. 
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CHAPTER 7 

LIGAND EFFECT OF PARA SUBSTITUTED AROMATIC 

THIOLATED LIGANDS AND FUTURE DIRECTIONS 
 

7.1 Abstract 

Since the discovery of the Brust synthesis, atomically precise Au NMs have been 

envisioned as the gateway to the manipulation of matter.222 Instead, we have found a more 

complex system at the molecular level than ever imagined from bulk metal.  There is a 

significant dependence in the self-assembly process of gold NMs, based on the capping 

ligand. To harness this power of manipulation over matter at the atomic level, we must first 

understand the ligand dependency phenomenon. Core size conversion is one of the best 

methods to study those ligand dependency by skipping lot of steps included in the Brust 

synthesis. In this work, the ligand effect of para substituted aromatic thiols was investigated 

using the core size conversion method on Au144(SR)60 Au NMs. The same method can be used 

on various sizes in the future to better understand the ligand effects on Au NMs. 

 

7.2 Introduction 

The size, shape and structure of a material determines its properties in any scale. 

When the size of the material reaches nanometer scale, it shows an extraordinary property 

change from the bulk.85-86 Understanding these properties in nanometer scale needs various 

characterization techniques which can analyze this material at the atomic level. Gold 
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nanoparticles (Au NPs) are a rigid material which enable us to probe their properties in 

atomic level. Among Au NPs, thiolate protected Au NPs are a great candidate due to the vast 

interest in understanding from the last two decades of reported works, starting from the 

pioneering work by Faraday on gold colloids, followed by Brust synthesis method,7 inclusion 

of mass spectrometry and thermochemical treatment by Whetten et al.,8-9 and total structure 

determination by Kornberg et al., and Murray et al.10-11 

Thiolate protected gold nanoparticles (Au NPs) research expanded substantially after 

the introduction of the two phase method by Brust et al.7 Various modifications on this 

method have been made since to form Au NPs with varying sizes and ligands. 12-16 In thiolate 

protected Au NPs, atomic precision can be achieved in smaller than 3 nm size particles. These 

atomically precise Au NPs have distinct numbers of gold atoms and thiolate ligands, which 

are also known as gold nanomolecules (Au NMs). One phase Brust synthesis method was 

later developed using polar or slightly polar organic solvents.16 The one and two phase Brust 

synthesis methods commonly result in polydisperse products. Therefore, these crude 

products are thermochemically treated to convert all meta-stable sizes into stable Au NMs, 

but thermochemically treated products needed further purification to achieve pure Au NMs. 

Achieving pure Au NMs is comparatively easy using a few protecting ligands, whereas it 

becomes quite tedious while using certain other ligands.34, 106, 210, 223 It was envisioned that 

after achieving atomically precise Au NMs, we could manipulate the matter and tweak the 

structure at the molecular level. Instead, we came to know that the system is more complex, 

and the resulting size significantly depends on the self-assembly of gold atoms and thiolate 

ligands. Here, the gold metal remains constant while the differing protecting ligand dictates 

the self-assembly and final composition of the resulting compound. Therefore, each ligand 
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forms a unique series with discrete number of gold atoms and thiolate ligands. The two well 

established series ware from phenylethanethiol (PC2) and 4-tert-butylbenzenethiol (TBBT). 

The reported Au NMs from PC2 and TBBT series are shown in Figure 7.1. The literature study 

based on ultra-small Au NMs (<1.5 nm) categorized them into 3 main classes, namely 

aliphatic, aromatic, and bulky series. But recent developments with several resolved crystal 

structures with various thiols contradicts this general categorization.14, 33, 40, 63, 127-129 

However, the ligand dictation of final composition and structure of Au NMs is still 

unquestioned. Understanding this ligand dictation will allow nanomolecular chemists to gain 

higher level of precision and control in developing and understanding new nanomaterials. 

Figure 7.1. Thiolate protected series of Au NMs reported to date in two widely used systems. (a) 
1-100 nm size range with 1-3 nm containing nanomolecules (±0 atoms) and 3-100 nm containing 
nanoparticles where size dispersity has been achieved but still variation of ±1000 atoms exists. 
(b) TBBT series and (c) phenylethanethiolate series of Au NMs.  
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 Core size conversion: 

The two or one phase Brust 

synthesis forms a series of Au 

NMs based on the ligands. 

Separation of those species is 

tedious in most of the cases. One 

of the alternative synthetic ways 

is ligand exchange. Ligand 

exchange is a conversion method 

in which a pure Au NM is treated 

with an incoming ligand with 

elevated temperature.224 If the 

incoming ligand has similar steric and electronic property as the original ligand, the 

incoming ligand replaces the original ligand while maintaining the original core size. If the 

incoming ligand has different steric and electronic properties, replacement of the original 

ligand with incoming ligand makes the gold core unstable and converts it to the nearby stable 

size.   The second conversion is known as core size conversion or transformation.13, 39, 65-67, 

225 The core size conversion can be monitored using mass spectrometry and UV-visible 

spectroscopy. Core size conversion can also be used to convert easily attainable pure Au NM 

in one ligand to a difficult to isolate Au NM in a different ligand of comparable size. .13, 39, 65-

67, 225 Core size conversion became interesting after the report of Au38(SR)24 to Au36(SR)24 

and Au144(SR)60 to Au133(SR)60.37-38 Due to its higher stability and well-established nature, 

the transformation from PC2 series to TBBT series was inevitable. The highest number of 

Scheme 7.1. Core size conversion reaction of Au
144

(SR)
60

 

reacted with para substituted aromatic thiolated ligands.   
The transformation with thiophenol results in Au

99
(SR)

42
 

whereas transformation with TBBT results in Au
133

(SR)
52

. 

The remaining transformation will be made in the 
proposed works. 
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transformations were reported between these 2 series, which are Au25(SR)18 to Au28(SR)20, 

Au38(SR)24 to Au36(SR)24, Au144(SR)60 to Au133(SR)60 and finally the work discussed in chapter 

2, Au329(SR)84 to Au279(SR)84.39-42 This covers the majority of the reported Au NMs in both 

series (Figure 7.1).  In the case of transforming Au38(SR)24, it is predictable that aromatic 

ligands like thiophenol and TBBT form Au36(SR)24, but Au38(SR)24 transformation with 

cyclopentanethiol forming Au36(SR)24 was not expected.131 The effect of ligands on these 

transformation was discussed in a 2015 perspective.64 This perspective lays out three layers 

of ligand effects: (1) bulkiness in the α-carbon; (2) bulkiness in the isomeric 

methylbenzenethiol; and (3) bulkiness in the para-position of the benzenethiol.64 However, 

a few other reported works, like the interconversion between Au30(SR)18  and Au38(SR)24, 

tend to disagree with this generalization.65  The authors do state in the perspective that 

further analysis is required of why a particular ligand behaves in a certain way. My proposal 

is to extend the transformation study with new commercially available thiols with different 

substitution on the phenyl ring and get better understanding of the ligand effects. 

7.2.4 Proposed Work and Hypothesis. Remarkably robust Au144 protected by PC2 

and hexanethiol becomes reactive when reacted with aromatic thiols. But this reactivity 

differs based on the substitution in the phenyl ring. Au144(SR)60 core converts to Au99(SR)42 

when reacted with thiophenol whereas it core size converts to Au133(SR)52 when reacted 

with 4-tert-butylbenzenethiol (TBBT) (Scheme 7.1). On the other hand, core conversion of 

Au38(SR)24 forms Au36(SR)24 using both TBBT and thiophenol. The only difference between 

the two thiols is the substitution in the para position: TBBT has tert-butyl group whereas 

thiophenol has no substitution. It was also reported that simple substitution like F, CH3 or 

OCH3 on the para position also leads to transformation from Au144(SR)60 to Au99(SR)42. But 
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methyl substituted benzene thiol (pMBT) forms robust Au130(SR)50 using direct Brust 

synthesis method where the total structure was determined using ScXRD.127 Therefore, 

hypothetically, pMBT should transform to Au130(SR)50. In order to understand the effect of 

substitution of the phenyl ring on core size conversion I propose the following works. 

7.2.5 Objectives We will study the ligand effects by employing core size conversion 

of Au144(SR)60 with three aromatic thiols, where the para position is substituted with methyl, 

ethyl, and iso-propyl groups respectively. We know from the previously reported works that 

Au144(SR)60 transforms to Au133(SR)52 with TBBT and Au99(SR)42 with thiophenol. Therefore, 

studying the core conversion of these three thiols will close the loop from no substitution to 

bulky tert-butyl substitution (Scheme 7.1) and help us understand the effects of substituents 

on the para position of the phenyl ring on the gold core formation. Au144(SCH2CH2Ph)60 will 

be synthesized using two phase Brust synthesis method and isolated using SEC. Then, the 

core size conversion with the other three ligands will be monitored using mass 

spectrometry. Since there were no prominent UV-visible features in this size range, UV-

visible monitoring of core size conversion is not needed. 

 

7.3 Experimental 

7.3.1 Materials. Tetrachloroauric (III) acid (HAuCl4
.3H2O,>99% metal basis, Aldrich), 

Sodium borohydride (NaBH4, 99%), 4-tert-butylbenzenethiol (TCI, 99%), 

phenylethylmercaptan, (Sigma-Aldrich), cesium acetate (Acros, 99%), anhydrous ethyl 

alcohol (Acros, 99.5%), isopropylbenzenethiol (Acros, 99%), p-toluenethiol (TCI America, 

99%), ethylbenzenethiol (Acros, 99%), and trans-2-[3[(4-tertbutyl-phenyl)-2-methyl-2-

propenylidene] malononitrile (DCTB matrix) (Fluka≥99%) were purchased and used as 
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received. HPLC grade solvents such as tetrahydrofuran, toluene, methanol, butylated 

hydroxytoluene stabilized tetrahydrofuran and acetonitrile were obtained from Fisher 

Scientific.  

7.3.2 Synthesis. The synthesis of Au144(SCH2CH2Ph)60 was done in two steps 

following the previous report.226 The first step is the synthesis of crude products and the 

second step is the thermochemical treatment followed by size exclusion chromatography to 

get the pure Au144(SCH2CH2Ph)60. 

Crude synthesis: HAuCl4.3H2O (0.177 g) was dissolved in 5 mL of distilled water. In 

a 250 mL round bottom flask, 0.284 mg of TOABr was dissolved in 10 mL of toluene. Then 

HAuCl4 solution was added to the 250 mL round bottom flask under 1200 rpm of stirring. 

HAuCl4 was phase transferred from water to toluene and it is indicated by the color change 

of the organic layer from colorless to orange. The solution was allowed to stir for 30 min. 

After all the Au salt transfer into the organic layer, it was separated from the aqueous layer 

and dipped in an ice bath for another 30 min. Then phenylethyl thiol was added (Au: thiol = 

1:3) to the solution and stirred 1 h at 1200 rpm. The orange color of the solution changed to 

a white color indicating the formation of -Au-SR-Au- polymer 55. Then 0.171 g of NaBH4 

dissolved in 5 mL of ice-cold water was added rapidly to the reaction mixture. The solution 

turned to a black color indicating the formation of nanomolecules. The reaction was allowed 

to stir for 18 hours after the NaBH4 was added to the solution. It was then rotatory 

evaporated to remove excess solvent, washed with methanol and water to remove 

byproducts, and finally, the crude product was extracted in toluene.  

Thermochemical treatment: The crude product was dissolved in toluene and etched 

in excess phenylethyl thiol at 80 °C with stirring at 600 rpm for 22 h. After that, the excess 
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solvent was rotatory evaporated, and washed with methanol and water to remove 

byproducts. Pure Au144(SCH2CH2Ph)60 was isolated by size exclusion chromatography. 

The synthesis of Au144(SC6H13)60 with hexanethiol was done using slight modification 

from the digestive ripening synthesis reported in chapter 2.223  

Core size conversion: Once-purified Au144(SR)60 was etched at 80 ºC in excess 

amounts of each incoming thiol in the ratio mg of Au144(SR)60 to 100 µL of incoming ligand.  

The reaction was monitored between 24-48 hours to observe the effects taking place on the 

NMs. The incoming ligands used include: p-ethylbenzenethiol (SPh-Et), p-isopropylbenzene 

thiol (SPh-iPr), p-methylbenzenethiol, p-methylbenzenethiol (PMBT), and tert-butylbenzene 

thiol (TBBT).   

7.3.3 Instrumentation. Matrix assisted laser desorption time-of-flight (MALDI-TOF) 

mass spectra was acquired using DCTB matrix44 on a Voyager DE PRO mass spectrometer. 

Compositional analysis was performed with electrospray ionization mass spectra (ESI-MS) 

collected from Waters Synapt HDMS using THF as the solvent.  

 

7.4 Results and Discussion 

 Au144(SCH2CH2Ph)60 was synthesized following previously reported method. The 

detailed synthesis procedure is given in the experimental section.226 The SEC purified 

product was first verified using MALDI-MS and ESI-MS. Then the ligand induced core size 

conversion process was done using elevated temperature with excess thiol. In previously 

reported process, Au144(SCH2CH2Ph)60 converts to Au133(SPh-tBu)52 within 5 hours.39 The 

same reaction condition was repeated, and its ESI-MS results are shown in Figure S7.1. In 

these ESI-MS spectra, the core conversion starts in 2 hours with a major peak at Au133(SPh-
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tBu)52. In 6 hours, the reaction was completed and Au144(SCH2CH2Ph)60 completely core 

converts to Au133(SPh-tBu)52. However, the reaction was continued non-stop up to 24 hours 

to examine the stability of prolonged etching. After etching for 24 hours, the product 

Au133(SPh-tBu)52 was stable without any decomposition (Figure S7.1). However, when we 

increase the temperature to 140 ºC, the core converts to higher sizes reported by our 

group.227 

7.4.1 Ligand effect of isopropyl group 

Next, Au144(SCH2CH2Ph)60 reacted with isopropylbenzenethiol at elevated 

temperature to study the ligand effect of the isopropyl group. Figure 7.2 show the MALDI-

MS spectra of the samples collected at each time interval during the reaction. The MALDI-MS 

clearly shows that the Au144(SCH2CH2Ph)60 at 33 kDa core converts first to Au130(SPh-iPr)50 

upon etching, with excess thiol and eventually completely converts to Au99-102(SPh-iPr)42-44 

upon continuous etching leading to complete core conversion. Evidently, at the start (0 H), 

the only Au NMs species present was Au144(SCH2CH2Ph)60, which was confirmed by MALDI-

MS at 33 kDa (Figure 7.2 (0 H)). After 3 h, the core size conversion had started and 

Au144(SCH2CH2Ph)60 converted into 32 k Da (Au130(SPh-iPr)50). As the reaction proceeds and 

after 6 h, the peak was still centered on 32 kDa but the spectrum was broad and elongated 

on the low mass region, which shows the beginning of core conversion from 32 kDa towards 

smaller sizes. At 12 hours, the core has completely converted to 32 kDa (Au130(SPh-iPr)50), 

but simultaneously a new peak at 25 kDa (Au99-102(SPh-iPr)42-44) arises. When the reaction 

proceeds towards 24 hours the 32 kDa peak decreases and the 25 kDa peak become more 

prominent, affirming that Au99-102(SPh-iPr)42-44 was formed at the expense of Au130(SPh-

iPr)50. Continuous etching up to 48 hours completely converted the core to the 25 kDa (Au99-



92 

 

102(SPh-iPr)42-44) species.   

To determine the exact composition of the intermediates and the converted Au NMs, 

ESI-MS analysis was performed. ESI-MS is a softer ionization technique where fragmentation 

is minimized,  and thus it does not inhibit the determination of the Au NM composition.37 In 

comparison, MALDI-MS is considered as a hard ionization technique where fragmentation of 

the Au NMs is observed. The molecular weight of phenylethanethiol and 

isopropylbenzenethiol are 137.2 and 151.2 Da, which gives a mass difference of 14 Da. The 

black spectra at the top on Figure 7.3a and 7.3b represents the starting material 

(Au144(SCH2CH2Ph)60), which shows peak at 12198 Da and 9149 Da representing the +3 and 

0 H 

3 H 

6 H 

24 H 

12 H 

48 H 

Figure 7.2.  MALDI-MS of the starting Au
144

(SCH
2
CH

2
Ph)

60
 and its transformation to Au

99-102
(SPh-

iPr)
42-44

 upon reacting with iPrBT ligand at 80 ⁰C for 48 h. * indicates the 2+ charge state of 

respective nanomolecules. 
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+4 of Au144(SCH2CH2Ph)60.  At 3 hours (magenta spectrum), an envelope of peaks was 

observed representing the initiation of core size conversion. Here, the envelope expands 

from 11,000 to 12,000 Da, showing the core size conversion and ligand exchange happening 

simultaneously. At 6 hours (red spectra), the peak around 11,000 Da become dominant and 

12,000 Da peaks are decreasing. Here, the core converts to Au130(SPh-iPr)50. The exact +3 

charge state mass of Au130(SPh-iPr)50 is 11056 Da. However, at this point the core is still 

converting with multiple exchange peaks. At 12 hours (olive spectra), the envelope of peaks 

has reduced to some sharp peaks with mass difference of Au atoms in +3 (66 Da), and 

simultaneously a new envelope of peaks arises at 13500 Da. These peaks correspond to 

species Au99-102(SPh-iPr)42-44. Similarly, in the mass range from 8000 Da to 9500 Da shown 

in Figure 7.3a, Au144(SCH2CH2Ph)60 converts to an envelope of peaks as shown in the 3 hour 

spectra (magenta) and 6 hour spectra (red) which corresponds to the exchange peaks in the 

+4 Au
144

 
a 

+3 Au
99-102

 +3 Au
144

 +2 Au
99-102

 +3 Au
130

 

0 H 

3 H 

6 H 

12 H 

48 H 

24 H 

0 H 

3 H 

6 H 

12 H 

48 H 

24 H 

Figure 7.3. ESI-MS spectra of the starting Au
144

(SCH
2
CH

2
Ph)

60
 at 0 H, and its transformation to 

Au
99-102

(SPh-iPr)
42-44

 upon reacting with iPrBT ligand at 80 ⁰C for 48 H. a) the expanded spectra 

from 8000 Da to 9500 Da showing the conversion of Au
144

 in +4 charge state to Au
99-102

 in +3 

charge state. b) the expanded spectra from 10,000 Da to 14500 Da showing the conversion of 
Au

144
 in +3 charge state to Au

99-102
 in +2 charge state.  

b 
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+4 mass range of Au130(SPh-iPr)50. Then, during continuation of the reaction after 12 hours 

(olive), the peaks show the exchange peaks of Au99-102(SPh-iPr)42-44 in +3 charge state and 

Au130(SPh-iPr)50 in +4 charge state (Figure 7.4).  In continuous reaction, at 24 hours (blue), 

the core mostly converted to Au99-102(SPh-iPr)42-44 and the Au130(SPh-iPr)50 peak became less 

prominent as shown in Figure 7.3b and 7.4. Similarly, at 24 hours, +3 mass range of Au99-

102(SPh-iPr)42-44 become more prominent than Au130(SPh-iPr)50 (Figure 7.3a and 7.4). At 48 

Figure 7.4. ESI-MS spectra of the starting Au
144

(SCH
2
CH

2
Ph)

60
 at 0 H, and its transformation to 

Au
99-102

(SPh-iPr)
42-44

 upon reacting with iPrBT ligand at 80 ⁰C. At 12-hour Au
144

 converts to 2 size 

ranges, Au
130 

and Au
99-102

. In the end, (24 hour) the 2 size ranges completely convert to Au
99-102

 

size. 

+3 Au
144

(SCH
2
CH

2
Ph)

60
 

+3 Au
130

(SPh-iPr)
50

 

+3 Au
99-102

(SPh-iPr)
42-44

 

+2 Au
99-102

(SPh-iPr)
42-44

 

In 

12 H 

24 H 



95 

 

hours, the core completely converts to Au99-102(SPh-iPr)42 as shown in Figure 7.3a and 7.3b 

(purple). However, the distribution of the Au99-102(SPh-iPr)42-44 spectra expanded which 

explains that all the species from Au99(SPh-iPr)42 to Au102(SPh-iPr)44 have good stability and 

complete conversion into one size is not feasible. 

Figure 7.4 shows the reaction sequence better where a pure Au144(SCH2CH2Ph)60 

converts to 2 cores at 12 hours, Au130(SPh-iPr)50 and Au99-102(SPh-iPr)42-44. Then, at 24 hours, 

the Au130(SPh-iPr)50 has mostly converted to Au99-102(SPh-iPr)42-44.  

 

7.4.2 Ligand effect of ethyl group 

  The same reaction condition was repeated with ethylbenzenethiol. This time the para 

0 H 

3 H 

18 H 

6 H 

48 H 

Figure 7.5.  MALDI-MS of the starting Au
144

(SCH
2
CH

2
Ph)

60
 and its transformation to Au

99-102
(SPh-

Et)
42-44

 and Au
130

(SPh-Et)
50

 upon reacting with EtBT ligand at 80 ºC for 48 h. * indicates the 2+ 

charge state of respective nanomolecules.  
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position has an ethyl group instead of a tert-butyl group. Note that phenylethanethiol and 

ethylbenzenethiol have the same molecular weight. The core size conversion with 

ethylbenzenethiol was done with pure Au144(C6H13S)60. The Au144(C6H13S)60 was synthesized 

using previously reported method and isolated using SEC. Then the reaction was monitored 

using MALDI-MS. At 0-hour, pure Au144(C6H13S)60 (33 kDa) was shown in Figure 7.5 (black). 

At 3 hours (Figure 7.5 (blue), the ligand exchange was happening along with core size 

conversion and the peak becomes broader centering around 32 kDA ((Au130(SPh-Et)50). At 6 

hours, the core converts into two, 32 kDa corresponding to Au130(SPh-Et)50 and 25 kDa 

corresponding to Au99-102(SPh-Et)42-44 as shown in Figure 7.5 (magenta). As the reaction 

proceeds and at 18 hours, still two cores at 32 and 25 kDa are presented with some mass 

ratio difference (Figure 7.5 (olive)). Finally, the reaction was allowed to continue up to 48 

hours and then stopped. At this point the core had mostly converted to 25 kDa.  

  As mentioned before, MALDI-MS is a hard ionization technique whereas ESI-MS is a 

+4 Au
144

 a +3 Au
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Figure 7.6. ESI-MS spectra of the starting Au
144

(SCH
2
CH

2
Ph)

60
 at 0 H, and its transformation to Au

99-

102
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42-44
 upon reacting with SPh-Et ligand at 80 ºC for 48 H. a) the expanded spectra from 

8000 Da to 9200 Da showing the conversion of Au
144

 in +4 charge state to Au
99-102

 in +3 charge state. 

b) the expanded spectra from 10,000 Da to 14000 Da showing the conversion of Au
144
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state to Au
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soft ionization technique. Therefore, the reaction was also monitored using ESI-MS as shown 

in Figure 7.6. At 0-hour, the staring material Au144(C6H13S)60, in its +3 charge state at 11799 

Da, is shown in Figure 7.6b. Then the rection was started and at 3 hours, the core started to 

convert towards Au130(SPh-Et)50 (Figure 7.6b (green)). At 6 hours, the core conversion was 

still happening, but the envelope reduced to some sharper peaks and new peaks start to rise 

around 13,000 Da corresponding to Au99-102(SPh-Et)42-44 (Figure 7.6b (magenta)), which 

correlates with the MALDI-MS spectra where two cores at 25 and 32 kDa are seen at 6 hours. 

At 18 hours, the core conversion majorly moves and is now centered around 10882 Da 

(Au130(SPh-Et)50), and peaks around 13,000 Da become more prominent as shown in Figure 

7.6b (blue), consistent with the analysis by MALDI-MS. Similarly, In Figure 7.6a, 

Au144(C6H13S)60 in its +4 charge starts core converting and shows an envelope of peaks at 6 

hours (magenta) centering around Au99-102(SPh-Et)42-44. Then, the envelope shifted towards 

left, shifting the equilibrium beyond Au99-102(SPh-Et)42-44. However, finally at 48 hours, the 

whole Au144(C6H13S)60 has core converted to two cores, Au130(SPh-Et)50 in its +3 charge 

(10822 Da) and +4 charge (8116 Da) respectively as shown in Figure 7.6b ad 7.6a (red) and 

Au99-102(SPh-Et)42-44 whose +2 charge state species is shown in Figure 7.5b and +3 charge 

state is shown in Figure 7.5a respectively.  

   

7.4.2 Ligand effect of methyl group 

 In the final core size conversion investigation the ligand effect of aromatic thiols with 

different para substitutions, we used para-methylbenzenethiol(PMBT). The same reaction 

conditions were repeated. In all these core size conversions. PMBT has much higher reaction 

rate than the other two thiols, therefore the reaction ends in 18 hours.  The reaction was first 
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monitored using MALDI-MS as shown in Figure 7.7. The starting material 

Au144(SCH2CH2Ph)60 shows a peak at 33 kDa represented by the black spectra in Figure 7.7. 

At 12 hour the core converts to 2 cores, one at 31 kDa representing Au130(PMBT)50 and next 

one at 25 kDa representing the Au99-102(PMBT)42-44 (Figure 7.7 (green)). At 18 hours, the two 

cores become stable and show almost well-defined peaks of Au99-102(PMBT)42-44 and 

Au130(PMBT)50 (Figure 7.7 (red)).  

Then, the reaction was monitored using ESI-MS. The +3 charge state of 

Au144(SCH2CH2Ph)60 at 12198 Da represents the purity of starting material at 0-hour (Figure 

7.8). At 12 hours, three envelopes of peaks are observed as shown in Figure 7.8 (green). 

Those three envelopes represent +3 and +2 charge state of Au99-102(PMBT)42-44 and +3 charge 

state of Au130(PMBT)50 in the middle. Their respective expanded spectra are shown in Figure 

S7.2, S7.3, S7.4 and S7.5. At 18 hours, the three envelopes reduce to sharp peaks representing 

0 H 
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18 H 

Figure 7.7.  MALDI-MS of the starting Au
144

(SCH
2
CH

2
Ph)

60
 and its transformation to Au

99-

102
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 and Au

130
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50
 upon reacting with PMBT ligand at 80 ºC for 48 h. * indicates 

the 2+ charge state of respective nanomolecules.  
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Au99-102(PMBT)42-44 and Au130(PMBT)50. Figure S7.2 shows expanded spectra from 12300 Da 

to 13000 Da where the +2 charge state of Au99-102(PMBT)42-44 lies. At 12 hours the peaks 

representing Au99(PMBT)42 to Au102(PMBT)44 were found; however, at 18 hours the peak 

converts to Au102(PMBT)44. Figure S7.3 shows expanded spectra from 8100 Da to 8650 Da 

showing the +3 charge state mass range of Au99-102(PMBT)42-44. Like the +2 charge state 

peaks, at 12 hours Au99(PMBT)42 to Au102(PMBT)44 species was found and it converts to 

mostly Au102(PMBT)44 at 18 hours with minute peaks in Au99(PMBT)42 range. Figure S7.4 

Figure 7.8. ESI-MS spectra of the starting Au
144
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2
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2
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60
 at 0 H, and its transformation to Au

99-

102
(PMBT)

42-44
 and Au130(PMBT)50 upon reacting with PMBT ligand at 80 ºC. At 12-hour, Au

144
 

converts to 2 size ranges, Au
130 

and Au
99-102

. In the end (18 hour), the 2 size ranges remain stable. 
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shows expanded spectra 10400 Da to 11000 Da showing the +3 charge state mass region of 

Au130(PMBT)50. At 12 hours, the envelope of peaks core converting with left most peak 

representing Au130(PMBT)50 was observed. At 18 hours, the peaks converge to 

Au130(PMBT)50 with minute peak at one gold atom difference. 

 

7.5 Conclusions  

 The results obtained from ESI-MS and MALDI-MS were used to draw final conclusions 

regarding the ligand effects of substitution of different groups at para position. Repeating the 

core conversion of Au144(SR)60 with TBBT gave the reported Au133(SPh-tBu)52.39 Also, it 

showed that prolonged etching for a longer time does not affect the core any more and 

Au133(SPh-tBu)52 was stable. When we move from tert-butyl to isopropyl group in the para 

position, the reaction become slower and it converts to Au130(SR)50 in the beginning; 

however, it converts to Au99-

102(SR)42-44 after 48 hours of 

reaction. In ethyl substituted 

reaction, similar results were 

obtained, but in addition to Au99-

102(SR)42-44, Au130(SR)50 was also 

present in small quantity. When 

we moved from ethyl to methyl 

para substituted benzenethiol, 

both Au99-102(SR)42-44 and 

Scheme 7.2 Core size conversion reaction of Au
144

(SR)
60

 

reacted with para substituted aromatic thiolated ligands.  
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Au130(SR)50 were obtained in comparable quantity. The conclusions are summarized in 

Scheme 7.2.  

 These reactions shows that Au99-102(SR)42-44 was obtained in core size conversion of 

all the para substituted ligands except TBBT. The bulky nature of the tert-butyl group in 

TBBT makes the Au133(SR)52 highly stable which does not allow it to core convert further.39 

But the reaction of TBBT with Au99-102(SR)42-44 gives Au99-102(SR)42-44 as reported earlier.130 

It also shows a trend that in PMBT the Au144(SR)60 core converts to Au99-102(SR)42-44 and 

Au130(SR)50, but the amount of Au130(SR)50 reduces in ethyl substituted thiol and is finally 

not found in isopropyl substituted thiol. 

 

7.6 Future works 

 The formation Au NMs and its composition is mainly based on the protecting ligands. 

The detailed study on the ligand effect on the formation of Au NMS will provide precise 

engineering of materials in nanoscale. A small change from tert-butyl group in para position 

to isopropyl group results in two different cores. Also, the core size conversion proves to be 

an easy method to study these types of ligand effects.  

Currently, the ligand effect on the substitution on para position is studied. In future, 

the different ligand substitution in ortho and meta position will provide more data towards 

ligand effects. Number of crystal structures protected by aromatic thiols with various 

substitution was reported which indicated the feasibility of forming single crystals is higher 

in aromatic thiols.10, 14, 33, 42, 84, 127-128, 132, 134, 137 Therefore, focusing on different substituted 

aromatic thiols will be a good start to study structural evolution using various thiols and 

their ligand effects. The collection of all these results combined with previously reported 
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results will provide fundamental understanding of ligand effects on Au NMs. Using that, we 

will be precisely nanoengineer Au NMs for a targeted application. 
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Figure S2.1. ESI-MS spectra of 2 days sample showing 3+ and 4+ of reaction progress 
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Table S2.1. ESI-MS peak values for Figure 3 inset. 
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Figure S3.1. Dodecanethiol protected atomically precise gold nanomolecules synthesized using 

digestive ripening method. a) MALDI-MS data showing high (green) and low (black) laser. (b) ESI-

MS data showing the presence of Au144, Au137 and Au25 species in the product.  

Figure S3.2. UV-visible plot of the digestive 

ripening synthesis products protected by 

hexanethiol and dodecanethiol. 
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Figure S3.3. Hexanethiol protected gold nanomolecules a) UV-visible plot of 

Au144(SR)60 (with Au137(SR)54) and Au25(SR)18 after SEC separation. b) 

Photograph of the SEC column separation performed on final product of 

digestive ripening synthesis.   
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Figure S3.4. Dodecanethiol protected gold nanomolecules a) UV-visible plot of 
Au144(SR)60 (with Au137(SR)54) and Au25(SR)18 after SEC separation. b) 

Photograph of the SEC column separation performed on final product of 
digestive ripening synthesis.   
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Figure S3.5. Hexanethiol protected gold nanomolecules after SEC a) MALDI-MS spectra showing 
30 kDa species (Au144(SR)60 & Au137(SR)54) and Au25(SR)18 (7 kDa). b) ESI-MS spectra showing 30 

kDa species (Au144(SR)60 & Au137(SR)54) and Au25(SR)18 (7 kDa).  * Fragment peak. 

Figure S3.6. Dodecanethiol protected gold nanomolecules after SEC separation a) MALDI-MS 
spectra showing 30 kDa species (Au144(SR)60 & Au137(SR)54) and Au25(SR)18 (8 kDa). b) ESI-MS 

spectra showing 30 kDa species (Au144(SR)60 & Au137(SR)54) and Au25(SR)18 (8 kDa).  * Fragment 

peak. 
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Figure S3.7. High (green) and low (black) laser MALDI-MS data of dodecanethiol protected gold 

nanomolecules comparing 2 methods (a) Digestive Ripening (b) Brust method  
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Figure S3.8. UV-visible spectral analysis of DR reaction 
progress. 0 seconds represents spectra of phase 
transferred Au(III) salt before reduction, 5 seconds and 30 
seconds represents spectra of respective time after 
reduction. 

Figure S3.8. UV-visible spectroscopy of digestive ripening synthesis method at various reduction 

timings. 
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Figure S3.9. MALDI-MS and ESI-MS data of hexanethiol protected gold nanomolecules 

synthesized using digestive ripening synthesis method with ToABr as phase transfer agent. (* 

marked peaks are impurity from previous sample) 
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Figure S4.1. Synthesis and isolation of Au36(SPh-pCH3)24 Nanomolecule (a) MALDI-MS Spectra of 

the synthesis and isolation process, Top (Blue) corresponds to crude product, followed mass 
spectra of thermochemical (etch) treated product for 2 hours (Green) and Bottom (Red) 
corresponds the final isolated Au36(SPh-pCH3)24 product using SEC. (b) Images of the SEC process, 

as the time progress different color bands are seen belongs to different sizes. The top (Green) band 
in the rightmost image corresponds to the Au36(SR)24. 
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Figure S4.2. UV-visible absorpton spectra of Au36(SPh-pCH3)24 NM in 2 different 

temperature 298 K (Green) and 78 K (Red). 
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Figure S4.3. Core structure model of Au36(SPh-pCH3)24 which has an Au28 kernel in the core 

with 4 dimeric staples attached to it. Top row represents how the dimeric staple is attached to 
the core Au atoms and the bottom row corresponds to a 90-degree rotation. 
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Figure S4.4. Au-Au bond distance comparison of four Au36(SR)24 (SR= SPh-tBu, SPh, SC5H9, and 

SPh-pCH3) structure, bond distance deviations between individual positions. a) all Au-Au bond 

distance between 4 central Au atoms. b) all Au-Au bond distance between 24 core Au atoms. c) all 
Au-Au bond distance between 24 core and 8 staple Au atoms. 



130 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

  
 
 
 
 
 
 
 
  

Figure S4.5. Au-S bond distance comparison of four Au36(SR)24 (SR= SPh-tBu, SPh, SC5H9, and SPh-

pCH3) structure, bond distance deviations between individual positions. a) all Au-S bond distance 

in staples. b) all Au-S bond distances in bridging ligands.  
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Figure S5.1. ESI-MS of Pd NCs comparing F08, F09 and F10. 
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Figure S5.2. High resolution XPS spectrum focused on a) Sulfide and b) Carbon of SEC purified 
product of Pd nanoclusters protected by Phenyl ethane thiol. 

a 
 

b 
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Figure S5.3. Pd 3d5/2 core level photoemission spectra comparison of yellow and dark bands. 

Yellow band Dark band 
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Figure S6.1. Time dependent photos of short 
SEC column during elution of etching product 
containing Au

30
(S-tBu)

18
 at 7514 Da, Au

46
(S-

tBu)
24

 at 11200 Da and Au
65

(S-tBu)
29

 at 15389 

Da. 
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Figure S6.2. Time dependent photos of medium SEC column during elution of etching product 
containing Au

30
(S-tBu)

18
 at 7514 Da, Au

46
(S-tBu)

24
 at 11200 Da and Au

65
(S-tBu)

29
 at 15389 Da. 
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Figure S7.1. ESI-MS spectra of the starting Au
144

(SCH
2
CH

2
Ph)

60
 at 0 H, and its transformation to 

Au
133

(TBBT)
52

 upon reacting with TBBT at 80 ⁰C.  
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Figure S7.2. Expanded ESI-MS (12300 to 13000 Da) transformation spectra of 
Au

144
(SCH

2
CH

2
Ph)

60
 and its transformation to Au

99-102
(PMBT)

42-44
 and Au

130
(PMBT)

150
 upon 

reacting with PMBT ligand at 80 ⁰C.  
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Figure S7.3. Expanded ESI-MS (8100 to 8650 Da) to 13000 Da) transformation spectra of 
Au

144
(SCH

2
CH

2
Ph)

60
 and its transformation to Au

99-102
(PMBT)

42-44
 and Au

130
(PMBT)

150
 upon 

reacting with PMBT ligand at 80 ⁰C.  
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Figure S7.4. Expanded ESI-MS (10400 to 11000 Da) transformation spectra of 
Au

144
(SCH

2
CH

2
Ph)

60
 and its transformation to Au

99-102
(PMBT)

42-44
 and Au

130
(PMBT)

150
 upon 

reacting with PMBT ligand at 80 ⁰C.  
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Figure S7.5. Expanded ESI-MS (12300 to 13000 Da) transformation spectra of 
Au

144
(SCH

2
CH

2
Ph)

60
 and its transformation to Au

99-102
(PMBT)

42-44
 and Au

130
(PMBT)

150
 upon 

reacting with PMBT ligand at 80 ⁰C.  
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