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ABSTRACT 

Atomically Precise Silver Nanoclusters: Controlled Synthesis and Assembly 
into Structurally Diverse Frameworks with Tailored Optical Properties 

Mohammad Jaber Alhilaly 

 

Ligand-protected metal nanoclusters (NCs), which are ultra-small nanoparticles marked 

by their atomic precision, are distinctly importance for contemporary nanomaterials. NCs 

have attracted significant research attention for utilizing their novel optical and 

physicochemical properties in various applications, including fluorescence sensing, 

catalysis, and biomedical applications. This dissertation deals with ligand-protected 

atomically precise silver NCs and is divided into two main parts. The first part is focused 

on the exploration and design of well-defined silver NCs through surface co-ligand 

engineering. The second part is related to the development of silver NC-based 

frameworks (NCFs). 

In the first part, we designed a synthetic strategy based on engineering the structure of 

the phosphine co-ligands with thiols to generate the large box-shaped 

[Ag67(SPhMe2)32(PPh3)8]3+  (referred to as Ag67) NC. The strategy demonstrates that the 

combined use of judiciously chosen thiol and phosphine co-ligands can result in stable 

highly anisotropic box-like shapes. The optical absorption spectrum of the Ag67 NC 

displays highly structured multiple sharp peaks. The crystal structure shows a Ag23 core 

formed of a centered cuboctahedron (an unprecedented core geometry in silver clusters), 

which is encased by a layer with a composition of Ag44S32P8 arranged in the shape of a 



5 
 

box. The electronic structure of this box-shaped cluster resembles a jellium box model 

with 32 free electrons. 

In the second part, a novel approach is developed for the assembly and linkage of 

atomically precise Ag NCs into one-dimensional (1D) and two-dimensional (2D) NC-based 

frameworks (NCFs) with atomic-level control over cluster size and dimensionality. With 

this approach three novel, but related, crystal structures (one silver NC and two NCFs) 

were synthesized. These structures have the same protecting ligands, and also the same 

organic linker. The three structures exhibit a similar square gyrobicupola geometry of the 

building NC unit with only a single Ag atom difference. The critical role of using a chloride 

template in controlling the NC’s nuclearity was demonstrated, as well as the effect of a 

single Ag atom difference in the NC’s size on the NCF’s dimensionality, optical properties, 

and thermal stability. 
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Chapter 1 

Introduction 

1.1 Motivation and Introduction to Noble-metal Nanoclusters 

Over the last few decades, the development of functional nanomaterials has become a 

prominent approach to providing new technologies for addressing major global issues, 

such as those pertaining to energy, water, food, and the environment. To overcome some 

of these challenges, it is extremely important to foster rapid advances in the design, 

synthesis, and fabrication of innovative functional nanomaterials. To date, nanomaterials 

of various sizes, shapes, compositions, and dimensionalities have been synthesized using 

many synthesis methods, and their unique properties have been investigated by 

numerous characterization techniques. Examples of the established nanomaterials 

include plasmonic nanoparticles,1 quantum dots,2 2D nanosheets,3 and colloidal 

nanoprisms,4 etc. These types of nanostructured materials have been synthesized and 

designed for a variety of applications, such as imaging, sensing, catalysis, and 

biodiagnostics.1, 5-6  

In recent years, noble-metal nanoclusters (NCs), especially Au and Ag NCs, have attracted 

tremendous attention from the scientific research community as a novel class of well-

defined functional nanomaterials. Interestingly, the size range of NCs typically starts from 

the sub-nanometer to a few nanometers (approximately, ∼1−3 nm in diameter), which 

represents the smallest size regime on the nanoscale.7 Compared with larger 
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nanoparticles (NPs), NCs consist of only dozens to hundreds of metal atoms; thus, NCs 

bridge the gap between two distinct size regimes: that of molecules and that of ordinary 

NPs (Figure 1.1). At this ultra-small size, NCs have very high specific surface area but also 

very high surface energy. Therefore, NCs must be stabilized by protecting ligands (usually, 

organic molecules capping the surface of a metal cluster), such as thiolate (SR), selenolate 

(RSe), phosphine (R3P), alkynyl, or mixed ligands. NCs are named as atomically precise, 

monodisperse colloidal nanoparticles7 because their syntheses can be controlled at the 

atomic level, where exact numbers of metal atoms and ligands can be experimentally and 

theoretically identified. Furthermore, NC’s exact composition (i.e., arrangement of metal 

atoms and metal-ligand connections at interfaces) can be structurally determined with 

atomic precision through crystallization. NCs also have the unique advantage of atomic 

monodispersity as a result of size uniformity. For instance, Ag25(SR)18 NC8 represents the 

exact molecular formula of a well-defined, atomically precise silver cluster composed of 

25 Ag atoms and protected by 18 thiolate ligands. Compared with the bulk behavior of 

larger NPs, NCs typically exhibit unique molecule-like behavior.9 Therefore, fascinating 

phenomena can be easily induced by the atomically precise synthesis of NCs. Several 

remarkable effects have emerged due to the ultra-small size of NCs, which is comparable 

to the Fermi wavelength of an electron. For example, NCs show strong quantum size 

effects, discrete energy levels, and consequently, molecule-like optical and electronic 

transitions.  Hence, unexpected structural features and unusual optical and 

physicochemical properties of NCs have been revealed,10-13 which certainly cannot be 

reflected by conventional polydisperse NPs. Thus, exceptional physicochemical 
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properties and intriguing structures of NCs can be utilized for a wide range of 

applications,14 e.g., in catalysis, biosensing, bioimaging, light energy conversion, 

biomedicine, environment, diagnostics, and therapeutics.6-7, 15-38 

 

Figure 1.1 Schematic representation of the nanoscale regime of NCs. Reproduced with 

permission from Reference 7. Copyright 2016 American Chemical Society. 

1.2 History of Metal Nanoclusters 

Since 1959, when Richard Feynman gave his famous lecture “There’s Plenty of Room at 

the Bottom,” the significant benefits of nanomaterials in nanoscience and 

nanotechnology have been recognized and highlighted. In the 1980s, physicists from 

Knight’s group conducted gas-phase experiments on Na metal clusters;39 they surprisingly 

observed that the mass spectra of these clusters showed highly intense, prominent peaks 

at specific cluster sizes (certain masses). These discrete clusters have displayed the 

tendency to assemble into certain numbers of cluster atoms, which are called “magic-size 

or magic-number clusters,” and to yield abundant species with more stability. 
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Theoretically, the researchers found that the occurrence of these distinct cluster sizes 

could be explained as having discrete molecular orbitals of clusters with free-electron 

count that affords the closed-shell configuration, similarly to the closed-electron shells in 

atoms. 

In 1994, Brust and Schiffrin developed a simple synthetic strategy using a two-liquid-

phase system (aqueous-organic) for synthesizing monolayer thiol-protected Au NPs of 

uniform sizes.40 In general, they used a Au precursor (HAuCl4) reduced by a reducing agent 

(NaBH4) in the presence of dodecanethiol as a ligand. The thiol ligand was used to stabilize 

the surface of formed Au NPs/NCs. This approach has led to very small Au NPs with a 

diameter < 5 nm. Since then, many research efforts have been dedicated to the synthesis 

of monolayer-protected colloidal noble-metal NPs, especially thiol-protected NCs.  

In 2005, Tsukuda and Negishi reported, for the first time,41 the use of a powerful mass 

spectrometry technique for the isolation of glutathione-protected Au NCs into individual 

species based on their masses and ultimately identified their exact molecular formulas. 

In 2007, Kornberg’s group was able to grow a good-quality single crystal, which allowed 

for the full crystal structure determination of the first thiol-protected [Au102(SR)44] NC.42 

1.3 Importance of Silver Nanoclusters 

Silver nanoclusters (Ag NCs) represent a special family of NCs whose properties have been 

advanced very rapidly over the last few years.43 Recently, many research groups have 

shown major interest in pursuing studies on the fundamentals and applications of Ag NCs, 
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to which there are several advantages. Firstly, as noble-metal NCs represent a new class 

of NPs, Ag NCs have not been fundamentally well studied and still have been 

underexplored (compared with Au NCs). It is well-known that Ag NCs are less noble than 

their counterparts of Au. However, Ag NCs are highly attractive from an economic point 

of view, as silver is more abundant and cheaper than gold. Furthermore, the unique 

optical and photoluminescence properties of Ag NCs are more attractive than those of Au 

NCs, garnering significant attention for their potential use in various applications, 

including in fluorescence sensing, bioimaging, and biomedical applications.16, 23-24, 44 Ag 

NCs are also highly beneficial materials as antimicrobials.45 Moreover, considering the 

fundamental similarities between silver and gold with respect to several physical 

properties (for example, they have the same atomic radii and isoelectronicity), there is a 

great opportunity for making precise comparisons among the chemical and optical 

properties of Ag and Au NCs at the atomic level to understand the fundamental 

differences between silver and gold.46  

1.4 Objectives and Outline of the Dissertation 

This dissertation focuses on the development of Ag NCs with atomic precision and 

exploration of their unique properties and assemblies. In particular, we designed and 

assembled atomically precise Ag NCs with control over size, shape, and dimensionality for 

tailoring the Ag NCs properties. Our primary goal is to explore the effects of changing NC 

size and structural shape (i.e., NC shape and total crystal structure) on the optical and 

electronic properties of Ag NCs. Therefore, we fundamentally studied the correlation 



23 
 

between our discovered structures of Ag NCs assemblies and their optical and electronic 

properties. Additionally, as the exploration of atomically precise Ag nanocluster-based 

(assembled) frameworks (NCFs) is one of the major topics in this dissertation, we also 

examined the effects of modulating structural dimensionality on improvements in optical 

properties and thermal stability. 
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Chapter 2 

Experimental Methodologies 

2.1 Synthetic Strategies 

Sodium-borohydride-reduction method:  

Generally, we applied a direct one-pot (bottom-up) synthetic method, which is based on 

a modified Brust–Schiffirn strategy. This method typically involves a chemical reduction 

of silver precursors that occurs in solution by the use of a reducing agent (commonly, 

NaBH4) in the presence of protecting ligands to reduce the silver ions to NCs. 

Size-focusing method: 

Unfortunately, the chemical reduction method usually results in a raw product that 

contains a mixture of NCs (i.e., polydisperse NCs with more than one NC size) as well as 

byproducts/impurities. This crude product of NCs contains different sizes of NCs with 

different thermal stabilities. Thus, we utilized the method of size-focusing to purify the 

final product of NCs in order to facilitate accurate characterizations. In particular, we 

performed an aging process, in which the raw product of the Ag NCs is aged in an organic 

solvent for overnight at room temperature under ambient conditions. The size-focusing 

method has been used as an effective way to eliminate unstable species from a mixture 

of NCs and to narrow the NCs size to a single NC size (Figure 2.1, top).47 Indeed, this useful 
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method can be applied to convert polydisperse NCs to atomically monodisperse NCs in 

solution samples. 

Solvent-extraction method: 

This method is based on the differences of solubility in organic solvents between two 

different sized NCs. In some cases when there are two different sizes of NCs in a mixture 

sample (and the two sized NCs have a comparable stability), but one sized NC is good 

soluble in a specific solvent and the other sized NC is insoluble in that solvent. Thus, the 

right choice of solvent can be critical to separate the two sized NCs from each other as 

they have different solubility in the selected solvent. In this method, we can extract (by 

using a specific solvent) a single NC size with high monodispersity from a rotavap-dried 

sample. This way can be utilized to have successful extraction of one NC size that is good 

soluble in the chosen solvent while the other sized NC, which is insoluble, will remain as 

a precipitate. 

Ligand-exchange-induced size and structure transformation method: 

The ligand exchange (LE) strategy can be utilized to induce the size and structure 

transformation from one stable NC size to another (Figure 2.1, bottom).48 This method 

shows that it can also provide insights into the step-by-step transformation mechanisms 

of well-defined NCs. 



26 
 

 

Figure 2.1 Schematic representations of the size-focusing and size transformation 

methods for NCs. Reproduced with permission from Reference 48. Copyright 2010 

American Chemical Society. 

2.2 Crystallization Approaches 

Layering approach: 

This crystallization approach involves slow solvent diffusion between two different layers 

of solvents. It can be performed by layering a good antisolvent on top of a concentrated 

solution of purified NCs. Firstly, the NCs solution is placed inside a narrow tube. Secondly, 

an antisolvent is carefully layered on the top of the layer of NCs solution using a syringe. 

Then, the tube that contains two distinct layers is capped. It is worth noting that the 

antisolvent has to have lower density compared to the solvent density of NCs solution.  
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Slow evaporation approach: 

A nearly saturated solution of prepared NCs is filtered using a filter paper. Then, the NCs 

solution is placed in a small vial without cap in order to allow the solvent to evaporate 

slowly. 

2.3 Characterization Techniques 

Absorption Spectroscopy (UV−vis): 

UV−vis absorption spectroscopy is very important characterization technique that can 

measure the optical absorption spectra of NCs in the UV−vis range. UV−vis absorption can 

display a unique signature of a measured monodisperse NC sample. It has been observed 

that Ag NCs commonly exhibit distinct molecular-like optical transitions in their UV−vis 

absorption spectra. High-intense sharp molecular-like peaks in UV−vis absorption 

spectrum indicate that the measured NC sample has high molecular purity. Therefore, it 

reflects the unique well-defined structure of an atomically precise NC. 

UV−vis absorption spectroscopy is essentially an electronic spectroscopy technique that 

involves electronic transitions as a result of the interactions between incident light and 

sample. It is based on the Beer-Lambert law as follows:  

𝐴𝐴(𝜆𝜆) = 𝜀𝜀cℓ = 𝑙𝑙𝑙𝑙𝑙𝑙 I/I0 

where, A is the absorbance as a function of wavelength (λ) which means that A (unit-less) 

is λ dependent, ε is the absorption coefficient (also, called molar absorptivity or molar 
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extinction coefficient, M-1 cm-1), c is the molar concentration (mol.L-1 = M), ℓ is the path 

length (cm) of UV−vis light traveled through the sample cuvette. The Beer-Lambert law 

states that the absorbance of a solution sample has a direct proportional relationship with 

the molar concentration (c) and the path length (ℓ). 

The UV−vis absorption process basically involves the electronic excitation from the 

ground state to the excited state when incident light with a specific wavelength is 

absorbed by the sample. The following diagram shows the instrumentation of UV−vis 

absorption spectroscopy (Figure 2.2).49 Typically, a beam from the UV/Vis light source is 

passed through a slit and then separated into its component wavelengths by a diffraction 

grating (such that a monochromatic beam with a single wavelength is obtained). The 

monochromatic beam is split into two equal beams by a half mirror. One beam is the 

reference beam which passes through a reference cuvette (the solvent). The other beam 

is the sample beam that passes through a sample cuvette of a solution sample. After that, 

the intensities of the two beams are measured by detectors and compared to obtain the 

absorbance (A = log I/ I0), where the intensity of the reference beam is I0 and the intensity 

of the sample beam is I. 
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Figure 2.2 Schematic diagram of the instrument of UV−vis absorption spectroscopy. The 
figure is adapted from Reference 49.  

 

Photoluminescence Spectroscopy (PL): 

PL spectroscopy is also called fluorescence or emission spectroscopy. The fluorescence 

(the optical emission from a NC sample) is the opposite electronic process of the 

absorption, where the transitions of electrons occur from higher excited energy states to 

lower energy states. So, the PL spectroscopy is a complementary characterization 

technique of the UV−vis absorption spectroscopy for studying the optical properties of 

NCs. 

In a typical emission measurement, UV light is obtained from an excitation light source 

(such as deuterium or xenon lamp). The excitation light initially passes through an 

excitation monochromator to select a single excitation wavelength. Then, the 

monochromatic excitation light beam hits the sample. When the beam is absorbed by the 
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NC solution sample, the excited NCs in the solution sample emits light (fluorescence). The 

emitted light is analyzed after passing through an emission monochromator and then 

directed to the detector (Figure 2.3)50. 

 

Figure 2.3 Schematic diagram of the instrumentation of PL spectroscopy. The figure is 

adapted from Reference 50. 

Electrospray Ionization Mass Spectrometry (ESI-MS): 

ESI-MS is a high-resolution mass spectrometry technique. It is very sensitive powerful 

technique for the chemical analysis of NCs. Molecular mass/formula and other structure 

information (e.g., charge state) for ionized NCs and fragments can be obtained from the 

mass spectral analysis of the isotope peaks. So that, ESI-MS is used to precisely identify 

unknown NCs with their molecular formulas. 

As shown in Figure 2.4,51 mass spectrometry uses high energy electrons (e.g., 70 eV) 

which are generated from ionization source. The ionization of a NC sample (commonly an 

organic solution sample is used) occurs by bombarding the sample with the high energy 
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electron beam which leads to the generation and detection of the corresponding gas-

phase ions (ionized clusters and fragments of smaller ions). These ions are separated 

according to their mass-to-charge ratio (m/z, where m is the mass and z is the electrostatic 

charge of an ion) when they are accelerated into the mass analyzer with an accelerating 

voltage (e.g., ~104 V) and subjected to a magnetic field. It is worth noting that the ion 

source of the mass spectrometer accelerates ions to a kinetic energy that is given by the 

following equation: 

𝑧𝑧𝑧𝑧 = (1/2)𝑚𝑚𝑣𝑣2 

where, z is the charge of the ion, V is the applied voltage, v is the velocity, and m is the 

mass of the ion. 

 

Figure 2.4 Schematic diagram of the mass spectroscopy. The figure is adapted from 

Reference 51. 

Analytical Ultracentrifugation (AUC): 
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AUC is a characterization technique based on the analytical ultracentrifugation method. 

It is also called sedimentation velocity analytical ultracentrifugation (SV-AUC). This 

technique can give information about the degree of monodispersity of a NC sample 

(especially, samples that contain mixed sizes of NCs). AUC does not require any 

calibration, and it characterizes samples in solutions.52 The AUC measurements can 

estimate the molecular weights and approximate sizes (i.e., total diameter of metal core 

and ligand shell) of NCs present in solution. 

X-ray Diffraction (XRD): 

XRD is a very common characterization tool. Different types of X-ray diffraction 

techniques can be applied, depending on the form of the measured material (i.e., powder, 

single crystal, thin film). Powder X-ray diffraction (PXRD) and singly crystal X-ray 

diffraction (SCXRD) are the two XRD techniques that we used to study the samples.  

XRD techniques give information about the crystal structure (crystallinity), empirical 

formula, crystal system, and space group of a single crystal sample. The X-ray diffraction 

pattern that is obtained from a powder sample can provide information about the phase 

purity and the lattice parameters (a, b, c, α, β, γ) to define the unit cell dimensions of the 

sample. 

The principle of X-ray diffraction is fundamentally based on Bragg’s law as follows: 

2𝑑𝑑 sin𝛳𝛳 = 𝑛𝑛𝜆𝜆;𝑛𝑛 = 1,2, … 
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where, d is the interplanar distance between two adjacent lattice planes in a crystalline 

solid sample, 𝛳𝛳 is the angle of the incident X-ray beam, n is an integer number which 

defines the order of the diffraction, and λ is the wavelength of the X-ray beam which is 

comparable to the atomic spacing in the crystalline sample.  

As shown in Figure 2.5,53 an incident X-ray beam with the wavelength (λ), which is 

comparable with the inter-atomic distances, interacts with a crystalline solid sample. The 

interaction happens between the incident X-ray beam and the electrons of the atoms that 

are regularly ordered on the lattice planes. This interaction leads to scattered waves of 

the X-ray beam. The constructive interference between the scattered waves only happens 

when the Bragg’s law is satisfied (i.e., X-ray diffraction is generated). 

 

Figure 2.5 Schematic diagram of Bragg X-ray diffraction. The figure is adapted from 

Reference 53. 

Thermogravimetric Analysis (TGA): 

TGA is basically a thermal analytical technique for studying the properties of materials as 

they change with temperature. Therefore, it is a very useful technique to monitor the 
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thermal stabilities of metal NCs. Particularly, TGA measures weight changes (weight 

losses, %) in a NC material as a function of temperature under a controlled atmosphere 

(e.g., under N2). In typical practice, a NC sample is placed inside a closed furnace and then 

heated from an initial temperature to a final temperature at a constant heating rate 

(K.min-1). The weight loss happens due to decomposition of the sample. The schematic 

diagram of the set-up of TGA is displayed in Figure 2.6.54 

 

Figure 2.6 Schematic diagram of the set-up of TGA.54  

X-ray Photoelectron Spectroscopy (XPS): 

XPS is a surface characterization technique which is used to identify elemental 

compositions of unknown compounds and give information about the types of bonding 

and chemical states of the elements that occur within the surface of a compound. 
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When a high-energy X-ray photon hits a sample, it can ionize an atom by ejecting an 

electron from the innermost core orbitals. The high-energy X-ray photon can penetrate 

the sample to a depth on the order of a micrometer; however, the emitted electrons are 

only obtained from a depth of around 1–10 nm on the sample surface. The energy of 

monochromatic X-ray photon beam is higher than 1 keV. Figure 2.7 shows the schematic 

of XPS instrument.55 

 

Figure 2.7 Schematic of the XPS instrument. The figure is adapted from Reference 55. 

The principles of XPS are based on Koopmans' theorem and Einstein's photoelectric 

effect. Koopmans' theorem states that the ionization energy (l¡), which is the energy 

necessary to remove a specific electron in a state i from a gas molecule, is related to the 

orbital energy (ε¡) of the ith state. 
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The photoelectric effect explains that when a high-energy incident photon of energy ℎ𝑣𝑣 

is absorbed by an electron with a binding energy (BE), this electron will be released from 

the atom. If the photon energy (ℎ𝑣𝑣) is higher than BE, the excess absorbed energy of 

photon is converted into a kinetic energy for the ejected electron which can be measured. 

𝐾𝐾𝐾𝐾 = ℎ𝑣𝑣 −𝐵𝐵𝐾𝐾  

where, KE is the kinetic energy of the ejected electron, h is Planck’s constant, v is the 

frequency of the incident X-ray photon, and BE is the electron binding energy (with 

respect to the vacuum level) before ejection. In case of a solid sample, the binding energy 

(BE) is measured with respect to the Fermi energy level (EF), so that the above equation 

is modified to the following: 

𝐾𝐾𝐾𝐾 = ℎ𝑣𝑣 − 𝐵𝐵𝐾𝐾 − 𝛷𝛷 

where, 𝛷𝛷: the work function which is the minimum energy required to remove an 

electron from the solid surface of a sample to a point in the vacuum. 

Fourier-transform Infrared Spectroscopy (FTIR): 

FTIR is common vibrational spectroscopy akin to Raman spectroscopy. It can probe 

molecular vibrations (molecular periodic motions) in a sample by applying infrared light 

that is absorbed by the sample. This is a useful analytical technique to give information 

about the molecular structure of a NC sample, where FTIR can determine the functional 
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groups of a molecule in the NC sample. There are many types of vibrational modes in a 

molecule which include stretching, bending, rocking, twisting, and wagging. In order for a 

vibrational mode of the molecule to be probed (IR active), it must have a change in the 

dipole moment during the vibration.  

The basic principle of the vibrations involved in the FTIR measurements obeys Hooke’s 

law (it states that F = -kx; where, F is the force required to extend or compress a linear 

spring (a given bond in a molecule is considered here) to a distance x, and k is a constant 

factor which is characteristic to that spring). Calculating the vibrational frequency of a 

bond between two atoms can be obtained by applying the following equation: 

 

where, 𝒗𝒗 is the vibration frequency, and the reduced mass is [µ = (m1 m2)/(m1 + m2)], 

where m1 and m2 are the masses of the two atoms. 

Nuclear Magnetic Resonance Spectroscopy (NMR): 

NMR is a powerful analytical technique that is used to characterize the chemical 

compositions and ligand environments of NCs. There are various types of NMR 

spectroscopy that can be utilized to characterize the chemical structures and chemical 

environments of specific elements in a NC. Examples of NMR techniques include 1H NMR, 

13C NMR, and 31P NMR, etc. For instance, 13C NMR is used to determine the types of 

chemical environments that contain carbon atoms in the NC sample. The carbon atoms 
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in different environments absorb the radio waves at slightly different frequencies, which 

can be distinguished in the NMR spectrum. So that, the chemical shifts of carbon atoms 

can be obtained from 13C NMR spectrum. 

Principally, the energy source in NMR generates radio waves which have long wavelength, 

and thus low energy and frequency (300 GHz – 3 kHz). When the radio waves interact 

with a NC sample which is also subjected to an external magnetic field, the radio waves 

can be absorbed by the NC sample. This leads to a change in the nuclear spin of certain 

nuclei in the NC, such that these nuclei are excited from a lower energy state to a higher 

energy state, where the external energy of the radio wave matches with the energy 

difference between the two states (i.e., hν = ∆E, where h is Planck’s constant and ν is the 

frequency of the incident radio wave). The instrumentation of NMR spectroscopy is 

shown in Figure 2.8.56 
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Figure 2.8 The schematic representation of NMR spectroscopy.56 

Optical Microscopy (OM): 

OM is an instrument that can magnify images of small objects in a specimen to reveal 

details finer than 0.1 mm. We used a high-resolution optical microscopy (0.01 micron) to 

detect the size and shape of single crystals. Figure 2.9 displays the instrument and 

schematic diagram of the optical microscopy.57 

A light source (lamp) is used for the illumination towards a condenser lens, which is a lens 

placed below the sample stage. The condenser lens is used to control and focus the light 

on the sample. Then, the light passes through the sample. After the light passing through 

the sample, it is collected by an objective lens, which is a lens placed above the sample 

stage. The main function of the objective lens is to magnify the light image and transmit 

it to the ocular lens which in turn is used to project the image to the human eye for 

viewing.  
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Figure 2.9 Schematic diagram of the optical microscopy instrument. The figure is 

adapted from Reference 57. 

Density Functional Theory Calculations (DFT) 

In addition to the use of experimental characterization techniques. We also implemented 

DFT calculations to study the electronic structures and optical properties of Ag NCs based 

on the experimental crystal structure data and experimental optical spectra. 
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Chapter 3 

Background: Study and Exploration of Well-defined Silver Nanoclusters 

3.1 The Ag44 Nanocluster 

3.1.1 Crystal Structure and Optical Properties 

Since Ag NCs have been less studied than Au NCs, the history of Ag NCs is shorter. In 2009, 

Bakr et al. reported a new approach for synthesizing arylthiolate-protected Ag NCs with 

unique molecule-like optical absorption properties (Figure 3.1).58 These Ag NCs display 

highly intense absorption peaks that cover a wide range of wavelengths spanning from 

the visible (Vis) to the near-Infrared (NIR); such NCs were thus referred to as “Intensely 

and Broadly Absorbing Nanoparticles” (IBANs).58 In 2012, these special Ag NCs of IBANs 

were successfully identified by their precise molecular formula using the mass 

spectrometry (Figure 3.2), representing the first identification of a silver NC as a 

superatom complex, [Ag44(SR)30]4-.59 Surprisingly, the mass spectrum of the IBANs 

indicated the high atomic monodispersity of Ag44 NC in solution. One year later (in 

September 2013), the groups of Zheng and Bigioni independently reported (nearly at the 

same time) the full structural determination of the Ag44 NC,60-61 which was the first 

structural identification of an ultra-stable well-defined silver NC, and the exact 

composition of the Ag44 structure fully agreed with the molecular identification that 

previously performed by mass spectrometry.  
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Figure 3.1 The optical absorption spectrum (black) and the emission spectrum (red) of 

the IBANs solution in DMF. Reproduced with permission from Reference 52. Copyright 

2009 Wilely-VCH. 

 

Figure 3.2 The mass spectra of the IBANs stabilized by aryl thiol ligands show precise 

matching of isotope patterns between the experimental (black) and simulated spectra 

(blue, red). Reproduced with permission from Reference 53. Copyright 2012 The Royal 

Society of Chemistry. 
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The crystal structure of the Ag44 NC has high symmetry and consists of a hollow Ag12 

icosahedron encapsulated by a Ag20 dodecahedron (Figure 3.3 c and d). The surface 

structure of the Ag12@Ag20 core is protected by six Ag2(SR)5 motif units.60-61 According to 

the DFT calculations, the exceptional stability of the Ag44 NC is attributed to the closed-

shell 18-electron configuration.60-61 

 

Figure 3.3 The reported crystal structure of Ag44 NC. Adapted with permission from 

Reference 54. Copyright 2013 Nature Publishing Group.  
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3.2 The Ag29 Nanocluster 

3.2.1 Crystal Structure and Optical Properties 

Bakr’s group reported in 2015 a unique, well-defined core-shell structure of 

[Ag29(SR)12(PPh3)4]3-; in this structure, the core of Ag29 is co-protected by 12 bidentate 

thiol ligands, namely, 1,3-benzenedithiols, as well as 4 triphenylphosphine ligands.62 The 

cluster exhibits relatively intense photoluminescence, with a long-lived excited-state 

lifetime on the nanosecond time scale.63  

The crystal structure exhibits a non-hollow centered Ag13 icosahedral core protected by 

two types of motif units (four Ag3S6 crowns and four AgS3P motifs) and thus forms a shell 

structure of Ag16S24P4 (Figure 3.4). Remarkably, the Ag29 NCs can be obtained without the 

use of phosphine ligands; however, lower yield and limited stability have been observed. 

Interestingly, the Ag29 NC shows a unique binding of the four phosphine ligands that 

occurs at the tetrahedral symmetrical positions and is thus referred to as a tetravalent 

NC. 

 

Figure 3.4 The crystal structure of Ag29 NC. (a) a non-hollow centered Ag13 icosahedral 

core. (b) Four Ag3S6 crowns. (c) The four crown capping the Ag13 core. (d) Four AgS3P 
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units. (e) The core-shell structure of the Ag29 NC. Color legends: blue, silver; red, sulfur; 

green, phosphorous. H and C atoms are omitted for simplicity. Reproduced with 

permission from Reference 56. Copyright 2015 American Chemical Society. 

3.3 The Ag25 Nanocluster 

3.3.1 Crystal Structure and Optical Properties 

The characterization of our synthesized Ag25 NCs revealed that the cluster has the 

molecular formula [Ag25(SR)18]¯, with one counterion of PPh4+ to balance the overall 

cluster charge.8 This NC is identical to the well-known Au25. Because its number of metal 

atoms, number of ligands, overall charge, and superatom electronic configuration are the 

same as those of the Au25 NC, the Ag25 NC is called “golden” silver NP,8 as Ag25 NC 

represents an analogue of Au25 NC. The crystal structure of Ag25 indicates that the 

structural arrangement of atoms is nearly the same as that in Au25. In particular, the 

obtained crystal structure displays that the core is a non-hollow centered Ag13 

icosahedron surrounded by six motifs of Ag2(SR)3.  More surprisingly, Ag25 has shown 

optical properties highly similar to those of Au25 (Figure 3.5). 
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Figure 3.5 The optical absorption and emission spectra of Ag25 NCs solution in DCM. The 

inset displays the total structure of Ag25 NC.8 

3.4 Reversible Interconversion of Well-defined Silver Nanoclusters 

We also designed a unique approach for the transformation of Ag44 NC to Ag25 NC, and 

vice versa, through a single phase ligand exchange (LE).64 Our LE approach shows that the 

[Ag44(SR)30]4-↔[Ag25(SR)18]- interconversion of both the forward and backward reactions 

occur through similar size intermediates, which were monitored by electrospray 

ionization mass spectrometry (ESI-MS). The formation of the final sized Ag NC was found 

to be dictated to the chosen incoming thiolate ligand (with a strong relationship between 

the thiolate ligand and Ag NC size)65. The evolution details of reaction mechanisms 

between Ag25 and Ag44 also were revealed by using ESI-MS.64 So, we achieved a 

controllable process of LE to elucidate the transformation mechanism from one stable 

size of well-defined Ag NC to another (Figure 3.6). 
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Figure 3.6 Switching NC core from hollow (of Ag44) to non-hollow (of Ag25) and vice versa 

through a single phase LE (where, SPhF: 4-flourobenzenethiolate and SPhMe2: 2,4-

dimethylbenzenethiolate).64  

Chapter 4 

Large Box-shaped Ag67 Nanocluster: Synthesis, Total Structure, and 

Optical Properties 

4.1 Introduction 

Nanoclusters (NCs), which are ultra-small nanoparticles marked by their atomic precision, 

have distinct importance for contemporary nanomaterials. They present an opportunity 

not only to create self-assembling nano-building blocks with atom-by-atom control, but 

also the opportunity to study key materials properties such as electronic structure, 

charge-carrier dynamics, and catalytic activities as a result of single-atom changes in the 

NC. The exploration of silver NCs was limited, mainly due to their instability, resulting in 
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only a few examples of fully characterized silver NCs. Nevertheless, the number of stable 

atomically monodisperse thiolate-protected silver NCs is rising, having attracted much 

research attention with the hope of utilizing them as a viable and cheaper alternative to 

gold.8, 11, 59-62, 64, 66-67 Only a handful of atomically precise silver NCs have been recently 

synthesized and their single crystal structures determined; however, all those previously 

reported structures have highly symmetric shapes. So far, shape-tuning mechanisms in 

silver NCs have not been uncovered and obtaining highly anisotropic shapes has remained 

elusive. Consequently, atomically precise understanding of the role of the NCs’ shape on 

the electronic, optical, and catalytic properties of silver NCs has not been possible. A key 

challenge remaining for silver NCs is obtaining highly anisotropic shapes. In gold, NCs of 

anisotropic shapes were reported through solely thiols68-69 and co-ligands of phosphines 

and thiols.70-71 Such a strategy of co-ligands in sliver has failed to produce analogous 

results. Zheng and co-workers demonstrated that the use of a phosphine co-ligand, in 

addition to thiol, could shrink the silver NC size,72 while the same pure thiol yielded a 

cluster of increased size60 under similar reaction conditions. As an example, the ligand, 

HSPhF2, was shown to produce Ag44 NCs60 when used alone; however, when used in 

conjunction with a phosphine co-ligand, a smaller Ag14 NC was found to be the final 

product.72 On the other hand, Bakr et al.62 showed that the use of phosphine does not 

change the size of the NC, but has a stabilizing effect on the resulting Ag29 NC, wherein 

phosphine was found to increase the cluster’s yield and its stability, and aid in the growth 

of good-quality single crystals of Ag29 NCs for its structure determination.  



49 
 

Here, we demonstrate that the use of a phosphine co-ligand with controlled synthetic 

parameters plays an important role in determining the shape and size of the NC, where 

we observed—in contrast to previous reports—an increase of the NC size that results in 

a unique anisotropic shape. Particularly, we synthesized and fully characterized a novel 

NC of [Ag67(SPhMe2)32(PPh3)8]3+ using a one-pot synthetic strategy, in which both thiol 

and phosphine co-ligands were judiciously chosen to produce this large stable NC of a 

box-like shape (Figure 4.1).73 While the syntheses of Ag NCs with similar or larger sizes 

have been reported,74-75 they were plagued by instability issues precluding their structure 

elucidation and precise molecular formula determination (e.g., restricting the estimation 

of NCs’ formulas to Matrix-assisted Laser Desorption Ionization Mass Spectrometry). 

Thus, the [Ag67(SPhMe2)32(PPh3)8]3+ NC is particularly significant, as it represents the 

largest known non-superatom Ag NC to-date; its synthesis opens new avenues of tailoring 

and elucidating the properties of Ag NCs. Unlike most NCs, theoretical modeling of the 

Ag67 structure reveals a free electron count of n = 32 and a lack of an electronically closed-

shell as a superatom would, which is a result of the cluster’s nonspherical shape. 

Furthermore, the electronic structure is identifiable using a reduced atomistic model 

[Ag67(SH)32(PH3)8]3+, which shows delocalized metal-core states akin to 32 electrons in a 

box-shaped jellium. We demonstrate that our reduced atomistic model yields a good 

description of the lowest of transitions in the optical absorption spectrum. 
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Figure 4.1 The experimental optical absorption spectrum and crystal structure of the 

large box-shaped Ag67 NC. 

4.2 Experimental Procedures and Characterization Details 

Experimental Procedures: 

Materials. All the following chemicals and solvents were purchased and used without 

further purification. Silver nitrate (AgNO3, 99%, Aldrich), 2,4-dimethylbenzenethiol 

(HSPhMe2, Alfa Aesar), triphenylphosphine (PPh3, 99%, Aldrich), sodium borohydride 

(NaBH4, 99.99%, Aldrich), and sodium tetraphenylborate (NaBPh4, Aldrich). 

Dichloromethane (DCM, HPLC grade), methanol (MeOH, HPLC grade), and ethanol (EtOH, 

HPLC grade, 99.9%) were purchased from Sigma-Aldrich. Distilled water (18.2 MΩ cm) 

was collected from a Milli-Q (Millipore, 0.22 μm) machine. 
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Synthesis and Purification of [Ag67(SPhMe2)32(PPh3)8]3+ NCs. In a glass vial, 40 mg of AgNO3 

was completely dissolved in 5 mL of MeOH by sonication. Then, 10 mL of DCM that 

contained 40 μL of HSPhMe2 was added to the reaction vial. The reaction mixture was 

vigorously stirred inside a fume hood at room temperature (RT, ∼25 °C), which produced 

a turbid yellow mixture. After 20 min of stirring, 200 mg of PPh3 dissolved in 2 mL of DCM 

was immediately added to the reaction solution. The turbid yellow mixture turned to a 

clear, colorless solution. After that, 500 μL of an aqueous solution of NaBH4 (42 mg, 1.11 

mmol of NaBH4 dissolved in 2 mL of H2O) was added dropwise to the solution, producing 

a dark solution, which was allowed to react at 1200 rpm for 2 h.  

The dark, as-prepared solution was first centrifuged at 8000 rpm for 5 min to get rid of 

any insoluble byproducts. The solution was then evaporated to decrease the solution 

volume to 10 mL, and then MeOH was added to precipitate the NCs, followed by 

centrifugation (8000 rpm/5 min). The obtained precipitate was dissolved in 5 mL of DCM, 

while the supernatant was discarded. After the first wash, the sample in DCM was aged 

overnight at RT under ambient conditions. During the aging time, the sample color slowly 

started changing from reddish-brown to greenish-brown/olive. In the next day, the 

sample was dried and the precipitate was extracted with MeOH and then centrifuged 

(8000 rpm for 5 min) to eliminate insoluble species. The solution of NCs in MeOH was 

again aged at RT for a few hours such that, during the time of aging, the sample showed 

orange/pink junk precipitates which removed by centrifugation (8000 rpm for 5 min). 

Using a rotary evaporator, the sample was dried. The purified NCs were dissolved in ∼2 
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mL of DCM. The final product of Ag67 NCs solution was allowed to react with NaBPh4 

(which had an equal molar of AgNO3) to further stabilize the clusters, 

[Ag67(SPhMe2)32(PPh3)8]3+. This stabilized final product was stored in a tightly capped vial 

inside the fridge (4 °C) to obtain single crystals (see below). The yield of the final Ag67 NCs 

was ∼25% (based on Ag atom content). 

Crystallization. A very concentrated DCM solution (∼8−10 mg/mL) of the Ag67 NCs was 

taken from the original purified solution into a small clean NMR tube after filtration using 

a syringe filter (0.22 μm of pore size). Hexane was layered on the top of the DCM solution 

of NCs, and then the tube was put inside a glass vial closed with a cap and stored in a 

refrigerator at 4 °C. After approximately 3−4 days, black crystals were obtained with 

quality suitable for X-ray diffraction. 

Characterization Details: 

Optical Absorption Spectroscopy (UV−vis) 

UV−vis absorption measurements were done using a Cary 5000 UV−Vis−NIR (Varian Inc.) 

spectrophotometer. 

Photoluminescence Spectroscopy (PL)  

PL measurements were carried out on a Fluoromax-4 (Horiba Jobin Yvon) 

spectrofluorometer. 

Electrospray Ionization Mass Spectrometry (ESI-MS) 
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ESI-MS of the NCs was carried out using a Bruker MicroTOF-II mass spectrometer. As-

prepared and purified Ag67 NCs were dissolved in DCM and then centrifuged to discard 

the insoluble solids. The diluted solutions of the supernatants were injected into the 

instrument at a flow rate of 500-600 μL/h in both positive and negative modes. Other 

instrumental parameters were maintained as following: mass range: 100-10000 Da, 

capillary voltage: 4.0-4.5 kV, nebulizer gas: 0.0-0.4 bar, dry gas: 0.0-4.0 L/min, and 

temperature 70-150 °C. Note that at soft ionization conditions (nebulizer gas: 0.0-0.1 bar 

and dry gas: 0.0-1.2 L/min), the Ag67 signals with all the eight phosphines was observed, 

while at moderately harsh conditions (nebulizer gas: 0.2-0.4 bar and dry gas: 2.0-4.0 

L/min), Ag67 was observed with a sequential loss of PPh3. 

Analytical Ultracentrifugation (AUC) 

AUC of Ag67 NCs in DCM was performed using a Beckman Coulter XL-A analytical 

ultracentrifuge in sedimentation velocity (SV) mode. A standard 12 mm path length cell 

with titanium centerpieces and sapphire windows and a 4-hole An60Ti rotor (Beckman 

Coulter) was used for the SV run. The experiment was conducted at 40, 000 revolutions 

per minute at 6 oC, and scans were acquired in intensity mode at 490 nm. At least 90 scans 

were acquired for each sample, and data analysis was performed with Ultrascan 3.3 

(Revision 2046) using the 2-dimensional spectrum analysis model.76 Sedimentation 

velocity data were also subjected to van Holde-Weichet analysis to assess the 

monodispersity of the sample. Summary of the AUC measurements are shown in Table 

4.1. 
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Nuclear Magnetic Resonance (NMR) 

The sample was prepared by dissolving the purified Ag67 NCs in 700 μl of deuterated 

CD2Cl2, and then 600 μl of the solution was transferred to 5 mm NMR tubes. The 1H NMR 

spectra were recorded by collecting 256 scans with a recycle delay time of 5 s using Bruker 

700 MHz AVANAC III spectrometer equipped with Bruker CP TCI multinuclear CryoProbe 

(BrukerBioSpin, Rheinstetten, Germany). The free induction decay (FID) data were 

collected with a spectral width of 15243 Hz digitized into 64k data points. The FID signals 

were zero-filled and amplified by exponential line-broadening factor of 1 Hz before 

Fourier transformation.  

The 31P NMR spectra were acquired at 298 K using Bruker 600 AVANAC III spectrometer 

equipped with Bruker BBO multinuclear probe (BrukerBioSpin, Rheinstetten, Germany). 

To achieve a sufficient signal-to-noise ratio, the 31P NMR spectra were recorded by 

collecting at least 1k scans with a recycle delay time of 5 s. The 31P NMR spectra were 

recorded using 1D pulse sequence with proton power-gate decoupling using zgpg30 

program from Bruker pulse library. Topspin 2.1 software (BrukerBioSpin) was used in all 

experiments to collect and to analyze the data. 

Single Crystal X-ray Diffraction (SCXRD) 

SCXRD data were collected using Bruker X8 PROSPECTOR APEX2 CCD diffractometer using 

Cu Kα (λ = 1.54178 Å). Indexing was performed using APEX2 (Difference Vectors method).a 

Data integration and reduction were performed using SaintPlus 6.01.c Absorption 
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correction was performed by multi-scan method implemented in SADABS.77 Space group 

was determined using XPREP implemented in APEX2. Structure was solved using Direct 

Methods (SHELXS-97) and refined using SHELXL-97 (full-matrix least-squares on F2) 

contained WinGX v1.70.01.78-79 Crystal data and refinement conditions are shown in Table 

4.2. 

The structure was refined as a 2-component inversion twin with component relationship 

as 65:35. Only two of three [B(C6H5)4]1- anions were localized. The third one is probably 

disordered in the crystal at (0, ½, 0.344) and (½, 0, 0.582) as well as some amount of 

solvent (each cavity of 6577 Å3 contains 1693 ē). The geometry of the benzene rings was 

constrained by AFIX 66. SIMU 0.02 restraint was applied to the most of [S(C6H3)(CH3)2]1- 

anions (molecules 2, 3, 4, 6, 7, 9, 11, 12, 13, 14, 15 and 16). Single C–C bonds between 

benzene rings and methyl groups were slightly restrained to 1.51(2) Å (bonds C74–C78, 

C92–C97, C94–C98 and C124–C128). Hydrogen atoms are placed at calculated positions 

and refined using a riding model with Uiso(H) = 1.2Ueq(Csp2) or 1.2Ueq(Csp3). Strongly 

delocalized electron density (3830 ē per unit cell) was found in the voids with total pore 

volume equals to 15936 Å3 (28.0% of the unit cell volume) and omitted from the 

refinement using the PLATON's SQUEEZE80 procedure. 

4.3 Synthesis, Purification, and Crystallization 

Synthesis of Ag67 NCs:  
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In the typical synthesis of the Ag67 NCs, silver nitrate (AgNO3) was dissolved in methanol 

(MeOH, 5 mL) by sonication. Then, a dichloromethane (DCM, 10 mL) containing the thiol 

ligand 2,4-dimethylbezenethiol (HSPhMe2) was added to the methanolic solution of the 

dissolved silver precursor. The reaction was continued under vigorous stirring to produce 

a turbid yellow mixture of Ag(|)-thiolate complexes (Figure 4.2). After 20 minutes of 

stirring, a DCM solution of the phosphine co-ligand (triphenylphosphine, PPh3) was 

added. The solution color changed to colorless. Subsequently, a small amount of aqueous 

solution of NaBH4 was added dropwise to the reaction solution. Finally, the solution 

turned to dark color by the reduction, and it was allowed to react for 2h to get the Ag 

NCs. It is worth noting that the Ag67 synthetic system does not require the addition of an 

external counterion to obtain the NC product. However, the addition the counterion using 

a sodium tetraphenylborate (NaBPh4) precursor before the reduction step has found to 

be useful to relatively increase the yield of Ag67 NCs, which also indicates that the effect 

of charge stabilization by counterion is beneficial to decrease the percentage of the 

byproducts.   

 

Figure 4.2 Synthesis steps of the Ag67 NCs. 
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Purification of Ag67 NCs:  

The raw product of the obtained Ag NCs is obviously not pure Ag67 NCs, so the purification 

is a crucial step to get the final monodisperse Ag67 NCs. The as-prepared solution was first 

centrifuged and washed with MeOH to initially get rid of the excess ligands and insoluble 

byproducts. After the first wash, the NCs was dispersed in DCM and aged for overnight at 

room temperature (RT ~25 °C). In the next day, the aged solution has shown a color 

change from reddish-brown to greenish-brown (Figures 4.3 A and B), then the greenish-

brown solution was dried completely using a rotary evaporator and then extracted with 

MeOH. After that, the NCs solution in MeOH was aged again at RT for a few hours, and 

then it was centrifuged to obtain the soluble solution and to remove the unwanted 

precipitates. The soluble solution was dried again and then redissolved in DCM for 

obtaining the final purified product of Ag67 NCs. 

 

Figure 4.3 (A) The photograph of the NCs solution after first wash shows a reddish-

brown color. (B) The picture of the NCs solution after room-temperature aging displays 

a greenish-brown/olive color. 

Crystallization of Ag67 NCs:  

A B
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Pre-requirement step for crystallization was noted to be very important to obtain high-

quality single crystal of Ag67 NCs. This step involves the reaction of the final product of the 

purified Ag67 NCs in DCM with the sodium tetraphenylborate (NaBPh4) for attaining BPh4- 

as counterion to stabilize the Ag67 NCs during the crystallization process. After filtration, 

a high concentrated DCM solution of Ag67 NCs was put into a small NMR tube and layered 

by hexane. Then, the tube was left inside a refrigerator at 4oC. After few days, black rod-

like crystals were obtained (Figure 4.4). 

 

Figure 4.4 Photograph of few single crystals of Ag67 NCs. 

4.4 Spectroscopic Characterizations 

Evolution of UV−vis Absorption Spectra of the Solution Product of Ag67 NCs:  

After the completion of the chemical reduction reaction, the raw product was obtained. 

This as-synthesized NCs solution was studied and monitored by the optical absorption at 

every step of the purification process. Firstly, the as-synthesized NCs product was 
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measured by UV−vis in MeOH/DCM mixed solvent to show a new spectrum, but with 

some similarity to the optical features of the Ag25 as both systems have the same thiol 

ligand (2,4-SPhMe2). As shown in Figure 4.5 A, the spectrum of the raw product displays 

two main peaks at ∼490 nm and ∼680 nm as well as a shoulder peak at ∼545 nm. In 

addition, a very similar spectrum is observed after the first MeOH-wash. However, after 

aging the NCs solution in DCM for overnight at RT, the solution has exhibited the clear 

change in color from reddish-brown to greenish-brown. The UV−vis of the aged solution 

shows a novel spectrum, which is totally different from those of Ag25 and its alloy 

clusters,8, 81-82 with five distinct optical features. After the aged NCs is extracted with 

MeOH, cleaned and redissolved in DCM. As shown in Figure 4.5 B, the final purified 

product of the Ag67 NCs is obtained with very high-intense sharp optical features, which 

indicates the improvement in the monodispersity of the NCs. 

 

(A) (B)
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Figure 4.5 The evolution of UV−vis spectra of the Ag67 NCs solution. (A) The as-

synthesized NCs product in DCM/MeOH solvent and immediately after the first wash. 

(B) After aging overnight at RT and the final purified product of Ag67 NCs in DCM. 

Mass Spectrometric Analysis: 

Using the characterization technique of electrospray ionization mass spectroscopy (ESI-

MS), the mass spectrum of the raw product revealed both [Ag25(SPhMe2)18]− and 

[Ag67(SPhMe2)32(PPh3)8]3+ NCs in negative- and positive-ion modes, respectively (Figures 

4.6 A and B). After the first wash of the as-synthesized product, the same mass spectra 

were observed in both two modes, which indicates the existence of a mixture of Ag67 and 

Ag25 NCs in the DCM solvent. However, after RT aging of the DCM solution of the singly 

washed NCs for overnight and then centrifuging, the Ag25 can be completely eliminated 

by drying and extracting the aged NCs with MeOH (as the Ag25 NC is not soluble in MeOH). 

The final product was confirmed to contain only the pure Ag67 NCs in the positive mode 

and no signal was detected in the negative mode (Figure 4.6 C).  

It is worth noting that the number of phosphine (PPh3) ligands in ESI-MS of Ag67 NCs is 

sensitive to instrumental parameters. Under soft conditions, the peak for 

[Ag67(SPhMe2)32(PPh3)8]3+ was predominant, while at moderately harsh conditions, 

cluster peaks with sequentially lost PPh3 were more noticeable (Figures 4.6 A and B, the 

positive mode). The number of phosphine (PPh3) ligands was varying from 0 to 8 (in the 

range of m/z ∼3872-4572). Consequently, a series of nine peaks of 

[Ag67(SPhMe2)32(PPh3)x]3+ could be observed, corresponding to x = 0−8, where the 
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difference (m/z ∼87) between every two adjacent peaks was one PPh3. The loss of PPh3 

ligands during the electrospray ionization is most likely due to the weak bonding of the 

phosphine ligands to the Ag67 NCs, as that was also noted in other Ag and doped NCs.62, 

83 
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Figure 4.6 ESI-MS in the negative (dark red) and positive (black) modes of Ag67 NCs. (A & 

B) As-prepared NCs mixture and first wash product, respectively, show the presence of 
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both [Ag25(SPhMe2)18]- and [Ag67(SPhMe2)32(PPh3)8]3+ NCs. (C) The purified final product 

of Ag67 NCs that does not contain Ag25 NCs. 

ESI-MS of the purified product evidently showed the absence of Ag25 (which is eliminated 

during the purification process of the raw product), while only a predominant peak at m/z 

∼4571.87 corresponding to the [Ag67(SPhMe2)32(PPh3)8]3+ NC was observed (Figure 4.7). 

The absence of Ag25 after aging (size-focusing step) is attributed to its decomposition or 

conversion to Ag67, as Ag25 is unstable under ambient conditions for more than a day. The 

sole charge-state 3+ of Ag67 NCs was confirmed from a characteristic peak separation of 

m/z 0.33. The molecular formula of [Ag67(SPhMe2)32(PPh3)8]3+ NCs was validated by 

matching the experimental isotopic pattern with their simulated spectrum (Figure 4.7, 

inset). 
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Figure 4.7 Positive mode ESI-MS of purified [Ag67(SPhMe2)32(PPh3)8]3+ NC in DCM. The 

inset shows a matching of isotope patterns between the experimental and simulated 

spectra. 

Analytical Ultracentrifugation (AUC): 

To further confirm the purity and monodispersity of the final Ag67 NCs, AUC 

measurements were performed. The AUC results show that Ag67 displays a high degree 

of monodispersity in DCM, as seen by the 3D representation of sedimentation (s) and 

diffusion (D) coefficient distributions (Figure 4.8). Also, the near-vertical plot of the van 

Holde−Weichet (vHW) analysis is a distinguishing feature of monodisperse systems 

(Figure 4.9 Left). Polydisperse systems usually show a slanting nonvertical vHW profile of 

the sedimentation coefficient distributions. Ag67 has a standard sedimentation coefficient 

of 3.0S (or 3.0 × 10−13 s), within the range observed for other silver NCs.59, 67 

 

Figure 4.8 3D representation of sedimentation and diffusion coefficients for the Ag67 

NCs. 



65 
 

 

Figure 4.9 Left: Standard sedimentation coefficient distribution of Ag67 NCs via van 

Holde-Weichet analysis. The near vertical plot illustrates a predominantly monodisperse 

NCs solution in DCM. Right: 2D representation of sedimentation and diffusion 

coefficients for the Ag67 NCs. 

Table 4.1 Summary of the AUC results of Ag67 NCs. 

Molecular 
Weight 

(Da) 

Sedimentation 
coefficient in 
DCM (sapparent) 

Standard 
Sedimentation 
coefficient 
 (s 20,W) 

Diffusion 
coefficient 
in DCM 
(Dapparent) 

Standard 
Diffusion 
coefficient 
(D20,W) 

Frictional 
ratio 
(f/f0) 

 

% 

12100 ± 1150 (5.7 ± 0.1) 
x 10-13s 

(3.0 ± 0.1)   
x 10-13s 

(2.4 ± 0.1) 
x 10-6s 

(1.1 ± 0.1)  
x 10-6s 

1.49 ± 0.3 92
% 

 

Investigation of Photoluminescence (PL) in the Ag67 System: 

The photoluminescence (PL) spectrum of the raw product of Ag67 NCs showed a weak 

emission at ∼820 nm which is similar to the PL of Ag25 at ∼850 nm. However, unlike Ag25, 
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the purified Ag67 NCs were found not to luminesce. The emission peak of the as-prepared 

product was most likely due to the presence of Ag25 (as already confirmed by ESI-MS). 

This fact was further confirmed by PL measurements of a mixture of pure Ag25 and Ag67, 

where the emission peak appeared at the position of as-prepared Ag67 product and also 

pure Ag25 (Figure 4.10).  

 

Figure 4.10 PL emission spectra of the as-prepared NCs product and the pure Ag67 

compared with pure Ag25 and a mixture of Ag25 and Ag67 with an excitation at 490 nm. It 

is clear that the PL peak of as-prepared NCs most likely corresponds to Ag25. 

Nuclear Magnetic Resonance (NMR) Analysis: 

1H and 31P nuclear magnetic resonance (NMR) spectroscopies were used to probe the 

chemical composition and the ligand environments of Ag67 NCs. The 1H NMR (Figure 4.11)  

shows different peaks at the aromatic and aliphatic regions. The broad peaks in the 

aromatic region between 6.8 and 7.3 ppm are associated with the aromatic protons of 
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SPhMe2 ligands, while the three peaks between 7.3 and 7.6 ppm are corresponding to the 

aromatic protons of PPh3. In agreement with published reports,84 the spectra show 

different peaks between 0.75 and 2.5 ppm related to the methyl group (CH3) of SPhMe2 

(Figure 4.11 B). Different chemical shifts of CH3 confirmed different chemical 

environments of various methyl groups within the [Ag67(SPhMe2)32(PPh3)8]3+ NC. In Figure 

4.12, it shows the 31P NMR peaks of the Ag67 NCs in comparison to the 31P NMR peak of 

free PPh3. A broad peak of the Ag67 at 8.1 ppm is due to the phosphine bound to the 

cluster, while a sharp peak at 27.4 ppm could be due to free triphenylphosphine oxide 

(PPh3O), probably resulting from the oxidation of free PPh3 (if anything is left in the 

solution during purification steps). 

 

Figure 4.11 1H NMR spectra of (A) 2,4-dimethylbenzebnedithiol (HSPhMe2) ligand, and 

(B) Ag67 NCs dissolved in CD2Cl2. 

ppm8                    6                   4                    2

(A)

(B)
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Figure 4.12 31P NMR spectra of (A) triphenylphosphine (PPh3), which shows only one 

sharp peak at -7.3 ppm, and (B) Ag67 NCs dissolved in CD2Cl2. 

The Stability and Solubility of Ag67: 

Clearly, the aging, or step of size-focusing,47 is essential to concentrate the final product 

of Ag67, as it allows the separation and precipitation of unstable species (Ag25) 

spontaneously. The selective formation of Ag67 as the final product over Ag25 or other size 

clusters may be due to its thermodynamic and geometric stability (vide infra), which was 

gained by the unique combination of Ag, PPh3, and HSPhMe2. The final Ag67 NCs was 

found to be compatible with MeOH and 1-propanol in addition to DCM, as its UV−vis 

features appeared consistently in these solvents (Figure 4.13 A). Furthermore, the Ag67 

ppm

(A)

(B)

(B)
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was found to be stable at 5 °C in DCM for at least 5 days (Figure 4.13 B). The yield of the 

final Ag67 NCs was ∼25% (based on Ag atom content). 

 

Figure 4.13 (A) UV−vis spectra of Ag67 NCs in different solvents. (B) Monitoring the 

stability of Ag67 NCs in DCM at 5 °C. 

4.5 Crystal Structure of Ag67 Nanocluster 

Single crystal X-ray diffraction (SCXRD) measurements were applied to single crystals that 

were grown at 4 °C by layering hexane onto a DCM solution of freshly purified Ag67 NCs. 

The crystal data analysis shows that the overall composition of NCs is 

Ag67(SPhMe2)32(PPh3)8, which is consistent with the molecular formula obtained by ESI-

MS. The Ag67 NC crystallizes into an orthorhombic crystal system (space group Ccc2). The 

details of the Ag67 crystal data and the refinement are provided below (Table 4.2). 
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Table 4.2 Crystal data and structure refinement conditions for Ag67(SPhMe2)32(PPh3)8.  

Identification code Ag67(SPhMe2)32(PPh3)8 

Empirical formula C472H466Ag67B3P8S32 

Formula weight 14671.82 

Crystal system, space group Orthorhombic, Ccc2 

Unit cell dimensions a = 46.195(1) Å, b = 48.069(1) Å, c = 
25.6424(8) Å  

Volume 56941 (3) Å3 

Z, calculated density 4, 1.711 Mg m-3 

F(000) 28376 

Temperature (K) 100.0(1) 

Radiation type Cu Kα 

Absorption coefficient 19.62 mm-1 

Absorption correction Multi-scan 

Max and min transmission 0.145 and 0.274 

Crystal size 0.09 × 0.10 × 0.12 mm 

Shape, color Prism, black 

θ range for data collection 3.7–65.1° 

Limiting indices -54 ≤ h ≤ 50, -56 ≤ k ≤ 28, -30 ≤ l ≤ 28 

Reflection collected / unique / 
observed with I > 2σ(I) 

105002 / 43399 (Rint = 0.031) / 39625 

Completeness to θmax = 65.08° 99.4 % 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 43399 / 581 / 2126 

Final R indices [I > 2σ(I)] R1 = 0.054, wR2 = 0.144 

Final R indices (all data) R1 = 0.061, wR2 = 0.152 
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Weighting scheme [σ2(Fo2) + (0.0777P)2 + 804.5305P]-1* 

Goodness-of-fit 1.07 

Absolute structure Refined as an inversion twin. 

Absolute structure parameter 0.35(1) 

Largest diff. peak and hole 1.65 and -1.45 e Å-3 

*P = (Fo2 + 2Fc2)/3 

 

The total structure of Ag67 is shown in Figure 4.14. The packing structure clearly reveals 

the location of two [BPh4]- ions per cluster, while it was difficult to localize the third 

counterion, which is most probably disordered in the cavities. However, the sole 3+ 

charge-state is evident from ESI-MS and DFT (vide infra). The total structure of Ag67 

without hydrogens and counterions is shown in Figure 4.15 A. For clarity, all the carbon 

atoms are omitted in Figure 4.15 B, which shows a box-shape of the Ag67S32P8. The 

dissection of Ag67S32P8 was conducted based on the connectivity of metal atoms to ligands 

(both thiols and phosphines). The metal structure that is not connected to ligands is 

shown in Figure 4.15 C. It consists of 23 Ag atoms in a box-shape. The remaining 

Ag44(SPhMe2)32(PPh3)8 framework (Figure 4.15 D) acts as a closed metal−ligand protecting 

layer that encapsulates the Ag23 core. 
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Figure 4.14 Packing of [Ag67(SPhMe2)32(PPh3)8]3+ clusters showing two BPh4- counterions 

per cluster. Color legends: gray and dark gray, carbon; blue, magenta, and cyan, silver; 

yellow, sulfur; green, phosphorous; red, boron. Hydrogen atoms are omitted for clarity.  

 

A B C D



73 
 

Figure 4.15 (A) Total structure of [Ag67(SPhMe2)32(PPh3)8]3+ NC. (B) The structure of 

Ag67S32P8 obtained by disconnecting carbon atoms in A. (C) Ag23 metal core. (D) The 

structure of the NC without Ag23 metal core i.e., Ag44(SPhMe2)32(PPh3)8. Color legends: 

gray, carbon; blue, magenta, and cyan, silver; yellow, sulfur; green, phosphorous. 

Hydrogen atoms are omitted for simplicity.  

The formation of the Ag23 core is illustrated in Figure 4.16. Ag23 consists of a centered Ag13 

cuboctahedron – a core shape seldom observed in thiol- and phosphine-protected silver 

NCs (Figure 4.16 A). Usually in Ag NCs, centered8, 62 and non-centered icosahedra60-61 are 

the archetypal core shapes. Two opposite square faces of Ag13 are shared (Figure 4.16 B) 

with two Ag8 crowns to form a Ag21 unit as in Figure 4.16 C. Finally, the two open crown 

positions are closed by two silver atoms to form the Ag23 structure, as in Figure 4.16 D 

(the slight rotation of the structure of Figure 4.16 D gives Figure 4.16 E). This crowning of 

the Ag13 cuboctahedron leads to the growth of Ag67 cluster in a box-shape. The average 

Ag−Ag distances from the central atom to cuboctahedron atoms and between 

cuboctahedron atoms of Ag13 are 2.860 Å in both cases, comparable to the Ag−Ag bond 

length 2.88 Å in bulk silver, indicating the strong interaction among the Ag13 core atoms. 

Notably, the Agcuboctahedron−Agcrown and Agcuboctahedron−Agcrown-center distances are 2.806 and 

2.910 Å, respectively. The large bond distance of Agcuboctahedron−Agcrown-center and the 

resultant relatively less interactions among these Ag atoms incline the growth of cluster 

towards a box-shape. 
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Figure 4.16 Construction of Ag23 metal core of Ag67 NC. (A) Ag13 cuboctahedron. (B) 

Sharing of two square faces of an Ag13 cuboctahedron with two Ag8 crowns to form Ag21 

metal core as shown in (C). (D) Closing two crowns by two Ag atoms forms Ag23 core. (E) 

Structure of D after suitable rotation. Color legend: cyan, silver.  

The formation of the Ag44(SPhMe2)32(PPh3)8 metal−ligand encapsulating layer starts from 

a closed Ag36 cuboid-like box (Figure 4.17 A). The structure of Ag36 has eight planar 

hexagons, ten planar squares, and four nonplanar hexagons. The Ag−Ag bond distance 

range in this Ag36 metal layer is 2.846−3.048 Å, with an average of 2.9195 Å. Note that 

four nonplanar hexagons are located at the central part of Ag36. Out of six Ag atoms of a 

nonplanar hexagon, four Ag atoms are in one plane, away from the Ag23 core, while the 

remaining two Ag atoms are in a different plane, toward the Ag23 core. Each sulfur atom 

(at the central part of the Ag36) of a thiol connects to three Ag atoms of a nonplanar 

hexagon (Figure 4.17 B). In total, two bridging thiols85-86 are present per every nonplanar 

hexagon. Therefore, four nonplanar hexagons have eight bridging sulfurs to form the 

structure of Ag36S8 (Figure 4.17 B). In addition to this simple bridging thiol motif-type, 

there is another type of ligand motif, AgS3P. As mentioned earlier, there are eight planar 

A

B

C D E



75 
 

hexagons. Each sulfur of the AgS3P motif bridges the two adjacent Ag atoms of a planar 

hexagon. In other words, one AgS3P motif is completely bound to a single planar hexagon. 

Therefore, eight AgS3P motifs cover the eight planar hexagons to form a metal−ligand 

layer structure of Ag44S32P8 (Figure 4.17 C). Encapsulation of the Ag23 core by the Ag44S32P8 

layer gives the total structure of Ag67S32P8 (as shown before in Figure 4.15 B). After 

encapsulation of the Ag23 core in the Ag44S32P8 layer, all four crown Ag atoms (top Ag 

atoms) of a crown of Ag23 core are positioned at the centers of four planar hexagons of 

Ag36. The crown-closing Ag atom of the same crown is connected to a planar square face 

at one extreme of the Ag36 cuboid-like box. Similarly, the remaining five Ag atoms of the 

other bottom crown are positioned at the other extreme of the Ag36 box and the Ag13 

cuboctahedron is positioned at the center of the Ag36 box. 

 

Figure 4.17 Construction of Ag44S32P8 metal−ligand layer of Ag67 NC. (A) Ag36 box. (B) 

Eight thiols in bridging ligand-motif mode to form Ag36S8. (C) Protection of eight AgS3P 

motifs on Ag36S8 to form Ag44S32P8. Color legends: cyan and blue, silver; yellow, sulfur; 

green, phosphorous. 

A B C
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Alternatively, the Ag44S32P8 metal−ligand layer can also be viewed as follows. There are 

two Ag16 units (Figure 4.18 A), each looking like a bowl. Each bowl has four planar 

hexagons and a planar square as the base. These two bowls are joined (from open side) 

by four one-dimensional S−Ag−S (average Ag−S distance = 2.619 Å) motifs (Figure 4.18 B) 

to form Ag36S8 (Figure 4.18 C). This Ag36S8 is exactly the same as in Figure 4.18 B. 

Subsequently, eight three-dimensional AgS3P motifs cover eight planar hexagons to 

produce Ag44S32P8 (Figure 4.18 E). This Ag44S32P8 scaffolding accommodates the Ag23 core 

as described before to form the total structure of Ag67S32P8 (Figures 4.18 F and G). 

 

Figure 4.18 Construction of total structure of Ag67 NC. (A) Two Ag16 bowls. (B) 

Connecting two Ag16 bowls through four S-Ag-S motifs to form a closed Ag36S8 (C). (D) 

AgS3P ligand motifs. (E) Eight AgS3P motifs sitting on eight hexagonal faces of C to form 

A B

D

C

EFG
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the structure of Ag44S32P8. (F) The Ag23 metal core. (G) Ag23 core encapsulated by E to 

form the total structure Ag67S32P8. Color legends: blue, magenta, and cyan, silver; 

yellow, sulfur; green, phosphorous. 

4.6 Computational Analysis of the Optical and Electronic Properties 

The electronic structure of the [Ag67(SPhMe2)32(PPh3)8]3+ NC was analyzed by using the 

experimental crystal structure and also by building a reduced model cluster 

[Ag67(SH)32(PH3)8]3+. In that model, the positions of the Ag, S, and P atoms were fixed to 

the experimental crystal coordinates (as shown in Figure 4.15 B) and S−H and P−H bonds 

were relaxed to equilibrium. The electronic structure was solved by using the density 

functional theory (DFT) implemented in the real-space code GPAW.87 The electronic 

exchange-correlation interaction was described by the PBE functional.88  

We found that the [Ag67(SPhMe2)32(PPh3)8]3+ cluster has an appreciable energy gap, about 

0.36 eV, between the highest occupied (HOMO) and lowest unoccupied (LUMO) 

molecular orbitals, rendering the cluster electronically stable (the reduced model cluster 

has a similar gap of 0.43 eV). Visual inspection of several of the silver-based Kohn−Sham 

molecular orbitals of the [Ag67(SH)32(PH3)8]3+ model in the region of the HOMO−LUMO 

gap showed remarkable similarity to the box-like quantum states in the jellium model, 

where each state could be labeled with (nx, ny, nz) triplets giving the number of nodes in 

the x-, y-, and z-directions, respectively. By employing the widely used rule89 to count the 

“free electrons” (Ag(5s) electrons that are not needed for stabilization of the ligand layer) 
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in the metal core, one gets 67 − 32 − 3 = 32 free electrons. In fact, the state symmetries 

and their energy order in [Ag67(SH)32(PH3)8]3+ were identical to the states of the 32 

electrons in a jellium box, where the effective charge was set to +12 to mimic the 

approximate total of the Bader charges of all silver atoms in the [Ag67(SH)32(PH3)8]3+ model 

cluster. 

We calculated the optical absorption spectrum of both the [Ag67(SPhMe2)32(PPh3)8]3+ 

cluster and the [Ag67(SH)32(PH3)8]3+ model cluster by using DFT in the linear-response 

formalism as implemented in GPAW.90 The PBE functional was used for calculating the 

oscillator matrix. Figure 4.19 shows that both calculations reproduce the shape of the 

lower-energy part of the calculated spectrum very well with the experimental data, albeit 

with a slight blue-shift of about 87 nm for [Ag67(SH)32(PH3)8]3+ and a 95 nm red-shift of the 

full cluster [Ag67(SPhMe2)32(PPh3)8]3+. This red-shift could be expected to arise from the 

chosen PBE functional. The observed blue-shift for the [Ag67(SH)32(PH3)8]3+ model is 

caused by the lack of the true ligand layer around the metal core, thus resulting in a 

slightly modified (compressed) electron density in the core that shifts all the transitions 

to blue. Analysis of the lowest metal-to-metal transitions for the [Ag67(SH)32(PH3)8]3+ 

model showed that they arise from contributions from Kohn−Sham states where the total 

number of nodes (nx + ny + nz) changed by an odd number, thus confirming the dipole 

selection rule in a quantum box. 
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Figure 4.19 (A) Computed optical absorption spectra of the cluster 

[Ag67(SPhMe2)32(PPh3)8]3+ (red) and the model cluster [Ag67(SH)32(PH3)8]3+ (blue) as 

compared to the experimental data (black). (B) The computed spectrum of 

[Ag67(SPhMe2)32(PPh3)8]3+ blue-shifted by 95 nm (red) compared to the experiment 

(black). Gray sticks show the individual transitions (delta-function-like peaks showing 

the relative oscillator strengths). The continuous computational spectra are sums of 

Gaussian smoothed individual transitions (width of 0.05 eV). The intensity of the 

computational spectra is scaled so that the dominant peaks are approximately of similar 

intensity. 

4.7 Summary 

In conclusion, engineering of the surface ligands of NCs is critical in designing unique 

arrangements of metal atoms. We reported the synthesis and total structure 

determination of a large box-shaped silver NC of [Ag67(SPhMe2)32(PPh3)8]3+ using SCXRD, 

ESI−MS, UV−vis, DFT, and NMR. The combined use of thiol and phosphine ligands in our 

study demonstrates that Ag NCs can be made in stable nonspherical box-like shapes, in 
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sharp contrast to previously reported Ag44 and related “superatoms” that have an 

approximate spherical core. The optical absorption spectrum of the Ag67 NC displays 

highly structured distinct multiple absorption peaks. The crystal structure shows an Ag23 

metal core covered by a layer of Ag44S32P8 arranged in the shape of a box. The Ag23 core 

was formed through an unprecedented centered cuboctahedron, i.e., Ag13, unlike the 

common centered Ag13 icosahedron geometry. Two types of ligand motifs, eight AgS3P 

and eight bridging thiols, were found to stabilize the whole cluster. The electronic 

structure and optical spectrum of Ag67 were computed using time-dependent density 

functional theory (TDDFT) for both the full cluster [Ag67(SPhMe2)32(PPh3)8]3+ and a 

reduced model [Ag67(SH)32(PH3)8]3+. The lowest metal-to-metal transitions in the range 

500−800 nm could be explained by considering the reduced model that shows almost 

identical electronic states to 32 free electrons in a jellium box. This achievement is 

expected to push the limit of synthesizing large silver NCs with high-stability and 

previously unknown shapes, providing a new degree of freedom in tailoring their 

properties. In addition, the successful synthesis of the large box-shaped Ag67 NC 

facilitated by the combined use of phosphine and thiol paves the way for synthesizing 

other metal clusters with unprecedented shapes by judicious choice of thiols and 

phosphines. 
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Chapter 5 

Assembly of Atomically Precise Silver Nanoclusters into Nanocluster-

based Frameworks 

5.1 Introduction 

One primary aim of nanotechnology is the bottom-up programmed assembly of materials 

from nanosized building blocks with molecular precision and control. Unfortunately, most 

nanoparticles are atomically inhomogeneous, precluding their use as building blocks for 

such assembly. Nanoclusters (NCs), which are atomically precise nanoparticles, are thus 

highly prized in the nanochemist’s tool kit because they make nanoparticles amenable to 

supramolecular assembly, property control, and materials interrogation (e.g., periodic 

structures amenable to single-crystal structure determination). Researchers have made 

tremendous strides in synthesizing metal and metal chalcogenide NCs with unique 

structures and distinct physicochemical properties;7, 91-94 for example, an impressive level 

of control over the size and surface ligand chemistry of such NCs has been achieved. The 

precise size of metal NCs makes them potentially novel functional building units for 

various assembled frameworks with unique optical, electronic, and catalytic properties as 

well as porosity.95 However, relatively little progress has been made in developing and 

understanding the supramolecular chemistry associated with the assembly of NCs into 

crystalline solids. In fact, NCs reported to date typically crystallize into relatively trivial 

close-packed structures that lack diversity. The ability to control the NCs’ coordination 
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number affords access to distinct secondary building units (SBUs) with assorted 

geometries and connectivity, defined by the arrangement of points of extensions on the 

NCs and the prospective to construct periodically extended solids with fine-tuned 

porosity, reactivity, and conductivity as well as optical and mechanical properties.95-101 

Silver NCs stabilized with ligands (such as thiolate, alkynyl, or phosphine)8, 43, 60-62, 73, 102-110 

are ideal candidates for developing chemical approaches to the controlled self-assembly 

of solids. The size, composition, and surface chemistry of such NCs are reasonably well 

understood; however, there are enormous benefits to be gained from controlling the self-

assembly modes of these NCs, stemming from their prospective applications in 

catalysis,111-113 fluorescence sensing,114 and bioimaging44 as well as antimicrobials.23, 45 

The translation of NCs into assembled frameworks, in the form of functional cluster-based 

metal-organic frameworks (MOFs), through reticular chemistry tools is expected to be the 

next major evolution in this field. The assembly of NCs into atomically precise NC-based 

frameworks would combine advantages from both NCs and MOFs, including providing 

high-nuclearity cluster nodes, high structural tunability, highly connected frameworks 

with more structural complexity, large channels, and more robustness. These potential 

advantages are attractive for a wide range of potential applications, including sensing, 

catalysis, and gas separation.95, 115-117 Recently, Ag thiolate NCs, such as Ag10, Ag12, and 

Ag14,115, 118-119 have been shown to assemble into one-, two-, and three-dimensional 

frameworks in which the NCs form nodes connected by pyridyl-type organic linkers. In 

addition, several assembled structures of anion-templated Ag thiolate nanoclusters 
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networked by short inorganic anions have also been reported.120-121 The solvents used 

have also been found to play a critical role in the assemblies’ morphology.122 Despite 

advances in the synthesis of Ag-cluster-based MOFs in terms of boosting stability and 

enhancing optical properties, it remains challenging to produce atomically precise cluster-

based frameworks (also referred to here as nanocluster-based frameworks, NCFs) with 

different dimensionalities. Indeed, studies on controlling cluster size in assembled 

networks with atomic precision or on the significant roles played by size and anion 

templates,123 which are believed to affect the dimensionality and resulting properties, 

have yet to be reported. So far, there are no reports on controlling the NC size within 

assembled frameworks, and no insights on how altering the cluster size may affect the 

dimensionality, property, and stability. 

Herein, we present a strategy for extending the size and dimensional control over Ag(I) 

thiolate NCs. In particular, we report three new crystal structures: a single Ag nanocluster 

(0-D NC) and two Ag nanocluster-based frameworks (1-D NCF and 2-D NCF). As illustrated 

in Figure 5.1, our approach relies on Cl− as a template for NC growth in conjunction with 

a suitable organic linker, 4,4′-bipyridine (bpy), in the case of 1-D NCF and 2-D NCF.124 More 

specifically, when no organic linker (no bpy) is used, a Ag16 cluster is attained, which 

crystallizes as a discrete zero dimensional structure (0-D NC). When bpy is added, 

depending on the ratio of the ligands (mainly the bpy linker) to the Ag thiolate complex, 

we found that two distinct clusters form, Ag15 and Ag14, each adopting an MOF-like 

structure with specific dimensionality (i.e., 1-D NCF and 2-D NCF, respectively). The three 
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cluster units in 0-D NC, 1-D NCF, and 2-D NCF share notable similarities. In particular, the 

units possess a similar geometrical structure in which the skeletons of cluster cores can 

be considered to be complete or incomplete square gyrobicupolas and the protecting 

ligand shell of each cluster core contains a combination of the thiolate (tBuS−) and 

trifluoroacetate (CF3COO−) ligands as well as coordinated solvent molecules. As the ratio 

of the ligands to the Ag thiolate complex increases (in the presence of bpy linker), clusters 

begin to distort more to accommodate structures of higher connectivity (and thus 

confined spacing). These distortions lead to a sequential loss of a single surface Ag atom 

as the NC adopts one- and two-dimensional assembled networks of Ag15 and Ag14 (1-D 

NCF and 2-D NCF), respectively. All three structures (one silver NC and two cluster-based 

assembled networks) exhibit qualitatively distinct characteristics in photoluminescence 

(PL) and thermal stability. Specifically, higher-dimensional structures show enhanced PL 

and higher thermal stability. 
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Figure 5.1 Schematic representation of the assembly of Ag NCs into 1-D and 2-D 

atomically precise cluster-based frameworks.  

5.2 Experimental Procedures and Characterization Details 

Experimental Procedures: 

Materials. All the following chemicals and solvents were purchased and used without 

further purification: silver nitrate (AgNO3, 99%, Aldrich), silver trifluoroacetate 

(AgCF3COO, 98%, Aldrich), tetraphenylphosphonium chloride (PPh4Cl, 98%, Aldrich), tert-

butyl mercaptan (99%, Aldrich), trimethylamine (99%, pure, ACROS), 4,4′-bipyridine (bpy, 

98%, Aldrich), dichloromethane (DCM, HPLC grade, VWR), methanol (MeOH, HPLC grade, 

VWR), N,N-dimethylformamide (DMF, HPLC grade, Aldrich), and acetonitrile (CH3CN, 

HPLC grade, Aldrich). 

Synthesis of the [Ag−StBu]n Complex. The complex was prepared according to a previously 

reported method85 but with some modifications. First, AgNO3 (3 mmol) was completely 

dissolved in 20 mL of MeOH by sonication. In another vial, tert-butyl mercaptan (3 mmol) 

was dissolved in 10 mL of DCM and directly added to the methanolic solution of AgNO3. 

Then, triethylamine (∼1 mmol) was added quickly to the reaction mixture under stirring. 

The reaction was continued at RT in the dark overnight. The next day, the sample was 

centrifuged at 8000 rpm for 5 min; the white precipitate of the complex was washed at 

least five times with MeOH and then stored under vacuum for further use. 
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Synthesis and Crystallization of 0-D NC. In a glass vial, ∼0.3 mmol of [Ag−StBu]n and ∼0.2 

mmol of AgCF3COO were mixed in 5 mL of CH3CN and stirred for ∼5 min. Then, 4 mL of a 

soluble DMF solution of PPh4Cl (∼0.04 mmol) was immediately added to the reaction 

mixture with stirring, and the reaction was continued for ∼2h at RT. After filtration, the 

filtrate was allowed to evaporate slowly at RT in the dark under ambient conditions. After 

9−12 days, colorless crystals were obtained. The average yield of 0-D NC was 47.8% (based 

on Ag). 

Synthesis and Crystallization of a 1-D NCF and 2-D NCF Mixture. In a glass vial, ∼0.34 mmol 

of [Ag−StBu]n, ∼0.26 mmol of AgCF3COO, and ∼0.38 mmol of bpy were mixed together in 

5 mL of CH3CN with stirring for ∼5 min. Then, 4 mL of a soluble DMF solution of PPh4Cl 

(∼0.06 mmol) was added to the reaction mixture, and the reaction was continued under 

stirring for ∼2 h at RT. The filtrate was then allowed to evaporate slowly at RT in the dark 

under ambient conditions. Large reddish crystals of 1-D NCF in addition to small 2-D NCF 

crystals were obtained after a week of crystallization. The average yield of 1-D NCF was 

35.6% (based on Ag). 

Synthesis and Crystallization of 2-D NCF. In a glass vial, 0.3 mmol of [Ag−StBu]n, 0.2 mmol 

of AgCF3COO, and 0.3 mmol of bpy were mixed together in 5 mL of CH3CN with stirring 

for ∼5 min. Then, 4 mL of a soluble DMF solution of PPh4Cl (0.04 mmol) was added to the 

reaction mixture, and the reaction was continued under stirring for ∼2 h at RT. The filtrate 

was then allowed to evaporate slowly at RT in the dark under ambient conditions. 
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Colorless rodlike crystals were obtained after a week of crystallization. The average yield 

of 2-D NCF was 55.6% (based on Ag). 

Characterization Details: 

Powder X-ray Diffraction (PXRD) 

The PXRD measurements were performed using Bruker D8 Advance diffractometer. The 

configurations for both techniques were identical as follows: 40 KV, 40 mA, Cu Kα 

(wavelength λ = 1.54 Å), Divergence slit: 0.5°, Ni filter, LynxEye one dimensional detector, 

Detector slit: 8mm. 

Thermogravimetric Analysis (TGA) 

TGA measurements were carried out on Netzsch TG 209 F1 Iris thermogravimetric 

analyzer. The thermo-microbalance was operated in a temperature range between 

ambient temperature and ∼700°C with heating rate 10 K⋅min-1 under N2. 

Steady State and Time Resolved Photoluminescence (PL) Spectroscopy 

Steady state and time resolved PL measurements were performed using FluoroMax-4 

spectrometer. Steady state PL measurement a continuous output of 150-W from xenon 

lamp and single grating excitation and emission monochromators having resolution 0.3 

nm, maximum scan seep 80 nms-1, accuracy ±0.5 nm, step size 0.625-100 nm, range 0-

950 nm are used inside spectrometer. A calibrated photodiode (R928P) is used to detect 

the emission photons from the range of 200-850 nm with a linearity of 2⋅1016 counts s-1 
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(<100 dark counts s-1). Time resolved PL measurement, the instrument works on the 

principle of time correlated single photon counting (TCSPC). In the present work, 372 nm 

laser pulses was used as the excitation light sources and a TBX-04 detection module 

coupled with a special Hamamatsu PMT was used for photons detection. The PL decays 

were detected at maxima of the steady state PL curve. All the decay traces were fitted 

using the exponential equation 𝐼𝐼(𝑡𝑡) = ∑ 𝛼𝛼𝑖𝑖𝑛𝑛
𝑖𝑖 𝑒𝑒−𝑡𝑡/𝜏𝜏𝑖𝑖 where, I(t) is the total intensity 

remaining at time t. Where, 𝛼𝛼𝑖𝑖  and τi are the amplitude and decay time of ith component, 

respectively. The average lifetime of the measured samples is calculated using 𝜏𝜏𝑎𝑎𝑎𝑎𝑎𝑎 =

∑ 𝛼𝛼𝑖𝑖𝜏𝜏𝑖𝑖
𝛼𝛼𝑖𝑖

𝑛𝑛
𝑖𝑖  equation. 

Temperature-dependent Photoluminescence (TDPL) 

TDPL measurements were done on the 0-D NC, 1-D NCF, and 2-D NCF crystals using a 

Horiba JY LabRAM Aramis spectrometer with an Olympus 15x NUV lens in a Linkam 

THMS600 stage. A 325 nm laser was used as the excitation source.  

Diffuse-reflectance Absorption Spectroscopy (UV−vis) 

The steady state absorption data was recorded by UV−VIS−NIR CARRY 5000 

spectrophotometer with Praying Mantis diffuse reflectance accessory. The Potassium 

bromide (KBr) was used as internal standard for the baseline calibration. 

Electrospray Ionization Mass Spectrometry (ESI−MS) 
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ESI-MS measurements was carried out using a Bruker MicroTOF-II mass spectrometer on 

the negative-ion mode. Crystals of 0-D NC were dissolved in acetonitrile (CH3CN), then 

the solution was injected into the instrument at a flow rate of 600 μL/h. The spectrometer 

was operated in the mass range of m/z 1000–8000. Other instrumental parameters were 

maintained as follows: capillary voltage: 5 kV, nebulizer gas: 0.2 bar, dry gas: 2.0 L/min, 

and temperature: 100 °C.  

Fourier-transform Infrared Spectroscopy (FTIR) 

FTIR spectra (4000–600 cm-1) were recorded on a Thermo Scientific Nicolet 6700 

apparatus.  

X-ray Photoelectron Spectroscopy (XPS) 

XPS studies were carried out in a Kratos Axis Supra spectrometer equipped with a 

monochromatic Al Kα x-ray source (hν = 1486.6 eV) operating at 150 W, a multichannel 

plate and delay line detector under a vacuum of 1~10−9 mbar . The survey and high-

resolution spectra were collected at fixed analyzer pass energies of 160 eV and 20 eV, 

respectively. Samples were mounted in floating mode in order to avoid differential 

charging. Charge neutralization was required for all samples. Binding energies were 

referenced to the sp3-hybridized (C–C) carbon for the C 1s peak set at 284.8 eV.  

Nuclear Magnetic Resonance Spectroscopy (NMR) 

The 13C NMR spectra were recorded using a Bruker 14 T AVANACIII NMR spectrometer 

resonate at 159.94 MHz equipped with 3.2 mm Bruker triple resonance MAS probe 
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(BrukerBioSpin, Rheinstetten, Germany). The samples were packed evenly into 3.2 mm 

zirconia rotor then the spectra were recorded at RT with 12 kHz and 14 kHz spinning rate 

using cp pulse program with recycle delay time of 5 s. All spectra were referenced using 

adamantine spectrum as external reference, then visually phased and the base lines were 

adjusted manually. Bruker Topspin 3.5pl7 software (Bruker BioSpin, Rheinstetten, 

Germany) was used for data collection and for spectral post processing. 

Density Functional Theory Calculations 

All the molecular geometries of the 0-D NC, 1-D NCF, and 2-D NCF were optimized at the 

hybrid B3LYP level with the Gaussian 09 code (version d.01); the LANL2DZ basis set was 

used for Ag atoms and the 6-31G(d,p) basis set was used to describe H, C, N, O, F, S, and 

Cl atoms. The excitation energies and corresponding oscillator strength were evaluated 

using the time-dependent density functional theory (TDDFT) with the same basis set. The 

dominant optical transitions were analyzed by natural transition orbital (NTO) method.125 

Single Crystal X-ray Diffraction (SCXRD) 

The SCXRD data were collected using a Bruker X8 PROSPECTOR APEX2 CCD diffractometer 

(Mo Kα, λ = 0.71073 Å). Indexings were performed using APEX3 (Difference Vectors 

method).b Data integration and reduction were performed using SaintPlus.c Absorption 

corrections were performed by multi-scan method implemented in SADABS.77 Space 

groups were determined using XPREP implemented in APEX3.b The structures were solved 

using Direct Methods (SHELXS-97) and refined using SHELXL-2018/3 (0-D NC and 1-D NCF) 
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and SHELXL-2014/7 (2-D NCF) (full-matrix least-squares on F2) contained WinGX 

v1.70.01.d, 78-79 

There is significant disorder in each of the crystal structures. A set of restraints and 

constraints was applied to make both geometry and thermal parameters of the 

disordered parts of the structures reasonable. 1,2-Distances in the tBu-groups were 

restrained by DFIX 1.52. In the case of the trifluoroacetate anions, C–O, C–C, C–F and F⋅⋅⋅F 

distances were restrained by DFIX 1.23, DFIX 1.54, DFIX 1.328 and DFIX 2.125, 

respectively. Distances C=O, C–N, N–C, C⋅⋅⋅C and O⋅⋅⋅N were restrained by DFIX 1.23, DFIX 

1.32, DFIX 1.44, DFIX 2.42 and DFIX 2.26, respectively, in the DMF molecules. Planarity of 

the disordered fragments were restrained by FLAT. A set of SIMU/RIGU with different 

levels was applied to thermal parameters of the disordered moieties. EADP constraints 

were applied to either close located pair of atoms or chemically equivalent atoms. ISORs 

with different values were applied to make thermal parameters of organic and solvent 

molecules reasonable in the cases where the problem was not possible to solve as a 

disorder. 

The crystal structure 0-D NC was found to be a 2-component pseudo-merohedral twin 

with a superposition matrix  

�
   1.001 −0.031    0.026
   0.043    1.002    0.008
−0.162 −0.020    0.991

� 
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and a BASF parameter of 0.0060(2). This twinning was taken into account to avoid 

appearance of a negative electron density on Ag14 atom. Distances O–H and H⋅⋅⋅H in the 

water molecule were restrained by DFIX 0.84 and 1.37, respectively. 

In the crystal structure 1-D NCF, a substitutional disorder of the trifluoroacetate F5 and 

the nitrate is observed. Occupancies of the anions were refined first independently and 

then were rounded to ⅔ and ⅓ and fixed. The nitrate anion geometry was restrained by 

DFIX 1.24 and DFIX 2.15 for distances N–O and O⋅⋅⋅O, respectively. There were localized 

water molecules in the structure. It was not possible to localize their H-atoms but the 

reported formula includes them. O2w was refined first isotropically, then the occupancy 

was fixed and the molecule was refined anisotropically. 

In the case of the crystal structure 2-D NCF, 1,2-distances in the disordered pyridine rings 

were restrained by DFIX 1.34 and DFIX 1.39 for the N–C and C–C bonds, respectively. 

Planarity of the disordered pyridine rings and Ag–Npy bond directionality were reached 

with FLAT 0.002. A set of RIGU restraints with different levels was applied to the bpy(A) 

moiety. Contribution of strongly delocalized electron density to the calculated structure 

factors was omitted by the PLATON's SQUEEZE80 procedure. The affected unit cell volume 

(836 Å3) contains 215 electrons (per unit cell). The X-ray crystallographic data for 0-D NC, 

1-D NCF and 2-D NCF have been deposited at the Cambridge Crystallographic Data Centre 

(CCDC), under deposition numbers 1893797, 1893798 and 1893799, respectively. These 

data can be obtained free of charge from the CCDC via www.ccdc.cam.ac.uk. 

http://www.ccdc.cam.ac.uk/
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5.3 Synthesis and Assembly of Silver Nanocluster-based Frameworks 

A zero-dimensional Ag NC (0-D NC) and two Ag NC-based frameworks (1-D NCF and 2-D 

NCF) were synthesized by a chemical reaction of the precursors using a one-pot approach 

(Figure 5.2). The chemical reaction initially occurred between the premade [Ag-StBu]n 

complex with silver trifluoroacetate in CH3CN solvent to produce a homogeneous mixture 

under stirring. Then, a soluble dimethylformamide (DMF) solution of 

tetraphenylphosphonium chloride (PPh4Cl) was added to form the Ag NCs. It is noted that 

the DMF solvent plays a critical role in facilitating the templating effect of Cl-. To facilitate 

the assembly of the Ag clusters into one- and two-dimensional networks (1-D NCF and 2-

D NCF, respectively), bpy was added to the reaction mixture and utilized as an organic 

linker. By applying specific ratios of the precursors, rod-like green-emitting crystals of 2-

D NCF were obtained in high yield. By increasing the ratio of the independent ligands (bpy 

and AgCF3COO precursors) to the Ag thiolate complex, we found that the crystallization 

system tended to grow predominantly large 1-D NCF crystals and small 2-D NCF crystals 

(as a co-product). After the crystallization of the resulting clear solutions of the filtrates 

by slow evaporation at RT, high-quality single crystals suitable for SCXRD were obtained 

after 7-12 days. The crystal structures of 0-D NC, 1-D NCF, and 2-D NCF were studied by 

SCXRD (vide infra).  
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Figure 5.2 Synthesis and assembly of one Ag NC and two NC-based frameworks. 

5.4 Crystal Structures of Silver Nanocluster-based Frameworks 

Single Crystal Structure of 0-D NC:  

[Ag16Cl(StBu)8(CF3COO)7(DMF)4(H2O)]⋅1.5(DMF) (0-D NC). First, a crystal of 0-D NC was 

evaluated by SCXRD. Analysis of the crystallographic data showed that 0-D NC crystallizes 

in the monoclinic space group C2/c (Table 5.1). The structure of 0-D NC is essentially a 

silver cluster with a Ag16 skeleton welded by argentophilic interactions; the Ag16 cluster is 

templated by one enclosed Cl- at the center and forms a distorted square gyrobicupola 

(29th Johnson solid, J29),126 which is a polyhedron with eight triangular and ten distorted 

square faces (Figure 5.3). Among these polygons, each square face is capped by a tBuS- 

ligand (except for the top and bottom faces) with a consistent μ4-η1:η1:η1:η1-ligation mode 

to link four silver ions with Ag–S distances in the range of 2.368(2)–2.598(2) Å (Figure 5.4). 

The skeleton is also protected by seven CF3COO- auxiliary ligands (Figure 5.5). Five of 

those ligands bind to the equatorial plane (octagonal Ag8) of the polyhedron through Ag–

O bonds adopting the μ2-η1:η1 mode (Ag–O: 2.19(3)–2.474(6) Å). The remaining two 
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CF3COO- ligands cap the upper (μ3-η1:η2 mode) and lower (μ2-η1:η1 mode) square faces 

with Ag–O bonds in the ranges of 2.40(1)–2.68(2) and 2.483(8)–2.69(3) Å, respectively. As 

shown in Figure 5.5, the protecting ligand shell also contains four DMF molecules and one 

H2O molecule coordinated in the equatorial plane. In addition, the Ag16 cluster structure 

includes one and a half molecules of the co-crystallized DMF solvents (Figure 5.6).  

Interestingly, within the skeleton, the distances between the central Cl- and peripheral Ag 

atoms, in the range of 2.789(2)–3.608(2) Å, are much longer than those of conventional 

Ag−Cl bonds (approximately 2.6 Å). A similar situation has been observed for alkynyl-

protected silver clusters.102, 127-128 The anion templating effect of Cl- is quite important for 

the assembly of the skeleton structure. It is worth noting that the argentophilic 

interactions also play a crucial role in the stabilization of the silver cluster skeleton. The 

observed Ag···Ag distances range from 2.919(2) to 3.286(2) Å, which are shorter than 

twice the van der Waals radius of silver (3.44 Å), indicating significant argentophilic 

interactions. 

Table 5.1 Crystal data and structure refinement conditions for 0-D NC. 

Empirical formula C62.5H112.5Ag16ClF21N5.5O20.5S8 

Formula weight 3685.92 

Crystal system, space group monoclinic, C2/c 

Unit cell dimensions a = 19.697(1) Å, b = 22.605(1) Å, c = 
49.495(2) Å  

β = 99.406(1)° 

Volume 21741(2) Å3 

Z, calculated density 8, 2.252 Mg m-3 
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F(000) 14208 

Temperature (K) 120.0(1) 

Radiation type, λ Mo Kα, 0.71073 Å 

Absorption coefficient 3.08 mm-1 

Absorption correction Multi-scan 

Max and min transmission 0.746 and 0.617 

Crystal size 0.01 × 0.04 × 0.04 mm 

Shape, color Prism, colorless 

θ range for data collection 1.98–31.90° 

Limiting indices -28 ≤ h ≤ 28, -33 ≤ k ≤ 33, -72 ≤ l ≤ 72 

Reflection collected / unique / 
observed with I > 2σ (I) 

855982 / 36477 (Rint = 0.057) / 34270 

Completeness to θmax = 27 ° 99.8% 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 36477 / 868 / 1524 

Final R indices [I > 2σ(I)] R1 = 0.069, wR2 = 0.168 

Final R indices (all data) R1 = 0.072, wR2 =  0.170 

Weighting scheme [σ2(Fo2) + (0.0559P)2 + 536.8366P]-1* 

Goodness-of-fit 1.17 

Largest diff. peak and hole 4.36 and -3.52 e⋅Å-3 

*P = (Fo2 + 2Fc2)/3 
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Figure 5.3 Geometrical structure of the core of 0-D NC. 

 

Figure 5.4 Top view vs. side view comparison for the core structure of 0-D NC. Color 

legends: Green, silver; yellow, sulfur; purple, chlorine. 

 

Figure 5.5 The crystal structure of 0-D NC which only has Ag16 NC (the disorder is 

omitted for clarity). 
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Figure 5.6 The ORTEP view (30% probability) of the asymmetric unit of the structure 0-D 

NC, [Ag16Cl(StBu)8(CF3COO)7(DMF)4H2O]⋅1.5DMF 

Single Crystal Structure of 1-D NCF:  

[Ag15Cl(StBu)8(CF3COO)5.67(NO3)0.33(bpy)2(DMF)2]⋅4.3(DMF)⋅H2O (1-D NCF). 

Crystallographic data analysis of 1-D NCF showed that its crystal structure contains a Ag15 

NC also templated by Cl- and belongs to the triclinic space group P–1 (Table 5.2). The 

skeleton of the Ag15 cluster core is composed of an incomplete distorted square 

gyrobicupola through the argentophilic interactions, with Ag···Ag bond distances in the 

range of 2.912(1)−3.381(1) Å, due to one missing Ag atom; the polyhedron contains six 

triangular and eight square faces (Figure 5.7). The skeleton is protected by eight tBuS- 

ligands that adopt two types of coordination modes—six adopt the μ4-η1:η1:η1:η1-ligation 

mode and two adopt the μ3-η1:η1:η1-ligation mode—where the Ag–S distances are in the 
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range of 2.338(3)−2.576(2) Å. The structure also features a clear distortion, as shown in 

Figure 5.8. In contrast to the four coordinated DMF molecules in the Ag16 NC (0-D NC), 

only two coordinated DMF molecules were observed in the Ag15 cluster of 1-D NCF (as 

displayed in Figure 5.9). Likewise in the previous structure, the Ag15 is co-protected by 

CF3COO- auxiliary ligands: four of them are coordinated in the equatorial plane in the μ2-

η1:η1 mode with Ag–O distances in the range of 2.299(6)–3.054(8) Å; the ligands are found 

in the upper (μ3-η1:η2 mode) and lower axial positions (μ2-η1:η1 mode) with Ag–O 

distances in the range of 2.450(8)–2.709(7) and 2.399(8)–2.60(2) Å, respectively (Figure 

5.9). The number of CF3COO- auxiliary ligands was also observed to decrease 

proportionally as one Ag atom was lost to balance the charge.  Interestingly, this 

compound is found to contain the substitutional disorder of one auxiliary ligand bonded 

to the equatorial Ag atom, with an occupancy of 0.67 for CF3COO- and 0.33 for NO3-. The 

unanticipated NO3- may be derived from the residual silver nitrate in the [Ag-StBu]n 

complex precursor (Figure 5.10). Finally, each Ag15 cluster is connected to three adjacent 

such clusters through four bpy linkers to form an infinite one-dimensional (1D) ladder-like 

structure. In this structure, dual-cluster units, each consisting of two clusters and two 

juxtaposed bpy monomer pillars, are further combined by single-bpy bridges along the b-

axis only. The dual-cluster unit is inclined relative to the single-bpy bridges at an acute 

angle of approximately 70° (Figure 5.11). 

Table 5.2 Crystal data and structure refinement conditions for 1-D NCF. 

Empirical formula C82.24H134.13Ag15ClF17N10.64O19.64S8 
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Formula weight 3819.17 

Crystal system, space group Triclinic, P-1 

Unit cell dimensions a = 15.009(2) Å, b = 19.593(3) Å, c = 
22.379(3) Å,   

α = 96.761(4)°, β = 101.558(4)°, γ = 
98.432(4)° 

Volume 6304(2) Å3 

Z, calculated density 2, 2.012 Mg m-3 

F(000) 3724 

Temperature (K) 120.0(1) 

Radiation type, λ Mo Kα, 0.71073 Å 

Absorption coefficient 2.51 mm-1 

Absorption correction Multi-scan 

Max and min transmission 0.099 and 0.032 

Crystal size 0.05 × 0.07 × 0.40 mm 

Shape, color Prism, red 

θ range for data collection 1.9–26.7° 

Limiting indices -18 ≤ h ≤ 18, -24 ≤ k ≤ 24, -28 ≤ l ≤ 28 

Reflection collected / unique / 
observed with I > 2σ (I) 

306927 / 26478 (Rint = 0.045) / 24381 

Completeness to θmax = 26.7° 98.9% 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 26478 / 842 / 1791 

Final R indices [I > 2σ(I)] R1 = 0.069, wR2 = 0.170 

Final R indices (all data) R1 = 0.074, wR2 = 0.173 

Weighting scheme [σ2(Fo2) + (0.0616P)2 + 91.5774P]-1* 
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Goodness-of-fit 1.08 

Largest diff. peak and hole 4.24 and -3.01 e⋅Å-3 

*P = (Fo2 + 2Fc2)/3 

 

 

Figure 5.7 Geometrical structure of the core of 1-D NCF. 

 

Figure 5.8 Top view vs. side view comparison for the core structure of 1-D NCF. Color 

legends: green, silver; yellow, sulfur; purple, chlorine. 
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Figure 5.9 The silver cluster node in the structure of 1-D NCF, in which the Ag15 is 

templated with a chloride and protected by 8 thiolate and ~6 trifluoroacetate ligands as 

well as 2 DMF molecules. 

 

Figure 5.10 The ORTEP view (30% probability) of the asymmetric unit of the structure 1-

D NCF, [Ag15Cl(StBu)8(CF3COO)5.67(NO3)0.33(bpy)2(DMF)2]⋅4.3DMF⋅H2O. 
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Figure 5.11 The crystal structure of 1-D NCF (Ag15-NC units connected by bpy in one 

dimension and display a ladder-like shape). 

 

Figure 5.12 Deconstructing of the 1-D NCF crystal structure: A) Ag15 cluster as a 3-c 

trigonal building unit; B) two juxtaposed bpy ligands act as a single ditopic linker; C) one-

dimensional chain in 1-D NCF reveals a ladder topology shown in an augmented form. 

Ag, S, N and C are represented by green, yellow, blue and gray, respectively. 

Trifluoroacetate anions, tert-butyl groups and H atoms are omitted for clarity. 
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Single Crystal Structure of 2-D NCF:  

[Ag14Cl(StBu)8(CF3COO)5(bpy)2(DMF)]⋅2(DMF) (2-D NCF). Crystallizing in the triclinic space 

group P–1 (Table 5.3), 2-D NCF is formed by a Ag14 cluster that, similarly to 0-D NC and 1-

D NCF, is also assembled by a templating chloride. The Ag14 skeleton is considered an 

incomplete square gyrobicupola and assembles into a two-dimensional structure of 

networked Ag14 cluster nodes (Figures 5.13 and 5.14). Because two of the original 16 Ag 

atoms are missing, the Ag14 skeleton features only four triangular and six square faces 

constructed via sparse argentophilic interactions (Ag···Ag distances in the range of 

2.890(1)–3.4072(8) Å) and is co-protected by eight tBuS- ligands, five CF3COO- auxiliary 

ligands, and only one coordinated DMF molecule (Figure 5.15). We found that the eight 

tBuS- ligands adopt two types of coordination modes: four adopt the μ4-η1:η1:η1:η1-

ligation mode, and the other four adopt the μ3-η1:η1:η1-ligation mode. The range of Ag–S 

distances is 2.34(2)–2.558(2) Å. The five CF3COO- ligands can also be classified into two 

groups. Similarly to the structures described above, the equatorial and one axial CF3COO- 

ligands are coordinated in the μ2-η1:η1 mode, while the second axial ligand is coordinated 

in the μ3-η1:η2-ligation mode. The Ag–O distances range from 2.288(6) to 2.93(1) Å. 

Furthermore, each Ag14 cluster coordinates to four bpy linkers. Consequently, two 

clusters and two parallel bpy linkers are employed to construct a dual-cluster unit similar 

to that in 1-D NCF. Each dual-cluster unit is further connected to four others in the upper 

and lower rows by single-bpy bridges to form a 2D framework, in which the Ag14 clusters 

are regarded as the nodes of the 2D framework (Figure 5.16). In other words, two of the 
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Ag14 clusters are directed towards the same neighbor, forming a “dual-cluster unit”, as 

observed in 1-D NCF. From a topological point of view, the two linkers there act as one 

edge (Figure 5.17 B). Since the next two bpy spacers are directed toward different Ag14 

clusters, two-dimensional framework formation is observed, where each Ag14 cluster is a 

3-c node and the entire two-dimensional framework is a 3-c, 2-periodic edge transitive 

net called hcb (Figure 5.17 C). Finally, the adjacent 2D layers are further extended into a 

3D supramolecular structure via weak hydrogen bonds between the terminal t-butyl and 

trifluoromethyl groups on the surface of the adjacent layers (Figure 5.18). The layers are 

slightly offset with respect to each other; thus, two types of channels in the 2-D NCF 

crystal structure are observed: the channels oriented along the direction [1 -1 0] are 

parallel to the layers, whereas the channels oriented along the crystallographic a-axis 

penetrates them. Two non-coordinated DMF molecules were localized in the channels, 

and the contribution of the significantly delocalized electron density was excluded from 

the refinement by the PLATON SQUEEZE80 procedure. 

Table 5.3 Crystal data and structure refinement conditions for 2-D NCF. 

Empirical formula C71H109Ag14ClF15N7O13S8 

Formula weight 3355.76 

Crystal system, space group Triclinic, P-1 

Unit cell dimensions a = 14.871(1) Å, b = 15.265(1) Å, c = 
31.209(3) Å,  α = 76.925(2)°, β = 
88.638(2)°, γ = 61.957(2)° 

Volume 6062.3(8) Å3 

Z, calculated density 2, 1.838 Mg m-3 
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F(000) 3252 

Temperature (K) 100.0(1) 

Radiation type, λ Mo Kα, 0.71073 Å 

Absorption coefficient 2.43 mm-1 

Absorption correction Multi-scan 

Max and min transmission 0.081 and 0.043 

Crystal size 0.12 × 0.15 × 0.36 mm 

Shape, color Rod, colorless 

θ range for data collection 2.0–26.7° 

Limiting indices -18 ≤ h ≤ 18, -19 ≤ k ≤ 18, -39 ≤ l ≤ 35 

Reflection collected / unique / 
observed with I > 2σ (I) 

93317 / 25630 (Rint = 0.040) / 21965 

Completeness to θmax = 26.7° 99.5% 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 25630 / 1119 / 1625 

Final R indices [I > 2σ(I)] R1 = 0.062, wR2 = 0.145 

Final R indices (all data) R1 = 0.070, wR2 = 0.150 

Weighting scheme [σ2(Fo2) + (0.0458P)2 + 50.2576P]-1* 

Goodness-of-fit 1.03 

Largest diff. peak and hole 4.61 and -2.48 e⋅Å-3 

*P = (Fo2 + 2Fc2)/3 
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Figure 5.13 Geometrical structure of the core of 2-D NCF. 

 

Figure 5.14 Top view vs. side view comparison for the core structure of 2-D NCF.  
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Figure 5.15 The silver cluster node in the structure of 2-D NCF, in which the Ag14 is 

templated by chloride and protected 8 thiolate and 5 trifluoroacetate ligands as well as 

a DMF molecule. 

 

Figure 5.16 The crystal structure of 2-D NCF (Ag14-NC units connected by bpy linker in 

two dimensions to display a 2D network). 
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Figure 5.17 Deconstructing of the 2-D NCF crystal structure: A) Ag14 cluster as a 3-c 

trigonal building unit; B) two juxtaposed bpy ligands act as a single ditopic linker; 

C) fragment of two-dimensional layer (left) as 3-c, 2-periodic edge transitive hcb-a net 

(center) and idealized hcb-a net (right). Ag, S, N and C are represented by green, yellow, 

blue and gray, respectively. Trifluoroacetate anions, tert-butyl groups and H atoms are 

omitted for clarity.   
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Figure 5.18 The stacking pattern of the 2-D NCF structure showing the 2D layers 

perpendicular to the a-axis and the connected cluster nodes lay on the bc plane. 

 

Figure 5.19 The ORTEP view (30% probability) of the asymmetric unit of the structure 2-

D NCF, [Ag14Cl(StBu)8(CF3COO)5(bpy)2(DMF)2]⋅2DMF. 
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5.5 Optical Properties of Silver Nanocluster-based Frameworks 

The UV−vis Absorption Spectra of 0-D NC, 1-D NCF, and 2-D NCF:  

We measured the linear optical absorption spectra of 0-D NC in solution and solid-state 

(Figure 5.20). Crystals of 0-D NC display a clear absorption band in the UV region (~200-

350 nm), as shown in Figure 5.20 (top). Crystals of 1-D NCF and 2-D NCF also exhibit 

absorption bands in the UV region, but both show an additional shoulder peak at ~420 

nm (Figures 5.21 and 5.22). This shoulder is only observed for 1-D NCF and 2-D NCF, 

possibly due to residual solvent (DMF molecules) within the networked cluster nodes, as 

the shoulder peak becomes less intense (or nearly disappears) with more efficient drying 

of the crystals. 
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Figure 5.20 UV−vis absorption spectrum of 0-D NC crystals (top) using the diffuse-

reflectance mode at RT (~298 K). UV−vis absorption spectrum of 0-D NC dissolved in 

CH3CN at RT (bottom). 

 

Figure 5.21 UV−vis absorption spectrum of 1-D NCF crystals at RT.    
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Figure 5.22 UV−vis absorption of 2-D NCF crystals at RT. 

The Photoluminescence Spectra of 0-D NC, 1-D NCF, and 2-D NCF: 

Crystals of 2-D NCF exhibit clear green emission at ~530 nm with excitation at 365 nm at 

RT (~298 K) under ambient conditions (Figure 5.23). In contrast, the emissions of 0-D NC 

and 1-D NCF at RT are not visually detectable; indeed, we could not observe any steady-

state PL under UV light (365 nm). Nevertheless, we were able to detect weak emissions 

of 0-D NC and 1-D NCF at lower temperatures using temperature-dependent 

photoluminescence (TDPL). The maximum emission wavelength of the TDPL of 0-D NC 

occurs at ~535 nm, with no notable spectral shift with varying temperature; the spectrum 

also shows a shoulder peak at ~430 nm (Figure 5.24). We observed a clear, systematic 

decrease in the 0-D NC emission intensity with increasing temperature. 1-D NCF crystals 
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display similar emission spectra as 0-D NC crystals, exhibiting the same emission at ~535 

nm, with no clear shift with changing temperature, and the shoulder peak (~430 nm) is 

also observed (Figure 5.25). However, 0-D NC crystals show sensitivity to UV light; 

specifically, a change in color is observed as a result of degradation induced by UV light 

at excitation wavelength 365 nm (Figure S1).  

 

Figure 5.23 Steady-state PL spectrum of 2-D NCF crystals measured at RT (~298 K). Note 

that the emission was obtained under 365 nm excitation wavelength. 



115 
 

 

Figure 5.24 TDPL of 0-D NC crystals with excitation wavelength at 325 nm as a function 

of temperature. 

 

Figure 5.25 TDPL of 1-D NCF crystals with excitation wavelength at 325 nm as a function 

of temperature. 
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We also examined the TDPL of 2-D NCF crystals, which exhibit distinctly stronger emission, 

as shown in Figure 5.26. A systematic spectral red shift was observed with an increase in 

temperature from 77 K to RT, with the emission wavelength varying from ~511 to 540 nm 

under excitation at 325 nm. Furthermore, given the appreciable PL signal of 2-D NCF 

crystals, a PL lifetime of 0.32 µs was measurable (excitation at 372 nm), which may 

originate from the radiative recombination of the excited triplet state (Figure 5.27).115, 118 

The results of the optical investigation of the three species (0-D NC, 1-D NCF and 2-D NCF) 

clearly show that 2-D NCF, which possesses the highest dimensionality among the three 

structures, displays enhanced PL properties. Such PL enhancement could be attributed to 

the linker-to-cluster charge-transfer state as explained from DFT calculations (vide infra). 

 

Figure 5.26 Normalized TDPL spectra of the 2-D NCF crystals with the excitation 

wavelength 325 nm as a function of temperature. 
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Figure 5.27 The time-resolved PL decay trace of 2-D NCF crystals monitored at 532 nm 

after 372 nm laser excitation at RT. 

5.6 Computational Analysis of the Optical and Electronic Properties 

DFT Calculations: 

 We performed time-dependent density functional theory (TDDFT) calculations to study 

the major optical transitions of 0-D NC, 1-D NCF and 2-D NCF. Overall, our calculated 

optical transition wavelengths and oscillator strengths are in reasonably good match with 

the experimental absorption spectra. As shown in Figure 5.28, for 0-D NC, most 

absorption peaks with a large oscillator strength (S1, S2, S4, and S8) can be assigned to the 

electronic transitions of a “hole” delocalized in the Ag16 cluster to the “particle” localized 

partially in the cluster core using natural transition orbital (NTO) analysis. However, for 

both 1-D NCF and 2-D NCF, the excitation induced by light irradiation can effectively shift 
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the electronic distribution from the hole/particle localized in organic linkers to the 

delocalized particle/hole in the cluster core. In contrast to the cluster-to-linker feature of 

the S1 → S0 transition in 1-D NCF, the enhanced PL intensity observed for 2-D NCF could 

be attributed to linker-to-cluster charge-transfer excitation. 

 

Figure 5.28 Experimental absorption spectra (solid black lines) with calculated optical 

transition wavelengths and oscillator strengths (vertical lines) using TDDFT method and 

the dominant natural transition orbital (NTO) hole and particle pairs (isovalue = 0.02 e⋅Å-

3) for the main singlet excited states of (A) 0-D NC, (B) 1-D NCF, and (C) 2-D NCF. 



119 
 

5.7 Other Characterizations 

Powder X-ray Diffraction (PXRD): 

PXRD measurements confirmed the crystallinity and phase purity of the three structures 

based on the agreement between the experimental and simulated spectra (Figure 5.29). 
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Figure 5.29 Comparisons between the experimental and simulated PXRD patterns of the 

0-D NC, 1-D NCF, and 2-D NCF. The broadening in the experimental 2-D NCF spectrum at 

higher angles (i.e., between ~15-25 degrees) is likely due to some remaining DMF 

solvents. 

Thermogravimetric Analysis (TGA): 

TGA measurements were conducted to monitor the thermal stability of the three 

structures. As shown in Figure 5.30, the main weight loss for 0-D NC occurs at ~124 oC. 

This loss corresponds to the complete decomposition of the building blocks of Ag16 

clusters. The TGA of 1-D NCF showed a large drop corresponding to the main loss of mass 

at ~150 oC. We found that less distinct weight loss occurs at low temperatures for better 

air-dried samples; therefore, the initial loss is due to residual DMF solvents. The main loss 

most likely corresponds to the complete decomposition of the Ag cluster-building units. 

In 2-D NCF, similar TGA behavior was observed, but the main loss occurred at ~160 oC, 

which indicates that the structure is more robust. Thus, the TGA results indicate a clear 
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improvement in thermal stability and robustness with increasing dimensionality from 0-

D NC to 2-D NCF.  

 

Figure 5.30 TGA curves of 0-D NC, 1-D NCF and 2-D NCF. 

Fourier Transform Infrared Spectroscopy (FTIR): 

FTIR measurements were performed on powder samples. The broad peak around 3400 

cm-1 in the 0-D NC spectrum is assigned to the OH stretching vibration of water molecule 

(which confirms the coordinated H2O in 0-D NC only). However, the peak between 2800 

and 3000 cm-1 is observed in all structures—0-D NC, 1-D NCF, and 2-D NCF—and 

corresponds to the terminal C–H of tert-butyl functional group in the thiolate ligand. The 

obtained sharp peak at ∼1640 cm−1 is observed in all three structures and is assigned to 

the C=O stretching vibration of the DMF molecules in the crystal structures. In addition, 

an extra shoulder peak at ∼1595 cm−1 is observed only in 1-D NCF and 2-D NCF, which 

can be assigned to the C–N stretching vibration from the bpy linker (Figure 5.31). 
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Figure 5.31 FTIR spectra of 0-D NC, 1-D NCF, and 2-D NCF. 
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X-ray Photoelectron Spectroscopy (XPS):  

XPS was performed to characterize the chemical composition of the surface of a 2-D NCF 

crystal sample and to determine the oxidation state of chlorine. The survey spectrum of 

the 2-D NCF crystal sample shows that Ag, S, F, Cl, O and C were detected (Figure 5.32).  

The high-resolution XPS spectrum of the Cl 2p core level was obtained from the 2-D NCF 

crystal sample. The Cl 2p region shows one doublet positioned at 198.2 eV and 199.8 eV 

corresponding to the Cl 2p3/2 and Cl 2p1/2 spin–orbit split components, respectively (Figure 

5.33, top). For comparison, the high-resolution XPS spectrum of the Cl 2p core level was 

obtained from the PPh4Cl precursor. The Cl 2p region shows one doublet situated at 196.2 

eV and 197.8 eV corresponding to the Cl 2p3/2 and Cl 2p1/2 spin–orbit split components, 

respectively (Figure 5.33, bottom). These binding energies correspond to the ionic form 

of free chlorine (Cl-) in PPh4Cl.129   The shift in the Cl 2p3/2 component from low binding 

energy at 196.2 eV for the PPh4Cl precursor to high binding energy at 198.2 eV for the 2-

D NCF crystal sample indicates that Cl- interacts strongly with the silver skeleton around 

it in the 2-D NCF crystal compared with the free Cl- ions in PPh4Cl. 
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Figure 5.32 XPS survey spectrum of a crystal of 2-D NCF. 

 

Figure 5.33 High-resolution XPS spectrum of Cl 2p core level of the 2-D NCF crystal 

sample (top) and of PPh4Cl precursor (bottom). 
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Electrospray Ionization Mass Spectrometry (ESI-MS): 

In addition, to further corroborate the molecular formula and purity of 0-D NC, ESI-MS 

measurements were performed on the crystals of 0-D NC dissolved in CH3CN solvent (as 

shown in Figure 5.34). The assignments of the mass peaks demonstrate a clear match 

between isotopic patterns of the experimental and simulated mass spectra (Figure 5.34, 

a−c). The deduced molecular formula from ESI-MS is in good agreement with the crystal 

structure obtained by SCXRD. 

 

Figure 5.34 The negative-ion mode ESI-MS of the 0-D NC crystals dissolved in CH3CN. 

The three figures (a, b, and c) are the comparison of the experimental (black) and 

simulated (red) isotopic patterns for the labeled mass peaks, respectively. 
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ESI-MS spectrum shows only two main fragments of the original cluster, in which they 

display matching of the isotopic patterns in the experimental and simulated spectra. As 

shown in the upper left figure, only three peaks with the charge state of −1 in the m/z 

range of 3170−3580 were observed (there is no any other obvious fragment or adduct in 

the range of less than 3170 or large than 3580 m/z). Based on the crystallographic results, 

the composition of the 0-D NC cluster unit is [Ag16Cl(tBuS)8(CF3CO2)7(DMF)4H2O]. 

Therefore, these three peaks (a, b, and c) can be assigned as follows: 

• a, {[Ag16Cl(tBuS)8(CF3CO2)7(DMF)4H2O]−tBuSAg+CF3CO2Ag−H+}−1; 

• b, {[Ag16Cl(tBuS)8(CF3CO2)7(DMF)4H2O]−tBuSAg−H+}−1; 

• c, {[Ag16Cl(tBuS)8(CF3CO2)7(DMF)4H2O]−tBuSAg−CF3CO2Ag−H+}−1. 

These three peaks arise from the loss of tBuSAg or/and CF3CO2Ag and H+ from the original 

cluster unit as well as the ligand exchange between CF3CO2Ag and tBuSAg. The above 

results clearly demonstrate that the 0-D NC can maintain the original composition identity 

of its basic skeleton structure in the CH3CN solvent. These three species with 16 Ag atoms 

in (a), 15 Ag atoms in (b), and 14 Ag atoms in (c) seem to further imply that the Ag16, Ag15 

and Ag14 cluster units are closely related in the structure. 

Solid-state 13C Nuclear Magnetic Resonance (NMR) Spectroscopy: 

Consistent with the SCXRD results, solid-state 13C NMR spectroscopy was also performed 

for the crystals of 0-D NC, 1-D NCF, and 2-D NCF. Different DMF-CH3 peaks were observed 

at 31.16 and 32.22 ppm and at 45.99 and 47.91 ppm, which were associated with the 
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bonded-DMF and free-DMF environments, respectively. Moreover, the carbonyl C peak 

was observed to split into two peaks at 161.74 ppm due to free DMF molecules and 

formed one extra peak at 165.34 due to coordinated DMF. Because of F−C coupling, the 

CF3 peak split into different lines at 114.68, 116.59, 118.71, and 122.25 ppm, while a peak 

attributed to COOAg was observed at 159.82 ppm. The strong peak observed at 36.88 

ppm was assigned to methyl groups of tBuS−, and a quaternary carbon peak appeared at 

51.09 ppm. A comparison of the 0-D NC spectrum with the 1-D NCF and 2-D NCF spectra 

shows extra peaks in the aromatic region (122.31, 146.26, and 151.56 ppm), which can 

be assigned to the aromatic peaks of the bpy linker (Figure 5.35).130  
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Figure 5.35 (a) Solid-state 13C NMR spectrum of 2-D NCF crystals with the values of 

chemical shifts. (b) For comparison, stack plot of solid-state 13C NMR spectra of 1) 0-D 

NC, 2) 1-D NCF, and 3) 2-D NCF crystals. 
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Thermal Stability of Silver Nanocluster-based Frameworks: 

In addition to the TGA results, we evaluated the thermal stability of NCFs through 

monitoring the PL retention and recovery (from 0 to 100 °C). The data show that 2-D NCF 

has retained most of its PL, indicating that 2-D NCF is more thermally stable than 1-D NCF 

(Figure 5.36). 

 

Figure 5.36 The plot (PL intensity vs temperature) of TDPL measurements of 1-D NCF (a) 

and 2-NCF (b) upon heating to 100 oC and then cooling to 0 oC. The data suggests that 2-

D NCF is more thermally stable than 1-D NCF, as 2-D NCF retains better its PL. 

5.8 Summary 

To conclude, we reported three novel structures of atomically precise chloride-templated 

Ag(I) thiolate nanoclusters and nanocluster-based frameworks (0-D NC, 1-D NCF, and 2-D 

NCF). By employing four main reaction levers (Cl- anion template, DMF solvent, bpy linker, 

(a) (b)
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and reactant/precursor ratio), we successfully achieved the controlled assembly of a well-

defined zero-dimensional Ag16 cluster (0-D NC) and two cluster-based assembled 

frameworks, Ag15 (1-D NCF) and Ag14 (2-D NCF) with atomic-level control over cluster size 

and dimensionality. In our synthetic approach, two of which form one- and two-

dimensional structural frameworks composed of bipyridine-linked nanocluster nodes 

(referred to as nanocluster-based frameworks, NCFs). 

We described the critical role of the chloride (Cl−) template in controlling the 

nanocluster’s nuclearity with atomic precision and the effect of a single Ag atom 

difference in the nanocluster’s size in controlling the NCF dimensionality, modulating the 

optical properties, and improving the thermal stability. So that, the change in 

dimensionality offers a distinct way to tune the optical and PL properties (as well as to 

improve the thermal stability) of NCFs.  

This study paves the way for synthesizing new functional nanomaterials of cluster-based 

MOFs with full atomic precision and utilizing their tunable properties for a wide range of 

potential applications. We think that with atomically precise assembly and size control, 

NCs could be widely adopted as building blocks for the construction of tunable cluster-

based framework materials. 
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Chapter 6 

Conclusions and Future Directions 

As detailed in this dissertation, we have developed and explored atomically precise Ag 

NCs and their fundamental optical and electronic properties. The studies performed in 

this dissertation are divided into two main parts. In the first part, we designed a synthetic 

strategy by engineering the structure of the organic capping co-ligands (by designing a 

mixture of phosphines and thiols) to successfully generate the highly anisotropic box-like 

Ag67 NC. In particular, we described the synthesis and full crystal structure of this 

remarkable box-like NC and its novel absorption spectrum, which shows multiple sharp 

peaks. The cluster, whose molecular formula was determined to be 

[Ag67(SPhMe2)32(PPh3)8]3+ by SCXRD and ESI-MS, provides novel insights into the unknown 

structures that silver can adopt. The NC possesses an Ag23 core with an unprecedented 

centered cuboctahedron, in sharp contrast to previously reported NCs, in which only 

dodecahedral and icosahedral symmetries were thought to be possible. The surface of 

the cluster is also protected by a new type of distinct motif—a previously unknown 

bridging thiol staple. Importantly, we have shown through theoretical modeling that the 

electronic structure of this box-shaped cluster resembles a jellium box model with 32 free 

electrons, a situation that is quite unique and rarely observed for a silver cluster system. 

The ligand engineering approach for silver NCs with co-ligands and the resulting large 

anisotropic NC that we have described is a ground-breaking step for the field of NCs, 

paving the way for utilizing shape as a new degree of freedom to tailor the properties of 



132 
 

NCs. In addition, the successful synthesis of the large box-shaped Ag67 NC facilitated by 

the combined use of phosphine and thiol paves the way for synthesizing other metal 

clusters with new sizes and unprecedented shapes by judicious choice of thiol and 

phosphine co-ligands. 

In the second part of this dissertation, we developed a new approach for the assembly of 

atomically precise Ag NCs into 1D and 2D NC-based frameworks (assembled networks) 

with precise control over their cluster size and dimensionality; therein, we discovered and 

reported three unique crystal structures: a chloride-templated Ag thiolate NC and two 

NC-based frameworks (referred to as 0-D NC, 1-D NCF, and 2-D NCF, respectively). All 

three structures exhibit a similar square gyrobicupola geometry of the cluster building 

block with only a single Ag atom difference. As all three structures have the same 

protecting ligands, and 1-D NCF and 2-D NCF share the same organic linker (bpy), the 

effect of cluster size on dimensionality was observed to be as follows: each time the 

cluster lost a single Ag atom, the dimensionality of the framework increased from 0D to 

1D and then finally 2D. Our approach represents a new synthetic strategy for changing 

dimensionality (0D→1D→2D) as a consequence of changing cluster size 

(Ag16→Ag15→Ag14); moreover, this approach reveals the effect of dimensionality on the 

observed enhancements in photoluminescence and thermal stability, which are 

concomitant to the increase in dimensionality. Also, the optical and electronic properties 

were studied experimentally and theoretically (by TDDFT calculations). Furthermore, the 

results of other characterization measurements shed light on the differences between 
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the three structures in terms of thermal stability and PL properties. We foresee that our 

methodology will be very useful as a general synthetic approach for constructing 

atomically precise metal-cluster-based frameworks with different cluster sizes and 

controllable dimensionalities and, consequently, for achieving highly precise control over 

the tuning of their properties (e.g., optical, electronic and catalytic properties). 

For the future direction of further research work, we want to focus our efforts on the 

atomically precise assembly of Ag-NC building blocks into structures of higher 

dimensionality (i.e., three-dimensional NC-based frameworks, 3-D NCFs), 3-D NCFs are 

expected to be highly attractive as novel porous NC-based MOF-like assembled materials 

with highly enhanced optical properties and improved stability. Indeed, the ability to 

control NC size to establish functional organically linked NC-based nodes with unique 

geometries, which have significant effects on the resulting properties (such  as porosity, 

catalytic activity, and PL), is a highly exciting direction for future in-depth study. To this 

end, we plan to utilize this approach further using various functional organic linkers in 

conjunction with anion templates for obtaining atomically precise NC-based frameworks 

with higher dimensionality.  

It is worth noting that there is a large number of organic linkers that can be used, which 

would help to increase the diversity of the formed extended structures of cluster-based 

frameworks. For example, carboxylate-terminated ligands and other pyridyl-type ligands 

can be explored as organic linkers for the assembly of Ag NC-based frameworks with 

various dimensionalities. Also, many inorganic anions can be utilized as anion templates 
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for the syntheses of anion-templated Ag NCs. For instance, halide-templates (e.g., Cl-, Br-

, or I-) and polyoxometalates (POMs) are worthy candidates for the formation of high-

nuclearity of Ag NCs.123 The anion template is believed to play a crucial role in controlling 

the NC size, as well as in designing and stabilizing organically linked cluster-based 

frameworks. In contrast to the previous reports, our reported work displays that the 

chloride template not only helps to alter and enlarge the cluster size, but also leads to the 

formation of a unique geometry (i.e., square gyrobicupola) with simultaneous control 

over the framework dimensionality (when applied in unison with the bpy organic linker). 

This finding highlights the new guiding role of these two synergistic factors (anion 

template when used in conjunction with a suitable organic linker). It is worth mentioning 

that the use of an organic linker to connect anion-templated Ag thiolate clusters has 

reported here for the first time (1-D NCF and 2-D NCF).  

Finally, our synthetic approach of NCFs shows a novel way to construct atomically precise 

silver NC-based frameworks with controllable sizes and different dimensionalities; 

consequently, the findings open an avenue to the precise tuning of their properties (such 

as the PL and electronic properties). So that, the judicious choice of the combination of a 

functional anion template with a suitable organic linker has facilitated the construction of 

silver nanocluster-based frameworks that show unique structures with controllable size 

and dimensionality at the atomic level.  
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APPENDICES 

Appendix A Supporting Information (Additional Figures)  

 

Figure S1. Images of optical microscopy of 0-D crystals. The 0-D crystals have shown 

transparent color, which is the original color of 0-D crystals (left). The color change of 

the 0-D crystals after UV irradiation (with excitation wavelength 365 nm) for few 

minutes (right).  

Appendix B Supporting Information (Additional References of 

Crystallographic Softwares)  

(a) APEX2. Bruker AXS Inc, Madison, Wisconsin, USA, 2014. 

(b) APEX3. Bruker AXS Inc, Madison, Wisconsin, USA, 2015. 

(c) SAINT Plus. Bruker AXS. Inc, Madison, Wisconsin, USA, 2015. 

(d) SHELXS-97, Program for Crystal Structure Solution, University of Göttingen, 

Germany, 1997.  
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