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Abstract 

Bio-compatible, nontoxic colloidal quantum dots with absorption/emission properties 

in the second near-infrared region (NIR-II, 1000-1400) are highly desirable for optical 

imaging and biosensing due to superior signal-to-noise ratio in the wavelength window. 

Highly aqueous stable silver chalcogenide quantum dots offer a non-toxic and stable 

alternative to existing Pd, As, Hg and Cd-based NIR-II colloidal quantum dots (CQDs). 

The thesis focuses on QDs emitting in NIR-II emission windows with Ag2X (X=S, Se) 

CQDs using thio/selenourea precursors and their analogues. Structure-reactivity study 

with substituted precursor (H, p–Me, p–OMe, p–I, and p–NO2 revealed a linear 

Hammett relationship. In particular, larger Ag2S NCs were formed in the presence of 

an electron-withdrawing group (EWG), such as p-OMe, whereas smaller-sized NCs 

were obtained with an electron-donating group (EDG), like p-NO2. These colloidal 

quantum dots (size < 5 nm) are then aqueous phase transferred with high retention of 

fluorescence quantum yield (~up to 93 %) and colloidal stability (~ 1 month). In 

addition, Ag2S/ZnS core-shell NCs were also synthesized through the use of substituted 

thiourea as a sulfur source. The PL QY from 6.2% to 9.3% upon coating with a ZnS 

shell (thickness ~0.3 nm). The resulting aqueous core/shell NCs displayed enhanced 

photostability under blue-LED for up to 2 hours, and remained colloidal stable for 

approximately 48 days. Finally, these Ag2S QDs in an aqueous medium were 

functionalized using Gd-complex containing a thiol terminal group. A multimodal NIR-

II/MRI contrast agent was prepared which showed tunable fluorescence (QY~5-6%) in 

NIR-II region and exhibited increase in MRI T1 relaxivity of water (407-990 mM−1 s−1 

per QD).  
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Aims and objectives 

 

1. To develop colloidal synthetic methods for NIR-II emitting QDs containing less 

toxic constituent elements. 

2. To study reactivity of the precursor to QDs, nucleation and growth of NCs 

formation and their effect on size distribution and size tunability. 

3. To study optical and colloidal stability of the QDs in aqueous medium. 

4. Bio-functionalisation and its application. 

 

 

 

 

 

 

 

 

 

 

 



 

3 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Chapter I 
 

 

General Introduction and Literature Review 

 

 

 

 
 

 



 

4 
 

 

1.1. Introduction to Colloidal Quantum Dots 

The small, quasi-spherical inorganic semiconductor nanocrystals (NCs), also known as 

quantum dots (QDs) or Colloidal Quantum Dots (CQDs), measure approximately 1-10 

nm in size and are typically synthesized and stabilized in colloidal form.1 These QDs 

exhibit unique size-dependent optical and electrical properties due to the confinement 

of electron-hole wave functions in three dimensions. They are commonly composed of 

single-element substances, such as Si or Ge, or binary compounds formed from 

elements in groups II-VI (CdSe, CdTe, CdS, ZnO, ZnS, etc.), III-V (InP, GaAs), I-VI 

(Ag2S, Ag2Se, Ag2Te), or IV-VI (PbS, PbSe). QDs have a multitude of technological 

applications, and their success in synthesis is directly linked to the precise control of 

synthetic schemes. This formation process typically results from a chemical reaction in 

which precursor molecules or ions undergo conversion, followed by nucleation and 

growth phases. QDs, which are larger than atoms but smaller than bulk solids, possess 

unique properties due to their size, falling within a range that is too big to display 

behavior characteristic of atoms or molecules, but too small to exhibit characteristics 

of bulk solids. It is worth mentioning that these materials are too large to behave like 

atoms or molecules and too small to act as bulk solids. A defining characteristic of these 

materials is that they have a high concentration of atoms on the surface or at the 

interface. The unique optoelectronic properties of QDs are attributed to the quantum 

confinement effect, where the size of the dots is smaller than the Bohr exciton radius, 

resulting in different properties than those of bulk materials.2–6  
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Figure 1.1: The Structure and Properties of QDs (a) A Core-Shell QD Cartoon 

Illustration and the Lattice Structure of CdSe and ZnS and (b) Photograph and 

Photoluminescence of QDs Samples with Different Diameters under Ultraviolet 

Illumination Demonstrating Size-Tunable Emission. Adapted with permission from 

Algar et al. Copyright 2011, American Chemical Society.7 

Various techniques have been developed for producing high-quality NCs, including hot 

injection,8 heat-up,9  cation exchange,10 and seeded growth method.11 The hot injection 

method is primarily utilized for synthesizing QDs as it is a dynamic and straightforward 

process. The procedure involves introducing a cold solution of one ionic precursor into 

a hot mixture of the coordinating solvent and the other ionic precursors, causing a burst 

of nucleation due to the sudden availability of monomers at high temperatures. The 

formation of additional nuclei is prevented as the monomer concentration quickly drops 

below the nucleation threshold. This time-based separation between nucleation and 

growth allows for the synthesis of NCs. The heat-up method has also been widely used 

as it allows for large-scale production with low batch-to-batch variations.9 In this 

technique, all the reactants are added to a single vessel and heated to the desired 

temperature for nucleation and growth. However, the distinction between nucleation and 

growth can be challenging in heat-up reactions, leading to Ostwald ripening.12 
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Therefore, careful selection of precursors, stabilizers, and heating rates is essential to 

achieve monodisperse NCs. 

 
Figure 1.2: Nucleation and growth of semiconductor nanocrystals; (a) Schematic 

diagram of a colloidal semiconductor nanocrystal; (b) Classical nucleation theory has 

shown using a plot of Gibbs free energy against the radius of the nucleus; (d) Plot of 

concentration against time showing the La Mer model for burst nucleation; and (e) 

Schematic diagram showing the process of Ostwald ripening.12  

Additionally, the presence of stabilizers such as ligands or surfactants can result in the 

synthesis of NCs with unique morphologies. This can be understood by examining the 

synthesis of anisotropic CdSe nanostructures. Due to varying chemical properties 

among the facets of wurtzite CdSe, different ligands exhibit a preference for binding to 

specific crystal facets. For example, phosphonic acid ligands bind more readily to non-
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polar facets, promoting growth in a specific direction. On the other hand, the use of 

oleic acid as the ligand results in the formation of two-dimensional CdSe sheets.13  

1.2. QDs in Biology 

QDs have significant potential in the field of bio-imaging due to their exceptional light 

absorption and emission properties.14,15 The wavelength of both emission and 

absorption is determined by the size and shape of the quantum-confined colloidal NCs. 

Additionally, the surface ligands can be altered to possess specific functionalities. 

Despite the benefits of QDs, their initial synthesis often involves non-biocompatible 

surface-bound organic non-polar ligands, requiring surface modification to make them 

suitable for biological applications. Surface modification through ligand exchange was 

first reported by Rosenthal et al. in 2002, but this method resulted in decreased 

fluorescence.15 However, the exchange of ligands led to a significant decrease in 

fluorescent emission, reducing it from 38% to nearly 8%. To mitigate this issue, an 

amphiphilic polymer was utilized instead of encapsulating the non-polar ligands. This 

allowed the polar reactive groups to remain exposed on the surface while avoiding 

displacement. Tamang et al. demonstrated that this approach prevented fluorescent 

quenching by blocking the hole-trapping mechanism in the presence of the ligand.14 

Some potential biological applications of such functionalized QDs include: 

a) QDs in drug delivery applications: Due to higher surface area and the possibility to 

attach bio-functional molecules on their surface, QDs can be used as drug delivery 

agent.16–18 

b) Target specific QDs for in vivo imaging: The utilization of QDs as targeting agents 

for in vivo imaging is a widely accepted practice in the scientific community. One of the 

key benefits of these specifically binding QDs is the capability to image tumors in a 

targeted manner. In vivo targeting has an advantage over in vitro targeting as it provides 
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more intricate information regarding the protein of interest and its natural surroundings. 

Zhang et al. synthesized CdTe:Zn2+ QDs that were functionalized with 

phosphonothioate DNA aptamers containing a targeting sequence. These QDs target 

lung cancer tumors in vivo, enabling easy and accurate identification of the tumor.19 

c) QDs as dynamic trackers for a biological event:  

In biological cells and tissue cultures, QDs can be employed for monitoring and 

directing various cellular processes. The high fluorescence output of QDs permits 

precise quantification of the probes with pixel-level resolution and simplifies the 

localization of individual labeling sites, which can then be charted. Unlike traditional 

organic dyes, QDs exhibit superior photostability, facilitating extended and in-depth 

experimentation.20 The NIR light emitted by QDs (700-2,500 nm) is able to penetrate 

biological tissues such as skin and blood with greater ease compared to visible light as 

these tissues exhibit reduced absorption and scattering of light at longer wavelengths. 

However, at wavelengths exceeding 950 nm, this advantage is diminished due to the 

heightened absorption of water and lipids. In 2003, simulations and modeling studies 

showed that the use of quantum dot fluorophores that emit light at 1,320 nm instead of 

850 nm can significantly improve signal-to-noise ratios by over 100 times in optical 

imaging in turbid media like tissue or blood.21 Most of the NIR QDs are made of highly 

toxic semiconductor compounds like PbS,22 PbSe,21,23–29 InAs,14,30 or HgTe, limiting 

their use for in vivo applications. However, the NIR-II window offers a new possibility 

for sensitive in vivo fluorescence imaging in small animals with the shift to longer 

wavelengths (1000-1700 nm) providing deeper tissue imaging, high spatial resolution, 

and high contrast due to reduced auto-fluorescence and tissue scattering.31 
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1.3. Near Infrared Emitting (NIR) QDs 

The near-infrared (NIR-I and NIR-II) portion of the electromagnetic spectrum is well-

suited for fluorescence imaging. The reduction in absorption, scattering, and self-

fluorescence from tissues in this region leads to improved image quality and greater 

tissue penetration, thereby facilitating the diagnosis of diseases and monitoring of 

treatment outcomes. The NIR region can be further subdivided into NIR-I (650 to 950 

nm) and NIR-II (1000 to 1400 nm), which are considered to be biological windows, 

characterized by the least interference from biological media. In addition, NIR-I 

photons offer a promising avenue for biomedical imaging, with the ability to 

incorporate exogenous contrast agents that provide a unique combination of quantum 

yield, hydrodynamic diameter, absorption, and stability, which cannot be achieved with 

conventional organic fluorophores.32,33 In the last two decades, there has been a 

significant advancement in the field of fluorescent materials. The use of NIR QDs as a 

novel fluorescent label has become widespread due to their dual benefits.16,33–36.  NIR 

QDs have been used in a variety of applications, including biosensing and bioimaging. 

NIR light, which has a wavelength greater than 650 nm, offers the advantage of low 

absorption and low autofluorescence in biomedical applications. The following 

classification of NIR QDs is presented, along with a summary of the synthetic methods 

used to produce them. The progress of NIR QDs has seen significant growth in recent 

years. Initially, NIR QDs containing Cadmium (Cd) were produced using visible light-

emitting QDs such as CdTe/CdS, CdTe/CdSe, and CdTe/ZnS.38 However, the toxicity 

of Cd-based QDs led to the search for alternative, benign elements. For instance, 

CuInS2/ZnS core/shell QDs, free of elements like Cd, Pb, and Hg, have shown potential 

as biocompatible probes for biomedical applications. Furthermore, novel NIR QDs 
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such as Ag2S QDs, carbon dots, and silicon nanoparticles have garnered attention due 

to their low toxicity.  

1.3.1. Group II-VI NIR QDs: CdX (X = S, Se, Te) 

Kima et al. were successful in tuning the fluorescence emission of Group II-VI NIR 

QDs (CdTe/CdSe) into the NIR light region (840-860 nm) without compromising their 

absorption cross-section. They coated the QDs with a polydentate phosphine to make 

them soluble, dispersed, and stable in serum. These type-II NIR QDs were then utilized 

for sentinel lymph node mapping.43 Cai et al. discovered that the fluorescence emission 

of rod-like CdTexSe1-x NIR QDs was between 650 to 870 nm.30 They found that the 

presence of Te significantly impacted the fluorescence emission while the Se 

component influenced the shape of the QDs. The addition of a ZnS shell over the 

CdTexSe1-x NIR QDs led to an increase in NIR quantum yield (QY) of up to 80% in 

chloroform. Inspired by the lattice mismatch strain tuning theory. Han et al. synthesized 

highly luminescent NIR CdTe/CdS QDs. The small CdS cores were compressed by 

gradual growth of the shell, resulting in a transition from type-I to type-II nanocrystals 

and significant spectral shifts from the visible to the NIR region (475–810 nm).44 

Similarly, Singh et al. reported tunable Ni-doped CdTeSe/CdS NIR QDs, which were 

converted into an aqueous solution and functionalized with folic acid for NIR 

fluorescence imaging of cancer cells.45 In addition to the Cd element, the Hg element 

also contributes to the emission of QDs in the NIR range. Ma et al. discovered ZnxHg1-

xSe QDs with intense red to NIR photoluminescence; they found that as the Hg/Zn 

precursor ratio increased, the absorption and emission spectra of the QDs shifted to 

longer wavelengths. The emission maximum shifted from 672 to 907 nm as the Hg/Zn 

precursor ratio rose from 1 to 40%. The highest quantum yield (25.6%) was achieved 

at a Hg/Zn precursor ratio of 10% with an emission maximum at 704 nm.46  Cai et al. 
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reported that NIR emitting Cd1-xHgxTe QDs were obtained through in situ mercury 

cation exchange reaction on CdTe QDs. However, the presence of Hg2+ in the QDs is 

detrimental to human health. The stability and reduced biological toxicity of the QDs 

were enhanced by using ZnS and DHLA-PEG as protective coating. Paramagnetic Gd3+ 

was conjugated to the surface of water-soluble NIR-emitting QDs through metal 

interaction ions and high-density ligands. Dualistic Hg-based group II-VI NIR QDs, 

such as HgS and HgTe QDs, are also available.47 The most well-researched and utilized 

material for QDs is Cd(II) based. These QDs can be synthesized with ease through a 

core precursor such as CdO/CdCl2 being rapidly injected into a hot solution of solvents 

and stirred for 30 to 60 minutes, resulting in NIR emitting QDs.45,48 The solvents used 

in this process have shifted from phosphine-based (tetradecyl phosphonic acid, 

octadecyl phosphonic acid) to fatty acids (oleic acid, 1-octadecyl) to enhance their 

biological compatibility. The use of fatty acids also enables a smoother transition 

between crystal shapes, leading to increased energy conversion in the crystal structure 

of the QDs and extending the emission wavelength. 

The synthesis of Cd(II)-based QDs can be performed in both organic-phase and 

biocompatible aqueous phase. In 2018, Cui et al. outlined a synthesis process using 

CdCl2 in a bovine serum albumin, BSA solution and adding L-cysteine as the sulfur 

source. Upon heating the solution at 800 °C for 30 minutes, water-soluble CdS QDs 

were produced with a first excitonic peak at 450 nm, enabling excitation at 468 nm and 

emission at 730 nm. These QDs possess suitable optical properties for direct cell 

imaging and can be optimized through doping, resulting in a blue or red shift in 

emission maximum with improved photoluminescence quantum yield and fluorescence 

emission.49  
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The utilization of cells in the production of QDs has been made possible through the 

implementation of a bio-friendly method. Cd(II) has historically been the primary 

element used in the synthesis of QDs, however, the synthetic methods have 

significantly advanced in order to enhance their optical properties. Currently, there are 

multiple reports of Cd-based QDs that are synthesized with alternative precursors 

emitting in the NIR range. Improved optical results are achieved through the application 

of hot injection and heat-up techniques. After surface functionalization, the water 

solubility of Cd(II) QDs can render them suitable for biological applications. Despite 

the extensive research on this material for its potential in bio-applications, its toxicity 

as a heavy metal remains a major concern.50 

1.3.2. Group IV-VI NIR QDs: PbX (X = S, Se, Te) 

Lead chalcogenides have demonstrated the most potential among narrow-bandgap 

semiconductor materials for biomedical applications. Rao et al. synthesized PbS QDs 

through biomineralization processes of biomolecules, resulting in a QD emission at a 

range of 800-1050 nm and a quantum yield of 3.6%.49 Nie et al. reported a dual-

emission nanohybrid based on NIR, consisting of Au nanoparticles and PbS QDs, with 

two emission peaks at 640 and 813 nm.51 Hollingsworth et al. addressed the instability 

in size and fluorescence that can result from surface oxidation of PbSe QDs by 

producing PbSe/CdSe core/shell NIR QDs, combining the narrow bandgap and high 

efficiency of PbSe with the chemical stability provided by the CdSe shell.52 They 

further demonstrated the chemical versatility of the new nanocrystals by performing 

additional shell growth to create PbSe/CdSe/ZnS core/shell/shell NIR QD.53 Kraus et 

al. discovered ultra-small PbSe QDs with exciton absorptions reaching as low as 700 

nm and a high relative quantum yield (QY) of up to 90%.23 However, there were fewer 

reports on the NIR fluorescence of PbTe QDs.54 Most studies focused on the 
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relationship between the size of the QDs and their exciton absorption. Liu et al. 

synthesized PbTe QDs with sizes ranging from 4 to 14 nm, and observed exciton 

absorption from 1900 to almost 2400 nm.55 The QDs PL emission wavelength was 

tunable by changing the Zn and In precursor concentrations and increasing the Cu 

precursor concentration, with a range from 465 to 700 nm. Peng et al. prepared AgInS2 

nanoparticles with a tunable PL peak in the range of 570–720 nm and a PL QY of 

approximately 8%.56 Torimoto et al. reported the preparation of AgInS2-ZnS QDs with 

a maximum QY of 24%, and the PL wavelength of these QDs could be tuned from 540 

to 720 nm by altering the chemical composition. Additionally, coating the AgInS2-ZnS 

QDs with a ZnS shell resulted in the highest QY of 80%.57 

1.3.3. Group III-V NIR QDs 

The crucial role of Group III-V NIR QDs in the development of bioimaging probes has 

been well documented in the literature. Most of the focus in the NIR window has been 

on In- and As-based QDs. These QDs exhibit photoluminescence or 

electroluminescence in the NIR I to NIR-II range (700–1400 nm). InAs QDs were first 

produced by Alivisatos et al. using the dehalosilylation reaction of InCl3 and 

As(SiMe3)3 with trioctylphosphine acting as both a solvent and capping agent at 

temperatures between 240-265 oC. Xie and co-workers reported the synthesis of high 

quality, narrow-spectrum InAs/CdSe QDs through a one-pot growth process.60 Fang et 

al. demonstrated the synthesis of InP and InAs QDs using PCl3 and AsCl3 as the 

phosphorus source.38 One of the challenges with III-V NIR QDs is their low quantum 

yield. To address this issue, many efforts have been made to design core/shell structures 

to enhance the QY. Banin et al. synthesized InAs/CdSe/ZnSe structures, where the 

intermediate CdSe layer reduces the strain between the InAs core and ZnSe outer 

shell.61 This structure exhibited a high QY of over 70% and the emission wavelength 
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could be tuned from 885 to 1425 nm by adjusting the shell thickness and core size. 

Chen et al. reported on the synthesis of ultrasmall (<10 nm) NIR emission QDs capped 

with mercaptopropionic acid (MPA) for passive tumor-targeting imaging.40 The Peng 

and Co-workers group proposed a method to synthesize ZnSe-coated Cu-deposited InP 

QDs (Cu:InP/ZnSe) with a high QY of 40%. The emission wavelength was tunable 

from 630 to 1100 nm, making these QDs promising for NIR bioimaging due to the lack 

of toxic heavy metal elements.30 In 2001, Murray et al. reported on the successful 

synthesis of colloidal lead-based NIR QDs through the hot-injection method of 

precursors TOP-Se and Pb(II) oleate in a solvent solution at 150°C.62 By controlling 

the reaction temperature, the authors were able to produce QDs of varying sizes ranging 

from 3.5 to 15 nm, leading to differences in optical properties. The smallest QDs 

exhibited exciton absorption at 1200 nm, whereas the largest QDs showed absorption 

at 2200 nm, all within the second NIR window. The NIR-emitting lead sulfide (PbS) 

QDs have since been used for in vivo fluorescence imaging of cerebral blood vessels 

in mice. The synthesis of PbS QDs involved reacting PbCl2 and 

hexadimethyldisilathiane in a mixture of oleyl amine and oleic acid through the hot-

injection method. To improve dispersibility in aqueous solutions, mercaptoundecanoic 

acid was introduced as a surface modifier after synthesis. 

The QDs demonstrated an emission peak at 1100 nm with a relatively low 

photoluminescence quantum yield (PLQY) of 8% in water. Although lead sulfide (PbS) 

QDs have the ability to exhibit tunable emission in the NIR range, making them a highly 

promising option, they are vulnerable to surface oxidation and exhibit a significant 

decrease in PL QY upon phase transfer into the water. As such, the development of a 

core/shell PbS structure is a direction that could lead to the utilization of these QDs in 

biomedical applications. Similar to cadmium (II) (Cd(II)), Pb(II)-based QDs can also 
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be synthesized using the hot-injection and heat-up methods to emit in the NIR region. 

Pb(II) as the core element can emit in the NIR-II region (1000-1400 nm), whereas 

Cd(II) materials emit in the NIR-I region (700-950 nm), making them useful for 

imaging experiments where tissue autofluorescence and water absorption are 

minimized. Despite these favorable optical properties, the toxic nature of the precursors 

poses a major hindrance to their clinical use and calls for safer, biocompatible 

alternatives. 

1.3.4. Non-toxic alternatives (Group IV QDs) 

In 2006, Sun et al. successfully synthesized Carbon CQDs while purifying Single-

Walled Carbon Nanotubes for the first time.64 These CQDs exhibited superior 

biological compatibility and low toxicity, making them ideal for use in biomedical 

imaging. Two major synthesis methods for CQDs exist, top-down and bottom-up.65,66 

The top-down approach involves transforming significant carbon precursors, such as 

nanodiamonds, carbon nanotubes, or carbon fibers, into smaller particles through 

physical or chemical processes. On the other hand, the bottom-up approach involves 

the fusion of small carbon molecules into larger particles through solvothermal or 

microwave synthesis. However, a limitation of the bottom-up method is that it primarily 

produces blue- or green-emitting CQDs. Despite being a relatively new field of 

research, CQDs have already been applied to several systems and therapies, including 

photothermal therapy, photodynamic therapy, and chemical and biological 

applications. Microwave methodology was used to synthesize CQDs through the 

pyrolysis of glycerine in the presence of polydopamine.67  Li et al. produced NIR-

emitting CQDs by combining the solvothermal method and microwave methods, with 

emission peaks at 770 nm and a PLQY of 11%. Further optimization of the different 

techniques used is necessary, as the emission peaks obtained through hydrothermal and 
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microwave methods only barely occur in the NIR-I range, and PLQYs obtained through 

these methods are generally lower in comparison to other materials.68 

1.3.5. Silver chalcogenides  

QDs containing silver and sulfides, such as ZnS,69,70 PbS,25,71 CdS,38 Ag2Te,72 Ag2Se,72–

76 and Ag2S,35,77–80 have gained attention as fluorescent labels in biological and medical 

diagnostics. However, PbS and CdS are not favorable due to their toxic nature. Hence, 

it is crucial to synthesize QDs with low toxicity and high emission. The silver 

chalcogenide (Ag2X, X = S, Se, Te) QDs, with low toxicity and simple synthesis, are 

ideal for biological labeling due to their NIR emission. Ag2S QDs emitting in the NIR-

II region are considered a promising alternative to other QDs in biology as they offer 

improved signal-to-noise ratio compared to visible and NIR-I counterparts. Ag2S exists 

in three forms: monoclinic α-Ag2S, body-centered cubic β-Ag2S, and face-centered 

cubic γ-Ag2S. 

The monoclinic α-Ag2S phase is stoichiometrically balanced, while the cubic β-Ag2S 

and γ-Ag2S phases exhibit a slight excess of Ag or are non-stoichiometric. Ag2S QDs 

have a low solubility product (Ksp = 6.3 × 10–50), reducing the likelihood of Ag+ ion 

release into biological environments.79–83 Additionally, they possess a low band gap 

(bulk: 1.1 eV) and the potential for quantum confinement at sizes below 4 nm, allowing 

for tunable emission in the 700-1400 nm range.84 The bulk band gap of Ag2Se is 0.15 

eV with a calculated exciton Bohr radius of 2.9 nm, making them suitable for low 

hydrodynamic diameter and efficient renal clearance. Ag2S has been shown to have 

minimal toxicity at lower to moderate doses, making it a promising candidate for in-

vivo imaging. Despite its potential applications, the synthesis of Ag2X colloids is not 

as well-studied as other semiconductor NCs from the II-IV, III-V, and II-VI groups. 
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In 2003, Lim et al. conducted a study examining simulations and models of optical 

imaging in turbid media, including tissue and blood. They discovered that using 

quantum dot fluorophores with an emission wavelength of 1,320 nm, as opposed to 850 

nm, could result in a 100-fold improvement in signal-to-noise ratio. However, the 

absence of biocompatible fluorescent probes in the NIR-II region between 1,000 and 

1,350 nm prevented the use of this potentially advantageous spectral range for in vivo 

imaging. In 2004, Liu et al. reported a method for synthesizing Ag2S QDs that exhibited 

a size distribution of 5.9 ± 1.65 nm with an absorption peak at 330 nm.18,81 

In 2009, Welsher et al. reported on the potential for generating biocompatible single-

walled carbon nanotubes with fluorescence emitting between 950 and 1,400 nm. These 

nanotubes facilitated deep and highly sensitive in vivo imaging of blood vessels through 

the skin's deep layers. This study demonstrated the benefits of fluorescence imaging in 

the NIR-II window, leading to new imaging opportunities. However, concerns arose 

regarding the non-degradable nature of these particles and their needle-like structure, 

which could cause tissue damage and chronic toxicity if inhaled. These limitations 

prompted further investigations and advancements in the NIR-II window.85,86 

In 2010, Wang et al. published a report on the NIR emission of Ag2S QDs synthesized 

using a single-source precursor (SSP) of Ag(DDTC) (C2H5)2NCS2Ag in combination 

with oleic acid and oleyl amine ligands in octadecene at 200°C,87,88 following the heat-

up method reported by Du et al. in the same year. The findings showed that the resulting 

Ag2S QDs were monodisperse with a diameter of 10.2 ±0.4 nm, exhibiting NIR 

emission centered at 1058 nm when excited with 785 nm radiation, with a narrow full 

width at half maxima (FWHM) value of 21 nm.87 

In 2012, Peng et al. synthesized NIR Ag2S QDs with tunable emission through a two-

step process. The first step involved the production of small-sized Ag2S QDs through 
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the injection of Bis(trimethylsilyl)amine (TMS)2 into a mixture of silver acetate 

(AgAc), myristic acid (MA), 1-octylamine (OA), and 1-octadecene under argon flow 

at a specified temperature. The second step involved the seed-mediated growth of large-

sized Ag2S QDs through the addition of Ag(OA) solution and sulfur solution into 

toluene solutions containing small-sized Ag2S QDs. The results indicated that the 

spherical particles produced had a size of 1.5 ± 0.4 nm and the photoluminescence 

covered a wavelength range of 690 to 1227 nm. It was concluded that the emission-

tunable Ag2S nanocrystals show great potential for in vivo studies in multiple nano 

diagnostics and multicolor imaging. 80,89 

Additionally, Hong et al. utilized a single-source precursor (C2H5)2NCS2Ag to 

synthesize PEG-Ag2S QDs (dhydrodynamic = 26.8 nm, λex = 808 nm, λem = 1100 nm, PLQY 

= 15.5%) in a study inspired by the work of Wang et al. in 2010.90–92 Similarly, Zhang 

et al. reported the characteristics and cytotoxic effects of Ag2S QDs (d = 5-10 nm, λem 

= 1000–1320 nm, PLQY = 15.5%) coated with PEG-DHLA.93 These QDs were 

evaluated for targeting experiments in breast cancer cell line (MDA-MB-468) and 

human glioblastoma cell line (U87 MG), and for cytotoxicity in the mouse fibroblast 

cell line (L929). During the targeting investigation, it was observed that the 

functionalized QDs, conjugated with proteins, are capable of recognizing the epidermal 

growth factor receptor (EGFR) with higher expression levels in MDA-MB-468 cells as 

compared to U87MG cells. The results indicated that the QDs displayed exceptional 

targeting ability towards MDA-MB-468 cells, displaying significant NIR emission 

intensities, which was not observed in U87MG cells, thereby highlighting the 

specificity of the QDs and the NIR emission response. The cytotoxicity studies 

conducted on Ag2S QDs demonstrated negligible impact on cell proliferation, apoptosis 

and necrosis, reactive oxygen species production, and DNA damage in L929 cells. This 
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comprehensive study highlights the potential of Ag(I)-based QDs for biomedical 

imaging and provides a robust biological foundation for further optimization and 

development.93 

In 2013, Yang et al. reported on the synthesis of ultrasmall NIR-II-emitting Ag2S QDs 

in an aqueous phase using a sol-gel method at room temperature. The BSA served as 

the capping agent for the QDs. The resulting BSA-Ag2S QDs exhibited ultrasmall sizes 

of less than 10 nm and a tunable NIR-II emission band from 1050 to 1294 nm. The 

synthesis process involved the incubation of silver nitrate AgNO3 with BSA, followed 

by slow injection of sodium sulfide Na2S solution, and subsequent purification through 

dialysis. The procedure was conducted at room temperature and in aqueous solutions. 

The biocompatibility of the Ag2S QDs was confirmed through cytotoxicity and 

hemolysis measurements, making them a promising candidate for use as a fluorescent 

label in in vivo imaging.94 

In 2014, Zhang et al. utilized the single-source precursor method to synthesize 

hydrophobic PEG-Ag2S NIR QDs emitting at 1058 nm from (C2H5)2NCS2Ag. These 

Ag2S NIR QDs, which exhibited emission at 1200 nm, demonstrated improved spatial 

resolution in the imaging of angiogenesis and facilitated the tracking of mesenchymal 

stem cells in vivo.95 Similarly, Chen et al. synthesized Ag2S (NIR-II, 1.0–1.4 μm) QDs 

for in vivo tracking of human mesenchymal stem cells with high sensitivity and high 

spatial and temporal resolution. The chemical and photostability of the QDs were found 

to be stable for 30 days, making them suitable for long-term cell tracking. The use of 

NIR-II region for in vivo imaging showed negligible autofluorescence in living tissues, 

with the capability to detect over 1000 cells. The in situ translocation and distribution 

of transplanted hMSCs in the lung and liver were monitored for up to 14 days with a 

temporal resolution of less than 100 ms. The results concluded that Ag2S QDs are a 



 

20 
 

suitable NIR-II nanoprobe for non-invasive, long-term stem cell tracking with high 

sensitivity and elevated spatial and temporal resolution, making them suitable for 

further clinical applications in imaging-guided cell therapies. Most of the previously 

reported NIR-emitting Ag2S QDs were synthesized using high-temperature 

organometallic routes, requiring further re-dispersion into an aqueous solution for use 

in biosystems. However, this transfer from organic solvent to water often drastically 

compromises the PL intensity and stability of Ag-based QDs. Therefore, advancements 

are necessary to prepare stable and water-dispersible NIR Ag2S.96 

Reports of aqueous NIR-emitting Ag2S QDs synthesis have been documented by Jiang 

et al. They synthesized Ag2S QDs that were terminated with carboxylic acids in 

ethylene glycol at 145 °C, resulting in tunable PL emission ranging from 510 to 1221 

nm.49 Yang et al. designed a one-pot aqueous synthesis of Ag2S QDs using BSA as a 

capping reagent at room temperature, resulting in PL emission varying from 1050 to 

1294 nm.97 Despite the successful synthesis of NIR Ag2S QDs, the utilization of 

external capping or stabilizing agents such as ethylene glycol and BSA hinder further 

applications of these QDs as they do not exist in the human body.94 Pang et al. also 

reported emission-tunable Ag2S QDs through a two-step procedure.98,99 

Pang et al. reported on the use of aqueous Ag2S QDs encapsulated with 3-

mercaptopropionic acid as an optical probe in in vivo studies with mice.100 Hocaoglu 

and co-workers were the first to report an aqueous synthesis of highly luminescent and 

cytocompatible Ag2S  stabilized with 2-mercaptopropionic acid.100 Cui et al. also 

reported on the aqueous synthesis of Ag2S NIR QDs using RNase A as a template via 

a biomimetic process. These NIR QDs exhibit the highest QY (39%) reported in the 

literature, even after aging. For the first time, effective imaging properties and high 
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cytocompatibility of Ag2S NIR  were demonstrated in mammalian cells at extremely 

high doses (up to 200 μg/mL).101 

Jiang et al. synthesized Ag2S QDs with carboxylic acid termination in ethylene glycol 

at 145 °C, resulting in tunable photoluminescence (PL) emission ranging from 510 to 

1221 nm.80 Similarly, Yang et al. successfully conducted a one-pot synthesis of Ag2S 

QDs in an aqueous environment using BSA as the capping agent at room temperature.94 

This method yielded PL emissions ranging from 1050 to 1294 nm. Despite the ability 

to produce NIR Ag2S QDs, the use of external stabilizing agents such as ethylene glycol 

and BSA can limit their applications in the human body. Inspired by these findings, Gui 

et al. developed a novel approach to synthesize NIR emitting Ag2S QDs via cation 

exchange, using visible-emitting CdS QDs and Ag+ ions in an aqueous solution.102 This 

is the first study to synthesize NIR-II PL emissive Ag2S QDs directly from visible-

emitting CdS QDs through cation exchange. The study involved the preparation of 

glutathione-capped CdS QDs in an aqueous solution, followed by the addition of 

AgNO3, which resulted in a quick and complete exchange between Cd2+ and Ag+ ions, 

forming Ag2S QDs. The resulting Ag2S QDs showed typical NIR-II emission, high PL 

stability, a small diameter (∼3.5 nm), and a QY of 2.3%. The Ag2S QDs also exhibited 

low cytotoxicity and excellent biocompatibility, making them suitable for effective in 

vitro and in vivo bioimaging applications as an ideal NIR-II PL emissive nanoprobe.103 

In 2015, Duman et al. successfully showcased the first NIR emitting cationic Ag2S NIR 

QDs with a coating comprised of 2-mercaptopropionic acid (2MPA) and 

polyethyleneimine PEI (branched, 25 kDa). This combination of materials was 

designed as a dual function for both gene delivery and optical imaging. The QDs 

demonstrated impressive NIR-I window (λem = 810-840 nm) luminescence, which was 

stabilized through a combined use of a small molecule and a polymeric material, 
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resulting in a QY of 150% (for LDS 798 at pH 7.4) - the highest recorded in the 

literature for Ag2S. Additionally, these cationic particles were found to be optimally 

compatible with cells, even without PEGylation. Confocal laser microscopy easily 

detected solid optical signals, and effective conjugation and transfection of green 

fluorescence protein plasmid (pGFP) were observed in HeLa and MCF-7 cell lines with 

a 40% efficiency. The results indicated that these Ag2S NIR QDs exhibit great potential 

as new theragnostic materials.104 

Chunyan Li et al. reported an in vivo study to monitor the behavior of protein nanocages 

(PNCs) using Ag2S QDs with fluorescence in the NIR-II window. The study used 

simian virus 40 (SV40) PNCs as a model and found that the NIR-II fluorescence 

property of the Ag2S QDs enabled real-time tracking of the PNCs in living mice with 

high stability, fidelity, and spatiotemporal resolution. The results showed that the 

surface PEGylation of the PNCs prolonged its blood circulation time, leading to 

different in vivo behavior. This study highlights the importance of surface properties in 

determining in vivo behavior and demonstrates the feasibility of Ag2S QDs in the real-

time tracking of PNCs.33 This approach can be useful in optimizing surface properties 

for PNC-based in vivo biomedical applications such as vaccines, biosensing, and 

targeted delivery.32 Once again, Chunyan Li et al. have presented a novel nanoprobe 

(Gd-DOTA-Ag2S QDs, referred to as Gd-Ag2S nanoprobe) that combines two imaging 

modalities (magnetic resonance, MRI, and NIR-II fluorescence) for preoperative 

diagnosis and imaging-guided surgery of brain tumors. The Gd-assisted T1 MR imaging 

was utilized to clearly outline a tumor in the brain (U87MG) of a mouse model. The 

intraoperative dissection of the tumor was precisely carried out using the NIR-II 

fluorescence imaging of Ag2S QDs after intravenous inoculation of the Gd-Ag2S probe. 

The synthesis of the nanoprobe involves three steps. Firstly, monodispersed Ag2S QDs 
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coated with dihydrolipoic acid conjugated polyethylene glycol (DHLA-PEG Amino) 

were prepared using a previously established method.74 Secondly, the DOTA-mono-N-

hydroxy-succinimide ester (DOTA-mono-NHS) was conjugated with Ag2S QDs. 

Thirdly, gadolinium chloride hexahydrate was added to the DOTA-activated Ag2S QDs 

to result in the dual-modality nanoprobe of Gd-Ag2S. The as-prepared Gd-Ag2S 

nanoprobe exhibited a decent relaxivity parameter of 4.9×10-3m-1 s-1 in water at a field 

strength of 11.7 T at 25 °C and a high quantum yield of 15%.33 Furthermore, no 

significant histological alterations were observed in the major organs of mice following 

a one-month exposure to Gd-Ag2S nanoprobe. These findings suggest that the 

nanoprobe possesses remarkable biocompatibility, thereby establishing a promising 

"Detection and Operation" approach based on the Gd-Ag2S nanoprobe for future 

clinical applications. This innovative dual-modality nanoprobe has thus paved the way 

for investigating in vivo biological processes, including drug discovery and screening, 

as well as potential clinical applications.33 

In 2016, Chenghua Song et al. demonstrated a tumor vasculature-targeted nano drug 

(T&D@RGD-Ag2S) with dual anti-angiogenic and chemotherapeutic activities in a 

human U87-MG malignant glioma xenograft model. The nano drug, which incorporates 

a specific recognition peptide (cRGD) for tumor vascular targeting, the broad-spectrum 

endothelial inhibitor TNP-470, and the chemotherapeutic drug doxorubicin (DOX), 

effectively inhibited tumor growth. The T&D@RGD-Ag2S nano-drug rapidly and 

specifically bound to the tumor vasculature following intravenous injection. Effective 

angiogenesis inhibition by TNP-470 resulted in a significant reduction in tumor 

vascular density. These findings provide a promising approach for treating a wide range 

of tumors and hold great potential for future clinical applications.105 
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Gao et al. have reported on the direct synthesis of water-soluble monoclinic Ag2S NIR 

fluorescent QDs at ambient temperature for specific cancer imaging and photothermal 

therapy (PTT) using a designed aptamer (Apt43) as a template. The Apt43 comprises 

two fragments: an aptamer S2.2 sequence for explicit recognition of cancer cells and 

an 18-cytosine (18-C) extending spacer for growing Ag2S QDs. Apt43-Ag2S QDs can 

be used as photothermal agents for in vivo ablation of tumors constructed on the bodies 

of nude mice and in vitro killing of MCF-7 cells. Almost all MCF-7 cells died 

quantitatively after being incubated with the QDs (at 100 μg mL–1) for two hours and 

irradiated under an 808 nm laser at a power density of 1.0 W cm–2 for 10 minutes. 

Apt43-Ag2S QDs exhibit high photothermal conversion capabilities, good 

biocompatibility, water-solubility, and ease of synthesis at ambient temperature, 

making them promising candidates for clinical tumor diagnosis and therapy.106  

Chen et al. conducted further experimentation on the synthesis of Ag2S QDs with a 

peak emission of approximately 1100 nm, using β-lactoglobulin (β-LG) as a biological 

template. The use of this protein coating enhances the water solubility, enables swift 

biodistribution, and reduces the in vivo toxicity of the QDs. β-LG-capped Ag2S QDs 

exhibit higher photostability and biocompatibility in comparison to currently utilized 

NIR emitters, thereby holding great potential for in vivo NIR-II imaging applications.67 

In 2017, Wu et al. reported a novel sensor with high selectivity for Zn2+ and Cd2+ based 

on NIR fluorescent QDs. The authors utilized a two-step approach to synthesize water-

soluble NIR-II QDs, which involved terminating the QDs with n-dodecyl mercaptan 

groups followed by a surface ligand exchange using thioglycolic acid. Surface 

passivation led to enhanced fluorescence, and the interaction of Zn2+ and Cd2+ with 

thioglycolic acid on the QD surface resulted in the formation of Zn-thiol and Cd-thiol 

complex shells, respectively. This process restored defects and suppressed non-
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radiative recombination pathways. The authors observed a linear relationship between 

ion concentration and fluorescence intensity, leading to lowered detection limits of 760 

nM for Zn2+ and 546 nM Cd2+ at a pH of 7.4. Furthermore, Ag2S QDs synthesized in 

this study were capable of detecting exogenous Zn(II) in cells, demonstrating the 

potential for the application of NIR-II fluorescent Ag2S QDs in the detection of Zn2+ in 

biology and Cd2+ in the environment.107 

In 2018, He et al. described a technique for producing NIR-II Pb:Ag2S QDs using 

cation doping with a transition metal, Pb2+ ions, into Ag2S nanocrystals to modify their 

optical properties. The low PLQY of Ag2S QDs can be attributed to the high mobility 

of Ag+ ions in the crystal, which results in a high number of cation deficiencies and 

crystal defects. Consequently, cation doping can enhance the crystal structure and 

significantly improve optical performance. The researchers found that by varying the 

levels of Pb doping in the nanocrystals, Pb:Ag2S QDs with bright emission (PLQY up 

to 30.2%) in the range of 975 to 1242 nm can be prepared while maintaining the 

ultrasmall particle size (≈2.7–2.8 nm). Therefore, cation doping can facilitate the 

renovation of the crystal structure of Ag2S QDs and the modulation of their optical 

properties.108 Vardar et al. investigated the cytotoxicity of Ag2S QDs coated with meso-

2,3-dimercaptosuccinic acid (DMSA) in Chinese hamster lung fibroblast (V79) cells at 

various concentrations (5-2000 μg/mL). Their results showed that the cell viability 

decreased above 400 μg/mL (MTT assay), and DMSA/Ag2S QDs did not induce cell 

death at 800 μg/mL (NRU assay) but caused DNA damage at the studied 

concentrations. Furthermore, the mRNA expression levels of Bax, Bcl-2, p53, caspase-

3, caspase-9, and survivin genes were altered in cells exposed to 500 and 1000 μg/mL 

DMSA/Ag2S QDs. However, DMSA/Ag2S QDs were biocompatible at low doses, 

making them suitable for cell labeling applications.101 
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In 2019, Xing et al. introduced a novel method for synthesizing ultrasmall 

monodispersed Ag2S QDs with strong fluorescence properties in the NIR-II region.101 

The authors used a hot-injection approach with single precursors in different solvent 

systems to prepare the Ag2S QDs. By varying the ratios of OAm, DDT, and glycerine, 

the particle sizes of the Ag2S QDs could be easily controlled as detailed in a table 

provided by the authors. Moreover, they demonstrated that surface modification of the 

hydrophilic Ag2S QDs allowed successful application in cancer cell imaging, 

highlighting their potential in biomedical research.101 In 2019, Gutiérrez et al. presented 

a new method for the electrochemical quantification of Ag2S QDs. The technique relied 

on the electrochemical reduction of Ag+ to Ag 0 at −0.3 V on screen-printed carbon 

electrodes (SPCEs) followed by anodic stripping voltammetry oxidation that yielded a 

current peak at +0.06 V, representing the analytical signal. The method achieved 

quantification of water-stabilized Ag2S QDs at concentrations between 2 × 109 and 2 × 

1012 QD mL−1 with good reproducibility (RSD: 5%). In addition, Ag2S QDs were 

evaluated as tags for Escherichia coli (E. coli) bacteria detection in biosensing 

applications. The attached bacteria were isolated from the sample solution through 

centrifugation and then analyzed quantitatively on the SPCE surface. This strategy 

offers a promising proof-of-concept alternative to conventional laboratory-based 

testing, with advantages such as high sensitivity, short assay time, and low research 

costs.109 Shu et al. successfully synthesized Pb-doped Ag2S QDs, which exhibited 

optimal fluorescence properties and tunable emission within the range of 950-1200 

nm.110 Meanwhile, Hashemkhani et al. reported on the synthesis of Ag2S-GSH QDs 

with superior colloidal and optical stability, which remained stable for up to one year 

and emitted within the range of 700-900 nm. The team was able to achieve the smallest 

QD size (approximately 7 nm) with the highest quantum yield (70%) through varying 
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reaction parameters such as temperature, pH, growth time, and sulfur source. Stability 

testing indicated that the optimal conditions were at pH 10 and a temperature of 50 ℃ 

using Na2S as the sulfur source, with no degradation observed over 2 hours of reaction 

time. Photothermal Therapy (PTT) was evaluated using 795 nm continuous-wave fiber-

coupled diode laser, and both aqueous solutions of QDs and HT29 and MCF7 cells 

were examined. The results showed that the Ag2S-GSH QDs had the potential to be 

used in theragnostic applications due to their lack of cytotoxicity at concentrations up 

to 200 μg/mL.111  

Awasthi et al. in 2020 reported the use of Ag2S QDs emitting in the NIR-II range to 

track metastatic tumor cells in the bloodstream. A549 cancer cells were incubated with 

PEG-PATU-coated Ag2S QDs and injected into a mouse. The distribution of Ag2S QDs 

was monitored over 24 hours using NIR-II emission, which showed fluorescence 

intensity initially observed in the liver but redistributed throughout the body at later 

time points. The same dose of PEG-PATU Ag2S QDs injected into healthy controls 

remained controlled within the liver throughout the experiment, indicating the imaging 

potential of this technique for in vivo cancer cell behavior. Additionally, the use of 

Ag2S QDs for angiography was explored, revealing high spatial resolution images of 

the vascular system in real time.44 Li et al. used Ag2S QDs for imaging traumatic brain 

injury (TBI) in conjunction with an organic dye to form a Forster resonance energy 

transfer (FRET) pair resulting in the quenching of the emission.112 Hunt et al. conducted 

a study that demonstrated the targeted delivery of Ag2S-based QDs coated with various 

biopolymer shell coatings to liver sinusoidal endothelial cells (LSECs) in vitro and in 

vivo after oral administration. The QDs were labeled with 3H-oleic acid or a fluorescent 

tag, and 14C-metformin was placed within a drug-binding site. The researchers found 

that QDs coated with a biopolymer layer of formaldehyde-treated serum albumin (FSA) 
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or gelatine showed high specificity targeting of LSECs or hepatocytes, which improved 

the bioavailability and delivery of metformin to LSECs.113 Bhardwaj et al. developed 

Ag2S-based QDs that emitted NIR-II light and were transferred from the organic phase 

to the aqueous phase. The ligands on the surface of the QDs were replaced with Gd 

chelates to create a dual-modal MRI-fluorescence probe. Although in vivo and in vitro 

applications were not performed, the results indicated that the MRI contrast agent 

efficacy of the multimodal nanoprobe increased. The longitudinal relaxivity of the QD-

Gd conjugate increased from 5.36 mM  ̶ 1s   ̶1 (at 400 MHz) for the Gd chelate to 7.75 

mM  ̶ 1s  ̶ 1 and 8.27 mM  ̶ 1s  ̶ 1 per Gd (at 400 MHz) when attached to the surface of the 

Ag2S QDs. The overall relaxivity of the QD-Gd conjugate was recorded to be 7.75 mM 

̶ 1s  ̶ 1 and 8.27 mM  ̶ 1s  ̶ 1 per Gd (at 400 MHz), indicating a potentially extremely high 

relaxivity of 407.8 mM  ̶ 1s   ̶1  and 990.3 mM  ̶ 1s   ̶1 per QD (at 400 MHz), which can 

improve the sensitivity of MRI. The dual-modal contrast agents have the potential to 

provide excellent anatomic resolution due to the MRI moiety and molecular 

concentration sensitivity due to the fluorescent moiety.114 

In 2021, Han et al. reported the synthesis of aqueous Ag2S NPs with a size of 15 nm, 

which were utilized as photothermal agents. The study demonstrated that both in vitro 

and in vivo, Ag2S NPs displayed effective photothermal conversion when irradiated 

with an 808 nm laser. These results suggest that the synthesized NPs could serve as 

contrast agents for biocompatibility and photoacoustic imaging. Furthermore, the in 

vivo results revealed that the frequency of Ag2S NP-mediated photothermal therapy 

(PTT) impacted cancer therapeutic outcomes. Increasing the frequency efficiently 

reduced primary tumor recurrence and alleviated metastasis.115 Ren et al. also 

synthesized aqueous Ag2S QDs through a water-phase microwave method at low 

temperature. The synthesized Ag2S QDs displayed bright red luminescence, with an 
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average particle size of approximately 2.5 nm, and were uniformly dispersed in an 

aqueous solution. The QDs displayed excellent fluorescent properties, excellent 

stability, low cytotoxicity, and biocompatibility, making them ideal for bioimaging 

HeLa cells.116  

Ag2Se QDs possess similar biocompatibility and excellent properties as Ag2S and 

Ag2Te QDs, and in addition, exhibit a narrow direct band-gap of 0.15 eV compared to 

0.93 eV and 0.06 eV for Ag2S and Ag2Te, respectively. Ag2Se has two stable solid 

phases, namely metallic α-Ag2Se and semiconductor β-Ag2Se. The PLQY of Ag2Se 

QDs was first reported to be 1.7% by Yarema et al., who used lithium 

bis(trimethylsilyl)amide, Li[N(SiMe3)2] for synthesis.117 Subsequently, Sahu et al. 

developed a method for synthesizing NIR-emitting Ag2Se QDs with average diameters 

between 2.7 and 10.4 nm. Gu et al. reported the first-ever aqueous Ag2Se QDs with 

fluorescence emission in the range of 700-820 nm.118 Zhu et al. prepared tunable NIR-

II emitting Ag2Se QDs with a PL QY of 9.58% by the hot injection method. Meanwhile, 

Dong et al. produced oil-soluble 1-dodecanethiol capped Ag2Se QDs, which could emit 

above 1300 nm and are more suitable for in vivo imaging due to their narrow band-gap 

of 0.15 eV.74 

A novel approach was presented by Tan et al. for the synthesis of aqueous Ag2Se QDs 

at room temperature. In contrast to traditional methods, the strategy involved the use of 

a multidentate polymer (MDP), specifically poly-(acrylicacid)-graft-

mercaptoethylamine (PAA-g-MEA), as a capping agent. The incorporation of MDP 

resulted in a reduction in the hydrodynamic dimensions of QDs, as well as an 

improvement in their colloidal stability, photostability, and PLQY. The synthesis of 

QDs involved the addition of precursors to an aqueous solution of AgNO3, followed by 

the addition of Na2SeO3 and NaBH4 with pre-synthesized MDP. The solution was then 
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injected with N2H4·H2O and continuously stirred, resulting in the production of MDP-

Ag2Se capped QDs.120 

Ma et al. have reported the synthesis of dual-modality contrast agents for T1-weighted 

MR imaging and high spatial resolution NIR-IIb fluorescence imaging by coupling Gd-

DTPA with Ag2Se QDs (Ag2Se-Gd QDs). In vitro evaluations indicated that these 

prepared Ag2Se-Gd QDs exhibit low cytotoxicity and remarkable contrast properties 

for both T1-weighted MR imaging and fluorescence imaging. In vivo studies further 

confirmed that Ag2Se-Gd QDs are among the best contrast agents for dual-modality 

imaging with high spatial resolution. The longitudinal relaxivity (r1) of Ag2Se-Gd QDs 

was measured to be 2.9791 mM-1 s-1 at 3T.76 Ge et al. have developed a novel strategy 

to synthesize Ag2Se QDs by targeting the increased glucose consumption of tumors. 

They used glucosamine to add glucose molecules to the surface of the QDs through 

reacting the pendant carboxylic acids of the coating ligands. The results showed that 

the glucose-coated Ag2Se QDs exhibited increased uptake in MCF-7 cells compared 

with non-conjugated QDs, as assessed by flow cytometry. In vivo experiments also 

demonstrated that the glucose-coated QDs showed tumor accumulation 2 hour post-

injection and were still detectable after 7 days. In tumor-bearing mice, Ag2Se QD 

fluorescence was still observable 7 days post-injection in the kidneys. In nude mice, Ag 

could be detected in both the heart (5.41 G 4.8 mg g-1) and kidneys (113.73 G 19.00 mg 

kg-1) after injecting glucose-coated Ag2Se QDs (150 mg kg-1 is the dose injected). 

However, no significant difference in blood biochemistry was observed over this 

period.73 Limited reports exist on the synthesis of Ag2Te QDs. Sahu et al. proposed a 

one-pot synthesis approach for producing colloidal Ag2Te QDs through a single-step 

process employing AgNO3, tellurium salt, and TOP. The study revealed that the 

stability of Ag2Te QDs in air is solvent-dependent and is affected by the concentration 
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of the dissolved Ag2Te QDs.121 Dai et al. observed similar behavior in the stability of 

PbSe QDs.122 Yarema et al. reported the fluorescent properties of Ag2Te QDs with an 

average diameter of 3.2 nm.117 Chen et al. synthesized Ag2Te QDs via facile cation 

exchange between Ag+ and Cd2+ ions in an aqueous solution, resulting in a PL emission 

peak with wavelengths ranging from 900 to 1300 nm and a PLQY of 2.1%. Zhang et 

al. demonstrated the hot-injection synthesis of Ag2Te QDs by mixing Ag(OAc) and 1-

dodecanethiol at 120°C and injecting tributylphosphine-Te. The resulting Ag2Te QDs 

were then coated with an Ag2S shell by adding further Ag(OAc) and oleylamine-S. The 

shelling process increased the diameter of the QDs from 4.06 ± 0.16 nm to 4.89 ± 0.10 

nm, with a PLQY of 4.3%. Both Ag2Te and Ag2Te/Ag2S QDs had an emission 

maximum at 1300 nm, but the latter had a 3.2-fold greater photoluminescence 

intensity.93  

1.4. Biofunctionalization of QDs  

Various biomolecules, such as antibodies, proteins, peptides, DNA, and signaling 

molecules, were utilized to biofunctionalized heavy metal-free Ag2S QDs through 

covalent and noncovalent conjugation methods. Noncovalent conjugation is defined by 

the hydrophobic, electrostatic, and high-affinity interactions between biomolecules and 

the surface of Ag2S QD nanoprobe. On the other hand, covalent conjugation involves 

the combination of chemistry with activated functional groups that already exist on the 

surface of QDs to attach biomolecules to the Ag2S QD nanoprobe. Two approaches to 

bio-functionalizing QDs are depicted below.88,123,124 
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Figure 1.3: Schematic representation of Bio-functionalisation of QDs. Adapted with 

permission from Salmanogli et al.  Copyright 2011, Cancer Nanotechnol.125 

1.4.1. Noncovalent conjugation approach 

The process of noncovalently conjugating biomolecules to Ag2S QD surfaces involves 

electrostatic interaction and high-affinity binding. The charged groups on the surface 

of the QD nanoprobe are attracted to oppositely charged biomolecules, following the 

principle of electrostatic interaction. This method is relatively simple and widely used, 

as it does not require external reagents or chemicals. However, the electrostatic 

interaction can be affected by factors such as ionic strength, pH, and charge. For high-

affinity bioconjugation, the binding affinity between biomolecules and the surface of 

the dot nanoprobe is crucial. The biotin and streptavidin (SA) contact is a widely used 

high-affinity interaction, where an SA-functionalized dot nanoprobe is combined with 

biotinylated biomolecules.126 Biotinylation of biomolecules typically requires amine-, 

thiol-, or carboxyl-reactive biotin reagents. The covalent bonding of SA to QD 

nanoprobes with carboxyl groups on the surface is achieved using EDC. The method 

of electrostatic interaction was utilized to prepare affibody-functionalized Ag2S QDs, 

https://pubmed.ncbi.nlm.nih.gov/?term=SalmanOgli+A&cauthor_id=26069481
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which are intended for use in photoacoustic imaging (PAI). Affibodies, comprising 58 

amino acids and a 3-helix bundle structure, serve as scaffold proteins. Zhang et al. have 

demonstrated that the positively charged ZEGFR:1907 found in the epidermal growth 

factor receptor electrostatically interacts with the negatively charged -COOH on the 

surface of the Ag2S QDs, creating the affibody-functionalized Ag2S QDs.92 The study 

by Jiang et al. synthesized aqueous Ag2S QDs with carboxylic acid group (3-MPA), 

which were subsequently modified to include the epidermal growth factor receptor 1-

targeted small protein affibody ZEGFR:1907. The ZEGFR:1907-Ag2S QDs were used 

for targeted PAI of EGFR-overexpressed tumors, which demonstrated the potential for 

synthesizing nanoprobes for tumor-targeted imaging without complex chemical 

conjugation.127 

1.4.2. Covalent conjugation approach 

The proposed approach entails the formation of covalent bonds, specifically amide 

bonds, between activated Ag2S QDs and biomolecules. Carbodiimide coupling 

chemistry, which involves the use of EDC coupling or N,N-Dicyclohexylcarbodiimide 

(DCC) coupling, is a widely employed method for achieving covalent chemistry. The 

reaction involves the coupling of carbodiimide-activated carboxylic acid groups on the 

surface of QDs with the primary amines of biomolecules. One significant benefit of this 

approach is the formation of a zero-length amide bond, which avoids the introduction 

of lengthy linker species and reduces the size of the Ag2S QDs. In their initial study, 

Yang et al. successfully produced NIR-II-emitting ultrasmall Ag2S QDs in an aqueous 

solution at room temperature using a one-pot sol-gel approach. To act as a capping 

agent, BSA protein was bio-conjugated to the QDs.94 This was followed by the work 

of Tang et al., who employed EDC/Sulfo-NHS coupling chemistry to synthesize 

peptide-functionalized Ag2S QDs for cellular and deep tissue imaging. In this current 
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research, the surface of Ag2S QDs was capped with 3-MPA, and the carboxyl group of 

3-MPA was activated with EDC/sulfo-NHS before being covalently linked with cyclic 

arginine-glycine aspartic acid (Arg-Gly-Asp-D-Phe-Lys, cRGDfK) peptide for NIR 

fluorescence imaging.128 Finally, Zhang et al. reported the fabrication of Ag2S QDs 

coated with the triblock copolymer Pluronic F127 (PF127) functionalized with FA, 

coupling chemistry for photoacoustic imaging.92 Duman et al. synthesized FA-PEG 

conjugated Ag2S QDs for drug delivery and in vitro applications. In their study, they 

used cationic Ag2S NIR QDs and coated them with 2-mercaptopropionic acid (2MPA) 

and polyethyleneimine (PEI) as a theragnostic material for gene delivery and optical 

imaging. The QDs exhibited high luminescence in the NIR-I window (λem = 810-840 

nm), and simultaneous use of a small molecule and a polymeric material provided the 

highest quantum yield of 150% (to LDS 798 at pH 7.4) reported in the literature for 

Ag2S stabilization on the surface.104 Asik et al. also demonstrated PEGylated Ag2S QDs 

for targeted drug delivery using a one-step hydrothermal method. They prepared PEG 

conjugated Ag2S QDs by mixing AgNO3 and Na2S salts in thiolated polyethylene 

glycol (MPEG-SH) and carboxylic acid functionalized MPEG-SH (CMPEG-SH), 

followed by preparation of PEG-Ag2S conjugated QDs using EDC/NHS coupling 

chemistry. The overexpressed folate receptor observed in cancerous cells was targeted 

with folic acid (FA) conjugated PEG-Ag2S QDs, which demonstrated the potential of 

FA-PEG-Ag2S QDs as a targeted drug delivery vehicle using DOX. DOX was loaded 

with FA-PEG fabricated Ag2S QDs using electrostatic interaction within DOX and FA-

PEG-Ag2S QDs.112 
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1.5. Research Outline  

Against this background, the thesis focuses on the synthesis and characterization of 

Ag2X (X=S, Se) semiconductor QDs in the Second Near-Infrared (NIR-II) region and 

their utilization in biology. The first chapter presents a comprehensive overview of 

colloidal QDs, including their synthesis methods, properties, and applications, as well 

as a review of NIR-II QDs and their biofunctionalization. The second chapter 

investigates the synthesis of different precursors, including thiourea, thiocarbamate, 

dithiocarbamate, and selenourea, by reacting isothiocyanate/isoselenocyanate with 

commercially available phenols, thiophenols, or aryl amines. The study also assesses 

the impact of the reactivity of substituted precursors (H, p–Me, p–OMe, p–I, and p–

NO2) on the size of the QDs. The third chapter outlines the aqueous solubilization of 

the QDs using L-cysteine and the synthesis of Ag2S/ZnS core-shell QDs for improved 

photostability and PL quantum yield. The fourth chapter evaluates the use of Ag2S QDs 

as a contrast agent for magnetic resonance imaging (MRI) and compares their 

longitudinal relaxivity with other MRI contrast agents. The fifth chapter details the 

instruments and methods used for characterizing the synthesized QDs. 
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2.1. Introduction 

In fluorescence bioimaging, the second near-infrared (NIR-II, 1000-1400 nm) 

emitting Quantum Dots (QDs) can benefit from improved spatial resolution and 

deep tissue penetration, due to low light scattering and several other factors such as 

high signal-to-noise ratio, low absorbance of water, and other biomolecules 

compared to their visible (400-750 nm) and the NIR-I (750-900 nm region) 

counterparts.1–7 QD-based fluorophores have superior quantum yield (QY) 

compared with organic dye.8,9 They exhibit size-tunable fluorescence, broad 

absorption window, and high molar extinction coefficient.2,5–7,10 However, NIR-II 

fluorophores simultaneously possessing high QY, photo-stability, and 

biocompatibility are very difficult to synthesize. Moreover, the majority of currently 

available QDs-based NIR-II fluorophores contain extremely dangerous Cd2+, As3-, 

Pb2+, and Hg2+ ions, which are not environment-friendly and practical for their use 

in bio-imaging. In this respect, silver chalcogenides have tremendous potential in 

the field of in vivo bioimaging and sensing.2,3,11–14 Ag2S has a low solubility product 

(𝐾𝑠𝑝 = 6.3 × 10−50) with very little probability of releasing Ag+ ions into the 

biological environment3,15–17 and is considered relatively non-toxic.17–19 Studies 

have revealed that at low to moderate levels, Ag2S has very low cytotoxic or 

genotoxic effects, making it suitable for use in in vivo imaging.20 Moreover, due to 

its narrow band gap (1.1 eV in bulk form) and the possibility of quantum 

confinement when its size is reduced to less than 4 nm (with an exciton Bohr radius 

of 2.2 nm), it is an ideal option for adjusting its emission within the 700-1400 nm 

spectrum (ranging from visible to NIR).21 Likewise, the calculated exciton Bohr 

radius using bulk parameters for Ag2Se is 2.9 nm, and the bulk band-gap is 0.15 

eV.22,23 Size-tunability in the visible and NIR region at sizes far below 4-5 nm results 
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in a low hydrodynamic diameter and potentially easy renal clearance from the body. 

The colloidal synthesis of Ag2X (X=S, Se) is still less explored than that of II-IV, 

III-V, and II-VI semiconductor nanocrystals (NCs), although having enormous 

potential in biology. Typically, a method for controlling the size of Ag2X QDs is to 

alter the temperature24,25 the reaction time,22,26 or both of these parameters.18,27 

Altering time and temperature can both influence the average final size, but doing 

so undermines competitive effects like Ostwald ripening28–31 and unchecked 

molecular precursor depletion, both of which have a negative impact on the ability 

to manage final size distribution.32,33 Recent research on the synthesis of II-VI and 

IV-VI semiconductor NCs by Vela et al. and Owen et al. has suggested a more 

logical method for controlling the photophysical characteristics of nanocrystals 

(NCs) via the reactivity of precursor. The effect of phosphine-chalcogenide 

precursor reactivity on the make-up and morphology of CdS/CdSe NCs was 

demonstrated by Vela et al.34 Similar to this, Owen et al. later reported the size-

dependent optical characteristics of PbS/PbSe by varying the reactivity of 

thio/selenourea derivatives.35,36 However, in the case of silver chalcogenides, our 

research group is the first one to implement the strategies to produce Ag2X (X=S, 

Se) NCs. Therefore, we have reported a simple synthesis of Ag2X (X=S, Se) NCs 

with favorable environmental and biological properties that are controllable in the 

critical NIR-II region (900-1400 nm) by modifying the substituent groups on 

substituted thio/selenourea and their equivalents. In this chapter, a new method for 

the synthesis (sections 2.2 and 2.3) and characterization (section 2.4) of NIR-II 

emitting silver chalcogenides QDs are discussed, which are followed by the 

conclusion (section 2.5) and the experimental details (section 2.6). 
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2.2. Precursors for NIR-II CQDs 

Substituted thiourea is a known sulfur precursor for different sulfides such as 

ZnS,37,38 CuS,36,37 PbS,36 CdS39, CuFeS2
39, etc. Its growing popularity in 

semiconductor nanocrystal (NCs) synthesis is attributed to its solubility in non-

polar solvent (well suited for hot injection techniques) and the presence of a labile 

C-S bond due to C-N pi-bonding40 which can be easily broken under mild reaction 

conditions. Substituted thiocarbamate is a sulfur analog of carbamates with similar 

traits and dithiocarbamate is related to thiocarbamates by the replacement of O with 

S (Figure 2.1). 

 

Figure 2.1: Representative structures of substituted thiourea (a) thiocarbamate (b) 

dithiocarbamate (c) selenourea (d). Here R is the substituent group outlined in 

Figure 2.2. 

By reacting isothiocyanate/isoselenocyanate with readily available phenols, 

thiophenols, or aryl amines, we synthesized a range of substituted thiourea, 

thiocarbamate, dithiocarbamate, and selenourea precursors (Scheme 2.2a). The 

reactions are carried out in different solvents such as toluene, dioxane, chloroform, 

or ethanol depending on the solubility of the reactants. The reaction afforded pure 

products with a product yield of up to 91 percent at room temperature. The reaction 

time is 5 to 30 minutes depending on the reactivity of the substituted phenols or 

thiophenols or aryl amines. In certain circumstances, such as in the reaction of 

nitroaniline with isothiocyanate in acetonitrile, heating to reflux temperature and a 

longer reaction time is needed. This is attributed to the lower reactivity of 

https://en.wikipedia.org/wiki/Carbamate
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nitroaniline compared to other substituted anilines. The pure product can be easily 

isolated by the filtration method as evident from NMR data and does not require 

additional purification using column chromatography.  1H and 13C NMR for all 

synthesized precursors (3a-9b) are provided in Annexure, A2.1.1. 

 
Figure 2.2: Synthesis of a wide range of thiourea, thiocarbamate, dithiocarbamate 

and selenourea derivatives. 

 

2.3. Synthesis of Ag2X (X=S, Se) NCs using substituted thio/selenourea 

precursors 

2.3.1. Reactions and synthetic scheme 

The synthesis of Ag2X (X=S, Se) NCs is based on the reaction of Ag(I) with 

substituted thio/selenourea precursors at elevated temperatures (~120-150 oC) 

(Figure 2.3a). The reaction takes place via a nucleophilic attack on Ag+ by the 

precursor through the C=S bond (Figure 2.3b). The reaction is driven by the C-N 

pi-bonding in the case of thiourea and C-O and C-S pi bonding in the case of 

thiocarbamate and dithiocarbamate respectively.  
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Figure 2.3: (a) General reaction for the synthesis of Ag2S/Se NCs. (b) The 

mechanism for the formation of Ag2S/Se NCs via a nucleophilic attack on Ag+ by 

the precursor through the C=S bond. 

To achieve monodispersity, the S or Se precursor is quickly injected into the hot 

solution of Ag(I) dissolved in 1-octadecene (ODE) in the presence of dodecane thiol 

(DDT). A distinct color change from red to black indicated the formation of Ag2X 

QDs and the reaction was quenched by immediate cooling in an ice bath. This 

method of synthesis of NCs in non-polar high boiling solvent via the “hot injection 

method” was first introduced by Murray et. al..41The rapid injection of one of the 

precursors to the hot solution of the other precursor followed by cooling of the 

reaction mixture ensures separation of nucleation and growth stages which is 

important for achieving monodispersity (Introduction section 1.1). The reaction is 

performed in strictly air-free conditions using Schlenk-line. The schematic 

representation of the reaction setup is shown below (Scheme 2.1). The as-

synthesized NCs were purified via the centrifugation method to remove excess 

ligands. The centrifugation method of purification involves the use of a polar co-

solvent (e.g. ethanol or methanol) to destabilize the NCs dispersed in a polar solvent 

(e.g. hexane or toluene or TCE).42,43 The “destabilization” of the colloidal NCs 

followed by centrifugation results in the precipitation of NCs from the solution. 
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Multiple (three times) cycle of the process was employed for the excess ligand and 

other undesired side products of the reaction.  

 

Scheme 2.1. Experimental set up for synthesis of Ag2X NCs 

The photoluminescence (PL) emission spectra of Ag2S CQDs prepared using different 

substituted thiourea precursors (3a-i) are shown in Figure 2.4. The emission is in the 

NIR range (1020 –1210 nm).  Similarly, emission was tunable in the region of 900 nm 

to 1300 nm by simply changing the substituent groups in thiocarbamates (5a-c), 

dithiocarbamate (7a-c), and selenourea precursors (9a-b) (Figure 2.4).  
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Figure 2.4: (a) PL spectra of Ag2S NCs produced from thiourea precursors (3a-g) and 

(b) Ag2S/Se NCs synthesized from thiocarbamate (5a-c), dithiocarbamate (7a-c), and 

selenourea derivatives with tunable emission wavelength (9a-b). 

 

2.3.2. Role of DDT  

According to the Hard-Soft Acid Base (HSAB) principle,44 the soft acid Ag (I) ion has 

a higher affinity for soft bases like thiol (-SH) or thiolates more than the amines or 

carboxylates. In our case, the presence of DDT is essential for the successful synthesis 

of stable Ag2X (X=S, Se) NCs. In fact, our attempts to synthesize the Ag2S NCs by 

simply reacting Ag oleate with thiourea (3a) in ODE at the decomposition temperature 

of the precursor (~150 °C) were not successful. The colloidal dispersion was poor and 

PL was not detectable (Annexure, A2.33). No improvement in colloidal stability or 

optical properties was noted even when oleyl amine was added during the reaction as a 

co-capping ligand (Annexure A2.34). Clearly, DDT is crucial for the reaction. To 

further understand the role of DDT, we attempted to synthesize Ag2S NCs using only 

DDT at the reaction temperatures (120-150 °C). However, Ag2S NCs were not formed, 

possibly due to the high decomposition temperature (>340 °C) of DDT. At elevated 

temperatures (~200 °C) reaction of DDT with Ag(I) led to the formation of Ag2S NCs 

as detected by XRD and optical studies (Annexure, A2.38). However, size distribution 
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and PL were poor. The reaction of substituted thiourea with Ag(I) at ~120-150 oC in 

the presence of DDT in ODE led to the formation of highly stable and size-tunable 

Ag2S CQDs. Based on these results and literature reports, we conclude that  

(a) DDT is an ideal capping ligand for stabilizing Ag2S NCs due to the strong 

affinity of   -SH (soft base) to Ag+ (soft acid). Furthermore, thiol-bound Ag (I) 

is not readily reduced to the undesirable species because of lower standard redox 

potential compared to that of a free Ag+ ion.45–47 

(b) DDT is not the source of S for the reaction, since its decomposition temperature 

(>340 oC) is much higher than the reaction temperature (120-150 oC).  The 

sulfur is solely supplied by substituted thiourea.48 Figure 2.5 shows the 

Thermogravimetric analysis (TGA) micrographs of representative precursors 

(3c and 3e).  

 

Figure 2.5: TGA micrographs of precursors (a) 3c and (a) 3e showing weight % vs 

temperature profile (black line) and its derivative (red line). Decomposition 

temperature of 3c is 145 °C, while that of 3e is 150 °C.  

2.3.3. Effect of reaction temperature and time on the size of the NCs 

The final size or size distribution and the optical characteristics of the NCs are strongly 

influenced by the reaction time47,49 and temperature.50,51 Increasing reaction 

temperature led to the formation of larger-sized NCs which is attributed to Ostwald 
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ripening (for materials with greater solubility) and oriented attachment (for crystals 

with low solubility) In the first case, the growth of the larger particles is due to the 

dissolution of the smaller ones, in the second by merging the smaller ones.50,51 

Similarly, the longer the reaction time, the larger the size of the NCs. The absorption 

and emission wavelength (𝜆𝑚𝑎𝑥) are dependent on size.  

A simple Brus equation52 (Equation 2.1) can be used to correlate the size of the NCs 

(𝑅) and the effective band gap of NCs  

𝐸𝑔 =  𝐸𝑔(𝑏)  + 
ℎ2

8𝑅2  (
1

𝑚𝑒
+

1

𝑚ℎ
)       2.1 

where 𝐸𝑔(𝑏)   is the bulk nanocrystals band gap energy (1.1 eV), 𝑚𝑒 (0.286 𝑚𝑜) and 

𝑚ℎ (1.096) are the effective electron and hole masses of the Ag2S, respectively,53 and 

ћ is Plank’s constant (4.13 × 10−15𝑒𝑉).  

 

Figure 2.6: (a) The reaction of precursor, 3b with Ag(I) at 120 oC (black) and 150 oC 

(red). (b) Ag2S NCs synthesized from precursor, 3a at 150 °C exhibiting a temporal 

evolution of the PL emission peak. The peak saturates after 90 minutes (dotted dark 

blue). 
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2.3.4. Structure-reactivity relation 

Hammett equation-named after Louis Planck Hammett- relates the equilibrium constant 

(𝐾) or reaction rate constant (𝑘) with the nature of substituent of the benzene ring 

quantified by so called substituent constant (𝜎) and the reaction constant (𝜌): 

𝑙𝑜𝑔
𝑘

𝑘𝑜
= 𝜎𝜌           2.2 

where, 𝑘𝑜 is the reference reaction rate of the unsubstituted reactant and k is the 

substituent reactant. Hammett substituent parameter (𝜎) considers both the inductive 

and resonance effects of the substituent and, therefore, it is a useful equation to find the 

structure-reactivity relationship.54 In our case, since the formation of Ag2S/Se NCs, 

takes place via a nucleophilic attack on Ag+ by the precursor through the C=S bond the 

nature of the substituent on the benzene ring is expected to influence the reaction rate 

or reactivity of the molecule. Table 2.1 lists the values of 𝜎 for different para 

substituents. 

Table 2.1: List of reactivity of para substituents with their Hammett substituent 

parameters.55 

Based on these values, the expected reactivity of the substituted thiourea precursor is 

as follows: 

 

Figure 2.7: Reactivity of the substituents (R= O, Me, H, and NO2) at the para position 

of the precursor. 

Para Substituent Hammett substituent parameter, 

OMe -0.268

Me -0.170

H 0.0

I +0.276

NO2 +0.770

> >

https://en.wikipedia.org/wiki/Louis_Plack_Hammett
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To investigate the influence of thiourea conversion reactivity on final size, Ag2S NCs 

were synthesized using thiourea precursors with various substituent groups (Figure 2.8, 

3a-e) under the same reaction conditions (15 min, 150 °C). As anticipated the size of 

the NCs (demonstrated in the PL emission maxima) correlated linearly with the 

substituent constant (𝜎). 

 

Figure 2.8: (a) PL spectra of Ag2S QDs synthesized from thiourea precursors (3a–e) 

consisting of different substituents at the para position of the phenyl ring (H, p–Me, p–

OMe, p–I, and p–NO2) b) A linear correlation between the PL emission wavelength 

(λmax) and corresponding Hammett constants (σ) for para substituents. 

Clearly, the ability of nitrogen to donate its lone pair and subsequent nucleophilic attack 

on Ag+ by the precursor through the C=S bond (see Scheme 2.2a) is influenced by the 

strength of electron-donating (+R) or withdrawing groups (-I) at the para position of 

the phenyl ring (H, p–Me, p–OMe, p–I, and p–NO2). Scheme 2.2 shows -R effect of p–

NO2 (Scheme 2.2a), +I effect of p–Me (Scheme 2.2b).  
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Scheme 2.2: (a) Resonance (-R) effect of the nitro group leading to a decrease in the 

electron density on the nitrogen atom. (b) Hyperconjugation effect of nitro group (+I 

effect) leading to increase in the electron density on the nitrogen atom.  

We used aldehydes (-CHO), nitro group (-NO2), and halogen (X=Cl, Br, I) as electron-

withdrawing groups (EWGs) and alcohol groups (-OH), amine groups (-NH2), methoxy 

(-OMe) and methyl groups (Me) as electron donating groups (EDGs). All the groups 

are para substituents, except for the nitro group where both para (3e) and meta (3g) 

substituents were used.  EDGs increase the reactivity of the molecule by increasing 

electron density on nitrogen atom adjacent to the C=S bond and the effect is opposite 

for the EWGs.56,57 In our case, the Ag2S QDs synthesized by the thiourea (3a) with no 

substituent group in the phenyl ring had a PL emission peak at 1094 nm (Figure 2.8a). 

The PL emission showed a clear blue shift to 1071 nm when the methyl group was 

present in the phenyl ring (p-Me, precursor 3b). When p-OMe is the substituent in the 

phenyl ring (3c), the smallest sized Ag2S NCs with PL emission (λmax) around 1024 nm 

were formed. On the other hand, the presence of a halogen substituent (3d) led to a 

redshift of the PL peak (λmax~1133 nm) indicating decrease in the reactivity of the 

precursor. In the presence of precursor, 3e carrying p-NO2 group, a significant red-shift 

(λmax~1209 nm) was observed, suggesting the formation of largest-sized Ag2S QDs 

among all the substituent tested. In summary, a substantial and predictable effect of the 
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electronic structure of the precursor on its reactivity (and consequently on the size of 

the Ag2S NCs) was observed as the PL emission maxima corresponded linearly with 

the respective Hammett constants (σ) of the different substituents (3a-e; H, p-Me, p-

OMe, p-I, and p-NO2) of the thiourea precursor (Figure 2.8 b).58 

2.4. Characterization of precursors and Ag2X (X=S, Se) NCs 

The as-synthesized precursors were characterized by TGA (Figure 2.5) and Nuclear 

Magnetic Resonance (NMR).   

2.4.1. 1H and 13C NMR  

1,3-Diphenylthiourea (3a). Aniline (2a, 0.55 g, 5.0 mmol) in toluene (10 mL) was 

reacted with phenyl isothiocyanate (1, 0.07 g, 5 mmol) in 

toluene (10 mL) to yield 1,3-diphenyl thiourea (3a) in an 82% 

yield, following the prevailing method A.1H NMR (400 MHz, DMSO-d6)  9.77 (s, 

2H), 7.48 (d, 4H, J= 7.6 Hz), 7.32 (t, 4H, J=7.6 Hz), 7.11 (t, 2H, J=7.4 Hz).13C {1H} 

NMR (100 MHz, DMSO-d6) 179.6, 139.4, 128.4, 124.3, 123.6.  

1-Phenyl-3-p-tolylthiourea (3b). In accordance with method B, 1-phenyl-3-p-

tolylthiourea was synthesized in 80% yield by reacting 

solutions of p-toluidine (2b, 0.54 g, 5.0 mmol) and phenyl 

isothiocyanate (1, 0.07 g, 5 mmol) in toluene (10 mL), yielding 3b.1H NMR (400 MHz, 

DMSO-d6)  9.70 (s, 2H), 7.50 (d, 2H, J=7.7 Hz), 7.37–7.30 (m, 4H), 7.15–7.10 (m, 

3H), 2.28 (s, 3H). 13C {1H} NMR (100 MHz, DMSO-d6) 179.6, 139.5, 136.7, 133.6, 

128.3, 124.3, 123.8, 123.6, 20.5. 

1-(4-Methoxyphenyl)-3-phenylthiourea (3c). According to the general approach 

(Method A), 1-(4-methoxyphenyl)-3-phenylthiourea, was 

synthesized by reacting 4-methoxyaniline (2c, 0.62 g, 5.0 
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mmol) and phenyl isothiocyanate (1, 0.07 g, 5 mmol) in toluene (10 mL) solution. The 

resulting product, 3c, was obtained in a 91% yield.1H NMR (400 MHz, CDCl3)  7.75 

(s, broad, 2H), 7.39 (d, 4H, J=4.2 Hz), 7.29–7.27 (m, 3H), 6.94 (d, 2H, J=8.8 Hz), 3.82 

(s, 3H). 13C {1H} NMR (100 MHz, CDCl3) 180.7, 159.0, 129.6, 127.7, 127.0, 125.3, 

115.0, 55.5. 

1-(4-Iodophenyl)-3-phenylthiourea (3d). 1-(4-iodophenyl)-3-phenylthiourea was 

synthesized using the basic approach (Method A) which 

involved the reaction of p-iodoaniline (2d, 1.09 g, 5.0 mmol) 

in toluene (10 mL) with phenyl isothiocyanate (1, 0.07 g, 5 mmol) in toluene (10 mL). 

This resulted in the formation of 3d in a yield of 60%.1H NMR (400 MHz, DMSO-d6) 

 9.84 (d, 2H J=12.8 Hz), 7.66 (d, 2H, J=8.5 Hz), 7.47 (d, 2H, J=7.9 Hz), 7.33 (t, 4H, 

J= 8.3 Hz), 7.13 (t, 1H, J=7.3 Hz). 13C {1H} NMR (100 MHz, DMSO-d6) 179.4, 139.3, 

139.2, 137.0, 128.4, 125.6, 124.5, 123.6, 88.4. 

1-(4-Nitrophenyl)-3-phenylthiourea (3e). 1-(4-nitrophenyl)-3-phenylthiourea was 

synthesized via Method A, by reacting p-nitroaniline (2e, 

0.69 g, 5.0 mmol) in acetonitrile (10 mL) and phenyl 

isothiocyanate (1, 0.07 g, 5 mmol) in acetonitrile (10 mL) under reflux for 24 hours at 

80 °C. The final product, 3e, was obtained in a yield of 41%.1H NMR (400 MHz, 

CDCl3)   8.09 (d, 2H, J = 9.0 Hz), 7.39–7.23 (m, 5H), 6.64 (d, 2H, J= 9.0 Hz), 4.42 (s, 

2H). 13C {1H} NMR (100 MHz, CDCl3) 182.9, 147.6, 130.1, 120.8, 113.4, 109.2, 100.3. 

1-(4-Bromophenyl)-3-phenylthiourea (3f). The synthesis of 1-(4-bromophenyl)-3-

phenylthiourea was accomplished via Method A, involving 

the reaction of p-bromoaniline (2f, 0.86 g, 5.0 mmol) and 

phenyl isothiocyanate (1, 0.07 g, 5 mmol) in toluene (10 mL) to obtain compound 3f in 

65% yield. 1H NMR (400 MHz, DMSO-d6)  9.79 (d, 2H, J=8.3 Hz), 7.47–7.40 (m, 
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4H), 7.33–7.26 (m, 4H), 7.08 (t, 1H, J=7.3 Hz), 13C {1H} NMR (100 MHz, DMSO-d6) 

182.5, 142.1, 141.3, 131.3, 131.1, 128.1, 127.4, 126.5. 

1-(3-nitrophenyl)-3-phenylthiourea (3g). 3g of 1-(3-nitrophenyl)-3-phenylthiourea 

was obtained in 67% yield by reacting solutions of m-nitroaniline (2g, 0.67 g, 5.0 mmol) 

in toluene (10 mL) and phenyl isothiocyanate (1, 0.07 g, 5 

mmol) in toluene (10 mL) using Method A. 1H NMR (400 

MHz, DMSO-d6)  10.08 (s, 2H),  8.50 (s, 1H) 7.91–7.85 (m, 2H), 7.55 (t, 1H, J= 8.2 

Hz), 7.42 (d, 2H, J=7.6Hz), 7.33–7.29 (m, 2H), 7.11 (t, 1H, J=7.3Hz) 13C{1H} NMR 

(100 MHz, DMSO-d6) 180.4, 148.1, 141.6, 139.5, 130.1, 129.2, 125.5, 124.5, 119.1, 

118.2.  

1-(4-Hydroxyphenyl)-3-phenylthiourea(3h).1-(4-hydroxyphenyl)-3-phenylthiourea, 

3h  was prepared using Method A by reacting p-hydroxy 

aniline (2h, 0.55 g, 5.0 mmol) in acetonitrile (10 mL) with 

phenyl isothiocyanate (1, 0.07 g, 5 mmol) in acetonitrile (10 mL), yielding 3h in 78% 

yield.1H NMR (400 MHz, DMSO-d6)  9.49 (d, 2H, J= 4.28 Hz), 9.35 (s, 1H), 7.46 (d, 

2H, J= 8 Hz), 7.30 (t, 2H J= 7.7 Hz), 7.17 (d, 2H, J= 8.6 Hz), 7.10 (t, 1H, J= 7.4 Hz), 

6.72 (d, 2H, J= 8.6 Hz). 13C {1H} NMR (100 MHz, DMSO-d6) 179.8, 154.8, 139.6, 

130.4, 128.2, 126.2, 124.1, 123.6, 114.9. 

O-Phenylphenylcarbamothioate (5a). O-phenylcarbamothioate, 5a was obtained in 

60% yield by reacting phenol (4a, 0.47 g, 5.0 mmol) and phenyl isothiocyanate (1, 0.07 

g, 5 mmol) in acetonitrile (10 mL) using Method B of the 

general procedure. 1H NMR (400 MHz, CDCl3)  8.17 (s, 

broad, 1H), 7.66–7.64 (m, 3H), 7.48–7.46 (m, 3H), 7.38 (t, 2H, J=7.16 Hz), 7.28 (t, 1H, 

J=7.92 Hz). 13C {1H} NMR (100 MHz, CDCl3) δ 179.6, 138.4, 137.0, 129.9, 128.9, 

126.8, 125.4, 123.5, 120.5. 
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O-(4-Methoxyphenyl)phenylcarbamothioate (5b). O-(4-Methoxyphenyl) 

phenylcarbamodithioate, 5b,  was synthesized using 

Method B. A solution of 4-methoxy phenol (4b, 0.70 g, 

5.0 mmol) in acetonitrile (10 mL) was reacted with a 

solution of phenyl isothiocyanate (1, 0.07 g, 5 mmol) in acetonitrile (10 mL), resulting 

in a 55% yield of the desired product. 1H NMR (400 MHz, CDCl3)  8.18 (bs, 1H), 7.58 

(d, 2H, J=8.2 Hz), 7.46 (d, 2H, J=7.9 Hz), 7.34 (t, 2H, J=7.4 Hz), 7.26–7.21 (m, 1H), 

7.04 (d, 2H, J = 8.7 Hz), 3.87 (s, 3H). 13C {1H} NMR (100 MHz, CDCl3) δ 180.7, 

159.0, 129.6, 127.7, 127.0, 125.3, 115.0, 55.7. 

O-(4-Nitrophenyl) phenylcarbamothioate (5c). O-(4-Nitrophenyl) 

phenylcarbamothioate, 5c was synthesized via Method B 

by reacting p-nitrophenol (4c, 0.69 g, 5.0 mmol) and 

phenyl isothiocyanate (1, 0.07 g, 5 mmol) in acetonitrile (10 mL) to obtain a 65% yield 

of the desired compound. 1H NMR (400 MHz, CDCl3)  8.22 (bs, 1H), 7.69 (d, 2H, 

J=7.4 Hz), 7.51–7.49 (m, 4H), 7.43 (d, 2H, J=6.8 Hz), 7.31(s, 1H). 13C {1H} NMR (100 

MHz, CDCl3)  182.9, 147.6, 130.1, 120.8, 113.4, 109.2, 100.3. 

4-Bromophenylphenylcarbamodithioate(7a).  

4-bromophenylphenylcarbamodithioate was synthesized via 

Method B, where a solution of p-bromo benzenethiol (6a, 

0.89 g, 5.0 mmol) in acetonitrile (10 mL) was reacted with a solution of phenyl 

isothiocyanate (1, 0.07 g, 5 mmol) in acetonitrile (10 mL), resulting in a 70% yield of 

the final product (7a). 1H NMR (400 MHz, CDCl3)  8.18 (s, broad, 1H), 7.65 (d, 2H, 

J=7.3 Hz), 7.48–7.40 (m, 4H), 7.38–7.36 (m, 2H), 7.28 (s, 1H). 13C {1H} NMR (100 

MHz, CDCl3) δ 179.6, 138.4, 137.0, 129.9, 128.9, 126.8, 125.4, 123.5, 120.5. 
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4-Methoxyphenylphenylcarbamodithioate(7b). 

4-methoxyphenylphenylcarbamodithioate was synthesized using Method B by reacting 

p-methoxy benzenethiol (6b, 0.70 g, 5.0 mmol) and 

phenyl isothiocyanate (1, 0.07 g, 5 mmol) in acetonitrile 

(10 mL) to obtain 7b in 50% yield. 1H NMR (400 MHz, CDCl3)  8.20 (bs, 1H), 7.61 

(d, 2H, J = 8.2 Hz), 7.49 (d, 2H, J= 8.0 Hz), 7.37 (t, 2H, J= 7.9 Hz), 7.28–7.24 (m, 1H), 

7.07 (d, 2H, J = 8.7 Hz), 3.90 (s, 3H). 13C {1H} NMR (100 MHz, CDCl3)  180.5, 

158.8, 129.4, 127.6, 126.9, 125.1, 115.4, 114.8, 55.5. 

4-Nitrophenylphenylcarbamodithioate (7c). 4-nitrophenylphenylcarbamodithioate, 

7c was obtained in 65% yield by reacting p-nitro 

benzenethiol (6c, 0.77 g, 5.0 mmol) and phenyl 

isothiocyanate (1, 0.07 g, 5 mmol) in acetonitrile (10 mL) according to Method B.1H 

NMR (400 MHz, CDCl3)  8.19 (s, broad, 1H), 7.65 (d, 2H, J=7.3 Hz), 7.47–7.45 (m, 

4H), 7.39–7.36 (m, 2H), 7.29–7.25 (m, 1H). 13C {1H} NMR (100 MHz, CDCl3) δ 179.8, 

137.1, 129.5, 127.1, 125.3, 125.1, 99.9. 

1,3-Diphenylselenourea (9a). Phenyl isoselenocyanate (8, 3 mmol) and aniline (2a, 3 

mmol) were reacted using Method C to prepare 1,3-

diphenylselenourea. The product 9a was obtained in a yield of 

91%.1H NMR (400 MHz, DMSO-d6)  10.14 (s, broad, 2H), 7.39–7.31 (m, 4H), 7.29–

7.22 (m, 4H), 7.15 (t, 2H, J= 6.8 Hz). 13C {1H} NMR (100 MHz, DMSO-d6) δ 179.2, 

140.3, 129.1, 125.8, 125.2. 

1-(4-Methoxyphenyl)-3-phenylselenourea (9b). 1-(4-Methoxyphenyl)-3-

phenylselenourea was synthesized in 93% yield via 

Method C by reacting 4-methoxyaniline (2c, 3 mmol) 

with phenyl isoselenocyanate (8, 3 mmol) using a general procedure.1H NMR (400 
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MHz, DMSO-d6)  9.96 (d, 2H, J=9.2 Hz), 7.37–7.28 (m, 4H), 7.24 (d, 2H, J=8.8 Hz 

), 7.16–7.14 (m, 1H), 6.88 (d, 2H, J= 8.8 Hz ), 3.72 (s, 3H). 13C {1H} NMR (100 MHz, 

DMSO-d6) δ 179.2, 157.6, 140.3, 129.1, 127.4, 125.7, 125.4, 114.4, 55.8. 

2.4.2. Optical characterization  

Figure 2.4 and 2.8a show the emission spectra of different-sized Ag2X NCs synthesized 

using precursors of varying reactivity. The entire NIR-II region (~900-1400 nm) was 

accessible by reacting Ag(I) with substituted thio/selenourea precursors at 150 oC for 

15 minutes. Due to the increased reactivity of thiocarbamate compared to thiourea and 

dithiocarbamate, it produced smaller-sized Ag2S NCs (λmax ~900 nm) (Figure 2.4b). 

The higher reactivity of thiocarbamate is attributed to the presence of an oxygen atom 

adjacent to the C=S bond as an electron donating group (EDG) which increases the 

reactivity of the molecule by increasing electron density on the nitrogen atom adjacent 

to the C=S bond. The electronegativity order of N, S, and O is O>N>S according to the 

Mulliken scale, with values of 9.6, 8.4, and 7.2, respectively.59 As a result, the reactivity 

order of the precursors is thiocarbamate>thiourea>dithiocarbamate. This order is also 

evident in the size of the NCs created from these precursors under similar conditions, 

as seen in Figure 2.4. Additionally, the size of Ag2Se NCs was affected by the 

substituents, as demonstrated by the PL spectra in Figure 2.4b. This observation 

corresponds with the data obtained for Ag2S NCs. For instance, precursor 9a, which has 

a para substituent of H, yielded larger-sized NCs compared to precursor 9b, which has 

a para substituent of -OMe. 
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Table 2.2: PL emission peak and its line-width (FWHM) for the Ag2X (X=S, Se) NCs 

synthesized using substituted thiourea, selenourea, thiocarbamate, and dithiocarbamate.  

 

 

 

 

2.4.3. Structural Characterization  

Transmission electron microscopy (TEM): The as-synthesized Ag2S NCs were 

purified to remove excess ligands and their size was determined using TEM. For 

brevity, two different-sized NCs were analyzed viz., one with the lowest (λmax ~1024 

nm, QD1) and the highest PL emission (λmax ~1209 nm, QD2). It is noteworthy that 

QD1 was prepared using p-NO2 substituted thiourea (3e) and QD1 was prepared using 

p-OMe substituted thiourea (3c). From the TEM micrograph, the calculated size of QD1 

and QD2 are 2.2 ± 0.52 and 4.2 ± 1.1 nm respectively. Figures 2.9 and 2.10 show the 

TEM images and corresponding size distribution of QD1 and QD2 Ag2S NCs. The 



 

75 
 

HRTEM images further confirmed the monoclinic crystal structure of Ag2S NCs. The 

assigned d-spacing is for the planes (-121) and (031) of the monoclinic phase60 SAED 

patterns for the QD1 and QD2 (Figures 2.9b and 2.10b) are also consistent with 

monoclinic phase. 

Figure 2.9: (a) TEM micrograph of 2.2 ± 0.52 nm QD1 (b) the corresponding SAED 

pattern (c) the size distribution curve and (d) HRTEM image showing lattice fringes.  
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Figure 2.10: (a) TEM micrograph of 4.2 ± 1.1 nm QD2 (b) the corresponding SAED 

pattern (c) the size distribution curve and (d) HRTEM image showing lattice fringes. 

X-ray diffraction (XRD): XRD results (Figure 2.11) confirmed the monoclinic Ag2S 

(JCPDS 14-0072) 61,62 NCs with space group P2₁/c. The measured 2θ values for Ag2S 

are 26.3, 28.9, 31.5, 34.3, 36.8, 40.7, 43.4, and 53.2 indexed to the planes (012), (111), 

(-112), (-121), (121), (200), and (-213) respectively. From the XRD spectra, the 

broadening of peaks is clearly visible in the smaller-sized NCs (QD2) due to the finite 

size effect in accordance with the Debye-Scherer equation.  

𝐷 =  
𝐾𝜆

   𝐵 cos 𝜃
       1.4 

Where, 𝐷 is the crystallite size (nm), 𝐾 is the shape factor and 𝐵 is the full width at half 

maximum (fwhm, nm). Typically, its value is taken as 0.9 for spherical NCs,63 𝜆 , is the 
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wavelength of X-ray (Å) and 𝜃 is the Bragg’s angle (radian). The calculated crystallite 

sizes are 2.3 nm and 4.3 nm for QD1 and QD2 respectively. Similarly, the XRD results 

(Annexure, A2.36) confirmed the orthorhombic (β-form) Ag2Se (JCPDS 024-1041)64 

NCs with space group P2221. After annealing at 180 °С for 1 hour, the diffraction peaks 

in the XRD spectra became more prominent (Annexure, 2.36b). 

 

Fig 2.11: XRD spectra of monoclinic a) QD1 and b) QD2. The bars indicate the 

positions of standard monoclinic Ag2S; JCPDS 00-014-0072).62 

2.4.4. Surface Analyses 

 Due to the high surface-to-volume ratio in these NCs, the nature of surface impacts 

functionality,43,65,66 reactivity,67–69 crystal structure, phase stability,70–73, and even 

hydrodynamic diameter.74–76 It is, therefore, important to study the surface of the NCs. 

In our case, the surface was investigated using Fourier transform infrared spectroscopy 

(FTIR) and X-ray photoelectron spectroscopy (XPS). 

FTIR:  The characteristic asymmetric and symmetric C-H stretching peaks of pure 

DDT are 2922 cm-1 and 2851 cm-1
 respectively (Figure 2.12). FTIR analysis of purified 

Ag2S NCs confirmed the presence of surface-bound DDT.  The characteristic 

asymmetric and symmetric C-H stretching peaks are observed at 2916 cm-1 and 2847 
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cm-1 respectively. A slight shift of frequencies towards lower values is due to the 

binding of thiol group on to the Ag2S NCs surface.77                    

 
Figure 2.12: FTIR Spectra Ag2S NCs. 

XPS:  The existence of two noticeable peaks at 368.9 eV and 374.9 eV in the Ag 3d 

core-level spectra of Ag2S NCs (Figure 2.13c) are attributed to Ag 3d5/2 and 3d3/2, 

respectively, in accordance with the literature report.78,79 The spectra are calibrated with 

respect to C 1S (284.8 eV). From the survey graph, the calculated Ag:S ratio is 1:1.6. 

The observed atomic ratio (S/Ag), which is on the higher side (~1.6) compared to the 

theoretical value (~0.5) is attributed to the presence of DDT on the surface, which is 

also consistent with FTIR data. Similar observations are reported in the literature for 

Ag2S NCs capped with DDT prepared under different condition.79  

 

2880 2400 1920 1440

DDT-Ag
2

S QDs

2922 cm-1

2851 cm-1

2847 cm-1

2916 cm-1

Wave number (cm-1)

T
ra

n
sm

it
ta

n
ce

 (
%

)
 

 

DDT



 

79 
 

 
Figure 2.13: XPS spectra of Ag2S NCs are presented in the figure, showing: (a) the 

survey scan; (b) the C 1s spectrum which was calibrated at 284.8 eV; (c) the Ag 3d core 

level spectrum; and (d) the S 2p binding energy spectrum. 

 

Upon deconvolution of the S 2p peak, we observed two distinct components assigned 

to S-H (162.9 and 164.1 eV), and S-Ag (161.3 and 162.5 eV) peaks based on the 

literature report.79 In addition to the S-Ag peak, the existence of S-H binding energies 

also explains the presence of surface bound DDT. 
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Figure S5:XPS of DDT-capped Ag2S :
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Figure 2.14: The S 2p core-level XPS spectrum of deconvoluted Ag2S NCs shows two 

distinct chemical environments. The first corresponds to S-Ag, which represents the 

Ag2S NCs, and the second corresponds to S-H, which represents the ligand.  

 

The surface of the Ag2Se NCs was further analyzed using XPS. As shown in the Figure 

2.15, two distinct peaks at 368.9 eV and 374.9 eV were assigned to Ag 3d5/2 and Ag 

3d3/2 respectively. The peak at around 54.8 eV corresponds to Se 3d of Ag2Se NCs.80–

82 The presence of surface-bound thiol is confirmed by the S 2p peak cantered at 163.7 

eV. The Ag: Se ratio on the surface is 1.93:1, which is close to the theoretical value 

(~2:1). 
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Figure 2.15: XPS spectra of Ag2Se NCs: (a) the survey analysis; (b) 3d Ag; (c) S 2p 

and (d) Se 3d spectra. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S8:XPS of DDT-capped Ag2Se :
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2.5. Conclusion 

In this chapter, we discussed the preparation of a library of different substituted 

thiourea, thiocarbamate, dithiocarbamate, and selenourea precursors by reacting 

isothiocyanate/isoselenocyanate with commercially available phenols, thiophenols or 

aryl amines. We developed a novel method for the synthesis of silver chalcogenide, 

Ag2X (X=S, Se) NCs using these substituted thioureas, thiocarbamate, dithiocarbamate, 

and selenourea. This method allows for size-tunable synthesis of Ag2X (X=S, Se) NCs 

emitting in the entire NIR-II region ~(900-1300 nm). The sole function of 1-DDT in 

the reaction is the solubilization and stabilization of the NCs as confirmed by FTIR and 

a few controlled experiments. A detailed investigation was carried out to understand 

the role of the reactivity of the substituted precursor (H, p–Me, p–OMe, p–I, and p–

NO2) on the size of the NCs. A linear structure-reactivity relationship was established 

by plotting the Hammette substituent constant and the PL emission (~size) of the NCs. 

Larger-sized Ag2S NCs (QD2) is formed when the substituent R is an EWG such as p–

OMe. On the other hand, the presence of EDG such as p–NO2 led to the formation of 

smaller-sized NCs (QD1). As a representative case, two different-sized NCs namely, 

QD1 and QD2 were thoroughly characterized using UV-Vis spectroscopy, PL 

spectrofluorometer, TEM, XPS, XRD, and FTIR were used to establish the crystal 

structure, surface chemistry, and optical properties. The overview of the synthetic 

conditions and properties of QD1 and QD2 are outlined in Table 2.3. 
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Table 2.3: Summary of the synthetic conditions and properties of QD1 and QD2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

NCs ( Ag2S) 
 

QD1 
 

QD2 

Synthetic conditions  Temperature, 150°C 

Time, 15 minutes 

R = p-OMe 

Temperature, 150°C 

Time, 15 minutes 

R = p-NO2 
 

Absorption (λabs) 
 

4.2 ± 1.1 1209 

Emission (λem) 1024 nm 1209 nm 

FWHM  229 196 

Quantum Yield (QY) 6.9 % 6.2% 

Particle size (TEM) (2.2 ± 0.52) nm (4.2 ± 1.1) nm 

Crystallite size (XRD) 2.3 nm 4.3 nm 

Crystal Structure monoclinic monoclinic 
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2.6. Experimental section 

2.6.1. Materials  

For the synthesis of NIR-II Ag2X (X=S, Se) NCs, the following listed chemicals were 

used. 

Chemical Purity Supplier 

Toluene 95% Sigma Aldrich 

Dimethoxy ethane ≥99% Sigma Aldrich 

Diglyme ≥99% Sigma Aldrich 

Tetramethylammonium hydroxide (TMAH) ≥99% Sigma Aldrich 

Tetrachloroethylene ≥99% Sigma Aldrich 

1-Octadecene 90% Sigma Aldrich 

Triethylamine ≥99% Sigma Aldrich 

Octylamine 99% Sigma Aldrich 

Oleyl amine 70% Sigma Aldrich 

Phenyl isothiocyanate 98% Sigma Aldrich 

Silver nitrate 99% Thomas Baker 

Aniline 99% TCI 

N,N′-Dicyclohexylcarbodiimide (DCC) 99% TCI 

DOTA-GA (t-Bu)4 99% TCI 

Amino-thiophenol ≥99% TCI 

Trifluoroacetic acid (TFA) ≥99% TCI 

4-Dimethylamino pyridine (DMAP) ≥99% TCI 

Selenium powder ≥98% TCI 

1-Dodecanethiol (DDT) ≥98% TCI 

1-Octane thiol ≥98% TCI 

Cadmium chloride ≥98% Thomas Baker 

 

The purification process was not performed before using these. Additionally, deuterated 

solvents were purchased from Sigma Aldrich. The progression of the chemical 

reactions was monitored in analytical thin layer chromatography (TLC) using plates 

coated with silica gel 60 F254, with the use of a UV lamp or I2 stain.  
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2.6.2. Characterization techniques 

NMR: The Bruker ASCENDTM (400 MHz) spectrometer was used to record the 1H 

NMR, 13C NMR, with either CDCl3 or D2O, or DMSO-d6 as the solvent. The 

multiplicities were indicated as s for singlet, d for doublet, t for triplet, q for quartet, 

and m for multiplet. The solid samples were tested for their solubility in the desired 

solvents and mixed in a glass vial. Using a glass Pasteur pipette, the sample was 

transferred to the NMR tube. The NMR tube was then labeled and scanned in the NMR 

instrument.  

TGA: The TA Instruments TGA Q50 Analyzer was used to obtain the TGA data. 

During the analysis, the instrument was subjected to a controlled temperature increase 

at a rate of 20 degrees per minute until it reached a final temperature of 600 °C. Inside 

the heating furnace, the flow of N2 gas was kept at 60 mL per min, and inside the 

balance chamber, it was kept at 40 mL per min. Two platinum pans were utilized, where 

one was utilized as a reference point while the other was used to place the solid sample. 

The TGA instruments were immediately operated on the solid samples that were placed 

on the sample pan.  

UV-Vis spectrophotometer: To obtain the UV-visible absorption spectra, the 

PerkinElmer spectrophotometer with a scan rate of  480 nm/s and Agilent Technologies 

Cary 100 UV-vis were employed. For these measurements, the sample was dissolved 

in either anhydrous hexane or anhydrous tetrachloroethylene (TCE). 

Vis-NIR spectrofluorometer: The PL spectra of Ag2X (X=S, Se) NCs were obtained 

using the HORIBA Scientific spectrophotometer (Model: PTI-QM 510). The NCs were 

distributed in either hexane or TCE and the solution. 

TEM: In order to obtain TEM images, the JEOL-JEM-2100 Plus electron microscope 

was used. HRTEM images were captured using a 200 kV electron source. To prepare 
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the samples, a nanocrystal solution in hexane was drop-casted onto a carbon-coated 

surface. The copper grids, which were purchased from EMS, were stored in a vacuum 

desiccator overnight. The average particle size was determined using 400 particles. The 

lattice fringes were used to obtain the lattice plane and calculations were performed 

using the Image J program. 

FTIR: The FT-IR spectra were obtained using the Bruker ALPHA E, 200396 

instrument. Liquid samples are immediately dropped onto the surface of the 

instruments, and the spectrum was obtained. For solid samples, they were first ground 

in a mortar along with anhydrous potassium bromide (KBr). Then, a piece of paper was 

taken and a hole was cut out of it. The grounded sample was then poured into this hole, 

and a pallet was made using a hydraulic press. The resulting sample was inserted into 

the IR sample holder, attached with scotch tape, and then analyzed by running the 

spectrum. 

XRD: The Ag2X (X=S, Se) NCs, which had undergone purification, were dissolved in 

hexane and deposited on a clean and dry glass slide using a drop-casting technique. The 

resulting film on the glass slide was then analyzed using the PANalytical X-Ray 

diffractometer, where Cu Kα (λ=1.54 Å) as the incident radiation (40 kV and 30 mA). 

XPS: XPS samples were created on carbon-coated silicon wafers within a glovebox to 

prevent charging. The Thermo-Scientific ESCALAB Xi+ spectrometer, which utilized 

an Al Kα (1486.7 eV) X-ray source, was used to obtain XPS spectra. Constant analyzer 

energy (CAE) of 50 eV was used for high-resolution spectra, and a CAE of 100 eV was 

used for survey spectra. The XPS peaks were analyzed using XPS peak 4.1 software 

with the Gaussian-Lorentzian (SGL) function and a fixed ratio of 80:20 for peak 

deconvolution. The background of the spectrum was corrected using the Shirley 

method. The S 2p peak was separated into S 2p3/2 and S 2p1/2 peaks, exhibiting a spin-
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orbit splitting of approximately 1.2 eV with a full width at half maximum (FWHM) of 

1-1.2. The CASA XPS software was employed to determine the elemental composition, 

and the relative sensitivity factors were corrected to calculate the atomic percentage 

(%). 

2.6.3. Synthesis of precursors and Ag2S NCs 

Substituted thiourea synthesis (Method A): The synthesis method used was based on 

previously published research, but with some minor adjustments. 35 A typical synthesis 

involved mixing a solution of phenyl isothiocyanate (5.0 mmol) in toluene with a 

solution of aniline 5.0 mmol in 10 mL toluene 10 mL. The resulting mixture was stirred 

for a specified duration, after which the precipitate was thoroughly dried under vacuum 

to remove toluene. This resulted in extremely good yields of the required precursor. 

Thiocarbamate and dithiocarbamate substitutes (Method B): The thiocarbamate 

and dithiocarbamate derivatives were prepared with some slight modifications to a 

previous study.83  A solution of 5.0 mmol thiol or phenols in 10 mL acetonitrile was 

mixed with phenyl isothiocyanate (5.0 mmol) in acetonitrile. Triethylamine (5.0 mmol) 

was added to the mixture, and the reaction was stirred for 24 hours at 75 °C in an inert 

atmosphere. The solvents were then removed under vacuum in a rotating evaporator 

before adding n-hexane. The produced precipitates (thiocarbamate or dithiocarbamate) 

were filtered using a Buchner funnel and washed twice or thrice with n-hexane. The 

desired product (precursor) was dried in a desiccator before using it in an experiment. 

Selenourea synthesis (Method C): The preparation of phenyl isoselenocyanate was 

carried out according to a previously published method. .84 In summary, an ethanol 

solution of aromatic amine, 3 mmol was added to a chloroform solution of phenyl 

isoselenocyanate (3 mL) (EtOH, 2.5 mL). The reaction was exothermic and allowed to 

cool to room temperature. To complete the reaction, the mixture was further stirred 
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under reflux conditions for 5-10 minutes. After cooling, a crystalline precipitate was 

formed, which was filtered and dried under vacuum. 

Synthesis of silver sulfide (Ag2S) NCs: To prepare the sulfur precursor, 0.2 mmol of 

it was dissolved in 1 mL of dimethoxymethane and left to degas for 30 minutes at room 

temperature in a double-necked round bottom flask (A) under a nitrogen environment 

for another 30 minutes. Meanwhile, in another 50 mL three-necked round bottom flask 

(B), a combination of silver nitrate (0.034 g, 0.2 mmol), 1-octadecene (3.5 mL), and 1-

dodecanethiol (DDT) was vacuumed for 30 minutes at ambient temperature and then 

for 15 minutes at 120 °C to obtain a pale-yellow solution. The temperature of the 

reaction mixture was then raised to 150 °C while maintaining a nitrogen environment. 

Depending on the substituents in the p-position to the precursors, the reaction mixture 

was allowed to turn black from red quickly after injecting the cold precursor solution 

of flask A into the hot solution of flask B. The reaction mixture was then rapidly cooled 

in an ice bath. 

Synthesis of  silver selenide (Ag2Se) NCs: The substituted selenourea precursor (0.2 

mmol) was dissolved in dimethoxymethane (1 mL) and degassed for 30 minutes at 

room temperature in a double-necked round bottom flask (A). The reaction was 

maintained in a nitrogen environment for an additional 30 minutes. In a second 50 mL 

three-necked round bottom flask (B), a light-yellow solution was obtained by degassing 

a combination of silver nitrate (0.034 g, 0.2 mmol), 1-octadecene (3.5 mL), and 1-

dodecanethiol (0.5 mL) under vacuum for 30 minutes at ambient temperature and 15 

minutes at 120 °C. The temperature of this reaction mixture was then increased to 150 

°C in a nitrogen environment. Depending on the precursor's nature, the cold precursor 

solution from flask A was rapidly injected into the heated solution in flask B, and the 
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reaction mixture was kept until it turned black from red. The reaction mixture was 

promptly cooled in an ice bath after the desired reaction was achieved. 

NCs purification: The QDs were initially mixed with 4 mL of ethanol/methanol and 1 

mL of hexane. After being centrifuged twice at 6000 rpm for 15 minutes, the 

supernatant was discarded, and the precipitate was mixed with 3 mL of 

ethanol/methanol, 1 mL of hexane, and 1 mL of toluene. This mixture was then 

centrifuged twice at 6000 rpm for 5 minutes. The resulting QDs were dispersed in 0.5 

mL of toluene and centrifuged for 2 minutes at 6000 rpm. Finally, the QDs were 

dispersed in 1 mL of hexane/TCE and centrifuged once at 3000 rpm for further 

purification. 

Synthesis of CdS NCs: Substituted thiourea precursor, specifically 1-(4-

methoxyphenyl)-3-phenylthiourea (3c) with a quantity of 0.2 millimoles, was mixed 

with dimethoxy ethane (1 millilitre) and left to remove any gases for 30 minutes at room 

temperature in a flask with two necks labeled flask A. It was then kept under a nitrogen 

gas environment for an additional 30 minutes. In a different flask labeled flask B with 

three necks and a capacity of 50 millilitres, a mixture of cadmium chloride (0.028 grams 

or 0.2 millimoles), 1-octadecene (3.5 millilitres), and oleic acid (1 millilitre) was used. 

These components were degassed by vacuum at room temperature for 30 minutes, then 

further degassed at 120°C for 15 minutes while being kept in a nitrogen atmosphere. 

The reaction mixture in flask B was quickly cooled in an ice bath after the cold 

precursor solution of flask A was added rapidly to the heated solution of flask B. In 

order to compare the UV-vis absorbance of the cadmium sulfide (CdS) nanocrystals 

(NCs) made from 3c, another thiourea precursor, 1-(4-nitrophenyl)-3-phenylthiourea 

(3e), was used to make CdS NCs. 
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3.1. Introduction  

Colloidal quantum dots (CQDs) of superior quality, characterized by a small size range, 

near-unity quantum yield (QY), and remarkable resistance to photo-degradation, are 

generally produced in an organic solvent utilizing the hot injection method created by 

Murray and Bawendi.1 The phase transfer of nanocrystals (NCs) synthesized in an 

organic medium to aqueous media is an essential step for biological application.2–4 In 

the previous chapter, we demonstrated the synthesis of monodisperse NIR-II emitting 

Ag2S CQDs in an organic solvent. These CQDs in organic solvents must be phase 

transferred to the aqueous medium. Ideally, the phase-transferred CQDs in the aqueous 

medium should have good stability (colloidal, photo- and chemical stability) in 

physiological pH, high fluorescence quantum yield, low hydrodynamic diameter, and 

low toxicity. 5–15 In this chapter, we will discuss the phase transfer reaction of Ag2S 

CQDs from a non-polar solvent to an aqueous medium using L-cysteine. 

3.2. Phase transfer 

3.2.1. L-Cysteine as the phase transfer ligand 

L-cysteine is an amino acid containing the thiol group. Depending on the pH of the 

solution, L-cysteine can have cationic, anionic, and even zwitterionic forms (Figure 

3.1). At pH ~9 the thiol group is dissociated to thiolate ion (pKa~8.35),16 which is 

important for strong binding with the surface of the Ag2S CQDs. Ag-S(thiolate) binding 

energy is 2.84 eV. It is zwitterionic when the pH of the solution reaches the isoelectric 

point at 5.05.17  The zwitterionic self-assembled monolayers (SAMs) are important for 

evading nonspecific interaction with protein.18 The zwitterionic nature of L-cysteine, 

compact size, and the ability of its thiolate group to bind with the surface of the Ag2S 

QDs at pH>9 make it an ideal ligand for phase transfer. L-cysteine has been widely 
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used in phase transfer of various CQDs including InP/ZnS,11 CdSe/CdZnS,19 CdSe,20,21 

CdTe,22 CdTe/CdS,23 ZnS,24 CdSeTe,25 CuInS2,
26 NCs.17 The L-cysteine-capped CQDs 

has a compact size and efficient clearance via the kidney.17,27,28  

 

Figure 3.1: Various forms of L-cysteine at different pH values. 

3.2.2. Phase transfer reaction 

The Ag2S CQDs were phase transferred from chloroform to the aqueous medium using 

a procedure reported for InP/ZnS core/shell CQDs.11 The method involves vigorous 

stirring of a biphasic mixture containing Ag2S CQDs (in chloroform) and L-cysteine 

(in an aqueous medium) at pH~9.  Figure 3.2 shows the photographs before and after 

the exchange reaction. The Ag2S CQDs dispersed in CHCl3 were efficiently transferred 

to water within 2 hour.  

Figure 3.2: Phase transfer of DDT-capped Ag2S QDs from organic phase (chloroform) 

to aqueous phase using L-cysteine at pH ~9. 
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3.2.3. Characterization of aqueous Ag2S QDs 

The successful phase transferred QDs were characterized by Fourier Transform 

Infrared Spectroscopy (FTIR), Photoluminescence Spectroscopy (PL spectroscopy), 

and X-ray Diffraction Spectroscopy (XRD). 

The purified Ag2S QDs in the organic phase were phase transferred within 2 hours 

yielding the L-cysteine-capped Ag2S QDs in excellent yields (yield~93% and 90.0 % 

for QD1 and QD2 respectively). Thereafter, the aqueous QDs (QD1, λem ~1024 nm, 

QD2, λem ~1209) were characterized by IR-Spectroscopy which confirmed the 

successful phase transfer of the QDs from the organic phase to the aqueous phase. 

Figure 3.3a and 3.3b show the FTIR spectra of L-cysteine-capped Ag2S QDs (QD1 and 

QD2). At 2538 cm-1 in the FTIR spectrum of pure L-cysteine, there is a distinct S-H 

stretching vibration signal (Figure 3.3). The lack of this signal in aqueous Ag2S QDs 

(Figures 3.3a and 3.3b) indicated that unbound L-cysteine was not present in the 

solution. The asymmetric stretching vibration of carboxylate is responsible for a strong 

peak at 1572 cm-1 for QD1 and 1568 cm-1 for QD2. 

 

Figure 3.3: FTIR spectra of phase transferred QDs from organic to aqueous phase 

(QD1 and QD2). 
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Figure 3.4 shows the photoluminescence spectra of two different-sized NIR-II Ag2S 

QDs (QD1, size ~2.2 nm, λem ~1024 nm, λabs ~914 nm, and QD2, size ~4.2 nm, λem 

~1209 nm, λabs ~1012 nm) before and after phase transfer from organic to the aqueous 

phase. The QDs maintained good colloidal stability in the aqueous phase and the 

quantum yield was well conserved (QY~5.5% and 5.6% for QD1 and QD2 respectively, 

Figure 3.4). The QY for other QDs emitting in the NIR-II region at λem ~1065 nm and 

λem ~1133 nm was also calculated to be at 5.6 % (c.f. Annexure, A3.1) 

 

Figure 3.4: PL and QY results of Ag2S QDs before and after phase transfer from 

organic to the aqueous phase. 

Due to the strong fluorescent intensity, high QY, and narrow emission bandwidth, QDs 

have been used as fluorophores in many imaging fields.29–31  The QY is significantly 

decreased during the phase transfer, which limits the application of QDs to 

bioimaging.32,33 In our case, we observed a relatively high conservation of quantum 

yield during the phase transfer reaction. Table 3.1 shows the detailed investigation of 

Ag2S QDs before and after phase transfer. 
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Table 3.1: An extensive analysis of phase transferred Ag2S QDs. The QY was 

determined by comparing the total fluorescence intensity of QDs in water and organic 

solvent (TCE) to a standard dye (IR-140, Φf = 0.167 in ethanol) 

NCs 

(Ag2S) 

Size  

(nm) 

Emission 

(a) 

nm 

Emission 

(b) 

nm 

QY 

(a) 

% 

QY 

(b) 

% 
 

FWHM 

(a)  

nm 

FWHM  

(b)  

nm 

QD1 2.2 ± 0.52 1024 1026 6.9 5.5 229 198 

QD2 4.2 ± 1.1 1209 1211 6.2 5.6 196 173 

 

XRD: Figure 3.5 shows the XRD pattern of Ag2S NCs before and after the phase 

transfer reaction. The sample retained its monoclinic phase (JCPDS 14-0072) 34,35 NCs 

with space group P2₁/c. results of the. The measured 2θ values for Ag2S are 26.3, 28.9, 

31.5, 34.3, 36.8, 40.7, 43.4, and 53.2 indexed to the planes (012), (111), (-112), (-121), 

(121), (200), and (-213) respectively.  

 

Figure 3.5:  XRD of Ag2S NCS before and after the phase transfer from organic to the 

aqueous phase. 
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3.3. Stability of Ag2S QDs in aqueous medium 

3.3.1. pH 

Figure 3.6a shows that the QY of Ag2S NCs is highly sensitive to the pH of the solution. 

QY increased when the pH of the solution was increased, while at acidic pH we noted 

a decrease in quantum yield. Furthermore, at basic pH (>10) the absorption peak was 

also more distinct compared to that at lower pH. The decrease of QY at lower pH is 

also reported for other QDs such as CdSe/ZnS36 and CdS NCs.37,38 The reason for this 

observation is not clear, though it can be understood that the QY is sensitive to the 

species on the surface. The surface-bound thiolate-Ag (I) is expected to undergo 

chemical changes (reduction or oxidation) at different pH.  

 

Figure 3.6: (a) UV-absorption spectrum of aqueous Ag2S QDs at different pH solutions 

(b) PL spectra of aqueous Ag2S QDs in different pH solutions. 

3.3.2. Colloidal Stability 

In our study, the absorption/emission spectra and turbidity index 39 were used to monitor 

the colloidal stability in the aqueous medium. The NCs were stable for up to 28 days as 

indicated by absorption and emission spectra (Figure 3.7a-b). The FWHM of the 

corresponding NCs is shown in Annexure, A3.2. Figure 3.7c is the photographs of the 
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colloidal solution of Ag2S NCs in water taken over one month. The turbidity index of 

the colloidal solution maintained close to 35 NTU (nephelometric turbidity unit) for this 

period. 

Figure 3.7: (a) UV-absorption spectra of aqueous Ag2S NCs (λem ~1065 nm, λabs ~ 921 

nm) measured on days 1, 15, and 28. (b) PL emission of the same aqueous Ag2S NCs 

measured on days 1, 15, and 28. (c) Photographs of colloidal solutions of Ag2S NCs 

taken on different days. 
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3.3.3. Phase stability  

XRD spectra show that the colloidal solution of Ag2S NCs retained its monoclinic phase 

for more than a month.  

 

Figure 3.8: XRD spectra Ag2S NCs in aqueous medium monitored for 1 month. 

3.3.4. Photostability 

For photostability studies, four different-sized Ag2S NCs (From QD1 to QD2) were 

phase transferred to the aqueous medium using L-cysteine under the optimized 

condition as discussed in the previous section. Figure 3.9a-b show the absorption and 

emission spectra of these phase-transferred. These NCs were irradiated under blue LED 

(visible light) for 2 hour. The results show that larger-sized NCs (e.g. QD2) were more 

stable than the smaller-sized NCs (e.g. QD1). Similar results were reported for PbS 

NCs by Weiss and co-workers.40 It is noteworthy that both QD1 and QD2 had nearly 

the same QY in water (Table 3.1) before the irradiation.  
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Figure 3.9: a) UV-visible absorption spectra of Ag2S QDs for 2 hrs. Samples QD1 and 

QD2 are described in section 2.1, QD1065 and QD1133 denote Ag2S NCs emitting at 1065 

and 1133 nm respectively. (b) Corresponding PL emission spectra of the Ag2S QDs. (c) 

These Ag2S NCs (QD1, QD2, QD1065, and QD1133) were photo-irradiated under blue 

LED and PL emission was monitored at a different time for 2h.   

3.3.5. Improving photostability: synthesis and characterization of Ag2S/ZnS 

core/shell NCs 

The photostability results motivated us to further increase the photostability of aqueous 

Ag2S QDs. Typically, photostability can be increased either by changing the capping 

ligands41 or doping various metal ions such as Zn2+,  Pb2+, Cd2+, Cu2+, Mn2+,42–44  or by 

coating Ag2S QD with an insulating inorganic shell.45 In our study, we prepared  

Ag2S/ZnS core/shell NCs. ZnS is an ideal material for synthesizing various core/shell 

NCs due to its wider and direct band gap (Eg~3.6 eV) having exciton Bohr radius, rB = 

2.5 nm. Over-coating Ag2S NCs with the ZnS shell passivates the surface defects states, 

prevents the core from environmental factors (oxygen, moisture, pH), and increases 

QY.46–52 Some studies have also shown that in addition to photostability, growing the 

shell also increases the colloidal stability of the materials.41 Preparation of Ag2S QDs 

is still challenging due to the large lattice mismatch (8.8%) between (101̅0)ZnS and 

(1̅11)Ag2S.53 Two major synthetic approaches for growing a shell on silver chalcogenide 

are a) successive ion layer adsorption (SILAR) and b) microwave synthesis.54,55 In the 
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SILAR method, which was first applied for the synthesis of CdSe/CdS core/shell NCs,56 

the cation and anion precursors are added and adsorbed in sequence to avoid separate 

nucleation of ZnS in the solution. In the microwave method, the particle size of 

core/shell QDs synthesized is typically larger than 20 nm, with a large diameter 

dispersion and low monodispersity. For this reason, a shell coating technique that is 

quick, simple, and controlled is essential. Recently, Peng and co-workers reported a 

non-injection approach for synthesizing Ag2S core covered with ZnS shell, in which 

the ligand was used as an anion precursor (e.g., alkanethiols). The non-injection 

approach reduces the number of reagents used and simplifies the synthesis procedures 

in general.45 Ag2S/ZnS and CuInS2/ZnS NCs have been successfully synthesized using 

this thiol-based non-injection approach.57–59  

Synthesis of Ag2S/ZnS core/shell NCs: We followed Peng’s method for the synthesis 

of Ag2S/ZnS NCs with slight modifications in our synthesis process. Briefly, zinc 

acetate was dissolved in oleylamine, DDT, and ODE (I-octadecene), to which a sulfur 

precursor (3b, cf. chapter II) dissolved in dimethoxymethane was added. The ZnS 

precursor solution was then added dropwise into the reaction solution containing pre-

synthesized Ag2S NCs (cf. Section 2.6.3, chapter II). Control experiments confirmed 

that the substituted thiourea act as the sulfur precursor for both Ag2S NCs and 

Ag2S/ZnS core/shell NCs. The NCs were purified using the centrifugation method11 (cf. 

Section 3.9.4)  
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Scheme 3.1: (a) Schematic representation of the synthesis of Ag2S/ZnS core/shell NCs. 

Characterization of Ag2S/ZnS NCs: The oil-soluble and aqueous Ag2S/ZnS NCs are 

characterized by FTIR, PL spectroscopy, UV-Vis spectroscopy, TEM, and XRD 

spectroscopy. 

FTIR: The presence of surface-bound DDT was confirmed by FTIR. The characteristic 

asymmetric and symmetric C-H stretching peaks are observed at 2916 cm-1 and 2847 

cm-1 respectively in Ag2S/ZnS NCs. A slight shift of frequencies towards lower values 

is due to the binding of the thiol group onto the surface of the NCs.60 Literature shows 

that other alkanethiols are equally effective as the capping ligand for different sulfur 

(substituted thiourea,61 thiocarbamate62 and dithiocarbamates62) and selenium 

precursors63. 

Figure 3.10: (a) FTIR spectra of DDT (black) and DDT-capped Ag2S/ZnS core/shell 
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NCs (red) showing a clear shift C-H stretching frequency which confirms the surface 

passivation of Ag2S NCs by DDT. (b) A shift in C-H stretching frequency of Ag2S NCs 

(red) and Ag2S/ZnS core/shell NCs (black). 

Optical properties of Ag2S/ZnS NCs: Growing a shell with a higher band gap around 

the core improves the PL quantum yield by passivating the surface defects64 and 

preventing the influence of environmental factors (such as pH, oxygen,  etc.), thus 

increasing the PL QY and stability of the QDs. The passivation of nonradiative 

recombination sites on the surface of nanocrystallites by overcoating them with higher 

band gap inorganic materials, such as ZnS, has been demonstrated to enhance the 

photoluminescence quantum yields.64,65 Particles passivated with inorganic shell 

structures are more robust than organically passivated QDs and have greater tolerance 

to processing conditions necessary for incorporation into solid-state structures. The 

photoluminescence (PL) and the corresponding absorption spectra of Ag2S core NCs 

and the Ag2S/ZnS core/shell NCs are shown in Figures 3.11a and 3.11b. As anticipated, 

there is a significant improvement in PL QY as the shell growth time gradually 

progressed from 15 min to 60 minutes at 150 oC.  Despite a lattice mismatch of 8.8 % 

(between Ag2S and ZnS), a more than 2 nm thick shell could be overgrown. In small 

NCs, the lattice mismatch is relaxed due to short crystal facets.66  Interestingly, the first 

excitonic peak also became more prominent in core/shell NCs compared to the core 

NCs. This is attributed to a partial leakage of excitons into the shell material, which has 

a larger bandgap (0.9 eV for bulk ZnS) than the core material (3.6 eV for bulk ZnS).67,68 
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Figure 3.11: (a) PL emission spectra of Ag2S and Ag2S/ZnS core/shell NCs showing a 

2-fold increase in QY. (b) UV-vis absorption spectra Ag2S and Ag2S/ZnS core/shell 

NCs showing first excitonic peak. 

TEM: The TEM images of Ag2S/ZnS core/shell NCs are shown in Figure 3.12. The 

size of Ag2S/ZnS NCs is 2.5 ± 0.8 nm, which is 0.3 nm higher than the core Ag2S (2.2 

± 0.5 nm). 

 

Figure 3.12: (a) TEM micrograph of 2.5 ± 0.8 nm of Ag2S/ZnS core-shell NCs (b) 

HRTEM image showing lattice fringes (c) the size distribution curve. 
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XRD: Figure 3.13 compares the XRD spectra of Ag2S core and Ag2S/ZnS core/shell 

NCs. XRD pattern of core/shell NCs is consistent with the literature report.45 The high-

intensity peak for monoclinic Ag2S NC at ~36.8 is masked by the  (111) peak of 

wurtzite ZnS similar to the cases of previously reported core/shell structures such as 

Ag2S/ZnS,45 CdSe/ZnS and, CdSe/CdS QDs,56,69,70  implying the formation of 

Ag2S/ZnS core/shell QDs.  

 

Figure 3.13: XRD patterns of the Ag2S QDs (black line) and Ag2S/ZnS core/shell QDs 

(royal blue line). 

Phase transfer of Ag2S/ZnS core/shell NCs: The oil-soluble Ag2S/ZnS core/shell NCs 

were phase transferred into the water phase using L-cysteine as the transferring agent 

in basic pH (cf. section 3.5.3).11 
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Scheme 3.2: Phase transfer of Ag2S/ZnS core/shell NCs from organic (chloroform) to 

the aqueous phase (water) using L-cysteine. 

 

Successful phase transfer is confirmed by FTIR (Figure 3.14). At 2538 cm-1 pure L-

cysteine exhibits a distinctive S-H stretching vibration signal. The lack of this signal in 

aqueous core/shell NCs (Figure 3.14a) indicated the absence of unbound L-cysteine in 

the solution. The asymmetric stretching vibration of the carboxylate (COO–) group of 

surface-bound L-cysteine is observed at 1567 cm-1. This peak at a lower frequency 

compared to the pure L-cysteine (1588 cm-1) indicates the presence of a surface-bound 

ligand. The high conservation of PL QY phase-transferred core/shell NCs is attributed 

to the robust ZnS layer as a protective shell. 
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Figure 3.14: (a) FTIR spectra of Ag2S/ZnS core/shell QDs before and after phase 

transfer. (b) PL spectra showing QY of Ag2S/ZnS core/shell QDs before and after phase 

transfer. 

Colloidal stability of aqueous Ag2S/ZnS core/shell QDs: Ag2S/ZnS core/shell NCs 

were stable for up to 48 days as indicated by optical (PL and absorption) and turbidity 

data (Figure 3.15a-b). The PL and UV did not indicate any sign of agglomeration. The 

turbidity index of the colloidal solution consistently remained close to ~32 NTU 

(nephelometric turbidity unit) for over 48 days. 
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Figure 3.15: (a) PL emission peak for aqueous Ag2S/ZnS NCs consistent over  (b) PL 

emission 48 days. (b) Turbidity measurement for 48 days of same aqueous Ag2S/ZnS 

NCs (c) Pictorial representation of colloidal solutions for 1 month (50 days after, the 

colloidal solution is disturbed due to agglomeration). 

pH-dependence of aqueous Ag2S/ZnS core/shell NCs: The QY increased as the pH 

of the solution increased. Furthermore, in basic pH (>10), the absorption feature became 

more distinct compared to that at lower pH consistent with the observation in Ag2S NCs 

and other systems such as CdSe/ZnS36 core/shell NCs and CdS37,38 QDs.  
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Figure 3.16: (a) UV-absorption spectrum of aqueous Ag2S/ZnS NCs at different pH 

solutions (b) PL spectra of aqueous Ag2S/ZnS NCs in different pH solutions. 

Photostability of aqueous Ag2S/ZnS core/shell NCs: Figure 3.16 shows that not only 

core/shell NCs have higher PL QY but also are more photo-stable. Under continuous 

irradiation of the NCs with a blue LED, aqueous Ag2S/ZnS NCs retained high QY for 

more than 2 hour. Clearly, the protective inorganic ZnS shell is crucial for the improved 

photostability of Ag2S/ZnS NCs. 

 

Figure 3.17: Comparison between PL intensities for the photostability test performed 

on the water-soluble Ag2S NCs and aqueous Ag2S/ZnS core/shell NCs. 
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3.4. Conclusion  

In this chapter, we prepared aqueous-soluble Ag2S NCs via phase transfer reaction 

using L-cysteine as a zwitterionic ligand. Within 2 hours, the phase transfer reaction 

was complete, yielding L-cysteine-capped Ag2S NCs (QD1 and QD2) in high yield 

(~91-93%). The NCs exhibited QY~5.5-5.6 %, which is better than organic NIR-II dyes 

in water.71,72 These NCs exhibited high colloidal stability (~1 month). The PL QY was 

sensitive to the pH of the solution with high QY in basic pH and vice-versa. Under blue-

LED light, the NCs exhibited photostability for up to 15 minutes. The larger-sized NCs 

were more photostable as compared to smaller NCs.  

To improve PL QY and photostability, Ag2S/ZnS core-shell NCs were synthesized 

using substituted thiourea as a sulfur source. Overcoating Ag2S NCs with a ZnS shell 

of 0.3 nm thickness increased the PL QY from 6.2 % to 9.3 %. Furthermore, upon phase 

transfer of these core/shell NCs to an aqueous medium using L-cysteine, the NCs 

retained 73 % PL QY. The aqueous core/shell NCs also showed enhanced photostability 

under blue-LED (up to 2 hour) and colloidal stability (~48 days). 

 

 

 

 

 

 

 

 

 

 



 

123 
 

Table 3.2: Summary of the results. 

 

 

 

 

 

 

 

 

 

 

 

NCs  Ag2S 

 
Ag2S/ZnS 

QY(organic phase, TCE)  6.2 % 12.2 % 

QY(organic phase, H2O) 

 
5.9 % 9.3 % 

pH sentivity sensitive sensitive 

UV-vis (1st excitonic peak) distinct distinct 

Colloidal stability stable over a month stable for 48 days 

Particle size (TEM) (2.2 ± 0.52) nm (2.5 ± 1.1) nm 

Crystallite phase (XRD) monoclinic Wurtzite 

Phase stability (XRD) stable  stable 

Photostability (under blue LED) stable for 15 min  stable over 2 hours 
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3.5. Experimental section 

3.5.1. Materials and general considerations: The materials used were listed as 

follows: 

Chemicals Purity/Grade Source 

Toluene 95% Sigma Aldrich 

Dimethoxy ethane (DME) ≥99% Sigma Aldrich 

Tetramethylammonium hydroxide (TMAH) ≥99% Sigma Aldrich 

Tetrachloroethylene ≥99% Sigma Aldrich 

1-Octadecene 90% Sigma Aldrich 

Triethylamine ≥99% Sigma Aldrich 

Octylamine 99% Sigma Aldrich 

Oleylamine 70% Sigma Aldrich 

Phenyl isothiocyanate 98% Sigma Aldrich 

L-cysteine ≥97% Sigma Aldrich 

Zinc acetate 99% Sigma Aldrich 

Chloroform ≥99% Sigma Aldrich 

Hexane ≥99% Sigma Aldrich 

Disodium hydrogen phosphate 98% Sigma Aldrich 

Monopotassium phosphate 98% Sigma Aldrich 

Sodium chloride 99% Sigma Aldrich 

Potassium chloride 99% Sigma Aldrich 

Sodium hydroxide 98% Sigma Aldrich 

Hydrochloric acid ≥97% Sigma Aldrich 

Silver Nitrate 99% Thomas Baker 

P-toluidine 99% TCI 

4-methoxyaniline 99% TCI 

4-nitoaniline 99% TCI 

p-iodoaniline 99% TCI 
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1-dodecanethiol (DDT) ≥98% TCI 

1-octane thiol ≥98% TCI 

The UV lamp or I2 stain in TLC was used to visualize the spots.  

3.5.2. Characterization Methods 

NMR: The Bruker ASCENDTM (400 MHz) spectrometer was used to record the 1H 

NMR, 13C NMR, with either CDCl3 or D2O, or DMSO-d6 as the solvent. The 

multiplicities were indicated as s for singlet, d for doublet, t for triplet, q for quartet, 

and m for multiplet. The solid samples were tested for their solubility in the desired 

solvents and mixed in a glass vial. Using a glass Pasteur pipette, the sample was 

transferred to the NMR tube. The NMR tube was then labeled and scanned in the NMR 

instrument.  

UV-Vis spectrophotometer: To obtain the UV-visible absorption spectra, the 

PerkinElmer spectrophotometer with a scan rate of  480 nm/s and Agilent Technologies 

Cary 100 UV-vis were employed. For these measurements, the sample was dissolved 

in either anhydrous hexane or anhydrous tetrachloroethylene (TCE). 

Vis-NIR spectrofluorometer: The PL spectra of Ag2X (X=S, Se) NCs were obtained 

using the HORIBA Scientific spectrophotometer (Model: PTI-QM 510). The NCs were 

distributed in either hexane or TCE and the solution. 

TEM: In order to obtain TEM images, the JEOL-JEM-2100 Plus electron microscope 

was used. HRTEM images were captured using a 200 kV electron source. To prepare 

the samples, a nanocrystal solution in hexane was drop-casted onto a carbon-coated 

surface. The copper grids, which were purchased from EMS, were stored in a vacuum 

desiccator overnight. The average particle size was determined using 400 particles. The 

lattice fringes were used to obtain the lattice plane and calculations were performed 

using the Image J program. 
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FTIR: The FT-IR spectra were obtained using the Bruker ALPHA E, 200396 

instrument. Liquid samples are immediately dropped onto the surface of the 

instruments, and the spectrum was obtained. For solid samples, they were first ground 

in a mortar along with anhydrous potassium bromide (KBr). Then, a piece of paper was 

taken and a hole was cut out of it. The grounded sample was then poured into this hole, 

and a pallet was made using a hydraulic press. The resulting sample was inserted into 

the IR sample holder, attached with scotch tape, and then analyzed by running the 

spectrum. 

XRD: The Ag2X (X=S, Se) NCs, which had undergone purification, were dissolved in 

hexane and deposited on a clean and dry glass slide using a drop-casting technique. The 

resulting film on the glass slide was then analyzed using the PANalytical X-Ray 

diffractometer, where Cu Kα (λ=1.54 Å) as the incident radiation (40 kV and 30 mA). 

3.5.3.  Synthesis  

Substituted thiourea synthesis (Method A): The synthesis method used was based on 

previously published research, but with some minor adjustments. 35 A typical synthesis 

involved mixing a solution of phenyl isothiocyanate (5.0 mmol) in toluene with a 

solution of aniline 5.0 mmol in 10 mL toluene 10 mL. The resulting mixture was stirred 

for a specified duration, after which the precipitate was thoroughly dried under vacuum 

to remove toluene. This resulted in extremely good yields of the required precursor. 

Thiocarbamate and dithiocarbamate substitutes (Method B): The thiocarbamate 

and dithiocarbamate derivatives were prepared with some slight modifications to a 

previous study.83  A solution of 5.0 mmol thiol or phenols in 10 mL acetonitrile was 

mixed with phenyl isothiocyanate (5.0 mmol) in acetonitrile. Triethylamine (5.0 mmol) 

was added to the mixture, and the reaction was stirred for 24 hours at 75 °C in an inert 
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atmosphere. The solvents were then removed under vacuum in a rotating evaporator 

before adding n-hexane. The produced precipitates (thiocarbamate or dithiocarbamate) 

were filtered using a Buchner funnel and washed twice or thrice with n-hexane. The 

desired product (precursor) was dried in a desiccator before using it in an experiment. 

Synthesis of Ag2S/ZnS core/shell NCs: The temperature of the as-synthesized Ag2S 

NCs (Section 3.9.2) solution was maintained at 150 °C under an N2 atmosphere. At this 

point, silver acetate, 0.1 mmol dissolved in oleylamine, and ODE mixed in a round 

button flask named A are vacuumed for 15 minutes at room temperature, RT. 

Meanwhile, S-precursor, 0.1 mmol dissolved in DME was mixed in Flask A. 

Thereafter, the cold precursor was added to the reaction solution for coating a ZnS shell 

on the Ag2S nanocrystals.74 To monitor the growth of the nanoparticles, aliquots were 

taken at different reaction times, 5, 10, 15, and 60 minutes respectively for absorption 

and FL measurements. Then, the reaction mixture was quickly quenched in a cold ice 

bath. 

NCs purification: The QDs were initially mixed with 4 mL of ethanol/methanol and 1 

mL of hexane. After being centrifuged twice at 6000 rpm for 15 minutes, the 

supernatant was discarded, and the precipitate was mixed with 3 mL of 

ethanol/methanol, 1 mL of hexane, and 1 mL of toluene. This mixture was then 

centrifuged twice at 6000 rpm for 5 minutes. The resulting QDs were dispersed in 0.5 

mL of toluene and centrifuged for 2 minutes at 6000 rpm. Finally, the QDs were 

dispersed in 1 mL of hexane/TCE and centrifuged once at 3000 rpm for further 

purification. 

Phase transfer of Ag2S QDs: The Ag2S QDs emitting at 1024 nm, 1065 nm, 1133nm 

and 1200 nm obtained from different S-precursors viz., a, b, c, d respectively were 
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subjected to the phase transfer process to replace the hydrophobic ligand (DDT) with 

hydrophilic ligand (L-cysteine). The purified precipitate of Ag2S QDs (0.102g) was 

dispersed in 2 mL of chloroform. Simultaneously, 0.45 mg of L-cysteine was dissolved 

in 2 mL of Millipore water by dropwise addition of tetramethyl ammonium hydroxide 

and the pH of the system was maintained at the range of ~9.2 These two solutions were 

mixed and the corresponding biphasic mixtures were stirred vigorously for 2 h at 14000 

rpm at room temperature. The phase transferred Ag2S QDs in water were washed three 

times with pure Millipore water using a micro spin-X filter (0.22 micrometre) and 

further, the QDs were dispersed in 1.5 ml of water.11,73 

Phase transfer of Ag2S/ZnS core-shell QDs: The Ag2S/ZnS QDs emitting at 1065 nm 

obtained from S-precursor b, were subjected to the phase transfer process to replace the 

hydrophobic ligand (DDT) with hydrophilic ligand (L-cysteine). The purified 

precipitate of Ag2S/ZnS QDs (0.150g) was dispersed in 2 mL of chloroform. 

Simultaneously, 0.65 mg of L-cysteine was dissolved in 2 mL of Millipore water by 

dropwise addition of tetramethyl ammonium hydroxide and the pH of the system was 

maintained at the range of ~9.2 These two solutions were mixed and the corresponding 

biphasic mixtures were stirred vigorously for 2 h at 14000 rpm at room temperature. 

The phase transferred Ag2S QDs in water were washed three times with pure Millipore 

water using a micro spin-X filter (0.22 micrometre) and further, the QDs were dispersed 

in 1.5 ml of water.73 

Preparation of PBS buffer: In order to prepare 100 mL of PBS buffer, 8 g of NaCl, 

0.2 g of  KCl, 1.78 g of disodium hydrogen phosphate dihydrate, Na2HPO4.2H2O, and 

0.24 g of mono-potassium phosphate, KH2PO4. are mixed together and the final volume 

is adjusted to 100 mL Millipore water. Further, it was diluted to 1X PBS concentration 
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to adjust the pH at 7.4. The required pH is further adjusted by adding hydrochloric acid 

and sodium hydroxide to the PBS solution.76 

Calculation of quantum yield (QY): The fluorescence quantum yield of QDs in water 

and organic solvent (TCE) was calculated using the integrated fluorescence intensity of 

QDs and comparing it with a standard dye called IR-140. By measuring the integrated 

fluorescence spectrum of Ag2S in water and TCE with five different concentrations, 

linear fits were used to determine the quantum yield by comparing the slopes with the 

reference IR-140 (Φf = 0.167, ethanol). To find the relative quantum yield of an 

unknown sample, its emission and absorption were compared with those of the QDs 

with known QY using a specific equation given below 

2

2

RSR

SRS
RS

nAI

nAI
QYQY
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The average value was reported after performing measurements on Ag2S CQDs at five 

different concentrations. The measurements involved calculating the integrated PL 

intensity represented by the symbol I, the refractive index represented by the symbol n, 

and the absorbance (at the excitation wavelength) represented by the symbol A. The 

subscripts R and S refer to the reference and sample respectivel.73  

Photo-stability: Four different Ag2S NCs samples in an aqueous medium (Viz., QD1, 

QD2, QD1065 and QD1133) were photo-irradiated under blue LED (The illumination 

intensity of the blue LED Light are 461 nm and 0.363mW/cm2 at a distance of 100 cm 

respectively) for 2h and PL intensity was measured at different time intervals. 
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NMR Spectral Data: (cf.  NMR spectra in Annexure, A2.1.1) 

1-(4-Methoxyphenyl)-3-phenylthiourea (a). To obtain 1-(4-methoxyphenyl)-3-

phenylthiourea with a yield of 91%, a solution of 4-

methoxyaniline (0.62 g, 5.0 mmol) in toluene (10 mL) 

and a solution of phenyl isothiocyanate (0.07 g, 5 mmol) in toluene (10 mL) were 

reacted using the general procedure (Method A). The resulting compound (a) was 

obtained. 1H NMR (400 MHz, CDCl3)  7.75 (s, broad, 2H), 7.39 (d, 4H, J=4.2 Hz), 

7.29–7.27 (m, 3H), 6.94 (d, 2H, J=8.8 Hz), 3.82 (s, 3H). 13C {1H} NMR (100 MHz, 

CDCl3) 180.7, 159.0, 129.6, 127.7, 127.0, 125.3, 115.0, 55.5. 

1-Phenyl-3-p-tolylthiourea (b). Compound  (b) was obtained in 80% yield by reacting 

solutions of p-toluidine (0.54 g, 5.0 mmol) in toluene (10 

mL) and phenyl isothiocyanate (0.07 g, 5 mmol) in toluene 

(10 mL) according to the general procedure (Method A). 1H NMR (400 MHz, DMSO-

d6)  9.70 (s, 2H), 7.50 (d, 2H, J=7.7 Hz), 7.37–7.30 (m, 4H), 7.15–7.10 (m, 3H), 2.28 

(s, 3H). 13C {1H} NMR (100 MHz, DMSO-d6) 179.6, 139.5, 136.7, 133.6, 128.3, 124.3, 

123.8, 123.6, 20.5. 

1-(4-Iodophenyl)-3-phenylthiourea (c). The compound 1-(4-iodophenyl)-3-

phenylthiourea was synthesized using the general procedure 

(Method A). This involved reacting solutions of p-iodoaniline 

(1.09 g, 5.0 mmol) in toluene (10 mL) and phenyl isothiocyanate (0.07 g, 5 mmol) in 

toluene (10 mL). The yield of the product (c) obtained was 60%. 1H NMR (400 MHz, 

DMSO-d6)  9.84 (d, 2H J=12.8 Hz), 7.66 (d, 2H, J=8.5 Hz), 7.47 (d, 2H, J=7.9 Hz), 

7.33 (t, 4H, J= 8.3 Hz), 7.13 (t, 1H, J=7.3 Hz). 13C {1H} NMR (100 MHz, DMSO-d6) 

179.4, 139.3, 139.2, 137.0, 128.4, 125.6, 124.5, 123.6, 88.4. 
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1-(4-Nitrophenyl)-3-phenylthiourea (d). According to the standard procedure 

(Method A), a solution of p-nitroaniline (0.69 g, 5.0 mmol) 

in acetonitrile (10 mL) was reacted with a solution of 

phenyl isothiocyanate (0.07 g, 5 mmol) in acetonitrile (10 mL) to prepare 1-(4-

nitrophenyl)-3-phenylthiourea. The reaction is refluxed for 24 h at 80 °C to give (d) in 

41% yield. 1H NMR (400 MHz, CDCl3)   8.09 (d, 2H, J = 9.0 Hz), 7.39–7.23 (m, 5H), 

6.64 (d, 2H, J= 9.0 Hz), 4.42 (s, 2H). 13C {1H} NMR (100 MHz, CDCl3) 182.9, 147.6, 

130.1, 120.8, 113.4, 109.2, 100.3. 
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4.1. Introduction 

1H is the most commonly studied nucleus in Nuclear Magnetic Resonance (NMR) 

spectroscopy and magnetic resonance imaging (MRI). It has a non-zero spin quantum 

number (S=1/2) and uniform charge distribution.1 The other nuclei include 13C and 14N 

as shown in Table 4.1.2,3 

Table 4.1: The common nuclei and their nuclear spin. 

 

Nuclide Atomic 

Mass 

Atomic 

Number 

Spin (s) 

1H odd odd ½ 

13C odd even ½ 

14N even odd 1 

12C even even 0 

 

2S+1 represents the total number of orientations a nucleus assumes under an external 

magnetic field. Thus, for 1H the total number of orientations is 2. In other words, under 

an external magnetic field (𝐵0), there are two spin states present viz., +1/2 (α) and -1/2 

(β) as shown below. The energy difference (∆𝐸) between these two states is given by  

∆𝐸 =
ℎ𝛾

2𝜋
𝐵0                         4.1 

where ℎ is the Planck constant, 𝛾 is the magnetogyric ratio which is related to spin and 

magnetic moment as follows: 

 𝛾 =
2𝜋

ℎ𝑆
𝜇                       4.2 
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When the applied radiofrequency radiation is in resonance with the energy gap, ∆𝐸  the 

absorption of energy by the atomic nuclei under a magnetic field takes place, giving 

rise to an NMR spectrum. For example, in a 21 Tesla magnetic field 1H nuclei resonate 

at 900 MHz.4 

 

Figure 4.1: Alignment of magnetic moments, μz, in a magnetic field, Bo. 

MRI is non-radiative and non-invasive imaging of soft body tissues which is also based 

on the nuclear magnetic resonance phenomenon. MRI generates an image by directly 

exploiting the magnetic properties of 1H present in water inside the human body. 75 % 

of body weight in infants to 55% in the elderly is water.5 When a human body is placed 

under a magnetic field (Bo), the 1H nuclei assume two spin states as mentioned above, 

one parallel to and another antiparallel to the magnetic field. RF pulses are then applied 

which excites the parallel lower energy state to the antiparallel higher energy state. 

Once the RF pulse is stopped, the nuclei relax to the ground state (parallel) and the 

relaxation re-emits RF radiation at their Larmor frequency.6 Consequently, the signal 

is detected and converted into an image. The faster the longitudinal relaxation rate (𝑇1), 

the stronger is the signal intensity.7 𝑇1 is inversely related to the relaxation rate (𝑅1 =

1/𝑇1). To improve the signal/noise ratio, a contrast agent is commonly injected 

Bo

Spin 

Spin 

E

S
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intravenously.3 Approximately one-third of clinical scans use a contrast agent.8 The 𝑇1-

contrast agent works by interacting with the H2O protons, either by modifying their 

𝑅1 (𝑖. 𝑒., 𝑇1) or by directly influencing the level of H2O magnetization. Mn2+, Mn3+, 

Fe3+, Cu2+, and Gd3+ are all paramagnetic metal ions that can be used to enhance 

contrast. Gd3+ is the most commonly used 𝑇1-contrast agents because its strong 

paramagnetic nature.9,10 Solomon, Bloembergen, and Morgan (SBM) equation can be 

used to describe the mechanism of longitudinal (also, latitudinal) relaxation in the 

presence of paramagnetic ions.11 The observed longitudinal relaxation time (1/𝑇1,𝑜𝑏𝑠) 

of H2O is related to both the diamagnetic (1/𝑇1,𝑑𝑖𝑎) and the paramagnetic (1/𝑇1,𝑝𝑎𝑟𝑎) 

components: 

1

𝑇1,𝑜𝑏𝑠
=

1

𝑇1,𝑑𝑖𝑎
+

1

𝑇1,𝑝𝑎𝑟𝑎
                                4.3 

1/𝑇1,𝑝𝑎𝑟𝑎is directly proportional to the concentration of Gd (III) contrast agent [Gd]. 

Therefore, 
1

𝑇1,𝑜𝑏𝑠
=

1

𝑇1,𝑑𝑖𝑎
+ 𝑟1[𝐺𝑑]       4.4 

where 𝑟1 [mM-1s-1] is the proportionality constant known as relaxivity. Furthermore, 

(𝑅1,𝑝𝑎𝑟𝑎) is related to both the relaxation rates in inner-sphere and outer sphere. 12  

1

𝑇1,𝑝𝑎𝑟𝑎
= (

1

𝑇1
)

𝑖𝑛𝑛𝑒𝑟−𝑠𝑝ℎ𝑒𝑟𝑒
+ (

1

𝑇𝑖
)

𝑜𝑢𝑡𝑒𝑟−𝑠𝑝ℎ𝑒𝑟𝑒
     4.5         

The longitudinal inner-sphere relaxation rate (𝑅1𝑝
𝐼𝑆 ) due to paramagnetic contribution is 

given by  

𝑅1𝑝𝑎𝑟𝑎
𝐼𝑆  𝑜𝑟 (

1

𝑇1𝑖𝑛𝑛𝑒𝑟−𝑠𝑝ℎ𝑒𝑟𝑒
) =

𝐶𝑞

55.5
 

1

𝑇1𝑀 +𝜏𝑚
                   4.6 
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where 𝐶 is the concentration of the Gd (III) ions, 𝑞 is the number of coordinated water 

molecule, 𝜏𝑚 is the water exchange lifetime, 𝑇1𝑀 corresponds to relaxation time of 

water molecule(s) directly coordinated to metal ion in the first coordination sphere and 

given by the following equation:13  

1

𝑇1𝑀
=

2

15

𝛾𝐻
2 𝑔𝑒

2𝜇𝐵
2 𝑆(𝑆+1)

𝑟𝐺𝑑𝐻
6 [

7𝜏𝑐2

1+𝜔𝑠
2𝜏𝑐2

2 +
3𝜏𝑐1

1+𝜔𝐻
2 𝜏𝑐1

2 ]                  4.7 

where 𝛾𝐻 is the proton gyromagnetic ratio, S is 7/2 for Gd3+
 , 𝑟𝐺𝑑𝐻 is Gd-H distance, 𝜔𝐻 

is proton Larmor frequency, 𝜔𝑠 (658. 𝜔𝑠) is the electron Larmor frequency, 𝜇𝐵 is the 

Bohr magneton, 𝑔𝑒 is the electron g-factor, 𝜏𝑅is the rotational correlation time (𝜏𝑅), 

𝜏𝑚is the water exchange lifetime (𝜏𝑚), 𝑇1𝑒is the electronic relaxation time of the Gd3+ 

metal ion  and 𝜏𝑐1 is given by 13  

 
1

𝜏𝑐𝑖
=

1

𝜏𝑚
+

1

𝜏𝑅
+

1

𝑇1𝑒

                              4.8           

 

 
Figure 4.2: Schematic representation of a Gd3+ chelate with inner and outer sphere 

water   molecule, surrounded by bulk water. 

Outer Sphere (Bulk Water)
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The commercially accessible contrast agents have relaxivities that are significantly 

lower than theoretically achievable levels; their rotational correlation time (~100 ps) 

and proton exchange rate (~106 s-1) are far from ideal.3 As seen in the Equation 4.6 there 

are many factors affecting the proton relaxivity rate in the presence of a contrast agent 

and hence the intensity of the MRI signal. Precisely, the MRI signal/noise ration 

depends on hydration number (q), the separation between the gadolinium ion and a 

proton on the coordinated water (𝑟𝐺𝑑𝐻), the rotational correlation time (𝜏𝑟), the 

residence time of coordinated waters (𝜏𝑚) and the electron relaxation time (𝜏1𝑒 ). By 

rationally designing the contrast agent we can control most of these factors.11,12 In this 

chapter, we describe functionalisation of Ag2S quantum dots (size ~2.2 and 4.2 nm) by 

an MRI contrast agent and the significant improvement in 𝑇1-relaxivity of water due to 

decrease in 𝜏𝑟 and increase in 𝜏𝑚.  

4.2. Bio-functionalization of Ag2S QDs as MRI/NIR-II Multimodal Imaging Agent  

4.2.1. Gd-complex synthesis: Gd3+ based complex is the most commonly used 𝑇1-

contrast agents due its strong paramagnetic nature (S=7/2) and high stability.9,10 For 

example, the stability constant, log 𝐾𝑀𝐿 for commercially available Gd(III)-DOTA 

complex is 25.3.14 We synthesized a stable Gd (III) complex Gd-L (Figure 4.3) 

following a previously reported method.15  

 
Figure 4.3: Structural representation of Gd-L 
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Gd-L is a monoaqua complex. The presence of SH group is important for grafting of 

this compound on to the surface of the Ag2S NCs.  To synthesise the ligand, DOTA-

GA (tBu)4 (1) is first coupled with 4-aminothiophenol via a simple amide bond 

formation reaction using a dehydrating agent, NN-(DCC) to form compound 2. The 

next step is the deprotection of four carboxylic groups to form compound 3, followed 

by metalation.  

 
Scheme 4.1:  Synthesis of the ligand for biofunctionalization.  

Products 2 and Gd-L were thoroughly characterized using 1H NMR, 13C NMR and 

HRMS (c.f. Experimental section 4.5.3.2 and spectra’s in Annexure, A4.1.1 ). The 

successful metalation i.e., the formation of Gd-L was confirmed by FTIR (1610 cm-1 

and 1676 cm-1) and susceptibility measurement. Chemical shifts of bulk and bound 

water (∆δ) in the presence of paramagnetic Gd-L is 0.3917 ppm (Figure 4.7a). Using 

Evan’s method, the calculated molar susceptibility of the Gd-L is 2.6412.64 × 10−2 

m3/mol.16 The longitudinal relaxivity of water in the presence of the free Gd-L was 5.36 

mM-1s-1
. 
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Figure 4.4: Relaxivity plot of Gd-L at four different concentrations. 

 

Figure 4.5: Plot of 1/T1 versus different concentrations of Gd-L. 

4.2.2. Functionalization of Ag2S QDs with Gd-L 

Ag2S QDs of two distinct sizes, QD1 (Size ~2.2 nm) and QD2 (Size ~4.2 nm) were 

functionalised using Gd-L to produce Gd-QD1 and Gd-QD2 (see experimental section) 

following a previously reported method for InP/ZnS QDs.17  
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Scheme 4.2: Biofunctionalization of Ag2S QDS with Gd-L to form a dual-modal 

MRI/NIR-II Imaging agent. 

 

In this method, the basic pH of 9-10.5 is crucial to deprotonate the thiol group and 

subsequent grafting of Gd-L on to the surface of Ag2S QDs via thiolate-Ag bond. TCEP 

is used to preserve the competitive reaction i.e., the disulphide bond formation. The 

conjugation of NIR-II emitting Ag2S QDs with an MRI contrast agent (Gd-L) results in 

the formation of a multimodal contrast agent (Gd-QD) capable of exhibiting both the 

fluorescence and MRI properties. The conjugation of Ag2S QDs with Gd-L is 

confirmed by FTIR. The asymmetric stretching vibration of the COO- group and the 

bending vibration of the N-H group, respectively, can be seen as peaks at 1647 cm-1 

and 1593 cm-1 in the FTIR spectrum of the Gd-QD (Figure 4.6b). These values are at a 

lower frequency compared to that of the Gd-L. The O-H and N-H stretching vibrations 

appear in the 3000–3500 cm-1 region.18 
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Figure 4.6: (a) Schematic representation of Gd3+ complex-capped Ag2S QDs (Gd-QD) 

obtained by functionalization of L-cysteine capped Ag2S QDs with Gd3+ complex (Gd-

L); (b)FTIR spectra of L-cysteine-capped Ag2S QDs (blue), Gd-L (red) and Gd-QD 

(black). 

 

4.3. Properties of NIR-II/MRI (Gd-QD) multimodal contrast agent. 

4.3.1. Molar extinction coefficient  

Gd-QD1 (radius~2.2 nm) emits at 1024 nm, while Gd-QD2 (radius~4.2 nm) emits at 

1209 nm. These mission wavelengths are in NIR-II regions, ideal for deep tissue 

imaging. During the grafting the loss of fluorescence was negligible. For biological 

application it is important to know the dose/concentration of the Gd-QD. The molar 

extinction coefficient was determined at 450 nm, using the Ricard equation.19 

The molar extinction coefficient (expressed as M-1cm-1) is related to absorption cross 

section (expressed in cm2) and Avogadro’s number (N), 

𝜖 =
𝜎𝑄𝐷×𝑁

2303
           4.9 

The absorption cross section was determined using Ricard equation,  
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where, 

ω =angular frequency  

𝑛𝑠 = refractive index of solvent matrix 

𝑛𝑄𝐷 = real part of refractive index of quantum dots 

𝑘𝑄𝐷 = imaginary part of refractive index of quantum dots and 𝑓(𝜔) is Local field factor 

which is calculated using the following equation, 

 𝑓(𝜔) =
3 𝑠

𝑄𝐷 +2 𝑠
                   4.11 

Where,  휀𝑠 is diectric constant of solvent and 휀𝑄𝐷 is dielectric constant of Ag2S. 

During the calculation,  the optical constants (bulk dielectric constants and the 

refractive index) for monoclinic Ag2S QDs with a band gap of 1.08 eV are required, 

which were theoretically calculated using DFT. The details of the DFT calculation is 

provided in the experimental section 4.5.3.4.  

4.3.2. Enhancement of water relaxivity by MRI/NIR-II contrast agent 

Clinical MRI scanners these days mostly run at magnetic field strengths of 0.5-

1.5T (20- 60MHz); at these frequencies the bound, 𝑇1𝑀  longitudinal relaxation time of 

the water molecules is dominated by the molecular reorientation (rotational correlation) 

time, 𝜏𝑟. The correlation time is longer when the Gd(III) complex tumbles more slowly, 

which increases the relaxation rates and decreases the relativities. Several approaches 

have been taken to lengthen 𝜏𝑟. Most commonly, a slowly tumbling macromolecule is 

attached to a Gd(III) complex. Examples include, binding the Gd-complex to a bulky 

protein or a polysaccharide or via aggregation of amphiphilic complexes.20 Binding the 

Gd(III) complex with QDs also increases the relaxivity rate due to slowing of 𝜏𝑟.21 

Gd3+-based complex decrease the longitudinal relaxation (𝑇1) of bound water protons, 

hence enhancing localized signal intensity22 and image contrast.23–32 we used nuclear 
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magnetic resonance (NMR, 400 MHz) spectroscopy to calculate the longitudinal water 

relaxivity, 𝑟1. QD1 and QD2 after bio-functionalisation had a  distinct change in ∆δ 

value for both GdQD1 (∆δ = 0.102, Figure 4.7c) and Gd-QD2 (∆δ = 0.0301, Figure 

4.7b) respectively. This result confirms the effective grafting of Ag2S with Gd-L. 

Furthermore, the FTIR data of GdQD1 and GDQD2 showed absence of free Gd-L. 

Notably, the smaller-sized Gd-QD1 exhibited a lower longitudinal relaxivity (r1) of 

7.78 mM-1s-1 per Gd-L while the larger-sized Gd-QD2 (r1=8.27 mM-1s-1 per Gd-L). This 

is an increase from Gd-L, which demonstrates a r1 = 5.36 mM-1s-1 when taken alone. 

The higher relaxivity of Gd-QD compared to Gd-L is attributed to the restricted rotation 

of QD bound Gd-complex  in solution.15 This is much higher than the r1 of  the free Gd-

L (5.36 mM-1s-1). The relaxivity per-QD for Gd-QD1 and Gd-QD2 at 400 MHz were 

407.8 mM-1s-1 and 990.3 mM-1s-1, respectively.  

 

Figure 4.7: (a) 1HNMR spectrum (400 MHz)  of Gd-L; (b) 1HNMR spectrum (400 

MHz)  of Gd-QD2 and (c) 1HNMR spectrum (400 MHz)  of Gd-QD1 demonstrating 

the exchange of water protons between bound and bulk water of surrounding 

respectively. 
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4.4. Conclusion 

Ag2S QDs exhibiting fluorescence in NIR-II window were functionalised with a Gd-

based MRI contrast agent (Gd-L). The relaxivity values obtained are significantly 

higher than those reported for smaller complexes and commercially available MRI 

contrast agents25. Table 4.2 compares the longitudinal relaxivity values of Gd-QD1/Gd-

QD2 with those of other MRI contrast agents. The high longitudinal relaxivity values 

for both Gd-QD1 and Gd-QD2 offer excellent possibility to use them as the MRI 

contrast agent in bioimaging applications. Since these QDs have emission in the NIR-

II window, they form an efficient dual model contrast agent  with high NIR-II quantum 

yield (~5-6 %) and MRI T1 water relaxivity (408-990 mM−1s−1 per QD) depending upon 

the size of the QDs. 

Table:4.2: Longitudinal relaxivity values of Gd-QD1/Gd-QD1 and other nanoprobes. 

nanoprobe longitudinal relaxivity (r) 

Gd-QD1 r1 = 7.75 mM-1s-1 

Gd-QD2 r1 = 8.27 mM-1s-1 

Gd-L r1 = 5.36 mM-1s-1 

Gadovist25 r1 = 4.34 mM-1s-1 

Gd-doped QDs18,26,33 r1 = 5.5–6.4 mM-1s-1 

Gd2O3 nanoparticles34 r1 = 6.9 mM-1s-1 
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4.5. Experimental Details 

4.5.1. General Information  

Materials and general considerations: Chemicals used are listed below 

Chemicals Purity/Grade Company Name 

Tetramethylammonium hydroxide (TMAH) ≥99% Sigma Aldrich 

Tris(2-carboxyethyl)phosphine (TCEP) 99% Sigma Aldrich 

Tetrachloroethylene ≥99% Sigma Aldrich 

1-Octadecene 90% Sigma Aldrich 

Triethylamine ≥99% Sigma Aldrich 

Octylamine 99% Sigma Aldrich 

Oleylamine 70% Sigma Aldrich 

Phenyl isothiocyanate 98% Sigma Aldrich 

L-cysteine ≥97% Sigma Aldrich 

Oleic acid 70% Sigma Aldrich 

Toluene 95% Sigma Aldrich 

Dimethoxy ethane (DME) ≥99% Sigma Aldrich 

Diglyme ≥99% Sigma Aldrich 

Silver Nitrate 99% Thomas baker 

Aniline 99% TCI 

N,N′-Dicyclohexylcarbodiimide (DCC) 99% TCI 

DOTA-GA (tBu)4 99% TCI 

Amino-thiophenol ≥99% TCI 

Trifluoroacetic acid (TFA) ≥99% TCI 

4-Dimethylaminopyridine (DMAP) ≥99% TCI 

Selenium powder ≥98% TCI 

1-Dodecanethiol (DDT) ≥98% TCI 

1-Octanethiol ≥98% TCI 
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Cadmium chloride ≥98% Thomas Baker 

Gadolinium (III) Chloride ≥98% Thomas Baker 

Deuterated solvents ≥99% Sigma Aldrich 

We used thin layer chromatography (TLC) to monitor the progress of the reactions by 

using plates coated with silica gel 60 F254. To see the results, we used a UV lamp or I2 

stain. For synthesizing starting materials, we purified the chemicals using column 

chromatography with silica gel of 60-120 mesh size and a mixture of ethyl acetate and 

petroleum ether as the eluent. 

4.5.2. Characterization Methods 

NMR: The Bruker ASCENDTM (400 MHz) spectrometer was used to record the 1H 

NMR, 13C NMR, with either CDCl3 or D2O, or DMSO-d6 as the solvent. The 

multiplicities were indicated as s for singlet, d for doublet, t for triplet, q for quartet, 

and m for multiplet. The solid samples were tested for their solubility in the desired 

solvents and mixed in a glass vial. Using a glass Pasteur pipette, the sample was 

transferred to the NMR tube. The NMR tube was then labeled and scanned in the NMR 

instrument.  

UV-Vis spectrophotometer: To obtain the UV-visible absorption spectra, the 

PerkinElmer spectrophotometer with a scan rate of  480 nm/s and Agilent Technologies 

Cary 100 UV-vis were employed. For these measurements, the sample was dissolved 

in either anhydrous hexane or anhydrous tetrachloroethylene (TCE). 

Vis-NIR spectrofluorometer: The PL spectra of Ag2X (X=S, Se) NCs were obtained 

using the HORIBA Scientific spectrophotometer (Model: PTI-QM 510). The NCs were 

distributed in either hexane or TCE and the solution. 

FTIR: The FT-IR spectra were obtained using the Bruker ALPHA E, 200396 

instrument. Liquid samples are immediately dropped onto the surface of the 
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instruments, and the spectrum was obtained. For solid samples, they were first ground 

in a mortar along with anhydrous potassium bromide (KBr). Then, a piece of paper was 

taken and a hole was cut out of it. The grounded sample was then poured into this hole, 

and a pallet was made using a hydraulic press. The resulting sample was inserted into 

the IR sample holder, attached with scotch tape, and then analyzed by running the 

spectrum. 

4.5.3. Synthesis 

4.5.3.1. General Procedures synthesis of Sulphur Precursor and Ag2S NCs 

Substituted thiourea synthesis (Method A): The synthesis method used was based on 

previously published research, but with some minor adjustments. 35 A typical synthesis 

involved mixing a solution of phenyl isothiocyanate (5.0 mmol) in toluene with a 

solution of aniline 5.0 mmol in 10 mL toluene 10 mL. The resulting mixture was stirred 

for a specified duration, after which the precipitate was thoroughly dried under vacuum 

to remove toluene. This resulted in extremely good yields of the required precursor. 

Synthesis of silver sulfide (Ag2S) NCs: To prepare the sulfur precursor, 0.2 mmol of 

it was dissolved in 1 mL of dimethoxymethane and left to degas for 30 minutes at room 

temperature in a double-necked round bottom flask (A) under a nitrogen environment 

for another 30 minutes. Meanwhile, in another 50 mL three-necked round bottom flask 

(B), a combination of silver nitrate (0.034 g, 0.2 mmol), 1-octadecene (3.5 mL), and 1-

dodecanethiol (DDT) was vacuumed for 30 minutes at ambient temperature and then 

for 15 minutes at 120 °C to obtain a pale-yellow solution. The temperature of the 

reaction mixture was then raised to 150 °C while maintaining a nitrogen environment. 

Depending on the substituents in the p-position to the precursors, the reaction mixture 

was allowed to turn black from red quickly after injecting the cold precursor solution 
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of flask A into the hot solution of flask B. The reaction mixture was then rapidly cooled 

in an ice bath. 

NCs purification: The QDs were initially mixed with 4 mL of ethanol/methanol and 1 

mL of hexane. After being centrifuged twice at 6000 rpm for 15 minutes, the 

supernatant was discarded, and the precipitate was mixed with 3 mL of 

ethanol/methanol, 1 mL of hexane, and 1 mL of toluene. This mixture was then 

centrifuged twice at 6000 rpm for 5 minutes. The resulting QDs were dispersed in 0.5 

mL of toluene and centrifuged for 2 minutes at 6000 rpm. Finally, the QDs were 

dispersed in 1 mL of hexane/TCE and centrifuged once at 3000 rpm for further 

purification. 

Phase transfer of Ag2S QDs: The Ag2S quantum dots (QDs) obtained from precursor 

3c and 3e that emit at 1039 nm and 1200 nm, respectively, were transformed through 

the phase transfer method to replace the hydrophobic ligand (DDT) with a hydrophilic 

ligand (L-cysteine). The purified Ag2S QDs (0.102 g) were dispersed in 2 mL of 

chloroform. Meanwhile, 0.45 mg of L-cysteine was dissolved in 2 mL of Millipore 

water by gradually adding tetramethyl ammonium hydroxide to maintain the pH of the 

solution at around 9.36. The two solutions were mixed and stirred vigorously for 2 

hours at 14000 rpm at room temperature to produce biphasic mixtures. The phase 

transferred Ag2S QDs were then washed three times with pure Millipore water using a 

micro spin-X filter (0.22 micrometre) and finally dispersed in 1.5 mL of water. 
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4.5.3.2. Synthesis of Gadolinium Complex (Gd-L) and Conjugation with Colloidal 

Ag2S QDs for MRI Contrast Agent 

We synthesized the gadolinium complex (Gd-L) and chelated it with colloidal Ag2S 

QDs by replicating a previously published method by one of the authors, which was 

reported in reference.37 

Synthesis of functionalized DOTA-GA (tBu)4 with 4-aminothiophenol (I): In this 

experiment, DOTA-GA (tBu)4 (0.57 mmol, 0.4 g) and 4-aminothiophenol (1.14 mmol, 

0.14 g) were mixed together in 15 mL of DCM (dichloromethane) as a solvent. To this 

mixture, N, N′-dicyclohexylcarbodiimide (DCC, 0.57 mmol, 0.12 g) and 4-

dimethylaminopyridine (DMAP, 0.06 mmol, 0.007 g) were added and stirred for 24 

hours at room temperature. The progress of the reaction was monitored using thin layer 

chromatography (TLC) and the product was purified using column chromatography, 

which resulted in the formation of a white solid product (I) in 78% yield 

Deprotection of BOC group in compound I: To a solution of (I), (130 mg, 0.172 

mmol) in TFA (3 mL) and DCM (1.5 mL), the reaction mixture was stirred at room 

temperature for 18 hours. The solvents were then removed by vacuum evaporation. The 

resulting residue was dissolved in DCM and the solvent was again removed in vacuo 

for three cycles. The obtained solid was washed thrice with dichloromethane followed 

by thrice with diethyl ether. As a result, a brown solid product (II) was obtained in 65 

% yield 

Synthesis of gadolinium complex (Gd-L): In this experiment, a solution of 0.076 

mmol of deprotected product (II) in 2 mL of water was prepared, and the pH was 

adjusted to 5.5 by adding small amounts of 1.0 M NaOH. Next, a solution of 

GdCl3.6H2O (0.076 mmol) in 1 mL of water was prepared while maintaining the pH at 
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5.5. The two solutions were mixed and the pH was readjusted to 5.5, followed by 

stirring for 30 minutes. The solvent was then removed under vacuum to obtain a 

hygroscopic white powder, Gd-L. The product was further purified using a Sephadex 

G-25 resin to remove any inorganic salts. The final yield of the white hygroscopic solid 

was 69% (Gd). 

Complexation of the ligands (Gd-L) with QDs: In this experiment, we aimed to 

complex the ligands (Gd-L) with QDs. To do so, we added tris-(2-carboxyethyl) 

phosphine hydrochloride (TCEP) and QDs (QD1 and QD2) to degassed water (2 mL). 

We then adjusted the pH of the mixture between 9 to 10.5 using 0.5 M 

tetramethylammonium hydroxide and stirred the solution vigorously for 24 hours in the 

dark. After 24 hours, we obtained the products (Gd-QD1 and Gd-QD2) by subjecting 

the mixture to spin filtration through centrifugation. To measure the relaxivity of the 

Gd-QD1 and Gd-QD2, we subjected them to NMR studies. The absence of free Gd was 

confirmed by a xylenol orange test.38 We adjusted the pH of the Gd-capped QDs to 7.4 

for the relaxivity measurements. 

4.5.3.3. Relaxivity measurements 

Gd-QD1 and Gd-QD2 were placed in a capillary tube and sealed with parafilm. The 

tube was then put into an NMR tube containing D2O. 1/T1 measurements were carried 

out using a Bruker Avance III (400 MHz). The effectiveness of a contrast agent can be 

assessed by measuring its water relaxivity, r1 which is expressed in units of mM−1s−1 

per Gd complex and depends on the field strength and temperature. 

As it is known39, 

1

𝑇1(𝑜𝑏𝑠)
=

1

𝑇1(𝐻2𝑂)
+

1

𝑇1(𝑝𝑎𝑟𝑎)
                  4.12 
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where, 𝑇1(obs) represents the measured longitudinal relaxation time of a substance in 

seconds. 𝑇1(H2O) and 𝑇1(para) respectively refer to the relaxation time contribution of 

diamagnetic water, in the absence of paramagnetic ions and paramagnetic water.39 

Furthermore, 

1

𝑇1(𝑜𝑏𝑠)
=

1

𝑇1(𝐻2𝑂)
+ 𝑟1[𝑀]                  4.13 

where [𝑀] is given by molar concentration of the paramagnetic substance obtained 

from the NMR shift of water proton when the paramagnetic substance is present. Evan’s 

formula is used to calculate the overall concentration of Gd ions.40 

[𝑀] =
3×∆𝛿 

4𝜋×𝜒𝑀 103                   4.14 

where, the difference in chemical shift (ppm) between the shifted resonance of the 

solvent in the presence of paramagnetic material and the pure solvent is given by ∆𝛿. 

𝜒𝑀 is magnetic (molar) susceptibility which is estimated using Curie equation41  

𝜇𝑒𝑓𝑓 = 2.83 √(𝜒𝑀 × 𝑇) where, 𝜇𝑒𝑓𝑓 is magnetic moment (for Gd3+ , 𝜇𝑒𝑓𝑓 =7.94)42,43 

and T is the temperature. The concentration of QD is required in order to calculate 

relaxivity per QD. We determined the concentration of CQDs i.e., [QD] using Lambert-

Beer’s law, A=휀 [𝑸𝑫] 𝑙 where A is absorbance (determined from UV-Vis 

spectroscopy) and 𝜖 molar extinction coefficient of Ag2S CQDs.  

4.5.3.4. Determination of Optical constants of Ag2S using DFT 

Monoclinic Ag2S exhibits anisotropic nature and hence their refractive index and 

dielectric values are different for X and Z directions (Table 4.3). The optical constants 

of Ag2S have been determined from the first principles calculation based on full 

potential linearized augmented plane wave (FP-LAPW) method.44 The monoclinic 
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phase (space group P21/m) with optimized lattice parameters of a = 4.22 Å, b = 7.56 Å, 

c = 4.24 Å and β = 110.55o has been considered. The effect of exchange correlation of 

electrons are treated with Perdew-Burke-Ernzerhof generalised gradient 

approximations (PBE-GGA)45 and modified Becke-Johnson (mBJ) potential is 

included to match the energy band gap with experimental report. Ag2S is an indirect 

energy band gap semiconductor with gap value (1.12 eV) consistent to experimental 

data (1.1 eV).46 The frequency dependent complex dielectric constant ε(ω) describes 

the optical response of a materials against photon radiation and can be expressed as 

ε(ω) = ε1(ω) + iε2 (ω), where ε1(ω) and ε2(ω) are real and imaginary parts, respectively. 

The refractive index and the extinction coefficient along the three independent 

directions of an anisotropic monoclinic symmetric unit cell of bulk sample are further 

estimated from the complex dielectric constants using following relations.                        
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Figure 4.8 : Optical constants of monoclinic Ag2S (X and Z directions) 

Table 4.3: Optical constants of monoclinic Ag2S (X and Z directions); Note, I = 

imaginary and R = real parts of dielectric constants (휀1 and 휀2) and refractive indexes 

(n and k). 

Energy 

(eV) 

1(R) X 2 (I) X n (R) X k(I) X 1 (R) Z 2 (I) Z n (R) Z k(I) Z 

1.37418 3.54E+00 1.76E-01 1.25E+01 1.25E+00 3.43E+00 1.27E-01 1.18E+01 8.75E-01 

1.40139 3.55E+00 1.90E-01 1.26E+01 1.35E+00 3.45E+00 1.37E-01 1.19E+01 9.45E-01 

1.4286 3.56E+00 2.02E-01 1.26E+01 1.44E+00 3.46E+00 1.46E-01 1.20E+01 1.01E+00 

1.45581 3.57E+00 2.12E-01 1.27E+01 1.51E+00 3.48E+00 1.54E-01 1.21E+01 1.07E+00 

1.48302 3.59E+00 2.20E-01 1.28E+01 1.58E+00 3.50E+00 1.63E-01 1.22E+01 1.14E+00 

1.51023 3.60E+00 2.28E-01 1.29E+01 1.64E+00 3.52E+00 1.72E-01 1.24E+01 1.21E+00 

1.53744 3.62E+00 2.36E-01 1.30E+01 1.71E+00 3.55E+00 1.82E-01 1.25E+01 1.29E+00 

1.56466 3.64E+00 2.45E-01 1.32E+01 1.78E+00 3.57E+00 1.95E-01 1.27E+01 1.39E+00 

1.59187 3.66E+00 2.55E-01 1.34E+01 1.87E+00 3.60E+00 2.10E-01 1.29E+01 1.51E+00 

1.61908 3.69E+00 2.69E-01 1.35E+01 1.98E+00 3.63E+00 2.28E-01 1.31E+01 1.65E+00 

1.64629 3.72E+00 2.85E-01 1.37E+01 2.12E+00 3.66E+00 2.50E-01 1.33E+01 1.83E+00 

1.6735 3.74E+00 3.04E-01 1.39E+01 2.27E+00 3.68E+00 2.75E-01 1.35E+01 2.03E+00 

1.70071 3.77E+00 3.25E-01 1.41E+01 2.45E+00 3.71E+00 3.03E-01 1.37E+01 2.25E+00 

1.72792 3.80E+00 3.49E-01 1.43E+01 2.65E+00 3.74E+00 3.33E-01 1.39E+01 2.49E+00 

1.75513 3.83E+00 3.75E-01 1.45E+01 2.87E+00 3.76E+00 3.66E-01 1.40E+01 2.75E+00 

1.78235 3.86E+00 4.05E-01 1.47E+01 3.12E+00 3.79E+00 4.01E-01 1.42E+01 3.04E+00 

1.80956 3.88E+00 4.38E-01 1.49E+01 3.41E+00 3.81E+00 4.39E-01 1.43E+01 3.35E+00 

1.83677 3.91E+00 4.76E-01 1.51E+01 3.73E+00 3.83E+00 4.80E-01 1.44E+01 3.68E+00 

1.86398 3.94E+00 5.19E-01 1.52E+01 4.09E+00 3.85E+00 5.24E-01 1.45E+01 4.03E+00 

1.89119 3.96E+00 5.65E-01 1.54E+01 4.48E+00 3.87E+00 5.71E-01 1.46E+01 4.42E+00 

0.0 2.7 5.4 8.1 10.8 13.5

0.0

4.8

9.6

14.4
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1.9184 3.98E+00 6.14E-01 1.55E+01 4.89E+00 3.88E+00 6.21E-01 1.46E+01 4.81E+00 

1.94561 3.99E+00 6.65E-01 1.55E+01 5.31E+00 3.88E+00 6.71E-01 1.46E+01 5.22E+00 

1.97283 4.00E+00 7.15E-01 1.55E+01 5.73E+00 3.89E+00 7.22E-01 1.46E+01 5.61E+00 

2.00004 4.01E+00 7.65E-01 1.55E+01 6.14E+00 3.88E+00 7.70E-01 1.45E+01 5.98E+00 

2.02725 4.02E+00 8.15E-01 1.55E+01 6.55E+00 3.88E+00 8.16E-01 1.44E+01 6.33E+00 

2.05446 4.02E+00 8.64E-01 1.54E+01 6.95E+00 3.87E+00 8.59E-01 1.42E+01 6.65E+00 

2.08167 4.02E+00 9.13E-01 1.53E+01 7.34E+00 3.86E+00 8.99E-01 1.41E+01 6.94E+00 

2.10888 4.02E+00 9.64E-01 1.52E+01 7.75E+00 3.86E+00 9.38E-01 1.40E+01 7.23E+00 

2.13609 4.02E+00 1.02E+00 1.51E+01 8.17E+00 3.85E+00 9.77E-01 1.39E+01 7.53E+00 

2.16331 4.02E+00 1.07E+00 1.50E+01 8.60E+00 3.85E+00 1.02E+00 1.38E+01 7.83E+00 

2.19052 4.01E+00 1.13E+00 1.48E+01 9.04E+00 3.84E+00 1.06E+00 1.36E+01 8.15E+00 

2.21773 3.99E+00 1.18E+00 1.45E+01 9.45E+00 3.83E+00 1.11E+00 1.35E+01 8.48E+00 

2.24494 3.97E+00 1.24E+00 1.42E+01 9.83E+00 3.82E+00 1.15E+00 1.33E+01 8.81E+00 

2.27215 3.95E+00 1.29E+00 1.39E+01 1.02E+01 3.80E+00 1.20E+00 1.30E+01 9.13E+00 

2.29936 3.92E+00 1.33E+00 1.36E+01 1.05E+01 3.78E+00 1.24E+00 1.28E+01 9.41E+00 

2.32657 3.89E+00 1.38E+00 1.33E+01 1.07E+01 3.76E+00 1.29E+00 1.25E+01 9.66E+00 

2.35379 3.87E+00 1.41E+00 1.30E+01 1.09E+01 3.73E+00 1.32E+00 1.22E+01 9.88E+00 

2.381 3.84E+00 1.45E+00 1.26E+01 1.11E+01 3.70E+00 1.36E+00 1.19E+01 1.01E+01 

2.40821 3.81E+00 1.49E+00 1.23E+01 1.13E+01 3.68E+00 1.39E+00 1.16E+01 1.02E+01 

2.43542 3.78E+00 1.52E+00 1.20E+01 1.15E+01 3.65E+00 1.42E+00 1.13E+01 1.04E+01 

2.46263 3.76E+00 1.55E+00 1.17E+01 1.16E+01 3.63E+00 1.45E+00 1.11E+01 1.05E+01 

2.48984 3.73E+00 1.58E+00 1.14E+01 1.18E+01 3.61E+00 1.47E+00 1.08E+01 1.06E+01 

2.51705 3.71E+00 1.61E+00 1.12E+01 1.19E+01 3.59E+00 1.50E+00 1.06E+01 1.08E+01 

2.54427 3.69E+00 1.64E+00 1.09E+01 1.21E+01 3.57E+00 1.53E+00 1.04E+01 1.09E+01 

2.57148 3.67E+00 1.67E+00 1.07E+01 1.22E+01 3.55E+00 1.56E+00 1.01E+01 1.11E+01 

2.59869 3.64E+00 1.70E+00 1.04E+01 1.24E+01 3.53E+00 1.59E+00 9.89E+00 1.12E+01 

2.6259 3.62E+00 1.73E+00 1.01E+01 1.25E+01 3.50E+00 1.63E+00 9.63E+00 1.14E+01 

2.65311 3.60E+00 1.77E+00 9.85E+00 1.27E+01 3.48E+00 1.66E+00 9.36E+00 1.16E+01 

2.68032 3.58E+00 1.80E+00 9.55E+00 1.29E+01 3.46E+00 1.70E+00 9.07E+00 1.17E+01 

2.70753 3.55E+00 1.84E+00 9.22E+00 1.31E+01 3.43E+00 1.74E+00 8.74E+00 1.19E+01 

2.73475 3.52E+00 1.88E+00 8.87E+00 1.32E+01 3.40E+00 1.78E+00 8.37E+00 1.21E+01 

2.76196 3.49E+00 1.92E+00 8.48E+00 1.34E+01 3.36E+00 1.82E+00 7.97E+00 1.22E+01 

2.78917 3.45E+00 1.96E+00 8.08E+00 1.35E+01 3.31E+00 1.85E+00 7.53E+00 1.23E+01 

2.81638 3.41E+00 2.00E+00 7.64E+00 1.37E+01 3.26E+00 1.89E+00 7.06E+00 1.23E+01 

2.84359 3.37E+00 2.04E+00 7.16E+00 1.38E+01 3.20E+00 1.92E+00 6.59E+00 1.23E+01 

2.8708 3.31E+00 2.08E+00 6.65E+00 1.38E+01 3.14E+00 1.94E+00 6.13E+00 1.22E+01 

2.89801 3.25E+00 2.11E+00 6.12E+00 1.38E+01 3.08E+00 1.95E+00 5.71E+00 1.20E+01 

2.92522 3.19E+00 2.14E+00 5.61E+00 1.37E+01 3.03E+00 1.96E+00 5.34E+00 1.18E+01 

2.95244 3.13E+00 2.16E+00 5.11E+00 1.35E+01 2.97E+00 1.96E+00 5.01E+00 1.16E+01 
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2.97965 3.06E+00 2.17E+00 4.66E+00 1.33E+01 2.92E+00 1.95E+00 4.72E+00 1.14E+01 

3.00686 2.99E+00 2.17E+00 4.24E+00 1.30E+01 2.87E+00 1.95E+00 4.45E+00 1.12E+01 

3.03407 2.93E+00 2.17E+00 3.89E+00 1.27E+01 2.82E+00 1.94E+00 4.20E+00 1.10E+01 

3.06128 2.87E+00 2.16E+00 3.59E+00 1.24E+01 2.78E+00 1.93E+00 3.98E+00 1.08E+01 

3.08849 2.82E+00 2.15E+00 3.35E+00 1.21E+01 2.73E+00 1.92E+00 3.78E+00 1.05E+01 

3.1157 2.77E+00 2.13E+00 3.15E+00 1.18E+01 2.69E+00 1.91E+00 3.61E+00 1.03E+01 

3.14292 2.73E+00 2.11E+00 2.99E+00 1.15E+01 2.65E+00 1.89E+00 3.47E+00 1.00E+01 

3.17013 2.69E+00 2.09E+00 2.86E+00 1.13E+01 2.62E+00 1.87E+00 3.36E+00 9.77E+00 

3.19734 2.66E+00 2.08E+00 2.75E+00 1.10E+01 2.59E+00 1.85E+00 3.28E+00 9.54E+00 

3.22455 2.63E+00 2.06E+00 2.64E+00 1.08E+01 2.56E+00 1.82E+00 3.22E+00 9.33E+00 

3.25176 2.59E+00 2.05E+00 2.52E+00 1.06E+01 2.53E+00 1.80E+00 3.17E+00 9.14E+00 

3.27897 2.56E+00 2.04E+00 2.41E+00 1.04E+01 2.51E+00 1.78E+00 3.13E+00 8.97E+00 

3.30618 2.53E+00 2.03E+00 2.28E+00 1.03E+01 2.49E+00 1.77E+00 3.09E+00 8.80E+00 

3.3334 2.49E+00 2.01E+00 2.16E+00 1.00E+01 2.47E+00 1.75E+00 3.05E+00 8.64E+00 

3.36061 2.46E+00 2.00E+00 2.06E+00 9.82E+00 2.45E+00 1.73E+00 3.02E+00 8.49E+00 

3.38782 2.43E+00 1.98E+00 1.98E+00 9.60E+00 2.43E+00 1.71E+00 2.99E+00 8.34E+00 

3.41503 2.40E+00 1.96E+00 1.92E+00 9.37E+00 2.42E+00 1.70E+00 2.97E+00 8.20E+00 

3.44224 2.37E+00 1.93E+00 1.87E+00 9.15E+00 2.40E+00 1.68E+00 2.94E+00 8.05E+00 

3.46945 2.34E+00 1.91E+00 1.85E+00 8.93E+00 2.38E+00 1.66E+00 2.93E+00 7.90E+00 

3.49666 2.32E+00 1.88E+00 1.84E+00 8.71E+00 2.37E+00 1.64E+00 2.93E+00 7.75E+00 

3.52388 2.30E+00 1.85E+00 1.85E+00 8.51E+00 2.35E+00 1.61E+00 2.94E+00 7.60E+00 

3.55109 2.28E+00 1.82E+00 1.88E+00 8.32E+00 2.34E+00 1.59E+00 2.97E+00 7.45E+00 

3.5783 2.27E+00 1.79E+00 1.93E+00 8.14E+00 2.34E+00 1.56E+00 3.01E+00 7.31E+00 

3.60551 2.26E+00 1.77E+00 1.99E+00 7.98E+00 2.33E+00 1.54E+00 3.08E+00 7.19E+00 

3.63272 2.25E+00 1.74E+00 2.06E+00 7.83E+00 2.34E+00 1.52E+00 3.15E+00 7.08E+00 

3.65993 2.25E+00 1.71E+00 2.14E+00 7.71E+00 2.34E+00 1.50E+00 3.24E+00 7.00E+00 

3.68714 2.25E+00 1.69E+00 2.22E+00 7.61E+00 2.35E+00 1.48E+00 3.32E+00 6.94E+00 

3.71436 2.26E+00 1.67E+00 2.30E+00 7.53E+00 2.36E+00 1.46E+00 3.41E+00 6.90E+00 

3.74157 2.26E+00 1.65E+00 2.38E+00 7.47E+00 2.36E+00 1.45E+00 3.48E+00 6.87E+00 

3.76878 2.26E+00 1.64E+00 2.44E+00 7.43E+00 2.37E+00 1.44E+00 3.55E+00 6.86E+00 

3.79599 2.27E+00 1.63E+00 2.49E+00 7.39E+00 2.38E+00 1.44E+00 3.60E+00 6.85E+00 

3.8232 2.27E+00 1.62E+00 2.53E+00 7.36E+00 2.39E+00 1.43E+00 3.65E+00 6.85E+00 

3.85041 2.27E+00 1.61E+00 2.55E+00 7.33E+00 2.40E+00 1.43E+00 3.69E+00 6.85E+00 

3.87762 2.27E+00 1.61E+00 2.57E+00 7.29E+00 2.40E+00 1.43E+00 3.73E+00 6.85E+00 

3.90484 2.27E+00 1.60E+00 2.60E+00 7.23E+00 2.41E+00 1.42E+00 3.77E+00 6.85E+00 

3.93205 2.27E+00 1.58E+00 2.64E+00 7.17E+00 2.41E+00 1.42E+00 3.81E+00 6.85E+00 

3.95926 2.27E+00 1.57E+00 2.70E+00 7.12E+00 2.42E+00 1.42E+00 3.86E+00 6.86E+00 

3.98647 2.28E+00 1.56E+00 2.78E+00 7.09E+00 2.43E+00 1.42E+00 3.91E+00 6.89E+00 

4.01368 2.29E+00 1.55E+00 2.86E+00 7.08E+00 2.44E+00 1.42E+00 3.96E+00 6.93E+00 
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4.04089 2.30E+00 1.54E+00 2.93E+00 7.10E+00 2.45E+00 1.42E+00 4.00E+00 6.98E+00 

4.0681 2.32E+00 1.54E+00 2.99E+00 7.13E+00 2.46E+00 1.43E+00 4.02E+00 7.04E+00 

4.09531 2.33E+00 1.54E+00 3.04E+00 7.18E+00 2.47E+00 1.44E+00 4.03E+00 7.11E+00 

4.12253 2.34E+00 1.55E+00 3.07E+00 7.24E+00 2.48E+00 1.45E+00 4.03E+00 7.17E+00 

4.14974 2.34E+00 1.56E+00 3.08E+00 7.29E+00 2.48E+00 1.46E+00 4.02E+00 7.23E+00 

 

4.5.3.5. Calculation of quantum yield (QY) 

The fluorescence quantum yield of QDs in water and organic solvent (TCE) was 

calculated using the integrated fluorescence intensity of QDs and comparing it with a 

standard dye called IR-140. By measuring the integrated fluorescence spectrum of Ag2S 

in water and TCE with five different concentrations, linear fits were used to determine 

the quantum yield by comparing the slopes with the reference IR-140 (Φf = 0.167, 

ethanol). To find the relative quantum yield of an unknown sample, its emission and 

absorption were compared with those of the QDs with known QY using a specific 

equation given below 

2

2

RSR

SRS
RS

nAI

nAI
QYQY




=

 

The average value was reported after performing measurements on Ag2S CQDs at five 

different concentrations. The measurements involved calculating the integrated PL 

intensity represented by the symbol I, the refractive index represented by the symbol n, 

and the absorbance (at the excitation wavelength) represented by the symbol A. The 

subscripts R and S refer to the reference and sample respectively. 
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4.5.3.6. Spectral Data 

1-(4-Methoxyphenyl)-3-phenylthiourea (3c). To synthesize 1-(4-methoxyphenyl)-3-

phenylthiourea, the general procedure (Method A) was 

followed. In this method, solutions of 4-methoxyaniline 

(2c, 0.62 g, 5.0 mmol) in toluene (10 mL) and phenyl isothiocyanate (1, 0.07 g, 5 mmol) 

in toluene (10 mL) were reacted. The reaction led to the formation of 1-(4-

methoxyphenyl)-3-phenylthiourea (3c) in 91% yield. 1H NMR (400 MHz, CDCl3)  

7.75 (s, broad, 2H), 7.39 (d, 4H, J=4.2 Hz), 7.29–7.27 (m, 3H), 6.94 (d, 2H, J=8.8 Hz), 

3.82 (s, 3H). 13C {1H} NMR (100 MHz, CDCl3) 180.7, 159.0, 129.6, 127.7, 127.0, 

125.3, 115.0, 55.5. 

1-(4-Nitrophenyl)-3-phenylthiourea (3e).The chemical compound 1-(4-nitrophenyl)-

3-phenylthiourea was synthesized using a standard method 

(Method A) by combining separate solutions of p-

nitroaniline (2e, 0.69 g, 5.0 mmol) in acetonitrile (10 mL) and phenyl isothiocyanate 

(1, 0.07 g, 5 mmol) in acetonitrile (10 mL). The mixture was then heated under reflux 

for 24 hours at 80°C, which resulted in the formation of 3e with a yield of 41%. 1H 

NMR (400 MHz, CDCl3)   8.09 (d, 2H, J = 9.0 Hz), 7.39–7.23 (m, 5H), 6.64 (d, 2H, 

J= 9.0 Hz), 4.42 (s, 2H). 13C {1H} NMR (100 MHz, CDCl3) 182.9, 147.6, 130.1, 120.8, 

113.4, 109.2, 100.3. 

tri-tert-Butyl2,2',2''-(10-(1-(tert-butoxy)-5-((4-mercaptophenyl)amino)-1,5-

dioxopentan-2-yl)-1,4,7,10-tetraazacyclododecane-

1,4,7-triyl)triacetate (10): The general procedure for its 

synthesis is described above in (Method D). 1H NMR 

(CDCl3, 400 MHz) δ 6.91 (d, 2H, J=6.8 Hz), 6.61 (d, 2H, 
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J=8.5 Hz), 5.18 (s, 1H), 4.37 (s, 1H), 3.32–3.31 (m, 3H), 2.91–2.60 (m, 12H), 2.38–

1.96 (m, 12H), 1.39–1.35 (m, 8H), 1.31–1.28 (m, 28 H). 13C {1H} NMR (100 MHz, 

CDCl3) δ 200.0, 174.5, 172.7, 149.1, 135.7, 115.6, 113.9, 113.3, 82.7, 82.1, 59.6, 55.8, 

53.6, 52.6, 52.4, 48.4, 48.0, 47.1, 44.2, 41.1, 37.8, 20.1. ESI-MS calculated for 

C41H69N5NaO9S (M+Na)+ 830.4713, found 831.0001. 

2,2',2''-(10-(1-Carboxy-4-((4-mercaptophenyl)amino)-4-oxobutyl)-1,4,7,10-

tetraazacyclododecane-1,4,7-triyl)triacetic acid (11): The 

general procedure for its synthesis is described above in 

(Method E). 1H NMR (D2O, 400 MHz) δ 7.55 (s, 1H), 7.46 

(d, 2H, J=8.3 Hz), 7.34 (d, 2H, J=8.6 Hz), 4.81 (s, 1H), 3.90–

3.84 (m, 4H), 3.36–3.30 (m, 5H), 3.02–2.82 (m, 12H), 1.95–1.88 (m, 3H), 1.31–1.11 

(m, 3H). ESI-MS calculated for C25H38N5O9S (M+H)+ 584.239, found 584.001. 
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Annexure A2: Supplementary information from Chapter II 

A2.1: 1H and 13C NMR for all synthesized precursors (3a-9b) for the synthesis of 

NIR-II NCs. 

A2.1.1 Copies of NMR spectra:  

  

Figure A2.1: 1H NMR of 3a (400 MHz, DMSO-d6) 
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Figure A2.2: 13C NMR of 3a (400 MHz, DMSO-d6) 

 

 

 

Figure A2.3: 1H NMR of 3b (400 MHz, DMSO-d6) 
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Figure A2.4: 13C NMR of 3b (400 MHz, DMSO-d6) 

 

Figure A2.5: 1H NMR of 3c (400 MHz, CDCl3) 
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Figure A2.6: 13C NMR of 3c (400 MHz, CDCl3) 

 

 

Figure A2.7: 1H NMR of 3d (400 MHz DMSO-d6) 
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Figure A2.8: 13C NMR of 3d (400 MHz, DMSO-d6) 

 

 

Figure A2.9: 1H NMR of 3e (400 MHz, CDCl3) 
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Figure A2.10: 13C NMR of 3e (400 MHz, CDCl3) 

 

 

Figure A2.11: 1H NMR of 3f (400 MHz DMSO-d6) 
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Figure A2.12: 13C NMR of 3f (400 MHz, DMSO-d6) 

 

 

Figure A2.13: 1H NMR of 3g (400 MHz DMSO-d6) 
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Figure A2.14: 13C NMR of 3g (400 MHz, DMSO-d6) 

 

 

Figure A2.15: 1H NMR of 3h (400 MHz DMSO-d6) 

 



 

186 
 

 

Figure A2.16: 13C NMR of 3h (400 MHz, DMSO-d6) 

 

 

Figure A2.17: 1H NMR of 5a (400 MHz, CDCl3) 
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Figure A2.18: 13C NMR of 5a (100 MHz, CDCl3) 

 

Figure A2.19: 1H NMR of 5b (400 MHz, CDCl3) 
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Figure A2.20: 13C NMR of 5b (100 MHz, CDCl3) 

 

 

Figure A2.21: 1H NMR of 5c (400 MHz, CDCl3)  
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Figure A2.22: 13C NMR of 5c (100 MHz, CDCl3) 

 

 

Figure A2.23: 1H NMR of 7a (400 MHz, CDCl3) 
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Figure A2.24: 13C NMR of 7a (100 MHz, CDCl3) 

 

 

Figure A2.25: 1H NMR of 7b (400 MHz, CDCl3) 
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Figure A2.26: 13C NMR of 7b (100 MHz, CDCl3) 

 

Figure A2.27: 1H NMR of 7c (400 MHz, CDCl3) 
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Figure A2.28: 13C NMR of 7c (100 MHz, CDCl3) 

 

 

Figure A2.29: 1H NMR of 9a (400 MHz, DMSO-d6) 
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Figure A2.30: 13C NMR of 9a (400 MHz, DMSO-d6) 

 

 

Figure A2.31: 1H NMR of 9b (400 MHz, DMSO-d6) 
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Figure A2.32: 13C NMR of 9b (400 MHz, DMSO-d6) 

 

 

Figure A2.33: (a) The photoluminescence (PL) spectrum observed when oleic acid was 

used to synthesize Ag2S NCs. No PL emission found (excitation: 800 nm). As shown 

in figure, the colloidal stability was also poor (b). 
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Figure A2.34: (a) Photoluminescence (PL) spectrum recorded when oleic acid and 

oleyl amine were used as capping ligands to synthesize Ag2S QDs. No PL emission 

was found (excitation: 600 or 800 nm). Figure (b) shows that the colloidal stability was 

poor as the particles settled to the bottom of the vial. 

Figure A2.35: (a) Photoluminescence (PL) spectra recorded for the synthesis of Ag2S 

QDs after the reaction of thiourea (3a) with DDT at 120 °C, 130 °C and 150 °C showing 

no characteristic emission peak of Ag2S QDs; (b) Photographs of the concentrated 

aliquots taken from the reaction mixture of Ag2S QDs at 120 °C, 130 °C and 150 °C. 

 

 

 

Figure S2: no Pl for amine capped Ag2S and Photo references:
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Figure A2.36:  (a)The XRD results of orthorhombic (β-form) Ag2Se (JCPDS 024-

1041)64 NCs with space group P2221E. (b) Ag2Se NCs after annealing at 180° for 1 

hours. 

 

FigureA2.37: FTIR spectra of purified Ag2Se and 1-DDT. 

 

 

 

 

 

20 30 40 50 60
 

 

In
te

n
si

ty
 (

a
.u

.)

 2  (degrees)

(Ag
2
Se NCs)

(0
4
0
,1

4
0

)
(1

1
2
)

(0
1
2
,1

0
2
)

(1
3
1
)

(0
3
1
,0

0
2
)

(1
3
0
,2

2
1
)

(2
0
1
,1

2
1
,2

1
1
)

(0
2
1
)

(1
1
1
)

(0
1
1
)

 

 

 

(0
2
0
)

20 40 60 80

(Ag
2
Se NCs)

(0
2
1
)

 

 

In
te

n
si

ty
 (

a
.u

.)

 2  (degrees)

(0
2
0
)

(1
1
1
)

(2
1
1
,1

3
0
,2

2
1
)

(0
1
2
,1

0
2
,3

1
1
)

 

 

 

2880 2400 1920 1440

DDT-Ag
2
Se QDs

2922 cm-1

2851 cm-1

2841 cm-1

2911 cm-1

Wave number (cm-1)

T
ra

n
sm

it
ta

n
ce

 (
%

)
 

 

DDT



 

197 
 

 

 

 

 

 

 

Figure A2.38: (a) XRD and (b) PL spectra of Ag2S QDs synthesized with DDT only 

without adding the S-precursor. 
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Annexure: A3: Supplementary information from Chapter III 

 

Figure A3.1: The QY for NIR-II emitting NCs with emission at λem ~1065 nm and 

λem ~1133 nm was calculated to be 5.6 %. 

Figure A3.2: (a) The FWHM of the colloidally stable Ag2S NCs (~1065 nm) for 28 

days. (b) After 28 days, the colloidal solutions were disturbed due to agglomeration 
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Figure A3.3: QY measurement shows that the QY was increased 2-fold from Ag2S to 

Ag2S/ZnS core/shell QDs 

 

Figure A3.4: (a) Photoluminescence (~1065 nm) and absorption (~921 nm) spectra 

for the photostability test of aqueous Ag2S/ZnS core/shell NCs 
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Figure A3.5: (a) PL spectra of Ag2S QDs synthesized from thiourea precursors (a-d) 

bearing various substituents at the para position of phenyl ring (p-OMe, p-Me,  p-I, and 

p-NO2) with PL emission ~1024 nm, 1065 nm, 1133 nm and 1209 nm; (b) Picture 

representation of different Ag2S QDs. 

 

Figure A3.6: FTIR spectra of dodecanthiol (1-DDT) and DDT-capped Ag2S QDs (red 

color) showing distinct shift of C-H stretching frequency confirming the surface 

passivation of Ag2S QDs by DDT. 
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Annexure A4: Supplementary information from Chapter III 

A4.1. 1H and 13C NMR  

A4.1.1. Copies of NMR spectra:  

 

 

Figure A4.1: 1H NMR of 1-(4-Methoxyphenyl)-3-phenylthiourea (400 MHz, CDCl3) 
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Figure A4.2: 13C NMR of 1-(4-Methoxyphenyl)-3-phenylthiourea (400 MHz, CDCl3) 

 

 

Figure A4.3: 1H NMR of 1-(4-Nitrophenyl)-3-phenylthiourea (400 MHz, CDCl3) 
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Figure A4.4: 13C NMR of 1-(4-Nitrophenyl)-3-phenylthiourea (400 MHz, CDCl3) 

 

 

 

Figure A4.5: 1H NMR of 10 (400 MHz, CDCl3) 
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Figure A4.6: 13C NMR of 10 (100 MHz, CDCl3) 

 

 

Figure A4.7: 1H NMR of 11 (400 MHz, D2O) 
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A4.1.2. Copies of Mass Spectra 

 

 

 

 

 

 

 

 

 

Figure A4.8: ESI-Mass spectrum of product 10 (Functionalised DOTA-Ga(tBu)4 

with 4-aminothiophenol 

 

Figure A4.9: ESI-Mass spectrum of product BOC-deprotected product (11) 
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Annexure B: Instrumentation and technique 
 

 

 

 

 

 

 

 



 

207 
 

Annexure B 

B1. Absorption spectroscopy. 

B1.1. Basic principle 

Ultraviolet/Visible/Near-infrared (UV/Vis/NIR) spectroscopy examines the intensity 

of the light that is absorbed by a sample to obtain insight into the electronic energy 

levels of the sample.1 In the case of colloidal semiconductor NCs, it is a useful 

technique to obtain information about the excitonic energies, band gap, extinction 

coefficient, and even size.2 Typically, a sample dispersed as colloids in a suitable 

solvent or solution form or thin film is subjected to a variable light source, and a change 

in its intensity is measured using a detector. The data is typically plotted as absorbance 

vs. wavelength of the light as shown below (Figure B1.1), with absorbance being, 𝐴 =

𝑙𝑜𝑔10 (𝐼𝑜/𝐼) where 𝐼𝑜is the intensity of light at source and  𝐼 is the transmitted intensity 

of light.  

 
 

Figure B1.1: Absorption Vs wavelength spectra of Ag2S NCs 
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The concentration of the absorbing species in the solution may be calculated 

quantitatively using Lambert-Beer’s law,3 𝑐 = × 𝑙, where ε is the molar extinction 

coefficient (M-1cm-1) and l is the path length (cm). The background is corrected using 

a “blank”– a quartz cuvette filled with only the dispersing medium – to ensure that no 

contribution from the solvent is included in the sample absorbance. The spectrum is 

usually characterized by a sharp absorption corresponding to the specific electronic 

transition in the sample. 

B1.2. Absorption peak and its origin 

QDs are small particles of a semiconductor material that are typically a few nanometres 

in size.4 They have known for their unique size-dependent optical and electrical 

properties due to the confinement of the electrons in all three spatial dimensions.4 One 

of the important optical properties of QDs its characteristic absorption bands in the 

absorption spectrum, which is typically a sharp peak. This peak originates due to the 

transition of an electron from the valence band to the conduction band of the QDs upon 

absorption of a photon.5,6,7 The first excitonic absorption peak corresponds to the 

lowest-energy transition between the electron and hole states, while the second 

excitonic absorption peak corresponds to the corresponding higher-energy transition. 

Figure B1.2 shows the absorption spectrum of PbS QDs in colloidal form for 

illustration. The main absorption peak at 1420 nm (or 0.87 eV ) corresponds to the 

transition of electrons from the highest occupied molecular orbital (HOMO) to the 

lowest unoccupied molecular orbital (LUMO) and is also referred to as the 1Sh-1Se 

HOMO-LUMO transition. The second peak, at the lower wavelength (1024 nm), is 

attributed to the 1Ph-1Pe transition.  The absorbance at a shorter wavelength tends to be 

higher due to the increasing density of states as the energy moves further from the 

maximum valence and minimum conductance bands.7 
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Figure B1.2: Absorption spectrum of PbS colloidal QDs. Adapted with permission 

from Hechster et al.  Copyright 2016, AIP Advances7 

 

The bandgap diagrams shown in Figure B1.3 can help us visualize energy transitions 

within the material. Unlike the standard bulk semiconductor, QDs have discrete energy 

levels near the band edges due to the confinement of charge carriers in all three 

dimensions.8 Promotion of electrons from the valence band to the conduction band will 

leave a hole and they form an exciton, the coulombically interacting electron-hole pair.8 
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Figure B1.3: Graphically representation of band gaps in bulk semiconductors and QDs. 

For bulk, the natural radius within which electron-hole pair are bound together is known 

as exciton Bohr radius which is given by the following equation.9 

𝑎𝐵 =
4𝜋𝜖 ћ2

𝜇𝑞2                   B1.1 

Where, 휀 is the absolute permittivity of the vacuum, 𝜖 is Permittivity of the dielectric 

constant of the semiconductor, ħ = h/2, h is Planck’s constant, 𝜇 is Reduced mass, q is 

the charge of an electron. When the size of the QD is smaller than  𝑎𝐵 the properties of 

the material start to deviate from that of the bulk materials due to quantum confinement. 

In other words, the quantum confinement effect results from the electrons and electrons 

holes pair being squeezed into the dimension that approaches the quantum regime. 

Consequently, quantum confinement leads to a collapse of the continuous energy bands 

of bulk material into discrete, atomic-like energy levels. 

Since the QDs have a larger surface-to-volume ratio, it is practically impossible to 

remove surface defects such as vacancies (missing atoms) or interstitials (extra atoms), 
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point defects, line defects, or other crystal defects.10 These imperfections act as traps 

for electrons and holes. If the traps are positioned near the conduction band (LUMO) 

within the energy bandgap, they are referred to as shallow traps for electrons. 

Conversely, if the traps are situated close to the valence band (HOMO) within the 

energy bandgap, they are considered shallow traps for holes,11 as depicted in Figure 

B1.3. Deep traps for electrons and holes, on the other hand, are located far from the 

conduction (LUMO) and valence (HOMO) bands, respectively, as also illustrated in 

Figure B1.3.  Depending on their formation energy, these traps can be shallow traps or 

deep traps for both electrons and holes. For example, formation energy for the vacancy 

is smaller than the interstitial defect and hence generally forms shallow traps. These 

traps can also leave a signature peak or hump in the absorption spectrum.10 

B1.3. Effective Mass Approximation Model (EMA) 

The EMA model, developed by Brus in 1986, is an effective model to quantify the 

change in energy levels due to quantum confinement. Considering only coulombic 

interaction between the electron and hole pair, the Hamiltonian for the EMA model is 

given by:  

Ĥ = 2
−ћ2

2𝑚ℎ
∇𝑒

2 −
ћ2

2𝑚ℎ
∗ ∇ℎ

2 −
𝑒2

∈0|𝑟𝑒−𝑟ℎ|
                 B1.2 

Solving the corresponding Schrodinger equation, the equation for effective band gap 

energy (𝐸𝐵𝐺
𝑄𝐷 ) of the QDs is obtained: 

𝐸𝐵𝐺
𝑄𝐷 = 𝐸𝐵𝐺

𝐵 +
ℎ2𝜋2

2
[

1

𝑚𝑒
+

1

𝑚ℎ
]

1

𝑅2 −
1.8𝑒2

4𝜋 0 𝐵
∙

1

𝑅
                          B1.3 

Where, 𝐸𝐵𝐺
𝐵  is the bandgap of the bulk material, h = Planck's constant, 6.63 x 10-34 Js, 

R is the radius of the QD, 𝑚𝑒 is the effective mass of an electron, for CdS, 0.21 m, 𝑚ℎ 
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is the effective mass of a hole, for CdS, 0.81 m, m is the mass of the electron, 9. 11 x 

10-31 kg, e is the elementary charge, 1.60 x 10-19 C, 휀0 is Permittivity of free space, 8.85 

× 10-12 C2J2M-1,휀𝐵 is electric constant of the bulk material, for CdS it is 5.6, 1 eV = 1.60 

× 10-19 J. Some of the modified versions of the Brus Equation12 also include polarization 

terms: 

𝐸𝐵𝐺
𝑄𝐷 = 𝐸𝐵𝐺

𝐵 +
ћ2𝜋2

2𝜇𝑅
− 1.786 

𝑒2

𝜖 𝑅
− 0.248 𝐸𝑔𝑟

∗                             B1.4 

Where 𝐸𝑔𝑟
∗

 is the effective Rydberg energy. EMA fits fairly well with experimental data 

for larger sized QDs but deviates for smaller QDs.8 To account for this, the Density 

Functional Theory (DFT) for QDs was developed.13  

The size of QDs can be approximated from the first exciton peak wavelength. Empirical 

relationships relating the diameter of the QDs to the wavelength of the first exciton 

peak have been determined for various QDs using UV-Vis and TEM data.14 For 

example, for CdSe QDs diameter (D, nm) is related to λ (nm, the wavelength of the first 

excitonic absorption peak of the corresponding sample) as follows.14,15 

D = (1.6122 x 10−7) λ3 − (2.6575 x 10−3) λ2 + (1.6242) λ − 41.57                       B1.5 

Similarly, the molar extinction coefficient (ε, M-1cm-1) can be determined 

experimentally16 or using Ricard equation17 

𝜎𝑄𝐷 =
𝜔

𝑛𝑠𝑐
(

4

3
 𝑅3) |𝑓(𝜔)|22𝑛𝑄𝐷𝑘𝑄𝐷                           B1.6 

ω is the angular frequency, 𝑛𝑠is the refractive index of solvent matrix, 𝑛𝑄𝐷is the real 

part of refractive index of QDs, 𝑘𝑄𝐷 is the imaginary part of refractive index of QDs 

and 𝑓(𝜔) is Local field factor which is calculated using the following equation, 
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      𝑓(𝜔) =
3 𝑠

𝑄𝐷 +2 𝑠
                  B1.7 

where,  휀𝑠 is diectric constant of solvent and 휀𝑄𝐷 is dielectric constant of Ag2S. 

It is worth-noting that, ε is size-dependent at first excitonic peak and hence lower 

wavelength or higher photon energy where absorbance is size-independent is 

considered for its determination.18,19  

 

Figure B1.4: Series of absorbance spectra of PbS QDs suspended in 

tetrachloroethylene, normalized at 3.1 eV. All spectra coincide at high energies and are 

size-independent. Adapted with permission from Moreels et al.  Copyright 2009, ACS 

Nano 19 

B1.4. Determination of band gap using UV-Vis spectroscopy 

A typical absorption spectrum of the CdS colloidal QDs synthesized in this thesis work 

is shown in Figure B1.5. 
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Figure B1.5: UV−vis absorption spectra CdS QDs.  

The band-gap energy is determined by either finding a cut-off wavelength/absorption 

onset (a)20 or from absorption maxima value (b).8 In crystalline semiconductors, a 

correlation between the absorption coefficient and incident photon energy has been 

established through the derivation of a correlative Equation B1.8 given as8,21,22 

𝛼(𝜈)hν = 𝐵(hν − 𝐸𝑔𝑎𝑝)𝑚                              B1.8 

where, 𝐵, hν and 𝐸𝑔𝑎𝑝  are the constant, incident photon energy and optical gap 

respectively; 𝛼(𝜈) is the absorption coefficient defined by the Beer-Lambert’s law as 

the Equation B2.9 given by 

𝛼(𝜈) =
2.303×Abs(λ)

𝑑
                             B1.9 
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where, d and Abs are the film thickness and film absorbance, respectively. The 

Absorption Spectrum Fitting (ASF) method can be understood by reformulating the 

Equation B1.9 as a function of wavelength (λ) as Equation B1.10 as 

 α (𝜆)=B(ℎ𝑐)1−𝑚𝜆 (
1

𝜆
−

1

𝜆𝑔
)

𝑚

                          B1.10 

where, λg, c and h are wavelengths corresponding to the optical band gap, velocity of 

light and Planck’s constant respectively. The Equation B1.10 above can be rewritten as 

the Equation B1.11 as Abs (𝜆)= B1𝜆 (
1

𝜆
−

1

𝜆𝑔
)

𝑚

+ B2           B1.11 

where, B1 = B(ℎ𝑐)1−𝑚 ×
𝑑

2.303
 and B2 is a constant that accounts for reflection. By 

utilizing Equation B1.11, the optical band gap can be determined through absorbance 

spectrum fitting (ASF) without the requirement of film thickness information. This 

allows the band gap to be determined in electron volt and can be calculated from the 

parameter 𝜆𝑔 using 𝐸gap
ASF=

1239.83

𝜆𝑔
. In simple terms, the value of 𝜆𝑔 can be estimated by 

extrapolating the linear portion of the (
Abs(𝜆)

𝜆
)

1

𝑚
𝑣𝑠.

1

𝜆
  curve at (

𝐴𝑏𝑠(𝜆)

𝜆
)

1

𝑚
= 0. The best 

fit was found to occur when using the least squares technique and m = 
1

2
 .The values for 

𝐸gap
ASF(eV) can be determined by extrapolating the straight-line portion of the plots in 

Figure B1.6 to the point where Abs(λ) = 0. The relationship between the optical gap 

and the deposition time for as-deposited thin films is shown in Figure B1.6 which 

demonstrates that the optical gap decreases as the deposition time increases. This is due 

to the growth of particle size over time, leading to a decrease in the energy band gap.8 
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Figure B1.6: The absorption spectrum fitting (ASF)  plot showing (
𝐴𝑏𝑠(𝜆)

𝜆
)

2

𝑣𝑠.
1

𝜆
 and  

(
𝐴𝑏𝑠(𝜆)

𝜆
)

2

= 0.Adapted with permission from Ghobadi et al.  Copyright 2013, Interface 

Nano Letters.8 

B1.5. Specification and sample preparation 

For the studies reported in this thesis, the UV-Visible absorption spectra were run in  a 

Perkin Elmer spectrophotometer and Agilent Technologies Cary 100 UV-vis. A quartz 

cuvette with a width (L) of 1 cm is utilized for all measurements. The former has the 

spectral range of 200-800 nm, while the latter has the range of 190-1100 nm. The 

Ultraviolet/Visible/Near-infrared (UV/Vis/NIR) spectroscopy were collected using 

Perkin Elmer spectrophotometer and Agilent Technologies Cary 750 UV-vis with 

spectral range of 190-1400nm. 
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Figure B1.7: Photograph of a Perkin Elmer spectrophotometer (Range: 190-1100 nm) 

In our studies, the samples are dispersed either in anhydrous hexane, water, chloroform, 

ethanol or in anhydrous tetrachloroethylene (TCE) for measurements depending upon 

the choice of the solvents and the solution is made up to the mark. 

B2. Photoluminescence (PL) Spectroscopy 

B2.1: Basic Principle  

The transition of an electron from the valence band to the conduction band of the QDs 

takes place upon absorption of photon energy. The excited electron relaxes back to the 

ground state, which results in emission of photon energy (lower than the absorbed 

photon energy), known as photoluminescence (PL).23–25  
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Figure B1.8: (a) Photoexcitation promotes electrons from the valence band to the 

conduction band by leaving a hole in the valence band. (b) The electron in the 

conduction band relaxes quickly via radiatively or non-radiatively. 

PL can be either be fluorescence or phosphorescence depending on symmetry of the 

state and emission pathways (Figure B1.9). In semiconductors colloidal QDs, 

absorption and fluorescence emission take place within a few nanoseconds (10-30 ns). 

The phosphorescence takes place slower due to the unfavourable symmetry of the state 

(triplet to singlet).  

 

Figure B1.9: Energy diagram showing the principle of luminescence. 

PL is a radiative relaxation process i.e., an electron emits a photon. In a non-radiative 

relaxation, phonons are emitted whose combined energy is equal to the energy of the 
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photon.26The emission of phonons is a result of surface defects, impurities, and dopants 

between the conduction and valence bands.27In nonradiative relaxation, there are two 

types of recombination. When an electron passes its energy to the phonons, it is called 

Shockley Read Hall recombination. When a relaxing electron passes its energy to 

another electron or hole is called Auger recombination. Both processes lead to decrease 

in PL intensity. Only in radiative recombination, emitted photon energy is equal to the 

bandgap energy. In PL spectroscopy, a monochromatic light is passed through the 

sample and the emission wavelength is detected. The intensity vs. wavelength plot 

obtained is referred to as the photoluminescence, PL emission spectrum.3 The PL 

emission spectrum gives a broad range of information including quantum yield, size, 

recombination mechanism, surface defects and trap states. A typical PL emission 

spectrum of Ag2S QDs is shown below (Figure B1.10). while the PL maximum is 

related to the size of the NCs, the line-width of the is often used to understand the size-

distribution of the NCs-smaller the width, smaller the size distribution. Furthermore, 

the higher PL intensity using means low defect density.  

 

Figure B2.10: Photoluminescence spectra of Ag2S NCs emitting at 1133 nm 
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B2.2. Determination of Band-gap  

PL emission peak can also be used to determine the band of the materials. However, 

following limitations must be taken into consideration.28,29 

(a) The method works only for direct bandgap materials since the indirect 

bandgap materials lose their energy in the form of phonons instead of 

photons.  

(b) PL emissions do not give an exact bandgap, as the emissions are not 100% 

radiative in nature. Consequently, the bandgap calculated by the PL study 

will always be less than the original bandgap. Therefore, it is better to 

calculate it from the absorbance i.e., UV-vis data.  

(c) Emission spectra are highly sensitive to solvent polarity. 

B2.3. Crystal defects 

Defects in QDs can affect the PL properties of the material in several ways. For 

example, defects can cause the emission of the QDs to shift or alter the intensity of the 

emitted light. Defects can also cause quenching of the photoluminescence, where the 

emission light is suppressed. Overall, photoluminescence is a powerful tool for 

studying defects in QDs, and defects in QDs are deviations from the ideal crystal 

structure of the material, which can significantly impact the properties of the QDs. 

There are several types of defects that occur in QDs, including: 

1. Point defects: These are defects that occur at a single point in the crystal 

structure, such as vacancies (missing atoms) or interstitials (extra atoms). Point 

defects can affect the electronic and optical properties of the QDs. Point defects 

are also due to impurities of atoms and molecules that are present in the QD 

crystal but are not part of the regular lattice. Impurities can be intentional 
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(doping) or unintentional (contamination). Impurities can affect the electronic 

and optical properties of QDs. The presence of point defects in QDs has been 

reported for a wide range of QD materials such as CdSe, CdS, CdTe, GaAs, 

InAs, InP, and Si, as well as metal QDs such as Au, Ag, and Cu.30–34  

2. Strain: Strain is the deformation of the crystal lattice due to external forces or 

mismatched lattice constants. Strain can affect the electronic and optical 

properties of QDs.30–34 

3. Line defects: These are defects that occur along a line or plane in the crystal 

structure that include dislocations, grain boundaries, and stacking faults, among 

others. Line defects can affect the structural integrity and stability of the 

QDs.30,34 

4. Surface defects: These are defects that occur at the surfaces of the QDs, such as 

steps, pits, or roughness. Surface defects can affect the stability and reactivity 

of the QDs.30–32 

Defects in QDs can be introduced during the synthesis process, or they can occur 

naturally as the QDs are exposed to the environment. They can also be intentionally 

introduced to tune the properties of the QDs for specific applications.35 

B2.4. Quantum Yield measurements 

The fluorescence quantum yield (QY) is the ratio of the number of photons emitted to 

the number absorbed.36 

𝑄𝑌 =
𝑝ℎ𝑜𝑡𝑜𝑛𝑠𝑒𝑚

𝑝ℎ𝑜𝑡𝑜𝑛𝑠𝑎𝑏𝑠
                B1.12 



 

222 
 

One way to determine the relative quantum yield (QYs) of an unidentified sample is by 

using the equation that compares the integrated photoluminescence of the sample with 

that of a standard dye with a known quantum yield (QYR) 

𝑄𝑌𝑠 = 𝑄𝑌𝑅 ×
𝐼𝑠×𝐴𝑅×𝑛𝑠

2

𝐼𝑅×𝐴𝑆×𝑛𝑅
2                B1.13 

where I is integrated PL intensity, n is the refractive index, and A is the absorbance.  

Equation B1.13 can be written as follows 

𝑄𝑌𝑠 = 𝑄𝑌𝑅 ×

𝐼𝑠
𝐴𝑠
𝐼𝑅
𝐴𝑅

×
𝑛𝑠

2

𝑛𝑠
2                           B1.14 

If we take multiple measurements and obtain the gradient of I vs A. Then, the above 

equation can be written as 

𝑄𝑌𝑠 = 𝑄𝑌𝑅 ×
𝐺𝑟𝑎𝑑𝑖𝑒𝑛𝑡𝑠

𝐺𝑟𝑎𝑑𝑖𝑒𝑛𝑡𝑅
×

𝑛𝑠
2

𝑛𝑠
2              B1.15 

B2.5. Instrumentation and sample preparation 

The photoluminescent (PL) spectra of our synthesized NCs were collected using a 

HORIBA Scientific spectrophotometer (Model: PTI-QM 510) with spectral range of 

400-1700 nm. Fluorescence spectra were measured in a quartz cell of 1 cm. The 

samples were dispersed either in anhydrous hexane, water, chloroform, ethanol or in 

anhydrous tetrachloroethylene (TCE) for measurements. Except otherwise noted, all 

the measurements were performed with instrument parameters that are mentioned in 

Table B1.1 below: 
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Table B1.1: Typical instrument parameters used for PL spectroscopy 

 

  

 

 

 

Figure B1.11: Photograph of HORIBA Scientific spectrophotometer (Model: PTI-QM 

510) 

 

Parameters Set 

Scan mode Emission 

Data mode Fluorescence 

Scan Speed 1200 nm/min 

Delay 0 s 

EX Slit 5.0 nm 

EM Slit  5.0 nm 

PMT Voltage  700 V  

Response 2.0 s 
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B3. X-Ray Diffraction 

B3.1: Basic principle 

X-ray diffraction (XRD) is a powerful technique to study the internal structure of 

materials. In 1912 Max von Laue first suggested that X-ray might be diffracted when 

passed through a crystal which was confirmed by Walter Friedrich and Paul 

Knipping.37,38 This discovery, which was later expanded upon by Bragg and Bragg, 

opened up a new field of research called X-ray crystallography.  In the mid-90s XRD 

studies were first used to confirm the crystalline nature of the QDs.39 Now its routeinely 

used to determine the crystal phase and crystallite size of the QDs.40–42  

X-ray are electromagnetic radiation in the wavelength range of ~1-2 Å, which is 

comparable to interatomic distances. X-rays are used for investigating the molecular 

and atomic structure of a wide variety of materials.43 Primarily X-rays interacts with 

electrons in atoms. When certain geometric requirements are met, X-rays scattered from 

a crystalline solid can constructively interfere, producing a diffracted beam. The 

intensities of peaks and the positions can be used to identify the underlying crystal 

structure of the material. W.L. Bragg in 1912 recognized the following equation41,42,44  

𝑛𝜆 = 2𝑑 sin 𝜃                    B1.16 

where n is the diffraction order, 𝜆 is the wavelength of X-rays, 𝑑 is the interplanar 

distance and 𝜃 is the X-ray scattering angle. There are 7 primitive crystal systems41,45 

namely: cubic, tetragonal, orthorhombic, hexagonal, rhombohedral, triclinic and 

monoclinic. Depending upon the type of crystal system  𝑑 is related to the 

corresponding crystal plane in the set of (h k l) represented by Miller indices as follows: 

Cubic: 
1

𝑑2 = 
ℎ2 + 𝑘2 + 𝑙2

𝑎2  , (edges 𝑎 = 𝑏 = 𝑐, angle 𝛼 = 𝛽 = 𝛾 = 90°𝐶)         B1.17 
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Tetragonal: 
1

𝑑2
 = 

ℎ2 + 𝑘2 

𝑎2
+

𝑙2

𝑐2
, (edges 𝑎 = 𝑏 ≠ 𝑐, angle 𝛼 = 𝛽 = 𝛾 = 90°𝐶 B2.18 

Hexagonal: 
1

𝑑2 = 
4

3
(

ℎ2 + ℎ𝑘 + 𝑘2

𝑎2 ) +
𝑙2

𝑐2, (edges 𝑎 = 𝑏 ≠ 𝑐, angle 𝛼 = 𝛽 = 90°𝐶, 𝛾 =

120°𝐶)                 B1.19 

Rhombohedral: 
1

𝑑2
 = 

(ℎ2 + 𝑘2  + 𝑙2) 𝑠𝑖𝑛2 𝛼 +2(ℎ𝑘 + 𝑘𝑙 + ℎ𝑙)(𝑐𝑜𝑠2 𝛼−cos 𝛼)

𝑎2(1−3 𝐶𝑜𝑠2 𝛼 + 2 𝐶𝑜𝑠3 𝛼)
, (edges 𝑎 = 𝑏 = 𝑐, 

angle 𝛼 = 𝛽 = 𝛾 ≠ 90°𝐶)               B1.20 

Orthorhombic:  
1

𝑑2 = 
ℎ2 

𝑎2 +
𝑘2 

𝑏2 +
𝑙2

𝑐2, (edges 𝑎 ≠ 𝑏 ≠ 𝑐,            B1.21 

angle 𝛼 = 𝛽 = 𝛾 = 90°𝐶) 

Triclinic: 
1

𝑑2 = 
1 

𝑉2  (𝑆11ℎ2 + 𝑆22𝑘2 + 𝑆33𝑙2 + 2𝑆12ℎ𝑘 + 2𝑆23𝑘𝑙 + 2𝑆13ℎ𝑙), (edges 𝑎 ≠

𝑏 ≠ 𝑐, angle 𝛼 ≠ 𝛽 ≠ 𝛾 ≠ 90°𝐶)              B1.22 

Monoclinic: 
1

𝑑2
 = 

1

𝑆𝑖𝑛2𝛽
( 

ℎ2 

𝑎2
+

𝑘2𝑠𝑖𝑛2 𝛽

𝑏2
+

𝑙2

𝑐2
−

2 ℎ𝑙 cos 𝛽

𝑎𝑐
), (edges 𝑎 ≠ 𝑏 ≠ 𝑐, angle 𝛼 =

𝛾 = 90°𝐶, 𝛽 ≠ 90°𝐶)                B1.23 

Combining the above equation of any of the seven primitive crystal planes (For 

example, Equation B1.17 for cubic) with Bragg’s equation (Equation B1.16), we 

obtained the equation (Equation B1.25) where the Bragg’s theta is solely dependent on 

the type of crystalline: 

(
𝑛𝜆

2𝑎
)

2

=
𝑠𝑖𝑛2𝜃

ℎ2 + 𝑘2  + 𝑙2                                B1.24 

𝜃 = 𝑠𝑖𝑛−1 (
𝜆

2𝑎
√(ℎ2  +  𝑘2  +  𝑙2))                         B1.25 

In Powder-XRD (PXRD), a plot of 2 theta (𝜃) vs Intensity [𝐼(𝜃)] is generated. The 

Intensity of the peak is related to the structure factor, 𝐹(𝜃). 
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𝐼(𝜃) = 𝐹(𝜃) ∗ 𝐹(𝜃)                           B1.26 

The structure factor is related to scattering factor, 𝑓𝑖 ;  number of atoms per unit cell, n; 

atom coordinates (𝑥𝑖, 𝑦𝑖 , 𝑧𝑖) and miller indices (h k l) as follows 

𝐹(𝜃) = ∑ 𝑓𝑖𝑒2𝜋(ℎ𝑥𝑖+𝑘𝑦𝑖+𝑙𝑧𝑖)𝑛
𝑖                           B1.27 

Let us comprehend each term by first understanding how to calculate the number of 

atoms per unit cell. 

Thus, in case of simple cubic, 𝑛 = 8(corners) ×
1

8
= 1, meaning there is only one atom 

per unit cell due to the sharing of 8 corner atoms among 8-unit cells.  

Figure B1.12: A unit cell (a) Simple cubic (b) bcc (c) fcc 

The second term 𝑓𝑖, is dependent on atomic number, X-ray wavelength and 𝜃 and is 

primarily determined by type of atom. The atom coordinates (𝑥𝑖, 𝑦𝑖, 𝑧𝑖) for simple cubic 

unit cell are (0,0,0) since all the atoms are located at the corners. For bcc, it has two 

atoms (𝑛 = 2) and for one of them the atom coordinates are (0,0,0) and  (
1

2
,

1

2
,

1

2
 ). 

Similarly, for fcc where there are 4 atoms/unit cell (𝑛 = 4), the atom coordinates are 

(0,0,0),  (
1

2
,

1

2
, 0), (0,

1

2
 ,

1

2
 )  and , (0,

1

2
,

1

2
 ). Using these values one can obtain: 

 𝐹(𝜃) = 𝑓1𝑒0 = 𝑓1 for simple cubic                         B1.28 

(a) (b) (c)
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𝐹(𝜃) = 2𝑓1𝑒
𝜋

2
𝑖(ℎ+𝑘+𝑙)

cos [
𝜋

2
(ℎ + 𝑘 + 𝑙)] for bcc and            B1.29 

𝐹(𝜃) = 4𝑓1𝑒
𝜋

2
𝑖(ℎ+𝑘+𝑙)

cos2 [
𝜋

2
(ℎ + 𝑘)] cos2 [

𝜋

2
(ℎ + 𝑙)] for fcc          B1.30 

Which implies that: 

For QDs, the broadening of XRD peak is observed due to finite size effect. Scherrer’s 

equation46 is used to calculate the size of the particle using the equation below. 

𝐷 =
𝑘𝜆

𝐵 cos 𝜃
                 B1.31 

where K is the shape factor, λ is the wavelength of the X-ray, B is the full width at half 

maximum (FWHM) in radians, and θ is the Bragg angle can be used to relate the 

crystallite size with the XRD line-width. 

B3.2. Sample preparation and instrumentation: 

The purified NCs were evenly distributed in hexane and then deposited onto a clean 

and dry glass slide through drop-casting. After the deposition, the film on the glass slide 

was subjected to X-ray diffraction analysis using Cu Kα (λ= 1.54 Å) as the incident 

radiation, with 40 kV and 30 mA as the operating conditions. The beta filter used was 

Ni. 
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Figure B1.13: Photograph of PANalytical X-Ray diffractometer. 

B4. Fourier-transform Infrared Spectroscopy (FTIR) 

B4.1. Basic Principle 

FTIR is a well-established technique that is commonly used in materials science and 

chemistry. FT-IR spectroscopy determines the functional groups present in a molecule. 

In this spectroscopic method, absorption of light causes molecular vibration. In order 

to cause the bonds in a molecule to vibrate, it is necessary to supply the molecule with 

energy at a frequency that is exactly equal to the vibrational frequency of the molecule. 

It is mainly based on the vibration of chemical bonds in mid infrared region (400 to 

4000 cm-1) only. The two fingerprints region lies in 400-1600 cm-1 and the functional 

groups region which lies in 1600-4000 cm-1. The vibrational spectra are determined 

using Hooke’s equation47–49 

ῡ =
1

2𝜋𝑐
√

𝑘

𝜇
𝑐𝑚−1                B1.32 
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where, ῡ  is wavenumber (cm-1), c is speed of light (cm sec-1), k is the force constant 

(dyne cm-1) and μ is the reduced mass of atoms (g). 

Different types of vibrational modes possible are stretching and bending.50–52 In 

stretching mode, the interatomic distance and bond length changes and in bending 

mode, the bond angle changes. Furthermore, stretching mode is classified in two types- 

symmetric and anti-symmetric stretching. When a molecule has at least two or three 

identical groups, symmetric and asymmetric stretching occur, as seen in molecules such 

as CH2, CH3, CCl2, anhydride, NO2, and NH2. The asymmetric stretch has a higher 

energy compared to the symmetric stretch. In symmetric stretching, the bond lengths of 

the participating atoms either both increase or decrease, while in asymmetric stretching, 

one bond length increases and the other decreases. For example, the CH3 symmetric 

stretch occurs at approximately 2872 cm−1, while its asymmetric stretch, at a higher 

energy, appears at 2962 cm−1. Similarly, the symmetric stretch of the NH2 group is at 

3300 cm−1, while its asymmetric stretch is at 3400 cm−1. Bending mode is classified 

into four types- rocking, scissoring, wagging and twisting. In rocking, the two atoms 

moves clockwise or anticlockwise; in scissoring, the two atoms move towards or away 

from the central atom simultaneously; in wagging, the two atoms move in V direction 

back and forth and in twisting, one of the atoms moves backward where as another 

moves forward as shown in the Figure B1.14 below: 
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Figure B1.14: Different modes of vibration in IR spectroscopy.53 

FTIR is a powerful tool for analysis surface chemistry of QDs and detecting organic 

impurities. It is a non-destructive technique that provides insightful information about 

the stabilizing ligand and nature of its bonding to the QDs. Figure B1.15 shows the 

difference between pure L-cysteine and L-cysteine appended on the surface of the QDs. 

The FTIR spectrum of pure L-cysteine displays a distinctive S-H stretching vibration 

signal at 2538 cm-1, as seen in Figure B1.15. The lack of this peak in the spectrum of 

aqueous Ag2S QDs, confirms the absence of free L-cysteine in the solution. A notable 

peak at 1572 cm-1 is attributed to the asymmetric stretching vibration of the carboxylate 

(COO–) group in L-cysteine that is surface-bound. For free L-cysteine, this peak is 

observed at a slightly higher frequency, around 1588 cm-1. The shift of frequency 

towards the lower range is attributed to the binding of L-cysteine to the surface of the 

QDs.54 

Symmetric Stretching Antisymmetric Stretching

Bending Rocking Wagging Twisting
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Figure B1.15: FTIR spectrum of pure L-cysteine and surface bound L-cysteine on 

QDs.54   

B4.2. Sample preparation and Instrumentation 

FT-IR spectra were recorded using Bruker ALPHA E, 200396. The instrument consists of 

the following components- light source, monochromator, sample holder and the 

detector. The light source is basically a Nernst filament or a Globar filament which are 

red or white heated before analysis. The light produces are then passed further towards 

the sample with the help of silver layered mirror and passes through the monochromator 

producing desired frequency of light. The samples are held in metal sample holder (in 

case of solid samples) by preparing a thin film of KBr and the sample and the liquid 

samples are held in an ATR crystal surface. The detector then detects by sensing heating 

effect due to radiation or by photoconductivity. 

(a) Liquid samples were drop-casted onto the surface of the instrument detector, 

and the spectrum was obtained. 
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(b) For solid samples, the samples were grounded in a mortar with anhydrous 

potassium bromide (KBr). A piece of paper is taken and on top of it, a cut-out hole 

is made. The grounded sample is poured in the hole and a pallet is made with the 

help of a hydraulic press. The sample is inserted in the IR sample holder and 

attached with scotch tape and the spectrum is run for analysis.  

 

Figure B1.16: Bruker Alpha FT-IR Spectrophotometer. 

B5. Thermogravimetric Analyser (TGA) 

B5.1. Basic Principle 

Any simple molecule undergoes various transformation when heated or cooled. Some 

of the transformations such as vaporisation, decomposition, reaction etc. leads to loss 

or gain of weight. TGA works by measuring the change in mass of a sample as a 

function of temperature. By exposing the QDs to a controlled heating rate, TGA can 

provide information on the thermal stability of the material, including the temperature 

at which decomposition occurs, the amount of material-both organic and inorganic- lost 

during degradation, and the evolution of degradation products. The TGA instrument 

can scan over a wide range of temperature (25 – 1200 ⁰C). Any change in mass due to 

 

Figure 9: Bruker Alpha FT-IR Spectrophotometer 
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decomposition, oxidation-reduction, dehydration, volatilisation or chemisorption are 

detectable.55–57 

 

Figure B1.17: (a) Schematic diagram of a TGA analyser58 (b) TA Instrument’s Q50 

TGA analyser. 

TGA is a combination of a microbalance, programmable temperature controller and a 

PC for data acquisition.59–61 The balance is connected to sensor which detects the 

deviation from a null point and measures the change in mass. They are sensitive to an 

order of 10-6 g. Samples are placed in a pan (platinum/aluminium/ceramics) and 

suspended from the microbalance down to a furnace where a highly controlled heating 

environment is maintained. The balance mechanism present inside the instrument is 

protected from causing damage due to a high temperature by using a baffle and flowing 

inert gas. The measurement is plotted as two ways- thermogravimetric (TG) curve or 

derivative thermogravimetric (DTG) curve. In the first one, the change in mass/weight 

vs. time or temperature is plotted and in the second one, the rate of change in 

mass/weight vs. time or temperature is plotted.60,61  

Figure B1.18 shows the decomposition temperature at 140°C of an organic compound 

named 1-(4-Methoxyphenyl)-3-phenylthiourea. To determine the decomposition 

(a) (b)
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temperature, both weights lost (%) and its derivative with respect to temperature are 

analysed.54 The temperature at which the sample starts to lose weight can be determined 

from the inflection point or the maximum rate of weight loss in the TGA curve. This 

temperature is considered to be the decomposition temperature material. 

 

Figure B1.18: (a) TGA graph showing decomposition temperature of 1-(4-

Methoxyphenyl)-3-phenylthiourea.54 

B6. Turbidimeter 

B6.1. Basic principle 

Turbidimeter is an instrument that measures the optical density of a sample and is a 

suitable technique for characterizing QDs suspensions because they provide 

information about the size and distribution of the QDs. The turbidimeter measures the 

light transmittance of a sample in NTU's (Nephelometric Turbidity Units, a standard 

measure). Turbidimeters measure the intensity of light scattered in one particular 

direction, predominantly at right angles to the incident light. Optical turbidity, 𝑇, refers 

to the light scattered per cell length in the following equation: 62  
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𝑇 = 𝐾
𝐼90

𝐼0
                 B1.33 

where 𝐼90 is the intensity of transmitted light scattered at 90° , 𝐼0 is the intensity of light 

incident upon a suspension having negligible absorption of light and K is a constant 

that includes instrumental calibration factors and optical constants for the suspension 

being measured.62  

B6.2. Sample Preparation and Instrumentation 

In this thesis, we used turbidity index to study the colloidal stability of the NCs in 

aqueous medium. The NCs were dispersed in water (aqueous system) and were 

analysed in turbidimeter.  

Table B1.2: Specification of the turbidimeter used  

Range 0 to 200 NTU 0 to 1000 NTU2 Ranges 

Display 3Half digit LED display 

Voltage 220 V 

Resolution 1 NTU 

Light Source 6.8 V 

Accuracy ±3 % S  ±1 digit 

Power 230 VAC, ±10% 

Sample System m clear glass tube 
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Figure B1.19: Photograph of a turbidity meter. 

B7. Transmission electron microscopy (TEM) 

B7.1: Basic principle  

TEM provides high resolution imaging and structural analysis, allowing scientists and 

engineers to study and understand the properties of materials at the nanoscale. It is used 

to analyse microstructures of cells, nanostructures such as fibers, particles and thin 

films, materials such as crystal structure and compositions, phase transitions and 

transformation in materials, defects in materials such as voids,cracks and grain 

boundaries etc. TEM was invented by German physicists Max Knoll and Ernst Ruska 

in the 1930s.63,64 

The basic principle of TEM is to pass a beam of electrons through a thin specimen and 

observe the transmitted electrons to create an image. The electrons are transmitted 

through the specimen and interact with the atoms, causing the electrons to diffract, 

scatter or be absorbed. The electrons that pass through the specimen form an image that 

can be captured by a screen or an electron detector, providing a high resolution 
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representation of the specimen's internal structure. This technique enables scientists and 

engineers to observe materials at the nanoscale, and to study their physical, chemical, 

and structural properties.65 Figure B1.20 shows photographic representation a TEM 

image of Ag2S QDs at 20 nm scale with size 2.2 nm. 

 

Figure B1.20: TEM image of Ag2S QDs.54 

Particle size and lattice fringes calculation: 

There are various image processing software that are used to analyse TEM images. 

ImageJ software is used in our studies to calculate the size of the QDs. It is a free, open-

source software that is widely used in the scientific community for analyzing and 

processing images. 64  

To use ImageJ to analyse TEM images, it is first required to aquire the TEM images 

and import them into ImageJ. Then various tools can be used and plugins that are 

available in ImageJ to process and analyze the images. Some common tasks that has be 

performed include:  
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To calculate the size of QDs and lattice fringes using ImageJ, the following steps are 

followed: 

1. Acquire the TEM image of the QDs or lattice fringes, and import it into Imagej. 

2. Adjust the contrast and brightness of the image as needed to enhance the details 

and make it easier to see. 

3. Use the "Line Tool" or "Polyline Tool" to draw a line along the edge of the 

quantum dot or lattice fringe. 

4. Use the Analyse> Measure function to measure the length of the line. This will 

give the size of the QDs or lattice fringe. 

5. Repeat the process for multiple QDs or lattice fringes to get an average size or 

to study the size distribution. 

Thus, with the above mentioned processes, the size of the Ag2S QDs were calculated 

to be 2.2 nm from the TEM image shown in Figure B1.20. From the TEM image, we 

can also calculate the lattice fringes which are observed as regular, repeating patterns 

in the image and their spacing is related to the distance between crystal planes in the 

lattice. The fringes arise from the interference of electrons that have passed through 

different parts of the crystal lattice. Figure B1.21 shows lattice fringes of Ag2S QDs 

corresponding to the monoclinic phase (1,2,1) with d spacing measured to be 0.26 nm 
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Figure B1.21: The lattice fringes of Ag2S QDs corresponding to the monoclinic 

phase.54 

Selected area electron diffreaction measurements (SAED): 

In SAED, a narrow electron beam is focused onto a small area of the sample, producing 

an electron diffraction pattern that provides information about the crystal structure of 

the material. The diffraction pattern consists of a series of bright spots or rings, which 

correspond to the various crystal planes in the lattice. The spacing between the 

diffraction spots provides information about the lattice constant, which can be used to 

identify the crystal structure and determine the orientation of the crystal. The technique 

can also be used to study crystalline materials at the nanoscale, and to determine the 

crystal structure of individual grains in a polycrystalline material.66 

0.26 nm

1,2,1)
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Figure B1.22: SAED image of Ag2S QDs corresponding to the monoclinic phase 54 

To calculate the d-spacing from the SAED image , the following steps can be followed: 

1) Measure the diameter, D = 2R, R = Radius. Find the radius R = 𝑥 [
1

𝑛𝑚
] 

2) Find the interplaner distance d in real space as 1/R = d. 

3) After calculating d, comparethe d value with the corressponding hkl values in 

the literature. 

For example , in the case Ag2S QDs as shown in Figure B1.22 , For the first ring, 2R = 

5.62[
1

𝑛𝑚
], R = 2.81[

1

𝑛𝑚
], d = 1/ R, d = 1/ 2.81 = 0.355 nm corressponds to (1,1,0) planes. 

Similarly for other rings, d = 0.308 nm (1,1,1) plane, d = 0.266 nm (-1,2,1) plane and d 

= 220 nm (0,3,1) plane. These results suggests that the SAED image corresponds to 

monoclinic phase of Ag2S QDs.54 

B7.2: Sample preparation and instrumentation: 

Samples were thoroughly purified prior and prepared by drop casting the sample on the 

carbon coated copper grids and allowing the solvent to evaporate. All TEM images 

21/nm

(1,1,0)

(1,1,1)

(-1,2,1)
(0,3,1)
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presented in the thesis were recorded in JEOL-JEM-2100 Plus electron microscope. 

The take-off angle maintained taken was 90°. HRTEM images were obtained using 200 

kV electron source. The lattice plane was obtained from lattice fringes. Image J 

software was used for calculation. 

 

Figure B1.23: Photograph of a JEOL-JEM-2100 Plus electron microscope (TEM). 

B8. X-ray Photoelectron (XPS) Spectroscopy 

B8.1. Basic principle  

When a material is irradiated with X-ray, three types of processes can occur: (a) 

emission of the electron known photoelectron (an electron ejected from an inner shell 

following the absorption of X-ray energy) (b) x-ray fluorescence, where the absorbed 

energy is re-emitted as a fluorescent X-ray with a lower energy and (c) emission of an 

Auger electron, where a vacancy in the inner shell is filled by an electron from an outer 

shell, and the excess energy is emitted as an Auger electron.67 
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Figure B1.24: Processes that result from x-ray bombardment of a surface include (a) 

emission of a photoelectron, (b) x-ray fluorescence, and (c) emission of an Auger 

electron. 

The release of a photoelectron occurs when the x-ray energy (ℎ𝜗) is fully transferred 

to a core electron, which can be represented mathematically as follows: 

ℎ𝜗 = 𝐵𝐸 + 𝐾𝐸 − φ                           B1.34 

where 𝐵𝐸 is the binding energy of the ejected electron,  𝐾𝐸 is the kinetic energy of the 

ejected electron and φ is the spectrometer work function. In X-ray photoelectron 

spectroscopy (XPS), the plot  𝐵𝐸 vs Intensity is obtained and analysed. Since BE is 

highly sensitive to the type of atom, type of orbital, oxidation state, electronegativity of 

the adjacent atom) of the atom, XPS is a powerful technique to analyse: composition, 

and electronic structure of materials in QDs.67–70 Photoelectron peaks are named 

according to the quantum numbers of the energy levels from which the electrons are 

originating. For example: An electron originating from an orbital with principal 

quantum number ‘n’, orbital quantum number ‘l’ and spin quantum number ‘s’ is 

indicated as67 

n𝑙𝑙+𝑠                             B1.35 

For a non-zero orbital quantum no (l >0), spin moment is coupled with orbital moment 

which is also known as L-S coupling and it has a total momentum (j = l + ½) and (j = l 
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−½) and generally given by (𝑗 = 𝑙 ± 𝑆), each state being filled with (2j + 1) 

electrons.67,71 Hence, most XPS peaks appear in doublets and the intensity ratio of the 

peaks is given by,  
𝑙+1

𝑙
.72 In other words, for s there will be no splitting; for p orbital 

(𝑙 = 1) splitting into 𝑝1/2 and 𝑝3/2 occurs (peak area ratio ~ 1:2). Similarly, for d 

orbital (𝑙 = 2), splitting into 𝑑3/2 and 𝑑5/2 occurs (peak area ratio ~2:3) and for f 

orbital (𝑙 = 3), splitting into 𝑓5/2 and 𝑓7/2 occurs (peak area ratio ~3:4). 

B8.2. Chemical environment 

BE is affected by chemical environment.73 Ti has a binding energy of 458.8 eV, which 

corresponds to the Ti 2𝑝3/2 peak whereas Ti 2𝑝3/2 peak for Ti (IV)O2 will typically be 

observed at binding energies in the range of 464-465 eV due to change in oxidation 

state. Not only the oxidation state, but also the electronegativity of the adjacent (or 

counter ion or atom) element also affects the BE. For example, C 1s peak of C=O and 

CH3 are substantially different. More electronegative adjacent atom increases the BE.74 

Sometimes, there are multiple specifies in the same broad peak in which case the high 

resolution XPS peak is obtained and deconvoluted using literature spin-orbit splitting 

constant and peak line-width values.75  

B8.3. Back ground correction: 

Background correction is an important step in XPS analysis. Removing the spectral 

background caused by low energy electrons that are not part of the photoelectron signal 

is important. We used Shirley method for background correction as shown in Figure 

B1.25: This correction method is widely used because it is simple and quick to perform, 

and can produce reasonable results for many XPS spectra.76 
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Figure B1.25: Representation of correct background method. 

B8.4. Elemental Analysis  

Semi-quantitative analysis can be achieved by measuring the area of specific elemental 

core lines (l) and by utilizing the proper RSF factor through the application of an 

equation 

𝐶𝑥 = (𝑙𝑥/𝑆𝑥) ∑(𝑙𝑖/𝑆𝑖)               B1.35 

where the atomic fraction of element x in a sample is represented by 𝐶𝑥 

In XPS analysis, the relative sensitivity factor (RSF) plays a crucial role as it has the 

potential to alter the peak intensity for a particular element in the XPS spectrum. The 

RSF may differ for various elements and even for various electron subshells of a single 

element. For example, the RSF values for Se, Ag and Se are as follows: Se 3𝑝3/2: 0.9 −

1.1, Ag 3𝑑5/2: 0.5 − 0.7 and S 2p: 1.3.77,78  
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B8.5. Sample preparation and Instrumentation 

Thermo-Scientific ESCALAB Xi+ spectrometer equipped with an X-ray source of Al 

Kα (1486.7 eV) was utilized to obtain the XPS spectra. The high resolution spectra were 

acquired using a constant analyzer energy (CAE) of 50 eV, while a CAE of 100 eV was 

employed to acquire survey spectra.  

 

Figure B1.26: Photograph of Thermo-Scientific ESCALAB Xi+ X-ray Photoelectron 

Spectrometer. 

In order to prevent charging, XPS samples were created in a glovebox on silicon wafers 

coated with carbon. The binding energy of XPS spectra was aligned to the C 1s Band 

gap Energy, which is 284.8 eV. The peaks in the spectra were separated using the 

Gaussian-Lorentzian (SGL) function, using a fixed ratio of 80:20. Additionally, the 

Shirley method was utilized to correct the background of the spectrum.72 
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B9. Nuclear Magnetic Resonance Spectroscopy (NMR) 

B9.1. Basic Principle 

Nuclear magnetic resonance (NMR) spectroscopy is a powerful analytical technique 

used to study the structure and behavior of molecules. It is based on the principle that 

the nuclei of certain atoms, such as hydrogen and carbon, have a magnetic moment and 

can act as tiny magnets. When these nuclei are subjected to a magnetic field, they align 

either parallel or anti-parallel to the magnetic field, creating two energy levels.79–81  

The following features lead to the NMR phenomenon 

(a) A spinning charge generates a magnetic field. The resulting spin-magnet has a 

magnetic moment (μ) proportional to the spin as shown in Figure B1.27. 

 
 Figure B1.27: Spinning creates a magnetic moment 

(b) In the presence of an external magnetic field (B0), two spin states exist, +
1

2
  and 

−
1

2
 The magnetic moment of the lower energy +

1

2
 state is aligned with the 

external field, but that of the higher energy −
1

2
 spin state is opposed to the 

external field. 
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Figure B1.28: Representation of a precessing proton in a stationary magnetic field 

B0 

(c) The difference in energy between the two spin states is dependent on the 

external magnetic field strength, and is always very small. The Figure B1.29 

describes that the two spin states have the same energy when the external field 

is zero, but diverge as the field increases. 

 

Figure B1.29: The energy difference ∆E between the spin energy states. 

The NMR spectrometer applies a short radio frequency (RF) pulse to the sample, 

causing the magnetic moments of the nuclei to flip from their original alignment. 

As the magnetic moments return to their original alignment, they emit a radio 

frequency signal that is detected by the spectrometer. This signal is then processed 

B0

Spinning proton

Nuclear magnetic dipole, 

Precessional orbit

Magnetic

Field off

Magnetic

Field on



 

248 
 

to generate an NMR spectrum, which provides information about the chemical 

composition, structure, and behavior of the sample.82 

Table B1.3: Properties of some nuclei with non-zero spin. 83 

Nucleus Spin Natural 

Abundance 

% 

Magnetic 

moment µ 

Magnetogyric 

ratio 

 γ/107 rad T s-1 

NMR frequency 

ν/MHz 

1H 1/2 99.985 2.7927 26.7520 400.00 

2H 1 0.015 0.8574 4.1066 61.402 

7Li 3/2 92.58 3.2560 10.9375 155.454 

13C 1/2 1.108 0.7022 6.7283 100.577 

14N 1 99.63 0.4036 1.9338 28.894 

15N 1/2 0.37 -0.2830 -2.712 40.531 

17O 5/2 0.037 -1.8930 -3.6279 54.227 

19F 1/2 100 2.6273 25.181 376.308 

23Na 3/2 100 2.2161 7.08013 105.805 

27Al 5/2 100 3.6385 6.9760 104.229 

29Si 1/2 4.70 -0.5548 -5.3188 79.460 

31P 1/2 100 1.1305 10.841 161.923 

59Co 7/2 100 4.6388 6.317 94.457 

77Se 1/2 7.58 0.5333 5.12 76.270 

195Pt 1/2 33.8 0.6004 5.768 85.996 

199Hg 1/2 16.84 0.4993 4.8154 71.309 

 

B9.2. Chemical Shift 

Not every proton resonance occurs at the same position. Because the actual magnetic 

field B at the nucleus is always less than the external field 𝐵0, the Larmor precession 

frequency (𝛾0 ) varies. This phenomenon is caused by the "superconducting" 
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circulation of electrons in the molecule, which generates a local magnetic field 𝐵𝑒 that 

is opposed to 𝐵0(𝐵𝑒 is proportional to 𝐵0).84,85 Therefore, 

 𝐵 = 𝐵0 - 𝐵𝑒.                             B1.36 

It is said therefore that the nucleus is shielded from the external magnetic field. The 

extent of shielding is influenced by many structural features within the molecule and 

hence is measured as a chemical shift. The scale used to assign peaks in an NMR 

spectrum is in ppm (parts per million) scale. Chemical shift (δ) is obtained as: 

 

𝐶ℎ𝑒𝑚𝑖𝑐𝑎𝑙 𝑠ℎ𝑖𝑓𝑡, 𝛿 =
𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 𝑠𝑖𝑔𝑛𝑎𝑙−𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒

𝑠𝑝𝑒𝑐𝑡𝑟𝑜𝑚𝑒𝑡𝑒𝑟 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦
× 106         B1.37 

 

The relative positions of the resonances in NMR spectra are frequently convenient to 

describe. For example, a peak with a chemical shift, of 10 ppm is considered to be 

downfield or deshielded relative to a peak at 5 ppm; alternatively, the peak at 5 ppm is 

upfield or shielded relative to the peak at 10 ppm. 

Figure B1.30: Representation of a chemical shift in NMR. 
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B9.3. T1 Relaxation (Spin-lattice relaxation) 

The spin-lattice (or longitudinal) relaxation time T1 is referred to the rate of transfer of 

energy from the nuclear spin system to the neighbouring molecules (the lattice). This 

is relaxation in the z-direction and leads to restoration of Boltzmann equilibrium.86 

 

Figure B1.31: T1 relaxation processes in NMR 

B9.4. T2 Relaxation (Spin-Spin relaxation) 

T2 relaxation is a phenomenon that occurs in NMR spectroscopy and refers to the time 

it takes for the magnetic moments of the nuclei in a sample to lose their phase 

coherence. T2 decay provides information about the interactions between the nuclei in 

a sample and their local environment and is an important parameter in NMR 

spectroscopy.86 
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Figure B1.32: T2 relaxation processes in NMR 

 

B9.5. Relaxivity Measurements 

In this study, NMR instrument was utilized to examine the S-precursors used in the 

formation of Ag-chalcogenide QDs. This approach was taken because MRI is also 

based on the NMR phenomenon.86–89 The NMR instrument was also utilized to 

determine the relaxivity measurements in an effort to develop a bimodal NIR-II/MRI 

contrast agent with tunable fluorescence and high T1 relaxivity. The formation of 

Gadolinium (III) complex on the surface of the QDs (Gd-QD conjugate) was confirmed 

through NMR spectroscopy (400 MHz) by observing the change in the chemical shift 

of water caused by the presence of the paramagnetic center. The difference in the 

chemical shifts of bulk and bound water (Δδ) was 0.3917 ppm for pure ligand, Gd-L 

(Figure B1.33b) 
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Figure B1.33: (a) The MRI contrast agent (Gd-L) is based on gadolinium (Gd3+ ) and 

has a specific structure (b) The 1HNMR spectrum of Gd-L indicates that there is an 

exchange of water protons between the bound and bulk water of the surrounding area.54  

After functionalization with two different sized QDs (QD1 and QD2), the distinct 

change in Δδ was observed for both Gd-QD1 (Δδ = 0.102, Figure B1.34b) and Gd-QD2 

(Δδ = 0.0301, Figure B1.34c) respectively. 54 

 

Figure B1.34: (a) The configuration of quantum dots (QDs) capped with gadolinium 

(Gd3+) is depicted. (b) The 1HNMR spectrum of Gd-QD2 and (c) Gd-QD1 display 

evidence of water protons exchange between the adjoining bound and surrounding bulk 

water. 54 

The water relaxivity, expressed in units of mM−1s−1 per Gd complex, is a quantitative 

measure used to determine the efficacy of a contrast agent. This measure is subject to 

variations based on factors such as magnetic field strength and temperature.90  
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We know, 

 
1

𝑇1(𝑜𝑏𝑠)
=

1

𝑇1(𝐻2𝑂)
+

1

𝑇1(𝑝𝑎𝑟𝑎)
                       B1.38 

where 𝑇1(obs) refers to the measured longitudinal relaxation time in seconds, while 

𝑇1(H2O) and 𝑇1(para) denote the diamagnetic and paramagnetic water relaxation 

contributions, respectively, in the absence of paramagnetic ions.90  

Furthermore,  
1

𝑇1(𝑜𝑏𝑠)
=

1

𝑇1(𝐻2𝑂)
+ 𝑟1[𝑀]                        B1.39 

One way to determine the molar concentration of a paramagnetic substance [M] is by 

analyzing the NMR shift of water protons when the substance is present. Meanwhile, 

to calculate the concentration of Gd ions, Evan's formula was utilized.91 

[𝑀] =
3×∆𝛿 

4𝜋×𝜒𝑀 103                              B1.40 

where, ∆𝛿 represents the disparity in chemical shift, measured in parts per million 

(ppm), between the resonance of the solvent in the presence of a paramagnetic material 

and the resonance of the pure solvent. On the other hand, magnetic susceptibility, 𝜒𝑀, 

which is estimated by employing the Curie equation, refers to the degree of 

magnetization of a material when subjected to an external magnetic field.92  

𝜇𝑒𝑓𝑓 = 2.83 √(𝜒𝑀 × 𝑇)                           B1.41 

where, 𝜇𝑒𝑓𝑓 is magnetic moment (for Gd3+ , 𝜇𝑒𝑓𝑓 =7.94)93,94 and T is the temperature.  

To calculate relaxivity per QD the concentration of QD is required. We determined the 

concentration of CQDs i.e., [QD] using Lambert-Beer’s law,  

A=휀 [𝑸𝑫] 𝑙                             B1.42 
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where, the absorbance (measured through UV-vis spectroscopy) of Ag2S CQDs is 

denoted as A, and their molar extinction coefficient is represented by 휀. The molar 

extinction coefficient was determined at a wavelength of 450 nm, using the Ricard 

equation.95 To calculate the molar extinction coefficient, the optical constants of 

monoclinic Ag2S QDs with a band gap of 1.08 eV were required. These constants were 

theoretically calculated using DFT and are explained in detail in Chapter-4. The faster 

the longitudinal relaxation rate (𝑇1), the stronger is the signal intensity96. 𝑇1 is inversely 

related to the relaxation rate (𝑅1 = 1/𝑇1). For Gd-L: Relaxivity r1 = 5.36 mM-1s-1; Gd-

QD1: r1 = 7.75 mM-1s-1 and Gd-QD1: r1 = 8.27 mM-1s-1. 

B9.6. Sample preparation and Instrumentation 

The 1H NMR, 13C NMR of all the compounds mentioned in this thesis were recorded 

in solvents such CDCl3 or D2O, or DMSO-d6. Multiplicities were shown as follows: s 

(singlet), d (doublet), t (triplet), q (quartet), and m (multiplet). The solid samples were 

tested for their solubility in the desired solvents and mixed in a glass vial. Using a glass 

Pasteur pipette, the sample was transferred to the NMR tube. The NMR tube was then 

labeled and scanned in the NMR instrument. For T1 measurements, A 1mm diameter 

capillary tube was filled with suspensions of Gd-QD1 and Gd-QD2, sealed at the top 

with parafilm. This capillary tube was then placed within an NMR tube in a D2O 

environment. All the measurements were performed on a Bruker Avance III (400 

MHz).  
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Figure B1.35: Photograph of Bruker Avance III (400 MHz) NMR instrument.  
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for para substituents. 

66 
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Figure 2.10 (a) TEM micrograph of 4.2 ± 1.1 nm QD2 (b) the 
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Figure 2.11 XRD spectra of monoclinic a) QD1 and b) QD2. The bars 
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Figure 2.12 FTIR Spectra Ag2S NCs. 78 
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second corresponds to S-H, which represents the ligand.  
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Figure 2.15 XPS spectra of Ag2Se NCs: (a) the survey analysis; (b) 3d Ag; 
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81 
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Figure 3.2 Phase transfer of DDT-capped Ag2S QDs from organic phase 

(chloroform) to aqueous phase using L-cysteine at pH ~9. 

105 

Figure 3.3 FTIR spectra of phase transferred QDs from organic to 

aqueous phase (QD1 and QD2). 

105 

Figure 3.4 PL and QY results of Ag2S QDs before and after phase transfer 

from organic to the aqueous phase. 

106 

Figure 3.5 XRD of Ag2S NCS before and after the phase transfer from 

organic to the aqueous phase. 

107 

Figure 3.6 (a) UV-absorption spectrum of aqueous Ag2S QDs at different 

pH solutions (b) PL spectra of aqueous Ag2S QDs in different 

pH solutions. 

109 

Figure 3.7 (a) UV-absorption spectra of aqueous Ag2S NCs (λem ~1065 

nm, λabs ~ 921 nm) measured on days 1, 15, and 28. (b) PL 

emission of the same aqueous Ag2S NCs measured on days 1, 

15, and 28. (c) Photographs of colloidal solutions of Ag2S NCs 

taken on different days. 

110 

Figure 3.8 XRD spectra Ag2S NCs in aqueous medium monitored for 1 

month. 

111 

Figure 3.9 a) UV-visible absorption spectra of Ag2S QDs for 2 hrs. 

Samples QD1 and QD2 are described in section 2.1, QD1065 

and QD1133 denote Ag2S NCs emitting at 1065 and 1133 nm 

respectively. (b) Corresponding PL emission spectra of the 

Ag2S QDs. (c) These Ag2S NCs (QD1, QD2, QD1065, and 

QD1133) were photo-irradiated under blue LED and PL 

emission was monitored at a different time for 2h.  

112 

Figure 3.10 (a) FTIR spectra of DDT (black) and DDT-capped Ag2S/ZnS 

core/shell NCs (red) showing a distinct shift of C-H stretching 

frequency confirming the surface passivation of Ag2S NCs by 

DDT. (b) A shift in C-H stretching frequency of Ag2S NCs 

(red) and Ag2S/ZnS core/shell NCs (black). 
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Figure 3.11 (a) PL emission spectra of Ag2S and Ag2S/ZnS core/shell NCs 

showing a 2-fold increase in QY. (b) UV-vis absorption spectra 
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Ag2S and Ag2S/ZnS core/shell NCs showing first excitonic 

peak. 

Figure 3.12 (a) TEM micrograph of 2.5 ± 0.8 nm of Ag2S/ZnS core-shell 

NCs (b) HRTEM image showing lattice fringes (c) the size 

distribution curve. 

116 

Figure 3.13 b) XRD patterns of the Ag2S QDs (black line) and Ag2S/ZnS 

core/shell QDs (royal blue line). 

117 

Figure 3.14 (a) FTIR spectra of Ag2S/ZnS core/shell QDs before and after 

phase transfer. (b) PL spectra showing QY of Ag2S/ZnS 

core/shell QDs before and after phase transfer. 

119 

Figure 3.15 (a) PL emission peak for aqueous Ag2S/ZnS NCs consistent 

over (b) PL emission 48 days. (b) Turbidity measurement for 

48 days of same aqueous Ag2S/ZnS NCs (c) Pictorial 

representation of colloidal solutions for 1 month (at day 50, the 

colloidal solution is disturbed due to agglomeration) 

120 

Figure 3.16 (a) UV-absorption spectrum of aqueous Ag2S/ZnS NCs at 

different pH solutions (b) PL spectra of aqueous Ag2S/ZnS 

NCs in different pH solutions. 
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Figure 3.17 

Comparison between PL intensities for the photostability test 

performed on the water-soluble Ag2S NCs and aqueous 

Ag2S/ZnS core/shell NCs. 

121 

Figure 4.1 Alignment of magnetic moments, μz, in a magnetic field, Bo. 145 

Figure 4.2 Schematic representation of a Gd3+ chelate with inner and outer 

sphere water   molecule, surrounded by bulk water. 

147 

Figure 4.3 Structural representation of Gd-L 148 

Figure 4.4 Relaxivity plot of Gd-L at four different concentrations. 150 

Figure 4.5 Plot of 1/T1 versus different concentrations of Gd-L 150 

Figure 4.6 (a) Schematic representation of Gd3+ complex-capped Ag2S 

QDs (Gd-QD) obtained by functionalization of L-cysteine 

capped Ag2S QDs with Gd3+ complex (Gd-L); (b)FTIR spectra 

of L-cysteine-capped Ag2S QDs (blue), Gd-L (red) and Gd-QD 

(black). 
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Figure 4.7 (a) 1HNMR spectrum (400 MHz) of Gd-L; (b) 1HNMR 

spectrum (400 MHz) of Gd-QD2 and (c) 1HNMR spectrum 

(400 MHz)  of Gd-QD1 demonstrating the exchange of water 

protons between bound and bulk water of surrounding 

respectively. 

154 

Figure 4.8 Optical constants of monoclinic Ag2S (X and Z directions) 164 
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List of Abbreviations 

Ag2S   Silver Sulphide 

Ag2Se  Silver Selenide 

Ag2Te  Silver Telluride 

Ag2S/ZnS  Silver Sulfide/Zinc Sulfide 

AgInS2-ZnS  Silver Indium Sulfide-Zinc Sulfide 

Ag (DDTC)  Silver (Diethyldithiocarbamate) 

AgAc   Silver Acetate 

Ag+   Silver ion 

ASF   Absorption Spectrum Fitting 

CDCl3  Carbon Tetrachloride 

COO–   Carboxylate Group 

CQDs  Colloidal Quantum Dots 

CdSe   Cadmium Selenide 

CdTe   Cadmium Telluride 

CdS   Cadmium Sulphide 

DMF   Dimethylformamide 

DCM                         Dichloromethane 

DMSO  Dimethyl sulfoxide 

DCE                          Dichloroethane 

DMA                        Dimethyl acetamide 

DFT   Density Functional Theory 

2D   2 Dimensional 
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DHLA-PEG  Dihydroxy Lipoic Acid-Polyethylene Glycol 

DNA   Deoxy Ribonucleic Acid 

DCC   N, N- Dicyclohexylcarbodiimide 

DDT   Dodecane Thiol 

DME   Dimethoxy Ethane 

DMAP  Dimethyl Amino Pyridine 

D2O   Deuterium Oxide 

DMSO-d6  Dimethyl- d6-Sulfoxide 

EMA   Effective Mass Approximation 

eV   Electron Volt 

EDG   Electron Donating Group 

EWG   Electron Withdrawing Group 

EtOH   Ethanol 

FTIR   Fourier Transform Infrared Spectroscopy 

FWHM  Full-Width Half Maximum 

Ge   Germanium 

GSH   Glutathione 

Gd   Gadolinium 

HSAB  Hard Soft Acid Base 

HOMO  Highest Occupied Molecular Orbital 

HRTEM  High-Resolution Transmission Electron Microscopy 

IC   Internal Conversion 

ISC   Inter System Crossing  
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InP/ZnS  Indium Phosphide/ Zinc Sulfide 

LUMO  Lowest Unoccupied Molecular Orbital 

LED   Light emitting diode  

MRI   Magnetic Resonance Imaging 

3-MPA  3-Mercaptopropanoic Acid 

MSOT  Multispectral Optical Tomography 

NCs   Nanocrystals 

NIR-II  Second Near-Infrared Region 

NIR-I   First Near-Infrared Region 

Na2S   Sodium Sulfide 

NMR   Nuclear Magnetic Resonance 

NTU   Nephelometric Turbidity Unit 

1-OA   1-octylamine 

ODE   1-Octadecene 

OA   Oleic Acid 

OAm   Oleyl Amine 

ZnO    Zinc Oxide 

PbS   Lead Sulfide 

PbSe   Lead Selenide 

p–OMe  para-Methoxy 

p–Me   para-Methyl 

p–I   para-Iodo 

p–NO2  para-Nitro 
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PEG   Polyethylene Glycol  

PTT/PDT  Photothermal Therapy and Photodynamic Therapy 

Pb (CH3COO)2  Lead Acetate 

PLQY  Photoluminescence Quantum Yield 

QDs   Quantum Dots 

QY   Quantum Yield 

RSC   Royal Society of Chemistry  

RB   Round bottom flask 

RSF   Relative Sensitivity Factor 

Si   Silicon  

SSP   Single Source Precursor 

-SH   Thiol or Thiolate 

SAED  Selected Area Electron Diffraction 

SAMs  Self Assembled Monolayers 

SBM   Solomon, Bloembergen, and Morgan equation 

(TMS)2  Tetramethyl Silane 

TCE   Tetra Chloroethylene 

TGA   Thermogravimetric Analysis 

TEM   Transmission Electron Microscopy 

TMAH  Tetramethylammonium Hydroxide 

TFA   Trifluoroacetic Acid 

TLC   Thin Layer Chromatography 



 

281 
 

THF   Tetrahydrofuran 

 UV   Ultra Violet 

XRD   X-Ray Diffraction 

XPS   X-Ray Photoelectron Spectroscopy 

ZnS   Zinc Sulphide 
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D3. Conferences 

a) Presented a paper at an International e-Conference of Recent Advances in 

Physics & Material Sciences 2020 organized by Kurseong College & St. 

Joseph’s College, Darjeeling, West Bengal. 

b) Presented a paper (Short Invited Talk) at the International Online Conference 

on Materials Science and Technology (ICMT 2021) 12th - 14th November 2021 

Kottayam, Kerala, India. 



 

295 
 



   

296 
 

 

 


