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Abstract 

The organization of molecules or atoms in a hierarchical manner leads to the formation of 

complex superstructures with enhanced properties and functionalities, resulting in superior 

performance when compared to mono-morphological units. Researchers have been motivated 

by the impact of these achievements to explore the design and fabrication of materials with 

hierarchical assembly at the nanoscale level. In this regard, research on the hierarchical 

assembly of two-dimensional (2D) nanomaterials has led to several exciting discoveries in 

various fields such as energy storage, optoelectronic devices, chemical sensors, catalytic 

performance, membranes, and solar cells. 

Recently, the angular-dependent arrangement of 2D layers has become popular in the 

scientific community due to the discovery of exciting new phenomena that are greatly 

influenced by the twist angle between consecutive layers. However, the conventional physical 

methods to design these superlattices limit their application owing to the weak coupling 

between the layers. Here, we have proposed a chemical bonding-based approach for stacking 

2D nanosheets that holds significant potential for creating numerous fascinating and tunable 

properties. Chapter 1 describes the introduction highlighting the significance of hierarchical 

superstructures in nanoscale science and technology. Chapter 2 presents the formation of 2D  

crystalline nanosheets with exceptional delayed photoluminescence quantum yield from 

small-ligand-stabilized luminescent copper nanoclusters (CuNCs), followed by surface 

modification with organic ligand to create a single-component dual-emitting nanocompound 

with near-white-light emission. Chapter 3 describes the achievement for the first time of the 

chemical bonding mediated stacking of 2D hexagonal crystalline assembly of CuNCs at a 

specific relative angle of 30° providing regional dodecagonal quasicrystalline lattice. The so-

formed quasiperiodic nanosheets exhibited superior delayed photoluminescence properties 

and enhanced chemical stability compared to individual nanosheets. Chapter 4 reports the 

successful formation of chemical-guided moiré superlattices on low twist angle stacking of 

2D hexagonal crystalline assembly of CuNCs in a liquid medium. The resulting superlattices 

generated an additional quantum emissive state in the blue region due to the inter-nanocluster 

coprophilic interactions. This state can be tuned based on the density of the moiré 

superlattices, leading to white light emission with a chromaticity index value of (0.32, 0.39). 

Finally, chapter 5 concludes the thesis by summarizing the findings and discussing the 

plausible future prospects. 
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Chapter 1 

 

Introduction 

Hierarchical nanostructures are the long-range assembly of nanoscale building units 

such as nanowires, quantum dots, nanoparticles, nanoclusters, and nanosheets into higher 

dimensional superstructures. Such architectures with combined features of well-organized 

nanoscale units offer the advantage of utilizing the unique physical and chemical properties 

of nanomaterials in practical applications. Besides, obtaining high surface area and 

synergistic interactions, the hierarchy in nanostructures can also provide unique and new 

physical and chemical properties that are different from their component mono-

morphological units. While self-assembly is considered a simple route to form the ensemble 

of nanostructures, the decades-old research shows that the directed assembly with proper 

control in the dimension and length scale of the nanostructures could provide more access to 

tune optical, electrical, and magnetic properties and thus provide a greater range of 

applications. 

 

1.1 Two-dimensional (2D) materials and their assembly: 

In material science, 2D materials have taken a significant step forward in implications 

of potential applications especially in energy and environmental applications due to chemical 

reactivity with large surface area, in-plane tunable electroconductivity, and out-of-plane 

flexibility. From the discovery of single-layer graphene in 2004, 2D materials of various 

materials such as Mxenes, transition metal dichalcogenides, phosphene, silicene and more 

have subsequently drawn attention owing to their fascinating in-plane properties. However, 

controlling restacking of 2D materials in synthesis medium and irreversible aggregation are 

the major challenges in large-scale synthesis of the 2D systems for practical applications. 

These problems have been found to be overcome by the directed organization of 2D 

materials. 

1.1.1 Assembly of Graphene:  Graphene, a single-layer 2D material with a covalently 

bonded sp2 carbon network has emerged as a potential material owing to its high carrier 
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mobility, excellent mechanical strength, high thermal conductivity, and unique optical and 

mechanical properties. 

It has been discovered that combining multiple layers of graphene can induce an 

electrical conductance band gap, making bilayer or multilayer graphene more accessible for 

specific properties due to the tuning of the band gap. Other 2D materials are also used in 

conjunction with graphene to improve its performance. For example, when assembling 

heterostructures such as graphene/h-BN, the novel Hofstadter Butterfly phenomenon and 

graphene quantum Hall Effect have been observed. 1-3 Additionally, graphene/MoS2/graphene 

and graphene/WSe2/graphene assembled heterostructures have demonstrated excellent 

optoelectronic properties, including broadband photoresponse from 405-2000 nm and high 

photodetection efficiency with picosecond photo response respectively.4-5 

 

 

Fig 1.1 Schematic illustration of an assembly of graphene to confine ZnFe2O4 nanoparticles. 

Reprinted with permission Journal of Materials Chemistry A 2017, 5 (22), 11188-11196. 
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1.1.2 Assembly of Mxenes: Mxenes, transition metal carbides or nitrides have also attracted 

attention as 2D layered structures since 2011 due to their unique properties. However, the 

tendency to restack results in poor processability in a range of applications, which was 

successfully overcome by proper assembly formation of the layers through surface 

modifications,6 hetero atoms doping,7 and incorporating interfacial spacers.8 In most of the 

cases the strategy of assembly formation includes the introduction of intercalants (ions or 

small molecules) and spacers ( nanomaterials or polymers) between the layers to increase the 

lattice parameter ranging from ≈0.3 to 4.8 nm. Metal ion intercalated Mxenes have been 

found to improve the stability of the structure where the lattice parameters are decreased due 

to the strong electrostatic interactions among the metal ions and the 2D layers resulting in 

improved electrical performances. For example, Li+, Na+, and Mg2+ cation intercalation were 

found to improve the chemical stability as well as flexibility in chemically unstable 

V2CTx and Ti2CTx MXenes.8 2D nanomaterials, on the other hand, also have been used as 

interlayer spacers in MXene sheets to improve their applications by suppressing aggregation. 

For example, RGO/Ti3C2Tx hybrid films showed great volumetric performance in aqueous 

acidic electrolyte,9 assemblies of Mxene with electrochemically exfoliated graphene showed 

excellent areal and volumetric capacitance,10 and 2D Fe–N–C/MXene superlattice have been 

observed to exhibit enhanced oxygen reduction rlectrocatalysis.11 

 

 

 

 

 

 

 

 

Fig 

1.2. Schematic illustration of iron cluster mediated formation of 2D/2D Fe–N–C/MXene 

superlattice. (Reprinted with permission from Reference [11]. Copyright ACS Nano. 2020 

American Chemical Society) 
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1.1.3 Assembly of 2D MOF: 2D nano metal-organic frameworks (MOF) comprising metal 

clusters and bridged organic ligands provide wide adsorption applications such as storage and 

separation of gases, chemical sensing, and catalysis due to their special functionalities and 

pore characteristics.12-13 Bringing material anisotropy in chemical bonding and connectivity 

through the hierarchical layered assembly of MOFs could influence electronic band structure 

, chemical reactivity, surface interaction, catalytic activity, etc. For example, hierarchical 

assembly of 2D structured  DUT-134(Cu)⋅DMF ([Cu2(dttc)2(DMF)2(L)x]n, dttc: dithieno[3,2-

b : 2′,3′-d]thiophene-2,6-dicarboxylate, L - solvent) MOF into carpet like meta crystals 

enhanced H2S adsorption capacity in gas filtering tests showing excellent application in air-

filtration process14, polycationic polymers mediated assembly of 2D MOF of iron-porphyrin 

complex interconnected with Zn metal ion exhibited superior nanofiltration performances at 

low operating pressures,15 assembly of 2D M-TCPP(Fe) (M = Co, Cu, or Zn) nanosheet on 

electrodes through  Langmuir–Schäfer method provided an excellent sensitivity in 

electrochemical detection of H2O2.
16 

 

Fig 1.3.  Schematic illustration for polycation-regulated assembly of 2D Zn-TCP(Fe) layers. 

(Reprinted with permission from Reference [15]. Copyright ACS Appl. Mater. Interfaces 2017 

American Chemical Society) 
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1.1.4 Assembly of Metal Dichalcogenide Nanosheets:  2D transition metal dichalcogenides 

( TMDs) such as MoS2, TiS2, MoSe2, WSe2, and WS2, etc are gaining significant attention as 

new generation photonic materials owing to intrinsic band gap tunability, high carrier 

mobility, and mechanical strength in designing electronics and optoelectronic devices. 

However, controlled assembled structures of similar or heterogenous 2D TMDs could bring 

more exotic properties to the system. Tunability in optical properties has been realized on 

superlattice formation with alternatively arranged  MoS2 and WSe2.
17 Besides, the generation 

of strong localized photoluminescence intensity enhancement and intrinsic p-n junction in 

layer-by-layer assembly of MoS2 / WSe2,
18  MoSe2 / WSe2,

19 superior photovoltaic effect 

with high quantum efficiency in WSe2/ MoSe2  heterostructures,20 tuning the carrier 

confinement in MoS2/WS2 heterostructures,21 expand the application of 2D TMDs in 

optoelectronic devices. 

 

Fig 1.4. (a) Representation of structure and energy bands for a lateral heterostructure of 

MoS2/WS2  with grain boundary at the armchair interface along with the charge density of the 

conduction band minimum, valence band maximum, and in-gap states. (b) The same as (a) 

for a 5–7 boundary. (Reprinted with permission from Reference [21]. Copyright J. Phys. 

Chem. C 2015 American Chemical Society) 

1.2. Twisted Superstructures of 2D Materials: 

The discovery of superconductivity in magic-angle twisted graphene in 2018 has led 

to unprecedented interest in the twist angle as an emerging control of  property in the super-

assembly of 2D materials.22 Twist angle significantly impacts the band gap of materials, 

TH-3358_186122026



                                                                                                                                                                    Chapter 1 

6 
 

resulting in unique properties such as Hove singularities,23 moiré superlattice-induced 

superconductivity,24 insulating states,25 and topological valley transport.26 Twisted 

superstructures of 2D materials are generated by overlapping two or more layers on each 

other with a relative rotation- this rotational angle or twist angle provides additional degrees 

of freedom to control the interlayer interactions, allowing for a fine-tuning of the electronic 

properties.  Depending on the twist angle a range of complex unique structures of layers can 

be created. The two most important structures that have brought revolution in physical as 

well as material sciences are- the quasicrystal which occurs at a definite twist angle and the 

moire superlattices which occur at smaller twist angles. 

 

1.2.1 Quasicrystal: Quasicrystal, a new form of crystalline material with quasi-periodic 

orders (such as rotational symmetry) without translational periodicity, has gained 

extraordinary popularity since its discovery in 1984. Unlike traditional crystals, quasicrystals 

may have 5, 10 or 12-fold symmetries which are forbidden according to the conventional 

crystal definition. Even after so many years of its discovery, the development of such 

materials in the laboratory is still limited due to its synthetic challenges. During the initial 

period of discovery, it was believed that quasicrystals were only found in metal alloys, later 

on, it has been observed in a wide variety of materials including colloids, polymers, micelles, 

and nanoparticles.27-30 So far quasicrystalline periodicity in nanomaterials has been reported 

as a serendipitous discovery resulting from chemically induced self-assembly, which is driven 

by the general entropy-driven nanomaterial packing phenomenon. Determining the strategy 

to chemically design quasicrystal alike conventional crystals is a big challenge for scientists.  
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Fig 1.5. Schematic illustration of controlled self-assembly of gold nanotetrahedra into 

quasicrystal. (Reprinted with permission from Reference [30]. Copyright J. Am. Chem. 

Soc. 2023 American Chemical Society) 

However, the recent result suggests that proper angular stacking of 2D materials could 

also be an option to generate quasicrystallinity with higher-ordered rotational symmetry.31 

Such as two graphene layers overlapped on each other with a twist angle of 30° gives 

dodecagonal quasicrystalline periodicity in the system which is termed as graphene 

quasicrystal.32  This new form of quasicrystal has attracted immense interest as it brings a 

quasicrystalline nature to the graphene system with the simultaneous existence of its 

relativistic properties. For example, anomalous strong interlayer coupling with 

quasiperiodicity were observed in 30° twisted bilayer graphene quasicrystal.33 This led to the 

emergence of mirror-symmetric Dirac cones inside the Brillouin zone of each graphene layer  

and a gap opening at the zone boundary.33-35 Theoretical calculations also showed that the 

quasi-periodicity in the graphene quasicrystal could generate quantum oscillations and critical 

eigenstates.36-38  
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Fig 1.6. (a) High-angle annular dark-field scanning transmission electron microscopy 

(HAADF-STEM) image of  bi-layer graphene (BLG) stacked in AB pattern. Inset: closer 

view of the same image. (b) selected area electron diffraction (SAED_of AB-stacked BLG. 

(c) HAADF-STEM image of 30° twisted bilayer graphene (tBLG). Inset: closer view of the 

same image. (d) SAED of 30°-tBLG. (e) illustrates the structure of 30°-tBLG as a 

dodecagonal quasicrystal pattern and its structure units, (f)  the electron energy loss 

spectroscopy (EELS) of AB-stacked BLG and 30°-tBLG (Reprinted with permission from 

Reference [32]. Copyright ACS Nano 2020 American Chemical Society) 

 

1.2.2 Moiré Superlattices: Moiré superlattices are another significant outcome of the super-

assembly of 2D materials. A moiré superlattice or pattern occurs when there is a lattice 

mismatch between two identical 2D layers or different layers that overlap each other due to 

dissimilar lattices or twist angles between them.39 Besides, providing additional periodicity to 

the system, it leads to the emergence of new physical properties due to the perturbation in 

electronic states of the intervening layers. A few examples are- observations of secondary 

Dirac points, 40,41 Hofstadter’s butterfly and the fractal quantum Hall effect,42,43 quantum 

oscillations at high temperature,44 topological currents,45 in graphene superlattices on 

hexagonal boron nitride. However, it has been observed that moiré superlattices  formed due 

to smaller angle displacement of the layers ( precisely at magic angle) give rise to the novel 

exotic phenomenon. At smaller twist angles, the hybridization of two Dirac cones of two 

respective layers occurs due to interlayer hopping, which leads to the formation of a flattened 

band and reduced Fermi velocity at Dirac cones.46-50 The strong interlayer coupling generates 

insulating states at charge-neutral points even though the system comprises two high-quality 

conducting sheets. The latest surprising finding from moiré superlattices was unconventional 

superconductivity in twisted graphene bilayers and trilayers at magic angle.22,51 Other 

important discoveries on electrical properties modified by moiré superlattices include 

interfacial ferroelectricity in bilayer transitional metal dichalcogenides and graphene/ boron 

nitride moiré system,52,53 atomic and electronic reconstruction in graphene and MoS2 moiré 

superlattices.54,55 

TH-3358_186122026



Chapter 1 
 
 

9 
 

 

 

Fig 1.7. Schematic illustration of three different moire superlattices (MSLs) indicated with 

λ1,2,3 formed in an hBN/graphene/hBN heterostructure. Blue, black, and red hexagonal lattices 

respectively represent top hBN, graphene, and bottom hBN lattices, . The twist angle between 

the top and bottom hBN and graphene is represented by ϕ1 (ϕ2), while θ1 (θ2) indicates the 

orientation of the corresponding MSL with respect to graphene. The three layer MSL (middle 

part) has a larger period than both two-layer MSLs (left and right parts). (Reference [39]) 

 

 

1.3. Physical Methods in the Synthesis of 2D Superlattices: 

The three main popular techniques that have contributed to the development of 2D 

superlattices with improved features are -mechanical transfer, gas vapor growth, and liquid-

assisted engineering, which combine both the advantages of top-down and bottom-up 

approaches. 

1.3.1 Mechanical Transfer: This method involves two steps – first, exfoliation of the same 

type or different materials from its bulk to two pieces of Si/SiO2 substrates, respectively. One 

material is chosen as the bottom layer, and the other as the upper layer. A transition film, 

composed of a water-soluble polymer and polymethyl methacrylate (PMMA) materials, 
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needs to be applied on top of the upper layer.  Second, the film can be precisely transferred to 

another slice using a microscope operation system, ensuring the upper layer remains on top of 

the bottom layer. After dissolving the PMMA in acetone, the sample is annealed at a high 

temperature in a protective gas environment to establish close contact between the interfaces 

and successfully fabricate the van der Waal heterostructures.56-58 

1.3.2 Gas Vapour Growth: There are two important methods in this category- 

1.3.2.1 Chemical Vapor Deposition ( CVD) Growth: In this technique, the solid or gaseous 

precursors are taken into a tube furnace. The precursors react chemically and nucleate at the 

reaction zones on a target substrate Then, with careful regulation of gas flow, temperature, 

and pressure the nucleation continues to form thin layers. Though the process seems to be 

easy, proper designing of superlattices needs demanding deposition methods including 

careful consideration of the chemical environment to duration time, and speed. 59-62 

1.3.2.2 Physical Vapor Deposition (PVD) Growth: This technique requires the same 

precursors and operations chambers as in the CVD method. However, PVD growth typically 

lacks chemical reactions and relies on bulk precursors. It's crucial to ensure lattice matching 

between 2D materials and substrates, with the aim of arranging atoms/molecules regularly on 

a specific substrate.63-65 

1.3.3 Liquid-Assisted Engineering Method: Liquid-assisted layer-by-layer deposition and 

solution  based self-assembly can be considered in this category- 

1.3.3.1 Liquid-Assisted Layer-by-Layer Deposition (LLD): This is based on the charge 

adsorption where colloidal suspensions of nanosheets with opposite charges are generally 

used as different basic components of 2D substrates, and then the substrate is immersed into 

different liquids sequentially leading the superlattice formation at an air–liquid interface.66,67 

1.3.3.2 Solution-Phase Self-Assembly (SSA): Here, the preparation is accomplished 

spontaneously by mixing intercalating molecules into the solution containing basic 

component 2D nanosheets of opposite charges.68,69 

All the physical methods discussed above have been improved tremendously with 

time, still the demanding conditions, complicated operations, and low yield hinder the large-

scale application for industrial purposes. Moreover, the desired strong coupling is 

compromised in the 2D superlattices synthesized from the above techniques unlike materials 

coupled by chemical bonding. This weak coupling reduces the strength of property 
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modulation imposed by moiré superlattices. This could be overcome by replacing the weak 

coupling with strong chemical bonds. 

1.4. Nanoclusters and Its 2D Assembly: 

1.4.1 Nanoclusters: Atomically precise noble metal nanoclusters, especially gold, silver and 

copper nanoclusters, have gained tremendous research interest since discovery due to their 

unique molecular-like properties, unlike their bulk counterparts. They are the collection of a 

few atoms with sizes less than 2 nm. The smaller size-induced quantum confinement effect 

with discrete energy levels makes metal nanoclusters behave like molecules with interesting 

optical and electronic properties like multi-band optical absorption, ultra-small size low 

toxicity, enhanced fluorescence, single-electron magnetism, and high catalytic reactivity. 

Furthermore, the structural integrity, uniform dispersity, and reactive stabilizing 

ligands make metal nanoclusters the best choice in comparison to the other nanomaterials for 

scientists to design functional materials through hierarchical assembly. 

1.4.2 2D Assembly of Metal Nanoclusters: Despite the unique properties of atomically 

precise metal nanoclusters, the long-term stability of small-sized nanoclusters limits their 

potential applications. This problem has been partly addressed by organizing metal 

nanoclusters into hierarchical structures, which provide stability to the individual clusters and 

also enhance their intrinsic properties by synergic effect. In this regard, the 2D assembly of 

metal nanoclusters holds potential for novel properties, wide applications, and interlayer 

interaction-induced phenomena. 
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Fig 1.8 . Schematic representation of how the morphology changes when small isolated 2D 

architectures are heated at 140 °C. (a–d) the secondary assembly of AuNCs into long 

multilayered architectures- elongated architectures (a), the end-to-end (b) and face-to-face 

self-assembly (c), and the spatial arrangement of Au15 NCs within the multilayered 

architectures (d). (Reprinted with permission from Reference [70]. Copyright ACS 

Nano 2015 American Chemical Society)  

2D layered structures of Au15(DT)15 (DT=1-dodecanethiolate) have been reported governed 

by 1D dipole interactions following asymmetric van der Waals (vdW) attractions.70 Further, 

recent discoveries in metal ion complexation-based two-dimensional assembly of gold 

nanoclusters have opened a new route to the hierarchical organization of nanoclusters with 

potential applications. For example, Zn metal ion mediated complexation-based assemblies of 

gold nanoclusters not only enhanced the luminescence of the component nanoclusters 

through structural rigidity but also exhibited room temperature delayed photoluminescence 

and showed potency in recyclable storage of oxygen.71,72 Thus the crystalline 2D assembly of 

other metal nanoclusters also holds the key to expanding the scope of unveiling exciting 

photophysical properties as well. 
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However, research on CuNCs has received less attention compared to the research on 

Au or AgNCs. This is due to their stability in areal conditions and weak photoluminescence 

properties. However, the extraordinary reactivity of small CuNCs can be harnessed if they are 

stabilized with small ligands in a crystalline assembly. This could potentially lead to a bright 

future in nanoscience. In this regard, the 2D assembly may provide unique opportunities. 

 

1.5 Thesis Overview: 

Herein, we have introduced a chemical approach to stack two-dimensional nanosheets 

of red luminescent copper nanoclusters. The basis component nanosheets were prepared 

through crystalline organizations of small ligand-stabilized CuNCs through a metal ion-

mediated complexation reaction, which was followed by twisted stacking in the liquid 

dispersion based on chemical principles and formed superlattices with superior optical 

properties. 

The present thesis is divided into five chapters- 

Chapter 1: describes the introduction comprising of the importance of hierarchical 

superstructures in nanoscale science and technology, discoveries of novel properties in 

twisted 2D assembly, and the aim of the current thesis. 

Chapter 2: presents the synthesis of small ligand stabilized luminescent copper nanoclusters 

(CuNCs), and their two-dimensional crystalline assembly with enhanced photoluminescence 

in comparison to the component CuNCs and delayed photoluminescence property with 

exceptionally high quantum yield of 83.6 ± 1.3%. Further surface functionalization of the 

nanosheets with an organic ligand for near white light emission. 

Chapter 3: describes achievement in chemically directed stacking of 2D hexagonal 

crystalline assembly of CuNCs at a specific relative angle of 30° providing regional 

dodecagonal quasicrystalline lattice diffraction with loss of translational symmetry while 

maintaining the rotational symmetry. 

Chapter 4: reports the successful formation of chemical guided moiré superlattices of two-

dimensional crystalline Zn complexed CuNCs (Zn-CuNCs) nanosheets with low relative 

twist angle in a liquid medium. The resulting super-assembled Zn-CuNCs nanosheets, with 

additional large-scale periodicities, generated an additional quantum emissive state in the 

TH-3358_186122026



                                                                                                                                                                    Chapter 1 

14 
 

blue region due to the inter-nanocluster coprophilic interactions of the interactive layers and 

also generated white light emission with a chromaticity index value of (0.32, 0.39).   

Chapter 5: contains the summarization and plausible future prospects of the thesis. 
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Chapter 2 

Delayed Dual Emission of Two-Dimensional Copper 

Nanocluster Assembly 

 

2.1 Abstract:  

We report the formation of two-dimensional single crystalline nanosheets of Cu 

nanoclusters by complexation with Zn metal ion. The so-formed crystals, with augmented 

prompt photoluminescence and lifetime, exhibited delayed photoluminescence at room 

temperature with a quantum yield of 83.6 ± 1.3% and a lifetime of 26.4 ± 0.7 μs. The delayed 

photoluminescence lifetime was further increased to 145.0 ± 7.7 μs by surface 

functionalization of the nanosheets with 8-hydroxyquinoline. The surface complexation led to 

the generation of a new emitting channel in the crystal, which thus formed a single 

nanocomponent with dual channel emitting prompt and delayed near-white light. 

 

 

 

 

 

 

 

 

* [Das et al. The Journal of Physical Chemistry C 2022, 126 (2), 997-1005] - Reproduced by 

permission from the American Chemical Society. 
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2.2 Introduction: 

Nanoclusters (NCs) of coinage metal represent important options for pursuing 

fundamental studies of nanoscale materials and for realizing their potential practical 

applications. 1 The precision and reproducibility with which the NCs could be synthesized in 

liquid media and the established knowledge about their structure and electronic states being 

correlated to their properties offer advantages that are unique and atomically tunable.2,3 In 

that respect, the NCs of Au and Ag have been explored rather extensively especially through 

the utilization of their photoluminescence and catalytic properties.4-7 Furthermore, the organic 

ligands that stabilize the NCs add to the versatility of their properties.8 In that respect, the 

NCs of Cu have received scant attention. A reason for this could stem from the instability of 

Cu(0) due to favorable reduction potential for aerial oxidation (E0 = −0.34 V). Typical ligands 

used for stabilizing Ag and Au also do not help in stabilizing the NCs for longer duration 

under ambient conditions. Thus, the challenge for CuNCs is not only in the synthesis method 

but also their stabilization under ambient conditions. A way out could be in building well-

defined higher order structure out of the ligand-stabilized clusters that would not only bring 

superior structural specificity but also chemical stability and more importantly selectivity in 

interactions with small molecules. 

Decades-old research have revealed that the physical method of organizing nanoscale 

materials into higher-dimensional structures requires less stringent consideration about the 

details of bonding associated with the constituent units. For example, evaporation-induced 

assembly of AgNCs results in polymorphism with cubic structure, whereas vapor-diffusion-

induced assembly resulted in trigonal superstructure.9 Thus, one could focus more on the 

nature of the constituent NCs with wide choice of the stabilizing ligands for chemical 

synthesis in the liquid media. On the other hand, assembly formation through chemical 

interactions of the outer-shell ligands would require finer understanding of the role of groups 

and their interactions especially for directed assembly. Importantly, the chemical nature of the 

atoms constituting the NCs determines the choice of ligands for stabilization (in addition to 

solvent and other parameters). These have been reflected in the limited growth of the field of 

assembled atomic clusters. Important examples include aurophilic interaction directed 

supramolecular assembly of thiolate protected AuNCs into well-defined 

nanoribbons,10 hydrophobic interaction mediated supramolecular self-assembly of 

CuNCs,11 self-assembly of AgNCs through hydrogen bonding by addition of antisolvent,12 

host–guest interaction assisted assembly of AuNCs,13 and weak C–H···π and π···π 
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interactions and strong electrostatic interactions mediated stacking of double nanocluster 

ionic compounds of Ag and Au.14 The primary emphasis, however, has been on assembling 

the NCs based on noncovalent interactions. 

Although long-chain organic ligands have been demonstrated to be useful in 

assembling NCs,15 however, they may not necessarily be ideal candidates for programmed 

crystal engineering. An ideal assembly may use smaller ligands where the interactions 

involving constituent clusters and the functional groups of the ligands would be revealing 

their potential for practical applications. For example, amino acid stabilized AuNCs when 

coordinated with zinc ions produced well-defined two and three-dimensional higher order 

crystalline structures that could be used for chiral recognition, oxygen sensing and hydrogen 

gas storage and sensing.16-19 Importantly, the novel photoluminescence properties of the NCs 

altered by the presence of small molecule analytes, which were due exclusively to the 

assembled crystals and their structures, with key roles played by both the clusters and the 

ligands. The early results provide motivation for further pursuit of such metal-ion coordinated 

crystalline assembly where the correlated properties of the NCs, ligands and the metal ion 

could be used for chemical sensing, catalysis, biomedical and optoelectronic applications. 

The challenging nature of synthesis and stabilization of CuNCs may also hold the 

potential for dividends in favor of their assembled structures especially crystalline ones. The 

extraordinary reactivity of small CuNCs when combined with specific small molecule based 

stabilizing ligands being present in a crystalline assembly formed by using an additional 

metal ion may be useful for specific and selective chemical reactions of small molecules 

inside the pores of the assembly. In that respect, in addition to the advantages of three-

dimensional (3D) assemblies, two-dimensional (2D) ones may provide unique opportunities. 

Thus, there is still enough room for pursuing such assemblies of CuNCs. 

Herein, we report a new strategy to get augmented physiochemical properties as well 

as stability from small ligand-stabilized CuNCs, by building ordered crystalline structure of 

them via an inorganic complexation reaction with Zn metal ion. The so-formed single 

crystalline 2D nanosheets exhibited room temperature delayed photoluminescence with 

exceptionally high quantum yield of about 83.6 ± 1.3%. By utilizing the surface unsaturated 

Zn metal ion of the 2D nanosheets, we were able to synthesize a dual emitting single 

component nanocompound containing double emission in prompt photoluminescence by 

surface complexation reaction with HQ. This is probably the first reported single emitting 
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nanocompound with dual channel emission of any metal nanoclusters holding potential 

application in LED materials. The dual channel emission in delayed photoluminescence was 

also attained on changing the concentration of surface complexing agent (i.e., HQ), which 

may provide future possibilities of making white phosphorescent material from metal 

nanoclusters. 

2.3 Experimental Section: 

2.3.1. Materials. Copper(II) nitrate trihydrate (Sigma-Aldrich), 3-mecaptopropanoic acid 

(MPA, Sigma-Aldrich), 4-mercaptobenzoic acid (MBA, Sigma-Aldrich), zinc acetate 

dihydrate (Merck), 8-hydroxyquinoline (HQ, Merck), N,N-dimethylformamide (DMF, 

Merck), and methanol (Merck) were purchased and used without further purification. Elix-

grade water from a Milli-Q purification system was used for the experiments. 

2.3.2. Synthesis of CuNCs. CuNCs were synthesized at 0 °C temperature by stirring for 30 

min 2.4 mL of 10 mM copper nitrate trihydrate aqueous solution with 0.8 mL of 0.11 M 

MPA, followed by addition of ∼6 mg of MBA in 20 mL of DMF solvent. Then the obtained 

pale-yellow colored solution was kept in refrigerator at 4 °C and used for further experiment. 

Here both the ligands were used as reducing as well as stabilizing agents. 

2.3.3 Synthesis of Zn–CuNCs. First, 1.5 mL H2O was added to the 1.5 mL of the above 

prepared solution and then 350 μL of 100 mM of zinc acetate solution was added dropwise, 

which generated a white dispersion. The dispersion was then centrifuged at 10000 rpm for 10 

min and the obtained pellet was redispersed in 1 mL of water for further experiment. 

2.3.4. Complexation Reaction of Zn–CuNCs with HQ. Several samples containing 2 mL of 

H2O with 500 μL of the dispersed 1 mL solution of Zn–CuNCs was prepared separately. That 

was followed by the addition of different concentrations of 10 mM HQ solution (in MeOH) 

followed by centrifugation at 20000 rpm for 15 min. Each of the so-obtained pellets was 

redispersed in 1 mL of water separately. 

 

2.3.5. Optical Measurements. UV–visible spectra and photoluminescence spectra for all the 

samples were recorded using the Agilent Cary 100 UV–vis spectrophotometer and the 

HORIBA FluoroMax-4 spectrofluorimeter, respectively. Fourier-transform infrared 

spectroscopy (FTIR) analyses were performed using the PerkinElmer (Spectrum Two) FTIR 
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spectrometer. The pellets used for FTIR spectral recording were prepared by adding the 

evaporated dry sample to the heat dried KBr. 

2.3.6. Transmission Electron Microscopic (TEM) Analysis and Selected Area Electron 

Diffraction (SAED) Analysis. TEM and SAED of CuNCs and Zn–CuNCs nanosheets were 

performed in JEOL JEM 2100 and JEOL JEM 2100F at a maximum accelerating voltage of 

200 kV. For preparation of TEM samples, appropriately ten times diluted samples of the as-

prepared CuNCs and Zn–CuNC nanosheets were drop-cast on carbon-coated copper grids 

and left overnight for drying. The same TEM experiments involving Zn–CuNCs were also 

performed on Ni grid. 

2.3.7. Atomic Force Microscopic (AFM) Analysis. AFM analysis was performed using 

Bruker Innova SPM. The samples were prepared by appropriate dilution of the dispersion of 

Zn–CuNCs nanosheets followed by spin coating on a silicon wafer, which was dried and used 

for further analysis. 

2.3.8. Delayed Photoluminescence Spectra Acquisition. Delayed photoluminescence 

emission spectra and time-resolved delayed photoluminescence decay spectra were acquired 

in Horiba Jobin Yvon Fluoromax 4P. Parameters for acquisition of delayed 

photoluminescence emission spectra were set as follows: time per flash= 61 ms; sample 

window = 500 s; delay after flash = 50 μs; flash count = 100. 

2.3.9. Time-Resolved Photoluminescence Study. Time resolved PL analysis of all the 

samples were performed in the Life-Spec-II spectrofluorometer (Edinburgh 

Instrument).Excitation laser of 405 nm and 375 nm were used for CuNCs and Zn-CuNCs 

respectively. 

2.4. Results and Discussion: 

2.4.1. Characterization of CuNCs.  

Reaction of MPA and MBA with copper nitrate solution in ice cold condition led to 

the formation of a pale-yellow colored solution in about 30 min. The medium showed 

photoluminescence with a maximum at 615 nm upon excitation with UV light (λex at 405 

nm), which indicated the possible formation of luminescent CuNCs (Fig. A.2.1A, Appendix). 

TEM image of the sample prepared from the medium indicated the presence of particles with 

size typically less than 2 nm (Fig. A.2.1C, Appendix). The selected area electron diffraction 

(SAED) pattern exhibited that the particles were devoid of any crystallinity (Fig. A.2.1D, 
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Appendix). Furthermore, the absence of the characteristic peak of Cu nanoparticles at 560 nm 

in the UV–vis spectrum discarded the possible formation of larger sized plasmonic 

nanoparticles (Fig. A.2.1B, Appendix). Electrospray ionization mass spectrometric analysis 

(ESI) confirmed the presence of Cu5 species with its matching proper isotopic distributions 

at m/z value of 1236.65 (Fig. A.2.2, Appendix). The species was formulated as 

[(Cu5(MPA)3(MBA)3 + 2 solvent) – H]−. The obtained formula matched well with the 

simulation pattern obtained using m-mass software (Fig. A.2.3, Appendix). FTIR spectrum of 

the ligand-stabilized NCs revealed the absence of peaks at 2568 and 2556 cm–1, generally 

attributed to the S–H stretching frequency of MPA and MBA molecules, respectively, thus 

indicating the Cu–S bond formation (Fig. A.2.4A, Appendix). Time resolved 

photoluminescence decay study revealed the excited state lifetime of the CuNCs to be 10.8 ± 

0.1 ns (Fig. A.2.4B, Appendix). The as-prepared two small ligand-stabilized CuNCs were 

observed to be luminescent for several days when stored at 4 °C. 

2.4.2. Complexation Reaction between CuNCs and Zn2+ 

Previous works in the laboratory have shown the hierarchical programming of 

assembled AuNCs through inorganic complexation reaction with Zn metal ion.20 The 

interaction of stabilizing ligands with Zn metal ion provided the additional stability by 

forming crystalline structure. In the present work, the programming of the assembly was 

successfully pursued with CuNCs to form single crystalline assembly of CuNCs. The 

complexation reaction was carried out at room temperature, which resulted in white 

dispersion. The obtained white dispersion showed augmented luminescence intensity (around 

14 times higher) with emission maximum at 600 nm when excited at 365 nm (Fig. 2.1A) and 

increased lifetime (τ = 18.2 ± 0.3 ns) as compared to the NCs (τ = 10.8 ± 0.1 ns) (Fig. A.2.14; 

Table A.2.1 Appendix). The excitation maximum was shifted to 365 nm (from 405 nm) upon 

complexation (Fig. 2.1B), which might be related to the delocalization of the π electrons of 

the ligand MBA when bonded with Zn metal ion. The UV–vis spectrum showed no change 

following complexation (Fig. 2.1C). Even after purification by centrifugation with several 

washing, the property of the white dispersion remained the same, which confirmed the 

successful complexation between Zn2+ and CuNCs. The six ligands attached to the NC were 

possibly bonded through the sulfur moiety of the thiol group (as revealed through the changes 

in the FTIR spectrum upon cluster synthesis). The carboxylate groups of the ligands were 

thus free to bond to Zn2+ ions through complexation reaction. The FTIR spectral analysis 

showed blue shift of the peaks─due to carboxylate stretching frequency of the ligands (MPA 
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and MBA)─occurring at 1696 and 1624 cm–1 to 1656 and 1587 cm–1 upon binding with the 

metal ions (Fig. 2.1D). Thus, the complexation might have occurred through bonding 

between the carboxylate groups of MPA and MBA with Zn2+ ion. The complexation reaction 

was carried out at pH (3.3) of the as-synthesized CuNCs. On the other hand, when the same 

reaction was carried out at several pH values in the range of 2.0–12.0, the photoluminescence 

intensity of the product was higher in the pH range of 5–9 (Fig. A.2.11, Appendix). At above 

pH 5, MPA and MBA might have been bonded to the metal ion through carboxylate 

anions,21,22 thus facilitating metal to ligand charge transfer leading to increased emission 

intensity. On the other hand, at above pH 9, strongly alkaline medium might not have been 

favorable for complexation reaction. The complexation reaction might have led to assembly 

formation that also resulted in significant increase in the photoluminescence intensity of the 

clusters.16-19,23 The so-formed assembly would lead to restriction in the motion of the ligands 

bound to the NCs thus reducing nonradiative energy transfer, thereby increasing the 

luminescence intensity and lifetime. The selected area electron diffraction pattern of Zn–

CuNCs (Fig. A.2.16, Appendix) produced a diffraction pattern of distance 2.5 Å, which 

matches well with the reported bond distance of Cu(0)–Cu(0) in Cu5 that lies between 2.3 and 

2.5 Å.24 The results confirmed the presence of Cu(0) in Zn–CuNCs. Additional photophysical 

parameters of Zn-CuNCs have been calculated and presented in Table A.2.4 in the Appendix. 
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Fig 2.1. (A) Emission spectra of (a) as synthesized CuNCs and (b) Zn–CuNCs (the excitation 

wavelength was set to 365 nm). (B) Excitation spectra of (a) as synthesized CuNCs and (b) 

Zn–CuNCs (the emission wavelength was set to 600 nm). (C) UV–vis spectra of (a) as-

synthesized CuNCs and (b) Zn–CuNCs. (D) FTIR spectra of (a) as-synthesized CuNCs and 

(b) Zn–CuNCs. 

 

 

 

2.4.3. Single Crystalline Two-Dimensional Nanosheets of Zn–CuNCs  

Transmission electron microscopy (TEM) images of the centrifuged white dispersion 

of Zn complexed CuNCs revealed the formation of 2D nanosheet like structures. Those 

nanosheets were found to be forming multilayer structures of dimensions ranging from 350 to 

700 nm (edge lengths in 2D) (Fig. 2.2(A,B)). Single crystalline nature of the nanosheets was 

observed in the selected area electron diffraction (SAED) measurements (Fig. 2.2(C,D)). The 

edge length of each hexagon was calculated to be 4.7 ± 0.2 Å. The growth in the direction 

of z axis generated the diffraction of rectangular pattern with nearly same dimension of 4.5 ± 

0.2 Å (as found from another diffraction pattern). From TEM analysis, the probable structure 

of the nanosheets was predicted as the diffraction pattern showed the hexagonal arrangement 

of the constituent CuNCs with one cluster positioned at the center of the hexagon. Further 

TEM measurement was also performed using a Ni grid. Scanning transmission electron 

microscopy with elemental mapping of the sample indicated the presence of copper, in 

addition to zinc, oxygen, and sulfur (Fig. A.2.10, Appendix) alike the results obtained using 

Cu grid (Fig. A.2.9, Appendix). Hence, it can be assumed that these hexagons were connected 

with each other through bonding with Zn metal ion forming the sheet like structure. 

Importantly, the aromatic ring of MBA might have helped in forming 2D network through π–

π interactions.25 Further, AFM analysis was pursued to confirm the 2D nature of the crystal. 

The obtained AFM image showed the presence of 2D sheet like structures with wide size 

distributions (typically 300–700 nm of edge lengths) (Fig. 2.2E). The minimum height 

distribution of the nanosheets was found to be 4–8 nm of the nanosheets of around 200 nm 

(Fig. A.2.6, Appendix), while the maximum height distribution was found to be 40–80 nm of 

the nanosheets of size around 700 nm (Fig 2.2F), which matched well with the TEM images 

featuring multilayer stacking. 
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.  

 

Fig 2.2. (A, B) Transmission electron microscopy images of the multilayer stacked sheets of 

Zn–CuNCs. (C, D) Selected area electron diffraction patterns of the crystalline 2D assembly 

of Zn–CuNCs. (E) Atomic force microscopy image of Zn–CuNCs featuring the presence of 

2D nanosheets. (F) Corresponding height profiles of Zn–CuNCs as obtained from part E. 

Computational simulation was also done with Avogadro software (Fig. A.2.8, 

Appendix) to establish a tentative structure of the nanosheets (Fig. 2.3) correlated with SAED 

analysis. According to the proposed structure, the nanosheets comprised of regular hexagonal 

arrangement of CuNCs with one additional CuNC positioned at the center in the XY plane. 

The two CuNCs at the apex were connected with the center one through bonding of three 

MPA ligands (one from each CuNC) with one Zn metal ion. The distance of the side length of 

the hexagon thus was calculated to be 5.0 ± 0.4 Å, which matched well with the 

experimentally obtained value in SAED pattern of 4.7 ± 0.2 Å. In the other dimension, each 

CuNC of the hexagon of one layer was connected with the CuNC positioned below in the 

lower layered hexagon─through bonding with four MBA ligands (two from each CuNC) with 

one Zn metal ion, where additional stability was attained by π–π stacking of the aromatic 

rings in MBA. The so-calculated length of the other dimension was 5.2 ± 0.2 Å, which 

closely matched with the experimentally obtained value of 4.5 ± 0.2 Å. 
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Fig 2.3. (A) Schematic representation of the possible bonding modes between MPA and MBA 

ligand stabilized CuNCs and Zn metal ion. (B) Schematic representation of two-dimensional 

assembly of as synthesized CuNCs following complexation with Zn metal ion. (C) Schematic 

representation of two-dimensional assembly of as synthesized CuNCs following subsequent 

complexation of Zn metal ion and HQ. 

2.4.4. Delayed Photoluminescence with High Quantum Yield 

It has been established that 2D or 3D assembly formation of ligand stabilized NCs 

leads to the augmentation of the photophysical properties as compared to the 

constituents.23 However, achievement of novel properties that are not present in the 

constituent NCs would make the assembly formation more appealing. In the current work, we 

observed the appearance of room temperature delayed photoluminescence at 615 nm (λex at 

365 nm) that was absent in the as-synthesized NCs (Fig. A.2.5, Appendix). Delayed 

photoluminescence is the emission from the same singlet state as in the case of prompt 

photoluminescence but with much longer lifetime. Emitters with delayed photoluminescence 

are potential new generation materials for light emitting diodes (LEDs) due to their ability to 

accommodate electrons in both singlet and triplet states at room temperature,26,27 and thus are 

able to provide high luminescent quantum yield up to a reported value of 100%.28 Quantum 

dots and rare earth metal complexes are mostly used in LEDs; however, noble metal NCs 

could potentially replace them especially owing to their environmental friendliness. Very few 

NCs have been reported to have delayed photoluminescence property.19,29-30 In this respect, 

TH-3358_186122026



                                                                                                                                                               Chapter 2 
 

32 
 

our discovery of having delayed photoluminescence property in the assembled NCs adds one 

more important information in designing NC-based LEDs. The synthesized Zn complexed 2D 

single crystalline CuNCs showed exceptionally high delayed photoluminescence quantum 

yield of 83.6 ± 1.3% (Table A.2.3, Appendix) and lifetime 26.4 ± 0.7 μs in time-resolved 

delayed photoluminescence decay measurement with an initial delay of 50 μs. The results are 

also consistent with measurements in the range of ns to 50 μs (Fig. A.2.15 and Table A.2.5, 

Appendix). Literature reports suggest that most of the delayed photoluminescent materials 

contained aromatic groups having delocalized π electrons.19,31-32 In a recent work, it has been 

shown that intermolecular π–π interactions could generate a new excited state with lower 

energy involving interactions of HOMOs and LUMOs of the π systems, which decrease the 

energy gap between singlet and triplet energy states and stabilize the triplet state.33 In our 

system, we have already discussed about the role of π–π interactions in stabilizing the crystal 

structure. Here, the intermolecular π–π interactions upon complexation─in addition to the 

restricted intramolecular motions attained upon crystallization─might be attributed to the 

origin of the delayed photoluminescence in Zn–CuNCs with stabilization of the excited state 

electrons. 

2.4.5. Dual Channel Emission from Single Component Nanocrystal 

The approach of multichannel emission from a single component nanoparticle holds 

an important place in the development of light emitting materials with high quantum yield 

and better control over the chromaticity index. Several successful complexation reactions of 

metal NCs with Zn metal ion, leading to a crystalline structure, have already given rise to 

photophysical and chemical properties that are superior to the component NCs. Further study 

on modifying that crystal to obtain new property may provide us with better options for 

applications. One way of achieving such an additional property could be to further 

functionalize the available unsaturated surface Zn metal ions in the Zn–CuNCs nanosheets 

with an organic ligand. We have used 8-hydroxy quinoline (HQ) as the organic ligand for 

functionalization with nanosheet surface Zn metal ion. 

Zn2+ binds strongly with HQ leading to the formation of ZnQ2, which is an important 

inorganic compound for LED material.34-37 HQ addition to the white dispersion of Zn–

CuNCs led to the emergence of a new emission peak at 500 nm (λex at 365 nm) and the peak 

due to Zn–CuNCs appeared at 615 nm. Gradual addition of 0.025 mM, 0.075 mM and 0.125 

mM of HQ to the as-prepared Zn–CuNCs enhanced the emission intensity at 500 nm with 
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simultaneous quenching of the peak at 615 nm (λex at 365 nm) (Fig. A.2.7, Appendix). The 

emission of free ZnQ2 is reported to be at 550 nm,38 and that appears at 500 nm when bonded 

with quantum dot surface upon excitation with 364 nm.39 Therefore, it can be concluded that 

ZnQ2 complex might have been formed on the surface of the nanocrystal creating two 

independent emitting channels from a single component nanocrystal. To further confirm the 

formation of ZnQ2, the HQ added Zn–CuNCs pellet was dispersed in DMSO solvent (ZnQ2 is 

reported to be highly soluble in DMSO solvent) and the collected supernatant after 

centrifugation of the same was analyzed by 1H NMR which showed an upfield shift in the 

characteristic peak of HQ which is same as obtained in NMR spectrum of free ZnQ2 (Fig. 

A.2.13, Appendix). Further the complexation of HQ molecule on the nanosheets was 

substantiated by IR spectroscopy. The peaks appearing at 642 cm–1 (in plane ring 

deformation), 742 and 822 cm–1 (C–H out plane wagging), 1502 and 1471 cm–

1 (corresponding to both the pyridyl and phenyl groups of ZnQ2), 1577 cm–1 (C–N stretching) 

supported the complexation of HQ on the surface of the Zn–CuNCs. (Fig. A.2.12, 

Appendix).40,41  

The lifetime of the red luminescent CuNCs increased after each of the aforementioned 

complexation reactions. The prompt photoluminescence lifetime (τ) of the CuNCs changed to 

18.2 ± 0.3 ns (Fig. 2.4A) and then to 30.8 ± 0.4 ns (Fig. 2.4B; Table A.2.1,Appendix) from 

initial lifetime of 10.8 ± 0.1 ns after complexation with Zn metal ion followed by surface 

complexation with HQ. The delayed photoluminescence lifetime (τ) that originated after 

reaction with Zn metal ion also increased noticeably from 26.4 ± 0.7 μs to 145.0 ± 7.7 μs 

(Fig. 2.4(C, D) ; Table A.2.2, Appendix) following surface complexation. This increment can 

be explained through the reduction of nonradiative transitions due to the restriction of 

ligands’ internal motions through bonding upon complexation, which led to the enhancement 

of the lifetime of the photoexcited electron. 

TH-3358_186122026



                                                                                                                                                               Chapter 2 
 

34 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 2.4. Typical time-resolved photoluminescence decay profiles of (A) Zn–CuNCs 

nanosheets and (B) 0.1 mM HQ added Zn–CuNCs. Typical time-resolved delayed 

photoluminescence decay profiles of (C) Zn–CuNCs nanosheets and (D) 0.1 mM HQ added 

Zn–CuNCs. 

This is probably the first reported strategy of making dual emitting single component 

crystalline material of assembled metal NCs. The decreased intensity at 615 nm upon 

addition of HQ, may be attributed to the competitive absorption of the light at the excitation 

wavelength by both the luminophores. The emission spectra of 0.1 mM HQ added Zn–

CuNCs at different excitation wavelength of 360, 370, 380, 390, and 400 nm were obtained 

(Fig. 2.5A), which gave the chromaticity index values of (0.41, 0.42), (0.39, 0.43), (0.38, 

0.43), (0.35, 0.41), and (0.33, 0.40), respectively, thus providing a near white light 

chromaticity index value at 400 nm excitation wavelength (Fig. 2.5B). 
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Fig 2.5. (A) Prompt photoluminescence spectra and (B) corresponding chromaticity color 

coordinates in CIE diagram of 0.1 mM HQ added Zn–CuNCs at (a) 360, (b) 370, (c) 380, (d) 

390, and (e) 400 nm excitation wavelengths. (C) (a) Prompt and (b) delayed 

photoluminescence spectra of Zn–CuNCs (the excitation wavelength was set to 365 nm). (D) 

Delayed photoluminescence spectra of Zn–CuNCs recorded upon addition of (a) 0.05, (b) 

0.1, (c) 0.15, and (d) 0.2 mM of HQ. (E) Delayed photoluminescence spectrum and (F) 

corresponding chromaticity index in CIE diagram of 0.25 mM HQ added Zn–CuNCs. For 

parts D and E, the excitation wavelength was set at 365 nm. 

 

 The surface attached ZnQ2 not only have been observed to create an additional 

emitting channel in the prompt photoluminescence and enhance the luminescence lifetime but 

also have significant effect on the delayed emission of Zn–CuNCs as well. While the 

obtained delayed photoluminescence emission spectrum of Zn–CuNCs matched closely with 

prompt photoluminescence emission spectrum of the same (Fig. 2.5C), the addition of HQ 

increased the lifetime of the delayed emission of the Zn–CuNCs nanosheets exceptionally 

(145.0 ± 7.7 μs) with red shift of the peak from 615 to 630 nm. Considering the origin of the 

emission of CuNCs from the ligand to metal charge transfer, the addition of HQ, which 

bonded with the surface Zn metal ion attached with the ligands stabilizing the CuNCs 
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affected the bonding involving metal ion and the ligands, which resulted in a red shift of the 

emission spectrum. 

 Delayed photoluminescence materials are considered as the third generation 

OLED material due to their both singlet-triplet exciton participation efficiency and low 

toxicity.42,43 Many white light emitting delayed photoluminescent materials have been 

reported until date, but most of them are results of mixing of more than one component. 

Hence synthesis of single white light emitting delayed photoluminescence material is still a 

major challenge. In our system, the emergence of delayed photoluminescence property in the 

nanosheet of Zn–CuNCs and then dual emission through surface functionalization had 

provided us with an opportunity to probe dual channel emission in delayed 

photoluminescence. It was observed that after a certain concentration of HQ (0.1 mM), 

further addition of it led to the origin of the emission peak at 500 nm in delayed 

photoluminescence measurement also, which was proposed as the emission from surface 

complexed ZnQ2 (Fig. 2.5D). Initially when lower concentration of ZnQ2 was used, on the 

surface of the nanosheets, intermolecular π–π interactions among the aromatic groups of the 

quinoline parts might not have been favourable. Thus, the additional luminophore on the 

surface showed its emission in the prompt photoluminescence measurement only. As with 

increasing amount of ZnQ2 on the surface with increasing concentration of HQ addition, 

intermolecular π–π interactions might have become attainable. Thus, the luminophore started 

showing emission in delayed photoluminescence measurement as well. Hence, the 

intermolecular π–π interactions along with the restricted intramolecular motions might have 

played major roles in the origin of the delayed photoluminescence herein. The chromaticity 

coordinates calculated from the delayed emission spectrum of 0.25 mM HQ added Zn–

CuNCs were (0.33, 0.43), which are close to the perfect white light chromaticity coordinate 

values (0.33, 0.33). Thus, we were able to synthesize a dual channel emitting delayed 

photoluminescent material, which gave rise to near white light emission (Fig. 2.5 (E,F)). 

2.5. Conclusions: 

 In summary, we have synthesized double ligand stabilized red luminescent 

CuNCs and assembled them into a single crystalline nanosheets via complexation reaction 

with Zn metal ion. The so-formed 2D sheets not only gave enhanced photoluminescence 

properties but also exhibited delayed photoluminescence at room temperature with 

exceptionally high quantum yield of 83.6 ± 1.3%. Then through surface functionalization of 

the nanosheets with HQ, we developed a new dual emitting single component nanomaterial 
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with enhancement of lifetime to millisecond. The so formed nanomaterial gave near white 

light emission in both prompt and delayed photoluminescence measurements in combination 

of the emissions from both the channels. Thus, the strategy opened a new path for future 

possibilities of modeling white phosphorescent or delayed emitting nanomaterials from 

photoluminescent metal NCs. This not only may be beneficial in replacing heavy toxic 

materials in light emitting diodes but also may extend the ambit of application potential of 

metal NCs. 
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Fig. A.2.1. (A) (a) Emission (excitation wavelength was set at 405 nm) and (b) excitation 

spectra (emission wavelength was set at 615 nm) of the as-synthesized Cu nanoclusters 

(CuNCs).  (B) UV-Vis spectrum of the CuNCs. (C) Transmission electron microscopy (TEM) 

image of the CuNCs. (D) Selected area electron diffraction (SAED) pattern acquired on a 

typical area shown in image C. 
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Fig. A.2.2  Isotopic distribution pattern of experimentally obtained mass spectrum of CuNCs 

at m/z value of 1236.65.. 

 

 

 

 

 

 

 

 

 

 

 

Fig. A.2.3. Overlapping of simulated and experimental isotopic mass distribution spectra of 

as-synthesized CuNCs at m/z value of 1236.65. 
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Fig A.2.4. (A) FTIR spectra of (a) MPA, (b) as synthesized CuNCs and (c) MBA. (B) Typical 

time-resolved photoluminescence decay profile of the as-synthesized CuNCs. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig A.2.5. Delayed photoluminescence spectra of (a) CuNCs and (b) that of Zn-CuNCs. The 

excitation wavelength was set at 365 nm. 
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Fig A.2.6. (A) AFM image of Zn-CuNCs featuring the presence of 2D nanosheets. (B) 

Corresponding height profiles of Zn-CuNCs as obtained from A. 

 

 

 

 

 

 

 

 

 

 

 

Fig. A.2.7. Prompt photoluminescence spectra of Zn-CuNCs upon addition of (a) 0.025 mM, 

(b) 0.075 mM and (c) 0.125 mM of HQ. 
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Table A.2.1. Calculated parameters as-obtained from time-resolved photoluminescence study 

of CuNCs and Zn-CuNCs . 

Sample 

 

 

 

              CuNCs 

 

 

            Zn-CuNCs 

 

 

         HQ-Zn-CuNCs 

 

Experiment No  

   1 

 

   2 

 

   3 

 

   1 

 

   2 

 

   3 

 

   1 

 

   2 

 

   3 

χ2 
 

1.03 

 

1.02 

 

1.10 

 

1.03 

 

1.03 

 

0.98 

 

1.00 

 

 

1.04 

 

1.06 

First component   

α1 (%) 

 

31.48 

 

60.73 

 

16.84 

 

17.96 

 

12.78 

 

11.31 

 

23.42 

 

32.14 

 

20.86 

First component 

lifetime                 

τ1 (ns) 

 

0.060 

(fixed) 

 

0.060 

(fixed) 

 

0.110 

(fixed) 

 

0.060 

(fixed) 

 

0.060 

(fixed) 

 

0.060 

 

 

0.398 

 

0.646 

 

0.445 

Second component 

α2 (%) 

 

27.77 

 

14.93 

 

15.21 

 

12.96 

 

5.42 

 

6.76 

 

12.53 

 

26.22 

 

10.08 

Second component 

lifetime                 

τ2 (ns) 

 

0.72 

 

0.74 

 

0.68 

 

1.58 

 

0.58 

 

0.63 

 

3.42 

 

12.97 

 

3.32 

Third component  

α3 (%) 

 

40.75 

 

24.34 

 

67.95 

 

69.08 

 

81.80 

 

81.92 

 

64.05 

 

41.64 

 

69.06 

Third component 

lifetime                 

τ3 (ns) 

 

11.15 

 

11.39 

 

11.11 

 

18.25 

 

18.74 

 

18.17 

 

31.96 

 

35.34 

 

31.16 

Average lifetime  

τav (ns) 

 

10.66 

 

10.84 

 

10.93 

 

17.97 

 

18.69 

 

18.11 

 

31.24 

 

30.79 

 

30.42 

Average lifetime 

with standard error 

bar  τav (ns) 

 

            10.8±0.1 

 

              18.2±0.3 

 

             30.8±0.4 
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Table A.2.2. Calculated parameters as-obtained from time resolved delayed 

photoluminescence decay study ofZn-CuNCs and HQ-Zn-CuNCs in submillisecondrange. 

 

           

Sample 

 

 

 

            

                    Zn-CuNCs 

 

 

           

                   HQ-Zn-CuNCs 

 

Experiment 

No 

 

   1 

 

   2 

 

   3 

 

   1 

 

   2 

 

   3 

χ2 
 

0.99 

 

0.99 

 

0.99 

 

0.99 

 

 

0.99 

 

0.99 

First 

component            

α1 (%) 

 

1.86 × 107 

 

1.96 × 107 

 

1.08 × 107 

 

7.36× 105 

 

2.33 × 106 

 

1.82 × 106 

First 

component 

lifetime      

τ1 (ms) 

 

0.012 

 

0.015 

 

0.015 

 

 

0.019 

 

0.175 

 

0.027 

Second 

component       

α2 (%) 

 

6.97× 106 

 

2.72× 106 

 

1.20× 106 

 

8.78× 105 

 

2.65 × 106 

 

1.93× 106 

Second 

component 

lifetime                          

τ2 (ms) 

 

0.037 

 

0.051 

 

0.056 

 

0.161 

 

0.026 

 

0.155 

Average 

lifetime        

τav (µs) 

 

25.6 

 

26.7 

 

27.0 

 

148.0 

 

152.0 

 

137.0 

Average 

lifetime from 

three 

experimental 

results with 

standard 

error bar          

τav (µs) 

 

26.4±0.7 

 

145.0 ±7.7 
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R

S

 

Quantum Yield Measurement 

Delayed photoluminescence quantum yield was measured with respect to  bis[2-(4,6-

difluorophenyl)pyridinato-C2 ,N]- (picolinato)iridium(III), commonly known as FIRPIC, in 

acetonitrile solution  as a standard phosphor with reported quantum yield (QY) of 60%  and 

prompt photoluminescence  quantum yield was measured with respect to quinine sulphate in 

0.1 M  H2SO4  with reported quantum yield of 54% using the following equation- 

                                      

2

2

s SR
S R

R S R

I A

I A


 


=   

 ……………………………..Equation S1 

Here,      = quantum yield of the sample;      

  = quantum yield of the reference; SI = area under the emission spectrum  of the 

sample; RI  = area under the emission spectrum of reference; RA = absorbance of reference; 

SA  = absorbance of the sample; S  = refractive index of the sample solution; R  = refractive 

index of reference. Refractive index of water = 1.33 , Refractive index of acetonitrile= 1.34, 

QY of FIRPIC = 0.6 and QY of quinine sulphate=0.54 
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Table A.2.3. Parameters obtained from quantum yield measurements. 

 

              Type of 

      photoluminescence 

 

                Prompt  

        Photoluminescence 

 

                           Delayed  

                     Photoluminescence 

 

 

Reference 

Area under 

the PL curve  

at 365 nm 

excitation 

  ( RI ) (a.u.) 

   

                       1.80× 109 

 

 

                                        4.28 × 107 

Absorbance 

at  

   365 nm 

( RA ) 

      

                          0.104 

 

                                              0.105 

             Experiment No       1           2             3         1       2       3     4 

 

 

 

Sample 

(Zn-

CuNCs) 

Area under 

the PL curve  

at 365 nm 

excitation 

( SI ) (a.u.) 

 

5.79

× 

106 

 

 

3.22× 106 

 

 

5.75× 106 

 

 

6.18 × 107 

 

6.01 × 107 

 

6.10 × 107 

 

6.81 × 107 

Absorbance              

at 365 nm  

( SA ) 

 

  

0.10

2 

 

    0.110 

   

      0.100 

 

   0.106 

 

      0.102 

 

    0.107 

 

   0.102 

Quantum yield of the 

sample                                                                            

( S ) (%) 

 

   

0.18 

 

      0.09 

 

      0.18 

 

    84.4 

 

     85.0 

 

    82.0 

 

 83.0 

Average quantum yield 

with standard error bar   

(%)    

                      0.18±0.05                                  83.6±1.3 
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Table A.2.4. Photophysical parameters of as synthesized Zn-CuNC nanosheets. 

 

 

 

 

 

 

 

            Sample 

        (Zn-CuNCs) 

 

 

                                          Photo physical parameters  

 

        Measurements         1         2        3 Average value with standard 

error bar 

           Average  

         PF (%) 

 

     0.18 

 

 

      0.18 

 

 

   0.18 

 

 

 

 

                  0.18±0.05 

 

PF (ns) 
 

   18.69 

 

 

    17.97 

 

 18.11 

 

 

                   18.2±0.3 

 

           PF  (s-1) 
 

  9.6 × 104 

 

10.0 × 104 

 

 9.9 × 104 

   

             (9.7 ± 0.2) × 104 

  Average 

DF (%) 

 

     83.6 

 

     83.6 

 

   83.6 

            

                        

                    83.6±1.3 

                

               DF  (µs) 

  

      25.6  

 

    

      26.7  

   

    27.0 

 

  

                     26.4±0.7 

           DF (s-1) 
 

   3.3 × 104 

 

  3.1 × 104 

 

  3.1 × 104 

 

                  (3.2 ± 0.1) × 104 
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2

i i

i

i i

i



 


 

=



   ………………... Equation S2  

                                                 PF
PF

PF




 =         …………………………… Equation S3 

                                                   DF
DF

DF




 =       …………………………… Equation S4                       

PF  = Prompt photoluminescence quantum yield 

PF  = Lifetime of prompt photoluminescence 

PF  = Radiative  rate constant of prompt photoluminescence 

DF  = Delayed photoluminescence quantum yield 

DF  = Lifetime of delayed photoluminescence 

DF  = Radiative rate constant of delayed photoluminescence 

 Average lifetime of prompt and delayed photoluminescence were calculated using equation 

S2 .Radiative rate constant of prompt and delayed photoluminescence were measured using 

equation S3 and equation S4. 
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Fig  A.2.8. Computationally optimized structure of a unit of Zn-CuNCs  calculated using 

Avogadro. 
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Fig  A.2.9. (A-C) STEM images of the product of reaction between MPA and MBA stabilized 

CuNCs and Zn ions and elemental mapping analysis of (D) Cu, (E) Zn and (F) O performed 

on Cu grid. 
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A B

Fig A.2.10: (A-B) STEM images of the product of reaction between MPA and MBA 

stabilized CuNCs and Zn ions and elemental mapping analysis of (C) Cu, (D) Zn and (E) O 

(F) S performed on Ni grid. 

 

    

 

 

 

 

 

 

 

 

 

Fig. A.2.11: Photoluminescence intensity of Zn-CuNCs at 600 nm wavelength Vs PH plot. 

The excitation wavelength was set at 365 nm. 

 

 

 

 

 

 

 

Fig  

A.2.12: (A) Attenuated total reflectance (ATR) FTIR spectra in the range of 500-800 cm-1 and 

(B) the same spectra in the range of 1000 – 1650 cm-1 of (a) Zn-CuNCs  and (b) HQ-Zn-

CuNCs. 
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(a) Zn-CuNCs

(b) HQ-Zn-CuNCs

(c) ZnQ2

(d) HQ

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. A.2.13. 1H nuclear magnetic resonance (NMR) spectra of  (a) Zn-CuNCs,  (b) HQ-Zn-

CuNCs, (c) ZnQ2, and (d) only HQ. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. A.2.14: Time resolved photoluminescence (TRPL) decay profile of (a) as-synthesized 

CuNCs and (b) Zn-CuNCs in nanoscale range. 
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Fig. A.2.15: Time resolved photoluminescence (TRPL) decay profile of  (A) Zn-CuNCs and 

(B) 0.1 mM HQ added Zn-CuNCs in microsecond range (upto 50 µs). 

From the fitted parameters (Table S5) of the decay spectrum of Zn-CuNCs in Fig.A.2.15A, 

one component of 20.33 ns was obtained, which was nearly same as measured before (18.2 

ns; Fig. 2.4A), while the microsecond range component of 11.8 µs also matched well with 

one of the components in decay fitting obtained from decay by delay measurement in the 

Horiba Jobin Yvon Fluoromax 4P (12 µs; Table A.2.2). For HQ added Zn-CuNCs also, the 

nanosecond range component was reproduced (30.93 ns; Table A.2.5) and the microsecond 

range component of  26.5 µs matched with one of the  components in decay fitting obtained 

from decay by delay measurement in the Horiba Jobin Yvon Fluoromax 4P (26 µs; Table 

A.2.2). 
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Table A.2.5. Calculated parameters as-obtained from time-resolved photoluminescence study 

of Zn-CuNCs and HQ-Zn-CuNCs in microsecond region. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. A.2.16: Surface area electron diffraction (SAED) pattern of as-synthesized Zn-CuNC 

nanosheets. 
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Chapter 3 

Enhanced Chemical Stability in the Twisted 

Dodecagonal Stacking of Two-Dimensional Copper 

Nanocluster Assemblies 

 

3.1 Abstract: 

 Deterministic chemical stacking of two-dimensional materials with controlled 

symmetry is a synthetic chemistry challenge that deserves attention. It is plausible that 

depending on the angle of stacking the material properties of the assembly could be tuned. 

Herein, we report 30° twisted stacking of two-dimensional nanosheets of a hexagonal 

assembly of organic ligand-stabilized Cu nanoclusters formed through a Zn2+-mediated 

complexation reaction. Electron diffraction in transmission electron microscopy revealed the 

presence of regions of dodecagonal symmetry with the apparent loss of translation symmetry. 

Photoluminescence measurements indicated the formation of the stacked assembly in the 

liquid medium. The as-synthesized twisted stacking structure exhibited superior delayed 

photoluminescence and chemical stability─in the presence of molecular iodine─as compared 

to the hexagonal crystal. The discovery can lead to a bright future in exploring new chemical 

and physical properties through the design of stacked assemblies of luminescent or other 

materials. 

 

 

 

 

 

 

 

* [Das et al. The Journal of Physical Chemistry Letters 2022, 13 (37), 8793-8800.] - Reproduced by 

permission from the American Chemical Society. 
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3.2 Introduction: 

 The discovery of quasicrystallinity in the Al–Mn alloy brought extraordinary 

interest in finding new materials that are devoid of translation symmetry but that possess 

forbidden rotational symmetry.1 Interestingly, even after nearly four decades, reports on the 

development of such materials with quasiperiodic symmetry are few and far between. A 

reason for the impediment could be that such crystals are still very challenging to synthesize 

using the established principles of chemistry. However, recent results suggest that 

angular/twisted stacking of two-dimensional crystals with hexagonal symmetry could provide 

an option in which knowledge of synthetic chemistry may bring new avenues for organizing 

crystalline quasiperiodicity. For example, twisted bilayer graphene has been reported to 

generate quasicrystalline symmetry when stacked at a specific angle of 30°.2 Further, the 

discovery of superconductivity in magic-angle twisted bilayer and multilayer graphene brings 

the hope of finding novel properties in materials with similar organization.3-5 Additionally, 

twisted multilayered structures in silicene and kagomé sheets in layered intermetallics have 

revealed their novel electronic and magnetic properties obtained through such stacking.6-

7 Further, ferroelectric properties in twisted AgBiP2Se6 bilayer, Raman spectra in twisted 

multilayer graphene, and optical rotation in twisted two-dimensional black phosphorus 

emphasize the arising of novel physical properties out of twisted two-dimensional materials.8-

10 In this regard, nanoscale particles may be ideal candidates for organization into higher-

order structures with well-defined aperiodicity. Thus, there is a strong case in favour of 

pursuing chemical reaction-based organization of nanoscale structures into quasicrystallinity. 

 Beyond the metal alloys, a variety of materials such as colloids, polymers, 

micelles, and nanoparticles were found to exhibit quasiperiodicity when self-assembled into 

super structures, driven primarily by entropy. For example, slow evaporation of a mixture of 

binary nanocrystals (Fe2O3–Au or PbS–Pd) of controlled size ratios led to aperiodic 

dodecagonal superlattices as a consequence of general sphere packing.11 On the other hand, 

single-component truncated tetrahedral quantum dots with anisotropic patchiness were also 

observed to have formed a 10-fold symmetric quasicrystalline assembly.12 Interestingly, 

mesoporous silica nanoparticles were reported to self-assemble into dodecagonal tiling.13 It is 

important to note that the aforementioned aperiodic assemblies leading to the superlattice 

structures are the result of random tiling of two different components or a single component 
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capable of adopting different shapes because of its flexibility. What is needed is to develop 

means of quasicrystalline arrangement of a single component such as those of uniform-sized 

nanomaterials. As mentioned above, oriented stacking of two-dimensional nanosheets such as 

graphene could generate quasiperiodic arrangements with important applications.14-1 For 

example, twisted stacking of metal organic framework (MOF) nanosheets was observed to 

form highly ordered mesopores of subnanometer size useful for separation of 

isomers.17 Further, a recent simulation study showed the possibility of twisting two hexagonal 

sheets of single-component colloidal particles at 30° that could generate quasicrystalliniy.18  

 An important example of hierarchical organizations of nanoscale particles into 

super structures involves  atomic nanoclusters, especially those of coinage metal. In this 

regard, it has been established that ligand-stabilized metal nanoclusters could be crystallized 

into larger particles based on interactions of the ligand-stabilized nanoclusters. In addition, it 

has also been reported that ligand-stabilized nanoclusters of Au and Ag could be turned into 

single-crystalline two-dimensional nanosheets of hexagonal symmetry via complexation 

reaction with Zn2+ ions in liquid media. These nanosheets exhibited novel properties such as 

storage and sensing of H2 and CO2 gases,19-20 cell-targeted cancer theranostics,21 recyclable 

storage of oxygen,22 chiral recognition and separation, and delayed 

photoluminescence.23,24 The above-mentioned observations bring an important question 

regarding the possibility of organization of the metal nanoclusters into higher-order structures 

with quasiperiodic arrangements of the constituent clusters and metal ions. In other words, 

would it be possible to change the reaction conditions such that stacked two-dimensional 

nanosheets be formed with loss of translation symmetry but with forbidden rotational 

symmetry? 

 We report here that indeed it is possible to organize ligand-stabilized atomic 

nanoclusters into hierarchical two-dimensional nanosheets of quasiperiodic symmetry. In that 

respect, by suitably changing the reaction conditions, which involves lowering of metal ion 

concentration added to the reaction medium, the complexation reaction involving the metal 

ions and ligand-stabilized Cu5 atomic clusters could be suitably controlled to produce 

significant population of twisted two-dimensional nanosheets with dodecagonal quasiperiodic 

lattice having novel optical properties, including enhanced delayed emission lifetime and 

chemical stability against molecular iodine in the dispersion medium. The results indicated 

stacking of two-dimensional nanosheets mutually aligned at an angle of 30°/90° in order to 
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produce nanosheets with translational quasi periodicity having dodecagonal rotational 

symmetry. 

3.3 Experimental Section: 

3.3.1 Materials. Copper(II) nitrate trihydrate (SigmaAldrich), 3-mecaptopropanoic acid 

(MPA, Sigma-Aldrich), 4- mercaptobenzoic acid (MBA, Sigma-Aldrich), zinc acetate 

dihydrate (Merck), N, N dimethylformamide (DMF, Merck), molecular iodine crystal 

(Merck) and methanol (Merck) were purchased and used without further purification. 

Elixgrade water from a Milli-Q purification system was used for the experiments. 

3.3.2 Synthesis of CuNCs.  Copper nanoclusters were synthesized at 0°C in a round bottom 

flask containing 20 mL of DMF as solvent, in which 2.4 mL of 10 mM copper nitrate solution 

and 0.8 mL of 0.11M MPA solution were added and stirred for 5 min, followed by addition of 

6 mg of MBA and the mixture solution were kept stirring for another 30 min. The obtained 

pale yellow coloured CuNCs solution was stored at 4°C for further experiments. 

3.3.3 Synthesis of hexagonal Zn-CuNCs.  1.5 mL of as prepared CuNCs solution was added 

to 1.5 mL of H2O followed by addition of 350 μL of 100 mM zinc acetate solution resulting 

in white dispersion. The white pellet was then collected by centrifugation of the dispersion at 

10,000 rpm for 10 min and then dispersed in water for further experiments. 

3.3.4 Synthesis of quasicrystalline Zn-CuNCs.  200 μL of 100 mM zinc acetate solution 

was added to 3 mL of the as prepared CuNCs solution and the resulted white dispersion was 

centrifuged at 10,000 rpm for 10 min. The collected pellet was redispersed in water for 

further experiments. 

3.3.5 Optical measurements. UV-visible spectra and photoluminescence spectra for all the 

samples were recorded using the Agilent Cary 100 UV−vis spectrophotometer and the 

HORIBA FluoroMax-4 spectrofluorimeter, respectively. Fourier-transform infrared 

spectroscopy (FTIR) analyses were performed using the PerkinElmer (Spectrum Two) FTIR 

spectrometer. The pellets used for FTIR spectral recording were prepared by adding the 

evaporated dry sample to the heat dried KBr. 

3.3.6 Transmission electron microscopic (TEM) analysis and selected area electron 

diffraction (SAED) analysis. TEM and SAED of CuNCs, hexagonal Zn- CuNCs and 

quasicrystalline Zn-CuNCs were performed in JEOL JEM 2100 and JEOL JEM 2100F at a 

maximum accelerating voltage of 200 kV. TEM samples were prepared by diluting the above-
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mentioned samples to appropriately ten times and thereafter drop-casting the same on carbon-

coated copper grids. The same TEM experiments involving quasicrystalline Zn−CuNCs were 

also performed on Ni grid. 

3.3.7 Delayed photoluminescence spectra acquisition. Delayed photoluminescence 

emission spectra and time resolved delayed photoluminescence decay spectra were acquired 

in Horiba Jobin Yvon Fluoromax 4P. Parameters for acquisition of delayed 

photoluminescence emission spectra were set as follows: time per flash= 61 ms; sample 

window = 500 μs; delay after flash = 50 μs; flash count = 100.  

3.3.8 Time-resolved photoluminescence study. Time resolved PL analysis of all the samples 

were performed in the Life-Spec-II spectrofluorometer (Edinburgh Instrument). Excitation 

laser of 405 nm was used for CuNCs and that of 375 nm for both hexagonal nanosheets and  

twisted quasiperiodic nanosheets of Zn-CuNCs. 

 

3.4 Results and Discussion: 

Copper nanoclusters (CuNCs) stabilized by mercaptopropanoic acid (MPA) and 

mercaptobenzoic acid (MBA) were synthesized according to a reported procedure.25 The red 

luminescent CuNCs with emission maximum at 615 nm did not exhibit any characteristic 

absorption peak of larger sized nanoparticles at 560 nm in the UV–vis spectrum (Fig. A.3.1, 

Appendix). The particle sizes of the as-synthesized NCs were also found to be less than 2 nm 

and were devoid of any crystallinity (Fig. A.3.1, Appendix). Thus, the obtained luminescent 

CuNCs were attributed to Cu5(MPA)3(MBA)3 from typical electrospray ionization (ESI) mass 

spectrometry results given in the Supporting Information (Fig. A.3.2, Appendix). Fourier 

transform infrared spectroscopy (FTIR) spectrum of the CuNCs also supported the Cu–S 

bond formation (Fig. A.3.3, Appendix). 

The as-synthesized CuNCs were then assembled into two-dimensional structure of 

hexagonal symmetry via complexation reaction with Zn metal ion (∼21 mM) at the molar 

ratio of Cu:Zn of 1:21.25 The Zn complexed CuNCs showed significant increment in 

photoluminescence intensity supporting the crystalline organization of the NCs (Fig. A.3.4A, 

Appen dix). The successful formation of the two-dimensional nanosheet (Fig. A.3.4B, 

Appendix) exhibited a hexagonal diffraction pattern with lattice constant 4.7 ± 0.2 Å in the 

selected area electron diffraction pattern (SAED) analysis (Fig. A.3.4C, Appendix). This was 
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consistent with the proposed hexagonal structure of the Zn-CuNC nanosheets where CuNCs 

were proposed to be arranged in a continuous hexagonal pattern with one additional CuNC at 

the center of each hexagon.25 Further details of structural bonding are presented later. The 

FTIR spectrum with significant shifts in carboxylate stretching frequencies also supported the 

probable bond formation between Zn and carboxylate groups of the ligands attached to the 

NCs ( Fig. A.3.5, Appendix). 

Interestingly, when we pursued the same complexation reaction with a lower 

concentration of Zn (∼6 mM) with molar ratio of Cu:Zn of 1:6, we obtained a broad emission 

spectrum (giving near white light) with longer photoluminescence lifetime and higher 

quantum yield (τ = 42.70 ± 1.34 ns and Φ = (0.18 ± 0.02) %) in comparison with the 

hexagonal Zn- CuNC nanosheets (τ = 18.35 ± 0.18 ns and Φ = (0.11 ± 0.02) %) (Table. A.3.1 

and Table 4.3.2 Appendix). Deconvolution of the spectrum resulted in two components: the 

minor one with emission maximum at 600 nm similar to the spectrum of the hexagonal Zn-

CuNCs given in Fig. A.3.4A, Appendix and the major one with emission maximum at 540 

nm (Fig. 3.1A). The new peak at 540 nm suggested the formation of an additional CuNC-

based emitting species that might contain closely spaced emitting NCs in the assembly.26-28 

Transmission electron microscopy (TEM) analysis of the product manifested twisted layers 

without any Moiré pattern generated from only 30° twisted stacking of the nanosheets (Fig. 

3.1B). On the other hand, two-dimensional nanosheets with Moiré pattern were also present 

occasionally, originating from smaller angular twisting of the stacked structures, which were 

present in sections of the same stacked structures that had angular twisting of 30° (Fig. A.3.6, 

Appendix). SAED analysis on the overlapping area of two nanosheets of the typical 

nanosheet in Fig. 3.1B exhibited a complex diffraction pattern that was different from the 

regular hexagonal diffraction pattern (Fig. 3.1C), while that on the area representing single 

nanosheet (outside) in Fig. 3.1B exhibited hexagonal diffraction pattern (Fig. A.3.7, 

Appendix).  
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Fig 3.1. (A) 

Photoluminescence emission spectrum of (a) twisted quasiperiodic nanosheets of Zn-CuNCs, 

(b and c) two Gaussian components obtained on deconvolution of the broad spectrum in trace 

a and (d) cumulative fitted curve. (B) Transmission electron microscopy (TEM) image of 

twisted quasiperiodic nanosheets of Zn-CuNCs and (C) a typical selected area electron 

diffraction (SAED) pattern of the image in panel B. 

 

It is worth noting here that the diffraction with a hexagonal pattern similar to the 

previous one causing the red emission also was found on separate nanosheets of the same 

sample, as shown in Fig. A.3.8, Appendix. Analysis of the complex diffraction pattern 

revealed the presence of 12 diffraction spots separated with equal distance from the center, 

resulting in 12-fold rotational symmetry (Fig. 3.2A). Additional product images and 
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corresponding dodecagonal SAED patterns are included in the Supporting Information 

as Fig.A.3.9, Appendix. This kind of unique diffraction pattern might have resulted from the 

twisted stacking of nanosheets as observed from the images. Scanning transmission electron 

microscopy (STEM) with elemental mapping analysis using a sample evaporated on a Ni grid 

also revealed the presence of Cu with simultaneous existence of Zn, S, and O in the 

nanosheet (Fig. A.3.10(a,b), Appendix). Atomic force microscopy (AFM) analysis confirmed 

the presence of two-dimensional nanosheet-like structures with height ranging from 50 to 100 

nm and the length varying from 0.8 to 1.2 μm (Fig. A.3.11, Appendix). Further, the twisted 

nanosheets with quasiperiodic symmetry gave rise to delayed photoluminescence at 540 nm 

(the same as prompt luminescence; Fig. A.3.12, Appendix) with longer decay lifetime of 87.3 

± 2.5 μs in comparison with that at 600 nm by hexagonal nanosheets (26.0 ± 3.6 μs) (Table 

A.3.3 and Fig. A.3.12, Appendix). 

Attempts to correlate the diffraction lattice with the twisted superposition of 

nanosheets elucidated that the diffraction pattern of 12-fold rotational symmetry could be 

accounted for by placing two hexagonal lattices of the same lattice constant (4.7 ± 0.2 Å), 

one on top of the other and rotated at an angle of 30°/90° against each other (Fig. 3.2B). This 

type of lattice pattern possessing forbidden 12-fold rotational symmetry without any 

translational symmetry is termed a dodecagonal quasicrystal. Although the atoms in the 

quasicrystal are aperiodic, they follow a Fibonacci sequence, in which atoms are radially 

inflated by a multiplication of a common value, i.e., golden mean (τ = 1.618). In the current 

diffraction pattern as shown in Fig. 3.2C , the spots in the radial direction followed the 

Fibonacci sequence with the ratio of two consecutive distances (larger/smaller = ob/oa) 

calculated to be 1.71 ± 0.05, which is close to the golden mean (τ) (Fig. A.3.13 and Table 

A.3.4, Appendix). Two-dimensional dodecagonal quasicrystals are comparatively less 

explored aperiodic system than the three-dimensional one (e.g., icosahedral). Although 

several works on twisted graphene sheets report the formation of dodecagonal quasicrystal, 

the lack of a physical method for deterministic production limited the growth of the field of 

quasicrystal of other materials,2,14,29 and the quasicrystalline arrangement of soft matter are 

reported so far is a consequence of self-assembly. 
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Fig 3.2. Selected area electron diffraction (SAED) pattern images of twisted quasiperiodic 

nanosheets of Zn-CuNCs depicting (A) 12-fold rotational symmetry, (B) twisted 

superimposition of two hexagonal lattices at an angle of 30°, and (C) spots following a 
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Fibonacci sequence of separation distance. The figures along with Fig. 3.1C were recorded 

under different contrasts/resolutions for the same spot as in Fig. 3.1B. 

 

It has been found that organization of metal nanoclusters stabilized by small ligands 

through complexation reactions with metal ions mostly leads to the formation of two-

dimensional structures, which have been shown to adsorb and desorb gas molecules through 

surface unsaturated atoms.22 Interestingly, in a recent work on the complexation of CuNCs 

with Zn2+ ions that resulted in two-dimensional nanosheets, it was shown that the structures 

could further be functionalized with 8-hydroxyquinoline, thereby suggesting the presence of 

Zn with unsaturated coordination on the surface.25  

However, it is also known that there were ligands bound to the NCs but not 

coordinated to the Zn in the hexagonal nanosheets. This would mean that it is plausible that 

two hexagonal nanosheets could again react with each other involving Zn2+ ions on the 

surface of one nanosheet and the free ligands dangling from the surface nanoclusters of the 

other. 

Also, the internanosheets reaction could possibly be carried out by varying the 

concentration of Zn2+ ions in the medium. We thus pursued the complexation reaction of the 

as-synthesized CuNCs with varying concentration of Zn metal ions. It was observed that with 

the lower concentration of Zn2+ ions in the medium (∼6 mM), the emission spectrum was 

broad (Fig. 3.1A), representing two peaks at 600 and 540 nm. On the other hand, at a higher 

concentration (typically ∼21 mM) of Zn2+ ions, a sharper emission peak with a maximum at 

600 nm appeared (Fig. A.3.4A, Appendix). Further, TEM studies of the evaporated media 

revealed that when the metal ion concentration was high the complexation reaction produced 

a nearly exclusive population of hexagonal nanosheets. However, reaction in the presence of 

a lower concentration of Zn2+ ions resulted in the complex diffraction pattern as mentioned 

above (Fig. 3.1C). It may also be mentioned here that the results of Zn2+ ion concentration-

dependent complexation reaction revealed that the structures observed in the TEM images 

most likely were not induced by the evaporation of the solvent. On the other hand, the 

structures were formed in the media as a result of reactions of Zn2+ ions with the ligand-

stabilized CuNCs. The photoluminescence results mentioned above also supported the 

formation of the aforementioned structures in the reaction media. 
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The regular hexagonal structure of the Zn-CuNC nanosheets was predicted as that following 

repeating units of six CuNCs with one additional CuNC at the center of the hexagon forming 

the xy plane. Two CuNCs at the apex of each hexagon were connected with the CuNC at the 

center through bonding with a Zn2+ ion with three MPA ligands from each of the three 

CuNCs in agreement with the lattice constant of 4.7 ± 0.2 Å. Such bonding led to the 

hexagonal arrangement of both CuNCs and Zn individually at two parallel planes. In the 

plane perpendicular to the nanosheets (z direction), two CuNCs of two consecutive hexagonal 

layers (xy plane) were bonded with additional Zn metal ion─located between the 

layers─through two MBA ligands, and the corresponding dimension was matched with 4.5 ± 

0.2 Å. The bonding in the z direction led to the formation of a multilayered nanosheet of 

hexagonal lattice. However, it has been observed that the further stacking of two such 

hexagonal nanosheets could be made possible by controlling the concentration of the metal 

ion used for the complexation reaction. With a lower concentration of Zn metal ion, stacking 

of two hexagonal nanosheets occurred, thus generating a twisted structure. Complexation of 

the NCs with several concentrations of Zn metal ion was also examined (Fig. A.3.14, 

Appendix); however, the twisted stacking with particular rotational angle was observed 

reproducibly with molar ratio of Cu:Zn of 1:6 and thus was pursued. The obtained 

dodecagonal diffraction pattern of the two superimposed nanosheets revealed the rotation 

angle of 30° against each other. The adaption of this typical rotational angle can be elucidated 

from the bonding of the hexagonal packing of the NCs. Lowering of the metal ion 

concentration reduced the availability of free Zn2+ ions in the medium for further growth of 

the nanosheets as such. The electron diffraction pattern from the stacking of the nanosheets 

matched well with the simulated structure of two hexagonal lattices rotated at an angle of 30° 

that resulted in electron diffraction pattern with 12-fold rotational symmetry (Fig. 3.3(A–C)). 

As can be observed from the hexagonal arrangement forming nanosheets, the Zn metal ions 

were positioned at the middle of the two NCs forming an arm of the hexagon but at a plane 

lower than the NCs (Fig. 3.3D). When the nanosheets were formed under higher metal ion 

concentrations, the metal ions bonded to the ligands would be the moieties exposed to the 

medium. The excess Zn2+ ions in the medium can easily connect two such nanosheets through 

vertical coordination as mentioned before. On the other hand, when nanosheets were formed 

at low Zn2+ medium concentration, the organic ligands bound to the CuNCs were exposed to 

the medium. In order for the stacking of the nanosheets to take place through chemical 

bonding in the dispersion medium, the Zn2+ ions placed immediately below the surface planes 

of each of the nanosheets can bind to the carboxylate groups of the other sheet. This would be 
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possible only when the nanosheets are stacked at 30° to each other and the metal ions form 

tetrahedral coordination with the fourth coordination linking metal ion of one nanosheet with 

the ligand of the other (Fig. 3.3D). The chemical connectivity among Zn2+ and CuNCs 

(stabilized by the ligands) in both the cases of regular and twisted stacking of hexagonal 

nanosheets are clearly shown through the schematic representation in Fig. 3.3D. Additionally, 

the loss of long-range translational symmetry and the appearance of dodecagonal rotational 

symmetry is depicted in Fig. 3.3E where two nanosheets of hexagonal symmetry were 

stacked at 30° against each other. Furthermore, analysis of FTIR spectra of both products 

obtained using high and low concentrations of Zn2+ clarified the absence of any new bond 

formation (Fig. A.3.15, Appendix). Thus, the diffraction pattern (dodecagonal) different from 

the regular hexagonal one did not arise from a different structure produced in the solution but 

from the twisted stacking of the nanosheets. Moreover, the proposed connectivity in the 

twisted structure brought the CuNCs of the two adjacent layers close enough for interatomic 

interaction in comparison to what it was in the hexagonal stacking, which made the inter-

nanocluster distances less than 4.5 ± 0.2 Å. The shorter distance of CuNCs activated the 

intercluster cuprophilic interaction, which was not initially there in the hexagonal Zn-CuNCs 

nanosheets because of the larger distances among CuNCs (4.7 and 4.5 Å). Interatomic 

distances between adjacent clusters have been reported to have an impact on the emission 

property, and thus, shorter Cu–Cu distances in the assembly would contribute to blue shifting 

of the emission wavelength. Our observation of the blue shifts in the product with twisted 

stacking of nanosheets is in consonance with literature reports.26-28 Moreover, since the 

fluorescence measurement was performed in the liquid state, it can be also stated firmly that 

the dodecagonal structure formation here is the chemically driven phenomenon only and not 

an evaporation-induced one. This aperiodic arrangement of single NCs has opened a path for 

future modelling of quasiperiodic nanomaterials with novel physical and chemical properties. 
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Fig 3.3. Schematic diagram (A) representing rotated structure of two hexagonal lattices at an 

angle of 30°, (B) a hexagonal lattice, and (C) experimental selected area electron diffraction 

(SAED) pattern image of the twisted quasiperiodic nanosheets of Zn-CuNCs in Fig. 3.1B 

with markings on the diffraction spots. Schematic representations of (D) regular and twisted 

(at 30°) stacking of two hexagonal lattices, depicting the proposed bonding in both the 

hexagonal and twisted quasiperiodic nanosheets and (E) two hexagonal nanosheets mutually 

aligned at 30° against each other, indicating loss of translational symmetry and arising of 

dodecagonal rotational symmetry. 

 

TH-3358_186122026

https://pubs.acs.org/doi/full/10.1021/acs.jpclett.2c02300#fig1


  Chapter 3 
 
 

71 
 

 

Interestingly, gradual addition of 0.42 mM aqueous iodine into the dispersion of 

hexagonal crystals led to lowering of the photoluminescence intensity with a minimal red 

shift to the peak of the original NCs (Fig. 3.4A). On the other hand, the same treatment to the 

twisted quasiperiodic nanostructure gave rise to shifting of the emission maximum to longer 

wavelength without significant change of the luminescence intensity (Fig. 3.4B). The plot of 

relative photoluminescence intensity (I/I0) with different iodine concentrations in Fig. 3.4C 

also indicated considerable chemical stability of the quasiperiodic structures in comparison to 

the hexagonal counterparts. TEM analysis of the final product obtained after reaction of 

hexagonal crystals with molecular iodine showed the presence of small sized NCs that were 

devoid of any crystallinity (Fig. 3.4D and Fig. A.3.16A, Appendix). On the other hand, TEM 

analysis of the twisted quasiperiodic nanosheets─obtained after iodine treatment─indicated 

retention of the two-dimensional nanosheets (Fig. 3.4E and Fig. A.3.16B, Appendix). It is 

plausible that the hexagonal two-dimensional arrangements of the nanoclusters following 

complexation with zinc consists of sufficient space (with a typical vertical distance of 4.5 Å) 

for molecular iodine (diameter of iodine atom being 2.6 Å) to percolate into the structure and 

interact preferably with the aromatic π-groups and thus reduce the photoluminescence 

quantum yield and chemical stability. On the other hand, the more compact twisted 

quasiperiodic (with a typical vertical distance of much less than 4.5 Å) structure may not 

provide sufficient space for accommodation of molecular iodine, thus providing chemical 

stability. The change in the luminescence peak position could be due to interactions of the 

NCs with molecular iodine in the dispersion medium. Further, it is also plausible that 

quasiperiodic arrangements in the stacking provided additional chemical stability to the 

hexagonal structures just above and below these twisted layers. 
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Fig 3.4. Photoluminescence of (A) hexagonal and (B) twisted quasiperiodic nanosheets of 

Zn-CuNCs on gradual addition of (a) 0 mM, (b) 0.09 mM, (c) 0.17 mM, (d) 0.23 mM, (e) 

0.29 mM, (f) 0.33 mM, (g) 0.38 mM, (h) 0.41 mM, and (i) 0.42 mM iodine solution and (j) 

that after purification. (C) Plot of photoluminescencee intensity ratio (I/I0) at 600 nm versus 

iodine concentration for (a) hexagonal and (b) twisted quasiperiodic nanosheets. 

Transmission electron microscopy images of (D) hexagonal and (E) twisted quasiperiodic 

nanosheets of Zn-CuNCs after addition of 0.42 mM I2. 
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Table 3.1: Comparison of physical parameters between hexagonal and twisted 

quasiperiodic nanosheets of Zn-CuNCs. 

 

 

 

 

 

 

Physical 

Parameters 

Hexagonal  

Zn-CuNCs 

Twisted Quasiperiodic 

Zn-CuNCs 

Quantum Yield of 

Prompt 

Photoluminescence 

 PF (%) 

 

0.12±0.03 

 

0.19±0.02 

Average Lifetime of 

Prompt 

Photoluminescence 

 PF (ns) 

 

18.35 ± 0.18 

 

42.70 ± 1.34 

Rate Constant of 

Prompt 

Photoluminescence 

PF (s-1 ) 

 

(6.5 ± 2)×104 

 

(4.5 ± 0.6)×104 

Average Lifetime of 

Delayed 

Photoluminescence 

 PF (µs) 

 

26.0 ± 3.6 

 

87.3 ± 2.5 

Reactivity with I2 

(mM -1) 

(Slope of change in 

prompt 

photoluminescence 

intensity with respect 

to concentration) 

 

-(1.6 ± 0.4) 

 

0.6 ± 0.3 
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3.5 Conclusion:  

In summary, we have reported a strategy to chemically synthesize twisted 

stacking of two dimensional nanosheets of single component luminescent CuNCs 

exhibiting dodecagonal quasiperiodic lattice. This was pursued by assembling two-

dimensional nanosheets -followed by stacking at 30° - through complexation reaction 

by suitable tuning of the metal ion concentration. The photophysical properties of the 

twisted quasiperiodic nanosheets as compared to the hexagonal ones are briefly 

presented in Table 1. The results essentially indicated that the chemical stability 

against molecular iodine and the photophysical properties of the twisted stacking 

induced dodecagonal quasiperiodic assembly in Zn-CuNCs were superior as compared 

to the hexagonal crystalline nanosheets. The results reported herein bring hope of 

extending the idea of deterministic chemical twisting of two-dimensional crystalline 

assemblies in generating materials with anisotropic structure-based novel chemical, 

optical, electronic and magnetic properties. 
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Appendix 
 

A3. Chapter 3 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

Fig. A.3.1: (A) Photoluminescence emission spectrum and (B) UV-Vis spectrum of as 

synthesized copper nanoclusters (CuNCs). (C) Transmission electron microscopy (TEM) 

image and (D) selected area electron diffraction (SAED) pattern image of as synthesized 

CuNCs.1 

 

 

 

 

 

 

 

 

Fig A.3.2: (A) Isotopic distribution pattern of experimentally obtained mass spectrum of 

typical copper nanoclusters at m/z value of 1236.65.1 (B) superimposition of simulated and 
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experimental isotopic mass distribution spectra of as synthesized copper nanoclusters at m/z 

value of 1236.65. 

 

 

 

 

 

 

 

 

 

Fig. A.3.3: Attenuated total reflectance (ATR)-Fourier-transform infrared (FTIR) spectra of (a) 

as synthesized copper nanoclusters, (b) mercaptobenzoic acid, and (c) mercaptopropanoic 

acid. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig A.3.4. (A) Photoluminescence emission spectra of (a) as-synthesized CuNCs and (b) 

hexagonal Zn-CuNCs. (B) Transmission electron microscopy (TEM) image of hexagonal Zn-
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A B 

CuNC nanosheet, and (C) a typical selected area electron diffraction (SAED) pattern of the 

image in B. 

 

 

 

 

 

 

 

 

 

 

Fig A.3.5: Fourier-transform infrared (FTIR) spectra of (A) as synthesized CuNCs and (B) 

hexagonal Zn-CuNC nanosheets. 

 

Quantum Yield Measurement  

 Photoluminescence quantum yield (Q.Y.) was measured with respect to quinine sulphate 

(QS) in   0.1 M H2SO4 with reported quantum yield of 54% using the following equation- 

                                                  
2

2

S SR

S R

R S
R

I A
I

Ф
A

Ф



=     …………………. Equation S1  

 

 Here, ФS = quantum yield of the sample, ФR = quantum yield of the reference;                                                                    

SI = area under the emission spectrum of the sample; RI  = area under the emission spectrum 

of reference; RA = absorbance of reference. SA = absorbance of the sample; S  = refractive 

index of the sample solution; R  = refractive index of reference. Refractive index of water = 

1.33, Q.Y. of quinine sulphate=0.54. 
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Table A.3.1: Parameters obtained from quantum yield measurements of hexagonal and 

twisted quasiperiodic nanosheets of Zn-CuNCs. 

 

 

 

Sample 

 

Experi

-ment 

No 

Area 

under the 

PL curve 

of QS 

excited at 

365 nm 

(a.u.) 

(IR) 

Area 

under the 

PL curve 

of sample 

excited at 

365 nm 

(a.u.) 

(IS) 

Absorbance           

of 

QS 

at 365 nm 

 

(AR) 

Absorbance 

of the 

sample at 

365 nm 

 

 

(AS) 

Quantum 

yield 

(Q.Y.) 

 

 

(%) 

Average 

quantum 

yield 

with error 

bar 

 

 

(%) 

Hexagonal 

Zn-CuNCs 

 

     1 

 

 4.7× 108 

 

 

  7.7× 105 

 

 

     0.0974 

 

0.1140 

 

     0.08 

 

 

 

 

0.11±0.02 

 

    2 

 

 4.2× 108 

 

 

 8.5× 105 

 

 

    0.1209 

 

      0.0998  

 

0.13 

 

   3 

 

 4.2× 108 

 

 8.5× 105 

 

 

     0.1210 

 

      0.1086 

 

0.12 

 

Twisted 

Quasiperiodic 

Zn-CuNCs 

  

   1 

 

 4.7× 108 

 

 

1.78× 106 

 

 

     0.0974 

 

     0.1060 

  

     0.19 

 

 

 

 

0.18±0.02 

 

   2 

 

 4.2× 108 

 

 

1.13× 106 

 

 

    0.1210 

 

     0.1177 

 

     0.15 

 

   3 

 

 4.2× 108 

 

1.47× 106 

 

0.1209 

 

    0.1190 

 

    0.19 
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Table A.3.2: Calculated parameters as-obtained from time-resolved photoluminescence study 

of hexagonal and twisted quasiperiodic nanosheets of Zn-CuNCs. 

 

Sample 

 

 

Hexagonal 

Zn-CuNCs 

 

Twisted Quasiperiodic 

Zn-CuNCs 

Experiment no 

 
1 2 3 1 2 3 

χ 2 1.0 1.02 1.02 1.00 1.01 1.02 

First component 

α1 (%) 
8.88 9.25 7.59 16.79 29.53 18.05 

First component 

lifetime 

τ1 (ns) 

0.06 0.06 0.06 0.06 0.13 0.10 

Second component 

α2 (%) 
4.61 4.17 6.23 8.47 2.08 3.36 

Second component 

lifetime 

τ2 (ns) 

0.49 0.45 0.35 0.44 1.14 0.89 

Third component 

α3 (%) 
86.51 86.58 86.18 74.75 68.38 78.58 

Third component 

lifetime 

τ3 (ns) 

18.64 18.29 18.28 43.07 43.96 41.29 

Average lifetime 

τav (ns) 
18.55 18.29 18.21 43.01 43.87 41.23 

Average Lifetime 

with error bar 

τav (ns) 

18.35 ± 0.18 42.70 ± 1.34 
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Fig A.3.6. (A-B) Transmission electron microscopy (TEM) images of additional twisted 

quasiperiodic nanosheets of Zn-CuNCs with Moiré pattern originating from smaller angular 

twisting of the stacked structures, present in sections of the same stacked structures that had 

angular twisting of 30°. 

 

 

 

 

 

 

 

 

Fig A.3.7. Selected area electron diffraction (SAED) image on the non-overlapped area of the 

image (Fig. 3.1B) given in the Chapter 3. 

 

 

 

 

 

 

 

 

Fig. A.3.8: (A) Transmission electron microscopy image of additional hexagonal Zn-CuNC 

nanosheet and (B) the corresponding selected area electron diffraction pattern image. 

A B 
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A B C D 

E F G H 

I J K L 

 

Fig. A.3.9. A collection of transmission electron microscopy (TEM) images and 

corresponding selected area electron diffraction (SAED) pattern images of the twisted 

quasiperiodic nanosheets of Zn-CuNCs (A,B), (C,D), (E,F), (G,H), (I,J), (K,L), respectively. 

 

 

 

 

 

 

 

 

 

 

Fig A.3.10a. (A) Scanning transmission electron microscopy (STEM) image of the twisted 

nanosheets of Zn-CuNCs and elemental mapping of (B) Cu, (C) Zn, (D) O and (E) S on that 

nanosheet performed using Ni grid. 
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A B 

 

 

 

 

 

 

 

 

 

 

 

 

Fig A.3.10b. (A) Scanning transmission electron microscopy (STEM) image of the twisted 

nanosheets of Zn-CuNCs and elemental mapping of (B) Cu, (C) Zn, (D) O and (E) S on the 

selected rectangular area of that nanosheet performed using Ni grid. 

 

 

 

Fig. 

A.3.11. 

(A) 

Atomic 

force 

microscopy (AFM) image of twisted Zn–CuNCs featuring the presence of 2D nanosheets. (B) 

Corresponding height profiles of the same as obtained from part A. 
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Fig A.3.12: (A) Normalized delayed photoluminescence spectra of (a) twisted quasiperiodic 

and (b) hexagonal nanosheets of Zn-CuNCs, (B) typical time resolved delayed 

photoluminescence decay profiles of (a) twisted quasiperiodic and (b) hexagonal Zn-CuNCs 

and (c, d) corresponding fitted lines. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table A.3.3: Calculated parameters as-obtained from time-resolved delayed 

photoluminescence study of hexagonal and twisted quasiperiodic nanosheets of Zn-CuNCs. 

A B 
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         Sample  

 

 

             Hexagonal  

            Zn-CuNCs 

 

           Twisted Quasiperiodic  

                       Zn-CuNCs 

 

   Experiment no 
1 2 3 1 2 3 

                 

                χ 2 
0.99 0.99 0.99 0.99 0.99 0.99 

 First component  

          α1 (%) 
7.14 × 105 7.77 × 105 1.01 × 106 2.81 ×106 2.56 ×106 3.40 ×106 

First component 

lifetime  

          τ1 (ms) 

0.011 0.010 0.013 0.106 0.11 0.10 

Second component 

           α2 (%) 
3.16 × 105 3.40 × 105 2.53 × 105 3.93 ×106 3.68 ×106 4.23 ×106 

Second component 

lifetime  

         τ2 (ms) 

0.041 0.035 0.038 0.023 0.023 0.019 

Average lifetime  

          τav (ms) 
0.030 0.025 0.023 0.087 0.090 0.085 

Average lifetime 

with error bar  

         τav (µs) 

26.0 ± 3.6 87.3 ± 2.5 

1 

2 

3 

4 

0 
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E F 

G H 

 

 

 

 

 

 

 

Fig A.3.13. Selected area electron diffraction pattern (SAED) image (obtained at the same 

spot with different contrast as in Fig. 3.2C in Chapter 3) depicting spots following Fibonacci 

sequence . 

Table A.3.4:  Parameters for average τ value calculation (as calculated from using Fig. 

A.3.13). 

 

 

 

 

 

 

 

 

 

Spot         d-spacing 

             (nm) 

Reciprocal  

Position 

       (nm) 

Ratio of the 

spot distances 

from the origin       

(τ) 

Average ratio 

with error bar 

1 

 

               0.46 

 

        2.18  

            

01
02
= 1.76 

 

02
03
= 1.73 

 

03
04
= 1.66 

 

 

 

 

 

     1.71 ± 0.05 

2 

  

              0.26 

 

         3.90 

3 

 

              0.15 

 

          6.65 

 

        4 

 

               0.9 

 

         11.12 
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Fig A.3.14. Transmission electron microscopy images and corresponding selected area 

electron diffraction pattern images of Zn-CuNC nanosheets having twisted stacking at 

different molar ratio of Cu and Zn – (A-B) 1:3, (C-D) 1:6, (E-F) 1:21 and (G-H) 1:60. 
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Fig A.3.15. Fourier-transform infrared spectra of (a) hexagonal and (b) twisted quasiperiodic 

nanosheets of Zn-CuNCs. 

 

 

 

 

 

 

 

 

 

Fig. A.3.16. Selected area electron diffraction (SAED) pattern images of (A) hexagonal and 

(B) twisted quasiperiodic nanosheets of Zn-CuNCs after addition of 0.42 mM of I2. 
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Chapter 4 

Moiré superlattices of Two-dimensional Copper 

Nanocluster Assemblies with Tuneable Twin 

Emissions from Hierarchical Components Leading 

to White Light Emission 

4.1 Abstract:  

Chemically programmed angular stacking of two-dimensional (2D) assembly into 

interactive superstructures – such as moiré superlattices – may bring novel physical and 

chemical properties purely due to interlayer interactions. Herein, we report the formation of 

moiré superlattices through supramolecular chemical reaction of 2D crystalline copper 

nanocluster assemblies of hexagonal lattices with triphenylphosphine in the liquid medium, 

having an association constant of (5.8 ± 2.0) × 104 M−1. Transmission electron microscopic 

analysis confirmed the angles of twist of the nanosheets producing large moiré periodicity 

below 5°. The so-formed moiré superlattices with large periodicities generated a new 

quantum emissive state owing to the cuprophilic interactions amongst the neighbouring 

clusters of the adjacent layers. The retention of the red emission of the constituent 2D 

nanosheets and the tuneable new emission due to the now closely spaced clusters in the 

twisted super-stacking resulted in near white light photoluminescence. Moreover, the super-

structures exhibited enhanced delayed photoluminescence with an increased lifetime that was 

on the order of 0.1 ms. 

 

 

 

 

 

 

* [Das et al. Journal of Materials Chemistry C 2023, 11 (35), 12029-12036] - Reproduced by 

permission from the Royal Society of Chemistry. 
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4.2 Introduction: 

Realization of novel physical and chemical properties through programmed assembly 

of two-dimensional (2D) materials into higher order stacked structures has recently received 

extraordinary attention. The primary proposition is that with the chosen alignment of 2D 

atomic layers, the electronic band structure of the intervening layers can be tuned and thus 

new electronic properties due to the assembled structure would arise.1-4 The results have been 

especially prominent for layers aligned at low twisted angles.5,6 For example, the discovery of 

the superconductivity in graphene bilayers when twisted at a magic angle of 1.1° has initiated 

special interest in pursuing angular stacking of 2D layers.7,8 Other examples include photonic 

crystals in twisted graphene superlattices,9 moiré excitons in transition metal dichalcogenide 

heterostructures,10–12 interfacial ferroelectricity in twisted stacking of transition metal 

dichalcogenides,13 atomic reconstructions in twisted bilayer graphene and 

MoS2 bilayers14,15 and Mott-like insulator states due to the localization of electrons in the 

moiré superlattices of magic angle twisted bilayer graphene.16,17 The early results involving 

well-established 2D systems make the nascent field poised for new breakthroughs. 

The primary challenge lies in finding suitable techniques to stack 2D layers at desired 

angles. Popular conventional physical methods of assembling 2D layers involve mechanical 

stacking of exfoliated single layers oriented at particular angles. While these techniques may 

be ideal for pursuing physical properties of such twisted structures, scaling for a large number 

of devices may become prohibitive. On the other hand, fabrication of similar twisted 

structures in a liquid medium – based on principles of chemical bonding – may help address 

the issue of scaling. In addition, the well-defined chemical bonding between two such layers 

may provide additional options of tuning their properties. The principles of chemistry may 

also be applied for further modification of such twisted bilayers through additional 

functionalization as deemed necessary for versatile applications. 

On the other hand, recent success of the chemical reaction based 2D assembly 

formation of atomic clusters in liquid media inspires pursuing more complex forms of 

organization such as the ones mentioned above. For example, crystallization 2D hexagonal 

assembly of Au or Cu nanoclusters (AuNCs or CuNCs) in liquid media has been made 

possible, using complexation reaction of the ligands stabilizing the clusters and Zn2+ ions 

(Zn–AuNCs or Zn–CuNCs). The so assembled 2D crystalline films were found to exhibit 

superior physical and chemical properties such as near white light fluorescence and delayed 
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fluorescence and storage and sensing of O2 and CO2 gases.18–21 In addition, the targeted 

cancer theranostic potential of the assembly appeared promising.22 Importantly, results also 

suggest that based on similar reaction conditions – as above – in situ stacking of such 2D 

crystalline assembly of nanoclusters is possible by carefully controlling the concentration of 

the Zn2+ ions in the medium.23 Thus, stacking of assemblies of CuNCs at 30° in this way 

resulted in superstructures with superior delayed photoluminescence and chemical stability 

against treatment with iodine. However, there is still a need for methods for chemical 

organization of such 2D assemblies stacked at chosen angles to each other. This would 

provide important opportunities in facile organization of 2D materials in liquid media where 

the repertoire of chemistry could be utilized. 

It is also established that the small angular orientation of two identical layers can 

generate moiré superlattices of larger periods due to the lattice mismatch. The additional 

periodicity, attained from strong electron correlations in moiré superlattices and also due to 

atomic alignments with symmetry different from the intrinsic layers, confers anomalous 

properties to the system. For example, the emergence of chiral phonons at the moiré 

wavelength occurs due to the disruption of C2z symmetry in the van der Waals 

heterostructures.24 Furthermore, symmetry breaking in the double-moiré superlattice domains 

of twisted tri-layer graphene results in anomalous electrical conductivity.25 Additionally, the 

breaking of the C3 rotational symmetry of the WS2 layers in the super-twisted spiral structure 

results in magnified interlayer strain through asymmetric charge densities in the moiré 

superlattice.26 Such arrangements of 2D lattices into superstructures using the principles of 

chemistry in liquid medium may provide new ways of attaining moiré structures based on 

chemical bonding between the intervening layers. Importantly, metallophilic interactions 

between the atomic clusters of Au or Cu, when placed at short distances through interlayer 

separations at low angles, may bring new properties that are not available in ordinary 2D 

assemblies of the same. 

We report that it has been possible to organize the 2D Zn–CuNC nanosheets 

hierarchically at smaller twist angles and form super-stacked nanosheets by a chemical 

reaction of the hexagonal nanosheets with triphenyl phosphine (TPP). In addition, for the first 

time, we report the formation of moiré superlattices from two dimensional CuNC assembly 

through a chemical reaction. The moiré superlattices so formed were also correlated with the 

appearance of a new photoluminescence at shorter wavelengths due to cuprophilic 

interactions among the CuNCs of the intervening layers – in comparison to the red emission 
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of the hexagonal Zn–CuNCs. Moreover, the extent of the moiré lattices was tuneable with the 

change in the concentration of the TPP added during the reaction. Supramolecular assembly 

of molecular materials, based on reaction conditions and bonding, gives rise to novel 

chemical and physical properties. We have combined the principle of chemistry and 

supramolecular organization to arrive at moiré superlattices of crystalline two-dimensional 

assembly of Zn–CuNCs, which gave rise to new optical properties. The tunability of the 

moiré superlattice induced emission with the simultaneous presence of the unaltered emission 

of the constituent nanosheets led to near white light emission. The reported moiré 

superlattices of NCs formed due to chemical bonding between two crystalline hexagonal Zn–

CuNC lattices that can be controlled by reaction conditions, thus established a new route for 

such angular superstructure formation in the liquid medium. 

4.3 Experimental Section: 

4.3.1 Materials. Copper(ii) nitrate trihydrate (Sigma-Aldrich), 3-mercaptopropionic acid 

(MPA, Sigma-Aldrich), 4-mercaptobenzoic acid (MBA, Sigma-Aldrich), zinc acetate 

dihydrate (Merck), N,N-dimethylformamide (DMF, Merck) and triphenylphosphine (TPP, 

Sigma-Aldrich) were purchased and used without further purification. Elixgrade water from a 

Milli-Q purification system was used for the experiments. 

4.3.2 Synthesis of CuNCs. Copper nanoclusters were synthesized at 0 °C in a round bottom 

flask containing 20 mL of DMF as solvent, in which 2.4 mL of 10 mM copper nitrate solution 

and 1.6 mL of 0.11 M MPA solution were added and stirred for 5 min, followed by addition 

of 6 mg of MBA and the mixture solution was kept stirring for another 30 min. The obtained 

pale yellow coloured CuNCs solution was stored at 4 °C for further experiments. 

4.3.3 Synthesis of hexagonal Zn–CuNCs. 1.5 mL of as-prepared CuNCs solution was added 

to 1.5 mL of H2O followed by addition of 350 μL of 100 mM zinc acetate solution resulting 

in a white dispersion. The white pellet was then collected by centrifugation of the dispersion 

at 10 000 rpm for 10 min and then dispersed in water for further experiments. 

4.3.4 Synthesis of TPP added moiré Zn–CuNCs. A stock solution of 5 mM TPP was 

prepared in acetone. A set of 2 mL dispersions of the Zn–CuNCs (with concentration of Cu 

metal of about 0.5 mM) were taken in separate vials and were reacted with different 

concentrations (0.12 mM, 0.23 mM, 0.29 mM, 0.35 mM, 0.45 mM and 0.55 mM) of TPP by 

adding 50 μL, 100 μL, 125 μL, 150 μL, 200 μL, and 250 μL of the TPP solution to the vials 
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separately. Then, the reactant mixtures were kept for 10 min at room temperature, which was 

followed by centrifugation at 15 000 rpm for 15 min and the centrifuged products were 

collected for further experiments. 

4.3.5 Optical measurements. Photoluminescence spectra for all the samples were recorded 

using an Agilent Cary 100 UV-vis spectrophotometer and a HORIBA FluoroMax-4 

spectrofluorometer, respectively. Fourier-transform infrared spectroscopy (FTIR) analyses 

were performed using the PerkinElmer (Spectrum Two) FTIR spectrometer. The pellets used 

for FTIR spectral recording were prepared by adding the evaporated dry sample to the heat 

dried KBr. 

4.3.6 Transmission electron microscopic (TEM) analysis and selected area electron 

diffraction (SAED) analysis. TEM and SAED of CuNCs, hexagonal Zn–CuNCs and TPP 

added moiré Zn–CuNCs were performed in JEOL JEM 2100 and JEOL JEM 2100 F at a 

maximum accelerating voltage of 200 kV. TEM samples were prepared by diluting the above-

mentioned samples to appropriately ten times and thereafter drop-casting the same on carbon-

coated copper grids. 

 

4.4 Results and Discussion: 

Red luminescent CuNCs, stabilized by mercaptopropionic acid (MPA) and 

mercaptobenzoic acid (MBA), were synthesized according to a reported procedure.18 The as-

synthesized pale yellow colored CuNC dispersion exhibited red luminescence with emission 

maximum at 615 nm when excited at 405 nm (Fig. A.4.1A, Appendix).UV-Vis spectrum and 

TEM results further supported the formation of the small sized NCs in the synthesized 

medium (Fig. A.4.1(B-D), Appendix). Thereafter, a simple inorganic complexation reaction 

was pursued between the as-synthesized CuNCs and Zn2+ ions at room temperature, which 

resulted in white dispersion with enhanced photoluminescence intensity having emission 

maximum at 600 nm (Fig. A.4.2A, Appendix). The transmission electron microscopy (TEM) 

image of the complexed product confirmed the formation of two-dimensional nanosheets 

with a hexagonal diffraction pattern observed on selected area electron diffraction (SAED) 

analysis of the same (Fig. A.4.2(B-C), Appendix). The lattice parameter of the crystalline 

diffraction pattern was measured to be 4.7 ± 0.2 Å, which matched well with the previously 

reported lattice parameter of the hexagonal Zn–CuNC nanosheets.18 The structure of the 
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nanosheets was thus assumed to be a hexagonal array of CuNCs with one CuNC at the centre 

of the hexagon. The significant increment of the photoluminescence intensity – in 

comparison to the constituent CuNCs – resulted from the restricted intramolecular motions 

due to the crystalline organization of the NCs in 2D arrays.18 

The white dispersions of the Zn–CuNCs were then reacted with different 

concentrations of TPP solution (0.1 mM–0.9 mM) at room temperature. The 

photoluminescence measurements of the obtained products, collected after centrifugation at 

15 000 rpm, exhibited a new emission peak ranging from 480–490 nm. The intensity of the 

peak was observed to have increased with the rise in TPP concentration until saturation at 0.9 

mM of TPP (Fig. 4.1A). Deconvolution of the emission spectrum (Fig. 4.1A(b)) resulted in 

two major components – one with emission maximum at 490 nm and the other at 600 nm 

(Fig. 4.1B). This suggested the formation of a product with a new emissive energy state at 

490 nm, the concentration of which was dependent on the concentration of TPP. At the same 

time, the simultaneous presence of the emission from the parent hexagonal Zn–CuNC 

nanosheets at 600 nm was also evident. Moreover, when the typical trends in changes of the 

emission peak intensities at 490 nm and 600 nm were examined upon increasing the 

concentration of TPP, it was observed that the intensity at 600 nm did not change 

significantly, while the intensity at 490 nm continued to increase (Fig. 4.1C). A control 

experiment was also pursued by reacting TPP with zinc-acetate solution without the presence 

of CuNCs, which did not generate the emission curve with maximum near 490 nm (Fig. 

A.4.3, Appendix). The results indicated that the new product might be a complex structure 

comprising of intact Zn–CuNC hexagonal layers with their original intrinsic 

photoluminescence property unaltered, in addition to the appearance of a new emissive state. 

In the Fourier transform infrared (FTIR) spectral analysis, Zn-coordinated carboxylate group 

stretching frequencies of both the parent hexagonal Zn–CuNC nanosheets and TPP added 

product (occurring at 1658 and 1587 cm−1, and 1660 and 1587 cm−1, respectively) also 

suggested no change in bonding between Zn and the carboxylate group of the ligands (Fig. 

A.4.4, Appendix). This also indicated  
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Fig. 4.1 (A) Photoluminescence spectra of (a) Zn–CuNC nanosheets and of those upon 

reaction with (b) 0.29 mM, and (c) 0.65 mM triphenylphosphine (TPP). (B) (a) The same 

photoluminescence spectrum as given in A(b), (b) and (c) two Gaussian components obtained 

on deconvolution of the broad spectrum in trace a and (d) cumulative fitted curve. (C) 

Intensity vs. TPP concentration plots at (a) 600 nm and (b) 490 nm wavelengths, and (c) and 

(d) fitted curve of a and b, respectively. 

that the reaction of the Zn–CuNC nanosheets with TPP did not result in the loss of the 

crystalline assembly of the individual nanosheets. Also, X-ray photoelectron spectroscopic 

(XPS) measurements of the as-synthesized CuNCs, Zn–CuNCs with a hexagonal lattice and 

TPP added multi-twisted Zn–CuNCs confirmed no change in the oxidation state of the Cu (0) 

of the original CuNCs (Fig. A.4.5, Appendix). Furthermore, the changes in the new emission 

peak intensity at 490 nm with increased concentration of TPP represented a sigmoidal curve, 

indicating an isodesmic supramolecular reaction27,28 (Fig. 4.1C). Now, since even after the 

reaction, the photoluminescent properties of the hexagonal crystalline Zn–CuNC nanosheets 

remained unaltered and since both the reactants, Zn–CuNCs and TPP comprised aromatic 

rings, there might be a strong possibility of π–π supramolecular interactions among them. 

This might have led to the vertical assembly of hexagonal Zn–CuNC nanosheets connected 

through TPP molecules. The association constant (K) according to the conventional method 

of isodesmic supramolecular reaction was obtained by plotting the degree of stacking-

assembly (calculated from the variable photoluminescence intensities at 490 nm with respect 

to concentration) Vs concentration of TPP and was found to be (5.8 ± 2.0) × 104 M−1 (details 

are given in Fig. A.4.6, Appendix).29 In simple supramolecular π–π interaction-based 

reaction, no new covalent bond is formed, which implies that the new emission at 490 nm 

could not be the result of any newly formed complex luminophore in the assembly. In other 
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words, the emission at 490 nm might originate from the interactions of the component 

luminophores in the assembly. 

It has been reported that the photoluminescence emission wavelength of metal 

nanoclusters in an assembly depends on the inter-nanocluster metallophilic interactions.30–

32 The emission wavelength is dependent on the inter-cluster metal–metal distances, with 

shorter distances resulting in higher blue shifts. In the TPP added Zn–CuNC assemblies, two 

adjacent nanosheets might have been chemically bonded through supramolecular π–π 

interactions with TPP. As a result, the short inter-nanocluster distances between the stacked 

layers gave rise to strong cuprophilic interactions, thus causing the blue-shifted emission. 

From the comparison of the normalized XPS results given in Fig. A.4.7 (refer to Appendix) of 

the CuNCs, hexagonal Zn–CuNCs and TPP added multi-twisted Zn–CuNCs, broadening of 

the peaks in the case of TPP added multi-twisted Zn–CuNCs can be more clearly observed 

than for the other two. It is reported that the broadening of a peak in the XPS spectrum may 

occur due to the different charge state of the surface, which matched well with our proposal 

of multi-twisted Zn–CuNCs having Cu–Cu inter nanocluster interactions (which were absent 

in hexagonal Zn–CuNCs). 

The TPP added multi-twisted Zn–CuNCs exhibited nearly the same 

photoluminescence spectrum in the solid form as in the dispersed medium (Fig. A.4.8A, 

Appendix). On the other hand, the photoluminescence spectrum of the hexagonal Zn–CuNC 

nanosheets in the solid form was blue shifted by 50 nm as compared to that in the liquid 

dispersion (Fig. A.8B, Appendix). This could be due to stacking of the nanosheets at large 

angles when dried.23 

TEM images of the resultant product revealed the formation of multi-stacked twisted 

nanosheets with moiré patterns of large periodicity (Fig. 4.2A and Fig. A.4.9, Appendix). 

Moiré fringes in 2D materials are known to form due to the overlaying of two layers of 

different lattice constants or of the same lattice constant with relative twist. SAED pattern 

analysis (Fig. 4.2B) of the depicted rectangular area of super-stacked nanosheets on Fig. 

4.2A exhibited a ring like pattern with a six-fold symmetric set of defined bright diffraction 

spots, which might be assumed to have resulted from overlaying multiple hexagonal lattices 

with relative twist. Overlaying of the hexagonal lattices should ideally contain the set of 

planes with the hexagonal unit cell lattice parameter of 4.7 ± 0.2 Å in the electron diffraction. 

However, as shown in Fig. 4.2B, diffraction spots corresponding to a cell parameter of 2.1 ± 
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0.1 Å could only be observed. However, tilting of the specimen at 17° angle – with respect to 

the axis of the holder – resulted in a diffraction pattern with the lattice planes of 4.2 Å (Fig. 

A.4.10, Appendix) confirming that the multi-twisted nanosheets had resulted from the 

overlaying of component hexagonal Zn–CuNC layers. Also, diffraction spots having 

distances of 4.7 Å and 2.6 Å from the origin (0A and 0B, respectively) in Fig. 4.2C (i.e., 

corresponding to the two planar distances of Zn–CuNC nanosheets) indicated that the 

diffraction pattern might be due to the lattices of the complex, with the basic hexagonal 

lattice unit of Zn–CuNC nanosheets. The expected diffraction planes of hexagonal lattices, 

along with the marking of the planes obtained in the SAED image of the assembly, are 

depicted on an experimentally obtained diffraction pattern image in the appendix (Fig. 

A.4.11, Appendix). The TEM results also indicated that the nanosheets in the assembled 

product were in closer vicinity with relative orientation against each other to have strong 

interlayer interaction and to have given rise to additional periodicities. The results are 

consistent with the conclusions made from the results of the photoluminescence 

measurements that TPP mediated π–π supramolecular interaction between the hexagonal Zn–

CuNC nanosheets brought the layers close enough to activate metallophilic interactions. 

Moreover, the twist angles of two consecutive nanosheets (as measured from the angular 

separation of the neighbouring diffraction spots) were calculated to be below 5° (Fig. 4.2C). 

The smallness of the angles resulted in large moiré diffractions and strong interlayer 

cuprophilic interactions. Additional TEM images of the moiré Zn–CuNCs of different sizes 

have been provided in the appendix (Fig. A.4.12, Appendix). The results indicated that moiré 

structures of the stacked nanosheets were formed notwithstanding their sizes. 

Now, considering the complex diffraction pattern resulted from the multi-layer rotated 

hexagonal Zn–CuNCs of lattice constant 4.7 Å, possible moiré periodicities corresponding to 

all the measured twist angles were calculated using the following equation of conventional 

rotational moiré model and are presented in tabular form with angular notation in the 

Appendix (Table A.4.1)  

                                          a/2D = Sin(θ/2)…………………………………………..(1) 

where a = basal lattice constant (the lattice constant for the hexagonal array of CuNCs, i.e., 

4.7 Å), D = period of moiré lattice, and θ = twisted angle. 
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Fig. 4.2 (A) Transmission electron microscopy (TEM) image of the TPP added Zn–CuNC 

nanosheets depicting moiré lattices, (B) corresponding selected area electron diffraction 

(SAED) pattern image, (C) enlarged view of the encircled part of image B depicting the twist 

angles, and (D) plot of the possible moiré periods versus the twist angles obtained from 

image C (with the periods marked in red circles matching perfectly with the experimentally 

observed moiré image parameters). 

Interestingly, the experimentally observed moiré periods, of values 5.4 nm, 7.1 nm, 

11.2 nm, 8.7 nm, 12.9 nm, and 21.5 nm in Fig. 4.2A, matched with some of the values 

calculated for low twist angle (measured from Fig. 4.2C) superpositions of hexagonal lattices 

using eqn (1). Fig. 4.2D represents the calculated possible moiré periods corresponding to the 

measured twist angles with those encircled in red matched with the experimentally observed 

lattices. Since the calculated moiré periods were from single stacked sheets of hexagonal 

lattices of lattice constant (4.7 ± 0.2) Å, it can be concluded that the experimentally observed 
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periodicities were the result of multiple stacking of hexagonal Zn–CuNC nanosheets at 

smaller twist angles (≤ 50). Although moiré superlattices of van der Waals heterostructures 

consisting of graphene, metal dichalcogenides and boron nitride have been reported recently, 

the current work may be considered as a first report of such a structure generated based on 

hierarchical assemblies of metal nanoclusters by using chemical means in a liquid medium.33–

36 The precise positionings of CuNCs at short distances led to photoluminescence that 

originated from pairwise cuprophilic interactions of the neighbouring clusters. The results 

portend a bright future of programmed chemical assembly of moiré superlattices of function-

specific and interactive nanostructures. A pictorial view of the formation of multi-twisted 

stacking of hexagonal lattices with small angular rotations (<5°), through chemical reaction 

of the hexagonal nanosheets with TPP molecules and with its corresponding electron 

diffraction lattices are shown in Scheme 4.1A. Here each set of two consecutive layers 

(colored in black and red) in the multi-twisted stacked nanosheets are responsible for the 

generation of moiré patterns by strong interlayer interactions of CuNC lattices. The simulated 

figure of one of the sets with twisting angle of 4° is presented in Scheme 4.1B, where the two 

hexagonal layers with a lattice parameter of “a” were found to generate an additional moiré 

periodicity of lattice parameter “b” (b ≫ a) upon stacking at the mentioned twist angle. 
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Scheme 4.1 (A) Schematic view of the reaction of two-dimensional Zn–CuNC nanosheets of 

hexagonal lattices with the TPP molecule, giving rise to a product with multi-twisted stacked 

layers along with its corresponding electron diffraction lattice. (B) Simulated structure of two 

hexagonal lattices rotated at a relative angle of 4° and thus generating higher ordered moiré 

periodicity. 

The so-formed moiré superlattices of Zn–CuNC 2D assemblies were found to have 

superior optical properties in comparison with the parent nanosheets. The photoluminescence 

quantum yield of 0.9 mM TPP added Zn–CuNC moiré nanosheets was calculated to be (0.54 

± 0.04) % in the relative method, which was five times higher than that of the constituent 

hexagonal Zn–CuNC nanosheets (0.10 ± 0.03%) (Table A.4.2, Appendix). The absolute 

quantum yield measurements using an integrating sphere were also performed (Table A.4.3, 

Appendix), where the moiré Zn–CuNCs showed higher quantum yield values than the 

hexagonal Zn–CuNCs with the quantum yield values of (12.04 ± 1.36) % in the dispersion 

medium and (4.57 ± 0.64) % in the solid state. The moiré superlattices also exhibited delayed 

emission at around 480 nm with a significant enhancement in emission intensity as compared 

to the hexagonal Zn–CuNCs (Fig. 4.3A). The recorded lifetimes of time resolved delayed 

photoluminescence of the moiré and hexagonal nanosheets at their emission maxima were 

(116.4 ± 7.2) μs and (26.0 ± 6.2) μs, respectively (Fig. 4.3B and Table A.4.4, Appendix). The 

intense and long delayed photoluminescence at 480 nm that originated due to cuprophilic 

interactions established novel emission properties of twisted superlattices of the CuNC 

assemblies hitherto unknown. 
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Fig. 4.3. (A) Normalized delayed photoluminescence spectra, (B) normalized time-resolved 

delayed photoluminescence decay profiles of (a) Zn–CuNC nanosheets, and (b) 0.9 mM 

triphenylphosphine (TPP) added Zn–CuNC nanosheets. (C) Normalized photoluminescence 

spectra of (a) Zn–CuNC nanosheets and that recorded upon addition of (b) 0.12 mM, (c) 0.23 

mM, (d) 0.29 mM, (e) 0.35 mM, (f) 0.45 mM and (g) 0.55 mM of TPP and (D) corresponding 

chromaticity color coordinates in the CIE diagram. (E) Digital photographs of the liquid 

dispersions of hexagonal Zn–CuNC, and 0.35 mM and 0.9 mM TPP added Zn–CuNC 

nanosheets under UV light excitation of 365 nm. 

As mentioned above, the moiré stacking of 2D assemblies of Cu nanoclusters 

generated a new emission at 490 nm due to interactions between clusters of intervening 

layers, in addition to the retention of the original emission at 600 nm owing to the clusters in 

the original assemblies. In other words, the photoluminescence properties that consist of both 

prompt and delayed luminescence, of the moiré superlattices had two components in the 

visible region of wavelengths – one at longer wavelength (red) while the other appeared at 

shorter wavelength (blue). In addition, the extent of supramolecular assembly – resulting in 

superlattice formations – could be controlled by the concentration of TPP, thus providing a 

chemical handle in tuning the emission properties of the assemblies. Specifically, the 

emission intensity ratios at 490 nm to that 600 nm could be tuned by the solution 

concentration of TPP. The photoluminescence spectra of (a) hexagonal Zn–CuNC nanosheets 

and those recorded upon addition of (b) 0.12 mM, (c) 0.23 mM, (d) 0.29 mM, (e) 0.35 mM, 

(f) 0.45 mM and (g) 0.55 mM of TPP solution are depicted in Fig. 4.3C. The corresponding 

chromaticity color coordinates with values (0.48, 0.43), (0.44, 0.42), (0.39, 0.41), (0.35, 

0.40), (0.32, 0.39), (0.26, 0.37) and (0.23, 0.34), respectively, have been shown through the 

CIE diagram in Fig. 4.3D. Interestingly, the 0.35 mM TPP added Zn–CuNC moiré nanosheets 

gave near white light emission with the chromaticity index value of (0.32, 0.39), correlated 

color temperature (CCT) value of 5848 K and color rendering index (CRI) of 84. Digital 

photographs of red luminescent Zn–CuNCs and TPP added moiré Zn–CuNCs with white and 

blue emission are presented in Fig. 4.3E and their corresponding photoluminescence spectra 

with time are also presented in the Appendix (Fig. A.4.13). The results indicated substantial 

stabilities of the assembled products in the dispersion medium. Thus, the results demonstrated 

metallophilic interaction-based tuneable photoluminescence – especially near while light 

emission – from moiré superlattices of 2D Zn–CuNC assemblies. Such an achievement of 
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chemically twisted assemblies of interactive metal NCs or similar moieties giving rise to 

novel optical properties may have bright future prospects for practical applications. 

4.5 Conclusion: 

In summary, we have shown directed synthesis of moiré superlattices starting from 

small ligand stabilized red luminescent CuNCs first by assembling them into crystalline 2D 

nanosheets using complexation reaction. That was followed by the formation of an isodesmic 

super-stacked assembly of the crystalline nanosheets with small relative twist angles induced 

by supramolecular π–π interaction with the TPP molecule. The so-formed moiré superlattices 

not only introduced additional periodicity to the system but also an additional emissive 

energy state (with emission maximum at 480–490 nm) resulting in superior prompt and 

delayed photoluminescence. Moreover, depending on the population of the moiré 

superlattice, it has been possible to tune the emission color of the super-assembly and 

generate white light with a chromaticity index value of (0.32, 0.39). This discovery thus 

opens a path in engineering nanoparticle-based 2D moiré superlattices with novel physical 

properties, based on the principle of molecular chemistry, especially supramolecular 

interactions. 

4.6 Bibliography: 

1. Liu, W.; Kraemer, S.; Sarkar, D.; Li, H.; Ajayan, P. M.; Banerjee, K., Controllable and 

Rapid Synthesis of High-Quality and Large-Area Bernal Stacked Bilayer Graphene 

Using Chemical Vapor Deposition. Chem. Mater. 2014, 26 (2), 907-915. 

 

2. Sharma, M.; Ajayan, P. M.; Deb, P., Quantum Energy Storage in 2D Heterointerfaces. 

Adv. Mater. Interfaces 2023, 10 (11), 2202058. 

 

3. Motala, M. J.; Zhang, X.; Kumar, P.; Oliveira, E. F.; Benton, A.; Miesle, P.; Rao, R.; 

Stevenson, P. R.; Moore, D.; Alfieri, A.; Lynch, J.; Austin, D.; Post, S.; Gao, G.; Ma, 

S.; Zhu, H.; Wang, Z.; Petrov, I.; Stach, E. A.; Kennedy, W. J.; Vangala, S.; Tour, J. 

M.; Galvao, D. S.; Jariwala, D.; Muratore, C.; Snure, M.; Ajayan, P. M.; Glavin, N. 

R., Synthesis of two-dimensional van der waals superlattices, heterostructures, and 

alloys from conversion of sequentially layered sub-nanometer metal films. Mater. 

Today Nano 2023, 22, 100319. 

TH-3358_186122026



Chapter 4 
 
 

105 
 

 

4. Kim, G.; Song, S.; Jariwala, D., Spatially controlled two-dimensional quantum 

heterostructures. Mater. Res. Lett 2023, 11 (5), 327-346. 

 

5. Song, Z.; Sun, X.; Wang, L., Switchable Asymmetric Moiré Patterns with Strongly 

Localized States.  J. Phys. Chem. Lett. 2020, 11 (21), 9224-9229. 

 

6. Yang, Q.; Wu, M.; Li, J., Origin of Two-Dimensional Vertical Ferroelectricity in 

WTe2 Bilayer and Multilayer. J. Phys. Chem. Lett. 2018, 9 (24), 7160-7164. 

 

7. Cao, Y.; Fatemi, V.; Fang, S.; Watanabe, K.; Taniguchi, T.; Kaxiras, E.; Jarillo-

Herrero, P., Unconventional superconductivity in magic-angle graphene superlattices. 

Nature 2018, 556 (7699), 43-50. 

 

8. Fischer, A.; Goodwin, Z. A. H.; Mostofi, A. A.; Lischner, J.; Kennes, D. M.; Klebl, L., 

Unconventional superconductivity in magic-angle twisted trilayer graphene. npj 

Quantum Mater. 2022, 7 (1), 5. 

 

 

 

9. Sunku, S. S.; Ni, G. X.; Jiang, B. Y.; Yoo, H.; Sternbach, A.; McLeod, A. S.; Stauber, 

T.; Xiong, L.; Taniguchi, T.; Watanabe, K.; Kim, P.; Fogler, M. M.; Basov, D. N., 

Photonic crystals for nano-light in moiré graphene superlattices. Sci. 2018, 362 

(6419), 1153-1156. 

 

10. Tran, K.; Moody, G.; Wu, F.; Lu, X.; Choi, J.; Kim, K.; Rai, A.; Sanchez, D. A.; Quan, 

J.; Singh, A.; Embley, J.; Zepeda, A.; Campbell, M.; Autry, T.; Taniguchi, T.; 

Watanabe, K.; Lu, N.; Banerjee, S. K.; Silverman, K. L.; Kim, S.; Tutuc, E.; Yang, L.; 

MacDonald, A. H.; Li, X., Evidence for moiré excitons in van der Waals 

heterostructures. Nature 2019, 567 (7746), 71-75. 

 

 

 

11. Jin, C.; Regan, E. C.; Yan, A.; Iqbal Bakti Utama, M.; Wang, D.; Zhao, S.; Qin, Y.; 

Yang, S.; Zheng, Z.; Shi, S.; Watanabe, K.; Taniguchi, T.; Tongay, S.; Zettl, A.; Wang, 

TH-3358_186122026



                                                                                                                                                                  Chapter 4 

106 
 

F., Observation of moiré excitons in WSe2/WS2 heterostructure superlattices. Nature 

2019, 567 (7746), 76-80. 

 

12. Alexeev, E. M.; Ruiz-Tijerina, D. A.; Danovich, M.; Hamer, M. J.; Terry, D. J.; 

Nayak, P. K.; Ahn, S.; Pak, S.; Lee, J.; Sohn, J. I.; Molas, M. R.; Koperski, M.; 

Watanabe, K.; Taniguchi, T.; Novoselov, K. S.; Gorbachev, R. V.; Shin, H. S.; Fal’ko, 

V. I.; Tartakovskii, A. I., Resonantly hybridized excitons in moiré superlattices in van 

der Waals heterostructures. Nature 2019, 567 (7746), 81-86. 

 

 

 

13. Wang, X.; Yasuda, K.; Zhang, Y.; Liu, S.; Watanabe, K.; Taniguchi, T.; Hone, J.; Fu, 

L.; Jarillo-Herrero, P., Interfacial ferroelectricity in rhombohedral-stacked bilayer 

transition metal dichalcogenides. Nat. Nanotechnol. 2022, 17 (4), 367-371. 

 

14. Yoo, H.; Engelke, R.; Carr, S.; Fang, S.; Zhang, K.; Cazeaux, P.; Sung, S. H.; Hovden, 

R.; Tsen, A. W.; Taniguchi, T.; Watanabe, K.; Yi, G.-C.; Kim, M.; Luskin, M.; Tadmor, 

E. B.; Kaxiras, E.; Kim, P., Atomic and electronic reconstruction at the van der Waals 

interface in twisted bilayer graphene. Nat. Mater. 2019, 18 (5), 448-453. 

 

 

 

15. Quan, J.; Linhart, L.; Lin, M.-L.; Lee, D.; Zhu, J.; Wang, C.-Y.; Hsu, W.-T.; Choi, J.; 

Embley, J.; Young, C.; Taniguchi, T.; Watanabe, K.; Shih, C.-K.; Lai, K.; MacDonald, 

A. H.; Tan, P.-H.; Libisch, F.; Li, X., Phonon renormalization in reconstructed MoS2 

moiré superlattices. Nat. Mater. 2021, 20 (8), 1100-1105. 

 

16. Lee, J. Y.; Khalaf, E.; Liu, S.; Liu, X.; Hao, Z.; Kim, P.; Vishwanath, A., Theory of 

correlated insulating behaviour and spin-triplet superconductivity in twisted double 

bilayer graphene. Nat. Commun. 2019, 10 (1), 5333. 

 

 

17. Cao, Y.; Fatemi, V.; Demir, A.; Fang, S.; Tomarken, S. L.; Luo, J. Y.; Sanchez-

Yamagishi, J. D.; Watanabe, K.; Taniguchi, T.; Kaxiras, E.; Ashoori, R. C.; Jarillo-

TH-3358_186122026



Chapter 4 
 
 

107 
 

Herrero, P., Correlated insulator behaviour at half-filling in magic-angle graphene 

superlattices. Nature 2018, 556 (7699), 80-84 

 

18. Das, P.; Chattopadhyay, A., Delayed Dual Emission of Two-Dimensional Copper 

Nanocluster Assembly.  J. Phys. Chem. C 2022, 126 (2), 997-1005. 

 

19. Basu, S.; Chattopadhyay, A., Room-Temperature Delayed Fluorescence of Gold 

Nanoclusters in Zinc-Mediated Two-Dimensional Crystalline Assembly. Langmuir 

2019, 35 (15), 5264-5270. 

 

20. Paul, M.; Basu, S.; Chattopadhyay, A., Complexation Reaction-Based Two-

Dimensional Luminescent Crystalline Assembly of Atomic Clusters for Recyclable 

Storage of Oxygen. Langmuir 2020, 36 (3), 754-759. 

 

21. Basu, S.; Bhandari, S.; Pan, U. N.; Paul, A.; Chattopadhyay, A., Crystalline nanoscale 

assembly of gold clusters for reversible storage and sensing of CO2via modulation of 

photoluminescence intermittency. J. Mater. Chem. C 2018, 6 (30), 8205-8211. 

 

22. Basu, S.; Goswami, U.; Paul, A.; Chattopadhyay, A., Crystalline assembly of gold 

nanoclusters for mitochondria targeted cancer theranostics. J. Mater. Chem. B 2018, 6 

(11), 1650-1657. 

 

23. Das, P.; Chattopadhyay, A., Enhanced Chemical Stability in the Twisted Dodecagonal 

Stacking of Two-Dimensional Copper Nanocluster Assemblies. J. Phys. Chem. Lett. 

2022, 13 (37), 8793-8800. 

 

24. Suri, N.; Wang, C.; Zhang, Y.; Xiao, D., Chiral Phonons in Moiré Superlattices. Nano 

Lett. 2021, 21 (23), 10026-10031. 

 

25. Li, Y.; Xue, M.; Fan, H.; Gao, C.-F.; Shi, Y.; Liu, Y.; Watanabe, K.; Tanguchi, T.; 

Zhao, Y.; Wu, F.; Wang, X.; Shi, Y.; Guo, W.; Zhang, Z.; Fei, Z.; Li, J., Symmetry 

Breaking and Anomalous Conductivity in a Double-Moiré Superlattice. Nano Lett. 

2022, 22 (15), 6215-6222. 

 

TH-3358_186122026



                                                                                                                                                                  Chapter 4 

108 
 

26. Ci, P.; Zhao, Y.; Sun, M.; Rho, Y.; Chen, Y.; Grigoropoulos, C. P.; Jin, S.; Li, X.; Wu, 

J., Breaking Rotational Symmetry in Supertwisted WS2 Spirals via Moiré 

Magnification of Intrinsic Heterostrain. Nano Lett. 2022, 22 (22), 9027-9035. 

 

27. Rest, C.; Kandanelli, R.; Fernández, G., Strategies to create hierarchical self-

assembled structures via cooperative non-covalent interactions. Chem. Soc. Rev. 2015, 

44 (8), 2543-2572. 

 

28. Dhiman, S.; Sarkar, A.; George, S. J., Bioinspired temporal supramolecular 

polymerization. RSC Adv. 2018, 8 (34), 18913-18925. 

 

29. Hartlieb, M.; Mansfield, E. D. H.; Perrier, S., A guide to supramolecular 

polymerizations. Polym. Chem. 2020, 11 (6), 1083-1110. 

 

30. Wu, Z.; Liu, J.; Gao, Y.; Liu, H.; Li, T.; Zou, H.; Wang, Z.; Zhang, K.; Wang, Y.; 

Zhang, H.; Yang, B., Assembly-Induced Enhancement of Cu Nanoclusters 

Luminescence with Mechanochromic Property. J. Am, Chem. Soc. 2015, 137 (40), 

12906-12913. 

 

31. Wu, Z.; Liu, J.; Li, Y.; Cheng, Z.; Li, T.; Zhang, H.; Lu, Z.; Yang, B., Self-Assembly 

of Nanoclusters into Mono-, Few-, and Multilayered Sheets via Dipole-Induced 

Asymmetric van der Waals Attraction. ACS Nano 2015, 9 (6), 6315-6323. 

 

32. Liu, Y.; Yao, D.; Zhang, H., Self-Assembly ACS Nano Driven Aggregation-Induced 

Emission of Copper Nanoclusters: A Novel Technology for Lighting. ACS Appl. 

Mater. Interfaces 2018, 10 (15), 12071-12080. 

 

33. Carr, S.; Fang, S.; Kaxiras, E., Electronic-structure methods for twisted moiré layers. 

Nat. Rev. Mater. 2020, 5 (10), 748-763. 

 

34. Liu, Y.; Huang, Y.; Duan, X., Van der Waals integration before and beyond two-

dimensional materials. Nature 2019, 567 (7748), 323-333. 

 

35. Sutter, P.; Wimer, S.; Sutter, E., Chiral twisted van der Waals nanowires. Nature 2019, 

570 (7761), 354-357. 

 

TH-3358_186122026



Chapter 4 
 
 

109 
 

36. Rhodes, D.; Chae, S. H.; Ribeiro-Palau, R.; Hone, J., Disorder in van der Waals 

heterostructures of 2D materials. Nat. Mater. 2019, 18 (6), 541-549 

 

 

 

 

 

TH-3358_186122026



110 
 

Appendix 

A4 Chapter 4 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. A.4.1. (A) (a) Excitation spectrum (emission wavelength was set at 615 nm) and (b) 

emission spectrum (excitation wavelength was set at 405 nm) of the as-synthesized Cu 

nanoclusters (CuNCs). (B) UV-Vis spectrum of the CuNCs. (C) Transmission electron 

microscopy (TEM) image of the as synthesized CuNCs and (D) selected area electron 

diffraction (SAED) pattern acquired on a typical area shown in image C. 

Fig. A.4.2. (A) Photoluminescence emission spectrum of Zn-CuNCs (excitation maximum 

was set at 365 nm). (B) Transmission electron microscopy (TEM) image of Zn-CuNC 

nanosheet and (C) corresponding selected area electron diffraction (SAED) pattern image. 
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Fig. A.4.3. (a) Photoluminescence emission spectrum of triphenylphosphine (TPP) added 

zinc acetate solution (excitation wavelength was set at 365 nm). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.  A.4.4.  Fourier-transform infrared spectra of (a) Zn-CuNCs and (b) 0.9mM TPP added 

Zn-CuNCs. 
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Fig. A.4.5.  X-ray photoelectron spectra of (a) as synthesized CuNCs, (b) Zn-CuNCs, and (c) 

. TPP added multi-twited Zn-CuNCs.  

 

Calculation of association constant for supramolecular stacking process: 

The degree of stacking-assembly was calculated with the following equation 

   α = (IC - IH) / (IS - IH) ……………………………Equation A.4.1 

where, IC = Photoluminescence intensity of the medium containing Zn-CuNCs at any given 

concentration of TPP, 

IH = Photoluminescence intensity of the medium containing component hexagonal Zn-

CuNCs only (without any twisted stacking assembly), and 

IS = Photoluminescence intensity of the medium containing completely twisted-

stacked nanosheets at the highest concentration of TPP.  

Plot of α vs concentration of TPP resulted in the curve below with sigmoidal nature 

(characteristic of an isodesmic supramolecular reaction). [S1] The fitting of the curve with Hill 

equation using Origin software gave the association constant value of (5.8 ± 2.0) × 104 M-1. 
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Fig. A.4.6. Plot of degree of stacking assembly versus concentration of TPP. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig A.4.7. Normalized x-ray photoelectron spectra of (a) as synthesized CuNCs, (b) Zn-

CuNCs, and (c) TPP added multi-twisted Zn-CuNCs. 
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Fig. A.4.8: (A) Photoluminescence spectra of 0.9mM TPP added Zn-CuNCs in (a) the 

dispersion medium and (b) solid state. (B) Photoluminescence spectra of hexagonal Zn-

CuNCs in (a) the dispersion medium and (b) solid state. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. A.4.9. (A, B) Transmission electron microscopy (TEM) images of TPP added Zn-CuNC 

moiré nanosheets and (C, D) enlarged views of the marked areas showing moiré lattices in 

the images A and C, respectively.  
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Fig. A.4.10. Selected area electron diffraction (SAED) pattern image of the TPP added Zn-

CuNC nanosheet given in Fig. S9C recorded through rotation of the sample holder at an angle 

of 17° (having marked the plane with lattice parameter of 4.2 Å). 

 

 

 

 

 

 

 

 

 

 

Fig. A.4.11. (A) Experimentally obtained selected area electron diffraction (SAED) pattern 

image of a typical Zn-CuNC nanosheet with hexagonal diffraction lattices marking all the 

planes in green and the observed planes in the moiré nanosheet in red. (B) Simulated image 

of multiple twisted hexagonal lattices (with twist angles measured from Fig. 2C) with the 

experimentally obtained diffraction planes in  red circles. 
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Fig. A.4.12. (A, B, C, E) Additional transmission electron microscopy (TEM) images of 

moiré-Zn-CuNC nanosheets and (D and F) TEM images at different scales of those in C and 

E, respectively. 
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Table A.4.1. All the relative twisted angles measured from the SAED image in the Fig. 2C 

and the calculated values of the corresponding moiré periods. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 Angle notation     Angles, θ 

   (Degree) 

   Moire Period, D 

            (nm) 

1 ˂a0b, ˂j0k 2.3 11.7 

2 ˂b0c, ˂o0p 1.6 16.8 

3 ˂c0d 4 6.7 

4 ˂d0e, ˂t0u 2.1 12.8 

5 ˂e0f, ˂m0n, 

˂p0q 

0.5 53.8 

6 ˂f0g, ˂i0j 1 26.9 

7 ˂g0h 2.6 10.4 

8 ˂h0i, ˂k0l 3.3 8.1 

9 ˂l0m 0.6 44.8 

10 ˂q0r, ˂s0t 0.9 29.9 

11 ˂r0s 5 5.4 

12 ˂t0u, ˂w0x 2 13.4 

13 ˂u0v, ˂x0y 1.3 20.7 

14 ˂v0w 1.2 22.4 

15 ˂y0z 0.8 33.6 

16 ˂z0z1, ˂z10z2 1.8 14.9 

17 ˂n0o 3 8.9 
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Quantum yield calculation (based on relative method): 

Photoluminescence quantum yield was measured with respect to quinine sulphate in 0.1 M 

H2SO4 with reported quantum yield of 54% using the following equation-  

                                                               

2

2

S SR
S R

R S R

I A

I A


 


=   

    …………………. Equation S2  

 

 

Here, S = quantum yield of the sample; R = quantum yield of the reference;  SI  = area 

under the emission spectrum of the sample; RI = area under the emission spectrum of 

reference; RA  = absorbance of reference; SA  = absorbance of the sample; S = refractive 

index of the sample solution; R  = refractive index of reference. Refractive index of water = 

1.33,   QY of quinine sulphate=0.54 
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Table 2. Parameters for quantum yield measurements (based on relative method).  

 

 

 

 

Sample 

 

Experi-

ment  

No 

Area 

under the 

PL curve 

of QS 

excited at 

365 nm 

(a.u.) 

(IR) 

Area under 

the PL 

curve of 

sample 

excited at 

365 nm 

(a.u.) 

(IS) 

Absorban

ce           

of 

QS 

at 365 nm 

 

(AR) 

Absorbance 

of the 

sample at 

365 nm 

 

 

(AS) 

Quantu

m yield 

(Q.Y.) 

 

 

(%) 

Average 

quantum 

yield 

with error 

bar 

 

 

(%) 

Hexagon

al 

Zn-

CuNCs 

 

     1 

 

 4.4× 108 

 

 

  1.37× 106 

 

 

     0.1074 

 

0.1254 

 

     0.14 

 

 

 

 

0.10±0.03 

 

    2 

 

 5.5× 108 

 

 

 1.12× 106 

 

 

    0.1003 

 

      0.1367 

 

0.08 

 

   3 

 

 5.5× 108 

 

 1.04× 106 

 

 

     0.1003 

 

      0.1131 

 

0.09 

 

Moiré 

 Zn-

CuNCs 

  

   1 

 

 4.4× 108 

 

 

5.07× 106 

 

 

   0.1074  

 

     0.1241 

  

     0.54  

 

 

 

 

0.54±0.04 

 

   2 

 

 4.4× 108 

 

 

3.87× 106 

 

 

   0.1074  

 

     0.1037 

 

     0.49 

 

   3 

 

 4.4× 108 

 

4.66× 106 

 

0.1074 

 

    0.1054 

 

    0.58 
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Table A.4.3. Absolute quantum yield values (using an integrating sphere) of hexagonal Zn-

CuNCs and moiré Zn-CuNCs in the dispersed medium and solid state. 

 

  

 

 

 

 

 

Sample Dispersed medium Solid state (thin film) 

 

 

 

 

Hexagonal 

Zn-CuNCs 

Experiment 

No. 

 

Absolute 

quantum 

yield 

(%) 

Average 

absolute 

quantum 

yield 

(%) 

Absolute 

quantum 

yield 

(%) 

Average 

absolute 

quantum 

yield 

(%) 

1 0.50  

 

 

1.35±0.6 

1.90  

 

 

2.28±0.29 

2 1.60 2.62 

3 1.95 2.34 

 

 

 

Moiré  

Zn-CuNCs 

1 10.84  

 

 

12.04±1.36 

3.68  

 

 

4.57±0.64 
2 11.34 4.85 

3 13.95 5.19 
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Table A.4.4. Calculated parameters as-obtained from time resolved delayed 

photoluminescence decay study of Zn-CuNCs and TPP added moiré Zn-CuNCs in sub-

millisecond range. 

 

 

 

 

 

 

         Sample  

 

 

             Hexagonal  

            Zn-CuNCs 

 

                           Moiré   

                       Zn-CuNCs 

 

   Experiment no 
1 2 3 1 2 3 

                 

                χ 2 
0.99 0.99 0.99 0.99 0.99 0.99 

 First component  

          α1 (%) 

6.37 × 

105 

6.52 × 

105 

4.71 × 

105 

9.33 

×107 

1.54 

×107 

1.95 

×107 

First component 

lifetime  

          τ1 (ms) 

0.027 0.023 0.070 0.040 0.036 0.033 

Second component 

           α2 (%) 

3.76 × 

106 

5.12 × 

105 

4.29 × 

106 

8.31 

×107 

1.46 

×107 

1.49 

×107 

Second component 

lifetime  

         τ2 (ms) 

7.0× 10-4 0.003 0.016 0.152 0.131 0.129 

Average lifetime  

          τav (ms) 
0.024 0.021 0.033 0.1265 0.1096 0.1133 

Average lifetime 

with error bar  

         τav (µs) 

26.0 ± 6.2 116.4 ± 7.2 
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Fig. A.4.13. (A-C) Photoluminescence spectra recorded in (a) 0min, (b) 30 min, (c) 60 min, 

(d) 90 min, (e) 120 min and (f) 270 min of three compounds having red, white and blue 

luminescence respectively, digital images of which are shown in the Fig. 3E of the 

manuscript. 

 

Reference: 

A.4.1. Hartlieb, M.; Mansfield, E. D. H.; Perrier, S., A guide to supramolecular 

polymerizations. Polymer Chemistry 2020, 11 (6), 1083-1110. 
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                                                           Chapter 5 

Summary and Future Prospects 

 

 

5.1 Summary: 

The current thesis describes the stabilization of weak red luminescent copper 

nanoclusters (CuNCs) through two-dimensional (2D) single-crystalline assembly followed by 

super-assembly formation via angular stacking for novel properties. 2D crystalline assembly 

of the CuNCs showed a huge enhancement in the photoluminescence intensity with the 

generation of delayed emission with exceptionally higher quantum yield in delayed 

photoluminescence. Surface functionalization of the nanosheets with 8-hydroxyquinoline 

created another emitting channel, providing a dual-emitting, single-component nano-

compound. The specific ratio of the two luminophores in the same compound produced near-

white light emission in both prompt and delayed photoluminescence. During the 

complexation reaction for nanosheet formation, it was discovered that optimizing the 

concentration of Zn metal ions in conjunction with CuNCs resulted in hexagonal Zn-CuNCs 

with a 30° twisted stacking pattern, exhibiting dodecagonal quasiperiodic lattices in the 

electron diffraction pattern. Moreover, the new quasiperiodic crystal of CuNCs showed 

improved chemical stability compared to the constituent hexagonal nanosheets when reacted 

with molecular iodine. Additionally, we demonstrated a supramolecular reaction between 

triphenylphosphine (TPP) and Zn-CuNC nanosheets resulting in a lower angular twisted 

stacking and the formation of large moiré superlattices. Interestingly, the additional moiré 

periodicities in the compound generated an additional quantum emissive state through Cu-Cu 

inter-nanocluster metallophilic interactions of interactive layers. The moiré superlattices not 

only enhanced the photoluminescence properties but also generated white light emission with 

a chromaticity index value of (0.32, 0.39).  
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5.2 Future Prospects: 

This thesis proposes a strategy for stabilizing small ligand-stabilized CuNCs through 

crystalline assembly formation while preserving the inherent properties of the clusters. This 

will enable researchers to fully utilize the potential of areal-sensitive CuNCs in various 

applications. Thereafter, 2D  assembly formation and the surface functionalization of the 2D 

assembly to create a single component dual emitting nanomaterial with enhanced lifetime and 

white light emission have paved the way for potential future developments in creating white 

phosphorescent or delayed emitting nanomaterials using photoluminescent metal NCs. This 

could be highly advantageous in replacing toxic materials in light-emitting diodes. The work 

of synthesizing 30° twisted stacking of 2D assembly of CuNCs into quasicrystalline structure 

provides the hope to generate materials with anisotropic properties through deterministic 

chemical twisting of 2D materials. Moreover, the successful achievement of moiré 

superlattice formation in liquid medium through chemical interactions holds promise to 

enhance our comprehension and implementation of twisted electronics in nanoscience based 

on chemical principles.  

For example, we have discovered a potential application of triphenylphosphine (TPP) 

mediated formation of moiré superlattices of Zn complexed CuNCs (TPP-Zn-CuNCs) in 

therapeutic activity on cancerous HeLa cells by inducing damage to their mitochondrial 

membrane potential with greater efficiency in comparison to the constituent 2D Zn-CuNCs or 

individual CuNCs. The half-maximal inhibitory concentration (IC50) value for the moiré 

superlattices was determined to be 10.15±2.5 µM (with respect to Cu) through the 

cytotoxicity results (Fig 5.1). Additionally, the mean membrane destabilization in cells treated 

with the moiré superlattices was found to be 73.0%) showing a significant efficacy in cancer 

cell treatment (Fig 5.2).  
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  Fig 5.1:  A typical cell viability analysis of HeLa cells treated with  moiré TPP-Zn-     

CuNCs. 

 

 

 

 

 

 

 

 

 

Fig 5.2: Flow cytometry diagram of JC 1 dye-treated (A) HeLa cells and (B) that treated with 

moiré-Zn-CuNCs. 

 

 

*Note: All the biological experiments related to this chapter were performed by Dr. 

Debashree Debasmita and Ms. Sawna Roy. 
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(AS OPPOSED TO THE ENTIRE WORK) IN A MANNER CONTEMPLATED BY USER; USER UNDERSTANDS AND AGREES THAT

NEITHER CCC NOR THE RIGHTSHOLDER MAY HAVE SUCH ADDITIONAL RIGHTS TO GRANT.

13) Effect of Breach. Any failure by User to pay any amount when due, or any use by User of a Work beyond the scope of

the License set forth in the Order Confirmation and/or the Terms, shall be a material breach of such License. Any breach

not cured within 10 days of written notice thereof shall result in immediate termination of such License without further

notice. Any unauthorized (but licensable) use of a Work that is terminated immediately upon notice thereof may be

liquidated by payment of the Rightsholder’s ordinary license price therefor; any unauthorized (and unlicensable) use that

is not terminated immediately for any reason (including, for example, because materials containing the Work cannot
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handouts). For photocopies for academic coursepacks or classroom handouts the following additional terms apply:

i) The copies and anthologies created under this License may be made and assembled by faculty members

individually or at their request by on-campus bookstores or copy centers, or by off-campus copy shops and other

similar entities.

ii) No License granted shall in any way: (i) include any right by User to create a substantively non-identical copy of

the Work or to edit or in any other way modify the Work (except by means of deleting material immediately

preceding or following the entire portion of the Work copied) (ii) permit “publishing ventures” where any particular

anthology would be systematically marketed at multiple institutions.
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the subject of a photocopy permission in electronic memory for purposes of producing identical copies more

than one day after such retention (but still within the scope of any permission granted), User must notify CCC

of such fact in the applicable permission request and such retention shall constitute one copy actually sold for

purposes of calculating permission fees due; and

F) any permission granted shall expire at the end of the class. No permission granted shall in any way include

any right by User to create a substantively non-identical copy of the Work or to edit or in any other way

modify the Work (except by means of deleting material immediately preceding or following the entire portion

of the Work copied).

iv) Books and Records; Right to Audit. As to each permission granted under the academic pay-per-use Service,

User shall maintain for at least four full calendar years books and records sufficient for CCC to determine the

numbers of copies made by User under such permission. CCC and any representatives it may designate shall have

the right to audit such books and records at any time during User’s ordinary business hours, upon two days’ prior

notice. If any such audit shall determine that User shall have underpaid for, or underreported, any photocopies

sold or by three percent (3%) or more, then User shall bear all the costs of any such audit; otherwise, CCC shall

bear the costs of any such audit. Any amount determined by such audit to have been underpaid by User shall

immediately be paid to CCC by User, together with interest thereon at the rate of 10% per annum from the date

such amount was originally due. The provisions of this paragraph shall survive the termination of this License for

any reason.TH-3358_186122026
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b) Digital Pay-Per-Uses of Academic Course Content and Materials (e-coursepacks, electronic reserves, learning

management systems, academic institution intranets). For uses in e-coursepacks, posts in electronic reserves, posts

in learning management systems, or posts on academic institution intranets, the following additional terms apply:

i) The pay-per-uses subject to this Section 14(b) include:

A) Posting e-reserves, course management systems, e-coursepacks for text-based content, which grants

authorizations to import requested material in electronic format, and allows electronic access to this material

to members of a designated college or university class, under the direction of an instructor designated by the

college or university, accessible only under appropriate electronic controls (e.g., password);

B) Posting e-reserves, course management systems, e-coursepacks for material consisting of photographs

or other still images not embedded in text, which grants not only the authorizations described in Section

14(b)(i)(A) above, but also the following authorization: to include the requested material in course materials

for use consistent with Section 14(b)(i)(A) above, including any necessary resizing, reformatting or modification

of the resolution of such requested material (provided that such modification does not alter the underlying

editorial content or meaning of the requested material, and provided that the resulting modified content is

used solely within the scope of, and in a manner consistent with, the particular authorization described in the

Order Confirmation and the Terms), but not including any other form of manipulation, alteration or editing of

the requested material;

C) Posting e-reserves, course management systems, e-coursepacks or other academic distribution for

audiovisual content, which grants not only the authorizations described in Section 14(b)(i)(A) above, but also

the following authorizations: (i) to include the requested material in course materials for use consistent with

Section 14(b)(i)(A) above; (ii) to display and perform the requested material to such members of such class in

the physical classroom or remotely by means of streaming media or other video formats; and (iii) to “clip” or

reformat the requested material for purposes of time or content management or ease of delivery, provided

that such “clipping” or reformatting does not alter the underlying editorial content or meaning of the

requested material and that the resulting material is used solely within the scope of, and in a manner

consistent with, the particular authorization described in the Order Confirmation and the Terms. Unless

expressly set forth in the relevant Order Conformation, the License does not authorize any other form of

manipulation, alteration or editing of the requested material.

ii) Unless expressly set forth in the relevant Order Confirmation, no License granted shall in any way: (i) include

any right by User to create a substantively non-identical copy of the Work or to edit or in any other way modify the

Work (except by means of deleting material immediately preceding or following the entire portion of the Work

copied or, in the case of Works subject to Sections 14(b)(1)(B) or (C) above, as described in such Sections) (ii)

permit “publishing ventures” where any particular course materials would be systematically marketed at multiple

institutions.

iii) Subject to any further limitations determined in the Rightsholder Terms (and notwithstanding any apparent

contradiction in the Order Confirmation arising from data provided by User), any use authorized under the

electronic course content pay-per-use service is limited as follows:

A) any License granted shall apply to only one class (bearing a unique identifier as assigned by the institution,

and thereby including all sections or other subparts of the class) at one institution;

B) use is limited to not more than 25% of the text of a book or of the items in a published collection of essays,

poems or articles;

C) use is limited to not more than the greater of (a) 25% of the text of an issue of a journal or other periodical

or (b) two articles from such an issue;

D) no User may sell or distribute any particular materials, whether photocopied or electronic, at more than

one institution of learning;

E) electronic access to material which is the subject of an electronic-use permission must be limited by means

of electronic password, student identification or other control permitting access solely to students and

instructors in the class;

F) User must ensure (through use of an electronic cover page or other appropriate means) that any person,

upon gaining electronic access to the material, which is the subject of a permission, shall see:

a proper copyright notice, identifying the Rightsholder in whose name CCC has granted permission,

a statement to the effect that such copy was made pursuant to permission,
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a statement identifying the class to which the material applies and notifying the reader that the material

has been made available electronically solely for use in the class, and

a statement to the effect that the material may not be further distributed to any person outside the class,

whether by copying or by transmission and whether electronically or in paper form, and User must also

ensure that such cover page or other means will print out in the event that the person accessing the

material chooses to print out the material or any part thereof.

G) any permission granted shall expire at the end of the class and, absent some other form of authorization,

User is thereupon required to delete the applicable material from any electronic storage or to block electronic

access to the applicable material.

iv) Uses of separate portions of a Work, even if they are to be included in the same course material or the same

university or college class, require separate permissions under the electronic course content pay-per-use Service.

Unless otherwise provided in the Order Confirmation, any grant of rights to User is limited to use completed no

later than the end of the academic term (or analogous period) as to which any particular permission is granted.

v) Books and Records; Right to Audit. As to each permission granted under the electronic course content Service,

User shall maintain for at least four full calendar years books and records sufficient for CCC to determine the

numbers of copies made by User under such permission. CCC and any representatives it may designate shall have

the right to audit such books and records at any time during User’s ordinary business hours, upon two days’ prior

notice. If any such audit shall determine that User shall have underpaid for, or underreported, any electronic

copies used by three percent (3%) or more, then User shall bear all the costs of any such audit; otherwise, CCC

shall bear the costs of any such audit. Any amount determined by such audit to have been underpaid by User

shall immediately be paid to CCC by User, together with interest thereon at the rate of 10% per annum from the

date such amount was originally due. The provisions of this paragraph shall survive the termination of this license

for any reason.

c) Pay-Per-Use Permissions for Certain Reproductions (Academic photocopies for library reserves and interlibrary

loan reporting) (Non-academic internal/external business uses and commercial document delivery). The License

expressly excludes the uses listed in Section (c)(i)-(v) below (which must be subject to separate license from the

applicable Rightsholder) for: academic photocopies for library reserves and interlibrary loan reporting; and non-

academic internal/external business uses and commercial document delivery.

i) electronic storage of any reproduction (whether in plain-text, PDF, or any other format) other than on a

transitory basis;

ii) the input of Works or reproductions thereof into any computerized database;

iii) reproduction of an entire Work (cover-to-cover copying) except where the Work is a single article;

iv) reproduction for resale to anyone other than a specific customer of User;

v) republication in any different form. Please obtain authorizations for these uses through other CCC services or

directly from the rightsholder.

Any license granted is further limited as set forth in any restrictions included in the Order Confirmation and/or in

these Terms.

d) Electronic Reproductions in Online Environments (Non-Academic-email, intranet, internet and extranet). For

“electronic reproductions”, which generally includes e-mail use (including instant messaging or other electronic

transmission to a defined group of recipients) or posting on an intranet, extranet or Intranet site (including any

display or performance incidental thereto), the following additional terms apply:

i) Unless otherwise set forth in the Order Confirmation, the License is limited to use completed within 30 days for

any use on the Internet, 60 days for any use on an intranet or extranet and one year for any other use, all as

measured from the “republication date” as identified in the Order Confirmation, if any, and otherwise from the

date of the Order Confirmation.

ii) User may not make or permit any alterations to the Work, unless expressly set forth in the Order Confirmation

(after request by User and approval by Rightsholder); provided, however, that a Work consisting of photographs

or other still images not embedded in text may, if necessary, be resized, reformatted or have its resolution

modified without additional express permission, and a Work consisting of audiovisual content may, if necessary,

be “clipped” or reformatted for purposes of time or content management or ease of delivery (provided that any

such resizing, reformatting, resolution modification or “clipping” does not alter the underlying editorial content or

meaning of the Work used, and that the resulting material is used solely within the scope of, and in a manner

consistent with, the particular License described in the Order Confirmation and the Terms.TH-3358_186122026
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15) Miscellaneous.

a) User acknowledges that CCC may, from time to time, make changes or additions to the Service or to the Terms, and

that Rightsholder may make changes or additions to the Rightsholder Terms. Such updated Terms will replace the

prior terms and conditions in the order workflow and shall be effective as to any subsequent Licenses but shall not

apply to Licenses already granted and paid for under a prior set of terms.

b) Use of User-related information collected through the Service is governed by CCC’s privacy policy, available online

at www.copyright.com/about/privacy-policy/.

c) The License is personal to User. Therefore, User may not assign or transfer to any other person (whether a natural

person or an organization of any kind) the License or any rights granted thereunder; provided, however, that, where

applicable, User may assign such License in its entirety on written notice to CCC in the event of a transfer of all or

substantially all of User’s rights in any new material which includes the Work(s) licensed under this Service.

d) No amendment or waiver of any Terms is binding unless set forth in writing and signed by the appropriate parties,

including, where applicable, the Rightsholder. The Rightsholder and CCC hereby object to any terms contained in any

writing prepared by or on behalf of the User or its principals, employees, agents or affiliates and purporting to govern

or otherwise relate to the License described in the Order Confirmation, which terms are in any way inconsistent with

any Terms set forth in the Order Confirmation, and/or in CCC’s standard operating procedures, whether such writing

is prepared prior to, simultaneously with or subsequent to the Order Confirmation, and whether such writing appears

on a copy of the Order Confirmation or in a separate instrument.

e) The License described in the Order Confirmation shall be governed by and construed under the law of the State of

New York, USA, without regard to the principles thereof of conflicts of law. Any case, controversy, suit, action, or

proceeding arising out of, in connection with, or related to such License shall be brought, at CCC’s sole discretion, in

any federal or state court located in the County of New York, State of New York, USA, or in any federal or state court

whose geographical jurisdiction covers the location of the Rightsholder set forth in the Order Confirmation. The

parties expressly submit to the personal jurisdiction and venue of each such federal or state court.

Last updated October 2022
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